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Proteins are essential components of the human diet. Dietary proteins could be derived
from animals and plants. Animal protein, although higher in demand, is generally
considered less environmentally sustainable. Therefore, a gradual transition from
animal- to plant-based protein food may be desirable to maintain environmental stability,
ethical reasons, food affordability, greater food safety, fulfilling higher consumer demand,
and combating of protein-energy malnutrition. Due to these reasons, plant-based
proteins are steadily gaining popularity, and this upward trend is expected to continue
for the next few decades. Plant proteins are a good source of many essential amino
acids, vital macronutrients, and are sufficient to achieve complete protein nutrition.
The main goal of this review is to provide an overview of plant-based protein that
helps sustain a better life for humans and the nutritional quality of plant proteins.
Therefore, the present review comprehensively explores the nutritional quality of the
plant proteins, their cost-effective extraction and processing technologies, impacts
on nutrition, different food wastes as an alternative source of plant protein, and
their environmental impact. Furthermore, it focuses on the emerging technologies for
improving plant proteins’ bioavailability, digestibility, and organoleptic properties, and
highlights the aforementioned technological challenges for future research work.

Keywords: proteins, plants, nutrition, extraction, sustainability

INTRODUCTION

Since the beginning of life, plants have been utilized for human benefits, providing food,
therapeutics, wood, fibers, and many others. Moreover, plants were considered the bioproduction
system for valuable substances and provide many primary and secondary metabolites having
therapeutic effects. Primary metabolites (protein, carbohydrates, fats, and nucleic acid) are the
building blocks of life. Besides these, the secondary metabolites are produced by plants to protect
them from predators and pathogens, cope with environmental stress, attract pollinators, and work
as their defense system (1). Proteins are molecules with great complexity and diversity that play
an important role in maintaining the structure and function of the living form (2). Therefore, it is
being used for many applications such as medicine, food, and feed.

By 2050, the world’s total population is expected to grow or might exceed 9 billion, and, hence,
the demand for food, feed, and fiber around the globe is expected to increase by 70% (3). To meet
this increasing demand, new sources must be explored. Nowadays, food derived from plants plays
a vital role in the human diet as an important source of bioactive components, such as vitamins,
phenolic compounds, or bioactive peptides. Hence, these components benefit human health and
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protect against various disease conditions (4). For meeting
protein requirements, generally, animals are considered perfect.
However, due to many diseases in animals, their consumption
is not safer for human health. Also, it replaces animal-based
proteins with plant-based proteins due to various limitations,
such as increased cost, limited supply of nutrients, hazard
for human health, freshwater depletion, and susceptibility to
climate change (5-7). Plant-based proteins are considered
vegan food, provide an ample number of amino acids, are
directly absorbed by the body, and help in treating various
disease ailments. Moreover, the proteins derived from plant-
based foods are rich in fiber, polyunsaturated fatty acids,
oligosaccharides, and carbohydrates. Hence, they are mainly
associated with a reduction in cardiovascular diseases, low-
density lipoprotein (LDL) cholesterol, obesity, and type II
diabetes mellitus (8). Different sources of plant-based protein that
include cereals (wheat, rice, millet, maize, barley, and sorghum),
legumes (pea, soybean, bean, faba bean, lupin, chickpea, and
cowpea), pseudocereals (buckwheat, quinoa, and amaranth),
nuts, almonds, and seeds (flaxseed, chia, pumpkin, sesame, and
sunflower) were well-explored (5, 9-11) (Figure 1). However, the
demand for the supply of protein is continuously increasing with
the rise of the global population (12), hence the need to search for
new sources.

It is hard and expensive to extract an adequate amount
of animal proteins; therefore, an alternative for improving the
nutritional status of humans is mainly received from plant
proteins. Hence, attention has been paid to evaluating the
nutritional quality of proteins from different plant species. The
best way to increase the supply of proteins is to improve the
protein expression and efficiency of protein production in natural
resources. The advancement of recombinant technologies of
protein production, such as engineering of expression hosts,
upstream cultivation optimization (e.g., nutritional, bioreactor
design, and physical parameters), and development of methods of

protein extraction, as well as purification, supported the growth
of the market (13). Also, improving the protein functionality
in foods through modification, enhancing the plant proteins
proportion in human diets, and improving the bioavailability and
digestibility of food proteins in the digestion process (14, 15)
could be helpful to increase the overall utilization of plant-
based protein.

Along with providing amino acids in food, proteins play
a significant role in food formulations due to their diverse
properties, such as emulsification, gelling, thickening ability,
water holding, foaming, and fat absorption capacity (16, 17).
Therefore, several thermal techniques (such as cooking,
autoclaving, microwave heating, irradiation, germination,
fermentation, extrusion, and drying) used during food processing
could be optimized to improve the quality of plant proteins (2).
Also, they can be isolated from sustainable and cheap sources
such as plant-derived wastes from agriculture and by-products
of crop and oil industries, which can also regulate food waste
reduction (2, 7, 18).

To provide an overview of plant-based protein that
helps sustain a better life for humans and the nutritional
quality of plant proteins, this review mainly focuses on
the current state of using plants to produce proteins
for human health. It mainly focuses on various sources
and their alternatives with high-quality protein, factors
affecting the nutritional of plant-based protein,
bioactivity and functionality, and its modifications. Also,
the information on the nutritional quality of proteins
derived from plants and potential health issues linked
with plant protein will be elaborated. Finally, the issues
and challenges of plant-based proteins from availability,
consumption, processing, and functionality will be elaborated,
and recommendations were made for sustainable production
and better utilization of plant-based proteins for meeting human
health requirements.

value

Plant-based Proteins
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FIGURE 1 | Plant-based proteins derived from different crops.
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PLANT-BASED SOURCES AND DEMAND
OF DIETARY PROTEIN

Plant-Based Protein Sources

Among all the existing sources of dietary proteins, plant-
based sources dominate the supply of proteins (57%), with
the remaining 43% consisting of dairy products (10%),
shellfish and fish (6%), meat (18%), and other products from
animals (9%) (19).

To provide dietary protein supply and overcome the
challenges of feeding the population, several sources of proteins
from plants have been searched recently (10, 20-22). Based on
sources, proteins from plant origin might lack some essential
amino acids. For instance, cereals generally contain less lysine,
whereas legumes are deficient in sulfur-containing amino acids
like cysteine and methionine (23). However, a good amount of
lysine is present in pseudocereals (e.g., quinoa and amaranth).
Sometimes, the same plants have different nutrients due to
differences in soil diversity, climatic conditions, precipitation
levels, geographic latitude and altitude, agricultural practices,
and different varieties/cultivars (24, 25). Some traditional plants
have been utilized by human beings as protein sources,
including beans, pea, and soybean. Also, new sources (such
as proteins from insects and algae) (14) and unconventional
and alternative protein sources (like agro-industry by-products
from the extraction of edible oil and those discarded by fruit
processing) have been discovered (7). In addition, different meat,
milk, and egg analogs from plant-based protein sources have also
been identified (Figure 1) (26).

Legumes

A diet rich in legumes provides various health beneficial effects
for humans (26). Legumes are considered the best dietary options
due to their abundant carbohydrates, protein, energy, vitamins,
minerals, and fibers. Various commonly known legume crops for
protein and other nutritional sources include soybean, common
beans, peas, and chickpea. The protein obtained from soybean
has been widely studied (22). Common beans are considered
the primary source of vegetable protein in developing countries
(27). Highly nutritious legumes such as peas can be utilized for
different food product formulations to improve the human intake
of protein. Food products from chickpea are the major dietary
protein source of high-quality protein (22). The protein isolates
and defatted flour from lupin fulfill the requirements of essential
amino acids (28). Moreover, pigeon pea and its derived isolates of
protein are the potential sources rich in sulfur-containing amino
acids suitable for the consumption of human beings (29).

Cereals

Cereal consumption, such as wheat, rice, barley, and corn, are the
most common staple food throughout the world (30). Globally,
in developed and developing countries, rice is one of the most
widely consumed cereal crops. Amagliani et al. (30) analyzed
the amino acid composition of proteins present in the rice and
found that lysine content is highest in albumin, while sulfur-
containing amino acids are majorly present in the globulin.
Some studies have also been conducted to improve rice protein’s

extracted yield by using different isolation techniques (31). In one
of the studies, it has also been found that lysine is present in
significantly less rice protein isolates (32). Mainly consumed in
developing countries, millet, and its concentrates of protein are a
mostly nutritious source of proteins. It usually contains a high
amount of essential amino acids, including lysine. Nutritional
profiles of cereal-based proteins have also been extensively used
in industrial applications and bakery products. In a study,
faba bean flour, and wheat flour bread products showed an
increased amount of essential amino acids after fermentation.
The mixture of legumes and cereal helps improve the overall
nutritional quality (33).

Pseudocereals

Pseudocereals like amaranth, buckwheat, and quinoa are mainly
the dicotyledonous plants that are considered false cereals (34).
Recently, more interest has been paid to utilize pseudocereals
protein, like amaranth and quinoa, to fulfill the high demand
for proteins. These sources mainly contain high-quality protein,
unsaturated fatty acids, fibers, vitamins, and minerals. They
also have a high quality of essential amino acids and increased
bioavailability of proteins. Along with these qualities, they are
also gluten free, being an alternative in the diet of patients
with celiac disease (35). One of the studies also showed that
amaranth and quinoa contain a high quantity of lysine, useful as
dietary supplements (35).

Seeds

The consumption of plant-derived food components increases
continuously, and seeds are an important source that provides
good quality of nutrition (30). Flaxseed, one of the richest sources
of high-quality protein, also contains phenolic compounds,
fibers, and essential amino acids; however, some studies argued
that lysine is limiting in flaxseed (36). In their study, Lugo et
al. (37) observed that the composition of essential amino acids
in chia lacks lysine, whereas the watermelon seeds were found
to contain a good amount of leucine and arginine (38). One
of the studies has also been identified that the flour of paprika
seed mainly contains aromatic amino acids like threonine,
lysine, and tryptophan but poor in sulfur-containing amino acids
and isoleucine (39).

Almond and Nuts

Almonds and nuts are generally known for their high-quality
lipid and fatty acids content and also contain high-quality
protein content. The species known as pequi and baru from
Brazilian Savanna are non-traditional almonds that are good
protein sources and have a complete profile of amino acids (40).
Baru almond contains all essential amino acids, whereas pequi
almonds are rich in sulfur amino acids and lack lysine, similar
to cashew nut (Anacardiumothonianum). Peanuts are limited
in valine and lysine and are considered as the inferior source
of protein.

Meat Analogs From Plant Proteins

Currently, commercial plant-based meat analogs revolutionize
the modern food industry. In the US, the market price
of plant-based products was ~$940 million in 2019, which
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will increase by 38% in recent years (41). Currently, the
food industry helps produce high-quality plant-based meat
analogs, such as sausages, burgers, ground meat, and nuggets.
However, it is more challenging to make the products that
match the properties of whole muscle tissues like connective
tissue, muscle fibers, and adipose tissue that form hierarchical
structures (42). The arrangement of tissue structure plays a
significant role in determining meat products’ sensory and
physicochemical properties. Plant-based whole muscle products
of high quality first require the most suitable ingredients and
processing techniques to stimulate muscle fiber, adipose, and
connective tissue.

Many reviews have been published on meat analogs from plant
proteins (41-44). Ideally, meat analogs should provide adequate
structural similarity besides nutrient composition. Meat analogs
are mainly produced from plants’ macronutrients, including
polysaccharides, proteins, and fats, and some micronutrients
and other ingredients, such as minerals, vitamins, flavoring,
and color agent preservatives, and binders. The components
and processing techniques utilized to produce these analogs
should be optimized for each meat product. The appearance
of the meat analogs’ surface should be of opaque texture like
real meat. Food industries have used several techniques to
maintain the color of plant-based meat alternatives. For instance,
Meat™ uses beet juice extract that contains a natural pigment
called betalain to recreate the suitable color of meat. Also,
Impossible Foods™ uses leg hemoglobin (plant-based heme
protein) extracted from soybeans roots to color its products.
Various technological and scientific methods, like processing
and physicochemical approaches, are being searched to create
potential structures of plant-based meat that aim to accurately
mimic the texture of real meat. It should also be noted that
meat analogs usually simulate the fluid-holding capacity like real
meat during cooking. Knowledge about the essential constituents
of flavor present in products of real meat is helpful to identify
plant-based ingredients that give the meaty flavors in plant-based
meat analogs. However, developing plant-based meat analogs
is challenging and providing a similar nutritional profile to
real meat.

Milk Analogs From Plant Proteins

One of the most consumed food products from plant origin is
plant-based milk analogs. Various attributes, such as processing
methods, sensory quality, raw materials, physicochemical
properties, and nutritional profiles of plant-based milk analogs,
have been presented and described in many articles (45, 46).
Milk analogs are colloidal dispersions consisting of several
particles, such as fat droplets, oil bodies, plant tissue fragments,
protein aggregates, and insoluble calcium carbonate particles
dispersed in an aqueous solution containing soluble proteins,
sugars, salts, and polysaccharides (46). For the formation of
high-quality milk analogs, there should be correct information
on light scattering theory, techniques of particle reduction,
as well as mechanisms of particle instability. Two approaches
have been used for producing milk analogs, such as disruption
of plant tissue (including soaking, mechanical disruption,
enzymatic hydrolysis, separation, formulation, homogenization,

and thermal treatment for breaking of plants materials into small
particles) and homogenization (including blending of plant-
based components that are isolated, such as emulsifiers, oils, and
thickeners) (46). The components and processing techniques are
generally optimized for creating milk analogs that mimic cow’s
milK’s functional and desirable properties (46). For developing a
better quality product, the plant-based milk analogs have been
extensively analyzed for features, such as appearance, flavor,
color, bio-availability, and nutrition profile.

Egg Analogs From Plant Proteins

The hen’s egg consists of 75% water, 12% proteins, and 12% lipids.
Also, it includes a variety of constituents that help in different
food applications like foaming, emulsification, and gelation (47).
Eggs are mainly used in various ways, such as boiled, fried,
poached, or scrambled, and part of many other foods, including
dressings, mayonnaise, desserts, and baked goods. Generally,
plant-based egg analogs should have desirable functional and
physicochemical properties. For example, eggs analogs should
have the functional ability to transform a solution into a gel
when heat is supplied, just like that of real eggs. Plant proteins
used in egg analogs have solution temperature in the range of
63-93°C, which shows that higher temperature is needed to
mimic the structure and texture of real eggs. Various methods,
such as dynamic shear rheometry and differential scanning
calorimetry, have been utilized, which provide information on
gelation temperatures and denaturation of proteins. The gel
nature of plant-based egg analogs depends on the type of
protein (e.g., chickpea, pea, sunflower, bean, and soybean),
the concentration of protein, and environmental conditions
(e.g., pH, ionic strength, and thermal history). Plant-based egg
analogs should have the best emulsifying solubility, segregation,
separation, and stabilization properties. Like real eggs, they
also have a better appearance, flavor, color, bioavailability, and
a nutrition profile to produce a better quality of plant-based
milk analogs.

