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Abstract

Background and Aims: The transcription factor sex-de-
termining region Y-related high-mobility group-box gene 9
(SOX9) plays a critical role in organ development. Although
SOX9 has been implicated in regulating lipid metabolism in
vitro, its specific role in metabolic dysfunction-associated ste-
atohepatitis (MASH) remains poorly understood. This study
aimed to investigate the role of SOX9 in MASH pathogenesis
and explored the underlying mechanisms. Methods: MASH
models were established using mice fed either a methionine-
and choline-deficient (MCD) diet or a high-fat, high-fructose
diet. To evaluate the effects of SOX9, hepatocyte-specific
SOX9 deletion or overexpression was performed. Lipidomic
analyses were conducted to assess how SOX9 influences
hepatic lipid metabolism. RNA sequencing was employed to
identify pathways modulated by SOX9 during MASH progres-
sion. To elucidate the mechanism further, HepG2 cells were
treated with an adenosine monophosphate-activated protein
kinase (AMPK) inhibitor to test whether SOX9 acts via AMPK
activation. Results: SOX9 expression was significantly el-
evated in hepatocytes of MASH mice. Hepatocyte-specific
SOX9 deletion exacerbated MCD-induced MASH, whereas
overexpression of SOX9 mitigated high-fat, high-fructose-
induced MASH. Lipidomic and RNA sequencing analyses re-
vealed that SOX9 suppresses the expression of genes as-
sociated with lipid metabolism, inflammation, and fibrosis in
MCD-fed mice. Furthermore, SOX9 deletion inhibited AMPK
pathway activation, while SOX9 overexpression enhanced it.
Notably, administration of an AMPK inhibitor negated the pro-
tective effects of SOX9 overexpression, leading to increased
lipid accumulation in HepG2 cells. Conclusions: Our findings
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demonstrate that SOX9 overexpression alleviates hepatic li-
pid accumulation in MASH by activating the AMPK pathway.
These results highlight SOX9 as a promising therapeutic tar-
get for treating MASH.
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Introduction

The prevalence of metabolic dysfunction—-associated steatotic
liver disease (MASLD), previously referred to as nonalcoholic
fatty liver disease, has risen sharply alongside increasing
rates of metabolic syndrome, diabetes, and obesity.! MASLD
can progress to metabolic dysfunction-associated steato-
hepatitis (MASH), a condition that may lead to liver cirrhosis
and hepatocellular carcinoma.? Currently, MASLD affects ap-
proximately 25% of adults worldwide, making it the leading
cause of liver-related morbidity and mortality.3 Despite its
widespread prevalence and growing impact on public health,
there are currently no effective treatments for MASLD.4

The transcription factor sex-determining region Y-related
high mobility group-box gene 9 (SOX9) plays a crucial role
in the development of multiple organs, including the bones,
heart, testes, pancreas, lungs, intestines, and nervous sys-
tem.> In the liver, SOX9 is highly expressed in bile duct cells
under normal conditions, with lower levels observed in a sub-
set of periportal hepatocytes.® During pathological states,
SOX9 expression increases in response to liver injury and
hepatocellular carcinoma.”.8 SOX9-positive hepatocytes play
an essential role in restoring liver mass during regeneration.”
Furthermore, SOX9 supports the proliferation, self-renewal,
and tumorigenic capacity of liver cancer stem cells, contrib-
uting to hepatocellular carcinoma progression.®

Previous studies have demonstrated that SOX9 regulates
lipid metabolism in mesenchymal and skeletal progenitor
cells.’0:11 Dysregulated lipid metabolism is a key driver of
MASH progression. However, the role of SOX9 in MASH re-
mains poorly understood. Given the critical link between lipid
metabolism and liver pathology, we hypothesize that SOX9
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influences lipid metabolism in hepatocytes, thereby affecting
the development and progression of MASH.

