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Abstract 
Hepatic stellate cell (HSC), initially analyzed by von Kupffer, in 1876, revealed to be an extraordinary mesenchymal cell, essential for both 
hepatocellular function and lesions, being the hallmark of hepatic fibrogenesis and carcinogenesis. Apart from their implications in hepatic 
injury, HSCs play a vital role in liver development and regeneration, xenobiotic response, intermediate metabolism, and regulation of immune 
response. In this review, we discuss the current state of knowledge regarding HSCs morphology, human HSCs markers and human HSC cell 
lines. We also summarize the latest findings concerning their roles in normal and liver pathology, focusing on their impact in fibrogenesis, 
chronic viral hepatitis and liver tumors. 
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 Introduction 
Hepatic stellate cell (HSC), also known as Ito cell, fat 

storing cell, lipocyte, perisinusoidal cell or parasinusoidal 
cell [1–3] was first studied by von Kupffer, who used a 
special staining, gold chloride technique, which detected 
lipid droplets of vitamin A in the stellate cell cytoplasm 
[2, 4]. He called them “sternzellen” (star-shaped cells) 
[2, 4, 5], their uniqueness being validated by Rothe, in 
1882 [2, 5]. HSCs have been highlighted by various 
stainings, including a lipid staining used by Ito to define 
the “fat storing cell” [2, 6], and silver impregnation used 
by Suzuki to analyze “interstitial cells”. Bronfenmajer  
et al. [2, 7] came with the name “lipocytes” to demonstrate 
their essential function in fat storage (vitamin A). 
Researchers like Ito, Nakane & Wake revealed that stellate 
cells are capable to deposit lipids and vitamin A [2]. Kent 
et al. had discovered an essential function of stellate cells 
in liver cell repair, highlighting the proximity of these 
cells to collagen fibers in the injured liver [2, 8]. The 
international community of investigators proposed the 
name of “hepatic stellate cells” to these cells, in 1996 [9]. 
The association between the morphological features of 
HSCs and the extracellular matrix (ECM) [2, 10] caused 
a huge interest in the early 1980s, leading to the 
development of stellate cell isolation methods in rats  
[2, 11], mice [2, 12] and human liver [2, 13, 14]. 

Due to their key functions in liver homeostasis and 
fibrogenesis, enormous progress has been made in their 

study using cellular isolation methods, genetic analysis 
methods, flow cytometry, real-time quantitative polymerase 
chain reaction (PCR), confocal imaging, immunohisto-
chemical (IHC) markers revealing their cellular origin and 
phenotype [2] and Raman spectroscopy [15, 16]. Improved 
knowledge of these cells and their crucial roles will open 
new therapeutic perspectives in patients with liver diseases. 

 Ultrastructural and morphological 
aspects of HSCs 

HSCs represent resident non-parenchymal cells (NPCs), 
fat-storing pericytes [17] existing in the subendothelial 
space of Disse, between the basolateral surface of 
hepatocytes and the antiluminal side of sinusoidal 
endothelial cells (SECs) [18, 19]. In healthy liver, they 
account approximately 1.5% of the whole hepatic 
parenchyma and 1/3 of the NPCs, representing 10–15% 
of all hepatic resident cells [19, 20]. 

