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Abstract: Liver fibrosis is a dynamic and complex process characterized by the excessive accumulation of extracellular matrix
(ECM) components, driven by a heterogeneous population of hepatic myofibroblasts (MFs). Current treatments for liver fibrosis
primarily include pharmacological interventions such as antiviral and anti-fibrotic therapies, alongside lifestyle modifications, includ-
ing dietary changes and alcohol abstinence. However, the therapeutic outcomes remain suboptimal. Existing anti-fibrotic medications
are unable to fully reverse liver fibrosis, particularly in its advanced stages, and some drugs may even induce adverse effects. Recently,
the challenge of combating liver fibrosis has attracted increasing attention from both the academic community and the general public,
leading to extensive research efforts and several significant discoveries. Hepatocyte senescence, an irreversible and inevitable process,
plays a crucial role in the onset and progression of various liver diseases. It serves as a key regulatory factor in the development of
liver fibrosis, exerting a considerable impact on its progression. Senescent hepatocytes secrete the senescence-associated secretory
phenotype (SASP), which interacts with hepatic stellate cells (HSCs), promoting their transformation into MFs. Additionally, SASP
fosters a cellular microenvironment conducive to the advancement of hepatic fibrosis, thereby accelerating its progression. This review
comprehensively examines the natural flavonoid compound Oroxylin A (OA), which regulates hepatocyte senescence in the context of
liver fibrosis. The paper also discusses the current research landscape, trends, and critical challenges related to hepatocyte senescence
in liver fibrosis, along with the mechanisms through which OA influences hepatocyte senescence, either promoting or delaying its
onset.
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Introduction

Liver fibrosis refers to the formation of fibrous scars.' Its pathogenesis is complex, often accompanying progressive liver
injury that evolves from mild to severe stages. This process reflects the liver’s general response to both acute and chronic
injury.” The mechanisms underlying liver fibrosis involve various cells, signaling pathways, and intricate cellular
interactions. Characterized by excessive deposition of extracellular matrix (ECM) components, liver fibrosis results
from chronic liver injury, which progressively impairs normal liver function. This injury can be caused by factors such as
viral infections,® non-alcoholic steatohepatitis (NASH),* alcohol-related liver disease (ALD),” and autoimmune
disorders.® Over time, liver fibrosis can either resolve or advance to cirrhosis and end-stage liver disease.” Treatment
strategies for hepatic disorders are primarily determined by the underlying etiology, focusing on eradicating or mitigating
the pathogenic factors contributing to chronic liver disease (CLD).® In this context, modulation of hepatic stellate cell
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(HSC) activity plays a pivotal role.
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Myofibroblasts (MFs) are central to fibrogenesis, with HSCs serving as the primary precursors to these cells.'’ Since
HSCs were first identified as collagen-producing cells in the liver, key signaling pathways contributing to fibrosis have
been delineated.'> HSCs are located in the perisinusoidal space and typically remain quiescent.'” However, upon liver
injury, quiescent HSCs are activated and differentiate into highly proliferative, fibrotic, and contractile MFs under the
influence of profibrotic cytokines, such as transforming growth factor-p1 (TGF-B1), epidermal growth factor (EGF), and
platelet-derived growth factor (PDGF).'*'* Thus, HSC activation is recognized as a central driver of liver fibrosis."’
A substantial body of clinical and experimental evidence demonstrates that the removal or inactivation of HSCs via
apoptosis can lead to the absorption of fibrous scars and the resolution of liver fibrosis.'> !’ Therefore, inducing HSC
senescence may serve as a protective mechanism to mitigate the progression of liver fibrosis.'®