Adenosine  monophosphate-activated protein  kinase
(AMPK) serves as a key metabolic regulator, balancing cellular
energy expenditure and storage.!? It enhances glucose and
lipid catabolism, inhibits protein synthesis, and increases ATP
levels to maintain energy homeostasis.!3 Studies consistently
show that activating AMPK signaling alleviates MASH, while
its inhibition worsens the condition, underscoring AMPK as a
promising therapeutic target for MASH.14-17 For instance, liv-
er-specific AMPK activation in genetically modified mice sup-
presses MASLD induced by a high-fat diet,!” whereas hepatic
AMPK knockout exacerbates MASH caused by a choline-defi-
cient high-fat diet.16 These findings highlight the protective
role of AMPK activation in MASH. However, it remains unclear
whether SOX9 directly regulates the AMPK pathway.

In this study, we observed a significant increase in SOX9
expression in hepatocytes under lipotoxic conditions. Func-
tionally, SOX9 reduced hepatic steatosis, inflammation, and
fibrogenesis in methionine- and choline-deficient (MCD) diet-
induced MASH. Additionally, hepatocyte-specific SOX9 over-
expression alleviated steatohepatitis caused by a high-fat,
high-fructose (HFF) diet. Mechanistic analyses revealed that
SOX9 promotes AMPK pathway activation. Collectively, these
findings position SOX9 as a potential therapeutic target for
MASH intervention.

Methods

Animals

MASH was induced using either the MCD or HFF diet. In the
MCD model, mice were provided ad libitum access to either
the MCD diet (TP 3005M) or a standard control diet (TP 3005
GS), both supplied by Trophic Animal Feed High-tech Com-
pany, China, for six to eight weeks. For the HFF model, mice
were fed a Western diet (14% protein, 42% fat, 44% car-
bohydrates, and 0.2% cholesterol; TP 26304; TrophicDiet,
Nantong, China) and given a carbohydrate-enriched drinking
solution containing 42 g/L of total carbohydrates (55% fruc-
tose and 45% sucrose by weight). Animals in the HFF group
had unrestricted access to this diet for 12 weeks.

SOX97f mice were obtained from Jackson Laboratory
(Bar Harbor, ME, USA). To achieve hepatocyte-specific SOX9
knockout (SOX9HK0), six-week-old SOX97f mice received
a single tail-vein injection of AAV8-TBG-Cre at a dose of 2
x 1011 genome copies. Control mice were injected with an
equivalent dose of AAV8-TBG (control virus). Two weeks after
viral injection, mice in the SOX9"KO and control groups were
fed the MCD diet for six weeks.

We used six-week-old male C57BL/six mice, obtained from
Shanghai Slac Laboratory Animal Co., Ltd. (Shanghai, Chi-
na), to investigate the effects of SOX9 overexpression. For
hepatocyte-specific overexpression of SOX9, mice received a
single tail-vein injection of AAV8-TBG-SOX9 (AAV-SOX9) at a
dose of 4 x 101! genome copies. After two weeks, the mice
were fed the MCD diet for eight weeks. Control mice were
injected with AAV8-TBG-GFP (control virus) at an equivalent
dose and volume.

In a separate experiment, six-week-old male C57BL/six
mice were fed the HFF diet for six weeks to induce steato-
hepatitis. Following this period, the mice received a single
tail-vein injection of either AAV-GFP or AAV-SOX9 at a dose
of 4 x 10! genome copies. After injection, the animals con-
tinued the HFF diet for an additional six weeks.

Before the experiments, all mice were acclimated for one
week in a temperature-controlled environment (25 £ 3 °C)
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with a 12-h light/12-h dark cycle to ensure uniform condi-
tions.

Human liver samples

Liver samples were collected from patients with suspected
MASLD undergoing hepatic surgery for conditions such as
liver hemangioma or hepatic cysts at the Eastern Hepato-
biliary Surgery Hospital in Shanghai, China. All participants
provided written informed consent prior to sample collection.

