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Abstract

Background: Metabolic dysfunction-associated steatotic liver disease (MASLD) is a leading global health burden, yet the regulatory
nodes linking hepatic immune dysregulation to metabolic perturbations remain incompletely understood. Methods: We integrated bulk
and single-cell RNA sequencing (scRNA-seq) to identify core regulatory genes dysregulated by a high-fat diet (HFD). The functional
role of the candidate gene Arhgap25, was validated using an adeno-associated virus (AAV)-mediated overexpression mouse model and
an in vitro Kupffer cell (KC)-hepatocyte co-culture system. Results: Integrated transcriptomic analysis identified Arhgap25 as a key
differentially expressed gene consistently upregulated in HFD-fed livers, with specific enrichment in KCs. In vivo, Arhgap25 over-
expression significantly promoted macrovesicular steatosis, increased intrahepatic triglycerides and cholesterol levels, and exacerbated
liver injury. Mechanistically, Arhgap25 triggered a pro-inflammatory microenvironment by promoting KC polarization toward the M1
phenotype, characterized by increased TNF-a, IL-6, and IL-1 expression and suppression of the M2 marker ARG1. /n vitro co-culture
assays demonstrated that Arhgap25 exacerbated hepatocellular lipid accumulation and inflammatory responses by promoting the phos-
phorylation of the AKT/mTOR signaling axis. AKT inhibition further confirmed this signaling dependency. Conclusion: Our findings
establish Arhgap25 as a critical mediator in the hepatic immune-metabolic network. By positively regulating AKT/mTOR signaling
in KCs, Arhgap25 promotes M1 polarization and subsequent metabolic dysfunction, highlighting it as a potential therapeutic target for
MASLD.
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1. Introduction As the most abundant resident innate immune cells in
Metabolic dysfunction-associated steatotic liver dis- the liver, Kupffer cells (KCs) function as both sentinels and

case (MASLD) has emerged as the most prevalent chronic central regulators of hepatic immune homeostasis and local
liver disease worldwide, imposing a profound clinical metabolic equilibrium [7,8]. Studies have shown that ac-
and economic burden globally [1,2,3]. The etiology and tivating G protein-coupled receptor 3 (GPR3) in Kupffer
progression of MASLD are intrinsically linked to high-  cells promotes glycolysis and protects mice against obesity
fat diet (HFD) consumption and systemic obesity [4,5]. and fatty liver disease [9]. Furthermore, in the context of
This pathological cascade typically begins with the exces- ~ MASLD, inducing TFEB expression enhances the adaptive
sive hepatic accumulation of free fatty acids (FFAs) and capacity of Kupffer cells, helping to alleviate hepatic steato-
triglycerides (TGs), which can subsequently progress to sis [10]. Specifically, this stress drives KCs polarization
steatohepatitis—characterized by hepatocellular injury—  from a reparative, anti-inflammatory phenotype (M2) to-
and ultimately culminate in liver fibrosis or hepatocellular ~ Ward a highly cytotoxic, pro-inflammatory phenotype (M1)
carcinoma [6]. Within this complex disease continuum, it ~ State [11]. This M1 polarization is characterized by the
is increasingly recognized that lipid dysregulation alone is ~ robust secretion of chemokines and pro-inflammatory cy-
insufficient to fully elucidate progressive hepatic deterio-  tokines, such as TNF-o and IL-6, which not only am-
ration of the liver. Emerging evidence indicates that the  Plify the local inflammatory cascade but also directly ex-
pathological crosstalk between hepatic parenchymal cells acerbate hepatocellular lipid accumulation and apoptosis
and the local immune microenvironment, particularly the ~ [12,13]. Although the critical role of macrophage polar-
dysregulation of immune networks, serves as a core driver ization in metabolic liver diseases is widely acknowledged,

in the transition from isolated steatosis to an advanced in-  the precise regulatory mechanisms governing KC activa-
flammatory state. tion and coupling immune-inflammatory responses to lipid

metabolic perturbations remain incompletely elucidated.
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Arhgap25 (Rho GTPase activating protein 25) rep-
resents a promising candidate for mediating the immune-
metabolic crosstalk.  Arhgap25 is a negative regula-
tor predominantly expressed in the hematopoietic system
and immune cells [14,15,16]. It inactivates small GT-
Pases such as Rac, thereby regulating glycolysis, leuko-
cyte migration, phagocytosis, and superoxide production
[15,16,17,18]. Although Arhgap25 modulates local inflam-
matory responses in various immune-mediated diseases, its
role in hepatic immune microenvironment remodeling and
obesity-induced lipid dysregulation remains largely unex-
plored.

