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1. Introduction

Beef peptides mitigate skeletal muscle atrophy in
C2C12 myotubes through protein degradation,
protein synthesis, and the oxidative stress pathway+

xa,b,.c

Hyeonjin Hur, (2 ¥ Hye-Jin Kim, (=) 1> Dongheon Lee® and Cheorun Jo
This study aimed to investigate the potential of beef peptides (BPs) in mitigating muscle atrophy induced
by dexamethasone (DEX) with underlying three mechanisms in vitro (protein degradation, protein syn-
thesis, and the oxidative stress pathway). Finally, the anti-atrophic effect of BPs was enhanced through
purification and isolation. BPs were generated using beef loin hydrolyzed with alcalase/ProteAX/trypsin,
each at a concentration of 0.67%, followed by ultrafiltration through a 3 kDa cut-off. BPs (10-100 pg
mL™) dose-dependently counteracted the DEX-induced reductions in myotube diameters, differentiation,
fusion, and maturation indices (p < 0.05). Additionally, BPs significantly reduced FoxO1 protein depho-
sphorylation, thereby suppressing muscle-specific E3 ubiquitin ligases such as muscle RING-finger con-
taining protein-1 and muscle atrophy F-box protein in C2C12 myotubes at concentrations exceeding
25 ug mL™ (p < 0.05). BPs also enhanced the phosphorylation of protein synthesis markers, including
mTOR, 4E-BP1, and p70S6K1, in a dose-dependent manner (p < 0.05) and increased the mRNA
expression of antioxidant enzymes. Fractionated peptides derived from BPs, through size exclusion and
polarity-based fractionation, also demonstrated enhanced anti-atrophic effects compared to BPs. These
peptides downregulated the mRNA expression of primary muscle atrophy markers while upregulated that
of antioxidant enzymes. Specifically, peptides GAGAAGAPAGGA (MW 924.5) and AFRSSTKK (MW 826.4)
were identified from fractionated peptides of BPs. These findings suggest that BPs, specifically the peptide
fractions GAGAAGAPAGGA and AFRSSTKK, could be a potential strategy to mitigate glucocorticoid-
induced skeletal muscle atrophy by reducing the E3 ubiquitin ligase activity.

the anticipated rise in the population aged 60 and above, pro-
jected to increase from 11% in 2013 to 22% by 2050,* age-

Skeletal muscles, comprising approximately 40% of total body
weight, play crucial roles in facilitating movement, generating
heat, protecting organs, storing glycogen, and aiding blood cir-
culation." Skeletal muscle atrophy, characterized by a
reduction in skeletal muscle mass, can markedly impact daily
life and contribute to various metabolic problems.> Aging is a
primary driver for skeletal muscle atrophy, resulting in signifi-
cant losses in muscle mass and function.? In particular, given
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related muscle atrophy (sarcopenia) is becoming a growing
public health concern.

Generally, muscle atrophy is also prevalent in conditions
like starvation, cachexia, severe insulinopenia, and metabolic
acidosis, which are often accompanied by elevated glucocorti-
coid (GC) levels.” Elevated GC levels in skeletal muscle can
prompt an imbalance in which protein breakdown surpasses
synthesis via several pathways.> Recent studies emphasize the
pivotal role of the ubiquitin-proteasome system in protein
degradation and muscle mass regulation. Muscle-specific E3
ubiquitin ligases, such as muscle RING finger 1 (MuRF1) and
muscle atrophy F-box (Atrogin-1), are highly expressed during
muscle atrophy and are known to induce protein degradation
in skeletal muscle tissue.® On the other hand, the Akt/mam-
malian target of rapamycin (mTOR) pathway plays a vital role
in regulating skeletal muscle hypertrophy and mitigating
muscle atrophy. Downstream effectors of mTOR, such as
p70S6K and 4E-BP1, initiate translation and facilitate protein
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synthesis.” Additionally, increased oxidative stress in skeletal
muscle, either occurring independently or in combination
with other pathways, has been shown to increase protein
breakdown and contribute to muscle atrophy.®

In recent years, there has been a growing demand for
natural substances and food sources that can enhance muscle
development while having fewer side effects compared to phar-
maceuticals. Protein hydrolysates have been recognized as
potential sources of proteins and peptides with various ben-
eficial properties.” Over the past four decades, the health-pro-
moting potential of beef hydrolysates has been documented*’
with reports of their anti-proliferative effects on cancer cells,"*
inhibitory effects on angiotensin-converting enzyme and anti-
microbial activities.">"® Beef extract has been shown to
promote the proliferation of myoblasts and hypertrophy of
myotubes in C2C12."* Furthermore, beef is one of the signifi-
cant contributors to branched chain amino acid (BCAA)
intake. BCAAs like leucine, isoleucine, and valine have shown
promise in reducing muscle atrophy by suppressing the
expression of Atrogin-1 and MuRF1 mRNA," and in stimulat-
ing protein synthesis.'® Beef contains a high protein content
of approximately 23.2%,'” with a BCAA concentration approxi-
mately 2.4 times greater than that found in soybeans.'®
Despite these promising characteristics, the potential anti-
muscle atrophy effects of beef or beef-derived peptides have yet
to be investigated.

Therefore, the objective of this study is to investigate the
potential anti-atrophic effect of beef hydrolysate and its puri-
fied peptides on DEX-induced skeletal muscle atrophy. This
study seeks to understand the underlying mechanisms, par-
ticularly their influence on protein degradation, protein syn-
thesis, and oxidative stress. Moreover, it involves the isolation
and purification of specific peptide fractions with anti-atrophic
potential, further elucidating their prospects as therapeutic
interventions.

