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A Food System Approach for
Sustainable Food-Based Dietary
Guidelines: An Exploratory Scenario
Study on Dutch Animal Food
Products
Corné van Dooren 1, Laila Man 2, Marije Seves 1* and Sander Biesbroek 2

1Netherlands Nutrition Centre (Voedingscentrum), The Hague, Netherlands, 2Division of Human Nutrition and Health,

Wageningen University, Wageningen, Netherlands

This study explores interconnections between food consumption and production of

animal (by-)products in different food system scenarios within the scope of Dutch

Food-Based Dietary Guidelines (FBDG). For this scenario study, a Microsoft Excel model

was created that include seven scenarios with different quantities of eggs, milk, cheese,

beef cattle, broilers, and pigs as input. Number of animals, intake of energy, animal

protein, saturated fatty acids (SFAs), trans-fatty acids (TFAs), salt, greenhouse gas

emissions (GHGEs), and land use (LU) were calculated and compared with current

consumption and reference values. Based on the concept of eating the whole animal,

every recommended lean, unprocessed portion of beef comes along with a non-

recommended portion of beef (two portions for pork, 0.5 portion for broilers). The

reference values for SFAs, TFAs, and salt were not exceeded if the intake of meat is

limited to 410 g/week. The scenarios with recommended 450mL semi-skimmed milk

and 40 g/day low-fat cheese results in 36 g/day of butter as by-product, exceeding

its acceptable intake three times. The near-vegetarian scenario with recommended

amounts of eggs, milk, and cheese, includes only a portion of beef/calf per 6 days

and a portion of chicken per 9 weeks as by-products. This scenario more than halves

the GHGE and LU. Finally, the scenario that included the maximum recommended

amounts of animal products is reachable with half the current size of Dutch livestock.

This conceptual framework may be useful in the discussion on how future sustainable

FBDG can incorporate a more food system-based approach.

Keywords: food system scenarios, sustainable food-based dietary guidelines, animal food products,

environmental impact, healthy diets, livestock size

INTRODUCTION

FBDG Should Be Sustainable
Worldwide, governments have agreed to prioritise actions toward sustainable development in line
with the United Nations Sustainable Development Goals (1). Food systems are highly relevant
for this sustainable development (2, 3). It is widely acknowledged that current food systems
are not ecologically sustainable. Food production and consumption are not within the so-called
safe operating space, thereby not complying to ecological nor health objectives (4). In fact, food

8

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2021.712970
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2021.712970&domain=pdf&date_stamp=2021-09-01
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:seves@voedingscentrum.nl
https://doi.org/10.3389/fnut.2021.712970
https://www.frontiersin.org/articles/10.3389/fnut.2021.712970/full


van Dooren et al. Food System-Based Dietary Guidelines

production and consumption are two of the main drivers
of global climate change (3, 5). Concerns about ecological
boundaries will only increase further if no steps are taken toward
more sustainable food systems globally (6). Although there has
been increased focus on this topic in recent years, many gaps in
the knowledge of the relationship among environmental factors,
food systems, and nutritional outcomes persist (7).

Current Diets and Recommendations
At present, global food production and consumption have a
share of 21–37% in total greenhouse gas emissions (GHGEs)
and up to 40% in land use (LU) (8). The same is true for the
Dutch consumption (9). Animal (-derived) food products such
as red and white meat, milk products, and cheese are the largest
contributors to the ecological impact of the current diet (10).
In the Netherlands, animal (-derived) foods together contribute
to about 60% of the total diet-related GHGEs. However, the
present calculations concerning ecological impact underlying the
Food-Based Dietary Guidelines (FBDG) are based on individual
food products and their consumption rather than interrelated
products within a closed food system [e.g., (11)].

The Federation of European Nutrition Sciences established
a task force for developing a conceptual framework for the
future development of FBDG in Europe. One of the conclusions
was that environmental aspects should be included in the
future conceptual framework for FBDG (12). In addition, a
further study needs to be done exploring current practises,
existing methodologies, and the prospects for incorporating
other relevant dimensions into a future conceptual framework
for Sustainable FBDG in Europe (12). Also, the Food and
Agriculture Organisation (FAO) and WHO embrace the concept
of sustainable dietary guidelines. They developed guiding
principles around what constitutes sustainable healthy diets,
to be further translated into clear, non-technical information
and messages to be used by governments and other actors
in policy-making and communications (13). Several European
countries have already taken some dimensions of sustainability
into account in their most recent FBDG (14), which include some
ecological perspectives in The Netherlands (15). Nevertheless,
only a slight reduction in the dietary impact of the Dutch diet on
GHGE and LU will be achieved if the current maximum amount
of recommended meat (500 g/week) would be consumed (11).
The GHGE of the Dutch guidelines are relatively high compared
with those of other countries (16), so there is a need for further
development of FBDG in the direction of sustainability.

Dependencies in the Food System
A knowledge gap exists on the ecological impact of Dutch
FBDG from a food system perspective. Typically, research on
how to achieve more sustainable diets has focussed on two
ways. First, the production pathway in which reducing the
ecological footprint of animal (-derived) products per kg of
product is emphasised [e.g., use of feed from waste streams
(17)]. Second, the consumption pathway, which focuses on eating
less or no animal (-derived) products, for instance, switching
to a vegetarian or vegan diet (18). However, neither of these
approaches consider the elements as operating in one food

system (19). The analysis of Springmann et al. (20) suggests that
national guidelines could be both healthier and more sustainable
by providing clearer advice on limiting, in most contexts, the
consumption of animal source foods, in particular beef and dairy.
Therefore, this study focuses on animal food products.

Questions that arise when adopting a food system approach
are, for instance: could the ecological impact of the FBDG be
reduced by consuming roosters (vs. only broilers) as a source of
chicken meat, or by consuming meat from laying hens and/or
dairy cows and their calves? Could the ecological impact of
the FBDG be reduced by consuming all parts of the animal
instead of only lean cuts? And what would be the nutritional
consequences? Despite the substantial evidence showing the
need and possibilities for aligning health and environmental
objectives, only a minority of countries have, so far, included
environmental sustainability in their FBDG, but none with a
food system approach (21). In fact, the majority of research
on sustainable diets tends to focus on individual food products
rather than products within a food system (22). The focus of
this article is an exploratory scenario study on Dutch animal
food products in relation to the Dutch FBDG. The Dutch food
system and guidelines are comparable with those of several
other northern European countries such as Belgium, Germany,
United Kingdom, and Nordic countries. Therefore, the objective
of this study is to explore different food system scenarios,
ultimately to investigate the implications of the results on future
sustainable FBDG in the Netherlands. Thereby, the focus will be
on a closed loop of food grade (safe for human consumption)
animal (by-) products between production and consumption on
a national level.

METHODS

For this investigation, we conducted an exploratory scenario
study on Dutch animal food products and interdependencies in
the animal food system using a model built in Microsoft Excel.

Data Collection
A data set in Excel was created that integrates both extensive
information on the livestock and its by-products and
interdependencies, and information on the production and
consumption of livestock production systems in the Netherlands.
The studied livestock systems are laying hens and broilers, dairy
and beef cattle, veal cattle, and pigs.

For each livestock production system, the model includes:

- The animal components (see Section Building the Model) of
the system and their interdependencies, such as portion weight
and ratios between different components of each livestock
production system

- The nutritional value (energy, animal protein, SFA, TFA,
salt) of each component, and the separation in edible and
marketable meat and dairy parts

- The current nutritional advice regarding these components
according to the Dutch FBDG

Frontiers in Nutrition | www.frontiersin.org 2 September 2021 | Volume 8 | Article 7129709
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- Categorisation of the components in or outside the Wheel
of Five (classification is explained in Section Nutritional
Classification of Animal Products)

- The ecological impact (GHGE and LU) of each component,
including processing and transport

- Consumption and production statistics of each component.

For nutritional data of the components, the Dutch Branded Food
Database was used (23). Regarding production data, mainly the
open data source StatLine from Statistics Netherlands CBS was
used (24, 25). An exception was production data of dairy: these
were extracted from ZuivelNL, because they were more detailed
(26). Consumption data were extracted from the Dutch National
Food Consumption Survey 2012–2016 (27). The LCA database
of the RIVM was used (28), such as the extrapolated data for
the RIVM healthy diets study (11). The GHGE and LU data are
generated by life cycle analysis according to the Agro-Footprint
method (29). Missing data were taken from data sources by Blonk
Consultants (30). We selected GHGE and LU as they cover most
of the diet-related ecological impact. Although nitrogen emission
through manure and ammonia is an important ecological impact
in the livestock production system, we lack data on the nitrogen
footprint per product (31).

Data required to calculate ratios between the components
of the livestock production systems (productivity, yield, edible
weight) were taken from different sources:

• productivity overall: Blonk Consultants or Blonk Agri-
footprint BV (26, 29, 32),

• dairy system: ZuivelNL (26) (dairy producer platform),
• chicken system: Plukon Food Group, Kipster,

www.kipinnederland.nl (association of Dutch poultry
producing firms) and

• beef and pork system: SVH, www.vlees.nl (meat
producer platform).

The quantities of edible weight per animal are based on Luske
and Blonk (32). The sources were selected after consultation with
three experts in this field.

Nutritional Classification of Animal
Products
Currently, the Dutch FBDG are set up in the form of a nutritional
education model: The Wheel of Five, further referred to as “the
Wheel” [see Figure 1; the five groups; bread, grains, and potatoes;
drinks; fruits and vegetables; fats; and dairy, nuts, fish, legumes,
meat, and eggs; (33)]. TheWheel models an optimal combination
of food product groups that both maximises health benefits and
satisfies nutritional needs according to the recommendations of
the Health Council of the Netherlands (34, 35). The general
advice is to eat especially food products included in the Wheel
(divided over five main categories) and to limit the consumption
of products that fall outside the Wheel (divided in the categories
“Daily choice” and “Weekly choice”), explained in more detail
elsewhere (21). One of the main recommendations of the Health
Council of the Netherlands and the Wheel is to eat less animal-
based and more plant-based products (35). In this study, several
limitations are set. From a health perspective, the consumption of

red and processed meat is limited to a maximum of 300 g/week;
from a sustainability perspective, the consumption of total meat
is limited to a maximum of 500 g/week, below the current
consumption. Besides limitations in product groups, there are
limitations set for health reasons on SFA, TFA, and salt intake.
A food product that is included in the Wheel needs to adhere
to certain criteria, which are different for each of the categories
of the Wheel. The FBDG has placed those products that are
not included in the Wheel of Five into two categories: Daily
choices andWeekly choices (Figure 1). The basic principle, when
drawing up criteria for Daily choices, is that it should be possible
to select foods from outside the Wheel of Five several times a day
(33). Food products that fall outside of the Wheel and contain
≤75 kcal, ≤1.7 g SFA, and ≤200mg Na (0.5 g salt) per portion
are Daily choices. Otherwise, they are called Weekly choices. For
adults, it is advised to limit the consumption of Daily choices to
no more than three to five times a day, while the consumption
of Weekly choices should be limited to no more than three times
per week, limiting average energy intake from foods outside the
Wheel to no more than 15% of total energy intake (21, 36). These
criteria result in the major part of the current meat, dairy, and
cheese consumption not being included in the Wheel.

Building the Model
Connecting Consumed Meat Products to Primal Meat

Cuts
Judge et al. (37) was used to determine the primal cuts of
beef cattle (similar data for dairy cattle were unavailable) and
pork. Judge et al. (37) used data from a pre-existing data source
from the Irish Cattle Breeding Federation, describing Irish beef
cattle. These data were considered applicable to the Dutch beef
cattle system, as many luxury beef products (i.e., prime cuts,
unprocessed beef) in Dutch supermarkets originate from Irish
beef. Moreover, many of the breeds mentioned in the study
are known to be used as Dutch beef cattle: Charolais, Belgian
Blue, and Limousin (37). Websites of Dutch butchers and chefs
were used to fill the information gap (i.e., which beef and pork
products originate from which primal cuts). Pork Checkoff (38)
was used to determine the primal cuts of pork. The cuts of
chickens were received from the experts at Plukon Food Group
and Kipster.

Connecting Meat Consumption to Animal

By-Products: Consumable Organs
Animal by-products are products that livestock produce that are
not intended or used for human consumption in the Netherlands.
Intended in this sense does not necessarily imply that the by-
products are not suitable for human consumption. For instance,
some organs are suitable for human consumption (e.g., not
harmful to human health when consumed, for example liver
and kidney); however, there is no market for these organs
in the Netherlands. Other by-products are not suitable for
human consumption and are instead used as feed, pet food,
or biochemicals, or burned because of harmful contents (32).
The cuts of carcasses of the six selected livestock animals are
categorised in five components in the model: Wheel (meat,
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FIGURE 1 | Wheel of Five with the five food groups and a visualisation of Daily and Weekly choices (33).

TABLE 1 | Percentage of components within each livestock production system based on weight.

Livestock Hot carcass

weight (kg)

Edible

weight* (kg)

Wheel

(meat,

excluding

organs) (%)

Organs in

the Wheel

(liver,

kidney) (%)

Wheel, total

(%)

Daily

choices (%)

Weekly

choice (%)

Non-wheel

(known) (%)

Unknown (i.e.,

inedible/not

marketed,

including bones)

(%)

Dairy cattle 307 151 38 1 39 6 25 31 29

Calves 160 79 44 15 59 00 25 25 15

Beef cattle 464 212 38 1 39 6 25 31 29

Laying hens 2.15 1.35 0 0 0 0 63 63 37

Roosters 0.90 0.80 48 0 48 0 41 41 11

Broilers 1.65 1.03 44 8 52 1 9 11 38

Pigs 110 77 22 1 23 17 29 46 31

Numbers are depicted in % of edible weight unless indicated differently.

*Edible weight: excludes head, skin, and internal organs. Includes bones, fat, and moisture.

excluding organs), organs in the Wheel, Daily choices, Weekly
choices, and unknown (inedible/not marketed) (Table 1).

Connecting Dairy Consumption to Dairy Herd Meat

and Dairy Fats Consumption
The dairy cow system is more complicated than the other
livestock systems (Figure 2); therefore, some assumptions were
made. A Dutch dairy cow delivers, on average 4.75 calves in her
lifespan, so the ratio dairy cow:calf is 1:4.75. It was assumed that
half of the calves will be available for their meat (i.e., the male
ones, ratio 1:2.375), and that the other female half will be fully
used for replacement of the dairy herd. In fact, this percentage is
somewhat higher, as an unknown minor part of the female calves
is also available for their meat (39). Based on slaughter weight, the
model calculates the quantity of edible meat per animal. Figure 2
shows an example of the quantities related to the recommended

portions of semi-skimmed milk and low-fat cheese per year for
adults 19–50 years old: 109.5 L milk and 14.6 kg cheese.

Dutch milk production per cow is calculated as on average
30,000 L per life span (39). A litre of semi-skimmed milk (1.5%
fat) has a by-product of 33.8 g of butter, because cow milk has
an average fat percentage of 4.1%. Per 1 kg of cheese, about 10 L
of milk is needed on average. One kg of low-fat cheese (30% fat
in dry weight) requires 10.69 L of milk and yields a by-product
of 530.9 g of butter and 9.16 L of whey [based on (26)]. For the
example in Figure 2, this means 3.7 kg butter from milk and
7.75 kg butter from cheese production per year, derived from
269.3 L of milk from the cow. The amount of whey produced
as a by-product of cheese was depicted in the model to give an
indication of its volume. Fat as by-product from dairy and cheese
was modelled as butter. Fat could be processed into cream as
well, which would yield a different amount of product. Whey is
applied for human consumption as an ingredient for soft drinks
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FIGURE 2 | Model with interdependencies in the dairy cow system (products in parenthesis are outside the model), illustrated by the quantities related to the

recommended portions of semi-skimmed milk and low-fat cheese per year for adults 19–50 years old.

(Weekly choice) or as baby formula. However, further analysis
on whey was beyond the scope of this study. Based on the ratio
of 30,000 l milk:dairy cow, this amount of milk is equivalent
to 2.76 kg of cow. Based on the ratio cow:calf, 2.76 kg per cow
(= 0.013 cow) is equivalent to 3.42 kg calf (= 0.037 calf). The
2.76 kg beef and 3.42 kg of calf are divided in several edible
and unknown/inedible parts based on the distribution given
in Table 1.

Connecting Egg Consumption to Hen and Rooster

Consumption
Egg production is an agricultural sector separate from chicken
meat production. Within the egg production sector, hens are
slaughtered after productive life and marketed most of the time
in their entirety as chicken for soup (Weekly choice). The

assumption is that in the system for every hen there is one rooster,
but with a lower average slaughter weight: 0.9 vs. 2.15 kg. The
lifetime egg production per chicken is on average 383 eggs (29).
Per 100 g egg (two pieces of 50 g), the by-product is 7.03 g of hen
meat and 4.17 g of edible rooster meat. Roosters are normally
killed after birth and used as feed for pets or zoo animals.
An exception is a commercial farmer in The Netherlands that
raises roosters to be sold as chicken meat (www.kipster.nl). The
assumption is that this business model can be upscaled to the
whole sector.

Connecting Pork Consumption to Feeding Pork

Solely on Residue Streams
Ruminants such as cows can be solely fed on grass, but not
monogastric animals such as pork. According to Elferink et al.
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(17), the Dutch food industry has four main residue streams
that are used as pork feed. The potato industry has a residue
stream of peals (23%), which has a quantity of 7 kg per capita
per year. The sugar industry has two residue streams from sugar
beets: dried beet pulp (24%) and molasses (17%), accounting
for 18 and 12 kg per capita per year. Based on these inputs, an
amount of pork can be raised equal to 28 g per capita per day
(196 g/week). The fourth residue stream is soybean scraps, but
we interpret this as a regular input stream rather than a residue
stream, because it involves 80% of the soybean. This stream
accounts for 72 kg of pork per capita per year, which is equal to
53 g/day (17). Chicken can also be fed on residue streams, but we
have no access to data calculating the conversion form residues to
chicken meat.

Connecting Food System Production to

Recommended Quantities of Animal Products in

Dutch FBDG
For classification of the components of the livestock production
systems into Wheel product, Daily choice, or Weekly choice, the
criteria from Brink et al. (21) were used (see Section Nutritional
Classification of Animal Products.). Males (19–30 years old)
are used as reference, because it is the population group with
the highest overall consumption, consumption of meat, and
environmental impact of their diet (10). Table 2 shows the
current consumption of this group per week, compared with the
recommended quantities.

Regarding animal meat, it is advised to limit the consumption
to a maximum of 500 g a week, of which a maximum of 300 g
for red meat. The advice for dairy (e.g., semi-skimmed milk,
yoghurt) is to consume two to three portions (150mL) per day;
for low fat cheese, there is a recommendation of 40 g per day.
Furthermore, it is advised to consume two to three eggs à 50 g
per week. Finally, the advice for spreadable and cooking fats is
65 g per day for males in the age of 19–30 years old (36). The
model allows a maximum of two Daily choices per day (14 per
week; = <1,050 kcal) and 1 Weekly choice per week for animal-
derived products (set as a portion of 100 g meat) (allowing room
for other choices such as alcoholic drinks, soft drinks, snacks,
cakes, and sweets).

Model Scenarios
The model makes it possible to run a range of scenarios,
but for this study seven possible scenarios were selected to
evaluate the consequences of connecting recommended intakes
(FBDG) to consuming all interrelated animal products: first, two
scenarios to explore the impacts of the maximum nutritional
recommendations (1a, 1b); second, two scenarios to explore
the minimum nutritional recommendations (2a, 2b); third, two
scenarios to explore the maximal utilisation of existing waste
streams (3) and existing livestock (4). The scenarios are:

• Scenario 1a: current FBDG with maximum of 500 g meat,
of which 300 grammes is for red meat in beef (maximum
impact scenario)

• Scenario 1b as 1a: 300 g red meat of which 188 grammes is of
pork and 112 g beef (realistic scenario)

• Scenario 2a: FBDG only including chicken from laying hens
and beef from dairy cattle and calves (minimum impact,
near-vegetarian scenario)

• Scenario 2b: FBDG as 2a near vegetarian, including chicken
roosters (minimum impact, rooster scenario)

• Scenario 3: FBDG as 2b including pork raised on residue
streams of the food industry (28 g pork per day) and including
current beef cattle, but only grass-fed or grazing in nature sites
(food system optimal scenario)

• Scenario 4: FBDG as 3 with maximal utilisation of existing
Dutch livestock (broilers, beef cattle) up to 500 g meat
(agriculturally optimal scenario).

The quantities of meat mentioned in scenarios 1a, 1b, 3, and
4 are the input quantities for the model. Per scenario, the
environmental impact on intake of energy and five nutrients,
limits in consumption related to the maximum of 2 Daily and
1Weekly choices, and effects on the livestock size were evaluated
(assuming the whole population eats according to the scenario).
Based on the results of Scenarios 1-4, Scenario 5 (nutritionally
optimal scenario) was calculated at the end, looking at maximal
utilisation of livestock within the nutritional recommendations,
i.e., keeping the Daily and Weekly choices within the limits of
FBDG and including all livestock systems in a more optimal
amount (300 g white and a maximum of 200 g red meat).

RESULTS

Consumption of Animal Products per
Scenario
Table 3 gives an overview of the consumption of animal products
per scenario in grammes per week. The inputs for the model were
the quantities of eggs, milk, and cheese, set as constraints for
the scenario. The outputs of the model were quantities of animal
meat (laying hens, veal, dairy cattle, etc.).

Part of Animal Consumption Within the
Wheel of Five
Table 1 demonstrates that different animals have a different yield
in total Wheel products, ranging from 0 (laying hens consumed
in whole such as in soup) to 52% for broilers and 59% for
calves of the hot carcass weight (i.e., the carcass excluding the
head, skin, and internal organs and including bones, fat, and
moisture). This is related to the percentage of available lean
and fresh, unprocessed cuts. Based on the available data, organ
consumption has high potential for broilers (13%) and beef
(calves: 15%). Broilers and calves fit best into the Wheel, and
laying hens do not fit at all, because they are sold as one piece. Pigs
are the livestock with the lowest part lean, unsalted, unprocessed
meat of 22%. This means that in practise of a food system
approach, which includes eating the animal from nose to tail,
along with every portion of beef in the Wheel, a portion of beef
Weekly choice is expected to be eaten. For pork, along with
every portion in the Wheel, two portions of pork Weekly choice
are expected to be consumed, and for broilers, along with every
portion in the Wheel, 0.5 portions of broiler Weekly choice.
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TABLE 2 | Recommended intake of animal products (g/mL) for adults per week in The Netherlands (36) and the current consumption of males 19–30 years old (27) in

g/week.

Minimum recommendation

(g/week)

Maximum recommendation

(g/week)

Current consumption (g/week)

(males 19–30 y)

Total meat 0 500 864

Red meat (beef, pork) 0 300 683

White meat (chicken) 0 500 minus red meat 181

Milk products (milk, yoghurt) 2,100 3,150 2,389

Cheese (low fat 40 g/day)a 210 280 258

Butter (preference: soft liquid oils)b 0 84 semi-skimmed 8.2

Spreadable and cooking fats 455 – 165

Eggs (2–3) 100 150 85

Fish (1 portion)* 100 – 109

aFor mathematical reasons, a lower limit for cheese was required for the model; thus, the lower limit for cheese was set at 30 g a week, which is in line with previous Dutch FBDG.
b1 portion butter is 6 g, 44 kcal, 3.2 g saturated fat and < 0.1 g salt (Weekly choice), semi-skimmed butter is 20 kcal, 1.5 g saturated fat, 24 portions butter = 1,050 kcal, 143 g/week.

*Fish is not included in this study.

TABLE 3 | Consumption of animal products per scenario in g/week.

Scenario Eggs Dairy White meat Red meat Total meat

Cheese Milk Broilers Roosters Laying hens Pork Beef cattle Veal Dairy cattle Total red meat

1a 150 280 3,150 180 0 11 0 191 66 44 300 491

1b 150 280 3,150 189 0 11 188 0 67 45 300 500

2a 100 210 2,100 0 0 7 0 0 46 31 77 84

2b 100 210 2,100 0 4 7 0 0 46 31 77 89

3 100 210 2,100 0 4 7 196 17 48 32 292 304

4 150 280 3,150 183 6 11 171 17 67 45 300 500

5 150 125 2,100 283 6 11 40 17 38 25 120 420

TABLE 4 | Nutritional intake per day by consumption of animal (-derived) products of differing scenarios and of reference (=current) diet.

Scenario Energy (kcal/day) Animal protein (g/day) SFA (g/day) TFA (g/day) Salt (g/day)

Reference values (males 19–30 y) 36.4 (40%) 29.5 (10 en%) 3.0 (1 en%) 6.00 (2.17 from animal products)

Reference diet 885 58.6 23.7 0.66 2.82

1a 712 44.8 30.3 0.76 1.55

1b 733 44.5 31.4 0.72 1.84

2a 444 23.7 20.5 0.49 0.94

2b 444 23.8 20.5 0.49 0.94

3 511 29.6 22.6 0.52 1.39

4 723 44.6 31.4 0.73 1.81

5 451 30.8 17.5 0.40 1.00

In italics the exceeded intakes compared to the reference values. Reference values for males 19–30 years old are based on a 2,645-kcal diet, 36% salt intake from meat and dairy, and

reduction of animal-based protein intake to 40% (27, 36).

Effect on Intake of Saturated Fats and Salt
Reduction in the consumption of meat will result in changes
in nutrient intake. Considering not only recommended meat
cuts in the model but also Daily and Weekly choices result
in an increased consumption of saturated fatty acids (SFAs),
trans-fatty acids (TFAs), and salt. Moreover, compared with
the current diet, the daily intake of SFA and TFA is higher
in all maximum scenarios (i.e., upper limits of FBDG, see

Table 4), but lower in all minimum scenarios (i.e., lower limits
of FBDG, scenarios 2a, 2b, and 3). Only scenarios 1a, 1b,
and 4 exceed the current consumption of SFA and TFA in
the reference diet and the reference value for SFAs. These
scenarios also contain more than 40% protein from animal
sources. Salt intake decreases in all the scenarios and is
below the reference value of 2.17 g. Scenario 5 demonstrates
the best results for SFAs, TFAs, and salt (and calories)
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and still provides a substantial portion of animal protein
(30.8 g/day).

Additionally, the consumption of dairy and eggs is inevitably
linked to some beef meat (dairy cow and calf) and chicken meat
(laying hen and rooster). More specifically, more beef meat is
available than chicken meat regardless of the (lower or upper)
limits of the FBDG. Consumption of dairy and eggs following
scenario 2a, in case no extra streams of meat exist (no beef cattle
nor broilers) and in case no roosters are consumed (like in the
current situation), 77 g of beef meat per week (ca. 1 portion of
100 g each 9 days) vs. 7 g of chicken meat per week (ca. 1 portion
each 14 weeks) is available. Thus, when following the FBDG on
dairy and eggs in the current situation, consumption of about 1
portion of beef (dairy cow and calf) each 6 days is still within the
borders of the food system, whereas the consumption of chicken
(laying hen) is much less frequently allowed by the food system:
one portion each 9 weeks (scenario 2b).

Results on GHGE and LU
Table 5 summarises the GHGEs and LU per scenario, compared
with the planetary boundaries. According to Wood et al.,
the boundaries for food per person are respectively, 0.89 kg
CO2-eq/day and 2.68 m2

∗year/day (4). Concerning GHGE,
consumption of animal food products according to the FBDG
in the current situation (i.e., in a food system without roosters
and little veal but with beef cattle and broilers) leads to GHGE of
3.34 kg CO2-eq/day (Scenario 1a). This diet, following the upper
limits of FBDG, still leads to lower GHGE than the reference
diet (3.53 kg CO2-eq/day), but also exceeds the planetary
GHGE boundary per day. Scenario 2a (minimum impact, near-
vegetarian scenario) demonstrates the lowest climate impact
(1.46 kg, −59%) but still exceeds the planetary boundary.
Regarding LU, consumption of animal food products according
to the FBDG in the maximum impact scenario leads to an LU
of 2.44 m2

∗year/day (scenario 1a), which is more than the LU
because of the current diet (2.03 m2

∗year/day), but safely within
the planetary LU boundary of 2.68m2

∗year/day (Table 5). In fact,
LU for animal food products stays within the planetary boundary
in all the scenarios.

The least greenhouse gas emissions (GHGEs) and land use
(LU) within the Food-Based Dietary Guidelines (FBDG) can be
achieved in a food system scenario without extra streams of meat
(i.e., no beef cattle or broilers) and without roosters (Scenario
2a; minimum impact near-vegetarian scenario). Scenario 2b
(minimum impact, white meat scenario) is nearly the same.

Limiting Factors in Meat and Dairy
Consumption
The results show that in all scenarios the category of Daily
choice is a limiting factor, i.e., the caloric intake due to Daily
choices exceeds 1,050 kcal/week (Table 5). The main contributor
to the caloric intake of Daily choice is dairy fat (in the model as
butter). By advising semi-skimmed milk, the dairy cow system
produces for every daily portion of 450ml of semi-skimmed
milk (1.5% fat) 15.2 g of butter, and for every daily portion of
40 g of low-fat cheese (30% fat in dry matter; 18% fat) 21.2 g of
butter. In total, 36.4 g of butter is more than six daily portions

(Daily choice). The current situation is that most of this butter is
exported, but if butter is to be consumed within the food system,
it will be the food product that causes imbalance and excess
kcal and saturated fat intake, and will be limited in the model.
Indeed, further analysis excluding the caloric contribution of
butter to Daily choice showed that Daily choice was far below the
maximum recommendation of 1,050 kcal/week (Table 5; column
4 in parenthesis).

Besides the category of Daily choice, the category of Weekly
choice is limiting in four of the scenarios, i.e., the amount
of animal (-derived) products categorised as Weekly choice
exceeds 100 g/week. The reason for exceeding the Weekly
choice is primarily due to the consumption of pork, the
most consumed meat, but the consumption of beef is also
a contributor.

In contrast, the category of Weekly choice is not limiting in
the following scenarios:

• in a situation in which no extra streams of meat exist (no beef
cattle nor broilers) and no roosters are consumed (Scenario 2a
minimum impact, near-vegetarian),

• in a situation in which no extra streams of meat exist but
roosters are consumed (scenario 2b minimum impact, rooster
meat), and

• in Scenario 5 (nutritionally optimal) in which Weekly choice
is limited to 100 g/week.

Livestock Size Impact
Dutch adults consume an average of 98 grammes of meat and

meat products per day. Men eat more meat and meat products

(115 g/day = 805 g/week) than women [81 g/day = 567 g/week;

(27)]. Dutch adults prefer pork (47%), followed by chicken (29%),

and beef (20%). Consumption of calf is very low: 1.7% (40). As the

consumption of other animal species is <3%, it is excluded from

this study. The Dutch self-sufficiency rates show that production

and consumption in the country do not align (41). Especially,

the veal industry produces substantially more than the Dutch

population consumes, leading to a self-sufficiency rate for veal

of 734%. All animal products have a self-sufficiency rate >100%

(poultry 191%, eggs 314%, cheese 222%, butter 153%) except for

(non-dairy herd) beef meat (59%). National beef cattle provide,
on average, 17 g of beef per capita per week (25).

In all the scenarios, the recommended amounts of eggs, dairy,
and cheese could be provided by a livestock size smaller than
the current one, except for beef cattle in Scenario 1a (Table 6).
Compared with current meat production numbers, consumption
of animal (-derived) food products according to the FBDG in
the current situation (i.e., in a food system without roosters but
with beef cattle and broilers) requires annually just 51% of the
dairy cows; 47% of the calves; 26% of the laying hens; and 26%
of the broilers (Scenario 1a). In the food system optimal scenario
(3), only a third of the cattle, a quarter of the laying hens, and a
sixth of the pigs are needed. In the agriculturally optimal scenario
(4), the livestock could be halved (except for beef cattle) to fulfil
the FBDG-recommended amounts for the total population. In
all the scenarios, a maximum of 14% of the current pig livestock
is consumed.
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TABLE 5 | Overview of maximum nutrient intake recommendations exceeded (in italic) in the different scenarios.

Scenario Which boundary exceeded?

GHGE [kg

CO2-eq/day]

LU

[m2*year/day]

Daily choice

[kcal/wk]

(without butter)

Weekly choice

[g/wk]

Explanation (main contributor(s)

between brackets)

FBDG boundary (36) 1,050 100

Planetary boundary (4) 0.89 2.68

Reference diet (10) 3.53 2.03

1a maximum impact 3.34 2.44 1,846 (42) 142 Daily (butter, beef cattle, broilers);

Weekly (beef cattle, broilers).

1b realistic 2.73 1.62 1,970 (90) 154 Daily (butter, pork, broilers);

Weekly (pork, broilers, beef cattle).

2a minimum impact,

near-vegetarian

1.46 0.80 1,292 (4) 33 Daily (butter).

2b minimum impact, rooster

meat

1.47 0.81 1,292 (4) 35 Daily (butter).

3 food system optimal 1.86 1.15 1,428 (84) 122 Daily (butter, pork, beef cattle);

Weekly (pork, beef cattle, roosters).

4 agriculturally optimal 2.79 1.69 1,965 (86) 155 Daily (butter, pork, broilers, beef cattle);

Weekly (pork, beef cattle, broilers).

5 nutritionally optimal 1.93 1.20 1,048 (37) 100 Daily (butter, pork, broilers).

Ecological impact per day (of the animal product consumption according to current Dutch FBDG) of the different scenarios vs. the current diet and planetary boundaries. Figures in bold

are the lowest (4, 10).

TABLE 6 | Estimated amounts of animals in the livestock production systems needed per year in the different scenarios, extrapolated to the Dutch population.

Scenario Dairy cattle Calves Beef cattle Laying hens Roosters Broilers Pigs

1a 51% 47% 1,121% 39% – 26% –

1b 51% 47% – 39% – 27% 14%

2a 36% 33% – 26% – – –

2b 36% 33% – 26% 29% – –

3 36% 33% 100% 26% 29% – 14%

4 51% 47% 100% 39% 44% 26% 13%

5 29% 26% 100% 39% 44% 40% 3%

Production (100%) 522,300 1,629,800 71,500 17,951,700 = hens 605,487,800 15,907,000

A hyphen means exclusion from the model in that specific scenario. Bottom row depicts current number of animals slaughtered for meat production in 2018 = 100% (25).

DISCUSSION

The Food System Approach
This study explored the interconnection between food
consumption and production in different food system scenarios.
The main finding is that when taking interdependencies within
the animal food system/livestock systems into account, it will
affect the recommended intake of animal-based foods. Applying
a more sustainable food system approach (i.e., eating the whole
animal, utilising animal by-products, using waste streams)
results in a decrease in GHGE, LU, and number of livestock
compared with the current situation, but in some scenarios, it
also increases the intake of SFAs, TFAs, and salt, and in most
scenarios, it exceeded the recommended amount of Daily and/or
Weekly choices. This approach asks for reconsideration of
quantities of recommended cheese, total meat, and red meat,
and for adaptations in consumer preferences for non-popular

cuts, organ meat, veal, hens, roosters, and saturated fat source.
The conceptual framework of this study may be useful in the
discussion on how future sustainable FBDG can incorporate a
more food system-based approach.

The main strength of this study is its novelty. Earlier research

studied potential dietary changes, such as better adherence to

healthy dietary patterns that could reduce the ecological impact

of the diet, but not within a food system approach. For example,

Vellinga et al. (10) evaluated the ecological impact of Dutch

food consumption patterns by regression analysis and found

that better adherence to Dutch healthy diet guidelines (35)

for red and processed meat (less consumption) and vegetables

(more consumption) was most strongly negatively associated
with GHGE. This is in line with the findings of Van Dooren
et al. (42) showing that eating a recommended healthy diet in
compliance with the Dutch FBDG (2006) or other healthy diets

Frontiers in Nutrition | www.frontiersin.org 9 September 2021 | Volume 8 | Article 71297016

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


van Dooren et al. Food System-Based Dietary Guidelines

such as the New Nordic and Mediterranean diet is likely to result
in less GHGE and LU (42). This study shows for the first time
that part of these conclusions (i.e., on red and processed meat)
indeed also applies if the interconnections within the food system
are considered.

Because of a lack of data, several assumptions were made,
and several minor side streams were excluded, such as separator
meats, unpopular organs such as intestines or hearts, and animal
fat tissue. One of the arguable assumptions is that the ecological
impact of all beef meat products is the same (beef and dairy
cattle). Nevertheless, ecological impact data of beef and dairy
cattle are only available on the level of the whole animal, and the
differences are not to be neglected: the GHGEs and LU of beef
cows are roughly four and five times higher than those of dairy
cows, respectively (29). Also, only the highly productive Dutch
livestock system was taken into consideration. Moreover, only
few nutritional aspects were taken into consideration, without
possible consequences for vitamin andmineral intake. Therefore,
this study is more relevant for the conceptual framework
including a novel food system approach rather than for its
exact outcomes.

Nevertheless, several steps need to be taken to transform the
current Dutch livestock production system and consumption of
animal (-derived) products for all of the scenarios, even for the
agriculture optimal one (4). In the end, many factors besides
nutrition, including but not limited to politics, economics, health,
ecology, and ethics together will shape the future food system.
This study demonstrates only the impacts of possible scenarios
from a public health and ecological food system approach.

Economic Allocation of Ecological Impact
One of the most important and notable aspects in sustainable
food research in general is that the current use of economic
allocation is crucial, as it has an enormous effect on the
ecological impact figures. Especially for by-products that have
low ecological impacts according to this approach, i.e., roosters,
laying hens, calves, animal fat, due to which the consumption
of these products would theoretically be favourable from an
environmental point of view (as in Scenario 3). Also, from a
financial point of view, these by-products have the preference,
as they come from waste or rest streams (i.e., pet food and
feed) that currently are not used for human consumption. Such
by-products, which are “free of charge” from an ecological
impact perspective, disappear from the current, local human food
system (i.e., these by-products end up in pet food and feed,
or are exported). Meanwhile, part of the ecological impact has
been made already in the country of origin. Therefore, from
this perspective, using products, such as palm oil from abroad
rather than local butter or animal fats, seems to be odd. This
example demonstrates the ecological preference for animal by-
products over additional imported ingredients with additional
land use. Alternatives for economic allocation of ecological
impact are physical allocation approaches such as mass or energy
allocation (43). However, results in terms of GHGE and LU
will inevitably be highly dependent on the choice of allocation
(29, 43).

In the minimum scenario (2a, 2b), the amount of beef meat
(dairy cow and calf) available in a diet is much more than the
amount of chicken (laying hen) available. Contrary to this result,
existing ecological impact data show that 1 kg of beef meat is less
sustainable than 1 kg of chicken meat (28, 30). This contradiction
can be explained by the fact that this study with a food system
approach made use of existing ecological impact data that were
not generated from a food system perspective.

Considerations From the Nutrition
Perspective
The focus of this study was to identify food products that
would reduce the ecological impact without affecting health
benefits substantially, to make optimal use of the interlinkage
between animal (-derived) products between production and
consumption. However, the health perspective should not be
forgotten, as some by-products might be less healthier than the
products it may substitute [for instance the high content of
SFAs in butter vs. those in olive oil or sunflower oil (23)]. The
results show that in some cases, using these by-products from
rest streams with a minimum ecological impact does fit in a
healthy dietary pattern, for instance organ and rooster meat that
are included in the Wheel.

Another way to make optimal use of the interlinkages in the
system of animal (-derived) products between production and
consumption is to consume all safe parts of an animal rather
than just the Wheel products. The results show that roughly a
third (pork) to half (beef and chicken) of the hot carcass weight is
classified as Wheel products. Consuming only the Wheel parts
entails wasting a substantial part of the animal that is safe for
human consumption. What is more, consumption of only Wheel
parts requires a larger number of animals for the same amount
of (Wheel) meat. In contrast, if we would consume all safe parts
of the animals, food waste as well as the livestock size could be
minimised (without taking export into account). An example
are parts of pork that are nowadays very low in consumption
(i.e., black pudding, cheeks, pork belly), most of which could
be labelled Weekly choice. The drawback of such advice for the
consumer is that the freedom to choose outside the Wheel will
be limited.

Keeping the health perspective in mind, aligning production
and consumption of animal products can also be stimulated when
only Wheel products are taken into consideration (e.g., chicken
fillet and chicken leg). However, the consumption of such Wheel
products is not in line with the natural ratio of these components.
According to a major chicken slaughterhouse, chicken fillet and
chicken legs (i.e., drumsticks and chicken thighs) comprise about
24 and 48%, respectively, of the animal, giving a natural ratio
fillet:legs of 1:2, whereas the current consumption of these parts
is, respectively, 17.7 and 17.9 g/day, resulting in a “consumption
ratio” fillet:legs of about 1:1. Consequently, in order to eat within
the borders of the food system, either the consumption of chicken
fillet should decrease by half or the consumption of chicken leg
should double.

Based on the results, we calculated an extra Scenario 5 to
keep the Daily and Weekly choices within the limits of the
FBDG. This calculation demonstrates that cheese consumption
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and recommendation should be limited to about 20 g/day (145
g/week) and milk to the current lower recommendation of 300
mL/day. The maximum space for meat consumption in this
scenario is 410 g of which a maximum of 140 g is for red
meat. Both adjustments would also result in reduction of the
environmental impact (GHGE −45%, LU −41%). However, we
did not analyse the effects of these reductions on micronutrient
intake yet, which is needed to check for sufficient intakes of,
e.g., calcium, iron, and B-vitamins for Scenarios 2a, 2b, and 3.
We recommend this additional analysis for future studies. The
other scenarios fit completely within the guidelines. For nutrients
that are mainly supplied by meat in the Dutch diet, the dietary
reference level is not always achieved, both for Dutch vegetarian
diets and for diets including meat. These are small differences
with the standard, where the scenarios provide a level that is
above or comparable with the current consumption (36). This
is already taken into account through specific recommendations
for meat-free diets within FBDG, e.g., it is recommended to
consume foods naturally rich in iron, to use sufficient dairy
and wholegrain products, and to consume meat replacements
with sufficient protein and enriched with iron and thiamine or
vitamin B12 (21). This is less urgent for the scenarios with a
meat consumption of 84 to 500 g per week, although adequate
replacement is recommended for all consumers.

Scenarios with a higher white meat consumption (1b, 4)
demonstrate its positive effects on nutritional intake (SFAs,
TFAs, salt) and GHGE, whereas scenarios with higher red meat
consumption, such as high in pork (1b, 3, 4), demonstrate a
negative effect on nutritional intake. Therefore, Scenario 5 (high
white, low red meat) shows the best compromise for both health
and sustainability, based on the indicators used in this study.

Considerations From the Ecology
Perspective
The results show that the Dutch FBDG regarding animal
(-derived) products in the current situation can make steps
forward to contribute to a more sustainable food system. The
current GHGEs of the diet exceed the planetary boundary even if
consumption is according to the lower limits of the FBDG. This
is mainly because of beef cattle and dairy (especially cheese). In
contrast, the FBDG do not exceed the planetary LU boundary. An
explanation for this is that Dutch livestock production systems
are relatively efficient (i.e., high milk and egg production per
square metre) compared with those in other parts of the world,
leading to an LU lower than the global limit. Moreover, GHGE
exceeding the global boundary can be explained by the relatively
large size of the Dutch animal husbandry (intensive use of inputs,
fossil fuels, and infrastructure) and its inevitable emissions.
Possible solutions are systems based on residue streams (17) or
extensive farming of beef [grass-fed systems (44)].

Although the planetary LU boundary was not exceeded, the
LU in Scenario 1a was calculated to be higher than the LU
by the current reference diet. This might be explained by two
assumptions of the model. First, the model assumed that butter
was the only fats and oils product consumed in the FBDG,
whereas the current Dutch population, in fact, consumes a

mixture of animal and plant-based fats and oils, of which palm
oil, for instance, has a lower LU than butter (32). Second, the
model assumed a higher consumption of veal than currently
consumed in the Netherlands, since most veal is exported (25).
Existing data show that veal has a higher LU than dairy cows (28,
29). This study shows an evident gap between the production and
consumption of veal. The previouslymentioned 300 g of redmeat
available in Scenarios 1a, 1b, and 3 consists of almost a quarter of
calf meat (67 g/week). In contrast, the current consumption of
calves is only a tenth of this [1.7% of total meat (40)].

The current livestock size for meat production is substantially
larger than necessary for a dietary pattern following the FBDG
within a more optimal food system (Scenario 3): ca. three
(calves and laying hens), to four (broilers), to six times (pigs)
larger. This is in line with Dutch consumption data showing
that the Dutch population consumes more meat in general than
is advised by the FBDG (45). It is also in line with the fact
that the Dutch agriculture is not focused on circularity, but on
export (26). Interestingly, the results also show that the size
of beef cattle would need to be five to six times larger than
the current size in order to provide a diet with maximum of
red meat as beef (Scenario 1a) within the FBDG. These extra
beef cattle are not necessary in a scenario with more pork (1b).
However, both scenarios underutilize the quantity of dairy cow
beef available. The current dairy cow herd has this size, because
there is a large export of cheese and other dairy products. Even
in the agriculturally optimal Scenario 4, there is a significant
reduction in livestock size for the internal market. The high
rate of self-sufficiency at this moment (i.e., export dependency)
is essential for the income of farmers. The stepwise transition
to a more circular system with lower emissions, therefore,
creates challenges to find other models of farming or sources
of income.

Most of the non-meat portion of an animal carcass is
biologically nutritious and can be made microbiologically
safe for human consumption. However, because of individual
preferences, the popularity of consumption of these products
has decreased in contrast to the fact that meat consumption
has increased (46). Edible by-products such as organs were
widely used in culinary tradition in Europe, South America,
North America, Asia, Africa, and Australia. In Africa, all parts
of animals are still processed and commonly consumed as food
for humans. A more efficient utilisation of animal by-products
in the Netherlands and other western countries can alleviate the
prevailing cost and scarcity of feed materials, which have high
competition between animals and humans (47). This will also aid
in reducing environmental pollution and increase the ecological
efficiency of an animal-based food system.

The described dietary scenarios are more or less theoretical,
including utilising old laying hens and non-popular parts of old
dairy cows. The willingness of consumers to buy and pay for less
than premium meat products remains to be seen.

Limiting Factors in the Scenarios
Looking at the results in detail, we see three limiting factors in the
scenarios: butter, beef cattle, and saturated fatty acids (SFAs).
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• In all the scenarios, butter is the limiting factor by being
the main contributor to the high caloric intake in the Daily
choice category. Further analysis showed that lowering the
recommendation of cheese from 40 to 20 g/day solved this
problem. In the model, butter was chosen to be a Daily choice,
because its caloric intake per portion of 6 g is only about
half of the maximum caloric intake of one Daily choice (44
vs. 75 kcal), even though it does not fulfil the criteria for
SFAs. Further research could, for example, investigate whether
butter can replace other cooking fats and spreads that are
based on plant-based fats with high SFA content and high
environmental impact, i.e., palm fat and coconut fat (48).

• Pigs and beef cattle livestock systems are the main limiting
factors concerning Weekly choice. From a food system
perspective, dairy cattle and calves are given priority above
beef cattle because of dairy production. Following this
argumentation, beef cattle is redundant and even has a
negative impact on nutritional intake through additional
Weekly choices while having a diet according to the FBDG in
the current situation. Whenever both beef cattle and broilers
are absent, no nutritional limits (i.e., such as Weekly choice)
are exceeded. Still, a limited quantity of beef cattle is possible
from a food system perspective, no higher than the current
production of beef cattle, and preferably from grass fed cattle,
or cattle raised in nature sites (see scenario 3).

• A diet following the upper limits of the FBDG, regardless
of whether extra meat streams are present, leads to a higher
intake of SFAs and TFAs than the current intake from
animal food products. One explanation is the substantial by-
production of butter due to milk and cheese consumption,
which is included in the calculation of nutritional intakes.
Another explanation is the higher content of SFAs in the
Weekly choices due to less lean and more processed meat.
Another possibility is that the model in this study includes
more room for Daily andWeekly choices, whereas the current
FBDG contains amounts of Wheel products providing 85% of
energy needs (36).

Possible Steps to Make Guidelines More
Sustainable
To move toward more sustainable livestock production systems
and a balanced consumption of animal (-derived) food products,
several steps can be taken to improve the current guidelines:

1. First, introducing the concept of consuming animals from
nose to tail, and keeping the consumption of Weekly choice,
SFAs, and TFAs within the FBDG limits would lead to lower
maximum advice of red and total meat. This concept includes
the promotion and consumption of less popular (lean) cuts
and organs.

2. Second, recommending dairy and eggs from a health
perspective in FBDG inevitably includes recommending a
minimum consumption of meat on a population basis when
adopting a food system approach. These quantities are low in a
high productive food system. From this food system approach,
vegetarian diets are less optimal than near-vegetarian diets.

Considering waste streams, there would be some room for the
consumption of pork (and broilers) fed on residue streams.

3. Third, introducing food system interdependencies includes
the consumption of butter besides semi-skimmed milk and
cheese. The limitations in SFAs, TFAs, and number of Daily
choices, includes a limitation in butter and, therefore, dairy.
A possible adaptation is to lower the recommendation of
cheese, but cheese is also an important source of, e.g., calcium,
and micronutrient intakes were not yet analysed. However,
past optimisation studies from the group of the authors
demonstrated that intakes of calcium and vitamins D, A,
and B12 did not compromise lower quantities of milk and
exclusion of cheese (42, 49).

These recommendations are in line with the ranges for
animal products given by the EAT Lancet reference
diet, but the averages are somewhat higher. This is
because of the application to the local context of this
study and the lack of a food system approach by Willett
et al. (3).

Other sustainability scenario studies also suggest that within
Dutch eating habits, satisfying optimisation constraints required
a shift away from beef, cheese, butter, and snacks toward plant-
based foods and fish and shellfish, questioning acceptability (50).
A great deal of hope has been placed lately on a flexitarian
diet to help solve food-related environmental sustainability
problems. There is a growing group of flexitarians and
vegetarians who would likely accept the described scenarios,
but this is distinct from a substantial group of consumers
who are deeply attached to meat-eating and have no intention
whatsoever to limit their meat intake, let alone their already
changing meat-eating behaviours (51). Other steps toward a
more sustainable food system approach include minimising the
production and consumption of beef cattle, pork, and broilers,
choosing local animal (by-)products over foreign comparable
products, maximising consumption of the whole animal, and
exploring alternative applications of butter instead of plant-based
saturated fats. Following these steps will help to prevent waste
of rooster meat, organ meat, and other animal (by-)products
considerably and would lower the number of livestock needed
to fulfil a balanced, healthy consumption of animal (derived)
products. The advice for future research is to also look at
other food system interdependencies, for example, soy oil
and soy pulp, fatty fish, and bycatch, grains, and legumes in
agricultural rotations.

CONCLUSIONS

This study provides a first insight into how the Dutch FBDG
could be adapted to better align production and consumption of
animal(-derived) food products within the Dutch food system,
showing that the current FBDG could make steps toward a
more sustainable food system when interdependencies in the
animal production system are included. The major strengths of
this study are its food system approach and its model, which
can also be used to explore other food system scenarios. The
main limitation is the lack of detailed LCA data generated
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with a food system approach. Hence, future studies on food
systems need to be aware of the data gap on ecological
impact data of different livestock types. Food systems-thinking
involves shifts in the use of different livestock types in different
livestock production systems. Addressing the data gap on
differing livestock breeds is a first yet substantial subject for
research to substantiate the change toward future sustainable
food systems. Therefore, this study is more relevant for the
conceptual framework and novel food system approach rather
than for its exact outcomes. The conceptual framework of this
study may be useful in the discussion on how future sustainable
FBDG can incorporate a more food system-based approach, in
addition to other preconditions applied to FBDG development,
such as lower and upper level of nutrients, recommendations
on food groups by the health council, and dietary habits of
the population.
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Flaxseed (Linum usitatissimum L.) is an oilseed that is used in both industry and food

production. Flaxseed contains biologically active compounds including linolenic acid,

linoleic acid, and lignans. Flaxseed powder (2.5–10% w/w) and chicken eggs (10–30%

v/w) were substituted in cake wheat flour for fried dough (magwinya) production. The

physicochemical properties of the fried dough were determined and compared with

the control. There was a significant (p < 0.05) increase in moisture, protein, ash, and

hardness and a decrease in fat content of fried dough enriched with egg (FDE) and

flaxseed powder (FDFX). Enrichment with 30% (v/w) egg and/or 7.5–10% flaxseed

powder resulted in higher protein, oil reduction, and ash contents compared with the

rest of the products. With the current interest in plant-based protein, flaxseed is a good

choice of flour-based snacks for consumers without compromise in nutrition.

Keywords: flaxseed powder, chicken egg, magwinya, plant-based protein, animal protein, enrichment

INTRODUCTION

Protein is formed from amino acids, which are the building blocks of muscle mass that are mostly
found in animal products and some plant products. One (1) gram of protein equals 4 calories and
is composed of amino acids formed by nitrogen, carbon, hydrogen, oxygen, and sulfur. In bakery
products, protein plays a role in the texture of the food by forming gels, stabilizing foams, and
emulsions. Chicken eggs are considered human foods for a long time and they are protein-rich
containing high-quality nutrients. It is a source of iron, riboflavin, folate, and vitamin B12, D, and
E, and contains all nine essential amino acids (Lesnierowski and Stangierski, 2018). Eggs function
to enhance the texture and flavor of food products (Vaclavik and Christian, 2014). The egg white
(albumen) is an aqueous, faintly straw-tinted, gel-like liquid, consisting of 87.72% water, 0.85%
carbohydrates, 10.82% crude protein, 0.19% fat and 0.42% ash (Li, 2006; Réhault-Godbert et al.,
2019). Egg yolk is a fat-in-water emulsion containing 50% dry weight; consisting of 65% lipids,
31% proteins and 4% carbohydrates, vitamins, and minerals (Kovacs-Nolan et al., 2005). In dough
production, eggs are used to bind other ingredients and strengthen the dough (Indrani and Rao,
2007).

Flaxseed (Linum usitatissimum L.) is an ancient plant that originated in Asia and is now used
in both industry and food production (Marie and Ivan, 2017). Flaxseed contains about 8% crude
protein, thereby making it a functional food ingredient (Hussain et al., 2008). Flaxseed has found
use in many plant-based foods like an egg replacer due to its rich protein (globulin and albumin)
content—speaking to its functionality in baked goods (Bernacchia et al., 2014). Flaxseed is rich in

22
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fiber (22–26%) with cellulose, mucilage gums, and lignans as
chief fractions. Mucilage gum is a form of polysaccharide that
becomes gelatinous on mixing with liquids (Tufail et al., 2020).
Flaxseed is also highly acclaimed for its omega-3-fatty acid for
plant-based consumers. Of all lipids in flaxseed, 53% are α-
linolenic acid (ALA), 17% linoleic acid (LA), and 19% oleic acid
(Gutte et al., 2015).

Magwinya, also known as “fat cake,” is a deep-fried dough
product mostly consumed in sub-Saharan Africa (Kearney et al.,
2011). The snack is prepared from deep-frying a fermented
mixture of refined wheat flour, sugar, salt, yeast, and water. These
ingredients provide limited nutrients needed by the body to
function well. Eggs are not usually included in the production
process in Southern Africa. However, eggs are used in the Belgian
version—oliebollen (Ghijselings, 2019). Thismeans that the snack
is low in protein. It is characterized as an oily, moist, sweet/salty,
crispy golden-brown confectionary. Fat cake can be cut open and
stuffed with cheese, mince, and jam or served with fried chips
and fish, either as a breakfast with tea or a snack with a soft
drink (Onipe et al., 2019). Moreover, primary school learners
and the low-income population are the major consumers of this
snack (Onipe et al., 2019). Given the burden of malnutrition
that plagues low-and middle-income populations of the world,
children suffer the most, one of which is protein deficiency
(Otiti and Allen, 2021). Egg is a cheap and readily available
source of protein for non-vegans, while flaxseed powder is a
cheaper protein alternative for plant-based consumers. Hence,
this research investigated the effect of egg and flaxseed on the
physicochemical properties of fried dough (magwinya).

MATERIALS AND METHODS

Production of Fried Products
Cake wheat flour, yeast, brown sugar, salt, sunflower cooking oil,
flaxseed powder, and chicken eggs were locally sourced from a
supermarket in Limpopo Province, South Africa. Concentrated
sulfuric acid, selenium tablet, sodium hydroxide pellets, boric
acid, methyl red, and petroleum ether (40–60◦C) were of
analytical grade and were used in protein and fat analysis. The
chemicals were purchased from Sigma-Aldrich. Fried dough
products were produced using the traditional method described
by Kwinda et al. (2018) with modifications.

Egg-Enriched Fried Dough (FDE)
Water and egg mixtures (v/v) were prepared in ratios shown
in Table 1. The mixtures were added to dry ingredients (cake
wheat flour−100 g, sugar−15 g, yeast−1 g, and salt−1 g). Wet
and dry ingredients were mixed until a homogeneous sticky
dough was formed.

Flaxseed-Enriched Fried Dough (FDFX)
Wheat flour was composited with flax seed powder (Table 1).
100 grams each of the composite flour was each combined
with yeast (1 g), salt (1 g), and sugar (15 g). To each product,
100ml of lukewarm water (36.5 to 40.5◦C) was added to form
a homogeneous sticky dough.

The dough products were fermented at ambient temperature
(30◦C) and deep-fried in sunflower oil at 180◦C for 5min each.
The fried dough was drained and cooled to 25◦C on absorbent
paper until analysis was done. The control product had no eggs
or flaxseed powder in its formulation. The frying process and
experiments were carried out in triplicate batches.

Methods
Fried dough products were cooled down to ambient
temperature (25◦C), and weights of three products from
the three frying batches were collected using a digital weighing
balance (Onipe et al., 2018). To ensure data homogeneity,
samples with similar weights were randomly selected for the
subsequent measurements.

Hardness
The fried products were cooled for 30min after frying and
the hardness was measured in triplicate using the approved
method 74-09.01 of American Association of Cereal Chemists,
1999. The texture analyzer (TA. XT Plus, Stable Micro Systems
Ltd, Godalming, UK) fitted with a 5-kg load cell and a 35-
mm cylindrical probe was used for the testing. A return-to-
start test was used for measurement with the following settings:
40% strain, 2 mm/s, and 1 mm/s test and post-test speeds,
respectively. The peak positive force (g) in the force-deformation
curve was recorded as the hardness value (AACC, Onipe et al.,
2018).

Color Determination
Color analysis was performed using the method of Ndlala
et al. (2019) in a ColorFlex 45/0 Spectrophotometer (Hunterlab,
Reston, USA) with illuminant D65 and a 10◦C observer. Three
crust and crumb of fried dough products were analyzed for L∗

(luminosity), a∗ (opposition of colors green and red), and b∗

(opposition of colors blue and yellow). Chroma (C∗), hue (h), and
total color difference (1E) were calculated using Eqs 1–3.

Chroma =
√

a2 + b2 (1)

Hue = tan−1(
b

a
) (2)

1E =

√

[(L− Lc)2 + (a− ac)2 +
(

b− bc
)2
] (3)

where L∗ represents lightness from black to white (0–100); a∗

measures red (+) to green (–); b∗ measures yellow (+) to
blue (–), whereas Lc, ac, and bc represent the color values for
the control fried dough (without egg or flaxseed powder). 1E
represents the degree of the overall color change of a sample
in comparison to color values (Lc, ac, and bc) of the control
(Onipe et al., 2018).

Physicochemical Analysis
Moisture, oil, and ash contents were determined in triplicate
using the approved methods 44-15, 30-25.01, and 08-
01.01 of American Association of Cereal Chemists (1999),
respectively. The products were dried, pulverized, and tested
for protein content using the Kjeldahl method, according
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TABLE 1 | Formulations for fried dough products.

Products Water (ml) Egg(ml) Flaxseed powder (g) Cake wheat flour (g)

Control 100 – – 100

FDE10 90 10 – 100

FDE20 80 20 – 100

FDE30 70 30 – 100

FDFX2.5 100 – 2.5 97.5

FDFX5.0 100 – 5.0 95

FDFX7.5 100 – 7.5 92.5

FDFX10 100 – 10 90

Yeast (1 g), salt (1 g), and sugar (15 g) were uniform in all the products. FDE = egg-enriched fried dough, FDFX = flaxseed powder-enriched fried dough.

to method 955.04 of the Association of Official Analytical
Chemists (1995). The percentage nitrogen (N2) in protein was
multiplied by a factor of 6.25 to get protein content. Total
carbohydrate was determined by the difference method using
Equation 4.

%Carbohydrate = 100− (%fat+%protein+%ash+%moisture)

(4)

Statistical Analysis
Data were analyzed by one-way analysis of variance. Significant
differences (p < 0.05) between means were determined by
Duncan’s multiple range tests (Duncan, 1955). The results were
analyzed using a Statistical Package for Social Sciences (SPSS
version 23).

RESULTS AND DISCUSSION

Hardness of Egg-and Flaxseed-Enriched
Fried Dough
The values for the hardness of FDE and FDFX products
ranged from 1,343.37 to 1,605.24 g and 1,551.72 to 1,975.35 g,
respectively (Figure 1). The hardness of FDE products was
significantly higher than the control, while that of FDFX was
significantly lower than the control. Meaning flaxseed caused
the fried dough to be softer in comparison to chicken eggs.
The results of FDFX showed no linear trend, but a significant
reduction (p < 0.05) was noted at 2.5, 7.5, and 10%. The
differences in the hardness of FDE and FDFX could be accounted
for by the variation of water in their formulations. For the FDFX
products, the flaxseed powder was worked into the flour, thereby
reducing the gluten content (which traps a significant amount
of water in a dough matrix) and the amount of water available
in the dough. Moreover, the presence of mucilage gum in the
flaxseed powder could have caused gas and moisture retention,
causing less evaporation of water out of the food during frying,
thereby accounting for the softness of FDFX compared to FDE
products (Budžaki and Šeruga, 2005; Tufail et al., 2020). Egg yolk
is known to improve the richness and tenderness of dough and
eating quality, while albumen provides baked products with a
good volume and texture (Mine and D’Silva, 2008; Zhao et al.,
2010; Van Steertegem et al., 2013).

Color Profile of Egg-and
Flaxseed-Enriched Fried Dough
Crust and Crumb Color of Egg-Enriched Magwinya
The crust color profile of FDE products is presented in Table 2.
The lightness (L∗), redness (a∗), and yellowness values for
FDE were in the ranges 31.74–33.03, 14.56–17.45, and 17.60–
23.71, respectively. The addition of eggs influenced the crust
darkening as observed in the reduction of L∗ values with an
increase in egg content. This is because amino acids in the egg
react with the reducing sugars through the process of Maillard
reaction that produces brown color, flavor, and aroma during
thermal processing of food (Fayle and Gerrard, 2002; Calderón-
Domínguez et al., 2005; Onipe et al., 2018). The redness and
yellowness of FDE decreased with an increased egg addition. The
total color change is the degree of the overall color change of a
sample in comparison to the color values of the control (Pathare
et al., 2013). The chroma, hue angle, and color change of the
FDE decreased with the increase in egg addition compared to
control. Hue angle qualitatively describes a product’s typical color
in terms of real colors such as red or green (Ndlala et al., 2019).
The crumb lightness, redness, yellowness, chroma, and 1E of
FDE products were significantly higher than those of the control.
As expected, the crumb was lighter than the crust because the
latter is exposed to the highest heat during frying. The increase
in yellowness of FDE compared to control is highly influenced by
the yellow color of the egg yolk.

Crust and Crumb Color Profile of Flaxseed-Enriched

Fried Dough
The values of crust color properties for the crust of magwinya
were within the following range: L∗ (41.44–55.26), a∗ (4.44–
5.43), b∗ (11.54–17.29), Chroma (12.45–18.12), hue angle (67.97–
72.57), and 1E (12.99–19.12). Compared to the control, the
results of crust color (Table 3) indicate a decrease in the lightness,
redness, yellowness, and chroma values, and an increase in hue
and total color change. Similarly, crumb lightness, yellowness
chroma, and hue decreased significantly in FDFX products
relative to the control. The redness of the crumb, however,
increased markedly—a direct impact of the dark hue of flaxseed
powder (Figure 2). Coupled with intense Maillard reaction, these
variations in crust color relative to the control are linked to the
dark color (brown) of the flaxseed powder. Marpalle et al. (2014)
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FIGURE 1 | Hardness (g) of fried dough products. Results were presented as mean ± standard deviation (n = 3). Superscripts were assigned to show significant

differences (p < 0.05) with an increase in egg/flaxseed powder using Duncan multiple range test. FDE = egg-enriched fried dough, FDFX = flaxseed powder-enriched

fried dough.

TABLE 2 | Color profile of egg-enriched fried dough.

Fried products Control FDE10 FDE20 FDE30

Crust

L* 34.51 ± 1.42c 35.53 ± 0.40d 31.74 ± 1.45a 32.01 ± 1.55b

a* 17.44 ± 1.89c 16.86 ± 1.94b 16.77 ± 1.57a 17.79 ± 3.59c

b* 21.49 ± 4.13c 23.71 ± 4.83d 20.08 ± 1.81b 17.60 ± 10.37a

Chroma 27.70 ± 4.32c 29.45 ± 5.05d 25.55 ± 2.39b 23.03 ± 10.34a

Hue 50.70 ± 2.77b 53.37 ± 2.39c 51.84 ± 0.28b 47.77 ± 8.82a

1E – 3.74 ± 1.11a 5.25 ± 1.38b 8.88 ± 3.43c

Crumb

L* 63.01 ± 1.11a 66.91 ± 3.35b 68.39 ± 2.45c 69.35 ± 2.70c

a* 2.29 ± 1.12a 2.89 ± 0.53b 3.37 ± 0.18c 3.74 ± 0.12c

b* 21.41 ± 5.60a 25.91 ± 2.09b 29.34 ± 1.42c 30.54 ± 1.23d

Chroma 21.54 ± 5.68a 26.08 ± 2.13b 29.53 ± 1.42c 30.77 ± 1.28d

Hue 83.55 ± 1.62a 83.68 ± 0.71a 83.44 ± 0.35a 83.01 ± 0.19a

1E – 8.86 ± 7.76a 12.49 ± 11.25b 13.94 ± 11.39c

Results were presented as mean ± standard deviation (n = 3). Superscripts (a, b, c, d) were assigned to show significant difference (p < 0.05) with an increase in egg concentration

using Duncan’s multiple range test. FDE = egg-enriched fried dough.

reported a similar trend in bread enriched with flaxseed. Onipe
et al. (2019) reported that wheat bran with medium particle
size had a similar effect on the crust and crumb color profile
of fried dough. Care must be taken to avoid consumers being

put off by the dark color impacted by the brown flaxseed. The
decrease in lightness and yellowness with an increase in FP
level agrees with the results obtained by Codinǎ et al. (2016)
on bread.
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TABLE 3 | Color profile of flaxseed-enriched fried dough.

Fried products Control FDFX2.5 FDFX5.0 FDFX7.5 FDFX10

Crust

L* 34.51 ± 1.42d 32.49 ± 0.09b 32.80 ± 0.23b 31.81 ± 0.16a 33.55 ± 0.20c

a* 17.44 ± 1.89d 8.30 ± 0.20b 9.06 ± 0.51c 6.55 ± 0.25a 8.71 ± 0.59bc

b* 21.49 ± 4.13d 14.30 ± 0.27b 14.68 ± 0.22b 13.52 ± 0.38a 15.94 ± 0.42c

Chroma 27.70 ± 4.32d 9.35 ± 0.06b 10.19 ± 0.55bc 7.44 ± 0.26a 10.55 ± 0.72c

Hue 50.70 ± 2.77a 59.87 ± 2.01b 58.34 ± 0.23b 64.16 ± 2.90d 61.37 ± 0.36c

1E – 12.05 ± 0.23b 11.17 ± 0.70ab 13.98 ± 0.20c 10.67 ± 0.84a

Crumb

L* 63.01 ± 1.11a 55.26 ± 1.30d 49.77 ± 1.54c 45.86 ± 0.24b 41.44 ± 0.34a

a* 2.29 ± 1.12a 5.43 ± 0.50c 4.44 ± 0.07b 4.66 ± 0.40b 4.91 ± 0.07bc

b* 21.41 ± 5.60d 17.29 ± 1.60c 13.77 ± 0.68b 11.54 ± 1.23a 12.67 ± 0.45ab

Chroma 21.54 ± 5.68d 18.12 ± 1.68c 14.47 ± 0.66b 12.45 ± 1.29a 13.59 ± 0.43ab

Hue 83.55 ± 1.62c 72.57 ± 0.07b 72.09 ± 0.72b 67.97 ± 0.43a 68.82 ± 0.68a

1E 12.99 ± 0.92a 19.12 ± 1.23b 23.53 ± 0.76c 26.46 ± 0.10d

Results were presented as mean ± standard deviation (n = 3). Superscripts (a, b, c, d, ab, bc) were assigned to show significant difference (p < 0.05) with an increase in flaxseed

powder concentration using Duncan multiple range test. FDFX = flaxseed powder-enriched fried dough.

FIGURE 2 | Fried cereal-dough products.
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FIGURE 3 | Nutritional composition of egg-enriched fried dough. Results were presented as mean ± standard deviation (n = 3). Superscripts were assigned to show

significant differences (p < 0.05) with an increase in egg in similar bars using Duncan multiple range test. FDE = egg-enriched fried dough.

Moisture Content of Egg-and
Flaxseed-Enriched Fried Dough
The mean moisture values of FDE ranged from 42.49 to 45.10%
(Figure 3) and that of FDFX ranged from 42.00 to 43.33% and
were slightly higher than the control at 41.89% (Figure 4). The
increasedmoisture content of FDE can be attributed to the ability
of eggs to bind with other ingredients during the formation
of dough. The results showed that the incorporation of eggs
improved the moisture content of magwinya, albeit small. There
was no significant difference (p < 0.05) in the moisture content
of the products with different amounts of flaxseed powder,
but the moisture content of control was significantly low. The
increase in moisture content of FDFX products may be due
to the fiber content of flaxseed powder, which increased high
moisture retention (Ganorkar and Jain, 2014). Similar results
were reported by Xu et al. (2014) where the moisture content of
bread markedly increased with the increase in flaxseed flour.

Ash Content of Egg-and
Flaxseed-Enriched Fried Dough
The ash content of FDE ranged from 1.40 to 1.58% (Figure 3)
and FDFX ranged from 1.56 to 1.97% (Figure 4) and were all
significantly higher than control (1.41%). An increasing linear
trend (p < 0.05) was observed for the ash content of FDE and
FDFX products with an increase in egg and flaxseed powder
concentration. The increase in ash content in both FBE and
FDE shows that egg and flaxseed powder increased the mineral

content of fried dough compared to control. This is because of
the high mineral content of eggs (Haytowitz and Pehrsson, 2018)
and flaxseeds (Codinǎ et al., 2016). Masoodi and Bashir (2012)
reported a 69% increase in the ash content of biscuits enriched
with 10% flaxseed powder.

Fat Content of Egg-and Flaxseed-Enriched
Fried Dough
The fat content of FDE products ranged from 5.27 to 9.82%
(Figure 3), while FDFX ranged from 6.08 to 9.41% (Figure 4).
The fat content of FDE and FDFX products was significantly
lower than control (13.66%). During deep-frying, the heat
evaporates moisture out of the products, while oil penetrates
inside the products (Krokida et al., 2000; Budžaki and Šeruga,
2005). Due to the consistency of the control dough, large gas cells
are formed during the fermentation process, thereby creating
more pores for oil uptake during frying and higher fat content
in the control products compared to other products (Ivorra
et al., 2014). Egg binds the ingredients together during dough
mixing, thereby increasing the dough strength and its elasticity,
which may have impeded moisture loss and contributed to the
reduced fat content in FDE products (Indrani and Rao, 2007;
Van Steertegem et al., 2013). The least fat contents for FDE
and FDFX were recorded at 30% egg and 10% flaxseed powder
addition, showing that both additives reduced the fat content
of the fried dough. Contrary to what other researchers have
reported that flaxseed increased the fat content of other products
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FIGURE 4 | Nutritional composition of flaxseed-enriched fried dough. Results were presented as mean ± standard deviation (n = 3). Superscripts were assigned to

show significant differences (p < 0.05) with an increase in egg in similar bars using Duncan multiple range test. FDFX = flaxseed-enriched fried dough.

like cookies and bread (Masoodi and Bashir 2012), the use of
flaxseed in our product resulted in reduced fat content. This
may be because of the high-water retention capacity of flaxseed,
which may have led to a minimal replacement of water with oil,
hence the decrease in fat content (Mellema, 2003; Kwinda et al.,
2018).

Protein Content of Egg-and
Flaxseed-Enriched Fried Dough
The protein contents of the FDE products ranged from 10.63
to 12.42% (Figure 3), and FDFX ranged from 10.77 to 13.44%
(Figure 4) and were all significantly higher than the control
(9.75%). The highest protein values were found in FDE30
and FDFX10. This shows that the addition of eggs and/or
flaxseed increased the protein content of magwinya. This is
because an egg contains about 12.5% protein from both albumen
and yolk (Seuss-Baum and Francoise, 2011) and the rich
protein content of flaxseed (Hussain et al., 2008; Tufail et al.,
2020). Other authors have reported a significant increase in
the protein content of biscuits (Masoodi and Bashir, 2012)
and cookies (Kaur et al., 2019) enriched with flaxseed. The
protein contents of whole wheat-based bread increased with
the increased addition of chia seed flour (Sayed-Ahmad et al.,
2018).

Carbohydrate Content of Egg-and
Flaxseed-Enriched Fried Dough
As shown in Figures 3, 4 carbohydrate content increased
significantly with an increase in egg addition from 20% and
flaxseed powder from 5% flaxseed. The polysaccharide content
of flaxseed could have contributed to this increase. Since
carbohydrate content was calculated using the differencemethod,
the decrease in fat content could have encouraged the increase in
the percentage of carbohydrates. Marpalle et al. (2014) reported a
significant decrease in carbohydrate percentage with an increase
in flaxseed flour on functional bread.

CONCLUSION

Supplementing the formulation of fried dough with eggs
and flaxseed powder positively influenced the physicochemical
properties of the fried dough products. Increased levels of egg
and flaxseed powder increased the moisture, ash, and protein
content while reducing fat content. The protein contents of
FDE and FDFX products were comparable, but the highest
level was reported at 10% flaxseed supplementation. Flaxseed
powder had no significant impact on the hardness of the fried
dough, but it decreased the lightness, redness, and yellowness
of the product. The effect on color may repel consumers, but
a consumer acceptability test is recommended to confirm or
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reject this assumption. Further research is recommended on
the impact of egg and flaxseed powder on the microstructure,
mineral content, and rheological properties of the dough. The
findings of this research show that nutritious low-fat fried dough
can be produced from plant and animal protein sources to cater
for consumers on both diets.
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The results of prospective cohort studies regarding the role of salt intake and

subsequent gastric cancer risk are inconsistent. Thus, we performed a systematic

review and meta-analysis to summarize the strength of the association of salt intake

with gastric cancer morbidity and mortality. PubMed, EmBase, and Cochrane Library

were systematically searched to identify eligible studies published throughout September

2021. The effect estimates with 95% confidence intervals (CIs) for gastric cancer

morbidity or mortality in each study were applied to calculate the pooled results; these

analyses were performed using the random-effects model. Twenty-six prospective cohort

studies involving 4,956,350 individuals were selected; these studies reported 19,301

cases of gastric cancer and 2,871 cases of gastric cancer-associated mortality. High

(RR: 1.25; 95%CI: 1.10–1.41; P = 0.001) or moderate (RR: 1.20; 95%CI: 1.04–1.38; P

= 0.012) salt intake was associated with a greater risk of gastric cancer. High pickled food

intake was associated with an increased gastric cancer risk (RR: 1.28; 95%CI: 1.05–1.57;

P = 0.017), while moderate pickled foods intake had no significant effect on gastric

cancer risk (RR: 1.10; 95%CI: 0.88–1.37; P = 0.390). Neither high (RR: 1.14; 95%CI:

0.95–1.36; P = 0.161) nor moderate (RR: 1.10; 95%CI: 0.87–1.40; P = 0.436) salted

fish intake were associated with gastric cancer risk. A high intake of processed meat was

significantly associated with a higher risk of gastric cancer (RR: 1.24; 95%CI: 1.03–1.49;

P= 0.023), while moderate processedmeat intake had no significant effect on the gastric

cancer risk (RR: 1.01; 95%CI: 0.92–1.11; P= 0.844). High (RR: 1.04; 95%CI: 0.90–1.19;

P = 0.626) and moderate (RR: 1.02; 95%CI: 0.94–1.11; P = 0.594) miso-soup intake

had no effects on the gastric cancer risk. High intakes of salt, pickled food, and processed

meat are associated with significantly increased risks of gastric cancer; these increased

risks are also seen when participants consumed moderate amounts of salt.

Keywords: gastric cancer, salt intake, risks, meta-analysis, systematic review

INTRODUCTION

Gastric cancer is the fifth most common type of cancer and is the third leading cause of
cancer-related deaths worldwide (1). There were more than one million new cases of gastric
cancer diagnosed in 2018, and the number of gastric cancer-related deaths reached 783,000 (1).
Nearly 70% of new gastric cancer cases occurred in developing countries, especially, in China.
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Therefore, additional potential risk factors for this condition
should be identified for preventing its progression. Studies have
already found several lifestyle-associated factors could prevent
the risk of gastric cancer, including the intake of citrus fruits
(2), flavonols (3), dietary nitrates, nitrites, nitrosamines (4), a
Mediterranean diet (5), dairy products (6), vitamin A, vitamin
C, vitamin E (7), cruciferous vegetables (8), and dietary fiber (9),
and physical activity (10). Moreover, several potential risk factors
for gastric cancer, including intake of coffee, dietary fat, red meat,
obesity, and smoking, have been identified (11–15). However,
other dietary factors should be identified to further prevent the
risk of gastric cancer.

Previous study have already demonstrated that increased
dietary sodium intake is a modifiable risk factor for health (16).
They point out reduced sodium intake significantly reduced
blood pressure without any significant effects on blood lipids,
catecholamine levels, and renal function for non-acutely ill
adults. Moreover, reduced sodium intake was associated with
a reduced risk of stroke and fatal coronary heart disease in
adults. The World Health Organization currently recommends
a salt intake of <2 g/d, a level that is largely based on a
relatively small and short-term clinical trials evaluating the
effects of moderate salt intake in the general population (17).
Several systematic review and meta-analyses have illustrated
the association of salt intake with the risk of gastric cancer
(18–21). Excessive salt intake plays a dual effect at the initial
stages, including gastritis and atrophy. Moreover, it might play
an important role on the later stages of carcinogenesis through
intestinal metaplasia and dysplasia stages (22). However, whether
the strength of this association differs according to various
characteristics in individuals remains unclear. Clarifying the
optimal salt intake in the general population for preventing
gastric cancer is particularly important, as this has not yet
been definitively determined. Therefore, in the present study, we
performed a systematic review and meta-analysis of prospective
cohort studies to assess the strength of the association of dietary
salt intake with the risk of gastric cancer; further, the comparison
of this association in individuals with various characteristics
was performed.

METHODS

Data Sources, Search Strategy, and
Selection Criteria
The Meta-analysis of Observational Studies in Epidemiology
guidelines were applied to perform and report this systematic
review and meta-analysis (23). Studies designed as prospective
cohort studies and those that assessed the association of dietary
salt intake with the risk of gastric cancer were eligible for
inclusion in our study, and the publication language was
restricted to English. PubMed, EmBase, and Cochrane Library
were searched for articles published throughout September 2021,
using (“Salt” OR “Salty” OR “Salted” OR “Sodium” OR “Diet”
OR “Dietary” OR “Food” OR “Snack” OR “Bread” OR “Miso”
OR “Pickle” OR “Processed fish” OR “Processed meat” OR
“Salty fish)” AND (“Stomach cancer” OR “Gastric cancer)” AND

“prospective” AND “human” AND “English” as the search terms.
The reference lists of relevant original articles were also manually
reviewed to identify any new eligible studies.

The literature search and study selection were independently
undertaken by two authors, and any disagreements between
these two authors were settled by mutual discussion until a
consensus was reached. The inclusion criteria were as follows: (1)
Study design: the study had to have a prospective cohort design;
(2) Exposure: total dietary salt intake, pickled food, salted fish,
processed meat, and miso-soup; (3) Control: the lowest intake
of salt or a specific food category; (4) Outcome: gastric cancer-
associated morbidity or mortality; and (5) Participants: general
population or individuals without gastric cancer at inclusion.
Retrospective cohort, traditional case-control, and series studies
were excluded because the results of these studies may be
susceptible to biases resulting from various confounding factors.

Data Collection and Quality Assessment
Two authors (DY and SY) independently performed the data
extraction and quality assessment, and any conflicts between
these authors were examined and adjudicated by an additional
author (GZ) by referring to the original studies. The collected
characteristics and data included the study group or first author’s
name, publication year, country, sample size, age of participants,
numbers of men and women, number of cases showing
gastric cancer-associated morbidity or mortality, number of
dietary questionnaire items, follow-up duration, reported effect
estimates and 95% CI values, and covariates in the fully adjusted
model. For studies that reported several multivariable adjusted
effect estimates, the effect estimate that was maximally adjusted
for potential confounders was used. The Newcastle-Ottawa
Scale (NOS) was utilized to assess the methodological quality,
which is quite comprehensive and has been partially validated
for evaluating the quality of observational studies in meta-
analyses (24). The NOS, based on selection [4 items (four
stars): representativeness of the exposed cohort, selection of the
non-exposed cohort, ascertainment of salt consumption, and
demonstration that outcomes was not present at start of study],
comparability [one item (two stars): comparability on the basis
of the design or analysis], and outcome [three items (three
stars): assessment of outcome, adequate follow-up duration, and
adequate follow-up rate], and the “star system,” ranged from 0 to
9 for each study.

Statistical Analysis
The association of the intake of salt or specific foods (pickled
food, salted fish, processed meat, and miso-soup) with the risk
of gastric cancer-associated morbidity or mortality was analyzed
based on the effect estimate [risk ratio (RR), hazard ratio (HR),
or odds ratio (OR)] and its 95% CI published in each study.
The categories for salt or specific foods were divided based on
tertiles, and the random-effects model was utilized to calculate
the pooled RRs and 95% CIs for high or moderate vs. low salt
or specific food intake (25). The I2 and Cochren Q statistic
were used to assess heterogeneity across the included studies;
significant heterogeneity was defined at I2 > 50.0% or P < 0.10
(26, 27). The stability of the pooled conclusions was assessed
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FIGURE 1 | PRISMA flowchart of the literature search and study selection process.
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TABLE 1 | Baseline characteristic of studies included in meta-analysis.

Study Country Sample

size

Age (year) Gender

(men/women)

No of GC

cases

Salt

questionnaire

Follow-up

(year)

Adjusted factors NOS

score

JHCS 1990 (32) Japan 7,990 > 45.0 7,990/0 Incidence (150) 17 items 17.5 Age 7

Kneller 1991 (33) Norway 17,633 >35.0 17,633/0 Mortality (75) 35 items 20.0 Years of birth and smoking 7

Kato 1992 (34) Japan 3,914 > 45.0 1,851/2,063 Incidence (45) 10 items 4.4 Age, sex, and residence 6

Kato 1992 (35) Japan 9,753 > 30.0 NA Mortality (57) 25 items 5.7 Age, and sex 6

HHSP 1998 (36) US 11,907 46.4 5,610/6,297 Incidence (108) 13 items 14.8 Age, education, Japanese place of birth (for men

added smoking and alcohol)

8

Knekt 1999 (37) Finland 9,985 >15.0 5,274/4,711 Incidence (68) NA 24.0 Sex, age, municipality, smoking and TE 7

CPS II 2001 (38) US 970,045 56.0 436,654/533,391 Mortality (1,349) 32 items 14.0 Age, education, smoking, BMI, multivitamin and

vitamin C use, aspirin use, race, and family history

8

Ngoan 2002 (39) Japan 13,250 52.7 5,917/7,333 Mortality (116) 254 items 8.8 Age, gender, smoking, processed meat, liver, cooking

or salad oil, suimono and pickled fruit

7

TNCS 2003 (40) Netherlands 120,852 55.0–69.0 58,279/62,573 Incidence (282) 150 items 6.3 Age, gender, smoking, education, family history of

stomach disorders and GC

8

Khan 2004 (41) Japan 3,158 >40.0 1,524/1,634 Mortality (51) 37 items 14.3 Age, and smoking 6

CGCS group 2004

(42)

China 1,630 42.2 880/750 Incidence (18) NA 7.5 Active treatment 8

JACC 2005 (43) Japan 110,792 40.0–79.0 NA Mortality (859) 33 items 12.0 Age 7

LSS 2005 (44) Japan 38,576 34.0–98.0 14,885/23,691 Incidence

(1,280)

22-items 20.0 Sex, sex-specific age, city, radiation dose, smoking,

and education level

7

LGPT 2005 (45) China 29,584 40.0–69.0 13,313/16,271 Incidence

(1,452)

9 items 15.0 Age, gender, or smoking 8

Kurosawa 2006 (46) Japan 8,035 > 30.0 3,652/4,383 Mortality (76) 29 items 11.0 Age, gender 7

THS 2006 (47) Japan 2,467 57.9 1,023/1,444 Incidence (93) 70 items 14.0 Age, gender, H pylori infection, atrophic gastritis,

history of peptic ulcer, family history of cancer, BMI,

DM, TC, PA, alcohol, smoking and dietary factors (TE,

TP, carbohydrate, B1-B2-C vitamin and dietary fiber)

7

SMC 2006 (48) Sweden 61,433 53.4 0/61,433 Incidence (156) 67 items 18.0 Age, education, BMI, TE, alcohol, fruits, and

vegetables

8

EPIC 2006 (49) Europe 521,457 51.7 153,447/368,010 Incidence (330) 88–266 items 6.5 Sex, height, weight, education level, smoking, work

and leisure PA, alcohol, TE, vegetable, citrus fruit,

non-citrus fruit intake, red meat, and poultry

8

Sjodahl 2008 (50) Norway 73,133 49.0 35,955/37,178 Incidence (313) NA 15.4 Age, smoking, alcohol, PA and occupation 6

Kim 2010 (51) Korea 2,248,129 30.0–80.0 1,420,981/827,148Incidence

(12,393)

13 items 7.0 Age, sex, BMI, smoking, alcohol, PA, and family history

of cancer

7

JPHC 2010 (52) Japan 77,500 45.0–74.0 35,730/41,770 Incidence (867) 138 items 7.7 Sex, age, BMI, smoking, alcohol, PA, and quintiles of

energy, potassium, and calcium

8

Murata 2010 (53) Japan 6,830 50.8 3,074/3,756 Mortality (87) NA 13.9 Age, BMI, PA, smoking, alcohol, DM, vegetable, fruit,

tea, red meat and processed meat

8

NIH-AARP 2011 (54) US 337,074 50.0–71.0 177,792/159,282 Incidence (955) 124 item 10.0 Age, sex, BMI, education, ethnicity, smoking, alcohol,

PA, and the daily intake of fruit, vegetables, saturated

fat

8

(Continued)
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using sensitivity analyses through the sequential removal of each
individual study (28). Stratified analyses were performed for high
or moderate salt or specific foods on gastric cancer risk according
to the country, gender, reported outcomes, follow-up duration,
and adjustment for educational level, body mass index (BMI),
alcohol, smoking, or physical activity (PA); further, the ratio
between subgroups were compared based on the RRs and 95%CIs
in each subset (29). Publication biases were assessed using both
qualitative and quantitative methods, including funnel plots, and
the Egger and Begg tests (30, 31). The inspection levels were
two-sided for pooled results, and differences with P < 0.05 were
regarded statistically significant. The STATA software was used
to perform all the statistical analyses in this study (version 10.0;
Stata Corporation, College Station, TX, USA).

RESULTS

Literature Search
A total of 1,736 articles were identified in electronic searches,
and 1,241 studies were retained after duplicate articles were
removed. Further, 1,124 studies were excluded because these
studies contained irrelevant titles and abstracts. The remaining
117 studies were examined for further full-text evaluations, and
91 studies were excluded because: they contained irrelevant
exposure (n = 43), they contained pre-existing gastric cancer
patients (n = 25), they were affiliate studies (n = 17), and they
were reviews (n= 6). A review of the reference lists of the relevant
studies did not find any new eligible study. Finally, 26 prospective
cohort studies were selected for the final meta-analysis (32–57);
the flowchart representing the study selection process is shown in
Figure 1.

Study Characteristics
The baseline characteristics of the studies and participants are
summarized in Table 1. A total of 4,956,350 individuals were
recruited from 26 studies, and 19,301 cases of gastric cancer and
2,871 cases of gastric cancer-associated mortality were reported.
The follow-up duration for each study ranged from 4.4 to 24.0
years, and 260–2,248,129 individuals were included in each
study. Sixteen studies were performed in Asia, six studies were
performed in Europe, and the remaining four studies were
performed in the US. Eighteen studies reported the association of
the intake of salt or specific foods with the risk of gastric cancer
incidence, and nine studies reported the association of the intake
of salt or specific foods with the risk of gastric cancer-associated
mortality. Eleven studies showed an NOS score of eight stars, 10
studies showed an NOS score of seven stars, and the remaining
five studies showed an NOS score of six stars.

Salt Intake and Gastric Cancer Risk
The numbers of studies reporting the risk of gastric cancer
with regard to high and moderate salt intake were 13 and 10,
respectively. We noted that high (RR: 1.25; 95%CI: 1.10–1.41; P
= 0.001) or moderate (RR: 1.20; 95%CI: 1.04–1.38; P = 0.012)
salt intake were associated with a greater risk of gastric cancer
(Figure 2).
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FIGURE 2 | Association between high or moderate salt intake and subsequent gastric cancer risk.

There was significant heterogeneity for high (I2 = 56.0%; P
= 0.007) and moderate (I2 = 58.8%; P = 0.009) salt intake
among the included studies. Sensitivity analyses indicating the
pooled conclusions for gastric cancer risk with regard to high
and moderate salt intake are robust and not affected by any
specific study (Supplemental 1). Subgroup analysis found that
the gastric cancer risk related to high salt intake increased
significantly in most subgroups, while high salt intake was not
associated with the risk of gastric cancer if the pooled studies were
performed in US or Europe and included female individuals.

In case of the gastric cancer risk related to high salt intake,
the gastric cancer incidence was lower than the gastric cancer
mortality; the association between gastric cancer risk and high
salt intake after ≥ 10.0 years of follow-up was greater than that
observed after < 10.0 years of follow-up (Table 2). In addition,
the subgroup analysis indicated that moderate salt intake was
associated with an increased risk of gastric cancer in case of
pooled trials performed in Asia, studies reporting gastric cancer
incidence, and studies involving a follow-up duration of ≥ 10.0
years, irrespective of the educational level status and adjustment
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TABLE 2 | Subgroup analysis for high vs. low salt intake and the risk of gastric cancer.

Group RR and 95%CI P-value Heterogeneity (%) P-value for

heterogeneity

Ratio between

subgroups

P-value for

interaction test

Country

US or Europe 1.16 (0.96–1.40) 0.130 0.0 0.706 0.88 (0.68–1.13) 0.315

Asia 1.32 (1.11–1.55) 0.001 69.0 0.001

Gender

Men 1.10 (1.03–1.17) 0.002 0.0 0.812 1.01 (0.88–1.16) 0.898

Women 1.09 (0.96–1.23) 0.171 0.0 0.750

Outcomes

GC incidence 1.14 (1.05–1.25) 0.003 25.0 0.222 0.60 (0.39–0.93) 0.022

GC mortality 1.89 (1.24–2.89) 0.003 50.6 0.108

Follow-up duration (years)

≥ 10.0 1.38 (1.12–1.69) 0.002 57.6 0.015 1.25 (1.01–1.55) 0.037

< 10.0 1.10 (1.04–1.16) < 0.001 0.0 0.692

Adjusted educational

Yes 1.23 (1.06–1.42) 0.006 0.0 0.866 0.95 (0.76–1.18) 0.626

No 1.30 (1.10–1.54) 0.003 65.0 0.002

Adjusted BMI

Yes 1.32 (1.03–1.69) 0.026 79.0 0.003 1.07 (0.81–1.43) 0.630

No 1.23 (1.07–1.43) 0.004 22.2 0.246

Adjusted alcohol

Yes 1.21 (1.01–1.46) 0.036 65.9 0.012 0.93 (0.72–1.20) 0.581

No 1.30 (1.09–1.55) 0.003 28.1 0.214

Adjusted smoking

Yes 1.22 (1.04–1.42) 0.015 55.9 0.026 0.92 (0.70–1.22) 0.583

No 1.32 (1.04–1.66) 0.020 48.2 0.103

Adjusted PA

Yes 1.24 (1.01–1.52) 0.038 72.7 0.005 0.98 (0.75–1.26) 0.856

No 1.27 (1.09–1.49) 0.002 19.6 0.275

RR, relative risk; CI, confidence interval; GC, gastric cancer; BMI, body mass index; PA, physical activity.

for BMI, alcohol intake, and PA. Moreover, the strength of the
association of gastric cancer risk and moderate salt intake was
lower in studies with adjustment for alcohol intake than in studies
without adjustment for alcohol intake (Table 3).

Pickled Food Intake and Gastric Cancer
Risk
The numbers of studies reporting the risk of gastric cancer
related to high and moderate pickled food intake were 12 and
nine, respectively. We noted that high pickled food intake was
associated with an increased risk of gastric cancer (RR: 1.28;
95%CI: 1.05–1.57; P= 0.017), whilemoderate pickled food intake
was not (RR: 1.10; 95%CI: 0.88–1.37; P = 0.390) (Figure 3).

Moreover, there was significant heterogeneity for gastric
cancer risk related to high (I2 = 79.4%; P < 0.001) and moderate
(I2 = 79.7%; P < 0.001) pickled food intake across the included
studies. Sensitivity analyses found that the pooled conclusions
for gastric cancer related to high and moderate pickled food
intake were stable after the sequential exclusion of individual
studies (Supplemental 1). The subgroup analysis demonstrated
that high pickled food intake was associated with an increased
risk of gastric cancer in case of pooled studies performed in Asia,

studies with a follow-up of ≥ 10.0 years, and studies without
adjustment for the educational level, BMI, alcohol intake, and
PA (Supplemental 2). Moreover, the results of the subgroup
analyses for moderate pickled food intake and gastric cancer risk
were consistent with those of the overall analysis and remained
statistically non-significant (Supplemental 2).

Salted Fish Intake and Gastric Cancer Risk
The numbers of studies reporting the risk of gastric cancer
related to high and moderate salted fish intake were 11 and eight,
respectively.We noted that high (RR: 1.14; 95%CI: 0.95–1.36; P=
0.161) ormoderate (RR: 1.10; 95%CI: 0.87–1.40; P= 0.436) salted
fish intakes were not associated with the risk of gastric cancer
(Figure 4), and a potential significant heterogeneity for gastric
cancer risk related to high (I2 = 49.7%; P= 0.030) and moderate
(I2 = 73.7%; P < 0.001) salted fish intake was noted among the
included studies.

The pooled conclusions for gastric cancer risks related to high
and moderate salted fish intake were robust and not affected
by the exclusion of any particular study (Supplemental 1).
The subgroup analysis found that high salted fish intake was
associated with an increased risk of gastric cancer in case of
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TABLE 3 | Subgroup analysis for moderate vs. low salt intake and the risk of gastric cancer.

Group RR and 95%CI P-value Heterogeneity (%) P-value for

heterogeneity

Ratio between

subgroups

P-value for

interaction test

Country

US or Europe 1.18 (0.95–1.46) 0.132 17.3 0.299 0.95 (0.72–1.26) 0.731

Asia 1.24 (1.03–1.49) 0.022 65.8 0.007

Gender

Men 1.04 (0.98–1.10) 0.217 0.0 0.812 1.04 (0.94–1.15) 0.437

Women 1.00 (0.92–1.08) 0.981 0.0 0.521

Outcomes

GC incidence 1.15 (1.00–1.31) 0.045 54.9 0.038 0.72 (0.40–1.31) 0.285

GC mortality 1.59 (0.89–2.83) 0.115 63.9 0.063

Follow-up duration (years)

≥ 10.0 1.38 (1.02–1.87) 0.036 57.8 0.037 1.27 (0.92–1.75) 0.152

< 10.0 1.09 (0.97–1.21) 0.134 41.5 0.162

Adjusted educational

Yes 1.29 (1.03–1.60) 0.024 0.0 0.326 1.08 (0.82–1.43) 0.564

No 1.19 (1.01–1.40) 0.032 60.2 0.014

Adjusted BMI

Yes 1.12 (0.93–1.34) 0.242 71.2 0.031 0.88 (0.67–1.15) 0.358

No 1.27 (1.04–1.54) 0.018 32.1 0.183

Adjusted alcohol

Yes 1.07 (0.94–1.22) 0.283 42.8 0.136 0.77 (0.59–1.00) 0.048

No 1.39 (1.11–1.74) 0.004 28.1 0.234

Adjusted smoking

Yes 1.13 (0.99–1.28) 0.066 49.6 0.064 0.70 (0.42–1.18) 0.183

No 1.61 (0.97–2.66) 0.066 62.7 0.068

Adjusted PA

Yes 1.08 (0.94–1.26) 0.276 57.0 0.073 0.81 (0.62–1.04) 0.101

No 1.34 (1.08–1.65) 0.007 25.4 0.243

RR, relative risk; CI, confidence interval; GC, gastric cancer; BMI, body mass index; PA, physical activity.

pooled studies reporting gastric cancer incidence and studies
with adjustment for the PA; moreover, the strength of the
association of gastric cancer risk with high salted fish intake
in studies with the adjustment for PA was higher than that
in case of studies without the adjustment for adjusted PA
(Supplemental 2). Moreover, the subgroup analysis found that
moderate salted fish intake was associated with an increased risk
of gastric cancer if the follow-up duration was < 10.0 years, and
in case for studies with the adjustment for PA, while moderate
salted fish intake was associated with a reduced risk of gastric
cancer in women. The differences between the subgroups in the
analyses based on gender, follow-up duration, and adjustment for
PA were statistically significant (Supplemental 2).

Processed Meat Intake and Gastric Cancer
Risk
The numbers of studies reporting the risk of gastric cancer related
to high and moderate processed meat intake were eight and
six, respectively. We noted that high processed meat intake was
associated with an increased risk of gastric cancer (RR: 1.24;
95%CI: 1.03–1.49; P = 0.023), while moderate processed meat

intake had no significant effect on the risk of gastric cancer (RR:
1.01; 95%CI: 0.92–1.11; P = 0.844) (Figure 5).

There was significant heterogeneity for gastric cancer risk
related to high processed meat intake (I2 = 63.4%; P = 0.008),
while no evidence of heterogeneity for gastric cancer risk related
to moderate processed meat intake (I2 = 0.0%; P = 0.461) was
noted. The pooled conclusions for gastric cancer risk related
to high processed meat intake were variable, while the gastric
cancer risk related to moderate processed meat intake was stable
(Supplemental 1). The subgroup analyses showed that high
processed meat intake was associated with an increased risk of
gastric cancer in case of pooled studies performed in the US
or Europe, studies with a follow-up duration of < 10.0 years,
studies with adjustment for educational level, and studies without
adjustment for smoking and PA (Supplemental 2). Moreover,
moderate processed meat intake was not associated with the risk
of gastric cancer in all subgroups (Supplemental 2).

Miso-Soup Intake and Gastric Cancer Risk
The numbers of studies reporting the risk of gastric cancer
with regard to high and moderate miso-soup intake were nine
and seven, respectively. We noted that high (RR: 1.04; 95%CI:
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FIGURE 3 | Association between high or moderate pickled food intake and subsequent gastric cancer risk.

0.90–1.19; P = 0.626) and moderate (RR: 1.02; 95%CI: 0.94–
1.11; P = 0.594) miso-soup intake were not associated with
the risk of gastric cancer, and no significant heterogeneity for
gastric cancer related to high (I2 = 38.8%; P = 0.109) and
moderate (I2 = 0.0%; P = 0.993) miso-soup intake was observed
(Figure 6). The pooled conclusions for gastric cancer risk related
to high and moderate miso-soup intakes were found to be robust
after the sequential removal of single studies (Supplemental 1).
The results of the subgroup analyses showed that the gastric
cancer risks related to high and moderate miso-soup intakes
were consistent with the findings of the overall analysis in all
subgroups (Supplemental 2).

Publication Bias
Review of the funnel plots could not rule out the potential of
publication bias for conclusions regarding high and moderate
intake of salt or specific foods (Supplemental 3). We noted
potential significant publication bias for gastric cancer risk
related to high and moderate salt intake, but no significant
publication biases for gastric cancer risk related to high
and moderate pickled food, salted fish, processed meat, and
miso-soup intakes. The conclusions remained unchanged after
adjustment for publication bias for gastric cancer related
to high and moderate salt intake using the trim and fill
method (58).
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FIGURE 4 | Association between high or moderate salted fish intake and subsequent gastric cancer risk.

DISCUSSION

Our study intended to assess the association of the intake of
salt or specific foods with the risk of gastric cancer based on

high-quality prospective cohort studies. A total of 4,956,350

individuals with 19,301 cases of gastric cancer and 2,871
cases of gastric cancer-associated mortality from 26 studies

were identified and a broad range of characteristics of the
studies or individuals were considered. The findings of this
study found that high and moderate salt intakes increase
the risk of gastric cancer. Moreover, high pickled food and
processed meat intakes were associated with an increased risk
of gastric cancer, while moderate pickled food and processed
meat intakes were not. Furthermore, salted fish and miso-soup
intakes were not associated with the risk of gastric cancer,
irrespective of whether the intakes were high or moderate.
The associations of salt or specific food intake with the risk

of gastric cancer were affected by gender, reported outcomes,
follow-up duration, and adjustment for alcohol intake and PA.
Finally, considering the satisfactory quality of the included
studies, the findings of this study are recommendable for the
general population.

Several systematic review and meta-analyses have already
addressed the potential role of dietary salt or specific foods in
increasing the risk of gastric cancer (19, 21). A study conducted
by D’Elia et al. found that high and moderate dietary salt intakes
were associated with an increased risk of gastric cancer, and this
association was stronger in case of Japanese populations and a
higher consumption of selected salt-rich foods (19). Similarly,
Ge et al. identified 11 studies and found that dietary salt
intake was positively related to the risk of gastric cancer (21).
However, stratified analyses performed on the basis of gender and
adjustment for different parameters levels were not considered.
Therefore, we performed this study to systematically assess the
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FIGURE 5 | Association between high or moderate processed meat intake and subsequent gastric cancer risk.

associations of salt or specific food intakes with the risk of
gastric cancer.

Our study found that high or moderate salt intakes were
associated with an increased risk of gastric cancer, which
are consistent with the findings of previous meta-analyses
(19, 21). Several potential mechanisms could explain the
increase in the gastric cancer risk associated with the high
intakes of salt, pickled food, and processed meat: (1) dietary
salt was associated with N-methyl-N-nitro-N-nitrosoguanidine,
which could induce carcinogenic effects in the stomach (59);
(2) the mucosal barrier could be destroyed by high salt
concentrations in the intragastric region, which may cause
inflammation and damage, and subsequently, diffuse erosion
and degeneration of the gastric mucosa. These symptoms could
induce proliferous changes and enhance the effects of food-
derived carcinogens (60); and (3) the mucosal damage could
enhance H. pylori colonization in mice and humans, leading to
chronic gastritis, which is associated with a greater risk of gastric
cancer (61–63).

We noted that high pickled food and processed meat
intakes increased the risk of gastric cancer, while moderate

pickled food and processed meat intake did not affect the
risk of gastric cancer. Further, increased intakes of salted
fish and miso-soup did not affect the risk of gastric cancer.
Several reasons could explain these results: (1) the follow-
up duration for these studies were shorter than the duration
needed to show a clinical benefit, resulting in broad confidence
intervals and no statistically significant associations; (2) the
items of food-frequency questionnaire across the included
studies differed, which may introduce biases with regard to the
association of the intake of salt or specific foods with the risk
of gastric cancer; (3) the net effect estimates could be affected
by the levels of salt or specific foods in the control arm; (4)
the adjusted factors across the included studies are different,
which may introduce biases with regard to the pooled results;
and (5) the study quality and number of studies reported for
each exposure are different, and thus, the robustness of pooled
conclusions could be affected.

The subgroup analyses found that the potential associations of
the intakes of salt or specific foods with the risk of gastric cancer
could affected by gender, reported outcomes, follow-up duration,
and adjustment for alcohol intake and PA. The potential reasons
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FIGURE 6 | Association between high or moderate miso-soup intake and subsequent gastric cancer risk.

for these differences are: (1) gender, reported outcomes, and
follow-up duration could affect gastric cancer incidence and
gastric cancer-associated mortality, and the power to detect
potential associations are different; and (2) alcohol intake and
PA are significantly associated with the risk of gastric cancer;
thus, complete adjustment for both these parameters should be
performed to avoid potential confounding bias. Moreover, we
noted that the associations of the intake of salt or specific foods
with the risk of gastric cancer differed in various countries. The
potential reason for this could be that Asia shows the highest
incidence of gastric cancer in the world, i.e., over 4–7 times higher
than that in the US or Europe; this could make it easier to detect
the differences in this relationship in different regions (1).

Although our analysis is based on prospective cohort studies,
several limitations of the present study should be acknowledged.
First, the levels of adjustment for various parameters across
the included studies differed; because these factors play an
important role in the progression of gastric cancer, their
adjustments must be consistent. Second, the differences in
the food-frequency questionnaire could affect the level of

exposure to each food type, which might introduce biases in
the relationship between the intakes of dietary salt or specific
foods and gastric cancer risk. Third, the dose-response analysis
was restricted owing to the unavailability of cases and people or
person–year data in each category. Fourth, there are inherent
limitations associated with the analysis based on published
articles, including inevitable publication bias and restricted
detailed analyses.

CONCLUSION

In summary, the results of the present study suggest that dietary
salt intake may have harmful effects on the risk of gastric cancer
in terms of gastric cancer-associated morbidity and mortality.
Moreover, high pickled food and processed meat intakes were
associated with an increased risk of gastric cancer. Further
randomized controlled trials should be performed to assess the
effects of reduced dietary salt intake on the risk of gastric cancer
according to different characteristics of the subjects.
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Background: Sarcopenia, the age-related loss of skeletal muscle mass and function,

represents a crucial risk factor for disability and mortality. Increasing intake of some

nutrients, particularly protein and omega-3 fatty acids seems to be a promising strategy

to augment muscle mass and function.

Objective: The purpose of this study was to assess the beneficial effects of fish

consumption on muscle mass and function among middle-age and older adults.

Methods: Twenty-two adults aged 50–85 years participated in this study. Participants

were asked to consume 150–170-g of fish for lunch twice a week for a 10-week

period. During that period, participants were asked to maintain their normal diet and

physical activity. Outcome measures included anthropometry, muscle mass, and muscle

function. All these measures were assessed at baseline, week 5, and week 10.

Repeated-measures analysis of variance was used to analyze statistical significance.

Results: Consuming fish twice a week for 10 weeks significantly increased the skeletal

muscle mass and appendicular lean mass divided by height squared (ALM/h2) (p< 0.01).

Handgrip strength and gait speed < 0.8 m/s were also improved (p < 0.01) at week 10

compared with that at baseline.

Discussion: Consuming fish seems to improve muscle mass and function and may

slow sarcopenia progression in middle-age and older adults.

Keywords: sarcopenia, fish, protein, omega-3 fatty acids, muscle mass, muscle function

INTRODUCTION

The global population aged 60 years and above is growing faster than all younger age groups.
In 2017, they numbered 962 million and is expected to increase to 2.1 and 3.1 billion by 2050
and 2100, respectively (1). Population aging is projected to have profound impacts on societies,
underscoring the economic consequences that the healthcare sector is likely to face in many
countries. A leading health issue in aging individuals is sarcopenia, which has significant clinical
implications (2). The term “sarcopenia” was first defined as an age-related syndrome characterized
by a progressive loss of skeletal muscle mass (SMM) (3). Recently, various expert groups from
around the world have published consensus definitions and recommended using the presence
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of low muscle mass in combination with poor muscle function
(muscle strength and physical performance) for diagnosing
sarcopenia (4–6).

Interest in preventing and managing sarcopenia by improving
muscle health is growing. Numerous studies have identified
modifiable risk factors for sarcopenia, including diet (7, 8). Poor
diet and nutrition status among older adults are often cited
(9–11). Adopting a healthy diet can be an effective strategy to
promote healthy aging. Seafood, including fish, is considered a
part of a healthy diet, and consumption of at least 8 ounces
of seafood per week is recommended (12). Furthermore, the
recommended fish consumption is at least twice a week (13).
Fish are a high-quality source of protein and omega-3 fatty acids,
which are the dominant polyunsaturated fatty acids of fish oil.
Fish are also rich in vitamins, including vitamin D. Protein
and vitamin D are nutrients that have been consistently linked
to sarcopenia determinants—muscle mass and muscle function
(8). Indeed, protein is recognized as a key nutrient for better
health among older adults (14). It provides amino acids that are
required for muscle protein synthesis and acts as an anabolic
stimulus directly effecting protein synthesis (8, 15). Vitamin
D enhances muscle protein synthesis and boosts strength and
balance (16, 17). However, the mechanisms by which vitamin
D enhances muscle mass and function are not fully understood
(8). In addition to protein and vitamin D, omega-3 fatty acids
are suggested to be related to sarcopenia (18–20). Sarcopenia
is proposed as an inflammatory state, and omega-3 fatty acids
could be potent anti-inflammatory agents (18). In addition, fish
contain vitamin E, which could be beneficial for maintaining
muscle health. Considering the health benefits of the nutrients
that fish contain, we hypothesized that nutritional intervention
with fish would improve muscle mass and function. Therefore,
this study was conducted to examine the beneficial effects of fish
(i.e., red sea bass) consumption for 10 weeks on muscle mass and
function among free-living middle-age and older adults.

METHODS

Study Participants
Twenty-two middle-age and older adults (eight men and 14
women), aged 50–85 years participated in this study. They were
recruited via advertisements on social media and posters placed
in several health centers in Riyadh, Saudi Arabia. Potential
participants were excluded if they had any of the following
conditions: disabilities, mental health issues, liver or kidney
diseases, fish allergy, and body weight that was unstable in the
last 3 months (≥± 3 kg).

The study was conducted at two health centers in two regions,
east and north of Riyadh, between December 2018 and May
2019. The participants voluntarily signed consent forms before
inclusion in the study.

Calculation of Sample Size
A study (21) has demonstrated that muscle mass increases
after an 8-week intervention with whey protein supplementation
(from 59.6 ± 5.2 to 62.8 ± 5.2 kg). Therefore, 24 individuals
were required to detect a difference in muscle mass with a power

of 80% at a significance level of 0.05 using G∗Power (Heinrich-
Heine-Universität Düsseldorf, Brunsbüttel, Germany).

Study Design and Procedure
A within-subject experimental design was used in this study.
Potential participants were screened using a general health
questionnaire to assess their eligibility. They also completed the
Mini-Nutritional Assessment Scale–Short Form (MNA-SF) to
evaluate their nutritional status (22). Eligible participants were
enrolled in a 10-week intervention. During the intervention
period, participants were asked to consumed a filet portion of fish
twice a week, with 3 days apart, and were asked to maintain their
habitual diet and perform their normal daily physical activities.
The investigator confirmed that all participants followed the
instructions through weekly phone contact. Outcome measures
including anthropometry (body weight; height; body mass index,
BMI; waist circumference; hip circumference and waist-to-
hip ratio), body composition (body fat, BF%; fat mass, FM;
and SMM), and sarcopenia parameters (SMM index, SMI%;
appendicular muscle mass divided by height squared, ALM/h2;
handgrip strength and gait speed) were assessed by a trained staff
at baseline, week 5, and week 10 of the intervention.

Dietary Intake
The participants were instructed to complete a 3-day food record
in which to record their food intake over 3 days (2 weekdays and
1 weekend day) to estimate their habitual dietary intake. Detailed
instructions on how to complete the food diary were provided
to each participant by a trained staff using semi-quantitative
household measures. The diary was entered and analyzed using
Food Processor (version 11.6, ESHA Research, Inc., Salem, OR).
The habitual dietary intakes of the participants were compared
with the 2015–2020 (8th edition) Dietary Guidelines (23). A filet
portion of red sea bass was added to the participants habitual
diet to calculate their intake with the additional fish intake. The
total energy intake and macronutrients (carbohydrates, proteins,
and fat) as grams and percentage contribution of energy were
computed. Vitamins D and E were also assessed.

Intervention
The participants were instructed to consume one filet portion
(150–170g) of red sea bass fish (also known as the barramundi
sea bass) with their habitual diet at lunch twice a week for 10
weeks. The red sea bass was chosen in this study because it has
been cultured in many Asian countries, including Saudi Arabia
(24), has a good market price, and is preferred by consumers
due to its delicate and mild-flavored white meat (25). In the
current study, fish were supplied by the National Aquaculture
Group (NAQUA, Riyadh, Saudi Arabia), transported to Zero Fat
Restaurant (Riyadh, Saudi Arabia) in two batches—the first one
was one day before the start of the study and the second one
was after 5 weeks of the intervention—and stored at−20◦C. One
portion of filet was cooked and packaged for each participant
and then delivered to participants’ homes at lunch time as
scheduled. The restaurant was advised to cook each portion of
fish with a piece of lemon for approximately 20min in an oven at
200◦C. The amount of fish given to the participants was based
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on the Dietary Guidelines for Americans (Dietary Guidelines
Advisory Committee 2015) (26). The investigator contacted the
participants during the intervention period to follow up with
their compliance to fish consumption.

Measurements
The following parameters were measured during the designated
visits (baseline, week 5, and week 10) by the same investigator
at the same time and under the same conditions according to
the standard procedures. Body weight (kg) was measured to the
nearest 0.1 kg using a digital scale. With the scale placed on
a hard-flat surface and with the digital screen indicating zero,
the participants were instructed to stand on the scale with both
feet without shoes, wearing light clothes and with an empty
bladder. Height was measured at inclusion, for the computation
of BMI, barefoot to the nearest 0.1 cm using a stadiometer. BMI
was calculated using the standard formula: body weight/height2

(kg/m2). The waist circumference was measured using a tape
measure at the midpoint between the lower margin of the last
palpable rib and the top of the iliac crest. The hip was measured
at the widest portion of the buttocks. The waist-to-hip ratio was
calculated as the ratio of the waist and hip circumferences.

Body composition was measured by bioelectric impedance
analysis (BIA, Inbody 270, Cerritos, CA, USA). The participants
stood on a balance scale in bare feet and held the conductive
handles. After the 15-s measurement, the results were printed.
The percentage of BF%, FM (kg), and SMMwas obtained through
body composition analysis.

SMI% was calculated by dividing the SMM by the body mass
(SMM [kg]/body mass [kg]× 100) (27). ALM, which was defined
as the sum of the lean masses of the arms and legs, was calculated
using the following formula: ALM (kg)/ht2 (m2) (28).

Handgrip strength was assessed using the Jamar hand
dynamometer (J00105, Lafayette Instrument Company, USA).
The participants were instructed to stand with their arms and
wrists stretched out at the sides of the body. Then, they were
instructed to squeeze the handle as hard and as tightly as they
could for 3–5 s. This measure was performed three times on each
hand, with 60 s of recovery between each measurement. For the
statistical analysis, the best value (in kg) among the repeated
measurements was taken.

Physical performance was assessed using gait speed over a 4-m
distance. The participants were instructed to walk at their usual
speed with a static start without deceleration throughout a 4-
meter straight line. Using a stopwatch, the time was recorded.
Gait speed was expressed in meters per second (m/s) (29).

Statistical Analysis
Statistical analyses were performed using Statistical Package
for the Social Sciences (version 22; IBM Corp., Armonk,
NY, USA). Data were checked for normality of distribution
using the Kolmogorov–Smirnov test. Continuous data were
presented as means± standard deviations (SDs), and categorical
data were presented as frequencies and proportions. The
comparisons between the participants’ habitual diet and DRI
were performed using a paired t-test. One-way analysis of
variance was performed to examine variations between the

FIGURE 1 | Flow chart diagram of the study participants.

measured variables (anthropometry, body composition and
sarcopenia parameters) across the study. Where significant main
effects were determined, Fisher’s least significant difference post-
hoc test was conducted to determine pairwise differences between
baseline, week 5, and week 10. P-values of <0.05 were used to
denote statistical significance.

RESULTS

A total 33 middle-age and old adults (13 men and 20 women)
were initially screened for eligibility, nine of whom (five men and
four women) were excluded as they did not meet the inclusion
criteria. Twenty-four participants (eight men and 16 women)
enrolled in the study. Two women withdrew before the end of the
study because they moved away. The final study sample consisted
of 22 participants (eight men and 14 women). The flow chart of
the study participants is displayed in Figure 1.

Baseline Characteristics
Table 1 shows the baseline general and clinical characteristics
of the study participants. The mean age of the participants was
60.18 ± 9.0 years, based on the MNA-SF, the majority of the
participants (91%) were non-malnourished.

Dietary Intake
The habitual dietary intakes for the study participants without
and with the additional one portion of fish compared with DRI
values among sex groups are presented in Tables 2, 3.

The habitual dietary intakes for men showed a significantly
lower intake of total energy, omega-3 fatty acids, vitamin D,
and vitamin E than DRI values (p < 0.05). However, with the
additional intake of one portion of fish, protein and fat intakes
significantly increased above the DRI (p < 0.05), whereas energy
intake and vitamin E remained significantly lower than DRI (p <

0.05). Omega-3 fatty acids and vitamin D increased and met the
DRI value.
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In women, a significantly lower intake of omega-3 fatty acids,
vitamin D, and vitamin E in their habitual diet than DRI values
(p < 0.05) were found. Alternatively, a significantly higher intake
of protein than DRI values was noted (p < 0.05). The habitual
dietary intake plus one portion of fish showed a significant
increase in fat and omega-3 fatty acid compared with DRI
values (p < 0.05). The protein and vitamin E intake remained

TABLE 1 | Baseline general and clinical characteristics of the study participants.

Characteristic Total (n = 22)

Age (years) 60.18 ± 9.0

Height (cm) 160.61 ± 6.38

Body weight (kg) 64.25 ± 11.71

BMI (kg/m2 ) 25.97 ± 4.82

Waist (cm) 90.50 ± 10.15

Hip (cm) 102.28 ± 8.60

Waist–hip ratio 0.89 ± 0.09

BF % 39.16 ± 9.22

FM (kg) 25.81± 8.96

SMM (kg) 20.62 ± 3.87

SMI (%) 31.21 ± 4.68

ALM/ht2 (kg/m2 ) 6.05 ± 1.02

Handgrip strength (kg) 20.63 ±7.11

Gait speed <0.8 m/s 1.35 ± 0.78

Nutritional status (MNA)

Normal 20 (91)

Beginning of malnutrition 1 (4.5)

Malnutrition 1 (4.5)

Data are presented as mean ± standard deviation or frequency and percentage

(%).ALM/ht², appendicular skeletal muscle divided by height squared; BMI, body mass

index; BF%, body fat; FM, fat mass; SMI, skeletal muscle index; SMM, skeletal muscle

mass; MNA, mini-nutritional assessment.

significantly higher and lower, respectively, than DRI values (p <

0.05). Vitamin D increased and met the DRI values.

Outcome Measures
The effects of the additional intake of one portion per day of
fish twice a week for 5 and 10 weeks on the study variables are
presented in Table 4. Consuming a portion of fish twice a week
significantly improved the SMM and ALM/ht2 with a positive
percentage of relative change at weeks 5 and 10 compared with
those at baseline (p < 0.05). The waist circumference and waist–
hip ratio significantly decreased at weeks 5 and 10 compared with
those at baseline (p < 0.05). A significant decrease in BF% and
FM was also noted at weeks 5 and 10 compared with those at
baseline (p < 0.05). Handgrip strength at week 10 significantly
increased compared with that at baseline (p< 0.05). In addition, a
significant decrease in gait speed<0.8 m/s was observed at weeks
5 and 10 compared with that at baseline. Alternatively, all study
variables did not significantly change among time points.

DISCUSSION

Our findings demonstrated that consuming fish twice a week
for 5 and 10 weeks significantly enhanced the SMM, ALM/h2,
and gait speed < 0.8 m/s compared with those at baseline. In
addition, handgrip strength significantly improved at week 10
compared with that at baseline. Consuming fish at least twice
a week is recommended by the American Heart Association as
part of a healthy diet (30). It has been reported that fish intake
has, without doubt, a vital role in maintaining muscle mass (31).
The mechanism behind the beneficial impacts of fish on muscle
mass and function is likely multifactorial; including mechanisms
of certain nutrients that fish has composed.

Protein provides essential amino acids that stimulate muscle
protein synthesis (8). Adequate intake of protein can prevent
skeletal muscle atrophy, impaired muscle growth, and functional

TABLE 2 | The habitual dietary intake of the study participants compared with DRI values among sex groups.

Parameters Men (n = 8) Women (n = 14)

habitual intake DRI P-value habitual intake DRI P-value

Energy (Kcal) 1,570.2 ± 179.02 2,000 0.000 1,530.8 ± 319.74 1,600 0.244

Carbohydrates (g/d) 234.3 ± 50.57 130 0.001 208.9 ± 60.49 130 0.001

Carbohydrates (%kcal) 61.0 45–65 - 55.9 45–65 -

Protein (g/d) 60.6 ± 8.60 56 0.167 61.3 ± 13.30 46 0.001

Protein (%kcal) 15.8 10–35 - 16.4 10–35 -

Total fat (g/d) 43.4 ± 9.10 35.50 0.061 50.0 ± 22.10 35.5 0.065

Total fat (%kcal) 25.4 20–35 - 30.1 20–35 -

Saturated fat (g/d) 12.6 ± 4.00 16.7 0.062 15.8 ± 7.38 12 0.077

MUFA (g/d) 10.7 ± 6.40 17.7 0.063 12.1 ± 13.27 12.7 0.875

PUFA (g/d) 5.3 ± 3.20 13 0.063 5.8 ± 4.04 9.8 0.063

Omega-3 (g/d) 0.4 ± 0.20 1.6 0.001 0.5 ± 0.31 1.1 0.001

Vitamin D (µg/d) 1.2 ± 1.60 10 0.000 1.3 ± 2.61 10 0.000

Vitamin E (mg/d) 3.0 ± 1.80 15 0.000 2.6 ± 1.68 15 0.000

Data are presented as mean ± standard deviation. MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.
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TABLE 3 | The habitual dietary intake with the additional portion of fish (∼160 g) for the study participants compared with DRI among sex groups.

Men (n = 8) Women (n = 14)

habitual intake DRI P-value habitual intake DRI P-value

Energy (Kcal) 1,716.4 ± 179.02 2,000 0.002 1,680.0 ± 319.74 1,600 0.561

Carbohydrates (g/d) 234.3 ± 50.57 130 0.001 208.9 ± 60.49 130 0.001

Carbohydrates (%kcal) 55.4 45–65 - 50.6 45–65 -

Protein (g/d) 90.1 ± 8.60 56 0.000 90.9 ± 13.30 46 0.000

Protein (%kcal) 21.3 10–35 - 22.0 10–35 -

Total fat (g/d) 46.6 ± 9.10 35.5 0.010 53.2 ± 22.10 35.5 0.010

Total fat (%kcal) 24.8 20–35 - 29.0 20–35 -

Saturated fat (g/d) 13.4 ± 4.00 16.7 0.355 16.6 ± 7.40 12 0.136

MUFA (g/d) 11.3 ± 6.40 17.7 0.067 12.8 ± 13.30 12.7 0.978

PUFA (g/d) 5.3 ± 3.20 13 0.081 7.0 ± 4.00 9.8 0.023

Omega3 (g/d) 1.6 ± 0.20 1.6 0.917 1.7 ± 0.30 1.1 0.000

Vitamin D (µg/d) 10.1 ± 1.60 10 0.839 10.3 ± 2.60 10 0.684

Vitamin E (mg/d) 4.3 ± 1.80 15 0.000 4.0 ± 1.70 15 0.000

Data are presented as mean ± standard deviation. MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.

TABLE 4 | Relative changes at weeks 5 and 10 associated with the additional intake of one portion (150–170g) of fish per day in the study participants.

N = 22 Baseline Week 5 Week 10 Relative change from

baseline (%)

Week 5 Week 10

Body weight (kg) 64.25 ± 11.71 64.17 ± 11.72 63.89 ± 11.47 −0.12 −0.56

BMI (kg/m2 ) 25.97 ±4.82 25.99 ± 4.93 25.88 ± 4.87 0.07 −0.34

Waist (cm) 90.50 ± 10.15 87.83 ± 9.83 86.72 ± 6.89 −2.99* −4.17**

Hip (cm) 102.28 ± 8.60 100.56 ± 7.53 100.44 ± 7.85 – 1.68 – 1.79

Waist–hip ratio 0.89 ± 0.09 0.88 ± 0.10 0.86 ± 0.08 −1.12* −3.37*

BF % 39.16 ± 9.22 37.22 ± 11.26 37.14 ± 11.04 −4.95* −5.15*

FM (kg) 25.81 ± 8.96 24.80 ± 9.67 24.64 ± 9.53 −3.91* −4.53*

SMM (kg) 20.62 ± 3.87 21.14 ± 3.81 21.07 ± 3.67 2.52* 2.18*

SMI (%) 31.21 ± 4.68 31.84 ± 5.99 31.82 ± 5.75 2.01 2.00

ALM/ht2 (kg/m2 ) 6.05 ± 1.02 6.19 ± 1.01 6.21 ± 0.98 2.31* 2.64*

Handgrip strength (kg) 20.63 ± 7.11 20.82 ± 8.65 21.86 ± 9.11 1.00 5.96*

Gait speed <0.8 m/s 1.35 ± 0.78 1.13 ± 0.67 0.97 ± 0.43 −16.29* −28.14*

Data are presented as mean ± standard deviation. *P < 0.05 significantly different from the baseline; **P < 0.01 significantly different from the baseline. ALM/ht², appendicular skeletal

muscle divided by height squared; BMI, body mass index; BF%, body fat; FM, fat mass; SMI, skeletal muscle index; SMM, skeletal muscle mass.

decline (32). A growing body of evidence suggests that older
adults need a higher protein intake and shows that higher protein
intake is favorable in maintaining their health and functionality
(33–35). The main concern for older age is that the anabolic
response to protein intake might be blunted; thus, increasing
their intake of protein can help sustain nitrogen balance and
prevent loss of muscle mass and function (14, 35). In this study,
the addition of fish to the participants’ normal diet led to an
increase in protein intake above the DRI values for both men and
women, which might help enhance protein synthesis, improving
muscle mass and function. Higher intake of animal-protein foods
(i.e., meat, fish, and eggs) was associated with the preservation
of muscle mass and function among older adults (36). Although
no interventional study has been conducted on humans to assess

the effects of fish protein alone on muscles, a study on rats has
shown that fish protein intake increases skeletal muscle weight
(37). A previous cross-sectional study has reported an increase
in handgrip strength of 0.43 kg in men and 0.48 kg in women for
each additional portion of fatty fish consumed per week (38).

Vitamin D deficiency is highly prevalent in Saudi Arabia
across all demographics and considered as a public health
concern in the country (39). Consuming foods rich in vitamin
D, such as fish, should be encouraged (20). In the current study,
intake of vitamin D was below the DRI values; however, with
the additional portion of fish, vitamin D levels increased and
met the DRI values. Vitamin D has been identified as necessary
for normal development and growth of muscle fibers, with
its deficiency adversely influencing muscle function (40). Food
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consumption combined protein and other essential nutrients
for the maintenance of muscle mass including vitamin D (i.e.,
fish) may improve muscle mass and function more effectively.
A study involving older adults with sarcopenia has shown that
the combined supplementation of whey protein and vitamins
D and E significantly enhances the relative SMI and muscle
strength (41). Bauer et al. have reported that a vitamin D oral
supplementation with leucine-enriched whey protein improves
muscle mass and lower-extremity function in older adults (42).

Fish is also an important source of omega-3 fatty acids
(43), and particular attention has been focused on the role of
omega-3 fatty acids on muscle mass and function. Our omega-3
fatty acids findings conform to previous studies wherein dietary
supplementation with fish omega-3 fatty acids improves muscle
protein degradation and increases muscle strength in older adults
(38, 44). It has been reported that adding 4 g/day of fish omega-
3 fatty acids for 8 weeks to the normal diet of older adults
increased the acute amino acid-induced activation of the mTOR-
p70s6k signaling pathway and muscle protein synthesis (45).
Omega-3 fatty acids can diminish muscle decline by increasing
the functional capacity by growing the intracellular metabolic
signal in older adults (46, 47). Evidence shows that inflammation
could play a role in the genesis of sarcopenia (48) and the anti-
inflammatory actions of omega-3 fatty acids may also play a
role in preventing sarcopenia (38). Intake of sufficient amount
of omega-3 fatty acids could represent an effective nutritional
therapy for individuals with sarcopenia (20).

Although vitamin E remained below the DRI values even
after adding the fish portion, it might be that the relatively
small increase in its level in combination with the increase in
omega-3 intake during the intervention improved muscle mass
and function more effectively. The association between vitamin
E and inflammation has gained popularity recently. Vitamin E
has antioxidative capacity, and supplementation of vitamin E
was shown to protect against oxidative stress and inflammation
(49). A study by Meydani et al. (50) has found that vitamin
E supplementation lowers the expression of oxidative stress
markers following a downhill run among adults.

No significant differences were observed between the outcome
measurements between weeks 5 and 10, however, frequent
fish consumption seems to improve sarcopenia parameters.
It should be mentioned that the available data in the
literature are inadequate to determine whether all types of
fish, as a food, have the same beneficial impacts on muscles.
More observational and intervention studies are warranted
in this area. In this study, no significant differences in
body weight were observed. One portion of fish provided
an additional 145–165 kcal, a relatively minor contribution
to the daily intake. Significant decreases in FM, BF%, waist
circumference, and waist–hip ratio were observed at weeks
5 and 10 compared with those at baseline. Arciero et al.
(51) have reported that consuming high-protein meals more
frequently (6×/day) decreased abdominal fat and increased
muscle mass.

In the current study, although all participants reported that
their body weight was stable in the last three months, the

self-reported energy intakes for men were significantly lower
than DRI values. Under-reporting of daily energy intake is
a common and acknowledged source of measurement error
in the assessment of food intake (52, 53). It has been
reported that older adults under-report more than younger
populations (54) and men in our study were older than
the women.

It should be mentioned that the sample size was not calculated
to detect differences by sex. The effects of sex on the outcome
measures should be considered in future nutritional intervention
studies. One of the strengths of this study is the area of
research itself. Further, to the best of our knowledge, this is
the first intervention study that evaluated the beneficial impact
of fish as a food on sarcopenia parameters. Nonetheless, this
study has some limitations that should be considered when
interpreting its results. The primary limitation was the lack
of a control group due to the lack of responses to the study
announcement and this limits the strength of our findings. Also,
the study participants were free-living, and we did not control
their dietary intakes and physical activity, even though they
were instructed to maintain their habitual diet and physical
activity during the intervention period. In addition, middle-
age and older adult participants were included in this study
which may affect the homogeneity in the participants’ age. The
relatively small sample size was also acknowledged. Finally, this
study only involved independently living participants thus, the
beneficial impact of fish consumption on older adults who have
an instant need for keeping mobility and physical function
are warranted.

In conclusion, this study shows that consuming fish (i.e.,
red sea bass) twice a week for 10 weeks could improve
sarcopenia parameters and muscle mass and function in
middle-age and older men and women. These findings
suggest that fish have an important role on muscle health by
different mechanisms, including effects on muscle protein
synthesis, inflammation, and oxidative stress. Intakes of
protein, vitamin D, omega-3 fatty acids, and antioxidants
could all be crucial for optimal muscle function and may
slow the progression of sarcopenia. Further well-designed
interventional studies with fish intake among older adults
are recommended to confirm the beneficial impact of fish on
muscle health.
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The need for a shift in diet toward a more sustainable one has reached an urgency

in certain regions, including Iran, due to more rapid climate change and a higher level

of vulnerability. This study was undertaken to identify and summarize available data on

changes required in the current Iranian diet to make it more sustainable and the extent

to which current policies in the country have addressed such a shift. In this study,

PubMed, Scopus, and Web of science, as well as Iranian scientific search engines,

including Scientific Information Database and Magiran, were systematically searched

from January 1990 to July 2021. A total of 11 studies and policy analyses were included

in this study. Based on the findings, moving Iranian diet toward sustainability will require

increase in consumption of dairy, fruits, vegetables, cereals, poultry, and legumes and

decrease in consumption of bread, rice, pasta, red meat, eggs, fats, sugars, and sweets.

There has been a great deal of effort and investment on policies and strategies to

decrease the amount of sugar, salt, and fat (specifically trans-fatty acids) in the Iranian

diet, which makes it more sustainable healthwise. Several policies and programs have

been implemented to tackle non-communicable diseases (NCDs) by reducing access to

unhealthy foods, which is in line with health dimension of a sustainable diet. However,

there is almost no direct address to ecological aspect of sustainable diet in the food and

nutrition policy documents in the ccountry. Development of an enabling environment to

a sustainable diet will require policy and actions to improve public awareness, support

study to provide evidence and identify possible alternatives, and plan and implement

interventions/programs to promote and facilitate healthy and sustainable diets.

Keywords: sustainable diet, dietary change, environmental footprint, nutrition, Iran

INTRODUCTION

Over the last decades, nations have experienced urbanization and consequently
transformational adaptation of food systems that have resulted in substantial change
in their traditional diet known as nutrition transition (1). These dietary changes have
been accompanied by a higher intake of calorie and resource-intensive foods, e.g.,
animal products (meats and dairy), vegetable oil, and sugar (2). Based on the changes
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that have been happening, it is foreseen that there is 70% gap,
called “food gap,” between the crop calories available in 2006
and expected calorie demand in 2050 (3). One of the options for
closing this gap by 2050, as stated in the sustainable development
goals (SDGs), is through shifts in food demand including shifting
diets, reducing food waste, and avoiding competition from
bioenergy (4). Such a shift has the potential to impact health of
people and environment.

There is a growing literature on health co-benefits of
sustainable diets at global, regional, national, and subnational
(modeling) studies estimating the potential impact of dietary
change on both the environment and health (4). According
to the Food and Agriculture Organization (FAO) definition,
“sustainable diets are those diets with low environmental
impacts, which contribute to food and nutrition security and
healthy life for present and future generations. Sustainable diets
are protective and respectful of biodiversity and ecosystems,
culturally acceptable, accessible, economically fair and affordable,
nutritionally adequate, safe, and healthy, while optimizing
natural and human resources” (5). Recent studies have shown
that diets comprising reduced animal sources (specifically
reduced red and processed meat) and high levels of plant-based
foods including fruits and vegetables are not only associated with
decrease in non-communicable diseases (NCDs) (6, 7), but can
result in lower environmental footprints (8, 9).

The need for a shift toward a more sustainable diet may have
more urgency in certain regions. An example is Iran, a middle-
income country located in the Middle East that is mostly an
arid and semi-arid region where climate change is occurring
more rapidly. It is expected that the amount of precipitation
in this region drop by 20% within the next century, which
makes the region more vulnerable (10). In addition, over the last
four decades, due to industrialization and rapid urbanization,
nutrition transition and major changes in the food system in
the country have occurred that put further pressure on the
environment as well as health of the population (11). Therefore,
considering the urgency of the problem and the fact that there
is not one sustainable diet, there is a need to define the most
sustainable choices based on food availability and dietary pattern
in each region (12).

There are relatively limited data available on sustainability
aspects of the Iranian diet. This study was undertaken to identify
and summarize available data on changes required in the current
Iranian diet to make it more sustainable and the extent to which
current policies in the country has addressed such a shift.

METHODS

Conceptual Framework
Sustainable diets are diets that consider how the food system
influences health, environmental outcomes, and vice versa (5).
Therefore, sustainable healthy diets are dietary patterns that
promote all the dimensions of health and well-being of an
individual; in the meantime, sustainable healthy diets have low
environmental pressure and impact and are accessible, affordable,
safe, equitable, and culturally acceptable (5). Sustainable healthy
diets aim to achieve optimal growth and development of all

the individuals and support functioning and physical, mental,
and social well-being at all the life stages for present and
future generations; contribute to preventing all the forms
of malnutrition (i.e., undernutrition, micronutrient deficiency,
overweight, and obesity); reduce the risk of diet-related NCDs
and support the preservation of biodiversity and planetary health
(12). In other words, sustainable healthy diets must combine
different dimensions of sustainability to avoid unintended
consequences, thus shifting from “current” to more “sustainable
diets” that could serve as both a climate mitigation strategy and
improved population health. For these reasons, shifting to a
sustainable diet has been proposed as one of the core strategies
to achieve SDGs (5).

Despite these facts, reaching a sustainable diet is a complex
process that requires taking several steps to consider nutrient
recommendations as well as environmental, social/cultural,
and economic sustainability. Figure 1 presents a conceptual
framework adapted from “Guiding Principles for Sustainable
Healthy Diets” developed by the FAO and the World Health
Organization (WHO) (12) as a basis for this study. Based on this
framework, in order to shift to a sustainable diet, various actions
with respect to health, environmental, and sociocultural aspects
of diet, including changing intake of different food groups, should
be taken.

METHODOLOGY

Identifying the Study Question
This study aimed to answer the following questions:

- To what extent the topic of “sustainable diets” has been
addressed in studies conducted in Iran?

- What is the most widely used definition of a sustainable diet in
Iranian studies and which dimension of diet sustainability has
been studied most?

- To what extent are diets in Iran in accordance with the
principles of a sustainable diet?

- Has the issue of sustainable diet been considered/addressed in
food and nutrition policies/guidelines in Iran?

- What policies and programs are needed in moving toward a
sustainable diet in Iran?

Identifying Relevant Studies
We systematically searched articles related to sustainability
of diet/nutrition/food system in Iran, using PubMed, Scopus,
Web of science, and two Persian scientific search engines:
Scientific Information Database (SID) (www.sid.ir, accessed on
15 July 2021) and Magiran (www.magiran.com, accessed on 15
July 2021).

The literature search was adapted to the databases and
included the following subject heading, terms, and keywords:
(carbon footprint or water footprint or land footprint or
environment or sustainability or resilient or biodiverse or
ecologic or life cycle analysis or global warming or climate or
greenhouse gas (GHG) or greenhouse) and (food or diet or
nutrition or consumption) and (Iran). We limited the search
to the following dates: 1st January 1990 to 15th July 2021
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FIGURE 1 | Conceptual framework of shift to a sustainable diet (12).

and applied no language restriction. Additional references were
identified by searching the gray literature and hand searching the
reference lists of the included articles.

Study Selection
All the articles (in Farsi or English) that had information related
to sustainable diet in Iran were included in this study. Studies that
were related to sustainability issues other than food, nutrition,
and/or diet or conducted in countries other than Iran were
excluded. Screening of titles and abstracts was followed by full-
text screening and data extraction.

Charting the Data
The data extraction table was designed to record the following
variables: year of publication, aims, food item(s)/diet,
sustainability dimensions measured, changes suggested in
the diet, and finding(s).

Collating, Summarizing, and Reporting
Results
Included studies were reviewed and findings with respect to the
questions of the study were collected and summarized. In all the
stages, two of the authors (SRS and NO) held regular meetings to
discuss findings and reach a consensus about the management of
the findings.

RESULTS

As illustrated in the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) diagram (Figure 2), 226
records were identified, of which 127 records were screened and
excluded due to duplication. By reviewing the title and abstract,
42 records satisfied eligible criteria that were chosen for their full
text to be read. Finally, 11 studies met the inclusion criteria and
were included in this study (Table 1).

“Sustainable Diets” Definition and
Measurement in Studies in Iran
The results indicated that “sustainable diet” is a topic that is
being addressed by researchers in Iran in the recent years.
Except for one study by Rahmani et al. in 2011, all the included
studies had been conducted between 2017 and 2021 (13). Almost
all the included studies were focused on the effect of dietary
consumption change on the sustainability of diet (13, 14, 16–23),
except one (15) that assessed the compliance of national nutrition
policy with the sustainable diet framework. Of 10 studies on
measuring sustainability dimensions of diet and changing it
toward sustainability, 7 studies had focused on total dietary
consumption (13, 17–20, 22, 23), one on a campus lunch menu
(21), one on 14 important crops in Iran (16), and one compared
the sustainability of traditional Iranian dishes with western
dishes (14).

With respect to different dimensions of the sustainable diet, all
the 10 studies had considered one or more of the environmental
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FIGURE 2 | The PRISMA flow diagram for the study selection process.

dimensions, specifically water footprint (14, 16–20, 23) and
carbon footprint (13, 14, 17, 20–23). However, energy (17) and
land footprint (21, 23) each were measured only in one and
two studies, respectively. In addition, seven studies evaluated
fulfillment of nutritional recommendations (17–23) and cost and
cultural acceptance of diet were considered in five (13, 17, 20, 21,
23) and six (18–23) studies, respectively.

Dietary Changes Required to Move Toward
a Sustainable Diet in Iran
The main approach used to identify what changes are
needed to make the diet more sustainable was through

comparing available data on Iranian food consumption
and/or acquisition including food balance sheet data (13),
household food expenditure (19, 20, 23), and food intake
data (17, 18, 21, 22) with a designed and/or recommended
sustainable diet. In order to design a sustainable diet, an
optimizing method, i.e., linear programming (18, 19, 22), goal
programming (20, 21, 23), or a recommended reference
diet (13, 17) was used. The included studies based on
their main purpose can be classified into three groups
proposing a sustainable diet: (1) to reduce carbon footprint
(13, 22); (2) to reduce water footprint (16, 18, 19); and
(3) to fulfill nutritional, environmental, and economical
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TABLE 1 | Summary of characteristics of studies on sustainable diet in Iran (1990–2021).

First author (year) Aim Food item(s)/diet Sustainable diet

dimension(s)

measured

Suggested change(s) in

diet

Finding(s)

Rahmani et al. (13) To determine the impacts of

dietary changes on the

Iranian economy and on the

environmental load.

Total diet, based

on food balance

sheet

• Carbon FP

• Cost

• Nutritional value

– Decreasing rice,

vegetables, fruit, bread

and pasta

– Increasing livestock and

other animal products

• A shift from the current diet

to alternative diets increases

both the economic output

and the environmental

pressure.

• Compared to the

Mediterranean dietary

pattern, shifting Iranian

dietary patterns toward

WHO and WCRF has a

greater positive effect on

economic output, but a

more negative impact on the

environment.

Eini-Zinab and Sobhani

(14)

To compare the

sustainability of traditional

and local foods in Iran with

Western Foods

Three traditional

Iranian cusines

(Ashe Reshteh,

Mirza- Ghassemi

and Tbrizi Koofteh)

and three western

foods (Pizza,

Beef-estroganove

and Pasta)

• Carbon FP

• Water FP

Increase consumption of

traditional and local

Iranian foods/cuisines

• Food with high contribution

of animal products had the

highest carbon footprint.

• Traditional and local

Iranian foods seem to

be more sustainable with

low environmental effects

compared to the selected

western foods.

• Traditional food patterns

could be promoted through

food and nutrition policy to

achieve sustainable food

and nutrition systems.

Sobhani et. al. (15) To assess the compliance of

the Iran’s National Nutrition

and Food Security Policy

(INNFSP) with the

components of the

sustainable diets framework

National policy – • The compliance of

the INNFSP with the

components of a sustainable

diet, without weighting

importance and adequacy,

was about 60.32%. The

score was 60.69% when

importance was weighted.

• The percentage of

compliance with the

components of a sustainable

diet was 41.79% when both

importance and adequacy

weighted.

• In order to achieve a

sustainable diet; which in

addition to providing

nutritional needs, has

environmental, cultural, and

economic sustainability;

national food and nutrition

policies needs to consider

dimensions other than

nutrition and health, as well.

Kalvani et. al. (16) To evaluate and analyze

water footprint of 14

important crops in Tehran

province and to assess their

water savings and losses in

2008–2014.

Apple, barley,

bean, grapes,

maize, onions,

oranges, potatoes,

rice, tomato,

wheat, cherry,

pear, peach

Water FP Decrease wheat/wheat

products

• Wheat and rice had the

largest per capita water

footprint

• The consumption of wheat in

Iran is high (2 times larger

than global average).

• It is recommended to reduce

the consumption of wheat in

Tehran or replace it with

other crops.

(Continued)
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TABLE 1 | Continued

First author (year) Aim Food item(s)/diet Sustainable diet

dimension(s)

measured

Suggested change(s) in

diet

Finding(s)

Soltani et. al. (17) To investigate the role of

current diets and types of

modified diets on the need

for environmental resources

such as water, land, and

inputs, including nutrients,

energy, and greenhouse gas

emissions.

Total diet • Water FP

• Carbon FP

• Fertilizers use

• Cost

• Energy

• Nutritional

recommendation

Decrease

rice (67%), potato (54%),

oil (30%), sugar (53%), red

meat (50%), chicken

(55%), egg (48%), fruit

(6%), and

Increase wheat flour

(43%), legumes (78%),

and vegetables (32%)

• Plant-based diet can reduce

the need for blue water

resources by 30%, fertilizer

by 8–12%, energy by

15%, and greenhouse gas

emissions by 10-14%. The

cost of these diets are also

20–24% less;

• Implementing and adopting

sustainable plant-based

diets requires cultural and

educational efforts.

Sobhani et. al. (18) To assess different

scenarios to reduce water

use by following healthy diet

recommendations/ to

suggest a healthy diet with

low water FP for the Urmia

population.

Total diet in Urmia

based on a FFQ

• Water FP

• Nutritional value

• Cultural

acceptance

Decrease “bread, cereal,

rice, and pasta” (14%) and

meats (3%)

Increase dairy (14%) and

fruits (6%)

A healthy diet with greater

proportion of energy from

fruits, and lower ratio from

“bread, cereal, rice, and

pasta”, and substitution of

meats with beans can supply

all recommended dietary

allowances while reducing

water use by 49%.

Mirzaie-Nodoushan et.

al. (19)

To investigate the effects of

diet change on reducing

water consumption in Iran,

while meeting its nutrition

requirements.

Iranian food

basket

• Water FP

• Nutritional

recommendations

• Cultural

acceptance

Decreases red meat

(47%), fruits (35–44%),

poultry (9–42%),

vegetable oil (13–25%),

sugar (26–30%), and rice

(17–40%).

Increase vegetables

(80%), milk (78–80%),

pulses (51–75%), fish

(29–80%), eggs (37–79%),

and wheat (15–21%)

These changes resulted in

7.9%-16.7% decrease in water

footprint.

Eini-Zinab et. al. (20) To develope a healthy,

low-cost and

environmental-friendly food

basket for Iran, based on

current consumption

Total diet • Water FP

• Carbon FP

• Cost

• Nutritional

recommendation

• Cultural

acceptance

Decrease the “bread,

cereal, rice, and pasta”

(34%), “meat, poultry, fish,

eggs, legumes, and nuts”

(11%) and “fats, oils,

sugars, and sweets”

(24%)

Increase dairy (34%), fruits

(26%) and vegetable (8%)

groups and cereals (38%),

poultry (45%) and

vegetable oil (30%)

subgroups

In the sustainable diet model

extracted, there was a 14%

reduction in total water

footprint, a 14% decrease in

total carbon footprint, and a

23% decrease in the cost, as

well as 7% increase in NRF of

diet compared with the usual

consumption.

Edalati et. al. (21) To analyze a canteen menu

of the School of Nutrition

Sciences and Food

Technology sustainability

and to develop a

sustainable lunch menu

A campus lunch

menu

• Water FP

• Carbon FP

• Land FP

• Cost

• Nutritional

recommendation

• Cultural

acceptance

Decrease red meat

Increase chicken or fish

and vegetables

Replacing the sustainable food

menu designed for Menu

1(rice-based) could decrease

carbon, total water and land

footprints and costs by 10, 13,

22 and 6%, respectively, and

increased the NRF profile by

8%. Replacing the sustainable

menu designed for Menu 2

(vegetable or meat-based, no

rice but with wheat bread)

could result in 25, 23, 27 and

28% decreases in carbon, total

water and land footprints and

costs,

(Continued)
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TABLE 1 | Continued

First author (year) Aim Food item(s)/diet Sustainable diet

dimension(s)

measured

Suggested change(s) in

diet

Finding(s)

respectively, and increased the

NRF profile by 23%.

Noormohammadi et.al.

(22)

To suggest dietary

scenarios for decreasing

GHG emissions

Total diet • Carbon FP

• Nutrition

recommendation

• Cultural

acceptance

Decrease red and white

meats, eggs, grains, fats

and oils, and sweets

Increase vegetables, fruits,

legumes, nuts, and dairy.

• A healthy diet with a higher

proportion of vegetables,

fruits, legumes, nuts, and

dairy, and a lower share of

red and white meats, eggs,

grains, fats and oils, and

sweets can reduce carbon

FP by %50.

Sobhani et. al. (23) To evaluate the sustainability

of Iranian FBDG in

comparison with the usual

diet and with the selected

food pyramids.

Total diet • Water FP

• Carbon FP

• Land FP

• Cost

• Nutritional

recommendation

• Cultural

acceptance

Increase legumes and

nuts

• Replacing the usual dietary

intake of the Iranians with an

optimal diet based on the

2016 Iranian FBDG was

associated with reductions

equal to 20.9 % for water

footprint, 22.48 % for

carbon footprint, 20.39 %

for land footprint, 31.83 %

for cost, as well as 7.64 %

increase in NRF index.

FP, footprint.

criteria (17, 20, 21, 23). Some details of the findings are
as follows:

Noormohammadi et al., using linear programming, showed
that compared to the usual intake (in Urmia city, in north-
west Iran), a healthy diet with a higher proportion of vegetables
(20%), fruits (25%), legumes (7%), nuts (45%), and dairy (115%)
and a lower share of red and white meats (92%), eggs (70%),
grains (42%), fats and oils, and sweets (12%) can lead to about
50% decrease in carbon footprint. The recommended diet was
nutritionally adequate, although its cost was not measured (22).
Rahman et al. (13), using food balance sheet data of Iran, showed
that a shift from the current diet to alternative diets, based on
the WHO, the World Cancer Research Fund (WCRF), or the
Mediterranean diet recommendations, will require to decrease
the amount of rice, vegetables, fruits, bread, and pasta and
increase comsumption of animal products. They showed that
such changes will result in positive effects on economic output,
while it has a negative environmental impact due to increasing
carbon footprint (13). On the other hand, studies that considered
carbon footprint in addition to other dimensions of the
sustainable diet have shown that diets with higher consumption
of vegetables, legumes, and cereals and lower contribution of red
meat, rice, sugar, and egg can reduce greenhouse gas emissions
by 10–14% as well as cost (20–28%) compared to the usual
diet (14, 17, 20, 21).

With regard to minimizing water footprint of diet, a study by
Sobhani et al., using linear programming, showed that including
a greater proportion of energy from fruits (6%) and dairy (14%)
and decreasing the energy share of bread, cereal, rice, and pasta
(14%) as well as meat, fish, poultry, and eggs (3%) can supply all
the recommended dietary allowances while reducing water use

by 49% (18). Although cultural acceptance of dietary change was
considered through minimizing the distance between an optimal
diet with the usual diet, other environmental indicators (e.g.,
carbon or land footprint) or costs were not calculated. Similarly,
in a study by Mirzaie-Nodoushan et al. (19), the minimized
total water footprint scenario of 7.9 to 16.7% can be resulted
by increasing intakes of vegetables (80%), milk (78–80%), pulses
(51–75%), fish (29–80%), eggs (37–79%), and wheat (15–21%)
and decreasing red meat (47%), fruits (35–44%), poultry (9–
42%), vegetable oil (13–25%), sugar (26–30%), and rice (17–
40%). Another study that included carbon footprint and cost
in addition to water footprint, nutrition recommendation, and
cultural acceptance reported a 14% reduction in total water
footprint (20). Soltani et al. showed that 30% reduction in
blue water footprint, i.e., surface and groundwater during the
production of a product and through its supply chain can occur
by following a plant-based diet (with lower rice, potato, oil,
sugar, red meat, chicken, egg, and higher amount of wheat flour,
legumes, and vegetables consumption compared to the usual
diet) (17).

On the other hand, Edalati et al., in an attempt to design
a sustainable lunch menu for a university campus in Tehran,
showed that compared with the usual menu, including a higher
amount of bread and vegetables while decreasing rice and red
meat in the menu, it leads to 23% decrease in water footprint
(21). Further, it has been shown that a higher share of bread and
vegetables in traditional and local Iranian foods lead to a lower
water footprint compared with western foods (14). While most
studies have recommended reducing rice consumption (18, 19),
Kalvani et al., analysis of water footprint of 14 important crops
in Tehran province, recommended reducing the consumption
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of wheat, which is mainly consumed as white flat bread and
suggested replacing it with other crops in order to reduce water
FP (16).

A total of four studies simultaneously considered dimensions
of sustainable diet including nutritional, environmental, cost, and
cultural acceptability in their analysis (17, 20, 21, 23). Despite the
differences in findings, almost all emphasized on higher intake of
dairy (17, 20), vegetables (17, 20, 21), cereals (17, 20, 21), fruits
(20), and legumes (17, 21, 23) and in the meantime, lower intake
of meat (17, 20, 21), rice (17, 20, 21), sugar (17, 20, 21), fats
(17, 20, 21), and egg (17, 20, 21) in order to have a sustainable diet.
With respect to poultry consumption, there was inconsistency in
the results; one study recommended higher consumption (20),
while the other study emphasized reducing it (17) in order to have
a more sustainable diet in Iran.

In a study by Sobhani et al., aiming at developing a healthy,
low-cost, and environmentally-friendly food basket, an optimal
food basket compared with the usual consumption, resulted in
14% reduction in both the total water footprint as well as total
carbon footprint, 23% decrease in the cost, and 7% increase in
nutrient rich foods (NRF) of diet (20). Soltani et al. suggested that
a plant-based diet can reduce the need for blue water resources
by 30%, fertilizer by 8–12%, energy by 15%, and greenhouse
gas emissions by 10–14%. Also, the diet cost 20–24% less (17).
Cultural acceptance was not considered in the latter study and
this may explain the difference between its findings with those of
Sobhani et al. (20). Also, the sustainable lunch menu proposed
by Edalati et al. included more dishes based on chicken or fish
with vegetables and fewer red meat and rice-based dishes. They
showed that this change can result in decreasing carbon, total
water, and land footprints as well as costs of the lunch menu
by 25, 23, 27, and 28%, respectively, and 23% increase in its
NRF profile (21).

Finally, evaluating the sustainability of the first (2005) (24)
and second (2016) (25) versions of national Food-Based Dietary
Guidelines (FBDGs) in Iran in comparison with the usual diet
showed that while both the FBDGs have lower cost, water and
carbon footprint, and higher nutritional value, the difference
was statistically significant only for the more recent version. The
second national FBDG emphasizes legumes and nuts by defining
them as a separate food group from themeat group. Replacing the
usual dietary intake of the Iranians with the optimal diet based
on the last Iranian FBDG (2016) was associated with reductions
equal to 20.9% for water footprint, 22.48% for carbon footprint,
20.39% for land footprint, 31.83% for cost, and 7.64% increase in
NRF index (23).

Considering Sustainable Diet in Food and
Nutrition Policies in Iran
No direct address to “sustainable diet” in the food and nutrition
policy documents in Iran was found. However, a recent analysis
on the National Food and Nutrition Security Policy compliance
in Iran with the components of a sustainable diet reported a
score of 60% (15). Through the mentioned policy document,
some of the strategies needed to achieve a sustainable diet
have been recommended including use of effective economic

tools to promote healthy nutrition (e.g., sin tax, subsidies, and
loans), obligatory and optional nutrient fortification of the main
and complementary foods, healthy formulation of produced
foods, promoting home vegetable gardens in rural areas, and
distribution and supply of vegetables, fruits, and legumes in
remote areas of the country through rural cooperatives to
increase access of community to micronutrient resources and
finally redirecting food subsidies to increase consumption of
vegetables, fruits, meat, milk, and dairy products (26). Similar
recommendation has been also provided by the National Action
Plan for Prevention and Control of NCDs in Iran aiming at 30%
reduction in sodium/salt intake and zero amount of trans-fatty
acids in oils and food products by 2025 (27). However, cost and
ecological aspects of diet were not taken into account in both
the documents.

DISCUSSION

“Sustainable diets” are not mentioned directly and clearly in the
SDGs; however, according to the post-2020 global biodiversity
framework, in achieving the vision of “living in harmony with
nature,” shifting toward a sustainable diet is one of the key actions
required (28). This study is an attempt undertaken to summarize
current literature on the sustainability of the Iranian diet in
order to inform decision-makers on changes required to dietary
guidelines and policies to be both nutritionally adequate and
environmentally sustainable and to identify potential trade-offs.

In Iran, given the fact that there is low intake of vegetables,
fruits, and dairy (29), a large share of food in the household
budget (about 24%) (30) and an increasing trend of water
shortage (31), CO2 emission (32), and warmer climate (33)
during the recent years, moving toward a sustainable diet,
is inevitable. The findings of this study showed that an
increase in dairy, fruits, vegetables, cereals, poultry, and legumes
consumption and a decrease in intake of bread, rice and pasta,
red meat, eggs, fats, sugar, and sweets are the main changes
being suggested in the Iranian diet in order to move it toward
sustainablility. These findings are in line with the EAT-Lancet
recommendation that emphasizes a diet rich in plant-based
foods with fewer animal sources in order to both improve
the health and benefit of the environment (4). The specific
recommendations identified with respect to the required changes
in the Iranian diet are as follows:

First, the need for consuming higher amounts of varied
fruits and vegetables as a step toward a sustainable diet was
reconfirmed in this study. Sustainable diets are characterized by
varied and high amounts of vegetables and fruits (34), which
make them more nutritious and environmentally friendly, with
a lower risk of chronic diseases compared to other dietary
patterns (35). Vieux et al. investigating changes needed to
improve sustainability of the diet across Europe and concluded
that this can be achieved by substituting food items from the
sugar/fat/alcohol group with fruits, vegetables, and starches in
“the diet” (36). It is worth noting that consumption of fruit and
vegetables in Iran has been consistently reported to be lower than
minimum recommended amount of 400 g per capita per day by
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the WHO (29, 37). Lack of access to fruits and vegetables in all
the regions and in all the seasons of the year, high price of fruits
in particular, and the high loss and waste rate of these products
are the identified reasons behind insufficient intake of these food
groups in Iran (38).

Second, reducing red meat consumption and substituting it
with legumes (plant sources of proteins) or poultry in the Iranian
diet is another recommendation that has been raised by the
studies on sustainable diet in Iran. Since 1960s, consumption
of animal-based foods has increased throughout the world due
to rising global average income, higher standards of living, and
increased efficiency of production (35). Similarly, the share of
meat in the Iranian food basket has increased over the past 30
years; although in the recent years, due to the economic crises
of country, the increase rate has slowed down (29). Bahn et al.
had previously proposed that reducing red meat consumption
and simultaneously increasing consumption of vegetables/beans
in Middle East and North Africa (MENA) countries can result
in positive environmental effects (39). Considering higher water
and carbon footprint, energy input, fertilizer, and pesticide use
with an animal-based diet compared with a plant-based diet
(35), low-to-moderate consumption of seafood and poultry and
zero to low consumption of red meat and processed meat are
recommended in order to have a sustainable diet (4). With lower
water Footprint (FP) and price of poultry compared to red meat,
it seems poultry is a more realistic choice (40, 41). Fish is anoter
alternative, which is not much emphasized in Iranian population
due to its higher price and low desirability in the majority of
Iranians (it is highly desirable in North and South of Iran).
Average consumption of fish in the Iranian diet (8 g/day) (29)
is way below the recommended amount of 30 g/day (42).

Another suitable alternative to red meat is legumes. Legumes
are inexpensive and sustainable sources of protein with low
carbon and water FP that are part of the traditional diets in most
cultures including Iran (43). Based on a study by Roos et al.,
reducing daily per capita intake of meat from 110 to 55 g and
replacing it with 50 g of beans is associated with a 20% reduction
in environmental footprint (44). Besides, legumes production
positively affects soil quality, biodiversity, and enriches the soil
through nitrogen fixation (45). The role of legumes in achieving
a sustainable diet is so important that the FAO designated 2016
as the year of pulses as a subgroup of legumes and introduced
it as food crops that can play a major role in addressing future
global food security and environmental challenges as well as
contributing to healthy diets (46). For these reasons, in the
second version of FBDG in Iran (2016), legumes and nuts have
been defined as a separate food group from the meat group.
Comparing the sustainability dimensions of the first and second
FBDGs of the country showed that the recent version can
result in a diet with lower cost, water, and carbon footprint,
provides higher nutritional value, and can be more in line with
a sustainable diet compared to the previous version (2005) (23).

Third, replacing refined carbohydrates (e.g., white bread,
polished/white rice) with whole-grain products is another
required step identified to move toward a sustainable diet in
Iran. White rice and white flat bread are the main staple foods
in the Iranian diet, the share of the latter being higher among

those with lower income (47). Iran is the 13th biggest white
rice consumer worldwide (47) with an annual consumption of
36.6 kg per capita, which is 7 times more than the European
Union (5.3 kg per capita) (48). Higher white rice and bread intake
are associated with an increased risk of type 2 diabetes (49, 50).
Besides, wheat and rice have the largest per capita water FP in
the country (16). It should be noted that water FP varies for each
crop depending on irrigation and on average rice cultivation has
the least water efficiency (51). Studies on the sustainable diet
in China also showed that a decrease in rice consumption is
required due to its role as the largest contributor to reductions
in GHG emissions (52). Promotion of less refined and polished
rice or wheat will require policy change at the production level as
well as consumer education.

The fourth recommendation identified through this study
in order to have a more sustainable diet is decreasing sugar
and fats. Consumption of oils and sugar by Iranian is 20
and 38% of daily energy intake, respectively, which is higher
than the recommended amounts (53). Since 1960s, due to
the improvement of vegetable oil production technology and
increased supply, its price has decreased worldwide (54). Also,
the increased supply of processed foods and sweetened beverages
has resulted in higher intake of sugars (55). Despite low
environmental impact of sugar and fat consumption, considering
their negative impact on health and prevention of NCDs (37), the
need for reducing their intake to 31 g/day for added sugar and 40
g/day for added fats has been emphasized (4).

The final recommendation is the only one that seems
differerent with the EAT-Lancet recommendation of decreasing
dairy products; however, due to very low consumption of dairy
products in Iran (168 g/day) (27), there is a need to increase
the consumption of this food group in order to comply with
the recommendation of 250 g/day (29). In fact, the average
consumption level of dairy products in Iran is less than half the
recommended level and has had a decreasing trend due to a
drastic rise in the price over the last decade as a result of inflation
and poor governmental support policies (56). Similarly, Donati
et al. have recommended increasing dairy as part of the changes
required to achieve a more sustainable diet in adolescents in
Italy (57).

Based on this study, there is no clear and direct reference to
sustainable diet in the related documents in Iran and there is no
consistent approach with respect to the policies and strategies to
move toward a sustainable food and nutrition system in policy
documents in Iran. In one hand, the food production policies
of country have been more focused on increasing agricultural
production aiming at self-sufficiency and sustainable agriculture
with less attention to the quality and sustainability of the food
consumed, i.e., sustainable diet (58). On the other hand, due
to the high prevalence of NCDs, the health sector has properly
focused on health aspect of a sustainable diet through investment
on policies and strategies to decrease the amount of sugar, salt,
and fat (specifically trans-fatty acids) in the Iranian diet. The
National Action Plan for Prevention and Control of NCDs in Iran
has strongly focused on reducing sodium/salt intake as well as
saturated and trans-fatty acids in oils by 2025 (27). In line with
these policies, several regulatory policies/programs have been
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TABLE 2 | Regional recommended strategies for a sustainable food diet, current status of related policies in Iran, and recommended actions.

“Game changing” food

systems actions (68)

Recommended priority

actions 2020–2030

Existing policies in Iran Gap/recommended policies

for Iran

Fiscal policies for healthy

and sustainable diets.

• Implement a tax on

sugar-sweetened beverages

and use other taxes and

subsidies to promote healthy

diets

• Review food subsidy

programs and progressively

eliminate subsidies for all types

of fats/oils and sugar.

• 2015: A maximum tax of 10% was imposed to

unhealthy food (63).

• The Iranian budget law for the fiscal year

2013–2014 obligated the government to taxation

of soft drink at rate of 15 and 20% for locally

produced and imported goods, respectively (63).

• 2010: Subsidy on sugar and vegetable oil were

reduced (69).

• 2014: Eliminating subsidies for milk. (70)

Elimination of subsidies on

vegetable oil and sugar and

instead shifting subsidies to

healthier foodstuffs (i.e, fruits,

vegetables and dairy) (71).

Public food procurement

and service policies for a

healthy diet sustainably

produced

• Introduce and enforce

mandatory guidelines for

provision of healthy food in

public institutions (e.g.,

schools, hospitals, military,

prison and other

government institutions).

• 2005: The National FBDGs was developed and

introduces as one of the main tools to raise

awareness regarding healthy diet. Second version

of the FBDG was introduced in 2016 (24).

Reevaluating the national FBDG,

as well as the thrift food basket

in terms of food grouping and

recommendations in order to

make it more sustainable.

Regulation of marketing of

foods and non-alcoholic

beverages, including

breastmilk substitutes

• Implement the WHO Set of

recommendations on

marketing of foods and

non-alcoholic beverages to

children

• Reinforce the package of

policies and interventions to

promote, protect and support

breastfeeding and appropriate

complementary feeding.

• 1995: Code of marketing of the breast milk

substitutes was initiated in the country (72).

• The 5th national develoment plan (2011–2016),

bans advertising unhealthy goods and services to

the public (63).

• 2014: Healthy school canteen program was

initiated to regulate access to healthy foods in

schools (73).

• 1978: Food advertisements in school and

educational facilities are banned (74).

“Water penalty” and the “water

tax” for food products with high

water footprint (75). Eliminate

legal barriers and

disproportionate food-safety

standards that lead to high

waste rates (71). Investments in

water-friendly food processing

technologies to tackle natural

resources overexploitation and

promote corporate

profitability (75).

Food products reformulation • Progressively reduce intakes

of salt, sugars and saturated

fats by improving the

nutritional quality of foods

through government-led

reformulation programmes.

• Eliminate trans fats through

the development of legislation

to ban the use of

industrially-produced trans fats

in the food chain

• 2015: Mandatory upper limit of salt in most

commonly consumed canned foods e.g., tomato

paste and salty snacks, and all types of bread

was decreased (1.8%) (59). Also, the standard of

salt in cheese was decreased from 4 to 3% and in

dough (fermented yogurt drink) was decreased

from 1 to 0.8% (59).

• 2016–2017: The standard of salt in bread was

further decreased to 1% (59).

• 2017: The standard of SFA in edible oil decreased

to <25 (59).

• 2018: Salt use in probiotic yogurts was banned

(59).

• Food reformulation initiatives for reducing the

amount of sugar, salt, and fat, specifically the

industrially-produced trans-fatty acids in industrial

food products (61, 62).

Decrasing flour milling degree to

incease fiber and nutrient

content of flour and bread (76).

Focus on some of the new

technologies being developed to

create alternatives to animal

products, such as meat, milk

and egg, which should reduce

the amount of meat consumed.

Also, increasing number of

fiber-containing products is

highly recommended (77, 78).

Front-of-pack labeling • Implement mandatory

standards for ingredient listing,

back-of-pack nutrient

declarations and simplified

front-of-pack labeling for all

pre-packaged foods

• 2014: MOHME launched Front-of-Pack nutrition

labeling policy (as traffic light scheme) with the

objective of reducing sodium, trans fatty acid and

sugar intake in accordance with the national

action plan for control and prevention of

NCDs (63).

Food labels including information

about links between food and

climate chang are effective in

encouraging sustainable food

choices (79)

Food fortification • Implement and monitor

policies and practices for

wheat flour fortification and for

salt iodization, in line with the

latest WHO recommendations

on best practice.

• Mandatory flour fortification with iron and folic

acid was implemented in one province from 2001

and expanded simultaneously to the other

provinces in Iran (80).

• since 2000, Iran has been recognized by WHO-as

an IDD free nation through integration of IDD

control into the health network and mandatory

iodization of household salt (81).

• Voluntary fortification of edible oil, milk, cakes,

and pasta with vitamin D (82).

Universal fortification along with

small dietary shifts represents an

approach to improve the vitamin

D status of the general

population, at a high

acceptability without affecting

the carbon footprint (83)
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implemented to tackle NCDs, e.g., setting a mandatory upper
limit of salt in bread (59, 60), food reformulation initiatives
for reducing the amount of sugar, salt, and fat, specifically
the industrially-produced trans-fatty acids in industrial food
products (61, 62), sin tax policy on increasing the price of sugar-
sweetened beverages (SSB) (63), traffic light nutrition labeling
for more than 80% of the manufactured food products (64),
and educational interventions/campaigns to improve awareness
and food choices of consumers (65). In addition, the national
FBDG, as one of the main tools to raise awareness with respect to
appropriate and healthy diet, has been in place since 2005 (24).
However, within all these policies, there is a gap in adressing
ecological aspects of a sustainable diet (e.g., water, land, and
carbon footprints) with a specific reference to context of Iran.
Recently, there have been attempts to evaluate all the dimensions
of sustainablility of Iran FBDG (23) to pave the ground for a
sustainable FBDG in the close future.

One other aspect that is almost ignored in study with respect
to sustainable diet in Iran is measurement and interventions with
respect to food loss and waste. There are different estimations of
the amount of waste and loss of agricultural products in Iran,
ranging from 18.5 up to about 35% (66). A report by the Food
Producers Cooperatives of Iran indicates that out of about 130
million tons of foods being produces in Iran, 25 million tons
are lost (67). According to the study conducted by Fami et al.
in Tehran, every consumer wastes about 27 kg of edible food
annually (66). A total of seven food items identified with the
highest amount of waste at household level are bread, cooked
rice, cooked pasta, fresh fruits, fresh vegetables, salads, milk, and
dairy products (66). Developement of proper infrastructure and
skills to decrease the loss at the production and distribution
levels as well as improving knowledge and skills on planning,
preparation, and storage, and raising awareness about values
and consequences of avoiding food waste at the procurement
and consumption levels (66) can lead to decrease food loss and
food waste.

Table 2 presents the current policies across the food system
that support move toward a sustainable diet in Iran, based
on the available recommendations (68) as well as gaps and
recommended policies to improve current efforts.

To the best of our knowledge, this study is the first study
on current literature on the sustainability of the Iranian diet

and recommended changes. The findings can serve to guide
policymakers and planners of the food and nutrition food system
to develop and implement policies to shift to a sustainable
dietary pattern in Iranian population. This study also has several
limitations that need to be considered in evaluating its findings.
The quality of the studies included in this study was not assessed.
Thus, the conclusions are based on the existence of studies rather
than their intrinsic quality. Moreover, the Iranian food intake
values based on a nutritional assessment were not available for
comparison with the recommended values.

CONCLUSION

This study showed that there is an urgent need to accelerate
the move toward a sustainable diet in Iran. For this purpose,
increasing consumption of dairy, fruits, vegetables, cereals,
poultry, and legumes and decreasing bread, rice and pasta,
red meat, eggs, hydrogenated fats, sugar, and sweets intake
are the main changes suggested. Development of an enabling
environment to promote moving toward a sustainable diet will
require policy and action to: (1) Improve public awareness
and interest; (2) Support study to provide evidence and
identify possible alternatives; and (3) Plan and implement
interventions/programs to promote and facilitate healthy and
sustainable diets. In this regard, defining scientific targets to
achieve sustainable diet and food production and re-evaluating
existing policies related to food and nutrition system are
prerequisites to such transformation.
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Mediterranean diet (MedDiet) is often used as an example of a sustainable diet that

promotes a sustainable food system. MedDiet presents low environmental impacts,

is characterized by high sociocultural food values, allows for positive local economic

returns, and presents major health and nutrition benefits. Previous studies have

not systematically examined the methodological assessment of MedDiet nutritional

sustainability. In our study, we review the methodological assessment of nutritional

sustainability, filling a crucial gap in the literature that can inform the state of the

art regarding the cross-disciplinary assessment of MedDiet nutritional sustainability.

Through a systematic search on PubMed and Scopus, we identified 28 studies,

published between 2013 and 2021, that dealt with the MedDiet nutritional sustainability.

Studies that assessed the sustainability of MedDiet based on dietary consumption

data, studies that explored the MedDiet sustainability resorting to dietary scenarios,

and studies with a mixed approach (dietary consumption and dietary scenarios) and

proposals of methodological approaches to assess the MedDiet nutritional sustainability

were summarized. We identified 24 studies exploring the dimensions of nutritional

sustainability of the MedDiet, and 4 proposing the methodological approaches to assess

the MedDiet nutritional sustainability or the sustainability of MedDiet typical agro-foods.

From the 24 studies exploring the sustainability of MedDiet, none fully addressed the

complexity of the four dimensions of nutritional sustainability (environmental, economic,

socio-cultural, and health-nutrition). One of the methodological proposals to assess

the MedDiet nutritional sustainability contemplated on the four dimensions of nutritional

sustainability, as well as one of the methodological proposals to assess the sustainability

of typical agro-foods of MedDiet. Environmental sustainability was the most well-studied

dimension, while no study focuses on the socio-cultural dimension of sustainability. Our

study reviewed for the first time the assessment of nutritional sustainability of MedDiet. To

66

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2021.772133
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2021.772133&domain=pdf&date_stamp=2021-12-23
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:carlagoncalves@utad.pt
https://doi.org/10.3389/fnut.2021.772133
https://www.frontiersin.org/articles/10.3389/fnut.2021.772133/full


Portugal-Nunes et al. Nutritional Sustainability of Mediterranean Diet

the best of our knowledge, no research has been made assessing MedDiet in all the

dimensions of the complex concept, that is nutritional sustainability. Integrating health

and nutrition, environmental, economic, and socio-cultural considerations across scales

and contexts can offer a more complete understanding of the opportunities and barriers

to achieving nutritional sustainability not only in MedDiet but also in other dietary patterns

and food products.

Keywords: Mediterranean diet (MedDiet), nutritional sustainability, health indicator, environmental footprint (EF),

diet impact

INTRODUCTION

Recently, the EAT-Lancet Commission identified food as
the single strongest lever to optimize human health and
environmental sustainability on Earth (1). Sustainable diets have
emerged as a key issue in nutrition and public health (2).
The notion of “sustainable diets” was proposed in 1986 by
Gussow and Clancy to endorse diets that would be healthier
for the environment as well as for consumers (3). Abandoned
for several years, the interest in this concept has been gaining
attention recently. In 2010, FAO in collaboration with Bioversity
International reached a scientific position on the definition of
sustainable diets: “Sustainable diets are those diets with low
environmental impacts which contribute to food and nutrition
security and to healthy life for present and future generations.
Sustainable diets are protective and respectful of biodiversity and
ecosystems, culturally acceptable, accessible, economically fair
and affordable; nutritionally adequate, safe, and healthy; while
optimizing natural and human resources” (4).

Sustainable diets are person-centered and are the last event in

a chain that encompasses production, processing, distribution,
and consumption of food and in their turn, define a food

system. A high level panel of experts of the Committee on

World Food Security defined a sustainable food system as “a
food system that ensures food security and nutrition for all in
such a way that the economic, social, and environmental bases
to generate food security and nutrition of future generations are
not compromised” (5). Sustainable diets and sustainable food
systems are two closely interrelated notions. The contribution
of the diet to the sustainability of the food system is what
characterizes the sustainability of the diet, and sustainable diets
are not only an objective but an essential means to achieve a
sustainable food system (6).

Nutritional sustainability is defined as “the ability of a food
system to provide sufficient energy and the amounts of essential
nutrients required to maintain good health of the population
without compromising the ability of future generations to
meet their nutritional needs” (7, 8) and combines in one
concept, aspects from sustainable diets and sustainable food
systems. Nutritional sustainability is an interesting concept that
not only sets environmental sustainability as a baseline level
for balanced nutrition but also aims for the sustainability of
the food system and calls for a more accurate assessment
of the capacity of the environment for the development of
more efficient nutrition solutions balanced within the limits of

sustainability (8). Similar to the concept of sustainable food
systems, nutritional sustainability also recognizes that ecological,
social, and economic aspects must be balanced to support the
sustainability of the overall food system but also acknowledged
its contribution to health and nutrition present in the definition
of sustainable diets (4–7).

Mediterranean diet (MedDiet) is often used as an example
of a sustainable diet (9, 10) that promotes a sustainable food
system (11, 12). MedDiet is a dietary pattern rich in cereals,
fruits, vegetables, legumes, tree nuts, seeds, and olives, with olive
oil as the principal source of added fat, along with high to
moderate intakes of fish and seafood, moderate consumption
of eggs, poultry and dairy products (cheese and yogurt), low
consumption of red meat, and a moderate intake of alcohol
(mainly wine during meals) (13, 14). MedDiet is the heritage
of millennia of exchanges of people, cultures, and foods of all
countries around the Mediterranean basin. It has been the basis
of food habits during the 20th century in all countries of the
region, based on Mediterranean agricultural and rural models
(13). According to UNESCO, MedDiet involves a set of skills,
that concerns, not only the sharing and consumption of food,
but also knowledge, rituals, and traditions concerning crops,
harvesting, fishing, animal husbandry, conservation, processing,
and cooking. MedDiet is a way of life guided by respect for
diversity, which emphasizes values of hospitality, neighborliness,
intercultural dialogue, and creativity (15). Since its identification,
MedDiet has been considered a healthy diet. Robust evidence
suggests that adherence to the MedDiet is associated with a
reduced risk of overall mortality, cardiovascular diseases (CVDs),
coronary heart disease, myocardial infarction, overall cancer
incidence, neurodegenerative diseases, and diabetes (16).

Based on its intrinsic characteristics, MedDiet presents several
sustainability benefits. Considering the three dimensions of
sustainability (environmental, social, and economic), MedDiet
presents low environmental impacts, is characterized by high
sociocultural food values, and allows for positive local economic
returns. Furthermore, when talking about dietary patterns, a
fourth dimension has been added, which is health and nutritional
sustainability, which MedDiet also fulfills with major health and
nutrition benefits (17).

Assessing the sustainability of the diets and/or nutritional
sustainability is a challenging task. Despite the increased
attention paid to nutritional sustainability and/or sustainable
diets and the importance of clearly and comprehensively
measured sustainability, it is not clear how the different
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components of sustainable diets and/or nutritional sustainability
are prioritized or operationalized (18). The assessment of
MedDiet sustainability has not been different. To the best
of our knowledge, previous studies have not systematically
examined the methodological assessment of MedDiet nutritional
sustainability. Previous reviews have emphasized that studies
have examined exclusively the environmental impacts of diets
rather than assessing the many other components of sustainable
diets (19, 20). Cross-disciplinary studies on environmental,
economic, socio-cultural, and health-nutrition sustainability
dimensions of the Mediterranean diet are a critical need (10).

The overall aim of this study is to provide a summary of
the methodological assessment of nutritional sustainability in the
context of MedDiet available in the scientific literature. More
specifically, the objectives are to

(i) analyze the methodological differences in the assessment of
nutritional sustainability,

(ii) identify methods to combine nutrition indicators and
sustainability indices, and to

(iii) explore the comprehensiveness of those indices to assess
nutritional sustainability.

To our knowledge, this is the first scoping review focusing on the
methodological assessment of MedDiet nutritional sustainability,
filling a crucial gap in the literature that can inform the state of
the art regarding the cross-disciplinary assessment of MedDiet
nutritional sustainability.

METHODS

Literature Search
The study design and analysis of this scoping review follow
the Preferred Reporting Items for Systematic reviews and Meta-
Analyses extension for Scoping Reviews (PRISMA-ScR) (21). The
review protocol was not registered.

The search was made in Scopus and PubMed in October 2021
using the following search queries:

• Scopus: ;(title-abs-key (food) or title-abs-key (diet∗) or title-
abs-key (nutri∗) and title-abs-key (sustain∗) and title-abs-
key (Mediterranean)];

• PubMed: ((((food[title/abstract]) or (diet∗[title/abstract])) or
(nutri∗ [title/abstract])) and (sustain∗[title/abstract])) and
(Mediterranean [title/abstract]).

The search strategy was constructed based on the population,
intervention, comparison, and outcome (PICO) framework.
Table 1 provides a description of the PICO framework.

No time frame was set during the search to obtain a more
comprehensive search of relevant published literature data. The
literature search was limited to journal articles. Title, abstract, and
keywords were searched in Scopus and, title and abstract were
searched in PubMed. Articles reviewed were limited to English-
language articles published in peer-reviewed scientific journals.
Study protocols, gray literature, and conference abstracts were
excluded. Articles included in this review were further limited to
those using the following methodology:

TABLE 1 | Population, intervention, comparison, and outcome (PICO)framework.

Population or problem Adults and youth aged 2 years and older

Intervention or

Exposure

MedDiet

Comparison Other dietary pattern or lower adherence to MedDiet

Outcome Sustainability

• Environmental indicators

• Economic indicators

• Socio-cultural indicators

• Health-nutrition indicators

(i) Assessment of MedDiet sustainability (alone or in
comparison with other dietary patterns) using dietary
consumption data;

(ii) Assessment of MedDiet sustainability (alone or in
comparison with other dietary patterns) based on
dietary scenarios;

(iii) Methodological proposals to assess the MedDiet nutritional
sustainability of food, meals, or diets.

Determination of articles that met these inclusion criteria was
made based on the information available in the titles and abstracts
of the publications and in a later stage based on full text.

Synthesis of Results
The assessment of reviewed articles was made from a
research approach and methodological perspective. Studies
that assessed the sustainability of MedDiet based on food
consumption surveys data (3.2), studies that explored the
sustainability of MedDiet resorting to dietary scenarios based
on recommendations (3.3–dietary scenarios studies), studies
with a mixed approach (3.4–food consumption surveys
and dietary scenarios) and proposals of methodological
approaches to assess MedDiet nutritional sustainability (3.5)
were summarized.

All relevant information from eligible studies was collected
using a data extraction sheet. For the studies that assessed
the sustainability of MedDiet based on dietary consumption
data, the following data were extracted: (i) study design
(cross-sectional, longitudinal, or experimental), (ii) participant
demographics (type of participants, sample size, and location),
(iii) dietary patterns analyzed, (iv) sustainability indicators,
and (v) findings. For the studies that resorted to dietary
scenarios and for studies with a mixed approach, the study
design was not relevant; therefore, it was not reported.
Also, for the studies that resorted to dietary scenarios,
participant demographics were not applicable; nevertheless,
the location of the study was recorded. Given the type of
works to be included in this review, no critical appraisal
was performed.

RESULTS

Study Selection and Characteristics
The literature search identified 1,528 articles after duplicates
removal. A total of 148 articles were excluded based on title and
abstract screening. Full texts of the remaining 48 articles were
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FIGURE 1 | Literature search and selection of articles in the review.

examined in detail accounting for the inclusion and exclusion
criteria. From those, 28 studies met the inclusion criteria. Details
are outlined in the PRISMA flow diagram of the selection process
(Figure 1).

The identified studies were published between 2012 and
2021. A total of 28 records met the eligibility criteria: 9
studies assessed the sustainability of MedDiet based on food
consumption data (22–30), 11 studies assessed the MedDiet
sustainability using dietary patterns recommendations (dietary
scenarios) (31–41), 4 studies used a mixed approach (dietary
consumption data vs. dietary scenarios) (42–45), and 4 studies
proposed methodological approaches to assess sustainability
within the MedDiet (46–49). All 28 articles reviewed were found
to be transparent and provided the information required for
our analysis.

MedDiet Sustainability Based on Dietary
Consumption Data
Out of the 28 articles included in this review, 9 analyzedMedDiet
sustainability based on dietary consumption data. Relevant
information from these articles is summarized in Table 2.

Most of the studies were from countries located in the
Mediterranean basin; two studies were conducted in Italy (24,
25), two in Lebanon (27, 28), two in Spain (26, 29), one in
France (30), one in Albania (22), and one was multicenter
(the Netherlands, the United Kingdom, Germany, and Spain)
(23). Five of the nine studies included in this analysis were
cross-sectional observational studies (22, 25, 27, 28, 30), three
were longitudinal observational studies (24, 26, 29), and one
was experimental (clinical trial) (23). Most of the studies were

conducted using the dietary consumption data from adults, and
one study was conducted using the dietary consumption data
from school children (24). Sample sizes vary from 289 to 22,866
subjects for the studies including adults and 172 subjects for
the study including school children. The identified studies were
conducted between 2017 and 2021.

Dietary Patterns
Two studies assessed the sustainability associated with the
adherence to MedDiet (24, 27), one study assessed the
sustainability of the adherence to MedDiet in combination
with organic food consumption (30), one study assessed
alterations in sustainability indicators resulting from an
intervention promoting MedDiet (23), and the remaining
studies compared MedDiet with other dietary patterns.
The dietary patterns compared with MedDiet included the
Dietary Approach to Stop Hypertension (DASH), the EAT-
Lancet reference diet, the Nordic diet, the Western dietary
pattern, the provegetarian dietary pattern, the high-protein
dietary pattern, the dietary pattern based on the Alternate
Healthy Eating Index (AHEI), and the Dietary Quality Index-
International (DQI-I). The above-mentioned studies used
dietary consumption data to calculate the adherence to each
dietary pattern.

Sustainability Indicators
Most of the studies used life cycle assessments to obtain
environmental sustainability indicators; therefore, reports of
sustainability indicators related to the potential environmental
impacts of food products were included in the dietary patterns
during their entire life cycle (23–29). The environmental
sustainability indicators included Greenhouse gases (GHGs)
emissions (23, 25, 27–29), land use (23, 25, 29), energy use
(23, 25, 27–29), water use (25, 27–29), carbon footprint (CF) (24),
and ecological footprint (EF) (24). The CF is the amount of CO2

equivalent emissions (expressed in g CO2 eq) produced during
the life cycle, and the EF is the area of land needed to regenerate
the applied resources (expressed in m2). Four studies included
indices obtained from environmental sustainability indicators as
outcomes (23, 25, 26, 29). Grasso et al. (23) used the pReCiPe
score, which is a weighted combination of GHGs emissions, land
use, and fossil energy use. A sustainability score was applied by
Gosso et al. (25) and Fresán et al. (29), and it was calculated
by assigning 0 or 1 points to water, land, and energy use and
GHGs emissions of each food product, using the sex-specific
medians as the cut-offs (0 for upper values and 1 for lower
ones). The sustainability score resulted from the sum of each
component ranged from a total of 0 to 4 points, with higher
scores indicating a less environmental impact. Fresán et al. (26)
used a similar index, called the environmental footprints index,
calculated in the same way as the sustainability score but in
which participants were classified into quartiles, each of them
ranking from 1 to 4. Similarly, the total environmental footprints
index was created by summing the quartile values of all the
four indicators (land, water, energy use, and GHGs emission);
therefore, environmental footprints index ranked from 4 to
16 points.
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TABLE 2 | Summary of studies reporting MedDiet sustainability using dietary consumption data.

References Study type Participants; n Location Dietary patterns Sustainability

indicators

Findings

Llanaj et al. (22) Cross-sectional

observational study

Young adults; n = 289 Albania • MedDiet

• DASH

• EAT-Lancet

reference diet

• Cost • Better adherence to DASH, EAT-Lancet reference diet or MedDiet

was not associated with dietary cost.

Grasso et al. (23) Experimental (Clinical

trial)

Adults; n = 744 Netherlands,

United Kingdom,

Germany and Spain

• Food-related

behavioral activation

therapy applying

MedDiet guidelines

(n = 373)

• No intervention (n

= 371)

• GHGs emissions

• Land use

• Energy use

• pReCiPe score

• The intervention group reported increased intakes of vegetables,

fruit, fish, pulses/legumes and whole grains, and decreased intake of

sweets/extras relative to control group.

• This effect on food intake resulted in no change in GHGs emissions,

land use, and pReCiPe score, but a relative increase in fossil energy

use.

• A shift toward a healthier Mediterranean-style diet does not

necessarily result in a diet with reduced environmental impact in a

real-life setting.

Rosi et al. (24) Longitudinal

observational study

School children; n =

172

Italy • MedDiet • CF

• EF

• CF and EF were higher during winter, and themain dietary contributors

were red and processed meat for both indexes.

• A small positive correlation was observed between adherence to the

MD and total CF and EF.

Grosso et al. (25) Cross-sectional

observational study

Adults; n = 1,806 Italy • MedDiet

• DASH

• Nordic diet

• AHEI

• DQI-I

• Land use

• Water use

• Energy use

• GHGs emissions

• Sustainability score

• Animal products (dairy, egg, meat, and fish) represented more than

half of the impact on GHG emissions and energy requirements. Meat

products were the stronger contributors to GHG emissions and water

use. Dairy products were the stronger contributors to energy use.

Cereals were the stronger contributors to land use.

• All patterns investigated, except for DASH, were linearly associated

with the sustainability score.

• Higher adherence to MedDiet and AHEI was associated with lower

GHGs emissions.

• DQI-I was associated with lower land use.

• Nordic diet was associated with lower land and water use.

Fresán et al. (26) Longitudinal

observational study

University graduates; n

= 18,429

Spain • MedDiet

• Western dietary

pattern

• Provegetarian

dietary pattern

• Rate advancement

period (healthiness)

• Cost

• Environmental

footprints index

• Overall sustainable

diet index

• The MedDiet exhibited the best rate advancement period (3.10 years

gained for the highest vs. the lowest quartile), while the Western

pattern was the unhealthiest pattern (1.33 years lost when comparing

extreme quartiles).

• Regarding EF index, Provegetarian pattern scored best when

comparing extreme quartiles, whereas the Western pattern was the

most detrimental pattern.

• Regarding monetary costs, the Western pattern was the most

affordable pattern (e5.87/day, for the upper quartile), while the

MedDiet was the most expensive pattern (e7.52/day).

• The MedDiet was the most overall sustainable option, closely

followed by the Provegetarian pattern.

Naja et al. (27) Cross-sectional

observational study

Adults; n = 2,610 Lebanon • MedDiet • Water use

• Energy use

• GHGs emissions

• Two of the four MedDiet scores were associated with lower water use.

• For GHGs emissions, significant inverse associations were observed

with all MedDiet scores.

• Energy use was not associated with MedDiet scores.

(Continued)
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TABLE 2 | Continued

References Study type Participants; n Location Dietary patterns Sustainability

indicators

Findings

Naja et al. (28) Cross-sectional

observational study

Adults; n = 337 Lebanon • Lebanese-MedDiet

pattern

• Western dietary

pattern

• High-Protein

dietary pattern

• Water use

• Energy use

• GHGs emissions.

• The Lebanese-MedDiet had the lowest water use and GHGs

emissions per 1,000 Kcal.

• The highest energy use was that of the Western dietary pattern,

followed by the Lebanese-MedDiet and the High-Protein

dietary pattern.

Fresán et al. (29) Longitudinal

observational study

University graduates; n

= 20,363

Spain • MedDiet • Land use

• Water use

• Energy use

• GHGs emission

• Sustainability score

• Better adherence to the MedDiet was associated with lower land

use, water consumption, energy consumption and GHGs emission.

Seconda et al. (30) Cross-sectional

observational study

Adults; n = 22,866 France • Conventional

consumers and

non-MedDiet

followers

(Conv–NoMedDiet; n

= 14,266)

• Conventional

consumers and

MedDiet followers

(Conv–MedDiet; n =

3,498)

• Organic consumers

and non-MedDiet

followers

(Org–NoMedDiet; n

= 2,532)

• Organic consumers

and MedDiet

followers

(Org–MedDiet; n

= 2,570)

• PANDiet

• mPNNS-GS

• Dietary diversity

score

• Plant/animal protein

intake ratio

• Cost

• The adherence to nutritional recommendations was higher among

the Org–MedDiet and Conv–MedDiet groups compared to the Conv–

NoMedDiet group (using the mPNNS-GS).

• The mean plant/animal protein intake ratio was 1.38 for the Org–

MedDiet group versus 0.44 for the Conv–NoMedDiet group.

• The average cost of the diet of Org–MedDiet participants was the

highest.

• The importance of promoting the MedDiet combined with organic

food consumption is highlighted for individual health and

environmental aspects but challenges regarding the cost remain.

MedDiet, Mediterranean diet; DASH, Dietary Approach to Stop Hypertension; AHEI, Alternate Healthy Eating Index; DQI-I, Diet Quality Index International; Conv–NoMedDiet, Conventional consumers and non-MedDiet followers; Conv–

MedDiet, Conventional consumers and MedDiet followers; Org–NoMedDiet, Organic consumers and non-MedDiet followers; Org–MedDiet, Organic consumers and MedDiet followers; GHGs, Greenhouse Gases; CF, Carbon Footprint;

EF, Ecological Footprint; PANDiet, Probability of Adequate Nutrient intake; mPNNS-GS, modified Programme National Nutrition Santé-Guidelines Score.
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Three studies included the cost of diet as an economical
sustainability indicator (22, 26, 30). All the studies used the daily
cost of diet as themain indicator; however, Seconda et al. (30) also
reported the share of the budget allocated to foods by dividing the
total cost of diet by the income reported by the participants.

Health-nutrition sustainability indicators were presented in
two studies (26, 30). The rate of advancement period was used
by Fresán et al. (26) as a heath indicator that measures the
time by which a rate of a specific outcome is advanced or it
is postponed among exposed subjects compared to unexposed
individuals, conditional on being free from the outcome at the
baseline. Nutrition indicators were used by Seconda et al. (30)
to assess diet quality. Briefly, plant/animal protein ratio and
three a priori dietary scores were computed: a diet quality index
based on the Probability of Adequate Nutrient (PANDiet) intake
that reflects the adequacy between nutrient intakes and French
recommendations for 24 nutrients, the modified Programme
National Nutrition Santé-Guidelines Score (mPNNS-GS) that
reflects the level of adherence to the French food-based
recommendation defined by the Programme National Nutrition
Santé, and the dietary diversity score that evaluates the number
of food groups consumed per day.

One index gathered the impact of the daily diet on health,
environmental footprints index, and monetary costs; the overall
sustainable diet index was designed and reported by Fresán et
al. (26). Briefly, for the three aspects, a score from 0 to 3 points
was given for each of them, the less suitable value for health,
environment, and economy was given 0 points; 3 points for the
healthiest daily diet, the one that produced less environmental
footprints and the cheapest one. Proportional scores were given
for the rest of the values. Summing those three values, the
overall sustainable diet index was obtained ranging from 0 to 9
points, with 0 being the less suitable diet and 9 being the most
appropriate diet.

Main Findings
The most consistent finding of the studies exploring
sustainability based on dietary consumption data indicates
that adherence to MedDiet is associated with higher
environmental sustainability.

Naja et al. (27), Rosi et al. (24), and Fresán et al. (29) explored
the association of the adherence to MedDiet with environmental
sustainability indicators. In a sample of 2,610 adults from
Lebanon, Naja et al. (27) found that higher adherence toMedDiet
was associated with lower water use, lower GHGs emissions, and
it was not associated with energy use. Fresán et al. (29) reported
that higher adherence to MedDiet was associated with lower
use of land, water, and energy, and reduced GHGs emissions.
Surprisingly, Rosi et al. (24) found that higher adherence to
MedDiet in a sample of 172 Italian school children was positively
associated with CF and EF.

Grasso et al. (23) investigated whether food-related behavioral
activation therapy applying MedDiet guidelines altered the
food intake and the environmental impact of the diet in
overweight adults with subsyndromal symptoms of depression.
The intervention group altered food intake toward MedDiet;
however, this effect resulted in no change in GHGs emissions,

land use, and pReCiPe score, and a relative increase in the use
of fossil energy.

Grosso et al. (25) studied the environmental impact of dietary
patterns in an Italian cohort. The authors found that, except
for DASH, the adherence to healthy dietary patterns (MedDiet
and Nordic diet) and higher diet quality indices (AHEI and
DQI-I) were associated with higher sustainability scores. They
also found that higher adherence to MedDiet and AHEI was
associated with lower GHGs emissions. Naja et al. (28) also found
that adherence to MedDiet was associated with lower water use
and GHGs emissions per 1,000 Kcal when compared to Western
and high-protein dietary patterns. The environmental impact of
the Western dietary pattern was also compared with MedDiet
in a study from Fresán et al. (26), and it was shown that the
Western dietary pattern was the most detrimental one for the
environment, while the Provegetarian dietary pattern was the
most beneficial one followed by the MedDiet.

Several of the studies also presented data on the contribution
of food/food groups to the environmental sustainability
indicators. Rosi et al. (24) showed that animal-based products
represented 50% or more of the impact on the CF and EF.
Similar results were observed by Grosso et al. (25) in which
animal products represented more than half of the impact on
GHG emissions, water use, and energy requirements. Naja et al.
(28) reported that, within the MedDiet, whole dairy products
had the highest percentage of contribution to water use, while
vegetables contributed most to energy use and GHGs emissions.
The authors explained these results by the relatively high
consumption of vegetables within the Lebanese MedDiet and the
fact that the production of vegetables requires more energy use
and GHGs emissions than grains and fruits. In a later study (27),
it was reported that red meat was the greatest contributor to
water use, sugar-sweetened beverages were the main contributors
to energy use, and red meat was the food group with the highest
contributions to GHGs emissions.

Economic sustainability was assessed through the monetary
cost. Llanaj et al. (22) analyzed the cost of the adherence to
recommended dietary patterns and found that higher adherence
to DASH, EAT-Lancet reference diet, or MedDiet was not
associated with significant differences in cost. Fresán et al. (26),
showed that MedDiet was the most expensive diet compared
to the Western and Provegetarian dietary patterns. Seconda
et al. (30) explored the cost of the adherence to MedDiet
in combination with the consumption of organic food and
observed that the average cost of consuming a MedDiet
combined with organic food was the highest (MedDiet without
organic food or no MedDiet compliance with or without
organic food).

The health-nutrition pillar of sustainability was assessed by
the study by Fresán et al. (26) and Seconda et al. (30). Fresán
et al. (26) showed that the highest quartile of adherence to
MedDiet exhibited the best rate advancement period (3.10 years
gained), while the highest quartile of adherence to the Western
dietary pattern showed the worst rate advancement period
(1.33 years lost). Seconda et al. (30) demonstrated that the
highest adherence toMedDiet (with or without combinationwith
organic food) was associated with higher diet quality, adherence
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to recommendations, dietary diversity, and higher plant/animal
protein ratio.

Fresán et al. (26) used an index that gathered the impact of
all the analyzed aspects (health, environmental footprints, and
monetary costs), the overall sustainable diet index. Using the
overall sustainable diet index, the authors showed that MedDiet
was the most sustainable option in comparison withWestern and
Provegetarian dietary patterns.

MedDiet Sustainability Based on Dietary
Scenarios
Out of the 28 articles included in this review, 11 analyzed
MedDiet sustainability based on the models of dietary patterns
or recommendations (dietary scenarios) (31–41). Relevant
information from these articles is summarized in Table 3.

Studies were conducted using the recommendations or
dietary patterns from countries located in the Mediterranean
basin, Netherlands, and the United States; briefly, one study
was conducted in the Netherlands (37), three studies in the
United States (34, 35, 39), seven studies in the Mediterranean
basin (32, 33, 36, 38–41), and one study with no specific location
discernible (31). The identified studies were published between
2012 and 2021.

Dietary Patterns
Most of the studies compared the MedDiet scenario with
other dietary patterns or recommendations, such as, the
European dietary pattern (31), the Western dietary pattern
(31), EAT-Lancet reference diet (32), the Southern European
Atlantic Diet (SEAD) (33), the Spanish Dietary Guidelines
(NAOS) (33), Healthy US diet (34, 35), Lacto-ovo vegetarian
diet (34), typical American diet (34, 39), healthy vegetarian
dietary pattern (35), New Nordic diet (36, 37), optimized
Low Lands diet (37), Italian average diet (40), healthy
consumption pattern (40), vegetarian consumption pattern
(40), status-quo diet (Iran) (41), WHO recommended diet
(41), and the diet recommended by World Cancer Research
Fund (WCRF) (41). One study explored the sustainability
of different MedDiet scenarios, such as Healthy MedDiet,
healthy pesco-vegetarian MedDiet, and healthy vegetarian
MedDiet (38).

Sustainability Indicators
Most of the studies reported environmental sustainability
indicators, including land use (31, 37), water use (31, 35),
GHGs emissions (31, 36, 37), eutrophication potential
(31), water footprint (WF) (32, 33, 39), CF (33, 40), global
warming potential (34, 35), freshwater eutrophication
(35), marine eutrophication (35), particulate matter or
respiratory organics (35), and energy use (40). The WF
is an indicator of freshwater consumption (from rainfall,
surface, and groundwater) that looks at direct and indirect
water use of a producer or consumer and water resources
appropriation (expressed in liters) (33). One study used a
combined GHGs emissions-land use (GHGE-LU) score that
was defined as the average of the GHGs emissions and LU
score per diet (37, 43). One study reported the variation in

environmental load (emission of GHGs, such as CO2, CH4,
and N2O) expected in case of change for different dietary
scenarios (41).

Sustainability was also assessed in the dimensions of economy
and health nutrition. Economic sustainability was assessed
in three studies, using the daily cost of diet (expressed in
e·person−1

· day−1 or e·family−1
· month−1) (33, 40) or total

changes in output (41). One study assessed the nutritional
quality through the Nutrient Rich Foods Index 9.3 (NRF9.3) and
Nutrient Quality Index (NQI), and satiety was assessed by the
FullnessFactorTM (FF) (34). van Dooren et al. (37) used a health
score to assess the healthiness of diets, based on the adequacy of
the Dutch recommendations of ten nutritional indicators (food,
nutrients, or energy).

Main Findings
Studies using dietary scenarios consistently found MedDiet as
a sustainable pattern; although, it was not always considered
superior to other healthy dietary patterns.

Vanham et al. (32) estimated the WF of MedDiet and EAT-
Lancet reference diet in nine Mediterranean countries. The
authors reported that the EAT-Lancet reference diet consistently
reduces the current WF of the analyzed countries while
MedDiet reduces WF to a smaller extent or even increases
it. In a previous study, Vanham et al. (38) compared the
WF of MedDiet scenarios with the reference situation in 13
Mediterranean cities and demonstrated that the adoption of
MedDiet patterns (either including meat, pesco-vegetarian, or
vegetarian) would reduce WF. Blas et al. (39) also compared
the WF of MedDiet with the American diet and reported that
the American diet has a 29% higher WF. The authors also
reported that a shift to the Mediterranean diet would decrease
the WF in the US, while a shift toward an American diet in
Spain will increase the WF. Despite presenting a lower WF when
compared to a typical American diet, the MedDiet presented
a higher water depletion, and higher freshwater and marine
eutrophication when compared with the Healthy US-style dietary
pattern and the healthy vegetarian dietary pattern according
to the study by Blackstone et al. (35). In this study (35),
MedDiet presented a slightly lower global warming potential
and land use, and slightly higher particulate matter than the
Healthy US-style dietary pattern; however, MedDiet presented
the worst environmental performance in all indicators when
compared to healthy vegetarian dietary pattern. The authors
mentioned that reliance on plant-based protein and eggs in
the healthy vegetarian dietary pattern vs. emphasis on animal-
based protein in the other patterns was a key driver of
differences. A lacto-ovo vegetarian diet also performed better
than other dietary patterns analyzed in the United States,
including the MedDiet.

