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Abstract

Bioactive peptides derived from Phaseolus vulgaris represent a promising source for the de-
velopment of functional ingredients because of the multiple biological activities associated
with bean proteins and their hydrolysis products. In this review, a structured literature
search was conducted in Scopus, Web of Science, PubMed, and Google Scholar, considering
publications from 2011 to 2026 on proteins, hydrolysates, peptide fractions, and peptides
derived from P. vulgaris. A comprehensive examination of the methods for production, iden-
tification, purification, and characterization was conducted, along with a thorough analysis
of the available evidence regarding their antioxidant, antihypertensive, antidiabetic, an-
timicrobial, and anti-inflammatory properties. Additionally, the potential applications of
these substances in functional foods and nutraceuticals were investigated. Hydrolysates
and peptide fractions have demonstrated antioxidant capacity and the ability to inhibit
enzymes such as angiotensin-converting enzyme, DPP-IV, α-amylase, and α-glucosidase.
In addition, studies using diverse models, including enzymatic and cellular assays, and
animal models have demonstrated antimicrobial and anti-inflammatory properties. How-
ever, the available evidence varies significantly, as numerous studies have been conducted
using hydrolysates, peptide mixtures, in vitro assays, or in silico predictions. Additionally,
the validation of individual peptides and the available clinical evidence remain limited.
Questions also remain regarding the gastrointestinal stability, bioaccessibility, absorption,
safety, and behavior of these compounds in different food matrices. In summary, P. vulgaris
demonstrates considerable potential as a source for the production of bioactive peptides.
However, further research is necessary to validate these peptides individually and assess
their stability, safety, dose–response relationships, and in vivo and clinical efficacy.

Keywords: antihypertensive; common beans; bioactive peptides; legumes

1. Introduction
Legumes are classified within the Fabaceae botanical family and are consumed by

millions of people worldwide, serving as their primary source of nutrients. Notably,
legumes have been identified as a protein source with a comparatively lower environmental
impact than animal-based proteins. The contemporary human population is experiencing
a heightened demand for protein, which has led to an increase in meat consumption. This
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has resulted in a greater environmental burden due to increased greenhouse gas emissions
and water usage. Legumes are defined as the dried, edible seeds of leguminous plants,
encompassing species such as the common bean (Phaseolus vulgaris) [1–3]. In this regard,
the common bean (Phaseolus vulgaris) is of particular significance, as it provides between 17
and 30% protein, 50–65% slow-digesting carbohydrates, and 23 to 32 g of fiber per 100 g.
This makes the common bean a nutritious, low-glycemic-index food [4]. Notably, these
seeds have been identified as a significant source of iron, zinc, magnesium, potassium, and
calcium [5]. Beyond their macronutrient content, they also provide bioactive substances
such as polyphenols, lectins, phytates, oligosaccharides, and α-amylase inhibitors, which
are capable of modulating metabolic pathways and cellular signals linked to disease
prevention [6].

Beyond their nutritional significance, common bean proteins have the potential to
serve as a source of bioactive peptides, rendering them a component of particular interest [7].
Storage proteins represent a significant component of the total protein composition of
common beans, with 7S globulin, otherwise known as phaseolin, being a prominent
example. In addition, these seeds contain other proteins of interest, including lectins,
proteases, and α-amylase inhibitors [8,9]. These proteins have the potential to serve as
a source of peptide sequences that can be released or generated during processes such
as hydrolysis, digestion, or fermentation. These peptide sequences have been observed
to exhibit biological activity [10]. These peptide sequences are designated as bioactive
peptides (BPs), which are protein fragments ranging from 2 to 20 amino acid residues and
can play roles in various biological functions. The activity of these peptides is associated
with their structural characteristics, particularly their composition, size, and amino acid
sequence [11,12].

In the common bean (Phaseolus vulgaris), peptides have been identified with potential
antioxidant, antihypertensive, antimicrobial, and anticancer activity, as well as inhibitory
activity against enzymes involved in metabolic processes, such as angiotensin-converting
enzyme (ACE), dipeptidyl peptidase IV (DPP-IV), α-amylase, and α-glucosidase [13–16].

These properties have been evaluated in vitro using protein hydrolysates, peptide
fractions, or sequences identified by structural analysis [17,18]. Consequently, common
bean proteins have attracted considerable interest as a source of compounds with potential
for the development of functional foods and nutraceuticals. The objective of this review is
to provide a comprehensive and contemporary evaluation of bioactive peptides derived
from the common bean (Phaseolus vulgaris), from their precursor proteins to their poten-
tial applications. The review provides a comprehensive overview of strategies for the
generation, purification, and identification of these compounds, along with their docu-
mented biological activities. The text also addresses the main challenges related to stability,
bioavailability, confirmation of biological activity, and the use of these peptides in func-
tional foods and nutraceutical products. This integrated overview underscores the current
limitations and future opportunities for the development of bioactive peptides derived
from common beans.

2. Methodology
A structured literature review was conducted to identify and analyze scientific research

on proteins, protein hydrolysates, peptide fractions, and bioactive peptides derived from
Phaseolus vulgaris. The review examined the processes involved in the generation, release,
identification, purification, and characterization of these peptides, as well as their biological
activities and their potential use in functional foods and nutraceuticals.

The search was conducted in Scopus, Web of Science, PubMed, and Google Scholar.
The search strategy employed a combination of terms related to P. vulgaris, proteins, pep-
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tides, and their primary biological effects, utilizing the Boolean operators AND and OR.
The search terms included “Phaseolus vulgaris,” “common bean,” “bioactive peptides,” “pep-
tides,” “protein hydrolysates,” “protein isolates,” “peptide fractions,” “antioxidant,” “anti-
hypertensive,” “ACE inhibition,” “antidiabetic,” “DPP-IV,” “α-amylase,” “α-glucosidase,”
“antimicrobial,” and “anti-inflammatory.” These terms were used in various combinations
to identify studies on the generation, identification, characterization, and evaluation of the
biological activity of proteins and peptides derived from this species.

The search period encompassed the years from 2011 to August 2026, with a final
update conducted in August 2026. A comprehensive review of the extant literature was
conducted, with studies published prior to 2021 being included in the analysis if they
presented either experimental evidence or essential information on proteins, hydrolysates,
peptide fractions, or bioactive peptides from P. vulgaris. Furthermore, particular emphasis
was placed on publications from the last five years, incorporating recent advancements
in the identification, characterization, and evaluation of the biological activities of these
compounds, as well as their nutraceutical applications.

2.1. Inclusion and Exclusion Criteria

The inclusion of studies was contingent upon the fulfillment of one or more of the
following criteria: The study used Phaseolus vulgaris as the primary subject of investigation.
The study analyzed proteins, protein isolates, protein hydrolysates, peptide fractions, and
peptides derived from this species. The study reported the generation, release, purification,
identification, or characterization of peptides. The study evaluated biological activities
relevant to the objectives of the review, with particular emphasis on antioxidant, antihyper-
tensive, antidiabetic, antimicrobial, or anti-inflammatory activities. A variety of studies
were considered in this analysis, including those that employed enzymatic, cellular, or
animal models, as well as in silico tools. However, only those studies that provided relevant
information on proteins or peptides derived from P. vulgaris were considered.

Studies that did not focus specifically on P. vulgaris or that did not provide evidence
directly linked to the objectives of the review were excluded. Conversely, studies that
focused exclusively on compounds other than proteins or peptides, duplicated publications,
and studies that lacked sufficient information to ascertain the origin or nature of the protein
or peptide material analyzed were excluded from the present study. Literature reviews
were consulted primarily to provide context and to identify additional primary studies. The
information presented in Tables 1 and 3–6 was based primarily on experimental research.

