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Abstract

This study investigated the stability of milk fat globule membrane (MFGM)
protein under simulated gastrointestinal conditions using an in vitro enzymatic
digestion method. The optimal hydrolysis conditions were determined by monitoring
the changes in particle size and zeta-potential of MFGM protein hydrolysates over time.
Furthermore, the distribution of small molecular weight peptides with antioxidant
activity was explored through DEAE-52 combined with in vitro cell experiments. Two

novel antioxidant peptides (TGIIT and IITQ) were identified based on molecular
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docking technology and evaluated their potential scavenging activity against 1,1-
diphenyl-2-picrylhydrazyl (DPPH) and 2,2'-Azinobis-(3-ethylbenzthiazoline-6-
sulphonate) (ABTS") radicals. TGIIT and IITQ also demonstrated remarkable abilities
in promoting mitochondrial biogenesis and activating Keap1/Nrf2 signaling pathway,
which can effectively counteract skeletal muscle dysfunction induced by oxidative
stress. Thus, MFGM-derived antioxidant peptides have the potential to be employed in
food to regulate muscle protein metabolism and alleviate sarcopenia.
Keywords: Milk fat globule membrane (MFGM); Protein hydrolysates; Antioxidant
activity; Molecular docking; Keap1-Nrf2 signaling pathway.
1. Introduction

Sarcopenia is a multifaceted age-related malady, which not only leads to loss of
muscle mass and function, but also weakens muscle quality, retards metabolism,
induces disability, and elevates the vulnerability to cardiovascular disease [1, 2]. This
condition poses a significant challenge to the quality of life, healthcare and social costs
of aging populations, which is an escalating concern within the realm of public health
[3]. As the global aging population continues to rise, addressing sarcopenia has
emerged as an increasingly pressing public health issue [4]. A crucial strategy for
preventing sarcopenia involves the mitigation of oxidative stress, which constitutes the
principal catalyst for muscle cell apoptosis, accelerated muscle protein breakdown
metabolism, and ultimately leads to the occurrence of sarcopenia [4, 5]. To tackle this
challenge, researchers directed their efforts towards gaining an understanding of
molecular mechanisms, cellular signaling pathways, and nutrient metabolism of muscle
cells in order to develop novel therapeutic strategies and drug targets [3]. Nutritional
intervention, notably, has emerged as a promising avenue due to its low cost, high safety,
strong sustainability, comprehensive effects, and broad applicability, especially for
elderly population [6]. By employing targeted nutritional strategies, such as
supplementation of protein or specific nutrients, progression of sarcopenia may be
effectively impeded or even prevented. Such interventions hold the potential to
markedly enhance the quality of life for aging populations and reducing healthcare and

social costs [7, 8].
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Milk fat globule membrane (MFGM) protein is a highly valued protein found in
dairy products that has demonstrated efficacy in mitigating the adverse impacts
associated with muscle loss [9]. Nevertheless, the intricate composition of MFGM
protein has presented an obstacle to identify its active constituents and mechanisms of
action, thus posing a challenge in the analysis and identification of dairy protein and
nutritional properties [10]. However, MFGM protein can be broken down into small
peptides with biological activities following its digestion, encompassing antibacterial,
antioxidant, and regulating intestinal flora activities [11, 12]. These peptides, primarily
comprised of 2-4 amino acids, exhibit enhanced bioavailability and biological activity,
making them the most valuable protein resource in MFGM protein for research [12, 13].
Recent clinical studies have unveiled that MFGM and its derivatives hold potential in
the prevention and treatment of age-related diseases such as muscle atrophy, marked
by muscle loss and concomitant decline in function [10, 14]. MFGM peptides exhibit
the capacity to enhance muscle protein synthesis, mitigate muscle protein degradation
and improve the composition of the intestinal microbiota. However, further research is
required to fully explore the potential of MFGM and its derivatives for clinical
applications.

Kelch-like ECH-associated protein 1 (Keapl) stands as a pivotal protein that
participates in the cellular response to oxidative stress [15]. Through the regulation of
the Nuclear Factor erythroid 2-Related Factor 2 (NRF-2) signaling pathway, Keapl
effectively instigates a series of antioxidant stress responses, including the expression
of natural antioxidant enzymes and the synthesis of antioxidant molecules. The
Keapl/NRF2/Heme oxygenase-1 (HO-1) pathway has been found to have potential in
preventing and alleviating sarcopenia [16]. Activation of this pathway can foster muscle
generation and restoration by increasing the synthesis of natural antioxidant enzymes
and reducing oxidative stress damage. Moreover, the bioactive peptides in promoting
health exhibited valuable application prospects, the identified high angiotensin-I-
converting enzyme (ACE) inhibitory peptides from skipjack tuna dark muscle possess
promising potential for the development of functional foods targeting hypertension and

cardiovascular diseases [17]. The identified antioxidant peptides, particularly PKK,
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YEGGD, and GPGLM exhibit promising potential for incorporation into health-
promoting products owing to their robust antioxidant activity and stability across a wide
range of physiological conditions [18]. However, further research is needed to explore
the mechanism of action and the potential clinical applications of the Keap1l/NRF2/HO-
1 pathway in the treatment of sarcopenia and other diseases such as liver fibrosis,
diabetes, and neurological disorders.

In our previous investigation, we examined MFGM protein and its effective
hydrolysate, which has been found to promote myoblast proliferation [11, 13]. However,
the safety, physicochemical properties, and stability of these peptides under food
processing conditions and in vivo enzymatic digestion remain uncertain. Furthermore,
there is limited data available on antioxidant peptides derived from MFGM protein.
These shortcomings constrain the development and application of MFGM in the food
and pharmaceutical industries. Hence, the current study seeks to assess the structural
stability of MFGM hydrolysate through the simulation of human digestion and
considering changes in particle size and zeta potential. Additionally, we screen for
small-molecule active peptides that activate the Keapl/NRF2 signaling pathway,
enhance mitochondrial biology function, improve free radical scavenging activity and
exhibit antioxidant activity using MFGM protein as the raw material based on LC-ESI-
MS/MS and molecular docking integration technology.