To elucidate robust transcriptional signatures and
identify core regulatory factors induced by HFD, we con-
ducted a comprehensive comparative analysis of three inde-
pendent transcriptomic datasets (GSE262523, GSE292565,
and GSE263975) [19,20,21]. Our analysis identified 53
differentially expressed genes (DEGs) that were consis-
tently regulated across multiple cohorts. Functional en-
richment revealed that these DEGs are predominantly as-
sociated with immune responses and myeloid leukocyte-
mediated inflammation. Notably, Arhgap25 was signifi-
cantly upregulated across all HFD cohorts. Furthermore,
single-cell RNA sequencing (scRNA-seq) analysis revealed
profound remodeling of the hepatic immune microenviron-
ment following high-fat consumption, characterized by the
significant expansion of KC and T cell populations. Within
these immune subpopulations, Arhgap25 was significantly
upregulated specifically enriched in KCs.

Building upon these multi-omics findings, the present
study aimed to delineate the precise role of Arhgap25 in
the pathological progression of MASLD. Using an AAV-
mediated in vivo overexpression (OE) model, we demon-
strated that Arhgap25 significantly promoted macrovesicu-
lar steatosis, exacerbating hepatic lipid accumulation and
liver injury. Concurrently, Arhgap25 induced a robust
pro-inflammatory state, promoting M1 macrophage po-
larization accompanied by the robust secretion of pro-
inflammatory cytokines. /n vitro co-culture models of KCs
and hepatocytes further confirmed that Arhgap25 exerts its
pro-lipogenic and pro-inflammatory effects by promote the
AKT/mTOR signaling pathway. Collectively, this study
not only provides novel mechanistic insights into immune-
mediated metabolic dysfunction and highlights Arhgap25
as a critical mediator in the hepatic immune-metabolic net-
work, offering a promising interdisciplinary therapeutic tar-
get for obesity-associated metabolic liver diseases.

2. Materials and Methods
2.1 Animals and Diets

Seven-week-old male C57BL/6 mice were obtained
from Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). All animals were housed in a temperature-
controlled facility under a standard 12-hour light/dark cy-
cle with ad libitum access to food and water. Following

acclimatization, the mice were randomly assigned to two
cohorts (n = 6 per group). To establish the overexpression
model, mice received a single tail vein injection of 5 x 103
plaque-forming units (PFU) of either AAV-Arhgap25 (OE
group) or control AAV-GFP (NC group).

Following injection, all mice were maintained on a
Clinton-Cybulsky high-fat diet containing 60% fat (Cat#
TP23400; Trophic Animal Feed High-Tech Co., Ltd., Nan-
tong, Jiangsu, China). At the end of the experimental pe-
riod, the mice were euthanized via an intraperitoneal injec-
tion of 5% pentobarbital sodium (150 mg/kg body weight).

2.2 Cell Culture

Human hepatoma HepG2 cells and the Kupffer cell
line were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin.
All cell lines were validated by STR profiling and tested
negative for mycoplasma. All cells were maintained in a
humidified atmosphere incubator at 37 °C with 5% CO,.
To investigate intercellular crosstalk between macrophages
and hepatic parenchymal cells, a non-contact in vitro co-
culture system was established using Transwell inserts with
a 0.4-um pore size. This configuration permits the free
exchange of soluble cytokines and metabolites while pre-
venting direct physical contact between the two cell popu-
lations. HepG2 cells were seeded in the lower chambers,
while Kupffer cells were seeded in the upper Transwell in-
serts.

To mimic the in vivo high-lipid environment and es-
tablish an in vitro model of hepatocellular lipid accumula-
tion, HepG2 cells in the lower chambers were subjected to
palmitic acid (PA) loading. PA was pre-dissolved in 0.1 M
NaOH and saponified at 70 °C in a water bath, followed by
conjugation with 10% fatty acid-free bovine serum albumin
(BSA) to yield a PA-BSA stock solution. For experimen-
tal treatments, this stock solution was added to the HepG2
culture medium to a final concentration of 500 uM. Cells
were incubated with 500 pM PA for 24 hours to induce
substantial intracellular lipid accumulation and a steatotic
phenotype. Normal control (NC) cells were treated with an
equivalent volume of the fatty acid-free BSA carrier.

2.3 Public Data Acquisition and Bulk RNA-seq Analysis

Three  independent  transcriptomic  datasets
(GSE262523, GSE292565, and GSE263975) were
obtained from the Gene Expression Omnibus (GEO)
database. DEGs between HFD and control groups were
identified using the limma or DESeq2? packages in R.
Subsequent intersection analysis was conducted to identify
consistently dysregulated core DEGs across the all cohorts.
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2.4 Single-cell RNA Sequencing (scRNA-seq) and
Processing

Hepatic tissues from HFD and Normal Chow Diet
(NCD) mice were dissociated into single-cell suspensions.
Libraries were constructed and sequenced using the 10x
Genomics Chromium platform (10x Genomics, Pleasan-
ton, CA, USA). Raw sequencing data were processed us-
ing the Seurat package in R for quality control, normal-
ization, and dimensionality reduction. Uniform Manifold
Approximation and Projection (UMAP) was employed for
the non-linear dimensionality reduction and visualization of
cell clusters. Cell types were annotated based on the expres-
sion of established canonical marker genes.

