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Abstract: Amidst the outbreak of the Corona Virus Disease 2019 (COVID-19), there has been a pivotal shift in nutritional focus towards
adopting healthier lifestyles to enhance immune function. The successive resurgence of COVID-19 serves as a stark reminder that
prioritizing the enhancement of our own immune systems is of paramount importance. Eggs are nutritious, productive, cost-effective, and
affordable for consumption. Likewise, eggs are exclusive among the numerous ways consumers can obtain high-quality animal protein.
Egg proteins and their peptide derivatives are abundant and biologically active and have significant therapeutic effects on chronic diseases
induced by a variety of factors, including metabolic syndrome, making eggs an important raw material for the study of proteins and
peptide-active substances. This paper reviewed methods for the isolation and purification of avian egg proteins and their derived peptides;
the effects of the proteins and peptides in enhancing the body’s immunity, lowering blood pressure and expression levels of inflammatory
factors; as well as the potential of the proteins and peptides in reducing the risk of chronic diseases such as osteoporosis and cardiovascular
disease. This review was written with the expectation that it would provide a comprehensive understanding of the potential value of
poultry egg proteins for maintaining health.
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1 Introduction

The multiple rebounds of Corona Virus Disease 2019 (COVID-19)
had dramatically impacted the lifestyle and health of the population.
Individuals who have recovered from COVID-19 are more inclined
to increase their intake of fruits, vegetables, and high-quality protein
to promote wellness, as well as place more emphasis on immune
enhancement’. Shortages and rising prices of food have altered the
shopping habits of the population. Affordable and wholesome
foods are the preference of most people, while consumption of
meat and processed foods has declined. The habits and dietary
structure of people have been gradually modified as the demand for
eliminating sub-health and preventing the occurrence of diseases
has increased”. The industries that focus on slowing down aging,
improving immunity, and maintaining the health of life, are
expected to continue to exhibit a significant rise. However,
enhancing human immunity through medication might lead to
different degrees of toxic side effects. Since each individual has a
different constitution, some patients might have an allergic reaction
to immunity-enhancing drugs, with symptoms such as skin itching
and rashes, while severe allergic reactions would result in shock or
even life-threatening conditions”. Furthermore, after entering the
body, the medication might irritate the mucous membrane of the
gastrointestinal tract after entering the body, resulting in symptoms

such as abdominal pain, nausea, and vomiting"”. In addition to the
aforementioned side effects, medications aimed at enhancing the
body’s immunity may also entail other adverse effects, including
weakness, dizziness, and headaches, among others. Increasingly,
academics have been concerned about bioactive ingredients in the
diet which have the potential to prevent chronic diseases or
improve human health, thereby eliminating or reducing drug
consumption®. Moreover, food-derived bioactive ingredients have
been shown to be healthier than drugs and to have smaller adverse
effects”. Up until now, there are a multitude of food-derived
compounds and ingredients with different bioactivities obtained
from animal and plant sources".

It is widely accepted that protein serves as the fundamental
building block of all living organisms. Eggs are the least
energy-intensive and most environmentally friendly of all
protein-rich foods”. In view of the serious global climate change
and the deteriorating environment, the egg has become the prime
choice for protein supplementation”. In comparison to pork and
beef, eggs are not only more productive and accessible, but also
nutritionally valuable and extremely cost-effective (Figure 1A).
Human beings can obtain eight essential amino acids and other
nutrients from eggs™”. Immunity could be boosted to some extent
both by eating eggs directly and by taking egg proteins. However, if
a high protein supplement with no allergic reactions were required,
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Figure1 (A) Prices and carbon emissions of major food items providing protein; (B) Principal proteins in eggs and the predominant share.

specific egg protein or its derived peptides might be more suitable
for enhancing the body’s immunity and protecting the wellness of
the organism"’. Meanwhile, with powerful immunomodulatory
effects, the functionally active proteins in eggs and their hydrolyzed
peptides could effectively improve the resistance of the body to
disease. As the demand for “nutrition, function and health”
emerges, it is indispensable to look into the health-modulating
effects of the proteins and their peptides in eggs. This work
reviewed the health-modulating effects of functional proteins and
peptides in eggs in vivo and in vitro.

2 Composition and distribution of poultry egg
proteins

Eggs are mainly composed of egg white (55%), egg yolk (33%), egg
shell (12%) and eggshell membrane'”. The abundant proteins in
eggs not only provide the material basis for all essential activities
during the development of the avian embryo, but also for the
numerous biological functional activities. According to the
abundance of proteins, the proteins in eggs could be categorized
into major proteins (more than 83% of the total protein) and minor
proteins (less than 17% of the total protein). As shown in Table 1,
the major proteins in egg whites are ovalbumin (OVA),
ovotransferrin (OVT), ovomucoid (OVMD), ovomucin (OVMN),
and lysozyme (LYZ), while minor proteins include G2 globulin, G3
globulin, ovomacroglobulin, ovalbumin inhibitor, riboflavin-
binding protein, cystatin, and antibiotin protein'*'¥. The proteins in
the egg yolk account for 32% of its dry weight'” and are mainly
low-density lipoprotein (LDL), high-density lipoprotein (HDL),
phosvitin (PV), and yolk immunoglobulin Y (IgY) (Figure 1B). The
eggshell membrane is a fibrous protein film located between the egg
shell and the egg white that consists of a bi-layer structure of the
outer shell membrane and the inner shell membrane, which serves
as a physical barrier against pathogens invading the egg. 90% of the
shell membrane is composed of protein and the rest contains about
2% ash and 2% glucose"’. However, it is insufficient to thoroughly
understand the abundant protein composition of eggs based on the
existing protein classification criteria.