2. Materials and methods

2.1. Preparation of beef peptides (BPs)

A female Chikso (Korean native cattle) aged 57 months with a
carcass weight of 373 kg and a quality grade of 2 was used in
this study. Loin (M. longissimus lumborum) was obtained from
the slaughterhouse in Dodram LPC (Anseong, Republic of
Korea) at 24 h postmortem and transported to the laboratory
under refrigerated conditions (4 °C). An enzymatic hydrolysis
process began with the homogenization of 10 g of ground loin
with 40 mL of double-distilled water (DDW). The homogenate
was subjected to the sequential addition of three enzymes:
0.67% alcalase (pH 8.0, 50 °C), 0.67% ProteAX (pH 7.0, 50 °C),
and 0.67% trypsin (pH 8.0, 37 °C). Each enzyme was allowed
to act for 2 h, resulting in a total hydrolysis process duration of
6 h. The concentrations and following processes were devel-
oped by a preliminary study.'® After enzymatic hydrolysis, the
mixture was heated to 95 °C for 10 min to inactivate the
enzymes. The hydrolysate was then placed into an ultrafiltra-
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tion tube (Vivaspin 20, Sartorius, Goettingen, Germany) and
centrifuged at 4000g for 30 min (Combi R515, Hanil Co. Ltd,
Daejeon, Korea), which facilitated the collection of peptide
fractions with a molecular weight under 3 kDa, referred to as
“beef peptides (BPs)”. The sample was lyophilized
(PVTFD-10K, Ilshin Lab Co. Ltd, Seoul, Korea) and stored in a
freezer for future analyses.

2.2.  Amino acid composition

The amino acid composition of both loin and BPs was ana-
lyzed following a method previously reported*® with some
modifications which included conditions that result in the
destruction of tryptophan. Acid hydrolysis was carried out at
130 °C for 20 h using 6 N HCIL. Amino acid profiles were deter-
mined with an HPLC system (Ultimate3000, Thermo-Dionex,
Sunnyvale, CA, USA) equipped with a fluorescence detector
(1260FLD, Agilent Technologies, Wilmington, DE, USA).

2.3. Antioxidant activity assay

2.3.1. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay. The
DPPH radical scavenging activity was measured according to a
previous method.*" A total of 150 pL of the sample was added
to 150 pL of 0.2 mM DPPH solution dissolved in methanol.
Subsequently, the mixture was incubated in the dark at 25 °C
for 30 min. The absorbance at 517 nm was measured using a
spectrophotometer (Versamax, Molecular Devices, Sunnyvale,
CA, USA) with Trolox as the antioxidant standard. The absor-
bance was converted to Trolox equivalent activity (pmol TE)
based on the standard curve as antioxidant activity.

2.3.2. 2,2-Azino-di-(3-ethylbenzthiazoline sulfonate) (ABTS)
assay. The ABTS radical scavenging ability was measured
according to a previous method®? with some modifications.
The 14 mM ABTS+ solution was mixed with 4.5 mM potass-
ium persulfate in a 1:1 (v/v) ratio and incubated in the dark
at 25 °C for 16 h. The resultant mixture was then diluted
with ethanol until the absorbance at 734 nm reached 0.70 +
0.02. Subsequently, 50 pL of the sample and 950 pL of the
ABTS solution were mixed and reacted for 30 min at 25 °C.
The absorbance at 734 nm was measured using a UV/Vis
spectrophotometer (X-ma 3100, Human Co. Ltd, Seoul,
Korea). The absorbance was converted to Trolox equivalent
activity (umol TE) based on the standard curve as anti-
oxidant activity.

2.3.3. Ferric reducing antioxidant power (FRAP) assay. The
FRAP activity of the sample was evaluated according to the pre-
vious method.”® A FRAP solution was prepared by mixing
300 mM acetate buffer (pH 3.6), 10 mM 2,4,6-tripyridyl-S-tri-
azine dissolved in 40 mM HCI, and 20 mM ferric chloride
hexahydrate at a 10:1:1 (v/v/v) ratio. Subsequently, 2.7 mL of
the FRAP solution, 270 uL of DDW, and 90 pL of the sample
were mixed and incubated in the dark at 37 °C for 30 min. The
absorbance at 593 nm was measured using a UV/Vis spectro-
photometer (Human Co. Ltd). The absorbance was converted
to Trolox equivalent activity (umol TE) based on the standard
curve as antioxidant activity.
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2.4. Cell culture and muscle atrophy induction

The C2C12 mouse cell line (CRL-1772) was obtained from
American Type Culture Collection (ATCC, Manassas, VA, USA).
The cells were cultured in a 37 °C, 5% CO, incubator using a
growth medium composed of Dulbecco’s Modified Eagle’s
Medium (DMEM; Welgene, Gyeongsan, Korea) supplemented
with 10% Fetal Bovine Serum (FBS; Gibco, NY, USA) and 1%
Antibiotic-Antimycotic (AA; Gibco, Gaithersburg, MD, USA).
When the cell culture reached 100% confluency, the culture
medium was replaced with a differentiation medium consist-
ing of 2% Horse Serum (HS; Biowest, Nuaillé, France) and
DMEM with 1% AA. The differentiation medium was refreshed
every two days. After six days of differentiation, once myotubes
were fully formed,"* the differentiation medium was replaced
with serum-free media of DMEM containing 1% AA for further
experiment. The cells used for the experiment were within
passage numbers 4 to 6.

