
Citation: Wu, D.-T.; Li, W.-X.; Wan,

J.-J.; Hu, Y.-C.; Gan, R.-Y.; Zou, L. A

Comprehensive Review of Pea (Pisum

sativum L.): Chemical Composition,

Processing, Health Benefits, and Food

Applications. Foods 2023, 12, 2527.

https://doi.org/10.3390/

foods12132527

Academic Editor: Fook Yee Chye

Received: 2 June 2023

Revised: 21 June 2023

Accepted: 26 June 2023

Published: 29 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Review

A Comprehensive Review of Pea (Pisum sativum L.): Chemical
Composition, Processing, Health Benefits, and
Food Applications
Ding-Tao Wu 1,2, Wen-Xing Li 1, Jia-Jia Wan 1, Yi-Chen Hu 1, Ren-You Gan 3,* and Liang Zou 1,*

1 Key Laboratory of Coarse Cereal Processing, Ministry of Agriculture and Rural Affairs, Sichuan Engineering
& Technology Research Center of Coarse Cereal Industralization, School of Food and Biological Engineering,
Chengdu University, Chengdu 610106, China; wudingtao@cdu.edu.cn (D.-T.W.)

2 Institute for Advanced Study, Chengdu University, Chengdu 610106, China
3 Singapore Institute of Food and Biotechnology Innovation (SIFBI), Agency for Science,

Technology and Research (A*STAR), Singapore 138669, Singapore
* Correspondence: ganry@sifbi.a-star.edu.sg (R.-Y.G.); zouliang@cdu.edu.cn (L.Z.)

Abstract: Pisum sativum L., commonly referred to as dry, green, or field pea, is one of the most
common legumes that is popular and economically important. Due to its richness in a variety of
nutritional and bioactive ingredients, the consumption of pea has been suggested to be associated
with a wide range of health benefits, and there has been increasing focus on its potential as a
functional food. However, there have been limited literature reviews concerning the bioactive
compounds, health-promoting effects, and potential applications of pea up to now. This review,
therefore, summarizes the literature from the last ten years regarding the chemical composition,
physicochemical properties, processing, health benefits, and potential applications of pea. Whole peas
are rich in macronutrients, including proteins, starches, dietary fiber, and non-starch polysaccharides.
In addition, polyphenols, especially flavonoids and phenolic acids, are important bioactive ingredients
that are mainly distributed in the pea coats. Anti-nutritional factors, such as phytic acid, lectin, and
trypsin inhibitors, may hinder nutrient absorption. Whole pea seeds can be processed by different
techniques such as drying, milling, soaking, and cooking to improve their functional properties.
In addition, physicochemical and functional properties of pea starches and pea proteins can be
improved by chemical, physical, enzymatic, and combined modification methods. Owing to the
multiple bioactive ingredients in peas, the pea and its products exhibit various health benefits, such
as antioxidant, anti-inflammatory, antimicrobial, anti-renal fibrosis, and regulation of metabolic
syndrome effects. Peas have been processed into various products such as pea beverages, germinated
pea products, pea flour-incorporated products, pea-based meat alternatives, and encapsulation and
packing materials. Furthermore, recommendations are also provided on how to better utilize peas to
promote their development as a sustainable and functional grain. Pea and its components can be
further developed into more valuable and nutritious products.

Keywords: functional properties; bioactive compounds; dietary fiber; polyphenol; modifications;
functional grain

1. Introduction

Pisum sativum L., known as green pea, dry pea, or field pea, is an important legume
crop that provides a good source of protein, vitamins, minerals, and bioactive compounds
that are beneficial to human health [1–3]. Peas are cultivated in almost all countries around
the world and regarded as an essential part of the human diet [4]. Canada is the biggest
producer of peas around the world, followed by China, Russia, and India [5]. Usually, peas
have two phenotypes, namely, the smooth pea and the wrinkled pea, and their seed coats
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are cream yellow, chartreuse, light green, green, army green, dark green, brown, or orange-
brown (Figure 1) [6,7]. The difference observed in the colors of the pea coat is associated
with the biosynthesis of flavonoids, which can be affected by different cultivars and grow
environment. The content of flavonoids in dark seed coat samples is generally higher than
that in light color samples [8]. Peas have a large content of lysine but lack of amino acids
with thiol, therefore, they are often consumed together with grains for a full set of essential
amino acids [9]. Furthermore, peas can also be consumed as sprouts and microgreens after
germination [10,11]. Since 2020, the COVID-19 pandemic has significantly affected the
food supply chain, resulting in food self-sufficiency receiving increasing attention [12]. In
fact, the sprouts and microgreens derived from pea by germination in-house may be an
alternative choice to temporarily solve the shortage of domestic vegetables.
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was reported to have longer branch chains of amylopectin than the starch from smooth 
peas [34]. The pea starches with higher amylose contents may be endowed with increased 
resistance to digestion [35]. Based on the digestive index, the estimated glycemic index 
(eGI) of isolated pea starches ranged from 69.8 to 70.7 [36]. Resistant starch (RS) is re-
garded as one of the most important dietary fiber, which has beneficial effects on human 
intestinal health [37]. A previous study indicated that the pea seeds contained 1.84−6.95% 
of RS, significantly higher than that in soybean seeds (0−0.19%) [18]. In addition, different 
modification methods have been carried out for the preparation of less-digestible starches, 
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Figure 1. Pea seeds of different surfaces, colors, and shapes [7] (reprinted with permission from
the publisher).

The biological activity and health benefits of pea are usually associated with its
nutrients and bioactive ingredients [13]. The glycemic index (GI) of pea is normally lower
than 60, thus, it is regarded as a medium- or low-GI food [14]. A recent epidemiological
study has shown that a high-GI diet is always related to the increase in risk of cardiovascular
diseases [15]. Therefore, the whole seed of pea and its products show good potential to
partially replace other high-GI foods. In addition, pea is gluten-free [16], meaning it can be
consumed by people who have celiac disease. Pea proteins and peptides possess multiple
biological properties [17], such as regulation of metabolic syndrome. Peas are also rich in
dietary fiber [18], which can provide various health benefits via regulating gut microbial
composition [19]. Peas are a good resource of minerals (e.g., calcium, iron, and zinc)
and vitamins (e.g., carotenoids and folic acid) [20]. In addition, this legume also has a
large content of polyphenolics, especially flavonoids, which exhibit various biological
activities [3,21,22]. Therefore, peas are rich in nutrients and bioactive compounds, and
exhibit good potential to be developed into health products or functional foods.

Dietary proteins can be derived from both animals and plants. Although the demand
for animal proteins is always high, it is generally considered that animal proteins are less
environmentally sustainable [23]. To promote sustainable eating habits, it is encouraged to
reduce the reliance on animal-derived proteins. In addition, the intake of proteins from
plants may be more beneficial than proteins from animals. For instance, the consumption of
proteins from plants is associated with a reduced mortality from all causes and cardiovascu-
lar diseases [24]. On the other hand, increasing meat consumption may be associated with
obesity, heart disease, metabolic syndrome, and gastrointestinal cancers [25]. Collectively,
it can be speculated that the requirement for whole legume-derived products will keep
increasing in the future, providing a huge chance for peas to be explored as value-added
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products. Therefore, a comprehensive understanding of pea can be important for its further
application in the food industry. This review summarizes the literature from the last ten
years and provides a comprehensive summary and discussion on chemical ingredients and
the health benefits of pea and its products. The processing and food application of pea and
its components are also highlighted. Finally, the research directions on how to make better
use of peas in the future are proposed.

2. Chemical Composition of Pea
2.1. Proximate Composition

Carbohydrates are regarded as the one of the main chemical components of pea,
comprising 59.32–69.59% of the dry weight of pea seeds [26]. The content of starch in
pea seeds varies from 39.44% to 46.23% [5], which can be higher than that in faba beans
(38.4–41.8%) [27,28]. This pulse is rich in dietary fiber, ranging from 23.23% to 30.72% of
pea seeds, with 3.91–8.01% of soluble fiber and 19.32–23.1% of insoluble fiber [18]. This
pulse is also rich in proteins, with about 20–25% of the dry weight of pea seeds [29], similar
to adzuki beans (23.51%) and kidney beans (23.44–24.90%) [30]. The content of lipids in
pea seeds is about 3.06–7.3%, similar to that of cowpea (4.22–7.17%) [18]. The content of
ash in pea is about 3.07% [26]. In addition, the cultivar, environment, and planting year
significantly influence the nutrients in pea seeds [31]. Nevertheless, to improve the precise
use and application of pea in the food industry, more studies are required for the systematic
comparison of the chemical composition in its different cultivars.

2.2. Starch

Amylose and amylopectin are regarded as the main types of starches, and their ratio
remarkably influences the physicochemical properties of starches [32]. The pea starches
contain a high content of amylose, in the range of 17.2–42.6%, and the wrinkled pea contains
more amylose than the round pea [5,33]. Indeed, starch isolated from wrinkled peas was
reported to have longer branch chains of amylopectin than the starch from smooth peas [34].
The pea starches with higher amylose contents may be endowed with increased resistance to
digestion [35]. Based on the digestive index, the estimated glycemic index (eGI) of isolated
pea starches ranged from 69.8 to 70.7 [36]. Resistant starch (RS) is regarded as one of the
most important dietary fiber, which has beneficial effects on human intestinal health [37]. A
previous study indicated that the pea seeds contained 1.84–6.95% of RS, significantly higher
than that in soybean seeds (0–0.19%) [18]. In addition, different modification methods have
been carried out for the preparation of less-digestible starches, which are reviewed and
discussed in Section 3.2.

The reported physicochemical characteristics of pea starches have varied according
to different studies. The pea starch showed a typical C-type pattern, with the relative
crystallinity ranging from 36% to 55%, and the ratio of B-type crystallites ranging from
3.8% to 30.4% [38]. The shapes of pea starch granules are commonly oval or round,
as determined by scanning electron microscopy (SEM). However, also some irregularly
shaped granules have been reported in pea starches, with granule sizes in the range of
21.5–23.9 µm [39]. A comparative study indicated that the size of white pea starch granules
(4.03–21.33 µm) was smaller than pigeon pea starch granules (11.01–56.08 µm), kudzu
starch granules (6.8–35.38 µm), and broad bean starch granules (2.07–57.61 µm), suggesting
that white pea starches might be more susceptible to acid and enzymatic hydrolysis than
the other four legume starches [32]. These structural parameters of pea starches obviously
affect their physicochemical properties. The swelling power of starch indicates the water
adsorption capacity, and the water solubility reflects the dissolution degree of starch during
gelatinization [40]. The solubility and swelling power of white pea starches increased
with rising temperature [32]. The peak gelatinization temperature (Tp) of pea starches was
found in the range of 64.2–70.1 ◦C. The enthalpy of gelatinization (∆H) of pea starches
ranged from 4.67 to 9.2 J/g [41], similar to that of kidney bean starches [42] and black
gram starches [43], while lower than that of starches from chickpea [44], lentil [45], green
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gram [46], faba bean [47], and mung bean [45]. The pasting temperature of starch can reflect
the minimum temperature needed for its cooking, and can also indicate the peak viscosity
of the paste. Pea starches displayed a similar pasting temperature (66.2–70.1 ◦C) to that of
adzuki bean starches (66.77–69.92 ◦C) and chickpea starches (66.5–71.1 ◦C) [39,44,48]. The
peak viscosity of starches in smooth peas was measured to be 2909 cP in a previous study,
which was higher than that of kidney bean starches (2245 cP), red adzuki bean starches
(2316 cP), and cowpea starches (1689 cP) [49]. The relatively high viscosity of pea starches
can contribute to their food textural characteristics. Nevertheless, more studies should be
carried out for verifying these results, since the physicochemical characteristics of starches
can be influenced by different factors.

2.3. Dietary Fiber

Dietary fiber, as the main non-digestible carbohydrates, can provide various health
benefits via regulating gut microbial composition [19]. Dietary fiber is commonly divided
into soluble dietary fiber (SDF) and insoluble dietary fiber (IDF) based on its water solubil-
ity. Pea seeds are rich in dietary fiber, which range from 23.23% to 30.72%, with 3.91–8.01%
of SDFs and 19.32–23.1% of IDFs [18]. A comparative study indicated that the contents
of SDFs in pea seeds were similar to those in broad beans (4.89–5.05%), white kidney
beans (4.57–5.14%), cowpeas (4.23–5.82%), red beans (5.04–5.59%), and black soybeans
(6.59–8.11%) [18]. Indeed, the contents of IDFs in pea seeds were also comparable to those
in soybeans (18.28–21.99%), mung beans (17.92–20.17%), red beans (20.41–24.73%), and cow-
peas (17.89–22.33%), while lower than those in white kidney beans (24.73–26.75%), red kid-
ney beans (26.52–26.96%), lentil seeds (23.57–24.93%), and broad beans (26.85–28.69%) [18].
In addition, the content of SDFs in pea seeds could be improved by ultrafine grinding
technology, which increased the content from 1.26% to 4.97% [50]. Generally, foods con-
taining a high content of dietary fiber can lower serum cholesterol and glycemic indexes
in vivo [19,51]. Therefore, pea may be a dietary source for the prevention of diabetes and
hypercholesterolemia.

SDFs in pea seeds are composed of galacturonic acid, arabinose, galactose, glucose,
mannose, rhamnose, xylose, and fucose [52,53], with galacturonic acid as the predominant
sugar [52], indicating that pea SDFs contain a large number of pectic polysaccharides. The
sugar compositions of IDFs in pea seeds include glucose, arabinose, galacturonic acid,
xylose, galactose, mannose, and rhamnose, with glucose, xylose, and arabinose as the
major sugars [52], suggesting that pea IDFs should contain cellulose, xylans, and arabi-
nans. The molecular weights of SDFs in pea seeds were reported to be in the range of
25–478 kDa [52,53], and their intrinsic viscosities and apparent viscosities ranged from
0.84 to 0.85 dL/g and 1.73 to 1.87 mPa·s, respectively [52]. The microstructures of polysac-
charide fractions isolated from pea seeds showed a smooth surface [54]. In addition, pea di-
etary fiber and polysaccharides exhibited remarkable antioxidant activity in vitro [50,53,55]
and hypoglycemic effects in vivo [46,49,51]. Nevertheless, the knowledge regarding the
detailed chemical structures of SDFs and dietary polysaccharides is still not clear, and
requires further clarification.

2.4. Protein

Pea protein is commonly classified into four categories, namely, globulin, albumin,
prolamin, and glutenin, of which globulin is the main storage protein, accounting for about
55–65% of the total protein in field peas [56]. Pea protein primarily consists of 7S/11S
globulin and 2S albumin, and has a large content of lysine, which can make up for the
lack of lysine in cereal-based diets [17,56]. Pea protein and its hydrolysates possess several
health-promoting effects, such as antioxidant, anti-diabetic, and anti-hypertensive effects,
as well as regulation of intestinal microbial composition [17]. In addition, pea proteins
are widely used in the food system, such as in encapsulation for bioactive compounds,
degradable films, and as an alternative to animal proteins [17]. Generally, changes in the
ratio of globulin to albumin and soy protein to vecillin may affect the presence and intensity
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of potential allergens [57]. Several allergenic proteins have been found in peas, such as
pea 7S globulin Pis s 1, which has been identified as a main immunodominant allergen for
pea-allergic children [58]. Pis s 2, a contaminant in the globulin component vecillin, was
also found as a pea allergen. Furthermore, the albumin component also contained two less
well-characterized allergic proteins, namely, PA1 and PA2 [59]. At present, studies on the
allergenic properties of peas are still incomplete, and the effects of food processing on pea
allergies are not well understood.