The embryological origin of Ito cells was a 
controversial debate topic. Nowadays, most studies suggest 
both the endodermal (cytokeratins) [2, 21, 22] and septum 
transversum mesenchyme [forkhead box f1 (Foxf1), 
vimentin] origin [2, 23, 24]. The theory related to the 
neuroectodermal origin of stellate cells due to their 
expression of glial markers [glial fibrillary acidic protein 
(GFAP), synaptophysin (SYN), neural cell adhesion 
molecule (N-CAM) and p75] [2, 19, 25–27] has been 
denied [2, 24]. 
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HSCs (from the Latin terminology “stella”, meaning 
star) exhibit a star like shape [25, 28] and their dendritic 
cytoplasmic processes surround the neighboring endothelial 
cells [20, 28], just like astrocytes and podocytes embrace 
the terminal cerebral blood vessels, respectively the 
glomerular capillaries. By electron microscopy, the cellular 
body of stellate cell is reduced in volume, spindle shaped 
and contains a voluminous nucleus, oval or elongated, 
often compressed by lipid vacuoles of vitamin A [2]. These 
vacuoles usually represent 20% of the cell volume, but 
their distribution from one cell to another is very different 
[2]. In non-fixed tissues or in cell cultures, under the 
action of 328 nm light, the lipid vacuoles of vitamin A 
express a blue green autofluorescence that diminishes 
rapidly [2, 29, 30]. The amount of lipid vacuoles varies 
directly in proportion to the species and the amount of 
retinol reserves in the body [2, 31, 32]. In the stellate 
cell, the vacuoles of vitamin A have a mixed appearance, 
meaning that the variation in the number of vacuoles 
depends on the localization of the cells within the hepatic 
lobule [2, 25, 31]. The fluorescence of retinol is more 
pronounced around the portal and central zones [2, 31, 
33, 34]. Two types of vitamin A vacuoles have been 
described [2, 19, 30, 35]. Type I vacuoles are membrane-
bound vacuoles with variable sizes, that measured less 
than 2 μm in diameter and derive from “multivesicular 
corpuscles”, a form of lysosomes [2, 19, 30, 36, 37]. The 
second type vacuoles are not linked to the membrane and 
are larger in size, over 8 μm. The relationship between 
types I and II vacuoles and their functional differences is 
unclear [2, 19, 30]. According to Wake’s study, type II 
lipid vacuoles resulted from the fusion of several type I 
vacuoles [35]. Furthermore, Yamamoto & Ogawa [36] 
considered that type II lipid vacuoles resulted from type I 
vacuoles, emerging into the spaces in between hepatocytes 
and attaining the cytoplasmic processes of other stellate 
cells [25, 28]. Cellular organelles of HSCs are those of  
a secretory cell, with a moderately developed rough 
endoplasmic reticulum, a reduced juxtanuclear Golgi 
apparatus and protruding dendritic cytoplasmic processes 
[2, 25]. Ito cells send different types of visible cytoplasmic 
extensions, some of which are inter-hepatic, and others 
are subendothelial prolongations [2, 25, 38]. These 
subendothelial prolongations display microprojections, 
like thorns, by which the Ito cell establishes contacts 
with the hepatocytes [2, 38, 39]. These microprojections 
detect the chemotactic stimuli and transmit them to the 
mechanical apparatus of the cell to generate contraction 
[2, 38, 40]. Due to the close contacts between stellate cells, 
hepatocytes, Kupffer cells and sinusoids, the transport 
of soluble mediators and cytokines is simplified [2, 38]. 
In addition, stellate cells are adjacent to autonomic nerve 
endings [2, 38, 40, 41], which is why they respond to  
α-adrenergic stimulation. 

In hepatic cell injury, the morphological features of 
HSCs undergo important transformations [2, 28]. They 
lose their characteristic lipid vacuoles and become 
activated [19, 28, 38, 42, 43], modifying their appearance 
and adopting a huge flat shape. Their rough endoplasmic 
reticulum increases, due to the activation of protein 
synthesis [2, 28, 38, 44] and in the cytoplasm appear 
many contractile microfilaments [2, 25, 28, 38]. Ito cells 

undergo transformation into myofibroblast (MFB)-like 
cells, capable of contraction, proliferation and fibrogenesis 
[2, 19, 28, 38, 42]. Thus, according to the various 
physiological conditions, there are two types of stellate 
cells: quiescent and activated [2, 19, 28, 38]. 

It seems like the number, morphology, and cytokine 
status of quiescent and activated HSCs in the liver are 
changed in diverse stages and circumstances of liver injury 
[2, 19, 28]. 

 Human HSCs markers 
Over the past few years, with the discovery of a wide 

range of specific markers for Ito cells, these cells were 
extremely well characterized [2]. Thus, stellate cells can 
be detected using different markers, like those with 
ectoderm origin [e.g., GFAP, nestin, neurotrophins and 
their receptors, nerve growth factor (NGF), brain-derived 
neurotrophic factor (BDNF), SYN and N-CAM]; mesoderm 
origin [vimentin, desmin, alpha-smooth muscle actin  
(α-SMA) and hematopoietic markers] and lecithin retinol 
acyltransferase (LRAT) [19, 45]. 

In 1984, Yokoi et al. found that stellate cells of 
rodents expressed desmin [2, 46, 47]. Desmin, a muscle-
specific type III intermediate filament [19], represents a 
‘gold standard’ for detecting HSCs in rodent liver, but 
its utility has been shown to be reduced due to its low 
expression in human Ito cells [2, 46, 47]. The positivity 
of desmin in HSCs has been controversial [46, 48–50]. 
Some studies indicate that HSCs lack desmin expression 
in normal and fibrotic human livers [2, 46, 48, 51, 52]. 
Other studies show that Ito cells express positive desmin 
immunoreactivity in normal [46, 50] and cirrhotic human 
liver [46, 49]. While researches revealed the existence 
of desmin-positive stellate cells near blood vessels in 
fetal liver [19, 53], transformation of HSCs into MFB 
has also been shown to be related with amplified desmin 
production and development of desmin containing 
intermediate filaments in a vimentin-dependent way 
[19, 53]. 

