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Nutraceuticals can reduce the risk of many diseases, such as cardiovascular disease, immune deficiencies,
neurodegeneration, and others. Their delivery remains a challenge because it depends on many factors,
most notably the stability of the bioactive compounds. Yolkin is a peptide complex isolated from hen egg
yolk with immunomodulatory and neuroprotective potential. However, yolkin remains relatively poorly
characterized. We aimed to determine the origin and glycosylation level of yolkin, its storage conditions,
its thermal stability, and its aggregation ability and to assess its antioxidant, antihypertensive, and antidia-
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betic potential. The peptide composition of yolkin was shown to be homologous to that of vitellogenin Il
and vitellogenin |. These results indicate the stability of yolkin in a lyophilized form, preferably at 4 °C, with
nonaggregation, antioxidant, and antidiabetic activities. As a result, yolkin can be considered to have sig-
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1. Introduction

Hen egg yolk is a rich reservoir of lipids, proteins, minerals,
and vitamins necessary for bird embryo development.'™
Fractionation of hen egg yolk diluted with water by ultracentri-
fugation produces two fractions: granules and plasma.*®
Granules contain mainly high-density lipoproteins (HDLSs)
such as a-lipovitellins and f-lipovitellins, phosvitins, and low-
density lipoproteins (LDLs). Within plasma, there is a wide
variety of proteins, including immunoglobulins (>45%), albu-
mins (14%), glycoproteins such as yolk glycopeptide (YGP) 42
and YGP40 (41%), and the newfound protein YGP30, with 75%
similarity to YGP40.>” The main protein precursor of the gran-
ular fraction is vitellogenin.>®™'° In response to estrogen circu-
lating in the blood, the liver produces vitellogenin, which is
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nificant therapeutic potential and represents a valuable tool for the development of novel nutraceuticals.

released into the bloodstream and is taken up by growing
oocytes, where it is enzymatically converted into a variety of
egg yolk proteins. Moreover, vitellogenin is characterized by a
high degree of sequence homology and diverse biological
activities, irrespective of the source organism.>*%™?

Despite the well-characterized bioactive compounds found
in egg white and yolk, little is known about the proteins in egg
yolk plasma besides immunoglobulin Y (IgY). In 2012,
Polanowski et al.'® reported that the IgY fraction obtained
from chicken egg yolk is a complex with protein fragments
called yolkin, characterized by immunoregulatory properties.
Yolkin is a mixture of proteins, polypeptides, and peptides
abundant in acidic amino acid residues with a small amount
of methionine. The molecular weight of yolkin peptides varies
from 1 to 35 kDa, but those in the 16-35 kDa range are the
most abundant. The N-terminal amino acid sequences of the
electrophoretically purified yolkin components, determined by
Edman degradation, showed homology to the vitellogenin II
C-terminal domain. The fractions with a molecular weight
below 12 kDa corresponded to the sequence of vitellogenin II
starting from position 1732 aa. In turn, the fractions with a
molecular weight over 16 kDa corresponded to the amino acid
sequence of vitellogenin II at position 1572."° Notably, the
presence of vitellogenin in the yolks of different bird species is
not the only factor influencing the protein profile of the yolkin

This journal is © The Royal Society of Chemistry 2024
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complex. Depending on various factors, such as the time of
egg collection or the specific pen used, the ratio of polypep-
tides and proteins can vary significantly.'*

Our studies to date have shown that yolkin is nontoxic
to cells and has potent immunomodulatory, antioxidative,
and neuroprotective effects. Yolkin stimulates human whole
blood (ex vivo) to secrete a broad range of cytokines, both
pro- and anti-inflammatory;'>*>™*° downregulates the level
of intracellular oxygen radicals;*® and affects the formation
of the immune response and the cell phenotype in lym-
phoid organs.>' Recent evidence also indicates that yolkin
delivered in ovo influences the leukocyte population profile
and cytokine levels in broiler chickens. The most signifi-
cant effect of yolkin is an elevation of the T lymphocyte
populations, including both CD4+ and CD8+ subsets, par-
ticularly in the blood.*> Furthermore, yolkin stimulates
neurons to express and secrete the neurotrophin brain-
derived neurotrophic factor (BDNF)** and improves cogni-
tive function in aged rats.>® These data highlight that
yolkin can act in a broad and multidirectional manner and
may be involved in regulating the survival and activity of
immune and neuronal cells. Therefore, it would seem that
yolkin can potentially be employed in the future as a safe,
bioavailable, natural nutraceutical to enhance immunity
and cognition.

There is currently a trend towards consuming foods rich in
bioactive compounds that may reduce the risk of acute and
chronic diseases such as cardiovascular diseases, cancer,
immune deficiencies, neurodegenerative diseases, obesity, and
others.>*?” Compounds derived from foods and food raw
materials with nutritional and therapeutic effects are defined
as nutraceuticals by combining the words “nutritional” and
“pharmaceutical”.”® Nutraceuticals are “food or parts of food
that provide health benefits, including the prevention and
treatment of diseases”.*® In China, nutraceuticals are governed
by legislation and can function as an alternative and comp-
lementary strategy for treating and preventing specific dis-
eases. Meanwhile, in the United States of America and the
European Union, nutraceuticals are classified and regulated as
dietary supplements.”® Nutraceuticals comprise a variety of
different chemical classes including polyphenols, omega-3
fatty acids, omega-6 polyunsaturated fatty acids (PUFAs), terpe-
noids, alkaloids, carotenoids and nitrogenous compounds
such as proteins, polypeptides, peptides and amino acids.>*’
It is necessary to demonstrate the efficacy, safety, and lack of
toxic effects of nutraceuticals and dietary supplements.
Nutraceutical research, therefore, focuses on testing (in vitro
and in vivo) the bioactivity of potential nutraceuticals, develop-
ing and standardizing methods to assess the mechanisms
involved in nutraceutical bioavailability, and selecting food
matrices and nutraceutical delivery systems to improve bio-
availability after oral administration.”>*® Nutraceuticals are
consumed both as dietary supplements (pills, syrups,
powders, capsules) and as functional foods enriched with
nutraceuticals in the form of free or encapsulated bioactive
compounds. The form of administration is determined by the
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stability of the bioactive compounds under different con-
ditions, such as temperature, pH, and other physicochemical
factors, used in the production of dietary supplements or func-
tional foods.>**”

Yolkin is still an undercharacterized substance, particularly
because of its practical use. The proper characterization and
stability of nutraceuticals, especially those in the form of
peptide complexes, are essential for maintaining their thera-
peutic efficacy. However, the exposure of nutraceuticals to low
or high temperatures, either during storage or transport, could
reduce their efficacy."® The improper storage of nutraceuticals
at undesirable temperatures is one of the main factors contri-
buting to the reduced efficacy of the active ingredient.
Therefore, this study aimed to determine the storage con-
ditions of yolkin, its thermal stability, and its ability to form
aggregates. The amino acid sequence of yolkin was determined
by mass spectrometry (MS), and the results were compared
with those obtained primarily by a simple Edman degradation
method. The glycosylation profile was also determined by
lectin blotting and MALDI-TOF mass spectrometry analysis. In
addition, we tested whether yolkin has activities other than
immunoregulatory and neuroprotective activities, such as anti-
hypertensive, antidiabetic, or antioxidant.

