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Post-exercise whey protein isolate (WPI) supplement is beneficial for skeletal muscle recovery due to the
stimulation of branched chain amino acids (BCAAs). This implies us that intake slow digestion rate of protein
to sustain BCAAs releasing rate may facilitate muscle protein synthesis. To examine this hypothesis, we
conducted a series of protein supplements including modified slow-digesting whey (SDW), whey, hydrolyzed
whey and casein, orally to mice undergoing endurance running. Our results showed that the SDW gavage
constant supplied BCAAs in the serum of mice within 6 h and significantly enhanced (P < 0.01) endurance
exercise capacity, compared to other groups. In addition, the SDW supplementation increased the cross-
sectional area of mice gastrocnemius fibers, as well as their muscle and liver glycogen content. It also
increased the testosterone/cortisol ratio in serum and interleukin-6 (IL-6) levels in muscle, while it decreased
the tumor necrosis factor-alpha (TNF-a) levels and oxidative stress in muscle. Moreover, it may activate
mechanistic target of rapamycin signaling by upregulating mRNA (bcat-1 and pgce-1a) expression. Thus, our
findings illustrate that prolonged BCAAs supply duration promotes mice endurance running capacity and
skeletal muscle growth, contributing to the advancement of sports nutrition practices.
© 2026 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

influence mammalian muscle protein synthesis (MPS) and muscle
development™. Consequently, the consistent and prolonged release of

Highly intense exercise induces muscle damage resulting in
muscle degeneration via the degradation of structural proteins,
such as myofibrils and cytoskeletal proteins'!. The ultrastructural
damage and muscle protein degradation can persistently exist during
the first 12-72 h post-exercise, and these metabolic alterations
increase the skeletal muscle cell’s demand for dietary protein over
a long period™ . Branched chain amino acids (BCAAs) positively
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BCAAs from protein supplements has promising prospects. Among
various proteins, the intimate association between whey protein
isolate (WPI) enriched with BCAAs and MPS has been established
over last few decades™. And it can also mitigate muscle inflammation
and expedite muscle recovery’®”.. Owing to the rapid digestion rate,
a single intake of WPI cannot maintain sustained sufficient serum
BCAAs. Despite casein being generally recognized as a slow-digesting
protein, it contains a lower concentration of BCAAs compared to whey,
which results in limited effects on MPS™”. Interestingly, other researches
indicate that intravenous injection of BCAAs alone did not result
in higher protein anabolism than catabolism™”. Although, only intake
of BCAAs stimulated the translation initiation pathway, it did not
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maximally stimulate postexercise myofibril MPS. In the presence of
an adequate supply of leucine, the order of stimulation to MPS is
complete protein > essential amino acids (EAAs) > BCAAs > leucine
supply alone'". A possible explanation for the lower stimulation
of MPS by ingestion of BCAAs alone than with whey protein is
that the limited availability of EAAs can not provide sufficient
substrates for MPS!"”. It is necessary to intake of protein enriched
with BCAAs rather than BCAAs supplements alone. Thus, a slow
digestive protein with sustained BCAAs release duration is needed.
Transglutaminase (TG) and thermal treatment are mild, effective and
convenient strategies to prepare WPI gel™”. Compared with readily
water-soluble WPI, the modified protein gel including protein aggregates
and stable gel structure leads to less access to digestion enzyme. It (denoted
as slow-digesting whey, SDW) may result in slow down the digestion
rate of WPI and constant supply of BCAAs to improve post-exercise
muscle recovery.

In addition to stimulating post-exercise muscle synthesis, BCAAs
can also mitigate fatigue and enhance sports performance!*. Endurance
running exposes athletes to extreme physiological circumstances resulting
in consuming glycogen storage, releasing hormone, increasing oxidative
stress"”). Supplementation with BCAAs has a dose dependent effect on
promoting a higher hepatic and muscle glycogen content in trained
animals, and branched chain a-keto acids are endogenous metabolites
of BCAAs can alleviate oxidative stress!'*'”. Nevertheless, the impact
of supplementing with different rates of BCAA release on endurance
exercise performance remain controversial. Intake of rapidly digesting
proteins, such as WPI and hydrolyzed WPI (HWPI), leads to an
immediate peak of BCAAs in serum, while SDW ingestion results in
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a high level and prolonged BCAAs supply. Hence, to investigate the
influence of sustained BCAAs supply and instantaneous BCAAs supply
on sports performance, forced uphill endurance running is employed on
mice subjected to different digestion rate of protein gavage.

