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Liver fibrosis is known to be an intrinsic healing response to chronic injury characterised by 

excessive accumulation of extracellular matrix (ECM). Activation of hepatic stellate cells 

(HSCs) followed by transdifferentiation into myofibroblasts represent the primary events in 

the development of liver fibrosis as they are the chief ECM-producing cells. Upon liver 

injury, various mediators are produced by neighbouring cells such as macrophages and 

damaged hepatocytes, triggering this transdifferentiation. Activated HSCs continue to 

receive stimuli and perform actions essential for reparation including chemotaxis, 

proliferation, ECM synthesis and contraction. Reversion of activated HSCs to its quiescent 

state or clearing by apoptosis only occurs after completion of the reparation process. 

However, HSCs are activated continuously during chronic liver injury, leading to extensive 

scar formation which eventually result in liver failure. This review aims to provide updates 

on the emerging investigations on the role of HSCs in liver fibrosis and to highlight some 

recent advancements in potential HSC-targeted therapeutic strategies. 
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Introduction 

 

 

 

   Liver fibrosis is characterised by excessive 

deposition of extracellular matrix (ECM) as a 

wound healing response to chronic injury. 

Discovery of hepatic stellate cell (HSC) 

activation as the central event has been 

beneficial in understanding the development 

of liver fibrosis. In spite of the involvement of 

other liver cells such as hepatocytes, Kupffer 

cells, sinusoidal endothelial cells and portal 

fibroblasts in hepatic fibrogenesis, it has been 
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firmly established that HSC is the primary 

contributor to all types of liver fibrosis in 

recent studies [1,2].  

  HSCs are situated in the subendothelial 

space of Disse. Under normal physiological 

conditions, they remain quiescent and play 

crucial role in homeostasis and storage of 

lipid-soluble vitamin A. Upon liver injury, 

HSCs are activated by various injurious 

stimuli, transdifferentiating into 

myofibroblasts and subsequently result in their 

migration to site of injury, proliferation and 

increased ECM synthesis in order to form an 

initial scar for reparation. Once reparation is 

completed, HSCs either return to its quiescent 

state or clear via apoptosis. The problem arises 

during chronic injury whereby persistent 

activation of HSCs causes continuous 

secretion of ECM components, leading to 

extensive scar formation termed as fibrosis 

and eventually hinders the function of liver. 

This review aims to provide updates on the 

emerging investigation on both physiological 

and pathological functions of HSCs as well as 

its therapeutic purposes in liver fibrosis. 

 

 

Physiological functions of HSCs in the 

normal liver 

 

  Most studies involving HSCs mainly 

focused on its fibrogenic properties in chronic 

liver diseases, and little attention was given to 

its function and identity. HSCs have been 

known to express CD133, a stem/progenitor 

cell marker and differentiate into endothelial 

cells [3]. Recent studies also showed the 

ability of HSCs to differentiate into adipocytes 

[4], osteocytes [4] and hepatocytes [5]. 

Although HSCs are unable to differentiate into 

blood cell lineages, HSCs were shown to 

support haematopoietic stem cells’ 

maintenance and development, hence 

supporting haematopoiesis [4]. Additionally, 

HSCs express mesenchymal stem cell 

(MSC)-related molecular markers and are, 

hence, liver-resident MSCs [4,6].  

  As for maintaining quiescence status of 

HSCs, it is reported that both vitamin A and 

insulin regulate quiescent HSC-associated 

genes including glial fibrillary acidic protein 

(GFAP), peroxisome proliferator-activated 

receptor-γ (PPAR-γ), 

CCAAT/enhancer-binding protein-α (C/EBP-α) 

and sterol regulatory element-binding protein 

1 (SREBP-1) (see Table 1) [7]. The expression 

of these genes are modulated through vitamin 

A/Janus kinase 2 (JAK2)/signal transducer 

and activator of transcription 5 (STAT5) 

pathway and insulin/SREBP-1 pathway [7]. A 

separate study demonstrated the ability of 

transmembrane protein 88 (TMEM88), a 

two-transmembrane protein found in HSCs, in 

inhibiting the activation and proliferation of 

HSCs by blocking Wnt/β-catenin pathway [8]. 

