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Abstract

Metabolic dysfunction-associated steatohepatitis (MASH) is a significant contributor to
hepatocellular carcinoma (HCC). To validate AMPK activation as a therapeutic strategy for
MASH-associated liver fibrosis, we investigated the effects of a 4-chloro-benzenesulfonamide
derivative named KN21, a novel AMPK activator, on the liver fibrogenic process in a MASH model.
In mice fed a choline-deficient, L-amino acid-defined, high fat diet (CDAHFD), KN21 reduced
hepatic steatosis, lipid accumulation, and liver fibrosis. In hepatocyte cells treated with palmitic acid
and oleic acid (PO), KN21 attenuated lipid accumulation and the release of reactive oxygen species
(ROS) and fibrotic mediators. Hepatic stellate cells stimulated with hepatocyte-derived conditioned
medium (CM) exhibited increased expression of fibrosis markers, whereas hepatic stellate cells
exposed to CM from KN21-treated hepatocytes showed a decrease of fibrosis marker expression.
Additionally, KN21 inhibited the activation of human hepatic stellate cells and demonstrated potent
antifibrotic activity. These findings underscore the therapeutic potential of pharmacological AMPK
activation for the treatment of MASH-associated liver fibrosis.

Keywords: AMP-activated protein kinase (AMPK); synthetic AMPK activator; 4-chloro-benzenesulfonamide derivative;
metabolic dysfunction-associated steatohepatitis (MASH); liver fibrosis; lipid accumulation

Introduction
Metabolic dysfunction-associated steatotic liver =~ damage-associated molecular patterns (DAMPs),
disease (MASLD) is a chronic liver disease that affects  reactive oxygen species (ROS), and profibrotic

over 30% of the worldwide population [1]. MASLD
encompasses a spectrum of disease states depending
on the severity of liver damage, starting from simple
steatosis (metabolic dysfunction-associated steatotic
liver, MASL) and advancing to its inflammatory
phase, known as metabolic dysfunction-associated
steatohepatitis (MASH). Persistent MASH can further
progress to cirrhosis and hepatocellular carcinoma [2].
In MASH, the accumulation of free fatty acids (FFAs)
in hepatocytes triggers the production of lipotoxic
species, which in turn promotes the release of

mediators such as platelet-derived growth factor
subunit B (PDGFB) and transforming growth
factor-beta 1 (TGF-P1). This cascade activates hepatic
stellate cells (HSCs), key drivers of liver fibrosis,
through differentiation into myofibroblasts, resulting
in abnormal deposition of extracellular matrix
proteins, especially collagen [3-6]. Recently, the U.S.
Food and Drug Administration (FDA) approved the
first drug, resmetirom, a liver-targeted thyroid
hormone receptor-p selective agonist, for treating
MASH patients with moderate to advanced liver
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fibrosis [7]. However, there remains an urgent need
for the development of alternative therapeutic
approaches, as advanced liver fibrosis induced by
MASH substantially raises the risk of liver
disease-related complications and mortality [8].
AMP-activated protein kinase (AMPK) is a
serine/threonine kinase structured as a heterotrimeric
complex with a 1:1:1 ratio, comprising a, B, and y
subunits. Each subunit has multiple isoforms
depending on the species and tissue types [9, 10]. In
humans, AMPK consists of two a- (al, a2) and two -
(f1, p2) and three y- (y1, y2, y3) subunits, each
encoded by distinct genes [11]. Phosphorylation of the
Thr172 residue within the activation loop of the
N-terminal kinase domain of the AMPKa subunit is
essential for full activation. Key upstream kinases
responsible for AMPK phosphorylation at Thr172
include liver kinase Bl (LKB1), in response to a
decreased ratio of ATP to AMP/ADP, and Ca?/
calmodulin-dependent protein kinase kinase-beta
(CaMKKS), in response to elevated Ca2* levels [12-16].
The generally accepted view regarding AMPK
activation is that it is regulated by the binding of
adenine nucleotides, including AMP, ADP, and ATP,
based on structural analysis that identifies nucleotide
binding sites within the y-subunit of AMPK [9, 17, 18].
The y-subunit contains four cystathionine B-synthase
(CBS) domains crucial for the binding of these
nucleotides. The CBS-1, CBS-3, and CBS-4 domains
are capable of binding with adenosine nucleotides,
while the CBS-2 domain lacks this capability [9,
18-20]. Under physiological conditions, AMP tightly
binds to the CBS-4 domain in a non-exchangeable
manner. The CBS-1 and CBS-3 domains serve as
exchangeable binding sites, regulating AMPK
activation through adenine nucleotide sensing. CBS-1
predominantly  remains  ATP-bound  under
physiological conditions. Furthermore, AMP binding
to the CBS-3 domain, rather than CBS-1, induces a
conformational change facilitating direct interaction
with the a subunit [18, 19, 21]. AMP binding to the
y-subunit activates AMPK through three mechanisms:
it enhances LKBl-mediated phosphorylation at
Thr172 of the activation loop, protects the activation
loop from phosphatase-induced dephosphorylation,
thereby sustaining AMPK activity, and triggers
phosphorylation-independent ~ allosteric ~ kinase
activation [19, 20, 22, 23]. In the liver, the activation of
AMPK is pivotal in governing lipid metabolism. On
activation, AMPK inhibits the anabolic pathways
involved in lipid synthesis, while simultaneously
stimulating catabolic pathways, notably fatty acid
oxidation (B-oxidation). This shift in metabolic
balance leads to a reduction in lipid accumulation
within hepatocytes in the liver. Overall AMPK

activation acts as a metabolic switch, promoting
energy production and reducing lipid storage, which
is beneficial for conditions associated with MASLD
[24, 25].

Consequently, our research has focused on
developing a novel direct AMPK activator that binds
to the CBS-3 AMP binding site of the AMPKYy subunit,
employing structural analysis-based computer-aided
chemical design and chemical modification to
enhance efficacy. Using this approach, we identified a
4-chloro-benzenesulfonamide derivative (named
KN21) as a potent direct AMPK activator. We
validated that pharmacological activation of AMPK
by KN21 represents a promising strategy not only to
alleviate steatosis but also to impede the progression
of MASH. This therapeutic effect is achieved by
diminishing lipid accumulation in hepatocytes and by
inhibiting the activation, proliferation, and migration
of HSCs, thereby reducing fibrosis in a
choline-deficient, L-amino acid-defined high-fat diet
(CDAHFD) mouse model.

Materials and Methods

KN21 synthesis

KN21 was synthesized and achieved a purity of
98.1%, confirmed by high-performance liquid
chromatography (HPLC). Detailed information
regarding the synthesis process along with the 'H and
13C nuclear magnetic resonance spectral data, HPLC
chromatograms, and the liquid chromatography-high
resolution mass spectroscopic data for KN21 can be
found in the Supplementary Information (Scheme SI,
Figs. 51-S3).

