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Abstract

AMP-activated protein kinase (AMPK) activators have garnered significant attention for their potential to prevent the progression
of metabolic dysfunction-associated steatotic liver disease (MASLD) into liver fibrosis and to fundamentally improve liver func-
tion. The broad spectrum of pathways regulated by AMPK activators makes them promising alternatives to conventional liver
replacement therapies and the limited pharmacological treatments currently available. In this study, we aim to illustrate the newly
detailed multiple mechanisms of MASLD progression based on the multiple-hit hypothesis. This model posits that impaired lipid
metabolism, combined with insulin resistance and metabolic imbalance, initiates inflammatory cascades, gut dysbiosis, and the
accumulation of toxic metabolites, ultimately promoting fibrosis and accelerating MASLD progression to irreversible hepatocel-
lular carcinoma (HCC). AMPK plays a multifaceted protective role against these pathological conditions by regulating several
key downstream signaling pathways. It regulates biological effectors critical to metabolic and inflammatory responses, such as
SIRT1, Nrf2, mTOR, and TGF-$, through complex and interrelated mechanisms. Due to these intricate connections, AMPK’s role
is pivotal in managing metabolic and inflammatory disorders. In this review, we demonstrate the specific roles of AMPK and its
related pathways. Several agents directly activate AMPK by binding as agonists, while some others indirectly activate AMPK by
modulating upstream molecules, including adiponectin, LKB1, and the AMP: ATP ratio. As AMPK activators can target each stage
of MASLD progression, the development of AMPK activators offers immense potential to expand therapeutic strategies for liver
diseases such as MASH, MASLD, and liver fibrosis.
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INTRODUCTION defined NAFLD populations (Hagstrom et al., 2024). However,
given the extensive use of NAFLD in previous research and
More than a quarter of the world’s population suffers from clinical diagnoses, this review will reference the term NAFLD
metabolic dysfunction-associated steatotic liver disease to provide continuity and avoid confusion.
(MASLD), characterized by the accumulation of hepatic fatty While MASLD encompasses a range of liver conditions de-
acids exceeding 5% of liver weight in the absence of exces- fined by hepatic steatosis, it can also include more advanced
sive alcohol consumption or other conditions typically asso- features such as hepatocyte ballooning, inflammation, and
ciated with steatosis (Miao et al., 2024). MASLD, which re- lipoapoptotic damage. MASLD can progress from simple
places the term Non-Alcoholic Fatty Liver Disease (NAFLD), steatosis to metabolic dysfunction-associated steatohepatitis
reflects a shift towards in terminology to emphasize metabolic (MASH) and fibrosis, potentially advancing to cirrhosis and he-
risk factors as primary drivers (Rinella et al., 2023). The up- patocellular carcinoma (HCC). MASH is characterized by ste-
dated MASLD criteria require hepatic steatosis along with at atosis, lobular inflammation, and hepatocyte ballooning, with
least one metabolic or cardiovascular risk factor, with nearly a NAFLD activity score (NAS) of 4 or higher, with or without

complete overlap (99%) between the MASLD and historically fibrosis (Marti-Aguado et al., 2024). As insulin resistance in-
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creases, elevated levels of serum free fatty acids (FFAs) drive
lipogenesis in the liver, leading to hepatic steatosis (Sakurai et
al., 2021). The accumulation of circulating FFAs activates pro-
apoptotic proteins, leading to apoptosis, oxidative stress, and
inflammation networks, ultimately contributing to the progres-
sion of MASLD to MASH (Flessa et al., 2021).

Although the global prevalence of MASH is estimated to be
around 5%, it is projected to increase by about 56% worldwide
over the next decade (Huang et al., 2021). MASH significantly
contributes to metabolic syndrome by elevating levels of ALT,
AST, cholesterol, and FFAs, and is one of the leading causes
of liver transplantation or liver-related mortality (Di Mauro et
al., 2021). Persistent liver cell damage activates hepatic stel-
late cells (HSCs), initiating fibrogenesis (Kim et al., 2024).
Hepatic fibrosis occurs when HSCs, which constitute about
10% of total liver cells, transform into myofibroblasts, leading
to altered expression of extracellular matrix (ECM) proteins
such as collagen and fibronectin. While fibrosis is a normal
reparative response to tissue injury, chronic fibrosis results
in excessive ECM protein accumulation, ultimately leading to
cirrhosis (Kim et al., 2024). Cirrhosis is characterized by he-
patic insufficiency and increased resistance to blood flow in
the liver, which can result in portal hypertension and the de-
velopment of HCC (Ginés et al., 2021). Interestingly, MASLD-
associated HCC can occur even in the absence of fibrosis,
driven by inflammation, immune dysregulation, and impaired
cell cycle regulation (Polyzos et al., 2023).

According to the World Health Organization (WHO), HCC is
the sixth most common cancer globally and the third leading
cause of cancer-related deaths (Bray et al., 2024). Notably,
AMP-activated protein kinase (AMPK) has gained attention
for its potential to mitigate MASH, MASLD, and liver fibrosis
with its multiple mechanisms that address each stage of these
pathological conditions. Therefore, in this study, we aim to
thoroughly understand the processes of MASH and hepatic fi-
brosis that led to HCC, systematically review the role of AMPK
in these disease pathways, and provide an in-depth examina-
tion of emerging AMPK-related therapeutic targets and treat-
ments.

PATHOPHYSIOLOGY OF MASLD AND MASH

To explore promising therapeutic targets for hepatic fibro-
sis, it is necessary to understand the complex pathophysi-
ological processes of MASLD and MASH, which span from
non-fibrotic stages to advanced liver fibrosis, potentially culmi-
nating in cirrhosis and organ failure (Powell et al., 2021). The
pathophysiology of MASLD and MASH is multifaceted, as the
term suggests — “liver disease driven by metabolic abnormali-
ties.” The development and progression of MASLD is often ex-
plained through the “multiple-hit hypothesis.” This theory pos-
its that MASLD arises from a combination of factors, including
physiological changes driven by genetic predisposition, altera-
tions in the gut microbiome, and metabolic factors such as
oxidative stress, inflammation, and adipokine signaling from
adipocytes. These interconnected processes activate various
molecular pathways that contribute to the onset and advance-
ment of the disease (Tilg et al., 2021). In this section, we aim
to provide a comprehensive review of the underlying mecha-
nisms that support the multiple-hit hypothesis, highlighting the
complex interactions between these factors and their roles in

the pathogenesis of MASLD and MASH.

Multiple-hit hypothesis: lipid accumulation and
lipotoxicity

Hepatic lipid accumulation is the first factor in the progres-
sion of MASLD, leading to hepatic lipotoxicity and rendering
the liver more vulnerable to pathophysiological changes (Buz-
zetti et al., 2016). Lipid dysregulation in MASLD can be at-
tributed to several factors, including high-fat diets, obesity, ge-
netic factors, insulin resistance, and disruptions in microbiome
balance (Tilg et al., 2021).

In the liver, lipids are stored as triglycerides (TGs), which are
formed by the condensation of fatty acids (FAs) and glycerol.
TGs serve a protective role for hepatocytes by sequestering
lipotoxic FFAs and preventing direct liver damage. However,
impaired lipid metabolism, typically due to reduced liver func-
tion, can result in chronic lipotoxicity and liver damage (Musso
et al., 2013). The balance of FFAs in the liver is regulated by
processes like de novo lipogenesis and lipolysis. Excessive
accumulation of FFAs can lead to direct (or acute) lipotoxicity,
causing organelle damage, particularly in mitochondria and
the endoplasmic reticulum, and contributing to liver dysfunc-
tion (Geng et al., 2021).

In MASLD, hepatic lipogenesis and adipose tissue lipoly-
sis are both elevated, leading to an increased flux of FFAs to
the liver (Esler and Cohen, 2023). The overload of FFAs and
their toxic metabolites can trigger proinflammatory responses,
including the activation of toll-like receptor 4 (TLR4) signaling,
which activates the NF-xB pathway. TLR-related inflammatory
responses are crucial to MASH progression, as evidenced by
several studies. For instance, saturated fatty acids have been
shown to activate TLR4 signaling and its downstream effec-
tor myeloid differentiation factor-88 (Khanmohammadi and
Kuchay, 2022). Similarly, the activation of the nod-like recep-
tor protein 3 (NLRP3) inflammasome by palmitate and TLR2
ligands leads to the release of interleukin-1p (IL-1B) (Paik et
al., 2021; Prakash et al., 2023). High-fat diets (HFDs) further
contribute to activation of inflammatory signaling through the
cooperative activation of TLR4 and fetuin-A, an endogenous
TLR4 ligand (Jensen-Cody and Potthoff, 2021). Additionally,
palmitate-induced formation of the TLR4-myeloid differen-
tiation protein-2 complex promotes reactive oxygen species
(ROS) generation, increasing inflammation (Kim et al., 2017).
Excess cholesterol accumulation in Kupffer cells (liver macro-
phages) can lead to their transformation into activated, lipid-
laden foam cells. This transformation is associated with the
activation of the NLRP3 inflammasome and the upregulation
of cleaved caspase-1, both of which contribute to the develop-
ment of MASH (loannou et al., 2017).

