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Abstract

Background and Aims: Metabolic-associated steatohepati-
tis (MASH) is an advanced and progressive liver disease that
potentially causes cirrhosis and hepatocellular carcinoma.
Exercise is a crucial and effective intervention for ameliorat-
ing metabolic dysfunction-associated steatotic liver disease.
This study aimed to provide a comprehensive understand-
ing of the underlying mechanisms of MASH, which benefit
a broad spectrum of MASH patients, including those who
have difficulty engaging in physical activity. Methods: We
established a mouse model of MASH and selectively knocked
down L-type amino acid transporter 1 and alanine-serine-
cysteine transporter 2. Mice were fed a high-fat high-choles-
terol diet and subjected to either short- or long-term exercise
regimens. We assessed the phosphorylation and activity of
branched-chain alpha-keto acid dehydrogenase (BCKDH) as
well as branched-chain amino acid (BCAA) content in skel-
etal muscle following exercise. Results: Short-term exer-
cise significantly reduced hepatic steatosis and inflammation
without causing notable changes in body weight. It also en-
hanced BCKDH activity in skeletal muscle and decreased he-
patic BCAA accumulation. Muscle-specific overexpression of
BCKDH further promoted BCAA catabolism and significantly
attenuated hepatic steatosis and inflammation in high-fat
high-cholesterol-fed mice. In contrast, muscle-specific L-
type amino acid transporter 1 knockdown, which suppresses
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BCAA uptake, markedly abolished these beneficial effects.
Interestingly, BCKDH overexpression in muscle increased
glutamine levels in both the blood and liver. Hepatic alanine-
serine-cysteine transporter 2 knockdown, which inhibited
glutamine uptake, lessened the protective effect of exercise
on MASH. Further in vitro study revealed that glutamine de-
rived from myocytes improved redox homeostasis and inhib-
ited lipid accumulation in hepatocytes. Conclusions: Short-
term exercise enhances BCAA catabolism in skeletal muscle
and promotes glutamine production, which circulates to the
liver to improve redox balance and alleviate MASH.
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Introduction

Metabolic dysfunction-associated steatotic liver disease (MA-
SLD) is the most prevalent chronic liver disease.! It mani-
fests as either simple steatosis or a more advanced form
characterized by steatosis, inflammation, and fibrosis, known
as metabolic dysfunction-associated steatohepatitis (MASH).
While simple steatosis is typically benign and reversible,
MASH is progressive and may lead to cirrhosis, liver failure,
and hepatocellular carcinoma. Given the complex patho-
genesis and heterogeneity of the disease, the only drug ap-
proved to date is the thyroid hormone receptor B agonist
resmetirom,2 which has a response rate of only 25-30% and
is associated with high costs. Lifestyle interventions, particu-
larly exercise, are critical in ameliorating MASH. For instance,
exercise-mediated weight loss reduces intrahepatic triglycer-
ide content and suppresses immune cell-driven inflammation
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by downregulating proinflammatory cytokines.3-6 However,
long-term exercise remains difficult for many patients due
to poor compliance. Short-term exercise has demonstrated
benefits in other contexts: it improves various cognitive
functions in the elderly and significantly enhances maximal
oxygen uptake, diastolic blood pressure, fasting glucose, and
cardiometabolic risk factors in obese individuals.”8 Never-
theless, the role and mechanisms of short-term exercise in
MASH progression remain unclear, highlighting the need for
further research and the identification of effective therapeu-
tic targets.

Circulating branched-chain amino acids (BCAAs), includ-
ing valine, leucine, and isoleucine, are positively correlated
with hepatic cholesterol and triglyceride levels. Elevated se-
rum BCAAs have been observed in patients with MASH,9:10 at
least in part due to reduced catabolism in the liver and adi-
pose tissue. Additionally, BCAA-activated mechanistic target
of rapamycin complex (mTORC) in hepatocytes is associated
with insulin resistance, a condition that can be mitigated by
enhanced BCAA degradation.11-13 Abnormal mTORC activa-
tion also promotes de novo fatty acid and lipid synthesis,!4
contributing to hepatic steatosis. These findings illustrate a
strong association between BCAA accumulation and meta-
bolic disorders.15:16 Additionally, MASH is characterized by
reduced mitochondrial respiratory capacity, increased proton
leakage, elevated oxidative stress, diminished antioxidant
defenses, and heightened inflammatory responses, suggest-
ing a central role for oxidative stress in its pathogenesis and
progression.17:.18 Notably, exercise has been shown to coun-
teract impaired BCAA catabolism in rodent and human adi-
pose tissues by upregulating BCAA metabolic enzymes and
enhancing hepatic antioxidant responses.!® We hypothesize
that correcting BCAA metabolic dysregulation may inhibit
MASH progression by reducing hepatic oxidative stress and
lipid synthesis.