CDAHFD-induced MASH mouse model

C57BL/6] mice (7 weeks old, male) were
purchased from Raonbio (Gyonggi-do, South Korea).
The control group received a normal chow diet, while
the MASH model group was fed a high-fat diet
consisting of L-amino acid rodent chow and 0.1%
methionine (CDAHFD) for 6 weeks. KN21 (15 mg/kg)
was administered intraperitoneally to the mice once
every 2 days for a period of 4 weeks. All mice were
anesthetized using 2,2,2-tribromoethanol (Sigma-
Aldrich, MO, USA). After blood collection, the mice
were euthanized by severing the inferior vena cava,
allowing for perfusion of the entire body with PBS via
the left ventricle. The liver was then harvested and
weighed. The left lobe, comprising half of the largest
lobe, was promptly fixed in 10% formalin. The
remaining portions of the liver were rapidly frozen in
liquid nitrogen. The animal studies were conducted in
accordance with protocols approved by the
Institutional Animal Care and Use Committee of
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Ewha Womans University (approval no.: 19-041).

Cell culture and treatment

HepG2 cells were obtained from the ATCC
(Manassas, VA, USA) and cultured in MEM (Welgene,
Gyeongsangbuk-do, South Korea) supplemented with
10% FBS (Corning Inc, NY, USA) and 1%
penicillin-streptomycin (HyClone, UT, USA) at 37°C
in a 5% CO» incubator. Primary hepatocytes were
isolated from male C57BL/6] mice and cultured
under similar conditions. For experimental treatment,
both HepG2 cells and primary hepatocytes were
exposed to a combination of 0.5 mM palmitic acid
(#P0500, Sigma-Aldrich, MO, USA) and 1 mM oleic
acid (#01008, Sigma-Aldrich, MO, USA) in the
presence of either KN21 or vehicle for a duration of 12
h prior to harvest. LX-2 cells were obtained from
Sigma-Aldrich (MO, USA) and maintained in DMEM
(Welgene, Gyeongsangbuk-do, South  Korea)
supplemented with 10% FBS and 1% penicillin-
streptomycin at 37°C in a 5% CO; incubator.
Following a 12-h treatment period with TGF-p1 (R&D
systems, MN, USA), LX-2 cells were further treated
with KN21 and A769662 for an additional 12 h.

Plasmid transfection

The AMPKyl gene was cloned into the
p3XFLAG-Myc-CMV-26  plasmid. The AMPK
H298G/R299F mutant was generated using a
mutagenesis kit (Takara, Kyoto, Japan). Cells were
transfected with these plasmids using jetPRIME®
(Polyplus, Illkirch, France). The plasmids and
transfection reagents were mixed in buffer and
incubated at room temperature before application to
cells.

Production of hepatocyte-derived conditioned
medium

Primary hepatocytes and HepG2 cells were
treated with 0.5 mM palmitic acid and 1 mM oleic acid
(PO) in the presence of either KN21 or vehicle for 12 h.
Following treatment, the conditioned medium (CM)
was collected and centrifuged at 1,500 rpm for 5 min.
The resulting supernatant fractions were stored at
-80°C until further use.

Immunoblot analysis

Proteins from mouse liver and cells were
immunolabeled with primary antibodies overnight at
4°C, followed by incubation with corresponding
HRP-coupled secondary antibodies at room
temperature. Images were obtained by a LAS-3000
(Fuji Photo Film Co., Ltd., Tokyo, Japan), equipped at
Ewha Drug Development Research Core Center. The
antibodies used in this study are listed in the

Supplementary Information (Table S1).

Cellular thermal shift assay

LX-2 cells were treated with DMSO or KN21
b5pM) for 12 h. The «cells were harvested,
resuspended in PBS, and then divided into six PCR
tubes. Subsequently, all samples in PCR tubes were
heated to room temperature (RT), 45, 48, 50, 52 and
55°C for 3 min and then lysed using liquid nitrogen.
The AMPKy protein band was analyzed by
immunoblotting. HEK293 cells were transfected with
AMPK-WT and AMPK H298G/R299F mutant
plasmids. After transfection, cells were treated with
DMSO or KN21 (5 pM) for 12 h. The samples were
heated to 48, 50, 51, 52, 53, 54 and 57°C for 3 min and
then lysed wusing liquid nitrogen. Flag-tagged
WT-AMPKy and MU-AMPKy proteins were
subsequently detected through immunoblotting.

In silico docking study

Ligand docking studies were performed using
Cresset Flare™ software V6.1 to confirm the direct
binding potential and binding pose of KN21 to the
AMPKYy subunit. The co-crystal structure of AMPK
complexed with its ligand AMP was retrieved from
the protein data bank (PDB code: 4RER). Prior to the
docking process, KN21 was generated and subjected
to energy minimization. For the docking study, the
energy grid was defined based on the clustered
endogenous AMP ligand at the CBS-3 site of
AMPKYy1. The accuracy and reliability of the docking
model were validated by evaluating the RMSD value
of re-docked AMP in comparison to its original
crystallographic orientation.

Immunohistochemical analysis

For hematoxylin and eosin (H&E), the
deparaffinized and rehydrated liver sections were
sequentially stained with hematoxylin (#HMM999,
ScyTek Inc., UT, USA) for 1 min and eosin (#318906,
Sigma-Aldrich, MO, USA) for 1 min. For Sirius red
staining, the deparaffinized and rehydrated liver
sections were stained with picric acid (Abcam,
Cambridge, UK) containing Fast-green FCF
(Sigma-Aldrich, MO, USA) and 0.1% direct red 80
(Sigma-Aldrich, MO, USA) for 2 h. For
immunohistochemistry analysis, the deparaffinized
and rehydrated liver sections were incubated in
antigen retrieval solution (#ab93678, Abcam,
Cambridge, UK), followed by immersion in a 3%
hydrogen peroxide solution and blocking serum
buffer for 1 h. The primary antibodies were applied
overnight at 4°C, followed by incubation with
secondary antibodies for 30 min. The sections were
developed using a Vectastain ABC kit (Vector
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Laboratories, CA, USA) for 30 min. Immunoreactions
were visualized with DAB (Dako, Agilent, CA, USA)
and the sections were counterstained with
hematoxylin. Evaluation of the sections was
performed using an Axiophot 2 apparatus (Carl Zeiss,
Jena, Germany) at  200x magnification.
Immunostaining was quantified using Image]
software (NIH, MD, USA). The antibodies used in this
study are listed in the Supplementary Information
(Table S1).

Determination of hepatic enzyme levels

The total concentrations of serum alanine
aminotransferase (ALT) and aspartate
aminotransferase (AST) were determined by
analyzing serum samples using a chemistry analyzer
(Hitachi 7020, Tokyo, Japan) in accordance with the
manufacturer's instructions.

Quantitative real-time polymerase chain
reaction

Real-time quantitative polymerase chain reaction
(qPCR) was performed using the SensiFAST™ SYBR
No-ROX kit (Bioline, London, UK) according to the
manufacturer’s protocol. Relative gene expression
levels were determined using the AACt method and
normalized to GAPDH. The primer sequences used in
this study are summarized in the Supplementary
Information (Table S2).

Enzyme-linked immunosorbent assay (ELISA)

The levels of PDGFB (#DBB00, R&D Systems,
Minneapolis, USA) and TGF-B1 (#DY240-05, R&D
Systems, Minneapolis, USA) in the cell culture
supernatants were quantified using ELISA Kkits,
respectively, according to the manufacturer’s
instructions.