The complex pathogenesis of liver fibrosis, coupled with the limited clinical efficacy of current anti-fibrotic therapies
and the occurrence of adverse reactions, particularly in patients with advanced alcoholic steatosis and those with
hereditary or autoimmune liver diseases (especially non-alcoholic steatosis), remains a significant challenge.'® For
instance, statins, which are commonly used as lipid-lowering agents, have recently been shown to have independent,
multi-faceted effects in patients with CLD.** Animal studies on hepatic fibrosis have indicated that statins may slow the
progression of fibrosis.?! However, recent evidence suggests that statins can induce rhabdomyolysis, particularly in
patients with liver cirrhosis.”? Bafilomycin, a galectin-3 inhibitor, has shown potent antifibrotic efficacy in animal models
of liver fibrosis,** but clinical trials have reported that it is associated with an increased risk of infections, gastrointestinal
disorders, and connective tissue diseases in patients with hepatic fibrosis.** The potential of probiotics and prebiotics as
antifibrotic agents has been explored in numerous studies. For example, probiotics have been found to alleviate hepatic
fibrosis in diet-induced mouse models of NASH, though there is still insufficient clinical evidence to support their use.?
Bioactive components from traditional Chinese medicines have also demonstrated antifibrotic properties. Curcumin, for
instance, has been shown to slow the progression of hepatic fibrosis in experimental models of steatohepatitis,”® but its
low oral bioavailability and limited clinical trials hinder its widespread use.?” There is a pressing need within the medical
field to develop more effective and safer anti-fibrotic agents. Scutellaria baicalensis, a traditional Chinese herbal
medicine, is widely recognized for its anti-fibrotic effects. Oroxylin A (OA), one of its active components, has been
shown in network pharmacology studies to inhibit hepatic fibrosis through multiple targets and pathways.”® These
mechanisms include inducing apoptosis in senescent HSCs, suppressing HSC proliferation, reducing pro-inflammatory
factor production, and blocking inflammatory signaling pathways for anti-inflammatory effects.”” Compared to other
drugs, OA’s multi-target and multi-pathway synergistic effects contribute to more pronounced clinical efficacy.

Cellular Senescence

Aging is a highly intricate process driven by multiple cellular and molecular mechanisms, intricately linked to the
passage of time. It is a dynamic event, marked by a combination of aging indicators that result in a decline at the
molecular, cellular, and systemic levels of the organism.’® This process is meticulously regulated and influenced by
a range of internal and external factors, including irradiation, nutrient deprivation, genotoxicity, oxidative stress, telomere
attrition, telomere structure modifications, mitotic signaling, oncogene activation, epigenetic modifications, chromatin
rearrangements, mitochondrial dysfunction, immune regulation, infections, inflammation, and exposure to various
environmental stressors.’’ These factors culminate in irreversible growth arrest, a condition known as cellular
senescence.””

Cells, the fundamental units of both structure and function in organisms, are at the core of aging. Cellular senescence
and aging are intrinsically linked concepts. Initially referred to as the Hayflick limit, cellular senescence was first
described by Leonard Hayflick and Paul Moorhead in 1961, who demonstrated that fibroblasts in culture eventually lose
their ability to divide, challenging the prevailing notion that mammalian cells in culture are immortal.*®> Cellular
senescence is a homeostatic biological process critical to the aging process and includes both replicative senescence
(RS) and stress-induced premature senescence (SIPS). It can occur at any stage of life, from the embryonic phase to
adulthood.>® Cellular senescence serves as a stress response, akin to differentiation, proliferation, or apoptosis, leading to
permanent cell cycle arrest and profound phenotypic changes, such as the generation of a bioactive secretome known as
the senescence-associated secretory phenotype (SASP).* By inducing cell growth arrest, cellular senescence restricts the
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replication of aged or damaged cells. In addition to halting the cell cycle, senescent cells undergo significant phenotypic
alterations, including metabolic reprogramming, chromatin rearrangements, and autophagy regulation.*® Cellular senes-
cence is regarded as a fundamental mechanism of aging in both animals and humans. The accumulation of DNA damage
or other cellular stressors can induce senescence in proliferating cells as well as in terminally differentiated, non-dividing
cells. Senescent cells are characterized by substantial chromatin changes, alterations in the secretory proteome, increased
expression of senescence markers (such as Cdkn2a/p16Ink4a and Cdknla/p21Cipl), immune evasion, and resistance to
apoptosis.”’