Methods

Animal model

All mice were housed under specific pathogen-free condi-
tions with a 12-h light/dark cycle at a room temperature
of 22 + 0.5°C. Throughout the study, all mice had ad libi-
tum access to food and water. Healthy male C57BL/6J mice,
starting at eight weeks of age, were continuously fed a high-
fat, high-cholesterol (HFHC) diet (protein, 14%; fat, 42%;
carbohydrates, 44%; cholesterol, 0.2%; TP26304; Troph-
ic Diet, Nantong, Jiangsu Province, China) for 16 weeks.
Control mice received a normal diet (protein, 18.3%; fat,
10.2%; carbohydrates, 71.5%; 1,025; HuaFuKang Biosci-
ence Co., Ltd., Beijing, China).20 All animal experiments and
protocols were approved by the Animal Ethics Committee
of the Air Force Medical University (approval number: IA-
CUC-20220351) and conducted in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Exercise training protocol

The exercise regimen was based on a previously established
protocol.2! Briefly, mice were acclimated to a motor-driven
treadmill (H-PT, Zhenghua Biological Instruments, Anhui,
China) for five consecutive days. They were then trained with
either short-term (two weeks) or long-term (eight weeks)
exercise (Fig. 1A) on a treadmill set at a 5° incline and a
speed of 15 m/min (60 min/day, five days/week). All experi-
ments were performed 48 h after the completion of either the
two-week or eight-week training program.

Adeno-associated virus infection

AAV2/9 containing L-type amino acid transporter 1 (LAT1) shR-
NA (AAV2/9-MHCK7-shLAT1), AAV8 containing ASCT2 shRNA
(AAV8-ALB-shASCT2), and AAV2/9 containing branched-
chain alpha-keto acid dehydrogenase (BCKDH) (AAV2/9-
MHCK7-BCKDH) were purchased from WZ Biosciences Inc.
(Shandong, China). To achieve muscle-specific knockdown
of LAT1 and overexpression of BCKDH in C57BL/6] mice,
AAV2/9-MHCK7-shLAT1 and AAV2/9-MHCK7-BCKDH were
administered via in situ gastrocnemius muscle injection (1
x 1011 viral genomes [VG]/mouse) at 18 weeks of age, as
previously described.?2 AAV2/9-MHCK7-shCtrl and AAV2/9-
MHCK7-GFP were used as negative controls. For liver-specific
knockdown of ASCT2, AAV8-TBG-shASCT2 was delivered via
tail vein injection (5 x 10! VG/mouse), with AAV8-TBG-
shCtrl serving as a negative control. Infection efficiency was
evaluated by Western blotting two weeks post-injection.

Cell culture

The immortalized human hepatocyte cell line THLE (main-
tained in our laboratory) and the mouse skeletal muscle
cell line C2C12 (Cell Bank of the Type Culture Collection of
the Chinese Academy of Sciences, Shanghai, China) were
cultured in DMEM (PM150210, Pricella, Wuhan, China) sup-
plemented with 10% fetal bovine serum (E600001, Sangon
Biotech, Shanghai, China) and 1% penicillin-streptomycin
(P1400, Solarbio, Beijing, China) at 37°C in a humidified in-
cubator with 5% CO,.

Lentiviral infection

Cells were seeded in six-well plates at a density of 5 x 104
cells/well and allowed to adhere overnight. The following
day, the medium was removed, and C2C12 and THLE cells
were transduced with lentiviruses (LV) expressing BCKDH
at a multiplicity of infection of 20 or with shRNA targeting
ASCT2 (LV-shASCT2) at a multiplicity of infection of 10, as
previously described.23 After 16 h, the culture medium was
replaced, and cells were incubated for an additional 32 h. Ap-
proximately 48 h post-infection, puromycin (HY-K1057, Med-
ChemExpress, Monmouth Junction, NJ, USA) was added to
the medium at a final concentration of 8-16 ug/mL. Expres-
sion of BCKDH and ASCT2 was confirmed by western blotting
in puromycin-selected cells.

