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Abstract

Protein hydrolysates and bioactive peptides are promising components with antioxidant properties. This study aimed to evalu-
ate the antioxidant activity of protein hydrolysates obtained from microbial fermentation of broiler chicken gizzards using a
concentration of bifidobacteria and propionic acid bacteria incorporated into whey. The total antioxidant capacity was de-
termined by the FRAP method, the antiradical activity was determined using the DPPH assay with the detection of the ICs,
index to assess the antioxidant potential. The results showed that the FRAP antioxidant activity of the experimental hydrolysate
sample obtained by fermentation using bifidobacteria was 30 % lower than that of other samples. However, this sample exhib-
ited the greatest free radical scavenging effect, with an ICs, 0f 1.363 mg/g. The content of free amino acids and peptides was also
determined by UHPLC combined with mass spectrometry. The properties of peptides were identified by the in silico method
using the BioPep and PeptideRanker databases. The research results showed an increase in the content of free amino acids in
hydrolysates during microbial fermentation. The content of a bioactive peptide with antioxidant properties — VW, as well as
several peptides with potentially high antioxidant properties, was revealed. The results obtained show the prospects for obtaining
protein hydrolysates from poultry by-products by their microbial fermentation, as well as the need for further deeper studies of
peptides with potential antioxidant properties.
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Introduction

A major challenge facing the food industry is the need
to extend the shelf life of foods susceptible to oxidative
spoilage. Oxidative spoilage is a complex process that de-
grades the sensory characteristics of products (including
taste, aroma, and texture) and reduces nutritional value,
which can negatively impact consumer health. Further-
more, toxic metabolites can accumulate during this pro-
cess, which also poses potential health risks. On an in-
dustrial scale, it is often simpler and more cost-effective
to use synthetic preservatives and antioxidants, as these
substances effectively slow oxidation processes and extend
the shelf life of products. However, in light of increasing
consumer demands for food quality and safety, manufac-
turers are increasingly forced to rethink their approaches
and shift their focus to natural food additives [1,2]. Natural
antioxidants, in particular, play a key role in slowing the
rate of oxidative reactions, including lipid oxidation, which
in turn leads to a reduction in hydrogen peroxide and free
radical levels in foods [3-5]. In recent years, active pep-
tides, which have high potential as natural antioxidants,
have attracted particular attention from researchers [6,7].

These biologically active components not only help ex-
tend the shelf life and enhance the stability of food prod-
ucts, but also possess a number of additional beneficial
properties. This makes them particularly attractive for use
in diets and in industrial food processing settings [8,9].

However, obtaining pure active peptides requires com-
plex technological approaches to extraction and purifica-
tion, which significantly increases their final cost. At the
same time, numerous studies confirm the antioxidant
properties of protein hydrolysates containing antioxidant
peptides obtained from various types of protein raw mate-
rials. Other advantages of protein hydrolysates compared
to purified peptides have been noted, such as the formation
of oligopeptides as a result of absorption [10,11]. In recent
years, research on protein hydrolysates containing bioac-
tive peptides as functional and technological additives for
food production has attracted the attention of food scien-
tists all over the world [12,13]. Many studies corroborate
the potential of using protein hydrolysates containing anti-
oxidant peptides as food preservatives. The effectiveness of
protein hydrolysates in reducing fat oxidation in food sys-
tems has been experimentally proven. Studies of various
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food products containing carp hydrolysates have shown
reductions in free fatty acids, peroxide value, and malondi-
aldehyde levels, which generally contributes to improved
shelf life of high-fat food systems [14,15].

Peptides have a lower molecular weight than proteins,
and therefore are easily digestible and more bioavailable,
and exhibit higher biological activity. Protein cleavage is car-
ried out due to hydrolysis caused by the action of catalysts
(acids, alkalis or enzymes). As a result, the cleavage products
of the protein molecule are sequentially formed — first poly-
peptides, peptides, and then amino acids [16].

Enzymatic protein hydrolysis is the most widely used
process to produce bioactive peptides, which are impor-
tant components in a variety of fields, from medicine to the
food industry [16-18].

This method offers a gentler and more environmentally
friendly approach compared to traditional chemical pro-
cessing of protein raw materials. Unlike chemical methods,
which often involve the use of toxic reagents and can have a
negative impact on the environment, enzymatic hydrolysis
utilizes natural enzymes, minimizing the risk of harming
the ecosystem.

However, modern research points to the significant
advantages and promising potential of microbial fermen-
tation, particularly using bacteria with a well-developed
proteolytic system [19-21].

Certain microbial strains not only can effectively break
down proteins into peptides but also have an additional
impact on the quality of the final product. Microbial fer-
mentation can facilitate the formation of new bioactive
peptides with unique functional properties and also in-
fluence the amino acid composition, which can improve
the nutritional properties of the resulting product [22,23].
Microbial fermentation enables the precise engineering
of peptides with targeted functions, including antimicro-
bial and antioxidant activity, by harnessing bacterial me-
tabolism. To fully realize this potential, further research is
needed to refine the fermentation conditions.

Numerous studies highlight the significant potential
of meat raw materials for producing protein hydrolysates
and bioactive peptides, which can serve as functional com-
ponents in diets, contributing to improved health [24,25].

With the active participation of microbial endo- and
exopeptidases, protein proteolysis occurs, leading to the
release and accumulation of bioactive peptides in the sub-
strate. Under specific conditions, microbial fermentation
produces significant quantities of short peptides and free
amino acids, which have multiple beneficial effects on the
body [26].

In this case, the activity of peptides as a whole depends
on the sequence of amino acid residues, electronic prop-
erties and the degree of hydrophobicity. Scientific pub-
lications have noted a wider range of biological activity
of protein hydrolysates obtained from several food pro-
teins [27], as well as during the enzymatic processing of
by-products [28].

Transforming animal and poultry by-products into
protein hydrolysates offers a dual benefit: unlocking
a high-value protein source and reducing agricultural
waste. These products, often perceived as waste, actually
contain significant amounts of amino acids and bioactive
molecules, making them an important component in the
development of new processing technologies and applica-
tions in the food and feed industries. Research shows that
hydrolysates obtained from liver and heart exhibit not only
high antioxidant activity but also pronounced antimicro-
bial activity [11]. This opens up new opportunities for their
use as functional ingredients in various products, helping
to extend shelf life and improve consumer safety. Activa-
tion of these hydrolysates can significantly improve the
organoleptic and nutritional characteristics of final prod-
ucts, making them an important element in sustainable
development strategies for the agricultural industry and
processing [14]. Therefore, the development of technolo-
gies aimed at the rational and efficient use of by-products
obtained from farm animals and poultry is an important
scientific task with practical significance.

This process takes into account the interests of both
producers seeking to optimize their resources and re-
duce losses, and consumers interested in high-quality and
healthy products [11,29].

Protein hydrolysates containing bioactive peptides ex-
hibit a diverse range of functional and physiological effects
that impact both the human body and food systems. In
terms of their effects on the human body, these hydroly-
sates exhibit a significant variety of properties, including
immunomodulatory, anticancer, antihypertensive, antioxi-
dant, anti-inflammatory, mineral-binding, opioid, antilip-
id, anti-aging, and osteoprotective effects [16-18,24,26,28].
Each of these effects is based on specific mechanisms of
interaction between bioactive peptides and cellular recep-
tors, enzymes, and other molecules in the body, allowing
hydrolysates to be used as functional supplements for the
prevention and treatment of various diseases.

The activity of protein hydrolysates in food systems is
also worth noting. They exhibit antioxidant and antimi-
crobial properties, making them useful for improving food
preservation and extending their shelf life.

Their antioxidant activity helps neutralize free radicals,
which in turn prevents oxidative processes in food materi-
als, preventing their spoilage. Antimicrobial properties help
combat pathogenic microflora, ensuring the safety and qual-
ity of food products. By virtue of their bioactive peptides,
protein hydrolysates offer dual utility: they provide docu-
mented health benefits while enhancing functional proper-
ties, paving the way for their adoption in nutraceutical, phar-
maceutical, and next-generation food products [8,13,30,31].