The structural properties and biological activities of the main
proteins in eggs were shown in Table 1. In addition to the major
proteins, a few unclassified proteins and peptides have been
identified in eggs. The proteomics is the science that takes proteome
as the research object and studies the structure, function,
interaction, and its changing law of protein composition. In food
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science, proteomics is often used in quality control, nutritional
analysis and functional identification’”. Through proteomics
technology, the content and composition of various proteins in
food could be analyzed; the biologically active components could be
identified; and the nutritional value of food could be evaluated™.
Commonly employed methods for proteomics analysis encompass
bidirectional electrophoresis, isobaric tags for relative and absolute
quantification (iTRAQ), tandem mass tagging (TMT), and matrix-
assisted laser desorption/ionization (MALDI) and so on™.
Sun et al.”” separated the major proteins in egg whites by reversed-
phase chromatography, followed by TMT labeling of the proteins,
and identified 148 proteins in egg whites by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). Arena et al' used
membrane filtration followed by acetone/ethanol precipitation to
isolate and purify peptides from egg white proteins. By means of
MALDI-TOF-TOF-MS and LC-MS/MS, 506 peptides were
identified from egg whites and some protein fragments were
identified that might be associated with anti-hypertensive,
antioxidant, anti-inflammatory, anticancer, anti-thrombotic,
immunomodulatory and influencing cell adhesion activities.
Similarly, 628 polypeptides were identified in poultry egg yolk after
hydrolysis by chymotrypsin and pepsin. A total of 198 peptides
were revealed to have anti-hypertensive, antibacterial, anti-cancer,
anti-viral, calcium binding, and anti-inflammatory activities based
on bioinformatics analysis of these 628 peptides and comparison
with databases”’. Ahmed et al”! characterized 427 proteins in
eggshell membranes and identified a selection of proteins that
promote wound repair and exert anti-inflammatory as well as
antioxidant effects. In the proteomic study of egg proteins, an
in-depth understanding of the structure and function of the
proteome not only contributes to the clarification of the nutritional
level of eggs, but also provides important guidance for the
development of eggs and their products. It will also result in the
innovative design and improvement of functional foods, promoting
the food industry toward processing healthier and more nutritious
foods.

3 Major separation and purification techniques
for poultry egg proteins

3.1 Isolation and purification of major proteins from egg
whites

Poultry egg proteins are diverse and complex in composition.
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Table 1 The physicochemical structure and potential uses of protein in eggs.
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Numerous egg white proteins have comparable physiochemical
properties and molecular weights, which largely prevent the
isolation and purification of specific functional proteins. In
addition, the viscous nature of egg whites does not facilitate the
chromatographic separation of individual proteins, making it
difficult to achieve co-purification of multiple proteins and
maintain the biological activity of functional proteins. Previously,

SCi.pen | https:/Amwww.sciopen.com/journal/2958-4124

salts such as ammonium sulfate, sodium chloride or potassium
chloride were often used to separate OVA, OVT; however, the
purity of the purified proteins was usually not adequate. The
separation and purification of OVA, LYZ, and OVT were usually
carried out by ion exchange chromatography*’, where OVT and
LYZ could also be separated by affinity chromatography"’.
Although the chromatographic method could yield high-purity
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proteins, it was unsuitable for large-scale industrial production due
to its high price, slower speed, and lower yield. Currently,
ultrafiltration has become an efficient method for the separation
and purification of proteins from eggs. It has already been
demonstrated that the purity of LYZ and OVA separated by
ultrafiltration could reach more than 90%", but the operation
conditions were more complicated. It has been reported that LYZ
was separated by fpc3500 resin, followed by the isolation of OVMN
from LYZ - free egg white. In recent years, electrodialysis of
ultrafiltration film (EDUF) technology has gradually attracted the
attention of scientists. Due to the ability to effectively separate
natural active ingredients, EDUF was used to isolate and purify
LYZ from model solutions OVA and LYZ. The total yield of LYZ
obtained using the EDUF method was 32.2% with 100% purity
after running at a voltage of 5 V for 240 min. However, EDFU has
merely isolated lysozyme from the OVA model solution in previous
work. The actual egg white proteins are more complex in
composition; therefore, the purity of a single protein obtained using
the EDFU method may not be 100%, which is somewhat limiting™.
The precipitation of OVT was carried out by adding ammonium
sulfate and citric acid to the egg-white-free LYZ solution. The
separation of OVMD and OVA from the obtained supernatant was
carried out with ethanol. Further purification of the isolated
proteins was performed, yielding four proteins with purity higher
than 90% except for OVMD, and the percentage yield was higher
than 77%"", which was a straightforward and efficient process that
maintains the original spatial structure of the proteins. Currently,
there are numerous innovative green and efficient separation
methods for the major proteins in egg whites by cation exchange
chromatography, which could ultimately result in yields of 60.0%,
52.1%, 29.6%, and 90.2% for OVMD, OVA, OVT and LYZ,
respectively”. Therefore, the search for greener, more efficient and
cost-effective isolation and purification methods has become a key
direction to promote egg protein research to achieve greater
breakthroughs in the field of food science.

3.2 Isolation and purification of major proteins from egg
yolks

The major methods for the isolation and purification of PV from
egg vyolk include salt precipitation, salt leaching, membrane
separation techniques, and the use of iron-based inorganic
nanomaterials with affinity activity for the enrichment of PV®.
Among them, the methods of salt precipitation and salt extraction
were simpler, but the PV obtained is of lower purity. The
enrichment of PV by membrane separation techniques and the use
of affinity-active iron-based inorganic nanomaterials were relatively
complex, but the purity of the enriched PV was relatively higher.
Extraction by salt precipitation, salt leaching, membrane separation
techniques, and the use of inorganic nanomaterials were all effective
means, while chromatography has been well established in this
regard”’. The majority of methods for purifying PV were based on
chromatographic techniques (ion exchange chromatography,
hydrophobic  chromatography, gel chromatography). These
methods vary in efficiency, but all of them could obtain a certain
purity of PV™. It is necessary to avoid the contamination of protein
hydrolyzing enzymes in the purification process of PV because the
protein would be decomposed by the enzymes, which would lead to
the decrease of purity. Meanwhile, the interaction between PV and
metal ions in vivo needs to be further investigated.