Immunofluorescence staining

For immunofluorescence microscopy, slides
were incubated overnight at 4°C with a primary
antibody against SREBP-1c (Santa Cruz, CA, USA)
and a-SMA (GeneTex, CA, USA). Then, the slides
were treated with Alexa Fluor 488 (Abcam,
Cambridge, UK) for 1 h, followed by staining with
DAPIL Immunofluorescence images were obtained
using a fluorescence microscope (Carl Zeiss, Jena,
Germany), equipped at Ewha Drug Development
Research Core Center.

Statistical analysis

Statistical analyses were performed using
GraphPad Prism statistical software (Version 6.01,
GraphPad Software, Inc, CA, USA). All experiments

were performed at least in triplicate to ensure
reliability. In situations where more than one group
was evaluated, ordinary one-way analysis of variance
(ANOVA) followed by Tukey's post hoc test was
applied. A p-value of less than 0.05 was considered
statistically significant for all analyses.

The detailed methods and additional
information for the other experiments are provided in
the Supplementary Information.

Results

AMPK activator KN21 directly binds to the
AMP binding site on the AMPKYy subunit

Considering the beneficial impact of AMPK
activation in reducing hepatic lipid accumulation and
mitigating metabolic conditions such as MASLD, we
focused on developing a novel direct AMPK activator.
Among the KN series compounds, KN21, a derivative
of 4-chloro-benzenesulfonamide (Fig. 1A), was
identified as the most potent AMPK activator. KN21
demonstrated greater potency than A769662, a known
small molecule synthetic AMPK activator [9, 22, 26]
used as a positive control, as determined by an in vitro
AMPK kinase assay and immunoblotting analysis
(data not shown). In both LX-2 HSCs and HepG2
hepatocyte cells, KN21 dose-dependently activated
AMPK (Fig. 1B and C) without causing nonspecific
toxicity at the treated concentrations (Fig. S4). To
verify whether KN21 directly binds to the AMPKy
subunit, we employed a cellular thermal shift assay
(CETSA), a well-established method that determines
whether a compound binds directly to an endogenous
protein in live cells by monitoring ligand
binding-induced thermal stabilization [27]. In LX-2
cells, KN21 treatment delayed the degradation of
AMPKYy protein under heat stress, suggesting that
KN21 stabilizes AMPKy through direct binding (Fig.
1D). Further investigation using molecular docking
revealed that KN21 binds specifically to the AMP
binding site 3 (CBS-3) of the AMPKy subunit, with
key interactions involving SER242, HIS298, and
ARG299 residues, identical to those facilitating AMP
binding (Fig. 1E). Previous findings from our group
demonstrated that HIS298 and ARG299 are essential
for AMP binding-induced AMPK activation [28]. In
the cell line expressing mutant AMPKy
H298G/R299F, KN21 failed to stabilize AMPKy
protein (Fig. 1F). Collectively, the CETSA experiments
in wild-type and mutant AMPKYy, combined with in
silico molecular docking studies strongly support the
notion that KN21 directly activates AMPK by binding
to the CBS-3 domain of the AMPKy subunit.
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Figure 1. KN21 stimulates AMPK activation by directly binding to the AMP bi

nding site located on the AMPKYy subunit. (A) Chemical structure of KN21I, a

4-chloro-benzenesulfonamide derivative. (B, C) Concentration-dependent effects of KN21 on AMPKa phosphorylation in HepG2 and LX-2 cells, analyzed via immunoblotting.
(D) Assessment of the interaction between KN21 and AMPKYy protein in LX-2 cells through cell thermal shift analysis (CETSA). (E) Docking studies to identify the interaction
residues between AMPKy and AMP as well as between AMPKy and KN21. (F) CETSA assessment of the interaction between KN21 and both wild-type and mutant AMPKy

protein in HEK293 cells.

KN21 mitigates hepatic steatosis, liver
damage, and lipid accumulation in the
CDAHFD-fed mouse model

To investigate the therapeutic effects of KN21 on
MASH in vivo, mice were fed a CDAHEFD for 2 weeks,
followed by KN21 administration while continuing
CDAHEFD feeding for an additional 4 weeks. Mice fed
a normal chow diet (ND) were used as controls (Fig.

2A). KN21 treatment did not significantly affect body
weight (Fig. 2B) or food intake (Fig. 2C). However, it
notably reduced liver weight (Fig. 2D, E, and S5) and
the liver-to-body weight ratio (Fig. 2F) and
significantly decreased serum ALT and AST levels
(Fig. 2G and H), indicating reduced liver damage.
Considering that AMPK activation plays a critical role
in mitigating hepatic lipid accumulation [7, 24], we
investigated whether KN21 attenuated hepatic lipid
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deposition as an AMPK activator. Histological
analysis by H&E demonstrated that KN21 treatment
alleviated hepatic steatosis in CDAHFD-fed
compared to the vehicle-treated group (Fig. 2I).
Furthermore, KN21 reduced the elevated levels of
fatty acid synthase (FASN), a key enzyme involved in
de novo fatty acid synthesis [29]. Proteins associated
with lipid metabolism and lipogenesis, including
sterol regulatory element binding transcription factor
1lc (SREBP-1c), FASN and peroxisome proliferator-
activated receptor gamma (PPARy) [30], were
significantly =~ downregulated  following  KN21
treatment (Fig. 2] and S6A). Similarly, KN21 markedly
reduced the expression of lipogenesis and lipid
metabolism-related genes, such as SREBF1, FASN,
and cluster of differentiation 36 (CD36) [31], which
were elevated in CDAHFD-fed mice (Fig. 2K).
Collectively, these findings suggest that KN21
effectively reduces hepatic lipid deposition in
CDAHFD-fed mice, likely through AMPK-mediated
pathways.

The reduction in hepatic steatosis and liver
fibrosis induced by KN21 in the CDAHFD
mouse model is attributed to AMPK activation

We examined whether KN21 inhibits liver
fibrosis through AMPK activation. In CDAHFD-fed
mice, p-AMPK levels were reduced but this reduction
was reversed by KN21 treatment, as confirmed by the
immunoblotting  (Fig. 3A and S6B) and
immunohistochemistry analyses (Fig. S7). Increased
liver fibrosis in CDAHFD-fed mice, as evidenced by
Sirius red staining, was significantly alleviated by
KN21 treatment. Immunohistochemistry analysis
further confirmed that elevated a-SMA levels in the
livers of CDAHFD-fed mice decreased upon KN21
treatment (Fig. 3B). KN21 lowered the protein
expression of fibrotic markers, including collagen
type 1 alpha 1 chain (COL1A1) and a-SMA (Fig. 3C
and S6C), which were otherwise heightened in
CDAHFD-fed mice. Real-Time PCR analysis
demonstrated that the mRNA expression of fibrosis
markers, including COL1A1, PDGFB, and ACTA2,
was significantly downregulated in KN21-treated
mice. Meanwhile, TIMP1 and COL3A1 exhibited a
downward trend, although statistically insignificant,
and PDGFA expression remained unaffected (Fig.
3D). Collectively, these results indicate that KN21
effectively mitigates liver damage and fibrosis
induced by lipid accumulation in CDAHFD-fed mice.
To compare the in vivo therapeutic potency of KN21
and A769662, we administered intraperitoneal
injections of KN21 (15 mg/kg) and A769662 (30
mg/kg) for two weeks in a CDAHFD-induced MASH
mouse model (Fig. S8A), based on prior evidence that