α-SMA, an actin isoform, represents the only most 
consistent marker of activated and myofibroblastic HSCs 
[2, 19, 28, 46, 54] because it is not present in other liver 
cells, except portal MFBs and vascular smooth muscle 
cells [46, 49, 55]. Ito cells show a strong positivity for 
α-SMA in chronic liver disease (Figures 1 and 2) [46, 49, 
56, 57]. Some reports have shown no α-SMA immuno-
reactivity in healthy human liver [46, 55, 58]. Yet, it was 
proven that α-SMA can also be expressed by quiescent 
HSCs in normal liver by applying very sensitive detection 
methods [19, 59]. 

In addition, HSCs express vimentin, vinculin, pro-
collagens I, III, collagen IV, V, laminin, and fibronectin 
[13, 46, 60–62]. HSCs also possess neurotrophin receptors 
(neural markers) like GFAP, p75 nerve growth factor 
receptor (p75NGFR), tyrosine kinase receptor 3 (Trk-C), 
N-CAM, neurotrophin-3 (NT-3) and SYN [46, 63]. 

GFAP is an intermediate filament, expressed by 
astrocytes, providing support and strength for these cells 
[64, 65]. It seems that HSCs also express GFAP, which 
is involved in the restoration of the vasculature of injured 
hepatic tissues during liver fibrosis [19, 66]. Some studies 
revealed GFAP immunoreactivity in Ito cells during 
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different stages of chronic hepatitis [46, 51]. Also, some 
authors described a small population of HSCs that were 
GFAP positive in normal human liver [46, 67]. There are 
studies suggesting that GFAP is a more specific marker 

than α-SMA in detecting early active HSCs [65, 66]. 
Thus, GFAP has a double utility [19], being a marker 
for quiescent HSCs [68] or an early marker of HSCs 
activation [66]. 

 

 
Figure 1 – Activated stellate cells show strong α-SMA 
cytoplasmic immunostaining in a liver biopsy of a 
hepatitis B-positive patient. CytoViva’s Hyperspectral 
Microscope, image with the patented CytoViva darkfield-
based microscope, smoothing and subsetting mood. Anti-
α-SMA antibody immunostaining, ×200. The image was 
captured at the Research Center for Advanced Medicine, 
MedFUTURE, Iuliu Haţieganu University of Medicine 
and Pharmacy, Cluj-Napoca, Romania, during my PhD 
training. α-SMA: Alpha-smooth muscle actin. 

Figure 2 – Activated stellate cells show strong α-SMA 
cytoplasmic immunostaining in a liver biopsy of a 
hepatitis C-positive patient. CytoViva’s Hyperspectral 
Microscope, image with the patented CytoViva darkfield-
based microscope, filter square root. Anti-α-SMA antibody 
immunostaining, ×200. The image was captured at the 
Research Center for Advanced Medicine, MedFUTURE, 
Iuliu Haţieganu University of Medicine and Pharmacy, 
Cluj-Napoca, Romania, during my PhD training. α-SMA: 
Alpha-smooth muscle actin. 

 

p75NGFR had shown a low expression in HSCs of 
healthy human livers [46]. Also, HSCs of cirrhotic livers 
were strongly positive for p75 [46, 51, 63, 69], while 
inactive HSCs were negative for p75 [46, 69]. 

Trk-C was positive in Ito cells of normal and injured 
human liver [46, 51, 63]. Some studies reported that 
cultured HSCs lost their Trk-C expression [46, 70]. 

N-CAM was positive in periportal and intermediate-
zone HSCs of normal human liver [46]. Also, Ito cells of 
cirrhotic human liver were immunoreactive for N-CAM 
[46, 51]. 

NT-3 was expressed in Ito cells of normal and cirrhotic 
alcoholic liver [46, 51]. Also, a low immunoreactivity of 
NT-3 was found in hepatocytes of normal human liver 
[46, 63]. 

SYN represents a plasma membrane glycoprotein 
with affinity for neural tissues and is involved in the 
liberation and/or uptake of neurotransmitters in the synapse 
[19, 71]. It was strongly expressed by perisinusoidal 
HSCs in healthy liver, and also had shown enhanced 
immunoreactivity in chronic biliary disease and chronic 
viral hepatitis C [46, 51, 72, 73]. 

Ito cells express retinol processing proteins [cellular 
retinol-binding protein-1 (CRBP-1), cytoglobin/stellate cell 
activation-associated protein (CYGB/STAP) and LRAT) 
and other membrane proteins [fibroblast activation protein 
(FAP) and platelet-derived growth factor receptor beta 
(PDGFRβ)] [3, 46]. 

CRBP-1 is responsible for the intracellular transport 
of retinol [46]. Lobular stellate cells were positive for 
CRBP-1 and the immunoreactivity did not respond to 
smooth muscle cells and cholangiocytes positivity [46, 

61]. The expression of CRBP-1 was low in human livers 
with intense fibrosis, probably because of the loss of 
vitamin A [46, 62]. 