The amino acid composition of pea proteins is well equilibrated, being rich in different
essential amino acids. Two amino acids, methionine and cysteine, are considered as the
main limiting amino acids (LACs) of pea seeds [30], similar to other beans. However, when
using the methodology based on true ileal amino acid digestibility, the main LACs for
infants in cooked peas are aromatic amino acids, while for older children, adolescents,
and adults, the main LAC in cooked peas is lysine [60]. Consequently, other sources of
protein can be utilized to make up for the lacking of indispensable amino acids in peas
to achieve a nutritionally balanced diet. Furthermore, a recent study reported that some
physicochemical characteristics of pea proteins are very close to soybean proteins, making
them a promising soybean protein substitute [61]. Both pea and soybean proteins exhibit a
typical “U shape” in the curve of pH-dependent solubility, but it is not entirely perfect in an
acidic environment that is lower than pH 5. The isoelectric point of the pea protein (pH 4–5)
is very close to that of the soybean protein (pH 4–6) [61]. In addition, high-pressure process-
ing and heat treatment obviously reduced the solubility of pea proteins [62]. The foaming
stability of pea proteins was about 89.74%, similar to that of soybean proteins (82.44%)
and obviously higher than that of rice proteins (50%) and wheat proteins (68.03%) [61].
The water adsorption capacity of pea proteins was about 3.389 g/g, which was higher
than that of rice proteins (1.46 g/g) and wheat proteins (1.376 g/g). The least gelation
concentration of pea proteins was 14%, similar to that of soybean proteins (12%). The
emulsifying activity index and emulsion stability index of pea proteins were similar to
those of soybean proteins, suggesting that pea proteins can be a potential alternative to
soybean proteins in the production of meat and sausage products [61]. Nevertheless, due
to the limited sample scale and limited genotypes, these comparative data may be not very
accurate or conclusive and need further systematical investigation.

2.5. Lipids

The content of lipids in pea seeds is relatively low, making the pea a low-fat food.
Pea lipids predominantly consist of polyunsaturated fatty acids, ranging from 42.01%
to 60.68% of total fatty acids, with a relatively low content of unsaturated fatty acids
(17.46–24.95%) [63]. The fatty acids of peas mainly include palmitic acid (12.39–19.24%),
linoleic acid (34.56–47.74%), and linolenic acid (7.37–12.55%) [63]. The bioavailability of
these unsaturated fatty acids during gastrointestinal digestion is not well known. Further-
more, more studies are required to confirm these results.

2.6. Minerals and Vitamins

The pea is a potential resource of several minerals (e.g., nitrogen, potassium, and
phosphorus). It was observed that the mineral element content (e.g., nitrogen, potas-
sium, phosphorus, manganese, copper, and zinc) varied among different genotypes of pea
seeds [64]. Nitrogen (28.49–54.78 g/kg), phosphorus (1.648–4.04 g/kg), and potassium
(13.13–50.41 g/kg) were found as the major minerals in pea seeds [64]. In addition, copper
(3.51–21.79 mg/kg), iron (29.32–80.69 mg/kg), zinc (28.15–55.80 mg/kg), and manganese
(7.96–22.83 mg/kg) also varied among different genotypes of pea seeds. A minor amount
of selenium was also found in pea seeds (28.6 µg/100 g) [65], but the content was still
obviously higher than that in mung beans. The bioavailability of these minerals in peas
remains unclear, which should be further investigated. Furthermore, several vitamins are
also found in peas, such as α-tocopherol and γ-tocopherol. The contents of total tocopherols
in pea seeds varied among different cultivars, ranging from 48.44 to 57.00 µg/g, higher
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than in lentils (29.65–46.18 µg/g) and kidney beans (22.53–35.82 µg/g), while lower than in
chickpeas (150.29–170.51 g/g) [66]. In addition, γ-tocopherol can be the major tocopherols
in pea seeds, ranging from 46.14 to 54.17 µg/g. Nevertheless, more studies are still required
to confirm these results. Furthermore, whether food processing can affect the bioavailability
of minerals and vitamins is still unclear.

2.7. Polyphenols
2.7.1. Total Phenolic Content

Phenolics are regarded as one of the most important bioactive components in peas.
Both free and bound polyphenols are found in peas. A previous study revealed that the
content of free phenolics (90.4–112 mg GAE/100 g DW) in three genotypes of peas were
higher than that of bound phenolics (58.5–83.9 mg GAE/100 g DW) [67]. Furthermore,
total polyphenols of 22 different pea genotypes, including different maturities, different
flower colors, different seed coat colors, and different seed shapes, were systematically
investigated. It was revealed that the total phenolic content (TPC) in peas varied in
22 genotypes, ranging from 12.6 to 128.6 mg GAE/100 g FW, which was significantly
correlated with their color and shape of seed coats [8]. The genotypes exhibiting greenish-
orange colored seed coats possessed the highest TPC (128.6 mg GAE/100 g FW) among
all genotypes. On the other hand, the genotypes exhibiting dimpled and round seed
coats also possessed obviously higher TPC (≥24.0 mg GAE/100 g FW) than that of those
with wrinkled seed coats [8]. In addition, dark-colored seeds had higher TPC than light-
colored seeds [68]. Furthermore, the colored hulls of pea seeds also possessed phenolic
compounds [69]. During in vitro digestion, the TPC released from the red hulls of peas was
about 31.54± 0.69 mg GAE/g DW, higher than in the yellow hulls (14.88± 0.27 mg GAE/g
DW) [69]. Moreover, the TPC in pea sprouts obviously increased from 584.32 to 910.69 mg
GAE/100 g DW after germination for seven days [70], suggesting that germination can
improve the content of polyphenols in peas.

2.7.2. Flavonoids

Different flavonoids, including flavonols, flavones, isoflavones, flavanones, flavanols/
flavan-3-ols, and anthocyanins (Table 1), have been determined in different parts of peas
using multiple techniques, such as liquid chromatography (LC), LC coupled with mass
spectrometry (LC-MS), LC coupled with electrospray ionization-tandem mass spectrometry
(LC-ESI-MS/MS), and ultra-HPLC coupled with quadrupole orbitrap high-resolution mass
spectrometers (UHPLC-Q-HRMS) [21]. The total flavonoid content (TFC) in peas ranged
from 4.61 to 45.84 mg CE/100 g FW, with a nearly 10-fold variation [8]. In addition, the
content of soluble flavonoids (52.2–60.3 mg CE/100 g DW) is higher than bound flavonoids
(8.42–20.3 mg CE/100 g DW) in pea seeds [67]. Interestingly, the TFC in pea seeds was
significantly correlated with the color and the shape of the seed coats [8]. A higher TFC was
found (≥9 mg CE/100 g FW) in the genotypes exhibiting dimpled and round seed coats,
and the genotypes exhibiting greenish-orange colored seed coats possessed the highest
TFC among all tested genotypes [8]. It was found that pea seeds with dark colors contained
more TFC than light-colored pea seeds [68]. Furthermore, the germination treatment could
also increase the TFC in pea sprouts, increasing from 4.53 to 6.02 mg CE/100 g DW [70].

Glycosylated flavonols are found as the major phenolic compounds in peas [21].
Many new flavonoid compounds have also been identified in different parts of peas in
recent years (Table 1). For instance, several new flavonols, such as quercetin 3-galattoside,
quercetin diglucoside, quercetin triglucoside, quercetin caffeoyl triglucoside, quercetin
coumaroyl triglucoside, quercetin sinapoyl triglucoside, quercetin feruloyl triglucoside,
dihydrokaempferol, kaempferol-3-O-rhamnoside, kaempferol-7-O-glucoside, kaempferol-
7-O-rutinoside, kaempferol triglucoside, kaempferol hexoside, kaempferol dihexoside,
kaempferol coumaroyl, myricetin 3-O-rhamnoside, dihydromyricetin, and isorhamnetin
3-rutinoside, have been discovered in pea seeds, seed coats, pods, sprouts, and leaves
by several different techniques, such as LC-MS, UHPLC-MS, UHPLC-Q-HRMS, and
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UHPLC-linear ion-trap quadrupole (LTQ)-OrbiTrap-MS analysis (UPLC-LTQ-MS) [71–73].
Several new flavones have also been determined in pea seeds and seed coats, such as
apigenin-7-O-glucoside, luteolin 8′-O-glucoside, luteolin 3′,7-di-O-glucoside, and luteolin-
8′-C-glucoside [74–76]. Three new flavanones, including naringin, melitidin, and eriodic-
tyol, were found in pea seeds and seed coats [74,75,77]. It was also found that flavan-3-ols
(e.g., epigallocatechin and gallocatechin) and flavonols (e.g., myricetin-3-O-rhamnoside and
quercetin-3-O-rhamnoside) existed in obviously higher concentrations (1300–6100 times) in
seed coats of the purple flower pea line than in the white flower pea line [76]. In addition,
some isoflavones have also been isolated from pea pods, seeds, and seed coats, such as
genistein, myricetin, prunetin, isoformononetin, and daidzein [21,71,76]. Furthermore,
three new anthocyanins, including pelargonadin 3-glucoside, cyanidin 3,5-di-O-glucoside,
and malvidine-3-O-glucoside, have also been identified in pea seeds and pods [76,78].
Nevertheless, detailed structural information regarding several glycosylated flavonols
requires further elucidation.

Table 1. Bioactive compounds isolated from different pea raw materials and derived products,
together with their identification methodology.

Family Compounds Plant Part Methods References

Flavonols

Isorhamnetin 3-rutinoside, isorhamnetin glycoside, quercetin,
quercetin 3-galattoside, rutin, quercetin triglucoside, quercetin
diglucoside, kaempferol triglucoside, quercetin caffeoyl
triglucoside, quercetin coumaroyl triglucoside, quercetin
sinapoyl triglucoside, quercetin feruloyl triglucoside,
isorhamnetin glycoside, kaempferol glucoside, kaempferol
coumaroyl, kaempferol, dihydromyricetin, kaempferol
3-O-rutinoside-4′-glucoside, dihydroquercetin, myricetin
3-O-rhamnoside, kaempferol 3-O-glucoside, kaempferol
hexoside, kaempferol-7-O-glucoside,
kaempferol-7-O-rutinoside, kaempferol-3-O-rhamnoside,
kaempferol dihexoside, isorhamnetin, dihydrokaempferol,
kaempferol 3-O-glucopyranoside, fisetin, kaempferol
3-O-neohesperidoside, kaempferol 3-O-sophorotrioside,
kaempferol 3-O-(6′′ ′′-O-trans-p-coumaroyl)-sophorotrioside,
galangin, morin, quercetin 3-O-β-D-glucopyranoside, quercetin
3-O-sophorotrioside, quercetin
3-O-(6′′ ′′-O-trans-p-coumaroyl)-sophorotrioside, quercetin
3-O-(6′′ ′′-O-trans-caffeoyl)-sophorotrioside, quercetin
3-O-(6′′ ′′-O-trans-feruloyl)-sophorotrioside, quercetin
3-O-(6′′ ′′-O-trans-sinapoyl)-sophorotrioside, quercetin
3-O-(6′′ ′′-O-(4-hydroxy)-trans-cinnamoyl)-sophorotrioside,
Pisumflflavonoside II [quercetin
3-O-(6′′ ′′-O-trans-p-coumaroyl)-sophorotrio-side
7-O-β-D-glucopyranoside], Pisumflflavonoside II [quercetin
3-O-(6′′ ′′-O-trans-p-coumaroyl)-sophorotrio- side
7-O-β-D-glucopyranoside]

Seed, seed
coat, pod,

sprout, leaf

LC-MS, LC-ESI-MS,
LC-ESI-MS/MS,

UHPLC-MS,
UHPLC-LTQ-MS,
UHPLC-Q-HRMS

[21,71–75,77–80]

Flavones

Phloretin, apigenin, luteolin-7-O-glucoside, eriodictyol
glycoside, apigenin-7-O-glucoside, luteolin, luteolin
8′-O-glucoside, vitexin, luteolin 3′,7-di-O-glucoside,
apigenin-6.8-di-C-glucoside, luteolin-8′-C-glucoside, tricin

Seed, seed
coat, pod

LC-MS, LC-ESI-MS,
LC-ESI-MS/MS,

UHPLC-MS
[21,71,72,74–76,78]

Flavanols Catechin, (epi) catechin, gallocatechin, (epi) gallocatechin,
fisetin, catechin gallate

Seed, seed
coat, pod,

sprout

LC-MS,
LC-ESI-MS/MS,

UHPLC-MS,
UHPLC-LTQ-MS,
UHPLC-Q-HRMS

[21,71,73,75–79]

Flavanones Eriodictyol, naringenin, naringin, hesperidin, melitidin,
pinocembrin, liquiritigenin, hesperetin

Seed, seed
coat, pod,

sprout

LC-MS, LC-ESI-MS,
UHPLC-MS,

UHPLC-Q-HRMS,
UHPLC-LTQ-MS

[21,72,74–77,79]

Isoflavones Genistein, daidzein, cirsiliol, prunetin, afrormosina,
formononetin, isoformononetin, pseudobaptigenina, sayanedin,

Seed, seed
coat, pod,

sprout

LC-ESI-MS,
UHPLC-MS,

UHPLC-LTQ-MS
[21,71,74,75,79]
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Table 1. Cont.

Family Compounds Plant Part Methods References

Anthocyanins

Cyanidin 3-sambubioside-5-glucoside, cyanidin
3-sophoroside-5-glucoside, delphinidin
3-sambubioside-5-glucoside, delphinidin
3-sophoroside-5-glucoside, delphinidin
3-O-(2-O-β-D-xylopyranosyl-β-D-galactopyranoside)-5-O-β-D-
glucopyranoside, delphinidin
3-O-(2-O-β-D-xylopyranosyl-β-D-galactopyranoside)-5-O-(6-
O-acetyl)-β-D-glucopyranoside, pelargonadin 3-glucoside,
cyanidin 3,5-di-O-glucoside, malvidine-3-O-glucoside,

Seed, seed
coat, pod LC-MS, UHPLC-MS [21,75,76]

Phenolic acids

gallic acid, vanillin, syringic acid, quinic acid, protocatechuic
acid, chlorogenic acid, 4-o-caffeoylquinic acid, p-coumaric acid,
trans-ferulic acid, trans-cinnamic acid, p-hydroxybenzoic acid,
dicaffeoyl quinic acid, caffeic acid, 3,4-dihydroxybenzoic acid,
4-hydroxybenzoic acid, vanillin acid, ferulic acid, coumaroyl
quinic acid, 5-feruloylquinic acid, vanillic acid-4-β-D-glucoside,
cinnamic acid, o-coumaric acid, 2,3-dihydroxybenzoic acid,
3,4-dihydroxybenzoic acid, ferulic acid, gentisic acid,
m-hydroxybenzoic acid, p-hydroxybenzoic acid,
4-hydroxy-3-methoxybenzoic acid, p-hydroxyphenylacetic acid,
rosmarinic acid, salicylic acid, sinapic acid, tannic acid,
veratric acid

Seed, seed
coat, pod,

sprout

LC-MS,
LC-ESI-MS/MS,

LC-ESI-MS,
UHPLC-MS,

UHPLC-LTQ-MS

[21,70,73–76,78,80]

ESI, electrospray ionization; HRMS, high-resolution mass spectrometry; LC, liquid chromatography; LTQ, linear
ion-trap quadrupole; MS, mass spectrometry; MS/MS, tandem mass spectrometry; Q, quadrupole; UHPLC,
ultrahigh-performance liquid chromatography.

