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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’, Laila Man?2, Marije Seves ™ and Sander Biesbroek?

" Netherlands Nutrition Centre (Voedingscentrum), The Hague, Netherlands,  Division 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 450 mL 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
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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
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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:

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

e dairy system: ZuivelNL (26) (dairy producer platform),

e chicken  system: Plukon Food  Group, Kipster,
www.kipinnederland.nl  (association of Dutch poultry
producing firms) and

e beef and pork
producer platform).

system: SVH, www.vlees.nl (meat

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)]. The Wheel 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 and Weekly 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 keal, <1.7g SFA, and <200 mg 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 (ie., 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 Checkoft (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 Edible Wheel Organs in Wheel, total Daily Weekly Non-wheel Unknown (i.e.,
weight (kg)  weight* (kg) (meat, the Wheel (%) choices (%) choice (%) (known) (%) inedible/not
excluding (liver, marketed,
organs) (%) kidney) (%) 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 ihl

Broilers 1.65 1.03 44 8 52 1 9 11 38

Pigs 110 7 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 1kg of cheese, about 10L
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
7.75kg butter from cheese production per year, derived from
269.3L 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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Dairy cow:
female

2.76 kg
=0.013 cow

Cow mother

cow:calf =
1:2.375

Calf: male
3.42 kg

=0.037 calf

Beef
Wheel of Five
1.05 kg

Beef non-Wheel
0.87 kg

(Unknown/
inedible parts)
29%

Calf meat
Wheel of Five
1.52 kg

Calf meat
non-Wheel
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(Unknown/
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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.

Butter
3.70 kg

Low fat cheese
14.6 kg

(Weekly choice) or as baby formula. However, further analysis
on whey was beyond the scope of this study. Based on the ratio
of 30,0001 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 3.42kg calf (= 0.037 calf). The
2.76 kg beef and 3.42kg 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. 2.15kg. 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 7kg 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 12kg 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). Table2 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 300g
for red meat. The advice for dairy (e.g., semi-skimmed milk,
yoghurt) is to consume two to three portions (150 mL) 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 a 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 (la, 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:

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

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

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

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

e 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)

e 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
1 Weekly 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 Maximum recommendation Current consumption (g/week)
(g/week) (g/week) (males 19-30y)
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)? 210 280 258
Butter (preference: soft liquid oils)® 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 Layinghens Pork Beefcattle Veal Dairycattle 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 7 84
2b 100 210 2,100 0 4 7 0 0 46 31 7 89
100 210 2,100 0 4 7 196 17 48 32 292 304
150 280 3,150 183 6 Il 171 17 67 45 300 500
150 125 2,100 283 6 " 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 ) 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
511 29.6 22.6 0.562 1.39
723 44.6 31.4 0.73 1.81
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 Table 4), but lower in all minimum scenarios (i.e., lower limits
Reduction in the consumption of meat will result in changes  of FBDG, scenarios 2a, 2b, and 3). Only scenarios la, 1b,
in nutrient intake. Considering not only recommended meat and 4 exceed the current consumption of SFA and TFA in
cuts in the model but also Daily and Weekly choices result  the reference diet and the reference value for SFAs. These
in an increased consumption of saturated fatty acids (SFAs),  scenarios also contain more than 40% protein from animal
trans-fatty acids (TFAs), and salt. Moreover, compared with  sources. Salt intake decreases in all the scenarios and is
the current diet, the daily intake of SFA and TFA is higher = below the reference value of 2.17g. Scenario 5 demonstrates
in all maximum scenarios (i.e., upper limits of FBDG, see  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, 0.89kg
CO;-eq/day and 2.68 m?xyear/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
3.34kg CO,-eq/day (Scenario 1a). This diet, following the upper
limits of FBDG, still leads to lower GHGE than the reference
diet (3.53kg CO;-eq/day), but also exceeds the planetary
GHGE boundary per day. Scenario 2a (minimum impact, near-
vegetarian scenario) demonstrates the lowest climate impact
(1.46kg, —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 mz*year/day (scenario 1a), which is more than the LU
because of the current diet (2.03 m?xyear/day), but safely within
the planetary LU boundary of 2.68 m?*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 calfis 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 la (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 LU Daily choice Weekly choice Explanation (main contributor(s)
CO,-eqg/day] [m2*year/day] [kcal/wk] [g9/wk] between brackets)
(without butter)

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

near-vegetarian

2b minimum impact, rooster 1.47 0.81 1,292 (4) 35 Daily (butter).

meat

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
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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 and mineral 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 (ie., 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 410g of which a maximum of 140g 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 la 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 previously mentioned 300 g of red meat
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 la) 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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e 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 6g 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 and Weekly 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.

. 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 lowin 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.

. 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
etal. (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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Afam I. O. Jideani**
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Thohoyandou, South Africa, 2 Post-Harvest Handling Group, ISEKI-Food Association, Vienna, Austria

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
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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 a-
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). This means 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—100g, sugar—15g, yeast—1g, and salt—1g). 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 (1g), salt (1g), and sugar (15g). To each product,
100 ml 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 5 min 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 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.

were

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 (AE) were calculated using Eqs 1-3.

Chroma = v a? + b? (1)
Hue = tanfl(g ) (2)
AE = \/[(L —Lo*+ (a—ao*+ (b— bc)z] (3)

where L* represents lightness from black to white (0-100); a*
measures red (4) 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). AE
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

Frontiers in Sustainable Food Systems | www.frontiersin.org

23

October 2021 | Volume 5 | Article 763437


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Mudau et al.

Protein Enrichment of Fried Dough

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 (19), salt (1g), 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 (N3) 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 1,975.35g,
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 (Budzaki and Seruga, 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; Calderon-
Dominguez 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 AE 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 AE (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)

Frontiers in Sustainable Food Systems | www.frontiersin.org

October 2021 | Volume 5 | Article 763437


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Mudau et al.

Protein Enrichment of Fried Dough

2500

2000

—
N
(=
=

Hardness (g)
=
=

C C
b
b
b
I a a a

fried dough.

Control FDE10 FDE20 FDE30 FDFX2.5 FDFX5.0 FDFX7.5 FDFX10
Fried dough products

FIGURE 1 | Hardness (g) of fried dough products. Results were presented as mean + standard deviation (1 = 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

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

Fried products Control FDE10 FDE20 FDE30
Crust

L* 34.51 4+ 1.42° 35.53 £ 0.40¢ 31.74 + 1.452 32.01 £ 1.55°
a* 17.44 + 1.89° 16.86 + 1.94° 16.77 £ 1.572 17.79 £ 3.59°
b* 21.49 +4.13° 23.71 + 4.83¢ 20.08 + 1.81° 17.60 £ 10.372
Chroma 27.70 + 4.32° 29.45 + 5.054 25.55 + 2.39° 23.03 + 10.342
Hue 50.70 &+ 2.77° 53.37 £ 2.39° 51.84 + 0.28° 47.77 + 8.822
AE - 3.74 £1.112 5.25 4+ 1.38° 8.88 + 3.43°
Crumb

L* 63.01 £ 1.112 66.91 + 3.35° 68.39 £ 2.45° 69.35 £+ 2.70°
a* 229 +1.122 2.89 + 0.53° 3.37 £0.18° 3.74 £0.12°
b* 21.41 £ 5.602 25.91 + 2.09° 29.34 + 1.42° 30.54 + 1.234
Chroma 21.564 + 5.682 26.08 +£2.13° 29.53 + 1.42° 30.77 + 1.28¢
Hue 83.55 + 1.622 83.68 + 0.712 83.44 + 0.35% 83.01 £0.192
AE - 8.86 + 7.76% 12.49 + 11.25° 13.94 £ 11.39°

Results were presented as mean + standard deviation (n = 3). Superscripts (a, b, ¢, 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 Codina 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

[ 34.51 £ 1.429 32.49 + 0.09° 32.80 + 0.23° 31.81 £ 0.162 33.55 + 0.20°
ar 17.44 +1.89° 8.30 4 0.20° 9.06 + 0.51°¢ 6.55 + 0.25% 8.71 £ 0.59%
b* 21.49 + 4,134 14.30 + 0.27° 14.68 + 0.22° 13.52 £ 0.382 15.94 £ 0.42°
Chroma 27.70 + 4.32¢ 9.35 4+ 0.06° 10.19 4+ 0.55%¢ 7.44 £0.26° 10.55 £ 0.72°
Hue 50.70 + 2.772 59.87 £+ 2.01° 58.34 + 0.23° 64.16 + 2.90¢ 61.37 + 0.36°
AE - 12.05 + 0.23° 11.17 £ 0.70% 13.98 + 0.20° 10.67 £+ 0.842
Crumb

L 63.01 + 1.112 55.26 + 1.30° 49.77 £ 1.54° 45.86 + 0.24° 41.44 +£0.342
ar 229+ 1.122 5.43 + 0.50° 4.44 +0.07° 4.66 + 0.40° 4.91 +0.07%°
b* 21.41 + 5.60° 17.29 + 1.60° 13.77 4+ 0.68° 11.54 +1.232 12.67 4+ 0.45%
Chroma 21.54 + 5.68° 18.12 £ 1.68° 14.47 + 0.66° 12.45 £ 1.292 13.59 + 0.43%
Hue 83.55 + 1.62° 72.57 £ 0.07° 72.09 + 0.72° 67.97 £ 0.432 68.82 + 0.682
AE 12.99 + 0.922 19.12 + 1.23° 23.53 £ 0.76° 26.46 + 0.10¢

Results were presented as mean + standard deviation (n = 3). Superscripts (a, b, ¢, 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.

Control

FIGURE 2 | Fried cereal-dough products.

10% flaxseed powder
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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 (o < 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
increased moisture 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 (Codina 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; Budzaki and Seruga,
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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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 Figures3, 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 difference method,
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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Bo Wu, Dehua Yang, Shuhan Yang and Guangzhe Zhang*
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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 (Cls) 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%Cl: 1.10-1.41; P = 0.001) or moderate (RR: 1.20; 95%ClI: 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%Cl: 1.05-1.57;
P = 0.017), while moderate pickled foods intake had no significant effect on gastric
cancer risk (RR: 1.10; 95%Cl: 0.88-1.37; P = 0.390). Neither high (RR: 1.14; 95%Cl:
0.95-1.36; P = 0.161) nor moderate (RR: 1.10; 95%Cl: 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%ClI: 1.03-1.49;
P = 0.023), while moderate processed meat 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 I*> and Cochren Q statistic
were used to assess heterogeneity across the included studies;
significant heterogeneity was defined at I > 50.0% or P < 0.10
(26, 27). The stability of the pooled conclusions was assessed
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26 studies included in meta-analysis

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 Age (year) Gender No of GC Salt Follow-up  Adjusted factors NOS
size (men/women) cases questionnaire (year) 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 8
added smoking and alcohol)
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 112001 (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
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 7
or salad oil, suimono and pickled fruit
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 8
stomach disorders and GC
Khan 2004 (41) Japan 3,158 >40.0 1,524/1,634 Mortality (51) 37 items 14.3 Age, and smoking
CGCS group 2004 China 1,630 42.2 880/750 Incidence (18) NA 7.5 Active treatment
(42)
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 22-items 20.0 Sex, sex-specific age, city, radiation dose, smoking, 7
(1,280) and education level
LGPT 2005 (45) China 29,584 40.0-69.0 13,313/16,271 Incidence 9 items 15.0 Age, gender, or smoking 8
(1,452)
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, 7
history of peptic ulcer, family history of cancer, BMI,
DM, TG, PA, alcohol, smoking and dietary factors (TE,
TP, carbohydrate, B1-B2-C vitamin and dietary fiber)
SMC 2006 (48) Sweden 61,433 53.4 0/61,433 Incidence (156) 67 items 18.0 Age, education, BMI, TE, alcohol, fruits, and 8
vegetables
EPIC 2006 (49) Europe 521,457 51.7 158,447/368,010 Incidence (330) 88-266 items 6.5 Sex, height, weight, education level, smoking, work 8
and leisure PA, alcohol, TE, vegetable, citrus fruit,
non-citrus fruit intake, red meat, and poultry
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 13 items 7.0 Age, sex, BMI, smoking, alcohol, PA, and family history 7
(12,393) of cancer
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 8
energy, potassium, and calcium
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, 8
tea, red meat and processed meat
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, 8
PA, and the daily intake of fruit, vegetables, saturated
fat
(Continued)
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GC, gastric cancer; BMI, body mass index; DM, diabetes mellitus; TC, total cholesterol; PA, physical activity; TE, total energy; TR, total protein.

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%Cls
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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ID RR (95% CI)
high versus low :
JHCS 1990 —0:— 1.00 (0.60, 1.60)
HHSP 1998 —— 1.10(0.70, 1.80)
Ngoan 2002 —_ 1.68 (0.78, 3.60)
TNCS 2003 —— 1.18(0.77, 1.80)
JACC 2005 ——— 1.34(0.89, 2.03)
Kurosawa 2006 i + 5.41(1.80, 16.29)
THS 2006 : — 2.68 (1.36,5.24)
Sjodahl 2008 —_— 1.00 (0.70, 1.40)
Kim 2010 * 1.10(1.04, 1.16)
JPHC 2010 - 1.06 (0.89, 1.26)
Murata 2010 || m—— 2.02(1.31,3.11)
SCHS 2017 - 1.25(1.06, 1.47)
Thapa 2019 —— 1.32(0.96, 1.81)
Subtotal (I-squared =56.0%, p = 0.007) 9 1.25(1.10, 1.41); P=0.001
. 1
moderate versus low :
JHCS 1990 -—'I-O— 1.40(0.90, 2.10)
HHSP 1998 —_—r 1.00 (0.60, 1.80)
Ngoan 2002 ——— 1.25(0.71,2.19)
TNCS 2003 —_—— 1.35(1.06, 1.71)
JACC 2005 —t— 1.20(0.80, 1.80)
Kurosawa 2006 : % 4.04 (1.57,10.40)
THS 2006 e 2.01(1.22,3.29)
Sjodahl 2008 —4|— 1.00(0.70, 1.40)
Kim 2010 * 1.03 (0.98, 1.08)
JPHC 2010 - 1.05 (0.90, 1.24)
Subtotal (I-squared =58.8%, p = 0.009) 0 1.20(1.04, 1.38); P=0.012
NOTE: Weights are from random effects analysis
| | | |
3 5 1 2
FIGURE 2 | Association between high or moderate salt intake and subsequent gastric cancer risk.