Herein, we present the SDW produced through the combination
of TG enzyme and thermal treatment, providing a continuous supply
of BCAAs in vivo. Additionally, a forced endurance running mouse
model was selected to verify the impact of varying BCAAs releasing
rate (from ingested SDW, WPI, HWPI and casein) on improving
post-exercise muscle recovery and endurance capability. Besides this,
the glycogen storage, testosterone/cortisol ratio in serum, muscle
oxidative stress, inflammatory factors and muscle mRNA relative
expression were assessed. Our results may reveal the potential
regulation of BCAAs releasing rate as a post-exercise supplement
for promoting muscle growth, attenuating muscle inflammation and
enhance endurance running performance.

2. Materials and methods
2.1 Sample preparation

WPI 292 (containing 90% protein) was purchased from Fonterra Co-
operative Group Ltd. (Auckland, New Zealand). The WPI aqueous solution
(10% (m/V) , pH 7, Fig. 1a) was heated at 80 °C for 30 min. After cooling to
50 °C, it was mix with TG (200 U/g protein) to produce SDW (Fig. 1b).
HWPI (degree of hydrolysis 12%) was obtained from WPI 292 treated with
Alcalase 2.4 L (Novozymes Biotechnology Co., Ltd., Beijing, China).
Casein was purchased from Beijing InnoChem Science & Technology
Co., Ltd. (Beijing, China).
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Fig.1 Morphological appearance of (a) WPI and (b) SDW samples. SEM micrographs of (c) WPI and (d) SDW samples, and the magnification is shown in each
photograph. (¢) FTIR spectra of WPI and SDW. (f) The in vitro digestion ratio of WPI and SDW, * means significant difference (P < 0.05, compared with SDW
group). (g) Secondary structure contents of WPI and SDW. The concentration of BCAAs in mice serum released from (h) WPI and (i) SDW.
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Fig. 1 (Continued)

2.2 Scanning electron microscope (SEM) analysis

After freeze-drying, the WPI sample was dispersed powder, while
the SDW sample was a whole block due to its gel properties. The
SDW gel sample was cut into cubes with a side length of 2-3 mm
to expose the internal microstructure. The gold sputter-coating was
conducted prior to SEM analysis. Subsequently, the images were
observed using scanning electron microscopy (FEI, Eindhoven, the
Netherlands) at 10 kV.

2.3 Fourier transform infrared (FTIR) spectra Analysis

Freeze-dried WPI and SDW (1 mg) were individually mixed
with 200 mg KBr and laminated to fabricate transparent film.
The FTIR spectra were acquired using the FT-NIR/IR spectrometer
(IS10, Nicolet, USA) within the wavelength range of 4 000-500 cm'
by the acquisition of 32 scans at a resolution of 4 cm ™.

2.4 Invitro digestibility of WPI and SDW

The in vitro INFOGEST simulated digestion tests of WPI and
SDW were conducted according to the methods propose by Yao et al.'™*!,
And the protein digestible rate was calculated according to our

previous study.

2.5 Secondary structure characterization

The circular dichroism (CD) spectra of WPI and SDW were recorded
with a spectropolarimeter (V100, Applied Photophysics Ltd., UK) in the
far-UV region (190-260 nm) at 25 °C. The sample concentration was
1 mg/mL in a 0.1 mm quartz cell. Alterations in the content of protein
secondary structures were calculated by CDPro software (https://www.
bmb.colostate.edu/cdpro/).

