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a b s t r a c t 

Hepatic stellate cells (HSCs), a distinct category of non-parenchymal cells in the liver, are critical for liver home- 

ostasis. In healthy livers, HSCs remain non-proliferative and quiescent. However, under conditions of acute or 

chronic liver damage, HSCs are activated and participate in the progression and regulation of liver diseases such as 

liver fibrosis, cirrhosis, and liver cancer. Fatty liver diseases (FLD), including nonalcoholic (NAFLD) and alcohol- 

related (ALD), are common chronic inflammatory conditions of the liver. These diseases, often resulting from 

multiple metabolic disorders, can progress through a sequence of inflammation, fibrosis, and ultimately, cancer. 

In this review, we focused on the activation and regulatory mechanism of HSCs in the context of FLD. We summa- 

rized the molecular pathways of activated HSCs (aHSCs) in mediating FLD and their role in promoting liver tumor 

development from the perspectives of cell proliferation, invasion, metastasis, angiogenesis, immunosuppression, 

and chemo-resistance. We aimed to offer an in-depth discussion on the reciprocal regulatory interactions between 

FLD and HSC activation, providing new insights for researchers in this field. 
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. Introduction 

.1. Hepatic stellate cells 

Hepatic stellate cells (HSCs) are a distinctive class of non-

arenchymal cells found within the liver, residing in the subendothelial

isse’s space between hepatocytes and liver sinusoidal endothelial cells

LSECs). They constitute approximately 5–8% of the total liver cell pop-

lation and make up roughly 33% of the liver’s non-parenchymal cells. 1 

SCs play a pivotal role in synthesizing the extracellular matrix (ECM).

hey are responsible for secreting various ECM components, such as

roteoglycan and glycoprotein, and synthesizing collagen, which helps

n maintaining the basement membrane. 1 Additionally, they actively

egulate microcirculation within the sinusoids through their contractile

ctivity. In healthy livers, HSCs typically display a non-proliferative,

uiescent phenotype and contain a large amount of vitamin A lipid

roplets, serving as the primary in vivo reservoir of vitamin A. Aside

rom vitamin A storage, quiescent HSCs (qHSCs) perform crucial home-

static functions, including the secretion of growth factors that support
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he physiological turnover of hepatocytes and the regulation of hepatic

lood flow. 1 Following acute injury, HSCs undergo immediate activa-

ion triggered by signals such as transforming growth factor- 𝛽 (TGF- 𝛽)

nd platelet-derived growth factor B (PDGFB), leading to their trans-

ifferentiation into activated myofibroblast-like HSCs. 2 This activation

auses an increase in ECM production and facilitates tissue repair. How-

ver, in cases of chronic injury, such as chronic viral infection, alcohol

buse, or non-alcoholic fatty liver disease (NAFLD), activated HSCs (aH-

Cs) continue to produce excessive ECM, resulting in scar formation and

romoting liver fibrogenesis. 

.2. Hepatocellular carcinoma 

Liver cancer, notably hepatocellular carcinoma (HCC), represents a

ajor global health challenge and is the third leading cause of cancer-

elated deaths worldwide. 3 HCC accounts for approximately 80–90%

f primary liver cancer cases, predominantly originating from mature

epatocytes. 3 Alarmingly, the annual incidence of HCC is anticipated

o exceed one million cases by 2025. 4 The disease predominantly arises
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n the context of chronic liver damage, with over 90% of HCC cases

eveloping in patients with a history of liver diseases. 4 These include

hronic viral hepatitis, metabolic disorders, primarily fatty liver diseases

FLD), and exposure to environmental carcinogens like aflatoxins and

inyl chloride. Despite advances in therapeutics, HCC continues to pose

ignificant challenges in patient prognosis, exhibiting a high recurrence

ate of over 50%. 5 This underscores an urgent need for continued re-

earch and the development of innovative therapeutic approaches to

mprove patient survival. 

Recent studies have underscored the critical influence of the tumor

icroenvironment (TME) in the progression of HCC and its impact on

herapeutic outcomes. 6 The TME in HCC is a complex and dynamic land-

cape, involving various cellular components like immune cells, fibrob-

asts, endothelial cells, and a network of signaling molecules. These com-

onents interact intricately with HCC cells to promote tumor growth, aid

n immune evasion, and foster resistance to therapies. In particular, the

ole of HSCs within the TME has gained significant attention due to its

omplex interactions with other components. The aHSCs contribute to

brosis and create a pro-tumorigenic niche that supports HCC progres-

ion through the secretion of growth factors, cytokines, and the modula-

ion of immune responses. They not only facilitate the proliferation and

urvival of cancer cells but also play a role in the formation of new blood

essels (angiogenesis), crucial for tumor growth and metastasis. More-

ver, the interaction between HSCs and immune cells within the TME

an lead to an immunosuppressive environment, further complicating

reatment strategies. 

.3. Fatty liver diseases 

While malignant tumors are a primary concern, HCC-related, pre-

ancerous liver diseases also significantly impact human health. The

revalence of viral hepatitis, such as hepatitis B and C, has been ef-

ectively mitigated as a result of the increasingly widespread utiliza-

ion of vaccines, improved safety of blood products, and advancements

n antiviral therapies. 7 However, the rise in unhealthy dietary habits

nd sedentary lifestyles has led to an increase in FLD, closely linked to

etabolic syndrome. This condition has become a major public health

ssue. FLD is generally categorized into two types: NAFLD and alcoholic

iver disease (ALD), characterized by distinct triggers that contribute to

he development of these conditions. 

NAFLD, often associated with metabolic risk factors such as obe-

ity and type 2 diabetes, is characterized by the accumulation of fat

n more than 5% of hepatocytes. 8 It occurs in the absence of significant

lcohol consumption and excludes other chronic liver diseases. 9 NAFLD

ncompasses a spectrum of liver conditions, starting from steatosis to

onalcoholic steatohepatitis (NASH), progressing to liver fibrosis, cir-

hosis, and potentially leading to HCC. 10 A retrospective study high-

ighted a substantial global increase in the prevalence of NAFLD, with

ates increasing from 25.3% from 1990 through 2006 to 38.0% between

016 and 2019. 11 Additionally, ALD arises as a consequence of pro-

onged and/or excessive alcohol consumption, encompassing a range of

iver impairments including alcohol-related fatty liver disease (AFLD),

lcohol-related steatohepatitis (ASH), liver fibrosis, and cirrhosis, which

ay eventually progress to HCC. 12 A 2022 meta-analysis indicated that

he prevalence of ALD in Asian adults exhibited a notable increase from

.82% in 2000-–2009 to 6.62% in 2010–2020. 13 About 20–40% of alco-

ol abusers progress to ASH, and approximately 40% of them develop in-

ammation and fibrosis. 14 Cirrhosis develops in 10% of heavy drinkers,

nd within this population, an annual progression rate to HCC ranges

rom 1 to 2%. 15 

In addition to significant alterations in hepatocytes, the hepatic tis-

ue microenvironment undergoes substantial modifications during the

rogression of FLD. Notably, chronic inflammation is concomitant with

LD and plays a pivotal role in its progression to more advanced stages

f the disease. Consequently, a two-step "inflammation-carcinoma" pro-

ression, commonly observed in various cancers, emerges as a criti-
26
al pathway in HCC development. However, in HCC, this process is