2 Materials and methods
2.1 Materials and chemicals

Rat myoblasts (L6 cells) were sourced from ATCC (Manassas, VA). MFGM was
obtained from cow's milk through an electric cream separator (Xuzhou, Jiangsu, China).
Dulbecco's Modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were
procured from Biological Industries (Kibbutz Beit Haemek, Israel). Cellulose DE-52
and 1,1-diphenyl-2-picrylhydrazyl (DPPH) were acquired from Solarbio (Shanghai,
China). The antibodies were purchased from Bioworld and Proteintech. All other

chemicals and reagents used in the study were of analytical grade.
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2.2 Preparation of MFGM protein hydrolysates
2.2.1 MFGM protein extraction

The MFGM protein was obtained according to our previous studies [19-21].
Briefly, cow's milk was separated using an automatic cream separator, and the
buttermilk was collected. The pH of the buttermilk was then adjusted to 4.8 by acid
precipitation to obtain a crude protein extract of MFGM, which was subsequently
adjusted to pH 6.8. Finally, the crude MFGM protein extract was resuspended, freeze-
dried, and stored.
2.2.2 Preparation of MFGM peptides

MFGM peptides were obtained through in vitro simulated gastrointestinal
digestion, using the static in-vitro INFOGEST gastrointestinal food digestion mode [22]
as our previously established method [23]. In the gastric phase, 50 mg/mL MFGM was
digested in simulated gastric fluids (SGF) containing pepsin (2000 U/mL, pH=2.8) for
90 min. After pH adjustment to 8.0 with 1 mol/L NaOH, the samples were transferred
to simulated intestinal fluids (SIF) containing 40 mg/mL porcine pancreatin (pH=8.0)
and 24 mg/mL porcine bile extract for an additional 90 min at 37°C. The digestion was
halted by heating the digested product at 90°C for 10 min and centrifuging at 10000 g
for 10 min. The supernatant containing MFGM peptides was collected, freeze-dried,
and stored at -80°C for further research. During the digestive process, the pH was kept
at 3 and 7 using an automatic titrator at 150 rpm, respectively.
2.3. Digestion products analysis
2.3.1 Digestibility

To assess the digestibility of hydrolysates at different time points within a 240-
min digestion, we used our previously established method with minor adjustments [11,
13, 24]. MFGM protein digest samples were diluted and mixed with 5x loading buffer,
achieving a final concentration of 1 mg/mL. After heating in a boiling water bath for 5
min, samples were loaded onto sodium dodecylsulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels. Electrophoresis was conducted at 75 V for 30 min,
followed by 125 V for 60 min. Coomassie Brilliant Blue R250 was used to stain the

SDS-PAGE gels for 30 min. Subsequently, the gels were destained with a destaining
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solution until protein bands were clearly visible. The protein gel images were then
captured using a gel imaging system (Bio-Rad, Hercules, USA), and the digestion
stability of the protein bands was analyzed using Quantity One software.
2.3.2 Degree of hydrolysis

The degree of hydrolysis (DH) of MFGM protein hydrolysates during passage
through the gastrointestinal tract within 2 h digestion were employed according to the
method by Nielsen et al [25, 26]. In essence, 6 mM o-phthaldehyde (OPA, containing
1% SDS, 5.7 mM Dithiothreitol (DTT) and 0.17 mol/L disodium tetraborate) mixed
with the hydrolysates in the ratio of 10:1 and incubated for 2 min at 37°C, serine and
distilled water were used as standard and blank, respectively. The absorbance at 340
nm was subsequently recorded utilizing a microplate reader (Model 550, Bio-Rad USA).
DH calculation was performed according to the equation:

Degree of hydrolysis (%) = L*100%

ot

Where h represents the peptide bonds cleaved during hydrolysis; ht represents the total
peptide bonds in the protein sample.
2.3.3 Measurement of zeta potential and particle size

Particle size and zeta potential measurements were performed on samples of
MFGM protein subjected to varying digestion durations using a Malvern ZetaSizer
Nano (Malvern Instruments Ltd, Malvern, UK). To obtain these measurements, the
MFGM protein digested samples were appropriately diluted with deionized water. Each
sample was measured three times to minimize potential degradation due to voltage
fluctuations [27].
2.4 Isolation and identification of MFGM peptides
2.4.1 Separation and purification of peptides

MFGM protein hydrolysates (0.1 g) were dissolved in 5 mL phosphate-buffered
saline (PBS) buffer and loaded onto a DEAE cellulose DE-52 column. Peptides were
eluted with a linear gradient of NaCl (0 M-1.0 M) in the same buffer at a flow rate of
1.0 mL/min. Peptide fractions were collected every 5 min. After the completion of the

initial protein absorption peak and with no emergence of distinctive peaks following
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approximately one column volume of buffer elution, a subsequent NaCl gradient was
initiated. The absorbance peaks of peptide fractions were detected at 280 nm using an
HD-93-1 spectrophotometer (Purkinje General Instrument Co. Ltd, Beijing, China).
MFGM hydrolysate fractions were then dialyzed, concentrated, and freeze-dried.
2.4.2 Identification of MFGM peptides fractions

The amino acid sequence of MFGM peptide fractions (MFGMPF1 and
MFGMPEF3), which showed the highest pro-proliferative activity, were analyzed by
molecular mass using liquid chromatography electrospray ionization tandem mass
spectrometry (LC-ESI-MS/MS) as previously described [24]. Peptide sequences were
confirmed by comparison with bovine sequences from UniProt and NCBI databases.
2.4.3 Sequence database searching and data analysis

MS/MS spectra were searched and analyzed using Thermo Scientific Xcalibur 3.2
and MASCOT engine, with uniprot_cetartiodactyla.fasta database (downloaded from
uniprot-bovine-filtered-organism_Bos taurus 9913 20230418.fasta). Mascot search
parameters and peptide identification analysis were performed following the method
described in Zhu et al. [28].
2.5 In silico analysis of physicochemical properties of antioxidant peptides