Co-culture cell model

To establish an in vitro hepatic steatosis model, THLE cells
were treated with palmitic acid (PA, 0.5mM; P0500, Sigma-
Aldrich, St. Louis, MO, USA) and oleic acid (OA, 1.0mM;
0-1008, Sigma-Aldrich) for 18 h. Control cells were treated
with 0.5% fatty acid-free BSA (GC305010, Servicebio, Wu-
han, China). For co-culture, LV-BCKDH-infected C2C12 cells
were seeded in the upper chamber, while PA/OA-treated
THLE cells were seeded in the lower chamber of a 24-well
co-culture plate, as previously described.?4 C2C12 cells were
cultured in DMEM with 10% serum, whereas THLE cells were
cultured in DMEM with 0.5mM PA, 1.0mM OA, and 10% se-
rum for 18 h. Following this, media were replaced with DMEM
supplemented with 10 mM BCAAs at a 2:1:1 weight ratio of
leucine, valine, and isoleucine (L-leucine, 61819; L-isoleu-
cine, 58879; L-valine, 94619; Sigma-Aldrich), and the cham-
bers were co-cultured for an additional 12 h. Cellular glu-
tamine content, triglyceride (TG), and total cholesterol (TC)
were determined, and Oil Red O staining was performed.

Biochemical measurements
Blood samples were collected following a 6-h fast. Serum

Journal of Clinical and Translational Hepatology 2025 vol. 13(7) | 542-554 543



Gao M. et al: Short-term physical activity reduces MASH

A B EXE 2w EXE 8w
C57BL6 Begin 50 =%
8w old exercise cl i
. -
Q %Sacrlﬂce Sacrifice _‘g 40 .5 40
‘© [
J=—————— -=- -t 2 3
ow 14w EXE 2w EXE 8w 230 230
CD/HFHC o o
] 7]
Short-time exercise I 20 20
Long-time exercise I
c EXE 2w EXE 8w Dg g
4 4 §» '5’
5 s : g
2 = HS 3
z3 23 > 2
R K= H] 3
[
§2 g2 @ g
- - = <
S 1 21 = 2
| i | [ 2
; S
0 0 IS @
¢ 2
] -

E F

) g =) g
3 3 3 3
5 5 % %
< < < <
£ E £ £
S S S S
5 5 5 5
(2} (2} (2} (2}
G cb HFHC

SED EXE SED EXE

w
o3
=
OO«
SFFEF
CD HFHC
> - =
& o og2 o
w -3 -
x E 2s
w ['4 =.g 10
= o=
5
O 0«
FFEE
~ CD HFHC
el ¢ ¥ 5% R E
“' 1 P g §
g 8 ¢ o @ g > ;zo
~ i by =
w e - 810
& g Y S
. L S oo of 4%
o SRR " §°o©o@
L

CD HFHC

Fig. 1. Effects of short-term exercise on MASH independent of weight loss. (A) Schematic representation of the experimental protocol designed to evaluate the
effects of two- or eight-week exercise on HFHC-induced MASH in mice. (B-F) Analyses of body weight (B), liver weight (C), liver weight-to-body weight ratio (D), and
serum ALT (E) and AST (F) levels in different groups (n = 6). (G) Representative images and quantitative analyses of liver sections stained with H&E, Oil Red O, and F4/80
from different groups (n = 6). *p < 0.05, **p < 0.01. Scale bar, 50 pm. MASH, Metabolic-associated steatohepatitis; CD, control diet; HFHC, high-fat and high-cholesterol
diet; SED, sedentary group; EXE, exercise group; ALT, alanine aminotransferase; AST, aspartate aminotransferase; NAS, NAFLD activity score; HE, hematoxylin-eosin.
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levels of triglycerides, cholesterol, alanine aminotransferase
(ALT), and aspartate aminotransferase (AST) were measured
using an automatic biochemical analyzer (717000, Hitachi,
Tokyo, Japan), as previously described.2> Triglyceride levels
in liver tissues and cells were measured using a Triglyceride
Colorimetric Assay Kit (MAK266-1KT; Sigma-Aldrich).26

Hematoxylin and eosin staining and immunohisto-
chemistry

Hematoxylin and eosin staining and immunohistochemistry
were performed as previously.2® Briefly, mouse tissues were
fixed in 4% paraformaldehyde solution, embedded in par-
affin, and sectioned at 5 pm. The slides were stained with
hematoxylin and eosin (Hematoxylin, G1004, Servicebio; Eo-
sin, BA-4024, Baso, Zhuhai, China) and photographed under
a microscope (Olympus CX31, Olympus, Nagano, Japan) to
determine the NAFLD activity score (NAS).25> The NAFLD ac-
tivity score was calculated as the sum of the steatosis, hepat-
ocyte ballooning, and lobular inflammation scores. Steatosis
was scored from 0-3 (0, <5% steatosis; 1, 5-33% steatosis;
2, 34-66% steatosis; and 3, >67% steatosis). Hepatocyte
ballooning was scored from 0-2 (0, normal hepatocytes; 1,
normal-sized hepatocytes with pale cytoplasm; 2, enlarged
pale hepatocytes at least twofold in size). Lobular inflamma-
tion was scored from 0-3 based on the number of inflamma-
tory foci per 20x field (0, none; 1, <2 foci; 2, 2-4 foci; 3,
24 foci).