CYGB/STAP represents a component of the globin 
family, revealed in 2001 as a protein related with HSCs 
activation [74, 75]. It was shown that CYGB could modulate 
oxygen homeostasis [75]. It seems that when the oxygen 
homeostasis is disturbed, HSCs are activated and have 
main functions in liver fibrogenesis [75]. CYGB has a 
strong immunoreactivity in quiescent Ito cells of human 
livers [46]. Studies have shown that in fibrotic and cirrhotic 
human livers the distribution of CYGB was exclusive with 
the distribution of Thy-1 and fibulin-2 (FBLN2) [46, 62]. 
It has been revealed that cytoglobin immunoreactivity is 
associated with a more quiescent phenotype of HSCs and 
is modulated by ECM proteins via focal adhesion kinase 
(FAK) signaling in rat HSC-T6 cell line [46, 76]. 

LRAT proved to be a quiescent HSC marker in human 
hepatic tissue [46, 58]. LRAT is an enzyme with a vital 
role in vitamin A metabolism within the liver [30, 46, 77] 
and a specific marker for HSCs [46, 78]. A study reported 
that HSCs which express both LRAT and CRB-1 are 
partially responsible for portal fibrogenesis in human viral 
hepatitis [46, 79]. 

FAP is a cell surface-bound protease of the prolyl 
oligopeptidase gene family expressed at sites of tissue 
remodeling [46]. Ito cells of cirrhotic human liver were 
immunoreactive for FAP [46]. In normal human livers, 
Ito cells did not express FAP [46]. It was reported an 
association between the positivity of FAP and the severity 
of liver fibrosis [46, 80]. 

PDGFRβ was the first membrane receptor discovered 
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on Ito cells [46]. Human HSCs express important levels 
of PDGFRβ and PDGFRα [46, 50, 81–84] and several 
studies revealed an increased immunoreactivity of PDGFRβ 
in Ito cells of cirrhotic human liver [46, 85]. 

Other markers expressed by HSCs are programmed 
death-ligand 1 (PD-L1) and alpha B-crystallin (ABCRYS) 
[46]. PD-L1 also known as B7-H1 is a co-stimulatory 
molecule positive only in activated HSCs [46, 86]. 
ABCRYS was expressed by perisinusoidally stellate cells 
in healthy and cirrhotic human livers [46, 51, 70, 87]. 

 Human HSCs lines 
In order to accomplish the primary cell isolation, 

stellate cell clones, which share several characteristics of 
activated HSCs, have been created [2]. The immortalized 
HSCs clones have been used in a broad range of studies 
and have shown to be an important key in understanding 
HSCs biology and liver fibrosis [46]. It seems that these 
immortalized cell lines are perfect for genetic research due 
to their wide resource supply and homogeneity [2, 46]. 

The current HSCs lines have been produced from 
primary HSCs by using spontaneous immortalization 
during long-term culture or by transformation with the 
simian virus 40 large T-antigen (SV40LT) or ectopic 
expression of human telomerase reverse transcriptase 
(hTERT) [2, 46]. All the reported cell lines proved to be 
nontumorigenic [46]. 

A wide range of cell lines have been described, below 
we discuss the most extensively studied human HSCs 
lines [2]. 

The first human HSC line described in the literature 
was the L190 cell line isolated from a human epithelioid 
hemangioendothelioma [2, 46, 88]. These cells share similar 
features with HSCs [2, 46]. They contain lipid droplets rich 
in vitamin A, express α-SMA, vimentin, matrix elements 
like collagen I, III, IV, V and VI, fibronectin, laminin 
and matrix metalloproteinases (MMPs) [2, 3, 89]. They 
are negative for desmin and endothelial or monocyte/ 
macrophage-lineage markers [46]. 

Other cell lines are TWNT-1 and TWNT-4, generated 
from LI90 line by retrovirally induced human telomerase 
reverse transcriptase [46]. TWNT-1 express hepatocyte 
growth factor (HGF), collagen type I, alpha 1 (ColIα1) 
and they may have a role in the assimilation of acetylated 
low-density lipoproteins. TWNT-4 lines are positive for 
PDGFR, α-SMA, ColIα1 [46]. 

Another cell line reported is GREF-X, derived from a 
cirrhotic liver transfected with a plasmid containing the 
coding sequencing of polyoma virus large T-antigen [46]. 
An interesting feature is that this cell line is involved in 
retinol metabolism, produces matrix proteins (collagen I, 
IV, V and VI, fibronectin, laminin) just like L190 cells 
and HSCs [2, 46, 90]. 