Hepatocytes are composed of various cell types, including parenchymal cells and non-parenchymal cells, such as
HSCs.*® Similar to other cell types, hepatocyte senescence is a stress response characterized by permanent cell cycle
arrest and the secretion of the SASP. As with other cellular types, the primary mechanisms driving senescence in
hepatocytes include telomere shortening and mitochondrial dysfunction, both of which are particularly prominent in liver
cells. In normal human cells lacking telomerase, telomeres progressively shorten with each cell division. This triggers
DNA damage responses through the induction of tumor suppressors, such as p53 and pl6, forcing hepatocytes into
senescence and apoptosis.®® Previous research has further established a direct relationship between telomere shortening
in hepatocytes and the progression of hepatic fibrosis, as observed in human liver cirrhosis samples.** Mitochondrial
dysfunction also plays a critical role in hepatocyte senescence. Senescent hepatocytes exhibit severe changes in
mitochondrial structure, dynamics, and function.*’ One key mechanism through which mitochondria contribute to
senescence is the production of reactive oxygen species (ROS). Excessive ROS, which are toxic metabolic byproducts,
damage intracellular macromolecules, including those in the telomere regions. This damage accelerates telomere short-
ening and contributes to premature senescence.*? Additionally, crosstalk between mitochondria and SASP factors further
exacerbates hepatocyte senescence.*

Hepatocyte senescence represents a dualistic phenomenon within the context of liver fibrosis, regulating its progres-
sion through a complex network of interconnected mechanisms. On one hand, senescent cells can secrete SASP factors,
which include interleukin-6 (IL-6), IL-8, and TGF-B.?° IL-6 can bind to its receptors on the surface of HSCs, activating
the Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway. This activation upre-
gulates the expression of a-smooth muscle actin (a-SMA), promoting the transformation of HSCs into MF-like cells,
thereby accelerating the progression of fibrosis.** TGF-p, a key pro-fibrotic mediator in liver fibrosis, directly targets
HSCs. Through the Smad signaling pathway, TGF-p enhances the synthesis of ECM components, such as collagen.
Additionally, TGF-f interacts with other SASP factors to create a cellular microenvironment that fosters the development
of fibrosis, thus worsening liver fibrosis.*’ “47 On the other hand, cellular senescence may act as an endogenous protective
mechanism in the liver in response to injury. When the liver is subjected to various injurious agents, such as viral
infections, drug toxicity, and alcohol-induced damage, senescence-related signaling pathways (eg, pS3/p21, pl16/RB) are
activated, initiating the cell senescence program. This results in cells becoming arrested at a specific stage of the cell
cycle, halting further division and proliferation.*® This process effectively prevents abnormal cell proliferation that could
otherwise arise from the continued division of damaged cells, thereby reducing the risk of liver tumorigenesis.*’
Additionally, MF senescence reduces ECM secretion, increases the expression of ECM-degrading enzymes, and
enhances immune surveillance, all of which help mitigate scar formation and fibrosis®® Furthermore, evidence suggests
that cell senescence, particularly hepatocyte senescence, may play a role in regulating lipid accumulation and inflam-

matory responses in patients with non-alcoholic fatty liver disease (NAFLD) at various stages.''

Introduction to OA

OA is a flavonoid found in the plants Oroxylum indicum and Scutellaria baicalensis Georgi.”® Scutellaria baicalensis,
commonly used in traditional Chinese medicine, is derived from the dried root of the Scutellaria baicalensis plant. It has
a long history of use in both traditional formulations and modern herbal medicine, and possesses a wide range of
therapeutic effects.’’ The plant has been employed as a promising candidate for analgesia, antipyretic, anti-inflammatory,
anticancer, antiviral, and antibacterial treatments,’® and is widely used in China, Japan, and South Korea for managing
inflammation, fever, hepatitis, allergic diseases, and hypertension.>® Scutellaria baicalensis contains various bioactive
compounds, with OA being one of its principal flavonoids. Flavonoids, as polyphenolic compounds found in plant
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Figure | Molecular structure of Oroxylin A (C,¢H,05).

