:' frontiers ‘ Frontiers in Pharmacology

’ @ Check for updates

OPEN ACCESS

EDITED BY
Anna Maria Giudetti,
University of Salento, Italy

REVIEWED BY
Lijie Gu,

University of Oklahoma Health Sciences Center,
United States

Lu-Qi Cao,

St. John's University, United States

*CORRESPONDENCE

Hao Yan,
yh925@zju.edu.cn

Qiaojun He,
giaojunhe@zju.edu.cn

These authors have contributed equally to
this work

RECEIVED Q7 February 2025
AccepTED 07 March 2025
PUBLISHED 27 March 2025

CITATION
ZhouY, CaoY,YinY,XuZ Yang X, Yang B, Luo P,
Yan H and He Q (2025) Mechanism and
therapeutic potential of liver injury induced by
cholesterol-associated proteins.

Front. Pharmacol. 16:1572592.

doi: 10.3389/fphar.2025.1572592

COPYRIGHT

© 2025 Zhou, Cao, Yin, Xu, Yang, Yang, Luo, Yan
and He. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Pharmacology

TYPE Review
PUBLISHED 27 March 2025
pol 10.3389/fphar.2025.1572592

Mechanism and therapeutic
potential of liver injury induced by
cholesterol-associated proteins

Yourong Zhou', Yashi Cao", Yiming Yin?, Zhifei Xu?,
Xiaochun Yang?, Bo Yang??, Peihua Luo®*, Hao Yan'* and
Qiaojun Hel34*

!Center for Drug Safety Evaluation and Research of Zhejiang University, College of Pharmaceutical
Sciences, Zhejiang University, Hangzhou, Zhejiang, China, 2Institute of Pharmacology and Toxicology,
College of Pharmaceutical Sciences, Zhejiang University, Hangzhou, Zhejiang, China, *School of
Medicine, Hangzhou City University, Hangzhou, Zhejiang, China, “Innovation Institute for Artificial
Intelligence in Medicine of Zhejiang University, Hangzhou, Zhejiang, China

Cholesterol, the most abundant sterol molecule in mammalian organisms,
serves not only as a fundamental structural component of cell membranes but
also as a critical regulator of cellular signaling and function. Cholesterol-
associated proteins can mediate liver injury either directly by influencing
cholesterol levels or through non-cholesterol pathways. These non-
cholesterol pathways, which operate independently of cholesterol's
traditional metabolic functions, are regulated by specific transcription
factors, proteins and receptors. Dysregulation of cholesterol-associated
can disrupt cellular homeostasis, leading to liver injury, metabolic
disorders, and even tumorigenesis. In this article, we explore the
mechanisms by which cholesterol-associated proteins contribute to liver
injury via both classical cholesterol pathways and non-cholesterol
pathways, and discuss their potential as therapeutic targets for liver-related
diseases.
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1 Introduction

Cholesterol serves as a critical structural component of mammalian cell membranes,
cellular architecture, signal transduction cascades, endocytic processes, receptor
modulation, and cytoskeletal dynamics. Thus, intracellular cholesterol concentrations
are tightly regulated by complex processes including cholesterol biosynthesis, uptake,
efflux, trafficking, and esterification (Nguyen et al., 2024). The liver is pivotal in the
overall cholesterol metabolism process. Beyond its role as a primary site for cholesterol
biosynthesis, the liver actively contributes to bile acid synthesis and cholesterol trafficking.
Key regulatory proteins governing cholesterol metabolism are instrumental in maintaining
cholesterol homeostasis and the health status of the liver, suggesting a potential association
between these regulatory proteins and the development together with the progression of
liver pathologies. Therefore, this study aims to elucidate and evaluate the role of cholesterol
metabolism-related proteins in liver injuries, discussing the molecular mechanisms of
cholesterol-related proteins involved in metabolism and their potential as therapeutic
targets for liver injuries.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2025.1572592/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1572592/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1572592/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2025.1572592&domain=pdf&date_stamp=2025-03-27
mailto:yh925@zju.edu.cn
mailto:yh925@zju.edu.cn
mailto:qiaojunhe@zju.edu.cn
mailto:qiaojunhe@zju.edu.cn
https://doi.org/10.3389/fphar.2025.1572592
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2025.1572592

Zhou et al.

10.3389/fphar.2025.1572592

(]
SCAP  XBP1 AMPK mTORC1
'L SREBPS<J
J000C00GE00EK000E000x
HMGCR SQLE NPC1L1
Aster ACATs ABCAS
a5 il target gene Nucleus
()

FIGURE 1

The diagram illustrates proteins, molecules, and pathways related

to cholesterol metabolism. It serves as a flowchart depicting the
various proteins, molecules, and pathways involved in the process,
highlighting the interactions among these components in
cholesterol metabolism, including endogenous synthesis, exogenous
uptake, transport, esterification, and efflux. ABCA1, ATP-binding
cassette transporter A1; ABCG1, ATP-binding cassette transporter G1;
SM, Sphingomyelin; NPC1/2, Niemann-Pick disease type C1/2; BMP,
bis (monoacylglycerol) phosphate; PIG1, Protein interaction gene 1;
AMPK, AMP-activated protein kinase; HSP90, Heat shock protein 90;
INSIG, Insulin-induced gene; SCAP, SREBP cleavage activating
protein; XBP1, X-box binding protein 1; mTORC1, Mechanistic target
of rapamycin complex 1; SREBPs, Sterol regulatory element binding
proteins; HMGCR, 3-hydroxy-3-methyl glutaryl coenzyme A
reductase; SQLE, Squalene epoxidase; NPC1L1, Niemann-Pick C1-like
1; ACATSs, Acetyl coenzyme A acetyltransferases; PS,
Phosphatidylserine.

2 Overview of cholesterol metabolism
2.1 Cholesterol metabolic processes

The homeostasis of cholesterol metabolism is important for the
physiological functions of the organism. Cholesterol metabolism
consists of five processes: endogenous synthesis, exogenous uptake,
transport, esterification, and efflux. Endogenous cholesterol
biosynthesis occurs predominantly in the liver, where the
substrate acetyl-CoA is converted via the mevalonic acid (MVA)
pathway to generate structural precursors of sterol substances.
Within this process, 3-hydroxy-3-methyl glutaryl coenzyme A
reductase (HMGCR) serves as the rate-limiting enzyme of the
MVA pathway and is also the target of cholesterol-lowering
drugs such as statins (Yu and Liao, 2022). Under the catalysis of
farnesyl diphosphate synthase and squalene synthase, the structural
precursors of sterol substances are transformed into squalene (SQ),
which represents the biochemical precursor for all terpenes and
steroids (Gohil et al., 2019). Subsequently, SQ is oxidized by
squalene epoxidase (SQLE) to form 2,3-oxidosqualene (Zhang
et al, 2019), representing another key step in cholesterol
biosynthesis. Additionally, dietary uptake is another pathway for
mammals to acquire cholesterol, where these cholesterol molecules
are taken up by epithelial cells through vesicular endocytosis
mediated by Niemann-Pick Cl-like 1 (NPCIL1) (Ge et al.,, 2011;
Zeng et al., 2022; Altmann et al., 2004). NPCI1LI transports free
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FIGURE 2

Regulatory mechanisms of cholesterol metabolism. This diagram
illustrates the regulatory factors related to cholesterol, categorized
into five processes: endogenous synthesis, exogenous uptake,
transport, esterification, and efflux. Each process lists key

enzymes and transcription factors, highlighting the complexity of
cholesterol metabolism and its regulatory mechanisms. SREBPs,
Sterol regulatory element binding proteins; HMGCR, 3-hydroxy-3-
methyl glutaryl coenzyme A reductase; SQLE, Squalene epoxidase;
NPC1L1, Niemann-Pick C1-like 1; ACATs, Acetyl coenzyme A
acetyltransferases; LXRa, liver X receptor-a; SIRT1, Silent information
regulator 1; HNFa, Hepatic nuclear factor a; PXR, Pregnane X receptor;
PPARa/8, peroxisome proliferators activated receptor a/8; TNFa,
Tumor necrosis factor; PGC-1a, Peroxisome proliferators-activated
receptor y coactivator a; ERa, Estrogen receptor a.

extracellular cholesterol to the cell membrane, then recruits Aster to
the cell membrane and initiates cholesterol transport from the cell
membrane to the endoplasmic reticulum (ER) when the cholesterol
level on the cell membrane is elevated. Oxysterol-binding protein
(OSBP) and related protein homologue ORPs constitute a family of
lipid-transfer proteins that operate at membrane contact sites
(Mesmin and Antonny, 2016). The transport of cholesterol
involves multiple steps. Within cells, OSBP is responsible for
transferring cholesterol from the ER to the trans-Golgi network.
In the body, cholesterol transport is primarily facilitated by
chylomicrons, which carry cholesterol from intestinal epithelial
cells through lymphatic vessels into the bloodstream. Cholesterol
in the blood is then taken up by cells via the low-density lipoprotein
receptor (LDLR) through a process known as endocytosis. Upon its
entry into the cell, LDL dissociates from LDLR in the endosome and
later enters the lysosome. Free cholesterol is released from lysosomes
and to prevent free cholesterol accumulation, acetyl coenzyme A
acetyltransferase 1 (ACAT1) transfers long-chain fatty acids to
cholesterol thereby forming cholesteryl esters by esterification
and binding into cytoplasmic lipid droplets (Qian et al., 2020b).
In most cell types, excess cholesterol is initially transported out of
the cell by ATP-binding cassette transporter 1 (ABCA1), which
facilitates the efflux of lipids including phospholipids and
cholesterol. Subsequently, these lipids bind to extracellular lipid-
binding proteins, leading to the formation of nascent high-density
lipoprotein (HDL) (Luo et al., 2020). Furthermore, the transcription
factor sterol regulatory element binding proteins (SREBPs), which
are extensively regulated at multiple levels, play a key role in
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FIGURE 3

Molecular mechanisms of cholesterol-related target genes and proteins regulating cholesterol biosynthesis. This figure provides a comprehensive
overview of cellular cholesterol homeostasis, illustrating the complexity of cholesterol uptake, intracellular transport, biosynthesis, and efflux. The
diagram depicts the internalization of lipoproteins and dietary cholesterol via low-density lipoprotein receptor (LDLR). Following internalization,
lipoproteins are degraded in lysosomes to release free cholesterol, which is then distributed to the intracellular pool of free cholesterol by Niemann-

Pick C1 (NPC1) and NPC2 proteins. Free cholesterol can be esterified by acetyl coenzyme A acetyltransferase (ACAT) for storage in lipid droplets, or
effluxed from the cell via ATP-binding cassette transporter A1 (ABCA1). Cholesterol biosynthesis is elucidated in the lower left quadrant, occurring in the
endoplasmic reticulum and involving key enzymes such as 3-hydroxy-3-methyl glutaryl coenzyme A reductase (HMGCR) and squalene epoxidase
(SQLE), through intermediates such as mevalonic acid and squalene. The core mechanisms regulating cholesterol synthesis and transport are
emphasized in the diagram, involving sterol regulatory element-binding protein 2 (SREBP2), oxysterol-binding protein (OSBP), and Aster. Additionally,
specific proteins involved in cholesterol metabolism and their corresponding inhibitors are listed in the figure, such as atorvastatin targeting HMGCR,
terbinafine and NB-598 targeting SQLE, and various other inhibitors targeting NPC1L1, ACAT, ABCA1, and SREBP2. At the bottom, the role of liver X
receptor (LXR) in regulating the expression of cholesterol turnover-related target genes is illustrated. In conclusion, this schematic summarizes the
dynamic processes of intracellular cholesterol management, highlighting potential pharmacological targets for regulating cholesterol levels and
addressing dyslipidemia. NPC1L1, Niemann-Pick C1-like 1; LDLR, Low-density lipoprotein receptor; NPC1/2, Niemann-Pick C1/2; HMGCR, 3-hydroxy-3-
methyl glutaryl coenzyme A reductase; SQLE, Squalene epoxidase; ABCA1, ATP-binding cassette transporter Al; SREBP2, Sterol regulatory element-
binding protein 2; OSBP, Oxysterol-binding protein; LXR, Liver X receptor; ACAT, Acetyl coenzyme A acetyltransferase.

regulating the overall homeostasis of cholesterol (Luo et al., 2020).
The complete cholesterol metabolism process and associated
regulatory factors are shown in Figure 1.

Hepatic cholesterol homeostasis is coordinately regulated by
nutrition, the circadian clock, and the endocrine system. High intake
of saturated fatty acids in the diet activates the Toll-like receptor
4 signaling pathway on hepatocyte membranes, modulating the
expression of SREBPI, which subsequently upregulates the
expression of LDLR and HMGCR (Oishi et al, 2017).
Conversely, phytosterols exert a counter-regulatory effect through
the gut microbiota (Lv et al., 2023). The hypothalamic-pituitary axis
regulates cholesterol metabolism via the circadian secretion of
clinical studies have revealed that shift

corticosterone, and

workers face an increased risk of hepatic cholesterol
accumulation due to circadian disruption (Rao and Xue, 2024).
Glucocorticoids mediate chromatin remodeling, enhancing the
promoter activity of ABCAl and promoting cholesterol efflux

(Fadel et al, 2023). Notably, estrogen exerts sex-specific
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modulation of these pathways through estrogen receptor alpha,
providing a molecular explanation for the surge in metabolic
dysfunction-associated steatotic liver disease (MASLD) incidence
among postmenopausal women (Hart-Unger et al.,, 2017).

Cholesterol metabolism is closely intertwined with glucose
and lipid metabolism. In glucose metabolism, insulin regulates
the SREBP pathway through mTOR-dependent transcriptional
and post-transcriptional mechanisms (DeBose-Boyd and Ye,
2018). Conversely, ER stress induced by high cholesterol levels
can trigger a vicious cycle of insulin resistance via the IRE1-XBP1
pathway (Flamment et al., 2012). In lipid metabolism, liver X
receptors (LXRs), upon sensing elevated oxysterol levels, not only
activate ABCALI transporters to promote cholesterol efflux but
also drive fatty acid synthesis by inducing the expression of fatty
acid synthase (FASN) and stearoyl-CoA desaturase-1 (SCDI1)
(Wang and Tontonoz, 2018). Figure 2 illustrates the effects of
various regulatory factors on the different metabolic processes of
cholesterol.
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TABLE 1 Involvement of target proteins in diseases and related drugs.

10.3389/fphar.2025.1572592

Process Liver disease Fold change (disease vs. health) Drug or compound
Synthesis HMGCR MAFLD 2-3 Simvastatin
Atorvastatin
Liver fibrosis Pravastatin
Rosuvastatin
HCC Pitavastatin
Lovastatin
SQLE MAFLD 3-4 Terbinafine
NB-598*
MASH
HCC
Uptake NPCIL1 HCV 1-2 Ezetimibe
HCC
Transport Aster MAFLD 2-3 Simvastatin
AI-3d*
MASH
OSBP/ORPs MAFLD 1-2 Itraconazole
OSBP-IN-1*
HCV
NPC1/2 MASH 2-3 Pitavastatin
VTS-270°
HAV
HEV
Esterification ACAT MAFLD 2-4 Avasimibe®
TMP-153*
Liver fibrosis Piperine®
HCV
HCC
Efflux ABCA1 MAFLD 1-2 Glibenclamide
Probucol
MASH
HCC
Key protein SREBPs MAFLD 1-2 Fatostatin®
Saffron®
HCC Bovine mushroom extract®
Green tea polyphenols®

“Not approved for commercialization by the FDA.

2.2 Effects of cholesterol in liver injury

Metabolic dysfunction-associated fatty liver disease (MAFLD) is
a spectrum of liver alterations that begins with the accumulation of
fat in the liver (hepatocellular steatosis occupies >5% of the range of
liver tissue specimens obtained) in the absence of alcohol, viral
infections, or drugs that promote steatosis (abnormal retention of
fat) and can further evolve into metabolic dysfunction-associated
steatohepatitis (MASH), liver fibrosis, and eventually cirrhosis and
hepatocellular carcinoma (HCC) (Chalasani et al., 2018). Steatosis is
the first event in the development of MAFLD. During the
progression from MAFLD to MASH, several lipid substances are
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stored in hepatocytes, including triacylglycerol, diacylglycerol, free
fatty acids (FFAs), ceramides, and cholesterol. Thus, imbalances in
lipid metabolism are the most direct contributors to the formation of
certain liver injuries (Younossi et al., 2021). Recently, with a clearer
definition of the regulatory function of the mechanistic pathways,
metabolite-mediated

hepatic  free  cholesterol and its

hepatocytotoxicity have been recognized as the basis of
subsequent necrotic inflammation and fibrosis in MAFLD
(Kakiyama et al., 2023).