KN21 demonstrated approximately 2-fold higher
AMPK-activating efficacy than A769662 in cell-based
assays. Neither KN21 nor A769662 significantly
affected body weight or food intake during the
treatment period (Fig. S8B and C). However, both
compounds significantly reduced liver weight and the
liver-to-body weight ratio to a similar extent (Fig.
S8D-F), and markedly decreased serum ALT and AST
levels, indicating improved liver function (Fig. S8G
and H). Notably, total cholesterol, glucose, insulin
levels, white adipose tissue weight, and the
adipose-to-body weight ratio did not differ
significantly between CDAHFD-fed and ND-fed mice
(Fig. S8I-M). These data suggest that while KN21 and
A769662 effectively reduced liver weight, their impact
on overall adipose tissue mass remained minimal in
this model. Importantly, KN21 significantly increased
hepatic p-AMPK levels in CDAHFD-fed mice, to a
degree comparable to A769662, despite being
administered at half the dose (Fig. S8N). Collectively,
these  results indicate that KN21  exerts
hepatoprotective effects comparable to A769662 in
vivo, through AMPK activation.

AMPK activation by KN21 reduces lipid
accumulation in hepatocytes under metabolic
stress

Considering that hepatocytes are primarily
responsible for managing lipotoxicity induced by
fatty acid [32], we examined the direct effects of KN21
on hepatocytes under metabolic stress conditions.
Primary hepatocytes and HepG2 cells were exposed
to palmitic acid and oleic acid (PO) stimulation, with
or without KN21 treatment. Oil red O staining
revealed a significant increase in cellular lipid droplet
accumulation in PO-treated primary hepatocytes and
HepG2 cells compared to BSA-treated control cells,
which was markedly reduced by KN21 treatment
(Fig. 4A and B). The lipid-lowering effect of KN21 was
confirmed by measuring intracellular TG levels (Fig.
S9A). In primary hepatocytes and HepG2 cells
stimulated with PO, KN21 treatment reduced both the
nuclear translocation of SREBP-1c and the protein
level of its nuclear active form (68 kD), which were
elevated under lipotoxic conditions (Fig. 4C-F). These
effects were consistent with the reduced expression of
FASN and PPARy by KN21 (Fig. 4G and H).
Furthermore, KN21 downregulated fatty acid
synthesis-related genes, including FASN, PPARy, and
stearoyl-CoA desaturase-1 (SCD1) (Fig. 41 and J). As
expected, KN21 treatment increased the p-AMPK
levels in both primary hepatocytes and HepG2 cells
(Fig. 4K and L), confirming its ability to activate
AMPK signaling under PO-induced metabolic stress.
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Figure 2. KN21 mitigates hepatic steatosis, liver damage, and lipid accumulation in CDAHFD-fed mouse model. (A) Experimental timeline showing CDAHFD
feeding and KN21 (15 mg/kg) administration. (B, C) Body weight and food intake of mice across treatment groups during the experimental period (n=5). (D) Representative liver
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images from each group (n=5). (E, F) Liver weights and liver-to-body weight ratio for each group (n=5). (G, H) Serum levels of ALT and AST, indicators of liver function (n=5).
(1) Representative images of H&E and immunohistochemical staining for FASN in liver sections (n=5). (J) Immunoblotting analysis of proteins involved in lipid metabolism
(SREBP-1, FASN and PPARy) (n=5, combined with results in Figure S6A). (K) Quantitative real-time PCR analysis of lipid metabolism-related genes, including SREBFI, FASN, and
CD36 (n=5). **P < 0.001, **P < 0.01, *P < 0.05 vs. the ND group; ##P < 0.001, ##P < 0.01, #P < 0.05 vs. the CDAHFD group (one-way ANOVA); “n.s.” indicates a nonsignificant
difference.
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Figure 3. KN21 improves liver fibrosis induced by CDAHFD in mice as an activator of AMPK. (A) Immunoblotting analysis showing total and phosphorylated
AMPKa proteins in CDAHFD—fed mice treated with 15 mg/kg of KN21 (n=5, combined with results in Figure S6B). (B) Representative images of Sirius red staining and
immunohistochemical staining for a—SMA in liver sections (n=5). (C) Immunoblotting analysis of proteins involved in fibrosis (COL1AI and 0—SMA) (n=5, combined with results
in Figure S6C). (D) Quantitative real-time PCR analysis of fibrosis-related genes (TIMPI, COLIAI, COL3A1, PDFGB, PDGFA, ACTA2) (n=5). ***P < 0.001, *P < 0.05 vs. the ND group;
##P < 0.001, #P < 0.01, #P < 0.05 vs. the CDAHFD group (one-way ANOVA).
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Figure 4. KN21 inhibits lipid accumulation in PO-induced hepatocytes. (A, B) Oil red O staining in primary hepatocytes and HepG2 cells stimulated with BSA or PO

(0.5 mM PA and 1.0 mM OA), and subsequently treated with DMSO (vehicle), 10 uM

KN21, or 50 pM KN21 for 12 h. (C, D) Immunofluorescence staining of SREBP-1 in

PO-stimulated primary hepatocytes and HepG2 cells treated with 10 pM KN21 for 12 h. (E, F) Immunoblotting analysis of precursor and mature forms of SREBP-1 in
PO-stimulated primary hepatocytes and HepG2 cells treated with 10 uM KN21 for 12 h. (G, H) Immunoblotting analysis of FASN and PPARy in primary hepatocytes and HepG2

cells stimulated with PO and treated with 10 uM KN21 for 12 h. (I, J) Quantitative

real-time PCR analysis of lipid metabolism-related genes (FASN, PPARy, and SCDI) in
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PO-stimulated primary hepatocytes and HepG2 cells treated with 10 uM KN21 for 12 h. (K, L) Immunoblotting analysis showing total and phosphorylated AMPKa proteins in
PO-stimulated primary hepatocytes and HepG2 cells treated with 10 pM KN21 for 12 h. *P < 0.01, *P < 0.05 vs. the control group; ##P < 0.001, #P < 0.01, #P < 0.05 vs. the

PO-stimulated group (one-way ANOVA)..
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Figure 5. KN21 reduces lipid accumulation in hepatocytes under metabolic stress via AMPK activation. (A, B) Immunoblotting analysis showing total and
phosphorylated AMPKa proteins in PO-stimulated primary hepatocytes and HepG2 cells treated with KN21, Compound C, or their combination for 12 h. (C, D) Oil red O
staining of PO-stimulated primary hepatocytes and HepG2 cells treated with KN21, Compound C, or their combination for 12 h, indicating lipid accumulation. (E, F)
Quantitative real-time PCR analysis of lipid metabolism-related gene expression (FASN, PPARy, and SCD1) in PO-stimulated primary hepatocytes and HepG2 cells treated with
KN21, Compound C, or their combination for 12 h. **P < 0.01, *P < 0.05 vs. the PO-stimulated group; ##P < 0.01, #P < 0.05 vs. the PO + KN21-treated group (one-way ANOVA).