2. Materials and methods

2.1. Reagents and chemicals

Reagents for SDS-PAGE were obtained from Bio-Rad
(California, USA). Sephacryl S-100 HR resin was obtained from
GE Healthcare (Chicago, Illinois, USA). 1,1,1,3,3,3-Hexafluoro-
2-propanol (HFIP), thioflavin T (ThT), tris(hydroxymethyl)
aminomethane (Tris), glycine, N,N,N'-N'-tetramethyl-
ethylenediamine (TEMED), sodium dodecyl sulfate (SDS),
NH,HCO;, dithiothreitol, iodoacetamide, bovine serum
albumin (BSA), bacterial lipopolysaccharide (LPS) from
Escherichia coli (serotype 055:B5), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), Tween-20, angioten-
sin converting enzyme (ACE, EC 3.4.15.1; from rabbit lung),
hippuryl-His-Leu, a-glucosidase from Saccharomyces cerevisiae,
p-nitrophenyl glucopyranoside (pNPG), dipeptidyl peptidase-4
(DPP-4) from porcine kidney, Gly-Pro-p-nitroanilide, and 2,2'-
azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were
purchased from Sigma (New York, NY, USA). A Precision Plus
protein standard (10-250 kDa) was obtained from Bio-Rad
(Hercules, CA, USA). PageRuler™ Plus Prestained Protein
Ladder (10-250 kDa) was obtained from Thermo Scientific
(Waltham, MA, USA). Amyloid B4, (APs,) was obtained from
Tocris (Bristol, UK). High-glucose Dulbecco’s modified Eagle’s
medium (DMEM), a trypsin + EDTA mixture, and phosphate-
buffered saline (PBS) (pH 7.4) were prepared at the Laboratory
of General Chemistry of the Institute of Immunology and
Experimental Therapy, PAS (Wroclaw, Poland). r-Glutamine
and antibiotics (penicillin/streptomycin mixture) were pur-
chased from BioWest (Nuaillé, France). Fetal bovine serum
(FBS) was purchased from EURx Ltd (Gdansk, Poland). N-(1-
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Naphthyl)-ethylenediamine was purchased from Serva
Feinbiochemica (Heidelberg, Germany). Sulfanilamide,

sodium nitrite, orthophosphoric acid, and K,HPO, were pur-
chased from Avantor (Gliwice, Poland). Trifluoroacetic acid
(TFA) obtained from Fluka (Buchs, Switzerland).
Acetonitrile was obtained from Merck (Darmstadt, Germany),
and the trypsin solution was obtained from Promega
(Madison, USA).

was

2.2. Isolation of the yolkin polypeptide complex

Five successive isolations of yolkin were performed to show the
reproducibility of the isolation method and the similarities of
the resulting protein preparations. For each isolation, 10 eggs
from caged hens were used. Yolkin was isolated according to
the procedure described in detail by Polanowski et al'® that
consists of three main steps: fractionation of yolk proteins into
granules and plasma, salting of the IgY-containing yolkin
complex from the plasma with solid ammonium sulphate, and
finally, separation of the yolkin from the IgY sample on a
Sephacryl S-100 HR column (K50/100 Pharmacia Ltd, Kent, UK).
Fractions containing yolkin were pooled, dialysed against water,
and lyophilised. Particular isolations were named yolkins 3, 12,
13, 14 and 15. The concentration of protein in each of the iso-
lated yolkin preparations was determined by the BCA method.?®
The purity and peptide composition of the subsequent yolkin
preparation were analysed using the SDS-PAGE technique,
whereas the thermal stability was determined by nanoDSF.

2.3. SDS-PAGE analysis

The purity of yolkin (numbered 3 and 12 to 15) was deter-
mined by SDS-PAGE. SDS/polyacrylamide slab gels were pre-
pared using TXG Fast Cast acrylamide solutions (Bio-Rad,
California, USA). Protein samples (20 pg perline) were diluted
with a buffer containing dithiothreitol as a reducing reagent
and loaded onto the gel slabs. At the end of the analysis, the
gel slabs were stained with Coomassie Brilliant Blue R-250.

2.4. Evaluation of the storage stability of yolkin

To test the storage stability, yolkin 3, both lyophilised and dis-
solved in sterile PBS (1 mg mL ", filtered through a 0.22 um
filter into a sterile Eppendorf tube), was stored for four weeks
at a refrigeration temperature of 4 °C, a freezing temperature
of —20 °C, a room temperature of 25 °C, and a temperature of
37 °C. Electrophoretic separation under denaturing conditions
was performed as described in section 2.3. The peptide profile
obtained for each preparation was subjected to qualitative ana-
lysis. In addition, the biological activity was determined as
described in section 2.5.

2.5. Effect of storage conditions on the biological activity of
yolkin
2.5.1. Cell culture. A wild-type mouse bone marrow macro-

phage cell line (NR-945) was obtained from BEI Resources,
NIAID, and the National Institutes of Health (NIH). The cells
were cultivated in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS, 3% r-glutamine and antibiotics,
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according to the manufacturer’s instructions, and were grown
under standard conditions in a humidified incubator at 37 °C
under an atmosphere of 95% air and 5% CO,. Adherent cells
were detached from confluent cultures using the trypsin and
EDTA mixture, centrifuged at 150g for 10 min at RT, and resus-
pended in complete culture medium.

2.5.2. Nitric oxide generation assay. BMDMs were seeded
on a 24-well plate at a density of 1 x 10° cells per mL and cul-
tured in 10% FBS complete medium under 5% CO,/95% air
for 24 hours. The next day, the medium was changed, and
yolkin 3 (100 pg mL™") was added. The cells treated with LPS
from E. coli (serotype O55B5, 1 pg mL™') were used as the
reference sample, while untreated BMDM cells were used as a
negative control. After 24 h of incubation at 37 °C, the cell
culture supernatants were collected and used to determine
nitric oxide (NO) levels.