Chapa et al. (34) showed that Lacto-ovo vegetarian diet
generated the lowest global warming potential regardless of
the nutritional quality and satiety. Considering the nutritional
quality and satiety, the authors concluded that high satiety
foods can help prevent overconsumption and thus improve
dietary CF. The authors also identified animal products,
including meat and dairy, and discretionary foods as the
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TABLE 3 | Summary of studies reporting MedDiet sustainability using dietary scenarios.

References Location Dietary scenarios Sustainability indicators Main findings

Belgacem et al. (31) Not applicable • MedDiet

• European dietary

pattern

• Western

dietary pattern

• Land use

• Water use

• GHGs emissions

• Eutrophication potential

• A shift from the European to the Mediterranean dietary pattern would

lead to 10 m2/capita/day land savings, 240 L/capita/day water savings,

3 kg CO2/capita/day reduction in greenhouse gas emissions, and 20 g

PO4eq/capita/day reductions in eutrophication potential.

• A shift from the Western to the Mediterranean dietary pattern would lead to 18

m2/capita/day land savings, 100 L/capita/day water savings, 4 kg

CO2/capita/day reduction in greenhouse gas emissions, and 16 g

PO4eq/capita/day reduction in eutrophication potential.

Vanham et al. (32) Nine Mediterranean

countries (Spain,

France, Italy, Greece,

Turkey, Egypt, Tunisia,

Algeria and Morocco)

• MedDiet

• EAT-Lancet

reference diet

• WF • The EAT-Lancet diet requires less water resources than the MedDiet. In terms

of water resources use, adherence to the former is thus more beneficial than

adherence to the latter.

• The EAT-Lancet diet reduces the current WF for all nations consistently, within

the range−17–48%, whereas the MedDiet reduces the WF of the European

countries, Turkey, Egypt and Morocco within the range of−4-−35%.

• For the Maghreb countries Tunisia and Algeria, the Mediterranean diet WF is

slightly higher compared to the current WF.

Gonzalez-García et al.

(33)

Spain • MedDiet

• SEAD

• NAOS

• CF

• WF

• Cost

• The dietary energy recommendation of the SEAD is greater than that of MedDiet

and NAOS (11 and 15%, respectively), and SEAD also has greater animal source

food content than the other two diets.

• SEAD has a concomitantly higher CF, WF and cost scores in comparison with

MD (+30, +23, and +21%, respectively) and NAOS (+15, +9, and +21%,

respectively).

• Adjusting recommendations to meet the suggested Spanish adult dietary

energy of 2,228 kcal·capita−1
· day−1 changed the environmental profiles of

the diets, and the NAOS has the highest environmental impact.

• Isocaloric diets had approximately the same cost.

• Regardless of the dietary scenario, better scores were identified for the

Spanish recommendations analyzed than those reported for other healthy

diets identified in Europe.

Chapa et al. (34) United States • MedDiet

• Healthy U.S. diet

• Lacto-ovo vegetarian

diet

• Typical American diet

• NRF9.3

• NQI

• FF

• Global warming potential

• Vegetarian diets on average generated the lowest carbon footprint regardless

of the NRF9.3, NQI and FF.

• Animal products, including meat and dairy especially, and discretionary foods

were identified as the specific food categories that contributed the most to the

global warming potential.

Blackstone et al. (35) United States • MedDiet

• Healthy US-style diet

• Healthy vegetarian

dietary pattern

• Global warming potential

• Land use

• Water use

• Freshwater eutrophication

• Marine eutrophication

• Particulate matter or

respiratory organics.

• The Healthy US-style dietary pattern and MedDiet pattern had similar impacts,

except for freshwater eutrophication.

• Freshwater eutrophication was 31% lower in the US pattern than the MedDiet

pattern, primarily due to increased seafood in the MedDiet pattern.

• All three patterns had similar water depletion impacts, with fruits and vegetables

as major contributors.

• For five of the six impacts, the Healthy vegetarian dietary pattern had 42–84%

lower burdens than both the Healthy US-style dietary pattern and MedDiet

pattern.

• Reliance on plant-based protein and eggs in the Healthy vegetarian dietary

pattern vs. emphasis on animal-based protein in the other patterns was a key

driver of differences.

(Continued)
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TABLE 3 | Continued

References Location Dietary scenarios Sustainability indicators Main findings

Ulaszewska et al. (36) Italy • MedDiet

• New Nordic Diet

• GHGs emissions • Consumption of high protein foods has a similar and comparable environmental

impact to fruit and vegetable consumption.

• Mediterranean Diet and New Nordic Diet had similar total values of

GHG emissions.

van Dooren et al. (37) Netherlands • MedDiet

• New Nordic Diet

• Optimized Low

Lands Diet

• GHGs emissions

• Land use

• Combined GHGE–LU

Score

• Health score

• An optimized Low Lands Diet has the same healthy nutritional characteristics

(Health Score 123) as the Mediterranean Diet (122) and results in a lower

environmental impact than the Mediterranean and New Nordic Diet (higher

Combined GHGE-LU Score 121 vs. 90 and 91).

• For optimized Low Lands Diet, GHGs emissions are 2.60 kg CO2eq per day

and land use are 2.86 m2*year per day, which are the best scores of all

diets analyzed.

• Vanham et al. (38) • 13 Mediterranean

cities (Dubrovnik,

Lyon, Athens,

Jerusalem, Genova,

Pisa, Bologna,

Reggio Emilia,

Ljubljana, Manresa,

Zaragoza, Ankara

and Istanbul)

• Healthy MedDiet

• Healthy

pesco-vegetarian

MedDiet

• Healthy

vegetarian MedDiet

• WF • Compared to reference situation, adoption of Healthy MedDiet (including

meat), leads to WF reductions of −19–43%. The Healthy pesco-vegetarian

MedDiet leads to WF reductions of −28–52%. The Healthy vegetarian

MedDiet leads to WF reductions of −30–53%.

Blas et al. (39) Spain and

United States

• MedDiet

• Typical American diet

• WF • American diet has a 29% higher WF in comparison with the MedDiet, regardless

of product’s origin.

• A shift to a Mediterranean diet would decrease the WF by 1,629 L/person/day

in the US. A shift toward an American diet in Spain will increase the WF by

1,504 L/person/day.

Pairotti et al. (40) Italy • MedDiet

• Italian average diet

• Healthy consumption

pattern

• Vegetarian

consumption pattern

• Cost

• Energy use

• CF

• When compared with the Italian average diet, the MedDiet revealed an

improvement in environmental performance of 95.75 MJ (2.44%) and 27.46 kg

CO2 equivalent (6.81%) per family.

• The best overall environmental performance can be found with the vegetarian

diet in which energy consumption is 3.14% lower and the carbon footprint

12.7% lower than the Italian average diet.

Rahmani et al. (41) Iran • Status-quo diet

• MedDiet

• WHO

recommendations

• WCRF recommendation

• Total changes in output

• Environmental load

• Compared to Sattus-quo diet, total changes in output in WHO, WCRF and

Mediterranean dietary scenarios were calculated to be 7010.1, 4802.8 and

3330.8 billion Rials respectively.

• The environmental load increased for three dietary scenarios in comparison

with the status-quo diet. The greatest and smallest environmental load

occurred in WHO and Mediterranean dietary scenarios respectively.

MedDiet, Mediterranean diet; SEAD, Southern European Atlantic diet; NAOS, Spanish dietary guidelines; WHO, World Health Organization; WCRF, World Cancer Research Fund; GHGs, Greenhouse Gases; WF, Water Footprint; CF,

Carbon Footprint; NRF9.3, Nutrient Rich Foods Index 9.3; NQI, Nutritional Quality Index; FF, Fullness FactorTM; GHGE-LU, Greenhouse Gases Emissions-Land Use.
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specific food categories that contributed the most to the global
warming potential. Similarly, Pairotti et al. (40) found that,
when compared with the Italian average diet, the MedDiet
revealed an improvement in energy use and in CF. Despite
that, compared to the Italian average diet, the best overall
environmental performance was found with the vegetarian
diet in which energy use was 3.14% lower and the CF was
12.7% lower.

Gonzalez-García et al. (33) found that MedDiet had
a lower CF and WF than SEAD and NAOS, the two
recommended healthy dietary patterns in Spain. The SEAD
presented the higher CF and WF explained by the greater
animal source food content present in that dietary pattern.
Belgacem et. al (31) compared three dietary scenarios and
found that a shift from the European or Western dietary
pattern to the MedDiet would lead to land and water savings,
reduction in GHGs emissions, and eutrophication potential.
Ulaszewska et al. (36) found comparable values of GHGs
emissions in the MedDiet and the New Nordic diet. On
the other hand, Rahmani et al. (41) observed that, in Iran,
changing from the status-quo diet to MedDiet would increase
the environmental load. Van Dooren et. al (37) noticed
that an optimized low lands diet would result in a lower
environmental impact (lower GHGs emissions, lower land
use, and higher combined GHGE-LU score) with similar
nutritional characteristics (measured by the health score) as
the MedDiet.

Gonzalez-García et al. (33) analyzed the economic
sustainability and, considering the isocaloric diets, the
MedDiet, SEAD, and NAOS presented approximately the
same cost. Pairotti et al. (40) indicated that MedDiet presented
approximately the same cost as that of the Italian average diet.

Mixed Studies
Out of the 28 articles included in this review, 4 analyzed
MedDiet sustainability based on the models of dietary patterns
or recommendations (dietary scenarios) in comparison with
the national food consumption surveys (42–45). Relevant
information from these articles is summarized in Table 4.

Studies were conducted in countries located in the
Mediterranean Basin and north of Europe; briefly, two studies
were conducted in Spain, one study in Italy, and one study in
the Netherlands. The identified studies were conducted between
2013 and 2019.

Dietary Patterns
All the studies compared MedDiet and other dietary patterns
or recommendations with dietary consumption data obtained
from national representative surveys. Apart from MedDiet,
dietary scenarios explored in these studies included the
Official “recommended” Dutch diet (43), the semi-vegetarian
diet (43), the vegetarian diet (43), the vegan diet (43), and
the Western dietary pattern (45). The dietary consumption
patterns, obtained from the national representative samples,
correspond to the Spanish dietary pattern (42, 45), the
Dutch diet (43), and the real consumption of the Italian
population (44).

Sustainability Indicators
Environmental sustainability indicators included WF (42, 44),
GHGs emissions (43, 45), land use (43, 45), CF (44), EF (44), and
WF (42, 44). One study used a combined GHGE-LU score (43).

Two studies included a health-nutrition indicator, the health
score (43), and the multidimensional nutritional analysis (42).
One study used an index that combines water use and nutritional
values, the nutritional-water productivity (42). One study
included the monetary cost (44).

Main Findings
MedDiet was consistently found to be a more sustainable option
when a mixed approach, using dietary scenarios and data from
food consumption surveys, was used.

Blas et al. (42) compared the WF of the Spanish dietary
consumption with the MedDiet and demonstrated that
a shift toward MedDiet would significantly reduce the
WF. Furthermore, MedDiet presents better nutritional-
water productivity than Spanish dietary consumption. The
environmental sustainability of the Spanish dietary consumption
was also compared with the sustainability of the adoption of a
MedDiet pattern and aWestern dietary pattern. Sáez-Almendros
et al. (45) reported that increasing the adherence to the MedDiet
pattern in Spain would reduce GHGs emissions, land use,
energy consumption, and water consumption while increasing
the adherence to a Western dietary pattern would increase all
the descriptors.

van Dooren et al. (43) studied the environmental and health-
nutrition sustainability of the Dutch diet and the other five
dietary scenarios. Vegetarian diet and the vegan diet were the
options with higher sustainability scores closely followed by
MedDiet, which was the dietary pattern with the higher health
score. MedDiet was considered, by the authors, the health focus
option with a high GHGE-LU score.

When comparing the sustainability of the dietary
consumption obtained through the Italian National Food
Consumption Survey INRAN-SCAI 2005–06 with MedDiet
recommendations, Germani et al. (44) showed that adherence
to MedDiet may produce a lower environmental impact than
the dietary consumption pattern of the Italian population.
Despite the lower environmental impact, it was also
shown that adherence to the MedDiet recommendations
would result in a slightly higher cost when compared
to the expenditure allocated to food by the Italian
population, which may dampen the economic sustainability
of MedDiet.

Proposals of Methodological Approaches
to Assess MedDiet Nutritional
Sustainability
Out of the 28 studies identified through our strategy, four
were proposals of methodological approaches to assess the
MedDiet nutritional sustainability. Two studies were proposals of
methodological approaches to assess the nutritional sustainability
of the MedDiet (46, 47), and two studies were methodological
proposals to assess the nutritional sustainability of MedDiet
typical agro-food (48, 49). The identified proposals were
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TABLE 4 | Summary of studies reporting MedDiet scenario sustainability vs. other scenarios or dietary consumption.

References Participants; n Location Dietary patterns Sustainability indicators Findings

Blas et al. (42) National representative

sample; n = 8,000

households

Spain • MedDiet

• Spanish dietary pattern

• Multidimensional nutritional analysis

• WF

• Nutritional-Water productivity

• Spanish dietary pattern has 3 times more meat-dairy-

sweet and 1/3 fewer fruits-vegetables than MedDiet.

• Due to the high embedded water content in animal

products, a shift toward a MedDiet would reduce the

consumptive WF about 750 l/capita day.

• MedDiet has better water-nutritional efficiency (NWP)

than the current one: it provides more energy, fiber,

and nutrients per liter of consumptive water.

van Dooren et al. (43) National representative

sample; (1–97 years); n

= 5,958

Netherlands • MedDiet

• Dutch diet

• Official “recommender” Dutch diet

• Semi-vegetarian diet

• Vegetarian diet

• Vegan diet

• Health score

• GHGs emissions

• Land use

• Combined GHGE–LU Score

• Consumption of meat, dairy products, extras, such as

snacks, sweets, pastries, and beverages, are largely

responsible for low Combined GHGE–LU Score and

simultaneously, these food groups contribute to low

health scores.

• The Mediterranean diet is generally the health focus

option with a high Combined GHGE–LU Score.

• Health and Combined GHGE–LU Score of all six diets

go largely hand in hand.

Germani et al. (44) National representative

sample; (0.1-97.7

years); n = 3,323

Italy • MedDiet

• INRAN-SCAI consumption

• CF

• EF

• WF

• Cost

• MedDiet produce a lower environmental impact than

the food consumption of the Italian population (CF, EF

and WF).

• The monthly expenditure of the MedDiet is slightly

higher in the overall budget compared to the

expenditure allocated to food by the Italian population.

Sáez-Almendros et al.

(45)

National representative

sample; n = 6,000

households

Spain • MedDiet

• Spanish dietary pattern

• Western dietary pattern

• GHGs emissions

• Land use

• Energy use

• Water use

• Increasing adherence to the MedDiet pattern in Spain

will reduce GHGs emissions (72%), land use (58%) and

energy consumption (52%), and to a lower extent water

consumption (33%).

• Adherence to a western dietary pattern implies an

increase in all the descriptors between 12 and 72%.

MedDiet, Mediterranean diet; INRAN-SCAI, Italian National Food Consumption Survey; WF, Water Footprint; NWP, Nutritional Water Productivity; GHGs, Greenhouse Gases; GHGE-LU, Greenhouse Gases Emissions-Land Use; CF,

Carbon Footprint; EF, Ecological Footprint.
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TABLE 5 | Summary of proposed methodological approaches to assess MedDiet sustainability.

References Sustainability indicators

Donini et al. (46) Biochemical characteristics of food

• Vegetable/animal protein consumption ratios

• Average dietary energy adequacy

• Dietary Energy Density Score

• Nutrient density of diet

Food Quality

• Fruit and vegetable consumption/intakes

• Dietary Diversity Score

Environment

• Food biodiversity composition and consumption

• Rate of Local/regional foods and seasonality

• Rate of eco-friendly food production and/or consumption

Lifestyle

• Physical activity/physical inactivity prevalence

• Adherence to the Mediterranean dietary pattern

Clinical Aspects

• Diet-related morbidity/mortality statistics

• Nutritional Anthropometry.

Dernini et al. (47) Nutrition and health

• Diet-related morbidity/mortality

• Fruit and vegetable consumption/intake

• Vegetable/animal protein consumption ratio

• Dietary energy supply/intakes

• Dietary diversity score

• Dietary energy density score

• Nutrient density/quality score

• Food biodiversity composition and consumption

• Nutritional anthropometry

• Physical activity prevalence

Environment

• Water footprint

• Carbon footprint

• Nitrogen footprint

• Biodiversity

Economy

• Food consumer price index: cereals, fruit, vegetables, fish and meat

• Cost of living index related to food expenditures: cereals, fruit, vegetables, fish and

meat

• Distribution of household expenditure per groups: food

• Food self-sufficiency: cereals, fruit and vegetables

• Intermediate consumption in the agricultural sector: nitrogen fertilizers

• Food losses and waste

Society and culture

• Proportion of meals consumed outside home

• Proportion of already prepared meals

• Consumption of traditional products (e.g., proportion of product under PDO

(Protected Designation of Origin) or similar recognized traditional foods)

• Proportion of mass media initiatives dedicated to the knowledge of food

background cultural value

published between 2013 and 2018. Relevant information is
summarized in Tables 5, 6.

Sustainability of Dietary Patterns
Dernini et al. (47) proposed a methodological approach to
assess the sustainability of dietary patterns using MedDiet as
a case study. The methodological approach was based on the
results of the participatory process, conducted in 2011 and
2012 by the International Centre for Advanced Mediterranean
Agronomic Studies-Mediterranean Agronomic Institute of Bari
(CIHEAM MAI-Bari) and FAO in collaboration with the
National Agency for New Technologies, Energy and Sustainable
Economic Development, Italy (ENEA), Italian National Research
Council (CNR), the National Institute for Research on Food and
Nutrition, Italy (INRAN), the International Interuniversity Study
Centre on Mediterranean Food Cultures (CIISCAM), Bioversity
International, andWorld Wildlife Fund for Nature, Italy (WWF-
Italy), in which the three dimensions of sustainability (economic,
social, and environmental) were added to nutrition and health.
Within these, four thematic areas were identified as sets of
sustainability indicators. The list of sustainability indicators for
each criterion that was established is reviewed in Table 5.

The sustainability indicators on the nutrition and health
thematic area included diet-related morbidity/mortality,
fruit and vegetable consumption/intake, vegetable/animal
protein consumption ratio, dietary energy supply/intakes,
dietary diversity score, dietary energy density score, nutrient
density/quality score, food biodiversity composition and
consumption, nutritional anthropometry, and physical
activity prevalence. On the environment thematic area, the

sustainability indicators aggregated WF, CF, nitrogen footprint,
and biodiversity. The set of sustainability indicators on the
economy thematic area were food consumer price index, cost
of living index related to food expenditures, distribution of
household expenditure per food group, food self-sufficiency,
intermediate consumption in the agricultural sector (nitrogen
fertilizers), and food losses and waste. Identified indicators in
the thematic area of society and culture were the proportion of
meals consumed outside the home, the proportion of already
prepared meals, consumption of traditional products (e.g., the
proportion of products under the protected designation of origin
or similar recognized traditional foods), and proportion of mass
media initiatives dedicated to the knowledge of food background
cultural value.

Later, in 2016, Donini et al. (46), in the sequence of the above-
mentioned work, identified, refined, and summarized some of the
most relevant nutritional indicators to measure the sustainability
of food consumption and dietary patterns using the MedDiet
as a case of study. Five main thematic areas were identified
and included biochemical characteristics of food, food quality,
environment, lifestyle, and clinical aspects. Among those areas,
13 nutrition indicators of sustainability were identified and
the definition, the methodology, the background, data sources,
limitations, and references for each indicator were provided.

Sustainability indicators proposed for the “biochemical
characteristics of food” thematic area were vegetable/animal
protein consumption ratios, average dietary energy adequacy,
dietary energy density score, and nutrient density of the
diet. For the “food quality” thematic area, the indicators
were fruit and vegetable consumption/intakes, and dietary
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TABLE 6 | Summary of proposed methodological approaches to assess the sustainability of MedDiet’s typical agro-food products.

References Sustainability indicators

Azzini et al. (48) Business distinctiveness of agro-food companies and

food safety

• Distinctiveness for agro-food companies

• Application of EU regulations, specific national laws, and

voluntary requirements.

• Primary production, marketing, and labeling

• Nutritional macro and micronutrient content regulated by

national and EU laws.

Foodstuffs: the healthy-nutritional sustainability

• Nutritional sustainability index

• Food specific nutritional indicators and their effects on

health (Critical nutrients/“bioactive compounds,” whose

concentrations are considered for calculating the

macro-indicator on the nutritional quality for each group of

foods. For details see original publication)

Capone et al. (49) Environmental criterion / indicators

• Land use and management

• Application of soil conservation practices

• Soil erosion protection

• Input of nitrogen fertilizers

• Input of plant protection products

• Use of agricultural machinery

• Biodiversity

• Crop diversity

• Number of farm animal species

• Tree plant density

• Herbaceous plant diversity

• Presence of cover crops

• Legume crop density

• Patch average area

• Semi-natural habitat surface

• Duration of rotation

• Diversity of varieties and animal breeds

• Varietal diversity

• Number of plant varieties threatened by genetic erosion

• Number of animal races (varieties)

• Number of animal races (varieties) threatened by genetic erosion

• Energy

• Energy intensity

• Climate change

• Final Energy consumption

• Mineral fertilizers consumption

• Pesticide consumption

• Lubricant consumption

• Plastic material consumption

• Use of off-farm animal feeds

• Use of chemical inputs

• Nitrogen consumption

• Use of total phosphorus pentoxide

• Use of fungicides

• Use of insecticides and acaricides

• Use of herbicides

• Environmentally sound management of production scraps,

by-products, and waste

• Method for management of production scraps, by-products,

and waste

Economic criterion / indicators

• Income level and stability

• Number of products and services produced by the farm

• Distribution of the turnover among different products and

services

• Heterogeneity or affinity of products and services supplied

• Index of commercial riskiness–suppliers

• Index of commercial riskiness–customers

Economic criterion / indicators (continued)

• Labor and employment

• Index of localization

• Investment

• Specific investment for the improvement of sustainability

performance

• Profitability and productivity of production factors

• Index of gross profitability per labor unit

• Rate of return on invested capital

• Enhancement rate

• Rate of return of family labor

Socio-cultural criterion / indicators

• Life quality and human well-being of chain actors & corporate

social and ethical responsibility

• Companie’s voluntary inclusion of social concerns in their

activities

• Women’s participation in business production and management

• Presence of women in business production and

management

• Social inclusion

• Presence of disadvantaged groups in agribusiness

• Relations with the local community

• Collaboration with the local community, local authorities, and

civil society

• Social capital of agribusinesses

• Promotion of local identity and transmission of traditional

knowledge to the new generations

• Activities other than agricultural production as a means for

promoting the cultural identity

• Preservation of traditions and local culture

• Inter generation transmission of traditional knowledge

• Workers’ training planning throughout the chain

• Workers’ training throughout the chain

• Implementation of training and foreign labor inclusion programs

• Inclusion and training of foreign workers

• Respect for animal welfare

• Application of measures of animal welfare

Nutrition-health criterion / indicators

• Healthiness and food safety

• Farm distinctiveness

• Nutritional quality of solid agro-food material

• Nutritional quality of liquid agro-food material

• Nutritional quality by food groups (Critical nutrients, whose

concentrations are considered for calculating the

macro-indicator on the nutritional quality for each group of

foods. For details see original publication)

diversity score. In the “environment” thematic area, the authors
proposed as sustainability indicators the food biodiversity
composition and consumption, rate of local/regional foods
and seasonality, and rate of eco-friendly food production

and/or consumption. Proposed indicators for “lifestyle” thematic
area were physical activity/physical inactivity prevalence, and
adherence to the Mediterranean dietary pattern; while for the
“clinical aspects” of the nutritional sustainability, the authors
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proposed the diet-related morbidity/mortality statistics and
nutritional anthropometry as indicators.

Nutritional Sustainability of MedDiet Typical

Agro-Food Products
A methodological approach to assess the environmental,
economic, socio-cultural, and health-nutrition sustainability of
Apulian agro-food products was proposed by Capone et al. (49)
in 2016.

Azzini et al., including the authors of the above-mentioned
study, the latter published a study (48) on the health-
nutrition dimension of the typical agro-food products.
Two main aspects of health-nutrition sustainability were
considered: (1) the business distinctiveness of agro-food
companies and food safety and (2) the nutritional quality
of foodstuffs. It is important to mention that this work
seems to be a refinement of the indicators identified in the
nutrition-health principle published in the work of Capone et
al. (49).

The proposed indicators for health-nutrition sustainability are
reviewed in Table 6. The business distinctiveness aspect refers
to farms/companies (company-based approach). It includes
indicators that are not specific to a single product and depend on
the whole management of the agro-food company. To evaluate
a company’s distinctiveness and food safety, the application
of different regulations and standards regarding food safety
together with statutory, regulatory, and voluntary requirements,
the origins of the raw materials used, and marketing and labeling
were considered.

The second aspect, the nutritional quality, refers to each
individual product (product-based approach). The nutritional
quality of products was assessed taking into consideration
their crucial nutrient content, these nutrients being specific
for each food product category/group. The selection criteria
for nutritional indicators in the nutritional quality aspect were
based on secondary data from scientific literature and other
relevant sources. The authors considered “bioactive compound”
biomarkers, present in foodstuff, in relation to their effect on the
health of individuals and groups.

DISCUSSION

This is the first scoping review of the methodological assessment
of MedDiet nutritional sustainability. A previous study (18)
systematically reviewed the studies on sustainable diets to
identify the components of sustainability that were measured
and the methods applied to do so. In this work, we reviewed
the scientific literature to identify the main components of the
nutritional sustainability of MedDiet and the methods that
have been applied to assess those components. The concept of
nutritional sustainability is broad and complex and encompasses
the three dimensions of sustainability, environmental,
economic, and socio-cultural, and also the health-nutrition
dimension (8).

Through our search strategy, we identified 28 articles; 24
studies exploring the dimensions of nutritional sustainability
of the MedDiet (22–45), and 4 proposing the methodological

approaches to assess the nutritional sustainability of MedDiet
(46, 47) or the sustainability of typical agro-foods of MedDiet
(48, 49). From the 24 studies exploring the sustainability of
MedDiet, none fully addressed the complexity of the four
dimensions of nutritional sustainability (environmental,
economic, socio-cultural, and health-nutrition). One of
the methodological proposals to assess the nutritional
sustainability of MedDiet (47) contemplated the four
dimensions of nutritional sustainability, as well as one of
the methodological proposals to assess the sustainability
of typical agro-foods of MedDiet (49). Nevertheless, no
study was identified, through our search strategy or through
the list of citing articles, applying those methodological
proposals. The remaining methodological proposals
(46, 48) were further characterizations of the health-
nutrition dimension of sustainability from the previously
mentioned studies.

From the research articles, several sustainability indicators
were identified. Most of the identified research articles reported
sustainability indicators pertaining to the environmental
dimension of nutritional sustainability (23–29, 31–45).
Six studies (22, 26, 33, 40, 41, 44) reported economic
sustainability indicators and six studies (26, 30, 34, 37, 42, 43)
reported the sustainability indicators of the health-nutrition
dimension of nutritional sustainability. Two studies used
indices that combined indicators from the environmental
and health-nutrition components of sustainability (26, 42).
No studies have reported indicators regarding the socio-
cultural dimension. These results are not surprising, due
to the large attention that the environmental dimension
of sustainability has received over time and are in line
with the results obtained in the systematic review of Jones
et al. (18) where environmental indicators were reported
in most of the identified studies; substantial less studies
reported economic sustainability indicators and indicators
of the socio-cultural dimension, such as the examination of
cultural heritage and skills, equity, and rights, were almost
entirely lacking.

Two of the leading threats to global health are climate change
and non-communicable diseases, both of which are inextricably
linked to diet (20, 50); in this sense, nutritional sustainability
goes along with the One Health concept where human,
animal, and the environmental health are intimately linked
(51). The One Health approach, by definition, encompasses
many fields, including, but not limited to, health, ecology,
agriculture and sustainability, economics, anthropology, and
the social sciences (52). All those disciplines are also included
in the assessment of nutritional sustainability. Assessing
the environmental dimension of sustainability is of utmost
importance. The emissions of the global food system (from
food production to consumption) are estimated to account
for 21–37% of total human-induced GHGs emissions, 70%
of freshwater use, increased eutrophication, and consumption
of 35% of ice-free land, and it is also the greatest cause of
deforestation and biodiversity loss, thereby contributing to the
detrimental effects on natural resources (19, 24, 53). Recently,
the report of the EAT-Lancet Commission on healthy diets
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from sustainable food systems (1) indicated that food systems
are the major driver of environmental degradation and further
food production should use no additional land, safeguard
existing biodiversity, reduce consumptive water use and manage
water responsibly, substantially reduce nitrogen and phosphorus
pollution, produce zero carbon dioxide emissions, and cause
no further increase in methane and nitrous oxide emissions.
Sustainability indicators to assess those recommendations were
found in the articles included in this review. Among the
indicators cited, the most used were related to global warming
potential (GHGs emissions and CF) (23–29, 31, 33, 35–37,
40, 41, 43–45), followed by water (25–29, 31–33, 35, 38, 39,
42, 44, 45), land (23, 25, 26, 29, 31, 35, 37, 43, 45), and
energy use (23, 25–29, 40, 45). Our findings are in line with
the previous studies where the global warming potential of
diets was by far the most commonly measured environmental
sustainability indicator, with land, energy, and water use also
frequently assessed (18). Considering the detrimental impacts
that food systems have on the environment, it is not surprising
to observe the abundance of those sustainability indicators
in the identified literature. Most of the studies used the life
cycle assessment (LCA) approach to obtain environmental
sustainability indicators. This finding is consistent with the
literature on the subject, where LCA is the most commonly
used approach (18–20, 54). Despite being the most commonly
used approach, LCA methodology is not free from limitations
(55), and other methodologies to assess sustainability, such
as the modeling approaches, integrated analytical frameworks,
and the proposed adaptive, participatory methods, have been
proposed (18).

From the environmental perspective, many of the identified
studies consistently found that MedDiet is a sustainable option
(25–31, 33, 38–40, 42–45). Nevertheless, some studies relying
on dietary consumption data or dietary scenarios reported that
in some cases, other dietary patterns had a similar or better
environmental performance (22, 25, 26, 28, 32, 34–37, 41), while
the mixed studies, based on dietary consumption and dietary
scenarios, indicated MedDiet as the most environmentally
friendly option (42–45). Studies examining the impact of foods
on environmental sustainability reported animal food sources
as the food category with the most deleterious environmental
effects (25, 34, 35). As previously mentioned, MedDiet is a dietary
pattern characterized by moderate consumption of eggs, poultry,
and dairy products (cheese and yogurt) and low consumption
of red meat (13, 14). Furthermore, in its present update, the
MedDiet pyramid reflectedmultiple environmental concerns and
strongly emphasizes a lower consumption of redmeat and bovine
dairy products (13, 56).

Six studies (22, 26, 33, 40, 41, 44) measured the cost associated
with the adherence to MedDiet as a measure of economic
sustainability. Those studies shed some light on the economic
tradeoffs of adhering to MedDiet. In two of the studies (26,
44), adherence to the MedDiet, compared to other patterns of
dietary consumption, was associated with a higher cost; yet,
in one study (33), it was proposed that isocaloric diets have
approximately the same cost. These results may be explained
by the different methodological approaches used in each study

but are most likely explained by the dietary patterns compared
to the MedDiet. The MedDiet was more expensive than the
Western dietary pattern and the Provegetarian dietary pattern
(26), slightly more expensive than the dietary consumption
of the Italian population (44); no significant differences were
observed between the MedDiet, the SEAD, and the NAOS (33).
Monetary cost is one of the key factors in food choice and it is
the main factor in shaping the consumer demand; therefore, it
will affect consumer preferences and options for a sustainable
dietary pattern (18, 57). Food prices condition the affordability
of sustainable diets. Low prices reduce the income of producers,
reduce their ability to invest, and may hinder the development of
a sustainable food system. From the sustainability point of view,
price is ambivalent; therefore, it is important to guarantee the
accessibility and affordability to food choices in order to ensure
economic sustainability but at the same time, the affordability
may have negative environmental impacts by not discouraging
food waste (58). In line with our findings, there is evidence
indicating that MedDiet is not necessarily associated with higher
overall dietary costs (59).

The health-nutrition dimension of nutritional sustainability
of MedDiet was assessed in six studies (26, 30, 34, 37, 42, 43).
Fresán et al. (26) used the advantage of a longitudinal study
to explore the time by which a rate of an outcome (death,
non-fatal cardio vascular disease (CVD) myocardial infarction
or stroke, non-fatal breast cancer, or type 2 diabetes mellitus,
whichever occurred first) is advanced or is postponed within
individuals exposed to different dietary patterns. The NRF9.3 and
NQI were also used to assess the diet quality in combination
with FF, to quantify the satiety response of food (34). van
Dooren et al. (37, 43) used a health score, that was composed
by the ratio between the consumption and the recommendations
for some food groups, nutrients, and energy. Regardless of
the methodological differences, MedDiet was associated with a
better performance in the health-nutrition dimension. MedDiet
has been consistently shown to be a healthy dietary pattern
that may reduce risk related to non-communicable diseases
(60); and therefore, adherence to the MedDiet or other healthy
dietary patterns may be associated with the sustainability of
healthcare systems.

The absence of exploration regarding the socio-cultural
dimension of sustainability in the identified literature is
particularly important, given the critical role of society and
culture in the MedDiet. The relevance of this dimension is
so clear that MedDiet was acknowledged by UNESCO as
an intangible cultural heritage (61). According to UNESCO,
MedDiet is a way of life that encompasses a set of skills,
knowledge, rituals, symbols, and traditions, ranging from
landscape to the table. Eating together is the foundation of
the cultural identity and continuity of communities throughout
the Mediterranean Basin. The MedDiet emphasizes values of
hospitality, neighborliness, intercultural dialogue and creativity,
and a way of life guided by respect for diversity (17). Despite
its increasing popularity worldwide, adherence to the MedDiet is
decreasing due to multifactorial influences, such as globalization,
population growth, and socio-economic changes. Food chain
modernization has increased productivity and resulted in a
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substantial transformation of lifestyles as a consequence of rising
incomes, urbanization, and changes in the agricultural and
food sectors. Those changes threaten seriously the transmission
and preservation of the MedDiet heritage to present and
future generations (17). Measuring the sustainability of the
socio-cultural dimension is paramount for the preservation
of MedDiet.

Six studies (23, 25, 26, 37, 42, 43, 51) combined indicators to
provide a “sustainability index.” Most of the studies combined
environmental indicators into environmental sustainability
indices (23, 25, 37, 43). Fresán et al. (26) designed an index that
gathered the impact of the daily diet on the analyzed aspects:
health, environmental footprints, and monetary costs. Blas et
al. (42) proposed the nutritional water productivity (NWP) that
links water and nutrition. The development of indices that
combine all the dimensions of nutritional sustainability may
facilitate its assessment and the comparability of different dietary
patterns or food products.

We did not identify studies that used methodological
approaches covering all the conceptual framework of nutritional
sustainability of MedDiet; instead, we identified studies that
assessed some dimensions of MedDiet nutritional sustainability.
Heterogeneity in the indicators used was found, particularly
in the environmental dimension. Studies on the economic and
health-nutrition dimensions are less frequent and absent in the
socio-cultural dimension. Our findings call for the development
of harmonized methodologies for the assessment of MedDiet
nutritional sustainability. Indeed, the methodological approach
proposed by Dernini et al. (47) identified indicators to assess the
sustainability of the four dimensions that should be considered.
Despite being comprehensive and complete, no indication is
given regarding the weight of each dimension or the indicator
for a sustainability score; although the authors mention that
the methodological approach requires to be tested and further
refined in a group of selectedMediterranean countries, indicating
that this is an ongoing work.

Traditional and typical agro-food products are at the core of
MedDiet (49). A typical agro-food product is characterized by
historical and cultural features and by physical attributes that
are deep-rooted to the territory of origin encompassing much
more than organoleptic qualities. In the last years, we have
observed a deep transformation in consumer perception and
in the demand for typical agro-food products. The retrieval of
typical and traditional foods represents an attempt to recover
the safety and social aspects of eating habits. To form positive
attitudes and expectations toward food, consumers need to be
assured and informed about the production and transformation
processes as well as about their origin and the symbolic values
they encompass (62). Typical agro-food products contribute
directly and indirectly to the sustainability of the MedDiet in
the Mediterranean basin (49). Considering those aspects, we
identified two works related to the sustainability of typical
agro-food products (48, 49). Capone et al. (49) proposed a
comprehensive approach to assess the sustainability of typical
agro-food products of the MedDiet. This methodological
proposal englobes all the dimensions of sustainability that
are explored in our study. The identified work of Azzini

et al. (48) seems to provide clarification to the health-
nutrition dimension mentioned in the work of Capone et
al. (49).

In this work, sustainability was assessed in the environmental,
economic, sociocultural, and health-nutrition dimensions.
Considering the included literature, environmental sustainability
was assessed and defined as the ability to use fewer resources
(23, 25–29, 31–33, 35, 37–40, 42–45) to produce less byproducts
(23–29, 31, 33–37, 40, 41, 43–45). Economic sustainability
was defined as the ability to promote economic growth (41)
or the accessibility to the consumers (22, 26, 33, 40, 44).
The Heath-nutrition dimension was defined as the capability
to provide adequate nutrition (30, 37, 42, 43), promote
health, and prevent disease (26). Despite not being assessed,
the socio-cultural dimension of sustainability encompasses
historical remains and values, local culture, and traditions;
therefore, it was defined as the ability to preserve them
(63). Nutritional sustainability is an umbrella term that can
take several meanings depending on the dimension that
is assessed.

Several considerations must be made regarding the findings of
this study. Most of the studies identified are from the countries
located in the Mediterranean basin and the remaining are
from Northern Europe and the United States. While it is not
surprising to find studies regarding MedDiet sustainability in
the countries of its origin, MedDiet is recommended worldwide
as a sustainable dietary option (64); therefore, studies on
other regions are needed. Comparisons are difficult due to the
heterogeneity of the indicators used in the identified studies
and no studies used a comprehensive approach that explores
nutritional sustainability in all dimensions. Harmonization is
essential for the comparison of results; yet, a significant degree
of flexibility is also needed to allow for the wide application
of an instrument to assess the nutritional sustainability of
diets or food products that are, by nature, dynamic. Identified
studies did not provide examples of approaches to combine
all the indicators of sustainability. Identified articles were
published between 2012 and 2021, highlighting the recent
interest in the subject. Despite a significant body of literature
that meets the inclusion criteria for this review, more work
is needed to establish a consensual approach to assess the
nutritional sustainability of MedDiet and to compare it with
other dietary patterns.

Our scoping review has some limitations. A search was
performed only in two electronic databases (Scopus and
PubMed); therefore, relevant works may have been missed.
Gray literature could be an informative source of evidence
to this study; however, the sizable amount of gray literature
in the field could have dumped the feasibility of the work.
The search strategy was broad enough to capture a significant
body of literature in the area, yet it is possible that studies
assessing the sustainability indicators but not mentioning the
word sustainability (or related words) have not been captured.

Our study reviewed for the first time the assessment of the
nutritional sustainability ofMedDiet. From a general perspective,
there is sufficient evidence to state that MedDiet is a nutritional
sustainable option. Methodological assessment of nutritional
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sustainability is challenging and involves multidisciplinary
approaches. To the best of our knowledge, no research has
been made assessing MedDiet in all the dimensions of the
complex concept, that is nutritional sustainability. In its
concept, nutritional sustainability is differentiated from other
concepts combining nutrition and sustainability; it does not
contradict with other similar concepts (sustainable diet and
sustainable food systems) but aggregates concepts from them.
MedDiet nutritional sustainability needs to attract sufficient
political attention and become a core priority in the shaping
of agriculture, food, and nutrition policies; for that, research
needs, in a comprehensive way, to reflect the complexity
of the nutritional sustainability concept. Integrating health
and nutrition, environmental, economic, and socio-cultural
considerations across scales and contexts can offer a more
complete understanding of the opportunities and barriers to
achieving nutritional sustainability not only in MedDiet but also
in other dietary patterns and food products.
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Diet quality is a critical determinant of human health and increasingly serves as

a key indicator for food system sustainability. However, data on diets are limited,

scattered, often project-dependent, and current data collection systems do not support

high-frequency or consistent data flows. We piloted in Rwanda a data collection system,

powered by the principles of citizen science, to acquire high frequency data on diets. The

system was deployed through an unstructured supplementary service data platform,

where respondents were invited to answer questions regarding their dietary intake.

By combining micro-incentives with a normative nudge, 9,726 responses have been

crowdsourced over 8 weeks of data collection. The cost per respondent was <$1

(system set-up, maintenance, and a small payment to respondents), with interactions

taking <15min. Exploratory analyses show that >70% of respondents consume tubers

and starchy vegetables, leafy vegetables, fruits, legumes, and wholegrains. Women

consumed better quality diets than male respondents, revealing a sex-based disparity

in diet quality. Similarly, younger respondents (age ≤24 years) consumed the lowest

quality diets, which may pose significant risks to their health and mental well-being.

Middle-income Rwandans were identified to have consumed the highest quality diets.

Long-term tracking of diet quality metrics could help flag populations and locations with

high probabilities of nutrition insecurity, in turn guiding relevant interventions to mitigate

associated health and social risks.

Keywords: citizen science, dietary patterns, digital data collection, USSD, Rwanda

INTRODUCTION

The triple burden of malnutrition: undernourishment, micronutrient deficiencies, and over
nutrition is a global challenge, with almost a billion people experiencing undernutrition and
a further 2 billion currently overweight (Global Nutrition Report Independent Expert Group,
2020). Malnutrition has been linked to a multitude of factors, including socio-economic
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(Reinhardt and Fanzo, 2014), with undernutrition often
associated with lower and middle-income countries and
overnutrition with high income countries. However, this
spectrum is increasingly blurred, with the different forms of
malnutrition now observable in the same country, household,
and even in the same person (Doak et al., 2000, 2005; Global
Nutrition Report Independent Expert Group, 2018).

In low-income countries, consumption of healthy foods is
in decline, with simultaneous increases in unhealthy foods
(Imamura et al., 2015). In lower-middle income countries
(LMICs), increased consumption of both healthy and unhealthy
foods has been observed (Imamura et al., 2015). These dynamic
patterns are in many cases the manifestation of nutrition
transitions, where wealthier and more urban individuals shift
towards consumption of processed, sweetened, and salted
foods (Popkin, 2015). In Africa, younger, increasingly urban,
and wealthier populations have experienced major nutrition
transitions over recent decades (Vorster et al., 2011; Steyn
and McHiza, 2014; Kinyonki et al., 2020). In Rwanda, for
example, 33% of the population remains undernourished
(National Institute of Statistics of Rwanda and ICF, 2020), with
nutritionally inadequate diets widely prevalent (Marivoet et al.,
2020; Arsenault and Olney, 2021). Like many other LMICs
however, nutrition transitions are evident in Rwanda, with
people moving away from traditional plant-based diets of leafy
vegetables, fruits, legumes, and grains. A consequence of such
a transition is that the population of overweight children is
larger than that suffering wasting (FAO, 2018; World Bank, 2019;
Kinyonki et al., 2020).

Global malnutrition and dietary transitions reinforce the
need to promote innovative and nutrition-focused food systems
(Gómez et al., 2013). To do so, Popkin et al. (2020) argue
that new ways of designing and targeting nutrition programmes
and policies are needed. These programmes would require
concerted efforts to improve the availability, access, frequency,
and quality of data on diets. Unfortunately, government and
non-government agencies in LMICs generally do not have data
collection systems needed for concerted high frequency data
collection (Tuffrey and Hall, 2016). When available, data on diets
are from small, fragmented, and temporally static samples and
globally modelled data diverge dependent on the source and
models used and are therefore limited in terms of actionability
for program design (Beal et al., 2021).

To address this, innovative systems and tools for dietary
data collection are required that provide basic functionality to
engage users, whilst having a back-end that can aggregate diet
data and generate insights about dietary patterns across groups.
Although diet quality tracking software are widely available
for smartphone users (e.g., Ferrara et al., 2019). Unfortunately,
similar applications are limited for simple phone (non-
smartphone) users, which dominate mobile phone ownership
outside of advanced economies (Pew Research Center, 2019).
Despite this, contextually sensitive technologies and methods
exist (e.g., unstructured supplementary service data, interactive
voice response, and computer assisted telephone interviews) to

generate a sustained and high-frequency data flow from crowd-
based data collection systems (Gibson et al., 2017; Lamanna
et al., 2019). The harmonisation of these data collection systems
with rapid and globally validated diet quality assessment tools
(e.g., Herforth et al., 2020a,b), could provide an opportunity
for developing and testing a system for high-frequency diet
tracking and rapid diet quality assessment. Construction and
testing of a crowd-based system constitutes an indispensable
and promising step towards robust data-driven policies and
interventions for food and nutrition security (e.g., Wells et al.,
2019).

We aim to develop a generic and widely applicable data
collection system that leverages on the application of citizen
science and digital tools for high frequency collection of
diet data. Specifically, we look to provide learning from
the development, testing, and application of this system in
Rwanda, whilst providing provisional results on the trends in
diet quality across Rwandan society. The goal of this system
being to generate a robust system that is easily adapted to
national dietary and technological conditions to generate insights
on diet quality to support evidenced-based policy making
and interventions.

METHODS

Study Area
The piloting of this system was conducted in Rwanda (Figure 1),
a Central African country of around 13 million people. The
Rwandan population is largely below 40 years old (National
Institute of Statistics Rwanda, 2021). In 2018, at least 17% of
the population experienced moderate or severe food insecurity
(National Institute of Statistics Rwanda, 2021). In 2016, 56%
of the population was living below the international poverty
line (National Institute of Statistics Rwanda, 2021), with median
household incomes of $2.57 (World Bank, 2021a). Mobile
phone penetration is high, with around 76 mobile phone
subscriptions per 100 inhabitants (Rwanda Utilities Regulatory
Authority, 2020), with 3G mobile network being accessible to
94% of the population (Rwanda Utilities Regulatory Authority,
2019).

Diet Quality Questionnaire
To generate insights on diet quality across Rwanda, we applied
the Diet Quality Questionnaire (DQ-Q) (Herforth et al., 2020a).
The DQ-Q is already being applied globally, with the Gallup
Polling organisation including it in diet module of their global
polling (Herforth et al., 2020b).

The DQ-Q captures consumption information for 26 food
groups (including both healthy and unhealthy food items) by
asking 29 binary questions. The DQ-Q requires respondents
to answer either “yes” or “no” to whether they consumed,
during the past 24 h, example food items presented in the
corresponding question. For more information on the DQ-Q and
its global application, please visit: https://www.globaldietquality.
org/.
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FIGURE 1 | Map of Rwanda. Rwandan districts and population density included for reference.

To make the DQ-Q contextually relevant to Rwanda, it was
adapted to national dietary conditions through identification
of recognisable and widely available food items for each food
group. To do this, we collaborated with the developers of
DQ-Q and local governmental authorities. The DQ-Q was
translated to Kinyarwanda (Rwanda’s official language). The
full questionnaire (in English and Kinyarwanda) is available in
Supplementary Material 1.

From the outputs of the DQ-Q, 12 indicators can be
generated. The indicators reflect global dietary recommendations
from international authorities (Table 1). These indicators
were validated by Herforth et al. (2020a) against equivalent
quantitative amounts to align with these global dietary
recommendations. The outputs of DQ-Q can also be aggregated
into three summary indicators (Global Dietary Recommendation
score, Global Dietary Recommendation—Healthy score, and
Global Dietary Recommendation—Limit score) which are
constructed through the presence of relevant food groups
(Table 1). For further information on the construction and
validation of the indicators see Herforth et al. (2020a).

Platform Design
We deployed the DQ-Q collection system using unstructured
supplementary service data (USSD). USSD is a free, text-based
protocol that allows for two-way exchanges of information
(up to 140 characters in Rwanda). The text-based nature of
USSD offers flexibility for deployment on both feature and
smartphones and deployment in (almost) any country with

mobile phone coverage. An example of the USSD-based DQ-Q
is shown in Figure 2. The system was developed and maintained
by the social enterprise VIAMO (www.viamo.io), who have
extensive background in developingmobile phone-based systems
in LMICs, including Rwanda.

Sampling
Potential respondents for the DQ-Qwere sourced from a toll-free
information service database (∗845#), maintained by VIAMO
in collaboration with MTN Rwanda (a telecommunications
company). The information service has been live for more than
4 years and provides information on agriculture, health, finance,
legal aid, nutrition, youth, news, and weather. It can be accessed
by all MTNRwanda customers who have 8 free calls to the service
each month.

The 845-service database contains prospective respondents’
mobile number, age, and sex. This information was collected
during a voluntary registration process for the service, not related
to this project. The information for more than 1.2 million verified
individuals (∼9% of the Rwandan population) are held in the
database, with around 80% consenting to be contacted for further
information or to participate in surveys. Respondents from all
districts (sub-national level—administrative level 2) of Rwanda
are present in the database.

To track spatial and temporal trends of diet quality, an initial
schedule of 28 weekly data collections was developed starting in
early August 2021. Data will be collected until February 2022.
A representative sample of ∼2,500 respondents for each weekly
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TABLE 1 | Diet quality questionnaire indicators.

Indicator WHO

dietary

recommendation*

Description Food group components Score

Fruits and vegetables >400 g Score based upon the presence of up to 6 fruit and vegetable

groups in diets

Dark green leafy vegetables

Vitamin-A rich orange-coloured vegetables,

roots, and tubers

Other vegetables

Vitamin A-rich fruits

Citrus fruits

Other fruits

0–6

Dietary fibre >25 g Score based upon the presence of 9 food groups rich in dietary

fibre

Dark green leafy vegetables

Vitamin-A rich orange-coloured vegetables,

roots, and tubers

Other vegetables

Vitamin A-rich fruits

Citrus fruits

Other fruits

Legumes (double weighted)

Nuts and seeds

Whole grains

0–10

Free sugars <10% total energy Score based upon presence of up to 6 groups of sugary foods Sodas

Baked grains

Other sweets

Fruit drinks

Sweetened drinks

0–5

Saturated fat <10% total energy Score based upon presence of 5 food groups rich in saturated

fats in diets

Cheese and yoghurt

Processed meat (double weighted)

Unprocessed red meat

Other sweets

Fast food Milk

0–6

Total fat <30% total energy Score based upon presence of 7 food groups rich in fat Cheese and yoghurt

Processed meat

Unprocessed red meat

Deep-fried food

Fast food

Packaged salty snacks

Other sweets

0–7

Legumes >0 g Scored based upon the presence of legumes in diets Legumes 0–1

Nuts and seeds >0 g Scored based upon the presence of nuts and seeds in diets Nuts and seeds 0–1

Whole grains >0 g Scored based upon the presence of whole grains in diets Whole grains 0–1

Processed meat 0 g Scored based upon the presence of processed meats in diets Processed meat 0–1

Global dietary

recommendation—

healthy

(GDR-healthy)

- A cumulative score, based upon presence food groups that

make up 5 global recommendations for consumption of healthy

foods

Dark green leafy vegetables

Vitamin-A rich orange-coloured vegetables,

roots, and tubers

Other vegetables

Vitamin A-rich fruits

Citrus fruits

Other fruits

Legumes

Nuts and Seeds

Whole grains

0–+9

Global dietary

recommendation—

limit

(GDR-limit)

- A cumulative score, based upon presence food groups that

make up 6 global recommendations for consumption of foods

to be limited

Sodas

Baked grains

Other sweets

Processed meat (double weighted)

Unprocessed red meat

Deep-fried foods

Fast food

Packaged Salty snacks

−9–0

Global dietary

recommendation

(GDR-score):

- Sum of the GDR-limit score subtracted from the GDR-Healthy

score

- −9 to +9

*See Herforth et al. (2020a).
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FIGURE 2 | Diet quality questionnaire presented via.

data collection was calculated (confidence interval of 1.96 and
confidence limits of 95%). However, due to budget limitations,
this was reduced to 1,800 individuals. Our experience of similar
USSD-based surveys (e.g., Adewopo et al., 2021) has shown
that most contacted individuals will not perform the survey,
with response rates around 20% (Solano-Hermosilla et al., 2020).
To address this and secure a representative sample, per data
collection moment, 10,000 individuals were contacted in each
weekly data collection moment.

To ensure sex-balanced responses, a 50-50 split in
responses was programmed. This meant that once 50%
of the required respondents were received to be male
or female, no further submissions from that sex group
could be submitted. To ensure spatially distributed and
representative responses, we implemented a population-
based weighting of respondents. To do this, the DQ-Q was
sent proportionally to individuals in each district, based
upon the population of that district, relative to the national.
Once the required number of responses from each district
was submitted, no further submissions from that district
were accepted.

The contacted cohort of 10,000 individuals was randomly
selected per week, considering the following requirements:
(i) respondents provided consent to be contacted; and (ii)
respondents provided information on their sex and district when
consenting to be contacted by the 845 service. Although there
is the possibility that potential respondents may be shortlisted
multiple times for the sample cohort, we do not track the same
individuals intentionally. In this pilot, we are only looking to gain
insights on diet quality metrics at an administrative aggregate
level. Future iterations could easily track diet quality for the same
individuals across time.

Submissions
The sample cohort of potential respondents were sent a
preliminary information message via Short Message Service
(SMS). This message informs the cohort to respond if they
would like to perform the DQ-Q survey. Participants then have
7 days to respond to the questionnaire, with data collection
opening on Monday morning and closing on Sunday evening.
Reminder messages are sent daily to those participants who
respond positively to the initial message, but do not complete the
survey. Respondents can drop-in and out of the survey with their
responses saved. Before submitting, respondents are required to
provide their sector (sub district administrative unit) and their
economic group. The Rwandan government implements a social
stratification of households, classifying across five categories (A-
E), based upon income and asset ownership (Table 2).

A submission was only finalised when respondents answered
all questions. Once the required number of respondents was
achieved in each location and for each sex, submission of
the questionnaire was no longer available. However, because
USSD allows concurrent submissions, there is the possibility of
exceeding the required sample—usually between 1 and 10 as the
system will only close for new respondents, respondents already
in the process of responding can continue till the end.

Data collection started on the 9th of August 2021 (Week 1),
with results for the first 8 weeks (27th September 2021—Week 8)
presented. Data collection continues until early February 2022.

Micro-Reward Incentives
To encourage engagement, we provided meagre, yet non-
promissory, reward incentives in the form of airtime. Each
respondent who fully completed the questionnaire received
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TABLE 2 | Description of economic categories defined by the Rwandan

government.

Economic category Household income

(USD/month)

Land owned (hectares)

A >600 >10 rural or

>1 urban

B 65–600 1–10 rural or

0.03–1 urban

C 45–65 0.5–1 rural

0.01–0.03 urban

D <45 <0.5 rural

<0.01 urban

E No income due to

age, disability, or

disease

No assets

250RWF (∼0.25 USD) of airtime, sent via a digital and
traceable payment platform. This incentive was sent en masse
to all completed respondents on the Monday following
their submission.

Data Processing and Analysis
An automated process of data curation, metric calculation, and
visualisation was implemented using R (R Core Team, 2021).

Ethical and Institutional Approval
Approval for the data collection was received from the Rwanda
National Ethics Committee (740/RNEC/2021) and the National
Institute of Statistics of Rwanda (2058/2021/10/NISR), based on
extensive review of the substance and merits of the innovation to
support initiatives and policy-action.

RESULTS

Data Flows
The data collection system went live in early August 2021, with
8 weekly data collection moments so far completed. Within
this period, 80,000 Rwandans were contacted, with 12,821
unique interactions recorded with the system (Figure 3A). The
interaction rate fluctuated between 17 and 18%, excluding the
early weeks of the project (Figure 3B). The completion rate,
where interactions are submitted to the system, fluctuated
between 60 and 90% (Figure 3D) with 9,726 submissions
collected (Figure 3C). Completion of the survey took around
13min (Figure 3E), with the most active day for submissions
being the day of the first SMS message sent per data collection
moment- Monday (Figure 3F). Subsequent daily reminders to
respondents yielded diminishing returns of responses.

Through preliminary data curation and analyses, we noted
that a significant minority of respondents were trying to “game”
the system, where individuals answer yes to all questions. We
found that around 100 individuals each week were reporting in
this manner. Although individuals may eat food items from 26
food groups, we assumed this unlikely and that these respondents
were responding yes to complete the survey rapidly and receive
the payment. To address this, we added a warning at the

start of the survey announcing abnormal responses would not
be accepted.

Respondent Distribution
Basic respondent information is provided in Table 3. The
collected data shows a slight female bias, females (50.22%) and
males (49.78%). The distribution of respondents’ ages was found
to be skewed towards younger individuals, with ∼70% (6,773)
under the age of 24, with only 6% (581) over 44. The economic
grouping of respondents shows a normal distribution, with 85%
of respondents coming from the middle-income groupings. The
poorest economic grouping only represents 3% of responses.

Common Foods Items
In Figure 4, the presence of food groups in respondents’ diets
are displayed. The results suggest a core set of food groups:
other vegetables (e.g., tomato, cabbage, and aubergine), tubers
and starchy vegetables (e.g., potato, cassava, and plantain), dark
green leafy vegetables (e.g., green amaranth, cassava leaves, and
pumpkin leaves), other fruits (e.g., banana, watermelon, and
pineapple), and legumes (e.g., beans and peas). These ubiquitous
food groups were consumed by at least 70% of respondents.
Invariably, these groups co-occurred in respondents’ diets too
(Supplementary Figure S1).

Diet Quality Metrics
To reduce the length of the Results section, we present
only the results for the summary indicators from Table 1:
Global Dietary Recommendation Score (GDR); Global
Dietary Recommendation Healthy Score (GDR-Healthy);
and Global Dietary Recommendation Limit Score (GDR-
Limit). The results for the other 9 indicators (e.g., fruits
and vegetables, dietary fibre, free sugars, and saturated) are
presented in Supplementary Figures S2–S4. We disaggregate
the results for the three focus diet quality metrics across
sex, age, economic group (Table 3, Figure 5), and location
(Figure 6). The preliminary results demonstrate that Rwandan
female respondents have marginally better GDR scores (3.19),
compared to their male counterparts (3.05) (Table 3, Figure 5A).
Interestingly, Rwandan women were noted to have higher
GDR-healthy (Figure 5B) and GDR-Limit (Figure 5C) scores.
Deriving temporal trends from such a short time series is
difficult, but nascent temporal fluctuations in both the healthy
and limit metrics are apparent, with both peaking between Week
5-6 (mid-September 2021).

We observed that younger respondents (<24) had the lowest
GDR scores of all respondents (2.84 and 3.12—Table 3). As
respondents get older their diet quality (GDR score) improves,
with some weekly exceptions (Figure 5D). The diet quality of
the younger respondents was limited by their high consumption
of food items that should be limited (2.65 and 2.51; Table 3),
far higher than other age groups who had GDR-Limit scores
of <2 (Figure 5F). In contrast, elder groups were observed to
have consistently lower GDR-Healthy scores (Figure 5E), with
the eldest age group having average GDR-Healthy scores of 5.06,
notably lower than the youngest group (5.50; Table 3).
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FIGURE 3 | Digital survey insights. (A) Total number of respondents per week of data collection. (B) Percentage of respondents who interacted with the survey

following initial push messages. (C) Total number of completed submissions per week of data collection. (D) Percentage of respondents who completed the survey

after starting an interaction. (E) Average time (in minutes) taken by respondents to complete the survey. (F) Number of unique responses per day across all data

collection weeks.

The relationship between economic category and diet
quality highlights that individuals in the extreme categories
are those with the lowest diet quality (Table 3). Individuals
from the wealthiest category had especially low diet quality
with a GDR score of 2.92, with individuals from the
poorest category only having marginally better scores of
3.04. This pattern holds largely true throughout the data
collection (Figure 5G). These GDR scores can be explained by
wealthier individuals eating moderate levels of healthier foods
(Figure 5H), but some of the highest amounts of unhealthy
foods (Figure 5I). Individuals with the best diet quality were
found in category D, with an average GDR Score of 3.22
(Table 3).

In Figure 6, we map the mean GDR, GDR-Healthy, and
GDR-Limit scores by district. These maps reflect the scores

for all respondents from within each district. We found that
the urban districts with the highest population densities (see
Figure 1) are associated with the lowest GDR Score. Respondents
in these locations also had the highest GDR-Healthy and GDR-
Limit scores. Rural, less densely populated areas were found
to have notably lower healthy and limit scores, for example in
northeastern and southern Rwanda.

DISCUSSION

Understanding diet quality across socio-economic groupings,

location, and time is critical to guide policy decisions and
nutrition interventions to support health outcomes. Popkin et al.
(2020) suggest that this requires innovative systems and tools
to generate insights about diet quality across domains. We have
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TABLE 3 | Summary of respondents by group.

Respondents (No.) Percentage GDR- score

(mean ± SD)

GDR- healthy score

(mean ± SD)

GDR- limit score

(mean ± SD)

Total 9,726 100

Gender

Female 4,844 50.22 3.19 (2.13) 5.56 (2.20) 2.37 (2.04)

Male 4,842 49.78 3.05 (2.16) 5.39 (2.21) 2.34 (2.04)

Age range

18 or under 2,143 22.03 2.84 (2.18) 5.50 (2.18) 2.65 (2.12)

18–24 4,630 47.60 3.12 (2.14) 5.64 (2.14) 2.51 (2.02)

25–34 1,399 14.38 3.28 (2.13) 5.23 (2.30) 1.94 (1.89)

34–44 973 10.00 3.41 (2.08) 5.23 (2.33) 1.82 (1.91)

Over 44 581 5.97 3.20 (2.13) 5.06 (2.25) 1.86 (1.99)

Economic category*

A 1,113 11.44 2.92 (2.16) 5.35 (2.36) 2.43 (2.12)

B 2,239 23.02 3.10 (2.23) 5.69 (2.15) 2.59 (2.06)

C 4,297 44.18 3.14 (2.15) 5.61 (2.12) 2.47 (2.04)

D 1,787 18.37 3.22 (2.05) 5.01 (2.28) 1.79 (1.87)

E 290 2.98 3.04 (1.89) 5.04 (2.34) 2.00 (1.99)

Mean results for the Global Dietary Recommendation Score, Global Dietary Recommendation- Healthy Score, and Global Dietary Recommendation- Limit Score are also included per

group, with standard deviations provided.

*See Table 2.

FIGURE 4 | Frequency of presence of food groups in Rwandan respondents’ diets. Food groups are derived from the Diet Quality Questionnaire.

developed and tested a data collection system that crowdsources
diet quality information from across Rwanda. Leveraging digital
tools, we have directly engaged across socio-economic strata, age
groups, and location for equitable representation of Rwandan

diet quality realities in near real-time. The tool and approach
reinforce the utility and benefits of digital data collection and
crowd engagement and could be easily adapted to other national
contexts.
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FIGURE 5 | Temporal patterns of diet quality across sex, age, and economic groups. (A) GDR Score across sexes. (B) GDR-Healthy Score across sexes. (C)

GDR-Limit Score across sexes. (D) GDR Score across age groups. (E) GDR-Healthy Score across age groups. (F) GDR-Limit Score across age groups. (G) GDR

Score across economic categories. (H) GDR-Healthy Score across economic categories. (I) GDR-Limit Score across economic categories.

FIGURE 6 | Geographic distribution of the diet quality metrics.

Provisional Learning From a Crowd-Based
Data Collection System
Developing this novel data collection system reinforced both
the benefits of digital data collection and, consistent with other
researchers, its shortfalls (e.g., Trucano, 2014; Lamanna et al.,
2019). One of the greatest benefits is that digital data collection
can be highly cost-efficient (Zeug et al., 2017; Adewopo et al.,
2021). Preliminary estimates place our cost per respondent at
around $1, with this cost largely associated with the system set-
up and maintenance, with the incentive payment making up a

small portion of the cost. There remains considerable scope for
further cost-efficiencies as the system matures and automates,

reducing the cost of each data collection moment. In contrast,

an identical, but in-person application of the survey in Rwanda
had a per respondent cost of $33 (staff costs, travel, car rental,

and fuel). Further, the digital survey was more efficient in terms

of time per response, taking around 15min, compared to almost

an hour for in-person application.
As noted in the results, we identified a small (<100/week),

but not insignificant, cohort of respondents who were suspected
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of taking advantage of the simplicity of the system to
receive the incentive by providing a convenient response
of “yes” to all questions. These respondents were excluded
from further consideration in the data analyses. Similar
instances of suspected gaming/hacking have been reported in
other crowd-based data collection efforts (Solano-Hermosilla
et al., 2020). To mitigate this challenge, warning messages
were sent to respondents whose submissions were flagged as
suspicious. Based on the consideration that it is unrealistic
that a person would have consumed 80% (or more) of
the food classes within a 24-hr period, submissions that
showed response of “yes” to more than 80% of questions
were excluded. This brings one of the major concerns
about digital data collection into focus, the trustworthiness
of the data. This is a subject of ongoing discourse in
recent literature (Adewopo et al., 2021). Crowdsourced data
can be susceptible to errors and bias due to absence of
direct control or verification of each datapoint at the time
and location of submission. This may be linked to various
factors including the clarity of questions or data required
and personality/profile of the respondents (including candour,
educational level, perception, age, and mental retention/recall).
Yet, the advantages of crowdsourced data systems usually
outweigh these limitations, especially considering the volume of
data that are often generated, with little or no direct contact
with respondents. According to Solano-Hermosilla et al. (2020),
the robustness of acquired data provides strong leverage for
high-precision data filtering which allows noisy errors to be
filtered out prior to detailed data analysis, and to generate
meaningful insights.

We also experienced lower response rates (18%), compared
to previous similar data collection data where the response
rate (or crowd engagement) hovered around 20% (Solano-
Hermosilla et al., 2020). In this initial set-up and deployment,
it is uncertain if the initial messaging to respondents could have
significantly influenced the response rate or participation. One
way to address this in future iterations would be to implement
A/B testing, where sub-groups are provided different information
(e.g., opening messages) or offered different incentives for
completion. Previous examples of this testing mechanism have
yielded results and improved the targeting and efficiencies
of projects (e.g., Katmada et al., 2011; Arriagada et al.,
2021).

Another issue is the representativeness of the data
collected. Although sex and location-based weighting was
applied to the sampling, our results are largely skewed
towards younger, middle-income respondents. Although
Rwandan society (and the 845# dataset) is dominated
by individuals under the age of 40 (National Institute of
Statistics Rwanda, 2021), our respondents appear to be an
extreme reflection of the younger population in Rwanda.
The demographics of Rwandan society are not truly reflected
in our results, where more than 84% of respondents are
below 34. The age-based skew is somewhat consistent with
other similar studies (e.g., Dabalen et al., 2016), where
older respondents were noted to be less likely to respond.
We also found that respondents were normally distributed

across the 5 economic classes, consistent with the findings of
Dabalen et al. (2016).

We view these early problems as a learning curve and provide
an exercise in improving the user experience and functionality
of the system, rather than being a reflection of any fundamental
flaws in crowd-based data collection. This learning can be used to
develop and improve protocols for citizen-led, digital tool-based
approaches for data collection in Rwanda and beyond.

Diet Quality in Rwanda
From the initial data collection a number of diet quality patterns
were observed. The dietary composition of a “traditional”
Rwandan diet emerged, with the virtual ubiquity (>70% of
responses) of tubers and starchy vegetables, leafy vegetables,
fruits, legumes, and wholegrains in respondents’ diets. The
consumption of these food items is independent of gender,
location, age, or economic grouping, suggesting an almost
exclusively healthy core to Rwandan diets. These findings are
consistent with the findings of the Global Nutrition Report
Independent Expert Group (2020), which found relatively high
consumption of fruits and legumes in Rwandan diets. In contrast,
we found far lower prevalence of processed meat, fatty foods,
and higher prevalence of vegetables (Global Nutrition Report
Independent Expert Group, 2020). We also note that dairy
(excluding milk) products, processed meats, and fast foods were
the least consumed food items. However, their consumption
was observed to be high in younger, wealthier individuals,
conforming with findings in other LMICs (e.g., Li et al., 2020).

In general, Rwandan female respondents consumed better
quality diets than male respondents. Female respondents were
also observed to consume a greater diversity of both healthy
and unhealthy food items, consistent with global studies (e.g.,
Imamura et al., 2015). However, female Rwandan respondents
diverge from their counterparts in other countries, who were
found to consume less unhealthy food items than men (Imamura
et al., 2015; Abassi et al., 2019; Darling et al., 2020).

We also note that diet quality improved with age, aligning
with both Imamura et al. (2015) and Andrade et al. (2016).
Respondents under the age of 24 were observed to have the
lowest quality diets. Poor diet quality is widespread in adolescents
(Akseer et al., 2017), driving alarming levels of obesity (WHO,
2021), and micronutrient deficiencies (Akseer et al., 2017).
The impacts of low diet quality in early life have been well-
documented to have considerable health, mental well-being, and
life opportunity implications (e.g., Florence et al., 2008; UNICEF,
2019).

The curvilinear relationship of economic status and diet
quality demonstrates that both economic extremes suffer from
poor diet quality. These results reflect observed global dietary
and nutritional transitions, where individuals become wealthier,
shifts towards consumption of processed, sweetened, and salted
food stuffs are noted (Popkin, 2015). In a recent global study,
Popkin et al. (2020) observed that higher-wealth individuals have
seen the greatest increases in obesity and overweight individuals
in sub-SaharanAfrica. These economic trends have been found to
co-occur with geographical transitions, where urban populations
move away from traditional diets (Steyn and McHiza, 2014).
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Although we found that, generally, urban respondents consume
higher amounts of healthy foods, their overall diet quality tends
to be worse than rural respondents.

These early results reflect the dietary realities and point
towards an underlying transition that may already be underway
in Rwanda, evidenced by increased prevalence of childhood
and adolescent obesity (Global Nutrition Report Independent
Expert Group, 2020; Kinyonki et al., 2020). With Rwanda
having one the fastest growing global economies (pre-COVID)
(World Bank, 2021b), the country may be primed for continued
reductions in diet quality, continued malnutrition issues, and
increased prevalence of associated non-communicable diseases
(GBD 2016 Risk Factors Collaborators, 2017; Marivoet et al.,
2020). However, Rwanda has repeatedly demonstrated itself
as being an enabling environment for pioneering data-driven
decision-making to support healthy diets (Wagenaar et al., 2017).
Implementation of long-term tracking of diet quality metrics, as
outlined here, could help flag populations and locations with low
diet quality and potential malnutrition implications to guide the
allocation of resources for effective intervention. The information
generated from this novel data collection system feed a dashboard
(https://www.dietqualitymap.org) providing in [near] real time
information on diet quality across Rwanda.

Next Steps
As data collection continues, we endeavour to identify
mechanisms for improving efficiencies in the system. Envisioned
content improvements include the deployment of a feedback
system, where respondents become the recipients of tailored
feedback to improve diet quality. This would represent a notable
innovation in this field allowing respondents to be both data
suppliers and information recipients. A powerful outcome of
such improvements would be quantifying the extent to which
dietary-based messaging can improve diet quality.

The use of the Diet Quality Questionnaire provided a
validated, easy to use, and agile survey. Beyond this, its
application also allows for comparison with results from a wider
body of research, with the DQ-Q currently deployed across
∼50 countries (Herforth et al., 2020b). Our implementation
of the DQ-Q represents its first high frequency application
and offers an invaluable opportunity to position our highly
resolved (spatially and temporally) data for Rwanda, whilst
simultaneously providing a learning opportunity for other
researchers/ organisations wishing to implement similar high
frequency data collection.

We will also look to contextualise our results with those of
other high frequency data collections, like that of the World
Food Programme’sWorld Hunger Map [World Food Programme
(WFP), 2021]. The aim of which being to identify if any
linkages between patterns of diet quality and malnutrition can
be identified for Rwanda. Our work will further explore how
socio-economic, geographic, and market factors contribute to
diet quality.

Wewill also investigate if any relationship between diet quality
and weather conditions can be observed from high frequency
weather data (Funk et al., 2015; Verdin et al., 2020). We hope

to identify potential weather-based shocks and ascertain how, if
at all, these affect regional and national diet quality.

Finally, we demonstrate how an agile and adaptable data
collection system can be deployed for high frequency diet quality
data collection, at minimal cost. We believe the developed
system could easily be adapted to the dietary and technological
contexts of other countries and are investigating potential
opportunities to scale activities into neighbouring countries in
Central-East Africa.

CONCLUSIONS

Innovation for food system development transcends the
optimisation of on-farm production or prevention of post-
harvest losses. It must also focus on consumers. Understanding
and tracking diet quality is critical to guide decisions and support
health outcomes. We have developed and tested an innovative
system that leverages digital tools to directly crowdsource diet
quality information from across Rwandan society. In collecting
dietary information from 9,726 Rwandans in 8 weeks, we
demonstrate the benefits of crowd-based systems deployed on
digital tools for high frequency data collection, at a reasonable
cost. Our preliminary results conform to dietary realities in
other LMICs. We observed that female, older, and middle-
income Rwandans tend to have better quality diets. The outputs
also point towards nascent dietary transitions across groups.
These basic insights will be complemented with further data
collection, more complex analytics, and contextualisation within
global studies. The sustained data flow from the system set-
up constitutes an indispensable, scalable, and promising step
towards robust data-driven policies and interventions for food
security in LMICs. These advances are invaluable to researchers,
policy-makers, and development actors who are interested in
addressing diet quality and nutrition security at the most critical
location(s) and time.
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Background: Antioxidant micronutrients represent an important therapeutic option for

the treatment of oxidative stress-associated cardiovascular diseases (CVDs). However,

few studies have evaluated the relationship between the levels of multiple dietary

antioxidants and CVDs.

Objective: The study therefore aimed to evaluate associations between dietary

antioxidants and total and specific CVDs among a nationally representative sample of

adults in the US.

Design: In total, 39,757 adults (>20 years) were included in this cross-sectional study

from the 2005–2018 National Health and Nutrition Examination Survey. We analyzed

dietary recall of 11 antioxidant micronutrients in this population. Multivariate logistic and

weighted quantile sum (WQS) regression were both applied to examine the relationships

between these antioxidants, alone and in combination, with the prevalence of all CVDs

and specific CVDs. The linearity of these correlations was also explored using restricted

cubic spline (RCS) regression.

Results: Multivariate logistic models showed that, compared with the lowest quartile,

the levels of 11 antioxidants in the highest quartile were independently associated with

decreased total CVD (all P < 0.05). The WQS index showed that, when considered

together, the 11 micronutrients were negatively correlated with total CVD (P < 0.001)

and five specific CVDs (all P < 0.05), and selenium had the strongest association (weight

= 0.219) with total CVD. Moreover, the RCS model demonstrated that iron, zinc and

copper were all negatively and non-linearly correlated with total CVD, while the eight

other micronutrients had non-significant, linear, negative relationships with total CVD (P

for non-linearity >0.05). A piecewise binary logistic regression analysis showed that the

inflection points in the relationships between CVD and iron, zinc and copper were 7.71,

6.61, and 0.74 mg/day, respectively.

99

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2021.799095
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2021.799095&domain=pdf&date_stamp=2022-01-12
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:xinli3267@njmu.edu.cn
mailto:haifeng_zhang@163.com
https://doi.org/10.3389/fnut.2021.799095
https://www.frontiersin.org/articles/10.3389/fnut.2021.799095/full


Yin et al. Antioxidant Micronutrients and Cardiovascular Disease

Conclusions: Our findings suggested that high levels of combined dietary antioxidant

micronutrients are associated with decreased prevalence of CVDs, and that selenium

has the greatest contribution to this association.

Keywords: antioxidant micronutrients, dietary nutrient intake, cardiovascular disease, disease nutrition

interaction, weight quantile sum, restricted cubic spline, US adults

HIGHLIGHTS

- We analyzed 11 dietary antioxidant micronutrients in
collaboration with total cardiovascular disease (CVD)
and specific CVDs in a nationally representative
United States population.

- Dietary intake of 11 antioxidant micronutrients were
independently associated with decreased odds of total CVD
and specific CVDs.

- Weighted quantile sum (WQS) analysis showed that, when
considered together, the 11 antioxidants were negatively
associated with the odds of total CVD and specific CVDs; of
all components, selenium was most strongly associated with
total CVD.

- Iron, zinc and copper were all non-linearly, negatively
correlated with total CVD; inflection points were at 7.71, 6.61,
and 0.74 mg/day, respectively.

INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death and
disability in both developed and developing countries, and has
become a serious public health problem (1, 2). Numerous studies
have been published on CVD risk factors in recent decades; these
have established that aging, smoking, obesity, cholesterol levels,
poor dietary habits, educational level, blood pressure, diabetes,
and genetics, all affect risk (3). At-risk populations would benefit
from the effective management of these risk factors. Strikingly,
43.9% of the US adult population is still projected to have some
form of CVD by 2030 (4). Epidemiological studies have also
shown that 75% of pre-mature CVDs are preventable through
early intervention (5). A more comprehensive understanding of
CVD etiology and its underlying mechanisms remain a priority.

Oxidative stress plays an important role in the progression
of various CVDs, including atherosclerosis, heart failure, cardiac
arrhythmia, and ischemia-reperfusion injury (6, 7). Increased
oxidative stress canmodify DNA and proteins, induce subcellular
remodeling and Ca2+-handling abnormalities, and lead to
functional hypoxia and disordered metabolism; this can result in
cellular inflammation and programmed cell death, necrosis, and
fibrosis, which are tightly regulated by reactive oxygen species
(ROS) production and intracellular defense mechanisms (8, 9).
There are a number of therapeutic options available for the
treatment of oxidative stress-associated CVDs. Among these,
micronutrients are critical for every stage of the antioxidant
response. Fundamental studies on the properties of antioxidant
micronutrients have shown that the fat-soluble vitamins A

(including retinol, carotene and cryptoxanthin) and E (α-
tocopherol) and the water-soluble vitamin C (ascorbic acid)
all have anti-inflammatory properties (10). These vitamins
interact with free radicals and reactive nitrogen species (RNS),
decreasing polyunsaturated fatty acid (PUFA) peroxidation
and thus protecting cell membrane phospholipids and plasma
lipoproteins, with beneficial effects on glutathione (GSH) status
and oxidation defense capabilities (11). Similarly, increasing
evidence indicates that essential metal micronutrients, such as
selenium, zinc, copper, and iron, play critical roles in a wide range
of physiological processes; they are integral to the enzymatic
system involved in the reduction of oxygen free radicals (12). It
is possible that inadequate intake of these nutrients may result in
increased ROS, which have an implied role in the mechanisms
and risk of CVD.

Observational studies and clinical trials have evaluated the
potential role of antioxidant micronutrients and their safe dose
for CVD prevention or treatment (13). Epidemiological studies
of individual micronutrients reported that dietary vitamin A,
carotenoids (14, 15), vitamin C (16, 17), vitamin E (18), selenium
(19, 20), zinc (21), iron (22), and copper (23) were associated
with lower CVD risk and reduced cardiovascular mortality.
These correlations were even more pronounced in the deficiency
state of subsequent complement micronutrients and the level
of dietary metal micronutrients are closely related to serum
concentrations. The metabolism and distribution of various trace
vitamins and minerals also alter cellular ion contents, which
in turn modulates the metabolic functions of macronutrients
(carbohydrates, lipids, and proteins) and levels of probiotic
bacteria; this affects intrinsic pathological mechanisms of CVD
and cumulative drug therapeutic effects in people with this
disease (22), and thus impacts long-term pharmacotherapy.

Notably, the effect of antioxidant micronutrients, alone or
in combination, in the prevention or reduction of CVD is
controversial. Analyses from 15 trials reporting data on 188,209
participants showed that supplementation of the antioxidant
vitamins E and C and β-carotene has no effect on the incidence of
major cardiovascular events, myocardial infarction, stroke, total
deaths, and cardiac-related deaths (24). Other studies have even
suggested that supplementation of antioxidants may increase
CVD risk owing to potential peroxidation (23). There are several
challenges to overcome in studies on the impact of dietary
antioxidants relating to dosage, duration of intervention, and
baseline micronutrient status of those receiving interventions,
in particular, the interactive effects between vitamins cannot
be ignored (25). There is a rapidly growing interest in the
health effects of dietary exposure to combinations of dietary
antioxidant micronutrients because mixed exposure better
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represents themixed diets that people eat in real-world situations.
Studies on micronutrient status and the effects of combined
supplementation are therefore worthy of further study, but
they pose unique challenges to inference (26, 27); few studies
have been conducted in this domain. Statistical techniques for
analyzing exposure to combined factors have been developed,
including weighted quantile sum (WQS), which permits the
assessment of the overall effect of combined treatments on health
outcomes, and crucially, the weighted contributions of each
component used to answer questions about projecting exposures
to a higher dimensional space (28).

The National Health and Nutrition Examination Survey
(NHANES), which collects detailed data on diet, nutritional
status, and chronic disease to inform nutrition and health
policy, is the cornerstone for national nutrition monitoring
in the US (29). The objectives of the current study were to
present an analysis using this large, cross-sectional, nationally-
representative database to assess the intake status of v antioxidant
micronutrients with a known role in CVD, and explore the effects
of combined exposure to these antioxidants on CVD.

METHODS

Study and Population
This study used data from NHANES, a nationally-representative,
cross-sectional database on civilian, non-institutionalized
persons living in the United States, administered by the
National Center for Health Statistics (NCHS) at the Centers
for Disease Control and Prevention. NHANES surveys are
demographically based, with samples selected through a
complex, multistage survey design (30). A detailed sample
design is available at: https://wwwn.cdc.gov/nchs/nhanes/
tutorials/module2.aspx). Specifically, we used the NHANES
2003–2018 continuous survey. The data in this survey were
collected using a series of large, complex, stratified, multistage
probability samples with a 4-year design, with data released
in 2-year cycles. Our analysis used data on dietary recall of
vitamin intake, collected from the What We Eat in America
(WWEIA) component of the NHANES, which is conducted
by a partnership between the US Department of Agriculture
(USDA) and the US Department of Health and Human Services
(DHHS) (31).

Participants provided written informed consent and all study
procedures were approved by the National Center for Health
Statistics Research Ethics Review Board. None of the authors
of this study have ever been involved in the collection or
production of the NHANES database. Participants with fewer
than two valid 24-h dietary recalls, and those who were younger
than 20 years of age for whom data on CVD outcomes were
missing, were excluded from our analyses during the 2003–
2018 period.

Measurement of Two 24-h Diet Recalls
Dietary intake data for all participants were used to estimate the
types and amounts of foods and beverages (including all types
of lipids volume) consumed during the 24-h period prior to a
dietary recall interview (midnight to midnight), and to estimate

intakes for energy, nutrients, and other food components.
All NHANES participants were eligible for two 24-h dietary
recall interviews; the first was collected in person in a mobile
examination center and the secondwas collected by telephone, 3–
10 days after the first 24-h recall period (30). In the dietary recall
investigation in NHANES 2003–2018, two dietary interviews
were conducted with all sample members.

Data on intake for 11 antioxidant related micronutrients
[vitamin C (DRTVC), iron (DRTIRON); vitamin E as
α-tocopherol (DRTATOC); zinc (DRTZINC); β-carotene
(DRTBCAR); copper (DRTCOPP); α-carotene (DRTACAR),
vitamin A (DRTVARA); retinol (DRTRET); β-cryptoxanthin
(DRTCRYP); selenium (DRTSELE)] were included in our
analysis. (https://wwwn.cdc.gov/Nchs/Nhanes/2017-2018/
DR1IFF_J.htm) (https://wwwn.cdc.gov/Nchs/Nhanes/2017-
2018/DR2IFF_J.htm#Appendix_2). The average of two 24-h
dietary recall values for each antioxidant in each 2-year cycle
from the 16 years of available data was analyzed. These amounts
reflected only nutrients obtained from foods, beverages, and
water, including tap and bottled water (32); they did not
include nutrients obtained from dietary supplements, antacids,
or medications.

CVD Definition
Participants aged ≥20 years old were asked: “Has a doctor or
other health professional ever told you that you have X,” where
X was congestive heart failure (CHF), coronary heart disease
(CHD), angina, heart attack, or stroke. The CVD data in the
NHANES 2003–2018 survey was obtained from medical records,
laboratory data, and questionnaires. In addition, the data for
each CVD outcome were gathered for further analysis of their
association with dietary antioxidant micronutrients.

Covariates
Potential confounding variables for the CVD outcome measures
were collected. Sociodemographic characteristics included
age in years (modeled continuously), sex (male or female),
race/ethnicity (“non-Hispanic white,” “non-Hispanic black,”
“Mexican American,” “other Hispanic,” and “other,” including
multi-racial), educational level (above high school, high school,
and below high school), working status, and poverty status.
Health-related covariates included body mass index (BMI;
kg/m2); smoking status, as defined by responses to two questions
(“Have you smoked at least 100 cigarettes during your entire
life?”) (https://wwwn.cdc.gov/Nchs/Nhanes/2017-2018/SMQ_
J.htm); and habitual drinking status, in which someone was
defined as drinking if they answered “yes” to “In your entire life,
have you had at least 12 drinks of any kind of alcoholic beverage?”
and “In the past 12 months did you have at least 12 drinks of
any kind of alcoholic beverage?” (https://wwwn.cdc.gov/Nchs/
Nhanes/2017-2018/ALQ_J.htm). We also collected data on
comorbidities, including diabetes mellitus and hypertension, as
determined through a questionnaire administered by NHANES
personnel (Subcommittee of Professional and Public Education
of the American Heart Association Council) (https://wwwn.cdc.
gov/Nchs/Nhanes/2017-2018/DIQ_J.htm); in addition, dietary
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supplement intake was recorded in another questionnaire
(https://wwwn.cdc.gov/nchs/nhanes/Search/default.aspx.) (33).

Statistical Analyses
Eleven antioxidant micronutrients were analyzed for their
association with CVD overall and with CHD, CHF, heart attack,
stroke and angina separately. Normality of continuous variables
was assessed using Kolmogorov–Smirnov-tests. Continuous
variables were expressed as mean [standard deviation (SD)]
and were compared using unpaired t-tests. Categorical or
dichotomous variables were expressed as absolute value
(percentage) and were compared using χ2-tests. The correlation
coefficients for all antioxidant micronutrient dietary intakes
were calculated using the Pearson correlation method. The
metabolites of antioxidant micronutrients were divided into
quartiles, and the lowest quartile was used as a reference
category. Concentrations of each of the 11 micronutrients
were log-transformed to normalize their distributions for
further analysis.

Multivariate logistic regression models were used to calculate
odds ratios (ORs) and 95% confidence intervals (CIs) to assess
the aggregate specific CVDs prevalence associated with each of
the 11 micronutrients. Three models were used, with increasing
levels of adjustment for confounding variables: in model 1, data
were adjusted for age and sex; model 2 was based onmodel 1, with
additional adjustments for race, education levels and poverty;
and model 3 was based on model 2, with additional adjustments
for smoking, drinking, BMI, total cholesterol, dietary supplement
use, diabetes, and hypertension.

Because of high correlations between dietary intake values
for various vitamins, we performed WQS regression using the
gWQS in R v.3.6.1 (34). These analyses were used to assess
associations between the level of all antioxidant micronutrients
in combination and CVD, and to evaluate these as predictors
of CVD in logistic regression models. Each micronutrient was
assigned a weight within the index that indicates its contribution
to the overall association (35). In the gWQS function, we used
deciles for exposure weighting, 1,000 bootstrap repetitions, a
random seed set to 2018, and a binomial distribution for the
general linear model. A constraint of this approach is that, in each
case, weights are estimated by pooling effects only in the positive
or the negative direction. Individual vitamin weights of ≥0.1
were considered significant contribution rate. The value of 0.1
was chosen for ease of comparison across models that included
different numbers of antioxidants.

The shape of the relationship between dietary micronutrient
intake and risk of CVD were explored using the restricted cubic
spline (RCS) regression model with three knots (10th, 50th,
and 90th) percentile of antioxidants and analysis of variance
(ANOVA) was used to test for non-linearity (36). If non-
linearity was detected, segmented regression was used to fit the
piecewise-linear relationship between micronutrients and total
CVD or specific CVDs, and to calculate the threshold inflection
point using a recursive algorithm, as described previously (37).
The significance of each interaction (P interaction) was tested
using the likelihood ratio test. Significance was set to P <

0.05 (two-sided).

RESULTS

Study Population Characteristics
According to Total CVD Status
In total, 80,312 people were initially enrolled. Ten thousand
seven hundred and thirteen participants with fewer than two
valid 24-h dietary recalls and 29,842 people younger than
20 years of age with missing data on CVD outcomes were
excluded, leaving a total of 39,757 participants who were included
in our analyses (Figure 1), comprising 19,279 (48.5%) male
and 20,460 (47.5%) female participants, with a mean age of
49.6 ± 18.0 years old. For the purposes of our analysis,
we separated these into those without CVD (n = 35,280,
47.5%) and those with CVD (n = 4,477, 56.6%). Table 1

shows the demographic characteristics of these two groups.
Participants with CVD were generally older (66.7 ± 13.0
vs. 47.5 ± 17.4), comprising a greater proportion of men
(56.6 vs. 47.5%), more high-school educated individuals (25.3
vs. 23.0%), more non-Hispanic participants (55.5 vs. 42.5%),
higher poverty states (23.1 vs. 21.6%), a greater proportion of
smokers (61.2 vs. 43.3%), higher BMI (7.0 vs. 6.8%), greater
dietary supplement use (59.1 vs. 49.9%), and greater rates of
diabetes (33.0 vs. 10.1%) and hypertension (73.4 vs. 31.1%).These
differences between the two groups were statistically significant
(all P < 0.05).

Distribution of and Correlation Between
Antioxidant Micronutrient Levels
Overall, Supplementary Table S1 shows the detected
concentrations and distribution of the 11 antioxidant
micronutrients, with the highest levels observed for vitamin C,
followed by iron, vitamin E, zinc, β-carotene, copper, α-carotene,
vitamin A, retinol, β-cryptoxanthin, and lowest levels observed
for selenium.

Correlation analyses showed that most of the antioxidant
micronutrients were moderately correlated with the other 10
vitamins (Spearman’s rank r ≥ 0.3). An r value of ≥0.7 was
found in the correlations between zinc and iron, α-carotene and
β-carotene, selenium and zinc, and zinc and copper (all P <

0.001). An r-value of ≥0.5 was found between iron and copper,
β-carotene and α-carotene, selenium and iron, vitamin A and β-
carotene, selenium and copper, retinol and vitamin A, vitamin
c and β-carotene, vitamin E and copper, copper and vitamin A,
and vitamin c and β-cryptoxanthin (all P < 0.001), as shown in
Figure 2.

Associations Between 11 Antioxidant
Micronutrients and Total CVD
The 11 antioxidant micronutrients were divided into quartiles,
and the reference category was considered to be the lowest
quartile. The results from the multivariable logistic regression
models adjusted for the covariates to assess the prevalence rates
of total CVD associated with antioxidant micronutrients are
shown in Table 2. Using model 1, 11 antioxidant micronutrients
were found to have negative association with total CVD when
comparing the second, third, and fourth quartiles with the
reference quartile, respectively (all P for trend <0.05). Further
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FIGURE 1 | Study flow diagram.

TABLE 1 | Sociodemographic characteristics of the study population.

Variable Total

(n = 39,757)

Non-CVD

(n = 35,280)

CVD

(n = 4,477)

P-value

Age, years, Mean ± SD 49.61 ± 18.04 47.46 ± 17.43 66.73 ± 12.9 <0.001

Male, N (%) 19,279 (48.49%) 16,746 (47.47%) 2,533 (56.58%) <0.001

Education level, N (%) <0.001

Below high school 10,033 (25.24%) 8,524 (24.16%) 1,509 (33.71%)

High school 9,264 (23.30%) 8,131 (23.05%) 1,133 (25.31%)

Above high school 20,460 (51.46%) 18,625 (52.79%) 1,835 (40.98%)

Race/ethnicity, N (%) <0.001

Mexican American 6,413 (16.13%) 5,948 (16.89%) 465 (10.39%)

Other Hispanic 3,482 (9.66%) 3,193 (9.05%) 289 (6.45%)

Non-Hispanic White 17,481 (43.97 %) 14,996 (42.51%) 2,485 (55.51%)

Non-Hispanic Black 8,511 (21.41%) 7,546 (21.39%) 965 (21.55%)

Other race 3,870 (9.73%) 3,597 (10.20%) 273 (6.10%)

Poverty, N (%) 8,315 (20.91%) 7,280 (20.63%) 1,035 (23.12%) 0.007

Smoker, N (%) 18,021 (45.32%) 15,281 (43.31%) 2,740 (61.20%) <0.001

Drinking, N (%) 27,962 (70.33%) 24,947 (70.71%) 3,015 (67.34%)

Body mass index, kg/m2, Mean ± SD 29.15 ± 6.87 29.04 ± 6.77 30.33 ± 7.29 <0.001

Total cholesterol, mmol/L, Mean ± SD 4.86 ± 1.13 5.14 ± 1.13 4.72 ± 1.07 <0.001

Dietary supplement use, N (%) 20,241 (50.91%) 17,596 (49.88%) 2,645 (59.08%) <0.001

Diabetes, N (%) 5,039 (12.67%) 3,562 (10.10%) 1,477 (32.99%) <0.001

Hypertension, N (%) 14,242 (35.82%) 10,956 (31.05 %) 3,286 (73.40%) <0.001

CVD, cardiovascular disease.

Data are presented as mean (SD) or median (interquartile range), or n (%).

analysis known risk factors were used as covariates to reduce
false positives induced by multiple corrections both in model 2
and 3. The second, third, and fourth quartiles of 11 antioxidant
micronutrients were independently associated with the decreased
prevalence of total CVD compared with the lowest reference
quartile (all P for trend < 0.05).

In model 3, when comparing the fourth quartiles of each
antioxidant micronutrients with the reference quartile, vitamin
E (OR, 0.74; 95% CI, 0.67–0.82); retinol (OR,0.85; 95% CI,
0.77–0.94); vitamin A (OR, 0.75; 95% CI, 0.68–0.83), α-carotene
(OR, 0.74; 95% CI, 0.67–0.82), β-carotene (OR, 0.75; 95% CI,
0.68–0.83), and β-cryptoxanthin (OR, 0.90; 95% CI, 0.81–0.99),
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FIGURE 2 | Pairwise Pearson correlation coefficients between dietary intake of 11 antioxidant micronutrients in adults from the United States, collected from the

National Health and Nutritional Examination Survey (NHANES) database 2003–2018.

vitamin C (OR, 0.81; 95% CI, 0.73–0.90), iron (OR, 0.74; 95% CI,
0.66–0.82), zinc (OR, 0.76; 95% CI, 0.68–0.85), selenium (OR,
0.67; 95% CI, 0.60–0.75) and copper (OR, 0.67; 95% CI, 0.60–
0.75) had a lower odds ratio, respectively. The results showed
significant protective correlation existed between 11 antioxidant
micronutrients and total CVD.

WQS Regression Analysis of Negative
Relationships Between the 11 Antioxidant
Micronutrients in Combination and Total
and Specific CVDs
The negative relationships between the combined antioxidant
micronutrients and prevalence rates of total and specific CVDs
were analyzed using WQS regression analysis. The combined
index for the 11 antioxidant micronutrients was independently
correlated with total CVD (adjusted OR, 0.79; 95% CI, 0.74–
0.84; P < 0.001), CHF (adjusted OR, 0.82; 95% CI, 0.73–0.91;
P < 0.001), CHD (adjusted OR, 0.87; 95% CI, 0.79–0.96; P
= 0.005), angina (adjusted OR, 0.89; 95% CI, 0.79–0.99, P =

0.037), heart attack (adjusted OR, 0.86; 95% CI, 0.79–0.94, P =

0.001), and stroke (adjusted OR, 0.73; 95% CI, 0.66–0.80, P <

0.001), as shown in Table 3. WQS constrains exposure–outcome
associations to a negative direction.

Selenium was found to have the greatest contribution to the
combined effect of the micronutrients (weight = 21.60%) in the
total CVD model. Selenium, copper, β-carotene, vitamin E, and
iron had weights of >0.1 in the total CVD analysis; additionally,
weights of >0.1 were also observed for selenium in CHF, angina
and stroke; copper in angina, heart attack, and stroke; vitamin E
in CHF, CHD, and heart attack; and iron in CHF and stroke. β-
cryptoxanthin had the greatest contribution of all antioxidative
micronutrients in stroke (weight = 23.80%); the weight of
vitamin C did not exceed 0.1 in the total CVD analysis or those of
specific CVDs (as shown in Table 4; Supplementary Figure S1).

Multiple Logistic Regression Analysis for
Selenium, Copper, β-Carotene, Vitamin E,
and Iron and Specific CVDs
The weight of selenium, copper, β-carotene, vitamin E, and iron
were exceeded 0.1, which were significant contribution in CVDs,
and the relationship between the 5 antioxidants and specific
CVDs was further assessed using multiple logistic regression.
After adjustment using model 3, compare with the lowest
quartile, as the maximum weight in total CVD model the highest
selenium level remained significantly negatively associated with
CHF (adjusted OR, 0.70; 95% CI, 0.58–0.84; P = 0.001), angina
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TABLE 2 | Adjusted regression coefficients with 95% confidence intervals (95% CIs) in a multiple regression analysis for total CVD model and 11 dietary antioxidant

micronutrients in adults from the United States, collected from the National Health, and Nutritional Examination Survey (NHANES) database, 2003–2018.

Micronutrients Q1 Q2 Q3 Q4 P for

trend
OR OR (95% CI) OR (95% CI) OR (95% CI)

Vitamin E (mg)

Model 1 1 0.83 (0.76–0.91) 0.72 (0.65–0.79) 0.70 (0.64–0.77) <0.001

Model 2 1 0.86 (0.79–0.94) 0.76 (0.69–0.83) 0.75 (0.68–0.82) <0.001

Model 3 1 0.85 (0.77–0.93) 0.75 (0.68–0.83) 0.74 (0.67–0.82) <0.001

Retinol (µg)

Model 1 1 0.89 (0.81–0.98) 0.87 (0.80–0.96) 0.81 (0.74–0.90) <0.001

Model 2 1 0.91 (0.83–1.00) 0.89 (0.81–0.98) 0.82 (0.74–0.90) 0.001

Model 3 1 0.93 (0.85–1.03) 0.89 (0.81–0.99) 0.85 (0.77–0.94) 0.015

Vitamin A (µg)

Model 1 1 0.87 (0.79–0.95) 0.80 (0.72–0.88) 0.68 (0.62–0.75) <0.001

Model 2 1 0.89 (0.81–0.98) 0.83 (0.75–0.91) 0.71 (0.64–0.78) <0.001

Model 3 1 0.89 (0.81–0.99) 0.85 (0.76–0.94) 0.75 (0.68–0.83) <0.001

α-carotene (µg)

Model 1 1 0.77 (0.69–0.84) 0.76 (0.69–0.83) 0.65 (0.59–0.72) <0.001

Model 2 1 0.81 (0.73–0.89) 0.82 (0.75–0.91) 0.72 (0.65–0.80) <0.001

Model 3 1 0.81 (0.73–0.89) 0.81 (0.73–0.89) 0.74 (0.67–0.82) <0.001

β-carotene (µg)

Model 1 1 0.83 (0.75–0.91) 0.72 (0.65–0.79) 0.65 (0.59–0.71) <0.001

Model 2 1 0.88 (0.80–0.97) 0.78 (0.71–0.86) 0.71 (0.64–0.78) <0.001

Model 3 1 0.86 (0.78–0.95) 0.77 (0.70–0.85) 0.75 (0.68–0.83) <0.001

β-cryptoxanthin (µg)

Model 1 1 0.88 (0.80–0.96) 0.79 (0.72–0.87) 0.77 (0.70–0.85) <0.001

Model 2 1 0.91 (0.83–1.01) 0.84 (0.76–0.92) 0.83 (0.76–0.92) <0.001

Model 3 1 0.92 (0.83–1.01) 0.85 (0.77–0.94) 0.90 (0.81–0.99) 0.012

Vitamin C (mg)

Model 1 1 0.79 (0.72–0.87) 0.70 (0.63–0.76) 0.66 (0.60–0.73) <0.001

Model 2 1 0.84 (0.76–0.92) 0.75 (0.68–0.82) 0.72 (0.66–0.80) <0.001

Model 3 1 0.84 (0.76–0.93) 0.78 (0.71–0.86) 0.81 (0.73–0.90) <0.001

Iron (mg)

Model 1 1 0.82 (0.75–0.90) 0.75 (0.68–0.82) 0.69 (0.63–0.77) <0.001

Model 2 1 0.85 (0.77–0.93) 0.78 (0.71–0.86) 0.73 (0.66–0.80) <0.001

Model 3 1 0.86 (0.78–0.95) 0.79 (0.72–0.87) 0.74 (0.66–0.82) <0.001

Zinc (mg)

Model 1 1 0.83 (0.75–0.90) 0.79 (0.72–0.87) 0.73 (0.66–0.81) <0.001

Model 2 1 0.86 (0.78–0.94) 0.83 (0.75–0.91) 0.76 (0.69–0.85) <0.001

Model 3 1 0.85 (0.77–0.93) 0.85 (0.77–0.93) 0.76 (0.68–0.85) <0.001

Selenium (µg)

Model 1 1 0.84 (0.77–0.91) 0.77 (0.70–0.84) 0.65 (0.59–0.72) <0.001

Model 2 1 0.86 (0.79–0.94) 0.80 (0.73–0.88) 0.70 (0.63–0.78) <0.001

Model 3 1 0.84 (0.76–0.92) 0.77 (0.70–0.85) 0.67 (0.60–0.75) <0.001

Copper (mg)

Model 1 1 0.77 (0.71–0.85) 0.72 (0.65–0.79) 0.57 (0.52–0.63) <0.001

Model 2 1 0.81 (0.74–0.89) 0.78 (0.71–0.85) 0.63 (0.57–0.70) <0.001

Model 3 1 0.82 (0.74–0.90) 0.79 (0.72–0.87) 0.67 (0.60–0.75) <0.001

CVD, cardiovascular disease; OR, Odd ratio; CI, confidence interval; O, quartile.

Multivariable logistic regression was conducted, and ORs were calculated while comparing the second, third, and fourth quartiles of each chemical with reference to the first

exposure quartile.

Model 1 was adjusted as age and sex.

Model 2 was adjusted as model 1 plus race, education levels and poverty.

Model 3 was adjusted as model 2 plus smoking, drinking, BMI, total cholesterol, dietary supplement use, diabetes and hypertension.

Frontiers in Nutrition | www.frontiersin.org 7 January 2022 | Volume 8 | Article 799095105

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Yin et al. Antioxidant Micronutrients and Cardiovascular Disease

TABLE 3 | WQS regression model to assess the protective association of the

mixture of 11 antioxidant micronutrients with individual CVDs and total CVD risk in

adults from (NHANES) database, 2003–2018.

Subgroup OR 95% CI P

CVD 0.79 (0.74–0.84) <0.001

Congestive heart failure 0.82 (0.73–0.91) <0.001

Coronary heart disease 0.87 (0.79–0.96) 0.005

Angina 0.89 (0.79–0.99) 0.037

Heart attack 0.86 (0.79–0.94) 0.001

Stroke 0.73 (0.66–0.80) <0.001

CVD, cardiovascular disease; WQS, weighted quantile sum; OR, odds ratio; CI,

credibility interval.

WQS regression model was adjusted as age, sex, race, education levels, poverty,

smoking, drinking, BMI, total cholesterol, dietary supplement use, diabetes

and hypertension.

(adjusted OR, 0.70; 95% CI, 0.57–0.85; P = 0.002), heart attack
(adjusted OR, 0.71; 95% CI, 0.61–0.84, P < 0.001), and stroke
(adjusted OR, 0.66; 95% CI, 0.55–0.78; P < 0.001), respectively
(Supplementary Table S2). In addition, copper in the highest
quartile remained significant protectively associated with CHF
(adjusted OR, 0.73; 95% CI, 0.61–0.87; P = 0.002), angina
(adjusted OR, 0.74; 95% CI, 0.61–0.89; P = 0.017), heart attack
(adjusted OR, 0.70; 95% CI, 0.58–0.84; P = 0.001) and stroke
(adjusted OR, 0.70; 95% CI, 0.58–0.84; P = 0.001), respectively
(Supplementary Table S3). In the adjusted model, a significant
association between fourth quartile of β-carotene and vitamin E
and decreased 5 specific CVDs prevalence, respectively (all P for
trend<0.05) (Supplementary Tables S4, S5); Besides, iron in the
second, third, and fourth quartiles decreased risk of CHF, heart
attack, and stroke compared to those in the lowest (all P for trend
<0.05) (Supplementary Table S6).

Dose Response Relationship Between 11
Antioxidant Micronutrients and the
Prevalence Rates of Total CVD and
Specific CVDs
The median intake level of dietary iron, zinc and copper were
13.2, 9.9, and 1.1mg, respectively (Supplementary Table S1).
RCS and multivariate logistic regression analyses were used to
flexibly model and visualize the U-shaped relationships of iron,
zinc and copper with the prevalence of CVD. Iron (P for non-
linearity = 0.006), zinc (P for non-linearity = 0.024) and copper
(P for non-linearity = 0.013) all had a non-linear and negative
correlation with total CVD, and total CVD events increased
rapidly for iron, zinc and copper below those levels (Figure 3).
Models predicted that the concurrent decrease in risk of CVD
with decreased concentrations of iron, zinc and copper flattened
out at levels of 7.71, 6.61, and 0.74mg, respectively (Table 5). All
eight other micronutrients had linear, negative associations (all P
for non-linearity >0.05) (Figure 3).

The relationships between each of the 11 microelements and
specific CVDs (CHD, CHF, heart attack, angina, and stroke)
had negative non-linear and linear outcomes as shown in

Supplementary Figures S2–S6. Among these, the association of
β-cryptoxanthin with CHF, and iron, zinc, and copper with heart
attack (non-linearity, P < 0.05) were all negative and non-linear.
Linear, negative associations were found between each of the 11
microelements and stroke (all P for non-linearity >0.05).

DISCUSSION

Our analysis of 11 dietary antioxidant micronutrients in
39,757 US adults from a prospective, nationally representative
U.S. cohort demonstrated that, after adjustment for common
confounding variables, all individual 11 micronutrients were
independently negatively associated with total CVD. In addition,
the WQS index model showed a negative correlation between
all the antioxidative micronutrients in combination and total
CVD, with the greatest influence on this relationship from
selenium. Negative associations were also observed between
selenium and several specific CVDs (CHF, CHD, angina, heart
attack, stroke). Non-linearity regression indicated a U-shaped
correlation between iron, zinc and copper and total CVD, with
inflection points at 7.71, 6.61, and 0.74 mg/day, respectively.

Oxidative stress exceeds the buffering capacity of
the antioxidant defense systems ultimately resulting in
cardiovascular dysfunction (22, 38). Laboratory data shown
exogenous antioxidants, as a part of a diet are able to protect
tissues from ROS and reactive RNS-induced injury (3, 39), and
thus protect cells and organ systems against free radical damage.
For instance, Vitamins A, C, and E and carotenoids direct the
neutralization of free radicals; break the chain reaction of lipid
peroxidation (40), lowering total cholesterol and low-density
lipoprotein and CVD risks (41); copper, zinc, iron and selenium
are required for the activity of superoxide dismutase (SOD),
catalase and glutathione peroxidase (GPx) diminish excessive
oxidative stress (42, 43). Current our partial outcomes were
consistent with previous population large meta-analyses and
a few randomized controlled clinical trials, which have shown
that single magnesium, copper and zinc (42, 44), selenium,
carotenoids (17), vitamin C (44), and vitamin E (45, 46),
are all associated with reduced prevalence of CVDs, and
CVD-related death.

Despite the theoretical that these antioxidants must exert
beneficial effects against oxidative stress, other prospective
population trials have yielded inconsistent results on their ability
to prevent CVD (47). Dosage was one of the main reasons
proposed for this inconsistency. Intake of β -carotene at 15–
50 mg/day had no beneficial effects on CVD outcomes in
adults in a meta-analysis consisting of 15 clinical trials (40,
48). It’s also notable that immoderate removal of ROS or RNS
and their derived products by antioxidant supplementation
may upset cell signaling pathways and might be increase the
risk of chronic disease (49). Research on the effect of excess
antioxidant supplementation on CVDs reported that selenium
in the diet at >400 µg/day induced selenosis and heart hazards
(50), and 4 years of supplementation with 20–30 mg/day β-
carotene was associated with increased risk of CVD (51).
Moreover, an upper limit for vitamin A (retinol) at 3,000
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TABLE 4 | WQS regression analysis of 11 antioxidant micronutrients weights of total CVD and specific CVDs.

CVD (%) Congestive heart failure (%) Coronary heart disease (%) Angina (%) Heart attack (%) Stroke (%)

Selenium 21.60 24.80 2.80 33.00 4.64 14.10

Copper 17.10 9.07 2.48 11.40 27.70 25.00

β-carotene 16.30 19.10 7.86 8.14 5.10 9.47

Vitamin E 11.90 11.20 33.00 6.04 10.90 3.82

Rion 10.60 22.50 8.09 1.860 3.01 12.20

Vitamin C 8.62 0.14 5.50 0.29 2.53 4.25

Vitamin A 4.74 4.43 11.90 17.50 18.20 0.54

α-carotene 4.49 6.60 13.60 12.80 2.61 6.78

Retinol 2.24 0.61 2.87 6.33 18.80 0.04

Zinc 1.46 0.96 10.40 15.70 5.83 0.03

β-cryptoxanthin 0.94 0.51 1.49 00.11 0.71 23.80

CVD, cardiovascular disease; WQS, weighted quantile sum.

FIGURE 3 | Restricted cubic spline (RCS) analysis with a multivariate -adjusted association associations between dietary 11 antioxidant micronutrients and the

prevalence of total CVD. Eleven specific antioxidant micronutrients index are modeled as restricted cubic splines with knots at the 10th, 50th, and 90th percentiles

shown the non-linear association. Non-linearly related inflection points of iron, zinc and copper were annotated. The solid line is the adjusted HR; 10th percentile is

used as the reference (HR = 1). The shaded area is the 95% CI of the HR. Iron, zinc and copper shown non-linearity association with total CVD model (P for

non-linearity < 0.05).

µg/day in adults is extrapolated from a small number of case
reports (15, 52).

It is difficult to obtain such high levels of trace elements
from conventional foods; thus, micronutrients obtained in the
diet rather than through supplements could be considered safer

(45). Previous studies highlighted those whole grains, nuts,
seeds, fruits and vegetables are rich in essential antioxidative
micronutrients, which as role in the primary prevention of
patients with CVD (9), and those who are at risk (11). Higher
vegetable and nut intakes have been associated with a lower
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TABLE 5 | Threshold effect analysis of iron, zinc and copper on the prevalence of total CVD risk using piecewise binary logistic regression models.

Inflection point group Mean difference (95% CI) P-value P for log likelihood ratio test

Iron (mg) 7.71 ≤7.71 0.83 (0.71–0.97) 0.018 0.221

>7.71 0.90 (0.84–0.97) 0.007

Zinc (mg) 6.61 ≤6.61 0.75 (0.66–0.86) <0.001 0.019

>6.61 0.90 (0.83–0.98) 0.012

Copper (mg) 0.74 ≤0.74 0.71 (0.61–0.83) <0.001 0.025

>0.74 0.86 (0.80–0.94) <0.001

OR, Odd ratio; CI, confidence interval.

Iron, zinc and copper were log 2 transformed for fitting the piecewise binary logistic regression model.

Analyses was adjusted for age, sex, race, education levels, poverty, smoking, drinking, BMI, total cholesterol, dietary supplement use, diabetes and hypertension.

risk of stroke: an increase of 1 serving per day of green leafy
vegetables intake yielded a relative risk (RR) of 0.79 (95%
CI, 0.62–0.99) (42, 53); similar effects were demonstrated for
myocardial infarction (0.5 servings per week vs. once a week, RR
= 0.49) (39, 54). To date, antioxidants with safer dietary profile
[vitamin A at 3,000µg/day or 7,500µg/week; α-carotenoids at up
to 20 mg/day for lutein and 75 mg/day for lycopene; β-carotene
at 2–4 mg/day (14, 15, 48); selenium at 55 µg/day (19) or 200
µg/day for 12 weeks (20)]; vitamin C at 500–700 mg/day (13, 14)
have been confirmed, and reductions in CVDs and markers of
cardiometabolic risk in adults have been observed with their use.
In our study, the antioxidant micronutrients came from food
rather than supplementation. Supplementary Table S1 shown
the daily 95th percentile of antioxidants (vitamin E, 21.8mg;
retinol, 1,201.0 µg; vitamin A, 1,414.0 µg; α-carotene, 1,785.1
µg; β-carotene, 7,816.1 µg; β-cryptoxanthin, 397.5 µg; vitamin
C, 233.9mg; iron, 28.7mg; zinc, 22mg; selenium, 207.8 µg; and
copper, 2.3mg) within safe limits had a cardiovascular protective
effect after adjustment for confounding factors in our multiple
logistic regression. Our non-linear regression indicated that
intakes of iron, zinc and copper of 7.71, 6.61, and 0.74 mg/day
may decrease total CVD risk, and also provides reference dose
levels for future prospective studies.

Another important factor to consider is the antioxidants
ability to prevent CVD relies on the internal antioxidant
network mechanism of multiple micronutrients. For example,
the fat-soluble vitamins A and E have been evaluated for
their synergistic effects on GSH homeostasis and antioxidant
properties (55). Vitamin C is known to act with vitamin E
to regenerate α-tocopherol in membranes and lipoproteins,
playing an important role in protein thiol group protection
against oxidation (56). The pro-oxidant vs. antioxidant activity
of beta-carotene and lycopene has also been found to depend
on their interaction with other co-antioxidant molecules such
as vitamin C or E in biological membranes (57). In a mineral
antioxidant study, vitamins also showing a protective association
between zinc metabolic level influence cardiometabolic risk
factor (58). Thus, the single-nutrient approach to nutritional
epidemiology is far from sufficient to explain the biological effects
of antioxidant micronutrients. The field of nutritional health is
shifting toward studying the effects of exposure to combinations
of nutrients, and the contribution of its individual components
on health outcomes. In this study, WQS regression index showed

that the combination of 11 antioxidant micronutrients were
negatively associated with CVD. The current study focuses on
overall and accurate dietary antioxidant micronutrients data
collection, preliminary exploring correlations between individual
or combined micronutrients and CVDs. Also found that
selenium has the greatest influence on the association between
all 11 micronutrients in combination and total CVD.

Selenium is considered a cornerstone of the body’s antioxidant
defense mechanism; this is because it is incorporated in various
enzymes with antioxidant and anti-inflammatory functions.
Thirteen prospective cohort (59) and observational studies (60)
found a moderate inverse relationship between plasma/serum
selenium and CHD (61). A U-shaped relationship between
serum selenium levels and cardiovascular mortality may account
for conflicting observational reports from NHANES study
(62). RCS regression in our study showed linear, negative
associations of selenium with both total CVD and specific
CVDs (stroke, CHD, CHF, heart attack and angina). Our study
investigated the 95th percentiles of dietary selenium intake,
which was 207.8µg/day; large-scale, randomized controlled trials
have investigated supplementation with a selenium antioxidant
cocktail with a daily dose between 75 and 200 µg or selenium
supplementation at 100 µg/day over 12 consecutive months
did not show any major benefits of selenium cardiovascular
endpoints or left ventricular systolic dysfunction, likely due to
underdosage (20).

Our study has some strengths. We selected WQS over
alternative approaches in our study because it accounts
for exposure-outcome correlations, as well as correlations
between exposures, highlighting the contribution of individual
components of the combination (63). WQS regression also
conserves statistical power and prevents unstable regression
coefficients, which might otherwise occur if the highly-correlated
antioxidant micronutrients were included simultaneously
in traditional regression models. A diet-based, rather than
supplement-based, approach to nutritional interventions in
CVD had proven to be an effective strategy resulting in strong
and tangible results. Micronutrients in the diet have synergistic
effects, and incorporating this synergy in the development of
dietary recommendations is therefore likely to provide the
maximum obtainable benefit obtainable from nutrition.

Our study also has limitations to consider. First, WQS
regression requires a directional homogeneity assumption, which

Frontiers in Nutrition | www.frontiersin.org 10 January 2022 | Volume 8 | Article 799095108

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Yin et al. Antioxidant Micronutrients and Cardiovascular Disease

assumes that either all exposures have adjusted associations
with the outcome that are all in a positive or a negative
direction (or can be coded a priori to meet this assumption), or
associations are null. However, the antioxidant micronutrients in
the study were all shown to be individually negatively associated
with CVD, satisfying this assumption. Second, WQS regression
also assumes the individual micronutrients have linear and
additive effects. Little is known about the benefits of these
assumptions and whether they have adverse impacts on studies of
epidemiologic data, in which such assumptions can never be met
precisely (27). However, this method provides a parsimonious,
parametric inference of the effect of combinations of factors,
and was therefore a highly appropriate method to use in this
study. Third, although the NHANES use of 24-h dietary recall
was the preferred choice of reference method. Reliance on
memory with twice recall is a well-documented limitation might
induce bias for micronutrients calculation. Comprehensive and
additional dietary data in NHANES have much more detailed
information would be conducive to minimize possibility of self-
reporting bias (28). Fourth, although the potential role of the 11
antioxidant micronutrients in the development and progression
of CVDs has been investigated, the accuracy of self-reported
outcomes in NHANES is not well-characterized. The chemical
forms of antioxidant micronutrients (as organic and inorganic
compounds) and sustained and dynamic intakes should also
be considered. Building on our study, which has demonstrated
important synergistic effects of antioxidant micronutrients,
randomized trials with standardized antioxidants and protocols
would help to improve our understanding of the effects of
different food combinations on cardiovascular outcomes.

CONCLUSION

Our findings suggested that higher levels of antioxidative
micronutrients in combination are associated with a decreased
total CVD risk, and that selenium has the greatest contribution to
this effect. Significant negative linear and non-linear correlations
exist between the 11 antioxidative micronutrients and total CVD
or specific CVDs. Future research is needed to better understand
the interactions and complexities of multiple micronutrients
and their combined effects on cardiovascular health, and to
assess and identify optimal intake levels to reduce CVD in
at-risk populations.
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Supplementary Figures S2–S6 | Restricted cubic spline (RCS) analysis with a

multivariate -adjusted association associations between dietary eleven antioxidant

micronutrients and the prevalence of specific CVDs (CHD, CHF, heart attack,

angina and stroke). Eleven antioxidant micronutrients index are modeled as

restricted cubic splines with knots at the 10th, 50th, and 90th percentiles shown

the non-linear association. The solid line is the adjusted HR; 10th percentile is

used as the reference (HR = 1). The shaded area is the 95% CI of the HR. The

β–cryptoxanthin shown non-linearity association with CHF model (P for

non-linearity <0.05), and other 10 micronutrients shown linearity correlation with

CHF (P for non-linearity > 0.05). The iron, zinc and copper shown non-linearity

association with heart attack (P for non-linearity <0.05), others shown linearity

correlation relationship with heart attack (P for non-linearity >0.05). All 11 specific

antioxidant micronutrients shown linearity association with CHD, angina, and

stroke (P for non-linearity > 0.05).

Supplementary Table 1 | Concentrations and distribution of the eleven

antioxidant micronutrients.

Supplementary Table 2 | Multiple logistic regression model to assess the

association between selenium and specific CVD risk.

Supplementary Table 3 | Logistic regression model to assess the association

between copper and specific CVD risk.

Supplementary Table 4 | Logistic regression model to assess the association

between β-carotene and specific CVD risk.

Supplementary Table 5 | Logistic regression model to assess the association

between vitamin E and specific CVD risk.

Supplementary Table 6 | Logistic regression model to assess the association

between iron and specific CVD risk.
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Simple lifestyle changes can prevent or delay the onset of type 2 diabetes mellitus

(T2DM). In addition to maintaining a physically active way of life, the diet has become

one of the bases in managing TD2M. Due to many studies linking the ability of resistant

starch (RS) to a substantial role in enhancing the nutritional quality of food and disease

prevention, the challenge of incorporating RS into the diet and increasing its intake

remains. Therefore, we conducted this review to assess the potential benefits of RS on

metabolic biomarkers in pre-diabetes and diabetes adults based on available intervention

studies over the last decade. Based on the conducted review, we observed that RS

intake correlates directly to minimize possible effects through different mechanisms for

better control of pre-diabetic and diabetic conditions. In most studies, significant changes

were evident in the postprandial glucose and insulin incremental area under the curve

(iAUC). Comparative evaluation of RS consumption and control groups also showed

differenceswith inflammatorymarkers such as TNF-α, IL-1β, MCP-1, and E-selectin. Only

RS2 and RS3 were extensively investigated and widely reported among the five reported

RS types. However, a proper comparison and conclusion are deemed inappropriate

considering the variations observed with the study duration, sample size, subjects and

their metabolic conditions, intervention doses, and the intervention base products. In

conclusion, this result provides interesting insights into the potential use of RS as part of

a sustainable diet in diabetes management and should be further explored in terms of

the mechanism involved.

Keywords: resistant starch, type 2 diabetes, biomarkers, glucose, insulin

INTRODUCTION

Diabetes mellitus is a metabolic disorder characterized by hyperglycemia due to defective insulin
secretion, action or both (1). The diagnostic criteria for diabetes include fasting plasma glucose
(FPG) ≥7.0 mmol/L (2), glycated hemoglobin (HbA1c) ≥6.5% (2–4), 2-h plasma glucose (2hPG)
in a 75 g oral glucose tolerance test (OGTT) ≥11.1 mmol/L (2) or random PG ≥11.1 mmol/L.
Meanwhile, pre-diabetes refers to impaired fasting glucose (IFG) of 6.1–6.9 mmol/L (5), impaired
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glucose tolerance (IGT)/2hPG in a 75 g OGTT of 7.8–11.0
mmol/L (5) or HbA1c of 6.0% to 6.4% (6), each of which
places individuals at high risk of developing diabetes and its
complications (7).

A recent study by Khan and his team (8) presented the
epidemiology of type 2 diabetes mellitus (T2DM) in terms of
the global burden of disease and forecasted trends. The study
showed that T2DM continues to be the leading cause of human
suffering and deaths as it continues to increase in prevalence and
incidence. This phenomenon continues, and there are no sights
for reduction despite efforts in clinical care, research and public
health interventions (8). Globally, it was recognized that diets low
in whole grains, nuts, seeds and fruits were the leading dietary
risks, especially in developing countries where globalization
and emerging supermarkets increase access to processed, salt-
laden, high-fat and sugar-added food products. Consequently,
the attractiveness in line with low prices and higher accessibility
led to decreased intake of whole grains, fruits and vegetables. In
addition, poor dietary control and a sedentary lifestyle contribute
to higher BMI that further elevates the associated risks (9).

The nutritional recommendation based on FAO/WHO states
that the acceptable macronutrient distribution range should be
within 55–75% of net energy for carbohydrates, 10% for sugar
components, while dietary fiber intake requirements differ with
38 g and 25 g for men and women, respectively (10). Several
published findings have highlighted the association of high
fiber and grains intake toward lower risk of both obesity and
diabetes. However, the usual dietary pattern does not meet the
recommended quantity, and hence it was suggested to include an
additional grain-fibrous food for a more enhanced approach in
managing metabolic conditions, such as diabetes (11–13).

Starch is the predominant form of carbohydrate and is
categorized as rapidly digestible starch (RDS), slowly digestible
starch (SDS) and resistant starch (RS) determined based on
their digestion rate. SDS seems to be slowly digested within the
small intestines, whereas RDS tends to elevate glucose levels
rapidly in the blood upon consumption. On the other hand,
RS is undigested in the small intestines and usually fermented

Abbreviations: Aβ, Amyloid-beta; AD, Adzuki bean; ACh, Acetylcholine; AChE,

Acetylcholinesterase; AD, Alzheimer’s disease; AFM, Atomic Force Microscope;

BMI, Body mass index; BR, Waxy black rice; CHO, Carbohydrate; CRP, C-reactive

protein; CSIRO, Commonwealth Scientific and Industrial Research Organization;

ELD, Elderly; FFA, Free Fatty acid; FPG, Fasting Plasma Glucose; FSIVGTT,

Frequently sampled intravenous glucose tolerance test; GI, Glycemic index; GLP1,

Glucagon-like peptide-1; IFG, Impaired fasting glucose; IGT, Impaired glucose

tolerance; iAUC, Incremental area under the curve; IR, Insulin resistance; IL,

Interleukin; IN, Inulin; HbA1c, Glycated hemoglobin; HAM, High-amylose maize;

HAW, High-amylose wheat; HDL, High-density lipoprotein; HFWR, High fiber

white rice; hs, High-sensitive; LAW, Low-amylose wheat; LB, Lily bulb; LDL,

Low-density lipoprotein; LN, Lean; LS, Lotus seed; MCP-1, Monocyte chemotactic

protein-1; MI, Millet; MID, Mid-age; MISI, Muscle insulin sensitivity index;

MTT, Meal tolerance test; NEFA, Non-esterified fatty acids; OGTT, Oral glucose

tolerance test; OWO,Overweight or obese; PAI-1, Plasminogen activator inhibitor-

1; PYY, Peptide YY; RB, Rye-based bread; RDS, Rapidly digestible starch; RFB,

Rye flour bread; RKB, Rye kernels bread; RS, Resistant starch; SCFA, Serum

short-chain FA; SDS, slowly digestible starch; TC, Total cholesterol; TEE, Total

energy expenditure; TG, Triglycerides; T2DM, Type 2 diabetes; sVCAM-1, Soluble

vascular cell adhesion molecule−1; WG,Whole grain rye; WR,White rice; WWB,

Wheat flour bread; 2hPG, 2-h plasma glucose.

FIGURE 1 | Chemical structure of α-1,4-D-glucan [Obtained from: (17)].

in the colon (14). Several studies have shown that RS is a
linear molecule of α-1,4-D-glucan, derived from the retrograded
amylose fraction and has a relatively low molecular weight (1.2
× 105 Da) (15, 16). The chemical structure of α-1,4-D-glucan is
shown in Figure 1 (17).

RS is used widely as a functional ingredient, especially in
foods containing high dietary fiber levels. These types of food
are assumed to help prevent several pathologies such as colon
cancer, diabetes, or obesity (18). It has been proposed that foods
containing naturally occurring RS or foods modified to contain
more RS may alter the postprandial glycemic response, prevent
hypoglycemia, reduce hyperglycemia and explain differences in
some foods’ glycemic index (GI). Dietary supplementation of RS
is one of the nutritional interventions practiced for metabolic
disease (19). Bread, cooked cereals and pasta, vegetables, just-ripe
bananas are several familiar food products that serve as natural
as natural RS sources. Consumption of RS foods tends to resist
digestion in the small intestines and reaches the large intestines
for microbial fermentation (14, 20, 21).

There are five types of RS based on their indigestible properties
(RS1, RS2, RS3, RS4, and RS5) (16, 17). RS1 refers to physically
entrapped starch within whole plant cells and food matrices
(e.g., partly milled grains and seeds) where there is a physical
barrier to amylolysis. The presence of intact cell walls contributes
to the RS content of legumes. Extensive milling (and chewing)
allows these starches to be more accessible and less resistant.
RS2 comprises the poorly gelatinized and hydrolyzed granules
by α-amylases from certain plants (e.g., raw potato and green
banana, HAM). Retrograded starches constitute RS3, which
includes cooked and cooled rice or potatoes. Meanwhile, RS4 is
a group of chemically modified starches that can improve the
functional characteristics of the starch. Amylose-lipid complex
has been proposed as RS5 because high-amylose starch tends
to be more resistant to enzyme hydrolysis than low-amylose
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FIGURE 2 | PRISMA flow diagram of literature search and selection process.

starch. The amylose-lipid complex in starch granules increases
their enzyme resistance by restricting the granule swelling
during cooking. Although these modified starches are found
widely in processed foods, neither their contribution to RS
intakes nor their physiological effects have been extensively
studied (22).

RS has the advantage of having a less negative influence on the
sensory properties of final products than traditional fibers, such
as whole grains, bran or fruit fibers, which is very positive for
consumer acceptability (23). Consumption of RS has resulted in
changes in insulin sensitivity, IGT and satiety in healthy humans
(24) and therefore has been hypothesized to have implications
for glycemic control in individuals at risk of or with T2DM.
Among the five types, RS2 and RS3 were the most common form
utilized for interventions, especially in evaluating their effects
on blood lipids, GI and colon cancer (24, 25). RS-based diets
are one of the nutritional interventions practiced for metabolic
disease control, and these include common food sources such
as bread, cooked cereals and pasta, vegetables and just-ripe
bananas. Despite the numerous interventions on evaluating RS
effects on diabetic control, the findings seem to be limited to
short-term studies and lack longer-term studies to prove the
benefits of RS. Thus, in this review, we intend to explore the
reported studies on RS diet interventions to further understand
its importance as well as to investigate the possible effects exerted

by various RS-based intervention studies among pre-diabetes and
diabetes adults.

MATERIALS AND METHODS

Search Strategy
Original articles were searched in three databases (PubMed,
Scopus and ScienceDirect) from the year 2011 to 2021 using the
Medical subject heading (MeSH) terms “diabetes,” crossed with
the term “resistant starch.” Publications with available abstracts
were reviewed and limited to studies published in English. Papers
on human and clinical trials related to diabetes were included.
However, review articles, proceedings, letters to the editor, and
in vitro and in vivo studies were excluded. Duplicate articles
were eliminated. The study identification process and reasons for
exclusion are illustrated in Figure 2.

Eligibility Criteria
We included published intervention studies (defined as a
randomized controlled trial, crossover study and quasi-
experimental study) comparing markers of glucose metabolism
for RS consumption. We included only human studies with adult
participants aged at least 18 years old from both genders. Studies
were included if they analyzed at least one of the biomarkers as
mentioned earlier.
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Rashed et al. Resistant Starch Interventions on Metabolic Biomarkers

Study Selection
A pair of authors independently assessed the titles and abstracts
during the initial screening. The difference in the initial
assessment was resolved by a discussion leading to a consensus,
with a third party serving as arbitrator if necessary. Each
study was recorded as include, exclude or unclear. Full articles
were retrieved for further assessment if recorded as include
or unclear. Any disagreement was re-evaluated and re-assessed
among the reviewers.

RESULTS

The search resulted in 50 articles produced with a refined search
based on the availability of full text, peer-reviewed articles and
library collection access. Upon further assessment, only 24 full-
text articles were relevant and included for final review (Table 1).
All the related articles were printed out for further assessment of
evidence-based to explore the effectiveness of RS as a potential
antidiabetic agent.

DISCUSSION

Table 1 was constructed based on available intervention studies
on RS over the last decade. Although there are five types of
RS, only three types have been clinically studied based on our
search strategies from the three selected databases. HAM-RS2,
an ingredient available to both food producers and consumers,
was the usual form of RS2 used. HAM-RS2 is a bland, white
substance with a small particle size comprised of 60% RS and
40% SDS (50). A randomized crossover study done by Bodinham
and her colleagues on 12 overweight individuals reported
significantly higher plasma insulin and C-peptide concentrations
in individuals who consumed 40 g/d RS2 for 4 wks compared
with the placebo (27). The process of insulin synthesis involves
cleaving stages of C-peptide from proinsulin and is stored within
secretory granules before its release in equimolar amounts with
insulin into the bloodstream. C-peptide plays a vital role during
this process by linking the A and B chains leading to precise
folding and formation of interchain disulphide bonds (51). The
presence of a higher level of both insulin and C-peptide assists
the cells for better glucose absorption, blood sugar reduction
and channeling glucose to the cells for energy synthesis. It is
important to note that the circulating venous (or arterial) fasting
insulin concentrations are about 18–90 pmol/L in healthy LN
individuals (52). However, no changes were reported to either
bodyweight or habitual food intake of the subjects in the study
by Bodinham and team (26).

In another crossover study done by the same group of
researchers on individuals with well-controlled T2DM, RS2
consumption resulted in significantly lower postprandial glucose
concentrations (p < 0.05) without any effect on hepatic,
peripheral insulin sensitivity or HbA1c levels (27). Several
biochemical abnormalities were observed in insulin and glucagon
secretion, uptake and suppression of hepatic glucose production,
and uptake of peripheral glucose among diabetic individuals
that led to higher and prolonged postprandial glucose (PPG)

excursions when compared with non-diabetic individuals (53).
Generally, PPG accounted for ∼80% of HbA1c when HbA1c
was <6.2% and only about 40% when HbA1c was above 9.0%
(54). Decreases in PPG accounted for nearly twice as much
for the reduction in HbA1c as did the decline in FPG. HbA1c
values reflect overall glycemic exposure over the past 2-3 mths
integrating both FPG and PPG levels.

Despite no improvement effect of HAM-RS2 on tissue
insulin sensitivity in well-controlled T2DM, it demonstrated
beneficial effects on meal handling, possibly due to higher
postprandial glucagon-like peptide-1 (GLP1). GLP-1 delays
gastric emptying and gut motility in healthy LN and obese
subjects and patients with T2DM (55, 56). GLP-1 also contributes
to the change in gastric volume that occurs in anticipation
of food ingestion (57). In contrast, a double-blind crossover
study done by Dainty and her colleagues in adults at an
increased risk of T2DM characterized by a Canadian diabetes
risk assessment questionnaire (CANRISK) score ≥21 (58) found
that consumption of one bagel containing 25 g/d HAM-RS2
for 8 wks did not show any differences in FPG and PPG
between the RS-intervention and control. However, the HAM-
RS2 bagel recorded significantly lower fasting insulin iAUC
and fasting IR (28). These findings are consistent with the
results of another study done by Galarregui and co-workers that
found positive associations of both fasting insulin and HOMA-
IR with the insulin iAUC for foods with varied macronutrient
composition consumed by senior participants (59). Interestingly,
an investigation by Peterson and co-investigators (29) also
recorded no improvement in glycemic control, cardiovascular
disease risk factors and energy metabolism relative to baseline
when pre-diabetic adults consumed HAM-RS2 for 12 wks. The
sole exception was a decrease in circulating concentrations
of TNF-α.

A possible explanation for the inconsistent findings of RS2
is partly because of the underlying dietary variability among
individuals who participated in the studies. As mentioned earlier,
RS2 supplementation did not improve cardiometabolic health
in adults with pre-diabetes, although it does reduce TNF-α
concentrations (29). Thus, it may be necessary to search for
any relevant articles that correlate various factors in terms of
gut microbiota, diet composition, biological and environmental
factors that respond better to RS2 supplementation than others.
For example, the possible mechanism in the management of
T2DM via activation of protein phosphatase-4, TNF-α and
plasminogen-activator inhibitors were reported in several studies
(60, 61). These articles could lead to a better understanding
of the potential beneficial effects of RS supplementation on
metabolic health and whether such effects are modulated
by diet compositions or existing microbial populations in
the gut.

In addition, increasing evidence relates the roles of
gut microbiota with T2DM development (62). Diabetic
developments are also affected by chemical and diet-related
factors (63). Recently, RS2 in the form of green-banana biomass
studied in 39 T2DM patients of both genders for 6 mths showed
significantly lower TC, non-HDL-cholesterol, glucose, and
HbA1c levels (p < 0.05), as well as improved the LDL particles
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TABLE 1 | The potential health benefit effect of RS interventions on diabetic biomarkers.

References Objective (s) Methods Findings Conclusion

Bodinham et al. (26) To further explore the effects of

RS on insulin secretion.

• A subject-blind, randomized crossover study.

• 12 overweight individuals (37 ± 4.0 yrs) consumed

either 40 g RS2 or energy and carbohydrate

(CHO)-matched placebo daily, for 4 wks.

• Assessment of insulin secretion, plasma insulin and

C-peptide concentrations.

• Significantly higher plasma insulin and C-peptide

concentrations with RS (p < 0.05).

• Significantly improved 1st phase insulin secretion with

RS (p < 0.05).

• No changes on body weight or habitual food intake.

• RS intake significantly increased

the 1st -phase insulin secretion

in individuals at risk of developing

T2DM.

• Further studies exploring this effect

in individuals with T2DM

are required.

Bodinham et al. (27) To determine the effects of

increased RS consumption on

insulin sensitivity and glucose

control and changes in

postprandial metabolites and

body fat in T2DM.

• A single-blind, randomized dietary intervention

crossover study.

• 17 individuals (mean age 55 yrs) with well-controlled

T2DM consumed either 40 g of HAM-RS2 or

placebo for 12 wks.

• Three metabolic investigations: a two-step

euglycemic–hyperinsulinemic clamp combined with

an infusion of [6,6-2H2] glucose, a meal tolerance

test (MTT) with arterio-venous sampling across the

forearm, and whole-body imaging.

• Determination of plasma glucose, insulin,

triglycerides (TG), non-esterified fatty acids (NEFA),

total cholesterol (TC) and high-density lipoprotein

(HDL).

• Determination of fasting tumor necrosis factor-α

(TNF-α) and interleukin (IL) 6, C-peptide and total

glucagon-like peptide-1 (GLP1).

• Significantly lower postprandial glucose concentrations

(p = 0.045).

• No effect of HAM-RS2 on hepatic, peripheral insulin

sensitivity, or HbA1c.

• No significant difference in C-peptide, HOMA, TC, HDL

and IL6 between the HAM-RS2 and placebo.

• Significant difference in NEFA, TG and TNF-α.

• Fasting GLP1 concentrations were significantly lower

following HAM-RS2 consumption (p = 0.049).

• Significantly greater postprandial GLP1 excursions

during the MTT (p = 0.009).

• HAM-RS2 did not improve tissue

insulin sensitivity in well-controlled

T2DM, but demonstrated beneficial

effects on meal handling, possibly

due to higher postprandial GLP1.

Dainty et al. (28) To examine the chronic effects

of consuming bagels high in

HAM-RS2 on fasting and

postprandial glycemic markers

in adults at increased risk of

T2DM.

• A randomized, double-blind crossover design.

• 24 men and women (mean age of 55.3 ± 1.59 yrs

and body mass index (BMI) of 30.2 ± 0.57 kg/m2 )

consumed 1 bagel containing 25 g/d HAM-RS2 or

one control wheat bagel for 56 d each, separated by

a 4 wks washout.

• Fasting and postprandial OGTT glucose and insulin.

• Significantly lower fasting, 2 h and 3 h insulin incremental

area under the curve (iAUC) and fasting insulin

resistance (IR) than control (p < 0.05).

• No difference in fasting and postprandial OGTT

glucose concentrations.

• Consumption of a high-HAM-RS2

bagel improves glycemic efficiency

and fasting insulin sensitivity in

adults at increased risk of T2DM.

Peterson et al. (29) To test whether RS2 can

improve cardiometabolic health

among pre-diabetic adults.

• A randomized, double-blind, placebo-controlled,

parallel-arm trial.

• 68 overweight adults (35–75 yrs) with pre-diabetes

were randomized to consume 45 g/d of HAM-RS2

or an isocaloric amount of the RDS amylopectin

(control) for 12 wks.

• HbA1c, insulin sensitivity, insulin secretion, ectopic

fat, and markers of inflammation.

• RS2 lowered HbA1c by a clinically insignificant (p >

0.05).

• RS2 also did not affect insulin sensitivity, TG, TC, FFA,

high-sensitive (hs)-CRP, iAUC relative to baseline (p >

0.05).

• Significant reduction in TNF-α, and heart rate (p < 0.05).

• RS supplementation reduced the

inflammatory marker TNF-α and

heart rate, but it did not significantly

improve glycemic control and other

cardiovascular disease risk factors

among pre-diabetic adults.

(Continued)
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TABLE 1 | Continued

References Objective (s) Methods Findings Conclusion

Kwak et al. (30) To evaluate whether 4 wks of

dietary treatment with rice

containing RS reduces blood

glucose and oxidative stress as

well as improves endothelial

function.

• Patients with IFG, IGT or newly diagnosed T2DM (n

= 90) were randomly assigned to either rice

containing 6.51 g RS/d or a control rice group for 4

wks.

• Fasting and postprandial levels of glucose and

insulin, oxidative stress markers and

endothelial function.

• Significant reduction on fasting insulin and IR,

postprandial glucose (p < 0.010) and insulin levels at

30min, and glucose and iAUC after the standard meal.

• Decreased urinary 8-epi-PGF2α and plasma

malondialdehyde (MDA) and increased the RH-PAT

index (p < 0.001) and total nitric oxide (NO).

• Postprandial changes in glucose at 60 and 120min and

areas under the glucose response curve, MDA, RH-PAT,

and total NO of the test group differed significantly

from control.

• In patients with IFG, IGT or newly

diagnosed T2DM, rice containing

RS was associated with improved

endothelial function reduction of

postprandial glucose and oxidative

stress compared with control.

Lotfollahi et al. (31) To investigate the effects of 6

mths consumption of

green-banana biomass on the

LDL particle functionality in

subjects with T2DM.

• Subjects (n = 39, mean age 65 yrs) of both sexes

with diabetes (HbA1c ≥ 6.5%) were randomized to

receive nutritional support plus green-banana

biomass (40 g) (n = 21) or diet alone (n = 18) for 6

months.

• Non-linear optical responses of LDL solutions from

these participants were studied by Z-scan

technique.

• Measurement absorbance structural changes in LDL

samples and determination of LDL sub-fractions.

• Significant reduction on total- and non-HDL-cholesterol,

glucose, HbA1c and improved the protection of the LDL

particle against oxidation, by increasing carotenoids

content in the particles (p < 0.05).

• Higher protection against

modifications may decrease the

risk of developing cardiovascular

disease.

• Benefits of the green-banana

biomass encourage the RS usage

with potential clinical applications

among pre-diabetic and

diabetic individuals.

Gargari et al. (32) To determine effects of RS2 on

metabolic parameters and

inflammation in women with

T2DM.

• A randomized controlled clinical trial.

• 60 females (30–65 yrs) with T2DMreceived 10 g/d

RS2 or placebo for 8 wks.

• FPG, HbA1c, lipid profile, hs-CRP, IL-6 and TNF-α.

• RS2 significantly decreased HbA1c (−0.3%, −3.6%),

TNF-α (−3.4 pg/mL, −18.9%) compared with placebo

(p < 0.05).

• Changes in FBS, hs-CRP and IL-6 were not significant.

• RS2 can improve glycemic status,

inflammatory markers and lipid

profile in women with T2DM.

• More studies are needed to confirm

efficacy of RS2 as an adjunct

therapy in diabetes.

Alfa et al. (33) To determine the tolerability as

well as the glucose and insulin

modulating ability of

MSPrebiotic® digestion RS in

healthy mid-age (MID) and

elderly (ELD) adults.

• A prospective, blinded, placebo-controlled study.

• ELD (>70 yrs) and MID (30–50 yrs) consumed either

30 g/d MSPrebiotic® or placebo for 12 wks.

• Blood glucose, lipid profile, C-reactive protein (CRP),

lipid particles, TNF-α, IL-10, insulin and IR.

• A significant difference in blood glucose (p = 0.0301)

and insulin levels (p = 0.009), as well as IR (HOMA-IR; p

= 0.009) in ELD adults who consumed MSPrebiotic.

• MSPrebiotic® consumption for 12 wks was not

sufficient to reduce the elevated CRP and TNF-α levels

in the ELD group.

• No significant changes in MID adults.

• Dietary supplementation with

prebiotics such as MSPrebiotic®

may be part of an effective strategy

to reduce IR, in the ELD.

Giles et al. (34) To determine the in vivo net

energy content of RS and

examine its effect on

macronutrient oxidation.

• A randomized, double-blind cross-over study.

• 18 healthy adults aged 25–45 yrs.

• Measurement of total energy expenditure (TEE),

substrate oxidation, and postprandial metabolites in

response to three diets: (a) digestible starch (DS), (b)

RS (33% dietary fiber), (c) RS with high fiber (RSF,

56% fiber).

• The in vivo net energy content of RS and RSF are 2.74

± 0.41 and 3.16 ± 0.27 kcal/g, respectively.

• No difference in TEE or protein oxidation between DS,

RS, and RSF.

• RS and RSF consumption caused a 32% increase in fat

oxidation (p = 0.04) with a concomitant 18% decrease

in CHO oxidation (p = 0.03) vs. DS.

• Insulin responses were unaltered after breakfast but

lower in RS and RSF after lunch, at equivalent

glucose concentrations.

• RS and RSF consumption increase

fat and decrease CHO oxidation

with postprandial insulin responses

lowered after lunch.

(Continued)
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TABLE 1 | Continued

References Objective (s) Methods Findings Conclusion

Belobrajdic et al.

(35)

To determine if bread made

from HAW and enriched in RS

dampens postprandial glycemia

compared with bread made

from conventional low-amylose

wheat (LAW).

• A single-center, randomized, double-blinded,

crossover- controlled study.

• 20 healthy non-diabetic men and women (mean age

30 ± 3 yrs; BMI 23 ± 0.7 kg/m2) consumed a

glucose beverage or 4 different breads (LAW-R

(refined), LAW-W (wholemeal), HAW-R, or HAW-W)

for 7 wks.

• Plasma glucose, insulin, ghrelin, incretin hormone

concentrations and iAUC.

• HAW breads: iAUC: 39% < conventional wheat breads

(HAW 39 ± 5 mmol/L × 3 h; LAW 64 ± 5 mmol/L × 3 h;

p < 0.0001).

• Insulinemic and incretin: 24–30% less for HAW breads

than for LAW breads (p < 0.05).

• Flour processing did not affect the glycemic, insulinemic,

or incretin response.

• The HAW breads did not influence plasma ghrelin.

• Replacing LAW with HAW flour

may be an effective strategy for

lowering postprandial glycemic and

insulinemic responses to bread in

healthy men and women, but

further research is warranted.

Hallström et al. (36) To evaluate the postprandial

glucose and insulin responses

in vivo to bread products based

on a novel wheat genotype with

elevated amylose content (EAW)

of 38%.

• A randomized cross-over trial.

• Healthy 7 females and 7 males (20–35 yrs; BMI: 22.2

± 1.91) were served test meals on 4 occasions.

• RS content (in vitro), postprandial glucose and

insulin responses.

• Significantly higher RS content in EAW bread than in

whole grain wheat bread (WGW) (p < 0.001).

• EAW induced lower postprandial glucose response than

white wheat flour (REF) during the first 120min (p <

0.05), but no significant differences in insulin responses.

• Increased RS content per test portion was correlated to

a reduced GI (r = −0.571, p < 0.001).

• Wheat with EAW may be preferable

to other wheat genotypes

considering RS formation, however

further research is required.

Poquette et al. (37) To measure the contents of

functional starch fractions, SDS

and RS, and to investigate the

effects of grain sorghum on

postprandial plasma glucose

and insulin levels.

• A randomized-crossover design.

• 10 healthy males (25.1 ± 4 yrs) consumed grain

sorghum and whole wheat flour (control) muffins

containing 50 g total starch with a 1 wk washout

period.

• Measurement of glucose and insulin levels at 15min

before and 0, 15, 30, 45, 60, 75, 90, 120, 180min

after consumption.

• Mean glucose and insulin responses reduced at

45–120min and 15
†
90min with grain sorghum,

compared to control (p < 0.05).

• The iAUC was significantly lowered for plasma glucose

responses (p < 0.05).

• Significant reduction with insulin responses with

sorghum (p < 0.05).

• Grain sorghum is a good functional

ingredient to assist in managing

glucose and insulin levels in healthy

individuals.

Gu (38) To investigate the effects of

sorghum starch on postprandial

blood glucose and insulin levels

in pre-diabetic men

• Grain sorghum and wheat (control) muffins

containing 50 g total starch were consumed by 15

pre-diabetic males on two mornings with a 1 wk

washout period.

• Measurement of glucose and insulin levels at −15

(baseline), 0, 15, 30, 45, 60, 75, 90, 120, and

180min after each treatment.

• The functional starch content [combined SDS and RS]

of grain sorghum muffin was higher than control.

• Postprandial blood glucose and insulin responses were

both significantly reduced at 45–120min intervals (p <

0.05).

• The mean iAUC of glucose and insulin was significantly

reduced by 35 and 36.7%, respectively (p < 0.05).

• Grain sorghum is a good candidate

in controlling blood glucose and

insulin levels in pre-diabetic

population for the prevention of

T2DM.

Lin et al. (39) To evaluate the effects of the

new RS formula, PPB-R-203,

on glucose homeostasis in

healthy subjects and subjects

with T2DM.

• A cohort consisting of 40 healthy participants (20–65

yrs) received test and control diets.

• A randomized, 2-regimen, cross-over, comparative

study was conducted in 44 subjects (20–65 yrs) with

T2DM and glycemic control was assessed with a

continuous glucose monitoring system.

• Determination of blood glucose and iAUC

• Serum glucose values and iAUC were significantly lower

in the PPB-R-203 than the control group, for healthy

subjects (p < 0.05).

• In patients with T2DM, mean blood glucose

concentrations for control regimen were higher than the

PPB-R-203-based regimen (p = 0.023).

• AUCs for total blood glucose and hyperglycemia were

also reduced for subjects on the PPB-R-203- compared

to control (total blood glucose: p < 0.001;

hyperglycemia: p = 0.021).

• A PPB-R-203-based diet reduced

postprandial hyperglycemia in

patients with T2DM without

increasing the risk of hypoglycemia

or glucose excursion.

Sanders et al. (40) To evaluate the effect of

consuming cooked, then chilled

potatoes, compared to

isoenergetic, CHO-containing

control foods.

• A pilot cross-over randomized controlled trial.

• 19 adults (18–74 yrs;BMI 27.0–39.9)consumed 300

g/day RS-enriched potatoes, over a 24 h period.

• Assessment of insulin sensitivity, fasting plasma

glucose and fasting insulin

• No significant difference for insulin sensitivity between

potato and control.

• Lower fasting plasma glucose (p = 0.043) with potato

compared to control.

• Lower fasting insulin (p = 0.077) in the potato

vs. control.

• RS-enriched potatoes may have a

favorable impact on CHO

metabolism and support the view

that additional research in a larger

study sample is warranted.

(Continued)
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TABLE 1 | Continued

References Objective (s) Methods Findings Conclusion

Mohan et al. (41) To compare the GI of a newly

developed high fiber white rice

(HFWR) with that of commercial

white rice (WR)

• A randomized controlled crossover study design.

• 30 healthy adults age 18–45 yrs were recruited for

the GI study of HFWR in 2013

• In 2014, GI testing of the second harvest HFWR was

done in a subsample of 15 healthy volunteers.

• HFWR and WR diets providing 50 g of available CHO

(63.6 g of uncooked rice) were given as test foods

• Dietary fiber content of HFWR was 5-fold higher.

• RS content of HFWR was 6.5-fold higher (p < 0.001)

• Amylose content of HFWR was significantly higher (p <

0.001) compared with WR

• HFWR had 23% lower GI compared with WR (p

= 0.002).

• HFWR has lower GI excellent

sensory and other characteristics

compared with WR.

• Switching from the current high GI

WR to HFWR could help to reduce

overall dietary GI and the

glycemic load.

Nomura et al. (42) To evaluate the postprandial

glycemic response for boiled

BARLEYmax® and determined

its GI in a Japanese population.

• 11 healthy subjects (20–50 yrs) were administered a

50 g/150mL glucose drink twice and boiled

BARLEYmax® containing 50 g available CHO after a

wash-out period.

• Determination of blood glucose, postprandial blood

glucose, glucose iAUC and GI of BARLEYmax®.

• Postprandial blood glucose, its change from baseline

over 90min, and the iAUC for BARLEYmax® were

statistically lower than those for the glucose drink.

• The GI of the BARLEYmax® was 24.3.

• Boiled BARLEYmax® contributes

to improving the postprandial

glycemic response.

Zhu et al. (43) To examine the possibility of

integrating domestically cooked

non-cereal starchy foods into

glycemic management diet, and

compare their glycemic

characteristics with those of

waxy and non-waxy whole

grains and starchy beans.

• An undouble-blind, randomized crossover design.

• 10 healthy subjects (18–26 yrs) consumed dried lily

bulb (LB), lotus seed (LS), adlay (AD), waxy black rice

(BR), millet (MI), and adzuki bean (AB), pre-soaked.

• In vitro CHO digestion for each test food.

• Both the LS and AB meals achieved low GI (21–51),

while the other starchy foods failed to show significant

difference with rice GI (83–109).

• The hydrolysis indexes of LS and AB were 37.7–61.1%,

significantly lower than other test foods.

• The in vitro tests indicated that pre-soaking resulted in

high RDS and low RS.

• Careful choice of whole grain

materials, minimized pre-soaking,

and moderate cooking may be

critical factors for successful

postprandial glycemic management

for diabetic and pre-diabetic.

Yulianto et al. (44) To evaluate content of RS, and

GI of Cr—fortified—parboiled

rice (Cr-PR) coated with herbal

extracts.

• 18 non-diabetic volunteers were recruited to test on

GI of the cooked Cr-PR coated with herbal extract.

• Unhulled rice and forticant used (Ciherang and

CrCl3). Three herbal extracts used were cinnamon

bark powder, pandan leaf and bay leaf.

• Determination of RS content by enzymatic process.

• RS content of Cr-PR coated with herbal extracts ranged

between 8.27 and 8.84%.

• Cr-PR coated with herbal extract of 3% had higher RS

levels than herbal extracts of 6% and 9% (p < 0.05).

• Rice coated with 3% cinnamon extract showed the

highest RS content (8.84%).

• The lowest GI (29–30) was attained by the Cr-PR coated

with cinnamon extract of 6–9%.

• The low GI of Cr-PR may be more

influenced by the potential of

polyphenolic compounds in the

herbal extract than its RS levels.

Sandberg et al. (45) To investigate the effect of WG

rye-based products on glucose-

and appetite regulation.

• A crossover overnight study design.

• 21 healthy subjects (25.3 ± 3.9 yrs) were provided

four rye-based evening test meals of either WG rye

flour bread (RFB) or a 1:1 ratio of WG rye flour and

rye kernels bread (RFB/RKB), with or without added

RS.

• Determination of blood glucose, insulin, peptide YY

(PYY), FFA, IL-6, ad libitum energy intake as well as

breath H2 and subjective rating of appetite.

• The evening meal with RFB/RKB + RS decreased

postprandial glucose- and iAUC (p < 0.05).

• All rye-based evening meals decreased or tended to

decrease fasting FFA (p < 0.05, RFB/RKB: p = 0.057).

• The evening meal comprising RFB/RKB + RS resulted

in an increased p-PYY concentration at fasting (+17%,

p < 0.05).

• No effects on energy intake or IL-6 compared to WWB.

• All rye-based evening meals resulted in increased breath

H2 levels at fasting, that remained increased after the

standardized breakfast (p < 0.001).

• WG rye bread has the potential to

improve cardiometabolic variables

in an 11–14.5 h perspective in

healthy humans.

• The combination RFB/RKB + RS

positively affected biomarkers of

glucose- and appetite regulation in

a semi-acute perspective.

Meanwhile, RFB and RFB/RKB

improved subjective

appetite ratings.

(Continued)
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TABLE 1 | Continued

References Objective (s) Methods Findings Conclusion

Sandberg et al. (46) To investigate the effects of

short-term intervention with WG

rye on cognitive functions,

mood and cardiometabolic risk

markers in MID test subjects.

• Crossover study

• 38 healthy MID subjects consumed rye-based

breads made up of WG rye kernel/flour (1:1)

supplemented with RS2 (RB + RS2) for three

consecutive days, with white wheat flour bread as

reference.

• Cognitive function, mood and cardiometabolic risk

markers were determined the following morning, 11

– 14 h post intake.

• RB + RS2 increased insulin sensitivity (p < 0.05), (PYY,

p < 0.05; GLP-2, p < 0.01) and fasting concentrations

of plasma acetate, butyrate and total SCFA (p < 0.001).

• Fasting levels of IL – 1β were decreased (p < 0.05).

• No significant difference for other inflammatory markers

(CRP, IL-6, IL-18 and LBP) and blood lipids (FFA and

TG).

• Insulin sensitivity was positively correlated with working

memory test performance (p < 0.05).

• This study displays novel findings

regarding effects of WG rye

products on mood, and glucose

and appetite regulation in MID

subjects, indicating anti-diabetic

properties of WG rye.

• The beneficial effects are

suggested to be mediated through

gut fermentation of dietary fiber in

the RB + RS2 product.

Nichenametla et al.

(47)

To examine the effects of a

blinded exchange of

RS4-enriched flour (30% v/v)

with regular/control flour (CF)

diet on multiple metabolic

syndrome (MetS) comorbidities.

• A double blind, placebo-controlled, cluster

cross-over intervention.

• 86 male and female subjects (≥ 18 yrs) consumed

RS4-enriched flour (30% v/v) and regular flour as

control with 2 wks washout period

• Determination of glucose profile (FPG, post-prandial

glucose, and HbA1C).

• RS4 consumption resulted in 7.2% (p = 0.002) lower

mean TC, 5.5% (p = 0.04) lower non-HDL, and a 12.8%

(p < 0.001) lower HDL in the MetS group.

• No significant effect of RS4 was observed for glycemic

variables (FPG, postprandial glucose, and HbA1C) and

blood pressures.

• RS4 consumption improved

dyslipidemia and body

composition.

García et al. (48) To evaluate the glycemic control

and cardiovascular risk

biomarkers in fragile, ELD

T2DM patients after the intake

of a new fructose-free

diabetes-specific formula

enriched with RS4 and high in

monounsaturated FAs.

• An experimental, prospective, intention-to-treat

clinical trial.

• 41 patients with T2DM (78.9 ± 2.8 yrs) were fed

exclusively with an enteral diabetes-specific formula

for 6 wks.

• Data were collected at baseline and after 6 wks of

feeding.

• CHO and lipid metabolism, inflammatory and

cardiovascular risk biomarkers were measured.

• Blood HbA1c significantly decreased after the

intervention (p < 0.05), as well as monocyte chemotactic

protein-1 (MCP-1) and soluble E-selectin (p < 0.05).

• Soluble vascular cell adhesion molecule-1 (sVCAM-1)

and plasminogen activator inhibitor-1 (PAI-1) tended to

decrease from baseline to 6 wks (p = 0.084 and p =

0.05, respectively).

• The new product improves glycemic

control and cardiovascular risk

without altering lipid metabolism,

which is useful for the prevention of

diabetic complications.

• Longer intervention studies

are needed.

Rahat-Rozenbloom

et al. (49)

To compare the effects of two

fermentable fibers on

postprandial SCFA and

second-meal glycemic

response in healthy overweight

or obese (OWO) vs. lean (LN)

participants.

• Randomized crossover design.

• Male and non-pregnant, non-lactating females aged

18–65 yrs.

• 13 OWO and 12 LN overnight fasted participants

were studied for 6 h on three separate days after

consuming 300mL water containing 75 g glucose as

control or with 24 g IN or 28 g RS.

• Determination of blood and serum glucose, insulin,

C-peptide and FFA.

• IN significantly increased serum SCFA (p < 0.001) but

had no effect on FFA or second-meal glucose and

insulin responses compared to control.

• RS had no significant effect on SCFA but reduced FFA

rebound (p < 0.001) and second-meal glucose (p =

0.002) and insulin responses (p = 0.024).

• OWO had similar postprandial serum SCFA and glucose

concentrations but significantly greater insulin and FFA

than LN.

• The effects of IN and RS on SCFA, glucose, insulin and

FFA responses were similar in LN and OWO.

• RS has favorable second-

meal effects, likely related to

changes in FFA rather than

SCFA concentrations. However, a

longer study may be needed to

demonstrate RS effects on SCFA.

• No evidence that acute increases

in SCFA after IN reduce glycemic

responses.

• No significant differences detected

in SCFA responses between OWO

vs. LN subjects.
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protection against oxidation which indirectly assists in lowering
cardiovascular disease risk among T2DM patients (31). Gargari
and co-investigators (32) have conducted a study to determine if
RS can react as an alimentary prebiotic for patients with T2DM.
They have found that RS2 decreased HbA1c (−0.3%, −3.6%)
and TNF-α (−3.4 pg/mL, −18.9%) significantly compared
with the placebo group (p < 0.05). However, changes in FBS,
hs-CRP and IL-6 were not significant in the RS2 group compared
with the control group. In contrast to the previous finding by
Heianza and co-workers (6), both studies done by Lotfollahi and
Gargari recorded decreased HbA1c levels after the intervention
(31, 32).

Although RS2 can improve the glycemic status and
inflammatory markers in some individuals with T2DM,
more studies are needed to confirm the efficacy of RS2 as
an adjunct therapy in diabetes, as reported by Gargari et al.
(32). Similarly, Alfa and colleagues conducted another study
to evaluate the tolerability, glucose, and insulin modulating
ability in healthy MID and ELD adults upon consumption
of MSPrebiotic R© digestion resistant starch (DRS) (33).
MSPrebiotic R© is a product made from unmodified natural
DRS from potatoes and contains an active ingredient, Solanum
tuberosum extract. The subjects were randomized and required
to consume 30 g/d of either MSPrebiotic R© or placebo for
12 wks. Several parameters including blood glucose, lipid
profile, CRP, TNF-α, IL-10, and insulin resistance (IR) were
measured over the whole study period. Baseline data from this
study indicated that the ELD population had a significantly
higher elevated glucose and TNF-α compared to MID adults.
Interestingly, a significant difference was observed in blood
glucose, insulin levels and HOMA-IR in ELD subjects who
consumed MSPrebiotic R© compared to placebo. Unfortunately,
there were no significant changes found in MID subjects. A
newly published systematic review to evaluate the effect of
prebiotics on metabolic and inflammatory biomarkers in T2DM
patients found that ∼70% of the study reported improvements
in glycemia including HBA1c, HOMA-IR and inflammatory
markers (64).

Besides its action on diabetic parameters and gut microbiota,
RS2 was also found to affect macronutrient oxidation based
on a study conducted in healthy adults aged 25–45 yrs in
2019. The subjects who consumed RS and RS high fiber (RSF)
demonstrated a 32% increase in fat oxidation (p < 0.05) with
a concomitant 18% decrease in CHO oxidation (p < 0.05).
Furthermore, insulin responses were unaltered after breakfast
but lower in RS and RSF after lunch, at equivalent glucose
concentrations. Based on this finding, RS and RSF were expected
to improve insulin sensitivity at later meals, though there has
been no earlier expression of insulin response (34). Nevertheless,
this study was carried out on healthy adults and dissimilar
findings can be documented if the trial was performed on patients
with T2DM.

Based on our search, we also noticed that RS3-based
interventions had been extensively investigated. In 2019,
Belobrajdic and his colleagues (35) had conducted a crossover-
controlled study on 20 healthy non-diabetic men who consumed
bread made from HAW and LAW. They determined that flour

processing did not affect the glycemic, insulinemic or increatin
response. However, HAW bread had lower insulinemic and
increatin (24–30% less) than LAW (35). In other words, replacing
LAW with HAW flour is more practical as an effective strategy
for lowering glycemic and insulinemic responses in healthy men.
Figure 3 represents the schematic action of gut nutrients on
insulin release (65, 66). From a mechanistic perspective, vast data
suggest that acetate has an important regulatory role in body
weight control and insulin sensitivity via lipid metabolism and
glucose homeostasis.

In another study, healthy subjects who consumed EAW
bread showed significantly lower PPG response than those who
consumed the reference white wheat bread during the first
120min (p < 0.05), although there were no differences in insulin
responses (36). This novel wheat with 38% EAWwas field-grown
under standard cultural practices in the experimental station of
the University of Tuscia (Viterbo, Central Italy). Interestingly,
higher RS content in bread significantly reduced the GI (p <

0.001). Despite promising results, this study was limited in terms
of sample size that does not guarantee effectiveness in a larger
population. Hence, further investigations are warranted for a
more effective outcome on the roles of EAW in the improvement
of postprandial glycemic response (36).

Besides using wheat bread, the effect of grain sorghum flour
was also investigated in both healthy and pre-diabetic subjects,
respectively (37, 38). Grain sorghum flour contained 22.7 ±

0.8, 43.8 ± 0.8, and 33.5 ± 0.1, whereas wheat flour contained
37.5 ± 0.3, 47.4 ± 0.4, and 15.1 ± 0.1 of RDS, SDS, and
RS; respectively. In healthy subjects, incremental changes in
plasma glucose and plasma insulin concentrations were recorded
with the grain sorghum muffin treatment. Furthermore, the
glucose responses were significantly lower, particularly at 45–
120min intervals (p < 0.05) and mean insulin responses reduced
at 15–90min intervals compared to control (p < 0.05). This
study demonstrated a significant reduction at about 26% in the
mean glucose iAUC responses with sorghum at 2,871 ± 163mg
compared to wheat at 3,863 ± 443mg (∼3 h)/dL. Similarly,
insulin responses also significantly decreased from 3,029 ± 965
µU (∼3 h)/L for wheat to 1,357 ± 204 with sorghum (p < 0.05),
respectively. Furthermore, significant reduction on postprandial
blood glucose and insulin responses within 45–120min intervals
(p < 0.05) along with reduction in glucose iAUC by 35.0%, from
5457.5 ± 645.4 to 3550.0 ± 428.9mg (∼3 h)/ dL (p < 0.05) were
recorded in pre-diabetic men. Additionally, the mean insulin
iAUC was also significantly lowered by 36.7%, from 7254.6 ±

1228.9 to 4589.3 ± 737.2 mU (∼3 h)/L (p < 0.05). In short, both
studies documented interesting results that grain sorghum is an
excellent functional ingredient to assist in managing glucose and
insulin levels among healthy individuals and controlling blood
glucose and insulin levels among the pre-diabetic population
(37, 38).

A group of researchers has also embarked on a study to
evaluate the effect of a new formula, PPB-R-203 (a retrograded
starch product manufactured by Pharma Power Biotec Co., Ltd.)
vs. commercially available food on blood glucose regulation
and safety in both healthy and T2DM individuals aged 20–
65 yrs old (39). The findings demonstrated that mean blood
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FIGURE 3 | The schematic actions of gut nutrients on insulin release [Adapted from: (65, 66)].

glucose concentration and glucose iAUC were lower with the
PPB-R-203 regimen than control among T2DM patients. In
brief, PPB-R-203-based food managed to improve postprandial
hyperglycemia in T2DM patients without giving a risk of
hypoglycemia compared with commercially available food (39).

Recently, a comparison study has been done by Sanders
and his friends to assess the metabolic effects in subjects that
consumed 300 g of cooked then chilled potatoes containing∼18 g
of RS compared to a control diet matched for calories and
macronutrients but with <1 g of RS over a 24 h period (40). By
introducing RS-enriched potatoes, the values for muscle insulin
sensitivity index (MISI), HOMA2 insulin sensitivity (%S), and
HOMA2 β-cell function (%B) increased, although the differences
did not approach statistical significance compared with the
control group. However, a significant reduction of the FPG (p <

0.05) was recorded with a slight insignificant decrease of fasting
plasma insulin (p = 0.077). In addition, breath hydrogen at the
end of 300min was significantly higher (p < 0.05), and plasma
FFA was significantly lower (p < 0.05) in the potato condition
compared to the control. Even though RS-enriched potatoes may
have a favorable impact on CHOmetabolism, additional research
with a large study sample is necessary.

Newly developed high fiber white rice (HFWR) has also
been investigated for its GI and effect on glycemic parameters
among healthy volunteers. The subjects were given HFWR and
commercial white rice (WR) diets containing 50 g of available
CHO as the test foods. HFWRwas documented with a 23% lower
GI value than WR, in which HFWR was found to be of medium
GI (61.3) whereas WR was of higher GI (79.2). The dietary
fiber, RS, and amylose content were also significantly higher in

HFWR than WR. These results showed that the newly developed
HFWR had a lower GI and other favorable characteristics than
WR. Hence, the HFWR could help reduce the overall dietary
GI and the glycemic load (41). However, it may be necessary to
conduct an additional study to identify the HFWR capacity on its
impact on blood glucose parameters, particularly for those with
disabilities in glucose management.

Another valuable product that has been recognized as
one of the ancient cultivated cereal grains globally is barley
(Hordeum vulgare L.). Barley is an enriched source of high
fiber contents, at about 15.6 g/100 g (67). Nomura and his
colleagues conducted a study to determine the GI, blood glucose,
postprandial blood glucose and iAUC after BARLEYmax R©

consumption in healthy Japanese subjects (42). BARLEYmax R©

is a unique, non-genetically modified barley developed by
Australia’s Commonwealth Scientific and Industrial Research
Organization (CSIRO) (68). They found that the GI of the
BARLEYmax R© was 24.3, and glucose iAUCwas statistically lower
than those who took the ordinary glucose drink. They presumed
that the presence of fructans in BARLEYmax R© at 11% could
contribute to glycemic response reduction, which is higher than
other components comprised of RS, β-glucan and arabinoxylan
at 3, 6 and 7%, respectively (42).

Meanwhile, Zhu and his colleagues have investigated the
potential benefits of a combination of several non-cereal starchy
(LS, AD and dried LB) compared with (MI, BR and AB) into
a glycemic management diet while taking the pre-soaking and
cooking duration into account (43). Unfortunately, despite being
whole grains, the waxy and pre-soaked cereals can be very high-
GI food. Moreover, pulses such as the AB can maintain a low GI
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even after a long-time pre-soaking and prolonged cooking and
the LS is a valuable low-GI food ingredient in staple food which
behaved more like pulses in terms of GR, while the AD and LB
weremore likemillet and strongly dependent on cooking practice
for GI values. Thus, they concluded that careful choice of whole-
grain materials, minimized pre-soaking, and moderate cooking
may be critical for successful glycemic management for people
with impaired glucose metabolism. On the contrary, Yulianto
and his friends evaluated the content of RS and GI of Cr-PR
coated with herbal extracts (cinnamon bark powder, pandan leaf
and bay leaf) with concentrations of Cr-PR at 1, 2, and 3%,
respectively (44). In their study, 18 non-diabetic individuals were
required to consume one type of cooked rice sample equivalent
to 50 g of glucose. They recorded that the RS content of Cr-PR
coated with herbal extracts ranged between 8.27 and 8.84% and
the highest RS was gained from coating rice with 3% cinnamon
extract. On the whole, it was classified into the low GI category as
it ranged from 29 to 40 and the lowest GI was observed in Cr-PR
coated with 6–9% of cinnamon extract (29–30) (44).

So far, no specific high-fiber or CHO-rich foods are arguably
superior to the others. Sandberg and his colleagues have
conducted a randomized, controlled, crossover overnight study
to investigate the effect of WG-based products on glucose and
appetite regulation (45). In this noteworthy study, four rye-based
evening test meals were given to 21 healthy subjects consisting
of either whole-grain RFB or a 1:1 ratio of RFB/RKB, with or
without added RS, while WWB was used as the reference meal.
Interestingly, the findings showed that the evening test meal
of RFB/RKB + RS resulted in decreased postprandial glucose
and insulin responses and increased the gut hormone in plasma
the following morning after the standardized breakfast. Apart
from that, consumption of RFB and RFB/RKB also resulted in a
decreased feeling of hunger in the test subjects (AUC 0–210min),
while all the rye-based evening meals resulted in reduced
fasting FFA and increased breath hydrogen concentration. This
finding suggests that WG bread had the potential to improve
cardiometabolic variables at 11 to 14.5 h perspective in healthy
humans (45).

Research on cardiometabolic risk markers that consumed RB
has also been evaluated in 38 healthy individuals aged 52–70
yrs. Insulin sensitivity index, PYY levels and plasma acetate
fasting concentrations, butyrate, and total SCFA were recorded
to increase with RB + RS2 bread product consumption. In
addition, the insulin sensitivity index was found to correlate
positively with working memory test performance (Figure 3).
Intriguingly, IL−1β fasting levels were found to decrease after the
intervention (46).

Besides RS2- and RS3-based diets studied by numerous
researchers, wheat-based RS4-enriched flour (30% v/v) has also
been investigated in 86 subjects above 18 yrs old (47). Except
for TG, the RS4-enriched flour significantly reduced cholesterol
levels (TC, HDL and non-HDL, including LDL). Although mean
blood glucose levels were lowered with RS4 consumption, the
differences did not approach statistical significance compared
to the control. Mesa Garcia and her colleagues have taken
a step ahead of research to study a new fructose-free DSF
in fragile elderly T2DM patients for 6 wks and evaluate the

influence of total enteral feeding on the glycemic control and
diabetes-derived cardiovascular risk biomarkers (48). These new
fructose-free DSF and RS4-enriched DSF formulations effectively
controlled glycemic by decreasing blood HbA1c, and some
improvements were documented in MCP-1, sE-selectin, and
sVCAM-1 and PAI-1 plasma levels. While this formulation
managed to improve glycemic control and cardiovascular risk
biomarkers, lipid metabolism has not changed, which is helpful
for the nutritional treatment of frail elderly T2DM patients.

Apart from RS4- enriched flour and DSF formulations,
two fermentable-fibers were also investigated on postprandial
SCFA and second-meal glycemic response among healthy
OWO vs. LN participants (NCT02562014) (49). Intriguingly,
no significant differences were observed in postprandial SCFA
responses between LN and OWO participants after acute fiber
consumption. They reported that any effect of the colonic
fermentation of dietary fiber on glycemic responses was not
attributed to SCFA, as IN increased SCFA serum without
reducing the second-meal glycemic response. The low glucose
response after RS consumption at 4–6 h is consistent with other
studies that find the RS therapy increases insulin susceptibility
and reduces insulin and C-peptide responses (49). The decreased
glycemic reaction is probably not related to SCFA but may
be related to the decrease in FFA recovery. A higher-than-
expected amount of available but SDS in the RS ingredient
used would have explained the acute reduction of FFA, as
both prolonged and enhanced absorption of CHO managed
to reduce postprandial FFA rebound. Based on these findings,
they predicted that IN is fermented promptly in the colon
and that breath-hydrogen and serum SCFA concentrations are
rapidly rising, while RS is fermented gradually for 6 h after
consumption with far smaller increases of breath hydrogen
and serum SCFA. Moreover, the results did not demonstrate
the impact on glucose metabolism of the acute increments in
SCFA. In addition, the results did not support the hypothesis
that colonial SCFA was increased due to obesity/overweight
conditions (49).

CONCLUSION

In conclusion, our review highlighted the benefits of RS that
are loaded with antidiabetic properties. A considerable amount
of RS consumption acts differently through several pathways
to reduce the severity and exert better control of the diabetic
condition. Although a specific RS type could not be highlighted
for a better action mechanism, we observed that both RS2 and
RS3 were among the most extensively explored form of RS over
the last decade. The search results demonstrated that most of the
studies were focused on insulin secretion and plasma glucose.
Nevertheless, the RS effectiveness on HbA1c, inflammatory
markers and lipid profile were also investigated in several studies.
However, a proper comparison and conclusion are deemed
inappropriate in view that the study parameters varied in terms
of study duration, sample size, subjects and their metabolic
conditions, intervention doses, and the intervention base
products. Furthermore, the underlying mechanisms involved in
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the action of RS for diabetes control should be explored in more
detailed perspectives for a better understanding.
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Due to its good dietary role, barley has attracted a growing amount of interest for

the manufacture of functional foods in recent years. In barley, a number of bioactive

components, including as phenolic compounds, have been discovered, and barley

extrudates could be used to formulate various processed foods, including ready-to-eat

cereals, baby, and pet foods and support nutritionally balanced diets. This study was

conducted to investigate the effect of extrusion processing on resistant starch (RS),

glycemic index (GI), and antioxidant compounds of barley flour. The L∗ and 1E values

of barley flours decreased significantly (p < 0.05) after extrusion is done at 150 and

180◦C. The a∗ and b∗ values, however, increased after extrusion. Extrusion increased

antioxidant activity (AOA), metal chelating activity (MCA), and ABTS+ scavenging activity,

whereas total phenolic content (TPC) and total flavonoids content (TFC) decreased.

Barley extrudates at 150 and 180◦C showed decreased TPC by 16.4–34.2% and

23.4–38.1%. Moreover, improved RS and reduced GI values were recorded for barley

extrudates as compared to barley non-extrudates. Therefore, extrusion of barley could

be an alternative to produce pregelatinized barley flour with improved RS low GI values

and improved antioxidant potential.

Keywords: barley, extrusion, resistant starch, phenolic, antioxidants

INTRODUCTION

Barley (Hordeum vulgare L.) is a grass family member and an ancient functional cereal crop grown
in temperate climates worldwide. Globally, almost 51 million hectares land is cultivated for barley
with a total production of 159 million tons (1). According to current knowledge, barley is the oldest
cultivated grain in human history. It is mainly used for brewing beer. Barley mucilage has a positive
effect on stomach diseases. Barley flour is not suitable for baking, as the bread tends to crack and
crumble due to the fact it is not as rich in gluten as other grains. Gluten ensures that the bread rises
in the baking process and keeps its shape.
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Unlike in the past, most barley is currently processed
into animal feed, it can be proven that the oldest cultivated
cereal was also important for human nutrition in the past
(2). Bread and baked goods could not be made from barley,
as the fiber-rich grain has no baking properties, but it
could be used to make a satisfying porridge. The advantage
of barley bread, according to researchers, is its long shelf
life and high fiber content. The researchers are particularly
interested in the so-called beta-glucans, a soluble dietary
fiber with cholesterol-regulating and blood sugar-lowering
effects (3).

Nowadays, barley crop is receiving interest for preparing
functional foods as a source of dietary constituents.
Besides nutritional attributes, it is a good source of
phytochemicals like phenols, flavonols, and tocopherols.
Phenolic compounds include benzoic and cinnamic acid
derivatives, proanthocyanidins, quinones, flavonols, flavones,
flavanones, and amino phenolic compounds (4). The abundance
of bioactive compounds confirms the barley’s role in preventing
many diseases and promoting health (5).

Thermal processing is an important part of food
industries; to improve the quality and microbial safety of
food products. During the past years, extrusion of food
has evolved and now it has been a unique area of research.
Extrusion processing is used to prepare expanded snacks,
pet foods, porridge, and ready-to-eat cereal foods and
modify starch (6). This thermal processing alters functional
characteristics of starchy foods by pregelatinizing the
starch and then followed by starch retrogradation, leading
to retrograded resistant starch (RS). The RS formation is
majorly dependent on the severity of extrusion parameters
(7). The changes brought in the protein and starch contribute
to the structure, texture, and mouthfeel of food products.
Moreover, polyphenols undergo various changes during
extrusion processing and decrease or increase depending on
extrusion conditions (8).

The literature about extrusion processing on RS and
glycemic index (GI) of extruded barley flour is still limited.
Its nutritional profile makes barley an ideal candidate for
developing a new extruded–expanded high fiber ready-to-eat
snack food for example with health advantages. The research
has been driving to see how extrusion processing factors
affected system characteristics as well as physical qualities
of barley flour extrudates (expansion, bulk density, texture,
and color) until now (3, 9). Therefore, the present study’s
objective is to formulate barley flour extrudates and the
effect of extrusion on RS, GI, and antioxidant properties of
barley flour.

MATERIALS AND METHODS

Six cultivars (cv.BH-393, cv.BH-885, cv.BH-902, cv.BH-932,
cv.DWR-52, and cv.PL-172) of barley were obtained from
CCSHAU, Hisar, India. Cv. DWR-52 and cv.BH-885 were two-
rowed and others barley cultivars were of six-rowed.

De-husking, Milling, and Extrusion of
Barley
Barley grains were de-husked using a rice polisher. Hulled barley
grains were kept in the polisher chamber and run till the hull
was removed entirely from the grains. Further, dehulled grains
were ground in a Super Mill (Newport Scientific, Australia) and
conditioned to 30% moisture content. The flours were packaged
in polybags and equilibrated for 12 h. The extrusion of barley
flours was carried out on a corotating twin-screw extruder
(Clextral, Firminy, France). The screw and the diameter of 25 and
6mm and (L/D) of 16 were adjusted with the feed rate of 20 kg/h
and screw speed of 400 rpm. Barley grains were extruded at 150,
and 180◦Cwith barrel temperature of 50, 100, 125 and 150◦C (for
150◦C) and 50, 100, 140, and 180◦C (for 180◦C). An induction
heating belt heated the terminal section, and the feeding area was
cooled with running water.

Hunter Color Characteristics
Hunter color of extruded barley was performed with a Hunter
Colorimeter (Restan VA., USA) fitted with a sensor based
on color scale [L∗ = darkness (0) or lightness (100); a∗ =

greenness (–) or redness (+); b∗ = blueness (–) or yellowness
(+)]. L∗a∗b∗ values were measured in triplicate, averaged, and
recorded. Redness intensity (RI = a∗/b∗) was calculated for each
sample, and correlations between color and sensory data were
investigated. Calibration with a white standard plate, and its
known L∗a∗b∗ values, were completed prior to color testing.

Resistant Starch and Glycemic Index
Resistant starch (RS) of barley flours was measured by adopting
the method of Goñi et al. (10). The GI of barley flours was
calculated following the process of Goñi et al. (10). In the
process, in vitro study simulated the enzymatic digestion of
starch. Hydrolysis index (HI) was measured by dividing the area
under the hydrolysis curve of barley flours to the corresponding
area of a reference sample i.e., white bread.

The GI was calculated using the following equation:
GI= 39.71+ 0.549 HI.

Total Phenolic Content
Total phenolic content (TPC) of barley flour extrudates was
evaluated using the Folin-Ciocalteu phenol reagent method (11).
The quantity of TPC in barley extrudate extracts was determined
using the standard calibration curve of gallic acid solution.
Results were represented as µg gallic acid equivalents/g (µg g−1).

Antioxidant Activity
Antioxidant activity (AOA) of barley grains was calculated by
following the publishedmethod (12) using the methanolic DPPH
solution. Methanol was used as a blank, and absorbance at the
wavelength of 515 nm was read at 0 and 30 min.

Antioxidant activity was measured as
percentage discoloration:

%AOA= (1 – (A of extractst=30/A of extractst=0))× 100.
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TABLE 1 | Hunter color characteristics of extruded (at 150 and 180◦C) and non-extruded barley cultivars.

Barley cultivars L* a* b* 1E RI (a*/b*)

BH-393 150◦C 84.3b
↓7.5 1.01a

↑71.1 10.18b
↑10 85.3b

↓6.6 0.10

180◦C 72.4l
↓20.6 1.63m

↑176 11.36m
↑22.8 73.9l

↓19.1 0.14

BH-932 150◦C 86.9c
↓2.9 1.52c

↑10.1 12.4e
↑9.2 87.3c

↓2.8 0.12

180◦C 82.5n
↓7.8 1.83n

↑32.6 13.6◦
↑19.8 83.9◦

↓6.6 0.13

BH-902 150◦C 88.0e
↓5 1.13a

↑79.3 9.3a
↑20 89.4f

↓3.9 0.12

180◦C 85.1
p
↓8.1 1.34l

↑112 10.6l
↑36.7 86.3

q
↓7.3 0.13

BH-885 150◦C 87.3d
↓3.4 1.79e

↑58.4 12.6e
↑9.3 88.7d

↓2.3 0.14

180◦C 80.3m
↓11.1 2.03◦

↑79.6 13.1◦
↑13.7 82.8n

↓8.8 0.15

DWR-52 150◦C 83.6a
↓7.7 1.43cd

↑38.8 11.47d
↑6.9 84.6a

↓7.4 0.12

180◦C 80.1m
↓11.5 1.69m

↑64 11.91n
↑11.1 81.2m

↓11.1 0.14

PL-172 150◦C 87.3d
↓2.1 1.32b

↑22.2 10.72c
↑9.2 88.3e

↓1.9 0.12

180◦C 84.5◦
↓5.2 1.63m

↑50.9 11.3m
↑15.1 85.3

p
↓5.3 0.14

a–f superscripts are significantly (p < 0.05) different within column for extrusion done at 150◦C. l–q are significantly (p < 0.05) different within column for extrusion done at 180◦C.

Subscripts denote the percentage increase (↑) and decrease (↓) from control samples for corresponding properties. L* = darkness (0) or lightness (100); a* = redness (+); b* =

yellowness (+), redness intensity (RI = a*/b*), total difference of color value (1E).

FIGURE 1 | Graphic representation of redness intensity (RI = a*/b*) between barley cultivars.

Total Flavonoids Content
Total flavonoids content (TFC) was measured by adopting the
method of Jia et al. (13). The quantity of TFC in barley extrudate
extracts was determined using the standard calibration curve of
standard catechin solution, and the results were expressed as µg
of catechin equivalents (CE)/g.

Metal Chelating Activity
Metal chelating activity (MCA) of extrudates was evaluated by
adopting the method of Dinis et al. (14). Metal chelating activity
of the samples for Fe2+was calculated by using this equation:

Iron (Fe2+) chelating activity (%) = {1 – (Abs of extracts/Abs
of control)}× 100.

ABTS (2,2
′

-azinobis
3-ethylbenzothiazoline-6-sulfonic Acid)
Radical Cation Decolorization Assay
ABTS+ was calculated by following the already published
method (15). The absorbance of extrudates was measured at a

wavelength of 734 nm and compared with a standard curve using
various concentrations of vitamin C. The result was expressed as
vitamin C in µmol/g.

Consumer Studies
Consumers studies of color attributes of barley flour were
determined by six panelists (six assessors minimum requested by
ISO 11035:2007) from Sensorial Lab, USAMVCluj-Napoca, both
males and females were represented in the panel. All of them have
a long experience in product evaluation. Participants used a five-
point Likert scale ranging from “dislike extremely” (1) to “like
extremely” (7) for the color characteristics obtained by hunter
color system.

In a further preliminary evaluation was investigated the role of
color in consumers’ acceptability and willingness-to-pay (WTP)
was investigated. Consumers (n = 20) were randomly selected
among students and staff of the USAMV Cluj-Napoca university
(aged ranged 20–60). The outcome of this study is expected to
provide support and guidance to current and future research on
barley four extrudates.
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TABLE 2 | Resistant starch of extruded (at 150 and 180◦C) and non-extruded

barley flours.

Barley cultivars Resistant starch (RS) (%)

Non-extruded 150◦C 180◦C

BH-393 1.52b 1.87b
↑23 2.26b

↑48.6

BH-932 1.56b 2.08c
↑33.3 2.56c

↑64.1

BH-902 1.99cd 2.78e
↑39.6 2.96e

↑48.7

BH-885 1.33a 1.7a
↑27.8 2.16a

↑62.4

DWR-52 2.2d 2.34d
↑6.3 2.82d

↑28.1

PL-172 1.93c 2.15cd
↑11.3 2.57c

↑33.1

a–e superscripts are significantly (p < 0.05) different within column for extrusion done at

150◦C and 180◦C. Subscripts denote the percentage increase (↑) and decrease (↓) from

control samples for corresponding properties.

TABLE 3 | Glycemic index of flours from extruded (at 150 and 180◦C) and

non-extruded barley flours.

Barley cultivars Resistant starch (RS) (%)

Non-extruded 150◦C 180◦C

BH-393 24.6e 23.2d
↓5.6 22.4d

↓8.9

BH-932 23.8cd 22.8cd
↓4.3 22.7d

↓4.6

BH-902 22.6b 21.9bc
↓3.0 20.3b

↓10.1

BH-885 24.1d 22.6c
↓6.2 22.1c

↓8.2

DWR-52 21.2a 20.6a
↓2.8 19.2a

↓9.4

PL-172 23.3c 21.2b
↓9.0 19.3a

↓17.1

a–e superscripts are significantly (p < 0.05) different within column for extrusion done at

150◦C and 180◦C. Subscripts denote the percentage increase (↑) and decrease (↓) from

control samples for corresponding properties.

Consumers were asked to complete a choice-based conjoint
analysis to determine their WTP for barley flours obtained with
different color characteristics indicated by hunter color system
and health benefits indicated by results of analysis performed in
this study.”

Price for barley flours was varied at three levels. Every choice
question contained two options: (A) “I amwilling to pay the price
of a commercial barley flour” and (B) “I amwilling to pay a higher
price than a commercial barley flour, “plus a (C) “no buy” option.

Data Analysis
The results generated during the analysis of barley flour
extrudates was an average of three independent observations,
which were further screened through ANOVA using
the Minitab software ver. 16, and one-way ANOVA
with post-hoc Tukey HSD Test. Results are presented in
Table 7.

RESULTS AND DISCUSSION

Color Parameters
The extruded barley cultivars were evaluated for their color
characteristics by hunter color system (Table 1). The L∗ and
1E values of extruded samples reduced significantly (p <

TABLE 4 | Total phenolic content (TPC, µg GAE/g) of extruded (at 150 and

180◦C) and non-extruded barley flours.

Barley cultivars Non-extruded 150◦C 180◦C

BH-393 3256d 2246c
↓31 2013c

↓38.1

BH-932 3056c 2348d
↓23.1 2045c

↓33

BH-902 3761e 3108e
↓17.3 2879e

↓23.4

BH-885 3922f 3277f
↓16.4 2756d

↓29.7

DWR-52 2922b 1935b
↓33.7 1845b

↓36.8

PL-172 2890a 1899a
↓34.2 1788a

↓38.1

a–e superscripts are significantly (p < 0.05) different within column for extrusion done at

150◦C and 180◦C. Subscripts denote the percentage increase (↑) and decrease (↓) from

control samples for corresponding properties.

0.05) when compared with control counterparts (data already
published) and the values ranged from 83.6 to 88 and 84.6 to
89.4, respectively, for extrusion done at 150◦C, and from 72.4 to
85.1 and 73.9 to 86.3, respectively, for extrusion done at 180◦C.
A reduction in L∗ and 1E-value could be due to the initiation
and propagation of the Maillard reaction during extrusion
resulting in producing brown pigments (16). It is evidenced
that the L∗ value reduced with increasing barrel temperature
(B) while enhanced with increasing moisture content. High
temperature and low moisture content favored the Maillard
reaction (17). Maillard pigments contribute to the color, aroma,
and flavor of food goods. The a∗-value differed significantly (p
< 0.05) among barley cultivars and increased after extrusion. It
ranged from 1.01 to 1.79 and 1.34 to 2.03 for extrusion done
at 150 and 180◦C, respectively. The b∗-value of flours from
extruded barley cultivars also increased and differed significantly
within the cultivars, with values of 9.3–12.6 (at 150◦C) and
10.6–13.6 (at 180◦C). An increase in redness and yellowness
could also be attributed to Maillard products influenced by
temperature, moisture content, reactant concentration, and
reaction time (18).

Overall, RI increased from 150◦C (range: 0.41–0.57) to 180◦C
(range: 0.51–0.60) (Table 1; Figure 1), and differences between
cultivars are representative.

Resistant Starch
Resistant starch in barley flour extrudates was calculated in the
range of 1.7–2.78% at 150◦C and 2.16–2.96% at 180◦C compared
to 1.33–2.2% recorded in barley flour non-extrudates (Table 2).
Gulzar et al. (17) also recorded an enhancement of 4.91–6.83%
in RS content of extruded rice flour. During extrusion, heat,
and moisture content alter starch characteristics simultaneously,
leading to interacting with non-starch components, thus
supporting the retrograded starch production (17). Moisture
behaves as a plasticizer for the starch retrogradation process, and
at 30–60% moisture content, retrogradation is at its maximum
(19). It is depicted from the results that there was a corresponding
increase in RS content with increasing temperature andmoisture.
It is reported that the production of starch lipid complexes
during the extrusion process, resulting in the formation of
RS, which has the potential to lower starch digestibility (20).
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TABLE 5 | Antioxidant potentials of extruded (at 150 and 180◦C) and non-extruded barley flours.

Barley cultivars DPPH (%) MCA (%) ABTS+ (µmol/g)

Non-extruded 150◦C 180◦C Non-extruded 150◦C 180◦C Non-extruded 150◦C 180◦C

BH-393 21.3c 23.3b
↑9.3 27.3c

↑28.1 44c 58.4d
↑32.7 64.2d

↑45.9 15.4b 17.4b12.9↑ 19.9bc29.2↑

BH-932 20.5bc 24.7c
↑20.4 26.8b

↑30.7 38b 56.6c
↑48.9 59.2b

↑55.7 17.8d 20.2d13.4↑ 21.3cd19.6↑

BH-902 24.9d 29.9d
↑20 33.6e

↑34.9 38b 55.2b
↑45.2 60.2c

↑58.4 16.8c 19.2c14.2↑ 20.8c23.8↑

BH-885 25.8e 29.2d
↑13.1 32.7d

↑26.7 51d 61.4f
↑20.3 69.0f

↑35.2 15.1b 20.6d36.4↑ 22.2d47↑

DWR-52 19.8b 24.8c
↑25.2 27.1bc

↑36.8 42c 59.9e
↑42.6 65.2e

↑55.2 13.2a 15.6a18.1↑ 17.1a29.5↑

PL-172 18.3a 21.9a
↑19.6 25.7a

↑40.4 31a 47.6a
↑53.5 53.4a

↑72.2 15.3b 17.5b14.3↑ 19.1b24.8↑

a–e superscripts are significantly (p < 0.05) different within column for extrusion done at 150◦C and 180◦C. Subscripts denote the percentage increase (↑) and decrease (↓) from control

samples for corresponding properties.

TABLE 6 | Total flavonoids content TFC (µg CE/g) of extruded (at 150 and 180◦C)

and non-extruded barley flours.

Barley cultivars Non-extruded 150◦C 180◦C

BH-393 2011b 1,602d
↓20.3 1,177d

↓41.4

BH-932 2024b 1,569c
↓22.4 1,033c

↓48.9

BH-902 1988ab 1,222a
↓38.5 946b

↓52.4

BH-885 2198c 1,835e
↓16.5 1,339e

↓39

DWR-52 2002b 1,546c
↓22.7 1,033c

↓48.4

PL-172 1968a 1,299b
↓33.9 898a

↓54.3

a–e superscripts are significantly (p < 0.05) different within column for extrusion done at

150◦C and 180◦C. Subscripts denote the percentage increase (↑) and decrease (↓) from

control samples for corresponding properties.

Formation of starch-lipid complexes can be identified by the
V-type x-ray diffraction pattern. As a low-calorie component,
RS became the interest of food enterprises and dietitians. It
improves the food structure and shifts the consumption trend
to healthy and nutritious food with nutrition and health care
functions. Resistant starch could help in the prevention of
increased blood sugar and avoid cancers and cardiovascular
diseases (21).

Glycemic Index
The GI of barley flour extrudates was found to be in the
range of 20.6–23.3 at 150◦C and 19.2–22.7% at 180◦C and was
significantly lower than recorded in barley flour non-extrudates
(21.1–24.6%) (Table 3). Barley flour extrudates recorded a
significant increase in RS with increased temperature, which
likely reduced the GI-value. It is reported that the extent of
decrease in GI-value is more pronounced at high moisture
content. Extrusion of starchy foods at high moisture content
leads to starch gelatinization and alteration of the native structure
(17). Extrusion followed by drying results in the reorganization
of the crystalline domain within the amorphous domain. This
reorganization resulted in retrogradation results in a decrease
in GI and an increase in RS content. These findings agree with
previous studies of Hussain et al. (22), where an enhancement in
RS with the reduced GI in preconditioned water chestnut flour
was observed.

In the actual context of growing trends in high RS and low GI
diets, can be concluded from this study that extrusion of barley
at 150 and 180◦C is a processing method of great importance in
enhancing of RS and in the same time reducing the GI.

Total Phenolic Content
Total phenolic content (TPC) of non-extruded barley flours
ranged between 2,890 and 3,922 µg GAE/g. A decrease in
TPC values was observed upon extrusion at 180 and 150◦C
temperature. Total phenolic content in barley extrudates at
180◦C ranged from 1,788 to 2,879 µg GAE/g with the greatest
and lowest for cv. BH-902 and cv. PL-172. In extrudates at
150◦C, TPC differed significantly among barley cultivars and
varied between 1,899 to 3,277 µg GAE/g (Table 4). Similar
results were also observed on the TPC of sorghum extrudates
(23). The authors observed a decrease of 11.8–20.0% in the
free phenolic content of sorghum. However, Ramos-Enríquez
et al. (24) evaluated the impact of extrusion processing on
wheat bran at 140 and 180◦C at 30% moisture content and
observed an enhancement of bound TPC. In conclusion, the
extrusion process either cause degradation and destruction of
the molecular structure of heat-labile phenolic compounds or
disintegrate the cell wall matrix and breaks covalent bonding of
phenolics resulting in improved phenolic compounds (25–27).
Besides, moisture content also affects phenolic content; at low
moisture content, the shear force is higher, resulting in phenolics
more prone to thermal degradation (28).

Antioxidant Potentials
Determination of 1,1-diphenyl-2-picrylhydrazyl

Radical Scavenging Activity
For the evaluation of the antioxidant potentialradical 1,1-
diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity
has been used to compare antioxidants, which quantifies the
hydrogen donation potential of the compounds. The DPPH
radical scavenging activity in the non-extruded barley flours
ranged from 18.3 to 25.8% with cv.BH-885 and cv.PL-172 having
the greatest and the lowest DPPH radical scavenging activity. The
extrusion process led to a significant improvement in DPPH in all
barley flour extrudates compared to non-extruded counterparts.
An increase in DPPH could be due to the breaking of the covalent
bond of the cell wall resulting in increased phenolic content
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TABLE 7 | One-way ANOVA with post-hoc Tukey HSD Test.

Tukey HSD Q

statistic

Tukey HSD

p-value

Tukey HSD

inferfence

Resistant starch

Non-extruded vs. 150◦C 2.8533 0.1419605 NS

Non-extruded vs. 180◦C 5.7305 0.0028074 *p < 0.01

150 vs. 180◦C 2.8772 0.1379327 NS

Glycemic index+

Non-extruded vs. 150◦C 2.2998 0.2655477 NS

Non-extruded vs. 180◦C 4.2846 0.0216293 **p < 0.05

150 vs. 180◦C 1.9848 0.3647908 NS

TPC

Non-extruded vs. 150 4.0349 0.030 +p < 0.05

Non-extruded vs. 180 5.2363 0.005 ++p < 0.01

150 vs. 180◦C 1.2014 0.669 NS

DPHH

Non-extruded vs. 150 2.9691 0.123 NS

Non-extruded vs. 180 5.4519 0.004 ±p < 0.01

150 vs. 180◦C 2.4828 0.217 NS

MCA

Non-extruded vs. 150 6.7487 0.001 ∅p < 0.01

Non-extruded vs. 180 9.0266 0.001 ∅p < 0.01

150 vs. 180◦C 2.2779 0.271 NS

ABTS+

Non-extruded vs. 150 8.8792 0.001 §p < 0.01

Non-extruded vs. 180 7.7301 0.001 §p < 0.01

150 vs. 180◦C 1.1491 0.690 NS

TFC

Non-extruded vs. 150 7.6732 0.001 #p < 0.01

Non-extruded vs. 180 14.1873 0.001 #p < 0.01

150 vs. 180◦C 6.5141 0.001 #p < 0.01

NS, not statistically significant.
*The p= 0.003< 0.05 corresponding to the F-stat= 8.20 of one-way ANOVA, suggesting

that the samples are significantly different.
**The p= 0.02< 0.05 corresponding to the F-stat= 4.59 of one-way ANOVA, suggesting

that the samples are significantly different.
+The p = 0.005 < 0.05 corresponding to the F-stat = 7.52 of one-way ANOVA,

suggesting that the one or more sample are significantly different.
± The p = 0.005 < 0.05 corresponding to the F-stat = 7.45 of one-way ANOVA,

suggesting that the one or more sample are significantly different.
∅The p = 0.000 < 0.05 corresponding to the F-stat = 22.03 of one-way ANOVA,

suggesting that the one or more sample are significantly different.
§The p = 0.000 < 0.05 corresponding to the F-stat = 23.31 of one-way ANOVA,

suggesting that the one or more sample are significantly different.
#The p = 0.000 < 0.05 corresponding to the F-stat = 50.43 of one-way ANOVA,

suggesting that the one or more sample are significantly different.

and enhanced AOA (29), or the production of brown pigments
(particularly melanoidins) due to the Maillard reaction (30). The
production of browning pigments resulted in improved DPPH
radical scavenging activity (16). 1,1-Diphenyl-2-picrylhydrazyl
radical scavenging activity differed significantly among barley
flour extruded at 150◦C with 30% moisture. The DPPH radical
scavenging activity ranged from 21.9% to 29.9%, with the greatest
and lowest for cv. BH-902 and cv. PL-172, respectively. Similarly,
at 180◦C, the DPPH radical scavenging activity varied between

25.7 and 33.6% (Table 5). The BH-902 exhibited the greatest, and
PL-172 exhibited the lowest DPPH radical scavenging activity.
Delgado-Nieblas et al. (31) also reported the enhanced DPPH
radical scavenging activity in breakfast cereals as the extrusion
temperature was increased.

Metal Chelating Activity
Metal Chelating Activity (MCA %) is the most common method
used for evaluating the antioxidant potential of substances. In
the barley flours, MCA varied from 31 to 51% (Table 5). Upon
extrusion, MCA increased in all the barley cultivars as compared
to their non-extruded parts. Extrusion at 150◦C with feed
moisture of 30% improved the MCA, and the values ranged from
47.6 to 61.4%. cv. BH-885 showed the greatest and cv. PL-172
showed the lowest MCA. Sharma et al. (8) observed an increase
in MCA of extruded barley up to 23%. They observed that the
rise in MCA is due to novel substances (melanoidins) during
thermal processing. However, with an increase in 150 to 180◦C
temperature with constant moisture content of 30%, improved
MCA was observed. The greatest and the lowest MCA exhibited
cv.BH-885 (69%) and cv.PL-172 (53.4%) (Table 5). Improved
MCA upon increasing temperature and feed moisture could be
due to the production of Maillard compounds with different
concentrations. Moreover, produced Maillard compounds are
melanoidins (highMW) and heterocyclic compounds (lowMW),
which are responsible for DPPH radical scavenging activity
and MCA.

ABTS (2, 2
′

-azinobis

3-ethylbenzothiazoline-6-sulfonic Acid) Radical

Cation Decolorization Assay
To measure the potential of antioxidants to quench the ABTS+

radicals, the reaction between antioxidants with ABTS+ occurs
rapidly and can be assessed by following the reduced absorbance
of samples at 734 nm. The AOA in the barley cultivars ranged
from 13.2 to 17.8 µmol/g (Table 5). The extrusion cooking
showed an increase in ABTS+ scavenging activity; however, a
non-significant difference in barley extrudates at 150 and 180◦C
was observed. The ABTS+ activity of barley extrudates ranged
from 15.6 to 20.6 µmol/g at 150◦C and between 17.1 and
21.3 µmol/g at 180◦C (Table 5). Results support the fact that
thermal processing alters the antioxidant profile and produces
more antioxidants contributing to AOA. Delgado-Nieblas et
al. (31) reported an increase in ABTS+ scavenging activity of
extruded cereal breakfast prepared from wheat and oat bran,
yellow corn grits incorporated with naranjita pomace. It has
been demonstrated that cereals have the potential to scavenge
ABTS+ radicals, with potential effects in the reduction of lipid
peroxidation (32).

Total Flavonoids Content
Flavonoids have been associated to a variety of health benefits,
including antioxidant potential benefits. Total flavonoids content
(TFC) in the six barley cultivars varied from 1,968 to 2,198 µg
CE/g. Upon extrusion, a significant (p < 0.05) reduction in the
TFC was reported. The TFC of barley extrudates (150◦C and 30%
moisture content) different significantly among barley cultivars
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FIGURE 2 | Results of the panelists tests (frequencies of scores for overall evaluation) for redness intensity (RI = a*/b*) between barley cultivars (A) extruded at

150◦C, and (B) extruded at 180◦C.