2.5 Functional Enrichment and Intercellular
Communication

Gene Ontology (GO) biological process enrichment
analysis of the core and cluster-specific DEGs was con-
ducted using the clusterProfiler package in R. To investi-
gate the intercellular interactions, cell-cell communication
analysis was performed and visualized via chord diagrams,
highlighting the signaling crosstalk between KCs and other
hepatic cell populations.

2.6 Histological Analysis and Biochemical Assays

Following euthanasia, liver tissues were rapidly har-
vested and partitioned for subsequent analyses. A portion
of the liver tissue was fixed in 4% formaldehyde at 4 °C for
histological evaluation. Immunofluorescence (IF) and im-
munohistochemical (IHC) staining were subsequently per-
formed on the fixed tissues using an anti-ADGRE]1 primary
antibody (1:50, ab16911; Abcam). For lipid visualization,
a separate aliquot of the fresh liver tissue was embedded
in optimal cutting temperature (OCT) compound and snap-
frozen. The frozen tissues were sectioned at a thickness
of 10 um and subjected to Oil Red O and Hematoxylin
and Eosin (H&E) staining. To precisely quantify hepatic
lipid accumulation, intrahepatic triglyceride (TG) and total
cholesterol (TC) levels were measured using commercial
colorimetric assay kits (Cat# BC0625 for TG, Cat# BC1985
for TC; Solarbio Life Science, Beijing, China) according to
the manufacturer’s protocols.

2.7 Western Blot Analysis

Equal amounts of total protein lysates (15 pg per
lane) were separated via 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and sub-
sequently transferred onto polyvinylidene fluoride (PVDF)
membranes. The membranes were blocked and subse-
quently probed overnight at 4 °C with the following primary
antibodies: anti-pB-Actin (Cat# R380624; ZENBIO), anti-
Arhgap25 (Cat# A13664; ABclonal), anti-ARG1 (Cat#
A1847SP; ABclonal), anti-TNFa (Cat# 346654; ZEN-
BIO), anti-IL1p (Cat# 660092; ZENBIO), anti-CD68 (Cat#
360018; ZENBIO), anti-IL6 (Cat# A27935; ABclonal),
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anti-PPARy (Cat# 340844; ZENBIO), anti-FABP4 (Cat#
R381753; ZENBIO), anti-CEBPJ (Cat# R380893; ZEN-
BIO), anti-AKT (Cat# 9272; CST), anti-p-AKT (Cat#
4060; CST), anti-mTOR (Cat# 2972; CST), and anti-p-
mTOR (Cat# 2971; CST). Following incubation with the
appropriate secondary antibodies, protein bands were visu-
alized using enhanced chemiluminescence (ECL), and den-
sitometric quantification was performed using ImageJ soft-
ware 1.54f (National Institutes of Health, Bethesda, MD,
USA). All experiments were performed in triplicate. All
primary antibodies used in this study are detailed in Sup-
plementary Table 1.

2.8 BODIPY Staining for Lipid Droplets

Intracellular lipid droplet accumulation was evalu-
ated using a Lipid Droplets Green Fluorescence Assay Kit
with BODIPY 493/503 (Cat# C2053S; Beyotime Biotech-
nology, Shanghai, China). Following an 8-day culture
and specified induction period in 24-well plates, hepa-
tocytes cultured in 24-well plates were fixed with 4%
paraformaldehyde (PFA) for 60 minutes at room temper-
ature. After washing twice with phosphate-buffered saline
(PBS), the cells were incubated with 250 uL. of BODIPY
staining solution per well for 10-20 minutes at room tem-
perature in the dark, in strict accordance with the manu-
facturer’s protocol. Subsequently, the cells were washed
three times with PBS to remove excess dye. Fluorescently
labeled lipid droplets were imaged using an Olympus 1X71
fluorescence microscope (Olympus, Tokyo, Japan) at an ex-
citation wavelength of 488 nm.

2.9 RNA Isolation and Quantitative Real-Time PCR
(RT-gPCR)

Total RNA was extracted from tissue and cell sam-
ples using the RNAiso Plus reagent (Cat# 9109; Takara Bio
Inc., Beijing, China) in strict accordance with the manufac-
turer’s instructions. Subsequently, 500 ng of total RNA per
sample was reverse-transcribed into complementary DNA
(cDNA) using the PrimeScript™ RT Master Mix (Perfect
Real Time) (Cat# RR0O36A; Takara Bio Inc.). Quantita-
tive real-time PCR (qPCR) amplification was performed us-
ing the ChamQ SYBR qPCR Master Mix (Cat# Q311-02;
Vazyme, Nanjing, Jiangsu, China) on an ABI StepOne Plus
system. The relative mRNA expression levels were calcu-
lated using the 224 method and normalized to B-actin. All
specific primer sequences used in this study are detailed in
Supplementary Table 2.