2.5.3. Determination of nitric oxide. Nitric oxide (NO) was
determined by measurement of the nitrite concentration in
the cell culture supernatants using the colorimetric method
with Griess reagent.® Briefly, 100 pL samples of cell super-
natants were incubated with an appropriate amount of Griess
reagent (0.1% N-(1-naphthyl)-ethylenediamine and 1% sulfani-
lamide in 5% orthophosphoric acid). After 10 min of incu-
bation at room temperature (RT), the absorbance was
measured at 550 nm. The nitrite concentration was deter-
mined by comparison with the NaNO, standard curve (0 to
75 uM).

2.6. Evaluation of aggregation ability using ThT

Thioflavin T (ThT) was dissolved in sterile phosphate buffer
(100 mM, pH 7.4) to a final concentration of 10 uM and vor-
texed for 10 min at RT. APy, (20 pM) was used as a reference
sample and was prepared as described previously.* The fibril-
lation of yolkin 3 (100 pg in sterile PBS, pH 7.4) was measured
in 96-well black plates. Before starting the measurement, ThT
was added to the reaction mixture. The final volume of the
samples was 100 pL. Fluorescence kinetics data were collected
in triplicate at 37 °C using a CLARIOstar® Microplate Reader
(BMG LabTech, Offenburg, Germany), and measurements were
taken at 15-minute intervals for 48 hours. The excitation and
emission wavelengths were set to 440 and 480 nm, respectively.
The experiment was repeated three times with two repetitions
each (n = 6). The plot shows a single measurement point based
on the average value of the three independent repetitions, with
error bars representing their standard deviation.

2.7. Nanodifferential scanning fluorimetry (nanoDSF)

Thermal stability analysis of yolkins 3 and 12-15 was per-
formed using the Prometheus NT.48 platform (NanoTemper
Technologies GmbH). The standard capillaries were filled with
10 pL of sample solution containing 1 mg mL™" protein in
sterile PBS (pH 7.4). The initial fluorescence scans at 330 nm
and 350 nm at 20 °C were used to determine the optimal LED
excitation power of 36%. The fluorescent emission at 330 nm
and 350 nm indicated that all the analyzed samples were
within the optimal detection range of less than 20 000 counts.

This journal is © The Royal Society of Chemistry 2024
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The samples were subjected to a temperature ramp of 1 °C
min~" from 20 °C to 95 °C during the melting scan, with con-
tinuous analysis and collection of the fluorescence signal at
330 nm and 350 nm. Data analysis was performed using dedi-
cated instrument software, PR Therm Control, and PR Stability
Analysis and presented as a ratio of 350/330 nm (NanoTemper
Technologies GmbH).

2.8. LC-MS analysis

2.8.1. In-gel digestion. The proteins were subjected to gel
digestion following the procedure outlined by Shevchenko
et al.>® The yolkin 3 bands of interest (Fig. 1b) were excised
from the Coomassie-stained polyacrylamide gel, cut into
approximately 1 x 1 mm pieces, and destained using a mixture
of 100 mM NH,HCO; and acetonitrile (1:1, v/v, Sigma,
Merck). The reduction of disulfide bridges formed between
thiol groups in cysteine residues was achieved by incubation
for 30 minutes at 56 °C in a 10 mM solution of dithiothreitol
(Sigma) in 100 mM NH4HCO;. Alkylation of the cysteine sulf-
hydryl groups was carried out by adding a 55 mM solution of
iodoacetamide (Sigma) in 100 mM NH,HCO; and incubating
for 20 minutes in the dark at room temperature. In-gel diges-
tion was carried out using a trypsin solution (Promega) at a
concentration of 13 ng pL™' in 10 mM NH4HCO; containing
10% (v/v) acetonitrile at 37 °C overnight. After overnight incu-
bation, the sample was centrifuged, and the solution was col-
lected. Peptides were further extracted from the gel using 70%
acetonitrile. All solutions were prepared using LC-MS grade
reagents and Milli-Q water.

2.8.2. LC-MS analysis. The peptide sample was separated
by liquid chromatography using an Easy nLC 1000 and ana-
lyzed by MS using an LTQ Orbitrap Elite ETD (Thermo
Scientific). During the separation, the following reagents and
parameters were used: Acclaim PepMap 100 C18; Acclaim
PepMap column, 75 mm x 50 cm; eluent A: water, 0.1% formic
acid (Sigma); eluent B: acetonitrile:water (90:10), 0.1%
formic acid (Sigma); gradient: 5-55% eluent B; time:
150 minutes; eluent flow rate: 300 ml min™"; and injection
volume: 15 pL. LC-MS additives, solvents, and Milli-Q water
were used to prepare the eluents. Mass spectra were collected
in positive ion mode with a range of m/z 110-2000. The data
were analyzed and identified using ProteinScape 3.0 software
(Bruker) and the MASCOT search engine (Matrix Science,
2.5.0) in the SwissProt database. The search criteria included
taxonomy: vertebrates, mass tolerance: 10 ppm, fixed modifi-
cations: carbamidomethylation (C), and variable modifi-
cations: oxidation (M) and acetylation (protein N-terminus).

2.9. Analysis of yolkin glycosylation profiles

2.9.1. Yolkin deglycosylation and N-glycan purification.
Yolkin 3 deglycosylation was performed using peptide-N4-(N-
acetyl-beta-glucosaminyl) asparagine-amidase A (PNGase A;
New England Biolabs, Ipswich, MA, USA) treatment. For the
subsequent purification of N-glycans, 1 mg of yolkin was dis-
solved in 100 pL of PBS/1% SDS/1% p-mercaptoethanol, pH
6.0, and incubated for 20 min at 97 °C. After the samples were

This journal is © The Royal Society of Chemistry 2024
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cooled, 12 pL of 10% NP-40 and 10 pL of PNGase A were
added, and deglycosylation was carried out for 72 h at 37 °C.

The released N-glycans were purified using Sep-Pak Cg car-
tridges (Waters Corporation, Milford, MA, USA) as described
by Morelle and Michalski,*® with slight modifications. Briefly,
the Sep-Pak C;5 column was conditioned with 5 mL of metha-
nol followed by 10 mL of 0.5% acetic acid. After PNGase A
treatment, the sample was loaded. The elution of N-glycans
was performed using 5 mL of 0.5% acetic acid. The lyophilized
samples were then subjected to MALDI-TOF mass spec-
trometry analysis.

Samples (1 mg mL™' in mQ) were analyzed using a
MALDI-TOF Ultraflextreme III instrument (Bruker, Germany).
The MALDI-TOF MS spectra were obtained in negative ion
mode. AA [10 mg mL™" in 1:1 AcN/2.5% FA (v/v)] was used as
a matrix for analyses.