2.7.3. Phenolic Acids

Phenolic acids are the second largest class of polyphenols in peas followed by flavo-
noids [21]. It was found that the colored pea seed coats contained a higher content
(78.53 g/g DW) of phenolic acids than the corresponding white pea seed coats (17.17 g/g
DW), among which colored seed coats mainly contained vanillic acid, gentisic acid, and
protocatechuic acid, while the white seed coats mainly contained ferulic acid and coumaric
acid [81]. Recently, various new phenolic acids, such as vanillin acid, quinic acid, coumaroyl
quinic acid, 5-feruloylquinic acid, 4-O-caffeoylquinic acid, trans-ferulic acid, trans-cinnamic
acid, p-hydroxybenzoic acid, and 4-hydroxybenzoic acid, have also been identified in
different parts of peas [73–76,78], which are listed in Table 1. In particular, it was found that
syringic acid was absent in any of the seed coats, while gallic acid and caffeic acid existed
in the seed coats of purple flower lines [76]. However, another study found the presence of
syringic acid in the yellow pea shell [73]. It was found that the total amount of phenolic
acids in the water-based extract of pea pods was 73.15 mg/100 g, and 5-caffeoylquinic
acid was the phenolic acid with the highest level in the extract, with a mean value of
59.87 mg/100 g [71]. In addition, the concentrations of gallic acid, ferulic acid, and sy-
ringic acid in pea seeds increased significantly during germination [70]. In general, the
types and contents of phenolic acids in peas varied among the plant parts, colors, and
extraction methods.

2.8. Other Beneficial Components

Other beneficial compounds are also present in peas, such as β-carotene and zeaxan-
thin. A comparative study found that the contents of total carotenoids varied widely in
different pea varieties, ranging from 16.72 to 59.39 mg β-carotene/kg DW [82]. In addition,
the content of carotenoids in green cotyledons of peas was found to be 10–27 µg/g DW,
which was slightly higher than that in yellow cotyledons (5–17 µg/g DW) [20]. Indeed, the
mean concentrations of lutein, β-carotene, zeaxanthin, and violaxanthin in 94 pea acces-
sions were measured to be 11.2 µg/g, 0.5 µg/g, 0.3 µg/g, and 0.3 µg/g, respectively [20].
The existence of other beneficial compounds in peas remains to be investigated in the future.
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2.9. Anti-Nutritional Factors

Due to the existence of a large content of various anti-nutritional factors in legumes,
their nutritional quality and beneficial effects are always challenged. Usually, tannins,
phytic acid, cyanogenic glycosides, saponins, oxalates, biogenic amines, lectins, protease in-
hibitors, and α-amylase inhibitors are considered as legume anti-nutritional factors [83,84].
Regarding peas, phytic acid, lectins, oxalates, and trypsin inhibitors have been found as the
main anti-nutritional factors [9,85].

Phytic acid is generally considered an anti-nutritional factor in peas. Its anti-nutritional
properties are attributed to the formation of insoluble complexes with minerals (e.g., copper,
iron, and zinc), resulting in the reduction in their absorption in the human gastrointestinal
tract [9]. For example, it was a significant inhibitor of in vitro iron absorption in mature
peas, whereas iron bioavailability was higher in immature peas [86]. Its content in peas
(8.55–12.40 mg/g DW) was similar to that in lentils (8.56–15.56 mg/g DW) and chickpea
(11.33–14.00 mg/g DW), but lower than that in faba beans (19.65–22.85 mg/g DW), common
beans (15.64–18.82 mg/g DW), and soybeans (22.91–35.9 mg/g DW) [9,87]. Some processing
methods, such as soaking, roasting, boiling, pressure cooking, and sprouting, are effective in
decreasing anti-nutritional factors, and the combined application of soaking, roasting, and
pressure cooking can be the most effective choice to reduce the content of phytic acid [88]. In
addition, the level of lectins in peas (5.53–5.64 hemagglutinin unit/mg DW) was similar to
that in faba beans (5.52–5.55 hemagglutinin unit/mg DW), but significantly lower than that
in red kidney beans (88.52 hemagglutinin unit/mg DW), soybeans (692.82 hemagglutinin
unit/mg DW), and lentils (10.91–11.07 hemagglutinin unit/mg DW) [9]. Indeed, the
cooking method can notably decrease the level of lectins in peas [9]. Furthermore, the
content of total oxalates in peas (244.65–293.97 mg/100 g DW) was similar to that in faba
beans (241.5–291.42 mg/100 g DW), while lower than that in soybeans (370.49 mg/100 g
DW). Both cooking and soaking methods can obviously decrease the level of total oxalates
in peas [9]. In addition, the content of tannins in peas was determined to be 161.26 mg/100 g
DW, similar to that in chickpeas (165.68 mg/100 g DW), but significantly lower than that
in lentils (282.3 mg/100 g DW) and common beans (410.93 mg/100 g DW) [89]. Usually,
tannins are complex phenolic compounds, which can reduce the bioavailability of nutrients
in gut [90]. However, many studies have revealed that tannins possess numerous health-
promoting effects, such as antioxidant, anti-diabetic, anti-inflammatory, anti-cancer, anti-
allergic, and antimicrobial effects [90,91]. Although the food applications of tannins are
limited, they have been widely utilized in the pharmaceutical industry.

On the other hand, peas also contain trypsin inhibitors [85,89], which can obviously
affect the activities of trypsin and chymotrypsin, and further impact protein digestion
in living bodies [92]. The trypsin-inhibitory activity of peas was 2.27 TIU/g, similar to
that of faba beans (2.84 TIU/g) and lentils (2.71 TIU/g), and significantly lower than
that of chickpeas (7.14 TIU/g) and common soybeans (16.22 TIU/g) [89]. In addition,
the chymotrypsin-inhibitory activity of peas was 3.61 CIU/mg, which was significantly
lower than that of common beans (27.15 CIU/mg). Furthermore, a previous study showed
that heat processing, such as cold-pelleting and extruding, could obviously reduce the
trypsin-inhibitory activity of peas [85]. In the future, more studies should be performed to
clarify the impacts of different food processing techniques on pea anti-nutritional factors.

3. Processing of Pea and Its Components

Different processing techniques have been applied to process peas and their compo-
nents, thereby expanding their applications in the food industry [93]. This section describes
various processing techniques, such as drying, milling, soaking, cooking, and other meth-
ods to improve the functional properties of peas. Considering the chemical compositions
of peas, this section also discusses techniques for altering the physicochemical properties
of pea starches and proteins.
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3.1. Processing of the Whole Pea Seeds
3.1.1. Drying

Usually, the harvested fresh seeds are susceptible to germination or mildewing. There-
fore, the drying technique can be a potential way to reduce the post-harvest losses. The
drying temperature possesses a remarkable effect on the final quality of peas. Thermal
treatment at 55 ◦C was reported as the most suitable temperature, as it did not exhibit any
peeling or loss in flavor of the peas [94]. In addition, the ultrasound-assisted heat pump
intermittent drying (UHPID) technique is relatively slow in the drying process compared
to other drying methods, but it can notably decrease energy expenditure and promote seed
vigor to a certain extent [95]. It was found that the comprehensive drying performance of
pea seeds was the best under the conditions of a drying temperature of 36 ◦C, ultrasound
power of 200 W, and intermittency ratio of 0.5 [95]. Furthermore, ultrasound application
significantly improved the enzymatic activities of superoxide dismutase, peroxidase, and
catalase, and reduced the content of malondialdehyde, which could improve the vigor
of seeds [96]. On the other hand, the germination percentage of peas decreased with a
heating-based drying process, decreasing from 96.0% to 84.0% as the drying temperature
increased from 30 ◦C to 40 ◦C [96]. In addition, a high ultrasound power was found to
be more helpful to increase the germination percentage and the germination index, and
decrease the mean germination time of seeds [96]. Nevertheless, how the drying conditions
(e.g., temperature, duration, and equipment) impact the quality of peas remains to be
further investigated.

3.1.2. Milling

Milling utilizes mechanical force to break down particles into smaller pieces or fine
particles [97], which can be used to make pea flour from peas for further processing
or direct consumption. Different milling methods and grinding conditions can affect
the chemical components and some physicochemical characteristics of pea flours. The
quality of the flour is closely related to the use of various screen aperture sizes (SASs)
and rotor speeds [98–100]. For instance, a reduction in the SAS of the ultra-centrifugal
mill could cause a notable increase in starch damage of pea flours, and the pea flour
produced with a 500 µm aperture screen possessed the most stable pasting and thermal
properties among different sizes of aperture screens [98]. In addition, the ultra-centrifugal
mill with a 500 µm SAS and 16,000 rpm rotor speed could maintain the aroma profile of the
milled yellow pea flour without producing other beany-related volatiles [98]. Furthermore,
hammer milling was also applied for the processing of yellow split peas, which were
hammer-milled at two rotor speeds (34 and 102 m/s) and with nine mill screen apertures
(0.84–9.53 mm). It was revealed that the median particle size of pea flours was the lowest
while the viscosity was the highest when milling at a rotor speed of 102 m/s with a screen
aperture of 0.84 mm [100]. Moreover, a previous study revealed that hammer- and disc-
milling methods with different settings and screen sizes resulted in differences in the
particle size and particle size distribution of field peas, thereby affecting their in vitro starch
and protein digestion properties [101]. The hammer-milled field peas had higher hydration
and digestion properties than those produced by the disc-mill, which may be due to the
differences in their milling forces, frictional heat generation, and ability to degrade starch
and protein molecules [101]. In addition, it was found that the protein yield of peas treated
with dry milling increased from 59.5% to 67.1% [99].

3.1.3. Soaking

Soaking is an important process that takes place before other food processing treat-
ments such as cooking, microbial fermentation, and germination [102]. Soaking does not
significantly alter the chemical compositions of pea flours but does have some impacts
on their physicochemical properties [103]. Soaking could disrupt the protein and fibrous
matrix around starch granules in yellow peas, making them swell to a high degree during
gelatinization, thereby increasing the gelatinization viscosity of yellow pea flours [103]. In
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general, soaking could increase the protein solubility of yellow pea flours to some extent,
which may be due to the breakdown of proteins by the proteolytic enzymes [103]. In
addition, a previous study found that soaking could significantly reduce the contents of
lectins and oxalates in peas, but had no impact on the content of phytic acid [9]. This result
was reported in only one study, and the effect of soaking on phytic acid content remains
to be verified. Soaking also significantly reduced the activity of enzyme inhibitors [104].
However, another study did not observe any reduction in trypsin-inhibitory activity of
peas after soaking treatment [105]. More studies are needed to further clarify these results.
Furthermore, the effect of soaking on other nutrients of peas has not been investigated.

3.1.4. Cooking

The cooking quality is measured by the firmness and cooking loss of cooked beans,
which can be determined by composition, nutritional, and physicochemical properties [27].
Cooking brings about several changes in the chemical composition of peas. A previous
study found that the rapidly digestible starch content of peas increased with increasing
cooking temperature, while the resistant starch content showed a decreasing trend [14]. In
addition, the concentrations of Mg, Mn, Fe, Cu, and Zn in pea flours significantly decreased
when using traditional cooking (i.e., boiling in water) [106]. Cooking also affected the
contents of bioactive compounds in peas, such as reducing total polyphenols by 48–70%,
reducing total saponins by 14–30%, and reducing total oligosaccharides by 20–44% [107].
However, on the other hand, cooking can improve the nutritional quality by inactivating or
reducing the level of anti-nutritional factors [9]. In addition, cooking could increase free
phenolic acids in peas, and reduce bound phenolic acids [108]. Furthermore, the content of
β-carotene in peas increased significantly after cooking treatment, and the true retention
coefficient of the cooked β-carotene content was 128.3% [109].

Some non-traditional cooking methods, such as pressure, microwave, and slow cook-
ing, have also been used to process peas. Peas cooked by the slow cooking method (85 ◦C
and 9 h) possessed higher levels of resistant starch (RS) fractions and lower levels of rapidly
digestible starch (RDS) fractions than those cooked by the traditional boiling method [110].
On the other hand, the physical properties and chemical composition of peas play critical
roles in influencing the cooking properties, such as the cooking time and texture [31]. For
instance, the firmness of cooked peas was found to be significantly correlated with their
contents of protein, starch, and ash, and it was also affected by the viscosity of pea flours
and the hydration capacity of pea seeds [27]. However, knowledge is still limited regarding
the effect of the physicochemical properties of pea flours on the cooking quality of peas.

3.2. Modification of Pea Starches

Native starch tends to produce a poor-textured, sticky, and rubbery paste when heated,
and forms an unwanted gel when cooled. Accordingly, starch is often modified by physi-
cal, chemical, and enzymatic methods to enhance various functional properties [111,112].
Recently, many investigations have described that physicochemical characteristics and
functional properties of pea starches can be improved by different techniques, such as heat-
moisture treatment, ultrasound treatment, acidic and enzymatic treatments, γ-irradiation
treatment, microwave treatment, annealing treatment, germination treatment, or their com-
binations, which are reviewed and discussed below. RS has gradually become a popular
food component due to its beneficial effects and heat resistance during food processing.
To improve the RS content, heat-moisture treatment (HMT) combined with malic acid
treatment was applied for the modification of pea starch [113]. It was found that the appli-
cation of HMT before the esterification reaction by malic acid could improve the degree
of substitution of the starch products. The possible reason was that HMT could raise the
availability of the starch granules and make it easy for malic acid to penetrate the starch
granules, resulting in the dramatic increase in the RS and SDS contents of pea starch and
the decrease in its enzymatic sensitivity [113]. Accordingly, the high content of RS and
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the low digestibility of the modified starch may be used to produce low-calorie foods and
health products.

