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Abstract

Metabolic dysfunction-associated steatotic liver disease (MASLD) comprises a spectrum of liver injuries, including steato@
steatohepatitis (MASH), liver fibrosis, cirrhosis, and relevant complications. The liver mainly comprises hepatocytes, liver sinusoi-
dal endothelial cells (LSECs), Kupffer cells (KCs), immune cells (T cells, B cells), and hepatic stellate cells (HSCs). Crosstalk among
these different liver cells, endogenous aberrant glycolipid metabolism, and altered gut dysbiosis are involved in the pathophysiology
of MASLD. This review systematically examines advances in understanding the molecular pathogenesis of MASLD, with a focus
on emerging therapeutic targets and translational clinical trials. We first delineate the crucial regulatory mechanisms involving
diverse liver cells and the gut-liver axis in MASLD development. These cell-specific pathogenic insights offer valuable perspectives
for advancing precision medicine approaches in MASLD treatment. Furthermore, we evaluate potential therapeutic targets and
summarize clinical trials currently underway. By comprehensively updating the MASLD pathophysiology and identifying promising
strategies, this review aims to facilitate the development of novel pharmacotherapies for this increasingly prevalent condition.
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Introduction

Non-alcoholic fatty liver disease (NAFLD), presently
known as metabolic dysfunction-associated steatotic liver
disease (MASLD), accurately emphasizes steatotic liver
diseases associated with metabolic disorders.!'!! MASLD is
a generic term of clinicopathology that ranges from meta-
bolic dysfunction-associated steatotic liver (MASL) and
metabolic dysfunction-associated steatohepatitis (MASH)
to liver fibrosis, cirrhosis, and even hepatocellular carci-
noma. Currently, its high prevalence and mortality make
MASLD a heavy economic burden worldwide. In 2021,
the global prevalence of MASLD reached 1234.7 million
cases, with China accounting for 287.5 million of these
cases.l?l For its high prevalence, MASLD has become
the most rapidly growing cause of liver-related mortal-
ity worldwide and is emerging as an important cause
of end-stage liver disease,! primary liver cancer,*! and
liver transplantation. Furthermore, patients with MASLD
have increased risks of type 2 diabetes mellitus (T2DM),
cardiovascular disease (CVD),I%! chronic kidney disease
(CKD),!*) dementia,” and sleep apnea.®]
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Although it has been widely studied, the pathogenesis of
MASLD remains unclear. Recent findings have confirmed
the multiple-hit hypothesis of MASLD, which emphasizes
systemic changes related to the liver. The cross-talk between
liver cells, the gut-liver axis, and the adipose tissue of multi-
organs contributes to the pathogenesis of MASLD.P! In
addition, multiple factors, including endogenous cues (i.e.,
lipogenesis, lipotoxicity, and insulin resistance), genetic
factors, endoplasmic reticulum stress, and the activation
of other signaling pathways, are involved in the onset and
development of MASLD. As MASLD poses a worldwide
public health problem with complex pathogenesis, there is
an unmet need for MASLD treatment, including lifestyle
modulations and pharmacological strategies. Currently,
extensive clinical trials have emerged that focusing on
MASLD resolution. Many compounds are also being evaluated
in ongoing phase II and III clinical trials.

This review highlights the current understanding of
MASLD, mainly regarding its molecular pathogenesis,
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therapeutic targets, and translational trials. In contrast to
broader reviews focusmg on hepatic signaling pathways,
we provide an overview of crucial regulators of different
liver cells and the gut-liver axis in the pathogenesis of
MASLD and subsequent liver fibrosis. These cell-specific
targets will shed light on precision medicine for MASLD
treatment. Ongoing clinical trials are also highlighted
in this review. This review provides a comprehensive
perspective on MASLD and reveals its intricate nature.
MASLD-related liver cancer is not the focus of this review,
which has been described in other excellent reviews.1%!!]

Molecular Pathogenesis and Key Regulators

There are two predominant liver cell types: parenchymal
cells and non-parenchymal cells (NPCs). Parenchymal
hepatocytes (HCs) are the predominant components of
the liver, accounting for 60% of the total cell amount
and 80% of the total liver volume. NPCs constitute
35% of the total cell number and 17% of the total liver
volume."?l These NPCs mainly include Kupffer cells (KCs),
liver sinusoidal endothelial cells (LSECs), hepatic stellate
cells (HSCs), and other immune cells. In a healthy liver, the
crosstalk among these cells maintains sinusoidal homeo-
stasis. However, abnormal communications among these
cells are pivotal for liver injury and contribute to the patho-
genesis of MASLD and liver fibrosis, including HC injury,
inflammatory cell infiltration and dysregulation, LSEC
capillarization, HSC activation, and the dysfunctional
gut-liver axis.!!3! Here, we summarized the key molecular
mechanisms and regulators involved in these processes.

HC injury

Normal HCs are crucial for maintaining energy balance
because they contain abundant mitochondria. When
MASLD occurs, deviant lipid metabolism promotes HC
injury and leads to fat deposition and inflammation. These
HC injuries are accompanied by damage to mitochondrial
DNA and mitochondrial respiratory chain proteins via
AMP-activated protein kinase (AMPK) and peroxisome
proliferator-activated receptors (PPARs)!'¥ [Figure 1].

AMPK in lipid and glucose metabolism

As a highly versatile metabolic organ, the liver plays a
central role in regulating systemic metabolism. In HCs,
the AMPK signaling pathway maintains lipid metabolism
and glucose homeostasis and plays important roles in
MASLD and liver fibrosis. AMPK is a serine/threonine
kinase composed of catalytic (a1 and a2) and regulatory
(B1,B2,and y1,y2,y3) subunits. AMPK can be activated in
response to energy deficits (low ATP and reciprocally high
AMP and ADP) or an increase in intracellular Ca?*. Once
active, AMPK influences cell metabolism (lipids, choles-
terol, carbohydrates, and amino acids), mitochondrial
function, autophagy, and cell growth by regulating the
phosphorylation of numerous key metabolic proteins.[*’!

First, AMPK can inhibit fatty acid and cholesterol synthe-
sis by directly phosphorylating and inhibiting acetyl-CoA
carboxylase (ACC) and 3-hydroxy-3-methylglutaryl-CoA
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Figure 1: Roles of HCs in MASLD. In MASLD, AMPK is activated by increased levels of
intracellular Ca2* and decreased ATP/AMP and ADP levels. Activation of AMPK inhibits
HMGCR and ACC, resulting in lipotoxicity and impaired glucose homeostasis. AMPK also
antagonizes PKA activation, maintaining glucose homeostasis. ROS and RNS are produced
in a PPAR-ao. manner. ROS and RNS can cause mtDNA, nuclear DNA damage, and lipid
peroxidation. ACC: Acetyl-CoA carboxylase; ACOX1: Acyl-CoA oxidase 1; AMP: Adenosine
monophosphate; AMPK: AMP-activated protein kinase; ATP: Adenosine triphosphate; DNA:
Deoxyribonucleic acid; DNL: De novo lipogenesis; FGF21: Fibroblast growth factor 21; HCs:
Hepatocytes; HMGCR: 3-Hydroxy-3-Methylglutaryl-CoA reductase; LDs: Lipid droplets;
MASLD: Metabolic dysfunction-associated steatotic liver disease; mtDNA: Mitochondrial
DNA; PKA: cAMP-mediated protein kinase; PPAR-a.: Peroxisome proliferator-activated
receptor-o.; RNA: Reactive nitrogen species; ROS: Reactive oxygen species.

(HMG-CoA) reductase (HMGCR).['®'7] Cell and animal
experiments showed that AMPK reduced hepatic steato-
sis, HC injury, and hepatocellular carcinoma by inhibiting
ACC and HMGCR."$2% On the one hand, AMPK can
inhibit the conversion of acetyl-CoA to malonyl-CoA
by phosphorylating ACC1 at Ser 79 and ACC2 at Ser
212,"81 phosphorylated ACC1 and ACC2 also directly
inhibit liver de novo lipogenesis (DNL) and hepatocellu-
lar carcinomal?®! [Figure 1]. On the other hand, AMPK
phosphorylation and inhibition of HMGCR at Ser 871
can prevent cholesterol synthesis, thereby attenuating
hepatic steatosis!!”! [Figure 1].