2.9.2. Lectin blotting. Yolkin 3 lectin blotting analysis was
performed as described by Lisowska et al.>* Each line contained
5 pg of untreated or deglycosylated yolkin 3 and was subjected
to SDS-PAGE on a 10% Tris—glycine gel line. After electrophor-
etic transfer, the nitrocellulose membrane was blocked in 5%
BSA in TBS overnight at 4 °C. The membrane was washed with
TBS and then incubated in a 5 pg mL™ solution of biotinylated
lectin in the appropriate buffer (details included in Table 1A,
see the ESIY) for 1 hour. After that, the membrane was washed
again and incubated with ExtrAvidin conjugated with alkaline
phosphatase, which was diluted 1:5000 in TBS/1% BSA/0.05%
Tween 20, for 1 hour. Finally, the glycoprotein bands were visu-
alized using the BCIP/NBT reaction.

2.10. Determination of yolkin biological activity

2.10.1. Determination of antihypertensive activity (in vitro)
- angiotensin-converting enzyme (ACE) inhibitory activity.
Yolkin 3’s ACE inhibitory activity was measured using spectro-
photometry following the method described by Miguel et al.*’
A 40 pL sample solution was mixed with 100 uL of hippuryl-
His-Leu solution (5 mM in 100 mM potassium phosphate con-
taining 300 mM sodium chloride, pH 8.3) as a substrate. The
mixture was preincubated at 37 °C for 5 minutes, and then the
reaction was initiated by adding 20 uL (2 mU) of ACE solution.
The reaction was incubated for 30 minutes at the same temp-
erature and terminated by adding 150 uL of 1 M HCI. The hip-
puric acid was extracted by shaking it with 1 mL of ethyl
acetate. Then, after previous centrifugation, 750 pL of the upper
layer was transferred to a test tube and evaporated under
vacuum. The remaining hippuric acid was dissolved in 800 pL
of distilled water, and its absorbance was measured at A =
228 nm. The inhibitory activity of yolkin was tested three times.
The activity was calculated using the following equation:

Inhibition activity (%) = [(A — B)/A] x 100%

A — reaction blank, in which the mixture contained the same
volume of the buffer solution instead of the ACE inhibitor
sample, and B - reaction in the presence of both ACE and its
inhibitor. The ICs, value was estimated from a dose-response
curve of an inhibitor versus the percentage of ACE activity.
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2.10.2. Determination of the antidiabetic activity (in vitro)
of a-glucosidase and dipeptidyl peptidase-4 (DPP-4) inhibitory
activity

2.10.2.1. The a-glucosidase inhibitory activity was measured
according to the method described by Yu et al..”® Briefly, 5 uL of
the a-glucosidase solution (10 U mL™" resolved in 0.1 M pot-
assium phosphate buffer, pH 6.8) was premixed with 10 pL of
the sample solution at different concentrations (in 10%
DMSO) in 620 pL of 0.1 M potassium phosphate buffer (pH
6.8). After 20 min of incubation at 37.5 °C, 10 pL of pNPG
(10 mM) used as a substrate was added to the mixture to start
the enzymatic reaction, followed by incubation at 37 °C for
30 min. Finally, 650 uL of 1 M Na,CO; solution was added to
stop the reaction. The concentration of p-nitrophenol released
was measured at 4 = 410 nm, and the IC5, value was defined as
described in point 2.1.10.

2.10.2.2. The DPP-4 inhibitory activity (ICs,) was determined
using the methods of Lacroix and Li-Chan.’” The freeze-dried
yolkin 3 was dissolved in 0.1 M Tris-HCI buffer, pH 8.0. The
test sample (25 pL) was preincubated with an equal volume of
DPP-4 (0.01 U ml™, in 0.1 M Tris-HCI buffer, pH 8.0) at 37 °C
for 10 min. Then, 50 pL of the substrate Gly-Pro-p-nitroanilide
(1.6 mM) was added, and the mixture was incubated at 37 °C
for 60 min. Then, 100 pL of 1 M sodium acetate buffer, pH 4.0,
was added to stop the reaction. The amount of p-nitroanilide
released was measured at 4 = 405 nm. The ICs, value was
defined as described in point 2.1.10.

2.10.3. Determination of antioxidant activity. The anti-
oxidant activity of yolkin was assessed based on the scavenging
effect of the radical monocation of 2,2’-azinobis-(3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS*+).

The antioxidant activity was determined using the method
of Re et al.’® The ABTS radical cation (ABTS'+) was dissolved in
water to an absorbance of 0.70 (60.02) at 734 nm. The tested
samples (10 pL) were mixed with 990 pl of ABTS + water solu-
tion. The mixtures were left at room temperature for 6 min,
and then the absorbance of the resulting solutions was
measured at 734 nm. For calibration, aqueous solutions of
known Trolox concentrations were used. The radical scaven-
ging activity of yolkin was expressed as pM Trolox., per mg
protein.

2.11. Data analysis and graphical visualization

Statistics and graphs were prepared using GraphPad Prism
Software v 9.5.1. The data are presented as the means + SDs.
The data were analyzed using one-way ANOVA. A value of p <
0.05 was considered to indicate statistical significance.

3. Results

3.1. Isolation of the yolkin complex

The yolkin obtained from the IgY sample is a mixture of poly-
peptides and proteins with molecular weights ranging from 15
to 37 kDa, as shown by the electrophoretic analysis of five
independent isolations named 3 (yolkin 3) and 12-15 (yolkins
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12-15) (Fig. 1a and b). The predominant proteins had mole-
cular weights of 35 and 37 kDa. Despite additional re-chrom-
atography of the preparations, slight IgY contamination was
observed in yolkins 12-15. An average concentration of 900 pg
ml™" protein (determined by the BCA method) was obtained
from two milligrams of lyophilised yolkin preparation.

3.2. Evaluation of storage stability

The stability of yolkin 3 stored in two forms, lyophilization
(referred to as y100/L) and PBS solution (referred to as y100/P),
was investigated. The yolkin samples were stored at different
temperatures (high, 37 °C; room, 25 °C; refrigeration, 4 °C;
and freezing, —20 °C) for 4 weeks. Two parameters were ana-
lyzed: the intensity of the yolkin-related bands and the biologi-
cal activity determined by the effect of yolkin on NO pro-
duction in BMDM cells.

SDS-PAGE analysis revealed changes in the intensity of the
yolkin-related band. The intensities of the effects of lyophilized
yolkin stored at —20 °C, 4 °C, and 25 °C, as well as PBS-solubilized
yolkin stored at —20 °C and 4 °C, were comparable. However,
yolkin stored at 37 °C (both lyophilized and PBS-solubilized)
showed a significant reduction in band intensity (Fig. 1c).

