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Plant proteins for human health: the current status
and future needs
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Plant based protein consumption is increasingly recognized for its therapeutic potential in managing

metabolic health and preventing chronic diseases. This review provides a comprehensive analysis of the

physiological impact of plant proteins, including their roles in satiety regulation and weight management

via the modulation of appetite regulating hormones. We examine how plant proteins optimize lipid

metabolism and reinforce gut homeostasis by promoting diverse microbiota and increasing the pro-

duction of short chain fatty acids. Furthermore, we dissect the mechanisms through which plant proteins

and their digestion derived peptides attenuate the pathogenesis of cardiovascular disease, type 2 diabetes,

and chronic kidney disease. Specific attention is given to the modulation of intracellular signaling path-

ways such as PI3K-Akt and the regulation of the renin angiotensin system. The review also highlights that

the health efficacy of plant proteins is highly dependent on the food matrix, where synergistic interactions

between proteins, fiber, and phytochemicals are critical. Finally, the impact of food processing on peptide

bioaccessibility is examined, and a process–matrix function paradigm is proposed for future research. In

conclusion, these insights underscore the role of plant proteins as functional components that are essen-

tial for developing sustainable and precise nutritional strategies to mitigate the global burden of non-

communicable diseases.

1. Introduction

Proteins are indispensable macronutrients that provide essen-
tial amino acids and serve as structural and functional com-
ponents of human tissues, supporting growth, repair, and
metabolic homeostasis. The 2025–2030 Dietary Guidelines for
Americans has significantly increased the recommended
protein intake from the previous 0.8 g kg−1 standard to 1.2 to
1.6 grams of protein per kg of body weight.1 In general,
humans can obtain dietary proteins from a wide range of
sources, including animal, dairy, plant, microbial, marine, and
insect origins. With increasing environmental and sustainabil-
ity concerns, a marked shift in consumer preferences toward
proteins derived from plants has been observed. Traditionally,
plant proteins are central to the food structure and functional-
ity, governing the formation, stability, and sensory properties
of many food systems. For instance, wheat gluten confers vis-
coelasticity to dough systems, whereas soy proteins exhibit
strong gelation and water-holding capacity, properties that are
widely exploited in structured plant-based foods.2 More

recently, the structural potential of plant proteins has been
extended to advanced colloidal system development, such as
hydrogels, oleogels, and hybrid bi-gels, which enable precise
modulation of the texture, fat structuring, and digestion behav-
ior.3 These plant protein-based networks hold significant
promise for developing healthier fat-reduced foods and design-
ing next-generation plant-based products with tailored func-
tional properties.

Plant proteins are derived from a wide range of botanical
sources, which are commonly classified into four major cat-
egories: legumes, cereals, oilseeds, and emerging novel
sources. Legume proteins, such as those from soy, pea, and
lentil, are among the most extensively studied due to their rela-
tively high protein content and distinctive amino acid compo-
sition. Cereal proteins, including wheat, rice, and maize, con-
stitute a major proportion of global dietary protein intake and
are closely associated with staple food matrices that determine
both technological functionality and nutritional outcomes.4

Oilseed proteins, obtained primarily from defatted meals of
crops such as peanut, rapeseed, and sunflower, represent an
underutilized yet protein-rich resource with diverse structural
characteristics.5 Beyond these traditional sources, increasing
attention has been directed toward novel plant proteins from
leafy biomass, reflecting the growing interest in expanding the
diversity and sustainability of plant-based protein supplies.
These protein sources exhibit substantial heterogeneity in the
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composition, structure, and functionality, underscoring the
need to consider the protein origin when evaluating their
nutritional and health-related roles.6

Plant proteins, particularly those derived from legumes
such as soy and peas, provide broad health-promoting benefits
primarily mediated by their unique amino acid composition
and synergistic food matrix effects.7 At the protein level, plant
proteins provide diverse amino acid profiles and encrypted
bioactive sequences that have been associated with improved
metabolic regulation, cardiometabolic risk factors, and inflam-
matory status. Substitution of animal protein with plant
protein sources has consistently been linked to favorable out-
comes in body weight control, blood lipid profiles, and glyce-
mic regulation, supporting their relevance in the prevention
and management of chronic diseases such as cardiovascular
disease, diabetes mellitus, and chronic kidney disease.8 In
addition to the protein fraction itself, increasing attention has
been directed toward the synergistic role of the plant food
matrix, in which proteins coexist with dietary fiber, phyto-
chemicals, and other bioactive constituents. For instance, in
soy-based foods, dietary fiber and associated phytochemicals
such as isoflavones work together to regulate satiety signals,
manage energy balance, and modulate the gut microbiota
composition through prebiotic activities. Together, current evi-
dence suggests that the health impact of plant proteins is mul-
tifactorial and context-dependent, highlighting the importance
of considering both the protein source and food matrix when
evaluating their role in human nutrition.

This review aims to consolidate current knowledge on the
relationships between plant proteins and human health. In
particular, the roles of plant proteins in satiety, weight man-
agement, and muscle protein synthesis, as well as their effects
on lipid metabolism and gut health are systematically dis-

cussed. Evidence regarding the potential of plant proteins in
the prevention and management of non-communicable dis-
eases, particularly cardiovascular disease, diabetes mellitus,
and chronic kidney disease, is critically evaluated. Finally, this
review highlights key research priorities, including the com-
parative efficacy of different plant protein sources, the role of
co-existing constituents within plant food matrices, and the
bioactivity of protein-derived peptides released during
digestion.

2. Satiety and weight management

Foods rich in fat, dietary fiber, and protein are generally
associated with prolonged satiety compared with those rich in
rapidly digestible carbohydrates. Among these macronutrients,
dietary protein plays a particularly prominent role in appetite
regulation, with consistent effects observed across acute
feeding studies as well as short- to medium-term dietary inter-
ventions. As illustrated in Fig. 1, protein-induced satiety,
including that by plant proteins, has been widely attributed to
coordinated changes in gastrointestinal and endocrine signal-
ing, including increased secretion of anorexigenic hormones
such as glucagon-like peptide-1 (GLP-1), cholecystokinin
(CCK), and peptide YY (PYY), alongside suppression of the
orexigenic hormone ghrelin.9 These hormonal responses are
thought to contribute to reduced hunger perception and
enhanced postprandial fullness, although their translation
into subsequent energy intake remains variable.

Energy expenditure has also been proposed as a contributor
to protein-induced satiety, particularly under sustained high-
protein dietary conditions, and to a lesser extent following
single high-protein meals. While it was previously thought

Fig. 1 Mechanistic pathways of plant protein-induced satiety and weight management.
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that this mechanism might be less pronounced for plant-
based sources, recent evidence suggests plant proteins can
effectively modulate energy intake without necessarily altering
systemic thermogenesis. For instance, a 50 g dose of soy
protein was found to significantly enhance subjective satiety
and reduce subsequent energy intake, despite no significant
differences in diet-induced thermogenesis compared to that of
carbohydrate controls.10 Crucially, the role of plant proteins in
supporting muscle protein synthesis is a vital but often over-
looked component of weight management. By providing the
essential amino acid substrates to maintain metabolically
active lean mass, plant proteins help prevent the decline in the
basal metabolic rate typically observed during weight loss,
thereby supporting long-term energy homeostasis.