Second, AMPK inhibited hepatic glucose production.
Genetically modified mice and more specific pharmaco-
logical studies also revealed that AMPK inhibited hepatic
glucose production via both AMPK-dependent and
AMPK-independent signaling pathways.[?!2%! Specifically,
in terms of the AMPK-dependent signaling pathway,
gluconeogenesis (GNG) leads to an elevated AMP/ATP
ratio. The elevated AMP/ATP ratio subsequently activates
AMPK and antagonizes glucagon-stimulated glucose
production and cAMP-mediated protein kinase (PKA)
activation, thereby maintaining glucose homeostasis
and preventing HC injury!?!l [Figure 1]. Liver kinase B1
(LKB1) is a primary upstream kinase of AMPK. LKB1
phosphorylates and activates AMPK, which in turn
phosphorylates the transcriptional coactivator cAMP
regulatory element-binding protein (CREB)-regulated
transcription coactivator 2 (TORC2), resulting in its inac-
tivation. The LKB1-AMPK-TORC2 pathway ultimately
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leads to a reduction in GNG, thereby decreasing the pro-
duction of glucose in the liver.”?! While extensive research
has been conducted on the role of AMPK in skeletal
muscle glucose metabolism, studies focusing on its effects
on hepatic glucose metabolism are relatively limited and
often contentious.

PPARs in lipid metabolism and reactive oxygen spe-
cies (ROS) production

PPARSs are nuclear transcription factors of the steroid hor-
mone receptor superfamily that have pleiotropic actions,
and are engaged in the transcriptional regulation of glucose
homeostasis, lipid metabolism, energy homeostasis, and
inflammation.”*?*! The primary function of PPARs in the
liver is to regulate fatty acid oxidative metabolism and
energy expenditure, thereby affecting the formation of
MASLD and liver fibrosis.!**?” PPARs are ligand-activated
transcription factors of the nuclear receptor superfamily
with PPAR-a,, PPAR-y, and PPAR-5 isoforms.*!! Among
these proteins, PPAR-a. is ubiquitously expressed but pre-
dominantly expressed in the liver. PPAR-a. controls lipid
and body energy homeostasis in the liver by regulating
three fatty acid oxidative metabolic pathways, namely,
peroxisome B-oxidation, mitochondrial B-oxidation, and
microsomal ®-oxidation.!?®! Lipolysis in adipocytes is
associated with the development of MASLD when HCs
lack PPAR-0..!*! Similarly, palmitoleic acid can improve
metabolic function in fatty liver in a PPAR-a-dependent
manner. Palmitoleic acid stimulates glucose uptake and
impairs hepatic lipogenesis by activating AMPK and fibro-
blast growth factor 21 (FGF21)B3% [Figure 1]. In addition
to PPAR-a being mainly expressed in the liver, PPAR-y and
PPAR-$S are also differentially expressed in tissues. PPAR-y
is highly expressed in adipose tissue and regulates adipocyte
differentiation and energy storage, and PPAR-S is expressed
predominantly in skeletal muscles, where it enhances fatty
acid oxidative metabolism and energy uncoupling processes
in skeletal muscle and adipose tissue and is involved in
the hepatic stress response to starvation.l*®! As PPAR-a is
mainly expressed in the liver, it is presumable that PPAR-o is
a crucial regulator of energy homeostasis and inflammation
during MASLD and liver fibrosis.

ROS, which include free radicals and hydrogen peroxide,
are byproducts of normal cellular metabolism.!*¢! PPARs
mediate fatty acid oxidation via acyl-CoA oxidase
(ACOX), which is one source of ROS. The PPAR-a ago-
nist WY 14643 can induce oxidative stress via ACOX.3!
The oxidative metabolism of ACOXT1 generates a large
amount of ROS and reactive nitrogen species (RNS). Both
ROS and RNS have strong oxidative attack properties
and can directly attack DNA, organelles, and signaling
proteins!*®!  [Figure 1]. Furthermore, the cytochrome
P450A family is another source of ROS in the liver after
PPAR-a activation. Increases in catalase and glutathione
peroxidase lead to sustained oxygen stress in the liver,
thereby leading to oxidative DNA damage in HCs.!*¢! The
ROS and RNS induced by PPAR-a can eventually lead to
HC damage and abnormal liver function.?®!

In summary, HCs play predominant roles in glucose
and lipid metabolism via the aforementioned signaling
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pathways. Physiologically, HCs are protected by NPCs
to ensure their normal metabolism function. However,
various factors lead to abnormal communication in
NPCs, exposing HCs to damaging factors and, eventually,
HC injuries. Therefore, in addition to protecting HCs,
maintaining normal communication among NPCs is also
crucial for MASLD progression.

Inflammatory cell infiltration and dysregulation

Inflammation is believed to be the driving force behind
the progression of MASL to MASH. The infiltration of
various inflammatory cells and inflammatory mediators
plays crucial roles in MASLD pathogenesis [Figure 2].
Remarkably, enhanced infiltration of hepatic mac-
rophages, neutrophils, and lymphocytes (T cells, B cells)
and inflammasome activation in immune cells have been
widely recognized as the main histological features of
MASH patients.[333 There are complicated interactions
between metabolic and immune responses in the patho-
genesis and progression of MASH. Briefly, the chemokine
C-C motif ligand 2 (CCL2) and C-C motif chemokine
receptor 2 (CCR2) axis drive macrophage infiltration,
the C-X-C motif chemokine ligand 1 (CXCL1) axis drive
neutrophil infiltration, T cells and B cells dysregulation,
and inflammasomes in immune cells are supposed to be
the key regulators of the progression of MASLD and liver
fibrosis.

CCL2-CCR2 axis for macrophage infiltration

Macrophage infiltration is one of the important features
of MASLD progression.!* Thus, deciphering the different
types of macrophage infiltration and their mechanisms
is an important target for intervention in MASLD. The
mechanism by which the CCL2-CCR2 axis drives mac-
rophage infiltration is being progressively deciphered.!®’)
Previously, CCL2 was shown to be secreted by HSCs,
KCs, and macrophages.*¢*”! In liver fibrosis, CCL2 was
mainly expressed in LSECs.!®¥! CCR2, a paired receptor
for CCL2, has been shown to be expressed in hepatic
macrophages.®” Upon HC or cholangiocyte injury,
danger-associated molecular pattern molecules (DAMPs),
such as free RNA, mitochondrial DNA, or high mobility
group box 1 (HMGBI1) protein, activate KCs, which
secrete inflammatory cytokines, such as tumor necrosis
factor a (TNF-a) and interleukin-13 (IL-1B) and release
chemokines (CCL2). CCL2 and other chemokines pro-
mote the recruitment of CCR2* Ly-6C" monocytes into
the injured liver, where they develop into inflammatory,
angiogenic, and fibrotic Ly-6C* macrophages that regu-
late liver injury and fibrosis!*”! [Figure 2.

Targeted therapeutic options for the CCL2-CCR2 axis
in MASLD are currently available.®* A recent study
showed that Tianhuang Formula ameliorates liver injury,
inflammation, and fibrosis by downregulating the expres-
sion of the macrophage marker CD68 and inhibiting the
CCL2-CCR2 axis and its downstream Mitogen-activated
protein kinase (MAPK)/NF-«kB signaling pathway.3¢
Moreover, CCR2 inhibition by Ccr2 knockout or cenic-
riviroc (CVC) has also been shown to reduce hepatic
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Figure 2: Roles of inflammatory cells and inflammasomes in MASLD. DAMPs activate KCs, leading to the release of TNF-a., IL-13, and CCL2. CCL2 binding to CCR2 promotes the recruit-
ment of CCR2* Ly-6C" monocytes, which subsequently develop into Ly-6C* macrophages. CXCL1 attracts neutrophils to inflammatory sites. Inflammasomes, such as NLRP3, promote
the production of pro-inflammatory cytokines driving neutrophil and macrophage infiltration. The NLRP3 inhibitor MCC950 can suppress hepatic IL-13 and decrease hepatic neutrophil
and macrophage infiltration. Dysregulated lymphocytes (T cells, B cells) secrete various pro-inflammatory cytokines, contributing to MASLD/MASH. CCL2: Chemokine C-C motif ligand 2;
CCR2: C-C motif chemokine receptor 2; CXCL1: C-X-C motif chemokine ligand 1; DAMPs: Danger-associated molecular pattern molecules; IFN -y: Interferon-y; IL-1p: Interleukin 1p3; KCs:
Kupffer cells; LSECs: Liver sinusoidal endothelial cells; MASH: Metabolic dysfunction-associated steatohepatitis; MASLD: Metabolic dysfunction-associated steatotic liver disease; NLRP3:
NOD-like receptor protein 3; Th1: T helper 1; TLR4: Toll-like receptor 4; TNF-a.: Tumor necrosis factor o; TSPO: Translocator protein.

fibrosis by affecting immune cell landscapes, such as
macrophages.*!! Small interfering RNA targeting CCR2
carried by a tetrahedral framework (tFNA-siCcr2) deliv-

ery system can attenuate liver fibrosis.[*?!

