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Abstract. Metabolic dysfunction-associated steatohepatitis
(MASH) is characterized by steatosis, inflammation, hepa-
tocellular injury and fibrosis, with the capacity to progress
to cirrhosis and hepatocellular carcinoma. Recent evidence
highlights cellular senescence, particularly in hepatic stel-
late cells (HSCs) as a key regulator of MASH pathogenesis.
Senescent HSCs exhibit a context-dependent duality whereby,
while transient senescence limits fibrosis through cell-cycle
arrest, matrix degradation and enhanced immune clearance,
persistent senescence under chronic metabolic and inflamma-
tory stress drives disease progression. Through an expanded
senescence-associated secretory phenotype (SASP), senescent
HSCs exacerbate inflammation, promote extracellular matrix
deposition, alter immune responses and facilitate malignant
transformation. The present review summarizes the molecular
mechanisms inducing HSC senescence, including lipotoxicity,
oxidative stress, DNA damage, mitochondrial dysfunction and
impaired autophagy. The mechanisms by which SASP factors
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mediate crosstalk between senescent HSCs and other cell types
are discussed, including hepatocytes, macrophages, T cells and
natural killer cells, collectively altering the inflammatory and
fibrotic microenvironment of MASH. Finally, emerging thera-
peutic strategies targeting cellular senescence are highlighted,
such as senolytics, senomorphics and biomarker-guided inter-
ventions, which may offer promising avenues for modifying
the course of MASH and preventing disease progression.
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1. Introduction

Metabolic dysfunction-associated steatohepatitis (MASH) is
characterized by hepatic steatosis, inflammation, hepatocel-
lular injury and progressive fibrosis, becoming a major cause
of cirrhosis and hepatocellular carcinoma (HCC) (1,2). Despite
the growing global prevalence of MASH, effective pharma-
cological therapies remain elusive, underscoring the need for
a comprehensive understanding of the cellular mechanisms
that drive disease progression (3). Among the diverse hepatic
cell types involved in MASH, hepatic stellate cells (HSCs)
represent the central fibrogenic population, with accumulating
evidence highlighting cellular senescence as a critical and
context-dependent regulator of HSC behavior (4-6).
Senescent HSCs demonstrate a dual nature. Transient
senescence may be protective during acute injury by arresting
proliferation, upregulating matrix-degrading enzymes and
enhancing immune-mediated clearance (6). However, under
the chronic metabolic and inflammatory stress conditions
typically associated with MASH, senescent HSCs persist and
ultimately acquire an expanded senescence-associated secre-
tory phenotype (SASP). The SASP promotes inflammation,
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stimulates extracellular matrix (ECM) deposition, disrupts
immune surveillance and contributes to malignant transfor-
mation, thereby accelerating disease progression.

This duality reflects the dynamic and multifactorial
regulation of HSC senescence, influenced by factors such as
lipotoxicity, oxidative stress, mitochondrial dysfunction (5,7),
impaired autophagy and alterations in immune surveil-
lance (6,8,9). However, the timing, triggers and downstream
consequences of HSC senescence remain incompletely char-
acterized (10), as do the interactions between senescent HSCs,
hepatocytes, macrophages and other immune cell popula-
tions (11).

The present review summarizes current knowledge
regarding both the beneficial and detrimental roles of senes-
cent HSCs in MASH, alongside the molecular pathways
leading to HSC senescence and SASP formation. In addi-
tion, the mechanisms by which senescent HSCs alter the
hepatic inflammatory and fibrotic microenvironment are
delineated. Finally, emerging therapeutic strategies targeting
cellular senescence, including senolytics, senomorphics and
biomarker-based approaches are highlighted, which may offer
promising avenues for modulating disease progression and
improving outcomes in MASH.

2. HSC activation and dual role in MASH pathogenesis

Dichotomy of senescent HSCs in liver fibrosis. Senescent HSCs
function both as a protective mechanism to limit tissue damage
and as a deleterious force that drives chronic pathological
progression (7,12). Research has shown that HSCs exhibit both
an aging-related secretory phenotype that promotes fibrosis
and an anti-fibrotic effect through cell cycle arrest (6,13).
Therefore, senescent HSCs play a dual role in MASH progres-
sion. Certain cytokines and inflammatory factors, including
TGF-p, platelet-derived growth factor (PDGF), TNF-a, IL-1p
and IL-6, serve key roles in promoting fibrosis (14).

Related studies propose that TNF-a is a key inflammatory
factor regulated by lipopolysaccharide-induced tumor necrosis
factor (LITAF) (15-17). Reduced nuclear translocation of
LITAF diminishes TNF-a production, thereby inhibiting HSC
activation and fibrosis. In addition, TNF-a and IL-17 exhibit a
synergistic effect on HSC activity (18). A clinical experiment
indicated that IL-17 amplifies the effects of TNF-a on IL-1p
and IL-6 in HSCs and the interaction between hepatocytes
and HSCs may modulate the effects of IL-17 and TNF-a on
fibrosis-related genes (19).