The satiety-inducing capacity of plant proteins is further
influenced by postprandial metabolites and specific amino
acid profiles. High-protein soy-based meals (25% of energy)
have been shown to elicit greater satiety ratings compared to
their normal-protein counterparts, an effect associated with
elevated concentrations of metabolites like taurine and
increased insulin responses.11 However, the satiety capacity is
not uniform across all botanical sources. Specific intervention
studies highlighted that pea protein (e.g., NUTRALYS®) often
elicits stronger acute appetite suppression and more pro-
nounced hormonal responses (e.g., CCK and PYY) compared
to soy protein. This superiority in acute satiety is likely driven
by its distinct amino acid profile and its tendency to form tran-
sient aggregates during gastric digestion, which delays nutri-
ent emptying more effectively than the relatively faster-digest-
ing soy protein.12 Furthermore, fortifying foods with specific
amino acids, such as L-arginine in legume-based cookies, have
been demonstrated to strengthen insulinemic responses and
satiety hormone release, highlighting the potential for targeted
amino acid modulation to enhance the functional properties
of plant-based foods.13

Protein digestibility is another key determinant of physio-
logical function. Many plant proteins exhibit slower digestion
kinetics due to their inherent globular structures and the pres-
ence of antinutritional factors. This leads to a more sustained
release of amino acids, as exemplified by pea protein that
forms transient aggregates during gastric digestion. This
results in prolonged aminoacidemia, extending the activation
of central nervous system pathways involved in appetite
control.14 From an anabolic perspective, while the “slow”
nature of some plant proteins might result in a lower peak in
muscle protein synthesis compared to rapidly digested whey,
the sustained amino acid supply may be advantageous for
maintaining net protein balance over a longer postprandial
period. Moreover, food processing, such as extrusion, can
decouple the relationship between digestibility and satiety.
Texturized vegetable protein (TVP) has been shown to induce
lower energy intake than meat, despite lower in vitro digesti-
bility, suggesting that the physical structure created during
processing may prolong gastric retention.15

A critical factor that has long been underestimated is the
impact of the food matrix which may ultimately be more

crucial than the origin of protein alone. Dietary fiber, a major
constituent of plant protein, contributes to satiety through
gastric distention, prolonged CCK secretion, and the pro-
duction of short-chain fatty acids (SCFAs) via colonic fermenta-
tion. Legume-based meals (beans/peas) have been shown to
induce 12–13% lower subsequent energy intake compared to
isoenergetic animal-based meals, largely due to this fiber-
protein synergy.16 Additionally, certain antinutritional com-
pounds like lectins and trypsin inhibitors may stimulate CCK
secretion though their retention must be balanced against
their potential to limit the bioavailability of amino acids
needed for muscle protein synthesis. Optimized processing,
such as the combination of pea protein and fiber in extruded
cereals, can effectively manage glycemic and insulinemic
responses while preserving the satiety-enhancing components
of the matrix.17

In short, plant proteins facilitate weight management
through a multi-pathway approach involving the regulation of
energy intake via acute satiety signaling and the support of
metabolic health through muscle mass preservation (Fig. 1).
The existing evidence highlights a complex relationship
between internal satiety signals and actual eating behavior,
which suggests that future weight management strategies
should move beyond acute hormonal responses. A critical area
for advancement lies in optimizing food processing techniques
to balance protein digestibility with the retention of bioactive
matrix components like dietary fiber and the elimination of
antinutrients, particularly those that reduce the digestibility of
plant protein. By tailoring the physical structure of plant-based
foods to prolong gastric retention or modulate nutrient
release, it may be possible to develop functional plant protein-
based foods that provide more sustained appetite suppression.
Furthermore, integrating these mechanistic insights into long-
term dietary interventions will be essential to validate the
efficacy of plant proteins in achieving sustainable weight loss
and improving body composition in diverse populations.
Understanding these integrated relationships is fundamental
for the rational design of next-generation plant protein-based
products that can effectively address the global challenges of
obesity.

3. Lipid metabolism

Lipid metabolism encompasses the complex processes govern-
ing the digestion, absorption, transport, and utilization of fats
within the body. Plant proteins influence these pathways
through a dual mechanism involving the modulation of initial
lipid bioaccessibility in the gastrointestinal tract and the direct
biochemical regulation of systemic lipid synthesis and catabo-
lism.18 These complementary pathways, supported by prin-
ciples of food structure science and molecular biology, posi-
tion plant protein consumption as a key dietary intervention
for improving lipid profiles and metabolic health. The effects
of different plant protein sources and forms on lipid metab-
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olism together with their proposed mechanisms and experi-
mental evidence are summarized in Table 1.

Among them, a primary pathway is the ability of plant pro-
teins to physically govern lipid digestion and absorption. Their
functionality as emulsifiers and gelation agents within the
food matrix actively determines lipid bioaccessibility including
the fraction of digested lipids available for intestinal uptake.
For instance, Keuleyan et al. found that lipid bioaccessibility
was significantly lower in emulsions stabilized with lupin
protein ingredients compared to pea protein isolates, while
their lipolysis rates were similar.19 Beyond acting as a physical
barrier, the molecular interactions between plant proteins and
lipid species further dictate metabolic outcomes through the
binding of cholesterol and bile acids. Mechanistic disparities
are also evident among cereal proteins. While wheat proteins
are primarily valued for their techno-functional roles in food
matrices, oat-derived protein hydrolysates exhibit a significant
biochemical capacity to bind bile acids such as taurocholate,
with values reaching 46.3% following digestion. This seques-
tration of bile acids disrupts enterohepatic circulation and pro-
motes hepatic cholesterol conversion, a mechanism that is far
more pronounced in oats than in traditional wheat-based
proteins.20 By promoting the fecal excretion of these bile
acids, plant proteins disrupted enterohepatic circulation and
stimulated the hepatic conversion of cholesterol into new bile
acids.