CXCL1 axis for neutrophil infiltration

Neutrophils are also emerging players in the develop-
ment and progression of MASLD. Liver biopsy revealed
excessive hepatic neutrophil infiltration, a prominent
histological hallmark of MASLD.*3I Therefore, under-
standing the mechanisms of neutrophil infiltration is
crucial for MASLD intervention. Available evidence has
shown that CXCL1 is a key chemokine for neutrophil
infiltration and is a hallmark of MASH.!*¥ Specifically,
CXCL1 is a potent chemokine that attracts neutrophils
to sites of inflammation or infection and is regulated
by the NF-xB signaling pathway!*! [Figure 2]. Further-
more, CXCL1 overexpression in the liver promotes the
progression of steatosis in high-fat diet (HFD) fed mice
by inducing neutrophil-derived oxidative stress and stress
kinases.**I A recent study revealed that the mitochondrial

translocator protein (TSPO) ligand Atriol regulates
neutrophil infiltration and attenuates MASH by down-
regulating the proinflammatory chemokine CXCL1[4’]
[Figure 2].

T cells dysregulation

T cells broadly contain CD4* helper T (Th) cells and CD8*
cytotoxic T cells. T helper 1 (Th1), Th2, Th17, Th22,
and regulatory T (Treg) cells are functionally different
subpopulations of CD4* T cells.!*®! More concretely, Th1
and Th17 cells exhibit a pro-inflammatory effect, while
Treg cells may exert a suppressive effect on the inflam-
matory process.[**’l A high fat and high calorie (HFHC)
diet was fed in immunodeficient mice engrafted with
human immune cells (HIL mice), which developed to liver
inflammation, steatosis, and fibrosis with increased num-
bers of human CD4* central and effector memory T cells
within the liver and in the peripheral blood. Furthermore,
in vivo exploration showed that depletion of human CD4*
T cells abrogated pro-inflammatory cytokines production
and fibrosis.[*¥! The progression from MASL to MASH
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is characterized by an elevated rate of IL-17* cells in the
liver, and an increase in the ratio of Th17/resting Treg and
Th2/resting Treg in peripheral blood.*’!

Cytotoxic CD8* T cells were found to be related to MASH.
Hepatic lobular inflammation and ballooning were
associated with the accumulation of CD8* T cells in the
liver.’% Depletion of CD8* T cells in HFHC diet-induced
mice resulted in reduced MASH progression, mainly
showing lower hepatic triglyceride (TG) content, lower
alanine aminotransferase (ALT) levels, as well as reduced
liver fibrosis, and improved MASLD activity scores.!*!l

B cells dysregulation

Similar to T cells, the functional diversity of B cells also
significantly contributes to the inflammation and progres-
sion in MASH. B cells contribute to producing antibodies,
antigen presentation, and cytokine secretion. Liver biopsies
immunostaining of MASLD patients showed that B-cell
accumulations were evident within cell aggregates rich in
T-lymphocytes.[?! Pro-inflammatory B cells are characterized
by increased secretion of IL-6 and TNF-a accumulated in
the MASH liver. However, B-cell deficiency ameliorated
inflammation and fibrogenesis during MASH.[>%!

Inflammasomes in immune cells

Despite contributing to hepatocellular injury, the inflam-
masome is also crucial for inflammatory cell infiltration.
Inflammasomes promote the production of proinflam-
matory cytokines such as IL-1B and IL-18, which drive
neutrophil and macrophage infiltration/>* 551 [Figure 2].
The specific NOD-like receptor protein 3 (NLRP3) inhib-
itor MCC950 can suppress hepatic caspase-1 and IL-1B
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and decrease hepatic neutrophil and macrophage infiltra-
tion. Eventually, MCC950 alleviated liver inflammation
and fibrosis in MASH mice. The pro-infiltration effect of
the inflammasome was also observed in cultured cells. In
vitro, cholesterol crystals activated KCs and macrophages
to release IL-1B, while MCC950 reversed this effect and
promoted neutrophil migration.l! Thus, the inflammasome
activation, both in HCs and immune cells is a key regula-
tor of the progression of MASLD and liver fibrosis.

In summary, immune cells are the primary sources of
inflammatory molecules for MASLD progression. Cur-
rent research on MASLD focuses more on macrophages
and neutrophils, with relatively less attention paid to T
and B cells. Recent single-cell RNA-sequencing and spa-
tial genomics data have revealed that these immune cells
can often be categorized into subgroups that regulate the
progression of MASLD and fibrosis. Therefore, characteriz-
ing these specific subgroups and clarifying their crucial
functional molecules may provide new insights for the
prevention and treatment of MASLD.

LSEC capillarization

LSECs are specialized endothelial cells with transcel-
lular fenestrae that lack a basement membrane. LSECs
localize at the interface between the circulation and the
liver parenchyma, determining their predominant role
in communicating with other liver cells, exchanging
substances, and transporting macromolecules.’”! LSECs
play pivotal roles in maintaining intrahepatic sinusoidal
homeostasis by regulating vascular tone, inflammation,
and thrombosis.’”) During MASLD progression, LSECs
lose fenestrae and develop a basement membrane,
namely, capillarization [Figure 3]. Capillarized LSECs
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Figure 3: Roles of LSECs in MASLD. Normal LSECs are characterized by the absence of a basement membrane and the presence of open fenestrae, while capillarized LSECs lose
fenestrae and develop a basement membrane. During capillarization, eNOS activity is diminished with low production of NO. The Notch-eNOS signaling pathway in LSECs contributes to
liver fibrosis. POFUT1 downregulation aggravates liver fibrosis via the Notch/HES1/STAT3 signaling axis. Excessive oxLDL promotes LSEC capillarization via NF-«B activation, endothelial
injury, and defenestration. Proinflammatory LSECs overexpress adhesion molecules, chemokines, and cytokines and accelerate inflammation. CCL2: Chemokine C-C motif ligand 2; eNOS:
Endothelial NO synthase; HES1: Hairy and enhancer of split 1; HSCs: Hepatic stellate cells; ICAM-1: Intercellular adhesion molecule-1; IL-6: Interleukin 6; L-NAME: N-nitro-L-arginine
methyl ester; LOX1: Lectin-like oxLDL receptor 1; LSECs: Liver sinusoidal endothelial cells; MASLD: Metabolic dysfunction-associated steatotic liver disease; NF-«B: Nuclear factor Kappa-
light-chain-enhancer of activated B cells; NO: Nitric oxide; Notch: Neurogenic locus notch homolog protein; oxLDL: Oxidized low-density lipoprotein; POFUT1: Protein O-fucosyltransferase
1; STAT3: Signal transducer and activator of transcription 3; TNF-ou: Tumor necrosis factor o; VAP-1: Vascular adhesion protein-1; VCAM-1: Vascular cell adhesion molecule-1.
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lead to dysfunctional sinusoidal homeostasis and pro-
mote steatosis, inflammation, and fibrosis. Thus, the
roles of capillarized LSECs and proinflammatory LSECs
in the pathogenesis of MASLD and liver fibrosis are
summarized in this section.

Capillarized LSECs

LSEC capillarization appears very early in MASLD,
estimated one week after a choline-deficient, L-amino
acid-defined (CDAA) diet in micel®®! and three weeks
after a HFD in rats.’”! Nitric oxide (NO) is pivotal for
the maintenance of LSEC phenotypes.[°! The fenestrated
LSEC phenotype can be maintained via both NO-dependent
and NO-independent pathways.[®!! Endothelial NO syn-
thase (eNOS) is the major enzyme that synthesizes NO
in endothelial cells. During capillarization, the eNOS
protein is unchanged, but eNOS activity is diminished
with low production of NO owing to increased binding
to caveolin, causing eNOS dysfunction and subsequent
impairment of the NO-dependent pathway!®!! [Figure 3].
Capillarization was observed in a methionine-choline-de-
ficient (MCD) diet-induced MASH mouse model. In this
model, endothelial-specific Notch signaling pathway
activation can inhibit eNOS transcription.l®?! Both the
pharmacological eNOS activator YC-1 and the Notch
inhibitor LY3039478 can restore LSEC homeostasis
and alleviate hepatic steatosis and lipid accumulation!?!
[Figure 3]. Additionally, LSECs are regarded as scaven-
gers that internalize oxidized low-density lipoprotein
(oxLDL) via lectin-like oxLDL receptor 1 (LOXT1), which
leads to NF-xB activation, endothelial injury, and defenes-
tration!®¥ [Figure 3]. Therefore, LSEC capillarization
appears very early in MASLD and contributes to MASLD
via the Notch-eNOS-NO and NF-kB signaling pathways.