There was significant heterogeneity for high (I = 56.0%; P
= 0.007) and moderate (> = 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 Ratio between P-value for
heterogeneity subgroups 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 (1.08-1.17) 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 (0.39-0.99) 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) 0.004 222 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; Cl, 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), while moderate 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 (I? = 79.4%; P < 0.001) and moderate
(> = 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) or moderate (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 (I? = 49.7%; P = 0.030) and moderate
(2 = 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 Ratio between P-value for
heterogeneity subgroups 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) 0.007 254 0.243

RR, relative risk; Cl, 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 (2 = 63.4%; P = 0.008),
while no evidence of heterogeneity for gastric cancer risk related
to moderate processed meat intake (I = 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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ID RR (95% Cl)
high versus low :
JHCS 1990 T 1.20(0.80, 1.70)
HHSP 1998 * 1.10(0.70, 1.80)
Ngoan 2002 — 2.04(1.01,4.13)
Khan 2004 >1— 0.90 (030, 3.10)
JACC 2005 - 1.18(0.92, 1.52)
LSS 2005 nal 1.11(0.98, 1.26)
LGPT 2005 —— 1.05 (0.88, 1.26)
Kurosawa 2006 : -+ > 4.28(1.70,10.77)
Sjodahl 2008 *- 1.10 (0.60, 1.80)
JPHC 2010 1 —— 2.19(1.81,2.64)
KoGES 2020 — 0.99 (0.72, 1.36)
KMCC 2020 —+:— 1.03 (0.62, 1.71)
Subtotal (I-squared = 79.4%, p = 0.000) << 1.28 (1.05, 1.57); P=0.017
% 1
moderate versus low :
JHCS 1990 : 0.90 (0.60, 1.50)
HHSP 1998 ——TO— 1.30(0.80, 2.20)
Ngoan 2002 -1 1.51(0.81, 2.80)
JACC 2005 — 1.12(0.90, 1.39)
LSS 2005 - : 0.91(0.77,1.07)
Sjodahl 2008 - 0.90(0.70, 1.16)
JPHC 2010 : - 1.80(1.50, 2.18)
KoGES 2020 —_— 0.81(0.58, 1.13)
KMCC 2020 —_—— 1.10(0.67, 1.81)
Subtotal (I-squared =79.7%, p = 0.000) <> 1.10(0.88, 1.37); P=0.390
NOTE: Weights are from random effects analysis

| | |

3 5 1 2

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 (P = 38.8%; P = 0.109) and
moderate (I> = 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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ID RR (95% Cl)
high versus low E
Kneller 1991 - ¢ 1.90 (0.98, 3.59)
Kato 1992 —- 1.35(0.66, 2.77)
HHSP 1998 . : 1.00 (0.60, 1.70)
Knekt 1999 — 0.98 (0.49, 1.96)
Ngoan 2002 : % > 1.92(0.91, 4.06)
Khan 2004 - 1.03 (0.60, 1.78)
CGCS group 2004 ; <+ 1.22 (0.49, 3.08)
JACC 2005 ——— 0.90 (0.71,1.13)
JPHC 2010 | ——— 1.47 (1.23,1.75)
KoGES 2020 —_— 0.86 (0.61, 1.22)
KMCC 2020 —_— 1.03 (0.77,1.38)
Subtotal (I-squared =49.7%, p = 0.030) <<> 1.14 (0.95, 1.36); P=0.161

1
moderate versus low E
Kneller 1991 ; 1.00 (0.58, 1.83)
Kato 1992 — 1.35(0.66, 2.77)
Knekt 1999 >— 0.95 (0.58, 1.58)
Ngoan 2002 —- 1.33(0.73,2.42)
JACC 2005 —_— 0.80 (0.65, 0.98)
JPHC 2010 e o 1.57 (1.32, 1.86)
KoGES 2020 —_— 1.03 (0.73, 1.45)
KMCC 2020 e ] 1.05 (0.78, 1.40)
Subtotal (I-squared =73.7%, p = 0.000) 1.10 (0.87, 1.40); P=0.436
NOTE: Weights are from random effects analysis

| | | |
3 5 1 2
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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ID

high versus low

RR (95% Cl)

Subtotal (I-squared = 63.4%, p = 0.008)

moderate versus low

HHSP 1998 _— 1.00 (0.60, 1.70)
CPS 112001 —— 1.09 (0.94, 1.28)
Ngoan 2002 ' > > 3.40(1.40,8.10)
TNCS 2003 —_—— 1.33(1.03,1.71)
Khan 2004 - 0.92 (0.49, 1.72)
SMC 2006 E—o— 1.66 (1.13, 2.45)
EPIC 2006 — 1.62 (1.08, 2.41)
NIH—AARP 2011 — 0.97 (0.83, 1.13)

1.24 (1.03, 1.49); P=0.023

HHSP 1998 --- 0.90 (0.60, 1.40)
CPS 11 2001 _ 1.01 (0.88, 1.17)
Ngoan 2002 T 1.01 (0.55, 1.88)
SMC 2006 — 1.46 (0.95, 2.25)
EPIC 2006 —— 1.13(0.87,1.47)
NIH-AARP 2011 = 0.94 (0.81, 1.10)
Subtotal (I-squared =0.0%, p =0.461) ' 1.01 (0.92, 1.11); P=0.844
NOTE: Weights are from random effects analysis
T T I T
3 5 1 2

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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ID

high versus low
JHCS 1990
Kato 1992

RR (95% Cl)

0.90 (0.50, 1.30)

HHSP 1998

1.04 (0.48, 2.25)
1.20 (0.80, 1.80)

Ngoan 2002
TNCS 2003
Khan 2004
JACC 2005
LSS 2005
JPHC 2010
Subtotal (I-squared =38.8%, p =0.109)

L 4

moderate versus low
JHCS 1990

1.20 (0.61, 2.34)
0.85 (0.50, 1.46)
0.20(0.10, 0.80)
1.19(0.96, 1.47)
1.01 (0.88, 1.16)
1.08 (0.91, 1.28)
1.04 (0.90, 1.19); P=0.626

1.00 (0.60, 1.60)

Kato 1992

Ngoan 2002

TNCS 2003

JACC 2005

LSS 2005

JPHC 2010

Subtotal (I-squared =0.0%, p = 0.993)

NOTE: Weights are from random effects analysis

0.88 (0.42, 1.82)
0.94 (0.60, 1.47)
0.92 (0.59, 1.46)
1.04 (0.89, 1.21)
1.01 (0.88, 1.16)
1.06 (0.90, 1.26)
1.02 (0.94, 1.11); P=0.594

| I
3 5

——
——
——
I
1

FIGURE 6 | Association between high or moderate miso-soup intake and subsequent gastric cancer risk.

I
2

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/h?) (o < 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 = 5.2kg). 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-Universitit Diisseldorf, Brunsbiittel, 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/h?;
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 20 min in an oven at
200°C. The amount of fish given to the participants was based

Frontiers in Nutrition | www.frontiersin.org

December 2021 | Volume 8 | Article 746880


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

Alhussain and ALshammari

Fish Consumption and Muscle Mass and Function

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 0.1kg 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/height?
(kg/m?). 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 BE%, FM (kg), and SMM was obtained through
body composition analysis.

SMI% was calculated by dividing the SMM by the body mass
(SMM [kg]/body mass [kg] x 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 (m?) (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 3-5s. 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 f-test. One-way analysis of
variance was performed to examine variations between the

Individual assessed for eligibility (1= 33)

Excluded (n=9)
Reasons: Did not meet inclusion criteria.

A

Recruited (n=24)

l

Withdrawn (n=2)

!

Completed intervention and included in the analysis (1= 22)

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-SE 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/m?) 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/ht? (kg/m?) 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/ht*, 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; MINA, 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/ht? 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) 254 20-35 - 30.1 20-35 -
Saturated fat (g/d) 12.6 £ 4.00 16.7 0.062 16.8 £7.38 12 0.077
MUFA (g/d) 10.7 £ 6.40 17.7 0.063 121 +£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 11 0.001
Vitamin D (ng/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 (%okcal) 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 11 0.000
Vitamin D (pg/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 (150-170 g) 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 6417 £ 11.72 63.89 + 11.47 —-0.12 —0.56
BMI (kg/m?) 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* 417
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/ht? (kg/m?) 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 1.356 £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/ht*, 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 (6x/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 (ie.,
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.

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/s.

ETHICS STATEMENT

Informed consent was obtained from all participants. The study
was approved by the Ethics Committee of the Institutional
Review Board at King Saud University (Reference No.
19-0834/ IRB). All procedures were conducted according

Frontiers in Nutrition | www.frontiersin.org

50

December 2021 | Volume 8 | Article 746880


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

Alhussain and ALshammari

Fish Consumption and Muscle Mass and Function

to

the Declaration of Helsinki. The patients/participants

provided their written informed consent to participate
in this study.

AUTHOR CONTRIBUTIONS

MHA and MMA: conceptualization and data interpretation.
MMA: investigation and data analysis. MHA: visualization,
supervision, writing the original draft of the manuscript, and
review and editing. Both authors have read and approved the
final manuscript.

REFERENCES

10.

11.

12.

13.

14.

. United Nations, Department of Economic and Social Affairs, Population

Division. World Population Prospects: The 2017 Revision, Key Findings and
Advance Tables. Working Paper No. ESA/P/WP/248. New York, NY (2017).

. Senior HE, Henwood TR, Beller EM, Mitchell GK, Keogh JPrevalence W, and

risk factors of sarcopenia among adults living in nursing homes. Maturitas.
(2015) 82:418-23. doi: 10.1016/j.maturitas.2015.08.006

. Rosenberg TH. Sarcopenia: origins and clinical relevance. J Nutr. (1997)

127:990S—18. doi: 10.1093/jn/127.5.990S

. Cruz-Jentoft. European Working group on sarcopenia in older people:

Sarcopenia: European consensus on definition and diagnosis. Report of the
European workign group on sarcopenia in older people age. Ageing. (2010)
39:412-23. doi: 10.1093/ageing/afq034

. Chen L-K, Liu L-K, Woo J, Assantachai P, Auyeung T-W, Bahyah

Asian
(2014)

KS, et al. Sarcopenia in Asia: consensus report of the
Working Group for Sarcopenia. ] Am Med Dir Assoc.
15:95-101. doi: 10.1016/j.jamda.2013.11.025

. Fielding RA, Vellas B, Evans W], Bhasin S, Morley JE, Newman AB,

et al. Sarcopenia: an undiagnosed condition in older adults. Current
consensus definition: prevalence, etiology, and consequences International
working group on sarcopenia. ] Am Med Dir Assoc. (2011) 12:249-
56. doi: 10.1016/j.jamda.2011.01.003

. Houston DK, Nicklas BJ, Ding ], Harris TB, Tylavsky FA, Newman

AB, et al. Dietary protein intake is associated with lean mass change
in older, community-dwelling adults: the Health, Aging, and Body
Composition (Health ABC) Study. Am ] Clin Nutr. (2008) 87:150-
5. doi: 10.1093/ajcn/87.1.150

. Robinson SM, Reginster J-Y, Rizzoli R, Shaw S, Kanis JA, Bautmans I, et al.

Does nutrition play a role in the prevention and management of sarcopenia?
Clin Nutr. (2018) 37:1121-32. doi: 10.1016/j.clnu.2017.08.016

. Kaiser MJ, Bauer JM, Ridmsch C, Uter W, Guigoz Y, Cederholm T, et al.

Frequency of Malnutrition in Older Adults: A Multinational Perspective
Using the Mini Nutritional Assessment. ] Am Geriatr Soc. (2010) 58:1734-
8. doi: 10.1111/j.1532-5415.2010.03016.x

Rasheed S, Woods RMalnutrition T, and quality of life in older people:
A systematic review and meta-analysis. Ageing Res Rev. (2013) 12:561-
6. doi: 10.1016/j.arr.2012.11.003

Hengeveld LM, Wijnhoven HA, Olthof MR, Brouwer IA, Harris TB,
Kritchevsky SB, et al. Prospective associations of poor diet quality with long-
term incidence of protein-energy malnutrition in community-dwelling older
adults: the Health, Aging, and Body Composition (Health ABC) Study. Am J
Clin Nutr. (2018) 107:155-64. doi: 10.1093/ajcn/nqx020

U.S Department of Agriculture, Agricultural Research Service, Nutrient
Data Laboratory. USDA National Nutrient Database for Standard Reference,
Release 27. (2014). Available online at: http://www.ars.usda.gov/nutrientdata

Lichtenstein AH, Appel L], Brands M, Carnethon M, Daniels S, Franch HA,
et al. Diet and lifestyle reccommendations revision 2006: a scientific statement
from the American Heart Association Nutrition Committee. Circulation.
(2006) 114:82-96. doi: 10.1161/CIRCULATIONAHA.106.176158

Wolfe RR, Miller SL, Miller KB. Optimal protein intake in the elderly. Clin
Nutr. (2008) 27:675-84. doi: 10.1016/j.cInu.2008.06.008

FUNDING

Researchers Supporting Project Number (RSP-2021/338), King
Saud University, Riyadh, Saudi Arabia.

ACKNOWLEDGMENTS

We gratefully acknowledge Zero Fat Restaurant for cooking
and delivering the fish to the study participants. We thank
the Deanship of Scientific Research and RSSU at King Saud
University for their technical support.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Kim J-S, Wilson JM, Lee S-R. Dietary implications on mechanisms of
sarcopenia: roles of protein, amino acids and antioxidants. ] Nutr Biochem.
(2010) 21:1-13. doi: 10.1016/j.jnutbio.2009.06.014

Muir SW, Montero-Odasso M. Effect of Vitamin D Supplementation
on Muscle Strength, Gait and Balance in Older Adults: A
Systematic Review and Meta-Analysis. ] Am Geriatr Soc. (2011)
59:2291-300. doi: 10.1111/j.1532-5415.2011.03733.x

Latham NK, Anderson CS, Reid IR. Effects of Vitamin D
Supplementation on Strength, Physical Performance,
Older Persons: A Systematic Review. ] Am Geriatr Soc.
51:1219-26. doi: 10.1046/j.1532-5415.2003.51405.x

Robinson S, Cooper C, Aihie Sayer A. Nutrition and sarcopenia: A review of
the evidence and implications for preventive strategies. ] Aging Res. (2012)
2012:510801. doi: 10.1155/2012/510801

Mithal A, Bonjour J-P, Boonen S, Burckhardt P, Degens H, Fuleihan GEH,
et al. Impact of nutrition on muscle mass, strength, and performance in older
adults. Osteoporosis Int. (2013) 24:1555-66. doi: 10.1007/s00198-012-2236-y
Calvani R, Miccheli A, Landi E Bossola M, Cesari M, Leeuwenburgh C, et al.
Current nutritional recommendations and novel dietary strategies to manage
sarcopenia. J Frailty Aging. (2013) 2:38-53. doi: 10.14283/jfa.2013.7

Joy JM, Lowery RP, Wilson JM, Purpura M, De Souza EO, Wilson SMC,
et al. The effects of 8 weeks of whey or rice protein supplementation
on body composition and exercise performance. Nutr J. (2013) 12:86.
doi: 10.1186/1475-2891-12-86

Guigoz Y, Vellas B, Garry PJ. Assessing the nutritional status of the elderly:
The Mini Nutritional Assessment as part of the geriatric evaluation. Nutr Rev.
(1996) 54:S59. doi: 10.1111/j.1753-4887.1996.tb03793.x

U.S. Department of Health and Human Services and U.S. Department of
Agriculture. 2015 - 2020 Dietary Guidelines for Americans. 8th ed. (2015).
Available online at: https://health.gov/our-work/food-nutrition/previous-
dietary-guidelines/2015

Jerry DR. Biology and culture of Asian seabass Lates calcarifer. CRC Press.
(2013). doi: 10.1201/b15974

Lim KC, Yusoff FM, Shariff M, Kamarudin MS. Dietary administration of
astaxanthin improves feed utilization, growth performance and survival of
Asian seabass, Lates calcarifer (Bloch, 1790). Aquac Nutr. (2019) 25:1410-
21. doi: 10.1111/anu.12961

Kris-Etherton PM, Harris WS, Appel LJ. Fish consumption, fish oil,
omega-3 fatty acids, cardiovascular disease. Circulation. (2002) 106:2747-
57. doi: 10.1161/01.CIR.0000038493.65177.94

and Falls in
(2003)

Janssen I, Heymsfield SB, Ross R. Low relative skeletal muscle
mass (sarcopenia) in older persons is associated with functional
impairment and physical disability. ] Am Geriatr Soc. (2002)