Furthermore, plant proteins provide essential protection
against lipid oxidation during the complex process of diges-
tion. The gastric environment can promote the formation of
pro-oxidant species that lead to the generation of toxic lipid
hydroperoxides and aldehydes. Many plant-derived proteins
and their hydrolyzed peptides possess inherent antioxidant pro-
perties such as radical scavenging and metal chelating
activities.21,22 Lucrecia et al. demonstrates that while the intact
red bean protein concentrate showed limited activity, their
gastric and duodenal digests significantly inhibited lipid peroxi-
dation. Specifically, red bean protein concentrate digests was
able to inhibit lipid oxidation by up to 93% in vitro and main-
tained high efficacy in vivo using zebrafish models.23 Similar
protective mechanisms have been reported for rapeseed meal
protein hydrolysates produced by controlled enzymatic proteol-
ysis, which exhibited strong reducing power and pronounced
metal-chelating activity, particularly in Prolyve-derived (Bacillus
licheniformis proteinases) peptide fractions, thereby effectively
limiting lipid oxidation in model systems.24 These findings were
also complemented by studies on oat bran protein hydrolysates
that similarly protected human low-density lipoprotein (LDL)
against copper-mediated lipid oxidation by reducing the concen-
tration of lipid hydroperoxides.20

Beyond intestinal protection, plant proteins can be engin-
eered into delivery systems that temporally control lipid
release. For example, Browning et al. have developed stable

Table 1 Effects of plant proteins and their derived signals on lipid metabolism

Plant protein
source Form Evidence types Key lipid metabolic pathway Lipid outcome Ref.

Pea and lupin
protein

Emulsion-stabilizing
proteins

In vitro digestion
model

Protein-stabilized interfacial layers
hinder lipase adsorption and lipid
hydrolysis

Decreased lipid digestibility and
bioaccessibility

18

Soy protein Intact protein isolate Meta-analysis of 46
RCTs in adults

Increased bile acid excretion,
reduced cholesterol absorption,
altered hepatic cholesterol
metabolism

Decreased LDL-C and total
cholesterol

25

Chickpea
protein; lentil
protein

Purified intact protein Wistar rats (28-day
feeding)

Reduced hepatic TG synthesis and
VLDL export; decreased adipose
tissue LPL activity; increased
hepatic lipase activity

Decreased plasma TG, VLDL
particle number and TG
content, liver TG and
cholesterol

20

Soy protein Intact dietary proteins High-fat diet-fed mice Regulation of AMPK/mTOR
signaling and gut microbiota-lipid
metabolism interactions

Improved lipid profile and
insulin sensitivity

33

Red bean
protein
concentrate

Protein concentrate
(with associated
phytochemicals)

In vitro antioxidant
assays

Antioxidant activity limiting
oxidative damage to lipids

Decreased lipid peroxidation 22

Rapeseed meal
protein

Enzymatic hydrolysates
(bioactive peptides)

In vitro antioxidant
and lipid oxidation
models

Metal chelation and radical
scavenging by low-molecular-
weight peptides

Decreased lipid oxidation in
model systems

23

Rapeseed
protein

Purified bioactive
peptide (EFLELL)

Cell-based assays +
molecular docking

Modulation of LDLR-PCSK9
signaling; inhibition of PCSK9-
LDLR interaction

Decreased TC, TG, and LDL-C 21

Pea protein Protein hydrolysate GDM mouse model Inhibition of PI3K/AKT/mTOR/
PPARγ signaling; restoration of
PC, PE, and FAHFA species

Decreased TG, TC, LDL-C,
hepatic and placental lipid
accumulation; improved
placental lipid profile

17

Pea protein Albumin OA-induced
LO2 hepatocyte
model

Inhibition of lipid synthesis;
activation of triglyceride
catabolism and fatty acid
oxidation pathways

Decreased intracellular TG and
TC, lipid droplet accumulation,
ALT, AST, MDA; improved
GSH-Px

26
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microcapsules from pea protein isolate that protect lipid cargo
(e.g., oils) under gastric conditions and release it in the intes-
tine.25 This strategy can delay and attenuate postprandial lipid
absorption to smooth the metabolic load. By reducing the rate
and extent of lipid absorption, plant protein-based matrices
can lower chylomicron output and alleviate the postprandial
lipemic burden on the liver. The consistent reduction in LDL
cholesterol observed in human trials by substituting animal
protein with plant protein is congruent with a mechanism that
reduces the efficient absorption of dietary cholesterol and satu-
rated fats.26,27

In addition to their intrinsic nutritional value, plant pro-
teins exhibit important synergistic interactions with unsatu-
rated fatty acids (UFAs), particularly in the regulation of lipid
digestion and postprandial lipid metabolism. Plant proteins,
especially in their native or mildly processed forms, can act as
natural emulsifiers and adsorb at the oil–water interface to
form viscoelastic interfacial layers around lipid droplets. These
protein-stabilized interfaces create steric and electrostatic bar-
riers that hinder the adsorption and activity of pancreatic
lipase and bile salts, thereby slowing the hydrolysis of triglycer-
ides and reducing lipid bioaccessibility.28,29 This interfacial
modulation mechanism leads to a more gradual release of free
fatty acids during digestion, which may contribute to the
attenuation of postprandial lipemia and improved lipid meta-
bolic responses. In addition, the structural properties of plant
proteins, including their aggregation state, flexibility, and
surface hydrophobicity, can further influence emulsion stabi-
lity and digestion kinetics, highlighting the importance of
protein physicochemical characteristics in determining lipid
digestion behavior.

Parallel to physical modulation in the gut, plant proteins
and their derivatives enact direct biochemical effects on
endogenous lipid metabolism, primarily in the liver. Upon
digestion, plant proteins release bioactive peptides that func-
tion as endogenous metabolic regulators. A well-documented
mechanism is the inhibition of hepatic 3-hydroxy-3-methyl-
glutaryl-CoA (HMG-CoA) reductase, the rate-limiting enzyme in
cholesterol synthesis, by peptides derived from soy, quinoa,
and beans.30,31 Concurrently, certain peptides have been
shown to upregulate the hepatic LDL receptor expression,
enhancing the clearance of circulating LDL cholesterol.26

These peptides thus operate dually, i.e., suppressing de novo
cholesterol production while accelerating its removal.

The benefits of plant proteins are further amplified by the
gut microbiome through the gut-liver axis. Fermentation of co-
existing dietary fiber produces short-chain fatty acids (SCFAs)
like propionate, which function as signaling molecules. In
hepatic cells, SCFAs activate the AMP-activated protein kinase
(AMPK) pathway. This leads to the upregulation of peroxisome
proliferator-activated receptor alpha (PPARα), a master regula-
tor that enhances fatty acid β-oxidation and suppresses lipo-
genesis.32 This gut-liver axis represents a critical indirect
pathway for plant proteins to improve lipid homeostasis. For
instance, Ji and coworkers found that supplementation with
soy protein isolate (SPI) in mice fed with a high-fat diet not

only activated hepatic AMPK signaling but also improved sys-
temic insulin sensitivity and lipid metabolism. Furthermore,
SPI positively remodeled the gut microbiota by increasing its
diversity and reducing potentially harmful genera, which
demonstrated how a single plant protein intervention can sim-
ultaneously engage both the hepatic AMPK pathway and the
gut microbial ecosystem to restore metabolic homeostasis.33