ore complex. Liver fibrosis, a specific event in liver disease progres-

ion, can be induced by chronic inflammation and subsequently fa-

ilitates HCC oncogenesis. Hence, a liver-specific disease progression

odel —"inflammation-fibrosis-carcinoma" —has been proposed. As a

ivotal participant in the pathogenesis of fibrosis, HSCs are intricately

nvolved in this intertwined process. While many reviews have focused

n the role of HSCs in HCC development, there is a lack of comprehen-

ive analysis on how HSCs link and mediate the transition from FLD,

 metabolic liver disorder, to HCC. This review aims to fill this gap

y elaborating the activation and regulatory mechanisms of HSCs in

LD progression. We will explore the molecular mechanisms through

hich aHSCs facilitate liver tumor development in FLD, examining as-

ects such as cell proliferation, invasion, metastasis, angiogenesis, im-

unosuppression, and chemoresistance. Additionally, this review will

elve into the intricate interplay between FLD and HSC activation, of-

ering a novel perspective for researchers in this field. 

. Contribution of HSCs in HCC progression 

HSCs are widely recognized for their contribution to liver fibrosis,

 process that can accelerate the onset of HCC and promote HCC pro-

ression. Beyond that, HSCs also actively influence various malignant

haracteristics of HCC through a range of mechanisms ( Fig. 1 ). These in-

lude promoting tumor cell proliferation, facilitating angiogenesis, and

odulating the TME. By these means, HSCs not only contribute to liver

tructural remodeling, but also actively enhance the aggressive nature

f HCC, playing a multifunctional role in the progression of liver cancer.

.1. Tumorigenesis 

The association between liver fibrosis and the development of HCC

s well-established. Epidemiological data indicate that over 90% of

CC cases arise from fibrotic or cirrhotic livers, which establish a pre-

umorous microenvironment conducive to carcinogenesis. 16 Numerous

tudies have identified a strong correlation between high fibrosis in-

ices and liver stiffness (a surrogate marker for liver fibrosis), indicat-

ng an increased risk of HCC development. 17 Moreover, liver fibrosis

as been linked to a higher recurrence rate of HCC following cura-

ive resection. 18 This correlation may be attributed to changes in the

lasticity of the ECM, leading to increased organ stiffness, which in-

uces a metabolic switch in both tumor and stromal cells altering cel-

ular machinery that supports tumor growth. 19 Additionally, the ECM

n cirrhotic livers is enriched with proteins that encourage epithelial-

o-mesenchymal transition (EMT) and enhance TGF- 𝛽 signaling, both of

hich are well-established pathways known to accelerate liver cancer

rogression. 20 

To elucidate the relationship between HSCs and the oncogenic trans-

ormation of hepatocytes, extensive research has focused on the molec-

lar mechanisms underlying this process. Much of this research has

oncentrated on the proteins secreted by aHSCs during fibrosis. These

tudies have shown that cytokines and chemokines released by aHSCs

an elicit chemotaxis of diverse types of cells, such as endothelial cells

nd immune cells, thereby promoting malignant transformation. 21 Co-

ulture experiment revealed that HSCs can infiltrate the stroma, thereby

nhancing paracrine signaling and converting stable hepatocytes into

ighly motile cells. 21 , 22 This pro-tumoral activity may be facilitated

y the secretion of vascular endothelial growth factor (VEGF) and ma-

rix metalloproteinases 9 (MMP9) by HSCs. 22 In addition to these pro-

nflammatory cytokines, TGF- 𝛽 secreted by HSCs further promotes the

umorigenic capabilities of transformed hepatocytes. 21 However, it is

oteworthy that these studies primarily used cell lines derived from

ower-grade HCC or transformed hepatocytes which do not accurately

epresent normal hepatocytes. The findings imply the necessity for fur-

her investigation to comprehensively grasp the influence of HSCs on the
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Fig. 1. The multifaceted roles of HSCs in pro- 

moting HCC progression. After activation, aH- 

SCs play multifunctional roles in the progres- 

sion of HCC by promoting tumorigenesis, tu- 

mor cell proliferation, invasion and migration, 

facilitating angiogenesis, and modulating TME 

to improve the ability of immunosuppression 

and chemoresistance. HCC, hepatocellular car- 

cinoma; HSCs, hepatic stellate cells; aHSCs, ac- 

tivated HSCs; qHSCs, quiescent HSCs; TME, tu- 

mor microenvironment. 
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umorigenic transformation of non-malignant liver cells under condi-

ions that are more clinically relevant. Additionally, HSCs were reported

s key players in liver tumorigenesis associated with the gut-liver axis

nd may affect them by secreting epiregulin, which influences toll-like

eceptor 4 (TLR4) and promotes HCC tumorigenesis. 23 , 24 This emerg-

ng evidence underscores the complex interplay between HSCs and the

nitiation of liver cancer, emphasizing the need for further investigation

nto these mechanisms. 

.2. Cell proliferation 

The capability for limitless cell division and growth is a defining

allmark of cancer. HSCs have been shown to facilitate the prolifera-

ion of HCC cells through various mechanisms. In vivo , studies utilizing

urine models have demonstrated that co-inoculation of aHSCs with

CC cells augments tumor growth and proliferation. 25 Similarly, in vitro

xperiments have revealed that conditioned media derived from HSC

ultures accelerate the growth of tumor spheroids and mitigates cen-

ral necrosis. 26 Furthermore, it has been established that aHSCs pro-

ote the growth of HCC by secreting factors like hepatic growth fac-

or (HGF), TGF- 𝛽, and interleukin-6 (IL-6). 21 , 27–29 Specifically, HGF

inds to its receptor c-Met, which is expressed on the surface of HCC

ells. 27 This interaction activates signaling pathways such as extracellu-

ar signal-regulated kinase (ERK) and nuclear factor kappa-light-chain-

nhancer of activated B cells (NF- 𝜅B), thereby promoting tumorigene-

is. 27 TGF- 𝛽 produced by aHSCs fosters tumor formation and augments

utocrine TGF- 𝛽 signaling in tumor cells, 21 , 30 a process dependent on

RK/mitogen-activated protein kinase (MAPK) signaling. 31 This inter-

ction can accelerate the cell cycle progression and inhibit apoptosis in

alignant hepatocytes. 31 Furthermore, IL-6 secreted by aHSCs drives

umor growth through the signal transducer and activator of transcrip-

ion 3 (STAT3) pathway and potentially exhibits synergistic effects with

L-6 and connective tissue growth factor (CTGF) released by HCC cells. 29 

However, it is worth noting that the role of HGF in HCC development

s debatable. Some studies have indicated that HGF expression is actu-

lly reduced in HCC tissues compared to adjacent normal tissues, while

oth the RNA transcript and protein products of c-MET are elevated. 32 

eanwhile, recombinant HGF has been shown to inhibit the growth of

ost HCC cell lines in vitro . 33 Additionally, a recent study published in

022 identified an HSC subpopulation characterized by HGF secretion

hat appears to suppress HCC development. 34 The contradictory find-

ngs imply that further investigation is necessary to fully understand the

recise mechanism through which HSCs promote HCC proliferation. 