Inhibition of lipid accumulation by KN21 in
hepatocytes under metabolic stress is
mediated through AMPK activation

To confirm that the lipid-lowering effects of
KN21 are mediated through AMPK activation,
hepatocytes were co-treated with KN21 and
Compound C, an AMPK inhibitor. Compound C
significantly =~ inhibited =~ KN2l-induced = AMPK
phosphorylation in PO-stimulated hepatocytes (Fig.
5A and B). Oil red O staining revealed that while
KN21 effectively reduced lipid accumulation in

PO-treated primary hepatocytes and HepG2 cells, this
effect was reversed in the presence of Compound C
(Fig. 5C and D). Furthermore, KN21 treatment
significantly reduced intracellular TG levels; however,
this lipid-lowering effect was abolished in the
presence of Compound C (Fig. S9B). Similarly,
Compound C abrogated the KN2I-induced
downregulation of fatty acid synthesis-related genes,
including FASN, PPARy, and SCD1 (Fig. 5E and F).
These findings confirm that the lipid-lowering effects
of KN21 in hepatocytes under metabolic stress are
dependent on AMPK activation.
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https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21

2968

KN21 inhibits ROS production and the
secretion of profibrotic mediators from
damaged hepatocytes

We assessed whether damaged hepatocytes
promote ROS production and the release of
profibrotic mediators (Fig. 6A). PO treatment
significantly increased intracellular ROS levels, which
were subsequently reduced by KN21 (Fig. 6B). ELISA
analysis of the cell supernatant revealed that PO
treatment increased the secretion of profibrotic
mediators, PDGFB and TGF-f1, and this effect was
attenuated by KN21 (Fig. 6C and D). Additionally,
LX-2 cells treated with CM derived from PO-treated
hepatocytes exhibited increased levels of profibrotic
proteins, including fibronectin (FN), COL1A1, and
a-SMA, which were markedly reduced when exposed
to CM derived from KN21-treated hepatocytes (Fig.
6E). The expression of profibrotic genes in LX-2 cells
was similarly reduced upon treatment with
KN21-treated hepatocytes-derived CM (Fig. 6F).
Immunofluorescence  staining and  trans-well
migration assays further confirmed that KN21-treated
hepatocyte-derived CM decreased the number of
a-SMA positive cells and inhibited LX-2 cell
proliferation and activation (Fig. 6G and H). The
primary HSCs treated with CM derived from
PO-treated primary hepatocytes were activated
during culture, characterized by distinct stellate
morphology and increased proliferation. This
proliferative response was markedly reduced upon
exposure to CM derived from KN21-treated primary
hepatocytes (Fig. 61). Consistently, the expression of
a-SMA in primary HSCs was similarly reduced upon
treatment with CM from KN2I-treated primary
hepatocytes (Fig. 6]). These findings highlight the
potential of KN21 to mitigate ROS production and
suppress the release of profibrotic mediators from
hepatocytes, thereby limiting the activation and
proliferation of HSCs.

KN21 effectively reduces the activation of
hepatic stellate cells

To mimic the effects of hepatocyte-derived CM,
LX-2 cells were treated with TGF-f31. Treatment with 5
uM KN21 induced p-AMPK levels comparable to
those achieved with 10 uM A769662, a well-known
direct AMPK activator (Fig. 7A). KN21 significantly
attenuated the increased levels of profibrotic markers,
COL1A1 and FN, induced by TGF-p1, demonstrating
a more potent antifibrotic activity compared to
A769662 (Fig. 7B). In addition, KN21 reduced the
expression of profibrotic genes, including CTGEF,
ACTA2, COL1A1, and FN (Fig. 7C). To evaluate the
inhibitory effect of KN21 on HSC activation, primary

HSCs were isolated from C57BL/6] mice. Freshly
isolated primary HSCs initially exhibited a round
morphology with visible lipid droplets, characteristic
of quiescent cells. Over time in culture, these cells
gradually transitioned to a stellate morphology,
indicative of activation. This morphological change
was accompanied by increased expression of fibrotic
markers, including a-SMA and FN, confirming HSC
activation. Treatment with KN21 attenuated these
changes, as evidenced by reduced expression of
a-SMA and FN (Fig. 7D and E). These findings
underscore the efficacy of KN21 in inhibiting HSC
activation, emphasizing its potential as a therapeutic
agent for liver fibrosis.

Discussion

The contemporary lifestyle, characterized by
excessive caloric intake, has contributed to the rising
prevalence of MASLD [33]. MASLD, closely
associated with obesity, is marked by the abnormal
buildup of fat in the liver, posing a significant risk
factor for wvarious metabolic disorders [34]. As
MASLD progresses from simple steatosis (MASL) to
MASH, it displays histological features such as
steatosis, ballooning, inflammation, and fibrogenesis,
which are key markers that define the
pathophysiology of MASH [35]. The progression from
MASH to liver fibrosis is particularly concerning as it
significantly elevates the risk of mortality related to
liver complications [8]. Therefore, identifying
therapeutic targets to prevent the progression of
MASH to liver fibrosis is of critical importance.

AMPK activity is generally well maintained in
healthy livers and normal hepatocytes [36]. Unlike
isolated hepatocytes, normal liver tissue consists of a
heterogeneous population of cells, including
hepatocytes, Kupffer cells, and hepatic stellate cells,
which may contribute to variable AMPK activation
responses. In contrast, isolated hepatocytes provide a
more controlled environment where changes in
p-AMPK can be more readily detectable. Decreased
AMPK activity has been reported in MASLD [36] and
similarly, the CDAHFD-fed mice in our study
demonstrated decreased AMPK activity. In the
CDAHFD-fed mice, where hepatic AMPK activity is
significantly suppressed, KN21 treatment led to a
pronounced increase in p-AMPK levels, indicating its
ability to restore AMPK activation in a metabolically
compromised liver. These findings suggest that KN21
exerts a more pronounced effect on AMPK activation
in damaged liver conditions, such as the
CDAHFD-induced liver injury, compared to healthy
liver tissue, where AMPK activity is already
maintained at functional levels. Moreover, Genetic
mouse models with liver-specific AMPK activation
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have shown that AMPK activation can inhibit
MASLD progression [37], highlighting AMPK as a
promising therapeutic target for MASH. Various
AMPK activators, including A769662, pioglitazone,
and PF-06409577, have been demonstrated to reduce
hepatic steatosis [37-39]. Furthermore, PXL770, a
specific AMPK activator, has advanced to phase II
clinical trials, where it was observed to decrease de
novo lipogenesis, liver lipids, blood glucose, and
insulin resistance in individuals with type 2 diabetes
[40]. These findings underscore the critical role of