Its expression is regulated by DNA 

methyltransferase 3 alpha (DNMT3A) [8]. 

Furthermore, embryonic stem cell-expressed 

RAS (ERAS) protein, a member of the RAS 

family, was found to be expressed in quiescent 

HSCs but not in activated HSCs and other 

liver-resident cells [9]. By impeding 

proliferation of HSCs via Hippo signalling 

pathway and promoting cell survival via both 

phosphoinositide 3-kinase 

(PI3K)/phosphoinositide-dependent kinase-1 

(PDK1) and mTOR Complex 2 (mTORC2) 

signalling pathways, ERAS prevents the 
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transdifferentiation of HSCs into 

myofibroblasts [9]. 

  Besides, there has been increasing evidence 

suggests the importance of microRNAs 

(miRNAs) in sustaining HSC quiescence 

[10,11]. MicroRNAs (miRNAs) are small 

non-coding RNAs consisting of about 22 

nucleotides which act as regulators for 

post-transcriptional gene expression. A recent 

study demonstrated that miR-101 hinders the 

transforming growth factor-β (TGF-β)/SMAD 

pathway, one of the major fibrogenic signal 

transduction pathway, by suppressing the 

production of type I TGF-β receptor (TGFβRI) 

as well as a pro-fibrotic transcription factor 

known as Kruppel-like factor 6 (KLF6) [11]. 

In addition, miR-146a was also identified to 

be a suppressor of TGF-β/SMAD pathway by 

decreasing the common-partner SMAD4 

expression directly and increasing the 

inhibitory SMAD7 expression through Wnt 

signalling pathway [12,13]. It was also 

recently shown that miR-146a is able to block 

toll-like receptor 4 (TLR4)/nuclear 

factor-kappa B (NF-κB) as well as 

TLR4/tumour necrosis factor receptor 

associated factor-6 (TRAF6)/c-Jun N-terminal 

kinases (JNK) signalling, resulting in reduced 

pro-fibrotic cytokines secretion and 

subsequent activation of HSCs [14]. Another 

study showed that up-regulation of miR-192 

could reduce the expression of typical genes 

activated during liver fibrosis including 

α-smooth muscle actin (α-SMA), collagen 1 

protein (COL1A1) and lysyl oxidase (LOX) 

which implicates its vital role in inhibiting the 

activation, migration and proliferation of 

HSCs [10]. These findings indicate that 

dysregulation of miRNAs is associated with 

the progression of liver fibrosis. 

 

Pathological functions of HSCs during liver 

injury 

 

  Initiation and perpetuation are two major 

phases of HSC activation while resolution 

phase will only occur when the injury subsides 

[15]. These phases are mediated by various 

stimulants (see Fig. 1). 
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Figure 1. Mediators involved in the various functions of HSCs. This schematic diagram highlights major mediators; 

new mediators are indicated with an asterisk (*) [7-14,25,30,36-40]. 

 

(i) Initiation phase 

  The initiation phase refers to early changes 

of HSCs both genetically and phenotypically, 

resulting in increased sensitivity of the cells 

towards stimulants. Initiation is mostly 

mediated through paracrine stimulation by 

neighbouring cells such as hepatocytes, 

macrophages and sinusoidal endothelial cells. 

Injured hepatocytes and apoptotic hepatocytes 

have been known to promote HSC initiation. 

One study demonstrated that hepatocyte 

nuclear factor 1 α (HNF1α) is downregulated 

in hepatocytes, leading to elevation of 

interleukin-6 (IL-6), tumour necrosis factor-α 

(TNF-α) and TGF-β1 [16]. Besides, 

cell-to-cell vicinity and interaction between 
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HSCs and hepatocytes is required for the 

activation of HSCs [16–18].  