Muscle atrophy was induced using a synthetic glucocorti-
coid, dexamethasone (DEX; Sigma-Aldrich, Inc., St Louis, MO,
USA), in accordance with the previous cell viability results by
using DEX in this study and previous research.”® The
C2C12 myotubes were treated with different concentrations of
BPs (0, 10, 25, 50, 100 pg mL™") along with DEX for 24 h. The
non-treated sample (control) consists of differentiated myo-
tubes that were not subjected to any treatment with DEX or
BPs. Morphological changes associated with muscle atrophy
were observed using a Nikon microscope (Nikon, Tokyo,
Japan).

2.5. Cell viability

The effect of BPs on the cell viability of C2C12 myotubes was
assessed using the water-soluble tetrazolium salt-8 (WST-8)
assay kits (Biomax, Seoul, Korea). The C2C12 cells were seeded
at a density of 5 x 10* cells per well in a 48-well plate and cul-
tured in a growth medium at 37 °C with 5% CO,. Upon reach-
ing confluency, the culture medium was replaced with a differ-
entiation medium, and the cells were further cultured for six
days. Subsequently, BPs (0, 10, 50, 100, 250, 500 pg mL™"),
DEX (0-100 pM), and a mixture of DEX (100 pM) and BPs were
added to the wells. The control group remained non-treated.
After 24 h incubation with each treatment, 50 pL of WST-8
reagent was added to each well. Following further 2 h incu-
bation, cell viability was determined by measuring the absor-
bance at 450 nm using a spectrophotometer. The percentage
of cell viability was calculated by comparing the absorbance of
the treated cells to the control.

2.6. Immunofluorescence analysis and myotube diameter

Immunofluorescence was performed according to a previously
described method.** C2C12 myotubes were fixed with 4% par-
aformaldehyde in Dulbecco’s Phosphate-Buffered Saline
(DPBS; Welgene, Gyeongsan, Korea) for 30 min at 4 °C. After
fixation, the cells were washed twice with DPBS and permeabi-
lized using 0.2% Triton X-100 (Sigma-Aldrich) for 15 min. To
minimize non-specific binding, the cells were initially incu-
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bated with 10% goat serum (Thermo Fisher Scientific,
Waltham, MA, USA) for 1 h. The cells were then treated with a
primary antibody against myosin heavy chain (MAB 4470,
diluted 1: 200; R&D Systems, Minneapolis, MN, USA) and incu-
bated overnight at 4 °C. After washing to remove the unbound
primary antibody, the myotubes were treated with a secondary
antibody (A-11001, diluted 1:500; Invitrogen, Waltham, MA,
USA) and incubated overnight at 4 °C. Nuclei were stained
using Hoechst 33342 (diluted 1:1000; Molecular Probes,
Eugene, OR, USA) for 10 min at 4 °C. The cells were then
washed, and the medium was replaced with DPBS. Images of
the stained C2C12 myotubes were captured using an inverted
fluorescence microscope equipped with a digital camera
(Nikon, Japan) at x200 magnification.

For morphological evaluation of myotubes, the average
diameters of a total of 150 myotubes from each treatment
group were measured across five different random fields.
The measurements were performed using the NIH Image]
software (Bethesda, MD, USA). Differentiation index: it was
calculated as the ratio of the number of nuclei within
myosin heavy chain-stained cells to the total number of cells
with Hoechst-stained nuclei.”® Fusion index: it was deter-
mined by taking the ratio of the number of nuclei within
myosin heavy chain-stained myotubes having two or more
nuclei to the total number of nuclei.*® Maturation index: it
was defined by the number of myotubes having five or more
nuclei.”®

2.7. mRNA expression analysis by reverse transcription
quantitative polymerase chain reaction (RT-qPCR)

Total RNA was isolated using the EcoPURE total RNA isolation
kit (E2075; EcoTech Biotechnology, Hanam, Korea) in accord-
ance with the manufacturer’s protocol. The purity of the
extracted RNA was determined by measuring the absorbance
ratio at 260 nm and 280 nm. An equal quantity of high-quality
total RNA was subjected to cDNA synthesis using the High-
Capacity RNA-to-cDNA™ Kit from Applied Biosystems
(Framingham, MA, USA). For RT-qPCR, the SYBR™ Green PCR
Master Mix (Applied Biosystems) was used. A 10 pL reaction
volume was prepared, comprising PCR buffer, primers, and
the appropriate amount of synthesized cDNA. Gene amplifica-
tion was carried out using the ABI 7300 Real-Time PCR System
(Applied Biosystems). The cycling conditions were set at 95 °C
for 15 s (denaturation), 58.3-61.3 °C for 15 s (annealing), and
72 °C for 15 s (extension) across 40 cycles. The relative mRNA
expression levels were quantified and normalized to p-actin.
The detailed primer sequences utilized for amplification are
listed in Table S1.}

2.8. Western blot analysis

The total protein of C2C12 myotubes was lysed in RIPA buffer
supplemented with a protease inhibitor cocktail (ATTO, Tokyo,
Japan) for immunoblotting. Protein concentrations in the
lysates were determined using a bicinchoninic acid protein
assay kit (Gendepot, Barker, TX, USA), with bovine serum
albumin (BSA; Sigma-Aldrich) serving as the standard, follow-
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ing the manufacturer’s protocol. Fifteen micrograms of
protein per lane were separated on a 7.5% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis at 100 V for
60-90 min and then transferred to a polyvinylidene difluoride
membrane.