Besides, capillarized LSECs can also promote liver fibro-
sis by activating neighboring HSCs and promoting their
differentiation into a profibrotic phenotype. As previously
mentioned, eNOS dysfunction promotes LSEC capillariza-
tion in the initial stages of MASLD. LSEC capillarization
contributes to liver fibrosis, partly because capillarized
LSECs lose the ability to maintain HSC quiescence. Inhibit-
ing eNOS by N-nitro-L-arginine methyl ester (L-NAME)
in LSECs abolished the LSEC-mediated suppression of
HSC activation.!®! The Notch-eNOS signaling pathway
in LSECs also contributes to liver fibrosis [Figure 3].
Endothelial Notch activation aggravated hepatic steatosis,
inflammation, and liver fibrosis. In contrast, inhibition of
Notch signaling by endothelial-specific recombination
signal-binding protein for immunoglobulin kappa J region
(RBP-]) knockout in MCD diet-induced MASH mice
attenuated basement membrane deposition and induced
the formation of more fenestrae, eventually reducing lipid
deposition, inflammation, and fibrosis.[?! The protein
O-fucosyltransferase 1 (POFUT1) is an essential regula-
tor of the Notch signaling pathway. POFUT1 aggravates
injury-induced liver fibrosis by inducing fibrinogen
express1on in LSECs via the Notch/HES1/STAT3 signal-
ing axis!®®! [Figure 3]. Currently, Notch-eNOS-mediated
LSEC capillarization is a key mediator of MASLD and
liver fibrosis.
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Proinflammatory LSECs

During MASLD, LSECs can also exhibit a proinflamma-
tory phenotype, which triggers an inflammatory response
and the formation of inflammatory foci.l*¢-%%! Proinflam-
matory LSECs are characterized by the overexpression of
adhesion molecules on their surface, including intercellu-
lar adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1), and vascular adhesion protein-1
(VAP-1) [Figure 3]. VCAM-1 was the most upregulated
adhesion molecule in mouse and human MASH livers.
In comparison, VCAM-1 endothelial cell-specific dele-
tion reduces hepatic injury, inflammation, and fibrosis
in murine MASH mice. Mechanistically, VCAM-1 in
LSECs was reduced by the mitogen-activated protein 3
kinase (MAP3K) mixed lineage kinase 3 (MLK3) inhibi-
tor URMC-099 in vitro and in MLK3-deficient MASH
mice!®! [Figure 3]. Moreover, increased production of
proinflammatory molecules such as TNF-a, IL-6, IL-1,
and CCL2 has also been confirmed in activated LSECs
of MASH mice.[*”! Both CCL2 and its receptor CCR2 are
pivotal for inducing the expression of adhesion molecules
and recruiting macrophages to inflammatory areas, ulti-
mately accelerating the progression of isolated steatosis to
steatohepatitis!”! [Figure 3]. Collectively, both capillarized
and proinflammatory LSECs can promote MASLD and
liver fibrosis via crucial signaling pathways, including
the Notch-eNOS, MLK3-VCAM-1, and CCL2-CCR2
[Figure 3].

In summary, LSECs serve as the first gatekeeper against
toxic and inflammatory molecules in the liver. Protecting
the normal function of LSECs can potentially reduce
the activation of pro-inflammatory and pro-fibrotic
angiocrine signaling pathways, thereby decreasing
inflammatory cell infiltration, HSC activation, and HC
damage. Consequently, targeting dysfunctlonal LSECs
and LSEC-mediates angiocrine signaling may be a new
direction for developing therapeutic targets in MASLD
and fibrosis in the future.

HSC activation

HSCs play a prominent role in hepatic fibrogenesis via
various signaling pathways in MASLD [Figure 4]. Quies-
cent HSCs can be activated and transdifferentiated into
myofibroblasts in response to certain profibrotic stimuli.l”!!
During MASH, activated HSCs are the primary source of
the hepatic extracellular matrix (ECM), which is predominantly
composed of type I and III collagen. In addition, HSCs also
secrete proinflammatory cytokines and chemokines that
recruit immune cells to sites of inflammation.[”?! Trans-
forming growth factor B (TGF-B), platelet-derived growth
factor (PDGF), and vascular endothelial growth factor
(VEGF) are the key regulators of HSCs.

TGF-B

TGF-B is a crucial cytokine released by several liver cells
that initiates the activation of HSCs and drives the process
of liver fibrosis. The transcription factor small mothers
against decapentaplegic proteins (SMADs) are essential
intracellular effectors of the TGF-p signaling pathway!”?!
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Figure 4: Roles of HSCs in MASLD. In HSCs, TGF-p acts through the SMAD pathway to
promote HSC activation. PDGF induces ERK-MAPK and PI3K-Akt/PKB signaling, which
promotes HSC proliferation.PDGF also induces HSC activation through the SHP2—REDD1-
mTOR pathway via EV release. VEGF induces the proliferation of HSCs via VEGFR2. AKT/
PKB: Protein kinase B; ECM: Extracellular matrix; ERK: Extracellular signal-regulated protein
kinase; EV: Extracellular vesicles; HSCs: Hepatic stellate cells; MAPK: Mitogen-activated
protein kinase; MASLD: Metabolic dysfunction-associated steatotic liver disease; mTOR:
Mechanistic target of rapamycin; PDGF: Platelet-derived growth factor; PI3K: Phosphatidy-
linositol 3-kinase; REDD1: Regulated in development and DNA damage response 1; SHP2:
Src homology 2-containing protein tyrosine phosphatase 2; SMAD: Small mothers against
decapentaplegic protein; TGF-B: Transforming growth factor 8; VEGF: Vascular endothelial
growth factor; VEGFR2: Vascular endothelial growth factor receptor 2.

[Figure 4]. In the TGF-B/SMAD signaling pathway, TGF-
B1 activates the TGF-B receptor type 1 kinase, which
results in the phosphorylation of SMAD2 and SMAD3,
ultimately leading to the transcription of target genes,
including Collal and Pai1.”%73) TGF-B1 may play a role
in the development of MASH-related advanced fibrosis.
The TGF-B1/pSMAD2/SP3-M1 pathway leads to oxida-
tive DNA damage in activated HSCs from patients with
MASH.”¢l Additionally, crosstalk between PPAR-y and
the TGF-B1-SMAD signaling pathway increases HSC
activation, inflammation, and liver fibrosis in MCD diet-
fed mice.””! TGF-B and several signaling pathways may
synergistically promote MASLD and liver fibrosis.

PDGF

PDGEF is a critical mitogen that drives HSC proliferation
and migration.[”®! PDGF is a dimeric glycoprotein that
includes PDGF-A, PDGF-B, PDGF-C, and PDGF-D and
can activate HSCs by binding to their PDGFR-a and
PDGFR-B receptors. Liver phosphoenolpyruvate carbox-
ykinase 1 (PCK1) deficiency triggers PDGF-A secretion
to exacerbate MASLD progression via the RhoA/PI3K/
AKT signaling pathway.!”! In obese patients with T2DM,
hypomethylation of the CpG site at the PDGFA gene sub-
sequently leads to PDGF-A overexpression. Eventually, it
contributes to hepatic insulin resistance and MASLD. 8"
Additionally, the binding of PDGF-B and PDGF-D to
PDGFR-B can promote HSC proliferation via phospho-
rylation of extracellular signal-regulated protein kinase/
MAPK (ERK/MAPK) and protein kinase B (PKB) within
the phosphoinositide-3-kinase (PI3K) signaling path-
way!®!l [Figure 4]. Moreover, PDGF can also promote
HSC activation and liver fibrosis through Src homology
2-containing protein tyrosine phosphatase 2-regulated in
development and DNA damage response 1-mechanistic
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target of rapamycin (SHP2-REDD1-mTOR) pathway-de-
pendent extracellular vesicle (EV) release!®?! [Figure 4].

VEGF

VEGF is mainly released from LSECs and HSCs in the
liver. VEGF can bind to its receptor (VEGFR) to exert
dual effects on both the progression and regression of
liver fibrosis.[”®! In liver fibrosis progression, VEGF pro-
motes fibrosis through multiple mechanisms, including
the promotion of inflammation and direct effects on
HSCs.[®3 Additionally, VEGF induces both angiogenesis
and the proliferation of HSCs in the injured hepatic
parenchyma.l”® VEGFR2 blockage attenuates steato-
sis and inflammation in a diet-induced mouse MASH
model.34! In addition, inhibition of VEGF-B signaling
prevents MASLD development by targeting lipolysis in
white adipose tissue.!®*! Conversely, VEGF can also lead
to regression of liver fibrosis. VEGF derived from myeloid
cells has been demonstrated to be a critical regulator of
ECM degradation. However, myeloid cell VEGF dele-
tion or VEGFR2 inhibition attenuates liver fibrosis.®®!
VEGF can also increase liver sinusoidal permeability,
which results in monocyte migration and scar-associated
macrophage (SAM) accumulation to promote fibrosis
resolution via the antifibrotic chemokine CXCL9 and
metalloproteinase 13 (MMP13).187]

Generally, TGF-B, PDGF, and VEGF are critical regulators
of HSC activation and liver fibrosis. Other key mole-
cules and pathways involved in HSC activation include
connective tissue growth factor (CTGF), the hedgehog
(Hh) pathway, and the Notch pathway.l'>7?] These key
molecules that activate HSCs, such as TGF-B, PDGF, and
VEGTF, are primarily produced by LSECs and inflamma-
tory cells like macrophages. Thus, it is presumable that
HSC activation is a secondary event following LSEC-me-
diates angiocrine signaling and immune cell infiltration.
Therefore, when preventing HSC activation, we should
focus more on LSECs and inflammatory cells to keep
hepatic sinusoidal homeostasis.