2.6 Animals

Male young adult C57BL/6 mice (n = 98; Gempharmatech Co.,
Ltd., Jiangsu, China; 2 months) were used in this study. The trial was
conducted in accordance with the Chinese guidelines for animal welfare
and received approval from the Ethics Committee of the Jiangnan
University of Science and Technology (JN.N020220315c0800610[017]).

Animals were habituated to the animal facility for one week before
experiments started and kept under a 12-h light/dark cycle, with a
temperature of (22 + 1) °C. Food and water were given ad libitum.

2.7 The analysis of BCAAs releasing rate in vivo

Two groups of mice (n = 25 per group) were conducted to evaluate
the BCAAs releasing rate from WPI and SDW, separately. After 12 h of
fast, mice were orally administrated with an equal amount of protein
(200 pL 100 mg/mL WPI solution and SDW gel), individually. Blood
was collected from the mice at 0, 1, 2, 4 and 6 h after oral gavage,
and serum was separated by centrifugation (3 000 r/min, 10 min).
Each group consisted of 5 mice at each timepoint. The BCAAs
concentration in serum was measured by an automatic amino acid
analyzer (Sykam GmbH, Germany).

2.8 Mice forced running experiments

Mice were randomly assigned to one of 6 treatments (n = 8)
including one stationary group and five forced running groups, details
provided in Fig. 1. In forced running groups, the mice underrunning
controlment a forced uphill running task at a 15° incline, reaching a
final velocity of 12 m/min for 30 min. This running training lasted
for 8 weeks and was conducted 6 times per week. Post-running, mice
were administered different samples via gavage, and the total protein
intake is the equal among SDW, WPI, HWPI and casein treatment
groups. After final behavior experiment, mice were euthanized to
collect blood, liver and gastrocnemius muscles for further analysis as

described in a previous study'”’.

2.9 Endurance running test

The endurance capabilities of the mice were assessed on the final
day of the 8-week exercise protocol. Following a 30-min forced run,
a rotating rod fatigue mice assay was conducted according to the
method described by Zhong et al.””. The rotating speed was set at
30 r/min, and the duration from when each mouse began running
to when it left the rotating rod was recorded as the endurance running
time.
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2.10 Skeletal muscle and liver glycogen content
measurements

Mice skeletal muscle and hepatic glycogen content was measured by
using commercial kit purchased from Solarbio Science and Technology
Co., Ltd. (Beijing, China).

2.11 Gastrocnemius muscles histology

The gastrocnemius muscles histology was examined using
the following methods™". Briefly, the gastrocnemius muscles
was excised and fixed in 4% paraformaldehyde solution for
24 h, and the samples were then dehydrated with increasing
concentrations (50%, 70%, 85%, 95%) of ethanol and
transparentized in xylene. The samples were embedded in molten
paraffin, sectioned into 5 um slices using a microtome, and placed on
clean glass slides to dry at 37 °C overnight. The tissue sections
were dewaxed in xylene for 5-10 min twice and dehydrated
in different concentrations of ethanol for 2-5 min. These sections
were subsequently stained with hematoxylin and eosin (H&E) for
morphological and structural analysis of the muscles.

2.12  Quantification of muscle fiber cross-sectional area

Quantification of the muscle histology was performed over the
entire gastrocnemius fiber cross section by using ImagelJ software (http:/
rsbweb.nih.gov/ij).

2.13  Biochemical analysis in muscle tissue

Tumor necrosis factor-alpha (TNF-a)) and interleukin-6 (IL-6) in
gastrocnemius muscle was tested using commercial kits (Solarbio,
China). Superoxide dismutase (SOD), nitric oxide (NO), catalase
(CAT) and malondialdehyde (MDA) content in skeletal muscle
was evaluated using commercial kits (Nanjing Jiancheng
Bioengineering Insitate, Nanjing, China) according to the
manufacturer’s instruction.

2.14 Serum testosterone and cortisol evaluation

The testosterone and cortisol in mice serum was measured using
ELISA kit (Shanghai Enzyme Linked Biotechnology Co., Ltd.).