AMPK activation in inhibiting hepatic lipid
accumulation and reducing fibrosis.
AMPK is structured as a heterotrimer,

comprising a catalytic a-subunit and two regulatory
subunits (3 and y). The binding of AMP to the
AMPKYy subunit leads to allosteric activation,
enhancing AMPK activity up to 10-fold under
physiological ATP levels [41]. This binding also
shields the phosphorylation at Thrl72, essential for
full AMPK activation from dephosphorylation. Our
research revealed that KN21, a novel AMPK activator,

directly interacts with the y-subunit to induce AMPK
activation. KN21 increased p-AMPK levels and
enhanced AMPK activity in a dose-dependent
manner, as confirmed by the in vitro AMPK kinase
assay. In the CDAHFD-induced MASH mouse model,
KN21 significantly increased AMPK phosphorylation
and effectively improved both hepatic steatosis and
fibrosis. Notably, these improvements were observed
at doses lower than those required for A769662, a
well-known direct AMPK activator [36]. However,
KN21 did not significantly ameliorate inflammation
in our model. Despite this, the reduction in hepatic
lipid accumulation by KN21 distinctly alleviated liver
fibrosis, aligning with the effects observed with other
AMPK activators [36, 39]. This underscores the critical
role of AMPK activation in reducing lipid
accumulation. Furthermore, AMPK activation has
been reported to prevent the proteolytic processing of
SREBP, thereby inhibiting the expression of key
enzymes in fatty acid and triglyceride synthesis, such
as FASN and SCD1 [42].
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Figure 7. KN21 reduces TGF-B1-induced activation of hepatic stellate cells. (A) Immunoblotting analysis showing total and phosphorylated AMPKa proteins in LX-2
cells treated with 10 uM A769662 or 5 tM KN21 for 12 h. (B) Immunoblotting analysis of protein expression in LX-2 cells treated with 2 ng/mL TGF-B1 for 12 h, followed by
incubation with 10 pM A769662 or 5 uM KN21 for 12 h. (C) Quantitative real-time PCR analysis of fibrosis-related gene expression (CTGF. ACTA2, COLIAI, FN) in LX-2 cells
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Excessive FFAs are central to MASH
pathogenesis. When adipose tissue's capacity to store
fat becomes compromised, it leads to elevated levels
of circulating FFAs [43]. These FFAs, originating from
adipose tissue, are transported through the
bloodstream to the liver [44]. Lipids in the liver are
primarily stored as triglycerides, an inert and
non-cytotoxic lipid form. However, the buildup of
toxic intermediates, including saturated FFAs, their
derivatives, and complex lipids like
lysophosphatidylcholine and ceramides, contributes
to lipotoxicity [45]. The buildup of these lipids
disrupts  cellular  function through various
mechanisms, including oxidative stress, impaired
mitochondrial function, and initiation of apoptosis.
As non-adipose tissues have limited capacity for FFA
storage, the enzymes necessary for P-oxidation can
become depleted [46]. Therefore, efficient processing
mechanisms, such as esterification to triglycerides and
enhanced B-oxidation, are critical for managing excess
FFAs.

Among the sterol regulatory element-binding
protein (SREBP) family, SREBP-1a and SREBP-1c are
crucial transcription factors responsible for regulating
the expression of genes involved in fatty acids
synthesis. SREBP-2, on the other hand, activates genes
related to cholesterol metabolism. SREBP-la is
primarily expressed in specific immune cell types,
while SREBP-1c is mainly expressed in the liver [47].
SREBP is produced as a precursor protein and
remains inactive while associated with the SREBP
cleavage activating protein (SCAP) and insulin
inducer gene-1 (Insig-1) within the endoplasmic
reticulum (ER) [48]. When cellular cholesterol levels
decrease, the SREBP-SCAP complex dissociates from
Insig-1 and translocates to the Golgi apparatus.
Proteases then cleave SREBP, causing it to translocate
into the nucleus and promote the expression of
lipogenic genes. Our current research demonstrates
that under metabolic stress conditions, KN21
exhibited remarkable ability to inhibit lipid
accumulation by suppressing SREBP. In contrast, the
AMPK inhibitor, compound C, abolished this
protective effect of KN21, confirming that KN21's
lipid-lowering effects are mediated through AMPK
activation.

Hepatocytes, which account for up to 80% of the
total hepatic cell population, are intricately connected
with both arterial and venous blood [49, 50].
Therefore, the pathophysiology of liver diseases must
consider interactions between different types of
hepatic cells. Excess accumulation of lipids and
cholesterol in hepatocytes leads to the production of
various fibrotic mediators, as well as free radicals like
ROS. The secretion of these fibrotic mediators and

ROS affects the activation of HSCs [3, 51]. The
activation of HSCs is also crucial in advancing fibrosis
[52]. Quiescent HSCs, upon activation, differentiate
into myofibroblasts, acquiring traits such as
proliferation, contraction, migration, and fibrogenesis
[53]. During this transition, activated HSCs lose their
lipid droplets and concurrently exhibit a significant
increase in the synthesis of extracellular matrix
components, including collagen types 1, III, and 1V,
fibronectin, a-SMA. Activated HSCs can be
eliminated through apoptosis, senescence, or
reversion to an inactive phenotype [54]. Therefore, we
proceeded to investigate whether damaged
hepatocytes could affect the activation of HSCs. Our
data showed that the expression of genes associated
with HSC activation was notably increased in LX-2
cells exposed to medium derived from PO-treated
hepatocytes. We confirmed that KN21 mitigated
metabolic stress in hepatocytes, thereby reducing ROS
production and the release of fibrotic mediators.
Furthermore, KN21 decreased the expression of
fibrosis markers in HSCs exposed to CM derived from
hepatocytes.

TGF-f31 is the most well-known fibrotic mediator
that causes the initial activation of HSCs [55]. In our
study, KN21 demonstrated the ability to inhibit
TGF-pl-induced HSC activation. KN21 not only
activated AMPK but also exerted anti-fibrotic effects
on HSCs at lower concentrations compared to
A769662, highlighting AMPK activation as a
mechanism to attenuate HSC activation and fibrosis
[56, 57]. These findings provide substantial evidence
of the beneficial role of KN21 in both hepatocytes and
HSCs. By activating AMPK, KN21 inhibited lipid
accumulation in hepatocytes, decreased ROS
generation and fibrotic mediator release, and
consequently suppressed HSC activation. Thus, KN21
holds potential for alleviating liver fibrosis.

In conclusion, our findings suggest that KN21
exerts multifaceted benefits in MASH by targeting
AMPK activation. By reducing lipid accumulation,
ROS production, and HSC activation, KN21 addresses
key aspects of MASH pathogenesis. These results
highlight the therapeutic promise of KN21 and
reinforce the value of AMPK activators in treating
MASH-associated liver fibrosis.