50:889-96. doi: 10.1046/j.1532-5415.2002.50216.x

Heymsfield SB, Smith R, Aulet M, Bensen B, Lichtman S, Wang J,
et al. Appendicular skeletal muscle mass: measurement by dual-photon
absorptiometry. Am ] Clin Nutr. (1990) 52:214-8. doi: 10.1093/ajcn/52.
2.214

Pasma JH, Stijntjes M, Ou SS, Blauw GJ, Meskers CGM, Maier AB. Walking
speed in elderly outpatients depends on the assessment method. Age. (2014)
36:9736. doi: 10.1007/s11357-014-9736-y

American Heart Association. Available online at: https://www.heart.org/

Frontiers in Nutrition | www.frontiersin.org

December 2021 | Volume 8 | Article 746880


https://doi.org/10.1016/j.maturitas.2015.08.006
https://doi.org/10.1093/jn/127.5.990S
https://doi.org/10.1093/ageing/afq034
https://doi.org/10.1016/j.jamda.2013.11.025
https://doi.org/10.1016/j.jamda.2011.01.003
https://doi.org/10.1093/ajcn/87.1.150
https://doi.org/10.1016/j.clnu.2017.08.016
https://doi.org/10.1111/j.1532-5415.2010.03016.x
https://doi.org/10.1016/j.arr.2012.11.003
https://doi.org/10.1093/ajcn/nqx020
http://www.ars.usda.gov/nutrientdata
https://doi.org/10.1161/CIRCULATIONAHA.106.176158
https://doi.org/10.1016/j.clnu.2008.06.008
https://doi.org/10.1016/j.jnutbio.2009.06.014
https://doi.org/10.1111/j.1532-5415.2011.03733.x
https://doi.org/10.1046/j.1532-5415.2003.51405.x
https://doi.org/10.1155/2012/510801
https://doi.org/10.1007/s00198-012-2236-y
https://doi.org/10.14283/jfa.2013.7
https://doi.org/10.1186/1475-2891-12-86
https://doi.org/10.1111/j.1753-4887.1996.tb03793.x
https://health.gov/our-work/food-nutrition/previous-dietary-guidelines/2015
https://health.gov/our-work/food-nutrition/previous-dietary-guidelines/2015
https://doi.org/10.1201/b15974
https://doi.org/10.1111/anu.12961
https://doi.org/10.1161/01.CIR.0000038493.65177.94
https://doi.org/10.1046/j.1532-5415.2002.50216.x
https://doi.org/10.1093/ajcn/52.2.214
https://doi.org/10.1007/s11357-014-9736-y
https://www.heart.org/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Alhussain and ALshammari

Fish Consumption and Muscle Mass and Function

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Rondanelli M, Rigon C, Perna S, Gasparri C, Iannello G, Akber R, et al.
Novel insights on intake of fish and prevention of sarcopenia: all reasons
for an adequate consumption. Nutrients. (2020) 12:307. doi: 10.3390/nu1202
0307

Deer RR, Volpi E. Protein intake and muscle function in
older adults. Curr Opin Clin Nutr Metab Care. (2015) 18:248-
53. doi: 10.1097/MCO.0000000000000162

Gaffney-Stomberg E, Insogna KL, Rodriguez NR, Kerstetter JE.
Increasing Dietary Protein Requirements in Elderly People for
Optimal Muscle and Bone Health. | Am Geriatr Soc. (2009)

57:1073-9. doi: 10.1111/j.1532-5415.2009.02285.x

Morley JE, Argiles JM, Evans WJ, Bhasin S, Cella D, Deutz NEP, et al.
Nutritional recommendations for the management of sarcopenia. ] Am Med
Dir Assoc. (2010) 11:391-6. doi: 10.1016/j.jamda.2010.04.014

Bauer J, Biolo G, Cederholm T, Cesari M, Cruz-Jentoft AJ, Morley JE, et al.
Evidence-based recommendations for optimal dietary protein intake in older
people: a position paper from the PROT-AGE Study Group. ] Am Med Dir
Assoc. (2013) 14:542-59. doi: 10.1016/j.jamda.2013.05.021

Bradlee ML, Mustafa J, Singer MR, Moore LL. High-protein foods and
physical activity protect against age-related muscle loss and functional decline.
J Gerontol A Biol Sci Med Sci. (2017) 73:88-94. doi: 10.1093/gerona/glx070
Kawabata F, Mizushige T, Uozumi K, Hayamizu K, Han L, Tsuji T, et al.
Fish protein intake induces fast-muscle hypertrophy and reduces liver lipids
and serum glucose levels in rats. Biosci Biotechnol Biochem. (2015) 79:109-
16. doi: 10.1080/09168451.2014.951025

Robinson SM, Jameson KA, Batelaan SF, Martin HJ, Syddall HE, Dennison
EM, et al. Diet and its relationship with grip strength in community-dwelling
older men and women: the hertfordshire cohort study. J] Am Geriatr Soc.
(2008) 56:84-90. doi: 10.1111/j.1532-5415.2007.01478.x

N.M. Al-Daghri. Vitamin D in Saudi Arabia: Prevalence,distribution
and disease associations. J Steroid Biochem Mol Biol. (2018) 175:102—
7. doi: 10.1016/j.jsbmb.2016.12.017

Institute of Medicine (US) Committee to Review Dietary Reference Intakes for
Vitamin D and Calcium. In: Ross AC, Taylor CL, Yaktine AL, Del Valle HB,
editors. Dietary Reference Intakes for Calcium and Vitamin D. Washington,
DC: National Academies Press (US) (2011).

Bo Y, Liu G, Ji Z, Yang R, An Q, Zhang X, et al. A high whey protein, vitamin
D and E supplement preserves muscle mass, strength, and quality of life
in sarcopenic older adults: A double-blind randomized controlled trial. Clin
Nutr. (2019) 38:159-64. doi: 10.1016/j.cInu.2017.12.020

Bauer JM, Verlaan S, Bautmans I, Brandt K, Donini LM, Maggio M,
et al. Effects of a vitamin D and leucine-enriched whey protein nutritional
supplement on measures of sarcopenia in older adults, the PROVIDE study:
a randomized, double-blind, placebo-controlled trial. ] Am Med Dir Assoc.
(2015) 16:740-7. doi: 10.1016/j.jamda.2015.05.021

Nichols PD, Glencross B, Petrie JR, Singh SP. Readily available sources
of long-chain omega-3 oils: is farmed Australian seafood a better source
of the good oil than wild-caught seafood? Nutrients. (2014) 6:1063-
79. doi: 10.3390/nu6031063

Gordon Smith I, Atherton P, Dominic NR, Mohammed BS, Rankin D,
Michael J et al. Omega-3 polyunsaturated fatty acids augment the muscle
protein anabolic response to hyperinsulinaemia-hyperaminoacidaemia in
healthy young and middle-aged men and women. Clin Sci. (2011) 121:267-
78. doi: 10.1042/CS20100597

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Smith GI, Atherton P, Reeds DN, Mohammed BS, Rankin D, Rennie M]J,
et al. Dietary omega-3 fatty acid supplementation increases the rate of muscle
protein synthesis in older adults: a randomized controlled trial. Am J Clini
Nutr. (2011) 93:402-12. doi: 10.3945/ajcn.110.005611

Smith GI, Julliand S, Reeds DN, Sinacore DR, Klein S, Mittendorfer
B. Fish oil-derived n—3 PUFA therapy increases muscle mass and
function in healthy older adultsl. Am ] Clin Nutr. (2015) 102:115-
22. doi: 10.3945/ajcn.114.105833

Tachtsis B, Camera D, Lacham-Kaplan O. Potential roles of n-3 PUFAs
during skeletal muscle growth and regeneration. Nutrients. (2018)
10:309. doi: 10.3390/nu10030309

Little JP, Phillips SM. Resistance exercise and nutrition to counteract muscle
wasting. Appl Physiol Nutr Metab. (2009) 34:817-28. doi: 10.1139/H09-093
Khor SC, Abdul Karim N, Wan Ngah WZ, Y.A. Mohd Yusof,
Makpol S. Vitamin E in sarcopenia: current evidences on its role
in prevention and treatment. Oxid Med Cell Longev. (2014) 2014:
914853. doi: 10.1155/2014/914853

Meydani M, Evans W, Handelman G, Biddle L, Fielding R, Meydani S,
et al. Protective effect of vitamin E on exercise-induced oxidative damage
in young and older adults. Am ] Physiol Regul Integr Comp Physiol. (1993)
264:R992-8. doi: 10.1152/ajpregu.1993.264.5.R992

Arciero PJ, Ormsbee M], Gentile CL, Nindl BC, Brestoff JR, Ruby
M. Increased protein intake and meal frequency reduces abdominal
fat during energy balance and energy deficit. Obesity. (2013) 21:1357-
66. doi: 10.1002/0by.20296

Livingstone MBE, Black AE. Markers of the validity of reported energy intake.
The Journal of nutrition (2003) 133:8955—920S. doi: 10.1093/jn/133.3.895S
Poslusna K, Ruprich J, de Vries JH, Jakubikova M, van’t Veer P. Misreporting
of energy and micronutrient intake estimated by food records and 24 hour
recalls, control and adjustment methods in practice. Br ] Nutr. (2009) 101:S73-
$85. doi: 10.1017/S0007114509990602

Pfrimer K, Vilela M, Resende CM, Scagliusi FB, Marchini JS, Lima NKC,
et al. Under-reporting of food intake and body fatness in independent
older people: a doubly labelled water study. Age and Ageing. (2014) 44:103-
8. doi: 10.1093/ageing/afu142

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 © 2021 Alhussain and ALshammari. 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

52

December 2021 | Volume 8 | Article 746880


https://doi.org/10.3390/nu12020307
https://doi.org/10.1097/MCO.0000000000000162
https://doi.org/10.1111/j.1532-5415.2009.02285.x
https://doi.org/10.1016/j.jamda.2010.04.014
https://doi.org/10.1016/j.jamda.2013.05.021
https://doi.org/10.1093/gerona/glx070
https://doi.org/10.1080/09168451.2014.951025
https://doi.org/10.1111/j.1532-5415.2007.01478.x
https://doi.org/10.1016/j.jsbmb.2016.12.017
https://doi.org/10.1016/j.clnu.2017.12.020
https://doi.org/10.1016/j.jamda.2015.05.021
https://doi.org/10.3390/nu6031063
https://doi.org/10.1042/CS20100597
https://doi.org/10.3945/ajcn.110.005611
https://doi.org/10.3945/ajcn.114.105833
https://doi.org/10.3390/nu10030309
https://doi.org/10.1139/H09-093
https://doi.org/10.1155/2014/914853
https://doi.org/10.1152/ajpregu.1993.264.5.R992
https://doi.org/10.1002/oby.20296
https://doi.org/10.1093/jn/133.3.895S
https://doi.org/10.1017/S0007114509990602
https://doi.org/10.1093/ageing/afu142
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

'," frontiers
in Nutrition

REVIEW
published: 22 December 2021
doi: 10.3389/fnut.2021.789692

OPEN ACCESS

Edited by:

Monica Trif,

Centre for Innovative Process
Engineering, Germany

Reviewed by:

Aswir Abd Rashed,

National Institutes of Health (NIH),
Malaysia

Sonia Socaci,

University of Agricultural Sciences and
Veterinary Medicine of

Cluj-Napoca, Romania

*Correspondence:
Nasrin Omidvar
omidvar.nasrin@gmail.com

Specialty section:

This article was submitted to
Nutrition and Sustainable Diets,
a section of the journal
Frontiers in Nutrition

Received: 05 October 2021
Accepted: 24 November 2021
Published: 22 December 2021

Citation:

Sobhani SR, Omidvar N, Abdollahi Z
and Al Jawaldeh A (2021) Shifting to a
Sustainable Dietary Pattern in Iranian
Population: Current Evidence and
Future Directions.

Front. Nutr. 8:789692.

doi: 10.3389/fnut.2021.789692

Check for
updates

Shifting to a Sustainable Dietary
Pattern in Iranian Population: Current
Evidence and Future Directions

Seyyed Reza Sobhani’, Nasrin Omidvar?*, Zahra Abdollahi® and Ayoub Al Jawaldeh*

" Department of Nutrition, Faculty of Medicine, Mashhad University of Medical Sciences, Mashhad, Iran, 2 Department of
Community Nutrition, National Nutrition and Food Technology Research Institute (WHO Collaborating Center), Faculty of
Nutrition Sciences and Food Technology, Shahid Beheshti University of Medical Sciences, Tehran, Iran, ° Department of
Nutrition, Ministry of Health and Medical Education, Tehran, Iran, * World Health Organization Regional Office for the Eastern
Mediterranean, World Health Organization, Cairo, Egypt

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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4. Moderate amounts of eggs, dairy,
poultry and fish; and small amounts of red meat.

3. Higher intake of wholegrains,
legumes, nuts, fruits and vegetables

2. Balanced across food groups,
restricting processed food

1. Exclusive breastfeeding and

: : Moving to
appropriate complementary feeding

Sustainable

16. Avoid adverse gender-
related impacts, especially
with regard to time allocation

15.Be accessible and desirable

14. Respect local culture, culinary practice,

knowledge and consumption pattern

FIGURE 1| Conceptual framework of shift to a sustainable diet (12).

5. Drinking safe and clean water

6. Adequate energy and nutrient

7. Consistent with WHO guidelines

8. Minimal levels, or none if
possible, of pathogens and toxins

9. Maintain greenhouse gas emissions, water and
land use, nitrogen and phosphorus application

10. Preserve biodiversity

11. Minimize the use of antibiotics and
hormones in food production.

1OVdWI TVANIIWNOYIANI ONIGQHYO3IY

12. Minimize the use of plastics and
derivatives in food packaging.

13. Reduce food loss and waste

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 Suggested change(s) in Finding(s)
dimension(s) diet
measured
Rahmani et al. (13) To determine the impacts of Total diet, based e Carbon FP — Decreasing rice, e A shift from the current diet
dietary changes on the on food balance e Cost vegetables, fruit, bread to alternative diets increases
Iranian economy and on the sheet e Nutritional value and pasta both the economic output

Eini-Zinab and Sobhani
(14)

Sobhani et. al. (15)

Kalvani et. al. (16)

environmental load.

To compare the
sustainability of traditional
and local foods in Iran with
Western Foods

To assess the compliance of
the Iran’s National Nutrition
and Food Security Policy
(INNFSP) with the
components of the
sustainable diets framework

To evaluate and analyze
water footprint of 14
important crops in Tehran
province and to assess their
water savings and losses in
2008-2014.

e Carbon FP
e Water FP

Three traditional
Iranian cusines
(Ashe Reshteh,
Mirza- Ghassemi
and Thrizi Koofteh)
and three western
foods (Pizza,
Beef-estroganove
and Pasta)

National policy -

Apple, barley, Water FP
bean, grapes,

maize, onions,

oranges, potatoes,

rice, tomato,

wheat, cherry,

pear, peach

— Increasing livestock and
other animal products

Increase consumption of
traditional and local
Iranian foods/cuisines

Decrease wheat/wheat
products

and  the
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.

environmental

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.

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.

Wheat and
largest per
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.

rice had the
capita water

(Continued)
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TABLE 1 | Continued

First author (year)

Aim

Food item(s)/diet

Sustainable diet
dimension(s)

Suggested change(s) in
diet

Finding(s)

measured
Soltani et. al. (17) To investigate the role of Total diet * Water FP Decrease ® Plant-based diet can reduce
current diets and types of e Carbon FP rice (67 %), potato (54%), the need for blue water

Sobhani et. al. (18)

modified diets on the need
for environmental resources
such as water, land, and
inputs, including nutrients,
energy, and greenhouse gas
emissions.