Cell culture

HepG2 cells were maintained in DMEM supplemented with
10% FBS at 37 °C in a 5% CO, incubator. To model cellular
steatosis in vitro, HepG2 cells were treated for 24 h with a
mixture of palmitic acid (0.5 mM) and oleic acid (1 mM),
collectively referred to as PO, dissolved in 0.5% fatty acid-
free bovine serum albumin (BSA). Control cells received only
0.5% fatty acid-free BSA. To inhibit AMPK activation, HepG2
cells were exposed to Compound C (S7306, Selleck) at a
concentration of 10 uM.

Virus and small interfering RNA (siRNA)

Recombinant adenoviruses, adenovirus (Ad)-SOX9 and Ad-
GFP, were generated as described previously.!8 siRNA tar-
geting SOX9 and the corresponding negative control were
obtained from GenePharma.

Quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA was extracted from liver tissues using TRIzol Re-
agent.1® gRT-PCR was performed using a SYBR Green PCR
Kit.20 Expression levels were normalized to B-actin, which
served as the internal control. The primer sequences used in
the analyses are provided in Supplementary Table 1.

Western blotting

Cells or liver tissues were lysed in buffer supplemented with
PMSF protease inhibitor, and proteins were separated using
SDS-PAGE. The proteins were then transferred onto nitrocel-
lulose membranes.2! After blocking with PBST containing 5%
skim milk, the membranes were incubated overnight at 4°C
with primary antibodies. Subsequently, they were probed
with secondary antibodies for 1 h. Protein signals were visu-
alized using an Odyssey infrared imaging system at wave-
lengths of 700 or 800 nm. Details of the primary antibodies
used are provided in Supplementary Table 2.

RNA-sequencing (RNA-seq) and bioinformatics
analysis

RNA-seq and bioinformatics analyses followed established
protocols.22 Briefly, RNA extracted from mouse liver tissue
was sequenced using the Illumina HiSeq platform. RNA library
preparation was performed with the TruSeq® RNA Sample
Preparation Kit, and library construction and sequencing were
conducted by the Shanghai Biotechnology Corporation. Dif-
ferentially expressed genes (DEGs) were identified using DE-
Seqg2, and enrichment analysis for Gene Ontology categories
was performed with Fisher’s exact test. Additionally, Gene Set
Enrichment Analysis was used to assess pathway enrichment.
The RNA-seq dataset has been deposited in the NCBI Gene
Expression Omnibus under accession number GSE237075.

Lipidomic analysis

Liver samples were processed, and lipids were detected fol-
lowing established protocols.23 Lipidomic analysis was car-
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ried out using the Majorbio Cloud Platform (https://cloud.
majorbio.com). Data preprocessing aimed to reduce variabil-
ity, which involved filling missing values with the mean, nor-
malizing the dataset, and performing quality control to en-
sure that the relative standard deviation of ions in the quality
control samples remained below 30%. Log10 transformation
was applied to correct for heteroscedasticity. Differential me-
tabolite analysis was performed using the following criteria:
a p-value less than 0.05, a variable importance in projection
value greater than 1, and a fold change exceeding 1. The
analysis was based on orthogonal partial least squares discri-
minant analysis and an unpaired Student’s t-test.

Histological, immunohistochemical, and immunofluo-
rescence analyses

Liver tissues were fixed in formalin and paraformaldehyde,
then processed into paraffin and frozen sections. Hematoxy-
lin-eosin staining was used for general morphological analy-
sis, Oil Red O staining for steatosis assessment, and Sirius
Red staining for collagen deposition. Histological evaluation
employed the nonalcoholic fatty liver disease activity score,
derived from the semiquantitative Nonalcoholic Steatohepa-
titis Clinical Research Network scoring system.24 The extent
of steatosis and fibrosis was quantified by measuring areas
stained with Oil Red O and Sirius Red, respectively. Image]
software was used for quantification by converting images to
grayscale, applying thresholding, and measuring both posi-
tive and total areas.2> Immunohistochemistry was performed
on 4-pm paraffin-embedded liver sections, analyzed using
a photomicroscope. Immunofluorescence staining was car-
ried out using a TCS SP8 confocal microscope (Leica, Wetzlar,
Germany).26 Detailed information on primary antibodies is
provided in Supplementary Table 2.