sources, exhibit diverse biological activities, including antibacterial, antioxidant, anti-inflammatory, antitumor, and
anticancer properties. Due to their numerous biological activities and low toxicity, flavonoids have been extensively
investigated as potential anticancer treatments in recent years.”* The OA content in Scutellaria baicalensis varies based
on factors such as plant origin, growth environment, harvest season, and extraction and detection methods. Currently,
standardized data on its exact content are unavailable.

Chemical Structure and Physical Properties of OA

The molecular formula of OA is C;¢H;,05, with a molecular weight of 284.263. Its chemical structure is 5,7-dihydroxy-
6-methoxy-2-phenyl-4H-1-benzopyran-4-one, classifying it as an O-methylated flavonoid® (Figure 1). The structure
exhibits typical flavonoid characteristics, including the benzopyranone core. The hydroxyl and methoxy functional
groups within the molecule may significantly influence its biological activity and pharmacological properties. The two
metabolites of OA are OA 7-O-B-D-glucuronide (or oroxyloside, OAG) and sodium OA sulfonate (OS). OA is a yellow,
needle-like crystal that is soluble in organic solvents such as methanol, ethanol, and DMSO.%¢

Extraction and Synthesis of OA

Extraction

The crude extract of OA was first isolated from Oroxylum indicum using alcohol percolation and distillation, followed by
extraction and crystallization, though the yield was low, at only 0.86%. In 2005, Cheng et al utilized the coexistence of
enzymes and flavonoid glycosides in Scutellaria to extract total flavonoid aglycones (including baicalein, wogonin, and
OA), achieving a content of up to 85%. The elution mixture was separated, collected, and the OA component was
isolated. In 2011, Liu et al developed an effective method for extracting OA from Oroxylum indicum, achieving a purity
of up to 99.2%.”’

Synthesis

Due to the low concentration of OA in plants, its synthesis is necessary for practical use. In 2009, Li et al discovered
a chemical synthesis method for OA that is simpler and more efficient than direct extraction, yielding greater amounts of
OA 5860

Mechanism of OA in Regulating Hepatocyte Senescence Against Liver

Fibrosis

Flavonoids and their secondary metabolites from medicinal plants are widely recognized as natural sources for treating
various diseases, owing to their low toxicity and significant therapeutic efficacy.®’ As natural pigments, flavonoids are
abundant in fruits, vegetables, and other food crops. By modulating cytokines, inflammatory mediators, and enzymes,
they can alleviate liver injuries caused by factors such as chemically induced damage, ALD, non-alcoholic liver disease,
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immune-mediated liver injury, and hepatic ischemia-reperfusion injury.®* Flavonoids exert broad inhibitory effects on
hepatic fibrosis. For instance, quercetin combats hepatic fibrosis through multiple mechanisms. However, its poor water
solubility and in vivo instability present significant barriers to its development as a pharmaceutical agent.*> Additionally,
quercetin has low oral bioavailability, with human pharmacokinetic studies confirming that its oral bioavailability is only
2% after a single dose.®* Similar to OA, baicalein and baicalin, which are also derived from the roots of Scutellaria
baicalensis, have shown therapeutic potential in treating hepatic fibrosis. However, the effective dose of baicalin required
for treating hepatic fibrosis is significantly higher, reaching 70 mg/kg—3.5 times the dose of OA. While most studies on
baicalin focus on its effects in renal fibrosis, research on its role in hepatic fibrosis remains relatively limited.®’
Compared to these other flavonoids, OA demonstrates more pronounced, multi-target therapeutic effects, making it
a more promising candidate for treating hepatic fibrosis.