FIGURE 3 | Results of the consumers studies willingness-to-pay (WTP) (frequencies of scores for overall evaluation) of barley cultivars (A) at 150◦C, and (B). (A) “I am

willing to pay the price of a commercial barley flour, (B) “I am willing to pay a higher price than a commercial barley flour,” (C) “no buy.”

and ranged from 1,222 to 1,835 µg CE/g; BH-885 exhibited the
greatest, and BH-902 showed the lowest TFC (Table 6). With
increasing temperature from 150 to 180◦C with the moisture
content of 30%, a significant (p < 0.05) decrease was observed
in TFC. Total flavonoids content ranged from 898 to 1,177 µg
CE/g/g with the greatest and the lowest for BH-393 and PL-172.
Zhang et al. (33) evaluated TFC of 0.992mg rutin/g of buckwheat
flour lowered by 33% after thermal treatment. A reduction in
TFC could be due to the degradation of heat-sensitive flavonoids
(34, 35).

Antioxidant supplements, according to evidence, do not
work as effectively as antioxidants found naturally in foods.
Antioxidant-rich foods may lower the risk of a variety of diseases
(including certain cancers) (36). The present research is proving
that barley extrudates are rich sources of antioxidants offering
health benefits if integrated in a regularly diet from early life to
be effective.

Data Analysis
The results are presented in Table 7 below.

Consumers Tests
The panelists tests have showed some differences between the
evaluation of at 150 and 180◦C (Figure 2). Overall, all barley
cultivars flours extruded scored between liked it or liked it very
much almost same as neither like nor dislike. This result could
be valuable for further applications. At 150◦C flour extruded
scored average 40.47% of panelists, liked it or liked it very much,
compared to 52.78% of panelists neither like nor dislike. At 180◦C
flour extruded scored average 22.27% of panelists, liked it only,
compared to 77.73% of panelists neither like nor dislike.

Furthermore, the choice-based conjoint analysis conducted
for the barley cultivars at 150◦C showed (Figure 3) that 55.83%
consumers are willing to pay the price of a commercial barley
flour and 42.5% are willing to pay a higher price than a
commercial barley flour, relative to 1.66% not buying. Compared
to choice-based conjoint analysis conducted for the barley
cultivars at 180◦C showed that 52.50% consumers are willing
to pay the price of a commercial barley flour and same 42.5%
are willing to pay a higher price than a commercial barley flour,
relative to 5.0% not buying.
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It is still relevant to mention that color and appearance of
the food product is an important aspect considered by the
consumers. If the food product deviates from the expected color,
it can have an impact on consumer choices buy it or not. The
discoloration of bread by barley in general having a dark gray
color is one of the obstacles that prevent the use of barley in
food products, and even when it is used in combination with
other flour types, such as rice or wheat. It has been proven
that the polyphenol content and level of polyphenol oxidase
activity varies dramatically between different barley genotypes.
The phenolic compounds are mainly found in the hull, testa, and
aleurone of cereal grains, compared to barley.

Several solutions to reduce the discoloration of barley-
containing foods have been proposed, such as heat-treatment
in order to denature the polyphenol oxidase of barley flour
resulting in less discoloration compared to unheated barley
flour. However, these kind of processes result in a reduction of
all polyphenolic content in the barley flour and decrease their
health-promoting value.

Another alternative proposed is further research to identify
which specific polyphenols have antioxidant properties (37),
so that the development of barley genotypes that lack
the discoloring polyphenols but have a high antioxidant
polyphenol count can occur. Antioxidants have recently gained
significant consideration, and one of the cereals containing most
antioxidants is barley. People going to gym and train out, on the
other hand, require bakery products to maintain a balanced diet.
Looking at this trend the bakery and confectionary segments shall
dominate the end-user category of global barley flour market
between 2019 and 2029 (38).

CONCLUSIONS

Extrusion has evolved as highly promising thermal processing
method for producing foods and food ingredients. Extrusion
processing positively affected the RS content significantly higher
and GI significantly lower than recorded in barley flour non-
extrudates of six barley cultivars tested. Barley subjected to
high temperature formed brown pigments, which promote the
antioxidant activities of barley flours. The results of present study

demonstrated that the extrusion could be adopted to improve
the barley flour quality, and therefore barley-rich functional
foods with increased antioxidant activities can be develop and
formulate, especially that the consumers’ studies have shown the
acceptance of the improved barley flour. The antioxidant benefits
is well-recognized, and appropriate antioxidant nutrition plays
an significant role in the development of functional food products
tailored to certain life phases, lifestyles, or activity levels, as well
as the support of food products functionality addressing specific
health or wellbeing concerns.
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27. Mitrea L, Călinoiu LF, Precup G, Bindea M, Rusu B, Trif M, et al. Inhibitory

potential of Lactobacillus plantarum on Escherichia coli. Bull UASVM Food Sci

Technol. (2017) 74:99–101. doi: 10.15835/buasvmcn-fst:0031

28. Ortiz-Cruz RA, Ramírez-Wong B, Ledesma-Osuna AI, Torres-Chávez PI,

Sánchez-Machado DI, Montaño-Leyva B, et al. Effect of extrusion processing

conditions on the phenolic compound content and antioxidant capacity of

sorghum (Sorghum bicolor (L.) Moench) Bran. Plant Foods Hum Nutr. (2020)

75:252–7. doi: 10.1007/s11130-020-00810-6

29. Taylor JR, Duodu KG. Effects of processing sorghum and millets on their

phenolic phytochemicals and the implications of this to the health-enhancing

properties of sorghum andmillet food and beverage products. J Sci Food Agric.

(2015) 95:225–37. doi: 10.1002/jsfa.6713

30. Randhir R, Kwon Y-I, Lin YT, Shetty K. Effect of thermal

processing on the phenolic associated health-relevant functionality

of selected legume sprouts and seedlings. J Food Biochem. (2009)

33:89–112. doi: 10.1111/j.1745-4514.2008.00210.x

31. Delgado-Nieblas C, Ruiz-Beltrán K, Sánchez-Lizárraga J, Zazueta-Morales

JDJ, Aguilar-Palazuelos E, Carrillo-López A, et al. Effect of extrusion on

physicochemical, nutritional and antioxidant properties of breakfast cereals

produced from bran and dehydrated naranjita pomace. CyTA J Food. (2019)

17:240–50. doi: 10.1080/19476337.2019.1566276

32. Zielinski H, Kozłowska H. Antioxidant activity and total phenolics in selected

cereal grains and their different morphological fractions. J Agric Food Chem.

(2000) 48:2008–16. doi: 10.1021/jf990619o

33. Zhang M, Chen H, Li J, Pei Y, Liang Y. Antioxidant properties of

tartarybuckwheat extracts as affected by different thermal processing. LWT-

Food Sci Technol. (2010) 43:181–5. doi: 10.1016/j.lwt.2009.06.020

34. Xu B, Chang SK. Effect of soaking, boiling, and steaming on total phenolic

contentand antioxidant activities of cool season food legumes. Food Chem.

(2008) 110:1–13. doi: 10.1016/j.foodchem.2008.01.045

35. Szabo K, Dulf FV, Teleky B-E, Eleni P, Boukouvalas C, Krokida M,

et al. Evaluation of the bioactive compounds found in tomato seed oil

and tomato peels influenced by industrial heat treatments. Foods. (2021)

10:110. doi: 10.3390/foods10010110

36. Jurj A, Pop LA, Zanoaga O, Ciocan-Cârtită CA, Cojocneanu R, Moldovan C,
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Background: This study assessed whether perceived stress and depressive symptoms

were associated with the frequency of consumption of specific food groups among

female university students.

Methods: A cross-sectional study was conducted among female university students

using a simple random sampling method. The response rate was 97%, with

a total number of 385 participants. The associations between stress levels and

most/least-consumed food groups, and between depressive symptoms levels and

most/least-consumed food groups were assessed. The questionnaire included a 12-item

self-administered food frequency questionnaire, Cohen’s Perceived Stress Scale, and

the Beck Depression Inventory-II. The study was approved by the University Ethical

Committee prior to the data collection. One-way Analysis of Variance (ANOVA) and an

independent-sample t-test were performed to test the equality of population means

across the categories of each independent variable depending on the number of

categories of the independent variable.

Results: Overall, this group of female university students fell under the mild mood

disturbance category (depressive symptoms) (BDI-II) and had moderate perceived stress

(PSS). Perceived stress was associated with more frequent consumption of salad/raw

vegetables and cooked vegetables and less frequent consumption of cake/cookies and

meat/sausage products (p < 0.05). Additionally, depressive symptoms were associated

with less frequent consumption of fresh fruits and increased consumption of fast

food/canned food and soft drinks (p < 0.05).

Conclusions: The data showed that stress and depression were associated with

different dietary preferences, which is consistent with the distinctions between stress and

depression in human behavior. Specifically, the results revealed associations between

soft drinks consumption and higher depressive symptoms and between frequent

consumption of salad/raw vegetables and cooked vegetables and higher perceived

stress among this group of female university students.
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INTRODUCTION

Stress and depression can result in a number of complications,
including maladaptive eating behaviors such as overeating or
undereating (Oliver et al., 2000; Kramlinger, 2001). These
inconsistencies in dietary habits can be caused by stress and other
factors, resulting in weight gain or loss in individuals with stress
or depression. These changes in eating habits may eventually lead
to changes in lifestyle behaviors (Schmidt, 2012). Additionally,
undergoing stressful life situations could be a risk factor for
developing depression (Kramlinger, 2001).

Over the past few years, the relationship between the type and
the frequency of dietary intake has been studied in relation to
mental health. This growing field of study concluded that higher
consumption of processed and Western food indicates a higher
risk of developing poor mental health (Rucklidge and Kaplan,
2016). Prospective studies have relied on causality to explain the
nature of this relationship; unhealthy diets at baseline showed
a higher risk of depression and poor mental health, whereas
healthier diets at baseline showed better mental health and a
lower risk of depression (Akbaraly et al., 2009; Jacka et al., 2011;
Sánchez-Villegas et al., 2012). In experimental studies, when
participants were exposed to a stressful situation, they tended to
consume more of high-density foods and sweets (Oliver et al.,
2000; Zellner et al., 2006). In addition, cross-sectional studies
have suggested that higher perceived stress is positively associated
with higher intake of fat, sodium, and carbohydrates (Nastaskin
and Fiocco, 2015; Dehghan et al., 2016). However, other studies
found that higher levels of stress were not associated with more
sweets consumption but it was associated with lower fruit and
vegetables intake (El Ansari and Berg-Beckhoff, 2015).

Moreover, systematic reviews have shown that foods rich in
antidepressant nutrients, such as folate, iron, and chain omega-
3 fatty acids (EPA and DHA), can enhance a person’s mental
health, and that people who consume these foods more often
are less likely to develop depression (LaChance and Ramsey,
2018). The biological link between healthy diets and better
mental health can be explained by several factors, including the
neurotransmitter precursors, inositol and tryptophan (Grases
et al., 2019). People with a higher depression score reported
a lower consumption of legumes, fruits and vegetables which
are among the foods that contain precursors to inositol and
tryptophan which are important to brain health as opposed
to people with lower scores (Grases et al., 2019). In line with
these findings, cardioprotective diets that are high in fruits and
vegetables and low in fat and refined sugar have been found to
predict a lower risk of depression (Martínez-González, 2016).
Overall, studies examining food choices under stress have found
that people, particularly women, consume more types of food
than they usually avoid for health reasons (Zellner et al., 2006).
Regarding depression and dietary habits, most studies focused
on the effects of certain diets on depression. These studies have
shown that adherence to certain diets that provide healthier
food choices results in improved mental health in depressed
individuals (Jacka et al., 2017). Evidence also suggests that
certain nutrients can positively affect mood and be used to
treat depression, whereas other nutrients can increase the risk

of it (Volker and Ng, 2006; Popa and Ladea, 2012). Moreover,
it has been reported that poor dietary patterns could promote
depressive symptoms (Jacka et al., 2014).

Studies that have sought to map the relationship between
mental health symptoms (stress and depressive symptoms)
and diet have reported that unhealthy food intake increases
with perceived stress and depressive symptoms. Furthermore,
unhealthy food consumption was linked to perceived stress in
women only; however, depressive symptoms were linked to
unhealthy food intake in both males and females (Mikolajczyk
et al., 2009; El Ansari et al., 2014). A similar study concluded that
levels of perceived stress and depressive symptoms increased with
a decrease in fresh food intake and an increase in ready-to-eat
food intake, and vice versa (Liu et al., 2007).

College students are vulnerable to vicious cycles in which
poor diet choices and mental health symptoms perpetuate
each other. Due to their new environment, responsibilities,
financial pressure, and time management struggles, students
are more prone to experience stress (Schmidt, 2012). Long-
lasting stress has been found to be associated with weight gain
as it triggers eating more frequently and less healthy (Torres
and Nowson, 2007; Roberts, 2008). Depression can also lead to
overeating or undereating (Kramlinger, 2001; Volker and Ng,
2006). However, research on the effects of stress and depression
on dietary habits and choices in the UAE or the Middle East,
specifically in Gulf Cooperation Council (GCC) countries, is
limited and outdated. To the best of our knowledge, no studies
have been conducted on UAE college students regarding the
relationships between dietary habits, depressive symptoms, and
perceived stress. Therefore, in this study, the association between
frequency of food consumption and twomental health indicators
(perceived stress and depressive symptoms) was assessed in
female university students in the UAE.

MATERIALS AND METHODS

Study Design
This cross-sectional study was conducted following obtaining
ethical clearance. After obtaining written informed consent, the
participants were asked to complete a 12-item food frequency
questionnaire (FFQ), Beck Depression Inventory, and Cohen’s
Perceived Stress Scale, which were compiled into a single
questionnaire. The details of the study methodology have been
described elsewhere (Ali et al., 2021).

Population and Sampling
The sample was drawn from female students at a national
university in the United Arab Emirates (UAE). Several classes
were randomly chosen from a list of courses held in spring 2018.
The data were collected from April to May 2018. The sample
represented ∼10% of the target population of 4,000 students
and resulting in a total sample size of 389 students. A total of
385 questionnaires were accepted, resulting in a response rate
of 98.9%. Before data collection, a pilot study was conducted
on a sample of ten students to verify that the questionnaire
was well-understood and appropriate for use with the intended
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sample. Pilot study participants were not included in the final
data analysis.

Materials
Data were collected through a self-reported questionnaire
consisting of three sections: a 12-item food frequency
questionnaire, the 10-item Cohen’s Perceived Stress Scale
(PSS), and the Beck Depression Inventory-II (BDI-II). Weight
and height were self-reported, which might have been a potential
source of bias.

Food Frequency Questionnaire
The Food Frequency Questionnaire (Mikolajczyk et al., 2009)
assessed the frequency of consumption of 12 food groups:
sweets, cake/cookies, snacks, fast food/canned food, fresh
fruits, salad/raw vegetables, cooked vegetables, soft drinks,
meat/sausage products, fish/seafood, milk/milk products, and
cereal/cereal products. Students were asked to answer the
question “How often do you eat the following foods?” on a 5-
point scale (several times a day = 5, daily = 4, several times a
week= 3, 1–4 times amonth= 2, and never= 1). Cronbach’s α =

0.68. The FFQ was used in previous studies (Mikolajczyk et al.,
2009; El Ansari et al., 2014; El Ansari and Berg-Beckhoff, 2015).
Although not formally validated, the FFQ we used contains food
groups that are essential for studying dietary behavior, which in
line with the contents of other validated FFQs (Mikolajczyk et al.,
2009).

Cohen’s Perceived Stress Scale
The PSS estimates the degree to which situations in a person’s
life are considered stressful through 10 items (Cohen et al., 1983;
Cohen and Williamson, 1988). Students expressed their feelings
and thoughts for each item during the past month on a 5-
point scale (0 = Never, 1 = Almost never, 2 = Sometimes, 3 =

Fairly often, and 4 = Very often). In this study, the Cronbach’s
α was 0.68.

Beck Depression Inventory-II
The BDI-II measures the behavioral manifestation of depression
(Salkind, 1969; Beck et al., 1996). The BDI-II was created
in 1996 in alignment with the DSM-IV’s diagnostic criteria
for major depressive episode (Wang and Gorenstein, 2013).
The BDI-II consists of 21 items with four statements each.
Students were asked to choose one statement for each item that
best described their feelings over the previous two weeks. The
statements were scored on a 4-point scale ranging from 0 to
3. The creators of the BDI-II have enhanced validity compared
to the original BDI (Beck et al., 1996). The Arabic version of
the BDI-II (Ghareeb, 2000) was validated in 18 Arab countries:
Palestine, Lebanon, Syria, Jordan, Saudi Arabia, Kuwait, Qatar,
Bahrain, the United Arab Emirates, Oman, Yemen, Egypt,
Sudan, Tunisia, Libya, Algeria, and Morocco, with Cronbach’s
α falling between 0.82 to 0.93 (Alansari, 2006; Maamria, 2010).
To compensate for the removal of item 9 (suicidal thoughts and
wishes), the scoring system was adjusted according to the ethical
committee’s instructions.

As a result, the BDI-II cut-off points were converted to
percentages. The original BDI-II had a total score of 63, and the
new score after deleting item 9 was 60. The BDI-II percentages
were calculated by dividing by 63 and multiplying by 100 (63 was
the total of score). The modified version of the BDI-II consists of
20 items, with a Cronbach’s α of 0.89.

The original cut-off points of BDI-II: The cut-off points as percentages:

(1–10) Normal ups and downs (1.59–15.85) Normal ups and downs

(11–16) Mild mood disturbances (17.46–25.40) Mild mood disturbances

(17–20) Borderline clinical depression (27.98–31.75) Borderline clinical

depression

(21–30) Moderate depression (33.33–47.62) Moderate depression

(31–40) Sever depression (49.21–63.49) Severe depression

(Over 40) Extreme depression (Over 65.08) Extreme depression

Main Variables and Statistical Analysis
The FFQ consisted of 12 items, and was measured on a five-point
scale (several times a day = 5, daily = 4, several times a week =

3, 1–4 times a month= 2, and never= 1).
To compare the results with those of other studies

(Mikolajczyk et al., 2009), and by considering the least moderate
correlations (Spearman > 0.2) among the items of each subscale
and factor analysis and based on theoretical considerations
regarding the content of foods, it was decided to combine some
food groups into subscales. The following subscales were used:
unhealthy foods subscale that consisting of sweets, cakes/cookies,
snacks, and fast food and a fresh food subscale, consisting of
fresh fruits, salads/raw vegetables, and cooked vegetables. The
remaining food groups were divided into separate subscales.
The subscales’ scores were calculated as mean scores of the
corresponding items.

The BDI-II score (BDI-II sum) was computed by summing
the responses to all the 20 items that measured this mental
health indicator. The Perceived Stress Score variable (PSS sum)
was generated by summing all responses to all items of Cohen’s
Perceived Stress Scale after reversing scores to the four positively
stated items (statements 4, 5, 7, and 8). Reversing was performed
by recoding four statements: 0 for 4, 1 for 3, 2 kept as 2, 3 for 1,
and 0 for 4.

The normality of all score variables was checked using kurtosis
and skewedness, histograms, and Q_Q plots. All variables were
normally distributed.

Independent associations between food groups (FFQ),
perceived stress (PSS) and depressive symptoms (BDI-II) were
examined using univariate and multivariate regression models.
The newly created FFQ sum, PSS sum, and BDI-II sum served
as dependent variables and were used for the subsequent data
analysis. Sociodemographic and anthropometric variables were
used as independent variables.

The collected data were coded, entered, and analyzed using
the Statistical Package SPSS version 25. Statistical tests with p-
values< 0.05 were considered statistically significant. Descriptive
statistics was computed to describe all questionnaire items.
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TABLE 1 | Sociodemographic characteristics and weight status (n = 385).

Characteristics n %

Emirate

Dubai 290 75.3

Sharjah 49 12.7

Other 46 12.0

Marital Status

Single 355 92.4

Married 29 7.6

Age

17–20 years 233 62.2

21–24 years 134 35.7

25–29 years 8 2.1

Nationality

Emirati 374 97.1

Non-emirati 11 2.9

University Year

First year 87 23.0

Second year 90 23.8

Third year 113 29.9

Fourth years 88 23.3

BMI

Underweight 49 13.4

Normal 196 53.6

Overweight 63 17.2

Obese 58 15.8

Multiple linear regression analysis was performed
to predict each outcome variable using the following
predictors: Marital status, age, BMI, exercise, stress, and
depressive symptoms.

RESULTS

Sociodemographic Characteristics
Table 1 shows the participants’ sociodemographic characteristics.
The study population mainly consisted of Emiratis (97.1%).
Their ages ranged from 17 to 24 years old. Regarding
self-reported height and weight, 12.7% of the participants
were underweight, 16.4% were overweight, and 15.1%
were obese.

The mean scores were computed for the unhealthy food
and fresh food subscales. Among this group of students,
both unhealthy food and fresh food subscales had an
average consumption (on a scale from 1 to 5). Overall, this
group of students fell under the categories of “mild mood
disturbances” and “moderate stress” for depressive symptoms
and stress respectively.

Association Between Food Intake and
Perceived Stress or Depressive Symptoms
The associations between the consumption of each food
group and perceived stress and depression were assessed

TABLE 2 | Associations between food intake and perceived stress or depressive

symptoms.

Food group PSSa BDI-IIb

P-Value Estimate* P-Value Estimate*

Sweets 0.369 −0.046 0.517 0.033

Cake/cookies 0.039 −0.106 0.296 −0.054

Snacks 0.417 −0.042 0.534 0.032

Fast food/canned food 0.333 −0.049 0.025 0.114

Fresh fruits 0.059 −0.097 0.017 −0.122

Salad/raw vegetables 0.045 0.103 0.209 0.064

Cooked vegetables 0.038 0.107 0.096 0.086

Soft drinks 0.697 0.020 0.015 0.124

Meat/sausage products 0.011 −0.130 0.159 −0.072

Fish/sea food 0.055 −0.098 0.322 −0.051

Milk/milk products 0.324 −0.051 0.951 −0.003

Cereal/cereal products 0.251 −0.059 0.984 −0.001

Unhealthy Food Subscale 0.127 −0.078 0.377 0.045

Fresh Food Subscale 0.295 0.054 0.685 0.021

*Estimates are the Standardized Coefficients. Change in food consumption for every

one-unit change in the PSS or BDI-II.
aPSS, Perceived Stress Scale.
bBDI-II, Beck Depression Inventory II.

Food groups and PSS and BDI-II (univariable analysis). Bold means significant difference.

separately using a linear regression. Table 2 shows that the
significant associations between food groups, perceived stress,
and depressive symptoms were not equal, whereas there
were four associations for perceived stress and only three
for depressive symptoms. Furthermore, negative associations
were observed between perceived stress and cake/cookies and
meat/sausage products, and between depressive symptoms and
fresh fruits. Additionally, positive associations were observed
between perceived stress and salad/raw vegetables and cooked
vegetables and between depressive symptoms and soft drinks and
fast food/canned food.

For every unit increase in PSS, the consumption of
cake/cookies will decrease by 0.106, and meat/sausage product
consumption will decrease by 0.130. However, salad/raw
vegetable consumption will increase by 0.103 and cooked
vegetable consumption will increase by 0.107. Regarding
depressive symptoms, for every unit increase in the BDI-II,
fresh fruits consumption will decrease by 0.122, fast/canned
food consumption will increase by 0.114, while soft drink
consumption will increase by 0.124 (Table 2).

Multiple linear regressions were used to assess the association
between the consumption of all food groups together and both
the PSS and BDI-II (Table 3). It was found that the consumption
of unhealthy food, fresh food, fish/seafood, milk/milk products,
and cereal/cereal products was not significantly associated with
perceived stress and depressive symptoms among this group
of university students. In addition, increased consumption of
soft drinks was significantly associated with higher depressive
symptoms, whereas increased consumption of meat/sausage
products was significantly associated with lower perceived stress.
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TABLE 3 | Food groups, PSS and BDI-II (multivariable analysis).

Food Subscale PSSa BDI-IIb

P-Value Estimate* P-Value Estimate*

Unhealthy food Subscale** 0.129 −0.086 0.928 0.005

Fresh food Subscale*** 0.087 0.093 0.364 0.049

Soft drinks 0.147 0.083 0.012 0.145

Meat/sausage products 0.048 −0.114 0.126 −0.088

Fish/sea food 0.146 −0.085 0.279 −0.063

Milk/milk products 0.819 0.013 0.668 0.025

Cereal/cereal products 0.565 −0.032 0.810 0.014

*Estimates are the Standardized Coefficients. Change in food consumption for every

one-unit change in the PSS or BDI-II.

**Unhealthy food Subscale: mean of four items (sweets, cakes/cookies, snacks, fast food).

***Fresh Subscale: mean of three items (fresh fruits, salads, cooked vegetables). Bold

means significant difference.

TABLE 4 | General linear model for unhealthy food consumption.

Variable β S.E.a P-value 95% Confidence

Interval for β

Lower

bound

Upper

bound

Corrected model - – 0.141 - -

Intercept 3.392 0.424 0.000 2.558 4.226

Marital Status 0.103 0.137 0.451 −0.166 0.373

Students Age −0.011 0.021 0.599 −0.051 0.030

BMI −0.011 0.041 0.793 −0.091 0.070

Exercise −0.040 0.019 0.042 −0.078 −0.002

BDI-II 0.007 0.005 0.167 −0.003 0.016

PSS −0.015 0.009 0.085 −0.032 0.002

R2
= 0.028.

aS.E., standard error. Bold means significant difference.

Unhealthy Food Consumption
Table 4 presents the results of the multiple linear regression
model of unhealthy food consumption. This included marital
status, age, BMI, exercise, BDI-II sum, and PSS sum. These
variables accounted for only ∼3% of the variation in the
unhealthy food consumption subscale (R2 = 0.028). However,
this difference was not statistically significant (p = 0.141).
Exercise was the only variable that had a significant effect on the
unhealthy food consumption (p < 0.050).

DISCUSSION

The main objective of this study was to assess the association
between perceived stress and depressive symptoms with the
frequency of consumption of specific food groups among female
university students. Habits formed during youth are likely
to be sustained throughout later adulthood (Schmidt, 2012).
Therefore, studying the complex relationship between food
choice and mental state could help us to understand how the

frequency of consumption of certain food groups could be
influenced by stress or depression, or vice versa.

The results of this study showed that the consumption
of cakes/cookies and meat/sausage products was negatively
associated with stress, whereas consumption of salad/raw
vegetables and cooked vegetables was positively associated with
stress. These results are inconsistent with those of other cross-
sectional studies conducted on different populations. Several
studies have reported higher consumption of sweets, snacks, and
fast food with higher stress levels or higher consumption of
fruits and vegetables with lower stress levels (Mikolajczyk et al.,
2009; El Ansari and Berg-Beckhoff, 2015). Nevertheless, a study
conducted in Palestine reported results similar to those of the
present study.

It was found that among females, the consumption of
cakes/cookies was negatively associated with stress, and among
males, all food groups except cereal/cereal products were
negatively associated with stress (Mohamed Yassin, 2016). The
latter study suggested that lower consumption of cakes/cookies
with higher stress could be linked to the fact that people consume
foods high in carbohydrates (CHO) to relieve their stress. This
could be explained by the fact that highly palatable foods that
are high in CHO and fat, such as cakes/cookies, enhance opioid
levels in the brain, which are linked to feelings of pleasure
and are eaten as rewards after stress. Hence, students’ stress
levels were lower when they consumed these foods (Society
for the Study of Ingestive Behavior, 2009; Mohamed Yassin,
2016). However, this suggestion is based on the assumption that
students with lower stress levels who consumed more cakes
and cookies were stressed before, and consumed more of this
food group to relieve their symptoms. This assumption could
not be confirmed by the current study design. Another possible
explanation could be behavioral differences between stress and
depression among individuals.

This study found that the consumption of fast food/canned
food and soft drinks was positively associated with depressive
symptoms whereas, the consumption of fresh fruits was
negatively associated with depressive symptoms. These results
are consistent with those of similar studies found regarding
these food groups and depressive symptoms (Mikolajczyk
et al., 2009; El Ansari et al., 2014; Martínez-González, 2016).
Previous studies have found that consuming foods such as
fruits, vegetables, seafood, and low processed organ meats that
are rich in antidepressant nutrients is associated with a lower
risk of depression (Martínez-González, 2016). In addition to
the fact that highly processed and high-sugar foods are among
the foods linked to depression, low-processed organ meats,
seafood, and legumes were found to have the highest levels of
antidepressants (Martínez-González, 2016). In line with these
findings, the current study found a negative association between
vegetable consumption and depression; however, no significant
effects were found regarding for seafood, organ meat, or legumes
consumption. Depression reflects behavioral changes in people
with higher levels of depressive symptoms. Thus, individuals
with depressive symptoms are more likely isolate themselves
from their social networks, whichmight increase their symptoms.
Unlike stress, depression creates feelings of emptiness and
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hopelessness, pointlessness of efforts and severe reduction in the
perception of self-efficacy (Brouwers and Tomic, 2000; Bisschop
et al., 2004; Gallagher et al., 2011).

As such, making an effort to eat healthier food for people
with depression would not be significant; hence, the tendency
we report here to consume more easily accessible foods that
fall under the unhealthy food groups in the high-depression
group. However, it may still be considered important and
possible to eat healthily; hence, there is a positive link between
higher levels of stress and healthier eating behaviors. It may be
interest in the future to investigate the extent to which there
is a discrepancy between the wish to eat healthily and the
actual dietary behavior of the high-stress group. Importantly,
it would be interesting to determine the extent to which a
higher discrepancy (between wish and actual dietary behavior)
is linked via dissonance, to the levels of stress reported in
this group.

This study found only one significant association between
stress and one with depressive symptoms. Consumption of
meat/sausage products was negatively associated with stress,
whereas the consumption of soft drinks was positively associated
with depressive symptoms. These findings are not consistent
with findings from other studies that found positive associations
between unhealthy food (sweets/snacks/cookies/fast food) and
stress and depression, nor with studies that found negative
associations between healthy food (fruits and vegetables) and
stress and depression (Mikolajczyk et al., 2009; El Ansari
et al., 2014). However, Yassin et al. found that stress was
negatively associated with unhealthy food consumption among
males only, which is similar to the insignificant result found
in this study regarding the unhealthy food subscale and stress
(Mohamed Yassin, 2016). First, the explanation for the negative
association found between meat/sausage product consumption
and stress is not known, although it could mean that lower
stress leads to an increased consumption of protein. Future
studies are needed to further investigate this association.
Second, the positive association between soft drink consumption
and depressive symptoms could be related to behavioral
changes in people with higher depressive symptoms, as
previously mentioned.

Finally, the general linear regression model controlling
for confounding variables showed that exercise was the only
variable that predicted unhealthy food consumption. The results
showed that the frequency of exercise decreased with a higher
consumption of unhealthy food. Previous studies found that
individuals who report higher levels of physical activity have
lower levels of stress and depression. Therefore, there may be an
indirect association between the twomental health indicators and
unhealthy food consumption (Norris et al., 1992; Hassmén et al.,
2000). Unhealthy food consumption could be affected more by
variables not included in this study, which should be investigated
in future studies. The chief among these are socioeconomic
variables, variables related to parents’ educational level, and other
social factors. As this study is cross-sectional, causation could not

be derived and was susceptible to bias. Therefore, future studies
should focus on clinical and controlled experiments.

CONCLUSION

This study found associations between stress, and depression,
with food consumption among female university students.
In contrast to stress, feelings of hopelessness, which are
symptomatic of depression, reduce the importance of consuming
healthier food. Additionally, eating cakes/cookies was negatively
associated with perceived stress. However, assessing the presence
of pre-existing stress that affects food consumption was not
within the scope of this study. Further studies are required to
investigate the relationship between stress and food consumption
in this population and to identify the main reasons for this
relationship. This study suggests identifying nutritional issues
when addressing perceived stress or depressive symptoms
among female university students. Moreover, improving the
mental state of students could improve their food choice
and intake.
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Objective: This study aimed to determine the relationship between the high dietary acid

load (DAL) and the risk of cancer.

Methods: Five databases of PubMed, Web of Sciences, Scopus, Cochrane Library,

and Google Scholar was searched to elicit original studies on humans, up to June 2021.

Quality of the articles, risk of bias, and heterogeneity were assessed. A random-effects

meta-analysis model was applied to estimate pooled effect size with a 95% confidence

interval. Sensitivity analysis was performed using a fixed-effects model. Subgroup

analyses were carried out based on gender, age, type of cancer, and type of DAL

assessment indicator.

Results: Seventeen effect sizes from 10 articles were included in the analysis. Overall,

individuals with the highest DAL were associated with a 66% increased risk of cancer

compared to those with the lowest DAL (p < 0.001]. The risk of cancer increased 41%

(p < 0.001) and 53% (p = 0.03) by high PRAL and NEAP, respectively. High DAL was

associated with 32% (p < 0.001) and 79% (p < 0.001) increased risk of breast and

colorectal cancers, respectively. High DAL was associated with 32% (p = 0.001) and

76% (p = 0.007) increased risk of cancer incident in women and men, respectively. The

risk of cancer incident increased 35% (p < 0.001) and 49% (p < 0.001) at age ≤ and >

of 50, respectively.

Conclusion: High DALmay be associated with a higher risk of cancer incidence not only

in the whole studied population but also across cancer types, both genders, both DAL

assessment indicators, and also among both high- and low-risk age groups for cancer.

Keywords: dietary acid load, cancer, systematic review, meta-analysis, observational studies
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INTRODUCTION

Cancer is a major burden of disease and health concern
worldwide. It is the second leading cause of mortality in
many countries (1) and accounting for around 10 million
deaths in 2020 (2). It has been well known that lifestyle could
influence the risk of cancer (3). An individual’s diet is a major
modifiable lifestyle-related factor that may be linked to his/her
health outcomes. Numerous epidemiological investigations have
indicated that diet composition or pattern can contribute to or
prevent the development of chronic diseases including cancer (4–
6). According to the previous studies, adherence to a plant-based
diet with low animal and processed food products may prevent
the risk of cancer (7, 8).

It has recently been suggested that diet composition may
influence the body’s acid-base balance (9). Some dietary
components are acidogenic and increase the dietary acid load
(DAL). Animal proteins and cereal grains are dietary components
that are metabolized to acid precursors and generate acid
in the body (10, 11). While, some food ingredients such
as fruits and vegetables, due to containing potassium, or
dairy products, due to consisting of calcium and magnesium,
produce precursors of alkali and may reduce diet-dependent acid
load (10, 11).

As the DAL correlates with the urinary acid load, it has
been suggested as a simple and useful method to evaluate the
acidity of a diet (12). Potential renal acid load (PRAL) and
net endogenous acid production (NEAP) are two common
established indicators to calculate metabolic acidosis and
estimate the DAL from dietary intake data (13, 14). PRAL
presents an assessment of the endogenous acid production
that exceeds the alkali level produced for certain amounts
of food consumed daily. Daily PRAL is a measure that
considers the dietary composition of several minerals and
proteins (particularly sulfur-containing proteins) and their mean
intestinal absorption rate, and the amount of sulfate generated
from metabolized proteins. PRAL is calculated using the
following formula:

PRAL (mEq/day)= 0.4888× protein intake (g/day)+ 0.0366
× phosphorus (mg/day) – 0.0205× potassium (mg/day) – 0.0125
× calcium (mg/day) – 0.0263×magnesium (mg/day)

NEAP is assessed from the ratio of protein and potassium in
the diet and calculated using the following formula:

NEAP (mEq/day) = 54.5 × protein (g/day)/potassium (mEq/
day) – 10.2

It has been shown that greater intake of a diet with high
acid load may contribute to the increased risk of health
conditions such as cardiovascular diseases (15), hypertension
(16), chronic kidney disease (17), and diabetes mellitus (18).
Multiple investigations have recently studied the association
between the DAL and the risk of various cancers (19–24).
However, to our knowledge, there has been no comprehensive
report summarizing these studies. Therefore, this systematic
review and meta-analysis study was implemented to summarize
the present studies in order to determine “What is the risk of
cancer incidence in adults with high DAL compared to those with
low DAL?”

METHODS

This systematic review and meta-analysis study follows the
updated 2020 Preferred Reporting Items for Systematic
review and Meta-Analysis (PRISMA) guidelines (25). The
protocol of the study was registered and approved by the
Ethical Committee of Tabriz University of Medical Sciences
(IR.TBZMED.REC.1400.560) and is available at: https://ethics.
research.ac.ir/IR.TBZMED.REC.1400.560.

Search Strategy
An extensive systematic search of the literature was performed
in electronic databases of PubMed, Web of Sciences, Scopus,
Cochrane Library, and Google Scholar up to June 2021, with no
publication date restriction. This was supplemented by searching
for reference lists and citation tracking of included studies, and
relevant reviews. The keywords and medical subject headings
(MeSH) terms used for the search were as follows: “acid load OR
dietary acid load OR potential renal acid load OR net endogenous
acid production” AND “cancer.” The full search method for each
database is available in Supplementary Table 1.

The articles from the initial searches were imported into
an EndNote software and duplicates were removed. Titles and
abstracts of the remained articles were independently screened
for potential eligibility by two reviewers (M.K and V.M) and any
discrepancy was resolved by discussion or third researcher.

Inclusion and Exclusion Criteria
The inclusion criteria were as follows: studies that considered the
association between DAL and cancer; studies with prospective
or retrospective cohort and case-control design; studies that
expressed odds ratios (ORs) or hazard ratios (HRs) or relative
risks (RRs) beside 95% confidence intervals (CIs) for the
association betweenDAL and cancer. Studies with cross-sectional
design, letters, comments, short communications, surveys,
environmental, and animal studies were excluded.

Data Extraction
The required data were extracted from each eligible study by
two independent researchers and any disagreement between
the two researchers was resolved by discussion or by a third
researcher. The extracted information was as follows: Name of
the first author, year of publication, country, study design, type
of studied cancer, number of participants, mean age and gender
of participants, follow-up time for cohort studies, method of
food intake assessment, method of DAL assessment, confounding
variables, outcomes, and information regarding OR or HR or
RR and 95% CI. If a study used both of the PRAL and NEAP
indicators for assessing DAL, we considered that study as two
separate studies in meta-analysis.

Quality Assessment
The Newcastle Ottawa (NOS) scale (26) was used to evaluate the
quality of the selected studies. Based on this scale, a maximum
of 9 scores is allocated to each study as follows: four scores for
selection of contributors, two scores for comparability, and three
scores for evaluating outcomes in cohort studies and exposure in
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FIGURE 1 | Flow diagram of the study.

case-control studies. Studies attaining 9 scores were considered
as the highest quality.

Statistical Analysis
A random-effects model was used to estimate the pooled
effect size (d) for comparison of the highest vs. the lowest
categories of the DAL and to consider the heterogeneity
between the studies (27). The random-effects model was used to
estimate the Q-statistics and I2 values as heterogeneity indices.
I2 value > 50% between-study heterogeneity was considered
significant. When between-study heterogeneity was significant,
we performed subgroup analyses based on participants’ gender,
the mean age of the participants, type of cancer, and type
of DAL assessment indicator to determine possible sources of
heterogeneity. Publication bias was assessed using Egger’s and
Begg’s regression asymmetry test (28). Small study bias, including

publication bias, was detected by visually inspecting funnel plots.
A trim-and-fill method was used to determine the effect of
possible missed studies on the overall effect (29). Sensitivity
analysis was performed using a fixed-effects model in which each
study was eliminated from the study to evaluate the influence of
that study.

STATA version 14.0 was applied to perform statistical
analyses. A p-value < 0.05 was reflecting the statistical
significance of all tests.

RESULTS

Literature Search
In the initial search, 705 articles were detected. After elimination
of duplicates (n = 217), irrelevant (n = 460), animal
(n = 2), review (n = 3), and in-vitro/in-vivo articles (n
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TABLE 1 | Characteristics of the included studies.

ReferencesStudy

design

Country Type of

cancer

Gender Participants

(case/control)

Mean age

(year)

Follow-up

time

Food intake

assessment

tool

DAL

assessment

indicators

Confounders considered in

the analysis

Outcomes

Jafari

et al. (19)

Case–

control

Iran Colorectal Both 499 (259/240) 50 - FFQ PRAL Age, comorbidity, CFH, salt

intake, physical activity, and Ca

supplement

PRAL↑ → risk of CRC and

CRA↑

Mehranfar

et al. (20)

Case–

control

Iran Prostate Men 120 (60/60) Not indicated - FFQ PRAL &

NEAP

Age, BMI, TEI, smoking, physical

activity, race, job, education, and

drug usage

PRAL↑ → risk of

prostate cancer↑ NEAP↑ → risk

of prostate cancer↑

Mousavi

et al. (31)

Case–

control

Iran Glioma Both 366 (123/243) 42 - FFQ NEAP Age, sex, TEI, marital status,

smoking, CFH, physical activity,

supplementation, BMI, X-ray

exposure, head trauma, allergy,

duration of illness, micronutrient

intake, and comorbidity

NEAP↑ → developing glioma

among adults ↑

Park

et al. (21)

Cohort US and

Puerto

Rican

Breast Women 43570 54.5 7.6 y FFQ PRAL Race, education, household

income, BMI, physical activity,

smoking, alcohol, CFH,

breastfeeding, TEI, and parity

PRAL↑ → risk of breast cancer

↑

Ronco

et al. (22)

Case–

control

Uruguay Colorectal Both 3005

(611/2394)

64 - FFQ PRAL &

NEAP

Age, sex, residence, education,

CFH, BMI, smoking, alcohol, TEI,

total fiber, micronutrient, and

total heterocyclic amines

PRAL ↑ → risk of colorectal

cancer ↑ NEAP↑ → risk of

colorectal cancer ↑

Ronco

et al. (23)

Case–

control

Uruguay Lung Men 2309

(843/1466)

65 - FFQ PRAL &

NEAP

Age, residence, CFH, BMI,

smoking, alcohol, TEI, total fiber,

micronutrient, and total

heterocyclic amines

PRAL↑ → was not significantly

associated with lung cancer risk

NEAP↑ → risk of lung cancer ↑

Ronco

et al. (32)

Case–

control

Uruguay Breast Women 1461

(572/889)

65 - FFQ PRAL &

NEAP

Age, residence, education, age

at menarche, menopausal

status, number of live births, age

at menopause, CFH, BMI,

smoking, alcohol, and TEI

PRAL↑ → risk of breast

cancer ↑ NEAP↑ → risk of

breast cancer ↑

Safabakhsh

et al. (33)

Case–

control

Iran Breast Women 300 (150/150) 46.5 - FFQ PRAL &

NEAP

Age at first menarche, BMI,

education, marital status,

menopause status,

socioeconomic status, alcohol,

smoking, supplementation,

comorbidity, number of

Child, breast feeding, CFH, and

TEI

PRAL↑ → was not significantly

associated with breast

cancer risk NEAP↑ → was not

significantly associated with

breast cancer risk recurrence

(Continued)
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= 11), 12 publications met the topic and scope of the
study during the first screening phase. Two studies were
also removed during the second screening phase because
these studies were conference. Finally, three cohorts (21,
24, 30) and seven case-control studies (19, 20, 22, 23, 31–
33) were comprised in the current systematic review and
meta-analysis. Figure 1 shows the flow diagram of the study
selection process.

Characteristics of the Included Studies
Table 1 displays the characteristics of all the included studies.
The total number of participants in three cohort studies was
142,228, and in seven case-control studies were 8,060 (2,618
patients with cancer and 5,442 controls). The follow-up period
in cohort studies ranged from 7.3 to 8 years. The type of studied
cancers were breast (21, 30, 32, 33), colorectal (19, 22), prostate
(20), lung (23), pancreas (24), and glioma (31). Most of the
studies (n = 9) used the food frequency questionnaire (FFQ)
tool for assessment of the food intake. In most the papers, effect
sizes were adjusted for age (n = 10), BMI (n = 9), sex (n =

3), smoking (n = 8), alcohol consumption (n = 7), physical
activity (n = 3), energy intake (n = 9), comorbidities (n =

4), cancer family history (n = 8), menopausal status (n =

4), education (n = 6), residence (n = 3), race (n = 3), and
other dietary variables (n = 6). DAL assessment indicator was
PRAL in nine studies and NEAP in seven studies. All cohort
and four case-control studies obtained the NOS score of 9 and
were of high quality and the score of other studies were 8
(Supplementary Tables 2, 3).

Risk of Bias Assessment
The methodological characteristics of the included studies are
summarized in Supplementary Tables 2, 3. In all of the articles,
the most important confounders were controlled in the statistical
analysis. In all studies, the selection of controls was done
correctly, and in all studies, food intake was assessed by a
structured interview.

Results of Systematic Review and
Meta-Analysis
Results of the systematic review showed that of nine studies
that investigated the relationship between PRAL and risk of
cancer, six studies indicated a positive association. Five out of
seven studies found a positive association between NEAP and
cancer risk.

Seventeen effect sizes from 10 studies were included in
this analysis. Comparing the highest against the lowest DAL,
the pooled effect size for the risk of overall cancer was 1.66
(95% CI: 1.38, 2.01; p < 0.001), demonstrating a significant
positive relationship (Figure 2). A significant heterogeneity
between studies was observed (I2 = 72.0%; p < 0.001). As
shown in Figure 3, results of subgroup analyses showed that
gender, age of the participants, type of cancer, and type of
DAL assessment indicator had not any role in the between-
study heterogeneity.

As shown in Figure 3, according to stratified analysis, the risk
of cancer incidence increased by 41% [d = 1.41 (95% CI: 1.27,
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FIGURE 2 | Forest plot for the association between DAL and risk of cancer in a random-effects meta-analysis. ES, effect size; CI, confidence interval.

1.57), p < 0.001] and 53% [d = 1.53 (95% CI: 1.32, 1.79), p
= 0.03] by high PRAL and NEAP, respectively. High DAL was
associated with 32% [d = 1.32 (95% CI: 1.19, 1.46), p < 0.001]
and 79% [d = 1.79 (95% CI: 1.42, 2.26), p < 0.001] increased
risk of breast and colorectal cancers occurrence, respectively.
High DAL was associated with 32% [d = 1.32 (95% CI: 1.19,
1.46), p = 0.001] and 76% [d = 1.76 (95% CI: 1.35, 2.29), p =

0.007] increased risk of cancer incidence in women and men,
respectively. The risk of cancer incidence increased by 35% [d
= 1.35 (95% CI: 1.15, 1.60), p < 0.001] and 49% [d = 1.49 (95%
CI: 1.35, 1.65), p < 0.001] among people with age ≤ and > of
50, respectively.

Sensitivity Analyses and Publication Bias
Sensitivity analysis showed that the overall effect size regarding
the association between DAL and cancer did not depend
on a single study (95% CI: 1.32-2.13). Based on the visual
inspection of the funnel plot, we found an asymmetry
(Supplementary Figure 4); however, when we did the Egger’s
and Begg’s regression test indicated possible publication bias for
the association between DAL and cancer (p = 0.038). Therefore,
we did the trim-and-fill method and found that adding missing
studies did not change the overall effect size [d = 0.36 (95% CI:
0.16-0.56)] (Supplementary Figure 2).

DISCUSSION

In the presentmeta-analysis of observational studies, a significant
association was observed between higher DAL and the risk
of cancer occurrence in the entire population. We found
that the risk of cancer increased by 66% in participants with
higher DAL compared to the participants with lower DAL. The
positive association remained significant across cancer types,
both genders, both DAL assessment indicators (PRAL and
NEAP), and also among both high- and low-risk age groups
for cancer.

It is well known that factors such as sex, age, obesity, energy
intake, smoking status, and physical activity level have a role in
cancer development. On the other hand, the association of these
factors with DAL has been evidenced in numerous researches.
It has been shown that DAL has larger effects in the elderly
than younger individuals and in women compared with men
(34) and elder individuals may be more sensitive to DAL effects
compared with younger persons (9). Fatahi et al. showed that
the odds of general and abdominal adiposity increased across
tertiles of DAL (35). Li et al. have also reported a positive
association between high DAL and obesity in the nationally-
representative sample of Chinese adults (36). Fatahi et al. in a
study on women found a positive association between DAL and
energy density (35). Kataya et al. in a study on elderly Japanese
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FIGURE 3 | Subgroup analysis for the association between DAL and risk of cancer. Subgroup by age of participants (A), gender (B), type of DAL assessment

indicators (C), and type of cancer (D).

women found that high DAL was directly associated with the
prevalence of frailty, slowness, and low physical activity (37).
Wu et al. did not find any association between DAL and total
mortality among never smokers but observed such association
among past smokers (38).

Collectively, the above-mentioned factors may contribute
to the relationship between high DAL and cancer incidence.
However, all the studies reviewed have addressed this concern
and considered the confounding effect of the factors in the
DAL-cancer relationship analysis.

The exact mechanism connecting high DAL to the risk of
cancer remains yet unclear. There are several potential hormonal
and non-hormonal mechanistic pathways to demonstrate the
long-term effect of diet-dependent acidosis on carcinogenesis
as follows:

1) An acidosis diet May increase carcinogenesis by reduction of
adiponectin secretion.

Adiponectin is a 244-amino acid protein secreted mainly by
adipocytes and act as an endogenous insulin sensitizer. Low
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circulating adiponectin level is supposed to have a critical role
in the development and progression of multiple malignancies
(39). As shown in Figure 4, low adiponectin level contributes to
increased insulin level, which in turn, leads to elevated levels of
bioavailable insulin-like growth factor (IGF)-1 (40). Insulin and
IGF-1 induce cellular proliferation and prevent apoptosis and are
therefore involved in carcinogenesis (40).

A diet’s protein content and origin may contribute to
adiponectin production. Yagi et al. found that a low-protein diet
significantly elevated serum adiponectin level and also increased
the amount of adiponectin secreted by adipocytes isolated from
white adipose tissue (41). Also, Ceolin et al. in an animal
model study showed that serum adiponectin level was higher in
animals fed with a low protein diet than standard protein diet
(42). The results of a study on older women participating in a
resistance-based exercise program showed that women with a
high protein diet had significantly higher adiponectin content
compared to those with a high carbohydrate diet (43). The
source of protein may be a reason for the discrepancy observed
in the studies finding. According to evidence, consumption
of animal protein may reduce the level of adiponectin. Chen
et al. reported that serum adiponectin level was lower in rats
fed animal-based protein diet than rats fed vegan protein-
based diets (44). Moreover, a large body of evidence indicates
a positive relationship between high adherence to plant-based
diets such as the Mediterranean diet and serum adiponectin
level (45, 46). Furthermore, endogenous metabolic acidosis, as an
outcome of DAL, may also lead to a reduced level of adiponectin.
Disthabanchong et al. in in-vivo and in-vitro studies showed that
metabolic acidosis prevented adiponectin gene expression and
reduced adiponectin serum levels (47). There was no study to
show the effect/association of DAL on/with adiponectin level.

Taken all together, consumption of animal-based protein and
metabolic acidosis state in the body may diminish the level of
adiponectin, which in turn, increases the risk of cancer. Further
research is required to evaluate the effect/association of the
acidosis diet on/with the adiponectin level.

2) An acidosis diet May increase carcinogenesis by elevation of
cortisol production.

Cortisol is a stress hormone that controls numerous processes
throughout the body, such as metabolism and performance of
the immune system. A growing body of evidence is suggesting
a positive relationship between high cortisol levels and the
progression of cancer (48–50). High cortisol concentrations
adversely suppress the immune system and decrease its
sufficiency in eliminating mutated cells (48). In addition, higher
cortisol concentrations may contribute to the development of
cancer by increasing DNA damage and apoptosis suppression
(48) (Figure 4).

The amount of protein in a diet or an acidifying diet or
metabolic acidosis condition in the body may enhance the
production of cortisol. Slag et al. showed that consumption
of a high protein diet contributed to the increased release
of cortisol in healthy individuals (51). Also, Lemmens et al.
reported that consumption of a high-protein meal increased

cortisol levels in men and women (52). Esche et al. suggested
that the presence of a moderate increase in diet-dependent
acid load is adequate to increase glucocorticoids secretion
and influence cortisol metabolism (53). Buehlmeier et al.
showed that diet-dependent acidification/alkalization influenced
glucocorticoids activity and metabolism, in healthy men (54).
Perez et al. in a study on dogs reported that metabolic
acidosis was associated with increased plasma cortisol levels
of animals (55).

3) An acidosis diet May increase carcinogenesis by elevation of
circulating IGF-1 level.

The insulin-like growth factor is a hormone with a critical role in
the growth and mediates the anabolic effects of growth hormone
or protein synthesis in muscle and skeletal tissues. Elevated
circulating IGF-1 level promotes tumorigenesis, angiogenesis,
and metastasis (56–58). IGF-1 stimulates several signaling
pathways such as PI3K/Akt andMAPK through binding to its cell
surface receptor and induces cancer cell proliferation, survival,
and migration (57) (Figure 4).

Diet protein level or acidity or metabolic acidosis state of the
body may elevate the production of IGF-1. An extensive body of
studies have consistently indicated that intake of a high protein
diet up-regulates the IGF-1 level. Schüler et al. reported that
consumption of a high protein diet significantly increased IGF-
1 levels in patients with type 2 diabetes (59). Giovannucci et al.,
in a study on 753 men, reported that men with high total protein
intakes had a 25% greater plasma IGF-1 level than those with low
protein intake (60). Drake et al. found that high protein intake
was associated with high plasma IGF-1 level, in women older than
50 years (61). Morgan et al. showed that low protein intake was
associated with a reduced level of IGF-1 in the population aged
≤ 65 years (62). Wan et al. showed that serum IGF-1 and liver
IGF-1 mRNA levels were lower in pigs fed with low-protein than
pigs fed with normal crude protein (63). Regarding the source
of protein, Hoppe et al. reported that serum IGF-1 level was
significantly associated with intakes of animal protein and milk,
but not with the intake of vegetable protein or meat (64). Schüler
et al. reported that both animal and plant protein intake lead to
significant increases of IGF-1 level, which was unchanged by the
various amino acids plant and animal protein composition, in
participants with type 2 diabetes (59).

Concerning the association between DAL and IGF-1
concentration, research is too scarce. In a study, Lim et al. did
not find any interaction effects between DAL and IGF-1 (65).
Moreover, several relatively archaic studies have indicated that
NH4Cl-induced metabolic acidosis reduces IGF-1 (66, 67).
Additional researches to examine the association between DAL
and dietary-induced metabolic acidosis with serum levels of
IGF-1 are needed to better understand how high protein intake
may affect IGF-1 level.

4) An acidosis diet May increase carcinogenesis by elevation of
insulin resistance.

Insulin resistance (IR) is a pathological condition that presents
when a disturbance occurs in the biological response to insulin.
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FIGURE 4 | A possible mechanistic model for DAL-cancer relationship. AKt, protein kinase B; DAL, dietary acid load; ERK1, extracellular signal-regulated kinase 1;

IGF-1, insulin-like growth factor-1; IR, insulin resistance; MAPK, mitogen-activated protein kinase; PI3K, Phosphoinositide 3-kinases; ROS, reactive oxygen species;

SHBG, sex-hormone binding globulin.

IR is well known to raise the risk of metabolic diseases
such as cancer (68, 69). The possible mechanism for this
association has fully been explained by Arcidiacono et al. (68).
In brief, as shown in Figure 4, IR leads to hyperinsulinemia
and enhancement of bioavailable IGF-1, which both of them
prevent the hepatic production of sex-hormone binding globulin
and induce ovarian production of sex steroids. Finally, these
alterations stimulate cellular proliferation and prevent apoptosis
(68). IRmay contribute to carcinogenesis through impaired DNA
due to excess production of reactive oxygen species (68).

Consumption of a high protein diet, DAL, and metabolic
acidosis may impact IR level. Results of a systematic review and
meta-analysis of randomized controlled trials showed that intake
of a high-protein diet may reduce IR levels in patients with
type 2 diabetes (70). Morenga et al., in an interventional study
on overweight or obese women, found that insulin sensitivity
reduced by 19.3% after intake of a diet relatively high in both
protein and fiber compared with a standard diet (71). The source
of protein is an important factor for the modifying of IR. Azemati
et al. in a cross-sectional study on 548 participants showed that

intake of total protein, animal protein, and the ratio of animal-
to-plant protein intake were positively linked to IR, but plant
protein was not (72). Adeva-Andany et al. in a review study
discussed the contribution of animal protein intake on increased
IR, in various population groups (73). Furthermore, Wojcik et al.
in an animal model study showed that a high-protein casein
diet (animal protein) had a minimal benefit in reduction of IR
compared with a high-protein soy diet, or high-protein combined
diet with animal and plant proteins (74).

Concerning the association between DAL and IR level, Lee
et al., in a study on 5,406 participants, concluded that DAL
was positively correlated to the development of IR (75). Also,
Akter et al. in a study on 1732 workers found that high DAL
was positively associated with IR (76). Endogenous metabolic
acidosis is another DAL-related factor thatmay influence IR level.
Williams et al. in a cross-sectional study found that individuals
with IR had a higher level of fasting plasma lactate, a marker
of metabolic acidosis (77). Bellasi et al. in a study on 145
patients with chronic kidney disease showed that rectification of
metabolic acidosis ameliorates IR (78).
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STRENGTHS AND LIMITATIONS OF THE
STUDY

The inclusion of several prospective cohort studies with
large sample sizes, in the present review, enhances the
power of the findings. All the studies, except one, used
the standard FFQ method to assess food intake, and all
the studies used two validated measurements of PRAL and
NEAP for DAL assessment which make it possible to compare
results among studies. Studying various types of cancer
across the studies was a limitation of the present study,
which may impact the comparability of the findings. All
the included studies were observational and there was no
intervention study.

CONCLUSIONS

The findings indicate that higher DAL may be associated with
a higher risk of cancer incidence across cancer types, study
populations, both genders, both DAL assessment indicators
(PRAL and NEAP), and also among both high- and low-risk age
groups for cancer.

APPLICATION OF THE FINDINGS

This finding highlights that high DAL, which reveals the
metabolic and nutritional status of an individual, may have
long-term effects on human health. As a primary prevention
strategy against cancer, the elevation of knowledge and attitudes
of people at the community level, toward harms of diets with high
acid load through training and advertising may navigate people
to healthier dietary habits. Moreover, at the clinical level, the
providing of dietary recommendations regarding foods with low
DAL may be of help to prevent the development and progression
of cancer.

SUGGESTIONS FOR FUTURE RESEARCH

Further evidence from interventional investigations is required
to affirm findings from observational studies. Further researches
are needed to evaluate: effect/association of the high DAL
on/with the serum adiponectin and IGF-1 level, the relationship
between dietary-induced metabolic acidosis with IGF-1, and the
effect/association of high DAL on/with cellular proliferation,
apoptosis, and signaling pathways involved in these events.
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Arugula (Eruca sativa), mizuna (Brassica rapa var. nipponsinca), red giant mustard

(Brassica juncea), and spinach (Spinaciaoleracea “Tyee”) are fresh produce crops high

in nutritive value that provide shortfall and high interest nutrients addressed in the

U.S. Dietary Guidelines. The primary objective of this project was to evaluate fertility

treatments unique to these crops that optimize their nutritional capacity. Measurements

discussed include: vitamin C, dietary fiber, calcium, iron, potassium, sodium, and nitrate.

Plants were grown at the University of Minnesota St. Paul Campus (St. Paul, MN) in a

greenhouse from November to April under an 18 h photoperiod and a 24/13◦C day/night

temperature. Plants were grown using five different fertility treatments, including four

organic treatments and one conventional control. The plant treatment combinations were

replicated three times and the entire experiment was duplicated. Fertility treatments

had a high impact on vitamin C (with over a 3-fold difference in treatments in the

first experiment), nitrate (over 10-fold difference among fertility treatments in some

species) and potassium concentrations (over 5-fold difference among fertility treatments

in some species) in analyzed plant tissue. No consistent differences were found for fiber,

calcium, iron and sodium concentrations in tissue analyzed. This is the first study to

analyze the impact that different organic treatments can have on multiple nutrients and

compounds addressed by the U.S. Dietary Guidelines for high-impact, highly-consumed

produce crops.

Keywords: organic, nitrate, vitamin C, dietary fiber, minerals, leafy greens

INTRODUCTION

Diets high in fruits and vegetables are widely recommended for their health promoting properties
(Slavin and Lloyd, 2012). Fruits and vegetables contain vitamin, minerals, electrolytes, dietary
fiber, and phytochemicals especially antioxidants. Although the positive aspects of consumption
of fruits and vegetables are promoted, vegetables especially leafy green vegetables are concentrated
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in nitrates that have been linked to adverse health effects
especially in children (Karnpanit et al., 2018). Production
practices that increase the nutrient content of vegetables while
limiting high amounts of potential negative compounds such as
nitrates are of interest.

Organic fruits and vegetables have dominated the organic
market in the past three plus decades (Donaldson, 2021). In
2014, organic food sales measured more than twice those of
1994. A 2016 survey found that 68% of Americans had purchased
organic food in the previous month. Seventy-one percent of
Americans reported that nutrition and ingredients labels were
factors in choosing which foods to buy. Additionally, 63% of
respondents who paid particular attention to consuming healthy
and nutritious foods reported that organic food composes at least
some of their intake. On the other hand, in the respondents
who did not pay particular attention to consuming healthy and
nutritious foods, 22% reported that organic food composes at
least some of their food intake (Funk and Kennedy, 2016).

Consumers mainly buy organic due to the alignment of
their beliefs with the ideology behind organic production.
Accordingly, the above mentioned 2016 survey determined that
individuals very concerned about genetically modified foods
tended to have chosen organic and GMO-free labeled foods
in the previous month. Furthermore, the same 2016 survey
reported that 76% of those who had purchased organic in
the previous month cited health as motivation. Comparatively,
33% of this same subset claimed environmental reasons, and
22% reported convenience. Finally, 72% of Americans make
organic vs. conventional purchase decisions by considering price
differences (Funk and Kennedy, 2016).

Almost 75% of conventional grocery stores and close to
20,000 natural food stores sell organic goods (Donaldson, 2021),
Generally organic foods are more expensive and more likely to
be purchased by higher income consumers (Mie et al., 2017).
Lack of access to organic foods for certain populations opposes
one of the four principles of organic agriculture: fairness. This
principle maintains that organic agriculture should foster equity
and justice (IFOAM-Organics International, 2020).

Overall, organic farming principles and practices aim to create
a food system that utilizes the biological cycles and resources of
the earth in a way that protects biodiversity and preserves the
balance of the ecosystem (Hunter et al., 2011). Key fundamentals
of traditional organic production encourage long-term fertility of
soils, minimize carbon footprints and maintain genetic diversity
in current food systems.

In enclosed environment greenhouse systems, key organic
practices are implemented, like the use of non-synthetic
fertilizers and pesticides, although they are often not complete
replacements of traditional organic practices used in open
field environments. For example, in open-field organic farming,
concern for health of the soil necessitates use of cover
crops. Yet in greenhouse production, cover crops are not
generally employed.

Differences in organically and conventionally produced foods
have been extensively reviewed, based on their nutritive value,
sensory qualities and overall safety, but limited information
exists on differences in crops grown in greenhouses. Arugula

(Eruca sativa), mizuna (Brassica rapavar. nipposinica), and red
giant mustard (Brassica juncea) are Mesclun mixture plants that
are nutrient-dense and consumed in many regions. Spinach
(Spinacia oleracea) is commonly consumed as both a plate
vegetable and salad green (Lucier et al., 2004). Consumption of
fresh lettuces and spinach, termed microgreens has increased
greatly, but little information exists on the nutrient content of
these greens, especially when grown in greenhouses (Mir et al.,
2017).

Minerals play many critical roles in human physiology and are
responsible for a wide range of activities in the body. In plants,
iron plays a critical role as a cofactor in chloroplast biosynthesis
(Soetan et al., 2010). Calcium is known for its ability to aid in
the formation of stable cell walls and membranes, and regulates
stimulus of cells (Soetan et al., 2010). Potassium primarily acts
as a cofactor for protein synthesis and is a major solute in
maintaining water balance and osmosis (Soetan et al., 2010).
In the human body, iron, calcium, and potassium are essential
nutrients often under consumed.

In plants, vitamin C plays many roles, and the content of
Vitamin C in plants varies greatly depending on cultivar, growing
conditions, maturity at harvest, and postharvest handling,
processing, and storage (Phillips et al., 2018). In the human
body, vitamin C plays many roles, including the ability to act
as a water-soluble antioxidant, aid in collagen synthesis, increase
absorption of iron from the diet and plays other critical roles
in the metabolism of folate and some amino acids (Phillips
et al., 2018). Dietary fiber is a critical shortfall nutrient in the
United States. The typical U.S. individual consumes 17 g/d while
the Daily Value is 28 g/day (Slavin, 2013).

Nitrate is a chemical substance naturally found in plants
and heavy use of chemical fertilizers, especially nitrogen to
increase crop yield increases nitrate levels in plants (Karnpanit
et al., 2018). Many vegetables, especially green leafy vegetables
contain high amounts of nitrate (Leon and Luzardo, 2020).
Nitrate is generally considered safe to consume in moderate
amounts and is easily converted to nitrite through reduction.
Although nitrate and nitrite are not carcinogenic themselves,
they can easily yield carcinogenic compounds. Nitrate reacts with
secondary and tertiary amines endogenously, forming N-nitroso
compounds (Walker, 2009; Karwowska and Kononiuk, 2020).
N-nitroso compounds have been associated with higher risk of
developing esophagus, stomach and liver carcinomas. Nitrate
levels of vegetables are particularly of concern in childrens’ diets
(Karnpanit et al., 2018).

Nitrate accumulation is common in Brassica plants as well
as other leafy vegetables such as spinach and lettuce and is
influenced heavily by nitrogen fertilization practices (Hamdard
et al., 2009). Cultivation practices are known to affect nitrate
levels in vegetables (Karnpanit et al., 2018). Nitrate contents of
most leafy vegetable grown under organic and and GAP (good
agricultural practice) cultivation in Thailand were lower than
those grown with conventional production (Karnpanit et al.,
2018). Other surveys of nitrate concentrations in conventional
and organic-labels raw vegetables at retail find that samples of
fresh broccoli, cabbage, celery, lettuce and spinach categorized
as conventional or organic by label in 5 major cities in
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TABLE 1 | Fertility treatment combinations of media, fertility sources, and bulk densities of compared media.

Treatment Media base Fertilizer Bulk density

(g/cm3)

All-in-one potting mix (AO) Purple Cow Organic Potting Mix (Purple Cow

Organics, Middleton, WI)

None 0.307

Custom mix (CM) Peat, vermiculite, leaf litter compost (3:2:3 mix by

volume)

Greensand, rock phosphate, bloodmeal and lime

(1:1:1:0.5 mix by volume).

0.181

Conventional comparison (CC) SunGro LC8 (SunGro Horticulture, Agawam, MA) Peter’s Excel CalMag 15-5-15 (Everris, Dublin, OH) 0.138

Fish emulsion (FE) Sunshine Natural and Organic Planting Mix (SunGro

Horticulture, Agawam, MA)

Dramatic 2-5-0.2 (Dramm, Manitowoc, WI) 0.086

Poultry litter (PL) Sunshine Natural and Organic Planting Mix (SunGro

Horticulture, Agawam, MA)

SUSTANE 8-4-4 (Sustane, Cannon Falls, MN) 0.086

diffierent geographic regions of the United States showed no
differences in mean nitrate values (Nunez de Gonzalez et al.,
2015). Yet in most cases, organic vegetables were numerically
lower in nitrate content than their conventional counterparts
in their analysis. A study of nitrate contents in regulated and
non-regulated leafy vegetables of high consumption in the
Canary islands, Spain reported that levels of nitrates in organic
vegetables were significantly higher than those of conventional
cultivation for chard and watercress (Leon and Luzardo, 2020).
No seasonal differences were observed and overall nitrate
levels were lower than those reported in other studies. Nitrate
levels in organically grown crops were reviewed by Baranski
et al. (2014) who concluded that nitrate levels are generally
higher in conventionally grown crops because of high mineral
nitrogen inputs.

The purpose of this project was to address differences in
nutrients of interest in greenhouse-grown arugula, red giant
mustard, mizuna and spinach. Specifically we are interested in
how nutrient composition of these species is affected by various
organic amendments along with a conventional comparison.
These four plants were chosen because they have a high nutrient
density and they have high amounts of common shortfall
nutrients. In addition, they are of interest to growers in cold
climates like Minnesota for winter greenhouse production and
they are frequently consumed by many populations worldwide.
We also determined nitrate content of these leafy green
vegetables, both grown conventionally and organically.

MATERIALS AND METHODS

Plants
Arugula (Eruca sativa), mizuna (Brassica rapa var. nipponsinca),
red giant mustard (Brassica juncea), and spinach (Spinacia
oleracea “Tyee”) were grown on five different fertilizer/media
combinations. All seed for this study was obtained from Johnny’s
Selected Seeds (Winslow, ME). Arugula, mizuna, and red giant
mustard seeds were sown into standard 1,020 trays (28 × 54 ×

6 cm) at a density of 11mL per tray. Spinach was sown into 50
cell deep plug trays with two seeds per cell, plants were thinned
to one plant per cell after germination. All four species were
grown on all five fertilizer/media combinations and replicated

three times. The entire experiment was conducted twice, once
starting in November 2014 and once starting in February 2015.
Plants were watered by hand as needed. The experiment was set
up using a randomized complete block design.

Fertility Treatments
Media and fertility treatments (Table 1) were mixed prior to
planting. Fertility was scaled to meet field nitrogen requirements
for crops on low organic matter soils according to University
of Minnesota Extension materials (Rosen and Eliason, 2005).
Treatments were fertilized by converting the recommended kg
N/ha to kg N/m3 using a depth of 15 cm, then calculating
the weight of solid fertilizer or volume of liquid fertilizer
to apply to the volume of media in each container using
the guaranteed analysis of each fertilizer product. Both the
custom mix and all-in-one potting mix exceeded nitrogen
recommendations and so these treatments were not further
amended. Full nitrogen recommendation was the equivalent of
112 kg/ha for leafy greens. Bulk densities of the compared media
ranged from 0.086 to 0.307 g/cm3 for the treatment groups
(Table 1). Chemical analysis of media nutrients was conducted
for complete comparison of soil nutrients (Table 2). Greens were
grown to baby leaf lettuce size, and so they did not require the
second application.

Plant Harvest
All plants were grown on benches in a greenhouse maintained
with a 24◦C day temperature and 13◦C night temperature.
Benches were blocked by treatment. Greens were harvested when
the majority of leaves were 10 cm long by cutting with scissors.
Greens were harvested between 1 and 3 times depending on
plant vigor. All plant tissue and soil data were taken at time
of first harvest. Harvest occurred between 4 and 9 weeks after
planting. Tissue samples for vitamin C and dietary fiber analysis
were frozen immediately at −80◦C. Tissue samples for mineral
analysis were dried to completion at 60◦C, and crosschecked to
control for moisture removal completion.

Comparison plants were grown at three greenhouses in
Minnesota that participated as volunteers in this study. Growers
were provided with packets of detailed instructions for the
experiment and provided with all required materials. Regular
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TABLE 2 | Soil nutrient profile comparisons for five fertility treatments analyzed.

CC AO CM FE PL

Mineral data below as mg/kg dry soil

pH 5.90 (0.20) 6.75 (0.25) 6.40 (0.08)* 6.15 (0.05) 6.25 (0.05)

Soluble salts (dS/m) 3.08 (0.50) 3.57 (1.05) 10.20 (1.18)* 1.78 (0.27) 1.39 (0.27)

NO3-N 3,734 (714) 3,617 (2,410) 1,492 (1,418)* 1,010 (5.44) Below detection limit

NH4-N 225 (32) 13.74 (5.16) 352 (106)* 433 (26) 223 (71)

P 141 (13) 346 (27) 110 (15)* 614 (39) 140 (31)

K 1,099 (157) 2,970 (123) 10,330 (684)* 421 (62) 457 (131)

Fe 3.23 (0.23) 1.59 (0.20) 3.62 (0.94)* 2.15 (0)** 1.23 (0)**

Ca 2,051 (167) 1,462 (117) 2,333 (221)* 1,155 (78) 928 (102)

Mg 1,675 (69) 754 (120) 715 (62)* 1,180 (175) 906 (124)

B 1.01 (0.15) 2.89 (0.25) 4.43 (0.60)* Below detection limit Below detection limit

Na 182 (10) 635 (24) 215 (16)* 674 (100) 279 (40)

Mn 5.60 (2.6) 2.70 (1.1) 7.38 (1.2)* 2.89 (0.26) 2.43 (0.26)

Mo 0.21 (0)** 0.22 (0.04) 0.22 (0.08) Below detection limit 0.25 (0)**

Zn 1.90 (0.24) 0.5 (0.07) 0.67 (0.05)* 0.72 (0) 0.59 (0.15)

Data shown are mean (SD). Data shown are n = 2 unless otherwise noted (*n = 3, **n = 1).

CC, Conventional Control; AO, All-in-One Potting Mix; CM, Custom Mix; FE, Fish Emulsion; PL, Poultry Litter.

visits were scheduled with research staff to ensure compliance
and conduct analysis.

Media and Tissue Analysis
Exchangeable calcium was extracted from the media by mixing
10mL or 1 molar, pH 7, ammonium acetate with 10 g of air-
dried sample, and then placed in a shaker for 5min. The
filtered extract was analyzed with an inductively coupled plasma
atomic emission spectrometer (ICP-AES). Extractable iron was
determined by treating a 10 g sample of air-dried media with
20mL of DTPA (Diethylenetriamine-pentaacetic acid) extracting
solution. Samples were placed in a shaker for 2 h, and then
filtered and analyzed with an ICP-AES for iron concentration
of media. Available potassium was extracted from the media
by mixing 10mL of 1 molar ammonium acetate, pH7, with
1 g of air-dried media and then placed in a shaker for 5min.
Available potassium was then measured by analyzing the filtered
extract on an ICP-AES set on emission mode at 776 nm. Nitrate-
nitrogen was determined by adding 60mL of KCl extracting
solution to a 2 g sample of air-dried media, and then placed
in a shaker for 15min. The nitrate level in the filtered extract
was measured on a Lachat QuckChem 8,500 Flow Injection
Analyzer by the cadmium reduction method. Bulk densities of
media were calculated according to Grafton et al. with minor
revisions (Grafton et al., 2015). Plant tissue minerals (calcium,
iron, potassium and sodium) were analyzed by weighing 500mg
of air-dried tissue into a 20mL high form silica crucible and dry
ashed at 485◦C for 12 h (covered). Ash was then mixed with
5mL of 20% HCl at room temperature for 30min, followed by
an addition of 5mL of deionized water, then allowed to settle for
3 h prior to ICP-AES analysis. Plant tissue nitrate-nitrogen was
extracted by shaking 300mg of dried sample with 30mL 0.1m
CaSO4 solution for 30min, followed by the addition of 0.85 cc
of prewashed charcoal, followed by shaking for an additional

5min. Samples were filtered through Whatman (No. 42) filter
paper and nitrate concentrations in the filtrate were determined
colorimetrically by the cadmium reduction method.

Vitamin C and Fiber Quantitation
Vitamin C was quantified using the AOAC 967.22 method from
50 g samples of frozen (−80◦C) plant tissue. Total dietary fiber
was quantified using the AOAC 991.43 method from 100 g
samples of frozen (−80◦C) plant tissue.

Statistical Analysis
All statistical analysis was conducted using SPSS (SPSS
Chicago, IL). Analysis of variance (ANOVA) with Tukey
HSD was used for all tests measuring differences among
means. Log transformations were applied where necessary
based on regression fit. Statistical significance was achieved for
p-values < 0.05.

Comparison of Plants Grown in Experiment
1 and Experiment 2
ANOVA indicated that there were significant differences between
experiment 1 and experiment 2 for fertility treatment interactions
(p < 0.001), so biomass, nitrate and nutrient levels were analyzed
separately for each experiment.

RESULTS

Harvested Biomass
Harvested biomass for arugula varied among the five treatments
in experiment 1 (Figure 1). Custom Mix (CM) had the highest
harvested biomass (598.5 g/m2), which was significantly more
than the Fish Emulsion (FE) treatment (330.7 g/m2; p =

0.039). The CM, All-in-One Potting Mix (AO), Conventional
Comparison (CC), and Poultry Litter (PL) treatments were

Frontiers in Sustainable Food Systems | www.frontiersin.org 4 March 2022 | Volume 6 | Article 811995157

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Swanson et al. Nutrients in Leafy Greens

FIGURE 1 | Comparison of arugula harvested biomass between treatments in experiment 1 and experiment 2. Data shown are mean ± standard deviation for two

different replicate experiments. Significant differences among mean values are indicated with different letters above bars (p < 0.05) with lower-case letters for

experiment 1 and capital letters for experiment 2. Results analyzed using ANOVA Tukey HSD for significance testing.

all similar to one another. In experiment 2, the CC and CM
treatments resulted in significantly greater harvested biomass
than the AO, FE, and PL treatments (p < 0.01).

The harvested biomass for mizuna (Figure 2) in experiment
1 varied among treatments, and also varied among treatments
in experiment 2. In experiment 1, the CM, CC, FE, and PL
treatments all resulted in similar harvested weights, and biomass
in the AO treatment was significantly greater than that in the
other four treatments (1,719.6 g/m2; p < 0.001). In experiment
2, the biomass with the CM treatment yielded a higher harvest
biomass than the other four treatments (2,087 g/m2; p < 0.01).

The harvested biomass for red giant mustard (Figure 3) was
highest in experiment 1 for the AO treatment (1,314.3 g/m2) and
was significantly higher than all other treatments in experiment
1 (p < 0.002). Yield in the CC, FE, and PL treatments were
all statistically similar to one another, while the CM treatment
resulted in significantly lower yields than these three treatments
(303.6 g/m2; p < 0.01). In experiment 2 the yield with the CM
treatment had the highest harvested biomass (1,747.3 g/m2) and
was statistically similar to the AO treatment (1,435.2 g/m2; p =

0.22) and the CC treatment (1,343.2 g/m2; p = 0.081). The PL
treatment resulted in the lowest harvested biomass (205.0 g/m2)
and was significantly lower than all other treatments (p < 0.001).

Harvested spinach biomass for experiment 1 (Figure 4)
differed among treatments. The AO treatment (1,161.5 g/m2)
was similar to the CC treatment (834.6 g/m2; p = 0.392),

but significantly higher than the CM, FE, and PL treatments
(p < 0.05). The CM treatment had the lowest overall harvested
biomass (418.6 g/m2), but was statistically similar to the CC,
FE and PL treatments. In experiment 2, the AO resulted in
the highest overall harvested biomass (1,494.1 g/m2) and was
statistically similar to the CM treatment (1,195.8 g/m2; p= 0.376)
and the CC treatment (996.4 g/m2; p= 0.058).

Minerals
In experiment 1, the mineral concentration in the harvested
plants varied greatly among treatments and species (Table 3).
For red giant mustard, there was no treatment difference for
iron, potassium and sodium concentrations. For calcium, the CC
resulted in the highest concentration (191.3 mg/100 g fw), which
was statistically higher than the CM treatment (138.2 mg/100 g
fw; p = 0.031), while the FE, AO and PL treatments were
all similar. For the mizuna plants the potassium and sodium
concentrations were most affected by treatment. For potassium,
the CM treatment (860.3 mg/100 g fw) was significantly higher
than the CC (393.1 mg/100 g fw), FE (120.16 mg/100 g fw),
and PL (164.39 mg/100 g fw) treatments (p < 0.001). Sodium
concentrations were also greatly affected by the treatments in
the mizuna plants with nearly a 10-fold difference between
the CM treatment (14.25 mg/100 g fw) and the FE treatment
(142.66 mg/100 g fw; p < 0.001). Statistical relations between the
collected soil and tissue mineral data in experiment 1 showed a
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FIGURE 2 | Comparison of mizuna harvested biomass between treatments in experiment 1 and experiment 2. Data shown are mean ± standard deviation for two

different replicate experiments. Significant differences among mean values are indicated with different letters above bars (p < 0.05) with lower-case letters for

experiment 1 and capital letters for experiment 2. Results analyzed using ANOVA Tukey HSD for significance testing.

significant correlation between potassium concentrations in the
collected mizuna plants and soil at time of harvest (p = 0.028),
and a positive correlation for mizuna and red giant mustard (soil
mineral data only collected for experiment 1).

Vitamin C
Mizuna vitamin C was analyzed for all five fertility treatments
in experiment 1 and for four fertility treatments for experiment
2. In experiment 1, the PL treatment resulted in the highest
average tissue vitamin C concentration (16.1 mg/100 g fw), but
was statistically similar to all other treatments, except for the
CM treatment (p = 0.002; Figure 5). In experiment 2, the
CC treatment resulted in the highest vitamin C concentration
(48.13 mg/100 g fw) compared to all other treatments (p < 0.001;
Figure 5). Tissue vitamin C concentration in plants grown in
CM was higher than FE (16.86 mg/100 g fw; p = 0.018) and AO
(16.03 mg/100 g fw; p = 0.008). Between experiments, fertility
treatments resulted in a wide fluctuation in mizuna vitamin C
concentrations, with all treatment averages lower in the first
experiment. For the CC treatment, the average tissue vitamin C
for experiment 1 was 11.94 mg/100 g fw whereas in experiment 2
it was 48.13 mg/100 g fw.

In experiment 1, the red giant mustard PL treatment resulted
in the highest mean vitamin C concentration (21.26 mg/100 g
fw), but was statistically similar to the CC treatment (15.7
mg/100 g fw; p = 0.116) (Figure 6). The PL treatment resulted

in significantly higher vitamin C concentrations than the FE
treatment (14.03 mg/100 g fw; p = 0.049), AO treatment
(12.48 mg/100 g fw; p= 0.022) and CM treatment (8.45 mg/100 g
fw; p = 0.022). In experiment 2 (Figure 6), the CC treatment
(32.4 mg/100 g fw) resulted in similar vitamin C concentrations
to the FE treatment (27.53 mg/100 g fw; p = 0.369), the AO
treatment (43.23 mg/100 g fw; p = 0.067) and CM treatment
(23.36 mg/100 g fw; p= 0.115).

Fiber
For mizuna plants in experiment 1 (Figure 7), the CC treatment
(2.94 g/100 g fw) resulted in statistically similar concentrations
of total dietary fiber compared to the PL treatment (3.24 g/100 g
fw; p = 0.051) and also to the FE treatment (3.06 g/100 g fw; p =
0.367). Plants grown in both the CM treatment (2.04 g/100 g fw)
and the AO treatment (1.82 g/100 g fw) had similar total dietary
fiber concentrations, p < 0.001 and p < 0.001, respectively. In
experiment 2, the CC treatment (4.30 g/100 g fw) resulted in
significantly higher total dietary fiber than the CM treatment
(2.47 g/100 g fw; p < 0.001) and lower than the AO treatment
(3.77 g/100 g fw; p = 0.02) and the FE treatment (4.96 g/100
g fw; p= 0.007).

For red giant mustard plants in experiment 1 (Figure 8), the
CC treatment (2.88 g/100 g fw) resulted in statistically similar
total dietary fiber concentrations compared to the PL treatment
(2.86 g/100 g fw; p = 0.868). In contrast, the CM treatment
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FIGURE 3 | Comparison of red giant mustard harvested biomass between treatments in experiment 1 and experiment 2. Data shown are mean ± standard deviation

for two different replicate experiments. Significant differences among mean values are indicated with different letters above bars (p < 0.05) with lower-case letters for

experiment 1 and capital letters for experiment 2. Results analyzed using ANOVA Tukey HSD for significance testing.

(2.03 g/100 g fw; p < 0.001), the FE treatment (2.20 g/100 g fw;
p < 0.001) and AO treatment (1.44 g/100 g fw; p < 0.001)
produced plants with significantly less dietary fiber than the CC
treatment. In experiment 2, total dietary fiber concentrations
in plants grown in the CC treatment (4.79 g/100 g fw) were
statistically similar to both the FE treatment (4.65 g/100 g fw;
p= 0.588) and the AO treatment (4.32 g/100 g fw; p= 0.091), but
were greater than the CM treatment (2.01 g/100 g fw; p < 0.001).

Nitrate-N
Compared to the four other treatments, the plants grown in the
CM treatment had significantly higher nitrate-N concentrations
than all other treatments (p < 0.01; Table 4). For the arugula
in experiment 1, tissue nitrate-N concentrations in the CM
treatment [1,244 ppm (mg/kg fresh weight)] and the AO
treatment (1,255 ppm) were significantly higher than in the other
three treatments (p < 0.001). In the mizuna plants, tissue nitrate
concentrations in the CM (1,443 ppm) and AO (1,656 ppm)
treatments were significantly higher than the other treatments
(p < 0.001). In experiment 2, arugula had the same nitrate-N
concentration for the CC, FE, and PL treatments, while tissue
nitrate-N in the CM treatment (734 ppm) was significantly
higher than the rest (p < 0.001). For the spinach, mizuna and
red giant mustard plants analyzed in experiment 2, the CM
treatment resulted in the highest tissue nitrate-N concentration
(p < 0.001). Statistical relations between the soil nitrate-N

concentrations (taken at first harvest) and plant tissue nitrate-
N concentrations showed a significant correlation (p < 0.05)
for arugula, mizuna and red giant mustard plants analyzed from
experiment 1 (Table 5).

Comparison With Plants Grown in
Commercial Greenhouses
Red giant mustard and mizuna plants were collected from three
commercial greenhouses in Minnesota for shortfall nutrients and
mineral comparison throughout experiment 1 and experiment
2 (Table 6). The red giant mustard vitamin C concentrations
in experiment 2 nearly all fell within range of produce grown
in commercial greenhouses, while for experiment 1 vitamin
C was slightly lower than in the commercial greenhouses.
Calcium levels in the commercial produce were higher than
both experiment 1 and 2 for red giant mustard. For mizuna,
experiment 1 had slightly lower vitamin C concentrations
than the comparison produce, while experiment 2 had similar
concentrations. Similar to red giant mustard, the mizuna plants
also had much lower calcium concentrations in experiments
1 and 2 (128–251 mg/100 g) compared to the comparison
mizuna (229–422 mg/100 g). The average concentration in the
commercial comparison red giant mustard was 1,599 ppm, which
was less than the CM and AO treatments in experiment 1, but
greater than all other red giant mustard plants analyzed. The
commercial comparison mizuna had an average concentration
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FIGURE 4 | Comparison of spinach harvested biomass between treatments in experiment 1 and experiment 2. Data shown are mean ± standard deviation for two

different replicate experiments. Significant differences among mean values are indicated with different letters above bars (p < 0.05) with lower-case letters for

experiment 1 and capital letters for experiment 2. Results analyzed using ANOVA Tukey HSD for significance testing.

TABLE 3 | Mineral comparison between fertility treatments (mg/100 g fresh weight)—experiment 1.

Fertility treatment

Mineral CC CM FE AO PL

Red giant mustard Ca 191.3b 138.2a 166.1a,b 188.3a,b 189.4a,b

Fe 1.1 0.7 1.1 0.7 1.2

K 416 600.54 347.93 813.76 262.60

Na 32.3 43.7 144.9 55.9 75.8

Mizuna Ca 239.3b 128.9a 201.6b 229.6b 205.9b

Fe 0.6a 0.9b 0.6a 0.8a,b 0.7a

K 393.1b 860.2c 120.1a 750.4c 164.4a

Na 26.4a 14.3a 142.7d 70.7b 105.2c

Arugula Ca 200.9b 130.7a,b 154.62a,b 187.8a,b 112.9a

Fe 0.9 0.8 0.8 0.7 0.9

K 455.3b 950.7d 309.0a,b 662.7c 277.6a

Na 26.6a 10.8a 113.7b 31.4a 60.7a,b

Spinach Ca 83.9 * 144.3 * 76.3

Fe 0.8 * 0.9 * 0.8

K 995.1b * 287.4a * 820.2b

Na 42.8 * 137.9 * 92.1

Data shown are mean (n = 3) for each respective species. Results analyzed using ANOVA Tukey HSD for significance testing (p <0.05). Significance analyzed for each species within

each experiment.

*Indicates missing samples due to space capacity of experiment in greenhouse.

a,b,c,d indicate means within a row followed by the same letter are not significantly different at p < 0.05.
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FIGURE 5 | Mizuna vitamin c concentration (mg/100 g fresh weight) in harvested biomass—experiment 1 and experiment 2. Data shown are mean ± standard

deviation for two different replicate experiments. Significant differences among mean values are indicated with different letters above bars (p < 0.05) with lower-case

letters for experiment 1 and capital letters for experiment 2. Results analyzed using ANOVA Tukey HSD for significance testing.

of 1,175 ppm, which was only less than the CM and AO
treatments in experiment 1, and greater than all other mizuna
plants analyzed, which was the same trend for both species of
plants analyzed.

DISCUSSION

Minerals
For the arugula, red giant mustard, mizuna and spinach
plants evaluated in these experiments, significant differences
in iron, potassium, calcium, sodium, vitamin C, and fiber
between the fertility treatments were dependent on the
experiment. Changes in any of these shortfall nutrients or
nutrients of high interest depended on the season in which
the plants were grown. Calcium concentrations were most
likely higher in the CC treatment plants because the CC
treatment had the second highest calcium concentration of all the
media analyzed.

Under the FDA requirements for labeling, the minimum
requirement of calcium in a product needed to make a “good
source” nutrient content claim is 130mg per 100 g serving (10%
of 1,300mg required by DV), nearly all of the plants under all
the fertility treatments would qualify from both experiments.
For potassium, a “good source” claim would require a minimum
of 470mg per 100 g serving. This claim could only be made
for the CM and AO treatments (based on averages from both

experiments) in the red giant mustard, mizuna and arugula
plants analyzed.

The use of different fertility treatments affects potassium
which is relevant as potassium is a nutrient of concern and
now required on the Nutrition Facts panel. The FE treatment
produced the highest average sodium concentrations in all plants
analyzed in experiments 1 and 2 (with the exception of arugula
in experiment 2). Dietary recommendations support lowering
sodium intake, but the amount of sodium in the greens is
universally low.

Few other studies have been published on the mineral
content of vegetables grown by organic vs. conventional growing
methods. Trace minerals were measured in the five most-
consumed vegetables in the US, potato, lettuce, tomato, carrot,
and onion for conventional vs. organic production (Hadayat
et al., 2018). The vegetables were collected at grocery stores
and not produced in a greenhouse or research plot. They
reported little differences in content of trace minerals between
conventional and organic vegetables. Most of the interest in
mineral content of organic crops is based on lack of synthetic
pesticides and mineral fertilizers in organic production.

Vitamins
Vitamin C is a highly unstable water-soluble vitamin known for
its antioxidant properties, both in humans and plants. Key effects
on vitamin C concentration include the growing conditions,
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FIGURE 6 | Red giant mustard vitamin c concentration (mg/100 g fresh weight) in harvested biomass—experiment 1 and experiment 2. Data shown are mean ±

standard deviation for two different replicate experiments. Significant differences among mean values are indicated with different letters above bars (p < 0.05) with

lower-case letters for experiment 1 and capital letters for experiment 2. Results analyzed using ANOVA Tukey HSD for significance testing.

plant stage at harvest, storage temperature and wide range
of postharvest conditions (Phillips et al., 2018). Traditionally,
accumulation of vitamin C is increased whenever plants are
exposed to high oxidative stress, including full sunlight, low
nitrogen availability in the soil and drought conditions (Kaack
et al., 2001). For fresh produce, vitamin C losses can be enhanced
when postharvest storage is extended, or at higher temperature,
low relative humidity and freezing. High nitrogen fertilizers have
also been associated with decreased vitamin C concentrations in
many fruits and vegetables (Lee and Kader, 2000).

For all treatments in both experiments, for both mizuna
and red giant mustard plants, plants harvested in experiment
2 had significantly higher vitamin C concentrations than in
experiment 1 (p < 0.001). Plants in experiment 2 were grown
in early spring, whereas plants grown in experiment 1 were
grown during the winter months. Consequently, fluctuations in
vitamin C concentrations between experiments were most likely
due to changes in sunlight exposure. Among all the combined
samples analyzed, the CC treatment had the highest vitamin C
concentrations (p = 0.02) compared with the other treatments,
and equal or higher calcium concentrations in those analyzed
plants, although only in experiment 1.

Many pre-harvest factors (genotypic, climatic and
environmental) influence vitamin C; thus, variation between
experiments and growing seasons is common (Phillips et al.,
2018).

Fiber
Dietary fiber is a mixture of complex organic substances that are
non-digestible in the upper gastrointestinal tract, present as both
soluble and insoluble compounds. Studies have analyzed dietary
fiber differences between conventionally and organically grown
plums, with little differences observed (Lombardi-Boccia et al.,
2004). To our knowledge, dietary fiber has not been analyzed in
nutrient dense crops that address shortfall nutrients, comparing
either organic or conventional nutrient sources.

Under the 2016 FDA Nutrition and Supplements Facts Label
Revisions, the new DV for dietary fiber is increasing to 28 g/d.
Based on this new rule, 2.8 g fiber/serving will be required to
make a “good source” nutrient content claim. Based on the
combined averages from both experiments, only the mizuna and
red giant mustard with the CC and FE treatments would qualify
for this claim. Based on a single experiment, the mizuna and red
giant mustard with the PL treatment would also qualify.

Nitrate-N
Nitrate-N concentrations varied greatly among treatments,
species and experiments. Additionally, the significant correlation
(p < 0.05) between plant tissue nitrate-N concentrations in
arugula, mizuna and red giant mustard from experiment 1, and
soil nitrate-N concentrations, showed that high nitrate-N in soil
leads to high nitrate-N in harvested plant tissue.
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FIGURE 7 | Total dietary fiber in mizuna (g/100 g fresh weight) determined with AOAC 991.43. Data shown are mean ± standard deviation for two different replicate

experiments. Significant differences among mean values are indicated with different letters above bars (p < 0.05) with lower-case letters for experiment 1 and capital

letters for experiment 2. Results analyzed using ANOVA Tukey HSD for significance testing.

Reviews of differences between organic and conventionally
grown produce is that variables shared alike by organic
and conventional produce during production, harvest, and
postharvest handling and storage are not applied (Lester and
Saftner, 2011). Therefore, many reviews find no evidence
of a difference in nutrient quality between organically and
conventionally produced foodstuffs (Dangour et al., 2009).
More recent reviews and meta-analyses report that organic
crops, on average, have higher concentrations of antioxidants
and lower concentrations of pesticide residues than the non-
organic comparators across regions and production seasons
(Baranski et al., 2014). The authors note that a main challenge
to interpreting comparisons of organic and inorganic food
production systems is the high heterogeneity arising from
combinations of crops, crop types, countries, and agronomic
background conditions. In these analyses, heterogeneity is
extremely high for most of the composition parameters for which
significant differences are detected.

It has been estimated that 80% of the nitrate in people’s diets
comes from vegetable consumption (Karwowska and Kononiuk,
2020) as plants require bioavailable nitrogen to carry out
photosynthesis for plant growth and development. Vegetables
accumulate nitrates when the uptake of the nitrate ion exceeds
its reduction and subsequent assimilation (Hakeem et al., 2017).
This accumulation depends on numerous factors such as the
composition of the soil where the plant is grown, the type of crop

production, the type of fertilizer used, the season of the yar the
crop is grown, and environmental conditions in which the crop
is grown. Nitrate content also differs in plant species and varieties
with generally leafy greens being concentrated in nitrates as they
are good nitrate accumulators due to their rapid growth and that
nitrates tend to accumulate in leaves and the leaves are what is
consumed by consumers.

Very few differences were noted in nitrate concentrations of
conventional and “organic” labeled vegetables taken from 5U.S.
metropolitan cities in a survey study sampling of retail outlets
(Nunez de Gonzalez et al., 2015). However, they did report
differences in nitrate content for some conventional and organic
vegetables in different cities with the organic vegetables being
lower in nitrate content. There are major research challenges
comparing differences in nutrients and nitrates resulting from
farming practices as studies have used different experimental
designs and been carried out in different regions and growing
seasons. An advantage of our research is that we studied
vegetables known to be high in nutrients and nitrates, yet a
disadvantage is that our studies were done in greenhouses, which
allows us to control some variables, yet we did not control
growing season, likely a critical variable in nitrate accumulation.

For nearly half of the produce analyzed in this study, an
average consumer (68 kg) would exceed their recommended daily
nitrate intake with only two servings (100 g/serving) of produce.
The European Food Safety Authority (EFSA) and The World
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FIGURE 8 | Total dietary fiber in red giant mustard (g/100 g fresh weight) determined with AOAC 991.43. Data shown are mean ± standard deviation for two different

replicate experiments. Significant differences among mean values are indicated with different letters above bars (p < 0.05) with lower-case letters for experiment 1 and

capital letters for experiment 2. Results analyzed using ANOVA Tukey HSD for significance testing.

TABLE 4 | Nitrate-N concentrations (NO3-N ppm; mg/kg fresh weight) in arugula, spinach, mizuna and red giant mustard for experiment 1 and experiment 2.

Fertility treatments

CC CM FE AO PL

Experiment 1 Arugula 266a 1,244b 218a 1,255b 100a

Spinach 1,988b N/A 1,236a,b N/A 932a

Mizuna 171a 1,443b 20a 1,656b 12a

Red Giant Mustard 171a 1,673b 194a 2,279c 21a

Experiment 2 Arugula 5a 734b 4a N/A 6a

Spinach 587c 1,251d 241a,b 473b,c 48a

Mizuna 3a 614b <1a 2a <1a

Red Giant Mustard 19a 877b 3a 16a 3a

a,b,c,d indicate means within a row followed by the same letter are not significantly different at p < 0.05.

N/A, sample not available.

Health Association (WHO) recommend that daily nitrate intake
be below 3.7mg dietary nitrate/kg of body weight, as expressed
by the Acceptable Daily Intake (ADI). When converted from
nitrate to NO3-N as used in this study (multiplying by 0.226) this
would be equal to a recommendation 50mg, or less, of calculated
NO3-N for a 60 kg individual). Vegetables are the number one
source of nitrates in the diet for many populations, so monitoring
intake is crucial to minimize the potentially harmful effects
of high nitrate diets (EFSA, 2008; Hord et al., 2009). Careful
considerations need to be made when applying nitrogen to both
conventional and organic plants, as excessive nitrogen yields
excessive amounts of nitrate accumulation in plant tissues. Both

organic and conventional produce can have excessive amounts of
nitrates, depending on growing and environmental conditions.

CONCLUSION

Organic vs. conventional growing practices in greenhouse grown
leafy greens impacted amounts of Vitamin C and potassium levels
in analyzed plant tissue. No consistent differences were found
for fiber, calcium, iron and sodium concentrations in the tissue
analyzed. Nitrate levels were generally higher in conventionally
grown greens, although other factors including growing season
were found to influence nitrate levels. Consumer demand
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for organic production of greens supports that organically
grown leafy greens provide important short fall nutrients and
a likely lower in nitrate than conventionally grown greens
from greenhouses.

Limitations
Comparing nutrient differences in organic vs. conventionally
grown crops is incredibly difficult. One limitation of such studies
is that food grown in organic systems may consist of more dry
matter than conventionally-grown food. If this is in fact the case,
using dry weight would not accurately compare nutrient levels
between the different production systems. Fresh weight may be a
more accurate measure.

A second limitation relates to the study publication source.
Guéguen and Pascal note that independent reviews have not
been finding significant differences between organically grown
and conventionally grown foods, whereas reviews conducted
by organic agricultural organizations skew toward the positives
of organic farming (Guéguen and Pascal, 2013). Organic
agricultural production systems have benefits beyond nutrient
levels or lower nitrate levels, yet it is difficult to systematically
study these advantages in traditional research designs.

A third limitation is study design. This could encompass the
general design of the study, incomplete reporting of study details,
lack of statistical interpretation, or lack of control of growing
conditions in retail-bought foods (Guéguen and Pascal, 2013).
These issuesmake it difficult to interpret study outcomes in useful

TABLE 5 | Soil nitrate-N concentrations (NO3-N ppm; mg/kg dry weight)

correlated to plant tissue nitrate-N concentrations (NO3-N ppm; mg/kg fresh

weight) in arugula, mizuna and red giant mustard in experiment 1.

Pearson’s r P

Arugula 0.813 <0.001

Mizuna 0.539 0.047

Red giant mustard 0.723 0.002

Statistical relations were determined with bivariate correlations (Pearson’s r), and a p <

0.05 was accepted as statistically significant. Correlations were made between soil and

tissue Nitrate-N concentrations for each individual plant species.

ways. Because our research was conducted in greenhouses, we
had more control of growing conditions. Yet the most practical
research for consumers is the nutrient and nitrate levels of
the foods they purchase at the retail market. These studies
are confounded as the organic and conventional foods they
purchase come from different fields in different countries and the
vegetables may have been in the market for days or weeks before
being purchased and consumer.

Future Research
Different agricultural management systems may have an impact
on the sustainability of food systems and affect human health,
food security, and environmental sustainability (Schulz and
Slavin, 2021). For different crops, the impact of organic
production on nutrient values will vary greatly. Thus, it is
not surprising that there is little clear nutritional advantage of
consumption of organic foods when reviews of the literature
are published.

Our study was an attempt to combine research teams in
horticulture, soil science, food science, and nutrition to answer
a practical question, are there differences in nutrient and nitrate
content when we compare organic vs. conventional growing
systems for leafy greens. The producers of leafy greens in deep
winter greenhouses in Minnesota were the stakeholders that
wanted practical advice on how to grow organic leafy greens in
greenhouses and agreed to contribute their produce to determine
if results from commercial operations would vary from a research
greenhouse. The data on biomass of leafy green were based on
the practical need of growers to be sure that changing growing
conditions would not lower yield in their product.

Costs for nutrient analysis limit research in this field and we
chose our nutrients to measure as ones that are under consumed
by the US population and that have health benefits. Our results
suggest that factors such as sunlight, other growing conditions,
time of the year, are more important on content of Vitamin C
than organic vs. conventional growing conditions.

Unlike essential nutrients like vitamins, minerals, and dietary
fiber that are known to be beneficial for human health, other
compounds like nitrate are associated with health risks. The
largest amount of nitrates is accumulated in plants growing in
a nitrate-rich environment and the most important sources of

TABLE 6 | Conventionally grown produce collected throughout both experiments from three Minnesota growers and greenhouses.

Vitamin C

(mg/100g)

Fiber

(g/100g)

Ca

(mg/100g)

Fe

(mg/100g)

K

(mg/100g)

Na

(mg/100g)

Nitrate-N

(ppm)

Red giant mustard

Mean* 31.73 3.81 251.6 0.76 558.3 48.9 1,599

Median 29 3.5 254.3 0.79 585.5 42.8 2,218

Range 20.4–45.8 2.19–5.74 254–331 0.64–0.83 486–602 33–71 59.7–2,520

Mizuna

Mean* 28.6 3.65 294.8 0.87 482.9 42.1 1,175

Median 23.4 3.5 232.3 0.93 492.6 38.4 1,577

Range 16.6–45.8 2.13–5.34 229–422 0.72–0.97 395–560 36–51 70–1,878

*Data displayed are three triplicate samples from three different greenhouses and growers.
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dietary intake of nitrate are vegetables and fruits (Karwowska
and Kononiuk, 2020). Application of fertilizers, nitrate reductase
activity, growth rate and growth conditions, including intensity
of light, level of rainfall, significantly affect the nitrate content
of vegetables. Leafy green vegetables have higher levels of
nitrates compared to seeds or tubers. Lettuce and spinach
have the highest nitrate content and the content of nitrates
in vegetables is strongly influenced by seasonality and the
cultivation system (Lucarini et al., 2012). They reported that
lettuce biodynamically grown accumulated 1.3–2 times less
nitrate than the respective organically grown plants. Our nitrate
results likely show differences in time of season more than
organic vs. conventional growing conditions. Other research
supports that organic production of leafy green vegetables
may lower the nitrate content of the vegetables compared to
conventional production, if other variables such as seasonality
and production systems are controlled.

Another systemic factor is the difference in nutrient and
compound concentrations between a full, open-field organic
system following all organic principles and practices, and
a limited greenhouse system operating under fewer organic
principles and practices. The key question is: how, and to what
degree, do nutrient and compound concentrations differ between
these two types of systems?

Future research must consider that reasons for adoption
of organic growing conditions extend far beyond nutrition.
Support for local food production and other societal variables
must be considered when analyzing advantages to organic food
production. And of course, the economics of organic food
production are an overlay that should be considered in future
research. If producers are guaranteed a higher price for their
organic foods, then it makes sense to invest in organic growing
systems on their farm. A fair economic system would ensure
the producer a higher price for their product. And this would
translate into higher prices for organic foods in the marketplace,
which bring about issues of social justice and food security.
Research in food systems requires teamwork across agriculture,
the government, basic and social scientists across disciplines and
of course economists.

In summary, this novel study investigated the effects of
organic soil amendments upon nutrients and nitrate, in leafy
greens. These soil amendments significantly affected vitamin C,
nitrate, and potassium concentrations, although results support

that other factors, including seasonality and sunlight were
important factors determining the level of these nutrients in
organic vs. conventional leafy greens. The treatments did not
significantly affect fiber, calcium, iron, or sodium. The various
treatment responses support the complexity of determining
nutrient content of foods grown by organic and conventional
growing practices and the reasons for the limited research data
that organic food production is always a win for nutrient content.
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Optimization of Protein Quality of
Plant-Based Foods Through
Digitalized Product Development
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School of Agricultural, Forest and Food Sciences HAFL, Bern University of Applied Sciences, Bern, Switzerland

With the increasing availability of plant-based protein products that should serve as
alternatives to animal-based protein products, it is necessary to develop not only
environmentally friendly but also nutritious foods. Especially the protein content and
quality are of concern in these products. The algorithm of NutriOpt was developed using
linear programming to support the development of food products with a balanced amino
acid profile while considering digestibility. The current version contains a database with
84 plant protein sources from different food groups (legumes, cereals, nuts, seeds) and
with different grades of purification (flours, concentrates, isolates) from which NutriOpt
can create mixtures with high protein quality while complying with constraints such as
protein content, number of ingredients, and weight of the mixture. The program was
tested through different case studies based on commercial plant-based drinks. It was
possible to obtain formulations with a Protein Digestibility Corrected Amino Acid Score
(PDCAAS) over 100 with ingredients and quantities potentially suitable for plant-based
analogs. Our model can help to develop the second generation of plant-based product
alternatives that can really be used as an alternative on long-term consumption. Further,
there is still a great potential of expansion of the program for example to use press cakes
or even to model whole menus or diets in the future.

Keywords: plant-based proteins, optimization, protein quality, digital product development, plant-based
products, linear optimization

INTRODUCTION

Environmental degradation and diet-related non-communicable diseases are only a few of the
negative outcomes of the high consumption of animal-based products in Western diets (1).

Research has shown that shifting toward a more plant-based dietary pattern can potentially
provide major health benefits. For instance, vegans, vegetarians, pescatarians, and semi-vegetarians
had a 12 percent lower overall mortality risk than omnivores in the biggest prospective research on
vegetarian diets (2). Regarding protein intakes specifically, a prospective cohort analysis indicated
that the consumption of plant-based protein instead of animal-based protein was linked to a
significant reduction in overall mortality (3).

On the other hand, environmental health also benefits. Because of the non-efficient
transformation from plant to animal resources, plant-based foods have generally lower
environmental impacts per gram or calorie than animal source foods (4). The high amounts of
greenhouse gas (GHG) associated with meat production, as well as the heavy use of water required
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to raise meat for human consumption, have been found
to significantly increase an individual’s carbon footprint (5).
Concerning vegetable alternatives, several studies show that they
produce less GHG emissions and other environmental effect
categories like eutrophication and acidification compared to
animal-based products (6, 7).

In line with this, diverse types of plant protein ingredients are
becoming more and more available, which makes it necessary
to investigate and propose methods to develop foods that fulfill
nutritional and environmental criteria (8) to support the much-
needed decrease in consumption of animal-based sources.

Nevertheless, the plant-based products on the market often
have lower protein content and especially lower protein
quality. Studies suggest that healthy adults following an entirely
plant-based diet living in Western countries with good food
accessibility are generally not at risk of protein or amino acid
deficiency (9). Yet, other population groups can be prone to
deficiency in those nutrients, especially when they replace one-
to-one products of animal origin with those based on plants.
For instance, plant-based beverages that should replace milk
deliver fewer essential amino acids (10). Especially for long-
term consumption, this might be crucial. A study demonstrated
that children who consumed three cups of non-cow milk -
including plant-based beverages- were significantly smaller at the
age of three compared to those who drank the same amount
of cow milk per day (11). Another study concluded that the
primary consumption of the current generation of plant-based
beverages during childhood is associated with specific types
of illness. For instance, rice beverages were linked to protein
malnutrition and almond-based beverages to metabolic alkalosis
(12). Furthermore, our previous study showed that the protein
quality of vegan diets might be of concern when only low-quality
protein sources are consumed (13).

Protein quality (PQ) does not only involve amino acid
composition, but also bioavailability (14). All proteins provide the
nine indispensable amino acids (IAA) that the human body needs
for metabolic functions, but the distribution of these compounds
in plant proteins is less optimal than the ones coming from
animals (9). To produce foods or diets with an optimum amino
acid profile and improved protein quality, combining different
plant protein sources is needed (15). For instance, a well-known
case is the mixture of legumes, which are high in the amino acid
lysine but low in cysteine and methionine, plus cereals which
are high in cysteine and methionine but low in lysine (16, 17).
However, this “formula” is not a rule, and individual amino acid
profiles need to be accounted for, as well as its digestibility and
grade of processing (18, 19).

Linear programming can be a tool to aid the development
of food items with the aforementioned criteria. For instance, to
find combinations of protein ingredients with a good protein
quality, with the least cost and environmental impact. To this
date, few solutions using this approach are available to develop
new food products. Brixi (20) created an algorithm to formulate
“ready to use food for the treatment of acute malnutrition” by
minimizing the cost of the 26 raw materials in the dataset while
satisfying the imposed nutritional criteria, crop water footprint,
and ensuring a PDCAAS > 95, whereas De Carvalho et al. (21)

programmed an algorithm to support the formulation of low-cost
porridges nutritionally suitable for 1–2-year-old children living
in rural Mozambique, including a constraint for protein quantity
(but not quality).

To close that gap, the aim of the present project was to develop
a digital tool to support the formulation of plant-based foods
with a high protein quality by creating combinations of different
plant protein ingredients with customizable constraints such as
the weight of the mixture, the number, and type of protein
ingredients while ensuring a high to excellent protein quality.

MATERIALS AND METHODS

First, a literature review was conducted to expand and revise
the existing database containing protein, amino acid contents
and digestibility values. Afterward, the algorithm NutriOpt was
generated through linear programming in R. The algorithm
was then tested using case studies, and the protein quality of
the resulting plant protein combinations was estimated. The
feedback and suggestions from those tests served to make
modifications for the existing application (Figure 1).

Database Creation
A database of 84 ingredients was set up in an Excel spreadsheet.
The ingredients were selected based on their relevance and
common use in the meat and dairy analog industry. Each
ingredient has a corresponding value on:

• Protein content (g/100 g ingredient).
• Digestible Indispensable Amino Acid (DIAA) content

(g/100 g ingredient).

DIAA = Content of each IAA (g/100 g)

× True Protein Digestibility (TPD)

• Type of ingredient (i.e., raw grain/seed, protein isolate,
protein concentrate).

The values of protein and amino acid content were retrieved
in its majority from the USDA database, and the values of TPD
from different studies (see Supplementary Material).

Furthermore, it contained the IAA target values (scoring
pattern) given by the FAO for adults (14).

WebApp
The algorithm was written in R (Shiny) using a linear
programming approach to generate combinations of ingredients
that meet established amino acid targets, protein content, weight,
number and type of ingredients, and (optionally) quantity of a
mandatory ingredient. The optimization process will start after
the selection of one of the objective functions: the optimal
solution under the given constraints will be automatically
calculated and a report is generated.

The tool has the following two components:

• Excel spreadsheet used as a database.
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FIGURE 1 | Methodology.

FIGURE 2 | Linear optimization process.

• R Shiny source code file with the algorithm and the settings
for the final user.

The WebApp can be launched directly from the source code in
the R console (this solution is only available for the project team)
or online as WebApp in a web browser (as a test for guests), which
is subjected to Password.

The three main steps of the linear optimization process
(Figure 2) of the WebApp based on the algorithm developed with
R Shiny are:

Step 1: The optimization process starts by setting a value for
each customizable constraint, namely the parameters that the
desired blend will have. When a specific number is not set, the
algorithm automatically uses the default value (Table 1). There
are also fixed constraints, which cannot be changed by the user.
They are automatically taken by the algorithm. In this case, the
fixed constraints refer to the IAA target values (Table 2).

Step 2: An optimization objective is selected: minimal distance
(optimized allowed residuum), minimum cost, or minimum
CO2 equivalents. The last two objective functions are fully
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TABLE 1 | Customizable constraints of NutriOpt.

Possible range of selection Default value

Protein content (g) 0–100 25

Number of ingredients 1–84 5

Activation of ingredients None – All All

Activation of nutrients None – All All

Mandatory ingredient
(“Must be inside product”)

0–4 mandatory ingredients,
0–100% of protein contribution

None

Maximal weight of the
mixture (g)

0–300 200

implemented in the algorithm, but the database currently
contains only arbitrary values to test the correct functionality in
the App, therefore in the case studied and presented here, we limit
ourselves to the test only the objective function minimal distance.

Step 3: The algorithm shows the optimal solution (if found) in
the dashboard (Figure 3).

Case Studies
To test NutriOpt, case studies based on plant-based commercial
products were used to demonstrate the potential of a real
application for the food industry. The main goal was to obtain a
combination of ingredients with high to excellent protein quality
(PDCAAS > 75) while maintaining similar characteristics (%
protein, % protein sources) to market products.

Protein Quality Optimization of an Oat Drink
Based on a commercial oat drink that contains 0.3 g protein/100 g
product and the following ingredients: Water, oats flour 13%,
hazelnut paste 2%, salt. The objective was to reformulate the
plant-based drink to obtain a product with 3 g of protein
(similarly to the protein contribution of cow’s milk) that still had
oats as the main ingredient but substituting the hazelnut paste by
two other protein sources derived either from nuts or from seeds.
The maximal weight of the mixture was set to 15 g, similarly to the
original product. To maintain oat flour as the main ingredient, a
constraint of “mandatory ingredient” was set (Table 3).

Protein Quality Optimization of a Yogurt Analog
Based on a commercial yogurt analog whose label declares 0 g
protein and the following ingredients: water, oat flour 11%,
coconut fat, waxy maize starch, thickener (E 412). The objective
was to reformulate the product to obtain a product with high
to excellent PQ and 3 g of protein (similarly to the protein
contribution of regular plain yogurt) and ingredients used already
for yogurt analogs (the ingredient of several brands of yogurt
analog were consulted and from then, the active ingredients
selected) and maintaining oat flour in the list of ingredients. The

maximal weight of the mixture was set to 11 g, as the original
product (Table 3).

Analysis of Optimized Mixtures
Compliance With Constraints
The characteristics of the optimized blend were assessed to
verify the compliance with the constraints set. The following
checklist was used.

• The ingredient selected “must be inside” is included in the
mixture in the indicated percentage.
• The number of ingredients complies with the

selected criteria.
• The weight of the mixture complies with the constraint set.
• The indispensable amino acid target is reached

(amino acid score).
• The selected amount of protein is reached.
• The activation and inactivation of products is correct as

selected by the user.
• The activation and inactivation of nutrients is correct as

selected by the user.

Protein Quality
The protein quality of the optimized mixtures was estimated with
the Protein Digestibility Corrected Amino Acid Score method
(PDCAAS) described by FAO (14) using the amino acid content
and digestibility of the raw materials:

PDCAAS =
mg of limiting amino acid in 1 g of test protein

mg of the same amino acid in 1 g of reference protein

× True fecal digestibility

RESULTS

It was possible to automatically consider digestibility without
having to add an additional constraint, while ensuring a good
to excellent protein quality in all the mixtures produced. There
was full compliance with the constraints, and no error messages
appeared nor were other errors detected. In all assessments the
PDCAAS was over 100, indicating an excellent protein quality
regardless of the percentage of protein in the mixture.

Protein Quality Optimization of an Oat
Drink
The optimized mixture complied with all the constraints and
the result was a combination of oat flour, hemp press cake and
pumpkin seed flour (Table 4). This combination has a similar
amount of oat flour compared to the original product. Regarding
protein quality, the PDCAAS was 100 (101 not truncated)

TABLE 2 | Fixed nutritional constraints according to the IAA scoring pattern for adults [Adapted from FAO (14)].

His (g) Ile (g) Leu (g) Lys (g) SAA (g) AAA (g) Thr (g) Trp (g) Val (g)

For 25 g of protein 0.375 0.75 1.475 1.125 0.55 0.95 0.575 0.15 0.975

For 1 g of protein 0.015 0.03 0.059 0.045 0.022 0.038 0.023 0.006 0.039
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FIGURE 3 | Dashboard of NutriOpt.

(Figure 4). Thus, it is classified as high quality. Lysine had the
lowest value of the corrected amino acid score, while histidine
had the maximal (2.34 times more than the reference pattern).

Compared to the reference product, the optimized formula
has a similar quantity of protein ingredients, whereas the
protein content was increased from 0.3 to 3 g, respectively.

TABLE 3 | Constraints to optimize two commercial products.

Oat drink Yogurt analog

Protein content 3 g 3 g

Number of
ingredients

3 2

Maximal weight of
the mixture

15 g 11 g

Active ingredients Oat flour, nuts, and
seeds (flours and press

cakes)

Oat flour, pea protein isolate,
oat protein concentrate, oat

protein isolate, chickpea protein
isolate

Mandatory
ingredients

Oat flour (45% of
protein contribution)

NA

On the other hand, the protein quality also increased: from
60 to 101 (non-truncated value) and from 57 to 94 for adults
(>18 years) and older children and adolescents (4–18 years),
respectively (Table 5).

Protein Quality Optimization of a
Plant-Based Yogurt Analog
For this case study, NutriOpt generated a combination of oat
flour and pea protein isolate (Table 6), which is in line with the
constraints set (only 2 ingredients, 11 g of total weight) and it was

TABLE 4 | Optimized mixture for oat drink.

Optimized formula

Ingredient Quantity (g) Protein contribution (%)

Oat flour 10.2 (70%) 45.0%

Hemp press cake 2.6 (18%) 47.1%

Pumpkin seed flour 1.6 (12%) 7.9%

Total 14.4 (100%) 100.0%
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FIGURE 4 | Corrected Amino Acid Score of optimized formula for oat drink.

not necessary to set oat flour as a mandatory ingredient since this
was automatically selected for the optimal mixture. Regarding
protein quality, the lowest protein corrected amino acid score was
126 for Isoleucine (Figure 5). Therefore, as values in PDCAAS
are truncated, the final protein quality is reported as 100. All IAA

TABLE 5 | Comparison of optimized formula versus original product.

Original Optimization

Protein content 0.3 g 3 g

Weight of the mixture 15 g 14.4 g

List of ingredients Water, oat flour (13%),
hazelnut paste (2%), salt

Water, oat flour (10%),
hemp protein (2.6%),
pumpkin seed protein

(1.6%), salt

PDCAAS 60* (>18 years)
57* (4–18 years)

101 (not truncated)
(>18 years)

94 (4–18 years)

*Own calculation based on the protein digestibility of raw walnuts and amino acids
values from USDA database.

TABLE 6 | Optimized mixture for yogurt analog.

Optimized formula

Ingredient Quantity Protein contribution (%)

Oat flour 8.62 g (78%) 62%

Pea protein isolate 2.38 g (22%) 38%

Total 11 g (100%) 100%

exceed the target set for adults. For the category of older children
and adolescents (4–18 years) the estimated PDCAAS is 120, while
for preschool children (1–2 years) the PDCAAS is 105 (shown in
Supplementary Material).

The optimized formula provides 3 g of protein versus the
original that declares 0 g. The main protein ingredient in terms
of quantity is still oat flour, and by adding 2.4% of pea protein
isolate to the formulation, it was possible to increase the protein
quality (Table 7).

DISCUSSION

The NutriOpt program can generate blends with a protein
quality that is comparable to that of milk protein concentrate
(PDCAAS = 125 for the 0.5–3-year-old child) (22). Conversely,
the PDCAAS of the raw materials used for some commercial
plant-based beverages has been reported to be significantly lower
than their animal-based homologs. Namely 68 for quinoa, 63–66
for hemp, 45–60 for oat, 54 for rice, and 30 for almond (23).

In the case studies, the optimized formulas had similar
characteristics to the market products regarding proportion and
type of protein ingredients, which can facilitate the development
process of optimized products. For the yogurt analogs, pea
was selected as the complementary protein source. This is a
classic example of amino acid complementarity, where a legume,
which has a high amount of lysine, but low content of SAA is
combined with a cereal that possesses a considerable content
of SAA and a low lysine content, resulting in a blend with
improved protein quality (16, 17). Nevertheless, the proportion
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FIGURE 5 | Corrected Amino Acid Score of optimized formula for yogurt analogue.

of the protein sources should not be disregarded because it
is not a rule that a legume plus a cereal will have higher
PQ scores (24, 25). In both case studies, some amino acids
had more than double the amount of the target, but this
might be restricted with an additional constraint. Yet, it is
important to mention that the addition of a new constraint
may decrease the possibility to find a solution. Besides, the
constraints need to be logically set. For instance, for obvious
reasons, the amount of total protein must be lower than
the maximal weight of the mixture. Otherwise, there are no
possible solutions.

Limitations inherent to the PDCAAS methodology also limit
the interpretation of the results in this study. This approach
aims to forecast the utilization of dietary protein to estimate
to which degree it can meet the demand for the amino

TABLE 7 | Comparison of optimized yogurt analog formula versus
original product.

Original Optimization

Protein content 0 g 3 g

Weight of the
mixture

11 g 11 g

List of ingredients Water, oat flour 11%,
coconut fat, corn starch,

thickener (E 412)

Water, oat flour 8.6%, pea
protein 2.4%, coconut fat, corn

starch, thickener (E 412)

PDCAAS 0 126 (not truncated) for
>18 years

120 (not truncated) for
(4–18 years)

acids necessary for maintenance functions (26). However, it
is subject to several limitations. For instance, the erroneous
assumption that the digestibility of the crude protein is equal
to that of each individual IAA. The absorption rate of these
compounds can largely vary between each other, especially in
the presence of antinutritional factors (27). Another important
shortcoming is the measurement of digestibility along the whole
digestive tract (i.e., fecal) which is considered to overestimate
the absorption (28). Although the procedure suggests that
digestibility values derive from in vivo rat analysis, some of
the data here were extracted from in vitro studies due to
availability reasons. Yet, studies indicate that in vitro assays can
provide an accurate estimate of the True Protein Digestibility
(29–31). Despite the disadvantages, PDCAAS has been valuable
in practice (26) and has been chosen in this work due to its
practicality, acceptability, and the wider availability of data than
its counterpart DIAAS.

Having acknowledged the latter drawbacks, it is important
to remark that even though the algorithm is capable to suggest
mixtures that reach the digestible amino acid targets and thus
a theoretical high PDCAAS, the quality of the results will
depend on the quality of the data. Should the database have
an erroneous, arbitrary, or missing value, the accuracy of the
outcome might be compromised.

Another limitation was the availability of data. To this date,
not all the digestibility values and threonine content of the
ingredients in the database have been found in the literature:
some of them are arbitrarily set or based on assumptions.
Therefore, if NutriOpt is to be used in a real setting, these
items should be deactivated. It is recommended to update the
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database information according to the specific ingredient data
of the final user.

Moreover, the calculated quality of the protein blends is based
on the ingredients as raw materials. However, further processing,
the structural organization of the food matrix, and interactions
between other ingredients can greatly influence the amino acid
content and digestibility of the final product (8, 19, 32, 33).
Finally, the sensory and technological performance of the protein
combinations provided by NutriOpt is not addressed in the
present study and should be subject to test in future research.

A strength of the present project is, however, that the level
of refinement in different protein sources was considered. For
instance, the availability of one source in different presentations
such as raw flour, defatted flour, concentrate, isolate, and cooked
form. This individualization provides a more accurate panorama
of the amino acid content and bioavailability of the ingredients.

Another advantage is that the database contains a broad range
of ingredients that are already being used in the food industry,
as well as novel protein sources such as hemp press cake and
microalgae protein. This allowed recreating optimized products
that are already commercially available. Additionally, most of the
data were retrieved from ingredients intended for human food
consumption, while other studies in PQ optimization such as
that developed by Herreman et al. (24) use datasets from animal
nutrition studies, mostly in their raw form.

Given that the algorithm gives a constraint already in the
digestible IAA, values not only of good but of excellent protein
quality (PDCAAS > 100) are consistently obtained (The values
were not truncated for purposes of analysis).

In the future, a wider number of ingredients, organized in
categories and groups, can be added. In the view of the circular
economy, by-products of oil extraction such as press cakes
are a good alternative source of protein. Other optimization
objectives can be used such as minimizing cost or CO2 equivalent,
provided that real values are incorporated in the database.
Due to time constraints, this work does not include them,
but future research can consider them. The estimation of
protein quality with the DIAAS method can be implemented
when the values of ileal amino acid digestibility are available
from new studies.

A version with whole plant-based food (cooked legumes, nuts,
cereal-based products) can be set up, prospectively supporting
a transition to healthy and sustainable diets, or directed to
populations with risk from protein deficiency.

This work is focused on protein, but additional nutritional
parameters might be added such as energy, carbohydrates, fat,
and fiber, having in consideration that the more constraints
present, the smaller number of available solutions.

Assessment of the functionality of the ingredients. It
is not clear whether the mixtures are technologically or
sensorially appropriate.

Finally, it might be possible to do an automated customization
of diets based on specific needs: specific setups for different types
of categories of people can be implemented by optimizing the
intake of proteins taking into account that the final result is
for an athlete, an elderly person, or a person with allergies or
food intolerances.

CONCLUSION

There is an increasing number of plant protein ingredients to
enable the transition toward more sustainable food production,
and such resources must be utilized in a way that provides
the consumer with nutritious food alternatives. A constant
matter of concern in the transition toward a more plant-based
diet is the question of whether the requirements of essential
amino acids are being met. A digital tool that provides a
combination of ingredients with good and excellent protein
quality was developed. This can facilitate the formulation of
nutritious products such as, but not limited to dairy/meat
analogs, and snacks with a good to excellent protein quality,
especially for populations at risk of amino acid deficiency. The
novelty of this project is the inclusion of raw materials suitable
for the food industry for meat and dairy analogs (protein
concentrates, isolates, flours), and the relatively large choice of
ingredients in the database: from common ingredients such as
soy products to more innovative ones such as microalgae or
press cakes. Moreover, the changes in digestibility and amino acid
composition are considered due to the inclusion of foodstuffs
with different grades of processing, and the digestibility values
are taken -when available- from human studies. This program
has a great potential for expansion both for food development
and for diets. For instance, by amplifying the number and type
of ingredients, or by adding data on environmental impact or
raw material cost. The question of technological performance
remains since the combinations have not been proven in practice,
but the customization functions and expert technical insight
can serve to deactivate or limit ingredients that, for example,
have undesired off-flavors or that provide undesired texture. The
algorithm can potentially create solutions with minimum cost
or environmental impact, provided adequate data is fed into
the database. It is necessary to improve the protein quality of
plant-based alternatives of the second generation as long as the
consumer uses them really as replacements of the products that
originate from animals, especially on long-term. Otherwise, the
whole diet must be adapted. Our model can be also used to
optimize mixed meals and whole diets in the future.
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Background: Breastfeeding (BF) is considered the ultimate method of infant feeding

for at least the first 6 months of life. Exclusive breastfeeding (EBF) is one of the most

effective interventions to improve child survival. The main objective of this study was to

assess the prevalence and duration of exclusive breastfeeding and the associated factors

among women in Dubai and Sharjah, UAE.

Methods: A cross-sectional study was conducted in four hospitals and four healthcare

centers in Dubai and Sharjah between September 2017 and December 2017. Hospitals

and centers are governmental and provide maternal and child health services. A

convenience sample of 858 Arab and Emirati mothers with children under the age of

2 years participated in the study. Face-to-face interviews were conducted by using

structured questionnaires. The study was approved by the University Ethical Committee

and the UAE Ministry of Health before data collection. Descriptive statistics were

computed to describe all the questionnaire items. The chi-square test was used to

compare the study’s categorical variables. A binary logistic regression analysis was used

to predict the relationship between BF and its associated factors. Statistical tests with

P-values < 0.05 were considered statistically significant.

Results: The mean age of the participating mothers was 30.6 (SD 5.5) years. Results

showed that the prevalence of exclusive breastfeeding among the study participants

was 24.4% (31.1% in Sharjah and 22% in Dubai; P = 0.003). The binary logistic

regression reported that mother’s and father’s education, skin-to-skin period, number

of children, mothers’ health, and place of living were significantly associated with

exclusive breastfeeding (P< 0.05). The results reported a significant association between

EB and duration of breastfeeding (OR = 6.9, P = 0.002), husband education (OR

= 2.1, P = 0.015), mother education (OR = 1.3, P = 0.027), number of children

(OR = 7.9, P = 0.045), having any health problem (OR = 1.2, P = 0.045), and

living place (OR = 1.4, P = 0.033), and a non-significant positive effect of family size

and family income. Furthermore, the result reported a significant association between

179

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2022.872217
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2022.872217&domain=pdf&date_stamp=2022-05-10
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:haleemah.alsabah@zu.ac.ae
https://doi.org/10.3389/fnut.2022.872217
https://www.frontiersin.org/articles/10.3389/fnut.2022.872217/full


Al Sabbah et al. Exclusive Breastfeeding and Mixed Feeding

mixed breastfeeding and duration of breastfeeding (OR = 0.1, P = 0.000), skin-to-skin

period (OR = 0.3, P = 0.002), underweight (OR = 4.7, P = 0.034), last infant’s sex

(OR = 1.6, P = 0.010), having maid at home (OR = 2.1, P = 0.000), number of children

(OR = 0.2, P = 0.013), and living place (OR =1.1, P = 0.014), and a non-significant

association with family size and family income.

Conclusions: Therefore, a health promotion program for exclusive breastfeeding during

antenatal health visits, together with initiating health policies in maternal hospitals to

encourage the initiation of breastfeeding during the first hour of birth and the introduction

of skin-to-skin contact during the first 5min of birth are highly recommended.

Keywords: exclusive breastfeeding, mixed feeding, practices, Sharjah, Dubai, UAE, child under two years

INTRODUCTION

Appropriate feeding practices during infancy and early childhood
are essential to meet children’s nutritional requirements and
to maintain healthy growth and development (1). Substantial
evidence supports breastfeeding as the best method for feeding
infants and young children, providing them with optimal
health and development (2). Accordingly, the World Health
Organization (WHO) and the United Nations Children’s Funds
(UNICEF) recommend that breastfeeding should be initiated

early within 1 h of birth, and to continue exclusive breastfeeding
with no other foods or liquids for the first 6 months of life

(3). This is followed by the introduction of complementary
feeding and continued breastfeeding until at least 24
months of age (4).

The benefits of breastfeeding (BF) have beenwell documented,
with solid evidence supporting its impact on reducing the
prevalence of both mild and moderate malnutrition as well
as childhood diseases (5). Long-term benefits have also been
established for BF in terms of the prevention of diseases such
as obesity, heart disease, diabetes, and asthma (6–9). However,
the WHO and UNICEF have pointed out that the benefits of
BF would be achieved when mothers breastfeed their babies
for the first 6 months exclusively, i.e., only breast milk (3).
Infants who receive any BF would benefit from the nutrients
in breast milk and other advantages of BF, such as bonding,
cognitive development, and enhancement of the immune system
(2). The protective effect from obesity and other childhood
diseases on infants and young children fed breast milk might
be enhanced through its effect on infant microbiota colonization
and development (10, 11).

Breastfeeding directly affects the infant’s gut microbiota by
exposure to the milk microbiota and indirectly via maternal
milk factors that affect bacterial growth and metabolism, such as
human milk oligosaccharides, secretory IgA, and antimicrobial
factors. The potential of breast milk is important in protecting
infants from asthma and allergies (12). Among the important
core stone benefits of breastfeeding is that it improves child
survival in the face of highly infectious diseases like COVID-19
(13). The WHO recommends that breastfeeding should not be
discontinued in cases of suspected or being confirmed COVID-
19 (13). Thus, the benefit of breastfeeding can overcome the risk

of catching the infection as infants acquire passive IgA immunity.
This outweighs the potential COVID-19 risks (14).

Despite considerable efforts to promote breastfeeding
practices, the Gulf region is still behind when it comes to the
goals set by the WHO (15). A study examining breastfeeding
practices in the Middle East revealed that a large number of
mothers supplemented breastfeeding with other forms of feeding
at an early age (16, 17). Since infant nutrition and health are
interrelated, the effects of breastfeeding and maternal nutrition
on each of these outcomes should be addressed. Diet is an
important environmental factor that may influence the health
outcomes of breastfeeding mothers and infants. The maternal
diet may affect the formation, composition, or secretion of milk.
Studies have shown that unhealthy diets and food allergies play a
role in the development of asthma in the Gulf countries (18). This
finding is of great significance, considering the high prevalence
of asthma among children and adults in Gulf countries, to the
extent of becoming a significant public health concern.

Similarly, researchers from different countries in Europe have
found that breastfeeding practices do not meet the WHO and
UNICEF recommendations (19). They pointed out that exclusive
breastfeeding practices in different countries in Europe do not
meet the 2025 World Health Assembly’s Global Target for
Nutrition to increase the rate to at least 50% (20). As for the
UAE, mixed feeding, complimentary food, and fluid additions
have been introduced in the first month of life in the UAE
(21). Several factors negatively affect breastfeeding practices in
different Gulf countries, such as maternal age, level of education,
mothers’ perception of insufficient milk production, problems
associated with the breast such as nipple problems, mode of
delivery (cesarean section), and hospital practices such as non-
rooming-in (22, 23). In these studies, a high educational level was
more strongly associated with lower BF initiation and exclusive
breastfeeding rates. In addition, hospital practices played an
important role in breastfeeding outcomes, where vaginal birth
and rooming enhanced breastfeeding initiation and extended
the breastfeeding duration. In addition, mothers’ perception of
insufficient milk production and problems associated with the
breast, such as nipple problems, have been reported to reduce
the rate and duration of exclusive BF. The factors contributing to
the continuation of breastfeeding and mixed feeding vary from
country to country (24–28). One study in Malawi found that
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ethnicity of the mother, younger age of the mother, female infant,
and high number of children were significantly associated with
EBF practices (29). While a study among Cambodian mothers
found that those with middle wealth were less likely to go
for EBF compared to low wealth mothers (30). Another study
among Irish mothers found that maternal age, short maternity
leave, mothers from Irish nationality, non-tertiary education, and
neonates with intensive-care unit admission were more likely not
to adhere to EBF compared to others (31). While concerning
Irish primigravida mothers’ non-adherence to EBF, the study
found that mothers’ higher body mass index, unemployment,
gestational diabetes, low-birth-weight antenatal steroids, and
hypernatremia were all highly associated factors (32). Whereas,
reasons for the discontinuation of breastfeeding might include
maternal age, educational background, socioeconomic status,
postpartum depression, maternal confidence, maternal obesity,
and being overweight (33). On the other hand, factors associated
with a higher breastfeeding rate and longer duration include
increased maternal age, low educational levels, rural residence,
low income, multiparity, and avoiding contraceptives (34).

To maintain breastfeeding as the best feeding method that
supports infants and young children’s health, the WHO has set
a global goal to increase the rate of exclusive breastfeeding to at
least 50% by 2025 (35). The Ministry of Health in the UAE has
made extensive efforts in collaboration with health authorities
in all emirates to develop plans and strategies that would help
achieve this goal by increasing the rate of EBF (36). As part of
these efforts, the UAE has embraced various policy initiatives,
including the Baby-Friendly Hospital Initiative (BFHI), the
Global Strategy for Infant and Young Child Feeding, and the
implementation of the International Code of Marketing of Breast
Milk Substitutes (37). According to the MOH national infant
feeding policy implemented throughout the country, infants
should be breastfed exclusively until 6 months of age (21, 38).

In addition, the UAE Federal National Council passed a draft
clause in the child rights law to make breastfeeding mandatory
for the first 2 years of an infant’s life (39). To support BF among
workingmothers, a decree was issued that extended the 60 days of
paid maternity leave to 90 days. The experience of the Emirate of
Sharjah is peculiar, as the city has been recognized as the Middle
East’s first baby-friendly city following the successful adoption of
the main standards for this rating (40). To assess these efforts,
it is important to assess breastfeeding practices and determine
the EBF rates. Few studies have been conducted on breastfeeding
in the UAE and recent studies have been confined to certain
emirates. Most of these studies were cross-sectional and only one
national survey was conducted in the year 2000. The results of
the national survey revealed that only 34% of the infants were
exclusively breastfed for up to 4 months of age (36). A recent
study conducted in Abu Dhabi reported a rate of 44.3% (41).

Despite the tremendous efforts to increase breastfeeding
worldwide, the rates are suboptimal in many countries, including
the UAE. In the UAE, there are gaps in understanding why many
mothers have difficulties initiating and maintaining exclusive
breastfeeding in the first 6 months of life and instead introduce
artificial feeding. Therefore, in light of the limited success in
EBF promotion, as evidenced by low EBF rates, there are factors

affecting infant feeding and breastfeeding practices. Hence, in the
current study, exploring these difficulties and associated factors
can be amended through education programs and directing
governmental intervention efforts to increase the rate of exclusive
breastfeeding and meet the WHO and UNICEF goals. In
addition, there are ongoing national efforts and investments
in these programs, including the development and updating
of policies and strategies. However, regardless of the health
authorities’ efforts to support and promote breastfeeding, the
rate of exclusive breastfeeding in the UAE remains suboptimal.
Therefore, this study will help assess the prevalence of exclusive
breastfeeding and identify other associated factors that impact the
duration of exclusive breastfeeding in infants aged 6–24 months
in Dubai and Sharjah. Ultimately, the results can help health
providers improve mothers’ knowledge about breastfeeding.
Furthermore, identifying these factors will shed light on why
the breastfeeding rates are still suboptimal. Accordingly, there is
very little documentation of EBF in the UAE due to the rapid
changes in women’s lifestyles and engagement in the workforce
particularly in Dubai. The main objective of this study was to
assess the prevalence of exclusive breastfeeding and to identify
the main contributing factors in infants aged 6–24 months in
Dubai and Sharjah to improve the public’s knowledge and initiate
health policies about breastfeeding.

MATERIALS AND METHODS

Study Design and Settings
A cross-sectional study design was used to collect data from
the waiting areas of the largest maternal and child outpatient
clinics in four hospitals and four health centers in Sharjah and
Dubai, UAE.

Data from a convenience sample of 858 mothers were
collected between September 2017 and December 2017.
Permission and ethical approval to conduct this study was
obtained from the University Ethical Committee and the UAE
Ministry of Health. Written informed consent was obtained from
mothers who met the criteria for this study and were willing to
participate. Participants were informed that their participation
in this study was voluntary and that they had the freedom to quit
the study at any time.

Population and Sampling
To be included in the study, mothers had to be aged 18 years
and above, be either Emiratis or Arabs, be able to provide written
consent, and have at least one child aged 6 months to 2 years.
Participants were excluded if they were <18 years old or had
children aged <6 months or more than 2 years. The proposed
sample size was to collect data from at least 800 women in waiting
areas (100 women from each clinic/center). A total of 858 women
(492 living in Dubai and 366 living in Sharjah) participated in
this study.

Data Collection
Data were collected using eight trained interviewer-administered
multicomponent questionnaires through a structured face-to-
face interview at the selected outpatient clinic waiting rooms
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in hospitals and healthcare centers in Dubai and Sharjah.
The research assistant approached mothers visiting outpatient
clinics in the waiting rooms of hospitals and public health
centers in Dubai and Sharjah and introduced the study with its
objectives and protocol. Eligible and interested subjects read and
signed a consent form prior to starting face-to-face interviews.
A multicomponent questionnaire was developed based on a
literature review of similar studies and was reviewed by a panel of
experts in the field of infant feeding (42–44). A valid and reliable
questionnaire was used to collect the data.

The structured interview questionnaire was translated into
Arabic, then back-translated into English, and pilot tested with
66 mothers from one of the hospitals’ outpatient clinics in
Dubai (the results from the pilot study were not included in
this study and were only used for piloting) to ensure the clarity,
simplicity, and logical flow of the questions. The questionnaire
was revised according to the pilot study. The final version
of the questionnaire consisted of 49 questions and required
approximately 10–15min to complete.

The questionnaire consisted of four main sections:
sociodemographic data about the mother and the child (17
items; e.g., maternal age, maternal marriage age, mother and
father educational level, place of living, maternal employment,
family size, number of children, income, having a maid, infant
age, birth weight, etc.); family socioeconomic status (five
items); knowledge, attitude, and practice of breastfeeding and
complementary feeding (27 items); and the mother’s obstetric
and general health status section (eight items; e.g., type of
delivery, lactation amenorrhea, use of contraception, if she is
currently pregnant, sore nipples, maternal health perception, and
complications), and breastfeeding practices such as (initiation
time of breastfeeding, skin-to-skin care duration, breastfeeding
duration, infant feeding type).

Anthropometric Measurements
Infant birth weight and length were obtained from the children’s
health cards, while the mother’s weight (kg) and height (cm)
were measured during the visit using a standard protocol using
the Seca 220 Telescopic Measuring Rod for Column Scales for
height/weight measurements. The BMI (kg/m2) was calculated
by dividing the weight (kg) by the height squared (m). The BMI
was determined according to the World Health Organization
(WHO) classification (45).

Breastfeeding Outcomes
Early initiation of breastfeeding was defined as the proportion of
children who latched the breasts within 1 h of birth. Exclusive
breastfeeding was defined as an infant fed only breast milk
without any other oral intake, except for medications and
vitamins, within the last 24 h. Mixed feeding was defined as the
introduction of solid food or formula milk during breastfeeding.

Formula feeding was defined as feeding only formula
from birth.

Statistical Analysis
Data were entered, cleaned, and analyzed using the Statistical
Package for Social Science (SPSS) software version 24.

Descriptive statistics were computed to describe all the
questionnaire items including frequencies and percentages.
Furthermore, inferential statistical analysis, including the chi-
square test, ANOVA test, and binary logistic regression analysis
(OR) were used to assess the relationships between BF and
its associated factors (infant’s age, duration of BF, skin-to-skin
period, parental education, last infant’s sex, maid at the house,
birth weight, number of children, health problems, marriage age
of mother, family size, family income, and Emirate states). The
significant level was set at P < 0.05.

RESULTS

The mean age of the participant mothers was 30.6 (SD, 5.5) years.
Table 1 presents the demographic characteristics of women, as
about 44% were from Sharjah and the rest were from the Dubai
Emirate. Approximately two-thirds of the women were aged
between 20 and 34 years. Most women had more than a high
school education and were married at the time of the data
collection. Only 29% of the women were working, and about
two-thirds of the women reported being in the upper- and
middle-income groups.

Figure 1 shows the prevalence rates of different breastfeeding
practices: EBF (24.4%), predominant breastfeeding (20.0%), and
mixed feeding (57.1%).

Tables 2, 3 present the associations between EBF and mixed
feeding (breast milk and formula milk), and the selected
sociodemographic characteristics. Significant associations were
found between the place of residence, employment, and EBF
(P < 0.05). Participants living in the Emirate of Sharjah and non-
working women had more EBF than those living in Dubai and
working women (P = 0.003).

The results showed that working women and those who had
a maid at home were significantly associated with mixed feeding
(P < 0.001; Table 3).

Table 4 shows the associations between EBF and a mother’s
obstetric and general health status variables as type of delivery
methods; being pregnant; use of contraceptives; complaints of
sore nipple; maternal overall health status, and body mass
index (BMI) were not significantly associated with EBF (P =

0.796, 0.192, 0.409, 0.364, 0.192), respectively. Only lactational
amenorrhea during breastfeeding was significantly associated
with EBF (P < 0.001).

Regarding mixed feeding and women’s overall health status,
as shown in Table 5, those who used contraceptives were more
likely to use mixed feeding than those who did not (P < 0.010).
In addition, women who had amenorrhea while breastfeeding
were more likely not to use mixed feeding than those who did
not (P < 0.000).

Table 6 shows that women who started breastfeeding soon
after delivery in <1 h were significantly associated with EBF
(P < 0.010). In addition, a longer breastfeeding period was
significantly associated with EBF (P < 0.000).

The results of the logistic regression in Table 7 indicate
that exclusive breastfeeding and mixed breastfeeding of mothers
living in the UAE are affected by many factors. The determinants
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TABLE 1 | Sociodemographic characteristics of participating women in both Dubai and Sharjah.

Sociodemographic characteristics Emirate (n = 858)

Sharjah Dubai Total

n % n % n %

Mother education High school and less 107 26.7 168 34.1 275 30.8

Higher than high school 294 73.3 325 65.9 619 69.2

Mother occupation Working 83 20.7 180 36.5 263 29.4

Not working 318 79.3 313 63.5 631 70.6

Husband education High school and less 89 22.2 152 30.8 241 27.0

Higher than high school 312 77.8 341 69.2 653 73.0

Husband’s working status Working fulltime 399 99.5 480 97.4 879 98.3

Not working 2 0.5 13 2.6 15 1.7

Family income Middle and lower income 187 57.7 69 15.2 256 32.9

Upper than middle income 137 42.3 386 84.8 523 67.1

Family size ≤4 214 57.7 237 50.6 451 53.8

>4 157 42.3 231 49.4 388 46.2

Number of children <3 248 61.8 290 58.8 538 60.2

≥3 153 38.2 203 41.2 356 39.8

Marital status Married 399 99.5 473 95.9 872 97.5

Divorced or widow 2 0.5 20 4.1 22 2.5

What is your last infant’s sex? Boys 222 55.4 254 51.5 476 53.2

Girls 179 44.6 239 48.5 418 46.8

Age group 15–19 5 1.3 4 0.8 9 1.0

20–34 307 77.5 350 74.3 657 75.8

35–50 84 21.2 117 24.8 201 23.2

Infants age (month) 1–6 68 17.0 52 10.5 120 13.4

7–12 171 42.6 176 35.7 347 38.8

13–18 115 28.7 161 32.7 276 30.9

≥19 47 11.7 104 21.1 151 16.9

FIGURE 1 | Prevalence breastfeeding practices among women (predominant breastfeeding, exclusive breastfeeding and mixed feeding).

of breastfeeding indicated by “exclusive and mixed formula
breastfeeding” among Emirate mothers are in the overall
population, before and during the pandemic, is assessed by

several variables of which duration of breastfeeding, skin-to-skin
period, having made at home, having any health problem, family
income, gender, infant age, family size, and family income.
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TABLE 2 | Association between EBF and women’s sociodemographic characteristics.

Sociodemographic characteristics Exclusive breastfeeding (n = 858) P-Value

Yes No Total

n % n % n %

Emirate Sharjah 119 54.6 263 42.8 382 45.9 0.003*

Dubai 99 45.4 351 57.2 450 54.1

Marriage age of mother ≤20 75 35.0 175 28.6 250 30.3 0.079

>20 139 65.0 436 71.4 575 69.7

Marital status Married 213 97.7 600 97.7 813 97.7 0.991

Divorced or widow 5 2.3 14 2.3 19 2.3

Mother education High school and less 68 31.2 193 31.4 261 31.4 0.948

Higher than high school 150 68.8 421 68.6 571 68.6

Mother occupation Working 41 18.8 199 32.4 240 28.8 0.000*

Not working 177 81.2 415 67.6 592 71.2

Husband education High school and less 53 24.3 182 29.6 235 28.2 0.133

Higher than high school 165 75.7 432 70.4 597 71.8

Husband occupation Working fulltime 217 99.5 603 98.2 820 98.6 0.156

Not working 1 0.5 11 1.8 12 1.4

*P-value significant at P = <0.005.

TABLE 3 | Association between mixed feeding (breast milk and formula milk and women’s sociodemographic characteristics.

Women characteristics Mixed feeding (breast milk + formula milk) (n = 858) P-Value

Yes No Total

n % n % n %

Emirate Sharjah 192 44.1 190 47.9 382 45.9 0.282

Dubai 243 55.9 207 52.1 450 54.1

Marriage age of mother ≤20 122 28.2 128 32.7 250 30.3 0.162

>20 311 71.8 264 67.3 575 69.7

Marital status Married 428 98.4 385 97.0 813 97.7 0.173

Divorced or Widow 7 1.6 12 3.0 19 2.3

Mother education High School and Less 128 29.4 133 33.5 261 31.4 0.206

Higher than High School 307 70.6 264 66.5 571 68.6

Mother occupation Working 158 36.3 82 20.7 240 28.8 0.000*

Not Working 277 63.7 315 79.3 592 71.2

Having maid at home Yes 226 69.1 173 42.2 435 57.1 0.000*

No 117 30.9 210 54.8 372 42.9

Husband occupation Working fulltime 428 98.4 392 98.7 820 98.6 0.673

Not working 7 1.6 5 1.3 12 1.4

*P-value significant at P = <0.005.

To explain exclusive breastfeeding, the odds ratio (OR) of
women with infants’ age >12 months are [0.6, 0.8 (95% C. I:
(0.1–2.5), (0.1–4.2)); 1.8, 2.7 (95% C.I: (0.5–6.2), (0.6–11.5))]
for EBF and mixed BF, respectively. Predictors (breastfeeding
duration, skin-to-skin period, fathers’ and mothers’ educational
levels, number of children, and place of residence) were
significant for exclusive breastfeeding. For mixed breastfeeding,
the predictors (duration of breastfeeding, skin-to-skin period,
infant underweight, infant sex, maid at home, number of

children, and living place) were significant with mixed BF
variables. The three highest OR values were found in≥13months
duration of breastfeeding, the number of children, >10 husband
education predictors [OR (95% C.I): 7.9 (1–65.2), 6.9 (2–23.8),
2.1 (0.8–5.5)] for the EBF, respectively. While the highest of
the three OR values is found in family size >4 members,
underweight infants, and infants age ≥19 months [OR (95%
C.I): 7.1 (1.8–28.3); 4.7 (0.4–50.2); 2.7 (0.6–11.5)] for the mixed
BF variable.
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TABLE 4 | Association between EBF and women’s obstetric and general health status variables.

Women’s overall health status Exclusive breastfeeding (n = 858) P-Value

Yes No Total

n % n % n %

Delivery mode Normal 154 70.6 428 69.7 582 70.0 0.796

Cesarean 64 29.4 186 30.3 250 30.0

Pregnancy status Yes 27 12.4 57 9.3 84 10.1 0.192

No 191 87.6 557 90.7 748 89.9

Do you have any health problems? Yes 25 11.5 89 14.5 114 13.7 0.264

No 193 88.5 525 85.5 718 86.3

Contraceptive use Yes 52 23.9 164 26.7 216 26.0 0.409

No 166 76.1 450 73.3 616 74.0

Sore nipples Yes 76 34.9 234 38.1 310 37.3 0.364

No 142 65.1 380 61.9 522 62.7

lactation amenorrhea Yes 138 63.3 267 43.5 405 48.7 0.000

No 80 36.7 347 56.5 427 51.3

Mother BMI Underweight (<18.5) 3 1.5 11 1.9 14 1.8 0.078

Normal (18.5–25) 93 46.5 213 37.2 306 39.6

Overweight (26–29) 69 34.5 208 36.3 277 35.8

Obese (≥30) 35 17.5 141 24.6 176 22.8

*P value significant at P = < 0.001.

TABLE 5 | Association between mixed feeding (breast milk and formula milk) and women’s health status.

Women’s health characteristics Mixed feeding (breast milk + formula milk) (n = 858) P-Value

Yes No Total

n % n % n %

Type of delivery Normal 294 67.6 288 72.5 582 70.0 0.119

Cesarean 141 32.4 109 27.5 250 30.0

Pregnancy status Yes 41 9.4 43 10.8 84 10.1 0.509

No 394 90.6 354 89.2 748 89.9

Do you have any health problems? Yes 64 14.7 50 12.6 114 13.7 0.375

No 371 85.3 347 87.4 718 86.3

Contraceptive use Yes 130 29.9 86 21.7 216 26.0 0.007

No 305 70.1 311 78.3 616 74.0

Sore nipples Yes 167 38.4 143 36.0 310 37.3 0.480

No 268 61.6 254 64.0 522 62.7

lactational amenorrhea Yes 165 37.9 240 60.5 405 48.7 0.000

No 270 62.1 157 39.5 427 51.3

Mother BMI Under weight (<18.5) 7 1.7 7 1.9 14 1.8 0.515

Normal (18.5–25) 160 38.6 146 40.7 306 39.6

Over Weight (26–29) 144 34.8 133 37.0 277 35.8

Obese (≥30) 103 24.9 73 20.3 176 22.8

*P value significant at P = <0.005.

The effects of the mother’s education, father’s education,
skin-to-skin period, number of children, mother’s health,
and living region reported an increase in the odds ratio.
Additionally, they were more likely to breastfeed exclusively.
The odds ratio of the breastfeeding duration and skin-
to-skin period showed a significant and negative effect

on mixed breastfeeding, indicating an association with a
decreased odds ratio of mixed breastfeeding. Furthermore,
the results reported a significant and positive impact of
having a maid at home, family size, and family income,
indicating an association with an increased odds ratio of
mixed breastfeeding.
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TABLE 6 | Association between EBF and different feeding practices.

Women’s breastfeeding practices Exclusive breastfeeding (n = 858) P-Value

Yes No Total

n % n % n %

Breastfeeding during the 1st hour after birth Yes 174 79.8 429 69.9 603 72.5 0.005

No 44 20.2 185 30.1 229 27.5

When did you start breastfeeding? Directly after delivery (within the first hour) 174 79.8 429 69.9 603 72.5 0.007

After one hour 35 16.1 113 18.4 148 17.8

After 1 day 5 2.3 40 6.5 45 5.4

After few days 4 1.8 32 5.2 36 4.3

Infant still breastfeeding Yes 124 56.9 211 34.4 335 40.3 0.000

No 94 43.1 402 65.5 496 59.6

Breastfeeding duration ≤6months 37 38.9 271 65.9 308 60.9 0.000

>6months 58 61.1 140 34.1 198 39.1

Skin to skin contact period ≤5min 75 43.9 188 42.0 263 42.5 0.661

6–10min 31 18.1 96 21.4 127 20.5

>10 65 38.0 164 36.6 229 37.0

*P-value significant at P = < 0.005.

DISCUSSION

Breastfeeding provides both mothers and infants with great
benefits and is highly recommended for all mothers. This

study assessed the prevalence of exclusive breastfeeding and the
determinant factors influencing exclusive breastfeeding practices
among women living in Dubai and Sharjah. The study showed

that only 24.4% of women practiced EBF. Despite the WHO
recommendations regarding breastfeeding and EBF benefits for

both infant growth and reduction in the risk of diseases, women
in the UAE are still far from reaching the target WHO goal

(1). In comparison, more than half of the women practiced
mixed feeding (57.1%) in both Dubai and Sharjah, which is
similar to a previous study in the UAE among Emirate women,
which reported that only 24% of the participants have exclusively
breastfed their infants (21). This indicates that the practices of
breastfeeding did not change despite all the national efforts (37).

Our study showed that the main factors associated with

women refraining from EBF were being working women and
living in Dubai. This was similar to a study conducted in Abu
Dhabi, where 60% of the working women stopped breastfeeding
(22). In the UAE, the women’s labor force increased dramatically
between 1990 and 2019 at the rates of 28.9 and 52.39%,
respectively (46), and further rose to 57.5 in 2020 according to
the World Bank (47), which increased the number of working
women in the UAE. Therefore, our results may reflect the barriers
faced by working mothers in the UAE, which are deterrents to
breastfeeding. This might be because of the number of working
hours or duration of maternal leave. In addition to the lack
of nurseries in the mother’s workplace, making it difficult for
working women to breastfeed their infants (22). Previous studies
have also reported that maternal employment was negatively
associated with exclusive breastfeeding (16, 48–50). However,
this study showed that women living in Sharjah were more

committed to EBF than those living in Dubai. This may be related
to several factors, such as the EBF education and awareness
programs in Sharjah (40).

On the other hand, the results showed that women who had a
maid at home (70%) were more likely to mixed feed their infants
than those who had no maids at home. This might be related to
the fact that women stay away for long hours from their infants; it
would be much easier for the maid to control the infant’s hunger
by using formula milk when the mother is away from home. This
is consistent with a study conducted in Saudi Arabia on the effect
of having a maid on raising children and mothers’ attachment.
It was found that more than half of the maids were responsible
for both household cleaning and nourishing the infants, and
were mainly using bottle feeding because it is more convenient
and fast, especially when the mother is working and away from
home (51).

Our study showed that mothers who did not experience
lactation amenorrhea and used contraceptives were more prone
to mixed feeding. The relationship between menstruation
(ovulation) and breastfeeding has a positive relationship; in that,
studies have shown that the more frequent breastfeeding and
the duration of breastfeeding, the longer extended period of
menstrual cycle stopping among women. Therefore, it is expected
that women who do not breastfeed more frequently will have
their ovulation sooner than those who adhere to the frequency
of breastfeeding. This was found in earlier studies in Bangladesh
that resumed the menstrual cycle and mixed feeding, among
which the study by Radwan (52).

Early skin-to-skin contact with the newborn after delivery
was found in our study to predict EBF practices, similar
to that found by Moor et al. (53), as this contact would
create an intimate relationship and interaction between and
build feelings of warmth, care, and connection. Skin-to-
skin contact also enhances the release of oxytocin hormone,
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TABLE 7 | Odds ratio between EBF and mixed feeding together with some variables.

Variables Exclusive breastfeeding Mixed breastfeeding

OR CI 95% P-Value OR CI 95% P-Value

Infants age (month) 1–6 1.0 1.0

7–12 1.1 0.3 4.5 0.361 1.2 0.4 3.8 0.297

13–18 0.6 0.1 2.5 0.397 1.8 0.5 6.2 0.325

≥19 0.8 0.1 4.2 0.898 2.7 0.6 11.5 0.755

Duration of breastfeeding 0–6 months 1.0 1

7–12 months 2.0 0.8 4.7 0.051 0.2 0.1 0.5 0.000

≥13 months 6.9 2.0 23.8 0.002 0.1 0.0 0.2 0.000

Skin to skin period ≤5min 1.0 1

6–10min 0.8 0.3 2.3 0.066 0.7 0.3 1.7 0.234

>10 2.0 0.9 4.5 0.042 0.3 0.2 0.6 0.002

Underweight No 1.0 1

Yes 0.7 0.1 7.2 0.722 4.7 0.4 50.2 0.034

Husband education High school and less 1.0 1

Higher than high school 2.1 0.8 5.5 0.015 0.6 0.3 1.2 0.241

Mother education High school and less 1.0 1

Higher than high school 1.3 0.5 3.5 0.027 1.4 0.6 3.1 0.180

What is your last infant’s sex? Girls 1.0 1

Boys 0.7 0.3 1.4 0.180 1.6 0.9 2.9 0.010

Do you have a maid at home? No 1.0 1

Yes 0.8 0.4 1.6 0.072 2.1 1.1 4.0 0.000

Birth weight Normal birth weight 1.0 1

Low birth weight 1.1 0.3 4.8 0.920 0.8 0.2 3.0 0.680

Number of children <3 1.0 1

≥3 7.9 1.0 65.2 0.045 0.2 0.0 0.6 0.013

Do you have any health problem? No 1.0 1

Yes 1.2 0.4 3.2 0.045 0.9 0.4 2.1 0.065

Marriage age of mother ≤20 1.0 1

>20 0.7 0.3 1.6 0.320 1.3 0.6 2.5 0.255

Family size ≤4 1.0 1

>4 0.1 0.0 1.1 0.271 7.1 1.8 28.3 0.926

Family income Middle and lower income 1.0 1

Upper than Middle income 1.0 0.4 2.5 0.468 2.5 1.1 5.7 0.755

Emirate Dubai 1.0 1

Sharjah 1.4 0.6 3.5 0.033 2.5 1.1 5.8 0.014

*P-value significant at P = <0.050.

which is beneficial for controlling postpartum hemorrhage
(53). It was also found in one study by Conde-Agudelo
et al. (54) that the Kangaroo strategy of skin-to-skin contact
together with exclusive breastfeeding would decrease the infant
mortality rate.

The study showed that breastfeeding in the first hour after
delivery is highly associated with EBF, in that the production
of milk will be initiated, and women would feel more satisfied
with their infant needs. While infants might feel attached to
breastfeeding and bemore connected to their mothers, eventually
leading to a longer breastfeeding period and an increased
EBF commitment. Early initiation of breastfeeding is highly
recommended by theWHOandUNICEF (4). Early initiationwas
also found to be significantly associated with EBF in our study;

the earlier it started, the more committed. Many studies support
the importance of initiating breastfeeding and the relationship
with EBF (22, 55). In this study, a high income was also found
to be strongly associated with mixed feeding. Similarly, in a
previous study in UAE, high income was associated with the
cessation of breastfeeding (22). High income was found to be
associated with cessation of breastfeeding in several other studies
worldwide (56, 57).

The study also showed that women who breastfed their infants
for more than 6 months and those who currently breastfed
their infants were significantly more likely to undergo EBF
than the others. This finding was consistent with the results
of a study conducted in Cyprus (58). This could be related
to the fact that women who feel committed to breastfeeding
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their infants will be more likely to dedicate themselves to EBF
at an early stage; on the other hand, women who choose
not to feed for more than 6 months would be more likely
not highly dedicated and committed to EBF and prone to
mixed feeding.

Among the predictors of mixed feeding, our study showed
infant’s underweight, mother’s education, infant gender, having
a maid at home, mother’s age at marriage, family size, family
income, and living place are significant. Infant underweight
is culturally associated with insufficient milk production in
the Arab and Gulf countries, or the milk is not very
nutritious for the baby; therefore, many mothers tend to go
for mixed feeding and eventually, after some time, cessation
of breast milk. This is consistent with many studies and
has been discussed among several other cultures and Arab
cultures (21, 38, 59, 60). It was specifically reported in
an early study that women in the UAE initiated mixed
feeding as early as the first month of infancy for the same
reason (21).

Interestingly, our study did not show a significant association
between maternal health problems, method of delivery, and
maternal BMI with EBF, although it was previously found
to be among the determinants of EBF in the Gulf countries
(22, 23, 41). Regarding the mode of delivery, although it
showed no significant association with EBF, more than half
of the women who delivered via cesarean section reported
mixed feeding, which is similar to previous studies because of
operation pain and discomfort (22, 41, 60). Regarding women’s
BMI and EBF, it was found previously that maternal obesity
was considered a risk factor for initiating breastfeeding among
women in developing countries (61). Since the physiological and
psychological determinants among obese women prevent them
from initiating breastfeeding, neither sustain the practice for
a longer period, looking to the fact that prolactin production
is lower, big breasts with large areola and inverted nipples
make breastfeeding difficult (62). Our study showed that
approximately 51% of the obese and overweight participants
fed their children mixed feeding, compared to 22% who
practiced EBF. This could tell you that despite the difficulties
that weight can endorse, those who are willing to feed
their children mother’s milk were more committed as in
the Arab culture the obese women have more nutritional
milk than underweight women, and therefore family might
support breastfeeding.

Some limitations of this study should be considered when
interpreting its results. First, the data in this study represent two
out of the seven UAE emirates. Although Dubai and Sharjah
are two of the most densely populated emirates, geographical
differences may exist when all seven emirates are considered.
Another limitation was the small number of participants who
met the study criteria for selection and missing data for some
variables. Therefore, the results are not generalizable to the entire
UAE, and additional research to cover all the seven emirates is
needed. Another limitation of this study was the recall bias. Recall
bias was common among the participants who were interviewed
about past events.

CONCLUSION

This study has highlighted several important findings. Mothers
who were not working and those living in Sharjah had a
higher prevalence of EBF. Other factors associated with EBF
were early skin-to-skin contact and breastfeeding during the
first-hour post-delivery. Further research to cover all the other
seven emirates and determinant factors for EBF is recommended
to encourage breastfeeding-supportive working environment
policies, a health promotion program for exclusive breastfeeding
during antenatal health visits, together with initiating health
policies in maternal hospitals to encourage the initiation of
breastfeeding during the first hour of birth and the introduction
of skin-to-skin contact during the first 5min of birth is
highly recommended. Future studies regarding the effect of
EBF on infant growth and development in the UAE are
highly encouraged.
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The recent popularization of low-glycemic foods has expanded interest in glycemic index

(GI) not only among diabetic patients but also healthy people. The purpose of this

study is to validate the estimated glycemic load model (eGL) developed in 2018. This

study measured the glycemic load (GL) of 24 fast foods in the market in 20 subjects.

Then, the transportability of the model was assessed, followed by an assessment of

model calibration and discrimination based on model performance. The transportability

assessment showed that the subjects at the time of model development are different

from the subjects of this validation study. Therefore, the model can be described as

transportable. As for the model’s performance, the calibration assessment found an x2

value of 11.607 and a p-value of 0.160, which indicates that the prediction model fits the

observations. The discrimination assessment found a discrimination accuracy exceeding

0.5 (57.1%), which confirms that the performance and stability of the prediction model

can be discriminated across all classifications. The correlation coefficient between GLs

and eGLs measured from the 24 fast foods was statistically significant at 0.712 (p <

0.01), indicating a strong positive linear relationship. The explanatory powers of GL and

eGL was high at 50.7%. The findings of this study suggest that this prediction model will

greatly contribute to healthy food choices because it allows for predicting blood glucose

responses solely based on the nutrient content labeled on the fast foods.

Keywords: glycemic index (GI), glycemic load (GL), diet, carbohydrate loading, fast foods

INTRODUCTION

It has been reported that excessive carbohydrate intake causes obesity and diabetes, which lead
to claims that carbohydrate intake should be controlled (1). These trends also expanded interest
and research in the low-carbohydrate diet, where carbohydrates account for 45% or lower of the
total energy intake, or ultra low-carbohydrate diet, where the percentage is 10% or lower (2). It
has been also suggested that it is positive to choose foods with low glycemic index (GI), thereby
slowing down digestion and absorption and controlling appetite in the short term, and interest in
low-GI foods continues today (3). GI reflects the digestion and absorption speed of carbohydrates
in a food. GI is measured by comparing the blood glucose response of a food after consumption
with the blood glucose response of the reference foods, and expressed in percentage (4).
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Atkinson et al. (5) classified a food with a GI of 55 or lower
as a low-GI food, a food with a GI above 55 and below 70
as a medium-GI food, and those with a GI exceeding 70 as a
high-GI food. It has been reported that low-GI diet slows down
carbohydrate digestion and absorption, increases satiety, and
improves blood lipids and insulin resistance, thereby mitigating
risks of cardiovascular diseases, diabetes, and obesity (6). The
Korean Food Sanitation Act still does not allow GI to be included
in processed food labels, whereas in Australia, for example, the
Glycemic Index Foundation (GIF) allows for GI labeling on food
packaging through the “Low GI Symbol Program” (7).

The recent popularization of low-glycemic foods has
expanded interest in GI not only among diabetic patients but
also healthy people (8). However, GI does not take single-time
carbohydrates intake into account. To address this shortcoming,
we need to consider glycemic load (GL) to quantify the glycemic
effect included in a single portion of a food (9). A food with
a GL of 10 or lower has been classified as a low-GL food,
whereas a food with a GL over 10 and below 20 has been
classified as a medium-GL food, and a food with a GL of 20 or
higher has been classified as a high GL food (10). The type of
carbohydrate (potato, bread, rice, etc.) and the food consumed
with carbohydrates affects glycemic indicators such as GI and GL
(11). Lee et al. (12) developed the estimated glycemic load model
(eGL) equation for Koreans, who mostly rely on mixed diets
rather than consuming a single food containing carbohydrate, to
address the complexity and inaccuracy of glycemic calculation
for mixed diets. Subsequently, the diets of Korean adults were
evaluated using the data from the Korea National Health and
Nutrition Examination Survey (KNHANES) and the developed
eGL prediction model, to verify the usefulness of the model
(13). As such, this study aims to review the validity of the
eGL prediction model calculated using a number of mixed
meal replacements.

MATERIALS AND METHODS

Research Design
The survey took from July 15 to September 21, 2019 at Kyung
Hee University and Kookmin University under the approval
of the Institutional Review Board of Kyung Hee University
Global Campus (approval number: KHGIRB-19-147, approval
date: June 26, 2019). Subjects were recruited through an open
call process and were briefed about the research process during
the first visit. Then, the research continued with the subjects
who, after reading the research subject manual, voluntarily
agreed to participate in the research and signed the research
subject consent form. The blood glucose levels of the subjects
were measured at 0min before food consumption, and 15, 30,
45, 60, 90, and 120min after consumption. All subjects were
provided with test food between 7 and 11 a.m., and the intake
was completed within 15min. The measurements were recorded
in a blood glucose measurement record sheet. The subjects
were arbitrarily divided into two groups, and were visited 13–
14 times throughout the research period to measure blood
glucose levels.

Subjects
The subjects were selected from healthy adults with normal
fasting blood glucose levels and no significant health-related
issues, aged between 20 and 45 years. They were recruited
by posting a call for subjects indicating the selection and
exclusion criteria at the universities. The exclusion criteria
included: history of diabetes in immediate family members;
chronic diseases or endocrine diseases such as thyroid diseases;
pathophysiological risk factors such as digestive disorders;
inability to go through self-blood glucose test using a blood
glucose tester due to psychological fear; body mass index (BMI)
of 25 kg/m² or higher (obesity) for Asian defined by World
Health Organization/International Association for the Study of
Obesity/International Obesity Task Force (WHO/IASO/IOTF)
(14). An oral glucose tolerance test (OGTT) was conducted
during the first visit, to screen out subjects with a fasting
blood glucose level of 100 mg/dL or higher and those with a
blood glucose level of 140 mg/dL or higher 2 h after consuming
glucose solution. In addition, subjects were excluded if they
failed to complete four baseline blood glucose response tests (two
with glucose solution, two with steamed white rice) or could
not continue participation due to health issues. In accordance
with the International Organization for Standardization (ISO)
standards (15), blood glucose tests were conducted only on
subjects who did not consume alcohol on the previous day,
maintained normal diet and sleep, and did not engage in
intense exercises on the morning of the visitation day. The
subjects were informed of this before each test. In addition,
tests were conducted after confirming whether the subjects did
not consume any food including water for at least 10 h. ISO
technical committees which suggest 10 subjects per food item is
recommended for measuring GI.

Research Method
Body Composition Analysis
During the first visit, the body components of the subjects on
empty stomach were measured using a body fat analyzer (InBody
270, InBody Co., Ltd.).

Baseline Blood Glucose Response Measurements
The ISO standards clearly specify the standard method for
determining the GI of a food. Reference foods were selected based
on the ISO standards, and the blood glucose curve response
of each subject was measured in advance. A reference food
is defined as a food with around 100 GI. In this study, all
subjects were instructed to consume the reference foods, and
their individual blood glucose response curves were measured.
Glucose, white bread, and rice have been proposed as reference
foods because they have more standardized carbohydrate content
than other foods, and show fewer fluctuations in GI values
(15, 16). In addition, the blood glucose response of a reference
food is expressed as the incremental area under the blood
glucose response curve (IAUC). It is recommended to conduct
at least In review two blood glucose response tests on a
separate day during the research period. In this study, the
following foods were selected as reference foods allowed under
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the above standards: glucose solution (dextrose, anhydrous, 50 g);
and steamed white rice (154 g, glucose content around 50 g),
which is a carbohydrate food enjoyed by most Koreans. Then,
two tests were conducted for each in accordance with the
ISO standards.

Food Consumption and Blood Glucose

Measurements
After the baseline blood glucose response tests, subjects
consumed the reference foods four times and different processed
foods nine to ten times. Each subject was visited 13–14 times.
Each food was consumed by eight different subjects, followed
by blood glucose measurements. Subjects measured their own
blood glucose levels using ACCU-CHEK Performa (Roche
Diagnostics Korea Co., Ltd) at 0min before food intake and
15, 30, 45, 60, 90, and 120min after food intake. Each subject
took his/her blood glucose measurements by washing the hands
before the test, completely removing moisture, disinfecting the
area with alcohol wipes, and then taking blood from the tip
of a finger using the needle of the tester. The subjects were
instructed to record their first blood glucose measurements.
During the test, the subjects were instructed to refrain from
water consumption. If a subject wanted, he/she was allowed
to consume 100mL or less of water. To rule out the effect of
blood glucose response, the subjects were instructed to sit and
refrain from speaking or making big movements during the
2-h measurement.

Test Food Selection
In order to validate the estimated eGL prediction model
developed in a previous study, this study selected 24 prediction
models in the market that contain carbohydrate (g), protein
(g), fat (g), and dietary fiber (g) based on the nutrient labels.

The 24 processed foods were selected to vary the carbohydrate,
processed food, fat, and dietary fiber contents. The selected foods
included: two types of bread (bulgogi croquette and sponge cake);
three types of calorie control foods (balance shake, sweet potato
health meal cold/hot, and tofu and lentil rice meal); two types
of cereals (cereal and whole-grain cereal); two types of In review
dumplings [dumplings with kimchi (frozen) and dumplings with
meat (frozen)]; three types of readymade rice [bibimbap (frozen),
fried rice with hamburger steak (frozen), and fried rice with
shrimp (frozen)]; a type of hot dog (cheese and sausage hot dog);
three types of noodles (cream past, spicy noodle, and tomato
pasta); two types of porridge (beef and mushroom rice porridge
and red bean porridge); a type of salad (corn salad); two types
of snacks (dried tofu snack and almond cookies); a type of
soup (button mushroom soup); and a type of tteokbokki (wheat
noodle tteokbokki). Each food was distributed between the two
subject groups. All foods were served after preparing them with
microwave ovens in accordance with the instructions indicated
on the food packaging.Table 4 lists the 24 processed foods energy
and nutrient values.

GI, GL, and eGL Equations
The blood glucose measurements were analyzed using Graphpad
Prism 8.3.0 to calculate their IAUCs. Then, GI (17) and
GL (5) were calculated using the IAUC values and the
following equations.

GI = IAUC after consuming the processed foods

÷ IAUC after consuming glucose solution × 100

GL = GI × available carbohydrate(carbohydrate

− dietary fiber)÷ 100

FIGURE 1 | Flow chart of study process.
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The carbohydrate, dietary fiber, prediction model, fat, and other
nutrient content in Table 3 were applied to the eGL prediction
model equation (13) to calculate eGLs.

eGL = a+ [b×
(

carbohydrate− dietary fiber
)

]− (c× fat)

− (d × protein× protein)− (e× dietary fiber

× dietary fiber)

Statistical Analysis
The validation of a prediction model hinges on how well the
model works for the subjects who did not participate at the
time of the model’s development (18). To validate the model,
the transportability of the model was assessed, followed by
an assessment of model calibration and discrimination based
on model performance. Model transportability assessment is
a method to verify whether the validity of the model can be
ensured with different subjects, research period, and research
organizations. It has been reported that transportability can be
only assessed in external validation but is not always included
in the assessment (19, 20). After the transportability assessment,
the performance of the model was assessed to understand
how suitable the prediction model is for application to new
subjects (21). First, through the transportability assessment,
the kai square test and the independent sample T-test were
used to verify the general characteristics of the two group
and the difference between the two groups in terms of the
factors included in the eGL prediction model. In addition, the
logistic regression analysis was used to calculate the regression
coefficients and standard errors of the factors included in the
model and verify their calibration. The calibration assessment
verifies how closely the values predicted using a prediction
model match the observed values. The discrimination assessment
indicates how the observed values and the predicted values are
discriminated in sub-groups, not the overall subjects. In the
calibration assessment, the subjects were classified based on
their genders, BMIs, and body fat for the Hosmer-Lemeshow
goodness-of-fit test. Lastly, the eGLs, the observed Gls, and the
area under a receiver operating characteristic curve (AUROC)
were used to calculate the confidence interval and confirm
the model’s discrimination. Then, the IAUC, GI, GL, and eGL
values measured from the subjects were expressed as means and
standard deviations (SD). In addition, the Pearson correlation
analysis was used to see whether the observed Gls are correlated
with the eGLs. In addition, the simple linear regression analysis
was used to numerically confirm the effect of various variables on
the GL-eGL correlation. All collected data were analyzed using
IBM SPSS Statistics version 25, and the findings were tested for
significance at a significance level of p < 0.05.

RESULTS

General Characteristics of the Subjects
For this study, 24 subjects were recruited that fit the selection
criteria through an open call process. Four of themwere excluded
during the first using through an OGTT, and the research was
conducted on the remaining 20 subjects (Figure 1). Table 1

TABLE 1 | Comparison of characteristics between validation subjects and

development subjects for eGL prediction model.

Current

validation study

Previously

developed eGL

prediction

modelc

P-value

Characteristics of

subjects

N 20 34

Data collection time July to September,

2019

April to August,

2017

Men (%) 50 50 0.364

Age 24.3 ± 1.98 23.2 ± 2.11 0.052

Height (cm) 169.0 ± 7.69 168.6 ± 7.27 0.841

Weight (kg) 62.7 ± 9.10 64.8 ± 11.68 0.487

BMI (kg/m2)a 21.8 ± 1.92 22.7 ± 3.44 0.289

Skeletal muscle mass (kg) 27.4 ± 6.32 26.9 ± 6.27 0.749

Percent body fat (%) 22.0 ± 7.69 21.3 ± 9.33 0.762

Waist-hip ratio 0.8 ± 0.04 0.8 ± 0.05 0.392

Basal metabolism (kcal) 1,431.9 ± 221.15 1,416.4 ± 221.95 0.805

/blood glucose (mg/dL) 92.8 ± 4.78 92.7 ±5.05 0.866

Estimated regression

coefficient

N 192 239

Available carbohydrateb 37.9 ± 17.65 47.6 ± 20.32 0.000

Fat 10.2 ± 8.14 9.4 ± 6.27 0.249

Protein 8.5 ± 5.81 11.6 ± 6.47 0.000

Fiber 2.8 ± 2.86 4.6 ± 3.34 0.000

Characteristics of subjects represent M ± SD.
aBody Mass Index.
bTotal carbohydrate-dietary fiber.
cLee (22).

indicates the general characteristics of the subjects and the mean
nutrient contents of the foods used for the study. Each item is
indicated in both the mean and the SD. The subjects consisted
of 20 healthy adults (ten men, ten women). The mean BMI was
at normal weight category at 21.8 ± 1.92 kg/m². The waist-hip
ratio of the subjects was 0.8 ± 0.0, which is within the normal
level (cut-offs of waist–hip ratio for the risk for abdominal obesity
is male≥0.90, female≥0.85) (23). The subject’s mean fasting
blood glucose (measured after 10 h of fasting or longer) was
within the normal range at 92.8 ± 4.78 mg/dL. The available
carbohydrate, fat, protein, and fiber in all test foods used in the
study were 37.9 ± 17.65 g, 10.2 ± 8.14 g, 8.5 ± 5.81 g, and 2.8 ±
2.86 g, respectively.

eGL Prediction Model Transportability
Table 1 shows the transportability assessment results of the eGL
prediction model. There was no difference in terms of height
(cm), weight (kg), BMI (kg/m2), skeletal muscle mass (kg),
or percent body fat (%) between the subjects for validation
and the subjects at the time of the model’s development. On
the other hand, the 24 foods selected for this validation study
had significantly different nutrient contents from the 32 foods
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TABLE 2 | Hosmer-Lemeshow goodness of fit test and ROC curve for eGL

prediction model.

H-L test C-statistic (95% CI)

x² P

Overall 11.607 0.160 0.571 (0.400–0.741)

Gender Men 7.655 0.468 0.521 (0.052–0.991)

Woman 9.427 0.308 0.589 (0.420–0.757)

BMI (kg/m2 )a ≤23 (normal) 16.498 0.036 0.564 (0.400–0.727)

>23 (overweight, 7.571 0.476 0.564 (0.068–1.000)

obesity)

Percent body Average 11.608 0.170 0.543 (0.362–0.724)

fat (%) above average 1.088 0.998 0.783 (0.672–0.894)

aBody Mass Index.

TABLE 3 | Relationships between means of GL and eGL for available processed

food.

GL eGL

GLa Pearson’s correlation 1 0.712**

P-value – 0.000

eGLb Pearson’s correlation 0.712** 1

P-value 0.000 –

**Values are significant in both sides (P < 0.01).
aGlycemic index.
bGlycemic load.

selected for the model development, except for fat (10.2 vs. 9.4 g,
p = 0.000). Specifically, the foods used for this validation study
had less protein than the foods used for model development (8.5
vs. 11.6 g, p = 0.000), less fiber (2.8 vs. 4.6 g, p = 0.000), and less
carbohydrate (37.9 vs. 47.6 g, p = 0.000). The logistic regression
analysis confirmed that the regression coefficient included in the
eGL prediction model matched the coefficient at the time of the
model’s development (Table 1).

Calibration and Discrimination
Assessments for the eGL Prediction Model
The Hosmer-Lemeshow goodness-of-fit test for calibration
assessment and the AUROC test for discrimination assessment
resulted in the findings listed in Table 2. Across all subjects, the
x2 value was 11.607 and the p-value was 0.160. Between genders,
the men reported an x2 value of 7.655, and a p-value of 0.468,
whereas the x2 value was 9.427 and the p-value was 0.308 for the
women. As for BMI, the x2 value was 16.498 and the p-value was
0.036 in people with normal BMIs (18.5–23 kg/m2), whereas the
same values were 7.571 and 0.476 among overweight and obese
people (BMI exceeding 23 kg/m2). As for percent body fat (%),
the x2 value was 11.608 and the p-value was 0.170 among subjects
with standard body fat, and the same values were 1.088 and 0.998
among people with higher than standard body fat (Table 2).

The discrimination of the model was assessed using the
observed GL values, the eGL values from the prediction model,
and the AUROC, at a confidence interval of 95%. The AUROC
for all subjects was 0.571 (95% CI = 0.400–0.741), and 0.521 for

men (95% CI = 0.052–0.991) and 0.589 for women (95% CI =
0.420–0.757). As for BMI, the AUROC was 0.564 (95% CI =

0.400–0.727) in the 23 kg/m2 or lower group (normal weight),
which was the same for subjects with BMIs exceeding 23 kg/m2

(overweight). As for percent body fat, the AUROC was 0.543
(95% CI = 0.362–0.724) and 0.783 (95% CI = 0.672–0.894),
respectively. The AUROC was the highest among participants
with standard or higher percent body fat, and lowest among male
subjects at 0.521 (Table 2).

Correlation Between GL and eGL
Table 3 summarizes the findings on the GL-eGL correlation of
the 24 fast foods. The correlation coefficient was statistically
significant at 0.712 (p < 0.01), indicating a strong positive
correlation. Figure 2 indicates the simple regression analysis
results for GL and eGL of the 24 processed foods. According to
the simple regression model, measure GL = −9.27 + 1.64 ×

estimated GLmeasured GL. The findings were significant at a p
< 0.001 significance level. The eGL was found to explain 50.7%
of the measured GL. In other words, when eGL increases by 1,
actual GL increases by 1.637 (Table 3).

GI and GL by Food
Table 4 lists the IAUC, GI, GL, and eGL calculated based on
the dietary intake and nutrient contents of the processed foods
used in the study and the blood glucose measurements. Among
the 24 food products, 15 products were low-GI foods (GI ≤

55), three products were high-GI foods (GI ≥ 70), and the
other six products were medium-GI foods (55 < GI < 70).
The low-GI foods were: two bread products (bulgogi croquette
and sponge cake); one hot dog product (cheese and sausage
hot dog); three noodle products (cream pasta, spicy noodle, and
tomato pasta); one salad product (corn salad); one shake product
(balance shake); one soup product (button mushroom soup); and
one tteokbokki product (wheat noodle tteokbokki). Bibimbap
(frozen), fried rice with shrimp (frozen), and cereals were high-
GI foods. Among the 24 food products, six products were low-GL
foods (GL≤ 10), 12 products were high-GL foods (GL≥ 20), and
the other six products were medium-GL foods (10 < GL < 20).
Button mushroom soup, corn salad, spicy noodle, balance shake,
cheese and sausage hot dog, and sponge cake were low-GL foods
(Table 4).

Table 5 summarizes the classifications based on GI and GL
measurements from the foods selected for this study. Corn salad,
button mushroom soup, spicy noodle, balance shake, cheese and
sausage hot dog, and sponge cake were classified as low-GI and
low-GI foods. Beef and mushroom rice porridge and whole-grain
cereal were classified as medium-GI and medium-GL products.
Bibimbap (frozen), fried rice with shrimp (frozen), and cereals
were high-GI and high GL foods. Low-GI and high-GL foods
included cream pasta, almond cookies, tomato pasta, fried rice
with hamburger steak (frozen), and wheat noodle tteokbokki.
Medium-GI and high-GL foods were dried tofu snack, red bean
porridge, dumplings with meat (frozen), and tofu and lentil
rice meal.

Frontiers in Nutrition | www.frontiersin.org 5 May 2022 | Volume 9 | Article 892403195

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Lee et al. Glycemic Load for Fast Foods

FIGURE 2 | Relationships between means of measured glycemic load (GL) and estimated glycemic load (eGL) for available processed food by simple linear

regression. Regression were made for all test meals (• and - : R² = 0.507, P = 0.000). Values of parameter estimation.

DISCUSSION

This study was conducted to validate the eGL prediction model
developed in a previous study (12) by commercially available
fast foods with a more diverse nutrient content, assessing
the model’s prediction model and performance, and using
correlation analysis. The transportability assessment showed that
the subjects at the time of model development had different
characteristics from those of this validation study. Therefore, the
model can be described as transportable. As for the performance
assessment of the eGL model across all subjects, the calibration
assessment found the good fit of the model. The discrimination
of the prediction model was assessed at 0.571 (95% CI: 0.400–
0.741). Although it is not highly accurate, as the value exceeds 0.5,
the finding indicates the possibility of validating the performance
and stability of the prediction model. The correlation analysis
between the observed GL and the eGL across the 24 fast foods
used in this study found a correlation coefficient of 0.712 and
statistical significance at a significance level of 0.01, which
indicates a strong positive correlation. The finding suggests that
it is appropriate to use the eGL prediction model to predict GL.

The transportability of the prediction model was analyzed
based on the research data at the time of the model’s
development. As widely recommended for transportability
assessment, the characteristics of the validation subjects and
those of the development subjects were directly compared (21).

The body measurement items of the validation subjects and the
development subjects were not significantly different, which can
be attributed to the fact that healthy subjects with less blood
glucose response fluctuations were selected for both studies for
higher accuracy, as typically recommended for blood glucose
studies (16). However, the available carbohydrate, protein, and
fiber content were different between the development study
and this validation study, which indicates the generalizability
of the developed model. Therefore, the model can be described
as transportable.

The x2 values from the Hosmer-Lemeshow test indicate
the goodness-of-fit of the model, which shows the congruence
between the actually observed dependent variables and the
predictions from the model (18). An x2 value close to 0 indicates
a higher level of goodness-of-fit. The model is statistically
significant if the significance probability is higher than a
significance level of 0.05(24, 25). Across all subjects, the x2

value was 11.607 and the p-value was 0.160, indicating that the
prediction model is a good fit with the observed values. Between
genders, the men reported an x2 value of 7.655, and a p-value
of 0.468, whereas the x2 value was 9.427 and the p-value was
0.308 for the women. The observed GLs were congruent to the
eGLs under both classifications, however, men group had higher
level of goodness-of-fit than women. As for BMI, the x2 value
was 16.498 and the p-value was 0.036 in people with normal
BMIs (18.5–23 kg/m2), which means the prediction model was
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TABLE 4 | Nutrient values, IAUC, GI, GL, and eGL values of fast foods used in this study.

Category Food name (kcal/serving) Carbohy-

drate

(g)

Dietary

fiber (g)

Protein

(g)

Fat (g) IAUCa GIb GI sort GLc GL sort eGL

Bread Bulgogi croquette (220 kcal/80 g) 25 2 9 10 1,843 ± 775 52 ± 29 Low 12 ± 7 Med 13

Sponge cake (105 kcal/30 g) 18 0 2 2.8 1,636 ± 412 44 ± 11 Low 8 ± 2 Low 13

Calorie controlled Balance shake (230 kcal/60 g) 31 9 20 5 1,304 ± 758 35 ± 18 Low 8 ± 4 Low 10

meal Sweet potato healthy meal (Cold)

(185 kcal/150 g)

34 0 4 3.8 2,767 ± 969 52 ± 23 Low 18 ± 8 Med 19

Sweet potato healthy meal (Hot) (185

kcal/150 g)

34 0 4 3.8 2,348 ± 1,077 42 ± 17 Low 14 ± 6 Med 19

Tofu lentil-rice meal (340 kcal/210 g) 50 0 19 8 2,503 ± 816 68 ± 28 Med 34 ± 14 High 22

Cereal Cereal (150 kcal/40 g) 35 0 2 0 3,026 ± 976 83 ± 37 High 29 ± 13 High 20

Whole-grain cereal (169 kcal/40 g) 30 1.9 2.9 4.7 2,514 ± 612 69 ± 25 Med 19 ± 7 Med 16

Dumpling Dumplings with kimchi; frozen (407.5

kcal/220 g)

40 5.5 15.5 22.0 1,749 ± 713 31 ± 12 Low 11 ± 4 Med 13

Dumplings with meat; frozen (467.5

kcal/200 g)

50 1.5 19.5 21.5 3,643 ± 1,172 58 ± 12 Med 28 ± 6 High 18

Easy cooked rice Bibimbap; frozen (315 kcal/217 g) 58 7 6 8 4,406 ± 2,319 73 ± 36 High 37 ± 18 High 24

Fried rice with hamburger steak;

frozen (535 kcal/275 g)

69 7 14 24 3,258 ± 1,103 52 ± 13 Low 32 ± 8 High 24

Fried rice with shrimp; frozen (375

kcal/225 g)

63 2 7 11 3,880 ± 1,299 74 ± 26 High 45 ± 16 High 28

Hot dog Cheese and sausage hot dog (230

kcal/80 g)

28 2 6 11 1,885 ± 518 35 ± 10 Low 9 ± 3 Low 14

Noodle Cream pasta (560 kcal/331.2 g) 58 2 16 30 1,429 ± 413 37 ± 7 Low 21 ± 4 High 20

Spicy noodle (135 kcal/186.5 g) 25 2 1 3.7 1,127 ± 550 31 ± 14 Low 7 ± 3 Low 15

Tomato pasta (290 kcal/270 g) 53 4 10 5 1,901 ± 809 55 ± 34 Low 27 ± 17 High 24

Porridge Beef and mushroom rice porridge

(155 kcal/250 g)

26 3 7 13 2,451 ± 700 65 ± 19 Med 15 ± 4 Med 12

Red bean porridge (205 kcal/250 g) 46 10 9 0.5 2,589 ± 1,325 68 ± 35 Med 24 ± 13 High 19

Salad Corn salad (100 kcal/115 g) 18 3 2 4.8 1,172 ± 315 23 ± 8 Low 4 ± 1 Low 11

Snack Almond cookies (420 kcal/80 g) 48 0 8 22 1,757 ± 939 47 ± 28 Low 23 ± 14 High 20

Dried tofu snack (310 kcal/65 g) 36 0 6 16 2,445 ± 554 67 ± 25 Med 24 ± 9 High 17

Soup Button mushroom soup (165

kcal/190 g)

13 2 4 11 1,135 ± 194 31 ± 11 Low 3 ± 1 Low 8

Tteokbokki Wheat noodle tteokbokki (430

kcal/140 g)

91 3.3 11.1 3 2,716 ± 1,134 50 ± 17 Low 44 ± 15 High 39

Values of IAUC, GI, GL represent M ± SD.
a Incremental area under the blood glucose response curve.
bGlycemic index.
cGlycemic load.

In the GI sort, low GI foods (GI ≤ 55) were shown as “Low,” moderate GI foods (55 < GI < 70) as “Med,” and high GI foods (GI ≥ 70) as “High”.

In the GL sor, low GL foods (GL ≤ 10) were represented as “Low,” moderate GL foods (10 < GL < 20) as “Med,” and high GL foods (GL ≥ 20) as “High”.

not statistically significant. The same values were 7.571 and 0.476
among overweight and obese people (BMI exceeding 23 kg/m2),
indicating that the model is a good fit. As for percentage of body
fat, the predictionmodels were found to be statistically significant
in both groups. However, Percent body fat above average group
had higher goodness-of-fit in the prediction models than percent
body fat average group according to x2.

It has been suggested that an AUROC of “0.5 or higher and
below 0.7” indicates low accuracy, “0.7 or higher and below
0.9” indicates medium accuracy, and “0.9 or higher and below
1.0” indicates high accuracy. A higher AUROC value indicates
a higher level of discrimination (21, 26). The AUROC for all

subjects was 0.571 (95% CI = 0.400–0.741), which indicates low
discrimination accuracy at 57.1%. The discrimination accuracy
was similar between the two genders: 52.1% for men and 58.9%
for women. As for the classifications based on BMI, in both
below 23 or above 23, discrimination accuracy was at 56.4%.
As for percent body fat, the group with standard body fat
reported a discrimination accuracy of 54.3%, whereas it was
78.3% for the subjects with higher-than-standard body fat. The
prediction model was found to be less accurate across all subjects,
and consistent findings were observed across genders, BMI
groups, and body fat groups. The AUROC assessment found a
discrimination accuracy exceeding 0.5 across all classifications,
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TABLE 5 | Classification between measured GI and GL for one serving of provided food.

GI classification

Low

(GI ≤ 55)

Medium

(55 < GI < 70)

High

(GI ≥ 70)

GL classification Low

(GL ≤ 10)

Button mushroom soup

Corn salad

Spicy noodle

Balance shake

Sponge cake

Cheese and sausage hot dog

– –

Medium

(10 < GI < 20)

Dumplings with kimchi; frozen

Bulgogi croquette

Sweet potato healthy meal (Hot)

Sweet potato healthy meal (Cold)

Beef and mushroom rice

porridge

Whole-grain cereal

–

High

(GI ≥ 20)

Cream pasta

Almond cookies

Tomato pasta

Fried rice with hamburger steak;

frozen

Wheat noodle tteokbokki

Dried tofu snack

Red bean porridge

Dumplings with meat; frozen

Tofu lentil-rice meal

Cereal Bibimbap; frozen

Fried rice with shrimp;

frozen

which confirms that the performance and stability of the
prediction model can be discriminated across all classifications.

The correlation coefficient between GLs and eGLs
measured from the 24 processed foods was statistically
significant at 0.712 (P < 0.01), indicating a strong positive
linear relationship. Kim et al. (27) applied foods’ nutrient
contents and GL measurements to the GL to compare
GL and eGL values. They found a correlation coefficient
of 0.866 indicating a strong and statistically significant
(p < 0.01) positive correlation. The findings suggest
that GL measurements can be predicted by applying
the nutrient contents from other previous studies to the
eGL model.

Assuming that the classifications for eGL are the same as the
GL classifications, balance shake and button mushroom soup
were classified as low-GL foods. They were also classified as
low-GL foods in the estimated GL prediction model. Bulgogi
croquette, sweet potato healthy meal (cold/hot), whole-grain
cereal, dumplings with kimchi (frozen), and beef and mushroom
rice porridge were found to have medium GL. These foods
were also classified as medium-GL foods in the estimated GL
prediction model. Tofu and lentil rice meal, cereal, bibimbap
(frozen), fried rice with hamburger steak (frozen), fried rice with
shrimp (frozen) cream pasta, tomato pasta, almond cookies, and
wheat noodle tteokbokki were found to have high GL. These
foods were also classified as high-GL foods in the estimated
GL prediction model. Sweet potato healthy meal (cold/hot),
dried tofu snack, and cereals were found to have different
GIs depending on their protein, fat, and fiber content, despite
the fact that their carbohydrate contents are similar. These
findings are similar to those reported by Sun et al. (28),
who reported that consuming white rice, oil 30 g, chicken
protein 20 g, and vegetable 120 g results in lower blood glucose
response and GI than consuming white rice (with available

carbohydrate of 50 g). The findings are also similar to those
reported by Quek et al. (29), who reported a significant decline
in blood glucose response when consuming white rice with tofu
(bean protein).

High-GI and high-GL foods are digested and absorbed faster
and create faster blood glucose response, resulting in a rapid
increase in early blood glucose levels (30). Therefore, caution
is advised when consuming these foods. In addition, the GI
≤ 55 and 55 < GI < 70 sections and the GL ≤ 10 and
10 < GL < 20 sections indicate low-GI foods, low-GL foods
(3), and medium-GL/medium-GI foods, which are characterized
by slower digestion and absorption and slower blood glucose
response, and can be safely consumed.

The findings of this study confirmed a strong correlation
between eGL values and GL measurements based on available
carbohydrate, protein, fat, and fiber. This suggests that GL
values can be predicted using the eGL prediction model and
food nutrient contents, instead of repeatedly taking blood
glucose measurements. As such, the model is expected to
contribute to facilitating GL measurement. The model is
expected to be particularly helpful for Koreans by providing
quantitative and qualitative information on carbohydrate intake.
Our model provides accurate information on the GLs of
the foods recently preferred by Koreans, who tend to eat
out more and consume more fast foods. The information
will be useful for patients and people requiring weight
control, and contribute to prevention and management of
chronic diseases.

As for the limitation of this study, first, although using finger-
prick glucose test is a well-established procedure, used widely
in hospitals as a standard practice, there is still a possibility of
low accuracy by measuring blood sugar by self-blood glucose
meter. Second, the subject criteria for the validity verification
study and the subject criteria at the time for the development of
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the prediction model were similar, which is not the best choice
for an external feasibility study.

To our knowledge this is the first study not only in Korea, but,
also globally that suggest a simplified blood glucose prediction
model. This equation, especially, may serve as a convenient blood
glucose management method for diabetic patients, people with
impaired glucose tolerance, and people seeking prevention and
management of chronic diseases. We can assure that this model
facilitates GL prediction, and promotes understanding of blood
glucose control among people in need of, or interested in, blood
glucose control, and helps people with their food choice and
health management in general.

CONCLUSION

With the increase of consumers purchasing fast foods
compared to home-cooked meals, the findings of this study
suggest that this prediction model will greatly contribute to
healthy food choices because it allows customers to predict
blood glucose responses based on the readily available
nutrient label.
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Providing a growing global population with healthy and sustainable diets is an immediate

challenge. In the current study, estimates were obtained for the environmental footprints

(land, water, and greenhouse gas (GHG) emissions) in association with the Mediterranean

diet (MED) and the EAT-Lancet reference diet, which represents a healthy diet derived

from sustainable food systems. We used a newly developed Sustainable Healthy Diet

(SHED) index that was validated for the Israeli population by Tepper et al. in 2020.

Methods: A group of 525 participants were recruited via social media, email, and

phone. Demographic characteristics, quality of life, and answers to the SHED-index

questionnaire were obtained. Dietary assessment was performed using the 116-

item Food Frequency Questionnaire (FFQ), which was developed for the Israeli

population. Adherence to the MED was calculated using a 9-point score. Adherence

to the EAT-Lancet reference diet was assessed through the consumption of 14 food

components. The environmental pressure of these dietary patterns was determined

based on the “footprint family indicators,” which include land, water, and carbon

footprints per unit of agricultural and food products. We assigned values for each food

comprising the FFQ and calculated the environmental load for each dietary pattern.

Statistical analyses were performed using the R package version 4.1.1 to compare

environmental footprint values according to tertiles of the MED score, EAT-Lancet score,

and SHED score.

Results: The participants (n = 525) were 49% women, educated (82% had academic

education), and physically active, and only 13% were smokers. The highest tertiles of

adherence to the MED, adherence to the EAT-Lancet reference diet, and the SHED index

were associated with the lowest GHG emissions and land use, as well as higher water

use. Meat consumption contributed the most to land use, while dairy contributed the

most to GHG emissions, and fruits contributed the most to water use.

Conclusions: Our analysis reveals that animal protein is the highest contributor to

GHG emissions and land use, while fruits and vegetables contribute the most to

water consumption. Nevertheless, most of the fruits and vegetables are grown using
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treated wastewater, which reduces environmental pressure. Given these findings, we

suggest that MED and EAT-Lancet dietary patterns should be included in national

dietary guidelines.

Keywords: sustainable diets, environmental footprints, EAT-Lancet, Mediterranean diet, sustainable food system

INTRODUCTION

The scientific interest in food consumption has evolved in recent
decades, given its social and human health implications, direct
and indirect pressure on domestic and global environmental
systems, and contribution to the wellbeing of individuals
and societies (1, 2). A sustainable food system ensures food
security and nutrition for all while considering present and
future economic, social, and environmental implications (2, 3).
Nevertheless, providing a growing global population with healthy
and sustainable diets is an immediate challenge (1, 3).

The Mediterranean diet (MED) is well known for its health
benefits and has been identified for its environmental benefits
as well (4). The diet is characterized by a high intake of
plant-based foods; moderate to high intake of fish; moderate
to low consumption of poultry, meat, and dairy; high intake
of monounsaturated fatty acid (mainly from olive oil); and a
moderate amount of wine (1–2 portions per day). As such, the
MED’s use of natural resources and environmental footprint have
been revealed to be low (4, 5). The EAT-Lancet Commission
has defined a reference “planetary health diet” based on both
sustainability and health. The diet outlines a combination of
food groups and ranges of food intake that could optimize
human health and the environment (6). In a previous study,
the Sustainable and Healthy Diet (SHED) index was developed
and validated against both the MED and EAT-Lancet reference
diet, which are both considered healthy and sustainable dietary
regimens (7).

However, as dietary patterns are shaped by combined social
and environmental factors, there is a need to examine not only
recommended diets, but also those that are actually practiced,
which is critical for advancing healthy and sustainable diets. Few
recent studies have examined actual consumption patterns of
individuals, households, and societies, their socio-demographic
drivers, and their environmental and health implications (4,
5). One of these studies was performed among Italian adults
and suggested that the adoption of healthy dietary patterns
involves less use of natural resources and greenhouse gas (GHG)
emissions (4). Similar results were shown among graduate
students in Spain (5).

This paper joins this emerging direction of research in
analyzing actual consumption patterns and exploring the gap
between recommended diets and actually practiced ones, as well
as the implications for the environmental impact of consumption
of such diets. To this end, the study explores the differences
in the environmental footprint (land, water, and GHGs) of
different consumed diets based on local life cycle assessment
(LCA) analysis, including unique aspects of the food system
in Israel. For this purpose, we created an integrated database
within the Food Frequency Questionnaire (FFQ), which includes

environmental coefficients for environmental footprints. We
analyzed our results with respect to the SHED index (7), the
MED (4), and the EAT-Lancet dietary patterns (6) and evaluated
the contribution of specific food groups to the environmental
footprints using population-based cross-sectional data.

METHODS

Study Population
Using social media, email, and phone calls, we recruited 525 men
and women aged 20–66 years during 2018–2020. We approached
predefined subpopulations such as vegans and vegetarians;
people identifying as secular; rural and urban participants; and
individuals with various environmental orientations. Culturally,
the population of Israel consists of Jewish populations (the
majority) and non-Jewish populations (Muslims, Christians, and
Druze), which each have unique dietary consumption patterns.
Therefore, the survey includes representation of both Arab and
Jewish participants. Using data from the Central Bureau of
Statistics in Israel, we aimed to obtain a representative sample
of these subpopulations. Once achieving a representative sample
for a specific sector, further respondents from this sector were
excluded during phone interviews. Participants received the
equivalent of 10 USD for completing the questionnaire.

SHED Index
The SHED index is a newly developed, validated index
that uses a 30-item questionnaire to assess healthy and
sustainable individual diets. The score reflects the nutritional,
environmental, and sociocultural aspects of sustainable diets (7).
Responses to the items regarding sustainable and healthy eating
are recorded on a Likert scale of 1–4. Items are ranked from
“Almost never true” to “Almost always true” or from “Never” to
“Most of the time.” Data on the consumption of beverages and
pre-prepared meals are recorded on a scale of six frequencies
from “Never” to “Daily.” Finally, participants are asked to
rate the proportion of plant-based foods in their entire diet
on a scale of 0–100%. The questionnaire includes information
on demographics, lifestyle, location of food purchases, and
frequency of food preparation.