https://doi.org/10.26599/FSAP.2023.9240047

The relative simplicity and low cost of the IgY preparation
process make the isolation and purification of IgY more feasible on
a production scale, offering the possibility of large-scale production.
To isolate and purify IgY from egg yolk, the main methods include
ammonium sulfate precipitation and polyethylene glycol
precipitation. The advantages of the ammonium sulfate
precipitation method are effective separation and more purified
products, with yields up to more than 60% and purity up to more
than 90%. In addition, the extraction and separation conditions of
this method were relatively mild, which was conducive to
maintaining the natural conformation and biological activity of
IgY™. Furthermore, the process had a short cycle time, low distilled
water consumption, and simple steps, making it suitable for large-
scale and efficient production. The advantages of the polyethylene
glycol precipitation method were that the equipment used was
simple, easy to operate, and does not cause specific adsorption of
proteins. However, the long precipitation time would lead to lower
production efficiency. Moreover, the IgY extracted by polyethylene
glycol precipitation was not pure enough and had a relatively low
viability and concentration, which cannot meet the market
demand"’. Almeida et al* employed label-free quantitative nano-
LC-MS/MS to identify the proteins present in the water-soluble
components of egg yolk. Subsequently, IgY was purified by
centrifugal partition chromatography using polyethylene glycol and
potassium phosphate buffer. By changing the ratio and
concentration of polyethylene glycol to salt, the purity of purified
IgY was improved, and the purity of the final product IgY could
reach 50.6%. Notably, these methods had some limitations, such as
the possibility of affecting the natural conformation and biological
activity of IgY or requiring a large number of reagents and
equipment. Recently, our team found that the combined technique
of high-speed shear misflow membrane separation could isolate
and purify egg yolk immunoglobulin of different purities on a large
scale. Its isolation and purification yielded IgY with 96.9% purity
and a yield of 6.06 mg/mL egg yolk. This method could provide
high-purity IgY while reducing processing time and saving cost,
which is more friendly to the environment™. The isolation and
purification of IgY enables efficient capture of specific antigens and
provides a unique research tool in the field of food safety.
Therefore, the isolation and purification of IgY are of paramount
importance for improving the efficiency of antibody acquisition,
reducing production costs, as well as advancing the field of
biomedical and food safety research.

3.3 Preparation and isolation of bioactive peptides from eggs

The idea that egg whites and yolks are excellent sources of bioactive
peptides is widely recognized in the fields of food science and
nutrition. Bioactive peptides in egg whites and yolks can be used as
ingredients in functional foods for the maintenance of human
health, the prevention of disease, and the treatment of illness""*.
Most common of the methods to obtain bioactive peptides was
enzymatic digestion or heat treatment. Commercial enzymes
(protease, trypsin, pepsin, alkaline protease and papain, etc.) were
processed to obtain peptides with relatively high-specificity and
without denaturation of proteins and residual of organic reagents or
toxic chemicals; therefore, it had been the primary method for the
production of bioactive peptides™”. Nevertheless, the enzymatic
method required strict control of reaction temperature and pH,

https:/Awww.sciopen.com/joumal/2958-4124 | SCi.pen



Food Sci. Anim. Prod. 1 (2023) 9240047

Lietal.

with expensive cost and relatively low peptide production.
Microbial fermentation was also the conventional method for the
preparation of bioactive peptides, which was relatively inexpensive;
however, there were disadvantages of insufficient peptide yield and
specificity in this method, which was not suitable for widespread
promotion'. Obtaining peptides by chemical hydrolysis was a
simple and inexpensive method, except that extremely elevated
temperatures and pH conditions could deteriorate the nutritional
value of the protein hydrolysate, making it unsuitable to produce
bioactive peptides™. Chemical methods are also used to hydrolyze
proteins due to low cost and time savings. In an environment far
from the isoelectric point, globular proteins unfold and expose
hydrophobic groups. Peptide bonds in proteins tend to break in this
environment, resulting in peptides and free amino acids. Liu et al."”
noticed that treatment of egg yolk hydrolysate with 60% (V/V)
ethanol concentration contributed to the generation and
accumulation of iron-chelated peptides. Subsequently, by collecting
different fractions were able to obtain egg yolk protein hydrolysate
with iron chelating capacity up to 87.32%. Moreover, the obtained
egg yolk hydrolysate had better thermal and alkali stability.
However, there are still a number of limitations to chemical
hydrolysis because natural proteins are complex and it is difficult to
fully control the reaction process as well as the end-products
obtained under denaturing conditions. Besides, chemicals may also
lead to the decomposition of some of the active components of
natural proteins®. With the continuous development of
technology, there are more advanced processing technologies for
the production of bioactive peptides, like high hydrostatic pressure
processing, ultrasound, microwave-assisted extraction, ohmic
heating, pulsed electric field, microwave-assisted extraction, and
subcritical water hydrolysis’. The treatment of egg white proteins
with pulsed electric fields after enzymatic digestion with alkaline
enzymes was able to obtain enzymatic products with antioxidant
activity 1.2 times higher than that of the control group™. As for
basic research, purposeful bulk synthesis of active peptides with
known amino acid sequences by efficient and convenient chemical
synthesis methods had been becoming widespread™’.

The purification methods are commonly used to purify small

molecules of bioactive peptides, such as ultrafiltration,
chromatography  (exclusion chromatography, ion-exchange
chromatography, affinity ~ chromatography, adsorption
chromatography, etc.), and  high-performance  liquid

chromatography”. A combination of several purification steps,
including low molecular membrane filtration and reversed-phase
high-performance liquid chromatography, was used to purify 16
antioxidant peptides from the enzymatic hydrolysate of egg white
hydrolyzed by protease (protease isolated from Aspergillus oryzae).
Among them, peptides with sequences AEERYP and DEDTQAMP
(Ala-Glu-Glu-Arg-Tyr-Pro and Asp-Glu-Asp-Thr-Gln-Ala-Met-
Pro) showed the highest antioxidant activity™. It has been well
documented in previous studies that egg-derived peptides possess
impressive biological activities; however, the variety of peptides
available for practical applications is still very limited. Their high
production costs, low yields, and the complexity of their isolation
and purification processes have hindered their large-scale
commercial production. In addition, unpurified protein
hydrolysates have shown favorable antioxidant, anti-inflammatory,
and antimicrobial properties*’; therefore, the direct use of these
hydrolysates to enhance the bioactivity of food products may be an
effective alternative.
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4 Activity of proteins and their peptides in eggs