Food Waste/By-Products as a Protein Source
Increasing population and industrialization also negatively
affected the environmental conditions. Eco-innovation is the
term that addresses the essential changes for sustainable
development. It is an approach where by-products and waste
from plants become an important resource. Food waste/by-
products have also been utilized for the extraction of proteins.
These mainly include oil meals/press cakes, by-products of
cereals, and legume processing.

Oil Meals/Press Cakes

During oil processing, the by-products, such as oil meals/press
cakes, have been released from oil-bearing fruits and seeds
(48). Oil meals contain 15-50% of protein content and are,
hence, considered valuable sources for the extraction of proteins
(48). Soybean, cottonseed, peanut, sunflower seed, sesame
seed, pumpkin seed, hazelnut, grape seed, walnut, hemp seed,
and rapeseed are the major oilseed crops containing a high
proportion of protein meal. Also, oil-bearing crops, such as
coconut, palm, and olive, have oil in their fruit pulp, and their
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residues are useful to isolate proteins. The protein content varies
depending on the processing of hulled and dehulled meals
of oilseed. Usually, the dehulled meals have higher protein
content and lower fiber content, while dehulled meals require
an additional fractionation step before they have been used for
protein extraction.

By-Products of Cereal and Legume Processing

By-products after cereal and legume processing are important
raw materials for the extraction and isolation of proteins. The
high content of protein in legumes makes them most important,
followed by cereals. Rice bran is the most important protein
source among cereals. Along with the rice, several other crops
by-products have been used as promising protein sources, such
as wheat bran, broken rice, brewer’s spent grains, and defatted
wheat germ. Commercial milling of pulses also produces ~25%
of by-products consisting of powder, husk, broken, shriveled,
and unprocessed seeds. With high nutritional value and a well-
balanced profile of amino acids and also various bioactivities,
the cereal crops and their by-products are of major attention.
Hence, these are considered as appropriate materials for protein
extraction due to their quantities, availability, and composition of
amino acids (30).

Demand of Dietary Protein

Proteins are molecules with great complexity and diversity that
have played an important role in maintaining the structure and
function of living cells (29, 49). It is being applied in a number
of applications, such as medicine, nutraceuticals, industries,
food, feed, etc., and the demand for protein is continuously
increasing with the rise of the global population (12). Globally,
protein requirements are fulfilled by both plants (80%) (such
as cereal grains, beans, soy, pulses, nuts, vegetables, and fruits)
and animals (~20%) (such as meats, milk, eggs, fish, yogurt,
and cheese) (50). Along with the increasing nutritious food
demand, the protein demand is continuously increasing globally
by changing socioeconomic status. Increased urbanization, as
well as economic development, has led to various transitions
in dietary patterns in the population of low- and middle-
income countries, especially the demand for foods derived from
animals, which is noticed in developing countries (51). Protein
from animal origin causes emissions of greenhouse gases from
livestock as well as loss of terrestrial biodiversity by human
interventions (52). Therefore, plant-based protein requirements
are continuously increasing.

Plant-based proteins play a major role in the human
diet as they are rich in a large number of other nutrients,
vitamins, and minerals (53). Foods obtained from plants
enhance the content of protein that contains various essential
amino acids and may also improve the nutritional status of
human diets. From the last few decades, interest has been
drawn for the search of protein sources with high nutritional
quality and functionality and industrial applications (like
emulsification, solubility, gelation, foaming, viscosity, oilholding,
and water-holding capacities). Furthermore, the development
and utilization of novel techniques of food processing enhance
the nutritional quality of traditional sources of plant protein.

According to the overall status of health, human nutrition is
considered an important issue that provides the methods for
prevention or development of a number of diseases resulting
from excessive, unbalanced, or insufficient nutrient intake (15).
Generally, the daily intake of protein is provided by animal-
based foods. However, changes in the consumers’ requirement
led to adoption of alternative sources of proteins for human
consumption. And, also, the protein produced from animal
sources is costly and environmentally non-sustainable and
requires more water (about 100 times) during production than
plant protein. Emerging factors in animal proteins, like the
growth of world population, climate change, and occurrence
of animal diseases, more research is now dedicated to finding
various new sources and technologies to produce proteins from
plants with high content and resilient to changing climate and
thus provide balanced nutrition in humans’ diet (51).

The proteins and their amino acid composition play a major
role in human health. For instance, sulfur-containing amino
acids, such as methionine and cysteine, play a vital role in
maintaining the immune system functioning (54) and also
the peroxidative protection mechanism in muscles, nervous,
and cardiovascular systems (55). Lysine is important for bones
calcification, liver activities, nitrogen balance inside the body,
and muscle and blood synthesis. While valine helps in the
coordination of motor cells, and aspartate and glutamate
are essential for hormonal regulation and immunological
stimulation, respectively (35). Leucine and isoleucine are
assisting as building blocks of other proteins (36). Generally, it
has been recommended that, for adults, the protein intake should
be in-between 0.8 and 1 g/Kg body-weight/day (56, 57). Pregnant,
lactating women, and infants need higher protein ingestion than
adults as 1.1, 1.3, and 1.2-1.52 g/kg/day, respectively (57). The
intake requirement of proteins and amino acids is determined
by various factors linked with genotypic as well as phenotypic
characters (age, gender, body weight, lifestyle habits, physical
exercises, health conditions, and metabolic capacities) (5).

FACTORS AFFECTING THE NUTRITIONAL
VALUE OF PLANT PROTEINS

The protein’s nutritional quality can be identified in different
ways, but, in a simple way, it is the balance and relative amounts
of essential amino acids, as well as digestibility, bioavailability,
and bioactivity, which mainly identify its nutritional value.
Compared with animal-based protein, the proteins derived
from plants are easier to produce; however, when utilized as
dietary sources for human consumption, most of the plant
proteins are deficient in essential amino acids and are, therefore,
nutritionally incomplete. For example, some cereal proteins
are low in tryptophan, lysine, and threonine content, while
vegetable proteins and legumes have a lower amount of sulfur-
containing amino acids, such as methionine and cysteine (58).
Due to this deficiency, these essential amino acids become
the limiting factor in legumes and cereals. Practically, neither
legumes nor cereals can compensate for the deficiency of amino
acids for other crops, and, hence, diet feeding regularly provides
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FIGURE 2 | Various factors that affect the nutritional quality of crops.

supplementary amino acids. There are also other factors that
affect the nutritional quality of crops, including soil condition,
crop maturity, postharvest handling, storage, use of fertilizers and
pesticides, crop variety, and climatic conditions (Figure 2).

It is important in terms of nutritional as well as economic
value to increase the essential amino acids content in plant-based
proteins (59). In the past decades, plant breeders and geneticists
have done much research for the improvement of the quality and
characteristics of plant proteins. For instance, natural mutations,
like the high content of lysine in barley and corn, have been
recognized and made as elite genotypes (60). But, unfortunately,
undesirable characters, like lower yields and susceptibility to
pests and diseases, were also linked with these types of natural
mutations. Nowadays, the techniques of modern biotechnology
as alternative methods help to solve these problems. The method
known as the protein digestibility-corrected amino acid score
(PDCAAS) is an effective tool for the quality evaluation of protein
(49, 61). One of the new methods recommended by FAO in
2013, digestible indispensable amino acid score (DIAAS), has also
been used to evaluate protein quality, and, in terms of scientific
knowledge, it is considered more accurate than PDCAAS (62).

BIOACTIVE AND FUNCTIONAL
PROPERTIES OF PLANT-BASED
PROTEINS

Bioactive Properties of Plant-Based

Proteins

Several reports have shown the health effects of plant-
based proteins as antitumor, antioxidant, hypoglycemic,
ACE inhibitory, antimicrobial, and hypolipidemic effects
(Figure 3) (63, 64). It has been observed that in countries where
a high number of pulses are consumed, risk diseases, such

as type-2 diabetes, cardiovascular diseases, colorectal cancer,
and different types of chronic diseases, have been reduced
(65, 66). The bioactivity of small peptides that are mainly
released from enzymatic hydrolysis by various proteases, such
as pepsin, trypsin, chymotrypsin, alcalase, papain, pancreatin,
thermolysin, and flavorzyme, are present in different pulse
proteins (67). These peptides exert various bioactivities, such
as antioxidant, antifungal, antitumoral, and ACE inhibition
activity (67, 68), and are also used for different purposes,
like food supplements, functional food ingredients, and
nutraceuticals (63) (Table 1).

Plant-Based Proteins Against Cardiovascular
Disease and Metabolic Risk Factors

A large number of studies showed the potential impact of
dietary proteins derived from plants against cardio-metabolic
risk factors. The first study for the synthesis and intake of plant
proteins as an alternative to animal protein was reported and
published in 2017 (83). In this study, the authors reviewed
and demonstrated biomarkers for cardiovascular disease from
plant proteins consumption (83). They also studied and reported
a decrease in the concentration of blood lipids (such as
lower apolipoprotein B, low-density lipoprotein cholesterol,
and non-high-density lipoprotein cholesterol). The authors
also conducted randomized trials, which proved that plant
protein is effective in reducing the risk factors associated with
cardiovascular diseases in adults. In another study, the impact
of proteins derived from plants (mostly soy products) on
hypercholesterolemic patients was found superior in lowering
the lipid profiles compared with the animal proteins (84).
In populations, the adolescent stage, most of the benefits of
plant-based proteins and metabolic health concerns have been
discussed. Several studies to examine the benefits of plant-
based proteins intake have been done for metabolic syndrome,
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FIGURE 3 | The major bioactivities of plant-based proteins.

weight management, and obesity, as these are the serious and
growing health issues globally among adolescents. However, the
regulation of protein intake is critical to many physiological
development and functions. Therefore, enhancing the proteins
derived from plants in adolescent diets as a substitute for
animal-based proteins helps in controlling obesity and other
cardio-metabolic factors (85). The authors in different studies
concluded that there should be the addition of more proteins
of plant origin in the human diet for reducing the risks
associated with cardiovascular disease as well as metabolic
risk factors (86). Also, it was found that consumption of
plant-based proteins lowers blood pressure in patients with
hypertension (including elderly patients) as compared to
animal protein (87, 88).

Most of the studies were also associated with the intake of
plant protein sources and mortality. In a recent cohort from the
NIH-AARP Diet and Health Study, the authors also observed
the effect of choice of dietary protein on mortality (89). In
this study, more than six lakh individuals from the U.S. in
the age group of 50-71 years were followed from 1996 till
December 2011. It was noticed that plant protein intake has
led to inverse the mortality rate as well as from stroke in both
males and females and cardiovascular disease. They observed
the replacing of animal protein with only 3% of plant protein
reduced 10% risk of overall mortality in both males and females
(89). Therefore, it is beneficial to substitute plant proteins into
the diet instead of animal proteins in terms of mortality and
longevity. In a recently published review of the 32 cohort studies,
it has been interpreted that the plant-based protein diet lowers
the risk of all-cause and cardiovascular-associated mortality.
Replacement of foods containing animal proteins with plant
protein improves longevity (90).

Plant-Based Proteins and Diabetes

Although plant-based diets are mainly linked with reducing
the risk of diabetes (91), it is still not clear that substituting
the plant-based proteins for animal proteins helps in reducing
the risk of diabetes in the population. After studying and
analyzing using the dataset from the Nurses’ Health Study II,
Malik et al. (92) observed that 5% substitution of vegetable
protein for animal protein was linked to the 23% reduction
in type 2 diabetes risk. In a meta-analysis conducted in 2015,
the sources of animal protein were replaced with plant-based
protein for ~35% of the intake of dietary protein for 8-week
randomized controlled trials. From this study, the authors found
that there are significant improvements in the levels of fasting
glucose, fasting insulin, and HbAlc in patients with diabetes
(individuals with both type 1 and type 2 diabetes) (93). In a
cohort study, individuals were provided a protein-based diet and
found that higher protein intake is associated with a lower risk
of diabetic and pre-diabetic incidences, and plant-based proteins
are the main determinant (94). The plant-based protein diet
also contains a variety of bioactive components, which provide
beneficial health effects as compared to processed meat products.
In another randomized crossover trial, substituting red meat
with legumes (lentils, chickpeas, peas, and beans) significantly
decreased fasting blood glucose, insulin, and the triglyceride level
in patients with diabetes type-2, suggesting the potential role of
plant-based proteins over animals (95).

Plant-Based Proteins Against Cancer

Generally, a large number of factors, such as environmental,
genetic, dietary, and other habitual features, are associated with
the development of cancer. One research group has studied and
examined the risk factor of colorectal cancer in individuals with
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TABLE 1 | The commonly used physical modification methods of protein and their applications.