  Macrophages can be either recruited from 

circulating monocytes or liver-resident 

macrophages (Kupffer cells). Both secrete 

pro-fibrotic mediators such as TGF-β1 and 

platelet-derived growth factor (PDGF). C-C 

motif chemokine receptor 9 positive (CCR9+) 

macrophages were shown to promote 

initiation of liver fibrosis by releasing TNF-α 

to activate HSC [19]. In addition, Kupffer 

cells also produce reactive oxygen species 

(ROS). The ROS family members that activate 

HSCs have been revealed to be negatively 

charged superoxide anion radicals (O2·
-
) and 

their influx is mediated by chloride channels 

[20].  

 

(ii) Perpetuation phase 

  Perpetuation phase refers to the 

maintenance of HSC activated status and 

fibrosis generation. Perpetuation can be 

regulated either autocrinely or paracrinely and 

HSCs response to these stimulation with 

chemotaxis, proliferation, fibrogenesis and 

contraction. 

  After hepatic injury, chemokines are 

released triggering the migration of HSCs 

towards injured site. Typical HSC 

chemoattractants include monocyte 

chemotactic protein-1 (MCP-1), PDGF, 

vascular endothelial growth factor (VEGF) 

and osteopontin protein. Recent studies 

reported several other mediators responsible in 

HSC chemotaxis. 

  In alcohol-induced parenchymal cell injury, 

a nuclear protein known as high mobility 

group box 1 (HMGB1) is released from 

hepatocytes at site of injury and act as a 

chemokine, recruiting both HSCs and 

endothelial cells [21]. It was discovered that 

HMGB1 utilises both nonreceptor tyrosine 

kinase Src and extracellular signal-regulated 

kinase (ERK) for HSC migration [21]. 

Additionally, a recent research reported that 

macrophages produce matrix 

metalloproteinase-8 (MMP-8), a protease 

known to facilitate degradation of collagen 

and subsequent resolution, can be pro-fibrotic 

by promoting the migration of HSCs and 

increasing the expression of type 1 collagen 

[22]. The detailed mechanism, however, needs 

to be addressed in future studies. 

  Another chemotaxis regulator is 

complement component 5a (C5a) which is a 

complement peptides, bind to both C5a 

receptor (C5aR) and C5a anaphylatoxin 

chemotactic receptor (C5L2) on HSCs, 

stimulating multiple pathways and increase 

the mRNA expression of MCP-1 in activated 

HSCs [23]. Previously, cellular fibronectin 

secreted from sinusoidal endothelial cells was 

demonstrated to stimulate differentiation of 

HSCs to myofibroblasts [24], but a recent 

study found that it promotes chemotaxis of 

activated HSCs instead of myofibroblast 

differentiation [25]. Nevertheless, the 

molecular mechanism of cellular fibronectin 

in regulating HSC migration has yet to be 

defined. 

  PDGF is the most potent growth factor that 

stimulates proliferation of HSCs. It activates 

several intracellular signalling with 

mitogen-activated protein kinase (MAPK) 

being the major PDGF pathway. Recent 

studies provide updates on the regulatory 

mechanism of PDGF-specific HSC 

proliferation including the involvement of 

Ca
2+

/calmodulin-dependent protein kinase II 

(CaMKII) [26], transient receptor potential 

melastatin 7 (TRPM7) [27] and endosialin 
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(CD248) [28,29] . They mainly target ERK, a 

type of signalling module in MAPK pathway 

[26,27,29]. 

  TNF-related weak inducer of apoptosis 

(TWEAK), a TNF superfamily member, was 

also found to be a novel mitogen for HSCs 

[30]. TWEAK together with its receptor, 

fibroblast growth factor-inducible 14 (FN14), 

are co-expressed in HSCs [30]. They only 

promote HSC proliferation and do not 

intervene in differentiation and collagen 

synthesis activity of HSCs [30]. However, the 

molecular mechanism of its action remains to 

be clarified. 