Existing studies have found that pathogen-associated and
hazard-associated molecular patterns, such as lipopolysaccharide

and cholesterol crystals (Kelley et al., 2019) may penetrate disturbed
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tight junctions and promote the activation of NOD-like receptor
family pyrin domain containing 3 (NLRP3) inflammatory vesicles in
hepatocytes (Ioannou et al., 2013). In contrast, the use of benzyl
isothiocyanate reduced lipopolysaccharide and cholesterol crystal-
induced activation of NLRP3 inflammatory vesicles in Kupper cells
and prevented the development of MASH (Chen et al, 2020).
Additionally,
determinant in the progression from MASH to liver fibrosis,

cholesterol metabolism emerges as a critical
orchestrating inflammatory responses in the liver through the
activation of the NLRP3 inflammasome. Apart from Kupffer
cells, cholesterol accumulation in hepatic stellate cells has been
identified as an important player in the development of MASH
and liver fibrosis (Tomita et al., 2014a; Teratani et al, 2012).
Moreover, recent evidence suggests that cholesterol-rich diets can
also promote the development of MASH by activating gastrin
processing (Koh et al.,, 2021). Following the administration of a
high-fat, high-cholesterol diet, transgenic mice with intestinal-
specific hyperactivation of SREBP2 develop hepatic steatosis and
show a higher susceptibility to fibrosis in response to hepatic injury,
and inflammation (Malhotra et al., 2017).

HCC, the end-stage manifestation of chronic liver disease primarily
driven by viral hepatitis or MASH, is the fourth leading cause of cancer-
related deaths worldwide due to late diagnosis and poor treatment
outcomes (Llovet et al., 2021; Choi et al., 2022; Marchi et al., 2020). In
this context, besides being identified at the onset of MASH (Ribas et al,,
20215 Toannou, 2016), it has also been found that elevation of hepatic
cholesterol in the progression of MASH to HCC plays a key role in
tumor initiation (Liu et al., 2018; Bakiri et al., 2017; Liang et al., 2018).
Compared to mice fed a high-fat diet, the presence of cholesterol in the
diet enhances MASH-driven HCC, suggesting that it is cholesterol itself
rather than steatosis that promotes the progression from MASH to
HCC (Conde De La Rosa et al,, 2021). Consistently, mitochondrial
cholesterol loading impairs the outer mitochondrial membrane,
affecting the oligomerization of anti-apoptotic proteins and
subsequently promoting tumor growth in HCC (Montero et al., 2008).

3 Cholesterol-associated proteins and
impact on liver injury

Dysregulated expression of cholesterol-related genes and target
proteins disrupts classical cholesterol metabolism, promoting
hepatocyte death, carcinogenesis, or proliferation by altering
cholesterol levels. Current studies have reported that these target
genes and proteins can also directly regulate the pathological
progression of liver injury independently of cholesterol.
Therefore, elucidating the regulatory mechanisms, roles in liver
disease, and therapeutic targeting potential of these genes and
proteins may lay the groundwork for innovative treatment
strategies. The position of each key protein in cholesterol
metabolism is depicted in Figure 3.

3.1 HMGCR
3.1.1 Structure of the HMGCR

HMGCR is a glycoprotein containing 887 amino acid residues,
primarily localized in the ER of the liver and intestine. It consists of a
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transmembrane structural domain and a catalytic structural domain
that extends into the cytoplasm (Li et al., 2020). Its hydrophobic
N-terminus contains eight transmembrane domains, including a
sterol-sensing domain responsible for sensing cholesterol levels.
When cytoplasmic cholesterol levels are elevated, insulin-induced
gene-encoded proteins bind to the sterol-sensing domain on
HMGCR, leading to its degradation and further inhibition of
cholesterol synthesis. The hydrophilic C-terminus directly
impacts the activity of HMGCR (Jo and Debose-Boyd, 2010).

3.1.2 Regulatory factors of HMGCR level

At the molecular level, transcription factors such as SREBP2 and
liver X receptor-a (LXR-a) regulate the transcriptional level of
HMGCR by binding to its promoter region. External stimuli
such as drugs can also affect HMGCR expression. For instance,
dexamethasone can enhance intracellular and extracellular total
cholesterol levels in bone marrow mesenchymal stem cell-derived
hepatocyte-like cells and human liver cancer cells HepG2, leading to
a reduction in the expression of silencing information regulator 1,
thereby facilitating HMGCR histone acetylation and expression (Li
et al, 2022a). Electroacupuncture attenuates HMGCR protein
expression by suppressing its deubiquitination (Jin et al.,, 2023).
In addition, several studies have revealed that HMGCR can be
phosphorylated and inactivated by cytoplasmic protein kinases such
as adenosine 5'-monophosphate-activated protein kinase (AMPK),
and inactivated HMGCR can be catalytically dephosphorylated by
phosphodiesterase in the cytoplasm to restore enzymatic activity (Jo
and Debose-Boyd, 2010). Retinoic acid induced gene I (RIG-I) is a
sensor that recognizes RNA viruses in innate immune cells and is
mainly expressed by hepatic parenchymal cells in the liver.
Constitutively monomethylated modification of RIG-I occurs at
the K18 and K146 sites, and constitutively methylated RIG-I
bound to AMPK inhibits the phosphorylation of HMGCR (Li
et al,, 2022b). miRNAs are the most abundant class of small,
naturally occurring non-coding RNAs in animals, consisting of
19-25 nucleotides, and are important regulators that affect gene
expression (Liu et al.,, 2023). miRNAs such as miR-192 have also
been found to affect the translation and degradation process by
targeting HMGCR mRNA (Lin et al., 2017).

3.1.3 HMGCR as a therapeutic target in liver injury

In patients with MAFLD and MASLD, the mRNA expression
level of HMGCR increased 2-3 times, and the protein level of
HMGCR increased 3-4 times (Lin et al., 2017). Analysis of the
TCGA-LIHC dataset revealed that HMGCR is upregulated in HCC
patients compared to healthy individuals. Furthermore, the
expression of HMGCR in liver tissues of clinical HCC patients is
significantly higher and closely associated with the progression of
HCC (Lin et al., 2017).

The regulation of HMGCR is interconnected with cellular
signaling pathways, and overactivation of HMGCR may promote
the activation of these signaling pathways, thereby participating in
biological processes such as proliferation, anti-apoptosis, invasion,
and metastasis of liver cancer cells (Sadowska et al., 2023). As
demonstrated in previous studies, the PDZ-binding motif could
effectively promote HCC growth through the TEA domain
transcription factor 2-ANLN/kinesin family member 23 pathway.
The expression of the PDZ-binding motif in HCC is regulated by
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HMGCR (Saito et al, 2023). Existing studies have found that
inhibiting HMGCR can suppress myelocytomatosis oncogene
(MYC) through Rac GTPase, thereby
inhibiting tumor initiation and in vivo growth in MYC-

phosphorylation

induced HCC transgenic models and human-derived HCC cell
lines (Cao et al., 2011). Heat shock protein 90 (HSP90) has been
reported to promote HCC cell growth and inhibit apoptosis. The
mechanism is that HSP90 can interact with HMGCR to regulate
its protein expression levels by inhibiting protein degradation,
and ultimately promote the progression of HCC (Dong et al.,
2019). The role of the forkhead box protein M1 (FoxMI1)
transcription factor in the development of HCC has been well
documented. The knockdown of HMGCR can reduce the
expression of FoxM1, suggesting that HMGCR can inhibit the
development of HCC by regulating the expression of FoxM1l
(Ogura et al., 2018).

Statins are a class of classical HMGCR inhibitors. A case report
has shown significant clinical efficacy in reducing the incidence and
high-risk

treating

mortality of cardiovascular diseases in various
populations, them the

hypercholesterolemia (Polmann et al., 2023). Statins can prevent

making main drugs for
the occurrence and recurrence of HCC by treating a risk factor
hypercholesterolemia (Tran et al., 2020; Kim et al., 2018; Tokushige
et al,, 2011). Simvastatin, an inhibitor of the mevalonate pathway,
effectively abolishes tumor growth in nude mice, and clinical data
indicate that patients with lower levels of the mevalonate pathway
enzyme HMGCR have better prognoses (Yi et al., 2020). Using
various statins, including fluvastatin, pravastatin, simvastatin,
atorvastatin, and rosuvastatin, histological lesions were analyzed
through a grading and staging system for MASH. The results
showed that statin treatment could prevent the development of
MASH, and the effect of each statin on improving MASH was
independent of its cholesterol-lowering effects. Statins inhibit the
occurrence of HCC by regulating Yes-associated protein (YAP)
through Rho GTPases (Yi et al., 2020). However, statins do not
reduce the incidence of MAFLD-associated HCC in patients (Yi
et al,, 2020). For example, atorvastatin failed to reverse N-nitroso
diethylamine-induced HCC in mice (Braeuning et al, 2014).
Currently, the potential role of cholesterol-lowering drugs in the
treatment of HCC is a topic of active discussion. It has been shown
that miR-206 can disrupt the positive feedback loop between
cholesterol synthesis and the pentose phosphate pathway by
simultaneously targeting HMGCR and G6PD, thereby reducing
cholesterol and DNA synthesis required for malignant hepatocyte
growth and proliferation (Hu et al., 2023). This suggests that the
impact of drugs on various pathways within the organism may be a
key factor affecting efficacy.

Although cholesterol-related protein inhibitors demonstrate
potential in regulating metabolic homeostasis, their clinical
application is confronted with multiple paradoxes. Statins, by
inhibiting HMGCR, significantly reduce LDL-C levels; however,
studies have found that up to 82% of young individuals who have
experienced myocardial infarction are ineligible for statin therapy
(Blankstein and Singh, 2020). The multisociety guidelines on blood
cholesterol management issued by the American Heart Association
and the American College of Cardiology provide new criteria to
achieve more tailored risk assessments, thereby guiding statin
prescription in primary prevention (Zeitouni et al., 2020).
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3.2 SQLE

3.2.1 Structure of SQLE

SQLE is an enzyme protein composed of 574 amino acid
residues, found in various tissues including the liver, kidney,
muscle, and skin. The molecular interactions of the SQLE
enzyme-substrate complex must be very precise to tightly control
the regional and stereochemistry of the epoxidation reaction (Abe
etal., 2007). The oxygen atom generated in this process becomes the
characteristic hydroxyl group of cholesterol. The reaction requires
(FAD),
nicotinamide adenine dinucleotide phosphate (NADPH), and
electron transfer partners, including NADPH-cytochrome
P450 reductase (Porter, 2015). Delivery of the substrate to the
active site of SQLE requires anionic phospholipids and lipid

molecular oxygen, flavin adenosine dinucleotide

transfer proteins, namely, apolipoprotein factor (Chin and
Bloch, 1984).

Its N-terminal truncated protein contains three distinct
structural domains, namely, the FAD-binding domain, substrate-
binding domain, and C-terminal helix membrane-binding domain.
The hydrophobic N-terminal structural domain is essential when
purifying the full-length form of mammalian SQLE (Padyana et al.,
2019). The crystallographic structure of the hydrophobic N-terminal
structural domain lacks the first 117 amino acids, which includes the
cholesterol  regulatory domain. Cholesterol
degradation of SQLE through this
100 amino acids (Chua et al., 2017).

accelerates the
N-terminal region of

3.2.2 Regulatory factors of the SQLE level

The activity and expression of SQLE are regulated by multiple
factors. Transcription factors such as SREBP, LXR, pregnane X
receptor (Gwag et al., 2019), and hepatocyte nuclear factor (HNF) 4a
bind to the promoter region of the SQLE gene and regulate the
transcriptional activity of SQLE (Kim et al., 2002; Repa et al., 2002;
Thomas et al., 2013). SQLE activity can be negatively feedback-
regulated by its product, lanosterol. When lanosterol concentration
is high, it will inhibit the activity of SQLE to maintain the balance of
cholesterol synthesis; Additionally, the activity of SQLE is also
regulated by the concentration of its substrate, squalene. Higher
concentrations of squalene can promote SQLE activity, thereby
increasing cholesterol synthesis (Llorentecortes et al., 2007).

3.2.3 SQLE as a therapeutic target in liver injury
Research has found that SQLE is the most highly expressed
metabolic gene in MAFLD-HCC patients. Liver-specific Sqle
knockout in mice inhibited tumor growth, increased cytotoxic
CD8" T cells, suggesting that SQLE promotes immune
suppression in MASH-HCC (Llorentecortes et al, 2007).
Increased SQLE levels can elevate the NADP*/NADPH ratio,
leading to a series of events: firstly, oxidative stress-induced
expression of DNA methyltransferase 3 alpha (DNMT3A)
increases, which then mediates the epigenetic silencing of
phosphatase and tensin homolog and activation of the
mammalian target of rapamycin, ultimately resulting in the
occurrence and development of HCC (Liu et al, 2018). It has
also been found that SQLE can promote bovine serine-threonine
kinase receptor-associated protein transcription and transforming
growth factor-p/small mother against decapentaplegic (TGF-B/
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SMAD) signaling or positively regulate extracellular regulatory
protein kinase signaling to drive HCC development and
progression (Zhang et al, 2023b). Alternatively, SQLE directly
binds to carbohydrase 3, inducing activation of SREBP1C, acetyl-
CoA carboxylase, FASN, and SCD1 expression, and driving the
initiation and progression of MASH through de novo lipogenesis
(Sui et al., 2015).

Terbinafine, an FDA-approved antifungal drug, significantly
inhibited SQLE-induced growth of HCC cells and attenuated
tumor development in xenograft models and Sqgle transgenic mice
(Liu et al, 2018). Another study showed that pharmacological
inhibition of SQLE by terbinafine limited liver tumorigenesis in
MAFLD-induced liver tumors in Trp53 knockout mice (Sun et al.,
2021). In an advantageous position, the lipophilic portion of
terbinafine is located vertically within the SQLE binding pocket,
with the tert-butyl group toward its center. Such a position results in
a change in SQLE conformation and prevents the natural substrate
from being able to bind to the active site of the enzyme (Liu et al.,
2018). Moreover, the binding energy of terbinafine targeting SQLE is
higher than —3.73 kcal/mol (Lee et al, 2021). Although SQLE
inhibitors such as terbinafine can block the oxidation of
squalene, clinical trials have identified an associated risk of
elevated liver enzymes. The pathophysiology of terbinafine-
induced hepatotoxicity remains unclear. Bile duct injury or other
biliary secretion disorders, which impede bile flow, appear to be a
primary factor in liver damage induced by terbinafine (Teixeira
et al., 2024).

NB-598 competitively inhibits SQLE in cultured cells and
induces an increase in LDLR mRNA and protein (Hidaka et al.,
1991). Moreover, NB-598 has been reported to reduce hepatic
secretion of triacylglycerol-rich lipoproteins and inhibit hepatic
cholesterol synthesis by enhancing intracellular degradation of
apolipoprotein B, thereby exerting a hypolipidemic effect
(Masahiro et al., 1993).

HMGCR and SQLE are key enzymes in the cholesterol
biosynthetic pathway, regulating cholesterol synthesis and
metabolism. Their aberrant expression or activity in liver
diseases may lead to dysregulated cholesterol metabolism,
impacting liver health, promoting lipid accumulation, and
hepatocellular damage. Therefore, investigating the roles of
these enzymes in liver diseases can provide insights into the
relationship between dysregulated cholesterol metabolism and
liver disorders, and may offer valuable clues for the development
of novel therapeutic strategies.

3.3 SREBPs

3.3.1 Structure of SREBPs
SREBPs The N-terminal
cytoplasmic structural domain contains a basic helix-loop-helix

have three structural domains.