Recent advances in lipidomics have provided deeper insight
into how dietary patterns including the consumption of plant
proteins modulate lipid metabolism at the molecular level. A
large-scale lipidomic study in 2860 adults demonstrated that
higher protein intake was inversely associated with multiple
sphingolipid subclasses, including ceramides, hexosylcera-
mides, and sphingomyelins. However, the opposite trend was
observed in a higher saturated fat intake which increased
several sphingolipid species and the associated cardiometa-
bolic risk.34 These findings imply that plant protein-rich diets
may induce favorable modifications in both classical lipid
markers and deeper molecular lipid species. However, despite
these promising associations, current understanding remains
constrained by several key limitations. In particular, interven-
tional studies combining plant protein dietary shifts with com-
prehensive lipidomics profiling remain scarce, and most
mechanistic evidence concerning bioactive peptides and gut
microbiota-derived metabolites (e.g., SCFAs) is still derived
from in vitro animal models, with the human data and clear
quantification of individual variability in response notably
lacking. Future research must therefore prioritize well-con-
trolled human interventions that integrate multi-omics
approaches to bridge these gaps, confirm causality, and trans-
late the compelling mechanistic insights into validated, per-
sonalized plant protein based dietary strategies for effective
lipid management.4

4. Gut health

The human gut microbiota is a highly diverse and dynamic
ecosystem that plays an essential role in host digestion,
immune regulation, and metabolic homeostasis. Plant pro-
teins possess a distinctive capacity to interact with this
microbial community, which is partly due to their generally
lower digestibility in the small intestine compared to animal-
derived proteins. Consequently, a greater proportion of undi-
gested proteins and peptides reaches the colon, where they
serve as substrates for microbial fermentation.35 The extent of
this interaction is shaped by the intrinsic structural traits of
plant protein source, such as the high hydrophobicity and
trypsin inhibitor content found in soy protein.

To improve the gastrointestinal fate of plant proteins and
modulate their impact on the gut health, a variety of proces-
sing strategies have been developed to reduce structural bar-
riers, inactivate anti-nutritional factors, and enhance upper
gastrointestinal digestibility. Thermal treatments like extrusion
and biological strategies such as fermentation are widely
applied for this purpose.36 Comparative studies have indicated
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that while fermentation primarily improves sensory profiles
and reduces antinutrients, its impact on digestibility can be
limited compared to thermomechanical methods. Specifically,
high-moisture extrusion (HME) has been shown to increase
the degree of protein hydrolysis in sunflower-pea blends to
52.8%, significantly outperforming mild heating. This is
because HME’s combined thermal and mechanical shear
more effectively uncoils globular proteins, though excessive
heat may still lead to insoluble aggregates that increase the
load of resistant protein in the colon.37 While fermentation
may differ in its impact on initial hydrolysis, it remains a
powerful tool for improving nutritional availability. For
example, solid-state fermentation of red kidney beans has
been shown to significantly elevate free amino acid levels and
increase peptide production during subsequent digestion.38 A
mechanistic in vitro study by Kim et al. further demonstrated
that probiotic fermentation of pea protein reduced poorly
digestible β-sheet structures by 53.92% and improved the
overall digestion by 22.50%.39 Meanwhile, in vivo evidence also
aligns with these findings, as Jäger et al. reported that consum-
ing 20 g of pea protein together with five billion colony-
forming units each of Lactobacillus paracasei LP-DG (CNCM
I-1572) and LPC-S01 (DSM 26760) for two weeks enhanced sys-
temic amino acid availability, with the increments for meth-
ionine, histidine, and branched-chain amino acids being
16.3%, 49.2%, and 26.8%, respectively.40 These improvements
are critical because they limit the substrate available for putre-
factive fermentation. Unlike animal proteins, plant-based diets
often feature a lower ratio of sulfur-containing amino acids,
which results in reduced production of hydrogen sulfide. This
is beneficial because high concentrations of hydrogen sulfide
can impair mitochondrial respiration in colonocytes and com-
promise the mucosal barrier. However, overprocessing can
lead to unintended consequences for gastrointestinal physi-
ology. Extensive heat treatment can induce the formation of
advanced Maillard reaction products and insoluble protein
aggregates. These modifications diminish enzymatic digesti-
bility and increase the load of resistant protein substrates
available for microbial proteolysis.41 Such alterations may shift
colonic fermentation toward pathways associated with
mucosal irritation.

Additionally, the synergistic interaction between plant pro-
teins and probiotics plays a pivotal role in shaping the gut eco-
system. Probiotics enhance the nutritional quality of plant pro-
teins from sources such as soybean, pea, and rice by liberating
bioactive peptides and diversifying microbial metabolites.
While fiber fermentation produces beneficial short-chain fatty
acids (SCFAs), certain plant proteins are rich in tryptophan
that serves as a precursor for microbial-derived indoles like
indole-3-propionic acid (IPA). These metabolites act as signal-
ing ligands for the aryl hydrocarbon receptor (AhR) in the gut
mucosa to promote immune homeostasis and strengthen the
intestinal barrier. This synergy is evidenced by research using
aging senescence-accelerated mouse prone 8 (SAMP8) mouse
models where a low-protein diet supplemented with soy and
pea protein isolates and probiotics significantly improved

protein utilization and muscle strength. As reported by Han
et al.,42 these functional benefits were accompanied by
increased abundances of beneficial bacterial taxa such as
Bifidobacterium and Roseburia, along with elevated levels of
butyrate and IPA. Importantly, these metabolic shifts were
associated with reduced circulating inflammatory cytokines
and the modulation of immune-related genes, which high-
lights a functional link between plant protein and probiotic
co-intervention in regulating host health through the gut–
muscle axis.

In vivo evidence further indicates that plant proteins influ-
ence colonic microbial metabolism in a manner that differs
from animal-derived proteins. Diets based on soybean or cot-
tonseed protein have been shown to produce significantly
lower concentrations of proteolytic products like ammonia
compared to animal-protein diets.43 This suggests that plant
proteins, possibly through their fiber-associated matrix and
lower rates of small intestinal escape, reduce the availability of
undigested substrates in the hindgut and moderate microbial
putrefaction. Human studies support this observation, as
legume-rich dietary patterns have been found to increase the
abundance of beneficial bacterial groups like Bifidobacterium
and Roseburia. These microbial changes are often
accompanied by reductions in inflammatory biomarkers and
improved lipid profiles.44

5. Non-communicable diseases

The relationship between dietary protein sources and the
development and progression of non-communicable diseases
(NCDs) has emerged as a critical area of nutritional epidemiol-
ogy and clinical research. While the fundamental role of ade-
quate protein intake in human health is undisputed, and con-
temporary science is increasingly focusing on how the source
of dietary protein specifically the shift from animal-based to
plant-based origins modulates disease risk through distinct
physiological mechanisms. This section will examine the evi-
dence linking plant protein consumption to three major
NCDs: cardiovascular disease, diabetes mellitus, and chronic
kidney disease. The analysis will explore not only the observed
epidemiological associations but also the underlying mole-
cular and metabolic pathways that explain these relationships,
while acknowledging areas where evidence remains limited or
conflicting. The clinical efficacy of plant proteins is highly
dependent on tailored dosage strategies that account for the
recipient’s life stage and health status. As summarized in
Table 2, these recommendations range from general metabolic
support in healthy adults to high-purity protein-probiotic co-
interventions for the elderly, and stage-specific protein source
substitution for patients with chronic diseases.