2.2. Selection and Organization

The selection of studies included in Tables 1–5 commenced with a review of the titles
and abstracts of the retrieved records. The articles that were deemed to be relevant were
subsequently subjected to a thorough review of the full text to ascertain their compliance
with the established inclusion criteria. From each selected study, data were extracted on
the bean species and cultivar, the type of protein material, the processing or hydrolysis
conditions, the enzyme used (when indicated), the purification procedure, the peptide
sequence, the molecular weight, the biological activity evaluated, the reported values, the
experimental model used, and the degree of validation of the peptide.

The studies were grouped based on the biological activity evaluated and the strength
of the available experimental evidence. Table 1 comprises research on the identification
and characterization of bioactive peptides, as well as information regarding their precursor
proteins, sequences, molecular masses, biological activities, and levels of validation. Tables
3–6 present the evidence organized by biological activity: antioxidant, antihypertensive,
antidiabetic, and antimicrobial/anti-inflammatory, in that order. Distinct categories were
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established based on the level at which the activity was demonstrated: individual peptide,
peptide fraction, or protein or protein hydrolysate. The validation of an individual peptide
was determined by the identification of its sequence and the independent evaluation of
its biological activity. In instances where the biological effect was reported solely for a
hydrolysate, extract, or peptide fraction, the activity was attributed exclusively to the
material that was tested. The attribution of a specific peptide sequence was not made
directly, unless there was independent experimental validation of that sequence. This
classification scheme was applied to structure and interpret the information compiled in
Tables 1 and 3–6.

2.3. Three-Dimensional Structure Prediction of Bioactive Peptides

To expand the structural characterization of the individually validated bioactive
peptides, predictive models of their three-dimensional (3D) structures were obtained using
the PEP-FOLD4 v4.0 online server. The amino acid sequences of the selected peptides
were uploaded individually to the platform, and the generated models were evaluated. In
each instance, Model 1 was selected as the representative structure. Subsequently, the 3D
structures were visualized using Chemix 2.0 and included as graphical representations in
Table 2. The models obtained were regarded as computational predictions.

3. Common Bean (Phaseolus vulgaris) as a Source of Bioactive Peptides
3.1. Diversity of Common Bean Cultivars

In Mexico, legumes constitute a fundamental component of the traditional daily diet
and represent a viable alternative to animal protein, as they are both nutritious and afford-
able [19]. Their domestication took place approximately 8000 years ago in central Mexico
and South America [20]. Consequently, due to the process of domestication, common beans
underwent a diversification process, resulting in the formation of six distinct races that are
classified into two predominant gene pools. The Mesoamerican gene pool comprises the
Durango, Jalisco, and Mesoamerica races, while the Andean gene pool includes Nueva
Granada, Peru, and Chile. However, a wide range of common bean varieties is cultivated
in Mexico, encompassing both domesticated types and wild types that have not yet been
classified [21,22]. The global catalog of common bean varieties encompasses approximately
150 distinct types. In Mexico, there are approximately 65 species, of which 52 are classified
within the genus Phaseolus. Of these, 31 are endemic to the country [23]. Common bean
(Phaseolus vulgaris) cultivars exhibit remarkable diversity, as evidenced by differences in
chemical composition and the compounds present in their seeds. In an evaluation of
155 varieties cultivated in Mexico, considerable variability was observed in the levels of
proteins, phenolic compounds, flavonoids, anthocyanins, and antioxidant capacity. This
finding underscores the notion that the geographical origins of a species can profoundly
impact its biochemical characteristics [24]. This diversity has also been identified in the
peptide profile. In a peptidomic analysis of eight P. vulgaris genotypes, Saccaram et al. de-
tected 3258 peptides derived from 414 precursor proteins using LC-MS/MS. These results
underscore the extensive array of peptide sequences associated with diverse genotypes,
thereby signifying that genetic diversity can influence not only the chemical composition
but also the peptide repertoire of seeds. This is a pivotal factor that must be considered
when exploring their bioactive potential [25].

3.2. Major Protein Precursors of Bioactive Peptides

The predominant proteins in the common bean (Phaseolus vulgaris) are classified
as storage proteins, which are primarily accumulated in the cotyledons. These storage
proteins serve as a significant source of nitrogen and amino acids during the germination

https://doi.org/10.3390/nutraceuticals6030062

https://doi.org/10.3390/nutraceuticals6030062


Nutraceuticals 2026, 6, 62 5 of 28

process. The protein content of common beans ranges from approximately 16 to 33%,
depending on the cultivar and environmental and growing conditions. Globulins constitute
the predominant protein fraction, comprising approximately 54–79% of the seed’s total
protein content, while albumins represent around 12–30%. The classification of globulins
is primarily based on their sedimentation coefficients, which are used to subdivide them
into 7S and 11S fractions. The 7S fraction is primarily composed of phaseolin, a pivotal
storage protein found in Phaseolus vulgaris. In addition to the predominant protein fractions,
legumes contain other protein fractions, including prolamins, which account for 2–4% of the
total protein; free amino acids, whose proportion ranges from 5 to 9%; and glutelins [26–29].

Legumes, including beans, have relatively limited protein quality, primarily due to the
low concentration of sulfur-containing amino acids, such as methionine and cysteine, and
secondarily due to their low tryptophan content. However, legumes contain significant
amounts of essential amino acids. Among the most abundant amino acids, glutamic acid is
particularly noteworthy, while leucine, lysine, isoleucine, and phenylalanine are regarded
as essential amino acids that are prevalent in common bean proteins [30,31].

3.3. Characteristics of Common Bean-Derived Bioactive Peptides

Bioactive peptides represent a vital nutritional component that plays a fundamental
role in the body’s growth, development, functioning, and maintenance. However, recent
studies have shifted the focus toward biologically active protein fragments, specifically
bioactive peptides [32]. The National Institutes of Health (NIH) define bioactive peptides
(BPs) as “compounds found in foods and dietary supplements, other than those necessary to
meet basic human nutritional needs, that are responsible for changes in health status” [33]. It
has been observed that the composition of BPs ranges from two to twenty amino acids [34].

A substantial body of research has demonstrated the critical function of peptides in reg-
ulating fundamental biological processes. From a therapeutic perspective, approximately
80 marketed drugs are peptide-based, while about 150 additional therapeutic candidates are
currently in clinical development. It should be noted that these figures refer to therapeutic
peptides in general and not exclusively to those derived from food sources [35].

The protein content of common beans has led to their being proposed as a source
of naturally occurring bioactive peptides. The potential benefits of these peptides have
been reported, including the potential for preventing diseases such as hypertension, cancer,
obesity, and heart disease [36,37]. In vitro gastrointestinal digestion has revealed the
presence of several angiotensin-converting enzyme (ACE) inhibitor peptides in common
beans [38,39]. Numerous studies have identified microorganisms, plants, and animals as
significant sources of BPs. These compounds are released during the process of enzymatic
proteolysis (gastrointestinal digestion, in vitro hydrolysis by proteolytic enzymes) and
during food processing using industrial methods such as cooking, fermentation, and
ripening [40].

3.4. Antinutritional Factors and Their Modulation by Processing

The nutritional quality and protein utilization of Phaseolus vulgaris are influenced by
the presence of antinutritional factors, such as phytates, lectins, tannins, oligosaccharides,
and enzyme inhibitors (primarily of trypsin and other proteases) [41]. Among the primary
antinutrients present in legumes, phytates and tannins are particularly noteworthy due
to their capacity to form complexes with minerals, macromolecules, and proteins, thereby
diminishing the digestibility of these nutrients. In a similar manner, lectins and protease
inhibitors have been demonstrated to modify digestive function.

In Phaseolus vulgaris, this alteration is of particular significance due to the high pro-
teolytic stability that characterizes the lectin-α-amylase inhibitor complex. Consequently,
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the removal or inactivation of these factors is essential for optimizing the bioavailability of
nutrients [42,43]. Heat treatment is the most widely used method for inactivating antin-
utrients. While heat efficiently degrades heat-labile factors such as lectins and protease
inhibitors, compounds such as phytates and tannins often require alternative processes or
combined approaches [44].