DNA-binding motif, which can function as a transcription factor
when dissociated from SREBPs into the nucleus. The central
membrane-anchored  structural ~ domain  contains  two
transmembrane a-helices and the C-terminal cytoplasmic
regulatory structural domain (Goldstein et al, 2002). SREBP
cleavage activating protein (SCAP) has eight transmembrane a-

helices and a large C-terminal cytoplasmic structural domain that
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binds to the C-terminal cytoplasmic regulatory domain of SREBPs
(Yan et al,, 2021). The SCAP-SREBPs complex is translocated from
the ER to the Golgi complex via vesicles. At the Golgi, SREBPs
undergo two proteolytic trimmings and the N-terminus enters the
nucleus, termed nuclear SREBPs (nSREBPs). The nSREBPs that
enter the nucleus transcriptionally regulate the expression of genes
that contain sterol regulatory elements in the promoter region, such
as HMGCR.

3.3.2 Reqgulatory factors of SREBPs level

Several transcription factors can directly or indirectly affect the
transcriptional activity of SREBPs. For example, proteins such as
SCAP and SREBP signal pathway-regulated gene 1 are closely
related to the regulation of SREBPs activity (Foufelle and Ferré,
2002). The activity of SREBPs is also regulated by protein
ubiquitination and degradation. X-box binding protein 1 (XBP1),
initially characterized as a basic leucine zipper transcription factor,
exists in unspliced (XBP-u) and spliced (XBP1-s) forms. Existing
studies have found that XBP1-u co-localizes with SREBP2 and can
inhibit its ubiquitination and proteasomal degradation (Wei et al.,
2022). In addition, in hepatocytes exposed to high glucose, AMPK
can stimulate phosphorylation at Ser372, inhibiting the cleavage and
nuclear translocation of SREBP1 and suppressing the expression of
SREBP1 target genes (Li et al, 2011). The mTORCI inhibitor
rapamycin blocks nuclear accumulation of the mature form of
SREBP1 and expression of SREBP target genes (Porstmann et al.,
2008). miR-122 and miR-33 may be key regulators of SREBPI.
Silencing or overexpressed miR-122 in vitro revealed that the mRNA
level and protein level of SREBP1 were correspondingly increased
and decreased respectively (Cheung et al., 2008). Whereas, lack of
miR-33 in mice exacerbated high-fat diet-induced obesity and
hepatic steatosis and significantly upregulated
SREBP1 expression, suggesting that SREBP1 is a target of miR-
122 and miR-33 (Horie et al,, 2013). Additionally, studies indicate
that overexpression of angiotensinogen in the renin-angiotensin
system can also inhibit the expression of SREBP1 and its
downstream molecules (Tao et al., 2019).

3.3.3 SREBPs as therapeutic targets in liver injury

Cross-analysis of multiple databases and clinical observations
confirm that SREBP levels are elevated in HCC, and the
overexpression of SREBF2 eliminates the tumor-suppressive
activity of lecithin-cholesterol acyltransferase (LCAT) (Tao et al,
2019). The epithelial-mesenchymal transition (EMT) plays a crucial
role in the heterogeneity and metastasis of tumors. Studies have
reported that SREBP2 can promote the invasion and metastasis of
HCC cells by inducing EMT (Zhang et al., 2023a).

Fatostatin (125B11) is a specific inhibitor of SREBP activation
(Ma et al., 2024), which can inhibit the translocation of SREBPs from
the ER to the Golgi apparatus by binding to SCAP, thereby
inhibiting the activation of SREBP1 and SREBP2. Previous
studies have shown that fatostatin reduces obesity, improves fatty
liver, and lowers hyperglycemia in obese mice by decreasing the
transcription of lipogenic genes and reducing triglyceride storage
(Kamisuki et al., 2009).

Besides, recent studies have found that many herbs or food
extracts such as saffron (Luo et al., 2019), bovine mushroom extract
(Peng et al.,, 2017), and green tea polyphenols (Tan et al., 2017) can
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also reduce hepatic steatosis by phosphorylating activated AMPK
and inhibiting SREBP1 expression.

Overall, SREBPs regulate the balance between cholesterol
by feedback
cholesterol

synthesis and uptake control of cellular

cholesterol levels, maintaining homeostasis.
Dysregulation of SREBP activity may lead to abnormal
cholesterol metabolism, as well as various metabolic disorders

such as diabetes and obesity.

3.4 NPC1L1

3.4.1 Structure of NPC1L1

NPCILI is a transmembrane protein composed of 1,332 amino
acids, featuring 13 transmembrane domains and multiple
glycosylation sites, including an NPC domain and a sterol
sensing domain (Hu et al, 2021; Poongavanam et al, 2019).
NPCILI passes through the extracellular N-terminal structural
domain, causing cholesterol to aggregate and bind to the sterol-
sensing structural domain of NPCILI. The above complexes
undergo endocytosis and interact with clathrin complex 2 to
form endosomes, subsequently transported to late endosomes
and lysosomes for digestion (Huang et al., 2020). Most of the
remaining NPCIL1 is transported to the endocytosis recycling
compartment where it is detached from cholesterol and returned
to the cell surface to restart cholesterol transport (Huang
et al., 2020).

3.4.2 Regulatory factors of NPC1L1 level

Transcription factors closely associated with cholesterol
metabolism such as SREBP2, peroxisome proliferators activated
receptor (PPAR) a and § (Rezaei et al., 2022), and HNFla (Yang
et al., 2023), have been reported to regulate the expression of
NPCILI. These factors have been shown to directly bind to the
NPCILI promoter and synergistically increase the activity of the
NPCILI promoter.

3.4.3 NPC1L1 as a therapeutic target in liver injury

A comprehensive bioinformatics analysis using the TCGA
databases revealed that both NPCIL1 expression and the
frequency of genetic variations were significantly elevated in
HCC group.
NPCIL1 demonstrated correlations with pathological stages,

compared to the control Furthermore,
differentiation grades, and various clinical parameters (Barretto
et al, 2014). Hepatitis C virus (HCV) can be transmitted to
naive cells via free viral particles and cell-to-cell transmission,
while intercellular spread of HCV and exacerbation of HCV
depend on NPCIL1 (Barretto et al., 2014). Furthermore, studies
have shown that heating cholesterol-rich oxysterols can exacerbate
high-fat diet-induced steatosis in a liver NPCILI-dependent
manner (Yamanashi et al., 2022).

Existing studies have shown that the cholesterol uptake inhibitor
ezetimibe can effectively inhibit the proliferation of HCC cells by
targeting NPCIL1 to inhibit the PI3K/AKT/mTOR signaling
pathway to induce the occurrence of non-apoptotic programmed
cell death (Yin et al., 2023). Ezetimibe is effective in lowering blood
lipids, but there is a risk of adverse reactions such as unstable angina,
rhabdomyolysis and autoscopy (Han et al., 2024).

Frontiers in Pharmacology

10.3389/fphar.2025.1572592

3.5 Aster

3.5.1 Structure of aster

Lipid transfer proteins anchored at membrane contact sites
(Lam) family include three members in mammals (GRAMD1a/
Aster-A, GRAMDI1b/Aster-B, and GRAMD1c¢/Aster-C). They share
an N-terminal GRAM and a StART-like domain, followed by a
C-terminal transmembrane domain. Through interactions between
their transmembrane domain and amphipathic helices within the
lumen, Aster proteins form homodimeric and heterodimeric
complexes. When localized at the ER membrane contact sites
they
cholesterol and anionic lipids proximal to the plasma membrane
(PM) to the ER membrane contact sites, mediated by the GRAM
domain-dependent recognition (Sandhu et al., 2018).

throughout steady-state conditions, swiftly transport

3.5.2 Regulatory factors of aster level

Earlier work showed that the GRAM domains of the Aster
proteins are recruited to the PMs of living cells in response to
cholesterol loading and facilitate the formation of PM-ER contacts,
where sterol transfer occurs (Sandhu et al., 2018). Increased
cholesterol levels are sensed by changes in phosphatidylserine
(PS) presentation. In the plasma membrane, the anionic lipid PS
can contribute to the generation of a robust Aster-GRAM structural
domain binding by incorporation into liposomes. Additionally,
existing studies have found that Gramdlb is transcriptionally
regulated by LXR in macrophages (Ferrari et al., 2020).

3.5.3 Aster as a therapeutic target in liver injury

Existing research on GRAMD1a/Aster-A, GRAMDI1b/Aster-B,
and GRAMD1c/Aster-C is limited. However, their roles in the liver,
particularly in MAFLD, have attracted scholarly attention (Ferrari
et al,, 2020). Interestingly, analysis using the GEPIA 2.0 database
(http://gepia2.cancer-pku.cn/#index) revealed a significant increase
in GRAMD1a/Aster-A expression in HCC tissues compared to
normal liver tissues, while no such increase was observed for
GRAMD1b/Aster-B and GRAMD1c¢/Aster-C.

Aster-B/C activates soluble adenylyl cyclase, triggering a calcium
RhoA-mediated pathway that suppresses B-TrCP/proteasome-
mediated TAZ degradation. In mice fed with a cholesterol-rich
MASH-inducing diet, hepatocyte-specific silencing of Aster-B/C,
sAC, or RhoA decreased TAZ and ameliorated fibrotic MASH
(Wang et al., 2020).

The inhibitor AI-3d, which had been shown previously to inhibit
Aster-mediated non-vesicular transport in vitro, reduced cholesterol
transport to the ER and expanded the pool of accessible cholesterol
at the plasma membrane of intestinal enteroids. In this study,
Simvastatin also demonstrated a similar effect. Finally, treatment
of mice with AI-3d inhibited cholesterol absorption (Ferrari et al.,
2023; Xiao et al., 2021).

NPC1 and NPC2 are key proteins in the cholesterol transport
pathway, and mutations in them can lead to lipid storage disorders.
OSBP interacts with Aster protein and plays important roles in
cholesterol transport and membrane organization, regulating
cholesterol homeostasis. A deeper understanding of the
interactions between NPC1/2, OSBP, and Aster in the cholesterol
transport pathway can help uncover the pathogenic mechanisms of
liver diseases, such as MAFLD.
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3.6 OSBP/ORPs

3.6.1 Structure of OSBP/ORPs

Proteins with high homology to the structure of OSBP are called
OSBP-related proteins (ORPs). OSBP and ORPs form a family of
proteins - the ORPS family. The ORPS family of protein sequences
has some common features. One of them is that they all have a
structural domain OSBP-related ligand-binding domain (ORD) at
the C-terminus of about 150-200 amino acids in size with high
similarity (Olkkonen and Ikonen, 2022). There is a highly conserved
sequence in ORD, which is called fingerprint sequence of ORPs, and
it is highly conserved among all ORPs protein sequences. It is highly
conserved among all ORPs protein sequences. There is also a
conserved FFAT motif in the ORD domain, which mediates the
interaction of ORPs family proteins with vesicle associated
membrane protein (VAMP)-associated proteins on the ER, which
is important for ORPs localization at the plasma membrane (Perry
and Ridgway, 2006).

3.6.2 Regulatory factors of OSBP/ORPs level

The function of OSBP in tethering organelles and transporting
lipids is coupled through a four-step cycle. The membrane tethering
by the PH domain interacting with Golgi phosphoinositide PI(4)P,
and the interaction of the FFAT motif with the ER protein VAP-A,
facilitate sterol transfer by the lipid transfer domain (ORD),
followed by the reverse transfer of PI(4)P by the ORD.
Subsequently, PI(4)P is hydrolyzed by the ER protein Sacl. The
energy derived from PI(4)P hydrolysis drives sterol transfer and
provides negative feedback in the case of PI(4)P depletion (Mesmin
et al.,, 2013).

3.6.3 OSBP/ORPs as a therapeutic target in
liver injury

For the OSBP/ORP family, different subtypes exhibit varying
expression levels in patients with liver injury. Dysregulation of
several ORP family members is implicated in cancers, ORP3, -4,
-5 and -8 being thus far the most studied examples (Wang et al.,
2014). CHO-OSBP cells showed a 40%-60% decrease in acyl-CoA:
cholesterol acyltransferase activity and mRNA, a 50% elevation in
mRNA for three sterol-regulated genes [LDL receptor, 3-hydroxy-3-
methylgluraryl (HMG)-CoA reductase and HMG-CoA synthase],
and an 80% increase in ["*Clacetate incorporation into cholesterol,
leading to the occurrence of fatty liver (Lagace et al., 1997; Lin et al.,
2023; Zhou et al., 2011). Furthermore, OSBP plays a critical role in
HCYV replication and membranous web integrity. OSBP is recruited
to membranous webs in a PI 4-kinase-dependent manner, and both
factors have been found to regulate cholesterol trafficking to the web
(Wang et al., 2014).

Schweinfuran glycosides (SWs) are naturally occurring
prenylstilbenes with favorable anticancer properties (Wright
et al, 2021). Existing studies have found that they control the
intracellular distribution of cholesterol through OSBP. OSBP-IN-
1 is a SW derivative. In cells, the interaction between OSBP-IN-
1 and OSBP reduced membrane cholesterol level and delayed post-
Golgi trafficking (Péresse et al., 2020). It has been reported that
delayed post-Golgi trafficking induces ER stress, suppresses both
PI3K activation and mTOR/RheB complex formation, and
subsequently leads to the inhibition of PI3K/AKT/mTOR
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signaling. These signaling events can lead to apoptosis (Bao
et al.,, 2015).

Another study found that itraconazole can inhibit enterovirus
and HCV replication by targeting OSBP and OSBP-related protein 4
(ORP4) (Jeroen et al., 2015).

3.7 NPC1/2

3.7.1 Structure of NPC1/2

The Niemann-Pick disease type C1 (NPC1) protein consists
of 1,278 amino acids and is mainly localized on the endosomal
and lysosomal membranes. Its structure is complex, including the
N-terminal domain, domain C (also known as middle lumenal
domain), domain I (also known as carboxy-terminal domain),
and 13 transmembrane domains. Among them, TM2-6 is
considered the sterol-sensing domain (SSD), while TM8-12 is
classified as the SSD-like domain. Previous studies have shown
that SSD can bind to cholesterol molecules, which is crucial for
the function of NPCl1
et al., 2020a).

Mature human NPC2 protein contains 132 amino acid residues

in cholesterol metabolism (Qian

with a theoretical molecular weight of 14.5 kDa. NPC2 protein is
localized in lysosomes and is a single-domain luminal protein.
Despite its relatively simple structure, NPC2 also plays an
important role in cholesterol metabolism, especially in the
transport and metabolism of cholesterol in lysosomes (Vanier
and Millat, 2004). Cholesterol-rich low-density lipoprotein (LDL)
is first internalized into cells through LDLR on the cell membrane. In
endosomes or lysosomes, NPC2 protein extracts cholesterol from
LDL and then delivers it to the membrane-bound NPC1 protein.
Finally, NPCI interacts with downstream proteins to further
transport cholesterol to other parts of the cell, thereby exerting
biological functions (Gong et al., 2016).

3.7.2 Regulatory factors of NPC1/2 level

One of the most abundant membrane proteins in lysosomes,
lysosome-associated membrane protein 2 (LAMP2), is believed to
receive cholesterol from NPC2, thereby assisting in the efflux of
cholesterol from lysosomes driven by NPC1 (Heybrock et al., 2019).
LAMP protein can serve as a reservoir for the cholesterol extracted
by NPC2 from the inner membrane of lysosomes before
NPCI exports cholesterol from lysosomes. It has been
demonstrated that LAMP2 tightly binds to the N-terminal
domain of NPC1 and also binds cholesterol in the same direction
as this domain (Li and Pfeffer, 2016). NPC2 functions by binding
cholesterol in the lysosomal lumen and delivering it to other
facilitate
transportation across the lysosomal membrane. Studies have

proteins, such as membrane-bound NPC1, to
shown that NPC2 promotes the delivery and removal of
cholesterol in NPCI, as well as the transport of cholesterol
between membranes (Schneede et al., 2011). Other studies have
found that bis (monoacylglycerol) phosphate (BMP) and
sphingomyelin (SM) are present in lysosomes and late
endosomes. When bound to membranes, NPC2 collides with
membranes, BMP regulates its cholesterol transport efficiency,
and SM strongly inhibits cholesterol translocation by NPC2
(Schneede et al., 2011).
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3.7.3 NPC1/2 as a therapeutic target in liver injury

NPC1 disease is an autosomal-recessive cholesterol storage
disorder. Recent studies have shown that NPC1 mRNA is highly
expressed in HCC tissues, as evidenced by data from the TIMER,
UALCAN, Oncomine, and HCCDB databases. Furthermore, clinical
HCC tissues demonstrate that NPCI expression in tumor tissues is
higher than in adjacent tissues, suggesting that NPC1 may serve as a
novel pan-cancer biomarker (Ebner et al., 2018). In addition to other
symptoms, NPCI1 patients
hepatosplenomegaly. The livers of Npcl

develop liver
/=

dysfunction and
mice showed hepatic
cholesterol sequestration resulting in consecutive liver injury, an
increase in the expression of lipogenic genes such as HMG-CoA, a
decrease in the expression of lipolytic genes such as PPARa and acyl-
CoA oxidase 1, and a decrease in the expression of lipid transporter
genes such as ACAT1, ABCAL, and fatty acid transport protein 2
(Ebner et al., 2018).