Dysfunctional gut-liver axis

The liver is the largest parenchymal organ of the human
body and is composed of parenchymal HCs and NPCs
that regulate substance metabolism. Another essential
hub for maintaining systemic homeostasis is the crosstalk
between the liver and gut, which is anatomically and
physiologically linked and termed the “gut-liver axis.”
The gut-liver axis reflects collective interactions across
the liver, gastrointestinal tract, and gut microbial commu-
nities.%8 The gut-liver axis, which is connected by portal
circulation, the bile tract, and systemic circulation, is
1ncreasmgly recognized as an important pathway for host
metabolic function and the initiation and progression
of liver diseases.[®>"°l Several mechanisms may explain
how alterations in the gut-liver axis modulate MASLD,
including metabolites and altered bile acid (BA) profiles
produced by the gut microbiome, as well as a damaged
gut barrier and increased intestinal permeablhty resulting
in endotoxemia and inflammation.”!l The mechanisms



Chinese Medical Journal 2025;XX(XX)

underlying MASLD and its progression are multifactorial
and mainly involve cellular interactions in the liver and
an imbalanced gut-liver axis involving various signaling
pathways, which includes the gut microbiome, BAs,
lipopolysaccharide (LPS)/pathogen-associated molecular
pattern (PAMP)-Toll-like receptor 4 (TLR4), and FGF19-
FGF receptor 4 (FGFR4) pathways [Figure S].

The gut microbiome

The gut-liver axis is pivotal for mediating the gut micro-
biota during the progression of MASLD. Under normal
conditions, the gut microbiota plays critical physiologi-
cal roles in host digestion, immunity, and metabolism.
Gut microbiota dysbiosis, which refers to disrupted gut
microbiota, contributes to MASLD pathogenesis. Clini-
cal investigations have compared the gut microbiome of
patients suffering from MASLD caused by depletion of
anti-inflammatory bacteria (including Ruminococcaceae
and Coprococcus) and enrichment of pro-inflammatory
bacteria (including Fusobacterium and Escherichia) with
that of healthy controls.”?! Another study recruiting 25
MASLD patients and 22 healthy individuals verified
that Proteobacteria and Fusobacteria phyla were more
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abundant in MASLD patients and had a lower abundance
of Prevotella than in healthy controls.””® Consistently, gut
dysbiosis contributes to the pathogenesis of MASLD and
liver fibrosis. Additionally, fecal microbiota transplanta-
tion (FMT) from MASH patients and healthy controls to
germ-free mice fed a standard diet or high fat diet (HFD)
showed that the gut microbiota from MASH patients
exacerbates hepatic steatosis and inflammation.*¥

The gut microbiota can produce various metabolites
involved in MASLD pathogenesis, including short-chain
fatty acids (SCFAs), lipopolysaccharide (LPS), bile acids
(BAs), choline, trimethylamine-N-oxide, and ammo-
nia.”! In a recent study, the gut microbiome Bacteroides
xylanisolvens attenuated smoking-related MASH by
degrading gut nicotine.”®! Consistently, in liver tissue
biopsies of MASLD patients, several microbial-derived
BAs, including 3-succinylated cholic acid (3-sucCA), are
negatively associated with liver damage.l””! Gut dysbiosis
results in a more permeable bowel, and this increased gut
permeability plays a predominant role in the metabolism
and transportation of the abovementioned substances.
Moreover, increased gut permeability is due to the loss of
intestinal barrier integrity and impaired intercellular tight

Gut lumen Eubiosis Gut microbiota dysbiosis/SIBO
| ' ‘ |
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"~ permegbility
CYP7A1 TLR4
CDCA CA/: OFGF19
FXR BAé Ribosomal S6 kinase
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Figure 5: Roles of the gut-liver axis in MASLD. Dysbiosis of the gut microbiota renders the bowel more permeable, allowing the transport of LPS, BAs, and SCFAs. BAs are synthesized
from cholesterol in the liver and metabolized in the intestine by the gut microbiome. FXR activation modulates bile synthesis and subsequently promotes glycogen but inhibits GNG. TGRS
activation induces intestinal GLP-1 release and maintains glucose homeostasis and insulin sensitivity. LPS is recognized by TLR4 and is associated with insulin resistance. TGR5 induces
intestinal GLP-1 release. FGF19 binding to FGFR4 not only with a cofactor (B-Klotho) inhibits CREB phosphorylation and GNG but also propagates the Ras/ERK/p90 ribosomal S6 kinase
signaling pathway and stimulates glycogen synthesis. ASBT: Apical sodium-dependent bile acid transporter; BAs: Bile acids; BSEP: Bile salt export pump; CA: Cholic acid; cAMP: Cyclic
adenosine monophosphate; CDCA: Chenodeoxycholic acid; CREB: cAMP regulatory element-binding protein; CYP7A1: Cytochrome P450 7A1; FGF19: Fibroblast growth factor 19; FGFR4:
Fibroblast growth factor receptor 4; FXR: Farnesoid X receptor; GLP-1: Glucagon-like peptide-1; GNG: Gluconeogenesis; LPS: Lipopolysaccharide; LSECs: Liver sinusoidal endothelial cells;
MASLD: Metabolic dysfunction-associated steatotic liver disease; SCFAs: Short-chain fatty acids; SIBO: Small intestinal bacterial overgrowth; TGR5: Takeda G protein-coupled receptor

5; TLR4: Toll-like receptor 4.
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junctions in the intestine.”>”8! Generally, gut microbiota
dysbiosis can promote MASLD by leading to a leaky gut,
which allows the delivery of various metabolites and
inflammatory factors produced by the gut microbiota into
the liver.

Bile acids

BAs are synthesized from cholesterol in the liver and
metabolized in the intestine by the gut microbiome.
BAs are categorized into primary BAs, which include
chenodeoxycholic acid (CDCA) and cholic acid (CA),
and secondary BAs, which include deoxycholic and litho-
cholic acids”! [Figure 5]. The gut microbiome converts
primary BAs into more hydrophobic secondary BAs via
deconjugation and dihydroxylation.

Alterations in the amount and composition of BAs were
associated with MASLD. In patients with MASLD, plasma
levels of total BAs are increased and are related to histo-
pathological and genetic determinants of hepatic steatosis
progression.!'®! Meanwhile, changes in BA transporter
expression in the liver and ileum also contribute to
MASLD. Both the ATP-binding cassette (ABC) and solute
carrier (SLC) families of BA transporters are involved
in maintaining the efficient enterohepatic circulation of
BAs.[191 The bile salt export pump (BSEP) encoded by the
Abcb11 gene is a major canalicular bile salt transporter
that plays an important role in regulating enterohepatic cir-
culation and hepatobiliary lipid metabolism [Figure 5].1%%!
Several studies have verified that hepatic overexpression
of BSEP prevents hepatic lipid accumulation in mice and
that decreased BSEP expression is associated with the
severity of MASLD.[?1-10Z]

In addition to preserving the balance of enterohepatic
circulation via transporters, BAs have also been found
to regulate hepatic lipid and glucose metabolism through
different receptors.l'%3! In particular, secondary BAs exert
broad metabolic effects via farnesoid X receptor (FXR)
and Takeda G protein-coupled receptor 5 (TGRS) signa-
ling pathways [Figure 5]. FXR is a BA-activated nuclear
receptor highly expressed in the liver and intestine, its
activation regulates hepatic bile synthesis, epithelial
barrier function, and systemic GNG. In the liver, FXR
is protective and helps alleviate steatosis, inflamma-
tion, and fibrosis.'® Consistently, the FXR agonist
WAY-362450 markedly reduced hepatic triglyceride
accumulation, improved intestinal barrier function, and
decreased portal endotoxin levels and circulating TNF-a
concentrations in a high-fructose diet mouse MASH
model.1%! Controversially, FXR-null mice exhibit severe
fatty liver with elevated circulating fatty acids (FFAs)
due to elevated serum glucose and impaired glucose and
insulin tolerance.['%! Furthermore, FXR activation has
been shown to alleviate liver fibrosis. An in vivo study
showed that the FXR agonist obeticholic acid prevents
hepatic fibrosis progression, reverses fibrosis, decreases
intrahepatic vascular resistance, and improves portal
hypertension.'” TGRS is a G protein-coupled BA recep-
tor expressed in brown adipose tissue and muscle. TGRS
increases energy expenditure and attenuates diet-induced
obesity. The activation of TGRS induces intestinal
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glucagon-like peptide-1 (GLP-1) release, thereby prevent-
ing weight gain and hepatic steatosis. TGRS also protects
liver and pancreatic function and maintains glucose home-
ostasis and insulin sensitivity [Figure 5].['%! Additionally,
BAs can promote GLP-1 secretion via TGRS in a murine
enteroendocrine cell line (STC-1) in a dose-dependent
manner.['%! Collectively, BAs may contribute to MASLD
and liver fibrosis via BA transporters and receptors.