Research on the common bean indicates that conventional cooking modifies not only
the concentration of these antinutrients but also critical properties associated with bean
quality, underscoring the pivotal role of processing parameters in determining the final
nutritional profile [45]. Conventional cooking methods are not the only means of mitigating
antinutritional factors; alternative techniques such as soaking, pressure cooking, sprouting,
and fermentation have also been employed with success. This phenomenon is exemplified
by sprouting, which has been shown to induce the activation of endogenous enzymes, such
as phytases, thereby facilitating the hydrolysis of phytic acid [46].

The impact of these treatments is fundamental to the generation of bioactive peptides.
The denaturation of protease inhibitors and structural alterations in the protein matrix
increase the proteins’ susceptibility to hydrolysis, thereby optimizing peptide release
during technological processing or gastrointestinal digestion. However, it should be
noted that greater digestibility does not necessarily equate to greater bioactivity. The
processing conditions applied, such as temperature and pressure, modify the sites of
enzymatic cleavage, thereby altering the profile of the released sequences and dictating the
functionality of the resulting fractions [47,48].

4. Generation, Identification and Characterization of Bioactive Peptides
Enzymatic hydrolysis and microbial fermentation have been identified as effective

methods for producing BPs, as they exhibit a reduced probability of adverse effects and
provide enhanced guarantees of efficacy and safety. However, it is necessary to acknowl-
edge the potential concerns associated with the utilization of microbial enzymes in these
processes, including the possibility of immunogenicity or the presence of biological impuri-
ties. Consequently, commercially purified enzymes are preferred, as they help minimize
impurities and allow for better control of the reaction [49].

4.1. Enzymatic Hydrolysis

Enzymatic hydrolysis of proteins involves the cleavage of peptide bonds by en-
zymes; the most used enzymes are proteases, which generate multiple peptide frag-
ments, yielding peptides of varying sizes, compositions, and molecular masses. Proteases
are enzymes that cleave proteins at specific sites and are classified into two categories:
endopeptidases—which include serine proteases, aspartic proteases, cysteine proteases, and
metalloproteases—and exopeptidases—which include aminopeptidases and carboxypepti-
dases [50,51].

Among the proteolytic enzymes used in protein hydrolysis, pepsin, papain, bromelain,
Alcalase®, α-chymotrypsin, and Neutrase® stand out. Their differences in proteolytic
specificity mean that variables such as hydrolysis conditions influence the composition
and distribution of the peptides obtained [52]. To optimize and increase the efficiency of
the hydrolysis process for obtaining BPs, novel approaches have been explored. These
approaches include the use of microwaves, ultrasound-assisted extraction, ohmic heating,
pulsed electric fields, and hydrolysis with subcritical water [53,54].

Enzymatic hydrolysis yields a protein hydrolysate, whose composition consists primar-
ily of oligopeptides and peptides, as well as free amino acids and larger protein fragments
in proportions that depend on the degree of hydrolysis. The nature of the components
generated is determined by the protein source, the specificity of the enzyme, the enzyme-to-
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substrate ratio, and the reaction conditions, including pH, temperature, and time. Due to
their ability to release bioactive sequences hidden within precursor proteins, hydrolysates
are an important source for the study and identification of bioactive peptides [55,56].

4.2. Microbial Fermentation

It has been demonstrated that microbial fermentation is a more cost-effective alter-
native to enzymatic hydrolysis. Moreover, bioactive peptides obtained through microbial
fermentation can be purified without the need for additional hydrolysis [57]. The process
of obtaining bioactive peptides through microbial fermentation involves the cultivation
of specific bacteria, yeasts, or filamentous fungi. During the fermentation process, certain
microorganisms secrete or release proteases that catalyze the hydrolysis of proteins in the
substrate, thereby generating a variety of peptide fragments. The resulting proteolytic
activity is contingent on factors such as microbial species, substrate characteristics, and
fermentation conditions [58].

The type of bacteria or fungi, the protein substrates utilized, and the duration of
fermentation—in addition to process parameters—determine the degree of hydrolysis,
thereby allowing control over peptide formation [34]. The microorganisms most frequently
utilized in the fermentation process include Lactococcus, Lactobacillus, Streptococcus ther-
mophilus, Saccharomyces, and Bacillus subtilis. It is therefore important to acknowledge that
the quantity and type of peptides produced are contingent on the microorganism utilized
in the fermentation process [59].

4.3. Gastrointestinal Digestion

During the process of gastrointestinal digestion, the proteins present in food undergo
progressive hydrolysis, leading to the formation of peptides and amino acids. The initial
stage of this process occurs in the stomach, where it is primarily mediated by pepsin.
Subsequently, in the small intestine, the action of pancreatic enzymes, such as trypsin
and chymotrypsin, along with other intestinal peptidases, becomes pivotal. The resultant
mixture comprises a diverse array of peptides of varying lengths and compositions, in
addition to free amino acids. This process has been shown to activate bioactive sequences
that were originally inactive in the precursor proteins [60,61].

In this regard, the process of digestion fulfills a dual role, functioning both as a release
mechanism for bioactive peptides and as a modulator of their activity. The structural fea-
tures of peptides, such as chain length, molecular mass, hydrophobicity, charge, and amino
acid composition [62], have been identified as critical factors influencing their stability.

Due to the variability inherent in the digestive process, in vitro models of gastroin-
testinal digestion have been employed to investigate the transformation of dietary proteins
and to analyze the peptides formed during the gastric and intestinal phases. These systems
have also been shown to promote the generation of potentially bioactive peptides; however,
the profile of these peptides is contingent upon experimental conditions, including pH, the
enzymes utilized, their concentrations, digestion time, and the model design [63].

4.4. Purification and Identification

The generation of peptides through hydrolysis, fermentation, or gastrointestinal di-
gestion necessitates subsequent separation and identification processes. To ensure the
production of pure products, various separation and purification techniques must be ap-
plied. Consequently, the purification process for bioactive peptides generally involves
the application of multiple separation techniques. The selection of methods is contingent
upon the nature of the sample and the objective of the study. One of the primary strategies
initially employed is ultrafiltration, which facilitates the separation of peptides into frac-
tions based on their molecular weight. This process utilizes membranes with distinct pore
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sizes or cutoff limits, allowing for the isolation of specific molecular weight ranges. This
strategy is instrumental in ascertaining the fractions that demonstrate the most pronounced
bioactivity, thus facilitating their subsequent purification [64–66].

The fractions demonstrating the highest degree of activity can undergo further pu-
rification through the application of various chromatographic techniques. Size-exclusion
chromatography (SEC) is a method of classification that is based on the molecular size
of peptides. Ion-exchange chromatography (IEC) is another method of separation that is
based on variations in the electrical charge of peptides. In contrast to these techniques,
reverse-phase high-performance liquid chromatography (RP-HPLC) relies primarily on
the hydrophobicity of the peptides and provides superior resolution, which is why it is
widely used during the later stages of the purification process. Chromatographic methods
can be used separately or in combination. For instance, ultrafiltration can be used as an
initial step, and the most active fraction can subsequently be subjected to SEC, IEC, and/or
RP-HPLC [67,68]. In this regard, the selection of the purification technique should be made
contingent upon the subsequent experimental objective.

In instances where the objective is to obtain an initial fractionation and to compare
the bioactivity of peptides with different molecular weights, ultrafiltration is a suitable
technique because it facilitates the rapid generation of enriched fractions. In instances
where a separation of peptides is required based on their physicochemical properties, SEC
or IEC can be utilized. In instances where the objective is to isolate individual peptides
or to obtain fractions with a high level of purity for structural characterization, reversed-
phase high-performance liquid chromatography (RP-HPLC) is a more suitable method
due to its higher resolution. This technique can be employed at the culmination of the
analytical process. Consequently, the purification strategy is not predicated on a singular
technique; rather, it is predicated on the sequential combination of methods according to
the requisite level of separation [69,70]. Following the isolation of the fractions of interest,
mass spectrometry (MS) enables the characterization of the peptides with high sensitivity
and the determination of their mass-to-charge ratio (m/z). Among the most frequently
employed strategies is liquid chromatography coupled with tandem mass spectrometry (LC-
MS/MS), which integrates the separation of components by liquid chromatography with
the identification of the precursor mass and the examination of the fragments generated in
tandem analysis.