NPCl is a critical intracellular receptor for viral infection. The
cellular entry of quasi-enveloped variants of hepatitis A virus and
hepatitis E virus is also linked to NPC1 (Ahmad et al., 2023). VTS-
270 has been shown to alleviate cholesterol and glycosphingolipid
accumulation caused by NPC1 mutations in Phase 1/2 clinical trials
(Ebner et al,, 2018). Pitavastatin also regulates cholesterol transport
by inhibiting NPC1 through the PI3K/AKT pathway (Ebner et al.,
2018). In the MASH model, NPC2 is ineffective in modifying robust
liver MASH endpoints. Nevertheless, data suggest that hepatic
ABCA1
upregulated by

expression and reverse cholesterol are

NPC2
therapeutic effect in diseases associated with lipid metabolism
disorders (Christensen et al., 2018).

transport

treatment, presenting a putative

3.8 ACAT

3.8.1 Structure of ACAT

ACAT is an integral membrane protein localized in the ER. In
mammals, two ACAT genes have been identified, ACATI1 and
ACAT2. ACATI is responsible for the formation of cholesteryl
esters in the brain, adrenal glands and kidneys, while ACAT2 is
predominantly expressed in the liver and intestines.

ACAT1 is a tetramer composed of two homodimers. Each
monomer contains nine transmembrane helices, with six forming
a cavity that accommodates endogenous acyl-CoA. The cavity also
contains a histidine, which is required for its catalytic activity (Guo
et al., 2005). ACAT1 senses free cholesterol through its metastable
site. At low cholesterol concentrations, ACAT1 does not efficiently
catalyze esterification. However, at high concentrations, excess
cholesterol will denature to promote esterification. This
mechanism would ensure that ACAT1 activity can be regulated
by the concentration of free cholesterol in the membrane to
maintain cholesterol homeostasis in the ER (Long et al., 2020).

The membrane topology of ACAT?2 is similar to that of ACATI.
Its entrance site is occupied by a cholesterol molecule, and another
site is used for the allosteric activation of ACAT2 (Long et al., 2021).

3.8.2 Regulatory factors of ACAT level

A variety of factors such as hormones, cytokines, and nutritional
factors, among other signaling molecules, can regulate the
expression and enzymatic activity of ACAT, altering the balance
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of cholesterol metabolism. For example, tumor necrosis factor alpha
has been shown to upregulate ACAT expression and increase the
process of cholesterol esterification (Lei et al., 2009). Estrogen has
also been reported to regulate ACAT protein levels (Kavanagh et al.,
2009). Whereas HNF1 was shown to be an important liver-specific
cis-acting element of the human ACAT?2 gene. Transcription factors
HNFla and HNF1P can regulate its expression in the liver by
binding to the ACAT2 promoter (Pramfalk et al., 2005).

Cellular AMPK,
P450 enzymes have been shown to directly or indirectly
regulate ACAT through different pathways (Hanke et al,
2008). 5,
mitochondrial serine/threonine phosphatase, mediates the

signaling  kinases, and cytochrome

For example, phosphoglycerate mutase as a
dephosphorylation of isocitrate dehydrogenase 1 at S336,
which induces the acetylation of isocitrate dehydrogenase
1 mediated by ACAT1 at K337 (Zhu et al., 2020).

Additionally, current research has found that miR-21 has a
regulatory effect on the 3'-untranslated region of rat ACAT1
(Chanyshev et al., 2020). In the background of apolipoprotein E
deficiency, the deletion of the vasopressin II receptor gene can also

promote the downregulation of ACAT1 (Bousette et al., 2009).

3.8.3 ACAT as a therapeutic target in liver injury
In the normal adult liver, ACAT2 expression is very low, but it is
significantly elevated in liver samples from HCC patients, suggesting
that the increased expression of ACAT2 may serve as a novel
biomarker for HCC (Bousette et al., 2009). HCC is associated
with the dysregulation of glycerophosphate acyltransferase
(GNPAT). Available studies found that ACATI1 acetylates
GNPAT at K128, thereby inhibiting the ubiquitination and
degradation of GNPAT mediated by the E3 ubiquitin ligase
TRIM21. Knockdown of ACAT1 and loss of GNPAT acetylation,
as mediated by shRNA, inhibit xenograft and carbon tetrachloride-
induced HCC lipid metabolism and tumor progression. ACAT1-
mediated GNPAT acetylation plays
hepatocarcinogenesis (Gu et al., 2020). In addition, the lack of

a crucial role in
ACAT1 deficiency significantly increased the levels of free
cholesterol in hematopoietic stem cells, enhanced Toll-like
receptor protein 4, and downregulated the expression of TGF-f
pseudo-receptor bone morphogenetic proteins and activin
membrane-bound inhibitory factor, thus activating the sensitivity
of hematopoietic stem cells to TGF-, exacerbating liver fibrosis
(Tomita et al., 2014b).

Pharmacological and gene regulatory strategies targeting ACAT
have now been extensively investigated. ACAT inhibitors, such as
avasimibe, reduce fat deposition and improve hepatic steatosis in the
livers of mice in a high-fat animal model (Jiang et al., 2019; Zhu et al.,
2021). Further research may reveal the potential of ACAT inhibition
in the treatment of liver injury (Shibuya et al., 2015).

Accumulation of cholesterol after HCV infection stimulates the
production of cholesteryl esters, the main component of lipoviral
particles. Existing study has found that the potent ACAT inhibitor
TMP-153 can reduce HCV particle density and infectivity by
inhibiting cholesterol ester synthesis, thereby reducing the risk of
sexual transmission (Read et al., 2014). Furthermore, recent food
science studies have found that extracts of many herbs or foods such
as piperine (Matsuda et al., 2008) may also reduce the accumulation

of lipid droplets in the liver by inhibiting ACAT enzyme activity.
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Cholesterol esterification is a critical metabolic process in which
the enzyme ACAT plays a pivotal role. The activity of ACAT is
regulated by various factors, including tumor necrosis factor a,
estrogen, HNF1, extracellular signal-regulated kinases, AMPK,
cytochrome P450 enzymes, and miR-21, among others. The
activity of ACAT in the liver is closely associated with liver
damage. Studies indicate that abnormal activity of ACAT may
exacerbate the development of liver diseases such as fatty liver,
MAFLD, and others.

3.9 ABCA1

3.9.1 Structure of ABCAL

The ATP-binding cassette (ABC) transporter protein family
is one of the largest membrane protein families found in a wide
range of organisms from prokaryotes to humans. ABC
transporter proteins are also known as efflux pumps because
they mediate the ATP hydrolysis-driven transmembrane
transport of various internal and external biomolecules (Wang
et al., 2021). ABC transporters feature a characteristic structure
composed of at least four domains: two ABC domains (or
nucleotide-binding domains) with highly conserved sequence
motifs and two transmembrane domains. Additional domains
can fuse with these core elements to confer regulatory functions.
The structural similarity of these domain structures supports the
coordination of a series of nucleotide and substrate-dependent
conformational changes in ABC transporters, whether they are
importers or exporters, leading to substrate translocation across
the membrane through an alternating access model (Chen
et al., 2022).

It is worth noting that ABCAl-mediated phospholipid efflux
transport has been proposed to be not an alternate entry model, but
a lateral entry model of transport. This lateral entry model allows
the of the
transmembrane region from the inner leaflet of the «cell

substrates to enter substrate-binding  pocket
membrane even when the transmembrane region is outwardly

open (Qian et al., 2017).

3.9.2 Regulatory factors of ABCAL level

Current research indicates that transcription factors and
cytokines can regulate the expression of ABCAL. There are two
main types of ABCA1 mRNA: one found in the intestines,
containing a 222 bp exon designated as the P-type. The other is
the L-type of the transcript in the liver, which lacks the
aforementioned exon (Tamehiro et al., 2007). Sterols can increase
P-type promoter activity (Wong et al., 2006), while inhibition of
endogenous oxysterol LXR ligand formation or increased binding of
SREBP2 to the E-box element can reduce P-type promoter activity
(Zeng et al., 2004). The L-type promoter is activated by binding to
SREBP2. Both estrogen receptor a and PPARy coactivator la can
positively regulate ABCA1 translation by binding to transcripts (Bao
et al., 2023; Chen et al.,, 2023a).

In addition, maternal uptake of a high-calorie diet can inhibit
the expression of ABCAI by decreasing the methylation level of
ABCAL1 in the offspring (Christensen et al., 2018). miR-30a-3p can
inhibit the expression of ABCA1 by directly targeting the 3’
untranslated region of ABCA1 (Chen et al., 2023b).
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3.9.3 ABCAL as a therapeutic target in liver injury

It has been found that the cholesterol transporter ABCA1 is
upregulated in tumor monocytes/macrophages, leading to the
generation of immature and immunosuppressive monocytes/
of ABCAl
macrophages in HCC reduce CD8" T cell infiltration, which

macrophages. Large amounts and monocytes/
contributes to the poor prognosis of HCC (Li et al., 2023).
Researchers synthesized CircRNA_0001805 targeting miR-
106a-5p/miR-320a as an upstream inhibitor of ABCA1l to
regulate (Li 2021). The

ABCA1 inhibitor glibenclamide has been shown to ameliorate

MAFLD  progression et al,
high-fat diet-induced non-alcoholic fatty liver disease in rats by
lowering levels of blood glucose, triglycerides, cholesterol, DNA
damage, apoptosis, and inflammation markers (Dwivedi and Jena,
2020). Another study showed that glibenclamide can promote ROS-
dependent activation of the c-Jun N-terminal kinase pathway,
inducing apoptosis in HCC cells (Yan et al., 2017).
ABCA1 inhibitor,

antihyperlipidemic drug with potent antioxidant activity that

Probucol, another is a novel
prevents lipid oxidation. A small observational study that
included eight patients with MAFLD showed a significant
reduction in aminotransferase levels and improvement in liver
histology with Probucol (Merat et al, 2008). A randomized
controlled trial also demonstrated that probucol -effectively
reduces alanine aminotransferase levels in patients with MASH
(Merat et al.,, 2003). However, due to its potential to lower high-
density lipoprotein levels, the use of probucol in patients with
concomitant coronary artery disease needs to be carefully
considered (Al-Busafi et al., 2012).

The ABC transporter family is responsible for transmembrane
transport of the biomolecules, with a structure comprising ABC
domains and transmembrane domains. Factors regulating
ABCA1 expression include sterols, estrogen receptor o, and
PPARy agonist la. Research indicates that miR-30a-3p can
suppress ABCA1 expression by targeting it. Upregulation of
ABCAL in tumor cells affects immune cell function, inhibiting

CD8" T cell infiltration and worsening HCC prognosis.

4 Discussion

Due to the critical role of cholesterol in cellular physiology and
function, alterations in cholesterol homeostasis and metabolism are
associated with numerous pathological conditions. In this context,
rather than analyzing the role of total cholesterol levels, the focus is
on understanding the potential mechanisms of liver injury involving
proteins mediated in cholesterol metabolism. Apart from liver
injuries  directly caused by elevated cholesterol levels,
overexpression of most cholesterol metabolism-related proteins
(such as HMGCR, SQLE, SREBP2, and ABCAI) may also
promote the occurrence of liver injuries through non-cholesterol
pathways. Furthermore, this review also discusses the role of drugs
targeting proteins involved in cholesterol metabolism in the
treatment of liver injuries such as MAFLD, HCV, and HCC.

Most drugs targeting cholesterol metabolism-related proteins
have shown promising efficacy in preclinical experiments. The drugs
targeting cholesterol metabolism-related proteins highlighted in this

paper are presented in Table 1. A cohort study of nearly
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1,200 European patients has demonstrated the beneficial effects of
statin drugs on hepatic steatosis, steatohepatitis, and fibrosis
assessed by liver biopsy (Dongiovanni et al, 2015). The
cholesterol uptake inhibitor, ezetimibe, was found to lower
plasma cholesterol, attenuate hepatic steatosis in mice fed a high-
fat diet, and slow the progression of MAFLD/MASH in animal
studies (Muraoka et al.,, 2011). However, the efficacy benefit of
ezetimibe in patients with MAFLD/MASH has conflicting endings.
Further comparison reveals that this discrepancy may be due to the
lack of multicenter and large-sample clinical trials demonstrating
the role of these inhibitors in the treatment of liver injury, and their
clinical application remains challenging (Jun and Cheon, 2019). It is
worth noting that cholesterol metabolism plays a crucial role in
various life activities in the body. In fact, it has been suggested that
more appropriate treatment options may be selected for cholesterol
metabolism abnormalities occurring at different life stages. For
instance, hypercholesterolemia originating from intrauterine
development is associated with abnormal epigenetic modifications
and the intrauterine programming mechanism of fetal-origin
hypercholesterolemia. Interventions targeting pregnant women or
early offspring have been proposed to effectively prevent and treat
the development of fetal-origin hypercholesterolemia.

When reviewing the role of cholesterol metabolism in liver
injury, we primarily identified drugs, miRNAs, transcription
factors, and epigenetic factors as upstream factors influencing
cholesterol metabolism. However, studies have also suggested that
prolonged psychological stress and frequent sleep deprivation
among women may lead to hormonal imbalances, consequently
elevating levels of high-density lipoprotein cholesterol. Therefore,
investigating the impact of external factors such as hormones on
cholesterol metabolism-related proteins represents a promising
direction for future research.

Furthermore, investigations into the role of these proteins in liver
damage have predominantly centered on the characteristics of tumor
cells. Tumor cells exhibit distinct features such as unchecked
proliferative capacity, genetic and epigenetic variability, self-sufficient
growth signaling, resistance to growth inhibition signals, evasion of
programmed cell death or senescence, sustained angiogenesis, immune
system evasion, tissue invasion, and distant metastasis. Recent research
implicates proteins like MYC, HSP90, FoxM1, TGF-f, and EMT in
various aspects of tumor cell behavior including uncontrolled
proliferation, genetic and epigenetic alterations, autonomous growth
signaling, resistance to growth inhibition, immune evasion, tissue
invasion, and metastasis.

However, current studies have not yet delved into how resistance
to programmed cell death or senescence and sustained angiogenesis
could be leveraged to exacerbate liver damage. This gap in
knowledge highlights the need for further exploration into the
mechanisms underlying liver injury, particularly concerning the
interplay between hormonal regulation, protein expression, and
the progression of liver pathologies. Expanding research in this
area could yield insights into novel therapeutic targets and strategies
for managing liver diseases effectively.
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In conclusion, cholesterol management therapy seems to be a
promising therapeutic approach for liver injuries such as MAFLD
and HCC. Therefore, exploring the specific pathogenic mechanisms
of liver injuries caused by proteins related to cholesterol metabolism
is crucial for providing effective therapeutic targets in clinical
settings. However, some mechanisms remain incompletely
understood, necessitating further exploration and clinical trial

validation.

Author contributions

YZ: Validation, Visualization, Writing - original draft,
Writing - review and editing. YC: Validation, Writing — original
draft, Writing - review and editing. YY: Validation, Writing - review
and editing. ZX: Supervision, Writing — review and editing. XY:
Supervision, Writing - review and editing. BY: Project
administration, Supervision, Writing - review and editing. PL:
Funding acquisition, Supervision, Writing — review and editing.
HY: Conceptualization, Funding acquisition, Writing — review and

QH:

Supervision, Writing — review and editing.

editing. Conceptualization, ~ Project  administration,

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the National Natural Science Foundation of China (Nos.
82373968, 82104315).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1572592

Zhou et al.