Senescent HSCs promote inflammation, fibrosis and malig-
nant transformation

SASP is an effective driver of chronic inflammation and
fibrosis in MASH. Senescent HSCs are potent drivers
of chronic inflammation in MASH through their SASP.
The present section examines the mechanisms by which
SASP components recruit immune cells, maintain inflam-
matory signaling and amplify tissue damage. During
hepatocyte fibrosis, aged HSCs may secrete a series of
specific pro-inflammatory cytokines (such as IL-1p, IL-6 and
TNF-a), chemokines [such as C-X-C motif chemokine ligand
(CXCL)-1,CXCL9 and C-C motif chemokine ligand (CCL)-2],
growth factors (such as PDGF and TGF-f) and mechanism

remodeling factors, identified as the SASP, leading to chronic
inflammation (20-29).

IL-1p and CCL2 are SASP factors that can recruit and acti-
vate Kupffer cells and monocyte-derived macrophages from
the bloodstream (30), prompting them to secrete TNF-a and
IL-6, thus generating an inflammatory positive feedback loop.
Concurrently, chemokines such as CXCLI1 promote neutrophil
and monocyte infiltration, exacerbating liver inflammation.
For example, combined in vitro experiments in a mouse model
and human MASH-HCC samples revealed notably elevated
mRNA levels of IL-1f, IL-6, CXCLI and CXCL9 within the
secretome of senescent HSCs. These factors amplified the
effects of internal and external environmental factors, exac-
erbating the inflammatory microenvironment of MASH (20).

TGF- is a core component of the SASP. Within the liver,
TGF-p induces cell senescence in both acute and chronic
liver injury models. Senescent HSCs release a number of
profibrotic factors through the SASP, with TGF-f1 serving as
the core regulatory molecule (31,32). Recent studies indicate
that TGF-B1 markedly inhibits cytoglobin expression through
the SMAD2/SMAD3-M1 signaling pathway, thus activating
HSCs and promoting collagen deposition, a process positively
associated with advanced fibrosis in patients with MASH.
Furthermore, TGF-f initiates a positive feedback pathway
(oxidative stress-fibrosis) by regulating the antioxidant defense
system (33,34).

Soluble urokinase-type plasminogen activator receptor
(suPAR), secreted by senescent HSCs as part of the SASP (10),
has been shown to co-localize with IL-6 in a CCL4-induced
liver fibrosis model, forming a chronic inflammatory micro-
environment that activates neighboring HSCs and recruits
immune cells. In a MASH mouse model, suPAR secretion has
been shown to promote macrophage infiltration and collagen
deposition, further aggravating liver fibrosis (35).

SASP induces hepatocyte damage and apoptosis. Studies
have shown that reactive oxygen species (ROS) and IL-6
secreted by a SASP induce mitochondrial dysfunction and
DNA damage [evidenced by increased y-H2A.X variant
histone-b (y-H2AXDb) marker] by activating the hepatocyte
janus kinase (JAK)/STAT3 pathway, indicating that the SASP
can induce hepatocyte damage and apoptosis (36-38). This
phenomenon may serve a role in the progression of MASH.
Concurrently, senescent HSCs may alter the microenviron-
ment and induce DNA damage in hepatocytes by secreting
IL-6 and matrix metalloproteinases (MMPs) in the SASP.
This interaction aggravates inflammation and fosters an
immune-privileged microenvironment conducive to the
development of MASH into HCC by inhibiting the function of
CDS8* T cells (39). This effect was effectively demonstrated in
MASH mouse models induced by a choline-deficient high-fat
diet or methionine-choline diet alongside programmed
death-ligand-1 knockout mouse models (29).

Senescent HSCs promote the malignant transformation of
MASH to HCC. MASH and non-alcoholic fatty liver disease
(NAFLD) are recognized as precursors to HCC (38,40). The
SASP of senescent HSCs can affect adjacent hepatocytes,
which may be in states of fatty degeneration or dysplasia,
through paracrine signaling, thereby promoting their malig-
nant transformation (20). A key mechanism underlying this
process is the activation of oncogenic signaling pathways in
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Figure 1. Diagram illustrating the destructive effects of senescent HSCs. HSC, hepatic stellate cells; JAK, janus kinase; SPAGY, sperm-associated antigen 9;
suPAR, soluble urokinase-type plasminogen activator receptor; PDGF, platelet-derived growth factor; CCL2, C-C motif chemokine ligand-2; CXCL, C-X-C

motif chemokine ligand.

hepatocytes by a SASP, specifically the Wnt/f-catenin and
Hedgehog pathways. In addition, proteomic analysis indicates
that sperm-associated antigen-9, secreted by senescent HSCs,
influences the growth and metastasis of liver cancer cells
through the JNK pathway, while fatty acid binding protein-5
enhances angiogenesis, collectively facilitating the prolifera-
tion of cancer cells (20).

In addition to directly promoting cell transformation, a
SASP also promotes conditions favorable for tumor growth
by reshaping the immune microenvironment (20). In human
MASH-related HCC samples, a recent study demonstrated
that IL-33, released from senescent HSCs and mediated by
gasdermin D, inhibits the anti-fibrotic function of CD8* T cells
by binding to ST2 receptors to activate regulatory T cells (41).
This immunosuppressive microenvironment may hinder the
clearance of activated HSCs, providing a fertile ground for
tumor cells to evade the immune response.