The main goal of this study is to identify the antioxidant
properties of protein hydrolysates obtained by microbial
fermentation of broiler chicken stomachs with the addi-
tion of bifidobacteria and propionic acid bacteria concen-
trates in whey.
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Objects and methods

Objects

This study characterized protein hydrolysates (PH) de-
rived from gizzards of ROSS-308 broiler chickens (41 days
old) via microbial fermentation. Hydrolysis was conduct-
ed in a soft cheese whey medium under three conditions:
with a concentrate of Bifidobacterium longum B379M
(PH-B), with a concentrate of Propionibacterium freud-
enreichii shermanii KM 186 (PH-P), and a control with-
out bacterial addition (PH-C). The bacterial concentrates
(Propionix, Moscow, Russia) had concentrations of viable
bacterial cells of 10"'-10"> CFU/cm? (bifidobacteria) and
10'°-10" CFU/cm?® (propionibacteria). Optimized fermen-
tation parameters presented in a previous study were used
to obtain hydrolysates [32]. The hydrolysate production
technology is shown in Figure 1.

Determination of antioxidant activity

of protein hydrolysate

The Ferric-reducing antioxidant power (FRAP) assay of
hydrolysate samples was determined in ethanol extracts.
In order to prepare sample extracts, a sample was mixed
with 96 % ethanol in a ratio of 1:15 (g:ml), homogenized
using an automatic homogenizer S10 (Stegler, China) for
2 min at 8000 rpm, infused for 60 min at 22+2°C and fil-
tered through a paper pleated filter.

The total antioxidant capacity of alcohol extracts was
determined by the FRAP method on an SF-2000 spectro-
photometer (OKB Spektr, Russia) in accordance with the
procedure [33]. In order to prepare the FRAP reagent,
0.3 M acetate buffer (pH 3.6), was mixed with 10 mM
solution of the photometric reagent TPTZ (2,4,6-Tris(2-
pyridyl)-s-triazine) (Acros Organics, China), by dissolving
it in 40 mM hydrochloric acid and 20 mM aqueous iron
(IIT) chloride (PanReac AppliChem, Spain) in ratios of
10:1:1, respectively. In order to measure the FRAP assay of
the extract, 1.45 ml of freshly prepared FRAP reagent and
50 pl of the sample diluted with distilled water depending
on the activity, or distilled water for measuring the control
sample, were added to the tube. The reaction mixture was

incubated for 30 min at 37°C in the dark, after which the
optical density was recorded at a wavelength of 594 nm.
The FRAP assay of the samples was calculated according to
the calibration curve (R2=0.9987), which was constructed
using quercetin (Sigma-Aldrich, India) in the concentra-
tion range of 140 uM — 300 uM, and expressed in pmol-
equiv. quercetin/g sample.

The DPPH radical scavenging activity (RSA) of the
protein hydrolysates was determined according to [34].
Briefly, 0.5 g of each sample was subjected to extraction in
20 cm’® of 95 % ethanol for six hours at 20 °C. Subsequently,
1 ml of the extract was combined with 1 cm? of an ethanolic
DPPH solution and left to react in the dark for 30 minutes.
The absorbance of the resulting mixture was measured at
517 nm using a Jenway 6404 UV/Vis spectrophotometer
(Jenway, UK).

The radical scavenging efficiency (RSA) was calculated
as a percentage using the formula:

RSApppyy = [1 - %} 1100%, 1)

where: A, is the value for test sample solution mixed with DPPH
solution; A, is the value for test sample solution mixed with
95% ethanol; A, is the value for DPPH solution mixed with
95 % ethanol.

The ICy, value was also determined. This indicator
characterizes the concentration of the substance that binds
50 % of the formed DPPH radicals. The IC,, value was de-
termined from a calibration plot of RSA pppyy values (%) for
various concentrations of protein hydrolysates (from 0 to
0.05 mg/ml).

Determination of free amino acids

in protein hydrolysates

Free amino acids were determined using liquid chro-
matography on an Agilent 1260 Infinity LC system (Agi-
lent Technologies, USA). Samples were prepared by liquid
extraction of the hydrolysate in a 20% trichloroacetic acid
solution, and the resulting homogenate was then adjusted
to pH 2.2 using acidified saline buffer. The mixture was then
centrifuged BKC-TL4IV (Biobase, China) (20 minutes at
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Figure 1. Technology flow chart for protein hydrolysate production (Created with BioRender.com)
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4°C with an RCF 0f 10,000 x g), and the supernatant formed
after centrifugation was filtered into a vial. Chromatograph-
ic separation was performed on a C18 PA column (3.5 um,
4.6x150 mm, ZORBAX) using a mixture of acetonitrile,
methanol, and water in a ratio of 45:45:10 as mobile phase
A and mobile phase B consisting of Na,HPO, (1.42 g) and
Na,B,0, (2.1 g), with pH 8.2. Orthophthalaldehyde for pri-
mary amino acids and 9-fluoromethyl chloroformate for
secondary amino acids were used as derivatizing agents.
Amino acid standards from Sigma Aldrich were used.

The content of free amino acids was expressed as mil-
ligrams per 100 g of liquid hydrolysates.

UPLC-ESI-Q-TOF-MS analysis and sequencing

of biopeptides

The peptide separation was conducted on an Agilent
Technologies 1290 Infinity UHPLC system [35,36], con-
figured with an AdvanceBio Peptide Mapping column
(21%x250 mm, 2.7 um) and a ZORBAX Extend-C18 guard
column. The mobile phases consisted of 0.1% formic acid
in H,O (A) and acetonitrile (B), delivered at a flow rate of
0.2 mL/min with a 10 pL injection volume. A 184-minute
linear gradient was employed: 2% B for 5 min, ramping to
43% B over 165 min, then to 100 % B over 1 min, holding
at 100 % B for 6 min, and finally returning to 2% B over
7 min.

The UHPLC system was coupled to an Agilent 6545XT
AdvanceBio LC/Q-TOF mass spectrometer equipped
with a DuoJet Stream ESI source operating in positive
ion mode. Key source parameters were: capillary volt-
age, 4000 V; nozzle voltage, 500 V; drying gas, 13 L/min at
325°C; and nebulizer pressure, 35 psi. The ion funnel set-
tings were 150 V (high-pressure) and 65 V (low-pressure).
Data was acquired in full-scan MS (150-2100 m/z) and da-
ta-dependent MS/MS modes. The mass axis was calibrated
internally using purine and HP0921. Nitrogen served as
the collision gas.

Analytes were identified based on mass fragmentation
using MSDIAL software (v.5.1) [36,37], applying mass ac-
curacies of 0.01 Da for MSI and 0.05 Da for MS2, which
yielded over 300 compounds from the aqueous and etha-
nolic hydrolysate extracts. Individual peptide quantifica-
tion was performed against a Leytragin® standard curve
(1-1000 ng/mL) [38], with results expressed as mg Leytra-
gin equivalents per 100 g of hydrolysate.

Quantification of the major peptides was performed us-
ing Leytragin® calibration curves, with a regression coef-
ficient >0.990. The identified peptides were analyzed using
the BioPep [39] and PeptideRanker [40] databases.

Statistical analysis

The experimental data were derived from five replicate
samples, with each replicate subjected to three analytical
measurements. The results are expressed as the mean value
of the five replicates plus or minus the standard deviation.
To assess statistical significance, the data were subjected to
one-way ANOVA and Tukey’s honest significant difference

(HSD) test, implemented via a publicly accessible web ap-
plication [41], using a significance threshold of p < 0.05.

Results and discussion

Antioxidant activity of protein hydrolysate

When assessing the antioxidant activity of protein hy-
drolysates, the following methods are mainly used: DPPHe
radical absorption and iron-reducing antioxidant capacity
(FRAP).