References

Abe, I, Abe, T., Lou, W., Masuoka, T., and Noguchi, H. (2007). Site-directed
mutagenesis of conserved aromatic residues in rat squalene epoxidase. Biochem.
Biophy. Res. Commun. 352, 259-263. doi:10.1016/j.bbrc.2006.11.014

Ahmad, L., Fatemi, S. N., Ghaheri, M., Rezvani, A., Khezri, D. A., Natami, M., et al.
(2023). An overview of the role of Niemann-pick C1 (NPC1) in viral infections and
inhibition of viral infections through NPC1 inhibitor. Cell Commun. Signal. 21, 352.
doi:10.1186/s12964-023-01376-x

AL-Busafi, S. A, Bhat, M., Wong, P., Ghali, P., and Deschenes, M. (2012). Antioxidant
therapy in nonalcoholic steatohepatitis. Hepat. Res. Treat. 2012, 1-8. doi:10.1155/2012/
947575

Altmann, S. W, Davis, H. R, Zhu, L.-]., Yao, X., Hoos, L. M., Tetzloff, G., et al. (2004).
Niemann-Pick C1 like 1 protein is critical for intestinal cholesterol absorption. Science
303, 1201-1204. doi:10.1126/science.1093131

Bakiri, L., Hamacher, R., GraiiA, O., GuiO-Carri6N, A., Campos-Olivas, R.,
Martinez, L., et al. (2017). Liver carcinogenesis by FOS-dependent inflammation
and cholesterol dysregulation. J. Exp. Med. 214, 1387-1409. doi:10.1084/jem.
20160935

Bao, Z.L.Z., He, P. Y., Adali, J., Yang, Y. C., and Wulasihan, M. (2023). 17f-estradiol
regulates adenosine triphosphate-binding cassette transporters Al expression via
estrogen receptor A to increase macrophage cholesterol efflux. J. physiol. Pharmacol.
74, 527-536.

Bao, X, Zheng, W., Sugi, N. H., Agarwala, K. L., Xu, Q., Wang, Z., et al. (2015). Small
molecule schweinfurthins selectively inhibit cancer cell proliferation and mTOR/AKT
signaling by interfering with trans-Golgi-network trafficking. Cancer Biol. ¢ Ther. 16,
589-601. doi:10.1080/15384047.2015.1019184

Barretto, N., Sainz, B., Hussain, S., and Uprichard, S. L. (2014). Determining the
involvement and therapeutic implications of host cellular factors in hepatitis C virus
cell-to-cell spread. J. Virology 88, 5050-5061. doi:10.1128/JV1.03241-13

Blankstein, R., and Singh, A. (2020). Cholesterol guidelines. JACC 76, 665-668. doi:10.
1016/j.jacc.2020.06.055

Bousette, N., D’Orleans-Juste, P., Kiss, R. S., You, Z., Genest, J., AL-Ramli, W.,
et al. (2009). Urotensin II receptor knockout mice on an ApoE knockout
background fed a high-fat diet exhibit an enhanced hyperlipidemic and
atherosclerotic phenotype. Circulation Res. 105, 686-695. doi:10.1161/
CIRCRESAHA.107.168799

Braeuning, A., Bucher, P., Hofmann, U., Buchmann, A., and Schwarz, M. (2014).
Chemically induced mouse liver tumors are resistant to treatment with atorvastatin.
BMC Cancer 14, 766. doi:10.1186/1471-2407-14-766

Cao, Z., Fan-Minogue, H., Bellovin, D. I, Yevtodiyenko, A., Arzeno, J., Yang, Q., et al.
(2011). MYC phosphorylation, activation, and tumorigenic potential in hepatocellular
carcinoma are regulated by HMG-CoA reductase. Cancer Res. 71, 2286-2297. doi:10.
1158/0008-5472.CAN-10-3367

Chalasani, N., Younossi, Z., Lavine, J. E., Charlton, M., Cusi, K., Rinella, M., et al.
(2018). The diagnosis and management of nonalcoholic fatty liver disease: practice
guidance from the American Association for the Study of Liver Diseases. Hepatology 67,
328-357. doi:10.1002/hep.29367

Chanyshev, M. D., Yarushkin, A. A., Koldysheva, E. V., Lushnikova, E. L., and
Gulyaeva, L. F. (2020). Downregulation of Acatl by miR-21 may participate in liver
fibrosis upon chronic DDT exposure. Toxicol. Mech. Methods 30, 562-569. doi:10.1080/
15376516.2020.1777493

Chen, H.-W,, Yen, C.-C,, Kuo, L.-L,, Lo, C.-W., Huang, C.-S., Chen, C.-C,, et al.
(2020). Benzyl isothiocyanate ameliorates high-fat/cholesterol/cholic acid diet-induced
nonalcoholic  steatohepatitis  through inhibiting cholesterol  crystal-activated
NLRP3 inflammasome in Kupffer cells. Toxicol. Appl. Pharmacol. 393, 114941.
doi:10.1016/j.taap.2020.114941

Chen, Z.-P., Xu, D., Wang, L., Mao, Y.-X,, Li, Y., Cheng, M.-T, et al. (2022). Structural
basis of substrate recognition and translocation by human very long-chain fatty acid
transporter ABCD1. Nat. Commun. 13, 3299. doi:10.1038/s41467-022-30974-5

Chen, W., Zhang, Q., Dai, X,, Chen, X,, Zhang, C,, Bai, R, et al. (2023a). PGC-1a
promotes colorectal carcinoma metastasis through regulating ABCAL1 transcription.
Oncogene 42, 2456-2470. doi:10.1038/s41388-023-02762-y

Chen, X., Chen, S., Pang, J., Huang, R., You, Y., Zhang, H., et al. (2023b). Hepatic
steatosis aggravates atherosclerosis via small extracellular vesicle-mediated
inhibition of cellular cholesterol efflux. J. Hepatology 79, 1491-1501. doi:10.
1016/j.jhep.2023.08.023

Cheung, O., Puri, P, Eicken, C., Contos, M. J., Mirshahi, F., Maher, ]. W., et al. (2008).

Nonalcoholic steatohepatitis is associated with altered hepatic MicroRNA expression.
Hepatology 48, 1810-1820. doi:10.1002/hep.22569

Chin, J., and Bloch, K. (1984). Role of supernatant protein factor and anionic
phospholipid in squalene uptake and conversion by microsomes. J. Biol. Chem. 259,
11735-11738. doi:10.1016/s0021-9258(20)71272-x

Choi, S.-E., Hwang, Y., Lee, S.-J., Jung, H., Shin, T. H,, Son, Y., et al. (2022).
Mitochondrial protease ClpP supplementation ameliorates diet-induced NASH in
mice. J. Hepatology 77, 735-747. doi:10.1016/j.jhep.2022.03.034

Frontiers in Pharmacology

13

10.3389/fphar.2025.1572592

Christensen, C. U., Glavind, E., Thomsen, K. L., Kim, Y. O., HeeboLL, S.,
Schuppan, D., et al. (2018). Niemann-Pick type C2 protein supplementation in
experimental non-alcoholic fatty liver disease. PLoS One 13, €0192728. doi:10.
1371/journal.pone.0192728

Chua, N. K., Howe, V., Jatana, N., Thukral, L., and Brown, A. J. (2017). A conserved
degron containing an amphipathic helix regulates the cholesterol-mediated turnover of
human squalene monooxygenase, a rate-limiting enzyme in cholesterol synthesis.
J. Biol. Chem. 292, 19959-19973. d0i:10.1074/jbc.M117.794230

Debose-Boyd, R. A., and Ye, J. (2018). SREBPs in lipid metabolism, insulin
signaling, and beyond. Trends Biochem. Sci. 43, 358-368. do0i:10.1016/j.tibs.2018.
01.005

Dongiovanni, P., Petta, S., Mannisto, V., Mancina, R. M., Pipitone, R., Karja, V., et al.
(2015). Statin use and non-alcoholic steatohepatitis in at risk individuals. J. Hepatology
63, 705-712. doi:10.1016/j.jhep.2015.05.006

Dong, L., Xue, L., Zhang, C., Li, H., Cai, Z., and Guo, R. (2019). HSP90 interacts with
HMGCR and promotes the progression of hepatocellular carcinoma. Mol. Med. Rep. 19,
524-532. doi:10.3892/mmr.2018.9667

Dwivedi, D. K., and Jena, G. B. (2020). NLRP3 inhibitor glibenclamide attenuates
high-fat diet and streptozotocin-induced non-alcoholic fatty liver disease in rat: studies
on oxidative stress, inflammation, DNA damage and insulin signalling pathway.
Naunyn-Schmiedeberg’s Archives Pharmacol. 393, 705-716. doi:10.1007/s00210-019-
01773-5

Ebner, L., Gliser, A., Briuer, A., Witt, M., Wree, A., Rolfs, A., et al. (2018). Evaluation
of two liver treatment strategies in a mouse model of niemann-pick-disease type C1. Int.
J. Mol. Sci. 19, 972. doi:10.3390/ijms19040972

Fadel, L., Dacic, M., Fonda, V., Sokolsky, B. A., Quagliarini, F., Rogatsky, I, et al.
(2023). Modulating glucocorticoid receptor actions in physiology and pathology:
insights from coregulators. Pharmacol. & Ther. 251, 108531. doi:10.1016/j.
pharmthera.2023.108531

Ferrari, A., He, C., Kennelly, J. P., Sandhu, ., Xiao, X., Chi, X,, et al. (2020). Aster
proteins regulate the accessible cholesterol pool in the plasma membrane. Mol. Cell.
Biol. 40, €00255-20. doi:10.1128/MCB.00255-20

Ferrari, A., Whang, E., Xiao, X., Kennelly, J. P., Romartinez-Alonso, B., Mack, J. J.,
et al. (2023). Aster-dependent nonvesicular transport facilitates dietary cholesterol
uptake. Science 382, eadf0966. doi:10.1126/science.adf0966

Flamment, M., Hajduch, E., Ferré, P., and Foufelle, F. (2012). New insights into ER
stress-induced insulin resistance. Trends Endocrinol. & Metabolism 23, 381-390. doi:10.
1016/j.tem.2012.06.003

Foufelle, F., and Ferré, P. (2002). New perspectives in the regulation of hepatic
glycolytic and lipogenic genes by insulin and glucose: a role for the transcription factor
sterol regulatory element binding protein-1c. Biochem. ]. 366, 377-391. doi:10.1042/
BJ20020430

Ge, L, Qi, W., Wang, L.-J., Miao, H.-H., Qu, Y.-X,, Li, B.-L,, et al. (2011). Flotillins
play an essential role in Niemann-Pick Cl1-like 1-mediated cholesterol uptake. Proc.
Natl. Acad. Sci. U. S. A. 108, 551-556. doi:10.1073/pnas.1014434108

Gohil, N., Bhattacharjee, G., Khambhati, K., Braddick, D., and Singh, V. (2019).
Corrigendum: engineering strategies in microorganisms for the enhanced production of
squalene: advances, challenges and opportunities. Front. Bioeng. Biotechnol. 7, 114.
doi:10.3389/tbioe.2019.00114

Goldstein, J. L., Rawson, R. B., and Brown, M. S. (2002). Mutant mammalian cells as
tools to delineate the sterol regulatory element-binding protein pathway for feedback
regulation of lipid synthesis. Archives Biochem. Biophysics 397, 139-148. doi:10.1006/
abbi.2001.2615

Gong, X, Qian, H., Zhou, X., Wu, J., Wan, T., Cao, P., et al. (2016). Structural insights
into the niemann-pick C1 (NPC1)-mediated cholesterol transfer and ebola infection.
Cell 165, 1467-1478. doi:10.1016/j.cell.2016.05.022

Gu, L, Zhu, Y., Lin, X,, Tan, X,, Lu, B,, and Li, Y. (2020). Stabilization of FASN by
ACATI1-mediated GNPAT acetylation promotes lipid metabolism and
hepatocarcinogenesis. Oncogene 39, 2437-2449. doi:10.1038/s41388-020-1156-0

Guo, Z.-Y,, Lin, S., Heinen, J. A., Chang, C. C. Y., and Chang, T.-Y. (2005). The active
site his-460 of human acyl-coenzyme A:cholesterol acyltransferase 1 resides in a
hitherto undisclosed transmembrane domain. J. Biol. Chem. 280, 37814-37826.
doi:10.1074/jbc.M508384200

Gwag, T., Meng, Z., Sui, Y., Helsley, R. N., Park, S.-H., Wang, S,, et al. (2019). Non-
nucleoside reverse transcriptase inhibitor efavirenz activates PXR to induce
hypercholesterolemia and hepatic steatosis. J. Hepatology 70, 930-940. doi:10.1016/j.
jhep.2018.12.038

Hanke, N., Meissner, J. D., Scheibe, R. J., Endeward, V., Gros, G., and Kubis, H.-P.
(2008). Metabolic transformation of rabbit skeletal muscle cells in primary culture in
response to low glucose. Biochimica Biophy. Acta (BBA) - Mol. Cell Res. 1783, 813-825.
doi:10.1016/j.bbamcr.2007.12.012

Han, Y., Cheng, S., He, J., Han, S, Zhang, L, Zhang, M., et al. (2024). Safety
assessment of ezetimibe: real-world adverse event analysis from the FAERS database.
Expert Opin. drug Saf., 1-11. doi:10.1080/14740338.2024.2446411

frontiersin.org


https://doi.org/10.1016/j.bbrc.2006.11.014
https://doi.org/10.1186/s12964-023-01376-x
https://doi.org/10.1155/2012/947575
https://doi.org/10.1155/2012/947575
https://doi.org/10.1126/science.1093131
https://doi.org/10.1084/jem.20160935
https://doi.org/10.1084/jem.20160935
https://doi.org/10.1080/15384047.2015.1019184
https://doi.org/10.1128/JVI.03241-13
https://doi.org/10.1016/j.jacc.2020.06.055
https://doi.org/10.1016/j.jacc.2020.06.055
https://doi.org/10.1161/CIRCRESAHA.107.168799
https://doi.org/10.1161/CIRCRESAHA.107.168799
https://doi.org/10.1186/1471-2407-14-766
https://doi.org/10.1158/0008-5472.CAN-10-3367
https://doi.org/10.1158/0008-5472.CAN-10-3367
https://doi.org/10.1002/hep.29367
https://doi.org/10.1080/15376516.2020.1777493
https://doi.org/10.1080/15376516.2020.1777493
https://doi.org/10.1016/j.taap.2020.114941
https://doi.org/10.1038/s41467-022-30974-5
https://doi.org/10.1038/s41388-023-02762-y
https://doi.org/10.1016/j.jhep.2023.08.023
https://doi.org/10.1016/j.jhep.2023.08.023
https://doi.org/10.1002/hep.22569
https://doi.org/10.1016/s0021-9258(20)71272-x
https://doi.org/10.1016/j.jhep.2022.03.034
https://doi.org/10.1371/journal.pone.0192728
https://doi.org/10.1371/journal.pone.0192728
https://doi.org/10.1074/jbc.M117.794230
https://doi.org/10.1016/j.tibs.2018.01.005
https://doi.org/10.1016/j.tibs.2018.01.005
https://doi.org/10.1016/j.jhep.2015.05.006
https://doi.org/10.3892/mmr.2018.9667
https://doi.org/10.1007/s00210-019-01773-5
https://doi.org/10.1007/s00210-019-01773-5
https://doi.org/10.3390/ijms19040972
https://doi.org/10.1016/j.pharmthera.2023.108531
https://doi.org/10.1016/j.pharmthera.2023.108531
https://doi.org/10.1128/MCB.00255-20
https://doi.org/10.1126/science.adf0966
https://doi.org/10.1016/j.tem.2012.06.003
https://doi.org/10.1016/j.tem.2012.06.003
https://doi.org/10.1042/BJ20020430
https://doi.org/10.1042/BJ20020430
https://doi.org/10.1073/pnas.1014434108
https://doi.org/10.3389/fbioe.2019.00114
https://doi.org/10.1006/abbi.2001.2615
https://doi.org/10.1006/abbi.2001.2615
https://doi.org/10.1016/j.cell.2016.05.022
https://doi.org/10.1038/s41388-020-1156-0
https://doi.org/10.1074/jbc.M508384200
https://doi.org/10.1016/j.jhep.2018.12.038
https://doi.org/10.1016/j.jhep.2018.12.038
https://doi.org/10.1016/j.bbamcr.2007.12.012
https://doi.org/10.1080/14740338.2024.2446411
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1572592

Zhou et al.