2.15 RNA extraction and real-time quantitative polymerase
chain reaction (PCR)

Total RNA was isolated from the skeletal muscle by using
RNAiso Plus (Takara Biomedical Technology (Beijing) Co.,
Ltd.). Subsequently, the cDNA was then performed using the
PrimeScript™ RT Master Mix (Takara). After cDNA synthesis, the
LightCycler 480 II RT-PCR system (Roche Co., Ltd., USA) was
employed to detect the mRNA expression level of branched-chain
aminotransferase 1 (bcat-1) and peroxisome proliferator-activated
receptor y coactivator la (pgcl-a). The expression of glyceraldehyde-
3-phosphate dehydrogenase (gaphd) was used as the reference gene.
The sequences of the PCR primers were shown in Table S1.

2.16 Statistical analysis

All results are expressed as the mean + standard deviation from
a minimum of 3 independent experiments. One-way analysis of
variance (ANOVA) was used for statistical significance analysis
by using GraphPad Prism 8. A P-value less than 0.05 was deemed
statistically significant. The significance levels are denoted as follows:
*P<0.05, **P<0.01, ¥***P <0.001.

3. Results and discussion
3.1 The characterization of SDW and WPI

The visual appearance of WPI and SDW is shown in Figs. la-b.
In comparison to the WPI aqueous solution, the SDW sample formed
a stable gel that could remain at the bottom of an inverted bottle. This
phenomenon illustrates that the combination of heat and TG enzyme
(H-TG) cross-linking treatment results in the mutual interaction of
denatured proteins, inducing gel formation. The dimensional properties
and micromorphology of WPI and SDW can be intuitively observed by
SEM. The depiction in Fig. 1c reveals that WPI exhibits a dispersed
structure, leading to excellent water solubility and a rapid digestion
2 Conversely, the SDW shows the distinct compacted sheet
structures, a result of the H-TG treatment. Evidently, the thermal
treatment unfolds the tertiary structure of SDW, exposing ¢-amino

rate

on the lysine residues and enhancing the cross-linking efficiency of
TG enzyme, resulting in a stable protein gel®”. Conversely, the SDW
(Fig. 1d) shows the distinct compacted sheet structures.

As presented in Fig. le, FTIR spectra of WPI and SDW were performed
to provide better information about the effect of H-TG treatment
on chemical bonds of protein. The Amide A band (3 750-3 000 cm™)
corresponds to intermolecular hydrogen bonds involving N-H and O-H
stretching vibrations™". The peak of WPI, initially located at 3 421 cm ',
was slightly red-shifted to 3 418 cm ™. The H-TG treatment generated
covalent linkages and iso-peptide bonds, resulting in an increase in
the amplitude of amide A due to the induction of numerous bonded
N-H groups™'. The peaks between 3 000 and 2 750 cm™' belong to
the Amide B band, relating to C—H stretching vibrations of -CH,.
The higher amplitudes of the peaks observed in SDW spectra could
be attributed to interactions involving hydrogen bonds with water,
protein, and TG enzyme®. In contrast, the spectrum of SDW showed
a new characteristic absorption peak at 930 cm ', generated by
C-O-C stretching vibrations.

The in vitro digestible ratio of SDW and WPI is depicted in Fig. 1f.
WPI could be digested nearly 90% at 4 h, while SDW could be
digested for approximately 40% after 4 h digestion, and the
digestible ratio of SDW was significantly lower (P < 0.05) than
that of WPI during 2-4 h. It may result from that the protein
aggregates and gel structure reduced the SDW contact with
digestive enzymes.

The secondary structure contents of WPI and SDW were
calculated and shown in Fig. 1g. The H-TG treatment induced
plenty of changes to SDW secondary structures. Specifically,
the concentration of random coil decreased from 28.4% (WPI)
to 19.2% (SDW), indicating that the H-TG treatment increased
structural order. The concentration of a-helix showed a slight
decline from 19.0% to 15.6%. This finding aligns with a previous



J.C. Leng et al. / Food Science and Human Wellness 15 (2026) 9250333 5

report on H-TG treatment affecting Decapterus maruadsi
surimi, which was attributed to the rupture or weakening of
hydrogen bonds to form stronger intermolecular hydrogen bonds®">*.
However, the f-sheet contents markedly increased from 30.2% to
41.1%, suggesting that the protein structure was more extended prior
to undergoing H-TG treatment™".