The transferred membrane was blocked with 5% BSA in 1x
Tris-buffered saline containing 1% Tween-20 (Sigma-Aldrich)
for 2 h at room temperature. After blocking, the membrane
was probed with primary antibodies (details provided in
Table S21) overnight at 4 °C. Following extensive washing, the
membrane was then incubated with horseradish peroxidase-
conjugated secondary antibodies, diluted in 5% BSA for 1-2 h
at room temperature.

Antibody-bound proteins were detected using the Clarity™
Western ECL Substrate (Bio-Rad), and the resulting bands were
quantified using ImageLab™ software (Bio-Rad Hercules). The
relative protein abundance was assessed by normalizing the
intensity of each band to that of the p-actin band.

2.9. Separation and purification of BPs

2.9.1. Gel filtration chromatography. Size-exclusion chrom-
atography was performed using a Superdex™ 30 Increase 10/
300 GL column (10 x 300 mm, GE Healthcare, Piscataway, NJ,
USA), following the purification protocol.>” An aliquot of the
BPs solution (150 mg mL™") was eluted at a flow rate of 0.5 mL
min~" at room temperature using DDW as the elution buffer.
The eluted solutions were automatically collected in fractions
with an automatic fraction collector. The absorbance of these
fractions was measured at a wavelength of 215 nm. For further
fractionation, 4 fractions (F1-F4) were lyophilized and sub-
sequently used for evaluating the anti-atrophic effect on DEX-
treated C2C12 myotubes using the method described in
section 2.7.

2.9.2. Reversed-phase high-performance liquid chromato-
graphy (RP-HPLC). The selected fraction from gel filtration
chromatography, which exhibited the most potent anti-
atrophic and antioxidant enzyme activity, was further purified
using a Synergi™ 4 pum Hydro-RP (80 A, 250 x 4.6 mm;
Phenomenex Inc., Torrance, CA, USA) on RP-HPLC (Ultimate
3000, Thermo Dionex). This was done following the protocol
described by a previous study.”® The sample (100 mg mL™")
was dissolved in DDW and loaded onto the column. The flow
rate was set at 1 mL min~", and the column was equilibrated
with mobile phase A (0.1% trifluoroacetic acid (TFA) in
DDW). Elution was performed with a gradient starting from
mobile phase B (0.1% TFA in acetonitrile) at 0-40% for
35 min. Absorbance at 215 nm was recorded using a UV
detector. Fractions were automatically collected and lyophi-
lized. Subsequently, the lyophilized RP-HPLC fractions (FF1-
FF9) were used to evaluate the anti-atrophic effect on DEX-
treated C2C12 myotubes using the method described in
section 2.7.

2.10. Amino acid sequencing

The amino acid sequence of the selected RP-HPLC fraction
was analyzed using a mass spectrometer (Triple TOF®5600+

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

system, AB SCIEX, Framingham, MA, USA) connected to an
HPLC (Ultimate 3000, Thermo Dinex) system, following a
modified method from a previous study.'® Separation was per-
formed on a column C8 (Zorbax 300SB-C8 RP, Agilent
Technologies) using mobile phase A (0.1% formic acid in
water) and mobile phase B (0.1% formic acid in acetonitrile),
maintaining a flow rate of 0.3 mL min~". Specific details of the
linear gradient utilized are presented in Table S3.7 The auto-
sampler temperature was kept at 4 °C, and an injection
volume of 5 pL was used for each sample. Mass spectra were
obtained under positive electrospray ionization conditions
with an ion spray voltage set at 5500 V. The source temperature
was fixed at 500 °C, while the curtain gas, ion source gas 1,
and ion source gas 2 pressures were set at 50, 50, and 25 psi,
respectively. The MS full scan mode was employed for the
acquisition of mass spectra over an m/z range of 200-2500.
Data collection was executed using Analyst TF 1.7 software,
with subsequent data analysis conducted using ProteinPilot
4.5 software.

2.11. Statistical analysis

The experimental results, excluding the amino acid compo-
sition of Table 1, were repeated three times individually and
analyzed using the general linear model procedure in the SAS
program (ver. 9.4, SAS Institute Inc., Cary, NC, USA) to perform
analysis of variance. To assess the significance of differences
among mean values, Tukey’s multiple range test was per-
formed with a confidence level of p < 0.05. The results were
presented as mean value + SD.

Table 1 Composition of the amino acids of beef loin (BL) and beef pep-
tides (BPs)

Content (mg g~ dry matter) Percentage (% of total)

Amino

acids BL BPs BL BPs

Glx 149.6°+3.82  114.8°+0.92 19.1°+0.00 14.9° £ 0.00
Ser 32.9” + 0.64 36.1%+0.21 4.2° +0.00 4.7% + 0.00
His 29.9” + 0.42 32.0% + 0.07 3.8” +0.00 4.2+ 0.07
Gly 33.3%+0.28 29.2°+0.21  4.3°+0.07  3.8°+0.00
Thr 41.0° £ 0.28 451°+0.07  5.3°+0.07  5.9%%+0.07
Arg 59.2% + 1.06 54.9°+0.00  7.6°+0.07  7.2°+0.07
Ala 48.8° +1.20 54.1% + 0.35 6.2° + 0.00 7.1+ 0.07
Tau 1.4 +0.00 1.6 + 0.07 0.2 +0.00 0.2 +0.00
Tyr 30.3°+0.71 33.9°+0.42  3.92+£0.00  4.4%+0.00
val 405" +1.41 48.1%+0.21 5.2° +0.07 6.3%+0.07
Met 19.5 + 0.85 19.2 + 3.18 2.5 % 0.00 2.5 +0.42
Phe 34.67 £ 1.06 42.9% £ 0.00 4.4° + 0.00 5.6% + 0.07
Ile 40.8° £1.34 47.4°+0.14  52°+0.00  6.27+0.07
Leu 69.0° +1.77 85.3%+0.28 8.8°+0.00 11.19:0.14
Lys 58.8% + 1.27 49.0°+1.98  7.59%0.00  6.4°+0.21
Pro 17.1+1.56 14.7 +1.34 2.2 +0.14 1.9 +0.14
Total 784.0 £20.44  769.3 £8.63  100.0+0.00  100.0 + 0.00
BCAAs 150.2° +4.53  180.79+0.21  19.2°+0.07 23.59+0.28
EAAs 334.0° £+8.41  368.8°%£5.09 42.6°+0.00 47.9%+0.14