Modification methods Description/Applications References
Physical Heat treatment Conventional thermal treatment Physically modifying plant-based protein structural and (69)
modification functional properties

Used in pharmaceutical and food industries
Increase thermal stability, gelling properties

Reduce or eliminate adverse effects of anti-nutritional
compounds

Improve digestibility, nutritional, and emulsifying properties of
plant-based proteins

Ohmic heating Used for milk pasteurization (70)

Result in unfolding, denaturation, and the formation of
uniform-sized protein aggregates

Having techno-functional properties

Decreasing the heating time and improving the emulsifying
ability of the protein

Microwave heating Induce protein unfolding by splitting disulphide and hydrogen (71)
bonds

Improve digestibility, gelling and emulsifying properties
Modulate the protein without destroying its primary structure
Increase the efficiency of enzymatic modification
Used for immunomodulation of different plant-based proteins

Radio frequency treatment Increasing the surface hydrophobicity (72)
Improve functionalities such as the oil holding capacity and
emulsifying properties

Infrared irradiation Increase digestibility (18)
Decrease the amount of anti-nutritional factors

Gamma irradiation Extending the shelf-life of food products 62)

Increase thermal stability, digestibility, and surface
hydrophobicity
Improve antioxidant ability, oil binding capacity, emulsifying,
and foaming properties
Decrease water binding capacity and immunoreactivity

Electron beam Sterilize food materials as well as assist in extraction (73)
irradiation processes

Improve solubility, nutritional value, bioactivity, functional

properties, and emulsifying activity of peptides

Decrease surface hydrophobicity and molecular weight,

which positively affected emulsifying and foaming properties

Increased efficiency, antioxidant ability, and thermal stability of
this plant-based protein

Ultraviolet radiation Induce chemical modification in plant-based proteins which (74)
can improve their techno-functional properties

Improve the mechanical properties of the formed fims

Increase sulfhydryl content, surface hydrophobicity,
antioxidant activity, solubility, emulsifying and foaming
properties
Decrease immunoreactivity and allergenicity of plant-based
proteins
Pulsed-electric field Increase surface hydrophobicity, antioxidant activity, protein (75)
solubility, emulsifying, foaming and functional properties
High pressure High hydrostatic pressure Inactivate microorganisms, changes texture and (76)
treatment emulsification
Increase protein surface hydrophobicity and nutritional value
of plant-origin proteins
Reduce allergenicity

(Continued)
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TABLE 1 | Continued

Modification methods

Description/Applications References

Dynamic high-pressure fluidization

Sonication

Extrusion

Ball mill treatment

Cold atmospheric
plasma processing

Ultrafiltration

Improve techno-functional properties, gelation and

aggregation ability, antioxidant activity, emulsifying properties,

protein solubility, colloidal and heat stability, water, and oil

holding capacity

Inactivate microbial cells (77)
Improve emulsifying ability, versatility, digestibility, and

functionality of plant-based proteins

Decrease nanoparticle size and allergenicity of different
animal proteins

Increase solubility, emulsifying and foaming properties
Favor water and oil binding capacity, emulsifying and gelling (78)
properties

Improve solubility, foaming capacity, emulsification properties,
antioxidant ability, and digestibility of plant-derived proteins

Enhance hydrophobicity

Decrease foaming stability, amount of anti-nutrients, and
allergenicity

Inactivate microorganisms, enzymes, and naturally occurring (79)
toxic substances as well as gelatinization of starch or shaping
food materials

Improve techno-functionality and digestibility of plant-based
proteins, and can also generate a texture mimicking that of
meat

Destroy anti-nutrients compounds

Ensure higher solubility (80)
Improve gelling properties

Inactivate microorganism, spores and viruses present on the (81)
surfaces of food

Improve techno-functional properties of plant-based proteins,

solubility, emulsifying and foaming ability, water holding

capacity, antioxidant, and gelling properties and surface

activity

Increase surface hydrophobicity

Improve of surface hydrophobicity, emulsifying, foaming, and (82)
oil holding capacity

Remove anti-nutritional compounds

the help of analyzing gene-environment interaction, including
other factors, such as genetic, lifestyle, and cancer risk factors
(96). The authors reported the linkage between colorectal cancer
and the genetic diversity of fatty acid metabolism, which are
mainly associated with a higher intake of meat, and concluded
that those who consume a high diet of meat have a high
risk of colorectal cancer (96). Therefore, plant-based protein
substitution for animal protein is a better way to reduce the risk of
colorectal cancer in humans with certain genetic polymorphisms.

Plant-Based Proteins and Their Renoprotective Effect
The diet, which is lower in vegetables, fruits, healthy oils,
and dairy food, but higher in total protein foods, total grains,
saturated fats, sodium, and added sugar, has been under trials to
know the differences that help to cure chronic disease, especially
chronic kidney disease (CKD) (97). Recent studies have suggested
that, along with the amount of protein, protein’s origin (for
example, plant vs. animal) might be a crucial factor that affects the
function of the kidney (98). For individuals with chronic kidney

disease, on the consumption of plant-based protein, a significant
23% lower mortality rate was reported (99). In a randomized
control trial in diabetic adults with macro-albuminuria, the
animal protein diet was substituted with soy protein diet (by 50%)
and found that it significantly improved proteinuria, cholesterol,
and the glucose level (100).

In a crossover study, a diet rich in soy protein reduces
glomerular hyperfiltration in individuals having type 1 diabetes
with early-stage nephropathy (101). With the increase in
glomerular hyperfiltration and the glomerular filtration
rate, the incidence of kidney injury has been decreased
(102). The plant-based proteins mainly extracted from rice
endosperm and soybean have also shown renal protective
function in diabetic rat models (103). Also, other factors,
like phytochemicals and fiber, also played a significant role
in renal protection by consuming whole food from plant-
based diets as well as other components of plants. Thus, it is
recommended to incorporate high-quality plant proteins for
renoprotective effects.
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Functional Properties of Plant-Based

Proteins

Plant proteins have also been utilized as functional foods. A large
number of studies have been done to examine and reduce the risk
factors of cardiovascular disease, modulating inflammation and
immune system by functional analysis and bioactive properties
of soy protein (104). The recent systematic review has focused
on the bioactive properties of sources of plant proteins, such as
rice, lentil, fava bean, pea, lupin, hemp, and oat (105). Various
trials have been done to test the benefits of proteins derived from
plants by observing the concentrations of insulin, blood glucose,
and hormones regulating the appetite. However, conflicts in
results were seen when the study was conducted for determining
the beneficial effects of plant proteins on postprandial glycemia
regulation. A number of components present in plants, like
flavonoids and carotenoids, also confer the benefits of bioactive
functionality on human health.

In addition to the nutritional quality of plant proteins and
their bioactive properties, these compounds also have functional
properties. They play a major role in food processing and
formulation, i.e., the production of gluten-free and protein-rich
food (106). Chemical and physical properties of protein help
during the storage, consumption, processing, and preparation
of food products. Properties like solubility of the protein,
foaming capacity, absorbing capacity of water and fat, foam
stability, gel-forming, and emulsifying activity are involved in
protein interaction by combining with other molecules, like
proteins, carbohydrates, salts, lipids, water, and volatiles. These
functional properties are largely affected by the molecular size of
peptides and/or proteins, charge distribution, and structure of the
protein. Additionally, different environmental conditions that
affect the structural changes of protein during food processing
will also affect the functional properties of plant proteins (107).
For improvement of nutritional quality and potential health
benefits, different protein formulations can be added, such as
isolates, concentrates, and protein flours. However, the functional
properties of various plant-based proteins were utilized in
the industrial production of food products. Briefly, various
functional properties such as protein solubility during beverage
production lead to solvation of protein; absorption of water
molecules and their binding allows entrapment of water in
bread, meat, cakes, sausages, etc.; absorption of fat is linked with
binding of free fat in meats, doughnuts, and sausages; emulsifying
properties of proteins lead to the production and stabilization of
emulsions of fats in pasta, cakes, sausages, soups, etc.; protein’s
foaming properties permit the entrapping of gasses by forming
stable films in whipped toppings, bakery products, cakes, and
desserts; gelation properties are linked with the formation and
maintaining of protein matrix in meats, cheese, and curds (106).

Applications of Plant-Based Proteins in

Food and Non-Food Industries

Proteins are the important ingredients of the human diet with
great complexity and diversity that play an important role in
structural and functional development (29, 49). Plant protein
provides many essential amino acids, vital macronutrients

and is sufficient to achieve full protein nutrition. Moreover,
plants have a high demand for the supply of protein to
the increasing population (12). Thus, instead of animals,
plants were considered the bioproduction system for useful
substances, especially in medicine, which usually provide a
large number of secondary metabolites having therapeutic
effects. These substances produced by plants mainly help to
protect from predators and pathogens, attract pollinators, and
have properties like anti-inflammatory, wound-healing, anti-
microbial, psychoactive, etc. (1), and hence utilized for protecting
and maintaining human and animal health.

Different sources of plants have been widely used as
supplements of protein, such as cereals (wheat, rice, millet, maize,
barley, and sorghum), legumes (pea, soybean, bean, faba bean,
lupin, chickpea, and cowpea), pseudocereals (buckwheat, quinoa,
and amaranth), nuts and almonds, and seeds (flaxseed, chia,
pumpkin, sesame, and sunflower). Along with providing health
benefits, proteins also play a significant role in food formulations
because of their diverse functions, such as emulsifying, gelling,
and thickening agents, and also have water-holding, foaming,
and fat absorption ability (16, 17). In addition, these crops have
number of beneficial effects on health and have technological and
functional properties with industrial applications in development
of food. Thus, these proteins play an important role in circular
production systems.

Food derived from plants plays a vital role in human health
as an important source of bioactive components, minerals,
vitamins, and bioactive peptides (4). In addition, protein
obtained from plants provides essential amino acids and
improves the overall nutritional status of human diets.

From the last few years, much interest has been paid to search
for protein sources with high nutritional quality and functionality
in food processing and industrial applications (emulsification,
solubility, gelation, foaming, and viscosity oil-holding and water-
holding capacities). Recently, the importance and benefits of
proteins derived from plants have been trending to provide
various health benefits. Many studies have been conducted on
the potential impact of dietary proteins derived from plants
on reducing cardio-metabolic risk factors, metabolic syndrome,
weight management, and obesity (86-88). Most of these studies
concluded that there should be an addition of proteins of plant
origin in the human diet for reducing the risks associated with
cardiovascular disease and metabolic diseases (86). Another
interesting area of research to examine the benefits of intake
of plant proteins instead of animal protein is reducing cancer
risk factors.

Food products containing plant proteins have also been
known as functional foods. Various trials have been conducted
to test the health benefits of plant-based proteins by observing
the concentrations of insulin, blood glucose, and hormones
regulating the appetite. Most of the studies were also associated
with the intake of plant protein sources and mortality. In a recent
cohort from the NIH-AARP (National Institutes of Health-
American Association of Retired Persons) Diet and Health Study,
the authors also observed the effect of choice of dietary protein
on mortality (89). The diet, which is lower in vegetables, fruits,
healthy oils, and dairy food, but higher in total protein foods, total
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grains, saturated fats, sodium, and added sugar, has been under
trials to know the differences that help to cure chronic disease,
especially chronic kidney disease (CKD) (97). Recent studies have
suggested that, along with the amount of protein, protein’s origin
(for example, plant vs. animal) might be a factor that affects the
function of the kidney (98).

In addition to the nutritional quality of plant proteins and
their bioactive properties, they play a major role in food
processing and formulation, ie., the production of gluten-
free (GF) and protein-rich foods (106). In addition, however,
the functional properties of various plant-based proteins were
utilized in the industrial production of food products. Various
applications, like protein solubility (bread, meat, cakes, sausages,
doughnuts, and sausages; emulsifying properties emulsions of
fats in pasta, cakes, sausages, soups, etc.; protein’s foaming
properties, bakery products, cakes, and desserts; and gelation
properties provide stability to the protein matrix in meats, cheese,
and curds (106).

Some traditional proteins from plant origin have been utilized
by humans as a protein source, such as beans, pea, and soybean.
Still, various recent studies have been done for novel (such as
proteins from insects and algae) (2) and unconventional and
alternative protein sources (like agroindustry by-products from
extraction of edible oil) (7).

Gluten-free pseudocereals help in curing of patients with
celiac disease (35). The food industry helps produce high-quality
plant-based milk, egg, and meat analogs, such as sausages,
burgers, ground meat, and nuggets. The proteins derived from
plants are considered important and functional ingredients
with different roles in food formulations, including gelling and
thickening agents, foams and emulsions stabilizers, and binding
material for water and fat. Most of the proteins have biological
activities, like ACE inhibitory, antioxidant, antimicrobial, and
stimulating characteristics (70), and the protein from vegetables
is also utilized for synthesizing and extracting bioactive peptides.

HEALTH ISSUES LINKED WITH
PLANT-BASED PROTEINS

Antinutrients

There are many health concerns linked with a large intake
of dietary proteins derived from plants. Antinutrients, such
as tannins, phenolics, saponins, phytates, glucosinolates, and
erucic acid, are naturally produced by plants and further
interfere with absorption, digestion, and utilization of nutrients
present in food, with other side effects as well (108). The
adverse effects of antinutrients might be maldigestion of proteins
(protease and trypsin inhibitors), carbohydrates (alpha-amylase
inhibitors), autoimmune and leaky gut (e.g., some saponins
and lectins), malabsorption of minerals (oxalates, phytates,
and tannins), inflammation and interfering in thyroid iodine
uptake (goitrogens), behavioral effects, and gut dysfunction
(when converting cereal gliadins to exorphins) (108). These
adverse effects of antinutrients are generally seen in animals
when consumed unprocessed proteins of plant origin. However,
these antinutrients also showed beneficial health effects. For

instance, at a lower level of lectins, phytates, enzyme inhibitors,
saponins, and phenolic compounds, there is a reduction in
plasma cholesterol, triglycerides, and blood glucose levels (108).
Saponins may play a significant role in liver functioning and
decrease platelets agglutination. In contrast, some of the saponins
and also protease inhibitors, phytates, phytoestrogens, and
lignans might help in reducing cancer risk (108). Additionally,
tannins also have antimicrobial effects (108). To reduce the
concentration of antinutrients in plant proteins and their adverse
effects, various treatment processes, such as fermentation,
soaking, gamma irradiation, sprouting (germination), heating,
and genomic technologies, have been adopted (108). Food
processing techniques also remove most of the antinutrients like
phytates, glucosinolates, erucic acid, and also insoluble fiber from
canola proteins that further improve and increase the digestibility
and bioavailability (109).

Isoflavones and Soy Protein

Soy protein is associated with both positive and negative health
concerns. The adverse effect on health is due to the presence
of isoflavones in soy protein, which are chemically similar to
estrogen and could also be bound to estrogen receptors (110).
Due to soy isoflavones, the issue of endocrine-disrupting effect
is seen on thyroid and reproductive hormones at higher doses
in rodent and in vitro cell culture studies (111-113). The
isoflavones content of different ingredients of soy protein has
been reported; for example, isolates of soy protein (88-164
mg/100 g), defatted and whole soy flours (120-340 mg/100 g),
textured soy protein isolates that are commercially used (66—
183 mg/100 g), and soy hypocotyl and flours’ commercial isolates
(542-851 mg/100g) (114). Therefore, consumers mainly avoid
taking soy proteins due to various adverse effects on thyroid and
reproductive hormones. The study conducted by the European
Food Safety Authority in 2015 showed that 35-150 mg daily
doses of isoflavones in pre- and postmenopausal women resulted
in no significant enhancement in breast cancer risk, uteruss
histopathological changes or thickness in the endometrial lining
of the uterus, and thyroid hormonal status for about 30 months
(115). A meta-analysis has also been done on 15 men of different
ages and found that intake of 60 g/day of soy protein has
not been linked with sex hormone-binding globulin, changes
in testosterone, free androgen index, or free testosterone (116).
Also, it did not influence the parameters of semen quality,
such as sperm concentration, semen volume, sperm mobility,
sperm count, sperm percent motility, sperm morphology, and
total motile sperm count in healthy men (117). It has also been
reported in the meta-analysis that intake of soy protein might be
linked with reducing breast cancer risk in women (118-120).

Plant-Based Proteins and Their
Association in Allergenicity

There is an increasing trend of consuming plant proteins, which
indicates that different sources of protein from plants influence
our health. Such dietary proteins may also have some adverse
effects, including allergenicity. An allergy from food is basically
an adverse effect that results inactivation of immune response
when exposed to a food. According to the literature review, food
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allergy is found to affect up to 10% of the population (121). It
has been identified that more than 170 foods in the United States
of America are responsible for food allergies. Foods commonly
causing allergy are tree nuts, soy, wheat, fish, peanuts, milk,
shellfish, and egg. Other common food allergens based on the
countries are lupines (European Union); sesame seeds (Canada,
European Union, and Australia); buckwheat (Japan and Korea),
and mustard (European Union and Canada) (122). A higher
number of children than adults are sensitive to dietary proteins
that mainly cause allergy (123).