  HSCs promote fibrosis by producing ECM 

components excessively. The space of Disse in 

healthy liver contains a low density 

basement-membrane-like matrix comprising 

of collagens type IV and VI [31]. This matrix 

is disrupted after liver injury and replaced by 

high density interstitial-like matrix composed 

of collagens type I and III [31]. Collagen type 

1, a major ECM component, has been studied 

extensively [32–34].  

  TGF-β is the primary profibrogenic 

mediator responsible for stimulation of 

collagen production. Generally, TGF-β 

transmits intracellular signals by recruiting 

SMAD2 and SMAD3. They then form 

heterodimers with SMAD4 and translocate 

into nucleus where they increase transcription 

of collagen genes. Recently, it was reported 

that TRPM7 contributes to production of 

collagen [35]. TGF-β/SMAD signalling 

increases TRPM7 expression which in turn aid 

in phosphorylation of SMAD2 and SMAD3 

[35]. Another study showed the involvement 

of interleukin-17A (IL-17A) produced by T 

helper cells [36]. Not only does IL-17A recruit 

macrophages, it also induces expression of 

TGF-β, increases TGF-β response by 

enhancing phosphorylation and nuclear 

translocation of SMAD2/3 as well as increases 

HSCs response towards TGF-β by 

up-regulating the expression of its receptor at 

the cell surface [36].  

  Wound contraction is an essential wound 

healing process. However, prolonged 

contraction will affect portal blood flow, 

resulting in increased portal resistance and 

eventually portal hypertension. Contractility 

of activated HSCs is known to be modulated 

by endothelin-1 (ET-1), which is a potent 

vasoactive protein. A recent study 

demonstrated that ET-1 expression is mediated 

by angiotensin (Ang)-II through Ang-II type 1 

receptor (AT1) via PI3K/ protein kinase B 

(Akt) signalling pathway [37]. C-X-C motif 

chemokine 12 (CXCL12) was also reported to 

cause contraction of HSCs via C-X-C 

chemokine receptor type 4 (CXCR4) by 

activating the Rho kinase pathway [38]. 

Furthermore, aldosterone triggers the 

activation of RhoA/Rho-associated protein 

kinase (ROCK)-2 pathway, inducing HSC 

contraction [39]. 

 

(iii) Resolution phase 

  Fibrosis resolution refers to matrix 

degradation resulting from increased activity 

of collagenase mediated primarily by activated 

macrophages/Kupffer cells. This event 

requires either apoptosis of activated HSCs or 

reversion of myofibroblasts to quiescent HSCs. 

By removing the cellular source of ECM 

components, the accumulation could be 

controlled through ECM turnover or 

degradation and eventually reverting to 

healthy liver parenchyma. 

  Apoptosis of HSCs is normally induced by 

natural killer cells. A recent study proved that 
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fibronectin peptides could also induce 

apoptosis in infiltrating 

monocyte/macrophages and HSCs by 

activating a signalling cascades with Src, 

inducible nitric oxide synthase (iNOS), JNK 

and p38 involvement [40]. They are actually 

fragmentised from fibronectin in ECM as a 

result of protease activity of MMPs such as 

MMP-9 [40]. In addition to suppressing HSC 

activation and proliferation, TMEM88 could 

also stimulate apoptosis of activated HSCs via 

B-cell lymphoma 2 

(BCL-2)/BCL-2-associated X 

(BAX)/caspase-3 signalling [8]. 

  

  

Table 1. Features of quiescent, inactivated and activated HSCs . 