The process of sequence assignment can be achieved through the utilization of com-
parative searches in protein databases [71,72]. The analysis of the spectra enables the
comparison of the obtained sequences with entries in protein databases, such as UniProtKB,
and the subsequent assignment to possible precursor proteins. Furthermore, the utilization
of bioactive peptide databases, such as BIOPEP-UWM, enables the identification of matches
with previously described sequences and the exploration of their potential biological effects.
In instances where a reliable match is not available, de novo sequencing facilitates the
inference of amino acid composition and order through the analysis of fragmentation
patterns. Consequently, the integration of chromatographic separation, mass spectrometry,
and bioinformatics facilitates the transition from the study of complex peptide fractions to
the identification of candidate sequences for subsequent biological evaluation [73–75].

4.5. Chemical Synthesis

The process of chemical synthesis enables the production of BPs with a defined amino
acid sequence. Enzymatic hydrolysis, fermentation, and gastrointestinal digestion yield
peptide mixtures derived from precursor proteins. Conversely, chemical synthesis enables
the direct synthesis of a specific peptide sequence [76].
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The predominant strategies encompass solid-phase synthesis and liquid-phase synthe-
sis. In the solution-based method, amino acids or peptide fragments react in a homogeneous
medium, and the intermediate products are separated and purified at the conclusion of
each step. In contrast, solid-phase synthesis commences with the attachment of the first
amino acid to insoluble support, to which the remaining residues are successively added.
The removal of reagents and byproducts is achieved through a series of washes. This
methodology is widely employed in the synthesis of defined peptides, as it enables the reit-
eration of elongation cycles without necessitating the isolation of intermediates following
each reaction [77–79].

Chemical synthesis enables the experimental validation of proposed peptide sequences
through mass spectrometry analysis. Even though MS/MS techniques provide informa-
tion regarding the peptides present in hydrolysates or protein fractions, their results do
not definitively demonstrate that a specific sequence is responsible for the observed ac-
tivity. Consequently, candidate peptides can be chemically synthesized and evaluated
individually under controlled conditions. This approach facilitates the determination of the
relationship between sequence composition and biological activity, thereby complementing
the information obtained via LC-MS/MS in the study of food matrices [16,80].

4.6. Identified Sequences

The identification of peptide sequences facilitates a more profound characterization
of a fraction or hydrolysate by determining its individual components and which com-
ponents might be associated with the detected biological activity. In Phaseolus vulgaris, a
substantial number of sequences have been documented, predominantly originating from
storage proteins. Among the precursor proteins that have garnered significant attention are
globulins, particularly phaseolin and 11S legumin. The relevance of these proteins stems
from their abundance in the seed and the presence of regions capable of generating peptide
fragments during proteolysis. Recent studies have indicated that certain peptides derived
from P. vulgaris may be preserved after digestion, as evidenced by a peptide located in the
α subunit of 11S legumin, which exhibited resistance to pepsin and chymotrypsin [81].

The bioactive peptides that have been individually validated in experiments are
summarized in Table 1. The complete list of peptide sequences that have been reported is
provided in Supplementary Table S1.

To further investigate the individually validated bioactive peptides presented in
Table 1, their three-dimensional structures were modeled using PEP-FOLD4 v4.0. The
selected structures permit an examination of the predicted conformations of the peptides
and provide additional insights for evaluating possible associations between their structural
characteristics and biological functions (see Table 2).
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Table 1. Bioactive peptides identified in Phaseolus vulgaris.

Bean
Type/Cultivar Precursor Protein Processing/Hydrolysis Peptide Sequence(s)

Reported Molecular Mass Biological Assay Activity/IC50
Experimental
Model

Synthetic
Validation

Individual
Sequence
Validation

Reference

P. vulgaris Small
Red Bean Phaseolin

Alcalase® → papain →
simulated GI digestion
→ ultrafiltration → gel
filtration → RP-HPLC

PVNNPQIH ~917.47 Da
(calculated) ACE inhibition

Purified fraction:
IC50 = 19.3 µg
protein/mL; Ki =
11.6 µg
protein/mL
Synthetic
PVNNPQIH: IC50
= 206.7 µM.

In vitro; ACE
enzymatic assay

Activity validated
using synthetic
PVNNPQIH

Yes [82]

P. vulgaris
Azufrado Higuera,
Bayo Madero,
Negro 8025, Pinto
Durango

NDF after
enzymatic
digestion

Gastrointestinal
enzymatic digestion

GLTSK; LSGNK;
GEGSGA; MPACGSS;
MTEEY

504.29; 517.29;
476.19; 651.24;
671.25 Da
(calculated)

ACE inhibition;
antioxidant
activity

ACE IC50 values
for synthesized
peptides:
65.4–191.5 µM

In vitro and in
silico; ACE
enzymatic assay;
molecular docking

Activity validated;
all five peptides
were synthesized

Yes [83]

P. vulgaris Red
Bean; cultivar not
reported

Bean protein
hydrolysate

Germination → pepsin
→ <3 kDa →
ion-exchange
chromatography → C18
RP-HPLC →
LC-MS/MS

NLRKLKRL; DHPTGGL;
SPTPPKNVPF;
GSEIRSTSDDVL;
APANGSAF; RRLRILL;
RGSKQRQKRQW;
LIIPATSTKFL

695.32–1456.81 Da
(calculated)

Anticancer; ACE
inhibition;
antioxidant
activity

LIIPATSTKFL: IC50
490.625 µg/mL in
CaCO2 and SiHa;
RGSKQRQKRQW:
60% ACE
inhibition at 100
µg/mL

In vitro; CaCO2,
HepG2, MCF-7,
NCI-H460, SiHa,
SW620 and Vero
cells

All 8 peptides
synthesized and
individually
evaluated

Yes [16]

Note: Molecular masses indicated as “calculated” correspond to monoisotopic neutral masses calculated from the reported amino acid sequences, including the
mass of H2O. Values identified as “reported average” or “reported range” correspond to the values provided by the original study.
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Table 2. Predicted three-dimensional structures of individually validated bioactive peptides from Phaseolus vulgaris.

Peptide Sequence Length (aa) Prediction Tool Selected Model Cluster sOPEP Energy Predicted 3D Structure

LIIPATSTKFL LIIPATSTKFL 11 PEP-FOLD4 v4.0 Model 1 1 (n = 58) −13.9534

RGSKQRQKRQW RGSKQRQKRQW 11 PEP-FOLD4 v4.0 Model 1 1 (n = 6) 16.1386

PVNNPQIH PVNNPQIH 8 PEP-FOLD4 v4.0 Model 1 1 (n = 20) −5.68405
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4.7. Genetically Encoded Peptides

It is necessary to differentiate between peptides of hydrolytic origin, which are en-
coded within the primary structure of large proteins, and those that are encoded directly
by the genome. In the case of plant organisms, the latter are derived from truncated
open reading frames (ORFs) or from precursors that are proteolytically processed into
their mature, active form. These peptides function as phytohormones or mediators in
signaling cascades, ontogeny, and stress adaptation. The study of these peptides has been
driven by the integration of genomic and transcriptomic approaches with bioinformatics
algorithms [84,85]. A considerable proportion of small plant-derived peptides is classified
as ribosomally synthesized and post-translationally modified peptides (RiPPs). This family
of molecules is distinguished by intricate structural modifications, which impart elevated
chemical and proteolytic stability, thereby preventing degradation [86].