LPS/PAMPs-TLR4

A damaged intestinal barrier is an important prerequisite
for transferring highly conserved microbial molecules
called pathogen-associated molecular patterns (PAMPs)
to the liver. PAMPs are recognized by innate immune
receptors, such as Toll-like receptors (TLRs) and NOD-
like receptors (NLRPs), in the host and subsequently
trigger innate immune responses.''”) Endotoxin is a
prototypic PAMP, and LPS is the active component of
endotoxin derived from the overgrowth of Gram-negative
bacteria.®”) TLR4 can recognize LPS, and the LPS-
TLR4 signaling pathway is involved in the inflammation
of MASLD. Compared with those in healthy volunteers,
the serum levels of TNF-a, endotoxin, and insulin were
significantly increased in MASLD patients. In addition,
MASLD patients with small intestinal bacterial over-
growth (SIBO) presented significantly increased endotoxin
levels, CD14 transcript expression, and TLR4-NF-xB
signaling pathway activation.[''!l Activation of the LPS—
TLR-4 signaling pathway is associated with insulin resistance
and MASH [Figure 5].112)

FGF19-FGFR4

FGFs consist of 22 evolutionarily expressed signaling pro-
teins that regulate diverse biological processes, including
cell growth and differentiation, embryonic development,
angiogenesis, and wound repair.[113] Importantly, FGF19
is a gut hormone. FGF19 inhibits BA synthesis from
cholesterol via cytochrome P4507A1 and insulin-induced
hepatic lipogenesis.!''*! Lower FGF19 levels may precede
MASLD development. FGF19 plays a pivotal role in
MASLD by regulating hepatic BA, lipid, and glucose
metabolism.['!3] Patients with MASLD exhibit lower cir-
culating FGF19 levels than those without MASLD.!!16-118]
Functionally, FGF19 performs its physiological functions
by binding to FGFR4 and requires B-Klotho as a cofac-
tor [Figure 5]. Lower FGF19 levels and elevated hepatic
B-Klotho and FGFR4 expression were confirmed in
humans with MASH.!'""! Additionally, FGF19 has been
identified as an important regulator of GNG, which
may be the underlying mechanism of glycometabolism
in MASLD. In this process, FGF19 binding to FGFR4
in the liver propagates the Ras/ERK/p90 ribosomal S6
kinase signaling pathway and stimulates protein and gly-
cogen synthesis!!?%! [Figure 5]. Meanwhile, the binding of
FGF19 to FGFR4 markedly reduces the phosphorylation
of CREB, which regulates CREB dephosphorylation and
ultimately leads to the inhibition of GNG in the liver!'?"!
[Figure 5]. Thus, activating the FGF19-FGFR4 signaling
pathway may be a therapeutic approach for treating
MASH.
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In summary, communications among liver cells and the
gut-liver axis have exhibited predominant effects on the
initiation and progression of MASLD/MASH [Figure 6].
However, the important issue that troubles clinical doc-
tors is that accurate molecular and clinical subtypes of
MASLD are still unclear. The progression of MASLD
to MASH and fibrosis is difficult to detect in a timely
manner, and patients who are at high risk are also hard
to distinguish. Therefore, it will be particularly important
to determine MASLD subtypes. There are two ways to
address this issue. On one hand, multiple omics methods,
such as transcriptomics, single-cell sequencing, spatial
transcription/proteomics, and organoid methods, will
help to determine the in-depth mechanism, crucial regu-
lators, and subtypes of MASLD. On the other hand, the
clinical establishment of high-performing non-invasive bio-
markers is significant for MASLD diagnosis and predictive
analysis.

Therapeutic Strategies

MASLD and liver fibrosis are heterogeneous diseases with
complex pathophysiology that involve the production
of key disease-relevant regulators. Based on the above
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summarized molecular mechanisms and key regulators,
many compounds are being evaluated in clinical trials.
Here, we summarize non-pharmacological interventions,
pharmacologlcal treatments, and biotechnology strategies
for the clinical treatment of MASLD and liver fibrosis.

Non-pharmacological interventions

Lifestyle modification

MASLD is characterized by abnormal fat accumulation in
HCs and is associated with metabolic disorders. Accord-
ing to the American Association for the Study of Liver
Diseases (AASLD) and European Association for the
Study of the Liver (EASL) guidelines, a healthy diet and
regular exercise constitute the fundamental treatment for
MASLD, with the ultimate goal being weight loss.!'2%123]
Key principles are embarking on a low-calorie diet and
changing dietary composition.!'??/ The Mediterranean
diet is recommended for patients with MASLD and is
associated with cardiovascular benefits.['>*l Coffee con-
sumption may also be beneficial.'?*! Notably, exercise
and diet modification should be added according to the
individual physical abilities and preferences of the patient.
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Figure 6: Molecular pathogenesis and key regulators of liver cells and the gut-liver axis in MASLD/MASH. Upon metabolic injury, the close crosstalk among parenchymal, non-parenchy-
mal liver cells, and the gut-liver axis involving multiple molecular regulators and signaling pathways initiates and promotes MASLD development. AMPK: AMP-activated protein kinase;
CCL2: Chemokine C-C motif ligand 2; CCR2: C-C motif chemokine receptor 2; CXCL1: C-X-C motif chemokine ligand 1; eNOS: Endothelial NO synthase; FGF19: Fibroblast growth factor
19; FGFR: Fibroblast growth factor receptor; FXR: Farnesoid X receptor; HSCs: Hepatic stellate cells; IFN-y: Interferon v; IL-2: Interleukin 2; LPS: Lipopolysaccharide; LSECs: Liver sinusoidal
endothelial cells; MASH: Metabolic dysfunction-associated steatohepatitis; MASLD: Metabolic dysfunction-associated steatotic liver disease; NF-xB: Nuclear factor Kappa-light-chain-
enhancer of activated B cells; Notch: Neurogenic locus notch homolog protein; PDGF: Platelet-derived growth factor; PPAR-c.: peroxisome proliferator-activated receptors o; TGF-p:
Transforming growth factor B; TGR5: Takeda G protein-coupled receptor 5; Th1: T helper 1; TLR4: Toll-like receptor 4; TNF-ou: Tumor necrosis factor o,; VCAM-1: Vascular cell adhesion

molecule-1; VEGF: Vascular endothelial growth factor.
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Aerobic and resistance training for 150-200 min per
week is recommended.!1?¢!

Bariatric surgery

MASLD/MASH is gradually recognized as a comorbid
condition that can benefit from bariatric surgery. Bariat-
ric surgery effectively resolves MASLD/MASH in the
majority of patients without cirrhosis and reduces mortality
from CVD and malignancy."??! In a randomized trial
with a 1-year follow-up, bariatric metabolic surgery was
more effective than lifestyle interventions. In detail, more
participants in the Roux-en-Y gastric bypass (56%) and
sleeve gastrectomy (57%) groups reached the primary
endpoint of histological resolution of MASH without
worsening fibrosis than those in the lifestyle modification
group (16%).127!

Pharmacotherapies in MASLD clinical treatment

The efficacy of non-pharmacological interventions,
including dietary changes, exercise, and even surgical
interventions, may not be consistently high or long-lasting.
Therefore, integrating pharmacotherapies with non-phar-
macological approaches is crucial for achieving optimal
and sustainable outcomes in managing health conditions.
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Despite numerous potential therapeutic targets identified
through cellular and animal studies, substantial drug
development challenges remain discouraged. Current
pharmacotherapeutic options for MASLD can be broadly
categorized into several groups based on their primary
mechanism of action, such as those targeting metabolic
pathways, inflammation, or fibrosis. Here, we summarize
the key targets and current clinical research progress in
Table 1.

THR-B agonists

Thyroid hormone receptors (THRs) are found in various
tissues throughout the body, with THR-B as the major
receptor isoform expressed in the liver. THR-B agonists
can reverse steatosis via many mechanisms, including
improving hepatic conversion of T4 to T3 and enhancing
mitochondrial function, which can eventually reduce
low-density lipoprotein cholesterol (LDL-C) and TG in
the plasma and liver.['25:12°]

Resmetirom is a THR-B agonist. The MAESTRO-NASH
trial, a phase III randomized controlled trial of resmeti-
rom, showed that MASH resolution occurred in 25.9%
of the 80 mg resmetirom group and 29.9% of the 100 mg
resmetirom group, compared to 9.7% of the placebo

Table 1: Main clinical trials (finished) in the treatment of MASLD/MASH.