Multiple-hit hypothesis: insulin resistance

Under normal physiological conditions, insulin facilitates
the uptake of glucose into adipocytes and inhibits lipolysis,
effectively reducing circulating glucose and FFA levels (Rah-
man et al., 2021). However, in states of insulin resistance, this
regulatory function is impaired, resulting in elevated FFAs in
the bloodstream. These excess FFAs accumulate in the liver,
where they are stored as TGs. Additionally, selective hepatic
insulin resistance disrupts the normal regulation of de novo
lipogenesis (DNL) by insulin, as elevated circulating glucose
and insulin concentrations stimulate hepatic DNL, leading to
the conversion of excess carbohydrates into fatty acids in the
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liver and further exacerbating lipid accumulation, as observed
in individuals with NAFLD (Smith et al., 2020). Beyond lipid
accumulation, insulin resistance also plays a pivotal role in
inflammation and oxidative stress. Adipocytes in an insulin-re-
sistant state release proinflammatory cytokines such as tumor
necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), and 1L-1f,
which not only promote hepatic inflammation but also exacer-
bate insulin resistance, creating a vicious cycle (Jager et al.,
2007; Rehman and Akash, 2016). Furthermore, the oxidation
of FFAs within the liver generates ROS that aggravates inflam-
mation and oxidative stress (Buzzetti et al., 2016). Chronic
inflammation and oxidative stress are major drivers of HSC
activation, a critical step in the development of fibrosis char-
acteristic of MASH. Once activated, HSCs promote liver fibro-
sis by producing excessive ECM components (Tsuchida and
Friedman, 2017). This section highlights the key role of insulin
resistance in the progression of MASLD and MASH, linking
lipid accumulation, inflammation, and fibrosis in a continuous
feedback loop.

Multiple-hit hypothesis: dysregulated autophagy of
cellular scavenger organelles

A key factor in the progression of MASLD is the impair-
ment of autophagy in cellular scavenger organelles. Under
healthy conditions, autophagy plays a protective role against
hepatic steatosis and further liver pathologies by maintain-
ing organelle homeostasis and mitigating oxidative stress,
inflammation, and apoptosis (Zhang et al., 2022). Autophagy
is particularly important for preserving the integrity of cellular
antioxidant defenses by removing damaged organelles, such
as mitochondria and the endoplasmic reticulum (ER), which
are especially vulnerable to lipotoxicity in hepatocytes (Orna-
towski et al., 2020).

Autophagy is a dynamic process that adjusts to nutrient
availability. It is upregulated during fasting to supply essen-
tial nutrients and energy and suppressed during feeding when
dietary nutrients are abundant (He, 2022). During feeding,
autophagy is inhibited by elevated insulin levels and nutrient-
sensing pathways, particularly the mechanistic target of ra-
pamycin (MTOR) pathway (Sinha et al., 2017). However, in
MASLD, defects in mitophagy (the autophagic degradation of
damaged mitochondria) lead to the production of excessive
ROS. This overwhelms the liver’'s antioxidant defense sys-
tem, exacerbates oxidative stress, and impairs cellular repair
mechanisms, contributing to further metabolic dysfunction
(Garcia-Ruiz and Fernandez-Checa, 2018). The mitochon-
drial damage also leads to the release of mitochondrial DNA,
which can activate the NLRP3 inflammasome and stimulate
the production of inflammatory mediators, such as interferon
regulatory factor 1 (IRF1), promoting disease progression
(Fromenty and Roden, 2023; Zong et al., 2024).

Reduced autophagy also disrupts normal ER function, par-
ticularly in protein folding and lipid metabolism. This disruption
contributes to the accumulation of misfolded proteins, lead-
ing to ER stress and the upregulation of lipogenesis through
activation of sterol regulatory element-binding protein 1c
(SREBP1c). Moreover, the impaired assembly and secretion
of very-low-density lipoproteins (VLDLSs) result in further tri-
glyceride (TG) accumulation in hepatocytes. ER stress also
activates the unfolded protein response (UPR) pathways, in-
cluding inositol-requiring enzyme-1a (IRE-1a), protein kinase
RNA-like endoplasmic reticulum kinase (PERK), and acti-
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vating transcription factor 6o (ATF6a.), which can trigger ER
stress-induced apoptosis (Song and Malhi, 2019). The com-
bined effects of ER stress and mitochondrial dysfunction lead
to further ROS production, activating the NF-kB inflammatory
pathway, which contributes to insulin resistance and perpetu-
ates a cycle of metabolic dysfunction and liver damage. Over-
all, dysregulated autophagy in MASLD plays a central role
in exacerbating hepatic inflammation, oxidative stress, and
insulin resistance, driving disease progression toward more
advanced stages such as MASH and fibrosis.

Multiple-hit hypothesis: chronic inflammatory response
with microbial imbalance

Chronic inflammation driven by gut dysbiosis plays a sig-
nificant role in the progression of MASLD and the develop-
ment of hepatic fibrogenesis. MASH, a more severe subtype
of MASLD, is marked by persistent inflammation, immune cell
recruitment, and activation of proinflammatory signaling path-
ways, particularly those involving macrophages (Kazankov
et al., 2019; Luci et al., 2020). Liver-resident macrophages,
known as Kupffer cells, play a central role in initiating and
sustaining this inflammation. Metabolic imbalances and the
disruption of the gut-liver axis allow toxic metabolites and en-
dotoxins to bind to toll-like receptors (TLR2, TLR4, TLR5, and
TLR9) on Kupffer cells. This interaction triggers the release
of proinflammatory cytokines (TNF-a, IL-1B, IL-6, IL-12) and
ROS, which in turn recruit and activate other immune cells,
such as neutrophils and monocyte-derived macrophages
(MoMF), further exacerbating liver inflammation (Shi et al.,
2021; Li et al., 2022c; Xu et al., 2023).

During acute inflammation, Kupffer cells adopt the M1
phenotype, driving early inflammatory responses through
pathways like JNK-AP-1 and IKK-NF-xB. These pathways
stimulate the production of proinflammatory cytokines such as
TNF-a, IL-6, and MCP-1 (Chen et al., 2020). Prolonged expo-
sure to these cytokines aggravates liver inflammation, promot-
ing hepatocyte necrosis, neutrophil infiltration, HSC activation,
and formation of Mallory bodies, all of which contribute to liver
fibrosis (Xu et al., 2022). Chronic inflammation often leads to
a shift toward the M2 macrophage phenotype, which, while
promoting tissue repair through anti-inflammatory cytokines,
also contributes to fibrogenesis and progression to HCC (Tilg
et al., 2021; Zhao et al., 2021).

Gut dysbiosis, characterized by an imbalance in gut micro-
biota, is another critical factor contributing to MASLD progres-
sion. Excessive lipid accumulation compromises the integrity
of the gut barrier, allowing gut-derived toxins and microbial
products to leak into the bloodstream, exacerbating liver in-
flammation through the gut-liver axis. Bile produced by the liv-
er facilitates lipid digestion in the small intestine. Primary bile
acids synthesized in the liver are converted into secondary
bile acids by gut bacteria in the colon. Both primary and sec-
ondary bile acids, along with various microbial metabolites,
are reabsorbed into the liver via the portal circulation. This
enterohepatic circulation of bile acids plays a vital role in lipid
digestion and metabolism. Among the dominant gut microbial
phyla, Firmicutes and Bacteroidetes have significant roles in
regulating metabolism, and their balance is crucial in the de-
velopment of obesity and MASLD/MASH. In MASLD, the ra-
tio of Firmicutes to Bacteroidetes often shifts, with Firmicutes
generally decreasing and Bacteroidetes increasing (Maestri
et al., 2023). Furthermore, a study on non-obese NAFLD pa-
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tients in Asia revealed notable changes in gut bacterial diversi-
ty, showing a reduction in Ruminococcaceae and an increase
in Veillonellaceae, which were linked to the severity of liver
fibrosis (Lee et al., 2020). Patients with MASH or advanced
liver fibrosis (stages F2—F4) also exhibit distinct fecal fungal
microbiome profiles (Demir et al., 2022).

Microbial products like lipopolysaccharides (LPS), a form of
endotoxin, can induce intestinal inflammation and weaken the
intestinal barrier in some MASH patients. This weakened bar-
rier allows these endotoxins to translocate into the liver and
systemic circulation (Tilg et al., 2021; Hsu and Schnabl, 2023).
Once in the liver, these microbial products influence macro-
phage polarization, specifically promoting the activation of M1
macrophages, which exacerbates liver inflammation. This in-
flammatory response plays a pivotal role in the progression of
MASLD and MASH.

Microbial-derived metabolites also play a significant role in
MASLD pathogenesis. Elevated levels of ethanol, phenylac-
etate, and trimethylamine-N-oxide (TMAVA) have been linked
to hepatic steatosis and oxidative stress, contributing to he-
patocyte damage and death (Hoyles et al., 2018; Yuan et al.,
2019; Xu et al., 2022). In contrast, short-chain fatty acids (SC-
FAs), fewer than six carbon atoms, such as acetate, butyrate,
and propionate, support intestinal barrier integrity, enhance
antimicrobial activity of macrophages, and help regulate T
regulatory (Treg) cells. SCFAs also exhibit anti-inflammatory
properties by inhibiting NF-kB signaling pathways (Duan et al.,
2023). Despite their multifaceted roles in maintaining metabol-
ic homeostasis—such as regulating lipid metabolism, enhanc-
ing insulin sensitivity, promoting GLP-1 hormone secretion,
and inhibiting histone deacetylases (HDACs) to upregulate
PPARy expression (e.g., through butyrate)—, gut dysbiosis
can disrupt these benefits (Cani et al., 2009; Kim, 2023). SC-
FAs, through their impact on various metabolic pathways and
inflammation, significantly contribute to metabolic balance.
Consequently, imbalances in gut microbiota that alter SCFA
production and utilization can impair metabolic regulation, ex-
acerbating chronic low-grade inflammation, a key feature of
MASLD (Kopczynska and Kowalczyk, 2024).

Activation of HSCs and subsequent ECM accumulation in
liver fibrosis progression

Liver fibrosis is a chronic disease characterized by an ex-
cess production of ECM proteins, primarily type | and Ill colla-
gens, which leads to scar tissue formation in liver parenchyma
and, ultimately, organ failure (Parola and Pinzani, 2019). One
of the key drivers in this process is the activation of HSCs,
which undergo a transformation from a quiescent state to an
activated, myofibroblast-like phenotype. This transformation is
a critical factor in hepatic fibrosis and contributes to cell struc-
ture distortion through the overproduction of ECM in response
to liver injury (Schwabe et al., 2020).