Food allergens from plants are mainly categorized into
four families, the cupin superfamily, the prolamin superfamily,
profilins, and the Bet v 1 family. More than 50% of allergens
of plant proteins fall into two categories, i.e., the cupin
and prolamin superfamilies (124). The prolamin family has
8 cysteine residues of amino acid that is conserved with
pattern CXnCXnCCXnCXCXnCXnC, which mainly stabilizes
the structure of protein and contributes proteins allergenicity.
The most commonly found allergens are cereal prolamins, a-
amylase, 2S albumins, non-specific lipid transfer proteins, and
trypsin inhibitor, protein families.

COMPARISON BETWEEN ANIMAL AND
PLANT-BASED PROTEINS

Dietary proteins could be derived from animals and plants.
Animal protein, although higher in demand, is generally
considered less environmentally sustainable. A gradual transition
from animal to plant-based protein food may be desirable
to maintain environmental stability, ethical reasons, food
affordability, greater food safety, fulfilling higher consumer
demand, and combating of protein-energy malnutrition. Since
the last 20 years, among the alternative sources of protein,
the scientific research team and private companies have mainly
focused on algae, earthworm or earthworm meal, insects, and
other invertebrates (52, 53). Nowadays, food derived from plants
plays a vital role in the human diet as an important source of
bioactive components, such as vitamins, phenolic compounds,
or bioactive peptides. Hence, these components are very helpful
to human health and protect against various pathogens (4).
Instead of animals, plants were considered the bioproduction
system for useful substances, especially in medicine, which
usually provide a large number of secondary metabolites
having therapeutic effects. These substances produced by
plants mainly help protect from predators and pathogens,
attract pollinators, and have properties like anti-inflammatory,
wound healing, anti-microbial, psychoactive, etc. (1), and
hence utilized for protecting and maintaining human and
animal health.

The proteins derived from plant-based foods are increasingly
used as a health-promoting and economical alternative source in
place of animal proteins in human nutrition. However, various
limitations, such as increased cost, limited supply, biodiversity
loss, hazard for human health in different diseases, freshwater
depletion, and susceptibility to climate change, replace animal-
based proteins (5-7). Moreover, it is hard and expensive to extract

an adequate amount of animal proteins; therefore, an alternative
for improving the nutritional status of humans is mainly received
from plant proteins.

Globally, protein is produced from both plants (80%), such as
cereal grains, beans, soy, pulses, nuts, vegetables, and fruits, as
well as animals (~20%) in the form of meats, milk, eggs, fish,
yogurt, and cheese (50). Compared to animal-based proteins,
the proteins derived from plant-based foods are rich in fiber,
polyunsaturated fatty acids, oligosaccharides, and carbohydrates.
Therefore, they reduce the cardiovascular diseases and type II
diabetes (8). Increased urbanization and economic development
have led to various transitions in dietary patterns in the
population of low- and middle-income countries, especially the
demand for foods derived from animals, which was seen in
developing countries.

Recently, plant-based sources of protein have dominated
the supply of proteins throughout the world (57%), with the
remaining 43% consisting of dairy products (10%), shellfish
and fish (6%), meat (18%), and other products from animals
(9%) (3, 19). Generally, the daily intake of protein is provided
by animal-based foods. However, changes in the consumers’
requirement led to adoption of alternative sources of proteins
for human consumption. Therefore, emerging factors for animal
proteins like growth of world population, climate change,
and production of protein sources that are economically and
environmentally sustainable need more research focus, and that
is mainly dedicated to proteins from plants with high content,
resilient to changing of climate and providing balance nutrition
in humans’ diet.

Compared with animal-based protein, the proteins derived
from plants are easier to produce. Still, when utilized as
dietary sources for human consumption, most plant proteins are
deficient in essential amino acids and are, therefore, nutritionally
incomplete. For example, some cereal proteins are low in
tryptophan, lysine, and threonine content. In contrast, vegetable
proteins and legumes have lower sulfur-containing amino acids,
such as methionine and cysteine (58). Due to this deficiency,
these essential amino acids become the limiting factor in
legumes and cereals. Practically, neither legumes nor cereals can
compensate for the deficiency of amino acids for other crops, and,
hence, feed diets regularly provide supplementary amino acids.

Many studies have been done on the potential impact of
dietary proteins derived from plants and serve as reducing
cardio-metabolic risk factors. The first study for the synthesis and
intake of plant proteins as an alternative to animal protein was
reported (15). However, the regulation of protein intake is critical
to many physiological development and functions. Therefore,
enhancing the proteins derived from plants in adolescent diets as
a substitute for animal-based proteins help in controlling obesity
and other cardio-metabolic factors (85). Although plant-based
diets are mainly linked with reducing the risk of diabetes (91), it
is not clear that substituting the plant-based proteins for animal
proteins helps in reducing the risk of diabetes in the population.
After studying and analyzing the Nurses’ Health Study II dataset,
Malik et al. (92) observed that 5% substitution of vegetable
protein for animal protein was linked with the 23% reduction
of type 2 diabetes risk. Another interesting area of research to

Frontiers in Nutrition | www.frontiersin.org

12

January 2022 | Volume 8 | Article 772573


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

Langyan et al.

Plant-Based Proteins

TABLE 2 | The commonly used chemical modification methods of protein and their applications.

Modification methods Description/Applications

References

Chemical modification  Glycation

stability, and flavor profile

Improve protein functionalities, emulsifying ability, solubility of the protein, foaming ability, thermal

(125)

Reduce beany flavor in some plant-based proteins

Having strong immunomodulatory properties

Phosphorylation Keep nutritive bioavailability

(126)

Improve solubility, thermal stability, viscosity, viscoelasticity, thermal aggregation functional, foaming,

and emulsifying properties
Increase in-vitro digestibility

Acylation
holding capacity

Improve solubility, emulsifying, foaming and functional properties, emulsion stability, and water

(127)

Increasing the molecular weight of some proteins and hydrophobicity will led to improvement or
enhancement of thermal stability and gelling properties

Deamidation Mask the bitterness

(128)

Improve techno-functionality, solubility, water holding capacity, emulsifying, and foaming properties

Reduce beany flavor, grittiness, and lumpiness

Decrease the allergenicity of plant-based proteins

Cationization Modify techno-functionality

(129)

Improve solubility, encapsulating, and emulsifying properties

pH shifting treatment

Change the structural and functional properties of proteins

(130)

Improve extensibility and tensile properties of the formed films and also the functionality, such as
enhanced solubility, surface hydrophobicity, antioxidant activity, rheological, foaming, and

emulsifying ability

Induce protein reactivity by promoting its unfolding

examine the benefits of the intake of plant proteins instead of
animal protein is reducing cancer risk factors (96).

THE MODIFICATION APPROACHES OF
PLANT-BASED FOOD PROTEINS

Protein modification is the process of alteration of the chemical
groups or molecular structure of a protein by specific methods
for improving the bioactivity and functionality of proteins.
The modification approaches for plant-based proteins help
them to make multifunctional food products. The modification
of proteins can be classified into physical (18, 62, 69-82),
chemical (125-130), biological (131, 132), and other novel
methods (133-137) as briefly described in Tables 1-3. The
physical modification approaches include heat treatment (such
as conventional thermal treatment, ohmic heating, microwave
heating, radio frequency treatment, infrared irradiation),
gamma irradiation, electron beam irradiation, ultraviolet
radiation, pulsed-electric field, high-pressure treatment
(such as high hydrostatic pressure, dynamic high-pressure
fluidization), sonication, extrusion, ball mill treatment, cold
atmospheric plasma processing, and ultrafiltration. The chemical
modification approaches include glycation, phosphorylation,
acylation, deamidation, cationization, and pH shifting treatment.
The biological modification approaches include enzymatic
modification and fermentation. Instead of physical, chemical,
and Dbiological modifications, various other modification
approaches have been identified, which include complexation

(such as protein-polysaccharide, protein-protein, protein-
phenolic, and protein-surfactant) and amyloid fibrillization
(Tables 1-3) (138).

PROTEIN EXTRACTION TECHNOLOGIES

The advancement in recombinant technologies of protein
production, such as engineering of expression hosts, upstream
cultivation optimization (e.g., nutritional, bioreactor design, and
physical parameters), and development of protein extraction
methods supported the growth of the market (7, 13). The use
of protein extraction technologies can help improve the yield of
extracted protein and its nutritional and functional properties.
Hence, a suitable type of protein extraction method should be
selected (Figure 4).

Dry Protein Extraction Technique

Sieving and/or air classification techniques, majorly a part of
novel dry protein extraction techniques, have been widely used to
prepare fiber or protein-rich fractions. Although a high protein
yield was generated, however, it utilized more energy than wet
protein extraction. Also, the disadvantage of these processes
includes the presence of impurity and particle agglomeration (7).

Wet Protein Extraction Technique

In wet protein extraction techniques, the process starts with
protein solubilizing in a medium with the pH far from the
isoelectric point and then precipitating in that medium where pH
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TABLE 3 | The commonly used biological and some other modification methods of protein and their applications.

Modification methods Description/Applications References
Biological Enzymatic modification Improve emulsifying ability, techno-functionality, protein (131)
modification solubility, antioxidant ability, interfacial properties, foaming

ability, oil holding capacity, and bioactivity of plant-based

proteins

Increase the hydrophobicity and surface-active properties of
the generated hydrolysates

Decrease the bitterness

Fermentation Improve protein solubility, water and oil holding capacity, (132)
foaming, and functional properties

Promote nutritional and antioxidant properties and also the
digestibility
Degrade allergens and anti-nutritional compounds

Decrease immunoreactivity, bitter, and beany off-flavors of
different plant-based proteins

Others Complexation Protein-polysaccharide Modulate techno-functional properties and address issues (133)
such as physical stability around their isoelectric point

Improve solubility, susceptibility, stability, emulsifying, and
foaming properties
Reduce the bitterness of potato protein

Protein-protein Improve techno-functionality (134)
Increase water solubility

Protein-phenolic Exhibit different biological activities such as antioxidant, 135
antimicrobial, anticancer, antiallergenic, anti-inflammatory,
and also higher thermal stability
Polyphenolic compounds reduce solubility of plant-based
proteins

Protein-surfactant Tune the amphipathic properties by modulating hydrophobic (136)
or hydrophilic degrees
Improve encapsulation efficiency, physicochemical properties,
solubility, emulsifying and foaming properties, water
dispersibility, pH, salt, physical-, photo-, acid-, and thermal
stability
Increase stability

Amyloid fibrillization Improve protein functionalities in different applications such as (137)

drug and nutraceutical delivery platforms
Increase surface hydrophobicity
Improve foam, emulsion Pickering stabilizers, degradable
films, ultralight aerogels, gels, water purification filters, and
rheological properties

Extraction Technologies

Novel dry Novel wet protein extraction Novel assisting cell disruption techniques
protein techniques
extraction
techniques

* Microwave-assisted extraction of proteins
* Enzyme-assisted extraction

] + Ultrasound-assisted extraction of proteins
of proteins

« Sieving and/or . * Pulsed electric energy-assisted extraction of

air

Subcritical water extraction proteins

classification * Reverse micelles extraction * High hydrostatic pressure-assisted

techniques ¢ Aqueous two-phase extraction of proteins
systems extraction

FIGURE 4 | Extraction technologies for plant-based proteins.
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is close to the isoelectric point. Several protocols for acidic and
alkaline extraction of protein have been reported (7).

Enzyme-Assisted Extraction of Proteins

This method is based on the principle of cell wall disruption
with specific enzymes that degrade celluloses, hemicelluloses,
and/or pectin, and also proteases that help in the hydrolyzation
of protein for solubility enhancement. With the degradation of
cell walls, protein bodies released are enabled. This method needs
more processing time, high cost, more energy consumption, and
suitable conditions like temperature and pH. Still, this method
is mostly used with lower environmental impact and superior
quality of products for human consumption (7, 139).

Subcritical Water Extraction

In this technique, hot water in the range of 100-374°C with
high pressure (for maintaining it into the liquid state) has been
used. Biomaterials like carbohydrates and proteins have been
hydrolyzed by this method without using an additional number
of catalysts. For example, when soy meals were heat denatured,
soy protein extraction yield was significantly increased with this
method by 59.3% (139).

Reverse Micelles Extraction

This method applies reverse micelles—surfactant molecules
aggregate of the nano-meter size that generally contains inner
cores of water molecules inside non-polar solvents. The polar
molecules of water present in reverse micelles help in solubilizing
hydrophilic biomolecules like proteins. The three-phase system
called a water-surfactant-organic solvent system has been
formed by reverse micelles to protect the denaturation of proteins
by organic solvents inside the polar water pools, using forward
extraction or backward extraction (7).

Aqueous Two-Phase Systems Extraction

This extraction method is formed when two polymers like two
salts or one salt and one polymer are mixed in a suitable
concentration at a particular temperature. This method has
been considered as the environment-friendly method of protein
extraction. It was first reported by Zeng et al. (140) for extracting
proteins by an ionic liquid aqueous two-phase system, resulting
in proteins extraction with a yield of 99.6% (7).

Novel-Assisting Cell Disruption Techniques
Cell disruption is the initial process in both dry and wet
techniques of protein extraction, which helps release protein
from protein bodies. Previously, cell disruption was done by
mechanical methods like milling, grinding, etc., or chemical or
thermal treatments.

Microwave-Assisted Extraction of Proteins

This technology utilizes electromagnetic radiations having a
frequency between 300 MHz and 300 GHz, which helps
in hydrogen bond disruption, dissolved ions migration, and
enhancement of porosity of the biological matrix, which leads
to the extraction of protein. For example, one study reported
the utilization of this technique to extract proteins from
rice bran (141).

Ultrasound-Assisted Extraction of Proteins

This technology utilized sound waves, having a frequency of
20kHz that induces the phenomenon of cavitation, which
enhances the matrix porosity and improves solvent permeation
into the matrix. This method has the advantage of effective
mixing, selective extraction, faster energy transfer, reduced
extraction temperature and thermal gradients, faster response,
reduced equipment size, and increased production. Yet,
denaturation of protein structure and disruption of functional
properties of proteins are reported (7).

Pulsed Electric Energy-Assisted Extraction of
Proteins

Several pulsed electric energy technologies for proteins extraction
have emerged. This method uses electric pulses of short duration
(from several nanoseconds to several milliseconds) of high-
pulse amplitude (from 100 to 300 V/cm to 10-50 kV/cm)
for the induction of structural changes of the compound of
interest. Among a large number of PEE techniques, pulsed
ohmic heating (POH), pulsed electric fields (PEF), and high-
voltage electrical discharges (HVED) have been widely used in
the food industry (7).