Hart-Unger, S., Arao, Y., Hamilton, K. ], Lierz, S. L., Malarkey, D. E., Hewitt, S. C.,
et al. (2017). Hormone signaling and fatty liver in females: analysis of estrogen receptor
a mutant mice. Int. J. Obes. 41, 945-954. doi:10.1038/ij0.2017.50

Heybrock, S., Kanerva, K., Meng, Y., Ing, C., Liang, A., Xiong, Z.-]., et al. (2019).
Lysosomal integral membrane protein-2 (LIMP-2/SCARB2) is involved in lysosomal
cholesterol export. Nat. Commun. 10, 3521. doi:10.1038/s41467-019-11425-0

Hidaka, Y., Hotta, H., Nagata, Y., Iwasawa, Y., Horie, M., and Kamei, T. (1991). Effect
of a novel squalene epoxidase inhibitor, NB-598, on the regulation of cholesterol
metabolism in Hep G2 cells. J. Biol. Chem. 266, 13171-13177. doi:10.1016/s0021-
9258(18)98820-4

Horie, T., Nishino, T., Baba, O., Kuwabara, Y., Nakao, T., Nishiga, M., et al. (2013).
MicroRNA-33 regulates sterol regulatory element-binding protein 1 expression in mice.
Nat. Commun. 4, 2883. doi:10.1038/ncomms3883

Huang, C.-S., Yu, X, Fordstrom, P., Choi, K., Chung, B. C., Roh, S.-H,, et al. (2020).
Cryo-EM structures of NPCILI reveal mechanisms of cholesterol transport and
ezetimibe inhibition. Sci. Adv. 6, eabb1989. doi:10.1126/sciadv.abb1989

Hu, J., Liu, N, Song, D., Steer, C. J., Zheng, G., and Song, G. (2023). A positive
feedback between cholesterol synthesis and the pentose phosphate pathway rather than
glycolysis promotes hepatocellular carcinoma. Oncogene 42, 2892-2904. doi:10.1038/
541388-023-02757-9

Hu, M., Yang, F., Huang, Y., You, X,, Liu, D,, Sun, S,, et al. (2021). Structural insights
into the mechanism of human NPCI1L1-mediated cholesterol uptake. Sci. Adv. 7,
eabg3188. doi:10.1126/sciadv.abg3188

Toannou, G. N. (2016). The role of cholesterol in the pathogenesis of NASH. Trends
Endocrinol. & Metabolism 27, 84-95. doi:10.1016/j.tem.2015.11.008

Ioannou, G. N., Haigh, W. G., Thorning, D., and Savard, C. (2013). Hepatic
cholesterol crystals and crown-like structures distinguish NASH from simple
steatosis. J. Lipid Res. 54, 1326-1334. doi:10.1194/jlr.M034876

Jeroen, L., Albulescu, L., Bigay, J., Arita, M., Delang, L., Leyssen, P., et al. (2015).
Itraconazole inhibits enterovirus replication by targeting the oxysterol-binding protein.
Cell Rep. 10, 600-615. doi:10.1016/j.celrep.2014.12.054

Jiang, Y., Sun, A., Zhao, Y., Ying, W., Sun, H.,, Yang, X,, et al. (2019). Proteomics
identifies new therapeutic targets of early-stage hepatocellular carcinoma. Nature 567,
257-261. doi:10.1038/s41586-019-0987-8

Jin, S.-W., Han, Y.-L., Pan, X.-L,, and Zhang, H.-X. (2023). Electroacupuncture
regulates hepatic cholesterol synthesis by HMGCR deubiquitination in rats. Heliyon 9,
€21005. doi:10.1016/j.heliyon.2023.e21005

Jo, Y., and Debose-Boyd, R. A. (2010). Control of cholesterol synthesis through
regulated ER-associated degradation of HMG CoA reductase. Crit. Rev. Biochem. Mol.
Biol. 45, 185-198. doi:10.3109/10409238.2010.485605

Jun, B. G., and Cheon, G. J. (2019). The utility of ezetimibe therapy in nonalcoholic
fatty liver disease. Korean J. Intern. Med. 34, 284-285. doi:10.3904/kjim.2019.043

Kakiyama, G., Rodriguez-Agudo, D., and Pandak, W. M. (2023). Mitochondrial
cholesterol metabolites in a bile acid synthetic pathway drive nonalcoholic fatty liver
disease: a revised “two-hit” hypothesis. Cells 12, 1434. d0i:10.3390/cells12101434

Kamisuki, S., Mao, Q., Abu-Elheiga, L., Gu, Z., Kugimiya, A., Kwon, Y., et al. (2009). A
small molecule that blocks fat synthesis by inhibiting the activation of SREBP. Chem. ¢&
Biol. 16, 882-892. doi:10.1016/j.chembiol.2009.07.007

Kavanagh, K., Davis, M. A,, Zhang, L., Wilson, M. D., Register, T. C., Adams, M. R,,
et al. (2009). Estrogen decreases atherosclerosis in part by reducing hepatic acyl-CoA:
cholesterol acyltransferase 2 (ACAT2) in monkeys. Arteriosclerosis, Thrombosis, Vasc.
Biol. 29, 1471-1477. doi:10.1161/ATVBAHA.109.191825

Kelley, N., Jeltema, D., Duan, Y., and He, Y. (2019). The NLRP3 inflammasome: an
overview of mechanisms of activation and regulation. Int. J. Mol. Sci. 20, 3328. doi:10.
3390/ijms20133328

Kim, H. J., Miyazaki, M., Man, W. C.,, and Ntambi, J. M. (2002). Sterol regulatory
element-binding proteins (SREBPs) as regulators of lipid metabolism: polyunsaturated
fatty acids oppose cholesterol-mediated induction of SREBP-1 maturation. Ann. N. Y.
Acad. Sci. 967, 34-42. doi:10.1111/j.1749-6632.2002.tb04261.x

Kim, G., Jang, S.-Y., Nam, C. M., and Kang, E. S. (2018). Statin use and the risk of
hepatocellular carcinoma in patients at high risk: a nationwide nested case-control
study. J. Hepatology 68, 476-484. doi:10.1016/j.jhep.2017.10.018

Koh, E. H, Yoon, J. E,, Ko, M. S, Leem, J., Yun, J.-Y., Hong, C. H,, et al. (2021).
Sphingomyelin synthase 1 mediates hepatocyte pyroptosis to trigger non-alcoholic
steatohepatitis. Gut 70, 1954-1964. doi:10.1136/gutjnl-2020-322509

Lagace, T. A., Byers, D. M., Cook, H. W., and Ridgway, N. D. (1997). Altered
regulation of cholesterol and cholesteryl ester synthesis in Chinese-hamster ovary cells
overexpressing the oxysterol-binding protein is dependent on the pleckstrin homology
domain. Biochem. J. 326, 205-213. doi:10.1042/bj3260205

Lee, S., Nam, M., Lee, A. R, Lee, J., Woo, J., Kang, N. S, et al. (2021). Systematic target
screening revealed that Tif302 could Be an off-target of the antifungal terbinafine in
fission yeast. Biomol. Ther. (Seoul) 29, 234-247. doi:10.4062/biomolther.2020.166

Lei, L., Xiong, Y., Chen, ], Yang, J.-B., Wang, Y., Yang, X.-Y., et al. (2009). TNF-alpha
stimulates the ACAT1 expression in differentiating monocytes to promote the CE-laden
cell formation. J. Lipid Res. 50, 1057-1067. doi:10.1194/j1r.M800484-JLR200

Frontiers in Pharmacology

14

10.3389/fphar.2025.1572592

Li, M.-X,, Yang, Y., Zhao, Q., Wu, Y., Song, L., Yang, H., et al. (2020). Degradation
versus inhibition: development of proteolysis-targeting chimeras for overcoming statin-
induced compensatory upregulation of 3-Hydroxy-3-methylglutaryl coenzyme A
reductase. J. Med. Chem. 63, 4908-4928. doi:10.1021/acs.jmedchem.0c00339

Liang, J. Q., Teoh, N., Xu, L., Pok, S., Li, X,, Chu, E. S. H,, et al. (2018). Dietary
cholesterol promotes steatohepatitis related hepatocellular carcinoma through
dysregulated metabolism and calcium signaling. Nat. Commun. 9, 4490. doi:10.
1038/541467-018-06931-6

Li, J., and Pfeffer, S. R. (2016). Lysosomal membrane glycoproteins bind cholesterol
and contribute to lysosomal cholesterol export. eLife 5, €21635. doi:10.7554/eLife.21635

Li, J., Qi, J., Tang, Y., Liu, H., Zhou, K,, Dai, Z., et al. (2021). A nanodrug system
overexpressed circRNA_0001805 alleviates nonalcoholic fatty liver disease via miR-
106a-5p/miR-320a and ABCA1/CPT1 axis. J. Nanobiotech. 19, 363. doi:10.1186/
512951-021-01108-8

Lin, Y., Ding, D., Huang, Q., Liu, Q.,, Lu, H,, Lu, Y., et al. (2017). Downregulation of
miR-192 causes hepatic steatosis and lipid accumulation by inducing SREBF1: novel
mechanism for bisphenol A-triggered non-alcoholic fatty liver disease. Biochimica
Biophysica Acta (BBA) - Mol. Cell Biol. Lipids 1862, 869-882. doi:10.1016/j.bbalip.2017.
05.001

Lin, Y., Ran, L,, Du, X,, Yang, H., and Wu, Y. (2023). Oxysterol-binding protein: new
insights into lipid transport functions and human diseases. Biochimica Biophysica Acta
(BBA) - Mol. Cell Biol. Lipids 1868, 159365. doi:10.1016/j.bbalip.2023.159365

Liu, D., Wong, C. C,, Fu, L., Chen, H., Zhao, L., Li, C,, et al. (2018). Squalene epoxidase
drives NAFLD-induced hepatocellular carcinoma and is a pharmaceutical target. Sci.
Transl. Med. 10, eaap9840. doi:10.1126/scitranslmed.aap9840

Liu, N, Tian, J,, Steer, C. J., Han, Q. and Song, G. (2023). MicroRNA-206-3p
suppresses hepatic lipogenesis and cholesterol synthesis while driving cholesterol efflux.
Hepatology 81, 111-125. doi:10.1097/HEP.0000000000000672

Li, X, Hu, W, Li, L,, Chen, Z, Jiang, T., Zhang, D., et al. (2022a). MiR-133a-3p/
Sirtl epigenetic programming mediates hypercholesterolemia susceptibility in female
offspring induced by prenatal dexamethasone exposure. Biochem. Pharmacol. 206,
115306. doi:10.1016/j.bcp.2022.115306

Li, Y., Xu, S., Mihaylova, M. M., Zheng, B., Hou, X,, Jiang, B., et al. (2011). AMPK
phosphorylates and inhibits SREBP activity to attenuate hepatic steatosis and
atherosclerosis in diet-induced insulin-resistant mice. Cell Metab. 13, 376-388.
doi:10.1016/j.cmet.2011.03.009

Li, Z., Wang, Y., Xing, R,, Zeng, H., Yu, X.-J., Zhang, Y.-J,, et al. (2023). Cholesterol
efflux drives the generation of immunosuppressive macrophages to promote the
progression of human hepatocellular carcinoma. Cancer Immunol. Res. 11,
1400-1413. doi:10.1158/2326-6066.CIR-22-0907

Li, Z., Zhou, Y., Jia, K, Yang, Y., Zhang, L., Wang, S, et al. (2022b). JMJD4-
demethylated RIG-I prevents hepatic steatosis and carcinogenesis. J. Hematol. & Oncol.
15, 161. doi:10.1186/s13045-022-01381-6

Llorentecortes, V., Royo, T., Oterovinas, M., Berrozpe, M., and Badimon, L. (2007).
Sterol regulatory element binding proteins downregulate LDL receptor-related protein
(LRP1) expression and LRP1-mediated aggregated LDL uptake by human
macrophages. Cardiovasc. Res. 74, 526-536. doi:10.1016/j.cardiores.2007.02.020

Llovet, J. M., De Baere, T., Kulik, L., Haber, P. K., Greten, T. F., Meyer, T., et al. (2021).
Locoregional therapies in the era of molecular and immune treatments for
hepatocellular carcinoma. Nat. Rev. Gastroenterology & Hepatology 18, 293-313.
doi:10.1038/s41575-020-00395-0

Long, T., Liu, Y., and Li, X. (2021). Molecular structures of human ACAT?2 disclose
mechanism for selective inhibition. Structure 29, 1410-1418.e4. doi:10.1016/j.str.2021.
07.009

Long, T., Sun, Y., Hassan, A., Qi, X,, and Li, X. (2020). Structure of nevanimibe-bound
tetrameric human ACAT1. Nature 581, 339-343. doi:10.1038/s41586-020-2295-8

Luo, J., Yang, H., and Song, B.-L. (2020). Mechanisms and regulation of cholesterol
homeostasis. Nat. Rev. Mol. Cell Biol. 21, 225-245. d0i:10.1038/s41580-019-0190-7

Luo, L., Fang, K., Dan, X., and Gu, M. (2019). Crocin ameliorates hepatic steatosis
through activation of AMPK signaling in db/db mice. Lipids Health Dis. 18, 11. doi:10.
1186/512944-018-0955-6

Lv, W,, Huang, J.-Y,, Lin, J., Ma, Y., He, S., Zhang, Y., et al. (2023). Phytosterols
alleviate hyperlipidemia by regulating gut microbiota and cholesterol metabolism in
mice. Oxidative Med. Cell. Longev. 2023, 6409385. doi:10.1155/2023/6409385

Malhotra, P., Aloman, C., Ankireddy, A., Khadra, H., Ooka, K., Gill, R. K., et al.
(2017). Overactivation of intestinal sterol response element-binding protein 2 promotes
diet-induced nonalcoholic steatohepatitis. Am. J. Physiology-Gastrointest. Liver Physio.
313, G376-G385. doi:10.1152/ajpgi.00174.2017

Marchi, S., Viviani, S., Montomoli, E., Tang, Y., Boccuto, A., Vicenti, L, et al. (2020).
Zika virus in west africa: a seroepidemiological study between 2007 and 2012. Viruses
12, 641. doi:10.3390/v12060641

Masahiro, H., Masahiro, H., Toshihiko, S., Hiroshi, H., Yasufumi, N., Fumiaki, I., et al.
(1993). An inhibitor of squalene epoxidase, NB-598, suppresses the secretion of
cholesterol and triacylglycerol and simultaneously reduces apolipoprotein B in
HepG2 cells. Biochimica Biophysica Acta (BBA) - Lipids Lipid Metabol. 1168, 45-51.
doi:10.1016/0005-2760(93)90264-a

frontiersin.org


https://doi.org/10.1038/ijo.2017.50
https://doi.org/10.1038/s41467-019-11425-0
https://doi.org/10.1016/s0021-9258(18)98820-4
https://doi.org/10.1016/s0021-9258(18)98820-4
https://doi.org/10.1038/ncomms3883
https://doi.org/10.1126/sciadv.abb1989
https://doi.org/10.1038/s41388-023-02757-9
https://doi.org/10.1038/s41388-023-02757-9
https://doi.org/10.1126/sciadv.abg3188
https://doi.org/10.1016/j.tem.2015.11.008
https://doi.org/10.1194/jlr.M034876
https://doi.org/10.1016/j.celrep.2014.12.054
https://doi.org/10.1038/s41586-019-0987-8
https://doi.org/10.1016/j.heliyon.2023.e21005
https://doi.org/10.3109/10409238.2010.485605
https://doi.org/10.3904/kjim.2019.043
https://doi.org/10.3390/cells12101434
https://doi.org/10.1016/j.chembiol.2009.07.007
https://doi.org/10.1161/ATVBAHA.109.191825
https://doi.org/10.3390/ijms20133328
https://doi.org/10.3390/ijms20133328
https://doi.org/10.1111/j.1749-6632.2002.tb04261.x
https://doi.org/10.1016/j.jhep.2017.10.018
https://doi.org/10.1136/gutjnl-2020-322509
https://doi.org/10.1042/bj3260205
https://doi.org/10.4062/biomolther.2020.166
https://doi.org/10.1194/jlr.M800484-JLR200
https://doi.org/10.1021/acs.jmedchem.0c00339
https://doi.org/10.1038/s41467-018-06931-6
https://doi.org/10.1038/s41467-018-06931-6
https://doi.org/10.7554/eLife.21635
https://doi.org/10.1186/s12951-021-01108-8
https://doi.org/10.1186/s12951-021-01108-8
https://doi.org/10.1016/j.bbalip.2017.05.001
https://doi.org/10.1016/j.bbalip.2017.05.001
https://doi.org/10.1016/j.bbalip.2023.159365
https://doi.org/10.1126/scitranslmed.aap9840
https://doi.org/10.1097/HEP.0000000000000672
https://doi.org/10.1016/j.bcp.2022.115306
https://doi.org/10.1016/j.cmet.2011.03.009
https://doi.org/10.1158/2326-6066.CIR-22-0907
https://doi.org/10.1186/s13045-022-01381-6
https://doi.org/10.1016/j.cardiores.2007.02.020
https://doi.org/10.1038/s41575-020-00395-0
https://doi.org/10.1016/j.str.2021.07.009
https://doi.org/10.1016/j.str.2021.07.009
https://doi.org/10.1038/s41586-020-2295-8
https://doi.org/10.1038/s41580-019-0190-7
https://doi.org/10.1186/s12944-018-0955-6
https://doi.org/10.1186/s12944-018-0955-6
https://doi.org/10.1155/2023/6409385
https://doi.org/10.1152/ajpgi.00174.2017
https://doi.org/10.3390/v12060641
https://doi.org/10.1016/0005-2760(93)90264-a
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1572592

Zhou et al.