To assess different
scenarios to reduce water
use by following healthy diet

Total diet in Urmia
based on a FFQ

Fertilizers use
Cost

Energy
Nutritional
recommendation

e Water FP
Nutritional value
Cultural

oil (30%), sugar (53%), red
meat (50%), chicken
(65%), egg (48%), fruit
(6%), and

Increase wheat flour
(43%), legumes (78%),
and vegetables (32%)

Decrease “bread, cereal,
rice, and pasta” (14%) and
meats (3%)

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.

A healthy diet with greater
proportion of energy from
fruits, and lower ratio from

recommendations/ to acceptance Increase dairy (14%) and “pbread, cereal, rice, and

suggest a healthy diet with fruits (6%) pasta”, and substitution of

low water FP for the Urmia meats with beans can supply

population. all recommended dietary
allowances while reducing
water use by 49%.

Mirzaie-Nodoushan et. To investigate the effects of Iranian food e Water FP Decreases red meat These changes resulted in

al. (19) diet change on reducing basket e Nutritional (47%), fruits (35-44%), 7.9%-16.7% decrease in water
water consumption in Iran, recommendations  poultry (9-42%), footprint.
while meeting its nutrition e Cultural vegetable oil (13-25%),
requirements. acceptance 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%)

Eini-Zinab et. al. (20) To develope a healthy, Total diet e Water FP Decrease the “bread, In the sustainable diet model
low-cost and e Carbon FP cereal, rice, and pasta” extracted, there was a 14%
environmental-friendly food e Cost (84%), “meat, poultry, fish, reduction in total water
basket for Iran, based on * Nutritional eggs, legumes, and nuts” footprint, a 14% decrease in
current consumption recommendation  (11%) and “fats, oils, total carbon footprint, and a

e Cultural sugars, and sweets” 23% decrease in the cost, as

acceptance (24%) well as 7% increase in NRF of
Increase dairy (34%), fruits diet compared with the usual
(26%) and vegetable (8%) consumption.
groups and cereals (38%),
poultry (45%) and
vegetable oil (30%)
subgroups

Edalati et. al. (21) To analyze a canteen menu A campus lunch e Water FP Decrease red meat Replacing the sustainable food
of the School of Nutrition menu e Carbon FP Increase chicken or fish menu designed for Menu
Sciences and Food e Land FP and vegetables 1(rice-based) could decrease
Technology sustainability e Cost carbon, total water and land
and to develop a e Nutritional footprints and costs by 10, 13,
sustainable lunch menu recommendation 22 and 6%, respectively, and

e Cultural increased the NRF profile by

acceptance 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)

Suggested change(s) in
diet

Finding(s)

measured
respectively, and increased the
NRF profile by 23%.

Noormohammadi et.al. To suggest dietary Total diet e Carbon FP Decrease red and white * A healthy diet with a higher

(22) scenarios for decreasing * Nutrition meats, eggs, grains, fats proportion of vegetables,
GHG emissions recommendation  and oils, and sweets fruits, legumes, nuts, and

e Cultural Increase vegetables, fruits, dairy, and a lower share of
acceptance legumes, nuts, and dairy. 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 Total diet e Water FP Increase legumes and * Replacing the usual dietary
of Iranian FBDG in e Carbon FP nuts intake of the Iranians with an
comparison with the usual e Land FP optimal diet based on the
diet and with the selected e Cost 2016 Iranian FBDG was
food pyramids. e Nutritional associated with reductions

recommendation equal to 20.9 % for water
e Cultural footprint, 22.48 % for
acceptance carbon footprint, 20.39 %

for land footprint, 31.83 %
for cost, as well as 7.64 %
increase in NRF index.

FR, 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
NREF 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 the meat 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
NREF 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), CO, 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 55g 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

Frontiers in Nutrition | www.frontiersin.org

61

December 2021 | Volume 8 | Article 789692


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

Sobhani et al.

Shifting to a Sustainable Diet in Iran

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.

Public food procurement
and service policies for a
healthy diet sustainably
produced

Regulation of marketing of
foods and non-alcoholic
beverages, including
breastmilk substitutes

Food products reformulation

Front-of-pack labeling

Food fortification

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.

Introduce and enforce
mandatory guidelines for
provision of healthy food in
public institutions (e.g.,
schools, hospitals, military,
prison and other
government institutions).

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.

e 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

Implement mandatory
standards for ingredient listing,
back-of-pack nutrient
declarations and simplified
front-of-pack labeling for all
pre-packaged foods

Implement and monitor
policies and practices for
wheat flour fortification and for
salt iodization, in line with the
latest WHO recommendations
on best practice.

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)

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).

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).

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).

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).

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
jodization of household salt (81).

Voluntary fortification of edible oil, milk, cakes,
and pasta with vitamin D (82).

Elimination of subsidies on
vegetable oil and sugar and
instead shifting subsidies to
healthier foodstuffs (i.e, fruits,
vegetables and dairy) (71).

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.

“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).

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).

Food labels including information
about links between food and
climate chang are effective in
encouraging sustainable food
choices (79)

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
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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
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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

Frontiers in Nutrition | www.frontiersin.org

December 2021 | Volume 8 | Article 772133


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

Portugal-Nunes et al.

Nutritional Sustainability of Mediterranean Diet

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:

e Scopus: j(title-abs-key (food) or title-abs-key (diet*) or title-
abs-key (nutri*) and title-abs-key (sustain®) and title-abs-
key (Mediterranean)];

e 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 MedDiet

Exposure

Comparison Other dietary pattern or lower adherence to MedDiet
Qutcome Sustainability

e Environmental indicators
e Economic indicators

e Socio-cultural indicators
e Health-nutrition indicators

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

(ii) Assessment of MedDiet
comparison with other
dietary scenarios;

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

in
on

sustainability (alone or
dietary patterns) based

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 analyzed MedDiet
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 CO,
equivalent emissions (expressed in g CO, eq) produced during
the life cycle, and the EF is the area of land needed to regenerate
the applied resources (expressed in m?). 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 Fresan 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. Fresan 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 Findings
indicators
Llanaj et al. (22) Cross-sectional Young adults; n = 289 Albania * MedDiet e Cost ® Better adherence to DASH, EAT-Lancet reference diet or MedDiet
observational study e DASH was not associated with dietary cost.
e EAT-Lancet

Grasso et al. (23)

Rosi et al. (24)

Grosso et al. (25)

Fresan et al. (26)

Naja et al. (27)

Experimental (Clinical

trial)

Longitudinal
observational study

Cross-sectional
observational study

Longitudinal
observational study

Cross-sectional
observational study

Adults; n = 744

School children; n =
172

Adults; n = 1,806

Netherlands,
United Kingdom,
Germany and Spain

Italy

Italy

University graduates; n Spain

= 18,429

Adults; n = 2,610

Lebanon

reference diet

Food-related
behavioral activation
therapy applying
MedDiet guidelines
(n =373)

No intervention (n

= 371)

MedDiet

MedDiet
DASH
Nordic diet
AHEI

DQI-I

MedDiet
Western dietary
pattern
Provegetarian
dietary pattern

MedDiet

GHGs emissions
Land use
Energy use
pReCiPe score

CF
EF

Land use

Water use

Energy use

GHGs emissions
Sustainability score

Rate advancement
period (healthiness)
Cost
Environmental
footprints index
Overall sustainable
diet index

Water use
Energy use
GHGs emissions

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.

CF and EF were higher during winter, and the main 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.

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.

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 (€5.87/day, for the upper quartile), while the
MedDiet was the most expensive pattern (€7.52/day).

The MedDiet was the most overall sustainable option, closely
followed by the Provegetarian pattern.

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.
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TABLE 2 | Continued

References Study type Participants; n Location Dietary patterns Sustainability Findings
indicators
Naja et al. (28) Cross-sectional Adults; n = 337 Lebanon e | ebanese-MedDiet e Water use e The Lebanese-MedDiet had the lowest water use and GHGs
observational study pattern e Energy use emissions per 1,000 Kcal.
e \Western dietary e GHGs emissions. * The highest energy use was that of the Western dietary pattern,
pattern followed by the Lebanese-MedDiet and the High-Protein
¢ High-Protein dietary pattern.
dietary pattern
Fresan et al. (29) Longitudinal University graduates; n Spain * MedDiet e Land use e Better adherence to the MedDiet was associated with lower land
observational study = 20,363 e Water use use, water consumption, energy consumption and GHGs emission.
e Energy use
* GHGs emission
e Sustainability score
Seconda et al. (30) Cross-sectional Adults; n = 22,866 France e Conventional * PANDiet e The adherence to nutritional recommendations was higher among
observational study consumers and ¢ mPNNS-GS the Org-MedDiet and Conv-MedDiet groups compared to the Conv-
non-MedDiet e Dietary diversity NoMedDiet group (using the mPNNS-GS).
followers score e The mean plant/animal protein intake ratio was 1.38 for the Org-
(Conv-NoMedDiet; n e Plant/animal protein MedDiet group versus 0.44 for the Conv-NoMedDiet group.
= 14,266) intake ratio e The average cost of the diet of Org-MedDiet participants was the
e Conventional e Cost highest.

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)

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 the main 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 Fresan 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 Fresan 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 Fresan 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 to MedDiet
was associated with lower water use, lower GHGs emissions, and
it was not associated with energy use. Fresan 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 Fresan 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. Fresan 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 Fresan et al. (26) and Seconda et al. (30). Fresan
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 to MedDiet (with or without combination with
organic food) was associated with higher diet quality, adherence
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to recommendations, dietary diversity, and higher plant/animal
protein ratio.

Fresan 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 with Western 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 CO,, CHy,
and N;O) 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
€.person~! - day_1 or €~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
FullnessFactor™ (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
WEF 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 WE. 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)

Vanham et al. (32)

Gonzalez-Garcia et al.
(39)

Chapa et al. (34)

Blackstone et al. (35)

Not applicable

Nine Mediterranean
countries (Spain,
France, Italy, Greece,
Turkey, Egypt, Tunisia,
Algeria and Morocco)

Spain

United States

United States

MedDiet
European dietary
pattern

Western

dietary pattern

MedDiet
EAT-Lancet
reference diet

MedDiet
e SEAD
¢ NAOS

MedDiet

Healthy U.S. diet
Lacto-ovo vegetarian
diet

Typical American diet
MedDiet

Healthy US-style diet
Healthy vegetarian
dietary pattern

Land use

Water use

GHGs emissions
Eutrophication potential

WF

CF
WF
Cost

NRF9.3

NQl

FF

Global warming potential

Global warming potential
Land use

Water use

Freshwater eutrophication
Marine eutrophication
Particulate matter or
respiratory organics.

A shift from the European to the Mediterranean dietary pattern would
lead to 10 m?/capita/day land savings, 240 |/capita/day water savings,
3kg COg/capita/day reduction in greenhouse gas emissions, and 20g
PO4eq/capita/day reductions in eutrophication potential.

A shift from the Western to the Mediterranean dietary pattern would lead to 18
m?/capita/day land savings, 100 L/capita/day water savings, 4 kg
CO»/capita/day reduction in greenhouse gas emissions, and 169
POseq/capita/day reduction in eutrophication potential.

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.

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™" - day~' 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.

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.

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.
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TABLE 3 | Continued

References Location Dietary scenarios Sustainability indicators Main findings
Ulaszewska et al. (36) Italy e MedDiet ® GHGs emissions * Consumption of high protein foods has a similar and comparable environmental
e New Nordic Diet 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 e MedDiet * GHGs emissions * An optimized Low Lands Diet has the same healthy nutritional characteristics

e Vanham et al. (38)

Blas et al. (39)

Pairotti et al. (40)

Rahmani et al. (41)

¢ 13 Mediterranean
cities (Dubrovnik,
Lyon, Athens,
Jerusalem, Genova,
Pisa, Bologna,
Reggio Emilia,
Ljubliana, Manresa,
Zaragoza, Ankara
and Istanbul)

Spain and

United States

Italy

Iran

New Nordic Diet
Optimized Low
Lands Diet

Healthy MedDiet
Healthy
pesco-vegetarian
MedDiet

Healthy

vegetarian MedDiet

MedDiet
Typical American diet

MedDiet

Italian average diet
Healthy consumption
pattern

Vegetarian
consumption pattern

Status-quo diet
MedDiet

WHO
recommendations
WCRF recommendation

Land use

Combined GHGE-LU
Score

Health score

WF

WF

Cost
Energy use
CF

Total changes in output
Environmental load

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

diets analyzed.

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%.

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
1,604 L/person/day.

When compared with the [talian average diet, the MedDiet revealed an
improvement in environmental performance of 95.75 MJ (2.44%) and 27.46 kg
CO» 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 ltalian average diet.

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 Factor™; 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-Garcia 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-Garcia 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
WE (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
WE. 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 a Western dietary pattern. Sdez-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 ~ Spain e MedDiet e Multidimensional nutritional analysis e Spanish dietary pattern has 3 times more meat-dairy-
sample; n = 8,000 e Spanish dietary pattern e WF sweet and 1/3 fewer fruits-vegetables than MedDiet.
households ¢ Nutritional-Water productivity * Due to the high embedded water content in animal

products, a shift toward a MedDiet would reduce the
consumptive WF about 750 I/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  Netherlands * MedDiet e Health score e Consumption of meat, dairy products, extras, such as
sample; (1-97 years); n e Dutch diet e GHGs emissions snacks, sweets, pastries, and beverages, are largely
= 5,958 o Official “recommender” Dutch diet e | and use responsible for low Combined GHGE-LU Score and

® Semi-vegetarian diet e Combined GHGE-LU Score simultaneously, these food groups contribute to low
* \egetarian diet health scores.
e Vegan diet * 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  Italy e MedDiet e CF * MedDiet produce a lower environmental impact than
sample; (0.1-97.7 ¢ INRAN-SCAI consumption o EF the food consumption of the Italian population (CF, EF
years); n = 3,323 o \WF and WF).

e Cost e The monthly expenditure of the MedDiet is slightly
higher in the overall budget compared to the
expenditure allocated to food by the Italian population.

Séez-Almendros et al. National representative ~ Spain e MedDiet e GHGs emissions e Increasing adherence to the MedDiet pattern in Spain

(45)

sample; n = 6,000
households

Spanish dietary pattern
Western dietary pattern

Land use
Energy use
Water use

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; NWF, 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

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

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.

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, and World Wildlife Fund for Nature, Italy (WWE-
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 WE, 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)

Capone et al. (49)

Business distinctiveness of agro-food companies and
food safety

Distinctiveness for agro-food companies
e Application of EU regulations, specific national laws, and
voluntary requirements.
Primary production, marketing, and labeling
o Nutritional macro and micronutrient content regulated by
national and EU laws.