Methods for determining the antioxidant activity of
hydrolysates (peptides) based on electron transfer include
the ability of antioxidants to reduce iron and the activity
of scavenging DPPH radicals [42]. FRAP analysis shows
the reducing potential of antioxidant compounds through
interaction with the ferric complex and tripyridyltriazine.
According to Wong et al. [43], the antioxidant activity of
peptides is mediated by functional groups — including
phenolic hydroxyl, sulthydryl, and imidazole — which di-
rectly scavenge free radicals and chelate prooxidant metal
ions, thereby terminating oxidative chain reactions.

The results presented in Table 1 showed that the antioxi-
dant activity of the FRAP hydrolysate sample obtained by
fermentation with propionic acid bacteria was not statisti-
cally different from the control hydrolysate sample (PH-C).
However, the level of antioxidant activity in the hydrolysate
sample obtained by fermentation with bifidobacteria was
approximately 30% lower than that of the other samples.

The results show (Table 1) that the sample of the hydro-
lysate fermented with bifidobacteria at a concentration of
1.363 mg/g has the greatest radical scavenging effect.

The calculated IC;, value for the DPPH peptide EPEV-
LR of 2.03 mg/ml in the studies of Lin et al. (2025) [44] was
comparable to the values for the commercial antioxidant
glutathione, which allowed the authors to conclude that it
has significant antioxidant efficacy.

Table 1. Antioxidant properties of protein hydrolysates

S FRAP, pmo.l-equiv. DPPH,
quercetin/g IC50 mg/g
PH-C 235+7.02a 2.994+0.015b
PH-P 242 +5.87a 1.597 £0.011b
PH-B 190+4.8a 1.363 +0.009b

Values are means + SEM, n=>5 per treatment group. Means in a row with-
out a common superscript letter differ (P <0.05) as analyzed by one-way
ANOVA and the TUKEY test

Most antioxidant peptides contain from 4 to 16 ami-
no acids and have a molecular weight of about 400-
2000 Da [45]. It was noted that low molecular weight pep-
tides have higher electron-donating properties, therefore
the FRAP of peptides decreases with increasing molecular
weight. The experimental results confirm that the ultrafil-
tered sheep placenta peptide fraction <3 kDa exhibited the
highest FRAP activity [46].

In this case, the type of amino acid plays an important
role: aromatic amino acids neutralize radicals by donating
protons; hydrophobic amino acids can increase the amount
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of peptides at the water-lipid interface and scavenge free
radicals from the lipid phase; carbonyl and amino groups
in the side chain of acidic amino acids act as metal ion che-
lators [47].

High antioxidant activity was found in quinoa peptides
consisting of amino acid residues such as arginine, histi-
dine, aspartate, glycine, and glutamate [48].

Hydrolysate samples with a large number of short-
chain peptides have a higher reducing capacity due to bet-
ter contact of proton-donor groups with the metal.

The results obtained by Liu et al. [45] showed that as the
meat matured and the amount of small peptides increases,
FRAP activity increases. The authors attribute the reducing
capacity of antioxidant peptides to their more accessible
structure, where exposed functional groups of amino acid
residues can readily react with oxidizing agents [12].
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The antioxidant activity of hydrolysates may be due to
changes in protein structure that occur as a result of en-
zymatic hydrolysis. The ability of amino acids to interact
with oxidants leads to changes in their structure and, con-
sequently, to changes in the properties of residual groups.

Free amino acids in protein hydrolysates

The bioavailability and nutritional value of the human
diet depend on the presence of free amino acids, which
are absorbed directly in the small intestine, unlike native
proteins. Their breakdown occurs through enzymatic hy-
drolysis in the digestive tract. This property ensures their
rapid participation in protein synthesis and other meta-
bolic functions in the body.

Analysis of free amino acids revealed an increase in
their content in both the control and experimental hydro-
lysate samples after fermentation (Figure 2).

—2

Amino acid content, mg/ 100 g
PH-B =PH-P mHydrolyzed PH-C mPH-C in the start time

Figure 2. The content of free amino acids in protein hydrolysates. Means in a row without a common
superscript letter differ (P <0.05) as analyzed by one-way ANOVA and the TUKEY test (n = 5).
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It is particularly noteworthy that in the hydrolysates
from the gizzard of broiler chickens fermented using pro-
pionic acid bacteria and bifidobacteria, a significant in-
crease in the level of essential amino acids was recorded
compared to the control sample at the initial stage (from
212.14 mg/100 g to 463.15 mg/100 g and 501.31 mg/100 g,
respectively). In the experimental samples, a decrease in
the histidine content by 12-23 % relative to the initial val-
ues was also observed. Significant differences in the amino
acid content were also noted in all experimental samples
compared to the control sample before fermentation. The
presented results demonstrate that the bacteria used ex-
hibit proteolytic activity against proteins of the muscular
and connective tissue of the gizzard. The effective action
of exopeptidases on proteins is noteworthy. The significant
accumulation of individual free amino acids confirms that
probiotic microorganisms produce them during metabo-
lism. Based on the findings in [49], the abundant free ami-
no acids — tyrosine, methionine, and lysine — are likely
key contributors to the observed antioxidant activity in the
studied hydrolysates.

Fermentation of black soldier fly larvae paste by L. pa-
racasei was shown by Zhang et al. [29] to markedly en-
hance the free amino acid profile, with levels of serine, va-
line, isoleucine, aspartic acid, glutamic acid, and histidine
increasing by over 100 % compared to the control. Further-
more, over 90 % of the resulting small peptides were rich in
hydrophobic amino acids, a feature linked to their antioxi-
dant potential [29]. This aligns with the established prin-
ciple that antioxidant capacity in hydrolysates arises from a
synergy of hydrophobic and hydrophilic residues [50].

Specifically, the presence of key hydrophobic amino ac-
ids, such as proline, alanine, valine, leucine, and isoleucine,
is a critical design consideration for synthetic antioxidant
peptides [51].

The antioxidant contribution is further amplified as
amino acids, such as tyrosine, methionine, proline, his-
tidine, lysine, and tryptophan, are intrinsically bioactive,

exerting antioxidant effects both within peptide sequences
and in their free form [52].

According to our research, a significant accumulation
of the amino acid proline was observed in the hydrolysate
obtained by fermentation of by-products by bifidobacte-
ria. It is also worth noting that the hydrolysate obtained
by fermenting with propionic acid bacteria contained ap-
proximately twice as much isoleucine after 12 hours of fer-
mentation compared to the control.

Sulfur-containing amino acids, which can act as anti-
oxidants on their own, are particularly noteworthy. There-
fore, peptides containing these amino acids in very short
chains may possess high antioxidant potential. Cysteine
has proton-donating properties, while essential amino ac-
ids can chelate metal ions [53].

During the fermentation process, the hydrolysates we
obtained released a significant amount of sulfur-containing
amino acids, which may also have influenced the enhance-
ment of the antioxidant properties of the hydrolysates.

According to Wang et al. [54], the antioxidant potency
of the VKVGNEF and MEAPPHI peptides stems from
their abundance of hydrophobic amino acids — such as
proline, valine, and methionine. These residues are strate-
gically distributed along the peptide chains and are nota-
bly positioned at the terminal ends, a configuration that
enhances their activity. The mechanism for effective free
radical scavenging is primarily mediated by phenylalanine
at the C-terminus of VKVGNEE, which scavenges oxida-
tive chains via hydrogen atom transfer.

Many authors have studied the effect of the amino acid
composition of hydrolysates and peptides on the antioxi-
dant activity and the mechanisms of such action (Table 2).