.3. Invasion and migration 

HSCs are also involved in the advanced stages of HCC, contribut-

ng to the formation of a pro-metastatic environment and accelerating

isease progression. Many studies have demonstrated that HSCs induce

CC invasion and migration through the following mechanisms. 
27
MMPs secretion: aHSCs secrete matrix metalloproteinases (MMPs),

uch as MMP9, which degrade the basement membrane and reconstruct

he ECM around the tumor, facilitating cancer cell migration across tis-

ue boundaries. 35 The focal adhesion kinase (FAK)/MMP9 pathway is

articularly implicated in promoting HCC cell migration and invasion. 35 

EMT induction: aHSCs can promote the activation of the pro-

etastasis EMT program in HCC cells, as evidenced by the downreg-

lation of E-cadherin and upregulation of Snail, both of which are in-

icative of EMT induction. 26 , 36 Another study hints that the regulation

f HSCs on the EMT in HCC was mediated by HGF/c-Met signaling, 36 

hich requires a dynamic and direct cross-talk between HCC cells and

SCs. 

Building a hypoxic-like environment: aHSCs induce transglutami-

ase 2 (TGM2) expression, leading to von Hippel-Lindau (VHL) protein

epletion in HCC cells. 37 This reduction results in the accumulation of

ypoxia-inducible factor 1 𝛼 (HIF-1 𝛼), creating a pseudo-hypoxic state

hat promotes EMT. 37 Additionally, increased production of reactive

xygen species (ROS), along with the secretion of IL-6 and stromal cell-

erived factor-1 (SDF-1) by aHSCs, contribute to EMT-mediated metas-

asis in HCC. 38 

Activation of pro-metastasis signaling: aHSCs activate the

as/Raf/MAPK (MEK)/ERK and phosphoinositide 3-kinase (PI3K)/AKT

athways, essential for HCC invasion and metastasis. Specifically, the

cidic TME leads to ERK phosphorylation and increased osteopontin

OPN) secretion by aHSCs. 39 Furthermore, aHSCs produce laminin-5

Ln-5) and COMP (carotene oligomeric matrix protein), 40 , 41 which

lso activate these signaling pathways. Another study suggests that

HSCs upregulate the expression of nicotinamide N-methyltransferase

NNMT), which promotes HCC invasion and metastasis by mediating

istone H3 methylation and activating the transcriptional cluster of

ifferentiation 44 (CD44). 42 

.4. Angiogenesis 

HCC is known for being a highly vascularized tumor, with angio-

enesis being essential for the rapid proliferation of malignant hepato-

ytes. Studies have shown that co-transplantation of HSCs with tumor

ells results in a higher microvessel density compared to transplanta-

ion of tumor cells alone. 43 Both in vitro and in vivo experiments have

emonstrated that aHSCs express multiple growth factors that interact

ith surface receptors on endothelial cells, thereby promoting angio-

enesis. 44 

Key factors secreted by aHSCs that contribute to angiogenesis in-

lude angiotensin I and II (AngI and AngII). 45 These molecules play a

rucial role in stabilizing the interaction between endothelial cells and

upportive cells during vascular maturation. 45 They also aid in endothe-

ial cell survival, regulate vascular permeability, and induce angiogene-

is. 45 Through activating the MAPK pathway, aHSCs secrete VEGF, a

ritical factor in increasing vascular permeability and promoting en-

othelial cell mitosis and anti-apoptosis. 46 This action of VEGF is es-

ential in the angiogenic cascade. Co-culture models have further re-
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ealed that the interaction between HCC cells and aHSCs creates a pro-

ngiogenic microenvironment by increasing VEGFA and MMP9 expres-

ion in HSCs. 22 Additionally, HSCs may upregulate glioma-associated

ncogene homolog 1 (Gli-1) through ROS production, 47 and activate

he STAT3 signaling pathway by secreting the pro-inflammatory fac-

or IL-8. 48 These processes collectively contribute to the promotion of

ngiogenesis in HCC, illustrating the multifaceted role of HSCs in tu-

or vascularization and highlighting potential therapeutic targets for

nhibiting HCC progression. 

.5. Immunosuppression 

Immune evasion is a key hallmark of cancer progression, charac-

erized by a reduction in antitumor immune cells and an increase in

mmunosuppressive cells within the TME. As one of the key cell types

n the TME of HCC, aHSCs have been shown to promote liver cancer

rogression by facilitating immune evasion of HCC cells. 

In immunocompetent mice, co-transplantation of HSCs with HCC

ells has been shown to diminish the anti-tumor response of the im-

une cells. This is evidenced by a reduction in the infiltration of

D3+ CD4+ and CD3+ CD8+ T cells in the spleen and tumors follow-

ng co-transplantation with aHSCs. 43 Moreover, there is a significant

nduction of CD4+ CD25+ T regulatory (Treg) immunosuppressive cells,

nown for their role in suppressing anti-tumor immune responses. 49 

urthermore, aHSCs have been found to induce the accumulation of

yeloid-derived suppressor cells (MDSCs) through the cyclooxygenases

 (COX2)/prostaglandin E2 (PGE2)/prostaglandin receptor 4 (EP4) sig-

aling pathway in the bone marrow, spleen, and tumor tissues of tumor-

earing mice. 50 MDSCs are potent inhibitors of T cell proliferation and

unction, primarily through the increased expression of arginase 1 (Arg-

), inducible nitric oxide synthase (iNOS), and interleukin-4 receptor 𝛼

IL-4R 𝛼). 50 Another critical aspect of immune evasion mediated by aH-

Cs is the upregulation of B7 homolog 1 (B7H1/CD274/PD-L1), a key

ediator of immunosuppression. The increased expression of B7H1 in

HSCs within the TME plays a pivotal role in enabling tumor cells to

scape host immune surveillance. 51 Its effects include inhibiting T cell

ctivation, inducing T cell apoptosis, and reducing T cell-mediated cy-

otoxicity. 43 These findings underscore the multifaceted roles of aHSCs

n promoting immune evasion in HCC, highlighting their potential as

argets for immunotherapeutic strategies aimed at enhancing the anti-

umor immune response. 