SASP factors such as IL-6 and CXCL9Y, secreted by
senescent HSCs driven by obesity-induced intestinal
flora metabolites including deoxycholic acid, can recruit

macrophages and neutrophils, amplifying liver inflammation
and activating fibroblasts to promote collagen deposition and
fibrosis. This ultimately leads to liver cancer development (42).
Senescent HSCs may also reduce the secretion of ECM and
stimulate the SASP to attract natural killer (NK) cells for
cleaning, preventing HSCs from excessive proliferation or
transdifferention into fibroblasts (43,44), thereby preventing
liver fibrosis (7). The co-localization of MMP2/9 and fibrotic
areas in liver tissue of patients with MASH, indicates that
MMP2/9 degrades normal ECM, while tissue inhibitor of
metalloproteinases-1 expression inhibits ECM clearance,
leading to an imbalance in fibrotic remodeling (Fig. 1) (38).

Senescent HSCs limit fibrosis and promote tissue repair.
A defining characteristic of aging is irreversible cell cycle
arrest, predominantly occurring during G, phase arrest (45).
When activated HSCs enter senescence, they lose their
ability to proliferate (25). Gene expression profiling analysis
has demonstrated that senescent HSCs downregulate genes
associated with cell cycle progression and secretion of


https://www.spandidos-publications.com/10.3892/etm.2026.13090

clear (Fas-FasL)

> Activated
HSC
CD8*T cell
induce
senescence
Gz
& Senescent
S
HSC \
cell cycle \ \
arrest \
\
“ prombe
secrete MMPs (which self-clearance
degrade ECM)

(e

recruit macrophages(through
CCILY)

restrict excessive

HSC proliferation promote scar

regression

Outcome: Restrict fibrosis and
promote tissue repair

N~ —

Protective/restrictive effec\t~ B

HAN et al: SENESCENT HSCS IN MASH: DUAL ROLES AND THERAPEUTIC INSIGHTS

upstream trigger
llpotox101ty/m1tochondr1al

; dysfuncti
activate ysiunction

oxidative stress/DNA damage response
(DDR)

YOOI »:»1.: .

gut microbiota metabolites (for
example DCA)

o

\

autophagy deficiency

\
\
Easily recognized and \
eliminated by NK cells (with \ P &
upregulated ligands) 4 / Y r
LA~~~

7’ » o~
’ > » \
N o

1 Destructive effect }
\ /
\ ’

~ 7
-

Figure 2. Diagram illustrating the promotive/restrictive effect of senescent HSCs, with upstream triggers shown in detail. HSC, hepatic stellate cells; MMP,
matrix metalloproteinases; CCL2, C-C motif chemokine ligand-2; NK, natural killer; DCA, deoxycholic acid; ECM, extracellular matrix.

ECM components (such as collagen), thus limiting both
their proliferation and fibrogenic potential. In addition,
senescent HSCs markedly change their secretory properties,
increasing the secretion of ECM-degrading enzymes such as
MMPs (6). These enzymes exhibit fibrinolytic activity and
can actively degrade the deposited fibrotic matrix, thereby
promoting the regression of scars and normal tissue remod-
eling. Concurrently, gene expression profiling indicates
that monocyte chemoattractant protein-1 (MCP-1), secreted
by senescent HSCs, recruits macrophages to fibrotic areas,
promoting the clearance of senescent HSCs and inhibiting
inflammation (7). Aging HSCs actively recruit macrophages,
including monocyte-derived macrophages, to fibrotic areas
by secreting chemokines such as MCP-1 (CCL2) (46). These
recruited macrophages perform two primary anti-fibrotic
functions, including timely clearance of senescent HSCs,
limiting inflammation and chronic accumulation of a
SASP (46). Additionally, these macrophages cause active
matrix degradation and tissue remodeling. Macrophages
involved in fibrosis resolution, typically M2-like or
scar-associated macrophages (SAMacs) degrade the ECM
by secreting multiple MMPs (such as, MMP-9, -12 and -13)

and releasing anti-fibrotic cytokines (such as IL-10), thereby
promoting scar tissue remodeling (21).

Senescent HSCs also upregulate immune surveillance
molecules on their surfaces, particularly ligands for the NK
cell receptor NK group 2 member D (NKG2D), such as MHC
class I-related chain A. This allows for their efficient recogni-
tion and preferential elimination by NK cells. Such clearance
processes, actively initiated by senescent HSCs, ensure the
prompt removal of potentially harmful cells from tissue, ulti-
mately promoting the regression of fibrosis (Fig. 2) (7.47).

Mechanisms underlying the coexistence of two opposing
effects in aging HSCs. Senescent HSCs exhibit a dual role,
which may be attributed to the decoupling between intrinsic
cell cycle arrest mechanisms and extrinsic, environmentally
regulated SASP functions, alongside variations in immune
clearance efficiency. Current research suggests that early
senescence primarily drives fibrosis, while in later stages, it
may promote the reversal or stabilization of fibrosis within the
context of injury resolution and repair (5,6). This process is
also influenced by cytokines such as IL-6, TGF-f3 and IL-10 at
a mechanistic level.
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Assessment of the ‘age’ of HSCs. A variety of methodological
approaches have been used to determine the age of HSCs in
previous studies (6,48). Telomeres, repetitive DNA sequences
at chromosome ends, progressively shorten with each cell divi-
sion and are regarded as a ‘mitotic clock’ for gauging cellular
replicative senescence and biological age. One study found
that in the normal human liver, patterns of telomere short-
ening differ among cell types, whereby the telomere length
of cholangiocytes do not markedly shorten with age, whereas
Kupffer cells and HSCs exhibit notable age-related telomere
shortening, underscoring the utility of telomere length as
an effective metric for assessing chronological age-related
changes in HSCs (49).