Class Drug Clinical efficacy Phase Registration No. References
THR-B agonists Resmetirom Reduces LDL-C; improves liver fibrosis. I NCT03900429 [130]
VK2809 reduces liver fat content. b NCT04173065 (131]
PPAR agonists Saroglitazar Improves ALT, liver fat content, insulin II NCT03061721 (132]
(PPARay) resistance.
Lanifibranor Improves lipid metabolism, inflammation, IIb  NCT03008070 [133]
(PPAR/3/y) and fibrosis.
GLP-1/GIP/GCGR Semaglutide (GLP-1) Improves MASH resolution rates. II NCT02970942 (137]
agonists Efinopegdutide ~ Reduces liver fat content. Ia  NCT04944992 [139]
(GLP-1/GCGR)
Tirzepatide Decreases MASH-related biomarkers. II NCT03131687 [140]
(GLP-1/GIP)
Retatrutide Improves blood glucose and reduces body I NCT04867785 [141]
(GLP-1/GIP/GCGR) weight.
SGLT2 inhibitors Empagliflozin Reduces liver fat and improves ALT. / NCT02686476 [144]
Dapagliflozin Improves liver steatosis and fibrosis. /  UMIN000022155 11431
FGF analogs Aldafermin (FGF19) Improves liver fibrosis. IIb NCT03912532 (1471
Efruxifermin (FGF21) Improves liver fibrosis and resolves MASH. 1Ib  NCT04767529 [148]
FXR agonists OCA Improves liver fibrosis and MASH disease ~ III ~ NCT02548351 (1501
activity.
Tropifexor Reduces ALT and hepatic fat fraction. Ila/b NCT02855164 (151
Vonafexor Reduces liver fat content, liver enzymes, Ia  NCT03812029 [152]
and body weight.
DGAT?2 inhibitors ION224 Improves liver histology, reduces liver II  NCT04932512 [153]
steatosis.
AMPK activators PXL770 Reduces liver fat insignificantly. Ila NCT03763877 [158]
CCR2/CCRS antagonists CVC Improves liver inflammation and fibrosis.  IIb  NCT02217475 [159]

ALT: Alanine aminotransferase; AMPK: AMP-activated protein kinase; CCR: C-C motif chemokine receptor; CVC: Cenicriviroc; DGAT?2:
Diacylglycerol acyltransferase 2; FGF: Fibroblast growth factor; FXR: Farnesoid X receptor; GCGR: Glucagon receptor; GIP: Glucose-dependent
insulinotropic polypeptide; GLP-1: Glucagon-like peptide-1; LDL-C: Low-density lipoprotein cholesterol; MASH: Metabolic dysfunction-associated
steatohepatitis; MASLD: Metabolic dysfunction-associated steatotic liver disease; OCA: Obeticholic acid; PPAR: Peroxisome proliferator-activated
receptor; SGLT2: Sodium-glucose cotransporter 2; THR-B: Thyroid hormone receptor f.
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group, and fibrosis improvement was achieved in 24.2%
of the 80 mg resmetirom group and 25.9% of the 100 mg
resmetirom group, compared to 14.2% of the placebo
group.3% The United States Food and Drug Adminis-
tration (FDA)’s approval of resmetirom on March 14,
2024, marked a significant milestone, as it became the
first pharmacological agent to be authorized to manage
MASH. Apart from resmetirom, VK2809 is another
selective THR-B agonist currently in its phase IIb clinical
trial.[131]

PPAR agonists

Multiple target mechanisms of PPARs across various sites
are known, dual or even pan-PPAR agonists offer supe-
rior efficacy compared to mono-agonists. Saroglitazar is a
PPARa/y agonist. In a phase II trial, 4 mg of saroglitazar
significantly improved ALT, liver fat content, insulin
resistance, and atherogenic dyslipidemia in participants
with MASLD/MASH.!'32! Lanifibranor is a pan-PPAR
agonist that targets all three isotypes (PPARo/8/y). In
a phase IIb trial, the percentage of patients who had a
decrease of at least 2 points in the SAF-A score (the activ-
ity part of the Steatosis, Activity, Fibrosis [SAF] scoring
system that incorporates scores for ballooning and inflam-
mation) without worsening of fibrosis was significantly
greater among those who received the 1200-mg dose of
lanifibranor than among those who received placebo.'33

GLP-1/GIP/GCGR agonists

Incretins are gastrointestinal hormones that enhance insu-
lin secretion in response to food ingestion. Glucagon-like
peptide-1 (GLP-1) and glucose-dependent insulinotropic
polypeptide (GIP) are incretins derived from the intes-
tine.!'3*] Additionally, glucagon has been shown to exhibit
incretin-like effects.['33] Given the close interrelationship
between T2DM and MASLD/MASH, these targets have
also emerged as potential therapeutic directions.!'3¢] A
randomized, placebo-controlled phase II trial revealed
that semaglutide, a GLP-1 agonist, significantly improved
MASH resolution rates, achieving 59% in the 0.4 mg
group compared to 17% in the placebo group. However,
it has a limited effect on improving fibrosis.!3”!

Novel therapies, such as dual GLP-1/GIP receptor ago-
nists and GLP-1/glucagon receptor (GCGR) agonists,
demonstrate even more significant potential in manag-
ing glycemia and body weight.[*8! Efinopegdutide is a
GLP-1/GCGR coagonist. In a randomized phase Ila trial,
treatment with 10 mg of efinopegdutide weekly led to
a significantly reduced liver fat content compared with
treatment with 1 mg of semaglutide weekly in patients
with MASLD.!"3%! Tirzepatide is a dual GLP-1 and GIP
receptor agonist, significantly decreased MASH-related
biomarkers.["*% Retatrutide, a GIP, GLP-1, and GCGR
agonist, has already shown positive outcomes in a phase
II substudy for patients with T2DM.[141]
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SGLT2 inhibitors

Sodium-glucose cotransporter 2 (SGLT2) inhibitors sup-
press glucose reabsorption by the kidney and can prevent
kidney disease and cardiovascular events in patients with
T2DM.1421%3] Many patients with MASLD also have
T2DM, which exacerbates MASLD progression to MASH
or even to cirrhosis.'3¢! Empagliflozin, an SGLT2 inhibi-
tor, reduced liver fat and improved ALT levels in MASLD
patients with T2DM.1*4 A 24-week clinical trial demon-
strated that the SGLT?2 inhibitor dapagliflozin reduced the
levels of biomarkers linked to steatosis and fibrosis, such
as ALT and gamma-glutamyl transpeptidase (GGT), and
contributed to improvements in steatosis and fibrosis.'*’]

FGF analogs

FGF19/21 belong to the FGF subfamily that both exhibit
similar abilities to increase energy expendlture, reduce
hepatic TGs, and improve insulin sensitivity.'*¢! Thus,
FGF19/21 has become attractive potential therapeutlc
targets for treating MASLD. Aldafermin is an engineered
analog of FGF19. In a phase IIb trial, although there was
no significant dose-response effect on fibrosis improve-
ment in at least one stage with no worsening of MASH,
aldafermin has been demonstrated to have some positive
effects on improving fibrosis and several other parameters
in MASH patients, with generally good tolerability.'4”!
Efruxifermin, a bivalent Fc-FGF21 analog, improved liver
fibrosis and resolved MASH over 24 weeks in patients
with F2 or F3 fibrosis, with acceptable tolerability.14®]

Farnesoid X receptor (FXR) agonists

FXR not only controls multiple pathogenetic pathways
relevant to MASH, including GNG, lipogenesis, inflam-
mation, and f1br051s, but also controls intestinal barrier
integrity and maintains gut microbiota eubiosis.['*") The
diverse functions of FXR make it an attractive target for
treating MASH. Obeticholic acid (OCA) is a BA-derived
FXR agonist. A randomized, global phase III study evaluated
the impact of OCA on MASH patients with fibrosis.
Based on the interim analysis, the fibrosis improvement
endpoint was 23% in the 25 mg OCA group compared
to 12% in the placebo group.!'*"! Tropifexor, another
FXR agonist, significantly decreased the ALT level and
hepatic fat fraction in MASH patients.!'*!l Vonafexor, a
second-generation, non-BA FXR agonist, also showed
positive results in MASH patients.!15%!

DGAT2 inhibitors

Acyl-CoA: diacylglycerol acyltransferase (DGAT) enzymes,
which contain DGAT1 and DGAT2, can catalyze the
final step of TG synthesis,!'*3) and DGAT2 preferentially
utilizes free fatty acids (FFAs) from DNL.["** To prevent
TG accumulation in the liver, blocking TG synthesis via
DGAT?2 inhibition might be a promising method. ION224
is an antisense oligonucleotide inhibitor of DGAT?2.
ION224 significantly improved liver histology, as measured
by at least a 2-point reduction in the MASLD activity
score , and was safe and well tolerated in the study.'>’]
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In addition, a phase Ila trial investigated the effects of
coadministration of an ACC1/2 inhibitor (PF-05221304)
and a DGAT?2 inhibitor (PF-06865571), which decreased
liver fat compared to that of a placebo and mitigated the
ACC inhibitor-mediated effect on serum TG.!!*¢l This
encouraging result suggested that the coadministration of
PF-05221304 and PF-06865571 can address some of the
limitations of ACC inhibition alone.