Dietary Assessment
Dietary assessment was performed using the 116-item FFQ,
which was developed for the Israeli population. The development
and validation process of this questionnaire are described in
detail elsewhere (8). The questionnaire is updated annually using
a database from the Israeli Ministry of Health (MOH). The
MOH data are obtained from the changes and reformulations
of food composition and consumption by the Israeli population.
For the current study, an updated version from 2018 was used.
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Briefly, the FFQ includes 116 food items with nine frequency
options ranging from “never or less than once monthly” to “six
or more times daily.” The questionnaire is semi-quantitative,
and a standard portion size is described for each food item.
The portion-size estimates are based on information from the
MOH. Participants are asked to report their average frequency of
consumption during the past year. The questionnaire was self-
administered electronically, thus ensuring completeness of the
data as a participant could not complete the questionnaire if an
item is not answered.

Mediterranean-Diet Score
Adherence to the MED was calculated according to a 9-point
score created by Trichopolou et al. (9). For each of the nine
components except for alcohol, a value of 0 or 1 is assigned.
The units of measurements are serving sizes, and the sex-specific
medians of intake of the sample are used as cutoff points. One
point is assigned for consumption that is above the median
for each of the six protective components (fatty acid ratio,
legumes, grains, fruits, vegetables, and fish), and one point is
assigned if intake is below the median for the two non-protective
components (dairy products and meat). For alcohol, one point
is assigned for the mean consumption of 10–50 g/d for men and
5–25 g/d for women.

A score of 9 reflects maximum adherence, indicating that
the participant meets all the characteristics of the MED.
Based on a sensitivity analysis, we constructed three levels of
adherence scores. Low adherence was defined as 0–3 points,
medium adherence was 4–6 points, and high adherence was 7–9
points (10).

EAT-Lancet Score
The EAT-Lancet score was calculated based on the calculation
created by Kesse-Guyot et al. (11). This calculation is based on
the components and cutoff of the EAT-Lancet diet that have
been suggested by Willett et al. (6) regarding the consumption
of the following 14 food components: whole grains, tubers and
starchy vegetables, vegetables, fruits, dairy foods, beef/lamb/pork,
poultry, eggs, fish, legumes, nuts, saturated fat, unsaturated
fat, and added sugars. The score was computed using the
following equation:

Eat − Lacent score =

100×

{

∑14
component i= 1 ai×

(

cut−of fi−
consumptionij∗ 2500

Energy consumptionj

)}

cut−of fi

14

i refers to the 14 food groups, j is the individual participant in
the study, ai = 1 for a component to limit, and ai = −1 for a
component to promote.

Demographics and Quality of Life
Socio-demographic and lifestyle data included age, sex,
employment status, marital status, academic education, area
of residence (degree of urbanization), religious identification,
crowding (individuals per room), smoking status, level of
physical activity, and weight status. Weight status was self-
reported as underweight, normal weight, overweight, or obese.
Most of these variables were classified as binary variables
and reported as percentages. Health-Related Quality of Life

(HRQOL) was measured according to the CDC’s wellbeing
tool and included—“unhealthy days,” indicating compromised
physical or mental health in the last month, as well as self-rated
general health.

Data Collection of Dietary Consumption
and Eating Patterns
Survey data were collected using a web application (Qualtrics

software, version XM©, Provo, UT, USA. https://www.qualtrics.
com). This application reduces missing data. Skipping questions
is possible only with pre-definition and was allowed for only
items that were decided in advance. The data were extracted in
a CSV format and subjected to statistical analysis.

Assigning Environmental Footprints Values
The environmental loads of the studied diets were based
on the “footprint family indicators.” These indicators have
been described as “a set of indicators, characterized by a
consumption-based perspective, able to track human pressures
on the surrounding environment, where pressure is defined
as an appropriation of biological natural resources and CO2

uptake, emission of GHGs, and consumption and pollution of
global freshwater resources” (12). It can be used to identify and
assess environmental loads associated with a process, product,
or system and allows for examination of potential bio-physical
tradeoffs from proposed policy or other measures (12–14). The
footprint family indicators of land, water, and carbon footprints
per unit of agricultural and food products were analyzed, which
required the integration of several kinds of data from different
sources. In the following, we describe key data sources and
present the calculation procedure for each biophysical indicator.

Land Footprint
The LF included the agricultural land area (m2) required for
growing a unit (kg) of a commodity consumed in Israel.
The analysis used data on dozens of crops and processed
products from FAOstat (13) to allocate a country’s food supply.
The allocation procedure first converts processed products
and livestock items to primary crop equivalents. Data on
commodities grown locally were obtained from FAOstat data,
and a bilateral trade matrix was constructed for each crop
imported over the last decade. A full description of the data
and procedures is available from previous studies (14, 15).
Concordance tables and conversion factors used in this analysis
are provided as supplementary information.

Water Footprint
The analysis of the water demand for each of the food
items included in the research was performed using a
database on virtual water (16). The analysis was done
using the trade matrix described above to identify domestic
and imported food items. The water footprint presented
in this research focused on blue water (i.e., irrigation
water in cubic meters per ton) in different regions of
the world related to the supply of food for consumption
in Israel.
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TABLE 1 | Characteristics of the study population according to tertiles of the Sustainable and Healthy Eating (SHED) Index score.

SHED tertiles

Characteristic Overall, N = 525a Lowa Mediuma Higha p-valueb

Age (years) 32 (10) 30 (8) 32 (10) 35 (10) <0.001

Gender (women) 259 (49%) 54 (31%) 86 (49%) 119 (68%) <0.001

Married 259 (49%) 78 (45%) 89 (51%) 92 (52%) 0.4

Employed 396 (76%) 133 (77%) 126 (72%) 137 (78%) 0.4

People per room 0.85 (0.34) 0.88 (0.34) 0.86 (0.37) 0.82 (0.30) 0.2

Education (academic) 432 (82%) 129 (75%) 150 (86%) 153 (87%) 0.004

Smoking 66 (13%) 30 (17%) 21 (12%) 15 (8.5%) 0.043

Physical activity (minutes/week) 161 (155) 127 (152) 169 (155) 186 (152) <0.001

Self- rated poor healthc 18 (3.4%) 7 (4.0%) 7 (4.0%) 4 (2.3%) 0.6

Sum of unhealthy daysc 4.5 (6.0) 4.6 (6.2) 4.7 (6.2) 4.3 (5.6) 0.8

Weight statusd 0.059

Normal 332 (63%) 98 (57%) 107 (61%) 127 (72%)

Obese 42 (8.0%) 14 (8.1%) 17 (9.7%) 11 (6.2%)

Overweight 146 (28%) 58 (34%) 51 (29%) 37 (21%)

Eating pattern <0.001

Flexitarian 78 (15%) 9 (5.2%) 22 (12%) 47 (27%)

High animal-based food 77 (15%) 39 (23%) 21 (12%) 17 (9.7%)

Omnivore 312 (60%) 121 (70%) 124 (70%) 67 (38%)

Vegetarian/vegan 56 (11%) 3 (1.7%) 9 (5.1%) 44 (25%)

aMean (SD); n (%). SHED tertile values: tertile 1: SHED<17, tertile 2: 17≤SHED <27.9, tertile 3: SHED ≥27.9.
bKruskal-Wallis rank sum test; Pearson’s Chi-squared test; Fisher’s exact test.
cSummary from Health-Related Quality of Life (HRQOL) questions—unhealthy days with compromised physical or mental health in the last month and self-rated general health.
dSelf-reported weight status.

Carbon Footprint
The CF of each commodity was calculated by incorporating
carbon dioxide, nitrous oxide, and methane emissions along
the commodity chain for one ton of food consumed in Israel.
The results are presented in CO2 equivalents (CO2e) using
factors of 1 kg CO2/kg CO2, 310 kg N2O/kg CO2, and 21 kg
CH4/kg CO2 (17). The related emissions integrated two types of
data sources. The first followed detailed carbon-footprint review
studies, including one by Heller et al. (18), and the second
relied on a series of studies based on life-cycle assessments
(LCAs) in Israel [e.g., for beef (19), poultry (16), dairy (20),
peppers (21), and dates (22)]. In addition, this study also used
relevant data for other domestically grown commodities that are
now under review and preparation (tomatoes, grapes, avocadoes,
and others).

The environmental load values were integrated together into
the FFQ to calculate LF, WF, and CF for the questionnaire.
Since the survey was designed for nutritional assessment,
several nutritionally comparable food items were grouped in
the FFQ, along with recipes that were added. In order to
assign environmental load values, these groupings and recipes
were disaggregated into the original list of 507 food items
that originate from the MABAT survey (23). As a result of
the integration between the environmental load and dietary
intake and quality, each line in the FFQ includes macro
and micronutrients and the associated environmental loads of
these items.

The total environmental loads for each participant’s diet
were assessed using the weights of each food item and
frequency of consumption. We summed the values of all
food items and obtained the impact on the water, land,
and GHG emissions of the daily diet of each participant.
Although we obtained information for most food items, for
a few of them, we did not have available data on their
environmental sustainability characteristics. In those cases,
we assigned the item the value of the most similar item.
However, we did not have enough data for soft drinks, alcoholic
drinks, and fish. In addition, data about the LCA for ultra-
processed foods were lacking, so they were not included in the
current analyses.

Statistical Analysis
All statistical analyses were performed using the R statistical
environment (R version 4.1.1), along with a number of libraries
that extend the capabilities of the core version of the program.
The most significant R libraries used in the analyses were
ggplot2, ggpubr, and gtsummary. Dietary intake of food groups
and environmental footprints values were represented with the
means and standard deviations. Categorical variables were tested
using Pearson’s Chi-squared test or Fisher’s exact test. Fisher
was used in cases where there were <5 subjects in one of the
groups. Continuous variables were tested with Kruskal-Wallis
tests. We classified each participant based on tertiles of the SHED
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FIGURE 1 | Food groups’ relative contributions to land, water, and GHGs footprints.

score, MED score, and EAT-Lancet score (4, 6, 7). Kruskal-
Wallis tests were used to assess the differences between the
tertiles of each score in regard to GHG emissions, land use, and
water use.

RESULTS

The sample included 525 young adult participants aged 20–
66 years. The study participants were educated (82% had
an academic education) and physically active, and only 13%
were smokers. Higher SHED scores were associated with older
age, women, higher education, non-smokers, normal weight,
flexitarians, and vegetarian/vegans (Table 1). The same trends
were observed for MED and EAT-Lancet scores (not shown).

The mean footprint use of the total sample was 5.7 ± 3.8 m2

for land, 422 ± 229 liters for water, and 2.84 ± 1.32 kg/CO2

for GHGs. The food groups’ contributions to the different
environmental footprints differ across factors (Figure 1). The
main contributor to water use was fruits (40%), followed by
vegetables (12%) and dairy (11%). The main contributor to land
use was meat (30% for beef and 14% for poultry), and the
main contributor to GHG emissions was dairy products (26%),
followed by meat (14%) and vegetables (14%).

Next, the environmental factors were calculated according
to adherence to MED and EAT-Lancet dietary patterns and
according to tertiles of the SHED scores (Figure 2). Higher
adherence to MED was associated with lower land use (high
vs. low adherence: 4.07 ± 2.63 vs. 6.6 ± 4.3 m2, p < 0.001),
GHG emissions (high vs. low adherence: 2.32 ± 0.9 vs. 3.21 ±

1.32 kg/CO2, p < 0.001), and higher water use (high vs. low
adherence: 560 ± 281 vs. 360 ± 203 liters, p < 0.001). The same
trend was observed for EAT-Lancet adherence and SHED scores
(all p < 0.001). Figure 3 shows the mean contribution to the
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FIGURE 2 | Environmental footprint of different dietary patterns. *All P < 0.0001 (Kruskal-Wallis Test).

environmental footprints by food groups for different dietary
patterns. At each adherence level of the dietary scores, there
was a similar ranking of the food groups to that in Figure 1.
The main contributor to GHG emissions was dairy products,
followed by meat. The main contributor to land use was meat,
and the main contributor to water use was fruit intake at each
adherence level.

To further explore the relationship between the food groups
and the environmental coefficients, we calculated the average
consumption of the food-group items for different tertiles of
GHG emissions, land use, and water use. Table 2 shows the
mean daily intake of the different food groups by tertiles of
environmental footprints. The consumption of plant food groups

(fruits, vegetables, nuts/seeds, legumes/soy, and grains/potatoes)
did not differ for different land tertiles with the exception of
plant oils. The consumption of animal-based food increased for
different land tertiles, demonstrating high use of land resources
with increased consumption.

The meat intake was 12 times higher in the upper tertile
of land use than in the lowest tertile, while poultry intake
was 4 times higher, and egg intake was 2.5 times higher.
Regarding GHG emissions, only the consumption of nuts/seeds
and legumes/soy did not differ between tertiles. In the case of
water, only poultry and dairy did not differ between tertiles. These
results indicate a narrow range of consumption and smaller
influence on water use and GHG emissions.
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FIGURE 3 | Food groups’ contribution to environmental footprints for different dietary patterns. *All P < 0.0001 (Kruskal-Wallis Test).

DISCUSSION

The need to assess both human health and environmental
footprint of diets has been widely acknowledged. Nevertheless,
most studies have focused on theoretical models of dietary
guidelines and their potential contributions to sustainability and
human health rather than actual consumption (3). The analysis
presented in this paper joins a limited number of studies that have
identified this gap (4, 5, 24). By analyzing data from a diverse
sample of 525 people in Israel, we evaluated real consumption
data in regard to adherence to healthy and sustainable diets.
These findings are the integrative product of both the studied
population’s consumption habits and the environmental factors
of each studied commodity.

Our findings indicate that the main contributors to water use
were fruits, vegetables, and dairy. The main contributors to land

use were meat and poultry, and the main contributor to GHG
emissions was dairy products. We found that the highest tertiles
of adherence to theMED and the EAT-Lancet reference diet (6, 9)
were associated with the lowest GHG emissions and land use. On
the other hand, the highest tertiles of adherence to the MED and
EAT-Lancet were associated with higher water use. To expand
our view on sustainability beyond the environmental footprint,
adjoining sociocultural, economic, and health aspects we used
the SHED index (7). The need to develop methods to include
all 4 dimensions of sustainability of the diet (in their case MED)
were acknowledged in a recent review by Portugal et al. (24). The
results of the SHED index analysis were similar to those obtained
for the MED and EAT-Lancet dietary pattern.

The health value of the MED is well established. During
the last 20 years MED was shown to benefit health and
function, reducing mortality rates (9, 10, 25). The EAT-Lancet
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as a theoretical dietary pattern targets both health and the
environment using evidence based data, indicating that healthy
and sustainable diet is achievable (11, 26). In a review by
Aleksandrowicz et al. (1), the authors calculated the potential
shift in footprint values associated with different dietary patterns.
They conclude that shifting from Western diets to more
environmentally sustainable dietary patterns can reduce above
70% of GHG emissions and land use, and 50% of water use.

Our findings parallel those of prior studies. In studies from
Italy and Spain that used real consumed diet, high adherence to
MED pattern was associated with lower GHG emissions and land
use (4, 5). The contribution of animal products (meat, poultry,
dairy, egg, and fish) constituted the greatest contributor to GHG
emissions (19, 21, 22, 27). Higher adherence to the MED or
the EAT-Lancet recommended diet was associated with lower
GHG emissions in other studies In Spain (the SUN cohort) better
adherence to the Spanish MED was associated with decreased
environmental pressures in all assessed dimensions including
GHG, land and water (5). Likewise, a cross-sectional study
among Italian adults showed that omnivorous dietary choices
or low adherence to the MED correlated with higher GHG
emissions, land, and water use (4, 25). Results in the same
direction were found in a non-MED country. Data from the
European Prospective Investigation into Cancer and Nutrition—
Netherlands (EPIC-NL) (28) cohort showed that the WHO and
Dutch dietary guidelines lower the risk of all-cause mortality and
moderately lower the environmental impact, while the DASH
diet (Dietary Approaches to Stop Hypertension diet), despite
leading to similar health outcomes, was associated with higher
GHG emissions due to high dairy product consumption in the
Netherlands (29). Another study conducted on Italian adults
showed that omnivorous dietary choices generated worse carbon,
water, and ecological footprints than other plant-based diets,
while no differences were found for the environmental impacts
of ovo-lacto-vegetarians and vegans (28). Unlike the above
studies, in our findings water footprint was higher in the third
tertiles of MED, EAT-Lancet and SHED and was connected to
fruit intake.

This unique aspect revealed in our analysis needs further
discussion. Since fruits and vegetables are more dependent on
irrigation than animal-based foods, reducing animal-based foods
and increasing plant-based foods do not always correspond with
lower water use, as shown by Harris et al. (30). Plant-based foods
were major contributors to dietary blue-water footprints. Grosso
et al. (4) also found that higher adherence to the MED was not
linearly associated with lower water consumption. Higher fruit
consumption was also associated with higher water footprints in
the United States, particularly the blue-water footprint (17).

However, theoretical dietary models show different results
indicating that shifting to a more plant-based diet would reduce
the water footprint (31). Other studies also demonstrate that
the contribution of fruits and vegetables does not exceed the
meat contribution for both blue and green water (32). Indeed,
we found that sustainable diets like MED or the EAT-Lancet
reference diet are characterized by higher water consumption,
but several considerations need to be taken into account. One
is that most fruits and vegetables consumed in Israel are grown
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locally. It follows that given the climatic conditions, most are
irrigated, so they would have relatively high rates of blue-
water footprints.

Nevertheless, it is important to note that not all blue water
is the same as most of the fruit-related water footprint relies on
treated wastewater, which reduces environmental pressure (33).
Other solutions such as the use of desalinated water and efficient
and cost-effective irrigation techniques already exist in Israel, but
our findings emphasize the importance of further development of
water management, including advanced technologies, reducing
water losses, and improving data quality and monitoring for
water–food system linkages (32, 33).

Management of the local food systems can also reduce
water consumption. There are substantial differences of 2–10-
fold in water consumption between different fruit crops (34).
Prioritizing certain types of crops that are less burdensome
in terms of water requirements while considering their health
benefits could be another future direction to increase the health
and sustainability of food systems.

As for dairy intake in Israel, the mean intake in our study
is 402 ± 385 g per day. This value is higher than the estimated
intake in Europe and North America, where the average daily
intake is 364.8 g per day according to the PURE study (35).
Since most dairy products consumed in Israel are domestically
produced, and the production system is based on non-grazing
cows, production can occur in a relatively small area (19, 27). In
addition, the productivity of Israeli dairy cows is very high, which
reduces the footprint per unit of milk (20). Nevertheless, the high
demand for dairy products identified in our analysis led to high
rates of dairy-related footprints.

According to the EAT-Lancet commission (6) and in accord
with the national dietary recommendations, the requirement
for different food groups is calculated based on healthy dietary
intake within global boundaries. For example, the reference
intake is 29 g per day for poultry, 300 g per day for vegetables,
200 g per day for fruits, and 250 g per day for dairy. In our
data (Table 2), the actual consumption in the lowest tetiles of
land GHG and water was nearly similar to the EAT-Lancet
recommended diet. The main difference was fruit consumption.
Thus, a shift, toward less animal based and more plant-based
diets, is beneficial for both health and the environment. The
Isocaloric Substitution of Plant-Based and Animal-Based Protein
was related with Aging-Related Health Outcomes (36). A recent
paper by Eisen and Brown, (37) show that, following a phaseout
of livestock production will independently provide persistent
drops in atmospheric methane and nitrous oxide levels, and
slower carbon dioxide accumulation. This reduction through
the end of the century, have the same cumulative effect on
the warming potential of the atmosphere as a 25 gigaton per
year reduction in anthropogenic CO2 emissions. This level
of reduction will provide half of the net emission reductions
necessary to limit warming to 2C.

Based on our data, which originate from the FFQ results
of 525 participants, it seems that there is no conflict between
a healthy and sustainable diet, but there is a need to adjust
and optimize dietary patterns in light of recommendations for
various populations with different dietary needs. For example,

Israel is characterized with mixed Jewish and non-Jewish
population, locals and new and established immigrants; and
a significant young population alongside a growing share of
elderly population. It is important to note that the EAT-
Lancet reference diet stems from a theoretical model for a
healthy and sustainable diet, whereas our data represent actual
dietary patterns of the Israeli population. The results may
be a proof of concept that the EAT-Lancet reference diet is
indeed feasible.

Strength and Weaknesses
One strength of this study is its ability to assign environmental-
footprint values to the FFQ lines. The Israeli FFQ was created
based on 24-h recall information that was collected in the
Israeli National Health and Nutrition Survey (MABAT) (23).
The results of MABAT were available to our group, so we
could assign Environmental Footprint values to most of the
570 food items that were on the basic list for the FFQ.
The final 116 lines of the FFQ were extracted from the 570
food items. In many cases, when the FFQ is used, the data
behind the questionnaire are not available to the researchers.
We believe that the use of this basic method results in a
more accurate long-term assessment of EF exposure of our
participants (8, 38).

Our footprint analysis was based on local supply coefficients.
It follows that each analyzed food commodity footprint is
considered in terms of whether it was supplied from local sources
or imported from several other parts of the world. The footprint
was then calculated to reflect the amount of land and water
related to the supply from each source (14, 27, 32, 39, 40).

Our study also has several limitations that need to
be addressed. One is the use of a convenience sample
that was restricted to people who have access to web-
based platforms. However, we made an effort to recruit
a representative sample including all sectors in Israel. Our
sample consists of a high number of educated participants
who practice a healthy lifestyle, which may partially limit
the generalizability of the results to the general population.
While the footprint figures included detailed place-based data
and calculations, for some commodities, we had to make
some assumptions or exclude some footprint categories. For
example, in the case of fish-related footprints, we included
only global averages of GHG data and not the other
footprint coefficients.

CONCLUSION

Our analysis of consumed diets revealed that animal protein
is associated with the highest GHG emissions and land use,
while fruits and vegetables were associated with the highest
water consumption. Nevertheless, most of them are grown
using treated wastewater, which reduces environmental pressure.
The differences in water consumption for different fruit crops
support the need to prioritize certain types of crops, which
should be less burdensome in terms of water requirements
while considering their health benefits. Given these findings,
we suggest that adherence to MED and EAT-Lancet dietary
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patterns should be included in national dietary guidelines and
encouraged for consumption by all. Furthermore, our data
could be used as a database to create healthy and sustainable
diet recommendations while adjusting for nutritional needs
and health status, as well as maintaining diversity within
dietary patterns.
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The aim of the study was to verify the knowledge of mothers of children under 3 years of

age about the Baby LedWeaning (BLW) feedingmodel and their practical implementation

of this method. The study involved 761 mothers and their children. After analysis of the

inclusion and exclusion criterion, the information provided by women 699 aged 21–48

years was included in the final data analysis. In the study group, most children were

breastfed for 6 months to 1 year (n = 256, 36.7%), 1 year to 2 years (n = 179, 25.6%)

and over 2 years (n = 71, 10.2%). Starting dietary expansion before 17 weeks of age

was implemented in 47 (6.7%) children, between and 17–26 weeks of age in 328 (46.9%)

children, and after 26 weeks of age in 324 (46.3%) children. Feeding food and dishes from

the family table was practiced by 518 (74.1%) mothers. Spoon-feeding was practiced

by 529 (75.6%) children, 157 (22.4%) children were fed this way sometimes. Taking

into account the above data, feeding with the BLW method was used in 170 children

(24.2%). In the examined group of mothers the use of the BLW method in feeding their

children, especially during diet expansion, was declared by 408 women (74.8%). The

child’s independent decision concerning what the child will eat and what is according to

the BLW method is accepted by 434 (62.1%) mothers. Among the positive aspects of

using the BLW method, the women surveyed indicated the child’s independence, while

among the disadvantages, the omnipresent mess and chaos when eating meals.

Keywords: Child Nutrition, Baby Led Weaning (BLW), expanding the diet of infants, complementary feeding, child

diet

INTRODUCTION

In the postnatal period, and especially in the first 33 months of a child’s life, nutrition is a form of
synbiotic directed at the gastrointestinal tract, more specifically at the intestinal microbiota, with
a regulatory effect on the gut-brain axis. Because of this issue, it is important to shape pro-healthy
eating habits in children (1). The recommended way of diet expansion, which at the same time
introduces a lot of controversies, is the Baby Led Weaning (BLW) feeding model (2, 3). The Polish
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Society of Gastroenterology, Hepatology and Child Nutrition
(PTGHiZD) defines this method of feeding as feeding with the
omission of mushy consistency served with cutlery, with the
exclusive implementation of solid consistency eaten by an infant
on its own (4). It is a method of expanding and supplementing
feeding between 17 and 26 weeks of age (4). According to the
World Health Organization (WHO), a baby should be breastfed
exclusively with breast milk for the first 6 months. After the
introduction of complementary foods, WHO and ESPGHAN
recommend continuing breastfeeding for as long as desired
by mother and child (5, 6). WHO recommends starting the
introduction of complementary foods around the sixth month of
a child’s life (6). On the other hand, ESPGHAN and PTGHiZD
recommend starting the introduction of solid foods after the
17th and no later than the 26th week of a child’s life. These
two different positions may confuse parents as to when they
should start expanding the child’s diet (4, 5). The introduction
of new products to the infant’s diet also aims to prepare the
infant for a more varied diet later in life, including learning
tastes and textures (7, 8). In most infants, between 17 and 26
weeks of age, the ability to accept solid foods matures. It is
not until the infant is 17 weeks old that the gastrointestinal
tract and kidneys are mature enough for the infant to assimilate
non-dairy foods. The swallowing reflex and the ability to accept
puréed food from a spoon appear between 4 and 6 months of
age. The introduction of foods before the age of 3–4 months
also carries a risk of allergy (5). Infants between 17 and 26
weeks of age develop the ability to sit with support, acquire
neuromuscular maturity that allows them to control head and
neck movements, and to eat from a spoon. At this time, the
reflex to remove foreign bodies from the mouth, which made
feeding with food other than liquid difficult, ceases (4–6). All
these aspects allow for the introduction of feeding with the BLW
method. Numerous parents’ doubts about its use, not based on
scientific reports (Evidence-Based Medicine—EBM), focus on
the fear of nutritional deficiencies (especially of microelements,
e.g., iron, zinc, vitamin B12), growth retardation, disorders
of psychomotor development, and choking defined as a life-
threatening condition involving partial or complete obstruction
of the upper airways. Often their concerns also relate to wasting
food, as well as the appearance of the environment after the child
has eaten a meal on their own (2, 4). In the BLW method, eating
together as a family and atmeal times is important. This approach
can give the infant more control over food intake. This can
lead to better eating patterns and reduce the risk of overweight
and obesity. Given the self-selection of parents and infants who
currently use the BLW method, and the limited observational
data available however, it is not possible to draw conclusions.
Furthermore, there is a lack of data on whether infants who
are traditionally spoon-fed receive sufficient nutrients, including
energy and iron, or whether they consumemore or they consume
a greater variety of foods. ESPHGAN indicates that these issues
should be investigated in RCTs. Amodified version of BLW called
BLISS—emphasizes the importance of introducing iron- and
energy-rich energy-rich complementary foods and the avoidance
of foods that may present choking hazards. A small observational
pilot study suggests that this approach had some benefit in

TABLE 1 | Proposal of implementation of complementary products.

6–7 months of the child’s life 8–12 months of the child’s life

• Soft vegetable pieces in cooked

form (potato, carrot, courgette,

pumpkin, beetroot,

cauliflower, broccoli)

• Meals of a lumpy consistency

• Puree of the above vegetables

• Pureed fruit (peach, apricot, pear,

banana, apple)

• Food served in pieces in the

child’s hand

• Groats from gluten cereals and

gluten-free cereals in

thick consistency

• Protein in the form of

meat—poultry, fish

• Vegetable oils, groundnuts,

grains, seeds

• Egg yolk

• Fermented milk products

(buttermilk, kefir, natural yogurt)

• Mineral water, still in

unlimited quantity

• The process of continuing the

model of expanding nutrition in

the form of new foods from the

group of products such as fruit,

vegetables, groats, pasta,

bread, egg white, nuts, etc.

Own elaboration based on pediatric Dietetics, chapter 2.5 Expanding the infant’s diet in

practical aspects. Medical University of Silesia Publishers, 2020 (12).

increasing iron-rich foods consumed by infants (4, 5). In a study
by Neves et al. (9) note that there is still insufficient scientific
and quality evidence to confirm that the BLW method is the
most appropriate form of feeding into the diet of infants. Health
professionals from New Zealand and Canada were concerned
about the potential for energy and iron deficiencies in BLW
children, which can cause disruption to children’s growth and
normal development (9–11).

In response to these concerns, suggestions for safe products
adapted to the age of the child can be made, based on
the experience of a specialist in clinical and pediatric
dietetics (12) (Table 1).

Another method aimed at partially alleviating parents’ anxiety
is Baby-Led Introduction to Solids (BLISS). This modification
consists in introducing products adapted to the child’s developed
body motor mechanism, followed by biting, chewing and
swallowing, and fortification in the presence of iron. When
implementing both dietary models, it is important to keep in
mind the sensory sensitivity of the child without leading to the
appearance of aversion (13, 14). The sensory diversity of children
is an important issue, so three criteria referring to the level of
inclination toward the child’s food preferences should be taken
into account (15) (Table 2). BLISS resources are consistent with
the BLW philosophy but address three key concerns that some
health professionals have expressed about BLW: inadequate iron
intake, choking and stunted growth. By: checking foods before
serving to make sure they are soft enough, avoiding foods that
form a crumb in the mouth, foods should be at least as long as the
baby’s fist, at least one side of the food, the baby’s sitting position
so they sit up straight while eating—never leaning back, that an
adult is always with the baby, and that the baby does not put
whole foods in their mouth—the baby needs to do this at their
own pace and under their own control (16).
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TABLE 2 | Examples of sensory diversity among children.

The tendency to the child’s

food preferences

(1) Food habituation to milk consumption with a

concomitant desire to consume introduced new

products (vegetables, fruit, eggs, porridge, meat)

occurs in breastfed and artificially mixed children

(2) Eating habits focusing exclusively on milk

consumption through breastfeeding and the

introduction of artificial mixtures—modified milk,

with aversion to new complementary products

(3) Food habits focusing on food aversion toward

milk in the form of a bottle and breastfed, but

sensory inclination toward complementary products

initially in thick form served with a spoon (porridge,

soups, fruit), then in solid form (pieces of products).

Own elaboration based on what do happy toddlers eat? Nutritional Publishers, 2020 (15).

The key influence on the positive effects of their application
and the introduction of complementary foods is the clinical
condition of the infant. Simultaneously occurring symptoms
of food neophobia or food selectivity and the period of
product administration (preferably after 6 months of age),
the acceptance of known foods (facilitates the introduction
of new products), the method of breastfeeding (brings many
benefits), as well as the prenatal period in the past influence
the way of expanding the diet of a small child. According to
the concept of metabolic programming, already the diet of a
pregnant woman shows an influence on the composition of
amniotic fluid, and this, in time, will influence the way of
diet expansion in an infant and his/her willingness to learn
new tastes (17–20). The use of dietary expansion methods in
the form of BLW or BLISS predisposes to the appearance
of elements of dietoprophylaxis and health prevention in the
later stages of a child’s adolescence. They include low risk
of metabolic diseases (overweight, obesity, hybrid diabetes),
correct regulation of the hunger and satiety center—control
of physiological hunger, developed on a differentiated, rational
level eating habits by regulating the food given by the infant
independently. Therefore, it is the toddler who will decide
on the number of portions in conditions devoid of emotional
pressure by the parents, with all the hygienic and safety
rules monitored by them, maintained during the meal. It
should be mentioned that among the pro-health elements
there is also the education of parents and the use of the
family table method. Next, it seems important to shape
motor skills among infants and an independent relationship
with food, as well as to stimulate the child’s masticatory
system (21–23).

The aim of the study was to verify the knowledge of the Baby
Led Weaning feeding model among mothers of children up to 3
years of age and their practical implementation of this method.

MATERIALS AND METHODS

Test Group
An exploratory cross-sectional study was conducted from April
to June 2021 among randomly selected 761 mothers and their

children, aged up to 3 years, residing in Upper Silesia. Mothers
were recruited at randomly selected nurseries and pediatric
clinics during mandatory vaccination visits. A list of public and
private nurseries has been compiled, as well as a list of pediatric
clinics where vaccinations are carried out for children aged 0–3
years—these establishments are both public and non-public and
have a contract with the Narodowy Fundusz Zdrowia (National
Health Fund), which finances vaccinations in Poland. We have
defined randomization nurseries and pediatric outpatient clinics.
10 nurseries and 10 pediatric outpatient clinics were drawn
from the list. In each nursery and pediatric clinic 40 parents of
children aged 0–3 years were invited to participate in the study.
All participants were informed about the purpose of the study,
voluntary participation in the study, and anonymity, and were
asked to accept the data sharing policy. After considering the
inclusion and exclusion criteria, information collected from 699
women was included in the final analysis.

Due to the nature of the study, consent was sought from
the Bioethics Committee of the Medical University of Silesia in
Katowice. By the Resolution No. KNW/0022/KB1/151/I/11 the
Bioethics Committee issued a positive opinion on the project.
The study is in accordance with the Declaration of Helsinki.

Rationale for the Selection of the Group
According to the current Polish law, after giving birth a mother is
entitled to a maternity leave of 20 weeks for one child, 31 weeks
for twins, 33 weeks for three children, 35 weeks for four children,
37 weeks for five andmore children (24). After this time, parental
leave can be taken, which lasts 32 weeks in the case of the birth
of one child and entitles both parents to take it. Reports from the
Social Insurance Institution indicate that in Poland, from January
to May 2021, more than 246,000 parents, including only 1,900
men, benefited from maternity benefits for the period of parental
leave (25). Therefore, mothers were invited to the study on infant
diet expansion, as they are the ones who mostly spend time with
their children and are responsible for expanding their diet.

Inclusion and Exclusion Criteria
Inclusion criteria were: female sex, having a child aged 0–36
months (up to 3 years) of age, consenting to the study, and
completing the questionnaire correctly and completely.

On the other hand, the criteria for exclusion from the study
were: lack of consent to participate in the study, incorrectly
completed questionnaire, including non-response to questions,
and the child’s age above 36 months.

Research Tool
The research tool was a survey questionnaire, which consisted of
several parts. The survey was conducted personally by qualified
interviewers who were thoroughly trained on how to fill in the
questionnaires—they were students of Dietetics at the Medical
University of Silesia in Katowice. The questionnaires were filled
in and entered by the interviewers in electronic form using
tablets. The first part was a metric that asked women about
their age, place of residence, education, height, and body weight.
In the study conducted at the pediatric outpatient clinic, all
children had their weight and length/height measured by nurses.
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In the nursery, on the other hand, weight and length/height
measurements were taken by staff employed in the institution.
Mothers, on the other hand, entered their own weight and height.
There were also questions about the current work situation,
education, marital status, number of children, and age of the
youngest child.

The next part of the questionnaire concerned the basic
knowledge about expanding the diet of a child and expanding
the diet of a child using the BLW method. The part of
the questionnaire concerning the method of extending the
diet of a child included questions about the time of starting
and the method of extending the diet of a child, the use
of the BLW method, and indicating the advantages and
disadvantages of this method or risks in independent eating
by a child. At the same time, the questionnaire included
questions about giving food to the child from the family
table, feeding the child with a spoon, allowing the child
to decide independently what and how much to eat, the
order of introducing particular food products to the diet, the
consistency of meals from which the expansion of the child’s
diet should begin, the type of thermal processing used to
prepare meals, the time when the child received sweets for the
first time.

The questionnaire was based on current dietary
recommendations for the group of the youngest children
and the method of dietary expansion developed by PTGHiZD
(4). A pilot study was conducted on a group of 50 mothers
in order to validate the questionnaire and to check the
relevance and acceptability of the questions included in it.
Reproducibility of responses was tested by comparing responses
in the same group of subjects. Pilot study 2 took place 1 month
after the pilot study to avoid freshness effects. To assess the
reproducibility of the results obtained with the questionnaire
used, the x parameter (Kappa) was calculated for each question
in the questionnaire (results obtained in the pilot study and
pilot study 2). For 67.3% of the questions, a very good (x ≥

0.80) concordance of responses was obtained, and for 28.4%
of the questions a good (0.79 ≥ x ≥ 0.60) concordance of
methods was obtained. For only 4.3% of the questions in the
questionnaire analyzed, the concordance between the results
obtained at baseline and in the repeat survey was moderate (x
< 0.59).

Also analyzed, Cronbach’s α coefficient for the normalization
sample was 0.87, which indicates high reliability and
repeatability of the questionnaire. The pilot study allowed
us to validate the questions included in the questionnaire.
Cronbach’s alpha for the relevant part of the study was
estimated at 0.86.

Statistical Analysis
Statistical analysis was performed using the software in Statistica
v. 13.1 (StatSoft Inc., Tulsa, OK, USA). Non-parametric tests
were used for statistical elaboration. Differences between groups
were tested by Pearson’s Chi-square test, with Fisher’s exact,
Yates, and the level of statistical significance was taken at p
< 0.05.

TABLE 3 | Characteristics of the study group of mothers.

n %

Age of mothers

21–25 years 18 2.6

26–30 years 153 21.8

31–35 years 261 37.4

36–40 years 227 32.5

Over 40 years 40 5.7

Place of residence of mothers

City over 500 thousand inhabitants 644 92.1

City with 100–500 thousand inhabitants 26 3.7

City with 20–100 thousand inhabitants 14 2.0

Village of 15 2.2

The educational level of mothers

Higher 613 87.8

Averages 71 10.2

Professional 9 1.3

Basic 5 0,7

Marital status of mothers

Married 559 80.1

Miss 97 13.9

Informal relationship 25 3.6

Divorced 16 2.3

Widow 1 0.1

Maternal body weight by BMI

Underweight 29 4.2

Correct body weight 459 65.7

Overweight 136 19.5

Obesity 52 7.4

No data available 22 3.2

Number of children

One 250 35.8

Two 331 47.4

Three or more 117 16.8

RESULTS

Characteristics of the Study Group of
Mothers and Their Children
The characteristics of the study group of mothers are shown in
Table 3. The largest group were mothers aged 31–35 years (n =

261; 37.4%), with a mean age of 33.9 ± 4.7 years. In the group of
surveyed mothers, women living in a city with more than 500 000
inhabitants were n = 644; 92.1%. Higher education among the
mothers studied was n = 613; 87.8%. On the other hand, marital
status—married had n = 559; 80.1%. Analyzing body weight
composition, normal body weight was n = 459; 65.7%. Most
mothers in the study group had two children (n= 331; 47.4%).

The characteristics of the studied group of children and the
diet of this group are presented in Table 4. The largest group
were children aged 2–2.5 years (n = 299, 42.7%), followed by 1–
1.5 years (n = 168, 24.0%) and 2.5–3 years (n = 118, 16.9%).
Most children were fed breast milk for 6 months to 1 year (n
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TABLE 4 | Characteristics of the studied group of children and their diet.

n %

Age of child

0–0.5 years of age 38 5.4

0.5–1 year old 32 4.5

1–1.5 years old 168 24.0

1.5–2 years 44 6.3

2–2.5 years 299 42.7

2.5–3 years 118 16.9

Length of breastfeeding by mothers

Less than a month 42 6

1–2 months 46 6.6

3–4 months 56 8

5–6 months 47 6.7

6 months to 1 year 256 36.7

1 to 2 years 179 25.6

Over 2 years 71 10.2

Time to start expanding the diet

Before week 17 47 6.7

Between 17 and 26 weeks 328 46.9

After 26 weeks 324 46.3

Serving of products/dishes from the family table

Yes 518 74.1

Sometimes 153 21.9

Not 28 4.0

Feeding the baby with a spoon

Yes 529 75.6

Sometimes 157 22.4

Not 13 1.8

= 256, 36.7%), followed by 1–2 years (n = 179, 25.6%). Dietary
expansion before 17 weeks of age was implemented in 47 (6.7%)
children, between 17 and 26 weeks of age in 328 (46.9%) children
(ESPGHAN and PTGHiZD recomendation) and after 26 weeks
of age in 324 (46.3%) children. Feeding food and dishes from
the family table was practiced by 518 (74.1%) mothers. Spoon-
feeding was practiced by 529 (75.6%) children and 157 (22.4%)
were occasionally fed in this way. Considering the above data,
BLW feeding was used in 170 children (24.2%).

Knowledge and Methods to Expand the
Child’s Diet
In the part of the study concerning the knowledge of
dietary expansion with the BLW method 545 (78.0%)
women recognized this method of dietary expansion
and demonstrated its knowledge. The main source of
knowledge on this subject for the participating women was
the Internet (n = 244; 43, 96%), followed by friends (n
= 117; 21.8%), books (n = 75; 13.51%), internet forums
for mothers and professional literature, respectively (n =

35; 6.31%) and (n = 34; 6.13%). Respectively, 14 (2.52%)
and 13 (2.34%) mothers received information on the
BLW method from their doctor or in the birthing school

TABLE 5 | Mothers’ nutritional knowledge of BLW.

n %

Knowledge of the BLW method as a means of dietary expansion

Yes 545 78.0

Not 154 22.0

Source of information about the BLW method

Internet 244 43.96

From friends 117 21.08

From books 75 13.51

From a forum for mothers 35 6.31

From professional literature (e.g., Pubmed) 34 6.13

Other sources of knowledge 15 2.70

From the doctor 14 2.52

From the birthing school 13 2.34

From the nutritionist 4 0.72

From the midwife 3 0.54

(Table 5). Of the 545 mothers who declared knowledge
of the BLW method, 480 (88.1%) considered this method
as appropriate.

The use of the BLW method in feeding their children,
especially during diet expansion, was declared by 408 (74.8%)
women. The implementation of this model of feeding by the
examined women was induced by the child’s independence, due
to the accelerated psychomotor development (n = 202; 37.0%),
the wish to familiarize the child with various tastes and to shape
the sensory diversity (n= 55; 10.1%), the desire to broaden family
ties by using the method of eating from the family table (n =

50; 9.1%). The observations made by mothers during the process
of dietary expansion with the BLW method were mainly the
occurrence of mess (n = 147, 36.0%), the necessity to feed the
child (n= 15, 3.7%), food wastage (n= 13, 3.2%), lack ofmaturity
of the child for the BLWmethod (n= 7, 1.7%) and treating food
as a game (n= 3, 0.7%). Asmany as 45 (11.1%)mothers indicated
the occurrence of a food choking incident.

Independent eating by children was indicated by 563 (80.5%)
mothers. The child’s independent decision concerning what
to eat, which is in accordance with the BLW method, is
accepted by 434 (62.1%) mothers. 39 (5.6%) mothers do not
allow their children to choose what to eat and 15 (2.15%)
of them do not allow their children to decide how much to
eat (Table 6).

As declared by mothers, the basic products which were
introduced to the diet with the BLWmethod included: carrots (n
= 646; 92.4%), potatoes (n= 531; 75.9%), apples (n= 503; 71.9%)
and bananas (n = 420; 60.0%). Less frequently, cereals, turkey,
eggs, yogurt, bread, chicken, fish, and tomato were introduced
first (Table 7).

The predominant forms of thermal processing that the
products introduced into the child’s diet were given were: cooking
(n = 699; 100%), steaming (n = 455; 65.1%), baking (n = 465;
66.5%), stewing (n= 421; 60.2%).
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TABLE 6 | Use of the BLW method and children’s independence in making

feeding decisions.

n %

Using the BLW method in feeding their children (n = 545; 100%)

Yes 408 74.8

Not 137 25.1

Observed behavior during the application of the BLW method

(n = 408; 100%)

No disadvantages of using the BLW method 178 43.6

The mess 147 36.0

Choking 45 11.0

The need for feeding 15 3.7

Waste of food 13 3.2

Lack of maturity on the part of the child to use the BLW method 7 1.7

Treating food as play 3 0.7

Self-catering by the child

Yes 563 80.5

Sometimes 116 16.6

Not 20 2.9

The child’s own decision on what to eat

Yes 434 62.1

Sometimes 226 32.3

Not 39 5.6

Child’s own decision on how much to eat

Yes 597 85.41

Sometimes 87 12.45

Not 15 2.15

Socio-Economic Factors and the Use of
the BLW Method
The relationships between the analyzed socioeconomic factors
and the use of BLW as a method of child feeding are presented
in Table 8. Neither education (p = 0.22), age of the examined
child (p= 0.43), nor mother’s body weight (p= 0.57) affected the
decision about the use of BLW. On the other hand, a significant
correlation was found between the duration of breastfeeding and
the use of BLW (p = 0.003); the longer the mother breastfed,
the more often she declared the use of BLW when expanding the
child’s diet.

Declarations on the Use of the BLW
Method vs. Its Practical Application
At the same time, it was examined to what extent mothers’
declarations concerning the application of the BLWmethod were
reflected in the actual application of the principles of this method:
such as giving the child products/meals from the family table to
eat (p= 0.00), feeding the child with a spoon (p= 0.00), allowing
the child to eat a meal on its own (p= 0.00), allowing the child to
decide on its own how much to eat (p= 0.00), and what to eat (p
= 0.00) (Table 9).

Despite the declaration of using the BLW method in the
process of expanding the child’s diet, the majority of mothers and
their children used the mixed method. In the examined group

TABLE 7 | Products implemented by the BLW method (multiple choice question).

n %

Most commonly implemented nutritional products Carrot 646 92.4

Potatoes 531 75.9

Apple 503 71.9

Banana 420 60.0

Less frequently implemented nutritional products Groats 197 28.1

Turkey 137 19.6

Eggs 136 19.4

Yogurts 114 16.3

Bread 105 15.0

Chicken 102 14.5

Fish 98 14.0

Tomato 59 8.4

Cucumber 46 6.5

of mothers, some of them declared that they did not use the
BLW method, but they still implemented some of its elements.
A statistically significant relationship was found—those mothers
who declared the use of BLW more often use these elements in
the process of expanding the child’s diet than those who did not
make such a declaration.

DISCUSSION

Balanced nutrition, dietary supplementation, and the nutritional
status of the pregnant woman are of great importance in terms
of the nutritional status of the child at different stages of
psychomotor and neurodevelopmental development. Learning
the principles of healthy eating starts at an early age. The
development of individual food preferences that consist of
learning about and getting used to new tastes contributes to the
acquisition of healthy eating habits that will bear fruit in the
future. An indispensable component for this is the nutritional
knowledge of the parents, who introduce meals to their child in
the postnatal period (26, 27).

In the author’s study, the degree of women’s knowledge was
characterized by a high level. The analysis of our results allows
us to state that the elements from the scope of knowledge
concerning BLW: knowledge of the method, terminology, and
the validity of its use constituted more than a good level, at the
same time taking into account the extension of this scope of
issues using the Internet. Comparing the study of Brown and
Lee it shows an analogy with the author’s analysis because also
the degree of the range of skills? was also at a high level, but the
subjects were informed by health professionals (28).

The process of introducing complementary products to
breastfeeding as well as for babies fed with modified milk is
important for the baby’s microbiome. This is due to the type
of food products that contain natural prebiotics such as fructo-
oligosaccharides and galacto-oligosaccharides. By expanding the
baby’s diet and introducing products such as yogurt, kefir,
buttermilk and products fortified with probiotics we influence
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TABLE 8 | Relationship between BLW use and sociodemographic factors.

Feature Variable Uses BLW Does not use BLW Materiality level

n (%) n (%)

Education Higher 380 (93.1) 122 (89.1) P = 0,22

Medium 23 (5.6) 14 (10.2)

Vocation 4 (1.0) 0 (0.0)

Basic 1 (0.2) 1 (0.7)

Length of breastfeeding Less than 1 month 21 (5.1) 9 (6.6) P = 0,003

1–2 months 12 (2.9) 15 (10.9)

3–4 months 21 (5.1) 10 (7.3)

5–6 months 23 (5.6) 14 (10.2)

6–12 months 154 (37.7) 50 (36.5)

12–24 months 129 (31.6) 26 (19.0)

Over 24 months 48 (11.8) 13 (9.5)

Age of child tested 0–0.5 years 22 (5.4) 6 (4.4) P = 0,43

0.5–1 year 18 (4.4) 11 (8.0)

1–1.5 years 110 (27.0) 31 (22.6)

1.5–2 years 25 (6.1) 7 (5.1)

2–2.5 years 169 (41.4) 61 (44.5)

2.5–3 years 64 (15.7) 21 (15.3)

Mother’s BMI Underweight 21 (5.1) 5 (3.6) P = 0,57

Normweight 279 (68.4) 87 (63.5)

Overweight 77 (18.9) 29 (21.2)

Obesity 23 (5.6) 13 (9.5)

Data not available 8 (2.0) 3 (2.2)

Total 408 (100) 137 (100)

the microbiome. By taking advantage of the regionality of
product groups and relying on products such as sauerkraut,
pickled cucumbers and other pickles, we promote the formation
of an immunomodulatory barrier. Popular Polish regional
products such as sauerkraut, pickled cucumbers and fermented
milk products contain probiotic bacteria. Additionally, products
specially enriched with probiotic bacteria can be purchased on
the Polish market. It has been shown that probiotic bacteria,
through colonization in the intestines of the host, among other
things, reduce the risk of growth of potential pathogenic bacteria
and affect the anatomical-physical and microbiological barriers
of the gastrointestinal tract, as well as affect the immunity
of the macroorganism, including the local immunity of the
gastrointestinal tract (29–32). It has been found that different
strains of bacteria, even though they belong to the same species,
can have different effects on the organism, so when selecting
bacteria used in probiotics, it is important to choose those that
show good clinical effects (31, 33).

Probiotic bacteria show a wide spectrum of action, including
stimulating the mucosa associated lymphoid tissue (MALT)
immune system—also called the common mucosal immune
system (CMIS) (34, 35). The MALT or CMIS system is
formed, among others, by elements of immunity of the
gastrointestinal tract (GALT—gut associated lymphoid tissue),
respiratory system (BALT—bronchus associated lymphoid
tissue), genitourinary associated lymphoid tissue (GUALT),

and skin SALT—skin associated lymphoid tissue. The immune
response of the MALT system, is characterized by activation
of natural and acquired immunity mechanisms, through
production of a whole range of cytokines, chemokines and
growth factors, as well as immunoglobulins class: G, M, A,
including secretory immunoglobulins S-IgA and S-IgM (34–
37). As the last mentioned antibodies, min. by coating and
agglutinating microorganisms, they prevent their adhesion to the
gastrointestinal epithelium, although they also show regulatory
effects, including through S-IgM antibodies, on elements of
the immune system. Thus, the MALT system shows not only a
combative or destructive effect against bacteria, viruses, fungi
and parasites, but also causes neutralization of bacterial and
fungal toxins Probiotics show a significant effect on the elements
of the immune system in the gastrointestinal tract (GALT),
which results in increased local, but also general immunity,
which in turn leads to a reduction in the impact of infections,
including bacterial, viral and other on the macroorganism. This
effect is combined with and depends on the appropriate strain
of bacteria used in the probiotic and this is, it seems, crucial for
a good effect in the use of probiotics, although its effect is also
influenced by its dose and time of administration, but also by the
immune status of the macroorganism (30, 31, 36–41).

WHO and ESPGHAN recommend exclusive breastfeeding at
least until the child is 6 months old, whereas after 6 months of
age and between 17 and 26 weeks of age, according to PTGHiZD,
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TABLE 9 | Assumptions of the BLW method used and not used in the group of mothers declaring and not declaring to use the BLW method.

Feature Variable Uses BLW Does not use BLW Materiality level

n (%) n (%)

Giving the child food from the family table to eat Yes 312 (76.5) 83 (60.6) P = 0,00

Sometimes 89 (21.8) 39 (28.5)

Not 7 (2.9) 15 (10.9)

Feeding the baby with a spoon Yes 251 (61.5) 31 (22.6) P = 0,00

Sometimes 145 (35.5) 6 (4.4)

Not 12 (2.9) 0 (0.0)

Allowing the child to eat alone Yes 358 (87.7) 87 (63.5) P = 0,00

Sometimes 52 (12.7) 43 (31.4)

Not 2 (0.5) 7 (5.1)

Allowing the child to decide for him/herself what to eat Yes 310 (76.0) 48 (35.0) P = 0,00

Sometimes 95 (23.3) 67 (48.9)

Not 3 (0.7) 22 (16.1)

Allowing the child to decide how much to eat Yes 366 (89.7) 112 (81.8) P = 0,00

Sometimes 39 (9.6) 19 (13.9)

Not 3 (0.7) 6 (4.4)

Total 408 (100) 137 (100)

the use of supplementary products is allowed according to
individual decision and needs of the mother and child (26, 42).
The knowledge of the principles of dietary expansion of infants
translates into the level of frequency of its application. Our
study shows the reflection of knowledge in the frequency of
BLW implementation by mothers. The universality of this form
of dietary expansion is confirmed by the results of a study by
other authors, which also allowed to demonstrate a relationship
between a higher level of education and an increased frequency
of using the method of introducing solid products (28).

Nutritional patterns reflected in the parents’ diet are
reproduced and implemented in children’s nutrition. The
mechanism of metabolic programming has been shown to
influence the pathomechanism of the development of metabolic
and diet-related diseases, the regulation of leptin and ghrelin
synthesis in the hypothalamus, and the nutritional status of
the child (43, 44). Based on scientific reports, the timing
of administration of specific products is important to the
occurrence of later eating habits. In the case of sweet products,
they should be introduced as late as possible and at least
meet 5% of the energy value of the whole-day ration, due to
strong taste habits. The researchers Townsend and Pitchford
proved the positive influence on health-promoting habits in
the case of using the BLW method in comparison with
children not eating this way, additionally demonstrating in
them an increased inclination to sweet products (14, 45).
Additionally, the authors Brown and Lee emphasize the
positive and safe quality of food prepared using the BLW
method (28).

Our results show the predominance of the mixed form of
complementary feeding and the lower frequency of the full
BLW method. Among mothers who did not use this method,
an increased tendency not to give products from the family
table was observed, as well as a more frequent lack of parents’

consent to decide independently about the quantity and quality
of eaten products.

The analysis of the author’s study shows that the dietary model
was expanded to include vegetables, fruits in the first place, using
favorable thermal treatment including methods such as boiling,
steaming, baking, stewing which are the correct techniques for
preparing meals according to the nutritional recommendations
for children (26).

The variety of controversies arising around the BLW method
is conditioned by the disadvantages and advantages attributed
to this way of nutrition. The disadvantages include chaos
during meal consumption, the possibility of choking, increase in
saturated fat supply, nutritional deficiencies, insufficient coverage
of nutritional fiber requirements, wasting of food (26, 28). The
increased incidence of choking, which is the main concern
among parents and health care professionals, is not confirmed
according to scientific reports, as it occurs similarly in spoon-
fed children and is regulated by the defense mechanism of the
developed unconditioned reflex To avoid choking, check the food
before serving to make sure it is soft enough. Avoid food that
forms crumbs in the mouth or that can stick to the palate. The
child should eat at his own pace and under his own control—no
one should force the child to eat more quickly. Small foodstuffs,
such as chickpeas, grapes and blueberries, should always be
mashed first and cut up properly. It is also forbidden to give baby
nuts whole, but blended nuts in the form of nut butter, cashew
butter or walnut butter can be given. The child should have a
stable sitting position while eating—it should not lean back or to
the sides. And an adult should always be with the child (45–47).

Among the elements inducing the implementation of BLW,
according to the studies of other researchers and in the author’s
study, the following are important: expansion of family ties
through the use of the family table method, the pleasure of meal
consumption, the formation of healthy eating habits (increased
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supply of vegetables, fruit, whole grain products), the taste and
organoleptic diversity, the formation of independence in food
consumption and the formation of self-control in the relationship
with food and, above all, the feeling of satiety (28, 48, 49). It is
also worth noting that in our study it was observed that there
is a percentage of mothers who, despite the lack of declaration
of using the BLW method with their child, implement in feeding
their children elements which are a departure from the traditional
model of nutrition. Such a relationship is also demonstrated in
the study by Brown (50).

It is necessary to implement continuous nutritional education
on the nutrition of infants, children, as well as women
planning pregnancy, with ongoing pregnancy and during
lactation, including elements of psychodietetics based, for
example, on motivational dialogue. The principles of anti-
inflammatory dietoprophylaxis used among people trying to
have a baby are common. The typical anti-inflammatory
diet emphasizes fruits, vegetables, lean protein, nuts, seeds,
and omega-3 fatty acids. Many products are eliminated from
the diet, incl. Foods high in omega-6 fatty acids include:
high-fat dairy products (such as milk, cheese, butter, and
ice cream), margarine, meats, peanuts. It is important that
parents follow healthy eating principles when expanding their
child’s diet rather than restrictively eliminating foods. Such
restrictions may predispose to food aversion, food neophobia
and even to avoidant/restrictive food intake disorder (AFRID)
(51, 52).

CONCLUSIONS

The level of women’s knowledge in the scope of dietary
expansion of infants by the BLW method is high, taking into
account the necessity of continuous nutritional education. The
use of the mixed method of dietary expansion is dominant
among the mothers participating in the study. The frequency
of implementation of the BLW method depended on the level
of education; women with higher education use it more often.
Among the positive aspects of using the BLW method, the
women surveyed indicate the child’s independence, while among
the disadvantages, mess, and chaos. There is a group of mothers
who, despite not being identified with the BLW method, use

its elements in the child’s everyday feeding, such as the child
deciding on its own how much and what to eat.

LIMITATIONS OF THE STUDY

The results of the study should be interpreted taking into account
its limitations. Limitations include the low heterogeneity of the
study group in terms of age (predominance of women aged
30–35) and education level (predominantly higher education)
despite the random selection of nurseries and clinics where data
collection took place. Our study was a retrospective study, which
may influence the occurrence of false memory effect, especially in
the group of mothers of children aged 2–3 years.

The advantage of our study is the size of the study group–699
qualified mothers with their children and the random selection
of nurseries and pediatric outpatient clinics where this study was
conducted. It is also worth mentioning here that very few studies
on this topic have been conducted so far.
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Kowalski. This is an open-access article distributed under the terms of the

Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s)

and the copyright owner(s) are credited and that the original publication in

this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Nutrition | www.frontiersin.org 11 May 2022 | Volume 9 | Article 890843222

https://doi.org/10.1111/mcn.12172
https://doi.org/10.12740/PT/141443
https://doi.org/10.1155/2012/539426
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


ORIGINAL RESEARCH
published: 24 May 2022

doi: 10.3389/fnut.2022.896552

Frontiers in Nutrition | www.frontiersin.org 1 May 2022 | Volume 9 | Article 896552

Edited by:

Fatih Ozogul,

Çukurova University, Turkey

Reviewed by:

Maryam El Bakali,

Abdelmalek Essaadi

University, Morocco

Semra Çiçek,

Atatürk University, Turkey

*Correspondence:

Ambra Rita Di Rosa

dirosaa@unime.it

Specialty section:

This article was submitted to

Nutrition and Sustainable Diets,

a section of the journal

Frontiers in Nutrition

Received: 15 March 2022

Accepted: 19 April 2022

Published: 24 May 2022

Citation:

Oteri M, Chiofalo B, Maricchiolo G,

Toscano G, Nalbone L, Lo Presti V

and Di Rosa AR (2022) Black Soldier

Fly Larvae Meal in the Diet of Gilthead

Sea Bream: Effect on Chemical and

Microbiological Quality of Filets.

Front. Nutr. 9:896552.

doi: 10.3389/fnut.2022.896552

Black Soldier Fly Larvae Meal in the
Diet of Gilthead Sea Bream: Effect on
Chemical and Microbiological Quality
of Filets
Marianna Oteri 1, Biagina Chiofalo 1, Giulia Maricchiolo 2, Giovanni Toscano 3,

Luca Nalbone 1, Vittorio Lo Presti 1 and Ambra Rita Di Rosa 1*

1Department of Veterinary Sciences, University of Messina, Messina, Italy, 2 Institute of Biological Resources and Marine

Biotechnologies, National Research Council, Messina, Italy, 3Department of Chemical, Biological, Pharmaceutical and

Environmental Sciences, University of Messina, Messina, Italy

The chemical and microbiological characteristics of filets of Spaurus aurata L. specimens

fed with diets containing a Hermetia illucens meal (HIM) at the 25, 35, and 50%,

as a partial replacement for fish meal (FM) were evaluated. The diets, formulated

to satisfy the nutritional needs of fish, were isoenergetic (22 MJ/kg gross energy),

isonitrogenous (43 g/100 g, a.f.), and isolipidic (19 g/100 g, a.f.). Seventy-two specimens

were randomly killed after 186 days of growing trials. Then, the filets were analyzed

for chemical profile, fatty acids, amino acids, minerals, and microbial flora. Data were

subjected to statistical analysis. No significant differences were observed in chemical

composition. The sum of polyunsaturated fatty acids (PUFAs) showed a similar content

in the filets; eicosapentaenoic acid was similar in the filets of HIM0, HIM35%, and

HIM50%, whereas docosahexaenoic acid was higher in filets of the HIM0 group. n3/n6

PUFA ratio and the sum of EPA + DHA showed a high value (p < 0.001) in filets of

the group fed with FM. No significant difference was observed in thrombogenic index

and hypocholesterolaemic/hypercholesterolaemic ratio in the groups; the atherogenic

index showed a higher value (p = 0.001) in the HIM50% group. Indispensable amino

acids showed some significant (p < 0.0001) differences in the groups; arginine and

phenylalanine content was higher in the filets of fish fed with FM; isoleucine and valine

content was higher in the filets of HIM50%; leucine, lysine and methionine content was

lower in the filets of HIM35%; histidine content was lower in the filets of HIM25%;

tryptophan content was lower in filets of the HIM50% group. EAA/NEAA ratio showed

highest value in the filets of the group that received FM. The presence of HIM in the three

diets kept chromium, manganese, iron, copper, zinc, and nickel levels lower than those

recommended by various authorities. Ca/P ratio showed a higher level (p < 0.0001) in

the group fed with FM than those fed with diets containing HIM. The insect meal in the

diets did not influence the microbiological profile of fish. Use of HIM as an unconventional

feed ingredient in Sparus aurata diet looks promising, although the quality of filets may

be affected.

Keywords: nutritional quality, mineral profile, microbiological quality, seafood, insect meal
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INTRODUCTION

The global demand and consumption of fish are increasing
to meet the needs of the growing population at a faster rate
than the demand for fish feed ingredients; this is leading to a
rapid decline in fish meal (FM) availability and simultaneous
rise in prices (1, 2). FM is the optimal animal protein source
used in commercial fish feeds (3), with high bioavailability of
nutrients and an adequate nutritional composition, which meets
the requirements of essential amino acids and fatty acids of fish
species (4, 5).

However, the use of FM is unsustainable from both
environmental and economic points of view.

The aquaculture industry’s most positive contribution is
the search for alternative ingredients that are integrated into
sustainable farming systems and provide high quality protein
and lipids without negatively impacting fish health, performance,
and disease resistance (6, 7), and without compromising the
nutritional value of farmed fish for humans (8, 9). The use
of nonconventional ingredients such as insect materials with
nutritional and nutraceutical potential for human and animal
health has been proposed as a relevant sustainable element of
the agri-food chain (10–12). Insect meal (IM) is considered
an adequate protein and lipid source that can be used as a
substitute for FM in aquaculture feed because of its protein,
amino acid, and fatty acid profiles (13). However, the use of
insects as feed is a relatively new practice on a commercial scale,
and many questions remain to be tackled: (i) the risk of transfer
of pathogens into the production system (14) so much so that
EFSA identifies the substrate used to feed insects as the key
entry point for contamination (15); (ii) the optimal level of food
replacement of FM for IM, which can vary considerably from 25
to 100% because of different compositions of larvae, fish species,
and diets (16).

Among different insect species considered for possible use
in aquaculture, Hermetia illucens is one of the most interesting
because its sustainability is linked to its abilityto convert food
waste materials or manure into high-quality insect nutrients (17).
The proximate composition of the H. illucens meal (HIM) is
highly variable; based on dry matter, protein and lipid contents
were reported for de-fatted HIM of 47.2 and 11.8% (18) and 51.8
and 14.8% (19), respectively, and for full-fat HIM of 36.2 and
18%, respectively (20). Ash content ranged between 11 and 15%
with high mineral concentrations characterized by high Ca/P
ratio (21).

Although studies on the use of black soldier fly larvae
meal in fish finishing started in 1987 (22), it became popular
again, especially after 2017 when the European Commission
allowed the use of proteins derived from 7 species of insects
as alternative protein sources for aquafeed formulation (23).
Previous studies have shown that replacing FM with IM in fish
feeds results in changes in filet quality (24), without adversely
affecting fish growth (25, 26). In particular, one problem for
both producers and consumers is the consequent decrease
in alfa-linolenic acid (ALA; C18:3n3), eicosapentaenoic acid
(EPA; C20:5n3), and docosahexaenoic acid (DHA; C22:6n3)
levels in fish filets due to the inclusion of HIM in the feed

(27, 28). However, it may be possible to modify the nutritional
composition of H. illucens through the feeding media of the
insect (29–31), as observed for H. illucens-fed fish offal and
algae where significant amounts of EPA and DHA were found
(27, 32).

This study is part of a much larger research project, “Feed
Insects For Aquaculture” (FIFA), which aims to reveal the
nutritional value of a protein-rich insect meal (IM) produced
fromH. illucens larvae and used as a partial substitute of fishmeal
in Sparus aurata feeding. In a previous study, the proximate, fatty
acid, amino acid, and mineral compositions, microbiological
profile, and organoleptic characteristics of four diets formulated
for Sparus aurata and containing 25, 35, and 50% of defatted
HIM (33) as replacement for FM were characterized. Given the
growing interest in HIM as an alternative protein source to
replace FM in fish feeds, in another study on Sparus aurata fed
with the diets described above, the growth performance and feed
utilization efficiency were reported (not yet published), and the
organoleptic properties of the filets were analyzed using a sensor-
based instrument platform consisting of E-eye, E-nose with 18
MOS sensors, and a potentiometric E-tongue with 7 chemical
sensors (34). This study mainly focussed on the chemical and
microbiological characteristics of filets of Spaurus aurata L.
fed with diets containing increasing levels of HIM as a partial
replacement for FM.

MATERIALS AND METHODS

The experimental protocol was designed according to the
Italian legislation (35) and guidelines of the current European
Directive (36) on the protection of animals utilized for scientific
purposes. The experimental protocol was authorized by the
Italian Ministry of Health (Ministerial Authorization number
491/2019-PR released on 4 July 2019).

Diet Formulation
All the diets were developed to meet the nutritional requirements
of Sparus aurata and beisoenergetic (about 22 MJ/kg gross
energy), isonitrogenous (about 43 g/100, as fed), and isolipidic
(about 19 g/100, as fed). A control formula (HIM0) containing
fishmeal (FM) as an exclusive protein source of animal origin was
developed. For the other three diets (HIM25, HIM35, HIM50%),
the defatted Hermetia illucensmeal was added at 25, 35, and 50%
(as fed basis) to the control formula, replacing FM, to create three
formulations characterized by different amounts of HIM (79, 110,
and 157 g/kg). The other ingredients of the diets were adjusted to
obtain iso-energetic formulas.

The diets were prepared by SPAROS Lda (Olhao, Portugal),
which was commissioned to prepare the extruded fish diets. The
ingredients were weighed, mixed, and grounded, and the feeds
were extruded in a single screw extruder using a die diameter (dd)
of 4mm; after extrusion, kibbles were dried and coated with oil.
The ingredients and proximate composition of the diets (HIM0,
HIM25, HIM35, and HIM50%) are reported in Table 1. The fatty
acid, amino acid, and mineral compositions, and microbiological
profile were previously reported by Oteri et al. (33).
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TABLE 1 | Ingredients and proximate composition of the experimental diets.

DIET

HIM0 HIM25% HIM35% HIM50%

Ingredients, % as fed

Fish meal 25.00 18.75 16.25 12.50

Hermetiaillucens meal 0 7.90 11.00 15.70

Soy protein concentrate 5.00 5.00 5.00 5.00

Wheat gluten 5.00 5.00 5.00 5.00

Corn gluten 5.00 5.00 5.00 5.00

Soybean meal 48 15.00 15.00 15.00 15.00

Rapeseed meal 5.00 5.00 5.00 5.00

Wheat meal 17.45 15.17 14.21 12.88

Whole peas 4.00 4.00 4.00 4.00

Fish oil 5.00 5.00 5.00 5.00

Rapeseed oil 10.00 9.80 9.80 9.80

Vitamin and mineral premix 1.00 1.00 1.00 1.00

Vitamin C35 0.03 0.03 0.03 0.03

Vitamin E50 0.02 0.02 0.02 0.02

Antioxidant 0.30 0.30 0.30 0.30

Sodium propionate 0.10 0.10 0.10 0.10

MCP, monocalcium phosphate 1.50 2.20 2.50 2.80

L-Lysine 0.30 0.35 0.37 0.40

L-Tryptophan - 0.03 0.04 0.05

DL-Methionine 0.10 0.15 0.18 0.22

L-Taurine 0.20 0.20 0.20 0.20

Proximate analysis, g/100g as fed

Dry matter 92.33 92.78 92.90 92.64

Crude protein 42.7 42.7 42.7 42.7

Crude fat 18.6 18.6 18.6 18.7

Crude fiber 2.3 2.2 2.2 2.1

Ash 9.3 9.3 9.4 9.3

NFE* 19.43 19.98 20.00 19.84

HIM0, fish meal; HIM25, HIM35, and HIM50%, Hermetia illucens meal at the 25, 35, and

50% substitution rates of fish meal, respectively.

*Nitrogen-free extract, NFE (g/100g) = 100–(crude protein + crude fat + crude fiber

+ ash).

Feeding Trial and Facilities
The experimental study on Sparus aurata specimens was carried
out at the IRBIM facility in the CNR headquarter in Messina
(Italy). On 3 February 2020, 332 fish purchased by the Ittica
Caldoli Company (Lesina, Foggia, Italy) were transported to the
IRBIM-CNR facility and transferred to a large tank (4.5 m3) for
about 1 week to acclimatize to the breeding conditions. During
that time, fish were fed with a commercial diet (46% protein,
16% fat; 20.7% NFE, 2.3% crude fiber; Aller Blue Omega 3mm;
Aller Aqua Company, Christiansfeld, Denmark). After 1 week of
acclimation, a total of 324mixed-sex specimens were individually
weighed (average initial weight: 143.65 ± 25.94 g) and randomly
divided into 12 indoor fiberglass tanks of 1.4 m3 (27 fish/tank,
3 replicate tanks per diet, and total of 81 fish per diet), in an open
circuit system, with intake and discharge of 12 L/min of water
from and to the sea (12 complete tank renewals a day). Some
water parameters (pH, O2, temperature) were monitored daily

using a professional multi-parametric probe (YSI Professional
Plus Multi-Parameters Water Quality Meter probe; Xylem Inc.,
Yellow Springs, OH, United States). The fish were fed with
the commercial diet and adapted for a further 7 days to the
experimental conditions.

Twice a day (at 9:00 and 16:00 h) and 6 days a week, or for
over 180 days (18 February−24th August), the fish were fed with
the experimental feeds (HIM0, HIM25, HIM35, and HIM50%),
initially at 0.8% and with an increase of up to 1.5% of body weight
depending on water temperature. Throughout the growth trial
period, tank biomass was weighed in bulk every 20 days to update
daily feed ration. The tanks were inspected daily for mortality,
which was, throughout the duration of the experiment,.003%.

At the end of the trial, all the fish were starved for 24 h
and killed by overdose (500 mg/L) with an anesthetic (tricaine
methanesulfonate solution, MS-222; Sigma-Aldrich, Italy); body
weight (390± 49, on average) and length (28± 49 cm on average)
were determined individually for all the fish. A subsample of 72
specimens (n = 18 fish per diet and 6 fish/tank) was randomly
slaughtered and transported, in dry ice to the Laboratories of the
Department of Veterinary Sciences-Unit of Animal Production,
University of Messina (Messina, Italy), where they were gutted,
fileted, deskinned, sampled in small aliquots, vacuum-packed,
and freeze-dried prior to being subjected to scheduled analyses.
Then, each aliquot of the filets was defrosted and homogenized
with a common laboratory knife mill (Grindomix GM 200;
Retsch GmbH, Haan, Germany) for the analyses described in
section 2.3.

A total of 36 specimens (n = 9 fish per diet and 3 fish/tank)
were randomly slaughtered and transported in sterile plastic
bags in dry ice to the Laboratories of the Department of
Veterinary Sciences–Unit of Inspection of Food of Animal
Origin, University of Messina (Messina, Italy) and processed
within 3 h.

Analyses of Chemical Composition of Fish
Muscle
The proximate composition of the ground filets from the four
groups of fish (total number = 72; 18 fish per diet and 6 fish per
replication) was determined following the AOAC (37) methods
for moisture (method 950.46), crude protein (method 981.10),
and ash (method 920.153).

For determination of total lipid n, the aliquots
(approximately 2 g) of wet filet muscles from the four fish
groups (n = 72) were ground, and the oil was extracted using
a chloroform/methanol (2:1, v/v) solution (38). Each chemical
analysis was performed in triplicate. Then, total lipids were
used to prepare fatty acid methyl esters (FAMEs) for the
analysis of fatty acid (FA) profile, according to the method of
Christie (39). In particular, on each sample of total lipid, 2ml
of methanol:sulfuric acid (9:1, v/v) solution was added, and the
mixture was heated at 100◦C for 1 h. The FAMEs were analyzed
with a Trace 1310 chromatograph (Thermo Fisher Scientific,
Milan, Italy) provided with a flame ionization detector (FID).
Separation of FAMEs was carried out using a 30m ×.25mm
(length × internal diameter). fused silica capillary column
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(Omegawax 250; Supelco, Bellefonte, PA, United States) 25-µm
film, and maintained at 100◦C for 5min, from 100 to 240◦C at
4 ◦C/min and a final isotherm of 20min at 240◦C. Injector and
detector temperatures were set at 250◦C. Injection volume and
split ratio were 0.5 µl and 1:50, respectively. The carrier gas,
helium (He), was set at a flow rate of 1 ml/min. Data acquisition
and processing were performed using ChromeleonTM Software
(Thermo Fisher Scientific, Milan, Italy). Fatty acids of the fish
samples were identified by comparing the relative retention
times of FAMEs with those of a standard mix solution (mix 37
FAMEs; Supelco, Inc., Bellefonte, PA, United States) under the
same analytical conditions. FA concentrations were expressed as
g/100 g, where 100 g was the total of all areas of the identified
FAMEs. Nutritional indices that consider different fatty acids
according to their different contributions to the promotion or
prevention of cardiovascular disorders were calculated from
the identified fatty acids. Atherogenic (AI) and thrombogenic
(TI) indices were calculated using the Ulbricht and Southgate
equations (40), while hypocholesterolemic/hypercholesterolemic
ratio (H/H), was calculated using the equation proposed by
Santos-Silva et al. (41). The three indices were calculated
as follows:

IA = [C12 : 0 + (4× C14 : 0) + C16 : 0]/(
∑

n6 −

PUFA +

∑

n3− PUFA +

∑

MUFA) (1)

IT = (C14 : 0 + C16 : 0 +

C18 : 0)/[(.5×
∑

MUFA) + (.5×
∑

n6− PUFA) +

(3×
∑

n3− PUFA) + (
∑

n3−−PUFA/
∑

n6− PUFA)]

(2)

H/H = (C18 : 1n9 + C18 : 2n6 +

C20 : 4n6 + C18 : 3n3 + C20 : 5n3 + C22 : 5n3 +

C22 : 6n3)/(C14 : 0 + C16 : 0) (3)

Moreover, the peroxidation index (PI), that expresses a
measure of peroxidation susceptibility and peroxidative lipid
damage for a particular phospholipid membrane, was calculated
using the following formula reported by Luciano et al. (42):

PI = (%dienoic×1) + (%trienoic× 2) + (4)

(%tetraenoic× 3) + (%pentaenoic×4) + (%hexaenoic×5)

For amino acid profile, aliquots (approximately.25 g) of wet filet
muscles from the four fish groups (n = 72) were hydrolyzed in
10ml of an HCl solution (6M) at 110◦C for 24 h. During acid
hydrolysis, asparagine and glutamine were converted to aspartic
and glutamic acids (43); therefore, they were calculated as the
sum of aspartic acid plus asparagine and of the glutamic acid plus
glutamine. For cysteine analysis (43), an oxidation reaction using

TABLE 2 | Analytical line length (nm) utilized for analysis.

Element nm Element nm

Cr 267.716 Se 196.026

Cu 327.393 Ni 231.064

Fe 238.204 Mn 257.610

K 766.490 Zn 213.857

P 213.617 Mg 285.592

Na 589.592 Ca 317.933

performic acid was performed for deamination prior to acid
hydrolysis with an HCl solution (6M). For tryptophan analysis,
acid hydrolysis was performed using 10ml of a NaOH solution
(4M) at 112◦C for 16 h; then, cooling and neutralization of
each sample were performed with acetic acid (44). Amino acids
were analyzed with a Trace 1310 chromatograph (Thermo Fisher
Scientific, Milan, Italy) provided with a flame ionization detector
(FID) and a ZB-AAA Amino Acid column (10m × 0.25mm
ID); oven temperature was programmed from 110 to 320◦C at
32 ◦C/min, with a final isotherm of 320 ◦C (1min). Injector
and detector temperatures were 250 and 320◦C, respectively.
Injection volume and split ratio were 2.5µl and 1:15, respectively.
Procedures for purification, pre-column derivatization, and
quali-quantitative analyses of each amino acid were performed
using EZ:Faast Kit (Phenomenex, Torrance, CA, United States).

The mineral profile of fish samples, deprived of bones
and scales, was analyzed with a high-performance dispersing
instrument. About 0.5 g of the sample filets were exactly
weighed in a pre-cleaned PTFE vessel by acidic wash and
then digested with 7ml of 69% Nitric acid TraceSelect and
1ml of H2O2 at 30% (OptimaTM for Ultra Trace Analysis),
both purchased from Honeywell Fluka (Seelze, Germany). The
closed vessels were introduced into a microwave digestion
system (Ethos 1; Milestone, Bergamo, Italy) and treated with a
warm-up program of 20min at 1,000W of microwave power.
After the cooling time, the digested samples were diluted to
a final volume of 25ml with ultrapure water (resistivity 18.2
MΩ/cm) obtained from a Milli-Q Integral 3 device (Merck
Millipore, Merck KGaA, Darmstadt, Germany). Samples of
Mussel Tissue (CE278k) and Bovine Muscle (BB184), both
from ERM (European Reference Material, Geel, Belgium),
were used to verify the accuracy of the analytical procedures
described above. All the solutions were stored in high-density
PE bottles cleaned with a 10% (v/v) solution of HNO3, and
were sonicated and rinsed afterward with ultrapure water. For
the analysis of minerals, an ICP-OES instrument, Avio200,
equipped with a vertical DualView optical system coupled
with an S10 autosampler was used. Lengths of the analytical
lines (nm) utilized for the analyses are reported in Table 2;
the Argon line at 420.069 nm was applied as an internal
standard. Table 3 reports the operational conditions of the ICP-
OES. Data acquisition and processing were performed using
the PerkinElmer SyngistixTM for ICP software (Perkin Elmer,
Waltham, MA, United States).

Optical optimization of the ICP-OES was conducted with
the procedure of the SyngistixTM software, and torch position
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TABLE 3 | Operational conditions of the ICP-OES.

Parameter Conditions

Radiofrequency power (W) 1,500

Plasma gas flow (L/min) 10.0

Auxiliary gas (L/min) 0.2

Nebulizer gas (L/min) 0.7

Sample uptake (mL/min) 1.0

was optimized before the analytical step using an Mn analytical
line with a 1 mg/l Mn solution. The quantification of each
mineral was made with external calibration curves using a set
of solutions of 0.05, 0.25, 0.5, and 1 ppm arranged from a
Perkin Elmer multi-element analytical solution for ICP analysis.
The calibration curves for all elements were established using
a calibration blank and a reagent blank, and all were found to
have correlation coefficients (r2) ranging from 0.998 to 0.999.
Detection limits (DLs) were determined by analyzing a matrix
blank represented by reagents and quantities same as those used
for sample preparation. Recoveries from the certified materials
have reached acceptable values and higher than 85% for most of
the elements and up to 95% for Zn and Cu.

Analysis of Microbiological Profile of Fish
Muscle
The analyses were carried out on samples of skin dissected from
the tail to the opercula, on dorsal fleshes, and on the intestine
dissected from the pylorus to the anal opening. Sampling was
performed with sterile scissors and forceps by collecting the skin
first from one side and the underlying flesh portion, and then
repeating the operation on the opposite side and finally sampling
the intestine. Each sample of skin, dorsal fleshes, and intestine
was split into two aliquots and subjected to microbiological
analysis. The aliquots for each sample of skin, dorsal flesh, and
intestine were homogenized with buffered peptone water (Biolife,
Milano, Italy, at a ratio of 1:9 w/v and with a stomacher (400
Circulator; International PBI s.p.a., Milano, Italy) for 60 s at 230
rpm and tested for the following parameters: (i) enumeration of
Enterobacteriaceae (45) on Violet Red Bile Glucose Agar (Biolife,
Milano, Italy), incubated at 37 ± 1◦C for 24 h; (ii) enumeration
of Clostridium spp. (46) on Tryptose Sulfite Cycloserine Agar
(Biolife, Milano, Italy), incubated at 37 ± 1◦C for 24 h under
anaerobic conditions; (iii) detection of Salmonella spp. (47)
on Chromogenic Salmonella Agar (Biolife, Milano, Italy) and
Xylose Lysine Deoxycholate Agar (Biolife, Milano, Italy), both
incubated at 37 ± 1◦C for 24 h; (iv) detection and enumeration
of Pseudomonas spp. on Pseudomonas Agar Base (HiMedia
Laboratories, Mumbai, India), incubated at 25 ± 1 ◦C for
48 h; (v) detection and enumeration of Aeromonas spp. on GSP
Agar (Pseudomonas Aeromonas Selective Agar Base) acc. to
KIELWEIN (Merck, Darmstadt, Germany), incubated at 30 ±

1◦C for 48 h; (vi) detection and enumeration of Vibrio spp. (48)
on TCBS (thiosulfate citrate bile sucrose agar;bioMerieux, Marcy
l’Etoile, France), incubated at 37 ± 1◦C for 24 h; (vii) detection
and enumeration of Specific Spoilage Organisms (SSOs) (49)

on Iron Agar (Lyngby) (Oxoid Ltd., Basingstoke, Hampshire,
England), incubated at 20± 1◦C for 72 h counting black colonies
as sulfide producers and white colonies as sulfide non-producers.
The LODs were 10 CFU/g for the count of Enterobacteriaceae,
Aeromonas spp., Clostridium spp. and SSOs, and 100 CFU/g
for the count of Pseudomonas spp. The other aliquots for each
sample of skin, dorsal flesh, and intestine were processed for
the detection of Listeria monocytogenes (50) as follows: they
were homogenized with Listeria Fraser Broth Half Concentration
(Biolife, Milano, Italy), incubated at 30 ± 1◦C for 20 h, followed
by a passage in Listeria Fraser Broth (Biolife, Milano, Italy)
incubated at 37 ± 1◦C for 24 h and spread both on Agar Listeria
according to Ottaviani and Agosti (Biolife, Milano, Italy) and
Listeria Palcam Agar (Biolife, Milano, Italy), both incubated at
37± 1◦C for 24–48 h.

Statistical Analysis
For chemical composition of the filets, all the data were analyzed
with the ANCOVA procedure of the XLSTAT statistical package
(51). The diets (HIM0, HIM25, HIM35, and HIM50%) were used
as a fixed effect and the final body weight as the covariate. In
this way, the possible effects of diet and body weight have been
separated. Separation of means was assessed by Tukey’s test, and
differences were significant if p < 0.05.

To evaluate the influence of the different dietary formulations
on the microbiological profile of the skin, intestine, and muscle
of the fish, the microbial loads of each parameter between the
different groups were compared. The normal distribution of
the raw data was tested by a D’Agostino-Pearson omnibus test,
and a one-way analysis of variance (ANOVA) was conducted to
evaluate any significant differences between each group. A post
hoc Tukey’s test was conducted for the multiple comparisons in
the obtained ANOVA data. Critical significance level (p) was set
at 5% (0.05), and all the tests were performed two-sided. All the
statistical analyses were carried out with the Graph Pad Prism 9
software (San Diego, CA, United States).

RESULTS

Fish Growth Performance
In brief, at the end of the feeding trial, all the fish almost tripled
their mean body weight, but there were no significant differences
(p > 0.05) between the dietary groups for any of the considered
growth performance and feed utilization efficiency indices.

Chemical Composition of Filets
Table 4 reports the chemical composition of sea bream filet
muscle. Moisture, crude protein, total lipids, and ash contents of
the filets were not affected by the dietary treatments.

The fatty acid composition of the sea bream filet muscle
is shown in Table 5. The saturated fatty acid, the lauric acid
(C12:0) and the myristic acid (C14:0) showed significantly higher
values in the HIM50% group than those observed in the fish
fed fish meal and lower inclusions of Hermetia illucens meal.
The unsaturated fatty acids, myristoleic acid (C14:1), alpha-
linolenic acid (ALA, C18:2n6), and arachidonic acid (ARA,
C20:4n6) showed significantly higher values in the HIM50%
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TABLE 4 | Proximate composition (g/100 g of wet weight) of the filets of the gilthead sea bream fed with the four exerimental diets.

GROUP p-value SEM1

HIM0 HIM25% HIM35% HIM50% D2 BW3

Fish 18 18 18 18

Moisture 67.11 67.24 66.79 67.68 0.354 0.110 0.287

Crude Protein 20.41 19.99 20.07 19.82 0.242 0.824 0.183

Total Lipids 10.78 11.13 11.48 10.83 0.273 0.304 0.275

Ash 1.70 1.64 1.66 1.67 0.869 0.392 0.049

HIM0, fish meal group; HIM25, HIM35, and HIM50%, Hermetia illucens meal at 25, 35, and 50% substitution rates of fish meal groups, respectively.

Fish: 18 per each diet, 6 fish per tank, and 3 replications per diet.
1Standard error of the mean.
2Diet.
3Body weight.

group than those observed in the fish fed with fishmeal and lower
inclusions of the Hermetia illucens meal; oleic acid (C18:1n9)
showed a significantly higher level in the HIM25 and HIM35%
groups than in the HIM50% group; eicosapentaenoic acid (EPA,
C20:5n3) showed a similar content in the HIM0, HIM35 and
HIM50% groups, which was significantly higher than that in
the HIM25% group; docosahexaenoic acid (DHA, C22:6n3)
showed a significantly higher content in the fish fed with fish
meal than in the fish fed with the insect meal. The fatty acid
classes of the filets are reported in Table 6. The sum of the
saturated fatty acids (SFAs) showed a significantly higher value
in the HIM50% group than the observed value in the HIM0
group. The sum of the monounsaturated fatty acids (MUFAs)
showed a significantly lower value in the HIM50% group than
the observed in the fish with fed fish meal and lower inclusions
of the Hermetia illucens meal. The sum of the polyunsaturated
fatty acids (PUFAs) and PUFAs of the n3-series showed a similar
content in the HIM0, HIM35, and HIM50% groups, which
was higher than that in the HIM25% group, whereas the fatty
acids of the n6-series showed a significantly higher value in
the HIM50% group than the observed in the fish fed with fish
meal and with lower levels of inclusion of the insect meal.
n3/n6 PUFA ratio (Table 6), as well as the sum of EPA+DHA,
showed significantly higher levels in the fish with fed with
fish meal than those of the fish fed with different inclusion
of the insect meal. The indices of nutritional interest, i.e., the
atherogenic (AI), thrombogenic (TI), and peroxidation (PI)
indices and hypocholesterolemic/hypercholesterolemic (H/H)
ratio are reported in Table 6. No significant (p > 0.05) difference
was observed for TI and H/H in the groups, whereas the AI
showed a similar level in the HIM0, HIM25, and HIM35%
groups but was significantly lower and, therefore, better than that
recorded in the HIM50% group. On the contrary, the PI showed
a similar content in the HIM0, HIM35, and HIM50% groups but
was higher than that in the HIM25% group. Body weight did not
significantly (p > 0.05) affect the fatty acid classes, the ratio, or
the nutritional indices.

Twenty amino acids, ten indispensable amino acids (EAA),
and ten dispensable ones (NEAA), were identified and quantified
in the sea bream filet muscle (Table 7). Among the indispensable

amino acids in the filets, arginine and phenylalanine showed
significantly higher values in fish fed with fish meal than in fish
fed with different inclusion of the insect meal; isoleucine and
valine showed significantly higher values in fish fed with higher
inclusion of the insect meal (HIM50%) than in fish fed with fish
meal and with lower levels of inclusion of the insect meal; leucine,
lysine and methionine showed significantly lower levels in fish
of the HIM35% group, histidine in fish of the HIM25% group,
and tryptophan in fish of the HIM50% group than those in the
other groups. Threonine showed similar values (p > 0.05) in
the groups. Among the dispensable amino acids, alanine showed
a significantly higher level in filets of the HIM50% group than
those observed in the HIM25 and HIM35% groups; aspartate +
asparagine showed a significantly higher level in filets of the
HIM50% group than that observed in the filets of fish fed with
fish meal; glycine showed a significantly higher level in filets of
the HIM50% group than that of HIM35% group; cysteine and
tyrosine showed significantly higher levels in the filets of fish fed
with fish meal than those of the fish fed with different inclusion
of the insect meal. Hydroxylysine, hydroxyproline, and serine
showed similar values in the groups. The EAA/NEAA ratio in
the filets showed a significantly higher value in the fish fed with
fish meal than in the fish fed with different inclusion of the insect
meal. Body weight did not significantly (p > 0.05) affect the
indispensable or the dispensable amino acid profile.

Table 8 shows the average mineral content values in the
sea bream filet muscle: macrominerals (phosphorus, sodium,
potassium, calcium, and magnesium), microminerals (zinc, iron,
manganese, copper, and chromium), and trace minerals (nickel).
Phosphorus, showed a significantly higher value in the fish of
the HIM25% group than that observed in the HIM0, HIM35,
and HIM50% groups. Calcium showed a significantly higher
value in the filets of the HIM0 group than those observed in
the HIM50% group, whereas the HIM25 and HIM35% groups
showed intermediate values. Sodium, potassium, andmagnesium
showed similar values (p > 0.05) in the groups. Due to the
antagonist interaction of the Ca and P, the concentration ratio
between these macroelements was calculated (52). A significantly
higher level of the Ca/P ratio was observed in the HIM0 group
than in the fish fed with different inclusions of Hermetia illucens.

Frontiers in Nutrition | www.frontiersin.org 6 May 2022 | Volume 9 | Article 896552228

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Oteri et al. Sparus aurata Fed Insect Meal

TABLE 5 | Fatty acid composition (g/100 g of fatty acid methyl esters)# of the filets of the gilthead sea bream fed with the four exerimental diets.

GROUP p-value SEM1

HIM0 HIM25% HIM35% HIM50% D2 BW3

Fish 18 18 18 18

C12:0 0.05 d 0.23 c 0.40 b 0.58 a <0.0001 0.265 0.001

C14:0 2.57 b 2.59 b 2.63 ab 2.75 a 0.001 0.636 0.012

C14:1 0.06 b 0.06 b 0.06 b 0.07 a 0.001 0.320 <0.0001

C15:0 0.20 a 0.19 b 0.19 b 0.19 b 0.001 0.690 <0.0001

C16:0 15.29 15.31 15.12 15.41 0.626 0.944 0.257

C16:1 4.17 4.16 4.25 4.16 0.610 0.716 0.031

C17:0 0.17 a 0.16 b 0.16 b 0.17 a 0.003 0.610 <0.0001

C17:1 0.03 0.03 0.03 0.03 0.296 0.407 <0.0001

C18:0 3.41 3.45 3.40 3.38 0.898 0.113 0.054

C18:1n9 40.62 ab 41.11 a 40.78 a 40.02 b <0.0001 0.715 0.308

C18:1n7 3.11 a 3.15 a 3.06 ab 3.01 b 0.001 0.996 0.062

C18:2n6 12.83 c 12.78 c 13.17 b 13.52 a <0.0001 0.231 0.062

C18:3n6 0.17 0.16 0.18 0.15 0.058 0.031 0.001

C18:3n3 3.26 3.28 3.25 3.30 0.661 0.348 0.010

C20:0 0.25 0.26 0.25 0.26 0.352 0.770 <0.0001

C20:1n9 2.02 a 2.02 a 1.82 b 1.79 b <0.0001 0.339 0.006

C20:2n6 0.29 b 0.29 b 0.31 b 0.33 a <0.0001 0.460 0.001

C20:3n6 0.16 0.17 0.17 0.17 0.505 0.112 <0.0001

C20:4n3 0.39 a 0.35 b 0.37 ab 0.36 b 0.0003 0.682 0.001

C20:4n6 ARA 0.12 b 0.12 b 0.13 ab 0.14 a 0.0002 0.224 <0.0001

C20:5n3 EPA 3.41 a 3.20 b 3.33 a 3.32 a 0.0002 0.026 0.012

C22:0 0.14 0.14 0.14 0.15 0.675 0.823 <0.0001

C22:1n9 1.12 a 0.99 b 0.93 b 0.94 b 0.0005 0.738 0.012

C22:5n3 DPA 1.28 b 1.27 b 1.34 a 1.34 a 0.047 0.677 0.006

C22:6n3 DHA 4.80 a 4.48 b 4.46 b 4.41 b 0.008 0.588 0.077

HIM0, fish meal group; HIM25, HIM35, and HIM50%, Hermetia illucens meal at 2, 35, and 50% substitution rates of fish meal groups, respectively.

Fish: 18 per diet, 6 fish per tank, and 3 replications per diet.

#Concentration of fatty acid is expressed as g/100 g, considering 100 g the sum of the areas of all the fatty acid methyl esters (FAMEs) identified.

Mean values with different letters in the same row are significantly different at p < 0.05.

ARA, arachidonic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid.
1Standard error of the mean.
2Diet.
3Body weight.

Among the microminerals, manganese, copper, and chromium
showed similar values (p > 0.05) in the groups. Zinc showed
a significantly lower value in fish of the HIM25 and HIM50%
groups than in those of the HIM0 and HIM35% groups. Iron
was significantly higher (p = 0.011) in the filets of the HIM0
group than in those of HIM50%, whereas intermediate values
in the HIM25% and HIM35% groups were observed. The only
trace mineral identified was nickel, which showed a significantly
higher (p = 0.044) value in fish of the HIM25% group than in
those of the HIM35% group; intermediate values in fish of the
HIM0 and HIM50% groups were observed. Body weight did not
significantly (p> 0.05) affect themineral profile or the Ca/P ratio.

Microbiological Profile of Filets
The results of the microbial analysis are summarized in Table 9.
In the dorsal flesh of the fish from all the tested groups, no

colony of the researched microorganisms was detected. No
Clostridium spp., Salmonella spp., Aeromonasspp., Vibrio spp.,
and L. monocytogenes were detected in the skin and intestine
of the tested specimens. The Enterobacteriaceae loads detected
in the intestine of fish of all the groups were <2 log cfu/g,
while they were not detected in the skin of any fish. SSO loads
detected in the skin and intestine were <2 log cfu/g in the
HIM0 and HIM25% groups but slightly higher than 2 Log
cfu/g in the HIM35 and HIM50% groups although did not
reach statistical significance. Regarding SSOs in the samples of
the HIM0% group, only white colonies were detected while, in
the samples of the HIM25, HIM35, and HIM50% groups, the
white colonies compared to the black colonies accounted for
majority (> 98%). Pseudomonas spp. was detected in the skin and
intestine of all the specimens tested (≤2 log cfu/g on average).
Significantly (p < 0.05) higher loads were observed for the
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TABLE 6 | Fatty acid classes and nutritional indices of the filets of the gilthead sea bream fed with the four exerimental diets.

GROUP p-value SEM1

HIM0 HIM25% HIM35% HIM50% D2 BW3

Fish 18 18 18 18

SFA 22.08 b 22.33 ab 22.28 ab 22.88 a 0.042 0.619 0.469

MUFA 51.14 a 51.51 a 50.93 a 50.00 b <0.0001 0.792 0.360

PUFA 26.72 a 26.10 b 26.72 a 27.05 a <0.0001 0.318 0.224

n3 13.15 a 12.57 b 12.75 ab 12.74 ab 0.003 0.512 0.134

n6 13.57 c 13.52 c 13.97 b 14.31 a <0.0001 0.380 0.071

n3/n6 0.97 a 0.93 b 0.91 bc 0.89 c <0.0001 0.995 0.001

EPA+DHA 8.21 a 7.68 b 7.79 b 7.73 b 0.001 0.747 0.100

AI 0.33 b 0.33 b 0.34 b 0.35 a 0.001 0.941 <0.0001

TI 0.29 0.30 0.30 0.30 0.182 0.501 <0.0001

H/H ratio 3.72 3.70 3.75 3.64 0.379 0.964 0.023

PI 64.62 a 61.95 b 63.17 ab 63.30 ab 0.004 0.651 2.910

HIM0, fish meal group; HIM25, HIM35, and HIM50%, Hermetia illucens meal at 25, 35, and 50% substitution rates of fish meal groups, respectively.

Fish: 18 per diet, 6 fish per tank, and 3 replications per diet.

SFA, sum of the saturated fatty acids; MUFA, sum of the monounsaturated fatty acids; PUFA, sum of the polyunsaturated fatty acids; EPA, eicosapentaenoic acid; DHA, docosahexaenoic

acid; AI, atherogenic Index; TI, thrombogenic Index; PI, peroxidation index; H/H, hypocholesterolaemic/hypercholesterolaemic ratio. Mean values with different letters in the same row

are significantly different at p < 0.05.
1Standard error of the mean.
2Diet.
3Body weight.

Pseudomonas spp. in the skin of the HIM50% group compared
to the HIM25% group.

DISCUSSION

The diet containing insect meal did not affect the chemical
composition of sea bream (Sparus aurata) muscle. A slight
decrease in protein content was observed in fish fed with
insect meal, although this variation was not statistically
significant. The data are in accordance with studies on
Atlantic salmons fed with a larva meal from Hermetia illucens
(9) and sea breams fed with a larva meal from Tenebrio
molitor (53).

Among the fatty acids in fish filets, the most interesting
results were regarding the significant differences observed for
some polyunsaturated fatty acids of nutritional interest. These
observations are not consistent with the dogma in that differences
in the fatty acid composition of muscle lipids reflect differences
in dietary fatty acid contents (53, 54). In fact, despite the
different Hermetia illucens inclusions into the diet (33) not
being able to modify the fatty acid content of the feeds, the
fatty acids in the sea bream muscles showed a different trend.
Moreover, as observed by Sealey et al. (54), some muscle fatty
acid concentrations were attenuated relative to dietary content.
Among these, oleic acid (C18:1n9) ranged from 43 to 45% in the
diets (33), but it only ranged from 40 to 41% in the muscles,
and alfa-linolenic acid (C18:3n3) ranged from 4 to 5% in the
diets (33) but was only about 3% in the muscles of all the
groups. A higher concentration of DHA (C22:6n3) was detected
in the muscle (4.54% on average) in comparison to its content
in the diets (3.61% on average). Regarding the trend of DHA

content in the muscle, significantly lower values were found in
fish fed with insect meal than in those fed with the basal diet
(100% fish meal), although the diets contained similar levels
of DHA [Oteri et al. (33)] and were formulated to provide
DHA above the estimated EFA requirements (55). The results
are in agreement with the observations of Belforti et al. (8)
and Pulido et al. (56). EPA appeared reduced in muscle fatty
acids (3.32%, on average) compared to dietary concentrations
(4.75%, on average) (33). The results agree with Sealey et al.’s
observations (54), but they are not in agreement with St-Hilaire
et al. (26) and Ewald et al. (28) who observed a decrease in
ALA and EPA in fish fed with the inclusion of HIM in the
feed. It is assumed that marine fish have a deficient capacity to

bioconvert 18C precursors (C18: 2n6 and C18: 3n3) into LC-

PUFAs with 20 or 22 carbon atoms such ARA, EPA, and DHA,

thanks to the activity of 16, 15, and 14 fatty acid desaturases

(57, 58). For this reason, marine fish require the presence of

preformed LC-PUFAs in the diet. However, Seiliez et al. (59)
demonstrated the presence and nutritional modulation of a 16
fatty acid desaturase in Sparus aurata. The same authors did
not detect 15 and 14 fatty acid desaturases; the latter are
responsible for the synthesis of DHA from DPA (C22: 5n3).
Therefore, clear explanation and interpretation of the results
obtained appear difficult, as the metabolic pathway of long-chain
polyunsaturated fatty acids (LC-PUFAs) in marine fish is still
under debate.

It must be mentioned tha tEPA and DHA are essential for the
growth, development and health, and regulation of expression
of several genes involved in lipid metabolism (60). ARA and
EPA play a major role in eicosanoid production (61). The results
showed that in the filets of all the experimental groups, the
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TABLE 7 | Amino acid composition (g/100 g of wet weight) of the filets of the gilthead sea bream fed with the four exerimental diets.

GROUP p-value SEM1

HIM0 HIM25% HIM35% HIM50% D2 BW3

Fish 18 18 18 18

Indispensable amino acids

Arginine 1.77 a 1.11 b 1.05 c 1.16 b <0.001 0.295 0.014

Histidine 0.83 a 0.77 b 0.82 ab 0.86 a <0.001 0.701 0.013

Isoleucine 1.23 b 1.25 b 1.20 b 1.34 a <0.0001 0.404 0.014

Leucine 2.12 a 2.07 a 1.93 b 2.11 a <0.001 0.463 0.018

Lysine 3.66 a 3.65 a 3.44 b 3.55 ab 0.011 0.236 0.047

Methionine 0.66 a 0.59 b 0.56 c 0.66 a <0.001 0.884 0.008

Phenylalanine 1.56 a 1.16 c 1.34 b 1.04 d <0.001 0.626 0.011

Threonine 1.10 1.18 1.16 1.16 0.212 0.691 0.027

Valine 1.15 b 1.17 b 1.13 b 1.26 a <0.001 0.705 0.015

Tryptophan 0.02 b 0.03 a 0.03 a 0.02 c <0.001 0.855 0.011

Dispensable amino acids

Hydroxylysine 0.14 0.12 0.13 0.12 0.630 0.276 0.009

Alanine 0.96 ab 0.95 b 0.96 b 1.00 a 0.013 0.187 0.011

Aspartate+Asparigine 1.39 b 1.41 ab 1.39 ab 1.48 a 0.032 0.841 0.024

Cysteine 0.06 a 0.03 b 0.04 b 0.01 c <0.001 0.766 0.003

Glycine 0.93 ab 0.91 ab 0.85 b 0.95 a 0.007 0.478 0.019

Glutamate+ Glutammine 0.77 0.74 0.76 0.75 0.823 0.598 0.021

Proline 0.73 a 0.72 ab 0.68 b 0.76 a 0.001 0.666 0.013

Hydroxyproline 0.33 0.33 0.34 0.34 0.456 0.193 0.008

Tyrosine 1.03 a 0.97 b 0.90 c 0.91 c <0.001 0.889 0.014

Serine 1.07 1.15 1.14 1.09 0.058 0.615 0.024

EAA/NEAA 1.91 a 1.77 b 1.76 b 1.78 b <0.001 0.206 0.018

HIM0, fish meal group; HIM25„ HIM35, and HIM50%, Hermetia illucens meal at 25, 35 and 50% substitution rates of fish meal groups, respectively.

Fish: 18 per diet, 6 fish per tank, and 3 replications per diet.

Mean values with different letters in the same row are significantly different at p < 0.05.
1Standard error of the mean.
2Diet.
3Body weight.

ARA/EPA ratio did not change (0.04), and that the levels of DHA
were more depressed than those of EPA, as indicated by the
changes in the EPA/DHA ratio (from 0.71 to 0.75). Moreover,
Pulido et al. (56), with the aim of evaluating to what extent
replacing fish meal with insect meal could alter not only the
fatty acid (FA) profile of filets of Sparus aurata but also the
FA distribution inside tryglicerides, observed that the inclusion
of HIM reduced n3-PUFAs in sea bream filets but did not
substantially change the presence of fatty acids important for
human nutrition (e.g., EPA and DHA) in the sn-2 position of filet
triglycerides, increasing the chances of being better assimilated
and absorbed by potential consumers. The values recorded for
some health lipid indices (TI: thrombogenic index and H/H:
hypocholesterolemic/hypercholesterolemic ratio) appeared to be
of interest, into account the contribution that each fatty acid
has to influence the incidence of cardiovascular diseases (40).
The similar values of these indices in the filets of all the groups
suggest similar nutritional effects of all the diets on the animals.
This result could be due to chitin, the main component of the
exoskeleton of insects. Chitin contains high levels of chitosan

with cholesterol-lowering properties in fish (62, 63), it binds
with lipid micelles (cholesterol), inhibits their absorption, and
increases the excretion of bile acid; thus, it interferes with the
absorption of cholesterol (64). As observed by Iaconisi et al. (53),
the atherogenic index showed the worst value in filets of fish
fed with highest inclusion of HIM (HIM50% group), testifying
a greater probability of fatty acids to affect the incidence of
cardiovascular diseases (40). However, the AI and TI values
observed in filets appeared much lower and, therefore, better
than those reported in terrestrial animal foods (8, 65). The
peroxidation index considers the contribution that PUFAs make
in influencing oxidative degradation. The control of this process,
causing loss of nutritional value and formation of anti-nutritional
molecules, can play a central role in maintaining muscle quality
(66). Lastly, the highest level of lauric acid observed in fish filets
of the HIM50% group, did not affect (p > 0.05) fish growth
performance (final body weight: 390± 49 g; specific growth rate:
0.75± 0.02). This fatty acid is dominant in black soldier fly larvae
(28, 32) and is considered a bioactive compound for a possible
role as an antimicrobial counteracting antibiotic resistance (67).
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TABLE 8 | Mineral element profile (mg/kg of wet weight) of the filets of the gilthead sea bream fed with the four exerimental diets.

GROUP p-value SEM1

HIM0 HIM25% HIM35% HIM50% D2 BW3

Fish 18 18 18 18

Macrominerals

P - Phosphorus 2,356 c 12,016 a 9,459 b 8,880 b <0.0001 0.575 300.323

Na-Sodium 665 578 520 6340 0.254 0.652 53.05

K-Potassium 3286 3414 3503 3462 0.453 0.493 98.81

Ca-Calcium 943 a 625 ab 590 ab 484 b 0.019 0.484 96.01

Mg-Magnesium 358 344 367 356 0.709 0.526 13.83

Ca/P ratio 0.41 a 0.05 b 0.07 b 0.05 b <0.0001 0.088 0.03

Microminerals

Zn-Zinc 24.96 a 17.92 b 22.36 a 16.44 b <0.0001 0.466 2.14

Fe-Iron 5.73 a 4.09 ab 4.47 ab 3.60 b 0.011 0.281 0.41

Mn-Manganese 0.41 0.50 0.49 0.43 0.635 0.080 0.06

Cu-Copper 0.31 0.35 0.52 0.35 0.110 0.693 0.06

Cr-Chromium 0.37 0.41 0.46 0.48 0.156 0.124 0.05

Se-Selenium 0.30 a 0.22 b 0.22 b 0.35 a <0.0001 0.377 0.02

Trace mineral

Ni-Nickel 1.13 ab 1.17 a 0.75 b 1.10 ab 0.044 0.094 0.101

HIM0, fish meal group; HIM25, HIM35, and HIM50%, Hermetia illucens meal at 25, 35, and 50% substitution rates of fish meal groups, respectively.

Fish: 18 per diet, 6 fish per tank, and 3 replications per diet.

Mean values with different letters in the same row are significantly different at p < 0.05.
1Standard error of the mean.
2Diet.
3Body weight.

TABLE 9 | Microbial profile (log cfu/g) of the skin, intestine, and muscle of the gilthead sea bream fed with the four exerimental diets.

Items GROUP

HIM0% HIM25% HIM35% HIM50%

Skin Intestine Muscle Skin Intestine Muscle Skin Intestine Muscle Skin Intestine Muscle

Enterobatteriaceae <1 1.76 <1 <1 1.83 <1 <1 1.83 <1 <1 1.83 <1

SSOs1 1.90 1.93 <1 1.86 1.96 <1 2.03 2.04 <1 2.04 2.04 <1

Pseudomonas spp. 1.66ab 1.67 <1 1.68b 1.82 <1 1.91ab 1.87 <1 1.95a 1.93 <1

Aeromonas spp. <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1

Vibrio spp. <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1

Clostridium spp. <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1

L. monocytogenes Absent Absent Absent Absent Absent Absent Absent Absent Absent Absent Absent Absent

Salmonella spp. Absent Absent Absent Absent Absent Absent Absent Absent Absent Absent Absent Absent

1Specific spoilage organisms.

Data reported are expressed as mean values of 9 samples analyzed (3 fish per tank and 3 replications per diet).

Mean values with different letters in the same row are significantly different at p < 0.05.

Based on our knowledge, this study is the first to test the effects
of Hermetia illucens meal dietary inclusion on the amino acid
composition of sea bream filets, so few comparisons with the
literature are possible. On the whole, the essential amino acid
profile of the fish filets reflected high protein quality. As observed
by Iaconisi et al. (68), Lys and Leu were the most representative
EAAs in fish filets and are the same EAAs contained at a high level

in the corresponding feeds (33). Quantitatively, their content in
fish filets was similar in the groups, with the exception of the
muscles of the HIM35% group, although the Lys and Leu content
was higher in feeds containing insect meal as a partial substitute
for fish meal. One possible explanation could be that, although
all the diets were formulated to be isonitrogenous, the chitin
content of the feeds containing insect meal may have reduced the
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levels of digestible proteins or, more specifically, available amino
acids (69). In fact, chitin, an unbranched N-acetylglucosamine
polymer, is indigestible for many fish species that are devoid
of chitinase activity (70) or with limited activity (18, 71–73).
This leads to impaired digestibility of other nutrients with
consequent increase in bulk, reduced feces retention time, and
reduced enzyme accessibility to substrates (74). Nonetheless,
the growth performance of the fish (final body weight: 390 ±

49 g; specific growth rate:.75 ± 0.02) was similar in the groups
and was not affected by the dietary incorporation of HIM.
Furthermore, as reported by Belghit et al. (9), Hermetia illucens
larvae have a well-balanced EAA profile, with the exception of
lysine, methionine, and tryptophan, close to that of the fish meal,
considered as the protein with the best EAA profile for fish
(75). In this trial, in relation to the levels of FM replacement
by HIM, these amino acids were added to the diets to meet
the needs of Sparus aurata as suggested by Magalhães et al.
(76). As quantification of EAA requirements is generally based
on analysis of dose-response curves with weight gain used as
response criterion (77), the similar results obtained for the in
vivo performance of the fish of all groups (final body weight:
390 ± 49 g; specific growth rate:.75 ± 0.02) demonstrate that
all the diets meet the dietary amino acid requirement of Sparus
aurata. NEAAs are not strictly necessary in the diet, because
fish can synthesize them on their own; however, NEAAs can
have beneficial effects on fish health and performance when
present in the right concentration (78). In this study, although
the diets containing the insect meal had a higher NEAA level
(33) than the diet containing exclusively fish meal, the NEAA
content in fish filets of all the groups was similar. This result
is not in accordance with the observations of Belghit et al. (9)
and could be due, as reported above, to the dietary content
of chitin.

Minerals are divided into macroelements, whose needs by
organisms are in large quantities, microelements, whose needs
by organisms are in small quantities (79), and trace minerals
typically required by organisms in such small quantities that
a dietary supplement is not required (77). The functions
of macrominerals include formation of skeletal structures
and other hard tissues, electron transfer, regulation of acid:
base equilibrium, production of membrane potentials, and
osmoregulations (77). Among microelements, calcium and
phosphorus are two of the major constituents of the inorganic
portions of diets for fish. Quantitatively, calcium and phosphorus
function primarily as structural components of hard tissues.
Dietary deficiencies of most macrominerals such as calcium have
been generally difficult to produce with fish species because
of the presence of these ions in water (77). On the contrary,
concentrations of phosphorus in natural waters are generally very
low (77). Deficiency of dietary phosphorus impairs intermediate
metabolism and causes reduction in fish growth and feed
conversion. Integrating phosphorus into fish diets is generally
more critical, because its presence in water and use by fish
are limited. However, the influence of excreted phosphorus
on eutrophication of receiving waters has led to a significant
amount of research focused on phosphorus nutrition with the
aim of minimizing phosphorus excretion (77). This appears

to be of particular interest in relation to the results obtained
in this study, where the phosphorus content was significantly
lower in the fish filets of the control group (HIM0 = 2.4 g/kg)
fed with diet with highest phosphorus content (11.45 g/kg)
and formulated exclusively with fish meal (33). As reported
by Rodehutscord and Pfeffer (80), phosphorus concentrations
in practical dietary formulations mainly based on fish meal
considerably exceed the estimation requirements. Therefore,
excess in dietary phosphorus and low amount of absorbed
phosphorus by fish lead to a problem of environmental impact
caused by surplus phosphorus discharge into the effluents (81).
However, muscle tissuess are not considered to be specific
physiological sites for calcium and phosphorus (82). Phosphorus
and calcium accumulate in largest amounts in bones. Borucka-
JastrzeBska et al. (83) determined micro- and macroelement
concentrations in different tissues of fish, and they reported
that calcium distribution followed the same pattern for all
three analyzed species in decreasing order: gills > muscles >

skin > liver > kidney > blood. Perkowska and Protasowicki
(84) showed that high levels of heavy metals were in the
liver, and that the lowest ones were in the muscles. Moreover,
in fish species analyzed by Roméo et al. (85), the content
of metals was higher in the gills than in the muscles. Gills
and liver are chosen as target organs for assessing metal
accumulation. Therefore, the significantly lower values of the
Ca/P ratios in fish receiving insect meal should not cause a
concern. In fact, the Ca e P content did not affect anomalies
in mineral homeostasis and bone mass (86). Heavy metals
in the marine environment and fish contamination not only
pose a threat to fish health, but by accumulating as they flow
down to the natural food chain, they also pose a risk to
human health (87, 88). Therefore, it is necessary to determine
their content in widely consumed fish species such as Sparus
aurata. Heavy metals such as manganese, iron, cobalt and
copper are necessary for fish metabolism (89) but are toxic at
high concentrations (90), while cadmium, chromium, mercury,
lead and nickel are toxic metals even if present in traces in
both humans and animals (91) causing numerous damages to
organs (92). Although chromium is a ubiquitous metal in the
environment and trivalent chromium is essential for biolife,
hexavalent chromium is said to be a toxic metal with mutagenic,
carcinogenic, and harmful impacts on the biota. Researchers
revealed that chromium affects the physiological, behavioral,
histological, biochemical, genetic, and immunological conditions
of experimental organism (93). The chromium concentrations
in the fish filets were found to be below the permitted level
set by the European Union at 0.5 mg/kg wet weight (94).
Manganese functions as a cofactor in several enzyme systems,
including those involved in urea synthesis from ammonia,
amino acid metabolism, fatty acid metabolism, and glucose
oxidation (95). Manganese levels in fish filets were found to
be below the permitted levels established by the FAO/WHO
(96). Iron, essential in fish as a heme protein compound (e.g.,
hemoglobin, myoglobin, and cytochromes) or as a nonheme
protein compound (e.g., transferrin, ferritin, and hemosiderin)
(79) and for its involvement in cellular respiration both in
oxidation-reduction and electron transport activity (97), also
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showed values below the maximum levels set by the FAO/WHO
(96). Copper is an important micromineral in fish metabolism
and is important for hemoglobin synthesis in many enzymatic
reactions (98), but high copper concentrations can cause liver
and kidney damages (99). The copper concentration determined
in the fish filets of this study was below the values set by the
standard regulatory limits allowed in fish samples (96). Nickel
is an environmental factor that occurs at a very low level and
can cause serious lung health problems such as lung cancer,
fibrosis, emphysema, cancer, and kidney disease (100). In this
study, nickel values were considerably lower than the permitted
levels set by the FAO/WHO (96). Finally, zinc, involved in
various metabolic pathways such as protein synthesis, growth,
immunity, and energy metabolism in fish (79, 97) showed a
significantly lower level in the fish fed with an inclusion of 25 and
50% of HIM. Overall, considering that several studies indicated
that the content of these microelements in fish is influenced by
surrounding water (77, 101) and by food source (102), which
is the major source of elements such as iron, zinc, manganese
and copper, the data would seem to highlight that the inclusion
of HIM into the three diets maintains lower heavy metal levels
than those recommended by various authorities (FAO, WHO,
and EU).

Despite the observed differences in the lipid, protein, and
mineral profiles of the filets, the organoleptic properties, in terms
of color, volatile fraction, and taste, of the 4 groups of fresh filets
resulted similar between the groups, suggesting that the use of
HIM does not alter significantly the organoleptic properties of
Spaurus aurata filets (34).

With regard to biological hazards, the EFSA opinion identifies
the substrate used to feed the insects as the key entrance point
for contamination (15); therefore, pathogenic bacteria may be
present in insects depending on the substrate used and rearing
conditions. Mucosal tissues, including skin and gut, are in direct
contact with the environment and, thus, are the first contact
points of microbes with their host representing a good control
point for fish health and consumer safety (103). The reported
results are confirmed, as the insect meal incorporation into
the diets did not significantly influence the microbiological
profile of the fish. Pseudomonas spp. belongs to the group
of the SSOs whose loads did not differ between the various
groups; therefore, although the loads of Pseudomonas spp. in
the skin of the HIM50% group was significantly higher than in
HIM25%, the detected values do not represent a relevant risk
to public health. The feed can impact the microbial quality of
the fish both directly, if microbiologically poor, and indirectly
if residing, due to inadequate breeding set up and management,
leads to modifications of water parameters (104). Therefore, we
could speculate that the very low loads observed in this study
are related to the good microbial quality of the feeds used,
characterized only by a few SSOs with loads below 1.85 log
cfu/g, as previously reported by Oteri et al. (33), as well as to
the good conditions of the experimental aquaculture facility.
Further studies are desirable to evaluate their application in a
real scenario.

CONCLUSIONS

This study indicates that the Hermetia illucens meal as a partial
substitute for fish meal did not affect the proximate composition
of the fish filets but significantly affected the fatty acid and
amino acid profiles. However, since no detrimental effects on
growth performance were found, the effects on filet quality
should be considered. Furthermore, the heavy metal content and
microbiological quality of the fish filets underline the safety of the
Hermetia illucens meal as animal feed. As the price of fishmeal
and fish oil increases, an economic analysis of incorporation of
the Hermetia illucensmeal into diets is needed to better assess its
role as an affordable and sustainable feed in aquaculture.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by Italian Ministry
of Health (Ministerial Authorization Number 491/2019-PR
released on date 4th July 2019).

AUTHOR CONTRIBUTIONS

MO: formal analysis and writing (original draft preparation
and review and editing). BC: conceptualization, methodology,
investigation, data curation, writing (original draft preparation
and review and editing), supervision, and funding acquisition.
GM: investigation and resources. GT: formal analysis. LN and
VL: formal analysis and writing (original draft preparation).
ADR: methodology, software, data curation, and writing (review
and editing). All authors contributed to the article and approved
the submitted version.

FUNDING

This study was supported by the Italian Ministry of Agricultural,
Food and Forestry Policies, and by European Maritime and
Fisheries Fund (PO FEAMP) 2014–2020 mis. 2.47 CUP
J46C18000570006, project codex 03/INA/17, Title of the project
FIFA-Feed Insects for Aquaculture; Scientific Responsible:
Biagina Chiofalo. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in
the writing of the manuscript, or in the decision to publish
the results.

ACKNOWLEDGMENTS

The authors would like to thank all the staff of the IRBIM facility
of the Messina Headquarter of CNR (Messina, Italy) for the
technical support in fish management.

Frontiers in Nutrition | www.frontiersin.org 12 May 2022 | Volume 9 | Article 896552234

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Oteri et al. Sparus aurata Fed Insect Meal

REFERENCES

1. Parisi G, Tulli F, Fortina R, Marino R, Bani P, Dalle Zotte A, et al. Protein

hunger of the feed sector: the alternatives offered by the plant world. Ital J

Anim Sci. (2020) 19:1204–25. doi: 10.1080/1828051X.2020.1827993

2. EUMOFA. Fishmeal and Fish Oil, Maritime Affairs and Fisheries, Production

and Trade Flows in the EU. Brussels: EUMOFA (2021).

3. Tacon AGJ, Hasan MR, Metian M. Demand and Supply of Feed Ingredients

for Farmed Fish and Crustaceans: Trends and Prospects. FAO Fisheries and

Aquaculture Technical Paper No 564. Rome: FAO (2011).

4. Hardy RW. Utilization of plant proteins in fish diets: Effects

of global demand and supplies of fishmeal. Aquac Res. (2010)

41:770–6. doi: 10.1111/j.1365-2109.2009.02349.x

5. Turchini GM, Torstensen BE, Ng WK. Fish oil replacement in finfish

nutrition. Rev Aquac. (2009) 1:10–57. doi: 10.1111/j.1753-5131.2008.01001.x

6. Montero D, Izquierdo M. Welfare and health of fish fed vegetable oils as

alternative lipid sources to fish oil. In: Turchini GM, Ng WK, Tocher DR,

editors. Fish Oil Replacement and Alternative Lipid Sources in Aquaculture

Feeds. Boca Raton, FL: CRC Press (2010). p. 439–85.

7. Torrecillas S, Román L, Rivero-Ramírez F, Caballero MJ, Pascual

C, Robaina L, et al. Supplementation of arachidonic acid rich oil

in Europeanseabassjuveniles (Dicentrarchuslabrax) diets: Effects on

leucocytes and plasma fatty acid profiles, selected immune parameters

and circulatingprostaglandinslevels. Fish Shellfish Immunol. (2017)

64:437–45. doi: 10.1016/j.fsi.2017.03.041

8. Belforti M, Gai F, Lussiana C, Renna M, Malfatto V, Rotolo L, et al. The

meaning of the sentence is not clear; please rewrite or confirm that the

sentence is correct. S, Schiavone A Tenebrio molitor meal in rainbow

trout (Oncorhynchus mykiss) diets: effects on animal performance, nutrient

digestibility and chemical composition of fillets Ital. J Anim Sci. (2015)

14:4170. doi: 10.4081/ijas.2015.4170

9. Belghit I, Liland NS, Gjesdal P, Biancarosa I, Menchetti E, Li Y, et

al. Black soldier fly larvae meal can replace fish meal in diets of sea-

water phase Atlantic salmon (Salmo salar). Aquaculture. (2019) 503:609–

19. doi: 10.1016/j.aquaculture.2018.12.032

10. Makkar HP, Tran G, Heuzé V, Ankers P. State-of-the-art on

use of insects as animal feed. Anim Feed Sci Technol. (2014)

197:1–33. doi: 10.1016/j.anifeedsci.2014.07.008

11. Veldkamp T, Bosch G. Insects: a protein-rich feed ingredient in pig and

poultry diets. AnimFron. (2015) 5:45–50. doi: 10.2527/af.2015-0019

12. Bovera F, Loponte R, Marono S, Piccolo G, Parisi G, Iaconisi V, et al. Use of

Tenebrio molitor larvaemealasprotein source in broilerdiet: effect on growth

performance, nutrientdigestibility, carcass andmeat traits. J Anim Sci. (2016)

94:639–47. doi: 10.2527/jas.2015-9201

13. van Huis A. Potential of insects as food and feed

in assuring food security. Annu Rev Èntomol. (2013)

58:563–83. doi: 10.1146/annurev-ento-120811-153704

14. Payne CLR, Dobermann D, Forkes A, House J, Josephs J, McBride A, et al.

Insects as food and feed: European perspectives on recent research and future

priorities. J Insectsas Food Feed. (2016) 2:269–76. doi: 10.3920/JIFF2016.0011

15. Finke MD, Rojo S, Roos N, van Huis A, Yen AL. The European Food

Safety Authority scientific opinion on a risk profile related to production

and consumption of insects as food and feed. J Insects as Food Feed. (2015)

1:245–7. doi: 10.3920/JIFF2015.x006

16. Acar U, Giannetto A, Giannetto D, Kesbiç OS, Yilmaz S, Romano A, et al.

Evaluation of an innovative and sustainable pre-commercial compound as

replacement of fish meal in diets for rainbow trout during pre-fattening

phase: effects on growth performances, haematological parameters and fillet

quality traits. Animals. (2021) 11:3547. doi: 10.3390/ani11123547

17. Boukid F, Riudavets J. del Arco L, Castellari M. Impact of diets including

agro-industrial by-products on the fatty acid and sterol Profiles of larvae

biomass from ephestiakuehniella, tenebrio molitor and hermetiaillucens.

Insects. (2021) 12:672. doi: 10.3390/insects12080672

18. Kroeckel S, Harjes A-GE, Roth I, Katz H,Wuertz S, Susenbeth A, et al. When

a turbot catches a fly: evaluation of a pre-pupae-meal of the Black Soldier

Fly (Hermetiaillucens) as fishmeal substitute - Growth performance and

chitin degradation in juvenile turbot (Psetta maxima). Aquaculture. (2012)

364–5:345–52. doi: 10.1016/j.aquaculture.2012.08.041

19. Cullere M, Tasoniero G, Giaccone V, Miotti-Scapin R, Claeys

E, De Smet S, et al. Black soldierflyasdietaryprotein source for

broilerquails: apparentdigestibility, excretamicrobial load, feed

choice, performance, carcass and meat traits. Animal. (2016)

10:1923–30. doi: 10.1017/S1751731116001270

20. Barroso FG, De Haro C, Sánchez-Muros M-J, Venegas E,

Martínez-Sánchez A, Pérez-Bañón C. The potential of various

insect species for use as food for fish. Aquaculture. (2014)

422–3:193–201. doi: 10.1016/j.aquaculture.2013.12.024

21. Yu GH, Chen YH, Yu ZN, Cheng P. Research progress on the larvae and

prepupae of black soldier fly Hermetiaillucens used as animal feedstuff. Chin

Bull Entomol. (2009) 46:41–5.

22. Bondari K. Sheppard DC. SoldierflyHermetiaillucens L, as feed for

channelcatfish, Ictaluruspunctatus (Rafinesque), and blue tilapia,

Oreochromisaureus (Steindachner). Aquacult Fish Manage. (1987)

18:209–20. doi: 10.1111/j.1365-2109.1987.tb00141.x

23. European Commission. Commission Regulation (EU) 2017/893 amending

Annexes I and IV to Regulation (EC) No. 999/2001 of the European

Parliament and of the Council and Annexes X, XIV and XV to Commission

Regulation (EU) No 142/2011 as regards the provisions on processed animal

protein. Off J Eur Union. (2017) 138:92–116.

24. Grigorakis K. Compositional and organoleptic quality of farmed

and wild gilthead sea bream (Sparus aurata) and sea bass

(Dicentrarchuslabrax) and factors affecting it: a review. Aquaculture.

(2007) 272:55–75. doi: 10.1016/j.aquaculture.2007.04.062

25. Lock ER, Arsiwalla T, Waagbø R. Insect larvae meal as an alternative

source of nutrients in the diet of Atlantic salmon (Salmo salar) postsmolt.

AquacultNutr. (2015) 22:1202–13. doi: 10.1111/anu.12343

26. St-Hilaire S, Cranfill K, McGuire MA, Mosley EE, Tomberlin JK,

Newton L, et al. Fish offal recycling by the black soldier fly produces

a foodstuff high in Omega-3 fatty acids. J World AquacSoc. (2007)

38:309–13. doi: 10.1111/j.1749-7345.2007.00101.x

27. St-Hilaire S, Sheppard C, Tomberlin J, Irving S, Newton L, McGuire M, et al.

Fly prepupae as a feedstuff for rainbow trout, oncorhynchus mykiss. J World

AquacSoc. (2007) 38:59–67. doi: 10.1111/j.1749-7345.2006.00073.x

28. Ewald N, Vidakovic A, Langeland M, Kiessling A, Sampels S, Lalander

C. Fatty acid composition of black soldier fly larvae (Hermetiaillucens) -

possibilities and limitations for modification through diet. Waste Manag.

(2020) 102:40–7. doi: 10.1016/j.wasman.2019.10.014

29. Barragan-Fonseca KB, Dicke M. Loon JJAV. Nutritional value of the black

soldier fly (Hermetiaillucens L) and its suitability as animal feed - a review. J

Insects as Food Feed. (2017) 3:105–20. doi: 10.3920/JIFF2016.0055

30. Meneguz M, Schiavone A, Gai F, Dama A, Lussiana C, Renna M, et al. Effect

of rearing substrate on growth performance, waste reduction efficiency and

chemical composition of black soldier fly (Hermetiaillucens) larvae. J Sci Food

Agric. (2018) 98:5776–84. doi: 10.1002/jsfa.9127

31. Spranghers T, OttoboniM, Klootwijk C, Ovyn A, Deboosere S, DeMeulenaer

B, et al. Nutritionalcomposition of black soldierfly (Hermetiaillucens)

prepupaereared on different organic wastesubstrates. J Sci Food Agric. (2017)

97:2594–600. doi: 10.1002/jsfa.8081

32. Liland NS, Biancarosa I, Araujo P, Biemans D, Bruckner CG, Waagbø

R, et al. Modulation of nutrient composition of black soldier fly

(Hermetiaillucens) larvae by feeding seaweed-enriched media. PLoS ONE.

(2017) 12:e0183188. doi: 10.1371/journal.pone.0183188

33. Oteri M, Di Rosa AR, Lo Presti V, Giarratana F, Toscano G, Chiofalo B. Black

Soldier Fly Larvae Meal as Alternative to Fish Meal for Aquaculture Feed.

Sustainability. (2021) 13:5447. doi: 10.3390/su13105447

34. Di Rosa AR, Oteri M, Lo Presti V, Chiofalo B. Feed insects for aquaculture.

Use of Hermetiaillucens L. meal for Sparus aurata L.: Emerging trends

of advanced sensor-based instruments (E-eye, E-nose, E-tongue) for fish

quality. In: Taylor, Francis, editor. ASPA 24th Congress Book of Abstract.

Padua: Italy (2021). p. 49.

35. European Directive. Legislative Decree No. 26 implementing European

Directive 2010/63/EU of the European Parliament and of the Council of 22

Frontiers in Nutrition | www.frontiersin.org 13 May 2022 | Volume 9 | Article 896552235

https://doi.org/10.1080/1828051X.2020.1827993
https://doi.org/10.1111/j.1365-2109.2009.02349.x
https://doi.org/10.1111/j.1753-5131.2008.01001.x
https://doi.org/10.1016/j.fsi.2017.03.041
https://doi.org/10.4081/ijas.2015.4170
https://doi.org/10.1016/j.aquaculture.2018.12.032
https://doi.org/10.1016/j.anifeedsci.2014.07.008
https://doi.org/10.2527/af.2015-0019
https://doi.org/10.2527/jas.2015-9201
https://doi.org/10.1146/annurev-ento-120811-153704
https://doi.org/10.3920/JIFF2016.0011
https://doi.org/10.3920/JIFF2015.x006
https://doi.org/10.3390/ani11123547
https://doi.org/10.3390/insects12080672
https://doi.org/10.1016/j.aquaculture.2012.08.041
https://doi.org/10.1017/S1751731116001270
https://doi.org/10.1016/j.aquaculture.2013.12.024
https://doi.org/10.1111/j.1365-2109.1987.tb00141.x
https://doi.org/10.1016/j.aquaculture.2007.04.062
https://doi.org/10.1111/anu.12343
https://doi.org/10.1111/j.1749-7345.2007.00101.x
https://doi.org/10.1111/j.1749-7345.2006.00073.x
https://doi.org/10.1016/j.wasman.2019.10.014
https://doi.org/10.3920/JIFF2016.0055
https://doi.org/10.1002/jsfa.9127
https://doi.org/10.1002/jsfa.8081
https://doi.org/10.1371/journal.pone.0183188
https://doi.org/10.3390/su13105447
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Oteri et al. Sparus aurata Fed Insect Meal

September 2010 on the protection of animals used for scientific purposes.Off

J Ital Leg. (2014) 61:1–36.

36. European Directive. European Directive 2010/63/EU of the European

Parliament and of the Council of 22 September 2010 on the protection of

animals used for scientific purposes. Off J Eur. (2010) 276:33–79.

37. Official methods of analysis of AOAC international. In: 21st Association of

Official Analytical Chemists. Gaithersburg, MD: Official methods of analysis

of AOAC international (2019).

38. Folch J, Lees M, Stanley GHS A. Simple method for the isolation and

purification of total lipides from animal tissues. J BiolChem. (1957) 226:497–

509. doi: 10.1016/S0021-9258(18)64849-5

39. Christie WW. Preparation of ester derivatives of fatty acids for

chromatographic analysis. In: Christie WW, editor. Advances in Lipid

Methodology-Two. Dundee: Oily Press (1993). p. 69-111.

40. Ulbricht TL, Southgate DA. Coronary heart disease: seven dietary factors.

Lancet. (1991) 338:985–92. doi: 10.1016/0140-6736(91)91846-M

41. Santos-Silva J, Bessa RJB, Santos-Silva F. Effect of genotype,

feeding system and slaughter weight on the quality of light

lambs. II Fatty acid composition of meat. Livest Prod Sci. (2002)

77:187–92. doi: 10.1016/S0301-6226(02)00059-3

42. Luciano G, Pauselli M, Servili M, Mourvaki E, Serra A, Monahan FJ, et

al. Dietary olive cake reduces the oxidation of lipids, including cholesterol,

in lamb meat enriched in polyunsaturated fatty acids. Meat Sci. (2013)

93:703–14. doi: 10.1016/j.meatsci.2012.11.033
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Vitamin E is an essential fat-soluble nutrient mainly found in vegetable oils, nuts, and

other foods. In this study, we evaluated the contribution of commonly consumed foods

to the vitamin E dietary intake of the population in relation to their consumption practices.

In addition, the vitamin E intakes of Chinese residents were compared in different regions

of China and in different years. The results showed that vegetable oil was the main

source of vitamin E dietary intake for Chinese residents, accounting for 46.76% of total

dietary intake of vitamin E, followed by cereals, vegetables, meat, aquatic products, eggs,

legumes, nuts, fruits and dairy products. Among all vegetable oils, rapeseed oil was the

highest contributor of vitamin E, accounting for 10.73% of all foods. Due to dietary habits

and regional differences, vitamin E intake also varies greatly among residents in different

regions of China and has increased yearly from 1982 to 2020. This study provides with

scientific evidence for reasonable VE supplementation.

Keywords: China, vitamin E, vegetable oil, dietary intake, dietary supplementation

INTRODUCTION

Vitamin E (VE) is an essential fat-soluble nutrient in numerous foods such as nuts, seeds and
vegetable oils. As a natural antioxidant, VE could stop the production of reactive oxygen species
(ROS) formed when fat undergoes oxidation. In addition, VE is of clinical importance for the
modulation of immune function, as it affects the susceptibility of the host to infectious diseases
(1). Moreover, VE was found to improve vascular function in diabetic patients (2). Together with
vitamin C, VE significantly improved cognitive function in old mice (3). The previous showed that
a moderate VE supplementation significantly protected sperm quality in males and egg quality in
females by reducing lipid peroxidation in sperm (4). Dietary supplementation with 50–100 mg/kg
vitamin E significantly improved the growth and intestinal performance of animals, increasing the
activity of several digestive enzymes. Furthermore, VE supplementation significantly increased the
height of the intestinal folds and the thickness of the mucosa (5). Theoretically, the functions
of different tocopherols vary with their structure (6). For example, γ-tocopherol was effective
in inhibiting colon and lung cancer, and controlling cancer progression, while δ-tocopherol was
superior to α-tocopherol and γ-tocopherol in tumor-inhibiting activity (7).Moreover, α-tocopherol
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is also found to be a reflection of daily dietary status (8).
All tocopherols except β-tocopherol inhibit smooth muscle
proliferation, and α-tocopherol is also not the only isomer
important for human health (9). More importantly, no adverse
effect from consuming VE in food was reported. Only VE
supplements at very high dose (>1,000 mg/day) might lead
pro-oxidant damage (10).

Both plant-based diets and animal products are important
sources of VE, with the amount varying in different foods. Nuts,
seeds, and vegetable oils contain high levels of tocopherols, as
do green leafy vegetables and fortified cereals (11). The dietary
intake of VE varies from country to country, and also from time
to time, due to different dietary structures and eating habits.
To increase VE intake, many VE fortified products such as VE
encapsulation appeared in market (12). However, it is not clear
whether the body is deficient in vitamin E or not.Without dietary
nutritional data, overconsumption of VE fortified products often
occurs. Therefore, it is necessary to assess the dietary intake of
the population to determine whether different groups of people
lack VE while also providing scientific and reasonable guidance
on VE supplementation.

Dietary assessment is an important tool for the scientific
guidance of a diet. Dietary assessment mainly focuses on the
comprehensive assessment of the dietary intake of individuals
and provides assessment results. Among existing dietary
assessment methods, food frequency questionnaires (FFQs) have
been widely used in large epidemiological studies since the
1990s (13). After its accuracy was questioned in the early 2000s,
many changes in assessmentmethods occurred. Some researchers
shifted their attentions to improving the feasibility and
accuracy of open-ended dietary assessment methods rather than
improving the FFQ or further searching for relevant biomarkers,
while other researchers focused on improving the accuracy of
the FFQ (14). The dietary consumption and nutritional status
of women undergoing chemotherapy were evaluated for breast
cancer (15). In our previous study, the content and composition
of phytosterols in different vegetable oils were analyzed to
estimate the total intake of phytosterols and the contribution of
food to nutrient intake based on consumption data (16). Three
national surveys in the United States including the 2001–2002
National Health and Nutrition Examination Survey (NHANES),
NHANES III (1988–1994), and the Continuing Survey of Food
Intakes by Individuals (1994–1996) were conducted to assess the
intake levels of vitamin E of the diets of most Americans (17). At
present, the composition and determination of vitamin E among
the important evaluation criteria of vegetable oils are less studied.
In addition, there are fewer studies on the composition and
determination of vitamin E. Therefore, the intake of vitamin E for
the population is still unclear. Moreover, there is no systematic
study to assess the intake of vitamin E in Chinese populations.
So, it is necessary to conduct this dietary assessment.

In this study, the composition and content of vitamin E in
main kinds of foods in Chinese daily diets were summarized,
and the amount of VE intake was calculated. Moreover, the
distribution in different regions and historical changes in the VE
intake of Chinese residents were analyzed for reasonable diet and
appropriate nutritional supplements.

MATERIALS AND METHODS

Data Source
Data on the tocopherol content and composition in cereals,
grains, potatoes, legumes, vegetables, fruits, nuts, vegetable oils,
meat, eggs, milk, and aquatic products used in this article
were obtained from the Chinese Food Composition Tables
released by National Institute for Nutrition and Health, Chinese
Center for Disease Control and Presentation. In this database,
there are more than 3.3 thousand kinds of plant derived
foods and more than 3.6 thousand kinds of animal derived
foods. China’s domestic consumptions of main kinds of foods
were obtained from production, supply, and distribution (PSD)
reports released by United States Department of Agriculture
(USDA), China Statistical Yearbook, and China Population
Nutrition and Health Status Monitoring Report. From the China
Population Nutrition and Health Status Monitoring Report and
USDA PSD reports, the consumption of major foods of Chinese
residents, including cereals, potatoes, beans, vegetables, fruits,
nuts, vegetable oil, meat, eggs, milk, and aquatic products. As
shown in Supplementary Table 1, beans include soybeans, mung
beans, and red beans, which account for the largest consumption
proportion in China, while 26 vegetables are selected that
Chinese residents consume the most and frequently. The source
of fruit consumption in USDA PSD reports mainly includes
apple, banana, pear, grape, peach, orange, orange, grapefruit, and
cherry. Finally, taking the tocopherol content and consumption
into consideration, as shown in Supplementary Tables 1, 2,
60 kinds of foods and 12 kinds of vegetable oils were
selected to assess the estimated tocopherol intake in the
Chinese diet.

Calculation Method
Although the four chemical structures of tocopherols are similar,
their biological activities are different. The body absorbs different
tocopherols to different degrees. α-Tocopherol is the most widely
distributed, while the activity of β-, γ-, and δ-tocopherol is
50, 10, and 2% of that of α-tocopherol, respectively. Therefore,
the amount of VE in food is often expressed as α-tocopherol
equivalent (α-TE) and could be calculated by the following
conversion formula.

α-TE (mg) = α-tocopherol (mg)+ 0.5× β-tocopherol (mg)

+ 0.1×γ-tocopherol (mg)+ 0.01

× δ-tocopherol (mg) (1)

Firstly, α-TE values of commonly consumed foods were
calculated by the levels of tocopherols in various foods recorded
in Chinese Food Composition Tables and the above formula,
and shown in Supplementary Tables 1, 2. Then, the estimated
VE intake from each food was calculated by product of α-
TE values and the daily consumption of commonly consumed
foods queried in the USDA and China Statistical Yearbook,
respectively. Finally, the estimated tocopherol intake in the
Chinese diet was calculated by sum of the estimated VE intakes
from commonly consumed foods. Moreover, we also calculated
the contribution of a certain kind of foods to total VE intake (16).
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FIGURE 1 | Changes in vitamin E intake of Chinese residents between 1982

and 2020.

Moreover, although α-TE is commonly used to assess the
VE content in foods, other isomers also have different functions
and effects on an organism. For example, as abovementioned,
δ-tocopherol was superior to α-tocopherol in tumor-inhibiting
activity (7). Thus, we also assessed the estimated VE intake
calculated by product of the total amount of tocopherols and the
daily consumption of commonly consumed foods queried in the
USDA and China Statistical Yearbook.

The data in the schematic diagram of VE intake of Chinese
residents in the past 40 years mentioned in Figure 1 are from
the Chinese food composition table, the monitoring report on
the nutrition and health status of Chinese residents, the outline
of food and nutrition development in China, the 1992 national
nutrition survey, and the 2001–2012 monitoring of nutrition
and health of Chinese residents. Based on the consumption of
vegetable oil in 1982, 1992, 2002, 2012, and 2020, and then
combined with the contents of VE in vegetable oils, the VE
intake of Chinese residents from vegetable oils in each year
was calculated.

RESULTS

Contents and Compositions of
Tocopherols in Different Foods
VE is synthesized only in photosynthetic organisms, including
higher plants. A balanced dietary pattern for Chinese residents
covers several major categories of essential basic foods, including
cereal, vegetable, fruit, livestock, poultry, fish, egg, milk, bean,
nut, and cooking oils. Since the contents of tocotrienols in
foods are usually low compared with those of tocopherols
and do not affect the assessment of VE dietary intake (18).
Therefore, we selected the tocopherols for the calculation. In
this study, the contents of tocopherols in 12 kinds of major
foods including cereal, grain, potato, bean, vegetable, fruit, nut,
vegetable oil, meat, egg, milk, and aquatic products were collected
and shown in Supplementary Tables 1, 2. The highest content of

tocopherols was found in vegetable oils, such as sunflower oil.
Vegetable oils mainly contain α-tocopherol and γ-tocopherol, as
their main source of antioxidants (19). This is followed by nuts,
with a weighted average tocopherol content of 165.53mg kg−1.
Some studies have shown that the oils extracted from walnuts,
almonds, peanuts, hazelnuts, and macadamia nuts are a good
source of tocopherols (20, 21). Meanwhile, cereal grains, eggs,
and aquatic products also contain some amount of tocopherols.
The tocopherol content of different types of grains varies greatly.
As shown in Supplementary Table 1, wheat has the higher VE
content than rice. Although the amount of tocopherols in fish
varies with different species, α-tocopherol is the predominant
form of VE (22).

VE was first discovered in green leafy vegetables in 1922, and
it was found to be an essential nutrient for plant reproduction
(23). However, vegetables, fruits, and dairy products were found
to have lower levels of tocopherols compared to vegetable oils and
nuts. Cruciferous vegetables are a good source of antioxidants,
and the antioxidant content varies considerably both within and
between subspecies (24, 25).

Palm, soybean, rapeseed, sunflower seed, corn, and coconut
oil are the most exploited vegetable oils worldwide, which
account for 93% consumption of vegetable oils (26). In China,
peanut oil, sesame oil, flaxseed oil, Camellia oil, cottonseed
oil, olive oil, and grape seed oil are also important source to
intake VE. So, as shown in Supplementary Table 2, composition
and content of tocopherols in 12 kinds of vegetable oils were
collected and analyzed in this study. The tocopherols in vegetable
oils are mainly α-, γ-, and δ-tocopherols. The content and
composition of tocopherols in vegetable oils are presented
in Supplementary Table 2. Soybean oil had the highest total
tocopherol content of 930.80mg kg−1, high γ-tocopherol and
δ-tocopherol content, and very low α-tocopherol content. Palm
oil is very low in tocopherols, with the total tocopherol content
of 152.40mg kg−1, and is mainly produced in Malaysia and
Indonesia. The total content of tocopherols in rapeseed oil is
608.90mg kg−1, and the main components are α-tocopherol and
γ-tocopherol. The types of tocopherols in corn oil and rapeseed
oil are similar, mainly containing α- and γ-tocopherols, with a
total tocopherol content of 509.40mg kg−1. Sunflower oil ranks
fourth in consumption after soybean oil, rapeseed oil, and palm
oil, with a total tocopherol content of 546.00mg kg−1. The total
tocopherol content of peanut oil was 420.60mg kg−1 and mainly
contained α and γ species. Olive oil is known in the West as
“liquid gold.” The total tocopherol content in olive oil is 169.10
mg/kg, with the high content of α-tocopherol, accounting for
85% of the total tocopherol content. Moreover, sesame oil is a
traditional Chinese flavored vegetable oil, and the total content
of tocopherols in sesame oil is 685.30mg kg−1 (mainly consisting
of γ-tocopherol). Flaxseed oil and cottonseed oil include mainly
γ-tocopherol (27).

Assessment of Dietary Intake of VE in the
Chinese Population
Combining the tocopherol levels of vegetable oils and other
foods, we reviewed the tocopherol levels of a total of 10 food
items, excluding vegetable oils, covering almost all food groups
in the daily diet of the Chinese population, including cereals,
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TABLE 1 | Contribution of commonly consumed foods to vitamin E dietary intake.

Food categories Consumption

(g/day)

α-TE

(mg/kg)

Total tocopherol content

(mg/kg)

Intake of vitamin E (mg/day) Percent of total intake of vitamin E (%)

Cereal 377.00 4.92 9.90 1.85 18.45

Coarse cereals 28.00 7.49 21.73 0.21 2.09

Potato 36.00 1.86 3.10 0.07 0.67

Bean 11.00 21.29 183.49 0.23 2.33

Vegetable 269.00 3.56 5.55 0.96 9.53

Fruit 41.00 4.66 8.20 0.19 1.90

Nut 4.00 50.08 165.53 0.20 1.99

Vegetable oil 37.00 128.55 642.01 4.76 46.76

Meat 104.00 6.15 8.71 0.64 6.36

Egg 33.00 12.68 19.48 0.42 4.16

Milk 66.00 1.38 1.70 0.09 0.90

Aquatic products 45.00 12.25 22.35 0.55 5.48

Total 10.17 100.00

Data on consumption of various types of foods are from the United States Department of Agriculture (USDA), the 2020 China Statistical Yearbook, and the China Population Nutrition

and Health Status Monitoring Report.

TABLE 2 | Contribution of vegetable oils to vitamin E dietary intake.

Vegetable oil type Tocopherol

content

(mg/kg)

Consumption

ratio

(%)

Vitamin E

intake

(mg/day)

Contribution

of vitamin E

(%)

Soybean oil 61.10 43.00 0.97 9.56

Rapeseed oil 147.50 20.00 1.09 10.73

Palm oil 128.82 17.00 0.81 7.97

Peanut oil 194.34 8.00 0.58 5.66

Sunflower oil 450.83 6.00 1.00 9.84

Other oils 138.03 6.00 0.31 3.01

potatoes, legumes, vegetables, fruits, nuts, meat, eggs, dairy
products, and aquatic products. For food with low consumption
frequency and consumption, their impact on the assessment of
the overall VE intake of the Chinese population was minimal.
α-Tocopherol has a very important antioxidant effect on cell
membranes (28) and is alsomore effective in improving oxidative
stability and reducing the relative oxidation rate with increasing
temperature (29). In this study, we used the total content of
tocopherols and the α-TE to assessment of dietary intake of VE
in the Chinese population.

The contributions of different foods and vegetable oils to the
VE intake of the Chinese population are listed in Tables 1, 2,
respectively. The total VE intake (calculated by α-TE) from
the daily diet of the residents was 10.17mg day−1, while the
recommended dietary reference intake (AI) of VE for adults
in China is 14.0mg day−1. Comparing the results, the actual
VE intake of Chinese residents did not meet the recommended
intake. The contribution of vegetable oil to VE intake ranked
first in the dietary intake of residents, accounting for 46.76%
of VE intake (4.76mg day−1), while cereals ranked second with
18.24% (1.85mg day−1), followed by vegetables at 9.42% (0.96mg
day−1). The highest contributing vegetable oil was rapeseed oil,

accounting for 10.73% (1.09mg day−1) of the total VE intake.
Although soybean oil had the highest total tocopherol content,
its lower α-tocopherol contentmeant that its contribution toward
dietary intake was lower than that of rapeseed oil.

Though traditional VE dietary intake assessment was
conducted by using α-tocopherol equivalents, other tocopherols
show various functions different from α-Tocopherol. For
example, γ-Tocopherol is found to be a more potent free
radical scavenger than α-tocopherol in vitro (30). Therefore,
we performed VE dietary intake assessment by using the
total content of tocopherols. The results were shown in
Supplementary Table 3. The VE intake of Chinese residents
was 35.38mg day−1 per capita. Among the 12 kinds of foods,
vegetable oils contributed the most (>50%), followed by cereals.
These results were almost consistent with those of the α-TE.

DISCUSSION

Estimated Dietary VE Intake of Residents
in Different Dietary Pattern of China
China is a large geographical area, and residents of different
regions have different dietary habits. The different kinds of
cereals and edible oils are the main differences of dietary habits
for residents of different regions in China. Therefore, we selected
several regions in China with different dietary structures to
analyze and compare VE dietary intake. In this section, the
estimated VE intake from cereals or edible oils was calculated
by product of α-TE value of a particular kind of edible oil (like
rapeseed oil) or cereal (like wheat) and the daily consumption of
edible oils or cereals queried in the USDA and China Statistical
Yearbook. The results are presented in Table 3.

The distribution of edible oil varieties in China shows obvious
geographical differences. The northwestern region such as Gansu
province is vast in area but also arid and water-scarce, with
fragile ecological conditions. The Qinghai and Tibetan regions
are themain settlements of Tibetans, and the region has very little
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TABLE 3 | Estimated vitamin E intake of residents in different dietary pattern of

China.

Dietary pattern Classic region Vitamin E

intake

(mg/day)

Soybean oil+ Wheat Inner Mongolia, Hebei, Shanxi 7.81

Soybean oil+ Rice Heilongjiang, Jilin, Liaoning 6.79

Rapeseed oil+ Wheat Qinghai 11.04

Rapeseed oil+ Rice Hubei, Hunan, Shanghai,

Zhejiang, Jiangsu, Anhui,

Jiangxi, Sichuan

10.02

Peanut oil+ Wheat Henan, Shandong, Anhui 12.77

Peanut oil+ Rice Guangdong, Guangxi, Hong

Kong, Macao

11.75

Camellia oil+ Rice Camellia Oil Belt from Yunnan

to Zhejiang

5.54

Sunflower seed Oil+ Wheat Xinjiang 22.26

Soybean oil+ Indica rice Taiwan 7.09

Butter +Highland barely Tibet 6.80

land suitable for cultivation, with its alpine climate. The main
crop in the region is barley. So, the daily diet in this region has
obvious regional characteristics. The vitamin sources available to
the residents in this region mainly come from barley and ghee.
The VE intake of the residents in this region (6.80mg day−1) is
lower than the national average, indicating serious VE deficiency.

The northeastern China’s Heilongjiang, Jilin, and Liaoning
province have a dietary structure consisting of soybean oil and
rice. Thus, VE supplementation is essential for residents of
these areas. Meanwhile, the tocopherols were obtained primarily
from soybean oil and wheat and also showed insufficient VE
intake (7.81mg day−1) for residents in Hebei, Shanxi, Shaanxi
and Inner Mongolia. Residents in Henan, Shandong, Anhui,
Guangxi, Guangdong, Hong Kong, and Macao had relatively
high consumption rates of peanut oil, while those in South China
had a sufficient intake of fresh vegetables and aquatic products
rich in VE. Residents in areas in the Yangtze River basin such
as Hubei and Hunan mainly consumed rapeseed oil, and the VE
content of both peanut oil and rapeseed oil is relatively high.
Edible oils in Shanghai, Zhejiang, Jiangsu, Anhui, and Jiangxi
are also dominated by rapeseed oil, and the intake of VE of
residents in these areas is 10.02mg day−1, which is close to the
national average. However, since the VE content of tea oil is
lower, while the tocopherol content of rice is also lower compared
to wheat and other grains, residents from these regions had the
lowest national VE intake of 5.54mg day−1. The geographical
conditions in the south are complex, and there are differences
in dietary habits and dietary structure in different provinces.
This causes the VE intake to vary among residents of different
regions in the south. The dietary structure of China has long
been influenced by the living environment and is adapted to
local conditions. So, the dietary intake structure of residents in
different regions varies and results in very different levels of VE
in the dietary intake.

In summary, Chinese residents do not consume enough VE.
There is no doubt that supplementing VE through food is the

healthiest option. Edible oil is an essential part of our daily
diet, which not only improves the color of dishes and adds
flavor to food but also provides a rich source of VE. Among
main edible oils, rapeseed oil, peanut oil, and sunflower oil
have high tocopherol content and are a good choice for VE
supplementation. Meanwhile, it is necessary to develop some
high VE edible oils including Eucommia ulmoides Oliver seed oil
and sea buckthorn seed oil (31) to improve the dietary intake of
VE, especially for residents with low VE intake.

Historical Dietary Intake of VE by Chinese
Residents
Over the past 40 years, the dietary structure of Chinese residents
has changed dramatically. In the past, residents received most of
their calories from grains and fats, but today, the intake of fruits
and vegetables has gradually increased. VE intake from 1982 to
2020 in China are illustrated in Figure 1. The consumption of
vegetable oil has gradually increased, and the intake of VE by
Chinese residents has also gradually increased. VE intake among
Chinese residents has increased year by year since 1982, showing
an upward trend. Economic and social development has led to
a dramatic improvement in the standard of living of Chinese
residents. In just four decades, China has solved the problem of
feeding 1.3 billion people and is now dealing with an increasing
number of nationals who are overweight, obese, or dealing with
nutritional imbalance due to food-borne diseases.

The structure of the food consumption of residents has
undergone different changes in various periods. As the income
level of the population increased and due to the advancement
of industrialization and urbanization, there were two more
significant changes in the food consumption of the populace.
First, the per capita consumption of cereal products continued
to rise until 1984 but exhibited a downward trend thereafter.
Second, the consumption of animal products, such as livestock
and poultry meat, aquatic products, and dairy products, as well
as fruits and vegetables, increased significantly. Although the
consumption of fruits and vegetables has increased, it still has
not reached the 500 g day−1 level recommended in the Dietary
Guidelines for Chinese Residents. In recent years, the domestic
demand for vegetable oils has been on the rise. Therefore,
selecting and breeding high VE oil crops or improving the
VE content in edible oil and oilseed products by other means
are very important to improve the national dietary health level
and achieving improved national physical fitness through the
adjustment of dietary structure.

CONCLUSION

Overall, the current daily dietary intake of VE by Chinese
residents does not meet the needs of the human body. From
the calculations in the previous sections, it was concluded that
vegetable oils are the largest contributor of VE in a daily diet;
so, the choice and quality of vegetable oil varieties affect the VE
intake of Chinese residents. Among several bulk vegetable oils
consumed daily, soybean oil had the highest total tocopherol
content. However, its α-tocopherol content was low, while canola
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and peanut oils had higher α-TE content and can be used as
the main dietary source of VE supplementation. The VE intake
of residents in different regions of China was further compared,
and significant differences in the intake of VE in different regions
were found due to differences in geography and dietary habits.
The intake of VE by Chinese residents from 1982 to 2020 was also
compared. Over the past 40 years, the dietary structure of Chinese
residents has changed dramatically. Their food consumption
has become diversified, and the purpose of food intake has
changed from satisfying sustenance to maintaining health. The
consumption of cereals has declined, and the consumption of
fruits and vegetables has risen. Although the dietary nutrition of
Chinese residents has improved, there is still much need to intake
VE from foods. This study provides with scientific evidence for
reasonable VE supplementation.
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Majority of undernourished people live in rural Asia and Africa, and many of them are

smallholder farmers and consume a significant amount of what they produce. This is

specifically true in India. However, in the context of increasing commercial production

systems, it is not well-known how much food is consumed from a particular food group

that was purchased, what proportion of food is from the production of farm households,

and how their diets change seasonally. Furthermore, whether the rural market food

diversity complements or substitutes farm production diversity in household’s diets is

unknown. We employed a mixed-methods research design to answer these questions.

The research was conducted in three villages in Telengana State. The results reveal that

crop diversity has significantly declined from a highly-diverse production system to a

less diverse one. The Food Consumption Score results show that on average own-farm

production contributes 23% of food (mainly starchy staples), while market purchases

contribute 77% of calories consumed (frommore diverse and nutritious foods). Therefore,

in the study, villages’ market food diversity is more important, and it is complementary

to own-farm production. However, our study shows that mere market access (the most

widely used proxy indicator in the literature) does not guarantee the availability of diverse

nutritious foods to households who use that specific market. This is because market

food diversity varies from market to market and across seasons. Therefore, we proposed

that in commercial production systems improving crop diversity, and strengthening rural

markets, are needed. Moreover, incentivizing retail business and subsidizing nutritious

and/or biofortified food in rural areas must be part of strategies to improve nutrition in

rural India.
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INTRODUCTION

The rural poor are the most vulnerable, food insecure, and
malnourished people in the world, and a significant population
of them lives in rural Asia and Africa, and many of them are
smallholder farm households that largely depend on agriculture
for their livelihoods (Pinstrup-Andersen, 2007; Muller, 2009;
Qaim et al., 2016; Gupta et al., 2020). Generally, smallholder
farmers consume a significant amount of what they produce;
therefore, increasing on-farm crops diversity and livestock
species is frequently seen as a promising way to improve
household dietary diversity (Fanzo et al., 2013; Jones et al., 2014;
Powell et al., 2015; Jones, 2016; Sekabira and Nalunga, 2020).
Moreover, dietary diversity is often used as a proxy to indicate
an individual’s broader nutritional status because diverse foods
facilitate the balanced intake of all essential nutrients (Webb,
2014). Besides, the corpus of empirical studies acknowledged
that increased farm production diversity had a positive influence
on dietary diversity; however, it lacks discussion of scale and
environmental aspects (Fanzo et al., 2013; Jones et al., 2014;
Pellegrini and Tasciotti, 2014; Dillon et al., 2015; Powell et al.,
2015; Sibhatu et al., 2015; Snapp and Fisher, 2015; Hirvonen and
Hoddinott, 2017; Koppmair et al., 2017; Sibhatu and Qaim, 2018;
Zanello et al., 2019). Nonetheless, for smallholders in developing
countries like India, where the average landholding is 1.09 ha
with varied weather conditions, encouraging smallholders to
increase crop diversification may have adverse effects, mainly
when crop diversity is already high. It may expose smallholders
to the risk of losing benefits from specialized and economically
viable crops and gaining a competitive advantage (Sibhatu and
Qaim, 2018). In addition, in developing countries, smallholders
have limited access to technologies, prevailing diverse agro-
climatic and soil biophysical conditions, and scattered markets
across the geographical area hinder households from diversifying
farm production (Hirvonen and Hoddinott, 2017).

Conversely, recent empirical studies have highlighted the

relative importance of markets for farm household dietary
diversity and reported that markets access is more critical for
farm household’s dietary diversity than subsistence production
(Luckett et al., 2015; Sibhatu et al., 2015; Jones, 2016; Lenjiso
et al., 2016; Qaim et al., 2016; Koppmair et al., 2017; Ludwig,
2018; Sibhatu and Qaim, 2018; Mulenga et al., 2021). Further, A
recent systematic literature review on the interplay between food
market access and farm household dietary diversity in low and
middle-income countries by Nandi et al. (2021), after screening
786 articles, revealed that the majority of the studies highlighted
that market access improves dietary diversity. However, none
of the studies reviewed have addressed how diverse foods
are sourced from markets and on-farms contributing to farm
household diet. Besides, most studies considered distance the
major proxy indicator (e.g., self-reported travel time, distance
to the nearest market, time taken, and cost to reach the nearest
market). This proxy indicator may not accurately measure the
construct of market access and may not necessarily equate to
market participation and food diversity. Besides, distance to the
market does not change with the season, while the availability of
food changes on-farm and on the market. Therefore, we argue

that mere market access does not guarantee the diverse food
available to purchase because the type of market (input, output,
or consumer market) individual accessing and market food
diversity in specific markets play an important role in impacting
farm households’ diet. Similarly, Mulenga et al. (2021) suggested
that future studies be conducted to understand how much
food consumed from a particular food group was purchased
and what proportion was from the household’s production
contributing to household dietary diversity to understand the
relative importance of on-farm production andmarket purchases
in a given context. Therefore, based on the research gaps
identified in the previous literature, we analyzed the relative
importance of farm production diversity and market access on
farm household dietary diversity by estimating how much food
consumed from a particular food group was purchased and what
proportion was from own production in the context intensive
farming system.

Objective of the Study
Given the scant evidence on this topic and the growing
cognizance that dependency on markets satisfy the demand for
nutritious non-staple foods even by very poor and remote rural
households warrants a detailed understanding of rural markets.
Our research questions mainly ask how the rural markets vary in
their food diversity, frequency, how rural markets are associated
with diets, and their relative importance in household diet and
the local production system.

With this backdrop, the present study aims to examine the

1. Relative importance of rural markets food diversity and farm
production diversity in contributing to farm household’s diet
by estimating how much food consumed from a particular
food group was purchased and what proportion was from
own production.

2. Whether the rural market food diversity is complementary
or substitute to on-farm production diversity in contributing
“household’s” diet.

3. To examine farm production patterns, the rural market food
diversity, and seasonality of foods available in the market
potentially affect the rural “household’s” diet.

To the best of our knowledge, this article is the first to
address above mentioned questions, specifically in the Indian
context. We employed a novel but highly replicable community
and market survey using the mixed method in conjunction with
key informant interviews to explore the characteristics of rural
markets and their contribution to the household’s diet. The
results will help policymakers and development practitioners to
design successful policies and programs.

Rural Markets, Market Food Diversity, and
Their Role
“The soul of India lives in its villages”—Mahatma Gandhi.

India is a land of villages; nearly 68% of the population lives
in 640,867 villages (Census, 2011). There are 47,000 periodic
markets in India, which will play a significant role in the future
as 58% of the rural consumers prefer to buy from periodic
markets despite the product being available in the neighborhood
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stores in the villages (Kashyap, 2016; Velayudhan, 2016). A
periodic market is an informal marketplace in the village, and
such markets in various towns are as old as the settlement
(Satyam, 2018). Some of the markets are located in the center
of the community, in prominent places, and in nearby villages.
The role of rural markets is very significant for the economic
activities among rural dwellers, and largely rural people depend
upon periodic markets for the sale and purchase of agricultural
commodities. Rural markets play a vital role in supplying diverse
diets to farm households, particularly smallholder farmers, due
to stronger market linkage (Gupta et al., 2020). Various studies
highlighted that rural market linkages enable farmers to consume
a diverse diet through demand and supply. On the supply side,
markets can make diverse and nutritious foods available to
rural households across the seasons (Snapp and Fisher, 2015;
Nandi et al., 2021). While on the demand side, increased income
through commercial production of a few crops and by selling
surplus commodities in the market may raise their income and
demand for more diverse foods (Koppmair et al., 2017).

The rest of the article is organized as follows. First,
the methods, including study setting, study design, sampling
strategy, data collection, analysis, and measurements of different
indicators, are presented in Section Methodology. Then, Section
Results andDiscussion presents and discusses the analysis results,
while Section 4 provides the conclusions and implications for
policy, followed by study limitations and future research.

METHODOLOGY

Study Setting
This study is “part of a larger interdisciplinary research
project, ‘Transforming India’s Green Revolution by Research
and Empowerment for Sustainable Food Supplies (TIGR2ESS),”
conducted in multiple locations across different states in India.
It is conducted at the research site representing semi-arid agro-
ecology from the south Indian state of Telangana, which has
46,531 irrigation tanks out of a total of 556,000 tanks in India
(Kumar et al., 2016). A paddy is being cultivated in 44 million
hectares in India, resulting in overexploitation of groundwater
resources, particularly in the northwest and some parts of South
India. Besides, crop diversity in these regions has significantly
declined due to an intensive production system where paddy or
wheat is being grown intensively in large areas. Our research
site represents three villages, namely Katakshapur, House Buzurg,
and Neerukulla, under Atmakur Mandal1 of Warangal Rural
district in the Telangana state of India. These villages were
randomly selected. These are the village’s representative of larger
regions with a market-oriented production systemwhere a paddy
is being grown intensively in large areas using tank irrigation.
Due to decreased on-farm crop diversity in the selected villages,
farm households depend on the local village markets for their
diverse food needs. The selected villages are around 30 km
away from the city of Warangal and are characterized by local
periodical markets and Kirana stores. The Telangana state was
a part of Andhra Pradesh state until it was separated in 2014,

1Manda is administrative unit, which is formed with group of villages.

and Hyderabad City is the capital of Telangana state. The
Warangal district is located 150 km from the metropolitan city of
Hyderabad. More than 93% of the population live in rural areas
in the district, agriculture is the main source of livelihood, and
the literacy rate is 62.39–65.97% among males and 41.69–46.2%
among females (Census, 2011). Map showing the research site as
shown in Figure 1.

The characteristics of the study villages are mentioned
in Table 1.

The villages in Warangal rural district are undergoing
rapid transformation from subsistence farming to commercial
farming systems due to improved access to water for irrigation,
improved agricultural markets, and food processing units in
the vicinity that create demand for agricultural outputs such
as paddy and maize from the local farmers. Similarly, crop
diversity has declined over time frommultiple diverse subsistence
cropping systems to more market-oriented commercial crops
such as paddy, cotton, maize, chili, and turmeric in the
district. The nearest city is Warangal, where major agricultural
markets (output, input, and consumer), including government’s
Agricultural Produce Marketing Committee (APMC) and
National Electronic Market (eNAM) are situated. The villages
have relatively better connectivity with Warangal near the city,
and the roads are good. The majority of the farmers sell their
farm outputs, mainly paddy, cotton, maize, turmeric, and chili
in the Warangal APMC market. Farmers have to collectively
depend on their own transport or rent a truck to transport their
commodities to the market during harvest season. While farmers
have to depend on local markets to buy daily food needs, however
market day happens only once a week, accessing the urban daily
market is a challenge due to the distance factor.

Study Design
The study adopted a mixed method of research approach.
The mixed-method is an emerging methodology in social
sciences that sees through multiple lenses to understand the
complex research questions in the field. The mixed research
method integrates quantitative and qualitative data within single
research, permitting a synergistic use of data than using separate
quantitative and qualitative data use and analysis (Creswell,
1999; Johnson and Onwuegbuzie, 2004; Brannen et al., 2005;
Morse, 2016). To understand the changing cropping pattern,
crop diversity, and crop area in the study region, we employed
the quantitative data at the district level from 1966 to 2015
which is collected from ICRISAT District Level Database
(ICRISAT - DLD, 2020). In addition, data about household
food consumption, health, and nutrition-related information is
collected from district-level offices. The qualitative household
and community level information is collected through the Focus
Group Discussions (FGDs). Besides, information about market
food diversity and the seasonality of food available in the markets
are collected from traders, agents, and farmers through Key
Informant Interviews (KII). In addition, physical visits to the
markets were made (Ambikapathi et al., 2019), to understand the
market food diversity seasonality of food availability in specific
village markets. We hoped that both quantitative and qualitative
findings could be used to interpret, analyze, suggest, and guide
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FIGURE 1 | Map showing the research site (map not to scale), red dots in the google map are villages in the Warangal (R) district of Telangana state. Source: Adapted

from: mapsofindia.com.

TABLE 1 | Characteristics of study villages.

Village Dependency on farming Population Landholding* (ha) Literacy rate

Male Female Marginal Small Medium Large Male Female

Neerukulla 96% 2101 2124 798 (81%) 124 63 0 65.97 46.28

Katakhapur 92% 444 451 214 (73.3%) 78 0 0 62.39 41.69

House Buzurg 97% 688 671 226 (67%) 106 7 0 54.07 39.34

*Marginal up to 1 ha, Small 1–2 ha, Medium 2–10 ha, and large >10 ha. Source: village revenue office.

appropriate interventions at the community and next level of the
study sites.

Sampling and Data Collection
The field enumerators are recruited to collect the qualitative data,
and trained on research protocol to ensure their understanding
of the broader objectives of the study. The recruited field
enumerators were familiar with Telugu local language to conduct
the FGDs and KIIs in the local language. The respondents
were carefully selected by following stratified purposive random

sampling from the list of households obtained from each village
revenue office. The FGDs were held separately with male and
female groups. While doing so, care was taken to ensure the
fair representation of households covering all caste and classes
existing in the village. Each FGD group ranged from 8 to
10 respondents. To achieve saturation of information on a
specific theme, we continued conducting the FGDs until we
reached a point where we had a range of opinions and no
new information was collected. In addition, KIIs are conducted
by visiting respective “villages” periodical markets. After Focus
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TABLE 2 | Sources of data.

Qualitative data Quantitative data

• Total of 34 sex-segregated focus group

discussions with 254 households (119

males, 135 female).

• Physical visits to local periodical markets

• Seasonal food availability in the

local markets

• Household-level dietary diversity.

• Six Key Informant Interviews (KIIs)

• District-level data from 1966 till

2015 about crop diversity.

• Market Food Diversity (MFD)

Group Discussions (FGDs), the individual participants also
answered the survey questions related to household consumption
patterns. The details about the sample and source of information
are mentioned in Table 2.

Data Analysis
This qualitative research is grounded in interpretative
approaches, and each theme-based analysis was inductively
and deductively identified from the qualitative data. Inducting
coding was made based on the grounded theory technique,
including line-to-line analysis and the comparative method. All
the transcripts were coded independently by the lead author
and co-lead. Further, the discussion was held with other team
members to interpret the results. The data analysis from the
FGDs and KIIs with respondents and videos and audios were zed
using content analysis and the software RQDA for Qualitative
Data Analysis, mainly used to systematically structure large text
information (Chandra and Liang, 2016). For all the qualitative
data from the project involving responses to different research
questions, RQDA was used to systematically cluster responses
to open and to probe questions into meaningful categories.
We used only relevant qualitative information specific to this
study from the entire qualitative data. Besides, quantitative data
is analyzed using MS excel to arrive at the participants’ Food
Consumption Score (FCS), Household Dietary Diversity Score
(HDDS), and socioeconomic profile.

Measurements
We employed the FCS and HDDS, which are important
qualitative measures of household food consumption and are
cost-effective and less time-consuming compared to quantitative
dietary intake methods (Kennedy et al., 2010). These are the
proxy measures of household dietary intake. The Food and
Agriculture Organization (FAO) and the World Food Program
(WFP) use information about dietary diversity as one element to
inform food security studies. Albeit, the FAO uses a 1-day HDDS
based on the Food and Nutrition Technical Assistance Project
guidelines, whereas theWFP uses an FCS (Swindale and Bilinsky,
2006). Both HDDS and FCS have been validated in different
countries as a proxy measure of caloric intake (Wiesmann et al.,
2009; Kennedy et al., 2010; Hussein et al., 2018). The validation
studies have shown that FCS and HDDS are both related to
caloric intake and each other. The data gathered using either
measure are most useful for application within a given agro-
ecological zone or country (Kennedy et al., 2010).

Food Consumption Score (FCS)
Food Consumption Score is an index developed byWFP in 1996,
and it is a proxy indicator of household caloric availability. The
FCS aggregates household-level information on the diversity and
frequency of food groups consumed during the previous seven
days, which is then weighted according to the relative nutritional
value of the consumed groups (World Food Program, 2008).
FCS consider eight food groups and each food group consumed
receives a weight from 0.5 to 4 (cereals, tubers, and root crops =
2; meat and fish = 4; milk = 4; oil/fats = 0.5; fruit = 1; vegetable
= 1, pulses = 3, sugar = 0.5) and condiments are not counted in
FCS (Kennedy et al., 2010). The typical cut-off scores were ≤21
(poor), borderline (21.5–35), and acceptable (>35).

To construct the FCS, we used information on the
household’s food consumption and the frequency of specific food
groups/items during the previous 7 days. The food items were
then grouped into eight specific food groups. Any frequency
values over seven are capped at seven. Finally, each food group
was multiplied by a food group weight, and the sum of the
weighted food group score is calculated to arrive at Food
Consumption Score (FCS).

Household Dietary Diversity Score (HDDS)
Household Dietary Diversity Scores are calculated by summing
the number of food groups consumed in the household or by
the individual respondent over the 24-h recall period. More
diversified households’ diet is correlated with protein and caloric
adequacy (Swindale and Bilinsky, 2006). We use a number of
food groups consumed by the farm households over the last 24 h
to create HDDS as a proxy for household diet quality, and it is
validated as a measure of nutrient adequacy and food security
using 24-h recall periods for women and children (Verger et al.,
2019; Nandi et al., 2021). To measure HDD, we categorized
reported food items into food groups to align as closely as
possible with the FAO guidelines (Kennedy et al., 2011). The
12 food groups included are namely cereals; white tubers and
roots; legumes, nuts, and seeds; vegetables; fruits; meat; eggs; fish
and fish products; milk and milk products; sweets and sugars;
oils and fats; and spices, condiments, and beverages are used
to calculate the HDDS indicator. Each food group is assigned
a score of 1 if consumed or 0 if not consumed. The household
score ranges from 0-to 12, and it is equal to the total number
of food groups consumed by the household. The aggregated
food consumption index measures the sum of groups of foods
consumedwithin a household, and it reflects the dietary quality of
foods available to households and is used as a household nutrition
security indicator (Swindale and Bilinsky, 2006). HDDS ≤ 3 is
considered a low dietary diversity group, with between four to
six as medium and ≥ 7 as high diversity score category. We
have considered ≤ 3 as a low dietary score because, as a general
rule, consuming four food groups over 24 h is considered good
dietary diversity (Kennedy et al., 2011). However, there is no
international consensus on which cut-off values to use (Vanessa
Cordero-Ahiman et al., 2017).

HDDS=SUM (A+B+C+D+E+F+G+H+I+J+K+L)
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The average household dietary diversity score for the target
population can be calculated as follows:

Sum (HDDS)

Total number of households surveyed

Crop Diversity Index (CDI)
Crop diversity refers to growing several crops in a year in the
given landholding. There are different methods to measure crop
diversification, and the important one is Herfindahl-Hirschman
Index (HHI). HHI is calculated by taking the sum of squares of
acreage proportion of each to the total cropped area (Sharma,
2017).

HHI =

N
∑

i=1

Pi2

Where,
N= The total number of crops.
Pi = is the proportion of area under ith i = 1 i = 1 crop to

total cropped and Ai= is the actual under ith crop.
The index is defined as a sum of squares of all “n” proportions

and is a measure of concentration.
The value of HHI ranges between 0 and 1, where zero indicates

perfect diversification and one indicates perfect specialization.
The value of HHI approaches zero as “N” becomes large and
takes value one when only one crop is cultivated (Sharma, 2017).
The HHI is categorized into three levels: HHI Below 0.1 is less
diversified, 0.1–0.18 is moderately diversified, and HHI above
0.18 is highly diversified.

Market Food Diversity/Market Food Availability
Themost commonly used variables for market access indicator in
the literature is self-reported to nearest markets, the existence of
a market in the village, roads, and ownership of vehicles (Sibhatu
et al., 2015; Snapp and Fisher, 2015; Nandi et al., 2021), the share
of farm produce sold to proxy for market access at household
level (Jones, 2016). In our study, we use a similar measure to
access the market, but it is market food diversity to measure the
diversity of food available in the specificmarket across the season,
and on the consumption side, the share of purchased foods from
the local markets in household diet during the last seven days.

Market Food Diversity (MFD) is defined as the availability
of foods and food groups across the seasons in a given market.
MFD is a new definition that was recently used by Ambikapathi
et al. (2019), and a similar definition of market food availability
by Zanello et al. (2019). The MFD information can be collected
using the information gathered from traders (from their book
transactions), shopkeepers, other key informants, and visiting
the target markets. Conversely, in the previous literature, mainly
market access is used as an indicator to study the role of markets
in household diet quality. But mere access to the market cannot
guarantee the availability of diverse foods (Nandi et al., 2021).
It is reported from several studies that food crop and livestock
diversities have a positive relation with dietary diversity. In our
study, we collected MFD information by interviewing regular
vendors and traders in the market and also by visiting village

markets. There are two key informants for each village. The
information collected is about availability of different food items
belonging to different food categories, price, abundancy of food
available, frequency of market and seasonal variability of specific
foods in the village market. Based on the availability of 32 foods,
7–10 food groups are created to form monthly market food
diversity for individual village. The 32 foods are as mentioned
in Figure 4.

Seasonality
In India, there are three cropping seasons, namely Kharif (June-
November), Rabi (October-March), and Zaid (between Kharif
and Rabi). Generally, the production of the major staple come
from the Kharif season, whereas pulses and oilseeds are from
the Rabi season, including wheat. But due to diverse climatic
conditions across the geographical area, there is significant
variability in seasonal agricultural patterns in India. As a result of
seasonal variability, the availability of foods in the local markets
varies. Understanding such variability in a specific geographical
area is important due to its potential impact on the diet quality
of the population who depend on such a market for their daily
consumption. Therefore, there is a need to understand local food
availability in the local markets and its impact on the ’household’s
diet, as such information is missing in the literature in low
and middle-income countries. This article advances the literature
on the importance of seasonality on market food availability
and diversity that potentially affect household dietary diversity.
Besides, we assess the role of rural markets’ food diversity than
the previous literature.

Ethical Approval
Ethical approval was obtained from the Institute Review Board
(IRB) for the ethics of ICRISAT (Reference number IEC-
ICRISAT/20190818/01).

RESULTS AND DISCUSSION

Descriptive Statistics
The sociodemographic characteristics of the respondents are
shown in Table 3. Of the 254 total respondents who participated
in the FGDs, 47% were males with an average age of 47 years,
whereas 53% of the respondents were females with an average
age of 41 years. The majority (53%) of the households belong
to Backward Class (BC), and 20% are Scheduled Caste (SC),
17% Other Caste (OC), and 9% belong to Scheduled Tribe (ST).
Thirty-eight percent of the respondents were illiterate without
any formal education, and only 15% had formal education,
graduated and, pursued higher studies. The remaining 40%
studied middle school to higher secondary. The majority (89%)
of the households are landed, involved in farming, and mainly
belong to OC and BC caste, 11% were landless and mainly
belong to SC and BC caste, and the majority of them are farm
laborers. The health and nutritional data of study villages are
not part of our survey. However, to provide an overview of the
district’s health and nutritional status, district-level information
is provided in Annexure 1.
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TABLE 3 | Sociodemographic characteristics of the survey respondents.

Variable FGDs (N = 254)

Gender Male 119 (47%)

Female 135 (53%)

Caste OC* 42 (17%)

BC* 135 (53%)

SC* 52 (20%)

ST* 24 (9%)

Av. Age Male 46.67

Female 41.13

Education Illiterate 96 (38%)

Up to middle school (1- 8th std) 63 (25%)

High and higher sec (9–12 std) 58 (15%)

Under graduation and above 37 (15%)

Occupation Farming 227 (89%)

Farm labor 27 (11%)

Land status Landed 227 (89%)

Landless 27 (11%)

*OC, Others; BC, Backward Class; SC, Scheduled Caste; ST, Scheduled Tribe.

Source: Author’s compilation based on survey data.

Cropping Pattern in the Study Villages
More than 94% of the population depends on agriculture for
their livelihood in the study villages. Paddy occupies the ’lion’s
share in the cultivable area, and it is the main crop during Kharif
season, followed by cotton, maize, groundnut, chilies, and other
few crops in less area. Maize is not consumed locally, and it is
grown for commercial purposes (processing and poultry feed).
Due to the well-established government-supported Agricultural
Produce Market Committee (APMC), rice mills, and other
private buyers within the village vicinity and farmers generally
“don’t face any problem selling their produce.” Farmers often
have prior contact with potential buyers through their inputs and
credit transactions. The free electricity, access to tank irrigation,
MSP, and subsidized inputs are major push factors for farmers
bringing more area under paddy. In particular, for paddy, access
to water from the local village tanks helps farmers to grow
two paddy crops in a year (both in Rabi and Kharif ). Besides,
enabling environmental factors such as local markets (APMC),
village-level procurement ers (under MSP), rice mills, poultry
feed factories, and local production ecosystems are favorable for
farmers to grow paddy andmaize. Besides, access to high yielding
varieties (HYVs) and improved inputs such as seeds, fertilizers,
and plant protection chemicals helped increase the production
and productivity of paddy and maize crops in the region over the
period (Figure 2).

On-Farm Crop Diversification and Farm
Income
The cropping system in the study region has shifted from
subsistence farming to a commercial and market-oriented
production system, mainly due to easy access to irrigation water
and a better market for agricultural commodities. We analyzed

crop diversification from 1966 to 2015 using longitudinal data
about crops in the Warangal rural district of Telangana state
using Hirscman - Herfindahl Index (HHI) method to measure
the crop diversity. The results revealed that the crop diversity
had declined significantly from a highly diverse (HHI >0.18)
cropping system to a very less diversified (HHI < 0.1) cropping
system between 1966 to 2015 (Annexure 2). From 1966 to 1975,
the 10 “years” average HHI was 0.20, which is a highly diverse
cropping system, and it continued till the year 1984 with HHI
ranging from 0.20 to 0.18. After the year 1985 onwards till
the year 2010, the HHI was moderate, with the HHI values
ranging from 0.16 to 0.11. However, HHI values declined below
0.10 from 2011 until 2015, indicating that crop diversity has
significantly declined in the district during recent years. This
clearly shows a rapid decline in the district’s crop diversity,
which severely impacts natural resources, ecology, household
health, and nutrition. The impact of farm production diversity
on-farm household’s nutritional outcomes is well-established in
the literature (Pellegrini and Tasciotti, 2014; Powell et al., 2015;
Sibhatu et al., 2015; Snapp and Fisher, 2015; Hirvonen and
Hoddinott, 2017; Koppmair et al., 2017; Sibhatu and Qaim, 2018;
Zanello et al., 2019) highlighting decreasing farm production
diversity directly impact household nutrition in the absence of
access to the market. The rapid decline in crop diversity in the
region is due to the increased number of farmers shifting from
diverse cropping patterns to more commercial crops such as
paddy, cotton, maize, etc. It is observed from the detailed analysis
that some of the crops, particularly wheat, sorghum, pearl millet,
finger millet, minor pulses, and oilseeds, have lost their place in
the total crop area, and the area is being replaced with cash crops,
mainly cotton (Annexure 3). The cereal crops occupied the lion’s
share in the total cropped area in the district (Annexure 4).

Focus Group Discussions also revealed similar results at the
village level in the study area. Some of the FGDs participant’s
responses related to changing crop diversification in the study
area are mentioned below,

“We used to grow variety of crops including fruits, vegetables,

millets etc. 20–40 years back. The majority in our villages grow

paddy, cotton, and maize crops due to access to water from tanks,

better price, assured markets, and easy to cultivate, particularly

paddy” (Male, Landed, FGDs, House Buzurg).

Another FGD participant reported,

“[. . . ] In our village majority grow paddy with tank water, we also

grow watermelon, cucumber etc. in a small patch of our land along

with paddy crop, but monkeys and wild boar menace is severe that

destroy fruits and vegetable crops, we must monitor day and night

if we plant such crops. Therefore, we don’t prefer to grow other than

paddy, maize, and cotton” (Female, landed, FGD, Neerukulla).

Key informant interviews also revealed similar views on changing
crop diversity. One key respondent said:

“[. . . ] During our childhood days, my parents used to grow different

pulses, millets, vegetables, fruit crops along with paddy crops or

during the rabi season, but nowdays [sic], we can see only two to
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FIGURE 2 | Yield of paddy, maize, and other major crops over time in the study region.

three crops in surrounding villages” (Male, KII, Katakshapur, Age

56 years).

Another key informant mentioned,

“During 15–20 years before, the study villages were growing

diversified crops such as paddy, wheat, sorghum, pearl millets,

finger millets, minor pulses, oilseeds, fruits, vegetables, chili, and

other crops. In addition, the majority of the households in the

villages had at least 2–4 milk animals, and every household

used to sell surplus milk to the city. Then, however, the

majority of the crops disappeared, and paddy became a major

food crop. As a result, the majority of the households buy

milk packets from outside” (Male, KII, landed, Sarpanch, Age

52, Neerukulla).

Due to increased market-oriented commercial production
of crops, mainly paddy, maize, and cotton in the study
region, farmers’ income has improved over time. This is

due to increased production, productivity, and assured
government’s Minimum Support Price (MSP) for the
crops mentioned. As a result, the farmers in the study
villages received an average Rs. 1,800/quintal of paddy, Rs.
5,800/quintal for cotton, and Rs. 1,400 for maize under MSP
during 2020.

Relative Importance of On-Farm
Production and Rural Markets in
Contributing Farm “Household’s” Diet
Similar to the majority of the Indian villages, in our study
village markets (consumer market) takes place once a week
(periodical markets), and rural communities rely on these
periodical markets to buy their household food needs (vegetables,
fruits, groceries, meat, etc.), which are not grown in their farm.
Therefore, we exclusively assessed the relative importance of
on-farm production and purchases from consumer markets in
contributing to farm ’household’s dietary diversity. Based on
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TABLE 4 | Descriptive statistics for FCS and HDDS in rural Warangal district.

Indicators

FCS HDDS

Mean SD Range Mean SD Range

Scores 60.81 6.82 47–67 7.63 2 4–10

Own farm 14 (22.71 %) 0.81 12–14 3.06 1.48 0–6

Market purchase 47 (77.29 %) 6.65 35–58 4.56 1.63 2–8

Women

Scores 57.38 7.52 49–67 8.25 1.49 6–10

Own farm 13.75 (24%) 0.71 12–14 3.63 1.51 2–6

Market purchase 43.63 (76%) 7.15 35–53 4.63 1.60 3–7

Men

Scores 64.25 4.03 59–72 7.00 2.33 4–10

Own farm 13.50 (21%) 0.93 12–14 2.50 1.31 0–4

Market purchase 50.75 (79%) 3.81 45–53 4.50 1.77 2–8

Neerukulla Mean SD Range Mean SD Range

Scores 58.4 6.7 49–65 9.8 0.4 9–10

Own farm 14 (24%) 0 14 3.8 1.8 2–6

Market purchase 44.4 (76%) 6.7 35–51 6 1.6 4–8

Katakshapur Mean SD Range Mean SD Range

Scores 64.33 6.35 54–72 7.67 0.82 7–9

Own farm 14 (21.8%) 0 14 3.50 0.84 2–4

Market purchase 50.33 (78.2%) 6.35 40–58 4.17 1.47 4–7

H.Buzurg Mean SD Range Mean SD Range

Scores 59 7.1 47–65 5.4 1.34 4–7

Own farm 12.8 (21.7) 1.1 12–14 1.8 1.1 2–3

Market purchase 46.2 (78.3%) 6.72 35−51 3.6 0.9 2–4

FCS, Food Consumption Score; HDDS, Household Dietary Diversity Score.

Source: Household survey.

the household-level food consumption, we estimated both Food
Consumption Score (FCS) and Household Dietary Diversity
Score (HDDS) to differentiate the relative importance of on-farm
production and market purchases. Besides, gendered and inter-
village differences in food consumption from different sources
is analyzed. Furthermore, we estimated how many food groups
were consumed from their own production and what proportion
was purchased (Table 4).

From Table 4, the mean FCS of the farm households in the
study villages is 60.81, which indicates the households are food
secure (FCS > 35). The contribution from own production to
the total FCS is 22.71%, whereas market purchases contribute
77.29%. Similarly, the mean HDDS is 7.63, which means farm
households consume diverse foods representing an average of
7.63 food groups (≥7 as high diversity score category) out
of 12 food groups considered. The contribution from own
production to the total HDDS is 3.06 (≤3 is considered low
dietary diversity), whereas market purchases contributed an
average of 4.56 food groups. The detailed analysis of FCS
and HDDS (Supplementary Material 1) revealed that the farms
mainly supplied cereals with an average FCS of 13.63. The
average frequency of consumption of cereals per week is 6.81.

Whereas market purchases supply pulses, fruits, vegetables, meat,
fish, milk, sugar, and cooking oil. The individual FC scores
ranged from 0.38 (fruits) to 24.50 (milk), and the weekly average
frequency of consumption of individual food groups ranged from
0.40 (fruits) to 6.13 (milk). Though the frequency and FCS of
milk is higher, the quantity of milk consumed is meager (only for
mixing with tea and preparing curd to eat along with rice). This
is one of the limitations of FCS calculation as it considers only
the frequency of consumption of a specific food group and does
not consider the quantity of food intake. The quantity of milk
products consumed may not be adequate to supply the required
nutrition to individuals. Further, there is gendered differences
observed in FCS and HDDS, with “women’s” mean FCS and
HDDS being 57.38 and 8.25, respectively. Whereas “men’s” FCS
and HDDS is 64.25 and 7.0, respectively. The results clearly show
there is gendered differences in dietary diversity. The gendered
differences may be linked to sociocultural aspects of individuals.
Similarly, inter-village differences with FC andHHD scores range
from 47 to 67 with a standard deviation of 6.82 for FCS, and
4–10 food groups with a standard deviation of 2 for HDDS
are observed. The wide variation is mainly attributed to the
level of diverse foods and food groups available in the specific
market from which specific village purchases. From Figure 3, it
is clear that village market 3 has low diversity of foods available
as compared to village markets 1 and 2, and from Table 4, it
is evident that House Buzurg village, which buys foods from
the village market 3 has food groups available ranging from 2
to 7, as compared to the other two villages with food groups
ranging from 7 to 10. Conversely, the FC scores of House Buzurg
village are distant with the other two villages. This is mainly
because of the type of food it often purchases (milk, meat, and
fish) from village market 3. Further, the detailed analysis of the
determining factors for gendered differences in dietary diversity
in food sources is scope for future study. Overall, the market
purchases significantly contribute to the farm household dietary
diversity than on-farm production. The literature confirms the
results (Luckett et al., 2015; Qaim et al., 2016; Ludwig, 2018;
Mulenga et al., 2021). Further, specific food groups consumed
at farm households are assessed to understand the share of own
farm andmarket sources in each food group. The results revealed
that 93.75% of the cereals consumed at households are from
their own production, whereas 93.75% of oils/fats and spices, and
condiments are from local markets. Similarly, the contribution
from each source contributing to the farm households’ dietary
diversity is shown in Figure 2. This clearly shows that currently,
the market plays a vital role in the food security of households, as
it supplies majority of food groups.

Market Food Diversity
We used a new definition of Market Food Diversity (MFD)
to characterize rural markets, which was recently used by
Ambikapathi et al. (2019), to analyze the access of diverse foods
to the farm households. In the literature, the most common
indicator that is used for market access is distance to market,
however, distance to market cannot guarantee the availability
of diverse food in the market. This is a significant point, as it
is plausible that the diversity of food available in the markets
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FIGURE 3 | Consumption of each food group sourced from own farms and or local markets among farm households.

is a vital source for a diverse diet for households (in a similar
way to the influence that farm production diversity has on
dietary diversity). In our study villages, MFD from 7 to 10 food
groups comprises 62–65 crop species during June–July 2020.
This contrasts with average crop diversity (number of species) in
the study villages which was only 10.50, and livestock diversity
(species) which was 4.93. It is very clear that the diversity of
food available in the market was much higher than own farm
production. However, the limitation of the rural markets in the
study villages is that the market takes place once a week and
households therefore can source their food only once a week. This
situation affects the purchase pattern of perishable foods as the
majority of the farm households don’t have refrigerators. Even
the few farmers who have their own refrigerators are not able to
use them due to frequent power supply interruptions and even
during the summer season, the power supply is restricted to a
few hours during the daytime. In conclusion, farm production
contributes mainly to caloric intake by supplying mainly cereals
(from paddy production), whereas local markets, including the
village Kirana shops, supply diverse nutritious foods to the farm
households (Supplementary Material 1).

Seasonality and Market Food Diversity
Agricultural production, market access, availability of food, and
consumption are all potentially highly amenable to seasonal
influences, specifically in developing countries (Zanello et al.,
2019). From Table 4, it is clear that a significant share of food is
sourced from local markets by farm households during the time

of our field survey. The diversity of food available in the local
village markets was collected simultaneously as the household
surveys in June and July, allowing seasonal comparison of the
availability of diverse food in the local markets. From Figure 4, it
is evident that local markets are variable in availability, diversity,
and abundance of foods belonging to different food groups
available in the local markets differ across the seasons, and it
potentially affects the farm household’s dietary diversity in the
absence of own farm production. Further, of the three study
villages’ local markets surveyed, market 1 is the most diverse,
and the village Neerukulla has access to it, while market 2
has intermediate diversity, seasonal fluctuations, and the village
Katakshapur has access to it. Conversely, village market 3
(Figure 4) has low diversity and seasonal fluctuation, the House
Buzurg village has access to it. The village markets 2 and 3
have intermediate to low diversity and seasonal fluctuations, and
these two markets fail to supply a wide range of foods during
the lean season, particularly pulses, dark green leafy vegetables,
fruits, organ meat, flesh meat, fish, and fish milk products.
Since the local crop production is significantly skewed toward
staple (Rice, Maize) crops, there is no demand for such products
in the local markets, and therefore, such products are not
abundantly available in the markets. Our results are consistent
with the literature, where we observed that seasonality and agro-
ecological zone play a role in market food diversity in Ethiopia
(Ambikapathi et al., 2019) and the importance of markets to
dietary diversity in Afghanistan (Zanello et al., 2019). Similarly,
in their study in Ethiopia, Sibhatu and Qaim (2017) observed

Frontiers in Sustainable Food Systems | www.frontiersin.org 10 June 2022 | Volume 6 | Article 843697254

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Nandi and Nedumaran Markets – Farm Production for Nutrition

FIGURE 4 | Seasonal food availability in the local village markets (three study villages). Green color indicates abundant availability of selected foods, yellow color

indicates moderate availability, and blanks represents no availability in the specific market during specific months.

that food sourced from markets has a larger contribution to
farm households’ dietary diversity than own production across
the seasons.

Figure 4 illustrates the availability of each of the 32 foods at the
markets found in each village market across 12 months. Overall,
Figure 3 shows poor access to pulses, fruits, vegetables, eggs,
and meat in the local markets. Foods like dark leafy vegetables,
potatoes, grapes, custard apple, meat, and fish show strong
seasonality. The promotion of such products might improve
consumption at farm household’s level.

In addition to the seasonal availability of diverse foods,
the frequency of market day occurrence in the study villages
potentially affect the farm ’household’s diet, as most of the local
village markets happen once a week and buying and storing
perishables such as fruits, vegetables, and milk products are
difficult as most of the households lack storage facilities such
a refrigerator.

CONCLUDING REMARKS

Majority of the undernourished people live in rural Asia and
Africa, and many of them are smallholder farm households that

largely depend on agriculture for their livelihoods. A poor-quality
diet is one of the vital contributing factors to undernutrition.
This is particularly true in India. The rapid transformation of
agricultural production systems from subsistence to commercial
and market-oriented production augmented the effect due to
declining farm production diversities. Generally, smallholder
farmers consume a significant share of what they produce;
increasing market-oriented production systems resulting in a
decline in crop and livestock diversities, ultimately impacting
household dietary diversity. Several recent studies consistently
highlighted that farm production diversity directly influences the
dietary diversity of farm households. Due to decreased on-farm
production diversities, farm households rely on local markets (if
accessible) to buy diverse food items from the increased income
from the sale of crops produced through specialization. Our
study intends to answer the relative importance of rural markets
access (MFD) and farm production diversity in contributing to
farm households’ diet by estimating how much food consumed
from a particular food group was purchased and what proportion
was from own production in the context of a market-oriented
production system. To uncover, whether the rural market food
diversity and farm production diversity are complement or
substitutes each other in contributing a farm household’s dietary
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diversity. Besides, to examine the seasonality of foods available in
the market that potentially affects the rural “household’s” diet, if
the foods availability varies with seasons.

The time-series data from 1966 to 2015 about crop diversity
measured using Hirscman - Herfindahl Index (HHI) method
indicates that the cropping system has significantly transformed
from a subsistence to a market-oriented commercial production
system. This transformation has brought a significant area under
commercial and market-oriented production where only a few
staple crops (paddy, maize) and commercial crops (Cotton and
turmeric) are being grown compared to diverse cropping systems
before. It is observed from the detailed analysis that some of
the crops, particularly wheat, sorghum, pearl millet, finger millet,
minor pulses, and oilseeds, have lost their place in the total crop
area, and the area is being replaced with cash crops. As a result,
the crop diversity has declined significantly from a highly diverse
(HHI > 0.18) cropping system to a very less diversified (HHI
< 0.1) cropping system over the years. The prevailing cropping
system is supplying only starchy staples to the household diet.
However, increased income from commercial crop production
enabled households to buy diverse foods from the local markets
which are not grown in their own farm. Foods purchased from
markets representing diverse food groups and are supplementary
to the foods produced on-farm. The increase in food group
consumption from the local village markets compensates for
the decline in food group consumption from own production.
This clearly shows that the market currently plays a vital role in
the households’ food security, as it supplies a majority of food
groups. The contribution from own production to the total FCS
is nearly 23%, whereas market purchases contribute around 77%.
The frequency of local village markets is an important constraint
for regular access to diverse foods from the market as these
village markets are periodical in nature and happen only once
a week. Besides, the absence of storage (refrigerators) at farm
households makes perishable food unavailable for consumption
regularly. The food diversity and abundance of availability vary
across the market and seasons in the study villages, potentially
impacting the household’s diet. The majority of the previous
studies used market access as a proxy by actual reliance on
markets for consumption at the village level. Our study shows
that mere market access does not guarantee the availability of
nutritious food in the specific market as market food diversity
varies from market to market and season.

Here, our argument is not for or against the increase in on-
farm diversity or market access (market food diversities), which
directly influences household nutrition as both have pros and
cons of their own (Nandi et al., 2021). However, how to improve
dietary quality while maintaining crop diversity, increase in
income through commercial crops, and access to diverse foods
from local markets by bringing synergy through optimizing
benefits from each to address the nutritional issues in a specific
context. The effects of changes in on-farm production diversity
andmarket access (market food diversity) differ for different food
groups as each food group has its unique potential to contribute
to diet quality. The effect of on-farm production may be more
critical for some food groups, and market access may be for other
food groups.

Based on our results, the following policy suggestions target
farm households to improve nutrition in rural areas, specifically
in the highly market-oriented/commercial production system.

• Particularly in the context where crop production is less
diversified (HHI2 < 0.1), encouraging diverse crop production
will help in better diet quality, manage price risk, and also help
in harnessing the multi-functional nature of diversification.
However, increasing crop diversification is easier said than
done in the commercial production system where profit is at
the center, but nuanced policies, including crop diversification
compensation/incentive package for identified regions, might
be necessary to support these multiple objectives.

• Local markets play a vital role in supplying diverse foods
to the people. Therefore, there is a need for strengthening
rural markets through developing infrastructure facilities (Ex.
cold storage) to make it accessible for rural households to
purchase diverse food across the seasons. It is to mention
here that the promotion of local markets is not against the
on-farm production diversity it is complementary to on-
farm production diversity in improving the quality of farm
household diets.

• Considering the unorganized retail sector and with the advent
of new farm policies in India, the government may also
think about incentives to retailers to set up retail outlets
in the suburbs (mandals), connecting rural areas with mini
supermarkets (like the hub and spoke model) and also
subsidizing nutritious and/or biofortified foods in rural areas
based on the context.

• In addition to the specific policy suggestions proposed based
on the field study, a few additional policies are promising
that are drawn based on the KII, context, and broader
policies in the country. Many public, private, international
developmental organizations, and civil societies working in
agriculture, marketing, extension, nutrition, health, water,
sanitation, and education are working independently without
functional coordination among themselves at field level.
Therefore, synergy is needed at different levels (policy,
planning, and execution).

Study Limitations and Future Research
This study has a few limitations. First, the survey was not
designed to understand the individual dietary habit but to look
primarily at the household level, and foods share from both
on-farm and market purchases at households. This makes the
information less than ideal for analyzing the diet intake at an
individual level. Furthermore, this is not ideal for assessing
the consumption information, as there is one respondent in a
household and is unlikely to recall all the household members
during the last seven days. This may pose a problem if the
respondent overstates or understates consumption for some
family members.

Nevertheless, they have helpful information about the overall
pattern of food consumption (food groups). Secondly, the use of

2The HHI is categorized into three-level, HHI Below.1 is less diversified, 1–0.18 is

moderately diversified while HHI above 0.18 is highly diversified.
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FCS and HDDS to measure household nutrition is not without
their limitations as neither of these indicators has been validated
as a proxy for micronutrient adequacy. Thirdly, our results on
on-farm diversity, market food diversity, and associated effects
on a household’s diet need to be considered cautiously as they are
context-specific while generalizing the results.

The study identified research gaps for future research.
First, further research exploring the preferences of households
about what to produce on-farm desired purchases, and sell
in a different context is needed as an entry point for
improving household food choices among farm households.
Second, results highlight that market purchases contribute
more to household diet than own farm production. However,
the literature is meager about how safe and hygienic foods
are sourced from markets compared to their “farms” food.
Also, buying foods from markets may be associated with
unhealthy diets such as higher fat, additives/preservatives, more
sugar, chemical residues etc. Therefore, health impact studies
comparing subsistence and market-oriented farm households
are warranted. Lastly, considering the remote setting of villages,
how can private retail food companies be best incentivized
to ensure diverse foods accessible in rural areas, as against
prevailing only periodical markets and grocery shops in
the villages.
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Wheat has been considered one of the most important staple foods for thousands of

years. It is one of the largest suppliers of calories in the daily diet, which is added to many

different products. Wheat is also a good source of health-benefiting antioxidants. This

study aims toinvestigate the changes in the antioxidant properties, such as total phenol

content, 2,2-diphenyl-1-picrylhydrazyl (DPPH), metal chelating activity, 2,2′-azino-bis

(3-ethylbenz-thiazoline-6-sulfonic acid) diammonium salt (ABTS+) scavenging activity,

and color intensity, during the extrusion processing of six different wheat cultivars. The

extrusion factors evaluated were 15% feed moisture and two extrusion temperatures

(150 and 180◦C). Extrusion processing increased antioxidant activity (DPPH, metal

chelating activity, and ABTS+ scavenging activity), whereas total flavonoids content

and total phenolic content were decreased. The L∗ values of wheat flours increased

significantly (p < 0.05) after extrusion at 150 and 180◦C, 15% mc. Furthermore, redness

was decreased from control wheat cultivars (range: 0.17–0.21) to extrusion at 150◦C

(range: 0.14–0.17) and 180◦C (range: 0.1–0.14). The study suggests that extrudedwheat

could improve the antioxidant potential in food products.