In Phaseolus vulgaris, genomic characterization has revealed the presence of 6170
predicted small proteins (≤120 amino acids) and 44 genes belonging to the CLE
(CLAVATA3/Endosperm Transfer Cell Layer-like) peptide family. These molecules are
key to cell signaling, regulating cell division and tissue development. This finding under-
scores the remarkable diversity and abundance of genetically encoded peptides in this
species [87,88]. However, the genomic identification of these sequences does not auto-
matically imply in vivo bioactivity or bioactivity in food matrices. Thus, a multifaceted
approach involving peptidomics, confirmation of expression and processing, and func-
tional validation is required to ascertain the true potential of these sequences as a source of
novel bioactive peptides [89]. The findings demonstrate the existence of various peptide
sequences potentially encoded in P. vulgaris. However, the use of genomic tools alone is
inadequate for confirming the presence of these peptides in seeds intended for consumption
or their biological activity following processing and gastrointestinal digestion [90,91].

In the domain of food science, the significance of these peptides is contingent upon
the presence of their precursors or mature forms in the seed and their capacity to remain
available or be released during processing and gastrointestinal digestion. Furthermore, the
stability of a peptide against digestive enzymes, its bioaccessibility, and its bioavailability
must be considered to determine whether a peptide detected at the molecular level can
contribute to the biological effects associated with food consumption [92–94]. In this
regard, genetically encoded peptide sequences could offer new opportunities for identifying
bioactive compounds of interest in the field of functional foods and nutraceuticals. However,
their potential application is contingent upon experimental confirmation of their presence
in the food matrix, stability, release during digestion, and biological activity [86,95,96].
Consequently, they should be incorporated as a complementary line of research into
bioactive peptides from P. vulgaris, without equating them with peptides derived from food
proteins whose activity has already been demonstrated.

5. The Biological Activities of Bioactive Peptides
5.1. Antioxidant Activity

Oxidative stress is defined as the result of the dysregulated production of highly
reactive oxygen species (ROS) and nitrogen species (RNS). These species have been demon-
strated to play a critical role in fundamental cellular processes. An excess of ROS and RNS
has been demonstrated to cause the oxidation of biological molecules, including lipids,
proteins, DNA, and molecules involved in aging and various diseases, such as cancer,
neurological disorders, and cardiovascular problems [97,98].

In addition, the body is equipped with intrinsic mechanisms that can counteract or
neutralize ROS and RNS. Among these are antioxidants, which can be generated endoge-
nously or obtained from external sources. These antioxidants can counteract reactive
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species, thereby limiting oxidative damage to cellular molecules. However, a deficient
antioxidant system can also contribute to the development of diseases [99].

Peptides that possess antioxidant capacity have the ability to neutralize reactive
oxygen and nitrogen species through two distinct mechanisms: hydrogen atom transfer
and single-electron transfer [100]. In addition to this ability, these peptides have been
shown to chelate metal ions and protect against lipid oxidation (see Table 3) [101,102].

Table 3. Biological activities and functional effects of Phaseolus vulgaris protein hydrolysates and
peptide fractions.

Bean
Type/Cultivar Protein Material Processing/Hydrolysis Enzyme Biological

Activity Activity/Main Result Experimental
Model Reference

Phaseolus vulgaris
L.; PB and AH

varieties
Protein isolate Enzymatic

hydrolysis Alcalase®

Activities were
demonstrated in
peptide fractions
1, 3, and 10 kDa;

Antioxidant;
ACE-inhibitory;

antimicrobial;
antihypertensive

Antihypertensive
activity confirmed in

spontaneously
hypertensive rats

In vivo [103]

Phaseolus vulgaris
L. landraces:

Apolo, Magnum,
Boloto, Hallado

Protein isolate;
peptide fractions

Isoelectric
precipitation +

enzymatic
hydrolysis +

ultrafiltration (<3
kDa and 3–10 kDa)

Alcalase®

Activity was
demonstrated in
peptide fractions

3–10 kDa;
Antioxidant

DPPH: 13.06–50.8%
inhibition; FRAP:
52.2–1750 µmol

TE/100 g; ORAC:
305–5246 µmol

TE/100 g; resistance
against oxidation
confirmed by EPR

In vitro [104]

Phaseolus vulgaris
L. var. Jamapa Protein isolate

Enzymatic
hydrolysis of

isolated fractions

Pepsin and
pancreatin

Activities were
demonstrated in
the hydrolysate;

Antioxidant;
metal-chelating

Antioxidant activity:
71% inhibition for the

protein isolate
hydrolysate.

Copper-chelating
activity: 53% for the
lectin hydrolysate;

iron-chelating activity:
81% for the phaseolin

hydrolysate

In vitro [105]

Phaseolus vulgaris;
red bean

Protein
hydrolysate; <3

kDa fraction

Enzymatic
hydrolysis +
sequential

cation/anion
exchange +

reverse-phase
chromatography

Pepsin

Activity of
individually
synthesized

peptides;
Antioxidant;
anticancer;

antihypertensive

Synthesized peptides:
RB-6 (RRLRILL)

showed the strongest
ABTS scavenging;
RB-1 (NLRKLKRL)
showed the highest
FRAP; RB-7 showed

the highest DPPH
activity

In vitro [16]

Phaseolus vulgaris;
dark red kidney

bean
Protein isolate

Enzymatic
hydrolysis
(separate

treatments)

Pepsin and
papain

Activities were
demonstrated in
the hydrolysates

and protein
isolate;

Antioxidant;
antimicrobial

Pepsin hydrolysate:
IC50 = 0.015 mg/mL;
papain hydrolysate:
IC50 = 0.066 mg/mL;
protein isolate: IC50 =

0.115 mg/mL

In vitro [106]

Phaseolus vulgaris;
kidney bean

Protein isolate
(KBPI)

Enzymatic
hydrolysis;
increasing

hydrolysis time (1–6
h)

Pepsin

Activities were
demonstrated in
the hydrolysate;

Antioxidant;
antibacterial

At 6 h: 85% DPPH and
80% ABTS+; degree of

hydrolysis = 33.7%
In vitro [107]

Phaseolus vulgaris;
black bean

Black bean
protein

concentrate
(BBPC); peptide

fractions

Enzymatic
hydrolysis with

simplex-centroid
design +

ultrafiltration
fractionation

Combinations of
Alcalase®,

Flavourzyme®

and Neutrase®

Activities were
demonstrated in
the hydrolysate;

Antioxidant

Total antioxidant
capacity increased by
31%; reducing power
increased by 70% vs.

non-hydrolyzed
BBPC; highest activity

with Alcalase® +
Flavourzyme®;

fractionation did not
improve activity

In vitro [108]

5.2. Antihypertensive Activity

Hypertension, also known as high blood pressure, is a significant contributing factor
to the global burden of disease. Hypertension affects a substantial proportion of the
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global adult population, and its prevalence has increased markedly [109]. In this regard,
hypertension has been identified as a risk factor for cardiovascular disease [110].

A multitude of factors have been identified as potential modifiable risk factors for
hypertension. These factors include overweight, unhealthy dietary habits, insufficient
physical activity, and excessive alcohol consumption [111].

The endocrine systems that regulate blood pressure in humans through the angiotensin-
converting enzyme (ACE) are the renin–angiotensin system and the kallikrein–kinin system.
The renin–angiotensin–aldosterone system (RAAS) plays a fundamental role in this process,
as it converts angiotensin I into angiotensin II, a potent vasoconstrictor that causes an
increase in blood pressure [112]. In this context, the inhibition of ACE activity is a pivotal
aspect, as it is regarded as a critical strategy for reducing hypertension, in conjunction with
lifestyle modifications, dietary interventions, and pharmacological treatments.

In P. vulgaris, evidence of ACE-inhibitory activity has been demonstrated in protein
hydrolysates and peptide fractions, as well as in certain individual peptides that were
purified and subjected to independent evaluations (see Table 4).

Table 4. Antihypertensive activity of common bean (Phaseolus vulgaris) proteins and peptides.