The physicochemical properties of MFGM antioxidant peptides were examined
using both online and offline bioinformatics software. Theoretical mass, pl (isoelectric
point), hydrophobicity, and net charge of each peptide were calculated using PepDraw.
In addition, the water solubility of the peptides was estimated using Pepcalc.
2.6 Molecular docking assessment

The molecular docking procedure was executed with AutoDock Vina software
version 1.1.2, a robust tool that combines knowledge-based potentials and empirical
scoring to accurately predict the binding affinity and orientation between a protein and
a ligand [29]. The optimal binding site parameters for Keapl were precisely defined as
Keapl—x: 13.741 A; y: 65.988 A; z: 30.792 A [13]. The dimensions of the docking
box (18x18x18 A) were determined by redocking the co-crystallization ligand in the
catalytic cavity, allowing for the exploration of multiple binding orientations while

accommodating the flexibility of both ligands and proteins. The molecular docking
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results were evaluated based on multiple criteria, including the assessment of the
binding structure, binding energy, and possible interactions between the ligand and the
key residues of the protein, ensuring the reliability and accuracy of the predictions.
2.7 Artificial synthesis of peptides

To validate the antioxidant activity of the selected peptides, TGIT and IITQ
peptides were synthesized using Fmoc solid-phase process, followed by purification
and desalting by Sangon Biotech (Shanghai, China). The purity of the synthetic
peptides was confirmed >98% by LC-ESI-MS/MS analysis.
2.8 Cytoprotective effects of peptide on oxidative damage
2.8.1 Establishment of rat oxidative stress model cells

According to the research method of Lee et al. [30], oxidative stress-damaged rat
cell model was established by dexamethasone (Dex). Briefly, 5~10x10%/mL density of
rat L6 cells were seeded into 96-well plates and cultured for 24 h, followed by 24 h of
serum starvation, and then induced with different concentration gradients of
dexamethasone (Dex) for 48 h. After Dex intervention, the 20 uL. of MTT working
solution (5 mg/mL) was added into each well and incubated for 4 h. Finally, the medium
was aspirated, and 100 uL of DMSO was added, and the absorbance (490 nm) was
recorded using a microplate reader. The cell viability was calculated according to the

following equation:

OD¢,eri
Ce“ Vlablllty(%) — Experimental absorbance *100%

Corntol absorbance

2.8.2 Cytoprotective effects assay

The cytoprotective effect of selected peptide TGIIT of MFGM was assessed by an
established Dex-induced oxidative stress model [19]. Briefly, 5~10x10*/mL density of
L6 cells were cultured for 12 h, the cells were then pre-treated with 200 uM Dex with
or without 100, 200 and 500 pg/mL TGIIT. Finally, the cell viability was then measured
by MTT assay as previously described.
2.9 Antioxidant activity assay
2.9.1 DPPH radical scavenging assay

The DPPH radical scavenging activity assay was conducted based on Wang et al.
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[31] with a slight modification. In brief, 100 pL. DPPH ethanol solution and 100 pL
TGIIT solution (50, 100, 200, and 500 pg/mL), MFGM or MFGMP (200 pg/mL) were
mixed in a 96-well plate, then kept in the dark for 30 min, 100 pL ethanol as a control.
The absorbance was determined by microplate reader at 517 nm. The DPPH radical

scavenging activity was calculated as:

. - - - ODcontroI_ODsample *
DPPH radical scavenging activity(%) = oD 100%

control

2.9.2 ABTS" scavenging assay

ABTS" scavenging assay was conducted with slight modification from Sheng et
al [32]. The ABTS" radical was prepared by mixing ABTS stock solution with
potassium persulphate. After incubating in darkness at room temperature for 16 hours,
the ABTS" solution was diluted in PBS at pH 7.4, achieving an absorbance of 734 nm.
Subsequently, 1 mL diluted ABTS" solution was mixed with 1 mL varied sample
concentrations. After 10 minutes, absorbance was measured at 734 nm against blank.

The ABTS" scavenging activity of samples was determined using the formula:

+
ABTS Scavenging aCtIVIty@/o) = [(Acontrol - Asample) / Acontrol]*loo(%)

2.10 Western blot

Western blot assay was conducted with slight modification from Guan et al. [19].
L6 cells treated with Dex and MFGM peptides were homogenized in RIPA and PMSF
lysis buffer. Following centrifugation, protein samples were standardized using the
BCA protein assay method, and subsequently, 20 pL of each protein sample was loaded
onto a 1-D SDS gel. Proteins were then transferred to a nitrocellulose filter membrane
and blocked with 5% BSA in TBST buffer. Primary antibodies were added and
incubated for 4 h at 37°C. The concentrations of antibodies were as follows: GAPDH
(1:400, Proteintech), Keap1 (1:400, Proteintech), NRF2 (1:400, Bioworld) and HO-1
(1:400, Bioworld). The membrane was washed and incubated with secondary antibody
(1:1500, Proteintech) at 37°C for 1 h. The membrane was washed and incubated with
alkaline phosphatase until signal detection using ChemiDoc MP Imaging System (Bio-
Rad).
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2.11 Statistical analysis

All experiments were conducted in triplicate and analyzed following standard
procedures, unless otherwise stated. To determine significant differences between
means, an analysis of variance (ANOVA) was performed with a significance level of
p<0.05. Statistical analysis was carried out using the general linear model procedure of
SAS 9.1.3 software (SAS Institute Inc.).

3 Results and discussion
3.1 In vitro digestibility and DH of MFGM protein

The in vitro INFOGEST static digestion model has gained widespread adoption
for simulating human gastrointestinal system to investigate the dynamics of the
digestive system and the bioavailability of various nutrients released [22]. Typically, in
vitro digestion systems measure the level of digestion by assessing digestibility and DH%
indices, which reflect protein degradation and peptide bond hydrolysis degree [33].