A cell line extensively studied by complementary 
deoxyribonucleic acid (cDNA) microarray is hTERT HSC 
line [46]. This cell line was derivate from normal human 
liver using retroviral expression of hTERT [46]. Like 
activated human HSCs, this cell line express PDGFRα 
and PDGFRβ, GFAP, ColIα1 and α-SMA [46, 91, 92]. 
An important feature is the ability of cell clone to trans-
differentiate into quiescent form under specific conditions 
like cultured in a matrix similar to the basement membrane 
[46]. 

Two human HSCs lines widely utilized are LX-1 
and LX-2 [46]. Both were obtained from normal human 
liver, LX-1 by converting with SV40LT antigen and LX-2 
by spontaneous immortalization in low serum culture [2, 
46, 93]. These cell lines share the main functions of HSCs 
like storing retinol and transforming it to retinyl ester 
[46]. They express α-SMA, vimentin, GFAP, PDGFRβ, 
discoidin domain receptor 2 (DDR2), leptin receptor 
(Ob-RL), MMP-2, tissue inhibitor of metalloproteinase-1 
(TIMP-1), membrane type 1–matrix metalloproteinase 
(MT1–MMP) and neuronal genes. Also, they express 
messenger ribonucleic acid (mRNA) for pro-ColIα1 and 
heat shock protein 47 (HSP47) [46, 94–97]. In addition, 
LX-2 cell line has a peculiar benefit, their relative 
transfectability, which improves the transfer of ectopic 
genes in most cell lines [2]. 

The most recent human HSC line was generated from 
normal human liver using the retrovirus SV40LT [46, 98]. 
By electron microscopy, the HSC-Li cells had spindle-like 
shape and lipid droplets in their cytoplasm [46]. This cell 
line express HGF, vascular endothelial growth factor 
receptor-1 (VEGFR-1), ColIα1, ColIα2, α-SMA, PDGFRβ, 
vimentin and transforming growth factor-beta 1 (TGF-β1) 
[46]. 

 The roles of HSCs in healthy liver 
Metabolism of vitamin A 

Vitamin A and its metabolites are indispensable in 
maintaining the systemic homeostasis, including normal 
cell division and differentiation, immunoregulation, normal 
reproduction and vision [30, 43, 99]. Retinyl ester, retinol, 
retinal and retinoic acid (RA) represent the main retinoid 
components of the body [100, 101]. 

Under normal conditions, most of body’s vitamin A 
(80–90%), is deposited in the liver, as lipid droplets, 
within the cytoplasm of HSCs [2, 30, 38, 43, 99]. Thus, 
HSCs have a major role in storing and transporting 
vitamin A and its metabolites. 

Dietary vitamin A is absorbed in the intestinal epithelium 
and delivered to the liver, incorporated in chylomicrons. 
In the liver, the chylomicrons cross sinusoidal capillaries 
and reach hepatocytes [2, 30, 38, 43, 99]. Within 
hepatocytes, retinyl esters are converted to free retinol 
and then quickly transferred to HSCs or storage. A small 
part is left within hepatocytes [2, 30, 38, 43, 99]. 

Biochemically, the major components of HSCs lipid 
droplets are retinyl esters (the most abundant is retinyl 
palmitate), triglycerides, cholesterol, cholesteryl ester, 
phospholipids, and free fatty acids [2, 30, 38, 43, 102]. 
It is demonstrated that the composition, number, and 
size of lipid droplets are highly influenced by retinoids 
acquired from diet and not by dietary triglyceride intake 
[2, 30, 43]. In conditions of intensive dietary retinoid 
intake, the number and size of the lipid droplets increase, 
to regulate the retinoid. In conditions of low dietary 
retinoid intake, the number and size of lipid droplets 
decrease, in order to ensure tissue retinoid needs [2, 30]. 
Also, several studies reported important differences between 
the species, regarding the number of Ito cells localized in 
the liver and the number and size of lipid droplets contained 
in their cytoplasm [2, 31, 103, 104]. According to these 
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findings, HSCs lipid droplets are considered specialized 
organelles involved in the storage of retinoids [30, 104]. 

Many proteins involved in the metabolism of HSCs 
lipid droplets have been discovered, including adipocyte 
differentiation-related protein (ADRP), perilipin-3 (TIP47), 
CRBP, retinol palmitate hydrolase, cellular retinoic 
acid-binding protein (CRABP), bile salt-dependent and 
-independent retinol ester hydrolase, diacylglycerol acyl-
transferase 1 (DGAT1), and LRAT [2, 105]. 

A study conducted by Straub et al. revealed that 
ADRP and TIP47 are localized in HSCs lipid droplets of 
healthy mouse, bovine, and human liver [106]. ADRP 
and TIP47, components of PAT protein family, have a 
key role in the stabilization of lipid droplets in HSCs, 
just like in other cells [30]. 