Assessment of serum biochemical parameters

Serum samples from mice were analyzed for liver function
markers. Levels of alanine transaminase (ALT), aspartate
aminotransferase (AST), and total bilirubin (TBIL) were
measured using commercial detection kits (ALT: 992-63991,
AST: 998-62191, TBIL: 996-16401) from Wako Pure Chemi-
cal Industries, Chuo-ku, Osaka, Japan.

Cellular Nile Red staining

HepG2 cells were fixed with 4% paraformaldehyde and
stained with 1 mg/mL Nile Red (HY-D0718, MCE) to assess
intracellular lipid accumulation.2?

Public data source

Transcriptomic data from MASLD and control liver samples
were retrieved from the Gene Expression Omnibus, under ac-
cession ID GSE135251. RNA sequencing data were analyzed
using the ggplot2 package in R and are presented in Fragments
Per Kilobase of transcript per Million mapped reads format.

Statistics

All statistical analyses were performed using GraphPad Prism
software. Data are presented as mean £ SEM. Comparisons
between two groups were conducted using an unpaired two-
tailed Student’s t-test. Statistical significance was defined as
p < 0.05.

Results

SOX9 suppresses PO-induced lipid accumulation
To investigate the role of SOX9 in MASH, we analyzed pub-

licly available transcriptomic data from 206 liver samples of
MASH patients and 10 controls (GSE135251). Our analysis
revealed significantly elevated SOX9 expression in the liver
tissues of MASH patients (Supplementary Fig. 1A). To fur-
ther assess SOX9 expression in hepatocytes during MASH
progression, we performed immunohistochemical staining
on liver tissues from patients with normal livers and MASH
(Supplementary Fig. 1B) and from control mice and mice
with MCD- or HFF-induced MASH (Fig. 1A and B). These re-
sults confirmed increased SOX9 expression in hepatocytes of
both MASH patients and mice, suggesting a potential role for
SOX9 in hepatocellular lipid metabolism. Next, we examined
the impact of SOX9 on lipotoxicity in hepatocytes. HepG2
cells were transduced with either Ad-SOX9 or Ad-GFP and
subsequently treated with PO (Fig. 1C). Quantitative real-
time PCR revealed that SOX9 overexpression significantly re-
duced mRNA levels of genes involved in de novo lipogenesis
(DNL) (fatty acid synthase, sterol regulatory element-binding
protein 1, and acetyl-CoA carboxylase 1) and lipid transport
(fatty acid binding protein 1 and cluster of differentiation 36)
in both HepG2 and AML12 cells (Fig. 1D, Supplementary Fig.
2A and B). Nile Red staining further demonstrated that SOX9
overexpression markedly reduced PO-induced lipid accumu-
lation in HepG2 cells (Fig. 1E). To complement these find-
ings, we designed two siRNAs targeting SOX9 (siSOX9-1 and
siSOX9-2) to knock down SOX9 expression (Fig. 1F). SOX9
knockdown resulted in increased expression of genes associ-
ated with DNL and lipid transport (Fig. 1G) and exacerbated
PO-induced lipid accumulation (Fig. 1H). Together, these re-
sults suggest that SOX9 suppresses lipid accumulation in-
duced by lipotoxicity.