To assess the effect of simulated gastrointestinal digestion on the stability of
MFGM protein and ascertain the impact of digestive process on the cellular
proliferation-promoting functionality of MFGM protein, the kinetics of MFGM protein
hydrolysates were analyzed by SDS-PAGE (Fig. 2A). As previously mentioned,
MFGM proteins are mainly composed of several known high abundance proteins listed
as follow (lane 1 of Fig. 2A): mucin I (MUCI, approximately 200 kDa), xanthine
oxidase/dehydrogenase (XDH/OD, approximately 150 kDa), periodic acid schiff III/IV
(PAS TII/1V, approximately 98 kDa), CD36 (approximately 78 kDa), butyrophilin (BTN,
approximately 68 kDa), PASVI/VII (approximately 52 kDa) and GTP binding protein
(approximately 38 kDa) [12]. In all bands, CD36, BTN and PASVI/VII were relatively
stable during in vitro digestion. In the gastric digestion phase, MFGM proteins were
rapidly degraded after 20 min, which manifested as reduction of high-molecular-weight
proteins and the emergence of small-molecular-weight proteins and peptides. Finally,
these proteins and peptides were also promptly digested with the increase of digestion
time, while only 5 relatively stable protein bands were remained.

The gastric digests of MFGM proteins further proceeded to simulated intestinal

digestion for 120 min (Fig. 2B). In the intestinal digestion phase, 5 relatively stable
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protein bands were disappeared after 10 min, which is similar to the results of Silva and
Liu et al. [34, 35] who reported that the gradual appearance of newly generated low
molecular weight peptides attributed to hydrolysis of trypsin, whereas intestinal
digestion underwent rapid degradation of any remaining soluble proteins, therefore,
these low molecular weight protein bands could not visible in SDS-PAGE gels.

In addition, the DH of MFGM protein increased with gastrointestinal digestion
time (Fig. 2C), the DH of MFGM reached 42.30% in the total gastrointestinal digestion.
During the gastric digestion phase, the DH rapidly ascended in first 20 min (DH»o
min=38.34%0.87%). Subsequently, DH increased without significant difference until the
beginning of intestinal digestion, after which it continued to show a significant increase
to 42.30+1.12% (p<0.05). This result is similar to Santiago et al. [36], who observed
that the DH of nontoxic Jatropha curcas L. protein stabilized after pepsin digestion and
significantly increased after trypsin digestion. This phenomenon is mainly attributed to
the wider range of ideal cleavage sites for pancreatin than pepsin. These results
indicated that pepsin produces small molecular weight proteins and long-chain peptides
by breaking the peptide bonds of high molecular weight proteins, which were further
hydrolyzed into small peptides and amino acids by trypsin.

The high digestibility and DH of protein partly indicated that the protein was
almost completely hydrolyzed into small molecular peptides and amino acids, which
were absorbed by the distal duodenum and ileum [33, 37]. To directly reflect the content
of peptides, the yield in gastrointestinal of hydrolysated peptide contents was measured.
As shown in Fig. 2D, the yield of peptide contents after hydrolysation in the
gastrointestinal was 52.30+1.12%. These results were similar to Wang et al. [38], who
observed that the numbers of long-chain and small molecular weight peptides increased
by approximately 50% after in vitro simulated gastrointestinal digestion of milk
proteins from different milk sources.

3.2 Changes of particle size and zeta potential during digestion

The particle size distribution and zeta potential of digested products of MFGM

protein were determined and shown in Fig. 2E and Fig. 2F. The particle size of MFGM

protein was 0.20 pm prior to undergoing digestion. In the gastric digestion phase,
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MFGM was digested for 60 min, resulting in a maximum particle size of 3.50 um. As
digestion time increased, the particle size of MFGM decreased to 2.44 pm by the end
of the gastric digestion process (Fig. 2E). The increase in particle size may be attributed
to the fact that during the initial stages of gastric digestion, the pH of the system remains
close to the isoelectric point, which leads to the aggregation of proteins to form large
protein micelles [33]. However, in the case of continuous enzymatic hydrolysis, these
protein aggregates may reduce protein bioavailability by reducing the release of
peptides and amino acids, resulting in a decrease in particle size [33, 39]. During
intestinal digestion phase, the particle size of MFGM protein gradually decreased, while
no significant distinction in the particle size of MFGM protein after 60 min digestion,
indicating that the digestion process was basically completed. The results showed that
MFGM exhibited excellent digestive properties and capable of gradually producing
MFGM polypeptides, which were more conducive to penetrating the intestinal barrier
and acting on cells.

The zeta potential of digested products in gastric digestion underwent a shift from
negative to positive with time, which was closely related to the change of particle size
(Fig. 2F). After gastric digestion, the number of positive charges on the surface of
MFGM increases, which enhances the electrostatic repulsion between proteins and
hydrolyzes the originally aggregated proteins. As a result, MFGM is repelled and
dispersed, which is consistent with the observed changes in particle size. This finding
suggested that the primary factor contributing to protein aggregation and increased
particle size is lower zeta potential. The findings were similar to Zhong et al. [27], who
found that the native B-Lg protein formed aggregates in gastric due to its compact
globular structure, while the aggregates redissolved after entering intestinal digestion.
Interestingly, all digestion products in intestinal had an overall negative surface charge
with values in the range from -16.4 mV to -29.5 mV. Zeta potential can characterize the
strength of electrostatic interaction between proteins, decreased zeta potential exhibited
stability of the digestive system [40] The cleavage sites in protein for enzymes are
different due to the different conformation of MFGM proteins which resulted in varied

zeta potential of MFGM digestive products. Notably, no significant differences in the
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zeta potential of the digests were observed after 60-90 min of MFGM digestion
(»>0.05). Following the progressive digestion of MFGM, the complete simulated
digestive system experiences a state of equilibrium whereby no significant change are
observed in the zeta-potential and particle size of the system, which can be attributed
to the stabilization of the simulated digestive system.