OA Prevents the Methylation of cGAS by Blocking the Production of Methionine

Metabolites

DNA methylation plays a critical role in the development of liver fibrosis. Abnormal expression of the DNA sensing
pathway is linked to the DNA damage response in senescent cells.*®” The cyclic GMP-AMP synthase (cGAS)-
stimulator of interferon genes (STING) signaling pathway is a key component of the innate immune response. It triggers
the SASP through the accumulation of cytoplasmic DNA, including chromatin fragments, mitochondrial DNA, and
cDNA, in senescent cells.®*®® A substantial body of evidence indicates that the cGAS-STING pathway activates the
SASP and autologous DNA fragments in senescent cells.”’ cGAS catalyzes the synthesis of cyclic GMP-AMP (cGAMP)
from ATP and GTP by recognizing double-stranded DNA. The STING receptor detects cGAMP and promotes the
production of type I interferons and other cytokines through its involvement in downstream signaling pathways.'> The
7172 with DNA methyltransferase
(DNMT) and DNA demethylase enzymes maintaining its normal methylation levels. Alterations in methylation lead to

expression of the cGAS-STING pathway is influenced by its methylation status,

changes in the expression of these pathways.

The methionine cycle serves as the primary catabolic pathway for methionine in the body, providing methyl groups
through transmethylation.”* S-adenosylmethionine (SAM), the main biological methyl donor, plays a crucial role in the
methylation of DNA, RNA, and proteins.”* Methionine adenosyltransferase II (MATII), composed of the catalytic
subunit MAT2A and the regulatory subunit MAT2B, is a key enzyme in methionine cycle metabolism. These enzymes
catalyze the conversion of methionine and ATP to SAM.”® Liver fibrosis is associated with elevated levels of MATIL.”®"’
Increased MATII levels affect the activity of DNMT and lead to abnormal methylation levels. OA can reverse the
stimulatory effect of methionine cycle supplementation on DNMT activity, inhibit methionine cycle metabolism in HSCs,
and downregulate the expression of MAT2A.”® OA regulates protein expression to inhibit MAT2A, significantly
reversing the upregulation of ATP, methionine, SAM, and S-adenosylhomocysteine (SAH) induced by MAT2A plasmid
expression. Moreover, when human HSCs (LX2) were stably transfected with the DNMT3A plasmid, OA reversed the
high DNA methylation levels of cGAS and promoted the expression of SASP. Hepatic fibrosis markers in human serum
indicated that the DNMT3A plasmid diminished the therapeutic effect of OA” (Figure 2). Overall, OA may induce
demethylation of the cGAS gene, resulting in the downregulation of DNMT, thereby inhibiting cGAS DNA methylation

and activating the cGAS-STING pathway,**®' which promotes HSC senescence.'®*

OA Activates Ferritin Autophagy by Regulating the cGAS-STING Pathway, Which

Leads to HSC Senescence and Alleviates Liver Fibrosis

Substantial iron ion accumulation occurs in cells during senescence, leading to changes in the levels of iron homeostasis
proteins.®® Excessive intracellular iron accumulation results in iron overload (Wu et al 2021), which is closely linked to
the activation of ferritin autophagy.®* Ferritin autophagy, mediated by nuclear receptor coactivator 4 (NCOA4), involves
binding to ferritin heavy chain 1 (FTH1) in the autophagosome under conditions of low intracellular iron. This process
transfers the autophagic vesicle to the lysosome, where ferritin is degraded, releasing free iron and inducing ferroptosis.®>
The Fenton reaction, catalyzed by iron ions, generates excessive lipid oxidation, causing cell damage and triggering
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Figure 2 Mechanism diagram of Oroxylin A-induced senescence in hepatic stellate cells.

senescence by producing ROS.*® Consequently, ferritin autophagy may contribute to cell senescence through this novel
mechanism.