.6. Chemoresistance 

Most HCC patients exhibit resistance to conventional chemothera-

eutic agents, and the interactions between cancer cells and the TME,

ncluding HSCs, are believed to be crucial in mediating chemoresistance.

t has been reported that HSCs can promote resistance to chemothera-

eutic drugs like sorafenib and cisplatin in HCC. 26 , 52 In vitro culture

xperiments have shown that the mixed cell spheres of HSCs and HCC

ells are less sensitive to chemotherapy compared to spheres of HCC

ells alone. 52 This reduced sensitivity is thought to result from the ECM

roduction and cytokine secretion by HSCs, which establish a protec-

ive microenvironment around the tumor. 52 For example, HSCs can in-

rease the expression of collagen 1A1 (COL1A1) in mixed cell spheres,

orming tighter and more resistant cellular structures. 52 Additionally,

n three-dimensional cell culture models, aHSCs have been shown to

xpress higher levels of pro-fibrotic factors such as TGF- 𝛽 and CTGF in

o-cultures with HCC cells, which also contribute to the chemoresistance

f HCC cells. 26 

Furthermore, HSCs can modulate the ubiquitination of fibroblast

ctivating protein (FAP) via the laminin Ln-332/ 𝛼3 𝛽1 integrin axis,

hereby contributing to sorafenib resistance in HCC cells. 53 The HGF/c-

et/Akt pathway, in conjunction with the JAK2/STAT3 pathway, rep-

esents an additional signaling cascade implicated in HSC-mediated
28
hemoresistance. 54 These pathways are known to modulate various cel-

ular processes including cell survival, proliferation, and angiogene-

is, which can collectively contribute to the reduced effectiveness of

hemotherapy in HCC. Moreover, HSCs can influence the immune mi-

roenvironment of HCC, potentially contributing to chemoresistance. By

odulating immune cell infiltration and activity, HSCs can establish an

mmunosuppressive TME that protects tumor cells from the cytotoxic ef-

ects of chemotherapeutic agents. Additionally, the interaction between

SCs and cancer stem cells (CSCs) within HCC might also contribute to

hemoresistance, as CSCs are known to be inherently resistant to various

hemotherapies. 55 

. Implication of FLD in HCC development 

NAFLD and ALD are closely associated with HCC, with over 90%

f HCC cases arising from chronic liver diseases. 4 Chronic alcohol con-

umption is a well-established pathway leading to ALD, subsequently

rogressing to cirrhosis and HCC. In addition, NASH, a severe form of

AFLD, has become a prevalent cause of cirrhosis worldwide. 56 No-

ably, the incidence of viral hepatitis-related HCC is declining globally.

n contrast, metabolism-related HCC cases are on the rise, attributed to

he increasing prevalence of metabolic syndrome, obesity and insulin re-

istance. 57 Similarly, the occurrence of ALD-associated HCC (ALD-HCC)

s also escalating, reflecting broader trends in lifestyle and health. 57 

.1. Epidemiology of NAFLD/ALD-HCC 

Over the past few decades, the prevalence of NAFLD-associated HCC

NAFLD-HCC) has been on the rise. A comprehensive analysis of 86 stud-

es from 22 countries, covering a total of 8,515,431 individuals, revealed

hat the incidence of NAFLD-HCC was 0.44 (0.29–0.66) per 1000 peo-

le per year. 58 NASH, an advanced stage of NAFLD, only accounts for a

mall portion of the cases but can lead to a considerable number of HCC

ases. 59 The incidence of NASH-HCC varies geographically, from 10 to

2% in North America and Europe to 1–6% in Asia. 59 NASH is expected

o become the leading cause of HCC in high-income areas shortly. 4 

In addition to NAFLD, alcohol abuse is also a significant risk factor

or HCC development. The 2015 Global Burden of Disease Study reveals

hat liver cancer affects about 854,000 individuals worldwide, causing

10,000 fatalities. 60 Markedly, alcohol played a role in almost 30% of

hese cases. 60 Consistent with the risk profile of NAFLD, there is a higher

ikelihood of developing HCC in the context of ALD. The BRIDGE study

ighlighted that in North America (21%) and Europe (37%), ALD was re-

ponsible for a larger proportion of HCC cases compared to East Asia (4–

3%). 59 A retrospective study utilizing 15-year data from the Scientific

egistry of Transplant Recipients in the USA, which involved 28,935

CC patients awaiting liver transplantation, found that the prevalence

f ALD-HCC increased from 8.3% in 2002 to 14.2% in 2017. 61 While

he annual incidence of NAFLD/ALD-HCC remains relatively low, there

as been a substantial increase in recent years. 

.2. Pathological characteristics of NAFLD/ALD-HCC 

NAFLD is typically a result of excessive nutrient intake, leading to

ipid accumulation in the liver. 62 This excessive lipid accumulation ini-

iates macrophage infiltration in visceral adipose tissue, triggering an

nflammatory response and contributing to insulin resistance. 62 In the

tate of insulin resistance, lipid metabolism is impaired, leading to an

verload of free fatty acids in the liver. The excessive accumulation of fat

isrupts liver metabolic capacity and disturbs lipid metabolism home-

stasis. The resultant lipid metabolic imbalance leads to the production

f lipotoxic lipids, causing cellular stresses, including oxidative and en-

oplasmic reticulum stress. 62 The stresses, in turn, activate inflamma-

omes and eventually lead to apoptosis. Collectively, these processes

xacerbate inflammation, tissue regeneration, and fibrosis, further pro-
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Fig. 2. The transition from FLD to HCC. Steatosis develops in the liver after excessive intake of nutrients and alcohol. As the condition worsens, inflammation 

develops, leading to NASH and ASH, which can progress to cirrhosis and even HCC. ASH, alcohol-related steatohepatitis; FLD, fat liver disease; HCC, hepatocellular 

carcinoma; NASH, nonalcoholic steatohepatitis; TME, tumor microenvironment. 
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oting the progression of NAFLD and increasing the risk of HCC devel-

pment. 