3.3 Molecular weight profile of MFGM peptides

3.3.1 Establishment of cell oxidative damage model

Dex is commonly used clinically as anti-inflammatory and immunosuppressive
agent as a glucocorticoid. Nevertheless, elevated doses of Dex have been observed to
induce oxidative stress, thereby impeding the proliferation and differentiation of
myoblasts and causing an imbalance in protein anabolism and catabolism. Therefore,
Dex is often used to evaluate the antioxidant effects of bioactive substances on
oxidative damage models in both in vitro cellular and in vivo animal studies [30, 41].
MTT assay was conducted to detect the inhibition concentration and time of Dex on L6
cells vitality. L6 cell viability was significantly decreased to 18.69~78.61% (vs control,
p<0.05, Fig. 3A) following treatment with Dex (25, 50, 100, 200, 300 and 500 pmol/L),
indicating that Dex exert dose- and time-dependent cytotoxic effect on L6 cells. Among
them, 300 umol/L Dex was selected as the optimal concentration with decreased cell
viability to 53.71% (vs control) for establishment of oxidative stress model.

In addition, mito-tracker red and lyso-tracker green fluorescent dye were further
conducted to assess the extent of oxidative damage induced by Dex. As shown in Fig.
3B, we observed that the volume reduction with slight shrinkage of L6 cells after Dex
treatment, the green fluorescence intensity increased while red fluorescence intensity
decreased in L6 cells (vs control, p<0.05), which indicated that Dex significantly
enhanced oxidative stress-induced A¥m depolarization, causing oxidative damage to
mitochondria.

3.3.2 Molecular weight profile of MFGM peptides

The biological activity of protein hydrolysates is recognized to be influenced by

molecular weight, amino acid composition, and molecular structural characteristics.

Notably, peptides with lower molecular weights are observed to possess enhanced
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antioxidant capacity, attributed to their increased propensity for binding to target
molecules. In present study, MFGM peptides were further separated using DEAE-52
(Fig. 3C). A total of 4 fractions (PF1, PF2, PF3 and PF4) were collected, among which
PF1 and PF3 showed the highest L6 cell proliferation-promoting activity (Fig. 3C). The
highest L6 cell proliferation-promoting activity (32.6%) was found in the PF1,
indicating that cell proliferation-promoting peptides were enriched. In order to identify
cell proliferation-promoting peptides, LC-ESI-MS/MS was used to analyze the peptide
sequences in the PF1 and PF3. Peptides with molecular weights <1000 Da in PF1 and
PF3 accounted for 58.82% and 62.50%, respectively (Fig. 3D). The molecular weight
plays a critical role for bioactive peptides production as it was highly associated with
the bioactivities of peptides [42]. Previous review revealed that oligopeptides
consisting of 2-20 amino acids residues, especially 2-4 amino acid residues, are
beneficial to human health [43]. These results indicated that peptides with small
molecular weight were more inclined to demonstrate proliferation-promoting activity,
consistent with findings from prior studies on bioactive peptides. It is worth noting that
the content of small molecular peptides composed of 3-5 amino acids in PF1 accounted
for 52.94%, which was much higher than that of PF3, while the content of small
molecular peptides composed of over 5 amino acids in PF3 accounted for 70.83% (Fig.
3D). Based on the evaluation of the effect of MFGM protein and its peptides on cell
viability based on in vitro enzymatic hydrolysis, we proposed that small molecular
weight peptides are considered to be effective components in regulating L6 cell
proliferation, which is consistent with previous studies related to small peptide
possessed higher bioactivities in comparison with large peptides [29]. In this study,
most of the highly abundant bioactive peptides in PF1 were derived from lactadherin,
TUBG2 and SMCIA. Although these peptides exhibited great potential for pro-
proliferative activity, L6 cell proliferation-promoting peptides still remained to be
further identified.
3.4 Identification of amino acid sequence of MFGM peptides and in silico analysis
The in silico bioinformatics approach is a combinatorial approach based on

PeptideRanker score, solubility, ADMET properties (absorption, distribution;
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metabolism, excretion and toxicity) and structure-activity relationship, which
accelerates the discovery of high-promising bioactive peptides from protein
hydrolysates compared with traditional isolation and purification. The antioxidant
activity of bioactive peptides depends on their amino acid composition, sequence and
molecular structural characteristics [28]. The evidence shows that the key component
antioxidant amino acid (KCAAA) residues include Cys (C), His (H), Met (M), Trp (W)
and Tyr (Y), which are effective hydrogen donors or acceptors for forming hydrogen
bonds, further contribute to the antioxidant activity of the peptide [28]; In addition,
hydrophobic amino acids including Ala (A), Val (V), Leu (L), Ile (I), Phe (F), Trp (W),
Met (M) and Pro (P), which contribute to enhancing the solubility of the peptide in the
lipid phase and promoting the interaction with free radicals, thereby improving its
antioxidant activity. In this study, 27 small peptides were analyzed based on KCAAA
and HAA amino acid residues, and five small peptides including TGIIT (503.29 Da),
TSPLG (473.25 Da), IITQ (473.28 Da), YIC (397.17 Da), and DTP (331.14 Da) were
identified as candidate peptides with high antioxidant potential (Table 1). The assurance
of security constitutes an essential imperative in the context of food, in this regard,
results predicted by database ToxinPred demonstrated that TGIIT, TSPLG, IITQ, YIC
and DTP were all nontoxic peptides [44]. DTP with excellent water-solubility and
ADMET properties, which are the key indicators of the function of food-derived
bioactive peptides in vivo, and were evaluated by admetSAR [28]. Except for YIC, the
other four peptides were not retrieved in the BIOPEP database, indicating that they were
novel peptides. The MS/MS spectra and structure—activity relationship of TGIIT and
IITQ with the lowest binding free energy were identified from PF1 were shown in Fig.
4.
3.5 Binding affinity and structure characteristics of MFGM peptides

Keapl is a crucial negative regulator of NRF2 that modulates its stability and
activity in response to oxidative stress and other stimuli [15]. Upon Keapl inhibition,
NREF?2 is released from the cytoplasm and activate the transcription of genes involved
in antioxidant response [16]. The Keapl/NRF2 pathway plays a crucial role in

mitigating oxidative stress-induced sarcopenia in skeletal muscle. Abnormal Keapl
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function or reduced NRF2 levels decrease cellular antioxidant capacity, accelerating
skeletal muscle atrophy and degradation, leading to sarcopenia development [13, 15].
Activating Keapl/NRF2 pathway to regulate protein expression associated with
antioxidant and cellular homeostasis represents an effective strategy for alleviating
oxidative stress-induced muscle dysfunction. [13, 15]. The unique ligand of Keapl,
which can serve as an appropriate receptor for molecular docking techniques, has
contributed to the renown of Keap1 protein (PDB ID: 4ZZH) [13].