The fluctuations of BCAAs concentration in mice serum during 6 h
were shown in Figs. 1h-i. Initially, the BCAAs concentration was low due
to overnight fasting. One hour post-gavage, the BCAAs concentration
rose to 0.059 mg/mL (WPI) and 0.057 mg/mL (SDW). BCAAs in WPI
group were sharply declined to the beginning concentration in 4 h. This
illustrates that the WPI undergoes rapid digestion, releasing abundant
BCAAs immediately, but it cannot sustainably supply BCAAs. BCAAs
in SDW group maintained a slightly lower level than that of WPL in 1 h post-
gavage, but it consistently remained higher than the WPI group during the
subsequent 5 h. The slow BCAAs releasing rate of SDW is due to stable
gel structure, reducing the contact with digestive enzymes, and it could
also be attributed to the changes in the secondary structures, particularly
the increase of f-sheet structures leading to a decrease in digestibility"**".
In a word, the SDW is slow digestive protein that constantly releases
BCAAs into serum within 6 h.

3.2 SDW treatment enhances mice exercise endurance and
improves glycogen storage in liver and skeletal muscle

Mice receiving different proteins orally manifested different
endurance exercise durations, as presented in Fig. 2a. Given the
constant running speed, the longer running endurance time indicates
the stronger endurance exercise capacity. The SDW treatment group
demonstrated the longest running time ((87.50 + 28.05) s, P < 0.01),
significantly longer than other groups. SDW, WPI and HWPI contain
higher concentration of BCAAs compared with casein, while SDW
can sustain 6 h high serum BCAAs concentration (Fig. 1h). Thus, the
sustained BCAAS release enhances endurance running ability of mice
due to the high serum BCAAs concentration, which competes with

tryptophan, its precursor, for passage across the blood-brain barrier,
thereby reducing cerebral serotonin synthesis, decreasing fatigue,
and enhancing endurance performance in athletes”' . Furthermore,
glycogen, a branched polymer of glucose primarily stored in the liver
and skeletal muscle, serves as a major energy source for endurance
sportst™!
highly correlated with exercise performance™. The glycogen contents
in mice skeletal muscle and liver were shown in Figs. 2b-c. The muscle
glycogen of stationary control group ((0.62 + 0.10) mg/mg prot) was
the lowest, consistent with the notion that endurance sports training
improves muscle glycogen accumulation™, Skeletal muscle glycogen
of SDW treatment group was (1.24 = 0.17) mg/mg prot, significantly
higher than that of running control ((0.87 £ 0.07) mg/mg prot,
P < 0.05) and WPI treatment ((0.86 + 0.05) mg/mg prot, P < 0.05).
Muscle glycogen synthesis following its depletion by endurance

exercise is insulin dependent, and WPI enriched with BCAAs
[36-37]

. The relative concentration of muscle glycogen reserve is

can stimulate the insulin secretion . Besides this, mice

receiving a SDW gavage maintained high BCAAs level in serum
for long time can increase muscle and hepatic glycogen storage!®.
In addition, hepatic glycogen mobilizes in response to the
incremental glucose demands from skeletal muscle, and is another
key regulator of endurance capacity in mice®". Its content was
highest in the SDW treatment group at (15.48 + 0.57) mg/mg prot and
significantly higher (P < 0.05) than that of stationary control groups
((10.60 = 2.64) mg/mg prot). As noted above, mice in SDW
treatment group with high level muscle and hepatic glycogen
enhanced endurance running performance.