For immunohistochemical analysis, paraffin-embedded
sections were dewaxed and incubated with anti-F4/80 an-
tibody (GB11027, 1:1,000 dilution; Servicebio) at 4°C
overnight. Anti-rabbit IgG was used as the secondary an-
tibody. Immunohistochemical staining was visualized using
a 3,3’-diaminobenzidine substrate kit (KIT-9730; MXB, Fu-
zhou, China). Images were acquired using a light microscope
(CX43, Olympus).

Oil Red O staining

Frozen liver sections (8 ym) or THLE cells in 24-well co-
culture plates were stained with 0.5% Qil Red O (00625;
Sigma-Aldrich) for 30 min and counterstained with hema-
toxylin for 5 min.2” Red lipid droplets were observed under
a microscope.

Western blotting and quantitative real-time poly-
merase chain reaction (RT-PCR) analysis

Western blotting and quantitative RT-PCR were performed
as previously described.?8 Briefly, snap-frozen tissues and
cells were lysed in radioimmunoprecipitation assay buffer
(AP023, AccuRef Scientific, Shaanxi, China) supplemented
with a protease inhibitor cocktail (P9599, Sigma-Aldrich)
and a phosphatase inhibitor (PHOSS-RO, Roche, Basel, Swit-
zerland). Proteins were quantified using a bicinchoninic acid
kit (23225, Thermo Fisher, Waltham, MA, USA), separated
by 10% SDS-PAGE, and transferred to a PVDF membrane
(IPVH00010, Thermo Fisher). Membranes were blocked with
5% non-fat milk in TBST and incubated overnight at 4°C
with specific primary antibodies, followed by HRP-conjugated
secondary antibodies. Signals were detected using an en-
hanced chemiluminescence kit (170-5061, Bio-Rad, Hercu-
les, CA, USA) and imaged using a ChemiDoc MP imaging
system (Bio-Rad). The antibodies used in this study (anti-
BCKDH, anti-p-BCKDH, anti-S6K1, anti-p-S6K1, anti-ASCT?2,
anti-p-actin, anti-4E-BP1, anti-p-4E-BP1, and anti-GAPDH)
are listed in Supplementary Table 1. Total RNA was extracted
using the TRI reagent (T9424, Sigma-Aldrich) and reverse-
transcribed to generate complementary DNA using the Pri-

meScript RT Reagent Kit with genomic DNA Eraser (RR047A,
Takara, Shiga, Japan). Quantitative RT-PCR was performed
using the SYBR Premix Ex Taq II Kit (RR390A, Takara). The
primers used are listed in Supplementary Table 2. B-actin
was used as an internal control.

Quantification of BCAAs

BCAA levels were measured using a branched-chain amino
acid assay kit (ab83374; Abcam, Cambridge, United King-
dom), following the manufacturer’s instructions.2%.30 The en-
zymatic reaction that oxidizes and deaminates BCAAs gener-
ates NADH, which reacts with the NADH reduction probe to
produce a colored product. Absorbance was measured at 450
nm using a spectrophotometer, and BCAA levels were calcu-
lated using a standard curve.

Measurements of metabolite levels

To measure tissue metabolites, approximately 10 mg of tis-
sue was homogenized and centrifuged at 10,000 x g for 10
min. Plasma homogenates were incubated at 4°C overnight
and centrifuged at 2,500 x g for 15 min. The supernatant
was collected for further analysis. Glutamine levels in the
lysates were quantified using a glutamine colorimetric as-
say kit (K556-100; BioVision, Inc., Milpitas, CA, USA).31-33
Isovaleryl-CoA was quantified using a Mouse Isobutyryl-CoA
ELISA Kit (YJ210684, Jiangsu Meimian Industrial, Jiangsu,
China), 2-methylbutyryl-CoA was quantified using a Mouse
2-Methylbutyryl-CoA ELISA Kit (YJ410357, Jiangsu Meimian
Industrial), and isobutyryl-CoA was quantified using a Mouse
Isobutyryl-CoA ELISA Kit (YJ214016, Jiangsu Meimian Indus-
trial), following the respective manufacturer’s protocols.