The current study aimed to examine the interaction between high-abundance milk
fat globule membrane (MFGM) peptides and Keapl, a pivotal regulator of the NRF2
antioxidant pathway. The objective was to identify potential interaction sites and
binding free energies between the peptides and their targets. Results presented in table
2 and Fig. 5 revealed that certain peptides, such as TGIIT and IITQ, contain high levels
of antioxidant and hydrophobic amino acids. Among these small molecular peptides,
IITQ displayed lowest docking binding free energy and thus considered the optimal
binding site for Keapl. Moreover, our study revealed the active site and intermolecular
interactions of Keapl with peptides. TGIIT binds to the active site of Keapl through
hydrophobic interactions with residues ALAS510, VAL463, GLY462, GLYS509,
ALAS556, GLY364, GLY603, and TYR334, and forms hydrogen bonds with residues
SER508, SER555, and SER602 with docking scores of -7.1 kcal/mol. Similarly, IITQ
interacts with Keap1 through hydrophobic interactions with residues GLY509, GLY 511,
GLY364, GLY462, GLY603, SER602, VAL463, VAL604, and PHES77, and forms
hydrogen bonds with residues SER555, ARG415, LEU557, ALA510, and LEU365
with docking scores of -7.5 kcal/mol.

Remarkably, these findings align with previous research exploring ligand binding
to Keapl. Wang et al. [13, 31] demonstrated that YSNQNGREF interacts with critical
Keapl1 residues, including Leu365, Arg380, Arg4l15, Ile416, Val465, Ser508, Val512,
Ser602, and Val604, forming 12 conventional hydrogen bonds. Additionally, Tyr334,
Ser363, Arg380, Arg4l5, Ser508, Tyr572, and Ser602 have been identified as key
residues in the Keapl-NRF2 interaction [45]. YSNQNGRF has the potential to

competitively bind and release NRF2 and exhibits antioxidant activity by activating the
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Keap1/NRF2/ARE pathway.

Notably, our research has led to the discovery of a novel small molecule peptide,
IITQ, with potential antioxidant activity. This finding represented a significant addition
to the small molecule bioactive peptides, such as YAR and TGIIT, that promote muscle
cell proliferation in MFGM protein, Additionally, the antioxidant small molecule
bioactive peptides, including IDLGS and KDPG, were found in the high-abundance
protein component MFG-E8 of MFGM protein. [11, 13]. The identification of IITQ
expands our understanding of the antioxidant properties of MFGM protein and
highlights its potential for further study and application.

3.6 Validation of antioxidant peptide synthesis in vitro
3.6.1 cytoprotection of peptide on Dex-induced L6 cell damage

To evaluate the cell-protective effects of the selected peptides TGIIT and IITQ
derived from MFGM against Dex-induced oxidative damage in L6 cells, L6 cells were
treated with 200 pg/mL of MFGM PF1, TGIIT, and IITQ for 24, 48, and 72 hours. The
results presented compelling evidence for the efficacy of these peptides in mitigating
Dex-induced oxidative damage. Remarkably, all three treatment groups exhibited
significantly elevated cell survival rates compared with control group (Dex model
group), underscoring the remarkable protective effects of TGIIT and IITQ against
oxidative damage. Specifically, TGIIT exhibited survival rate increases ranging from
2.57% to 8.27%, while IITQ demonstrated greater improvements ranging from 7.21%
to 15.32% (p<0.01) (Fig. 6A). IITQ group commands particular attention, which
displayed an impressive 2.23-fold increase in cell survival rate compared with MFGM
PF1 group (p<0.01). Furthermore, IITQ outperformed TGIIT at a concentration of 200
pg/mL in providing significant protection against oxidative damage (p<0.01). These
findings are consistent with our previous research and underscore the potential of TGIIT
and IITQ, especially IITQ, as antioxidant peptides present in MFGM, effectively
promoting cell proliferation [11].

It is widely acknowledged that MFGM proteins are highly diverse, with many
active proteins that exert crucial physiological effects in humans requiring only small

doses. Therefore, compared with isolating and purifying MFG-E8 peptides from
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MFGM proteins, directly preparing and screening MFGM small molecule antioxidant
peptides can not only save costs but also facilitate the discovery and analysis of
effective components and mechanisms of MFGM trace proteins [11, 13].

In order to investigate the antioxidant properties of peptide TGIIT and IITQ, we
conducted in vitro assays using the ABTS" and DPPH antioxidant models. Our results
showed that the radical scavenging rate of both TGIIT and IITQ increased with
increasing concentration, and at a concentration range of 0.5-5 mg/mL, IITQ
demonstrated a steadily increasing ability to scavenge DPPH and ABTS" radicals, with
an antioxidant activity of up to 46.73% (Fig. 6B and 6C). However, at concentrations
higher than 500 pg/mL, the DPPH and ABTS" radical scavenging ability did not exhibit
any significant differences (p>0.05), which consistent with the research by Wen et al.
[46] who demonstrated a significant correlation between the two antioxidant models
(correlation coefficient of 0.89-0.99, p<0.05), despite their different mechanisms.
Importantly, IITQ exhibited the highest DPPH and ABTS" radical scavenging ability
and oxygen radical absorbance capacity, which is consistent with the results of its cell
protection assays. Collectively, our findings suggested that TGIIT and IITQ, especially
IITQ, are potent antioxidant peptides that abundantly present in the MFGM.