Ultrasound has obtained much attention as a green technology for the modification
of food components as it can be simple, reliable, and environmentally friendly. Recently,
ultrasound treatment (UT) and heat-moisture treatment (HMT) were utilized for the modi-
fication of the physicochemical characteristics of pea starches [114]. It was found that these
treatments could reduce the crystallinity, molecular mass, swelling power, and solubility
of pea starches at 70–90 ◦C. Furthermore, the UT method remarkably could promote the
content of apparent amylose in pea starches from 34.08% to 37.82%. Nevertheless, the
content of amylose significantly reduced after HMT treatment and dual treatment with
HMT and UT compared to non-treated starches [114]. On the other hand, all modifications
increased the content of RS, and the HMT treatment and dual treatment with HMT and
UT reduced the RDS in pea starches, indicating that the digestive ability of the modified
starch was reduced [114]. Furthermore, it was found that the UT-assisted HMT treatment
could improve the viscosity and high-temperature stability of the starch paste compared to
others. In addition, γ-irradiation is another non-conventional method for the modification
of starch, which is fast, simple, and environmentally friendly. Recently, ultrasound treat-
ment followed by γ-irradiation was employed to modify the physicochemical properties of
pea starches [115]. It was found that no significant difference was observed in pea starches
after only ultrasound treatment, while large differences were found in the physicochem-
ical and functional properties of pea starches upon dual treatment with ultrasound and
γ-irradiation [115]. The apparent amylose content of pea starches significantly decreased
after dual treatment with ultrasound and γ-irradiation. With the dual treatment of pea
starches by ultrasound and γ-irradiation, their solubility, water/oil absorption capacity,
and transmittance significantly increased, while their swelling index, pasting properties,
and syneresis decreased [115]. The improved physicochemical and functional properties of
pea starches following the treatment with ultrasound and γ-irradiation may be beneficial
to expanding related food applications. Furthermore, in order to obtain desirable starch
materials for the application in the food industry, a recent study systematically evaluated
the impacts of different treatments on the physicochemical and functional properties of pea
starches, including autoclaving (ACP), microwave cooking (MCP), autoclaving with ultra-
sound (UP), autoclaving with acid hydrolysis (AHP), and autoclaving with pullulanase
debranching (PDP) [116]. It was found that the typical C-type crystal form of the original
starch was transformed into a B-type crystal structure upon different treatments, and the
semi-crystalline layer structure also disappeared after different processing treatments. In
addition, the long-range crystallinity of pea starches was decreased, while the short-range
crystallinity was relatively increased upon different treatments [116]. The findings in this
study also showed that MCP was less effective than other treatments for the improvement
of the formation of stabilized double helical structure, and ACP had a less pronounced
effect for the promotion of the formation of short-range ordered structure than that of UP,
AHP, and PDP.

Annealing is one of the most important physical processing treatments to improve the
physicochemical properties of starch [117]. A rapid ethanol-assisted annealing method was
developed and applied for the modification of pea starches [117]. It was found that the
peak viscosity of the modified pea starch decreased, while its trough and final viscosities
notably increased. In addition, its crystalline structure was changed from a C-type to
an A-type. Its pasting temperature was also increased by ethanol-assisted annealing
treatment, while its enthalpy change value decreased. In addition, after the pea starch was
annealed in 60% of ethanol solution for 3 h, its gelatinization temperature was 80.97 ◦C,
which was higher than that of the original starch. Furthermore, the annealed starch
exhibited a significant reduction in swelling and solubility [117]. The ethanol-assisted
annealing method not only shortens the incubation time for annealing, but also improves
the thermal stability, shear stability, and acid stability of the pea starch. Nonetheless, the
related mechanism of action of ethanol solution annealing requires further investigation.
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A novel annealing method, annealing with plasma-activated water (PAW-ANN), was
applied for the modification of the physicochemical properties of pea starches [118]. It
was found that the PAW-ANN treatment could improve the long and short-range ordered
structure of the pea starch, increase its gelatinization enthalpy, reduce its peak viscosity,
and promote its gel strength [118]. Furthermore, the plasma-activated water (PAW) from
plasma treatment of distilled water has the advantages of uniform function, being green,
and environmental protection.

Germination is a bioprocess where enzymes are released and activated, and several
investigations have revealed that germination treatment can affect the physicochemical
and functional properties of starch [6]. Recently, the effects of germination on the structures
and physicochemical characteristics of pea starches was studied [6]. It was revealed that
the germination treatment could significantly promote the amylose content and particle
size distribution of pea starches, but slightly reduced the relative crystallinity [6]. On the
other hand, the germination treatment could significantly reduce the peak viscosity, valley
viscosity, final viscosity, and gelatinization enthalpy of pea starches [6]. Collectively, germi-
nation treatment can significantly affect the structures and physicochemical characteristics
of pea starches, which may provide a theoretical basis for promoting the application of
germinated pea starches in the food industry. Nevertheless, although various methods
have been applied for enhancing the physicochemical and functional properties of pea
starch, the exact underlying mechanisms are still unclear and deserve further exploration.

3.3. Modification of Pea Proteins

The pea protein and its hydrolysates exhibit various beneficial effects, such as antioxi-
dant effects, anti-hypertensive effects, and regulating gut microbiota, as well as different
functional properties, such as solubility, water-binding effect, emulsifying, and gelling
properties. Nevertheless, the application of pea protein in food systems is still limited
owing to its poor functional properties [17]. A recent review summarized the physical,
chemical, and enzymatic modification methods for improving the bioactivities and func-
tionalities of pea proteins [17]. Advances in several enzymatic and physical modification
methods for promoting functional characteristics of pea proteins are introduced below.

A recent study systematically evaluated enzymatic hydrolysis to improve the func-
tional properties and sensory properties of pea protein isolates as well as to reduce the
potential allergens. Eleven proteolytic enzymes at different hydrolysis times (15, 30, 60, and
120 min) were applied for the modification of pea protein isolates [119]. It was found that
most enzymes could promote the functional properties of pea protein isolates, especially
the solubility at pH 4.5 and the foaming ability. Furthermore, their bitterness changed
obviously after enzymatic hydrolysis, which was strongly correlated with the degree of
hydrolysis. On the other hand, the degradation of Pis s 1 and Pis s 2 indicated that en-
zymatic hydrolysis could be a potential method to reduce the main pea allergens [119].
Furthermore, a novel method, supercritical carbon dioxide + ethanol extraction (SCD-EA),
was applied for improving the techno-functionalities of pea protein isolates. It was found
that SCD-EA could notably increase its solubility, emulsion, and foaming properties, which
can make them more suitable for food applications [120]. Moreover, an efficient ultrasound-
assisted alkali extraction method (UAAE) was developed to obtain a high level of pea
protein isolates and its effect on protein functional properties and biological effects was also
evaluated [121]. Ultrasound treatment could affect the secondary and tertiary structures
of pea protein isolates, and significantly promote related functional properties, such as
solubility, water/oil binding ability, foaming/emulsifying ability, and gel formation ability.
On the other hand, ultrasound treatment could increase the in vitro antioxidant activity
and angiotensin-converting enzyme inhibitory activity of pea protein isolates.

Micro-fluidization is a unique high-pressure homogenization technique, which can
modify the structure of macromolecules leading to improved physicochemical and func-
tional properties [122]. Industrial-scale micro-fluidization (ISM) was applied to modify pea
proteins [123]. It was found that the ISM treatment could effectively improve the solubility
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of pea proteins. Indeed, the enhanced solubility of pea proteins was embodied in the
increased turbidity, reduced particle sizes, increased specific surface area, and changed
morphology from thick blocks to thin fragments [123]. ISM treatment could promote the
transformation of large insoluble proteins or aggregates into soluble particles by breaking
disulfide bonds. In addition, micro-fluidization could be used to modulate the emulsifying
properties of pea globulins depending on their initial denaturation state [124]. Collectively,
these findings suggest that micro-fluidization treatment may be a potential method to
improve the functional properties of pea proteins.

4. Health Benefits of Pea and Its Components

The various health benefits of peas, such as antioxidant, anti-inflammatory, anti-
hypertensive, anti-obesity, anti-cancer, anti-fatigue, anti-diabetic, antimicrobial, and anti-
renal fibrosis effects, have been demonstrated in different in vitro and in vivo experimental
studies (Figure 2). Table 2 summarizes the sample types, experimental models, and main
results of the health benefits of pea and its components. Most of the samples used in these
studies were prepared from pea seeds and their by-products, such as pea seed coats and pea
hulls. There are also many studies focusing on the biological activities of pea components,
such as polyphenols, dietary fiber, proteins, and peptides. In addition, few studies have
focused on pea glycoproteins, protease inhibitors, and lectins. The main biological activities
of pea and its components are discussed below.

Table 2. Biological activities of pea and its components, and their potential mechanisms of action.

Sample Types Experimental Models Major Results References

Antioxidant effect

Seed flour extracted
with 95% ethanol In vitro (DPPH)

â The IC50 values for DPPH free radical scavenging
activity were varied in different microwave drying,
ranging from 0.1 to 0.9 mg/mL

â Microwave drying at 100 W had the highest DPPH
free radical scavenging activity among all
drying conditions

[74]

Seed flour extracted
with 80% ethanol

In vitro (ABTS; DPPH;
reducing power)

In vitro (cell model,
OA-induced HepG2 cells)

â The DPPH free radical scavenging efficiency, ABTS
free radical scavenging efficiency, and reducing
power of pea extracts were 56.58%, 27.25%, and
0.222 at a concentration of 1.0 mg/mL, respectively

â ↑ SOD, GSH-Px; ↓MDA, ROS

[65]

Seed flour extracted
with 80% methanol In vitro (ABTS; DPPH)

â A positive correlation was observed between the
TPC and ABTS free radical scavenging activity
(r = 0.59)

â While an inverse trend was observed for DPPH free
radical scavenging activity (r = −0.31)

[82]

Seed flour extracted
with mixed solution

(acetone/water/acetic
acid, 70:29.5:0.5, v/v/v)

In vitro (ABTS; FRAP)

â The ABTS free radical scavenging capacity of
75 pea varieties ranged from 3.04 to 22.27 µM TE/g

â The FRAP of 75 pea varieties ranged from 1.24 to
18.87 mM Fe2+/g DW

â Dark pea seeds (e.g., brown, purple, dark and
brown with strap or dotted) contained more TPC,
TFC, ABTS, and FRAP than light-colored seeds
(e.g., cream, green).

[68]

Seed coat extracted
with mixed solution

(methanol/water/acetic
acid mixture,

80:19:1, v/v/v)

In vitro (DPPH; FRC; FCC)

â The DPPH free radical scavenging activity ranged
from 0.72 to 2.55 mM TE/g, exhibiting a good
correlation with TPC values (r = 0.971)

â The FRC absorbance values at 700 nm ranged from
0.019 to 0.312

â The FCC ranged from 29.6 to 75.8%

[125]
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Table 2. Cont.

Sample Types Experimental Models Major Results References

Seed coat extracted
with mixed solution

(acetone/water/acetic
acid mixture,

80:19:1, v/v/v)

In vitro (DPPH; FRC; FCC)

â The DPPH free radical scavenging activity ranged
from 0.54 to 8.04 mM TE/g

â The FRC ranged from 0.021 to 0.346
â The FCC ranged from 8.1% to 33.7%

[126]

Seed coat extracted
with water, methanol,

and ethyl acetate

In vitro (ABTS;
DPPH; FRAP)

â The IC50 values of ABTS free radical scavenging
activity of ethyl acetate extract (9.61 µM TEAC/g)
was higher than that of the methanol extract
(1.9 µM TEAC/g)

â The IC50 values of DPPH free radical scavenging
activity were 350 µg/mL and 650 µg/mL for ethyl
acetate and methanol extract, respectively

â The FRAP of methanol, water, and ethyl acetate
extracts, at a concentration of 2 mg/mL, were 1.32,
0.36, and 1.84, respectively

[127]

Red and yellow pea
hull in vitro

digestion products

In vitro (DPPH; ABTS;
H2O2; FRAP)

â Strong correlations existed in red hulls between
their antioxidant activities (DPPH; ABTS; H2O2;
FRAP) and TPC/TFC (r > 0.92)

[69]

Pea sprout extracted
with 80% methanol

In vitro (DPPH;
ORAC; CUPRAC)

â The 7th day of germination showed the strongest
DPPH free radical scavenging activity (512.64 mg
TE/100 g DW), ORAC value (6083.54 mg TE/100 g
DW), and CUPRAC inhibition (44.05%) among all
tested samples

[70]

Pea hull extracted with
95% ethanol

In vitro (DPPH; reducing
power; FRAP)

â The DPPH free radical scavenging activity ranged
from 76.55% to 91.03%

â The reducing power ranged from 0.5 to 0.63
â The FRAP values ranged from 0.25 to 0.34 mmol/L

[128]

Peptides derived from
pea protein hydrolysate In vitro (DPPH; OH)

â The second fraction (F1-2) purified from
hydrolysates (<1 kDa) had the highest DPPH
radical scavenging rate of 37.94% and OH free
radical scavenging rate of 28.43% among
all samples

[129]

Whole seed flour
In vivo (HFD-induced
Sprague–Dawley (SD)

male rats)

â ↑ GSH-Px, SOD, and T-AOC
â ↑ Nrf2, NQO1, CAT, HO-1
â ↓MDA

[65]

Seed coat extracted
with water

In vivo (DOX-induced
albino male rats)

â ↑ SOD, GPX, CAT; ↑ GSH
â ↓MDA, NO [72]

Green pea hull
extracted with
80% methanol

In vivo
(D-galactose-induced SD

female rats)

â ↑ T-AOC, SOD, GSH-Px; ↑ GSH
â ↓MDA [130]

Yellow pea hull
extracted with
80% methanol

In vivo
(D-galactose-induced SD

female rats)

â ↑ T-AOC, SOD, GSH-Px; ↑ GSH
â ↓MDA [73]

Anti-inflammatory effect

Green pea hull in vitro
digestion products

In vitro (LPS-induced
Caco-2/Raw264.7

cells coculture)

â ↓ NO, IL-6, TNF-α
â ↓ COX-2, iNOS [131]

Peptides derived from
pea protein hydrolysate

In vitro
(LPS/IFN-γ-induced RAW

264.7 cells)
â ↓ NO, IL-6, TNF-α [132]

Whole seed flour
In vivo (DSS-induced colitis

in HFD-fed C57BL/6J
female mice)

â ↓ IL-6, IL-17, IFN-γ
â ↓ iNOS, COX-2, MCP-1
â ↑MUC-2, goblet cell differentiation markers

(e.g., Tff3, Klf4, Spdef1)

[133]
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Table 2. Cont.