Keywords: wheat, extrusion, total phenolics, antioxidants, redness intensity

INTRODUCTION

Processing methods of foods can modulate the polyphenol content of foods in several ways (1).
Extrusion of cereal-based products has advantages over other usual processing methods because of
low cost, short time, high productivity, versatility, unique product shapes, and energy savings (2). It
is a versatile and efficient technology involving high temperature, pressure, and short time among
different processing methods. It is used to develop infant foods, snack foods, ready-to-eat breakfast
cereals, and pet foods, among other products. Extrusion technology is a new economical processing
method; it can achieve protein, starch, and cellulose polymer transformation directly or indirectly
in a short time (3–5).
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Antioxidants as health-promoting food components have
been discussed in nutrition science for several years (6–8).
The natural or enriched content of antioxidants is associated
with health and disease prevention (9, 10). Phenolic acids
are the main antioxidants in cereal grains that seem to have
enough potential to be beneficial to health by scavenging
free radicals, inhibiting lipid peroxidation, and thus exhibiting
anti-cancer activity (11, 12). Free radicals are highly reactive
forms that persist during the routine metabolic process in our
body (13). They are responsible for cell damage which may
ultimately lead to diseases. To counteract the negative effect
of free radicals, one should eat an antioxidant-rich diet in a
routine dietary chart (14). Wheat has been one of the most
important staple foods for thousands of years. It is rich in basic
nutrients a source of energy, protein, vitamins, and minerals,
and contains important amounts of dietary fibers along with
bioactive compounds and antioxidant properties (15). Despite
the well-known health benefits, recommendations, labeling, and
communication campaigns, the majority of cereal foods are made
from refined wheat flour and contain less dietary fiber and other
health-promoting compounds when compared to whole grain
raw materials. Because of its high gluten content, wheat flour is
very suitable for making bread and other bakery products. The
use of whole grains wheat flour in extruded products can be an
effective alternative for obtaining healthier breakfast cereals. The
objective of the present study was to provide a comprehensive
summary of the changes in the antioxidant properties, such as
total phenol content, DPPH, metal chelating activity, ABTS+

scavenging activity, and color intensity during the extrusion
processing of different wheat cultivars. Diversity is worthwhile
because every wheat variety has something to offer in terms of
ingredients, taste, and possible uses.

MATERIALS AND METHODS

Wheat Varieties
For this study, six wheat cultivars (cv) (wheat varieties viz.
PBW-343, WH-896, WH-1080, PBW-590, WH-283, and WHD-
943) were collected from Chaudhary Charan Singh Haryana
Agricultural University (CCSHAU), Hisar, Haryana, India. The
grain of each variety was cleaned and stored (5oC) for further
evaluation. All tests were performed in triplicates on a dry
weight basis.

De-husking, Milling, and Extrusion of
Wheat
Dehusking of wheat samples was carried out using a rice miller,
as reported by Punia and Sandhu (16). In the polishing chamber,
hulled wheat (150 g) was transferred, and the polisher was run
until the husk was fully removed from the grain. The whole
wheat flour was made by grinding de-husked wheat in a Super
Mill (Newport Scientific, Australia), conditioning it to 15% feed
moisture content (mc), and storing it in polyethylene bags for
12 h. A corotating twin-screw extruder was used for the extrusion
(Clextral, BC 21, Firminy, France). The screw diameter, (L/D)
ratio and die diameter were adjusted to 25mm, 16mm, and
6mm, respectively. The screw speed (400 rpm) and feed rate (20
kg/h) were kept constant. Wheat flour was extruded at 150 and

180◦C with barrel temperatures of 50, 100, 125, and 150◦C (for
150◦C) and 50, 100, 140, and 180◦C (for 180◦C). An induction
heating belt warmed the terminal section of the barrel while
running water cooled the feeding section.

Antioxidant Activity
DPPH Radical Scavenging Activity Assay
A modified version of the method described by Brand-
Williams et al. (17) was used to measure 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging activity. Methanol-
containing solution of the free radical DPPH has been used.
In brief, 100mg of ground wheat samples were extracted for
2 h in 1ml methanol and centrifuged for 10min at 3,000 rpm.
The supernatant (100 µl) was treated with 3.9ml of a DPPH
solution containing 6 x 10−5 mol/l. Absorbance (A) at 517 nm
was recorded after the solution was stored in a dark place for
30min at 25oC.

The DPPH activity was calculated using the following formula
(18, 19):

DPPH (%) =
AbsDPPH − Abssol

AbsDPPH
× 100

where AbsDPPH = Absorbance of DPPH solution and Abssol =
Absorbance of extracts.

Metal Chelating Fe2+Activity
The already published method described by Dinis et al. (20)
was used to determine metal chelating activity. Briefly, 50 µl of
ferrous chloride (2 mM/l) was mixed with 0.5ml extract, and
1.6ml of 80% methanol was added. After 5min, the reaction
was started by adding 5 mM/l ferrozines (100 µl) and vortex
shaking the mixture. For 10min, the mixture was incubated
at room temperature (25◦C). A spectrophotometer (UV-VIS-
NIR Spectrophotometer UV-3600 Plus Series, Shimadzu, Kyoto,
Japan) was used to measure the absorbance (A) of the solution
at 562 nm. The following formulae were used to calculate the
extract’s Fe2+ chelating activity (7):

Iron (Fe2+) chelating activity % =

{1− ( A of sample at 562nm/Absorbance of control at 562nm)}x 100

ABTS+ Scavenging Activity
Generally known as the ABTS, the 2,2’-azinobis (3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (Sigma–
Aldrich Chemie, Steinheim, Germany) is a spectrophotometric
method for determining the antioxidant properties of different
compounds. An improved ABTS decolorization test was used
in the study (21). The oxidation of ABTS using potassium
persulfate (BDH, Poole, UK) generates ABTS+. In a disposable
microcuvette, 3ml of ABTS cation solution was combined with
30 µl extract, and the decrease in absorbance was evaluated after
1min of incubation. Different concentrations of vitamin C were
used to create a standard curve. The scavenging ability of ABTS+

was measured in µmol of ascorbic acid equivalents (VEAC) per
gram of wheat.

Frontiers in Nutrition | www.frontiersin.org 2 June 2022 | Volume 9 | Article 872589260

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Bangar et al. Extruded Wheat With Improved Antioxidants

Total Phenolic Content
Total phenolic content (TPC) in studied extracts was evaluated
using the already published method described by Gao et al.
(22) using the Folin-Ciocalteu- Sigma-Aldrich, Buenos Aires,
Argentina reagent. Briefly, 200mg (wheat flour) were extracted
for 2 h at room temperature (25◦C) with 4ml acidified methanol
(HCl/methanol/water, 1:80:10, v/v/v) using a wrist action shaker.
On a centrifuge, the mixture was centrifuged at 3,000 g for
10min (REMI, Mumbai, India). The total phenolic content of
the supernatant was determined. A 200 µl aliquot of the extract
was added to a 1.5ml Folin–Ciocalteu reagent that had been
freshly diluted (10-fold). After allowing the liquid to equilibrate
for 5min, 1.5ml of sodium carbonate solution (60 g/l) was added.
The absorbance of the combination wasmeasured at 725 nm after
90min of incubation at room temperature (25◦C). As a blank,
acidified methanol was used. The results were calculated in gallic
acid equivalents (GAE)/g of flour. All of the analyses were carried
out in duplicate.

Total Flavonoid Content
Jia et al. (23) previously described the method for determining
total flavonoids content, and for this study same method has
been used. In brief, 1.25ml of distilled water was used to dilute
the wheat extract (250 µl). The sodium nitrite (75 µl of a 5%
solution) was added, and the mixture was allowed to stand for
6min. In addition, 150 µl of a 10% aluminum chloride solution
was added, and the combination was allowed to react for 5min.
Thereafter, the solution was then stirred well with 0.5ml of
1M sodium hydroxide. A Spectrophotometer-Thermo-scientific
was used to detect the absorbance at 510 nm. The standard
was catechin, and the results were expressed as g of catechin
equivalents (CE)/g of flour.

Color Characteristics
Color measurement of flours has been analyzed based on the L∗,
a∗, b∗ color scheme, and a Hunter Colorimeter with an optical
sensor (Hunter Associates Laboratory Inc. Restan VA., USA) was
used. The color difference (1E) was calculated as:

1E = {(dL∗)+ (da∗)+ (db∗)}1/2

Redness intensity (RI = a∗/b∗) was calculated for each
sample cultivar (PBW-343, WH-896, WH-1080, PBW-590, WH-
283, WHD-943).

DATA ANALYSIS

All of the tables’ data is an average of triplicate observations that
were subjected to one-way ANOVA, applying Minitab statistical
software version 14 (Minitab Inc., USA).

RESULT AND DISCUSSION

Antioxidant Activity
DPPH Radical Scavenging Activity Assay
The DPPH procedure assesses the target compounds’ hydrogen
donating capacity in a methanolic media. Antioxidative
activities of wheat flour samples with extrusion are shown

in Figure 1. Percent DPPH inhibition shown by control
(non-extruded) wheat cultivars ranged from 13.2 to 21.6%,
with cv.WH-283 and cv.PBW-343 shows the highest and
the lowest values, respectively. Compared to control wheat
samples, extrusion cooking significantly increased DPPH
free radical scavenging activity in all wheat cultivars.
Antioxidant activity varied significantly among cultivars
when the extrusion was carried out at 180◦C and 15% mc.
The DPPH ranged from 16.7 to 22.6%, with the highest and
lowest being cv.WHD-943 and cv. PBW-343, respectively.
Also, the DPPH in the extrudates (150◦C, 15% mc) varied
significantly among cultivars that ranged between 19.8 and
33.5%. The highest and the lowest increase were exhibited
by cv. WHD-943 and cv. WH-1080, respectively. Rufian-
Henares and Delgado-Andrade (24) and Punia Bangar et al.
(7) reported an increase in the antioxidant activity of rye and
barley, which could be related to the development of Maillard
browning pigments, which boosted the antioxidant activity of
extrudates (25, 26).

Metal Chelating Fe2+Activity
Extrusion cooking considerably boosted metal-chelating
Fe2+activity in all cultivars studied as compared to their
corresponding control samples. Metal chelating activity varied
substantially (p < 0.05) among non-extruded wheat cultivars,
ranging from 22 to 42% (Figure 2), with cv.WH-283 and
cv.WH-896 having the highest and lowest levels, respectively.
When extrusion was carried out at 180◦C, and the feed moisture
was 15%, the metal chelating activity varied significantly
among the cultivars and ranged between 26.6 and 43.4%. The
highest and the lowest metal chelating activity was exhibited
by cv.WH-283 (43.4%) and cv.PBW-343 (26.6%). When the
feed moisture was sustained at 15%, and temperature at 150◦C,
the metal chelating activity in all wheat cultivars increased
and ranged from 31.3 to 54.4%. Cv. WH-283 exhibited the
highest, while cv. WH-896 showed the lowest metal chelating
power. An increase in the metal chelating activity may be due
to the formation of melanoidins during thermal processing
(27). Rufian-Henares and Delgado-Andrade (24) reported that
the increase in antioxidant activity could be explained by the
formation of Maillard browning pigments, which enhanced the
antioxidant activity of extruded products.

ABTS+ Activity
The antioxidative capacity of test compounds is assessed by
measuring their ability to reduce the ABTS radical anion to its
non-radical form. In control wheat cultivars, ABTS scavenging
activity ranged from 3.06 to 8.11 µmole VEAC/g, the highest was
observed for cv. WH-283 and cv. PBW-343 showed the lowest.
Compared to non-extruded samples, extrusion cooking resulted
in a considerable increase in ABTS free radical scavenging activity
in all cultivars (Figure 3). The ABTS radical scavenging activity
in 1800C and 15%mc extrudates varied insignificantly (p < 0.05)
among wheat cultivars and ranged from 5.44 to 12.6µmol/g, with
the highest and lowest being for cv. WH-283 and cv. PBW-343.
Further, the ABTS radical scavenging activity in 180◦C and 15%
mc wheat varieties (PBW-343, WH-896, WH-1080, PBW-590,
WH-283, and WHD-943) extrudates varied significantly (p <
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FIGURE 1 | 2,2-diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Activity Assay (%) of control and extruded wheat cultivars (PBW-343, WH-896, WH-1080,

PBW-590, WH-283, and WHD-943) flours at different temperatures (150 and 180◦C, mc = 15%).

FIGURE 2 | Metal chelating iron (Fe2+) activity(%) of control and extruded wheat cultivars (PBW-343, WH-896, WH-1080, PBW-590, WH-283, and WHD-943) flours

at different temperature (150 and 180◦C, mc = 15%).

0.05) among cultivars and ranged from 8.23 to 20.3 µmol/g. The
highest and the lowest were observed for cv. WHD-943 and cv.
PBW-343, respectively. According to studies (24, 28), pigments
(especially melanoidins) are widely known to have antioxidant
action. The development of Maillard browning pigments, which
boosted the antioxidant activity of extruded goods, could explain
the increased antioxidant activity.

Total Phenolic Content
The total phenolic content (TPC) in the wheat cultivars ranged
from 974 to 1,399µg GAE/g (Figure 4). Vaher et al. (29) reported
TPC of winter and spring wheat varieties ranged from 892 to
569µg/g. Changes in the TPC can be attributed to differences
in wheat cultivars and extraction solvent. When compared to
control (non-extruded) wheat samples, the total phenolic content
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FIGURE 3 | 2,2
′

-azino-bis (3-ethylbenz-thiazoline-6-sulfonic acid) diammonium salt (ABTS+) activity (µmol/g) of control and extruded wheat cultivars (PBW-343,

WH-896, WH-1080, PBW-590, WH-283, and WHD-943) flours at different temperatures (150 and 180◦C, mc = 15%).

FIGURE 4 | Total phenolic content [TPC (µg GAE /g)] of control and extruded wheat cultivars (PBW-343, WH-896, WH-1080, PBW-590, WH-283, and WHD-943)

flours at different temperatures (150 and 180◦C, mc = 15%).

of all cultivars decreased considerably after extrusion. TPC at
180◦C and 15% moisture, varied significantly (p < 0.05) among
cultivars and ranged between 423 to 786 µg GAE/g. The highest
and the lowest were observed for cv.WHD-943 and cv.PBW-
343. At 150◦C and 15%, mc TPC varied significantly (p < 0.05)
among cultivars and ranged from 524 to 911 µg GAE/g, the

highest and the lowest being for cv.WHD-943 and cv.PBW-
343, respectively. Sharma et al. (30) reported a decrease in
TPC in HTLM (180◦C, 15% mc) and LTLM (150◦C, 15% mc)
extrudates of wheat cultivars. Korus et al. (31) investigated
the effect of extrusion on polyphenol content and antioxidant
activity of common bean. It has been observed a significant
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FIGURE 5 | Total flavonoid content [TFC (µg catechin equivalent (CE)/g)] of control and extruded wheat cultivars (PBW-343, WH-896, WH-1080, PBW-590, WH-283,

and WHD-943) flours at different temperature (150 and 180◦C, mc = 15%).

FIGURE 6 | Graphic representation of redness intensity (RI = a*/b*) between control and wheat cultivars (PBW-343, WH-896, WH-1080, PBW-590, WH-283, and

WHD-943) at different temperatures (150◦C and 180◦C, mc = 15%).

decrease in polyphenol content and antioxidant activity. Repo-
Carrasco-Valencia et al. (32) reported that phenolic compounds
during extrusion might undergo decarboxylation due to high

barrel temperature, and high moisture content may promote
polymerization of phenols leading to reduced extractability and
antioxidant activity on one side. Thermal treatment induced
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TABLE 1 | Color parameters of extruded and non-extruded wheat cultivars (PBW-343, WH-896, WH-1080, PBW-590, WH-283, and WHD-943) at different temperatures

(150 and 180◦C, mc = 15%).

Wheat cultivars Samples L a* b* RI = a*/b*

PBW 343 Control 71.2 1.62 9.31 0.17

Extruded 150◦C 74.3 1.51 9.11 0.16

Extruded 180◦C 79.4 1.34 10.22 0.13

WH-896 Control 74.4 2.57 13.2 0.19

Extruded 150◦C 76.9 2.41 14.3 0.17

Extruded 180◦C 82.6 2.02 15.1 0.13

WH-1080 Control 75.2 2.08 10.4 0.20

Extruded 150◦C 78 1.91 12.8 0.15

Extruded 180◦C 81.3 1.83 14.6 0.12

PBW-590 Control 78.8 2.26 10.6 0.21

Extruded 150◦C 82.8 2.12 12.3 0.17

Extruded 180◦C 85.3 1.98 13.5 0.14

WH-283 Control 55.9 1.55 8.49 0.18

Extruded 150◦C 59.8 1.31 9.3 0.14

Extruded 180◦C 61.4 1.20 11.2 0.10

WHD-943 Control 75.8 2.62 13.3 0.19

Extruded 150◦C 77.8 2.03 14.4 0.14

Extruded 180◦C 79.6 1.82 16.9 0.10

As shown in this Table and Figure 6, RI decreased from control (range: 0.17–0.21) to 150◦C (range: 0.14–0.17) to 180◦C (range: 0.10–0.14), and differences between wheat cultivars

(PBW-343, WH-896, WH-1080, PBW-590, WH-283, WHD-943) are representative.

the hydrolysis of conjugated phenolic compounds resulting in
the release of free phenolic acids (33). On the other side,
according to Ramos-Enríquez et al. (32), the extrusion process
does not cause an increase in the release of TPC due to the
addition of methanol during the extraction of TPC. Besides, feed
moisture and temperature significantly affect TPC, as already
reported (34).

Total Flavonoid Content
Flavonoids’ antioxidant mechanism may be due to interactions
between flavonoids and metal ions, particularly iron and copper
(35). The total flavonoid content (TFC) of control wheat
ranged from 75 to 102 µg CE/g and varied significantly (p
< 0.05) among control wheat cultivars (Figure 5), cv. WH-
283 had the highest content and cv. WH-1080 has the lowest
content. A significant decrease in the TFC was observed during
extrusion cooking. TFC levels may have decreased due to the
thermal destruction of heat-sensitive flavonoids (36). TFC varied
significantly among cultivars in the extrudates (180◦C and 15%
mc) and ranged from 22 to 49 µg catechin equivalent (CE)/g.
TFC varied significantly among wheat cultivars in extrudates
(150◦C and 15% mc) and ranged from 35 to 61 µg catechin
equivalent (CE)/g. as shown in Figure 1. It has also been shown
that flavonoids and phenols interact with proteins, causing a
loss of their effectiveness (37). Zhu et al. (38) reported that
flavonoids are heat susceptible phenolic compounds; therefore,
heat exposure during roasting could be a reason for the decrease
in TFC.

Color Characteristics
Hunter Colorimeter was used to analyze the ground wheat
extrudates. The lightness is indicated by the L∗ value, which

ranges from 0 to 100. When compared to their equivalent control
samples, the lightness of extrudates dropped dramatically. Color
characteristics are shown in Table 1. The L∗ of extrudates at
1800C varied significantly (Table 1), and a significant increase in
lightness was observed. Cv. PBW-590 and cv. WH-283 exhibited
the highest and lowest value of L∗ (85.3 and 61.4) after extrusion.
Extrudates at 1500C also showed a significant variation in L∗

among the cultivars that ranged from 59.8 to 82.8. The moisture
content of feed material (wheat flour and brewer’s spent grain)
had a substantial effect on the L values, also according to
Stojceska et al. (39, 40). Extrusion cooking of barley and their
blends with tomato pomace resulted in a decrease in lightness,
according to Altan et al. (41). The redness (a∗) varied significantly
within the cultivars and ranged from 1.55 to 2.57, and after
extrusion, the redness significantly decreased both at 180◦C and
150◦C. The yellowness (b∗) of wheat flours from control cultivars
varied significantly within the cultivars and ranged from 8.49 to
13.3, and upon extrusion, at 150◦C, the b value decreased and
ranged between 9.3 and 14.4 and at 180◦C the b value increases,
the highest for cv. WHD-943 and the lowest for cv. WH-283
was observed.

CONCLUSION

During the present investigation, the effect of extrusion on the
antioxidant properties, such as total phenol content, DPPH,
metal chelating activity, ABTS+ scavenging activity, and color
intensity of different wheat cultivars (wheat varieties WH-
283, WHD-943, PBW-590, WH-1080, WH-896, and PBW-
343), was studied. Results demonstrated that the feed moisture
(15%) and extrusion at different temperatures (150 and 180◦C)
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could improve the wheat flour quality. Extrusion increased
antioxidant activity (DPPH, metal chelating activity, and
ABTS+ scavenging activity), compared with total flavonoids
content and total phenolic content, which were decreased.
Antioxidant-rich flour could be utilized at a commercial scale
for the preparation of health-benefiting food/bakery products.
An elaborated study could be designed to optimize the
processing conditions in this context. Diversity is worthwhile
because every wheat variety has something to offer in terms
of ingredients, taste, possible uses, and further food and
feed applications.
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Aim: It’s unclear whether diet quality affects glycemic management. The index of

nutritional quality (INQ) can examine diets both quantitatively and qualitatively (INQ).

Hence, this study aimed to determine whether INQ and fasting blood sugar (FBS) are

related among Iranian women.

Methods: This cross-sectional study was conducted on 360 adult Iranian women.

Data were collected on the participants’ general characteristics, medical history,

anthropometric indices, physical activity, and dietary intake. For nutrient intake

assessment, a valid food frequency questionnaire (FFQ) was used, and INQ was then

calculated using the daily nutrient intake.

Results: After adjusting for age, FBS was significantly inverse associated with INQ for

vitamins A (B = −0.193, p < 0.01), magnesium (B = −0.137, p < 0.01), phosphor

(B = −0.175, p < 0.01), zinc (B = −0.113, p < 0.01), vitamin K (B = −0.197,

p < 0.01), manganese (B = −0.111, p < 0.01) and selenium (B = −0.123, p <

0.01). The association between FBS and INQ for Se and Mn was disappeared after

further adjustment for gender, body mass index (BMI), menopausal status, and total

energy intake.

Conclusion: There was a significant inverse relationship between FBS and the INQ of

vitamin A, manganese, phosphor, zinc, vitamin K, magnesium, and selenium. Prospective

cohort studies should be conducted to establish a causal relationship between FBS

and INQ.

Keywords: index of nutritional quality, fasting blood sugar, dietary intake, glycemic control, medical history

268

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2022.883672
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2022.883672&domain=pdf&date_stamp=2022-06-24
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:sdoaee@yahoo.com
https://doi.org/10.3389/fnut.2022.883672
https://www.frontiersin.org/articles/10.3389/fnut.2022.883672/full


Alami et al. Fasting Blood Sugar and INQ

INTRODUCTION

Hyperglycemia is observed in about one-fifth to one-fourth of
the adult population in developing countries (1). Hyperglycemia
is defined as a fasting blood glucose level of more than 126
mg/dl or a random blood glucose level of more than 200 mg/dl,
both of which are common among hospitalized patients (2, 3).
The development of hyperglycemia is linked to an increased
risk of mortality (4) and infections in hospitalized patients,
according to extensive data from observational studies (5). Some
studies reported that correction of hyperglycemia with insulin
administration reduces hospital complications and decreases
mortality in cardiac diseases (6).

Dietary components may have significant effects on the
management of hyperglycemia. Recently, several indicators were
introduced to evaluate the quality of the diet. For example,
glycemic index (GI) is a value used to measure howmuch specific
foods increase blood sugar levels, and foods with a low GI <

50 cause a slower rise in blood glucose concentration compared
to an equal carbohydrate amount from high GI foods (7).
Evidence suggests that dietary management with a low GI diet
improves glycemic control in diabetic patients (7, 8). Although
carbohydrate is likely the most significant component of food
to affect postprandial glycemia, previous research found that
dietary fat and protein have a key role in the glycemic response
following the ingestion of carbohydrate (9). Dietary fat can delay
hyperglycemic peak responses by slowing glucose absorption
(10–12) and dietary protein facilitates glucose clearance by
stimulating insulin release (13–16). A decreased incidence of
hyperglycemia was linked to a ’healthy traditional’ dietary pattern
rich in vegetables, grains, and products, fish, and shrimp. Greater
consumption of fruits, juice, and alcohol, on the other hand, was
linked to a higher risk of hyperglycemia (17–19). Controversial
results in relation to hyperglycemia and dietary components were
previously observed. For example, some studies reported that fat
intake is positively associated with the prevalence of impaired
fasting glucose (20, 21). While other studies did not highlight an
association between total fat intake and the risk of type-2 diabetes
mellitus (T2DM) (22–25).

The index of nutritional quality (INQ) score was created to
assess the diet quality and comprises four components: variety,
adequacy, moderation, and overall balance (26) and was used in
a few studies (27–29). Previous studies in European adults have
reported an inverse association between INQ and cardiovascular
risk factors, including lipid biomarkers and obesity (30). The
incidence of fasting blood sugar disorder was reported to
decrease by 75% in men with higher scores of INQ (31). In
another study, the patients in the highest tertile of INQ had
fewer fasting blood sugar amounts. However, no significant
correlations were observed in some studies between dietary
quality indices and fasting blood sugar (29). For example, in a
cross-sectional study on the correlation between diet quality and
glycemic status in patients with type 2 diabetes, no significant
correlations were observed between INQ and fasting blood
sugar, glycosylated hemoglobin (HbA1c), insulin, and insulin
resistance [28]. To the best of our knowledge, no firm association
between INQ and FBS has been yet established. So, this study

aimed to investigate the association between INQ and FBS in
Iranian adults.

METHODS

This cross-sectional study was performed on 360 Iranian adult
women in Tehran, Iran. The participants were selected from
healthy women referring to the nutrition clinic of Shohadaye
Tajrish Hospital, Tehran, Iran. The sample size was calculated
using the OPENEPI software and the quantity of odds ratio
(OR) acquired in a prior research [19]. The inclusion criteria
were willingness to participate in the study, age between 35
and 75 years old, having no history of metabolic syndrome,
not suffering from diseases affecting blood sugar, and did
not use antihyperglycemic drugs. Participants with alcohol or
drug addiction, have weight-related illnesses including specific
psychological or neurological disorders, insulin resistance,
thyroid disease, liver disease, kidney failure, infectious diseases,
history of multiple sclerosis, hypertension, dialysis, and pregnant
or lactating women were excluded from the study (n = 7). The
objectives of the study were explained to the participants, and a
written consent form was collected. Data on age, height, weight,
and BMI were collected through face-to-face interviews and
the amount of physical activity was estimated using a validated
International Physical Activity Questionnaire (IPAQ).

FBS Measurement
Five ml of blood samples were collected from all participants
after 10–12 hr of overnight fasting. In order to prevent
glycolysis, plasma was isolated up to 1 h after sampling, and
blood glucose levels were measured using glucose oxidase and
photometry using the colorimetric method GOD-PAP solution
(Pars Azmoun, Iran) and RA-1000 auto analyzer.

Dietary Assessment
A semi-quantitative food frequency questionnaire (FFQ) that has
previously been validated in Iran was used to collect the necessary
nutritional data [6]. The FFQ consisted of 147 food items with
standard serving sizes commonly used by Iranians. Participants
were asked to report the frequency of consumption of each food
item according to its standard portion size during the last year.
Final portion sizes were changed into g/day using household
measures based on USDA database with minor modification for
the special national foods like breads and the average. Then,
the data obtained from these questionnaires were analyzed using
nutritionist-IV software (version 4.1; First Databank Division;
Hearst) and daily intake of energy and nutrients was calculated.

The INQ score assess variety, adequacy, moderation, and
overall balance of the diet, thus it may capture different aspects
of diet quality related to under- and over-nutrition (26).

The INQ analyzes foods, meals, and diets quantitatively and
qualitatively and compares people’s dietary intakes extracted
from the FFQ with the recommended standards. It modifies the
effect of total energy intake and provides accurate estimations
of individual intake (32). The following nutrients were used in
computing INQ: vitamin A, riboflavin, vitamin C, vitamin D,
vitamin K, vitamin B6, thiamin, niacin, biotin, folate, vitamin
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TABLE 1 | Characteristics of the participants with high and normal levels of fasting

blood sugar.

Parameters Normal FBS

(n = 219)

High FBS

(n = 134)

P

Age (y) 47.40 (± 7.4) 52.9 (± 8.7) 0.001

Height (cm) 156.292(± 5.6) 155.970(± 5.3) 0.590

Weight (kg) 69.187(± 10.8) 74.746(± 11.8) 0.000

Body mass index (BMI)

(kg/m2 )

28.3012(± 4.08) 30.6590(± 4.17) 0.000

Physical activity (kcal/kg/h) 1.5646(± 1.5) 1.3769(± 1.4) 0.257

Smoking n (%) 1(0.5%) 2(1.5%) 0.56

Using alcohol n (%) 2 (0.9%) 1(0.7%) 0.68

B12, vitamin E, zinc (Zn), iron, copper, manganese (Mn),
phosphor (P), manganese (Mg), and selenium (Se).

The INQ for each nutrient was then calculated as the ratio
of the amount of nutrient consumed per 1,000 kcal per day to
the recommended dietary allowance of the RDA for nutrients per
1,000 kcal (33). In cases where the RDA for specific nutrients was
not defined, adequate intake (AI) values were used. Individuals
whose average daily energy intake was reported to be <800
or >4,200 kcal or who did not consume more than 70 food
items (>40% of items in the food frequency questionnaire) were
excluded from the study.

Statistical Analysis
To compare different variables in individuals with normal and
high FBS profiles, independent t-test and chi-square methods
for quantitative and qualitative variables were used, respectively.
A multiple linear regression method was used to investigate
the association between fasting blood sugar and the INQ after
adjusting for age (model 1), age, gender, BMI, menopausal status,
and total energy intake (model 2). The SPSS software version 23
was used for statistical analysis and the probability level of P <

0.05 was considered statistically significant.

RESULTS

The general characteristics of the participants are presented in
Table 1. People with higher FBS (n = 134) had significantly
higher age (52.9± 8.7 vs. 47.40± 7.4, P= 0.001), weight (74.74±
11.8 vs. 69.18± 10.8, P= 0.001) and BMI (30.65± 4.17 vs. 28.30
± 4.08, P = 0.001) compared with the participants with normal
FBS (n = 219). No significant difference was observed between
the two groups regarding height, physical activity, smoking, and
using alcohol.

Table 2 shows the association between dietary intake among
people with normal and high levels of FBS. People with higher
FBS (n = 134) had significantly higher intake of thiamin (2.51 ±
1.06 vs. 2.05 ± 0.63, P=0.015), riboflavin (2.48 ± 1.55 vs. 1.95
± 0.82, P = 0.046), niacin (25.37 ± 8.60 vs. 22.18 ± 5.95, P =

0.051), vitamin B6 (1.93± 0.87 vs. 1.60± 0.51, P = 0.032), folate
(704.06 ± 205.20 vs. 612.48 ± 194.57, P= 0.051), vitamin B12
(4.41± 4.43 vs. 2.96± 1.41, P = 0.028), biotin (33.45± 16.15 vs.

26.67 ± 10.55, P = 0.024), P (1,567.48 ± 1,094.6 vs. 1,217.70 ±

492.78, P= 0.047), selenium (105.31± 45.22 vs. 85.69± 26.28, P
= 0.014) compared with the participants with normal FBS.

Table 3 presents the association between FBS and the INQ
of nutrients. There was a significant inverse association between
FBS and the INQ of vitamin A (B = −0.193, P < 0.01),
Magnesium (B = −0.137, P < 0.01), P (B = −0.175, P < 0.01),
zinc (B = −0.113, P < 0.01), vitamin K (B = −0.197, P <

0.01), Mn (B = −0.111, P < 0.01) and Se (B = −0.123, P <

0.01) after adjustment for age (model 1). The association between
the FBS and INQ of Se and Mn were disappeared after further
adjustment for gender, BMI, menopausal status, and total energy
intake (Model 2).

DISCUSSION

The present study investigated the association between FBS and
INQ in adult women. There was a significant difference between
the INQ of vitamin A, Mg, zinc, vitamin K, Mn, and selenium
with FBS after adjustments for age, gender, BMI, menopausal
status, and total energy intake.

Similar to this study, some studies found that vitamin A has
both antioxidant and antihyperglycemic potential and, therefore,
can be considered a hypoglycemic factor (34, 35). Vitamin A can
impact T2DM pathogenesis through several potential molecular
mechanisms, including chelation of oxide radicals, improves
insulin sensitivity, and beta-cell regeneration (36). Shidfar et al.,
on the other hand, discovered no correlation between FBS and
vitamin A in 48 diabetes mellitus type 1 (DMTI) patients (37).
Jafarirad et al. showed in another trial that vitamin A had no
significant influence on lipid profiles, FBS, or liver enzymes (38).
The most likely explanation for these discrepancies is that the
current research employed an assessment of nutritional quality
rather than the quantity of nutrients consumed (34).

In line with this study, some studies reported the beneficial
effects of Mg on glycemic control in individuals with T2DM (39–
42). While, other studies showed no significant effects of Mg
on T2DM (39, 40). The improvement in the glycemic control
indicators after Mg therapy could be explained by different
mechanisms, including the influence of Mg on insulin receptor
activity through enhanced tyrosine kinase phosphorylation (43,
44). There was the possibility that Mg could help facilitate the
translocation of glucose transporter number 4 (GLUT 4) to the
cell membrane caused by the activation of tyrosine–kinase in the
presence of Mg (45).

Regarding the association of FBS and dietary phosphorus,
Fang et al. reported that the serum level of phosphate in the
type 2 diabetic group was significantly lower than that in the
control group (46). Besides, Duan et al. demonstrated that higher
urinary phosphorus excretion was associated with decreased risk
of T2DM (47). However, other research found that phosphorus
had no significant influence on T2DM (48). For instance, one
research discovered that diabetic rats also had increased plasma
phosphorus amounts (49). The reason for the difference in results
may be related to the study population and some of which
were performed on animals (49). Phosphorus concentration
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TABLE 2 | Dietary intakes among people with normal and high levels of fasting

blood sugar.

Parameters Normal FBS High FBS P

Total energy intake (Kcal/d) 2,473.36

(± 703.65)

2,869.39

(± 997.91)

0.039

Protein (gr/d) 75.67 (± 27.52) 92.10 (± 46.31) 0.45

Carbohydrate (gr/d) 365.51 (± 96.05) 420.47 (± 133.72) 0.34

Fat (gr/d) 84.86 (± 36.46) 96.91 (± 44.66) 0.191

Cholesterol (mg/dl) 216.19 (± 110.84) 254.93 (± 137.90) 0.170

Saturated fatty acids (mg/dl) 25.64 (± 11.97) 31.124 (± 21.40) 0.137

Mono unsaturated fatty

acids (mg/dl)

29.292413

(± 14.26)

31.097204

(± 12.94)

0.576

Poly unsaturated fatty acids

(mg/dl)

19.653896

(± 10.29)

19.293867

(± 7.65)

0.871

PFA3 (mg/dl) 1.241493 (± 0.64) 1.259295 (± 0.514) 0.899

PFA6 (mg/dl) 6.074097 (± 8.48) 5.141801 (± 6.17) 0.608

Sodium (IU/L) 5,115.400291

(± 2302.7)

5,934.210146

(± 2656.7)

0.150

Potassium (IU/L) 3,652.394859

(± 1477.40)

4,298.316661

(± 1958.69)

0.096

Vitamin A (IU/L) 505.368241

(± 288.28)

444.731172

(± 209.94)

0.277

Beta-carotene (IU/L) 2,924.71

(± 1354.95)

3,212.54

(± 2216.34)

0.464

Alpha-carot (IU/L) 438.97 (± 376.75) 595.76 (± 691.5) 0.183

Lutein (IU/L) 1,573.75 (± 904.35) 1,541.09 (± 742.75) 0.869

Beta-cryptoxanthin (IU/L) 322.25 (± 201.73) 284.90 (± 163.59) 0.400

Lycopene (IU/L) 7,173.65 (±

4313.99)

7,843.467731(±

4,733.68)

0.519

Vitamin C (IU/L) 138.61 (± 138.61) 156.78 (± 156.78) 0.401

Vitamin E (IU/L) 17.96 (± 14.43) 17.546 (± 9.76) 0.892

Alpha-tocopherol (IU/L) 11.841 (± 9.40) 11.48 (± 6.70) 0.858

Thiamin (IU/L) 2.05 (± 0.637) 2.51(± 1.06) 0.015

Riboflavin (IU/L) 1.957 (± 0.829) 2.48 (± 1.55) 0.046

Niacin (IU/L) 22.188 (± 5.95) 25.37 (± 8.60) 0.051

Vitamin B6 (IU/L) 1.60 (± 0.51) 1.93 (± 0.87) 0.032

Folate (IU/L) 612.48 (± 194.57) 704.06 (± 205.20) 0.051

Folate (IU/L) 755.47 (± 237.27) 856.65 (± 301.00) 0.098

Vitamin B12 (IU/L) 2.96 (± 1.41) 4.41 (± 4.43) 0.028

Biotin (IU/L) 26.67 (± 10.55) 33.45(± 16.15) 0.024

Pantothenic (IU/L) 4.71 (± 1.81) 5.61 (± 3.00) 0.092

Vitamin K (IU/L) 127.47 (± 56.87) 118.18 (± 51.52) 0.455

Phosphor (IU/L) 1,567.48

(± 1,094.6)

1,217.70 (± 492.78) 0.047

Magnesium (IU/L) 401.01 (± 169.82) 344.61 (± 131.99) 0.099

Zinc (IU/L) 11.77 (± 6.19) 10.54 (± 5.73) 0.372

Copper (IU/L) 1.79 (± 0.51) 1.97 (± 0.64) 0.167

Manganese (IU/L) 6.06 (± 2.93) 5.18 (± 1.80) 0.091

Selenium (IU/L) 105.31 (± 45.22) 85.69 (± 26.28) 0.014

Iron (mg/dl) 2,956.16 (±

1,620.08)

3,584.31 (±

1,980.78)

0.126

Chromium (IU/L) 014 (± 0.047) 026 (± 0.104) 0.442

Fiber-t (mg/dl) 27.41 (± 10.74) 30.073 (± 11.58) 0.302

Fiber-s (mg/dl) 1.02 (± 4.29) 1.07 (± 0.92) 0.768

Fiber-is (mg/dl) 11.53 (± 6.62) 5.59 (± 4.29) 0.484

(Continued)

TABLE 2 | Continued

Parameters Normal FBS High FBS P

Crude-fiber (mg/dl) 11.128 (± 6.82) 11.53 (± 6.62) 0.797

Sugar-t (mg/dl) 128.49 (± 46.73) 150.25 (± 70.52) 0.096

Glucose (mg/dl) 20.30 (± 8.10) 22.096 (± 9.33) 0.369

Gal (mg/dl) 2.69 (± 2.42) 5.09 (± 10.66) 0.114

Fructose (mg/dl) 25.98 (± 10.26) 27.67 (± 11.62) 0.499

Sucrose (mg/dl) 46.40 (± 21.12) 50.49 (± 29.76) 0.471

Lactose (mg/dl) 10.13 (± 7.12) 17.21 (± 28.84) 0.088

Maltose (mg/dl) 2.73 (± 1.23) 3.11 (± 1.68) 0.235

Caffeine (mg/dl) 161.00 (± 94.46) 200.91 (± 117.54) 0.095

TABLE 3 | The association between the index of nutritional quality (INQ) of the

nutrients and FBS.

INQ Model 1a Model 2a

B P-value B P-value

Vitamin A (IU/L) −0.193 <0.01 −0.227 <0.01

Mg (IU/L) −0.137 <0.01 −0.153 <0.01

P (IU/L) −0.175 <0.01 −0.236 <0.01

Zn (IU/L) −0.113 0.02 −0.192 <0.01

Copper (IU/L) −0.018 0.72 0.088 0.16

Mn (IU/L) −0.111 0.02 0.057 0.37

Se (IU/L) −0.123 <0.01 −0.097 0.12

E (IU/L) −0.017 0.71 0.020 0.74

B1 (IU/L) −0.032 0.50 −0.057 0.36

B2 (IU/L) 0.072 0.13 0.064 0.31

B3 (IU/L) 0.003 0.94 0.049 0.43

B6 (IU/L) 0.051 0.28 0.033 0.60

B9 (IU/L) 0.027 0.57 0.047 0.45

B12 (IU/L) 0.020 0.67 0.038 0.54

B5 (IU/L) 0.058 0.22 0.132 0.05

Biotin (IU/L) −0.016 0.73 −0.010 0.87

Vitamin C (IU/L) 0.051 0.28 0.055 0.38

Vitamin D (IU/L) 0.037 0.43 −0.005 0.93

Vitamin K (IU/L) −0.197 <0.01 −0.165 <0.01

aFirst model adjusted for age and the second model adjusted for age, gender, BMI,

menopausal status, and total energy intake.

is a determining factor in regulating the metabolism and
rate of oxygen consumption. In diabetes, the highest oxygen
consumption is associated with the lowest concentration of
phosphorus (50).

In terms of the association between of FBS and Zn, a negative
association was found between serum Zn with FBS. Low Zn
levels were reported to be associated with poor glycemic control
and poor glycemic control is a strong predictor of Zn deficiency
(51). Another study reported that there is no definite cause-and-
effectrelationship between Zn and the level of FBS (52). The
reduced concentration of Zn in T2DM was indicated by Saharia
and Goswami (53), which was in line with the present study.
Al-Maroof and Al-Sharbatti (54) also reported that Zn levels
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were lower in diabetic patients compared to the controls, and
a strong negative relationship was found between glycosylated
hemoglobin levels of diabetic patients with their serum Zn levels.
Zn has an important role in the utilization of glucose by muscle
and fat cells (55). Zn acts as a cofactor for intracellular enzymes
involved in protein, lipid, and glucose metabolism (55). Zinc is
required for the stability of insulin hexamers and the hormone’s
pancreatic storage (56).

Similar with the results of the present study, high circulating
levels of vitamin K were reported to be related to a lower
risk of the high amount of FBS (57). Some studies found a
lower risk for diabetes mellitus in people with higher vitamin
K intakes (58, 59). Rees et al. (60) in a systematic review of
studies that evaluated the association of vitamin K deficiency
with T2DM concluded that there is no evidence of an effect
of vitamin K and a higher level of FBS. The differences in the
obtained results can be related to the study population since
some studies have been done on diabetics and some others on
healthy people. Vitamin K has been shown to reduce insulin
resistance by inhibiting inflammation. Vitamin Kmay inhibit the
generation of IL-6 (Interleukin 6) in lipopolysaccharide-induced
inflammatory models (61, 62). Moreover, high plasma Vitamin
K concentrations were associated with decreased concentrations
of inflammatory markers TNF-α (Tumor necrosis factor alpha)
and IL-6 (63). In a study that assessed the status of fat-
soluble vitamins in patients with chronic pancreatitis, the results
indicated that the serum concentrations of fat-soluble vitamins
were decreased in these patients (64).

Tan et al. revealed that pregnant womenwith impaired glucose
tolerance (IGT) or gestational diabetes mellitus (GDM) had
lower blood selenium levels and discovered an inverse association
between FBS and serum selenium levels (65), which was in line
with the present study. However, the evidence for a link between
selenium and GDM is inconsistent, with other research finding
no correlation between selenium concentration and FBS level
(66, 67).

Moreover, a higher intake of manganese was frequently
reported to be associated with a lower level of FBS (68–70).
However, another study found that both low and high levels
of plasma manganese were associated with higher levels of FBS
(71). Manganese plays significant roles in multiple physiological
functions, including glucose and lipid metabolism, insulin
production, and insulin secretion. Manganese deficiency leads
to impaired glucose tolerance and increased risk of metabolic
syndrome through impaired glucose and lipid metabolism
(72, 73).

To the best of our knowledge, few studies investigated the
association between FBS and the quality of diet. The strengths
of the present study were its acceptable sample size and using the
index of nutritional quality. However, the results may be affected
by some limitations. This studywas a cross-sectional study, which
could not explain the causal relationship. Future prospective
studies should be performed to establish a causal relationship
between FBS and the INQ in adult women. Moreover, this study
was performed on young women and cannot be generalized to
the public. In addition, the semi-quantitative FFQ is not the best
indicator to know the amount of micronutrients that are being
ingested and, probably, it would be more indicated to carry out
an intake analysis with double weighing in future studies.

The present study provides the first evidence for an association
between FBS and the INQ in adult women. According to the
findings of the study, there was a significant inverse association
between FBS and the INQ of vitamin A, Mg, P, zinc, vitamin
K, Mn, and Se. Prospective cohort studies should be performed
to establish a causal relationship between FBS and INQ in
adult women.
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Consumption of organic foods has increased recently, but evidence about their potential

health benefits is still limited. This systematic review aims to synthesize the available

scientific evidence on the association between organic egg consumption and human

health. We searched for peer-reviewed articles on this subject indexed in the MEDLINE,

EMBASE, Web of Science and Cochrane Library databases from the inception date

to April 13, 2022. This review was based on PRISMA guideline recommendations.

Three studies on organic egg consumption in humans were included. After 8 weeks

of consuming organic eggs, one randomized crossover trial found that participants

had higher serum concentrations of the beta-carotene lutein compared to the period

without consuming organic eggs. Moreover, in a cross-sectional study with nationally

representative data from Americans over the age of 50, it was found that consumption

of organic eggs was associated with lower levels of the inflammatory markers C-reactive

protein and cystine C compared with conventional eggs. Finally, in a cohort of children

aged 0 to 2 years, no significant association was observed between consuming organic

eggs and the risk of eczema. In conclusion, the evidence about the potential benefits

of organic egg consumption and human health is promising but still requires further

research. A human research agenda is proposed based on laboratory studies pointing

out that organic eggs have a more desirable nutritional profile than conventional eggs.

Keywords: chicken eggs, health benefits, systematic review, organic food attributes, dietary pattern

INTRODUCTION

There has been a recent increase in the consumption of organic food (1), particularly in developed
countries, which may be due to the consumer’s perception of the potential effect of this type of
production related to sustainability, animal welfare and, especially, of their perception that organic
products are healthier than those produced conventionally (1–5). The first two aspects are regulated
by the competent authorities that define objective criteria to be applied with respect to the products
(e.g., pesticides authorized at certain levels) and processes (e.g., conditions that ensure the natural
behavior of the animals) used (6, 7). On the other hand, the concrete effects of organic foods on
health depend on being verified in scientific studies, which are still scarce and provide contradictory
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results (7, 8). It should also be considered that the inconsistent
findings on the health effect of the predominantly organic
consumption pattern can be explained because the effects may
vary according to each food consumed, although to a small
extent (9–11).

Among the specific foods included in worldwide dietary
patterns that are organically produced is the chicken egg. Eggs
are a complete food, providing proteins of high biological value,
unsaturated fatty acids, vitamins and minerals with antioxidant
potential, and are also widely consumed worldwide due to their
affordable market price (12, 13). The production of organic
eggs is regulated in Europe and the United States (US) and
requires that hens receive feed from organic vegetables that are
not only cage-free but also have an outdoor area to move and
behave as freely as they did originally (14–16). It is important
to note that although there is no consensus yet, biochemical
trials have assessed organic eggs as having lower concentrations
of environmental contaminants and higher concentrations of
micronutrients desirable for their positive health effects (17–20).

Considering that the emerging knowledge on specific organic
foods is still in an initial phase, this systematic review was
proposed with the aim of synthesizing the available evidence on
the association between organic egg consumption and human
health. In addition, comments on the research agenda about the
proposed topic are presented.

METHODS

A systematic review of the literature was carried out based
on the recommendations of the Preferred Reporting Items for
Systematic Review andMeta-Analysis (PRISMA) (21) guidelines.
The protocol of this review was registered in the PROSPERO
database (registration number: CRD42022328052).

We searched the MEDLINE, EMBASE, Web of Science,
and Cochrane Library databases for peer-reviewed articles on
the relationship between organic egg consumption and human
health issues indexed from the inception date to 13 April 2022.
No date or language limits will be established. The search syntax
included the terms eggs, organic or ecological and human and
possible variations combined by means of Boolean operators
appropriate to each base. The detailed search strategy is found
in the Supplementary Material. In addition, after copying the
syntax in the Google Academic search engine, the first twenty
pages were observed in search of studies of interest that had
not been found in the main databases. With the same objective,
the reference lists of the reviews found on the subject were
also examined.

The following inclusion criteria were defined according
to the PICOS structure: a) population: people of all ages; b)
intervention/exposure: consumption of organic or ecological
eggs; c) comparison: consumption of non-organic eggs,
regardless of the type of production method, or no consumption
of eggs; d) outcome: any chemical, physical or psychological
parameter related to human health; e) study design: cross-
sectional or follow-up observational studies or clinical trials.
Exclusion criteria were established for not submitting results

of the association of interest, when duplicate reports of the
same study were submitted or included an ineligible publication
format, such as event abstracts, preprints and literature reviews.

After excluding the duplicate studies identified in the different
databases, the titles and abstracts were reviewed to rule out those
clearly outside the intended scope. Of the remaining studies,
the full text was examined to confirm whether the inclusion
criteria were met. The data of interest were extracted from
the studies finally included. It was not necessary to contact
any author to request data not available in the article. Two
independent reviewers (AEM and RF-R) extracted the following
information from the studies selected for inclusion: author(s)
and year; country, design, follow-up, washout, response rate,
characteristics of the population, sample size, context, mean
age of the participants, women percentage, exposure variable,
outcome measures, and main results. A third coauthor (JFL-
G) was consulted when disagreements between the initial
reviewers occurred.

For the assessment of the risk of bias of each study, the NIH
Quality Assessment Tool for Observational Cohort and Cross-
sectional Studies (22) was applied, as well as the Rob2 (23) from
the Cochrane for the randomized controlled trials. The NIH
Quality Assessment Tool for Observational Cohorts and Cross-
Sectional Studies was used to assess the risk of bias in cohort
and cross-sectional studies. Accordingly, 14 items determined the
risk of systematic bias based on clarity of the research question,
participation rate, follow up and drop-outs, power analysis,
exposure, and outcome time of measurement. The items are
scored as “yes,” “no,” “not reported,” “cannot be determined” or
“not applicable.” Depending on this, each study was classified as
“poor,” “fair” or “good.” Cochrane’s Risk-of-Bias 2 (RoB 2) tool
was used to assess the risk of bias of the included RCTs, in which
the following domains were assessed: randomization process,
deviations from intended interventions, missing outcome data,
measurement of the outcome, and selection of the reported
results. Then, each of the five domains was graded individually
as “low risk of bias,” “some concerns” or “high risk of bias” 0.26
Finally, each study was classified for the overall risk of bias as
(1) “low risk of bias” when a low risk of bias was determined for
all domains; (2) “some concerns” when at least one domain was
assessed as raising some concerns but not to be at high risk of bias
for any single domain; or (3) “high risk of bias” when a high risk
of bias was reached for at least one domain or some concerns in
multiple domains.

The included studies were analyzed separately, and a synthesis
of their main characteristics and results was developed.

RESULTS

Out of a total of 3,419 articles identified in the search, 3330 were
discarded due to the title and abstract. Of the remaining 89,
reading the full text resulted in the exclusion of 87 studies for
the reasons specified in Figure 1. Three studies (10, 11, 24) were
finally included in this systematic review.

Table 1 presents the main characteristics and results of the
included studies. The oldest study (2008) was conducted in
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FIGURE 1 | PRISMA 2020 flow diagram of study selection.

The Netherlands (10), and the next two were conducted in the
United States (11, 24). Each study had a different type of design.
In the first study, a cohort of 2,583 newborns was followed up to 2
years of age with the aim of analyzing whether the consumption
of organic foods, including eggs, moderate (from 50 to 90% of
consumption occasions) or strict (more than 90% of the time)
was associated with an increased likelihood of developing eczema
compared with eating conventional eggs (i.e., less than half of the
time choosing organic eggs) (10). Although the crude analyses
indicated unfavorable results for the consumption of organic
eggs (i.e., greater probability of having eczema), when controlling
for the confounding effect of other exposures, such as breast-
feeding, pet, day-care, tobacco, etc., that detrimental effect was
not sustained.

The second study, conducted in 2012, was a randomized
crossover clinical trial including 20 free-living lacto-ovo-
vegetarian adults with the aim of analyzing the transfer of 3
types of carotenoids from eggs to blood serum (24). In the
intervention phase, the participants received 6 organic eggs per
week for 8 weeks, and with a washout time of 4 weeks, the

control phase was carried out, in which they did not consume
eggs. The final results revealed an increase in beta-carotene
lutein after eating organic eggs compared to the period without
eating eggs.

On the other hand, the third study was a cross-sectional design
in which 3,815 adults over 50 years of age were questioned about
the consumption or non-consumption of organic eggs, and they
had blood samples collected to assess the levels of inflammatory
markers (11). In the analysis adjusted for sociodemographic
and lifestyle confounders, including caloric intake, organic egg
consumers had slightly lower levels of C-reactive protein (CRP)
and cystatin C (CysC) than those consuming conventional eggs
(11) (Table 1).

Finally, the risk of bias assessment of the included studies
revealed that among observational studies, one scored as “Good”
(10) and the other as “Fair” (11) quality according to the NIH
tool. The randomized controlled trial had an overall risk of bias
of some concerns (24). The detailed risk of bias assessment of
each study is found in the Supplementary material (Table S1
and Figure S1).
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TABLE 1 | Characteristics of the included studies.

Author, year Study Population Exposure variable Dependent variables Main results

Country

Design

Follow-up

Washout

Response rate

Sample size

Context

Mean age

% Female

Burns-Whitmore et al. (24) United States

Randomized

crossover trial 8 weeks

4 weeks 76.9%

20

Lacto-ovo-vegetarian

adults

38 ± 3 years

80.0%

Six organic eggs/week

(intervention) vs. no

eggs (control)

Serum carotenoids:

Lutein

ß-carotene

Zeaxanthin

Compared with the control, in

organic egg treatment lutein was

significantly higher (p = 0.009),

ß-carotene increased only

approached significance (p =

0.066) and zeaxanthin was not

associated (p = 0.139).

Kummeling et al. (10) The Netherlands

Cohort NA NA 94.5%

2583

children

2 years

49.0%

Moderate (50–90%)

and strictly (>90%)

organic egg vs.

conventional (<50%)

egg consumption

Eczema In analysis adjusted for

sociodemographic and several

other exposures (breast-feeding,

pet, day-care, tobacco, etc.),

neither moderate (OR: 1.40;

95% CI: 0.98, 1.99) nor strictly

(OR: 1.03; 95% CI: 0.76, 1.38)

organic egg consumption was

associated with eczema.

Ludwig-Borycz et al. (11) United States

Cross-sectional NA NA

47.3%

3815

Free-living >50 years

63.5 ± 14.6 years

57.3%

Organic eggs vs. no

organic eggs

C-reactive protein

Cystatin C

In analysis adjusted for

sociodemographic and lifestyle

confounders including caloric

intake, organic egg consumers

had lower CRP (log: −0.091;

95% CI: −0.181, −0.001) and

CysC (log: −0.046; 95% CI:

−0.071, – 0.022).

CI, confidence interval; CRP, C-reactive protein; CysC, Cystatin C; NA, Not applicable; OR, odds ratio.

DISCUSSION

This systematic review is pioneering in studying the relationship
between organic egg consumption and aspects related to human
health. To date, this topic has been explored in only three
studies with different designs and population groups studied.
Although two of the studies reported favorable results in terms
of higher serum carotenoid levels (24) and lower levels of specific
inflammatory markers (11) associated with the consumption of
organic eggs, this limited set of results does not yet allow firm
conclusions to be drawn about the benefits of organic eggs on
human health.

Egg allergy is the second most common food allergy in infants
and young children after cow’s milk allergy and can pose quality
of life concerns (25). In addition to avoiding egg consumption,
it has been reported that the introduction of eggs in the diet
between 3 and 6 months of life could reduce the risk of egg
allergy (26). With the expansion of organic agriculture and
its possible lower allergenic potential, justified by the higher
concentration of nutrients with anti-inflammatory potential such
as omega-3 polyunsaturated fatty acids (20), it has been suggested
that the intake of organic eggs could also represent a dietary
alternative for children allergic or predisposed to egg allergy.
Although the KOALA Birth Cohort Study conducted in The
Netherlands found no prospective association between moderate
or strict consumption of organic eggs (as well as organic meat,

fruits, and vegetables) in infants from birth to 2 years of age,
the authors reported that the consumption of organic dairy
products was associated with a lower risk of eczema (10). In
quantitative terms, exposure to egg proteins is expected to be
lower than exposure to milk throughout this stage of life. For
this reason, the advancement of knowledge about the allergenic
potential of organic vs. conventional eggs still depends on longer-
term prospective studies with repeated measurements of the
consumption of eggs and other organic foods.

In the randomized crossover clinical trial conducted by
Burns-Whitmore et al. (24), a higher concentration of lutein
in the blood of lacto-ovo-vegetarian adults was observed when
they consumed approximately one organic egg daily compared
to when they did not consume eggs (24). Elevated levels of
this carotenoid in the blood may play an important role in
the prevention of macular degeneration and age-related vision
loss (27). Although, according to the authors, organic eggs
provide a bioavailable source of lutein (a carotenoid with anti-
inflammatory properties), it is necessary to consider that the
control group did not consume eggs of any kind. For this reason,
it could not be affirmed that the contribution of carotenoids
was higher when organic eggs were consumed instead of
conventional eggs.

Regarding the third and the most recent scientific evidence on
the subject, in the nationally representative, longitudinal panel
study of Americans over 50, significantly lower levels of two
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important inflammatory markers were found among individuals
who consumed organic eggs compared to those who consumed
conventional or non-organic eggs. It is noteworthy that these
results were observed independently of several important
confounders, such as body mass index, blood pressure, diabetes,
physical activity, and total daily caloric intake. Considering the
accumulation of evidence on the inflammatory potential of the
diet in cardiometabolic risk (28), the aforementioned study
sheds light on the possible additive anti-inflammatory effect of
organic vs. non-organic feeding (24). However, these findings
certainly need to be confirmed in future prospective studies
and, furthermore, replicated in populations with dietary patterns
different from the Westernized, predominant in the country
studied, the United States.

Our results indicate that scientific evidence has thus far
not focused on whether organic eggs are directly associated
with health benefits. What has indeed advanced—not only
for eggs but also for other organically produced foods—was
research on the nutritional value of organic foods compared to
conventional foods (6), which in turn could lead to advantages
for human health (7). For instance, organic vegetables have
fewer environmental pollutants (29), which are related to
cardiovascular risk (30) and cancer (31). In addition, organic
foods of animal origin provide a better lipid profile, vitamins and
minerals involved in the etiology of many diseases throughout
the life cycle, as well as lower levels of contamination by
microorganisms related to gastrointestinal disorders (7, 32).

Specifically, it has been found in studies based on biochemical
analyses of egg composition that, compared to conventional
eggs, organic eggs are lower in saturated fat (conventional eggs:
85.7 g kg−1 yolk; organic eggs: 68.1 g kg−1 yolk) (20), have
a lower n-6/n-3 ratio (conventional eggs: 11.5; organic eggs:
7.8) (20), and have fewer endocrine disruptors such as dimethyl
phthalate (DMP) (conventional eggs: 76%; organic eggs: 52%)
(33). In addition, other review studies reported that organic eggs
are less exposed to antibiotics (34) and are less contaminated
by Salmonella (35). These biological differences are supposed
to be largely explained by animal feed based on feed made
with mostly organic products and under extremely hygienic
conditions (29, 36). In particular, on the diet of the hens in
different types of creation, compared to the feed commonly used
in conventional cage creation, organic farming (and in cage-
free farming) favors the predominant consumption of grass from
external areas, which provides high amounts of fiber, tocopherol,
carotenoids and flavonoids (20), allowing a remarkable transfer
of bioactive substances that could confer higher nutritional
quality to the organic egg compared to the conventional egg.
In addition, it has also been shown that cage-free housing and
the guarantee of adequate outdoor space for the animal behavior
of all livestock ensures that laying hens can move freely during
some hours of the day and, consequently, are less stressed (37).
It is understandable that the result of this set of measures based
on sustainability, high-quality animal nutrition, and animal
welfare results in a feed that generates a lower environmental
footprint (38, 39) and, above all, a higher nutritional density (6)
compared to conventional egg production. It is also reasonable
to consider that future clinical and epidemiological studies could
test the hypothesis of whether these better nutritional qualities

translate into concrete benefits for people who consume eggs
from organic farms.

The main limitation of this review is the small number
and heterogeneous design of the included studies, which limits
the conclusions that can be drawn and does not justify
recommendations on the consumption of organic eggs. In
particular, it is noteworthy that the three studies used different
comparison groups to analyze the potential benefits of organic
egg consumption, which prevents comparability between them.
In the two observational studies, the comparison group was
composed of individuals who consumed organic eggs less than
50% of the time (10) or did not consume organic eggs (11),
while the experimental study considered not consuming eggs
of any type as the comparison group (24). The scarcity and
methodological heterogeneity of studies are inherent limitations
at the early stage of research on any organic food. The main
reasons why no progress has yet been made in understanding
whether adherence to a dietary pattern based on organic food
translates into benefits for human health are that consumption
is still very low and strictly related to socioeconomic status (40)
and, consequently, to better health status.

In conclusion, preliminary evidence from human studies
suggests that organic eggs may have nutritional advantages over
conventional or non-organic eggs, possibly related to the higher
levels of carotenoids and the reduction in the inflammatory
potential of the diet. We advocate the inclusion of questions
about the frequency of consumption of organic foods in future
population-based dietary surveys. In addition, on the one hand,
it is important to defend that laboratory studies are essential
to discover biological differences related to the composition of
organic foods and have thus far presented promising results in
their favor. Last, knowledge about the real impact of organic
agricultural production, and in particular of organic eggs, on
human health requires clinical trials with samples, follow-up time
and control of several confounding variables specifically designed
for that purpose.
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H, Kaim-Mirowski S, et al. Comparison of the quality of cage and

organic eggs available in retail and their content of selected macro-

elements. Acta Sci Pol Technol Aliment. (2020) 19:159–67. doi: 10.17306/

J.AFS.2020.0797

18. Marelli SP, Madeddu M, Mangiagalli MG, Cerolini S, Zaniboni L. Egg

production systems, open space allowance and their effects on physical

parameters and fatty acid profile in commercial eggs. Animals. (2021)

11:265. doi: 10.3390/ani11020265

19. Methner U, Diller R, Reiche R, Böhland K, Boehland K. Occurence

of salmonellae in laying hens in different housing systems and

conclusion for the control. Berl Munch Tierarztl Wochenschr.

(2006) 119:467–73.

20. Mugnai C, Sossidou EN, Dal Bosco A, Ruggeri S, Mattioli S, Castellini

C. The effects of husbandry system on the grass intake and egg

nutritive characteristics of laying hens. J Sci Food Agric. (2014) 94:459–

67. doi: 10.1002/jsfa.6269

21. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et

al. The Prisma 2020 statement: an updated guideline for reporting systematic

reviews. BMJ. (2021) 372:n71. doi: 10.1136/bmj.n71

22. National Institutes of Health. Quality Assessment Tool for Observational

Cohort and Cross Sectional Studies. (2014). Available online at: https://

www.nhlbi.nih.gov/health-pro/guidelines/in-develop/cardiovascular-risk-

reduction/tools/cohort (a=ccessed 23 April, 2022).

23. Sterne JAC, Savovic J, Page MJ, Elbers RG, Blencowe NS, Boutron I, et al. Rob

2: a revised tool for assessing risk of bias in randomised trials. BMJ. (2019)

366:l4898. doi: 10.1136/bmj.l4898

24. Burns-Whitmore BL, Haddad EH, Sabaté J, Jaceldo-Siegl K, Tanzman J,

Rajaram S, et al. Effect of N-3 fatty acid enriched eggs and organic eggs

on serum lutein in free-living lacto-ovo vegetarians. Eur J Clin Nutr. (2010)

64:1332–7. doi: 10.1038/ejcn.2010.140

25. Caubet JC, Wang J. Current understanding of egg allergy. Pediatr Clin

North Am. (2011) 58:427–43, xi. Epub 2011/04/02. doi: 10.1016/j.pcl.

2011.02.014

26. Al-Saud B, Sigurdardottir ST. Early introduction of egg and the

development of egg allergy in children: a systematic review and meta-

analysis. Int Arch Allergy Immunol. (2018) 177:350–9. doi: 10.1159/

000492131

27. Nolan JM, Stack J, O’Connell E, Beatty S. The relationships between

macular pigment optical density and its constituent carotenoids in diet

and serum. Invest Ophthalmol Vis Sci. (2007) 48:571–82. doi: 10.1167/

iovs.06-0864

28. Hariharan R, Odjidja EN, Scott D, Shivappa N, Hebert JR, Hodge A, et al. The

Dietary inflammatory index, obesity, type 2 diabetes, and cardiovascular risk

factors and diseases. Obes Rev. (2022) 23:e13349. doi: 10.1111/obr.13349

29. Ramakrishnan B, Maddela NR, Venkateswarlu K, Megharaj

M. Organic farming: does it contribute to contaminant-free

produce and ensure food safety? Sci Total Environ. (2021)

769:145079. doi: 10.1016/j.scitotenv.2021.145079

30. O’Toole TE, Conklin DJ, Bhatnagar A. Environmental risk

factors for heart disease. Rev Environ Health. (2008) 23:167–202.

doi: 10.1515/reveh.2008.23.3.167

31. Vogt R, Bennett D, Cassady D, Frost J, Ritz B, Hertz-Picciotto I. Cancer

and non-cancer health effects from food contaminant exposures for

children and adults in California: a risk assessment. Environ Health. (2012)

11:83. doi: 10.1186/1476-069X-11-83

32. Lairon D. Nutritional quality and safety of organic food. Agron Sustain Dev.

(2010) 30:33–41. doi: 10.1051/agro/2009019

33. Kuzukiran O, Yurdakok-Dikmen B, Sevin S, Sireli UT, Iplikcioglu-

Cil G, Filazi A. Determination of selected endocrine disruptors in

organic, free-range, and battery-produced hen eggs and risk assessment.

Environ Sci Pollut Res Int. (2018) 25:35376–86. doi: 10.1007/s11356-018-

3400-5

34. Abd El-Hack ME, El-Saadony MT, Salem HM, El-Tahan AM, Soliman

MM, Youssef GBA, et al. Alternatives to antibiotics for organic poultry

production: types, modes of action and impacts on bird’s health and

production. Poultry Sci. (2022) 101:101696. doi: 10.1016/j.psj.2022.

101696

35. Sosnowski M, Osek J. Microbiological safety of food of animal

origin from organic farms. J Vet Res. (2021) 65:87–92. doi: 10.2478/

jvetres-2021-0015

36. Williams CM. Nutritional quality of organic food: shades of grey

or shades of green? Proc Nutr Soc. (2002) 61:19–24. doi: 10.1079/

pns2001126

37. Bryden WL Li X, Ruhnke I, Zhang D, Shini S. Nutrition,

feeding and laying hen welfare. Animal Production Sci. (2021)

61:893–914. doi: 10.1071/AN20396

38. Anderson KE. Overview of natural and organic egg production: looking

back to the future1 1papers from the current and future prospects for

natural and organic poultry symposium were presented at the poultry

Frontiers in Nutrition | www.frontiersin.org 6 June 2022 | Volume 9 | Article 937959280

https://doi.org/10.1016/j.jclepro.2020.123058
https://doi.org/10.1177/0276146710361926
https://doi.org/10.1080/09640568.2020.1785404
https://doi.org/10.1080/08974438.2020.1770660
https://doi.org/10.1186/s12940-017-0315-4
https://doi.org/10.1146/annurev-publhealth-031816-044437
https://doi.org/10.1542/pir.2020-002980
https://doi.org/10.3945/ajcn.2010.29269
https://doi.org/10.1017/S0007114507815844
https://doi.org/10.1017/S1368980020005236
https://doi.org/10.3390/nu7010706
https://doi.org/10.3390/nu11030684
https://www.ams.usda.gov/rules-regulations/organic
https://www.ams.usda.gov/rules-regulations/organic
https://doi.org/10.17306/J.AFS.2020.0797
https://doi.org/10.3390/ani11020265
https://doi.org/10.1002/jsfa.6269
https://doi.org/10.1136/bmj.n71
https://www.nhlbi.nih.gov/health-pro/guidelines/in-develop/cardiovascular-risk-reduction/tools/cohort
https://www.nhlbi.nih.gov/health-pro/guidelines/in-develop/cardiovascular-risk-reduction/tools/cohort
https://www.nhlbi.nih.gov/health-pro/guidelines/in-develop/cardiovascular-risk-reduction/tools/cohort
https://doi.org/10.1136/bmj.l4898
https://doi.org/10.1038/ejcn.2010.140
https://doi.org/10.1016/j.pcl.2011.02.014
https://doi.org/10.1159/000492131
https://doi.org/10.1167/iovs.06-0864
https://doi.org/10.1111/obr.13349
https://doi.org/10.1016/j.scitotenv.2021.145079
https://doi.org/10.1515/reveh.2008.23.3.167
https://doi.org/10.1186/1476-069X-11-83
https://doi.org/10.1051/agro/2009019
https://doi.org/10.1007/s11356-018-3400-5
https://doi.org/10.1016/j.psj.2022.101696
https://doi.org/10.2478/jvetres-2021-0015
https://doi.org/10.1079/pns2001126
https://doi.org/10.1071/AN20396
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Mesas et al. Organic Eggs and Human Health

science association’s 97th annual meeting in Niagara Falls, Ontario,

Canada. J Applied Poul Res. (2009) 18:348–54. doi: 10.3382/japr.2008-

00119

39. Cattell Noll L, Leach AM, Seufert V, Galloway JN, Atwell B,

Erisman JW, et al. The nitrogen footprint of organic food in the

United States. Environ Res Letters. (2020) 15:045004. doi: 10.1088/

1748-9326/ab7029

40. Strzok JL, Huffman WE. Willingness to pay for organic food products

and organic purity: experimental evidence. AgBioForum. (2015)

18:345–53.

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Mesas, Fernández-Rodríguez, Martínez-Vizcaíno, López-Gil,

Fernández-Franco, Bizzozero-Peroni and Garrido-Miguel. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Nutrition | www.frontiersin.org 7 June 2022 | Volume 9 | Article 937959281

https://doi.org/10.3382/japr.2008-00119
https://doi.org/10.1088/1748-9326/ab7029
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


ORIGINAL RESEARCH
published: 29 June 2022

doi: 10.3389/fnut.2022.890850

Frontiers in Nutrition | www.frontiersin.org 1 June 2022 | Volume 9 | Article 890850

Edited by:

Alexandru Rusu,

Biozoon Food Innovations

GmbH, Germany

Reviewed by:

Seyyed Reza Sobhani,

Mashhad University of Medical

Sciences, Iran

Mohamed Srour,

University of Vienna, Austria

*Correspondence:

Abdel Hamid El Bilbeisi

abed_az@hotmail.com

Specialty section:

This article was submitted to

Nutrition and Sustainable Diets,

a section of the journal

Frontiers in Nutrition

Received: 06 March 2022

Accepted: 08 June 2022

Published: 29 June 2022

Citation:

El Bilbeisi AH, Al-Jawaldeh A,

Albelbeisi A, Abuzerr S, Elmadfa I and

Nasreddine L (2022) Association of

Household Food Insecurity With

Dietary Intakes and Nutrition-Related

Knowledge, Attitudes, and Practices

Among School-Aged Children in Gaza

Strip, Palestine. Front. Nutr. 9:890850.

doi: 10.3389/fnut.2022.890850

Association of Household Food
Insecurity With Dietary Intakes and
Nutrition-Related Knowledge,
Attitudes, and Practices Among
School-Aged Children in Gaza Strip,
Palestine
Abdel Hamid El Bilbeisi 1*, Ayoub Al-Jawaldeh 2, Ali Albelbeisi 3, Samer Abuzerr 4,

Ibrahim Elmadfa 5 and Lara Nasreddine 6

1Department of Nutrition, School of Medicine and Health Sciences, University of Palestine, Gaza, Palestine, 2 Regional Office

for the Eastern Mediterranean (EMRO), World Health Organization (WHO), Cairo, Egypt, 3Health Research Unit, Palestinian

Ministry of Health, Gaza, Palestine, 4Department of Social and Preventive Medicine, School of Public Health, University of

Montreal, Montreal, QC, Canada, 5Department of Nutritional Sciences, Faculty of Life Sciences, University of Vienna, Vienna,

Austria, 6Nutrition and Food Sciences Department, Faculty of Agriculture and Food Sciences, American University of Beirut,

Beirut, Lebanon

Background: The present study aimed to determine the association of household food

insecurity with dietary intakes and nutrition-related knowledge, attitudes, and practices

(KAP) among school-aged children.

Methods: This cross-sectional study was conducted among a representative sample

of school-aged children. A total of 380 children and their parents were selected from

all Gaza strip governorates, using a random sampling method. The demographic

and socioeconomic characteristics; the Radimer/Cornell food security scale; two

non-consecutive days of 24-h dietary recall; anthropometric measurements; and the

Food and Agriculture Organization KAP-questionnaire (Module 3) were employed.

Statistical analysis was performed using SPSS version 25.

Results: About 71.6% of school-aged children were household food-insecure, while

28.4% were household food-secure. Significant associations were found between living

area, educational level, household monthly income, weight for age and BMI for age

z-scores, underweight, malnutrition status, intakes of protein, iron, vitamin D, and

zinc among household food-secure, and household food-insecure. After adjustment

for confounding variables, having nutrition-related adequate KAP were associated with

lower odds of being food-insecure household [OR = 0.519, 95% (CI = 0.320–0.841)],

[OR = 0.510, 95% CI = (0.315–0.827)], and [OR = 0.466, 95% CI = (0.285–0.763),

P < 0.05 for all], respectively.
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Conclusions: Low socioeconomic status, low anthropometric indices, poor dietary

intakes may be associated with a high level of food-insecurity; while having

nutrition-related adequate KAP may be protective against food-insecurity among

school-aged children.

Keywords: attitudes, dietary intakes, food insecurity, nutrition-related knowledge, practices, school-aged children

INTRODUCTION

Food insecurity is described as a scenario in which people do not
always have access to enough, safe, and nutritious food to satisfy

their dietary demands for an active and healthy life while also
taking their food preferences into account (1, 2). Worldwide, the

number of people affected by moderate or severe food insecurity
will continue to increase in 2022. In addition, nearly one in three

people worldwide did not have access to adequate food, with
an increase of almost 320 million people in just 1 year (3). The

high cost of healthy diets coupled with persistently high levels of
income inequality put healthy diets out of reach for around three
billion people, especially the poor, in every region of the world
(4). Most of these people live in Asia (1.85 billion) and Africa (1.0
billion) (5).

Despite international and national efforts to eradicate severe
poverty and enhance the global food supply, food insecurity
continues to be a significant problem that affects people all
over the world, especially those in low- and middle-income
nations (6). According to recent research, food insecurity is
concentrated mainly in conflict-affected countries experiencing
political unrest, financial instability, and relocation (7, 8).
Furthermore, the Palestinian situation was one in which war
remained the primary cause of food insecurity, affecting the lives
of two million of the population and exacerbated by high poverty
and unemployment rates (9). Additionally, protracted conflict,
economic stagnation and restricted trade and access to resources,
coupled with high unemployment poverty rates, continue to
pose serious challenges to the achievement of food security and
improved nutrition (10). Nearly seven out of ten people in Gaza
are impoverished, half of the workforce is jobless, and seven
out of ten families are food insecure (11). Moreover, based on
recent data, over 68 percent of households in the Gaza strip are
food-insecure (12).

Food insecurity has the potential to be harmful to individuals
of any age, but it can be especially devastating to school-
aged children (13). School-aged children who experience
food insecurity may suffer from low cognitive abilities poor
academic performance, emotional, behavioral, mental, and
physical consequences (14). Many of the previous studies show
that food-insecure school-aged children are almost twice as likely
to be in poor health when compared to food-secure children and
are significantly more likely to be hospitalized (15, 16). On the
other hand, nutrition-related knowledge, attitudes and practices
(KAP) are necessary for dietary changes toward a healthier
dietary pattern (17). For that reason, food and nutrition-related
KAP is one of the key factors to achieving households food and
nutritional security (18). In fact, earlier research has focused

on young children (under the age of 5 years) (19, 20), with
older children receiving less attention (16). Recent research
suggests that school-aged children are just as exposed, if not
more prone, to the negative repercussions of household food
insecurity than their younger siblings (21, 22). Due to their
reliance on the table food available in the home, school-aged
childrenmay be at an increased risk of health problems associated
with food insecurity compared to their younger siblings, who
may still be nutritionally protected by breastfeeding and other
early infant feeding practices (23). Furthermore, school-aged
children have more critical dietary requirements. However,
compared to their younger children, moms may be less aware of
their nutritional intakes or have less influence over their older
children’s food and beverage choices outside the house (24).
Therefore, the present study was conducted to determine the
association of household food insecurity with dietary intakes and
nutrition-related KAP among school-aged children in the Gaza
Strip, Palestine.

MATERIALS AND METHODS

Study Design
This cross-sectional study was conducted in the year 2021
among a representative sample of school-aged children aged
more than 5 to <18 years. A total of 380 school-aged
children and their parents were selected from all Gaza strip
governorates based on the population density, using a random
sampling method.

Eligibility Criteria
Households having at least one school-aged child (male or
female), aged more than 5 to <18 years, and living with
his/her mother in the same household, and mothers and
fathers aged ≥18 years and having school-aged children were
included in the present study. On the contrary, households
without school-aged children, mothers and fathers with
disabilities or chronic disease, and school-aged children
with disabilities or chronic disease were excluded from the
present study.

Study Location
The current study was conducted in the households of the
Gaza strip, Palestine. The estimated population of the Gaza
strip is about 2,106,745 million. Gaza strip is divided into five
governorates: North-Gaza, Gaza, Middle-Area, Khanyounis, and
Rafah, with a population density of 19.3, 34.9, 14.4, 19.1, and
12.2%, respectively (25).
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Sample Size and Sampling
In the present study, the representative sample size was calculated
using the following formula.

Sample size (n) =

Z2
1−α/2 P(1− P)

d2
=

(1.96)2 (0.50) (1− 0.50)

(0.05)2
= 380 (1)

Where, Z1−α/2 = Standard normal variate (Z value is 1.96 for a
95 percent confidence level); p = Response distribution (50%);
and d =Margin of error (5%).

Accordingly, 380 school-aged children and their parents were
recruited in this study, applying a random sampling method. The
sample was distributed into the five governorates of the Gaza strip
based on the population density as follows: 73 from North-Gaza,
133 from Gaza, 55 from Middle-Area, 73 from Khanyounis, and
46 from Rafah.

Tools of the Study
Interview Questionnaire
To achieve the purpose of the study, an interview-based
questionnaire was used; the data was collected from the school-
aged children and their parents (mothers and fathers) by ten
qualified data collectors who were given a full explanation and
training by the researcher about the study. The data collectors
went to the participants’ homes, and the study participants
did not go to any research center. The questionnaire contains
items about the demographic and socioeconomic characteristics
of the school-aged children; the 10-item Radimer/Cornell food
security scale to assess the household food security status (26);
two non-consecutive days of 24-h dietary recall for dietary
intakes assessment; anthropometric measurements; and the Food
and Agriculture Organization (FAO) of the United Nations
questionnaire (Module 3: Diet of school-aged children) to assess
the nutrition-related KAP of school-aged children (27). Before
data collection, a pilot study was carried out on 30 participants
to enable the researcher to examine the tools of the study.
The questionnaire and data collection process were adjusted
according to the result of the pilot study. In addition, during pilot
study, test-retest reliability was undertaken, where the same tool
was administered to the same participants twice and the results
were compared for congruency.

Demographic and Socioeconomic Characteristics of

School-Aged Children
An individual face-to-face interview was conducted with the
school-aged children and their parents (mothers and fathers)
to collect information about demographic and socioeconomic
characteristics of school-aged children, including age (years),
gender, governorate, the nature of the living area, educational
level of the head of households (mothers or fathers), andmonthly
household income (NIS). The used categories of educational level
and monthly household income (NIS) variables in the current
study were similar to which mentioned in earlier studies in Gaza
strip (28, 29).

Assessment of Households’ Food Security Status
The 10-items Radimer/Cornell food security scale was used for
determining the households’ food security status. The scale is a
valid and reliable tool for measuring household food insecurity in
a culturally diverse setting (30), including Palestine (28, 29). An
interview was conducted with the head of households (mothers
or fathers) to collect data about the households’ food security
status. Then, the households were classified by food security
status as follow: (1) Household food secure: Negative answers
to all hunger and food insecurity items; (2) Household food
insecurity: Positive answers (“sometimes true” or “often true”) to
one or more hunger and food insecurity items.

Dietary Intakes Assessment of School-Aged Children
Two non-consecutive days of 24-h dietary recall were employed
to determine the quantity of macro-and micronutrients
consumed by the school-aged children. The school-aged children
and their parents (mothers and fathers) were requested to
recall all beverages and food consumed by the school-aged
children in the past 24 h. In the present study, the data were
collected on the first day of the two non-consecutive days of
24-h dietary recall by a face-to-face interview, and then the
data collectors obtained each participant’s phone number and
called him/her later to obtain data about another different
day. The portion sizes were estimated using a set of household
measurements (i.e., plates, cups, glasses, and spoons). Dietary
data from the 24-h dietary recall was processed by hand (office
work) in order to calculate the net grams of foods consumed by
school-aged children. This information was analyzed using the
Nutritionist Pro Software version 7.1.0 (Axxya Systems, USA)
(31) to determine energy (kcal) and nutrients intakes, including
protein (g), carbohydrate (g), fat (g), iron (mg), vitamin A (µg),
vitamin D (µg), calcium (mg), and zinc (mg). Additionally, the
nutritional calculations were performed based on the USDA
Food Composition Database.

Anthropometric Measurements of
School-Aged Children
Height and Weight
The height (cm) and weight (kg) of the school-aged children
were measured following standard recommended procedures. A
digital weighing scale (to the nearest 0.1 kg) (SECA, Germany)
and a stadiometer (with the precision of 0.1 cm) were used (32).
All measurements were taken twice, and the average of the two
values was reported. The body mass index (BMI) was calculated
by dividing weight in kilograms by the square of height in
meters (33). Furthermore, the age, weight, height, and BMI of
the children were translated into three indices: weight for age
(WAZ), height for age (HAZ), and BMI for age (BMIZ), which
were expressed in terms of z-scores using the WHO Anthro
Software (Version 3, 2009) (34). The school-aged children were
classified into moderate and severe underweight and moderate
and severe stunting, which mean that WAZ and HAZ z-scores
are < – 2 and < – 3, respectively (35). Then, the school-aged
children were classified based on their malnutrition status into
obesity, overweight, thinness, and severe thinness, which mean
that BMIZ is > +2, > +1, < −2, and < −3 SD, respectively (36).
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TABLE 1 | Demographic and socioeconomic characteristics of school-aged children by food security status.

Variables Household food-secure

(n = 108)

Household food-insecure

(n = 272)

P-value

Age (years)

Mean ± SD 10.85 ± 3.57 10.82 ± 3.58 0.952a

Gender

Males 60.0 (55.6) 155 (57.0) 0.800b

Females 48.0 (44.4) 117 (43.0)

Governorate

North Gaza 15.0 (13.9) 58.0 (21.3) 0.063b

Gaza 35.0 (32.4) 97.0 (35.7)

Middle Area 22.0 (20.3) 32.0 (11.8)

Khanyounis 18.0 (16.7) 55.0 (20.2)

Rafah 18.0 (16.7) 30.0 (11.0)

Living area

City 39.0 (36.2) 103 (37.9) 0.036b*

Village 9.0 (8.3) 38.0 (14.0)

Camp 60.0 (55.5) 131.0 (48.1)

Educational level of the head of households (mothers or fathers)

Low education 42.0 (38.8) 144 (52.9) 0.049b*

High education 66.0 (61.2) 128 (47.1)

Household monthly income (NIS)

≤ 2,000 48.0 (44.4) 164 (60.3) 0.004b*

> 2,000 60.0 (55.6) 108 (39.7)

a Independent Samples t-test.
bChi Square Test.
*Difference is significant at the 0.05 level (two tailed).

NIS, New Israeli Shekel.

Difference is significant at the 0.05 level (two tailed).

Mid-upper Arm Circumference
Mid-upper Arm Circumference (MUAC) (cm) was recorded
to the nearest 0.1 cm using the MUAC measuring tape.
Investigators were measured the MUAC at the midpoint
of the arm, where the measuring tape was snugged to the
skin but not pressing soft tissues (37). All measurements
were taken twice, and the average of the two values
was reported.

Assessment of Nutrition-Related KAP
The FAO of the United Nations questionnaire (Module 3:
Diet of school-aged children) for assessing nutrition-related
KAP of school-aged children was used to conduct high-
quality surveys (17). Accordingly, we have used the same
valid questionnaire distributed by the FAO in Palestine in
2017 (38). The questionnaire comprises predefined questions
that capture information on critical KAP related to the
diet of school-aged children. In the present study, the
nutrition-related KAP consists of two questions related to
nutrition-related knowledge, six questions related to nutrition-
related attitudes, and 12 questions related to nutrition-related
practices (39). Additionally, data regarding the nutrition-
related KAP of school-aged children were collected from
the head of households (mothers or fathers) using an
interview-based questionnaire.

Data Analysis
The Statistical Package for Social Science (SPSS) for Windows
(version 25) was used for data analysis. Descriptive statistics
were used to describe continuous and categorical variables. The
chi-square test and fisher’s exact test were used to determine
the significant differences between categorical variables. The
differences between mean were tested by independent samples
t-test. Furthermore, crude and adjusted odds ratio (OR) and
95% confidence interval (CI) for the overall nutrition related-
KAP of school-age children by household food-security status
were calculated using binary logistic regression. A P < 0.05 was
considered statistically significant.

RESULTS

Table 1 presents the demographic and socioeconomic
characteristics of school-aged children by food security status.
A total of 380 school-aged children (43.4 females and 56.6%
males) were included in the current study. About 272 (71.6%)
of the included households were food insecure, while only 108
(28.4%) were food secure. Nearly half of the food-insecure
households, 131 (48.2%), were located at refugee camps. About
144 (52.9%) of the head of households (mothers or fathers) who
belong to food-insecure households had a low education level.
A large percentage of food-insecure households, 164 (60.3%),
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TABLE 2 | Prevalence of undernutrition and anthropometric parameters of school-aged children by food security status.

Measurements Household food-secure

(n = 108)

Household food-insecure

(n = 272)

P-value

Weight (kg)

Mean ± SD 39.98 ± 17.01 33.40 ± 16.24 0.041a*

Height (cm)

Mean ± SD 137.66 ± 19.04 136.76 ± 20.58 0.697a

MUAC (cm)

Mean ± SD 22.52 ± 5.86 21.57 ± 4.78 0.102a

WAZ (z-score)

Mean ± SD 0.75 ± 1.05 −0.37 ± 1.20 < 0.001a*

HAZ (z-score)

Mean ± SD −0.74 ± 1.26 −0.79 ± 1.51 0.760a

BMIZ (z-score)

Mean ± SD 1.94 ± 0.57 −0.18 ± 1.09 < 0.001a*

Underweight (weight for age)

Normal 95.0 (88.0) 25.0 (9.2) 0.001b*

Moderate 10.0 (9.3) 227 (83.5)

Severe 3.0 (2.7) 20.0 (7.3)

Stunting

Normal 91.0 (84.2) 214 (78.7) 0.390b

Moderate 11.0 (10.2) 38.0 (14.0)

Severe 6.0 (5.6) 20.0 (7.3)

Malnutrition status

Obesity 0.0 (0.0) 0.0 (0.0) < 0.001c*

Overweight 9.0 (8.3) 0.0 (0.0)

Normal nutritional status 94.0 (87.0) 164 (60.3)

Thinness 5.0 (4.7) 98.0 (36.0)

Severe thinness 0.0 (0.0) 10.0 (3.7)

MUAC, Mid upper arm circumference; WA, weight for age z-score; HAZ, Height for age z-score; BMIZ, Body Mass Index for age z-score.

Moderate and severe underweight, and moderate and severe stunting mean that weight for age, and height for age z-scores are < −2 and < −3, respectively (34).

Obesity, overweight, thinness, and severe thinness mean that BMIZ is > +2, > +1, < −2, and < −3 SD, respectively (35).
a Independent Samples t-test.
bChi square test.
cFisher’s Exact Test.
*Difference is significant at the 0.05 level (two tailed).

Difference is significant at the 0.05 level (two tailed).

had monthly household income ≤2,000 New Israeli Shekel
(NIS)—the local currency. There were statistically significant
association differences between household food-secured and
household food-insecured regarding the nature of the living
area, educational level of school-aged children, and monthly
household income (P = 0.036, 0.049, and 0.004, respectively).

In addition, Table 2 shows the anthropometric parameters
and status of undernutrition among school-aged children by food
security status. The mean weight (kg) of school-aged children
from household food secure and household food insecure were
39.98 ± 17.01 and 33.40 ± 16.24, respectively. The mean
WAZ of school-aged children from household food secure and
household food insecure were 0.75 ± 1.05 and −0.37 ± 1.20,
respectively. The mean BMIZ of school-aged children from
household food secure and household food insecure were 1.94
± 0.57 ± 1.05 and −0.18 ± 1.09, respectively. Only 10.0 (9.3%)
school-aged children from food-secure households experienced
moderate underweight (weight for age), compared to 227

(83.5%) children from food-insecure households. Moreover,
three children (2.7%) from food-secure households experienced
severe underweight (weight for age), compared to 20.0 (7.3%)
children from food-insecure households. Five children belonging
to food-secure households experienced thinness, whereas 98
children belonging to food-insecure households experienced
thinness. Besides, none of the children belonging to food-secure
households experienced severe thinness, whereas ten children
from food-insecure households experienced severe thinness.
Furthermore, the results show significant association differences
between household food security and household food insecurity
concerning weight (kg), WAZ, BMIZ, underweight (weight for
age), and malnutrition status (P < 0.05 for all).

On the other hand, Table 3 shows energy, macro and
micronutrients intakes of school-aged children by food security
status. The results show that the mean levels of protein (gram)
intake among school-aged children from household food secure
and household food-insecure were 53.64 ± 22.83 and 40.54

Frontiers in Nutrition | www.frontiersin.org 5 June 2022 | Volume 9 | Article 890850286

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


El Bilbeisi et al. School-Aged Children Food Insecurity in Gaza

TABLE 3 | Energy, macro and micronutrients intakes of school-aged children by food security status.

Variables Household food-secure

(n = 108)

Household food-insecure

(n = 272)

P-valuea

Energy (kcal)

Mean ± SD 1,982 ± 791 1,948 ± 763 0.082

Protein (gram)

Mean ± SD 53.64 ± 22.83 40.54 ± 24.57 0.047*

Carbohydrate (gram)

Mean ± SD 361.33 ± 170.14 385.63 ± 175.91 0.774

Fat (gram)

Mean ± SD 76.73 ± 30.64 65.27 ± 32.54 0.068

Iron (mg)

Mean ± SD 7.21 ± 2.96 6.12 ± 3.14 0.036*

Vitamin A RAE (microgram)

Mean ± SD 542.75 ± 245.04 512.51 ± 349.51 0.052

Vitamin D (microgram)

Mean ± SD 11.24 ± 5.44 10.18 ± 5.57 0.032*

Calcium (mg)

Mean ± SD 1,045.02 ± 597.09 1,002.25 ± 599.41 0.063

Zinc (mg)

Mean ± SD 5.79 ± 2.70 4.51 ± 2.38 0.033*

aStatistical testing using Independent samples t-test.

*Difference is significant at the 0.05 level (two tailed).

Difference is significant at the 0.05 level (two tailed).

± 24.57 g, respectively. The mean levels of iron (mg) intake
among school-aged children from household food secure and
household food-insecure were 7.21 ± 2.96 and 6.12 ± 3.14,
respectively. The mean levels of vitamin D (µg) intakes among
school-aged children from household food secure, and household
food-insecure were 11.24 ± 5.44 and 10.18 ± 5.57, respectively.
The mean levels of zinc intakes (mg) among school-aged
children from household food secure, and household food-
insecure were 5.79 ± 2.70 and 4.51 ± 2.38, respectively. The
association differences found between household food security
and household food insecurity regarding intakes of protein, iron,
vitamin D, and zinc were significant (P < 0.05 for all).

Furthermore, Figure 1 shows the difference between
household food-secure and household food-insecure in relation
to nutrition-related adequate knowledge. About 59.9 and 56.5%
of food-secure households and food-insecure households had
adequate knowledge about the importance of discouraging
children intake of sweets and candies. The majority of food-
secure households (80.9%) had adequate nutrition-related
knowledge about the consequences of short-term hunger at
school, whereas only 34.7% of food-insecure households had
that knowledge.

Moreover, Figure 2 shows the difference between household
food-secure and household food-insecure concerning nutrition-
related positive attitudes. The highest level of positive attitudes
(83.6%) among household food security was related to having
different types of foods at meal times-perceived benefit. The
lowest level of positive attitudes (69.6%) was concerning having
breakfast before going to school-perceived barriers. Moreover,
the highest level of positive attitudes (56.2%) among household

food insecure was related to having three meals a day and snacks-
perceived benefits, while the lowest level of positive attitudes
(36.1%) was concerning having breakfast before going to school-
perceived benefits.

Additionally, Figure 3 shows the difference between
household food-secure and household food-insecure concerning
nutrition-related good practices. The highest level of good
practices (97.2%) among food-secure households was for the
item related to (having lunch), and the lowest level of good
practices (75.7%) concerned (time of breakfast). Furthermore,
the highest level of good practices among the food insecure
household (94.9%) was for the item related to (having lunch),
and the lowest level of good practices (46.2%) was about bought
food places.

Finally, Table 4 shows the crude and adjusted odds ratio
(OR) and 95% confidence interval (CI) for the overall
nutrition related-KAP of school-age children by household
food security status. The results revealed that 70.4, 76.9,
and 84.3% of food secure households had nutrition-related
adequate knowledge, positive attitudes, and good practices,
respectively; while for the food-insecure households, the results
for these criteria were 45.6, 46.7 and 70.6%, respectively. After
adjustment for confounding variables, having nutrition-related
adequate knowledge, positive attitudes, and good practices
were associated with lower odds of being food insecure
household, compared to those with inadequate knowledge,
negative attitudes and bad practices [OR = 0.519, 95% CI =

(0.320–0.841), P < 0.05], [OR = 0.510, 95% CI = (0.315–
0.827), P < 0.05], and [OR = 0.466, 95% CI = (0.285–0.763),
P < 0.05], respectively.
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FIGURE 1 | Nutrition-related adequate knowledge among household food-secure and household food-insecure.

FIGURE 2 | Nutrition-related positive attitudes among household food-secure and household food-insecure.

DISCUSSION

To the best of our knowledge, this study was the first to

evaluate the association of household food insecurity with

dietary intakes and nutrition-related KAP among school-

aged children in the Gaza Strip, Palestine. The findings
of the present study may assist in establishing intervention
programs aiming to improve the nutritional status of school-
aged children experiencing food insecurity. More than two-
thirds of our sample belonged to food-insecure households.
Based on the recent data, over 68% of households in the

Gaza strip are food-insecure (12). However, the results of our
study are in line with the published data on some developing
countries, such as Nepal (69%) (40) and Colombia (76%)
(41). In addition, according to Elsahoryi et al. (42), 59.3% of
Jordanian families were food insecure. The current analysis
discovered a higher rate of food insecurity than the Food
and Agriculture Organization (68.6%) (12). Food insecurity
was prevalent in our study, which could be due to the Gaza
Strip’s extended war, economic stagnation, and limited trade and
access to resources, as well as high unemployment and poverty
rates (43).
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FIGURE 3 | Nutrition-related good practices among household food-secure and household food-insecure.

In the present study, households of school-aged children
with food insecurity had significantly lower monthly incomes
than that of secure food households. In addition, food-
insecure households were significantly associated with being
located in refugee camps and low parental education levels
of children. Previous research has consistently found that the
poor socioeconomic status of families is connected with food
insecurity (44, 45). Recent research found that lower-income
households had a higher frequency of food insecurity (43%) than
higher-income households; the study also found that families
with parents with a low educational level had a considerably
higher incidence of food insecurity (46). Another study found
that children from low-income families had greater levels of
household food insecurity, had more crowded households, and
had moms who were less educated (47). Economic status can
affect household food security status and expenditure for food
through its effect on food accessibility. The high levels of
education of parents were shown to be strongly related to food
security in Saudi Arabia; higher education offers prospects for
better employment and wages; therefore, parents’ education is
important (48).

In this study, body weight (kg), WAZ, BMIZ, underweight
(weight for age), and malnutrition status were found to be
linked with food security status where the other measured
anthropometric were not. In addition, the results demonstrated
that school-aged children from food-insecure households have

a low mean of weight (kg), a high risk of moderate and
severely underweight, and a high risk of thinness and severe
thinness. Earlier studies have also examined these associations,
and outcomes were conflicting. For instance, a study conducted
among children in the United States and Saudi Arabia
investigated the association of food security with weight
status, and no association was observed (48, 49). Similarly, a
study conducted in Bogota, Colombia, reported that children
from food-insecure households were three times as likely
to be underweight, while stunting was not associated with
food insecurity of the household (41). Other studies showed
significant associations between food insecurity and childhood
obesity (50) and stunted growth (51). These controversial
findings can be explained by the different methods for food
security assessment, age group differences, and the reference for
nutritional status assessment.

In this study, school-aged children protein (g), iron (mg),
vitamin D (µg), and zinc (mg) intakes were significantly lower
in food-insecure households than in food-secure households.
Household access to food depends on the purchasing power of
their income. When the income level is low, households resort
to a number of coping strategies such as reducing the size of the
meal, reducing the number of meals eaten, and eating low quality
or cheap foods to gain access to food and protect food security
levels (52, 53). Thus, restrictions in food intake, if repeated over
a long time, may explain the lower nutritional status indices
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TABLE 4 | Crude and adjusted odds ratio and 95% confidence interval for the overall nutrition related-KAP of school-age children by household food-security status (n =

380).

Food security status Household food secure Statistical tests

Yes n (%)

108 (100)

No n (%)

272 (100)

Crude OR (95% CI) P-valuea Adjusted OR (95% CI)b P-valuea

Have adequate knowledge

No 32.0 (29.6) 148 (54.4) Ref – – 0.008*

Yes 76.0 (70.4) 124 (45.6) 0.803 (0.511–1.261) 0.340 0.519 (0.320–0.841)

Have positive attitudes

No 25.0 (23.1) 145 (53.3) Ref – – 0.006*

Yes 83.0 (76.9) 127 (46.7) 1.275 (0.799–2.034) 0.308 0.510 (0.315–0.827)

Have good practices

No 17.0 (15.7) 80 (29.4) Ref – – 0.002*

Yes 91.0 (84.3) 192 (70.6) 0.996 (0.794–1.249) 0.971 0.466 (0.285–0.763)

aStatistical testing using binary logistic regression.
bAdjusted for the living area, educational level of school-aged children, and monthly household income (NIS).
refReference.
*Difference is significant at the 0.05 level.

Difference is significant at the 0.05 level (two tailed).

and lower nutrient intakes observed in the children living in
food-insecure households.

On the other hand, a key finding in our study was that 70.4,
76.9, and 84.3% of food secure households had nutrition-related
adequate knowledge, positive attitudes, and good practices,
respectively; while for food-insecure households the values for
these criteria were 45.6, 46.7 and 70.6%, respectively. Adequate
nutrition-related KAP may be protective against food insecurity
among school-aged children in the Gaza Strip, Palestine. Food
insecurity is a significant nutritional issue worldwide and is
commonly found in low- and middle- income countries like
in Palestine. In addition, having physical and economic access
to food on their own are not sufficient to ensure that people
are food secure and well nourished. It is essential that people
understand what constitutes a healthy diet; in particular, what
nutrition-related health issues affect their communities, and how
to address these through food-based approaches, and know how
to make the best use of their resources. They should also have
positive attitudes toward nutrition, diet, foods and closely related
hygiene and health issues to be able to perform optimal dietary
and feeding practices that ensure their nutritional wellbeing and
that of their families. Finally, we found a positive association
between parents’ high level of education, and the high percentage
of nutrition-related adequate knowledge, positive attitudes, and
good practices with food security status of a household; may be
this was possible because increased parents’ education level could
increase their knowledge about, attitude toward, and practice of
healthy nutrition for the household members and specially for
meeting the nutritional needs of the school-aged children.

Strengths and Limitations
The main strength of our study was no indication of selection
bias in this study, which included a representative sample of
school-aged children. A valid and reliable tool (Radimer/Cornell

food security scale) was used for determining the household
food security status. Two non-consecutive days of 24-h
dietary recall were employed to determine the quantity of
macro-and micronutrients consumed. A digital weighing scale
(SECA, Germany) and stadiometer were used as measurement
equipment for anthropometric indices. Furthermore, the survey
included a standardized nutrition-related KAP questionnaire that
was suggested by the FAO. The main limitation of this study is
its cross-sectional design; the causal relationship could not be
determined, and it limits the generalizability of our results. In
addition, the possibility of recall bias and misreporting by using
of self-report retrospective data of 24-h dietary recall for the
assessment of food consumption are other limitations.

CONCLUSION

In conclusion, about 71.6% of school-aged children were in food-
insecure households, and 28.4% were in food-secure households.
Only 45.6, 46.7, and 70.6% of the food-insecure households
had adequate nutrition-related knowledge, positive attitudes, and
good practices, respectively. Additionally, low socioeconomic
status, low anthropometric indices, poor dietary intakes may
be associated with a high level of food insecurity, while
having adequate nutrition-related KAPmay be protective against
food insecurity among school-aged children in the Gaza Strip,
Palestine. Policy makers should continue to focus attention
and investments in the most appropriate combinations of
interventions to mitigate food insecurity level among school-
aged children in the Gaza strip.
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Introduction: Dietary vitamin A concentrations correlate with depression. Zinc has been

reported to be associated with lower depression. In addition, zinc is an important cofactor

in the activation of vitamin A. However, there are few studies investigating relationships

between of dietary zinc intake, dietary vitamin A intake and depression.

Materials and Methods: The data for this study came from the National Health

and Nutrition Examination Survey (NHANES) from 2005 to 2018 and involved

70,190 participants. We stratified participants by recommended dietary zinc intake

(recommended dietary zinc intake for women: 8 mg/day, recommended dietary zinc

intake for men: 11 mg/day). We further assessed the association between vitamin A and

depression in participants with low and high zinc intake (interaction test) using univariate

logistic regression of intake participants.

Result: In the female population we grouped the population into low and high zinc intake

groups using the recommended dietary zinc intake of 8 (mg/day), with an increase in

total vitamin A, the risk of depression was significantly lower in the low zinc intake group

(OR: 0.85 95 CI: 0.76–0.96), while the risk of depression was increased in the high zinc

intake group (OR: 1.05 95 CI: 0.95 to 1.17). Thus, in the female population, there was a

significant interaction between insufficient vitamin an intake and depression (interaction

likelihood ratio test of p = 0.011). In the male population we grouped the population by

the recommended dietary zinc intake of 11(mg/day). Again, the population was divided

into two groups with low and high zinc intake, however we did not find significant results

for the interaction (p = 0.743 for the interaction likelihood ratio test).

Conclusion: Our findings suggest that zinc intake may influence the relationship

between dietary vitamin A and depression. Of course, our findings require further

randomized controlled trials to enhance the credibility.

Keywords: cross-sectional study, vitamin A, depression, interaction, diet and nutrition
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INTRODUCTION

In recent years, the increasing prevalence of depression has
become a serious public health problem (1), which not only
increases the associated morbidity and mortality, but in addition
imposes a significant economic burden (2, 3). Therefore, it
is essential to identify nutrients associated with depression to
prevent its onset. Currently, vitamin A deficiency is becoming a
common health problem (4). It is widely believed that vitamin A
is an important raw material involved in the formation of light-
sensitive substances within visual cells (5). In addition, vitamin A
deficiency can cause dryness of the skin, conjunctiva and cornea,
which can lead to severe dry eye disease and corneal ulcers, and
this damage can involve epithelial tissues throughout the body,
especially the respiratory, digestive and urinary tracts (6).

A possible link between vitamin A and depression has been
identified in several recent research (7, 8). For example, a cohort
study conducted by Bitarafan S showed a potential benefit of
vitamin A intake in terms of reducing depression (7). In addition,
a study conducted by Xue Y similarly showed that high intake of
vitamin A significantly reduced the risk of depression (8). H In
contrast, a study conducted by Hu P found that excessive vitamin
A intake may increase the risk of depression and even suicidal
tendencies (9). The discrepancy in the results of these studies
may be due to inadequate consideration of potential confounding
factors, like dietary zinc intake.

Zinc is an important regulator of the mammalian nervous
and immune systems, a neurotransmitter of excitatory synapses
in humans, and has an important role in stress responses
and in the activation of zinc-dependent enzymes that maintain
compensatory brain function (10). Previous studies have
shown that zinc deficiency causes depression and anxiety-
like behavior in humans, and that symptoms improve with
zinc supplementation (11, 12). It has been suggested that zinc
deficiency may also contribute to secondary vitamin A deficiency
in the population, with a positive association between the two
(13). However, clinical studies examining the effect of zinc intake
on the association between vitamin A and depression are limited.
In this cross-sectional study, we anticipated that zinc and vitamin
A have an interaction effect on depression. The goal of this study
was to investigate how zinc intake affected the link between
vitamin A and depression.

MATERIALS AND METHODS

Data Sources and Study Population
Data from the National Health and Nutrition Examination
Survey (NHANES) conducted consecutively from 2005 to 2018
were used in this study. In our study, participants aged 47 years or
older who underwent an interview and examination at a Mobile
Examination Center (MEC) were included. Participants without
relevant covariates, depression were excluded, and those without
a complete 24-h dietary recall were not included. In the National
Health and Nutrition Examination Survey, noninstitutionalized
citizens of the United States are assessed in terms of their
health and dietary habits. In order to select a representative
sample of survey participants, a multistage stratified probability

design was used (14). At the MEC, the program conducted
in-depth interviews to collect demographic and health history
information, performed physical examinations, and collected
blood samples. The samples were analyzed at the National Center
for Environmental Health, Laboratory Sciences Division of the
Centers for Disease Control and Prevention.

The National Ethical Review Board for Health Statistics
Research approved the study. The original study protocol
(protocol #2005-06; #2011-17), duly approved by the Ethics
Review Board, is available on the NHANES Ethics Review
Board website (https://www.cdc.gov/nchs/nhanes/irba98.htm).
Our research is based on publicly available data from NHANES,
all details are from the official website (https://www.cdc.gov/
nchs/nhanes/about_nhanes.htm).

Measurement and Classification of Dietary
Vitamin A and Zinc Dietary Intake
A dietary recall interview at the Mobile Examination Center
(MEC)was used to collect information on zinc intake and vitamin
A intake in the past 24 h. The dietary interview component
is called What We Eat in America (WWEIA), and What We
Eat in America data were collected using USDA’s dietary data
collection instrument, the Automated Multiple Pass Method
(AMPM), available at: http://www.ars.usda.gov/nea/bhnrc/fsrg.
The AMPM, providing accurate estimates of population intake
(15, 16), was designed to provide an efficient and accurate means
of collecting intakes for large-scale national surveys. The AMPM
is a fully computerized recall method that uses a 5-step interview
outlined below:

1. Quick List-Participant recalls all foods and beverages
consumed the day before the interview (midnight
to midnight).

2. Forgotten Foods - Participant is asked about consumption of
foods commonly forgotten during the Quick List step.

3. Time and Occasion - Time and eating occasion are collected
for each food.

4. Detail Cycle - For each food, a detailed description, amount
eaten, and additions to the food are collected. Eating occasions
and times between eating occasions are reviewed to elicit
forgotten foods.

5. Final Probe - Additional foods not remembered earlier
are collected.

All NHANES participants are eligible for two 24-h dietary
recall interviews. The first dietary recall interview is collected in-
person in the Mobile Examination Center (MEC) and the second
interview is collected by telephone 3 to 10 days later. However,
in order to ensure the accuracy of the data, the first dietary recall
interview was chosen by our reach.

We stratified participants by recommended dietary zinc
intake (recommended dietary zinc intake for women: 8 mg/day,
recommended dietary zinc intake for men: 11 mg/day). Dietary
vitamin A is a continuous variable, and its subgroups are grouped
according to the median value. The decision to continue using
this method in NHANES was based on consensus reached by a
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panel of experts at a regular workshop to evaluate NHANES data
collection methods (17).

Zinc intake and vitamin A intake acquisition and
measurement can be found in the NHANES database (https://
wwwn.cdc.gov/Nchs/Nhanes/2005-2006/DR1IFF_D.htm).

Depression Classification
Depression was defined based on PHQ-9 criteria and self-
report questionnaires (18, 19).The Patient Health Questionnaire-
9 (PHQ-9) is a self-rating scale for depressive disorders that
is based on the nine entries of the DSM-IV (Diagnostic
and Statistical Manual of Mental Disorders developed by the
American Psychiatric Association) diagnostic criteria, and has
high reliability and validity for both diagnosing depression
and determining symptom severity. Depressed participants were
defined as those who satisfied the following criteria: depression
scores in the 0–4 range for not having depression and in the 5–15
range for having depression (18).

Covariate
Age, gender, race/ethnicity, marriage, household income, body
mass index (BMI), education level, smoking status, physical
activity, work activity, alcohol consumption status, diabetes, and
hypertension were considered as potential confounders in this
study. Participants were self-classified on their race/ethnicity.
Poverty Income Ratio (PIR) means a radio of family income
to poverty, which can be found on the official website
of NHANES (https://wwwn.cdc.gov/Nchs/Nhanes/2013-2014/
DEMO_H.htm#INDFMPIR). Marital status was categorized as
married or unmarried, where separated, divorced, cohabiting,
married, and widowed were defined as married. Not having
completed high school, having completed high school, and
having completed college and above were the three levels of
education. Current smokers, former smokers, and non-smokers
were the three smoking categories. Current smokers were those
who had smoked more than 100 cigarettes in the past and
reported smoking for a few days or daily at the time of the
interview. Ex-smokers were defined as people who had smoked
more than 100 cigarettes in their lives but were no longer
smokers. Nonsmokers were defined as those who had never
smoked more than 100 cigarettes in their lives. According
to the standardized protocol, BMI was calculated based on
weight and height. Physical activity was classified into three
levels according to the intensity of activity: non-work activity,
moderate work activity and vigorous work activity. BMI was
calculated based on measured height and weight. BMI was
computed using height and weight measurements. On a digital
scale, weight was measured in pounds and then converted to
kilograms. Height was measured to the nearest millimeter using
an electronic rangefinder.

If one of the following criteria is met, it can be judged
as hypertension or diabetes. The definition criteria of diabetes
are as follows: (1) doctor told you to have diabetes (2) Self-
reported diabetes for a long time (3) glycohemoglobin HbA1c
(%) >6.5 (4) the fasting glucose (mmol/L) ≥7.0 (5) random
blood glucose (mmol/L) ≥11.1 (6) 2-h OGTT blood glucose
(mmol/L) ≥11.1 (7) Use of diabetes medication or insulin (8)

diabetes at birth is considered type 1 diabetes. Hypertension
case definitions are based on the International Society of High
Blood Pressure standards and a self-reported questionnaire.
Participants were identified as hypertensive if they met the
following criteria: (1) current use of hypertension medication
(2) based on accurate diagnosis by the physician (3) based
on blood pressure measured in real-time ≥140/90 mmHg
(4) self-reported questionnaire data showing physician’s prior
diagnosis of hypertension and current use of medication to
lower blood pressure. (5) The diagnostic criteria for hypertension
by ambulatory blood pressure monitoring (ABPM) were: mean
blood pressure ≥130/80 mmHg within 24 h, daytime ≥135/85
mmHg, at night ≥120/70 mmhg. Alcohol Data on alcohol
drinking (yes = a minimum of 12 alcoholic beverages every year
vs. no= fewer than 12 alcoholic beverages per year) was obtained
by questionnaire interviews.

Statistical Analysis
The statistical software R (http://www.R-project.org, The R
Foundation) was used to conduct all of the analyses. For the
stratified sampling data extracted from the nhanes database
we used the statistical methods of multiple logistic regression
analysis, stratified analysis, and sensitivity analysis (https://www
n.cdc.gov/nchs/nhanes/AnalyticGuidelines.aspx). A multivariate
linear regression approach was used to investigate the link
between vitamin A and depression. Depression values were
assessed at various levels of zinc intake. Interactions between
subgroups were examined by likelihood ratio tests. Ninety-
five percentage confidence intervals (Cls) were calculated. The
statistical significance level was set at 0.05. Continuous variables
were expressed as mean and standard deviation (SD) or
median and interquartile range (IQR) in descriptive analysis,
and categorical variables as weighted percentages (%). To
examine continuous and categorical variables, the chi-square test
(categorical variables), t-test (normal distribution), and Kruskal-
Wallis (skewed distribution) tests were used.

RESULT

Baseline Characteristics of the Study
Population
Seven cycles of NHANES 2005–2006, 2007–2008, 2009–2010,
2011–2012, 2013–2014, 2015–2016, and 2017–2018 were used
in this study. There were 70,190 participants in this study, of
whom 31,839 adults (≥18 years old) completed the interview, and
our study also included the MEC examination. Participants with
unknown classification regarding depression (n = 33,853) were
excluded. After excluding participants with missing covariate
data, a total of 31,839 participants were included in our analysis
(Figure 1). A summary of the overall plot of exclusion criteria
is shown in Figure 1. The descriptive characteristics of the
participants according to their depression are shown in Table 1.
Compared to the non-depression, participants with depression
were more likely to be elder, male, non- Hispanic white, in the
state ofmarriage, had higher BMI, had a higher level of education,
PIR>1, lower intake of smoke, less physical activity, less work
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FIGURE 1 | Experimental methods and procedures.

activity. There were no statistically significant differences in
drinking status (P >0.05).

Association of Dietary Vitamin A With
Depression
Among women, vitamin A was negatively associated with
depression in the low-zinc group. However, in the high-zinc
group, vitamin A was not associated with depression after

adjusting for confounders (p> 0.05). This phenomenon was only
observed in females.

Zinc Intake Affects the Association
Between Vitamin A and Depression
In the female population we grouped the population into low
and high zinc intake groups using the recommended dietary
zinc intake 8 (mg/day). The risk of depression was significantly
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TABLE 1 | Baseline characteristics of study participants.

Depressive state

Variables Total

(n = 31,839)

Depression

(n = 15,901)

Non-depression

(n = 15,938)

p-value

Age, Median (IQR) 47.0 (31.0, 63.0) 47.0 (31.0, 63.0) 47.0 (31.0, 61.0) 0.004

Gender, n (%) < 0.001

Female 16,145 (50.7) 11,460 (47.7) 4,685 (60.1)

Male 15,694 (49.3) 12,584 (52.3) 3,110 (39.9)

Race, n (%) < 0.001

Mexican American 4,986 (15.7) 3,775 (15.7) 1,211 (15.5)

Non-Hispanic black 6,851 (21.5) 5,166 (21.5) 1,685 (21.6)

Non-Hispanic white 13,953 (43.8) 10,518 (43.7) 3,435 (44.1)

Other Hispanic 2,845 (8.9) 2,038 (8.5) 807 (10.4)

Other race-including multiracial 3,204 (10.1) 2,547 (10.6) 657 (8.4)

Marital status, n (%) < 0.001

No 5,783 (18.2) 4,194 (17.4) 1,589 (20.4)

Yes 24,693 (77.6) 18,841 (78.4) 5,852 (75.1)

Unknown 1,363 (4.3) 1,009 (4.2) 354 (4.5)

PIR, Mean ± SD 2.5 ± 1.6 2.7 ± 1.6 2.0 ± 1.5 < 0.001

BMI, n (%) < 0.001

<25 9,494 (29.8) 7,412 (30.8) 2,082 (26.7)

25–29.9 10,420 (32.7) 8,224 (34.2) 2,196 (28.2)

>30 11,925 (37.5) 8,408 (20) 3,517 (45.1)

Educational level, n (%) < 0.001

Less than high school 7,563 (23.8) 5,236 (21.8) 2,327 (29.9)

High school graduation 7,601 (23.9) 5,615 (23.4) 1,986 (25.5)

College or above 16,675 (52.4) 13,193 (54.9) 3,482 (44.7)

Smoking status, n (%) < 0.001

Never 16,941 (53.2) 13,437 (55.9) 3,504 (45)

Former 7,448 (23.4) 5,701 (23.7) 1,747 (22.4)

Now 6,280 (19.7) 4,021 (16.7) 2,259 (21)

Unknown 1,170 (3.7) 885 (3.7) 285 (3.7)

Physical status, n (%) < 0.001

NO/Unknown 18,363 (57.7) 13,200 (54.9) 5,163 (66.2)

Moderate 7,012 (22.0) 5,516 (22.9) 1,496 (19.2)

Vigorous 6,464 (20.3) 5,328 (22.2) 1,136 (14.6)

Work activity, n (%) < 0.001

Non-work activity 15,727 (49.4) 11,776 (49) 3,951 (50.7)

Moderate work activity 6,076 (19.1) 4,545 (18.9) 1,531 (19.6)

Vigorous work activity 5,563 (17.5) 4,159 (17.3) 1,404 (18)

Unknown 4,473 (14.0) 3,564 (14.8) 909 (11.7)

Alcohol, n (%) 0.119

No 7,635 (24.0) 5,814 (24.2) 1,821 (23.4)

Yes 19,069 (59.9) 14,402 (59.9) 4,667 (59.9)

Unknown 5,135 (16.1) 3,828 (15.9) 1,307 (16.8)

DM, n (%) < 0.001

No 23,779 (74.7) 18,250 (75.9) 5,529 (70.9)

Yes 8,060 (25.3) 5,794 (24.1) 2,266 (29.1)

Hypertension, n (%) < 0.001

No 19,342 (60.7) 15,064 (62.7) 4,278 (54.9)

Yes 12,497 (39.3) 8,980 (37.3) 3,517 (45.1)

Vit A intake, Median (IQR) 465.0 (252.0, 770.0) 479.0 (262.0, 782.0) 427.0 (224.5, 731.5) < 0.001

Zn intake, Median (IQR) 9.7 (6.6, 14.1) 9.9 (6.8, 14.2) 9.2 (6.1, 13.7) < 0.001
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reduced with increasing total vitamin A intake in the low
zinc intake group (OR: 0.85 95 CI%: 0.76–0.96), while the
risk of depression in the high zinc intake group (OR: 1.05 95
CI%:0.95–1.17), thus, there was a significant interaction between
insufficient vitamin A intake and depression in the female
population (The interaction likelihood ratio test was p = 0.011).
In the male population, we grouped the population with the
recommended dietary zinc intake of 11(mg/day), and similarly,
divided the population into two groups with low and high
zinc intake, however, we did not find a significant interaction
(p=0.743 for the interaction likelihood ratio test). According
to Table 2, the p-value of β remained stable, while in the high
Zinc intake group, most of the P-values of β are not statistically
significant in the low Zinc intake group.

DISCUSSION

In our study, we found that vitamin A and low dietary zinc
intake were significantly associated with a reduced prevalence
of depression in a female population. This association remained
significant after adjusting for confounding. In NHANES, the
study sample size is quite large, and the quality is authoritative
and strictly quality controlled. One-day of dietary intake data has
been shown to be adequate for estimating and comparing mean
intakes of population groups. (https://dietassessmentprimer.
cancer.gov/profiles/recall) So our findings can be applied to
all populations.

According to reports, depressed patients are commonly
deprived of zinc (22, 23). And it has been reported that zinc intake
is associated with a low prevalence of depression (23, 24). We
divided the population by recommended dietary zinc intake into
low and high zinc intake, and separated the results by gender. Our
results suggest that zinc supplementation is effective in a range of

depressed patients in the female population. However, it is worth
noting that excessive zinc intake does not further reduce the risk
of depression and does not hold for the male population, which
is consistent with other reports (25, 26).

To our knowledge, only a few studies have looked at the
effect of dietary zinc on the relationship between dietary vitamin
A and depression. Similar to our findings, Qian Yao used the
24-item Hamilton Depression Scale to see if serum retinol-
binding protein 4 (RBP4) concentrations may change depression
symptoms in individuals (27). In the blood, RBP4 acts as a
specific transporter protein for the micronutrient, vitamin A
This research highlights the potential importance of adequate
nutritional vitamin A status for adult brain function, owing
to their role in the regulation of synaptic plasticity, as well as
associated learning and memory behaviors, which may be a
major factor in mood disorders such as major depression. The
same conclusion was given by Farhadnejad H in his research
(28). RBP4 can be transferred from the circulation system to
the cerebro-spinal fluid and bind to retinol, thus facilitating the
metabolism of retinol to retinoic acid in neuroepithelial cells (29).
In turn, retinoic acid plays many important roles in regulating
neurons, such as in plasticity, regeneration, differentiation,
learning and memory (30).

According to our results, the relationship between zinc intake
and depression is valid only in the female population and does
not hold for men, which is in line with other reports (25, 26).
Of course, the mechanisms involved have not yet been clearly
elucidated. But in one study we learned of a possibility (26).
First, according to current research, gender is an important factor
affecting the clinical presentation and prognosis of depression
(21, 31, 32). And according to the general research (33–35),
the prevalence of depression is significantly higher in female
than in male. This study considered that sex differences in

TABLE 2 | Effect of low and high zinc intake groups on the association between vitamin A and depression in dichotomous and trichotomous models.

Female (model 6)

Variable Dietary intake zinc≤8(mg/d)

(n = 7,541)

Dietary intake zinc>8(mg/d)

(n = 8,604)

P for interaction

Vitamin A OR(95 CI%) P-value OR(95 CI%) P-value

Subgroups 0.011

≤440 (mcg) 1(reference) 1(reference)

>440 (mcg) 0.85 (0.76∼0.96) 0.007 1.05 (0.95∼1.17) 0.331

Male (model 6)

Variable Dietary intake zinc≤11(mg/d)

(n = 7,397)

Dietary intake zinc>11(mg/d)

(n = 8,297)

P for interaction

Vitamin A OR(95 CI%) P-value OR(95 CI%) P-value

Subgroups 0.743

≤495 (mcg) 1(reference) 1(reference)

>495 (mcg) 0.97 (0.85∼1.11) 0.679 1 (0.89∼1.13) 0.952

Covariables include age, race, education level, PIR, marriage status, BMI, physical activity, work activity, smoking status, alcohol, DM and Hypertension.

Model 6: adjust for age, race, education level, PIR, marriage status, BMI, physical activity, work activity, smoking status, alcohol, DM, Hypertension.
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neural structural and neurological functional parameters may be
a factor associated with depressive symptoms of which gender
differences in some serotonergic systems might play a role
in the pathophysiology of depression (20). And it has been
suggested that certain processes of the serotonin system may
be more pronounced in women than in men (36, 37). This
phenomenon may explain the interaction of zinc across genders
in the relationship between vitamin A and depression.

However, a cross-sectional study showed that vitamin A
can be an effective prevention (38), but not a treatment, for
depression. It may be due to the study population with lower zinc
intake. A study has shown that vitamin A and zinc deficiency
usually occur at the same time because zinc deficiency reduces
plasma retinol concentrations and reduces the production of
retinol-binding proteins (39). Thus, zinc intake facilitates the
potentiation of vitamin A activity. This impact could account
for the interaction effect observed in our research. Given the
nature of depression’s etiological process, as well as the fact
that depression is accompanied by an inflammatory response,
including an increase in pro-inflammatory cytokines and lipid
peroxidation (40), recent evidence supports an association
between lipid peroxidation and major depression (41), and
dietary antioxidants have the potential to play an important role
in the prevention and treatment of depression. However, one
study have shown that excessive intake of vitamin A can cause
acute or chronic toxic effects (42). Of course, toxicity is only
statistically possible after consuming 20 times more than the
recommended intake of the vitamin and for several months. But
perhaps it is the zinc intake that causes the increased activity of
vitamin A, which lowers the threshold for vitamin A toxicity.
Therefore, through our study, we believe that it is necessary to
control the amount of zinc when using large amounts of vitamin
A in the treatment of depression. This of course needs to be
confirmed in further clinical trials.

In addition, one study found that venlafaxine treatment may
reduce retinol binding protein 4 (RBP-4) levels. And the level
of RBP4 in patients with major depressive depression (MDD)
was lower than normal people (27). Therefore, it is necessary to
take into account the effects of venlafaxine when considering the
treatment of depression.

Our study still has some limitations. First, because of the
cross-sectional design, we were unable to prove causality or

directionality. Even after multiple adjustment, the results may
be confounded by some other variables that were not measured.
Nevertheless, some potential confounders were adjusted for in
the logistic regression model, including some dietary factors.
Second, there is no easy and exact way to measure total body
zinc status. We obtained the zinc intake of participants by a
dietary interview/24-h recall. Since dietary data were obtained
from self-reported 24-h dietary recall, recall bias is difficult to
avoid. Third, although a large sample was included in this study,
the study population included only US residents. Therefore,
practical considerations need to be taken into account when
extrapolating to other populations. Therefore, well-designed
multicenter controlled trials are needed to validate our findings.

CONCLUSION

Conclusively, results of this study suggest that zinc intake may
have an impact on the relationship between dietary vitaminA and
depression. Despite providing clinical insight by this trial, more
randomized controlled studies are required to provide more data.
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The global prevalence of obesity is alarmingly high and is impacting both developed
and underdeveloped countries, beyond the borders of ethnicity, sex, and age. On the
other hand, the global interest in dieting has increased, and people are obsessed
with certain fad diets, assuming them as a magic bullet for their long-term problems.
A fad diet is a popular dietary pattern known to be a quick fix for obesity. These diets
are quite appealing due to the proposed claims, but the lack of scientific evidence
is a big question mark. Such diets are often marketed with specific claims that defy
the basic principles of biochemistry and nutritional adequacy. These diets may have
protective effects against obesity and certain chronic diseases like cardiovascular
diseases, metabolic syndrome, and certain cancers. Limited evidence exists to support
the proposed claims; rather certain studies suggest the negative health consequences
of long-term adherence to such dietary patterns. Many fad diets have emerged in the
previous few decades. This review article will explore the current evidence related to the
health impacts of some most popular diets: Atkins diet, ketogenic diet, Paleolithic diet,
Mediterranean diet, vegetarian diet, intermittent fasting and detox diet.

Keywords: fad diets, obesity, weight loss, metabolism, chronic disease, cardiovascular, health

INTRODUCTION

Obesity is one of the major public health concerns in this modern era. It is now considered a global
epidemic due to the gradual but continuous increase in its prevalence. The global prevalence of
obesity is alarmingly high and is impacting both developed and underdeveloped countries, beyond
the borders of ethnicity, sex, and age. Worldwide obesity has tripled from 1975 to 2016, while
childhood obesity is increasing dramatically (1). Excessive calories from fats and sugars, large
portions of food, routinely junk food intake, availability of fast foods at the doorstep and limited
physical activity are some of the contributing factors to obesity (2). Obesity is an independent
risk factor for morbidity and mortality. Being obese or overweight puts a person at greater risk of
developing cardiovascular diseases, hypertension, insulin resistance, diabetes, reproductive issues,
liver and kidney diseases (3).

Despite the growing global prevalence of obesity, there is always a group that is highly obsessed
with dieting. The global interest in dieting has increased in the last two decades. A study indicated
that internet searches related to weight loss queries had immensely increased between the years
2004 to 2018 (4). In the meantime, people rush toward certain fad diets (FD), assuming them as a
magic bullet for their long-term problems. FD is not a scientific terminology but rather a popular or
trendy dietary pattern that is known to be a quick fix for obesity (5). FD can be easily differentiated
from a healthy and balanced diet based on its characteristic features: (i) promises rapid weight loss
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(ii) absence of physical activity guidelines (iii) promotes short-
term changes rather than achieving lifelong sustainable goals
(iv) focuses on one type of food or eliminates any food group
(v) cannot be maintained for life long period (vi) nutritional
adequacy is questionable (vii) fails to provide health warnings
for those with chronic diseases (viii) lacks scientific evidence to
support the claims (5, 6) (Figure 1).

AIM OF THE STUDY

A wide range of FDs has been proposed to date, ranging
from low carbohydrate diets to low-fat diets, high-fats to
high-protein diets, those with detoxification claims, and others
of the Mediterranean or Paleolithic origin. These diets are
followed blindly but are associated with certain negative health
outcomes as one size does not fit all. This review article will
explore the current evidence related to the health impacts
of some popular diets, including Atkins diet, ketogenic diet,
Paleolithic diet, Mediterranean diet, vegetarian diet, intermittent
fasting, and detox diet.

ATKINS DIET (AD)

In the 1970s, a low carbohydrate, high protein (LCHP) regimen
was developed by cardiologist Dr. Robert Atkins, which was
published in his book “Dr. Atkins’ New Diet Revolution” (7).
This diet was promoted as a quick weight loss plan based on a
lifetime change in eating habits. Atkins believed that metabolic
imbalance resulting from carbohydrate consumption is the major
cause of obesity. He claimed that this is the easiest, high-energy
diet that mobilizes fats more than any other diet for weight
loss maintenance. The AD involves an extreme reduction of
carbohydrates, i.e., less than 5% of total calorie intake, ad libitum
intake of proteins and fats, adequate fluid intake with vitamin and
mineral supplementation, and regular exercise (8).

The diet has four phases: induction phase, ongoing weight loss
phase, pre-maintenance phase, and lifetime maintenance phase
(Table 1). The modified version of the AD (MAD) is currently
available with the same four phases but slightly modified net carbs
consumption in each phase. The MAD is less restrictive, allowing
the person to choose the number of net carbs in phase 1, i.e., 20,
40, or 100 g of carbs and fats are not just allowed but encouraged.
The primary goal is not weight loss rather it has shown promising
results in seizure reduction in intractable epilepsy (9–13).

Effectiveness of Atkins Diet
There is substantial evidence suggesting that AD promotes more
weight loss than conventional diets. One of the first AD research
was published in The New England Journal of Medicine in 2003.
Brehm et al. (14) in a study allocated 53 healthy, obese women
to two groups, i.e., low carbohydrate ketogenic diet (LCKD)
or energy-restricted low-fat diet (LFD) (carbs: 55%, protein:
15%, fats: 30%). Over 6 months, the LCKD subjects lost 8.5 kg
versus 4.2 kg in the LFD group. There were no comparable
differences between the groups in serum glucose, lipids, leptin,

and insulin excluding triglycerides that showed a significant
reduction in the LCKD group.

In another randomized trial, 132 severely obese individuals
(43% had metabolic syndrome while 39% had type 2 diabetes)
were assigned to two groups. One group followed AD and
the other followed LFD for 6 months. The results showed
that LCD individuals lost 3.8 kg more weight than those on
LFD. No significant difference was observed in both groups
after 12 months (15). In another controlled trial of 1 year, 63
obese participants were randomly assigned to either the AD or
conventional LFD. After 6 months, results showed that the LFD
group lost less weight, i.e., 3.2 ± 5.6% than the AD group, i.e.,
7.0 ± 6.5%. The AD group lost 4% more weight, had higher
levels of high-density lipoprotein cholesterol (HDL-c) and lower
levels of triglycerides (TG) than the other group. No significant
differences between groups were noted in low-density lipoprotein
cholesterol LDL-c (16).

Several meta-analyses and systemic reviews reported the
promising effects of low carbohydrate diets on weight loss and
cardiometabolic risk factors. Mansoor et al. (17) demonstrated
that the LCD group had a significant increase in HDL-c and LDL-
c, and had a greater weight loss and TG reduction in contrast to
those following LFD. Hashimoto et al. (18) reported that LCD
resulted in a greater reduction of body weight and body fat
mass than the control diet. LCD was linked with moderately
more significant advancement in weight loss and reduction of
atherosclerotic cardiovascular diseases (ASCVD) risk, compared
to LFD (19).

Naude et al. (20) concluded that both LCD and balanced
diets had shown weight loss. After 2 years of follow-up, there
was no significant difference between the diets in terms of
cardiovascular and diabetes risk factors. Bueno et al. (21) found
that after 12 months or more, the individuals that followed
an energy-restricted very low carbohydrate diet (VLCD) (carbs:
<50 g/day or 10%) compared to LFD (fats: <30%) had a more
significant improvement in HDL-c, LDL-c, TG and diastolic
blood pressure (DBP) as well as the reduction in body weight.
Hu et al. (22) compared LCD and LFD and concluded that both
diets were efficient at reducing waist circumference, body weight,
total cholesterol (TC), total to HDL-c ratio, LDL-c, TG, blood
glucose, serum insulin, and blood pressure. LCD showed a greater
decrease in TG, and less reduction in LDL-c and TC but increased
HDL-c in comparison with LFD.

Health Consequences
Atkins diet has not been extensively studied while those studies
that have been mentioned earlier have high dropout rates
and are sometimes non-conclusive. Despite the rapid weight
reduction, there are some concerns for those with comorbidities.
There are some considerable potential complications associated
with LCHP diets. There is conflicting evidence on the urinary
stone formation tendency of LCHP diets (23). A short-term
study showed that healthy subjects followed the LCHP diet for
6 weeks, decreased urine pH, increased urinary-acid excretion,
and decreased calcium balance was observed in them. Therefore,
they had a greater risk of stone formation (24). A prospective
cohort study was conducted in Iran, involving 1,797 participants
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FIGURE 1 | Characteristics of fad diets.

TABLE 1 | Phases of the Atkins diet.

Phases Duration Major considerations Food sources allowed Reference

Phase 1:
Induction

2 weeks Carbs restriction to
<20 g/day

Protein-rich foods: beef, poultry, fish,
egg, etc., good fats: olive oil, etc.

(8)

Phase 2:
Ongoing weight loss

Variable
(until weight loss cease)

Gradual increase in carbs intake at a
rate of 5 g per week

Nutrient dense carbs, proteins and fats

Phase 3:
Pre-maintenance

Variable
(Addition phase till weight loss
continues, cut back until weight loss
resumes)

Additional 10 g carbs per week
Cut back 5 to 10 g carbs when weight
loss resumes

Nutrient dense carbs, proteins and fats

Phase 4:
Lifetime maintenance

Lifetime Addition of a wide range of foods while
keeping carbs in check, i.e., 40–90 g
net carbs a day

Nutrient-dense carbs, proteins and fats

that were followed up for almost 6 years. Results showed that
a higher tertile of LCHP diet correlates with a greater risk of
chronic kidney disease (CKD) (25).

Metabolic acidosis is a common complication of LCHP diets.
A case of 40 years old obese woman was reported, who was
presented with nausea, vomiting, dehydration, and dyspnea.
Investigations revealed that she was following AD, lost 9 kg
in 1 month, and laboratory findings were consistent with
ketoacidosis Chen et al. (26). Pregnant and lactating mothers
should be cautious when following such a diet as there is a
reported case of LCD-associated ketoacidosis in a non-diabetic
lactating mother (27). AD provides several benefits including
weight reduction and cardio-metabolic health improvement, but
limited evidence exists as compliance is the major barrier to
this dietary regimen. Strict supervision by health professionals

is advised as adverse metabolic sequelae can result from
this type of diet.

KETOGENIC DIET (KD)

In 1923, Dr. Russell Wilder designed the classic KD for the
treatment of epilepsy. The classic keto is a strict regime comprised
of a 4:1 ratio, which means one part of carbs and proteins
combined for four parts of fats. The use of KD for treating
different diseases has increased over the past few decades. All
the currently available versions are modified forms of classic KD.
There are five types of KD published in the medical literature:
(i) classic keto (ii) modified keto (iii) Medium-chain triglycerides
oil (iv) Low glycemic index treatment (v) Modified Atkins diet.
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The macronutrient ratio is the major difference between these
diets. In a nutshell, KD is a VLCD that relies on a moderate
amount of proteins, high fat, and low carbohydrates that provide
approximately 5–10% of calories from carbohydrates, 20–25% of
calories from proteins, and 65–80% of calories from fats (28). KD
includes fasting, proper hydration, physical activity, and intake of
electrolytes and nutritional supplements (29).

The KD works by bringing certain metabolic changes to the
body. Glucose is the body’s primary energy source. Carbohydrate
deprivation resulting from KD causes a metabolic shift toward
gluconeogenesis and ketogenesis. The preliminary shortage is
managed by endogenous production of glucose from glycerol,
glutamine, alanine, and lactic acid (gluconeogenesis). To keep up
with the needs of the body, ketone bodies come into play and
serve as an alternate energy source for the body (ketogenesis).
At this stage due to low blood glucose feedback, secretion of
insulin is also low, which further reduces the stimulus for fat and
glucose storage. This ketotic state remains active until the body’s
carbohydrates needs are fulfilled (30).

Effectiveness of Ketogenic Diet
Literature is consistent with these findings that KD is an effective
intervention for improving quality of life, seizure severity, and
seizure frequency in epileptic patients (13, 31). KD is known for
its neuroprotective action in various neurological illnesses like
Alzheimer’s disease, amyotrophic lateral sclerosis, Parkinson’s
disease, ischemic brain injury, traumatic brain injury, depression,
autism, and narcolepsy (32). In the modern era, KD is recognized
as a weight loss intervention but studies suggest mixed findings.
A study compared the weight loss, appetite, and hunger responses
of obese men who were fed a medium carbohydrate (35%) non-
ketogenic diet (MCNKD) and low carbohydrates (4%) ketogenic
diet (LCKD) in a crossover manner. After 4 weeks period,
significantly greater weight loss and lower ad libitum energy
intake were observed in the LCKD group because of reduced
hunger (33).

A meta-analysis concluded that KD contributes to greater
long-term weight loss than LFD (21). Another study compared
the impact of KD and hypocaloric diet (HCD) on metabolic
parameters in obese subjects. Fifty-eight subjects followed either
of the two diets for 6 months. Greater differences in fat mass,
weight, waist circumference, and fasting insulin were observed in
the KD group as compared to the HCD group and only KD group
showed significantly increased high molecular weight (HMW)
adiponectin (34). The mechanism behind successful weight loss
by KD is still a scientific debate. However, certain mechanisms
have been hypothesized including appetite reduction due to the
action of appetite-regulating hormones, fulfilling the effect of
proteins, or appetite suppressing effect of ketone bodies (33, 35–
37). Weight loss can also be due to the increase in lipolysis,
reduction in lipogenesis, and ease in utilizing fats due to the
increased metabolic efficiency as indicated by a reduction in the
respiratory quotient at rest (38–42).

In a non-randomized controlled trial, type 2 diabetes mellitus
patients received either an intervention diet (KD) or served as
controls. The KD group lost 10–15% of body weight, had a
reduction in inflammatory markers like hsCRP, decreased WBCs,

and increased TGs, HDL-c, and LDL-c (43). A recent review
summarized that despite the efficacy of KD for rapid weight
reduction and improved HbA1c values, KD raise LDL-c and had
no superiority over other diets in terms of safety, effectivity, and
sustainability (44).

In a prospective study, KD promoted negative changes in
lipoprotein sub-fractions. After 6 months, KD contributed to
increasing the small LDL-c and decreasing the small HDL-c, thus
increasing atherogenic risk in patients (45). In another study,
12 months of KD treatment was found to be associated with
decreased carotid distensibility and increased LDL-c, TC:LDL-c,
and LDL-c:HDL-c ratios. No significant changes were observed
in hsCRP and BMI (46). Khodabakhshi et al. (47) evaluated the
effect of KD on physical activity (PA), quality of life (QOL), and
biomarkers in 80 metastatic breast cancer patients. In the 12-
week trial, subjects were randomly allocated to either control
or KD group. No significant differences in PA and QOL scores
between the groups were reported. However, the KD group
showed decreases in ALP and lactate levels.

Health Consequences
Short-term minor side effects of KD are quite common,
that include vomiting, nausea, gastrointestinal discomfort,
fatigue, dizziness, feeling faint, decreased energy, and heartbeat
alterations (48). KD initiation mostly results in hypoglycemia and
lethargy (49). KD should be initiated with caution in combination
with other treatments. A case report showed that the use of
Valproate along with KD resulted in the development of hepatic
dysfunction in a patient. The hepatotoxic effect was completely
reversible as discontinuation of Valproate normalized the liver
enzymes (50).

Ketogenic diet may negatively impact the lipid profile. A case
report showed that following strict KD for 30–40 days, resulted
in a rapid increase in LDL-c and TC. Fasting lipid profile showed
HDL-c of 59 mg/dL, LDL-c of 199 mg/dL, TC of 283 mg/dL, and
TG of 124 mg/dL. After discontinuation of KD and the use of
statins for 4 weeks, there was a significant improvement in LDL-
c (106 mg/dL) and TC (190 mg/dL). Furthermore, the patient
maintained the optimal LDL-c levels after the discontinuation of
statin therapy (51).

A recent case report demonstrated KD induced severe
hyperlipidemia in an overweight 41 year old male. The patient
had normal baseline values of lipid panel, i.e., LDL-c 99 mg/dL,
HDL-c 49 mg/dL, TC 171 mg/dL, and TG 145 mg/dL. Following
KD for 7 months resulted in severe hyperlipidemia as indicated
by lab values, i.e., LDL-c 393 mg/dL, VLDL-c 41.5 mg/dL,
HDL-c 54.4 mg/dL, TC 488.7 mg/dL, and TG 207.5 md/dL.
Increasing the carbohydrates intake for 2 weeks, lipid panel
showed remarkable improvement: LDL-c 279.0 mg/dL, VLDL-
c 42.26 mg/dL, HDL-c 49.7 mg/dL, TC 371.2 mg/dL, and TG
211.3 mg/dL (52).

A retrospective cohort study showed that those on KD therapy
had low normal bone mineral density, 8.8% of study subjects
got kidney stones and 8.8% got a fracture during treatment
(53). A newly recognized complication of KD is hypercalcemia.
A series of case studies described the development of acute
hypercalcemia about 2.1 years after initiating KD. Out of 14
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patients, 13 had low levels of 1, 25-dihydroxyvitamin D, while
all had low parathyroid hormone levels. Moreover, low alkaline
phosphate (ALP) levels were noted in all subjects except the two
oldest, while seven had impaired renal function (54).

PALEOLITHIC DIET (PD)

The PD also referred to as the Stone Age, caveman, or hunter-
gatherer diet was initially introduced in 1985 by Eaton and
Konner, and published by Dr. Loren Cordain in 2010 (55).
It is marketed with the claims to improve health and cure
diseases like obesity, cardiovascular disease, diabetes, cancer, and
osteoporosis. Proponents of this dietary pattern believe that the
modern diet (mainly processed foods, dairy products, grains,
and legumes) is the cause of modern diseases and the obesity
epidemic. Moreover, humans have evolved before agricultural
development while the human diet has revolutionized more
rapidly than our genetics; thus Paleolithic foods are more suited
to our genetic makeup than the current modern diet (55,
56). Apart from this theory, anthropological research provides
evidence that Paleolithic people used to eat a varied diet
comprising of plants, grains, legumes, and game meats (57, 58).

Cordain’s PD has a basic set of rules, i.e., there is no restriction
on the consumption of lean meats, fruits, and non-starchy
vegetables while dairy products, legumes, cereals, and processed
foods are strictly restricted (Table 2). There is little to no focus
on portions, and calories. There are three adherence levels to the
PD: entry-level, maintenance level, and maximal weight loss level
(Table 3). One has a choice not to advance to the next level if
satisfied with the results of this level (55).

Effectiveness of Paleolithic Diet
Metabolic syndrome and insulin resistance are the prime focused
areas in most of the literature related to PD. It does provide

TABLE 2 | Foods in the Paleolithic diet.

Food groups Foods allowed/restricted Reference

Lean meat About half of daily calories from lean animal
foods are encouraged

(55)

Eggs 6–12 per week

Fruits All fruits are allowed
Obese should be mindful of calories from
high-sugar fruits

Vegetables All non-starchy vegetables are allowed

Drinks and
beverages

Mainly water
Sugary beverages should be avoided
Limited consumption of alcoholic
beverages, i.e., two 4-oz servings of wine,
12-oz serving of beer or one 4-oz serving of
spirits daily
No tea or coffee

Fats, oils and nuts Unsaturated fats are allowed in moderation
4 Tbsp of oils per day
4 oz of nuts per day

Vitamin and mineral
supplements

Can be taken as per need

TABLE 3 | Levels of Paleolithic diet.

Levels Description Reference

Level 1: Entry level 3 open meals*/week
Addition of some transitional foods** for the
sake of improving compliance

(8)

Level 2:
Maintenance level

2 open meals/week
No transitional foods allowed

Level 3: Maximal
weight loss level

1 open meal/week

*Open meal; flexible meals including foods from not avoid list, intended to improve
the adherence to diet **transitional foods; food items that don’t meet Paleo rules.

benefits but only to specific groups, i.e., eliminating dairy
products can help people with digestive disorders. ‘Liberal
consumption of fruits and vegetables can have a preventive effect
for inflammatory bowel diseases (IBD). At the same time, this diet
being high in meat increases the risk of IBD (59).

Paleolithic diet is powerful at advancing weight reduction for
the time being, even at the point when the weight reduction is
unintentional (60–62). Initially, weight loss is due to the loss
of water weight as this diet is low in carbohydrates. Previous
studies suggest that the study participants lost 4–6% of total body
weight within 10–12 weeks (63, 64). Most of the studies are based
on short-term interventions and there is only one study that
followed the subjects for over 2 years. In a randomized trial, 70
post-menopausal obese women were divided into the ad libitum
PD group or Nordic Nutrition Recommendations (NNR) diet
group. After 24 months, the reductions in waist circumference,
fat mass, and weight were observed in both groups irrespective of
the dietary regimen followed (65).

Most of the studies reported the TC reduction properties of
this diet while there are mixed results for HDL-c (61, 62, 64,
66). A study was conducted to evaluate the physiological and
metabolic impacts of PD in healthy adults. After 10 days of
intervention, reduction in TC, LDL-c, TG, and mean arterial
pressure were observed (66). In another trial, participants were
randomized to PD and reference diet groups. After 2 weeks
of intervention, there were greater reductions in TC, TG, and
diastolic blood pressure in the PD group (61).

In another study, healthy subjects followed this dietary
intervention for 10 weeks, which resulted in increased LDL-
c, TC, TC:HDL-c, along with a decline in HDL-c values (64).
No significant changes in fasting blood glucose were seen in
most studies (65, 66). While, some studies were short-term,
where HbA1c was not measured as per protocol (67). Modest
reduction, i.e., 3–4 mmHg in systolic or diastolic blood pressure
was reported in most studies (60, 61, 66, 67). No significant
change in inflammatory markers (CRP) was reported (61, 67).

Health Consequences
The PD not only requires a big budget but is also very challenging
to follow as compared to other diets (68, 69). Despite weight
reduction and some favorable impact on cardiometabolic profile,
this diet can have long-term consequences. Some studies suggest
that this diet is not nutritionally balanced as it discourages certain
food groups like whole grains, legumes, and dairy products. The
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micronutrient deficiencies can have long-term adverse outcomes.
Those who follow PD have inadequate calcium intake. A study
was conducted to check the nutritional adequacy of this diet.
In addition to a low intake of carbs, fats, and total calories that
could have promoted weight loss, this diet provided about 50%
less calcium than the daily requirement (60).

Decreased HDL-c has also been observed among healthy
adults and those with comorbidities. In a study comprising 28
type 2 diabetic patients, 14 followed the PD and 10 followed
the American Diabetes Association (ADA) guidelines. Results
showed that there was a significant reduction in HDL-c in the
PD group (62). In another study, healthy subjects followed this
dietary intervention for 10 weeks, which resulted in increased
LDL-c, TC, TC:HDL-c, along with a decline in HDL-c values
(64). More randomized trials need to be done to highlight the
consequences of such diets that eliminate one or more food
groups. PD is powerful at advancing weight reduction for the
time being but its efficacy in cardiovascular events is not well
established as limited long-term data is available.

MEDITERRANEAN DIET (MD)

The concept of the MD emerged in the 1950s by Dr. Ancel Keys.
In one of the first research that related diet and heart health, it
was revealed that CVDs associated mortality rates are different
in Westerns and Europeans. Lower mortality rates were observed
in Europeans, even though they typically consume a moderately
high-fat diet (70). Their dietary pattern can be linked to lower
mortality and incidence of CVDs (71).

In 1975, Ancel Keys described this diet in his book as
a complex of dietary choices followed by those living in
Mediterranean regions. Whole grains, legumes, fruits, vegetables,
olive oil, fish, and nuts are key components of this diet with a
moderate allowance of alcohol, dairy products, and meat [Keys,
(72)]. Traditionally, this diet derives its most calories from fish
and plant-based foods. Fats account for 30% of calories which are
mostly polyunsaturated fatty acid (PUFA) and monounsaturated
fatty acids (MUFA), while carbohydrates provide 50–55% of
calories from low glycemic index carbohydrates and proteins
provide 15–20% of calories (73).

Effectiveness of Mediterranean Diet
Mediterranean diet is the most extensively studied diet to date.
In a previous review, it has been summarized that MD is
nutritionally adequate for the general public and may have the
potential of preventing micronutrient deficiencies (74). Research
shows that it has preventive and therapeutic potential for many
chronic diseases like non-alcoholic fatty live disease (NAFLD),
CVDs, metabolic syndrome, and certain cancers like colorectal
and breast cancer (75). In a 2-year trial, weight loss by LFD, AD,
and MD was compared and results showed that the AD group had
the highest mean weight loss, i.e., – 4.7 ± 6.5 kg, while the MD
group stood second with a mean weight loss of – 4.4 ± 6 kg and
LFD group lost –2.9 ± 4.2 kg. Following changes were recorded in
the MD group: increased molecular adiponectin reduced serum
leptin, and CRP levels (76).

In another controlled trial, 259 subjects were randomly
allocated to American Diabetic Association (ADA) diet,
traditional MD, or low carbohydrate Mediterranean diet (LCM)
group. After 12 months, the LCM group had the highest weight
reduction, increased HDL-c, improved LDL-c, TG and HbA1c
(77). Another study described the effectiveness of MD in the
primary prevention of CVDs [Estruch et al. (78)]. A study
investigated the protective effect of MD against cancer and found
that greater compliance with MD patterns reduces the risk of
non-tobacco linked cancers in both men and women (79).

Most MD studies are short-duration studies, only a few studies
focused on the long-term impacts of following MD. In a study,
non-diabetic elderly subjects (n = 3,541) at higher risk of CVD
were randomized to three intervention groups: control diet,
MD with nuts or MD with extra virgin olive oil. New cases of
diabetes were recorded after regular intervals (median follow-
up duration = 4.1 years) and results showed that MD with extra
virgin olive oil was associated with a reduced risk of diabetes (80).
In another 5 years clinical trial, subjects (n = 7,447) who were type
2 diabetics or those with risk factors of CVDs, were randomized
to three intervention groups: control diet, MD with nuts, or
MD with extra virgin olive oil. After the specified period, there
was no significant weight reduction in all the groups, while the
MD group had a significant reduction in central obesity [Estruch
et al. (81)].

Health Consequences
No evidence of adverse effects associated with MD is available
in the literature. Rather, MD has preventive and therapeutic
potential for many chronic diseases. It is highly suitable for the
general public for the prevention of micronutrient deficiencies
and specifically for those patients who are more health-conscious
than just weight loss oriented.

VEGETARIAN DIET (VD)

The VD is a dietary pattern characterized by no consumption of
meat and meat products, seafood, poultry, and sometimes other
animal products like eggs, animal milk, and honey. Some studies
have linked meat intake with an increased risk of chronic diseases,
while others indicate a positive association between low meat
intake and life expectancy (82, 83). VD are of four main types: (i)
a lacto-ovo-vegetarian does not consume any meat product but
consumes eggs and dairy products (ii) a lactovegetarian does take
dairy products but does not consume eggs and meat products (iii)
an ovo-vegetarian does not eat meat products and dairy products
and are free to consume eggs (iv) a vegan does not consume
any animal products, including meat, eggs, dairy products, and
honey (84). Vegan diets include different subtypes: raw vegan,
vegan (general), and whole-food vegan (Figure 2). Each subtype
has its own set of foods allowed and restricted with one thing in
common, i.e., meat products restriction. This dietary pattern is
gaining much popularity in the general population, especially in
the Western world (85). There are various reasons for adopting
this dietary profile, including religious beliefs, ethical motivation,
cultural aspects, and health considerations (85, 86).
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FIGURE 2 | Foods allowed and restricted in vegan diets.

Effectiveness of Vegetarian Diet
Several epidemiological studies reported a lower cardiometabolic
risk in the vegan population. A study concluded that non-
vegetarians have a higher type 2 diabetes prevalence (7.6%) than
vegetarians (2.9%). While, the prevalence rate also varies with the
type of VD, i.e., 3.2% in lacto-ovo vegetarians, 4.8% in pesco-
vegetarians and 6.1% in semi-vegetarians. This can be explained
by the low-glycemic-response associated with these diets as
vegetarian diets typically include foods that have a low glycemic
index such as beans, legumes, nuts, some fruits and vegetables
(87). Glycemic control via a VD is quite controversial, as these
are high carbohydrate diets. Some studies have shown that
vegetarians also have increased life expectancy (82). Generally,
vegetarians are more health-conscious and have lower BMI
than the general population (88). The Seventh Day Adventist
study showed a lower mean BMI, i.e., 23.6 kg/m2 in the vegan
population (89). In a 5-year prospective study, 22,000 subjects

having different dietary patterns were checked for their weight
gain during this period. Vegans had the lowest weight gain as
compared to meat-eaters and fish eaters (90).

Red meat and poultry intake were most strongly linked to
increased risk of esophageal adenocarcinoma and gastric cardia
or non-cardia adenocarcinoma, respectively (91). On the other
hand, lower rates of heart diseases and cancers have been
observed in vegetarians in comparison with those following
other dietary patterns (92, 93). A better cardiometabolic risk
profile is generally present in vegetarians, i.e., lower BMI, TC,
and LDL-c [Chen et al. (94); De Biase et al. (95)]. A cross-
sectional study investigated the lipid profile of fish-eaters, meat-
eaters, and vegetarians. Not only the vegans have a lower BMI
but also favorable serum lipid levels: lower LDL-c, TC, and
apolipoproteins (96).

In a study, out of 26,346 participants, 1,079 cases of prostate
cancer were identified and results showed the protective effect of
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vegan diets against prostate cancer in the white population (97).
This protective effect against prostate cancer may be due to the
higher fiber intake. Some other studies are either short-term or
have a very small sample size, showing mixed findings related
to colorectal cancer and breast cancer. In a study, 2,304 patients
from 10 European countries were assessed for their dietary intake
to find the impact of diet on the risk of cancers. Not poultry but
red meat intake was found to be associated with an increased
risk of esophageal cancer and upper aerodigestive tract (UADT)
cancer. Furthermore, vegetable and fruit intake are significantly
associated with a reduced risk of UADT cancer (98).

Butler et al. (99) demonstrated that the higher the intake
of vegetable-fruit -soy dietary pattern, the lower the breast
cancer hazard ratio among postmenopausal women. Another
study showed a significant association between consumption of
vegetables and risk of esophageal adenocarcinoma. Elimination
of potentially harmful dietary components like animal protein,
saturated fats, and cholesterol can be the reason for these
benefits. These benefits can also be due to the addition of
dietary fiber, phytochemicals, and antioxidants rich in beneficial
dietary components like whole grains, legumes, nuts, fruits, and
vegetables (91).

Health Consequences
This diet is associated with fluctuations in micronutrients intake
because of the day-to-day variation in the menu. Depending
upon the type of VD, vegetarians are potentially at increased
risk of micronutrient deficiencies such as calcium, zinc, iron,
vitamin E, vitamin B12, essential fatty acids, docosahexaenoic
acid (DHA), and eicosapentaenoic acid (EPA) (100). A study
reported that half of the vegan participants were micronutrient
deficient as compared to omnivores (101). Vegetarians have
lower serum vitamin B12 levels as plant sources are deficient in
this vitamin (101, 102). As VD is generally low in calcium due to
the suboptimal intake of dairy, vegetarians are at greater risk of
bone fractures due to the lower bone mineral density (103).

Thus supplementation of certain vitamins like vitamin
B12 and vitamin D is needed to avoid these deficiencies
among vegetarians (84). Vitamin B12 supplements are especially
important for vegan pregnant and lactating mothers as a
preventive therapy for deficiency in their babies (104). VD
can be nutritionally adequate, so it may be helpful in chronic
disease prevention and treatment. Benefits and harms depend
upon the dietary choices so the individualized plan fulfilling
the micronutrient requirements must be carefully developed
by a professional.

INTERMITTENT FASTING (IF)

The IF is gaining much popularity and is widely adopted as an
effective weight loss intervention. Contrary to the conventional
weight loss programs that are based on calorie restriction, IF
is more about scheduled eating. Some of the key features of IF
are abstinence from food for a certain period, followed by a
period of normal eating. There are various versions of IF but
the most popular of these are alternate day fasting (ADF), 5:2

diet or periodic fasting (PF), and time-restricted feeding (TRF).
The frequency and duration of fast cycles may differ among all
types (Table 4).

Effectiveness of Intermittent Fasting
The alternate-day fasting (ADF) approach has been tested for its
metabolic effects. In a study, healthy young men (n = 8) were
subjected to ADF for 20 h/day for 15 days. After the specified
study period, weight remained unchanged (86.4 ± 2.3 kg) while
the increase in glucose uptake, i.e., 7.3 ± 0.3 mg/kg/min that
was previously 6.3 ± 0.6 mg/kg/min, and prominent increase in
lipolysis of adipose tissues were observed (106). Another study
showed that when non-obese subjects (8 women and 8 men)
fasted for 22 days on alternate days, they lost 4 ± 1% of their
initial fat mass and 2.5 ± 0.5% of their initial body weight.
However, a decrease in fasting insulin and non-significant change
in glucose and ghrelin were also reported (107).

A randomized crossover trial was conducted to evaluate the
fasting-induced acute changes in biomarkers. Healthy volunteers
(n = 30) were randomized into two groups: (i) normal eating for
28 ± 4 h then water-only fasting for 28 ± 4 h (ii) 28 ± 4 h of
water-only fasting then 28 ± 4 h of normal eating. Blood samples
were drawn and analyzed at baseline, day 1 and day 2. Laboratory
findings suggested that the fasting intervention acutely increased
hemoglobin, hematocrit, red blood cell count, human growth
hormone, and HDL-c; on the other hand, decreased body weight,
bicarbonates, and TGs, as compared to the normal eating day.
Moreover, cholesterol and human growth hormone returned to
baseline after 48 h (108).

Night-time fasting (NTF) has been linked to lower energy
intake, consequently resulting in weight loss. In a study, twenty-
nine healthy young men were subjected to 9 h of NTF for 2 weeks,
then 1 week washout period followed by 2 weeks of controlled
conditions. Results showed that the participants had less total
calorie intake in the NTF phase as compared to controlled
conditions. Significant differences in weight change were also
reported, i.e., – 0.4 kg for NTF and + 0.6 kg for control (109).

In a randomized trial of 3 months, young overweight
premenopausal women (n = 107) were randomly assigned
to two groups: two consecutive days of fasting (25% energy
restriction)/week or fasting for all days of the week. Both
interventions were found to be equally good at a weight and
showed improvement in risk markers of CVDs, cancer, and
diabetes for example reduction in leptin, leptin to adiponectin
ratio, inflammatory markers, fasting insulin, insulin resistance,
blood pressure, and lipids (110).

Fasting also impacts the appetite by influencing the appetite-
regulating hormones (110, 111). A previous systematic review
summarized that IF may have the potential to provide metabolic
benefits in terms of improving insulin resistance, thus providing
better glycemic control as IF showed a significant decline in
fasting glucose levels as compared to controls. Moreover, IF was
associated with a decline in BMI, fat mass, and leptin while an
increase in adiponectin (112). Headland et al. (113) evaluated
the effectiveness of intermittent energy restriction (IER) in
improving weight and biological markers in long-term studies.
Irrespective of duration, IER was associated with weight loss.
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TABLE 4 | Types of intermittent fasting.

Types Description Fasting definition Normal eating Reference

Alternate day fasting Fasting alternated with a day of normal eating 0–25% of TCN* ad libitum (105)

5:2 diet or periodic fasting Fasting for 2 days with normal eating for 5 days 0–25% of TCN* ad libitum

Time-restricted feeding Normal eating within a window of < 8 h per day – ad libitum

*TCN, total caloric needs.

TABLE 5 | Commercial detox diets.

Diet type Duration Foods allowed Proposed claims References

Liver cleansing diet 8 weeks Plant-based, dairy-free, low fat, high fiber,
unprocessed foods are allowed.
Epsom salt and liver tonics are also consumed.

Improved energy levels and liver function
Toxins removal
Improved immune response
Efficient metabolism of fats and better weight
control

(117)

Lemon detox diet/ Master
cleanser

10 days A liquid only diet based on purified water, lemon
juice, tree syrup and cayenne pepper.
A mild laxative herbal tea and sea salt water is also
incorporated.

Toxins removal
Shiny hair, glowing skin and strong nails
Weight loss

(118)

The clean cleanse 21 days Breakfast and dinner comprise probiotic capsules,
cleanse supplements and cleanse shakes.
A solid meal in lunch while avoiding gluten, dairy,
corn, soy, pork, beef, refined sugars, some fruits
and vegetables.

Toxins removal
Improved energy, digestion, sleep and mental
health
Reduction in joint pains, headaches,
constipation and bloating

(119)

Martha’s vineyard detox
diet

21 days Herbal teas, vegetable soups and juices, specially
formulated tablets, powders and digestive enzymes
are on the menu.

Weight loss up to 9.5 kg
Toxins removal
Improved energy levels

(120)

Weekend wonder detox 48 h Protein-rich meals salads, detox-promoting super
foods and beverages.
Healthy lifestyle, spa treatments and herbal
remedies.

Toxins removal
Improved organs’ function
Strengthen body
Enhance beauty

(121)

Fat flush 2 weeks Large meals are replaced with dilute cranberries,
hot water with lemon, pre-prepared cocktails,
supplements and small meals

Toxins removal
Reduced stress
Weight loss
Improved liver function

(122)

Blue print cleanse 3 days Consumption of six pre-prepared vegetable and
fruit juices is allowed per day.

Toxins removal (123)

The Hubbard purification
rundown

Several weeks Niacin doses along with sustained consumption of
vitamin-A, B, C, D, and E.
Daily exercise with balanced meals.
Restriction of alcohol and drugs.
Sitting in a sauna for ≤ 5 h each day.

Toxins removal from fat stores
Improved memory and intelligence quotient
Better blood pressure and cholesterol levels

(124)

However, IER was not found to be superior to continuous energy
restriction (CER) in terms of weight loss, blood lipids, glucose,
and insulin levels.

Health Consequences
Some short-term studies highlighted the potential harms posed
by IF among normal-weight subjects. IF induces lipolysis,
resulting in increased free fatty acids (FFA). So whether it be ADF,
periodic fasting, or else, a prolonged course of fasting can lead to
large fluctuations in FFA in normal-weight individuals. A study
showed that these fluctuations were three times greater than those
typically seen after an overnight fast. Furthermore, it induced
reductions in insulin sensitivity and acute glucose-simulated
insulin response (114). Despite the effectiveness of IF in weight
loss as indicated by several studies, the current evidence is non-
conclusive. The prime focus of available literature is weight loss

but little is known about its sustainability and long-term health
effects. More long-term trials should be conducted to draw a
clear conclusion.

DETOX DIETS (DD)

The popularity of detoxification dates back to Greek, Roman,
Indian, and Native American cultures. Many effective approaches
that are still used for the removal of toxins include fasting,
saunas, herbs, rebounding, dry brush, water, rest, exercise,
and meditation (115). However, detoxification or DD are
interventional diets specifically designed for toxins elimination,
health promotion, and weight management. These short-term
dietary interventions involve multiple approaches, including
total calorie restriction, dietary modification, or juice fasts,
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and often involve the use of additional minerals, vitamins,
diuretics, laxatives, or cleansing foods. Some commercial DDs
have been listed in Table 5. These are most commonly
prescribed by naturopathic doctors to prevent or treat a number
of conditions like gastrointestinal disorders, inflammation,
autoimmune disorders, chronic fatigue syndrome, fibromyalgia,
and weight loss (116).

The DDs have not been extensively investigated; however, the
handful of available studies have methodological limitations like
sampling bias, small sample sizes, relying on self-reporting, and
absence of control groups. Despite the emerging popularity, these
diets fail to identify the mechanisms of eliminating toxins or even
the specific toxins removed by a particular diet. Detox approaches
defy the general principles of human physiology as the liver
and kidneys are quite efficient in removing both exogenous
and endogenous toxins from our body, along with extra-renal
excretion of toxins in sebum and sweat (125).

Effectiveness of Detox Diets
Currently, there is no clinical evidence confirming or negating
the effectiveness of commercially available detox regimes for
losing weight. Because of its emerging popularity, this area needs
attention. So, in the absence of scientific evidence, results can
be extrapolated from other closely related studies. It is known
that the success rate of dieting, in general, is only 20% (126).
This may be possible because humans and animals have natural
mechanisms to counter the weight loss as starvation can have
negative health consequences like reduced fertility and even
death. Calorie restriction alters the neuropeptides’ expression in
the hypothalamus; which reduces metabolic rate and stimulates
appetite, resulting in a weight loss plateau (127).

Furthermore, studies in mice have shown binge eating
followed by a period of energy restriction, though this
phenomenon is not established in humans yet (128). A study
conducted by Mazurak et al. (129) showed that fasting raised
cortisol levels in young healthy women. Another study reported
an increase in stress hormone levels in females due to the
restricted intake of 1,200 kcal/day (130). There is considerable
evidence that stress stimulates appetite, thus promoting weight
gain via elevations of cortisol (131).

Many of the DD are liquid-based, low-calorie, and nutrient-
poor. For example, a part of BluePrint Cleanse, Excavation
Cleanse, provides only 19 g protein and 860 kcal/day which
is far below the actual requirement. Food and Agriculture
Organization (FAO) recommends a minimum of 0.83 g/kg body
weight of high-quality protein and 1,680 kcal/day for an adult
(132, 133). Based on the previous work, DD may induce stress,
raise cortisol levels and increase appetite, resulting in difficulty
in losing weight, followed by binge eating and weight gain (128–
130).

It is quite alarming that the components of detox products
may not be according to the labels as there is no regulatory
authority that approves such products. A case was reported in
Spain that a 50 year old man with no history of relevant medical
illness, presented with diffuse abdominal pain, lethargy, profuse
diarrhea, and vomiting after ingesting Epsom salt during a liver
cleansing diet. That person died within 72 h from the onset
of symptoms. Forensic and clinical investigations concluded
that instead of magnesium sulfate heptahydrate, the supplier
had mistakenly added hydrated manganese sulfate resulted in
manganese intoxication (134).

Energy-restricted DDs are capable of short-term weight
loss. But still, there is a high likelihood of health risks from
detox products because of their nutritional inadequacy. As no
convincing evidence exists in this domain so such diets and
products need to be discouraged by health professionals and must
be subjected to regulatory review and monitoring.

CONCLUSION

Fad diets facilitate fast and easy weight loss, improve appearance,
and do not require a longer time to achieve the results. These
diets are effective in improving health to some extent. However,
compliance is always a significant concern because of the
unrealistic combinations and nutritional inadequacy due to the
complete elimination of one or more essential food groups.
Despite the rapid weight reduction, there are some concerns
for those with comorbidities. All these diets have not been
extensively studied while those studies that have been mentioned
in the literature have high dropout rates and are sometimes
non-conclusive. More randomized controlled trials of prolonged
duration need to be done to establish the safety of FDs for the
public and to make people aware of the possible consequences of
long-term adherence to such dietary patterns.
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Oats are considered the healthiest grain due to their high content of phytochemicals,
dietary fibers, and protein. In recent years, oat protein and peptides have gained
popularity as possible therapeutic or nutraceutical candidates. Generally, oat peptides
with bioactive properties can be obtained by the enzymatic hydrolysis of proteins
and are known to have a variety of regulatory functions. This review article focused
on the nutraceutical worth of oat proteins and peptides and also describes the
application of oat protein as a functional ingredient. Outcomes of this study indicated
that oat protein and peptides present various therapeutical properties, including
antidiabetic, antioxidant, antihypoxic, antihypertensive, antithrombotic, antifatigue,
immunomodulatory, and hypocholestrolaemic. However, most of the conducted studies
are limited to in vitro conditions and less data is available on assessing the effectiveness
of the oat peptides in vivo. Future efforts should be directed at performing systematic
animal studies; in addition, clinical trials also need to be conducted to fully support the
development of functional food products, nutraceutical, and therapeutical applications.

Keywords: oat protein, bioactive peptides, antioxidant, antidiabetic, antihypertensive, immunomodulatory,
antifatigue, antihypoxic

INTRODUCTION

Oats are one of the most nutritious grains and are the 5th most consumed crop with an annual
production of 23 million tons globally (1, 2). Generally, oat grains can be classified as naked
oats (Avena nuda L.) and hulled oats (Avena stiva L.). Oats contain a relatively high content of
protein, and it also comprises a considerable amount of lipids and other bioactive compounds, such
as beta-glucans, phenolics (trace–150 mg/kg), avenanthramides (26–150 mg/kg), and flavonoids
1.77 mmol/g (3, 4). Depending on different varieties, oat grain comprises lipids 5–10%, crude
protein 12–20%, crude fiber 3–14%, and carbohydrates 69–76% (5, 6). The protein content of oat
grain is higher as compared to other cereals, including rice 7–10%, wheat 11–15%, and millets 7–
11%, while lower than legumes, such as pea 23–31% and soy 36–40%. The protein fractions and
their molecular weights are also significantly different among grains as given in Table 1 (6–10).

Globulin is the major storage protein in oats. Mainly, oat protein is composed of four fractions;
globulin 70–80%, albumins 1–12%, prolamins 4–15%, and glutenins ≤ 10% (18). The salt soluble
globulin fraction is divided into 3 subunits, 12S, 7S, and 3S. The molecular weight of globulin ranges
from 54 to 60 kDa, which is approximate to the 11S globulin (glycinin) structure of soy protein (12,
13); besides this, 12S has acidic A and basic B polypeptides subunits with a molecular weight of
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32 and 22 kDa, respectively (19). Other subunits of globulins,
7S has polypeptides of molecular weight of 55–65 kDa, and 3S
contains two polypeptides of 15 and 21 kDa (17, 18). Water-
soluble albumin plays a role as an enzyme in the protein and
defensive system of plants, and its molecular weight ranges
from 19 to 21 kDa (20). Prolamin (avenins), the alcohol-soluble
protein fraction with a molecular weight of 20–40 kDa, has
structural similarities with Sulfur rich sub-units of wheat (α and
γ gliadins), γ-secalins of rye, and B-hordeins of barley proteins
fractions (12, 19). This protein fraction is limiting in proline and
glutamine amino acids but has the same function as the storage
protein fraction (gluten) of wheat (21). The minor fraction
(Glutelins) comprises polypeptides having a molecular weight of
10–90 kDa (20).

Oat protein contains a comparatively higher amount of
essential amino acids, especially (lysine, valine, isoleucine,
threonine, histidine, and methionine) than other grains. Amino
acids composition of oat protein significantly differs even among
its fractions, globulins carry the highest amount of essential
amino acids, such as lysine, valine, phenylalanine, and histidine,
as well as non-essential amino acids, including arginine and
glutamic, as compared to all three other fractions (20). In
addition, oat amino acids composition meets the Food and
Agriculture Organization’s recommended nutritional needs of an
adult except for methionine, which is still the limiting amino acid
in oat protein (22). Furthermore, the consumer’s acceptability
score of oat protein is also higher than any other plant-based pea,
lupin, and soy proteins (20, 23, 24).

Plant protein has received much attention in recent years,
as consumers are pursuing more plant-based diets in hopes of
improving health and preserving the environment. Livestock puts
much higher pressure on global warming, resource, and land
use than plant-based food (25). Animal-based foods, including
dairy, eggs, meat, and aquaculture, use 83% of the world’s
cultivated land and contribute up to 58% of food emissions,
while providing only 37% of the total proteins (26). The higher
environmental impact of animal products is due to the high
feed consumption per kilogram of food produced, in addition,
a large part of greenhouse gas emissions comes from intestinal
fermentation and fecal management in ruminants (26, 27). There
is a need to reduce greenhouse gas emissions by minimizing
the animal-based proteins, and substituting even only a part of
animal protein intake with plant-based proteins would benefit
both human health and the environment (28). Numerous studies
have shown that plant products have less impact on climate and
eutrophication and lower land use as compared to animal-based
products. For example, beans and peas have the lowest land use
per kg of protein as compared to milk, eggs, and poultry (29–
31). Specifically, the carbon footprint of oat protein concentrate
(OPC) is more than 50% lower when compared with dairy
proteins (32). OPC-enriched food products could reduce 13% of
greenhouse gas emissions and 26% of land use when substituted
with animal-based proteins (33); similarly, oat drinks emitted 16–
41% lesser greenhouse gas as compared to cow milk (34). The
use of plant proteins has considerable potential in mitigating
climate change and reducing land use. From this perspective,
the above-mentioned studies reveal the potential that the oat

protein made it possible to substitute some animal proteins
with plant proteins.

Being of high protein content, sustainability, as well as good
nutritional profile, oats are considered the promising cereals for
extracting plant-based proteins and isolating bioactive peptides
(35). Plant bioactive peptides, in general, are small fragments
of proteins, composed of 2–20 amino acids and having less
than 3 kDa molecular weight (36, 37). These peptides naturally
exist or are derived from precursor proteins through gestational
simulation, microbial fermentation, or enzymatic hydrolysis
(38). It has been found that bioactive peptides have a simpler
structure, higher stability, and more remarkable physiological
activities and functions compared to protein (39). In this way,
oat protein-derived bioactive peptides have been identified to
exert distinct health improving properties, such as antidiabetic,
immunomodulatory, antifatigue, antithrombosis, antihypoxic,
antihypertensive, hypocholestrolaemic, and antioxidant effects
(Figure 1). In this article, we mainly focus on the oat proteins
in detail for their application as a functional ingredient and
potential nutraceutical activities (Table 2).

APPLICATION OF OAT PROTEIN AS A
FUNCTIONAL INGREDIENT

Interest in protein-rich diets is increasingly favored by their
health-promoting effects, with a special focus on sources. Plant-
based protein is replacing animal protein as it is considered
better for human consumption, as well as safe for the planet
(40). The market request for developing plant protein-based
products is continuously increasing because of high concern
toward health, animal welfare, and environmental protection.
This searching desire for alternative non-animal protein sources
opens the way to the valorization of non-fully exploited plants
and industrial by-products (33). With the increase in demand
for nutrition products, oat protein-infused beverages, bakery
items, supplements, and others are making their way into
the market, as it contains high-quality protein and is also
suitable for flavoring. Numerous studies have been conducted
to review the possibility of using oat for the development of
nutraceuticals. The lipid-lowering and antioxidant properties of
oat protein make it a potential ingredient for nutraceuticals
(41). Oat protein (OP) gels have been used for the preparation
of prebiotic loaded nutraceuticals which can prevent the
deterioration of prebiotics in gastric conditions. OP gels have
been shown to resist pepsin digestion and have the capacity to
release bioactive compounds during gastrointestinal simulation
conditions (19). Due to growing interest in plant protein
ingredients, oat has gained much attention for its unique
amino acid composition, protein quality, and protein content.
The global oat protein market reached US$ 48 million in
2018 and is expected to grow up to US$ 63 million by the
end of 2025 with a compound annual growth rate of 4.1%
during 2019–2025 (42). Regarding usage and composition,
oat protein increased from 884t in 2012 to 1398 t in 2017
globally, with a compound annual growth rate of more than
9.6% (43).
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TABLE 1 | Protein content and molecular weight distribution of oat and other grains.

Grains Total protein Globulins Albumins Prolamins Glutenins

% MW % MW % MW % MW

Oat 12–20% 70–80 54–60 kDa 1–12 19–21 kDa 4–15 20–40 kDa ≤10 10–90 kDa

Wheat 11–15% *A/G 20–25 98–100 kDa *A/G 20–25 15 kDa 30–40 35 kDa 45 10 million kDa

Rice 7–10% 7–17 23–105 kDa 5–10 10–200 kDa 3–6 10–32 kDa 75–81 51–57 kDa

Millet 7–11% *A/G 11–17 13–32 kDa *A/G 11–17 13–32 kDa *6.8–9.3 P like; 7.5–11.6 12–35 kDa *39–54 G like; 5.9–9 10.5–56 kDa

Pea 23–31% 2.47 10–43 kDa 7.01 11–21 kDa 1.52 – 87.47 12–66 kDa

*A/G, Albumin and Globulin combine; P like, Prolamine like fraction; G like, Glutenins like fraction (11, 14–17).

FIGURE 1 | Health protecting properties of oat derived bioactive peptides.

In terms of using oat protein in food applications, oat
protein has better sensory properties than legume and oilseed
proteins (44). Oat protein concentrates and isolates can be easily
incorporated into pasta and bakery products to improve their
protein content. Although well suited to bakery products, the
applicability of oat protein is still limited in semisolid and liquid
foods because of its low solubility in natural and mildly acidic
conditions (45). Oat protein is also a good replacer of skim milk
powder because of its ability to produce better quality yogurt
in terms of mouthfeel and syneresis. OPC due to the excellent
techno-functional properties of the contained oat starch is an
appropriate ingredient for the implementation of the nutritional
value of oat protein, giving a healthier and more natural shape to
the yogurt (46). Given the increased demand for a plant protein
source, meat analogs produced from plant proteins have gained
traction (47). The meat analogs’ market has long been dominated
by pea, wheat gluten, and soy proteins (28). However, due to
the presence of common allergens in pea and soy protein, the
oat protein has the potential to play a significant role in the

meat alternative market as a new protein ingredient (48). Besides,
using oat protein in meat alternative analog or yogurt, oat milk is
also included in the list of common oat products that dominate
the market. The oat milk is a promising substitute for dairy
products because it can be used in combination with probiotics
to prepare fermented products like yogurt. Due to consumer
awareness about plant-based milk and increased interest in
flexitarian, vegan, and vegetarian diets, the international oat
milk market reached US$ 4 billion in 2020 and is expected
to grow with a compound annual growth rate of 9.8% by
2027 (49).

The presence of many substitutes like soya, whey, and others,
which contain protein in heavy quantities and are demanded
by the nutraceutical companies, lead to increased competition
for oat protein products. In terms of food application, few oat
protein products are available in the market given in Table 3,
which urges food developers to build tailored strategies and food
portfolios of these ingredients. As a functional food ingredient,
oat protein application is still in the early stages, and food
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companies are investing in the production of high-quality oat
protein products (44).

NUTRACEUTICAL PROPERTIES OF OAT
PROTEIN-DERIVED PEPTIDES

Antioxidant Activity
Oats are known to contribute to a significant supply of
antioxidants in the form of phytic acid, phenolic compounds,
vitamin E, and avnanthramides to counter oxidative stress
(50). The antioxidant defense system works to balance the
reactive oxygen species by superoxide dismutase (SOD),
glutathione peroxidase (GPx), catalase (CAT), vitamins,
minerals, and co-factors to prevent cellular oxidative
stress. These antioxidant compounds demonstrated radical
scavenging activities by participating in a single electron
transfer reaction (51). Oat proteins have also been considered
a good source of antioxidant capacity, which have the potential
to strengthen the treatment of oxidation-linked disorders,
delay the oxidation process in foods and improve quality
of life (52). Oat protein isolates and hydrolysates exhibited
excellent antioxidant activities when assessed for 2,2 Azino-
Bis-Ethylbenzoline-6-Sulfonic acid (ABTS), (HO.), (O.2),
and Fe(2+) chelating assays (53). Bioactive peptides (IRIPIL,
FLKPMT, FNDILRRGQLL, LIGRPIIY, and NSKNFPTL) isolated
from globulin fraction had the strongest 2,2-diphenyl-1-picryl-
hydrazyl-hydrate (DPPH) (IC50 = 4.11 ± 0.07 mg/mL) and
hydroxyl (IC50 = 1.83 ± 0.03 mg/mL) radical scavenging activity
(54). In another study, oat peptides (GLVYIL, YHNAP, and
GQTV) showed cytoprotective and peroxyl radical scavenging
potential with considerable oxygen radical absorbance capacity
(ORAC) value 0.67 ± 0.02, 0.61 ± 0.04, and 0.52 ± 0.01 Trolox
equivalent (TE)/µM, respectively. The cytoprotective activity of
peptides GLVYIL, YHNAP, and GQTV was correlated with the
overall hydrophobicity of peptides, but not with their ORAC
values (55).

Oat hydrolysates exhibited a cytoprotective effect by
protecting HepG2 cells from AAPH-induced oxidative stress by
significantly magnifying the activities of antioxidant enzymes,
including GPx, CAT, and SOD, and inhibiting reactive oxygen
species (ROS) levels (56). Furthermore, lipid oxidation and
linolenic acid peroxidation were significantly inhibited up
to 52, 35, and 16% with NINAHSVVY, YFDEQNEQFR, and
SPFWNINAH peptides, respectively (57). The presence of
tyrosine on (N or C-terminal) and histidine in a sequence of
peptides improved their activity, as both these amino acids have
good electron or proton donating ability. Hydrophobicity is
also an important factor to interact with lipids (57). A recent
development to alleviate anemia and oxidative stress has
been made by using oat antioxidant peptide as a carrier to
synthesize a novel oat peptide-ferrous (OP-Fe+2) chelate.
OP-Fe+2 has shown to be helpful to alleviate anemia and
also improved the activities of antioxidant enzymes, including
GSH and SOD, while limiting the malondialdehyde (MDA)
content in the liver of iron-deficient anemic rats model (58). In
addition, oat peptides effectively recovered the H2O2 induced

apoptosis and oxidative stress in human dermal fibroblast by
regulating cellular antioxidant enzymes (59). Collectively, these
reports demonstrated that oat-derived peptides can reduce
oxidative stress and related disorders and may contribute to the
development of nutraceutical or functional foods.

Antidiabetic Activity
Oat peptides have the potential to inhibit dipeptidyl peptidase-4
(DPP4) and α-amylase and enhance the release of glucagon-
like peptide-1 (GLP-1), as shown in Figure 2. Numerous dietary
bioactive peptides work as antidiabetic agents by regulating
insulin resistance and energy metabolism (60). Oat globulin
peptides exhibited DPP4 inhibitory activity in vitro, with half-
maximal inhibitory concentration (IC50) values of DPP4 at
100.4 µg/mL for peptide LQAFEPLR and 2.04 mg/mL for oat
tryptic hydrolysates (61). Oat peptides showed improved DPP4
inhibition than fish peptides (42.5% at concentration of 5 mg/ml)
and milk peptides IC50 = 0.60–2.14 mg/mL (55, 57, 62). Oat
peptides inhibited the activity of DPP4 through binding to its
active site with low binding energy and also downregulated the
protein expression in Caco-2 cells. In addition, oat globulin
peptides suppressed the α-glucosidase with IC50 of 35.67 µg/mL
for LQAFEPLR and 113.8 µg/mL for hydrolysates (61). Walters
et al. (63) have evaluated the antidiabetic potential of oat
hydrolysates in NCI-H716 cells. The results indicate a significant
inhibition of DPP4 (30.6–53.6%) and α-amylase (18–32%), and
also improved insulin secretion, as well as glucose digestion.
The inhibition mechanism has not been clarified, and a previous
review (64) has shown that the inhibition of α-amylase by
food-derived peptides usually occur through competitive binding
between polysaccharide and peptides mainly through their
aromatic amino acids. Another factor GLP-1 contributes to the
stimulation of insulin, inhibition of glucagon by acting as an
incretin hormone, and limits the postprandial glucose level. The
secretion of glucagon-like peptide (GLP-1) was also improved
in NCI-H716 cells, which ranges from 20.85 to 39.25 pM
(picomole) (63). It has been shown that food-derived peptides
affect gene expression, bile acid activation, and calcium receptors
(65). Hence, peptidomics profile of hydrolysates is necessary to
confirm their potential contribution to activity.

In another study, the peptides YFDEQNEQFR, NINAHSVVY,
and RALPIDVL potentially inhibited α-amylase in vitro, with
IC50 values of 37.5, 67.3, and 72.8 µM, respectively. The most
active α-amylase inhibitory peptide was (YFDEQNEQFR) with
acidic properties and containing tyrosine (Y) and arginine (R)
amino acids, which may have contributed to the highest activity
(57). Furthermore, oat peptides have been shown to effectively
improve the symptoms of polydipsia, weight loss, and polyphagia,
which can control the blood glucose level by improving insulin
sensitivity and promoting glycogen synthesis (66). Oat grains
and their bioactive compounds have been extensively studied
for antidiabetic significance in human subjects. Regular oats
intake for 23 weeks can improve fasting blood glucose level
and insulin concentration by up to 20%, meanwhile, beta-
glucans supplementation improves the blood glucose, insulin
GLP-1, HbA1c, and appetite-regulating hormones in type 2
diabetic individuals (67, 68). However, work on the antidiabetic

Frontiers in Nutrition | www.frontiersin.org 4 July 2022 | Volume 9 | Article 950400318

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-950400 July 4, 2022 Time: 11:30 # 5

Rafique et al. Oat Protein and Bioactive Peptides

TABLE 2 | Oat protein derived hydrolysates/peptides and their bioactivity.

Protein
fraction

Protease Hydrolysates/peptides Bio activity References

Total protein Alcalase Flavourzyme
Papain, protamex

Hydrolysates Exhibited the hydroxyl, peroxyl, ABTS radical scavenging, and Fe 2+

chelating activities in vitro
(53)

Globulin protein Alcalase IRIPIL, FLKPMT,
NSKNFPTL, LIGRPIIY,
FNDILRRGQLL

Exhibited DPPH and hydroxyl radical scavenging activity in vitro (54)

Total protein Peptides Synthesized
by GenScript

FNDRLRQGQLL, GLVYIL,
GQTV,
GQTVFNDRLRQGQLL,
YHNAP, YHNAPGLVYIL,
DVNNNANQLEPR

Displayed the Peroxyl radical scavenging (ORAC) and cytoprotective
capacity in stressed HepG2 hepatic cells

(55)

Total protein Flavourzyme Papain
Alcalase

Hydrolysates Showed Peroxyl (ROO.), superoxide (O.), and hydroxyl (HO.) radical
scavenging activity in vitro

(63)

Total protein Alcalase, Papain,
Flavourzyme, Protamex

Hydrolysates, pretreated
with cellulose degrading
enzymes

Improved the activities of Antioxidant enzymes, including CAT, SOD, and
GPx, in stressed induced hepatic cells

(56)

Oat bran – Oat peptide-ferrous
(OP-Fe+2) chelate

Alleviated the oxidative by increasing the activity of SOD and GSH and
down-regulating MDA content in rats

(58)

Oat bran
extract

Oat peptides Reversed the H2O2 induced decrease of superoxide Dismutase and
inhibited malondialdehyde in Human dermal fibroblast

(59)

Total protein Papain YFDEQNEQFR,
GQLLIVPQ, SPFWNINAH,
NINAHSVVY, RALPIDVL

Inhibited the lipid oxidation and linoleic acid peroxidation also inhibited the
α-amylase in vitro

(57)

Globulin protein Trypsin Hydrolysates And
LQAFEPLR, EFLLAGNNK

Competitively suppressed the DPP4 and alfa-glucosidase downregulated
the protein expression of DPP4, while elevated the protein expression of
α-glucosidase, GLUT2 and GLUT 4 in Caco-2 cell lines

(61)

Total protein Flavourzyme
Papain,Alcalase

Hydrolysates Inhibited the dipeptidyl peptidase-4 and α-amylase. Improved the secretion
of glucagon like peptide-1 in NCI-H716 cell lines

(63)

Total protein Chemically synthesized Protein, FFG, IFFFL, PFL,
WCY, YPIL, CPA, FLLA,
and FEPL

Inhibited the secretion of Angiotensin-1 converting enzyme and Renin
in vitro

(70)

Globulin Alcalase, Flavourzyme,
Pepsin, Trypsin

SSYYPFK selected based
on in silico analysis

Inhibited the activity of Angiotensin-1 converting enzyme and Renin and
ET-1 in vitro

(72)

Total protein Multiple proteases Mixture of Oligo-peptides Improved innate and adaptive immunity via regulating Cytokine’s secretion,
antibody production and T cells stimulation in rat’s model

(75)

Total protein – Oligopeptides Improved the hypoxia by regulating LDH, MDA, HB, HCT, RBC, VEGF, and
mRNA expression in rats’ model

(81)

Total protein – Oatmeal, protein isolates Effectively improved the fatigue by increasing liver glycogen, SOD, LDH,
and reducing the BUN and MDA in rats’ model

(88)

Total protein – Oat protein isolates Alleviated the exercise induced fatigue by reducing plasma myoglobin, IL-6,
creatinine kinase, and C reactive protein content. Also inhibited the limb
edema following damaging exercise and lessened the adverse effects on
muscle strength in human clinical trial

(95)

Total and
globulin protein

Pepsin Pencreatin and
trypsin

Hydrolysates and peptides Inhibited the Arachidonic acid induced platelet aggregation by acting on
COX1-TXA2 synthase pathway to produce TXA2 in vitro

(100)

Total Protein – Protein isolates Increased the excretion of total cholesterol and bile acids, consequently
decreased in plasma level of low-density lipoprotein, liver total cholesterol
and activity of liver 7α-hydroxylase (CYP7A1) increased in animal model

(103)

potential of oat peptides is still limited to in vitro studies; thus,
systematic in vivo research is needed to fully understand the
molecular mechanism behind the antidiabetic properties of oat
bioactive peptides.

Antihypertensive Activity
Oat’s bioactive peptides have been shown to exert
antihypertensive activity by targeting the renin–angiotensin
system (RAS) (Figure 3). Oat protein isolates exhibited

significant renin inhibitory activity, ranging from 40.50 to 70.5%,
while the synthesized peptides showed comparatively lower
inhibition than protein isolates. The attributes of renin inhibitory
peptides are not clearly defined like ACE inhibitory peptides (69).
Among the peptides, only IFFFL took part in renin inhibition
due to the presence of bulky amino acids on the N-terminal,
while the higher renin inhibitory activity of protein isolates could
also be due to the presence of other bioactive compounds in
protein, such as phenolic compounds (70). Oat protein isolates
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TABLE 3 | Oat protein products available in the market.

Product name Product type Characteristics Links

PrOatein Havreprotein Oat proteins
concentrate powder

Have mild taste of oat Suitable for cooking, baking and can be
mixed with liquid or in smoothie. Contain no additive

https://www.apotea.se/proatein-
havreprotein-450-g

Ideal oats R© Oat protein Oat protein concentrate Naturally contain all essential amino acids, including desirable
BCAA’S, can help to boost up metabolism, muscle growth, tissue
repair and may lower the cholesterol

https://www.idealoats.com/pages/
plant-based-oat-protein-powder

Critical oats Advanced protein
porridge

Breakfast snack food supplement contains protein isolates. It can
help to increase energy, improves digestion and nutrients
absorption

https://appliednutrition.uk/
products/critical-oats

Protein oat Protein oat milk Protein rich, creamy oat milk with 8 g of plant-based protein,
calcium and vitamin D. Can be directly use as drink, pour over
cereals, or add to smoothies.

https:
//www.califiafarms.com/products/
original-protein-oat-milk-48oz

Muscle feast
oats + isolates

Oats and whey protein
powder

Natural, hormones and gluten free Oat and whey protein powder
provide 31 g protein per serving. Protein isolates can be mixed with
water or other beverages. Suitable for muscle growth and tissue
repair.

https://www.musclefeast.com/
products/oats-and-whey

Protein oats Oatmeal
drink mix

Oat drink Oatmeal drink mix can used in form of shake after workout to keep
gut healthy, improve immunity and to faster muscle recovery

https://www.navafresh.com/
products/borito-whey-protein-
oats-belgian-chocolate

Oats and whey Powder product Oats and whey powder can be used with milk or water. It contains
35% of protein, contributes to the growth of muscle mass and also
limits the catabolic process on muscles in muscle cells. Ideal to use
before or after workout meal

https://ostrovit.com/en/products/
ostrovit-oats-whey-1000-g-24313.
html

Optimum nutrition oats
and whey

Drinkable protein shake Drinkable shake, easy to prepare and provide 24 g of protein per
serving. Made up of whole oat flour and whey, free from artificial
flavor, color and sweeteners. Contains fundamental elements for an
athlete’s diet.

https://www.aasportsnutrition.com/
product/optimum-nutrition-oats-
and-whey/

FIGURE 2 | Inhibition of DPP4 and α-amylase pathways by oat bioactive peptides.
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and peptides significantly inhibited the ACE, and protein isolates
were found to inhibit ACE between 86.6 and 96.5%. The highest
ACE inhibition value of protein is comparable with the positive
control (captopril), which was found to inhibit the ACE by
97.7%. The synthesized peptides WCY, FLLA, and WWK were
recorded for their highest ACE inhibition by 97.8, 97, and 95.3%,
respectively. Peptide FEPL showed the lowest ACE inhibition
value of 48.9% (70), and the lower ACE inhibition capacity
of FEPL was due to the presence of proline, which has been
suggested to reduce the binding affinity of the peptide with
angiotensin-converting enzyme (ACE) (71).

Oat globulin peptide (SSYYPFK) was found to lower the
systolic and diastolic blood pressure in a hypertensive rat
model and exhibited high ACE inhibitory activity (IC50:
91.82µM). In addition, peptide SSYYPFK inhibited the renin
by 28.6–45.59% and suppressed the production of intracellular
endotheline-1 (ET-1) by 13.19–27.88% (72). Overexpression of
ET-1 is an endogenous mediator of cardiovascular problems,
such as hypertension or atherosclerosis. ET-1 and nitric
oxide are important systems involved in the regulation
of blood pressure, and peptide SSYYPFK may play an
antihypertensive role by affecting these systems (73). Some
clinical studies have been conducted on the antihypertensive
effects of oatmeal, beta-glucan, dietary fibers, avenanthramides
(AVA), and their fortified products. Most of these human
interventional studies assessed the advantageous effects of
oats and its derived active compounds in hypertensive and
normotensive subjects by regulating systolic or diastolic
blood pressure (74). Above mentioned research outcomes
have confirmed that oat protein-derived peptides could
effectively inhibit ACE and renin by targeting respective
pathways and may be used as a functional ingredient for
the prevention of hypertension and related disorders after
interventional trials.

Immunomodulatory Effects
Oat bioactive peptides exhibited immunomodulatory activity
by improving innate and adaptive immunity. Oat oligopeptides
(OOPs) attributed to the significant enhancement in interleukin
IL, serum interferon (IFN)- γ, tumor necrosis factor (TNF)-α, T
and Th cells percentage, immunoglobulin IgA, IgG production,
as well as granulocyte macrophages colony-stimulating factors
(GM-CSF) secretions (75). It also found that after OOP’s
treatment, the percentage of CD3+ and CD4+ were enhanced,
indicating the improvement in T cells quantity, which results
in cytokines secretions and mediated cellular immune response
(75). Specifically, CD4-T cells consists of T helper-1 (Th1) cells,
which induce a cell-mediated immune response by producing
IL-2, TNF-α, INF- γ, T-helper 2 (Th2), and GM-CSF to induce
humorous responses by secreting IL-4, IL-5, and IL-10 cytokines
(76). A previous review has shown that oat gluten protein and
peptides can significantly enhance the ability of ConA-induced
splenic lymphocyte transformation and delayed-type allergy.
Meanwhile, a combination of oat peptides with American ginseng
peptides has been shown to significantly improved the mice’s
immunity (77). Hence, oat bioactive peptides are a potential
source to improve immunity; however, the exact mechanism

through which food-derived bioactive peptides regulate the
immune system remains unclear.

Antihypoxic Effects
Bioactive peptides from plant and animal sources have received
much attention for their potential role in preventing hypoxia and
other metabolic disorders (78–80). Oat oligopeptides (OOPs) can
effectively ameliorate Hb, RBC, and Hct levels, which improves
the oxygen-carrying capacity, as well as oxygen utilization rate
of blood (81). The oxygen-carrying capacity of blood is directly
reflected by the number of red blood cells and (HCT) indicating
the volume ratio of RBCs to whole blood. Oxygen is attached
to an iron atom and transported to the whole blood, and
hemoglobin (Hb) combines with oxygen to transfer it from
higher content areas to lower one’s, where it is needed (74, 77).

Oat oligopeptides also suppressed lactate and increased the
activity of LDH, consequently upsurging the ability of the brain
against lactic acidosis. The brain is more susceptible to oxidation
because of its lipid membrane and weak antioxidant system. In
the case of hypoxia, mitochondrial oxidase cannot completely
reduce oxygen to water, resulting in the accumulation of reduced
equivalent in the respiratory chain, which ultimately produces
ROS. These factors trigger the lipid peroxidation in the brain
and consequently, alkanes, epoxy fatty acids, alkanals, alkenals,
and aldehyde, such as MDA, are produced (82–85). OOPs
have been shown to decrease the MDA content of the brain,
which minimizes lipid peroxidation and promotes angiogenesis,
ultimately improving the hypoxic response (81).

Antifatigue Activity
Oat bioactive peptides can alleviate the exercise-induced fatigue
by improving muscle strength (86). Lactic acid accumulation and
acidosis are widely considered to cause an increase in hydrogen
ion concentration, which leads to a decreased action potential,
inhibited sarcoplasmic reticulum uptake, and the release of
calcium ions (87). Oat peptides effectively upregulated lactate
dehydrogenase and suppressed the production of lactic acid. In
addition, oat peptides downregulated the blood urea nitrogen and
increased the level of glycogen in the liver and muscles (86). In
another study, oat protein isolates have shown to significantly
improve the physiological condition of mice by increasing the
level of liver glycogen up to (19.64%), enhancing the activities
of superoxide dismutase SOD by 20.27% in blood and 81.32% in
muscles, and lactic dehydrogenase LDH (13.58%), and decreasing
the level of malondialdehyde MDA by 3.45% in blood and
53.12% in muscles, and blood urea nitrogen BUN by 18.25%
(88). Normally, hepatic glycogen plays an important role to
complement blood glucose consumption and maintain its level
in the physiological range. In the case of intensive exercise,
glycogen depletion severely limits energy supply and maximal
power output. Consequently, fatigue may happen, when most of
the glycogen is consumed from the liver (89, 90). Urea is formed
as the end product of protein metabolism in the liver, and blood
urea nitrogen (BUN) is another sensitive parameter of fatigue,
which dramatically increases after intensive exercise (91–93).
Furthermore, decreased level of lactate dehydrogenase (LDH) is
a biomarker of muscle damage. It is an enzyme of the glycolytic
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pathway and is dependent on NAD+ for the interconversion of
pyruvate and lactate (94).

A clinical study confirmed that the supplementation of oat
protein for 14 days prior and 4 post-exercise days alleviated
the exercise-induced fatigue by preventing physical discomfort
and reducing the elevation of plasma biomarkers, including
creatine kinase, IL-6, C-reactive protein, and myoglobin content.
In addition, oat protein prevented the decline of joint range of
motion, jump performance, and muscle strength, and enhanced
the post-exercise recovery of damaged muscles in healthy adults
(95). These scientific studies depicted that oat protein can
effectively alleviate exercise-induced fatigue.

Antithrombotic Activity
The arachidonic acid (AA) pathway plays an important role in
the platelet’s aggregation, AA directly acts on the COX1–TXA2
synthase pathway to produce TXA2. COX1 is a key enzyme in this
pathway, associated with the metabolism of AA to induce TXA2
formation (96, 97). Finally, TXA2 causes changes in the shape
of the platelet and activates fibrinogen receptors, consequently
leading to platelet aggregation (98, 99). Hydrolysates produced
from oats, barley, and buckwheat have been reported to have
a crucial role in inhibiting platelet aggregation. Among all, oat
hydrolysates showed high antiplatelet activity with an IC50 value
of 0.282 mg/mL (100). Furthermore, oat globulin (small, mid,
and large sized) fractions significantly inhibited the AA-induced
platelet aggregation by (67.69, 17.98, and 14.33%) and increased
the inhibitory rate to 73.11, 75.37, and 69.23%, respectively. These
values are very close to the inhibitory rate of ASA (88.3%), which
is a medical standard. The small-sized oat fraction showed more
activity as compared to mid and large-size fractions (100). These
results show that the inhibition of platelet aggregation by oat-
derived bioactive peptides/hydrolysates could affectively act on
COX1-TXA2 synthase pathway and may be employed to manage
thrombosis and related chronic disorders.

Hypocholesterolemic Effects
The cholesterol-lowering activity of oats is often attributed to
its ability to reduce cholesterol absorption in the intestine or
inhibit the enterohepatic circulation of bile acids by increasing
the carriage of cholesterol and bile acid in the colon to facilitate
their excretions through the feces. Oat contains numerous
bioactive compounds to regulate cholesterol metabolism in
animals (101). Hypocholestrolaemic activity of oat is strongly
dependent upon their protein composition. A related study
depicted a significant reduction in liver and plasma cholesterol
levels of rats fed with hypercholestrolaemic diet by increasing
fecal bile acids secretions (102). Oat protein significantly reduced
the plasma low-density lipoprotein (LDL-C) and total cholesterol
level in the liver by increasing the excretion of bile acids and
regulating the liver CYP7A1 activity in an animal model (103).
Regulation of specific genes and enzymes, such as LDLR, HMG
CoA reductase, HYP3A4, and CYP7A1, is mainly involved in
cholesterol homeostasis by converting cholesterol to bile acids or
transporting it to hepatic cells and in bile acids metabolism (104).

A clinical study exhibited a significant reduction in
triglycerides and total cholesterol of 268 hypercholesterolemic

adults after consuming whole oat gain and β-glucan fortified
products (105). Oat bran containing β-glucan was recorded for
its remarkable effects in hyperchlesterolemic individuals and
lowered the cholesterol by 23% without affecting the level of
high-density lipoprotein HDL in the blood (106). Similarly,
another clinical study claimed that the consumption of 6 g oat
β-glucan for eight consecutive weeks effectively reduced the
plasma LDL and total cholesterol (from 167.9 to 120.9 mg/dL
and 231.8 to 194.2 mg/dL, respectively) and increased the plasma
HDL from 39.4 to 49.5 mg/dL in overweight individuals with
mild hypercholesterolemia (107). However, limited studies
have been found on the hypocholestrolemic effects of oat
protein and peptides.

PROCESSING AND PURIFICATION OF
BIOACTIVE PEPTIDES

Processing of Bioactive Peptides
Bioactive peptides are defined as specific fragments of proteins
that have positive effects on body functions and improve
human health. The composition and sequence of amino acids
determine the activity of peptides when they are released from
a precursor protein, where they are encrypted (108). Generally,
bioactive peptides are produced by microbial fermentation or
by the enzymatic hydrolysis of protein. Several microorganisms,
including Streptococcus salivarius ssp. thermophilus, Lactobacillus
helveticus, Lactococcus lactis ssp. diacetylactis, Lactobacillus
delbrueckii ssp. Bulgaricus, and Lactococcus lactis ssp. cremoris,
have been reported for their effective action to produce bioactive
peptides or hydrolysates from natural food sources (109). In
addition to live microbes, lactic acid-bacteria-derived proteolytic
enzymes have also been successfully used for protein hydrolysis
to produce bioactive peptides. Although microbial fermentation
is mainly relevant to the production of peptides from dairy
products, it has been shown that fermentation can also produce
bioactive peptides from beans, wheat, rice, and soy (110–113).