BCAA is the sum of isoleucine, leucine, and valine. EAA is the sum of
histidine, isoleucine, leucine, lysine, methionine, phenylalanine,
threonine, and valine. “? Different letters indicate significant differ-
ences (p < 0.05). Data are expressed as the mean + SD of two indepen-
dent trials.
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3. Results and discussion

3.1.
BPs

Antioxidant activities and the amino acid composition of

The antioxidant potential of BPs was evaluated using ABTS,
DPPH radical scavenging activities, and FRAP assays. As
depicted in Fig. 1, the antioxidant activities were 395.71 umol
TE for ABTS, 2.93 pmol TE for DPPH, and 5.55 pmol TE for
FRAP, respectively. BPs demonstrated notably strong radical
scavenging activity in the ABTS assay, outperforming sub-
stances such as egg ovalbumin, milk, and soy hydrolysate.>
This indicates BP’s substantial ability to neutralize ABTS rad-
icals by donating electrons.

Table 1 reveals that both the protein in beef loin (BL) and
BPs consisted of 17 amino acids, with glutamic acid and
leucine being the most abundant. Notably, plant-based pro-
teins typically exhibited a lower leucine content and digesti-
bility than animal-derived proteins. This leads to inferior
muscle anabolic effects compared to dose-matched animal-
derived proteins.® This study found that the concentrations
of BCAAs and essential amino acids (EAAs) in BPs were
180.7 mg g and 368.8 mg g~ ', respectively. These values
were notably higher than those in BL, which were 150.2 mg
g~ ' and 334.0 mg g~ " (p < 0.05). Upon hydrolysis of BL, the
contents of valine, isoleucine, and leucine in BPs signifi-
cantly increased to 48.1, 47.4, and 85.3 mg g, respectively,
marking a 4.3% overall increase in BCAAs. This increment
was similar to findings from a previous study.’" Specifically,
leucine, the second most abundant amino acid in BPs,
exhibited the most substantial rise of 2.3%, increasing from
8.8% to 11.1%. Leucine is known to promote protein syn-
thesis by stimulating the phosphorylation of mTOR with S6K
and 4E-BP1.>? The result highlights the potential of the aug-
mented BCAAs content in BPs, especially leucine, to counter-
act muscle atrophy.

410 4
400 395.71
390 -
E .
2
o ]
£ 2 i 5.55
TS T
S~ 1
€ 4
< 3 .
2 .
1 .
0
ABTS DPPH FRAP

Fig. 1 Antioxidant activities (umol TE Trolox equivalents) of beef pep-
tides (BPs). ABTS, 2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic
acid); DPPH, 2,2-diphenyl-1-picrylhydrazyl; FRAP, ferric reducing anti-
oxidant power. Data are expressed as the mean + SD.
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3.2. The effect of BPs on DEX-treated cell viability

The cell viability of BPs alone (0, 10, 50, 100 pg mL™") was eval-
uated initially, and it was found that BPs had no cytotoxicity
on C2C12 myotubes at any concentration tested (Fig. 2A). As
expected, DEX decreased the cell viability in a dose-dependent
manner as shown in Fig. 2B. Based on the observed decrease
in cell viability by DEX and on previous research, the concen-
tration of DEX was set at 100 pM, at which it effectively
induced protein degradation.>® Upon treatment with different
concentrations of BPs (0, 10, 25, 50, 100 pg mL™"), a concen-
tration of 100 ug mL™" BPs effectively mitigated the reduction
in cell viability induced by DEX (Fig. 2C). DEX initiates
damage to DNA strands by generating reactive oxygen species,
contributing to cell death and muscle wasting in skeletal
muscle.*® Therefore, these results suggest that the increase in
cell viability of C2C12 myotubes by BPs may have the potential
to effectively mitigate DEX-induced injury to muscle myotubes.
Moreover, this trend has been observed with other bioactive
compounds possessing anti-atrophic properties.**

3.3. The effect of BPs on myotube characteristics and
maturation

Immunocytochemistry was employed to evaluate the potential of
BPs in mitigating muscle atrophy, focusing on parameters such
as myotube diameter, differentiation index, fusion index, and
maturation index (Fig. 3A). Under normal circumstances, myo-
blast differentiation into myotubes involves an increase in the
number of myofibers due to cell fusion, resulting in increased
myofiber diameter. However, muscle atrophy involves a decrease
in both number and diameter of fibers due to muscle protein
breakdown, ultimately leading to muscle mass loss.*® In this
study, a marked reduction in mature myotube diameter and
indices was observed in the DEX-treated C2C12 myotubes com-
pared to the control, indicating the successful induction of
myotube atrophy by 100 uM DEX (Fig. 3B-E). In contrast, BPs at

(A) |

Cell viability
(% of control)
Cell viability

(% of control)

BP (ug/ml) 0 10 50 100 DEX (uM) 0 10 50 100

Cell viability
(% of control)