High Hydrostatic Pressure-Assisted Extraction of
Proteins

High hydrostatic pressure-assisted extraction of proteins is
mostly used in the food industry for large-scale microbial cell
disruption, meat tenderization, and emulsification. This method
is only restricted to bioactive compounds instead of proteins.
However, with the application of several HHP iterations, the
efficiency of separation and extraction yield has been reduced due
to swelling of the cell wall, increase in dynamic viscosity, and size
of the particle (7).

ISSUES, CHALLENGES, AND FUTURE
PROSPECTS OF PLANT-BASED PROTEINS
AND THEIR UTILIZATION IN FOOD
PRODUCTS

The proteins derived from plants are considered as important
and functional ingredients, having different roles in food
formulations as gelling and thickening agents, foams and
emulsion stabilizers, and binding material for water and fat
(142-145). Most of the proteins have biological activities, like
antihypertensive, antioxidant, antimicrobial, and stimulating
characteristics (146, 147), and the protein from vegetables is
also utilized for synthesizing and extraction of bioactive peptides
(148, 149). However, most of the proteins from plant origin
are interactable because of their susceptibility and complexity
of ionic strength, pH, and temperature, and also have poor
water solubility that mainly limits the applications of plant-
based proteins (150). Most of the plant-based proteins, like
flaxseed, soy, and pea proteins, have the combined nature of
various proteins with different fractions, and, hence, they have
a wide range of isoionic point (pI). Therefore, modulating
the properties of plant-based proteins for improving their
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functions and formulation characteristics is essential. A deep
understanding of the functional and physicochemical properties
of proteins derived from plants is necessary for improving their
utilization in food formulation and nutritional value (151-153).
The presence of some particular plant residues considered as
antinutrients is another challenge of plant-based proteins. These
compounds are produced in plants having various biological
properties, such as they protect the plants and seeds from
insects, fungus, viruses, and other microbes. Therefore, some
of the modification approaches discussed have been used to
reduce or eliminate the adverse effects of antinutrients (18).
Furthermore, some plant-based proteins have challenges in food
applications due to their bitter taste, which can be masked by
various modulation techniques. The methods of modification
for plant-based proteins should be carefully chosen, especially
in pharmaceutical and food applications, because these methods
have effects on the organoleptic and functional characteristics
and nutritional value of plant proteins.

The bio-efficacy of any active compounds generally depends
on various factors, like digestibility, solubility, bioaccessibility,
food matrix, transporters, metabolizing enzymes, and molecular
structures. Therefore, identifying the bioavailability of food
constituents is challenging. There are many challenges associated
with sustainability and food availability that needs to be solved
with different methods of protein modification. The higher
amount of essential nutrients found in animal products (meat,
milk, egg, etc.) was important and provided a large number
of nutrients in the daily diet compared with plant-based
proteins (154). Although animal-meat-based products provide a
large nutrient component, however, the disease associated with
animals, unhygienic conditions, and environmental impact will
all provide more attention to the plant-based proteins. Because
of that, consumers are also more focused on the health and
environmental benefits of plant-based diets, promote the food
guidelines on the basis of health and sustainability criteria,
produce more attractive plant-based alternative products, and
realign their fiscal policy along with environmental and efficiency
criteria (155-159).

CONCLUSIONS

People are facing protein and mineral deficiency in their diet
throughout the world, especially in developing countries. This
challenge is due to lower consumption of pulses and cereals in
their diets and other foods that are rich in zing, iron, calcium, and
magnesium. These foods derived from plants also contain higher
levels of antinutritional factors that bind to the minerals ions and

REFERENCES

1. Wink M. Plant breeding: importance of plant secondary metabolites for
protection against pathogens and herbivores. Theor Appl Genet. (1988)
75:225-33. doi: 10.1007/BF00303957

2. Sa AGA, Moreno YME, Carciofi BAM. Food processing for the improvement
of plant proteins digestibility. Crit Rev Food Sci Nutr. (2020) 60:3367-
86. doi: 10.1080/10408398.2019.1688249

reduce bioavailability and absorption of plant minerals as well as
proteins. Animal protein, although higher in demand, is generally
considered less environmentally sustainable and prone to disease
conditions, which negatively impact health. A gradual transition
from animal- to plant-based protein may be desirable in order to
maintain environmental stability, ethical reasons, affordability of
food, greater food safety, fulfilling higher consumer demand, and
combating of protein-energy malnutrition. Nowadays, products
made with proteins from plant origin gain popularity throughout
the world. Plant-based proteins have been linked with a
number of health-related functionalities. Plant-based proteins
are becoming innovative and fast-growing ingredients in various
food application industries due to a large number of benefits over
animal-derived proteins. Various technologies help in improving
the functional and nutritional properties of plant-based proteins.
Generally, plant-based proteins have inferior functionality as
compared with animal proteins, and also various factors affect
their nutrient quality; hence, modification approaches have been
required. Different physical, chemical, biological, and other
approaches were also mentioned for modification of proteins
that induce the structural, chemical, and biophysical changes in
protein from plant origins.

This review mainly focuses on the current state of using
plants for the production of protein. The potential plants
offering various sources and their alternative with high-
quality protein demand for future consumption were discussed.
Factors that affect protein consumption, bioavailability, and
also protein production techniques were covered. Various
bioactive and functional properties of plant-based proteins,
as well as the factors affecting the nutritional quality of
plant-based proteins and the future research strategies, were
explained. The modification approaches, protein extraction,
purification technologies, along with digestibility, absorption,
and bioavailability of plant-based proteins, were discussed.
Finally, it gave an idea of issues and challenges as well as future
prospects in this emerging area.

AUTHOR CONTRIBUTIONS

SL conceived the idea. SL and FK wrote the manuscript. PY, ZD,
RS, and AK edited the manuscript. All authors contributed to the
article and approved the submitted version.

ACKNOWLEDGMENTS

The authors are thankful to the director, ICAR-NBPGR, for all
the support.

3. FAO. How to Feed the World in 2050. (2009). Available online at: http://
www.fao.org/fileadmin/templates/wsfs/docs/expert_paper/How_to_Feed_
the_World_in_2050.pdf (accessed September 1, 2021).

4. Kara$ M, Jakubczyk A, Szymanowska U, Zlotek U, Zielifiska E. Digestion and
bioavailability of bioactive phytochemicals. Int ] Food Sci. (2017) 52:291-
305. doi: 10.1111/ijfs.13323

5. Sun-Waterhouse D, Zhao M, Waterhouse GI. Protein modification during
ingredient preparation and food processing: approaches to improve

Frontiers in Nutrition | www.frontiersin.org

16

January 2022 | Volume 8 | Article 772573


https://doi.org/10.1007/BF00303957
https://doi.org/10.1080/10408398.2019.1688249
http://www.fao.org/fileadmin/templates/wsfs/docs/expert_paper/How_to_Feed_the_World_in_2050.pdf
http://www.fao.org/fileadmin/templates/wsfs/docs/expert_paper/How_to_Feed_the_World_in_2050.pdf
http://www.fao.org/fileadmin/templates/wsfs/docs/expert_paper/How_to_Feed_the_World_in_2050.pdf
https://doi.org/10.1111/ijfs.13323
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Langyan et al.

Plant-Based Proteins

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Pojic M, Misan A, Tiwari

food processability and nutrition. Food Bioproc Tech. (2014) 7:1853-
93. doi: 10.1007/s11947-014-1326-6

. Sabate J, Soret S. Sustainability of plant-based diets: back to the future. Am J

Clin Nutr. (2014) 100:476S—82. doi: 10.3945/ajcn.113.071522

B. Eco-innovative technologies
extraction of proteins for human consumption from
protein sources of plant origin. Trends Food Sci Technol. (2018)
75:93-104. doi: 10.1016/.tifs.2018.03.010

for
renewable

. Guasch-Ferré M, Zong G, Willett WC, Zock PL, Wanders AJ, Hu FB, et al.

Associations of monounsaturated fatty acids from plant and animal sources
with total and cause-specific mortality in two US prospective cohort studies.
Circ Res. (2019) 124:1266-75. doi: 10.1161/CIRCRESAHA.118.313996

. Lonnie M, Laurie I, Myers M, Horgan G, Russell WR, Johnstone AM.

Exploring health-promoting attributes of plant proteins as a functional
ingredient for the food sector: a systematic review of human interventional
studies. Nutrients. (2020) 12:2291. doi: 10.3390/nu12082291

Igbal A, Khalil IA, Ateeq N, Khan MS. Nutritional quality of important food
legumes. Food Chem. (2006) 97:331-5. doi: 10.1016/j.foodchem.2005.05.011
Muzquiz M, Varela A, Burbano C, Cuadrado C, Guillamén E, Pedrosa MM.
Bioactive compounds in legumes: pronutritive and antinutritive actions.
implications for nutrition and health. Phytochem Rev. (2012) 11:227-
44. doi: 10.1007/s11101-012-9233-9

Berryman CE, Lieberman HR, Fulgoni VL III, Pasiakos SM. Protein
intake trends and conformity with the Dietary Reference Intakes in
the United States: analysis of the National Health and Nutrition
Examination Survey, 2001-2014. Am ] Clin Nutr. (2018) 108:405-
13. doi: 10.1093/ajen/nqy088

Schillberg S, Raven N, Spiegel H, Rasche S, Buntru M. Critical analysis of the
commercial potential of plants for the production of recombinant proteins.
Front Plant Sci. (2019) 10:720. doi: 10.3389/fpls.2019.00720

Sa AGA, Moreno YME Carciofi BAM. Plant proteins as high-quality
nutritional source for human diet. Trends Food Sci Technol. (2020) 97:170-
84. doi: 10.1016/j.tifs.2020.01.011

Sun SS, Liu Q. Transgenic approaches to improve the nutritional
quality of plant proteins. In Vitro Cell Dev Biol Plant. (2004) 40:155-
62. doi: 10.1079/IVP2003517

Cao Y, Bolisetty S, Wolfisberg G, Adamcik J, Mezzenga R. Amyloid fibril-
directed synthesis of silica core-shell nanofilaments, gels, and aerogels. Proc
Natl Acad Sci USA. (2019) 116:4012-7. doi: 10.1073/pnas.1819640116

Cao Y, Mezzenga R. Food protein amyloid fibrils: origin, structure,
formation, characterization, applications and health implications. Adv
Colloid Interface Sci. (2019) 269:334-56. doi: 10.1016/j.¢is.2019.05.002
Ogundele OM, Kayitesi E. Influence of infrared heating processing
technology on the cooking characteristics and functionality
of African legumes: a review. ] Food Sci Technol. (2019)
56:1669-82. doi: 10.1007/s13197-019-03661-5

FAO. The State of Food Insecurity in the World, Addressing Food Insecurity in
Protracted Crises. Rome: FAO (2010).

Day L. Proteins from land plants-potential resources for human
nutrition and food security. Trends Food Sci Technol. (2013)
32:25-42. doi: 10.1016/j.tifs.2013.05.005

Hughes GJ, Kress KS, Armbrecht ES, Mukherjea R, Mattfeldt-Beman M.
Initial investigation of dietitian perception of plant-based protein quality.
Food Sci Nutr. (2014) 2:371-9. doi: 10.1002/fsn3.112

Wang X, Gao W, Zhang ], Zhang H, Li ], He X, et al. Subunit, amino
acid composition and in vitro digestibility of protein isolates from Chinese
kabuli and desichickpea (Cicer arietinum L.) cultivars. Food Res Int. (2010)
43:567-72. doi: 10.1016/j.foodres.2009.07.018

Nosworthy MG, Neufeld ], Frohlich P, Young G, Malcolmson L, House JD.
Determination of the protein quality of cooked Canadian pulses. Food Sci
Nutr. (2017) 5:896-903. doi: 10.1002/fsn3.473

Goldflus E, Ceccantini M, Santos W. Amino acid content of soybean samples
collected in different Brazilian states: harvest 2003/2004. Braz ] Poult Sci.
(2006) 8:105-11. doi: 10.1590/S1516-635X2006000200006

Liu KL, Zheng JB, Chen FS. Relationships between degree of milling and loss
of Vitamin B, minerals, and change in amino acid composition of brown rice.
LWT. (2017) 82:429-36. doi: 10.1016/j.1wt.2017.04.067

Frias J, Giacomino S, Pefias E, Pellegrino N, Ferreyra V, Apro N, et al.
Assessment of the nutritional quality of raw and extruded Pisum sativum L.
var. laguna seeds. LWT. (2011) 44:1303-8. doi: 10.1016/j.lwt.2010.12.025

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Espinosa-Pdez E, Alanis-Guzman M, Hernandez-Luna CE, Baez-Gonzilez
JG, Amaya-Guerra CA, Andrés-Grau AM. Increasing antioxidant activity
and protein digestibility in Phaseolus vulgaris and Avenasativa by
fermentation with the Pleurotusostreatus Fungus. Molecules. (2017)
22:2275. doi: 10.3390/molecules22122275

Lqari H, Vioque J, Pedroche ], Millin F. Lupinusangustifolius
protein  isolates:  chemical  composition, functional  properties
and  protein  characterization.  Food  Chem.  (2002)  76:349-

56. doi: 10.1016/S0308-8146(01)00285-0

Adenekan MK, Fadimu GJ, Odunmbaku LA, Oke E K. Effect of isolation
techniques on the characteristics of pigeon pea (Cajanuscajan) protein
isolates. Food Sci Nutr. (2018) 6:146-52. doi: 10.1002/fsn3.539

Amagliani L, O’Regan ], Kelly AL, O’Mahony JA. The composition,
extraction, functionality and applications of rice proteins: a review. Trends
Food Sci Technol. (2017) 64:1-12. doi: 10.1016/j.tifs.2017.01.008

Yang L, Chen JH, Zhang H, Qiu W, Liu QH, Peng X, et al. Alkali treatment
affects in vitro digestibility and bile acid binding activity of rice protein
due to varying its ratio of arginine to lysine. Food Chem. (2012) 132:925-
30. doi: 10.1016/j.foodchem.2011.11.068

Zhao Q, Selomulya C, Xiong H, Chen XD, Li X, Wang S, et
al. Rice dreg protein as an alternative to soy protein isolate:
comparison of nutritional properties. Int ] Food Prop. (2014)
17:1791-804. doi: 10.1080/10942912.2012.732167

Coda R, Varis J, Verni M, Rizzello CG, Katina K. Improvement of the protein
quality of wheat bread through faba bean sourdough addition. LWT. (2017)
82:296-302. doi: 10.1016/j.1wt.2017.04.062

Alvarez-Jubete L, Arendt EK, Gallagher E. Nutritive value of pseudocereals
and their increasing use as functional gluten-free ingredients. Trends Food
Sci Technol. (2010) 21:106-13. doi: 10.1016/j.tifs.2009.10.014