Environmental criterion / indicators

Land use and management
e Application of soil conservation practices
e Soil erosion protection
Input of nitrogen fertilizers
e Input of plant protection products
e 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
e Number of plant varieties threatened by genetic erosion
o Number of animal races (varieties)
e Number of animal races (varieties) threatened by genetic erosion
Energy
e Energy intensity
Climate change
e Final Energy consumption
o Mineral fertilizers consumption
e Pesticide consumption
Lubricant consumption
e Plastic material consumption
e Use of off-farm animal feeds
Use of chemical inputs
o Nitrogen consumption
e Use of total phosphorus pentoxide
e Use of fungicides
e Use of insecticides and acaricides
e Use of herbicides
Environmentally sound management of production scraps,
by-products, and waste
e Method for management of production scraps, by-products,
and waste

Economic criterion / indicators

Income level and stability
e Number of products and services produced by the farm
e Distribution of the turnover among different products and
services
e Heterogeneity or affinity of products and services supplied
e Index of commercial riskiness—suppliers
e Index of commercial riskiness—customers

Foodstuffs: the healthy-nutritional sustainability
e Nutritional sustainability index
e 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)

Economic criterion / indicators (continued)
e | abor and employment
e Index of localization
e |nvestment
e Specific investment for the improvement of sustainability
performance
e Profitability and productivity of production factors
e Index of gross profitability per labor unit
e Rate of return on invested capital
e Enhancement rate
e Rate of return of family labor
Socio-cultural criterion / indicators
e Life quality and human well-being of chain actors & corporate
social and ethical responsibility
e Companie’s voluntary inclusion of social concerns in their
activities
Women’s participation in business production and management
e Presence of women in business production and
management
Social inclusion
e Presence of disadvantaged groups in agribusiness
® Relations with the local community
e Collaboration with the local community, local authorities, and
civil society
e Social capital of agribusinesses
Promotion of local identity and transmission of traditional
knowledge to the new generations
e Activities other than agricultural production as a means for
promoting the cultural identity
e Preservation of traditions and local culture
e Inter generation transmission of traditional knowledge
Workers’ training planning throughout the chain
e Workers’ training throughout the chain
Implementation of training and foreign labor inclusion programs
e Inclusion and training of foreign workers
Respect for animal welfare
o Application of measures of animal welfare
Nutrition-health criterion / indicators
e Healthiness and food safety
e Farm distinctiveness
e Nutritional quality of solid agro-food material
L]
L]

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 reflected multiple environmental concerns and
strongly emphasizes a lower consumption of red meat 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).
Fresan 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 FE 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). Fresan 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 selected Mediterranean 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 of MedDiet. 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 <15 min. Exploratory analyses show that >70% of respondents consume tubers
and starchy vegetables, leafy vegetables, fruits, legumes, and wholegrains. WWomen
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
(Gémez 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 (Tuftrey 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 24h, 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 (Table1). 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 developing mobile phone-based systems
in LMICs, including Rwanda.

Sampling

Potential respondents for the DQ-Q were 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 MTN Rwanda 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  >4009g

Dietary fibre >25¢9

Free sugars <10% total energy

Saturated fat <10% total energy

Total fat <30% total energy

Legumes >0g
Nuts and seeds >0g
Whole grains >0g
Processed meat 0g
Global dietary -
recommendation—

healthy

(GDR-healthy)

Global dietary -
recommendation—

limit

(GDR-limit)

Global dietary -
recommendation
(GDR-score):

Score based upon the presence of up to 6 fruit and vegetable
groups in diets

Score based upon the presence of 9 food groups rich in dietary
fiore

Score based upon presence of up to 6 groups of sugary foods

Score based upon presence of 5 food groups rich in saturated
fats in diets

Score based upon presence of 7 food groups rich in fat

Scored based upon the presence of legumes in diets

Scored based upon the presence of nuts and seeds in diets
Scored based upon the presence of whole grains in diets
Scored based upon the presence of processed meats in diets

A cumulative score, based upon presence food groups that
make up 5 global recommendations for consumption of healthy
foods

A cumulative score, based upon presence food groups that
make up 6 global recommendations for consumption of foods
to be limited

Sum of the GDR-limit score subtracted from the GDR-Healthy
score

Dark green leafy vegetables

Vitamin-A rich orange-coloured vegetables,

roots, and tubers
Other vegetables
Vitamin A-rich fruits
Citrus fruits

Other fruits

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

Sodas

Baked grains

Other sweets

Fruit drinks

Sweetened drinks

Cheese and yoghurt
Processed meat (double weighted)
Unprocessed red meat
Other sweets

Fast food Milk

Cheese and yoghurt
Processed meat
Unprocessed red meat
Deep-fried food

Fast food

Packaged salty snacks
Other sweets

Legumes

Nuts and seeds

Whole grains

Processed meat

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

Sodas

Baked grains

Other sweets
Processed meat (double weighted)
Unprocessed red meat
Deep-fried foods

Fast food

Packaged Salty snacks

0-5

0-6

0-1
0-1
0-1
0-1

0-49

—-9-0

—9to+9

*See Herforth et al. (2020a).
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22K/s © R il il 619 9:47 AM

Welcome to the diet survey. | have some yes/
no questions about food & drinks u consume.
You'l get RWF300 airtime for completing it

1. Next

1.Yes
2.No

CANCEL CANCEL

FIGURE 2 | Diet quality questionnaire presented via.

25K/s © R il il 719 9:49 AM

1. Yesterday, did you eat any of the following
foods: Kawunga, rice, chapati, bread, o
macaroni? (Q1 of 29)

1.9 K/s © =l "l 719 9:49 AM

2. Yesterday, did you eat any of the following
foods: Sosoma, sorghum porridge, millet
porridge, or maize on the cob? (Q2 of 29)

1. Yes

2.No

CANCEL

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, 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.

we

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 Land owned (hectares)

(USD/month)
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 No assets
age, disability, or
disease

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% (Figure3D) 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 Table3. 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 ltems

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 I:
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 (Table3, Figure5), 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

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 GDR- healthy score GDR- limit score
(mean + SD) (mean =+ SD) (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 1,118 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 4418 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.

Other vegetables

Tubers and starchy vegetables
Dark green leafy vegetables
Other fruits

Legumes

Wholegrains

Nuts and seeds

Milk

Processed grains
Unprocessed red meat

Fish

Vitamin A-rich fruits

Eggs

Vitamin A-rich vegetables, roots, and tubers
Sweetened drinks

Cheese and yoghurt

Fruit drinks

Deep-fried food

Baked grains

Sodas

Other sweets

Citrus fruits

Packaged salty snacks
Unprocessed white meat
Child food

Fast food

Processed meat

o
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o
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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 realities in near real-time. The tool and approach
diet quality information from across Rwanda. Leveraging digital ~ reinforce the utility and benefits of digital data collection and
tools, we have directly engaged across socio-economic strata, age  crowd engagement and could be easily adapted to other national
groups, and location for equitable representation of Rwandan  contexts.
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FIGURE 6 | Geographic distribution of the diet quality metrics.

Provisional Learning From a Crowd-Based small portion of the cost. There remains considerable scope for
Data Collection System further cost-efficiencies as the system matures and automates,

Developing this novel data collection system reinforced both ~ reducing the cost of each data collection moment. In contrast,
the benefits of digital data collection and, consistent with other ~ an identical, but in-person application of the survey in Rwanda
researchers, its shortfalls (e.g., Trucano, 2014; Lamanna et al,  had a per respondent cost of $33 (staff costs, travel, car rental,
2019). One of the greatest benefits is that digital data collection  and fuel). Further, the digital survey was more efficient in terms
can be highly cost-efficient (Zeug et al., 2017; Adewopo et al.,  of time per response, taking around 15 min, compared to almost
2021). Preliminary estimates place our cost per respondent at  an hour for in-person application.

around $1, with this cost largely associated with the system set- As noted in the results, we identified a small (<100/week),
up and maintenance, with the incentive payment making up a  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-Saharan Africa. 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’s World Hunger Map [World Food Programme
(WEP), 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.

We will 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.
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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 can modify 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 (a-
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 B-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 the mixed 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 second was 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
a-tocopherol (DRTATOC); zinc (DRTZINC); p-carotene
(DRTBCAR); copper (DRTCOPP); a-carotene (DRTACAR),
vitamin A (DRTVARA); retinol (DRTRET); B-cryptoxanthin
(DRTCRYP); selenium (DRTSELE)] were included in our
analysis. (https://wwwn.cdc.gov/Nchs/Nhanes/2017-2018/
DRIIFF_J.htm) (https://wwwn.cdc.gov/Nchs/Nhanes/2017-
2018/DR2IFF_].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/m?); 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, CHE, 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 ¢-tests. Categorical or
dichotomous variables were expressed as absolute value
(percentage) and were compared using x 2-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 on model 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 (Figure1), 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%). Table1
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, B-carotene, copper, a-carotene,
vitamin A, retinol, B-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, a-carotene and
B-carotene, selenium and zinc, and zinc and copper (all P <
0.001). An r-value of >0.5 was found between iron and copper,
B-carotene and a-carotene, selenium and iron, vitamin A and B-
carotene, selenium and copper, retinol and vitamin A, vitamin
¢ and P-carotene, vitamin E and copper, copper and vitamin A,
and vitamin ¢ and B-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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[ Participants of NHANES from 2003-2018 (n=80312) ]

Participants with missing data on 2 valid 24-hour
diet recall (n=10713)

A 4

[ Enrolled (n=69599) }

Participants with age < 18 and missing information
on assessment data of CVD (n=29842)

A 4

[ Data for analyses (n=39757) ]

FIGURE 1 | Study flow diagram.

TABLE 1 | Sociodemographic characteristics of the study population.

Variable Total Non-CVD CVvD P-value
(n =39,757) (n = 35,280) (n = 4,477)

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 (565.51%)

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/m?, Mean + SD 29.15 +6.87 29.04 £ 6.77 30.33 +7.29 <0.001
Total cholesterol, mmol/L, Mean + SD 4.86 £1.13 514 +£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 In model 3, when comparing the fourth quartiles of each
false positives induced by multiple corrections both in model 2 antioxidant micronutrients with the reference quartile, vitamin
and 3. The second, third, and fourth quartiles of 11 antioxidant E (OR, 0.74; 95% CI, 0.67-0.82); retinol (OR,0.85; 95% CI,
micronutrients were independently associated with the decreased ~ 0.77-0.94); vitamin A (OR, 0.75; 95% CI, 0.68-0.83), a-carotene
prevalence of total CVD compared with the lowest reference  (OR, 0.74; 95% CI, 0.67-0.82), B-carotene (OR, 0.75; 95% CI,
quartile (all P for trend < 0.05). 0.68-0.83), and B-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.
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vitamin C (OR, 0.81; 95% ClI, 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, f-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 CHEF, angina
and stroke; copper in angina, heart attack, and stroke; vitamin E
in CHF, CHD, and heart attack; and iron in CHF and stroke. B-
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, p-Carotene, Vitamin E,
and Iron and Specific CVDs

The weight of selenium, copper, B-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% Cls) 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

OR

Q2

OR (95% CI)

Q3

OR (95% CI)

Q4

OR (95% CI)

P for
trend

Vitamin E (mg)
Model 1

Model 2

Model 3
Retinol (g)
Model 1

Model 2

Model 3
Vitamin A (ng)
Model 1

Model 2

Model 3
a-carotene (jg)
Model 1

Model 2

Model 3
B-carotene (ng)
Model 1

Model 2

Model 3
B-cryptoxanthin (ing)
Model 1

Model 2

Model 3
Vitamin C (mg)
Model 1

Model 2

Model 3

Iron (mg)
Model 1

Model 2

Model 3

Zinc (mg)
Model 1

Model 2

Model 3
Selenium (png)
Model 1

Model 2

Model 3
Copper (mg)
Model 1

Model 2

Model 3

1
1

0.83 (0.76-0.91)
0.86 (0.79-0.94)
0.85 (0.77-0.93)

0.89 (0.81-0.98)
0.91 (0.83-1.00)
0.93 (0.85-1.03)

0.87 (0.79-0.95)
0.89 (0.81-0.98)
0.89 (0.81-0.99)

0.77 (0.69-0.84)
0.81 (0.73-0.89)
0.81 (0.73-0.89)

0.83 (0.75-0.91)
0.88 (0.80-0.97)
0.86 (0.78-0.95)

0.88 (0.80-0.96)
0.91 (0.83-1.01)
0.92 (0.83-1.01)

0.79 (0.72-0.87)
0.84 (0.76-0.92)
0.84 (0.76-0.93)

0.82 (0.75-0.90)
0.85 (0.77-0.93)
0.86 (0.78-0.95)

0.83 (0.75-0.90)
0.86 (0.78-0.94)
0.85 (0.77-0.93)

0.84 (0.77-0.91)
0.86 (0.79-0.94)
0.84 (0.76-0.92)

0.77 (0.71-0.85)
0.81 (0.74-0.89)
0.82 (0.74-0.90)

0.72 (0.65-0.79)
0.76 (0.69-0.83)
0.75 (0.68-0.83)

0.87 (0.80-0.96)
0.89 (0.81-0.98)
0.89 (0.81-0.99)

0.80 (0.72-0.88)
0.83 (0.75-0.91)
0.85 (0.76-0.94)

0.76 (0.69-0.83)
0.82 (0.75-0.91)
0.81 (0.73-0.89)

0.72 (0.65-0.79)
0.78 (0.71-0.86)
0.77 (0.70-0.85)

0.79 (0.72-0.87)
0.84 (0.76-0.92)
0.85 (0.77-0.94)

0.70 (0.63-0.76)
0.75 (0.68-0.82)
0.78 (0.71-0.86)

0.75 (0.68-0.82)
0.78 (0.71-0.86)
0.79 (0.72-0.87)

0.79 (0.72-0.87)
0.83 (0.75-0.91)
0.85 (0.77-0.93)

0.77 (0.70-0.84)
0.80 (0.73-0.88)
0.77 (0.70-0.85)

0.72 (0.65-0.79)
0.78 (0.71-0.85)
0.79 (0.72-0.87)

0.70 (0.64-0.77)
0.75 (0.68-0.82)
0.74 (0.67-0.82)

0.81 (0.74-0.90)
0.82 (0.74-0.90)
0.85 (0.77-0.94)

0.68 (0.62-0.75)
0.71 (0.64-0.78)
0.75 (0.68-0.83)

0.65 (0.59-0.72)
0.72 (0.65-0.80)
0.74 (0.67-0.82)

0.65 (0.59-0.71)
0.71 (0.64-0.78)
0.75 (0.68-0.83)

0.77 (0.70-0.85)
0.83 (0.76-0.92)
0.90 (0.81-0.99)

0.66 (0.60-0.73)
0.72 (0.66-0.80)
0.81 (0.73-0.90)

0.69 (0.63-0.77)
0.73 (0.66-0.80)
0.74 (0.66-0.82)

0.73 (0.66-0.81)
0.76 (0.69-0.85)
0.76 (0.68-0.85)

0.65 (0.59-0.72)
0.70 (0.63-0.78)
0.67 (0.60-0.75)

0.57 (0.52-0.63)
0.63 (0.57-0.70)
0.67 (0.60-0.75)

<0.001
<0.001
<0.001

<0.001
0.001
0.015

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
0.012

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

CVD, cardiovascular disease; OR, Odd ratio; Cl, 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.
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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 B-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 CHEF, 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 1.1 mg, 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 0.74 mg, 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, CHE, heart attack, angina, and stroke)
had negative non-linear and linear outcomes as shown in

Supplementary Figures $2-S6. Among these, the association of
B-cryptoxanthin with CHE 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 (CHE, 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, zingc, 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 B -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 pg/day induced selenosis and heart hazards
(50), and 4 years of supplementation with 20-30 mg/day p-
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
B-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
a-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
B-cryptoxanthin 0.94 0.51 1.49 00.11 0.71 23.80

CVD, cardiovascular disease; WQS, weighted quantile sum.