2.10 Statistical Analysis

All in vitro and in vivo experiments were performed
in at least three independent biological replicates. Ani-
mals were randomly assigned to experimental groups using
a computer-generated random number sequence. To mini-
mize systematic bias, cell culture plates and tissue samples
were processed and analyzed in a randomized order. All
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statistical analyses were conducted using SPSS software,
version 23.0 (SPSS Inc., Chicago, IL, USA).

Data are presented as the mean + standard error of the
mean (SEM), with scatter plots illustrating individual data
points. The normality of the data distribution was assessed
using the Shapiro-Wilk test. For normally distributed data,
statistical comparisons between two independent groups
were analyzed using an unpaired two-tailed Student’s z-test.
Differences among three or more groups were analyzed us-
ing a one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test for multiple comparisons. A p-value
< (.05 was considered statistically significant.

3. Results
3.1 Identification of Core DEGs Across Multiple Datasets

To identify robust transcriptional signatures associ-
ated with HFD induced changes, we performed a compar-
ative analysis of three independent transcriptomic datasets:
GSE262523, GSE292565, and GSE263975. Intersection
of these datasets identified 53 DEGs consistently regulated
across all three cohorts (Fig. 1A). Among these core genes,
Arhgap25 emerged as a prominent candidate, alongside
other immune-related markers such as Adam8, Cd68, and
Cd52. To elucidate the biological significance of these 53
DEGs, we performed Gene Ontology Biological Process
enrichment analysis. The results demonstrated that these
genes are predominantly involved in immune responses
and leukocyte dynamics (Fig. 1B). The most significantly
enriched pathways included myeloid leukocyte migration,
leukocyte chemotaxis, and positive regulation of cell acti-
vation, suggesting that the HFD-induced transcriptional re-
sponse is heavily driven by myeloid-mediated inflamma-
tion. Volcano plot analysis confirmed that Arhgap25 was
significantly upregulated in the HFD groups compared to
controls across all three cohorts (GSE263975, GSE262523,
and GSE292565; Fig. 1C). The consistent upregulation of
Arhgap25 across these independent cohorts suggests its po-
tential role as a key regulator in HFD-induced pathology.

To characterize the hepatic cellular heterogeneity un-
der metabolic stress, we performed scRNA-seq on liver
samples from HFD- and NCD-fed groups. UMAP visual-
ization identified distinct clusters representing major hep-
atic and immune cell populations, including hepatocytes,
KCs, macrophages, LSECs, T cells, and neutrophils (Fig.
1D). The identities of these clusters were validated using es-
tablished cell-type-specific marker genes, as shown in the
dot plot (Fig. 1E). Quantitative analysis of cell-type pro-
portions revealed shifts in the cellular composition between
the two groups. Specifically, the HFD group exhibited a
marked increase in the proportions of KCs and T cells, ac-
companied by a relative depletion of LSECs compared to
the NCD group (Fig. 1F). These shifts indicate a profound
remodeling of the hepatic immune microenvironment in re-
sponse to HFD consumption.

3.2 Cell-Type Specific Expression and Functional
Profiling of Arhgap25

To further investigate the cellular source of Arhgap25,
we analyzed its expression across the various cell popula-
tions identified by scRNA-seq. Arhgap25 exhibited sig-
nificant upregulation in several immune cell clusters un-
der HFD conditions, most notably in KCs (Fig. 2A). Fo-
cusing on KCs, we performed GO enrichment analysis to
elucidate the functional implications of HFD-induced tran-
scriptional changes. Upregulated genes in the HFD group
were primarily enriched in metabolic and energy-related
processes, including oxidative phosphorylation and ATP
synthesis (Fig. 2B). Conversely, downregulated genes were
associated with cell migration and circadian rhythm reg-
ulation (Fig. 2C). Furthermore, cell-cell communication
analysis (Chord diagram) revealed robust interactions be-
tween KCs and other lineages, particularly hepatocytes and
LSECs, highlighting the central role of KCs within the hep-
atic niche (Fig. 2D).

To validate these bioinformatic findings, we per-
formed qPCR and Western blot analysis on liver tissues.
Consistent with the sequencing data, Arigap25 mRNA
levels were significantly elevated in the HFD group
compared to the control NCD group (Fig. 2E). Cell-type-
specific qPCR further confirmed that Arhgap25 expression
was significantly higher in KCs than in Hepatocytes
(Fig. 2E). Furthermore, analysis of the human fatty liver
dataset GSE281797—comprising 94 subjects categorized
as healthy, MASL (metabolic dysfunction-associated
steatotic liver), or MASH (metabolic dysfunction-
associated steatohepatitis)—revealed that ARHGAP25
expression was significantly elevated in MASL and
MASH patients, mirroring the expression trend observed
in the murine models (Fig. 2F). Finally, Western blot
analysis demonstrated a marked increase in Arhgap25
protein expression levels in HFD-fed mouse liver (Fig.
2@G). Collectively, these results confirm that Arhgap25 is
significantly induced by an HFD, particularly within the
KC population.