4.1 Activity of proteins and their peptides in egg whites
of poultry eggs

4.1.1 Anti-hypertensive effect and immune enhancing mechanism
of OVA

As the most abundant protein in egg whites™), the unique surface
and thermal properties of OVA played a critical role in the foaming,
emulsification and gelation properties of egg whites” . Many
biological activities have been confirmed for OVA (Figure 2).
Heat-denatured OVA had been demonstrated to stimulate serum
production of interleukin (IL)-12, IL-17, and IL-10 in mice to
diminish inflammation and enhance immunity"”. Furthermore,
selenium-modified OVA (Se-OVA) could effectively reduce the
damage of cancer cells to immune tissues. On the one hand,
Se-OVA improved the proliferation of T and B-lymphocytes. On
the other hand, Se-OV A blocked the circulation of solid tumor cells
through the mitochondrial pathway and accelerated the apoptosis
of solid tumor cells"™. It is surprising that the modified OVA also
had a wound-healing-promoting effect. Silver ion cross-linked
thiolate OVA resulted in 96.23% wound healing in scalded mice.
The expression of transforming growth factor B in the serum of the
mice was increased by 1.29 times compared to the control group. In
addition, thiolate OVA reduced the levels of inflammatory cells and
inflammatory factors and stimulated collagen production. It
accelerated the wound healing process by promoting the growth
and proliferation of fibroblasts, blood vessels, and granulation tissue
at the wound site". After being hydrolyzed, OVA was capable of
exerting stronger biological activity. Researchers identified peptides
with inhibition of angiotensin converting enzyme (ACE) and
dipeptidyl peptidase-4 in OVA by using biological information"”.
RADHOF peptide, produced by the hydrolysis of OVA by
chymotrypsin, was found to have the property of promoting
vasodilation, which could effectively decrease blood pressure and
reduce the probability of cardiovascular diseases™. OVA could also
be employed as a carrier for nutrient delivery in the gastrointestinal
tract. The nanocarriers constructed from OVA and polysaccharides
effectively avoid the destruction and degradation of active
substances (anthocyanins and curcumin) in the stomach through
hydrogen bonding and electrostatic interactions™ . Papain-
hydrolyzed OVA was demonstrated to stimulate RAW264.7
macrophage activation and regulate the expression of cytokine IL-6
via the MAPK pathway. In vitro simulated digestion of OVA
hydrolysate was able to increase the immunomodulatory activity,
indicating that OVA hydrolysate could be used as an effective
immunoenhancer in the functional food industry™.

4.1.2 Mechanism of mineral absorption promotion and immune
enhancement by OVT

The molecules of each OVT could bind to two Fe*, which could
promote iron absorption and thus prevent iron deficiency
anemia”. The biological activity of OVT as well as its peptides had
been extensively studied (Figure 3). In a previous study by our
team, we found that supplementation of 400 mg/(kg-d) of OVT for
30 days in rats with iron deficiency anemia significantly elevated
serum iron and serum ferritin levels in the blood of rats™.
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Moreover, the phosphorylated OVT could increase the solubility of
calcium, thus promoting its absorption in the small intestine'.
Other than promoting calcium absorption by the body, OVT also
stimulated the proliferation and differentiation of osteoblasts and
inhibition of osteoclast genesis in vitro, demonstrating that OVT
was capable of preventing osteoporosis by mediating bone
formation™. OVT promoted the maturation of intestinal dendritic
cells in mice and exerted immunomodulatory effects against
intestinal immunosuppressed mice by regulating the balance of Thl
and Th2 through the mitogen-activated protein kinase (MAPK)
signaling pathway"’. A recent study has investigated the effects of
OVT on gastritis and the regulatory mechanisms on gastric
epithelial cells (GES-1). Huang et al found that a low
concentration of OVT (100 ug/mL) could significantly reduce the
serum levels of inflammatory factors (IL-8, IL-6, and tumor
necrosis factor a (TNF-a)). The protective effect of OVT on the
stomach was also confirmed by the results of RNA sequencing.
OVT might exert its anti-inflammatory effect through the MAPK
and nuclear factor-kappa B (NF-kB) pathway. By preventing the
activation of nuclear factors in the MAPK and NF-kB pathways,
OVT down-regulated the secretion of the inflammatory factor IL-1,
thus exerting an anti-inflammatory effect. As a natural protein,
OVT has no toxic side effects on GES-1, making it a potential
candidate for the treatment of gastritis™’.

Ile-Arg-Trp, hydrolyzed OVT-derived peptide, inhibited the
increase of intercellular adhesion molecule-I and cell adhesion
molecule-I in blood vessels induced by NF-kB pathway, as well as
exerted antioxidant, anti-inflammatory activities and improved the
immune status of the organism™. GWN and GW, isolated from
OVT, were capable to protect embryonic kidney cells from
dasatinib-induced mitochondrial damage as cytoprotective
antioxidant peptides in a dose-dependent manner. Moreover, the
levels of ROS were effectively reduced by GWN and GW to protect
the organism from oxidative damage“. As members of the
transferrin family, OVT and lactoferrin possessed several similar
functional properties (enhanced iron adsorption,
immunomodulation, antioxidant, anti-microbial)“); therefore, it is
promising that OVT could be substituted as a potential alternative
to compensate for lactoferrin in the general environment where
lactoferrin is in short supply.
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4.1.3 Antioxidant mechanism of OVMD

OVMD, a complex protein belonging to the glycoprotein class,
consists of stable a-helix and f-sheet in a spherical spatial structure.
As a trypsin inhibitor, OVMD is not susceptible to digestion and
decomposition in the stomach and intestine!!. Therefore, OVMD
could be employed to predict allergic reactions to eggs in humans.
Measurement of IgE antibodies specifically bound to heated or
untreated OVMD using an enzyme-linked immunosorbent assay
was effective in predicting symptomatic egg allergic reactions™’.
However, it has been greatly limited in the development of OVMD’s
own bioactivity and its large-scale production in food products.
Fortunately, the nutritional value of proteins could be significantly
improved by enzymatic treatment. Hydrolysis of OVMD into small
peptides eliminated its trypsin inhibitory activity and rendered it no
longer allergenic. Excitingly, hydrolyzed OVMD also exhibited
several biological activities. It was revealed that OVMD could be
hydrolyzed by trypsin, pepsin, chymotrypsin, and papain to
generate functional peptides with significant antioxidant activity
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and ACE inhibitory activity"”. Hydration of OVMD at 37 °C for 3 h
was more likely to yield peptides with antioxidant-active amino acid
sequences (Tyr-Ala-Glu-Glu-Arg-Tyr-Pro-Ile-Leu). In addition, the
pepsin-treated OVMD hydrolysate displayed an inhibitory activity
of about 80% against ACE"*, which had potential application in
the prevention of cardiovascular diseases. Similarity, OVMD
hydrolyzed by 1% papain or 1% alkaline protease produced
peptides with strong ACE inhibitory activity. The products
obtained by dual enzymatic hydrolysis (alkaline protease and
trypsin) showed superior iron chelating ability and antioxidant
activity than single enzymatic hydrolysis. Whether single or dual
enzymatic hydrolysis was employed to hydrolyze OVMD,
hydrolysis products with different biological activities could be
obtained. The hydrolysis products suitable for different application
scenarios could be obtained by adjusting the treatment conditions.
The further study of OVMD hydrolysates and their bioactive has
provided a broad prospect for improving the high-value production
of OVMD, and further research is expected to deepen the
understanding of the properties of its hydrolysis products and
promote its wider application in medicine, food and other fields.