Lépez DN, Galante M, Robson M, Boeris V, Spelzini D. Amaranth, quinoa
and chia protein isolates: physicochemical and structural properties. Int ] Biol
Macromol. (2018) 109:152-9. doi: 10.1016/j.ijbiomac.2017.12.080

Anaya K, Cruz AC, Cunha DC, Monteiro SM, Dos Santos EA.
Growth impairment caused by raw linseed consumption: can trypsin
inhibitors be harmful for health? Plant Foods Hum.Nutr. (2015) 70:338-
43. doi: 10.1007/s11130-015-0500-y

Olivos-Lugo BL, Valdivia-Lépez MA, Tecante A. Thermal and
physicochemical properties and nutritional value of the protein fraction
of Mexican chia seed (Salvia hispanica L.). Food SciTechnol Int. (2010)
16:89-96. doi: 10.1177/1082013209353087

Kaul P. Nutritional potential, bioaccessibility of minerals
functionality of watermelon (Citrullus vulgaris) seeds. LWT. (2011)
44:1821-6. doi: 10.1016/j.1wt.2011.04.001

El-Adawy TA, Taha KM. Characteristics and
of different seed oils and flours. Food Chem.
54. doi: 10.1016/S0308-8146(00)00337-X

de Oliveira Sousa AG, Fernandes DC, Alves AM, de Freitas JB,
Naves, MMV. Nutritional quality and protein value of exotic
almonds and nut from the Brazilian Savanna compared to peanut.

and

composition
(2001) 74:47-

Food Res. Int. (2011) 44:2319-25. doi: 10.1016/j.foodres.2011.
02.013

Malav  OP, Talukder S, Gokulakrishnan P, Chand S. Meat
analog: A review. Crit Rev Food Sci Nutr. (2015) 55:1241-

5. doi: 10.1080/10408398.2012.689381

McClements DJ, Grossmann L. A brief review of the science behind the
design of healthy and sustainable plant-based foods. NPJ Sci Food. (2021)
5:1-10. doi: 10.1038/s41538-021-00099-y

Kyriakopoulou K, Dekkers B, van der Goot AJ. Plant-based meat
analogues. In: Galanakis CM, editor. Sustainable Meat Production
and  Processing. Cambridge, MA: Academic Press. (2019). p.
103-26. doi: 10.1016/B978-0-12-814874-7.00006-7

Ismail I, Hwang YH, Joo ST. Meat analog as future food: a
review. ] Anim Sci Technol. (2020) 62:111. doi: 10.5187/jast.2020.6
2.2.111

McClements DJ. Development of next-generation nutritionally fortified
plant-based milk substitutes: structural design principles. Foods. (2020)
9:421. doi: 10.3390/foods9040421

McClements DJ, Newman E, McClements IF. Plant-based milks: a review of
the science underpinning their design, fabrication, and performance. Compr
Rev Food Sci Food Saf. (2019) 18:2047-67. doi: 10.1111/1541-4337.12505

Frontiers in Nutrition | www.frontiersin.org

17

January 2022 | Volume 8 | Article 772573


https://doi.org/10.1007/s11947-014-1326-6
https://doi.org/10.3945/ajcn.113.071522
https://doi.org/10.1016/j.tifs.2018.03.010
https://doi.org/10.1161/CIRCRESAHA.118.313996
https://doi.org/10.3390/nu12082291
https://doi.org/10.1016/j.foodchem.2005.05.011
https://doi.org/10.1007/s11101-012-9233-9
https://doi.org/10.1093/ajcn/nqy088
https://doi.org/10.3389/fpls.2019.00720
https://doi.org/10.1016/j.tifs.2020.01.011
https://doi.org/10.1079/IVP2003517
https://doi.org/10.1073/pnas.1819640116
https://doi.org/10.1016/j.cis.2019.05.002
https://doi.org/10.1007/s13197-019-03661-5
https://doi.org/10.1016/j.tifs.2013.05.005
https://doi.org/10.1002/fsn3.112
https://doi.org/10.1016/j.foodres.2009.07.018
https://doi.org/10.1002/fsn3.473
https://doi.org/10.1590/S1516-635X2006000200006
https://doi.org/10.1016/j.lwt.2017.04.067
https://doi.org/10.1016/j.lwt.2010.12.025
https://doi.org/10.3390/molecules22122275
https://doi.org/10.1016/S0308-8146(01)00285-0
https://doi.org/10.1002/fsn3.539
https://doi.org/10.1016/j.tifs.2017.01.008
https://doi.org/10.1016/j.foodchem.2011.11.068
https://doi.org/10.1080/10942912.2012.732167
https://doi.org/10.1016/j.lwt.2017.04.062
https://doi.org/10.1016/j.tifs.2009.10.014
https://doi.org/10.1016/j.ijbiomac.2017.12.080
https://doi.org/10.1007/s11130-015-0500-y
https://doi.org/10.1177/1082013209353087
https://doi.org/10.1016/j.lwt.2011.04.001
https://doi.org/10.1016/S0308-8146(00)00337-X
https://doi.org/10.1016/j.foodres.2011.02.013
https://doi.org/10.1080/10408398.2012.689381
https://doi.org/10.1038/s41538-021-00099-y
https://doi.org/10.1016/B978-0-12-814874-7.00006-7
https://doi.org/10.5187/jast.2020.62.2.111
https://doi.org/10.3390/foods9040421
https://doi.org/10.1111/1541-4337.12505
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Langyan et al.

Plant-Based Proteins

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Kovacs-Nolan J, Phillips M, Mine Y. Advances in the value of eggs and
egg components for human health. J Agric Food Chem. (2005) 53:8421-
31. doi: 10.1021/jf050964f

O’brien RD. Fats and Oils: Formulating and Processing for Applications. Boca
Raton, FL: CRC press (2008).

Boye ], Wijesinha-Bettoni R, Burlingame B. quality
evaluation twenty years after the introduction of the protein
digestibility corrected amino acid score method. Br ] Nutr. (2012)
108:5183-211. doi: 10.1017/S0007114512002309

Belitz HD, Grosch W, Schieberle P, (editors). Amino acids,
peptides, proteins. In: Food Chemistry. Berlin: Springer (2004). p.
8-91. doi: 10.1007/978-3-662-07279-0_2

UN, United Nations. World Population Prospects. The 2015 Revision. (2016).
Available online at: https://esa.un.org/unpd/wpp/Graphs/Probabilistic/ POP/
TOT/27.02.19 (accessed September 1, 2021).
Everett NP, Robinson KEP, Mascarenhas
of sunflower (Helianthus annuus L.).
5:1201-4. doi: 10.1038/nbt1187-1201

Bessada SM, Barreira JC, Oliveira MBP. Pulses and food security: dietary
protein, digestibility, bioactive and functional properties. Trends Food Sci
Technol. (2019) 93:53-68. doi: 10.1016/j.tifs.2019.08.022

Grimble RF. The effects of sulfur amino acid intake on immune function in
humans. J Nutr. (2006) 136:1660S—5S. doi: 10.1093/jn/136.6.1660S

Reeds PJ. Dispensable and indispensable amino acids for humans. J Nutr.
(2000) 130:18355—40S. doi: 10.1093/jn/130.7.1835S

Courtney-Martin G, Ball RO, Pencharz PB, Elango R. Protein requirements
during aging. Nutrients. (2016) 8:492. doi: 10.3390/nu8080492

Lupton JR, Brooks JA, Butte NE Caballero B, Flatt JP, Fried SK.
Dietary Reference Intakes for Energy, Carbohydrate, Fibre, Fat, Fatty Acids,
Cholesterol, Protein, and Amino Acids. Vol. 5. Washington, DC: National
Academy Press (2002). p. 589-768.

Sun S. Methionine enhancement in plants. plant amino acids. Appl Biochem
Biotechnol. (1999) 509-522.58.

Hertzler SR, Lieblein-Boft JC, Weiler M, Allgeier C. Plant proteins: assessing
their nutritional quality and effects on health and physical function.
Nutrients. (2020) 12:3704. doi: 10.3390/nu12123704

Bright SW, Shewry PR, Kasarda DD. Improvement of protein quality in
cereals. Crit Rev Plant Sci. (1983) 1:49-93. doi: 10.1080/07352688309382171
Elango R, Levesque C, Ball RO, Pencharz PB. Available versus digestible
amino acids-new stable isotope methods. Br J Nutr. (2012) 108:S306-
14. doi: 10.1017/S0007114512002498

Malik MA, Sharma HK, Saini CS. Effect of gamma irradiation on structural,
molecular, thermal and rheological properties of sunflower protein isolate.
Food Hydrocoll. (2017) 72:312-22. doi: 10.1016/j.foodhyd.2017.06.011
Luna-Vital DA, Mojica L, de Mejia EG, Mendoza S, Loarca-Pina G.
Biological potential of protein hydrolysates and peptides from common
bean (Phaseolus vulgaris L.): a review. Food Res Int. (2015) 76:39-
50. doi: 10.1016/j.foodres.2014.11.024

Luna-Vital D, de Mejia EG. Peptides from legumes with antigastrointestinal
cancer potential: current evidence for their molecular mechanisms. Curr
Opin Food Sci. (2018) 20:13-8. doi: 10.1016/j.cofs.2018.02.012
Séanchez-Chino X, Jiménez-Martinez C, Dévila-Ortiz G, Alvarez-Gonzéilez
I, Madrigal-Bujaidar E. Nutrient and nonnutrient components of legumes,
and its chemopreventive activity: a review. Nutr Cancer. (2015) 67:401-
10. doi: 10.1080/01635581.2015.1004729

Campos-Vega R, Loarca-Pifia G, Oomah BD. Minor components of pulses
and their potential impact on human health. Food Res Int. (2010) 43:461-
82. doi: 10.1016/j.foodres.2009.09.004

Awika JM, Duodu KG. Bioactive polyphenols and peptides in cowpea (Vigna
unguiculata) and their health promoting properties: a review. | Funct Foods.
(2017) 38:686-97. doi: 10.1016/}.j£.2016.12.002

Das D, Jaiswal M, Khan FN, Ahamad S, Kumar S. PlantPepDB:
a manually curated plant peptide database. Sci Rep. (2020) 10:1-
8. doi: 10.1038/s41598-020-59165-2

Mir NA, Riar CS, Singh S. Structural modification in album (Chenopodium
album) protein isolates due to controlled thermal modification and its
relationship with protein digestibility and functionality. Food Hydrocolloids.
(2020) 103:105708. doi: 10.1016/j.foodhyd.2020.105708

Protein

D. Genetic engineering
Nat  Biotechnol.  (1987)

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Pereira RN, Teixeira JA, Vicente AA, Cappato LP, da Silva Ferreira
MYV, da Silva Rocha R, et al. Ohmic heating for the dairy industry: a
potential technology to develop probiotic dairy foods in association with
modifications of whey protein structure. Curr Opin Food Sci. (2018) 22:95-
101. doi: 10.1016/j.cofs.2018.01.014

Xiang S, Zou H, Liu Y, Ruan R. Effects of microwave heating on the protein
structure, digestion properties and Maillard products of gluten. J Food Sci
Technol. (2020) 57:2139-49. doi: 10.1007/s13197-020-04249-0

Han Z, Cai MJ, Cheng JH, Sun DW. Effects of electric fields and
electromagnetic wave on food protein structure and functionality: a review.
Trends Food Sci Technol. (2018) 75:1-9. doi: 10.1016/j.tifs.2018.02.017
Zhang X, Wang L, Chen Z, Li Y, Luo X, Li Y. Effect of high energy electron
beam on proteolysis and antioxidant activity of rice proteins. Food Funct.
(2020) 11:871-82. doi: 10.1039/C9FO00038K

Panozzo A, Manzocco L, Lippe G, Nicoli MC. Effect of pulsed light on
structure and immunoreactivity of gluten. Food Chem. (2016) 194:366—
72. doi: 10.1016/j.foodchem.2015.08.042

Doost AS, Nasrabadi MN, Kassozi V, Nakisozi H, Van der Meeren P.
Recent advances in food colloidal delivery systems for essential oils
and their main components. Trends Food Sci Technol. (2020) 99:474-
86. doi: 10.1016/j.tifs.2020.03.037

Lee H, Yildiz G, Dos Santos LC, Jiang S, Andrade JE, Engeseth NJ, et al.
Soy protein nano-aggregates with improved functional properties prepared
by sequential pH treatment and ultrasonication. Food Hydrocoll. (2016)
55:200-9. doi: 10.1016/j.foodhyd.2015.11.022

Doost AS, Dewettinck K, Devlieghere F, Van der Meeren P. Influence of
non-ionic emulsifier type on the stability of cinnamaldehydenanoemulsions:
a comparison of polysorbate 80 and hydrophobically modified inulin. Food
Chem. (2018) 258:237-44. doi: 10.1016/j.foodchem.2018.03.078
Gharibzahedi SMT, Smith B. The functional modification of legume proteins
by ultrasonication: a review. Trends Food Sci Technol. (2020) 98:107-
16. doi: 10.1016/j.tifs.2020.02.002

Doost AS, Nasrabadi MN, Wu J, Ayun Q, Van der Meeren P. Maillard
conjugation as an approach to improve whey proteins functionality: a review
of conventional and novel preparation techniques. Trends Food Sci Technol.
(2019) 91:1-11. doi: 10.1016/j.tifs.2019.06.011

Ramadhan K, Foster TJ. Effects of ball milling on the structural, thermal,
rheological properties of oat bran protein flour. ] Food Eng. (2018) 229:50-6.
doi: 10.1016/j.jfoodeng.2017.10.024

Tolouie H, Mohammadifar MA, Ghomi H, Hashemi M. Cold atmospheric
plasma manipulation of proteins in food systems. Critic Rev Food Sci Nutr.
(2018) 58:2583-97. doi: 10.1080/10408398.2017.1335689

Eckert E, Han J, Swallow K, Tian Z, Jarpa-Parra M, Chen L. Effects
of enzymatic hydrolysis and ultrafiltration on physicochemical and
functional properties of faba bean protein. Cereal Chem. (2019) 96:725-
41. doi: 10.1002/cche.10169

Li SS, Blanco Mejia S, Lytvyn L, Stewart SE, Viguiliouk E, Ha V, et
al. Effect of plant protein on blood lipids: a systematic review and
meta-analysis of randomized controlled trials. ] Am Heart Assoc. (2017)
6:€006659. doi: 10.1161/JAHA.117.006659

Zhao H, Song A, Zheng C, Wang M, Song G. Effects of plant protein
and animal protein on lipid profile, body weight and body mass index on
patients with hypercholesterolemia: a systematic review and meta-analysis.
Acta Diabetol. (2020) 57:1169-80. doi: 10.1007/s00592-020-01534-4