3.3 Arhgap25 Promotes Hepatic Lipid Accumulation

To evaluate the impact of Arhgap25 on hepatic
lipid accumulation and liver injury, we established AAV-
mediated overexpression (OE) mouse model. Histological
evaluation via H&E and Oil Red O staining revealed sub-
stantial macrovesicular steatosis and increased lipid droplet
accumulation in the liver tissues of the OE group compared
to the NC group (Fig. 3A). The relative mRNA expression
levels of adipogenic transcription factors and fatty acid-
binding proteins, including PPARy, C/EBPf, and FABP4,
were significantly upregulated in the OE group (p < 0.01).
While HSL expression also exhibited a significant increase
(p <0.05), ATGL expression showed no significant differ-
ence between the two groups (Fig. 3B). Consistent with
the morphological observations, quantitative biochemical
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Fig. 1. Bioinformatic identification and single-cell characterization of HFD-induced transcriptional signatures. (A) Venn diagram
illustrating the intersection of 53 conserved DEGs across three independent HFD datasets. The boxed region highlights core candidates
including Arhgap25. (B) Top Gene Ontology biological processes enriched among the common DEGs, predominantly related to myeloid
leukocyte migration and activation. (C) Volcano plots depicting the differential expression profiles of GSE263975, GSE262523, and
GSE292565 (in this dataset, the conversion of raw data to Gene IDs resulted in a loss of information, leading to inconsistencies in the
number of DEGs shown in the volcano plot and Venn diagram), highlighting the consistent upregulation of Arhgap25. (D) UMAP
visualization of hepatic single-cell landscape in the HFD and NCD groups. (E) Dot plot displaying the canonical markers used to define
each cell cluster. Node color and size represent relative expression intensity and cell percentage, respectively. (F) Comparison of relative
cell-type frequencies between groups, highlighting HFD-induced shifts in the KC and T-cell populations. HFD, high-fat diet; DEGs,
differentially expressed genes; GO, Gene Ontology; NCD, Normal Chow Diet; KC, Kupffer cell.
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assays demonstrated that hepatic TG and TC concentra-  jury markers aspartate aminotransferase (AST) and alanine
tions were significantly elevated in the OE cohort (p <0.01; aminotransferase (ALT) were significantly elevated in the
Fig. 3C). Furthermore, serum levels of hepatocellular in- OE group relative to the NC group (p <0.01; Fig. 3D), indi-
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cating exacerbated hepatic damage. Concurrently, the suc-
cessful overexpression of the target gene, Arhgap25, was
confirmed both at the transcriptional level, with a signifi-
cant increase in its mRNA expression in liver tissues (p <
0.01; Fig. 3E), and at the translational level, as evidenced
by enhanced Arhgap25 protein expression in western blot
analysis (Fig. 3G). Additionally, cell-type-specific analysis
indicated that Arhigap25 mRNA levels were significantly
higher in KCs compared to primary hepatocytes (p < 0.05;
Fig. 3F).

3.4 Arhgap25 Overexpression Induces Pro-inflammatory
Cytokine Release and Promotes M1 Macrophage
Polarization

To evaluate the impact of Arhgap25 on hepatic in-
flammation and macrophage infiltration, histological and
molecular analyses were conducted. The OE group exhib-
ited a marked pro-inflammatory state, characterized by sig-
nificantly upregulated relative mRNA expression of key cy-
tokines, including MCP-1 and TNF-a (p < 0.01), and IL-
6 (p < 0.05), alongside elevated macrophage markers 4D-
GREI (p <0.01) and CD68 (p < 0.05) compared to the NC
group (Fig. 4A). This inflammatory profile was consistent
with systemic measurements, which revealed significantly
elevated protein concentrations of IL-6 and TNF-a (p <
0.01; Fig. 4B), as well as increased serum free fatty acid
(FFA) levels in the OE cohort (p < 0.01; Fig. 4E). Further-
more, immunofluorescence staining for the macrophage
marker ADGRE! demonstrated a substantial accumulation
of macrophages in the liver, quantitatively confirmed by a
significant increase in the mean integrated density in the OE
group (p <0.01; Fig. 4C,D). To further characterize the spe-
cific phenotype of the recruited macrophages, we analyzed
the expression profiles of M1 (classical, pro-inflammatory)
and M2 (alternative, anti-inflammatory) polarization mark-
ers. Arhgap25 overexpression induced a clear phenotypic
shift toward M1 polarization. Specifically, the relative
mRNA expression levels of the M1 markers /7TGAX and
IL-1p, along with the general macrophage marker F4/80,
were significantly upregulated in the OE group (p < 0.01).
Conversely, the expression of the M2-associated markers
ARG (p <0.05) and FIZZI (p < 0.01) were significantly
suppressed compared to NC controls (Fig. 4F). These tran-
scriptional alterations were corroborated at the translational
level via Western blot analysis, which revealed a distinct
reduction in ARG1 protein levels coupled with concurrent
increases in the pro-inflammatory proteins TNFa and IL1J3
in the OE group (Fig. 4G).