5.1 Cardiovascular disease (CVD)

As summarized in Fig. 2, the cardioprotective efficacy of plant
proteins is primarily mediated through three interconnected
mechanisms: lipid profile optimization, blood pressure regu-
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lation, and anti-inflammatory signaling. Among these, the
lipid-modifying properties of specific plant proteins have been
most extensively documented. A comprehensive meta-analysis
of 112 randomized controlled trials demonstrated that the iso-
caloric substitution of plant protein for animal protein signifi-
cantly reduced established lipid targets for cardiovascular risk,
including low-density lipoprotein cholesterol (LDL-C), non-
high-density lipoprotein cholesterol (non-HDL-C), and apolipo-
protein B (ApoB).45 Among various plant proteins, soy protein
has been the most intensively studied. The bioactivity is
largely attributed to globulin fractions, particularly
β-conglycinin (7S) and glycinin (11S). These components are
thought to upregulate hepatic LDL receptors, thereby accelerat-
ing the clearance of circulating LDL-C.46 Notably, the efficacy
of these plant proteins is also influenced by their genetic

background and subunit composition. For instance, soy
protein isolates (SPIs) rich in the 7S fraction, such as the 7S (α′
+ α)-null genotype, exhibited superior potency in elevating
HDL-C levels in hypercholesterolemic models.47 It is note-
worthy that the cardiovascular benefits of the soy matrix are
augmented by co-occurring bioactive compounds. Isoflavones,
in particular, appear to act synergistically with the soy protein
fractions to modulate lipid metabolism and further improve
total cholesterol profiles.48

In addition to lipid metabolism, plant-derived proteins
exhibit significant vasoprotective potential through the regu-
lation of blood pressure. Clinical meta-analyses indicate that
soy protein supplementation (≥25 g day−1) effectively reduced
both systolic and diastolic blood pressure, an effect partially
attributed to the vasodilatory properties of isoflavones.49

Table 2 Summary of plant protein application evidence and dosage strategies across diverse populations

Category Target group/stage Evidence-based dosage/strategy Key clinical outcome Ref.

Age groups General healthy adults 1.2–1.6 g per kg body weight per day Maintain metabolic homeostasis and tissue
repair

1

Elderly/sarcopenia 20 g peas protein + probiotics (e.g.,
L. paracasei)

Improved protein utilization, AA
availability, and muscle strength

40 and
42

Physiological
states

Weight management
(Satiety)

50 g soy protein dose or high-protein
meals (25% energy)

Increased satiety perception and reduced
subsequent energy intake

10 and
11

Cardiovascular health ≥25 g day−1 soy protein Significant reduction in systolic and
diastolic blood pressure

49

Disease stages Diabetes (T2DM
prevention)

Replace 1 daily serving of red meat with
legumes/nuts

11%–18% reduction in T2DM risk;
improved insulin sensitivity

61 and
63

Early-stage CKD (stages
3 and 4)

Replace animal protein with 70% plant-
derived protein

Slower eGFR decline, reduced proteinuria,
and lower phosphorus load

73

Advanced CKD/dialysis Restricted total protein (0.6–0.8 g kg−1)
with high plant protein ratio

Attenuated generation of uremic toxins and
reduced multi-organ burden

69, 72
and 75

Fig. 2 Mechanistic overview of plant protein mediated gut–heart–kidney axis interactions.
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Beyond soy, dietary pulses such as lentils and chickpeas also
confer beneficial effects on vascular function and pressure
regulation, suggesting that antihypertensive properties are a
shared attribute among diverse legume species.50 Recent
advancements in bioactive peptide research have further eluci-
dated the molecular mechanisms behind these observations.
For instance, Moringa oleifera (MO) leaf protein has emerged
as a potent source of antihypertensive peptides. Hydrolysates
from MO leaves, specifically those with a molecular weight
<1 kDa, demonstrated the ability to exert dual inhibitory
effects on both angiotensin-converting enzyme (ACE) and
renin in the renin–angiotensin system (RAS). Identified
peptide sequences, such as Leu–Gly–Phe–Phe (LGF) and Gly–
Leu–Phe–Phe (GLFF), not only significantly lowered blood
pressure in spontaneously hypertensive rats (SHRs) but also
demonstrated remarkable stability against gastrointestinal
digestion.51 Despite these promising molecular findings, the
application of leafy biomass proteins is currently constrained
by low bioaccessibility and a lack of long-term human inter-
vention studies to validate their efficacy and safety. Another
broader meta-analysis reported that while substituting protein
for carbohydrates lowers blood pressure, the effects of plant
and animal protein were broadly similar, suggesting that the
benefit in such comparisons may be partly attributed to
protein per se, and the definitive superiority of plant protein
for blood pressure requires further confirmation.52

Plant proteins also significantly attenuate systemic chronic
inflammation, a pathological hallmark of CVD. This anti-
inflammatory efficacy is believed to arise from a synergistic
interplay between bioactive peptides and co-passengers within
the plant matrix. At the molecular level, soy-derived tripeptides
such as Leu–Ser–Trp (LSW) have been shown to suppress vas-
cular inflammation by downregulating COX-2 and angiotensin
II Type 1 receptor (AT1R) expressions via the SRC/ERK signal-
ing pathway.53 This protective effect extends to systemic
markers. For instance, chickpea protein hydrolysates was
reported to not only reduce the C-reactive protein in hypercho-
lesterolemic models but also uniquely enhance the antioxidant
capacity of HDL, outperforming animal-derived proteins like
casein.54 Furthermore, the matrix effect of plant-based foods
integrates the actions of associated bioactive constituents. The
intrinsic isoflavones and other polyphenols in plant protein
isolates were shown to interfere with pro-inflammatory cyto-
kine cascades, thereby stabilizing the vasculature.55 Crucially,
the inclusion of dietary fiber facilitates a gut-heart axis mecha-
nism. A study reported that supplementation with soy-based
matrices restored the gut microbiota eubiosis by increasing
the production of SCFAs like butyrate. This, in turn, upregu-
lated colonic anti-inflammatory markers (e.g., IL-10 and
Foxp3) and reinforced the intestinal barrier integrity via
zonula occludens protein-1 (ZO-1) and the membrane linker
protein occludin, preventing the translocation of pro-inflam-
matory endotoxins into the circulation.56