BCKDH activity assay

BCKDH activity was quantified spectrophotometrically using
a commercial assay kit (GMS50935.2, GENMED, Minneapolis,
MN, USA), according to established protocols.34 The BCKDH
complex was extracted from fresh tissue samples using 9%
polyethylene glycol. Activity was calculated by monitoring
the change in absorbance at 600 nm over time and applying
this to a dichlorophenol-indophenol standard curve to deter-
mine the nanomolar concentration of the product formed.

In situ detection of reactive oxygen species (ROS)
levels

Cellular ROS production in hepatocytes was assessed us-
ing 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA,
S0033S; Beyotime Biotechnology, Shanghai, China), as
previously described.35 Briefly, hepatocytes or frozen liver
sections were incubated with 10 yM DCFH-DA for 30 min
at 37°C in the dark, then washed three times with 1xPBS.
Fluorescence was observed under a laser scanning confocal
microscope. Image] software was used to quantify fluo-
rescence intensity as follows: Imagel was launched and
the target image was opened. Channels were separated
via Image > Color > Split Channels. The green channel
was selected, and the threshold was adjusted using Image
> Adjust > Threshold to highlight the regions of interest.
Measurements were then configured and calculated. In the
results window, the “"Mean” value represented the average
fluorescence intensity.

Lipid peroxidation and glutathione (GSH)/GSSG as-
say

Malondialdehyde (MDA), a marker of lipid peroxidation, was
measured using an MDA assay kit (S0131S; Beyotime) as
previously described.3® Total GSH levels were measured us-
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ing a GSH and GSSG assay kit (S0053; Beyotime), following
the manufacturer’s instructions.

Statistical analyses

Data were analyzed using GraphPad Prism 9.5.1 software
(San Diego, CA, USA) and were presented as the mean +
standard error of the mean. Differences between two groups
were analyzed using paired two-tailed Student’s t-tests. For
comparisons among multiple groups, one-way analysis of
variance followed by the Bonferroni post hoc test was used.
Statistical significance was defined as *p < 0.05 and **p <
0.01.

Results

Short-term exercise alleviates MASH independently
of weight loss

Figure 1A shows the exercise protocol. As expected, the
eight-week exercise program significantly reduced body
weight and markedly ameliorated the MASH phenotype (Fig.
1B-F, Supplementary Fig. 1B, C, E). Notably, although the
two-week exercise program did not reduce body weight (Fig.
1B), it significantly decreased liver weight (Fig. 1C) and the
liver-to-body weight ratio (Fig. 1D). Serum ALT (Fig. 1E) and
AST (Fig. 1F) levels were also significantly reduced after two
weeks of exercise. Histological analysis indicated that two
weeks of exercise reduced hepatic steatosis and inflamma-
tory cell infiltration and downregulated key inflammation-
related genes (Fig. 1G, Supplementary Fig. 1D). Further-
more, expression of fibrosis-related genes, such as ACTA2
and TGF-B1, was downregulated (Supplementary Fig. 1D).
In addition, hepatic TG and TC levels decreased following two
weeks of exercise (Supplementary Fig. 1A). These findings
suggest that the alleviation of MASH through short-term ex-
ercise is not solely mediated by energy expenditure.

Short-term exercise ameliorates BCAA accumulation
in MASH

To investigate the potential mechanisms by which short-term
exercise ameliorates MASH, we analyzed liver transcriptome
data from a published MASH cohort (GSE164760). KEGG
pathway enrichment analysis of metabolic functions revealed
that BCAA degradation pathways were among the most sig-
nificantly altered in MASH tissues compared to healthy liver
tissues (Fig. 2A). Elevated BCAA levels were observed in
the livers of MASH mice compared to normal mice, whereas
short-term exercise significantly reversed this effect (Fig.
2B). In vitro experiments demonstrated that BCAA treatment
promoted lipid accumulation in hepatocytes (Supplementary
Fig. 2A-B). BCKDH functions as the rate-limiting enzyme in
BCAA catabolism (Fig. 2C). However, assessment of BCKDH
mRNA and total protein expression in the livers of MASH
mice revealed no significant alterations (Fig. 2C, Supplemen-
tary Fig. 2D). Previous studies have reported that hepatic
BCKDH activity is significantly diminished in metabolic dis-
orders such as MASLD, diabetes, and obesity,37:38 potentially
due to increased phosphorylation of BCKDH.3940 Therefore,
we evaluated BCKDH phosphorylation and activity in MASH
mice following exercise. Our results indicated that BCKDH
phosphorylation (Fig. 2D) and enzymatic activity (Fig. 2E)
were not significantly altered by exercise. Similarly, there
were no significant differences in the levels of downstream
BCAA metabolites (isovaleryl-CoA, 2-methylbutyryl-CoA, and
isobutyryl-CoA) between the exercised and non-exercised
groups (Fig. 2F). These findings suggest that exercise does
not directly impact hepatic BCAA metabolism. Interestingly,