Due to their role in storing retinoids, HSCs have 
high concentration of CRBP1 and LRAT. LRAT, an 
enzyme present in rough endoplasmic reticulum and the 
“multivesicular bodies” of HSCs has a crucial role in 
the genesis of HSCs lipid droplets, being involved in all 
retinyl formation within the liver [30, 58]. HSCs also 
contain high levels of DGAT1 [30, 107], an enzyme 
responsible for triglyceride formation that is used for 
integration within HSCs lipid droplets [30, 107]. It was 
reported that DGAT1 can mediate the synthesis of retinyl 
ester from retinol and fatty acyl-CoA [30, 100, 108, 109]. 

Retinoids play a key role in modulating HSCs 
activation [30, 43, 110, 111]. After hepatic insult, Ito 
cells immediately lose their lipid droplets and retinoid 
deposits. Also, the expression of LRAT and peroxisome 
proliferator-activated receptor gamma (PPARγ) decrease 
[30, 43, 110, 111]. It seems that loss of HSCs lipid droplets 
is the trigger in the development of hepatic disease [30]. 
Leo & Lieber observed that hepatic retinoid stores were 
lower during the progression of alcoholic liver disease 
(ALD) [30, 112]. They suggested that low levels of hepatic 
retinoids were either caused by high degradation of the 
liver retinoid content or by increased mobilization of the 
retinoid to peripheral tissues [30, 112]. Regarding the 
existing reports, most retinoids are catabolized [43]. Retinol 
dehydrogenase 13 (RDH13), alcohol dehydrogenase 3 
(ADH3) and adipose triglyceride lipase (ATGL) mediate 
the retinoid catabolism [43, 113–115]. It was shown that 
mice with low levels of RDH13 and ADH3 had a mild 
liver damage and fibrosis, after carbon tetrachloride (CCl4) 
exposure, revealing their main role in fibrogenesis [43, 
113, 114]. Also, it seems that ADH3 stimulates HSCs 
survival by suppressing natural killer (NK) activity [43, 
114]. 

The contribution of retinol metabolism in HSCs 
activation is also highlighted by two metabolites of  
the RA catabolism, 9-cis-RA and 9,13-di-cis-RA, which 
stimulate fibrogenesis by promoting the synthesis and 
activation of TGF-β1 [2, 43, 116]. The studies regarding 
the roles of retinoids on HSCs and development of 
fibrosis are not fully understood [43]. It was reported 
that retinol and RA inhibited HSCs activation in culture 
[2]. Some studies have shown that RA treatment reduces 
fibrosis while others have proven that RA stimulates 
fibrogenesis [43, 117]. It seems like retinoids can change 
activated HSCs back into the quiescent form [43, 118]. 
This feature could influence treatment in different liver 
pathologies. 

Regarding the retinol mobilization, the main enzyme 
involved in this process is patatine-like phospholipase 
domain containing protein 3 (PNPLA3), which has 
triglyceride hydrolase, acetyl-CoA independent transacylase 
and retinyl esterase properties [43, 119]. The PNPLA3 
I148M mutation is responsible for the loss of enzymatic 
activity and future changes in triglyceride metabolism, 
which leads to alcohol liver disease, non-alcoholic fatty 
liver disease (NAFLD) and hepatocellular carcinoma (HCC) 
[43, 120]. The contribution of this mutation in retinol 
metabolism is less known [43]. This mutation could be 
responsible for HSCs activation, regarding the fact that 
expression of mutant PNPLA3 in HSCs leads to retinol 
loss; even so, increased lipid droplet levels were associated 
with high release of proinflammatory cytokines [43, 121]. 

Testerink et al. studied in vitro the catabolism of 
lipid droplets in rat HSCs using confocal Raman micro-
spectroscopy and mass spectrometric analysis of lipids 
(lipidomic) [16]. They noticed that during activation, 
HSCs lipid droplets became smaller, but more numerous 
during the first seven days and the overall volume of 
neutral lipids was not reduced. It was shown that after 
seven days, HSCs had lost the majority of their retinyl 
esters, but preserved their triacylglycerols and cholesterol 
esters. Also, the investigators observed increased levels 
of polyunsaturated fatty acids in HSCs lipid droplets, 
which replaced the retinyl esters. This process supports 
the idea that both types of lipids influence the activation 
of HSCs [16]. A study conducted by Galler et al. evaluated 
the retinoid content of HSCs obtained from healthy mice 
livers and mice livers treated with lipopolysaccharide 
(LPS), which induces an inflammatory state, using Raman 
spectroscopy, in order to reflect the role of retinoid content 
in hepatic health [15]. They observed that retinoid state 
was lower in liver samples from LPS-treated mice than in 
liver samples from healthy mice. Thus, the HSCs retinoid 
content could be used as a clinical marker to assess the 
hepatic health state [15]. 