High antioxidant activity was demonstrated in soy hy-
drolysates against oil oxidation during several frying cy-
cles of chips. The authors attribute the oxidative stability of
palm kernel oil after 8 and 12 frying cycles to its low con-
tent of hydroperoxides, carbonyl and volatile compounds,
unique structural features, and high short-chain peptide

Table 2. Mechanisms of manifestation of antioxidant properties of amino acids

Amino acid Mechanism of action Source
histidine scavenges free radicals through the imidazole ring [55]
proline due to the low ionization potential of the pyrrolidine ring, as a proton/hydrogen [56]
donor, it can quench singlet oxygen
cysteine, lysine, histidine, methionine,  effectively scavenge free radicals [57]
tryptophan, and tyrosine
sulfur-containing amino acids (cysteine due to the easy oxidation of sulfhydryl groups by free radicals, they protect normal [58]
and methionine) cells from damage
cysteine, histidine, aspartic acid, and promote metal chelation as an important part of free radical inhibition [56,59]
glutamic acid
hydrophobic amino acids could easily pass through the cell membrane lipid bilayer to destroy a reactive [60-63]
oxygen species in cells
might increase the affinity and reactivity of peptides to the cell membranes and [64]
contribute to the accessibility of peptides to lipid-soluble reactive oxygen species to
terminate lipid peroxidation
aromatic amino acids (tryptophan, phenolic, indole and imidazole groups act as hydrogen radical donors for electron- [64-66]

tyrosine, histidine, and phenylalanine)  deficient free radicals
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content. The mechanism for this activity of the hydroly-
sate during soy fermentation with pepsin was revealed by
analyzing the results of SDS-PAGE and tandem mass spec-
trometry. Furthermore, the scientists note the high content
of amino acids with electron-donating capacity — trypto-
phan, histidine, and methionine [67].

UPLC-ESI-Q-TOF-MS analysis and sequencing

of biopeptides

As a result of determining the peptides (Figure 3) using
high-performance liquid chromatography combined with
mass spectrometry, it was established that their total num-
ber in hydrolysates is more than 300.

In silico studies play a crucial role in assessing the ac-
tivity of protein hydrolysates, providing powerful tools for
analyzing and predicting their functional properties at the
molecular level.

These approaches, based on computational models and
algorithms, allow researchers to process and interpret large
volumes of bioinformatics data, making them indispens-
able in modern scientific research. One of the key aspects
of using in silico methods is the ability to rapidly screen
and identify potential bioactive peptides derived from pro-
tein sources. Combining molecular modeling, structural
biology, and computational analysis enables effective pre-
diction of the activities of such peptides, including anti-
oxidant, antimicrobial, and anti-inflammatory properties.

This significantly accelerates the discovery and devel-
opment of new functional supplements based on protein
hydrolysates, which is relevant in the face of growing con-
sumer demand for products with improved nutritional
properties.

In order to identify bioactive peptides, as well as to pre-
dict their biological activity in silico, the BioPep database
was used, as recommended by many scientists [68,69].

The PeptideRanker system is recommended for assess-
ing the probability of peptide activity by conditionally as-
signing scores from 0 to 1, where “1” and “0” represent the
highest and lowest probability, respectively [40].

Peptide profiling (Table 3) revealed a diverse range of
physiologically active sequences.

Notably, the antioxidant peptide VW was present at a
significantly elevated concentration in the PH-P sample
relative to the control.

We also detected several other peptides with putative
antioxidant functions, including HHY, SQLPLHR, GHHS,
PTHHFHVALL, and AVHHMVW, although these were
found in statistically insignificant quantities (BioPep da-
tabase). Furthermore, analysis using the PeptideRanker
database (Table 4) identified additional high-potential bio-
active peptides, among which PHHSSASCCLW, PPHM,
and HGVCWIY were also predicted to possess antioxidant
activity.

Means in a row without a common superscript letter
differ (P<0.05) as analyzed by one-way ANOVA and the
TUKEY test.

Table 3. Characterization of the identified peptides

5 1 PH
Activity (according Content, mg/100 g

to BioPep)

Sequence

PH-B PH-C PH-P

dipeptidyl peptidase IV 0.2+0.01°¢ 0.5+0.01¢ 9.0+0.03¢
inhibitor

ACE inhibitor dipeptidyl
peptidase IV inhibitor

ACE inhibitor
Antioxidative

VW  dipeptidyl peptidase

IV inhibitor
alpha-glucosidase inhibitor

PPP ACE inhibitor

-
=

10.6+0.03> 20.3 +0.08" 9.8+0.06¢

7]
]

1.4+0.01¢ 7.5+0.02¢ 20.1+0.17°
16.1+0.11°* 15.2+0.09% 35.7 +£0.26*

dipeptidyl peptidase 1.1£0.03¢ 3.0+0.07¢ 7.2+0.07°

IV inhibitor
Values are means + SEM, n=>5 per treatment group. Means in a row with-

out a common superscript letter differ (P <0.05) as analyzed by one-way
ANOVA and the TUKEY test.

SwW

Table 4. Peptides with high potential biological activity
according to the PeptideRanker database

24
-g::q =§ _§ E Content, mg/100 g PH
Sequence :;' é § E

2 a3

2 § £2 PHB PH-C PH-P

ASRA
KEPPPGM 0.752229  0,8+0.01° 4,2+0.01° 1,7+0.01°¢
HGVCWIY 0.759981  6,2+0.02° 0,2+0.01° 4,1+0.01°
PGTHPLLVF 0.761792  3,4+0.02° 0,7+0.01° 0,2%0.01°¢
SGAPM 0.770648 157,0+£1.31* 10,4+1.29*° 14,4+0.02¢
PAVVSCLPGPL  0.771864 8,5+0.02° 0,4+0.01° 6,2+0.01°
PPPGV 0.776567  0,2+0.01°  6,2+0.02° 0,4+0.01°
HGSPGHGWVL  0.780265 0,2+0.01° 11,5+0.02¢ 6,8+0.02¢
GRGHIWGQM 0.782054 0,2+0.01° 12,6+0.02° 0,2+0.01°¢
PHHSSASCCLW  0.785109  16,0+0.02° 0,1+0.01° 10,1+0.01¢
ICIMAPIAF 0.786922 0,2+0.01° 4,3+0.02° 24,8+0.06°
VGICIYCL 0.791613  0,4+0.01°  8,2+0.02° 0,4%0.01°¢
VICFFSVW 0.823681 6,2+£0.02° 0,1+£0.01° 4,1+0.01°¢
GLGGAWAF 0.83727  0,1+£0.01°  3,1+0.02° 0,4+0.01¢
KVPPPRPPL 0.837789  3,5+£0.02° 0,1+0.01° 0,2+0.01°¢
GSAPCPG 0.860877  6,4+0.02° 14,1+0.02° 0,1%£0.01°¢
PGGPGPAM 0.872244 0,1£0.01° 2,2+0.01° 0,1+0.01°¢
IHPF 0.888252  0,2+0.01°  4,9+0.02° 0,6+0.01°
PPHM 0.899505 9,6 +0.02° 1,8+0.01° 0,1+£0.01°¢
PCSIF 0.899527  7,5+0.02° 16,5+0.09" 0,2+0.01¢
GCTF 0.906178 12,3+0.02¢ 3,6+£0.02° 10,3+0.02¢
QPPQPALAGLVF 0.906993 0,8+0.01° 3,5+0.01> 15,8+0.02°
VAPWIMM 0.927034 12,6+0.09® 0,1£0.01° 0,2+0.01°
PFGAFCNVW 0.93261 6,4£0.02° 0,2+0.01° 0,2%0.01°¢
IVCWLPAF 0937182 0,1+£0.01° 10,3+0.02° 0,1+0.01°¢
GGPPPPPPHPG 0.960782  8,6+0.02° 0,2+0.01° 6,1+0.01°
PPPHPFPVALL 0.961163 12,1+0.02° 0,2+0.01° 0,2+0.01¢
GFPFPGIHW 0.975569  0,1+£0.01° 10,1£0.02° 1,9%0.01°¢

Values are means + SEM, n=5 per treatment group.
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The hydrolysate obtained by fermentation of raw ma-
terials with bifidobacteria contained the lowest content
of a peptide with measured antioxidant activity. However,
it contains a large number of peptides with high potential
antioxidant activity; which, apparently, affects the forma-
tion of a high antiradical activity of DPPH (76.5 % for the
1% protein hydrolysate solution).