SOX9 attenuates MCD-induced MASH

To examine the role of hepatocyte SOX9 in MASH, we gen-
erated SOX9MKO mice by administering AAV8-TBG-Cre via
tail vein injection into SOX97f mice (Fig. 2A). SOX9MKO and
littermate SOX97f mice were fed an MCD diet for six weeks.
Immunohistochemical staining and western blotting con-
firmed SOX9 depletion in hepatocytes of SOX9/K0 mice (Fig.
2B and C). Histological analyses, including hematoxylin-eo-
sin, Oil Red O, and Sirius Red staining, revealed increased
steatosis, lipid accumulation, and fibrosis in SOX9"KO mice
following MCD feeding (Fig. 2D and E). Consistently, SOX-
9HKO mice showed significantly elevated expression of genes
involved in DNL (fatty acid synthase, sterol regulatory ele-
ment-binding protein 1, and acetyl-CoA carboxylase 1) and
lipid transport (cluster of differentiation 36 and fatty acid
binding protein 1) but no significant changes in genes re-
lated to fatty acid oxidation (peroxisome proliferator-acti-
vated receptor alpha, carnitine palmitoyltransferase 1, and
carnitine palmitoyltransferase 2) compared to SOX97f mice
(Fig. 2F). Additionally, SOX9 depletion was associated with
upregulated expression of inflammation-related (C-C motif
chemokine ligand 2 and interleukin 6) and fibrosis-related
genes (collagen type I alpha 1 and actin alpha 2) (Fig. 2F).
Serum levels of ALT, AST, and TBIL were significantly higher
in SOX9HKO mice than in SOX97f controls after MCD feeding
(Fig. 2G). These findings indicate that the absence of SOX9
exacerbates MCD-induced MASH.

To further assess the impact of SOX9 on hepatic steatosis,
we overexpressed SOX9 by injecting AAV-SOX9 or AAV-GFP
into six-week-old male mice, followed by an eight-week MCD
diet (Supplementary Fig. 3A). Liver tissues from AAV-SOX9-
treated mice showed significantly increased SOX9 expression
compared to controls (Supplementary Fig. 3B and C). SOX9
overexpression mitigated steatosis, lipid accumulation, and
fibrosis (Supplementary Fig. 3D and E). Additionally, SOX9
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sex-determining region Y-related high mobility group-box gene 9; PO, palmitic acid and oleic acid; FASN, fatty acid synthase; SREBP1, sterol regulatory element-binding
protein 1; ACC1, acetyl-CoA carboxylase 1; FABP1, fatty acid binding protein 1; CD36, cluster of differentiation 36.
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overexpression reduced the expression of genes associated
with DNL, lipid transport, inflammation, and fibrosis in liver
tissues of MCD-fed mice (Supplementary Fig. 3F), as well as
decreased serum ALT, AST, and TBIL levels (Supplementary
Fig. 3G).

Overexpression of SOX9 in hepatocytes leads to
therapeutic effects in HFF-induced MASH mice

To explore the therapeutic potential of SOX9 in MASH, we
administered AAV-SOX9 to mice that had been fed an HFF
diet for six weeks, continuing the diet for an additional six
weeks (Fig. 3A). Immunohistochemical staining and western
blotting confirmed successful SOX9 overexpression in hepat-
ocytes of AAV-SOX9-treated mice (Fig. 3B and C). Compared
to controls, AAV-SOX9-treated mice exhibited significant re-
ductions in steatosis, lipid accumulation, and fibrosis after 12
weeks on the HFF diet (Fig. 3D and E). Furthermore, AAV-
SOX9 treatment markedly downregulated the expression of
genes involved in DNL, lipid transport, inflammation, and
fibrosis in liver tissues (Fig. 3F). AAV-SOX9 administration
also improved insulin sensitivity, as demonstrated by glucose
tolerance tests, and significantly reduced serum triglycer-
ide and total cholesterol levels (Fig. 3G and H). Additionally,
serum ALT and AST levels were lower in AAV-SOX9-treated
mice compared to controls (Fig. 3I). Collectively, these find-
ings suggest that AAV-mediated SOX9 overexpression in
hepatocytes alleviates MASH progression.