Analysis of the effect of storage temperature on the biologi-
cal activity of yolkin showed that lyophilised yolkin stored at
—20 °C, 25 °C, and 4 °C induced the production of comparable
amounts of NO, which were 38.6 pM, 37.9 pM, and 37.7 pM,
respectively. However, yolkin stored at 37 °C was much less
active (Fig. 2e). Compared with lyophilization, the storage of
yolkin in PBS solution resulted in a 50% decrease in activity.
The concentrations at —20 °C and 25 °C were 21.6 pM NO and
21.5 pM NO, respectively (Fig. 2a and c). However, at 4 °C,
there was no significant difference, with 38.3 pM NO for y100/
P and 37.7 pM NO for y100/L (Fig. 2b). Nevertheless, 37 °C was
found to be the least favourable temperature for storing yolkin,
particularly as a PBS solution (Fig. 2d), resulting in a reduction
of approximately 40% in NO production (23.2 pM NO for y100/
L and 8.2 pM NO for y100/P) (Fig. 2e and f) compared to the
other temperatures tested.

3.3. Evaluation of the yolkin aggregation ability using ThT

Using a small molecule dye, thioflavin T (ThT), is one of the
simplest and most widely used methods for monitoring the
aggregation of amyloidogenic proteins. ThT exhibits a fluo-
rescence emission maximum at a wavelength of approximately
480 nm when it binds to the beta-sheet structure of prefibrillar
and fibrillar protein aggregates. Many proteins can form
dimers, oligomers, and fibrils containing p-sheet and amyloid
structures.®® The fluorescence measured in the presence of the
yolkin complex after 36 hours of incubation at 37 °C showed
no change in intensity compared to that of the amyloid B4,
(10 pM) fluorescence, which was used here as a reference
(Fig. 3). This indicates that yolkin does not tend to aggregate.

3.4. Nanodifferential scanning fluorimetry (nanoDSF)

NanoDSF, performed using the Prometheus NT.48 platform
(NanoTemper Technologies GmbH), was used to characterize

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 SDS-PAGE analysis of yolkin preparations (a and b) and SDS-PAGE separation of yolkin stored at different temperatures (c). Yolkins 12-15
(20 pg per line) (a), yolkin 3 (20 ug per line) (b), and immunoglobulin Y (a, b and c) were subjected to electrophoresis followed by staining with
Coomassie Brilliant Blue R-250. A Bio-Rad molecular weight marker was used. IgY from each preparation was loaded at 20 pg per line. (c) Yolkin 3
was either freeze-dried (1 mg mL™) or dissolved in PBS (1 mg mL™) and stored at 37 °C, 25 °C, 4 °C, or —20 °C for four weeks. Next, 20 pg of yolkin
per line was electrophoresed on a 12% polyacrylamide gel under denaturing conditions. The proteins in the gel were stained with Coomassie
Brilliant Blue R-250, and the gel image was captured using the Molecular Imager ChemiDoc XRS+ Imaging System (Bio-Rad).

the process of yolkin isolation. The studies focused on analys-
ing the thermal and colloidal stability, folding quality, and
conformational similarity of yolkin after the isolation process.
Yolkins 12, 13, 14, and 15, which were derived from the same
upstream source material, had similar unfolding profiles
(Fig. 4a and b) and exhibited relatively high initial fluorescence
ratios in the range of 0.82-0.86 (Fig. 4a). They exhibit two
unfolding events, with the first melting temperature point (7,y,)
in the range of 46-48 °C and the second unfolding event with
the Ty, in the range of 72-73 °C (Table 4A, ESIf). The differ-
ences in the colloidal stability of the yolkin samples also indi-
cate their tendency to aggregate (Fig. 4c). Yolkins 12 and 13
show relatively little aggregation in the presence of thermal
unfolding, but yolkins 14 and 15 show a significant propensity
to aggregate in association with the second unfolding event—
the onset of aggregation in the range of 69-72 °C and its
inflection point in the range of 75 °C. In contrast, yolkin 3,
derived from different upstream sources, exhibited different
melting curve characteristics (Fig. 4). Its initial fluorescence
ratio is significantly lower in the range of 0.7 (Fig. 4a), and it
has only one unfolding event with the T, in the range of
71 °C, corresponding to the second Ty, value of yolkins 12-15.

This journal is © The Royal Society of Chemistry 2024

Moreover, the unfolding profiles of IgY are similar to those of
the first Ty, in the range of Ty,; values of yolkins 12-15 (Fig. 4a).

3.5. Sequence analysis of yolkin (LC-MS)

To characterize the peptides contained in yolkin 3, MS was used.
Mass spectrometric analysis revealed the presence of 19 peptides
whose amino acid sequences were homologous to part of the
amino acid sequence of vitellogenin II (see ESI Table 2Aft), with a
sequence coverage of 9.70%. This metric refers to the proportion
of amino acid sequence coverage of the identified yolkin peptides
ranging from 7-23 amino acid residues compared to the entire
vitellogenin II sequence of 1850 amino acid residues. In addition,
12 peptides homologous to vitellogenin 1 were also identified,
with 6.60% sequence coverage, in terms of the proportion of
amino acid sequence coverage of the identified yolkin peptides
(see ESI Table 3At). The identified yolkin peptides range from
6-23 amino acid residues, whereas the polypeptide chain of vitel-
logenin I has a length of 1912 amino acid residues.

3.6. Analysis of yolkin glycosylation profiles

Lectin blot analysis using Con A, SNA, RCA and AAL (specifici-
ties listed in Table 1A, ESIt) revealed that three yolkin fractions
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Fig. 2 Impact of yolkin storage conditions on nitric oxide (NO) production in BMDMs. Yolkin 3 was either freeze-dried (y100/L, 1 mg mL™) or dis-
solved in PBS (y100/P, 1 mg mL™2) and stored at 37 °C (d, e, f), 25 °C (c, e, f) 4 °C (b, e, f) or —20 °C (a, €, f) for 4 weeks. After the incubation period,
we analyzed the effect of the yolkin preparation on nitric oxide production in BMDM cells. BMDMs (1 x 10® mL™) were cultured with a specific
yolkin sample (100 y mL™%) under 5% CO,/95% air for 24 hours. Then, the supernatants were collected, and the level of NO was determined by the
Griess reaction. The results represent three independent experiments and are presented as the mean + SD. To examine the differences between the
samples studied, we used one-way ANOVA. The significance levels are denoted as follows: *p < 0.05, **p < 0.001, ***p < 0.0001 and ****p < 0.0001.
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Fig. 3 Determination of yolkin aggregation ability. The formation of
yolkin 3 (100 ug mL™) and Ap,, (10 uM) fibrils was monitored using the
ThT fluorescence assay. The fluorescence intensity was measured at an
excitation/emission wavelength of 420/489 nm and is presented as a
normalized fluorescence curve. The experiment was repeated twice in
three independent replicates (n = 6). Pure ThT solution was used as a
blank to overcome the problem of autofluorescence.

with MWs above 16 kDa were glycosylated (Fig. 5a). Most frac-
tions were detected by Con A staining, followed by SNA. RCA
bound only to the major fractions of yolkin, and AAL stained
predominantly a band corresponding to the IgY heavy chain.
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PNGase A treatment reduced the staining intensity of all the
lectins, with some glycopeptides/glycoproteins being comple-
tely deglycosylated. These results suggest that yolkin fractions
carry N-glycan chains, both of which are high-mannose and
complex types capped by sialic acid residues, with a low level
of fucosylation.