Chronic liver damage results in elevated levels of trans-
forming growth factor- (TGF-B), a key modulator of fibrosis.
TGF-B signaling promotes HSC transdifferentiation into acti-
vated myofibroblasts, which are highly proliferative and fibro-
genic. This transdifferentiation leads to massive hepatocyte
cell death, contributing to the advancement of liver fibrosis
and, ultimately, cirrhosis (Kitto and Henderson, 2021). In ad-
dition to fibrogenesis, the TGF-B/Smad-dependent signaling
pathway plays a role in the transition from MASLD to HCC,
underscoring the importance of this pathway in both fibrosis
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and cancer progression (Gough et al., 2021). Once activated
HSC-derived myofibroblasts upregulate fibrogenic and con-
tractile markers, including ECM proteins, a-smooth muscle
actin (a-SMA) and collagen type | (Kim et al., 2024). These
cells not only amplify matrix production but also recruit bone
marrow-derived cells and induce epithelial-to-mesenchymal
transition (EMT) in hepatocytes and cholangiocytes, fur-
ther exacerbating liver fibrosis (Kim et al., 2024). Insulin-like
growth factor-binding protein 7 (IGFBP7) has been shown to
influence HSC activation from their quiescent state, where
they typically store vitamin A (Samsuzzaman and Kim, 2023).
IGFBP7 interacts with TGF-B1 and activates other signaling
pathways, such as ERK and JNK, which further promote ECM
production and exacerbate the liver stress response, ultimately
driving fibrogenesis (Budi et al., 2021; Stanley et al., 2021). As
ECM composition changes, liver sinusoidal endothelial cells
(LSECs) undergo capillarization, a process that interferes with
nutrient transport between sinusoidal blood and surrounding
hepatocytes. This capillarization contributes to the distortion of
hepatic function and worsens the progression of liver fibrosis
(Ni et al., 2017). In conclusion, the activation of HSCs and the
subsequent overproduction of ECM are central processes in
the progression of liver fibrosis. Understanding the molecular
mechanisms behind HSC activation, including the key roles of
TGF-B, IGFBP7, and EMT, is essential for developing targeted
therapies to halt or reverse fibrogenesis and prevent the pro-
gression of MASLD and MASH to cirrhosis and HCC.

THE ROLE OF AMPK IN MASLD, MASH, AND
HEPATIC FIBROSIS

AMPK has emerged as a key therapeutic target for prevent-
ing and treating MASLD, MASH, and hepatic fibrosis due to
its broad regulatory functions in cellular energy homeostasis
and its anti-inflammatory properties. AMPK is a cellular energy
sensor that responds to changes in intracellular energy levels
and is highly conserved across all eukaryotic cells, including
plants, fungi, animals, and humans. Thus, AMPK has been
recognized as a kinase that helps cell survival under energy
deprivation (Herzig and Shaw, 2018). By detecting low ATP
levels and promoting ATP-generating processes, AMPK helps
cells survive under conditions of energy deprivation, making
it crucial for maintaining metabolic balance in tissues such as
the liver (Hardie et al., 2012).

The role of AMPK in lipid metabolism and lipotoxicity
prevention

AMPK modulates energy metabolism by sensing an in-
creased AMP:ATP ratio under conditions of energy depri-
vation. This activation is triggered by several upstream Kki-
nases, including liver kinase B1 (LKB1), which responds to
a decreased ATP to AMP/ADP ratio (Kottakis and Bardeesy,
2012), calmodulin-dependent protein kinase kinase-2 (CaM-
KK2, also known as CaMKK) in response to elevated Ca?
levels (Woods et al., 2005), and TGF-B-activated kinase 1
(TAK1) (Neumann, 2018). Once activated, AMPK restores en-
ergy balance by inhibiting ATP-consuming anabolic processes
and promoting ATP-generating catabolic processes (Xiao et
al., 2011). In the liver tissue, fatty acids are absorbed across
the plasma membrane and converted to fatty acyl-CoA, which
can be either stored as TG or oxidized, depending on the liv-
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Fig. 1. Schematic diagram illustrating the role of hepatic AMPK in regulating lipogenesis and lipolysis. Hepatic AMPK acts as a critical en-
ergy sensor and regulator of lipid metabolism by inhibiting lipogenesis and promoting fatty acid oxidation (FAO). It is activated by main up-
stream kinases, TAK1, CaMKK2 and LKB1, in response to the increased intracellular calcium concentration and energy state. Upon activa-
tion, AMPK inhibits its key substrates, acetyl-CoA carboxylase 1 (ACC1) and acetyl-CoA carboxylase 2 (ACC2). ACC1 catalyzes the
conversion of acetyl-CoA to malonyl-CoA in the cytosol, driving de novo lipogenesis (DNL), while ACC2 inhibits FAO by regulating malonyl-
CoA levels and controlling CPT1 at the mitochondrial membrane. AMPK suppresses lipogenesis by inhibiting ACC and its upstream tran-
scriptional regulators, including mTOR, LXRs, and SREBP1c. This action reduces lipid accumulation in the liver. Additionally, AMPK en-
hances FAO by activating key pathways, including SIRT1 and PGC-1a. SIRT1 is upregulated by an increased NAD/NADH ratio, which is
influenced by AMPK and CPT1. AMPK also boosts SIRT1 activity by increasing NAMPT levels, which further enhances NAD" synthesis.
Moreover, SIRT1 can reciprocally activate AMPK both directly and indirectly by promoting the translocation of LKB1, creating a positive
feedback loop that reinforces AMPK activity and lipid metabolism regulation. AMP-activated Protein Kinase, AMPK; TGF-B-activated kinase
1, TAK1; Calmodulin-dependent protein kinase kinase-B, CAMKK-g; Liver Kinase B1, LKB1; Carnitine Palmitoyl Transferase 1, CPT1; Mam-
malian Target of Rapamycin, mTOR; Liver X Receptors, LXRs; Sterol Regulatory Element-Binding Protein-1c, SREBP1c; Silent Information
Regulator 1, SIRT1.

er's energy status (Alves-Bezerra and Cohen, 2017). During novo synthesis of cytosolic long-chain fatty acids through the
energy deficiency, AMPK inhibits de novo lipogenesis (DNL) condensation of acyl-CoA and malonyl-CoA, both of which are
gene expression by suppressing the acetyl-CoA carboxylase increased by ACC1 and ACC2 (Li et al., 2011; Song et al.,
1 (ACC1)/fatty acid synthase (FASN)/stearoyl-CoA desatu- 2018). SCD1, an enzyme located in the ER, converts satu-

rase 1 (SCD1) pathway, while promoting lipolysis through ac- rated fatty acids into monounsaturated fatty acids which are
tivation of the carnitine palmitoyltransferase 1 (CPT1)/sirtuin1 precursors of long-chain fatty acids (Ascenzi et al., 2021).
(SIRT1)/peroxisome proliferator-activated receptor gamma The inhibition of SCD1, particularly through AMPK activation,
coactivator-1a. (PGC-1a) pathway in liver tissue (Pang et al., enhances lipid autophagy (lipophagy), leading to significant
2021) (Fig. 1). amelioration in hepatic steatosis (Zhou et al., 2020). In murine

ACC1, a downstream substrate of AMPK, is an enzyme models, alanine knock-in mutations at key phosphorylation

involved in fatty acid synthesis, catalyzing the carboxylation sites on both ACC1 (Ser79 and Ser80 in humans) and ACC2
of acetyl-CoA to produce malonyl-CoA. AMPK inhibits ACC1 (Ser212 and Ser221 in humans) that block AMPK-mediated
through phosphorylation, reducing DNL (Alves-Bezerra and phosphorylation prevent the inactivation of ACCs, thereby in-
Cohen, 2017). Although ACC1 and ACC2 share about 75% creasing lipogenesis and reducing FAO. This results in meta-

amino acid sequence similarity and both catalyze the conver- bolic disorders such as hepatic glucose intolerance, MASLD,
sion of acetyl-CoA to malonyl-CoA, they have distinct physi- and liver fibrosis. These effects cannot be reversed by the in-
ological roles. ACC1 is predominantly expressed in lipogenic direct AMPK activator metformin or the direct AMPK activator
tissues such as the liver and adipose tissues, where it regu- A769662 in ACC1/2-alanine double knock-in mice, confirming
lates lipogenesis. In contrast, ACC2 is primarily found in oxi- that the suppression of hepatic lipogenesis via AMPK depends
dative tissues like the heart and skeletal muscles, where it on its phosphorylation of ACCs (Fullerton et al., 2013; Wei et
inhibits fatty acid oxidation (FAO) by regulating malonyl-CoA al., 2016; Galic et al., 2018).

levels and controlling the CPT1 activity at the outer mitochon- The role of ACC1 in lipogenesis is further regulated by
drial membrane (Schreurs et al., 2010; Wang et al., 2022). transcription factors such as carbohydrate response element-
Genetic evidence suggests that the distinct roles of ACC iso- binding protein (ChREBP) and SREBP1c, both of which are
forms in regulating DNL and FAO are related to tissue-specific crucial in controlling genes involved in fatty acid and TG syn-

expression profiles (Batchuluun et al., 2022). FASN promotes thesis (Ferré et al., 2021). AMPK directly binds to and induces
the synthesis of saturated fatty acids by catalyzing the de inhibitory phosphorylation of SREBP1c and SREBP2. The
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main role of SREBP1c¢ is to regulate lipogenesis by activating
genes involved in fatty acid and TG synthesis, while SREBP2
regulates cholesterol homeostasis by activating genes re-
quired for cholesterol synthesis and absorption (Li et al.,
2011; Song et al., 2018). Once activated, AMPK directly phos-
phorylates SREBP1c at Ser372, preventing its cleavage and
nuclear translocation, thereby decreasing the expressions of
key lipogenic genes such as ACC1, ATP-citrate lyase (ACLY),
citrate/isocitrate carrier, FASN, and SCD1 in high glucose-
exposed hepatocytes. This contributes to the reduction of he-
patic steatosis in diet-induced insulin-resistant mice. Addition-
ally, AMPK downregulates the activity of both mTOR and liver
X receptors (LXRs), which are upstream transcription factors
that activate SREBP1c. By inhibiting these pathways, AMPK
reduces lipogenesis and helps alleviate metabolic dysfunc-
tions associated with hepatic steatosis and insulin resistance
(Ferré et al., 2021). This comprehensive regulation by AMPK
underscores its critical role in preventing lipotoxicity and man-
aging lipid metabolism in the liver.