Lin Y, Mouratidou T, Vereecken C, Kersting M, Bolca S, de Moraes ACE, et al.
Dietary animal and plant protein intakes and their associations with obesity
and cardio-metabolic indicators in European adolescents: the HELENA
cross-sectional study. Nutr J. (2015) 14:1-11. doi: 10.1186/1475-2891-14-10
Campbell WW. Animal-based and plant-based protein-rich foods and
cardiovascular health: a complex conundrum. Am J Clin Nutr. (2019) 110:8-
9. doi: 10.1093/ajcn/nqz074

Tielemans SM, Kromhout D, Altorf-van der Kuil W, Geleijnse
JM. Associations of plant and animal protein intake with 5-year
changes in blood pressure: The Zutphen Elderly Study. Nutr Metab
Cardiovasc  Dis.  (2014) 24:1228-33. doi: 10.1016/j.numecd.2014.
05.013

Wang YE Yancy WS Jr, Yu D, Champagne C, Appel LJ, Lin PH.
The relationship between dietary protein intake and blood pressure:

Frontiers in Nutrition | www.frontiersin.org

18

January 2022 | Volume 8 | Article 772573


https://doi.org/10.1021/jf050964f
https://doi.org/10.1017/S0007114512002309
https://doi.org/10.1007/978-3-662-07279-0_2
https://esa.un.org/unpd/wpp/Graphs/Probabilistic/POP/TOT/27.02.19
https://esa.un.org/unpd/wpp/Graphs/Probabilistic/POP/TOT/27.02.19
https://doi.org/10.1038/nbt1187-1201
https://doi.org/10.1016/j.tifs.2019.08.022
https://doi.org/10.1093/jn/136.6.1660S
https://doi.org/10.1093/jn/130.7.1835S
https://doi.org/10.3390/nu8080492
https://doi.org/10.3390/nu12123704
https://doi.org/10.1080/07352688309382171
https://doi.org/10.1017/S0007114512002498
https://doi.org/10.1016/j.foodhyd.2017.06.011
https://doi.org/10.1016/j.foodres.2014.11.024
https://doi.org/10.1016/j.cofs.2018.02.012
https://doi.org/10.1080/01635581.2015.1004729
https://doi.org/10.1016/j.foodres.2009.09.004
https://doi.org/10.1016/j.jff.2016.12.002
https://doi.org/10.1038/s41598-020-59165-2
https://doi.org/10.1016/j.foodhyd.2020.105708
https://doi.org/10.1016/j.cofs.2018.01.014
https://doi.org/10.1007/s13197-020-04249-0
https://doi.org/10.1016/j.tifs.2018.02.017
https://doi.org/10.1039/C9FO00038K
https://doi.org/10.1016/j.foodchem.2015.08.042
https://doi.org/10.1016/j.tifs.2020.03.037
https://doi.org/10.1016/j.foodhyd.2015.11.022
https://doi.org/10.1016/j.foodchem.2018.03.078
https://doi.org/10.1016/j.tifs.2020.02.002
https://doi.org/10.1016/j.tifs.2019.06.011
https://doi.org/10.1016/j.jfoodeng.2017.10.024
https://doi.org/10.1080/10408398.2017.1335689
https://doi.org/10.1002/cche.10169
https://doi.org/10.1161/JAHA.117.006659
https://doi.org/10.1007/s00592-020-01534-4
https://doi.org/10.1186/1475-2891-14-10
https://doi.org/10.1093/ajcn/nqz074
https://doi.org/10.1016/j.numecd.2014.05.013
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Langyan et al.

Plant-Based Proteins

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

results from the PREMIER study. ] Hum Hypertens. (2008) 22:745-
54. doi: 10.1038/jhh.2008.64

Huang J, Liao LM, Weinstein SJ, Sinha R, Graubard BI, Albanes
D. Association between plant and animal protein intake
overall and cause-specific mortality. JAMA Intern Med.
180:1173-84. doi: 10.1001/jamainternmed.2020.2790

Naghshi S, Sadeghi O, Willett WC, Esmaillzadeh A. Dietary intake of total,
animal, and plant proteins and risk of all cause, cardiovascular, and cancer
mortality: systematic review and dose-response meta-analysis of prospective
cohort studies. BMJ. (2020) 370:m2412. doi: 10.1136/bmj.m2412

Tonstad S, Stewart K, Oda K, Batech M, Herring RP, Fraser GE. Vegetarian
diets and incidence of diabetes in the Adventist Health Study-2. Nutr Metab
Cardiovasc Dis. (2013) 23:292-9. doi: 10.1016/j.numecd.2011.07.004

Malik VS, Li Y, Tobias DK, Pan A, Hu FB. Dietary protein intake and
risk of type 2 diabetes in US men and women. Am ] Epidemiol. (2016)
183:715-28. doi: 10.1093/aje/kwv268

Viguiliouk E, Stewart SE, Jayalath VH, Ng AP, Mirrahimi A, De Souza R], et
al. Effect of replacing animal protein with plant protein on glycemic control
in diabetes: a systematic review and meta-analysis of randomized controlled
trials. Nutrients. (2015) 7:9804-24. doi: 10.3390/nu7125509

Sluik D, Brouwer-Brolsma EM, Berendsen AA, Mikkild V, Poppitt SD,
Silvestre MP, et al. Protein intake and the incidence of pre-diabetes and
diabetes in 4 population-based studies: the PREVIEW project. Am ] Clin
Nutr. (2019) 109:1310-8. doi: 10.1093/ajcn/nqy388

Hosseinpour-Niazi S, Mirmiran P, Hedayati M, Azizi F. Substitution of red
meat with legumes in the therapeutic lifestyle change diet based on dietary
advice improves cardiometabolic risk factors in overweight type 2 diabetes
patients: a cross-over randomized clinical trial. Eur J Clin Nutr. (2015)
69:592-7. doi: 10.1038/ejcn.2014.228

Andersen V, Halekoh U, Tjenneland A, Vogel U, Kopp TI. Intake of red and
processed meat, use of non-steroid anti-inflammatory drugs, genetic variants
and risk of colorectal cancer: a prospective study of the danish “diet, cancer
and health” cohort. Int ] Mol Sci. (2019) 20:1121. doi: 10.3390/ijms20051121
Smyth A, Griffin M, Yusuf S, Mann JE Reddan D, Canavan M, et al. Diet and
major renal outcomes: a prospective cohort study. The NIH-AARP Diet and
Health Study. ] Ren Nutr. (2016) 26:288-98. doi: 10.1053/j.jrn.2016.01.016
Bernier-Jean A, Prince RL, Lewis JR, Craig JC, Hodgson JM, Lim WH, et al.
Dietary plant and animal protein intake and decline in estimated glomerular
filtration rate among elderly women: a 10-year longitudinal cohort study.
Nephrol Dial Transplant. (2020) 36:1640-7. doi: 10.1093/ndt/gfaa081

Chen X, Wei G, Jalili T, Metos J, Giri A, Cho ME, et al. The associations of
plant protein intake with all-cause mortality in CKD. Am ] Kidney Dis. (2016)
67:423-30. doi: 10.1053/j.ajkd.2015.10.018

Azadbakht L, Atabak S, Esmaillzadeh A. Soy protein intake, cardiorenal
indices, and C-reactive protein in type 2 diabetes with nephropathy:
a longitudinal randomized clinical trial. Diabetes Care. (2008) 31:648-
54. doi: 10.2337/dc07-2065

Stephenson TJ, Setchell KDR, Kendall CWC, Jenkins DJA, Anderson
JW, Fanti P. Effect of soy protein-rich diet on renal function in young
adults with insulin-dependent diabetes mellitus. Clin Nephrol. (2005)
64. doi: 10.5414/CNP64001

Adair KE, Bowden RG. Ameliorating chronic kidney disease using a whole
food plant-based diet. Nutrients. (2020) 12:1007. doi: 10.3390/nu12041007
Kubota M, Watanabe R, Yamaguchi M, Hosojima M, Saito A, Fujii M, et
al. Rice endosperm protein slows progression of fatty liver and diabetic
nephropathy in Zucker diabetic fatty rats. Br J Nutr. (2016) 116:1326-
35. doi: 10.1017/S0007114516003512

Chatterjee C, Gleddie S, Xiao CW. Soybean bioactive peptides and their
functional properties. Nutrients. (2018) 10:1211. doi: 10.3390/nu10091211
Lonnie M, Johnstone AM. The public health rationale for promoting plant
protein as an important part of a sustainable and healthy diet. Nutr Bull.
(2020) 45:281-93. doi: 10.1111/nbu.12453

Shevkani K, Kaur A, Kumar S, Singh N. Cowpea protein isolates: functional
properties and application in gluten-free rice muffins. LWT. (2015) 63:927—
33. doi: 10.1016/j.1wt.2015.04.058

Bara¢ MB, Pesi¢ MB, Stanojevi¢ SP, Kosti¢ AZ, Cabrilo SB. Techno-
functional properties of pea (Pisum sativum) protein isolates: a review. Acta
Period Technol. (2015) 46:1-18. doi: 10.2298/APT1546001B

Popova A, Mihaylova D. Antinutrients in plant-based foods: a review. Open
Biotechnol J. (2019) 13:68-76. doi: 10.2174/1874070701913010068

and
(2020)

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Fleddermann M, Fechner A, Réf8ler A, Bihr M, Pastor A, Liebert E et
al. Nutritional evaluation of rapeseed protein compared to soy protein
for quality, plasma amino acids, and nitrogen balance-a randomized
cross-over intervention study in humans. Clin Nutr. (2013) 32:519-
26. doi: 10.1016/j.clnu.2012.11.005

Messina M. Soy and health update: evaluation of the clinical and
epidemiologic literature. Nutrients. (2016) 8:754. doi: 10.3390/nu8120754
Weber KS, Setchell KDR, Stocco DM, Lephart ED. Dietary soy-
phytoestrogens decrease testosterone levels and prostate weight without
altering LH, prostate 5alpha-reductase or testicular steroidogenic acute
regulatory peptide levels in adult male Sprague-Dawley rats. ] Endocrinol.
(2001) 170:591-9. doi: 10.1677/j0e.0.1700591

Bektic J, Berger AP, Pfeil K, Dobler G, Bartsch G, Klocker H.

Androgen  receptor regulation by physiological  concentrations
of the isoflavonoidgenistein  in  androgen-dependent  LNCaP
cells is mediated by estrogen receptor B. Eur Urol. (2004)

45:245-51. doi: 10.1016/j.eururo.2003.09.001

Wu J, Liu S, Shen XY, Yang NY, Liu Y, Tsuji I, et al. Phytoestrogens inhibiting
androgen receptor signal and prostate cancer cell proliferation. Chem Res
Chin Univ. (2013) 29:911-6. doi: 10.1007/s40242-013-3123-6

Genovese MI, Barbosa ACL, Pinto MDS, Lajolo FM. Commercial soy protein
ingredients as isoflavone sources for functional foods. Plant Foods Hum Nutr.
(2007) 62:53. doi: 10.1007/s11130-007-0041-0

EFSA Panel on Food Additives and Nutrient Sources Added to Food
(ANS). 2015 Risk assessment for peri-and post-menopausal women
taking food supplements containing isolated isoflavones. EFSA J. (2019)
13:4246. doi: 10.2903/j.efsa.2015.4246

Hamilton-Reeves JM, Vazquez G, Duval SJ, Phipps WR, Kurzer MS, Messina
M]J. Clinical studies show no effects of soy protein or isoflavones on
reproductive hormones in men: results of a meta-analysis. Fertil Steril. (2010)
94:997-1007. doi: 10.1016/j.fertnstert.2009.04.038

Beaton LK, McVeigh BL, Dillingham BL, Lampe JW, Duncan AM. Soy
protein isolates of varying isoflavone content do not adversely affect
semen quality in healthy young men. Fertil Steril. (2010) 94:1717-
22. doi: 10.1016/j.fertnstert.2009.08.055

Wu J, Zeng R, Huang ], Li X, Zhang J, Ho JCM, et al. Dietary protein sources
and incidence of breast cancer: a dose-response meta-analysis of prospective
studies. Nutrients. (2016) 8:730. doi: 10.3390/nu8110730

Zhao TT, Jin E Li JG, Xu YY, Dong HT, Liu Q, et al. Dietary
isoflavones or isoflavone-rich food intake and breast cancer risk: a
meta-analysis of prospective cohort studies. Clin Nutr. (2019) 38:136-
45. doi: 10.1016/j.cInu.2017.12.006

Qiu S, Jiang C. Soy and isoflavones consumption and breast cancer survival
and recurrence: a systematic review and meta-analysis. Eur J Nutr. (2019)
58:3079-90. doi: 10.1007/s00394-018-1853-4

Sampson HA, Aceves S, Bock SA, James J, Jones S, Lang D, et al. Food
allergy: a practice parameter update—2014. J Allergy Clin Immunol. (2014)
134:1016-25. doi: 10.1016/j.jaci.2014.05.013

Taylor SL. Food Allergies-a Challenge for cuRrent and Emerging Proteins.
Available online at:  https://www.globalfoodforums.com/wp-content/
uploads/2018/05/Protein- Food- Allergies- Steve- Taylor.pdf (accessed
August 20, 2020).