DEX (100 M) - + + + +

BP (pg/mL) - - 10 50 100

Fig. 2 Effects of dexamethasone (DEX) and beef peptides (BPs) on the
viability of C2C12 myotubes. (A) Effect of BPs on the viability of
C2C12 myotubes. (B) Effect of DEX on the viability of C2C12 myotubes.
(C) Effect of BPs on the viability of C2C12 myotubes treated with DEX.
27¢ Different letters indicate significant differences (p < 0.05).
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Fig. 3 Effects of beef peptides (BPs) on morphology in the dexametha-
sone (DEX)-treated C2C12 myotubes. On the sixth day of differentiation,
C2C12 myotubes were exposed to 100 pM DEX and BPs concentrations
(10-100 pg mL™Y) for 24 h, while the control was maintained without
any treatment. Post-treatment, the myotubes were stained with myosin
heavy chain (red) and Hoechst 33342 (blue). (A) Representative images
of the stained myotubes were taken under a fluorescent microscope
(scale bar = 100 pm). (B) Ten myotube diameters were measured from
each image, and the average value was quantified using ImageJ software
(n = 10 per well), and three wells were measured in each group. (C)
Differentiation index, (D) fusion index, and (E) maturation index were
measured from randomly selected 10 fields and were quantified using
the ImageJ software. >~ Different letters indicate significant differences
(p < 0.05). Data are expressed as the mean + SD.

concentrations above 50 pug mL™" effectively reversed all these
DEX-induced decreases in C2C12 myotubes (p < 0.05). Hence,
the result suggests a protective effect of BPs on the myotube
morphological parameters against muscle atrophy.

During muscle atrophy induction, DEX degrades myogenin
and myogenic differentiation 1 (MyoD) as transcription factors
involved in muscle differentiation, leading to muscle mass
loss during muscle atrophy.®® Therefore, upregulating myo-
genin and MyoD can help to prevent reductions in mature
myotube diameter and indices in C2C12 myotubes. However,
in this study, BPs did not significantly alter the mRNA
expression levels of myogenin and MyoD (Fig. S1f). Similar
results were observed in another study, where beef extract pro-
moted myoblast proliferation and myotube growth in C2C12
cells but appeared to have no influence on differentiation
markers like MyoD and myogenin.'* Despite its negligible
effect on muscle differentiation, BP promoted muscle cell
growth (Fig. 2C) and increased myotube diameter and fusion
index (Fig. 3). Since DEX-induced muscle atrophy can be inhib-
ited in several ways, BPs may have potential anti-atrophic
effects through pathways other than direct modulation of
muscle cell differentiation.

This journal is © The Royal Society of Chemistry 2024
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3.4. The effect of BPs on protein degradation in DEX-treated
C2C12 myotubes

DEX is widely known for its ability to induce muscle atrophy
by inhibiting the PI3K/Akt/mTOR pathway.’” Akt acts as an
anabolic regulator by promoting protein translation via mTOR
and its downstream effectors (4E-BP1 and S6K1). It is also
involved in the suppression of protein degradation to block
the upregulation of Forkhead Box O (FoxO) transcriptional
factors, which have been implicated in initiating proteolysis
during muscle atrophy. The dephosphorylation of FoxO family
upregulates the transcriptional activation of primary muscle
atrophy genes, MuRF1 and Atrogin-1.>*

To evaluate the effects of BPs in a DEX-induced muscle
atrophy model, the protein expression of Akt was initially
examined. Fig. 4A and B demonstrate that the total protein
levels of Akt were not affected, but the expression of p-Akt was
decreased by DEX. However, BPs led to a dose-dependent
increase in p-Akt protein expression (p < 0.05), indicating the
activation of Akt in myotubes. The activity of FoxO1 is influ-
enced by its phosphorylation state, as indicated by p-FoxO1
levels.”” Protein expression of FoxO1 was significantly
increased by DEX, while p-FoxO1 expression was decreased
compared to the control (Fig. 4A, C, and D). However, BPs
decreased the protein expression of FoxO1 and concurrently
increased p-FoxO1 levels induced by DEX (p < 0.05).

Additionally, to determine the role of BPs in alleviating
muscle atrophy in DEX-treated C2C12 myotubes, the mRNA
expression of MuRF and Atrogin-1 was examined. It is
well-established that mRNA expression patterns of MuRF1
and Atrogin-1 are heightened in muscle atrophy-inducing
conditions, serving as primary muscle atrophy markers.>®
FoxO1, acting as an upstream regulator of MuRF1 and
Atrogin-1, triggers their upregulation, leading to muscle
protein degradation and subsequent muscle atrophy. Fig. 4E
and F illustrate that mRNA levels of MuRF1 and Atrogin-1
were significantly increased by DEX. However, BPs dose-
dependently reduced the mRNA levels of these muscle
atrophy markers (p < 0.05). These results suggest that BPs
attenuates muscle atrophy by inhibiting protein degradation
mediated by MuRF1 and Atrogin-1. This result was also corre-
lated with enhanced maturation observed in DEX-treated
myotubes in Fig. 3.