P fornonlinearity =0947

P fornonlinearity =0993
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g
=
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non-linearity < 0.05).

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

Log2 (Copper, mg)

ng/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% ClI) 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; Cl, 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 3,000 pg/day or 7,500 |Lg/week; a-carotenoids at up
to 20 mg/day for lutein and 75 mg/day for lycopene; B-carotene
at 2-4 mg/day (14, 15, 48); selenium at 55 pg/day (19) or 200
ng/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, 21.8 mg;
retinol, 1,201.0 pg; vitamin A, 1,414.0 png; a-carotene, 1,785.1
ng; P-carotene, 7,816.1 pg; P-cryptoxanthin, 397.5 pg; vitamin
C, 233.9 mg; iron, 28.7 mg; zinc, 22 mg; selenium, 207.8 pg; and
copper, 2.3 mg) 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 a-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, CHEF, heart attack and angina). Our study
investigated the 95th percentiles of dietary selenium intake,
which was 207.8 jLg/day; large-scale, randomized controlled trials
have investigated supplementation with a selenium antioxidant
cocktail with a daily dose between 75 and 200 pg or selenium
supplementation at 100 pg/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
coeflicients, which might otherwise occur if the highly-correlated
antioxidant micronutrients 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

were
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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 Figure S1 | Weights from the weighted quantile sum (WQS)
regression index for dietary intake of 11 antioxidant micronutrients and the
prevalence of total cardiovascular disease (CVD). A protective
(negatively-associated) model is shown, adjusted for age, sex, race, education
level, smoker status, poverty, body mass index (BMI), and diabetes mellitus status.

Supplementary Figures $2-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% Cl of the HR. The
B—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 B-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
differences with inflammatory markers such as TNF-a, IL-18, 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 (HbA1lc) >6.5% (2-4), 2-h plasma glucose (2hPG)
in a 75g 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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Resistant Starch Interventions on Metabolic Biomarkers

glucose tolerance (IGT)/2hPG in a 75g OGTT of 7.8-11.0
mmol/L (5) or HbAlc 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
38g 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: AP, 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; HbAIc, 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; OGT'T, 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.
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FIGURE 1 | Chemical structure of a-1,4-D-glucan [Obtained from: (17)].

in the colon (14). Several studies have shown that RS is a
linear molecule of a-1,4-D-glucan, derived from the retrograded
amylose fraction and has a relatively low molecular weight (1.2
x 10° Da) (15, 16). The chemical structure of a-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 a-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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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 HbAlc 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 HbAlc when HbAlc
was <6.2% and only about 40% when HbAlc was above 9.0%
(54). Decreases in PPG accounted for nearly twice as much
for the reduction in HbAlc as did the decline in FPG. HbAlc
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-a.

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-a
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-a 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
HbAlc 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.

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.

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.

To test whether RS2 can
improve cardiometabolic health
among pre-diabetic adults.

Peterson et al. (29)

e A subject-blind, randomized crossover study.

e 12 overweight individuals (37 + 4.0 yrs) consumed
either 40g RS2 or energy and carbohydrate
(CHO)-matched placebo daily, for 4 wks.
Assessment of insulin secretion, plasma insulin and
C-peptide concentrations.

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-?Hy] 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-a
(TNF-a) and interleukin (IL) 6, C-peptide and total
glucagon-like peptide-1 (GLP1).

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/m?)
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.

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.

Significantly higher plasma insulin and C-peptide
concentrations with RS (o < 0.05).

Significantly improved 1st phase insulin secretion with
RS (p < 0.05).

No changes on body weight or habitual food intake.

Significantly lower postprandial glucose concentrations
(o = 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-a.

Fasting GLP1 concentrations were significantly lower
following HAM-RS2 consumption (p = 0.049).
Significantly greater postprandial GLP1 excursions
during the MTT (p = 0.009).

Significantly lower fasting, 2h and 3 h insulin incremental
area under the curve (JAUC) and fasting insulin
resistance (IR) than control (p < 0.05).

No difference in fasting and postprandial OGTT

glucose concentrations.

RS2 lowered HbA1c by a clinically insignificant (o >
0.05).

RS2 also did not affect insulin sensitivity, TG, TC, FFA,
high-sensitive (hs)-CRP, iIAUC relative to baseline (o >
0.05).

Significant reduction in TNF-a, and heart rate (o < 0.05).

e RS intake significantly increased
the 1st -phase insulin secretion
in individuals at risk of developing
T2DM.

e Further studies exploring this effect
in individuals with T2DM
are required.

¢ 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.

Consumption of a high-HAM-RS2
bagel improves glycemic efficiency
and fasting insulin sensitivity in
adults at increased risk of T2DM.

RS supplementation reduced the
inflammatory marker TNF-a and
heart rate, but it did not significantly
improve glycemic control and other
cardiovascular disease risk factors
among pre-diabetic adults.
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TABLE 1 | Continued

References

Objective (s)

Methods

Findings

Conclusion

Kwak et al. (30)

Lotfollahi et al. (31)

Gargari et al. (32)

Alfa et al. (33)

Giles et al. (34)

To evaluate whether 4 wks of
dietary treatment with rice
containing RS reduces blood
glucose and oxidative stress as
well as improves endothelial
function.

To investigate the effects of 6
mths consumption of
green-banana biomass on the
LDL particle functionality in
subjects with T2DM.

To determine effects of RS2 on
metabolic parameters and
inflammation in women with
T2DM.

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.

To determine the in vivo net
energy content of RS and
examine its effect on
macronutrient oxidation.

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.

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.

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-a.

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-a, IL-10, insulin and IR.

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).

Significant reduction on fasting insulin and IR,
postprandial glucose (p < 0.010) and insulin levels at
30min, and glucose and iIAUC after the standard meal.
Decreased urinary 8-epi-PGF», and plasma
malondialdehyde (MDA) and increased the RH-PAT
index (o < 0.001) and total nitric oxide (NO).
Postprandial changes in glucose at 60 and 120 min and
areas under the glucose response curve, MDA, RH-PAT,
and total NO of the test group differed significantly

from control.

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).

RS2 significantly decreased HbA1c (—0.3%, —3.6%),
TNF-a (—3.4 pg/mL, —18.9%) compared with placebo
(o < 0.05).

Changes in FBS, hs-CRP and IL-6 were not significant.

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-a levels
in the ELD group.

No significant changes in MID adults.

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.

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.

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.

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.

Dietary supplementation with
prebiotics such as MSPrebiotic®
may be part of an effective strategy
to reduce IR, in the ELD.

RS and RSF consumption increase
fat and decrease CHO oxidation
with postprandial insulin responses
lowered after lunch.
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TABLE 1 | Continued

References

Objective (s)

Methods

Findings

Conclusion

Belobrajdic et al.
(35)

Hallstrom et al. (36)

Poquette et al. (37)

Gu (38)

Lin et al. (39)

Sanders et al. (40)

To determine if bread made
from HAW and enriched in RS
dampens postprandial glycemia
compared with bread made
from conventional low-amylose
wheat (LAW).

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%.

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.

To investigate the effects of
sorghum starch on postprandial
blood glucose and insulin levels
in pre-diabetic men

To evaluate the effects of the
new RS formula, PPB-R-203,
on glucose homeostasis in
healthy subjects and subjects
with T2DM.

To evaluate the effect of
consuming cooked, then chilled
potatoes, compared to
isoenergetic, CHO-containing
control foods.

* 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/m?) 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.

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.

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 15 min
before and 0, 15, 30, 45, 60, 75, 90, 120, 180 min
after consumption.

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
180 min after each treatment.

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

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

HAW breads: iAUC: 39% < conventional wheat breads
(HAW 39 + 5 mmol/L x 3h; LAW 64 + 5 mmol/L x 3h;
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.

Significantly higher RS content in EAW bread than in
whole grain wheat bread (WGW) (o < 0.001).

EAW induced lower postprandial glucose response than
white wheat flour (REF) during the first 120 min (o <
0.05), but no significant differences in insulin responses.
Increased RS content per test portion was correlated to
areduced Gl (r = —0.571, p < 0.001).

Mean glucose and insulin responses reduced at
45-120 min and 1590 min with grain sorghum,
compared to control (o < 0.05).

The IAUC was significantly lowered for plasma glucose
responses (p < 0.05).

Significant reduction with insulin responses with
sorghum (p < 0.05).

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 45-120 min intervals (p <
0.05).

The mean iAUC of glucose and insulin was significantly
reduced by 35 and 36.7%, respectively (o < 0.05).

Serum glucose values and iIAUC 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).

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 (o = 0.077) in the potato

vs. control.

e 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.

Wheat with EAW may be preferable
to other wheat genotypes
considering RS formation, however
further research is required.

Grain sorghum is a good functional
ingredient to assist in managing
glucose and insulin levels in healthy
individuals.

Grain sorghum is a good candidate
in controlling blood glucose and
insulin levels in pre-diabetic
population for the prevention of
T2DM.

A PPB-R-203-based diet reduced
postprandial hyperglycemia in
patients with T2DM without
increasing the risk of hypoglycemia
or glucose excursion.

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.
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TABLE 1 | Continued

References Objective (s) Methods Findings Conclusion

Mohan et al. (41) To compare the Gl of a newly ¢ A randomized controlled crossover study design. * Dietary fiber content of HFWR was 5-fold higher. e HFWR has lower Gl excellent
developed high fiber white rice e 30 healthy adults age 18-45 yrs were recruited for * RS content of HFWR was 6.5-fold higher (o < 0.001) sensory and other characteristics
(HFWR) with that of commercial the Gl study of HFWR in 2013 e Amylose content of HFWR was significantly higher (p < compared with WR.

Nomura et al. (42)

Zhu et al. (43)

Yulianto et al. (44)

Sandberg et al. (45)

white rice (WR)

To evaluate the postprandial
glycemic response for boiled
BARLEYmax® and determined
its Gl in a Japanese population.

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.

To evaluate content of RS, and
Gl of Cr—fortified—parboiled
rice (Cr-PR) coated with herbal
extracts.

To investigate the effect of WG
rye-based products on glucose-
and appetite regulation.

In 2014, Gl 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

11 healthy subjects (20-50 yrs) were administered a
50 g/150 mL 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 Gl of BARLEYmax®.

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.

18 non-diabetic volunteers were recruited to test on
Gl of the cooked Cr-PR coated with herbal extract.
Unhulled rice and forticant used (Ciherang and
CrClI3). Three herbal extracts used were cinnamon
bark powder, pandan leaf and bay leaf.
Determination of RS content by enzymatic process.

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 H, and subjective rating of appetite.

0.001) compared with WR
HFWR had 23% lower GI compared with WR (o
= 0.002).

Postprandial blood glucose, its change from baseline
over 90 min, and the IAUC for BARLEYmax® were
statistically lower than those for the glucose drink.
The Gl of the BARLEYmax® was 24.3.

Both the LS and AB meals achieved low GI (21-51),
while the other starchy foods failed to show significant
difference with rice Gl (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.

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 Gl (29-30) was attained by the Cr-PR coated
with cinnamon extract of 6-9%.

The evening meal with RFB/RKB + RS decreased
postprandial glucose- and iIAUC (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
Hy levels at fasting, that remained increased after the
standardized breakfast (o < 0.001).

Switching from the current high Gl
WR to HFWR could help to reduce
overall dietary Gl and the

glycemic load.

Boiled BARLEYmax® contributes
to improving the postprandial
glycemic response.

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.

The low Gl of Cr-PR may be more
influenced by the potential of
polyphenolic compounds in the
herbal extract than its RS levels.

WG rye bread has the potential to
improve cardiometabolic variables
in an 11-14.5h 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.
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TABLE 1 | Continued

References

Objective (s)

Methods

Findings

Conclusion

Sandberg et al. (46)

Nichenametla et al.
(47)

Garcia et al. (48)

Rahat-Rozenbloom
et al. (49)

To investigate the effects of
short-term intervention with WG
rye on cognitive functions,
mood and cardiometabolic risk
markers in MID test subjects.

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.

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.

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.

e 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.

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).

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.

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 300 mL 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.

e RB + RS2 increased insulin sensitivity (o < 0.05), (PYY,
p < 0.05; GLP-2, p < 0.01) and fasting concentrations
of plasma acetate, butyrate and total SCFA (p < 0.001).

e Fasting levels of IL — 1B 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).

RS4 consumption resulted in 7.2% (p = 0.002) lower
mean TC, 5.5% (p = 0.04) lower non-HDL, and a 12.8%
(o < 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.

Blood HbA1c significantly decreased after the
intervention (p < 0.05), as well as monocyte chemotactic
protein-1 (MCP-1) and soluble E-selectin (o < 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).

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.

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.

RS4 consumption improved
dyslipidemia and body
composition.

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.

e 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 HbAlc (—0.3%, —3.6%)
and TNF-a (—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 HbAlc 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® digestion resistant starch (DRS) (33).
MSPrebiotic® 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® or placebo for
12 wks. Several parameters including blood glucose, lipid
profile, CRP, TNF-a, 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-o compared to MID adults.
Interestingly, a significant difference was observed in blood
glucose, insulin levels and HOMA-IR in ELD subjects who
consumed MSPrebiotic® 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 HBAlc, 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
120 min (p < 0.05), although there were no differences in insulin
responses (36). This novel wheat with 38% EAW was 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
375 £ 0.3, 474 £ 04, and 151 £ 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-
120 min intervals (p < 0.05) and mean insulin responses reduced
at 15-90 min 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 & 163 mg
compared to wheat at 3,863 + 443mg (~3h)/dL. Similarly,
insulin responses also significantly decreased from 3,029 £ 965
pU (~3h)/L for wheat to 1,357 & 204 with sorghum (p < 0.05),
respectively. Furthermore, significant reduction on postprandial
blood glucose and insulin responses within 45-120 min intervals
(p < 0.05) along with reduction in glucose iAUC by 35.0%, from
5457.5 £ 645.4 to 3550.0 = 428.9mg (~3h)/ 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 (~3h)/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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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), HOMA?2 insulin sensitivity (%S), and
HOMA?2 B-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 300 min 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 CHO metabolism, 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. HFWR was 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/100g (67). Nomura and his
colleagues conducted a study to determine the GI, blood glucose,
postprandial blood glucose and iAUC after BARLEYmax®
consumption in healthy Japanese subjects (42). BARLEYmax®
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® was 24.3, and glucose iAUC was statistically lower
than those who took the ordinary glucose drink. They presumed
that the presence of fructans in BARLEYmax® at 11% could
contribute to glycemic response reduction, which is higher than
other components comprised of RS, f-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
were more like millet 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 0-210 min),
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 14.5h 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—1 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 HbAlc, 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 4-6h 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 6h 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 HbAlc, 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 (Gl), and antioxidant compounds of barley flour. The L* and AE values
of barley flours decreased significantly (o < 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 Gl 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 Gl 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, c¢v.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 12h. 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
6 mm 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°C with 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 (4); b* = blueness (=) or yellowness
(4+)]. 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 Goni et al. (10). The GI of barley flours was
calculated following the process of Goiii 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 jug gallic acid equivalents/g (ug g~ 1).