Lietal. [70] determined that H, P, C, Y, W, F, and M are
involved in the prevention of lipid peroxidation [70] and
in the transfer of electrons and protons. The authors at-
tributed the enhanced DPPH radical scavenging activity in
the 5-10 kDa fraction to a high proportion of hydrophobic
residues, specifically aliphatic (Val, Ile, Leu) and aromat-
ic (Phe, Tyr) amino acids, a finding that aligns with our
data. We further posit that leucine and proline within the
active peptides facilitate interactions with radical species
through hydrophobic forces. This is consistent with prior
research [58], which has documented the broad bioactivity
of tryptophan-containing peptides.

These peptides possess antioxidant activity, allow-
ing them to protect cells from oxidative stress, and also
act as angiotensin-converting enzyme (ACE) inhibitors,
which may help regulate blood pressure. Furthermore,
they exhibit antidiabetic properties, helping to normal-
ize blood sugar levels and improve metabolism. Thus,
tryptophan-containing peptides represent a promising
group of compounds for the development of functional
foods and therapeutic agents. Peptides with tryptophan
at the C-terminus, identified in experimental samples
of hydrolysates, have a high capacity to reduce trivalent
iron ions.

Numerous researchers in food science and biochem-
istry have identified bioactive peptides with antioxidant
properties obtained through whey hydrolysis, confirming
the high value of this source as an ingredient for the devel-
opment of functional foods [28,59].

These studies open new horizons in understanding
the mechanisms of antioxidant action and their potential
use in the human diet. Furthermore, modern scientific
research is actively pursuing studies aimed at analyzing
the bioactive peptides formed in raw meat during natural
maturation and fermentation, which can significantly im-
prove their nutritional properties and functionality in food
products [71,72].

Significant research focus is being directed toward the
byproducts of enzymatic hydrolysis, presenting a promis-
ing route for valorizing resources that were once consid-
ered inaccessible [42,73].

Concurrently, microbial fermentation of livestock and
poultry organs is emerging as a key area of interest. This
approach has proven effective, as demonstrated by the
fermentation of broiler chicken stomachs to generate a
protein hydrolysate containing peptides with both docu-
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mented and potential antioxidant properties. These results
highlight the importance and need for further research
aimed at identifying and thoroughly characterizing the
discovered peptides. A detailed analysis of their proper-
ties could facilitate the development of new functional ad-
ditives that could improve human health and extend the
shelf life of food products, a significant step toward creat-
ing a nutritious and safe diet.

Conclusion

The results of studies conducted to evaluate the proper-
ties of protein hydrolysates obtained by microbial fermen-
tation demonstrate a high level of antioxidant activity in
these compounds.

The results showed that the FRAP antioxidant activ-
ity of the experimental hydrolysate sample obtained by
fermentation using bifidobacteria was 30 % lower than
that of other samples. However, this sample exhibited
the greatest free radical scavenging effect, with an IC;, of
1.363 mg/g.

A significant accumulation of the amino acid proline
was observed in the hydrolysate obtained by fermentation
of by-products by bifidobacteria. It is also worth noting
that the hydrolysate obtained by fermenting with propi-
onic acid bacteria contained approximately twice as much
isoleucine after 12 hours of fermentation compared to the
control.

During the fermentation process, the hydrolysates
we obtained released a significant amount of sulfur-con-
taining amino acids, which may also have influenced the
enhancement of the antioxidant properties of the hydro-
lysates.

These data are consistent with the results of peptide
analysis, highlighting the link between the fermentation
process and the properties of the resulting hydrolysates.
The microbial species used demonstrated pronounced
proteolytic activity, which can be characterized by the sig-
nificant accumulation of free amino acids and peptides in
the resulting hydrolysates.

During the analysis of the hydrolysates, peptides with
established antioxidant activity and peptides with poten-
tial antioxidant properties were identified, opening new
horizons for further research. These findings validate the
scientific potential for refining the production and applica-
tion of these peptides.

Consequently, the study confirms microbial fermenta-
tion as an effective method for generating protein hydro-
lysates and underscores the necessity of further character-
izing the detected peptides. Such research is a significant
contribution to food science, paving the way for novel
functional products with enhanced antioxidant activity
and superior nutritional profiles, thus creating new oppor-
tunities for safe, healthy food ingredients.



Zinina et al. THEORY AND PRACTICE OF MEAT PROCESSING, 2025, vol. 10, no. 4, pp. 393-40S

10.

11.

12.

13.

14.

REFERENCES

Knorr, D., Augustin, M.A. (2024). The future of foods. Sustain-
able Food Technology, 2(2), 253-265. https://doi.org/10.1039/
d3fb00199g

Orlova, E.S., El-Sohaimy, S.A., Rebezov, M.B. (2023). Evalu-
ation of the antioxidant and antimicrobial activity of plant
bioactive compounds as natural preservatives. Agrarian Sci-
ence, 8, 143-150. (In Russian) https://doi.org/10.32634/0869-
8155-2023-373-8-143-150

Nataraj, A., Govindan, S., Ramani, P,, Subbaiah, K. A., Sathi-
anarayanan, S., Venkidasamy, B. et al. (2022). Antioxidant,
anti-tumour, and anticoagulant activities of polysaccha-
ride from Calocybe indica (APK2). Antioxidants, 11(9), Ar-
ticle 1694. https://doi.org/10.3390/antiox11091694

Fatkullin, R.L., Kalinina, I.V., Naumenko, N.V., Popova, N.V.,,
Naumenko, E.E., Ivani$ova, E. et al. (2023). Controlled coac-
ervation of antioxidants as a way to produce functional food
ingredients with increased bioavailability. Agrarian Science,
6, 116-120. (In Russian) https://doi.org/10.32634/0869-8155-
2023-371-6-116-120

Imran, M., Ghorat, E, Ul-Hagq, L., Ur-Rehman, H., Aslam, E,
Heydari, M. et al. (2020). Lycopene as a natural antioxidant
used to prevent human health disorders. Antioxidants, 9(8),
Article 706. https://doi.org/10.3390/antiox9080706

Ulitina, E.A., Valieva, Sh.S., Tikhonov, S.L., Tikhonova, N.V.
(2024). A new antimicrobial food peptide: Characteristics,
properties and effectiveness evaluation. Agrarian Science, 4,
132-137. (In Russian) https://doi.org/10.32634/0869-8155-
2024-381-4-132-137

Zinina, O.V,, Nikolina, A.D., Khvostov, D.V.,, Rebezov, M.B,,
Zavyalov, S.N., Akhmedzyanov R. V. (2023). Protein hydroly-
sate as a source of bioactive peptides in diabetic food prod-
ucts. Food Systems, 6(4), 440-448. (In Russian) https://doi.
0rg/10.21323/2618-9771-2023-6-4-440-448

Wang, Y., Sun, Y., Wang, X., Wang, Y., Liao, L., Zhang, Y. et
al. (2022). Novel antioxidant peptides from Yak bones colla-
gen enhanced the capacities of antiaging and antioxidant in
Caenorhabditis elegans. Journal of Functional Foods, 89, Ar-
ticle 104933. https://doi.org/10.1016/.jff.2022.104933

Xu, B., Wang, X., Zheng, Y., Li, Y., Guo, M., Yan, Z. (2022).
Novel antioxidant peptides identified in millet bran glute-
lin-2 hydrolysates: Purification, in silico characterization and
security prediction, and stability profiles under different food
processing conditions. LWT, 164, Article 113634. https://doi.
0rg/10.1016/j.lwt.2022.113634

Dai, C., Dai, L., Yu, E-J,, Li, X.-N., Wang, G.-X., Chen, J. et
al. (2020). Chemical and biological characteristics of hy-
drolysate of crucian carp swim bladder: Focus on prevent-
ing ulcerative colitis. Journal of Functional Foods, 75, Arti-
cle 104256 https://doi.org/10.1016/1.jff.2020.104256