In promoting lipolysis, activated AMPK enhances the CPT1/
SIRT1/PGC-1a pathway. CPT1, an upregulator of SIRT1, fa-
cilitates the transport of long-chain fatty acyl-CoA into mito-
chondria (Nie et al., 2024), which increases the NAD*/NADH
ratio. This elevation, in turn, activates NAD*-dependent SIRT1
deacetylase activity, which plays a critical role in inducing FAO
(Canté and Auwerx, 2010). SIRT1 and AMPK are metabolic
sensors that mutually regulate each other and share numer-
ous target molecules, providing a fine-tuned amplification
mechanism for maintaining energy homeostasis (Canté et al.,
2009; Varghese et al., 2023).

The enhancement of SIRT1 further increases AMPK activ-
ity through both LKB1-dependent and independent pathways.
In the LKB1-dependent pathway, SIRT1 deacetylates and
stimulates the translocation of LKB1 to the cytoplasm, where
it enhances AMPK activity (Canto et al., 2009; Sharma et al.,
2021). LKB1 is the primary upstream activator of AMPK, phos-
phorylating the threonine residue (Thr172) on its catalytic o
subunit of AMPK under nutrient-deprived conditions in nearly
all tissues (Woods et al., 2003; Omidkhoda et al., 2023). In the
LKB1-independent pathway, SIRT1 can also directly activate
AMPK via its catalytic function, particularly in response to en-
ergy deprivation stimuli (Suchankova et al., 2009). SIRT1 itself
is a fuel-sensing catalytic enzyme that is activated when the
NAD*/NADH ratio is high (Imai et al., 2000).

On the other hand, the activation of AMPK can also in-
crease SIRT1 activity through both nicotinamide phosphoribo-
syltransferase (NAMPT)-dependent and independent mecha-
nisms. NAMPT is the rate-limiting enzyme in the NAD* salvage
pathway, catalyzing the conversion of nicotinamide into oxi-
dized NAD*, a critical substrate for SIRT1. AMPK induces the
expression of NAMPT, increasing NAD* levels and decreasing
nicotinamide, a product of SIRT1-mediated deacetylation (Ful-
co et al., 2008; Sadria and Layton, 2021). As SIRT1 deacety-
lation activity is driven by cellular NAD* abundance and the
NAD*/NADH ratio, NAMPT activity and NAD* levels are posi-
tively correlated with SIRT1 activation. In a NAMPT-depen-
dent manner, AMPK enhances SIRT1 activity by upregulating
NAMPT expression, boosting the NAD*/NADH ratio and pro-
moting SIRT1 deacetylase activity (Canto et al., 2009). In a
NAMPT-independent manner, AMPK stimulates mitochondrial
B-oxidation, further increasing the intracellular NAD*/NADH
ratio and driving SIRT1 activation (Sadria and Layton, 2021).
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PGC-1a, a major player in mitochondrial biogenesis and lipid
metabolism, is also activated by AMPK. PGC-1a reduces lipid
accumulation and improves mitochondrial function by acting
as a co-activator of peroxisome proliferator-activated recep-
tors (PPARs), which are involved in lipid metabolism, antioxi-
dant activity, and anti-inflammatory responses. In patients with
MASLD, liver-specific PGC-1a deficiency has been associat-
ed with mitochondrial dysfunction, leading to hepatic steatosis
(Cheng et al., 2024). Thus, AMPK-mediated regulation of the
CPT1/SIRT1/PGC-1a pathway underscores its multifaceted
role in lipid metabolism, mitochondrial function, and the pre-
vention of lipotoxicity in liver cells.

The role of AMPK in modulating glucose metabolism

Insulin resistance and MASLD exacerbate each other, ac-
celerating the progression of both diseases (Tolman et al.,
2007; Chen et al., 2017). AMPK, as a primary energy status
sensor, plays a vital role in regulating glucose metabolism,
especially during periods of fasting, thereby improving insu-
lin sensitivity and reducing insulin resistance (Steinberg and
Hardie, 2023).

Skeletal muscle is a major site for glucose utilization due to
its high energy demands. AMPK activation in skeletal muscle
increases the expression of GLUT4, a glucose transporter,
which facilitates glucose uptake into muscle cells (Entezari et
al., 2022). This enhanced glucose uptake lowers serum glu-
cose levels and improves insulin resistance, which, in turn,
reduces excessive fatty acid levels, mitigates lipid accumula-
tion, and lessens inflammation in the liver, positively impact-
ing MASLD progression (Steinberg and Hardie, 2023). AMPK
also exerts its effect on insulin resistance through the action of
its downstream signaling molecule, PGC-1a. PGC-1a contrib-
utes to mitochondrial biogenesis and oxidative metabolism,
which helps to regulate glucose levels. Notably, PGC-1a. im-
proves insulin sensitivity by reducing mitochondrial oxidative
stress. Enhanced mitochondrial function and increased glu-
cose metabolism, driven by AMPK activation, facilitate glu-
cose uptake and lower blood glucose levels without promoting
gluconeogenesis. This is a key aspect of improving glucose
tolerance because it enables efficient energy use without trig-
gering excessive glucose production, which can otherwise ex-
acerbate hyperglycemia (Wu et al., 2021).

Insulin is crucial for maintaining metabolic homeostasis by
regulating glucose uptake, glycogen synthesis, and lipid me-
tabolism. However, lipid accumulation and inflammation can
interfere with this process (Ruderman et al., 2013). Excess
lipid accumulation in the liver leads to an increase in diacylg-
lycerol (DAG), a lipid metabolite that activates protein kinase
C (PKC). This activation inhibits the phosphorylation of insu-
lin receptor substrate (IRS) proteins, reducing insulin signal-
ing and worsening insulin resistance (Samuel and Shulman,
2016; Petersen and Shulman, 2018). By decreasing lipid syn-
thesis and accumulation in the liver, AMPK improves insulin
sensitivity and restores normal insulin signaling.

Inflammatory pathways, such as those mediated by NF-xB
and JNK, can impair insulin signaling by suppressing IRS pro-
teins. AMPK activation inhibits these inflammatory pathways,
reducing proinflammatory cytokines that exacerbate insulin re-
sistance and impair insulin receptor sensitivity in hepatocytes
(Olefsky and Glass, 2010). Thus, the ability of AMPK to lower
inflammation helps ameliorate insulin resistance, contribut-
ing to improved glucose metabolism (Ruderman et al., 2013).
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Fig. 2. Mechanisms of autophagy initiation regulated by AMPK and mTORC1. AMPK, as a sensor of energy deficiency, plays a critical role
in initiating autophagy by phosphorylating key regulators involved in autophagy and mTORC1 signaling pathways. Under low energy or nu-
trient-deficient conditions, AMPK phosphorylates TSC2 (in the TSC1/TSC2 complex), Raptor, and Unc-51-like kinase 1 (ULK1), each trig-
gering downstream reactions that promote autophagy. AMPK phosphorylates TSC2, a GTPase-activating protein (GAP) for Rheb. This
phosphorylation inhibits Rheb by converting it from its active GTP-bound state to an inactive GDP-bound form, reducing mTORC1 activity,
which normally inhibits autophagy. AMPK phosphorylates regulatory-associated protein of mTOR complex (Raptor), an essential regulatory
component of mMTORC1, thereby inhibiting mTORC1 function. Reduced mTORC1 activity promotes autophagy by allowing ULK1 activation.
AMPK directly phosphorylates ULK1, which serves dual roles—either restraining the overactivation of autophagy or stimulating the down-
stream autophagy machinery. Phosphorylation of ULK1 by AMPK promotes the initiation of autophagy in response to nutrient deficiency.
These interconnections illustrate how AMPK, by sensing low energy levels, suppresses mTORC1, and promotes the activation of the au-
tophagy machinery, ensuring cellular homeostasis under stress conditions. AMP-activated Protein Kinase, AMPK; Mammalian Target of Ra-
pamycin, mTOR; Tuberous Sclerosis Complex 2, TSC2; Ras Homolog Enriched in Brain, Rheb.

AMPK enhances metabolic processes by improving insulin ity to promote autophagy initiation. Specifically, AMPK phos-
sensitivity. It promotes the translocation of GLUT4 to the cell phorylates key proteins such as Raptor at Ser722 and Ser792,
membrane, increasing glucose uptake. Additionally, via the a regulatory component of the mTORC1 complex (Gwinn et

Akt signaling pathway, AMPK inhibits glycogen synthase ki- al., 2008), and TSC2 at Ser1387 and Thr1271, which inhibits
nase-3 (GSK-3), which otherwise inhibits glycogen synthesis, the mTOR-activating factor Rheb. These actions lead to the

thus promoting glycogen synthesis (Huang and Czech, 2007; activation of the ULK1 complex, which increases autophagy
Tzatsos and Tsichlis, 2007; Chopra et al., 2012). This coor- and results in the accumulation of autophagy receptor proteins
dinated regulation of glucose uptake and glycogen synthesis like p62 (Bonnet et al., 2024). In addition to the mTORC1-
highlights the pivotal role of AMPK in glucose metabolism and dependent mechanism, AMPK stimulates autophagy through
its therapeutic potential for MASLD and insulin resistance. modulating each hub signaling components of ULK1 complex
and PI3K complex. AMPK directly phosphorylates ULK1 at