Antioxidant Activity
Antioxidant activity (AOA) of barley grains was calculated by
following the published method (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 extractsi—30/A of extracts;—p)) x 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* AE RI (a*/b*)
BH-393 150°C 84.3’37‘5 1.01%, 4 10.18’;10 85-335.5 0.10
180°C 724,506 1.63776 11.3675, 4 73910, 0.14
BH-932 150°C 86.9%, 1,528, 12,45, 87.3%,4 0.12
180°C 82.51, ¢ 1.83056 1867105 83.9%66 0.13
BH-902 150°C 88.0%5 1188705 9.8 89.413_9 0.12
180°C 85.17 | 1.34} 11, 10.6}46 7 86.3], 4 0.13
BH-885 150°C 87.3‘33_4 1.79%55 4 12.6%5 88.7‘32_3 0.14
180°C 80.37}4 4 2.03}795 18.15457 8285 0.15
DWR-52 150°C 83.67; ; 1.43%%8_8 11.4726_9 84.67; 4 0.12
180°C 80175 1.6975, 11917, 81.27 0.14
PL-172 150°C 87.3%, 1.82%,,, 10725, 88.3% ¢ 0.12
180°C 84.55, 1.63T509 11.805 4 85.3?53 0.14

a—f superscripts are significantly (p < 0.05) different within column for extrusion done at 150°C. |-q are significantly (p < 0.05) different within column for extrusion done at 180°C.
Subscripts denote the percentage increase (1) and decrease (1) from control samples for corresponding properties. L = darkness (0) or lightness (100); a* = redness (+); b =

yellowness (+), redness intensity (Rl = a'/b’), total difference of color value (AE).

0.15

0.1

0.05

Redness intensity (RI = a*/b*)

BH-393
BH-902

BH-885

Barley cultivars

FIGURE 1 | Graphic representation of redness intensity (Rl = a*/b*) between barley cultivars.
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[01800C
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PL-172

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 |Lg
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 Fe?*was calculated by using this equation:
Iron (Fe?T) chelating activity (%) = {1 — (Abs of extracts/Abs

of control)} x 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 pmol/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, USAMV Cluj-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.

TABLE 4 | Total phenolic content (TPC, ng GAE/g) 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 1.520 1.87054 2.26%,5
BH-932 1.56° 2.08%554 2.56%4, 4
BH-902 1.99% 2.78%06 2.96%4 7
BH-885 1.332 1788 2163554
DWR-52 2.2¢ 2.34%5 4 2.8255 4
PL-172 1.93° 2155, 5 2.57%451

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 (1) 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 24.6° 23.2‘35_6 22.4‘38_9
BH-932 23.8%d 22.83‘1_3 22.7‘34_6
BH-902 22.6° 21 .95’3_0 20.35’“)_1
BH-885 241 22.636_2 22.1‘18_2
DWR-52 21.28 20.632_8 19.239_4
PL-172 23.3° 21-259.0 19.3’3111

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 (1) 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) “IT am willing to pay the price
of a commercial barley flour” and (B) “I am willing 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 (Table1). The L* and
AE values of extruded samples reduced significantly (p <

Barley cultivars Non-extruded 150°C 180°C
BH-393 32564 22467, 2013544 4
BH-932 3056° 23487, 20454,
BH-902 3761° 31085, 4 2879% 5.,
BH-885 3922 3277 1.4 2756 7
DWR-52 2922° 19358, 18450 ¢
PL-172 28907 18995, 5 1788%4 4

a—e superscripts are significantly (o < 0.05) different within column for extrusion done at
150°C and 180°C. Subscripts denote the percentage increase (1) 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 AE-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 and moisture.
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* (wmol/g)
Non-extruded 150°C 180°C Non-extruded 150°C 180°C Non-extruded 150°C 180°C

BH-393 21.3° 23.3%4 27.3% s 4 44 58.4%5, 64.2%,5 15.4° 1749, 6, 19.988 5,
BH-932 20.5%¢ 24.7%04 26.8?30_7 38° 56.6%459 59.2?55_7 17.84 20.2%, “ 21 .3§g_m
BH-902 24.9¢ 29.9220 33.6%349 38° 55.2?45_2 60.2855 4 16.8° 19.25, 5, 20.855 44
BH-885 25.8° 29.2;’13_1 82.7226_7 519 61 .4220_3 69.Ofm_2 15.1P 20.6% “ 22.22‘7T
DWR-52 19.8° 2485555 27.1?56.8 42° 59.9%,06 652555, 13.22 15.6% 1 17159 54
PL-172 18.3% 21985 25.7%404 31° 47 69555 563.49,,, 15.3° 17.5%, a1 19.18, 61

a-e superscripts are significantly (o < 0.05) different within column for extrusion done at 150°C and 180°C. Subscripts denote the percentage increase (1) and decrease (|) from control

samples for corresponding properties.

TABLE 6 | Total flavonoids content TFC (g CE/g) of extruded (at 150 and 180°C)
and non-extruded barley flours.

Barley cultivars Non-extruded 150°C 180°C
BH-393 20110 1,60205) 5 117744
BH-932 2024P 1,6695,, 4 1,033,450
BH-902 19882 1,222,445 946%,
BH-885 2198° 1,835%165 1,339%4
DWR-52 2002° 1,646, ; 1,083 454
PL-172 19682 12990354 89875, 5

a-e superscripts are significantly (o < 0.05) different within column for extrusion done at
150°C and 180°C. Subscripts denote the percentage increase (1) 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 Gl-value. It is reported that the extent of
decrease in Gl-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 GL

Total Phenolic Content

Total phenolic content (TPC) of non-extruded barley flours
ranged between 2,890 and 3,922 png 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 ug 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 pwg GAE/g (Table4). 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-Enriquez
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 Tukey HSD Tukey HSD
statistic p-value 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 8p < 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.

YThe 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.

8The 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 (high MW) and heterocyclic compounds (low MW),
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 pmol/g (Table5). 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 pmol/g at 150°C and between 17.1 and
21.3 pmol/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
(TEC) in the six barley cultivars varied from 1,968 to 2,198 pg
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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and ranged from 1,222 to 1,835 g 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 g
CE/g/g with the greatest and the lowest for BH-393 and PL-172.
Zhang et al. (33) evaluated TFC of 0.992 mg 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
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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-Il. 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-Il) 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.

Keywords: perceived stress, depressive symptoms, university students, dietary behavior, mental health

Frontiers in Sustainable Food Systems | www.frontiersin.org 135

March 2022 | Volume 6 | Article 792631


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2022.792631
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2022.792631&domain=pdf&date_stamp=2022-03-18
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles
https://creativecommons.org/licenses/by/4.0/
mailto:haleemah.alsabah@zu.ac.ae
https://doi.org/10.3389/fsufs.2022.792631
https://www.frontiersin.org/articles/10.3389/fsufs.2022.792631/full

Mohamad et al.

Food Consumption and Perceived Stress and Depression

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;
Sanchez-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-Beckhoft, 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 (Martinez-Gonzélez, 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
etal., 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 two mental 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 a month = 2, and never = 1). Cronbach’s o =
0.68. The FFQ was used in previous studies (Mikolajczyk et al.,
2009; El Ansari et al., 2014; El Ansari and Berg-Beckhoft, 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
o 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
a 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 o of 0.89.

The original cut-off points of BDI-Il:  The cut-off points as percentages:

(1-10) Normal ups and downs
(11-16) Mild mood disturbances
(17-20) Borderline clinical depression

(1.59-15.85) Normal ups and downs
(17.46-25.40) Mild mood disturbances

(27.98-31.75) Borderline clinical
depression

(83.33-47.62) Moderate depression
(49.21-63.49) Severe depression
(Over 65.08) Extreme depression

(21-30) Moderate depression
(31-40) Sever depression
(Over 40) 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 (0 = 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 i 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 16.8

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
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.

were

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 PSS? BDI-II®
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 0.108 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-I.

aPSS, Perceived Stress Scale.

bBDI-Il, Beck Depression Inventory Il.

Food groups and PSS and BDI-II (univariable analysis). Bold means significant difference.

separately using a linear regression. Table2 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-Il (multivariable analysis).

Food Subscale PSs? BDI-II®
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 B S.E.2  P-value 95% Confidence
Interval for g

Lower Upper

bound bound
Corrected model - - 0.141 - -
Intercept 3.392 0424 0.000 2.5658 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
R? =0.028.

4S.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 (R? = 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; Martinez-Gonzélez, 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 (Martinez-Gonzéilez, 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 (Martinez-Gonzdlez, 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, which might 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 two mental 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.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Mercedes Sheen Chair of the Research
Ethics Committee, Zayed University. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

OM wrote the initial draft of the manuscript, compiled the
instruments in one questionnaire and performed data collection.
HA supervised the project, provided guidance and advice when
needed. LS performed data analysis, wrote the initial draft
of the statistical analysis and results. EH provided guidance
regarding the mental health indicators and the instruments used
to assess them in addition to contributing to the discussion. RA
provided guidance regarding the food frequency questionnaire
and suggested the adjustments of the BDI-II scoring system to
compensate for the obligatory removal of one item. All authors
contributed to the article and approved the submitted version.

ACKNOWLEDGMENTS

We would like to thank Dr. Walid El Ansari from University
of Gloucestershire, Gloucester - United Kingdom, for providing
some of the instruments as this study was based on his
previous work.

Frontiers in Sustainable Food Systems | www.frontiersin.org

March 2022 | Volume 6 | Article 792631


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Mohamad et al.

Food Consumption and Perceived Stress and Depression

REFERENCES

Akbaraly, T. N., Brunner, E. J., Ferrie, J. E., Marmot, M. G., Kivimaki, M., and
Singh-Manoux, A. (2009). Dietary pattern and depressive symptoms in middle
age. Br. J. Psychiatry 195, 408-413. doi: 10.1192/bjp.bp.108.058925

Alansari, B. M. (2006). Internal consistency of an Arabic adaptation of the beck
depression inventory-ii with college students in eighteen Arab countries. Soc.
Behav. Pers. 34, 25-30. doi: 10.2224/sbp.2006.34.4.425

Ali, A., Hendawy, A., Ahmad, O., Al Sabbah, H., Smail, L., and Kunugi, H. (2021).
The Arabic version of the cohen perceived stress scale: factorial validity and
measurement invariance. Brain Sci. 11, 419. doi: 10.3390/brainscil1040419

Beck, A. T,, Steer, R. A., and Brown, G. K. (1996). Manual for the Beck Depression
Inventory-II, 2nd Edn. San Antonio, TX: Psychological Corporation.

Bisschop, M. L, Kriegsman, D. M. W., Beekman, A. T. F., and Deeg, D. J. H. (2004).
Chronic diseases and depression: the modifying role of psychosocial resources.
Soc. Sci. Med. 59, 721-733. doi: 10.1016/j.socscimed.2003.11.038

Brouwers, A., and Tomic, W. (2000). A longitudinal study of teacher burnout
and perceived self-efficacy in classroom management. Teach. Teach. Educ. 16,
239-253. doi: 10.1016/S0742-051X(99)00057-8

Cohen, S., Kamarck, T., and Mermelstein, R. (1983). A global measure of perceived
stress. J. Health Soc. Behav. 24, 385-396. doi: 10.2307/2136404

Cohen, S., and Williamson, G. (1988). “Perceived stress in a probability sample of
the United States,” in The Social Psychology of Health, eds S. Spacapan and S.
Oskamp (Newbury Park, CA: SAGE), 31-67.

Dehghan, P., Pourmoradian, S., Mahdavi, A. M., Sarmadi, B., and Mehralizadeh,
S. (2016). Relationship between perceived stress and dietary intakes in type 2
diabetic patients. Curr. Top. Nutraceuticals Res. 14, 199-206. Available online
at:  https://www.researchgate.net/publication/309557097_RELATIONSHIP_
BETWEEN_PERCEIVED_STRESS_AND_DIETARY_INTAKES_IN_TYPE_
2_DIABETIC_PATIENTS

El Ansari, W., Adetunji, H., and Oskrochi, R. (2014). Food and mental health:
relationship between food and perceived stress and depressive symptoms
among university students in the United Kingdom. Cent. Eur. ]. Public Health.
22,90-97. doi: 10.21101/cejph.a3941

El Ansari, W., and Berg-Beckhoff, G. (2015). Nutritional correlates of perceived
stress among university students in Egypt. Int. J. Environ. Res. Public Health.
12, 14164-14176. doi: 10.3390/ijerph121114164

Gallagher, D., Mhaolain, A. N., Crosby, L., Ryan, D., Lacey, L., and Coen, R.
F. (2011). Self-efficacy for managing dementia may protect against burden
and depression in Alzheimer’s caregivers. Aging Ment Heal. 15, 663-670.
doi: 10.1080/13607863.2011.562179

Ghareeb, G. A. (2000). Beck Depression Inventory-II Studies of Instructions, Studies
of Reliability and Validity, Standardization and Cut-Off Points. Cairo: The
Anglo Egyptian Bookshop.

Grases, G., Colom, M. A., and Sanchis, P. (2019). Possible relation between
consumption of different food groups and depression. BMC Psychol. 7, 14.
doi: 10.1186./s40359-019-0292-1

Hassmén, P., Koivula, N., and Uutela, A. (2000). Physical exercise and
psychological well-being: a population study in Finland. Prev Med (Baltim). 30,
17-25. doi: 10.1006/pmed.1999.0597

Jacka, F. N., Cherbuin, N., Anstey, K. J., and Butterworth, P. (2014). Dietary
patterns and depressive symptoms over time: examining the relationships with
socioeconomic position, health behaviours and cardiovascular risk. PLoS ONE
9, €87657. doi: 10.1371/journal.pone.0087657

Jacka, F. N., Kremer, P. J., Berk, M., de Silva-Sanigorski, A. M., Moodie, M., Leslie,
E. R, et al. (2011). A prospective study of diet quality and mental health in
adolescents. PLoS ONE 6, €24805. doi: 10.1371/journal.pone.0024805

Jacka, F. N., O’Neil, A., Opie, R, Itsiopoulos, C., Cotton, S., and Mohebbi,
M. (2017). A randomised controlled trial of dietary improvement for
adults with major depression (the “SMILES” trial). BMC Med. 15, 1-13.
doi: 10.1186/512916-017-0791-y

Kramlinger, K. (2001). Mayo Clinic on Depression: Answers to Help You
Understand, Recognize and Manage Depression. Rochester, MN: Mayo Clinic.

LaChance, L. R., and Ramsey, D. (2018). Antidepressant foods: an evidence-
based nutrient profiling system for depression. World J Psychiatry 8, 97-104.
doi: 10.5498/wjp.v8.i3.97

Liu, C., Xie, B., Chou, C. P., Koprowski, C., Zhou, D., and Palmer, P.
(2007). Perceived stress, depression and food consumption frequency in
the college students of China seven cities. Physiol. Behav. 92, 748-754.
doi: 10.1016/j.physbeh.2007.05.068

Maamria, B. (2010). Standardizing Beck Depression Inventory-II on samples from
the two genders in the Algerian environment. Arab Ejournal. 25, 92-105.
Available online at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3539842/
pdf/JMedLife-05-414.pdf

Martinez-Gonzalez, M. A. (2016). Food patterns and the prevention of depression.
Proc. Nutr. Soc. 75, 139-146. doi: 10.1017/S0029665116000045

Mikolajczyk, R. T., El Ansari, W., and Maxwell, A. E. (2009). Food consumption
frequency and perceived stress and depressive symptoms among students in
three European countries. Nutr. J. 8, 1-8. doi: 10.1186/1475-2891-8-31

Mohamed Yassin, M. (2016). Food consumption in association with perceived
stress and depressive symptoms: a cross sectional study from five universities
and three colleges in Gaza Strip, Palestine. Eur. J. Prev. Med. 4, 20.
doi: 10.11648/j.ejpm.20160401.14

Nastaskin, R. S., and Fiocco, A. J. (2015). A survey of diet self-efficacy and
food intake in students with high and low perceived stress. Nutr. J. 14, 42.
doi: 10.1186/s12937-015-0026-z

Norris, R., Carroll, D., and Cochrane, R. (1992). The effects of physical activity
and exercise training on psychological stress and well-being in an adolescent
population. ] Psychosom Res. 36, 55-65. doi: 10.1016/0022-3999(92)90114-H

Oliver, G., Wardle, J., and Gibson, E. L. (2000). Stress and food choice: A laboratory
study. Psychosom. Med. 62, 853-865. doi: 10.1097/00006842-200011000-00016

Popa, T. A., and Ladea, M. (2012). Nutrition and depression at the forefront of
progress. J. Med. Life. 5, 414-419. Available online at: http://arabpsynet.com/
Archives/OP/e]25-26BachirMaamria.pdf

Roberts, C. J. (2008). The effects of stress on food choice, mood and bodyweight in
healthy women. Nutr. Bull. 33, 33-39. doi: 10.1111/j.1467-3010.2007.00666.x

Rucklidge, J. J., and Kaplan, B. J. (2016). Nutrition and mental health. Clin. Psychol.
Sci. 4, 1082-1084. doi: 10.1177/2167702616641050

Salkind, M. R. (1969). Beck depression inventory in general practice. . R. Coll. Gen.
Pract. 18, 267-271.