Matsuda, D., Ohte, S., Ohshiro, T., Jiang, W., Rudel, L., Hong, B., et al. (2008).
Molecular target of piperine in the inhibition of lipid droplet accumulation in
macrophages. Biol. Pharm. Bull. 31, 1063-1066. doi:10.1248/bpb.31.1063

Ma, W., Arima, Y., Umemoto, T., Yokomizo, T., Xu, Y., Miharada, K., et al. (2024).
Metabolic regulation in erythroid differentiation by systemic ketogenesis in fasted mice.
Exp. Hematol. 129, 104124. doi:10.1016/j.exphem.2023.10.003

Merat, S., Aduli, M., Kazemi, R., Sotoudeh, M., Sedighi, N., Sohrabi, M., et al.
(2008). Liver histology changes in nonalcoholic steatohepatitis after one year of
treatment with probucol. Dig. Dis. Sci. 53, 2246-2250. d0i:10.1007/s10620-007-
0109-6

Merat, S., Malekzadeh, R., Sohrabi, M. R., Sotoudeh, M., Rakhshani, N., Sohrabpour,
A. A, etal. (2003). Probucol in the treatment of non-alcoholic steatohepatitis: a double-
blind randomized controlled study. J. Hepatology 38, 414-418. doi:10.1016/s0168-
8278(02)00441-5

Mesmin, B., and Antonny, B. (2016). The counterflow transport of sterols and PI4P.
Biochimica Biophysica Acta (BBA) - Mol. Cell Biol. Lipids 1861, 940-951. doi:10.1016/j.
bbalip.2016.02.024

Mesmin, B., Bigay, J., Filseck, J., Lacas-Gervais, S., Drin, G., and Antonny, B. (2013). A
four-step cycle driven by PI(4)P hydrolysis directs sterol/PI(4)P exchange by the ER-
golgi tether OSBP. Cell 155, 830-843. doi:10.1016/j.cell.2013.09.056

Montero, J., Morales, A., Llacuna, L., Lluis, J. M., Terrones, O., Basariez, G., et al.
(2008). Mitochondrial cholesterol contributes to chemotherapy resistance in
hepatocellular carcinoma. Cancer Res. 68, 5246-5256. doi:10.1158/0008-5472.CAN-
07-6161

Muraoka, T., Aoki, K., Iwasaki, T., Shinoda, K., Nakamura, A., Aburatani, H., et al.
(2011). Ezetimibe decreases SREBP-1c expression in liver and reverses hepatic insulin
resistance in mice fed a high-fat diet. Metabolism 60, 617-628. doi:10.1016/j.metabol.
2010.06.008

Nguyen, C. Saint-Pol, J., Dib, S, Pot, C, and Gosselet, F. (2024). 25-
Hydroxycholesterol in health and diseases. J. Lipid Res. 65, 100486. doi:10.1016/j.jlr.
2023.100486

Ogura, S., Yoshida, Y., Kurahashi, T., Egawa, M., Furuta, K., Kiso, S., et al. (2018).
Targeting the mevalonate pathway is a novel therapeutic approach to inhibit oncogenic
FoxM1 transcription factor in human hepatocellular carcinoma. Oncotarget 9,
21022-21035. doi:10.18632/oncotarget.24781

Oishi, Y., Spann, N. J,, Link, V. M., Muse, E. D,, Strid, T., Edillor, C., et al. (2017).
SREBP1 contributes to resolution of pro-inflammatory TLR4 signaling by
reprogramming fatty acid metabolism. Cell Metab. 25, 412-427. doi:10.1016/j.cmet.
2016.11.009

Olkkonen, V. M., and Ikonen, E. (2022). Cholesterol transport in the late endocytic
pathway: roles of ORP family proteins. J. Steroid Biochem. Mol. Biol. 216, 106040. doi:10.
1016/j.jsbmb.2021.106040

Padyana, A. K., Gross, S,, Jin, L., Cianchetta, G., Narayanaswamy, R., Wang, F., et al.
(2019). Structure and inhibition mechanism of the catalytic domain of human squalene
epoxidase. Nat. Commun. 10, 97. doi:10.1038/s41467-018-07928-x

Peng, C.-H., Yang, M.-Y,, Yang, Y.-S., Yu, C.-C., and Wang, C.-]. (2017). Antrodia
cinnamomea prevents obesity, dyslipidemia, and the derived fatty liver via regulating
AMPK and SREBP signaling. Am. J. Chin. Med. 45, 67-83. doi:10.1142/
50192415X17500069

PéRESSE, T., Kovacs, D., Subra, M., Bigay, J., Tsai, M.-C., Polidori, J., et al. (2020).
Molecular and cellular dissection of the oxysterol-binding protein cycle through a
fluorescent inhibitor. J. Biol. Chem. 295, 4277-4288. doi:10.1074/jbc.RA119.012012

Perry, R. J., and Ridgway, N. D. (2006). Oxysterol-binding protein and vesicle-
associated membrane protein-associated protein are required for sterol-dependent
activation of the ceramide transport protein. Mol. Biol. Cell 17, 2604-2616. doi:10.1091/
mbc.e06-01-0060

Polmann, M. B,, Suarez, R. I, Saad, A., and Bedran, K. H. (2023). Dysphagia: a case
report of an atypical presentation of statin-induced necrotizing myositis. Cureus 15,
€43587. doi:10.7759/cureus.43587

Poongavanam, V., Kongsted, J., and Wiistner, D. (2019). Computational modeling
explains the multi sterol ligand specificity of the N-terminal domain of niemann-pick
Cl-like 1 protein. ACS Omega 4, 20894-20904. doi:10.1021/acsomega.9b01668

Porstmann, T., Santos, C. R,, Griffiths, B., Cully, M., Wu, M., Leevers, S., et al. (2008).
SREBP activity is regulated by mTORCI and contributes to akt-dependent cell growth.
Cell Metab. 8, 224-236. doi:10.1016/j.cmet.2008.07.007

Porter, T. D. (2015). Electron transfer pathways in cholesterol synthesis. Lipids 50,
927-936. doi:10.1007/s11745-015-4065-1

Pramfalk, C., Davis, M. A., Eriksson, M., Rudel, L. L., and Parini, P. (2005). Control of
ACAT?2 liver expression by HNFI. J. Lipid Res. 46, 1868-1876. doi:10.1194/jlr.
M400450-JLR200

Qian, H., Wu, X, Du, X,, Yao, X., Zhao, X., Lee, J., et al. (2020a). Structural basis of
low-pH-dependent lysosomal cholesterol egress by NPC1 and NPC2. Cell 182,
98-111.e18. doi:10.1016/j.cell.2020.05.020

Qian, H., Zhao, X., Cao, P., Lei, J., Yan, N, and Gong, X. (2017). Structure of the
human lipid exporter ABCAL. Cell 169, 1228-1239.10. doi:10.1016/j.cell.2017.05.020

Frontiers in Pharmacology

15

10.3389/fphar.2025.1572592

Qian, H., Zhao, X., Yan, R, Yao, X., Gao, S., Sun, X,, et al. (2020b). Structural basis for
catalysis and substrate specificity of human ACAT1. Nature 581, 333-338. doi:10.1038/
541586-020-2290-0

Rao, F., and Xue, T. (2024). Circadian-independent light regulation of mammalian
metabolism. Nat. Metab. 6, 1000-1007. doi:10.1038/s42255-024-01051-6

Read, S. A, Tay, E., Shahidi, M., George, J., and Douglas, M. W. (2014). Hepatitis C
virus infection mediates cholesteryl ester synthesis to facilitate infectious particle
production. J. General Virology 95, 1900-1910. doi:10.1099/vir.0.065300-0

Repa, ].]., Berge, K. E., Pomajzl, C., Richardson, J. A., Hobbs, H., and Mangelsdorf, D.
J. (2002). Regulation of ATP-binding cassette sterol transporters ABCG5 and
ABCGS8 by the liver X receptors alpha and beta. J. Biol. Chem. 277, 18793-18800.
doi:10.1074/jbc.M109927200

Rezaei, F., Farhat, D., Gursu, G., Samnani, S., and Lee, J.-Y. (2022). Snapshots of
ABCGI and ABCG5/G8: a sterol’s journey to cross the cellular membranes. Int. J. Mol.
Sci. 24, 484. doi:10.3390/ijms24010484

Ribas, V., Conde De La Rosa, L., Robles, D., NUAEZ, S., SegaléS, P., Insausti-
Urkia, N., et al. (2021). Dietary and genetic cholesterol loading rather than
steatosis promotes liver tumorigenesis and NASH-driven HCC. Cancers 13,
4091. doi:10.3390/cancers13164091

Rosa, L. C., Garcia-Ruiz, C., Vallejo, C., Baulies, A., NuiEZ, S., Monte, M. ], et al.
(2021). STARD1 promotes NASH-driven HCC by sustaining the generation of bile
acids through the alternative mitochondrial pathway. J. Hepatology 74, 1429-1441.
doi:10.1016/j.jhep.2021.01.028

Sadowska, A., Osinski, P., Roztocka, A., Kaczmarz-Chojnacka, K., Zapora, E.,
Sawicka, D., et al. (2023). Statins—from fungi to pharmacy. Int. J. Mol. Sci. 25, 466.
doi:10.3390/ijms25010466

Saito, Y., Yin, D., Kubota, N., Wang, X., Filliol, A., Remotti, H., et al. (2023). A
therapeutically targetable TAZ-TEAD2 pathway drives the growth of hepatocellular
carcinoma via ANLN and KIF23. Gastroenterology 164, 1279-1292. doi:10.1053/j.
gastro.2023.02.043

Sandhu, J., Li, S., Fairall, L., Pfisterer, S. G., Gurnett, J. E., Xiao, X., et al. (2018). Aster
proteins facilitate nonvesicular plasma membrane to ER cholesterol transport in
mammalian cells. Cell 175, 514-529.€20. doi:10.1016/j.cell.2018.08.033

Schneede, A., Schmidt, C. K., HSLTT4-Vuori, M., Heeren, J., Willenborg, M., Blanz, J.,
etal. (2011). Role for LAMP-2 in endosomal cholesterol transport. J. Cell. Mol. Med. 15,
280-295. doi:10.1111/j.1582-4934.2009.00973.x

Shibuya, Y., Chang, C. C,, and Chang, T.-Y. (2015). ACAT1/SOAT1 as a therapeutic
target for Alzheimer’s disease. Future Med. Chem. 7, 2451-2467. doi:10.4155/fmc.
15.161

Sui, Z., Zhou, J., Cheng, Z., and Lu, P. (2015). Squalene epoxidase (SQLE) promotes
the growth and migration of the hepatocellular carcinoma cells. Tumor Biol. 36,
6173-6179. doi:10.1007/s13277-015-3301-x

Sun, H,, Li, L, Li, W,, Yang, F,, Zhang, Z., Liu, Z,, et al. (2021). p53 transcriptionally
regulates SQLE to repress cholesterol synthesis and tumor growth. EMBO Rep. 22,
€52537. doi:10.15252/embr.202152537

Tamehiro, N., Shigemoto-Mogami, Y., Kakeya, T., Okuhira, K.-I., Suzuki, K., Sato, R.,
et al. (2007). Sterol regulatory element-binding protein-2- and liver X receptor-driven
dual promoter regulation of hepatic ABC transporter Al gene expression: mechanism
underlying the unique response to cellular cholesterol status. J. Biol. Chem. 282,
21090-21099. doi:10.1074/jbc.M701228200

Tan, Y., Kim, J.,, Cheng, J., Ong, M., Lao, W.-G,, Jin, X.-L., et al. (2017). Green tea
polyphenols ameliorate non-alcoholic fatty liver disease through upregulating AMPK
activation in high fat fed Zucker fatty rats. World J. Gastroenterology 23, 3805-3814.
doi:10.3748/wjg.v23.i21.3805

Tao, X.-R,, Rong, J.-B., Lu, H. S., Daugherty, A., Shi, P., Ke, C.-L,, et al. (2019).
Angiotensinogen in hepatocytes contributes to Western diet-induced liver steatosis.
J. Lipid Res. 60, 1983-1995. doi:10.1194/jlr.M093252

Teixeira, C. M., Amaro, A. M., Dias, A. C,, Brito, A,, and Duarte, A. (2024). Drug-
induced injury secondary to terbinafine. Gazzetta Medica Ital. Arch. Sci. Mediche 183.
doi:10.23736/50393-3660.23.05023-4

Teratani, T., Tomita, K., Suzuki, T., Oshikawa, T., Yokoyama, H., Shimamura, K.,
et al. (2012). A high-cholesterol diet exacerbates liver fibrosis in mice via accumulation
of free cholesterol in hepatic stellate cells. Gastroenterology 142, 152-164.¢10. doi:10.
1053/j.gastro.2011.09.049

Thomas, A. M., Hart, S. N, Li, G, Lu, H,, Fang, Y., Fang, ], et al. (2013). Hepatocyte
nuclear factor 4 alpha and farnesoid X receptor Co-regulates gene transcription in
mouse livers on a genome-wide scale. Pharm. Res. 30, 2188-2198. doi:10.1007/s11095-
013-1006-7

Tokushige, K., Hashimoto, E., Horie, Y., Taniai, M., and Higuchi, S. (2011).
Hepatocellular carcinoma in Japanese patients with nonalcoholic fatty liver disease,
alcoholic liver disease, and chronic liver disease of unknown etiology: report of the
nationwide survey. J. Gastroenterology 46, 1230-1237. d0i:10.1007/s00535-011-0431-9