Bean
Type/Cultivar Protein Material Processing/

Hydrolysis Enzyme Biological
Activity Activity/Main Result Experimental

Model Reference

P. vulgaris cv.
Pinto Protein isolate Enzymatic

hydrolysis
Alcalase® and
Savinase®

Activities were
demonstrated in
the hydrolysate;
ACE inhibition;
antioxidant; anti-
inflammatory

ACE inhibition
demonstrated in the
hydrolysate (IC50 =
0.22–0.26 mg/mL)

Enzymatic
assays;
CCD-18Co cells

[113]

P. vulgaris cv.
Small Red Bean Protein isolate

Sequential
enzymatic
hydrolysis +
simulated
gastrointestinal
digestion +
purification

Alcalase® and
papain

Activity was
demonstrated in
the hydrolysate,
PVNNPQIH
showed
ACE-inhibitory
activity

Hydrolysate IC50 =
67.2 µg protein/mL;
purified fraction IC50
= 19.3 µg protein/mL;
PVNNPQIH IC50 =
206.7 µM; Ki = 11.6 µg
protein/mL

ACE enzymatic
assay [82]

P. vulgaris cv.
Navy Bean Protein isolate Fermentation Endogenous LAB

proteases

Activity was
demonstrated in
extracts;
ACE-inhibitory
activity increased

Increased/enriched
ACE-inhibitory
activity following
lactic acid bacterial
fermentation

ACE enzymatic
assay [114]

P. vulgaris
Azufrado bean,
three cultivars

Protein
concentrate

Enzymatic
hydrolysis

Alcalase®,
thermolysin and
pancreatin

Activity was
demonstrated in
the hydrolysates;
ACE inhibition,
antioxidant

ACE IC50 =
0.10–319.96 µg/mL,
depending on cultivar
and hydrolysis
treatment

ACE enzymatic
assay [115]

P. vulgaris
Azufrado
Higuera

Peptide fraction
BP3

Enzymatic
hydrolysis +
ultrafiltration

Alcalase®

Activity was
demonstrated in
the peptide
fraction (BP3);
ACE inhibition

KFPWVK, GADFRKK
and
PQSPCKRVNRHS
were identified; ACE
inhibition was
predicted by BIOPEP

MALDI-
TOF/TOF;
BIOPEP; rat
model for BP3

[116]

5.3. Antidiabetic Activity

The antidiabetic activity attributed to peptides from Phaseolus vulgaris has been linked to
the inhibition of enzymes involved in carbohydrate processing and incretin regulation. The
primary targets of study are α-amylase, α-glucosidase, and dipeptidyl peptidase-IV (DPP-IV).
The inhibitory action on these enzymes has the potential to decelerate the rate of glucose
release, thereby contributing to the maintenance of a more regulated postprandial glycemic
response [117,118]. α-Amylase, a pivotal enzyme in the breakdown of starch, catalyzes the
initial hydrolysis of this polysaccharide. In contrast, α-glucosidase, a key player in the final
stage of carbohydrate digestion, is responsible for the production of glucose, which is subse-
quently absorbed by the intestinal tract. Consequently, the inhibition of both enzymes—either
individually or simultaneously—can delay carbohydrate digestion and reduce the postpran-
dial rise in glucose [119,120]. DPP-IV, a serine exopeptidase, is responsible for the degradation
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of GLP-1 (glucagon-like peptide-1) and GIP (glucose-dependent insulinotropic polypeptide).
This process reduces the activity of these incretins and their contribution to glucose-dependent
insulin secretion. Consequently, the inhibition of this enzyme can be considered an additional
potential mechanism for promoting blood glucose regulation. The inhibitory activity of these
peptides is contingent on various structural factors, including the length, composition, and
distribution of amino acids [121,122].

In various types of P. vulgaris, the presence of low-molecular-weight peptides derived
from protein hydrolysates has been associated with antidiabetic properties. It has been doc-
umented that fractions smaller than 3 kDa obtained from both easy- and hard-to-cook beans
exhibited the greatest inhibition of α-amylase and α-glucosidase. The recorded percentages
ranged from 16.9 to 89.1% for α-amylase and from 34.4 to 89.2% for α-glucosidase [123]
(see Table 5).

Table 5. Antidiabetic activity of Phaseolus vulgaris protein hydrolysates, peptide fractions, and
predicted bioactive peptide sequences.

Bean
Type/Cultivar Protein Material Processing/

Hydrolysis Enzyme Biological Activity Activity/Main
Result

Experimental
Model Reference

P.
vulgaris—Black,
Pinto, Red, Navy
and Great
Northern

Protein iso-
late/hydrolysate

Simulated
gastrointestinal
digestion

Pepsin +
pancreatin

Activity was
demonstrated in the
hydrolysate;
DPP-IV inhibition

Protein
hydrolysates;
DPP-IV inhibitory
activity (IC50 =
0.093–0.095 mg
protein/mL)

DPP-IV
enzymatic assay [7]

P. vulgaris cv.
Vaina Morada Protein isolate

In silico
enzymatic
hydrolysis +
dialysis

In silico digestion

Activity was
demonstrated in the
hydrolysate for
α-amylase and
α-glucosidase; ACE
and DPP-IV
activities were
predicted in silico

In the hydrolysate
α-Amylase IC50 =
0.78 mg/mL;
α-glucosidase IC50
= 0.60 mg/mL;
additional ACE and
DPP-IV potential
predicted

In silico + in vitro
enzymatic assays [124]

P. vulgaris—
improved
cultivars from
Mexico and
Brazil

Protein
isolate/peptides

Hydrolysis +
HPLC-MS/MS

Pepsin +
pancreatin

Activities were
mainly predicted in
silico; DPP-IV; ACE;
antioxidant
potential

SGAM, DSSG,
LLAH, YVAT, EPTE
and KPKL
predicted in silico

HPLC-MS/MS;
BIOPEP [9]

P. vulgaris—
germinated
beans

Protein isolate

Germination +
enzymatic
hydrolysis +
simulated
gastrointestinal
digestion

Alcalase®

Activity was
demonstrated in the
hydrolysate:
DPP-IV; α-amylase;
antidiabetic activity

In the hydrolysate
DPP-IV IC50 = 1.2
mg soluble
protein/mL;
increased insulin
secretion in
pancreatic β-cells

DPP-IV/α-
amylase assays;
pancreatic β-cells

[125]

P. vulgaris—hard-
to-cook bean Protein isolate Enzymatic

hydrolysis
Alcalase® +
bromelain

Low-molecular-
weight peptide
fractions exhibited
inhibitory activity
against α-amylase,
α-glucosidase, and
DPP-IV; LLSL,
QQEG, and
NEGEAH were
identified among
the most active
fractions

The <1 kDa fraction
from
Pinto-Durango
treated with
Alcalase® inhibited
α-glucosidase and
DPP-IV, whereas
the <1 kDa fraction
treated with
bromelain showed
the highest
inhibition of
α-amylase

Enzymatic assays [126]

5.4. Antimicrobial and Anti-Inflammatory Activity

The antimicrobial activity of bioactive peptides derived from legumes has been at-
tributed, to a large extent, to certain physicochemical properties, including positive net
charge, hydrophobicity, and the arrangement of cationic residues. These characteristics pro-
mote electrostatic interaction with microbial membranes, which can alter the membranes’
structure and integrity. Research conducted with peptides derived from diverse legumes
has documented their efficacy against Gram-positive and Gram-negative bacteria, as well
as certain fungi [127]. In P. vulgaris, the presence of an antimicrobial peptide fraction in the
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seeds has been experimentally confirmed. An extract from red beans demonstrated activity
against Escherichia coli, Staphylococcus aureus, Enterococcus faecalis, Pseudomonas aeruginosa,
and Candida albicans. The minimum inhibitory concentration (MIC) was 2.5 milligrams per
milliliter (mg/mL) for the majority of the species, and 1.25 mg/mL for P. aeruginosa and
C. albicans. Furthermore, the extract demonstrated the ability to impede the formation of
biofilms and curtail the synthesis of pyocyanin and pyoverdine in P. aeruginosa, thereby
implying a potential impact on the processes associated with virulence [15].