3.5. The effect of BPs on protein synthesis (hypertrophy) in
DEX-treated C2C12 myotubes

The regulatory effects of BPs on protein synthesis were probed
by examining mTOR, a downstream marker of Akt, in
C2C12 myotubes. DEX led to a reduction in the protein
expression of p-mTOR. However, BPs restored the protein
expression of p-mTOR levels that was reduced by DEX, particu-
larly at the concentration of 100 pg mL™' BPs (Fig. 5B).
Furthermore, as shown in Fig. 5C and D, BPs significantly
increased the protein expression of p-4EBP1 in a dose-depen-
dent manner, and at 50 pg mL™%, it also elevated the levels of
p-p70S6K1 (Fig. 5C and D) (p < 0.05). The phosphorylation of
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Fig. 4 Effect of beef peptides (BPs) on the protein degradation-related
markers in C2C12 myotubes treated with dexamethasone (DEX). On the
sixth day of differentiation, C2C12 myotubes were exposed to 100 pM
DEX and BPs concentrations (10-100 pg mL™Y) for 24 h. The control was
maintained without any treatment. (A-D) Levels of phosphorylated Akt,
FoxO1, and p-actin were measured by western blotting. (E-F) The mRNA
expression of MuRF1 and Atrogin-1 were measured by western blotting
and RT-gPCR and normalized to p-actin. 2~ Different letters indicate
significant differences (p < 0.05). Data are expressed as the mean + SD.

both 4E-BP1 and p70S6K1 promotes protein synthesis by regu-
lating protein translation initiation and phosphorylation of
ribosomal protein $6.%° Therefore, these results imply that BPs
not only counteract muscle atrophy by mitigating the DEX-
induced reduction in protein synthesis, but may also promote
protein hypertrophy. This interpretation is further substan-
tiated by the patterns observed in the immunostaining images
presented in Fig. 3A-E.

3.6. The effect of BPs on antioxidant enzymes in DEX-treated
C2C12 myotubes

The primary antioxidant enzyme system, consisting of SOD1,
GPX1, and CAT, collaboratively neutralizes ROS toxicity in oxi-
dative stress situations induced by GC. Elevated GC levels lead
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Fig. 5 Effect of beef peptides (BPs) on the protein synthesis-related
markers in C2C12 myotubes treated with dexamethasone (DEX). On the
sixth day of differentiation, C2C12 myotubes were exposed to 100 pM
DEX and BPs concentrations (10-100 pg mL™?) for 24 h. The control was
maintained without any treatment. (A—D) Levels of phosphorylated
mTOR, 4EBP-1 and p70S6K1 were measured by western blotting and
these were normalized to p-actin. *~° Different letters indicate significant
differences (p < 0.05). Data are expressed as the mean + SD.

to an increase in ROS production, facilitated by the depho-
sphorylation of FoxO, subsequently resulting in the hyperex-
pression of Atrogin-1, a key marker of muscle atrophy, and
subsequent protein degradation.®*® In this study, BPs signifi-
cantly upregulated the mRNA expression of these antioxidant
enzymes reduced by DEX, particularly at concentrations higher
than 50 pg mL™" (Fig. 6A-C). These results are supported by
the strong radical scavenging activity of BPs (395.71 pmol TE;
Fig. 1). Given these findings, it is suggested that BPs might
function as an antioxidant, counteracting DEX-induced
muscle atrophy in C2C12 myotubes.

3.7. Purification of BPs and their anti-atrophic effects

Peptide isolation and purification are crucial steps in bioanaly-
tical studies as they enable the separation of complex mixtures
into individual components, facilitating accurate characteriz-
ation and examination of distinct bioactivities.”' This process
significantly enhances the reliability and specificity of the
results obtained, revealing the differential effects each peptide
may have on a given biological process.* With this under-
standing, BPs were fractionated based on peptide size to

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo03911k

Open Access Article. Published on 25 March 2024. Downloaded on 8/1/2025 5:25:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

(A) 2 (B)
20 a 12
. b
5 3 1
< £ £
S R ;z: § os
Eg 3 e
5f ; . 5§ o
82 10 a2 b
E c © s b
& g o4
[ =
02
00 0.0
DEX (100 M) DEX(1004M) - + + + + +
8P (pg/mL) - - 10 2 50 100 8P (pg/ml) - - 10 2 50 100
(©) s°
as
a0
3 3
s§ 0
Fe 28 b
1
2 20
°s 15
S 1
£ <
10 c H <
os

00
DEX (100 4M) - + + + + +

8P (ug/ml) - - 10 2 50 100

Fig. 6 Effect of beef peptides (BPs) on antioxidant enzymes in
C2C12 myotubes treated with dexamethasone (DEX). On the sixth day of
differentiation, C2C12 myotubes were exposed to 100 uM DEX and BPs
concentrations (10, 25, 50 and 100 ug mL™Y) for 24 h. The control was
maintained without any treatment. (A—C) Levels of mRNA for SOD1,
GPx1 and, CAT were measured by RT-gPCR and normalized to p-actin.
2~ Different letters indicate significant differences (p < 0.05). Data are
expressed as the mean + SD.

examine the potential variance in bioactivity across its con-
stituent peptides.

The 50 pg mL™"' concentration of BPs was selected for
further analysis to validate the efficacy of peptides in compari-
son to BPs due to the significant effects observed, such as
decreased protein degradation, enhanced protein synthesis,
and increased activities of antioxidant enzymes. To assess the
variance in bioactivity across its constituent peptides, BPs were
fractionated based on peptide size using size-exclusion chrom-
atography, resulting in four fractions labeled as F1, F2, F3, and
F4, as shown in Fig. 7A. Peptide fractions F2, F3, and F4
demonstrated a greater decrease in the mRNA expression of
primary muscle atrophy markers (MuRF1 and Atrogin-1) com-
pared to BPs (p < 0.05; Fig. 7B and C). Regarding antioxidant
activity, both F2 and F3 exhibited increased the mRNA
expression of SOD1 (Fig. 7D). Notably, F3 showed the highest
mRNA expression of GPx1 (Fig. 7E), surpassing even BPs.
Additionally, both BPs and F3 demonstrated the highest
mMRNA expression of CAT (Fig. 7F). These results suggest that
F3 may offer a strong potential for anti-atrophic effects and
high antioxidant properties compared to BPs. Consequently,
we decided to conduct a detailed analysis of fraction F3.