4.14 Antimicrobial and regulatory organism inflammatory efficacy
of OVMN

OVMN is a high molecular weight sulfated glycoprotein with more
than 30% glycosylation, which is mainly found in the thick protein
of egg white and could be categorized into a- and S-OVMN
forms"™. The adhesive nature of OVMN permitted it to effectively
prevent the migration of microorganisms and protected against
food poisoning associated with bacterial infections”™. OVMN, as a
prophylactic agent for bacterial gastroenteritis, could exert
antimicrobial activity by disrupting the permeability of cell
membranes of Staphylococcus aureus, Staphylococcus spp. and
Streptococcus mutans, delaying the logarithmic phase of bacterial
growth or shortening the stabilization phase™. Similarly, the sialic
acid in OVMN could act as an antiviral agent, competitively
binding to the recognition site of the avian influenza virus and
inhibiting the infection of the host by the virus™. In terms of
regulating inflammation, OVMN improved the immune status
through stimulating the proliferation of macrophages and
lymphocytes, which in turn promoted the synthesis of
cytokines” ™. OVMN was homologous to the transmembrane
glycoprotein Muc2 in the colonic mucus layer"”. It could inhibit the
production of TNF-a and IL-6 through a Toll-like receptor
signaling pathway, effectively repairing the villi and intestinal
barrier in mice with colitis. Supplementation of OVMN could
increase the relative abundance of beneficial bacteria such as
Lactobacillus and Enterococcus faecalis in the intestine of mice,
which in turn increased the content of short-chain fatty acids and
further promoted the proliferation of small intestinal epithelial cells
and cupula cells, effectively ameliorating colitis (Figure 4)". The
enzymatic hydrolysate of OVMN could likewise protect the
intestinal barrier and attenuate the inflammatory response. In the
LPS-induced Caco-2 cell injury model, the hydrolyzed product of
OVMN effectively alleviated the inflammatory injury and
promoted the proliferation of Caco-2 cells"!. The hydrolyzed
product of OVMN was also proven to have powerful antioxidant
effects, which might be used as an antioxidant in food processing”.
The regulation of intestinal flora by OVMN effectively reduced
body inflammation and enhanced body resistance. Meanwhile, the
modulatory effect of OVMN on intestinal microbial homeostasis
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contributed to a greater understanding of the potential value of
avian egg proteins in exerting immune health functions.
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Figure4 Protective effect of ovomucin on intestinal immunity and effect on
intestinal flora in mice.

4.1.5 Antimicrobial effect and amelioration of immunodeficiency
efficacy of LYZ

LYZ, a one-linked polypeptide formed by cross-linking four
disulfide bonds (Figure 1), is also known as a cell membrane
enzyme. It has been demonstrated that LYZ could hydrolyze the
B-14 glycosidic bond between N-acetylcytidylic acid and
N-acetylglucose in the peptidoglycan layer of the cell wall of
Gram-positive bacteria, thus making the bacteria more susceptible
to lysis". Polypeptides with amino acid residues 15-21 and 98-108
in LYZ were shown to have antibacterial effects against Escherichia
coli and Staphylococcus aureus™. Furthermore, excellent inhibitory
effect of LYZ on Streptococcus pyogenes made it possible to be
applied in wound healing. LYZ promoted the growth of mouse
fibroblasts, while also regulating cytokine levels and reducing
inflammation. Glycosylated LYZ could mediate the expression of
TNF-a, IL-1p, and IL-8 in mice macrophage RAW264.7 cell line
through JNF, ERK, and NF-kB pathways and improved the
immunosuppression status of the organism™. LYZ has a high
proportion of hydrophobic (43.4%) and basic (13.7%) amino acid
residues, with the C-terminal residues of its peptide (Tyr and Trp)
exhibiting excellent inhibitory activity against ACE as well as
1,1-diphenyl-2-acrylohydrazyl (DPPH) radical®. In addition,
self-assembled nano-LYZ synthesized using the desolvation
technique had exhibited certain anticancer activities. The
nanostructured LYZ could kill 95% of human breast cancer cells by
regulating the production of reactive oxygen species, effectively
reducing tumor growth and preventing tumor metastasis™’. As a
potential therapeutic agent for static mechanical pain, LYZ could
alleviate static mechanical pain by modulating the NRF1-Parkin-
TACAN signaling pathway in sensory neurons. LYZ could
stimulate the expression of Parkin in sensory neurons and reduce

https://doi.org/10.26599/FSAP.2023.9240047



Lietal.

Food Sci. Anim. Prod. 1 (2023) 9240047

TACAN membrane transport in sensory neurons. Furthermore,
LYZ could moderate the level of inflammation in the body, while
alleviating the static mechanical hypersensitivity response, to
alleviating the static mechanical abnormal pain caused by nerve
injury™. As a natural anti-infective substance with antiseptic effects,
LYZ had antibacterial, antiviral, hemostatic, anti-swelling and
analgesic effects, and accelerated tissue recovery functions™’. Tablets
containing LYZ were used to treat pharyngitis and mouth ulcers, in
addition to being used as a preservative for foods such as wine,
cheese and sausages. Moreover, LYZ had excellent inhibitory effect
on human melanoma and had no toxic effect on normal
keratinocytes’. Recently, increasingly researches had focused on
fibrillated LYZ. Inhibitory effects of fibrillated LYZ against
Staphylococcus aureus and Escherichia coli were remarkably
stronger than those of non-fibrillated LYZ®. The excellent
antimicrobial activity of fibrous LYZ not only provides a wide range
of possibilities for its application in antimicrobial food packaging
and antibiotic substitutes, but also offers potential opportunities for
researchers to explore novel applications in medical, hygiene and
sanitary products, as well as environmental hygiene. Its unique
structure and bioactive properties open up a whole new direction
for future scientific research and industrial innovation, and provide
strong support for the establishment of a healthier and more
sustainable production and lifestyle.