In the aforementioned cGAS-STING pathway, ATP and GTP serve as substrates in DNA-activated cGAS, producing
the second messenger cGAMP. This promotes the phosphorylation of TANK-binding kinase 1 (TBK1) and interferon
regulatory factor 3 (IRF3) by binding and activating STING, leading to the production of type I interferon (IFN-B) and
other immune mediators.*” OA can upregulate the expression of cytokines IL-1p, IL-6, and IFN-B, while silencing cGAS
reduces their expression.*® Additionally, increased IFN-p levels promote the expression of senescence markers pl6 and
p21 in LX2 cells. When the cGAS-STING pathway is inhibited, NCOA4 expression decreases in a dose-dependent
manner, while FTH1 expression increases. Conversely, administering IFN-f increases NCOA4 expression and decreases
FTH1 expression. Autophagy-related markers (LC3 and Beclin 1) significantly decreased, and p62 expression showed an
inverse trend. Immunological analyses of LC3 and NCOA4 corroborated these results. Furthermore, intracellular ROS
and iron ion levels in HSCs were reduced, indicating that OA-induced ferritin autophagy in HSCs is inhibited by this
pathway’® (Figure 3). In summary, OA regulates ferritin autophagy via the cGAS-STING pathway and induces HSC
senescence, contributing to the alleviation of liver fibrosis.

OA Inhibits Ethanol-Induced Hepatocyte Senescence Through the YAP Pathway and
May Alleviate Liver Fibrosis

Alcohol-related liver disease (ALD), which has replaced the term “alcoholic liver disease”, is a leading cause of CLD
worldwide.® It primarily results from long-term alcohol consumption and is a significant contributor to morbidity and
mortality in liver-related diseases.”® In the hepatic cytosol, alcohol is metabolized into acetaldehyde by alcohol
dehydrogenase, a key oxidative pathway in alcohol metabolism.”’ Acetaldehyde triggers a TGF-B1-dependent late
response in HSCs, maintaining a profibrotic and pro-inflammatory state.”® It also directly activates HSCs, promoting

collagen I expression.”® Furthermore, excessive alcohol consumption can increase intestinal permeability, allowing
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Figure 3 Mechanism diagram of Oroxylin A activating ferritinophagy and inducing hepatic stellate cell senescence by regulating the cGAS-STING pathway.

bacterial-derived lipopolysaccharide (LPS) to enter the liver. LPS binds to TLR4, stimulating Kupffer cells,”* which
secrete cytokines that activate HSCs and drive fibrosis, marking the early stages of ALD.””

The Hippo/YAP signaling pathway is known for its growth-inhibitory effects. Hippo pathway kinases inhibit the
downstream effector Yes-associated protein (YAP) by promoting its cytoplasmic retention via S127 phosphorylation.
YAP activation primarily influences gene expression through the TEAD family of transcription factors, thereby affecting
cell fate.”> YAP not only regulates cell proliferation and apoptosis’® but also plays a critical role in cell senescence
regulation.”” As the main target of the Hippo pathway, YAP controls the fibrotic activity of HSCs”® and is pivotal in liver
regeneration, fibrosis, and cancer. Core factors in both the Hippo and Hedgehog (Hh) signaling pathways promote the
transdifferentiation of HSCs, regulating the liver injury repair process.”® Experimental evidence has shown that siRNA-
mediated knockdown of YAP significantly inhibits the MF-HSC phenotype and reduces susceptibility to ferroptosis. The
Hippo/YAP pathway influences ferroptotic sensitivity in HSCs by regulating the P21-GPX4 axis. Overall, YAP knock-
down suppresses the myofibroblastic activity of HSCs and accelerates cellular senescence.”® Furthermore, inducing HSC
senescence has been found to reduce YAP activity.*> Furthermore, the downregulation of YAP reduces the expression of
LOXL2 in the lysyl oxidase (LOX) family (LOX, LOXL1-4), inhibiting collagen cross-linking and the progression of
fibrosis in vivo.'%’ Senescent cells typically exhibit characteristic alterations, such as enlarged and flattened morphology,
swollen nuclei, and positive staining for senescence-associated p-galactosidase (SA-B-gal).'®" At the molecular level, cell
senescence is marked by cell cycle arrest, evidenced by increased expression of pl6 (a cyclin-dependent kinase family
gene) and p21 (cyclin-dependent kinase inhibitor 1), along with reduced telomerase activity.'® Ethanol induces
hepatocyte senescence, as indicated by the accumulation of SA-B-gal-positive cells and elevated expression of pl6,
p21, and Hmgal—core events in ALD that directly damage hepatocytes.'®'** Overexpression of YAP inhibits the
expression of ethanol-induced senescence markers (pl16, p21, and Hmgal) and the DNA damage marker y-H2AX,
thereby alleviating alcohol-induced hepatocyte damage.”’