Enzymatic hydrolysis is a more efficient, safe, and reliable
method than microbial fermentation as it takes less reaction
time and is easy to control; additionally, it can be used to
improve the biological and functional properties of proteins
(114). These enzymes catalyze the hydrolysis of peptides bonds
and may act on ester or amide bonds. All proteases have a
certain degree of specificity in their substrate, generally based on
a sequence of amino acids directly surrounding the bond that
is cleaved (115). An extensive variety of bioactive hydrolysates
and peptides have been produced from peanut, corn, soy, whey,
and other protein sources (116–119). A conventional approach
is mostly used to produce and identify the bioactive peptides
(Figure 4). The efficacy of hydrolysates or peptides strongly
depends upon the protein source, pretreatment of protein,
proteases, and other hydrolysis factors, such as time, pH, and
temperature (120). Proteases mainly involve two groups of
enzymes i.e., exopeptidase (acts on amino or carboxyl ends of
protein or peptides) and endopeptidase (acts on the interior
of protein sequence) to break the peptide bonds (121). Most
of the commercially available enzymes used for the production
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FIGURE 3 | Oat-derived bioactive peptides improve blood pressure by targeting RAS.

FIGURE 4 | Conventional approach for processing and purification of bioactive peptides.

of bioactive peptides are derived from animals (e.g., pepsin or
trypsin), microbial (e.g., Alcalase, Flavourzyme, and Neutrase),
and plants (bromelain and papain) origin (122). Apart from
commercial enzymes, some studies reported the crude enzymes
for protein hydrolysis, suggesting the potential application of
novel proteases source to produce bioactive peptides.

Several physical techniques, such as ultrasound, microwave,
and high pressure, have been reported to show favorable effects
on increased hydrolysis and release of potent bioactive peptides

from precursor protein (123). Utilizing these cell disruptive
green extraction techniques has proved to be more effective in
protein recovery with minimum environmental pollution and
also improves the yield, functional, and nutritional properties
of proteins (124). The Ultrasonic waves can disrupt the food
matrix and facilitate the extraction of protein (125). Ultrasound
treatment can also affect the secondary structure of proteins,
which can alter their behavior during enzymatic hydrolysis and
consequently, improve the biological activities of hydrolysates.
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Numerous studies have shown the favorable effects of ultrasound
on protein isolates of oat, corn, sunflower, rapeseed, and whey
protein, as it helped in producing more active hydrolysates
and short peptides, as well as improved the physicochemical
and functional properties of protein isolates (63, 126–129). The
microwave was shown to aid in chia seed proteolysis with
improved bioactivity (antioxidant activity) and functionality
(foaming and emulsifying properties) in a shorter time than
simple enzymatic hydrolysis (130). Similarly, a pulsed electric
field can enhance the antioxidant capacity of pine nuts by
changing the secondary and tertiary structure of pentapeptide
and protein (131). In addition to the above-mentioned isolation
methods, chemical synthesis has also been used to obtain
antioxidant, DPP4, and ACE inhibitory bioactive peptides (47,
64, 62). Most of the oat protein-derived bioactive peptides
and hydrolysates discussed in this review have been produced
using microbial and plant-based enzymes, including Alcalase,
flavourzyme, and papain, while some peptides are produced
by using gastrointestinal enzymes (trypsin and pepsin) as they
mimic normal human digestion (48, 56, 94). However, enzyme–
substrate ratio, degree of hydrolysis, and hydrolysis time are
the important factors that need to be considered during the
enzymatic hydrolysis process.

Purification and Identification of
Bioactive Peptides
Enzymatic hydrolysates need appropriate separation and
purification to evaluate the structure–activity relationship as it
contains a mixture of several bioactive peptides, unhydrolyzed
protein, and polypeptides of different lengths among others.
To evaluate the accurate structure–activity relationship, various
separation and purification techniques, including membrane
separation, size-exclusion chromatography, HPLC, UPLC, and
RP-HPLC, are widely used to get purified bioactive peptides
(132). Ultra-high pressure chromatography (UPLC) is most
suitable to purify the small-sized bioactive peptides. The main
advantages of UPLC include increased resolution, throughput,
and sensitivity (133). Reverse-phase chromatography (RP-HPLC)
is used to separate the peptides based on hydrophobicity (134).
The hydrophilic interaction liquid chromatography (HILIC) is
a useful technique to separate the hydrophilic peptides (135).
In addition, HILIC is a valuable tool to improve the separation
of short peptides and the differentiation of homologous
sequence peptides through mass spectrometry (136). Membrane
separations or ultrafiltration and gel electrophoresis have also
been used as subsidiary approaches for the chemical or structural
configuration of peptides (132, 137). Similarly, electrodialysis
with filtration membrane (EDFM) could fractionate the active
peptides from complex hydrolysates on a molecular charge and
mass basis (138, 139). After a series of isolation and purification
procedures, the peptide’s structure, and composition need to
be identified. It is worth noting that mass spectrometry has
greatly improved the process of studying protein profiles or
hydrolysis products and identifying peptides’ sequence. Liquid
chromatography mass-spectrometry (LC-MS) is most commonly
used in the identification of peptides sequence due to the

advantages of high efficacy, sensitivity, and good reproducibility
(140, 141).

Peptides with antioxidant activity that were obtained from oat
globulin by using alcalase were initially separated and purified
with chromatography, and the most active fraction was applied
to ESI-MS/MS to identify the sequence as FNDILRRGQLL,
IRIPL, FLKPNIT, NSKNFPTL, and LIGRPIIY (54). Similarly,
antidiabetic peptides that were also obtained from the hydrolysis
of oat globulin with trypsin were passed through an ultrafiltration
membrane and further purified on gel chromatography, and the
peptides elute was applied to Nano-LC-ESI-MS/MS for sequence
identification. Two highly active antidiabetic peptides were
identified as LQAFEPLR and EFLLAGNNK (61). Although ultra-
filtration can significantly increase the bioactivity of peptides, this
technique is not enough to get a highly pure product. Besides,
the membrane is easily blocked by raw material, which causes
pollution and the waste of raw material. Different techniques
have some advantages and disadvantages, which make it difficult
to obtain ideal peptides by using only a single technology.
Therefore, the combination of separation techniques can attain
precise classification and separation of peptides mixture to obtain
high pure peptides.

CONCLUSION AND RECOMMENDATION

In summary, oats protein with higher content, unique amino acid
composition, and less environmental impact in sense of land use,
GHG emissions, and carbon footprint is a potential candidate
for developing plant protein-based functional products. Oat
protein with no allergic characteristics is likely to play a
significant role in the meat alternative market over pea and
soy proteins. It can be used to incorporate as a functional
ingredient in various food products or to produce improved
quality yogurt. Besides, the health benefits of oat protein and
peptides make these compounds nutraceutical food additives
in the formulation of functional foods. Enzymatic hydrolysis
is a more efficient and reliable method to produce active
peptides. Oat peptides have been shown to have remarkable
biological activities by targeting specific molecular pathways of
various chronic disorders. These peptides are considered health
improving and disease-preventing agents by functioning as an
antidiabetic, antihypertensive, antioxidant, anti-hypoxia, anti-
fatigue, antithrombotic, and anti-hypercholesterolemia among
others. However, more research should be carried out to
evaluate the bioavailability and interactions of oat peptides
with other food components and body organs to determine
their wellbeing for human consumption. It is also important to
develop and implement strategies to confirm the valorization
of the nutritional and functional potential of oat protein and
peptides for their exploration in the development of marketable
nutraceutical and functional foods.
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Background and Aim: Price, as a key driver of food purchasing, has an important role
in determining the consumer demand. This study is aimed to estimate the effect of food
taxes and subsidies on purchasing patterns of Iranian households (HHs).

Methods: This study was performed in two phases. In phase one, a two-round Delphi
study was conducted to determine and prioritize food-related fiscal policies; and in the
second phase, using the Iranian Household Income and Expenditure Survey (HIES), we
estimated an almost ideal demand system (AIDS) and simulated changes in purchases,
nutrient intake, and consumer welfare under six different policy scenarios: (1) 20%
subsidy on vegetables, (2) 20% subsidy on fruits, (3) 30% subsidy on legumes, (4) 25%
tax on sugar and sweets, (5) 30% tax on sweetened beverages, and (6) 30% tax on
hydrogenated oil and animal fats.

Results: The highest calorie reduction was detected in sugar and sweets tax, which
has resulted in 949.67, 971.68, and 1,148.03 kilocalories decrease in energy intake
per Adult Male Equivalent (AME) in all HHs, low-income HHs, and high-income HHs,
respectively. In terms of welfare changes, high-income HHs will experience a lower
change in welfare (−0.81 to 0.11%) relative to their income when compared with
low-income HHs (−0.88 to 0.28%) due to fiscal policies.

Conclusion: Fiscal policies in Iran can be a potential way to improve dietary choices.
The findings provide essential information for decision makers for the implementation of
food-related fiscal policies.

Keywords: fiscal policy, taxes, almost ideal demand system, Iran, diet

BACKGROUND

Non-communicable diseases (NCDs) have been the most important global health problem over the
last decades and are responsible for almost 40 million deaths each year (equivalent to 70% of all
deaths, globally). The relationship between NCDs and unhealthy foods and drinks’ consumption is
well known. It has been shown that the dietary factors contribute to almost 10% of the global burden
of diseases (1). In response to the growing evidence on the causal relationship between an unhealthy
diet and increased NCDs risk, food and nutrition experts suggest different strategies that can
contribute toward a healthy community, such as promotion of nutrition literacy, controlling food
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products advertising, food labeling, and food-related fiscal
policies through taxation or subsidies (2, 3).

Since the early 1980s, several countries have implemented
taxes on unhealthy foods and beverages, for revenue purposes
and to reduce demand for their consumption (4). Fiscal policies
have also been recommended by the World Health Organization
(WHO) as a proper way to discourage the consumption of
unhealthy foods and beverages (5). Price, as a key driver of food
purchasing, has an important role in determining the consumer
demand. Previous studies in real-world environments indicated
that people tend to reduce their consumption of unhealthy foods
as prices increase (6). To guide policy-making, research has an
important role in estimating the likely impact of such fiscal
policies on changes in household (HH) diet. A large number
of recent studies have concentrated on estimating the impact of
price changes on the demand for certain food categories, such as
sugar-sweetened beverages (SSBs) (7, 8), saturated fats (9), and
fruit and vegetables (10, 11).

One criticism commonly stated about food-related fiscal
policies is that HHs in low- and middle-income countries would
pay a greater percentage of their income on food and evidence
from high-income countries may not be directly applicable to
middle- and low-income countries (12). Alagiyawanna et al.
conducted a systematic review to study the different outcomes
of fiscal policies in countries of different income classifications.
The results of their study supported previous findings that fiscal
policies can have an impact on healthy food consumption; it
also highlights the lack of enough evidence in low- and middle-
income countries in this regard (13).

In Iran, since 2012, the annual average rate of food inflation
has been over 29% (14). Previous studies conducted in the
country have mainly focused on price increases and their impact
on changes in HH welfare (15–17). To the best of our knowledge,
health-related targeted food taxes and subsidies have not been
studied so far. Thus, the aim of this study was to estimate the
effects of targeted food taxes and subsidies on the food purchasing
patterns of Iranian HHs.

MATERIALS AND METHODS

This study was performed in two phases. In phase one, policy
options for food taxation or subsidizing were prioritized; and in
the second phase, the effects of pricing policy on different income
groups were evaluated using the existing data.

Phase 1: Food Tax and Subsidy
Scenarios
This qualitative study was conducted from May to November
2021 using the Delphi approach. A Delphi study was performed
on a panel that consisted of Iranian researchers who had
published on food-related fiscal policies, health managers, and
other experts in health and nutrition policy-making. Twenty-
seven participants took part in this two-round Delphi study. The
general characteristics of the participants are presented in the
Supplementary Table 1. In the first round, the main question
asked through the Delphi phases was “considering health issues,

what food items or groups are appropriate and have the highest
priority to be taxed or subsidized in Iran?”

As an indicator of consensus, the quantitative summary
[mean, standard deviation (SD), median, and mode] of responses
was calculated. A second questionnaire was created with the
policy options proposed by the participants. Following that, the
questionnaire was sent to all participants in case they wanted
to change their opinion regarding the quantitative information
of each policy option. Eventually, according to the consensus
(mode) of responses, three tax scenarios and three subsidy
scenarios were selected, which were as follows: (1) 20% subsidy on
vegetables, (2) 20% subsidy on fruits, (3) 30% subsidy on legumes,
(4) 25% tax on sugar and sweets, (5) 30% tax on SSBs, and (6) 30%
tax on hydrogenated oil and animal fats. In the second round,
the panel was asked to rate policy options with regard to six
factors (impact of policy option on health, chance of stability,
implementation feasibility, implementation costs, acceptance by
authorities, and acceptance by authorities society) on a 5-point
Likert scale (1 = very low, 2 = low, 3 = moderate, 4 = high,
and 5 = very high). Data were analyzed using basic descriptive
statistical tests and expressed as mean and SD. In addition, the
highest mean indicated an option has high priority.

Phase 2: Evaluating Food Price Policy
Effect
In this phase of the study, data from Iran’s Households
Income and Expenditure Survey (HIES) that is being carried
out annually by the Statistical Centre of Iran were utilized.
HIES provides information on an HH’s living conditions and
income/expenditure patterns. In the present study, we used
data from 1990 to 2021. The sample size in this study at the
national level was 927,680 HHs. In order to examine the pricing
policy effects on different income groups, we created three sub-
samples using the tertile of the HH income distribution, where
lower tertile refers to HHs with lower income and likewise
for higher tertile.

Demand Model
The Almost Ideal Demand System (AIDS) of Deaton and
Muellbauer (18) by the method of seemingly unrelated
regressions (SURs) was applied to estimate demand parameters
for food groups. The AIDS model allows us to predict the
potential demand response to changes in prices. All estimations
were carried out using Eviews Software version 10 and Microsoft
Excel 2010. The model is specified as follows:

wi = αi +6γijlnpj + βiln(Mti/P)+ tid

Where wi is the food or beverage expenditure share for food
or beverage group i; pj is the unit value for food or beverage j;
Mti is real HH income; d is the family size, and P is the stone
price index, defined as follows:

lnP =
n∑

i = 1

wi + ln pi
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Marshallian and Hicksian price elasticities of the demand for
the food groups were calculated using the following equations:

ε = −δij +
γij

wi
− βi(

wj
wi

)

ε = −δij +
γij

wi
+ wj

Where ε is the price elasticity of the food or beverage category,
δ equals 1 if it is own-price elasticity and 0 if cross-price elasticity,
w is the mean expenditure share of food or beverage, βi is
the estimated parameter of the log real income, and γij is the
estimated parameter associated to the unit value of the food or
beverage category. Additionally, the welfare change to consumers
is estimated using the compensating variation (CV) measure,
reflecting the income an HH needs to receive in order to return to
the original utility level after a price change. Hicksian elasticities
were used to calculate the CV as an established approach in the
literature (19):

4lnc = 6iwi4lnpi + 1/26i6jwiεij4lnpi4lnpj

Change in Dietary Pattern
The 2020–2021 HIES data were applied to estimate the impact
of food-related fiscal policies on the percent changes in HH
purchases and also the amount of calorie and nutrient intake. The
total sample size was 37,557 HHs. We determined the change in
monthly intake of foods (e.g., amount of fruits and vegetables)
and nutrients (e.g., carbohydrates and saturated fat) for each tax
and subsidy scenario, using price elasticity data. Since data on the
HH food basket were collected for the HHs as the sampling units,
they were converted into individual amounts. The estimates were
calculated per Adult Male Equivalent (AME) unit per month.
AME is the ratio of the energy requirement of an HH member
of a particular age and gender to the energy requirement of an
adult male aged 18–30 years with moderate physical activity as
recommended by the Food and Agriculture Organization (FAO)
and WHO (20). In the present study, the total AME of the HH
was calculated; then, the amount of each food item was divided by
the total AME of the HH. Since purchased food is partly wasted,
the real amount of the consumed foods was estimated based on
the FAO-recommended waste percentage for each food group

in the consumption phase (21). Food analyses were performed
using the Nutritionist IV software, and the AME of the energy
and nutrient intake were calculated manually.

RESULTS

Table 1 shows the policy options prioritized by the expert panel.
The panel suggested that subsidizing vegetables had the greatest
impact on health (mean score = 4.18) and acceptance by society
(3.85), with the greatest implementation cost (3.88). In regards to
“implementation feasibility” and “acceptance by the authorities,”
the tax on sweetened beverages had the highest agreement.
Furthermore, taxation of hydrogenated oil and animal fats was
considered to have the highest chance of stability (3.37).

Table 2 presents the descriptive statistics for the all HHs, low-
income HHs, and high-income HHs defined as the first and third
tertiles of the HH annual income distribution, respectively. The
average age of the HH heads age was 51.87 years, while 85% of the
HHs were male-headed, and the average HH size was about 3.43
people. Moreover, it is noted that low-income HHs had a mean
income of 24,129.42 thousand Rials per month, whereas the mean
income of high-income HHs was 68,802.3 thousand Rials/month.

Table 3 provides descriptive statistics on the 11 food categories
for both total HHs and sub-samples by HH income. We report
unit value (in thousand Rials), purchase quantity [in kilograms
or liters (kg or L)], and budget share (% of income). Cereals
in all groups have the highest budget share and quantity. In
addition, red meat and vegetables have the highest and lowest
unit prices, respectively. It has been observed that high-income
HHs purchase more on every food group (except hydrogenated
oils and animal fats), pay higher unit values, and spend a smaller
share of their budget than low-income HHs.

Estimated Marshallian own- and cross-price elasticities are
presented in the Supplementary Tables 2–4. Based on the
Marshallian elasticities, the variations in purchases due to each
fiscal policy for each food group were computed. The percent
changes for all food groups are reported in Table 4. According
to the table, legumes are more price elastic as compared to other
targeted food groups in all groups (−1, −0.97, and −1.08 for all
HHs, low-income HHs, and high-income HHs, respectively). The
strongest demand responses were observed in policy 3, which
would lead to an overall purchase increase of 30.24, 29.37, and

TABLE 1 | The mean (SD) scores of the prioritization criteria for each policy.

Impact on
health

Chance of
stability

Implementation
feasibility

Implementation
costs

Acceptance by the
authority

Acceptance by
the society

Subsidy scenarios 20% on vegetables 4.18 (0.78) 2.4 (0.84) 2.37 (0.83) 3.88 (1.01) 1.92 (0.78) 3.85 (0.98)

20% on fruits 4 (0.73) 2.62 (0.88) 2.55 (1) 3.59 (1) 2.07 (0.67) 3.81 (0.78)

30% on legumes 3.88 (0.75) 2.52 (1.04) 2.25 (0.81) 3.74 (0.94) 2.18 (0.87) 3.74 (1.2)

Tax scenarios 25% on sugar 3.88 (0.84) 2.88 (0.84) 3.55 (1.08) 2.77 (0.75) 3.18 (1.07) 2.66 (1)

30% on sweetened
beverages

3.66 (0.91) 2.62 (1) 3.96 (1.05) 2.4 (0.79) 3.33 (1.07) 2.81 (0.92)

30% on
hydrogenated oil
and animal fats

3.7 (0.86) 3.37 (1.04) 3.55 (1.15) 2.77 (1.08) 2.96 (1.02) 2.25 (1.1)

A 5-point Likert scale (1 = very low to 5 = very high) was used for scoring. SD, standard deviation.
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TABLE 2 | Household descriptive statistics.

All HHs Low income
HHs

High income HHs

Household
head’s age

51.87 (15.28) 54.4 (16.88) 47.73 (13.35)

Household
head’s
education
(illiterate %)

20.35 32 9.37

Female
household
head (%)

14.7 21 4.2

Household size 3.43 (1.44) 3.29 (0.51) 3.95 (0.81)

Households
income
(thousand rials)

39710.16
(48835.92)

24129.42
(17417.82)

68802.3 (57439.2)

HHs, households. Standard deviations (SDs) are in parentheses.

32.47% of legumes in all, low-income HHs, and high-income
HHs, respectively. Whereas the weakest responses were detected
in policy 1, that as a result, the overall purchase of vegetables
would increase by 7.49, 5.5, and 9.63%, respectively, for the all,
low-income HHs, and high-income HHs.

Table 5 shows the percentage changes in HH purchases
converted to calorie and nutrient intake per AME per month.
All policies affect the amount of nutrients intake. For example,
all subsidy policies increased energy and dietary fiber intake in
all groups. The sweetened beverage tax produced 144.23, 450.04,
and 977.94 kilocalories decrease in energy intake per AME in all,
low-income HHs, and high-income HHs, respectively. The sugar
and sweets tax gave a notable reduction in sugar intake (235.13,
292.35, and 301.17 g per AME per month in all, low-income HHs,
and high-income HHs, respectively; Table 5).

A comparison of the welfare change (measured by CV)
is presented in Table 6 in both thousand Rials and as a
percentage of HH income. The welfare benefits of subsidy policies
(policy 1–3) for households were 254.52, 308.28, and 140.7
thousand Rials per month, respectively (0.64, 0.77, and 0.35%
of income). In addition, the welfare costs of tax policies (policy
4–6) for HHs were 66.78, 43.26, and 60.9 thousand Rials per
month, respectively (0.16, 0.1, and 0.15% of income). There is
heterogeneity in the welfare changes of policies between low-
and high-income HHs. In terms of welfare changes, high-income
HHs will experience a lower welfare cost due to tax policies
relative to their income (0.09–0.11% vs. 0.14–0.28%). In addition,
in subsidy policies, low-income HHs receive a larger welfare
benefit as a share of their income as compared to high-income
HHs (−0.46 to−0.88% vs.−0.28% to−0.81%; Table 6).

DISCUSSION

This study modeled the suggested food-related fiscal policies
by experts on food demand in Iran. According to the experts,
subsidy policies would have a greater impact on health, but a
lower chance of stability, whereas these policies would have a
higher possibility of acceptance by the society. Since subsidies

impose a lot of costs on the government, it is expected that they
have a lower chance of acceptance by authorities. A 2020 study by
Blakely et al. raised concern that there are multiple considerations
regarding fiscal policies, such as political and social acceptability
and costs of any tax or subsidy (22). To the best of our knowledge,
this is the first study that has been subjected to such a process to
determine the most appropriate food-related fiscal policy.

We estimated a set of elasticities to simulate percent changes,
nutrient intake, and welfare losses (or gains) under different
policy scenarios. Our estimations are based on the all HHs, as
well as HHs of first and third income tertiles, recognizing that
HHs in different tertiles may have different preferences. The low-
income HHs in our sample are less price responsive (except
for sugar and sweets and sweetened beverages) than the high-
income HHs, and so the changes in their demands were less than
those of the high-income HHs. This may be because low-income

TABLE 3 | Food group statistics by household income group.

Unit value
(thousand rials)

Share (%) Quantity
(kg/liter)

All HHs

Cereals 59.59 7.01 46.95

Un-hydrogenated vegetable oils 128.69 0.69 2.13

Hydrogenated oils and animal fats 209.99 0.66 1.27

Red meat 746.76 3.41 1.82

White meat and eggs 209.91 3.85 7.7

Dairies 83.42 2.14 10.24

Sugar and sweets 111.72 0.99 3.56

Fruits 94.28 3.32 13.95

Vegetables 48.66 2.9 23.78

Legumes 228.81 0.9 1.57

Sweetened beverages 50 0.41 3.3

Low income HHs (tertile 1)

Cereals 46.2 9.99 52.04

Un hydrogenated vegetable oils 122.64 0.97 1.92

Hydrogenated oils and animal fats 166.74 1.03 1.5

Red meat 658.98 3.52 1.29

White meat and eggs 189 5.44 7.23

Dairies 76.86 2.86 9.05

Sugar and sweets 107.1 1.61 3.63

Fruits 78.96 3.63 11.55

Vegetables 45.36 4.17 21.98

Legumes 214.2 1.25 1.41

Sweetened beverages 48.76 0.57 2.78

High income HHs (tertile 3)

Cereals 69.3 5.31 58.13

Un hydrogenated vegetable oils 133.56 0.5 2.87

Hydrogenated oils and animal fats 262.06 0.49 1.46

Red meat 769.44 3.21 3.19

White meat and eggs 231 2.96 10.3

Dairies 88.62 1.7 14.69

Sugar and sweets 116.34 0.67 4.42

Fruits 108.36 2.99 20.74

Vegetables 51.24 2.19 32.29

Legumes 240.24 0.68 2.16

Sweetened beverages 51.66 0.34 5.24

HHs: households. Unit values are expressed in Thousand Rials. Quantities are
measured in kg or L depending on each food group. Shares represent the fraction
of the total income (%).
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TABLE 4 | Percentage change in household purchases due to fiscal policies.

Policy
1

Policy
2

Policy
3

Policy
4

Policy
5

Policy
6

All HHs

Cereals 0.92 0.46 −0.71 0.55 −0.35 0.52

Un-hydrogenated −1.81 −1.06 3.5 1.58 0.97 1.56

vegetable oils

Hydrogenated oils 1.14 1.12 1.07 −1 −0.78 −27

and animal fats

Red meat −0.46 −0.41 2.49 0.43 0.46 −2.92

White meat and eggs 2.28 −0.46 2.12 −1.51 2.34 0.62

Dairies −0.67 −2.46 0.26 1.32 1.88 0.005

Sugar and sweets −2.11 −2.59 −0.12 −18.7 −3.52 −2. 8

Fruits −0.95 13.07 0.6 −0.86 1.39 −0.79

Vegetables 7.49 6.45 −1.37 −3.14 1.47 −1.2

Legumes 1.4 −3.25 30.24 −1.66 1.89 0. 8

sweetened beverages 2.75 2.87 0.42 1.18 −13.8 −2.44

Low income HHs (tertile 1)

Cereals 1.31 0.72 −1.22 0.77 −0.48 1.19

Un hydrogenated −1.03 −0.96 −0.82 −1.15 2.78 1.66

vegetable oils

Hydrogenated oils 2.11 1.78 4.45 2.04 −2.73 −14.69

and animal fats

Red meat 2.46 2.83 1.23 −0.93 2.66 −2.31

White meat and eggs 1.77 0.47 0.92 0.96 −0.97 −0.39

Dairies −2.56 −2.54 1.8 2.12 −1.06 −0.79

Sugar and sweets −1.74 0.83 0.18 −23.78 −1.49 0.38

Fruits 3.97 13.43 1.88 −1.96 −1.52 −2.31

Vegetables 5.5 2.81 2.97 −0.85 0.33 −1.31

Legumes 3.85 4.97 29.37 −0.33 1.53 −3.84

Sweetened beverages 0.97 1.5 −4.48 3.54 −17.76 −1.48

High income HHs (tertile 3)

Cereals 0.1 −0.59 0.13 −0.01 0.33 0.9

Un hydrogenated −0.53 1.52 1.53 2.95 −4.5 5.61

vegetable oils

Hydrogenated oils 2.07 2.32 2.81 2.1 −0.87 −31.87

and animal fats

Red meat −1.97 0.16 −2.25 −0.44 −1.79 −2.81

White meat and eggs 0.14 0.94 −2.45 0.21 0.22 −1.51

Dairies 2.63 0.02 3.35 −1.64 −1.97 1.4

Sugar and sweets 1.83 −0.62 1.78 −21.6 −4.89 0.56

Fruits −3.31 20.62 −0.06 −0.71 −3.22 −2.73

Vegetables 9.63 −0.47 −2.19 −0.41 0.51 0.76

Legumes 2.75 −0.01 32.47 3.22 −2.9 5.37

Sweetened beverages 1.39 1.67 −0.61 −2.03 −13.2 −2.7

HHs: households. Each policy is defined in Table 1. Underlined estimates differ
significantly from 0 at the 5% significance level.

families devote a large percentage of their budget to these food
categories (35.04%) rather than high-income families (21.04%).
As a comparison, Caro et al. found that low-income HHs report
a lower own-price elasticity for the majority of food categories
except for sweets and snacks (10). Moreover, Caro et al. in
another study reported that SSBs, sweets and desserts, and salty
snacks are more elastic for low-income HHs when compared with
high-income HHs (23).

For understanding the health implications of these policies,
we converted the percent changes in HH purchases into calorie
and nutrient intakes per AME per month. Consistent with the
Cobiac et al’s study (24), our results showed that tax policies
decreased calorie intake and subsidy policies increased it. Among
all the tax policies, sugar and sweets taxation was the most likely
policy to lower calorie intake in the all HHs and among low-
and high-income HHs. As expected, subsidy on fruits, vegetables,
and legumes increased dietary fiber intake. The hydrogenated
oil and animal fat tax reduced saturated fats, and the sugar and
sweetened beverages tax reduced sugar intake. In addition, we
found that some food taxes and subsidies could have unintended
substitution effects, where, for example, a legumes subsidy might
increase saturated fat consumption and limit health gains, or
even cause harm. In previous simulation studies, it was shown
that when food-related fiscal policies were implemented, some
deleterious substitutions were expected, but the net health
benefits were still high (22, 25).

In the present study, CV was used to estimate the costs of
policies. As a result, the subsidy on the fruits was the most costly
for the government (308.28 thousand Rials per HH as an indirect
transfer to HHs). In absolute terms, we found that low-income

TABLE 5 | Change in nutrient intake per AME per month.

Policy
1

Policy 2 Policy 3 Policy 4 Policy 5 Policy 6

All HHs

Kilocalories (kcal) 538.48 509.21 685.03 −949.67 −144.23 −933.12

Carbohydrate (gr) 113.34 136.75 9.34 −248.42 −77.33 −5.45

Protein (gr) 30.48 13.49 43.18 −6.75 10.25 6.12

Fat (gr) −2.18 2.47 53.84 0.48 9.75 −115.15

Saturated Fat (gr) 1.04 0.41 8.06 −1.14 1.72 −21.86

Sugar (gr) −14.92 27.77 6.5 −235.13 −39.89 −39.94

Vitamin C (mg) 60.31 224.39 2.8 −39.45 22.05 −22.85

Dietary Fiber (gr) 11.36 15.02 16.36 −3.38 2.49 0.36

Low income HHs (tertile 1)

Kilocalories (kcal) 935.29 1348.41 276.26 −971.68 −450.04 −245.55

Carbohydrate (gr) 177.11 287.33 −30.18 −273.04 −105.11 91.71

Protein (gr) 38.91 41.31 26.95 9.36 −8.63 4.77

Fat (gr) 13.65 13.48 32.11 −0.89 2.49 −72.06

Saturated Fat (gr) 3.36 2.86 6.5 0.71 −0.9 −14.22

Sugar (gr) −1.1 55.68 21.13 −292.35 −29.03 −7.61

Vitamin C (mg) 89.61 165.94 49.11 −25.16 −22.98 −39.43

Dietary Fiber (gr) 14.41 18.68 16.49 0.55 −1.55 −0.9

High income HHs (tertile 3)

Kilocalories (kcal) 665.89 795.11 959.63 −1148.03 −915. 4 −420.48

Carbohydrate (gr) 126.95 128.06 108.13 −361.96 −105.36 110.97

Protein (gr) 15.1 10.94 34.28 −17.3 −2.5 9.98

Fat (gr) 5.66 40.3 37.31 33.34 −52.31 −106.91

Saturated Fat (gr) 1.07 5.67 4.31 4.24 −6.21 −24.21

Sugar (gr) 35.28 125.7 35.23 −301.17 −92.81 −1.35

Vitamin C (mg) 54.07 375.77 −15.8 −18.6 −63.12 −39.1

Dietary Fiber (gr) 12.67 16.56 22.34 1.15 −3.25 6.3

HHs: households. Each policy is defined in Table 1. Underlined estimates differ
significantly from 0 at the 5% significance level.
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TABLE 6 | Households welfare change (compensated variation as % of income and Thousand Rials per month) due to price changes.

All HHs Low income HHs High income HHs

% of income Thousand Rials % of income Thousand Rials % of income Thousand Rials

Subsidy scenarios 20% on vegetables −0.64 −254.52 −0.88 −214.2 −0.5 −347.76

20% on fruits −0.77 −308.28 −0.85 −206.64 −0.81 −561.54

30% on legumes −0.35 −140.7 −0.46 −111.72 −0.28 −196.14

Tax scenarios 25% on sugar and
sweets

0.16 66.78 0.28 68.46 0.11 78.96

30% on sweetened
beverages

0.1 43.26 0.14 34.86 0.09 64.26

30% on hydrogenated
oil and animal fats

0.15 60.9 0.25 62.58 0.11 79.8

HHs: households. Positive values denote welfare losses, whereas negative values denote welfare gains. Underlined estimates differ significantly from 0 at the 5%
significance level.

HHs experience the largest relative welfare loss and gain (as a
share of income) for tax and subsidy policies, respectively. The
results of the current study confirm those of Zhen et al. (26) who
found that the amount of compensation to erase direct welfare
loss from increasing the price of sugar-sweetened beverages
is much greater for low-income HHs in the United States.
Evidence from Chile also indicates tax policy will result in a
lower welfare cost for high-income HHs when compared with
low-income HHs, relative to their average monthly income (10).
Thus, welfare changes across socioeconomic subgroups depend
not only on the price elasticity of demand but also on the initial
level of consumption.

This study has a number of limitations. First, As noted in
other studies (10, 23), we only examined the demand for foods
and beverages and did not consider other substitutions and
income effects beyond these purchases. Second, the data did
not allow us to further separate food items, (e.g., whole grains
from other cereals). Third, we examined the food-related fiscal
policy effect on purchasing patterns and nutrient intake but
did not consider the health impact of the policies. Fourth, we
assumed that price changes would be fully passed onto the
consumers, if it was not fully (but partially) passed onto them,
the welfare changes from the policies would be undermined.
The main strength of our study was using AME to calculate
calorie and nutrient intake, as well as FAO estimates of waste
percentages in order to be close to the real consumption
rates of the individuals and to avoid possible underestimation
and overestimation.

CONCLUSION

As fiscal policies are increasingly gaining policy makers’ attention
to promote healthier purchases, our estimates provide essential
information for decision makers for the implementation of such
policies. Our results indicated that the demand responses to the
price policies that we have studied were strongest for legumes and
weakest for vegetables in all, low-income HHs, and high-income
HHs. Panelists also agreed that subsidies for vegetables would
have the greatest impact on health and would have the greatest

likelihood of being accepted by society, as well as being the most
expensive to implement. Moreover, we found that low-income
HHs experience the largest relative loss and gains in welfare (as a
share of income) in response to taxes and subsidies, respectively.
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Cancer is a severe condition characterized by uncontrolled cell division and increasing

reported mortality and diagnostic cases. In 2040, an estimated 28.4 million cancer cases

are expected to happen globally. In 2020, an estimated 19.3 million new cancer cases

(18.1 million excluding non-melanoma skin cancer) had been diagnosed worldwide,

with around 10.0 million cancer deaths. Breast cancer cases have increased by 2.26

million, lung cancer by 2.21 million, stomach by 1.089 million, liver by 0.96 million,

and colon cancer by 1.93 million. Cancer is becoming more prevalent in Pakistan,

with 19 million new cancer cases recorded in 2020. Food adulteration, gutkha, paan,

and nutritional deficiencies are major cancer risk factors that interplay with cancer

pathogenesis in this country. Government policies and legislation, cancer treatment

challenges, and prevention must be revised seriously. This review presents the current

cancer epidemiology in Pakistan to better understand cancer basis. It summarizes

current cancer risk factors, causes, and the strategies and policies of the country

against cancer.

Keywords: cancer epidemiology, healthcare policy, health services, burden of disease, food adulteration

INTRODUCTION

Cancer is one of the arduous diseases in which the entry and spread of irregular cell development
to other body regions occur. Cancer signs and symptoms depend on cancer grade and type. There
are many causes of cancer in which, mostly inherited genetic abnormalities (such as BRCA1 and
BRCA2 mutations) (1), infections (2), environmental factors (such as air pollution) (3), and bad
lifestyle choices (such as smoking and high alcohol use) (4), may damage DNA and cause cancer.
Fatigue, weight loss, skin changes, unusual bleeding, persistent cough, fever, lump, and tissue mass
are the common symptoms of this disease (5). Different drug strategies have been developed to
treat cancer in different conditions (6). Carcinoma affects the skin, lungs, breast, pancreas, and
other organs. Sarcoma is a kind of cancer that affects the joints, muscle, fats, arteries, collagen, and
other collagenous tissues of the body. Melanoma occurs in cells that make pigments in the skin (7).
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Lymphoma is a cancer of lymphocytes and leukemia occurs in
the blood. Breast, leukemia, lips, and oral void space cancer are
the top 3 tumors in all age groups and gender (8). According
to Shaukat Khanum Memorial Cancer Hospital and Research
Center Lahore (SKMCH&RC) (9), the three most common
cancers among young women are breast, ovary and uterine
adnexa, and lip and oral hollow space cancers (9).

The threemost common cancers among adult men are genital,
intestine canal/anus, and lip and oral hollow space cancers (9).
The most common cancers in adults, regardless of gender, are
malignant neoplasms of the chest (10), lips and mouth (11),
and intestine canal/anus (12). Non-Hodgkin lymphoma (NHL)
and Hodgkin lymphoma (HL) are the most frequent cancers in
children (13). NHL in children may occur at any age, although
it is more frequent in younger children. Adolescents are more
likely to get HL (13). In children, there is no recognized cause
of lymphoma. Young males with the least frequently diagnosed
cancers are stomach, prostate, and mouth (14), while mature
girls are commonly diagnosed with chest, cervical, and intestine
canal/anus cancers (15).

The 8th edition of the American Joint Committee on
Cancer staging recommendations, Tumor nodes and metastasis
(TNM), classifies malignancies into four stages from 0 to 4 and
unstageable and no longer acceptable tumors, according to those
of unstageable tumors to all publicly available cancer websites
and registry (16). According to the reports, 0.8% of the 6,291
analytical cases were assigned to stage 0, 12.9% to stage-I, and
27.2% to stage II. There were 25.4% in stage III and 18.2% in stage
IV, with 10.2% getting no level and 5.3% implacable (9).

Mechanisms of Cancers
The cancer spreads as the normal processes that govern cell
activity fail. A single mobile is becoming the father of many cells
with unusual abilities or behaviors. It is often the result of cells
accumulating genetic damage over time. Sustained proliferative
signaling (17), cell death resistance (18), invasion and metastasis
activation (19), and angiogenesis induction (20) are substitutes

Abbreviations: Brca1, breast cancer gene-1; Brca2, breast cancer gene-2;

SKMCH&RC, Shaukat Khanum Memorial Cancer Hospital and Research Center;

NHL, Non-Hodgkin lymphoma; HL, Hodgkin lymphoma; TNM, tumor nodes and

metastasis; WCRF, World Cancer Research Fund; SLT, severe lung tumors; IDA,

International Development Association; PNNSKR, Pakistan National Nutritional

Survey Key Report; NCR, National Cancer Registry; NPFPPH, National Program

for Family Planning and Primary Health Care; PAEC, Pakistan Atomic Energy

Commission; HRDP, Human Resource Development Program; CCHRC, Cancer

care hospital and research Centre Pakistan; CCFPT, Children Cancer Foundation

Pakistan Trust; CCH, Children Cancer Hospital, Pakistan; NCDBP, National

Cancer Data Base Pakistan; PSCO, Pakistan Society of Clinical Oncology; NHSRC,

National Health Services Regulations and Coordination; PHRC, Pakistan Health

Research Council; HRCP, Human Rights Commission Pakistan; PCCWS, Pakistan

Cancer Care Welfare Society; PIMS, Pakistan Institute of Medical Sciences; SOS-

PK, Surgical Oncology Society of Pakistan; NAP-NCD, National Action Plan

for Non-Communicable Disease Prevention, Control, and Health Promotion in

Pakistan; NCD, non-communicable diseases; SROs, statutory regulatory orders;

NMSC, non-melanoma skin cancer; GLOBACAN, global cancer incidence,

mortality and prevalence; IARC, International agency for research on cancer;

AICR, American Institute of cancer research; PG, pyogenic granuloma; TNF,

tumor necrosis factor; CYP, cytochrome P450; GST, glutathione S-transferase;

WRA, women of reproductive age.

for cancer (21, 22). Figure 1 shows how most cells inside an
individual are vulnerable to DNA damage. An individual’s cells
usually grow and divide in a highly controlled way known as
a mobile cycle throughout their lives (23). It helps tissues to
mature but also live a healthy life. Until a mobile phase cell
divides, it must replicate its DNA (and hence its genetic code)
so that each daughter cell has DNA equivalent to the parent cell.
DNA replication is a complicated process prone to sequencing
errors (24).

Cells are constantly found to have elements that could harm
DNA (25). Exogenous factors, such as rays or chemicals in
cigarette smoke, and endogenous indicators, such as free radicals
or toxic metabolites, are present in the body (26). A carcinogen
is a chemical or agent capable of producing cancer, even if
not all cancer-causing substances destroy DNA immediately
(27). Endogenous defensive mechanisms are less effective due to
inherent genetic abnormalities, excessive amounts of exposure
to external cancer-causing chemicals, and endogenous elements
that damage DNA integrity (27). Unsuitable nutrients over the
whole basis represent a disordered dietary microenvironment at
the cell level. This can lead to an environment that encourages
the buildup of DNA damage and, as a result, the development of
cancer stated to the World Cancer Research Fund (WCRF) (22).

GLOBAL BURDEN OF CANCER

Cancer is the leading killer, with more than 10 million deaths
in 2020 (28, 29). According to the cancer statistics 2020 (29),
breast cancer (2.26 million cases) (29), lung cancer (2.21 million
cases) (29), intestine and rectum cancer (1.93 million cases),
prostate cancer (1.93 million cases), carcinoma (1.20 million
cases), and stomach cancer (1.20 million cases) are the most
common cancers in the United States in 2020 (in terms of new
cases; 1.09million cases) (29). The shortage of oxygen in the body
is the leading cause of cancer mortality. Breast cancer has affected
almost 2.3 million people worldwide in 2020, including 0.685
million fatalities (30). The new cases and deaths are presented in
Table 1.

Cancer Situation in Pakistan
International Agency for Research on Cancer (IARC) has
reported in Pakistan that the proportion of newly diagnosed
cancers is 0.18 million, the number of cancer fatalities is 0.11
million, and the number of prevalent cases (5 year) is 0.32 million
(31). In Asia, Pakistan regionally represents the most significant
breast cancer rate (32). Breast cancer has grown increasingly
frequent in Pakistan, with one out of nine women now having
a lifetime risk of the disease (33). Pakistan has one of the highest
breast cancermortality rates globally (34). Lips andmouth cancer
is the 2nd most frequent malignancy in Pakistan and the top
among males when both genders are included (15.9%) (35). The
increased usage of smokeless tobacco, such as areca nut, can
increase the burden of severe lung tumors (SLT) (36). SLT is a
collection of over 30 low and high-toxic substances (37). The list
of cancers, number of deaths, and new cases in Pakistan in 2020
are presented in Table 2.
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FIGURE 1 | The different mechanisms of cancer and its progression.

TABLE 1 | New cases and deaths for different types of cancer worldwide. (Data

have been acquired from Global Cancer Statistics 2020).

Cancer type New cases (% of all sites) Death (% of all sites)

Number %age Number %age

Gastrointestinal 3,573,928 18.5 2,228,749 22.4

Leukemia 474,519 2.5 311,594 3.1

Melanoma of skin 1,198,073 6.2 63,731 0.6

Brain/Nervous system 308,102 1.0 99,840 1.0

Pulmonary cancer 2,707,406 14.7 2,019,937 20.3

Genitourinary 4,017,064 21 1,548,189 15.6

Liver cancer 1,401,450 7.3 1,296,183 13

Mouth/Oral cavity cancer 431,296 2.3 167,235 2.0

Breast cancer 2,261,419 11.7 684,996 6.9

Multiple myeloma 176,404 0.9 117,077 1.2

Mesothelioma 30,870 0.2 26,278 0.3

Hodgkin lymphoma (HL) 83,087 0.4 23,376 0.2

Mesothelioma 30,870 0.2 26,278 0.3

Kaposi sarcoma 34,270 0.2 15,086 0.2

Others 2,564,031 1,329,584

Sum of all sites 19,292,789 9,958,133

POTENTIAL RISK FACTORS OF CANCER
IN PAKISTAN

Diet and Nutrition
Malnutrition was common among advanced cancer patients (38).
The nutritional deficiency was linked to poor clinical outcomes
(38). According to numerous studies, poor nutrition is prevalent

TABLE 2 | New cancer cases and death for different types of cancer in Pakistan

(Data have been acquired from Global Cancer Statistics 2020).

Cancer type New cases (% of all sites) Death (% of all sites)

Number %age Number %age

Gastrointestinal 23,220 14.87 21,077 18.08

Leukemia 8,305 4.7l 6,261 5.3

Melanoma of skin 502 0.28 290 0.25

Brain/Nervous system 4,770 2.7 3,934 3.4

Pulmonary tract cancer 19,008 10.61 14,488 12.31

Genitourinary 25,241 11.35 11,026 9.46

Liver Cancer and

Gallbladder

8,372 4.7 7,739 6.6

Mouth/Oral cavity cancer 20,620 10.01 11,761 10.07

Breast cancer 25,928 14.5 13,725 11.7

Multiple myeloma 1,978 1.1 1,726 1.5

Mesothelioma 41 0.02 34 0.03

Non and Hodgkin

lymphoma (NHL)

8,305 4.63 4,550 4.36

Mesothelioma 41 0.02 34 0.03

Kaposi sarcoma 77 0.04 51 0.04

Others 31,980 – 20,453

Sum of all sites 178,388 – 117,149 –

among cancer patients, with rates ranging from 31 to 97%
(39–42). Malnutrition can result in impaired immunity (43),
higher infection rates (44), inadequate reaction and endurance
for therapy (45), higher healthcare costs (46), worse quality of life
(47), and shorter survival durations (48).
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FIGURE 2 | Nutrient intake and cancer prognosis.

Dietary Consumption
Cereals continue to be the mainstay of the Pakistani diet,
accounting for 62% of total energy (49). Pakistan has a high
level of dietary patterns compared to other Asian countries
(50). However, there is a lack of diet quality and fish and
meat consumption (51). Fruit and fresh vegetables, which are
sensitive to local seasonal availability, are similarly limited
due to the country’s lack of established marketing facilities.
Micronutrient deficiency disorders in Pakistan are likely to be
caused by fluctuations in the availability of these essential foods
(52). Figure 2 shows the link between dietary consumption
and cancer.

A healthy diet rich in fruits and vegetables has been related
to a decreased risk of cancer. Consumption of vegetables
reduces cancer risk, according to American Institute of Cancer
Research (AICR) (53). As a result, it is assumed that vegetables
contain chemopreventive chemicals. Isothiocyanates and myo-
inositol have been the emphasis. Isothiocyanates, found as
glucosinolates in green vegetables like mustard, cabbage, lettuce,
radish, and cauliflower, seem plentiful (54). Beans, cereals, and
nuts all contain myo-inositol (55). These compounds inhibited
the enzymatic activity of 4-(N-Methyl-N-nitrosamine)-1-(3-
pyridyl)-1-butanone (56, 57).

Epidemiological and experimental studies indicate that
Brussels sprouts, kale, broccoli, and cabbages have anticancer
properties (58). Sulforaphane, a phytochemical found in
cruciferous vegetables such as broccoli, Brussels sprouts,
sorghum and cabbage, has anticancer characteristics (58, 59).

Cabbage has antioxidant and anti-inflammatory properties
that could help prevent cancer (60). Foods that increase the
bioavailable content of non-heme iron and alternative treatments
for cancer patients can all benefit from fresh cabbage juice,
whether made individually or combined with other vegetables
like carrot and celery (61, 62) Thiocynate obtained from the
hydrolysis of Brassica oleraceae has anticancer and antioxidant
properties (60, 63). Cauliflower and cruciform vegetable intake
has reduced cancer rates (64). Radish sprouts may have a
more substantial chemoprotective effect against carcinogens than
broccoli sprouts (65). Antimutagenic efficacy of aqueous extract
of salted radish roots against Salmonella typhimurium TA98
and TA100 (66). Radish sprouts have a high concentration
of glucoraphanin, glucosinolates that hydrolyze to produce
sulforaphane, a potent inducer of phase 2 detoxification enzymes
with anticancer properties (65). Due to the indoles present
in turnip, it has anti-tumorigenic properties (67). Substantial
antimutagenic factors and hydroxyl radical scavengers have been
found in Turnip seeds (68).

Flavonoids, also present in tomatoes, have been shown to
prevent carcinogenesis in vitro, and there is strong evidence
that they can do so in vivo (69, 70). In considerable amounts,
Tomato leaf extract includes isolated active components with
anticancer activity (70). Cardioprotection, anti-inflammatory,
Antimutagenic, and anti-carcinogenic qualities are only a few of
the biological advantages of tomato lycopene (71). Lycopene-rich
tomatoes and tomato products have decreased the risk of chronic
diseases such as cancer and heart disease (71). Cancer might be
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FIGURE 3 | Association between contaminated food and cancer.

prevented or delayed by delaying or inhibiting the steps leading to
genetic damage or activating preventive systems (72). The large-
scale (α-Tocopherol and β-carotene) cancer prevention studies
and carotene and retinol effectiveness trial intervention studies
found that anyone who gained early plasma or potency layers of
carotenoid had a lower risk of developing lung cancer (73, 74).
Those with greater pre-intervention carotene concentrations in
their plasma or diets reduced cancer incidence (75). A high-
carotene diet may also benefit cancer treatment (76, 77).

Adulteration
Pakistan is indeed an agricultural land, and farmland has
always significantly influenced the nation’s economy with cattle
(78). Pakistan produced 42.199 million tons of milk last year,
with buffaloes accounting for 62.17% of total milk output,
cows 34.21%, sheep, goats, and camels 3.60%. Pakistan’s milk
production and delivery infrastructure are antiquated and
insufficient, despite the country’s favorable position among dairy-
producing countries (79). The irregular private sectors, which are
made up of many agents such as sellers, collectors, mediators,
processors, merchants, and dairy stores, perform a specific
function at a different stage of the production process and
manage it (80). Pakistan’s dairy industry is beset by many issues,
including a scarcity of industrial milk production, milk expertise,
and legal and technological resources (81).

Moreover, its lack of decent inspection is the system’s biggest
overlooked flaw. At practically every stage of the marketing
process, testing is just about non-existent (82). On the other
hand, rising inflation and poverty levels have made most
Pakistani consumers budget-conscious. As a result, open raw

TABLE 3 | Linkage of certain foods to various malignancies.

Food items Type of cancer References

High intake of red meat Colorectal cancer (89)

High salted vegetables/food Gastric cancer (90)

Ultra-processed food and drinks Chronic lymphocytic leukemia (91)

High fat Breast cancer (92)

Low vitamin C, E rich foods Skin cancer (93)

High alcoholic beverages intake Lung cancer (94)

High carbs Brain tumor (95)

High fat Liver cancer (96)

milk has a higher demand than pasteurized milk (83). Different
factors are shown in Figure 3. Water is perhaps the most basic
and transparent adulteration in milk and is applied to boost
the volume of a valuable product. Still, dirty water puts people’s
health in danger from waterborne illnesses (84).

Owing to decreased milk output, milk yield in Pakistan is
reduced by 55% throughout the summer (85). However, when
milk production is abundant in contrast to the spring, price
increases of up to 60% are usual. Water is blended into the whole
dairy throughout the summer to enhance the milk available
to meet demand (86, 87). Because pond water is an excellent
nitrogen resource, some unscrupulous people add it to milk to
increase the relative density. Human ingestion of these water-
spoiled milk can induce gastrointestinal problems, mainly in the
elderly, or pose significant health risks to children and infants
who regularly eat dairy (88). Table 3 shows the many cancers
induced by various foodstuffs.
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To avoid milk from spoiling during delivery, especially in hot
weather, it is refrigerated (the ice used may be contaminated)
(97). Milk is also important because it has whey protein with
many health benefits (98). Methanol, melamine, urea, and sugars
can be illegally polluted in milk (97). In summers, H2O2 protects
milk whenever the heat is exceptionally high. Hydrogen peroxide
damage to stomach cells can cause gastritis, bowel inflammation,
and severe diarrhea (99). Cleaning products used to clean milk
also cause cancer (86).

Fast Food and Junk Intake
Fast food is food that can be prepared and served quickly (100).
They’re known for offering rich, delectable food at affordable
costs. Nonetheless, many people nowadays, especially the young,
like fast food like burgers, chicken wings, pizza, and shawarma
(101). Fast food’s success can be attributed to a variety of things.
The changing level of living is among the essential variables. Most
individuals spend extra shifts and even whole study hours to
make finances meet. They won’t have time to shop for supplies
or prepare delectable meals. The increasing number of young,
wealthy people is one factor.Most people inmost countries spend
a lot of money on fast food since they are primarily young (102).
Children are regularly exposed to fast food advertisements on
television and the Internet (103). Youngsters enjoy dishes with
vivid shades and miniature gadgets, although full of fat, salty,
or artificial sweeteners. Fast-food consumption has increased
dramatically in Pakistan (104). Client meal preferences are
impacted by several factors, including client desire to dine out
(105), networking (106), globalization (107), a need for university
undergraduates (108), the convenience of Pakistani households
with two incomes, and a variety of other factors (109). People
are eating in a new way in terms of global with the rising
relative importance of snacks, burgers, pizzas, and fizzy beverages
(110). As previously stated, the need for food is linked to urban
culture, and development is one of the factors contributing to
changing lifestyles, increasing wealth, and the independence of
young people (111).

Many individuals like eating fast food regularly, even though
they may be unaware of its negative health impacts. One of the
ailments caused by consuming fast food is cancer (112)People in
Pakistan often buy and eat fast food between 6 and 9 p.m., as per
findings of a study (113). Due to its delectability, fast is consumed
by single and joint households in Pakistan. The nuclear family
unit is more cost-conscious than the common family unit. Fast
food is popular among the general public, and many people
choose to dine outdoors in their houses (114). People who were
overweight were more likely to eat fast food at home (115).

As a consequence, dining out is a better choice (116). There
is conflicting evidence of a relationship between food quality
and prostate cancer (117). According to recent research, taking
in more food, fruits, and vegetables is linked to a decreased
incidence of prostate cancer (118). The low-fat, high-vegetable,
and fruit-intake diet can help to reduce the risk of prostate cancer
(119). In several studies, a high-fat diet, particularly red meats
and dairy products, has increased cancer risk (120). In South
Asia, vitamin D insufficiency is relatively frequent. According to

studies, 70–97% of Pakistan’s primary population is deficient in
vitamin D, with vitamin D insufficiency being more prevalent in
cities (121). Vitamin D deficiency is widespread among Pakistan’s
general population (122). VitaminD insufficiency was detected in
95% of women with breast cancer and 77% of healthy people in
research from a prestigious cancer clinic in Pakistan (123). On
the other hand, Chlebowski discovered no link between vitamin
D deficiencies and cancer (62, 123). In earlier studies, vitamin D
levels over 50 ng/ml have been linked to a 50% decreased risk of
breast cancer (124, 125).

Gutkha and Paan
Tobacco use seems to have a long history in many regions,
particularly India, Pakistan, other Asian nations, and America
(126). There are around 28 carcinogenic chemical constituents
in smokeless tobacco, the most common of which is nitrosamine
(127). Due to a significant lack of information and awareness,
most people utilize Paan and Gutkha (128).

Children think of Gutkha as candy because of its pleasant
flavor (36). Gutkha is widely assumed to be a mouthwash (36).
However, its pleasant taste and smooth texture attract bacteria,
leading to tooth disease (36). In most places where Paan and
Gutkha are widely used, it is difficult to control their use, and
their widespread use contributes to oral cancer. Tobacco, seed,
soaked lime, herbs, and geek wrapped in flake are common
ingredients in paan (129). Mouth Sub Mucous Carcinoma seems
to be a chronic oral condition marked by mucus buildup in
the mouth, pain, and necrosis of subcutaneous soft tissue. Oral
cancer is relatively frequent in Pakistan, India, China, Taiwan,
Sri Lanka, Malaysia, and Indonesia (130). Gutkha intake was
already proven even to have carcinogenic and chromosomal
effects. In certain circumstances, drinking rather than smoking
significantly impacts oral cancer (131). In Pakistan, males and
females had prevalence estimates of 21.3 and 19.3%, respectively.
Pakistan is the second most common country where smokeless
tobacco is used (132). Tobacco products have been connected
to almost 90% of mouth cancer cases, which is critical in cancer
formation (133). People who inhaled smoke more than 10 times
per day have been found to have a higher chance of acquiring
cancer than those who did not (134). Paan is consumed by 3.3–
37.0% in Pakistan and India (36). Mouth cancer is the third least
frequent cancer in Pakistan and India (135), behind breast and
lung cancer. Breast cancer affects more females than males (136).
The use of such items is considered normal in the culture. Despite
their deliciousness, Gutkha, Chaalia, paan, toombak, and naswar
lead to mouth cancer (36). Numerous studies show that these
goods are consumed by 20–30% of individuals and teenagers in
Pakistan, India, and Nepal (137, 138). In Karachi, Pakistan, 40%
of the populace chews betel nut, areca nut, and tobacco products
(139). According to a study, more than 74% of pupils in Karachi,
Pakistan, consume digestible items regularly (140). Paan, chaalia,
gutkha, naswar, and toombak were utilized 34.3, 34.7, 46.0, and
50% of the time in Sindh, Punjab, respectively Pathan, and
Mohajir districts, according to a 2006 report (141). According
to a study conducted a decade ago, gutkha was consumed on a
regular basis by 46% of Karachi residents (142). Another study
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FIGURE 4 | Links between the oxidative and nitrosative induced damage and progression of cancer.

found that 35% of persons attending a medical care facility
from Karachi, Pakistan, consumed paan, gutkha, or other oral
tobacco frequently (143). The paan and gutkha processes have
been proposed for humans, as shown in Figure 4.

Before swallowing, paan, gutkha, and zarda are crushed,
licked, or rubbed between gums and teeth. According to the
World Health Organization, Nicotine mycotoxins constitute 76–
91% of N-nitroso compounds (144). Paan and gutkha produce
irritation of the oral mucosa, which stimulates T-cells and
macrophages, resulting in the generation of prostaglandins.
The pyogenic granuloma (PG) generation by buccal cavity
keratinocytes is stimulated by areca nut extract, which is critical
for tissue stiffness and malignancy. Tumor necrosis factor (TNF),
interleukin-6, and growth factor-like have all been produced in
areas of aggravation (36).

The nitrosamine in tobacco is biologically changed via cyp450
enzymes, which can form N-nitrosonornicotine, a carcinogenic
solid that can cause DNA damage and, as a result, oral cancer
(145). cytochrome P450 (CYP), Glutathione S-transferase (GST),
and TNF represent cytochrome polymorphism, glutathione-s-
transferase, and cancer necrosis signals.

Reduced salivation andmucus production have been observed
in paan and gutkha eaters, decreasing the oral mucosa’s normal
microbiota and an increased risk of infection from Aspergillus
(146). In laboratory animals, Paan and gutkha have been shown
to cause stomach, mouth, throat, and laryngeal cancers. To mice,
paan is just a melanoma agent (147). According to studies,
mice given smokeless tobacco developed malignancies in their
reproductive organs, ovaries, stomach, kidneys, abdomen, and
lungs. As a result, smokeless tobacco is carcinogenic to the mouth
and other bodily systems (148).

Micro-Nutrients Deficiency
A deficiency of vitamin A may cause metaplastic changes in the
nasal passage (149). Both inheritance and the effects of harmful
practices such as smoking and eating a diet lacking plant-based
items increase the chance of secondary cancer cells in many body
regions (150). The relation between micro-nutrient deficiencies
with cancers has been supplemented in Table 4.

Vitamin C insufficiency is common among south Asians and
one of the contributing causes (165). Vitamin C levels in the
blood of Indians and Pakistanis living in India and Pakistan
have dropped dramatically (165). The primary cause might be
a lack of vitamin C rich fruits and vegetables, especially among
individuals from poor socioeconomic categories (166). Patients
with advanced disease receiving chemo or immunotherapy may
be at a higher risk of Vitamin C depletion due to increasing
demands rather than a lack of consumption (167). Women had
more significant amounts of ascorbate than males, while active
patients had more meaningful levels than sedentary people (168).
Anemia is more common in people who have had a tumor
recurrence and are in the later stage of the disease. That is,
from 40% of individuals with early-stage colon cancer to almost
80% of patients with advanced cancer (169). An iron shortage
can be fatal (usually related to bleeding), for those with low
iron reserves or who are iron deficient somehow (170). Poverty,
hunger, illiteracy, inadequate infrastructure, and a lack of policy
and law are all factors that contribute to the international
development association (IDA) in Pakistan, according to several
indicators (171).

According to the Pakistan National Nutritional Survey Key
Report (PNNSKR), 2019, Vitamin D deficiency among children
under five is a severe problem in Pakistan (172). Vitamin D
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TABLE 4 | Micro-nutrient deficits linked with a variety of cancers.

Type of cancer Micro-nutrients Outcome References

Breast cancer Vitamin D3 In breast cancer patients, vitamin D insufficiency is a typical occurrence. (151)

Selenium In 2014, a meta-analysis identified a link between selenium blood levels and the risk of breast cancer. (152)

Folate, zinc, beta-carotene In a 2014 investigation, many genetic abnormalities and/or deficits in folate, zinc, and beta-carotene

were linked to triple-negative breast cancer development, especially when they were identified together.

(153)

Iodine Iodine is a mineral found in the thyroid and breast tissue that aids in preventing breast cancer. Low iodine

levels may be considered a risk factor for breast cancer due to the high prevalence of hypothyroidism in

breast cancer patients.

(154)

Prostate cancer Zinc A study of Nigerian prostate cancer patients identified a relationship between zinc deficit and prostate

cancer and selenium and vitamin E deficiency.

(155)

Vitamin E and trace minerals As previously indicated, a study on Nigerian males with prostate cancer was undertaken. According to

this study, prostate cancer patients exhibited significantly decreased levels of whole blood superoxide

dismutase (SOD), vitamin E, serum selenium, and zinc. AS A RESULT, Vitamin E, zinc, and selenium

deficiency may be risk factors for prostate cancer.

(155)

Selenium Increased plasma/serum selenium levels (170 ng/mL) were found to lessen the incidence of prostate

cancer in a comprehensive review and meta-analysis of selenium and prostate cancer.

(156)

Vitamin D3 Vitamin D3 25(OH) D concentrations were inversely correlated with prostate cancer risk but not vitamin

D–related polymorphisms or parathyroid hormone. This suggests a relationship between low vitamin D3

blood pathology and a higher risk of prostate cancer.

(157)

Colon cancer Folic acid In colorectal cancer treatment, folic acid is a contentious vitamin. Even though high folate levels have

been linked to a lower risk of colorectal cancer, too much folate can stimulate cancer growth.

(158)

Selenium In animal studies, selenium deficiency has been shown to aggravate colitis and speed tumor formation

and progression in inflammatory carcinogenesis.

(159)

Vitamin D Many colorectal cancer patients have vitamin D3 insufficiency and deficiency. (160)

Fiber, low fruit and vegetable,

high red and processed meat

intake

Even if not a single nutrient, it has long been known that a diet poor in fruits and vegetables, fiber, and

red and processed meat intake is related to the development of colorectal cancer.

(161)

Lung cancer Selenium Several epidemiological studies have found that persons with low selenium levels in their blood had a

higher risk of lung cancer, albeit the findings are contradictory. Research done in the southeast

United States showed that lower-income and black Americans were more likely to get lung cancer.

(162)

Vitamin A Cigarette smoking has been linked to the development of lung cancer. Cigarette smoking has been

shown to lower retinoic acid levels in the lungs of rats and increase the growth of precancerous and

cancerous tumors.

(163)

Vitamin D3 Vitamin D3 deficiency is common in lung cancer patients, ranging from mild to severe. (160)

Zinc Human investigations on zinc deficiency and lung cancer are few and far between. Zinc deficiency has

been demonstrated to cause DNA instability and undermine its integrity in cell culture studies on human

lung fibroblasts, suggesting that it may have a role in preventing DNA damage and cancer.

(164)

insufficiency was found in a substantial percentage of people
(62.7%) (173). Many youngsters (13.2%) suffer from a severe
deficit. The incidence is somewhat higher (63.1%) among girls
than it is among boys (62.4%) (174). Vitamin D insufficiency
affects the majority of women of reproductive age (WRA)
(79.7%), with 54.0% having a moderate deficit and 25.7%
having severe deficiency (175).Vitamin D insufficiency is more
prevalent in urban areas (83.6%) than in rural areas (77.1%)
(175, 176). Vitamin A deficiency in a child under the age of
five affects 51.5% of children, with 12.1% suffering from severe
inadequacy (175, 177). Anemia is more common in those with
a tumor recurrence at a later stage of their disease (from 40%
of patients with early-stage colon cancers to almost 80% of
patients with advanced disease) (175, 178). Iron deficiency can
be absolute (typically caused by bleeding) or functional (caused
by insufficient iron reserves) (175, 179). The prevalence of the
disease is somewhat higher (51.7%) in males than in girls (51.3%)
(174, 175). Adolescent females in rural regions are more likely

than their urban counterparts to be anemic (175, 180). Zinc
Deficiency in Children under the age of five zinc deficiency affects
18.6% of the population, with comparable rates in males and
girls (175). Children in rural regions had a somewhat greater
likelihood (19.5%) than in large cities (17.1%) (175, 181). Some
cancer types related to different nutrients are supplemented in
Table 4.

CHALLENGES

No National Cancer Registry (NCR) in Pakistan can give the
actual magnitude of the problem to create a health policy (182).
Pakistan has a scarcity of nationally representative statistics.
There are no long-term cancer patient data available. No
comprehensive cancer control plan exists (182–184). There are
currently no systematic cancer prevention and control health
education efforts (183). The only national initiative was the
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National Program for Family Planning and Primary Health Care
Pakistan (NPFPPH), which created 100 television advertisements
to promote awareness of cancer’s early warning signals (185).
This, however, is not a long-term activity. In a few institutions,
government agencies and activist groups have produced patient
education materials (186); nevertheless, these activities have had
limited impact. At the national, provincial, and municipal levels,
a network of organizations is lacking. Low-cost public health
methods to promote palliative care are lacking, particularly
in low-resource areas. Due to a shortage of government
money, planning was halted. Policymakers, the health sector,
and other government institutions engaged in cancer care
and treatment are less enthused. Pakistan lacks adequate
policies and professionals for medical nutrition therapy (187).
Vertical service delivery arrangements and poor performance
accountability within the government are causing less efficiency
and quality concerns in the health system. The private sector also
duplicates services, primarily unregulated for quality treatment
and cost. Pakistan’s present health infrastructure are scattered
and unidirectional (188). Current healthcare technology has
not progressed (189). The current systems for determining the
suitability of supplies, diagnostics, medications, and laboratory
reagents are not based on evidence (189). There are concerns
with medicine quality, pricing, and recommendations (189). The
price of medicines is controversial between regulators and the
pharmaceutical industry (190).

PROGRAMS AND POLICIES IN PAKISTAN

Cancer Treatment Program in Pakistan
The Pakistan Atomic Energy Commission (PAEC) has played
an essential role in the health sector (191). PAEC now offers
over 13 Nuclear Medicine and Oncology Centers equipped with
Health and Nutrition having excellent facilities and offers to
continue integrated programs to identify various malignancies
and associated ailments (192). The primary disciplines accessible
and in use in PAEC nuclear medical institutes are nuclear
medicine, clinical oncology, surgical oncology, clinical labs,
radiology, medical physics, and bioengineering (193). In addition
to directing the operations of essential disciplines at several PAEC
nuclear medical facilities, the Directorate General of Medical
Sciences, PAEC Headquarter, is working on a Human Resource
Development Program (HRDP). This would ensure that qualified
and competent people in every aspect of cancer diagnosis and
treatment are available (193).

Cancer Care Hospital and Research Centre
(CCHRC) Pakistan
Its purpose is to provide high-quality, all-inclusive cancer
treatment at no cost while addressing their physical, social,
economic, and spiritual requirements (194). They also don’t
turn away any patients, accepting around 20,000 each year. This
hospital was created due to a lack of chemotherapy facilities
in Punjab 26/110, Baluchistan 1/12, Sindh 21/4, and KPK
14/35 (195). Chemotherapy takes 4–6 months, just like it did
at SKMCH&RC.

Children Cancer Foundation Pakistan Trust
(CCFPT)
This is intended for children only. This trust’s mission is to
offer cancer screening and treatment to all children, regardless
of their financial situation. CCFPT was established years back
with a strong direction and commitment to building a Children’s
Cancer Hospital (CCH) in Pakistan. Every child may receive
quality cancer treatment and raise public awareness about
childhood cancer (196).

National Cancer Data Base Pakistan
(NCDBP)
In 2010, the NCDBP was established. The Pakistan Society of
Clinical Oncology (PSCO) and its associated centers also work
together (197). A cancer registry must be established to prevent
and manage cancer. We now need an NCR that can offer
information on the actual scope of the problem to establish health
policy. The Ministry of National Health Services Regulations and
Coordination (NHSRC) has tasked the Pakistan Health Research
Council (PHRC) with establishing a cancer registry by affiliating
all of the country’s leading public and private institutions. Eight
hospitals (Jinnah Postgraduate Medical Center, Karachi, Civil
Hospital, Karachi, National Institute of Child Health, Karachi,
Nishtar Hospital, Multan, Allied Hospital Faisalabad, Bolan
Hospital, Quetta, Khyber Teaching Hospital, Peshawar, and
Armed Forces Institute of Pathology, Rawalpindi) have been
sending data to the Human Rights Commission Pakistan (HRCP)
every quarter since May 2015 (198).

Pakistan Cancer Care Welfare Society
(PCCWS)
This society’s main objective is to provide financial assistance to
the patient because it’s challenging for someone diagnosed with
cancer to manage expenses. However, Government assistance
is needed too. Its mission is to help cancer patients medically,
physically, socially, economically, and psychologically.

The PCCWS is a non-profit public welfare organization based
in Pakistan to promote cancer awareness. PCCWS started in 2006
and presently has over 200 members and is currently striving
to improve cancer awareness in lower Punjab (199). PCCWS
follows the American Society of Cancer’s monthly theme-based
calendar system and organizes lectures, seminars, presentations,
and campaigns throughout the lower Punjab, both rural and
urban. PCCWS makes cancer literature in Urdu accessible,
comprehensive, and up-to-date for local populations (199).

Pakistan Institute of Medical Sciences
(PIMS)
The department houses Pakistan’s World Health Organization
(WHO) National Cancer Control Project. The Pakistan Institute
of Medical Sciences treats patients from Islamabad, Khyber
Pakhtunkhwa, FATA, Gilgit-Baltistan, Kashmir, and Punjab
(200). In addition, PIMS provides round-the-clock service to
Parliamentarians, government officials, and judicial employees
(32). All components have very visible and unambiguous
signposting for services provided at PIMS to assist patients and
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their attendants (200). All cancers are treated at the oncology
department with curative purpose chemotherapy. PIMS only
have eight beds in its indoor section. Despite this, it regularly
has more than 14 patients since it is the only government-run
clinic in the region. The daily outpatient clinic sees 40 patients
every day. Outpatient chemotherapy for 10–15 patients every
day (200).

With the help of Saylani Welfare Trust and the EHSAAS
Program, the patient’s attendants are provided with free meals
three times a day (201). In the “Shelter Home,” patient’s
attendants are also given a place to sleep at night (201). A
“Sarai” is also available to accommodate the parents of pediatric
patients (201).

Pakistan Society of Clinical Oncology
(PSCO)
PSCO is a professional organization in Pakistan for
cancer/oncology experts who have come together to fight
cancer nationally (202). PSCO is the largest organization in the
country, representing all of the experts who treat cancer patients
(202). The society’s mission is to promote and support the field
of clinical oncology and associated sciences in cancer treatment
(202). PSCO improves clinical oncology practice as a best-
cost-effective cancer strategic approach in resource-constrained
countries. PSCO encourages patients and the general public
to learn more about cancer care by supporting prevention,
screening programs, and accurate disease information. PSCO
maintains relationships with other oncology societies, cancer
forums, universities, patient groups, radiotherapy machine
vendors, and the pharmaceutical business (202). Its main
objectives are to assist and enhance the speciality of clinical
oncology and related sciences engaged in cancer therapy and
to serve the community using its diagnostic, therapeutic, and
research capabilities (202).

Shaukat Khanum Memorial Cancer
Hospital and Research Centre
(SKMCH&RC)
Thousands of underprivileged cancer patients received free
comprehensive care at the clinic in 1989 (203). It is a
humanitarian institute in Punjab formed by former cricketer
and Prime Minister of Pakistan Imran Khan and is primarily
sponsored by donations from friends and well-wishers (203). It
aims to serve as a model organization for improving the welfare
of cancer patients via the use of current preventive and palliative
therapy techniques for all cancer patients, regardless of their
ability to pay, health care professionals and public education, and
cancer research (203).

Surgical Oncology Society Pakistan
(SOS-PK)
SOS-PK is a professional society promoting cancer patient
treatment in Pakistan by enabling interaction and lifelong
learning. Pakistan is subjected to a substantial illness load (204).
The SOS-PK is Pakistan’s leading national cancer surgeons’
representative organization. It is a member of the ESSO

(European Society of Surgical Oncology) and the Society of
Surgical Oncology and USA’s Global Cancer Surgery Leadership
Forum Initiative (204).

The goals of SOS-PK (founded in Lahore in 2008) are to
promote the advancement of cancer surgery education and
training by improving communications among surgeons with
a primary interest in the subject (204). SOS-PK accomplishes
this by hosting conferences and symposia across the country
to advocate for the highest possible quality of cancer care for
patients, highlighting the necessity of a multi-sectoral approach
and campaigning for the establishment of comprehensive cancer
hospitals that provide all treatment under one roof and by
raising public awareness, it is expected to encourage cancer
prevention and early detection among the general population,
health administrators, and healthcare providers (204).

Food and Nutrition
One of the most critical determinants of human resource quality
is nutritional adequacy. Cancer remains a serious public health
problem despite significant advancements in technology in the
health and other medical industries (205). The National Action
Plan for Non-Communicable Disease Prevention, Control,
and Health Promotion in Pakistan (NAP-NCD) combines
cancer prevention and control with a comprehensive Non-
communicable Diseases (NCD) prevention framework that
includes cross-cutting risks such as tobacco and food and physical
activity (206). By marking cancer days and world cancer day,
the PHRC hopes to improve public awareness of six common
diseases of body parts (oral, lung, and liver, breast, cervical, and
blood/bone marrow; schedule attached). An education pamphlet
on the risk factors and prevention of common cancers has
been developed in English and Urdu to easily comprehend
common cancers in Pakistan. A deficiency of macronutrients and
micronutrients, such as iron (207), vitamin A (208), vitamin C
(209), and vitaminD (210), causes cancer (207). Themajor causes
of such deficiencies are insufficient bioavailability and insufficient
food intake. A balanced diet ensures sufficient nutrients for a
healthy life (211). Malnutrition affects millions worldwide due to
inadequate food intake and disease (212). Pakistan is attempting
to address health-related concerns by implementing various food
and nutrition initiatives.

Food and Nutrition Society Gilgit Baltistan (FNSGB)
FNSGB is a platform for giving people awareness about the basic
needs of nutrition and healthcare. Public health issues related
to food, nutrition, and health-related disorders are the major
handling areas of this society (59). It gives policy and future
planning for food and nutrition programs and dietary guidelines
for the population on the local level (98). Delivering different
campaigns having information about the cancer risk factor and
their relation to the dietary patterns and food is the primary core
field of this society (6, 62, 98).

Strategies to Avoid Cancer
Anti-smoking regulations in public places have only recently
gained traction; even then, they are not being adequately enforced
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(213). To manage this problem, adequate measures such as anti-
smoking education must be used. Advertisements have been
discovered to play a substantial role in promoting smoking
(214, 215). In Pakistan, regulations prohibiting such advertising
techniques were enacted. In Pakistan, two principal regulations
oversee tobacco control (216). Using the powers conferred by the
two pieces of law. The first necessary regulation is the cigarettes
(printing of warning) ordinance of 1979 (Ordinance No. LXXIII
of 1979) (217). This essentially requires health warnings to be
included on cigarette product packaging. Statutory regulatory
orders established the regulations for publishing warnings
(SROs) 86(KE)/2009 (218). The initial warning wording and
graphics are established by SRO 87(E)/2009 (219). The second
necessary regulation is the Ban of Smoking in Enclosed Places
and Protection of Non-smokers Health Law, approved in 2002
(Ordinance No. LXXIV of 2002) (220). It controls a variety of
facets of tobacco control, including public smoking prohibitions,
sales to minors, cigarette advertisements, marketing, and finance.
The Committee on Tobacco Advertisement Guidelines was
formed by SRO 655(I)/2003 in tobacco advertising, marketing,
and finance (221). Despite predictions that increasing the price
of cigarettes by 10% will result in a 4.8% immediate drop and
a long-term reduction of 11.7% in cigarette smoking, business
economics are proving to be a pivotal hurdle to tobacco control
(97). SRO 2019 will display a 60% pictorial warning label on
cigarette boxes.

CONCLUSION

This review focuses on cancer and its prevalence across the globe,
as well as in Pakistan. Cancer is one of the leading causes of
mortality around the globe. In 2025, an estimated 19.3 million
more cancer cases [18.1 million excluding non-melanoma skin
cancer (NMSC) and basal carcinoma] and 10 million additional
cancer deaths (9.9 million excluding non-melanoma skin cancers
and squamous cell carcinoma) will have been reported globally.
Several cancers are also becoming more common in Pakistan.
Pakistan’s population is 220.9 million. According to GLOBACAN
2020, In Pakistan, there have been 178,388 new cancer cases,
117,149 cancer deaths, and 329,547 overall cancers cases found
in five years. Cancer may be caused by poor nutrition, and
harmful behaviors such as eating more junk food, adulterating

infectious substances, gutkha, and paan. Pakistan is nutritionally
deficient in vitamin D, vitamin A, zinc, and iron, according to the
national nutrition survey report of 2018 (175). These nutritional
deficiencies are the contributing causes of cancer. The use of
gutkha, paan, fast foods and adulteration of foods are common
culprits for cancer. When it comes to cancer therapy, Pakistan
lacks proper policies and strategies. Different governmental
and non-governmental organizations are working which are
nonetheless making a substantial contribution to the health
sector by applying nuclear and other cutting edge technology
for cancer diagnosis and treatment. The national action plan
also works on cancer prevention measures for NAP-NCD and
other groups.

This is a difficult aim for Pakistan to achieve, and it will
need dedication from all levels of society. Many characteristics
connected to cancer burden discussed here assist to highlight
features of cancer epidemiology that may be used to drive
intervention programs and promote cancer determinants and
outcomes research. Current data on cancer burden will be
required for the establishment of national NCD action and cancer
control plans, and cancer control measures must be prioritized
based on local requirements. Annual updates on the cancer
burden will be published in response to this demand.
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Pavičić Žeželj. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

The influence on fish and
seafood consumption, and the
attitudes and reasons for its
consumption in the Croatian
population

Sandra Marinac Pupavac1, Gordana Kenðel Jovanović1,
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Fish makes an important part of the Mediterranean diet, which has been

scientifically proven to help preserve human health by protecting againstmajor

chronic and inflammatory diseases. Eating fish and seafood is very important,

not only for its proven health benefits but also for its positive impact on

the environment. Due to many fish and seafood significant positive e�ects

on human health, this study aimed to investigate the socio-demographic

factors associated with the consumption of fish and seafood in the population

of Primorsko-goranska County in Croatia. Another aim was to determine

people’s attitudes, choices, and reasons for the consumption of fish and

seafood. Self-reported data from 2,910 participants were used. According to

the European dietary recommendations for fish consumption, the participants

were divided into two groups; the very low to low fish consumption group

and the moderate to high fish consumption group, in order to examine the

di�erences in socio-demographic and lifestyle variables, and their attitudes,

opinions, and reasons for fish and seafood consumption.More fish and seafood

were consumed by women, the elderly, the more educated, non-smokers,

and more physically active participants. Age, the highest level of education,

and a diet even moderately adherent to the Mediterranean diet was found

to significantly increase the likelihood of recommended fish consumption.

Participants considered the best reasons to consume more fish lower prices,

buy much more locally produced fishery products, and prefer to eat wild-

caught fish rather than farmed fish. The study has found a slight increase in fish

consumption, although still lower than the European average. It also showed

significant socio-demographic associations, also the reasons and attitudes

toward higher fish and seafood consumption of the Croatian population. The
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obtained research data are valuable for planning future public health programs

in Croatia aimed at greater consumption of fish and seafood, as well as their

promotion as an important part of a sustainable diet.

KEYWORDS

fish and seafood consumption, attitudes, choices, reasons, sustainable diet,

consumers, Mediterranean diet (MD)

Introduction

Fish and seafood are foods of high nutritional value,

rich in essential amino acids, high-quality proteins, many

vitamins (A, B, and D) and minerals (iron, calcium, zinc,

selenium), and especially omega-3 polyunsaturated fatty acids

(Cardoso et al., 2013; Nesheim et al., 2015; Chen et al., 2022).

Strong scientific evidence is confirming the beneficial effects

of fish consumption on human health, including cognitive

development, mental health, immune system, prevention of

anemia, cardiovascular disease, and dementia (Béné et al., 2015;

Golden et al., 2016). Fish consumption is an important part

of the Mediterranean diet (MD), which has been scientifically

proven to help preserve human health by protecting against

major chronic and inflammatory diseases (Mazzocchi et al.,

2019). In addition, there is a strong evidence suggesting a

protective effect of the MD mostly on the risk of cardiovascular

disease and certain types of cancer (Mazzocchi et al., 2019;

Serra-Majem et al., 2019). The Mediterranean diet is not only

considered as “the role model” of a healthy diet but also as

a sustainable diet (Burlingame and Dernini, 2012; Portugal-

Nunes et al., 2021) providing economic and socio-cultural

benefits (Berry, 2019). However, regarding fish quality which

is consumed as a part of the diet, its environmental effects

can vary greatly between caught and farmed fish since the

nutrient content depends on the fish’s diet. The recommended

weekly fish intake is often not reached due to insufficient supply

(Berry, 2019).

Although the beneficial effects of MD on health are

well known, the diet of many Mediterranean countries’

residents is moving away from traditional MD. At the

same time, those countries record a rise in overweight

people, obesity, and chronic non-communicable diseases

(FAO, 2015; Vilarnau et al., 2019).

As part of a healthy diet, it is usually recommended to

consume at least two servings of different types of fish (∼240 g)

each week, including one serving of oily fish. This consumption

provides an average intake of 250mg EPA + DHA, especially

when fish replaces the consumption of less healthy foods

(McGuire, 2016; Piepoli et al., 2016). The consumption of

fish and seafood varies in all European countries, although

according to the Food and Agriculture Organization (FAO),

consumption of fish and seafood has increased over the last 60

years (FAO, 2020). A trend toward increasing consumption of

fish and seafood can also be observed in Croatia. In 2000, per

capita consumption was 7.26 kg and in 2013 it was 19.06 kg,

which is an increase of 162.5% (EUMOFA, 2019). The average

consumption of fish and seafood in 2017 in the European Union

was 24.35 kg per capita, whereas, in Croatia, the consumption

in 2017 was 18.7 kg per capita (EUMOFA, 2019). Although

the consumption increased by 6% (19.19 kg on average) in

2018, it still remained below the European average consumption

(EUMOFA, 2020).

Various factors, such as place of residence (coast or

continent), socio-demographic factors, tradition, habits, age,

gender, etc. have been shown to influence seafood consumption

(Almeida et al., 2015; Murray et al., 2017; Govzman et al., 2021).

Moreover, fish and seafood consumption is also influenced

by modern lifestyles, urbanization, and consumer preferences

(Crona et al., 2020) likewise consumer attitudes toward food

and nutrition all have been shown to be important factors

influencing seafood consumption (Hearty et al., 2007).

Some of the main factors of insufficient consumption

of fish and seafood include price or preferences, but it is

worth mentioning that consumer habits and lifestyle can

be influenced in the long term (Ministarstvo poljoprivrede,

Uprava ribarstva, oŽujak, 2021). Public health activities

should be undertaken to influence changes in consumers

eating habits toward increasing the consumption of

fish and seafood. This paper aims to study the socio-

demographic factors related to the consumption of fish

and seafood among the population of the Primorsko-goranska

County in Croatia. Another aim is to determine people’s

attitudes, choices, and reasons for the consumption of fish

and seafood.

Materials and methods

Participants

This is a quantitative cross-sectional study conducted in the

population of Primorsko-Goranska County, Croatia. The study

has been carried out under the project “Population exposure to

traditional and emerging contaminants due to the consumption
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TABLE 1 Socio-demographic characteristics and mean consumption of fish and fishery products among Croatian adults from Primorsko-goranska

County (N = 2,910).

N (%) p-value* Mean (g/week) SD p-value**

Gender

Male 427 (14.7) <0.001 406.24 349.76 0.363

Female 2,483 (85.3) 412.79 367.90

Age group (years)

20–30 328 (11.3) <0.001 457.04 419.19 <0.001

31–40 1,717 (59.0) 392.14 345.03

41–50 698 (24.0) 409.68 346.85

51+ 167 (5.7) 526.98 465.50

Highest level of education

Postgraduate degree/Graduate diploma/Bachelor degree 1,731 (59.5) <0.001 424.55 378.29 0.013

High school/Elementary school diploma 1,179 (40.5) 393.95 346.93

Employment status

Employed 2,489 (85.5) <0.001 415.88 374.63 0.328

Unemployed 402 (13.8) 381.24 296.88

Retired 19 (0.7) 391.32 166.62

Income (Croatian average salary)

≤1–2 1,661 (57.1) <0.001 412.26 372.51 0.630

>2–3 671 (23.1) 399.72 356.12

>3 271 (9.3) 434.86 324.54

Don’t want to respond 307 (10.5) 415.57 399.57

Physical activity level

Low 561 (19.3) <0.001 409.30 388.77 0.049

Moderate 1,720 (59.1) 401.86 358.51

High 629 (21.6) 443.48 359.59

Smoking habits

Non-smoker 1,965 (67.5) <0.001 400.96 347.20 0.025

Smoker 945 (32.5) 430.13 381.61

Nutrition status

Underweight 81 (2.8) <0.001 437.07 364.91 0.887

Normal weight 1,984 (68.2) 411.75 364.48

Overweight 797 (27.4) 414.64 398.23

Obese 48 (1.7) 442.73 305.19

Mediterranean diet score (points)

Not adherent (≤5) 1,132 (38.9) <0.001 357.60 344.02 <0.001

Moderately adherent (6–9) 1,661 (57.1) 430.76 358.27

Adherent (≥10) 117 (4.0) 679.40 494.63

*Chi squared test (categorical variables).

**One-way ANOVA test (continuous variables).

of seafood and the characterization of health risks”. The study

was conducted in the period from October 2019 to February

2020 and approved by the Ethical Committee of the Teaching

Institute of Public Health of Primorsko-Goranska County. Based

on a number of residents of Primorsko-goranska county (N =

296,195) (Health Statistical Yearbook of Primorsko-Goranska

County for 2020, 2022) a total of 7,745 questionnaires were

sent to the residents older than 18 years of Primorsko-goranska

County, out of which 5,542 (71.6%) have been returned. For

the purposes of this study, only those questionnaires that were

completed were further analyzed. Therefore, this study included

questionnaires of 2,910 participants (37.6%).

The questionnaire

The questionnaire was anonymous and consisted of three

sections. The first section included data on fish and seafood

consumption (type of fish and seafood consumed), general
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FIGURE 1

The proportion of fishery products consumption among groups regarding recommended fish intake (N = 2,910).

habits, preferences and frequency of buying fish, locations

and reasons of buying, reasons for consumption, attitudes,

and opinions about fish preferences based on its origin (i.e.,

marine and farmed), and about sources of information on the

positive health effects of fish consumption. Participants graded

the statements about farmed fish using the Likert scale with

five ratings ranging from “strongly disagree” (1) to “strongly

agree” (5). The second part was related to sociodemographic

characteristics and lifestyle of the study participants and

included data on age, gender, geographical region, education

level, income, occupation, body weight and height, physical

activity, and smoking habits. The third part of the questionnaire

evaluated dietary habits. Participants noted their habitual fish

intake in offered intervals from once per month or less than

to every day, separately for eating at home and for eating

in restaurants and/or at work. They also noted their average

fish consumption portion in kilograms per household member

(estimate based on the mean value of portion consumption

and number of household members). Since the Primorsko-

goranska County resides by the Mediterranean Sea where the

traditional Mediterranean diet is a hereditary diet, the adherence

to the MD was assessed with the 14-Item Mediterranean

Diet Assessment Tool (Martínez-González et al., 2012). The

adherence to MD has categorized into three levels; ≤5 points

which meant low adherence, from 6 to 9 points which

meant moderate adherence and ≥10 points which meant high

adherence to MD. To explore differences in attitudes, opinions,

and reasons toward fish and seafood consumption regarding

habits of fish consumption, the participants were divided into

two groups: the very low to low fish intake group (VLFI;

i.e., <1 serving/month to 1 serving/week) and to moderate

to high fish intake group (MHFI; i.e., 2–5 servings/week),

based on the European dietary recommendations for fish

consumption (Lofstedt et al., 2021), where one serving of fish

is 130 g.

Statistical analysis

To describe habits of fish and seafood consumption among

sociodemographic subgroups of participants, the proportion

and means of fish and seafood consumption were calculated and

tested for differences with one-way ANOVA test for continuous

variables, or with the Chi-Square test for sociodemographic

subgroups. The Chi-square test was used for differences

between subgroups of participants based on their habitual

fish consumption regarding recommended fish intake (Lofstedt

et al., 2021) for their attitudes, choices and reasons for

consuming fish and seafood and farmed fish. The quantification

of the influence of the individual factors is expressed by the

odds ratio calculated with the logistic regression method. All

tests were performed using Statistica 12.7 for Windows (Statsoft

Inc., Tulsa, OK, USA). Results with a P-value of <0.05 were

considered statistically significant.

Results

Socio-demographic characteristic and
consumption of fish and seafood

The study consisted of 2,910 residents of the Primorsko-

goranska County older than 18 years of which over four-

fifths (85.3%) were females (p < 0.001; Table 1). Their
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average age was 38.00 ± 7.14 years, and the most of

participants were in the 31–40 years age group (59.0%, p <

0.001). There were statistically more participants with higher

education (p < 0.001), employed (p < 0.001), with two

average Croatian salaries (p < 0.001), moderately physically

active (p < 0.001), non-smokers (p < 0.001), with normal

weight (p < 0.001) and diet that moderately adhered to the

Mediterranean diet (p < 0.001). On average, participants’ fish

and fisheries product consumption per week was 412.28 ±

365.01 g (data not shown). Mostly consumed was fresh fish

(72.3%), followed by frozen fisheries products (19.0%) and

canned fish products (7.8%) (Figure 1). When choosing their

most consumed types of fish and fisheries products, participants

consumed mainly white fish (56.5%), followed by cephalopods

(52.3%), fatty fish (43.9%), and crabs (27.1%) (Figure 2). In

Table 1 there are presented the participants’ mean fish intake

according to their characteristics. Participants in the 51+

age group ate statistically significantly more fish than other

age groups (p < 0.001). Participants with higher education

(p = 0.013), those who were highly physically active (p =

0.049), smokers (p = 0.025) and those with high adherence to

MD (p < 0.001) ate statistically more fish than their related

groups. Average weekly consumption of fish didn’t significantly

differ according to employment, income, and nutrition status

(Table 1).

Based on European dietary recommendations for fish

consumption (Lofstedt et al., 2021), the moderate to high fish

consumption group (MHFI) consumed statistically 2.5 more

fish per week (511.12 ± 410.77 g) than the very low to low fish

consumption group (VLFI) group (206.05± 172.95 g, p< 0.001)

(data not shown). The MHFI group consumed statistically

significantly more fresh fish than the VLFI group (79.5 vs.

57.9%, p < 0.001). The VLFI group had significantly higher

consumption of frozen fisheries products (28.8 vs. 15.6%, p <

0.013) and canned fish (13.7 vs. 4.9%, p < 0.020) than the MHFI

group (Figure 1).

Regarding the fish and fishery products, the MHFI group

consumed significantly more fatty fish (47.6%), crabs (30.0%),

cephalopods (54.7%), and molluscs (9.7%) than the VLFI group

(36.4, 21.2, 47.3, and 5.5%, p < 0.001). The VLFI group

consumed significantly more white fish and freshwater fish than

MHFI group (62.4 vs. 60.9%, p < 0.001; 9.1 vs. 8.6%, p < 0.001)

(Figure 2).

Socio-demographic and lifestyle factors
influencing consumption of fish and
seafood

The socio-demographic and lifestyle factors influencing

recommended fish and fishery product consumption were

assessed by logistic regression (Table 2). It was shown that

age was an important influencing factor, the probability of

recommended fish intake significantly increases by 1.38 times

in older than 40 years, or about 40% (p = 0.001), while

among younger people that probability reduces by 18% (p

= 0.035) to 35% (p = 0.001). The highest education level

significantly increases that probability by 1.72 times, or about

70% (p = 0.001) while the lower one reduces the probability by

19% (p= 0.033).

Non-smoking and smoking a smaller number of cigarettes

had no statistically significant effect while smoking a larger

number of cigarettes reduces the probability by 1.43 times

(p = 0.004). Also, having a normal weight significantly

increases the probability by 1.24 times (p = 0.008) while

having obesity significantly reduces that chance by 1.32 times

(p = 0.025). So, if the person smokes more or has obesity,

FIGURE 2

Fishery products frequency consumption among groups regarding recommended fish intake (N = 2,910).
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TABLE 2 The association of participants’ socio-demographic

characteristics and lifestyle habits with recommended fish intake.

Variable OR 95% CI P-value

Age group

<30 years 0.74 0.58–0.94 0.014

31–40 years 0.85 0.72–0.99 0.035

41–50+ years 1.38 1.17–1.63 0.001

Highest level of education

Elementary school 1.18 0.70–2.00 0.538

High school 0.84 0.72–0.99 0.033

Graduated/Bachelor degree 0.99 0.85–1.16 0.945

Postgraduate degree 1.72 1.27–2.34 0.001

Smoking habits

No 1.16 0.99–1.37 0.071

1–10 cigarettes 1.11 0.91–1.35 0.320

11–20 cigarettes 0.70 0.55–0.89 0.004

Physical activity level

Low 1.11 0.92–1.34 0.284

Moderate 0.94 0.81–1.10 0.471

High 0.98 0.80–1.19 0.827

Nutrition status

Underweight 1.19 0.72–1.96 0.507

Normal weight 1.24 1.06–1.45 0.008

Overweight 0.86 0.72–1.03 0.109

Obese 0.76 0.60–0.97 0.025

Mediterranean diet score

Not adherent 0.49 0.42–0.58 <0.001

Moderately adherent 1.66 1.42–1.95 <0.001

Adherent 5.43 2.83–10.44 <0.001

the likelihood to consume fish as recommended decreases by

about 30–40%.

On the other hand, a diet even moderate adherent to the

Mediterranean diet compared to a diet that is not adherent to

MD significantly increases the probability of recommended fish

intake by 1.66 times, or about 70% (p < 0.001) while a diet that

is completely adherent MD increases that probability five times

(p < 0.001).

The participants also reported the most important

information available on fishery products (Figure 3). Expiration

dates were the most important information about fishery

products for participants in both groups, slightly more

important for the VLFI group (44.5% MHFI and 48.4% VLFI,

respectively, p = 0.046) as well as fishing area or country

of origin (21.6% MHFI and 19.3% VLFI, respectively, p =

0.150). Whether fishery products were previously frozen was

significantly more important for the MHFI group than for the

VLFI group (13.5 and 10.4%, respectively, p= 0.016).

Attitudes, choices, and reasons for the
consumption of fish and seafood

In Table 3 are presented reasons for encouraging to consume

more fish and fishery products according to recommended

fish intake group. In both groups, participants considered that

the best reasons for promoting the higher fish consumption

were lower prices (56.8 and 56.2%, respectively, p = 0.758)

and better availability in stores (47.2 and 44.2%, respectively,

p = 0.117). With a significant difference, participants in

the MHFI group placed more importance on highlighted

labels of quality or origin (31.1 and 25.3%, respectively, p

= 0.001), while participants in the VLFI group provided

more the information about fish preparation recipes

(14.5 and 9.2%, respectively, p < 0.001). Other reasons

weren’t statistically different according to recommended

fish intake.

When choosing their main reasons for consumption of

fish and fishery products, participants in the MHFI group

chosen as the most important reasons the taste (69.5 vs.

58.4%, p < 0.001), health consideration (84.6 vs. 72.3%, p

< 0.001), availability (9.7 vs. 5.3%, p < 0.001), good quality

(15.1 vs. 5.1, p < 0.001) and a habit to eat (42.4 vs. 18.8%,

p < 0.001) significantly more than participants in the VLFI

group (Figure 4). Participants were asked to declare from

which information sources they learn about the importance of

consuming fishery products. All declared that they the most

got the information from their friends, relatives and families,

significantly more the MHFI group (60.2% of the MHFI and

51.3% of the VLFI, p< 0.001), while the VLFI group significantly

more stated to get it online (47.8 MHFI and 51.3 VLFI, p

= 0.080). Only a fifth of participants (22.7% of MHFI and

19.5% of VLFI, p = 0.051) declared that information has been

provided by health workers, including physicians, nutritionists,

etc. (Figure 5).

Regarding the choices and reasons for purchasing fishery

products by its origin, the MHFI group was statistically

significantly more likely to purchase fishery products from

Croatia, i.e., locally (49.1, 39.7%, respectively, p < 0.001) or

from all Croatia regions (40.1, 36.0%, respectively, p = 0.035)

when compared to the VLFI group. Significantly 2.5 times more

the VLFI group said that the origin doesn’t matter to them

and/or didn’t know the origin than the MHFI group (p < 0.001;

Table 3). More precisely, the main reasons of buying the fishery

product by its origin for both studied groups were first of all

better quality and taste (58.7 and 42.3%, respectively, p< 0.001),

then availability (41.1 and 39.5%, respectively, p = 0.400), habit

(29.3 and 26.0%, respectively, p < 0.062), and support to local

fishermen, farmers and for job preservation reasons (28.3 and

19.4%, respectively, p < 0.001) (Table 4).

Regarding the wild caught or farmed fish consumption

preference, both studied groups of participants preferred more
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FIGURE 3

The most relevant information on fishery products among groups regarding recommended fish intake.

TABLE 3 Reasons for encouraging to consume more fish and fishery products among groups regarding the recommended fish intake (N = 2,910).

MHFI (N = 1,952) VLFI (N = 958) p-value*

Better availability in stores 922 (47.2) 423 (44.2) 0.117

Better availability in restaurants 36 (1.8) 23 (2.4) 0.317

Lower prices 1,108 (56.8) 538 (56.2) 0.758

Better availability of information on the impact of fish diet on health 155 (7.9) 73 (7.6) 0.763

Highlighted marks of quality or origin 607 (31.1) 242 (25.3) 0.001

More information on recipes to prepare fish 180 (9.2) 139 (14.5) <0.001

Introduction of special educational courses on preparing fish for eating 66 (3.4) 46 (4.8) 0.061

Nothing/I don’t need to consume it more often 299 (15.3) 139 (14.5) 0.567

MHFI, moderate to high fish intake group; VLFI, very low to low fish intake group.

*Chi square test between the observed groups.

FIGURE 4

Reasons to consume fish and fishery products among groups regarding the recommended fish intake.
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FIGURE 5

All information channels for knowing the importance of consuming fishery products among groups regarding recommended fish intake.

TABLE 4 Choices and reasons to buy fishery products by its origin (N = 2,910) among groups regarding the recommended fish intake.

MHFI (N = 1,952) VLFI (N =9 58) p-value*

The most common origin of bought fishery products

Croatia—local region 959 (49.1) 380 (39.7) <0.001

Croatia—all regions 782 (40.1) 345 (36.0) 0.035

Imports from EU countries 84 (4.3) 61 (6.4) 0.016

Imports from non-EU countries 15 (0.8) 12 (1.3) 0.200

It doesn’t matter to me/I don’t know the origin 113 (5.8) 136 (14.2) <0.001

Reasons to make that choice of buying the fishery product by its origin

Better price 128 (6.6) 83 (8.7) 0.039

Better quality and taste 1,146 (58.7) 405 (42.3) <0.001

A better relationship between price and what I get for that price 269 (13.8) 132 (13.8) <0.001

Better choice/greater products offer 290 (14.9) 80 (8.4) <0.001

Availability 802 (41.1) 378 (39.5) 0.400

Habit/previous experience 572 (29.3) 249 (26.0) 0.062

Support to local fishermen/farmers/ob preservation 552 (28.3) 186 (19.4) <0.001

MHFI, moderate to high fish intake group; VLFI, very low to low fish intake group.

*Chi square test between MHFI and VLFI group.

eating a wild caught fish over a farmed fish, significantly

more the MHFI group than the VLFI group (68.4 and 51.6%,

respectively, p < 0.001) (data not shown).

Table 5 shows the respondents’ attitudes toward farmed fish

and its quality. The MHFI group mostly agreed that farmed fish

are fatter than wild fish and of a poorer quality (p< 0.001), while

the VLFI group was mostly uncertain about that (p < 0.001;

p < 0.001). Both groups mostly were uncertain about that the

farmed fish is too expensive (p < 0.001). The MHFI group the

group was undivided about the knowledge about farmed fish, in

almost equal shares the participants agreed that they know and

that they do not know and that they agree and disagree, while

the VLFI group significant mostly agreed that they don’t know

enough about farmed fish (p < 0.001).

Discussion

This study is one of the very few conducted in Croatia that

investigated factors influencing fish and seafood consumption
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TABLE 5 Attitudes toward farmed fish and its quality (N = 2,910) among groups according to recommended fish intake.

Statement I disagree I neither agree nor disagree I agree p-value* p-value**

Farmed fish is fatter than wild

MHFI (N = 1,952) 378 (19.4) 692 (35.5) 882 (45.2) <0.001 <0.001

VLFI (N = 958) 200 (20.9) 398 (41.5) 360 (37.6) <0.001

Farmed fish is of poorer quality than wild

MHFI 437 (22.4) 712 (36.5) 803 (41.1) <0.001 <0.001

VLFI 250 (26.1) 382 (39.9) 326 (34.0) <0.001

Farmed fish has an unnatural shape, color, and taste

MHFI 863 (44.2) 683 (35.0) 406 (20.8) <0.001 0.119

VLFI 452 (47.2) 335 (35.0) 171 (17.8) <0.001

Farmed fish is too expensive

MHFI 732 (37.5) 760 (38.9) 460 (23.6) <0.001 0.041

VLFI 317 (33.1) 414 (43.2) 227 (23.7) <0.001

I don’t know enough about farmed fish

MHFI 651 (33.4) 668 (34.2) 633 (32.4) 0.641 <0.001

VLFI 264 (27.6) 296 (30.9) 398 (41.5) <0.001

MHFI, moderate to high fish intake group; VLFI, very low to low fish intake group.

*Chi square test within a particular group (MHFI and VLFI group).

**Chi square test between MHFI and VLFI group.

and examined the reasons for their consumption. Regarding

available similar studies (Tomić et al., 2016; Thong and Solgaard,

2017; Sacchettini et al., 2021), this study also assessed the

average fish intake regarding socio-demographic characteristics

of participants, and the proportion of particular seafood in

the coastal part of Croatia regarding recommended fish intake

(Lofstedt et al., 2021).

Fish and seafood consumption of
croatian participants

Although there’s a trend of increasing consumption of fish

and seafood in Croatia (EUMOFA, 2019), it has remained below

the European average consumption (EUMOFA, 2020), and this

study confirmed that. On average, study participants consumed

fish and aquatic products 13% less than the EU weekly average

and 12% more than the Croatian (EUMOFA, 2020). Those

participants who consumed fish two to five servings per week

consumed 28% more than the Croatian average consumption,

while those who consumed fish less than one serving per

month to one serving per week consumed slightly more than

half of the Croatian average consumption (EUMOFA, 2020).

Of all aquatic food, participants mostly consumed fresh fish,

preferably white over fatty fish. These results are consistent

with consumption in Portugal and Spain, which also reported

the highest consumption of fresh fish, followed by frozen

and canned fish (Cardoso et al., 2010, 2013; MARM, 2010).

Interestingly, cephalopods have been consumed more than fatty

fish which is consistent with the results from Norway (Trondsen

et al., 2003), and opposite to Portugal, where more fatty fish

was consumed (Cardoso et al., 2013). In Norway salmon, as the

most common fatty fish, is traditionally an expensive food, so,

understandably, more white fish is eaten there. In Croatia, on

the other hand, anchovy and sardines, as the most common fatty

fish, are cheaper than white fish, so the data that participants

ate less fatty than white fish is worrying, considering that

fatty fish over white have as beneficial content of omega—

3 fatty acids (McManus and Merga, 2011; Abdelhamid et al.,

2018). Cephalopods were slightly more consumed than fatty

fish. Compared with sardines and salmon, cephalopods such

as squid, octopus, and cuttlefish contain lower energy due to

lower content of total fat, and omega—3 fatty acids, but contain

a higher quantity of cholesterol, vitamin A and most of the

minerals, especially calcium (Food data, 2019).

An increasing interest is arising for more diverse and

sustainable use of cephalopods, not only for culinary, but

for novel uses to compensate for the declining fisheries

of bonefish, and to identify them as additional protein

sources to replace meat from land-animal production

(Mouritsen and Styrbæk, 2018). In addition, it was shown

that cephalopod species may be classified as potentially

healthy food due to their ideal atherogenic/thrombogenic

and hypocholesterolemic/hypercholesterolemic ratios based

on fatty acid/amino acid ratios (Chakraborty et al., 2016).

Although many studies have confirmed the beneficial effects
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of fish consumption on cardiovascular health, mainly due

to the content of omega-3 fatty acids, also high-quality

proteins, vitamins, and minerals (de Roos et al., 2017;

Abdelhamid et al., 2018; Chen et al., 2022), recently it was

concluded that fish consumption possesses also antioxidative,

anti-inflammatory, immune-protective, wound healing,

neuroprotective, cardioprotective, and hepatoprotective

properties, not only for the content of omega-3 fatty acids

but for substantial content of vitamin D, proteins, such as

immunoglobins and amino-acids such as arginine (Chen

et al., 2022). This study found that two-thirds of participants

consumed fish and seafood two or more times a week, and

three-fifths of participants had a diet that moderately and

highly adhered to the Mediterranean diet, which represents

important information and a prospective beneficial foundation

for good health. The results showing a substantial proportion

of participants with a diet moderately to highly adhering to

MD is affirmative, since previous Croatian studies showed

the MD diminishing, especially among younger populations

(Kolčić et al., 2016; Kendel Jovanović et al., 2020; Šarac

et al., 2021). Despite the well-known health benefits of fish

and seafood consumption, mainly due to the content of

omega-3 fatty acids, there is a potential health risk of fish

and seafood consumption. Recent studies have pointed to

them as a potential dietary source of exposure to various

environmental pollutants with well-known potential adverse

effects on human health (Domingo, 2016; Vilavert et al., 2017).

The most pronounced contaminants investigated in fish and

seafood are methylmercury and polychlorinated biphenyls,

heavy metals and organohalogenated compounds, and also

polycyclic aromatic hydrocarbons. It was shown that the

exposure to the abovementioned environmental contaminants

can be managed by the frequency and amount of consumption

as well as controlled consumption of particular seafood species,

such as predatory fish regarding their potential risk for pregnant

and nursing women and also children (EFSA, 2012). Regarding

this potential health risk, it is worthy to examine the potential

health risk for Croatian fish and seafood consumers assessed

according to the average consumption of various species of fish

and seafood provided by this study.

Factors influencing fish and seafood
consumption

Regarding fish and seafood consumption, many factors

affect its consumption such as place of residence (coast or

continent), socio-demographic factors, tradition, habits, age,

gender, and many others (Murray et al., 2017; Govzman et al.,

2021; Sacchettini et al., 2021). The study results confirmed that

older age, higher education level, non-smoking, normal weight

and adherence to the Mediterranean diet were significant and

strongest determinants for higher fish and seafood consumption.

It was shown that age is one of the most important factors

influencing fish and seafood consumption (Akbaraly and

Brunner, 2008; Jahns et al., 2014; Marushka et al., 2018). Study

results are also consistent with the findings of studies showing

a positive association between older age and fish consumption

(Akbaraly and Brunner, 2008; Buscemi et al., 2014; Jahns et al.,

2014). A small number of studies noted a positive association

between fish consumption and younger people (Mozaffarian

et al., 2008; van Woudenbergh et al., 2009; Anderson et al.,

2010; Virtanen et al., 2010; Belin et al., 2011; Bonaccio et al.,

2017), which represents an important public health task for

promoting fish consumption among the younger population. A

previously established positive association between educational

level and fish and seafood consumption (van Woudenbergh

et al., 2009; Anderson et al., 2010; Levitan et al., 2010; Heppe

et al., 2011; Larsson et al., 2011; Giuli et al., 2012; Nordgren

et al., 2017) was also confirmed in this study. Non-smoking

presented to be positively associated with fish consumption (He

et al., 2009; van Woudenbergh et al., 2009; Sala-Vila et al.,

2011; Giuli et al., 2012; Langlois and Ratnayake, 2015), and

this study found that smokers were significantly less likely to

consume fish compared to non-smokers. No clear association

between body weight and fish and seafood consumption was

shown in this study, although participants with obesity were

significantly less likely to consume fish and seafood than other

sub-groups. Mixed results are available about this association,

some studies have shown a positive association (He et al., 2009;

Hostenkamp and Sørensen, 2010; Belin et al., 2011; Heppe et al.,

2011; Belle et al., 2017) and others did not (van Woudenbergh

et al., 2009; Meier et al., 2010; Kossioni and Bellou, 2011;

Nesheim et al., 2015; Wallin et al., 2017). The results of this

study showed that a diet that is even moderately adherent to

the Mediterranean diet significantly increases the probability

of recommended fish intake while high adherence increases

that probability by five-fold. Fish and seafood, recognized as

foods of high nutritional value (Cardoso et al., 2013; Nesheim

et al., 2015; Chen et al., 2022), are represented as an important

part of the Mediterranean diet, highly abundant in plant-

based foods, which are considered as a model for a healthy

and sustainable diet (Burlingame and Dernini, 2012; Portugal-

Nunes et al., 2021). Dietary guidelines for sustainable diets

generally recommend diets that are based on plant-based foods,

because the majority of them tend to have some of the lowest

environmental impacts given their nutrient content (Willett

et al., 2019). Still, some fish, such as small pelagic fishes, were

shown to be among the most healthful and sustainable foods

(Springmann et al., 2020; Koehn et al., 2022), likewise some

wild-caught fisheries and farmed shellfish, which showed to

have low environmental impacts similar to many plant-based

foods, and lower thanmost animal-source proteins (Koehn et al.,

2022). Therefore, by including more fish in a diet, and making

it more adherent to the MD, a diet that is proven to sustain
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human health by protecting it against the main chronic and

inflammatory diseases (Mazzocchi et al., 2019), represents a

significant step toward a more sustainable and healthier diet

and way of living. Therefore, promoting a Mediterranean diet

style with sustainable fish consumption through education is a

very important way to transfer knowledge to every population

group, especially the younger ones. Also, teaching families

could be of greater importance because parenteral dietary

habits have a strong influence on children’s eating habits

(Sotos-Prieto et al., 2015).

When choosing fish, for this study participants the

most important information about fishery products was the

expiration date of the country of origin. More frequent

fish and seafood consumers were significantly more likely

to buy fish and seafood from Croatia, i.e., locally, while

those less frequent fish and seafood consumers indicated

the origin as less important. It can be supposed that

participants who more frequently consumed fish and seafood

believed that fish and seafood from Croatia have better

quality and taste, is more accessible, and when buying, they

did it as a support local fishermen and to help the local

economy. Those participants also consumed significantly more

fatty fish than those who were less frequent consumers,

which is supported by the information that more frequent

consumers chose health as the most important reason for

fish consumption, which is in line with other studies

(Govzman et al., 2021; Sacchettini et al., 2021).

The frequency of consuming fish within recommendation

didn’t influence the consumption of wild-caught or farmed

fish, since both study groups consumed more wild-caught

fish than farmed fish, which is similar to results obtained in

Portugal (Cardoso et al., 2013) and other European countries

(Verbeke et al., 2005). The consumption of more wild-caught

fish by study participants is consistent with their attitudes

toward farmed fish and its quality. More frequent fish and

seafood consumers significantly agreed that farmed fish is

fatter than wild-caught, and thus has poorer quality. They

reported farmed fish to have an unnatural shape, color, and

taste. Participants who were less frequent consumers were

significantly uncertain about that issue. Those results represent

an area that should be further examined for a better insight on

the results.

This study looked at what measures would be the most

appropriate to promote the consumption of fish and seafood.

Participants from both groups agreed that this would be a

lower price and better availability in stores. Many studies also

mention that the price of fish is a barrier to its consumption

(Altintzoglou et al., 2010; Grieger et al., 2012; Lawley et al.,

2012; Dijkstra et al., 2014; Bishop and Leblanc, 2017). Sotos-

Prieto et al. in their study mentioned that people with lower

income eat less fish, and although in this study the participants

with higher income ate slightly more fish, this difference

was not significant (Sotos-Prieto et al., 2015). As the main

reason for consuming fish and seafood, more frequent fish

and seafood consumers from this study significantly chose

taste and health. Many studies confirmed that the taste of

fish influenced its higher consumption (Sveinsdottir et al.,

2009; Appleton, 2016; Bostic et al., 2017; Christenson et al.,

2017). The belief that fish contains nutrients that have a

positive effect on health also leads to higher fish and seafood

consumption (Altintzoglou et al., 2010; Birch et al., 2012;

Rahmawaty et al., 2013; Jacobs et al., 2018), which this study

also confirmed. Interestingly, both groups in this study reported

that they get the most information about the importance of fish

consumption from friends, relatives, family, then the Internet

and TV, and only a fifth from health workers. Rahmawaty

et al. (2013) mentioned in their study that those family

members who often do not eat fish negatively influence the fish

consumption of other family members. This study showed that

the frequency of consuming fish and seafood products wasn’t

related to the source of information about the health benefits

of consuming fish, but it is suggesting that the role of health

workers should be stronger in promoting the health benefits of

fish consumption.

In this study participated a significant number of

participants from Primorsko-goranska County in Croatia

(81%) which makes the study results relevant and reliable. It

found a significant proportion of participants that consumed

fish and seafood products within recommendations and a

higher proportion of those having a diet that moderately to

highly adhered to the MD. This study provided the data on

the average consumption of various fish and seafood regarding

socio-demographic variables. Those data could serve for further

analytical research regarding environmental pollutants in

seafood and assessing the potential health risk for population

groups. However, this study is limited to the fact that the

consumption was assessed by a self-report measure that may

be biased. Also, the data were collected from inhabitants

of the coastal part of Croatia and they cannot be related to

the habits and reasons of the inhabitants of other parts of

Croatia. Another limitation is related to the data collection

method applied. The study was processed by a self-fulfilling

paper-type questionnaire, with an estimated participant’s

effort of 15–20min, which represents a strong barrier to

complete for people with low motivations. That limitation

was controlled since this study included the data only from

those questionnaires that were entirely responded to. However,

future similar research should be directed toward a more

objective measurement of fish and seafood consumption. Also,

further detailed analysis of the nutritional profile of fish and

seafood consumed could consider a comprehensive participants’

nutrient profile originating from fish and seafood. This is

important because there is a highlighted relationship between

healthy and sustainable food, meals and diets (Hallström

et al., 2018) which has not been investigated in Croatia

so far.
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Conclusion

The data obtained from this study showed an average

consumption of fish and seafood according to different socio-

demographic subgroups. More fish is consumed by women,

the elderly, the more educated, non-smokers, and the more

physically active participants. Given the recommended weekly

intake of fish, a significantly larger proportion of participants

reached these recommendations. That subgroup highlighted fish

health benefits as the main reason for choosing to consume

fish, but also the liking of its taste and the tradition of

its consumption. Participants preferred the most wild-caught

fish originating locally, regardless of the frequency of fish

and seafood consumption. The obtained data are valuable

because they cover the habits and reasons for fish and seafood

consumption, which is valuable in terms of directing the

sustainable diet promotion program, in which fish and seafood

consumption have a significant part, not only for its proven

health benefits but also for its beneficial environmental impact.
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Sutic, I., and Šutić, I. (2020). Metabolic syndrome and its association with the

Dietary Inflammatory Index (DII)
R©

in a Croatian working population. J. Hum.
Nutr. Diet. 33, 128–137. doi: 10.1111/jhn.12695

Koehn, J. Z., Allison, E. H., Golden, C. D., and Hilborn, R. (2022).
The role of seafood in sustainable diets. Environ. Res. Lett. 17, 035003.
doi: 10.1088/1748-9326/ac3954
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The growing consumer awareness of climate change and the resulting food

sustainability issues have led to an increasing adoption of several emerging

food trends. Some of these trends have been strengthened by the emergence

of the fourth industrial revolution (or Industry 4.0), and its innovations and

technologies that have fundamentally reshaped and transformed current

strategies and prospects for food production and consumption patterns. In

this review a general overview of the industrial revolutions through a food

perspective will be provided. Then, the current knowledge base regarding

consumer acceptance of eight traditional animal-proteins alternatives (e.g.,

plant-based foods and insects) and more recent trends (e.g., cell-cultured

meat and 3D-printed foods) will be updated. A special focus will be given

to the impact of digital technologies and other food Industry 4.0 innovations

on the shift toward greener, healthier, and more sustainable diets. Emerging

food trends have promising potential to promote nutritious and sustainable

alternatives to animal-based products. This literature narrative review showed

that plant-based foods are the largest portion of alternative proteins but
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intensive research is being done with other sources (notably the insects

and cell-cultured animal products). Recent technological advances are likely

to have significant roles in enhancing sensory and nutritional properties,

improving consumer perception of these emerging foods. Thus, consumer

acceptance and consumption of new foods are predicted to continue growing,

although more e�ort should be made to make these food products more

convenient, nutritious, and a�ordable, and to market them to consumers

positively emphasizing their safety and benefits.

KEYWORDS

alternative proteins, edible insects, culturedmeat, consumer perception, plant-based

food, 3D food printing, personalized nutrition, industry 4.0

Introduction

The global challenges for economic, social, and

environmental sustainable development are currently more

acute than ever before and call for immediate actions to develop

a healthier and more sustainable future of food (1–3). Food

production systems, mainly the production of animal-sourced

food through livestock farming, have been a significant

contributor to climate change and unsustainable development.

Therefore, a search is underway worldwide to find alternative

technologies and production methods that provide food with

a lower environmental footprint while nutritional and sensory

characteristics are similar or even better than that of animal

products (4–8).

Plant-based sources have been investigated and established

for use as food and feed throughout human development,

but consumer interest in plant-based proteins has recently

increased, which is reflected in a growing number of vegans,

vegetarians, or flexitarians. A variety of plant-based meat, fish,

milk, and egg analogs are being introduced to the market as

a promising, sustainable approach to reduce the consumption

of meat and other animal-based proteins (9, 10). While wild-

harvested insects have been a traditional food source in many

countries for centuries (11), insects’ cultivation is relatively

new, with some small-scale insect farming projects being

launched in some countries (12). Apart from these traditional

sources (i.e., plant-based foods and insects), other more

innovative solutions, especially cell-cultured and 3D printed-

foods, are being evaluated. Cell-cultured food production

(e.g., meat, seafood, and poultry) is being studied owing to

its potential to achieve environmental sustainability, due to

low land and water requirements and reduced greenhouse

gas emissions as well as improved animal welfare (13–15).

3D printing is a new technique that has become part of

many scientific fields and industrial areas, including the food

industry, allowing the production of on-demand, complex,

and customized foods. In addition, the technique may be

used for personalized diet (or personalized foods) to print

products that specifically meet an individual’s health-nutritional

needs (16, 17). Another emerging application of 3D printing is

cultured meat (18).

Innovative technologies have the potential to improve food

production and enhance the quality of new food products

to improve consumer acceptance. Gene editing is one of the

emerging technologies that have opened up many possibilities

for generating crops and animals with improved properties

and desired traits (19–21). Additionally, highly productive

food production systems (e.g., hydroponics, aquaponics, and

aeroponics) have received attention as alternative farming

systems, taking advantages of innovations and advancements

in science and technology (22–24). Increased concerns about

environmental sustainability are driving the growing interest

in better uses of food wastes, by-products, and ugly produce.

Food wastes is one of the major challenges for the global food

system as approximately one-third of food produced in the

world for human consumption is either lost or wasted each year.

Valorization of food by-products and ugly produce (e.g., food

products with an abnormal appearance) using smart solutions

and technologies can constitute a promising strategy to tackle

this challenge (25–27).

The evolution of consumers’ demands for the

aforementioned eight food trends, namely, plant-based,

insect-based, cell-based, 3D-printed, personalized, and gene-

edited foods, as well as foods resulting from by-products and

ugly produce and new production systems (Figure 1) has

resulted in a complexity that requires advanced technologies

and innovative solutions. There is a growing literature on these

selected food trends as can be seen in Figure 2. These trends

have been further fueled by recent technological innovations

accompanied by the advent of the fourth industrial revolution

(or Industry 4.0) technologies. Due to its complexity, it is

difficult to provide a single, concise definition of Industry 4.0

that will be universally accepted. However, Industry 4.0 can

be seen as a combination of smart and advanced technologies

in the digital, physical, and biological fields that enables more

advanced intelligence to be brought to manufacturing and

the transition from mass to customized production (28, 29).

The main Industry 4.0 enablers in the food industry include
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FIGURE 1

The food trends reviewed in this manuscript and the main enablers of the fourth industrial revolution.

artificial intelligence (AI), big data, the Internet of Things

(IoT), blockchain, smart sensors, robotics, digital twins, and

cyber-physical systems (30, 31).

Plant-based foods have been thoroughly reviewed in recent

publications (10, 32–35). Detailed review papers reporting

on insects protein (11, 36–38), cell-cultured (13–15), and

3D printed (39–41) food products have also been published.

Other publications reported on personalized diet (16, 17, 42,

43), gene editing technologies (19, 20, 44), valorization of

food by-products and ugly produce (45–48), and new food

production systems (22, 24, 49). However, the applicability of

Industry 4.0 concepts with each of these food trends has not

been reviewed. Therefore, the main objective of this narrative

review is to highlight the important scientific and technological

advances that are being used to improve sensory, nutritional,

and technological qualities of emerging food trends (shown in

Figure 1), and enhancing their acceptance by consumers.

Overview of the industrial
revolutions through a food
perspective

The ever-increasing population is putting pressure on

natural resources and depleting them rapidly. Technological,

environmental, social, and political changes across the globe are

creating many new opportunities and challenges for humans.

The global population increase is significantly affecting food and

water sources (50). The overall industrial revolutions have had

a great impact on the many different components of the food

industry. The food industry has been continuously updating

its processes and products to meet each new revolution (51).

Industry 4.0 comprises a diversity of new enabling technologies,

as previously mentioned that includes smart sensors, big data,

AI, IoT, blockchain, cloud computing, automation, among

others. These technologies have important roles in creating

modern production processes. The food industry is adopting

a customer-orientation as part of a dynamic supply chain.

An adaptation of innovative technologies in the different food

sectors is important for the sustainability of the production

process. New technologies are often also more efficient

economically (52, 53).

The United Nations is striving to make the environment and

food production more sustainable for upcoming generations.

The industrial revolutions are important factors for sustainable

food production and the environment (54–56). Industry 4.0 has

a direct impact on food manufacturing and the food supply

chain. Industry 4.0 is integrating human actors and intelligent

machines with product and process lines. Consumer demand

for healthy food will best be provided by adopting Industry

Frontiers inNutrition 03 frontiersin.org

369

https://doi.org/10.3389/fnut.2022.972154
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Hassoun et al. 10.3389/fnut.2022.972154

FIGURE 2

Number of publications per year (until March 2022) dealing with emerging food trends (data obtained from Scopus).

Frontiers inNutrition 04 frontiersin.org

370

https://doi.org/10.3389/fnut.2022.972154
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Hassoun et al. 10.3389/fnut.2022.972154

4.0 changes. For example, thermal food processing is being

replaced with non-thermal technologies to minimize nutrient

losses (56). The use of non-thermal technologies (e.g., high-

pressure processing (HPP), cold plasma (CPL), and pulsed

UV-light) are improving processing to produce safe and more

nutritious food products (57).

Automation is having an increasingly important role in

manufacturing to achieve maximum productivity. The use of

AI with automated processes is increasing in the food industry

(54). AI helps monitor the supply chain and overall production

process. IoT includes many technologies that will also affect

existing production processes. IoT could also be implemented

in the food supply chain to make food safer (58). IoT connects

different devices to ensure effective communications between

people and things (59). The use of sensor technology and cloud

computing devices are important in increasing the efficiency

of the food supply chain (60, 61). The application of Industry

4.0 technologies (e.g., IoT, blockchain, and smart sensors) is

also important in reducing food wastage (62). Generally, the

digital revolution currently occurring in manufacturing and

the food industry, accompanied by greater automation and

advanced monitoring methods and processing technologies is

likely to have significant roles in enhancing sensory quality and

nutritional properties of foods, leading to improved consumer

perception and acceptance of these foods.

Consumer acceptance of emerging
food trends

Plant-based foods

Current food production practices have been linked to a

high prevalence of various chronic diseases as well as significant

environmental damage (63, 64). Over the past century, the

modern food and agricultural sectors have contributed to a

considerable reduction in world malnutrition and hunger by

producing a bountiful supply of inexpensive, safe, and tasty

foods. To feed a rising and wealthier global population, more

food of higher quality is required. Large-scale production of

animal products such as milk, fish, meat, eggs, and their

derivatives have been identified as a major contributor to the

modern food supply’s negative impact on global environmental

sustainability (63). Raising cattle for food causes significantly

more pollution, water and land use, greenhouse gas emissions,

and biodiversity loss than growing plants (and in some cases

other animals) for human use (65).

Plant-based (PB) diets are becoming increasingly popular

as a strategy to lessen the diet’s environmental footprint while

simultaneously improving human health and animal welfare.

In comparison to omnivores, vegetarians and vegans make

up a small percentage of the population, but their numbers

have risen in recent years. A side from meat alternatives, non-

animal food products are becoming more popular, which creates

a business opportunity for the food industry (66). Concerns

over the consumption of animal-based food products and their

harmful effects on the environment and health have led to an

increase in the PB protein business, particularly for innovative

items that can replace traditional dairy, egg, and meat products.

More people are declaring themselves “flexitarians (vegetarians

who occasionally eat animal products),” or opting to consume

less dairy, eggs, and meat in favor of more PB meals to help the

environment, improve health, or both. According to consumer

market research, up to 5 million Americans will have given up

meat totally between 2019 and 2020, becoming vegetarians or

vegans (67) although data confirming this is not yet available.

Functional PB foods are produced from unprocessed or

natural, as well as biotechnologically modified plants. They

are considered to have a significant impact on health and

wellbeing by reducing disease risks. Many of these functional

foods have been related to lower incidences of a variety of health

conditions, including diabetes, cardiovascular disease, gout, and

cancer. As a result, there is rising interest in functional PB

food research and development (68, 69). Individual PB foods,

such as nuts, vegetables, fruits, legumes, whole grains, and

coffee, have been shown to be beneficial to the cardiovascular

system (70). Significant evidence, on the other hand, links

particular animal foods, such as processed and red meat, to

an elevated risk of cardiovascular diseases (71, 72), although

these results remain controversial. Consumers are increasingly

turning to PB milk replacements for health reasons such as

lactose intolerance, cow’s milk protein allergies, or as a lifestyle

choice. PB milk substitutes are generally water-soluble extracts

of oilseeds, legumes, pseudo-cereals, or cereals that resemble

bovine milk in appearance. As a substitute for cow’s milk, they

are manufactured by reducing the raw material’s size, extracting

it in water, and then homogenizing it. Cow’s milk replacers

can be used as a straight replacement for cow’s milk or in

some animal milk-based recipes (73) although their nutritional

profiles may be quite different and this remains a concern.

Furthermore, there is growing concern that animal waste

lagoons and industrial meat production runoff would pollute

natural resources such as rivers, streams, and drinking water

although manure also represents a potential natural fertilizer.

There is also concern that excessive livestock farming may

result in the loss of critical carbon sinks such as forests

and other regions, as well as increased greenhouse gas

emissions, which will exacerbate current environmental and

climate-related issues. For human health and natural resources

reasons a sustainable food system that shifts the world

population toward less animal-based foods and more PB foods

is potentially beneficial. Dietary patterns rich in minimally

processed whole grains, vegetables, fruits, nuts, and legumes

have been recommend for increased sustainability and human

health. Meanwhile, a variety of other PB food products have
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been developed to replace traditional animal-based foods such

as meat alternatives, e.g., sausages, burgers, and other meat-like

products made primarily from highly processed PB components.

Even though these products provide more PB alternatives, they

may or may not be intended to imitate the sensory experience of

eating meat (65, 71, 72).

The number of people consuming PB diets is rapidly

expanding, according to many vegan organizations and

consulting firms, although some recent reports suggest that the

rate of growth of this market segment may be slowing down

as repeat purchases decrease. It is claimed that vegans in the

United States increased by 500% from almost 4 million in 2014

to 19.6 million in 2017 (66). According to a national survey

done in the United States in 2018, Americans had been reducing

their meat consumption in the previous 3 years (74). In the

United Kingdom, flexitarians account for 21% of the population,

whereas vegetarians and vegans account for one in every eight

people. In Germany, vegetarians went from 1% (2005) to 7%

(2018); the meat-free population expanded by 94.4% from 2011

to 2016 in Italy, and flexitarians increased by 25% in 2 years in

Spain (66). Furthermore, according to global research done in

2019, 40% of consumers are attempting to reduce animal protein

consumption, with 10% having completely stopped eating red

meat (75). PB meat substitutes are predicted to expand in value

from USD 1.6 billion in 2019 to USD 3.5 billion by 2026. The

top-selling meat replacement foods in 2019 were burgers (USD

283 million), hot dogs and sausages (USD 159 million), and

patties (USD 120 million). Other figures show that sales of meat

in the United States fell by 5% between 2015 and 2019 (66, 75).

Due to an increase in information about chronic diseases

and the numerous health claims presently associated with

various foods, consumer interest in wellness and better health

is expanding. Nowadays, many consumers drink PB milk

substitutes because they want to rather than because they have

an allergy (76). PBmilk substitutes are often regarded as healthy,

owing to their established health claims, such as those relating

to vitamins, fiber, or no cholesterol. The market is being driven

by both these positive attributes as well as people’s negative

perceptions about cow’s milk. The possibility of cow’s milk

contributing to a variety of human ailments, as well as its high-

fat content, are among the concerns (76). Themarket for PBmilk

replacements has also grown significantly, more than tripling

its global sales from 2009 to 2015 and reaching 21 billion USD

(73). According to the Plant Based Foods Association, sales of

PB yogurts have increased by 55%, PB cheeses by 43%, and PB

creamers by 131% in the United States (66).

The Industry 4.0 food processing technologies improve

functional, nutritional, and sensory properties of new PB foods.

Non-thermal technologies such as PEF, HPP, high-pressure

homogenization, and ultrasound modify the permeability of

the cell membrane in numerous fruits and vegetables. This

has been connected to microstructural changes in the whole

matrices and reduced particle size in liquid matrices. In general,

this increases the bioavailability of phenolic and carotenoids

compounds by promoting their release (77). Furthermore, this

type of processing might be effective in addressing the obstacles

that come with processing PB drinks on a larger scale (69).

An innovative drying processing technique–intermittent drying,

is a method of changing the drying conditions by varying the

humidity, temperature, pressure, velocity, or even the heat input

mode. Longer drying durations and case hardening decrease

energy efficiency, and lead to poor quality attributes that have

been successfully addressed with this drying procedure in

different PB foods (78).

The 3D-printing of PB foods has the potential to produce

better quality PB foods. The purpose of 3D printing is to turn a

computer-aided design model into a three-dimensional object.

4D printing is a relatively new technology that complements

3D printing by allowing the printed material to alter over time.

Food 3D printing has the unique ability to create geometrically

complex structures that can be mass produced while also saving

money and the environment. It allows for the customization of

foods based on nutritional needs, calorie consumption, texture,

a precise shape, flavor, or color. For example, extrusion, selective

sintering, binder jetting, and inkjets are the four types of 3D food

printing technologies currently being studied for PB foods (79).

Insect-based foods

In response to the increase in the world’s population, the

existing production of food will have to treble to fulfill the

rapidly rising demand for food. Insects are being researched

as a new source of animal feed and human food to help meet

global food security challenges. Human consumption of insects

has several reported advantages including comparable protein

levels (80), relatively high levels of unsaturated fat and different

nutrients, and a lesser environmental effect due to decreased

greenhouse gas emissions (80, 81). Insects are regarded as more

sustainable since they utilize fewer natural resources such as

water, feed, and land, and they generate far fewer greenhouse

gases and ammonia than bovine and non-bovine animals. They

have a high feed conversion ratio because they are cold-blooded,

implying that they are particularly efficient at bio-transforming

organic resources into insect biomass (82, 83).

As a result, insect production for human food is increasing

in several countries (84). Around 2,000 edible insect species

have been identified worldwide. They have been collected from

the wild including from Africa, East Asia, and South America,

and are used in traditional diets (37). Beetles (31%), caterpillars

(18%), ants, wasps, and bees (14%), cricket, locusts, and

grasshoppers (Orthoptera) (13%), planthoppers, cicadas, scale

insects, true bugs (Hemiptera), and leafhoppers (10%), termites

(Isoptera) (3%), dragonflies (Odonata) (3%); flies (Diptera)

(2%); and other orders (5%) are the most commonly consumed

species globally (85). For example cricket powder was added
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to pasta to increase its content of protein and minerals and

improved the culinary properties and texture (86).

Insect-based food production has been influenced by recent

advances and innovations offered by Industry 4.0 technologies.

One of them is exploiting the possibilities for engineered

insect tissue in cellular culture. Cellular agriculture is a rapidly

emerging field that allows for the preparation of such a food

system without necessitating changes in customer behavior. The

use of insect cell culture in cellular agriculture offers the promise

to overcome technical limitations and produce low-input, high-

volume, and nutritious food. Insect cells are good candidates

for incorporation into cultured meat and other innovative food

products due to the robustness of established techniques for

culturing insect cells and their ease of immortalization, serum-

free growth, have a high-density proliferation, transfection, and

a good suspension culture adaptation compared to mammalian

cells (87).

Despite their apparent feasibility as a long-term alternative

to conventional protein sources, there are still several barriers

to their widespread utilization as human food in the West

(81). In many Western countries, consumer acceptance remains

a hurdle, and insects are usually viewed as unpleasant, even

though their flavor has been shown to be mild and tolerable.

Consumer disgust can be explained in numerous ways, including

social, cultural and religious reasons (84). Therefore, product

development to create new insect-based foods, as well as

acceptance-boosting strategies, are required (88).

Consumer acceptance of insect-based food has been studied

(89–91). For example, food neophobia, or a fear of trying

new foods, emerges as an evolutionary response to prevent

potential hazards from being tried. Many aspects of human

eating behavior, including dietary preferences and food choices,

are influenced by this attitude. Consumers in countries where

there has been no recent insect intake history have a particularly

neophobic attitude toward edible insects, which influences

their apprehension to consume unusual and perhaps repulsive

foods like insects (89). For example, the Chinese had more

favorable attitudes and reported a higher willingness to eat

insects compared to the Germans (90). Sensory aversion was

discovered to be one of the commonly recognized risks of

insect intake, which affects both Indians and Americans (89).

Consumer acceptance of insect-based foods remains a hurdle

in many cultures, where religious prohibitions rule out many

insects. The role of context (social companions and location)

in the acceptance of insect-based foods was studied (91). The

results showed that eating with friends and eating in pubs

enhanced the acceptance of insect-based foods. In another study

(92), names and visual presentations were found to be important

factor that affect consumer acceptance of insect-based foods.

Many strategies have been suggested to reduce food

neophobia and increase acceptance of insect-based foods,

among which processing seems to be the most promising (38,

83). Appropriate food processing and preparation techniques

must be designed and implemented to obtain the benefits

of insects. At all levels, including large-scale industrial,

restaurants, cottage industries, and professional cuisine, as

well as households, the processing is an important aspect

of any meal or food item for the assimilation of insects

into more standard cuisines. Processing preserves or improves

the nutritional, organoleptic (texture, aroma, taste, etc.), and

functionality of raw materials converted into food ingredients,

while also destroying or removing potential safety hazards (93).

Insect biomass processing is becoming increasingly necessary to

meet the safe edible biomass standards while also developing

effective techniques to reduce chemical and biological risks.

Current insect biomass processing technologies rely on thermal

(blanching, drying, boiling, freezing, chilling, and freeze-

drying), mechanical (crushing, grinding, and milling), and

fractionation processes (extraction, separation, purification, and

centrifugation). These are well-developed and well-established

in the food and feed industries (94). For example, the use of

cold atmospheric pressure plasma processing in the postharvest

chain for edible insects could aid in the creation of safe

and high-quality insect-based products for the food and feed

industries (95). Various food processing technologies such as

oven, smoke, conventional air, freeze, microwave-assisted, and

fluidized-bed drying methods, and ultrasound-assisted aqueous

extraction, sonication, supercritical CO2 extraction, and dry

fractionation can be used to improve the overall quality of insect-

based products as well as helping in extracting nutritionally rich

compounds from the insects for its application in developing

new food products (96).

Cell-cultured meat

To satisfy the growing demand for protein for an ever-

increasing population, cultured meat is being considered a good

substitute for meat. Cellular agriculture is an emerging field for

the production of different products. Cultured meat, also known

as clean meat or laboratory-grown meat, is a part of cellular

agriculture and does not involve any livestock for the production

of meat once the initial cells are obtained (13, 97, 98) although at

some point new initial cells are needed.

Cell-cultured meat is produced using tissue-engineering

techniques. Different aspects of cultured meat give it an edge

over traditional meat such as a lower use of environmental

resources, higher nutritional value, lower risk of food-borne

diseases, as well as avoiding issues associated with the

slaughtering of animals (13, 99) In the cell-cultured meat

process, a biopsy is taken from any living animal from which

the stem cells are obtained. The stem cells can proliferate into

different types of cells. These cells are cultured in a nutrient

medium containing all the required growth factors, nutrients,

and hormones. The cells, if directed to muscle growth, continue

to grow and form myotubes with a length of about 0.3mm.
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FIGURE 3

Process for the production of cellular meat with its pros and cons.

These myotubes are then placed in a ring that grows into a small

piece of muscle tissue. A schematic diagram for their production

is shown in Figure 3. These muscle tissues can further multiply

to formmore than a trillion strands. These muscle cells continue

to grow in size and need to be attached to a scaffold that provides

support and orientation (14, 100, 101).

The production process for cultured meat has various

pros and cons. Cultured meat requires only a few animals to

produce a large amount of meat through cell proliferation.

The production process for laboratory-grown meat is rapid

compared to natural processes. In addition, cell-cultured meat

offers promising sustainability benefits. However, the cultured

meat uses the blood of dead calves which is a controversial

societal issue and negates the claims of being animal free

and violates the religious traditions that do not permit the

ingestion of blood or blood derivatives. The second major issue

is that the use of this serum is expensive and increases the

cost of production of laboratory grown meat. Currently only

a limited range of meat cuts are available. Furthermore, the

sensory quality of the meat is naturally affected by the type of

animal including breed, growing conditions, feed, and many

other factors, and to date has not fully imitated the flavor

of the product it means to imitate. Additionally, laboratory-

grown meat does not offer such diversification in terms of

sensory quality. Therefore, there is a need to resolve the technical

issues in the production of cultured meat. Additionally, there

is a need to understand the safety aspects, optimization of cell

culture methodology, and increase consumer acceptability. The

acceptability of cultured meat by some religious authorities is

still in question (14, 102, 103). A recent study showed that 35%

of meat-eaters and 55% of vegetarians felt disgusted by cultured

meat, as it is perceived as not being natural (104).

Despite the current limitations, the cell-cultured meat

industry has recently been growing, especially in the past two

years, with many companies being founded in North America,

Asia, and Europe (105). Emerging innovations and Industry 4.0

technological advances (e.g., advances in biotechnology and 3D

printing) are driving this trend, making it possible to accelerate

the industrialization and commercialization process for cell-

based products (4, 105). Among Industry 4.0 components, the

role of 3D printing has been particularly highlighted, leading to

many applications in different manufacturing fields, including

cultured meat production (18, 106).

3D-printed foods

3D printing is being positively applied in different sectors of

food production. The basic objective of 3D food production is to

provide a highly structured food to the consumer. The main 3D

food applications are based on the use of alternative ingredients,

including different isolates from microorganisms, insects, food

waste, and algae (107, 108). 3D printing can even be used to

give a second life for plastic wastes (109), making it a promising
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TABLE 1 Di�erent types of 3D printed foods and consumer

perception.

Product Consumer response Reference

Chocolates The texture is too soft (116)

Higher levels of cocoa solids

Deliciousness

A very clever way of presenting tasty food

Capsaicin candy Nutritionally rich (117, 118)

Different shapes

Different flavors

Suitable for everyone

Helps in the prevention of numerous diseases

Various types of

meat products

Delicious (18, 119)

Different sizes

Rich protein source

Pizzas Highly delicious (120)

Healthiness

Beef meat, hybrid

meat analogs

3D printed meat (18, 121, 122)

Sustainable

Environmentally friendly

More durable

High cost

Potentially unappealing

approach for achieving sustainability and circular economy

goals for food packaging. The major research on 3D food

printing is being done in the USA, China, and Australia (108,

110, 111). The first use of 3D was for the creation of engineering

prototypes, while the first 3D food was introduced commercially

in 2015 (108, 112, 113). Presently, many technologies for 3D

food printing are being used (39, 114, 115).

Different types of 3D-printed foods are available as shown

in Table 1. The major 3D printed food-producing countries are

China, the United Kingdom, Canada, Spain, the United States,

and Poland (108). Three important categories of ingredients

for food printing include native non-printable, printable, and

alternative ingredients. The native printable materials (e.g.,

chocolate, icing, and butter) can be extruded from a syringe.

In the case of non-printable traditional food materials (e.g.,

fruits vegetables, meat, and rice) different viscosity enhancers

(e.g., starches, gums, and gelatin) are added after grinding for

a smooth extrusion process. Proteins and fibers isolated from

insects, agricultural waste, and algae are considered alternative

ingredients and have different functional properties (108, 110,

113).

3D food printing technologies are producing demand-based

foods that can address food-related diseases (e.g., diabetes and

obesity) and personal nutritional habits (e.g., vegetarian and

vegan). 3D food printing technologies can also have a role

in the production of customized food products, eliminating

undesirable substances, and making foods that are pleasant for

the consumer. Other advantages include food waste reduction,

innovation, and process digitalization (17, 107, 108, 110,

123).

3D printing can be considered one of the most important

enablers of Industry 4.0. Recent advances and technological

developments have accelerated innovation and strengthened the

use of 3D printing for different applications. Improvements

in simulation, modeling, software, and materials have led to

the extension of 3D printing to 4D, 5D, and 6D printing

(41). 4D food printing refers to the response of 3D-printed

foods integrated with smart materials to external or internal

environmental/human stimuli (e.g., temperature and pH),

resulting in physical or chemical changes (e.g., color, flavor, or

nutritional changes) in the products over time (17, 40, 41). An

example of the application of 4D printing in food was recently

given by Ghazal and others (124) who used red cabbage juice and

vanillin powder for their 4D product to change color and flavor

in response to an external or internal pH stimulus. Recently,

more advanced and innovative printing technologies, including

5D and 6D printing have emerged, presenting new possibilities

in food manufacturing (41). Compared to 3D printing that is

based on three axes (X, Y, and Z) of movement, 5D printing

allows products to be printed from five axes by adding two

additional rotational axes (i.e., the rotation of extruder head

and the rotation of print bed), enabling printing of complex

shapes having curved surfaces. 6D printing combines 4D and

5D printing techniques, making it possible to print complex

structures using smart materials (41).

However, there are many issues associated with the

production of printed foods. Among different issues, the unusual

appearance of 3D food is a significant concern. The acceptability

of the 3D-printed foods is another important challenge that

should be addressed (108). Several survey-based studies were

not always encouraging (120). In addition, the safety aspects

of 3D-printed food must be addressed. Production of 3D

foods includes cooling and heating which make the food more

susceptible to microbial growth. The sanitization process for the

printer is important to reduce the microbial load in the final

product (110, 114).

The market for 3D food printers is expanding for

the production of various types of foods. This technology

has various advantages in terms of health, economic, and

environment aspects, with a potential to revolutionize food

manufacturing. 3D printing technology could be a way to

alleviate hunger through a more efficient use of the available

foods and the use of alternative food sources. Further

improvement in functional and nutritional properties of printed

foods is expected with the advent of Industry 4.0 innovations,

enhancing consumer acceptance. However, before large scale

commercialization, the consumer confidence and safety aspects

of 3D-printed food must be addressed.
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Use of by-products, ugly produce, and
other sources (e.g., seaweeds and
jellyfish) as food

Extensive research has been done to investigate new

approaches to valorize food wastes and by-products and to

explore new sources of food. Due to the growth of population

and economic advances, larger amounts of agricultural and food

wastes are produced at different stages of food production and

consumption, causing different environmental problems (125,

126). Food wastes resulting from different food groups along the

food supply chain were assessed and results showed that cereals,

fruit, and vegetables were the food groups responsible for the

highest amount of food wastes that occurred especially at the

consumption stage (127).

Food waste valorization has garnered global attention as

an effective approach in line with circular economy principles.

Different strategies have been developed to reduce the waste

resulting from the food industry and transform these wastes into

resources (125, 128, 129). Food wastes and by-products can be

rich in bioactive compounds and present important economic

and environmental benefits. Different functional compounds

may be extracted from food wastes and redirected to the food

industry as ingredients or value-added compounds, to enrich

products (47, 130). Proteins and amino acids, carotenoids and

tocopherols, fatty acids, starches, oligosaccharides, soluble fibers,

flavonoids, aromatic compounds, and different vitamins are

examples of functional compounds extracted from different

by-products and “ugly” produce and used to enrich different

foods (131–134).

However, most of the current waste valorization strategies

are developed only at laboratory scale (127). Additionally,

consumer acceptance remains one of the main barriers

that prevent commercialization of products and compounds

extracted from food wastes and ugly produce. Research shows

that abnormal appearance and nearing expiration date of

food products can reduce consumer willingness to accept

these products (48). In a recent study, the main drivers of

intention to purchase products with a by-product, namely grape

pomace powder, were evaluated (135). The results indicated

that informing consumers positively of the presence of this by-

product in food formulation enhanced the consumer acceptance

of the product.

Jellyfish and seaweed have been highlighted in many

studies as potential future foods (136–145). Jellyfish are

marine invertebrates that are capable of growing in various

environments (such as cold and warm waters, along coastlines,

and in deeper waters) to form large blooms (146, 147).

Interestingly, many reports indicated that the availability of

jellyfish seems to increase with climate change, such as global

warming (137, 147). These sustainable marine bioresources are

valued for their reported health benefits showing high potential

for use in food, feed, pharmaceutical, and other biotechnological

applications, promoting their cultivation (146). Seaweeds are

plant-like organisms that belong to brown (Phaeophyta), red

(Rhodophyta), and green (Chlorophyta) algae (147, 148). These

renewable sources of food have gained increased research and

consumer interest in recent years due to their nutritional

properties (e.g., high content of proteins, vitamins, minerals, and

bioactive compounds) and their sustainability characteristics

(e.g., fast growing with no fertilizer or pesticides), making them

significant contributors to global food security (141, 142, 147).

Valorization of food wastes and by-products and

exploitation of novel food sources take advantage of recent

technological advances and the rapid spread of the concept

of Industry 4.0. IoT, digital technologies, such as AI and

digital twins, and other Industry 4.0 components are being

applied to reduce or valorize food wastes and by-products,

providing important environmental and economic benefits

(62, 149–152). For example, emerging innovations in the field

of algae biotechnology enable the development of low-cost

production with exciting opportunities of automation through

the application of IoT and other technological advances (145).

Developments in nanotechnology have provided many

promising applications in the food industry, such as the use

of food wastes and by-products in different sustainable food

packaging strategies (153). Nanotechnology was used to reduce

wine waste in obtaining new food ingredients and sustainable

packaging with improved stability and bioavailability of the

phenolic compounds (154). Grape pomace and broken wheat

were used as printing material to produce functional cookies

with enhanced nutritional value and antioxidant properties

(155). The results showed that this sustainable approach led to

food products with customized shapes and a higher content of

proteins and dietary fiber.

Most of the extractionmethods that are available industrially

possessed several bottlenecks, such as using strong acidic

solutions and high temperatures, including boiling water,

leading to negative impacts on the sensory and nutritional

quality of the extracted compounds and decreased consumer

acceptance. Moreover, these extraction methods depend

on different factors such as solvent properties, reaction

temperature, pH, time of reaction, and the ratio between solvent

and solid material (156–158). One the other hand, emerging

green technologies, such as supercritical fluids, cold plasma,

pulsed electric field, ultrasound, and high pressure processing

have been studied and suggested as alternatives to conventional

extraction methods. These techniques have a high potential

to improve or maintain sensory and nutritional properties of

foods, thus increasing their positive perception by consumers

(25, 125, 158).

Personalized diet

A person’s state of health can be improved through an

individualized or personalized dietary approach. Healthy

dietary choices may help to substantially reduce the
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occurrence of obesity and non-communicable diet-related

diseases such as cancer, type-2 diabetes mellitus, metabolic

syndrome, and cardiovascular diseases (159). Existing policy

emphasizes prevention through personalized health promoting

interventions, which have been shown to be successful

in changing healthy behavior of consumers (160, 161).

Digital technologies sustain individualized health promoting

interventions by providing a personalized approach to health

supporting activities that are easily accessible and cost effective

(161). With the current breakthroughs in the decoding of

the human genome and various applications of genomics,

epigenomics, proteomics and metabolomics in medicine

and nutrition, the modern personalized diet goes far beyond

previous customized nutritional advice based on diet, age,

sex, body mass index (BMI), physical activity and the clinical

picture (160, 162). An individual’s response to any food and/or

food component is assigned to a number of factors including

overall state of the health, the genetic profile and physiological

environment (163). To minimize side-effects arising from the

consumption of physiologically unsuitable food products by

an individual, identification of the factors that may predispose

the individual to specific diseases as the result of the diet leads

to a proposed customized diet. Knowing the sequence of the

human genome, it is feasible to develop a personalized diet

regime that can be used by each individual based on his/her

genetic make-up.

Personalized diet is important for the development of

foods that may be used as a “drug” for the prevention of a

specific disease affecting that individual. The use of personalized

diet will make dietary interventions more efficient by simply

changing the diet that have been proven ineffective in certain

genotypes (16, 164). The first documented attempt to develop

personalized nutrition practices was the ancient medicine

system of Ayurveda, that goes back to 1500 B.C.E. Ayurveda as

a traditional medicine system, represents a set of comprehensive

healthcare practices involving medicine, nutrition, science, and

philosophy (165). According to Ayurveda, predisposition to a

disease depends on an individual’s basic constitution (Prakriti)

which requires a certain diet and health practices to avoid (166).

With help from modern predictive medicine, Ayurveda’s efforts

have been directed toward personalized nutrition based on

prospective disease andmarkers for their conditions. Individuals

from the three basic constitution types as defined by Prakriti

type do showmajor differences for each type at the genome-wide

expression level, as well as their biochemical and hematological

parameters including lipid profiles, liver function tests, and

hemoglobin content (165). Since the genetic expressions are

strongly affected and may be altered by diet, an unhealthy

lifestyle and environmental factors, the dietetic principles of

Ayurveda have been claimed to helpmaintain genetic expression

(167, 168).

A modern relook into the basics of Ayurveda dietetics had a

strong relation to epigenomics, proteomics and metabolomics,

which led to the emergence of the concept of personalized

nutrition called Ayurnutrigenomics (168). This emerging field of

research may show the possibilities of smart dietary choices that

will help to prevent non-communicable diseases and lifestyle

disorders caused by gene alteration through a fresh insight into

specific dietary recommendations based on the genotype of

individuals (167–169).

The ability of food components to interfere with molecular

mechanisms on a genetic lever has raised consumer interest

in considering personalized diet. The consumers are becoming

more intent on matching their own genotypes and phenotypes

to a diet that will help achieving desired physiological outcomes

(16). Personalized diet can, therefore, be viewed as a solution to

consumers’ needs for health promoting diets and dietary advice

(170). However, personalized nutrition needs the development

of personalized food products. Working with the variations

in individual needs based on biological characteristics of the

body, personalized nutrition provides recommendations on

types of foods and their optimal intakes. Personalization of food

products requires knowledge of their nutrient composition and

greater understanding of all possible interactions and impact of

micro- and macronutrients on the individual’s health (43).

To make personalized diet efficient for an individual,

relevant personalized food products must be developed and

made available. Current production of personalized products

includes not only knowing the genomics of consumers, but

also characteristics of nutrients in a food matrix, development

of food products with specific functional properties (43),

and application of advanced technologies that incorporate

elements of Industry 4.0 (30). Therefore, mass production of

personalized food products is currently not feasible without

wider applications of Industry 4.0 technologies, since it

is a comprehensive, laborious, and time-consuming process

requiring specific knowledge in the fields of medicine, genomics,

nutrition, and food technology. The involvement of Industry 4.0

is required for wider use of the information technologies needed

to model and describe the biological processes in medicine and

nutrition, including statistics and data processing, genomics,

epigenomics, proteomics and metabolomics, which would help

to accelerate the development and spread of personalized foods,

as well as increase consumer awareness and acceptance of

personalized foods. Therefore, personalization will also require

consumer input to define food preferences within potential

choices (43). Several attempts have been taken to develop

personalized foods that couldmatch the genetics of an individual

with direct involvement of that consumer. During these trials,

European consumers, particularly with health issues, showed

an openness and interest in the food personalization research

(171). There were also attempts to develop personalized foods

by selecting and combining food ingredients in accordance

with personal requirements and preferences, thus enabling

consumers to contribute to the personalization of food while

feeling satisfied and socially involved in the process (172, 173).
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Thus, personalization of food is a complex process that

requires the development of personalized food products based

on the nutritional profile of raw material and genomics of

a specific individual, taking into account all the interactions

between nutrients and other compounds in the food matrix

during processing and storage, and their influence on health and

consumer acceptance of the final products.

Fortification and gene editing of foods

Food fortification is a widely used strategy to address the

problem of nutrient deficiency and prevent malnutrition. As

traditional fortification approaches, i.e., the direct addition

of nutrients (e.g., vitamins and minerals) to foods during

processing, can be challenged by bioavailability issues,

the development biofortification has been accelerated in

recent years. The development of fortification techniques,

microencapsulation and stabilization technologies, and the

intervention of genetic engineering and breeding pave the way

to develop various foods (especially staple food crops, such as

rice and dairy products, such as cheese) with a higher nutritional

value and/or a greater content of health-promoting compounds

compared to traditionally fortified foods (174–176).

Genome editing has been applied as an alternative approach

to improve the nutrient contents of crops and livestock products.

Figure 4 shows the process for the production of cellular meat

with its pros and cons. Scientists starting in 2003 have developed

gene-editing (GE), which allowed them to develop modified

crops and livestock with high performance across a variety

of features including both abiotic and biotic stresses (20). GE

is the capacity to make exact alterations to a live organism’s

DNA sequence, thereby modifying its genetic composition.

This method works by using enzymes, notably nucleases,

designed to target a specific DNA sequence. These enzymes

function like scissors, cutting the DNA at a specific spot, and

allowing the removal of existing DNA and the insertion of

replacement DNA (21). Among the effector nucleases used

for GE are meganucleases (MegN), transcription activator-like

effector nucleases (TALEN), and zinc-finger nucleases (ZFN).

Discovered in 2012 (21), clustered regularly interspaced short

palindromic repeats (CRISPR-Cas9) allowed molecular scissors

to precisely target a gene in the genome. The procedure

first requires identifying a gene responsible for a particular

function that requires editing. To edit DNA, a guide RNA

(ribonucleic acid) is constructed and the Cas9 enzyme cuts the

specified sequence at a designated spot. After the cut, certain

functionalities may be added or modified, and the cell can be

restored using enzymes.

In an organism, the alterations are accomplished once the

guide RNA and Cas9 enzyme are eliminated (177). Overall, GE

breeders achieve a particular genotype that occurs naturally at

a low frequency, and Cas9 is a crucial differentiator for both

breeders looking to establish new lines of animals and regulators

who understand that the results are similar to natural mutations.

The use of GE methods has opened up many possibilities for

generating crops and animals that can better deal with the issues

of food and nutrition security. A few examples:

Rice has been a staple for more than half the world’s

population. Therefore, the first study using CRISPR-Cas9

technology focused on rice GE (178). Drought and salt are

two critical abiotic factors that influence rice that GE might

address. The use of CRISPR-Cas9 to knockout OsRR22, a

gene linked to salt sensitivity in rice increased its success with

high saline conditions (0.75% NaCl) without reducing grain

production, plant biomass, or grain quality. These GE lines were

19% shorter, whereas wild-type plants were 32% shorter with

salt. Likewise, GE plants had no significant changes from the

unedited plants in the absence of saline and had considerably

less severe biomass decreases due to salt exposure. Saline tests

were done in greenhouses, and overall agronomic performance

was assessed in the field. Compared to wild-type plants, GE

plants had substantially less severe biomass losses due to salt

exposure (179). Other rice editing efforts have resulted in early

maturing rice that is more suitable for cultivation in the northern

hemisphere, where it needs a longer growing period and colder

temperatures (180). Rice plants were GE using CRISPR-Cas9

to target the flowering-related genes Hd2,4, and 5, resulting

in plants that bloomed considerably quicker than their wild-

type counterparts.

In the future, when temperatures and other climatic

conditions in tropical areas make agriculture less productive,

early flowering plants may be better suited. Aside from being

adapted to water shortages, the early blooming may also reduce

the amount of cumulative water needed to grow to harvest. GE

technologies may assist with knock-ins as well as knockouts. To

improve drought tolerance, researchers used CRISPR-Cas9 to

place a promoter into a particular maize gene. An alternative

maize promoter was placed before ARGOS8, a drought-tolerant

gene. This precise insertion resulted in higher grain yields with

water stress during flowering while preserving normal growth

conditions. This method is an intragenic strategy using GE in

which a native maize genetic sequence was placed at a new locus

to improve plant tolerance to the abiotic stressor (181).

The development of disease resistance in pigs has also

benefited from GE. Two genes, CD163 and CD1D were knocked

out (182). The former is essential for PRRS viral infection,

whereas the latter is involved in innate immunity. The Cd163

knockout pigs were tested for PRRS resistance and had no

symptoms when infected. On the other hand, the wild-type

offspring had severe symptoms and had to be euthanized (182).

By using CRISPR-Cas9 GE to knock out CD163, pigs might

become immune to PRRSV (183). CRISPR-Cas9 has been used

to knock-in resistance to the classical swine fever virus (CSFV)

at the Rosa26 gene. This locus is a suitable target for transgenic

insertion because of its widespread and high expression, and
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FIGURE 4

Process for the gene-editing with its pros and cons.

the absence of any gene-silencing effects (184). The gene-edited

pigs were CSFV-resistant, but all wild-type pigs died each time.

The C. elegans fat-1 gene was inserted into the Rosa26 locus

in pigs, providing a proof-of-concept to illustrate the feasibility

of concurrently boosting the nutritional value of pork while

raising general disease resistance since fat-1 is involved in

both disease resistance and the nutritive quality of meat (184).

Also, the ANPEP (aminopeptidase N) gene was knocked out

using CRISPR-Cas9 GE to impart resistance to coronavirus

infections (185).

Consumers’ acceptance or rejection of food produced from

GE crops may have significant economic consequences at all

stages of the food system. Global agreement on the safety and

regulation of GE crops is non-existent, and this is a serious

and significant problem. GE in food production is accepted

by many nations and areas, while Europe and New Zealand

have adopted a more cautious approach (186). In a study of

around 10,000 individuals done by the University of Tokyo, 40

to 50% of respondents said they did not want to eat GE crops

or animal products (186). Another study investigated people’s

attitudes towardGE in food plants and animals. People tended to

showmore positive attitudes toward GE plants than GE animals.

Their acceptance was stronger for biotechnology medical

applications than agri-food applications (44). Consumers have
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TABLE 2 New food production systems.

Type of

agriculture

technique

Definition Advantages Disadvantages

Hydroponic Cultivation of plants without soil

using mineral nutrient solutions in

aqueous solvents

No soil involved and no need for soil preparing

or testing

Optimal use of location (20% less space for

growing)

Complete control over climate

Conserving water by reusing it (20% less water

than traditional agriculture)

Optimal use of nutrients

Zero weeding, mulching, etc.

Faster growth rate

Total control over the nutritional balance

Fewer pests and ailments since the environment

is sterile

Constant monitoring is required

Water-based microorganisms may readily

infiltrate the system

All plants in the system will be impacted if a

disease emerges

If the system fails without soil to act as a buffer,

plant death will ensue quickly

Risks of water and electricity failure

Requires a high level of technical knowledge

Some plants are difficult to grow hydroponically

(such as potatoes)

Could be expensive

Aquaponics A food production system integrating

aquaculture and hydroponics to grow

fish and plants together in one system

Efficient use of water and nutrients

Organic fertilization

Environmentally friendly

Produce the highest yield on a field

Smart vertical farming

Consistent with circular agriculture

Limited crops

High initial cost

High consumption of electricity

Unsustainable fish food

The system must be professionally installed

Unexpected failure

Aeroponics A method of growing plants without

any growing medium where the roots

are suspended in the air, and nutrient

solutions are delivered to the plant

using a fine mist or spray

Completely controlled environment

Uses fewer resources, e.g., 90% less water than

traditional farming

Saves considerable space and soil

Fast growth and high yield

As roots grow in the air, there is no physical

medium inhibiting a plant’s expansion

Growth environment can be pest-

and disease-free

Requires advanced machinery and equipment to

operate

Expensive initial investment

Dependency on electricity

Requires more monitoring and maintenance

compared to the other systems

Nutrient content of the solution must be

monitored carefully and constantly

Extremely sensitive system

historically reacted negatively to genetically modified products

(GMO) because of their perceived “unnaturalness,” and GE

foods may encounter the same problems. Food that is more

nutrient-dense, environmentally and animal welfare-friendly

and cost-effective may be created by GE and overtime become

consumer acceptable.

GE discussions need to be framed so as to enable the public

to participate in the discussion, manage any misunderstandings,

and maintain consumer trust. GE products may also need

labeling that is clear and accurate.

Hydroponics, aquaponics, and other
indoor vertical food production systems

Agriculture-based food production growth is now much

lower than the rate of population expansion, which is a

concern. As a result, more agricultural production systems

must be implemented to improve and achieve expected future

food supply needs. Alternative forms of farming systems have

become more popular. Hydroponics, aquaponics, and other

indoor vertical farming systems are some of the primary

sectors where global agricultural output may be improved as

growing conditions can be better managed. Table 2 shows the

pros and cons of hydroponics, aquaponics, and aeroponics

systems. Hydroponics is a type of horticulture and a subset

of hydroculture that includes mineral fertilizer solutions in

an aqueous solvent to grow plants, mainly crops, without soil

(187). Any crop may be grown hydroponically, but the most

frequent are leaf lettuce, celery, cucumbers, peppers, tomatoes,

strawberries, watercress, and various herbs (24). Aquaponics

is an indoor vertical farming system combining aquaculture

(fish farming) and hydroponics. In aquaponics, farmed fish

waste provides nutrients for hydroponically grown plants, which

Frontiers inNutrition 14 frontiersin.org

380

https://doi.org/10.3389/fnut.2022.972154
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Hassoun et al. 10.3389/fnut.2022.972154

in turn clean the water for the fish. This ensures a closed-

loop, long-term feeding supply. Because few pesticides and

herbicides are non-toxic to fish, aquaponics production relies on

organic pest and weed management (22, 188, 189). Aeroponics

is a soilless revolutionary farming system that allows growing

plants in the air, where plants’ roots are suspended in a mist

of nutrient solution (49, 190). This system is well suitable to

automation, digitalization, and other advanced technologies.

For example, an automated IoT-based aeroponics system,

with remote data monitoring, including sensors measuring

temperature, humidity, pH value of the water, and the light

exposure, has been developed (23).

Integration of Industry 4.0 technologies to food production

systems is termed smart farming or precision farming (190–

192). Application of Industry 4.0 innovations (e.g., robotics, IoT,

drones, satellite imagery, and smart sensors) in food production

systems can improve productivity and enable data collection

and aggregation, providing further improvements of precision

technology and possible solutions to various problems, which

could not be solved with traditional farming systems (24, 191,

192). A few examples:

The application of drones is now being investigated across

various production sectors, including agricultural supply chains,

providing relevant opportunities to overcome challenges (193).

The application of Industry 4.0 technologies to aquaponics

is termed Aquaponics 4.0, referring to a digital aquaponics

farm that involves remote monitoring and control of ecosystem

parameters, a high degree of automation, and intelligent

decision-making to ensure high crop yields and quality (22, 188).

Despite the global spread of these alternative farming

systems, only a limited number of studies discuss the overall

health of the plants grown using hydroponics, aquaponics,

and aeroponics, and the consumer acceptance of these foods.

A study of hydroponics and aquaponics cultivation showed

that >60% of consumers are generally unfamiliar with these

systems and their products (194, 195). Overall, three major

categories of features allow classifying consumers’ attitudes and

beliefs, and identifying prospective buyers of these farming

products. These factors include (i) the consumers’ personal and

sociodemographic characteristics and their prior knowledge;

(ii) the consumers’ willingness to pay some percentage

for locally produced or pesticide/herbicide and antibiotic-

free products before the concept of these cultivations was

introduced; and (iii) the consumers’ willingness to pay some

percentage for products after the concept of these systems

was introduced and it meets consumers’ main values regarding

those products.

Conclusions

The potential of the Industry 4.0 revolution technologies to

enhance eight food trends (namely, plant-based, insect-based,

cell-based, 3D-printed, personalized, and GE foods, as well as

foods resulting from by-products and ugly produce, and new

production systems) were explored in this narrative review.

According to the Scopus database, there has been a significant

increase in the number of publications and citation on these food

trends. The role of emerging technologies in promoting more

acceptability and consumption of proteins from these traditional

(such as plant- and insect-based foods) and innovative (such as

GE foods, cell-based meat, and 3D printed products) alternative

sources has been highlighted. The main outcome of this review

paper is to broaden readers understanding of the applicability of

emerging and innovative techniques to achieve a shift to digital

and ecological transitions toward greener, healthier, and more

sustainable diets.

The first, second, and third industrial revolutions were

characterized by mechanization, electrification, and information

advances, respectively, while automation, digitalization,

hyperconnectivity, as well as fusion between physical, digital,

and biological worlds are the main features of the ongoing

fourth industrial revolution, called Industry 4.0. Industry 4.0

is a huge umbrella term that includes artificial intelligence,

big data, smart sensors, robotics, and block chain, to name

a few.

Traditional food production systems, such as livestock

farming, have been identified as a contributor to climate change

and unsustainable development. There is therefore a search for

alternative proteins that have comparable health and sensory

characteristics to traditional animal-based products but with a

lower environmental footprint. PB sources have traditionally

been the most investigated, especially PB proteins from oilseeds

(e.g., rapeseed and hemp), legumes (e.g., lentils, beans, and peas),

and cereals (e.g., wheat and rice), as well as fruits and vegetables

for use as food and feed. Although in use since antiquity, an

increased consumer interest in these foods has recently emerged

with a growing number of vegans, vegetarians, and flexitarians.

In addition, a variety of PB meat, fish, milk, and egg analogs

have been seen as a promising sustainable approach to reducing

the consumption of meat and other animal-based proteins

(10, 34, 35). A challenge to consumption of PB foods is many

of their poor nutritional and functional properties. However,

this issue can be solved by blending different types of proteins

from various sources and optimizing processing conditions,

thus improving protein quality, digestibility, and bioavailability

(32, 33). Additionally, current research shows that Industry 4.0

innovations and emerging processing technologies could help

to improve their nutritional and technological functionality as

well as their sensory perception. The recent innovations and

advancements could be a major driver in convincing consumers

to rely more on PB diets.

The popularity of insect-based diets has been increasing

spurred by the increased awareness and demand of consumers

for sustainable alternatives to animal proteins. Insects could

be the food of the future, but currently most consumers do
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not seem willing to adopt the consumption of insect proteins.

Therefore, continued efforts will be required to change the

minds and behaviors of consumers. Industry 4.0 technologies

and new innovations in processing technologies and analytical

approaches such asmetabolomics (36) could help to improve the

sensory and techno-functional properties as well as digestibility

of insect-based foods, enhancing their acceptability and making

themmore appealing to consumers.Many insect-based products

(e.g., insect flour, insect protein powders, and insect protein

hydrolysates) can be prepared from numerous edible insect

species (especially crickets and mealworms) and can be used

as snacks or ingredients to produce other food or feed.

Insect foods are nutritious, cheap, and sustainable as less

food, land, and water are required for insect breeding than

raising cattle or other livestock. Although positive aspects of

insect proteins regarding both nutritional and environmental

issues has decreased entomophobia, intensive studies on safety,

hygiene and toxicity, marketing strategies, and governmental

regulations should be done to accelerate consumer acceptance

of these alternative portion sources.

Cell-cultured meat and related products (e.g., seafood

and poultry) seem to be one of the most promising and

revolutionary strategies to achieve environmental sustainability

and improve animal welfare, hence the large number of patents

and publications (13). As the process of production occurs

in the laboratory, water and land requirements as well as

greenhouse gas emissions are low. Although the technique has

the potential to disrupt and transform the whole agricultural

and food industry, it is still costly and production at a large

scale has not yet been implemented. Moreover, concerns about

the naturalness, ethical issues, and safety of cultured meat and

related products still exist among consumers, while studies on

health benefits, funding resources and appropriate regulatory

pathways are still required (14, 196).

3D printing has been accepted by many scientific and

industrial areas, including the food industry. This technique

could enable producing on-demand, complex, and customized

(e.g., shapes, sizes, tastes, texture, and nutritional properties)

food products to satisfy a range of consumer preferences. Several

3D printing techniques have been developed, with extrusion-

based printing being the most common. The last few years have

seen significant progress in this field, with the emergence of new

smart materials, new technologies, and significant innovations,

accelerating the move toward more advanced and innovative

additive manufacturing technologies, including 4D, 5D, and 6D

printing (40, 41). Although the scope of current application is

limited to the decoration and fabrication of a few food products

such as chocolates, cookies, and cakes (39), further improvement

in functional and nutritional properties of printed foods is

expected with the advent of Industry 4.0 innovations, enhancing

consumer acceptance. Owning a personal food printer at home

is probably likely in the not so distant future. One of the

possible applications of food printing is personalized foods

(or personalized nutrition) as food can be specifically printed

to meet an individual’s health-nutritional needs, including

medicinal and nourishment requirements (16, 17).

Industry 4.0 technologies should be considered to reduce

the environmental impact of food production systems and

achieve zero-waste. According to FAO, a huge amount of

food by-products and ugly produce are wasted or lost every

day. Increased concerns about environmental sustainability are

driving the growing interest in better uses of food waste and

by-products, and ugly produce. Technological innovations and

scientific advances along with education could help consumers

accept the hidden beauty of ugly food, thus reducing food waste

and contributing to food sustainability.

Gene editing methods have opened up many possibilities

for generating crops and animals with desired traits. New

gene editing tools (e.g., CRISPR-Cas9-based GE) are being

rapidly developed, taking advantages of recent progress in

genetic engineering. GE is efficient and can enhance product

quality and increase resistance against diseases and pests with

a low risk of off-target effects. GE could bring about new

possibilities in agriculture and biomedicine but consumer

acceptance of GE products is still low. High-productivity food

systems, including hydroponics, aquaponics, and other indoor

vertical farmingmethods, are occurring in smart controlled food

production environments. These smart or precision farming

methods are becoming better understood to fulfill future

food demands.

Future perspectives

While this review is not an exhaustive overview of all

emerging food trends, eight of the more pertinent ones, from

food technological advances perspectives, were discussed. Each

of these emerging food trends has been fostered by the greater

use of Industry 4.0 technologies and recent advances in many

fields of food science and technology. Innovative solutions

based on Industry 4.0 enablers (such as AI, smart sensors,

and robotics) can be used to increase agriculture productivity,

optimize production conditions, and reduce waste and loss,

accelerating the green and digital transition of future food

production systems. The interest in traditional animal-proteins

alternatives, including plant-based foods and insects and more

recent food trends, such as cell-cultured meat, 3D-printed,

fortified, and gene-edited foods are likely to continue growing in

popularity in response to the increasing consumers’ awareness

regarding the environmental impact of food choices. With the

ongoing rapid technological advances in physical, biological,

and digital worlds, other food trends are expected to emerge in

the future.

Although the concept of Industry 4.0 may have

previously had greater significance to other industries, the

opportunities for the agriculture and food industry sectors
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are also enormous. Wider applications of Industry 4.0

technologies in the agriculture and food industry could

enable the production of foods with higher quality and

affordability, and lower environmental impact. Innovative

technologies provide opportunities for improving sensory and

nutritional properties of foods, thus increasing their positive

perception by consumers, which in turn could enhance food

sustainability and contribute to addressing the issue of global

food insecurity.
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The consumption of probiotic foods has grown rapidly, and these are generally

found in dairy matrices where their growth is favored. Therefore, this study

aimed to develop a new probiotic snack made from quinoa and added with

spore-forming probiotic bacteria in two concentrations of 0.3 and 0.35%. The

probiotic was added by spraying, after the extrusion process, together with salt

and oil, at 70◦C under dry conditions. Bacterial viability, resistance to simulated

gastric juice, physical, chemical, and sensory tests were then evaluated during

120 days of storage at room temperature (20◦C) and compared to a controlled

snack without probiotic. The probiotic Bacillus coagulans was tested for

the molecular identification and inhibition of pathogenic bacteria. Viability

assessment was remained above 107 CFU/g of snacks. The intestinal tract

simulation resistance test showed a viability of 70%. The physicochemical and

sensory properties evaluated had no significant changes during storage time

compared to control snack. The results of the taxonomic analysis indicate

that the analyzed strain has, on average, 98% identity in 98% of its length

belonging to Bacillus coagulans and Bacillus badius species. The probiotic

showed inhibition against pathogenic bacteria. The new snack with probiotic

is stable during storage.

KEYWORDS

spore-forming bacteria, gastrointestinal tract, stability, Bacillus coagulans, non-dairy

probiotics, quinoa snack

Introduction

Quinoa is considered a pseudograin rich in protein (13.8–16.5%), carbohydrates (52–

69%), lipids (2–9.5%), fiber (7–9.7%), vitamins and minerals (3.4%), and has a good

balance of essential amino acids (Abugoch, 2009). In addition to the macronutrient

content, according to a study realized by Pereira et al. (2019), three varieties of quinoa

(red, black, and white color), high contents of proteins, carbohydrates, fat-soluble

compounds, the presence of tocopherols, and fatty acids were evidenced, being γ-

tocopherol the main isoform and linoleic acid the one found in higher concentrations.

These are bioactive compounds that can generate benefits to human health, especially

preventing cancer, reducing the risk of cardiovascular, inflammatory, gastrointestinal

diseases, and improving metabolic health (Navruz-Varli and Sanlier, 2016). Therefore,

quinoa-based foods are of great interest to the food industry.
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This grain can be used to produce an innovative probiotic

food, as there is a growing interest in the consumption of non-

dairy probiotic foods, due to milk shortages in some countries,

vegetarian and vegan trends, problems with cholesterol, allergen

content, and lactose intolerances (Konuray and Erginkaya,

2020). The snacks that exist in the market are mainly made from

corn or rice starch, and these present low nutritional quality due

to their high-calorie content and scarcity of nutrients (Saldanha

do Carmo et al., 2019). Therefore, a new quinoa probiotic food

can be a healthier snack option. In the category of functional

foods, those containing probiotic microorganisms represent the

largest segment in the market (de Almada et al., 2016). This is

because several health benefits have been demonstrated such as:

facilitating lactose digestion, protecting against gastrointestinal

diseases, balancing the immune system, preventing and treating

dermatological diseases, and protecting against colon cancer

(Sucupira and Souza, 2019).

Probiotic microorganism strains must present and maintain

characteristics that guarantee their growth and survival in the

food that contains them or to which they are added, as well as

during their transit through the stomach and small intestine, and

their ability to adhere to themucosa of the large intestine; among

themain characteristics are: viability during food processing and

storage, stability against gastric acids and bile, adherence to the

intestinal mucosa, and production of antimicrobial substances

(Cao et al., 2020).

This type of lactic acid bacteria is generally present in dairy

foods, which presumes a challenge for their incorporation

in dry matrices such as cookies, snacks, and pasta among

others, because most probiotic microorganisms cannot

survive after heat treatment such as Lactobacillus and

Bifidobacterium and some Saccharomyces species (Tripathi

and Giri, 2014), for this reason, spore-forming probiotics are a

viable alternative.

Bacillus coagulans is a Gram-positive, facultative, anaerobic,

non-pathogenic, spore-forming, and lactic acid-producing

bacterium (Lee et al., 2019). It is heat resistant; the optimal

growth temperature for B. coagulans is 35 to 57◦C and the

optimal growth pH is 4 to 7 (Šipailiene and Petraityte, 2018).

Furthermore, Soares et al. (2019) compared the resistance to

gastrointestinal fluids of three probiotic strains Lactobacillus,

Bifidobacterium, and Bacillus that were included in solid and

liquid foods, and found that the latter had survivals of over 80%.

The probiotic strain Bacillus coagulans has a good antibacterial

activity due to the production of bacteriocins; in this respect, Gu

et al. (2015) found that Bacillus coagulans CGMCC 9951 showed

good antibacterial activity against several indicator bacteria,

namely, Escherichia coli, Pasteurella multocida, Staphylococcus

aureus, Streptococcus suis, and Listeria monocytogenes. Although

B. coagulans produces acid, it does not produce gas from

maltose, raffinose, mannitol, and sucrose fermentation; in

addition to lactic acid production, some strains also produce

thermostable α-amylase. For this reason, B. coagulans is

important from an industrial point of view (Konuray and

Erginkaya, 2018).

Several studies report Bacillus coagulans counts in food

between 106 and 109 CFU in food. Bacillus coagulans GBI-

30, 6086 incorporated into a wheat flour-based functional pasta

remained viable during the pasta making and cooking processes

(∼109 CFU/100 g) (Marcial-Coba et al., 2019). Majeed et al.

(2016a) in their study prepared a series of foods incorporated

with Bacillus coagulans, obtaining counts above 107 CFU/g.

In their research, Almada-Érix et al. (2022) proved that the

probiotic Bacillus coagulans added to bread showed high

resistance to the baking process and was above 107 CFU/g.

Majzoobi et al. (2019) in the results of their study showed that

in the production of symbiotic bread an acceptable number of

GanedenBC30 (more than 106 CFU/g) was obtained even after

storage for 3 days at room temperature.

Bacillus coagulans BC30 strain is commercial and

proprietary, and it is recommended to investigate molecular

identification because the commercial probiotic strain may

undergo several changes during the continuous and multiple

years of commercial production (Sanders et al., 2014), which

may alter physiological characteristics due to the living nature

of probiotics. For this reason, genetic and phenotypic changes,

by accident or design, can affect the efficacy and/or safety of

commercial probiotics.

This work seeks to determine the stability and quality of

Bacillus coagulans reference BC30 incorporated in an expanded

snack made from quinoa during processing and storage at

room temperature in a modified atmosphere for 120 days.

In addition, this research sought to evaluate the resistance

of the snack with probiotics to simulated intestinal transit

conditions. To validate the commercial strain of Bacillus

coagulans, molecular identification and inhibition of pathogenic

bacteria was performed.

Materials and methods

Materials

Bacterial cultures. The lyophilized strain of Bacillus

coagulans GBI-30, 6086 was acquired through a commercial

supplier (Ganeden BC30, Kerry USA). The quinoa was provided

by Segalco S.A.S. (Popayán, Colombia). The microorganisms

used—Listeria monocytogenes ATCC 49594, Bacillus cereus

ATCC 14579, Bacillus subtilis ATCC 6633, Escherichia coli

ATCC 25922, and Staphylococcus aureus ATCC 6538—were

obtained from the vonHumboldt gene bank of theMicrobiology

and Applied Biotechnology Research Group (MIBIA) of the

Universidad del Valle (Cali, Colombia).
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Development of a snack with probiotic
addition from quinoa in the SEGALCO
company

The snacks were provided by Seguridad Alimentaria de

Occidente SEGALCO S.A.S., a company located in the city of

Popayán, Colombia. All snacks were prepared following the

company’s methodology (probiotic concentration was selected

by the company based on sensory analysis and production

cost studies). The probiotic snacks were added by spray with

two concentrations of B. coagulans spores at 0.3% (w/w) snack

with probiotic 1 (SP1) and 0.35% snack with probiotic 2

(SP2), together with salt and oil, after the extrusion process.

A control snack (SC) was used without the addition of

probiotics. This concentration was based on the manufacturer’s

recommendations, preliminary studies, and other research

(Adibpour et al., 2019). The samples were packed in a modified

atmosphere packaging containing nitrogen, and the packaging

was multilayer laminated, and water vapor permeability WVTR

and oxygen transmission rate OTR of the packaging were 0.7

g/m2.day and 1.0 cc/m2.day, respectively, and stored at room

temperature (20◦C) for 120 days. A snack without SC probiotic

was used as a control, during which time physical and chemical

tests were measured. Furthermore, the viability of the probiotic

was verified.

Molecular identification of Bacillus
coagulans strain and antimicrobial
activity

Molecular identification was performed to corroborate the

strain as a probiotic belonging to the Bacillus species and

its antimicrobial activity against Gram-positive and Gram-

negative bacteria.

Molecular identification of the probiotic
B. coagulans

Total DNA was extracted using lysozyme (10mg mL−1)

followed by the addition of the DNAzol reagent (Thermo

Fisher Scientific). PCR was performed using a Gene Cycler

(Bio-Rad). Purification of PCR fragments and sequencing

by Sanger method, using primers 337F, 518F, 800R, and

1100R of the 16S ribosomal gene. Taxonomic analysis of the

problem sequence used the BLAST tool (Basic Local Alignment

Search Tool), from NCBI (National Center for Biotechnology

Information), compared against the reference RNA database

“refseq_rna.” Taxonomic analysis of the problem sequence

using the “Classifier” and “SeqMatch” tools hosted on the

RDP (Ribosomal Data Project) website. The first tool is used

to determine the taxonomy of the problem sequence; the

second tool is used to identify the most similar sequences,

in the RDP database, to the problem sequence. Both perform

the comparison using RDP’s own “16S rRNA training set

18” database.

Multiple alignments, using the multiple sequence

comparison by log-expectation (MUSCLE) algorithm, of

the problem sequence with the 30 most similar sequences

were reported by BLAST. Generation of a phylogenetic

tree was performed using the Tamura-Nei genetic distance

model (TN93), with the “Neighbor-Joining” method and the

“Bootstrap” method with 1000 replicates. The taxonomic

analysis and classification of the sequence was based on that

presented by Majeed et al., 2016b with some modifications.

Antimicrobial activity of the probiotic
B. coagulans against pathogen bacteria

Antimicrobial activity was performed according to the

methodology by Sen et al. (2010) with slight modifications.

Bacillus coagulans commercial strain was seeded inMan, Rogosa

and Sharpe (MRS) broth (Scharlau, Spain) for 12 hours, cells

were obtained by centrifugation of the culture broth at 3.800

rpm for 15 min and seeded by depth on glucose yeast extract

(GYE) agar then the agar was allowed to dry for 15 min, then

discs of approximately 0.6mm in diameter were obtained and

placed in a 15 mL layer of Mueller Hinton (Merck, Germany),

containing approximately 106 CFU/mL of the indicator strains

previously grown in Tryptone Soy broth (TSA) (Scharlau,

Spain) either Salmonella typhimurium ATCC 14028 or Listeria

monocytogenes ATCC 49594 or Bacillus cereus ATCC 14579 or

Bacillus subtilis ATCC 6633 or Escherichia coli ATCC 25922 or

Staphylococcus aureus ATCC 6538. The plates were allowed to

stand for 30min to allow the sample to diffuse into the agar and

were subsequently taken to incubation at 37◦C for 24 h. After

incubation, the zone of inhibition was measured and recorded

in mm.

Characterization of physicochemical
properties as a function of time

Water activity
Water activity was determined in triplicate at 20◦C, using a

dew point water activity meter (AquaLab Series 3TE, Decagon

Devices, Inc. USA).

pH variation
pH values of SP1, SP2, and SC were determined in triplicate,

each replicate in quintuplicate according to the AOAC Method

No. 943.02, using an Orion pH meter, model Three Stars

(Thermo Fisher Scientific, Waltham, MA, USA), equipped
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with a model 2A04 penetration electrode (Analizador, São

Paulo, Brazil).

Moisture
Moisture analysis of the snacks was performed by loss on

drying (130◦C/3 h), based on (AOAC Official Method, 930.15,

2005).

Colorimetric properties
The color of the extrudate was determined using Konica

Minolta Spectrophotometer CM-5, controlled by SpectraMagic

NX software, with D65 illuminant and 10◦ observer angle. The

samples were conditioned with a food processor. Samples were

analyzed in triplicate, taking∼5 g of sample. Luminosity (L) and

chromaticity parameters a∗ (−a ∗
= green and+ a ∗

= redness)

and b ∗ (−b ∗
= blue and + b ∗

= yellow) and color variation

(1E) were measured according to the Equation (1).

1E = [(L estandar − L muestra)2 + (a estandar − a muestra)2

+(b estandar − b muestra)2]1/2 (1)

Texture
Texture properties were measured as described by Li

et al. (2019) with some modifications using a texture analyzer

(Shimadzu EZ-L, USA) with a 5 kN load cell and a 5mm flat-

head cylindrical probe. The SP1, SP2, and SC extrudates were

randomly divided into three groups. Five measurements were

performed for each group and the results were reported as the

average of these three groups for each extrusion series. Three

texture quality parameters, hardness, crispness, and crunchiness,

were obtained from the texture analysis test curve with time

(s) on the x-axis and force (N) on the y-axis. Hardness (N) is

defined as the maximum force, crispness is the total number of

positive peaks, and crunchiness (N s) is the linear distance from

the test curve.

Viability of the probiotic Bacillus

coagulans during storage

Viable count of B. coagulans was performed according to the

methodology of the probiotic supplier and Majeed et al. (2016a),

with some modifications. About 1 g of SP1 or SP2 was dissolved

in 199ml of sterile saline (0.9%NaCl, w/v). Then 30ml was taken

in a sterile tube and brought for 30min at 70◦C in a water bath,

then, cooled to approximately 45◦C before pipetting, cultured

on GYE agar at 37◦C for 48 h, under aerobic conditions. Survival

was determined in duplicate under two concentrations 0.3 and

0.35: w/w, at days 0, 10, 20, 40, 60, and 120.

Gastric and pancreatic juices

The evaluation of the survival of the probiotic Bacillus

coagulans included in snack SP1 subjected to simulated gastric

and enteric conditions was performed according to Bedani et al.

(2013) with some modifications.

One gram of SP1 was dissolved in 199 mL of sterile

phosphate buffered saline (PBS) pH 7.4, 10 mL of this solution

was taken in triplicate into flasks, then adjusted to pH 2 with

1 N HCl, and pepsin (from porcine stomach mucosa, Sigma-

Aldrich) was added to the samples to a concentration of 3 g/L.

The flasks were incubated at 37◦C, with shaking at 150 rpm

(Thermo Scientific MAxQ-4450 Shaker, USA) for 3 h, giving rise

to the simulated gastric phase. In this phase, 1mL was taken

and seeding was performed on GYE agar at 37◦C for 48 h under

aerobic conditions. Subsequently, the pH of the samples was

increased to 6.8 using an alkaline 1N NaOH solution and 30 mL

of sterile phosphate buffer solution (150 ml of 1 N NaOH 14 g of

PO4H2Na.2H2O and distilled water up to 1 L), then Bile (bovine

bile, Sigma-Aldrich) and pancreatin (porcine pancreas, Sigma-

Aldrich) were added until reaching a concentration of 0.6 g/L

and 1 g/L, respectively, in this phase, the three samples were left

for 3 hours. About 1ml of sample was taken for seeding, similar

to the previous phase. Counts are expressed in log CFU/g of SP1.

Survival rate at t0 and tf is expressed according to Equation (2)

(Guo et al., 2009).

% survivability
Nlog final (tiempo 6h)

N log log final (tiempo 0h)
∗ (2)

Where, N is the number of CFU (colony forming units).

Sensory

The sensory evaluation was carried out using the hedonic

test methodology with 14 panelists from the SEGALCO S.A.S.

factory, composed of five women and nine men between 25

and 35 years of age. The panelists evaluated the perception

parameters of general appearance, color, texture, aroma, flavor,

chewiness, and acidity of the samples, giving scores from 5 to

1 (5 points, extremely good and 1 point, extremely low). For

the acidity parameter, 1 is not perceived and 5 is perceived as

high acidity. The study was reviewed and approved by the ethics

committee of the University of Cauca and informed consent

was obtained from each subject before they participated in

the study.

Statistical analyses

Statistical analyses were performed using Minitab V

18 statistical software. Viability assessment during storage
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was performed in duplicate and in vitro gastric simulation

experiments were performed in triplicate. Results were

expressed as means ± standard deviation. One-way ANOVA

was used to compare the viability of B. coagulans, after 0,

10, 20, 40, 40, 60, and 120 days of storage at 20◦C. For

sensory analysis, a Kruskal–Wallis non-parametric test

was performed. Significance was set at p < 0.05. Tukey

was used to compare the concentrations with a snack

control without probiotics. The graphs were made in the

Oring program.

Results and discussion

Molecular identification and
antimicrobial activity

Molecular identification
Multifocus sequence typing was performed on the B.

coagulans BC30 samples. The RDP classifier determined that

this is a sequence of a microorganism belonging to the genus

Bacillus.

FIGURE 1

Phylogenetic tree by distances constructed from the thirty closest available sequences of culturable microorganisms according to the NCBI
RefSeq_RNA database.
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However, the resolving power of this classifier does not

allow assigning a genus or species (S1-A). Comparison with

the RDP 16S sequence database using the SeqMatch tool

(S1-B) against the cultured isolate indicates that the assembled

problem sequence (Scheme 1-S1-C) shows higher homology

with sequences of Bacillus coagulans species. The results of the

taxonomic analysis of the assembled 1525 bp problem sequence

against the NCBI ref_seq database (S1-D) indicate that it has, on

average, 98% identity over 98% of its length with 16S ribosomal

gene sequences belonging to Bacillus coagulans and Bacillus

badi species. The distance tree (Figure 1) constructed from the

30 closest available sequences of culturable microorganisms in

the NCBI RefSeq_RNA database shows the analyzed sequence

TABLE 1 Antimicrobial activity of Bacillus coagulans against test

organisms.

Pathogen R (mm)

Listeria monocytogenes 4.35± 0.13 +++

Salmonella typhimurium 5.55± 0.27 +++

Bacillus cereus 4.1± 0.15 +++

Bacillus subtilis 3.9± 0.07 ++

Escherichia coli 4.2± 0.05 +++

Staphylococcus aureus 3.8± 0.09 ++

+, 1.0–2.0 mm;++, 2.1–4.0 mm;+++, más de 4mm (Sen et al., 2010).

clusters with sequences of the species Bacillus coagulans (S1-E).

In the case of this isolate, according to the results of searches

in the different databases and the origin of the sample, it

is concluded that it belongs to the species Bacillus coagulans

(S1-E).

Pathogen growth inhibition
Probiotics of the genus Bacillus produce bioactive microbial

secondary metabolites (bacteriocins), which regulate growth

processes, applications, and/or exhibit response (regulation,

inhibition, stimulation), in addition to bacteriocins, B. coagulans

can also secrete other antimicrobial substances such as lactic acid

(an important substance in the human intestine) and acetic acid

(Cao et al., 2020).

As shown in Table 1, Bacillus coagulans generates an

inhibitory halo against the growth of the pathogens under study.

According to Bernardeau et al. (2017), the metabolites produced

by the Bacillus genus are bacteriocins and inhibitory substances

(e.g., subtilin and coagulin), an anionic antibacterial substance

produced by B. coagulans that is a broad-spectrum agent against

Gram-positive bacteria, which are involved in the transmission

of foodborne diseases.

Furthermore, Bacillus can generatemetabolites as antibiotics

(e.g., surfactin, iturin, and fengycin) which may have an

antibacterial or antifungal effect (Mondol et al., 2013). In their

study, Abdhul et al. (2015) found that Bacillus coagulans strain

TABLE 2 Evaluation of the physicochemical characteristics of snacks with and without probiotic addition.

Sample AT pH aw Moisture (%) L a* b* 1E

SP1 0 6.01a ± 0.03 0.20b ± 0.00 4.76c ± 0.01 61.95de ± 0.51 10.33bcde± 0.02 37.37fg ± 0.28 1.52

10 6.02a ± 0.03 0.19b ± 0.00 4.82c ± 0.01 62.71a ± 0.37 8.22g ± 0.11 39.00bc ±0.61 2.44

20 6.06a ± 0.07 0.21b ± 0.01 4.83bc ± 0.01 62.12bcde ± 0.03 9.17f± 0.04 37.68ef ±0.13 1.86

40 6.01a ± 0.10 0.19b ± 0.01 4.86ab ± 0.01 62.63a ± 0.02 9.30f ± 0.02 37.54f ± 0.10 1.73

60 6.01a± 0.11 0.21ab ± 0.01 4.88bc ± 0.01 62.74a ± 0.05 10.24cde± 0.01 35.72i ±0.06 2.96

120 5.52b ± 0.08 0.22a ± 0.02 4.90a ± 0.01 62.06cde ± 0.03 10.16de ± 0.04 35.14hi ± 0.04 2.64

SP2 0 5.99a ± 0.24 0.21b ± 0.00 4.82c ± 0.01 62.72a ± 0.05 10.57abcd±0.16 38.65cd ± 0.10 0.06

10 6.02a ± 0.23 0.21b ± 0.01 4.81c ± 0.01 62.61a ± 0.03 10.86a ± 0.03 39.84a ± 0.05 1.21

20 6.04a ± 0.23 0.19b ± 0.01 4.81bc ± 0.01 61.92e ± 0.01 10.28cde± 0.06 37.60f ± 0.20 1.37

40 6.04a ± 0.06 0.20b ± 0.02 4.89ab ± 0.01 62.44abc± 0.02 9.05f ± 0.03 35.58gh ± 0.10 2.63

60 6.02a ± 0.03 0.21ab ± 0.01 4.85bc ± 0.01 62.35abcde±0.01 10.02e ± 0.01 38.47cde± 0.08 0.74

120 5.55b ± 0.03 0.22a ± 0.00 4.92a ± 0.02 62.62a ± 0.08 10.54abcd± 0.03 37.85def ± 0.03 0.81

SC 0 6.02a ± 0.09 0.19b ± 0.00 4.83c ± 0.02 62.72a ± 0.01 10.63abc± 0.12 38.65cd ± 0.10 -

10 5.99a ± 0.11 0.19b ± 0.00 4.82c ± 0.00 62.68a ± 0.13 10.83ab ± 0.08 39.74ab ± 0.14 1.10

20 6.00a ± 0.07 0.19b ± 0.00 4.81bc ± 0.03 61.89e ± 0.07 10.32bcde±0.10 37.60f ± 0.20 1.38

40 6.03a ± 0.21 0.19b ± 0.00 4.84ab ± 0.01 62.41abcd±0.01 10.07e ± 0.01 37.36fg ± 0.03 1.44

60 6.02a ± 0.23 0.20ab ± 0.00 4.83bc ± 0.01 62.57ab ± 0.01 10.78ab ± 0.02 37.68ef ± 0.03 0.99

120 5.52b ± 0.12 0.21a ± 0.00 4.89a ± 0.02 62.47abc± 0.05 10.55abc ±0.02 37.49f ± 0.03 1.19

AT, analysis time (days); SP1, Snack probiotic concentration one; SP2, Snack probiotic concentration two; SC, Snack control. For each parameter, different letters indicate significant

differences at p < 0.05.
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FIGURE 2

Image of the snacks (SC, snack control; SP1, snack probiotic 1; SP2, snack probiotic 2).

[BDU3] generates antimicrobial inhibition on bacteria such as

Bacillus cereus MTCC 430, Staphylococcus aureus MTCC 3160,

and Enterococcus sp. MTCC 9728.

Moreover, as mentioned by Majeed et al. (2016b),

commercial probiotic strains may have phenotypic changes

during the continuous and multiple years of commercial

production affecting their efficacy or safety; therefore, they

evaluated the probiotic potential in vitro, finding that the

Bacillus coagulans strain studied produces antimicrobial agents

that inhibit the growth of pathogenic Gram-positive and

Gram-negative bacteria.

pH variation of snacks with respect to
storage time

As shown in Table 2, according to the analysis of variance,

the two concentrations and storage time have no significant

influence on the pH of snack samples. B. coagulans is a lactic

acid-producing probiotic; however, during stress conditions

such as low humidity, it is in the spore state, i.e., during the

120 days of storage, it has not initiated metabolic activity.

According to Šipailiene and Petraityte (2018) the pH required

by Bacillus coagulans strain is between 4 and 7, in snack

samples SP1 and SP2 it was maintained between 6.01 and

5.52 during days 0 and 120, respectively. In order to survive

and multiply, microorganisms have to maintain a stable pH

in the cytoplasm, which ensures optimal functionality and

integrity of the cytoplasm structure. In our study, the modified

atmosphere packaging maintains the stable characteristics of

the facultative anaerobic probiotic, since for this type of

bacteria oxygen is a toxic element (Šipailiene and Petraityte,

2018).

Color

Color is one of the important characteristics of the

acceptability of a food product. Table 2 shows the parameters

of L∗ (Brightness), a∗ (Red/Green), and b∗ (blue/yellow).

According to the analysis of variance, the color parameter L∗

is only affected by time and the parameters of a∗ and b∗ are

influenced by concentration and by time (p < 0.05). The total

color change (1E), which shows the color variation compared to

the snack without probiotic addition and at day 0, was between

0.06 and 2.96, these values indicate no apparently perceptible

changes during the storage time and the concentration of

probiotic added. According to studies by Muñoz et al. (2022), in

cereal mixtures extruded from quinoa, most of the population

perceives a total color difference >3. Therefore, as shown in

Figure 2, the addition of probiotics to the snack does not result in

a significant color change. According to the results of Konuray

and Erginkaya (2020), they had no change in color parameters

over time in pasta added with probiotic lactic acid bacteria.

Likewise, Akman et al. (2019) reported in their study that the

enrichment of apple slices with Lacticaseibacillus paracasei had

no significant effect on color changes in all dried apple samples.

Texture

Figure 3 shows the effect of the two concentrations and

days of storage with respect to the control. According to the

analysis of variance, the factors of concentration and time have

no significant effect p > 0.05 on the strength (N), crunchiness,

and crispness (NS) during the 120 days of storage, that is to

say, that the SP1, SP2, and SC matrices do not have significant

changes over time, due to the fact that the packaging maintains
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FIGURE 3

Textural properties (hardness, crunchiness, and crispiness) of quinoa flour extrudates obtained at di�erent amounts of probiotics. (n = 3 for
extrusion runs, n = 3 for texture measurements). (A) SP1; (B) SP2; (C) SC. Within hardness, crunchiness, and crispiness, values followed by
di�erent letters are significantly di�erent (p < 0.05).

Frontiers in Sustainable FoodSystems 08 frontiersin.org

396

https://doi.org/10.3389/fsufs.2022.935425
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Muñoz Pabon et al. 10.3389/fsufs.2022.935425

the humidity and water activity. According to Ananta et al.

(2005), to maintain stability, water activity should not exceed

0.25 and moisture content should be 4–7%. In our study, aw

and moisture contents were maintained between 0.19–0.22 and

4.76–4.92, respectively, during the 120 days of storage.

The extrusion process is a versatile and low-cost technology

used for the production of cereal-based snacks, which

transforms starch and protein-based solid materials into

a viscoelastic fluid under high pressure and temperature

conditions (Li et al., 2019). The addition of the probiotic

does not significantly alter the texture parameters, which is

corroborated in the sensory analysis, where no significant

changes are perceived.

Viability of the Bacillus coagulans

probiotic under storage conditions

The analysis is performed at room temperature, to prove that

the probiotics incorporated in snacks made from quinoa remain

under shelf-life conditions.

According to the analysis of variance, the two concentrations

analyzed, do not present effect on the counts (p > 0.05),

however, the different days analyzed do present effect on the

count (p < 0.05). As shown in Table 3, the counts from 0 to

120 days are between 7.39 log CFU/g and 7.95 log CFU/g,

respectively. During the period studied, the viability of the

probiotic increased by 7.57% with respect to day 0, due to

the fact that during the probiotic inclusion process no extreme

drying or pressure processes are performed. It is possible that

the sporulated probiotic strain does not affect its viability

and remains during the period of analysis, without changing

the organoleptic properties of the snack as corroborated in

the sensory analysis, because the packaging maintains a water

activity lower than 0.25, where the molecular mobility of the

matrix is limited, an aspect that discourages metabolism; in

this sense, according to studies by Ananta et al. (2005) in

encapsulated bacteria, where the water activity was 0.2, bacterial

viability after 45 days was higher than 105 CFU/g. During the

120 days, the probiotic remained stable, i.e., it did not grow

exponentially, an aspect that allows preserving the physico-

chemical characteristics in the snack, and similar results were

obtained by Almada-Érix et al. (2022) in samples of bread added

with Bacillus coagulans GBI-30 6086.

Furthermore, an increase in the count on days 60 and 120 is

possibly due to some of the latent probiotics becoming viable

and active. According to Zendeboodi et al. (2020), probiotics

such as Bacillus coagulans are inactive probiotics. Although

they are viable, they are not active and the rate of growth

and/or generation of metabolites are almost stopped, they are

called “pseudoprobiotics.”

The Bacillus coagulans strain retained its viability during the

120 days of storage above 6 log CFU/g, which is the permitted

limit for probiotic foods (Konuray and Erginkaya, 2020).

Bacillus coagulans is a strain labeled as a GRAS food ingredient

by the US FDA, it is a Gram-positive, microaerophilic, spore-

producing Bacillus coagulans, which makes it heat resistant,

and therefore a good choice for products with low humidity.

According to studies conducted by Majeed et al. (2016a), the

stability of Bacillus coagulans MTCC 5856 was analyzed in

different food matrices after 12 months they obtained viability

above 80%. Likewise, Majzoobi et al. (2019) obtained baked and

then frozen food, added with Ganeden BC30 that retained a

viability of 7.35 log CFU/g after 56 days of storage.

Gastric and pancreatic juices

Viability is the ability of these microorganisms to remain

alive, both in the organism and in the consumer’s intestine

for a given time, in order to achieve the benefits of

such foods.

The survival of freeze-dried B. coagulans in spore present

in the SP1 subjected to simulated gastrointestinal conditions in

vitro is shown in Table 4. Based on the results, the probiotic

included in the snack resists the passage through the simulation.

According to Casula and Cutting (2002), spores of the genus

TABLE 4 Tolerance of Bacillus coagulans to simulated gastric juice.