The MALDI-TOF MS spectrum of 2AA-N-glycans from yolkin
3 is shown in Fig. 5b. The profile indicates a peak at m/z
1375.99 [Mans;GIcNAc,-2AA + H + Na]', and up to five
additional Man residues were added to this structure, which
are represented by ions at m/z 1538.01, 1700.01, 1862.53,
2025.09 and 2186.04. The profile also indicated that the ions
at m/z 1478.78 [GalMan;GlcNAc, + H]*, m/z 1680.48
[GalMan;GlcNAcs + H]', m/z 1842.03 [Gal,Man;GlcNAc; + H]',
and m/z 2132.60 [Neu5AcGal,Man;GlcNAc, + H]" corresponded
to non-2AA tags. The ions at m/z 1255.04 [Man;GlcNAc;-2AA +
H + Na]', m/z 1417.04 [GalMan;GlcNAc;-2AA + H + Nal', m/z
1620.05 [GalMan;GlcNAc,2AA + H + Na]*, m/z 1782.09
[Gal,Man;GlcNAc,2AA  + H + Na]', m/z 1911.00
[Neu5AcGalMan;GleNAc,-2AA  + H  + Nal', m/z 2072
[Neu5AcGal,Man;GleNAc,-2AA + H + Na]', and m/z 2363.97
[Neu5Ac,Gal,Man;GIcNAc,2AA + H + Na]' represented all
N-glycan structures present in yolkin 3.

3.7. Yolkin biological activity

Not much is known about peptides naturally present in egg
yolks, such as yolkin. Therefore, its antidiabetic, antioxidant
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Fig. 4 Thermal unfolding profiles of yolkins 12—15 compared to the unfolding signals of IgY and yolkin 3. Samples were measured over a tempera-
ture range of 20 °C-95 °C. (a) The upper part shows the ratio of integrated fluorescence at 350/330 nm. The vertical lines indicate the T,,. (b) The
middle part shows the corresponding first derivative plotted against the temperature. (c) The lower part shows the aggregation profile visualized as a

function of the scattering signal versus temperature.
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Table 1 Anti-diabetic, anti-hypertensive and antioxidant activity of
yolkin

Biological activity

Antidiabetic Antihypertensive Antidiabetic =~ Antioxidant

DPP-IV IC;, (ug) ACE ICs (ng)

a-Glucosidase
ICso (ng)

34.84 £4.18

ABTS scavenging
(uMTroloxeq per mg)

325.46 = 3.96 357.83 +4.80 2.50 £0.30

and antihypertensive activities were measured (Table 1). Yolkin
showed antioxidant activity. The free radical-ABTS scavenging
activity of yolkin for 1 milligram was equivalent to that of
2.5 pM Trolox. In addition, yolkin showed significant inhibitory
activity against the enzyme o-glucosidase, reaching an ICs, =
34.84 pg. Yolkin was not shown to be a significant inhibitor of
ACE (ICsg = 357.83 pg) or DPP-IV (ICs, = 325.46 pg).

4. Discussion

Hippocrates said, “Let food be thy medicine and medicine be
thy food”. This golden phrase has inspired people to search
for highly nutritious substances in food. Biologically active
nutraceuticals are characterized by multiple direct effects and
high potential as safe, effective, and long-term supplements,
as they are promising therapeutic agents that can maintain the
body in good shape and prevent various diseases (cancer, dia-
betes, neurodegenerative diseases or inflammation); addition-
ally, they can improve quality of life and slow the ageing
process. The abundance of food sources provides great variety.
Today, people’s increasing fascination with nutraceuticals is
driven by a growing awareness of their dual properties, which
include both nutritional and pharmaceutical functions.*’
Recent studies have shown that hen eggs can be valuable

10754 | Food Funct., 2024, 15, 10746-10760

materials for biomedical applications due to the high levels of
biologically active compounds they contain. Most of the sub-
stances present in the egg material possess biological activity
related to their antimicrobial, anticancer, and immunogenic
properties.”” Yolkin deserves special attention.

In 2012, Polanowski et al.'> showed that IgY, the major
chicken immunoglobulin fraction, is accompanied by extra
proteins and functions as a transporter of biologically active
substances, as previously shown for colostral IgG.*" To date,
the ability of yolkin to regulate both immunomodulatory and
neuroprotective mechanisms has been demonstrated,
suggesting its potent therapeutic properties to aid in the treat-
ment or prevention of both immunological and neurodegen-
erative disorders.> To establish a novel therapeutic approach
based on yolkin, further research is needed to fully character-
ize its physical and biological properties.

In the present work, we determined the storage conditions
of yolkin, its thermal stability, its potential aggregation activity,
and the influence of these parameters on its biological activity.
In addition, the degree of glycosylation and the amino acid
sequence were determined.

Yolkin complexed with IgY was first isolated from egg yolk
on Sephacryl S-100 HR by size exclusion chromatography, as
described in the procedure published by Polanowski et al.'?
Electrophoretic analysis of yolkin from five independent iso-
lations revealed a mixture of several proteins and peptides
with MWs ranging from over 15 to approximately 37 kDa
(Fig. 1a and b), with bands at 35, 32, and 24 kDa representing
the major proteins. These results are in general agreement
with those of Polanowski et al.™® and Zambrowicz et al.,*® who
defined yolkin as a heterogeneous set of proteins and peptides
ranging in size from 1 to approximately 35 kDa. In our opinion,
yolkin preparations can vary, and the particular constituents
can be highly dependent on the starting material (egg yolk).