4.2 Biological activity of proteins and their polypeptides
in poultry egg yolk

4.2.1 Antibacterial and immune enhancing mechanisms of IgY

IgY is composed of an Fc fragment (signal recognition and
transmission) and two Fab fragments (antigen binding region)™.
The structure and function of IgY in avian eggs are particularly like
IgG in mammals"’; otherwise, these two immunoglobulins are
biologically distant from each other. Therefore, oral administration
of IgY in mammals would not elicit a complementary response,
making IgY an effective agent for the treatment of bacterial or
viral infections in humans™. Sheng et al.*’ from our laboratory
detected two potential N-glycosylation sites on IgY by nanoliter
liquid chromatography-mass spectrometry and found that
N-glycosylation could effectively maintain the structure of IgY and
improve its stability in gastric juice. Subsequently, our group found
that the Fab fragment in IgY could enhance the body immunity by
blocking NF-kB and MAPKs pathways to regulate TLR4 and
avPf3  integrin-mediated inflammatory processes in the
lipopolysaccharide-induced RAW264.7 macrophage™.
Additionally, the gel containing 2% IgY showed excellent inhibition
of caries-causing Streptococcus pyogenes and could effectively
minimize the risk of caries”’. In the presence of intestinal digestive
enzymes, IgY was degraded by small molecule fragments (Fab and
Fc). These fragments were absorbed by the intestine and enter the
bloodstream, where they were capable of binding to the adhesion
factors of specific pathogenic bacteria. This binding action
prohibited the pathogenic bacteria from adhering to susceptible
cells, while preventing their movement and travel, ultimately
rendering the pathogenic bacteria pathogenic™. Similarly, it was
effective that IgY could against oral diseases including periodontitis,
gingivitis, and dental caries caused by bacteria like Streptococcus
pyogenes and Candida albicans®. Continuous administration of
tablets containing 72 mg of specific IgY for 8 weeks significantly
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reduced the frequency and severity of gingival bleeding, as well as
the number of Porphyromonas gingivalis in patients with chronic
periodontitis, which was effective in ameliorating periodontitis*’.
Numerous clinical trials have shown that oral IgY is effective in
preventing and treating neonatal diarrhea and vomiting caused by
rotavirus. Specialized IgY could prevent rotavirus from adsorbing to
the body cells and enhance phagocytosis of macrophages by
modifying the configuration of the virus surface™”. Similarly, as a
relatively readily available and inexpensive immunoglobulin, IgY
has shown excellent therapeutic efficacy in eliminating the side
effects of snake venom. After entering the human body, snake
venom would bind to the receptors on the surface of human cells,
and then enter the cells to produce toxic effects. Fortunately, IgY
was capable of binding to snake venom and blocking its association
to cellular receptors, thus preventing the venom from entering the
cell and causing toxic effects. The specific IgY (96 pL) was able to
neutralize 100% of the edema caused by B. arietans venom;
meanwhile, the coagulation caused by B. arietans venom was also
prevented 100% by the specific IgY". These results demonstrate the
potential of IgY as an alternative treatment for snake venom.
Complementing the treatment and prevention of disease, IgY might
also contribute to healthy weight loss by suppressing the activity of
pancreatic lipase to augment the excretion of triglycerides™. Part of
the biological activity of IgY had been presented in Figure 5.

Moreover, as a relatively high-stability immunoglobulin, IgY was
capable of neutralizing SARS-CoV in VERO cells”. IgY could
maintain activity in the upper respiratory tract of mice for several
hours when formulated as an anti-SARS-CoV-2 nasal spray. The
anti-SARS-CoV-2 IgY targeted stinging proteins and did not have
toxic effects or any negative impact on rats 28 days after delivery™.
In addition, it was capable of demonstrating a well-established
safety profile in human clinical trials due to the distant relationship
between anti-SARS-CoV-2 receptor binding domain IgY and IgG,
and the absence of cross-reactivity. However, the cost of preparing
specific anti-SARS-CoV-2 receptor binding domain IgY vaccine
was relatively expensive and the production process was
complicated, making it difficult to produce on a large scale. With
the deepening understanding of IgY, a relatively complete and
unified technical model has been formed for IgY technology. IgY
antibody-related products had formed a certain industrial base
worldwide. Diagnostics and treatment of emerging acute pathogens
might inspire the development of IgY products in the foreseeable
future, based on breakthroughs in the development of IgY in
diagnostic tests, pharmaceuticals, veterinary drugs, pet food,
toothpaste and other areas.

4.2.2 Lipid regulation and glucose regulation mechanisms of
lipoprotein

HDL is mainly composed of phospholipids, free cholesterol,
cholesteryl esters, and apolipoprotein A-I". HDL in yolk is capable
of providing essential nutrients, including lipids, sugars, and
proteins, to the embryo during its development"”. HDL had been
shown to chelate with Zn* and degrade during embryonic
development, releasing Zn* into the developing embryonic system
and preventing malformations during embryonic development by
this pathway'”. The extraordinary ability of HDL to remove
atherosclerotic plaque made it a pivotal player in the treatment and
prevention of cardiovascular disease’"”. Apolipoprotein A-I in HDL
could regulate the metabolism of plasma lipoproteins and the
reverse cholesterol transport by interacting with cell membrane
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Figure5 The bioactivities and potential applications of immunoglobulin Y.

receptors and activating lecithin-cholesterol acylase, thus lowering
cholesterol in blood vessels'*’. Previous studies in our laboratory
had revealed that HDL significantly decreased weight gain,
abdominal adipose tissue accumulation, and the concentration of
serum triglycerides in obese mice. In addition, HDL could raise the
tolerance of the body to glucose and insulin while increasing the
concentration of serum HDL cholesterol"”. Egg yolk HDL exhibits
a structure akin to human serum HDL, with a noted positive
correlation observed between egg yolk intake and elevated serum
HDL levels. Focusing on enhancing serum HDL function and
considering HDL’s documented antibacterial and antioxidant
capabilities, investigating the impact of egg yolk HDL intake on
human serum HDL metabolism holds significant importance.
Subsequent studies on egg yolk HDL should further explore its
structural attributes and potential bio-nutritional activities, thereby
paving the way for future research directions in this domain.
Moreover, egg yolk HDL has more protein and less lipid
compared to LDL, which allows it to have better affinity and
loading capacity in binding bioactive compounds. It is possible that
a nano-delivery system consisting of egg yolk HDL compounded
with chitosan could potentially inhibit the release of curcumin in
the stomach, resulting in the release of curcumin in the intestine".