Primary detection markers and methods.
i) Senescence-associated -galactosidase (SA-[-gal) activity.
As a marker, SA-f3-gal is most widely used for senescent cells.
The detection principle involves a histochemical stain at a
non-physiological pH of 6.0, where the activity of [3-gal results
in a distinct blue coloration in senescent cells. Optimized
protocols for SA-fB-gal staining in frozen liver tissue sections
are available (50), indicating that this technique is fully appli-
cable for identifying senescent cells, including HSCs.

ii) pl6™K4 protein expression. As a cyclin-dependent
kinase inhibitor, pI6™*#* is notably upregulated in senescent
cells, where it maintains the senescent state by inhibiting the
cell cycle (51). The expression of pl6™¥* can be detected
using methods including immunohistochemistry and western
blotting. For example, in liver tissue samples from children
with end-stage liver disease, pl6™* expression was found to
be elevated, along with SA-f-gal activity, demonstrating its
validity as a marker of liver senescence (6).

Expression profiles of associated cytokines. At the cyto-
kine level, pro-inflammatory cytokines constitute a prominent
component of the SASP (52). Identified factors include IL-6,
TNF-a, IL-1B, IL-1a, IL-12 and IFN-y. Collectively, these
factors promote a potent pro-inflammatory microenvironment
capable of recruiting and activating immune cells.

Chemokines. Chemokine molecules recruit immune
cells to sites of injury or aging, with key examples including
MCP-1/CCL2, IL-8, CXCR?2 ligands and neutrophil chemo-
tactic proteins (53). Immunomodulatory cytokines (54),
specifically IL-10, is not only secreted by senescent HSCs but
has also functions as a signal that induces activated HSCs to
enter a senescent state, thereby establishing a complex feedback
regulatory loop. In addition to the aforementioned cytokines,
the SASP of senescent HSCs includes multiple growth factors
(including epidermal growth factors and insulin-like growth
factor) and tissue remodeling-associated proteins. Collectively,
these influence the actions of senescent HSCs.

The onset of HSC senescence and the establishment of
the SASP are dynamic processes rather than instantaneous
events. Through in vivo models, such as those involving
partial hepatectomy, HSCs have been shown to exhibit signs
of senescence and begin IL-6 secretion to promote liver
regeneration within just 2 days (55). This observation indi-
cates that senescence programs can be initiated quite rapidly
during acute repair responses. By contrast, in vitro cultures
treated with inducers (such as etoposide) typically require
7-10 days for full SASP establishment, during which complex
intracellular signaling and gene expression reprogramming
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occur, ultimately leading to the sustained release of secreted
proteins (56).

Theoretically, SASP can persist as long as senescent cells
survive and are not cleared by the immune system. Immune
surveillance, including NK cell activity, represents a key
clearance mechanism for senescent cells, thereby terminating
their SASP. A previous study has indicated that IL-10 mRNA
expression in human HSCs can persist for <120 days during
long-term culture. However, mRNA levels are not fully associ-
ated with sustained protein secretion (57). Overall, precisely
quantifying the kinetic profiles (onset, peak and duration) of
specific cytokines secreted by senescent HSCs under numerous
stimuli remains an unresolved issue requiring further research.

3. Molecular mechanisms regulating HSC aging and SASP
formation

Causes of aging: Cellular stress in the MASH environment. A
recent study has shown that small extracellular vesicles (SEVs)
enriched with LIM domain and actin binding 1 (LIMA1)
released from lipotoxic hepatocytes serve a key role in
promoting HSC activation in NAFLD-related liver fibrosis
by negatively regulating PINK1-mediated mitochondrial
autophagy (58). In this study, a high-fat diet (HFD)-induced
mouse model was constructed to demonstrate LIMA1 expres-
sion. Furthermore, SEV injection was used to assess whether
LIMAT1 could accelerate HFD-induced liver fibrosis in
mice (58). The results showed that LIMA1 was upregulated
in sEVs produced by HFD-induced fatty liver and lipotoxic
hepatocytes and that these LIMAl-enriched sEVs increased
LIMALI protein expression in HSCs, consequently inducing
HSC activation. Moreover, this study further elucidated that
LIMAI1 further promoted the activation of HSCs by inhibiting
mitochondrial autophagy.

ROS and reactive nitrogen species (RNS) are byproducts
of mitochondrial dysfunction and inflammatory responses and
may cause extensive oxidative damage to cellular macromol-
ecules, especially DNA damage. This damage activates the
DNA damage response (DDR) of the cell, marked by the forma-
tion of YH2AXDb phosphorylation sites. Sustained or severe
DDR is a key mechanism underlying cellular senescence (26).
Damaged mitochondria function as the main source of ROS
and their functional defects, including energy metabolism
disorders and can exacerbate cellular stress, perpetuating a
continuous cycle (25).