Jukniené, I, Jonnagiri, N.PK.R., Macionien¢, L,
Zakariené, G., Stankevicieng, J., Sinkevidieng, I. et al. (2025).
Sustainable formulation of chewing candies using liver hy-
drolysates with antioxidant and antimicrobial properties. Mi-
croorganisms, 13(8), Article 1882. https://doi.org/10.3390/mi-
croorganisms13081882

Shen, J., Zhong, B., Fu, L., Liu, B, Xia, W,, Jiang, Q. (2025).
Antioxidant property and functionality of protein hydroly-
sate from Chinese softshell turtle (Pelodiscus sinensis). LWT,
217, Article 117408. https://doi.org/10.1016/j.lwt.2025.117408
Chalamaiah, M., Yu, W.,, Wu, J. (2018). Immunomodulato-
ry and anticancer protein hydrolysates (peptides) from food
proteins: A review. Food Chemistry, 15, 205-222. https://doi.
org/10.1016/j.foodchem.2017.10.087

Kanwate, B.W., Karkal, S.S., Kudre, T.G. (2024). Impact of an-
tioxidant potential of rohu (Labeo rohita) swim bladder gel-

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

402

atin hydrolysate on oxidative stability, textural and senso-
ry properties of fish sausage enriched with polyunsaturated
fatty acids. Journal of Food Science and Technology, 61, 1083
1093. https://doi.org/10.1007/513197-023-05901-1

. Lopez-Medina, EA., Dublan-Garcia, O., Morachis-Val-

dez, A.G., Saucedo-Vence, K., Lopez-Garcia, G., Diaz-Ban-
dera, D. et al. (2025). Biopolymeric hydrolysates from Dosi-
dicus gigas: Functional applications and shelf-life extension
in squid sausages. Polymers, 17(7), Article 839. https://doi.
0rg/10.3390/polym17070839

Wang, W.-Y,, Zhao, Y.-Q., Zhao, G.-X., Chi, C.-E, Wang, B.
(2020). Antioxidant Peptides from collagen hydrolysate of
redlip croaker (Pseudosciaena polyactis) scales: Preparation,
characterization, and cytoprotective effects on H,0,-dam-
aged HepG2 cells. Marine Drugs, 18, Article 156. https://doi.
0rg/10.3390/md18030156

Noman, A., Wang, Y., Zhang, C,, Yin, L., Abed, Sh.M. (2022).
Fractionation and purification of antioxidant peptides from
Chinese sturgeon (Acipenser sinensis) protein hydrolysates
prepared using papain and alcalase 2.4L. Arabian Journal of
Chemistry, 15(12), Article 104368. https://doi.org/10.1016/j.
arabjc.2022.104368

Zhang, W., Al-Wraikata, M., Li, L., Liu, Y. (2024). Physicochem-
ical properties, antioxidant and antidiabetic activities of differ-
ent hydrolysates of goat milk protein. Journal of Dairy Science,
107(12), 10174-10189. https://doi.org/10.3168/jds.2024-24977
Venegas-Ortega, M.G., Flores-Gallegos, A.C., Martinez-Her-
nandez, J.L., Aguilar, C.N., Nevarez-Moorillon, G.V. (2019).
Production of bioactive peptides from lactic acid bacteria:
A sustainable approach for healthier foods. Comprehensive
Reviews in Food Science and Food Safety, 18(4), 1039-1051.
https://doi.org/10.1111/1541-4337.12455

Fan, M., Guo, T., Li, W,, Chen, J., Li, E, Wang, Ch. et al. (2019).
Isolation and identification of novel casein-derived bioactive
peptides and potential functions in fermented casein with
Lactobacillus helveticus. Food Science and Human Wellness,
8(2), 156-176. https://doi.org/10.1016/j.fshw.2019.03.010

Mo, Q., You, S., Fu, H., Wang, D., Zhang, J., Wang, C. et al.
(2022). Purification and identification of antioxidant peptides
from rice fermentation of Lactobacillus plantarum and their
protective effects on UVA-induced oxidative stress in skin.
Antioxidants, 11(12), Article 2333. https://doi.org/10.3390/an-
tiox11122333

de Carvalho, A.P.A., Conte-Junior, C.A. (2024). Health and
bioactive compounds of fermented foods and by-products.
Fermentation, 10(1), Article 13. https://doi.org/10.3390/fer-
mentation10010013

Zinina, O., Merenkova, S., Rebezov, M., Galimov, D., Khayrul-
lin, M., Burkov, P. (2022). Physicochemical, functional, and
technological properties of protein hydrolysates obtained by
microbial fermentation of broiler chicken gizzards. Fermen-
tation, 8(7), Article 317. https://doi.org/10.3390/fermenta-
tion8070317

Mora, L., Gallego, M., Toldr4, F. (2018). ACEI-inhibitory pep-
tides naturally generated in meat and meat products and their
health relevance. Nutrients, 10(9), Article 1259. https://doi.
0rg/10.3390/nul0091259

Li, P, Xu, E, Zhou, H., Gao, Y., Zhu, H., Nie, W. et al. (2022).
Evolution of antioxidant peptides and their proteomic ho-
mology during processing of Jinhua ham. LWT, 166, Arti-
cle 113771. https://doi.org/10.1016/j.1wt.2022.113771
Chernukha, I. M., Mashentseva, N. G., Afanasev, D. A,
Vostrikova, N. L. (2019). Biologically active peptides of meat
and meat product proteins: A review Part 1. General infor-
mation about biologically active peptides of meat and meat



27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Zinina et al. THEORY AND PRACTICE OF MEAT PROCESSING, 2025, vol. 10, no. 4, pp. 393-40S

products. Theory and Practice of Meat Processing, 4(4), 12-16.
https://doi.org/10.21323/2414-438X-2019-4-4-12-16

Bhat, Z.E, Kumar, S., Bhat, H.E. (2015). Bioactive peptides of
animal origin: A review. Journal of Food Science and Technol-
0gy, 52, 5377-5392. https://doi.org/10.1007/s13197-015-1731-5
Ryder, K., Bekhit, A.E.D., McConnell, M., Carne, A. (2016).
Towards generation of bioactive peptides from meat indus-
try waste proteins: Generation of peptides using commercial
microbial proteases. Food Chemistry, 208, 42-50. https://doi.
0rg/10.1016/j.foodchem.2016.03.121

Zhang, P, Seow, K., Wein, L., Steven, R., Case, R.]., Wang, Y. et
al. (2025). Production of nutritional protein hydrolysates by
fermentation of black soldier fly larvae. Fermentation, 11(9),
Article 524. https://doi.org/10.3390/fermentation11090524
Chatterjee, A., Kanawjia, S.K., Khetra, Y., Saini, P, Mann, B.
(2015). Response surface analyses for administering produc-
tion of whey protein hydrolysate with hypotensive and antioxi-
dant bioactivity. Indian Journal of Dairy Science, 68(2), 111-119.
Chai, K.E, Voo, A.Y.H., Chen, W.N. (2020). Bioactive pep-
tides from food fermentation: A comprehensive review of
their sources, bioactivities, applications, and future develop-
ment. Comprehensive Reviews in Food Science and Food Safe-
1y, 19(6), 3825-3885. https://doi.org/10.1111/1541-4337.12651
Zinina, O., Merenkova, S., Galimov, D. (2021). Optimization
of microbial hydrolysis parameters of poultry by-products
using probiotic microorganisms to obtain protein hydroly-
sates. Fermentation, 7(3), Article 122. https://doi.org/10.3390/
fermentation7030122

Chernukha, I., Kupaeva N., Kotenkova, E., Khvostov, D.
(2022). Differences in antioxidant potential of Allium husk
of red, yellow, and white varieties. Antioxidants, 11(7), Arti-
cle 1243. https://doi.org/10.3390/antiox11071243