The yolkin proteins and polypeptides separated by
SDS-PAGE, previously identified by the Edman technique,

This journal is © The Royal Society of Chemistry 2024
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showed homology to the C-terminal sequence of vitellogenin
I."® Edman degradation is a classic and accurate method for
protein sequencing, especially for smaller proteins, but it is
limited in speed and scalability.*” Depending on the amount
of the sample, it can sequence 10-50 amino acid residues.
Therefore, we decided to perform an additional analysis using
mass spectrometry (MS), a modern and versatile technique for
protein identification and sequencing, especially for complex
mixtures and larger proteins.*’ A comparison of the high hom-
ology of yolkin components with vitellogenin II revealed the
presence of 19 peptides with a high sequence coverage of
9.70% in the Mascot database. Interestingly, 12 peptides hom-
ologous to vitellogenin I were also detected, with a sequence
coverage of 6.60%. The results obtained confirm previous
studies on the peptide composition of yolkin and its homology
to vitellogenin II and provide additional data on the content of
peptides homologous to vitellogenin 1.**

Hen eggs are abundant in glycoproteins. In particular,
N-glycosylated egg proteins play an important role in maintain-
ing their structure and stability and are important for activat-
ing the immune system to neutralize pathogens during
embryonic development.**™*” The precursor of the major egg
yolk proteins, vitellogenin, is enzymatically cleaved during egg
processing into lipovitellins, phosvitins, and peptides YGP40
and YGP42.>%4%49 In addition, the latest research has shown
that vitellogenin II-derived peptides and proteins, such as the
yolk glycopeptide YGP40 and yolkin, whose amino acid
sequence corresponds to the N-terminal region of the
C-terminal domain of vitellogenin II (cysteine-rich), have
immunomodulatory properties and may participate in host
immune defence®'*!518195% 1n 1985 Yamamura et al®
showed that YGP40 contains both high-mannose-type and
complex-type carbohydrate chains that bind to proteins
through asparagine (N-linked) residues. Considering that
YGP40 can be a potential precursor of some yolkin peptides,
we speculated that YGP40 can also be glycosylated to a level
comparable to that of YGP40. Our study confirmed our esti-
mations. We observed that yolkin, comparable to fractions
with MWs above 16 kDa, is glycosylated and carries N-glycan
chains, both of which are high in mannose and complex types
capped by sialic acid residues. There is now strong evidence
that yolkin constituents may be a set of peptides resulting
from vitellogenin-derived YGP40 proteolytic cleavage. Certain
proteins require glycosylation for their biological activity.**™*
Although glycosylation can enhance biological maintenance,
as observed with IgY, a prominent avian immunoglobulin
class,” there are some exceptions. Zambrowicz et al.'” demon-
strated an inverse correlation between the yolkin glycosylation
level and nitric oxide production in macrophages. Compared
with the glycosylated yolkin fractions, the deglycosylated
yolkin fractions showed greater activity with no significant
effect on cytokine induction. In contrast, recombinant YGP40
lacks carbohydrate moieties due to the lack of glycosylation
activity in E. coli. Interestingly, the ability of YGP40 to upregu-
late iNOS expression, induce NO production, and stimulate
cytokine production is comparable to that of the glycosylated

This journal is © The Royal Society of Chemistry 2024
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yolkin complex.”® This indicates that the presence of the carbo-
hydrate is not a critical factor in determining yolkin biological
activity. On the other hand, protein glycosylation has been
shown to stabilize the structure and stability of proteins and
protect them from proteolytic degradation, aggregation, or
damage by active oxygen radicals.*>”">*> We speculate that the
presence of high-mannose-N-glycans in yolkin peptides may
prevent its aggregation and decrease its sensitivity to thermal
denaturation and proteolytic hydrolysis. However, further
studies are needed to explain this phenomenon.

In the field of nutraceutical science, careful study of the
optimal storage conditions is essential. This study aimed to
elucidate specific aspects of yolkin storage, focusing on para-
meters that have a significant influence on yolkin stability and
bioavailability. Unfortunately, the current literature on the
stability of bioactive preparations during storage is very
limited. Maintaining the integrity and functionality of purified
proteins during prolonged storage is paramount, with the
shelf life ranging from days to over a year, depending on the
protein type and storage conditions. The key characteristics of
protein storage conditions also depend on factors, such as for-
mulation and temperature. Specifically, storage at surrounding
temperatures can lead to protein degradation and reduced
activity. A better understanding of the technological con-
ditions is essential to optimize the storage protocols for egg
yolk-based therapeutic strategies.’>>* In particular, proteins
stored in solution at 4 °C may experience reduced stability
within a few days or weeks, mainly due to microbial or proteo-
Iytic degradation. Whereas freezing at —20 °C is a common
method for cold protein storage, the drawback is the potential
compromise of protein stability due to freeze-thaw cycles. On
the other hand, lyophilization is an alternative that allows the
protein to be stored for longer periods, minimizing the risk of
degradation.>>® Another important consideration is the effect
of storage conditions on protein aggregation, which can have a
significant impact on bioavailability.’® In this study, the effects
of two different yolkin formulations, lyophilised and as PBS
solution, were investigated, and different storage temperatures
were tested: high (37 °C), room (25 °C), refrigeration (4 °C),
and freezing (—20 °C) for 4 weeks. Two parameters were ana-
lyzed: the intensity of the yolkin-related bands and the biologi-
cal activity determined by the effect of yolkin on NO pro-
duction in BMDM cells. SDS-PAGE analysis revealed changes
in the intensity of the yolkin-related bands, indicating that the
most favorable form of storage for yolkin at 4 °C is lyophiliza-
tion. However, analysis of the effect of storage temperature on
the biological activity of lyophilized yolkin showed no differ-
ences between temperatures of —20 °C, 4 °C and 25 °C
(Fig. 2e), although there were marked differences in band
intensity in the electrophoretic image (Fig. 1c). A temperature
of 37 °C was found to be the most unfavorable temperature for
yolkin storage. Both band intensity (Fig. 1c) and NO production
(Fig. 2d, e and f) were significantly reduced (approximately
40%) compared to those under the other conditions tested.

Recent data suggest that some proteins can self-aggregate
and form amyloid fibrils under certain storage conditions.?”>>
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These fibrils are not connected with any known amyloid
disease; however, they have comparable morphological features
to the amyloid fibrils of disease-associated proteins and can sig-
nificantly alter their bioavailability and biological potential. For
instance, the bacteriostatic and bactericidal properties of hen’s
egg white lysozyme are mainly attributed to its monomers and
dimers. In contrast, its fibrils demonstrate notably enhanced
antibacterial activity against both lysozyme-resistant S. aureus
and lysozyme-insensitive E. coli,”>*® compared to its monomers.
On the other hand, insulin has been shown to form poly-
morphic amyloid fibrils at the site of drug injections in diabetic
patients, leading to harmful insulin injection amyloidosis.®*

Based on the above data, we investigated whether yolkin
tended to form amyloid fibrils. The recommended fluo-
rescence method using thioflavin T (ThT) was used for this
purpose.®” The assay was performed at 37 °C, the temperature
at which the greatest reduction in yolkin biological activity was
observed (Fig. 2e and f). ThT fluorescence in the presence of
yolkin after 36 hours of incubation did not change compared
to that in the presence of amyloid p42 (10 uM), which is used
as a reference protein with a high aggregation capacity (Fig. 3).
This indicates that yolkin is a stable complex and does not
tend to self-aggregate, which may be one of the reasons for the
reduced bioavailability and biological activity of yolkin.