4.2.3 Enhancement of bone density and antioxidant effect of PV

PV, a phospholipid protein, constitutes about 11% of yolk protein
and is mainly composed of a-phospholipid protein and
B-phospholipid protein®”. Our team has conducted extensive
research on PV and PV phosphorylated peptides (PPP), and
discovered their prominent advantages in chelating metal ions,
antioxidant activity, antibacterial activity, promoting biological
mineralization, and activation”. PV bound with multiple
phosphates and readily incorporates various cations such as Ca™,
Mg, Mn*, Fe*, and Fe* in solution"". Glu-Asp-Asp-pSer-pSer,
derived from PV, was capable of efficiently binding up to (468 +
2.80) mg/g of calcium. Glu-Asp-Asp-pSer-pSer and Ca* were
proven to be combined through electrostatic interactions. The
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addition of Ca* induced the folding of the peptide, resulting in the
formation of ordered crystals. In addition, the bioavailability of Ca*
bound to PPP had been shown to be superior to conventional
calcium supplements such as calcium carbonate and calcium
lactate. Thus, the combination of PPP with calcium as an ingredient
in calcium supplements may contribute to more -efficient
absorption and utilization of calcium by the body"”". Likewise, PPPs
obtained by trypsin digestion promoted calcium absorption more
effectively in comparison to commercially available casein
phosphopeptides. Additionally, it was revealed that PV effectively
controlled bone mineralization by regulating the expression of
osteogenic protein-2 and osteoprotegerin mRNA in osteoblasts,
leading to the amelioration of osteoporosis (Figure 6)"",
Phosphorylated serine residues in PV could combine with Ca* to
form soluble complexes which would reduce the loss of Ca** in the
intestine. By facilitating intestinal absorption of Ca*, PV had
promoted bone mineralization and elevated the bioavailability of
calcium!"™". Moreover, it is observed that PV and its hydrolysis
products exhibited superior antioxidant activity. PPPs were
identified to reduce oxidative stress in vitro by modulating
glutathione synthesis and antioxidant enzyme activity"?. In a model
of H,O,-induced Caco-2 cells, PPPs could upregulate the
expression of antioxidant genes and promote the secretion of
antioxidant enzymes, reducing oxidative stress and protecting cells
from oxidative damage"*"". Lee et al"” found that PPP obtained
by enzymatic hydrolysis (trypsin) after high temperature and light
pressure pretreatment had the efficacy of reducing elastase and
tyrosinase activities in B16F10 melanoma cells. In addition, melanin
levels in melanoma cells decreased from 31.18% to 38.58% after the
intervention of PPP. What’s more, PPP also downregulated the
expression of proteases associated with inflammation and secretion
of NO. Therefore, PPP could be widely used as a potential anti-
melanogenic, anti-elastase, and anti-inflammatory agent in human
and skin care products. Moreover, the peptide Pt5-1c, derived from
PV, has been shown to have multiple functions. Si et al'®
demonstrated the ability of Pt5-1c to promote the proliferation of
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Figure 6 Schematic diagram of phosvitin phosphorylated peptide promoting osteoblast proliferation.

fibroblasts and to accelerate wound healing in mice by means of
cellular and animal assays, respectively. In addition, Pt5-1c could
stimulate the activation of fibroblasts into proto-myofibroblasts and
myofibroblasts, thereby promoting the formation of granulation
tissue as well as the remodeling of the extracellular matrix.
Therefore, it can be considered that Pt5-1c might be a drug
candidate with great potential to promote wound healing. Besides,
Pt5-1c has other potentials. It has been found to be a therapeutic
agent and adjuvant for the treatment of infectious diseases.
Duan et al"” found that Pt5-1c had superior antimicrobial
properties, rupturing bacteria by disrupting their outer walls and
increasing the permeability of their membranes. It was also
discovered that when combined with conventional antibiotics,
Pt5-1c facilitated the entry of the antibiotics into the cells and
demonstrated a satisfactory synergistic effect"””. Currently, research
on PV primarily focuses on its role in promoting mineral
absorption in the body, and there is clear and direct evidence
indicating that PV contributes to bone growth, thereby reducing
the occurrence of osteoporosis. However, enhancing the biological
availability of PV and precisely controlling its release, along with its
peptides, in the intestine remain crucial focal points for researchers.