3.6.2. Effects of the peptide on the Keap1-NRF2 pathway in L6 cells

Oxidative stress can result in the production of harmful substances such as free
radicals and ROS in response to a variety of signals and pathophysiological situations,
leading to cellular damage, and apoptosis [47]. Keapl/NRF2/HO-1 signaling pathway
is a critical regulatory system which underscores the pivotal role in mitigating oxidative
stress and holds promising implications for maintaining cellular homeostasis [48].
Keap1 functions as a negative regulator of NRF2 by regulating its stability and activity.
By binding to the Kelch domain of Keapl protein, the connection site of NRF2 was
occupied and NRF2 binding site was competitively inhibited [49]. When exposed to
external stimuli such as toxins, drugs, and hypoxia, Keap1 releases NRF2, allowing it
enter nucleus to activate transcription of antioxidant response elements (AREs) and
related genes (e.g., HO-1, SOD, and GSH-Px). This process enhances cellular

antioxidant defense, which is crucial for mitigating skeletal muscle atrophy induced by
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oxidative stress. Upregulating HO-1 expression can enhance cellular antioxidant
capacity, alleviate oxidative stress and protect cells from injury. Therefore, activating
Keap1/NRF2/HO-1 signaling pathway has the potential to act as a therapeutic target for
preventing and treating muscle atrophy, by alleviating factors such as muscle wasting,
fiber degeneration, and necrosis. These findings highlighted the importance of the
Keap1/NRF2/HO-1 pathway in maintaining muscle health and its potential role in the
development of new treatments for muscle-related disorders.

In this study, the potential correlation between cellular antioxidant activities and
the Keapl/NRF2/HO-1 signaling pathway was investigated using MFGM and MFGM
hydrolysate. The study aimed to detect the regulatory effects of Dex on the expressions
of Keapl, NRF2, and HO-1 in L6 cells (Fig. 7). Our findings revealed that Dex induced
oxidative stress, resulting in the blockage of the Keapl signal pathway, which in turn
led to increase in the expression of Keapl and decrease in the expressions of NRF2 and
HO-1. Remarkably, after intervention of MFGM small molecular peptides TGIIT or
IITQ, the Keapl/NRF2/HO-1 signaling pathway was activated, as evidenced by the
decreased expression of Keapl (15.43% and 24.07%, vs Dex group, p<0.01) and
increased expressions of NRF2 and HO-1 (17.54% and 28.07%, 22.55% and 61.76%,
respectively, vs Dex group, p<0.01). It is noteworthy that the expression of NRF2 and
HO-1 was highest in L6 cells treated with IITQ. These findings suggested that the
activation of Keapl/NRF2/HO-1 signaling pathway can protect L6 cells from oxidative
stress and alleviate the progression of sarcopenia.

4. Conclusion

In conclusion, this study highlights the potential of MFGM protein hydrolysate as
a valuable source of bioactive peptides with antioxidant properties. Through the
identification of specific small molecular weight peptides and their association with the
Keapl/NRF2 pathway, this research provides novel insights into the underlying
molecular mechanisms of bioactivity. Moreover, the discovery of five new antioxidant
peptides, including TGIIT and IITQ, demonstrates the promise of peptidomics and
computer simulation methods in efficiently identifying and characterizing bioactive

peptides from food sources. The findings of this study are significant for the food and
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pharmaceutical industries, where natural bioactive peptides with health-promoting
properties are increasingly in demand. This research provides a valuable contribution
to the ongoing efforts in utilizing food-derived bioactive peptides for enhancing human
health and well-being. Future research can delve into elucidating the in vivo efficacy
and safety profiles of the identified MFGM protein hydrolysate-derived peptides.
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Table

Table 1. The bioinformatics analysis of identified MFGM peptides

The bioinformatics analysis of identified peptides with a low molecular weight (<1000 Da);

2 Data obtain from the PeptideRanker, available at http://distilldeep.ucd.ie/PeptideRanker/;

3 Theoretical mass, pl, hydrophobicity, and net charge of each peptide were calculated by using
PepDraw, available at http:/pepdraw.com/;

4 KCAAA means key constituent antioxidant amino acids, including C(Cys), H(His), M(Met),
W(Trp) and T(Tyr);
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733

734
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737

> HAA means hydrophobic amino acids, including L(Leu), V(Val), A(Ala), P(Pro), F(Phe),
W(Trp), I (1le), M(Met);

®- means no amino residues in peptide.

Table 2. The potential binding site of high-abundance peptides in MFGM combined
with Keap1



738 Table 1 The bioinformatics analysis of identified MFGM peptides
Binding
Pepide | MW Ranker Hydrophobicity Anti-oxidation free Energy
sequences (g/mol) Score (Kcal/mol) (Kcal/mol)
KCAAA HAA Keapl