Sanchez-Villegas, A., Toledo, E., De Irala, J., Ruiz-Canela, M., Pla-Vidal, J., and
Martinez-Gonzalez, M. A. (2012). Fast-food and commercial baked goods
consumption and the risk of depression. Public Health Nutr. 15, 424-432.
doi: 10.1017/S1368980011001856

Schmidt, M. (2012). Predictors of self-rated health and lifestyle
behaviours in Swedish university students. Glob. J. Health Sci. 4, 1-14.
doi: 10.5539/gjhs.v4n4p1

Society for the Study of Ingestive Behavior (2009). High-fat, High-sugar
Foods Alter Brain Receptors. ScienceDaily. Available online at: https://www.
sciencedaily.com/releases/2009/07/090727102024.htm (accessed February 13,
2022).

Torres, S. J., and Nowson, C. A. (2007). Relationship between stress, eating
behavior, and obesity. Nutrition 23, 887-894. doi: 10.1016/j.nut.2007.08.008
Volker, D., and Ng, J. (2006). Depression: does nutrition have an adjunctive

treatment role? Nutr. Diet. 63, 213-226. doi: 10.1111/§.1747-0080.2006.00109.x

Wang, Y. P., and Gorenstein, C. (2013). Psychometric properties of the Beck
Depression Inventory-II: a comprehensive review. Rev. Bras. Psiquiatr. 35,
416-431. doi: 10.1590/1516-4446-2012-1048

Zellner, D. A., Loaiza, S., Gonzalez, Z., Pita, J., Morales, J., and Pecora, D.
(2006). Food selection changes under stress. Physiol. Behav. 87, 789-793.
doi: 10.1016/j.physbeh.2006.01.014

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 Mohamad, Al Sabbah, Smail, Hermena and Al Ghali. 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 Sustainable Food Systems | www.frontiersin.org

March 2022 | Volume 6 | Article 792631


https://doi.org/10.1192/bjp.bp.108.058925
https://doi.org/10.2224/sbp.2006.34.4.425
https://doi.org/10.3390/brainsci11040419
https://doi.org/10.1016/j.socscimed.2003.11.038
https://doi.org/10.1016/S0742-051X(99)00057-8
https://doi.org/10.2307/2136404
https://www.researchgate.net/publication/309557097_RELATIONSHIP_BETWEEN_PERCEIVED_STRESS_AND_DIETARY_INTAKES_IN_TYPE_2_DIABETIC_PATIENTS
https://www.researchgate.net/publication/309557097_RELATIONSHIP_BETWEEN_PERCEIVED_STRESS_AND_DIETARY_INTAKES_IN_TYPE_2_DIABETIC_PATIENTS
https://www.researchgate.net/publication/309557097_RELATIONSHIP_BETWEEN_PERCEIVED_STRESS_AND_DIETARY_INTAKES_IN_TYPE_2_DIABETIC_PATIENTS
https://doi.org/10.21101/cejph.a3941
https://doi.org/10.3390/ijerph121114164
https://doi.org/10.1080/13607863.2011.562179
https://doi.org/10.1186./s40359-019-0292-1
https://doi.org/10.1006/pmed.1999.0597
https://doi.org/10.1371/journal.pone.0087657
https://doi.org/10.1371/journal.pone.0024805
https://doi.org/10.1186/s12916-017-0791-y
https://doi.org/10.5498/wjp.v8.i3.97
https://doi.org/10.1016/j.physbeh.2007.05.068
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3539842/pdf/JMedLife-05-414.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3539842/pdf/JMedLife-05-414.pdf
https://doi.org/10.1017/S0029665116000045
https://doi.org/10.1186/1475-2891-8-31
https://doi.org/10.11648/j.ejpm.20160401.14
https://doi.org/10.1186/s12937-015-0026-z
https://doi.org/10.1016/0022-3999(92)90114-H
https://doi.org/10.1097/00006842-200011000-00016
http://arabpsynet.com/Archives/OP/eJ25-26BachirMaamria.pdf
http://arabpsynet.com/Archives/OP/eJ25-26BachirMaamria.pdf
https://doi.org/10.1111/j.1467-3010.2007.00666.x
https://doi.org/10.1177/2167702616641050
https://doi.org/10.1017/S1368980011001856
https://doi.org/10.5539/gjhs.v4n4p1
https://www.sciencedaily.com/releases/2009/07/090727102024.htm
https://www.sciencedaily.com/releases/2009/07/090727102024.htm
https://doi.org/10.1016/j.nut.2007.08.008
https://doi.org/10.1111/j.1747-0080.2006.00109.x
https://doi.org/10.1590/1516-4446-2012-1048
https://doi.org/10.1016/j.physbeh.2006.01.014
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/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

',\' frontiers
in Nutrition

SYSTEMATIC REVIEW
published: 28 March 2022
doi: 10.3389/fnut.2022.816797

OPEN ACCESS

Edited by:

Monica Trif,

Centre for Innovative Process
Engineering, Germany

Reviewed by:

Zorita Diaconeasa,

University of Agricultural Sciences and
Veterinary Medicine of

Cluj-Napoca, Romania

Kristian Pastor,

University of Novi Sad, Serbia

*Correspondence:
Sorayya Kheirouri
kheirouris@tbzmed.ac.ir

Specialty section:

This article was submitted to
Nutrition and Sustainable Diets,
a section of the journal
Frontiers in Nutrition

Received: 17 November 2021
Accepted: 21 February 2022
Published: 28 March 2022

Citation:

Keramati M, Kheirouri S, Musazadeh V
and Alizadeh M (2022) Association of
High Dietary Acid Load With the Risk
of Cancer: A Systematic Review and
Meta-Analysis of Observational
Studies. Front. Nutr. 9:816797.

doi: 10.3389/fnut.2022.816797

Check for
updates

Association of High Dietary Acid
Load With the Risk of Cancer: A
Systematic Review and
Meta-Analysis of Observational
Studies

Majid Keramati®2, Sorayya Kheirouri®*, Vali Musazadeh "> and Mohammad Alizadeh?

! Student Research Committee, Tabriz University of Medical Sciences, Tabriz, Iran, ? Faculty of Nutrition and Food Sciences,
Tabriz University of Medical Sciences, Tabriz, Iran

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%
(o < 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 DAL may 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 x protein intake (g/day) + 0.0366
x phosphorus (mg/day) - 0.0205 x potassium (mg/day) - 0.0125
x calcium (mg/day) - 0.0263 x 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 x 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 between DAL 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 I values as heterogeneity indices.
I? 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

Frontiers in Nutrition | www.frontiersin.org

144

March 2022 | Volume 9 | Article 816797


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

0" UISIONUOL MMM | UORIINN Ul SIORUOIH

/62918 8oy | 6 8WNIOA | 2202 YoBIN

TABLE 1 | Characteristics of the included studies.

ReferencesStudy Country Typeof Gender Participants Mean age Follow-up Food intake = DAL Confounders considered in Outcomes
design cancer (case/control) (year) time nent nent the analysis
tool indicators
Jafari Case- Iran Colorectal Both 499 (259/240) 50 - FFQ PRAL Age, comorbidity, CFH, salt PRALt — risk of CRC and
etal. (19) control intake, physical activity, and Ca CRAt
supplement
Mehranfar Case— Iran Prostate  Men 120 (60/60) Not indicated - FFQ PRAL & Age, BMI, TEIl, smoking, physical PRALt — risk of
etal. (20) control NEAP activity, race, job, education, and  prostate cancert NEAPt — risk
drug usage of prostate cancert
Mousavi ~ Case- Iran Glioma Both 366 (123/243) 42 - FFQ NEAP Age, sex, TEl, marital status, NEAP+ — developing glioma
etal (31) control smoking, CFH, physical activity, among adults 4
supplementation, BMI, X-ray
exposure, head trauma, allergy,
duration of illness, micronutrient
intake, and comorbidity
Park Cohort US and Breast Women 43570 54.5 76y FFQ PRAL Race, education, household PRALt — risk of breast cancer
etal (21) Puerto income, BMI, physical activity, 4
Rican smoking, alcohol, CFH,
breastfeeding, TEl, and parity
Ronco Case— Uruguay  Colorectal Both 3005 64 - FFQ PRAL & Age, sex, residence, education, PRAL 1 — risk of colorectal
etal. (22) control (611/2394) NEAP CFH, BMI, smoking, alcohol, TEIl,  cancer + NEAPt — risk of
total fiber, micronutrient, and colorectal cancer 1
total heterocyclic amines
Ronco Case— Uruguay  Lung Men 2309 65 - FFQ PRAL & Age, residence, CFH, BMI, PRALt — was not significantly
etal. (23) control (843/1466) NEAP smoking, alcohol, TEl, total fiber,  associated with lung cancer risk
micronutrient, and total NEAPt — risk of lung cancer 1
heterocyclic amines
Ronco Case- Uruguay  Breast Women 1461 65 - FFQ PRAL & Age, residence, education, age PRALt — risk of breast
etal. (32) control (572/889) NEAP at menarche, menopausal cancer 1 NEAPt — risk of
status, number of live births, age  breast cancer 1
at menopause, CFH, BMI,
smoking, alcohol, and TEI
Safabakhsh Case— Iran Breast Women 300 (150/150) 46.5 - FFQ PRAL & Age at first menarche, BMI, PRALt — was not significantly
etal. (33) control NEAP education, marital status, associated with breast

menopause status,
socioeconomic status, alcohol,
smoking, supplementation,
comorbidity, number of

Child, breast feeding, CFH, and
TEI

cancer risk NEAP1 — was not
significantly associated with
breast cancer risk recurrence
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- 5 3 = 11), 12 publications met the topic and scope of the
o E 4123 § study during the first screening phase. Two studies were
= S € < . .
3 % £ 8 also removed during the second screening phase because
g 38 ; § g % these studies were conference. Finally, three cohorts (21,
ey 59 E 5 e 24, 30) and seven case-control studies (19, 20, 22, 23, 31-
M oce 82 8 . . . .
k] gz g g § 33) were comprised in the current systematic review and
é t . 13 g % g 2 meta-analysis. Figure 1 shows the flow diagram of the study
] S 5985 S selection process.
g £5 Fd58g 8
(<) a8 a&d8=z= N . g .
g Characteristics of the Included Studies
c . g S Table 1 displays the characteristics of all the included studies.
B 8o g 2 = § The total number of participants in three cohort studies was
= @ . .
g < S 6 % S5 5 \E 142,228, and in seven case-control studies were 8,060 (2,618
A ko) B3 = < . .
2 2 ; 8 823 S 8 patients with cancer and 5,442 controls). The follow-up period
9 5 > . .
° % 5 -% 23 % I S in cohort studies ranged from 7.3 to 8 years. The type of studied
j4 - - ) I}
3 B 53 5 § E oS 88 ; cancers were breast (21, 30, 32, 33), colorectal (19, 22), prostate
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Study %
D ES (95% CI) Weight
Park et al - 121(1.04,141) 938
Mousawvi et al. —_— 1.87(1.02,3.45) 491
Wu et al.(2) —— : 1.09(0.83,1.43) 828
Wa et al.(b) - | 1.15(0.88,1.50)  8.34
Tafari et al.(a) ' ——— 4382(251,925) 457
Tafari et al.(b) —t—— 247(138,442) 5.4
Mehranfar et al.(a) & 342(1.11,8.65) 254
Mehranfar et al.(b) ——————— 3388(1.26,9.55) 2.59
Ronco et al.(a) + 1.53(1.02,231)  6.82
Ronco et al.(b) —_—— 1.29(0.89,1.88)  7.19
safabakhsh et al.(a) 1.00 (0.29,3.36)  1.93
safabakhsh et al.(b) - 0.92(025,336) 175
Shi et al. —0— 1.73(121,248) 735
Ronco et al.(a) —— | 0.99(0.64,1.52) 6.57
Ronco et al.(b) -;—0— 222(1.52,322) 1717
Ronco et al.(a) | —— 246(1.76,3.44) 1761
Ronco et al.(b) —o— 1.78 (1.30,2.42)  7.87
Overall (I-squared = 72.0%, p = 0.000) <> 1.66 (1.38,2.01)  100.00
NOTE: Weights are from random effects analysis E
T T
105 1 9.55
FIGURE 2 | Forest plot for the association between DAL and risk of cancer in a random-effects meta-analysis. ES, effect size; Cl, 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 present meta-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 and MAPK 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. Schiiler 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). Schiiler
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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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 Figure4, 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). IR may 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 that may 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.
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Conventional and Organic Fertility
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Erin O. Swanson’, Justin L. Carlson’, Liz A. Perkus?, Julie Grossman?, Mary A. Rogers?,
John E. Erwin?, Joanne L. Slavin™ and Carl J. Rosen?®

" Department of Food Science and Nutrition, University of Minnesota, St. Paul, MN, United States, 2 Department of
Horticultural Science, University of Minnesota, St. Paul, MIN, United States, ° Department of Soil, Water, and Climate,
University of Minnesota, St. Paul, MN, United States

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 G, 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/cm?®)

All-in-one potting mix (AO) Purple Cow Organic Potting Mix (Purple Cow None 0.307
Organics, Middleton, WI)

Custom mix (CM) Peat, vermiculite, leaf litter compost (3:2:3 mix by Greensand, rock phosphate, bloodmeal and lime 0.181
volume) (1:1:1:0.5 mix by volume).

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 Dramatic 2-5-0.2 (Dramm, Manitowoc, WI) 0.086
Horticulture, Agawam, MA)

Poultry litter (PL) Sunshine Natural and Organic Planting Mix (SunGro SUSTANE 8-4-4 (Sustane, Cannon Falls, MN) 0.086

Horticulture, Agawam, MA)

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 x 54 x
6cm) at a density of 11 mL 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/m® using a depth of 15cm, 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/cm® 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.

CcC 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)
NOz-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 10g 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 10g sample of air-dried media with
20 mL of DTPA (Diethylenetriamine-pentaacetic acid) extracting
solution. Samples were placed in a shaker for 2h, 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
1g 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 60 mL of KCl extracting
solution to a 2g 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 500 mg
of air-dried tissue into a 20 mL high form silica crucible and dry
ashed at 485°C for 12h (covered). Ash was then mixed w