3.3  SDW treatment reduces mice gastrocnemius inflammation
and increases muscles fiber aera

It is well-established that exhausted endurance or high-intensity
sports can impair muscle fibers, induce muscle inflammation, and
increase muscle soreness™ . The HE-stained cross sections of
gastrocnemius muscle fibers were shown in Figs. 3a-f. Several
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Fig.2 (a) The mice endurance running time, (b) gastrocnemius muscle glycogen contents, and (c) liver glycogen contents. The error bar represents the standard
deviation error. * P < 0.05 and ** P < 0.01, the same as below.
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regions of inflammatory infiltrate were present in the four running
groups (marked with red circle in Figs. 3b, d-f) except stationary
control and SDW treatment group. Despite following the same
running protocol, no obvious inflammatory area was observed
in gastrocnemius of the SDW treatment group. Without suitable
protein supplementation, unrecovered muscles are disruptive to
locomotor performance, which were consistent with endurance
running ability (Fig. 2a). The total protein intake among SDW, WPI,
HWPI and casein treatments is equal, thus the BCAAs supply
form is critical for alleviating post-exercise muscle damage. The
quantification of mice average gastrocnemius fiber cross-sectional
area was shown in Fig. 3g, and the muscle fiber size is positively
correlated with strength and leg extension”. No significant distinctions
in the size of muscle fibers were noticed between mice in stationary
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control and endurance running control groups, although Kazior et al.*”
suggested that human subjected to long-term endurance running
training enlarge human muscle fibers. This could be attributable
to murine having a lower proportion of slow twitch muscle fibers
than human™. Mice in SDW treatment group had the biggest average
gastrocnemius fiber size ((922.28 + 161.30) um’, P < 0.01), significantly
larger than other groups. It is more likely due to the fact that sustained
BCAAs supply may lead to stimulation of muscle anabolism rather
than inhibition of catabolic processes. The average gastrocnemius fiber
cross-sectional area of HWPI treatment group ((673.17  160.97) um?)
was the second biggest and significantly bigger than that of WPI
treatment group ((783.87 + 169.29) um’, P < 0.05). The immediate
BCAAs release is associated with positive post-exercise MPS effect,
while it is still weaker than that of sustained BCAAs release.
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Fig.3 The HE-stained paraffin sections of mice gastrocnemius in (a) Stationary control, (b) Running control, (¢) Running + SDW, (d) Running + WPI,
(e) Running + HWPI, (f) Running + Casein, (f) RCA, scale bar: 100 um; inflammation area in muscle fibers marked with red circle. (g) Quantification of
average gastrocnemius fiber cross-sectional area.
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3.4 SDW treatment elevates testosterone/cortisol ratio in
serum

Testosterone is a naturally secreted androgenic-anabolic hormone that
promotes intramuscular amino acid uptake, leading to muscle growth™.
Furthermore, it can protect against development of widespread, long-

9. No difference of the testosterone

lasting activity-induced muscle pain
concentration in serum (Fig. 4) were seen among six groups, while
mice receiving SDW ((1.95 £ 0.23) ng/mL) showed an upward trend,
compared to control groups. In contrast to testosterone, cortisol negatively
correlates with MPS, and reduces muscle strength and mass”. The
concentration of cortisol (Fig. 4b) in SDW treatment group
((1.88 £ 0.37) ng/mL) showed a downward trend. Although, there
were no significant difference in serum testosterone and cortisol content
among all groups, the ratio of these 2 hormones is critical for post-exercise
recovery of muscle function. Therefore, it is imperative to investigate
whether the form of post-exercise BCAA supplementation can enhance
testosterone levels and suppress cortisol levels, thereby positively
impacting muscle growth. The testosterone/cortisol ratio (Fig. 4c) of
mice in SDW treatment group (1.06 + 0.24) was significantly higher
than that of stationary control (0.56 + 0.17, P < 0.05), running control
(0.56 £ 0.10, P < 0.05) and HWPI treatment (0.54 = 0.04, P < 0.05)
groups. Mice administered sustained BCAAs supply demonstrated the
strong effect on increasing testosterone and reducing cortisol in serum,
facilitating MPS, and further validating the largest muscle fiber area
observed in Fig. 3.