With respect to their anti-inflammatory potential, legume peptides may exert their
effects on cellular processes associated with NF-κB activation, MAPK pathways, and
the production of cytokines and other inflammatory mediators [128]. Observations have
been made that certain low-molecular-weight fractions derived from legume protein hy-
drolysates have the capacity to reduce the inflammatory response in cellular models.
Common bean hydrolysates have been shown to possess the capacity to impede the action
of various proinflammatory mediators in macrophages exposed to LPS.

The Pinto Durango and Negro 8025 varieties exhibited IC50 values as low as 3.7 µM for
NO and 5.0 µM for iNOS. In addition, these hydrolysates were found to impede the nuclear
translocation of NF-κB p65 and curtail the production of COX-2, PGE2, iNOS, and NO.
In human colon fibroblasts stimulated with IL-1β, pinto bean peptides with a molecular
weight of up to 3 kDa decreased IL-6 synthesis by 28% [10,112,126] (See Table 6).

Table 6. Antimicrobial and anti-inflammatory activities of common bean (Phaseolus vulgaris) proteins
and peptides.

Bean
Type/Cultivar Protein Material Processing/

Hydrolysis Enzyme Biological Activity Activity/Main
Result

Experimental
Model Reference

P.
vulgaris—Negro
8025 and Pinto
Durango

Protein
isolate/protein
hydrolysates

Enzymatic
hydrolysis (120
min)

Alcalase®

Anti-inflammatory
activity
demonstrated in the
protein
hydrolysates

Inhibition of COX-2
and iNOS
expression, PGE2
and NO production,
and NF-κB p65
nuclear
translocation; Pinto
Durango
hydrolysates
showed greater
activity

LPS-induced
macrophages [126]

P. vulgaris—cv.
Pinto Protein isolate Enzymatic

hydrolysis
Alcalase® and
Savinase®

Anti-inflammatory,
antioxidant, and
ACE-inhibitory
activities were
demonstrated in the
hydrolysate and
were associated
with peptide
fragments released
from phaseolin

Anti-inflammatory
activity: 16–28%
inhibition

Enzymatic assays;
CCD-18Co cells [113]

P. vulgaris—red
kidney bean

Phenolic-rich
extract + globulin
fractions (7S
vicilin, 11S
legumin)

Protein fraction
extraction Not applicable

Antibacterial
activity of the
protein/phenolic
fractions

Activity against
multidrug-resistant
Enterobacterales
from animal and
human sources

Multidrug-resistant
bacterial isolates [129]

P. vulgaris—red
kidney bean

Crude peptide
extract

Alkaline
extraction (pH
9.0) followed by
isoelectric
precipitation (pH
4.5)

Not applicable

Antimicrobial;
antibiofilm;
quorum-sensing
inhibition activities
were demonstrated
in the crude peptide
extract

MIC: 1.25 mg/mL
(C. albicans, P.
aeruginosa); 2.5
mg/mL (S. aureus,
E. coli, E. faecalis).
Bacteriostatic effect.
Biofilm inhibition:
~62% at 1/2 MIC
and ~87% at MIC.
Pyocyanin
inhibition: ~81%
and pyoverdine
inhibition: >44% at
1/2 MIC.

E. faecalis ATCC
29212, S. aureus
ATCC 25923, P.
aeruginosa ATCC
4853, E. coli ATCC
25922, C. albicans
ATCC 10231; P.
aeruginosa PAO1 for
biofilm/QS assays

[15]
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6. From Bioactivity to Food Application
The identification of bioactive peptides derived from Phaseolus vulgaris serves as

an initial step in evaluating their potential use as functional ingredients. However, the
demonstration of activity in experimental systems does not guarantee that the peptides
will exhibit equivalent effects when incorporated into a food product. Interaction with food
matrix components, including proteins, lipids, and carbohydrates, has been demonstrated
to alter the stability, solubility, and bioavailability of these substances. In this regard,
evaluating their behavior in actual foods and under relevant processing conditions is
essential for advancing their application [130–132].

Protein hydrolysis can yield mixtures of peptides with different biological activities
and techno-functional properties, which may be advantageous for their use in food for-
mulations [133]. Additionally, peptides and hydrolysates with lower molecular weights
may possess reduced allergenicity compared to the original proteins from which they are
derived [134].

The stability of peptides during processing and storage is a critical factor, as variables
such as temperature, pH, water activity, oxidation, and interactions with other components
can alter their structure and biological activity. Additionally, processing conditions have
been shown to promote a variety of chemical reactions, aggregation processes, and the
degradation of specific sequences. The food matrix can exert a protective effect or, con-
versely, reduce the availability of the peptides. Moreover, their behavior is contingent upon
the food matrix into which they are incorporated. Consequently, a peptide that maintains
its activity in an aqueous environment may demonstrate a divergent response in beverages,
baked goods, emulsions, or other formulations [135,136].

Furthermore, the incorporation of bioactive peptides in functional foods necessitates a
comprehensive examination of the alterations they undergo during the digestive process
within the gastrointestinal tract. The gastrointestinal environment presents a challenge to
maintaining bioactive peptide activity after consumption due to the action of digestive
proteases, which can hydrolyze the sequences responsible for biological effects or generate
different fragments with novel or modified activities. Consequently, a comprehensive
evaluation of a peptide must encompass its stability during digestion and its capacity for
intestinal absorption, as the activity observed prior to ingestion may not necessarily reflect
the activity available in the body [137,138].

Bioavailability emerges as a pivotal factor in assessing the functional potential of these
molecules. The employment of simulated gastrointestinal digestion studies, in conjunction
with intestinal permeability models, facilitates the identification of the persistence of
sequences or the formation of potentially active peptide metabolites. However, the models
in question offer only intermediate evidence, thus necessitating the incorporation of in vivo
studies to establish a relationship between food intake and physiological response [132,139].

Encapsulation is a strategy for incorporating bioactive peptides into foods. Encapsula-
tion systems have been demonstrated to protect peptides from chemical and enzymatic
degradation, thereby enhancing their stability. Furthermore, some systems permit the
regulated release of peptides during gastrointestinal digestion, which could enhance their
bioavailability [140,141]. This phenomenon has been observed in the context of common
bean protein hydrolysates, which have been subjected to evaluation as potential ingredients
for incorporation into foods such as yogurt. In the context of Greek-style yogurt, the
encapsulation process enabled the incorporation of 2.3 g of hydrolysate per serving. This
approach led to a significant reduction in the perception of bitterness and astringency by
44% and 52%, respectively, when compared to the non-encapsulated hydrolysate. The find-
ings indicate that bitterness and astringency can impede the acceptability of hydrolysates
and bioactive peptides, and that encapsulation can assist in overcoming these sensory bar-
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riers [142]. Bitterness represents a significant challenge in the integration of hydrolysates
and bioactive peptides into food products, particularly when these substances are derived
through enzymatic hydrolysis. The release of hydrophobic peptides has been demonstrated
to generate undesirable flavors and reduce product acceptability. The intensity of this effect
is contingent upon the amino acid sequence, hydrophobicity, molecular weight, degree
of hydrolysis, and protease specificity. In addition to encapsulation, a variety of strate-
gies may be employed, including further hydrolysis, selective separation, flavor masking,
and adjustment of processing conditions. Thus, the sensory profile must be evaluated in
conjunction with biological activity in the development of functional foods [143,144].

Safety and allergenicity should also be considered when proposing the use of hy-
drolysates and bioactive peptides in food products. Enzymatic hydrolysis has been demon-
strated to reduce the immunoreactivity of certain proteins; however, it does not ensure
the complete elimination of their allergenic potential. Allergenic proteins, including phy-
tohemagglutinins and certain storage proteins, have been identified in P. vulgaris. Some
of these allergens may retain their ability to be recognized by IgE. The hydrolysis of
bean proteins has been demonstrated to reduce IgE binding; however, the effectiveness
of this process is contingent upon the enzyme utilized and the conditions under which it
is executed.