Sample Types Experimental Models Major Results References

Green pea hull
extracted with
80% ethanol

In vivo (DSS-induced colitis
in C57BL/6 male mice)

â ↓ NO, IL-6, TNF-α
â ↓ COX-2, iNOS
â ↓ Keap1; ↑ Nrf2
â ↑ SCFAs (e.g., acetic acid, propionic acid, and

n-butyric acid)
â ↑ Lactobacillaceae, Lachnospiraceae, Firmicutes;

↓ Bacteroidetes

[77]

Two pea seed albumin
extracts (PSE/AF-PSE)

In vivo (DSS-induced colitis
in C57BL/6J male mice)

â PSE: ↓ IFN-γ, IL-6, IL-12, TNF-α; ↓ iNOS, COX-2,
MMP-2, MMP-9, MMP-14, ICAM-1; ↑MUC-3,
ZO-1, occluding; ↓ TLR-2, -4, -6, -9

â AF-PSE: ↓ IL-6, IL-12; ↓ COX-2, MMP-9 and -14,
ICAM-1; ↓ TLR-4, -6, -9

[134]

Regulation of metabolic syndrome
Anti-hypertensive activity

Peptides derived from
pea protein hydrolysate

In vitro (ACE
inhibition assay)

â The peptide fraction (B) had the highest ACE
inhibitory activity (IC50 = 0.073 mg/mL) among all
tested samples

[135]

Peptides derived from
pea protein hydrolysate In vitro (A7r5 cells) â A peptide with the sequence of AKSLSDRFSY was

identified as a novel ACE2 upregulating peptide [136]

Tripeptide
(Leu-Arg-Trp) In vitro (A7r5 cells) â ↑ ACE2 and MasR to upregulate the

ACE2-Ang-(1-7)-MasR axis [137]

Peptides derived from
pea protein hydrolysate

In vitro (ACE and renin
inhibition assays)

In vivo (male SHRs)

â The peptide fraction 7 had the highest dual
inhibitory effects of renin and ACE with 52.16%
and 95.17% inhibition rates, respectively

â The renin and ACE inhibitory activities of
synthesized peptides were ranged from 17.4 to
49.9% and 5.72 to 87.54%, respectively, and three of
them (LTFPG, IFENLQN, and FEGTVFENG)
showed strong ACE and renin inhibitory activities

â LTFPG acted the fastest in reducing SBP of SHR
with a maximum of −37 mmHg after 2 h of
oral administration

[28]

Peptides derived from
pea protein hydrolysate

In vitro (ACE and renin
inhibition assays)

In vivo (male SHRs)

â The IC50 values of inhibition on renin and ACE
were 0.57 and 0.10 mg/mL, respectively

â The maximum decrease in SBP was −36 mmHg
after 2 or 4 h, becoming −18 mmHg after 24 h

â The maximum decrease in SBP after 3 weeks was
−22 or −26 mmHg with partial substitution of
casein 0.5% or 1% (w/w) in the SHR
diet, respectively

[138]

Hypolipidemic activity

Pea pod autoclaved
extract (AE)

In vitro (pancreatic lipase
inhibition and cholesterol
adsorption capacity assay)

In vivo
(high-sucrose-induced SD

male rats)

â AE at 13.3 mg/mL significantly inhibited the
pancreatic lipase activity by more than
40% compared to 0 mg/mL

â 2000 mg of AE adsorbed approximately
33% of cholesterol

â ↑ Total lipid, TG and TC in feces
â ↓ Serum TC, TG
â ↑ Bifidobacterial; ↓ Clostridia

[139]

Pea seed flour In vivo (HFD-induced male
SD rats) â ↓ Serum TC, LDL-C; ↑ HDL-C [65]

Pea protein isolate In vivo (HFD-induced male
SD rats)

â ↓ Plasma TC, TG
â ↑ LDL receptor
â ↓ SREBP-1c and the target genes (FAS, SCD1, SCD2) [140]
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Table 2. Cont.

Sample Types Experimental Models Major Results References

Anti-obesity activity

Pea protein hydrolysate In vitro (3T3-L1
preadipocytes subline)

â ↑ Lipid accumulation; ↑ glucose uptake
â ↑ GLUT4, adiponectin, aP2, PPARγ; ↓ Pref-1
â ↑ PPARγ ligand activity

[141]

Pea flour and
dietary fiber

In vivo (HFHSD-induced
obese SD male rats)

â ↓Weight gain, final percent body fat, fasting blood
glucose; ↑ oral glucose tolerance

â ↓ Firmicutes/Bacteroidetes ratio
â ↓ Clostridium leptum

[55]

Pea fiber

Clinical trial (12-week single
center, double-blind

placebo-controlled trial with
53 adults with overweight

or obesity)

â Fecal SCFAs (↑ acetate; ↓ isovalerate)
â Fecal BAs (↓ cholic acid, chenodeoxycholic acid,

deoxycholic acid)
â ↑ Lachnospira; ↓ Actinomyces,

Holdermania, Oscillospira
â The change in body weight of participants showed

a negative correlation with their change in
Lachnospira (r = −0.463) abundance

[51]

Anti-diabetic effect

Pea protein hydrolysate
In vitro (α-amylase and
α-glucosidase inhibition

assays)

â The highest inhibitory activity against α-amylase
among all samples was 30.52% at the concentration
of 225 µg/mL

â The highest inhibitory activity against
α-glucosidase among all samples was 53.35% at the
concentration of 20 mg/mL

[142]

Purified pea
glycoproteins (PGP1,

PGP2, and PGP3)

In vitro (α-amylase and
α-glucosidase

inhibition assays)

â The inhibition of α-amylase with PGP1 was only
about 2.73% at a concentration of 2 mg/mL, while
the inhibition rates of PGP2 and PGP3 were 8.71%
and 22.34%, respectively

â The inhibition of α-glucosidase was most potent
with the product of gastric digestion, which
showed an increase of about 45.87% compared to
undigested PGP2 at the same concentration

[143]

Purified pea
glycoprotein (PGP2)

In vivo (STZ-induced
diabetic ICR male mice)

â ↓Weight loss, food intake, fasting blood glucose;
↑ oral glucose tolerance, insulin secretion

â ↓ Serum TC, TG, LDL-C; ↑ HDL-C; ↓ glycated
serum protein

â ↓ Insulin resistance index; ↑ β-cell function index,
insulin sensitivity index

â ↑ IRS-1, IRS-2, GLUT1

[144]

Pea oligopeptide
In vivo (HFD and

STZ-induced diabetic
Kunming male mice)

â ↓Weight loss, fasting blood glucose; ↑ oral
glucose tolerance

â ↑ Serum insulin level; ↓ serum TC, TG, FAA;
↑ HDL-C

â ↓ Liver fat deposition
â ↑ The muscle and liver glycogen
â Protect the liver and kidney structures

[145]

Pea dietary fiber In vivo (STZ-induced
diabetic Balb/c male mice)

â ↓ Blood glucose, weight loss; ↑ oral
glucose tolerance

â ↓ TC, TG
â The pancreatic islet morphology was improved

[50]

Pea protein

Clinical trial (a randomised
controlled trial with a

high-carbohydrate beverage
intake in

healthy individuals)

â ↓ Glucose incremental area under the
curve (iAUC180) [146]
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Table 2. Cont.

Sample Types Experimental Models Major Results References

Antimicrobial effect

11S pea globulin
(11SGP)

In vitro
Bacteria: Bacillus cereus,
listeria monocytogenes,
Streptococcus pyogenes,

Escherichia coli,
Acinetobacter baumannii, and

Pseudomonas aeruginosa;
Fungi: Alternaria alternate,

Aspergillus flavus,
Fusarium oxysporum, and

Monascus purpureus

â The minimum inhibitory concentrations of 11SGP
against bacteria ranged from 120 to 190 µg/mL

â The minimum inhibitory concentrations of 11SGP
against fungi ranged from 55 to 80 µg/mL

[147]

Pea lectin

In vitro
Bacteria: Staphylococcus

aureus, Streptococcus mutants,
Pseudomonas aeruginosa, and

Klebsiella pneumonia
Fungi: Candida albicans

â The minimum inhibitory concentrations of pea
lectin (90% fractions) against bacteria ranged from
62.5 to 125 µg/mL

â The minimum inhibitory concentration of pea lectin
(90% fractions) against C. albicans was 250 µg/mL

[148]

Pea peel extracted with
water, methanol, and

ethyl acetate

In vitro
Bacteria: Staphylococcus

aureus, Salmonella enterica,
Escherichia coli, and

Pseudomonas aeruginosa
Fungi: Aspergillus niger and

Candida albicans

â The ethyl acetate extract of pea peel exhibited the
strongest antimicrobial activity among all
tested samples

â The minimum inhibitory concentrations of ethyl
acetate extract against bacteria ranged from 350 to
850 µg/mL

â The minimum inhibitory concentrations of ethyl
acetate extract against fungi ranged from 450 to
550 µg/mL

[127]

Pea pod polysaccharide

In vitro
Bacteria: Bacillus

thuringiensis, B. subtilis,
Actinomycete sp.,

Enterococcus faecalis, Listeria
monocytogenes, Micrococcus
luteus, Klebsiella pneumonia,

Pseudomonas aeruginosa, and
Salmonella Typhimirium

â The largest zones of inhibition were detected
against B. subtilis, B. thuringiensis and M. luteus
with inhibition zones of 16, 15, and 15 mm at the
concentration of 50 mg/mL, respectively

â The greatest inhibition was detected against
P. aeruginosa with an inhibition zone of 15 mm at
the concentration of 50 mg/mL

[149]

Anti-renal fibrosis effect
Peptides derived from

pea protein hydrolysate
In vitro (glucose-induced

MES13 SV40 cells) â ↓ TGF-β1, SMAD2, SMAD3, SMAD4; ↑ SMAD7 [150]

Peptides derived from
pea protein hydrolysate

In vitro (glucose-induced
MES13 SV40 cells) â ↑ Cell proliferation; ↓ FN, TGF-β1 [151]

Anti-cancer effect

Pea seed coat extracted
with water

In vitro (cell lines, human
colon denocarcinoma LS174,

breast carcinoma
MDA-MB-453, lung

carcinoma A594, and
myelogenous

leukemia K562)

â MDA-MB-453, IC50 values ranged from 0.89% up
to above 10.0%

â LS174, IC50 values ranged from 1.84% up to
above 10.0%

â A549, IC50 values ranged from 1.17% up to above 10.0%
â K562, IC50 values ranged from 0.41% up to above 10.0%

[126]

Pea lectin

In vitro (cell line, Ehrlich
ascites carcinoma

(EAC) cells)
In vivo (Ehrlich ascites
carcinoma cells in adult

Swiss albino mice)

â Pea lectin showed 11.7–84% inhibitory effect
against EAC cells at the concentration range of
8–120 µg/mL as determined by MTT assay

â Pea lectin showed 63% and 44% growth inhibition
against EAC cells in vivo when administered
2.8 mg/kg/day and 1.4 mg/kg/day

â Pea lectin can arrest the cell cycle at G2/M phase
â ↑ Bax gene expression; ↓ Bcl-2 and Bcl-X gene expression

[152]
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Table 2. Cont.

Sample Types Experimental Models Major Results References

Immunomodulatory effect

Peptides derived from
pea protein hydrolysate

In vivo (BALB/c female
mice)

â ↑ Phagocytic activity
â ↑ IgA+, IL-4+, IL-10+, IFN-γ+ cells
â ↑ IL-6 via ↑ TLR2 and TLR4

[132]

Anti-osteoporosis effect

Pea tripeptide
(Leu-Arg-Trp) In vitro (MC3T3-E1 cell)

â ↑ Cell proliferation, osteoblastic differentiation,
matrix mineralization,

â ↑ Runx2, ALP, COL1A2, phosphorylation Akt
â ↓ Osteoclastogenesis

[153]

Anti-fatigue effect

Peptides derived from
pea protein hydrolysate In vivo (Kunming mice)

â ↑ Swimming times
â ↑Muscle glycogen, hepatic glycogen, insulin level,

lactate dehydrogenase activity
â ↓ Blood urea nitrogen, blood lactic acid
â ↑ SOD, GSH-Px; ↓MDA
â ↑ Phagocytic activity, sIgA secretion; ↓ IL-6, TNF-α

[154]

ABTS, 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid); ACE, angiotensin I-converting enzyme; AF-PSE,
albumin fraction from pea seed extract; ALP, alkaline phosphatase; ALT, alanine amino transferase; Ang II,
angiotensin II; aP2, adipocyte fatty acid-binding protein; AST, aspartate amino transferase; BAs, bile acids; Bcl,
B-cell lymphoma; CAT, catalase; COL1A2, alpha-2 type I collagen; COX-2, cyclooxygenase-2; CUPRAC, cupric
reducing antioxidant capacity; DOX, doxorubicin hydrochloride; DPPH, 2,2-Diphenyl-1-picrylhydrazyl; DSS,
dextrane sodium sulphate; EAC, Ehrlich ascites carcinoma; FAA, free amino acid; FAS, fatty acid synthase; FCC,
ferrous ion-chelating capacity; FN, fibronectin; FRAP, ferric reducing antioxidant power; FRC, ferric ion-reducing
capacity; GLUT, glucose transporter; GSH, glutathione; GSH-Px, glutathione peroxidase; HDL, high-density
lipoprotein; HDL-C, high-density lipoprotein cholesterol; HFD, high-fat diet; HFHSD, high-fat/high-sucrose diet;
H2O2, hydrogen peroxide; HO-1, heme oxygenase 1; ICAM, intercellular adhesion molecule; IFN-γ, interferon-
gamma; IgA+, immunoglobulin class A+; IgG, immunoglobulin class G; IL, interleukin; iNOS, inducible nitric
oxide synthase; IRS, insulin receptor substrate; Keap1, Kelch-like ECH-associated protein 1; Klf4, Kruppel-like
factor 4; LDL, low-density lipoprotein; LDL-C, low-density lipoprotein cholesterol; LPS, lipopolysaccharide; MCP,
monocyte chelator protein; MDA, malondialdehyde; MMP, metalloproteinase; NO, nitric oxide; NQO1, NAD(P)H
quinone dehydrogenase 1; Nrf2, transcription factor NF-E2-related factor 2; OA, oleic acid; OH, hydroxyl; ORAC,
oxygen radical absorbance capacity; PPARγ, peroxisome proliferator-activated receptor γ; Pref, preadipocyte
factor; PSE, pea seed extract; ROS, reactive oxygen species; Runx2, runt-related transcription factor; SBP, systolic
blood pressure; SCD, stearoyl-CoA desaturase; SCFAs, short-chain fatty acids; SHR, spontaneously hypertensive
rat; SOD, superoxide dismutase; Spdef1, SAM pointed domain ETS factor 1; SREBP, sterol regulatory element-
binding protein; STZ, streptozotocin; T-AOC, total antioxidant capacity; TC, total cholesterol; TFC, total flavonoid
content; Tff3, trefoil factor 3; TG, triglyceride; TGF-β1, transforming growth factor beta; TLR, toll-like receptors;
TNF-α, tumor necrosis factor α; TPC, total phenolic content.