3.5 SDW treatment mitigates the oxidative stress of skeletal
muscle

Endurance running and other exercise that increase oxygen
utilization can raise the likelihood of free radical formation,
which are scavenged by a crucial antioxidant SOD™". The SOD
activities in mice skeletal muscle were measured and presented in
Fig. 5a. The SDW treatment group showed significantly higher
SOD activity ((480.62 = 77.79) U/mg prot, P < 0.05) than
stationary control ((330.13 + 40.35) U/mg prot, P < 0.05),
running control ((365.06 + 48.27) mg/mg prot, P < 0.05) and casein
treatment ((311.21 + 33.85) U/mg prot, P < 0.05) groups. Low SOD
activity in the muscles of the running control groups may be due to
insufficient post-exercise BCAAs supplementation. Interestingly,
post-exercise casein supplementation did not increase SOD activity,
aligning with previous findings that rats fed a casein diet could not
suppress the production of muscle peroxidative products in vivo™
The CAT is another enzyme to buffer bursts of intracellular reactive
oxygen species (ROS) and peroxide production®. The CAT
activity (Fig. 5b) in muscle of SDW treatment group ((199.28 +
35.02) U/mg prot) was significantly higher than that of stationary
control ((68.04 + 38.15) U/mg prot, P < 0.01) and running control
groups ((99.83 + 19.19) U/mg prot, P < 0.05). And the CAT
activity of WPI treatment was significantly (P < 0.05) higher
than that of stationary control. Our results correspond with
previous evidence that forced running exercise can increase
CAT expression in muscle”'!. Besides this, compared to WPI
supplementary, SDW gavage showed an improvement in CAT
activities, demonstrating that the slow digestion modification
of WPI resulting in sustained BCAAs supply has a stronger

ability to adapt to oxidative stress. Without adequate SOD or CAT
enzymes present in muscle, free radicals can peroxidize cell membrane
lipids, generating MDA, which is particularly harmful to muscle
tissue””. As shown in Fig. 5¢, the MDA content of SDW
treatment group ((0.23 £ 0.05) nmol/mg prot) was significantly lower
than that of stationary control ((0.38 + 0.07) nmol/mg prot, P < 0.05),
running control ((0.55 £ 0.08) nmol/mg prot, P < 0.001),
((0.39 £ 0.02) nmol/mg prot, P < 0.01), HWPI treatment
((0.42 £ 0.11) nmol/mg prot, P < 0.01) and casein treatment
((0.52 = 0.07) nmol/mg prot, P < 0.001), illustrating that the
sustained BCAAs supply considerably suppresses the production
of MDA. MDA content of running control group was the
higher than that of stationary control group, indicating that
the endurance running induces oxidative stress resulting
to formation of MDA. And the it was significantly higher
(P < 0.01) than that of WPI treatment group, which was
consistent with that supplementation of whey protein decreased
the levels of malondialdehyde in rat serum®’!.

NO is an ergogenic aid that enhances vasodilation leading
to increased blood flow, delivering more oxygen and nutrients
to muscles, and inhibiting calpain to protect cells from ion-
induced proteolysis™. Inhibition of NO can delay and restrict
the extent of muscle repair®. As depicted in Fig. 5d, the NO
content in muscle of SDW treatment group ((2.98 + 0.30) pmol/mg prot)
was significantly higher (P < 0.05) than that of running control
group ((1.46 £ 0.13) pmol/mg prot). This indicates that mice with
sustained BCAAs release elevated the NO content in muscle,
which may stimulate the muscle growth.

Overall, the prolonged BCAAs release increases activities of
SOD and CAT, which can high effectively scavenge free radicals and
hydrogen peroxide, therefore protect the body against the destructive
effects. On the other hand, it the decreases concentration of MDA
in muscle implying strong antioxidant capacity. Moreover, it leads
to high NO content promoting MPS.