In the context of ALD, alcohol metabolism in hepatocytes was ini-

ially thought to be the primary pathological mechanism. However, cur-

ent insights suggest that this metabolic process initiates a pathogenic

ascade involving inflammatory reactions, oxidative stress, and the im-

act of intestinal endotoxins. 63 The liver metabolizes the majority of

ngested alcohol, primarily oxidizing it into acetaldehyde via alcohol de-

ydrogenase (ADH). 14 This oxidation process alters the ratio of NADH to

AD+ , thus reducing mitochondrial fatty acid beta-oxidation and lead-

ng to fatty liver development. 14 Acetaldehyde also interferes with tubu-

in, affecting microtubule function and disrupting lipoprotein trafficking

n the liver. Chronic and excessive alcohol intake leads to additional al-

ohol oxidation through modulating cytochrome pathways, particularly

y increasing cytochrome P450 levels, which in turn generates ROS.

he ROS contribute to oxidative stress, lipid peroxidation, and subse-

uent alcoholic liver damage. 64 Thus, alcohol induces both direct and

ndirect toxic effects on the liver, eventually leading to cellular damage,

nflammation, fibrosis, and an increased risk of HCC. 

Preventing or reversing obesity, diabetes, and other metabolic syn-

rome will be an effective way to reduce the risk of NAFLD/ALD-HCC.

n addition, avoiding alcohol and adjusting diet by increasing the in-

ake of green vegetables that are rich in antioxidants such as vitamin C,

itamin E, and selenium, are also associated with reducing the risk of

CC in NAFLD/ALD patients. 57 , 65 To be specific, NAFLD and ALD ex-

ibit similar histological features, particularly in terms of steatosis, and

oth diseases typically progress through stages of inflammation, fibro-

is, and ultimately carcinoma ( Fig. 2 ). However, they are influenced

y distinct and independent factors. NAFLD-HCC is often associated

ith a variety of contributing elements, including genetic predisposi-

ions, abnormal lipid metabolism, chronic hyperinsulinemia, oxidative

nd endoplasmic reticulum stress, and mitochondrial dysfunction. These

actors collectively exacerbate liver damage and facilitate the carcino-

enic process. In contrast, ALD’s progression to HCC is marked by dis-

inct mechanisms, notably an exacerbated inflammatory response and

ccelerated cell proliferation. The metabolism of alcohol in ALD leads

o significant oxidative stress, primarily due to the production of ROS.

he oxidative stress, coupled with alcohol-induced alterations in gut

icrobiota and the resulting increase in intestinal permeability, allows

or an increased translocation of endotoxins to the liver, thereby fur-

her promoting inflammation and fibrosis. Additionally, chronic alco-

ol consumption in ALD can lead to nutritional deficiencies and im-

une system dysregulation, which also contribute to liver damage and

arcinogenesis. 

. Mutual regulation between NAFLD/ALD and HSC activation 

romotes disease progression 

Both NAFLD and ALD, despite their different mechanisms, converge

n liver fibrosis, a pivotal stage in HCC progression. The activation of

SCs during fibrosis is crucial, as it leads to increased ECM produc-
29
ion and a carcinogenic environment. Many studies have indicated a

idirectional relationship between HSCs and FLD: NAFLD/ALD progres-

ion activates HSCs, which in turn exacerbates NAFLD/ALD ( Fig. 3 ).

his complex interplay between HSCs and FLD is key in advancing both

onditions and HCC development. A deeper understanding of these dy-

amics is vital for creating effective treatments for HCC stemming from

AFLD and ALD. 

.1. HSCs are activated in the context of NAFLD/ALD 

HSC activation can be triggered by oxidative stress and inflamma-

ion, often mediated by signals from adjacent cells like hepatocytes,

mmune cells, and endothelial cells. 66 For instance, TGF- 𝛽, a pow-

rful profibrotic agent sourced from endothelial cells, platelets, and

acrophages, activates HSCs. It acts via pathways like ERK, p38, and

-jun N-terminal kinase (JNK), subsequently enhancing SMA and MAD

roteins 2/3 (SMAD2/SMAD3) signaling and upregulating NADPH ox-

dase (NOX1, NOX2, NOX4, and NOX5) expressions. 2 , 67 Activation of

he associated pathways fosters the production of collagen types I and

II. 67 Additionally, endothelial cells contribute to HSC activation by se-

reting fibronectin and thus activating TGF- 𝛽, which ultimately mod-

lates inflammation and cellular interactions. 68 LSECs secrete VEGF,

romoting HSC proliferation, while platelets release TGF- 𝛽, EGF, and

DGF, potent HSC mitogens. 69 Moreover, hepatic macrophages, includ-

ng tissue-resident Kupffer cells and bone marrow-derived macrophages,

lay a pivotal role in liver fibrogenesis. 70 They produce multiple pro-

nflammatory cytokines that directly activate HSCs. ROS generated by

he macrophages initiates signaling pathways like OPN, inducing colla-

en production and perpetuating aHSCs phenotype. 71 In NAFLD/ALD,

hese pathological conditions collectively contribute to HSC activation

hrough various mechanisms. 

.1.1. Lipid accumulation-related HSC activation 

Lipid accumulation in NAFLD/ALD livers initiates pathological

hanges, prominently activating HSCs. Palmitic acid, a key product

n this process, stimulates NOD-like receptor thermal protein domain

ssociated protein 3 (NLRP3) inflammasome activation in HSCs via

he TLR4/myeloid differentiation factor 88 (MyD88)/NF- 𝜅B pathway. 72 

his activation sensitizes cells to lipopolysaccharide (LPS)-induced IL-

 𝛽 secretion, 73 which in turn up-regulates tissue metalloproteinase-1

nhibitor (TIMP-1), 66 prolonging HSC survival and exacerbating NASH

rogression to liver fibrosis. Furthermore, toxic lipids like palmitate acti-

ate CD11b+ F4/80low macrophages. 74 , 75 Palmitate binds to monomeric

LR4-myeloid differentiation protein 2 (MD2) complexes, triggering

acrophage endocytosis, ROS production, and increasing IL-1 𝛽 expres-

ion in these cells. 74 , 75 

In hepatocytes during NASH, cholesterol crystals within lipid

roplets can activate Kupffer cells/macrophages. This activation leads to

LRP3 inflammasome activation and cytokine production (IL-1 𝛽, TGF-

, CCL2), which provokes inflammation and promotes further HSC ac-

ivation. 76 Concurrently, cholesterol accumulation enhances the tran-
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Fig. 3. The interplay between FLD and HSC activation during liver disease progression. The activation of HSCs in the context of NAFLD/ALD promotes the progression 

of NAFLD/ALD to HCC in various aspects: promoting liver fibrosis and hepatic steatosis, regulating the immune microenvironment and affecting the oxidative balance. 