3.5 Activation of AKT/mTOR Signaling Exacerbates
Arhgap25-Induced Lipid Accumulation and Inflammatory
Responses In Vitro

Although systemic AAV transduces multiple hepatic
cell types, our scRNA-seq analysis demonstrated that en-
dogenous Arhgap25 expression is predominantly enriched
in Kupffer cells, supporting KCs as the principal cellu-
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lar target investigated in this study. To investigate the
cellular effects of Arhgap25, we simulated the in vivo
environment by pre-transducing Kupffer cells with AAV-
Arhgap25 to overexpress the protein. Subsequently, un-
der palmitic acid (PA) stimulation, we employed an in vitro
co-culture model consisting of HepG2 hepatocytes and KC
cells (Fig. 5A), with successful Arhgap25 protein overex-
pression confirmed via Western blot (Fig. 5B). Function-
ally, Arhgap25 overexpression significantly elevated extra-
cellular FFA concentrations compared to the PBS control
(» < 0.01; Fig. 5C) and markedly exacerbated intracellu-
lar lipid droplet accumulation, as evidenced by histologi-
cal staining in the PA+Arhgap25 group relative to the PA-
only group (Fig. 5D). This enhanced steatotic phenotype
was supported at the molecular level by significant upreg-
ulation in the mRNA and protein expression of key adi-
pogenic regulators, specifically PPARy (p < 0.01), C/EBPp
(» <0.05), and FABP4 (p <0.01), while the lipolytic mark-
ers such as ATGL and HSL showed no significant alter-
ations (Fig. S5F,G). Concurrently, Arhgap25 promoted a ro-
bust pro-inflammatory microenvironment, demonstrated by
the elevated protein levels of the macrophage marker CD68
and the primary pro-inflammatory cytokines TNFa and IL-
6 (Fig. 5E).

To further elucidate the underlying molecular mecha-
nisms driving these lipid metabolic and inflammatory alter-
ations, the AKT/mTOR intracellular signaling cascade was
evaluated. Western blot analysis revealed that Arhgap25
overexpression substantially enhanced the phosphorylation
levels of both AKT (p-AKT) and mTOR (p-mTOR) com-
pared to the PBS control, without altering the baseline
expression of total AKT and mTOR proteins (Fig. 5H).
To validate the involvement of this pathway, an AKT in-
hibitor (AKT-IN) was introduced. Treatment with the in-
hibitor alone or in combination with Arhgap25 overexpres-
sion confirmed the specific modulation of p-AKT down-
stream of Arhgap25 (Fig. 5I). Collectively, these bio-
chemical evaluations indicate that Arhgap25 mediates its
pro-lipogenic and pro-inflammatory effects by promote the
AKT/mTOR signaling axis.

4. Discussion

The onset and progression of MASLD are complex
processes driven synergistically by hepatic lipid metabolic
dysregulation and immune microenvironment disruption
[22,23,24,25]. This study identifies Arhgap25 as a crit-
ical regulatory factor in the pathological progression of
HFD-induced MASLD. Through multi-omics data mining,
an in vivo AAV-mediated overexpression model, and an in
vitro co-culture system, we demonstrated that Arhgap25 is
specifically enriched in KCs. By promote the AKT/mTOR
signaling pathway, Arhgap25 promotes the polarization of
KCs toward a pro-inflammatory M1 phenotype, thereby
exacerbating hepatocellular lipid accumulation and liver
dysfunction. These findings not only broaden our under-


https://www.imrpress.com

A B
c
g 81 *¥ *% e NC
H&E o 1 - - = OE
g 6 .
x
[} ]
S4 | ; .
14
E :
g 2' ° o 3
Qil =
©
Red0 s..nll A rﬁ 4 fil
PPARy C/EBPB FABP4 ATGL HS
C :
= Hepatic Triglyceride Hepatic Total Cholesterol AST ALT
3 207 ? 5- 18+ o 18+
7] - 5 [
_‘% *% 3 % 16
154 - = 4 = i -~ -
2 nal 1 3t 1 2.,
o) 2] nfm T
(% 10- : £ g’ . L 214 2
i gn ©a24 3§ . 5 T 5121 o+
g 57 ° 1 2 12 30 [EE
g § 1 . - _010_ 10
% 0 T T % 0 . r 10 T T 8 T
NC OE NC OE NC OE NC
E F G
3 4 g4 NC  ©OE
3 *k - *
< 3 . <Z( 3 _T_
& T © Arngap25| s o snmm—
€ 2 = E 2 _ — 75kDa
[e) [] n
N o N
51 51 £ -
2 £ B-actin | su—— | __ . o
< 0 I 1 < o T T
NC OE Hepatocytes Kuppfer