The role of AMPK in autophagy Ser317, Ser777, and Ser555 as well as Beclin1 (BECN1) at
AMPK and mTORC1 are the central regulators of autopha- Ser91 and Ser94, both of which are crucial for autophagy ini-
gic degradation in mammalian cells, modulating autophagic tiation. Beclin1 is a component of the downstream Class Il

processes in response to fluctuations in nutrient and energy PI3K complex along with VPS34 (PI3K) and AMBRA1 (Roach,
availability, as summarized in Fig. 2 (Licheva et al., 2022). 2011; Kim et al., 2013; Tian et al., 2015; Zhang et al., 2016).
AMPK-driven autophagy is critical for maintaining cellular This AMPK-mediated phosphorylation enhances the interac-

balance, helping to eliminate damaged organelles and dys- tion between BECN1 with VPS34, an autophagy inducer by
functional cellular components, even under nutrient-rich con- producing phosphatidylinositol 3-phosphate as lipid kinase.
ditions. Whereas, during nutrient deprivation, AMPK-mediated This phosphorylation event shifts the interaction of Beclin1
autophagy provides essential amino acids through non-selec- away from Bcl-2, an anti-apoptotic protein that suppresses
tive degradation of cellular materials, ensuring survival under autophagic activity (Russell et al., 2013).
starvation by supporting metabolic balance (Marshall and Vi- In HCC cells, AMPK plays a complex role in tumor progres-
erstra, 2018; Vargas et al., 2023). sion, both oncogenic and anti-cancer effects. For instance,
Under nutrient-rich conditions, mTORC1 is activated to in phosphoserine phosphatase-overexpressed cancer cells,

promote anabolic cellular activity and inhibits autophagy by mTORC1 activity can be suppressed through LKB1- or TAK1-
interfering with the interaction between AMPK and Unc-51-like mediated AMPK/mTOR/ULK1 signaling in a CaMKK-indepen-
kinase 1 (ULK1) through mTORC1-mediated phosphorylation dent manner. This suppression triggers autophagy initiation,

of ULK1 at Ser757 (758 in human) and autophagy-related pro- which promotes cellular proliferation and invasion, suggesting
tein (ATG) 13, both of which are markers of the early autoph- that AMPK-driven autophagy can contribute to cancer pro-
agy induction (Kim et al., 2011; Park et al., 2016). Conversely, gression in specific contexts (Zhang et al., 2021; Lee et al.,
under nutrient-poor conditions, AMPK inhibits mTORC1 activ- 2023). Conversely, autophagy-mediated cell death serves as
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an anti-tumor activation via AMPK in various types of cancer.
In the liver, for instance, deletion of the pseudokinase mixed
lineage kinase domain-like (MLKL), a key factor in the necrop-
totic pathway leading to hepatocarcinogenesis, significantly
increases autophagy and inhibits cancer progression (Penu-
gurti et al., 2024; Yu et al., 2024)

Recent advances in understanding of AMPK’s roles in au-
tophagy regulation have revealed that under early glucose-de-
pleted conditions, AMPK-mediated phosphorylation of ULK1
at specific residues, namely Ser556 and Thr660, can actually
lead to the suppression of autophagy. Contrary to previous
assumptions that phosphorylation at Ser556 in ULK1 would
increase autophagy, this finding suggests that p-Ser556 may,
under certain conditions, inhibit autophagy while mTOR con-
tinues to act as an autophagy inhibitor (Park et al., 2023).
During prolonged energy deprivation, cells prioritize non-au-
tophagic mechanisms, such as fatty acid oxidation, and only
later rely on autophagy as a last resort for energy production.
This new model highlights that AMPK preserves ULK1 from
caspase-mediated degradation by phosphorylating ULK1 at
Ser556 and Thr660 during early glucose deprivation. How-
ever, the use of Ser556 phosphorylation as a marker may not
accurately reflect autophagy flux in vivo, leaving uncertainties
about the precise role of AMPK in regulating autophagy. Fur-
ther research is required to clarify how cells adapt to energy
stress via AMPK, integrating both traditional and emerging
paradigms (Park et al., 2023; Steinberg and Hardie, 2023; Ka-
zyken et al., 2024; Kim, 2024).

The role of AMPK in cellular stress and inflammation

Low-grade, chronic inflammation in hepatocytes, triggered
by lipotoxicity, metabolic ER stress, and ROS, stimulates in-
nate immune responses, leading to the secretion of proinflam-
matory cytokines and the recruitment of monocytes, especially
into the liver tissue (Rohm et al., 2022; Mladenic et al., 2024).
AMPK mitigates these chronic stress-induced inflammatory
responses by indirectly inhibiting NF-kB, a key transcription
factor regulating innate immune responses and inflamma-
tion, through the activation of SIRT1 and PGC-1a (Salminen
et al.,, 2011). In normal physiology, the NF-xB family exists
as dimers, composed of various subunits (RelA, c-Rel, RelB,
p50, and p52), and remains sequestered in the cytoplasm.
The RelA (known as p65)/p50 complex, the most common
and well-studied dimer, is bound by an inhibitor xB (IxB) in
the cytoplasm of the resting cells. Upon stimulation, I1kBs are
phosphorylated by the IkB kinase (IKK) complex, leading to
their degradation (Fig. 3). AMPK-induced SIRT1 activation in-
hibits inflammation by deacetylating the RelA/p65 subunit of
the NF-kB complex at Lys310, reducing NF-kB’s proinflamma-
tory actions (Singh and Ubaid, 2020). Simultaneously, PGC-
1a activation, either through AMPK-induced phosphorylation
of PGC-1a or AMPK-Sirt1 axis-mediated deacetylation of
PGC-1a, blocks NF-kB transcriptional activity and represses
proinflammatory signal pathways, such as the p38MAPK and
TNF-o pathways, particularly in endothelial cells (Rodgers
and Puigserver, 2007; Cantd et al., 2009; Alvarez-Guardia et
al., 2010; Rius-Pérez et al., 2020).

Under normal conditions, PGC-1a regulates macrophage
polarization from the proinflammatory M1 to the anti-inflam-
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Fig. 3. Regulation of NF-kB signaling by AMPK and its downstream effectors in chronic low-grade inflammation. In chronic low-grade in-
flammation, upon stimulation by inflammatory cytokines, the IKK complex phosphorylates IxBa, leading to its ubiquitination and proteasomal
degradation. Oxidative stress further exacerbates this degradation by phosphorylating lkxBa, resulting in the release of NF-xB family mem-
bers (RelA/p50), which translocate to the nucleus and activate the transcription of target proinflammatory genes. In contrast, under condi-
tions of energy stress, AMPK inhibits this pathway through several mechanisms: directly phosphorylating IKKf and indirectly activating
SIRT1, PGC-1a, and p53. SIRT1 deacetylates the RelA (p65) subunit of NF-kB, while PGC-1a physically blocks its binding to DNA. Addi-
tionally, p53 indirectly inhibits IKKB by suppressing glycolytic activity, which is linked to reduced IKKB phosphorylation and activity. When
glycolysis is downregulated, the O-glycosylation of IKKB (which normally enhances its activity) is reduced, leading to a decrease in IKKB'’s
ability to phosphorylate IkBa., thereby reducing NF-kB activity. 1B kinase, IKK; Nuclear Factor kappa-light-chain-enhancer of activated B
Cells, NF-«xB; Silent Information Regulator 1, SIRT1; Peroxisome proliferator-activated receptor Gamma Coactivator 1, PGC-1.
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Fig. 4. Antioxidant Response via AMPK/Nrf2/HO-1 Signaling Pathway. Under basal conditions, Nrf2, a master regulator of antioxidant re-
sponse genes through the Antioxidant Response Element (ARE), is suppressed by KEAP1, which promotes its ubiquitination and degrada-
tion via E3 ligase activity. In response to oxidative stress, AMPK is activated and plays a dual role in promoting Nrf2 activity: it directly phos-
phorylates Nrf2 at specific serine residues, such as Ser448, and indirectly prevents its degradation by inhibiting the GSK-3p/BTrCP axis.
This AMPK-mediated activation of Nrf2 leads to the enhanced expression of antioxidant genes, including HO-1, NQO-1, and SOD, which
protect cells from oxidative damage caused by carbon monoxide, ROS, and hydrogen peroxide. Nuclear Factor Erythroid 2-Related Factor
2, Nrf2; Kelch-like ECH-associated protein 1, KEAP1; AMP-activated Protein Kinase, AMPK; Glycogen Synthase Kinase-3 Beta, GSK-38;
Beta-transducin repeat-containing protein, TrCP; Heme Oxygenase-1, HO-1; NAD(P)H Quinone Dehydrogenase 1, NQO-1; Superoxide

Dismutase, SOD; Reactive Oxygen Species, ROS.

matory M2 phenotype and modulates proinflammatory cyto-
kines via its physical interaction with the p65 subunit of NF-«B.
However, during inflammation, NF-xB downregulates PGC-1a
activity, a process exacerbated by high cytokine levels and
TNF-a-induced reductions in ROS-scavenging enzymes, dis-
rupting the balance between PGC-1a and NF-xB/P65 interac-
tions (Barroso et al., 2018; Zhang et al., 2023). In conditions of
metabolic stress, such as MASLD, increased glycolytic activity
leads to O-glycosylation of IKKp at Ser733, impairing its nega-
tive feedback regulation and enhancing IKKp activity. This up-
regulates NF-kB signaling by promoting the phosphorylation
of IkB at Ser32 and Ser36, leading to its ubiquitination and
degradation, thus activating NF-xB with reduced kB affinity.
Conversely, p53 inhibits glycolysis, maintains negative feed-
back on IKKp, and thereby reduces IKKp activity and NF-xB
signaling (Kawauchi et al., 2008; Salminen et al., 2011; Schul-
tze et al., 2012).