Abbreviations

ND: normal chow diet; CDAHFD: a
choline-deficient, L-amino acid-defined, high fat diet;
TIMP1: TIMP metallopeptidase inhibitor 1; a-SMA:
a-smooth muscle; COL1A1: collagen type 1 alpha 1
chain; COL3Al: collagen type III alpha 1 chain;
PDGEFB: platelet-derived growth factor subunit B;
PDGFA: platelet-derived growth factor subunit A;

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21

2971

ACTAZ2: actin alpha 2; FASN: fatty acid synthase;
SREBP-1c:  sterol regulatory element binding
protein-1c; TGF-P1: transforming growth factor beta 1;
PPARYy: peroxisome proliferator-activated receptor
gamma; SCDI1: stearoyl-CoA desaturase-1, CTGF:
connective tissue growth factor; FN: fibronectin;
AMPK: AMP-activated protein kinase.

Supplementary Material

Supplementary methods, figures and tables.
https:/ /www.ijbs.com/v21p2957s1.pdf

Acknowledgements

This work was supported by grants from the
National Research Foundation of Korea (NRF) funded
by the Korean government (MSIT) (2022R1A2
2092053 and RS-2024-00431505).

Author contributions

Seojeong Kim performed the experiments,
contributed to the experimental design, and drafted
the manuscript. Jae-Ho Shin, Minjung Seo, Eun Seon
Pak, Kyung-Hwa Jeon, Inhye Moon, Jisoo Kang and
Wonhyo Seo performed parts of the experiments.
Younghwa Na supervised the study, including the
design and synthesis of the compounds. Youngjoo
Kwon designed the study, supervised the overall
study, and obtained funding support.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Rinella ME, Neuschwander-Tetri BA, Siddiqui MS, Abdelmalek MF, Caldwell
S, Barb D, et al. Aasld practice guidance on the clinical assessment and
management of nonalcoholic fatty liver disease. Hepatology. 2023; 77:
1797-835.

2. Dixon JB, Bhathal PS, O'brien PE. Nonalcoholic fatty liver disease: Predictors
of nonalcoholic steatohepatitis and liver fibrosis in the severely obese.
Gastroenterology. 2001; 121: 91-100.

3. Tu T, Calabro SR, Lee A, Maczurek AE, Budzinska MA, Warner FJ, et al.
Hepatocytes in liver injury: Victim, bystander, or accomplice in progressive
fibrosis? Journal of gastroenterology and hepatology. 2015; 30: 1696-704.

4. Kitto LJ, Henderson NC. Hepatic stellate cell regulation of liver regeneration
and repair. Hepatology Communications. 2021; 5: 358-70.

5. Brankovi¢ M, Jovanovi¢ I, Duki¢ M, Radonji¢ T, Opri¢ S, Klasnja S, et al.
Lipotoxicity as the leading cause of non-alcoholic steatohepatitis. International
Journal of Molecular Sciences. 2022; 23: 5146-65.

6. Carpino G, Del Ben M, Pastori D, Carnevale R, Baratta F, Overi D, et al.
Increased liver localization of lipopolysaccharides in human and experimental
nafld. Hepatology. 2020; 72: 470-85.

7. Petta S, Targher G, Romeo S, Pajvani UB, Zheng MH, Aghemo A, et al. The
first mash drug therapy on the horizon: Current perspectives of resmetirom.
Liver International. 2024; 44: 1526-36.

8.  Ekstedt M, Hagstréom H, Nasr P, Fredrikson M, Stil P, Kechagias S, et al.
Fibrosis stage is the strongest predictor for disease-specific mortality in nafld
after up to 33 years of follow-up. Hepatology. 2015; 61: 1547-54.

9.  Steinberg GR, Carling D. Amp-activated protein kinase: The current landscape
for drug development. Nature reviews Drug discovery. 2019; 18: 527-51.

10. Gu X, Bridges MD, Yan Y, De Waal PW, Zhou XE, Suino-Powell KM, et al.
Conformational heterogeneity of the allosteric drug and metabolite (adam)
site in amp-activated protein kinase (ampk). Journal of Biological Chemistry.
2018; 293: 16994-7007.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kopietz F, Berggreen C, Larsson S, Sill ], Ekelund M, Sakamoto K, et al. Ampk
activation by a-769662 and 991 does not affect catecholamine-induced lipolysis
in human adipocytes. American journal of physiology-endocrinology and
metabolism. 2018; 315: E1075-E85.

Stein SC, Woods A, Jones NA, Davison MD, Carling D. The regulation of
amp-activated protein kinase by phosphorylation. Biochemical Journal. 2000;
345: 437-43.

Sanders MJ, Grondin PO, Hegarty BD, Snowden MA, Carling D. Investigating
the mechanism for amp activation of the amp-activated protein kinase
cascade. Biochemical Journal. 2007; 403: 139-48.

Suter M, Riek U, Tuerk R, Schlattner U, Wallimann T, Neumann D. Dissecting
the role of 5° -amp for allosteric stimulation, activation, and deactivation of
amp-activated protein kinase. Journal of Biological Chemistry. 2006; 281:
32207-16.

Shaw R], Kosmatka M, Bardeesy N, Hurley RL, Witters LA, Depinho RA, et al.
The tumor suppressor lkbl kinase directly activates amp-activated kinase and
regulates apoptosis in response to energy stress. Proceedings of the National
Academy of Sciences. 2004; 101: 3329-35.

Hawley SA, Pan DA, Mustard K], Ross L, Bain J, Edelman AM, et al.
Calmodulin-dependent protein kinase kinase-f is an alternative upstream
kinase for amp-activated protein kinase. Cell metabolism. 2005; 2: 9-19.

Xiao B, Sanders MJ, Underwood E, Heath R, Mayer FV, Carmena D, et al.
Structure of mammalian ampk and its regulation by adp. Nature. 2011; 472:
230-3.

Xiao B, Heath R, Saiu P, Leiper FC, Leone P, Jing C, et al. Structural basis for
amp binding to mammalian amp-activated protein kinase. Nature. 2007; 449:
496-500.

Kemp BE, Oakhill JS, Scott JW. Ampk structure and regulation from three
angles. Structure. 2007; 15: 1161-3.

Yan Y, Zhou XE, Xu HE, Melcher K. Structure and physiological regulation of
ampk. International journal of molecular sciences. 2018; 19: 3534.

Gowans GJ, Hawley SA, Ross FA, Hardie DG. Amp is a true physiological
regulator of amp-activated protein kinase by both allosteric activation and
enhancing net phosphorylation. Cell metabolism. 2013; 18: 556-66.

KimJ, Yang G, Kim Y, Kim J, Ha J. Ampk activators: Mechanisms of action and
physiological activities. Experimental & molecular medicine. 2016; 48: e224-e.
Olivier S, Foretz M, Viollet B. Promise and challenges for direct small molecule
ampk activators. Biochemical pharmacology. 2018; 153: 147-58.

Foretz M, Even PC, Viollet B. Ampk activation reduces hepatic lipid content
by increasing fat oxidation in vivo. International journal of molecular sciences.
2018; 19: 2826.

Jeon S-M. Regulation and function of ampk in physiology and diseases.
Experimental & molecular medicine. 2016; 48: e245-e58.

Go“Ransson O, Mcbride A, Hawley SA, Ross FA, Shpiro N, Foretz M, et al.
Mechanism of action of a-769662, a valuable tool for activation of
amp-activated protein kinase. Journal of Biological Chemistry. 2007; 282:
32549-60.