4.1. Antioxidant Activity

Many studies have revealed that pea and its by-products possess remarkable an-
tioxidant activity due to the existence of various bioactive components (e.g., polyphenols,
polysaccharides, and peptides) [21,22,128]. Among them, seeds and seed coats represent the
most frequently studied fractions for their TPC or free radical scavenging properties, with a
combination of popular in vitro assays using diverse mechanisms, including 2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), 2,2-Diphenyl-1-picrylhydrazyl (DHHP),
ferric reducing antioxidant power (FRAP), ferric ion-reducing capacity (FRC), ferrous ion-
chelating capacity (FCC), and lipid peroxidation models [65,68,82,126,127]. In general, a
higher level of TPC is aways associated with a stronger antioxidant capacity [69,82,125,126].
For instance, the dark-colored (e.g., brown and dark purple) pea seeds, which contained
more TPC and TFC than light-colored seeds, showed better antioxidant activity [68,125,126].
The high TPC of the darker varieties exhibited stronger antioxidant activity, which could
be related to the existence of gallic acid, epigallocatechin, naringenin, and apigenin [126].
In addition, different extraction conditions and processing techniques can also affect the
phenolic content and antioxidant activity. For example, the antioxidant activity of ethyl
acetate extract was found to be the highest compared to methanolic and aqueous extracts,
which might be owing to its higher level of TFC [127]. In addition, microwave drying could
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affect the bioactive components and antioxidant capacity of green peas [74]. Interestingly,
peas dried at a microwave power of 100 W had the highest TPC and antioxidant activity
among all tested conditions [74]. Furthermore, the germination treatment could also result
in changes in the amount and types of phenolic compounds in peas, improving the antioxi-
dant activity. For example, germination caused an increase in the gallic acid and syringic
acid contents in pea sprouts. Indeed, vanillin and ferulic acid could also be found in pea
sprouts with increasing germination time [70]. Moreover, the effect of in vitro digestion on
the level of TPC and antioxidant capacity of pea hulls was studied [69]. It was found that
there was no significant increase in individual phenolics after in vitro digestion, suggesting
that in vitro digestion had only a small effect on the phenolics released [69]. Nevertheless,
the in vitro digestion model only simulates the enzymes and pH of the digestive system,
which needs to be further clarified by corresponding in vivo studies.
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Figure 2. Biological activities of pea and its bioactive components. Pea and its bioactive compo-
nents possess various health benefits in vitro and in vivo, such as antioxidant, anti-inflammatory,
immunomodulatory, anti-cancer, anti-hypertensive, anti-obesity, anti-diabetic, anti-hyperlipidemia,
anti-fatigue, antimicrobial, anti-osteoporosis, and anti-renal fibrosis effects. A594, lung carcinoma;
ABTS, 2,2 azinobis 3-ethylbenzo-thiozoline-6-sulfonic acid; ACE, angiotensin I-converting enzyme;
COX-2, cyclooxygenase-2; DPPH, 2,2-Diphenyl-1-picrylhydrazyl; EAC, Ehrlich ascites carcinoma;
FAA, free amino acid; FBG, fasting blood glucose; FN, fibronectin; FRAP, ferric reducing antioxidant
power; FRC, ferric ion-reducing capacity; GPx, glutathione peroxidase; GSH, glutathione; HDL-C,
high-density lipoprotein cholesterol; IFN-γ, interferon-gamma; IgA+, immunoglobulin class A+; IL,
interleukin; iNOS, inducible nitric oxide synthase; K562, myelogenous leukemia; LS174, human colon
denocarcinoma; LDL-C, low-density lipoprotein cholesterol; MDA, malondialdehyde; MDA-MB-453,
breast carcinoma; NO, nitric oxide; OGT, oral glucose tolerance; ·OH, hydroxyl radical; SBP, systolic
blood pressure; SOD, superoxide dismutase; T-AOC, total antioxidant capacity; TC, total cholesterol;
TG, triglyceride; TGF-β, transforming growth factor beta; TNF-α, tumor necrosis factor α.
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Furthermore, cellular experiments demonstrated that treatment with different doses
of ethanolic extract from pea flours could restore the intracellular lipid, malondialdehyde,
and antioxidant enzyme levels in oleic acid-induced HepG2 cells [65]. In animal studies,
the daily administration of pea flours to rats induced by a high-fat diet could improve
the antioxidant capacity, as evidenced by the increased activities of serum glutathione
peroxidase (GSH-Px), superoxide dismutase (SOD), and total antioxidant capacity (T-AOC),
and the reduced level of serum malondialdehyde (MDA) [65]. In addition, both methanolic
extracts from green pea hulls and yellow pea hulls could improve the GSH-Px, SOD, and
T-AOC activities in the plasma, and reduce the content of MDA [73,130]. Several studies
have also investigated the bioavailability, metabolic characteristics, and antioxidant ac-
tivities of pea hull polyphenols in animal models [73,130]. It was demonstrated that the
main phenolics in pea hulls, especially catechin, pentaphyllin, kaempferol, quercetin and
their derivatives, could be transformed during gastrointestinal digestion and absorbed
in their native or metabolite form, exerting antioxidant effects in the body. Furthermore
polyphenols, polysaccharides, and peptides also exhibited significant antioxidant activi-
ties [128,129]. At present, the antioxidant activity of peas has mainly been evaluated in vitro
and in vivo, whether pea can fight against oxidative stress in humans remains unknown
and well-designed clinical trials should be designed to verify it.

4.2. Anti-Inflammatory Effect

Pea and its components possess remarkable anti-inflammatory effects. For instance,
a recent study showed that polyphenols released from green pea hulls during in vitro
digestion could alleviate the LPS-induced inflammation in Caco-2/RAW 264.7 coculture
cell models [131]. Pea hull polyphenols could inhibit the release of nitric oxide (NO),
interleukin-6 (IL-6), and tumor necrosis factor α (TNF-α) from Caco-2/RAW 264.7 coculture
cells, as well as inhibiting the mRNA expression of cyclooxygenase-2 (COX-2) and inducible
nitric oxide synthase (iNOS). In addition, pea protein hydrolysates from yellow field pea
seeds also exhibited a remarkable in vitro anti-inflammatory effect, which could inhibit the
secretion of NO, IL-6, and TNF-α from LPS/IFN-γ-activated RAW 264.7 macrophages [132].

In animal studies, the supplementation of green pea flours could ameliorate the
severity of dextran sulfate sodium (DSS)-induced colitis in C57BL/6J female mice, which
was associated with the suppression of inflammation, mucin depletion, and endoplasmic
reticulum stress in the colon [133]. In addition, polyphenols extracted from the green
pea hulls could also ameliorate colitis in C57BL/6 male mice by activating the Kelch-like
ECH-associated protein 1 (Keap1)-NF-E2-related factor 2 (Nrf2)-antioxidant responsive
element (ARE) signaling pathway, regulating gut microbiota, and increasing the levels
of short-chain fatty acids (SCFAs). Indeed, quercetin, kaempferol, catechin, and their
derivatives were identified as the main compounds in the polyphenolic extract of green
pea hulls by UHPLC-LTQ-MS [77]. Furthermore, the albumin extracts from pea seeds
showed anti-inflammatory effects in DSS-induced colitis in C57BL/6J male mice [134]. It
was found that two pea seed albumin extracts, including pea seed extract (PSE) containing
an albumin fraction and non-starch polysaccharide fraction, and the albumin fraction
from PSE, could reduce microscopic histological damage in comparison with untreated
colitis mice, and ameliorate the colonic mRNA expression of different pro-inflammatory
markers. Collectively, these studies demonstrated that pea flours, polyphenols, proteins,
and non-starch polysaccharides exhibited remarkable anti-inflammatory effects.

4.3. Regulation of Metabolic Syndrome

Metabolic syndrome (MS) is a group of clinical syndromes characterized by hyperten-
sion, dyslipidemia, obesity, and hyperglycemia. Many in vitro and in vivo experimental
results have shown that pea and its components are effective in regulating various metabolic
disorders (Figure 3).
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Figure 3. The potential mechanisms of pea and its bioactive components on the regulation of
metabolic disorders. (1) Pea and its bioactive ingredients have anti-hyperlipidemic effects by activat-
ing the SREBP2 pathway, upregulating LDLR expression, promoting serum LDL-C clearance, and
downregulating FAS and SCD expression to inhibit fatty acid synthesis. (2) Pea and its bioactive
components have anti-diabetic effects by activating the expression of GLUT1 to promote glucose
absorption, upregulating the expression of the insulin receptor substrates IRS-1 and IRS-2 to re-
duce insulin resistance, as well as inhibiting the activity of small intestinal alpha-glucosidase and
alpha-amylase and inhibiting the breakdown of dietary polysaccharides into easily absorbed oligosac-
charides and monosaccharides. (3) Pea and its bioactive components have antihypertensive effects
by upregulating ACE2 and MASR expression through the ACE2-Ang-(1-7)-MASR axis to improve
angiotensin II-induced superoxide production, inflammation, and proliferation in vascular smooth
muscle cells. (4) Pea and its bioactive components have anti-obesity effects by inducing adiponectin
and insulin-responsive GLUT4 to stimulate glucose uptake and improve insulin resistance, upregu-
lating PPARγ and aP2 expression levels to stimulate adipocyte differentiation, as well as by modestly
altering the microbial status of the gut, such as downregulation of the Firmicutes/Bacteroidetes
ratio, leading to changes in SCFAs and Bas. ACE, angiotensin I-converting enzyme; ADIPOR,
adiponectin receptor; AMPK, adenosine 5′-monophosphate (AMP)-activated protein kinase; Ang,
angiotensin; Akt, protein kinase B; aP2, adipocyte fatty acid-binding protein; BAs, bile acids; COX-2,
cyclooxygenase-2; FAS, fatty acid synthase; GLUT, glucose transporter; iNOS, inducible nitric ox-
ide synthase; IKBA, inhibitory kBa; IRS, insulin receptor substrate; LDL, low-density lipoprotein;
LDLR, low-density lipoprotein receptor; MASR, Mas receptor; P13K, phosphatidylinositol 3-kinase;
PPARγ, peroxisome proliferator-activated receptor γ; SCD, stearoyl coenzyme A desaturase; SCFAs,
short-chain fatty acids; SREBP, sterol regulatory element-binding protein.
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Peptides derived from pea protein hydrolysates were found to possess remarkable
anti-hypertensive effects, as evidenced by inhibiting enzymatic activities of angiotensin-
converting enzyme (ACE) and renin [28,135,138]. In addition, a tripeptide LRW (Leu-Arg-
Trp) derived from the pea protein legumin was found to exhibit anti-hypertensive activity
by reducing angiotensin II-induced superoxide production, inflammation, and proliferation
in vascular smooth muscle cells. The anti-hypertensive activity of LRW appeared to involve
the improvement of the ACE2-Ang-(1-7)-MasR axis and modulation of the nuclear factor-
κB (NF-κB) pathway [137]. Furthermore, animal studies also showed that pea protein
hydrolysates exhibited potential anti-hypertensive properties [28,138]. For instance, the
long-term oral administration of pea protein hydrolysates (1% casein substitute in the
diet) in spontaneously hypertensive rats could decrease the systolic blood pressure by a
maximum of −36 mmHg after 3 weeks [138]. Collectively, these results suggest that pea
and pea protein hydrolysates can be developed into health products for the prevention
of hypertension.

Pea and its bioactive components also exhibit hypolipidemic effects in vitro and
in vivo. It was found that the daily intake of peas could significantly restore the levels of
serum total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and high-density
lipoprotein cholesterol (HDL-C), as well as alleviate liver lesions in rats fed a high-fat
diet [65]. In addition, the effect of autoclaved extract (AE) of pea pods (mainly polyphenols
and dietary fiber) on lipid profiles in rats with high-sucrose diet-induced hyperlipidemia
was discussed [139]. It was found that AE could remarkably reduce the serum triglyceride
(TG) and TC levels in rats fed a high-sucrose diet. Moreover, AE could significantly promote
the growth of Bifidobacteria in the cecum. Furthermore, studies showed that pea protein
isolates caused a significant reduction in serum TC and TG levels in rats, which appeared to
influence the cellular lipid homeostasis by improving the hepatic cholesterol uptake genes
and decreasing the fatty acid synthesis genes [140]. Collectively, peas can be developed
into health products for the prevention of hyperlipidemia.

Obesity is usually a serious, obvious, but also the most neglected global health issue.
Promoting adipocyte differentiation can be effective in ameliorating the metabolic disorders
of obesity. Recently, the effect of pea protein hydrolysates on adipocyte differentiation
has been investigated by using 3T3-L1 murine pre-adipocytes [141]. It was found that
the pea vicilin hydrolysate (PVH) could promote the mRNA expression of the adipocyte
fatty acid-binding protein and reduce that of preadipocyte factor-1, thereby promoting
adipocyte differentiation. In addition, PVH could induce the expression of adiponectin
and insulin-responsive glucose transporter 4 and stimulate the uptake of glucose. The
level of peroxisome proliferator-activated receptor gamma (PPARγ) was upregulated dur-
ing adipocyte differentiation. Collectively, this study indicated that PVH could stimulate
adipocyte differentiation by partially upregulating PPARγ expression and its ligand ac-
tivity [141] (Figure 3). Furthermore, pea proteins and their related hydrolysates, and pea
dietary fiber also exhibited beneficial effects on obesity. It was found that pea seed flours
could attenuate weight gain in diet-induced obese rats, and pea dietary fiber and pea flours
could remarkably decrease the final percent body fat compared with the control [55]. On
the other hand, pea dietary fiber could reduce the Firmicutes/Bacteroidetes ratio, and
decrease the abundance of Clostridium leptum, which was increased in obese individu-
als. Furthermore, to understand the impacts of pea dietary fiber on the regulation of the
microbiota–host metabolic axis in obesity, a 12-week clinic trial with 53 adults who were
overweight or obese was carried out [51]. It was found that the supplementation of the diet
with pea fiber could prevent detrimental changes in the metabolic profile, which may be
owing to a modest change in the gut microbial profile, resulting in alterations in short-chain
fatty acids (SCFAs), bile acids (BAs), and ketone bodies key signaling molecules linked
to obesity [51].

Diabetes is becoming one of the most critical public health challenges and economic
burdens in the 21st century. As shown in Table 2, pea proteins, pea protein hydrolysates,
pea glycoproteins, and pea dietary fiber exhibited remarkable anti-diabetic activity in vitro
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and in vivo. Both pea protein hydrolysates and pea glycoproteins could inhibit the en-
zymatic activities of digestive enzymes (e.g., α-amylase and α-glucosidase) [142,143]. In
addition, the mechanism of pea glycoprotein (PGP2)-induced blood glucose reduction
was investigated using streptozotocin (STZ)-induced diabetic mice [144]. It was found
that PGP2 could lower diabetic weight loss, fasting blood glucose level, serum levels
of total cholesterol, triglycerides, and low-density lipoproteins, while promote the oral
glucose tolerance level and secretion of insulin. Furthermore, PGP2 could promote the
expression of insulin receptor substrates IRS-1 and IRS-2 as well as glucose transporter
1 (GLUT1) in liver tissue, suggesting that it could regulate blood glucose according to the
IRS-PI3K-Akt-GLUT1 signaling pathway [144] (Figure 3). Furthermore, the hypoglycemic
activity of pea oligopeptides in HFD- and STZ-induced type 2 diabetes (T2D) mice has been
investigated [145]. It was found that pea oligopeptides could decrease the level of blood
glucose, while improving the glucose tolerance, promoting the release of insulin and the
synthesis of glycogen, and protecting liver and kidney tissues in diabetic mice [145]. More-
over, animal studies also revealed that pea dietary fiber exhibited potential hypoglycemic
effects [50,55], which could obviously reduce the serum glucose level and promote the
oral glucose tolerance level. Furthermore, a clinical trial was carried out to investigate
the effect of pea protein on postprandial glycemic, insulinemia, glucose-dependent in-
sulinotropic polypeptide (GIP), and glucagon-like peptide-1 (GLP-1) response following
a high-carbohydrate beverage intake in forty-five healthy male and female adults aged
from 19 to 55 years old [146]. It was found that the intake of pea protein could decrease
postprandial glycaemia and stimulate the production of insulin in healthy individuals.
However, there was no clear difference in GIP and GLP-1 release between the control and
pea protein drinks. Collectively, these results indicate that pea and its components possess
potential applications in the prevention and management of diabetes.