SOX9 affects lipid metabolism, inflammation, and
fibrosis in MCD-induced liver disease

To investigate the role of SOX9 in regulating lipid metabolism
in MASH, we performed lipidomics and RNA-seq analyses on
liver tissues from SOX9K0 and SOX97f mice after six weeks
of MCD feeding. Lipidomic analysis identified 94 differential-
ly expressed lipids between the SOX9"K0 and SOX97f MCD
groups, with 53 downregulated and 41 upregulated, under-
scoring SOX9’s involvement in lipid metabolism regulation
(Fig. 4A). The heatmap revealed substantial changes in lipid
species across liver samples from SOX9"K0 and SOX9f mice
(Fig. 4B). Notably, several triacylglycerol and diacylglycer-
ol species were upregulated in the livers of SOX9"K0 mice,
which are associated with the development and progression
of MASLD (Fig. 4B).28:2° Meanwhile, the liver content of car-
diolipin and phosphatidylethanolamine, both essential for mi-
tochondrial function and membrane integrity, decreased fol-
lowing specific knockout of SOX9 in hepatocytes.30:31 These
findings suggest that SOX9 regulates fatty liver disease
through modulation of lipid composition. To further elucidate
the mechanisms underlying these alterations, we performed
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis to assess lipid metabolism in relation to the differ-
entially expressed lipids. This analysis highlighted key path-
ways related to lipid metabolism and autophagy affected by
SOX9 depletion (Fig. 4C). Collectively, our lipidomics results
demonstrate that SOX9 plays a critical role in hepatic lipid
metabolism and composition.

RNA-seq analysis identified 169 DEGs in liver tissues from
the two groups. Consistent with the lipidomics findings, Gene
Ontology analysis revealed a strong association between
these DEGs and biological processes involved in lipid metab-
olism (Fig. 4D). KEGG pathway analysis further highlighted
that SOX9 deletion impacted several key pathways related
to lipid metabolism, including fatty acid elongation, biosyn-
thesis of unsaturated fatty acids, and the mTOR and AMPK
pathways. Additionally, pathways linked to fibrosis, such as
ECM-receptor interactions and the TGF-B signaling pathway,
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were altered (Fig. 4E). Disruption of SOX9 also affected other
pathways, including the Hippo and Wnt signaling pathways,
as previously reported.32:33 Gene Set Enrichment Analysis
indicated that SOX9 depletion exacerbated MCD-induced
changes in lipid metabolism, inflammation, and fibrosis-re-
lated pathways (Fig. 4F and Supplementary Fig. 4A-B), re-
inforcing our earlier findings. Overall, these results suggest
that SOX9 plays a central role in regulating MASH-related
genes, lipids, and pathways in mice.

SOX9 activates the AMPK signaling pathway during
MASH progression

In the KEGG pathway analysis (Fig. 4E), we identified the
AMPK signaling pathway—a critical regulator of lipid me-
tabolism—as being particularly enriched. Previous stud-
ies have demonstrated its essential role in MASH.16:17 Qur
analysis of differentially expressed genes within the AMPK
pathway revealed that 10 genes were downregulated in the
SOX9HKO group (Fig. 5A). Western blotting confirmed that
SOX9 overexpression enhanced AMPK activation, whereas its
suppression inhibited AMPK activation in HepG2 cells (Fig.
5B and C). Similarly, in AML12 cells, SOX9 overexpression
promoted AMPK activation (Supplementary Fig. 5A). These
findings were corroborated in a MASH mouse model, where
SOX9 knockout in hepatocytes suppressed AMPK signaling
in the MCD model, while hepatocyte-specific overexpression
of SOX9 activated the AMPK pathway in both MCD and HFF
models (Fig. 5D-F).

To determine whether the protective effects of SOX9 dur-
ing MASH progression are mediated through the AMPK path-
way, we treated HepG2 cells with Compound C, an AMPK in-
hibitor (Fig. 5G). Inhibition of AMPK activation by Compound
C abolished the lipid-reducing effects of Ad-SOX9 on PO-in-
duced lipid accumulation, as evidenced by Nile Red staining
(Fig. 5H). Additionally, gRT-PCR analysis showed that AMPK
inhibition partially reversed the effects of SOX9 overexpres-
sion on lipid metabolism (Fig. 51 and Supplementary Fig.
5B). SIRT1, a known deacetylase, has been reported to acti-
vate the AMPK pathway.3* We found that SOX9 overexpres-
sion upregulated both the mRNA and protein levels of SIRT1
(Fig. 5J-K), suggesting that SOX9 may regulate AMPK activa-
tion through transcriptional modulation of SIRT1 expression.
However, the exact mechanisms remain to be fully elucidat-
ed. Together, these findings indicate that SOX9 overexpres-
sion mitigates lipotoxicity by activating the AMPK signaling
pathway.