ALD, alcohol-related fatty liver disease; FLD, fat liver disease; HCC, hepatocellular carcinoma; HSCs, hepatic stellate cells; aHSCs, activated HSCs; KCs, Kupffer cells; 

LSECs, liver sinusoidal endothelial cells; NAFLD, nonalcoholic fatty liver disease. 
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cription and secretion of the pro-fibrotic molecule Indian hedgehog

IHH) by stabilizing the transcriptional regulator TAZ (encoded by the

WTR1 gene), thereby further driving fibrosis and HSC activation. 77 

xidized low-density lipoprotein rapidly induces EGFR phosphoryla-

ion and ROS production in hepatocytes, facilitating HSC activation

nd the progression to a pro-fibrotic phenotype in NAFLD. 78 aHSCs

n liver injury scenarios express high levels of angiotensin-converting

nzyme (ACE) and angiotensin II type 1 receptor (AT1R). 79 The clas-

ical renin-angiotensin system (RAS) pathway, through ACE convert-

ng AngI to AngII, acts via AT1R, up-regulating TNF- 𝛼 and TGF- 𝛽,

hereby promoting HSC activation and NAFLD progression. 79 Elevated

ngII levels increase intracellular ROS, leading to the accumulation

f lipid peroxidation products and the transformation of qHSCs into

HSCs. 79 

During NAFLD/ALD, stressed hepatocytes release extracellular vesi-

les (EVs) that are efficiently internalized by HSCs. These EVs contain

 plethora of miRNAs, such as miR-27a, which inhibits PTEN-induced

utative kinase 1 (PINK1)-mediated mitophagy and is directly linked to

iver fibrosis. 80 MiR-128-3p, highly efficient in transfer among lipogenic

epatocyte-derived EVs, inhibits peroxisome proliferator-activated re-

eptor 𝛾 (PPAR 𝛾), a marker molecule of qHSCs. 81 MiR-192, with in-

reased expression in lipotoxic hepatocyte-derived EVs, promotes the

xpression of fibrosis markers ( 𝛼-SMA, TGF- 𝛽, COL1A1). 82 Conversely,

educed expression of miR-130a-3p can directly target TGFBR1 and

GFBR2, negatively regulating HSC activation and proliferation dur-

ng NASH progression. 83 MiR-1297 84 and miR-188-5p 85 inhibit phos-

hatase and tensin homolog (PTEN), thus activating the PI3K/AKT

athway. These findings highlight the role of hepatocytes in me-

iating HSC activation through miRNAs in EVs under NAFLD/ALD

onditions. 

.1.2. Alcohol-related HSC activation 

In ALD, the metabolism of alcohol and its byproduct, acetaldehyde,

lay pivotal roles in HSC activation. In hepatocytes, ethanol is metabo-

ized into acetaldehyde by ADH and cytochrome P450 2E1 (CYP2E1). 86 

his metabolic process results in the production of ROS, leading to ox-

dative stress. 86 Acetaldehyde affects the regulation of transcription fac-

ors involved in fibrosis. It enhances SMAD3 and SMAD4 expression

hile inhibiting SMAD7. 87 Additionally, acetaldehyde induces the nu-

lear export and degradation of c-Ski, a suppressor of TGF- 𝛽/SMAD

ignaling, thereby promoting collagen I (Col I) expression and HSC

ctivation. 87 
30
Ethanol also impacts intestinal integrity, leading to increased leak-

ge and release of endotoxins like LPS. 88 LPS activates NF- 𝜅B in Kupf-

er cells, triggering the production of pro-inflammatory cytokines and

iver inflammation. 88 Both ROS and these cytokines act as fibrogenic

timulators, further activating HSCs. Ethanol exacerbates this process

y enhancing the synthesis of hyaluronic acid (HA), a key ECM gly-

osaminoglycan, thus intensifying hepatic pro-fibrotic characteristics. 89 

n fatty liver patients, ethanol promotes HA-dependent HSC activation,

ltering hepatic ECM and accelerating ALD progression. 89 

Ethanol consumption also influences natural killer (NK) cell func-

ions. 90 Chronic ethanol intake hinders NK cell-mediated clearance of

HSCs and induces resistance to NK cell killing via TGF- 𝛽1-dependent

echanisms, impeding the anti-fibrotic actions of NK cells. 90 Nor-

ally, NK cells release interferon-gamma (IFN- 𝛾) to eliminate aH-

Cs and promote fibrosis regression. However, ethanol exposure in-

uces suppressors of cytokine signaling (SOCS) proteins and oxida-

ive stress, disrupting IFN- 𝛾/STAT1 signaling in HSCs. 90 Furthermore,

thanol affects methionine metabolism, impacting the availability of S-

denosylmethionine (SAMe) for DNA and histone methylation. 91 Expo-

ure to ethanol leads to upregulation of histone-modifying enzymes like

3K4 methyltransferase mixed lineage leukemia 1 (MLL1) in HSCs, pro-

oting H3K4me3 modification, maintaining an active chromatin state,

nd resulting in pro-fibrotic gene expression changes, such as elastin,

hich contribute to HSC activation. 92 

.1.3. Immune cell-mediated HSC activation 

Macrophages are crucial in HSC activation within NAFLD/ALD.

n human necrotic livers, CD9+ TREM2+ macrophages, also known

s scar/NASH/lipid-associated macrophages, accumulate and express

brosis-promoting genes in fibrotic niches. 93 These include PDGFB, 94 

hich enhances HSC proliferation, SPP1, 95 which fosters HSC activa-

ion, and IL-1 𝛽, 93 which promotes HSC survival and activation. Addi-

ionally, apoptotic hepatocytes release TGF- 𝛽 during egress, contribut-

ng to fibrosis when phagocytosed by macrophages, contributes to fibro-

is. Interestingly, necrotic hepatocytes produce sonic hedgehog (SHH),

 paracrine pro-fibrotic factor, further activating HSCs. 96 

In a methionine-choline-deficient (MCD) diet-induced NAFLD mouse

odel and corresponding in vitro systems, M2 macrophages boost HSC

utophagy by secreting PGE2 and interacting with EP4 receptors on the

urface of HSCs. 97 Furthermore, Growth arrest-specific gene 6 (Gas6)

nd its receptor Axl are highly expressed in ALD patient serum. In nor-

al liver, Gas6 is primarily found in Kupffer cells, while Axl is present
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n macrophages and qHSCs. 98 Post-injury, increased Gas6 expression in

HSCs and macrophages indicates that the Gas6/Axl interaction may

lso contribute to macrophage-HSC-driven HSC activation. 98 In addi-

ion to macrophages, other immune cells such as NKT cells play a

ole in HSC activation. 99 In NASH mice, the activation of the Hedge-

og (Hh) pathway leads to NKT cell recruitment and activation in the

iver. 99 Conditioned medium from NKT cells can stimulate HSC transd-

fferentiation into myofibroblasts, potentially promoting HSC activation

n vivo . 99 

.2. aHSCs promote disease progression via multiple mechanisms 

.2.1. HSC activation leads to NAFLD/ALD-driven liver fibrosis and HCC 

evelopment 

Fibrosis is the excessive buildup of ECM proteins, like collagen, lead-

ng to scarring and tissue hardening. This happens when myofibroblasts,

ells that help heal wounds, overact in response to ongoing inflamma-

ion and tissue damage. Normally, these cells stop working once healing

s done, but if the damage persists, they continue to deposit ECM pro-

eins. This leads to more scarring and thus attracts immune cells like

acrophages, which worsen the inflammation. Cytokines and growth

actors, especially TGF- 𝛽 and Wnt1, are crucial in this process. 100 They

ind to specific receptors, triggering a cascade of signals that eventually

urn on genes for synthesizing additional ECM proteins and transform-

ng more cells into myofibroblasts. As the ECM builds up, the tissue

ecomes stiffer and loses its normal function. The progressive fibrosis

ver time can significantly impair the organ’s functionality. 