4.4. Antimicrobial Effect

Several studies have shown that pea and its by-products possess remarkable an-
timicrobial activities, such as pea peptides [147], pea lectins [148], polyphenols derived
from pea peels [127], and soluble polysaccharides derived from pea pods [149]. It was
found that 11S pea globulin possessed obvious inhibitory effects against Gram-positive
and Gram-negative bacteria with the minimum inhibitory concentrations (MICs) ranging
from 120 to 160 and 145 to 190 µg/mL, respectively [147]. On the other hand, the 11S pea
globulin could also notably inhibit the growth of several fungi with the MICs ranging
from 55 to 80 µg/mL. In addition, pea lectins could inhibit the growth of several bacte-
ria (such as Klebsiella pneumonia, Pseudomonas aeruginosa, and Staphylococcus aureus), with
the MICs ranging from 62.5 to 125 µg/mL [148]. Furthermore, soluble polysaccharides
derived from pea pods possessed obvious inhibitory effects against Gram-negative and
Gram-positive bacteria at the concentration of 50 mg/mL [149]. Moreover, it was found that
the ethyl acetate extract of pea peels possessed stronger inhibitory effects against several
microorganisms (e.g., Staphylococcus aureus, Salmonella enterica, Escherichia coli, Pseudomonas
aeruginosa, Aspergillus niger, and Candida albicans) than the methanolic and water extracts.
In particular, the water extract of pea peels exhibited no inhibitory effects against these
microorganisms [127]. Finally, these studies indicate that pea and its components exhibit
potential antimicrobial activity and can be potentially used as antimicrobial agents in the
food industry.

4.5. Anti-Renal Fibrosis Effect

Renal fibrosis usually results in glomerulosclerosis and interstitial fibrosis, which can
progressively develop into long-term kidney disease [155]. The protein hydrolysate of green
peas degraded by bromelain (PHGPB) was found to promote the proliferation of SV40
MES 13 mesangial cell induced by high glucose levels [151]. On the other hand, PHGPB
could reduce the levels of fibronectin (FN) and transforming growth factor-β 1 (TGF-β1) in
mesangial cell lines of diabetic glomerulosclerosis, exhibiting great potential for antifibrosis
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in chronic kidney disease [151]. In addition, a previous study further revealed the role of
PHGPB in TGF/SMAD signaling to prevent renal fibrosis [150]. It was found that PHGPB
could decrease the level of TGF-β1 in high-glucose-induced SV40 MES 13 cells. In addition,
the provision of PHGPB could inhibit the gene expression of SMAD 2, SMAD 3, and SMAD
4 genes, but increase the gene expression of SMAD 7 [150]. Collectively, peas have shown
certain therapeutic effects in the treatment of renal fibrosis, but the relevant studies are not
yet complete, and it is important to fill the gaps in clinical studies in the future.

4.6. Other Beneficial Effects

Pea and its bioactive components also have other beneficial effects. For instance,
the bioactive tripeptide LRW (Leu-Arg-Trp) obtained from pea protein could positively
regulate the activity of osteoblasts via the Akt/Runx2 pathway, suggesting its potential
application for the prevention of osteoporosis [153]. In addition, water extracts from pea
seed coats showed cytotoxicity against various cancer cell lines, such as LS174, MDA-
MB-453, A594, and K562 [126]. Meanwhile, lectins from pea seeds also exhibited obvious
inhibitory effects against Ehrlich ascites carcinoma cells in vitro and in vivo by arresting
the cell cycle at the G2/M phase [152]. Furthermore, it was found that peptides derived
from pea protein hydrolysates exhibited immunomodulatory effects in vivo, which could
increase the phagocytic activity of macrophages and stimulate the gut mucosa immune
response as well as enhance the production of IL-6 via the simulation of toll-like receptor-2
(TLR2) and TLR4 [132]. Moreover, the anti-fatigue effect of pea peptides was studied. It
was found that pea peptides could enhance the glycogen content in the muscle and liver,
eliminate accumulated lactic acid, inhibit oxidation in the body caused by free radicals, and
improve the immune function of the body [154].

5. Applications of Pea and Its Components

A recent review has summarized various applications of pea protein in the food indus-
try, which focuses on the pea-protein-based encapsulation systems for bioactive compounds,
pea-protein-based films, pea-protein-based extruded products, and pea-protein-based flour
products, as well as pea protein being used as an alternative for animal products [17].
Therefore, this section updates the most recent applications of pea and its main components
in the food system, such as pea beverages and yoghurts, germinated pea products, pea
flour-incorporated products, pea-based meat alternatives, and encapsulation and packing
materials (Figure 4).

5.1. Pea Beverages and Yoghurts

Plant-based milk has become very popular in the world due to its high nutritional
and health values. Pea seeds can be made into pea milk by directly soaking and mixing
with fresh water. Nevertheless, uncomfortable sensory characteristics such as “grassy”
and “beany”, which result from hexanal, nonanal, and hexanol, can be easily generated
during the processing of pea milk [156–158]. These uncomfortable sensory characteristics
notably restrict the application of peas in protein beverages or plant-based yoghurts.
Recently, to decrease the contents of “off-flavor” components during the processing of pea
milk, a comparative study examined the effects of different lipoxygenase (LOX) inhibitors,
modulators, and high hydrostatic pressure on the flavor and sensory characteristics of
pea milk [158]. It was found that the addition of inhibitors (e.g., ascorbic acid, quercetin,
epigallocatechin-3-gallate, and reduced glutathione) could affect the enzymatic activity
of LOX and change the contents of α-linolenic acid and linoleic acid in pea milk, thereby
reducing the contents of hexanal and 2-pentylfuran [158]. In addition, high hydrostatic
pressure treatment could also significantly reduce the content of hexanal. Furthermore,
modulators (e.g., pea proteins, sodium sulfate, and propylene glycol) could strengthen the
interactions between flavor compounds and pea proteins, thereby reducing the production
of hexanal and hexanol [158]. On the other hand, the sensory profiles of pea milk showed
a trend towards a reduction in “fatty” intensity and an increase in that of “milk-like”
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after the different treatments [158]. Moreover, a recent study also indicated that different
pre-treatments for pea milk making, including alkali water soaking at 25 ◦C (Alk), dry
dehulling and alkali water soaking (Deh + Alk), boiling water blanching, wet dehulling
and alkali water soaking (Bla + Alk), as well as boiling water blanching, dehulling, and
acid water soaking (Bla + Acid), remarkably affected the contents of volatile compounds
in pea milk [159]. More specifically, Bla + Alk and Bla + Acid treatments showed lower
contents of total volatiles than in Alk and Deh + Alk treatments, suggesting that the
blanching played a critical role in the decrease in the volatiles content through inactivating
LOX. Furthermore, ultra-high temperature treatment could change the aroma profile of
pea protein beverages [157]. Lipid oxidation and the Maillard reaction were identified as
the two main aroma formation pathways that occur during the ultra-high temperature
treatment, which could cause the increase in compounds with plastic, nutty, and dusty
notes in pea protein beverages [157]. Moreover, a probiotic beverage enriched with pea and
rice proteins was developed [160]. It was found that the quality of pea and rice proteins
was similar to that of casein after lactic acid bacteria fermentation. More specifically, lactic
acid bacteria fermentation could significantly increase the protein efficiency ratio (PER)
and the net protein ratio (NPR) from 1.88 to 2.32 and 1.66 to 2.30, respectively, thereby
improving the protein quality of probiotic beverages [160].
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Plant-based yoghurts, or dairy-free yoghurts are obtaining increasing acceptance in
the world. Pea milk can be easily turned into pea yogurts by lactic acid bacteria fermenta-
tion [161]. In order to make pea-protein-based products similar to a conventional yoghurt,
five mixtures of milk and pea proteins were fermented by ten starter cultures of lactic acid
bacteria. It was found that the increase in pea concentration could lead to products with
higher acidity, higher syneresis, and lower firmness. Furthermore, considering both the
sensory characteristics and fermentation parameters, starter cultures (e.g., Streptococcus
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thermophilus + Lactobacillus delbrueckii, S. thermophilus + L. acidophilus, and S. thermophilus +
L. casei) possess good potential for the production of yoghurts with pea proteins [161]. Nev-
ertheless, to enhance the firmness of these fermented yoghurts, further studies remain to be
performed. Furthermore, the effect of pea milk preparation methods (e.g., Alk, Deh + Alk,
Bla + Alk, and Bla + Acid) on the quality of non-dairy yoghurts was evaluated [159]. It
was found that the gel hardness of pea yogurts prepared by Alk, Deh + Alk, and Bla + Alk
was significantly improved, while the flavor of pea yogurt prepared by Bla + Acid was
better than that prepared by other methods [159]. On the other hand, these different pre-
treatments reduced the yield of acid formation during lactic acid bacteria fermentation
of pea milk [159]. In addition, plant-based yogurts tend to be lower in protein than dairy
products, and the long fermentation time can cause some texture issues. To overcome
these challenges, the high-pressure processing (HPP) of plant protein ingredients possessed
the potential to address these issues [162]. It was found that the strength of HPP-formed
viscoelastic gels from pea proteins was comparable to commercial dairy yogurts. Inter-
estingly, its gel strength also increased with the incorporation of oil [162]. These results
provide a theoretical basis for developing new processes to produce plant-based yogurts.
Nevertheless, to meet the nutritional needs of humans, pea beverage fortification can be
achieved by enriching the nutrients lost during processing [163], which still needs to be
studied in the future.

5.2. Germinated Pea Products

Peas can be used in a less processed form, such as pea sprouts and microgreens. Germi-
nation can be widely applied to edible seeds to improve their phytochemical compositions
and biological functions [164]. Pea sprouts are rich in minerals and polyphenolics [70,165].
The sprouting can activate the enzymatic activity of phytase, which degrades phytate,
thereby improving the bioaccessibility and bioavailability of minerals [166]. Furthermore,
the germination process also has a significant effect on reducing flatulence-related oligosac-
charides [165]. In addition, the COVID-19 pandemic has caused unprecedented disruption
of food systems, leading to food shortages across supply chains, and underscoring the
significance of food self-sufficiency [12]. Therefore, vegetables in the form of sprouts and
microgreens may temporarily solve domestic food shortages caused by extreme weather,
natural disasters, or public health emergencies such as the COVID-19 pandemic.

The germination strategy of pea seeds can be achieved by a few simple steps, mainly
including sterilization, soaking, and germination [164]. Cold plasma (CP) is an emerging
technology, and its application has also been extended to adjust seed germination perfor-
mance [167]. A previous study showed that the proper cold atmospheric pressure plasma
(CAPP) treatment had significantly positive effects on pea seed germination [168]. Further-
more, sprouts are commonly consumed as raw materials due to their nutritional value, but
can be associated with infections from a range of foodborne pathogens [169]. Therefore, to
inhibit foodborne pathogens, sterilization is mostly performed before seed soaking. Slightly
acidic electrolyzed water (SAEW, pH 5.0–6.5) is produced by the electrolysis of hydrochloric
acid with or without sodium chlorite, which has been widely utilized for inactivating or
eliminating various foodborne pathogens on fruits and vegetables [169]. In a previous
study, SAEW was applied for the production of pea sprouts [169]. It was found that the
number of natural microbes was notably reduced by the SAEW treatment. In addition,
the fresh weight, length, and edible rate of pea sprouts were remarkably improved by
SAEW treatment. On the other hand, SAEW showed no adverse effects on fresh weight,
length, soluble sugar, total protein, vitamin C, or flavonoids. Collectively, SAEW can be a
promising sterilization method for the production of pea sprouts.

Fortifying pea sprouts with essential elements is one of the efficacious ways to promote
their nutritional value. Previous studies developed pea sprouts rich in selenium, iodine,
and zinc [170,171]. The method of soaking pea seeds with iodine and selenium solution
successfully enriched the pea sprouts with the two elements; it also changed some mor-
phological and physiological parameters of pea sprouts [170]. Se (VI) increased the iodine
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content in leaves, but Se (IV) decreased. Furthermore, I (-I) had no effect on the uptake
of Se in sprouts and roots, but I (V) reduced its uptake. In addition, both I and Se in the
soaking solution affected the activity of the electron transport system, tocopherol content,
and glutathione content [170]. Nevertheless, the interaction of iodine and selenium in
sprouts remains to be investigated. Furthermore, a recent study found that the combination
of sucrose (10 mg/L) and selenium (1.25 mg/L) treatment could more effectively increase
vitamin C, sucrose, and fructose levels, especially the selenium level, compared with sele-
nium treatment alone [172]. In addition, the combined application of sucrose (10 mg/L)
and selenium (1.25 mg/L) more effectively regulated glucose metabolism and promoted
the nutritional quality than selenium treatment alone [172]. Moreover, the enrichment of
zinc in seeds should be performed with caution to avoid potential health risks of sprouts,
such as zinc toxicity. The highest safe concentration of ZnSO4 used for treating pea seeds
was 10 µg/mL, at which concentration the germination rate of the pea seeds was as high
as 85% and the germination index was 154% [171]. Nevertheless, the bioavailability and
safety of these minerals in biofortified pea sprouts and microgreens still need to be studied
in animals and humans.

5.3. Pea Flour-Incorporated Products

Pulse flours can be added to food to promote their functional properties and nutri-
tional content as well as product quality [173]. Pea flours could be incorporated into the
wheat bread formulation to promote the quality and nutritional properties of the final
products [174]. It was found that 10% substitution of wheat flour with pea flour had no
adverse effects on dough rheology, bread texture, staling kinetics, or the product’s sensory
attributes, while the incorporation of pea flours could enhance the nutritional quality of
the final product by enhancing the contents of proteins and dietary fiber, and reducing
the starch digestibility rates. In addition, it was found that the incorporation of 5% yellow
pea flour into whole wheat flour could lead to a similar bread quality as that with only
whole wheat flour [173]. Indeed, the composite flour containing yellow pea flour had
overall better potential for bread making by providing good dough handling properties
and good product quality, and promoting the nutritional value of the whole wheat bread.
Furthermore, the effect of substituting 30% of the wheat flour with pea flour (raw materials,
germinated peas, and toasted peas) on the dough properties and baking characteristics
of white bread were evaluated [175]. It was found that the content of proteins obviously
improved after the substitution of pea flour at 30%, and the bread formulated with toasted
pea flour could result in similar properties to wheat flour bread. In addition, this study
clearly demonstrated that high-quality bread could be achieved at a flour substitution
level of up to 30% of pea flour, which provided the consumer with alternative bread with
enhanced protein content and other nutritive properties. Moreover, pea flour has also
been incorporated into wheat flour in the formulation of baked crackers [176]. Yellow and
green pea flours were mixed with wheat flour at the level of up to 40% to make chemically
leavened crackers [176]. It was found that the substitution of wheat flour with 40% pea
flour notably improved the protein content and total dietary fiber content. Furthermore,
the phenolic content and antioxidant capacity were also enhanced with the addition of pea
flours. In addition, it was found that consumers preferred yellow pea cookies to green pea
cookies. These results suggest that pea flour substitution has the potential to improve the
nutrients and eating quality of wheat-based products.