Interweaving with liver disease-related signaling pathways.
An example of a key pathway implicated in liver cancer
development is Wnt signaling, with B-catenin as a key
protein. B-catenin demonstrates notable interaction potential
within the network of senescent HSC secretory proteins. In
a previous study, ELISA experiments, immunofluorescence
and immunohistochemical staining demonstrated that Wnt
signaling pathway activation in tumor tissues was associated
with an elevated expression of related genes 3-catenin and
cellular-Myc, thus demonstrating the role of senescent HSCs
in promoting the malignant transformation of individual cells
by activating the Wnt signaling pathway (20,59,60).

This study also identified the Hedgehog signaling pathway.
The Hedgehog pathway is abnormally activated in chronic
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liver injury and MASH and is an important pathway driving
fibrosis and tumorigenesis (61). SASP components from
senescent HSCs act as potent activators of this pathway (62).
Immunofluorescence staining showed activation levels of
the pathway's key protein, GLI family zinc finger 1 (Gli-1),
initially increased and subsequently decreased throughout
MASH-HCC progression, consistent with changes in
the number of senescent HSCs (63). Among senescent
HSCs, expression levels of key molecules of the Hedgehog
signaling pathway (including Gli-1, Patched, cyclin D1 and
B cell leukemia-1), were markedly elevated, indicating that
the pathway is continuously activated in senescent HSCs.
Therefore, the amount of main Hedgehog signaling pathway
ligand, sonic hedgehog SHh, also exhibited an upward trend.
SHh can directly interact with fibrotic cytokine TGF-f and
ECM components (including fibronectin), thereby activating
the Hedgehog signaling pathway and promoting the malignant
transformation of hepatocytes (20,64,65).

The JAK/STAT signaling pathway is a key downstream
mediator of the SASP-induced bystander effect. Key compo-
nents of the SASP, particularly IL-6, bind to receptors on the
surface of adjacent hepatocytes, activating the JAK/STAT3
signaling pathway. Continuous activation of this pathway
can lead to mitochondrial dysfunction and DNA damage in
hepatocytes (characterized by increased YH2AX and 53BP1
markers), inducing hepatocyte damage and apoptosis. This
process not only exacerbates the inflammatory response but
also promotes a continuing cycle of liver damage (26).

Interactions between autophagy and aging. Cellular
autophagy degrades damaged or redundant organelles, protein
aggregates, pathogen and other cellular components in the
cell, breaking them down into smaller molecules for recycling.
Autophagy serves a core role in maintaining cell homeostasis,
responding to environmental stress (such as nutrient deficiency
or oxidative stress) and regulating cell fate. Within hepato-
cytes, autophagy helps to remove damaged mitochondria
and control the intracellular lipidome (66,67), while selective
autophagy of mitochondria usually involves distinct signaling
pathways, such as the PINK1/Parkin-dependent pathway and
receptor-mediated mechanisms involving BNIP3 and NIX (68).
By preserving a functional pool of mitochondria, autophagy
minimizes ROS production and thus inhibits the activation of
intracellular pro-inflammatory factors (69-71). Furthermore,
autophagy is key for lipid metabolism as autophagy defects
are associated with increased triglyceride accumulation both
in vivo and in vitro (20). Impaired autophagy leads to dysfunc-
tional mitochondria, which reduces the production of ROS
and activates the DNA damage response, thereby inducing
p53/p21-dependent cell cycle arrest and cell senescence (72).
Senescent HSCs further exacerbate MASH-induced
fibrosis and promote the progression of MASH. In addition,
ROS-dependent alterations in mitochondrial metabolism have
been associated with metabolic disorders, particularly insulin
resistance (73). Similar to ROS, nitric oxide (NO) and RNS
exhibit diverse biological effects, ranging from physiological
signaling to pathological nitrosative stress under inflamma-
tory conditions (74). Excessive NO and RNS induce similar
impairments in energy metabolism, covalently modifying a
large group of proteins and enzymes involved in mitochondrial

respiration including mitochondrial complex IV, ultimately
leading to cell death (64-79).

Bidirectional interactions between lipid metabolism and
HSC aging. In the early stages of MASH, lipid accumulation
(steatosis) in hepatocytes leads to lipotoxicity. This metabolic
stress serves as a key initial signal for inducing HSC senes-
cence. Lipotoxic hepatocytes release extracellular vesicles rich
in specific proteins such as LIMA1. Upon uptake by HSCs,
these vesicles induce HSC senescence and activation through
mechanisms that inhibit PINK1-Parkin-mediated mitochon-
drial autophagy (58,80). Fatty acid oxidation (FAO) is a key
metabolic pathway responsible for breaking down fatty acids
into acetyl-CoA for energy production, primarily occurring
within mitochondria. FAO is important in maintaining the
long-term function and quiescent state of HSCs.

Within one notable study, it was demonstrated that the
promyelocytic leukemia protein (PML) regulates FAO through
the peroxisome proliferator-activated receptor (PPAR)-0,
which is key for sustaining HSC quiescence and function-
ality (81). In this study, inactivation of the PML-PPAR-8-FAO
axis led to HSC functional exhaustion, demonstrating that
FAO is a key metabolic pathway involved in sustaining HSC
stemness.