You, L., Zhao, M., Regenstein, J.M., Ren, J. (2011). In vitro an-
tioxidant activity and in vivo anti-fatigue effect of loach (Mis-
gurnus anguillicaudatus) peptides prepared by papain di-
gestion. Food Chemistry, 124, 188-194. https://d0i:10.1016/j.
foodchem.2010.06.007

Chernukha, I., Kotenkova, E., Derbeneva, S., Khvostov, D.
(2021). Bioactive compounds of porcine hearts and aortas
may improve cardiovascular disorders in humans. Interna-
tional Journal of Environmental Research and Public Health,
18(14), Article 7330. https://doi.org/10.3390/ijerph18147330
Khvostov, D.V., Vostrikova, N.L., Chernukha, I.M. (2022).
Methodology for the identification of bioactive and marker
peptides in the organs of cattle and pigs. Theory and Practice of
Meat Processing, 7(2), 118-124. https://doi.org/10.21323/2414-
438X-2022-7-2-118-124

Tsugawa, H., Nakabayashi, R., Mori, T., Yamada, Y., Taka-
hashi, M., Rai, A. et al. (2019). A cheminformatics approach
to characterize metabolomes in stable-isotope-labeled organ-
isms. Nature Methods, 16, 295-298. http://doi.org/10.1038/
§41592-019-0358-2

Karkischenko, V.N., Skvortsova, VI., Gasanov, M.T,
Fokin, Y.V., Nesterov, M.S., Petrova, N.V. et al. (2021). In-
haled [D-Ala2]-Dynorphin 1-6 prevents hyperacetylation
and release of high mobility group box 1 in a mouse model of
acute lung injury. Journal of Immunology Research, 2021, Ar-
ticle 4414544. https://doi.org/10.1155/2021/4414544
Minkiewicz, P, Iwaniak, A., Darewicz, M., (2019). BIOPEP-
UWM database of bioactive peptides: Current opportuni-
ties. International Journal of Molecular Sciences, 20(23), Ar-
ticle 5978. https://doi.org/10.3390/ijms20235978
PeptideRanker. Retrieved from bioware.ucd.ie. Accessed No-
vember 17, 2025

Assaad, H., Zhou, L., Carroll, R.J., Wu, G. (2014). Rapid pub-
lication-ready MS-Word tables for one-way ANOVA. Spring-

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

403

er Plus, 3, Article 474. https://doi.org/10.1186/2193-1801-3-474
Borrajo, P, Pateiro, M., Barba, EJ., Mora, L., Franco, D.,
Toldr4, E et al. (2019). Antioxidant and antimicrobial activity
of peptides extracted from meat by-products: Areview. Food
Analytical Methods, 12, 2401-2415. https://doi.org/10.1007/
§12161-019-01595-4

Wong, E-C.,, Xiao, J., Wang, S., Ee, K.Y., Chai, T.-T. (2020).
Advances on the antioxidant peptides from edible plant
sources. Trends in Food Science and Technology, 99(8), 44-57.
https://doi.org/10.1016/j.tifs.2020.02.012

Lin, L., Zeng, Q., Liu, K., Li, C., Chen, B., Shen, Y. (2025).
A multiscale analytical strategy for probing the mechanisms
underlying an antioxidant peptide: From molecular model-
ing to experimental validation. Microchemical Journal, 228,
Article 115689. https://doi.org/10.1016/j.microc.2025.115689
Liu, R, Xing, L., Fu, Q., Zhou, G.-h., Zhang, W.-g. (2016).
A review of antioxidant peptides derived from meat muscle
and by-products. Antioxidants, 5(3), Article 32. https://doi.
0rg/10.3390/antiox5030032

Wali, A., Dongmulati, N., Turdu, G., Hu, A., He, H., Zhao,
X. et al. (2025). Antioxidant peptides of sheep placental ex-
tract digestion product: In vitro and in silico study. Biochem-
ical and Biophysical Research Communications, 787, Arti-
cle 152769. https://doi.org/10.1016/j.bbrc.2025.152769

Toldra, E, Reig, M., Aristoy, M.-C., Mora, L. (2018). Generation
of bioactive peptides during food processing. Food Chemistry,
267, 395-404. https://doi.org/10.1016/j.foodchem.2017.06.119
Abbasi, S., Moslehishad, M., Salami, M. (2022). Antioxidant
and alpha-glucosidase enzyme inhibitory properties of hy-
drolyzed protein and bioactive peptides of quinoa. Interna-
tional Journal of Biological Macromolecules, 213, 602-609.
https://doi.org/10.1016/j.ijjbiomac.2022.05.189

Mundj, S., Aluko R. E. (2014). Inhibitory properties of kidney
bean protein hydrolysate and its membrane fractions against
renin, angiotensin converting enzyme, and free radicals. Aus-
tin Journal of Nutrition and Food Sciences, 2(1), Article 1008.
Aleman, A., Giménez, B., Pérez-Santin, E., Gdémez-Guil-
1én, M. C., Montero P. (2011). Contribution of Leu and Hyp resi-
dues to antioxidant and ACE-inhibitory activities of peptide se-
quences isolated from squid gelatin hydrolysate. Food Chemistry,
125(2), 334-341. https://doi.org/10.1016/j.foodchem.2010.08.058
Xiang, Z., Xue, Q., Gao, P, Yu, H., Wu, M., Zhao, Z. et al.
(2023). Antioxidant peptides from edible aquatic animals:
Preparation method, mechanism of action, and structure-
activity relationships. Food Chemistry, 404(Part B), Arti-
cle 134701. https://doi.org/10.1016/j.foodchem.2022.134701
Matemu, A., Nakamura, S., Katayama, S. (2021). Health ben-
efits of antioxidative peptides derived from legume proteins
with a high amino acid score. Antioxidants, 10(2), Article 316.
https://doi.org/10.3390/antiox10020316

Nuiiez, S.M., Cardenas, C., Valencia, P, Pinto, M., Silva, J.,
Pino-Cortés, E. et al. (2023). Effect of adding bovine skin
gelatin hydrolysates on antioxidant properties, texture, and
color in chicken meat processing. Foods, 12(7), Article 1496.
https://doi.org/10.3390/foods12071496

Wang, K., Han, L., Tan, Y., Hong, H., Luo, Y. (2023). Gen-
eration of novel antioxidant peptides from silver carp mus-
cle hydrolysate: Gastrointestinal digestion stability and
transepithelial absorption property. Food Chemistry, 403, Ar-
ticle 134136. https://doi.org/10.1016/j.foodchem.2022.134136
Saidji, S., Deratani, A., Belleville, M.-P.,, Amar, R.B. (2014). An-
tioxidant properties of peptide fractions from tuna dark mus-
cle protein by-product hydrolysate produced by membrane
fractionation process. Food Research International, 65(Part C),
329-336. https://doi.org/10.1016/j.foodres.2014.09.023

Pan, X., Zhao, Y.-Q., Hu, E-Y., Wang, B. (2016). Preparation



Zinina et al. THEORY AND PRACTICE OF MEAT PROCESSING, 2025, vol. 10, no. 4, pp. 393-40S

57.

58.

59.

60.

61.

62.

63.

64.