Despite the robust evidence supporting the cardiometabolic
benefits of plant proteins, clinical efficacy exhibits significant
heterogeneity depending on intervention parameters. For

instance, a rigorous six-month trial in postmenopausal women
with prediabetes found that daily supplementation with 15 g
of soy protein (plus 100 mg of isoflavones) failed to signifi-
cantly alter inflammatory or lipid markers compared to a milk
protein control.57 Such discrepancies underscore that the
efficacy of plant proteins is modulated by a complex constella-
tion of factors, including the participant baseline metabolic
status, intervention dosage, duration, and the specific dietary
matrix used when these variables are optimized to ensure
meaningful dietary substitution. Furthermore, emerging evi-
dence suggests that the benefits of plant proteins may extend
to improving the functional quality of protective molecules. A
notable example is the effect of rice endosperm protein which
enhanced the intrinsic anti-inflammatory capacity of high-
density lipoprotein (HDL) in murine models. This functional
improvement in HDL was directly correlated with reduced
atherosclerotic lesion formation, revealing a protective
pathway that complements traditional lipid-lowering and anti-
inflammatory mechanisms.58

5.2 Diabetes mellitus

Type 2 diabetes mellitus (T2DM) is characterized by a complex
interplay of insulin resistance, β-cell dysfunction, and chronic
systemic inflammation. Plant protein-rich foods, including
legumes, cereals, nuts, and oilseeds, differ from animal
protein foods in the nutrient matrix, typically providing more
unsaturated fatty acids, polyphenols, and dietary fiber when
consumed in their minimally processed form.59 Prospective
cohort analyses suggest that replacing red and processed
meats with legumes, nuts, whole grains, or isolated plant
protein reduces diabetes incidence, largely through improve-
ments in lipid profiles and reduced exposure to saturated fat,
heme iron, and advanced glycation end products. For example,
a meta-analysis of 11 cohort studies reported that higher total
and animal protein intake were associated with an increased
risk of T2DM, whereas plant protein intake showed a neutral
to protective association, particularly in women.60 Specifically,
modeling the replacement of one daily serving of red meat
with legumes or nuts was associated with an 11% to 18%
reduction in T2DM risk.61

The amino acid composition of plant proteins may further
contribute to their metabolic advantages in glycemic regu-
lation. Compared with many animal-derived proteins, plant
proteins generally contain lower levels of branched-chain
amino acids, methionine, and aromatic amino acids, which
are associated with impaired insulin sensitivity when con-
sumed in excess.62 Ji et al. demonstrated that the soy protein
isolate was more effective than the whey protein isolate in
reducing fasting insulin concentrations and enhancing the
whole-body insulin sensitivity, as assessed by the Homeostatic
Model Assessment for Insulin Resistance (HOMA-IR), in obese
and insulin-resistant mouse model.63 Such metabolic improve-
ments may reflect slower gastric emptying, altered amino acid
absorption kinetics, and activation of nutrient-sensing path-
ways, which collectively enhance insulin sensitivity.62
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Beyond fundamental amino acid profiles, the digestion
kinetics of plant proteins and the subsequent liberation of bio-
active peptides play a decisive role in glycemic regulation.
Specific plant-derived oligopeptides have been shown to
enhance insulin signaling through the modulation of PI3K-Akt
signaling pathways and the attenuation of oxidative stress in
insulin-sensitive tissues. For instance, pea-derived peptides
restored IRS-1-Akt signaling in insulin-resistant HepG2 cells,
while peptides from algae and chickpeas exhibited potent
inhibitory activity against dipeptidyl peptidase-IV (DPP-4).64

Specifically, the identified short-chain peptides from chickpea
hydrolysates were the key contributors to this enzymatic inhi-
bition, which served to prolong the half-life of incretin hor-
mones and improved postprandial glucose disposal.65,66

Moreover, plant proteins typically coexist with intact dietary
fiber in whole-food matrices, which delays glucose absorption
and contributes to attenuated postprandial glycemia.67

Nevertheless, the metabolic efficacy of these plant proteins is
highly sensitive to technological interventions. While fermen-
tation and controlled enzymatic hydrolysis can enhance the
bioaccessibility of antioxidant and anti-inflammatory frag-
ments, excessive thermal treatments or advanced Maillard
reactions may impair peptide formation and reduce the overall
glycemic benefits of plant proteins. These observations indi-
cate that the technological context of consumption is a critical
determinant of the functional properties of plant proteins in
diabetes management.68

5.3 Chronic kidney disease

Chronic kidney disease (CKD) is characterized by a progressive
decline in the glomerular filtration rate and the accumulation
of uremic toxins. While traditional management emphasized a
restricted protein intake to minimize the renal workload, con-
temporary research identifies the protein source as a critical
modulator of disease progression. Prospective cohort analyses
revealed that a higher intake of plant-derived proteins, particu-
larly as a replacement for red and processed meats, was associ-
ated with a significantly slower decline in the estimated glo-
merular filtration rate (eGFR) and reduced proteinuria. A
recent meta-analysis further demonstrated a consistent dose–
response relationship between plant-based dietary patterns
and reduced CKD incidence.69 Notably, NHANES III data indi-
cated that a higher proportion of the dietary plant protein was
associated with lower all-cause mortality for individuals with
an eGFR below 60 mL min−1 per 1.73 m2.70

The modulation of the gut–heart–kidney axis is increasingly
recognized as another key benefit (Fig. 2). Plant proteins facili-
tate a healthier gut microbiota profile, leading to the attenu-
ated generation of gut-derived uremic toxins such as p-cresyl
sulfate and indoxyl sulfate.71 Clinical trials, such as the one
conducted by Azadbakht et al., demonstrated that partially
replacing animal protein with soy protein in patients with dia-
betic nephropathy resulted in significant reductions in protei-
nuria and urinary urea nitrogen. These improvements are
often accompanied by optimized lipid profiles and reduced
markers of systemic inflammation, collectively alleviating the

multi-organ burden characteristic of CKD.72 Phosphorus bio-
availability represents another critical distinction between
plant and animal protein sources. Phosphorus in plant-based
foods is largely bound to phytate, leading to substantially
lower intestinal absorption compared with the highly bioavail-
able inorganic and animal-derived phosphorus abundant in
meat and processed foods. In patients with stage 3–4 CKD, a
controlled dietary intervention replacing animal protein with a
diet containing 70% plant-derived protein for four weeks sig-
nificantly reduced 24-hour urinary phosphorus excretion and
dietary acid load without adverse effects on muscle mass or
functional status.73

Nevertheless, the application of plant proteins must be tai-
lored to the specific stage of CKD and individual metabolic
needs. According to the NHANES-based analyses, the associ-
ation between plant protein intake and renal outcomes is not
linear but follows a stage-specific pattern. While moderate to
high plant protein ratios are favorable in non-CKD and early
CKD stages, these associations can become attenuated or non-
significant in advanced stages. Dose–response analyses even
revealed U-shaped or inverted U-shaped relationships,
suggesting that the optimal protein balance may shift as renal
function declines.74 In early-stage CKD, whole-food plant
sources like legumes and whole grains provide essential fiber
and a low acid load that support renal longevity. For patients
with advanced CKD or those requiring dialysis, practical con-
cerns regarding potassium burden and phosphorus manage-
ment may necessitate more structured dietary oversight, indi-
cating that the technological form and processing of plant pro-
teins remain critical determinants of their clinical utility in
end-stage renal care.75

6. Future needs

Despite the accumulating evidence supporting the preventive
and/or therapeutic potential of plant proteins, several critical
knowledge gaps must be addressed to translate these findings
into precise clinical guidelines. The following sections outline
the essential research priorities required to advance our under-
standing of plant protein based nutrition.