Gao M. et al: Short-term physical activity reduces MASH

serum BCAA levels in MASH mice were significantly reduced
after exercise (Fig. 2G), suggesting enhanced systemic BCAA
degradation. Given that skeletal muscle is the primary site
for BCAA oxidation#! and that skeletal muscle metabolism is
accelerated by exercise, we measured BCAA content in skel-
etal muscle. Surprisingly, BCAA levels in skeletal muscle in-
creased post-exercise (Fig. 2H). No significant changes were
observed in BCKDH mRNA or total protein expression in skel-
etal muscle (Supplementary Fig. 2D, Fig. 2I). However, BCK-
DH activity in skeletal muscle was significantly upregulated
following exercise (Fig. 2I-]). Correspondingly, the levels of
downstream metabolites of BCAA oxidation were notably in-
creased (Fig. 2K), indicating enhanced BCAA catabolism in
skeletal muscle post-exercise. These findings suggest that
exercise may alleviate hepatic lipid accumulation and inflam-
mation by activating skeletal muscle BCKDH and promoting
BCAA oxidation in muscle tissue.

Enhanced catabolism of BCAAs in muscle amelio-
rates MASH

To determine whether enhanced BCAA catabolism in skeletal
muscle is a mechanism underlying MASH improvement after
short-term exercise, we generated a muscle-specific BCKDH-
overexpressing mouse model by injecting AAV2/9-MHCK7-
BCKDH into C57BL/6J mice on either a control diet or HFHC
diet. Compared to controls, AAV2/9-MHCK7-BCKDH injec-
tion significantly increased BCKDH expression (Fig. 3A) and
activity (Fig. 3B) in skeletal muscle. Muscle-specific BCKDH
overexpression reduced liver weight (Fig. 3C) and the liver-
to-body weight ratio (Fig. 3D) in HFHC-fed mice. Biochemical
analyses revealed significantly lower liver TG (Fig. 3E), liver
TC (Fig. 3F), and serum ALT and AST levels (Fig. 3G-H) in
these mice. Histological analysis confirmed reduced hepatic
lipid accumulation and inflammatory infiltration (Fig. 3K).
Additionally, mRNA levels of inflammation- and fibrosis-re-
lated genes were significantly reduced in AAV-BCKDH mice
(Fig. 3I-J). These results demonstrate that enhancing BCAA
catabolism in skeletal muscle significantly ameliorates MASH.

Suppression of BCAA uptake attenuates the benefi-
cial effects of short-term exercise on MASH

We next assessed the mRNA expression of known BCAA
transporters*243 in skeletal muscle and found a significant
upregulation of LAT1 (SLC7A5) following short-term exercise
(Fig. 4A-B). To examine the role of LAT1, we established a
muscle-specific LAT1 knockdown mouse model via AAV2/9-
MHCK7-shLAT1 injection (Fig. 4C-D), which significantly re-
duced BCAA content in muscle tissue (Fig. 4E). These mice
were then fed an HFHC diet and subjected to two weeks of ex-
ercise training. Our data revealed that LAT1 knockdown par-
tially reversed the beneficial effects of short-term exercise on
MASH. This was demonstrated by increased liver weight (Fig.
4F), a higher liver-to-body weight ratio (Fig. 4G), elevated liv-
er TG and TC levels (Fig. 4H-I), increased serum AST and ALT
(Fig. 43), and worsened hepatic steatosis and inflammation
(Fig. 4K). Furthermore, mRNA levels of inflammation- and
fibrosis-related genes were upregulated (Supplementary Fig.
3C-D) in AAV2/9-MHCK7-shLAT1 mice compared to controls.
These results demonstrate that suppression of BCAA uptake
in muscle attenuates the beneficial effects of short-term ex-
ercise, underscoring the critical role of skeletal muscle BCAA
metabolism in the amelioration of MASH.