3.6 Decrease of INF-o and increase of IL-6 in mice
muscle by SDW administration

Overwhelming evidence suggests that muscle injury is related to
TNF-a, which up-regulates IncRNAs expression, leading to myotube
atrophy™. Inhibiting post-trauma TNF-a can enhance myofiber diameter,
the ratio of muscle weight to body weight and the twitch muscle force™”. As
presented in Fig. 6a, TNF-a concentration in the muscle of SDW treatment
group ((12.41 + 10.86) pg/mg prot) was significantly lower than
that of stationary control ((80.24 +45.87) pg/mg prot, P <0.05), HWPI
treatment ((70.73 + 34.67) pg/mg prot, P < 0.05) and casein treatment
((88.76 + 40.11) pg/mg prot, P < 0.05). This demonstrates that
a sustained release of BCAAs has a more pronounced effect on
reducing TNF-a in muscles compared to an instantaneous release
of BCAAs, which may aid muscle recovery after endurance
running.

Contrary to detrimental effect of TNF-a on muscles, IL-6 plays

81 Muscle-induced and

different role primarily in muscle growth'
transient expression of IL-6 is an important signaling molecule
to promote muscle satellite cells activation, proliferation and
terminal differentiation”™’. As shown in Fig. 6b, the IL-6 content

of SDW treatment group ((58.44 + 12.48) pg/mg prot, P < 0.05) is
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significantly higher than other groups. Mice gavage with SDW
have a long duration of high BCAAs contents in serum, which
provides substrates for cytokine and immunoglobulin synthesis and
may contribute to lymphocyte proliferation®”. Thus, the high post-
exercise IL-6 level in SDW treatment group can stimulate muscle
repair and regeneration.

3.7 SDW upregulating bcat-1 and pgc-la

The mechanistic target of rapamycin (mTOR) signaling is a critical
factor in maintaining skeletal muscle mass®®'. It can trigger bact-1
expression that facilitates the initial metabolic processing of
BCAAs, and this process involves the transfer of the amine
group to alpha-ketoglutarate, which results in the production of
alpha keto acids and glutamate™. In SDW treatment group, bcat-1
expression (Fig. 7a) was upregulated, which was significantly higher
than that of running control (P < 0.01), stationary control (P < 0.05),
WPI treatment (P < 0.05) and casein treatment (P < 0.05) groups.
The slow digestion of SDW constantly releasing BCAAs into the
serum could potentially activate mTOR signaling, which could
upregulate bact-1 expression, promoting growth rate of muscle cells
and decreasing ROS levels™ . And our findings, as illustrated in
Fig. 3 and Fig. 5, support the notion that the SDW treatment group
experienced an increase in muscle fiber area and improved adaptation to
oxidative stress. Likewise, the enhancement of mTOR signaling induces
the expression of pgcl-a, which is a transcriptional coactivator that
activates BCAA metabolism!®. Its expression is increased in the skeletal
muscle during exercise and is used for energy in the tricarboxylic acid
(TCA) cycle”™. As shown in Fig. 7b, pgcl-a expression in the SDW
treatment group was significantly upregulated (P < 0.01) compared to
other groups. And the expression of pgc/-a in skeletal muscles could
increase endurance running ability, which interpreted mice in SDW
treatment group showing the longest endurance running duration'’’.
Thus, bcat-1 and pgcl-a were upregulated in muscle cell can elevate
BCAAs metabolism and promote MPS.

4. Conclusion

The SDW is conveniently fabricated by the combination of TG
enzyme and heat treatment, sustaining a constant supply of BCAAs
in vivo. The mouse model demonstrates that SDW gavage effectively

enhanced skeletal muscle mass and elevated endurance running
capability. The underlying mechanism seems to involve a sustained
release of BCAAs that increased the serum testosterone/cortisol ratio
and IL-6 levels while concurrently inhibiting TNF-a and oxidative
stress. In addition, the mRNA of bcat-1 and pgc-1a expression were
upregulated. Thus, our study confirms that the sustained BCAAs
release is beneficial to skeletal muscle recovery, constituting a
promising approach to widen our perspectives on post-exercise protein
supplement and improve athlete’ sports performance .
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