6.1 Diversity and specificity of plant protein sources

While plant protein intake is broadly linked to favorable out-
comes, there is an urgent need to disentangle the specific
roles of different origins. Plant proteins are often treated as a
homogeneous dietary category in observational studies and
dietary guidelines, despite substantial heterogeneity in amino
acid composition, protein structure, digestibility, and food
matrix interactions across different origins.5 Legume-derived
proteins (e.g., soy, pea, lentil, and chickpea), cereal proteins
(e.g., wheat, rice, and oats), and proteins from oilseeds or pseu-
docereals differ markedly in their proportions of essential
amino acids, sulfur-containing amino acids, and branched-
chain amino acids, as well as in their association with fiber,
phytate, and polyphenols. Beyond traditional crops, novel
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plant proteins such as leafy biomass (e.g., RuBisCO from
alfalfa or duckweed) represent a sustainable alternative with a
balanced essential amino acid profile. However, their practical
application is currently constrained by significant technical
and sensory limitations. The intensive biorefinery processes
required to remove chlorophyll and phenolic compounds can
lead to protein denaturation, while persistent green off-notes
and bitter flavors remain primary barriers to consumer accep-
tance.76 These intrinsic differences and technological chal-
lenges are likely to influence postprandial metabolism, nitro-
gen utilization efficiency, acid load, and gut microbial fermen-
tation, and yet remain insufficiently addressed in current
research. Therefore, the extent to which observed health
benefits attributed to plant protein are driven by specific
sources rather than plant-based diets as a whole remains
unclear.

Future research should prioritize controlled comparisons
among distinct plant protein sources to clarify their differen-
tial metabolic and clinical effects. While soy protein has been
extensively studied and often serves as a reference plant
protein, its dominance in the literature may limit generaliz-
ability to other increasingly consumed proteins such as pea,
faba bean, lentil, and cereal-derived proteins. Moreover, future
studies can prioritize controlled, head-to-head comparisons of
major and emerging plant protein sources (e.g., legume vs.
cereal vs. oilseed proteins) to delineate their distinct impacts
on human health. Emerging dietary patterns and food techno-
logies have rapidly expanded the use of non-soy plant proteins
in both whole-food and processed formats, yet long-term
human intervention studies evaluating their effects on glyce-
mic control, lipid metabolism, renal function, and mineral
homeostasis are scarce. Additionally, the physiological effects
of plant proteins are further shaped by their form of utiliz-
ation, including whole-food matrices, plant protein concen-
trates, isolates, hydrolysates, and derived bioactive peptides.
Processing and fractionation can markedly alter the protein
structure, digestion kinetics, and interactions with other
dietary components, thereby modulating postprandial amino
acid availability, lipid handling, and gut microbial responses.
For example, protein isolates and hydrolysates may exhibit
enhanced digestibility or bioactivity compared with intact pro-
teins, yet they lack the complex food matrix present in whole
legumes or cereals, which can slow digestion and influence
metabolic outcomes. Consequently, evidence derived from iso-
lated or hydrolyzed plant proteins may not be directly extrapo-
lated to whole-food sources, even when derived from the same
origin. Distinguishing between the protein source and the
protein form as well as understanding their interaction is
therefore essential for interpreting heterogeneous findings
across studies and for translating plant protein research into
dietary recommendations.

6.2 The food matrix and synergistic interactions

Plant proteins are inherently consumed within complex food
matrices rich in dietary fiber, resistant starch, and diverse
polysaccharides. These constituents can modulate nutrient

absorption, gastrointestinal transit, and microbial metab-
olism, thereby influencing the physiological effects of plant
proteins. A key research imperative is to move beyond studying
isolated protein effects and to quantify the synergistic inter-
actions between plant proteins and these co-passengers. We
must elucidate how fibers from legumes, cereals, and oilseeds
jointly modulate gastric emptying, nutrient absorption kine-
tics, and gut microbial metabolism to produce the attenuated
postprandial glycemic responses and enhanced SCFA pro-
duction observed with whole foods. Understanding these
matrix-driven synergies is critical to explain why health out-
comes from whole plant foods may not be fully replicable by
isolated plant protein ingredients.

Plant proteins often coexist with polyphenols, flavonoids,
saponins, and other secondary metabolites that can further
enhance metabolic and health outcomes. These bioactive phy-
tochemicals exert antioxidant and anti-inflammatory effects,
potentially complementing the benefits of protein-derived pep-
tides in insulin sensitivity, lipid regulation, and renal function.
For example, isoflavones in soy and phenolic compounds in
legumes have been reported to reduce oxidative stress in vitro
and in animal models, and to modulate enzymes involved in
carbohydrate and lipid metabolism.77 The interaction between
these phytochemicals and plant protein may potentiate the
formation or activity of bioactive peptides during gastrointesti-
nal digestion, suggesting a cooperative effect that extends
beyond the protein itself. Future research can move beyond
observing additive effects to mechanistically dissect these
interactions and quantify the relative contribution of protein
versus phytochemicals to observed health outcomes in
humans.