OA inhibits the protein expression of senescence markers, including p16,'% p21,'° and y-H2AX'"" in ethanol-
stimulated hepatocytes. OA attenuates the effects of ethanol on cell cycle arrest and ameliorates alcohol-induced
hepatocyte damage by inhibiting hepatocyte senescence. Experiments have shown that in ethanol-treated hepatocytes,

Drug Design, Development and Therapy 2025:19 heeps: 8897



Wang et al

OA restores cell viability in a dose-dependent manner, with effective doses ranging between 20 and 40 pmol/L.
Moreover, the use of verteporfin or YAP siRNA weakens the anti-aging effects of OA and diminishes its inhibitory
effect on the expression of senescence markers, pl6 and p21. These results indicate that OA reduces the number of
ethanol-induced SA-B-gal-positive human hepatocytes in a dose-dependent manner.'®® Therefore, the molecular mechan-
ism by which OA inhibits ethanol-induced hepatocyte senescence likely involves the regulation of YAP expression. This
mechanism may offer a novel approach to mitigating alcoholic hepatocyte damage and combating liver fibrosis.

OA suppresses hepatocyte senescence through the YAP pathway to combat hepatic fibrosis in ALD, but its
mechanism in NAFLD-associated fibrosis differs significantly. NAFLD, a prevalent condition among overweight and
obese individuals and those with metabolic syndrome,'*® involves oxidative stress and ferroptosis, which exacerbate
hepatic inflammation and fibrosis, driving disease progression.''® Inflammation, a hallmark of NAFLD, plays a pivotal

" with hepatic fibrosis intensifying as NAFLD advances.''? Experiments on high-fat diet

role in disease progression,
(HFD)-induced NAFLD mice showed significant upregulation of inflammatory cytokines, which OA markedly
inhibited.''® These findings highlight OA’s protective effects against inflammation and fibrosis in NAFLD. NASH,
a severe subtype of NAFLD, relies on hepatocyte apoptosis for disease progression. Hepatocyte apoptosis activates the
inflammasome and promotes the release of pro-inflammatory cytokines from immune cells and HSCs, contributing to
liver fibrosis and NASH development. Studies indicate that OA treatment reduces palmitate-induced hepatocyte
apoptosis, supporting its potential to prevent NASH.'" Beyond its anti-apoptotic effects against high-dose palmitate,

OA also suppresses hepatic steatosis.''

Limitations and Prospects
Despite strong evidence supporting the role of OA in treating liver fibrosis by regulating hepatocyte senescence, several
limitations remain:

(1) Most studies to date have been limited to cell and animal models, with a lack of large-scale clinical trials;

(2) While OA holds promise as a potential therapeutic agent for liver fibrosis, its molecular mechanisms involve only
a few molecules and pathways, leaving many aspects of its action yet to be fully explored and understood;

(3) The presence of any harmful substances in OA that might impact its use as a therapeutic drug remains unclear, and
its safety profile needs further investigation.

Future directions for OA in combating liver fibrosis include:

(1) Investigating the synergistic use of OA with other drugs that modulate hepatocyte senescence, either promoting or
inhibiting it;

(2) Expanding research on the molecular mechanisms by which OA combats liver fibrosis, including dynamic studies
to deepen understanding;

(3) Conducting long-term, large-scale clinical trials to assess OA’s efficacy and safety for human clinical application.
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