Fig. 3. Arhgap25 promotes hepatic lipid accumulation in vivo. (A) Representative micrographs of liver tissues from AAV-mediated

Arhgap25 OE mice and NC mice. H&E staining (top row) reveals substantial macrovesicular steatosis in the OE group. Oil Red O staining

(bottom row) shows increased lipid droplet deposition in OE liver tissues. Scale bars: 100 um. (B) Relative hepatic mRNA expression
of adipogenic genes (PPARy, C/EBPf, FABP4) and lipolytic genes (ATGL, HSL) in the NC and OE groups. (C) Quantitative biochemical
analysis of hepatic TG and TC levels. (D) Quantitative analysis of AST and ALT in serum. (E) Confirmation of hepatic Arhgap25 mRNA

overexpression level in OE mice. (F) Cell-type-specific mRNA expression analysis comparing Arhgap25 levels in primary hepatocytes

and KCs. (G) Western blot analysis confirming Arhgap25 protein overexpression, with B-actin serving as the loading control. Data in

bar graphs are presented as the mean + SEM. Statistical significance: *p < 0.05, **p < 0.01.

standing of the mechanisms underlying hepatic immune-
metabolic remodeling but also provide a promising molec-
ular target for therapeutic interventions in MASLD.

Previous efforts to identify therapeutic targets
for MASLD have often focused predominantly on the
metabolic reprogramming of hepatic parenchymal cells
themselves, while neglecting the core role of the immune
microenvironment during disease initiation. Our integra-
tive analysis of bulk and scRNA-seq robustly addresses
this limitation, revealing that the HFD-induced transcrip-
tional response is largely driven by myeloid-mediated

inflammation.  Specifically, under HFD-induced stress,
the proportions of KCs and T cells in the liver increased
significantly, with Arhgap25 being highly enriched
within the KC population. This global shift in cellular
composition suggests that the remodeling of the hepatic
microenvironment accompanies, or perhaps even precedes,
the onset of severe lipotoxicity. Cell-cell communication
analysis further underscores the role of KCs as a central
mediator linking inflammation to hepatocellular injury.
Because Arhgap25 functions as a Rho GTPase-activating
protein, its aberrant upregulation under metabolic stress
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likely rewires immune cell dynamics and activation ca-
pacity, elucidating why extensive macrophage infiltration
(e.g., increased ADGREI expression) and a systemic
burst of pro-inflammatory cytokines were observed in the
Arhgap25 overexpression model.

Lipid metabolic dysregulation and inflammatory cas-
cades are not isolated pathological events but are intri-
cately intertwined through microenvironmental crosstalk
[26,27,28]. Our functional experiments explicitly indicate
that Arhgap25 overexpression not only drives the polariza-
tion of macrophages toward a classical pro-inflammatory
M1 phenotype (characterized by elevated ITGAX and IL1f
expression, alongside ARG suppression) but also con-
currently triggers the significant activation of adipogenic
transcription factors (PPARy, C/EBPf) and severe hepatic
macrovesicular steatosis. Mechanistically, this study re-
veals that Arhgap25 exerts these dual pathogenic effects by
positively regulating the AKT/mTOR signaling axis. The
AKT/mTOR pathway is a central signaling node that main-
tains cellular metabolic homeostasis and immune tolerance.
The significant promoting of AKT/mTOR phosphorylation
by Arhgap25 not only disrupts the balance of polarization
signals within macrophages but also exacerbates the uptake
of FFA and lipid droplet accumulation in hepatocytes within
the co-culture system through paracrine signaling, driven
by the robust secretion of cytokines (such as TNFa and IL-
6). This pathologically deteriorating KCs-hepatocyte com-
munication loop precisely elucidates the core driver role of
Arhgap25 in driving liver injury (as manifested by signifi-
cantly elevated serum AST and ALT levels).