Features Quiescent HSCs Inactivated HSCs Activated HSCs 

Lipid droplet 

vitamin A content 
High High Low/Absent 

Expression of quiescence-associated genes 

AdiporR1 ↑ ↓ ↓ 

ADFP ↑ ↓ ↓ 

BAMBI ↑ ↑ ↓ 

C/EBP-α, C/EBP-β, 

C/EBP-δ 
↑ ↑ ↓ 

DBP ↑ ↓ ↓ 

GFAP ↑ ↓ ↓ 

INSIG1 ↑ ↑ ↓ 

LXR ↑ ↑ ↓ 

PPAR-γ ↑ ↑ ↓ 

SREBP-1c/SREBF1 ↑ ↑ ↓ 

Expression of pro-fibrotic genes 

α-SMA/Acta2 ↓ ↓ ↑ 

Col1α1, Col1α2, 

Col2α1 
↓ ↓ ↑ 

LOX ↓ ↓ ↑ 

PPAR-β ↓ ↓ ↑ 

TIMP1 ↓ ↓ ↑ 

TGFβRI ↓ ↓ ↑ 

↑ = Upregulated; ↓ = Downregulated; AdipoR1, adiponectin receptor 1; ADFP, adipose differentiation-related protein; BAMBI, BMP and 

activin membrane-bound inhibitor; C/EBP, CCAAT/enhancer-binding protein; DBP, D site of albumin promoter (albumin D-box) binding 

protein; GFAP, glial fibrillary acidic protein; INSIG1, insulin induced gene 1; LXR, liver X receptor; PPAR-γ, peroxisome 

proliferator-activated receptor-γ; SREBP-1c/SREBF1, sterol regulatory element-binding protein-1c/sterol regulatory element binding 

transcription factor-1; α-SMA/Acta2, α-smooth muscle actin/alpha-actin-2; Col1α1, type 1 collagen-α1; Col1α2, type 1 collagen-α2; 
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Col2α1, type 2 collagen-α1; LOX, lysyl oxidase; TIMP1, tissue inhibitor of metalloproteinase; TGFβRI, type I transforming growth 

factor-β receptor. 

 

 Recently, several studies reported the 

reversion of activated HSCs to an inactive 

phenotype similar to that of quiescent HSCs 

with the etiological agent being removed 

[41–44]. Despite the fact that these reverted 

HSCs downregulate most of their fibrogenic 

genes expression and upregulate several 

quiescence HSC-related genes, they possess 

characteristics distinct from both quiescent 

and activated HSCs (see Table 1) [43]. These 

reverted HSCs are also found to be more 

susceptible to recurring fibrogenic stimulation 

such as stimulation by TGF-β [42,43]. 

  Matrix remodelling is tightly regulated by 

MMPs which degrade ECM components and 

tissue inhibitor of matrix metalloproteinases 

(TIMPs) which inhibit the action of MMPs. 

MMPs are released by activated 

macrophages/Kupffer cells after the injury 

subsides. However, increased secretion of 

TIMPs by proliferating myofibroblast during 

chronic liver injury leads to imbalance 

between rates of matrix synthesis and 

degradation [31]. This imbalance will then 

progress to fibrosis because ECM becomes 

insoluble and resistant to degradation over 

time due to increased cross-linking between 

them [45].  

  Another mechanism is through angiogenesis, 

which is essential to provide nutrients and 

oxygen to the injured site by forming new 

blood vessels. VEGF, which is secreted from 

activated HSCs, plays a pivotal role in 

angiogenesis and was reported to facilitate the 

proliferation of hepatocytes during liver 

regeneration [46]. VEGF also facilitate 

fibrosis resolution by regulating vascular 

permeability, monocyte infiltration and 

function of scar-associated macrophage [47]. 

Its production is mediated 

autocrinely/paracrinely by prostaglandins such 

as PGD2 which are secreted from activated 

HSCs through the MAPK/cyclooxygenase-2 

(COX-2) pathway [48,49]. The underlying 

mechanism is that prostaglandins stimulate 

hypoxia-inducible factor-1α (HIF-1α) 

synthesis, thereby degrading the negative 

regulator of VEGF production known as the 

von Hippel-Lindua protein [50]. 