In aging cells, the dynamic equilibrium of lipid droplets
is often disrupted. A recent study conducted in 2024 revealed
that during cellular senescence, glycerol-3-phosphate accu-
mulation triggers lipid metabolic reprogramming, leading to
marked triglyceride accumulation within lipid droplets. Such
abnormal lipid storage not only modifies the cellular metabolic
state but also activates senescence-associated gene expression
programs (82). The formation, growth and degradation of lipid
droplets is precisely regulated by a series of lipid droplet-asso-
ciated proteins, with perilipin (PLIN) family proteins serving
as core members. PLIN2, one of the most extensively studied
members, is widely expressed in non-adipose cells and regu-
lates lipid droplet stability and lipolysis processes (83-86).
Certain aging models exhibit notable alterations in PLIN2
expression. Studies indicate that PLIN2 expression is down-
regulated in aged mesenchymal stem cells, which is further
associated with changes in lipid droplet content and alterations
in B-oxidation capacity (87-89).

4. Interactions between senescent HSCs and other cells

Interactions between senescent HSC and macrophages.
Interactions between HSCs and macrophages can promote
inflammation and fibrosis in MASH (30,90,91). The SASP of
senescent HSCs is rich in chemokines, such as CCL2 (MCP-1)
and CXCL1, which recruit a number of circulating monocytes
to the liver (25). Once within the liver, these monocytes
differentiate into macrophages exhibiting pro-inflammatory
and pro-fibrotic phenotypes, facilitated by SASP factors
such as IL-1p and IL-6 (30). In recent years, single-cell
RNA sequencing has identified MASH-specific macrophage
subsets, such as MASH-associated macrophages or SAMacs,
whose formation may be affected by senescent HSCs (90). In
return, activated macrophages secrete a number of potent HSC
activators, including TGF-f3, PDGF and TNF-a. These factors
not only activate the remaining quiescent HSCs but also
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promote the survival of both activated and senescent HSCs,
thus forming a robust, self-amplifying pro-fibrotic positive
feedback loop (30).

Interactions between senescent HSCs and NK cells. NK cells
selectively eliminate early activated HSCs by recognizing
activated ligands on the surface of HSCs, such as NKG2D
and Raf-1 proto-oncogene serine/threonine kinase, thereby
inhibiting fibrosis (43). Senescent HSCs are more easily
cleared by NK cells due to the upregulation of NKG2D
ligands and tumor necrosis factor-related apoptosis-inducing
ligand receptors, thereby limiting the development of
fibrosis (43,44). In addition, NK cells secrete IFN-y, which
induces HSC apoptosis and cell cycle arrest, impeding
their capacity to participate in liver repair and prolifera-
tion. Disease progression is further aggravated by persistent
MASH-related damaging factors (7,43). Gene expression
profiling analysis has identified that MCP-1, secreted by
senescent HSCs, recruits macrophages to fibrotic areas,
promoting the clearance of senescent HSCs and inhibiting
inflammation (7). After macrophages are recruited to the
liver, Kupffer cells may inhibit NK cell activity by secreting
TGF-f, thereby reducing the ability of NK cells to eliminate
HSCs. However, TGF-f secreted by senescent HSCs may
attenuate NK cell inhibition (7,21,43,92).

Dual role of T cells in MASH. Within MASH, the role of T
cells is also dualistic, with senescent HSCs serving an impor-
tant regulatory role. T cells inhibit HSC fibrosis during the
regression of MASH fibrosis. CD8* memory T cells have been
shown to attract HSCs through the C-C chemokine receptor
type 5 (CCRS) and induce HSC apoptosis through Fas-FasL,
promoting the reversal of fibrosis (30). In addition, the persis-
tence of senescent HSCs can effectively orchestrate an immune
escape strategy, inhibit the activity of CD8* T cells, hinder the
clearance of senescent HSCs, promote collagen deposition and
promote an immune-exempt microenvironment for subsequent
tumorigenesis.

Anti-fibrotic T cell subsets: HSC clearance mechanism
based on the Fas-FasL pathway. Anti-fibrotic T cell subsets
mainly promote HSC apoptosis through specific molecular
pathways. CD8* memory T cells are directed to the vicinity
of HSCs through increased expression of the chemokine
receptor CCRS, directly triggering HSC apoptosis through
the Fas-FasL death signaling pathway. Simultaneously,
liver-enriched yd T cells also induce programmed death of
HSCs through the same Fas-FasL. molecular mechanism.
This synergistic effect based on specific molecular markers
(including CCRS5) and signaling pathways (including
Fas-FasL) constitutes a key immune mechanism that
promotes fibrosis reversal (93).

Pro-fibrotic T cell subsets: IL-33-suppression of tumori-
genicity 2 (ST2)-mediated immunosuppressive mechanism.
Pro-fibrotic regulatory T cells hinder HSC clearance by
establishing an immunosuppressive microenvironment. This
activation depends on the specific binding of IL-33 released
by senescent HSCs through the gasdermin D protein pore
to the ST2 receptor. Activated regulatory T cells form an
immunosuppressive circuit based on the IL-33-ST2 molecular
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axis by inhibiting the antifibrotic function of CD8" T cells,
ultimately leading to the accumulation of senescent HSCs,
increased collagen deposition and therefore an increased risk
of tumorigenesis (94,95).