Hours

0 3 6 Survivability (%)

SP1 6.74± 0.09 4.98± 0.09 4.72± 0.11 70.12± 1.08

Viable counts (log CFU/g) of SP1 at zero (0), three (3), and six (6) h.

TABLE 3 Evaluation of the viability of spore-forming bacteria in a quinoa snack during storage time at room temperature (20◦C) and dry place.

Sample Storage time days

0 10 20 40 60 120

SP1 7.39d± 0.04 7.43d± 0.08 7.56bc± 0.08 7.56cd± 0.1 7.64b±0.05 7.95a± 0.04

SP2 7.47d± 0.01 7.41d± 0.06 7.51bc± 0.14 7.51cd± 0.13 7.68b± 0.09 7.93a± 0.17

Values are presented as mean± SD (n= 3). For each parameter, different letters indicate significant differences at p < 0.05.
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FIGURE 4

Sensory evaluation of samples (A, day 0; B, day 10; C, day 20; D, day 40; E, day 60; F, day 120; SP1, snack probiotic concentration one; SP2,
probiotic concentration two, SC, control).

Bacillus can germinate and proliferate in the gut of mice,

indicating that spores can germinate, grow and then sporulate in

the gut. According to Cao et al. (2020), the life cycle of Bacillus

coagulans in the intestinal tract is described as follows: initially,

it enters as a spore and continues as such during the time it

remains in the stomach for almost 3 h, later the spores germinate

in the small intestine, and then the live bacteria will travel down

to the large intestine and sporulate in the lower part.

In future studies, it is valuable to perform in vivo tests to

demonstrate the resistance of snacks with probiotic addition.

According to the above, the population of the spore-forming

probiotic showed a reduction from 0 to 3 h test of 1.76 and

between the 3 to 6 h period the reduction was 0.26 log CFU/g.

The greatest decrease in viability of this strain was observed

in the gastric phase, suggesting its high sensitivity to simulated

gastric juice containing HCl and pepsin. In studies performed
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with a similar strain, Sui et al. (2020) found higher survival

values of the sporulated probiotic above 80%, and in our assay,

the percentage is almost 70%, i.e., more than half passed the

gastric phase. According to Marcial-Coba et al. (2019) in order

for probiotics to provide a benefit, they must pass through the

acidic conditions of the stomach, and the spores of B. coagulans

and other Bacillus species remain in their spore form during

passage through the stomach and duodenum then germinate in

the jejunum and ileum, with subsequent transient colonization

of the small intestine, where vegetative cells can produce active

metabolites such as L (+) lactic acid and interact with the host

and intestinal microbiota. Maathuis et al. (2010) investigated the

survival of the GanedenBC30 spore during its passage through

the upper gastrointestinal tract in a dynamic, validated, in vitro

model of the stomach and small intestine. In their study, they

also found that the survival of GanedenBC30 was 70%.

Sensory

A 5-point scale, 1 lowest and 5 highest, was used in this

study. As shown in Figure 4, the panelists rated the SC, SP1, and

SP2 between 4 and 5 for the quality parameters analyzed, with

the exception of acidity, which for the three samples is 1, i.e.,

it is not perceived. There are no significant differences between

the storage time and the control snack without probiotics. Our

results corroborate that the physicochemical properties remain

stable during the 120 days of analysis in metalized packaging in a

modified atmosphere, so the panelists rated the snacks with high

quality, both the control and those added with probiotics.

In studies conducted by Adibpour et al. (2019), they found

no differences between the control and a product made with

caramel and sporulated probiotic. Konuray and Erginkaya

(2020) in their study with Bacillus coagulans-incorporated pasta

found that sensory attributes were not affected during 6 months

of storage.

Conclusion

The results of the study showed that the SP1 and SP2 quinoa

probiotic snacks made with the addition of B. coagulans GBI-

30 have a final concentration of approximately 107 UFC/g,

and can be stored for 120 days at room temperature, low

humidity, and aw: 0.2 ± 0.2 without affecting their quality.

Sporulated B. coagulans bacteria showed inhibition against the

pathogenic bacteria tested. Survival during simulated intestinal

tract conditions in the food matrix SP1 showed 70%. The

addition of the probiotic GBI-30 showed no statistically

significant effect on the sensory characteristics, texture, color,

acidity, and overall appearance of the samples during storage

compared to the control snack. The probiotic snacks produced

in our study can be considered an acceptable probiotic food after

120 days of storage, which can be realized at the industrial level.

Due to the growing consumer interest in non-dairy probiotic

food alternatives, the quinoa-based snack produced in this study

is a viable alternative to a vegan probiotic food.
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Oradea, Oradea, Romania

Camel milk is known as the white gold of the desert because it contains

within it a variety of nutrients which play a key role in the human diet.

The health benefits of camel milk have been described for a variety of

diseases such as diabetes, kidney disease, hepatitis, etc. including improved

overall survival. A major health burden worldwide is liver diseases, and the

ninth leading cause of death in Western countries is due to liver cirrhosis.

Treatment is mostly ine�ective for cirrhosis, fatty liver, and chronic hepatitis

which are the most common diseases of the liver; furthermore current

treatments carry the risk of side e�ects, and are often extremely expensive,

particularly in the developing world. A systematic review of studies was

performed to determine the association of consumption of camel milk on

multiple diseases of the liver. The impact of camel milk on the laboratory tests

related to the liver disorders, viral hepatitis, non-alcoholic fatty liver disease

(NAFLD), cirrhosis, and hepatocellular carcinoma (HCC) were evaluated. The

consumption of camel milk was accompanied by modulation of the values of

serum gamma-glutamyl transferase, aspartate aminotransferase, and alanine

aminotransferase in persons who are at risk of liver disease. In the patients

with chronic liver disease, it was observed that they have low rates of mortality

and low chances of progression to cirrhosis when they consume camel milk.

Therefore, in patients with liver diseases, the addition of camel milk to their

normal daily diet plan should be encouraged. In this review, camelmilk’s impact

on the di�erent kinds of liver diseases or any disorder associated with liver

functioning was evaluated. Camel milk has a therapeutic as well as a preventive

role in the maintenance and improving the metabolic regulations of the body.

KEYWORDS

camel milk, liver disorders, hepatitis, non-alcoholic fatty liver disease, cirrhosis,

hepatocellular carcinoma
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Introduction

Milk is considered one of the most important foods for

humans and animals, and acts as a complete diet due to

its crucial components such as carbohydrates, proteins, fats,

vitamins, and minerals (1–3). Milk composition is highly

dependent, which can be greatly affected by many factors

such as animal’s health status, especially the mammary gland

health, photoperiod effect of different seasons, animal’s diet (for

example a higher concentrate intake during dry season), genetic

factors, and the temperature of milk storage (4–6). Among

varieties of milk available, camel milk is also known as the “white

gold” of the desert as it contains essential nutrients that play an

important role. In desert areas worldwide, Dromedary camels

(Camelus dromedarius) are habitant, and the milk is available

in the form of many products, of which cheese, powdered

camel milk, coffee, and ice cream are sold in many developed

countries (7, 8). Its milk is also available commercially at low

prices. The production of camel milk has increased 4.6 times

globally and the production level has reached 2.9 million tons

between 1961 and 2017 (9). Camel milk has a great nutritive

value, as well as the value of its functional ingredients in it

(10). Table 1 highlights the nutritional components of camel

milk. Like other kinds of milk, it also consists of all essential

nutrients. The composition of cow milk is compatible with that

of camel milk. It contains more zinc, iron, vitamin C, and E

as compared to other kinds of milk (11). It has an essential

role in the improvement of the immune system. It can fight

against major diseases and this attribute is because it contains

major proteins such as lactoferrin, peptidoglycan, antibodies

immunoglobulins and some enzymes such as lysozymes and

lactoperoxidase are present. It may improve our mechanism of

defense by improving the immune system if it is consumed on

daily basis. The amount of sugar and cholesterol is very low,

which is why it is considered superior to all other ruminant milk.

It has a miraculous impact on the health of human beings as it

contains insulin, and vitamin C is present in a very high amount

(12). The vitamins contained play an important role as it has

antioxidant activity as well as a role in the regulation of damage

caused by destructive substances (13). This problemwas handled

with scientific research in which the antioxidant activity was

determined to prove the remedial properties of camel milk (14).

The whey proteins, casein proteins, and lactic acid bacteria

from the camel milk were evaluated to determine its antioxidant

activity; regulation of the immune system, role in inflammation,

activities related to probiotic properties, and anti-microbial were

studied (16–19). Table 2 elaborated the mechanism of action

behind such bioactive components of camel milk in the body

against various biomarkers. Because of its antioxidant capability,

camel milk is used to remove the side effects caused by chemo-

and radiotherapy, as well as being used in the treatment of

many types of cancers (20). Studies have shown that camel milk

TABLE 1 The nutritional components of camel milk.

Nutrients in camel milk Values References

Lactose 49.8 g/l (15)

Fat 35.6 g/l

Polyphenols 35.45mg GAE/1

Protein 32.6 g/l

Flavonoids 29.05mg EQ/1

Vitamin C 27.53 mg/l

Ashes 8.06 g/l

produces important beneficial effects on human health, as it

contains low levels of β-lactoglobulin, making it suitable for

consumption by persons who cannot tolerate lactose in their

meals (21).

The popularity of camel milk is due to its source nutrient

content. In some areas of Africa and Asia, it is consumed as

a major part of their staple diet and it is assumed that it may

have a role in the promotion of good health. For this reason,

the utilization of camel milk in the form of fresh milk or

sour milk is recommended so that the complications of liver

or kidney disease such as increased oxidative stress, delayed

wound healing, and high levels of cholesterol in the blood can be

controlled. Therefore, an effort is made here to compile the latest

available literature from the last 10 years studies were done on

the health promotion and protectiveness of camel milk toward

liver disorders of various kinds.

Liver disorders

In the functioning of the human body, the liver plays a

vital role. It is responsible for detoxification and it metabolizes

various components of food that enters our body (34). It is

involved in the metabolic, vascular, secretory, immunological,

and excretory functions of the human body. The metabolism of

key nutrients such as carbohydrates, proteins, and fats is also

served by the liver (35). The control of the flow of substances

that are absorbed from the digestive system and then distributed

to blood circulation to play its key role in the targeted organ site

is the primary function of the liver. The total loss in its functions

can cause sudden death which shows its great importance in

the human body (36). So, it is very important to keep the liver

healthy, otherwise, it may cause several fatal diseases of the liver

including liver cirrhosis, hepatitis, fatty liver disease, alcoholic

liver disease, etc. are included (37).

Globally, hepatic diseases are a major human health

problem, in which the rates of morbidity and mortality are

high. Many things play role in the cause of injury to the liver

such as alcohol, drugs, viruses, and lipopolysaccharides type
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TABLE 2 Mechanism of action of bioactive components of camel milk.

Active component Mechanism References

Lactoferrin • Monocytes or macrophages and granulocytes are upregulated

• Vital function during the early phases of viral infection

• Takes over the antiviral response

• Improves the level of alkaline phosphatase (ALP) and aspartate aminotransferase

(AST) biomarkers

(22, 23)

Whey protein concentrate • Minimizes the effect of viral load reducing

• Serum albumin normalized

• Improvement in the neutrophils’ phagocytic function

• Serum levels of alanine aminotransferase (ALT), ICAM-1, IL-2 reduced

(24)

Immunoglobulin • Ability to enter ins tissues and cells

• The enzyme activity of bacteria or viruses is normalized

(25)

Ascorbic acid • Helps in improving liver function (26)

Vitamin B, C, and E • Act as an antioxidant

• Plays a role in the reduction of hepatic fat accumulation

• Oxidative stress of systemic and hepatic systems is reduced

(27)

Low lipid content • The high value of L-carnitine

• Absorption of cholesterol decreases

(28)

Camel milk proteins • Protection of non-alcoholic fatty liver diseases

• Reduces inflammatory angiogenesis

(29, 30)

Lactoferrin • Inhibitory effect on HCV

• In chronic hepatitis C patients, lactoferrin improves HCV RNA and ALT levels

(31)

Magnesium • Delays the aging process of skin

• Major role in the hair growth

(32)

Zinc • Alcoholic liver disease is improved via processes like

• Programmed death of hepatocytes

• Reduction of endotoxemia

• Proinflammatory cytokines decreased

(33)

of bacteria (38). There are different mechanisms as well as

many risk factors present that have a role in the expansion of

healthy liver into liver fibrosis, cirrhosis, failure of the liver, and

the many related complications, which in some cases progress

to liver cancer. There are many toxins taken into the liver,

such as high intake of alcohol, heavy metals, and organic and

inorganic solvents, and when exposed these can lead to the

production of many free radicals in the liver that may develop

into hepatic lesions, which include liver cirrhosis, hepatitis, and

liver carcinoma (39). The exposure of the liver to radiation

may be accidental or therapeutic, but the damage will lead to

the improper functioning of the liver which may include the

excretion of harmful waste products, production of bile, storage

of glucose in the form of glycogen, and synthesis of protein (40).

There are multiple diseases or problems of the liver, for example,

hepatitis, alcoholic liver disease, hepatotoxicity, liver carcinoma,

cirrhosis, etc. Therefore, the effect of camel milk on these hepatic

diseases has been discussed one by one to highlight the liver

protective potential.

Hepatoprotective e�ect of camel
milk

Table 3 explains the scientific studies reporting the

hepatoprotectiveness of camel milk. One such study was done

to determine the impact of camel milk on the enzymes of the

liver, total proteins, and histology of poloxamer 407 induced

hyperlipidemic rats when it is orally given to the Wister rats

having a hyperlipidemic problem. Thirty male Wister rats

whose weight was between 150 and 200 g were divided into six

groups having five rats each. To evaluate the levels of alkaline

phosphatase (ALP), alanine aminotransferase (ALT), aspartate

aminotransferase (AST), total protein, albumin value, globulin,

the ratio of albumin and globulin, samples of rats’ blood and

liver tissues were taken after 3 weeks. All the groups which

were treated with camel milk showed a substantial (p < 0.05)

decrease in the levels of ALT and AST. There is a markable

reduction in the levels of total protein content, and globulin in

the groups which are given with the camel milk at 250 and 1,000
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TABLE 3 Scientific studies explain the hepatoprotectiveness of camel milk.

Year Camel milk

dosage

Subject Type of liver

disease

Materials and methods Results References

2022 Camel milk and

camel urine

24 Mice divided

into 4 groups

Hepatotoxicity G1= control, G2= positive CCL4 , G3= camel milk (100

ml/day/cage) injected with CCL4 , G4= camel Urine (100

ml/day/cage) injected with CCL4

There is a defensive function of camel milk

and camel urine against hepatotoxicity

induced with CCL4

(42)

2021 Camel’s milk Adult female

Sprague Dawley

rats= 100

Hepatotoxicity G1= Oral dose of MXC 200 mg/kg BW

(methoxychlor-induced liver damage), G2= (100 mL/day)

camel milk given for 6 or 12 months, G3: daily dose of (100

mL/day) for 6 or 12 months

There is protecting role of camel milk against

methoxychlor-induced liver damage

(43)

2021 Probiotics from

camel milk

Mice= 40 Liver injury Model groups= skimmed camel milk, Metformin group=

0.3 g per kg BWmetformin.

Probiotic groups= probiotics from camel milk are given in a

low and high dose

The liver and kidney damage is improved

with camel milk probiotics that regulate lipid

metabolism, and protection in mice

(44)

2021 Camel whey protein

hydrolysates

(CWPH)

TAA- toxicity

induced male

Wistar albino

rats=35

Hepatorenal failure G1= 5mL sterile distilled water; G2= TAA (200 mg/kg

BW), G3= TAA (200 mg/kg BW)+ CWPH (50 mg/kg

BW/day orally, G4= TAA (200 mg/kg BW)+ CWPH (100

mg/kg BW/day orally, G5= TAA (200 mg/kg BW)+

CWPH 200 mg/kg BW/day orally

CWPH has hepatorenal protective properties (45)

2021 Camel milk

antibodies

Male Wister rats Hepatocellular

carcinoma

Hepatocarcinoma induced by DENA+ CCl4

Then camel milk antibodies CM-IgG (100 mg/kg,

orally) given

IgG from camel milk in the removal of

dysfunction of liver cells oxidative stress

induced by DENA

(46)

2021 Camel milk Albino rats=96 Hepatotoxicity G1: saline solution, All remaining groups: camel milk 2, 4,

and 6 ml/100 g BW, respectively

Camel milk ingestion resulted in restorations

of functions of kidney and liver biomarkers

(11)

2020 Camel milk Mice= 24 Alcoholic liver

disease

G1 (control group)= normal diet+ 0.3mL water, G2

(ethanol group)=normal diet+ 0.3mL water, G3 (Camel

milk treatment group)= ethanol+ camel milk and

skimmed camel milk powder

Camel milk protects against liver injury

caused by alcohol

(47)

2019 Camel milk

lactoferrin

Male Sprague

Dawley rats= 75

Hepatic fibrosis CCL4+ 40% CCL4 (mix with olive oil) at 200 uL/100 g BW.

Among all groups 30, 60, and 90 mg/kg/BW given with

standard diet+ lactoferrin orally

Control group= standard diet throughout the study

Camel milk lactoferrin improved blood levels

of ALP, AST, bilirubin, serum urea, and

serum creatinine levels

(48)

2019 LAB from camel

milk

Mice Liver disease Mice were given six strains of LAB for 7 weeks Probiotics from camel act as a liver injury

inhibitor

(38)

(Continued)
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TABLE 3 (Continued)

Year Camel milk

dosage

Subject Type of liver

disease

Materials and methods Results References

2018 Camel milk+ NSO Female albino

Wister rats=30

Hepatotoxicity G1= normal control, G2= toxic control, G3, G4, and G5=

camel milk, NSO, and NSO+ camel milk, respectively.

Group VI= Unani medicine Jigreen

Protective effects of camel milk, and camel

milk+ Nigella sativa oil on the toxicity of

liver and kidney in rats

(49)

2018 FCM Male rats= 42 Non-alcoholic fatty

liver disease

G1= standard diet, G2=HFDHFr to induce fatty liver

disease

The remaining five groups=HFDHFr+ camel milk, (FCM)

having non-encapsulated probiotic bacteria, FCM having

microencapsulated probiotic without prebiotic, FCM

containing microencapsulated probiotic and 1% ginger

extract or FCM having microencapsulated probiotic and

10% beetroot extract, respectively

FCM containing microencapsulated

probiotics with plant extract reduced the

severity of fatty liver

(50)

2018 FCM Female Wister mice

= 56

Liver damage Control mice= water+ standard diet

G2: CCL4 in 0.3% olive oil, G3: FCM, G4: R. officinalis, G5=

R. officinalis+ FCM, G6: firstly given with FCM then

toxicated with CCL4, G7: Initially treated with R. officinalis

then toxicated with CCL4, G8: Initially treated with FCM+

rosemary then toxicated with CCL4

FCM in combination+ with R. officinalis

extract is beneficial in reducing liver injury

(51)

2018 FCM Human (adults) Liver enzymes

status

Overweight/obese adolescents were given camel milk 250 cc

per day for 8 weeks, then diluted Cow milk yogurt 250 cc per

day for 8 weeks or vice versa

FCM can be given as a functional food

supplement

(52)

2018 Camel milk Rats= 30 Hepatotoxicity G1= 0.5ml normal saline, G2= 3 g/kg/day ethanol, G3= 1

mL/kg/day/orally camel milk, G4= ethanol (3 g/kg/day)+

camel milk (1 mL/kg/day), G5= ethanol (3 g/kg/day) group

Camel milk has a protective and prophylactic

effect against liver toxicity induced by ethanol

(53)

2017 Camel milk yogurt

enriched with fig

and honey

Male albino rats=

47

Steatohepatitis G1=+ve control MCDD, G2=MCDD+ Camel milk

yogurt 30%, G3, G4, and G5 were given MCDD with 30%

camel milk yogurt+ fig and honey, respectively

Protective effect on steatohepatitis (54)

(Continued)
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TABLE 3 (Continued)

Year Camel milk

dosage

Subject Type of liver

disease

Materials and methods Results References

2017 Camel milk+

EVOO

Mice Liver toxicity G1= Acetaminophen (500 mg/kg), G2= camel milk (33

ml/kg), G3= extra virgin olive oil (1.7 ml/kg), G4=

acetaminophen (500 mg/kg), G5= camel milk

+acetaminophen

Olive oil and camel milk have

hepatoprotective action

(55)

2017 Camel milk given

with drug cisplatin

Male rats= 56 Hepatocarcinogenesis G1= control group, G5, G6, G7, and G8= DENA (200

mg/kg BW) and phenobarbitone (500 ppm) in drinking

water, G2, G3, G4, G7, and G8= Camel milk (5 mL/day)

and cisplatin (5 mg/kg/3 weeks)

Reduction in the hepatocarcinogenesis with

camel milk intake

(56)

2017 Camel milk+ Peg

IFN/RBV)

Human (adult

patients)= 45

Chronic hepatitis C G1= (n= 23) Peg IFN/RBV in standard-dose, while G2=

(n= 22) Camel milk+ Peg IFN/RBV

Camel milk+ Peg IFN/RBV improve the

viral response+ harmful effects of chronic

hepatitis C are reduced

(57)

2017 Camel milk Human= 17

patients (12 male+

5 females

Hepatitis C Control= Three healthy adults included in study

Participants= routine daily meals+ camel milk 250ml for

4 months

Camel milk decreased the viral load in the

patient’s sera

(58)

2017 Camel milk Male Wister rats=

30

Altered liver

enzymes

G1= distilled water, G2= induced with P407, G3=

induced with P407 then given atorvastatin (20 mg/kg),

G4,5,6= induced with P407 then camel milk 250, 500, and

1,000 mg/kg

Hepatoprotective effect of camel milk (41)

2017 Camel milk in

anti-tuberculous

drugs

Male albino rats=

24

Hepatotoxicity Rats were given a standard diet+ anti-tuberculous drugs+

camel milk

G1= normal diet+ freshwater, G2= anti-tuberculous

drugs, G3= 1 ml/kg BW of camel milk, G4= 1 ml/kg BW of

camel milk+ Anti-tuberculous drugs

The toxicity and damage to the liver caused

by anti-tuberculous drugs will be decreased

with camel milk

(59)

2016 Camel milk+ bee

honey

Male rats= 36 Liver cirrhosis G1 (control)= basal diet+ tap water, G2= basal diet+

water intoxicated with CCL4, G3= basal diet+ camel milk,

G4= basal diet+ camel milk+ bee honey

Protecting effect of camel milk against

CCL4-induced liver damage.

(60)

2016 Camel milk Male adult Rats=

24

Liver injury G1= corn oil, G2= water+ CCL4 in a dose of 1 ml/kg in

50% corn oil, G3= camel milk+ corn oil, G4= camel’s

milk+ CCL4 in a dose of 1 ml/kg 50% in corn oil.

Camel milk protects the liver and kidney

against CCL4−generated oxidative stress and

injuries

(61)

FCM, fermented camel milk; HFDHFr, high-fat diet and high fructose in water; Peg IFN/RBV, pegylated interferon and ribavirin; EVOO, extra virgin olive oil; LAB, lactic acid bacteria; NSO, nigella sativa oil; MCC, methionine choline-deficient diet;

DENA, diethyl-nitrosamine.
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mg/kg, and there is an increase in the Albumin/Globulin ratio

in all the groups that are treated with camel milk (41).

There is a key role of lactic acid bacteria could play in

the pathogenesis of liver diseases. In this study, the isolation

of 107 strains of lactic acid bacteria from the products of

Mongolian camel milk was done which was then identified as

species, and the screening was performed to determine their

probiotic properties. To study the protective effects of these

strains on the acute injury of the liver that is induced by

lipopolysaccharide (LPS)/D-galactosamine (D-GalN), six strains

of lactic acid bacteria, which have strong bearing and bounding

capacity were isolated. For 7 weeks, these six strains of LAB

were given to the rats. The amount of aspartate aminotransferase

(AST) and alanine aminotransferase (ALT) secretion in serum

and liver, as well as the evaluation of expression of tumor

necrosis factor (TNF) and interleukin (IL)-6 in the liver and

intestines. This suggests the strength and role of probiotic and

pharmacological value of L. paracasei subsp. In inflammation-

based liver disease, paracasei is the inhibitor of liver injury (30).

In another study, rats injected with carbon tetrachloride

(CCl4) showed upregulation of the expression of mRNA

of hepatic IL-6 and renal IL-1β, TGF-β1, SREBP-1c, and

caspase-6 and down-regulating the expressions of enzymes of

anti-oxidation such as SOD, GST, and CAT in addition to

hepatocellular vacuolation, mononuclear cell infiltration, and

sinusoidal dilatation and renal glomerular atrophy, capsular

space expansion, and adhesion between visceral and parietal

layers of Bowman’s capsule. Camel milk supplementation prior

to and with CCL4 injection to rats attenuated CCL4-induced

hepatic and renal inflammatory cytokines (IL-6, IL-1β, TGF- β1

SREBP-1c, and caspase-6), upregulated CCL4-suppressed anti-

oxidative markers (SOD, GST, and CAT) and induced protective

and regenerative mechanism (EPO and IL-10). Additionally,

camel milk protects the liver and kidney from CCL4-induced

histopathological changes in vacuolation. These results showed

the mechanism of camel milk protection of the liver and

kidney against CCL4-generated oxidative stress and injuries.

The results of this study conclude the beneficial role of camel

milk as a therapeutic adjuvant with drugs that are always

associated with the production of oxidative stress that injured

the liver and kidneys as anti-tumor drugs such as Cisplatin (62).

Figure 1 explains the effect of camel milk in combination with

drug treatment.

Likewise, a study was conducted to examine the effect

of whey protein hydrolysates (WPH) of camel milk on the

liver toxicity induced by thioacetamide (TAA) in rats. The

assessment of enzymes of liver, protein and lipid profile,

activities of antioxidant enzymes, function related to kidney,

and pathological alterations in the liver was performed. There

is a reduction in the antioxidant capacity, impaired functions

related to liver and renal, and increased lipid content in blood

in the animals having TAA toxicity. The CWPH conserved the

hepatorenal functions, activities of antioxidative enzymes, and

the lipid profile of the animals that are treated with CWPH,

as well as countered the oxidative tissue damage caused by

TAA. In addition, the CWPH can counteract the dysfunction

of the hepatorenal. It showed that the camel whey protein

has antihypertensive, antioxidant, and protective properties of

hepatorenal after being hydrolyzed (37).

Moreover, a study was conducted in which the adolescents

who are overweight or obese having complained of metabolic

syndrome were given camel milk 250 cc per day for 8

weeks, then after 4 weeks of the gap, they were given diluted

cow yogurt for the same time. After each period, the liver

enzymes, anthropometric measurements, and serum lipids were

assessed. Before each period, a food record of 3 days and

a questionnaire related to physical activity were completed.

Twenty-four participants of which 58% were girls, completed

the study. In comparison to diluted cow yogurt, the levels

of aspartate aminotransferase (AST), alanine aminotransferase

(ALT), and the ratio of AST/ALT are decreased with the intake

of fermented camel milk. The study infers that FCMmay be used

as a dietary supplement after observing its favorable effects in the

related condition (44).

In another study, composite probiotics from camel milk

(CPCM) were prepared after the separation of 4 lactobacilli

and 1 saccharomycetes from traditional fermented cheese whey

(TFCW). Then its effects on the metabolism of glucose and

lipid, hepatorenal functions, and gut microbiota in mice were

investigated. Free access to food and water was given to each

mouse and disinfected-skimmed camel milk was provided to the

model group, the metformin in the amount of 0.3 g per kg of BW

was given to the metformin group. A low and high-dose CPCM

was provided to the low and high probiotic groups. Histological

examination of the pancreas and liver was completed with the

help of optical microscopy on paraffin material. The tissue

sections of the pancreas and liver were fixed with a 10% buffered

solution of formalin and then histological preparations were

made. In addition, it was observed that there is a regulation in

the metabolism of the liver, improvement in the functions of

fatty liver, renal, and gut microbiota functions with the help

of composite probiotics in camel milk that acts by regulating

the intestinal flora disturbance and protecting the functions of

islets (36).

Hepatitis

Hepatitis C virus (HCV) causes damage to the liver and

is known as the major cause of it. Hepatitis is with medical

therapies, though traditional and herbal medicines are also

used. The prevalence of hepatitis globally is around 2.2%. In

less developed countries like Pakistan, the rate of infection

with hepatitis C grades on the second number ranging from

in occurrence from 4.5 to 8% (63). It is the main cause of

hepatic damage in developing countries such as Egypt as well,
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FIGURE 1

E�ect of camel milk in combination with drug treatment.

and globally it is considered a major health issue. Worldwide,

around 130–180 million people are infected with HCV. It

has been suggested that in the upcoming 20 years, the rates

of mortality due to hepatitis will continuously increase. The

difference between acute infection and chronic infection of HCV

is that there is the presence of jaundice as its symptom, there is a

history of an increase in the levels of ALT, and the duration of an

increase in ALT. RNAmight be spotted after 2 weeks of exposure

to HCV in acute infections, while the antibodies against HCV

can be detected after 2–3 months of virus exposure (50). The

objective of this review is to assess the role of camel milk on

multiple disorders of the liver.

In another study, the impact of camel milk to treat hepatitis

C patients was investigated. To determine the liver functions

of the patients, a half-liter of fresh pasteurized camel milk was

given to each patient on alternate days. The study concluded that

camel milk has a positive effect on the patients as it improves

their total protein, albumin, and lymphocyte levels (63). In

another study, camel milk’s effectiveness in the treatment of

patients with hepatitis C was determined. The serum of patients

was collected before and after drinking camel milk and to

evaluate the serum, three biomarkers ALT, AST, and anti HCV

antibodies profile were observed. The results showed that the

majority of patients have a positive effect on camel milk as the

levels of AST and ALT were reduced after 4 months of drinking

camel milk (58).

In another study, proteins in camel milk, i.e., camel

polyclonal IgGs, and α-lactalbumin were separated and the

antiviral activity against HCV was observed with the use of

PBMCs and Huh 7.5 cell lines. The incubation of HCV with

the purified proteins was done directly or the incubation of

proteins with the cells was done before the exposure to HCV.

The entry of HCV was inhibited by the interaction of HCV with

camel IgGs and lactoferrin. The camel milk lactose Ferrin can

inhibit the replication of HCV in cells at a specified amount.

The consequences of this study conclude that the infectivity of

HCV was repressed by lactoferrin in camel milk (64). In another

study, lactoferrin was considered the primary pharmaceutical

drug against HCV infection. The virus entry was inhibited with

the direct interaction of camel lactoferrin and HCV after 7

days of incubation. Thus, the results conclude that lactoferrin

has antiviral activity and an inhibitory role in the pathway

of HCV infection and has more effectiveness than human

lactoferrin (23).

Hepatocellular carcinoma

The prime cancer of the liver is Hepatocellular carcinoma

(HCC), worldwide, it is considered the fifth most common

cancer and the third leading cause of mortality due to

cancer. Its occurrence is common in many areas of the

world as Asia, sub-Saharan Africa, as well as parts of

Europe and the North American continent. In Egypt, the

incidence rate of HCC in patients with liver diseases has

increased over the past 10 years. In the occurrence of
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HCC, many risk factors such as inflammation have been

implicated (65).

The beneficial potential of camel milk can be enhanced

with the addition of cisplatin. The attribute of this positive

therapeutic effect was due to the increase in the activity of

superoxide dismutase and decrease in lipid peroxidation as well

as a drop in the mean area of changed hepatocellular foci

and the mean area of P-GST positive foci. The antioxidant

effect of camel milk may have a role in the reduction of

hepatocarcinogenesis when given cisplatin (56). In another

study, El-Miniawy determined the impact of camel milk on

the rats which were induced with hepatocarcinogenesis. The

28 rats were grouped into four groups having seven rats each.

Diethyl-nitrosamine (DENA) injection was given to rats in the

6th week of camel milk treatment and after 34 weeks of injection,

three rats were sacrificed from each group. The remaining rats

were sacrificed on the 9th week of camel milk treatment after

week 38. The levels of AST, ALT, albumin, and total protein in

serumwere examined spectrophotometrically. The levels of AST,

ALT, albumin, total protein, and alpha-fetoprotein (AFP) in the

serum of rats who were sacrificed were evaluated. Then the liver

was examined histo-pathologically and alpha-fetoprotein was

stained immunohistochemically and glutathione s transferase

of the placental liver was carried out. Camel milk has a role

in the liver protection against toxicity which was induced by

DENA, as well as the progression to hepatocellular carcinoma

was prevented, and the hepatocellular carcinoma growth was

stopped (65).

Moreover, the beneficial antitumor effects of antibodies

in camel (C. dromedarius) milk (IgG) on DENA-induced

carcinoma in liver cells in male Wistar rats were determined.

Hepatocarcinoma was induced in rats using DENA (50 mg/kg,

twice/week) for 2 weeks followed by CCl4 (1 ml/kg, trice/week)

for 6 weeks. On week 17th, HCC-bearing rats were orally

administrated camel milk IgG (100 mg/kg, orally) daily for 4

weeks. Liver enzyme activities and levels of alpha-fetoprotein

(AFP) were measured in serum. Lipid peroxidation, and nitric

oxide, reduced the levels of glutathione (GSH) were decreased,

and the activity of superoxide dismutase (SOD) was determined

in liver homogenate. Histological analysis using hematoxylin

and eosin stain was examined in liver tissues. Hepatic mRNA

gene expression of placental glutathione-s-transferase (GST-P)

was determined by qRT-PCR. Treatment of HCC-bearing rats

with IgG of camel milk significantly reduced liver injury

biomarkers and attenuated oxidative stress as well as enhanced

antioxidant status. Moreover, IgG camel milk significantly

alleviated hepatocellular morphology alterations and down-

regulated GST-P gene expression levels in the liver. The study

concluded that there is an improvement in the dysfunction

of the liver induced by DENA as well as in the oxidative

stress in the rats having hepatocarcinoma was all attributed to

the immunoglobulins purified from camel milk (46). Figure 2

explains the effect of camel milk on liver carcinoma.

Alcoholic/non-alcoholic liver disease

Alcoholic liver disease (ALD) is a major cause of the

increased number of disease cases and death rate worldwide.

In Europe and the United States, ALD is considered one of

the most common liver diseases, and ∼300 million people are

affected by hepatitis B virus, NAFLD, and ALD in China. ALD

is characterized by a wide range of morphological features such

as fatty liver—also known as steatosis—hepatitis, and alcoholic

cirrhosis (39).

It is considered one of the major problems of liver diseases,

and it is characterized by an imbalance of the intestinal microbes

and hepatic inflammation. In the study, the rats having acute

ALD were taken, and then the hepatoprotective effects of camel

milk were investigated. Camel milk was given to different groups

to determine the effect on the biochemical indicators. The

hepatic inflammation in the ethanol plus camel milk group

showed a reduction when the serum biochemical indexes and

histology were analyzed. Camel milk suppresses the expression

of genes related to inflammation such as (ILB and CXCL1) in

the IL-17 and tumor necrosis factor (TNF-α) pathways. The

results infer that hepatic inflammation and disorder in the

microbial intestine, which were caused by acute alcohol injury

were modulated with camel milk, which indicates the defending

role of camel milk against liver injury induced by alcohol (39).

Moreover, the progression of NAFLD which was induced

by a diet rich in fat and high fructose water was given to rats,

and the preventive effects of FCM were investigated. Seven

different groups were made and 42 male rats were divided into

these groups randomly. A high-fat diet and high fructose in

water (HFDHFr) were used to induce fatty liver disease. Camel

milk was given as FCM or camel milk containing probiotic

bacteria or containing probiotic without prebiotic, camel milk

with 1% ginger extract, or microencapsulated probiotic with

10% beetroot extract. The serum of rats was analyzed to infer

the activity of liver enzymes, insulin resistance, lipid profile,

inflammation markers, and the stress due to oxidation. The

study concluded that the concentration of serum glucose and the

activity of liver enzymes were reduced with the intake of FCM-

containing probiotics. Moreover, the groups that were given

FCM containing probiotics and beetroot extract and camel milk

with ginger extract have a positive impact on the liver (42).

Another study was conducted on 30 male and female rats

to evaluate the reactivation of liver functions due to the camel

milk in the rats damaged by the Sudanese liquor (Aragi).

The 24 rats were divided equally into two groups, control

and tested. The levels of Glutamate Oxaloacetate Transaminase

(GOT), Glutamate Pyruvate Transaminase (GPT), and Alkaline

Phosphatase (ALP) were measured for both groups. Liver

samples were investigated and it infer that camel milk reduced

the level of these enzymes to their normal. The reductions in the

levels of these enzymes from day (30) to day (60) were 73.2, 53.9,

and 65.4%, respectively. It was concluded that camel milk can
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FIGURE 2

E�ect of camel milk on liver carcinoma.

be used as a herbal treatment for alcoholic diseases as well as in

the treatment of other liver diseases which may have an impact

on the liver enzymes and other tissues (66). Figure 3 presents the

effect of camel milk on alcoholic liver disease.

Hepato-toxicity

To assess how camel milk impacts newborn rats who are

given ethanol to induce hepatotoxicity, a study was conducted.

The rats were divided into five groups having six rats in each

group. There is a significant rise in the levels of MDA and the

activity of SOD, CAT, and GSH-PX enzymes were reduced in

the liver tissues of newborn rats as well as there are histological

changes in the tissues of the liver when they are treated with

ethanol during pregnancy. Moreover, when this group was

related to the control group the activity of serum enzymes was

increased. The study concludes that there are protective and

preventative effects of camel milk on newborn rats who are

induced with hepatotoxicity (45). In another study, the toxic

properties of CCL4 on the tissue of the liver were examined

with exposure to camel milk and camel urine. Liver enzymes

including ALT, AST, and ALP were monitored as there is an

increase in their values when a single dose of CCL4 was given to

them. The four groups were made and rats were divided equally,

and then each group was given a different diet the first group

was the control group to which standard diet and tap water were

provided. The second group was named as a positive control

group and given 1 ml/kg of BW of CCL4 with the same ratio of

1:1 of olive oil for 4 weeks. The third group was given camel milk

(100 mL/day) with a normal diet and CCL4 (1 ml/kg of BW) was

injected and the hepatoprotective effect was tested. The fourth

group was fed with camel urine (100 mL/day) with a normal diet

and CCL4 (1 ml/kg of BW) was injected. The blood samples of

rats were collected and analyzed. The serum was separated by

centrifugation and the serum activities of ALP, AST, and ALT

were monitored to detect the hepatotoxicity caused by CCL4.

The study concluded that the group which was given camel milk

had a positive effect in improving the hepatotoxicity caused by

CCL4. The study also concludes that camel urine has a protective

effect against toxicity (34).

Moreover, camel milk contains lactoferrin which has

antiviral, as well as anti-inflammatory properties. It can be

utilized to treat hepatic fibrosis in Sprague Dawley rats

caused by CCL4. Five groups were made by dividing 75 male

Sprague–Dawley rats randomly. Carbon tetrachloride (CCL4)

was provided to each group at 200 uL/100 g BW as a single

dose with a mixture of 40% CCL4. The standard diet was

provided to the control group while the remaining four groups

were provided orally with lactoferrin along with the standard

diet. It was a two phase study in which in the initial phase,

the camel milk lactoferrin was isolated and purified. In the

next phase, lactoferrin’s efficacy against carbon tetrachloride-

induced liver toxicity in Sprague Dawley rats was investigated.

The study concludes that lactoferrin in camel milk may cause

improvements in the liver toxicity induced by CCL4 in rats

illuminates that there are improvements in the serum levels of

ALP, AST, AST, bilirubin, serum urea, and serum creatinine in 4

weeks of treatments with camel milk lactoferrin (40).

Similarly, Camel milk and Nigella sativa oil (NSO) have

anti-hepatotoxic potential against hepatic and nephrotoxicity

induced by TAA in rats was investigated. The study was
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FIGURE 3

E�ect of camel milk on alcoholic liver disease.

conducted on rats and six groups were made of 30 female

rats that were divided equally into these groups having five

rats in each group. To induce hepatorenal toxicity, on the

first day, all animals from Groups II to VI received a single

injection of TAA (100 mg/kg BW) in the form of a 2% w/v

solution. The histopathological investigations were done on the

preserved tissues of the liver and kidney. Commercial diagnostic

kits were used to determine biochemical parameters such as

serum levels of AST, ALT, GGT, ALP, uric acid, urea, creatinine,

salt, and potassium. To check the changes, histopathological

assessments of liver and kidney tissues were assessed according

to the standard method. In comparison to the normal control

rats, a single injection of TAA (100 mg/kg) was administered by

injection that will increase the blood levels of ALT, AST, ALP,

and GGT, confirming the initiation of hepatotoxicity. When the

experimental animals are treated with camel milk, NSO alone

or its combination may increase the levels of AST, ALT, and

ALP and improve the liver toxicity induced by TAA. The results

concluded that camelmilk, NSO, and camelmilk in combination

with NSO are effective in correcting toxicity of liver and kidney

in rats (41).

Likewise, in gamma-irradiated Albino rats, the preventive

properties of camel milk were examined. The 96 Sprague Dawly

healthy adult male albino rats were classified into 16 groups

and then labeling was done. The parameters of hepatological

and nephrological were biochemically measured in the blood

sample that was collected. The examinations of the liver and

kidney were done. There will be changes in the functions of

the liver and kidney along with changes in protein profiles

caused by IRR. There will be dose-dependent reduction in the

levels of serum protein such as total soluble proteins, and the

levels of albumin and globulin. There will be an increase in the

serum levels of bilirubin, urea, uric acid, ALT, AST, ALP, and

creatinine levels significantly. Camel milk therapies in IRR rats

restored their damaged status and there will be a reduction in the

changes in liver and kidney functions, as well as hematological

abnormalities related to IRR’s adverse effects (3). Similarly, there

is a restoration effect of camel milk on the liver toxicity induced

by methoxychlor (MXC). Methoxychlor is an environmental

contaminant, that is commonly used in many countries as a

pesticide, and here it has been used for the induction of liver

toxicity in rats. There is a significant increase in the levels of

serum transaminases (AST and ALT) and alkaline phosphatase

when MXC is given to rats, while there is a significant decrease

in the levels of total protein and albumin. Lipid peroxidation is

inhibited with MXC and it causes the elevation of glutathione

levels in the liver homogenate. In the liver, pathological damages

such as degradation of hepatic cells and coagulative necrosis

were discovered. The daily dose of 100 ml/day in each cage of

the camel milk-treated group was given and it was the only

source of drinking for them for 6–12 months. On the other

hand, an oral dose of MXC 200 l/kg of BW two times a week

was given to the MXC-treated group, for the same period. The

study concluded that there is a reduction in the deterioration
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of liver cells and normal structure of other cells, as well as the

liver histopathological analysis, which was inconsistent with the

biochemical findings. These effects proved the hepato-protective

role of camel milk (35).

Cirrhosis

A study was conducted on male rats to investigate

the impact of camel milk in combination with bee honey

against hepatotoxic compounds. Two main groups were

made and 36 rats were divided into these groups. The

first group was the control group having n = 9 non-

cirrhotic rats. The rats n = 27 in the other group were

given carbon tetrachloride injection for the induction of

cirrhosis. It was determined that the activities of enzymes

of the liver, blood glucose level, non-esterified fatty acids

(NEFA) in the serum, and glycogen amount in the liver

increased with CCL4. Similarly, in the liver tissues, the

activity of the phosphorylase enzyme is reduced, and elevated

carbohydrate intolerance as well as the resistance index of

insulin. Furthermore, CCL4 has an elevated impact on the

expression of TNF-α and TGF-β which are cytokine genes,

and it induces the elevation of oxidative stress. However,

camel milk can improve the toxic effects either alone or in

combination with bee honey. This protection is based on the

antioxidant capabilities of these preventive compounds and their

impact on downregulating specific pro-cirrhotic cytokine gene

transcripts (52).

In a study, Egyptian patients who are infected with

HCV were enrolled having infection in the parenchyma

which is mild to moderate and followed by mild cirrhosis

after taking their history and clinical examination. To check

the effect of camel milk, it is given to the patients, and

then their biomarkers were evaluated. The marked inhibition

of serum levels of the inflammatory biomarkers showed

the improving effect of camel milk. The study concluded

that camel milk has a regulatory function on the multiple

parameters of mediators of inflammation, modulators of the

immune system, antiapoptotic, and antioxidants, which infers

the potential therapeutic advantage of camel milk against

HCV (67).

Conclusion

The present study highlighted the protective and therapeutic

role of camel milk on multiple liver disorders. People who

consume camel milk have a significant improvement in the

lab values of serum gamma-glutamyl transferase, aspartate

aminotransferase, and alanine aminotransferase. The proteins in

camel milk are heat-stable even at high temperatures and remain

functional. It is therefore immensely important to understand

the special attributes of camel milk and make it possible to

fully utilize its potential. The prospect includes the utilization

of camel milk as a nutraceutical agent and makes it possible

to easily avail this in markets because it is a good choice for

people who are lactose intolerant. So, the consumption of camel

milk alone or in combination with any nutraceutical should

be encouraged.
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Food intake and body weight regulation are of special interest for meeting

today’s lifestyle essential requirements. Since balanced energy intake and

expenditure are crucial for healthy living, high levels of energy intake are

associated with obesity. Hence, regulation of energy intake occurs through

short- and long-term signals as complex central and peripheral physiological

signals control food intake. This work aims to explore and compile the main

factors influencing satiating e�ciency of foods by updating recent knowledge

to point out new perspectives on the potential drivers of satiety interfering

with food intake regulation. Human internal factors such as genetics, gender,

age, nutritional status, gastrointestinal satiety signals, gut enzymes, gastric

emptying rate, gut microbiota, individual behavioral response to foods, sleep

and circadian rhythms are likely to be important in determining satiety. Besides,

the external factors (environmental and behavioral) impacting satiety e�ciency

are highlighted. Based on mechanisms related to food consumption and

dietary patterns several physical, physiological, and psychological factors a�ect

satiety or satiation. A complex network of endocrine and neuroendocrine

mechanisms controls the satiety pathways. In response to food intake and

other behavioral cues, gut signals enable endocrine systems to target the

brain. Intestinal and gastric signals interact with neural pathways in the

central nervous system to halt eating or induce satiety. Moreover, complex

food composition and structures result in considerable variation in satiety

responses for di�erent food groups. A better understanding of foods and

factors impacting the e�ciency of satiety could be helpful in making smart

food choices and dietary recommendations for a healthy lifestyle based on

updated scientific evidence.
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Introduction

The terms satiation and satiety are essential to understand

the role of appetite in the regulation of food intake. Satiation

is the feeling of fullness during an eating process, while satiety

is the inhibition of hunger in response to eating (1). Hunger

and satiety are involved in the maintenance of healthy body

weight as energy intake and expenditure are mainly governed

by the rate of gastric emptying as well as the metabolism of the

nutrients. Energy balance is crucial to human survival and is

dependent upon the amount of food consumed (2). Satiety not

only determines the time elapsed between food ingestion at a

meal and the next meal but also the prospective amount of food

to be consumed at subsequent meals. The general population

inherits the idea that foods with greater satiety are the ones

that fill their stomach earlier. However, consumer perceptions

are based on short-term satiety signals and orosensory learned

indications. This area of consumer science is of particular

interest in enhancing the knowledge and understanding of

satiety perceptions among lay consumers (3).

The preparation and consumption of foods affect the

mechanism of satiation and absorption of nutrients in the body.

The feeling of hungermotivates the urge to eat. Thus, consuming

food with superior satiating potential may help to achieve the

desired dietary goals by decreasing overconsumption. From a

nutritionist’s perspective, satiety is helpful to prevent individuals

from eating unhealthy foods (4). An unhealthy lifestyle that

includes poor eating habits and unhealthy diet choices can

lead to various chronic diseases including obesity, diabetes,

dyslipidemia, hypertension, and cardiovascular diseases (CVDs)

(5, 6). For example, obesity has become a prime cause of

morbidity and mortality in many developed countries being

a risk factor for several diseases (7). In the context of the

prevalence of obesity among all age groups, it has become

imperative to understand the satiating potential of foods as the

energy intake of humans can be accurately predicted based on

appetite sensations (8).

Food intake is regulated by different factors including

organoleptic properties, environmental factors, metabolic

influences, physiological factors, social influences, psychological

influences and food likes and dislikes (9). In the early stages,

satiety is primarily influenced by orosensory and cognitive

factors as previous experiences with taste, texture, flavor, aroma,

and palatability drive the urge to eat. Similarly, meal quantity

affects the digestion process, while post-meal absorption is

affected by the nutrient status of the gut that in turn governs

satiety. The interplay of different variables governing satiety

and satiation is presented in Figure 1. (10). Food intake is

compulsive action as mealtime continues, inhibitory influences

from a variety of sources (sensory, gastrointestinal, hormonal,

neurological, and cognitive) increase, bringing the meal to a

halt. Satiation being a sophisticated inhibitory process integrates

all these factors and brings a meal to an end (11). Meal size

is determined by consumer satisfaction and many variables

contribute to the inability to eat again until the following meal

after one eating session has ended. The aspects of the “Satiety

Cascade” were conceived as stimulatory and inhibitory impacts.

The Satiety Cascade combines sensory, cognitive, post-ingestive,

and post-absorptive components to reduce the desire to eat for

a certain period. Satiety and satiation are strong processes for

regulating total daily energy intake and expenditure because

they include the suppression of hunger (12). Two foods with the

same nutritional content may have distinct appetite-stimulating

effects. This is because food consumption, aside from the

metabolic effects of nutrients in the gastrointestinal system,

contributes to the process of controlling appetite. The satiety

cascade describes the signals that impact the primary appetite-

control behaviors, such as food selection, satiation (the amount

of food ingested within a meal), and satiety (the extent to which

hunger and eating are suppressed between meals). The satiety

cascade model predicts that the main drivers of satiation are

early pre-ingestive signals from cognitive and sensory processes,

and that cognitive, sensory, post-ingestive, and post-absorptive

signals are combined to determine the experience of satiety,

highlighting the integrative nature of satiety (13).

Although internal signaling systems (for the drive and

suppression of eating) stimulate and inhibit eating behavior to

regulate the internal environment (tissue needs, energy stores),

sensory and external stimulation of food intake also plays a role

as a hedonistic dimension of appetite. Likewise, the type of meal,

timing, frequency, palatability, portion size and psychological

factors also affect appetite (13). It is crucial to take into

account the impacts of both individual and food variances for

holistic studies that concentrate on the study of human satiety

responses to foods. Multiple domains (physiology, psychology,

eating and type of food) must be taken into account in order

to comprehend the factors that influence perceived satiety,

and there are significant individual variations that are in part

influenced by external and internal factors (14). Therefore, it

is essential to analyze the physiological as well as behavioral

aspects to completely understand the role of satiety and satiation

in individual eating behavior. Consequently, we have focused

here on the methods of satiety measurement, factors affecting

satiety, and variation in satiety response among different food

groups. Most of the previous reviews have individually discussed

the role of body composition (15), sensory specific food cues

(16), taste perceptions (17), gut microbiota (18), energy density

(19), physical properties of food (20), and intestinal hormone

receptor (21) modulated effects about food intake, satiety, or

satiation. However, a recent appraisal of the strength of evidence

for external or internal factors influencing appetite has not been

reviewed.What is also not clear from the work presented so far is

how critical it is to integrate different internal or external factors

either food-related and personal factors controlling food intake
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FIGURE 1

A schematic figure of the di�erent components of the food before and after food intake determining satiation and satiety adapted from the
satiety cascade model of Blundell and Gibbons.

to maximize the individual potential for improved satiation or

satiety. This review aims to gather relevant existing knowledge

on food intake regulation and satiety considering the role of

the most promising factors involved in lowering the energy

intake or controlling food intake that ultimately helps in obesity

reduction or other chronic diseases. Core evidence for the

satiating potential of different isocaloric foods is also carefully

summarized in this study. The role of satiety hormones and

modulation of different orosensory cues along with the effect

of food texture expected satiety on portion sizes, age, gender,

and the response of different functional foods from various food

groups on ingestion in delaying the appetite sensations has been

discussed. Moreover the interplay of bioactive ingredients and

functional foods in relation to appetite control, satiety or body

weight reduction has been considered.

Measurements of subjective satiety

Satiety is a subjective measure of appetite as people

feel hunger differently. Various methods have been used

for the measurement of satiety owing to the difference in

standardizing the test instructions to participants (22) and the

lack of standardized protocols (22). The major problem in the

assessment of satiety is attributed to the non-uniform perception

of satiety sensations among different individuals. Purposely,

assessment of satiation and satiety is normally carried through

either of the following methods: subjective appetite rating, ad

libitum intake, and physiological measurements (23).

Previously, many other scales have been employed for the

measurement of satiety such as a seven-point scale (24), a

labeled magnitude scale (25), and a triangle rating scale (26).

Nevertheless, VAS remains the most frequently used scale in

subjective measures of satiety. Earlier, a satiety index was

developed by Holt et al. (27) in Australia to compare the

satiety value of different foods using a number or value. In this

context, a VAS was used to assess the subjective response of

the participants to different food items. The data was recorded

by taking the appetite ratings before and after 120min of food

ingestion. The satiety response curves of the test foods were

compared with the reference food (white bread) (27). The satiety

rating of the bread was assigned a score of 100, while the satiating

potential of all other foods was determined based on ranking

against reference bread as illustrated below (Equation 1).

Satiety index (%) =
Sample score

Reference bread score
× 100 (1)

Subjective ratings of appetite have been conducted using

a visual analog scale (VAS). The scale comprises a scale that

is either 100 or 150 mm in length. The subjects in question
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rate their feeling of appetite by placing a mark on the scale in

response to different questions posed, whereas the distance from

left to the marked point is recorded to calculate the satiety value.

A graph is developed by taking the post-meal consumption

appetite readings after every 2–3 h interval. VAS is a reliable

and valid tool for satiety measurement under controlled settings

(28). The following questions form the basis of the VAS scale

assessment including (1) How hungry do you feel? (2) How

much food do you think you could eat? (3) How strong is

your desire to eat? (4) How full do you feel? usually asked

to complete the assessment (28). These measurements offer

insightful data on sensations that are challenging to record

using other techniques. Pen and paper were used to administer

VAS in the past since it was quick and simple. However,

as each line must be physically measured and entered into

a database one at a time, the pen-and-paper technique of

data gathering is frequently time-consuming and subject to

human error. Portable handheld computers have been created

to electronically administer appetite scales, solving the issues

with pen and paper (Electronic Appetite Ratings System or

EARS). The laboratory test meal approach has been used in some

significant experimental investigations to support the validity

and reliability of VAS as a measure of the intensity of the

incentive to eat (29).

The relationship between energy and the satiety score of

different foods can be a useful addition to nutrition facts tables

on the food labels. Similarly, a satiety quotient (SQ) describes the

satiating efficiency of foods and the amount of energy consumed.

The SQ was computed by dividing the difference between pre-

and post-eating episode assessments of motivation to eat (pre

minus post) by the energy content intake during the episode

of eating. Subsequently, the SQ can be calculated using the

following expression (30) (Equation 2).

Satiety Quotient =

Pre− eating episode rating (mm) − Post eating episode rating (mm)

The energy content of the test meal (kcal.)

(2)

However, since other factors affect fullness and satiation,

subjective sensations do not give a complete picture of appetite

control and calorie intake. This method also enables the

calculation of the satiety quotient about the energy/weight

content of the meal offered, allowing for the measurement

of subjective appetite about the quantity of energy consumed.

However, the results of such studies may be found to be more

meaningful when the eating pattern and study schedule resemble

in terms of eating duration (3–4 h) that is followed normally

by participants (29). Following the start of preload ingestion,

a typical ad libitum test meal made up of well-known, easily

accessible foods and water are usually provided. Then subjects

allowed for a specific window of time to consume till they are

satisfied and are allowed to ask for more food if desired. The

idea behind the method is that interventions that increase satiety

will cause people to consume less during a typical meal and vice

versa (22). Since hunger is a definite factor in determining food

intake, the participants must be in similar appetite states while

evaluating energy intake. Before being served an ad libitummeal,

participants’ access to food and beverages should be restricted to

maintain a consistent level of hunger among participants and

across situations (29).

Integrating physiological measures to record changes

in satiety indicators in the postmeal interval can improve

sensitivity and discrimination in satiety responses to various

treatments. Postmeal phenomena such as changes in gastric

emptying rate, circulating levels of certain gastrointestinal

hormones such as glucagon-like peptide-1 (GLP-1),

peptide tyrosine tyrosine (PYY), cholecystokinin (CCK),

and polypeptide-P (PP), and suppression of ghrelin are

more pertinent when exploring satiety (22, 29). Studies on

these physiological biomarkers provide evidence of their role

in regulating appetite and calorie intake. The practicality of

quantifying these peptides has several challenges. Since the

peptides break down so quickly, it is necessary to implement

regular processes to stop this. Thus, these postprandial

investigations detecting physiological indicators associated with

appetite are very challenging and expensive to conduct.

Like other electronic tools, near-infrared (NIR)

spectroscopy, a potent optical analytical technique, is effective

for the non-destructive and label-free evaluation of biochemical,

molecular, and structural information in biological tissues,

including human tissues. Human tissue has biomarkers

that reveal information about metabolic health and body

composition, such as the proportion of lean to fat muscle

tissue and body fat. A hand-held portable NIR equipment was

tested by Ni et al. (31) for its capacity to capture the spectra

of human tissues (arm, face, ear, mouth, and wrist) and to

predict satiation, fullness, and food intake in participants from

a sensory investigation. Results suggested that it would be able

to evaluate the complicated interactions between humans and

food by using the NIR spectra of tissues as a proxy. Variations

in the cross-validation statistics were also noted, and they were

strongly influenced by the type of tissue examined, metabolism,

and body composition. A variety of electronic devices have been

approved for use in assessing appetite for hunger or fullness

as recent models made possible by their economic and other

practical advantages.

A variety of factors might affect the feeling of fullness. So

for a true assessment of meal termination, only one component

should be permitted to change at once. It is rather unclear how

similar studies of a kindmay exist because study designs can vary

greatly. Comparisons can be performed if the study is planned to

take into account the aforementioned factors, although caution

should be used when approaches diverge significantly. Appetite

measurements should include a comprehensive collection of
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measurement techniques that allow for the evaluation of the

potency of the motivation to eat, key food choices, and hedonic

processes that modify the homeostatic system (29).

Factors a�ecting satiety

The influence of different internal factors (Figure 2) and

external factors (Figure 3) on appetite, satiety and satiation have

been discussed that possibly affect food intake. Although the

literature on these external or internal variables and satiety is

complicated yet all these factors have been potentially studied

with eating behaviors.

Personal factors

Physiological
The gut is the largest organ of the body for hormone

production as well as the presence of various enterocytes (32).

Initially, satiation is influenced by the stomach distension as

mechanoreceptors send signals to the hypothalamus via the

vagus nerve located on gastric distension. When food passes

through the gut, multiple peptides are released from the specific

enterocytes of the stomach and small intestine including

cholecystokinin (CCK), neurotensin, gastrin, glucagon,

somatostatin, peptide YY (PYY), bombesin, and glucagon-like

peptide-1 (GLP-1) (33). Hence, the physiology of food intake

regulation involves precise coordination between neuronal and

hormonal signals. Among them, ghrelin (orexigenic hormone)

is the only hormone released from the oxyntic glands of

the stomach which triggers appetite and favors feeding by

enhancing the incentive and hedonic response to food-related

cues (34). Other hormonal signals released from either of the

upper or lower intestinal tracts involve leptin, PYY, CCK, and

GLP-1 are responsible to suppress hunger (29, 35). The GLP-1

(anorexigenic hormone) releases from the small intestine in

response to contact of glucose with L-cells, causing a drop in

hunger. Thus, slow digestion of food can sustain prolonged

intestinal contact with glucose, thereby improving satiety.

Likewise, CCK releases from the small intestine in response

to the fat and protein contents of the food being ingested to

suppress the appetite as soon as the signal reaches the nucleus

solitarius tractus (central nervous system) through the vagus

nerve (36). The long-term food intake is regulated by the leptin

secreted from adipose tissues, thereby maintaining energy

balance (33).

Gut microbiota
The interplay between gut microbiota, satiety hormones

and energy intake along with underlying mechanisms have

been well studied. Often, obese people tend to be insulin

resistant, and modifications in host bacterial interactions with

dietary intake can be beneficial in suppressing the appetite

(37). Enteroendocrine cells generate intestinal hormones such

as CCK, GLP-1, and PYY, which play an important function

as signaling systems. The stomach and various brain areas

have been found to contain receptors for these hormones,

emphasizing the gut-brain relationship in satiationmechanisms.

Diet can modulate the intestinal microbiota, which interacts

with enteroendocrine cells, by delivering certain nutrients that

cause changes in the gut ecology (dysbiosis) due to hyperphagia.

As a result, macronutrients may activate the microbiota-gut-

brain axis via mechanisms such as particular nutrient-sensing

receptors in enteroendocrine cells that cause hormone release.

This results in a reduction in appetite or an increase in energy

expenditure (38). In this regard, prebiotics has demonstrated

their efficiency by increasing the expression of anorexigenic

hormone (GLP-1) which in turn acts on the brain to signal

hunger or satiety. The proposed mechanism is considered to

reduce the gastrointestinal transit time by acting as an ileal

break (39). Likewise, the production of short-chain fatty acids

(SCFA) by the gut bacteria while metabolizing non-digestible

carbohydrates has been shown to upregulate gene expression

of proglucagon, the precursor to GLP-1 and PYY43 in the

intestinal tract (39). This phenomenon leads to increased satiety

and decreased food intake after the meal. Short-chain fatty

acids can trigger intestinal gluconeogenesis through a cyclic

adenosine monophosphate-dependent mechanism (40) which

has positive effects on glucose and energy balance. Propionate,

for example, is an energy source for epithelial cells, but it is also

transported to the liver, where it contributes to gluconeogenesis.

Because of its interaction with gut receptors, it’s becoming

more well recognized as a key component in satiety signaling

(41). Likewise, ghrelin levels have shown negative correlations

with Lactobacillus, Bifidobacterium, Blautia coccoides, and

Eubacterium rectale, whereas the inverse was observed with

Prevotella and Bacteroides (42). This signifies the role of gut

microbiota in the satiety regulation and interaction with ghrelin

and leptin. Moreover, butyrate production in animal models has

been associated with serotonin levels which are an important

neurotransmitter in the brain and gut, involved in the regulation

of satiety and body weight (42). It is not clear, if gut microbiome

composition changes are driven by a decrease in leptin action,

as a consequence of hyperphagia, physiological modifications

associated with obesity, or other leptin actions independent

of food intake and adiposity. Moreover, the leptin signaling

pathway related to leptin receptor (LEPR) extracellular domain

mutation suggests its role against gut pathogens and it seems

that leptin signaling may also have a role in modulating gut

bacterial microflora, independently of food intake, by regulating

gut antimicrobial peptides expression (43–45). Moreover, gut

microbiota might be associated with leptin resistance, which

is in general developed in obesity, throughout interfering

hypothalamic and brainstem neural processes, involved in
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FIGURE 2

Interrelation of food properties and internal factors controlling food intake, satiation or satiety.

feeding and energy balance control (46). All of these suggest that

gut microbiota modulation could be a novel therapeutic target in

obesity focusing on leptin signaling (47). Besides, the prebiotic

effect related to gut microbiota modulation refers to a higher

leptin sensitivity and glucose tolerance, and lower oxidative

stress and inflammation (48).

Although clinical trials have shown alteration in human

gut microbiota after consumption of maize, whole grain wheat,

and barley, there is no functional link between fullness and

gut microbiota due to a lack of valid satiety assessments (18).

Decreased sensation of hunger on ad libitum lunch intake

in healthy young men by consuming wholegrain rye may be

partly mediated by colonic fermentation as in vitro fermentation

profile of rye kernel also confirmed SCFA production after 24-

h of fermentation study (49). Likewise, when compared to the

breakfast of refined wheat bread, rye kernels improved satiety

most substantially, both immediately and in the face of a second

meal, as evidenced by lower energy intake at lunch and self-

reported VAS ratings. The researchers hypothesized that greater

microbial fermentation or increased fermentation metabolites

could be observed, as seen by higher breath hydrogen levels

after eating whole grain rye bread than refined grain wheat

bread. These fermentation products may help with glucose

management and satiety by delaying the release of ghrelin, the

hunger hormone (50).

Sociocultural
Mostly, physiological aspects of appetite regulation are

studied, however, it is imperative to include social dimensions

of satiety for a better understanding of the underlying

phenomenon. Variations in specific cultural patterns of

cuisines and food intake affect satiation and satiety and are

primarily dependent on meal size. Furthermore, consuming

food with other persons may increase the intake by up to

44% and it tends to increase successively in the presence

of more people. Therefore, the company of the eaters

such as family, spouses, friends, and colleagues at mealtime

influences the energy intake. Moreover, eating foods under

different conditions and the nature of the companions
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FIGURE 3

Overall external factors a�ecting food intake, satiation and satiety.

control the energy intake, as obese individuals tend to

consume more food in the presence of obese in contrast

to non-obese individuals (51, 52). Social isolation, poverty,

and loneliness are the other predominant factors regulating

food intake, thereby in turn appetite sensations. Other

determinants of food choice include socio-economic factors,

media literacy level, social inequality, family dimension,

health, ease of access, occupation, taste, food preferences,

knowledge, peers, friends, parental education; nutritional

quality of food, cooking skills, life course, past experiences,

ethnic customs as well as past eating habits (53). Physical

conditioning and emotional reactions to the social setting

in which eating occurs can also affect how you feel about

being full. Parents substantially shape the context in which

children encounter food by regulating, encouraging, restricting,

and rewarding food (54). Although our determinants for

food choices are greatly influenced by biology. Though the

biological factors that regulate food intake can be modified by

disease conditions, experience, or learning. Other social and

environmental influences also affect the relationships between

the person and their dietary choices relate to familiarity and

learnt safety, conditioned food preferences, and conditioned

satiety (55).

Psychological
Satiety is a complex phenomenon and must be interpreted

from both metabolic and behavioral perspectives. The

psychobiological dimensions of satiety involve three events

i.e., hunger perception, food cravings, and hedonic sensations.

Consumption of food triggers various physiological events that

in turn control the neurochemical activity of the brain which

represents the desire to eat and willingness to refrain from eating

(56). Psychological aspects that govern meal-by-meal appetite

make it necessary to highlight their impact as a conditioning

factor of satiety regulation.

Individuals on a weight-loss dietary regimen have

demonstrated that appetite is merely linked with distinct

psychological phenomena such as feelings of deprivation,

increased reinforcing value of food, cravings, increased

subjective appeal of energy-dense foods as well as an increased

central nervous system (CNS) reward system feedback to
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calorie-rich foods. Regulation of food intake by maintaining

homeostasis between reward and inhibitory controls of

food cues plays an important role in conditional eating and

subsequent appetite responses (57). Considering sensory-

specific satiety, concepts of food acceptance and rejection play

an important role in determining personal eating patterns.

Likewise, cognition affects the eating process as conditioning to

specific food cues can alter the food intake pattern. Learning

about different foods and developing likes and dislikes

throughout life are associated with certain conditioned and

unconditioned reflexes, affecting behavioral eating patterns.

Similarly, foods consumed before exercise can improve cognitive

functioning and positively influence the mood of people with

improved appetite control (58) as a result of improved insulin

sensitivity and glucose response after a meal.

Environmental factors
Although overconsumption norms are prevalent in our

society, studies suggest that portion size directly impacts food

intake regardless of hunger level and taste preferences. Along

with different consumption patterns and utensil size illusions,

environmental interferences such as watching television (T.V.)

or listening to music can affect both food selection and intake.

Besides these dynamics, watching TV during eating is the

most important factor affecting satiation and satiety as it

directly influences energy intake. Reportedly, viewing TV can

significantly impact appetite ratings with an increased food or

energy intake (59). Likewise, a study was designed to reveal the

outcomes of watching TV while eating using two energy-dense

foods. Participants were randomized into two groups receiving

macaroni and cheese or pizza as a test meal. While watching

TV programs of their choice, readings for energy intake, hunger,

satiety, and palatability were taken. Results revealed 71% higher

energy consumption from macaroni and cheese and 36% from

pizza (60). Similarly, another study concluded that consuming

a meal while watching TV not only enhanced energy intake

at mealtime but also affected the normal mealtime satiation

or satiety followed by reduced satiety signals from previously

consumed foods (61). People usually eat those foods with

enjoyment that they like in contrast to the less-liked ones, as

they experience more satisfaction, pleasure, and satiety after

consuming the meals of their liking (62). Environmental factors

that may influence food intake and food selection include the

size of the portion, the presence of other people, the location

and the time of consumption. More specifically, it has been

demonstrated that the color of the plate ware, the packaging,

and the atmosphere all have an impact on food consumption

(63). Consumers may be able to prevent overconsumption by

being aware of environmental cues such as illusions, distractions,

portion sizes, and variety. As appetite reflects the expression

of the urge to eat and the behavior that is directed toward

the intake of food and drink items readily available in the

environment. Therefore, environmental or contextual factors

that may be implicated in meal termination should also be taken

into consideration (29).

Gender di�erences
Gender difference affects food intake regulation, appetite

control, and management of healthy body weight. Females are

easily satiated during eating as compared to males due to the

involvement of certain hormonal and neuronal activation (64).

The impact of gender difference on hunger scores revealed that

women ate the given amount of isocaloric ad libitum food

satisfactorily while men did not satiate easily and consumed

significantly more (65). The difference in body composition

of males and females is an important contributor to the

variable food/energy intake. It is pertinent to mention that

women possess significantly more body fat when compared to

men, hence having more leptin levels in the body (66). The

leptin is secreted from adipose tissues and promotes satiety

by acting on the hypothalamus. Owing to higher adiposity

in females, leptin secretion is relatively more as compared

to males, which results in declined food intake and energy

expenditures (67). When the fat cells increase in number, leptin

levels increase proportionally, and then bind to LEPR in the

brain, which sends signals to inhibit food intake and increase

energy expenditure. Nomatter how, when caloric intake exceeds

energy expenditure (positive energy balance) is sustained for

critical periods, weight gain occurs (68). The majority of

obese people have hyperleptinemia and do not respond to

leptin therapy, showing leptin resistance and casting doubt on

leptin’s function as a human energy balance regulator. Chrysafi

et al. (69) showed that long-term leptin treatment lowers fat

mass and body weight and transiently modifies circulating free

fatty acids in lean slightly hyperleptinemia people, but short-

term leptin administration alters food intake during refeeding

after fasting.

Age di�erences
Age is an important element that regulates satiating

efficiency of foods since sensory-specific satiety declines in

old age due to age-associated changes (increases in intensity

discrimination) for taste and smells, reducing energy intake.

Therefore, old-aged people can easily get satiated and become

leaner with increasing age (70). In this perspective, a study was

conducted to assess the age mediated difference in sensory-

specific satiety. For this purpose, adolescents, young, older

adults, and elderly persons were recruited for the study.

The results obtained showed distinct differences in sensory-

specific satiety among adolescents and the elderly. This explains

the limited food choices in elderly persons owing to a

decrease in food pleasantness which may lead to serious health

threats (71).

Frontiers inNutrition 08 frontiersin.org

422

https://doi.org/10.3389/fnut.2022.1002619
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Rakha et al. 10.3389/fnut.2022.1002619

E�ect of chewing
The impact of chewing on satiety is evident from the fact

that people usually chew less if food is more palatable, hence

promoting food intake. Thus, chewing food can alter the eating

rate and digestion. The chewing rate is associated with satiety

and is usually higher for mixed meals when compared to single

food (72). The mastication of almonds resulted in a decline

in GLP-1 (orexigenic hormone) and an increased fullness after

40 chews as against 25 chews (73). Chewing may enhance or

reduce hunger and relative food intake through gut hormone

response modification. For example, chewing gum has enhanced

the feeling of satiety in obese as well as healthy weight women

(74). Moreover, video recordings of chewing gum at different

frequencies also showed variations in chewing (75). The findings

of the study revealed that the rate of chewing particularly

depends on the type of food being consumed. Increased rate

of chewing in each mouthful for sustained meal duration had

shown a decline in food intake (76). Similarly, a decreased snack

intake was observed after 2 h of having lunch with prolonged

chewing. Thus, a higher number of chews promote slow eating

and may help obese people with less caloric intake (77).

Furthermore, the rate of food biting has been associated with

energy intake, with a slower rate being more useful to decrease

food intake. Interestingly, obese people usually take large bites as

compared to lean individuals, affecting the rate of food ingestion

(swallowing) and successive increase in energy (78). In fact,

recent research showed that extending the time between chewing

and swallowing reduces food consumption and boosts fullness.

Although it has been demonstrated that delaying eating can

prevent weight gain in children and adolescents, it is unclear if

slowing eating by increasing the number of masticatory cycles or

lowering themastication rate is a practical way to support weight

management (79).

Physical activity
Physical activity is another important parameter governing

appetite by improving the sensitivity to physiological responses

regulating satiety. Purposely, the effect of physical activity

on appetite along with satiety scores was assessed in obese

women (average BMI of ?37) after 20min of brisk walking. The

results suggested that even moderate physical activity is vital in

modulating the role of postprandial peptides (insulin and leptin)

in the short-term regulation of food intake (80). Therefore,

consistent physical activity can improve appetite control by

improving satiety signaling. However, specific actions, intensity,

and duration of exercise can affect physiological elements of

satiety, which also varies from person to person based on

individual physiology (81). Hence, regular exercise has a strong

potential to control appetite and satiety (82). In general, leptin

is overexpressed in obese individuals, and its altered expression

leads to leptin resistance, which implies mechanisms interfering

with leptin’s ability to reach targeted cells due to decreased

LEPR expression or altered signaling. Genetic variations in the

LEP gene can modulate its circulating levels and interfere with

various pathophysiological processes (47). In this context, in the

last few years, increased obesity prevalence as a consequence of

a sedentary lifestyle and low physical activity has been linked

to systemic, chronic low-grade inflammation processes through

adipocyte-secreted hormones (adiponectin, leptin, resistin, and

ghrelin), growth factors and proinflammatory cytokines (83).

Studies on rodents and humans provide evidence that the

majority of exercise induced favorable effects on obesity are

linked to lower leptin levels and improve leptin resistance.

For instance, in obese adolescent girls, a 12-week combined

resistance and aerobic exercise training efficiently reduced body

weight, waist circumference, and serum leptin levels, hence

reducing central leptin resistance (84). Combining resistance

and aerobic exercise training also improved the cardiometabolic

indicators of older men with obesity along with a reduction in

leptin levels (85). High-intensity interval training, other than

combined training, also decreased body fat and inflammation in

obese postmenopausal women, along with a significant drop in

leptin levels (86).

Sleep and circadian rhythms
Sleep is also another important factor for appetite control

and laboratory studies demonstrated that sleep deprivation

impairs insulin sensitivity and glucose disposal throughout

the body. Individuals recruited in a study trial stated that

sleep restriction lowered participant-perceived fullness or satiety

as well as suppressed the postprandial lipemic response and

decreased satiety (87). As the SQ governs the extent to which

a meal can minimize subjective appetite sensations, SQ in

response to a standardized meal was assessed in overweight or

obese men according to sleep duration for a later bedtime and

poor sleep quality in association with energy intake. Results

revealed that short-duration sleepers had a lower mean SQ

than recommended sleep duration sleepers without impacting

overall energy intake (88). Interestingly, another study found

greater total food-craving scores in subjects in association with

increased daytime sleepiness, when participants were assessed

by a 7-day sleep-hunger-satiety diary (89). A lot of people

who live at home don’t get enough sleep. When volunteers

were experimentally sleep-restricted but had unlimited access

to food, they consumed more calories than when they are not

sleep-restricted; these calorie increases are often observed in

post-dinner snack patterns (90, 91).

Energy consumption during inappropriate circadian periods

is one potential reason for negative health effects during

circadian disturbance and inadequate sleep. Lab investigations

have shown that when people are given meals during the

circadian night (when melatonin levels are high), they have a

lower energy response than when they are given meals during

the day along with impaired glucose tolerance (92, 93). There is
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compelling evidence that energy consumption later in the day

may contribute to ill health during both circadian disturbance

and inadequate sleep. Though circadian rhythm was not altered

in conditions with sleep episodes lasting <6 h per night (i.e.,

chronic sleep restriction) in which participants were given a diet

designed to meet caloric needs (94). This showed that circadian

timing, rather than sleep limitation, might play a significant

role in hunger patterns. However, it is uncertain how several

days of energy consumption during the circadian evening and

night, as well as at a period when melatonin concentrations

increase favoring sleep (i.e., chronic circadian disruption) may

affect hunger, appetite, and food choices (95).

The integration of internal circadian rhythms and external

cues such as the light-dark cycle and dietary composition

is critical for survival and requires temporal partitioning of

daily food intake. These internal and extrinsic variables are

interrelated, with circadian rhythm misalignment encouraging

body weight increase and calorie-dense diet intake increasing

the risk of obesity and blunting circadian rhythms (96).

Genetics
Mealtime, the quantity of food consumed, and food

preference are all influenced by a complex interaction of

physiological, psychological, and social interactions along with

genetic variables (97). Heritability and linkage analysis of

individual food-consuming behavior measured by the three-

factor questionnaire (TFQ) provides evidence that eating

behavior traits are heritable. A growing body of evidence

links hedonic signaling to the obesity epidemic in addition to

the role of the hypothalamus and hindbrain in homeostatic

food intake and satiety. The hippocampus is particularly rich

in genes associated with human genome-wide association

study (GWAS) obesity loci. A high-fat diet and obesity have

frequently been associated with hippocampal atrophy, which

may potentially affect responses to taste. The hippocampus

may help regulate meal size (98, 99). The nucleus accumbens

has been studied for obesity therapy because it can impact

food intake pathways (100). In the insula and substantia nigra,

areas implicated in addiction, motivation, and reward-seeking

behavior, a recent study found substantial gene expression

enrichment of top obesity/BMI-associated loci (101). Depending

upon the nutritional status for eliciting the act of producing

a satiety response, the hypothalamus communicates with the

insula (102).

The fat mass and obesity-associated gene (103) is one of

the most important obesity-associated genes discovered using

GWAS. In the first intron of the FTO gene, several variations

have been discovered that are linked to increased calorie

ingesting, body fat, weight, and other adiposity measurements

(104). About a 1.7-fold increase in obesity risk has been

observed in patients that are homozygous for the “A” allele

relative to the low-risk “T” allele owing to one of the best-

studied FTO rs9939609 variants (105). Besides, postprandial

appetite reduction in subjects noted that are homozygous for

the A allele because of dysregulated circulating levels of acyl-

ghrelin, suggesting that variations in FTOmay change the action

of ghrelin, the hunger-promoting gut hormone (e.g., reduced

satiety response) (106).

The satiety pathway is usually well controlled. The LEPR and

the melanocortin-4-receptor (MC4R) genes are two of the most

investigated genes expressed in the brain, revealing biological

mechanisms not yet fully elucidated. Several single nucleotide

variations in LEPR have been linked to severe obesity, including

Lys109Arg and Gln223Arg. According to recent studies, roughly

7% of the general population as well as obese persons accounting

for more than 10% of the population had a coding variation in

MC4R. About 20% of single-nucleotide variants in the MC4R

gene have been projected to be pathogenic or likely pathogenic,

emphasizing MC4R’s prevalence in monogenic obesity (107).

In leptin-deficient people, leptin replacement can enhance

satiety and help them lose weight. Leptin stimulates the

production of a melanocyte-stimulating hormone (a-

MSH), which induces satiety. Eating habit has also been

connected to GAD (glutamic acid decarboxylase), which

converts glutamate to GABA (g-aminobutyric acid), a brain

inhibitory neurotransmitter. Disinhibition and disordered food

consumption, notably higher carbohydrate intake in women,

have been linked to two specific GAD variations, rs7908975 and

rs992990 (97). Even though in the last years, several complex

mechanisms related to energy regulation and obesity have been

proposed, further studies are needed for a better understanding

of interactions between genetic, environmental, and lifestyle

factors that contribute to obesity (108).

Mood and food cravings
Food desire is considered to be one of the main elements

influencing eating behavior, along with hunger, which is brought

on by food deprivation or fasting. Although healthy adults with

typical eating habits experience food cravings, research indicates

that intense food cravings may be a risk factor for binge eating,

which may lead to weight gain and obesity. Food cravings are

viewed as a motivational state that is conditioned in response to

sensory, environmental, or interceptive inputs (109). Moreover,

Reents et al. (110) used a food cue-reactivity paradigm on

normal-weight females to more thoroughly investigate these

impacts on momentary food seeking. The states of food

deprivation (hunger vs. fullness) andmood (negative vs. neutral)

were changed systematically. In comparison to stated states,

the self-rated craving was much higher when one felt hungry.

Additionally, high-calorie foods reduced cravings in a neutral

mood; hence, people who were hungry or satisfied preferred

savory food and sweet food, respectively. This distinction

between the effects of savory and sweet foods was not seen
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in a depressive mood. In conclusion, hunger has a significant

impact on food cravings, which are further influenced by

emotional state.

Gut enzymes and gastric emptying
Enzymes can greatly contribute to digestion-induced

changes in the food structure. Since gastric cells secrete

hydrochloric acid in reaction to food entering the stomach,

the stomach has a strongly acidic environment with a pH

of roughly two. The stomach secretes two enzymes that

help break down proteins (pepsin) and lipids (gastric lipase).

Depending on the rate of mixing and acid production,

salivary amylase probably continues to work on carbs in the

stomach for some time (111). One of the key factors in food

disintegration in the stomach is the hydrolysis of proteins by

pepsin. Several food particle-specific characteristics, including

the solids content, density, internal tortuosity, surface-to-

volume ratio, and porosity, affect the diffusion of pepsin into

food particles (112). Different fluorescein isothiocyanate pepsin

diffusion coefficients of two egg white gels were reported with

the same protein concentration (10 wt%) as structures induced

at pH 5 or 9 were found to vary more. The pH 5 gel

displayed a greater diffusion coefficient than the pH 9 gel

due to the pH 5 gel’s more loose, spatially heterogeneous

protein matrix and homogeneous microstructure (113). To

produce free fatty acids and 1,2-diacylglycerols, gastric lipases

preferentially hydrolyze the sn-three position of triacylglycerols.

Triacylglycerols that have been consumed by healthy persons

undergo 10 to 30% lipolysis during stomach passage (112).

Food macromolecules are broken down in the small intestine,

which functions as an enzyme bioreactor, by the hydrolytic

processes of the carbohydrates, proteases, peptidases and lipases.

Low molecular weight hydrolysis products diffuse out and are

then absorbed into the bloodstream. Additionally, bile acids are

released from the gall bladder duct and assist to emulsify lipids

which facilitates breakdown by pancreatic lipase (111). The

protein conformation, the presence of cross-linkages between

protein chains, binding metals or polyphenols, the particle size,

and the presence of anti-nutritional factors like trypsin and

chymotrypsin inhibitors also have an impact on how food

proteins are digested. Additionally, inter-individual variability is

important and can be influenced by factors including age, health,

and the usage of common medicines like antacids. Protease

inhibitors, polyphenols, saponins, phytic acid, and the presence

of complex carbohydrates that prevent enzymes from accessing

the protein all have an impact on how digestible plant proteins

are at this level (114).

Gastric emptying has been the subject of considerable study

because it is believed to have several effects related to satiety.

Even while eating a small meal can cause the stomach to fill

up rapidly, the stomach’s release of digesta takes time. Particles

larger than 1–2mm are typicallymaintained in the stomach until

late in the emptying stage due to the sieving effect. Usually, the

release of gastric contents happens over a few min to up to

6 h or more, with the primary peak of release occurring after

1.5 to 2 h. Overweight people are said to have faster rates of

stomach emptying (111). The relationship between enhanced

subjective satiety signals in humans and a decreased stomach-

emptying rate, or prolonged gastric residence time, has been

established. It has been demonstrated that diets with the same

macronutrient composition, whether they are solid or liquid,

affect stomach emptying and the release of satiety hormones in

the intestines differently. For example, in a study using liquid

and gelled lipid-protein emulsions, it was discovered that the

liquid diet caused a faster release of nutrients into the lumen,

leading to a more rapid nutrient sensing at the proximal part of

the small intestine because higher levels of the gastric inhibitory

polypeptide (GIP) were discovered in the plasma of liquid-diet-

fed rats (114).

This is because food deconstruction and rearrangement

during gastric passage have a huge impact on how

nutrients are absorbed later on and how full you

feel. Food disintegration, viscosity changes, nutrient

redistribution, and gelation are all effects of intragastric

food structure that can affect gastric distention

and emptiness and consequently, satiation and

satiety (112).

Food-related elements

Sensory attributes
The sensory characteristics of food play a vital role in

the regulation of food intake. Mostly, the appearance of food

influences eating, which resultantly governs the amount of food

to be consumed. Previously, the potential impact of sensory

attributes of food including its appearance, odor, taste, and

texture on satiety and satiation has been documented (16).

Food odors have been found to either increase or decrease food

intake, especially based on individual perceptions. Individual

preferences for different odors mainly affect the palatability of

foods (115). The palatability of food thus affects the eating

process to a great extent as positive hedonic signals before

meal initiation can enhance food consumption (16). The

impact of food labels indicating a food’s satiating attributes

has also received less attention. Since expected satiation has

been demonstrated to affect hunger ratings and food intake,

such labeling may have an impact on how much food

is consumed. As this mechanism may be involved in the

impact of satiation labels on intake, Hendriks-Hartensveld

et al. (116) observed that the effects of such labeling on the

magnitude of sensory-specific satiety are a relative decline in

the pleasantness of food during consumption experienced after

eating the meal.
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Food structure
Understanding the role of food structure in satiation and

satiety becomes tougher as hunger and fullness are influenced by

physiological, psychological, and other physical factors before,

during, and after the consumption of food. However, evidence

suggests that the texture of food is an important element in the

arousal of hunger sensations as it directly or indirectly influences

oral processing factors such as mastication, chewing efficiency,

orosensory time, and self-textural perceptions. Therefore, the

texture of food not only determines the overall acceptability of

a meal but also influences the satiating potential to a certain

degree. The involvement of certain neurons in assessing the

orosensory cues may trigger the varying palatability responses

for different meals since mouthfeel differs corresponding to the

texture of the foodwhich in turn affects satiation and satiety (17).

The physical and rheological properties of foods (solid or

liquid) are thought to have an influence on energy consumption

owing to their perceived satiating effect (117). The impact of

food consistency i.e., raw, semisolid, fluid, or pureed on satiety

has already been investigated (118). The first systematic review

and meta-analyses on the influences of food texture (form,

viscosity, structural complexity) on satiety were presented by

Stribitcaia et al. (20). Results delineated that as compared to

liquid and low viscous food, both solid and more viscous food

reduce hunger. It was also observed that there was an association

between viscosity and fullness as well as a moderate relationship

between food form and food consumption was also noted.

Highly viscous liquids provide more satiety as compared to

less viscous liquids. This phenomenon might be explained by

the decreased eating rate since a spoon or straw is required

coupled with increased engagement of muscle and tongue.

As a result, the oral processing time of food is increased,

affecting the psychological and physiological signals that control

satiety (119).

Food macrostructure usually affects gastric retention, rate of

gastric emptying, and nutrient absorption. Purposely, a study

was carried out on 10 healthy volunteers to examine the impact

of gastric retention on appetite sensations using isocaloric test

meals. The results revealed increased gastric retention and

a decreased appetite for a semi-solid meal as compared to

a liquid intake. This in turn translated into differences in

blood glucose and insulin responses that affect satiation and

satiety. The increased viscosity in the stomach and improved

sensation of intestinal nutrients leads to good appetite control

(120). Moreover, the potential of food microstructure in altering

satiation response may be elucidated during digestion which is

strongly affected by variable particle sizes of the meal. Likewise,

the effect of oil droplet size while consuming 2mm or 50mm

in an emulsion preload suggested that not only perceived

liking for creaminess affect appetite but smaller droplet sizes

resulted in decreased food intake at subsequent lunch (121). In

addition, compared to the milled rye kernel porridge breakfast,

satiety was increased, and appetite was suppressed in the

afternoon following the ingestion of the rye kernel breakfast.

This influence may be attributed to structural variations alone,

as the nutritional quality of both commodities was similar,

including the content and structure of dietary fibers (122).

Processing also influenced the food structure and often

increased the digestibility of foods when compared to raw

foods. Resultantly, processing improves glucose availability and

is more likely to affect satiation than satiety (123). It is pertinent

to mention that unprocessed or raw foods render satiety due

to prolonged gastric transit time. The findings of the study

explicated that whole apple particularly reduced energy intake

from the test meal. Similarly, the effect of instant oatmeal and

ready-to-eat oatmeal breakfast on satiety was investigated, the

energy intake was particularly reduced after consumption of

instant oatmeal in contrast to ready-to-eat oatmeal cereal (124).

Portion sizes
Portion size is an important consideration in designing a

healthy menu for obese patients. Usually, obese individuals tend

to eat more food when offered in large portions size. Many

social and cultural norms also promote larger portion sizes

that in turn lead to overeating and obesity. Perceived satiation

and satiety relative to portion sizes depend upon the volume

of the foods (125). The effect of iso-caloric portions of seven

different types of bread varying in nutrient composition and

physical appearance was assessed for the feeling of fullness

scores. Satiety index scores for regular white bread were found

to be the lowest, without revealing any correlation between

satiety and glycemic response. Besides, less energy intake at test

meals was found to be associated with the participant’s perceived

satisfaction with larger portion sizes. There is a strong link

between portion sizes and expected satiety as individual liking

serves as a constant stimulus to drive the satiation and satiety

sensations (126).

Portion sizes of several convenience food items have tended

to gradually increase. The trend has now become common

in various settings including supermarkets, restaurants, and

homes. This increase in portion size is one of the major

causes of the current obesity epidemic. Therefore, choosing

a small portion size with a relatively lower energy density

is effective in weight management programs. Conversely,

sustained consumption of increased portion size can particularly

enhance the energy intake which leads to increased body

weight (127).

The sensitivity to portion size also differs with age since

children <3 years of age consume a constant amount of food

irrespective of portion size as they are more sensitive to essential

mechanisms of satiation or satiety. Though, when the large

portion sizes were served to 5 years old children, energy intake

was significantly increased due to environmental cues acquired
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with the growing age (128). Likewise, an up to 15% increase

in energy intake was observed when 4 years old children were

served with double portion sizes (129).

Currently, USDA’s recommendation to control portion size

and increase smart food choices includes the implementation

of USDA’s MyPlate. The USDA suggests filling half of your

plate with fruits and vegetables, one quarter with grains (half

of which should be whole), and one quarter with protein,

along with a portion of low-fat or fat-free dairy (130). Calorie

restriction, and portion control methods have long been used

in primary care-based obesity management. The MyPlate-based

obesity treatment strategy, in contrast, promotes consuming

more high-satiety/high-satiation foods and does not require

calorie counting (131).

Energy density
The energy density of the food plays a key role in energy

consumption as satiating efficiency is largely affected by energy

density (19). The energy density (kJ or kcal/g) denotes the

amount of energy available in a given amount of food. The

energy density is governed by the food composition since foods

rich in fat are energy-dense when compared to those having a

significant amount of fiber. Replacement of fat-rich foods with

less energy-dense foods enriched with fiber can significantly

lower energy intake (19). Food with low energy density tends

to increase satiety, suppress hunger, and lessen energy intake.

Hence foods with low energy density resulted in a better fullness

sensation. Another work revealed that devouring a large portion

size and having low energy density increased the average eating

time by 33%, improved the satiety response, and displaced

energy intake for the subsequent meals of the day (132).

Food macronutrients
Among major macronutrients, the protein content of the

food significantly affects the satiety value when compared to

fats and carbohydrates (133). Apart from proteins, soluble

fiber is the other promising ingredient with a high satiating

ability. Although attributing satiety to a single factor is not

very meaningful, a variety of food attributes including structure,

complexity, composition, etc., often act in combination at more

than one level.

Carbohydrates

Carbohydrates are a diverse group of biomolecules

consisting of a single (monosaccharides), two (disaccharides)

few (oligosaccharides), and multiple monomers

(polysaccharides). The impact of carbohydrates on satiation and

satiety primarily depends upon their digestion, absorption, and

metabolism, since long-chained polymers take more time for

digestion when compared to sugars. Thus, changes in the level

of blood glucose and satiety hormones (insulin and amylin)

are attributed to a variable rate of carbohydrate metabolism.

The decline in food intake after consuming carbohydrates is

often associated with sensory stimulation, gastric distention,

and nutrient intestinal contact (134). Hence, satiety from

carbohydrates relies on the form in which it is delivered.

Considering the short-term effects of carbohydrates on

satiety, individual sugars may also have a variable response, since

the ingestion of glucose instantly increases the blood glucose and

insulin levels in contrast to sucrose. Fructose has the least effect

on blood glycemic response. Fructose also improved satiety,

but the relative impact of preloads significantly controlled the

food intake, since no difference in food intake was observed

between 50 g fructose and 50 g glucose at 2.25 h when they were

given in a mixed nutrient meal containing starch (135). Thus,

the changes in blood glucose after ingestion of different sugars

and subsequent decline in food intake conform well with the

Glucostatic Theory presented by Mayer in 1953 which states

that the onset of feeding occurs upon low blood glucose level

while increased glucose level suppresses the food ingestion and

governs satiation (136).

Apart from sugars, work has been conducted on the

relationship between the glycemic index (GI) of foods and

satiety. GI represents the increase in blood glucose in response to

carbohydrate-containing foods. There is an inverse relationship

between the satiety value of different foods and their GI. In

this perspective, a study found that appetite and food intake

were significantly suppressed on ingestion of high-GI foods

as long as high blood glucose levels were persistent (137). In

short-term satiety, a sudden rise in blood glucose occurs on

the consumption of high GI foods, but in the case of long-

term satiety, consuming low GI foods leads to a slow and

steady release of glucose that helps to sustain euglycemia with

improved appetite sensations. A satisfactory satiety response can

be achieved using low GI diets with the same energy density.

Thus, a diet with low GI and reduced energy content can be

beneficial to shedding excess body weight by controlling glucose

metabolism and insulin response (138).

Dietary proteins

Protein is a strong determinant of satiety as multiple

investigations have validated the hypothesis that high protein

diets provide an enhanced feeling of fullness. Increased protein

content in the diet may result in increased thermogenesis and

energy expenditure due to a strong thermic effect. Protein-rich

diets elicit increased satiety as their metabolism leads to a greater

number of amino acids escaping the protein synthesis channel

and reaching the blood plasma, thereby serving as a satiety signal

to suppress further food intake (139). Different mechanisms

are involved in the satiety regulation after ingestion of protein

including increased productions of satiety-related hormones i.e.,

PYY, glucagon-like peptide-1, and cholecystokinin coupled with

Frontiers inNutrition 13 frontiersin.org

427

https://doi.org/10.3389/fnut.2022.1002619
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Rakha et al. 10.3389/fnut.2022.1002619

a lower level of orexigenic hormone-ghrelin. It is noteworthy

that not only protein-enriched diets but also isolated proteins

like whey and casein have a significant effect on satiety and retain

discrete satiety mechanisms (140, 141). The casein fraction of

milk proteins is one such example that delays gastric emptying

by getting coagulated in the acidic environment of the stomach.

Unlike casein, whey proteins remain soluble at the gastric pH,

rapidly passing through the stomach and resulting in faster

absorption of amino acid and subsequent metabolic response.

Therefore, less release of GLP-1 was observed after casein intake

in contrast to whey protein, thereby promoting satiation (114).

The meta-analysis by Yang et al. (142) to compare protein-

rich vs. normal protein diets has been conducted to assess

postprandial satiety response. Results demonstrated that acute

high protein intake (>20 % of energy from protein) did increase

satiety and have a higher thermogenic effect with moderate

heterogeneity between studies. Additionally, compared to

normal protein test meals, high protein test meals may help

control postprandial glucose. Likewise, a study was conducted

to compare the effects of different proteins such as whey with

or without glycomacropeptide (GMP), casein, and soy proteins.

Satiety was higher after casein or soy-based high-protein

meals and lower after whey-GMP-based high-protein breakfasts.

Though high protein breakfast with whey and GMP satiety

results due to an increase in GLP-1 (satiety hormone) (140).

Another important feature of a high protein diet is an amino

acid-induced increase in gluconeogenesis which may contribute

to protein-induced satiety. Such an effect of a high protein diet

on gluconeogenesis has been studied previously. The results

revealed enhanced gluconeogenesis after the consumption of a

high-protein diet. As a study carried out on appetite control

drew a similar conclusion where decreased food intake was

associated with high protein foods when the subjects received an

isoenergetic high-protein diet (30, 0, 70% energy from protein,

carbohydrate and fat) or normal-protein diet (12, 55 and 33%

energy from protein/carbohydrate/fat) in a randomized cross-

over design (143).

Furthermore, the comparison between animal and plant

protein on satiety and glucose response in an iso-caloric

breakfast revealed the usefulness of animal protein in regulating

postprandial glucose response and satiety (144). Among animal

proteins, eggs possess the greater potential to delay hunger as

well as containmany other beneficial macros andmicronutrients

essential for health maintenance (145). Likewise, no difference

was recorded in the satiating response of fish and beef protein

(146). However, a significant decline in energy intake was

observed at the subsequent meal after the consumption of fish.

This decline was attributed to the slow digestion of fish, owing

to specific amino acid profiles. Therefore, varying the protein

sources in a mixed meal may play a significant role in metabolic

kinetics. The insulin, glucose, and glucagon responses vary

owing to the difference in the gastric emptying rate of various

proteins (casein, gelatin, soy protein), that in a turn depends on

the amino acid profiles (147).

There is consistent evidence that protein in an adequate

dose has more impact on satiety as compared to corresponding

amounts of carbohydrates or fat. This has also been confirmed

by long-term weight loss studies, which showed that a high-

protein diet wasmore effective in eliciting a satiety response than

a low-protein diet, thus helping in promoting weight loss by

reducing the amount of food intake (148). This was probably

due to the greater satiety effect of protein as compared to fats

and carbohydrates. However, variations in study designs cause

difficulty in assessing the optimum protein dose or energy share

required to detect the noticeable effects on satiety. Usually, at

least 50 g of protein in each meal has been suggested to get any

substantial effect on satiety, but not enough data is available to

define a dose-response relationship (149).

Dietary fats

The fat-driven satiation effects are mainly induced by

triacylglycerol (150) and free fatty acids. The dietary fats i.e.,

saturated, monounsaturated, and polyunsaturated fatty acids

can be detected by the lingual lipase (upon fatty acids stimulus).

Purposely, fatty acid receptors namely GPR120 andGPR40 sense

the intake of dietary fat in the gut. In response to fat intake, a gut

peptide released lead to altered gastrointestinal tract movement.

Intestinal beta-oxidation of fatty acids is carried out through

fatty acid transporter CD36, protein kinase C-zeta, protein

kinase C-delta, and the 2-monoacylglycerol receptor GPR119

(151). The mechanism of appetite control and intake of fat

energy vary (152). Enterocytes release a satiety signal called

oleoyl ethanolamide (OEA) having an anorexigenic effect which

acts on intestinal receptor PPAR alpha through vagal afferent

nerves. Accordingly, the c-fos region of the brain, hypothalamic

paraventricular (PVN) area, a nucleus of the solitary tract and

supraoptic nuclei (SON) are activated thereby regulating food

intake (153). Although a decrease in energy intake following

the consumption of a high-fat diet (due to a lower amount

of food eaten) has been observed, short-term studies suggest

that ingestion of fat reduces not only eating time but the

sensation of hunger as well, thus promoting satiation in contrast

to satiety (154). Long-term studies are required to explain this

increase in energy intake attributed to a variable mechanism of

appetite regulation for a high-fat diet. Although some short-

term studies (2–3 weeks) reported an effect of a high-fat diet

on appetite suppression, however doubts were cast on their

analytical approach. The high-fat diet altered the ability of the GI

tract to sense fat and resulted in an enhanced energy intake. Such

mechanisms have now become an important part of research to

treat obesity (152).

The effect of dietary fatty acids on satiety revealed that the

response of PYY was significantly lower with meals high in
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monounsaturated fatty acids when compared to meals enriched

with polyunsaturated and saturated fatty acids (155). It is

pertinent to mention that PYY is a hormone secreted by the

gastrointestinal tract (GIT) to inhibit the orexigenic neuron’s

response to enhance satiety. Similarly, the satiation effect of

medium-chain triglycerides and long-chain triglycerides is more

pronounced owing to the greater post-meal oxidation of fats

(156). Oxidation of fatty acids in plasma is dependent upon

the concentration of glucose in the blood since insulin not only

governs glucose uptake but is also involved in lipogenesis (157).

Erstwhile, medium-chain triglycerides were found to be more

satiating as compared to short-chain fatty acids, conjugated

linoleic acid, n-3 polyunsaturated fatty acids, diacylglycerol,

and small particle lipids. Such an effect was attributed to

either fatty acid oxidation that enhanced ketone bodies i.e., β-

hydroxybutyrate or the release of anorexigenic hormones CCK

or PYY that require fatty acids with chain lengths of 12 and

above to accomplish this effect (158).

Dietary fiber

The dietary fiber provides satisfaction and satiety by adding

bulk and increasing the viscosity of the digesta along with GIT.

The non-availability of valid biomarkers of fiber functionality

related to satiety makes it difficult to compare dietary fibers for

their role in satiety. Many functional fibers (inulin oligofructose,

polydextrose, and resistant starch) that are not viscous have little

or no effect on satiety. While other functional fibers, mostly

viscous (pectin, psyllium, and guar gum) or microbiological

produced (xanthan gum or pectin) increased satiety (1). Even

if several studies have indicated a decrease gastric-emptying

rate after viscous fibers intake i.e., pectin (159, 160), guar

gum (161), β-glucan (162), and alginate (163), other opposite

results showed no such effects (164–166), further research is

needed for clarifying these fibers effects on energy balance

and satiety, including those on the related mechanisms (167).

Pectin is prebiotic with health-promoting effects, such as

regulation of glucose homeostasis and lipid metabolism, and

other potential health effects poorly understood until now,

including obesity prevention (168). The effect of pectin is

associated with improvements in insulin and glucose profiles

(169, 170), and also with influences on leptin and adiponectin

circulating levels, thus resulting in a decrease leptin/adiponectin

ratio. Besides, the high-esterified pectin (HEP), which can

be found in vegetables and fruits, is fermented more slowly

in GIT in comparison with that low-esterified, the complete

fermentation being carried out probably in the colon, which

shows a larger and a higher variety of bacterial microflora (171,

172), thus showing a higher inhibition of glucose absorption at

the intestinal level, and improved insulin resistance and of other

factors related to cardiovascular health (173). HEP is a major

component of soluble dietary fiber, with potentially benefic

effects on metabolic disorders and obesity, showing associations

with health-promoting effects related to body weight, glucose

homeostasis, and lipid metabolism, even that the explanation

of these benefits is not clear if it resides in the calorie intake

decrement or other unveiled mechanisms (21). Moreover, HEP

supplementation is able to modulate, in terms of restoring

or improving, leptin/adiponectin signaling pathway and lipid

metabolism throughout the oxidative/lipogenic balance in

liver, being also associated with insulin and leptin sensitivity

improvements, not specifically attributed to a decrease in energy

intake, but to other mechanisms involved (168). Related to β-

glucans, short-term and long-term studies assessed the effect of

oat β-glucans in transforming diet, indicating its ghrelin, PYY,

GLP-1, GIP and leptin modulating abilities (174). Besides, the

oat β-glucan dietary supplementation in patients with type 2

diabetes showed effects such as improved glycemic control e.g.,

higher insulin secretion, but no significant differences in leptin

and ghrelin, with an increase in GLP-1 and PYY that showed

increased satiety perception andmodified gut microbiota having

healthier profile (174), contrary to other scientific reports (175).

Like guar gum, xanthan results in slower gastric emptying of

glucose and nutrient energy and shows resistance to bacterial

breakdown, thereby its supplementation adding little, short-

chain fatty acid via its bacterial decomposition in the gut. From

the earlier reports indicating the potential of xanthan gum to

be used in the dietary management of diabetes mellitus (176)

and its effect on satiety in obese patients after test meal (177),

recent studies conducted on the potential of using xanthan gum

in emulsions. Interestingly, even if it shows lower viscoelasticity

in water solution after stomach incubation, due to the reduced

electrostatic repulsion in the acidic environment, thus driving

to more flexible chains, on the opposite, the xanthan gum

emulsion has higher viscoelasticity in the stomach based on

the fat coalescence and coagulation induced by the weakness of

its supporting structure (178). Whole foods consumption and

their effects on satiety depend upon the kind of dietary fiber

present, their viscosity as well as gut microbiota. A decrease

in appetite by dietary fibers from sources like barley and

oats is well reported (124). Apart from increased viscosity, β-

glucan from oats imparts satiety by the increased postprandial

release of cholecystokinin (124). Likewise, poor appetite ratings

after consumption of wheat bran and psyllium husk had

been attributed to increased viscosity and solubility of the

fibers (179). Difference in insoluble and soluble dietary fiber

induced satiety is subtle due to difference in action during

consumption (satiation) and following consumption (satiety). In

trials investigating non-viscous soluble fibers such as inulin and

resistant starch, non-significant effect on satiety was witnessed.

The fat content of a diet may be able to influence the total

energy intake, thus, reducing dietary fats could drive to a

lower total energy intake and a decreased weight gain, such

statements being supported by many investigation trials. Even

so, dietary fats effect on energy intake needs further assessment

for clarifying if it is due to only its higher energy density or
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TABLE 1 Summarizing results of studies assessing variation in satiety among food groups.

Food groups Aim of the study Foods tested Satiety

measurement

Results References

Cereals Effect of two oat-based cereals

on subjective ratings of

appetite

Two oat-based ready-to-eat

cereals; RTEC1: Quaker

Oatmeal Squares and RTEC2:

honey nut cheerios

100 mm visual

analog scale

Similar amounts of oat β-glucan in

products but different functionality was

observed as more fullness or desire to

eat found after RTEC1

(189)

Effect of rye bread breakfasts

on subjective hunger and

satiety

Rye bran bread, intermediate

rye fraction bread, Sifted rye

flour bread and wheat

reference bread

100mm visual

analog scale

Significant results for rye bread in

reducing appetite sensations

(190)

Variation in satiety for cooked

Philippine rice having a

different glycemic index

Seven rice varieties Satiety Quotient Variation in satiety scores was associated

with dry matter content of rice

(191)

Effect of whole meal pasta on

subjective satiety and plasma

PYY concentration

Wholemeal pasta and refined

wheat pasta

Visual analog

scale GLP-1,

ghrelin, PYY

Whole grains control the appetite

instead of refined wheat pasta

(192)

Satiety from rice-based,

wheat-based and rice–pulse

combination preparations

Reference bread, Semolina

preparation, “Upma” broken

wheat preparation, “Dalia

upma”, whole wheat flat

bread, “Paratha” and rice

flakes preparation, “Poha”

Fermented rice–pulse

preparation, “Idli”

100mm visual

analog scale

Fermented rice pulse combination

exhibited the highest satiety scores

(193)

Wholegrain vs. refined wheat

bread and pasta. Effect on

postprandial glycemia,

appetite, and subsequent ad

libitum energy intake

Refined wheat bread,

wholegrain wheat bread,

refined wheat pasta and

wholegrain wheat pasta

100mm visual

analog scale

Whole grain wheat bread resulted in

increased satiety and fullness compared

to the refined wheat bread

(194)

Effect of biscuits formulated

with high-amylose maize

flour on satiety

Control biscuits of

commercial white wheat flour

and biscuits made from corn

containing 25 and 50%

amylose

10 cm Visual

Analog Scale

Increasing the level of wheat starch

substitution with maize flour up to 50%

resulted in a greater reduction in food

intake at a subsequent meal

(195)

Meat and meat

products

Effect of different textures of

foods on satiation

Meat and meat replacer 100 mm visual

analog scale

The negligible difference found for

fullness and prospective consumption

(196)

Acute satiety response and

hormonal markers of appetite

after consuming different

types of meat

Chicken, pork and beef Blood biomarkers;

Ghrelin, PYY,

Insulin, Glucose

and CCK

Equated results for satiety response

upon pork, beef, and chicken ingestion

(197)

Postprandial glycemic and

satiety response for fish

protein hydrolysate in healthy

adults

Boarfish protein hydrolysate

(BPH) drink

Visual analog scale

Ghrelin and leptin

No significant effect on biomarkers of

satiety

(198)

Effects of a beef-based meal

compared to a calorie

matched bean-based meal on

appetite and food intake

Beef and beans Visual analog scale Beef-based meal with high protein and a

bean-based meal with moderate protein

and high fiber produced similar satiety

(199)

(Continued)
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TABLE 1 (Continued)

Food groups Aim of the study Foods tested Satiety

measurement

Results References

Fats and oils Effect of fat saturation on

satiety, hormone release, and

food intake

Shea oil, canola oil and

safflower oil

Visual analog scale Triacylglycerols with unsaturated fatty

acids increase satiety than with

saturated fatty acids

(200)

Coconut oil has less satiating

properties than

medium-chain triglyceride oil

(MCT oil)

MCT oil, coconut oil and

vegetable oil

Visual analog scale MCT also increased fullness over the 3 h

after breakfast compared to the

vegetable and coconut oils

(201)

The gastric emptying rate for

specific food structures and

impact on appetite

suppression

Control meal (an emulsion of

sunflower oil) and

structured/active meal (gouda

cheese and low-fat yogurt)

Visual analog scale Active or structured meal significantly

reduces hunger

(120)

Effect of fat source on satiety Canola and peanut oil muffins

and canola, peanut oil, butter

muffins

nine-point category

scale

The slightly different satiating effect

between saturated and

monounsaturated fatty acids

(202)

Effect of replacing breakfast

with a high-fat drink

High fat (medium-chain

triglycerides) meal

replacement drink

Satiety labeled

intensity magnitude

Increased satiety was reported in the

afternoon after a high-fat meal

replacement drink

(203)

Fruits and

vegetables

Appetitive responses in lean

and obese adults after

ingesting fruits in solid vs.

beverage forms

Solid fruit preload (red

seedless grapes, dried apples,

gala apple, raisins) and

beverage fruit juice preloads

nine-point scale Delaying time for hunger arousal was

higher for solid fruit preloads

(40)

Subjective assessment of

hunger and fullness in healthy

adults after ingesting orange

pomace

Whole orange fruit, orange

pomace and orange juice

Visual analog scale The addition of orange pomace fiber to

orange juice and whole fruit increased

satiety in orange juice

(204)

Using avocado as a test meal

to test satiety

Whole avocado Visual analog scale Avocado-derived fat-fiber combination

increased feelings of satiety and

anorexigenic hormones PYY and GLP-1

(205)

The effects of wild blueberries

on satiety and glycemic

control

Blueberry, blueberry juice,

placebo beverage and control

Visual analog scale Higher satisfaction when the whole

blueberry treatment was consumed

compared to the control

(206)

Effects of Fresh Watermelon

Consumption on the Acute

Satiety Response

Watermelon and low-fat

cookies as control snack

Visual analog scale

and appetite

regulating

hormones

watermelon elicited robust satiety

responses than cookies snacks.

Watermelon also resulted in reduced

leptin hormone and higher ghrelin

(207)

Effect of fresh mango

consumption on satiety

Fresh mango and iso-caloric

low-fat cookies as control

Visual analog scale

and appetite

regulating

hormones

Mangoes promote greater satiety and

cookies did not reduce participants’

desire to eat

(208)

Influence of dietary

carbohydrates and glycaemic

response on subjective

appetite and food intake

Potato, barley, glucose and

placebo

Visual analog scale Potatoes increased subjective satiety the

most, followed by barley, then glucose

(209)

Comparison of low glycemic

index and high glycemic

index potatoes about satiety in

humans

Carisma R© low Glycemic

Index potatoes and Arizona

high Glycemic Index potato

varieties

Visual analog scale No significant differences in the primary

endpoint, satiety

(210)

(Continued)
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TABLE 1 (Continued)

Food groups Aim of the study Foods tested Satiety

measurement

Results References

Effect of fenugreek fiber on

satiety, blood glucose and

insulin response

0, 4 and 8 g fenugreek extract

beverage

Visual analog scale Fenugreek fiber (8 g) significantly

increased satiety

(211)

Effect of capsaicin on satiety

and energy intake

0.9 g of red Pepper in tomato

juice, 0.9 g of red pepper in

two capsules

Visual analog scale The AUC for satiety increased, whereas

the AUC for hunger decreased after

capsaicin ingestion

(212)

The effects of the fiber content

and physical structure of

carrots on satiety and

subsequent intakes when

eaten as part of a mixed meal

Whole carrots, blended

carrots and carrot nutrients

Visual analog scale Meals with whole carrots and blended

carrots resulted in significantly higher

satiety

(213)

Milk and milk

products

The satiating potential of

yogurt enriched with protein

Yogurt products nine-point scale Highest satiety scores for yogurt having

added milk proteins

(214)

Satiety and food intake after

consuming different dairy

products

Milk products Visual analog scale An increase in satiety has been observed

after 500ml of milk

(215)

Effects of goat dairy and cow

dairy-based breakfasts on

satiety

Goat or cow dairy breakfast Visual analog scale The slightly higher satiating effect of

goat dairy when compared to cow dairy

(216)

Effect of casein-to-whey ratio

in breakfast meals on

postprandial satiety ratings

Milk with 80:20 or 40:60

casein-to-whey protein ratios

100mm visual

analog scale

The protein ratio did not significantly

differ in satiety ratings after the second

meal

(217)

Satiety response of milk

protein-derived peptides

Milk protein-derived

peptides; sodium caseinate

and a whey protein

hydrolysate

Cumulative food

intake

Sodium caseinate derived peptides

suppressed appetite more than other

peptides.

(218)

Effects of cultured dairy and

non-dairy products added to

breakfast cereals on blood

glucose control, satiation,

satiety, and short-term food

intake

Greek yogurt with granola,

cultured coconut product

with granola and water

100mm visual

analog scale

Intake of dairy suppresses the mean 2-h

subjective appetite stronger compared

to the non-dairy

(219)

Milk protein fractions

moderately extend the

duration of satiety compared

with carbohydrates

Milk proteins; casein, whey

and their mixture

Energy intake at

lunch

Compared with the control snack,

proteins extended the duration of satiety

with no difference between the protein

groups

(220)

Effects of low-fat milk

consumption at breakfast on

satiety and short-term energy

intake

Low-fat milk, apple juice and

water with breakfast

Visual analog scale Obese children reported higher satiety

score

after drinking low-fat milk with

breakfast

(221)

if it shows impact unrelated to energy density. Moreover, the

satiety value for non-fermentable fiber is higher as compared

to the fermentable ones (1). Consuming dietary fiber on a daily

basis mainly in the form of salad can remarkably reduce the

energy intake. Women ate pasta as a main course ad libitum

on five different occasions, four times with a low-energy-dense

salad (300 g, 100 kcal). The salad was provided 20min before

the pasta at two meals (once mandatory; once ad libitum),

and the salad was presented with the pasta at two meals

(once compulsory; once ad libitum). According to the findings,

including a set amount of salad in the meal lowered energy

intake by 11%, while eating a low-energy-dense salad before the
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main course increased vegetable consumption by 23%. Further

results revealed that such an effect was correlated with serving

size but was independent of the timing of intake (180).

Bioactive compounds
Certain bioactive ingredients in food can also influence

satiety and subsequent energy intake. For example, caffeine has

been found to influence energy balance as its prolonged

consumption may help in weight loss. Similarly, the

consumption of beverages containing caffeine or catechins

in the form of green tea delays hungers arousal, thereby

reducing energy intake (181). Likewise, the effects of capsaicin,

green tea, and sweet pepper on hunger and appetite sensations

along with energy intake have also been studied. The results

revealed that a combination of green tea and capsaicin can

effectively reduce energy intake in negative energy balance by

enhancing satiety and suppressing hunger (182). In another

study, a positive correlation between capsaicin and satiety has

been found due to the release of satiety hormones (183).

Functional foods
The urge to discuss satiety and appetite regulation seems to

be more than ever. Food manufacturers are always looking to

provide items that people would be more willing to consume.

Their goal is to provide goods that increase consumer appetite.

Therefore, the increasing incidence of obesity and overweight

issues is always attributed to the food industry (4). As a result,

many food manufacturers throughout the world are changing

the formulation of their products to develop products that can

decrease appetite and calorie consumption, particularly in obese

and overweight persons (184). Introducing functional foods

in the market to suppress appetite requires consideration of

crucial factors: efficacy, feasibility, acceptability and effective size

(185). Some substances have an indirect effect on appetite while

each product must also be feasible in terms of the equipment

needed for production, processing, and storage. Additionally,

when designing such products, consideration must be given to

the magnitude of each compound or the total of compounds’

effects on hunger (186). Functional food is included in products

that make performance-related claims and claims to decrease

appetite. In this way, they influence the body’s function or feeling

of appetite and may modulate it. Most producers frequently

misuse these items, which leads to consumer confusion. Any

claim of reduced appetite must be supported by credible,

scientific evidence. Long-term human studies should support

any claims of weight loss that may follow from using appetite

suppressants. Any claim that a substance decreases appetite

should also be presented in comparison. As a result, two

groups—one control and one intervention must be chosen, their

respective levels of appetite reduction must be assessed, and

confounding variables must be taken into account (187). The

price of proteins and fibers is typically substantially greater

than that of other ingredients used in the food industry, and

they are typically among the key components of most products

planned and produced to lower hunger. Such products will cost

more since a combination of vitamins and minerals will be

added to them to prevent malnutrition. Therefore, it can be

acknowledged that the people or groups with high social and

economic standing are the target market for the majority of

functional foods, which is seen as one of their limitations (188).

Satiety response of food groups

Food groups such as cereals, meat, fat, fruits and vegetables,

and dairy products (Table 1) vary in their ability to satisfy

hunger as there are multiple putative mechanisms by which food

components send signals to the brain, which affect the gut and

induce satiety.

Variation in satiety responses among these five basic

food groups exists since they offer different macronutrient

compositions as cereals are high in carbohydrates, while meat

and meat products are rich sources of proteins. Likewise, fruits

and vegetables provide soluble and insoluble dietary fiber.

Apart, satiety index scores for a variety of isocaloric foods

have also been developed (27). Among all food groups, fruits

and vegetables received the highest satiety scores, and refined

cereal products gained the lowest satiety scores. Considering

many internal and external factors, the food matrix may

particularly affect satiation and satiety due to its interaction

with the gut at various levels from ingestion to absorption

along with other related components being discussed in

the review.

Conclusions

Satiety is a complex and dynamic process that can be

modulated while attempting to achieve improved fullness and

reduce caloric intake. Different strategies for individual health

goals are often applied to regulate the underlying factors

affecting food intake from the cephalic to gastric phase. The

meals high in protein, with larger portion sizes and lower calorie

density, as well as higher viscosity of digesta (either solid or

semisolid), stomach emptying and controlling hedonic hunger

improve the satiety response, whereas satiation is enhanced

with the high-fat foods. Furthermore, the post-digestive or post-

absorptive response of foods greatly affects satiation or satiety

through gut-brain signaling and energy homeostasis. Besides,

body composition (more leptin in females), specific meal

size in different cultural cuisines, increased food mastication,

consistent physical activity, and overexpression of anorexigenic

hormones triggered by the SCFA produced by the gut

microbiome upon dietary fiber consumption are just a few

of the personal factors that may lead to reduced food intake
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or improved satiety signaling. Since eating behaviors are

heritable, variations in physical activity, sleep, and circadian

rhythm all together play an important role in explicating an

individual’s food intake patterns. The current review has thus

examined the totality of the evidence for several personal and

food-related factors that may influence the consumption of

foods or in turn satiety eliciting response. However, further

interventions focusing on the systemic impact of nutrients (e.g.,

via gut microbiota modulation) need to be designed for a long

enough time to better understand nutrient-induced satiety and

weight regulation.

Author contributions

Conceptualization: FM and AR. Investigation: FM and

RA. Data curation: MA and FM. Writing—original draft

preparation: FM, AR, and MS. Writing—review and editing:

FM, WA, AH, CS, and MR. Visualization: AVR, MS, and RA.

Provided guidance in the manuscript revision: AVR and RA. All

authors have read and agreed to the published version of the

manuscript.

Funding

This work is based upon the work from COST Action

18101SOURDOMICS-Sourdough biotechnology network

towards novel, healthier and sustainable food and bioprocesses

(https://sourdomics.com/; https://www.cost.eu/actions/

CA18101/; https://www.cost.eu/actions/CA18101/), where

the authors [CS, ARu, and AH] are [Members] of the

Working Groups [7 and 8]. SOURDOMICS supported by

COST (European Cooperation in Science and Technology).

COST is a funding agency for research and innovation

networks. COST Actions help connect research initiatives

across Europe and enable scientists to grow their ideas by

sharing them with their peers - thus boosting their research,

career and innovation. This work was also supported by a

grant from the Romanian National Authority for Scientific

Research and Innovation, CNCS-UEFISCDI, project number

PN-III-P2-2.1-PED-2019-1723 and PFE 14, within PNCDI III.

Acknowledgments

We would like to thank the Higher Education Commission

and the Government of Pakistan for providing financial

support.

Conflict of interest

The authors declare that the research was conducted in

the absence of any commercial or financial relationships

that could be construed as a potential conflict

of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

References

1. Slavin J, Green H. Dietary fibre and satiety. Nutr Bull. (2007) 32:32–
42. doi: 10.1111/j.1467-3010.2007.00603.x

2. Tremblay A, Bellisle F. Nutrients, satiety, and control of energy intake. Appl
Physiol Nutr Metab. (2015) 40:971–9. doi: 10.1139/apnm-2014-0549

3. Fiszman S, Varela P, Díaz P, Linares MB, Garrido M. What is satiating?
Consumer perceptions of satiating foods and expected satiety of protein-
based meals. Int Food Res J. (2014) 62:551–60. doi: 10.1016/j.foodres.2014.
03.065

4. Hetherington M, Cunningham K, Dye L, Gibson E, Gregersen N, Halford J,
et al. Potential benefits of satiety to the consumer: scientific considerations. Nutr
Res Rev. (2013) 26:22–38. doi: 10.1017/S0954422413000012

5. Basit A, Shera AS. Prevalence of metabolic syndrome in Pakistan.Metab Syndr
Relat Disord. (2008) 6:171–5. doi: 10.1089/met.2008.0005

6. Soong YY, Quek RYC, Henry CJ. Glycemic potency of muffins made with
wheat, rice, corn, oat and barley flours: a comparative study between in vivo and
in vitro. Eur J Nutr. (2015) 54:1281–5. doi: 10.1007/s00394-014-0806-9

7. Guyenet SJ, Schwartz MW. Regulation of food intake, energy balance, and
body fat mass: implications for the pathogenesis and treatment of obesity. J Clin
Endocr. (2012) 97:745–55. doi: 10.1210/jc.2011-2525

8. Drapeau V, King N, Hetherington M, Doucet E, Blundell J, Tremblay A.
Appetite sensations and satiety quotient: predictors of energy intake and weight
loss. Appetite. (2007) 48:159–66. doi: 10.1016/j.appet.2006.08.002

9. Hardcastle SJ, Thøgersen-Ntoumani C, Chatzisarantis NL. Food choice
and nutrition: a social psychological perspective. Nutrients. (2015) 7:8712–
5. doi: 10.3390/nu7105424

10. Gibbons C, Blundell J. Appetite regulation and physical activity: an energy
balance perspective. Hamdan Med J. (2015) 212:1–20. doi: 10.7707/hmj.431

11. Davidson TL, Jones S, Roy M, Stevenson RJ. The cognitive control of
eating and body weight: it’s more than what you “think”. Front Psychol. (2019)
10:62–83. doi: 10.3389/fpsyg.2019.00062

12. Krop EM, Hetherington MM, Nekitsing C, Miquel S, Postelnicu L, Sarkar A.
Influence of oral processing on appetite and food intake–A systematic review and
meta-analysis. Appetite. (2018) 125:253–69. doi: 10.1016/j.appet.2018.01.018

13. Hopkins M, Blundell J, Halford J, King N, Finlayson G. The Regulation of
Food Intake In Humans. Endotext. (2016).

14. Ni D, Smyth HE, Cozzolino D, Gidley MJ. Integrating effects of human
physiology, psychology, and individual variations on satiety–An exploratory study.
Front Nutr. (2022) 9. doi: 10.3389/fnut.2022.872169

Frontiers inNutrition 20 frontiersin.org

434

https://doi.org/10.3389/fnut.2022.1002619
https://sourdomics.com/
https://www.cost.eu/actions/CA18101/
https://www.cost.eu/actions/CA18101/
https://www.cost.eu/actions/CA18101/
https://doi.org/10.1111/j.1467-3010.2007.00603.x
https://doi.org/10.1139/apnm-2014-0549
https://doi.org/10.1016/j.foodres.2014.03.065
https://doi.org/10.1017/S0954422413000012
https://doi.org/10.1089/met.2008.0005
https://doi.org/10.1007/s00394-014-0806-9
https://doi.org/10.1210/jc.2011-2525
https://doi.org/10.1016/j.appet.2006.08.002
https://doi.org/10.3390/nu7105424
https://doi.org/10.7707/hmj.431
https://doi.org/10.3389/fpsyg.2019.00062
https://doi.org/10.1016/j.appet.2018.01.018
https://doi.org/10.3389/fnut.2022.872169
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Rakha et al. 10.3389/fnut.2022.1002619

15. Derks IP, Sijbrands EJ, Wake M, Qureshi F, Van Der Ende J, Hillegers MH,
et al. Eating behavior and body composition across childhood: a prospective cohort
study. Int J Behav Nutr Phys Act. (2018) 15:1–9. doi: 10.1186/s12966-018-0725-x

16. Mccrickerd K, Forde C. Sensory influences on food intake control: moving
beyond palatability. Obes Rev. (2016) 17:18–29. doi: 10.1111/obr.12340

17. Rolls ET. Taste, olfactory, and food texture processing in
the brain, and the control of food intake. Physiol Behav. (2005)
85:45–56. doi: 10.1016/j.physbeh.2005.04.012

18. Cooper DN, Martin RJ, Keim NL. Does whole grain consumption alter gut
microbiota and satiety? In:Healthcare. Basel, Switzerland:Multidisciplinary Digital
Publishing Institute (2015). p. 364–92. doi: 10.3390/healthcare3020364

19. Williams RA, Roe LS, Rolls BJ. Assessment of satiety depends on the
energy density and portion size of the test meal. Obesity. (2014) 22:318–
24. doi: 10.1002/oby.20589

20. Stribitcaia E, Evans CE, Gibbons C, Blundell J, Sarkar A. Food texture
influences on satiety: systematic review and meta-analysis. Sci Rep. (2020) 10:1–
18. doi: 10.1038/s41598-020-69504-y

21. Adam CL, Williams PA, Garden KE, Thomson LM, Ross AW. Dose-
dependent effects of a soluble dietary fibre (pectin) on food intake, adiposity,
gut hypertrophy and gut satiety hormone secretion in rats. PLoS ONE. (2015)
10:e0115438. doi: 10.1371/journal.pone.0115438

22. Forde CG. Measuring satiation and satiety. In: Methods in Consumer
Research, Vol 2. Amsterdam: Elsevier Science & Technology (2018) p. 151–82.
doi: 10.1016/B978-0-08-101743-2.00007-8

23. Blundell J, De Graaf C, Hulshof T, Jebb S, Livingstone B, Lluch A, et al.
Appetite control: methodological aspects of the evaluation of foods. Obes Rev.
(2010) 11:251–70. doi: 10.1111/j.1467-789X.2010.00714.x

24. Van Kleef E, Shimizu M, Wansink B. Just a bite: Considerably smaller
snack portions satisfy delayed hunger and craving. Food Qual Prefer. (2013)
27:96–100. doi: 10.1016/j.foodqual.2012.06.008

25. Brum JM, Gibb RD, Peters JC, Mattes RD. Satiety effects of psyllium in
healthy volunteers. Appetite. (2016) 105:27–36. doi: 10.1016/j.appet.2016.04.041

26. Berti C, Riso P, Brusamolino A, Porrini M. Effect on appetite control
of minor cereal and pseudocereal products. Br J Nutr. (2005) 94:850–
8. doi: 10.1079/BJN20051563

27. Holt SH, BrandMiller J, Petocz P, Farmakalidis E, A. satiety index of common
foods. Eur J Clin Nutr. (1995) 49:675–90.

28. Flint A, Raben A, Blundell J, Astrup A. Reproducibility, power and validity
of visual analogue scales in assessment of appetite sensations in single test meal
studies. Int J Obes. (2000) 24:38–48. doi: 10.1038/sj.ijo.0801083

29. Gibbons C, Hopkins M, Beaulieu K, Oustric P, Blundell JE. Issues in
measuring and interpreting human appetite (satiety/satiation) and its contribution
to obesity. Curr Obes Rep. (2019) 8:77–87. doi: 10.1007/s13679-019-00340-6

30. Green S, Delargy H, Joanes D, Blundell J, A. satiety quotient: a
formulation to assess the satiating effect of food. Appetite. (1997) 29:291–
304. doi: 10.1006/appe.1997.0096

31. Ni D, Smyth HE, Gidley MJ, Cozzolino D. Shedding light on human
tissue (in vivo) to predict satiation, satiety, and food intake using near infrared
reflectance spectroscopy: A preliminary study. Innov Food Sci Emer. (2022)
103033. doi: 10.1016/j.ifset.2022.103033

32. Posovszky C, Wabitsch M. Regulation of appetite, satiation, and body
weight by enteroendocrine cells. Part 1: characteristics of enteroendocrine cells
and their capability of weight regulation. Horm Res Paediatr. (2015) 83:1–
10. doi: 10.1159/000368898

33. De Graaf C, Blom WA, Smeets PA, Stafleu A, Hendriks HF. Biomarkers of
satiation and satiety. Am J Clin Nutr. (2004) 79:946–61. doi: 10.1093/ajcn/79.6.946

34. Aziz Q. Brain–gut interactions in the regulation of satiety: new insights from
functional brain imaging. Gut. (2012) 61:1521–2. doi: 10.1136/gutjnl-2012-302368

35. Lenard NR, Berthoud HR. Central and peripheral regulation of food
intake and physical activity: pathways and genes. Obesity. (2008) 16:S11–
22. doi: 10.1038/oby.2008.511

36. De Araujo IE. Expanding the brain glucosensing territory. Cell Metab. (2014)
20:933–5. doi: 10.1016/j.cmet.2014.11.013

37. Torres-Fuentes C, Schellekens H, Dinan TG, Cryan JF. The
microbiota–gut–brain axis in obesity. Lancet Gastroenterol Hepatol. (2017)
2:747–56. doi: 10.1016/S2468-1253(17)30147-4

38. Pizarroso NA, Fuciños P, Gonçalves C, Pastrana L, Amado IR, A. review on
the role of food-derived bioactive molecules and the microbiota–gut–brain axis in
satiety regulation. Nutrients. (2021) 13:632. doi: 10.3390/nu13020632

39. A. Parnell JA, Reimer R. Prebiotic fiber modulation of the gut microbiota
improves risk factors for obesity and themetabolic syndrome.GutMicrobes. (2012)
3:29-34. doi: 10.4161/gmic.19246

40. Houchins JA, Tan S-Y, Campbell WW, Mattes RD. Effects of fruit
and vegetable, consumed in solid vs. beverage forms, on acute and chronic
appetitive responses in lean and obese adults. Int J Obes. (2013) 37:1109–
15. doi: 10.1038/ijo.2012.183

41. Rowland I, Gibson G, Heinken A, Scott K, Swann J, Thiele I, et al. Gut
microbiota functions: metabolism of nutrients and other food components. Eur
J Nutr. (2018) 57:1–24. doi: 10.1007/s00394-017-1445-8

42. Cornejo-Pareja I, Muñoz-Garach A, Clemente-Postigo M, Tinahones FJ.
Importance of gut microbiota in obesity. Eur J Clin Nutr. (2019) 72:26–
37. doi: 10.1038/s41430-018-0306-8

43. Duggal P, Guo X, Haque R, Peterson KM, Ricklefs S, Mondal D, et al. A
mutation in the leptin receptor is associated with Entamoeba histolytica infection
in children. J Clin Invest. (2011) 121:1191–8. doi: 10.1172/JCI45294

44. Guo X, Roberts MR, Becker SM, Podd B, Zhang Y, Chua S,
et al. Leptin signaling in intestinal epithelium mediates resistance to
enteric infection by Entamoeba histolytica. Mucosal Immunol. (2011)
4:294–303. doi: 10.1038/mi.2010.76

45. Rajala MW, Patterson CM, Opp JS, Foltin SK, Young VB, Myers MG. Leptin
acts independently of food intake to modulate gut microbial composition in male
mice. Endocrinology. (2014) 155:748–57. doi: 10.1210/en.2013-1085

46. Schéle E, Grahnemo L, Anesten F, Hallén A, Bäckhed F, Jansson J-O.
The gut microbiota reduces leptin sensitivity and the expression of the obesity-
suppressing neuropeptides proglucagon (GCG) and brain-derived neurotrophic
factor (BDNF) in the central nervous system. Endocrinology. (2013) 154:3643–
51. doi: 10.1210/en.2012-2151

47. Socol CT, Chira A, Martinez-Sanchez MA, Nuñez-Sanchez MA, Maerescu
CM, Mierlita D, et al. Leptin signaling in obesity and colorectal cancer. Int J Mol
Sci. (2022) 23:4713. doi: 10.3390/ijms23094713

48. Everard A, Lazarevic V, Derrien M, Girard M, Muccioli GG, Neyrinck
AM, et al. Responses of gut microbiota and glucose and lipid metabolism to
prebiotics in genetic obese and diet-induced leptin-resistant mice. Diabetes. (2011)
60:2775–86. doi: 10.2337/db11-0227

49. Ibrügger S, Vigsnæs LK, Blennow A, Škuflić D, Raben A, Lauritzen L, et al.
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Importance: Consuming a whole food plant-based diet (WFPBD) is a

promising, low-risk strategy for reducing risk of prevalent chronic disease

and certain cancers, with synergistic benefits for climate and environment.

However, few US adults report consuming a WFPBD. Understanding the

reasons for this inconsistency is important for developing and implementing

interventions for promoting a WFPBD. However, no research to elucidate

decisional balance driving current consumption patterns in the US exists.

Objective: This research aims to validate an online survey to assess decisional

balance for the consumption of a WFPBD, describe attitudes and beliefs

toward adopting a WFPBD, and evaluate socio-demographic differences

in decisional balance for consuming a WFPBD among a convenience

sample of US adults.

Design: Online cross-sectional data collection followed by confirmatory

factor analysis (CFA), validation of internal consistency, and examination of

invariance across socio-demographic variables. Sensitivity analysis of full vs.

truncated survey to predict self-reported dietary patterns and consumption

behaviors were evaluated. Results of the survey and significant differences by

socio-demographics were assessed.

Setting: Online survey based on previous research, created via Qualtrics, and

administered through MTurk.

Participants: A total of 412 US adults, majority female (66%), White (75%), 30–

60 years old (54%), ≥ Bachelor’s degree (85%), and earning ≥ $45K (68%).

Main outcomes and measures: Factor loadings, covariance of survey

items, associations with self-reported dietary pattern and consumption

measures, and differences in pros, cons, and decisional balance across

socio-demographic variables.
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Results: CFA reduced the survey from 49 to 12 items and demonstrated

invariance across socio-demographic variables. Pros and cons varied inversely

and significantly (cov = –0.59), as expected. Cronbach’s α ’s for subscales in

the final, reduced model were high (>0.80). Pros, cons, and decisional balance

in both the full and the reduced model were significantly (p < 0.05) associated

with self-reported dietary pattern and consumption.

Conclusion and relevance: Our analyses indicate the WFPBD Survey is

a parsimonious and psychometrically sound instrument for evaluation

of decisional balance to consume a WFPBD diet among our sample

of US adults. These results may be instrumental for development and

deployment of interventions intended to promote consumption of a

WFPBD in the US.

KEYWORDS

whole food plant-based diet, nutrition behavior, decisional balance, confirmatory
factor analysis, psychometric properties, consumption pattern

Background

Diet is a critical component of human health (1–3) and
is strongly implicated in the incidence of several chronic
diseases, including cardiovascular disease (CVD), coronary
artery disease (CAD), overweight and obesity, and type 2
diabetes (T2D), as well as certain cancers (4–10). Conversely,
a whole food plant-based diet (WFPBD), defined as a
pattern of consumption emphasizing minimally processed
fruits, vegetables, legumes, nuts, seeds, and whole grains while
minimizing meat, eggs, and dairy (11), has been shown to have
numerous positive effects on overall human health (12–17),
reducing risk for metabolic syndrome (18), obesity (19, 20),
CVD (21, 22), T2D (23–25), and several diet-related cancers
(26, 27). Additionally, increasing consumption of plant-based
foods and decreasing consumption of meat has synergistic
environmental impacts for reducing greenhouse gas emissions,
decreasing land and water use, and protecting biodiversity (28–
32). Widespread adoption and normalization of a WFPBD may
simultaneously reduce the incidence of chronic disease and
cancer while improving the environmental footprint of diet
(31, 33).

Despite these potentially substantial benefits to human
health and the environment, the number of people in the U.S.
who report consuming a WFPBD remains very low (∼5%)
relative to those who consume other, more traditional Western
diets (34). In fact, less than 15% of adults in the US meet
recommended levels of fruit and vegetable (FV) consumption
(35). In 2017, per capita meat consumption in the US was
217 pounds, or about 3 times the global average (36), despite
the increasing evidence in favor of WFPBD in promoting
human and environmental health. Understanding the reasons
for this disconnect is the first step in designing policies and

interventions that may be effective in increasing uptake of a
WFPBD in the US.

Research in Australia, Scotland, Portugal, and the
Netherlands has revealed that attitudes and beliefs toward a
WFPBD exhibit variation within and among sociodemographic
and ethnic groups, and these differences vary among countries
and over time (11, 30, 37, 38). For example, consumers in
Europe reported significant differences in attitudes toward
beef and pork, and these differences varied significantly across
countries (39). In the US, the ADAPT study used a single
multiple-choice question to find significantly more plant-based
diet followers (including vegans, vegetarians, and pescatarians)
compared to omnivores identified helping the environment and
animal welfare as their top motivations (40). Other research
in the US has posited philosophical reasons for consuming a
plant-based diet, such as motivations, aversions, and constraints
(41). However, there is a paucity of validated tools for assessing
psychosocial constructs relevant for understanding current
decisional balance driving consumption of a WFPBD in the
US. Thus, we propose a pragmatic and theory-driven approach
to developing tools and evidence to guide the design and
implementation of interventions and policies intended to
increase consumption of a WFPBD. This research will address
this goal by achieving the following aims:

(1) Validate an online survey tool to assess attitudes and
beliefs related to the consumption of a WFPBD among a
convenience sample of 412 adults in the US,

(2) Describe attitudes and beliefs toward adopting a WFPBD
among a sample of US adults, and

(3) Evaluate socio-demographic differences in attitudes and
beliefs toward WFPBD among a sample of US adults.
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Materials and methods

Survey development

The WFPBD survey was organized around the theory of
decisional balance (pros vs. cons), posited by Janis and Mann
(42), elaborated by Prochaska in the Transtheoretical Model
(43–45), and found to be successful in predicting dietary
behaviors (43–45). Questions were adapted from previous
surveys administered in US and non-US populations (11, 37,
38, 46–48). Forty-nine survey questions adapted from Lea,
Crawford, and Wolsey’s survey of 415 Australian adults were
formatted as 5-item Likert scales, with responses: strongly
disagree/disagree/not sure/agree/strongly agree. Items were
selected to represent a two-factor model (pros and cons)
with 23 items assessing cons of a WFPBD and 26 items
assessing pros. To provide a theoretical and organizational
framework, these 49 items were grouped to correspond to
seven psychosocial constructs from Social Cognitive Theory
(SCT) for each factor: social support, instrumental support, self-
efficacy, perceived health impacts, taste preferences, knowledge,
and attitudes toward animals. SCT constructs have been
shown to be significantly associated with dietary behavior
change in a variety of populations (49, 50). In addition,
the survey contained demographic questions (5 items),
dietary questions (6 items) adapted from the American
Heart Association’s Rapid Diet Screener Tool for Clinicians
(51) and 3 questions assessing motivational willingness to
reduce meat consumption sourced from a previously validated
survey (37), for a total of 77 questions (Supplementary
Appendix A). The survey was administered using Qualtrics
(Qualtrics©, Provo, UT, US) between August 30 and 31,
2021.

Participant screening and recruitment

Participants were screened and recruited via Amazon’s
Mechanical Turk (MTurk), an online platform that has been
shown to offer a larger and more representative sample pool
than traditional forms of convenience sampling can achieve
(52–55). An initial screening survey was administered based
on the study’s inclusion criteria: 18 years or older, fluent in
English, and a resident of the US. Those who met the inclusion
criteria were then directed to the consent document and asked
to participate. If consent was given, the participant was then
presented with the survey, and upon completion (as validated
by a unique completion code generated once the survey was
completed), the participant received $10 in compensation via
the MTurk platform. Approval for this study was granted by
the Institutional Review Board of Northwestern University (IRB
ID: STU0054672).

Analyses

Confirmatory Factor Analysis (CFA) was employed to
validate the survey, and to determine if a more parsimonious
tool would be as effective in capturing subject’s attitudes and
beliefs toward a WFPBD, thus reducing survey burden. To
achieve this, a CFA model was fitted using pros and cons
of a WFPBD as latent variables that explained variance in
relevant survey items. Because latent variable data were ordinal
and not multivariate normal, ordinal logistic regression within
a generalized structural equation model was used. For each
factor (pros and cons), self-efficacy was used as the referent
construct. Following the first CFA with all 49 items, those
items with factor loadings < 0.80 were removed from the
model. Then, modification indices were examined and item
pairs with χ2 > 3.84 were assessed, and the variable with
the lower factor loading was removed from the model. The
same process was followed a second time to arrive at the
final model. Cronbach’s α ’s were used to assess internal
consistency. Model fit statistics were generated (AIC, BIC),
and Average Variance Explained (AVE) and Discriminant

TABLE 1 Demographic characteristics of the WFPBD survey sample.

Total sample (N = 412)

Sex n (%)

Male 272 (66.02)

Female 139 (33.74)

Non-binary 1 (0.24)

AGE

< 30 years 178 (43.10)

Between 30 and 60 years 222 (53.75)

> 60 years 13 (3.15)

Ethnicity

African American/Black 48 (11.65)

Latino 25 (6.07)

White 309 (75.00)

Asian 25 (6.07)

Other 5 (1.21)

Education

Less than Bachelor’s 63 (15.29)

Bachelor’s or higher 349 (84.71)

INCOME

< $45,000/year 133 (32.28)

≥ $45,000/year 279 (67.72)

Diet pattern

No special diet 113 (27.43)

Vegan 59 (14.32)

Vegetarian 121 (29.37)

Pesco-vegetarian 59 (14.32)

Flexitarian 60 (14.56)
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Value (DV) calculated to provide measures of convergent and
divergent validity, respectively. Invariance testing of the final
model across sex, age, race/ethnicity, education, and income was
performed to assess whether factor loadings varied significantly
by demographic category.

Following CFA, pros and cons were evaluated following
procedures originated by Janis and Mann (42) and utilized
across a number of health behaviors (smoking, physical activity,
diet) over several decades (43, 44, 56–59). First, pros and cons
were calculated as the summed average grouped by factor
(i.e., pros and cons), and decisional balance was calculated as
the difference between pros and cons (pros minus cons). In
addition, a categorical variable for each construct was generated,
with 0 = strongly disagree/ disagree/ not sure and 1 = agree/
strongly agree. We compared the reduced WFPBD Survey
to the original, using linear regression to assess whether the
pros, cons, and decisional balance extracted from the shorter
survey (independent variables) were able to predict self-reported
consumption behaviors (i.e., self-reported daily servings of
fruits and vegetables, and of meats, eggs, and dairy) (51)
(dependent variables) at least as well as the original, adjusted
for relevant demographic variables (age, income, education,
and race/ethnicity). Finally, pros, cons, and decisional balance
using the reduced, final model of the WFPBD Survey were
evaluated, and significant differences, alone and across relevant
demographic variables, were assessed via chi-square tests.
Significance was assessed as a p-value < 0.05. All analyses were
conducted using STATA version 16.1 (StataCorp (60)).

Results

Our sample was primarily White (75%), 30–60 years old
(54%), had a Bachelor’s degree or higher (85%), and earned

$45K or more (68%). Close to one third of participants
self-reported consuming no special diet and one-third self-
reported consuming a vegetarian diet (no meat, includes
dairy), with remainder evenly split (∼14%) between vegan (no
animal products), pesco-vegetarian (vegetarian plus fish), and
flexitarian (mostly vegetarian with minimal animal products)
dietary patterns (Table 1).

Survey validation

Following initial CFA, the model was iteratively reduced
based on cut-points of 0.80 for factor loadings and 3.84 for
modification indices, which yielded a final model with 6 items
each for pros and cons of a WFPBD. In the full model (Model
1), highest factor loading among WFPBD pros was 0.97 for
Q67 (“It helps me build or maintain muscle.”) and lowest
was 0.81 for Q64 (“Generally, eating a WFPBD gives me a
better quality of life.”), while for cons items the highest factor
loading was 1.46 for Q32 (“I wouldn’t get enough energy or
strength.”), and lowest was 1.25 for Q36 (“I don’t know what
to eat instead of meat.”). In all models, all factor loadings were
significant. Cronbach’s α ’s for both pros and cons subscales in
the final, reduced model (Model 2) were high (> 0.80) (Table 2).
Covariance between pros and cons of a WFPBD was –0.59
(p < 0.05), so that these latent variables are significantly and
inversely related, as hypothesized (Figure 1).

Model fit was assessed using AIC and BIC. With each
iteration of the model, AIC and BIC decreased, indicating the
model fit increased as factor loadings were optimized, cross
loadings minimized, and items reduced (Table 3: Model Fit
Statistics for CFA iterations of the WGPBD Survey). For the
final model, convergent validity was explored using AVE and
discriminant validity was assessed via the DV. A model is
generally regarded as having acceptable convergent validity

TABLE 2 Factor loadings (SE), p-values, 95% CI’s, and R-squared statistics for the final WFPBD following confirmatory factor analysis.

WFPBD survey item Factor loading (SE) P-value 95% CI R2

PROs subscale: Cronbach’s α = 0.88

Q47. My friends and family think eating a WFPBD is best. 0.90 (0.11) <0.001 0.69, 1.12 0.52

Q53. I am confident I can eat a plant-based diet forever. 1.00 (Constrained) NA NA 0.58

Q63. A WFPBD is part of being fit. 0.86 (0.12) <0.001 0.63, 1.09 0.55

Q64. Generally, eating a WFPBD helps me have a better quality of life. 0.81 (0.11) <0.001 0.60, 1.02 0.56

Q65. I have plenty of energy on a WFPBD. 0.86 (0.12) <0.001 0.63, 1.09 0.55

Q67. It helps me build or maintain muscle. 0.97 (0.12) <0.001 0.74, 1.20 0.55

CONs subscale: Cronbach’s α = 0.86

Q26. I do not feel confident that I have enough willpower to eat a plant-based diet. 1.00 (Constrained) NA NA 0.41

Q30. There is not enough iron in plant foods. 1.42 (0.19) <0.001 1.05, 1.78 0.52

Q32. I wouldn’t get enough energy or strength. 1.46 (0.20) <0.001 1.06, 1.85 0.57

Q35. I would lose muscle. 1.40 (0.19) <0.001 1.03, 1.76 0.51

Q42. I don’t know how to prepare plant-based meals. 1.38 (0.17) <0.001 1.04, 1.72 0.54

Q43. I don’t know what to eat instead of meat. 1.25 (0.16) <0.001 0.94, 1.56 0.50
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FIGURE 1

Final (12-item) generalized logit confirmatory factor analysis (CFA) model for WFPBD Survey, with factor loadings and covariances.

if the AVE is at least 0.50 and good convergent validity at
an AVE above 0.70. Our final model resulted in an AVE
of 0.61 for pros of a WFPBD and 0.57 for cons, such that
the model has acceptable convergent validity. DV’s for the
latent variables were both above recommended cut point of
0.70 (pros DV = 0.90, cons DV = 0.85), allowing us to
conclude that the final model also displayed good divergent
validity (61). Invariance testing was performed to assess whether
factor loadings varied significantly across relevant demographic
characteristics: age, sex, race/ethnicity, education, and income.
Across all variables, the final model was invariant, with no
significant differences among factor loadings for either pros or
cons, indicating that the survey was consistent in measuring
pros and cons across age, sex, race/ethnicity, education, and
income.

To compare the original WFPBD Survey (Model 1, 49
items) to the final version (Model 3, 12 items), we fit linear
regressions to assess whether the pros, cons, and decisional
balance extracted from the final survey (independent variables)
were able to predict self-reported consumption behaviors (i.e.,
self-reported daily servings of fruits and vegetables, and of

TABLE 3 Model fit statistics for confirmatory factor analysis iterations
of the Whole food Plant-Based Diet Survey.

Model 1 Model 2 Model 3

Number of items 49 21 12

Log likelihood –30,533.37 –23,924.99 –7935.58

AIC 61,678.73 48,321.92 16,033.15

BIC 62,909.16 49,270.95 16,358.36

meats, eggs, and dairy) (dependent variables) at least as well as
the original, adjusted for relevant demographic variables (age,
sex, race/ethnicity, education, and income). A similar pattern
was found for both surveys, with significant β ’s for predicting
fruit and vegetable consumption and meat, egg, and dairy
consumption, with the notable exception of pros variables to
predict fruit and vegetable consumption for both the original
(Model 1) and the final reduced (Model 3) WFPBD Survey
(Table 4).

Survey results

In the final model (Model 3), mean value for pros (3.76)
was slightly higher than for cons (3.03), and both were
significantly associated with dietary pattern (p< 0.001 for both).
Logistic regressions revealed that the crude and adjusted models
both show that decisional balance is a significant predictor
(p < 0.001) of dietary pattern. In the adjusted model, compared
to those who reported consuming “No special diet,” a one-
unit increase in decisional balance is associated with a 2.14
times increased likelihood of reporting a vegan dietary pattern
(no animal products) and a 1.55 times increased likelihood
of reporting a flexitarian diet (mostly vegetarian with small
amounts of meat and fish) (62). Overall effect of education is
statistically significant in predicting the relationship between
decisional balance and diet pattern (χ2 = 45.54, p < 0.001).
However, no significant interactions between education and
decisional balance were found.

Evaluating the final model using χ2 tests, significant
differences (p < 0.05) for pros, cons, and decisional balance
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TABLE 4 Pros, cons, and decisional balance (IVs) and self-reported
consumption outcomes (fruit and vegetables, and meat, eggs, and
dairy) (DVs) using logistic regression adjusted for age, sex, income,
race/ethnicity, and education.

Model 1 (49 items) Model 3 (12 items)

β (SE) P-value β (SE) P-value

Fruits and vegetables

Pros 0.10 (0.14) p = 0.47 0.57 (0.11) p = 0.60

Cons –0.71 (0.10) p< 0.001 –0.56 (0.08) p< 0.001

Decisional balance –0.03 (0.01) p< 0.001 0.38 (0.01) p< 0.001

Meat, eggs, and dairy

Pros –0.85 (0.22) p< 0.001 –0.63 (0.17) p< 0.001

Cons 0.83 (0.17) p< 0.001 0.62 (0.13) p< 0.001

Decisional balance 0.02 (0.01) p< 0.001 –0.53 (0.01) p< 0.001

were found across demographic variables. For pros and
decisional balance, significant differences by age, education, and
income were found, while cons varied significantly only by
race/ethnicity (Figure 2). For age, those less than 30 years old
had higher pros, while those between 30 and 60 years had higher
cons. Participants older than 60 were ambivalent, exhibiting low
levels of both pros and cons. Education also varied similarly
for pros and decisional balance, with those with at least a
Bachelor’s degree expressing higher agreement with pros and
positive decisional balance. Also of note were the relatively
higher cons and negative decisional balance for those with less
than a Bachelor’s degree. Income followed the same pattern, with
higher pros for those earning $45K or higher, and higher cons
for those making less than $45K.

Discussion

The CFA of the WFPBD Survey resulted in a more
parsimonious version that exhibited high factor loadings and
strong validity, reducing the number of items from 49 to
12. This smaller number of items reduces survey burden and
improves the utility of the WFPBD survey for inclusion in other
survey instruments. Invariance testing revealed no significant
differences in factor loadings across demographic variables,
suggesting that the final WFPBD Survey is valid across a
variety of demographics. Cronbach’s alphas were above the
0.70 cutoff to indicate good internal consistency, and below
0.90, indicating minimal redundancy among the questions (63).
Pros and cons of a WFPBD covaried inversely, as expected
(β = –0.69, p = 0.03), demonstrating that pros increase as
cons decrease, and vice versa. Both convergent validity (as
expressed by the AVE above 0.50 for both pros and cons)
and divergent validity (DV > 0.50 for pros and cons) were
within acceptable ranges, indicating that the final survey items
measured latent constructs as hypothesized. Further analysis of

the final model revealed that the theoretical framework of pros,
cons, and decisional balance was associated, as expected, with
self-reported dietary pattern, providing further evidence that the
reduced WFPBD Survey was able to measure the latent variables
as intended. Our comparison of the original vs. reduced WFPBD
Survey for predicting self-reported consumption of fruit and
vegetables and meat, eggs, and dairy provides evidence that
the reduced survey can elucidate significant predictors of these
dietary behavior targets. Thus, by several important metrics, the
WFPBD Survey demonstrates stable and high factor loadings,
good internal consistency, acceptable levels of convergent and
discriminant validity, and factor invariance, providing evidence
that the reduced survey successfully measured the intended
constructs, namely the pros, cons, and decisional balance for
consuming a WFPBD in a sample of US adults. Additionally,
our findings that pros and cons successfully predicted self-
reported dietary intakes suggests that these psychosocial
constructs are important for driving dietary choices, and, thus,
accessible targets for interventions that seek to encourage
consumption of a WFPBD.

The WFPBD Survey was able to detect significant differences
among our sample, with decisional balance of pros and
cons tracking with dietary pattern, and revealing important
and significant variations across income, education, and
race/ethnicity. For example, cons were significantly higher for
Hispanic and African American participants, suggesting that
barriers to consuming a WFPBD may be most important in
these populations, as compared to pros. Being less than 60
years old, making at least $45K annually, and having at least a
Bachelor’s degree were all significantly associated with higher
pros and lower cons for a WFPBD. This aligns with other
research, such as Lea et al.’s (11) survey assessing perceptions
of the benefits and barriers to eating a plant-based diet among
415 Australian adults. In this study, significant differences in
perceived benefits and barriers were detected by sex, age, and
education, similar to our results (11). Other research has found
consumer attitudes and behaviors vary by country and have
changed over time, even within the same demographics and
countries. For instance, research in both Finland (64, 65) and
Europe (39) has discovered shifts in consumer concerns around
consumption of meat, from a more safety-focused paradigm
to one that prioritizes health implications. Similarly, Fresán
et al. (66) found motivations for consuming a plant-based
diet to vary between California (health, social norms, religion)
and Copenhagen (animal welfare, health, environment) (66).
While these studies provide some insight into the reasons
consumers may or may not chose to consume a WFPBD,
these heterogenous results are attributable to culturally specific
and dynamic processes and cannot be assumed to translate
to adults in the US currently. Research in the US has
found important differences in motivations between plant-based
consumers and omnivores (40, 41), but did not validate the
surveys used in these studies. This highlights the literature

Frontiers in Nutrition 06 frontiersin.org

445

https://doi.org/10.3389/fnut.2022.958611
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-958611 September 23, 2022 Time: 14:45 # 7

Jovanovic et al. 10.3389/fnut.2022.958611

FIGURE 2

Significant (p < 0.05) differences in pros, cons, and decisional balance by demographic variables.

gap which this study aims to fill by providing a validated
instrument suitable for US adults, as well as results from
this convenience sample. These results may be instrumental

for development and deployment of interventions intended to
promote consumption of a WFPBD in US adults. In particular,
the failure of pros to predict self-reported consumption of
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fruits and vegetables along with significant associations for
decisional balance and cons, suggests that addressing cons in
future interventions is the more effective approach to promoting
consumption of a WFPBD. Additionally, our findings of
significant differences in cons across race/ethnicity suggests that
tailoring interventions with particular attention to racial/ethnic
differences is important, especially for African American and
Hispanic populations.

Limitations of this study include the lack of a test-retest
reliability measure, since the survey was taken only once. In
addition, all measures of both dietary pattern and consumption
were self-reported, and therefore potentially subject to a number
of biases, including imprecise recall and social desirability
bias. Finally, this sample has a higher percentage of White
participants (61.6% for the US vs. 75% for this study) and
fewer Hispanic participants (18.7% for the US vs. 6.07% for
this study) than the US in 2020 (67). Our sample was also
more educated than average (84.71% for this study vs. 37.5%
in the US with a Bachelor’s degree or higher (68)) and
more affluent (67.72% for this study vs. 53.74% in the US
earning $45K or more (69)). Given the significant differences
in pros, cons, and decisional balance we found across age,
income, and education, the differences between this study’s
population and the US population are relevant for judging the
generalizability of our results.

While our results elucidate several important and significant
variations that may be useful for tailoring pro-WFPBD
interventions to adult US participants by age, education, and
income, further research is needed to assess whether these
differences are consistent in other groups, such as Hispanic
audiences, immigrant populations, or less affluent people.
These differences were not detected in our relatively non-
diverse sample. However, the validation measures we report
here may be useful in achieving this goal by providing a
psychometrically sound instrument with which to assess these
psychosocial constructs in diverse populations. For example,
a WFPBD has been shown to reduce levels of prostate-
specific antigen in biopsy-confirmed indolent prostate cancer
(70), which disproportionately affects African American men
in US (71). The WFPBD Survey may be an important first
step for understanding how to design and deploy an effective
intervention to promote consumption of a WFPBD among
African American men with indolent prostate cancer. The
results from this study, as well as future uses of the WFPBD
survey, provide evidence upon which we can build interventions
to encourage a WFPBD for better health and environmental
outcomes in the US.
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Since 2018 in France, national regulation mandates that school canteens

serve a weekly vegetarian meal to reduce school canteens’ environmental

impact in addition to previous regulations imposing nutritional composition

guidelines. However, a lunch without meat is often perceived as inadequate

to cover the nutritional needs of children. The present study aims to assess

the nutritional quality and greenhouse gas emissions (GHGE) of vegetarian

and non-vegetarian school meals served in primary schools in Dijon, France.

The catering department provided the composition of 249 meals served

in 2019. Nutritional content and GHGE were retrieved from national food

databases. The portion size of each meal component was the standard

portion size recommended by the relevant French authority (GEMRCN). Meals

were classified into vegetarian meals, i.e., without meat or fish (n = 66), or

non-vegetarian meals (n = 183). The nutritional adequacy of the meals for

children aged from 6 to 11 years was estimated using the mean adequacy

ratio (MAR/2,000 kcal) as the mean percentage of daily recommended intake

for 23 nutrients and the mean excess ratio (MER/2,000 kcal) as the mean

percentage of excess compared to the maximum daily recommended value

for three nutrients. This analysis of actual school meals shows that both

vegetarian and non-vegetarian meals had a similar good nutritional quality

with MAR/2,000 kcal of 87.5% (SD 5.8) for vegetarian and of 88.5% (SD 4.5) for

non-vegetarian meals, and a MER/2,000 kcal of 19.3% (SD 15.0) for vegetarian

and of 19.1% (SD 18.6) for non-vegetarian meals. GHGE were more than

twofold reduced in vegetarian compared to non-vegetarian meals (0.9 (SD 0.3)

vs. 2.1 (SD 1.0) kgC02 eq/meal). Thus, increasing the frequency of vegetarian

meals, by serving egg-based, dairy-based or vegan recipes more frequently,

would reduce GHGE while maintaining adequate nutritional quality of primary

school meals.

KEYWORDS

school canteen, meals, children, nutritional quality, greenhouse gas emissions,

sustainability, vegetarian

Frontiers inNutrition 01 frontiersin.org

450

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2022.997144
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2022.997144&domain=pdf&date_stamp=2022-10-10
mailto:lucile.marty@inrae.fr
https://doi.org/10.3389/fnut.2022.997144
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnut.2022.997144/full
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Dahmani et al. 10.3389/fnut.2022.997144

Introduction

Non-communicable diseases (e.g., overweight, obesity,

diabetes, and cardiovascular diseases) as well as environmental

threats (e.g., global warming, atmospheric pollution, water

pollution and deforestation) require identifying dietary

changes that will improve nutritional quality and reduce the

environmental impact of diets (1, 2). Because school canteens

may contribute to establishing social norms around eating and

account for a significant share of food consumed by children,

they could act as a lever toward more sustainable food systems,

i.e. by making nutritious and environmentally friendly meals

accessible to a large number of children through national or

local public policies (3). Hence, modification of school catering

taking environmental issues into account while maintaining

a strong emphasis on nutrition now seems necessary (4–7)

and possible, as optimization studies identified nutritionally

adequate and environmentally friendly school meals (8, 9). In

Spain, the municipality of Barcelona introduced low-carbon

meals in public schools during the 2020–2021 school year. The

evaluation of this experiment showed that the transition to a

low-carbon meal had environmental benefits by halving the

environmental impacts (10). In Bahia (Brazil), the Sustainable

School Program (SSP) implemented low-carbon meals twice

a week in 155 schools in 4 municipalities and showed a

17% reduction in diet-related greenhouse gas emissions

(GHGE) (11).

Currently, in France, 8.5 million children aged 3 to 17 years

eat at least once a week at school canteens. Among children aged

3 to 10 years, 58% eat lunch regularly at the school canteens,

i.e., at least 4 days a week (12). In France, the responsibility for

serving meals in primary schools lies with the municipalities.

Meals can be provided by municipalities services or delegated

to a catering company. Since the first “National Health and

Nutrition Plan” (13) was launched in 2001 in France, primary

school canteens have been targeted by public health measures.

School meals are typically structured based on four or five

components: starter (optional), protein dish, side dish, dairy

product, and dessert (optional). Each day, a unique menu is

proposed to children (14)1. In 2011, the Ministry of Agriculture

published 15mandatory recommendations based on work of the

“Market Research Group for Collective Catering and Nutrition”

(GEMRCN) related to the frequency of serving dishes over 20

consecutive meals and the portion sizes based on children’s age

(15)2. A study published in 2016 by Vieux et al. demonstrated

Abbreviations: ALA, alpha-linolenic acid; DHA, docosahexaenoic acid;

GHGE, greenhouse gas emissions; MAR, mean adequacy ratio; MER,

mean excess ratio; MRV, maximum recommended value; LA, linoleic

acid; RDI, recommended daily intake; SFA, saturated fatty acids; SSP,

sustainable school program.

1 https://www.education.gouv.fr/la-restauration-scolaire-6254

that when the 15 French recommendations were met, a 20-

meal sequence covered, on average, 36% of energy daily needs

and 50% of essential nutrient needs for primary school children

(16). A simulation based on a sample of 40 series of 20 meals

showed that nutritional quality increased with the number of

respected recommendations. When the recommendations were

not followed, a risk of deterioration in the nutritional quality

of meals emerged (16). This study highlighted that serving only

vegetarian meals would decrease the nutritional quality of the

meals served to children (16). However, this result may be partly

due to the lack of variety in vegetarian dishes considered in this

study (n= 41 among the 800 dish options).

In 2018, a law for the “balance of trade relations in

the agricultural and food sector and sustainable healthy food

accessible to all” (EGalim) was adopted in France (17)3.

This law contains measures related to school catering that

aim at promoting sustainable school meals by increasing the

proportion of organic products up to 20%, limiting the use of

plastic, preventing food waste, strengthening transparency and

diversifying protein sources of meals with one vegetarian meal

per week, i.e. without fish or meat (18)4. In 2021, the Climate

and Resilience law amended the objectives of the EGalim law

by encouraging more vegetarian meals up to a daily vegetarian

option at primary school canteens (19)5. This context raises

questions about the acceptability of vegetarian meals at school

canteens in the French context, where meat has a central

place in meal composition (20). The general council for food,

agriculture and rural areas (governmental organization) issued

an evaluation report on the weekly vegetarian school meal in

March 2021 highlighting reluctance toward this measure that

was perceived by part of the population as an attack on French

tradition and gastronomy, in which vegetables usually appear as

a side dish (21). The view that “a meal without meat is not a

real meal” also seems to be widely shared among school catering

actors. It also raises the question of potential degradation of

nutritional quality, as suggested by Vieux et al. (16), although

nutrient profiling methods have shown that vegetarian and non-

vegetarian main dishes offered in primary schools in France

were generally of good nutritional quality (22). In addition, a

recent simulation study based on a database of 2,316 school

dishes demonstrated that the best trade-off for decreasing the

environmental impacts of school meals without altering their

nutritional quality was a frequency of 12 vegetarian meals over a

total of 20 meals (23).

Reduction of meat consumption in school canteens is key

to building more environmentally friendly food systems, but

2 https://www.economie.gouv.fr/daj/recommandation-nutrition

3 https://www.legifrance.gouv.fr/loda/id/JORFTEXT000037547946/

4 https://agriculture.gouv.fr/egalim-tout-savoir-sur-la-loi-

agriculture-et-alimentation

5 https://ma-cantine.beta.gouv.fr/blog/10/
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evidence based on the analysis of school meals from real life is

still needed to convince catering actors, parents and children of

the nutritional quality of vegetarian meals. The challenge is thus

to demonstrate that a high level of nutritional quality could be

maintained while limiting the negative impacts of meals on the

environment and, in particular, global warming.

In the present study, we used validated indicators to

compare the nutritional quality and environmental impact of

all meals (66 vegetarian and 183 non-vegetarian) that were

served in 2019 to children aged from 6 to 11 years old

in primary schools in Dijon, France. We hypothesized that

vegetarian and non-vegetarian meals would have similarly good

nutritional quality, whereas the environmental impact would

be significantly reduced for vegetarian meals compared to non-

vegetarian meals. Moreover, we aimed at analyzing more closely

the nutritional quality and environmental impact of school

meals based on the type of protein dish.

Materials and methods

Data collection and database information

This study focused on meals served in 2019 (January to

December) to children in primary schools in Dijon, France (n

= 249). In this context, school meals delivery is organized by

the municipality service. The central kitchen of Dijon produces

and serves 4,000 meals every day to children aged 6 to 11

years (plus 4,000 for preschool aged children and municipality

staff) distributed among the 38 primary school canteens (24)6.

Meals were developed by a dietician and respected the GEMRCN

frequencies. The central kitchen provided the list of the

food items included in each dish analyzed in this study. An

example of a meal series for 1 month is available in the

Supplementary Table S1.

Three databases were created from the collected

information: the meal database, the dish database and the

recipe database (data are available here: https://osf.io/fk7cq/).

The meal database contained the 249 meals served in 2019

corresponding to five meals served per week (excluding

weekend) during the school period and school holidays. A

meal was composed of five or four components, among a

starter, protein dish, side dish (e.g., fries, starches, vegetables

or legumes), dairy product, and dessert, with a 30- or 40-g

portion of bread. Meals were split into two main categories:

vegetarian (n = 66, all components without meat or fish) and

non-vegetarian (n= 183).

The dish database contained 434 distinct dishes, including

65 starters, 129 protein dishes, 60 sides, 69 dairy products

and 71 desserts. Each dish had a name and a code. All

6 http://www.dijon.fr/Dijon-au-quotidien/Enfance-petite-enfance/

Cantine-Inscription

dishes were classified as vegetarian (without meat or fish) or

non-vegetarian. Moreover, the meals were categorized based

on the subcategory of the protein dishes. Five different

subcategories were defined based on their level of GHGE (25),

from the most to the least emitting: beef, veal and lamb;

pork and poultry; fish; eggs and/or cheese; and vegan (i.e.,

plant-based foods only). Each dish was composed of one

of several food items (e.g., pork and curry sauce, eggs and

mayonnaise).

The 433 food items were included in the recipe database and

identified by a name and a code. The portion size of each food

item (in grams) was established by the central kitchen and closely

related to the GEMRCN recommendations for primary school

children (15). All food items had an edible portion equal to one

except for melon (0.7), banana (0.8), clementine (0.7), tangerine

(0.7), orange (0.8) and chicken thigh (0.8).

The nutritional composition of each food itemwas estimated

using two French food nutrient composition reference tables:

CIQUAL 2020 and CALNUT 2020 (26)7. The GHGE (in

kilograms of CO2 equivalent) of each food item was based

on the AGRIBALYSE v3.0 table providing reference data on

the environmental impacts of agricultural and food products

obtained through life cycle analysis, comprising the following

contributions to GHGE: agriculture, transport and packaging

(27)8. Interoperability between the CIQUAL and AGRIBALYSE

databases (same food products with same coding system)

makes it possible to record both nutritional and environmental

footprint information. A dietician performed the pairing of each

food item from the central kitchen with items from these two

databases. The confidence level of pairing was defined by rules

available in the Supplementary Table S2. A total of 340 food

items were paired at the highest confidence levels (one or two),

representing approximately 79% of all recipes. For 224 food

items, at least one nutrient was missing in the CIQUAL database,

and imputed data from the CALNUT database were used.

Nutritional quality and environmental
footprint

Total weight, energy content, nutritional quality and

environmental footprint indicators were calculated at the meal

level. The environmental footprint was estimated by greenhouse

gas emissions (GHGE, in kgCO2eq), the best-known and

most-used climate change indicator (28, 29). This indicator

corresponds to the modification of climate affecting the global

ecosystem. The calculation was based on the theoretical portion

sizes of the food items supplied by the central kitchen for

children in primary school (6 to 11 years old). GHGE was

7 https://ciqual.anses.fr/

8 https://doc.agribalyse.fr/documentation-en/
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calculated for each food item using Equation (1) and then

summed at the dish level and at the meal level.

GHGEfood item (kgCO2eq) = portion (g)×

GHGEAgribalyse (kgC02eq/kg)

1000 (g)
(1)

Similarly, the contents for 26 nutrients were calculated for

each food item using Equation (2) and then summed at the dish

level and at the meal level.

Nutrient contentfood item = portion
(

g
)

× edible portion×

nutrient content CIQUAL (g/100g)

100
(

g
) (2)

To estimate the overall nutritional quality of the meal,

we used the mean adequacy ratio (MAR) which estimates the

average content of several nutrients expressed as a percentage

of recommended intakes (16). In the present study, MAR

was calculated by taking into account 23 nutrients (proteins,

fibers, vitamins B1, B2, B3, B6, B9, B12, C, D, E, A,

calcium, potassium, iron, magnesium, zinc, copper iodine,

selenium, linoleic acid, alpha-linolenic acid, docosahexaenoic

acid), expressed as the percentage of adequacy for 2,000 kcal

of a meal, as indicated in Equation (3) (16). MAR/2,000

kcal represents the nutritional quality if a meal was scaled-

up to provide the daily energy requirement of 2,000 kcal. The

recommended daily intakes (RDI) for the 23 nutrients are

available in the Supplementary Table S3 and were obtained by

weighting the recommended dietary allowance in France for sex

and age range (30) based on the age and sex representativeness

in children aged 4–13 years attending primary school following

the method proposed by Vieux et al. (16).

MAR/2000 kcal =
1

23
×

23
∑

n=1

contentn
nrj × 2000

RDIn
× 100 (3)

The MAR/2,000 kcal is reported on a scale from 0 to 100%,

where 100% indicates that the daily requirements for all the

nutrients were met. Each ratio was truncated to 1 so that a

large quantity of one nutrient could not compensate for a small

quantity of another, hence nutrient coverage beyond children’s

daily needs was not considered.

We also calculated the mean excess ratio (MER) which

estimates the excess compared to the daily maximum

recommended values (MRV) of three nutrients that should be

limited: saturated fatty acids (SFA), salt and total sugars. MER

was expressed as the percentage of excess compared to the MRV

for 2,000 kcal of a meal, as indicated in Equation (4) (31). The

MRV are available in the Supplementary Table S3 and were

based on French recommendations for children aged 4–12 years

(32).9, 10

MER/2000 kcal =

[

1

3
×

(

3
∑

n=1

contentn
nrj × 2000

MRVn
× 100

)]

(4)

− 100

The MER/2,000 kcal is reported in percentage of excess,

where 0% indicates that none of the three nutrient limits were

reached. Each ratio was limited to 1, so that a small quantity

of one nutrient could not compensate for a large quantity

of another.

Statistical analyses

Statistical analyses were conducted after computation of the

data at the meal level, as explained above. Correlations between

total weight of meals, energy content, GHGE, MAR/2,000 kcal

and MER/2,000 kcal were computed with Pearson correlation

coefficients. To compare vegetarian meals and non-vegetarian

meals, two-sample Student’s t-tests were performed on weight,

energy, GHGE, MAR/2,000 kcal, MER/2,000 kcal and contents

in 26 nutrients per 2,000 kcal of a meal. For each nutrient and

each type of meal, we also compared the percentage of RDI or

MRV for 2,000 kcal of meal to the target value (100%) using one-

sample Student’s t-tests. Then, we performed ANOVAmodels to

compare outcome variables (weight, energy, GHGE, MAR/2,000

kcal, MER/2,000 kcal and the nutrient contents) between the five

subcategories of meals based on their protein dish (beef, veal and

lamb; pork and poultry; fish; eggs and/or cheese; and vegan) and

pairwise post hoc comparisons were performed.

Statistical analyses were performed with SAS software

version 9.4. The level of significance was set to 0.05 for all of

the analyses and Bonferroni correction was used to control for

multiple testing across the 26 nutrients (i.e., 0.05/26= 0.002).

Results

Description of school meal nutritional
quality and environmental impact

Data from 249 meals were considered for the present

analysis. The average weight of a meal was 464 g (SD 64), and

the average energy content was 659 kcal (SD 125) representing

33% of the recommended daily energy intake for children aged

6 to 11 years old (i.e., 2,000 kcal). The average greenhouse gas

emissions (GHGE) of a meal was 1.8 kgCO2 eq (SD 1.0). The

9 ANSES. Le sel (2012). Available online at: https://www.anses.fr/fr/

content/le-sel (accessed September 1, 2022).

10 ANSES. Les lipides (2021). Available online at: https://www.anses.fr/

fr/content/les-lipides (accessed September 1, 2022).
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average MAR/2,000 kcal was 88.3% (SD 4.9), indicating that on

average 88% of the RDI for the 23 nutrients would be covered

by 2,000 kcal of a school meal. The average MER/2,000 kcal was

19.1% (SD 17.7) indicating that on average the MRV for three

nutrients (SFA, salt and total sugars) would be exceeded by 19%

with 2,000 kcal of a school meal.

Pearson’s correlations showed a positive association between

weight and energy content and a negative association between

weight and MER/2,000 kcal highlighting that the content

in nutrients to limit was lower in school meals of higher

weight. There was also a negative association between

energy content and MAR/2,000 kcal indicating that school

meals of better nutritional quality were also those of lower

energy content. No association was found between GHGE

and weight, energy content nor nutritional quality of the

meals (Table 1).

Comparisons between non-vegetarian
and vegetarian meals

Among the 249 meals served in 2019 in Dijon school

canteens, 183 were non-vegetarian (73.5%), and 66 were

vegetarian (26.5%), which is greater than the recommended

frequency of one per week (i.e., 20%) established by the

EGalim law. The nutritional quality and environmental

impact of all meals (n = 249), non-vegetarian (n = 183)

and vegetarian meals (n = 66) are shown in Table 2. Non-

vegetarian and vegetarian meals had similar weights and

energy contents. GHGE was significantly twofold reduced

for vegetarian meals compared to non-vegetarian meals.

On average, a vegetarian meal emitted 0.9 kgCO2eq

(SD 0.3), whereas a non-vegetarian meal emitted 2.1

kgCO2eq (SD 1.0). MAR/2,000 kcal for non-vegetarian

and vegetarian meals was not significantly different, likewise for

MER/2,000 kcal.

.

Nineteen of 23 nutrients were found in non-limiting

quantities (i.e., average content ≥100% RDI) in both vegetarian

and non-vegetarian meals: proteins, fibers, vitamins B1, B2, B3,

B6, B9, B12, E, A, potassium, iron, magnesium, zinc, copper,

iodine, selenium, linoleic acid (LA) and docosahexaenoic acid

(DHA) (Table 2). In contrast, the coverage of nutritional needs

was insufficient (i.e., average content <100%) for two nutrients

in both types of meals: calcium and alpha-linolenic acid

(ALA). Vitamin C and D were found in deficit specifically

in vegetarian meals. Regarding nutrients to limit, the content

was above the MRV and not statistically different in vegetarian

and non-vegetarian meals for SFA (117.3% of MRV) and

salt (114.2% of MRV). Values for total sugars was below the

maximum limit for non-vegetarian (81.2%) and vegetarian

meals (93.5%).

Comparisons of the meals from the five
protein dish subcategories

The nutritional quality and environmental impact across

the five meal subcategories based on protein dish: beef, veal,

lamb (n = 56); pork and poultry (n = 68); fish (n = 55);

eggs and/or cheese (n = 40); and vegan (n = 30) are shown

in Table 3. Meals had the same energy content across all

subcategories [F(4, 244) = 1.01, p = 0.404] despite different

weights [F(4, 244) = 4.40, p = 0.002]. Meals with vegan or

fish-based main dishes had a significantly higher weight than

meals with beef, veal or lamb dishes. A significant effect of

the meal subcategory on GHGE [F(4, 244) = 261.64, p <

0.001], MAR/2,000 kcal [F(4, 244) = 3.81, p = 0.005] and

MER/2,000 kcal [F(4, 244) = 5.92, p < 0.001] was noted. GHGE

differed between all five subcategories: meals with beef-, veal-

or lamb-based dishes emitted the most GHGE followed by

meals with fish-based dishes, meals with pork- or poultry-

based dishes, meals with eggs and/or cheese-based dishes, and

finally vegan dishes, with an approximately five-fold reduction

compared to ruminant meat-based meals. MAR/2,000 kcal was

TABLE 1 Pearson’s correlation coe�cients between weight, energy content, GHGE, MAR/2,000 kcal and MER/2,000 kcal of the Dijon school meals

in 2019 (n = 249).

GHGE Energy

content

MAR/2,000

kcal

MER/2,000

kcal

Weight r

p

−0.06

0.307

0.27

< 0.001

0.01

0.86

−0.174

0.006

GHGE r

p

0.01

0.808

−0.001

0.993

0.004

0.955

Energy content r

p

−0.399

<0.001

−0.053

0.411

MAR/2,000 kcal r

p

0.249

<0.001
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TABLE 2 Nutritional quality and environmental impact of all meals (n = 249), non-vegetarian (n = 183) and vegetarian meals (n = 66) served in the

Dijon school canteens in 2019.

RDI1 or

MRV2
Mean (SD) p3

All meals

(n = 249)

Non-vegetarian meals

(n = 183)

Vegetarian

meals (n = 66)

Weight (g) 464.0 (64) 463.2 (63.8) 466.3 (65.0) 0.734

Energy (%) 2,000 kcal 33.0 (6.2) 33.0 (6.3) 33.0 (5.9) 0.950

GHGE (kgCO2eq) 1.8 (1.0) 2.1 (1.0) 0.9 (0.3) <0.001

MAR/2,000 kcal (%) 88.3 (4.9) 88.5 (4.5) 87.5 (5.8) 0.152

MER/2,000 kcal (%) 19.1 (17.7) 19.1 (18.6) 19.3 (15.0) 0.921

Proteins (%RDI) 25 g 373.6 (107.3) 400.1 (105.2) 300.1 (74.2) <0.001

Fibers (%RDI ) 13 g 215.0 (77.7) 199.1 (67.5) 259.1 (87.0) <0.001

Vitamin B1 (%RDI) 0.8mg 132.5 (75.7) 137.3 (83.9) 118.9 (43.1) 0.090

Vitamin B2 (%RDI) 1.2mg 105.8 (43.9) 106.8 (40.1) 102.9 (53.2) 0.544

Vitamin B3 (%RDI) 9mg 180.7 (98.2) 206.2 (95.3) 109.7 (66.6) <0.001

Vitamin B6 (%RDI) 1mg 174.3 (69.9) 182.1 (70.9) 152.4 (62.8) 0.002

Vitamin B9 (%RDI ) 201 µg 181.6 (95.4) 160.4 (64.8) 240.4 (134.9) <0.001

Vitamin B12 (%RDI) 1.4 µg 325.2 (312.0) 387.8 (339.6) 151.5 (82.8) <0.001

Vitamin C (%RDI) 89mg 80.7 (63.9) 85.2 (68.0) 68.2 (49.3) 0.065

Vitamin D (%RDI) 5 µg 87.5 (75.0) 92.3 (82.6) 74.0 (45.5) 0.089

Vitamin E (%RDI) 9.1mg 141.1 (58.7) 133.0 (56.2) 163.6 (59.8) <0.001

Vitamin A4 (%RDI) 501 µg 286.5 (313.1) 291.5 (312.0) 272.4 (318.1) 0.676

Calcium (%RDI) 924mg 81.2 (27.1) 78.4 (26.6) 89.1 (27.3) 0.007

Potassium (%RDI) 2892mg 100.3 (25.3) 103.4 (25.9) 91.6 (21.5) <0.001

Iron (%RDI) 8.2mg 122.0 (49.1) 119.5 (51.5) 129.1 (41.4) 0.174

Magnesium (%RDI) 203mg 139.7 (42.1) 136.6 (42.1) 148.2 (41.1) 0.054

Zinc (%RDI) 9.2mg 116.7 (58.5) 125.3 (64.9) 92.7 (21.9) <0.001

Copper (%RDI) 1.2mg 181.8 (70.4) 176.7 (78.6) 196.0 (36.4) 0.056

Iodine (%RDI) 120 µg 206.5 (96.1) 213.5 (104.3) 187.2 (65.1) 0.057

Selenium (%RDI) 39 µg 577.0 (187.4) 583.3 (193.1) 559.5 (170.8) 0.352

LA5 (%RDI) 8.9 g 104.2 (44.3) 97.8 (44.0) 121.9 (40.3) <0.001

ALA6 (%RDI) 2.2 g 59.3 (47.7) 62.8 (54.2) 49.8 (18.1) 0.059

DHA7 (%RDI) 152mg 138.6 (169.9) 156.7 (194.1) 88.6 (34.8) 0.005

SFA8 (%MRV) 26 g 117.3 (48.6) 119.1 (49.9) 112.3 (44.6) 0.306

Salt (%MRV) 6.5 g 114.2 (38.8) 113.1 (40.4) 117.1 (34.0) 0.445

Total sugars9 (%MRV) 67.5 g 84.5 (29.7) 81.2 (29.4) 93.5 (29.0) 0.004

1Recommended daily intake for children aged 4–13 years attending primary school in France (29). 2Maximum recommended value for children aged 4–12 years (31–33). 3Mean

comparison of vegetarian and non-vegetarian meals (two-sample Student’s t-test, significance: p < 0.05 for meal indicators, p < 0.002 for nutrients). 4Vitamin A = retinol + beta-

carotene/6. 5Linoleic acid. 6Alpha-linolenic acid. 7Docosahexaenoic acid. 8Saturated fatty acids. 9Total sugars = fructose + glucose + maltose + saccharose. In bold, % RDI of nutrients

lower than 100%, or % MRV of nutrients higher than 100% (one-sample Student’s t-test, significance: p < 0.002), nutrients contents are given per 2,000 kcal of a meal.

significantly lower for meals with vegan dishes compared to

meals with eggs and/or cheese or fish dishes, but the difference

was small (4% difference between meals with vegan dishes

compared to meals with eggs and/or cheese). MER/2,000 kcal

was significantly lower for meals with vegan dishes compared

to fish-based meals and meals with eggs and/or cheese dishes.

Only meals with vegan dishes had SFA contents below the

MRV [80.5% (SD 33.0)]. Each subcategory of meals had some

nutrients below the RDI or above the MRV. Nutrients in deficit

(significantly below RDI) and nutrients in excess (significantly

above MRV) in the five meal subcategories are presented in

Figure 1.

Comparative analyses between non-vegetarian and

vegetarian meals as well as the five meal subcategories based

on protein dish were replicated using MAR, MER and

nutritional values per meal (instead of per 2,000 kcal) to

present the net intake per meal. These tables are available in

Supplementary Tables S4,S5.
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TABLE 3 Nutritional quality and environmental impact across the five meal subcategories based on protein dish: beef, veal, lamb (n = 56); pork and

poultry (n = 68); fish (n = 55); eggs and/or cheese (n = 40); vegan (n = 30) served in the Dijon school canteens in 2019.

RDI1 or

MRV2

Mean (SD) p3

Beef. Veal. lamb

(n = 56)

Pork. poultry

(n = 68)

Fish

(n = 55)

Eggs and/or cheese

(n = 40)

Vegan

(n = 30)

Weight (g) 439.5 (66.4)b 472.2 (63.9)ab 479.5 (54.2)a 450.1 (60.4)ab 481.5 (67.0)a 0.002

Energy (%) 32.4 (6.3)a 34.2 (6.5)a 32.4 (6.1)a 32.6 (6.9)a 32.6 (4.4)a 0.404

GHGE (kgCO2eq) 3.4 (0.8)a 1.3 (0.4)c 1.8 (0.4)b 1.0 (0.3)d 0.7 (0.2)e <0.001

MAR/2,000 kcal (%) 87.6 (3.2)ab 88.4 (4.4)ab 89.2 (5.3)a 89.6 (6.8)a 85.6 (3.8)b 0.005

MER/2,000 kcal (%) 15.6 (14.8)bc 19.2 (19.8)abc 20.9 (19.2)ab 28.4 (15.0)a 9.9 (11.1)c <0.001

Proteins (%RDI) 25 g 386.9 (85.2)a 408.7 (110.6)a 405.8 (118.7)a 335.8 (75.6)ab 260.7 (47.3)b <0.001

Fibers (%RDI ) 13 g 204.8 (66.3)b 197.0 (73.3)b 196.2 (64.2)b 230.7 (91.5)b 288.5 (66.2)a <0.001

Vitamin B1 (%RDI) 0.8mg 121.6 (65.4)a 164.8 (111.9)a 118.8 (46.5)a 120.8 (50.2)a 120.1 (33.2)a 0.001

Vitamin B2 (%RDI) 1.2mg 111.5 (40.3)ab 104.8 (40.3)ab 98.6 (33.6)bc 135.0 (55.5)a 71.5 (29.4)c <0.001

Vitamin B3 (%RDI) 9mg 188.6 (46.7)b 270.5 (106.9)a 149.8 (71.1)b 132.3 (74.4)bc 83.1 (34.0)c <0.001

Vitamin B6 (%RDI) 1mg 195.5 (58.5)a 197.1 (78.6)a 151.2 (65.3)a 152.4 (49.4)a 154.0 (75.2)a <0.001

Vitamin B9 (%RDI ) 201 µg 154.5 (53.4)bc 152.3 (71.2)c 168.8 (61.4)bc 256.3 (151.3)a 222.9 (98.8)ab <0.001

Vitamin B12 (%RDI) 1.4 µg 418.7 (182.9)b 160.9 (56.1)c 635.5 (470.3)a 215.3 (72.9)c 100.7 (105.7)c <0.001

Vitamin C (%RDI) 89mg 90.1 (69.1)a 78.6 (59.0)a 82.6 (74.1)a 80.8 (56.9)a 64.1 (52.4)a 0.502

Vitamin D (%RDI) 5 µg 51.4 (35.0)b 74.9 (45.0)b 152.4 (113.9)a 94.4 (50.9)b 55.0 (36.5)b <0.001

Vitamin E (%RDI) 9.1mg 125.8 (52.8)a 125.5 (54.0)a 148.9 (58.4)a 169.7 (65.3)a 152.6 (54.1)a <0.001

Vitamin A4 (%RDI) 501 µg 291.1 (316.0)a 289.8 (321.8)a 283.5 (291.6)a 339.5 (391.6)a 204.9 (185.4)a 0.527

Calcium (%RDI) 924mg 74.9 (26.4)b 72.6 (22.3)b 86.1 (26.4)ab 102.7 (28.6)a 75.0 (21.6)b <0.001

Potassium (%RDI) 2892mg 102.6 (23.8)a 103.6 (24.9)a 104.7 (29.8)a 85.8 (20.5)a 99.3 (19.8)a 0.002

Iron (%RDI) 8.2mg 147.7 (66.4)a 105.7 (31.2)b 102.2 (37.3)b 134.0 (48.5)ab 131.2 (36.4)ab <0.001

Magnesium (%RDI) 203mg 122.8 (30.4)b 134.7 (38.1)ab 152.2 (50.8)ab 140.5 (46.3)ab 158.3 (32.8)a <0.001

Zinc (%RDI) 9.2mg 188.5 (75.1)a 108.8 (35.2)b 82.3 (22.6)b 100.8 (24.7)b 84.5 (14.8)b <0.001

Copper (%RDI) 1.2mg 170.8 (35.7)a 167.0 (35.6)a 192.7 (132.0)a 182.5 (34.7)a 215.0 (28.5)a 0.014

Iodine (%RDI) 120 µg 159.8 (56.9)b 171.8 (50.2)b 315.3 (119.2)a 186.5 (76.0)b 199.7 (51.7)b <0.001

Selenium (%RDI) 39 µg 495.1 (165.6)c 543.9 (157.1)bc 724.7 (187.7)a 475.1 (130.6)c 669.9 (150.3)ab <0.001

LA5 (%RDI) 8.9 g 95.6 (51.7)b 109.8 (37.5)ab 84.9 (38.8)b 112.9 (31.6)ab 131.6 (49.8)a <0.001

ALA6 (%RDI) 2.2 g 50.9 (40.8)a 69.1 (59.7)a 68.6 (59.2)a 45.7 (19.3)a 54.1 (15.0)a 0.034

DHA7 (%RDI) 152mg 87.0 (177.7)b 83.8 (32.9)b 318.4 (234.3)a 98.5 (46.2)b 83.3 (23.8)b <0.001

SFA8 (%MRV) 26 g 121.5 (47.5)a 113.1 (47.3)ab 120.8 (53.9)a 141.7 (37.5)a 80.5 (33.0)b <0.001

Salt (%MRV) 6.5 g 100.9 (32.5)a 114.7 (48.0)a 121.7 (34.3)a 127.1 (30.1)a 106.7 (37.5)a 0.006

Total sugars9 (%MRV) 67.5 g 83.0 (29.0)a 85.7 (30.4)a 74.9 (27.7)a 92.1 (33.9)a 91.9 (23.2)a 0.032

1Recommended daily intake for children aged 4–13 years attending primary school in France (29). 2Maximum recommended value for children aged 4–12 years (31–33). 3Type III fixed

effects tests of the protein dish subcategory effect in ANOVA models with weight, GHGE, MAR/2,000 kcal, MER/2,000 kcal, energy content and nutrient content as dependent variables.

The same numbers indicate no significant difference between subcategories (post hoc pairwise comparisons, significance: p < 0.05 for meal indicators, p < 0.002 for nutrients). 4Vitamin

A = retinol + beta-carotene/6. 5Linoleic acid. 6Alpha-linolenic acid. 7Docosahexaenoic acid. 8Saturated fatty acids. 9Total sugars = fructose + glucose +maltose + saccharose. In bold,

% RDI of nutrients lower than 100%, or % MRV of nutrients higher than 100% (one-sample Student’s t-test, significance: p < 0.002), nutrients contents are given per 2,000 kcal of a meal.

Discussion

The goal of the present study was to compare the nutritional

quality and environmental impact of vegetarian and non-

vegetarian meals served in Dijon primary school canteens

in 2019. Based on the national regulation that encourages a

weekly vegetarian meal in school canteens, the school catering

department of Dijon exceeded the recommendation in 2019 with

greater than one-quarter of all meals being vegetarianmeals. The

average greenhouse gas emissions of a meal (1.8 kgCO2eq) were

consistent with results found in previous studies: 1.7 kgCO2eq

(33), 1.0 kgCO2eq (34), and 1.4 kgCO2eq (35). The GHGE

of non-vegetarian meals was on average greater than two-fold

higher than the GHGE of vegetarian meals. Meals with beef,

veal or lamb dishes had the highest levels of GHGE followed by

meals with fish dishes, meals with pork or poultry dishes, meals
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FIGURE 1

Nutrients in deficit and nutrients in excess in five meal subcategories based on protein dish served in Dijon primary school canteens in 2019.
Nutrients in deficit are significantly below RDI, p < 0.002; Nutrients in excess are significantly above MRV, p < 0.002. RDI, recommended daily
intake. MRV, maximum recommended value.

with eggs and/or cheese and finally vegan meals. MAR/2,000

kcal andMER/2,000 kcal of non-vegetarian and vegetarianmeals

were not significantly different, indicating similar adequacy

with recommended daily intakes in 23 nutrients to favor and

with maximum recommended values in three nutrients to

limit. However, MAR/2,000 kcal and MER/2,000 kcal were

significantly lower for meals with vegan dishes compared to

meals with fish dishes or eggs and/or cheese dishes indicating

that meals with vegan dishes had more deficits in beneficial

nutrients but also less excess in harmful nutrients. For all

subcategories of meals, the protein content was high, as

2,000 kcal of a meal could cover between 260.7 and 408.7% of the

RDI. This finding highlights rooms for reduction of protein dish

size, which would also lower GHGE. Based on the French RDI,

we highlighted that nutrient deficits are generally specific to each

subcategory of dishes, except for ALA content which was below

the RDI for all categories of meals and calcium content which

was also below the RDI for all categories of meals except eggs

and/or cheese subcategory.

On average, a meal provided 659 (SD 124) kcal. This result

is similar to values found in previous studies investigating the

nutritional quality of school meals in France: 712 kcal (16) and

590 kcal (36). Our results confirmed the nutritional adequacy of

the primary school meals served during a year in one French

city; such adequacy was previously reported based on meal

composition simulations (16, 22). We thus demonstrated that

the willingness of French policy-makers to provide nutritionally

adequate meals in school canteens (14, 18) translated into

concrete results in the school.

Our data provide specific insight into how the nutritional

needs of children are covered in a given school canteen

organization. Based on the consumption of 7- to 10-year-old

children from the French INCA3 study, some nutrients (fibers,

LA, ALA, DHA, iron, vitamin D and vitamin E) have

been identified as not reaching the recommendations defined

by EFSA (12). Based on our results, ALA RDI were also

insufficiently covered in most meals and thus dietitians may

be specifically encouraged to include ALA-rich foods when

developing school menus. This could be achieved without

relying on supplementation, for example by including more

seeds and oils with high level of omega-3. A focus on

salt and SFA contents reduction would be needed as they
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exceeded the recommended limit in most meals. Only meals

with vegan dishes did not excess the recommendation for

salt and SFA and in this respect they may be served more

frequently. However, this may call for a reformulation of

vegan dishes to increase their beneficial nutrient densities.

Overall, differences in nutrients content across the five meal

subcategories were small and they provided a variety of specific

nutrients, leading to high MAR/2,000 kcal values (from 85.6

to 89.6%) but for different reasons. Moreover, the five meal

subcategories provided different nutrients for which coverage

was higher than the RDI which could compensate for deficit

in the same nutrient in other type of meals, e.g., fish-based

meals were particularly rich in vitamin D [152.4% RDI (SD

113.9)] and DHA [318.4% RDI SD (234.3)]. Fish-based meals

could then be encouraged to promote vitamin D and DHA

intake, while ensuring fish products come from sustainable

fisheries. Aquaculture generally generates less GHGE than

animal farming (37) but it requires substantial energy resources

and generates water pollution (38). These findings highlight

the complementarity of meal subcategories in reaching overall

nutritional adequacy.

Some nutrients were found in low quantities in school

meals compared to the nutritional intake recommendations

for children, but others excessively covered dietary needs. In

particular, the protein content was high for vegetarian meals

(300.1% of daily recommended intake for 2,000 kcal), even for

meals with vegan-dishes based meals (260.7%); not to mention

the skyrocketing rate in non-vegetarian meals (400.1%). Thus,

based on our data, most school lunches cover daily protein needs

in excess (>100%).

No associations were found between GHGE and the weight

or energy content of the meals. This result differs from those of

a study examining the relationship between the environmental

impact and nutrient content of sandwiches and drinks sold

in a university canteen (UK), showing that the environmental

impact score was positively associated with portion sizes and

calories (39). This difference may be explained by the fact that

the school meal system established in France (e.g., four or five

components per meal with guidelines regarding frequencies

of food groups and portion sizes) strongly determines weight

and energy content, thus limiting their variability but not that

of GHGE.

Nor the correlation between GHGE and MAR/2,000 kcal,

neither between GHGE and MER/2,000 kcal were significant.

We showed that non-vegetarian meals emitted more GHGE

than vegetarian meals and that the nutritional quality of non-

vegetarian and vegetarian meals was similar, which may partly

explain the lack of association between GHGE and indicators

of nutritional quality. In a context where reducing GHGE from

the food system is necessary and urgent to meet the Paris

Agreement’s goal of limiting the increase in global temperature

to 1.5 or 2◦C (40), we highlighted that lowering GHGE of

school meals can be done without damaging consequences

on children’s health. Consistent with this idea, the results of

a recent study showed that the best trade-off would be a

series of 20 meals with 12 vegetarian, four fish-based and

four pork- or poultry-based meals (23). Beyond school meals,

recent evidence suggested that there are no specific nutritional

risk in vegetarian children (41) and no clinically meaningful

differences in growth or biochemical measures in vegetarian

children (42).

Strengths and limitations

The present study has several limitations. First, we

used nutritional and environmental indicators from CIQUAL,

CALNUT and AGRIBALYSE databases that include values on

average food items. We evaluated meal environmental impact

based on GHGE but we did not use other indicators such as

eutrophication, acidification, toxicity, biodiversity which may

encompass other important impacts on our planet. Moreover,

one must note that AGRIBALYSE database did not provide

a distinction between organic and conventional food items,

although their impacts may differ. For nutritional evaluation,

we did not consider actual food items composition but average

food items composition from the French reference databases.

Nutrient content may vary especially for salt and fat depending

on culinary practices. As the dietician from the central kitchen

reported trying to limit the salt and fat content of the meals,

the MER may have been overestimated for some recipes.

The confidence levels for pairing with average food items

were mostly high. For 92 items out of 433 with the lowest

confidence levels, it would have been interesting to retrieve

actual food items composition to estimate nutrient content

more precisely.

The bioavailability of nutrients was not considered in the

nutritional evaluation. The bioavailability of iron and zinc has

been showed to be lower when they come from plant-based

products (43). Bioavailability of iron (especially non-haem iron)

and zinc is altered by the presence of phytates present in certain

fiber-rich plants such as whole grains and pulses (44). However,

bioavailability of zinc is moderately impacted even for low

animal-to-plant ratio, whereas iron absorption is affected by an

increase of plant products in the diet (45).

Another limitation is that we considered the food portions

used by the central kitchen to estimate production needs (closely

related to the GEMRCN recommendations) to calculate the

nutritional quality indicators. However, the portions established

by the central kitchen were probably different from the portions

actually served to children and different from the portions

actually consumed by children. Therefore, it would be needed

to evaluate the portions of each component consumed by the

children to estimate the variability in coverage of individual
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nutritional needs. This could be achieved by using individual

food intake measure methods used in previous studies in

children (46, 47). This would also provide useful insights to

revise the size of the portions served as a protein dish, which

may help limit food waste.

This study has several strengths. First, it was based on

a unique database of meals served in one primary school

canteen system during a one-year period. For the first time,

the nutritional quality and GHGE were conjointly estimated

for actual meals within one system. Based on the availability

of yearly data, further studies could examine the evolution of

nutritional quality and GHGE over several periods or seasons

throughout the year or over several years. More globally, in

the context of a current initiative of the Dijon catering system

toward more sustainable food systems, these data provide a

baseline estimation to follow the evolution of Dijon school

catering during the coming years. Moreover, integrating other

indicators reflecting other dimensions of sustainable food

systems (48) such as attendance at school canteens, food waste,

meal cost and children’s liking of meals, could provide a holistic

view to go toward more sustainable school meals.

Conclusion

In this study, we assessed the nutritional quality and GHGE

of meals served in 2019 in Dijon primary school canteens.

We showed that all meals were of good nutritional quality,

notably as 2,000 kcal of a meal could cover on average 88%

of the recommended daily needs for 23 nutrients. Vegetarian

meals (i.e., without meat or fish) had on average two-fold lower

GHGE compared with non-vegetarian meals. Thus, increasing

the frequency of vegetarian meals beyond the current regulation

(one per week) seems to be a good strategy to meet the

double challenge of maintaining good nutritional quality and

reducing the carbon impact of school catering. The school

catering system of Dijon, like other municipalities, could

integrate more vegetarian meals by increasing the frequency of

dishes based on eggs, dairy products or vegan recipes. Future

research work aimed at improving the sustainability of school

catering, which would be nutritionally adequate for children

and respectful of the environment, should ensure that children’s

habits and tastes, costs for families and for farmers are also taken

into account.
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Background: Raw hawthorn (RH) is a traditional Chinese medicine commonly

used to treat indigestion. Charred hawthorn (CH) is obtained from RH by

charring. It is reported that the e�ect of CH treatment on dyspepsia is stronger

than RH. However, this has not been fully proven. The purpose of this study

was to compare the e�ects of RH and CH on functional dyspepsia (FD) model

rats. And contribute to the development of dietary therapy for dyspepsia.

Methods: SPF-grade male SD rats were divided into 5 groups: the control

group, the model group, the Mos group, the RH group, and the CH group.

The FD rat model was established by using the methods of water restriction,

fasting, tilting cage restraint, day and night upside down, swimming, and tail

damping. The body weight of rats in each group was recorded. And the gastric

emptying rate, intestinal propulsive rate, and the levels of motilin (MTL), gastrin

(GAS), and 5-HT in serum were compared in each group. The expression of

C-kit in the stomach and small intestine of each group was compared by

immunofluorescence and PCR.

Results: RH and CH could increase weight, improve the gastric emptying

rate and intestinal propulsive rate, and promote the secretion of motilin (MTL),

gastrin (GAS), and 5-HT in the serum of FD rats. RH and CH can upregulate the

expression of the characteristic protein c-kit of ICC in the stomach and small

intestine of FD model rats, and the e�ect of CH is stronger than RH.

Conclusion: RH and CH may increase the number of interstitial cells of

Cajal (ICC) in the gastrointestinal tract by upregulating c-kit expression, thus

improving gastrointestinal motility in FD model rats. And compared with RH,

CH has certain advantages.

KEYWORDS

charred hawthorn, raw hawthorn, interstitial cells of Cajal, functional dyspepsia,

gastrointestinal motility
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Introduction

Functional dyspepsia (FD) is one of the clinics’ most

common functional gastrointestinal diseases, but its etiology

and pathogenesis are still unclear. It refers to a series of

symptoms of dyspepsia in the stomach and duodenum,

including epigastric pain, epigastric distention, early satiety,

belching, loss of appetite, nausea, and vomiting (Tack et al.,

2006). In the Roman type III diagnostic criteria, FD is

divided into two subtypes, namely, postprandial discomfort

syndrome and epigastric pain syndrome. Usually, in the general

population, the incidence of symptoms of dyspepsia is 20%.

In addition, 80% of patients were not found to have organic

lesions during other tests such as endoscopy. The disease is

called functional dyspepsia because there’s no explanation for

its symptoms (Ford et al., 2015). The overall prevalence of

FD is 16% in the general population (Ford et al., 2020). FD

is a difficult disease to cure clinically, and its influencing

factors are many and complex. Although FD is usually not

life-threatening, the quality of life, social behavior, and mental

health of patients would be severely affected (Aro et al.,

2011). In one survey, there was no significant difference in

the effect of FD and organic dyspepsia on work efficiency

(Sander et al., 2011). This suggests that FD is as harmful as

organic dyspepsia.