The impact of HSCs in hepatic development 
and regeneration 

HSCs have a central role in liver regeneration, being 
components of the hepatic progenitor cell niche [2, 122]. 
This statement is suggested by the observation that mouse 
fetal liver mesenchymal cells, which have similar aspects 
of HSCs (α-SMA, desmin, and vimentin), stimulate the 
maturation of hepatoblasts by cell–cell contact in cell 
culture [2, 123]. It seems like several growth factors and 
mitogens are synthesized by HSCs including Wnt9a 
protein [124], HGF [125], pleiotrophin [126], epidermal 
growth factor (EGF) [2, 127] and fibroblast growth 
factor 10 (FGF10) [128, 129]. All of them have a great 
contribution in the hepatocyte’s proliferation through organ 
development and regeneration [130]. 

HSCs are implicated in hepatoblast differentiation by 
establishing cell–cell contact with hepatic epithelial cells 
and by secreting ECM components which influence 
hepatocyte and biliary cells fate [130]. Furthermore, Ito 
cells have a major role in the formation of intrahepatic 
bile ducts during development [130, 131], idea supported 
by the fact that rat HSCs express Notch receptors and 
target genes of Notch signaling [130, 132], which are 
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vital in the differentiation and morphogenesis of intra-
hepatic biliary epithelial cells [133]. In addition, there 
are reports about paracrine interactions between bile duct 
epithelium and either HSCs or portal fibroblasts both in 
culture [2, 134] and in vivo [2, 135]. Another finding that 
highlights the involvement of HSCs in the development 
of intrahepatic bile ducts is represented by the expression 
of synemin (an intermediate filament characteristic for 
HSCs) in both stellate cells and bile ductular epithelial 
cells, in response to different liver pathologies and 
cholangiocarcinoma [2, 136]. 

HSCs may influence the growth, differentiation, or 
morphogenesis of all the hepatic parenchymal cells, 
observation supported by the close contacts during 
development between HSCs, endothelial cells, hemato-
poietic and hepatic epithelial cells [38, 130]. 

During angiogenesis, tight contacts between pericytes 
and endothelial cells represent an important process in 
the consolidation of vascular elements [130, 137]. HSCs 
are considered to be the pericytes of the liver and have  
a major involvement in the development of the hepatic 
vasculature [130, 138]. This idea is supported by the 
observation that in mice, lack of β-catenin in the liver 
mesenchyme leads to HSCs activation and the liver is 
occupied by dilated sinusoids [130, 139]. 

There are reports that highlight the role of HSCs in 
fetal liver hematopoiesis [130]. Their involvement in liver 
hematopoiesis is demonstrated by the fact that in mice 
without the HSCs– expressing HLX homeobox gene, fetal 
liver hematopoiesis is markedly affected [130, 140]. In 
addition, fetal HSCs express stromal cell-derived factor 
1α (SDF1α; also known as CXCL12) [141], a strong 
chemoattractant for hematopoietic stem cells [130]. Thus, 
they are responsible for the recruitment of hematopoietic 
stem/progenitor cells into the fetal liver [130]. 

Another interesting finding is that HSCs could have 
a pluripotent role in developing or adult liver due the 
fact that some of them express cluster of differentiation 
133 (CD133), which is a stem cell marker [2, 142]. 
Furthermore, it was discovered that CD133 is marker of 
stem-like cells in several tissues [143, 144], including 
colon cancer [145, 146]. 

In addition to their key role in hepatic development, 
there are numerous reports that HSCs represent the 
hallmarks of the hepatic regenerative process in adult 
liver [130]. Knowing the mechanisms of liver regeneration 
is vital for developing new strategies of differentiating 
and propagating hepatocytes in vitro, also for promoting 
hepatic recovery and increasing survival after acute liver 
failure, liver transplantation, or resection [130]. The most 
familiar and usual method to explore liver regeneration 
is partial hepatectomy (PH) [130, 147–149]. After this 
procedure, liver regeneration is obtained by the proliferation 
of residual hepatocytes and takes place in the absence of 
inflammation or necrosis [2, 148]. If the proliferation of 
hepatocytes collapse, it looks like liver regeneration is 
generated by the activation of other types of cells like 
oval cells or liver progenitor cells [2, 148]. 

Activated HSCs are involved in liver regeneration 
by secreting angiogenetic factors, also cytokines, that 
mediate endothelial cell and hepatocyte proliferation and 
by remodeling ECM elements [2, 130, 150]. At initial 

stages of liver regeneration, Ito cells stimulate the proli-
feration of liver progenitor cells and hepatocytes [130]. 
Latest reports reveal the possibility that HSCs could pass 
through a mesenchymal-to-epithelial transition to become 
liver progenitor cells and give rise to hepatocytes [130, 
151]. 