4.24 Eggyolk enzymatic digestion products

The application of enzymatically hydrolyzed egg yolks in food
processing stems mainly from their unique flavor and excellent
functional properties. Through the treatment of egg yolks with
specific protein hydrolyzing enzymes, it can be broken down into
peptides and amino acids that are smaller more digestible and
absorbable by the human body. This process not only adds flavor to
food, but also improves its nutritional value in many ways. The
proteins in egg yolks are decomposed into smaller molecular
fragments through enzymatic digestion. These molecules are highly
biologically active and do not require the use of complex
purification, making them superior ingredients in the production of
functional foods. In addition, enzymatic digestion of egg yolks also
contributes to enhancing the nutritional value of food products.
During the enzymatic process, the enzymes can decompose large
protein molecules, which originally cannot be digested and
absorbed by the human body, into easily absorbed forms, thus
improving the nutritional value of food". The water-soluble
peptides obtained after enzymatic digestion of egg yolk were
effective in inhibiting the production of osteoclasts through in vitro
experiment"”. Similarly, it has been demonstrated that egg yolk
hydrolysis products obtained by trypsin treatment had a remarkable
impact on the differentiation and mineralization of osteoblasts in
ovariectomized rats and resulted in a 9.1% enhancement of alkaline
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phosphatase activity’”’. In addition, PF201, an orally administered
peptide extracted from egg yolk, was capable of reducing the
occurrence of bone degeneration. The results of cellular assays
demonstrated that PF201 promoted osteoblast proliferation and
promoted bone formation in mice. Administration of D2, a
metabolite of peptide PF201, equally accelerated bone healing in a
mice fracture model and promoted the proliferation and
differentiation of bone marrow mesenchymal stem cells"”. By
these, the potential of egg yolk hydrolyzed products in promoting
bone growth as well as in combating osteoporosis was
demonstrated. Hydrolyzed egg yolk powder was available
everywhere and was indispensable for regulating the balance of
bone metabolism™”. In regions like China, Japan, and Korea,
hydrolyzed egg yolk powder was commonly supplemented into
milk, milk powder, and other products to promote bone growth
and development in infants and children as a new resource food. In
addition, it has been discovered that egg yolk hydrolysate could
effectively chelate with ferrous ions and showed better scavenging
ability for DPPH radicals, which could effectively delay the
oxidative reactions of the organism, suggesting the potential
utilization of egg yolk enzymatic products in slowing down
aging"”. There is a significant number of active peptides in
enzymatic yolk. Marcet et al."* has identified eight peptides with
anti-ACE activity in enzymatic yolk. Besides, the enzyme digestion
product was obtained by hydrolyzing skimmed egg yolk powder
with 1% pepsin (37 °C, pH 2, 4 h), followed by centrifugation and
collection of the supernatant. The enzyme-digested egg yolk
similarly had powerful inhibitory activity against Staphylococcus
aureus and Salmonella typhi". The two-step hydrolyzed egg yolk
protein equally enhanced the immune activity of RAW264.7 and
regulated the secretion of cytokines in macrophages. Enzymatic
hydrolysis of egg yolk protein using trypsin and neutralizing
enzymes yielded enzymatic products that were found to be
responsible for the activation of RAW264.7 macrophages through
the TLR-2/p38 and JNK pathways, increasing NO and TNF-a
production as well as phagocytosis activity’™. Research on the
bioactivity of egg yolk hydrolysates is steadily increasing, which has
the potential to facilitate the large-scale production and promotion
of high-value poultry egg products. However, researchers should
also focus on exploring the practical applications of poultry egg
proteins and their peptides.

4.3 Activity of proteins and their polypeptides in poultry
eggshell membranes

The eggshell membrane consists of 80%-85% organic and
10%-15% inorganic substrates'”. In the organic matrix, 10% of the
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components are collagen (type I, V and X) and 70% are minor
proteins (bone bridging proteins, keratin, fibronectin, and
glycoproteins)'”. Besides, eggshell membranes contain bioactive
components such as glycosaminoglycans, sulfated glycoproteins,
hyaluronic acid, OVT, sialic acid, lysyl oxidase, LYZ, and
B-N-acetylamino glucosidase"”. There has been an emerging
interest in developing and exploiting the functional activity of
eggshell membranes as a by-product of eggs. Eggshell membranes
are particularly suitable for repairing damaged connective tissue,
owing to the similarity of the hyaluronic acid, keratin and collagen
in eggshell membranes to the natural extracellular matrix. Li et al."
in our laboratory had revealed that a wound dressing made of
eggshell membrane powder compounded with chitosan showed
remarkable recovery effects on mouse wounds. The dressing
shortened the wound healing cycle by inhibiting the inflammatory
response and promoting cell proliferation at the wound site in mice.
Apart from being used for wound restoration, the collagen in
eggshell membranes could effectively repair, therapeutic, and
healing skin burns™'~". Similarly, the proteins in egg shell
membranes and their hydrolyzed peptides played a crucial role in
antioxidant damage. The hydrolysis products of eggshell
membrane, a powerful novel nutritional peptide, have
demonstrated promising oxidative stress activity against Caco-2
cells could effectively scavenge hydroxyl radicals, superoxide
anions™”. Furthermore, nanoparticles that consisted of eggshell
membrane proteins complexed with chitosan-rock polysaccharide
could effectively inhibit the expression of the pro-inflammatory
factor IL-6. Such nanoparticles might be exploitable for the
protection of the prevention of intestinal barrier and treatment of
inflammatory bowel disease’”. Eggshell membrane-hydroxyapatite
composition prepared using biomimetic mineralization technology
not only facilitated the proliferation, adhesion, and spreading of
MC3T3-E1 cells, but also promoted the expression of bone-related
genes and proteins (dwarf-related transcription factor 2, type I
collagen, and osteocalcin), which were anticipated to be excellent
bone repair materials"*. The global collagen peptides market size
was expected to grow at a CAGR of 5.8% to reach $795 million by
2025, according to the findings of the market research firm Markets
and Markets published in June 2020. Therefore, the high-value
utilization of poultry egg by-products could be realized by carrying
out series products such as poultry egg shell membrane organic
calcium, egg membrane peptide solid beverage, and egg membrane
wound healing composite membrane. Certainly, the development
of these new products and technologies will likewise further expand
the application prospects of shell films.

5 Conclusion

Part of poultry egg proteins have been used for medical applications
on an industrial scale owing to their affordability, accessibility,
nutritional richness, and accessibility to digestion. A daily intake of
poultry eggs is a simple and effective strategy to prevent metabolic
diseases and atherosclerosis. Peptide has become another vital
object of life science research object after gene with the rapid
development of biotechnology. At present, peptide products
derived from poultry egg proteins have been widely used in
numerous fields such as medicine, food, health care products,
cosmetics, and biological materials. It is evident that peptide-based
functional foods would occupy an essential market pattern in the
future health industry. Administration of complete poultry egg
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hydrolysates is likely to yield combined biological effects compared
to individual isolated peptides from poultry eggs. However, there
are few studies on intact poultry egg hydrolysates in vitro and in
vivo. Therefore, focusing the research on the active functions played
by the whole hydrolysate of poultry egg proteins in organisms will
contribute to further increasing the value of poultry eggs and
provide novel insight into the prevention and treatment of chronic
diseases.
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