P1 TGIT 5 50329 011  5.28 7.31 Tyr lle 7.1
P2 IQVA 4 42926 0.08  5.60 7.59 - Ile, Val, Ala -6.4
P3 TSPLG 5 473.25 0.40 5.49 8.65 Tyr Pro, Leu -6.6
P4 YAR 3 40821 039 964 9.50 - Ala -7.6
P5  GAIAD 5 44522 020 295 12.57 - Ala, lle 7.4
P6 InTQ 4 47328  0.09 544 6.68 Tyr lle 75
P7 KQI 3 387.25 0.08 9.80 10.35 - lle -6.1
P8 YYK 3 472.23 0.25 9.38 9.28 - - -6.8
P9 LQID 4 48726 013 295 9.94 - Leu, lle -7
P10 TQY 3 41018 010 536 8.21 Tyr - -6.8
P11 RGD 3 346.16 037  6.41 14.50 - - -5.8
P12 RDF 3 43621 086  6.42 11.64 - Phe -7.9
P13 YIC 3 397.17 0.67 4.93 6.05 Cys lle -6.9
P14 DRT 3 390.19 0.18 6.80 13.60 Tyr - -6.9
P15 YKT 3 410.22 0.09 9.54 10.24 Tyr - -7.2
P16 KDP 3 358.19 0.23 6.44 14.48 - Pro -6.3
P17 Pl 3 341.23 0.45 5.62 5.80 - Pro, lle -6.3
P18 PLG 3 285.17 0.80 5.65 7.94 - Pro -6
P19 LLAAL 5 499.34 0.36 5.58 5.15 - Leu, Ala -5.7
P20 RFE 3 450.22 0.57 6.51 11.63 - Phe -7.6
P21 CNE 3 364.11 0.16 3.09 12.36 Cys - -5.6
P22 IFIGN 5 562.31 0.60 5.41 5.95 - lle -7.5
P23 PNP 3 326.16 0.69 5.25 9.03 - Pro -6.1
P24 YVR 3 43624 018 964 8.54 - Ala 7.4
P25 VEL 3 359.21 0.05 3.20 9.82 - Val, Leu -5.9
P26 1QP 3 356.21 0.34 5.23 7.69 - lle, Pro -5.9
p27 DTP 3 331.14 0.20 2.93 11.93 Tyr Pro -6.2

739 Note: The bioinformatics analysis of identified peptides with a low molecular weight (<1000 Da);

740 2 Data obtain from the PeptideRanker, available at http:/distilldeep.ucd.ie/PeptideRanker/;

741 3 Theoretical mass, pl, hydrophobicity, and net charge of each peptide were calculated by using

742 PepDraw, available at http://pepdraw.com/;

743 4 KCAAA means key constituent antioxidant amino acids, including C(Cys), H(His), M(Met),

744 \W(Trp) and T(Tyr);

745 5HAA means hydrophobic amino acids, including L(Leu), V(Val), A(Ala), P(Pro), F(Phe), W(Trp),

746 | (1le), M(Met);

747  5-means no amino residues in peptide.

748
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Table 2 The potential binding site of high-abundance peptides in MFGM combined with Keap1

Binding Free )
Hydrophobic Hydrogen
Sequence 2D structure energy ) )
interactions bonds
(Kcal/mol)
i ALA510, VAL463,
o | r SER508,
w oo L IR GLY462, GLY509,
TGIIT NSO 71 SERS555,
! b | ALA556, GLY364,
/ SER602
GLY603, TYR334
N A : ASN414, ALA556, ASN382,
NP L H H ARG415, GLY509, SER363,
TSPLG LA ] -6.6
N s TYRS525, GLY603, SER508,
SER338 SER555
| GLY509, GLY511, SERS55,
N " i 1/ 1 GLY364, GLY462, ARG415,
1TQ R L i 75 GLY603, SER602, LEUS557,
M 1 VAL463, VAL604, ALAS510,
R PHES77, LEU365
LEU365,
VALG604, GLY 509,
I ] o ILE416,
a S o oo N GLY603, GLY462,
YIC o il T -6.9 ARG415,
P . GLY364, ALA556,
I VALA463,
SER602, ASN414
SER555
TYRS525, GLY603,
GLNS530,
SER363, ASN414,
A SERS555,
DTP -6.2 ASN382, PHE577,
: SER602,
Y ALA556, TYR572,
! GLY364

GLY509, ARG380
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Figure Legend
Fig. 1 The flow chart of this study

Fig. 2 In vitro stability and structural properties of MFGM proteins. (A) SGF digestion
profiles of MFGM; (B) Tryptic digestion profiles of MFGM; (C) Degree of hydrolysis
of MFGM peptides in the gastrointestinal; (D) The content of MFGM peptide changes
with the process of hydrolysis; (E) Particle size changes of MFGM protein during
gastrointestinal digestion; (F) Zeta potential changes of MFGM protein during
gastrointestinal digestion. The results are expressed as mean = SEM, different letters

indicated significant differences between groups (p< 0.05).

Fig. 3 Molecular weight profile of MFGM peptides. (A) Effect of Dex on L6 cell
viability; (B) Effect of Dex on mitochondrial, lysosome and nucleus by staining L6
cells with MitoTracker (red), Lyso Tracker (green) and DAPI (blue); (C) Separation and
screening of MFGM peptide fractions; (D) Composition and distribution of MFGM
peptide fractions. The results are expressed as mean = SEM, *p< 0.05, **p< 0.01,

significant differences from basal level.

Fig. 4 Liquid chromatography-tandem mass spectrometry analysis of MFGM small
peptides. (A) Total ion current chromatogram; (B) MS spectra of TGIIT. (C) MS spectra
of IITQ.

Fig. 5 The results of 2D and 3D models of docked poses and interaction of Keap1 with
TGIT, TSPLG, IITQ, YIC and DTP, respectively. In the 2D profile, different colors
represent different intermolecular forces between peptides and Keap1; In the 3D profile,

the rod-shaped and pink peptides were wrapped in the main stem of proteins.

Fig. 6 Antioxidative properties of MFGM selected peptides. (A) Effect of selected
peptides on the viability of L6 cells; (B) Assessment of antioxidant properties of

selected peptides by mitochondrial staining experiments, mitochondria (red



781

782

783

784

785

786

787

788

789

790

fluorescence), lysosomes (green fluorescence) and nuclei (blue fluorescence); (C)
Assessment of antioxidant properties of selected peptides on DPPH; (D) Assessment of
antioxidant properties of selected peptides on ABTS". The results are expressed as mean

+ SEM, *p<0.05, **p<0.01, significant differences from basal level.

Fig. 7 Effects of MFGM small molecular peptides TGIIT and IITQ on Keap1/Nrf2/HO-
1 signaling pathway. (A) Relative expression of Keapl; (B) Relative expression of
NREF2; (C) Relative expression of HO-1. The results are expressed as mean + SEM,

*p<0.05, **p< (.01, significant differences from basal level.
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