Furthermore, purified pea fractions, such as pea protein isolates and starches, could be
applied for the preparation of sponge cakes. A study was carried out for the investigation
of the in vitro digestion properties of purified pea fractions (protein isolates and starches)
in sponge cakes compared to unrefined pea flours and a wheat-based reference [177]. It was
found that the complete substitution of wheat flour with either pea flours or combined pea
proteins and pea starches resulted in pea-based cakes with more nutritional characteristics
than those of wheat cakes. More specifically, the digestive rate of proteins in the wheat cake
was more rapidly than that of proteins in pea-based cake. Additionally, cakes prepared
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from wheat flours or maize starches were more susceptible to α-amylase compared to those
made from purified pea starches or whole pea flours, which may be owing to the high ratio
of amylose and resistant starches in the pea cakes. Interestingly, similar digestion behaviors
were observed in cakes made from the purified pea components and unrefined whole pea
flours. Collectively, these results reveal that pea ingredients and whole pea flours have
good potential for application in plant-based alternatives to wheat flours for utilization in
gluten-free baked products.

Moreover, pea pods are usually regarded as by-products deriving from the pea pro-
cessing industry, which are potential sources of dietary fiber, proteins, polyphenols, and
minerals. A recent study utilized pea pod powder for the development of instant pea soup
powders [178]. It was found that the instant pea soup powder containing 12.5% of pea
pod powder was the most acceptable, with an overall acceptability of 8.5. In addition, the
produced instant pea soup powder had high contents of dietary fiber (13.25%), carotenoids
(6.65 mg/100 g), and chlorophyll (1.95 mg/100 g). Therefore, more studies remain to be
carried out to leverage pea by-products for their valorisation in the food industry.

5.4. Meat Alternatives

Pea components, such as proteins, starches, and fiber, have been utilized in the de-
velopment of various forms of meat and meat alternatives [29,179,180]. Pea proteins may
detract from food properties but have shown excellent properties in the development of
manufactured meat products [29]. For example, the addition of pea protein isolates (PPIs)
in fortified beef patties could reduce their hardness, stickiness, gumminess, and chewiness,
providing them with a softer texture that can meet the dietary target requirements for
proteins in a population of older people [181]. The addition of PPIs in chicken nugget
formulations could increase the nutritional value while reducing the high cost of the meat
product [182]. The addition of PPIs in meat formulations not only promotes the nutritional
value but also provides a vehicle to enhance the application of PPIs to maintain target
protein intake. Furthermore, pea protein isolates could be applied for the production of
fibrous meat alternatives by high-moisture extrusion cooking treatment [183].

Fiber plays a critical role in the texture of meat alternatives. Pea fiber has been added
as a partial substitute for meat (to reduce the cost of the product) or fat (to develop a health
product) in beef burgers [179]. It was found that there were no significant differences in
pH, color parameters, texture profile, cooking loss, size reduction, or sensory acceptance
among different beef burgers with pea fiber [179]. In addition, the impact of pea fiber on the
quality properties of chicken meatballs was studied [184]. It was found that the addition of
pea fiber in the chicken meatballs could increase their pH, yield, and moisture retention,
while decreasing the diameter reduction and fat absorption. In particular, the addition of
3%, 6%, and 9% of pea fiber was found to be more successful in the production of chicken
poultry. In addition, the addition of pea fiber in meatballs could obtain a more crumbly,
firm, and gritty texture with increasing doses of fiber [185]. Indeed, subjective appetite
sensations were not affected by the addition of pea fiber, and the addition of pea fiber could
promote the nutritional composition of meatballs. Furthermore, pea starches and pea fiber
have been applied for the substitution of wheat crumb in beef burgers [180]. It was found
that the incorporation of a suitable ratio of pea starches and fiber into beef burgers could
result in optimal firmness and juiciness characteristics, but without any adverse effects on
consumer acceptability. Collectively, pea fiber is promising as a partial substitute for meat
and fat due to the preservation of technical parameters and organoleptic acceptability.

5.5. Encapsulation and Packing Materials

Pea proteins can be used as an effective encapsulation system. The application of pea
proteins in the emulsification and encapsulation of food bioactive ingredients has been
recently summarized [186]. Recent investigations have studied the application of pea pro-
teins as the single carrier or in combination with other biopolymers for the encapsulation
of polyphenols, such as curcumin, quercetin, resveratrol, and hesperidin [187–190]. For
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instance, pea protein isolate (PPI) was successfully used as a nanocarrier for encapsulation
of lipophilic polyphenols, such as curcumin, quercetin, and resveratrol [190]. It was found
that curcumin, quercetin, and resveratrol were encapsulated in the PPI mainly driven
by hydrophobic interaction or hydrogen bonding effects. After loading into the PPI, the
environmental stability of three polyphenols towards UV light and thermal processing
was enhanced, and the antioxidant potential of three polyphenols was also improved. In
addition, PPI could be combined with high methoxylated pectin (HMP) to form electrostatic
nanocomplexes for the encapsulation of quercetin and hesperetin [187,188]. The optimal
conditions required for electrostatic nanocomplex formation were a 1:1 ratio of PPI to
HMP and a pH of 4, which greatly increased the solubility, bioaccessibility, and antioxi-
dant activity of hesperetin [187]. Another study investigated the encapsulation efficiency,
antioxidant properties, stability, and release of quercetin (Que) encapsulated in soluble
PPI-HMP nanocomplexes fabricated at pH 5 and pH 6 [188]. It was found that PPI-HMP
nanocomplexes fabricated at pH 5 had higher encapsulation efficiency and loading capacity,
while the nanocomplexes fabricated at pH 6 had higher antioxidant capacity. In addition,
PPI-HMP-Que fabricated at pH 6 exhibited a greater protecting effect and higher release
percentage of Que in the simulated gastrointestinal fluid [188]. Collectively, these results
can provide useful information for fabricating PPI-based nanocarriers for the effective
encapsulation of bioactive ingredients in the food industry.

Different vegetable proteins and animal proteins are regarded as excellent materials
for the preparation of edible or non-edible coatings and films [191]. Pea proteins are widely
utilized in the production of edible films and coating materials. Pea-protein-based films
could provide high oxygen barrier properties but have high water vapor permeability due
to their hydrophilic nature. The addition of corn starch nanocrystals (SN) and high-pressure
homogenization (HPH) treatment can greatly promote the packaging properties of pea-
protein-based films [192,193]. It was found that the addition of SN up to 10% could reduce
the water vapor permeability and mechanical properties, and improve the thermal stability
of pea-protein-based films [193]. In addition, HPH treatment could reduce the particle size
and surface charge of PPI, and increase the surface hydrophobicity and free sulfhydryl of
PPI, thereby supplying great potential for covalent bonding during film formation [192].
On the other hand, HPH treatment could decrease the opacity of PPI-based films from
7.39 to 4.82 at a pressure of 240 MPa, with a more homogeneous surface. After the HPH
treatment, the tensile strength and elongation at break of the PPI-based films increased
from 0.76 MPa to 1.33 MPa, and from 96% to 197%, respectively [192].

Furthermore, cellulose nanocrystals (CNC) isolated from pea hulls can enhance some
packaging properties of carboxymethyl cellulose (CMC)-based films and chitosan (CS)-
based films [194,195]. It was found that the addition of 5% CNC in the CMC-based films
could improve the UV and water vapor barriers, mechanical strength, and thermal stability.
Compared with CMC-based films, the CNC-CMC composite films showed an increase
of 50.8% in tensile strength and a decrease of 53.4% in water vapor permeability. On the
other hand, the CNC-reinforced CMC films could reduce the weight loss and maintain
the content of vitamin C of red chilies [194]. In addition, the CNC derived from pea hulls
could also promote the packaging properties of CS-based films [195]. The tensile strength
of CS-based films was increased by 41% with the addition of 10% of CNC. In addition, the
UV and water barrier properties of the CS-CNC composite films were improved. Moreover,
in addition to pea proteins and fiber, pea starches can also be used for the development
of packaging materials. Pea starches and polylactic acids are promising alternatives to
petroleum-based plastics [196,197]. Recently, biodegradable films derived from pea starches
and polylactic acids with a double-layer structure have been developed, which showed
better toughness, thermal stability, and barrier capacity than those of polylactic acid-based
films. On the other hand, the films could reduce the weight loss ratio of cherry tomatoes
and extend the retention of organic acids and vitamin C. Collectively, these results suggest
that pea proteins, fiber, and starches possess good potential to be used as encapsulation
and packing materials in the food system.
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6. Conclusions and Perspectives

Whole peas are rich in macronutrients, including proteins, starches, dietary fiber, and
non-starch polysaccharides. Polyphenols, especially flavonoids and phenolic acids, are
important bioactive ingredients that are mainly distributed in the pea coats. Anti-nutritional
factors, such as phytic acid, lectin, and trypsin inhibitors may hinder nutrient absorption.
Whole pea seeds can be processed by different techniques such as drying, milling, soaking,
and cooking to improve their functional properties. In addition, the physicochemical
and functional properties of pea starches and pea proteins can be improved by chemical,
physical, enzymatic, and their combined modification methods. Owing to the multiple
bioactive ingredients in peas, the pea and its products exhibit various health benefits,
such as antioxidant, anti-inflammatory, antimicrobial, anti-renal fibrosis, and regulation
of metabolic syndrome effects. Peas have been processed into various products such
as pea beverages, germinated pea products, pea flour-incorporated products, pea-based
meat alternatives, and encapsulation and packing materials. Collectively, the pea can be a
functional food that complements other grains for various applications in the food system.

Recent studies identified the detailed chemical structures of several bioactive polyphe-
nols and peptides, while the structural information regarding the soluble dietary fiber is
limited. Although various methods have been carried out for the processing of whole pea
seeds, studies on the effects of different processing techniques on the nutritional quality
and bioactive components of pea seeds are still limited. Many studies have revealed that
pea and its bioactive components exhibit various health-enhancing benefits, while most
studies only used crude extracts. It is important to establish efficient methods to isolate
and purify specific bioactive compounds from pea and its by-products. In addition, sev-
eral studies have investigated the possible mechanisms of action of pea and its bioactive
components, while related molecular targets still need to be revealed. The bioactivities of
individual polyphenols and dietary fiber from peas are still unclear, requiring more study
in the future. Fortification of pea sprouts and microgreens with essential elements is one of
the effective ways to promote their nutritional value. Nevertheless, the bioavailability and
safety of these minerals in biofortified pea sprouts remain to be clarified. The potential of
pea proteins and pea fiber in the development of meat alternatives should also be further
explored to meet the increasing demand. Finally, the pea pods or hulls, an under-utilized
agricultural by-product, are also a source of polyphenols and dietary fiber, but there is
less information on their use in functional foods. Possible production methods should be
developed to add value to these by-products.
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Abbreviations

A594, lung carcinoma; ABTS, 2,2 azinobis 3-ethylbenzo-thiozoline-6-sulfonic acid;
ACE, angiotensin I-converting enzyme; ADIPOR, adiponectin receptor; AF-PSE, albumin
fraction from pea seed extract; Akt, protein kinase B; ALP, alkaline phosphatase; ALT,
alanine amino transferase; AMPK, adenosine 5′-monophosphate (AMP)-activated protein
kinase; Ang, angiotensin; aP2, adipocyte fatty acid-binding protein; AST, aspartate amino
transferase; BAs, bile acids; Bcl, B-cell lymphoma; CAT, catalase; COL1A2, alpha-2 type I
collagen; COX-2, cyclooxygenase-2; CUPRAC, cupric reducing antioxidant capacity; DOX,
doxorubicin hydrochloride; DPPH, 2,2-Diphenyl-1-picrylhydrazyl; DSS, dextran sodium
sulphate; EAC, Ehrlich ascites carcinoma; ESI, electrospray ionization; FAA, free amino
acid; FAS, fatty acid synthase; FBG, fasting blood glucose; FCC, ferrous ion-chelating ca-
pacity; FN, fibronectin; FRAP, ferric reducing antioxidant power; FRC, ferric ion-reducing
capacity; GLUT, glucose transporter; GSH, glutathione; GSH-Px, glutathione peroxidase;
HDL, high-density lipoprotein; HDL-C, high-density lipoprotein cholesterol; HFD, high-fat
diet; HFHSD, high-fat/high-sucrose diet; H2O2, hydrogen peroxide; HO-1, heme oxyge-
nase 1; HRMS, high-resolution mass spectrometry; ICAM, intercellular adhesion molecule;
IFN-γ, interferon-gamma; IgA+, immunoglobulin class A+; IgG, immunoglobulin class G;
IKBA, inhibitory kBa; IL, interleukin; iNOS, inducible nitric oxide synthase; IRS, insulin
receptor substrate; K562, myelogenous leukemia; Keap1, Kelch-like ECH-associated protein
1; Klf4, Kruppel-like factor 4; LC, liquid chromatography; LDL, low-density lipoprotein;
LDL-C, low-density lipoprotein cholesterol; LDLR, low-density lipoprotein receptor; LPS,
lipopolysaccharide; LS174, human colon denocarcinoma; LTQ, linear ion-trap quadrupole;
MASR, Mas receptor; MCP, monocyte chelator protein; MDA, malondialdehyde; MDA-MB-
453, breast carcinoma; MMP, metalloproteinase; MS, mass spectrometry; MS/MS, tandem
mass spectrometry; NO, nitric oxide; NQO1, NAD(P)H quinone dehydrogenase 1; Nrf2,
transcription factor NF-E2-related factor 2; OA, oleic acid; OGT, oral glucose tolerance; ·OH,
hydroxyl radical; ORAC, oxygen radical absorbance capacity; P13K, phosphatidylinositol
3-kinase; PPARγ, peroxisome proliferator-activated receptor γ; Pref, preadipocyte factor;
PSE, pea seed extract; Q, quadrupole; ROS, reactive oxygen species; Runx2, runt-related
transcription factor; SBP, systolic blood pressure; SCD, stearoyl-CoA desaturase; SCFAs,
short-chain fatty acids; SHR, spontaneously hypertensive rat; SOD, superoxide dismutase;
Spdef1, SAM pointed domain ETS factor 1; SREBP, sterol regulatory element-binding pro-
tein; STZ, streptozotocin; T-AOC, total antioxidant capacity; TC, total cholesterol; TFC,
total flavonoid content; Tff3, trefoil factor 3; TG, triglyceride; TGF-β1, transforming growth
factor beta; TLR, toll-like receptors; TNF-α, tumor necrosis factor α; TPC, total phenolic
content; UHPLC, ultrahigh-performance liquid chromatography.
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