However, plant protein matrices are often rich in phytate,
an antinutritional factor that can chelate essential minerals
such as iron, zinc, and calcium, thereby reducing their bio-
availability. This presents a potential limitation in plant
protein-based diets, particularly in populations with marginal
micronutrient intake. To mitigate these effects, various proces-
sing strategies such as fermentation, germination, enzymatic
hydrolysis, and phytase treatment have been shown to effec-
tively degrade phytate and enhance mineral bioaccessibility.78

By reducing antinutritional compounds and improving
peptide release, such approaches enable the concurrent deliv-
ery of high-quality amino acids and functional co-factors. The
efficacy of plant protein modification is highly sensitive to
optimized processing parameters. For HME, maintaining a
moisture content of 60–65% and specific temperature profiles
is critical to achieving a meat-like fibrillar texture without
inducing excessive protein cross-linking that might hinder
enzyme accessibility.37 Furthermore, processing technologies
such as fermentation and extrusion exert synergistic effects on
the entire food matrix by modulating interactions between pro-
teins, fibers, and phytochemicals. Combining fermentation
with a neutral pH shift prior to extrusion can effectively
remove intensive off-odors; however, the impact on the matrix
integrity must be carefully managed. Research on rapeseed
protein indicated that fermentation-induced proteolysis can
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release short peptides that may form complexes with fiber-
derived polysaccharides and phytochemical hydrolysis pro-
ducts (e.g., from glucosinolates), which potentially hinders the
formation of the fibrous structure required for meat ana-
logues.79 Future research can systematically establish quanti-
tative relationships between specific processing parameters
(e.g., fermentation strains, enzymatic hydrolysis conditions,
and extrusion temperature) and the resultant modifications in
the food matrix. Key outcomes to measure include the
reduction of antinutritional factors, the preservation or
enhancement of bioactive phytochemicals, the improvement
of protein digestibility and amino acid release kinetics, and
the consequent metabolic responses in vivo. This relationship
among processing, matrix, and function is essential for ration-
ally designing next-generation plant-protein ingredients and
foods that maximize nutritional quality and deliver targeted
health benefits beyond basic protein supplementation.

Ultimately, emerging evidence has highlighted the synergis-
tic potential of plant proteins and probiotics in modulating
gut health and preventing non-communicable diseases
(NCDs). Within the food matrix, plant protein digestion pro-
ducts serve as critical substrates for the gut microbiota, pro-
moting the production of short-chain fatty acids (SCFAs) and
beneficial metabolites like indole-3-propionic acid. When com-
bined with specific probiotic strains, these proteins enhance
microbial diversity and reinforce the intestinal barrier, thereby
reducing systemic inflammation.80 This mechanistic potential
is increasingly supported by clinical application evidence. For
instance, a randomized clinical trial (RCT) involving 100
patients with Type 2 diabetes mellitus (T2DM) demonstrated
that a six-week intervention with soymilk and probiotics sig-
nificantly improved cardiovascular risk profiles-evidenced by
reductions in diastolic blood pressure, triglycerides, and total
cholesterol-alongside improved insulin sensitivity.81 While
statistical synergy compared to individual components may
vary across study designs, the observed metabolic improve-
ments underscore the practical efficacy of integrated dietary
strategies for multi-target management of chronic diseases.
This perspective emphasizes that plant proteins are not merely
individual nutrients but integral modulators within a complex
diet–microbiota-host interaction network, where the food
matrix ultimately governs the physiological outcome.82

6.3 Peptidomics and gastrointestinal digestion as a
functional gateway

Gastrointestinal digestion is increasingly recognized not
merely as a degradative process, but as a critical phase for the
generation and functional exposure of bioactive peptides from
dietary proteins. Proteolysis by gastric and pancreatic enzymes
can release encrypted peptide sequences that are inactive
within the native protein structure but acquire biological
activity upon digestion. A comprehensive review has demon-
strated that digestive conditions including enzyme specificity,
pH gradients, and food matrix interactions strongly deter-
mined the peptide profiles generated from food proteins and,
consequently, their physiological relevance.83 From this per-

spective, protein digestibility does not solely dictate the amino
acid availability, but also governs the emergence of peptide-
mediated regulatory effects on host metabolism.

Accumulating experimental evidence has indicated that
plant protein-derived peptides can directly modulate glucose
homeostasis through effects on insulin signaling and carbo-
hydrate metabolism. In cellular models of insulin resistance,
oligopeptides derived from pea protein digestion have been
shown to restore IRS-1 and Akt phosphorylation, suppress oxi-
dative stress-related pathways, and enhance glucose uptake,
thereby improving insulin responsiveness in hepatocytes.64

Similar mechanisms have been reported for peptides released
from soy and lupin proteins, which influenced PI3K-Akt signal-
ing cascades and attenuated stress-activated kinases implicated
in insulin resistance. However, most available evidence is
derived from simulated digestion systems and in vitro cellular
models, and key uncertainties remain regarding peptide stabi-
lity, intestinal permeability, and effective concentrations under
physiological dietary conditions. Addressing these gaps will
require integrated approaches combining dynamic digestion
models, intestinal transport studies, and well-designed human
interventions to establish the true relevance of digestion-derived
plant protein peptides for chronic disease prevention.

The kinetics of peptide release and persistence during
digestion further distinguish plant proteins from many
animal-derived counterparts. The relatively slower digestion
rates and heterogeneous protein structures of legumes and
cereals promote a more gradual liberation of peptides and
amino acids, which may favor sustained metabolic signaling
rather than rapid postprandial excursions. Importantly, food
processing strategies strongly influence these outcomes.
Fermentation and controlled enzymatic hydrolysis can enhance
the generation of functional peptides with antioxidant, enzyme-
inhibitory, or anti-inflammatory properties, whereas excessive
thermal treatment may impair peptide release or reduce bioac-
tivity. Future studies should move beyond identifying these
inhibitory effects and instead focus on quantifying how specific
processing parameters determine the structural integrity and
physiological potency of plant-derived peptides.

Current evidence supports a conceptual framework in
which gastrointestinal digestion serves as a functional gateway
that transforms plant proteins into a diverse repertoire of bio-
active peptides capable of modulating host metabolic path-
ways. Elucidating the stability, absorption, and target speci-
ficity of these peptides in vivo remains an important challenge,
particularly in distinguishing direct peptide effects from sec-
ondary metabolic adaptations. Nevertheless, advances in pepti-
domics and digestion models continue to strengthen the link
between plant protein digestion and peptide-mediated regu-
lation of glucose metabolism and metabolic health.

7. Conclusions

Plant proteins represent more than mere alternative dietary
protein sources, as they exert multifaceted effects on human
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health through mechanisms that extend far beyond protein
quantity and basic amino acid composition. Evidence syn-
thesized in this review indicates that plant proteins influence
satiety regulation, lipid metabolism, and gut health, while also
modulating the risk and progression of major non-communic-
able diseases, including cardiovascular disease, diabetes melli-
tus, and chronic kidney disease. These health outcomes are
primarily driven by the integrated effects of digestion kinetics,
food matrix interactions, and the presence of bioactive com-
pounds. Importantly, the physiological impact of plant protein
intake is highly context-dependent, being shaped by the
specific protein source, the methods of processing, and co-
existing constituents such as fiber and phytochemicals.
Emerging data further suggest that peptides and microbial
metabolites derived from plant proteins can directly regulate
host metabolic, inflammatory, and immune pathways, high-
lighting mechanisms that are distinct from those traditionally
associated with animal proteins. Despite growing interest,
comparative evidence across diverse plant protein sources
remains limited, and long-term human intervention studies
are essential to clarify source-specific efficacy as well as dose
and response relationships across different disease stages.
Addressing these gaps will be critical for translating these
mechanistic insights into practical dietary recommendations
and for guiding the rational development of plant protein
based foods with targeted health functions.
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