In addition to its regulation of NF-xB, AMPK also targets
nuclear factor E2-related factor 2 (Nrf2), a master regulator
of cellular redox homeostasis. Under basal conditions, Nrf2
levels remain low because its Nrf2-ECH homology (Neh1) do-
main binds to Keap1 protein in the cytoplasm. Keap1, along
with the Cullin3-based E3 ubiquitin ligase complex, facilitates
the ubiquitination and degradation of Nrf2. AMPK activates
Nrf2 through both direct and indirect mechanisms. Direct ac-
tivation involves the phosphorylation of Nrf2 at specific serine
residues, such as Ser550 (Ser558 in human), which facilitates
Nrf2’s nuclear translocation and dissociation from Keap1 (Joo
et al., 2016) (Fig. 4). Indirect activation of Nrf2 by AMPK in-
volves the AMPK/GSK-3B/BTrCP axis, wherein AMPK-mediat-
ed phosphorylation of GSK-3p at Ser9 inhibits its activity. This
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inhibition reduces BTrCP2-mediated Nrf2 degradation and
prevents FYN-mediated nuclear exclusion (Zimmermann et
al., 2015). Furthermore, AMPK hyper-phosphorylates Ser374,
Ser408, and Ser433 within the Neh6 domain of Nrf2, which
enhances its interaction with BTrCP2, improving Nrf2 stability,
thereby enhancing the expression of its target genes under
energy-deprived conditions. Once Nrf2 is translocated into the
nucleus, it regulates the transcription of various antioxidant
response element (ARE)-responsive genes, including heme
oxygenase-1 (HO-1), NAD(P)H: Quinone Oxidoreductase-1
(NQO-1), and superoxide dismutase (SOD) (Matzinger et al.,
2020). These genes are critical for cellular defense against
oxidative stress and inflammation. By modulating Nrf2 signal-
ing pathways, AMPK plays a vital role in protecting against
oxidative stress and chronic inflammation, highlighting its po-
tential as a therapeutic target for metabolic liver diseases such
as MASLD (Petsouki et al., 2022). Recently, the interplay be-
tween AMPK and Nrf2 has been highlighted under metabolic
stress conditions. In non-small cell lung cancer, co-occurring
mutations in KEAP1 and serine/threonine kinase 11 (STK11,
also known as LKB1) establish a double-positive feedback
loop between AMPK and SQSTM1 (also known as Sequesto-
some 1 or p62), promoting the dual activation of AMPK and
NFE2 Like BZIP Transcription Factor 2 (NFE2L2, also known
as Nrf2). This process involves autophagic degradation of
KEAP1, lysosomal complex formation, and SQSTM1 phos-
phorylation, facilitating metabolic adaptation and supporting
tumor growth under stress conditions (Choi et al., 2024).

The role of AMPK in fibrosis
Besides its function in energy homeostasis and cellular
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Fig. 5. Schematic diagram of the fibrotic pathway via TGF-p and Smad-dependent signaling, and the effect of AMPK on the pathway.
TGF-B signaling is initiated when members of the TGF-f subfamily, such as TGF- and BMPs, bind to TBRII, leading to the subsequent
phosphorylation of TBRI. R-Smads (Smad1/2/3/5/8), phosphorylated by p-TBRII, form a complex with Co-Smad. This complex increases the
expression of fibrotic factors in the nucleus with the transcriptional coactivator p300. I-Smads regulate the fibrotic response in two ways: by
competing with R-Smads to inhibit complex formation with Smad4, and by promoting TBR1 degradation through Smurf1 in a negative feed-
back loop. AMPK inhibits the TGF-f pathway through various mechanisms, such as inhibiting R-Smad phosphorylation, suppressing p300
activity, and upregulating Smad7 expression, which leads to increase in TBR1 degradation. Although Smad6 also contributes to TBR1 deg-
radation, studies on the effect of AMPK on Smad6 are lacking. Transforming Growth Factor Beta, TGF-3; Bone Morphogenetic Protein,
BMP; Transforming Growth Factor Beta Receptor Type II, TBRII; Transforming Growth Factor Beta Receptor Type |, TBRI; AMP-activated

Protein Kinase, AMPK.

stress management, AMPK activation plays a significant role
in alleviating fibrosis across various organs, including the liver,
heart, kidneys, and lungs (Thakur et al., 2015) as summarized
in Fig. 5. Hepatocyte growth factor (HGF) has been shown
to inhibit TGF-B1-induced ECM deposition and myofibroblas-
tic differentiation by activating AMPK (Cui et al., 2011; Cui et
al., 2013). Since TGF-B signaling accelerates profibrotic re-
sponses by activating Smad3, a key regulator of myofibroblast
differentiation and ECM production, targeting the Smad path-
way—either directly or indirectly—can effectively alleviate fibro-
sis (Peng et al., 2022).

The TGF-B superfamily includes several subfamilies such
as TGF-B, activin/inhibin, and bone morphogenetic protein
(BMPs). These subfamilies bind to type Il receptor kinases
(TBRII) and dimerize with type | receptor kinases (TBRI),
also known as activin-like receptor kinases (ALKSs) to initiate
Smad signaling. Within this pathway, Smads are classified
into three categories: receptor-regulated Smads (R-Smads:
Smad1/2/3/5/8), which are directly phosphorylated and acti-
vated by TBRI; co-mediator Smad (Co-Smad: Smad4), which
acts with R-Smads to facilitate signal transduction; and inhibi-
tory Smads (I-Smads: Smad6/7), which function in a nega-
tive feedback loop to regulate and limit the signal cascade.
Smad2 and Smad3 primarily respond to TGF-B signaling,
while Smad1, Smad5, and Smad8 respond to BMP signaling,
both of which influence the fibrotic process (Shi and Massa-
gué, 2003; Hata and Chen, 2016). I-Smads prevent the for-
mation of the R-Smad and Co-Smad complexes, with Smad6
specifically competing with Smad1/5/8 to inhibit BMP signal-
ing, while Smad7 regulates both the TGF- and BMP signaling
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pathways (Shi and Massagué, 2003; de Ceuninck van Capelle
et al., 2020).

AMPK negatively regulates TGF-B by either inhibiting the
phosphorylation of R-Smads or promoting the expression of
I-Smads (Park et al., 2014; Lin et al., 2017; Gao et al., 2018).
Activated AMPK reduces TGF-f1-induced Smad3 phos-
phorylation, suppresses TGF-B1 production, and decrease its
transcriptional activity (Li et al., 2016). Consequently, AMPK
inhibits TGF-B1-induced collagen production by inhibiting the
Smad3-driven expression of connective tissue growth fac-
tor (CTGF) (Lu et al.,, 2015). Additionally, AMPK interferes
with the nuclear translocation and transcriptional activity of
Smad?2/3 by suppressing their phosphorylation in an ALK deg-
radation-independent pathway (Xiao et al., 2010). AMPK also
diminishes Smad3 acetylation by inhibiting the transcriptional
coactivator p300, further reducing Smad-driven fibrotic gene
expression without affecting phosphorylation on R-Smads
(Mishra et al., 2008; Gao et al., 2018). Moreover, activated
AMPK enhances the expression of I-Smads and Smurf1 (an
E3 ubiquitin ligase), promoting the proteasomal degradation
of ALK1 and ALK2, thereby inhibiting BMP9 and BMP6 signal-
ing, leading to reduced Smad1/5 phosphorylation (Lin et al.,
2017; Ying et al., 2017; Lin et al., 2020). In addition to Smad-
dependent pathways, TGF-f signaling activates non-Smad
pathways, including MAPK, PI3K/Akt, and RhoA/Rac, which
contribute to fibrosis by promoting myofibroblast proliferation
and differentiation (Zhang, 2009). AMPK activation alleviates
fibrosis by inhibiting these non-Smad pathways, further under-
lining its antifibrotic potential in conditions such as metabolic
liver disease and other fibrotic disorders (Abdelhamid et al.,
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2021b).

RECENT RESEARCH AND CLINICAL APPROACHES
OF AMPK ACTIVATORS

Recent studies on therapeutic agents targeting AMPK for
MASLD and liver fibrosis can be classified into two catego-
ries: those that directly activate AMPK and those that mimic
AMPK’s downstream actions. The former directly phosphory-
lates AMPK through mechanisms such as energy deprivation
(e.g., increased AMP: ATP ratio), endocrine regulation, or an-
tioxidants. The latter does not directly activate AMPK. Instead,
indirect activators modulate PPAR, SIRT1, Nrf2, mTOR, and
TGF-B to activate downstream signaling regulators of AMPK,
responsible for each of the AMPK actions: hepatic lipid regu-
lation, autophagy, anti-inflammatory action, and anti-fibrotic
processes. Although the exact mechanism of each agent is
unclear due to the complexity of AMPK signaling, this session
may help navigate current promising agents targeting MASH,
MASLD, and liver fibrosis. In this review, we summarize the
recent studies on promising AMPK-related therapeutic strate-
gies targeting each facet of the pathophysiological processes
involved in MASH, MASLD, and hepatic fibrosis, and intro-
duce various AMPK-related therapeutics in clinical trials.