Although FD is a common disease, the pathophysiological

basis is not clear, and it may be related to gastrointestinal

motility disorders, hypersensitivity reactions in the stomach,

Helicobacter pylori infection, and psychosocial factors (Wauters

et al., 2020). In response to the possible pathogenesis, many

common drugs have been used to treat FD. For example, anti-

Helicobacter pylori drugs, proton pump inhibitors (PPI), and

prokinetic drugs (Tack and Camilleri, 2018). However, these

drugs are difficult to show high effectiveness in the treatment

of FD, especially since it is difficult to solve the problem of

recurrent episodes of FD. Finding new targets for the treatment

of FD and developing targeted drugs have become the current

research hotspots (Chiarioni et al., 2018). Interstitial cells of

Cajal (ICC) are a class of cells located in the muscle tissue of

the gastrointestinal tract (GIT). Although they make up only

5% of the cells in the muscle tissue of the gastrointestinal tract,

they play a key role in regulating smooth muscle function and

gastrointestinal movement in harmony with the enteric nervous

system (Huizinga et al., 2021). ICCmediates signal transmission

of the gastrointestinal motor nervous system to smooth muscle.

ICC is the pacemaker of gastrointestinal motility, which

stimulates the rhythmic peristalsis of the gastrointestinal tract

by spontaneously generated electrical slow waves. Therefore,

structural and functional abnormalities of ICC are closely related

to gastrointestinal motility disorders and the cause of many

gastrointestinal diseases (Sanders et al., 2014; Zhang et al.,

2016). FD is a representative disease of gastrointestinal motility

disorder. ICC will be a possible direction to respond to FD in the

future (Zhang et al., 2018).

FIGURE 1

Hawthorn.

Hawthorn refers to the ripe fruit of Crataegus pinnatifida

Bge in the Rosaceae family (Figure 1). As a widely used Chinese

herbal medicine and medicinal herb, many drugs related to

hawthorn are included in the pharmacopeias of many countries

(Martinelli et al., 2021). It has a long history of being used

in indigestion, blood circulation and stasis, and cardiovascular

diseases. The charred hawthorn (CH) was prepared from raw

hawthorn (RH) by the stir-frying method which is a thermal

processing method of traditional Chinese medicine. Modern

studies have shown that RH has a certain role in improving

digestive function. The traditional Chinese medicine records

that compared with RH, CH has a stronger effect on improving

digestive function. Related studies have investigated this effect,

but more studies are needed to research the mechanism

(Wei et al., 2019). As hawthorn, many foods have special

pharmacological effects. They are useful for preventing and

treating disease. Dietary therapy refers to the use of this kind of

food to regulate bodily functions. In recent years, many studies

have paid attention to the importance of dietary therapy because

of the close relationship between food and gastrointestinal

diseases (Liu et al., 2015; Pearlman and Akpotaire, 2019).

In this study, we compared the effects of RH and CH in

the intervention of FD and elucidated the possible pathways for

improving digestive function from the perspective of ICC. It will

provide a possible solution for developing a CH-based dietary

therapy for functional dyspepsia.

Materials and methods

Preparation of RH, CH, Mos

50 g of RH and CH (Tongrentang, China) were weighed

and placed in the flask. They were extracted three times with

500mL boiling water for 1.5 h each time. After filtration, the

filtrate was combined and concentrated at 45◦C. Add pure water

and dilute to 0.3 g/ml. Mosapride citrate dispersible tablets
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(Mos, Kanghong, China) were dissolved in pure water to make a

solution of 0.15 mg/ml.

Animals

The Animal Care and Use Committee of Chengdu

University of Traditional Chinese Medicine approved the

experimental program and followed the international animal

studies guidelines to minimize the pain and discomfort of

the animals. Fifty SPF-grade male SD rats (180 ± 20 g) were

purchased from Chengdu Dasuo Experimental Animal Co.,

Ltd. Forty rats were randomly selected to receive the following

stimuli to establish the model: fasting and not prohibiting water

for 24 h, water deprivation and not fasting for 24 h, tilting the

cage for 24 h, the fixing for 2 h, day and night upside down,

swimming for 5min in 4◦C water, and clamping the tail for

1min. The rats were stimulated in random order. And the same

stimulation does not occur for 2 consecutive days. After 21

consecutive molding days, they were divided into the model

group, Mos group, RH group, and CH group. During the 7-

day administration period, the rats in the model group were still

subjected to random stimuli to maintain the model. The dosage

of the Mos group as a positive drug group was 1.5 mg/kg/d. The

TABLE 1 Primer sequences designed for RT-PCR.

Gene Primer 5′
→ 3′ Size (bp)

c-kit Forward TGGCAAAGAAGACAACGA 363

Reverse CACATGGCGTCCACGGAT

GAPDH Forward ACAGCAACAGGGTGGTGGAC 252

Reverse TTTGAGGGTGCAGCGAACTT

dosage of RH and CH groups as therapeutic drug groups was 3

g/kg/d. The Control group and model group were given equal

amounts of normal saline. The weight of the rats was recorded

daily throughout the experiment.

All rats fasted for 12 h (free water) before the last dose.

After the last dose for 40min, they were fed a black semisolid

paste (Including sodium carboxymethyl cellulose, milk powder,

soluble starch, and activated carbon). About 2ml each and the

weight is recorded (W3). After 20min, a blood sample was taken

from the abdominal aorta. The serum was separated from blood

by centrifugation at 4◦C 3,000 r/min, and stored at −80◦C.

After the pylorus and cardia were ligated, the entire stomachs

of the rats were separated. Then they were dried on filter

paper and weighed (total weight of the stomach, W1). Cut the

stomach along the great curvature of the stomach and remove

the contents. Then the stomachs were weighed again (the net of

the stomach, W2). After the small intestine is isolated, the length

of the small intestine (L1) and the movement distance of black

solid paste (L2) were measured by a ruler. Then, the stomach

and small intestine tissues were fixed in the centrifuge tubes with

4% paraformaldehyde.

Pathological changes in gastrointestinal
tissue in rats

First, the stomach and small intestine tissues of rats were

fixed in 4% paraformaldehyde solution for 48 h. After the tissues

were dehydrated and embedded in paraffin, they were cut into

4µm slices and sealed with neutral resin after hematoxylin and

eosin (H and E) staining. Then the pathological changes in the

stomach and small intestine tissues in each group were observed

under a microscope.

FIGURE 2

Weight changes in FD rats during modeling (A) and weight change during administration (B) (*** represents comparison with the control group:
P < 0.001. # represents comparison with the model group: P < 0.05. ## represents comparison with the model group: P < 0.01. ### represents
the comparison with the model group: P < 0.01).
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FIGURE 3

Micrographs of the small intestine (A) and stomach (B) of rats in the control group and FD model group (H and E staining).

FIGURE 4

Comparison of gastric emptying rate and small intestine propulsion rate between the control, FD model, Mos group, RH, and CH group.
(** represents comparison with the control group: P < 0.01. *represents comparison with the control group: P < 0.05. # represents comparison
with the model group: P < 0.05).

Determination of intestinal propulsion
and gastric emptying

The data of W1, W2, L1, and L2 can be

obtained from item 2.3. The gastric emptying rate

and small intestinal propulsion rate were calculated

according to the formula (1-1) and (1-2) (Xiao et al.,

2021).

Gastric emptying rate (%) =

(

1−
W1−W2

W3

)

× 100% (1-1)

Small intestine propulsion rate (%) =
L1

L2
× 100% (1-2)

Determination of MTL, GAS, and 5-HT by
ELISA

The contents of motilin (MTL, Elabscience Biotechnology,

China), gastrin (GAS, Elabscience Biotechnology, China), and

5-hydroxytryptamine (5-HT, Elabscience Biotechnology, China)

in the serum of rats in the control group, model group,

Mos group, RH group, and CH group were determined by

enzyme-linked immunosorbent assay (ELISA). According to

the determination method of the commercial rat ELISA kit,

the samples were incubated in 96-well-plates at 37◦C for

30min. And the washed solution was added to each well and

then discarded after incubation for the 30s. The samples were

operated in 96-well-plates according to the commercial rat

ELISA kit. The optical density (OD) value of the sample was

measured at 450 nm with a microplate reader.
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Detection of C-kit protein expression by
immunofluorescence

Paraffin-embedded slides of the stomach and small intestine

tissues were heated in an oven at 60◦C for 1 hour. Then the

slides were deparaffinized in xylene and rehydrated in ethanol

series. Next, the slides were incubated in blocking buffer (1x

PBS, 0.3% Triton X-100, 10% normal goat serum) for 1 h

at room temperature. Then, the slides were incubated with

c-kit primary antibody (1:100, A0357, ABclonal Technology,

China) overnight at 4◦C, washed, and incubated with Cy3-

coupled goat anti-rabbit fluorescent secondary antibody for 1 h

at room temperature. Images were obtained using a fluorescence

microscope. Five fields were randomly selected for each sample.

And the image was semi-quantized by Image J software.

Detection of expression of C-kit mRNA
by real-time-quantitative polymerase
chain reaction

The mRNA expression of C-kit protein in the stomach

and small intestine was detected by RT-qPCR. The total RNA

TABLE 2 Gastric emptying rate and intestinal propulsion rate in the

control, FD model, Mos group, RH, and CH group.

Groups Gastric emptying rate Intestinal

propulsion rate

Control group 62.79± 18.30% 53.62± 5.57%

Model group 35.31± 9.77% 41.26± 7.53%

Mos group 53.04± 12.18% 50.50± 5.37%

RH group 46.76± 9.30% 49.09± 3.14%

CH group 50.68± 11.18% 48.83± 7.22%

was isolated from the stomach and small intestine by using

the Total RNA Extraction Kit (R1200, Solarbio, China). The

total RNA was reverse-transcribed to cDNA with the SuperReal

PreMix Plus (FP205, TIANGEN, China). The 2×SYBR Green

PCR Mastermix (KR118, TIANGEN, China) was used for the

amplification of cDNA. The primer sequences are shown in

Table 1. The conditions of thermal cycling were 95◦C for

5min in the start cycle, 95◦C for 10 s, and then a circulation

was processed 40 times at 55◦C for 20 s and 72◦C for

30 s. A melt curve was gained by raising the temperature.

In the end, cycle threshold (CT) values were obtained

according to fluorescent signals. Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) was used as the endogenous control

for normalization. The expression of c-kit mRNA was calculated

with the 2−11Ct methods.

Statistical analysis

All experimental data are shown as mean ± standard

deviation (SD). Statistical comparisons were made by one-way

analysis of variance (ANOVA) using SPSS software (version 18.0,

USA), followed by the Dunnet t multiple comparison test. The P

< 0.05 was considered the significance level.

Results

The rats in the model group showed
abnormal behavior

Before modeling, the rats had normal behaviors such as

feeding and sleeping. After modeling, there was no significant

change in the control group, but the rats in the model group

showed a gradual loss of appetite, no increase or even decrease

in body weight, and the fur color of the rats was messy and

FIGURE 5

Comparison of the contents of 5-HT, GAS, and MTL in serum of rats in the control, FD model, Mos group, RH, and CH group. (*** represents
comparison with the control group: P < 0.001. ** represents comparison with the control group: P < 0.01. * represents comparison with the
control group: P < 0.05. # represents comparison with the model group: P < 0.05).
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TABLE 3 Contents of 5-HT, GAS, and MTL in serum of rats in the

control, FD model, Mos group, RH, and CH group.

Group 5-HT (ng/ml) GAS (pg/ml) MTL (pg/ml)

Control group 26.58± 3.60 133.39± 8.84 2236.68± 166.48

Model group 17.72± 3.40 100.69± 5.67 1350.92± 405.76

Mos group 22.08± 1.66 116.78± 13.60 1819.79± 265.75

RH group 19.91± 2.04 111.42± 11.08 1554.95± 428.00

CH group 21.37± 2.53 121.87± 11.21 1681.09± 240.46

TABLE 4 Expression of the c-kit protein in the stomach and small

intestine of rats in the control, FD model group, Mos group, RH, and

CH group.

Groups Gastric tissue Small intestinal tissue

Control group 34.84± 6.89 38.74± 13.61

Model group 13.79± 2.15 5.99± 3.81

Mos group 30.67± 4.62 14.79± 1.92

RH group 26.88± 5.99 25.46± 2.34

CH group 34.74± 8.03 31.96± 7.34

dim. The rats in the model group showed decreased sensitivity

to external stimuli such as capture and drive.

The changes in body weight were
di�erent in each group

During modeling (Figure 2A), the weight of rats in the

control group showed an increasing trend, while that in the

model group showed a decreasing trend. At the end of the

modeling, there was a significant difference in weight between

the two groups. During the administration period (Figure 2B),

the weight of rats in the control group remained unchanged,

while the weight of rats in the other groups showed an increasing

trend. The weight increase of rats in the Mos, RH, and CH

groups was better than that in the model group, but there was

still a significant difference from that in the control group.

There were no abnormal lesions in the
control group and model group

According to the histological observation of themodel group

and the control group, the morphology of the stomach and

small intestine of rats in each group were normal without

obvious ulcers, bleeding, and erosion. Histological sections of

each tissue sample showed that the histological structure of

the stomach and small intestine was normal without obvious

inflammatory cell infiltration and other pathological changes

(Figure 3). The results showed that there was no organic lesion

of the gastrointestinal tract in rats, indicating that the model met

the requirements.

The group of three treatments could
improve gastrointestinal motility in FD
rats

As shown in Figure 4 and Table 2, there were significant

differences between the control group and the model group (P

< 0.01). It indicates successful modeling. Compared with the

model group, the intestinal propulsion rate and gastric emptying

rate of rats in the CH and Mos groups were significantly

increased (P < 0.05). RH significantly promoted intestinal

propulsion in FD rats (P < 0.05). However, there was no

significant difference between the RH group and the model

group in promoting gastric emptying.

The group of three treatments could
promote the secretion of gastrointestinal
hormones in FD rats

As shown in Figure 5 and Table 3, the contents ofMTL, GAS,

and 5-HT in the serum of the model group were significantly

lower than the control group (P < 0.001). However, Mos, RH,

and CH can interfere with their contents in the serum of FD rats.

Compared with the model group, the contents of GAS increased

significantly in the Mos group and CH group (P < 0.05), but

there was no obvious upward trend in the RH group. For MTL,

only theMos group had a significant increase compared with the

model group (P < 0.05), and there was an insignificant increase

in the RH group and CH group. Compared with the model

group, 5-HT increased significantly in the CH group and the

Mos group (P < 0.01), while the RH group had an insignificant

increasing trend.

E�ect of Mos, RH, and CH on c-kit
protein expression

The results are shown in Table 4, Figures 6, 7. Compared

with the control group, the mean fluorescence density of c-kit

protein in the stomach and small intestine of the model group

was significantly decreased (P < 0.001). RH and CH can

significantly increase the mean fluorescence density of c-kit

protein in the small intestine of FD model rats (P < 0.001), but

Mos has no obvious effect. The mean fluorescence density in

the CH group was higher than that in the RH group. In gastric

tissues, compared with the model group, the mean fluorescence

density of the Mos group and CH group was significantly

different (P < 0.001). The mean fluorescence density in gastric
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FIGURE 6

Comparison of c-kit protein expression in the stomach and small intestine of rats in the control, FD model group, Mos group, RH, and CH group.
(*** represents comparison with the control group: P < 0.001. ## represents comparison with the model group: P < 0.01. ### represents the
comparison with the model group: P < 0.01. � represents the comparison with the RH group: P < 0.05).

tissues of the RH group was also significantly different from that

in the model group (P < 0.01), but significantly lower than that

in the CH group (P < 0.05).

CH significantly upregulated c-kit mRNA
expression in FD rats

As shown in Figure 8 and Table 5, compared with the control

group, the expression of c-kit mRNA in the stomach and small

intestine of the FD model group was significantly decreased (P

< 0.001). RH, CH, and Mos could interfere with c-kit mRNA

expression in the stomach and small intestine of FD rats. In

small intestine tissue, CH had the most significant effect in

upregulating c-kit mRNA expression (P < 0.001), followed by

hawthorn (P < 0.01), and Mos was weaker than the former two

(P < 0.05). In the gastric tissue, the effect of CH is still the most

significant (P < 0.001), followed by Mos (P < 0.01), and RH had

the weakest effect (P < 0.05).

Discussion

The traditional theory of Chinese medicine holds that

“fried to brown” helps to improve digestive function and

promote gastrointestinal motility. Many herbal medicines that

are fried to brown are thought to promote digestion (Liu et al.,

2021). Hawthorn has a long history of being used to treat

indigestion, and it often appears in prescriptions related to

digestive function. Some studies have shown that CH is more

effective in improving digestive function than RH (Wang et al.,

2019). Our study investigated the effects of RH and CH in the

intervention of FD and elucidated the possible mechanism.

Establishment of FD models

There are many methods for establishing the FD model.

The method of establishing the FD model in this study is

improved based on the existing research (Liang et al., 2018;

Zhu et al., 2020). In this study, multiple factors were used

for chronic induction modeling, which is determined by the

complex pathogenesis of FD. During the modeling process, the

weight of rats in the control group increased gradually, while the

weight of rats in the model group increased slowly or decreased

occasionally. This is consistent with the clinical features of FD

patients (Tack et al., 2016). No obvious pathological changes

were found in the stomach and small intestine sections of the

control group and the model group after H&E staining. This

indicated that no organic lesions of the digestive system were

caused by modeling. This is in line with the characteristics of FD

and indicates that the FD rat model in this study is reasonable.

Comparison of gastrointestinal motility
of rats in each group

Gastric emptying is the process by which food is pushed

from the stomach into the duodenum. The gastric emptying rate

can reflect the quality of gastric motility (Al-Saffar et al., 2019).

The delay of gastric emptying is closely related to gastrointestinal

motility (Kusano et al., 2014). The small intestine propulsion
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FIGURE 7

Immunofluorescence images of Characteristic protein c-kit of Cajal interstitial cells in the stomach (B) and small intestine (A) of rats in the
control, FD model, Mos group, RH, and CH group.

rate can reflect the peristaltic performance of the intestine.

Reduced intestinal peristalsis is consistent with the clinical

symptoms of FD. In this study, gastric emptying and intestinal

propulsion in FD model rats were significantly weakened

after modeling. After 7 days of continuous administration,

gastric emptying rate and intestinal propulsion rate were

improved in Mos, RH, and CH groups. CH showed significant

effects on improving intestinal propulsion and gastric emptying

in FD rats. RH can also improve intestinal propulsion

in FD rats, but the effect of promoting gastric emptying

is weak.

Comparison of gastrointestinal
hormones in serum of rats in each group

Gastrointestinal hormones secreted by gastrointestinal

mucosal cells are closely related to gastrointestinal motility

disorders (Mori et al., 2022). MTL is produced by endocrine

cells in the intestinal mucosa. It is an important regulator

of gastrointestinal motility through a specific motilin receptor

(MLN-R) (Kitazawa andKaiya, 2021). GAS is a peptide hormone

mainly existing in G cells of the gastric antrum. Its main

physiological function is to stimulate the secretion of gastric
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FIGURE 8

The expression of c-kit mRNA in the control, FD model, Mos group, RH, and CH group. (*** represents comparison with the control group: P <
0.001. # represents the comparison with the model group: P < 0.05. ## represents comparison with the model group: P < 0.01. ### represents
the comparison with the model group: P < 0.01).

TABLE 5 The expression of c-kit mRNA in the control, FD model, Mos

group, RH, and CH group.

Groups Gastric tissue Small intestinal tissue

Control group 2.25± 0.23 2.08± 0.23

Model group 0.31± 0.18 0.28± 0.14

Mos group 1.01± 0.67 0.74± 0.07

RH group 0.84± 0.14 1.01± 0.13

CH group 1.01± 0.03 1.28± 0.38

acid (Schubert and Rehfeld, 2019). 5-HT is synthesized, stored,

and released by a subset of intestinal endocrine cells called

enterochromaffin (EC) cells in the intestinal mucosa, which

has been recognized as an important signaling molecule in the

intestine (Mawe and Hoffman, 2013). In this study, the three

gastrointestinal hormones in the FD model group showed a

downregulation trend. As a positive drug, Mos can upregulate

three gastrointestinal hormones in FD rats. RH and CH also

have the effect to upregulate partial gastrointestinal hormones.

However, in general, the effect of RH and CH on gastrointestinal

hormones in FD rats was not strong, and there was no significant

difference between them.

The number of ICC in the stomach and
small intestine of rats in each group was
compared

C-Kit protein is a quantitative marker of ICC. C-kit

is a proto-oncogene that encodes receptor tyrosine kinase

(kit) (Huizinga et al., 1995). The emergence of c-kit protein

antibodies provides a variety of effective methods to identify

ICC in pathological tissue sections (Streutker et al., 2007). The

number of ICC was consistent with the expression trend of

c-kit protein (Li et al., 2019). That is, the expression of c-

Kit protein reflects the number of ICC changes. The results

of immunofluorescence and PCR showed that the number of

ICC in the small intestine and stomach of the FD model group

was significantly decreased, while the three therapeutic drugs

showed different effects on the number of ICC in gastrointestinal

tissue. In general, the effect of hawthorn on the upregulation

of ICC in the gastrointestinal tract was better than RH and

Mos. RH and CH may improve gastrointestinal motility in

FD model rats by regulating the number of ICC cells in the

gastrointestinal tract. However, the limitation of this study is

that more research is needed to prove this pathway and explain

the mechanism.

Conclusion

We have proved that hawthorn decoction had an effect on

improving the digestive function of FD rats, and the effect of

CH was stronger than RH. CH could increase weight, improve

intestinal propulsion and gastric emptying, and promote the

secretion of motilin (MTL), gastrin (GAS), and 5-HT in the

serum of FD rats. And the possible pathway is to improve

gastrointestinal motility by increasing the number of ICC in

the stomach and small intestine of FD rats. Our study will help

to develop a functional food based on hawthorn and provide a

possible dietary therapy for dyspepsia.
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Metabolic syndrome (MS) is a prominent cause of death worldwide, posing

a threat to the global economy and public health. A mechanism that causes

the oxidation of low-density lipoproteins (LDL) is associated with metabolic

abnormalities. Various processes are involved in oxidative stress (OS) of

lipoprotein. Although the concept of the syndrome has been fiercely debated,

this confluence of risk factors is associated with a higher chance of acquiring

type 2 diabetes mellitus (T2DM) and atherosclerosis. Insulin resistance has

been found to play a significant role in the progression of these metabolism-

associated conditions. It causes lipid profile abnormalities, including greater

sensitivity to lipid peroxidation, contributing to the increased prevalence of

T2DM and atherosclerosis. This review aims to cover the most recent scientific

developments in dietary OS, the consequence ofmetabolic disorders, and their

most significant clinical manifestations (T2DM and atherosclerosis). It will also

emphasize the e�ects of dietary approaches in alleviating OS in MS.

KEYWORDS

oxidative stress, metabolic diseases, a burden on health, therapeutic approaches, LDL

Introduction

Metabolism syndrome (MS) is an international public health concern. Obesity,

diabetes, dyslipidemia, elevated blood pressure, and hyperglycemia (1, 2). MS is highly

complicated and has unclear pathophysiology (3). Numerous research back up the

idea that oxidant/antioxidant imbalance may be crucial for its symptoms. Blood

samples from MS patients had higher levels of indicators for OS and lower levels

of antioxidant defenses, which may indicate an overproduction of oxidizing species

in-vivo (4). Minimally modified low-density lipoprotein (MM-LDL) and “(completely or

Frontiers inNutrition 01 frontiersin.org

473

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2022.994309
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2022.994309&domain=pdf&date_stamp=2022-10-17
mailto:drnazirahmad@gcuf.edu.pk
mailto:rusu_alexandru@hotmail.com
mailto:alimurtaza@aup.edu.pk
https://doi.org/10.3389/fnut.2022.994309
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnut.2022.994309/full
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Manzoor et al. 10.3389/fnut.2022.994309

extensively) oxidized” LDL are the two primary classifications

used to characterize oxidized LDL (ox-LDL) (5). The main

distinction between the two categories is that while MM-LDL

differs chemically from unmodified LDL, the LDL receptor still

recognizes it, unlike most known scavenger receptors. However,

none of the ox-LDL preparations are identified by the LDL

receptor, only a variety of scavenger receptors (5). The content

and the biological consequences of the many preparations that

make up each of the two categories of ox-LDL vary greatly (5).

A drop in blood vitamin C and -tocopherol concentrations, a

decline in superoxide dismutase (SOD) activity, and an increase

in protein and lipid oxidation have all been linked to poor

antioxidant defense in MS patients (4). On stopping OS in MS,

several research is being conducted. According to recent studies,

diets high in whole grain cereals, fruits, and vegetables and low

in animal fat can improve one’s overall health (6).

During the previous two decades, T2DM and atherosclerosis

have become the world’s leading causes of death in the

last 20 years (7, 8). The prevalence of these diseases varies

from region to region (9). Diabetes is linked to many

other conditions and consequences leading to tissue and

organ damage. The prevalence of heart diseases, including

peripheral vascular disorders, high blood pressure, ischemic

heart diseases, and atherosclerosis, is especially high (80%) in

North American diabetic patients (9). It is also one of the

leading causes of neuropathy, retinopathy, and nephropathy

(10, 11).

According to the international diabetes federation (IDF),

about 415 million people with diabetes live worldwide.

The prevalence rate is 8.8 and 75% of people live in

developing countries. By 2040, approximately 642 million

people will be affected by T2DM (12). According to this survey,

prediabetes and T2DM prevalence rates are 10.91% and 26.3%,

respectively. Overall, 27.4 million people older than 20 years

have diabetes.

On the other hand, atherosclerotic cardiovascular diseases

(ASCVD) are a leading cause of global morbidity and mortality

(13, 14). According to the World Health Organization (WHO),

17.9 million individuals died from cardiovascular diseases

(CVDs) in 2019, 32% of all global deaths. Of this 32%, 85% were

due to heart attack and stroke. The ratio of deaths due to CVDs

was three quarters more in low and middle-income countries.

Under the age of seventy, 17 million premature deaths occurred

in 2019 due to non-communicable diseases. Of the 17 million

deceases, 38% were caused by CVDs.

This paper aims to give a broad overview of OS’s

contribution to the pathophysiology of MS and other

associated risk factors. In particular, it is focused on (i)

the relationship between ox-LDL and metabolic disorders, (ii)

dietary management for a reduction in oxidation and glycation

of LDL, and (iii) dietary approaches to inhibit LDL oxidation

and glycation. In addition, the global health burden of MS has

also been discussed.

Burden on health system

According to research in 2015, an estimated direct or

indirect cost for CVDs was $555. An estimation is that annual

costs will be increased to above $1 trillion by 2035 (15). In

2015, the Center for Medicare and Medicaid Services spent

nearly $32,000 per capita on stroke and heart failure, almost

$29,000 (16).

Diseases that occur after metabolic disturbance are linked

to a process that causes LDL oxidation. Typically, 60–70% of

LDL moves back to the liver after circulation, and peripheral

tissues take the remaining 30–40% take the remaining 30–40%.

North America, Europe, and Asia have hosted the majority

of the studies on MS (17). Because of this, little is known

about the prevalence and risk factors of MS in the population

of sub-Saharan Africa. According to the limited studies that

have been done in sub-Saharan Africa, the incidence of MS is

quickly catching up to that in affluent countries (18). It could

result from harmfulWestern food and lifestyle changes, cigarette

use, and anti-HIV medication usage in those regions (19). The

prevalence of non-communicable diseases (NCDs) has recently

grown in sub-Saharan nations like Ethiopia due to fast economic

expansion, an aging population, and sedentary lifestyles (20).

Relationship between ox-LDL and
metabolic disorders

Diabetes

T2DM is the most common type of diabetes mellitus.

It is typically characterized by chronic hyperglycemia,

hyperinsulinemia, dyslipidemia, and lipotoxicity, resulting

in progressive deterioration of insulin secretion and insulin

action (21). Hyperglycemia results from the overproduction of

free radicals, which are linked to the development of diabetes

(22). It has been found that insulin resistance plays a key

role in the occurrence of T2DM. Risk factors often include

hyperinsulinemia, decreased high-density lipoprotein (HDL)

cholesterol, elevated triglyceride, and hypertension with insulin

resistance (23). Adipocyte insulin resistance and inflammation

have been identified as essential factors in the occurrence

of T2DM (24). It is undeniable that insulin resistance is

characterized by decreased peripheral glucose uptake (primarily

in the muscles) and increased endogenous glucose production.

In addition, it decreased peripheral glucose utilization and

impaired beta-cell function (25).

Typically, in a way mentioned in Figure 1, glucose uptake,

glucose moves inside the cells. But in insulin resistance,

insulin receptors become resistant to insulin which ceases

this mechanism, and insulin and glucose levels elevate in the

bloodstream. Insulin resistance can disrupt glucose metabolism

(26), resulting in chronic hyperglycemia, which causes OS and
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FIGURE 1

During high hyperglycemia, reactive oxygen species (ROS) is excessively increased in mitochondria. Three main pathway is responsible for
hyperglycemia damage an activation of the polyols pathway, PKC pathway, and accumulation of AGES will prevent diabetic complications
altogether.

inflammatory responses that cause cellular damage. LDL is

exposed to high circulating glucose levels due to the high glucose

concentration in the blood. This exposure changes the LDL to

glycated LDL.

Diabetes is also caused by excessive reactive oxygen species

(ROS) produced in obese people, which causes the proliferative

arrest of pancreatic beta β-cells (27). Most -cells do not have

the potential to re-enter the cell cycle or have a short cell cycle

length. ROS plays a significant part in the dysregulation of

pancreatic cell proliferation by changing the cell cycle regulators,

contributing to the onset and progression of diabetes (27).

Numerous studies have also shown a direct link between

elevated OS in MS and nicotinamide adenine dinucleotide

phosphate oxidase (NOX) activity (28, 29) (Figure 2).

Changing dietary intake from organic healthy foods to

highly processed foods may lead to increased exposure to

advanced glycated end products aged garlic extracts (AGEs)

by a non-enzymatic chemical reaction called glycation (30).

In industries, AGEs are used to improve flavor and color

and increase the shelf life of food (30). On the other hand,

increased exposure to these AGEs may lead to severe health

disorders. There are two types of AGE: Serum endogenous

advance glycated end products (sAGE) that form within the

body during digestion, absorption, and metabolism (30). Foods

are the exogenous AGEs also called dietary AGEs (dAGE’s). Both

endogenous and exogenous AGE’s significantly contributed to

the total body AGE pool (31).

Different Researches explain that older individuals have been

exposed to both endogenous and exogenous AGE (32). It leads

to the development and progression of severe health disorders

(32). These age-related problems are mediated and associated

with OS and inflammation (33). Increased daily intake of

processed foods, deep-fried foods, and high fructose items may

cause inflammation and disturbance of the immune system. The

primary physiological effect of insulin on nutrient utilization

and intermediary metabolism occurs in the postprandial state

when variable increases in plasma glucose cause insulin

secretion (34). It results in glucose clearance from plasma by

stimulating its uptake, using skeletal muscle and adipose tissue,

and attenuating hepatic glucose production by inhibiting hepatic

gluconeogenesis and glycogenolysis (Figure 3).

Insulin resistance may affect lipid metabolism as much

as glucose (38). Ox-LDL was significantly linked to insulin

resistance in children, young adults, and the elderly. Diabetes

patients had substantially higher ox-LDL levels than non-

diabetics (38). Insulin’s main effects also preserve skeletal muscle

mass by inhibiting protein breakdown, translating specific

protein groups, and inducing lipid accumulation in adipose

tissue (39). However, insulin resistance can be any impairment

of insulin action on target tissues (40).
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FIGURE 2

Insulin binds to insulin receptors α units which cause phosphorylation of insulin β units. After activating the insulin receptor substrate subunit,
P13-K is attached to domain hands on both sides. This procedure activates Akt protein kinase B, which plays an important role in transferring
glucose inside the cells.

FIGURE 3

In normal conditions, after taking food, the glucose level of the blood increases. High glucose levels stimulate pancreatic β cells responsible for
insulin production. After the activation of β cells, insulin level increases in the blood, which lowers glucose level to the normal range. When this
insulin production is not enough for glucose utilization, glucose remains constant in the blood (35–37).
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OS in metabolic disorder leading to
obesity

OS is a double-edged sword since it can cause and

result in obesity. Numerous epidemiological, animal, and

clinical investigations have shown that obesity and redox

change are related (41). Increased OS can result from

several variables, such as high-fat, high-carbohydrate diets, and

persistent undernutrition, by activating intracellular pathways

such as NOX, oxidative phosphorylation in mitochondria,

glycoxidation, protein kinase C (PKC), and the polyol pathway

(41). OS and obesity are related through mutual support

pathways (42). In addition to causing a persistent chronic

inflammatory state by excessive ROS formation due to a

high-fat, high-carbohydrate diet and inhibited antioxidant

system, obesity can also produce systemic OS through NOX

activation (27). Even though it is difficult to pinpoint which

comes first, inflammation and OS coexist in obesity (27).

The overproduction of ROS may be further exacerbated by

the redox-sensitive transcription factors, including NF-kB and

activator protein (AP)-1, which are activated by ROS and

producemany pro-inflammatory cytokines (27). It causes a cycle

that breeds a variety of illnesses, including insulin resistance,

T2DM, atherosclerosis, and cancer, all referred to as MS (27, 43).

Atherosclerosis

Several genetic and environmental factors lead to CVDs.

Oxidation of LDL is the main factor that leads to subclinical

CVDs by initiating atherogenic events. These events cause the

formation of mature atherosclerotic plaque. Atherosclerosis is a

disease in which blood delivery and flow reduce all across the

body due to the hardening and thickening of blood vessels (44).

The oxidation of LDL also aids the formation of

atherosclerotic plaques. Atherosclerosis is a condition

of developing complicated atherosclerotic plaques and

causes the hardening and narrowing of the arterial wall

(45). The Greek term atherosclerosis consists of two parts,

the first one is Atherosis and the second one is sclerosis.

Atherosis means fat accumulation goes along with several

macrophages, and sclerosis is defined as a fibrosis layer

consisting of smooth muscle cells, connective tissues, and

leukocytes (46).

LDL does not directly promote atherosclerosis, but its

oxidative modification in intima can increase foam cell

formation at the lesion site and atherosclerotic plaque formation

(47). For a clear understanding of how ox-LDL leads to

atherosclerosis, there is a need to explain the whole mechanism

of atherosclerosis. The atherosclerosis process includes three

main steps: 1. Formation of fatty streaks, 2. Formation of

atheroma, and 3. Formation of atherosclerotic plaque.

Fatty strips formation

For a clear understanding of how ox-LDL leads to

atherosclerosis, there is a need to explain the whole mechanism

of atherosclerosis (48). The atherosclerosis process includes: (a):

In the first step, due to elevated level of plasma LDL cholesterol,

LPL-C entered endothelial cells by endocytosis. Because of

the high level of plasma LDL, extracellular proteoglycans

increase (49). LDL has a great affinity with this extracellular

component, so it gets trapped at the lesion side in the intima

wall of arteries. So, the Concentration and period of stay

in intima increased (50). These factors result in spontaneous

oxidative modification of trapped LDL. (b) In a second step,

ox-LDL functions as an antigen for T-cells and activates T-

cells, so accordingly secrete cytokines that initiate endothelial,

smooth muscle cells and macrophages SMS in further steps.

(c): In the third step, activated or altered endothelial cells

generate adhesion molecules on leukocytes (51). Adhesion

molecules have specific receptors expressing smooth muscle

cells and vascular endothelial cells on specific leukocytes.

In the expression of adhesion receptors, transcription factor

NF-αβ is activated by pro-inflammatory binding cytokines

to their receptors on the endothelial surface and performed

transcription (52). These adhesion molecules play a vital role in

chemokines/cytokine production and release, which is critical in

the activation and release of leukocytes. Furthermore, migration

of endothelial and smooth muscle cells (SMC) accurse due

to specific chemokines. From various studies, it has been

demonstrated that adhesion molecules are unregulated by ox-

LDL. (d): In the fourth step, phagocytes differentiate into

macrophages after insertion into the intima. Macrophages carry

out uptake and acquisition of ox-LDL with the action of their

scavenger receptors. They will convert to yellowish foam cells—

cytokines and ox-LDL increase the expression of these receptors

when monocytes differentiate into macrophages (51). Ox-LDL

ligand surface is phospholipids that start their absorption to

receptors which will be oxidized at no two locations and result

in the formation of aldehydes that have the power to attack

Apo lysine residues. These yellow foam cells accumulated on the

walls of arteries, and lipid strips formed. Monocytes can also

produce cytotoxic substances, leading to more LDL oxidation

and damage (51).

Formation of atheroma

Endothelial cells secret small peptides such as cytokines

and growth factors like interleukin 1 (IL-1) and TNF causing

smooth muscle cell migration and synthesized extracellular

matrix. It forms the fibrous cap of collagen-rich fiber tissues,

SMC, macrophages, and T-lymphocytes (46).
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FIGURE 4

LDL is not directly promoting atherosclerosis, but its oxidative modification in intima can lead to increases in foam cell formation at the lesion
site and atherosclerotic plaque formation (53).

FIGURE 5

Attachment of sugar with protein strand (Apo B) is called LDL glycation, modification of Apo B by Free radicals known as LDL oxidation.

Formation of atherosclerosis plaque

All the above factors formed mature atherosclerotic plaque

that further obstructs arteries’ blood flow. So, ox-LDL can be

diligently involved in the atherosclerotic process by different

mechanisms, including the activation of t-cells. Endothelial

cell (EC) activation and dysfunction, activation of macrophage

(Figure 4). By up-regulated adhesion molecules, foam cell

formation by increasing the expression of scavenger receptors

of macrophages and by proliferation and migration of vascular

smooth muscle cells (VSMC) (46, 54, 55).

Dietary management for a reduction
in oxidation and glycation of LDL

Taking foods containing complex carbohydrates like

vegetables, fruits, cereals, and dairy products has a low

concentration of AGEs (56). Avoid snacks, biscuits, and other

processed foods as they contain high levels of AGEs. The

cooking method and heating duration played an essential role in

the increased production of AGEs (56). Deep frying increased

the concentration of glycated products. Take adequate vitamin

C, B, and phytonutrients (56) (Figure 5).

Dietary approaches to inhibit LDL
oxidation and glycation

Mono-unsaturated fatty acid
A study was established to compare the effect of high

monounsaturated fatty acid and a high carbohydrate diet on

LDL oxidation (57). To reach the result, twenty men and women

were taken with diabetes mellitus and a mean age of 61. They

were given an isocaloric diet with carbohydrates (28% energy)

and monounsaturated fatty acid (MUFA) (40% energy) for 6

weeks. After 6 weeks, LDL susceptibility to oxidation, body

weight, glycemic control, and lipid profile were measured. It

was concluded that both high carbohydrate and high MUFA

natural food-based diets have a similar effect on LDL oxidative

resistance and overall metabolic control in patients with diabetes

mellitus (58). Body weight, total cholesterol and triglycerides
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were also the same after the two diets. Still, the only difference

was that the high monounsaturated fatty acid diet lowered the

very-low-density lipoprotein (VLDL) by 35% compared to a

high carbohydrate diet. MUFA was also a good alternative to a

high carbohydrate diet for T2DM (Figure 6).

High fat diet
A study showed the effect of a high-fat diet in lowering

plasma triglycerides and VLDL concentration in patients with

diabetes mellitus (59). This effect was due to increased lipolysis

activity or increased clearance of triglyceride-rich lipoprotein

(60). It was seen that HDL concentration also increased after the

consumption of a high monounsaturated diet as compared to

a high carbohydrate diet (61). The net increase was 0.05 mmol

and reduced the susceptibility of LDL oxidation (61). According

to the study, the subjects fed a diet rich in oleic acid were

less susceptible to oxidation (62). Diet rich in monounsaturated

acid has 27% more α-tocopherol than compared to a diet rich

in carbohydrates (62). It has a protective role against LDL

oxidation due to its antioxidant properties.

Vitamin E
Diabetes lowers antioxidant vitamin levels, making lipids

more vulnerable to oxidative assault. Lipid-soluble antioxidants

carry LDL like vitamin E and carotenoids (including b-

carotene and lycopene) that shield it from oxidation (63). A

significant water-soluble chain-breaking antioxidant, vitamin C

(ascorbate), works by rebuilding a-tocopherol from its oxidized

radical state (64). Diabetes patients have been shown to have

lower vitamin E and ascorbate (65).

It may be due to the antioxidant property of Vitamin E,

which reduces the number of oxidants and free radicals and

have a protective role in lipid oxidation (66). With the admission

of vitamin E, paraoxonase 1 protein has expanded in the

blood, showing a decline in OS and protecting the lipids from

oxidation (67).

Polyphenols
Polyphenols are the primary antioxidants in the human

diet (68–70). They have antioxidant and anti-inflammatory

properties and have a protective role against chronic health

problems that involve inflammation (71–73). Culinary herbs

and spices have a higher concentration of phenolic compounds

and low caloric content, which is advantageous in diabetes

mellitus (74, 75). One of the results of raised blood glucose is an

expansion in the nonenzymatic glycation of proteins. Evidence

showed that the extract of these herbs and spices might block

the formation of advanced glycated end products (AGEs) (76).

In vitro experiment showed that 50% ethanolic extracts of these

herbs and spices inhibit fructose-mediated protein glycation.

Extracts of cinnamon and ground Jamaican allspice are the most

effective inhibitors of glycation (77, 78).

Histidine and carnosine
Histidine and carnosine are synthesized in the liver, skeletal

muscle, and brain. These compounds are known for their

antioxidant properties, such as scavenging free radicals binding

the metal ions and inhibiting glycation (79). LDL oxidation

and glycation result from high blood glucose (80). That

cause vascular damage and further complication. Research

suggests that histidine and carnosine might protect against LDL

oxidation and glycation (81). Because they are amino acid-base

compounds with a higher affinity for water-soluble molecules,

they may compete for glucose with the apo-B part of the

LDL molecule, allowing them to postpone the glycation process

between glucose and the LDL protein part (82).

After the estimated time, ingestion of histidine and

carnosine at a ratio of 1 g/L in diabetic mice significantly

reduced blood glucose and fibronectin levels (81, 83).

These agents showed a dose-dependent effect in suppressing

malondialdehyde formation and glycation (81). Treatments with

1 g/l histidine and carnosine significantly enhanced glutathione

peroxidase activity (81). In diabetic mice, consumption of

histidine or carnosine greatly reduced the activity of interleukin

(IL) 6 and tumor necrosis factor (TNF) alpha (84).

Garlic extract
In different studies, aged garlic extract inhibited LDL

oxidation and reduced oxidized-induced cell injury (85, 86).

The antioxidant effects of AGE were investigated further

using bovine pulmonary artery endothelial cells (PAEC) and

murinemacrophages (86). Lactate dehydrogenase (LDH) release

and intracellular glutathione (GSH) levels were measured

as indicators of membrane injury. Ox-LDL increased LDH

release while depleting GSH. These changes were prevented by

pretreatment with AGE (86).

L-carnitine
L-carnitine protects against CVD by increasing HDL

cholesterol, inhibiting LDL cholesterol oxidation, and

neutralizing the atherogenic effects of ox-LDL cholesterol

(87). Reduced concentrations of TBARS (Thiobarbituric acid

reactive substances) and conjugated dienes, which are indices

of lipid peroxidation, in the blood of diabetic hyperlipidemia

patients (87). These lower concentrations could be attributed to

a decrease in or increase in the use of antioxidant mechanisms

(87). Changes in the composition of LDL cholesterol may result

in conformational changes, resulting in a different exposure of

fatty acids to oxygen-free radicals and changes in the rate of

lipid peroxidation (88).
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FIGURE 6

Vitamin E, Polyphenols, Terpenoids, Histidine, and carnosine
have antioxidant and anti-inflammatory properties and
protective roles against LDL oxidation and glycation. They
protect by scavenging free radicals by covering the glycation
sites of protein. And lowers the blood glucose levels.

Novel strategies
New combination approaches have been used to target

glycolysis (through targeting PKM2 or pyruvate dehydrogenase

kinase) and increasing oxidative phosphorylation, resulting in

increased OS in cancer cells (89, 90). Different studies found

that inhibiting de-novo lipogenesis in prostate cancer cells with

soraphen A (an inhibitor of acetyl Co- carboxylase) causes

an increase in polyunsaturated fatty acids, OS, and greater

sensitivity to chemotherapeutic treatments (91). Overall, OS

is integral to carcinogenesis and cancer cell metabolism and

presents novel treatment possibilities (91). Phytochemicals like

green tea component epigallocatechin-3 gallate and turmeric

component curcumin have been shown to reduce obesity-

associated polyp formation in animal models by inhibiting

PI3K/Akt and MAPK signal pathways and have been suggested

as a prevention strategy for obesity-associated colon cancer (92).

Combination therapies target glycolysis (by targeting PKM2

or pyruvate dehydrogenase kinase) and encourage oxidative

phosphorylation, leading to increased OS (93). Antioxidant and

anti-inflammatory effects of curcuminoid-piperine combination

in subjects with MS have also been studied in randomized

control trials (94).

Lifestyle modification

Lifestyle factors such as smoking, drinking alcohol, eating

a proper or improper diet, exercising, and being untrained

all contribute to OS (95). According to different studies, ROS

exists in muscles and controls muscle function (96). ROS

are continually produced at low levels by skeletal muscle

fibers, and these levels rise during muscular contraction. They

are implicated in skeletal muscle exhaustion during intense

exercise and have several direct and indirect impacts on muscle

function (contractility, excitability, metabolism, and calcium

homeostasis) (96).

Restoring the body’s redox equilibrium is one of the most

acceptable ways to eliminate harmful OS (97). The objective

may be to regain a healthy BMI through physical exercise

and a low-fat, low-carbohydrate diet rich in antioxidants

(98). A clinical investigation found that weight loss reduces

signs of OS and boosts the antioxidant system, lowering

the risk of CVDs linked with obesity (99). Natural fruits

(100), green vegetables (101), whole grains (102), legumes

(101), fish (103), olive oil (104), and probiotics (105), which

are high in MUFA and polyunsaturated fatty acids (PUFA),

vitamin C, vitamin E, and phytochemicals, aid in weight

management and reduce the risk of metabolic diseases via

a variety of mechanisms including cell signaling, altered

gene expression, and decreased OS (101). Physical activity

and exercise improve the body’s antioxidant system, which

aids in the management of OS by scavenging harmful

free radicals, and alters cell-signaling pathways, which

activate detoxification enzymes, reduce inflammation,

promote normal cell cycle, inhibit proliferation, induce

apoptosis, and prevent tumor invasion and angiogenesis

(101).

Conclusion

OS is linked to all modern diseases. Diabetes, CVDs,

and cancer are the top causes of death worldwide. These

disorders are brought on by OS, which causes inflammation.

LDL is oxidized, forming AGEs and ox-LDL end products,

damaging the cellular mechanism and disturbing function.

This damage results in the development of diseases. Dietary

oxidation is a significant cause of ox-LDL and AGEs, which

can be addressed through appropriate diet management

and consumption of suitable phytonutrients. Since OS

has become a major factor in chronic metabolic diseases,

it is crucial to: (i) further understand the mechanisms

that disturb the healthy balance between oxidative and

antioxidative processes; (ii) incorporate various nutritional

antioxidants into current therapies, including those that

can neutralize OS, such as flavonoids, arginine, vitamin C,

vitamin E, carotenoids, resveratrol, and selenium; and (iii)

prevent mitochondrial dysfunction from boosting defenses

against OS.
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Introduction: Serum vitamin D3 concentration is associated with the risk of

insulin resistance. Zinc has also been reported to be associatedwith a lower risk

of insulin resistance. In addition, zinc is an essential cofactor in the activation

of vitamin D3. However, the e�ect of dietary zinc intake on the relationship

between vitamin D3 and insulin resistance risk has not been fully studied.

Therefore, we designed this cross-sectional study to assess the impact of

changes in zinc intake on the relationship between vitamin D3 and insulin

resistance risk.

Study design andmethods: This study analyzed data from the national Health

and Nutrition Examination Survey (NHANES) from 2005 to 2018, involving

9,545 participants. Participants were stratified by zinc intake category (low zinc

intake<9.58 mg/ day; High zinc intake: ≥9.58 mg/ day).

Results: In this cross-sectional study, serum vitamin D3 levels were

independently associated with the risk of insulin resistance in both the low

and high Zinc intakes (β: −0.26, 95%Cl: −0.56∼0.04 vs. β: −0.56, 95%Cl:

−1.01∼-0.11). In addition, this association was influenced by di�erent dietary

zinc intakes (interaction P < 0.05).

Conclusions: Our results suggest that zinc intake may influence the

association between serum vitamin D3 and the risk of insulin resistance.

Further randomized controlled trials are needed to provide more evidence of

this finding.

KEYWORDS

vitamin D3, zinc, insulin resistance, a cross-sectional study, interaction
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Introduction

Insulin resistance is a part of abnormal cardiovascular

metabolism, often referred to as “insulin resistance syndrome”

or “metabolic syndrome,” which may also accelerate the

development of atherosclerosis, hypertension or polycystic

ovary syndrome (1). Especially, Insulin resistance has been

confirmed to be closely related to the onset of type 2 diabetes

(T2D) (2). The increase in the prevalence of T2D has become a

serious public health problem, resulting in an increase in related

morbidity and mortality in addition to a huge economic burden

(3). Therefore, it is necessary to identify the nutrients associated

with insulin resistance to prevent insulin resistance.

Vitamin D deficiency is an epidemic (4) and has been linked

to asthma, diabetes, cancer and neuropsychiatric disorders

(5). In recent years, there have been numerous studies on

the relationship between vitamin D and insulin resistance

(6–9). However, the relationship between vitamin D3 and

insulin resistance remains controversial. The study of Mahendra

Bhauraoji Gandhe et al. showed a significant negative correlation

between vitamin D status and insulin level, suggesting that

vitamin D supplementation may increase insulin sensitivity

(10). However, the study of Zixin Xu et al. showed that

such correlation varies between individuals and races (11).

In addition, oral glucose tolerance tests conducted by Dilek

Erdonmez et al. in some high school students showed no

correlation between insulin measurements and vitamin D

deficiency (12). These differences in findings may be due

to potential confounding factors that have not been fully

considered, such as dietary zinc intake.

Zinc has been reported to be associated with insulin

resistance risk. Higher serum zinc concentrations are associated

with increased insulin sensitivity (13). Zinc has specific

functions in the biochemistry of insulin and glucagon in

pancreatic β- and α- cells (14). In addition, the expression of

the gene SLC30A10 encoding the zinc transporter ZnT10 was

regulated by vitamin D3 (15). It is concluded that zinc may be

associated with the activation of vitaminD.However, the current

study has not fully explored the effect of dietary zinc intake on

the relationship between vitamin D3 and insulin resistance risk.

Therefore, in this cross-sectional study, we hypothesized that

zinc and vitamin D3 interact with insulin resistance. We aimed

to investigate the effect of zinc intake on the association between

vitamin D3 and insulin resistance.

Methods

Data sources and study population

This is a cross-sectional study. We used data from the

National Health and Nutrition Examination Survey (NHANES)

continuously from 2005 to 2018. Participants included in the

analysis were aged 20 years or older and had completed

interviews and examinations in the mobile examination

center (MEC). Participants with unknown serum vitamin D,

insulin resistance, and covariates were excluded. NHANES

(16) is a national health-related survey designed to assess the

health and nutritional status of non-hospitalized US citizens.

Survey participants selected representative samples of multi-

stage stratified probability indicators (17). Extensive household

interviews were conducted to gather demographic and health

history information. A physical examination was performed and

blood samples were collected in the MEC. The serum samples

were analyzed in the United States by the Laboratory Science

Division of the National Center for Environmental Health and

the Centers for Disease Control and Prevention.

The study was approved by the Ethics Review Board of the

National Center for Health Statistics Research. Before starting

the study, the protocol was approved by the ethics board

of the national review board CPP Sud-Méditerranée IV. Our

research is based on public data from the NHANES, all details

are from the official website (https://www.cdc.gov/nchs/nhanes/

index.htm).

Zinc intake

Data on zinc dietary intake during the previous 24 h were

collected through MEC’s dietary review interview. Daily zinc

intakes were divided into high and low intakes based on a

median (9.58 mg/d). In large-scale surveys, 24-h recall (18)

is the most commonly used dietary intake survey method.

The decision to continue using the method at NHANES over

the years was based on a consensus reached by the expert

group at regular seminars to evaluate NHANES ’data collection

methods (19).

Definition of insulin resistance

HOMA-IR is used to evaluate individual insulin resistance

levels. The index was calculated as follows: fasting glucose level

(FPG, mmol/L) × fasting insulin level (FINS, µU/mL) /22.5.

Where, coefficient 22.5 is the correction factor, which refers

to the blood glucose level of 4.5 mmol/L corresponding to 5

µU/mL plasma insulin in normal individuals. HOMA-IR reflects

the interaction between glucose and insulin in different organs.

The HOMA-IR index of normal individuals is 1. With the

increase of insulin resistance level, the HOMA-IR index will be

higher than 1.

Covariates

This article takes into consideration the age, sex,

race/ethnicity, marital status, PIR, BMI, high-density

lipoprotein cholesterol (HDL-c), education level, smoking
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status, physical condition, activity, alcohol, level of serum

vitamin D3, magnesium dietary intake, dietary zinc intake,

dietary calcium intake, serum vitamin A level, total cholesterol,

as A potential confounding factors. Race and ethnicity are

divided into Mexican-Americans, non-Hispanic blacks,

non-Hispanic whites, other Hispanics, and other races,

including multiracial. Marital status is divided into married

and unmarried, and married includes cohabitation, separation,

divorce and widowhood. Smoking status is classified as current

smokers, former smokers and never smokers. Participants

who reported not smoking 100 cigarettes in their lifetime were

considered never-smokers. Participants who smoked more than

100 cigarettes in their lifetime but did not currently smoke were

considered former smokers. Reports have smoked more than

100 cigarettes in their lifetime and are now considered current

smokers sometimes even daily. We define household income

using the poverty income ratio (PIR), which is calculated from a

specific threshold for household size. BMI is an internationally

used measure of obesity and health, calculated from weight and

height. Measure your weight in pounds on a digital scale and

convert it to kilograms. Height is measured with an electronic

tacheometer, accurate to millimeters. Education level includes

below high school, high school graduation and university degree

or above. Physical is classified as no or unknown, moderate

or vigorous, according to whether moderate exercise caused a

slight increase in respiration or heart rate, and vigorous exercise,

fitness or recreational activities caused a significant increase

in respiration or heart rate during the week. Work activity

was classified according to three levels of activity intensity,

non-work activity, moderate work activity and vigorous work

activity. The drinking status of the drinkers and non-drinkers.

Categorize drinkers as having more than 12 alcoholic drinks

per year. Dietary recall interviews were conducted prior

to MEC interviews to collect dietary information for the

previous 24 h, including total dietary energy, vitamin D3,

magnesium, zinc, and calcium. Vitamin D3 is the concentration

in the serum.

Statistical analysis

All analyses were performed using statistical software

package R (http://www.R-project.org, R Foundation). The

relationship between serum vitamin D3 concentration and

insulin resistance was compared between low and high zinc

intakes. We used the sample weight provided by NHANES.

A hierarchical weighted multiple logistic regression model was

used to subgroup zinc intake. Calculate the beta value and

95% confidence interval. The likelihood ratio test was used to

examine the interactions between subgroups. A linear trend test

was performed by entering the median value of each serum

Vitamin D3 as a continuous variable in the model. P-values <0

are considered statistically significant. The continuous variables

are analyzed by t-test (Normal distribution) and Kruskal–Wallis

(skewness distribution) tests.

Result

Baseline characteristics of the study
population

SevenNHANES cycles were used in this study, namely 2005–

2006, 2007–2008, 2009–2010, 2011–2012, 2013–2014, 2015–

2016, and 2017–2018. As shown in the flow chart (Figure 1),

70,190 potential participants were identified; among them,

39,749 adults (≥20 years old) were included, excluding minor

participants younger than 20 years old (n= 30,441); Participants

with absent serum 25-hydroxyvitamin D concentration data

and absent insulin resistance were excluded (n = 27,165).

After excluding participants with missing covariant data, the

remaining 9,545 participants were included in our analysis. A

flowchart for exclusion criteria is shown in Figure 1. Table 1

shows the baseline characteristics of a study population divided

into two groups based on dietary zinc intake. Individuals

with high zinc intakes (≥9.58 mg/day) were more likely

to be male, Caucasian, younger, stronger, more physically

active, more highly educated, and mostly with higher incomes

than those with low zinc intakes (<9.58 mg/day). Individuals

with high zinc intake drank less alcohol and had lower

HDL levels. In terms of dietary factors, dietary calcium,

magnesium, vitamin D3 and vitamin A intakes were higher

among participants with higher zinc intakes. There were

no significant differences in marital status, BMI, smoking

status and HDL levels between the high and low zinc

intake groups.

Zinc intake a�ects the association
between vitamin D3 and insulin
resistance

After adjusted for age, gender, race/ethnicity, BMI,

education level, physical activity, smoking status, alcohol,

PIR, marital status, HDL, total cholesterol, work activity,

dietary magnesium intake, dietary calcium intake, dietary zinc

intake, serum vitamin D3 levels, dietary vitamin A intake, and

magnesium had an interaction with the association between

vitamin D3 and insulin resistance (Table 2). Vitamin D3 was

used as a categorical variable. The two groups were divided

into two groups: low level group (≤58.3 nmol/L) and high level

group (>58.3 nmol/L). In the high zinc intake group, the mean

β value of insulin resistance of participants with serum vitamin

D3 > 58.3 nmol/L was−0.56 (95%CIS:−1.01–0.11, P = 0.014),
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FIGURE 1

The flow chart of the study.

suggesting a correlation between dietary zinc intake and vitamin

D3 and insulin resistance (likelihood ratio test of interaction P

< 0.05, P < 0.05). However, there was no significant difference

in the low zinc intake group (P = 0.092). In addition, serum

vitamin D3 levels were further divided into three groups: low

level group (≤47.3 nmol/L), moderate level (47.3–69.8 nmol

/L) and high level (≤69.8 nmol/L). Among participants with

high zinc intake, there was an independent association between

serum vitamin D3 levels and HOMA-IR index, and whether

this association was affected by different zinc intake. Insulin

resistance decreased significantly with increased vitamin D3

concentration in the high-zinc group (β =−1.04, 95%CI:−1.61

∼ −0.46, P < 0.001) but not in the low-zinc group (β = −0.27,

95%CI:−0.64∼ 0.1, P = 0.154).

Discussion

In a sample of adults over 20 years of age from the National

Health and Nutrition Examination Survey (NHANES), our

results suggest that serum vitamin D3 levels were significantly

higher in non-insulin-resistant participants with high zinc

intake than in insulin-resistant participants. Serum vitamin D3

concentration was inversely associated with insulin resistance

risk in the high zinc intake group, but not in the low zinc intake

group. We suspect that the correlation between serum vitamin

D3 concentration and the risk of insulin resistance is only

apparent when zinc concentration reaches a certain threshold. In

addition, a relationship between dietary zinc intake and vitamin

D in the treatment of diabetes was also found (20), suggesting
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TABLE 1 Baseline characteristics of participants.

Dietary zinc intake (mg/d)

Variables Total (n = 9,545) Zinc ≤ 9.58

(mg/d) (n = 4,769)

Zinc > 9.58

(mg/d) (n = 4,776)

p

Age, median (IQR) 50.0 (34.0, 64.0) 52.0 (36.0, 66.0) 47.0 (34.0, 62.0) <0.001

Gender, n (%) <0.001

Female 4,852 (50.8) 2,957 (62) 1,895 (39.7)

Male 4,693 (49.2) 1,812 (38) 2,881 (60.3)

Race, n (%) <0.001

Mexican American 1,415 (14.8) 638 (13.4) 777 (16.3)

Non-Hispanic black 1,821 (19.1) 1,058 (22.2) 763 (16)

Non-Hispanic white 4,405 (46.1) 2,050 (43) 2,355 (49.3)

Other Hispanic 993 (10.4) 548 (11.5) 445 (9.3)

Other race 911 (9.5) 475 (10) 436 (9.1)

Marital status, n (%) 0.755

No 1,724 (18.1) 855 (17.9) 869 (18.2)

Yes 7,821 (81.9) 3,914 (82.1) 3,907 (81.8)

PIR, Mean ± SD 2.5± 1.6 2.4± 1.6 2.6± 1.6 <0.001

BMI, n (%) 0.158

<25 2,791 (29.2) 1,412 (29.6) 1,379 (28.9)

25–29.9 3,221 (33.7) 1,565 (32.8) 1,656 (34.7)

>30 3,533 (37.0) 1,792 (37.6) 1,741 (36.5)

HDL, Mean ± SD 54.1± 16.0 55.4± 16.6 52.8± 15.2 <0.001

Education level, n (%) <0.001

Less than high school 2,267 (23.8) 1,249 (26.2) 1,018 (21.3)

High school graduation 2,161 (22.6) 1,103 (23.1) 1,058 (22.2)

College or above 5,117 (53.6) 2,417 (50.7) 2,700 (56.5)

Smoking status, n (%) 0.004

Never 5,244 (54.9) 2,640 (55.4) 2,604 (54.5)

Former 2,376 (24.9) 1,123 (23.5) 1,253 (26.2)

Now 1,925 (20.2) 1,006 (21.1) 919 (19.2)

Physical activity, n (%) < 0.001

No/Unknown 4,923 (51.6) 2,616 (54.9) 2,307 (48.3)

Moderate 2,573 (27.0) 1,311 (27.5) 1,262 (26.4)

Vigorous 2,049 (21.5) 842 (17.7) 1,207 (25.3)

Work activity, n (%) <0.001

Non-work activity 5,556 (58.2) 2,935 (61.5) 2,621 (54.9)

Moderate work activity 2,154 (22.6) 1,058 (22.2) 1,096 (22.9)

Vigorous work activity 1,835 (19.2) 776 (16.3) 1,059 (22.2)

Alcohol, n (%) <0.001

Yes 2,619 (27.4) 1,504 (31.5) 1,115 (23.3)

No 6,926 (72.6) 3,265 (68.5) 3,661 (76.7)

Serum Vitamin D3, Mean ± SD 60.8± 27.0 59.4± 28.4 62.2± 25.4 <0.001

Magnesium intake, Mean ± SD 292.5± 147.3 218.0± 91.8 366.8± 154.6 <0.001

Zinc intake, Mean ± SD 11.1± 7.0 6.4± 2.0 15.8± 7.0 <0.001

Calcium intake, Median (IQR) 803.0 (519.0, 1163.0) 600.0 (398.0, 845.0) 1066.0 (750.0, 1469.0) <0.001

Vitamin A intake, Median (IQR) 459.0 (256.0, 764.0) 333.0 (176.0, 556.0) 621.5 (380.0, 939.2) <0.001

Total chol, Mean ± SD 191.8± 40.7 192.4± 41.3 191.2± 40.2 0.136

Data presented are ORs and 95% Cls. BMI, Body Mass Index; PIR, the ratio of family income to poverty; Total chol, total cholesterol.
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TABLE 2 Interactive e�ect of vitamin D3 and dietary zinc intake on insulin resistance (all participants).

Variable Dietary intake zinc ≤ 9.58(mg/d)

(n = 4,769)

Dietary intake zinc > 9.58 (mg/d)

(n = 4,776)

P for interaction

Vitamin D3 (nmol/l) β (95CI%) P-value β (95CI%) P-value

Subgroups-1 0.034

≤58.3 0 (reference) 0 (reference)

>58.3 −0.26 (−0.56∼0.04) 0.092 −0.56 (−1.01∼-0.11) 0.014

Subgroups-2 0.001

≤47.3 0 (reference) 0 (reference)

47.3–69.8 −0.21 (−0.56∼0.13) 0.225 −1.02 (−1.55∼-0.49) <0.001

>69.8 −0.27 (−0.64∼0.1) 0.154 −1.04 (−1.61∼-0.46) <0.001

Trend test −0.14 (−0.32∼0.05) 0.147 −0.5 (−0.79∼-0.21) 0.001

Adjusted for age, gender, race/ethnicity, BMI, education level, physical activity, smoking status, alcohol, PIR, marital status, HDL, total cholesterol, work activity, dietary magnesium intake,

dietary calcium intake, dietary zinc intake, serum vitamin D3 levels, dietary vitamin A intake.

that vitamin D adequacy and high zinc intake are greater than

the sum of individual effects.

The main function of vitamin D3 is to regulate bone

metabolism and calcium phosphate homeostasis. In addition,

vitamin D3 may play an important role in maintaining

pancreatic cell function, the study reports. It works by

activating vitamin D receptors (VDR) and regulating insulin

secretion through calcium channels located in pancreatic cells

(9). Vitamin D3 plays a role in the prevention of insulin

resistance by improving insulin secretion, glucose metabolism,

glucose tolerance, insulin sensitivity and inhibiting systemic

inflammation. Interaction of 1,25 (OH)2 vitamin D with nVDR

leads to transcription of insulin, cell structure, and growth

genes. Two prospective cohort studies support our conclusions,

showing that higher vitamin D concentrations are inversely

associated with the risk of insulin resistance. Another study

showed that vitamin D can indirectly stimulate insulin secretion

and reduce the risk of insulin resistance by normalizing

extracellular calcium by changing the calcium flow of cell

membranes (21). A study by Nagashima et al. showed that

1, 25-dihydroxyl metabolites metabolized by liver and kidney

hydroxylase could prevent quitiapine-induced insulin resistance

in vitro through the PI3K signaling pathway (8). In a large

Canadian cohort of non-diabetic adults, vitamin D status was

found to be inversely associated with insulin responsiveness.

Insulin response was associated with 25(OH) vitamin D levels in

patients with baseline 25(OH) vitamin D levels ranging from 40

to 90 nmol/L, after adjusting for BMI, waist circumference, body

weight, age, and sex (22). In addition, plasma vitamin D levels

were negatively associated with classic parameters of obesity

such as body mass index, fat mass and waist circumference.

Notably, serum 25(OH) vitaminD levels were significantly lower

in obese people than in lean people. Overweight and obese

people were 25 percent and 35 percent more likely to have

vitamin D deficiency than lean people, respectively (6).

However, Burnett et al. showed no association between

total vitamin D intake and type 2 diabetes after adjustment

for multiple potential confounders (23). A study examining

the association between vitamin D and diabetes in the Thai

population showed that the association between vitamin D

and HbA1c was observed only in certain age groups (35–74

years), and that vitamin D deficiency had a significant effect

only on older subjects living in an urban environment (24). It

can be speculated that the relationship between vitamin D and

insulin resistance is greatly affected by environmental factors.

Similarly, Sadyia et al. reported no significant change in HbA1c

percentage in the UAE population after 6 months of vitamin D

supplementation (25). This may be due to the large differences

between our sample and those in the clinical trials or due to the

fact that the samples in the clinical trials did not control the

levels of other factors that may affect vitamin D3 absorption,

thus influencing the effect of vitamin D3 on insulin resistance.

Zinc is an essential trace element and micronutrient

in human body and plays an important role in various

physiological processes. Human needs for zinc are second only

to those for iron. Its deficiency was significantly associated

with induced oxidative stress, inflammatory events, and vascular

dysfunction. Epidemiological studies have shown that low serum

zinc levels are negatively correlated with a variety of diseases,

such as diabetes, coronary artery disease and Parkinson’s disease

(26–32). Since 1934, when zinc was shown to be a component

of insulin crystals, a link between zinc and diabetes has been

proposed. Zinc plays a key role in insulin secretion and signaling.

One study suggests that changes in biochemical parameters of

zinc observed in obese individuals contribute to the presentation

of related diseases, such as insulin resistance (8). In addition,

several studies have established that zinc plays a fundamental

role in insulin synthesis, storage, and action by stimulating its

receptor, which protects liver and pancreatic cells from free

radicals. Furthermore, as a nutrient that plays an important
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role in insulin sensitivity, zinc plays an indispensable role in

maintaining the stability of insulin Homer (33). According

to Jansen et al., disturbance of zinc homeostasis seems to

be associated not only with diabetes, but also with several

other diseases, such as cirrhosis, tumor, intestinal disease, and

impaired immune system function (34).

A recent animal trial exploring the relationship between zinc

supplementation and hyperglycemia and associated metabolic

abnormalities revealed that following zinc supplementation,

diabetic rats had a significant increase in plasma albumin,

decrease in plasma urea and creatinine levels, and significant

changes in insulin sensitivity indices HOMA-IR, HOMA-B,

and QUICKI. Thus, this experiment provides the first evidence

indicating that zinc supplementation can partially ameliorate

the severity of diabetic hyperglycemia and the associated

metabolic abnormalities, hypoinsulinemia, insulin resistance,

and morphological changes of the pancreas, thereby inferring

that zinc supplementation may offer significant potential for

clinical applications in managing diabetic hyperglycemia and

associated metabolic complications (35) which is consistent

with our findings. Another study also revealed that zinc oxide

nanoparticles act as effective antidiabetic agents (36).

Vitamin D3 can directly affect cellular zinc homeostasis

by inducing zinc transporters. In a study of cells treated with

vitamin D, there was a 15 fold increase in the SLC30A10 gene,

which is responsible for the translation of the zinc transporter

znt10 protein. Vitamin D3 can significantly alter the expression

of various transporter genes involved in multiple physiological

processes, including drug metabolism and transport, in Caco-2

cells. The SLC30A10 gene and its encoded protein znt10 were

increased in Caco-2 cells treated with vitamin D3, which may

indicate a molecular correlation between vitamin D3 levels and

zinc regulation (15).

Given the prevalence and widespread supplementation of

vitamin D deficiency, it would be interesting to understand the

physiological and pharmacological implications of vitamin D3

induction of SLC30A10/ZnT10. In theory, the end result would

be a decrease in zinc levels in the cytoplasm, with an increase in

zinc levels in the stored organelles and extracellular fluid. It is

tempting to speculate that vitamin D3 stimulates the release of

these metal ions into the circulation, reaching organs in need,

and helps vitamin D3 perform some physiological functions.

For example, vitamin D3, zinc and manganese have bone

protective effects and can stimulate bone formation (37). Zinc is

considered as a supplement for the treatment and prevention of

osteoporosis (38). It is not known whether there is a synergistic

effect between vitamin D3, zinc and manganese, but some

pathological symptoms may indicate an important link between

these nutrients. Vitamin D and zinc levels are particularly

reduced in inflammatory bowel disease (IBD), celiac disease,

and food-protein induced gastrointestinal allergy (FPGIA) (39–

41). Although malabsorption is a hallmark of these intestinal

diseases, the regulatory role of these nutrients, in which an

imbalance in one nutrient affects the circulating concentration

of another, cannot be ruled out. Maternal intake of vitamin D

and zinc, as well as vitamin E deficiency, is also associated with

childhood asthma (42), and monitoring and supplementation of

zinc and vitamin D is considered as a potential way to control

wheezing in children (43). Our current data confirm previous

reports and reveal that vitamin D3 plays some role in zinc

homeostasis. Our current data confirm previous reports and

reveal that vitamin D3 plays some role in zinc homeostasis.

The study has some limitations. First, as a cross-sectional

observational study, the associations found in this study may

not lead to direct causation and may be confused by some

other unmeasured variables. However, a number of potential

confounding factors, including some dietary factors, were

adjusted for in the logistic regression model. Second, although

we used a large sample, the study was limited to US residents.

Therefore, when extrapolating to other groups, it is necessary

to take this aspect into due consideration. Third, recall and

self-report bias may occur because dietary data were obtained

from self-reported 24-h dietary recall. The same participant

may result in inaccurate results if the sample is re-sampled at

different times.

Conclusion

To sum up, although there is evidence that vitamin D3, zinc,

and there was a link between insulin resistance, but the existing

data are not sufficient to prove that a lack of vitamin D3 in

reducing insulin resistance and related role in the pathogenesis

of the metabolic syndrome and the general reasons, may not be

enough to prove that vitamin D3 supplements to treat insulin

resistance and metabolic syndrome. We believe that long-term,

well-designed interventional clinical trials should be initiated

to better understand the therapeutic potential of vitamin D3

supplementation in insulin-resistant subjects with vitamin D3

deficiency, focusing on dosage, treatment duration, side effects,

and short- and long-term outcomes.
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Background: Literature suggests limiting consumption of animal products

is key to reducing emissions and adverse planetary impacts. However,

influencing dietary behavior to achieve planetary health targets remains a

formidable problem.

Objective: We investigated the e�ect of changing the default meal option

at catered events–from meat to plant-based–on participants’ meal choices

using three parallel-group, balanced, randomized controlled trials (RCT), and

use these experimental results to project di�erences in plant-based default vs.

meat default events on greenhouse gas emissions (GHGEs) (kg CO2−eq), land

use (m2), nitrogen (g N), and phosphorus (g P) footprint.

Methods: Data collection was performed at three catered events (n = 280)

across two college campuses. The selected experimental sites used

convenience sampling. Events consisted of a graduate orientation, sorority

dinner, and academic conference. Eligibility of individual participants included

being 18 years or older and an invitation to RSVP for an enrolled

event. Participants were randomly assigned to one of two groups: the

control group received a RSVP form that presented a meat meal as

the default catering option; whereas the intervention group received a

form that presented a plant-based meal as the default. The primary

outcome of interest in each group was the proportion of participants

who selected plant-based meals. To explore environmental impacts, we

modeled the footprints of four hypothetical meals. Using these meals

and RCT results, the impact (GHGE, land use, nitrogen, phosphorus)

of two hypothetical 100-person events was calculated and compared.
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Results: In all, participants assigned to the plant-based default were 3.52

(95% CI: [2.44, 5.09]) times more likely to select plant-based meals than

those assigned to the meat default. Using these results, a comparison of

hypothetical events serving modeled meat-based and plant-based meals

showed a reduction of up to 42.3% in GHGEs as well as similar reductions in

land use (41.8%), nitrogen (38.9%), and phosphorus (42.7%).

Conclusion: Results demonstrated plant-based default menu options are

e�ective, providing a low-e�ort, high-impact way to decrease consumption of

animal products in catered events. These interventions can reduce planetary

impact while maintaining participant choice.

KEYWORDS

meat consumption, sustainable diet, default nudge, planetary boundary, carbon

footprint, environmental impact, choice architecture

Introduction

Human-driven activities in food production, distribution,

storage, consumption, and disposal account for roughly 23% of

global greenhouse gas emissions (GHGEs). A disproportionate

contribution of food-related emissions occurs in animal

agriculture, which results in more than half of food-related

emissions despite representing far less than half of average daily

caloric intake in most societies (Gerber et al., 2013; Allen and

Hoff, 2019; IPCC, 2020). A growing body of literature suggests

that current food consumption patterns are unsustainable

and if not modified, will prevent humanity from staying

within established targets for anthropogenic climate change

(Springmann et al., 2018a; Clark et al., 2020). A host of changes

are needed across the food system and among consumers in

order to establish a resilient food system and help combat these

negative planetary health impacts.

Demand-side changes, such as adopting a flexitarian or

plant-based diet, defined as “..fruits, vegetables, whole grains,

legumes, nuts, seeds, herbs, and spices and excludes all

animal products” (Ostfeld, 2017), represent impactful strategies

for mitigating GHGEs and other environmental footprints

(Hallström et al., 2015; Springmann et al., 2018b) [We define

plant based as Ostfeld, 2017 does: a diet that consists of “. . . fruits,

vegetables, whole grains, legumes, nuts, seeds hers, and spices

and excludes all animal products.”; though it is sometimes also

used in context with diets that include animal products such

as the Mediterranean diet (Scoditti et al., 2022)]. However,

to date, efforts to promote the adoption of more plant-heavy

diets have yielded little success (Vizcaino et al., 2020). Even

among those who identify as vegan or vegetarian-roughly 10%

of the global population-many are unable to maintain these diets

consistently (Herzog, 2014; Nezlek and Forestell, 2019). This

is despite the fact that plant-based food choices, in particular

meat-replacement products, have grown considerably in the

marketplace (Godfray and Oxford Martin School, 2019; Tzivia

et al., 2020). Therefore, more research is needed to find low-cost

and effective strategies for changing dietary behavior.

Choice architecture

While individuals’ dietary choices are a reflection of

important factors such as economic, social, cultural, and

infrastructural influences, there are relatively simple, low

cost strategies that can influence consumers to make more

sustainable decisions. Choice architecture tools, or “nudges,” are

a promising set of interventions that can change behaviors by

influencing the social, physical, or psychological environment

in which people make choices (Thaler and Sunstein, 2008).

Nudging aims to influence people’s behaviors by changing the

way an individual choice is presented, without restrictions or

consumer awareness of the influence (Vandenbroele et al., 2019).

More specifically, a wide range of choice architecture tools

have been implemented and shown to promote environmentally

friendly and healthy behaviors across a variety of settings

(Garnett et al., 2019; Rare the Behavioural Insights Team,

2019).

One particularly effective choice architecture tool is the

default nudge (i.e., the preselected option on a survey or form).

Defaults leverage the human tendency to choose the path of least

resistance (Van Gestel et al., 2020) to effect behavioral change.

The default option also implies that the preselected option

is the recommended choice (Carroll et al., 2009; Jachimowicz

et al., 2019), which further motivates individuals to stay with

the default. Research has shown that defaults have effectively

achieved desired outcomes for organ donation, retirement

savings, and green energy consumption in multiple countries

(Thaler and Benartzi, 2004; Abadie and Gay, 2006; Pichert and

Katsikopoulos, 2008).
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Sustainable defaults

The default nudge is part of a specific class of choice

architecture tools that are especially effective in the domain

of food behaviors (Campbell-Arvai et al., 2012; Mertens et al.,

2022). Defaults have been shown to shift diets toward healthier

and more sustainable food options, which suggests that they

might be effective for reducing meat consumption (Vecchio and

Cavallo, 2019; Parkin andAtwood, 2022). Despite this promising

evidence, a recent literature review by Meier’s et al. (2021)

emphasized that research on default nudges specifically for

reducing meat consumption is still limited. Furthermore, most

existing default studies targeting dietary behavior have been

conducted in Europe and the majority utilized defaults in menu

design or by controlling portion sizes (Campbell-Arvai et al.,

2012; Meier’s et al., 2021; Perez-Cueto, 2021). Additionally, only

one study has attempted to quantify the potential environmental

impacts based on the results of their experiment (Kurz, 2018).

Large institutional events are places where reducing

individual meat consumption through the default nudge could

scale to have a significant impact. For example, previous

experiments among participants (n = 330) at three higher

education conferences in Denmark revealed that plant-based

meal selections in online pre-conference RSVP requests

increased by 81-percentage points when a vegetarian buffet

was presented as the default choice (Hansen et al., 2021).

However, research testing the effectiveness of the default nudge

to increase plant-based meal consumption is limited. To address

the limitations in existing literature, the current study was

designed to evaluate the effect of plant-based default nudges

by: (1) testing the efficacy of plant-based meal defaults at

three events on college campuses in the U.S., (2) estimating

the environmental impact of the experimental results, and (3)

comparing the impacts to the per-meal per-capita planetary

boundaries suggested by the EAT-Lancet Commission’s Global

Planetary Health Diet (Willett et al., 2019; Hansen et al.,

2021). The novelty of this work stems from its setting in

US higher education institutions and modeling the potential

environmental footprint savings possible from utilizing the

default nudge.

Methods

We conducted a two part study. First, we carried out three

parallel, [1:1] balanced RCTs. Then we quantified the potential

environmental impact reduction of these interventions using

modeled meals and lifecycle assessment (LCA) data. The RCT

portion of our study was an extension of the methodology of

Hansen et al. (2021). Whereas Hansen tested the impact of a

plant-based default on three buffets at academic conferences,

we tested the default on two individual meals and one buffet at

various campus-related events.

TABLE 1 Details for three catered events included in study.

Campus Department or

Organization

Event description n

Harvard N/A Workshop on Behavioral

Insights in Health (BIH)

91

UCLA Civil and Environmental

Engineering (CEE)

Graduate student

orientation

108

UCLA Panhellenic Sorority DGMonday night

dinner

81

Randomized trials

Eligible participants were adults over the age of 18 who

attended one of our three events. Data was collected at three

independent events held at the University of California at Los

Angeles (UCLA) and Harvard University, two higher education

institutions in the U.S. The two events at UCLA were held in

2021: a graduate orientation for the Civil and Environmental

Engineering Department and a dinner at a UCLA-affiliated

sorority. The event at Harvard was a workshop on Behavioral

Insights in Health (BIH) in 2017 (Table 1). The events would

have been planned and held regardless of study enrollment. No

demographic information was collected about participants.

At each event, event operators (EOs) decided which

participants to invite, how the RSVP survey would be

distributed, and which catering options to choose. The default

intervention was implemented through a question on the

RSVP survey. EOs sent participants a link to a Google script

that randomized them into two groups: a control group and

an intervention group, using a randomization function. This

function then rendered one of two RSVP surveys in Google

forms. Simple randomization was conducted in real-time when

participants clicked on the RSVP survey link. A Google script

was programmed to use the Math.floor() and Math.random()

functions to select and render one of two links in an array of web

links containing the survey options (control and intervention).

Randomization was balanced between groups without blocking

or stratification.

Each survey was identical save for the question about meal

preferences for the event. No questions were asked prior to the

meal preference question and the question was required. The

control group received a question stating that the default meal

contained meat, and participants were required to opt out if

they desired a plant-based meal. Alternatively, the experimental

group received the same survey with a variation of the meal

preference question. The experimental group received a plant-

based default meat option and participants were required to opt

out if they wanted a meal containing meat.

The interventions themselves employed similar sentence

structure, although wording differed slightly across events.
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Specific wording of the intervention question can be found

in the Supplementary material in section I. The RSVP survey

purposefully conveyed endorsement and endowment by clearly

stating the default meal option (plant-based or meat). The

survey also required participants to click a button to select an

alternative option if they desired a different meal (plant-based

or meat). The buffet event RSVP survey took this process a step

further by indicating that the default meal would be in the form

of a buffet (where participants presumably would be given more

options) and provided a space where participants could request

an individual meal with no guidance on what that meal might be.

The Harvard-BIH EOs interpreted plant-based as vegetarian—

a superset of plant-based foods—in their RSVP survey, whereas

the other events used our definition of plant-based. Hypothetical

meals were analyzed with both plant-based and vegetarian meals

to account for this discrepancy.

The implementation of the plant-based default and the

actual menu items at each event differed. However, the primary

outcome of interest in each group was the proportion of

participants who selected plant-based meals. That proportion

was used to calculate the environmental impact of hypothetical

menu scenarios. The serving method and actual foods

distributed at each event were not necessary for the goals of

this research.

Caveat that Harvard event operators interpreted plant

based as vegetarian. Whereas the other events used our

definition of plant based. Hypothetical meals were analyzed

with both fully plant based and vegetarian to account for

this discrepancy.

Statistical analysis

The primary outcome was the proportion of participants

who selected a plant-based meal. This was assessed by counting

meal selections in each group among participants who indicated

that they planned to attend the event. To compare the control

and intervention groups, we used R (R Core Team, 2022) to fit

two models within each site (Stapleton, 2009). First, we fit a log-

binomial model to obtain risk ratios, a ratio of the probability

that a participant in the intervention group selected the plant-

based meal option to the probability that a participant in the

control group would do so. Risk ratios >1 indicate that the

intervention effect was in the desired direction. Second, we

fit a linear regression model with heteroskedasticity-consistent

robust standard errors to obtain differences in probabilities of

plant-based meal selection within each group (White, 1980;

Kleiber and Zeileis, 2008; Zeileis et al., 2020). To aggregate the

results of all three RCTs and address differences in context, we

fit the same two models to the data from all sites combined. This

model includes fixed effects of each site to account for clustering

of participants in each event (Stapleton, 2009).

Environmental footprint

To estimate environmental impact, we created four

iso-caloric model sandwiches: one beef, one chicken, one cheese,

and one tofu and bean sandwich. The conversion factors used to

compute these environmental impacts of each food ingredient

were based on lifecycle assessment values listed in section

3 in the Supplementary material. The calculations for each

ingredient were then aggregated in Excel to determine the total

impacts of each meal. The four sandwiches used represented

meals served at a typical “boxed lunch” event. These sandwiches

were based on existing catering menus from a popular sandwich

shop and consisted of a plant-based sandwich (with mushrooms

and a black bean-soy patty), a vegetarian sandwich (a vegetable

sandwich similar to the plant-based but with mozzarella

cheese instead of the patty), a chicken club (chicken and

bacon sandwich) and a standard roast beef sandwich. These

“standardized” model sandwiches were chosen because each

experimental event provided different menus, and in some cases,

what was served and consumed at the event was not known

by researchers involved. The recipes used for our standard

sandwiches are included in the Supplementary material. Meals

were standardized to include comparable total calories (around

650) and contained a minimum of 30 g of protein to simulate

an average protein rich sandwich. The meals were then used to

model the potential impacts of each event (Table 2).

TABLE 2 Single-meal footprint calculations, caloric levels, and protein.

Environmental impacts (percentages)

GHG Land use Nitrogen Phosphorus Calories Protein

g CO2-eq m2 g N g P kcal g

Plant-based(Bean) Sandwich 410 (90%) 1.44 (121%) 4.59 (56%) 0.99 (135%) 655 30.0

Vegetarian (Cheese) Sandwich 980 (215%) 1.62 (136%) 13.7 (167%) 3.19 (437%) 647 29.4

Chicken and Bacon Sandwich 1,040 (228%) 2.77 (233%) 18.8 (228%) 3.47 (475%) 651 38.8

Beef Sandwich 3,840 (840%) 12.4 (1,040%) 27 (329%) 9.88 (1,353%) 648 37.5

Percentage of per-capita planetary boundary threshold in parentheses.
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We specified 8 hypothetical catered events, each with

100 participants. These 8 events represented all possible

combinations of 2 meat meals (beef or chicken), 2 non-meat

meals (vegetarian or plant-based), and 2 defaults (default meat

or default non-meat). For example, the first hypothetical event

offered, by default, a beef sandwich, but offered the option to opt

into receiving a plant-based sandwich instead.

To compare the footprints of these hypothetical events,

we estimated the number of meat and non-meat selections

at each event based on the effect size estimates obtained

from the log-binomial model of data aggregated across sites.

We used the planetary boundary framework as a standard

model (Table 3). The conversion factors used to calculate the

environmental footprints of each food ingredient were based on

LCA values listed in section III of the Supplementary material.

We then extrapolated the GHGEs, land usage, nitrogen usage,

and phosphorus footprints of each event for comparison.

Results

Randomized trials

In all events, the intervention substantially increased plant-

based meal selections (Table 4; Figure 1). In the two non-buffet

events, Harvard-BIH (n = 91) and UCLA-CEE (n = 108),

participants had 2.75 (1.59, 4.79) and 4.04 (2.04, 7.99) times the

likelihood of selecting a plant-based meal in the intervention

TABLE 3 Per capita per meal planetary boundary (PB) thresholds as

specified by the EAT-Lancet commission (Willett et al., 2019).

PB PB for food system PB per capita per meal

Climate change 5 Gtons year−1 457 g CO2−eq person
−1 meal−1

Land use 13 million km2 1.18 m2 land person−1 meal−1

Blue water use 2,500 km3 year−1 0.228 m3 person−1 meal−1

Nitrogen 90 Tg N year−1 8.23 g person−1 meal−1

Phosphorus 8 Tg P year−1 0.73 g P person−1 meal−1

group vs. in the control group. Furthermore, the event with

RSVP wording signaling that the default was a buffet was the

most effective, with a risk ratio of 4.18 of participants selecting a

plant-based meal in the intervention group. No recorded harms

or unintended effects were reported.

Environmental footprint

We calculated the potential environmental impacts

for the 8 hypothetical events (Table 5). Under each meat

and plant-based meal combination, group 1 represents a

hypothetical 100-person event based on the observed meal

selection of all participants in the control group (meat default)

aggregated across all three RCTs. Group 2 also represents a

hypothetical 100-person event but is instead based on the

observed meal selection of all participants in the intervention

group (plant-based default) aggregated across all three RCTs.

These projected impacts were then used to calculate the

potential differences between group 1, the hypothetical

default meat event, and group 2, the hypothetical default

veg event (Table 6). The 100-person hypothetical event

was used for ease of calculation for modeled projections

and does not reflect the number of participants from the

RCT experiments.

None of the hypothetical events fell within the proposed

limits of the planetary boundaries defined by EAT Lancet.

However, the hypothetical, plant-based default event serving

plant-based and chicken sandwiches aligned the most closely

with these boundaries for GHGEs (150%), land use (171%),

nitrogen (131%) and phosphorus (283%) (Figures 2A–D).

The meat-default and plant-based default events serving

plant-based and beef sandwiches displayed the largest difference

in environmental impacts. Yet the impact of the plant-

based default event in this category was still relatively high

for GHGEs, land use, and phosphorus due to beef ’s large

environmental impacts in comparison to other ingredients.

We found that the default-plant-based and default-vegetarian

TABLE 4 Percentages, risk ratios, and risk di�erences of plant-based meal selection among control and intervention groups for three events.

Primary outcome:

Plant-based meal

selection

Default meat Default veg Risk ratio (95% CI) Risk difference

(percentage points)

(95% CI)N Percentage (no) N Percentage (no)

Harvard-BIH† (N= 91) 45 24.4% (11) 46 67.4% (31) 2.75 (1.59, 4.79) 42.9 (24.2, 61.7)

UCLA-CEE† (N= 108) 56 14.3% (8) 52 57.7% (30) 4.04 (2.04, 7.99) 43.4 (27, 59.9)

UCLA-DG†

(N= 81)

40 17.5% (7) 41 73.2% (30) 4.18 (2.08, 8.40) 55.7 (37.4, 73.9)

All sites†

(n= 280)

141 18.4% (26) 139 65.5% (91) 3.52 (2.44, 5.09) 46.8 (28.8, 64.8)

†p < 0.0001.

Frontiers in Sustainable FoodSystems 05 frontiersin.org

497

https://doi.org/10.3389/fsufs.2022.1001157
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Boronowsky et al. 10.3389/fsufs.2022.1001157

FIGURE 1

Percentages of plant-based and meat meal selection among control (meat default) and intervention groups (plant-based) for events.

TABLE 5 Estimated environmental impact in terms of GHG emissions, land use (LU), blue water (BW), nitrogen (N), and phosphorus (P) use for

hypothetical 100-person events at a college campus.

Environmental impacts (percentage of PB†)

GHGEs LU N P

kg CO2−eq m2 g g

Beef and Plant-based Sandwiches

Group 1: Default beef, Opt-in plant-baseda 328 (719%) 1,060 (902%) 2,340 (285%) 845 (1,160%)

Group 2: Default plant-based, Opt-in beef b 189 (414%) 619 (525%) 1,430 (174%) 484 (663%)

Chicken and Plant-based Sandwiches

Group 1: Default chicken, Opt-in plant-based 94 (206%) 256 (217%) 1,650 (201%) 307 (421%)

Group 2: Default plant-based, Opt-in chicken 68.3 (150%) 202 (171%) 1,070 (131%) 206 (283%)

Beef and Vegetarian Sandwiches

Group 1: Default beef, Opt-in vegetarian 338 (739%) 1,070 (904%) 2,490 (303%) 880 (1,210%)

Group 2: Default vegetarian, Opt-in beef 222 (485%) 629 (533%) 1,950 (237%) 60 (834%)

Chicken and Vegetarian Sandwiches

Group 1: Default chicken, Opt-in vegetarian 103 (226%) 258 (219%) 1,800 (219%) 343 (469%)

Group 2: Default vegetarian, Opt-in chicken 101 (220%) 212 (179%) 1,590 (194%) 331 (454%)

aThe footprints of group 1 are based on the aggregated selections of participants who received a meat default (16 selected plant based, 84 selected meat).
bThe footprints of group 2 are based on the aggregated selections of participants who received a plant-based default (57 selected plant based, 43 selected meat).
†100% representing the planetary boundary denoted by EAT-Lancet.

events had substantially lower carbon emissions, land-use,

phosphorus, and nitrogen footprints than default-meat events.

For example, in the event that serves beef sandwiches and

plant-based sandwiches, implementing a plant-based default is

projected to reduce GHGEs by 42.3% (139 grams) of CO2-

eq. We also found a projected savings of 41.8% (445 m2)

in land-use, 38.9% (912 g) for nitrogen, and 42.7% (361 g)

for phosphorus. Even when the meat sandwiches are chicken

rather than beef, implementing a plant-based default was still

projected to substantially improve on all environmental metrics.

Compared to default-meat events, default-vegetarian events

also improved on all five environmental metrics, though the

improvements were somewhat smaller than for default-plant-

based events.
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TABLE 6 Projected improvement in hypothetical planetary boundary

impacts when using a vegetarian or plant-based default meal vs. a

meat default meal.

Environmental impacts

GHGEs LU N P

Kg CO2−eq m2 g g

Beef and Plant-based Sandwiches

Projected differencea 139 445 912 361

Projected percent change 42.3% 41.8% 38.9% 42.7%

Chicken and Plant-based Sandwiches

Projected differencea 25.6 54 577 101

Projected percent change 27.3% 21.1% 34.9% 32.8%

Beef and Vegetarian Sandwiches

Projected differencea 116 438 540 272

Projected percent change 34.4% 41.1% 21.7% 30.9%

Chicken and Vegetarian Sandwiches

Group 2 and Group 1 differencea 2.51 46.7 205 11.4

Percent change 2.43% 18.1% 11.4% 3.32%

aObtained by subtracting projected impacts for the plant-based- or vegetarian-default

from impacts for the meat-default in Table 2.

Discussion

Randomized controlled trials

The goal of this study was to test the effect of a plant-based

default nudge on participant meal selection at catered events and

quantify potential environmental impacts of the intervention. In

the RCTs, we found significant, large effect sizes across all three

experiments. At the Harvard-BIH, UCLA-CEE, and UCLA-DG

events, the default nudge increased plant-based meal selection

by 43, 43 and 56 percentage points, respectively. Across all sites,

plant-based meal selection increased by 47 percentage points.

The effect sizes we observed were substantially larger

than those of existing interventions targeting eating

behaviors. Mertens et al.’s meta-analysis of choice architecture

interventions reported an average standardized mean difference

(SMD) of 0.72 for interventions in the domain of food (2022).

This is approximately equivalent to a risk ratio of 1.92 (Chinn,

2000; VanderWeele, 2020). In studies using decision structure—

the class of choice architecture tools to which the default nudge

belongs—to affect food behaviors, the review reported a SMD of

0.86 or approximately a risk ratio of 2.17. However, our pooled

risk ratio for all three studies was 3.52. Our risk ratio is relatively

high among choice architecture studies aiming to influence food

behavior but this may also be attributable to differences in the

variables measured.

The effectiveness of default nudges can be attributed to a

variety of factors: cognitive capacity due to aspects such as time

pressures and selection effort; biases such as the endowment

effect and the omission bias; as well as the perception that a

default is an “implicit recommendation” of one choice over

another (Michalek et al., 2015; Jachimowicz et al., 2019).

Interventions leveraging these factors in varying ways could

elicit different results.

For example, in Meier’s et al. (2021) systematic literature

review on plant-based defaults, virtually all studies found that

the default intervention decreased meat consumption. However,

the design, implementation, and results of these interventions

differ greatly. One study found that changing a plant-based

menu item to the dish of the day increased plant-based

meal selections by 76 percentage points (Perez-Cueto, 2021).

Garvert and Kurz’s 2019 study found that rearranging the meal

options led to a decreased probability of meat selection from

45.7 to 21.4%. Another study reordering meals presented at

a cafeteria counter increased vegetarian meals selected, but

only if the vegetarian and meat meals were placed far apart

(Garnett et al., 2019). Parkin and Atwood (2022) found that

for menus to effectively encourage diners to choose vegetarian

options over meat, menus needed to be at least 75% vegetarian

options. A more recent publication by Nykänen et al. (2022)

also found that two experimental nudges intended to reduce

red meat consumption (a “dish of the day” nudge approach,

and “sequence alteration” approach) had no effect on the

choices made for the main dish, nor the proportion of meat

in the overall meal weight. Of the experiments designed to

reduce meat consumption, most opted to do so by altering

portion sizes, reordering items listed on a menu, or altering

the descriptions of foods in restaurants and cafeterias (Meier’s

et al., 2021; Perez-Cueto, 2021; Nykänen et al., 2022). This

demonstrates the importance of further studies to explore

settings in which the default is effective and those where it is

not. Additionally, most existing literature is difficult to compare

to our study because they measured the amount of meat

consumed by weight as opposed to measuring selection of a meal

containing meat.

Our study was closely modeled after a plant-based default

intervention conducted over the three academic conferences in

Denmark (Hansen et al., 2021). Hansen et al. (2021) plant-based

default was carried out through an RSVP for three academic

conferences in Denmark. Hansen’s team found 85, 80, and 77

percentage point differences in plant-based meal consumption

across the three events. The results of each event were larger than

our overall 47 percentage point difference. A number of factors

could account for this difference. Hansen’s default nudge implied

increased variety of food items through the buffet wording in

the RSVP (with a reported total of 330 food choices between the

three events). In addition, while Hansen’s events were academic

conferences held in Denmark, our events were highly-varied

university affiliated events held in the U.S. As a result, the

social contexts in which these events occurred are different, with

Denmark being consistently ranked as one of the top four most

sustainable countries in the world and the US ranking in 24th,
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FIGURE 2

(A–D) Plant-based and chicken projected event calculations using the pooled RCTs. Colors represent breakdown of impacts from meat and veg
meals. Black line represents EAT Lancet’s planetary boundary for the measure (Willett et al., 2019).

27th and 26th in recent years (Hsu et al., 2016; Wendling et al.,

2018, 2020).

Plant-based default interventions create positive effects for

organizations, individuals, and the environment. The default

intervention in our study managed to maintain participants’

selections while reducing environmental impacts. Furthermore,

a recent study revealed that plant-based and vegetarian dietary

patterns in upper-middle-income countries were among the

most affordable eating patterns (Springmann et al., 2021). As a

result, organizations in the U.S using plant-based defaults could
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reduce environmental impact without additional cost while

maintaining participant choice. Academic institutions such as

UCLA, Harvard and many others have large catering services

and hold regular catered events. According to the National

Center for Education, 19.4 million students attended college

in Fall 2020 (U. S. Department of Education, National Center

for Education Statistics, 2021). If every student attended just

one plant-based default catered event that year, a back of the

envelope calculation estimates conservation of up to 27 million

Kg (gigagram) of CO2–carbon emissions from approximately

3 million gallons of gasoline (US Environmental Protection

Agency, 2021). This calculation does not consider campus events

held for faculty, staff, or industry professionals. Should a plant-

based default nudge be implemented as a department-wide

policy for catered events, planetary impacts could be reduced

further. The concept of a default could also be applied beyond

college campuses: hospitals, corporations, governments, and

NGOs could also take steps to implement a plant-based default

catering policy.

Environmental footprint

In the hypothetical 100-person events wemodeled, we found

that compared to using meat defaults, using plant-based or

vegetarian defaults would reduce GHGEs, land use, phosphorus,

and nitrogen by an estimated 38.9–42.7%. Implementing a

plant-based or vegetarian default most improved projected

impacts when the meat option was beef, but still led to

substantial improvements when the meat option was chicken.

Implementing a plant-based default improved projected impacts

more than implementing a vegetarian default. Our results

are consistent with research showing that plant-based food

choices represent considerably lower environmental impacts as

compared to animal-products of similar caloric content. Harwatt

et al. (2017) found that substituting beans for beef could have

achieved 46–74% of the reductions needed to meet the 2020

target for emissions in the US while also freeing up to 42%

of cropland. A recent study modeled that rapidly phasing out

animal agriculture has the potential to offset 25 gigatons of

CO2 and provide half the emissions reductions necessary for

humanity to limit warming to 2◦C (Eisen and Brown, 2022).

Our research demonstrates that utilizing a plant-based default

is a method that could help us phase out of our reliance on

animal agriculture.

As seen in the single-meal calculations, the footprints of the

vegetarian sandwich and the chicken sandwich were similar; so if

the institution’s primary objective for utilizing the default nudge

is lowering the environmental footprint, a plant-based default

over a vegetarian default would be the preferred choice (Table 3).

The projected event with a bean and tofu sandwich as the

default and a beef sandwich as the alternate option showed the

greatest overall decrease in GHGE, land use, phosphorus, and

nitrogen footprints compared to the situation when the default

was reversed (Figures 3A–D). However, with regard to absolute

footprint, serving the intervention group a plant-based meal

default with a chickenmeal option had the lowest environmental

impact. This suggests that in the broad categories of “meat”

(chicken or beef) and “plant-based” (plant-based or vegetarian),

specific ingredients play a large role in determining impacts.

In addition, the literature has shown that beef consumption in

particular should be reduced due to its disproportionate impact

on GHGEs, land use, nitrogen and phosphorus. Our results also

highlight the outsized environmental effects of beef compared to

other ingredients, and these findings align with other research.

Beef production alone requires 28 times more land, 11 times

more irrigation water, 5 times more greenhouse gas emissions,

and 6 times more nitrogen than the average of dairy, poultry,

pork or egg categories (Eshel et al., 2014).

Considering the environmental impacts exclusively, chicken

is preferable to beef while legumes are preferable to protein from

any animal source. However, because chickens are much smaller

than cows, replacing beef with chicken dramatically exacerbates

the negative animal welfare impact of meat consumption

(Mathur, 2022). Additionally, chicken production can have

other detrimental impacts, including proliferation of antibiotic

resistance (Sanchez et al., 2020).

Despite significant differences in environmental impacts

among the groups, each event footprint fell outside EAT-Lancet’s

established per-capita planetary boundaries (shown by the

black lines in Figures 2A–D, 3A–D). This suggests we will

need more than behavior change to fully move humanity

within the planetary boundaries. Increasing food production

efficiency in an equitable and sustainable manner will be

necessary to limit land-use change, promote reduction as

well as efficiency of nitrogen use, and encourage phosphorus

recycling (Carpenter and Bennett, 2011; De Vries et al.,

2013; Steffen et al., 2015; Campbell et al., 2017; Springmann

et al., 2018a; Li et al., 2019). However, there are significant

differences in the environmental impact of the same food

items from different producers due to the diversities in

agricultural practices. These differences provide opportunities

to engage in both mitigation efforts at the producer level,

as well as to educate consumers so they might make more

environmentally friendly purchasing decisions (Poore and

Nemecek, 2018).

Limitations

Our experiments were conducted at a sorority, a graduate

student orientation, and an academic conference. Due to the

geographical and cultural diversity of the U.S, more experiments

should be conducted to determine the intervention’s external

validity. Regarding the limitations of the experiments

themselves, one limitation is that demographic data was
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FIGURE 3

(A–D) Plant-based and beef projected event calculations using the pooled RCT results. Colors represent breakdown of impacts from meat and
plant-based meals. Black line represents EAT-Lancet’s planetary boundary for the measure (Willett et al., 2019).

not collected for the participants in this study. In planning this

study there was concern that asking demographic questions to

potential researchers (like those attending the BIH workshop

or CEE graduate student orientation) would imply that they

were participants in a study, thus influencing their responses.

Demographic data was also considered inappropriate for the DG

event given that the event was a sorority house dinner, where

all attendees were well acquainted with the event operator.
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Additionally, it was already known that the event would be

composed of all female and female presenting participants. As a

result, the lack of gender data in the CEE and BIH events, and

homogeneity of genders for the DG event make it harder to

disaggregate and evaluate the results of the intervention. Due to

then attitudes tying meat consumption to masculinity among

men (Love and Sulikowski, 2018; Nakagawa and Hart, 2019).

Hansen et al. (2021) also found that women were more likely

than men to remain with the default option when a plant-based

meal was presented as the default.

Our study assesses the potential reductions in meat-based

meals caused by using defaults to influence event participants’

meal choices. The impact of food waste, food miles, and

packaging were beyond the scope of our study but are required

for a more accurate footprint of these events. Another limitation

of our calculations is that the conversion factors used to

calculate the environmental footprints are based on LCA data

representing averages for food items. LCAs are created using

assumptions and are ultimately simplified models for assessing

an item’s environmental impact (Curran, 2014). We also chose

not to calculate the environmental impacts of processed foods

that may typically be served due to limited available LCA data

covering the complexity and variability of processed foods.

The environmental impact associated with many processing

methods has not yet been quantified.

We recognize the significance of the connection between

health and nutrition when discussing the environmental

footprints of meals. Despite this important link, our paper

included no discussion on health due to prevalence of other

available literature on this topic due to our focus on a single

meal replacement. The EAT-Lancet report discusses health as

a major priority. Therefore, if defaults are applied in other

settings where they make a more significant contribution to

overall caloric intake, their nutrition and health impacts should

be seriously considered.

Suggestions for future research

In future work, more consideration should be made

to implementation science and the barriers that event

operators face in transitioning to a plant-based default. When

implementing our experimental design, we found that willing

event operators faced obstacles in providing delicious or

varied plant-based options. Additionally, our calculations

showed that specific food ingredients within broad meal

categories (plant-based vs. vegetarian, beef vs. chicken) in part

determined the efficacy of the intervention. Only by situating

and understanding the intervention’s implementation, barriers,

and impacts in real contexts can we further expand institutional

transitions to a plant-based default.

Future work on the default nudge for environmental

purposes should test long-term efficacy and spillover effects.

Previous studies investigating the default nudge have explored

and shown positive effects of the intervention over time and

partial persistence of behavior change after the intervention

ended (Kurz, 2018). Additionally, a recent experiment on menu

design for promoting sustainable food choices showed that

people were more likely to choose vegetarian meals when the

menu was at least 75% vegetarian (Parkin and Atwood, 2022).

Future researchers could take Parkin and Atwood’s findings a

step further to test if the number of meal choices influence the

selection of the plant-based default. This could serve to explain

the discrepancy between our results and those found across the

Hansen et al. events, which indicated the availability of a buffet.

Conclusion

In the U.S, few studies have explored nudging as a way to

shift toward more sustainable dietary behaviors. To the authors’

knowledge, this study is one of the first to do so in the context of

higher education events. Furthermore, this research represents

one of the few studies that quantify the potential environmental

impacts of the default nudge using modeled menu choices but

based on real-world food choice data. Based on our modeling,

we found that the plant-based default nudge has the potential

to reduce greenhouse gas, land-use, phosphorus and nitrogen

footprints. We also find that specific ingredient types in broad

meat and plant-based categorizations (i.e., chicken vs. beef)

make a significant difference in determining event impacts.

At college campuses, adopting a campus-wide plant-based

default policy can be an effective way to reduce environmental

impact. A plant-based default could also be scaled and

applied to other institutions beyond universities–such as

corporate and government events, as well as in K-12 cafeterias.

Announced September 28th, 2022, plant-based defaults have

been implemented in three New York City hospitals (Mayor

Adams Press Release, 2022). In January, 2022 the New York City

school district also implemented a successful “Vegan Friday”

program (Mayor Adams Press Release, 2022).

Our study, the established literature, and the

implementation of programs like these demonstrate that

people may not object to a higher proportion of plant-based

meals, and that the nudge could be scaled to have a much

larger impact than on catering alone. A plant-based default

nudge policy could be implemented swiftly, without the use of

expensive infrastructure or technology, all while maintaining

participant choice. We demonstrate that this nudge has the

potential to move us in the direction of a safe operating space

for all.
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Background: The issue of population aging in rural China is getting profound;

nevertheless, its impact on food consumption has not been well evaluated.

This study aims to examine the relationship between rural aging and family

food consumption in rural China.

Materials and methods: Using the statistical yearbook data and the nationally

representative household-level data from the China Rural Fixed Observation

Points, this study compares the evolution of food consumption between

rural and urban residents from 1985 to 2020 and analyzes the structure of

food consumption expenditure of rural residents. Next, this study further

investigates the impact of aging on food consumption in rural households

with ordinary least squares.

Results: (1) The principal foods consumed by rural residents in 2020 are

meat and meat products (36.8%), grain (24.5%), and vegetables (10.9%). (2) An

increase in older adults has decreased the absolute consumption of all foods,

while it increased relative consumption of meat and meat products, aquatic

products, edible oil and fats, poultry, eggs, and sugar. (3) Due to differences in

the structure of young adults’ food consumption, older adults would increase

their consumption of fruits and vegetables if they lived with younger adults.

Conclusion: The findings of this study suggest that rural older adults

may increase their consumption of fruits and vegetables by advocating

intergenerational cohabitation while maintaining their intake of protein to

achieve a balanced dietary structure and improve their health condition.

KEYWORDS

aging, food consumption, intergenerational cohabitation, household composition,
health improvement
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Introduction

Reasonable food consumption and nutrition intake are basic
guarantees of physical health and high-quality human capital,
which are of great importance to increasing labor productivity
and promoting long-term social development (1). Combined
with steady growth in income level, the total food consumption
of Chinese residents has significantly increased (2). In contrast
to food consumption in China in 1978, the consumption of
cereals, meat, dairy products, and vegetables and fruits in 2015
reached 455.2, 91.8, 51.1, and 553 million tons, respectively,
which represented increases of 220, 730, 1,610, and 950%,
respectively (3). Rural residents have a lower intake of protein
and vitamins and an excessive intake of staple foods compared
with urban residents (4). By the end of 2020, there were still
510 million rural residents, accounting for 36.11% of the total
population of China (5), indicating that the issue of food
consumption by rural residents cannot be ignored.

Meanwhile, China is facing severe aging challenges;
according to the Seventh National Census in 2020, the number
of people aged over 60 years reached 264 million (18.70%).
The issue of aging in rural areas is even more severe, and
the proportion of older adults in rural areas is 23.81%, which
is much higher than that in urban areas (6). The rapid
increase in the proportion of older adults in rural China has
profoundly impacted rural residents’ food consumption (7).
Noticeably, as aging continues to be a serious problem in
rural areas (8), the rise in the proportion of older adults may
have been an increasingly important factor that affects food
consumption in rural China.

Generally, there are usually two types of influencing factors
that affect food consumption: macrolevel factors, such as
agricultural production, economic growth, urbanization, and
infrastructure construction (9–12); and microlevel factors, such
as education level, household income, family structure, food
prices, and social and psychological traits (2, 13–16). There is
also a small section of the literature that focuses on the impact of
aging on food consumption. Considering the health condition of
older adults, less physical activity and degenerated body organs
usually lead to a decline in total food consumption (17, 18).
There is empirical evidence that accelerated aging may decrease
food consumption per capita (19). However, a decrease in total
food consumption does not mean a decrease in each type of food
consumption. Although rural older adults choose to decrease
meat consumption to some extent (20), they also consciously
prefer to consume healthier foods to obtain more nutrients (21–
23). In addition, older adults’ gender, income level, personal
traits (24), and family structure are also important factors
affecting food consumption (25–29).

From the above literature review, the following gaps require
more attention. First, most of the aforementioned literature
only considers the impact of aging at the regional level, which
may lack the analysis of national micro household survey data.

Second, there seems to be less research on the impact of aging on
food consumption by rural residents, with most related studies
paying attention to Chinese residents or urban residents. Finally,
there is little research on how aging in rural China affects specific
food consumption at the household level. Most available studies
pay more attention to the consumption of staple foods and meat,
ignoring aquatic products, dairy products, fruits, and vegetables.
However, these types of foods are also an important part of rural
residents’ food consumption.

This study aims to explain how aging affects family food
consumption structures and expenditures in rural families,
thereby providing empirical evidence and policy implications
for the improvement of diet and health of rural residents.
Additionally, this study seeks to fill various research gaps. We
use nationally representative household survey data to study
the impacts of older adults on food consumption, which makes
the conclusions more reliable. We divide food consumption
into 10 categories, which helps us understand the impact of
aging on specific food consumption more accurately. This
study also considers the impact of young and older adults
living together, which complements the analysis of the external
effect of demographic shifts on households. Considering older
adults’ low vitamin intake, this study puts forward the beneficial
countermeasures that older adults should increase expenditure
on fruits and vegetables and maintain the intake of protein to
improve their dietary structure and enhance physical fitness.

Materials and methods

Data

In our study, we use two types of data. The first type of
data is from the National Household Income and Expenditure
Survey, which is carried out by the National Bureau of
Statistics of the Chinese Government. National Household
Income and Expenditure Survey adopted a stratified multi-stage
random sampling method and included 160,000 urban and rural
households from 31 provinces of China. The survey includes
detailed records about household level food consumption. The
National Bureau of Statistics aggregated household level data,
conducted weighted statistics, and then released the annual
report about the average food consumption of urban and
rural residents. Notably, the micro household data are not
publicly available, and we could only obtain information about
the aggregated average food consumption of urban and rural
residents from the annual report. More specifically, four types of
food consumption per capita of urban and rural residents from
1985 to 2020 are used for the analysis of rural–urban residents’
food consumption in section “The evolution of rural-urban
residents’ food consumption”.

The second type of data used in this study was retrieved
from the China Rural Fixed Observation Points in 2020,
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collected by the Research Center for Rural Economy under
the Ministry of Agricultural and Rural Affairs of China, which
includes comprehensive information about rural households
and their members. This survey data only target rural
households, not urban households, which is used to analyze
the structure of food consumption of rural households in
section “The structure of food consumption expenditure in
rural households” and the regressions on the effects of rural
aging on food consumption in sections “Regression of food
consumption per capita on aging” and “Regression of food
consumption structure on aging”. The survey was formally
set up in 1986 and has been run until now, covering 23,000
rural households and 375 villages in 368 counties of 31
provinces. It is nationally representative survey data. Equal
survey weight is given to poor, medium, and rich rural families
in typical counties of each province in China. These data
have been widely used in academic research (30–33). The
data consist of 1,250 indicators in eight categories, including
labor force, annual household income, and consumption.
Notably, detailed information regarding the consumption of
various foods by rural households is available in 2020, which
builds a solid foundation for this research. Thus, we only
use survey data from 2020, and the final sample size for
the empirical analysis was 20,185 after removing observations
with missing values.

Measurement

We focused on two dependent variables: (1) the food
consumption expenditure per capita on a specific food
(unit: yuan) and (2) the proportion of the consumption
expenditure on a specific food in total expenditure (unit:%).
These two variables reflected the quantity and structure
of food consumption among rural residents. Notably,
we obtained information on family food expenditures
and family members from the Household Questionnaire.
The Household Questionnaire is generally answered
by the head of the household. Heads of households
usually have accurate information about family members
and food consumption and provide clear answers,
guaranteeing high-quality data. Thus, per capita expenditure
is accurate. The detailed food items can be found in
Supplementary Table 1.

Based on the classification of food consumption by the
National Bureau of Statistics of China, 10 main types of food
were selected: (1) grains, (2) edible oil and fats, (3) vegetables
and edible mushrooms, (4) meat and meat products, (5) poultry,
(6) aquatic products, (7) eggs, (8) milk and dairy products, (9)
melons and fruits, and (10) sugar.

Additionally, we focused on two core independent variables:
(1) the number of people in the household aged 65 years
and over (NP65) and (2) the proportion of people aged

TABLE 1 Descriptive statistics of continuous variables (N = 20,185).

Variables Mean Std. dev.

Per capita consumption expenditure of grain
(yuan)

24.5 14.76

Per capita consumption expenditure of edible
oil and fats (yuan)

9.0 6.15

Per capita consumption expenditure of
vegetables and edible mushrooms (yuan)

10.9 8.53

Per capita consumption expenditure of meat
and meat products (yuan)

36.8 15.02

Per capita consumption expenditure of poultry
(yuan)

3.3 4.09

Per capita consumption expenditure of aquatic
products (yuan)

4.3 4.73

Per capita consumption expenditure of eggs
(yuan)

3.2 3.14

Per capita consumption expenditure of milk
and dairy products (yuan)

2.7 4.11

Per capita consumption expenditure of melons
and fruits (yuan)

4.7 4.41

Per capita consumption expenditure of sugar
(yuan)

0.7 0.83

Weighted mean age (years) 39.7 18.64

Household income (10,000 yuan) 8.4 7.04

Proportion of labor force (%) 65.0 30.38

1 RMB (Yuan) = 0.14493 USD (dollar) in 2020.

65 years and over (PP65). These two independent variables
were treated as follows: (1) NP65 was transformed into a
categorical variable with values of 0, 1, and 2, where 2 indicates
the number of older adults equal to or more than 2. There
were 57.1% of rural households with no older adults, 21.4%
of rural households with one older adult, and 21.5% of rural
households with two or more older adults. (2) For PP65, we
defined three types of rural households: pure young family
(PP65 = 0), mixed family (0 < PP65 < 1), and pure older
adult family (PP65 = 1). The proportions of pure young,
mixed, and pure older adult families were 57.1, 13.4, and
29.4%, respectively.

We excluded the confounding influence of wealth
(34), workforce composition (35), and other demographic
characteristics at the household level by adding the following
controlling variables: mean age of household members
weighted by the length of stay at home, which is used for
controlling for the interference of family member’s age;
whether the household was poor, and the proportion of
poor families was 7.4%, which is used for controlling family
wealth status; annual household income because household
income level directly determines the quantity and quality of
food consumption (36); and the proportion of labor force,
which may affect family food consumption patterns (37).
The descriptive statistics of relative variables can be seen in
Table 1.
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Analytical strategy

This study’s analysis was conducted in two parts. First, we
performed a descriptive statistical analysis of rural and urban
residents’ food consumption evolution with the aggregated
data of the National Household Income and Expenditure
Survey, which aimed to identify the consumption variation in
four main food types of rural and urban residents. Due to
the data availability, we cannot conduct statistical tests with
household data, but only conduct descriptive statistics with
aggregated data. We also describe the composition of food
consumption expenditure in rural households with the micro
data of China Rural Fixed Observation Points in 2020 in
section “The structure of food consumption expenditure in
rural households”.

Second, we used ordinary least squares (OLS) to empirically
analyze the relationship between aging and food consumption
in rural households (38) with the micro data of China Rural
Fixed Observation Points in 2020. There are four analyses: the
relationship between the number of older adults and the food
consumption per capita, the relationship between household
composition and food consumption per capita, the relationship
between the number of older adults and the structure of
food consumption, and the relationship between household
composition and the structure of food consumption.

Results

Trends and composition of food
consumption

In this section, we first analyze the evolution of food
consumption of grains, pork, aquatic products, and edible
vegetable oil separately from 1985 to 2020 among rural and
urban residents; and second, we concentrate on the structure
of food consumption expenditure of rural residents in detail
with the latest data from unique nationally representative
household survey data.

The evolution of rural–urban residents’ food
consumption

From Figure 1A, the grain consumption gap between urban
and rural residents has narrowed continuously, from 122.7 kg
per capita in 1985 to 48.2 kg per capita in 2020. However, there
is still a noticeable gap of 48.2 kg per capita.

From Figure 1B, Chinese residents’ edible vegetable oil
consumption shows a trend of fluctuating growth. Usually, rural
residents’ edible vegetable oil consumption is significantly lower
than that of urban residents. However, this was the first time
that the consumption of edible vegetable oil by rural residents
surpassed that of urban residents in 2018.

From Figure 1C, the pork consumption of rural residents
caught up with that of urban residents from 1985 to 2020.
Noticeably, in 2018, rural residents’ pork consumption (23 kg
per capita) surpassed urban residents’ pork consumption
(22.7 kg per capita), showing the rapidly growing demand of
rural residents for pork. Simultaneously, the pork consumption
of rural and urban residents seems to have peaked at 20 kg per
capita.

From Figure 1D, the strong growth in aquatic product
consumption is indicated by an increase of 235.21% and
643.75% for urban and rural residents, respectively. In the 1980s,
the aquatic product consumption of urban and rural residents
was 7.1 and 1.6 kg per capita, respectively. In recent years, the
growth rate of aquatic products for rural residents has been
much higher than that of urban residents. Although the urban–
rural gap in aquatic product consumption has greatly decreased
over the past 35 years, there is still a disparity.

The structure of food consumption
expenditure in rural households

We also discuss the latest rural households’ food
consumption expenditures using survey data from 2020. In
Figure 2, there are 10 main types of food in the rural residents’
food list. Rural residents’ food consumption structure has
gradually transformed from a single to a diversified structure.
From the perspective of food composition, meat and meat
product consumption was ranked first, accounting for more
than one-third of total food expenses. The proportion of grain
consumption was 24.52% and ranked second. The expenditure
on vegetables and edible mushrooms approximately equals
that of edible oil and fats, accounting for 10% of the total
cost. However, aquatic product, egg, milk, and dairy product
expenditures still represent a small proportion, adding up to
only 10%, indicating that rural residents’ protein intake may be
insufficient and the quality of food consumption needs further
improvement.

Regression of food consumption per
capita on aging

From Tables 2, 3, we find that food consumption per capita
is related to the number and proportion of older adults in rural
households.

Regression of food consumption per capita on
the number of older adults

Table 2 indicates that an increase in the number of older
adults significantly lowers the consumption of all 10 types
of food. With the increase in older adults, the decline in
spending on meat and meat products and grains ranked first
and second, respectively. Compared with the family with no
older adults, the consumption of meat and meat products and
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FIGURE 1

Urban-rural trends of per capita consumption of four main foods from 1985 to 2020. The data has been aggregated to the urban and rural
average level from the micro household level by the National Bureau of Statistics. The occasion of observation is equal to 36 (More specifically,
36 for the average food consumption of rural residents from 1985 to 2020, and 36 for the average food consumption of urban residents in each
year from 1985 to 2020). The red and blue lines denote per capita consumption of grain, edible vegetable oil, pork, and aquatic product of rural
and urban residents, respectively.

FIGURE 2

Rural residents’ food consumption expenditure structure in 2020, unit: %.

grain in the family with one older adult decreased by 67 and
54 yuan, respectively. In the case of a family with two or
more older adults, the decrease in meat and meat products and
grains was 178 and 109 yuan, respectively. Compared with the

family with no older adults, spending on vegetables and edible
mushrooms, edible oil and fats, and melons and fruits in the
family with one older adult decreased by 32, 10, and 22 yuan,
respectively. However, the spending on these three types of
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TABLE 2 Regression of the food consumption per capita on the number of older adults.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Variables Grain Edible oil
and fats

Vegetables
and edible
mushrooms

Meat and
meat

products

Poultry Aquatic
products

Eggs Milk and
dairy

products

Melons and
fruits

Sugar

Zero old = ref.

one old −53.76*** −10.43*** −31.71*** −67.09*** −5.686** −9.979*** −5.843*** −4.689*** −21.93*** −1.248***

(6.069) (2.419) (5.159) (11.78) (2.255) (2.604) (1.228) (1.615) (2.070) (0.252)

two old −108.6*** −34.64*** −86.77*** −177.8*** −17.59*** −21.62*** −13.22*** −12.83*** −30.61*** −3.016***

(6.668) (2.658) (5.669) (12.94) (2.478) (2.862) (1.349) (1.774) (2.274) (0.277)

R-squared 0.051 0.036 0.036 0.040 0.027 0.057 0.038 0.028 0.044 0.035

**p < 0.05; ***p < 0.01. N = 20,185. Covariates include weighted mean age, household income, poverty status, and proportion of labor force (%).

TABLE 3 Regression of the food consumption per capita on the household composition.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Variables Grain Edible oil
and fats

Vegetables
and edible
mushrooms

Meat and
meat

products

Poultry Aquatic
products

Eggs Milk and
dairy

products

Melons and
fruits

Sugar

Young household = ref.

Mixed
household

−99.30*** −27.15*** −65.32*** −140.6*** −15.88*** −22.27*** −13.58*** −11.68*** −29.14*** −2.467***

(5.436) (2.175) (4.649) (10.60) (2.027) (2.337) (1.099) (1.452) (1.863) (0.227)

Old household 48.91*** 15.88*** 3.455 36.89** 18.32*** 26.49*** 16.98*** 11.83*** −5.726* 0.668*

(8.888) (3.556) (7.601) (17.34) (3.315) (3.822) (1.796) (2.374) (3.046) (0.372)

R-squared 0.062 0.040 0.037 0.042 0.032 0.065 0.051 0.033 0.047 0.037

*p < 0.1; **p < 0.05; ***p < 0.01. N = 20,185. Covariates include weighted mean age, household income, poverty status, and proportion of labor force (%).

food for those families with two or more older adults decreases
by 87, 35, and 31 yuan, respectively. In addition, it is worth
noting that there is a smaller decrease in the consumption of
aquatic products, poultry, eggs, milk and dairy products, and
sugar.

Regression of food consumption per capita on
household composition

Table 3 shows that the food consumption of mixed families
is significantly lower than that of young families. Specifically,
food consumption per capita on meat and meat products and
grains in mixed families is 140 and 99 yuan lower than in young
families, which is the main difference between these two types of
families. The gaps in vegetables and edible mushrooms, edible
oil and fats, and melons and fruits are 65, 27, and 29 yuan,
respectively. Furthermore, the gaps in poultry, aquatic products,
eggs, milk and dairy products, and sugar are relatively small, at
no more than 25 yuan. Noticeably, food consumption per capita
in pure older adult families is significantly higher than that in
young families. The most obvious gaps between young and older
adult families are reflected in the consumption of grain and meat
and meat products, at 49 and 37 yuan, respectively.

Regression of food consumption
structure on aging

Next, we analyze the impact of the number and proportion
of older adults on the structure of food consumption at the
household level.

Regression of food consumption structure on
the number of older adults

Table 4 shows the regression results of the proportion of the
consumption of various foods on the number of older adults.
With an increase in the number of older adults, the variation in
different types of foods is the opposite. First, the proportion of
grains, vegetables, and edible mushrooms and melons and fruits
declined, which is consistent with the variation in corresponding
food consumption. Compared with a family with no older
adults, having one or two older adults in the family reduces
the proportion of grain consumption by 1.0 or 1.2 percentage
points, while the decrease was 0.1 and 0.8 percentage points
for vegetables and edible mushrooms, respectively, and 0.5
and 0.4 percentage points for melons and fruits, respectively.
Second, the proportion of consumption of edible oil and fats,
meat and meat products, poultry, aquatic products, eggs, milk
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TABLE 4 Regression of the proportion of food consumption (%) on the number of older adults.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Variables Grain Edible oil
and fats

Vegetables
and edible
mushrooms

Meat and
meat

products

Poultry Aquatic
products

Eggs Milk and
dairy

products

Melons and
fruits

Sugar

Zero old = ref.

one old −0.972*** 0.333*** −0.110 0.979*** 0.0990 0.0805 −0.0364 0.109 −0.496*** 0.0153

(0.281) (0.117) (0.162) (0.287) (0.0777) (0.0889) (0.0600) (0.0785) (0.0840) (0.0157)

two old −1.204*** 0.249* −0.827*** 1.255*** 0.171** 0.447*** 0.131** 0.134 −0.394*** 0.0391**

(0.309) (0.129) (0.179) (0.316) (0.0854) (0.0977) (0.0660) (0.0863) (0.0923) (0.0173)

R-squared 0.015 0.011 0.014 0.006 0.020 0.040 0.007 0.008 0.014 0.011

*p < 0.1; **p < 0.05; ***p < 0.01. N = 20,185. Covariates include weighted mean age, household income, poverty status, and proportion of labor force (%).

TABLE 5 Regression of the proportion of food consumption (%) on the household composition.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Variables Grain Edible oil
and fats

Vegetables
and edible
mushrooms

Meat and
meat

products

Poultry Aquatic
products

Eggs Milk and
dairy

products

Melons and
fruits

Sugar

Young household = ref.

Mixed
household

1.287*** 0.340*** −0.339** 1.379*** 0.0922 0.155* −0.0513 0.0731 −0.393*** 0.0311**

(0.253) (0.106) (0.146) (0.259) (0.0700) (0.0801) (0.0541) (0.0708) (0.0757) (0.0142)

Old household 0.144 0.0616 −0.822*** −0.493 0.336*** 0.682*** 0.512*** 0.378*** −0.791*** −0.00671

(0.414) (0.173) (0.239) (0.423) (0.115) (0.131) (0.0884) (0.116) (0.124) (0.0232)

R-squared 0.016 0.011 0.013 0.007 0.020 0.040 0.009 0.008 0.015 0.011

*p < 0.1; **p < 0.05; ***p < 0.01. N = 20,185. Covariates include weighted mean age, household income, poverty status, and proportion of labor force (%).

and dairy products, and sugar increased, even though there
are more older adults in the household. Among these types of
food, the proportion of meat and meat product consumption
increased the most by 1 and 1.3 percentage points, respectively.
In addition, in a family with two older adults, the increase in the
proportion of food consumption of edible oil and fats, poultry,
aquatic products, eggs, and sugar was 0.25, 0.2, 0.5, 0.1, and 0.04
percentage points, respectively.

Regression of food consumption structure on
household composition

From the perspective of family types (such as young, mixed,
and older adult families), we can see the structure of food
consumption from Table 5. Based on the results in this table,
we classify the impact of the proportion of older adults into
three categories. First, for vegetables and edible mushrooms, and
melons and fruits, the proportion of consumption of vegetables
and edible mushrooms in mixed and older adult families is 0.3
and 0.8 percentage points lower than that in young families, and
the proportion of spending on melons and fruits is 0.4 and 0.8
percentage points lower. Thus, due to differences in the structure
of young adults’ food consumption, older adults would increase

their consumption of fruits and vegetables if they lived with
younger adults.

Second, there were significant differences in the proportion
of consumption of poultry, aquatic products, eggs, and milk
and dairy products between older adults and young families.
Compared with young families, the proportion of older adult
families’ consumption of these four types of food is 0.3, 0.7, 0.5,
and 0.4 percentage points lower, respectively.

Third, there are observable differences in the consumption
of grain, edible oil and fats, meat and meat products, and sugar
between mixed and young families. The proportion of food
consumption of these types of food in the mixed families was
1.3, 0.3, 1.4, and 0.03 percentage points higher than that in
the young families.

Discussion and conclusion

This study described the food consumption trends of rural
and urban residents from 1985 to 2020 and the structure of
food consumption of rural residents in China in 2020. Since
1985, grain consumption per capita in rural areas has decreased
gradually. However, there is still one noticeable difference in
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grain consumption between rural and urban residents (4).
The growth rate of aquatic product consumption among rural
residents was faster than that among urban residents. However,
the consumption of edible oil and fats, and pork per capita
in rural areas was equal to that in urban areas, which shows
the huge demand for meat and meat products and oil in rural
China. By 2020, the proportion of food consumption of both
meat and meat products and grain in the total food consumption
accounted for 61%. This result shows that rural residents’ food
consumption tends to be diverse (39). Along with the increase in
the supply of various types of food, rural residents’ demand for
high-quality food has been satisfied to some extent (40).

Next, we studied the relationship between aging and food
consumption in rural China. In 2020, Engel’s coefficient of rural
residents was approximately 32.7%, which is not in line with
the actual situation in rural residents’ living levels (41). Thus,
we pay attention not only to how much food rural residents
consume but also to what kind of food they consume. At the
household level, the presence of older adults may significantly
affect the structure of food consumption. This study focuses
on the impact of the number of older adults and household
composition on the amount and structure of food consumption
at the household level.

On one hand, an increase in the number of older adults
improves relative food consumption of edible oil and fats,
poultry, aquatic products, eggs, milk and dairy products, and
sugar. In addition, food consumption per capita would increase
if all family members were older adults. This may be related to
the amount of time that older adults spend at home. Generally,
older adults spend more time at home, whereas young adults
spend less time there (42). Therefore, the food consumption
per capita in pure older adult families is greater than that in
pure young families. As mixed families are usually made up of
three generations and children usually have lunch at school,
food consumption per capita in mixed families is the lowest.
Noticeably, there is an interesting phenomenon that, compared
with young people, older adults consume less of melons and
fruits, which is consistent with the previous literature (43).
Thus, the fruit consumption of both pure older adult families
and mixed families is lower than that of pure young families.
This suggests that older adults have a lower preference for
fruit. Although such products may be unregistered in rural
areas due to their own production and consumption, rural
residents’ consumption of fruit and vegetables is still relatively
low compared with urban residents’ consumption (44).

On the other hand, we found empirical evidence that
intergenerational cohabitation may affect the structure of
food consumption. Importantly, older adults increase their
consumption of fruits and vegetables if they live with
younger adults. There are obvious similarities and differences
in the structure of food consumption between older and
younger people (45). First, regarding the proportion of total
consumption of grain, edible oil and fats, meat and meat

products, and sugar, older adults and younger people show
similar food consumption structures. However, when older
adults and young people live together, the aforementioned
food consumption structure shows variations with different
characteristics. Second, there are significant differences in
food consumption between young and older adults in terms
of poultry, aquatic products, eggs, milk and dairy products,
vegetables and edible mushrooms, and melons and fruits
(46). When they live together, the differences become narrow
or even disappear.

This study may contribute to the following aspects. First,
we find that the number of older adults and household
composition significantly affect the amount and structure of
food consumption in Chinese rural households. Second, this
study focuses on analyzing the impact of intergenerational
cohabitation, such as older adults and young people living
together on the structure of food consumption. Specifically,
this study complements the analysis of the second demographic
transition in China and concludes that there are pronounced
differences in food consumption among various family types,
such as in pure older adult, mixed, and pure young families.

This study draws the following main conclusions. First,
since the reform and opening up, food consumption of Chinese
rural residents has tended to be diversified, consistent with
previous studies (39). Second, this study provides empirical
evidence that aging significantly affects the food consumption
of rural residents. More specifically, food consumption
per capita is related to the number of older adults and
household composition in rural households. Third, older and
younger family members show different preferences regarding
food consumption, and intergenerational cohabitation may
significantly affect the structure of family food consumption.

The conclusions of this study could provide a decision-
making basis for promoting food consumption diversification
and improving the quality of food consumption by older adults
in rural China. To ensure the balance of dietary structure
and health improvement of rural older adults, we suggest that
rural older adults should increase their consumption of fruits
and vegetables by advocating intergenerational cohabitation
and maintain a sufficient intake of protein by appropriately
increasing the consumption of high-protein beef and fish.

It is worth noting that this study may have the following
limitations due to the restriction of data. First, we compare
the food consumption of the rural and urban residents as
a background, while it is not feasible to conduct statistical
tests for the food consumption of rural and urban residents
due to the lack of access to the micro household data of the
National Household Income and Expenditure Survey in our
descriptive part. Thus, we can only draw conclusions with a
direct descriptive comparison of rural and urban residents’ food
consumption with the aggregated data. Second, we concentrate
on the analysis of the food purchased externally and do not

Frontiers in Nutrition 08 frontiersin.org

514

https://doi.org/10.3389/fnut.2022.933343
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-933343 November 18, 2022 Time: 14:43 # 9

Gao et al. 10.3389/fnut.2022.933343

consider such products which may be unregistered in rural
areas due to their own production and consumption. In fact,
many rural families in China consume self-produced food. This
study does not consider the opportunity costs of obtaining self-
produced food due to the lack of relative information. Third,
this study only analyzed the main types of food and may not
cover all food types, such as soy sauce, vinegar, salt, and many
other condiments. The consumption of these items is also
necessary for the diet of rural Chinese residents, which may
affect the results to some degree. Future studies should consider
whole foods including self-produced food, pre-made food, and
restaurant food or delivery food, and explore the heterogenous
effect of aging on household food consumption between rural
and urban residents if needed data are available.
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Crocin is a bioactive compound that naturally occurs in somemedicinal plants,

especially sa�ron and gardenia fruit. Di�erent conventional and novelmethods

are used for its extraction. Due to some control conditions, recent methods

such as ultrasonic extraction, supercritical fluid extraction, enzyme-associated

extraction, microwave extraction, and pulsed electric field extraction are

widely used because these methods give more yield and e�ciency. Crocin

is incorporated into di�erent food products to make functional foods.

However, it can also aid in the stability of food products. Due to its ability

to protect against brain diseases, the demand for crocin has been rising in

the pharmaceutical industry. It also contain antioxidant, anti-inflammatory,

anticancer and antidepressant qualities. This review aims to describe crocin

and its role in developing functional food, extraction, and bioavailability in

various brain-related diseases. The results of the literature strongly support the

importance of crocin against various diseases and its use in making di�erent

functional foods.

KEYWORDS

crocin, extraction techniques, food applications, medicinal, brain disorders

Introduction

Crocins, a series of polyene dicarboxylic acid, mono and di-glucosyl esters of

crocetin, are the major colors causing compounds of saffron and gardenia. In China,

the contents of gardenia fruits are used as herbal remedies and natural colors (1).

Other plants, such as Buddleja spp., also generate crocins, but because of their low

concentration, they are not commercially utilized (2). Crocin is a chemical diester
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composed of the dicarboxylic acid crocetin and disaccharide

gentiobiose (3). Crocins are crocetin glycosyl esters

generated via the esterification of crocetin with various

glycosides, including geometric isomers (3). The activity of

glucosyltransferases causes the transfer of crocetin molecules,

which add varying amounts of glycosidic to yield crocins, a

primary component of saffron that confers water solubility

(4). Crocins are responsible for many of this valuable plant’s

pharmacologic effects (5). Crocins, unlike other carotenoids,

have 20 carbons and several glycosides. Several earlier

studies demonstrated that crocins, particularly alpha crocin,

had radical quenching, antioxidant, and anti-inflammatory

properties (6).

Crocin (mono- or di-glycosyl polyene esters) is a key

bioactive component in saffron that dissolves easily in water

and produces a distinctive red color, making saffron a natural

coloring compound (7). Trans-crocetin di-(-D-gentiobiosyl)

ester, crocin1 is the most prevalent crocin, with a golden-

yellow tint. Crocin has the highest recorded absorbance at

440 nm (8). Because of its limited stability, crocins lose

its functionality when exposed to light, heat, and acidic

nature (9). Also have low immersion and bioavailability, as

it is un-absorbed if taken orally till hydrolyzed to produce

deglycosylated trans-crocetin in the intestinal tract by enzymatic

conditioning in the intestinal epithelial cells and by the fecal

bacteria (9).

Crocin has several pharmacological actions, including

anti-inflammatory and cancer cell growth inhibitor properties

(10–12). Under various experimental settings, crocin has

also been shown to protect against oxidative damage to

brain vasculature, renal tissues, the heart, and the retina

(3). In addition to their anti-hypertensive, anti-platelet

aggregation, nephron-protective effects, anti-depressant,

and anti-atherosclerotic, these phytoconstituents are radical

scavengers, particularly against superoxide anions (13). Many

people are afflicted with neurodegenerative disorders such

as epilepsy, Parkinson’s, and Alzheimer’s, with increasing

age being the primary risk factor (14). The naturally occurring

carotenoid molecule, crocin, has been shown to offer therapeutic

potential in treating neurological disorders (15). Crocin also

increases dopamine in the brain during Parkinson’s disease.

As a result, this chemical has been demonstrated to be a

promising treatment option for neurodegenerative diseases

(16). According to randomized, double-blind, placebo-

controlled experiments, crocin medicinal levels do not harm

the body. In a double blind randomized clinical trial it was

found that crocin (20 mg/day) is safe in healthy volunteers, with

no notable changes in hematological, hormonal, biochemical,

or urine markers (17). This review aims to describe the

role of crocin in developing functional food, extraction

and critically evaluate prior and current findings on the

biological/pharmacological actions of crocin against various

brain related diseases.

Biochemical structure of crocin
family

The crocins are a class of hydrophilic carotenoids that

are either mono- or di-glycosyl polyene esters of crocetin in

which D-gentiobiose and/or D-glucose appear as carbohydrate

residues (18). A carotenoid with a 20-carbon dicarboxylic

structure. Saffron contains a variety of carotenoid chemicals,

containing trace levels of zeaxanthin, alpha and beta carotene,

and lycopene (19).

Six different forms of the crocin family’s glycosyl esters have

been found in saffron. Trans-crocins 3 and 4 are the most

prevalent of the crocin analogs, which include crocins 1–4 and

are virtually glycosides of trans-crocetin in saffron. These crocins

range in concentration in Spanish saffron between 0.01 and 9.44

percent and 0.46 and 12.12 percent, respectively, whereas cis-

crocetin and its glycosides are minor constituents (20). Except

for crocin-1, all crocin derivatives are said to exist as pairs

of cis-trans isomers. Trans-crocins undergo photoisomerization

events and change to cis-crocins, according to a research by (21);

this process is reliant on the agro-ecological circumstances in the

region of the plant’s origin.

Due to its high water solubility, crocin, also known as

alltrans crocetin di-b-D-gentiobiosyl ester, has the best coloring

capacity when compared to the other carotenoides of saffron.

Crocin, which is also soluble in methanol and ethanol, is

considered as the preferred water-soluble food additive because

of its ability to quench free radicals and possess tumor-fighting

characteristics. Structure of crocetin and its glycosides are

presented in (Figure 1).

Di�erent plant sources of crocin

Crocin is the pigment that gives saffron its color (22). It is

also taken from the fruits of the gardenia (23). It occurs as a

red powder as a solid, yet it gives a yellow color to dishes (24).

crocin as a spice produced by the s Crocus Sativus L. is produced

primarily in Western Asia, with Iran being the world’s largest

producer, but it is also economically significant in huge sections

of Mediterranean Europe (25). The bitter flavor of a saffron

spice is attributed to the monoterpene glycoside picrocrocin,

whereas the scent is attributed to the aglycone safranal (26). The

closed flowers of saffron are hand-picked in the early morning

to ensure greater resistance to the degenerative processes of the

floral organs and obtain a spice with high qualitative traits (25).

A mechanical system can also do harvesting with two primary

parts: the first detaches the corolla from the stem, and the second

gathers the removed flower using a vacuum collector (25). It

takes 370–470 h to make 1 kg of dried saffron through manual

plucking (27). Using high-performance liquid chromatography

(HPLC), the principal features of the saffron extract related to

crocins and safranal concentration were identified (28).
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FIGURE 1

Chemical structure of crocin, dicarboxylic acid (crocetin), monoterpen aldehyde (safranal) and glycoside (picrocrocin).

Gardenia is an evergreen shrub commonly used in

landscaping with characteristics like sweet, softly aromatic

blossoms (29). It is a well-known fruit for ayurvedic purposes in

China due to its chilly and bitter characteristics (30). Therefore,

medicinal importance of this shrub includes curing stomach

aches and hepatic, as well as treat diuretic, anti-phlogistic,

choleretic, laxative, and homeostatic qualities (30). Also, it is

used to obtain yellow color since it contains crocin and crocetin,

primary plant carotenoid constituents (30).

The derivatives derived from G. jasminoides are less

poisonous, less allergenic, and more environmentally friendly

than saffron (31). A homogenate extraction procedure was used

to extract crocin from G. jasminoides (32, 33). Another work

used ethanol/water cold percolation to extract crocin from G.

jasminoides without affecting percolation (34). The Microwave-

assisted extraction (MAE) method boosted the extraction yield

of crocin from G. jasminoides’ edible yellow pigment by 50%

over the usual extraction method (35).

Crocin microbial production has attracted significant

interest recently, but its implementation is limited as per

the literature studies (36). Carotenoids such as astaxanthin,

lycopene, and carotene have been genetically engineered into

Escherichia coli (E. coli). As a result, experiments were done to

develop E. coli cell factories that could produce crocin. E. coli

has a distinctive genetic make-up, expands quickly under simple

culture conditions, and is capable of a variety of well-known

large-scale fermentation processes. The YL4 and YL5 strains are

the ones that start crocin synthesis. Finally, the researchers were

able to establish strains that produced crocetin and crocin-5 by

integrating and optimizing the expression of the heterologous

genes (37).

Extraction of crocin by conventional
method and novel techniques

Extracting bioactive components from saffron necessitates

ongoing research into environmentally and economically viable

extraction strategies (38, 39). Traditional extraction procedures

are time-consuming and necessitate a large amount of solvent

(40). As a result, novel extraction strategies for extracting

bioactive components from saffron have been devised, reducing

extraction time and solvent usage while improving extract

extraction yield and quality (38). Several approaches have

been developed to extract bioactive components from saffron

with maximum extraction and purity efficiency (38). It is

confirmed that, compared to traditional procedures, the targeted

bioactive components can be extracted more efficiently in

terms of solvent volume and extraction time by employing the

right extraction method (41–43). According to El Asbahani

et al. (44), the extraction method should be chosen based

on the desired bioactive component, heat sensitivity, tissue

complexity, etc. Conventional extraction processes (soxhlet

extraction, maceration, solvent extraction vapor, or hydro-

distillation) are generally non-selective, require a high volume

of organic solvents, and require longer extraction times in

Frontiers inNutrition 03 frontiersin.org

519

https://doi.org/10.3389/fnut.2022.1009807
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Ali et al. 10.3389/fnut.2022.1009807

FIGURE 2

Biological activity of crocin in di�erent brain related disorders, where the red circle shows the inhibitory property of crocin and blue circle shows
the activation.

certain cases, damage heat-sensitive bioactive chemicals (16, 45).

These current extraction processes, known as “green methods,”

are environmentally friendly, safer, faster, more efficient, and

more precise (46). Green approaches include several extraction

techniques, including membrane and emulsion liquid ultrasonic

extraction, supercritical fluid extraction, enzyme-associated

extraction, microwave extraction, and pulsed electric field

extraction (41, 47). These approaches can efficiently extract

saffron bioactive components. In general, the efficiency of

extraction procedures is primarily determined by the selection of

appropriate solvents, taking into account solvent-solute affinity

and the employment of coextraction techniques (48). To get

saffron bioactive components such as crocin, picrocrocin, and

safranal, a wide range of solvents, such as water and organic

solvents, and their combinations have been utilized (49). In

general, fewer polar chemicals (safranal) are extracted with

carbon dioxide, whereas initially, polar substances (crocin,

crocetin) are extracted with organic solvents (e.g., ethanol)

(50). Mohajeri et al. (51) demonstrated the extraction of crocin

from saffron using molecularly imprinted polymer methods.

Recent research on saffron used MAE to extract several

bioactive components (picrocrocin, safranal, and crocin). The

components’ contents were determined spectrophotometrically

at 257, 330, and 440 nm (the peak absorbance values of

picrocrocin, safranal and crocin), respectively (52). The

extraction and purification techniques depend on obtaining

any important elements such as bioactive chemicals (crocins,

crocetin, safranal, and picrocrocins) naturally found in plants.

An effective bioactive extraction process should fulfill green

chemistry standards such as safety, environmental friendliness,

low or no contaminants, efficiency, and economics (41, 53).

Saffron’s key bioactive components—picrocrocin, safranal, and

crocin—were extracted using subcritical water. The response

surface approach was used to study the effect of extraction time

(5–15min) and temperature (105–125◦C) on process efficiency.

The crystallization process was used to recover complete crocin

from saffron stigmas. The optimal extraction solvent was

determined to be 80% ethanol. At different temperatures, the

crystallization process was carried out in one and two. As

a crystallization media, 80% ethanol was employed. Crocin

crystals were obtained with low purity from 1st crystallization

as compared to 2nd crystallization produced pure crystals

at a low temperature (−5◦C) quantified using UV-visible

spectrophotometer and HPLC followed by Fluka product and
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TABLE 1 Extraction and separation of crocin.

Source Extraction

(conventional/

novel)

Extraction technique Conditions Detection/separation References

Gardenia fruits Conventional 50% acetone Time:

31.4–32.2min

Temperature:−40◦C

HPLC (56)

Saffron Conventional Methanol–water (50:50, v/v) Time: 24 h

Temperature: 4◦C

HPLC (57)

Saffron – – Time: 05min

Room temperature

HPLC (58)

Green ovaries

gardenia

Conventional 50% (v/v) ethanol Time: 45min

Room temperature

HPLC (59)

Gardenia fruits – – Time: 28.6min

Temperature: 70.4◦C

HPLC (60)

Saffron stigma Conventional Water – Thin layer

chromatography

(61)

Saffron Conventional Methyl alcohol – – (62)

Saffron – – – Electronic tongue (63)

Saffron Conventional Ethanol Time: 4 and 3 h

Temperature: 100◦C

– (64)

Saffron Novel Microwave-assisted extraction

(MAE)

Time: 2–10min

Temperature: 100–

103◦C

– (52)

Saffron Novel Microextraction – – (65)

Saffron Novel Ultrasound – – (66)

Saffron Novel Homogenate extraction Time: 40 S

Temperature: 57◦C

– (67)

Saffron Novel Ultrasound-assisted

extraction (UAE)

– HPLC (68)

Crocus sativus L.

dry stigmas

Novel Ultrasound assisted extraction – HPLC (69)

Saffron stigma Novel Ultrasound assisted extraction – UV-vis

spectrophotometer

(70)

Saffron Novel Microwave-assisted extraction – – (71)

Saffron Novel Supercritical carbon dioxide

extraction

– HPLC (72)

saffron extraction using methanol (54, 55). The results showed

that its purity was ∼13 times greater than the Fluka products.

Despite our expectations, the Fluka product was not a pure

alpha-crocin sample; its chromatogram revealed five forms of

crocins and an unknown impurity (54). The purity of total

crystalline crocin was >97% (54). Crocin can only be split

into seven fractions using this approach. The approach also

necessitates time-consuming multiple treatments before pure

crocin can be extracted. Table 1 shows the conventional and

novel extraction methods of crocin.

Food applications of crocin

Saffron is a major source of various bioactive compounds,

including crocins, picrocrocin, and safranal (49). In various

food products, such as bakeries and beverages, the stigma

of saffron is widely used as a coloring agent and an aroma

(73). Studies also show that different parts of the saffron

plant are used in the development of functional food products

(74). The development of functional cookies enriched with

the stigma of saffron showed distinct attributes like good
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sensory scores, increased shelf life, and high antioxidant

activities (75). Different beverages enriched with saffron petals

demonstrate increased antioxidant properties after fermentation

(76). Various products are available in the market encapsulated

with bioactive compounds commonly found in the stigma and

petals of saffron (41). The enrichment of saffron bioactive

ingredients is done on a large scale. The saffron-enriched

pasta products exhibit a low glycemic index due to resistant

starch digestibility (77). It was also observed that the crocin-

encapsulated tablet decreased the glycemic index due to reduce

amylase activity in healthy people (78). Saffron carotenoids and

crocin are used as coloring agents. Various food dishes are

prepared with crocin, like the low kebab in Iran, pulao in India,

and paella rice in Spain (Table 2).

Dairy products

The bioactive compounds of saffron are commonly used

to develop various functional food products, including dairy

products (88). Moreover, in dairy products, various types of

cheese are developed that are enriched with saffron (89). Various

cheeses, including Luneberg cheese, Pecorino allo Zafferano

and Piacentinu Ennese cheese, are obtained from different

animal milk sources like Austrian cow’s milk, Italian sheep’s

milk, and Sicily sheep’s milk. Enriching saffron ingredients like

crocin in sheep’s milk influenced physicochemical properties

(90). It was evident from studies that cheese enriched with

saffron showed more distinct properties than others (91). This

type of cheese is yellowish in color having good elasticity and

microbiologically more stable (134). A group of researchers

examined the effect of saffron-rich cheese in different aspects,

including physicochemical properties, sensory attributes, color,

and antioxidant activities. No significant change occurred in

all properties, but the saffron-enriched product’s antioxidant

activity and antimicrobial capacity increased (91).

Dessert products

In dessert products, two types of dessert products,

cheesecake incorporated with saffron and orange jam; the other

white chocolate soup incorporated with saffron and yogurt,

were evaluated in various physicochemical properties (92). A

standardized level of crocin was incorporated in both types of

desserts. It was concluded that the dessert incorporated with

crocin had increased consumer acceptability and precise control

dosage compared to dessert incorporated with saffron stigma

(135). Several factors like easily water-soluble, undesirable fibers,

and the small size of powder saffron do not affect the properties

of the desired product. The saffron extract is considered more

valuable due to its uniform color intensity and no need for

preheating treatments (9).

TABLE 2 Food applications of crocin.

Plant

source

Food

application

Purpose to make

functional food

References

– W/O

micro-emulsions

Encapsulation (79)

Saffron – Nano encapsulation (80)

Saffron Crocin emulsion – (81)

Saffron – Nano encapsulated crocin (82)

Saffron Pasta Saffron extract (crocin)

seems to effect starch

digestibility

(83)

– Acidic beverages Results show the

improvement by addition of

soybean soluble

polysaccharide (SSPS) and

avenin on the compound

properties and stability of

crocin in different

conditions [under acidic

(pH 2.5) and neutral (pH

7.0)].

(84)

Saffron Drink It may be given a sweet taste

and aroma to the drink

(wine, other alcoholic and

non-alcoholic beverages)

(85)

Gardenia fruit

pomace (GFP)

Steamed bread GFP enrichment of steamed

bread could retain most of

the crocins and slow starch

digestion that improves the

appearance and nutritional

quality of steamed bread.

(86)

Stigma (Crocus

sativus)

Rye bread The results showed a most

consumer-acceptable rye

bread (RB) containing

saffron (S) powder (RB+ S)

was designed to verify its

anti-diabetic properties.

(87)

Saffron Wheat flour pasta Saffron improved the

antioxidant activity and

crocin content of the pasta.

(77)

Cereal products

The applications of saffron in cereal products are very

effective in reducing disease risk and improving the health

status of the modern-age population (93). The incorporation

of saffron bioactive compounds, especially crocin, in cereal

products is examined in several aspects like physicochemical

properties, color, texture, and sensory attributes (94). The pasta

incorporated with saffron showed distinct variations in different
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properties, including aroma, taste, color, gumminess, hardness,

chewiness, and overall acceptability (95). It was evident from the

DPPH and ABTS assays that saffron-incorporated pasta showed

high antioxidant properties (95). Several studies showed that the

water uptake during the cooking process of pasta incorporated

with a high amount of saffron is reduced due to non-soluble

compounds found in saffron that are responsible for inhibiting

the diffusion of water in the gluten matrix (96).

Beverage industry

Saffron extract is widely used in the beverage industry

to prepare alcoholic and non-alcoholic beverages, herbal teas,

vermouth, and several bitter drinks (97). In beverages, the

bitterness due to saffron extract is a limited aspect of consumers’

acceptance (98). It was observed that the phenolic content in

the herbal tea blend improves the bioaccessibility of crocin by

reducing the crocin oxidation during the digestion process. The

previous studies showed the bioavailability and bioaccessibility

of saffron carotenoids in beverage industries (99).

E�ect of crocin on brain-related
diseases

Crocin is a natural neuroprotective molecule with

anti-depressant properties and potential use in treating

neuropsychological problems (100). Crocin has been discovered

to reduce beta-amyloid aggregation, a key step in Alzheimer’s

disease pathogenesis. Crocin helps those with chronic

obstructive pulmonary disease and lipopolysaccharide who are

depressed. Crocin can also act as an anti-inflammatory agent

(101). Figure 2 presents the biological activity of crocin in

different brain-related disorders. The pharmacological potential

of crocin in brain-related diseases is shown in Table 3.

Alzheimer’s

Alzheimer’s is a neurodegenerative disease that causes

mental capacity development and disrupts neurocognitive

functions (109). Neurodegeneration, neuronal loss, and the

formation of neurofibrillary tangles and Ab plaques are all

signs and symptoms of this neuropathological disorder (109).

Alzheimer’s disease is the major cause of dementia in people

over 60. Alzheimer’s disease affects between 50 and 75% of

patients with dementia (109). There is a lack of a logical

chronological order of events in Alzheimer’s disease and

acceptable and effective treatment (110). The interaction of Ab

protein oligomers with glial cells and neurons causes a variety

of pathological and physiological abnormalities, including

mitochondrial dysfunction, pro-inflammatory cascade

stimulation, increased tau phosphorylation and oxidative

stress, calcium metabolism deregulation, increased glycogen

synthase kinase (GSK)-3b activity, cell death stimulation, and

neuronal apoptosis (111, 112).

Alzheimer’s disease is a difficult illness to prevent and

treat because of its complex pathophysiology (113). Herbal

compounds have been proposed as potential anti-Alzheimer’s

agents (114). Crocin, the primary component extracted from

Crocus sativus L, has various pharmacological effects, including

anti-apoptotic activity. Crocin, the primary component of

Crocus sativus L. extract, is a yellow carotenoid with anti-

inflammatory, anti-depressant, and memory-improving

qualities, as well as various pharmacological activities, including

anti-apoptotic capabilities (115).

Crocin’s neuroprotective actions boost memory by

scavenging free radicals, reducing the synthesis of peroxidized

membrane lipids, and reestablishing SOD activity, reducing

ROS and AGEs while lowering MDA levels and increasing

GPx activity. Crocin’s antioxidant effect effectively protects

cerebrocortical and hippocampal neurons from ischemia,

improving spatial cognitive abilities. Crocin modulated

Mitogen-Activated Protein Kinase, which suppressed A

concentration (MAPK) and tau phosphorylation, reducing

acrolein-induced oxidative pressure. Acrolein has been linked

to the development of Alzheimer’s disease. In rats, acrolein at

3 mg/kg/day p.o. lowers Glutathione (GSH) levels, increases

MDA, A, and Pt in the brain, and activates MAPK signaling

pathways (16).

Parkinson’s disease

Parkinson’s disease (PD) is the most prevalent neurological

disorder. It is a progressive neurological disease that primarily

affects the elderly (116). Anxiety, depression, sleep problems,

and cognitive modifiability are common neuropsychiatric

diseases in people with Parkinson’s disease. For people with

Parkinson’s disease, these disturbances often create greater

difficulty and distress than the disease’s motor symptoms.

Depression is the most frequent neuropsychiatric symptom in

Parkinson’s disease, with up to 50% of PD patients suffering

from this psychiatric illness. The loss of nigrostriatal dopamine

(DA) neurons is a characteristic symptom of Parkinson’s disease

(101). Development of filamentous, cytoplasmic inclusions,

primary aggregations of synuclein as Lewy bodies (LB) or

neurites is a pathological characteristic of PD. Fibrillization

and Synuclein phosphorylation lead to the development of LB

and neuron death. In Parkinson’s patients, synuclein aggregates

have been observed in the dorsal motor nucleus (DMN), vagus

nerve, spinal sympathetic epicardium nerves, and preganglionic

neurons. In 60% of PD patients with bladder hypersensitivity,

urinary tract abnormalities are identified, resulting in voiding

urgency, incontinence, and frequency (117).
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TABLE 3 Pharmacological potential of crocin in brain-related disease.

Food/food

part

In vivo/in vitro Disease (brain) Improvement References

Crocus sativus L – Chronic stress Treatment with saffron extract or crocin blocked the ability

of chronic stress to impair spatial learning and memory

retention

(20)

Stigma – Alzheimer disorder, brain

neurodegenerative disorder

It has universal acceptability as a phytotherapeutic drugs (24)

Saffron In vivo Withdrawal syndrome,

craving, and cognitive

function

Results showed that crocin supplementation for 12 weeks to

patients under MMT programs had beneficial effects on

craving and withdrawal symptoms score, but did not affect

the cognitive function parameters.

(102)

Saffron Iv vivo Chronic cerebral hypo

perfusion

The study suggests that saffron extract and crocin improve

spatial cognitive abilities following chronic cerebral hypo

perfusion.

(103)

Dry stigma of the

plant Crocus sativus

L.

– Alzheimer’s disease (AD) The results showed that crocin potential to improve learning

and memory as well as protect brain cells

(104)

Saffron In vivo Brain aging (Cognitive decline

and memory deficits)

This study suggested that saffron-treated mice exhibited

significant improvement in learning and memory

(105)

Saffron In vivo Mild traumatic brain injury Saffron extract and crocin provide a neuroprotective effect in

a mouse model of rmTBI by decreasing oxidative stress and

inflammatory responses.

(106)

Fruits of gardenia

and stigmas of

saffron

In vivo CNS homeostasis The finding showed that crocin and crocetin provide

neuroprotection by reducing the production of various

neurotoxic molecules from activated microglia.

(107)

Saffron In vivo – The biochemical changes support the neuroprotective

potential of saffron under toxicity.

– – Alzheimer’s disease The result suggested that crocin may have beneficial effects

in the treatment of neurodegenerative disorders (Alzheimer’s

disease).

(108)

Furthermore, it has been demonstrated that crocin

treatment can inhibit AChE activation from increasing.

As a result of these qualities, we chose to test crocin’s

neuroprotective effects against dopaminergic neuron damage

and PD consequences in a model (mouse model) of this

disease through 1-methyl4-phenyl-1,2,3,6-tetrahydropyridine

(MPTP). Crocin also lowers depressive-like symptoms

such as anxiety in adult male rats exposed to teen stress

and dendritic remodeling in the PFC (prefrontal cortex).

Crocin has been demonstrated as effective for disease

in several investigations. Crocin also enhanced aversive

memory in a Parkinson’s patient model based on 6-

hydroxydopamine. These findings show that crocin could

be a novel contender for Parkinson’s disease and depression

treatment (101).

Crocin has also been shown to lower the amount of -

synuclein in rats with rotenone-induced Parkinson’s disease.

As a result, the protective impact of crocin (10, 20, 40

mg/kg, 28 days, i.p.) on oxidative stress, malathion-induced

Parkinson’s disease, and inflammation in the rat striatum were

examined (118).

In another animal model of disease caused due to MPTP,

crocin treatment was found to reduce motor deficits and

preserve dopaminergic neurons and by blocking the opening of

the mitochondrial permeability transition pore (mPTP) protect

against mitochondrial dysfunction (119).

Ischemic brain injury

Hypoxic-ischemic brain damage could lead to morbidity

and mortality among all age groups. One of the most common

causes of infant brain damage is hypoxic-ischemic (HI) injury.

In the United States, 1–4 neonatal HI brain injury occurrences

occur per 1,000 live births, accounting for around one-fourth

of all neonatal deaths globally. Intrauterine hypoxia related to

circulation issues, such as placental abruption, placental artery

clotting, and inflammatory processes, is the most common cause
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of neonatal hypoxic brain injury (120). Using these models,

researchers have discovered numerous distinct characteristics of

neonatal HI brain injury, which may be related to the nervous

system’s immaturity. Around birth, antioxidant enzymes (e.g.,

copper-zinc superoxide dismutase and glutathione peroxidase)

have a restricted action in the young brain. As a result, oxidative

damage induced by HI injury is more likely in the infant’s

brain (121).

Crocin is an active ingredient isolated from saffron with

anti-inflammatory, antioxidant, and neuroprotective effects.

According to a previous study, crocin pretreatment reduced

cerebral edema and enhanced functional outcomes in a mouse

model of traumatic brain injury. Crocin was also reported to

reduce brain infarct volume in the rat ischemia-reperfusion

paradigm. It is unknown whether crocin has a neuroprotective

effect on HIE (122).

Crocin’s therapeutic impact in reducing blood brain barrier

(BBB) disruption was investigated. Twenty-four-month-old rats

were administered either vehicle (controls) or crocin (10,

20, 40, or 60 mg/kg) every other day for 2 months before

ischemia induction. In the presence of cerebral ischemia, Crocin

preserved BBB function. In addition, the crocin-treated group

had increased NADPH oxidase. The antioxidant ability of crocin

was shown in these experiments to help minimize the damage

induced by ischemia (123).

Epilepsy

Epilepsy, a neurological disorder marked by recurring

seizures, is frequently linked to earlier nervous system

abnormalities. Epilepsy is caused by a disruption in the

regulation of inflammatory cell activation and resolution

in injured neuronal tissue. However, this imbalanced

inflammatory regulation that contributes to epilepsy is

still unknown (124). Epileptic convulsions are due to

disruptions in the physiology of the brain. Abnormalities

in the membrane properties of neurons, decreased inhibition

of neurotransmission (by gamma-aminobutyric acid, GABA),

changes in the ionic microenvironment surrounding the

neuron, or increased excitatory neurotransmission (by the

acidic amino acid glutamate) are all causes of epileptic seizures.

In all ionotropic glutamate receptors, the intake of sodium

and the outflow of potassium ions by the channels can

depolarize the membrane by forming the action potential.

In the resting state, Mg++ ions block the Ca++ channel

in NMDA receptors, depolarizing the local membrane;

channels change to permeable for calcium ions with the

shifts of Mg++. In high neuronal activation (e.g., status

epilepticus), Ca++ inflow can cause cell depolarization to play

a part in Ca++-mediated neuronal damage, leading to cell

death (125).

Because epilepsy involves complicated neural pathogenic

pathways, multi-targeted pharmacological treatments have been

proposed for its complete care. It is been studied extensively in

animal models of neurological disorders, including depression,

epilepsy, anxiety, and memory. Crocin’s efficacy in neurological

diseases characterized by aberrant central excitatory and

inhibitory nature shows that it interacts with various neuronal

pathophysiological pathways (126).

Crocin has an unsettling effect on the cell reinforcement

framework, resulting in increased ROS production and

subsequent ROS-induced mitochondrial malfunction,

frequently found following seizures and throughout

epileptogenesis. Its antioxidant properties also aid crocin’s

antiepileptic properties. Antiepileptic medicines improve

GABA-mediated inhibition and raise GABA levels in the brain

(16). Crocin infusions in penicillin-activated epileptiform action

in rats resulted in antiepileptic effects. Crocin’s antiepileptic

effect is due to its ability to increase the tone of inhibitory

neurotransmitters by increasing the working of GABA (A)-

benzodiazepine. Crocin stimulates glutamic acid decarboxylase,

an important enzyme for GABA synthesis, greatly increasing

the hypothalamic GABA concentration in rats (127).

Conclusions

The present study is deliberate to measure the effects of

crocin extract in functional foods and its pharmacological

properties against various disorders. Crocin is a biologically

active substance in the stigma of saffron and fruit of

guardian. These bioactive substance can be extracted utilizing

conventional (solvent extraction, soxhlet extraction, vapor or

hydro distillation, and maceration), and novel techniques

(supercritical fluid extraction, microwave-assisted extraction,

ultrasound-assisted extraction, pulsed electric field extraction,

emulsion liquid membrane extraction and enzyme-associated

extraction). In various food products, such as bakeries and

beverages, the stigma of saffron is widely used as a coloring agent

and an aroma. The antioxidant profile of crocin, may inhibit the

oxidation process in different foods. The development of baking

products, beverages, dairy products, dessert and cereal products

are enriched with the stigma of saffron showed distinct attributes

(sensory scores, good shelf life, antioxidant activity). These

products having saffron in them have very effective in reducing

disease risk and improving the health status of the population.

Pharmacologically, crocin may be helpful in different brain-

related disorders, including Alzheimer’s, Parkinson’s, Ischemic

brain injury, and Epilepsy.
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Introduction: Food consumption is an intensive social activity and can be
considered a cultural artifact, reflecting the intricate process of sociocultural
di�erentiation in shaping eating habits. Food has a positive e�ect on a person’s
health, physical performance, and state of mind. The nutritional composition of
a person’s diet plays a significant role in their overall health and development.
Moreover, tribal cuisine is incomplete without a traditional drink. Rice beer, or
handia, is one such indigenous alcoholic-fermented beverage that serves as a
staple food.

Methods: This exploratory cross-sectional study was conducted from January,
2018 to December, 2020 to explore the traditional food practices of the Oraon
community through a combination of one-to-one interviews, focus group
discussions, and measurements. This study also involved the documentation of
individual food recipes, from collection to preparation. To assess nutrient intake,
we used a 24-h dietary recall method for 200 Oraon families comprising 466
adults and 193 children. Anthropometric measurements, such as body mass index
(BMI) for adults and height-for-age and BMI-for-age z-scoremethods for children,
recommended by the WHO, were taken and recorded using standard procedures.
Additionally, the nutrient content of handia was analyzed.

Results: The mean (SD) height, weight, mid-upper arm circumference (MUAC),
and BMI of the Oraon people were analyzed. The combined overall prevalence of
chronic energy deficiency (CED) (BMI < 18.5 kg/m2) was 39% (37% in men and
40.3% in women). The prevalence of overweight and obesity (BMI ≥ 25.0 kg/m2)
was found to be 7.1% among only women. The average daily energy intake was
calculated to be 2,290 kcal per capita. It is worth noting that the food and nutrient
consumption of the Oraon tribe was largely consistent with the recommended
daily allowances/intakes (RDA/RDI). The consumption of root and tuber products
was particularly high. The Oraon tribe was found to have a familiar intake of animal
protein in the form of meat, including common periwinkles (Littorina littorea). The
study also discovered a remarkable array of unique, region-specific festive foods.
The consumption of nutrient-rich fermented rice beer was especially noteworthy.

Conclusion: The present study provides insight into the traditional food practices
of the Oraon tribe in West Bengal. It also highlights that their indigenous food
consumption patterns have undergone significant changes as a result of admixture
with other communities. To address these dietary issues, it is recommended
that regional, need-based planning, and e�ective intervention programs be
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implemented. To ensure the proper maintenance of the Oraon tribe’s traditional
food practices, the cultivation of kitchen gardens and the domestication of wild,
edible plants, such as seeds and tubers, may be helpful. Moreover, promoting the
consumption of macronutrient-fortified handia, an indigenous beverage with high
medicinal benefits, could be e�ective in combating hidden hunger among adults.

KEYWORDS

Oraon, tribe, traditional, food, nutrition, handia, West Bengal

Introduction

Food consumption is an intensive social activity and can be

considered a cultural artifact, reflecting the intricate process of

sociocultural differentiation in shaping eating habits. Food has a

positive effect on a person’s health, physical performance, and state

of mind. The nutritional composition of a person’s diet plays a

significant role in their overall health and development. When all

nutrients are consumed in the appropriate proportion required by

the body, it is known as “good” or “optimum” nutrition, which

helps to maintain good health.

However, malnutrition, that is, undernourishment,

micronutrient deficiencies, and obesity, is a result of an ongoing

nutrition transition and poses a significant threat to public health

(Pinstrup-Andersen, 2007; von Grebmer et al., 2014). Thus,

studying food and eating habits is important as food plays a

fundamental role in human survival.

Tribal communities are closely connected to nature and its

resources, and this connection is reflected in their simple and

respectful approach to food.

The same reverence is reflected in their cuisine; tribal

communities consider their food sacred. Tribal cuisine is not

only interesting but also nutritious and well-balanced. Tribal food

systems are an integral part of their cultural heritage and traditions.

Food is an important part of their identity and culture. It reflects the

geography to which they belong and the locally available resources

used in their cuisine.

The dietary patterns of the tribes in India living in various

regions and agro-climatic conditions may vary greatly due to their

secluded lifestyles, food habits, dietary practices, and attitudes

toward food. Beliefs, customs, and traditions influence the general

pattern of living in any community. It is well known that the

geological composition of the soil determines the occurrence

of local flora, cropping patterns, and the associated agricultural

practices in a given area. Knowledge of the food resources available

to humans has been crucial in allowing them to survive in

adverse conditions.

As per the 2011 census, the total scheduled tribes in India

make up 8.6% of the country’s total population. The census records

705 different tribes, with 75 of them designated as particularly

vulnerable tribal groups (PVTGs). West Bengal is the 9th-most

Abbreviations: BMI, body mass index; CED, chronic energy deficiency; CU,

consumption unit; MUAC, mid-upper arm circumference; PC, per capita;

PVTGs, particularly vulnerable tribal groups; RDA, recommended dietary

allowance; RDI, recommended dietary intake; andGLV, green leafy vegetable.

highly populated state in India by tribes, accounting for 5.1% of

the country’s tribal population. Approximately 5.8% of the state’s

total population of 9.13 crores includes scheduled tribes (Bisai et al.,

2014). In West Bengal, the total population of the Oraon tribe is

643,510, of which 322,933 are men and 320,577 are women. The

sex ratio of the Oraon community is 993 women per 1,000 men.

The literacy rate in the Oraon community is 59.0%. This rate is

higher for men, at 68.1%, compared to that of women, which is

49.9% (Dutta and Bisai, 2020). The population of Oraon people has

grown by 4.27% in the decade between 2001 and 2011. The Oraon

tribe is a Dravidian-speaking agricultural community from Chhota

Nagpur. They have their own language, Kurukh, and follow strict

marriage customs that involve clan exogamy and tribe endogamy.

The Oraon tribe practices strict exogamy within their clans and

endogamy within the tribe. They have a rich cultural heritage

and a multitude of exogamous septs such as Ikka, Minz, Kujur,

Bura, Turkey, Beck, Khess, Bandh, Bakura, Bahula, Khakha, Tigga,

Toppo, Lakra, Bakhla, Bando, Bara, Barwa or Khoea, Kerketta,

Khalko, Kindo, Kispota, Munjini, Pana, and Runda, each with a

unique totem that serves as a symbol of identity and is considered

taboo by its members. With the aim of preserving the flavors of

ingredients, they cook with very few spices and consume food that

is mostly raw, semi-cooked, roasted, or fermented. Additionally,

many members of the Oraon tribe have diversified into other

occupations, including trade and commerce, and some have taken

up professional jobs. However, agriculture remains a significant

part of their livelihood and is deeply intertwined with their cultural

identity. They consume non-vegetarian diet. Rice is their staple

food, while mutton, fowl, fish, and eggs are eaten with great

pleasure. They also consume some locally available pulses, green

leafy vegetables, and vegetables with rice. Tea has gained popularity

as a beverage. Haria (in Bengali) or Handia (in Hindi) plays an

important role in its consumption in everyday life and on different

occasions. Handia is prepared from parboiled rice and a mixture

of fermented inoculums called Ranu or Bakhor. Geographical

variations may create a distinction in the nutritional value of

this fermented brew. In view of the above, the present study was

undertaken to examine the impact of traditional food patterns on

the nutritional health of the Oraon tribe, the second-largest tribal

community in West Bengal, India.

Materials and methods

This exploratory cross-sectional study was conducted in six

districts of West Bengal: Birbhum, Dakshin Dinajpur, Jalpaiguri

(undivided), North 24 Parganas, Purulia, and Paschim Medinipur.
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TABLE 1 List of common food items consumed by Oraon people of West Bengal.

Food
group

English name Scientific name Kurukh/Oraon term Seasonality Food intake type

African Millet Eleusine coracana Kodai All season Process

Barley Hordeum vulgare Yab All season Process

Khoi Oryza sativa Irika All season Fry

Maize or Corn Zea mays Jinhor Rainy Process

C
er
ea
l/
g
ra
in

Puffed rice/Muri Oryza sativa Irika tixil/Murhi All season Process

Rice Oryza sativa Tixil All season Process

Rice flacks Oryza sativa Chepte, Alkhara All season Process, Non-process

Sorghum/Jorar Sorghum bicolor Jowar All season Process

Semolina Triticum turgidum Adar All Season Process

Tapioca seeds Manihot esculenta Sabugota All season Process

Vermicelli Vermicellini Sewai All season Process

Wheat flour (refined) Triticum aestivum Gohom gunda All Season Process

Wheat flour (whole) Triticum aestivum Gohom gunda All season Process

Arher Dal Cajanus cajan Rahri All season Process

Bengal gram whole Cicer arietinum Boot All season Process, Non-process

Bengal gram Cicer arietinum Boot All season Process

Besan (Gram flour) - Boot gunda All season Process

P
u
ls
es

Black gram (whole) Vigna mungo Maasi All season Process

Field bean seeds Vicia faba Beangota Winter Process

Green gram Vigna radiata Hariyar boot All season Process

Khesari Dal Lathyrus sativus Khesari daali All season Process

Lentils Lens esculenta Kensa All season Process

Soyabean Glycine max Merr. Seya All season Process

Bamboo Bambusoideae Bans All season Process

Beet Beta vulgaris Xenso murai Winter Process, Non process

Bitter gourd Momordica charantia Karela All season Process

Bottle gourd Lagenaria siceraria Lauwa Winter Process

Brinjal Solanum melongena Bhetango All season Process

Broad beans Vicia faba Simbi Winter Process

Capsicum Capsicum annum Kapsikam Winter Process

Carrot Daucus carota Xenso murai gajar Winter Process, Non-process

Cauliflower Brassica oleracea var. botrytis Kubi Winter Process

Colocasia stem Colocasia esculenta Kisgo/Pechki donre Rainy Process

V
eg
et
ab
le
s

Cow Peapods Vigna unguiculata Oye batar choppa Rainy Process

Cucumber Cucumis sativas Palxanja Rainy, Winter Non process

Drums stick Moringa oleifera Munga donrey Rainy Process

Drums stick flower Moringa oleifera Munga poomp Rainy, Winter Process

Elephant foot yam Amorphophallus paeoniifolius Koha sakhin All season Process

French Beans Phaseolus vulgaris Kat simbi Winter Process

Jack fruits seeds Artocarpus heterophyllus Kathar kowa Summer Process

(Continued)
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TABLE 1 (Continued)

Food
group

English name Scientific name Kurukh/Oraon term Seasonality Food intake type

Jack fruits Tender Artocarpus heterophyllus Kathar (bolo) Summer Process

Ladies Finger Abelmoschus esculenta Bhrewa Summer, Rain Process

Lotus stem Nelumbo nucifera Purni donrey On collection Process

Mango green Mangifera indica Tatxa (xeyna) Summer Process, Non process

Mushroom Agaricusbisporus Oosa Rainy Process

Onion Allium cepa Peyanch All Season Process, Non-process

Papaya green Carica papaya Papita (xeyna) All season Process

Parwar Trichosanthes dioica Parwal Winter Process

Plantain Flower Plantago major Kera poomp On collection Process

Pea green Pisum sativum Hariyar batar Winter Process

Plantain Green Plantago major Kera (hariyar/xeyna) On collection Process

Plantain Stem Plantago major Kera xosga On collection Process

Potato Solanum tuberosum Aluwa All season Process

Pumpkin Cucurbita moschata Tumba/Konhra All season Process

Radish Raphanus sativus Rasri, Nasri Winter Process, Non-process

Ridge Gourd Luffa Konhra Rainy Process

Snake Gourd Trichosanthescucumerina Chihnga All season Process

Spinney yam Diascorea esculenta Kisgo, aru All season Process

Sweet Potato Ipomoea batatas Sakar kanda All season, winter Process

Tomato Solanum lycopersicum Bilaichi/Bhejri All season Process, Non-process

Turnip Brassica rapa Salgam Winter Process

Yam Dioscorea Pechki Rainy Process

Amaranth Amaranthus virdis Arkha Rainy Process

Bathua Leaves Chenopodium album Puchchhu arxa Rainy Process

Bottle gourd Leaves Lagenaria siceraria Tumba arxa Rainy Process

Cabbage Brassica oleracea var. capitata Atxa kubi Winter Process

Cauliflower leaves Brassica oleracea Pomp kubi Winter Process

Colocosia Leaves Colocasia esculenta Kisgo/ Pichke atxa Rainy Process

L
ea
fy

ve
g
et
ab
le
s

Coriander Leaves Coriander sativum Dhaniya atxa Rainy Process

Fenugreek Leaves Tribonellafoenum-graecum Methi arkha Winter Process

Mustard Leaves Brassica juncea Mani arxa Rainy Process

Pumpkin Leaves Cucurbita moschata Tumba arxa Rainy Process

Radish Leaves Raphanus sativus Murai arxa Rainy Process

Spinach Spinacia oleracea Palak arxa Rainy Process

Susni Sag Marsilea quadrifolia Linn Suinsuin arxa Rainy Process

Turnip Greens Brassica rapa Gutand murai arxa Rainy Process

Tea Flower Camellia sinensis Chah poomp Winter Process

Bata Labeobata Padaru injo All season Process

Chingri Dendrobranchiate Choppo All season Process

Crab Brachyura Kakro All season Process

Hilsa Tenualosailisha Hilsa Rainy Process

(Continued)
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TABLE 1 (Continued)

Food
group

English name Scientific name Kurukh/Oraon term Seasonality Food intake type

Katla Catlacatla Koha jhila injo All season Process

Khoyra Sardine Khiira All season Process

Koi Cyprinus rubrofuscus Kusma All season Process

Koocha Machli - Chanachka injo All season Process

Lata Channa punctatus Leta All season Process

Mackrel Scomberscombrus Gujali All season Process

Magur Clariasbatrachus Maigra All season Process

Mrigal Cirrhinuscirrhosus Koha xensoxann injo All season Process

F
is
h

Pabda Ompokbimaculatus Choyen Malka injo All season Process

Pangas Pangasius Pengas All season Process

Pomfrets Bramidae Pomfret All season Process

Puti Puntius sophore Puthi All season Process

Rohu Labeorohita Bilchina injo All season Process

Singhi Heteropneustesfossilis Maigra All season Process

Sole Soleasolea Chhuddi All season Process

Sorputi Puntius Koha puthi All season Process

Tapsi Polynemusparadiseus Tatxa injo All season Process

Telapia Oreochromis niloticus Isung injo All season Process

Tengra Sperataseenghala Tengra All season Process

Beef Bos taurus Addo ahra All season Process

Chicken Gallus gallusdomesticus Xeyr ahra All season Process

Duck meat Anatidae Gerey ahra All season Process

Egg Gallus gallus Bee All season Process

M
ea
t

Goat Capra aegagrus hircus Eyra All season Process

Monitor lizard Varanus Guinh tetenga On hunting Process

Pork Sus scrofa domesticus Kiss ahra All season Process

Rabbit Oryctolagus cuniculus Kharha, muyan All season Process

Snail/periwinkles Littorina littorea Ghonghi On collection Process

M
il
k CowMilk Bos taurus Oye dudhi All season Process

Milk Powder - Paudardudhi All season Process

Black Mustard Brassica nigra Lutni/moxaaro mani All season Process

Black pepper Piper nigrum Moxaaro maircha All season Process

Cardamom Elettaria cardamomum Jira All season Process

Clove Syzygiumaromaticum Lawang All season Process

Coriander Coriander sativum Dhaniya All season Process

S
p
ic
es

Dry chili Capsicum annuum Xaika maircha All season Process

Fennel Foeniculum vulgare Ond kita gahi xoppa All season Non process

Garlic Allium sativum Rasri All season Process

Ginger Zingiber officinale Adxi All season Process

Myrobalan Terminalia chebula aonra All season Process

Turmeric Curcuma longa Baalka All season Process

(Continued)
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TABLE 1 (Continued)

Food
group

English name Scientific name Kurukh/Oraon term Seasonality Food intake type

S
u
g
ar

Honey Apis cerana indica Tiini All season Non process

Jaggery - Gulley Winter Non process

Sugars - Chini All season Process

B
ev
er
ag
e

Handia - Jharaa, boryey All season Process (Fermented)

Tea Camellia sinesis Chahamm All season Process

FIGURE 1

Festive foods: (A) Di�erent types of pitha (cake). (B) Gur-pitha. (C) Bhog is made for god. (D) Aske-pitha.

The tribal villages in these districts were strategically selected based

on their high concentration of Oraon communities, as well as

their diverse geographical settlements and variations. This study

aimed to document the role of indigenous foods in promoting

good nutrition and balanced eating habits among the Oraon tribal

community in West Bengal. Fieldwork for this study was carried

out from January, 2018 to December, 2020. To accurately compare

the CED between men and women in the studied community, the

minimum sample size was calculated using a standard formula:

n =
2× p

(

100− p
)

×

(

Zα + Zβ

)2

(

p1− p2
)2

The prevalence of CED among men and women was 47% and 31%,

respectively (Mittal and Srivastava, 2006). With a 95% confidence

interval and 80% power, a minimum estimated sample size was

146 from each group. Therefore, a total of 200 households were

selected through a simple random sampling method for food

analysis and assessment of nutritional status. Anthropometric data

were collected from 466 adults (men = 203 and women = 233)

and 193 children. Informed consent was obtained from all the

participants before data collection. All data were collected by

trained investigators.

Primary data on commonly consumed Indigenous food

items were collected through interviews with a pre-validated

questionnaire and focus group discussions. The questionnaire

underwent a pilot survey before the main study was conducted

to ensure its accuracy and effectiveness (Bisai and Dutta, 2021a).

These data were used to assess the extent of food options

available to the Oraon community and evaluate the significance

of wild, indigenous foods in their regular diets. The 24-h dietary

recall method was used to collect data on food and nutrient

consumption. The tribal households were contacted through their

respective district administrations. Most of the respondents were

homemakers with extensive knowledge and experience in food

preparation techniques. All recipes were collected through audio-

visual methods while the female member of the household was

cooking food.
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The food item information was recorded by its most common

English name, its availability during certain seasons, and how it

was consumed. The items were grouped together based on their

edible part, providing an organized description. The nutritional

value of each food item was determined using the method outlined

by Gopalan et al. (1989).

The total carbohydrate content of handiawas determined using

the Anthrone method (Yemm and Willis, 1954). The level of

glucose was estimated using the standard biochemical method: the

DNS method (Lv et al., 2021). Protein content was estimated using

Lowry’s method (Ledoux and Lamy, 1986). Moreover, fat content

was quantified using the standard extraction-titration method

(Frankel and Tarassuk, 1955). The level of alcohol was determined

according to the colorimetric method described by Sumbhate et al.

(2012). All the chemicals used in this experiment—Anthrone, DNS,

Folin–Ciocalteu reagent, and others—were of analytical grade and

purchased fromHimedia and SRL in India. Distilled water was used

in all the experiments. The instruments used in the study were

a microprocessor-based UV-VIS double-beam spectrophotometer

(model LI-2700) and a µP photocolorimeter (S. No. 17010015),

both of which were purchased from Haryana, India.

Anthropometric characteristics such as height, weight,

and mid-upper arm circumference (MUAC) were measured

using standard methods (Lohman et al., 1988). The research

personnel underwent comprehensive training to ensure accurate

measurement techniques were used as part of the multi-pass

strategy. Adult nutritional status was assessed using the BMI

cutoffs recognized internationally (WHO., 1995). The children’s

nutritional status was evaluated using height-for-age and body

mass index-for-age z-scores, calculated using the WHO Anthro-

Plus software. Stunting and thinness were classified as Z-score

values less than the−2 standard deviation of the reference median.

All statistical analyses were performed using SPSS and MedCalc

software. A p-value of<0.05 was considered statistically significant.

Results

The food practices of indigenous communities, such as the

Oraon tribe, are characterized by their rich cultural traditions

and the utilization of locally available resources and techniques.

The population under study also displays their unique dietary

patterns in various geographical locations. While the food values

of many indigenous foods, such as plants, insects, and fungi, have

been explored (DeFoliart, 1992; Boa, 2004; Kuhnlein et al., 2009;

Rathode, 2009), there is still a lack of research on the nutrient

intake pattern of the tribes in India. The present study aimed to

explore the food habits of the Oraon tribal community, particularly

with respect to their varied geographical habitat, use of, nutritional

value, and traditional knowledge of indigenous foods.

A list of commonly consumed food items by the Oraons

is presented in Table 1. The dietary practices of the Oraon

community, which resides in a diverse ecological area, are

mentioned in the following text. Data on the recipes were

gathered from the interviews and recorded as part of the

documentation process.

The Oraon community of the Purulia district cohabits with

other communities, leading to significant changes in their eating

FIGURE 2

Protein rich foods: (A) The Ghungi (Common Periwinkles). (B, C)
Meat of periwinkles. (D, E) Common periwinkles being cooked in a
di�erent way.

FIGURE 3

Seasonal foods: (A) Cooked tea flower. (B) Raw (preserved) tea
flower.

habits. Rice is the staple food for the Oraon community. They

generally obtain vegetables from nearby markets. Due to the rocky

terrain of the adjacent hills, they are unable to collect any wild

food. They only collect the jeerhol flower in March and April and

consume it on the day of their nabanna festival. They eat khichdi

on the day of their Sarul puja, a seasonal festival. The Oraon

tribe residing in Paschim Medinipur has a history of migration

from the Chhota Nagpur region dating back several generations.

They refer to themselves as the heirs of those who helped Lord

Rama fight Ravana. They celebrate Goyal puja (worshiping the

cowshed) in Kartik (from October to November). They prepare

a special dish made from Dhoan moong dal (yellow lentils) and

chicken that has been offered as a sacrifice at the cowshed. On

the same day, they prepare a dish called khichdi with rice and biri

dal, which they offer to the cow after worshiping it (except for
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TABLE 2 Anthropometric characteristics of adults Oraons of West Bengal.

Anthropometry Sex n Mean SD t-value

Height (cm) Men 203 160.6 6.5 18.611

Women 263 149.5 6.3 P < 0.001

Weight (kg) Men 203 50.5 7.9 8.075

Women 263 44.2 8.5 P < 0.001

MUAC (cm) Men 203 25.5 2.8 6.934

Women 263 23.6 3.1 P < 0.001

BMI (kg/m2) Men 203 19.5 2.7 0.791

Women 263 19.8 3.6 P > 0.05

TABLE 3 Nutritional status based on BMI (WHO., 1995) of adult Oraons of

West Bengal.

Nutritional status Men Women Total

CED Grade-III 14 (6.9) 26 (9.9) 40 (8.6)

CED Grade-II 20 (9.9) 35 (13.3) 55 (11.8)

CED Grade-I 41 (20.2) 45 (17.1) 86 (18.5)

Normal 120 (59.1) 132 (50.2) 252 (54.1)

Overweight 8 (3.9) 23 (8.7) 33 (6.7)

Obese 0 2 (0.8) 2 (0.4)

Total 203 263 466

pregnant cows). During the Agrahan–Poush months (November

to January), when the new harvest is brought into their homes,

they celebrate the nabanna festival with different types of pitha

(rice cake), especially mangshopitha (made from rice powder and

chicken) (Figure 1A). On the last day of Poush month (mid-

January), they celebrate Poush Sankranti. They make poushkush or

pooshladdu with rice powder and fill them with coconut crumbs,

sesame, ginger, jaggery, or sugar. On the occasion of Rash Purnima

in the Kartik–Agrahan (November) month, they make gur pithas

(Figure 1B), which they distribute to their relatives. While visiting

the nearby forest in the rainy season, if found, they collect Kham

aalu, Kurkuri Chhatu, Bon kundri, cashew nuts, and yams. They

consume handia daily, including at festivals. The Oraon tribe

residing in the Birbhum district reveres “Nagpur-Dhanpur” as their

chief god, which they worship in the Chhota Nagpur region of

Jharkhand. The Oraon community receives a letter each year listing

the names of those who are required to attend a yearly pilgrimage

to the Chhota Nagpur region of Jharkhand. During this pilgrimage,

it is mandatory for participants to wear traditional clothing and

speak in their mother tongue, Kurukh, also known as Thaar Bhasa.

Each clan has its own puja, called the Basanti Puja, which takes

place every 10 years. During the year when the Basanti Puja is

held, no marriages are arranged within that particular year. They

sacrifice four kinds of animals for this puja: boroboli, mejoboli,

sejoboli, and chhotoboli. A fully grown-up buffalo with large horns

is sacrificed as boroboli. A pig is sacrificed as mejoboli. A male

goat is sacrificed as sejoboli, and a hen is sacrificed as chhotoboli.

They observe a 24-h long fast, which they break with bhog made

from rice and a sacrificed hen (Figure 1C). While celebrating the

Karam puja in the Bhadramonth (fromAugust to September), they

offer three hens of different colors as a sacrifice. The meat is then

cooked with rice without the use of any oil. The red hen, or khayer,

and the tamakatu hen are consumed by the male members of the

village, while the white hen is consumed by the female members of

the village. The head and leg portions are reserved for the elders,

referred to as morobbi. On the occasion of Poushsankranti, they

prepare various types of pitha (Figure 1A), including a rice cake

made with kalokolai paste. On the day of poilaMagh (mid-January),

they celebrate their Shalgram puja, during which they prepare

askepithe (Figure 1D) using rice powder and jaggery. They cook

it in an earthen pot. It is customary that postpartum mothers do

not receive any cooked food after giving birth. They are allowed

to eat only muri (puffed rice) or chiwda and drink lukewarm

water. For up to 21 days after delivery, they can only have boiled

food without any spices or oil once a day. Consumption of meat,

fish, eggs, or fruits is strictly prohibited during this postpartum

pollution period. After the Nokhna ceremony, on the 21st day

after childbirth, the mother is allowed to enter the kitchen and

resume her normal diet. The consumption of Paatsaak (jute leaves)

and periwinkles (a species of small edible whelks) is a common

dietary habit among the Oraons community of Dakshin Dinajpur

(Figures 2A–E). They celebrateAshari Maayer Pujo in the month of

Ashar (from June to July) with the belief that it will bring prosperity

through rainfall. The ritual of Dandakatta holds significance in

this festival. The Oraon people perform it before any ceremony

or to purify the house. The main occupation of the Oraon people

residing in the Jalpaiguri and Alipurduar districts is tea gardening.

The main issue with the Oraon people in this region is that most

families adopted Christianity as their religion due to the inclusion

of missionaries. Thus, they have undergone many cultural changes.

Food patterns have also changed. Only the consumption of tea

flowers could be found among them, which solely depends on

availability (Figure 3A). They preserve it for longer use (Figure 3B).

It tastes bitter and is cooked with tomatoes and other vegetables.

The Oraon tribe in the North 24 Parganas district of West Bengal

has adapted the tropical climate of mangrove area in this delta

region. They cook the shalukful (water lily), bunoamra (wild

mombins), and keora fruit. They catch rodents and cook them with

different spices.

Table 2 summarizes the anthropometric characteristics

expressed as the mean and standard deviation of weight,

height, MUAC, and BMI of adult Oraon men and women. As
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TABLE 4 Average foodstu� consumption (g/pc/day) of Oraons of West Bengal.

Food
intake

RDA
(ICMR
1990)

West Bengal
(NNMB, Tribal

2009)

Birhor (Bisai
and Dutta,
2021a)

Lodha (Bisai
and Dutta,
2021b)

Toto (Bisai and
Dutta, 2021c)

Oraon (present
study)

Cereals 460 610.4 396.2 378.5 401.5 477.2

Pulses 40 10.1 46.7 66.7 34.8 19.0

GLV 40 77.7 39.1 38.3 42.6 18.7

Other

vegetables

60 44.0 73.6 76.5 91.8 48.4

Roots and

tubers

50 86.1 227.4 182.9 320.2 223.5

Milk 150 1.8 2.9 - 25.8 5.0

Fat and oils 40 7.7 18.5 16.9 34.1 11.4

Sugar and

jaggery

30 3.7 7.6 4.7 11.4 3.4

TABLE 5 Average nutrient consumption (pc/day) of Oraons of West Bengal.

Nutrient
intake

RDA
(ICMR
1990)

West Bengal
(NNMB, Tribal

2009)

Birhor (Bisai
and Dutta,
2021a)

Lodha (Bisai
and Dutta,
2021b)

Toto (Bisai and
Dutta, 2021c)

Oraon (present
study)

Energy (kcal) 2,425 2,303 1,934 1,727 2,175 2,290

Protein (g) 60 50.2 50.2 43.9 59.9 56.0

Fat (g) 20 10.6 23.1 18.8 36.9 17.3

Calcium (mg) 400 195.0 155.2 140.4 231.2 323.1

Iron (mg) 28 11.1 9.2 7.1 12.7 13.8

Thiamine (mg) 1.2 1.5 0.7 0.6 0.8 1.7

Riboflavin (mg) 1.4 0.4 0.4 0.4 0.4 1.5

Niacin (mg) 16 24.5 12.1 10.8 12.2 23.4

Vitamin-C

(mg)

40 37.8 62.1 57.7 65.5 65.6

Folic acid (µg) 200 61.4 84.4 76.3 86.2 72.1

expected, mean weight, height, and MUAC were significantly

higher among men than women. The nutritional status of

the adult Oraons of West Bengal is presented in Table 3. The

overall prevalence of CED and overweight/obesity was 39%

(men: 37% and women: 40.3%) and 7%, respectively. It was

observed that the prevalence of CED and overweight/obesity

among Oraon women is higher than that among men.

Moreover, the prevalence of stunting and thinness (CED)

among children aged under 18 years was found to be 34.2 and

32.6%, respectively.

It was revealed that handia consumption improves the

nutritional status of men and women, and there is a relationship

between the nutritional status of mothers and infants. However,

the present data are not sufficient, and further research is

required. Table 4 summarizes the average food intake in a day

for the Oraon tribe. Comparing the present study with other

national-level tribal studies, we observed that the Oraon tribe

consumes a good number of tubers, vegetables, and green leafy

vegetables. Their average food intake seems adequate, and it is

in accordance with the RDA, except for milk, fat, oil, sugar,

and jaggery.

Table 5 displays the average daily nutrient intake (CU/day) of

an adult Oraon compared to other studies conducted in West

Bengal (NNMB., 2009; Bisai and Dutta, 2021a,b,c) and the RDA. It

is worth noting that energy intake among the Oraon tribe is better

than that of the PVTGs (Birhor, Lodha, and Toto) of West Bengal;

however, it falls below the RDA.

Handia, a rice-based fermented drink, is integral to their lives.

They consume handia on every occasion. It has medicinal and

nutritional benefits. The analysis of the nutrient composition of

raw (before mixing water) handia is presented in Table 6. The

analysis shows that raw handia has a high protein content (162

mg/100ml), followed by carbohydrates (55 mg/100ml), alcohol

(11.3%), glucose (10.2 mg/100ml), and fat (5.6 mg/100ml).

The appearance of raw and consumable handia is depicted in

Figures 4A, B.
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Discussion

The rich knowledge of indigenous food practices among tribal

communities in India highlights a wide range of cultural diversity,

traditions, and environments (International Fund for Agricultural

Development., 2003; Singh et al., 2007). The fascinating use of

natural foods in Indian tribal communities highlights the diversity

of their cultural traditions and environments. This knowledge

has the potential to improve food security, nutrition, and health.

Indigenous tribes hold a colossal responsibility for preserving 80%

of the world’s biodiversity (FAO., 2021). Their traditional food

systems are important not only for cultural, social, and economic

reasons but also for preserving their cuisine and way of life, as

well as maintaining their cultural heritage within the community

(Bhat, 2012; Durst and Bayasgalanbat, 2014). Tribal communities

cultivate a variety of food crops, including a few uncommon ones.

They also preserve wild foods such as mushrooms, bamboo shoots,

caryota, palm pith, and so on (Rajyalakshmi, 1991). A recent study

found that the Oraon community is aware of indigenous varieties

of green leafy vegetables (GLVs) and consumes them during certain

months or throughout the year (Ghosh-Jerath et al., 2018). Other

indigenous food items from different food groups, such as cereals,

roots and tubers, other vegetables, mushrooms, fruits, meat and

fish, oil, and alcoholic drinks, were also reported. Fermented rice

beer is a nutritious and energy-boosting beverage that is widely

recognized among indigenous people worldwide but is mainly

found in a few tropical Asian countries, including India. It has

been reported that rice is a good source of carbohydrates (77–

89%) and energy (350–475 kcal) (FAO., 1993). The fermentation

process makes rice more nutritious as microbes partially digest

the substrate into simple sugar and facilitate the bioavailability of

lactic acid, alcohol, minerals, and bioactive compounds. Handia

is a cheap, high-calorie, mild, fermented alcoholic beverage made

from broken rice and consumed as a staple food by the ancestral

and low-income communities of lateritic West Bengal, Assam,

Bihar, Orissa, Jharkhand, and different areas of eastern and central

India (Ghosh et al., 2014). Earlier studies reported that the

alcohol and sugar content of raw fermentation increases with the

prolongation of the fermentation time due to the presence of yeast

that produces alcohol. This is achieved through the process of

anaerobic fermentation, where the yeast converts simple sugars into

alcohol. This increase in alcohol and sugar content is observed

after the mixture has been diluted with drinking water. By the

time it is consumed, the alcohol content reduces to only 2–3%

(Ghosh et al., 2014, 2015). It has been well documented that the

parts of plants used to prepare handiamay increase the shelf-life of

microbes by acting as preservatives. Moreover, the parts of the plant

contain many bioactive compounds (Mallavadhani et al., 2004;

Manikandan and Doss, 2010). Handia is used as a starter culture by

tribal people in the tropical region, including India.Moreover, haria

is a rice-based fermented beverage that is consumed as a staple food

by the tribal people of central and eastern India (Ghosh et al., 2015).

There are several health benefits of the lactic acid content

of handia, such as immunostimulation, cholesterol reduction,

increased endocrine secretion, stress relief, and brain stimulation. It

also helps protect overall intestinal function (Cory Holly Institute.,

2005). In this study, the Oraon people consumed, on average,

TABLE 6 Nutrient content of handia (raw).

Sl. no. Parameters tested Results

1 Carbohydrate 55 mg/100 ml

2 Glucose 10.2 mg/100 ml

3 Protein 162 mg/100 ml

4 Fat 5.6 mg/100 ml

5 Alcohol 11.3%

FIGURE 4

Fermented food: (A) Raw handia. (B) Consumable handia in a bottle
with other festive foods.

50ml of handia daily, which highlights the cultural significance

of this traditional beverage in their community. The adult male

member of the family consumes a good amount of handia

before going to work. School-aged children also consume handia

occasionally, primarily during festivals and marriage ceremonies.

Currently, scholarly interest in rice-based fermented products is

growing globally due to their high caloric value, accessibility,

and widespread acceptance among the general population. Handia

holds a notable cultural significance among the indigenous

communities of India, who view it as an essential part of their

dietary culture, survival, and maintenance of good health. The

promotion of macronutrient-fortified handia may be an effective

means of combating hidden hunger among adult indigenous people

in India.

A recent systematic review reported that approximately 45%

and 49% of men and women, respectively, in India suffered

from CED (Dutta et al., 2021). The present study found an

overall prevalence of CED and overweight/obesity of 39 and

7%, respectively. A previous study found that 47% of males and

30.7% of females suffer from CED (Mittal and Srivastava, 2006).

Another study reported 39.2% CED among Oraon women from

Jharkhand (Ghosh-Jerath et al., 2018). Another study from the

Alipurduar district of West Bengal revealed that the prevalence of

CED was 34.5% in men and 53.5% in women (Bhattacharya et al.,

2019). The present study found the prevalence of malnutrition, as

indicated by stunting and thinness, was comparatively lower among

Oraon children compared to adults and children of other tribal

communities in the state (Bisai et al., 2010; Das et al., 2012).

The present study highlights the considerable consumption

of tubers, vegetables, and green leafy vegetables by the Oraon

community. However, several factors, such as geographical

limitations, limited access to agricultural technology, sociocultural

practices, and community conditions, may contribute to poor
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nutrition and health outcomes in these communities (Bhattacharjee

et al., 2009). Indigenous communities continue to face food

shortages and poor diets, leading to chronic diseases (Egeland

and Harrison, 2013). The lack of diversity and nutrient density

in their diets has been identified as a major concern. Mittal

and Srivastava (2006) reported that the diets of all Oraon tribal

populations in West Bengal were deficient in all food groups, with

women and children particularly vulnerable to undernourishment.

The minimal consumption of milk and fruits further highlights

their susceptibility to protein-energymalnutrition (Bisai andDutta,

2021b). This lack of essential nutrients in their diets (protein,

vitamins, and iron) results in poor nutritional status and a

negative impact on their overall health (Gole, 2015). However,

the Oraon community consumes indigenous foods that are rich

sources of micronutrients, namely calcium, iron, vitamin A, and

folic acid (Ghosh-Jerath et al., 2015, 2018). It has been well

documented that the nutritional status of Oraon tribal adults

and children in Sambalpur, Orissa, was not satisfactory, with

all the children suffering from different levels of malnutrition

(Beck and Mishra, 2011). Studies across the globe have suggested

that there has been a shift in dietary patterns, a phenomenon

known as “nutrition transition” (Popkin, 2006). In present times,

many tribal communities, especially those with tourist attractions,

are experiencing a shift toward westernized diets instead of

their traditional diets due to the influence of modern society

and the growth of “ethno-tourism” (Dutta, 2014). The shift has

resulted in a significant change in the indigenous pattern of food

consumption among the Oraon community due to the mixing of

other communities.

In conclusion, effective intervention programs should be

implemented based on regional needs. Effectively maintaining

kitchen gardens and domesticating wild edible plants, seeds,

tubers, and so forth may help improve nutrition. Moreover, the

promotion of macronutrient-fortified rice-based beverages such as

handia may be useful in combating hidden hunger among adults,

as it is an indigenous beverage with high calorie content and

medicinal properties.
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