Tomita, K., Teratani, T., Suzuki, T., Shimizu, M., Sato, H., Narimatsu, K., et al.
(2014a). Free cholesterol accumulation in hepatic stellate cells: mechanism of liver
fibrosis aggravation in nonalcoholic steatohepatitis in mice. Hepatology 59, 154-169.
doi:10.1002/hep.26604

frontiersin.org


https://doi.org/10.1248/bpb.31.1063
https://doi.org/10.1016/j.exphem.2023.10.003
https://doi.org/10.1007/s10620-007-0109-6
https://doi.org/10.1007/s10620-007-0109-6
https://doi.org/10.1016/s0168-8278(02)00441-5
https://doi.org/10.1016/s0168-8278(02)00441-5
https://doi.org/10.1016/j.bbalip.2016.02.024
https://doi.org/10.1016/j.bbalip.2016.02.024
https://doi.org/10.1016/j.cell.2013.09.056
https://doi.org/10.1158/0008-5472.CAN-07-6161
https://doi.org/10.1158/0008-5472.CAN-07-6161
https://doi.org/10.1016/j.metabol.2010.06.008
https://doi.org/10.1016/j.metabol.2010.06.008
https://doi.org/10.1016/j.jlr.2023.100486
https://doi.org/10.1016/j.jlr.2023.100486
https://doi.org/10.18632/oncotarget.24781
https://doi.org/10.1016/j.cmet.2016.11.009
https://doi.org/10.1016/j.cmet.2016.11.009
https://doi.org/10.1016/j.jsbmb.2021.106040
https://doi.org/10.1016/j.jsbmb.2021.106040
https://doi.org/10.1038/s41467-018-07928-x
https://doi.org/10.1142/S0192415X17500069
https://doi.org/10.1142/S0192415X17500069
https://doi.org/10.1074/jbc.RA119.012012
https://doi.org/10.1091/mbc.e06-01-0060
https://doi.org/10.1091/mbc.e06-01-0060
https://doi.org/10.7759/cureus.43587
https://doi.org/10.1021/acsomega.9b01668
https://doi.org/10.1016/j.cmet.2008.07.007
https://doi.org/10.1007/s11745-015-4065-1
https://doi.org/10.1194/jlr.M400450-JLR200
https://doi.org/10.1194/jlr.M400450-JLR200
https://doi.org/10.1016/j.cell.2020.05.020
https://doi.org/10.1016/j.cell.2017.05.020
https://doi.org/10.1038/s41586-020-2290-0
https://doi.org/10.1038/s41586-020-2290-0
https://doi.org/10.1038/s42255-024-01051-6
https://doi.org/10.1099/vir.0.065300-0
https://doi.org/10.1074/jbc.M109927200
https://doi.org/10.3390/ijms24010484
https://doi.org/10.3390/cancers13164091
https://doi.org/10.1016/j.jhep.2021.01.028
https://doi.org/10.3390/ijms25010466
https://doi.org/10.1053/j.gastro.2023.02.043
https://doi.org/10.1053/j.gastro.2023.02.043
https://doi.org/10.1016/j.cell.2018.08.033
https://doi.org/10.1111/j.1582-4934.2009.00973.x
https://doi.org/10.4155/fmc.15.161
https://doi.org/10.4155/fmc.15.161
https://doi.org/10.1007/s13277-015-3301-x
https://doi.org/10.15252/embr.202152537
https://doi.org/10.1074/jbc.M701228200
https://doi.org/10.3748/wjg.v23.i21.3805
https://doi.org/10.1194/jlr.M093252
https://doi.org/10.23736/s0393-3660.23.05023-4
https://doi.org/10.1053/j.gastro.2011.09.049
https://doi.org/10.1053/j.gastro.2011.09.049
https://doi.org/10.1007/s11095-013-1006-7
https://doi.org/10.1007/s11095-013-1006-7
https://doi.org/10.1007/s00535-011-0431-9
https://doi.org/10.1002/hep.26604
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1572592

Zhou et al.

Tomita, K., Teratani, T., Suzuki, T., Shimizu, M., Sato, H., Narimatsu, K, et al.
(2014b). Acyl-CoA:cholesterol acyltransferase 1 mediates liver fibrosis by regulating free
cholesterol accumulation in hepatic stellate cells. J. Hepatology 61, 98-106. doi:10.1016/
jjhep.2014.03.018

Tran, K. T., Mcmenamin, U. C., Coleman, H. G., Cardwell, C. R., Murchie, P., Iversen,
L., et al. (2020). Statin use and risk of liver cancer: evidence from two population-based
studies. Int. J. Cancer 146, 1250-1260. doi:10.1002/ijc.32426

Vanier, M. T., and Millat, G. (2004). Structure and function of the NPC2 protein.
Biochimica Biophysica Acta (BBA) - Mol. Cell Biol. Lipids 1685, 14-21. doi:10.1016/j.
bbalip.2004.08.007

Wang, J. Q., Wu, Z. X,, Yang, Y., Teng, Q. X,, Li, Y. D, Lei, Z. N,, et al. (2021). ATP-
binding cassette (ABC) transporters in cancer: a review of recent updates. J. Evidence-
Based Med. 14, 232-256. doi:10.1111/jebm.12434

Wang, B., and Tontonoz, P. (2018). Liver X receptors in lipid signalling and
membrane homeostasis. Nat. Rev. Endocrinol. 14, 452-463. doi:10.1038/s41574-018-
0037-x

Wang, H,, Perry, J. W, Lauring, A. S., Neddermann, P., De Francesco, R., and Tai, A.
W. (2014). Oxysterol-binding protein is a phosphatidylinositol 4-kinase effector
required for HCV replication membrane integrity and cholesterol trafficking.
Gastroenterology 146, 1373-1385.e11. doi:10.1053/j.gastro.2014.02.002

Wang, X,, Cai, B., Yang, X,, Sonubi, O. O., Zheng, Z., Ramakrishnan, R., et al. (2020).
Cholesterol stabilizes TAZ in hepatocytes to promote experimental non-alcoholic
steatohepatitis. Cell Metab. 31, 969-986.e7. doi:10.1016/j.cmet.2020.03.010

Wei, M., Nurjanah, U., Herkilini, A., Huang, C., Li, Y., Miyagishi, M., et al. (2022).
Unspliced XBP1 contributes to cholesterol biosynthesis and tumorigenesis by
stabilizing SREBP2 in hepatocellular carcinoma. Cell. Mol. Life Sci. 79, 472. doi:10.
1007/500018-022-04504-x

Wong, J., Quinn, C. M., and Brown, A. J. (2006). SREBP-2 positively regulates
transcription of the cholesterol efflux gene, ABCA1, by generating oxysterol ligands for
LXR. Biochem. ]. 400, 485-491. doi:10.1042/B]J20060914

Wright, M. B., Varona Santos, J., Kemmer, C., Maugeais, C., Carralot, J.-P., Roever, S.,
et al. (2021). Compounds targeting OSBPL7 increase ABCAl-dependent cholesterol
efflux preserving kidney function in two models of kidney disease. Nat. Commun. 12,
4662. doi:10.1038/s41467-021-24890-3

Xiao, X., Kim, Y., Romartinez-Alonso, B., Sirvydis, K., Ory, D. S., Schwabe, ]. W. R,,
et al. (2021). Selective aster inhibitors distinguish vesicular and nonvesicular sterol
transport mechanisms. Proc. Natl. Acad. Sci. U. S. A. 118, €2024149118. doi:10.1073/
pnas.2024149118

Yamanashi, Y., Takada, T., Tanaka, Y., Ogata, Y., Toyoda, Y., Ito, S. M., et al. (2022).
Hepatic Niemann-Pick Cl-Like 1 exacerbates non-alcoholic fatty liver disease by re-
absorbing specific biliary oxysterols. Biomed. & Pharmacother. 156, 113877. doi:10.
1016/j.biopha.2022.113877

Yan, B, Peng, Z., Xing, X., and Du, C. (2017). Glibenclamide induces apoptosis by
activating reactive oxygen species dependent JNK pathway in hepatocellular carcinoma
cells. Biosci. Rep. 37, BSR20170685. doi:10.1042/BSR20170685

Yang, J., Zou, J., Mai, H., Hong, T., Liu, H., and Feng, D. (2023). Curcumin protects
against high-fat diet-induced nonalcoholic simple fatty liver by inhibiting intestinal and
hepatic NPCIL1 expression via down-regulation of SREBP-2/HNFla pathway in
hamsters. J. Nutr. Biochem. 119, 109403. doi:10.1016/j.jnutbio.2023.109403

Frontiers in Pharmacology

16

10.3389/fphar.2025.1572592

Yan, R, Cao, P., Song, W., Qian, H.,, Du, X., Coates, H. W, et al. (2021). A structure of
human Scap bound to Insig-2 suggests how their interaction is regulated by sterols.
Science 371, eabb2224. doi:10.1126/science.abb2224

Yi, S.-W., Kim, S. H.,, Han, K. J,, Yi, J.-J,, and Ohrr, H. (2020). Higher cholesterol
levels, not statin use, are associated with a lower risk of hepatocellular carcinoma. Br.
J. Cancer 122, 630-633. doi:10.1038/s41416-019-0691-3

Yin, Y., Wu, C,, Zhou, Y., Zhang, M., Mai, S., Chen, M., et al. (2023). Ezetimibe
induces paraptosis through niemann-pick Cl-like 1 inhibition of mammalian-target-
of-rapamycin signaling in hepatocellular carcinoma cells. Genes 15, 4. doi:10.3390/
genes15010004

Younossi, Z. M., Rinella, M. E,, Sanyal, A. J., Harrison, S. A., Brunt, E. M., Goodman,
Z., et al. (2021). From NAFLD to MAFLD: implications of a premature change in
terminology. Hepatology 73, 1194-1198. doi:10.1002/hep.31420

Yu, D, and Liao, J. K. (2022). Emerging views of statin pleiotropy and cholesterol
lowering. Cardiovasc. Res. 118, 413-423. doi:10.1093/cvr/cvab032

Zeitouni, M., Nanna, M. G., Sun, J.-L., Chiswell, K., Peterson, E. D., and Navar, A. M.
(2020). Performance of guideline recommendations for prevention of myocardial
infarction in young adults. J. Am. Coll. Cardiol. 76, 653-664. doi:10.1016/j.jacc.2020.
06.030

Zeng, J., Liu, W, Liang, B., Shi, L., Yang, S., Meng, J., et al. (2022). Inhibitory effect of
isoliquiritigenin in niemann-pick C1-like 1-mediated cholesterol uptake. Molecules 27,
7494. doi:10.3390/molecules27217494

Zeng, L., Liao, H,, Liu, Y., Lee, T.-S., Zhu, M., Wang, X., et al. (2004). Sterol-
responsive element-binding protein (SREBP) 2 down-regulates ATP-binding
cassette transporter Al in vascular endothelial cells: a novel role of SREBP in
regulating cholesterol metabolism. J. Biol. Chem. 279, 48801-48807. doi:10.1074/
jbc.M407817200

Zhang, F., Gao, J., Liu, X,, Sun, Y., Liu, L., Hu, B,, et al. (2023a). LATS-regulated
nuclear-cytoplasmic translocation of SREBP2 inhibits hepatocellular carcinoma cell
migration and invasion via epithelial-mesenchymal transition. Mol. Carcinog. 62,
963-974. doi:10.1002/mc.23538

Zhang, T., Yuan, D., Xie, J., Lei, Y., Li, J., Fang, G., et al. (2019). Evolution of the
cholesterol biosynthesis pathway in animals. Mol. Biol. Evol. 36, 2548-2556. doi:10.
1093/molbev/msz167

Zhang, Z., Wu, W, Jiao, H., Chen, Y., Ji, X., Cao, J., et al. (2023b). Squalene
epoxidase promotes hepatocellular carcinoma development by activating STRAP
transcription and TGF-B/SMAD signalling. Br. J. Pharmacol. 180, 1562-1581.
doi:10.1111/bph.16024

Zhou, T., Li, S., Zhong, W., Vihervaara, T., BEASLAS, O., Perttilg, J., et al. (2011).
OSBP-related protein 8 (ORP8) regulates plasma and liver tissue lipid levels and
interacts with the nucleoporin Nup62. PLoS One 6, €21078. doi:10.1371/journal.
pone.0021078

Zhu, Y., Gu, L, Lin, X,, Liu, C,, Lu, B., Cui, K,, et al. (2020). Dynamic regulation of
ME1 phosphorylation and acetylation affects lipid metabolism and colorectal
tumorigenesis. Mol. Cell 77, 138-149.e5. doi:10.1016/j.molcel.2019.10.015

Zhu, Y., Kim, S. Q., Zhang, Y., Liu, Q.,, and Kim, K.-H. (2021). Pharmacological
inhibition of acyl-coenzyme A:cholesterol acyltransferase alleviates obesity and insulin

resistance in diet-induced obese mice by regulating food intake. Metabolism 123,
154861. doi:10.1016/j.metabol.2021.154861

frontiersin.org


https://doi.org/10.1016/j.jhep.2014.03.018
https://doi.org/10.1016/j.jhep.2014.03.018
https://doi.org/10.1002/ijc.32426
https://doi.org/10.1016/j.bbalip.2004.08.007
https://doi.org/10.1016/j.bbalip.2004.08.007
https://doi.org/10.1111/jebm.12434
https://doi.org/10.1038/s41574-018-0037-x
https://doi.org/10.1038/s41574-018-0037-x
https://doi.org/10.1053/j.gastro.2014.02.002
https://doi.org/10.1016/j.cmet.2020.03.010
https://doi.org/10.1007/s00018-022-04504-x
https://doi.org/10.1007/s00018-022-04504-x
https://doi.org/10.1042/BJ20060914
https://doi.org/10.1038/s41467-021-24890-3
https://doi.org/10.1073/pnas.2024149118
https://doi.org/10.1073/pnas.2024149118
https://doi.org/10.1016/j.biopha.2022.113877
https://doi.org/10.1016/j.biopha.2022.113877
https://doi.org/10.1042/BSR20170685
https://doi.org/10.1016/j.jnutbio.2023.109403
https://doi.org/10.1126/science.abb2224
https://doi.org/10.1038/s41416-019-0691-3
https://doi.org/10.3390/genes15010004
https://doi.org/10.3390/genes15010004
https://doi.org/10.1002/hep.31420
https://doi.org/10.1093/cvr/cvab032
https://doi.org/10.1016/j.jacc.2020.06.030
https://doi.org/10.1016/j.jacc.2020.06.030
https://doi.org/10.3390/molecules27217494
https://doi.org/10.1074/jbc.M407817200
https://doi.org/10.1074/jbc.M407817200
https://doi.org/10.1002/mc.23538
https://doi.org/10.1093/molbev/msz167
https://doi.org/10.1093/molbev/msz167
https://doi.org/10.1111/bph.16024
https://doi.org/10.1371/journal.pone.0021078
https://doi.org/10.1371/journal.pone.0021078
https://doi.org/10.1016/j.molcel.2019.10.015
https://doi.org/10.1016/j.metabol.2021.154861
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1572592

Zhou et al.

Glossary

ABCAl

ATP-Binding Cassette Transporter 1

ABC ATP-Binding Cassette

ACAT1 Acetyl Coenzyme A Acetyltransferase 1

AMPK Adenosine 5'-Monophosphate-Activated Protein Kinase
BMP bis (monoacylglycerol) phosphate

DNMT3A DNA Methyltransferase 3 Alpha

EMT Epithelial-Mesenchymal Transition

ER endoplasmic reticulum

FAD Flavin Adenosine Dinucleotide

FFAs Free Fatty Acids

FoxM1 Forkhead Box Protein M1

GNPAT Glycerophosphate Acyltransferase

HCC Hepatocellular Carcinoma

HCV Hepatitis C Virus

HDL High-density Lipoprotein

HMG-CoA  3-Hydroxy-3-Methyl Glutaryl Coenzyme A

HMGCR 3-Hydroxy-3-Methyl Glutaryl Coenzyme A Reductase
HNF Hepatocyte Nuclear Factor

HSP90 Heat shock protein 90

LDLR Low-Density Lipoprotein Receptor

LXR Liver X Receptor

MAFLD Metabolic Dysfunction-associated Fatty Liver Disease
MASLD Metabolic Dysfunction-associated Steatotic Liver Disease
MVA Mevalonic Acid

MYC Myelocytomatosis Oncogene

NADPH Nicotinamide Adenine Dinucleotide Phosphate
MASH Metabolic Dysfunction-associated Steatohepatitis
NLRP3 NOD-Like Receptor Family Pyrin Domain Containing 3
NPC1L1 Niemann-Pick C1-like 1

NPC1/2 Niemann-Pick disease type C1/2

ORD OSBP-related ligand-binding domain

ORP OSBP-related proteins

OSBP Oxysterol-binding protein

PM plasma membrane

PPAR peroxisome proliferators activated receptor

PS phosphatidylserine

RIG-1 Retinoic Acid Induced Gene |

SCAP SREBP Cleavage Activating Protein

SM sphingomyelin

SMAD Small Mother Against Decapentaplegic

SREBPs Sterol Regulatory Element Binding Proteins

SQ Squalene
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Squalene Epoxidase
sterol-sensing domain
schweinfuran glycosides
Transforming Growth Factor-f

X-box Binding Protein 1
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