In NAFLD/ALD-triggered fibrotic livers, there is an increased depo-

ition of collagen types I and III, alongside other ECM proteins such

s fibronectin, laminin, HA, elastin, and proteoglycans. aHSCs are pri-

arily responsible for type I collagen secretion, regulated both tran-

criptionally and post-transcriptionally. 1 TGF- 𝛽1 plays a critical role

s the main driver of ECM production in aHSCs through autocrine

nd paracrine mechanisms. Another significant profibrotic factor is

onnective tissue growth factor (CTGF/CCN2), 101 whose levels rise in

iver injury, stimulating pro-fibrotic activities in HSCs via G protein-

oupled receptors (GPCRs). 102 Additional factors influencing fibrosis

nclude chemokines and cellular stressors. OPN activates Col I expres-

ion through integrin 𝛼(V) 𝛽(3) binding, triggering the PI3K/pAkt/NF- 𝜅B

ignaling pathway. 71 HSCs also express various pro-fibrotic chemokine

eceptors like CXC chemokine receptor 4 (CXCR4), 103 C–C chemokine

eceptor 1 (CCR1), CCR5, 104 CXCR2, 105 and CCR2, 106 which expand

he signaling pathways that contribute to HSC activation. Furthermore,

L-17 promotes fibrosis by activating the STAT3 pathway, which in-

uces Col I production in HSCs. 107 As a result, the aHSC-mediated fi-

rosis promotes the initiation and progression of HCC as we discussed

reviously. 

.2.2. aHSCs promote liver steatosis 

aHSCs play important roles in NAFLD/ALD beyond fibrosis. In early

AFLD/ALD stages, qHSCs show pro-steatogenic effects. qHSCs store

ipids, and upon activation, these lipids break down, releasing fatty acids

nd exacerbating hepatic lipotoxicity. 108 It has been indicated that in-

ibiting inhibitor of kappa B kinase 𝜀 (IKK 𝜀 ) in HSCs improves glucose

nd lipid metabolism, reducing steatosis in NAFLD mouse models. 109 

dditionally, C–C chemokine ligand 20 (CCL20) from HSCs, upregu-

ated in NAFLD, responds to fatty acid loads, suggesting a lipid-sensing

ole for HSCs. 110 Genome-wide association studies link a PNPLA3 gene

ariant to increased lipid droplets and cytokine production in HSCs, sup-

orting their roles in lipid sensing. 111 

Hepatocytes co-cultured with NASH-HSCs show increased lipid ac-

umulation and PPAR 𝛾 levels, a lipogenic nuclear receptor facilitating

ree fatty acid uptake, contributing to hepatic triglyceride (TG) ele-

ation. 112 Overexpressing PPAR 𝛾 in mice induces hepatic steatosis. 113 

onversely, depleting HSCs with gliotoxin in NASH models reduces
31
teatosis by downregulating PPAR 𝛾 in hepatocytes. 112 This effect in-

olves HSC-derived prostaglandins like periostin 114 and CCL5. 115 In

LD, HSC-secreted Igfbp3 and SerpinA12 mediate lipid droplet forma-

ion in hepatocytes. 116 Igfbp3 enhances lipid droplet formation and li-

ogenic gene expression via p-Akt, while SerpinA12 combats ethanol-

nduced steatosis via the p-AMPK pathway. 116 Altered Igfbp3 and Ser-

inA12 levels are noted in ALD patients’ sera. Furthermore, glutamate

ignaling in HSCs drives ALD progression. Chronic alcohol consump-

ion disrupts the trans-sulfuration pathway, leading to glutathione de-

letion and compensatory increases in extracellular glutamate via the

CT (SLC7A11) antiporter. 117 Alcohol also upregulates mGluR5 in HSCs,

romoting 2-AG production, which activates cannabinoid type-1 recep-

or (CB1R) in hepatocytes, driving lipogenesis in ALD. 118 HSCs also se-

rete mediators like FGF1, IL-6, and IL-10, potentially countering hep-

tic steatosis. 119–121 However, HSC depletion has been shown to protect

gainst hepatic steatosis development, 112 highlighting the complex role

f HSCs in liver disease dynamics. 

.2.3. aHSCs reset the immune microenvironment of fatty liver 

In the context of FLDs, aHSCs exert significant influence by modu-

ating immune responses and the immune microenvironment. aHSCs se-

rete various pro-inflammatory factors, including TGF- 𝛽, which play a

rucial role in shaping the host immune response. These cells respond to

iver injury by autocrine and paracrine signaling, with autocrine signal-

ng being particularly significant in the context of NAFLD/ALD. aHSCs

lso produce prostaglandins such as prostaglandin I 2 (PGI2) and PGE2,

hich promote macrophage activation by regulating intracellular cyclic

denosine monophosphate (cAMP) levels. 122 Factors like macrophage

olony-stimulating factor (M-CSF) 123 and monocyte chemoattractant

rotein-1 (MCP-1) 124 produced by aHSCs regulate the accumulation and

rowth of macrophages within the inflammatory milieu of FLD. In ad-

ition, aHSCs contribute to neutrophil chemotaxis and activation by se-

reting platelet-activating factor (PAF), further amplifying neutrophil-

riven inflammatory responses in the damaged liver. 125 Additionally,

HSCs secrete cytokines such as CCL21, CCR5, IL-8, IL-10, and RANTES

CCL5), accelerating the recruitment of inflammatory cells to the injured

iver and exacerbating liver damage. 126 Multiple Toll-like receptors ex-

ressed on aHSCs, including TLR4 and TLR2, are involved upstream

n these pro-inflammatory responses, recognizing a range of pathogen-

ssociated molecular patterns (PAMPs) such as LPS, lipoteichoic acid,

nd N-acetylmuramyl peptide, thereby stimulating the secretion of IL-

, TGF- 𝛽, and MCP-1. 127 

In experimental mouse models, transplanted HSCs have been shown

o protect islet allografts from rejection 128 and enhance the engraft-

ent of transplanted hepatocytes, 129 indicating a pro-immune tolerance

unction of HSCs. When exposed to pro-inflammatory cytokines, HSCs

an also act as antigen-presenting cells and express membrane proteins

nvolved in antigen presentation, including human leukocyte antigen

HLA) family members, lipid presentation molecules, and factors in-

olved in T cell activation. 130 Moreover, the co-stimulatory molecule

rogrammed cell death-ligand 1 (PD-L1) is expressed on aHSCs, but not

n qHSCs, 131 and it binds to the immunoglobulin superfamily member

rogrammed death 1 (PD-1), which is expressed on various immune

ells, including CD4+ T cells. 132 Low level of PD-1 stimulation is suf-

cient to inhibit T cell activation and cytotoxicity and induce T cell

poptosis. 132 HSCs can also impact B cell immune function through a

imilar mechanism. 133 These findings suggest that HSCs may have dis-

inct immunoregulatory functions in the context of FLD, and further in-

estigation is needed to elucidate the balance between promoting an

nflammatory microenvironment and inhibiting cellular immune func-

ion. 