 

HSCs in anti-fibrotic therapeutic strategies 

 

  To date, no effective therapeutic drugs are 

available for liver fibrosis in clinical practice. 

Recent studies suggested several potential 

anti-fibrotic agents targeting HSCs and they 

generally act by: (i) inhibiting proliferation of 

activated HSCs; (ii) inducing apoptosis of 

activated HSCs; and (iii) interfering formation 

of ECM components.  

  Dietary intake of omega-3 polyunsaturated 

fatty acids (ω-3 PUFAs) is able to 

downregulate pro-fibrogenic genes expression 

in activated HSCs through 

proteasome-mediated degradation of 

yes-associated protein (YAP)/transcriptional 

coactivator with PDZ-binding motif (TAZ) 

protein [51]. This in turn inhibits the 

proliferation and activation of HSCs as well as 

ECM deposition in hepatic fibrosis as YAP 

and TAZ are activated very early during HSC 

activation [52].  

  Melatonin, a natural hormone produced and 

secreted from pineal gland could also aid in 
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ameliorating hepatic fibrosis by preventing the 

depletion of lipid droplets as well as 

proliferation and activation of HSCs [53]. 

With the absence of membranous melatonin 

receptors (MTRN1A and MTRN1B) in 

quiescent and activated HSCs, it acts directly 

on the nuclear melatonin receptor known as 

retinoic acid receptor-related orphan 

receptor-alpha (RORα/NR1F1) [53]. 

Melatonin’s anti-fibrotic action is 

demonstrated through suppression of RORα 

target gene Alox5 expression and 

consequently diminishes the production of 

5-lipoxygenase (5-LO), which is a 

pro-inflammatory enzyme essential for 

leukotriene synthesis [53]. As a result, 

expression of COL1A1 and α-SMA are 

inhibited [53]. 

  Cucurbitacin E (CuE) which is a compound 

isolated from cucurbitaceae plant was 

proposed to be a potential therapeutic agent 

for liver fibrosis [54]. It is able to attenuate 

fibrosis by preventing proliferation and 

inducing apoptosis of activated HSCs [54]. 

Apoptosis is possible using CuE by blocking 

PI3K/Akt signalling, resulting in increased 

AMP-activated protein kinase (AMPK) 

activity which in turn suppresses mechanistic 

target of rapamycin (mTOR) pathway [54]. In 

addition, CuE also reduces the expressions of 

α-SMA, TIMP-1 and collagen 1 protein [54]. 

  Besides promoting motility of HSCs, 

fibronectin is necessary for collagen matrix 

formation and maintenance of matrix integrity 

[55–57]. Despite the collagen assembling 

ability of HSCs without fibronectin [58], 

intervening fibronectin and thus deposition of 

collagen by a fibronectin inhibitory peptide is 

sufficient to reduce hepatic fibrosis by 

decreasing accumulation of fibronectin and 

type I collagen [59]. 

 

Conclusion 

 

  There have been emerging advances in the 

investigation of both cellular and molecular 

mechanism of liver fibrosis. Nonetheless, 

more concrete evidence of the reversion of 

activated HSCs to quiescent HSCs are 

required. Future work to unravel the 

regulatory mechanism of TGF-β/SMAD 

signalling pathway is also very important 

owing to the fact that it stimulate HSC 

fibrogenesis.  

  Given such continuous endeavour in 

clarifying the underlying mechanisms of liver 

fibrosis as well as the increasing evidence of 

fibrosis reversibility, the field has slowly 

progressed towards translating these important 

findings into the development of anti-fibrotic 

therapies that are both effective and safe to be 

used in human. These efforts may eventually 

stop the progression of liver fibrosis in the 

near future. 
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