Muscle BCAA catabolism promotes muscle glutamine
secretion and ameliorates MASH

The accumulation of BCAAs within hepatocytes activates the
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mTORC1, a central regulator of lipid homeostasis.4* Notably,
mTORC1 activation significantly exacerbates steatosis and
inflammation in MASH models.4>=47 Consistent with these
findings, we observed a marked increase in the phosphoryla-
tion of the mTORC1 downstream effectors p70S6K and 4E-
BP1 in MASH mice (Supplementary Fig. 3A). Interestingly,
short-term exercise reduced the phosphorylation of p70S6K
and 4E-BP1 in the livers of MASH mice (Supplementary Fig.
3B), suggesting that short-term exercise may inhibit mTOR
signaling by promoting BCAA catabolism, thereby delaying
MASH progression.

To further elucidate the mechanism by which BCAA ca-
tabolism alleviates MASH, we quantified glutamine, a down-
stream metabolite of BCAA catabolism, in the muscle, se-
rum, and liver tissues of HFHC-fed C57BL/6J mice following
AAV2/9-MHCK7-BCKDH injection (Fig. 5A-B). Glutamine lev-
els significantly increased in all three tissues, with the most
pronounced elevation observed in the skeletal muscle (Fig.
5C). Subsequently, we established a co-culture system in
which THLE hepatocytes were cultured in 24-well plates and
exposed to a mixture of PA/OA to induce lipid accumulation.
C2C12 skeletal muscle cells, either overexpressing BCKDH or
not, were seeded in the upper chambers of transwell plates
and cultured in BCAA-containing medium (Fig. 5D, Supple-
mentary Fig. 4A). Co-culture with BCKDH-overexpressing
C2C12 cells led to a marked elevation in glutamine concen-
trations in both the THLE cells and the corresponding cul-
ture supernatant (Fig. 5E, Supplementary Fig. 4B). Measure-
ments of cellular TG and TC content, along with Oil Red O
staining, revealed a substantial reduction in lipid accumula-
tion in hepatocytes co-cultured with BCKDH-overexpressing
muscle cells (Fig. 5F-I).

Subsequent analysis of hepatic glutamine transporter ex-
pression following short-term exercise revealed no significant
alterations compared with sedentary controls (Supplemen-
tary Fig. 4C), indicating that increased hepatic glutamine
influx is not mediated by upregulation of transporter expres-
sion. To assess the role of glutamine uptake, we generated
a liver-specific glutamine transporter ASCT2 knockdown
mouse model using AAV8-TBG-shASCT2 injection (Fig. 5J).
Mice in the AAV8-TBG-shASCT2 group exhibited significantly
reduced hepatic ASCT2 expression compared with the shC-
trl group (Supplementary Fig. 4D-E). Knockdown of ASCT2
partially reversed the beneficial effects of short-term exer-
cise on MASH, as evidenced by reduced hepatic glutamine
content (Supplementary Fig. 4F), increased liver weight and
liver-to-body ratio, elevated hepatic TG and TC levels, and
increased serum AST and ALT levels (Supplementary Fig. 4G-
L). Furthermore, hepatic steatosis, inflammation, and mRNA
expression of inflammation- and fibrosis-related genes were
significantly elevated (Fig. 5K, Supplementary Fig. 4M-N).
These findings indicate that hepatic glutamine uptake is cru-
cial for ameliorating MASH following short-term exercise.

Glutamine derived from skeletal muscle may miti-
gate MASH by enhancing redox homeostasis

Oxidative stress is implicated in the pathogenesis and pro-
gression of MASH. GSH is a key intracellular antioxidant, and
glutamate derived from glutamine serves as a critical pre-
cursor for its synthesis.48:49 We hypothesize that glutamine
uptake by hepatocytes attenuates oxidative stress in MASH
by promoting GSH synthesis. Our results showed that short-
term exercise increased hepatic glutamine and GSH levels
while reducing levels of ROS and MDA, a marker of lipid per-
oxidation (Fig. 6A-D). However, liver-specific knockdown of
ASCT2 partially reversed these effects (Supplementary Fig.
4C, Fig. 6A-D). Similar findings were observed in vitro: in the

Gao M. et al: Short-term physical activity reduces MASH

co-culture system (Supplementary Fig. 5A), ASCT2 knock-
down in THLE cells resulted in decreased GSH levels and in-
creased lipid accumulation, ROS, and MDA levels compared
with control cells (Supplementary Fig. 5B-D, Fig. 6E-H).