Structure and modulation of AMPK activity

AMPK is a heterotrimeric protein complex found in mamma-
lian cells, composed of a catalytic a subunit and two regulato-
ry B and y subunits. Each subunit has multiple isoforms: two o
(a1, a2), two B (B1, B2), and three y (y1, y2, v3) isoforms (Her-
zig and Shaw, 2018), with tissue-specific expression patterns.
Notably, the a1B2y1 isoform is predominantly expressed in the
human liver tissue (Wu et al., 2013). The a subunit of AMPK
contains an N-terminal kinase domain (KD), followed by an
autoinhibitory domain (AID), which keeps the KD in a less
active conformation under normal conditions. The y subunit
of AMPK functions as an energy sensor by binding adenos-
ine nucleotides (ATP, ADP, or AMP). When AMP binds to the
y subunit, it induces a conformational change that exposes
the KD of the a subunit, thus facilitating allosteric activation
of AMPK. This results in a significant increases in the enzy-
matic activity of AMPK, which can be amplified up to 1000-fold
through phosphorylation by upstream kinases, such as LKB1
and CaMKK2 (Steinberg and Carling, 2019). The y subunit
contains four cystathionine B-synthase (CBS) domains that
are crucial for nucleotide binding. Specifically, AMP binding to
the CBS3 domain of the y subunit triggers allosteric changes
that cause the a-linker to dissociate from the y subunit, there-
by exposing the conserved Thr172 residue in the N-terminal
region. This promotes its phosphorylation and ultimately lead-
ing to AMPK activation. The AMP-bound y subunit allows up-
stream AMPK kinases, such as LKB1 and CaMKK2, to stimu-
late AMPK through distinct mechanisms. LKB1-dependent
phosphorylation of AMPKa at Thr172 is greatly enhanced
by AMP binding to the AMPKy subunit. LKB1 indirectly acti-
vates AMPK when the intracellular AMP:ATP ratio increases,
while CaMKK2 activates AMPK in response to elevated cyto-
solic Ca?', independent of AMP:ATP levels. However, though
CaMKK2 activates AMPK primarily in response to increased
intracellular Ca?* levels, during ATP depletion, the increase in
AMP levels also enhances the interaction between AMPK and
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CaMKK2, thereby improving AMPK activation (Schmitt et al.,
2022; Steinberg and Hardie, 2023). The underlying mecha-
nism of LKB1-induced AMPK activation in response to an in-
creased AMP/ATP ratio involves AMP binding, which triggers
the formation of the AXIN-AMPK-LKB1 complex, facilitating
LKB1’s direct tethering to the phosphorylation site of AMPK,
thereby activating AMPK (Zhang et al., 2013). AMPK can be
activated independently of AMP/ADP by sensing the absence
of fructose-1,6-bisphosphate (FBP), where unbound aldolase
facilitates the assembly of a lysosomal complex involving v-
ATPase, ragulator, axin, LKB1, and AMPK, linking glucose
availability to AMPK activation (Zhang et al., 2017; Li et al.,
2019).

The AMPKp subunit regulates kinase activity through di-
verse mechanisms. One such mechanism involves its car-
bohydrate-binding module (CBM) that can directly recognize
glycogen signals and binds almost exclusively to the o 1-6
branch points of degraded glycogen, inhibiting AMPK activa-
tion in vitro (McBride et al., 2009). Moreover, N-terminal my-
ristoylation of the B subunit is essential for the effect of AMP
on the o-Thr172 phosphorylation (Oakhill et al., 2011). The
AMPK complex also contains a critical regulatory site known
as the Allosteric Drug and Metabolite (ADaM) site, located be-
tween the a-KD and B-CBM. This site forms a deep cleft that
can bind pharmacological activators and long-chain fatty acyl-
CoA esters, thereby modulating AMPK activity (Steinberg and
Hardie, 2023).

The AMPKYy subunit has four CBS domains, which are re-
sponsible for sensing AMP: ATP ratio level and directly interact-
ing with adenine nucleotides to induce its allosteric activation
(Scott et al., 2007). Each CBS domain holds a helix-loop-
strand structure, contributing to in a high degree of connectiv-
ity between the nucleotide and the AMPK complex (Xiao et al.,
2007). CBS1 and CBS3 competitively bind with AMP, ADP, or
ATP depending on the cellular adenine nucleotide level, while
CBS4 exclusively and permanently binds AMP. This allows the
AMPK complex to rapidly sense changes in the AMP: ATP ra-
tio, helping balance the cellular energy supply (Hardie et al.,
2011). Another key structural element in the AMPKy subunit
is CBS2, which contains a pseudo-substrate sequence (PS)
that resembles the sequence of ACC, an AMPK substrate. In
the absence of AMP, CBS2 acts as an auto-inhibitor of AMPK
by binding to the a subunit. Upon AMP binding, the y subunit
undergoes a conformational change which detaches the PS
from the active site of the o subunit (Scott et al., 2007).

In summary, the binding of adenosine nucleotides, ADaM
site ligands, and CBM phosphorylation affects the conforma-
tion of the KD through induced movements of the dynamic
domains (Yan et al., 2018). Increased AMP:ATP ratio allosteri-
cally activates AMPK (Hardie et al., 2003), when the AMP:ATP
ratio increases due to glucose deprivation, hypoxia, heat
shock, or strenuous exercise-induced ATP consumption (Vio-
llet et al., 2010). Endocrine and autocrine regulation, includ-
ing the adipose hormones such as adiponectin and leptin, the
adrenergic hormones like catecholamines in adipocytes, and
interleukin 6, upregulates AMPK activity (Townsend and Stein-
berg, 2023). Conversely, sustained hyperglycemia suppress-
es AMPK activity (Ruderman and Prentki, 2004). Given that
AMPK activation can balance energy metabolism and mitigate
every stage of hepatic fibrosis progression by modulating the
autophagic, inflammatory and fibrotic responses, modifying
AMPK function may offer a promising strategy to prevent or
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even reverse the progression of MASLD to liver fibrosis (Cusi
et al., 2021).

Recent research of AMPK activators

Direct activators (Table 1): AMPK has emerged as a novel
therapeutic target for MASLD due to its wide-ranging regulato-
ry roles in metabolism. Recent research has uncovered direct
AMPK activators that either phosphorylate the o subunit or
bind to the ADaM site, located between the o and § subunits.
One such molecule is PXL770 (PubChem CID: 72700732),
which directly activates AMPK by binding to the ADaM site in
vitro (Fouqueray et al., 2021). According to the results from
the NCTO03763877 clinical trial updated in October 2021,
PXL770 improved metabolic features but did not achieve the
primary endpoint of significantly reducing liver fat in a phase
2a study in patients with NAFLD. However, its favorable safety
profile and metabolic benefits suggest it could hold promise as
part of combination therapies or in specific patient populations
(Cusi et al., 2021; Wei et al., 2024). Salicylate (Pubchem CID:
54675850), a metabolite of aspirin (Pubchem CID: 2244), and
A-769662 (Pubchem CID: 54708532) are also representative
activators of AMPK that bind to the ADaM site (Steinberg and
Carling, 2019). A-769662, as an AMPKpB1 agonist, activates
AMPK in the liver, which inhibits caspase-6 activity and miti-
gates hepatic damage and fibrosis (Zhao et al., 2020). AICAR,
a direct AMPK activator, enhances Nrf2-regulated hepatic
antioxidant capacity and inhibits NLRP3 inflammasome-medi-
ated pyrolysis, thereby protecting rats from sodium taurocho-
late-induced pancreatitis-associated liver injury (Kong et al.,
2021). Aspirin and salicylate have been shown to uncouple
mitochondrial oxidative phosphorylation in colorectal cancer
cells, thereby increasing ADP:ATP ratio, and subsequently ac-
tivating AMPK (Din et al., 2012). In the NCT04031729 phase
2 clinical trial, 80 individuals with MASLD were treated with
low-dose aspirin (81 mg) daily for 6 months, resulting in a
significant reduction in hepatic fat quantity compared to pla-
cebo (Simon et al., 2024). Salsalate (Pubchem CID: 5161),
the dimer of salicylic acid, activates AMPK(1-containing
heterotrimers (Day et al., 2021). Salsalate directly activates
AMPK, reducing obese adipose tissue, hepatic macrophage
infiltration, inflammation, and adipogenesis gene expression,
ultimately ameliorating hepatosteatosis in HFD-fed mice (Li
et al., 2021). A phase 4 clinical trial (NCT03222206) inves-
tigated the effects of salsalate in patients with NAFLD and
osteoarthritis. The study has been completed; however, the
results have not yet been posted. Ginsenosides, compounds
extracted from ginseng, have been validated for their phar-
macological activities in improving metabolic disease (Bai et
al., 2024). Ginsenoside Rh4 (PubChem CID: 21599928) has
been shown to strongly bind to AMPKa1, leading to the up-
regulation of PGC-1a-mediated mitochondrial biogenesis and
the downregulation of p38/MAPK/NF-kB-mediated inflamma-
tory responses (Zhang et al., 2024). In NAFLD mouse mod-
els, Rh4 treatment significantly reduced hepatic steatosis and
lobular inflammation. Moreover, Rh4 improved gut microbiota
by increasing levels of intestinal SCFAs and bile acids, which
are associated with changes in gut flora composition (Yang
et al., 2023). Magnolol (PubChem CID: 72300), a bioactive
compound isolated from Magnolia officinalis, exhibits a broad
spectrum of biological activities. A previous study on magnolol
demonstrated its effects in promoting activating phosphory-
lation of AKT and AMPK, inhibitory phosphorylation of ACC,

and increasing PPARa expression, while simultaneously in-
hibiting the activation of the MAPK, NF-xB, and SREBP-1
pathways in oleic acid (OA)-induced steatosis in HepG2 cells
(Tian et al., 2018). Moreover, magnolol regulates autophagy
through the AMPK/mTOR/ULK1 signaling pathway. A recent
study showed that magnolol treatment in Alzheimer’s disease-
induced APP/PS2 mice reversed the pathological changes by
increasing phosphorylation at the active sites of AMPK and
ULK1, while decreasing phosphorylation of mTOR at its active
site (Wang and Jia, 2023). Although the above-mentioned ef-
fects of magnolol are associated with AMPK activation, further
studies are required to confirm whether magnolol functions as
a direct AMPK activator and to assess its therapeutic potential
in MASLD through AMPK activation. Cordycepin (PubChem
CID: 6303), a compound extracted from Cordyceps milita-
ris, has also gained attention as a potential AMPK agonist.
Previous studies on direct AMPK agonists, such as A-79662,
AICAR (PubChem CID: 17513), and PXL770, have laid the
foundation for cordycepin research. Cordycepin has been
shown to effectively reduce lipid accumulation and increase
p-AMPK levels in HFD-hamsters (Guo et al., 2010). Recently,
a derivative of cordycepin, V1, identified through structure-ac-
tivity relationship studies, demonstrated enhanced AMPK acti-
vation, bioavailability, and lipid-lowering effects, with its AMPK
activation attributed to binding the AMPKy subunit (Wang et
al., 2024).