AMPK activators

AMPK is a crucial metabolic regulator that detects energy
status and governs energy expenditure and storage.'>”!
The activity of AMPK is repressed in MASH. PXL770 is a
direct AMPK activator. A phase Ila study was performed
to assess the efficacy of PXL770 in treating MASH.
Although PXL770 did not improve liver fat compared
with placebo, it is well tolerated and could still hold
potential for further development.['58]

CCR2/CCR5 antagonists

In addition to these metabolic pathway targets, CVC,
a dual CCR2/CCRS antagonist, was developed to
attenuate inflammation. In a phase IIb study (CENTAUR;
NCT02217475), CVC treatment resulted in an early
antifibrotic benefit after one year, especially for the subset
of patients with advanced fibrosis.!'**! Nevertheless, the
further antifibrotic benefit of CVC treatment did not per-
sist for two years, but CVC treatment was well tolerated
and safe.['®® Unfortunately, a phase III clinical trial to
prove the indication of CVC in fibrotic MASH has been
terminated due to a lack of clear efficacy.!'®!]

Combination therapy

The development of MASH involves complex pathways
and potential interactions between them, presenting a sig-
nificant challenge for creating a single, universally effective
medication. Therefore, it may be difficult to develop a
one-size-fits-all treatment. Instead, a combination therapy
approach that simultaneously targets multiple factors could
be the most effective therapeutic strategy. Combinations such
as a DGAT?2 inhibitor combined with an ACC inhibitor,!'¢!
an FXR agonist combined with an ACC inhibitor or an ASK1
inhibitor,!'%?! and combinations of a GLP-1 receptor agonist,
an FXR agonist, and an ACC inhibitor!'®3 have yielded
positive results. Thus, multiple combination regimens might
enhance the therapeutic benefits and mitigate the side effects
of single-agent treatments for MASH patients.

Therapeutic strategies have shifted from lifestyle interventions
to monotherapy in recent decades. Future combination
strategies with proven anti-inflammatory and antifibrotic
benefits should pay more attention to MASLD treatment.
Multitargeting combinations should be used to enhance
the treatment efficacy and safety of MASLD. Additionally,
it is gratifying that not only was the first FDA-approved
drug regimen expected to be applicable in the clinic but
also that substantial clinical studies have been published
or are currently registered.
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Ongoing clinical research

In recent decades, more than 20 molecules have been
tested for treating MASLD/MASH, providing multiple
therapeutic options.['1%5] However, it is worth noting
that most of these treatments are not yet licensed to treat
MASLD and its complications. Apart from resmetirom
recently approved by the FDA, no other FDA- or Euro-
pean Medicines Agency (EMA)-licensed drugs have been
approved for treating MASLD due to inadequate clinical
endpoint efficacy or undesirable side effects. Nevertheless,
there is still hope for further translation of newly developed
drugs into clinical applications. Numerous ongoing
studies of drugs in development targeting MASH have
emerged globally and are registered in different clinical
trial stages. Moreover, multitarget therapeutic strategies
are also emerging rapidly. We have summarized ongoing
registered clinical trials on MASLD treatment. An initial
list of 1490 clinical studies was retrieved from the Clini-
calTrials.gov database, of which 1120 were interventional
trials involving lifestyle and drug interventions and
diagnostic tests. After filtration of completed, suspended,
terminated, withdrawn, unknown-status studies, and
diagnostic trials, 265 ongoing trials were identified (index
date: June 11, 2024). The representative ongoing clinical
trials worldwide are listed in Table 2.

Precision medicine

In addition to drug development targeting a specific
mechanism in the intricate pathophysiology of MASLD/
MASH, genetic studies focusing on genetic variations
have highlighted inherited determinants in MASLD and
metabolic comorbidities. Patatin-like phospholipase
domain-containing 3 (PNPLA3), glucokinase regula-
tor (GCKR), transmembrane 6 superfamily member 2
(TM6SF2), and 17-beta hydroxysteroid dehydrogenase
13 (HSD17B13) are associated with MASH develop-
ment.!1%%167] These candidate genes are predominantly
involved in insulin regulation, FFAs and TG metabolism,
oxidative stress, endotoxin and cytokine activity, and
fibrogenesis.['®® Thus, precision medicine that treats
individual MASLD patients differentially based on genetic
polymorphisms might shed light on the clinical treatment
of MASLD and liver fibrosis.

Conclusions

The increasing prevalence of MASLD and its complica-
tions, as well as its comorbidities, place heavy burdens on
public health and the economy, which has attracted intense
attention in the exploration of its pathogenesis and phar-
maceutical treatments. Collective evidence has revealed
multifactorial interactions among nutrients, metabolic
pathways, the gut microbiome, genetic susceptibility, and
pro-inflammation/pro-fibrosis in experimental and human
MASLD patients. An improved understanding of the patho-
physiology of MASLD and extrahepatic complications
helps in developing practical and affordable medications.
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Table 2: Main ongoing clinical trials (recruiting) in the treatment of MASLD/MASH.

Title NCT number Drug Class Phase Locations

Safety, Tolerability, and Efficacy of ASC41 Tablets in Adult NCT05462353 ASC41 THR-B I Hangzhou, China
Patients with NASH

Efficacy and Safety of HSK31679 in Chinese Patients with NCT06168383 HSK31679 THR-B I Beijing, China
NASH

Effect of Henagliflozein on Hepatic Fat Content in Patients NCT06449833  Henagliflozein SGLT-2 I  Guangzhou, China
with T2DM and NAFLD

Research Study on Whether Semaglutide Works in People NCT04822181 Semaglutide GLP-1 Il  Huntsville, United
with NASH States

A Clinical Study of Efinopegdutide in Participants with NCT05877547  Efinopegdutide/  GLP-1/GCGR I Chandle, United
Precirrhotic NASH (MK-6024-013) MK-6024-013 States

Efficacy and Safety of GHS509 Versus Placebo in Patients with NCT05784779 GHS509 STKs inhibitor Ib/Il  Hangzhou, China
NASH/NAFLD

A Study of ZSP1601 in Adult Subjects with NASH NCT05692492 ZSP1601 PDE I Guangzhou, China

Efficacy and Safety of Lanifibranor in Adult Patients with NCT04849728 Lanifibranor/ pan-PPAR 111 Anniston, United
NASH and Fibrosis Stages F2 and F3 IVA337 States

Safety and Effectiveness of Saroglitazar 4 mg in Patients with NCT05872269 Saroglitazar PPARo/y I  Ahmedabad, India
NAFLD with Comorbidities

A Study Evaluating Efruxifermin in Subjects with MASH and NCT06161571 Efruxifermin FGF21 I Birmingham, United
MASLD States

A Study of LY3885125 in Participants with Dyslipidemia or ~ NCT06007651 LY3885125 SCAP I San Antonio, United
NAFLD States

The Impact of Ibutamoren on Non-alcoholic Fatty Liver NCT05364684 LUM-201 GHSR I Boston, United
Disease States

Role of Hyperinsulinemia in NAFLD Pathogenesis: Diazoxide NCT05729282 Diazoxide KATP-channels 1II NewYork, United
Pilot & Feasibility Study States

A Study of LY3849891 in Participants with Non-alcoholic NCT05395481 LY3849891 PNPLA3 I  Rialto, United States
Fatty Liver Disease

A Study of BMN 255 in Participants with NAFLD and NCT06138327 BMN 255 Glycolic acid I Birmingham, United
Hyperoxaluria oxidase States

FGF21: Fibroblast growth factor; GCGR: Glucagon receptor; GHSR: Growth hormone secretagogue receptor; GLP-1: Glucagon-like dpeptide—l;

KATP: ATP-sensitive potassium; MASH: Metabolic dysfunction-associated steatohepatitis; MASLD: Metabolic dysfunction-associate

steatotic

liver disease; NAFLD: Non-alcoholic fatty liver disease; NASH: Non-alcoholic steatohepatitis; PDE: Phosphodiesterase; PNPLA3: Patatin-like
phospholipase domain-containing 3; PPAR: Peroxisome proliferator-activated receptor; SCAP: Sterol regulatory element binding protein cleavage-
activating protein; SGLT-2: Sodium-glucose cotransporter 2; STKs: Serine/threonine protein kinases; T2DM: Type 2 diabetes mellitus; THR-B:
Thyroid hormone receptor .

In conclusion, we highlight the molecular pathogenesis,
therapeutic targets, and translational clinical trials of
MASLD and liver fibrosis. Although minor medications

are

approved in the clinic, multi-target treatment of

MASLD is a future direction for the clinical treatment of
MASLD and liver fibrosis.
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