The evaluation of hydrolysates and peptides intended for consumption necessitates
the implementation of immunoreactivity and toxicity assays, in conjunction with cellular
or clinical models when deemed pertinent. The safety of these products should not be
assumed solely based on the food origin of the protein, since hydrolysis and purification
can alter the composition of the final product [145–147]. The extrapolation of experimental
doses to an effective dose for humans constitutes a significant limitation of studies on P.
vulgaris. IC50 values obtained in enzymatic or cellular systems cannot be directly interpreted
as consumption doses, and the concentrations used in hydrolysates, peptide fractions, and
purified peptides are not directly comparable. The clinical evidence pertaining to protein
products derived from P. vulgaris remains limited. In a randomized, double-blind, placebo-
controlled clinical trial, 5 g of a black bean protein hydrolysate was administered to 28 adults
with normal glucose tolerance or prediabetes. The administration of the treatment resulted
in a significant decrease in postprandial glucose levels in comparison with the placebo.
However, the material used was a protein hydrolysate [148,149]. Thus, the establishment
of a universally applicable therapeutic or functional dose for individual peptides derived
from P. vulgaris remains a challenging prospect at present. Further studies are needed to
analyze the dose–response relationship, pharmacokinetic behavior, and clinical effects.

The production of highly purified individual peptides presents greater challenges
in terms of cost and scalability than the production of hydrolysates or peptide fractions.
The necessity of conducting multiple chromatographic steps can result in a reduction in
yield and an increase in solvent usage, as well as the time and resources required. Thus,
for large-scale food applications, hydrolysates and standardized peptide fractions may
represent more economically and technologically feasible options. Membrane separation
techniques, including ultrafiltration, present scalable alternatives for concentrating and
fractionating peptides. Nevertheless, enhancing their yield and reproducibility remains a
necessity [150,151].

The commercialization of products derived from P. vulgaris demonstrates that certain
components of the common bean have industrial applications. However, it is important to
draw distinctions between commercial extracts and individual bioactive peptides. PHASE
2® is a dry aqueous extract of white beans standardized for its α-amylase inhibitory activity
and marketed as a dietary supplement. BeanBlock® is a purified and standardized dry ex-
tract of P. vulgaris that is utilized in the formulation of supplements [152,153]. A regulatory
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evaluation is necessary for the transition of these ingredients from experimental research
to the development of functional foods or supplements. The requirements are contingent
upon the final product, its history of consumption, the production process, composition,
exposure level, intended health claims, and the applicable jurisdiction. Within the European
Union, the regulation of ingredients classified as “novel foods” is governed by Regulation
(EU) 2015/2283. Prior to authorization, these ingredients are required to demonstrate their
safety, a process that involves a comprehensive evaluation of various parameters, including
their identity, production methods, composition, intended uses, toxicological properties,
and potential allergenicity. In the United States, dietary supplements and structure-or-
function claims are subject to specific substantiation and labeling requirements. In contrast,
health claims are governed by a distinct set of regulations. Consequently, the mere in vitro
biological activity is inadequate to substantiate a health benefit claim [154–156].

Peptides and hydrolysates derived from P. vulgaris show potential for use in functional
foods and nutraceuticals, although the available evidence is still at various stages of
development [157]. Most of the research in this field is based on in vitro assays, cellular
models, in vivo studies, hydrolysates, and peptide fractions [158,159]. However, the clinical
evidence and validation of individual peptides remain limited.

7. Conclusions
Phaseolus vulgaris represents a promising source of bioactive peptides because its

abundant storage proteins can be converted through enzymatic hydrolysis, fermentation,
germination, and other processing strategies. Different studies have reported antioxidant,
antihypertensive, antidiabetic, antimicrobial, and anti-inflammatory activities associated
with these peptides. However, the available findings should be interpreted with caution
because of the heterogeneity of the evidence. Although some peptides have been identified
and their individual biological activities experimentally validated, many conclusions are
based on studies performed with protein hydrolysates, peptide fractions, cellular models,
or in silico prediction tools. Thus, the effects observed in vitro primarily represent evidence
of potential biological activity and do not, by themselves, constitute evidence of efficacy
in humans. Furthermore, knowledge regarding gastrointestinal stability, bioaccessibility,
intestinal absorption, interactions with food components, and in vivo efficacy remains
insufficient for many reported peptides. Overall, the available evidence supports the
potential of common bean-derived peptides as candidates for the development of functional
foods and nutraceuticals. Nevertheless, future research should prioritize the validation of
individual peptides, investigation of structure–activity relationships, and assessment of
gastrointestinal stability, bioaccessibility, and safety, as well as dose–response studies and
in vivo and clinical validation.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/nutraceuticals6030062/s1, Table S1. Comprehensive list of bioactive
peptide sequences identified from Phaseolus vulgaris.
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Abbreviations
The following abbreviations are used in this manuscript:

ABTS 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
ACE Angiotensin-Converting Enzyme
BBPC Black Bean Protein Concentrate
BIOPEP Bioactive Peptides Database
BIOPEP-UWM Bioactive Peptides Database of the University of Warmia and Mazury
BLAST Basic Local Alignment Search Tool
BPs Bioactive peptides
BP3 Bioactive Peptide Fraction 3
CCD-18Co Human Colon Fibroblast Cell Line
CLE CLAVATA3/Endosperm Transfer Cell Layer-like
COX-2 Cyclooxygenase-2
DPP-IV Dipeptidyl Peptidase-IV
DPPH 2,2-Diphenyl-1-picrylhydrazyl
EPR Electron Paramagnetic Resonance
FRAP Ferric Reducing Antioxidant Power
GI Gastrointestinal
GIP Glucose-Dependent Insulinotropic Polypeptide
GLP-1 Glucagon-Like Peptide-1
HCT116 Human Colorectal Carcinoma Cell Line
HPLC High-Performance Liquid Chromatography
HPLC-MS/MS High-Performance Liquid Chromatography–Tandem Mass Spectrometry
IC50 Half-Maximal Inhibitory Concentration
IEC Ion-Exchange Chromatography
IL-1β Interleukin-1 beta
IL-6 Interleukin-6
INS-1E Rat Pancreatic β-Cell Line
KBPI Kidney Bean Protein Isolate
LAB Lactic Acid Bacteria
LC-MS/MS Liquid Chromatography–Tandem Mass Spectrometry
LHCII Light-Harvesting Chlorophyll a/b-Binding Complex II
LPS Lipopolysaccharide
MALDI-TOF/TOF Matrix-Assisted Laser Desorption/Ionization–Time-of-Flight/Time-of-Flight
MAP Mean Arterial Pressure
MAPK Mitogen-Activated Protein Kinase
MCF-7 Michigan Cancer Foundation-7
MIC Minimum Inhibitory Concentration
MS Mass Spectrometry
MS/MS Tandem Mass Spectrometry
MWCO Molecular Weight Cut-Off
NADH Nicotinamide Adenine Dinucleotide, Reduced Form
NBS-LRR Nucleotide-Binding Site–Leucine-Rich Repeat
NCI-H460 Human Non-Small-Cell Lung Cancer Cell Line
NDF Nondigestible Fraction
NF-κB Nuclear Factor Kappa B
NIH National Institutes of Health
NO Nitric Oxide
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NPH3 NPH3 Family Protein
NR Not Reported
ORAC Oxygen Radical Absorbance Capacity
ORFs Open Reading Frames
PGE2 Prostaglandin E2

PV3 Peptide Fraction PV3
RiPPs Ribosomally Synthesized and Post-Translationally Modified Peptides
RKO Human Colorectal Cancer Cell Line
RP-HPLC Reverse-Phase High-Performance Liquid Chromatography
SBP Systolic Blood Pressure
SEC Size-Exclusion Chromatography
SW620 Human Colorectal Adenocarcinoma Cell Line
TE Trolox Equivalent
TOC1 Timing of CAB Expression 1
TIFY TIFY Protein Family
WSD1 Wax Ester Synthase/Diacylglycerol Acyltransferase 1
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