Discussion

SOX9 is a crucial regulator of embryogenesis and organ
development.3> In adult tissues, it marks progenitor cells
and plays a key role in tissue regeneration following injury,
contributing to the maintenance of organ homeostasis.36:37
Genetic lineage tracing has shown that SOX9+ hepatocytes
actively proliferate and restore liver mass during regen-
eration.” Increased SOX9 expression has been observed
in hepatocytes following CCl,- and BDL-induced liver fibro-
sis,38 suggesting that the expansion of SOX9* hepatocytes
is a response to chronic liver injury. These findings highlight
a protective role for SOX9 in restoring liver function during
prolonged damage. In this study, we observed that SOX9 is
upregulated in response to MASH, implying a similar protec-
tive function in this context.

SOX9, a key transcription factor, regulates multiple sign-
aling pathways critical for cellular processes. It modulates
the TGF-B and Hippo pathways, which are involved in chol-
angiocyte differentiation and bile duct morphogenesis.3° Ad-
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ditionally, SOX9 enhances hepatocellular carcinoma (HCC)
stemness by activating the Wnt pathway.%? Both the Hippo
and Wnt pathways are implicated in the progression of MA-
SLD.4142 Our RNA-seq data corroborate these findings, em-
phasizing the regulatory role of SOX9 in these pathways.
Previous studies have also identified SOX9 as a metabolic
regulator in various cell types.10.11 In this study, we reveal
that SOX9 functions as a novel suppressor of MASH in hepat-
ocytes.

Our findings demonstrate that SOX9 regulates lipid me-
tabolism, inflammation, and fibrosis processes during MASH
progression, influencing key metabolic pathways such as
AMPK and mTOR. These pathways are pivotal in maintaining
cellular metabolism and energy homeostasis.*3 This study
highlights SOX9’s critical role in cellular lipid metabolism and
its potential as a therapeutic target for MASH. Given that
MASH is a leading cause of non-cirrhotic HCC,44 and previ-
ous studies suggest that SOX9 exacerbates HCC malignancy
and promotes cancer progression,®° we propose a dual role
for SOX9. It may slow disease progression during early liver
disease stages, such as MASH, but contribute to disease ad-
vancement in later stages, such as HCC. Therapeutic strate-
gies targeting SOX9 should therefore consider the disease
stage to optimize outcomes.

AMPK serves as a critical energy sensor that maintains
cellular energy balance by regulating metabolic pathways.12
In the liver, AMPK activation inhibits DNL and promotes fatty
acid oxidation through the phosphorylation of acetyl-CoA
carboxylase, thereby alleviating MASLD.4> Key upstream ac-
tivators of the AMPK pathway include CAMKK?2, liver kinase
B1, and TAK1.46 Through RNA-seq data analysis and in vivo
and in vitro experiments, we identified SOX9 as a regula-
tor of the AMPK pathway. Previous research has shown that
AMPK inhibition downregulates SOX9 expression in chondro-
cytes in vitro.4” Our findings indicate a reciprocal regulatory
relationship, as SOX9 was observed to activate AMPK. No-
tably, SOX9 overexpression led to increased expression of
SIRT1, a deacetylase that activates AMPK by deacetylating
and promoting the cytosolic localization of liver kinase B1.34
This suggests that SOX9 influences AMPK activation through
the modulation of SIRT1 levels. However, the precise regula-
tory mechanisms remain to be elucidated.

Conclusions

Our results demonstrate that SOX9 overexpression reduc-
es MASH progression by promoting AMPK activation. These
findings position SOX9 as a promising therapeutic target for
treating MASH.
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