Although this study provides substantial multidimen-
sional evidence for the mechanistic role of Arhgap25 in
MASLD, certain limitations warrant further investigation.
First, the in vivo mechanistic validation in this study pri-
marily relied on an AAV-mediated overexpression model;
employing a hepatic macrophage-specific Arhgap25 con-
ditional knockout (cKO) mouse model in future studies
will enable a more definitive evaluation of the therapeutic
safety and rescue efficacy of targeting this gene. Second,
the direct interacting proteins or upstream epigenetic reg-
ulatory mechanisms through which Arhgap25 promote the
AKT/mTOR pathway remain incompletely defined, neces-
sitating further proteomics approaches to decipher its pre-
cise structural biological basis. Finally, as the data in this
study were predominantly derived from rodent models and
in vitro cell lines, future investigations should expand to
large-scale human MASLD/NASH clinical cohorts to vali-
date the clinical relevance of ARHGAP2S expression levels
across different stages of liver fibrosis in human patients.
Although Arhgap25 has been primarily characterized as a
Rac-specific Rho GTPase-activating protein, accumulating
evidence suggests that Rac signaling is closely intercon-
nected with the PI3K/AKT/mTOR pathway [17,29]. Racl
has been reported to regulate PI3K activation and subse-
quently promote AKT phosphorylation and mTOR signal-
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ing, thereby modulating inflammatory responses, cell sur-
vival, and metabolic homeostasis [29]. Conversely, inhi-
bition of Rac activity attenuates PI3K/AKT signaling and
suppresses downstream mTOR activation, leading to pro-
found alterations in cellular metabolism and immune func-
tion. As a Rac-specific GAP, Arhgap25 accelerates the hy-
drolysis of GTP-bound Racl and thereby negatively regu-
lates Rac activation [30]. Therefore, it is biologically plau-
sible that Arhgap25 indirectly promote AKT/mTOR signal-
ing through the inhibition of Rac activity. Supporting this
notion, Huang et al. [17] demonstrated that ARHGAP25 in-
hibits pancreatic adenocarcinoma progression by suppress-
ing glycolysis via the AKT/mTOR signaling pathway, sug-
gesting that this protein is functionally linked to AKT sig-
naling beyond its canonical regulation of Rac. Neverthe-
less, the molecular connection between Rac inactivation
and AKT/mTOR suppression in KCs remains incompletely
understood. In the present study, Arhgap25 overexpression
was consistently associated with exaltation phosphorylation
of AKT and mTOR. However, Rac activity was not di-
rectly evaluated; therefore, the precise signaling hierarchy
remains to be established. It is possible that Arhgap25 pro-
mote AKT/mTOR signaling through Rac-dependent mech-
anisms or via additional interacting proteins involved in
immune-metabolic regulation. Future studies employing
Rac-GTP pull-down assays, constitutively active Racl res-
cue experiments, and PI3K/AKT activity assays will be
valuable for clarifying the upstream regulatory events link-
ing Arhgap25 to AKT/mTOR signaling in MASLD.

In conclusion, this study establishes Arhgap25 as a
pivotal molecular mediator driving the pathological pro-
gression of MASLD. Arhgap25 upregulation in KCs pro-
mote the AKT/mTOR signaling pathway, which not only
provokes a robust M 1-type inflammatory response but also
exacerbates parenchymal lipid accumulation and tissue in-
jury via microenvironmental crosstalk. Targeted interven-
tion against Arhgap25 or the immune-metabolic crosstalk
network it mediates holds promise as an innovative thera-
peutic strategy to halt the progression from isolated steato-
sis to advanced steatohepatitis.

5. Limitations

Despite the strengths of our integrated transcriptomic
analysis and experimental validation, several limitations
should be acknowledged. First, the in vivo study relied
on systemic AAV-mediated overexpression, which demon-
strates the pathogenic effect of increased Arhgap25 ex-
pression but does not establish the requirement of endoge-
nous Arhgap25 in MASLD progression. Future studies us-
ing KC-specific knockout or knockdown models are war-
ranted. Second, although our scRNA-seq data identified
Arhgap25 as being predominantly enriched in KCs, sys-
temic AAV delivery is not cell-type-specific, and direct
effects on other hepatic cell populations cannot be com-
pletely excluded. Finally, although we validated the upreg-
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ulation of ARHGAP2S5 in public human MASLD transcrip-
tomic datasets, additional studies using well-characterized
clinical cohorts and mechanistic experiments—particularly
those investigating the Rac-AKT/mTOR signaling axis—
will be necessary to further define the cell-type-specific
functions and translational potential of this protein in
MASLD.

6. Conclusion

In conclusion, this study identifies Arhgap25 as a po-
tential regulator of hepatic immune-metabolic remodeling
during MASLD progression. Through integrated transcrip-
tomic analyses, single-cell RNA sequencing, in vivo AAV-
mediated overexpression, and in vitro co-culture experi-
ments, we demonstrate that elevated Arhgap25 expression
is predominantly associated with KCs and promotes pro-
inflammatory macrophage polarization, hepatic lipid ac-
cumulation, and liver injury. Mechanistically, our find-
ings suggest that these pathological effects are mediated
by the acceleration of the AKT/mTOR signaling pathway,
highlighting a potential molecular link between Arhgap25-
mediated immune activation and metabolic dysregulation.
Furthermore, validation using public human MASLD tran-
scriptomic datasets supports the clinical relevance of in-
creased ARHGAP25 expression. Although additional stud-
ies employing cell-type-specific loss-of-function models
are required to establish causality and define the precise sig-
naling mechanisms, our findings provide new insights into
the role of Arhgap25 in MASLD and suggest that the modu-
lation of Arhgap25-dependent immune-metabolic crosstalk
may represent a promising therapeutic strategy for prevent-
ing disease progression.
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