Cordle CT. Soy protein allergy: incidence and relative severity. ] Nutr. (2004)
134:1213S—9S. doi: 10.1093/jn/134.5.1213S

Shewry PR, Beaudoin E Jenkins J, Griffiths-Jones S, Mills ENC. Plant protein
families and their relationships to food allergy. Biochem Soc Trans. (2002)
30:906-10. doi: 10.1042/bst0300906

Nasrabadi MN, Goli SAH, Nasirpour A. Evaluation of biopolymer-
based emulsion for delivering conjugated linoleic acid (CLA) as a
functional ingredient in beverages. ] Dispersion Sci Technol. (2015) 36:778-
88. doi: 10.1080/01932691.2014.921858

Liu Y, Wang D, Wang J, Yang Y, Zhang L, Li ], et al. Functional properties and
structural characteristics of phosphorylated pea protein isolate. Int J Food Sci
Technol. (2020) 55:2002-10. doi: 10.1111/ijfs.14391

Zhao Y, Li X, Liu Y, Zhang L, Wang E, Lu Y. High performance surface-
enhanced Raman scattering sensing based on Au nanoparticle-monolayer
graphene-Ag nanostar array hybrid system. Sens Actuat B Chem. (2017)
247:850-7. doi: 10.1016/j.snb.2017.03.063

He W, Yang R, Zhao W. Effect of acid deamidation-alcalase
hydrolysis induced modification on functional and bitter-masking

Frontiers in Nutrition | www.frontiersin.org

January 2022 | Volume 8 | Article 772573


https://doi.org/10.1038/jhh.2008.64
https://doi.org/10.1001/jamainternmed.2020.2790
https://doi.org/10.1136/bmj.m2412
https://doi.org/10.1016/j.numecd.2011.07.004
https://doi.org/10.1093/aje/kwv268
https://doi.org/10.3390/nu7125509
https://doi.org/10.1093/ajcn/nqy388
https://doi.org/10.1038/ejcn.2014.228
https://doi.org/10.3390/ijms20051121
https://doi.org/10.1053/j.jrn.2016.01.016
https://doi.org/10.1093/ndt/gfaa081
https://doi.org/10.1053/j.ajkd.2015.10.018
https://doi.org/10.2337/dc07-2065
https://doi.org/10.5414/CNP64001
https://doi.org/10.3390/nu12041007
https://doi.org/10.1017/S0007114516003512
https://doi.org/10.3390/nu10091211
https://doi.org/10.1111/nbu.12453
https://doi.org/10.1016/j.lwt.2015.04.058
https://doi.org/10.2298/APT1546001B
https://doi.org/10.2174/1874070701913010068
https://doi.org/10.1016/j.clnu.2012.11.005
https://doi.org/10.3390/nu8120754
https://doi.org/10.1677/joe.0.1700591
https://doi.org/10.1016/j.eururo.2003.09.001
https://doi.org/10.1007/s40242-013-3123-6
https://doi.org/10.1007/s11130-007-0041-0
https://doi.org/10.2903/j.efsa.2015.4246
https://doi.org/10.1016/j.fertnstert.2009.04.038
https://doi.org/10.1016/j.fertnstert.2009.08.055
https://doi.org/10.3390/nu8110730
https://doi.org/10.1016/j.clnu.2017.12.006
https://doi.org/10.1007/s00394-018-1853-4
https://doi.org/10.1016/j.jaci.2014.05.013
https://www.globalfoodforums.com/wp-content/uploads/2018/05/Protein-Food-Allergies-Steve-Taylor.pdf
https://www.globalfoodforums.com/wp-content/uploads/2018/05/Protein-Food-Allergies-Steve-Taylor.pdf
https://doi.org/10.1093/jn/134.5.1213S
https://doi.org/10.1042/bst0300906
https://doi.org/10.1080/01932691.2014.921858
https://doi.org/10.1111/ijfs.14391
https://doi.org/10.1016/j.snb.2017.03.063
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Langyan et al.

Plant-Based Proteins

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

properties of wheat gluten hydrolysates. Food Chem. (2019)
277:655-63. doi: 10.1016/j.foodchem.2018.11.004

Nesterenko A, Alric I, Silvestre E Durrieu V. Comparative study of
encapsulation of vitamins with native and modified soy protein. Food
Hydrocoll. (2014) 38:172-9. doi: 10.1016/j.foodhyd.2013.12.011

Yildiz G, Andrade J, Engeseth NE, Feng H. Functionalizing soy protein nano-
aggregates with pH-shifting and mano-thermo-sonication. J Colloid Interface
Sci. (2017) 505:836-46. doi: 10.1016/j.jcis.2017.06.088

Nivala O, Mékinen OE, Kruus K, Nordlund E, Ercili-Cura D. Structuring
colloidal oat and faba bean protein particles via enzymatic modification. Food
Chem. (2017) 231:87-95. doi: 10.1016/j.foodchem.2017.03.114

Schlegel K, Sontheimer K, Hickisch A, Wani AA, Eisner P, Schweiggert-
Weisz U. Enzymatic hydrolysis of lupin protein isolates—Changes in the
molecular weight distribution, technofunctional characteristics, and sensory
attributes. Food Sci Nutr. (2019) 7:2747-59. doi: 10.1002/fsn3.1139

Fan R, Zhang T, Tai K, Yuan F. Surface properties and adsorption of
lactoferrin-xanthan complex in the oil-water interface. J Dispersion Sci
Technol. (2020) 41:1037-44. doi: 10.1080/01932691.2019.1614041

Zheng ], Gao Q, Tang CH, Ge G, Zhao M, Sun W. Heteroprotein
complex formation of soy protein isolate and lactoferrin: thermodynamic
formation mechanism and morphologic structure. Food Hydrocoll. (2020)
100:105415. doi: 10.1016/j.foodhyd.2019.105415

Hu B, Shen Y, Adamcik J, Fischer P, Schneider
MJ, et Polyphenol-binding amyloid fibrils
reversible hydrogels with antibacterial activity. ACS Nano.
12:3385-96. doi: 10.1021/acsnano.7b08969

Dong SR, Xu HH, Tan JY, Xie MM, Yu GP. The structure
and amphipathy characteristics of modified y-zeins by SDS or
alkali in conjunction with heating treatment. Food Chem. (2017)
233:361-8. doi: 10.1016/j.foodchem.2017.04.128

Smith KB, Fernandez-Rodriguez MA, Isa L, Mezzenga R. Creating gradients
of amyloid fibrils from the liquid-liquid interface. Soft Matt. (2019) 15:8437-
40. doi: 10.1039/C9SM01826C

Nasrabadi ~ MN,  Doost AS,  Mezzenga R
approaches of plant-based proteins to
functionality and wuse in food products.
118:106789. doi: 10.1016/j.foodhyd.2021.106789
Lu W, Chen XW, Wang JM, Yang XQ, Qi JR. Enzyme-assisted subcritical
water extraction and characterization of soy protein from heat-denatured
meal. ] Food Eng. (2016) 169:250-8. doi: 10.1016/j.jfoodeng.2015.09.006
Zeng Q, Wang Y, Li N, Huang X, Ding X, Lin X, et al. Extraction of proteins
with ionic liquid aqueous two-phase system based on guanidine ionic liquid.
Talanta. (2013) 116:409-16. doi: 10.1016/j.talanta.2013.06.011

PhongthaiS, Lim ST, Rawdkuen S. Optimization of microwave-assisted
extraction of rice bran protein and its hydrolysates properties. J cereal sci.
(2016) 70:146-54. doi: 10.1016/j.jcs.2016.06.001

Santo RE, Kim BE Goldman SE, Dutkiewicz J, Biehl E, Bloem MW,
et al. Considering plant-based meat substitutes and cell-based meats: A
public health and food systems perspective. Front Sustain Food Syst. (2020)
4:134. doi: 10.3389/fsufs.2020.00134

Sha L, Xiong YL. Plant protein-based alternatives of reconstructed meat:
science, technology, and challenges. Trends Food Sci Technol. (2020) 102:51-
61. doi: 10.1016/j.tifs.2020.05.022

Doost AS, Nasrabadi MN, Kassozi V, Dewettinck K, Stevens CV,

M, Loessner
self-assemble into

(2018)

al.

Modification
improve their techno-
Food Hydrocoll. (2021)

Van der Meeren P. Pickering stabilization of thymol through
green emulsification using soluble fraction of almond gum-
Whey protein isolate nano-complexes. Food Hydrocoll. (2019)

88:218-27. doi: 10.1016/j.foodhyd.2018.10.009

Warnakulasuriya SN, Nickerson MT. Review on plant protein-
polysaccharide coacervation, and the functionality and
applicability of formed complexes. ] Sci Food Agric. (2018)
98:5559-71. doi: 10.1002/jsfa.9228

Avilés-Gaxiola S, Chuck-Herndndez C, del Refugio Rocha-Pizafia M, Garcia-
Lara S, Lopez-Castillo LM, Serna-Saldivar SO. Effect of thermal processing
and reducing agents on trypsin inhibitor activity and functional properties
of soybean and chickpea protein concentrates. LWT. (2018) 98:629-
34. doi: 10.1016/j.1wt.2018.09.023

complex

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Kim H, Caulfield LE, Garcia-Larsen V, Steffen LM, Coresh J, Rebholz CM.
Plant-Based diets are associated with a lower risk of incident cardiovascular
disease, cardiovascular disease mortality, and All-Cause mortality in a
general population of Middle-Aged adults. ] Am Heart Assoc. (2019)
8:012865. doi: 10.1161/jaha.119.012865

Estell M, Hughes J, Grafenauer S. Plant protein and plant-based meat
alternatives: consumer and nutrition professional attitudes and perceptions.
Sustainability. (2021) 13:1478. doi: 10.3390/su13031478

Tziva M, Negro SO, Kalfagianni A, Hekkert MP. Understanding the protein
transition: the rise of plant-based meat substitutes. Environ Innov Soc
Transit. (2020) 35:217-31. doi: 10.1016/j.eist.2019.09.004
Balandran-Quintana RR, Mendoza-Wilson AM, Montfort GR Huerta-
Ocampo JA. Plant-Based Proteins. In: Galanakis CM, editor. Proteins:
Sustainable Source, Processing and Applications. Cambridge, MA: Academic
Press (2019). p. 97-130. doi: 10.1016/B978-0-12-816695-6.00004-0

Paul AA, Kumar S, Kumar V, Sharma R. Milk analog: plant based alternatives
to conventional milk, production, potential and health concerns. Crit Rev
Food SciNutr. (2020) 60:3005-23. doi: 10.1080/10408398.2019.1674243
Sexton AE, Garnett T, Lorimer J. Framing the future of food: the contested
promises of alternative proteins. Environ Plan E Nat Space. (2019) 2:47-
72. doi: 10.1177/2514848619827009

Graga ], Godinho CA, Truninger M. Reducing meat consumption and
following plant-based diets: current evidence and future directions to
inform integrated transitions. Trends Food Sci Technol. (2019) 91:380-
90. doi: 10.1016/j.tifs.2019.07.046

Nadal M, Clark AJ, Soni B, Sharkey B, Acree T, Lavin E, et al
Shiitake mycelium fermentation improves digestibility,
value, flavor and functionality of plant proteins. bioRxiv. (2021).
doi: 10.1101/2021.10.07.463529
Berrazaga I, Micard V, Gueugneau
anabolic properties of plant-versus
supporting muscle mass maintenance:
11:1825. doi: 10.3390/nu11081825
Trautwein EA, McKay S. The role of specific components of a plant-based
diet in management of dyslipidemia and the impact on cardiovascular risk.
Nutrients. (2020) 12:2671. doi: 10.3390/nu12092671

Aschemann-Witzel J, Gantriis RE, Fraga P, Perez-Cueto FJ. Plant-based food
and protein trend from a business perspective: markets, consumers, and the
challenges and opportunities in the future. Crit Rev Food Sci Nutr. (2020)
61:3119-28. doi: 10.1080/10408398.2020.1793730

Bryant C, Sanctorum H. Alternative proteins, evolving attitudes:
consumer  attitudes to  plant-based and  cultured
meat in Belgium in two consecutive Appetite.  (2021)
161:105161. doi: 10.1016/j.appet.2021.105161

Banovic M, Otterbring T. Athletic abs or big bellies: the impact
of imagery, arousal levels, and health consciousness on consumers
attitudes towards plant-based protein products. Food Qual Prefer. (2021)
87:104067. doi: 10.1016/j.foodqual.2020.104067

nutritional

M, Walrand S. The role of the
animal-based protein sources in
a critical review. Nutrients. (2019)

comparing
years.

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 Langyan, Yadava, Khan, Dar, Singh and Kumar. 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

20

January 2022 | Volume 8 | Article 772573


https://doi.org/10.1016/j.foodchem.2018.11.004
https://doi.org/10.1016/j.foodhyd.2013.12.011
https://doi.org/10.1016/j.jcis.2017.06.088
https://doi.org/10.1016/j.foodchem.2017.03.114
https://doi.org/10.1002/fsn3.1139
https://doi.org/10.1080/01932691.2019.1614041
https://doi.org/10.1016/j.foodhyd.2019.105415
https://doi.org/10.1021/acsnano.7b08969
https://doi.org/10.1016/j.foodchem.2017.04.128
https://doi.org/10.1039/C9SM01826C
https://doi.org/10.1016/j.foodhyd.2021.106789
https://doi.org/10.1016/j.jfoodeng.2015.09.006
https://doi.org/10.1016/j.talanta.2013.06.011
https://doi.org/10.1016/j.jcs.2016.06.001
https://doi.org/10.3389/fsufs.2020.00134
https://doi.org/10.1016/j.tifs.2020.05.022
https://doi.org/10.1016/j.foodhyd.2018.10.009
https://doi.org/10.1002/jsfa.9228
https://doi.org/10.1016/j.lwt.2018.09.023
https://doi.org/10.1161/jaha.119.012865
https://doi.org/10.3390/su13031478
https://doi.org/10.1016/j.eist.2019.09.004
https://doi.org/10.1016/B978-0-12-816695-6.00004-0
https://doi.org/10.1080/10408398.2019.1674243
https://doi.org/10.1177/2514848619827009
https://doi.org/10.1016/j.tifs.2019.07.046
https://doi.org/10.1101/2021.10.07.463529
https://doi.org/10.3390/nu11081825
https://doi.org/10.3390/nu12092671
https://doi.org/10.1080/10408398.2020.1793730
https://doi.org/10.1016/j.appet.2021.105161
https://doi.org/10.1016/j.foodqual.2020.104067
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

	Sustaining Protein Nutrition Through Plant-Based Foods
	Introduction
	Plant-Based Sources and Demand of Dietary Protein
	Plant-Based Protein Sources
	Legumes
	Cereals
	Pseudocereals
	Seeds
	Almond and Nuts
	Meat Analogs From Plant Proteins
	Milk Analogs From Plant Proteins
	Egg Analogs From Plant Proteins
	Food Waste/By-Products as a Protein Source
	Oil Meals/Press Cakes
	By-Products of Cereal and Legume Processing


	Demand of Dietary Protein

	Factors Affecting the Nutritional Value of Plant Proteins
	Bioactive and Functional Properties of Plant-Based Proteins
	Bioactive Properties of Plant-Based Proteins
	Plant-Based Proteins Against Cardiovascular Disease and Metabolic Risk Factors
	Plant-Based Proteins and Diabetes
	Plant-Based Proteins Against Cancer
	Plant-Based Proteins and Their Renoprotective Effect

	Functional Properties of Plant-Based Proteins
	Applications of Plant-Based Proteins in Food and Non-Food Industries

	Health Issues Linked With Plant-Based Proteins
	Antinutrients
	Isoflavones and Soy Protein
	Plant-Based Proteins and Their Association in Allergenicity

	Comparison Between Animal and Plant-Based Proteins
	The Modification Approaches of Plant-Based Food Proteins
	Protein Extraction Technologies
	Dry Protein Extraction Technique
	Wet Protein Extraction Technique
	Enzyme-Assisted Extraction of Proteins
	Subcritical Water Extraction
	Reverse Micelles Extraction
	Aqueous Two-Phase Systems Extraction

	Novel-Assisting Cell Disruption Techniques
	Microwave-Assisted Extraction of Proteins
	Ultrasound-Assisted Extraction of Proteins
	Pulsed Electric Energy-Assisted Extraction of Proteins
	High Hydrostatic Pressure-Assisted Extraction of Proteins


	Issues, Challenges, and Future Prospects of Plant-Based Proteins and Their Utilization in Food Products
	Conclusions
	Author Contributions
	Acknowledgments
	References