65.

and identification of antioxidant peptides from protein hy-
drolysate of skate (Raja porosa) cartilage. Journal of Function-
al Foods, 25, 220-230. https://doi.org/10.1016/.jff.2016.06.008
Udenigwe, C.C., Aluko R. E. (2012). Food protein-derived
bioactive peptides: Production, processing, and poten-
tial health benefits. Journal of Food Science, 77(1), R11-R24.
https://doi.org/10.1111/.1750-3841.2011.02455.x

Anusha, R., Bindhu, O. (2016). Bioactive Peptides from Milk.
In Milk Proteins. Chapter in a book: Structure to Biological
Properties and Health Aspects. IntechOpen: London, United
Kingdom, 2016. https://doi.org/10.5772/62993

Dineshbhai, C. K., Basaiawmoit, B., Sakure, A.A., Maurya, R.,
Bishnoi, M., Kondepudi, K.K. et al. (2022). Exploring the po-
tential of Lactobacillus and Saccharomyces for biofunctionali-
ties and the release of bioactive peptides from whey protein
fermentate. Food Bioscience, 48, Article 101758. https://doi.
0rg/10.1016/j.tbi0.2022.101758

Wu, R., Wu, C,, Liu, D, Yang, X., Huang, J., Zhang, J. et al.
(2018). Antioxidant and anti-freezing peptides from salmon
collagen hydrolysate prepared by bacterial extracellular pro-
tease. Food Chemistry, 248, 346-352. https://doi.org/10.1016/j.
foodchem.2017.12.035

Guo, L., Harnedy, PA., Li, B., Hou, H., Zhang, Z., Zhao, X.
et al. (2014). Food protein-derived chelating peptides: Bio-
functional ingredients for dietary mineral bioavailability en-
hancement. Trends in Food Science and Technology, 37(2),
92-105. https://doi.org/10.1016/j.tifs.2014.02.007

66.

67

68.

69.

70.

(2014). Purification and characterization of a natural antioxi-
dant peptide from fertilized eggs. Food Research Internation-
al, 56, 18-24. https://doi.org/10.1016/j.foodres.2013.12.016
Agrawal, H., Joshi, R., Gupta, M. (2019). Purification, iden-
tification and characterization of two novel antioxidant pep-
tides from finger millet (Eleusine coracana) protein hydroly-
sate. Food Research International, 120, 697-707. https://doi.
org/10.1016/j.foodres.2018.11.028

. Ngueukam, A.A.P, Klang, M.]., Zokou, R., Boungo, G.T.,

Tonfack, ED., Azeez, B.K. et al. (2023). Peptidomics analy-
sis of soy protein hydrolysates — Antioxidant properties and
mechanism of their inhibition of the oxidation of palm olein
during frying cycles. Foods, 12(18), Article 3498. https://doi.
0rg/10.3390/foods12183498

Agyei, D., Ongkudon, C.M., Wei, C.Y,, Chan, A.S., Danquah,
M.K. (2016). Bioprocess challenges to the isolation and puri-
fication of bioactive peptides. Food and Bioproducts Process-
ing, 98, 244-256. https://doi.org/10.1016/j.tbp.2016.02.003
Barati, M., Javanmardi, E, Jazayeri, SM.H.M., Jabbari, M.,
Rahmani, J., Barati, E et al. (2020). Techniques, perspec-
tives, and challenges of bioactive peptide generation: A com-
prehensive systematic review. Comprehensive Reviews in
Food Science and Food Safety, 19(4), 1488-1520. https://doi.
org/10.1111/1541-4337.12578

Li, Y., Yu, J. (2015). Research progress in structure-activity re-
lationship of bioactive peptides. Journal of Medicinal Food,
18(2), 147-156. https://doi.org/10.1089/jmf.2014.0028

Pan, X.Y.,, Wang, Y.M.,, Li, L., Chi, C.E, Wang, B. (2019). Four ~ 71. Wei, G., Li, X., Wang, D., Zhao, B., Shi, Y., Huang, A. (2023).
antioxidant peptides from protein hydrolysate of red sting- Discovery of specific antioxidant peptide from Chinese Da-
ray (Dasyatis akajei) cartilages: Isolation, identification, and he black pig and hybrid pig dry-cured hams based on pep-
in vitro activity evaluation. Marine Drugs, 17(5), Article 263. tidomics strategy. Food Research International, 166, Arti-
https://doi.org/10.3390/md17050263 cle 112610. https://doi.org/10.1016/j.foodres.2023.112610
Jin, J.-E., Ahn, C.-B,, Je, J.-Y. (2018). Purification and charac- 72. Fan, X, Han, Y., Sun, Y,, Zhang, T., Tu, M., Du, L. et al. (2023).
terization of antioxidant peptides from enzymatically hydro- Preparation and characterization of duck liver-derived anti-
lyzed ark shell (Scapharca subcrenata). Process Biochemistry, oxidant peptides based on LC-MS/MS, molecular docking,
72,170-176. https://doi.org/10.1016/j.procbio.2018.06.001 and machine learning. LWT, 175, Article 114479. https://doi.
Zhang, S., Qi, L, Li, D., Zhong, L., Wu, D., Lin, S. (2021). The 0rg/10.1016/j.lwt.2023.114479
regulatory mechanism of pulsed electric field (PEF) target- 73. Verma, A.K., Chatli, M.K., Kumar, P., Mehta, N. (2019). In-
ing at C-terminal glutamine of shrimp antioxidant peptide vitro assessment of antioxidant and antimicrobial activity of
QMDDAQ based on MD simulation. LWT, 141, Article 110930. whole porcine-liver hydrolysates and its fractions. Animal
https://doi.org/10.1016/j.1wt.2021.110930 Production Science, 59(4), 641-646. https://doi.org/10.1071/
Duan, X., Ocen, D., Wu, E, Li, M,, Yang, N., Xu, J. et al. AN17047

AUTHOR INFORMATION

Oksana V. Zinina, Doctor of Technical Sciences, Docent, Department of Food and Biotechnology, South Ural State University

(National Research University).

76, Lenin Avenue, Chelyabinsk, 454000, Russia. E-mail: zininaov@susu.ru

ORCID: http://orcid.org/0000-0003-3729-1692
* corresponding author

404



Zinina et al. THEORY AND PRACTICE OF MEAT PROCESSING, 2025, vol. 10, no. 4, pp. 393-40S

Maksim B. Rebezov, Doctor of Agricultural Sciences, Professor, Leading Researcher, V. M. Gorbatov Federal Research Center for
Food Systems. 26, Talalikhin str., Moscow, 109316, Russia. E-mail: m.rebezov@fncps.ru
ORCID: https://orcid.org/0000-0003-0857-5143

Daniil V. Khvostov, Candidate of Technical Sciences, Researcher, Laboratory “Molecular Biology and Bioinformatics’,
V. M. Gorbatov Federal Research Center for Food Systems. 26, Talalikhin str., Moscow, 109316, Russia.

E-mail: d.hvostov@fncps.ru

ORCID: https://orcid.org/0000-0002-3445-4559

Nadezhda V. Kupaeva, Candidate of Technical Sciences, Researcher, Experimental Clinic and Research Laboratory for Bioactive
Substances of Animal Origin, V. M. Gorbatov Federal Research Center for Food Systems. Talalikhina str., 26, Moscow, 109316,
Russia. E-mail: n.kupaeva@fncps.ru

ORCID: https://orcid.org/0000-0002-1066-5589

Maria E. Spirina, Research Engineer, Experimental Clinic-Laboratory of Biologically Active Substances of Animal Origin,
V. M. Gorbatov Federal Research Center for Food Systems. 26, Talalikhin str., Moscow, 109316, Russia.

E-mail: m.spirina@fncps.ru.

ORCID: https://orcid.org/0000-0003-4544-4433

All authors bear responsibility for the work and presented data.

Contribution. Conceptualization: Maksim B. Rebezov and Oksana V. Zinina; methodology: Oksana V. Zinina; software:

Daniil V. Khvostov; validation: Maksim B. Rebezov; formal analysis: Nadezhda V. Kupaeva and Maria E. Spirina; investigation:
Nadezhda V. Kupaeva and Maria E. Spirina; resources: Oksana V. Zinina and Daniil V. Khvostov; data curation: Maksim

B. Rebezov; writing-original draft preparation: Maksim B. Rebezov and Oksana V. Zinina; writing-review and editing, Maksim
B. Rebezov; visualization, project administration, funding acquisition: Oksana V. Zinina.

The authors were equally involved in writing the manuscript and bear the equal responsibility for plagiarism.

The authors declare no conflict of interest.

405