Factors that can reverse the aging process of hematopoietic
stem cells

Inducing senescence to terminate fibrosis. i) Pharmacological
induction. Doxazosin, the a-1 adrenergic receptor antagonist,
has been shown to reverse the activation of HSCs by inducing
senescence (96). Experiments have demonstrated that doxa-
zosin treatment upregulates senescence markers p53 and p21,
thereby inhibiting HSC proliferation and the expression of
pro-fibrotic genes.

ii) Modulation of the FoxO3a/S-phase kinase associ-
ated protein 2 (SKP2)/p27 pathway. Notably, the soluble egg
antigen of Schistosoma japonicum, has been demonstrated to
induce HSC senescence by activating the transcription factor
FoxO3a, which subsequently inhibits SKP2 (an E3 ubiquitin
ligase) expression, leading to the accumulation of the cell cycle
inhibitor p27 (97).

iii) Inhibition of endogenous hydrogen sulfide (H,S).
Inhibition of endogenous H,S production induces HSC
senescence and reduces HSC activation primarily through
the PI3K-Akt signaling pathway. This inhibition leads to cell
cycle arrest via upregulation of p53 and p21, and promotes
the SASP, thereby reversing the fibrogenic activity of
HSCs (89,94).

Promoting phenotypic reversion to a quiescent state. 1)
Genetic regulation. In HSCs, specific knockout of Delta-like 1
homolog, which is highly expressed upon HSC activation (98),
has been shown to markedly reverse the activated phenotype,
restoring these cells to a quiescent or differentiated state. This
effect is achieved by inhibiting the Wnt signaling pathway and
upregulating PPAR-v activity, thereby providing evidence that
targeting DLK1 via genetic engineering could be a potential
therapeutic strategy for reversing HSC activation (98).

ii) Signaling pathways and small-molecule compounds.
PPAR-v is a key transcription factor for maintaining the
quiescent state of HSCs (99). The synergistic interactions
between retinoic acid (a derivative of vitamin A) and PPAR-y
agonists can be considered effective strategies for promoting
the reversal of liver fibrosis. Their combined action may
suppress HSC activation markers and restore their quiescent
phenotypes.

Selective clearance of senescent HSCs. Given the potential
risks associated with the long-term presence of senescent
cells, senotherapy, the use of senolytic drugs to selectively
induce senescent cell death, has emerged as a new research
avenue (100).

Effects of aging HSCs on liver regenerative capacity

A pro-regenerative role. Notably, a previous study reshaped the
understanding of the role of senescent HSCs in liver regenera-
tion. Using a mouse model of 2/3 partial hepatectomy, this study
demonstrated that in the early phase of regeneration following
acute liver injury (~2 days post-surgery), HSCs rapidly enter a
transient state of senescence (101). This phenomenon is not a
pathological accumulation, but a programmed physiological
response key for regeneration.
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The underlying mechanism can be attributed to the SASP
of these senescent HSCs, which secrete IL-6 and ligands
for the chemokine receptor CXCR2 (including CXCL1 and
CXCL2). These secreted factors exert a marked effect on
adjacent hepatocytes, driving their proliferation by activating
downstream STAT3 and YES-associated protein signaling
pathways, thereby promoting the restoration of liver mass.
Experimental evidence shows that specific elimination of
these senescent HSCs during the early regenerative phase
notably impairs the regenerative capacity of the liver, thereby
demonstrating the positive role of transient senescence in the
acute repair process (102).

An inhibitory role. By contrast with their beneficial role
in acute injury, the persistent presence and accumulation of
senescent HSCs in chronic liver injuries, or the naturally aged
liver, is often associated with decreased regenerative capacity
and pathological progression.

First, in the aged liver, the quantity of quiescent HSCs
increases, coupled with phenotypic changes, such as increased
accumulation of lipid droplets. This alteration in the basal state
may compromise the ability of HSCs to maintain homeostasis
of the sinusoidal microenvironment (103).

Second, during chronic injury (for example, chronic hepa-
titis and NAFLD), HSCs are continuously activated and may
enter senescent states. The SASP exhibited by long-existing
senescent HSCs is more complex, including pro-inflammatory
factors and numerous pro-fibrotic factors such as TGF-f.
This chronic, low-grade inflammatory and fibrotic environ-
ment inhibits normal hepatocyte proliferation. A number of
studies have demonstrated that factors secreted by senescent
cells (including HSCs and neutrophils) can suppress hepatic
progenitor cell activation and proliferation, thereby obstructing
compensatory regenerative pathways (104-106).

5. Future directions and outlook

Development of biomarkers. Within aging-related therapies,
the primary challenge remaining is the lack of reliable,
non-invasive biomarkers. This gap makes patient selection,
efficacy tracking and dose optimization during human trials
challenging, meaning diseases cannot be accurately diag-
nosed, the burden of senescent HSCs cannot be quantified and
challenges remain regarding treatment response evaluation,
subsequently hindering clinical translation (107). Although
liver biopsy is the established standard for diagnosing MASH,
the invasive nature of this procedure imposes limitations (108).
Therefore, the development of biomarkers is key in addressing
these challenges (109).