3.8. Purification of fractions derived from BPs and their anti-
atrophic effects

Further investigation involved polarity-based purification of F3
using RP-HPLC, resulting in its separation into nine fractions,
labeled as FF1-FF9 (Fig. 8A). Remarkably, FF1-FF3 and FF7-
FF9 exhibited decreased levels of primary muscle atrophy
markers when compared to both BPs and F3 as depicted in
Fig. 8B and C (p < 0.05). Among all the fractionated peptides,
FF2 and FF9 showed the most diminished expression levels of

This journal is © The Royal Society of Chemistry 2024
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the primary muscle atrophy markers (Fig. 8B and C).
Furthermore, in terms of antioxidant properties, FF2 had the
highest mRNA levels for SOD1 and GPx1 compared to other
fractions (FF1, FF3-FF9) (p < 0.05) (Fig. 8D and E). There was
no noticeable difference in CAT levels among the fractions
relative to DEX (Fig. 8F). Therefore, given its significant anti-
atrophy and antioxidant properties, the peptide sequence of
FF2 was subjected to further examination.

3.9. Amino acid sequencing of peptides with high anti-
atrophic potential isolated from BPs

Through deconvolution of multicharged ions within the full
scan mass spectra, ranging from 200 to 2500, the molecular
masses of the identified peptides were determined (Fig. 9).
Finally, LC-MS/MS identified two peptides in FF2, with the
sequences being peptide 1: AFRSSTKK (MW 924.5; Fig. 9A)
and peptide 2: GAGAAGAPAGGA (MW 826.4; Fig. 9B). The
bioactivity and functionality of peptides depend on their
amino acid composition, structure, polarity, and length.*?
Although the literature on anti-atrophic peptides is limited,
peptides reported to have an anti-atrophic effect consisted of
fewer than 15 amino acids.*® Similarly, peptides 1 and 2 iso-
lated in this study also have 8 and 12 amino acids, respectively.
Such short peptides have shown potential in enhancing the
proliferation or differentiation of myoblasts or myotubes
in vitro.*> The ‘AF’ sequence at the N-terminal of peptide 1,
due to their hydrophobic properties by the presence of alanine
and phenylalanine, could indicate its potential for effective
membrane interactions. Moreover, a significant portion (75%)
of peptide 1 presents hydrophilic tendencies, which might
enhance its solubility in aqueous media and promote inter-
actions with polar cellular membrane components. These

(A)
A-F-R-S-S-T-K-K Peptide 1
(MW : 924.5)
vl o] ¥2 Y3 y4
1.0e4] b, b y8+
B‘ 8.0e3
2 6.0e3;
g
£ 40e3
2.0e3 |
o il
0 100 200 300 400 470
m/z, Da
(B)
G-A-G-A-A-G-A-P-A-G-G-A Peptide 2
X (MW : 826.4)
500 y v v |
-8 bab? b3 b4
400
%‘ 300
g .
“':' 200
100 S _ e \i ’
0 ‘ I L
o 100 200 280
m/z, Da
Fig. 9 Identification of the molecular weight and amino acid sequence

of the purified peptides from FF2. (A) Petide 1: AFRSSTKK (MW 924.5) and
(B) Peptide 2: GAGAAGAPAGGA (MW 826.4).

4572 | Food Funct, 2024, 15, 4564-4574

View Article Online

Food & Function

amphipathic characteristics exhibited by peptide 1 may imply
its potential as cell-penetrating peptide (CPP) capabilities. The
concept of primary amphipathic CPPs refers to chimeric pep-
tides that possess a hydrophobic domain for attaching to cell
membranes, along with a nuclear localization signal.**
Moreover, the presence of arginine (R) and two lysine (K) resi-
dues could potentially enable interactions with negatively
charged cellular membranes, imparting a cationic character-
istic to peptide 1. Therefore, the unique combination of hydro-
phobic and hydrophilic properties in peptide 1 might high-
light its potential for effective membrane interactions and
solubility in cell systems.

In contrast, peptide 2 features a balanced mix of hydrophilic
and hydrophobic residues, with glycine being notably prevalent.
The glycine is frequently found in previously reported anti-
atrophic peptides.***® Studies have also demonstrated the effec-
tiveness of glycine in preventing muscle atrophy. Caldow et al.*’
further supported this by suggesting that a higher concentration
of glycine might serve as a beneficial factor in preventing
muscle degradation, especially in conditions of limited nutrient
intake. Based on the available findings, it appears that peptide
2, particularly those characterized by a high glycine content,
holds the potential to serve as a promising candidate for thera-
peutic interventions targeting muscle atrophy.

4. Conclusions

BPs derived from BL effectively counteracted the DEX-induced
decrease in cell viability, myotube diameter, and muscle matu-
ration in a dose-dependent manner. These beneficial effects
are likely attributed to the inhibition of proteolysis, promotion
of protein synthesis, and reduction in oxidative stress induced
by DEX in C2C12 myotubes. Furthermore, the fractions con-
taining the peptides ‘GAGAAGAPAGGA’ and ‘AFRSSTKK’ iso-
lated from BPs demonstrated significant anti-atrophic and
antioxidant properties compared to the parent material.
Therefore, both BPs and its purified peptides exhibit promis-
ing potential as natural dietary therapeutic agents for addres-
sing muscle atrophy.
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