Indirect activators (Table 2): As mentioned earlier, LKB1
and CaMMK?2 are two critical upstream modulators of AMPK,
playing significant roles in its indirect action. One of the pri-
mary indirect activators is adiponectin, an adipokine that is
abundantly expressed in adipose tissue. Adiponectin amelio-
rates MASH, MASLD, and liver fibrosis by directly activating
the LKB1 and CaMKK2 signaling pathways (Kadowaki et al.,
2006; lwabu et al., 2010). Plasma adiponectin levels are neg-
atively correlated with visceral obesity and insulin resistance,
making it an excellent predictive marker for type 2 diabetes
and metabolic syndrome, as it directly enhances insulin sensi-
tivity (Combs and Marliss, 2014). Adiponectin increases fatty
acid oxidation while reducing hepatic and serum TG levels. It
also downregulates the expression of gluconeogenic enzymes
like phosphoenolpyruvate carboxykinase and glucose-6-phos-
phatase, resulting in decreased insulin secretion (Yamauchi
et al., 2002; Combs and Marliss, 2014). Full-length adiponec-
tin exerts its effects by binding to its receptors, AdipoR1 and
AdipoR2, thereby activating AMPK and PPARa, respectively,
as well as potentially other unknown signaling pathways (Ya-
mauchi et al., 2007). The effect of adiponectin on AMPK is
primarily mediated via the AdipoR1/LKB1/AMPK pathway, as
evidenced by the complete abolition of adiponectin-induced
suppression of SREBP1c expression in the liver of LKB1-defi-
cient (LKB17") mice (Awazawa et al., 2009). Additionally, adi-
ponectin activates CaMKK2, another AMPK upstream kinase,
by inducing phospholipase C, which increases intracellular
calcium levels (Zhou et al., 2009). In skeletal muscle-specific
AdipoR1 knockout mice, adiponectin treatment leads to the
phosphorylation of AMPK, while suppression of CaMKK2 or
LKB1 expression significantly decreases the adiponectin-in-
duced activation of AMPK (Ilwabu et al., 2010). Recent studies
on adiponectin and AMPK have unveiled promising therapeu-
tic strategies that enhance or mimic adiponectin action.

Metformin (PubChem CID: 4091), a long-established antidi-
abetic medication, has gained attention for its beneficial effects
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against fibrosis and cancer progression, primarily through its
indirect activation of AMPK, despite the direct targets of its
action remaining unidentified (Xiao et al., 2010; Fullerton et
al., 2013; Lu et al., 2015; Ying et al., 2017; Lin et al., 2020; Ab-
delhamid et al., 2021a). AMPK activation induced by high con-
centrations of metformin is lysosome-independent and occurs
through increased AMP/ATP and ADP/ATP ratios. Recently,
metformin has been found to activate AMPK by binding to the
y-secretase subunit PEN2, inhibiting the lysosomal proton
pump v-ATPase, and linking the lysosomal glucose-sensing
pathway to AMPK activation without altering cellular AMP lev-
els (Ma et al., 2022).

Antrodan, an upregulator of leptin and adiponectin, stimu-
lates AMPK phosphorylation in high-fat, high-fructose diet
C57BL/6 mice. This increase in p-AMPK not only enhances
the NAD*/NADH ratio but also induces SIRT1 expression,
improving mitochondrial biogenesis and reducing lipogenesis
by inhibiting FASN activity and lowering TG levels through
suppression of the PPARy/SREBP1c axis. Antrodan thus im-
proves serum biochemical markers, including malondialde-
hyde, total cholesterol, TG, ALT, AST, uric acid, glucose, and
insulin (Matsusue et al., 2014; Chyau et al., 2020). Atractyle-
nolide Il (PubChem CID: 155948) upregulates adiponectin
receptor expression, counteracting the reduction of hepatic
AdipoR1 expression in high-fat diet (HFD) male C57BL/6J
mice, and activates AdipoR1 downstream AMPK/SIRT1 sig-
naling in HepG2 cells. Thus, Atractylenolide Il significantly al-
leviates hepatic biochemical markers such as ALT, AST, TGs,
total cholesterol, and LDL via the LKB1 pathway, along with
reducing oxidative stress, inflammation, and fibrosis (Li et al.,
2022b).

Aramchol (PubChem CID: 18738120), a conjugate of cholic
acid and arachidic acid, is a novel therapeutic agent being
investigated for the treatment of NASH. It has been shown
to inhibit hepatic SCD1 and upregulate adiponectin levels
(Fernandez-Ramos et al., 2020; Bhattacharya et al., 2021). A
phase 2b clinical trial (NCT02279524) evaluated the efficacy
and safety of aramchol in patients with NASH (Ratziu et al.,
2021). Aramchol reduces liver TGs and resolves steatohepati-
tis without worsening fibrosis by increasing adiponectin levels
and improving endothelial function (Safadi et al., 2014; Ratziu
et al., 2021). Although the primary endpoint of reducing liver
steatosis has not been met, the observed safety profile and
other hepatic effects suggest that aramchol has potential for
the treatment of MASH. Therefore, a phase 3 clinical trial in
patients with MASH and fibrosis (F1-F3) is currently ongoing
(NCT04104321).

Emodin succinate monoethyl ester (ESME), a novel anthra-
quinone compound, activates AdipoR2 and ameliorates hepat-
ic steatosis in hamster and mouse models. The suppression of
AdipoR2 expression or AMPK activation eliminates the effect
of ESME, confirming that it acts through AMPK phosphoryla-
tion (Zhao et al., 2023). JT003, an AdipoR1/2 dual agonist,
significantly degrades ECM and improves liver fibrosis. How-
ever, ECM degradation generates elastin-derived peptides
(EDPs), which can exacerbate liver fibrosis. The combination
of JTO03 with V14, an EDP inhibitor, has shown synergistic
benefits in treating NAFLD both in vitro and in vivo (Song et
al., 2023).

Salusin-a, a novel bioactive peptide involved in vascular
function, blood pressure regulation, and metabolic process,
significantly inhibits lipid biosynthesis pathways, including
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ACC, FASN, and SREBPs. In in vivo studies, salusin-a in-
creased the levels of p-LKB1 and p-AMPK. The lipid accumu-
lation-inhibiting effect of salusin-a was hindered when AMPK
was inactivated with compound C treatment in the salusin-
o~overexpressing group. This suggests that its effect occurs
through the LKB1/AMPK pathway and indicates that it indi-
rectly activates AMPK in relation to LKB1 (Pan et al., 2024).

Nitazoxanide (PubChem CID: 41684), a broad-spectrum
antiparasitic agent (White Jr, 2004), has been demonstrated
to decrease ATP production through mitochondrial uncoupling
and other mechanisms, leading to AMPK activation (Amireddy
et al., 2023). This activation enhances autophagy and sup-
presses lipid biosynthesis, thereby ameliorating hepatic ste-
atosis and fibrosis in HFD or Western diet (WD)-induced
hepatic steatosis in SPF golden Syrian hamsters, C57BL/6J
mice, and Apoe~- mice via suppressing ACC (Li et al., 2022a).
These findings underscore its therapeutic potential for mod-
ulating cellular energy balance and metabolic processes
through AMPK activation.

CONCLUSIONS

The liver is a central organ in metabolism, responsible for
detoxifying and regulating energy balance, including control-
ling blood glucose levels, lipid metabolism, and the clearance
of toxic substances from both endogenous and exogenous
sources. It also plays a significant role in the efficacy of certain
medications used to treat conditions such as obesity, dyslip-
idemia, hypertension, and diabetes (Samuel and Shulman,
2018). According to recent meta-analyses, MASLD is the most
common liver disease globally, with an overall prevalence of
32.4%, making it the leading cause of liver-related morbidity
and mortality (Xanthopoulos et al., 2019; Riazi et al., 2022).
Patients with MASLD have been reported to have a lower
1-year survival rate compared to patients who received liver
transplants for hepatitis C virus infection or alcohol-associated
liver disease (Nagai et al., 2019). These patients are more
prone to perioperative complications, including infections, ma-
lignancies, and cardiovascular and cerebrovascular events
(Burra et al., 2020). Progressive liver failure presents a more
urgent clinical challenge than many other organ diseases
because it heightens the risk of fatal cardiovascular events,
increases morbidity, and contributes to malnutrition (Kasper
et al., 2021; Tyczynska et al., 2024). Additionally, liver failure
complicates treatment options because the ability of liver to
metabolize drugs is impaired, limiting drug use. Despite the
prevalence and severity of these conditions, there is currently
only one FDA-approved drug, resmetirom (a thyroid hormone
receptor beta agonist), for the treatment of noncirrhotic MASH,
reflecting the urgent need for further therapeutic development
in this area (Keam, 2024).

While significant research has been conducted on alco-
holic liver disease, non-alcoholic liver diseases, particularly
MASLD, have not been studied to the same extent. Previous
studies indicate that the primary drivers of MASLD are exces-
sive oxidative stress due to metabolic imbalances, inflamma-
tory responses, apoptosis, and activation of fibrotic mecha-
nisms. As inflammation escalates due to these toxic factors,
healthy hepatocytes die, while fibrotic cells become activated,
increasing the proportion of dysfunctional liver tissue over
time (Loomba et al., 2021). AMPK, which plays a crucial role in
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regulating cellular energy metabolism and neutralizing oxida-
tive stress, has emerged as a key regulatory protein capable
of counteracting cytotoxicity, reducing inflammation, and inhib-
iting fibrotic processes. This makes AMPK an ideal therapeutic
target for addressing all major causes of MASLD.

Establishing effective MASLD treatment strategies is criti-
cal for improving liver function, which in turn enhances pa-
tient survival rates, expands treatment options, and improves
quality of life, while also reducing healthcare costs. Given
that MASLD shares pathophysiological mechanisms with
cardiovascular, cerebrovascular, and other fibrotic diseases,
AMPK-based therapies for MASLD could also have broader
applications. As AMPK is a versatile effector, treatments that
mimic the actions of its downstream molecules could provide
promising therapeutic targets for MASLD. Therefore, further
research into AMPK and its downstream pathways, not only in
the liver but also in other fibrotic conditions, will yield insights
that may benefit a range of diseases with similar underlying
mechanisms.
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