Identifying molecules in the blood that reflect the aging
state of the liver remains an active area of research. While
the SASP can be detected in plasma, studies reveal that its
association with frailty in liver transplant patients is margin-
ally notable, often lacking specificity as it is also associated
with systemic inflammation (110,111). The expression of
senescence-related genes, including pl6™%* and p21°™', in
circulating T cells is associated with frailty and increased
duration of hospitalization in patients undergoing liver
transplants, rendering them viable replacement markers
for systemic aging burdens (112). The anti-aging effects of
acyl-CoA-binding protein (ACBP) neutralization extend

across a number of cell types. Elevated plasma ACBP levels
have been documented in aging and liver injury models
induced by a Western diet and repeated CCl4 injections.
Neutralization of ACBP prevents cellular senescence, indi-
cating its potential as a valuable biomarker (113).

Ongoing research continues to explore non-invasive
imaging biomarkers. Elastic imaging techniques, such
as transient elastography and magnetic resonance elas-
tography, are used to assess the degree of fibrosis by
quantifying the shear wave velocity or tissue displacement
generated by ultrasound or physical pulses. However, their
application is limited by an unclear optimal cutoff point,
inability to assess obese patients, poor diagnostic accu-
racy in the early stages of fibrosis and the non-specificity
exhibited in senescent HSC detection (114). In addition,
positron emission tomography (PET) technology is highly
promising due to its high sensitivity and specificity. PET
tracers targeting aging-related SA-B-gal have demonstrated
successful applications in preclinical models including
liver cancer, having also entered preliminary human trial
stages (115).

Potential of anti-aging drugs. Given the integral role of senes-
cent HSCs in MASH pathogenesis, senescent cell scavengers
and phenotype regulators have arisen as new therapeutic
strategies. Senescent cell scavengers are a class of drugs that
selectively induce apoptosis in senescent HSCs. Targeting the
pro-survival pathways, these cells upregulate to resist their
own SASP toxicity (116).

The combination of dasatinib and quercetin (D + Q) is
a widely studied senescent cell scavenger regimen. Studies
demonstrate that D + Q effectively clears senescent HSCs
in the liver, reduces liver fat deposition and markedly lowers
expression levels of key pro-fibrotic factor TGF-B1 (116,117),
with validation in a metabolic dysfunction-associated fatty
liver disease (a reclassified terminology for MASH) model
established using medaka fish (118). Additionally, ABT-263,
an inhibitor of BCL-2 family proteins, has been shown to
effectively eliminate senescent HSCs and hepatocytes, reduce
expression of SASP factors and improve mitochondrial func-
tion in a mouse model of liver injury. Furthermore, it can
facilitate the clearance of senescent HSCs in liver regeneration
models (119). However, the thrombocytopenia associated with
senescent cell removal and the tumor-promoting effects of
D + Q in HCC models reflect the limitations of this particular
therapy (119-124).

Senescence phenotype regulators constitute an alternative
therapeutic strategy that does not directly eliminate senescent
HSCs, instead regulating their phenotype primarily through
inhibition of harmful SASP production and secretion of
SASP factors (125). Potential targets for senescence pheno-
type regulators include transcription factors such as GATA
binding protein 4 (an upstream regulator of NF-«kB) as well as
mTOR and p38/MAPK signaling pathways. Analogs including
rapamycin, ruxolitinib, glucocorticoids and metformin are
also considered to exhibit senescence phenotype regulatory
effects (126). However, since these signaling pathways are
also essential for the physiological function of normal cells,
their inhibition may lead to significant off-target effects and
toxicity (127,128).
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Other treatment and prevention methods. Lifestyle interven-
tions constitute a foundational strategy for preventing and
managing MASH (129). An unhealthy diet rich in fat and
sugar can promote intestinal flora imbalance, leading to the
translocation of lipopolysaccharides and other pathogenic
molecular patterns to the liver, triggering liver inflamma-
tion and aggravating MASH. Healthy dietary interventions
primarily target obesity reduction, improve dyslipidemia
and attenuate MASH progression (130). Supplementation
with obeticholic acid may also provide additional benefits
in inhibiting liver inflammation and preventing disease
progression (131). Therefore, treatments that restore healthy
intestinal microecology, such as probiotics, prebiotics,
synbiotics and fecal microbiota transplantation, may serve as
innovative treatment strategies (132).

6. Summary

Senescent HSCs occupy a central and multifaceted role in
the pathophysiology of MASH. The most notable feature
of senescent HSCs is their dual role, as during acute
injury and repair, they protect the body by arresting the
cell cycle and facilitating immune-mediated clearance.
However, in the chronic and persistent pathological state
of MASH, a reduction in immune clearance mechanisms
allows long-term persistence of senescent HSCs, continu-
ally secreting harmful SASP factors that drive chronic
inflammation, fibrogenesis and malignant transformation
towards liver cancer in MASH. Impaired autophagy induces
senescence, while SASP promotes pathological processes
through key signaling pathways, such as Wnt and Hedgehog.
Simultaneously, the senescent SASP promotes a microenvi-
ronment conducive to its survival and disease development
through interactions with immune cells. It is recommended
that future anti-aging therapeutic strategies should evolve
from broad-spectrum pathway inhibitors to target the clear-
ance or inhibition of pathogenic senescent HSCs. Focus
should remain on the specific identification and clearance
of pathogenic senescent HSCs phenotypes or the fine-tuning
of their SASP components. In the future, development of
refined treatment strategies based on a deeper understanding
of the complex interaction networks of senescent HSCs
should be prioritized.
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