Molina DM, Jafari R, Ignatushchenko M, Seki T, Larsson EA, Dan C, et al.
Monitoring drug target engagement in cells and tissues using the cellular
thermal shift assay. Science. 2013; 341: 84-7.

Jeon K-H, Shin J-H, Jo H-J, Kim H, Park S, Kim S, et al. Computer-aided
discovery of novel ampk activators through virtual screening and sar-driven
synthesis. European Journal of Medicinal Chemistry. 2025; 287: 117318-33.
Menendez JA, Lupu R. Fatty acid synthase and the lipogenic phenotype in
cancer pathogenesis. Nature Reviews Cancer. 2007; 7: 763-77.

Horton JD, Goldstein JL, Brown MS. Srebps: Activators of the complete
program of cholesterol and fatty acid synthesis in the liver. The Journal of
clinical investigation. 2002; 109: 1125-31.

Han Y, Hu Z, Cui A, Liu Z, Ma F, Xue Y, et al. Post-translational regulation of
lipogenesis via ampk-dependent phosphorylation of insulin-induced gene.
Nature communications. 2019; 10: 623-36.

Heeren J, Scheja L. Metabolic-associated fatty liver disease and lipoprotein
metabolism. Molecular metabolism. 2021; 50: 101238-55.

Parola M, Pinzani M. Invited review liver fibrosis in nafld/nash: From
pathophysiology towards diagnostic and therapeutic strategies. Molecular
Aspects of Medicine. 2024; 95: 101231-62.

Li L, Liu DW, Yan HY, Wang ZY, Zhao SH, Wang B. Obesity is an
independent risk factor for non-alcoholic fatty liver disease: Evidence from a
meta-analysis of 21 cohort studies. Obesity reviews. 2016; 17: 510-9.

Leow W-Q, Chan AW-H, Mendoza PGL, Lo R, Yap K, Kim H. Non-alcoholic
fatty liver disease: The pathologist’s perspective. Clinical and Molecular
Hepatology. 2023; 29: S302-S18.

Zhao P, Sun X, Chaggan C, Liao Z, In Wong K, He F, et al. An ampk-caspase-6
axis controls liver damage in nonalcoholic steatohepatitis. Science. 2020; 367:
652-60.

Garcia D, Hellberg K, Chaix A, Wallace M, Herzig S, Badur MG, et al. Genetic
liver-specific ampk activation protects against diet-induced obesity and nafld.
Cell reports. 2019; 26: 192-208. e6.

Bajaj M, Suraamornkul S, Piper P, Hardies LJ, Glass L, Cersosimo E, et al.
Decreased plasma adiponectin concentrations are closely related to hepatic fat
content and hepatic insulin resistance in pioglitazone-treated type 2 diabetic
patients. The journal of clinical endocrinology & metabolism. 2004; 89: 200-6.
Esquejo R, Salatto C, Delmore ], Albuquerque B, Reyes A, Shi Y, et al.
Activation of liver ampk with pf-06409577 corrects nafld and lowers

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21

2972

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

cholesterol in rodent and primate preclinical models. . EBioMedicine 2018; 31:
122-32.

Gluais-Dagorn P, Foretz M, Steinberg GR, Batchuluun B, Zawistowska-
Deniziak A, Lambooij JM, et al. Direct ampk activation corrects nash in
rodents through metabolic effects and direct action on inflammation and
fibrogenesis. Hepatology Communications. 2022; 6: 101-19.

Ross FA, Jensen TE, Hardie DG. Differential regulation by amp and adp of
ampk complexes containing different y subunit isoforms. Biochemical Journal.
2016; 473: 189-99.

Li Y, Xu S, Mihaylova MM, Zheng B, Hou X, Jiang B, et al. Ampk
phosphorylates and inhibits srebp activity to attenuate hepatic steatosis and
atherosclerosis in diet-induced insulin-resistant mice. Cell metabolism. 2011;
13: 376-88.

Lipke K, Kubis-Kubiak A, Piwowar A. Molecular mechanism of lipotoxicity as
an interesting aspect in the development of pathological states-current view of
knowledge. Cells. 2022; 11: 844-78.

Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mechanisms of
nafld development and therapeutic strategies. Nature medicine. 2018; 24:
908-22.

Roehlen N, Crouchet E, Baumert TF. Liver fibrosis: Mechanistic concepts and
therapeutic perspectives. Cells. 2020; 9: 875-918.

Molenaar MR, Penning LC, Helms JB. Playing jekyll and hyde —the dual role
of lipids in fatty liver disease. Cells. 2020; 9: 2244-66.

Xu X, So J-S, Park J-G, Lee A-H. Transcriptional control of hepatic lipid
metabolism by srebp and chrebp. Seminars in liver disease. 2013; 33: 301-11.
Dorotea D, Koya D, Ha H. Recent insights into srebp as a direct mediator of
kidney fibrosis via lipid-independent pathways. Frontiers in Pharmacology.
2020; 11: 510594-610.

Schulze RJ, Schott MB, Casey CA, Tuma PL, Mcniven MA. The cell biology of
the hepatocyte: A membrane trafficking machine. Journal of Cell Biology.
2019; 218: 2096-112.

Kim KH, Lee M-S. Pathogenesis of nonalcoholic steatohepatitis and
hormone-based therapeutic approaches. Frontiers in endocrinology. 2018; 9:
485-99.

Zisser A, Ipsen DH, Tveden-Nyborg P. Hepatic stellate cell activation and
inactivation in nash-fibrosis—roles as putative treatment targets?
Biomedicines. 2021; 9: 365-83.

Barry AE, Baldeosingh R, Lamm R, Patel K, Zhang K, Dominguez DA, et al.
Hepatic stellate cells and hepatocarcinogenesis. Frontiers in cell and
developmental biology. 2020; 8: 709-25.

Dewidar B, Meyer C, Dooley S, Meindl-Beinker N. Tgf-p in hepatic stellate cell
activation and liver fibrogenesis —updated 2019. Cells. 2019; 8: 1419-54.
Blas-Garcia A, Apostolova N. Novel therapeutic approaches to liver fibrosis
based on targeting oxidative stress. Antioxidants. 2023; 12: 1567-84.

Kim J-Y, An H-J, Kim W-H, Gwon M-G, Gu H, Park Y-Y, et al. Anti-fibrotic
effects of synthetic oligodeoxynucleotide for tgf-p1 and smad in an animal
model of liver cirrhosis. Molecular Therapy-Nucleic Acids. 2017; 8: 250-63.
Zhang M, Barroso E, Pefia L, Rada P, Valverde AM, Wahli W, et al. Pparf/&
attenuates hepatic fibrosis by reducing smad3 phosphorylation and p300
levels via ampk in hepatic stellate cells. Biomedicine & Pharmacotherapy.
2024;179: 117303-17.

Caligiuri A, Bertolani C, Guerra CT, Aleffi S, Galastri S, Trappoliere M, et al.
Adenosine monophosphate-activated protein kinase modulates the activated
phenotype of hepatic stellate cells. Hepatology. 2008; 47: 668-76.

https://www.ijbs.com