Considering the essential role of immune cells in FLD progression,

estoring immune homeostasis may be a key to treating FLD. It has

een established that certain drugs may effectively alleviate NASH

y the anti-inflammation response, including Cenicriviroc (CCR2/5 in-

ibitor), 134 NOX-E36 (CCL2 inhibitor), 135 and Belapectin (Galectin-3
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nhibitor). 136 It will be of interest to know whether these drugs can af-

ect HSC activation, or if the blockage of HSC activation is the direct

arget of these drugs. 

.2.4. aHSCs regulate oxidative balance and stress 

In the landscape of FLD, especially NAFLD, HSCs play a crucial role

n modulating oxidative stress, a factor intricately linked to disease pro-

ression. One significant hallmark of aHSCs is their propensity to gen-

rate ROS, which emerges as a pivotal mechanism in the activation of

hese cells. ROS production serves as a "feedforward" mechanism for

riving fibrogenic cell activation, particularly through the potent medi-

tor, TGF- 𝛽1. Within the TGF- 𝛽1 signaling pathway, several NADPH ox-

dases (NOX1, NOX2, NOX4, and NOX5) are upregulated, leading to in-

reased peroxide production and subsequently enhancing collagen syn-

hesis. 67 In the context of NAFLD, aHSCs exhibit a unique facet of their

xidative milieu, closely intertwined with ethanol metabolism. Notably,

SCs express alcohol 137 and aldehyde 138 dehydrogenases, suggesting

heir involvement in responding to lipid peroxides, hydrogen perox-

des, and aldehyde adducts. This implies a potential role for HSCs in

he metabolic processes associated with ethanol. 

Furthermore, HSCs also express essential components of the non-

hagocytic form of NADPH oxidase responsible for peroxide produc-

ion. 139 Activation of HSCs induces the expression of these compo-

ents, which generate peroxides upon interaction with AngII recep-

ors. 140 AngII, in turn, phosphorylates p47phox, a regulatory subunit of

ADPH oxidase, leading to the generation of ROS. 140 In addition to ROS

roduction, qHSCs harbor multiple cytochrome P450 enzymes, such as

YP2C11, 3A2, 2D1, CYP2S, 141 and CYP3A, 142 which undergo down-

egulation upon HSC activation. 143 This complex interplay of oxidative

rocesses suggests a model wherein aHSCs may recruit immune cells

y producing peroxides, and paracrine peroxides exacerbate hepatocyte

njury. Simultaneously, aHSCs may possess mechanisms to mitigate the

ffects of oxidative stress, thereby maintaining their viability. 

In summary, aHSCs exhibit a multifaceted impact in the context of

atty liver diseases. They contribute to the disease progression through

he production of pro-inflammatory cytokines and chemokines, the pro-

otion of steatosis, and the recruitment of immune cells to the injured

iver. This orchestrated interplay between immune cell recruitment and

ound healing processes can lead to persistent inflammation and im-

aired liver regeneration, both of which constitute pivotal factors in the

dvancement of NAFLD/ALD. As the disease evolves, it is characterized

y the gradual replacement of healthy liver tissue with non-functional

car tissue, culminating in the disruption of organ structure. Ultimately,

his pathological progression can result in severe consequences, includ-

ng the development of HCC and organ failure. The intricate involve-

ent of aHSCs underscores their pivotal role in the intricate landscape

f FLD, shedding light on potential therapeutic targets for managing

hese complex conditions. 

. Concluding remarks 

In this review, we summarized the pivotal role of HSCs in the pro-

ression of FLD and their association with HCC. As non-parenchymal

ells, HSCs exhibit remarkable secretory and regulatory functions that

ender them central players in disease development, especially dur-

ng the trajectory of the NAFLD/ALD-HCC pathogenic process. During

AFLD/ALD, accumulation of lipid or ethanol provokes inflammation

nd oxidative stress, setting in motion a cascade of events including

epatocyte death, immune cell infiltration, and HSC activation. aHSCs

hen secrete an array of mediators that exacerbate steatosis, inflamma-

ion, and oxidative stress, further expediting disease progression. Persis-

ent HSC activation can lead to fibrosis, cirrhosis, and ultimately HCC,

hrough intensive intercellular communications among HSCs, hepato-

ytes, and immune cells. Understanding these intricate cell-cell inter-

ctions during disease pathogenesis may provide potential targets for

herapeutic intervention. 
32
The interplay between oxidative stress, inflammation, and fibrosis

s a complex area of research, particularly challenging in the context of

iver diseases where HSCs are intricately involved. Recent advancements

n cell biology have shed light on distinct subpopulations of HSCs with

arying physiological and pathological functions. For instance, a 2022

tudy employing single-cell RNA sequencing identified two HSC sub-

opulations in fibrotic livers: myofibroblastic HSCs, enriched in ECM-

elated molecules, and cytokine and growth factor-expressing HSCs with

 high cytokine and growth factor expression profile. 34 Notably, these

tudies revealed shifts in the abundance of these subpopulations in liver

isease and their differential roles in hepatocarcinogenesis. These find-

ngs suggest that HSCs may possess diverse functions, urging further

igh-resolution studies to comprehensively elucidate the intricacies of

ow HSCs contribute to liver disease. These studies may also lead to a

ew, in-depth understanding of the mutual regulations between oxida-

ive stress, inflammation, and fibrosis. 

Targeting the TME, with a specific focus on HSCs, offers a promis-

ng avenue for innovative interventions in HCC. Strategies aimed at

odulating the TME to disrupt the supportive network for tumor cells,

ugment immune responses against cancer cells, or directly target the

etabolic and signaling pathways of HSCs hold the potential to ad-

ance liver cancer management. Personalized approaches, tailored to

he unique TME characteristics of individual patients, hold the promise

f more effective and targeted therapies, ultimately enhancing the prog-

osis for HCC patients. 
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