In the next step of our study, we used the nanoDSF method
to analyze the thermal and colloidal stability, folding quality,
and conformational similarity of yolkin after isolation.®*®* The
Prometheus NT.48 platform, employing dual-UV technology,
facilitated rapid fluorescence detection, ensuring high-resolu-
tion unfolding curves and label-free evaluation of tryptophan
and tyrosine residue properties. This method is ideal for
efficient protein analysis, offering quick, accurate results in
protein research, engineering, formulation development, and
quality control, spanning R&D to downstream validation in puri-
fication and storage processes.®®®® We observed that yolkins 3
and 12-15 have similar unfolding profiles (Fig. 4a and b), with
two unfolding events with the first Ty, in the range of 46-48 °C
and the second unfolding event with the T,, in the range of
72-73 °C. Interestingly, when we analyzed the colloidal stability
of the samples, represented by their tendency to aggregate, we
observed different colloidal properties of the individual samples
(Fig. 4c). Yolkins 12 and 13 show relatively little aggregation in
the presence of thermal unfolding. However, yolkins 14 and 15
showed a significant tendency to aggregate in association with
the second unfolding event - the onset of aggregation in the
high-temperature range of 69-72 °C and its inflection point in
the range of 75 °C. The parameters of the aggregation event
suggest that the thermal unfolding of the sample triggered this
event. Yolkins 12-15 were derived from the same upstream
source material. Interestingly, when we compared the thermal
and colloidal stability profiles of these samples with those of
yolkin 3, which were derived from different upstream sources,
we observed differences in the melting curves (Fig. 4). Yolkins
12-15 all have relatively high initial fluorescence values with
ratios in the range of 0.82-0.86, whereas yolkin 3 has a signifi-
cantly lower initial fluorescence ratio in the range of 0.7. In
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addition, yolkin 3 has only one unfolding event with the T, in
the range of 71 °C, corresponding to the second T, value of
yolkins 12-15. Therefore, the dual unfolding properties of
yolkins 12-15 may indicate the presence of a more complex
protein mixture. It is possible that yolkins 12-15 have two
protein groups, whereas yolkin 3 is more homogeneous. The
protein groups were shared by yolkins 12-15 due to the high
similarity of the unfolding profiles of these samples. A higher
initial fluorescence ratio would suggest that the group with a
lower T, value could have more aromatic residues exposed to
the environment in their native state or have more Tyr in their
sequence. Furthermore, when we analyzed the unfolding pro-
files of IgY, which could be a common contaminant obtained
during the extraction process, we observed a very similar unfold-
ing profile with the first Ty, in the range of the Ty,; value of
yolkins 12-15 (Fig. 4). SDS-PAGE analysis also confirmed that
yolkins 12-15 had bands corresponding to those of the IgY
samples. This potentially suggests that the additional T}, value of
yolkins 12-15 could be of IgY origin and is missing in yolkin 3
both when analyzed on gel and on the nanoDSF melting profile.

There is a great deal of information available on biologically
active peptides produced in vitro from egg yolk proteins
by enzymatic hydrolysis.®”"®® However, the polypeptides and
peptides naturally occurring in egg yolk have not been ade-
quately studied. The granular fraction of egg yolk contains
a-lipovitellins,  p-lipovitellins, high-density lipoproteins
(HDLs), phosvitins, and low-density lipoproteins (LDLS).
Enzymatic hydrolysis of this fraction with pepsin after defat-
ting yields peptides possessing antioxidant, antidiabetic, and
antihypertensive activity.®” Synthetic analogues of these iso-
lated and identified peptides showed biological activity. The
peptide YIEAVNKVSPRAGQF (apovitellin-1 fragment) shows
strong ACE inhibitory activity, with ICso = 9.4 pg ml™". The
YINQMPQKSRE peptide (apolipoprotein B fragment) showed
significant DPPH free radical scavenging and DPP-IV inhibi-
tory activity, and the ACE inhibitory activity (ICs,) reached
10.1 pug ml™'. The VIGRFAGHPAAQ peptide, a fragment of
vitellogenin-2, shows a-glucosidase inhibitory activity (ICs5, =
365.4 pg ml™"). Lipoproteins from the granular fraction of egg
yolk are precursors of a potentially antihypertensive peptide
with the sequence K.VQWGIIPSWIK. K.®® Phosvitin, on the
other hand, is a precursor of phosphopeptides with multifunc-
tional activity; it has good iron chelating capacity and free
radical scavenging activity, as well as inhibitory activity against
proinflammatory cytokines.®® The common feature of yolk
granule proteins and yolkin is that they share the same precur-
sor, vitellogenin.? Similarly, yolkin, which is a product of vitel-
logenin proteolysis, may have similar activity. We have shown
that yolkin has both antioxidant and antidiabetic activity (inhi-
bition of a-glucosidase activity) (Table 1).

5. Conclusions

This research demonstrated the potential of the yolkin
complex derived from hen egg yolks as natural nutraceuticals

This journal is © The Royal Society of Chemistry 2024
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with significant health benefits. This study investigated the
peptide composition, glycosylation level, storage conditions,
and thermal stability of yolkins. This finding emphasizes the
importance of proper storage conditions and thermal stability
and showcases the credibility and expertise of yolkin as a
natural nutraceutical with various health benefits. Yolkin pos-
sesses both antioxidant and antidiabetic properties, making it
a highly promising natural compound for addressing various
health issues in the nutraceutical landscape. The yolkin
complex has demonstrated its potential as a valuable addition
to the field due to its ability to reduce oxidative stress and
metabolic dysregulation. However, further research is needed
to determine the specific dosage forms, optimal delivery
mechanisms, and potential synergistic effects of these com-
pounds with other bioactive compounds. To fully understand
the benefits of the individual components of the yolkin
complex, it is critical to thoroughly explore its biological poten-
tial. Unlocking the full therapeutic potential of yolkin and
facilitating its integration into personalized and preventive
healthcare strategies is crucial. This research has the potential
to revolutionize the field of healthcare. Therefore, it is impera-
tive to continue investing in this area to fully understand the
benefits of yolkin and its potential applications.
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