Discussion

This study yielded several pivotal findings. First, short-term
exercise effectively ameliorated the MASH score independ-
ent of weight loss. Second, exercise enhanced the catabolism
of BCAAs in skeletal muscle, thereby reducing hepatic BCAA
accumulation-associated with MASH-and alleviating hepatic
lipid accumulation and inflammatory cell infiltration. Third,
increased BCAA catabolism in post-exercise skeletal muscle
generated glutamine, which entered the bloodstream and
reached the liver, thereby maintaining hepatic redox balance.

Physical exercise is recognized as a key intervention in the
management of metabolic diseases. Our study demonstrat-
ed that a two-week exercise regimen significantly improved
MASH scores without altering body weight. Similarly, Nayor
et al. reported that just 12 min of intense exercise induces
favorable changes in 502 metabolites associated with insulin
resistance and excess adiposity, including a 2-9% reduction
in BCAAs.>0 Furthermore, both short-term exercise and other
modalities such as interval training rapidly enhance insulin
sensitivity in humans.>! This improvement is partly attribut-
able to exercise-induced muscle contractions, which promote
the expression and translocation of glucose transporters such
as GLUT-4,52:53 thereby increasing the capacity of muscle
cells to uptake and utilize glucose.>#:>>

Abnormal BCAA accumulation is closely linked to liver
disease. Our study indicates that one of the most signifi-
cant metabolic alterations in the livers of MASH mice is
impaired BCAA catabolism. Elevated BCAA levels were de-
tected in both liver and serum. Similarly, Jia et al. identi-
fied a positive correlation between serum BCAA levels and
MASLD-related indicators, including TG, total TC, ALT, and
AST.56 Furthermore, Grenier-Larouche et al. demonstrated
that derivatives of the BCAA valine-such as branched-chain
keto acid, a-ketoisovalerate, and the branched-chain keto
acid/BCAA ratio-are associated with the extent of hepatic
steatosis and the development of MASH.37 BCAAs also in-
fluence metabolic regulation by modulating the lipogenic
transcription factor sterol regulatory element-binding pro-
tein 1, thereby increasing de novo fatty acid synthesis and
reducing fatty acid oxidation.>¢ Our research also revealed
that short-term exercise promoted BCAA catabolism in
skeletal muscle, leading to reduced BCAA levels in both se-
rum and liver, thereby alleviating MASH. This is partially
corroborated by evidence that the gut microbiota Bacte-
roides stercoris promotes MASLD progression in mice by
increasing BCAA production, while reducing serum BCAA
levels significantly improves MASLD.>®

Skeletal muscle is the primary site of BCAA oxidation and
significantly affects systemic BCAA concentrations through
oxidative metabolism.4! Exercise enhances this oxidative
metabolism of BCAAs in the skeletal muscles. Overmyer et
al. found that animals with greater oxidative capacity exhib-
ited increased BCAA utilization and ATP production, mediated
by the upregulation and deacetylation of proteins involved in
oxidative pathways.>” Blair et al. demonstrated that BCKDH
regulation in skeletal muscle, rather than the liver, had a sig-
nificant impact on fasting plasma BCAA levels in male mice.58
Our study reinforces these findings by showing that short-
term exercise increased BCKDH activity in skeletal muscle in
MASH mice, resulting in a significant decrease in BCAA levels
in both serum and liver. This reduction in BCAAs mitigated li-
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pid accumulation and inflammatory cell infiltration associated ornithine aminotransferase in hepatocytes, promoting the
with excessive hepatic BCAA levels. conversion of accumulated ornithine to glutamate. This con-

Multiple studies have demonstrated beneficial effects of version ensures a sufficient glutamate supply for ammonia
glutamine on liver health. For example, Shen et al. reported detoxification via the glutamine synthesis pathway.>® Moreo-
that fibroblast growth factor 15 increased the expression of ver, inhibition of the highly expressed hepatic glutaminase
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GLS1 reduces glutamine consumption, decreases hepatic li-
pid content, and mitigates oxidative stress in choline- and/or
methionine-deficient MASH mouse models.36 Among various
contributing factors, oxidative stress is considered a primary
driver of NAFLD progression. Excessive lipid accumulation
in the liver exacerbates oxidative stress, further promoting
hepatocyte steatosis and inflammatory responses.60

Conclusions

In our study, enhanced BCAA oxidation in skeletal muscle fol-
lowing short-term exercise increased glutamine production,
which circulated to the liver and helped ameliorate MASH by
promoting redox balance. This mechanism offers a novel per-
spective and a promising therapeutic target for MASH treat-
ment, with significant implications for future clinical interven-
tions and drug development.
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