The contribution of HSCs in hepatic regeneration is 
supported by the observation that suppressing activated 
HSCs using gliotoxin [152, 153] and L-cysteine [154] 
stops normal regenerative responses of both hepatocytes 
and oval cells in Acetaminophen and 2-Acetylamino-
fluorene (2-AAF)/PH-induced liver injuries [130]. Also, 
Foxf1+/– (forkhead transcription factor) mice treated with 
CCl4 reveal low HSCs activation and increase hepatocyte 
necrosis during the regenerative period [23, 130]. It seems 
that activated HSCs secrete a wide range of cytokines and 
chemokines [2, 130], which could directly influence the 
proliferation of liver progenitor cells and hepatocytes or 
could indirectly stimulate liver regeneration by SECs 
and immune cells [130]. It was demonstrated that HSCs 
isolated from rats during initial liver regeneration after 
2-AAF/PH injury produce high levels of HGF and stimulate 
oval cell proliferation [130, 155]. p75 neurotrophin 
receptor (p75NTR), which is expressed in human HSCs 
after fibrotic liver insult, could modulate the synthesis 
of HGF by HSCs [130, 156]. 

It was noticed that in mice, loss of p75NTR suppressed 
hepatocyte proliferation in vivo. p75NTR–/– HSCs could 
not differentiate to MFBs and did not promote hepatocyte 
proliferation. In addition, suppression of p75NTR signaling 
to the small guanosine triphosphatase Rho affects HSCs 
differentiation [130, 156]. Another key factor that 
modulates the contacts between HSCs and hepatocytes 
during regeneration is hedgehog (Hh) signaling [130, 
157]. It was observed that in vivo, hepatocyte proliferation 
is initiated by Hh ligand following PH [130, 158]. In 
culture, activated HSCs produce Sonic hedgehog (Shh), 
which has an autocrine growth factor role for these cells 
[130, 157]. 

Activated HSCs have a primordial role in ECM 
remodeling, being the central source of MMPs and their 
inhibitors, associated with ECM remodeling [130]. It 
seems like the synthesis of cytokines and remodeling  
of the ECM are linked, due the fact that the ECM has 
the ability of sequestering biologically active molecules 
[159, 160]. Besides cytokine secretion, stellate cells can 
regulate their role by splitting or releasing cytokines 
from the ECM [130]. 

The liver regeneration process has numerous phases 
that implicates induction and finalization of hepatic 
development. This process finishes when the liver 
accomplishes a propriate cellular mass [130, 161]. HSCs 
secrete the best-known hepatocyte antiproliferative factor 
TGF-β [162]. In the final steps of liver regeneration, HSCs 
suppress hepatocyte proliferation and even initiate apoptosis 
by secreting increased quantities of TGF-β1 [130, 149]. 
It was demonstrated that in culture, serotonin enhances the 
expression of TGF-β1 in mice HSCs, due the 5-hydroxy-
tryptamine 2B (5-HT2B) receptor, and 5-HT2B inhibition 
stimulates hepatocyte proliferation after PH, bile duct 
ligation (BDL) and CCl4-induced liver insult [163]. HSCs 
could modulate the induction and finalization of liver 
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regeneration by modifying their cytokine expression profile 
during this process [130]. 

In order to get an overview of the role of HSCs in 
hepatic regeneration, their particular ablation during various 
phases in the regenerative process is required [130]. At 
this moment, this process is not feasible. 

Genetic methods have discovered new regeneration 
models like the nitroreductase/Metronidazole cell ablation 
system [164] and morpholino-based knockdown of a 
mitochondrial import gene to initiate hepatocyte death 
[165]. One future method is to create high-through put 
chemical screens in different zebrafish models of liver 
insult, searching drugs that influence HSCs during hepatic 
regeneration [166]. 

The contribution of HSCs in liver immune 
system 

HSCs represent the hallmarks of hepatic immuno-
regulation [2, 17, 167]. This statement is supported by 
HSCs relationship with inflammatory cells, regulating 
their activity or stimulating their differentiation [2, 167]. 
Moreover, HSCs can behave like antigen-presenting cells 
(APCs), have autophagy ability, secrete many immune 
factors like cytokines [e.g., interleukin-17 (IL-17)] and 
chemokines [chemokine (C–C motif) ligand 2 (CCL2)], 
react to numerous immunological stimuli by expressing 
Toll-like receptors (TLRs) (e.g., TLR4, TLR9) and 
transduce signals through pathways and mediators located 
in immune cells, like Hh pathway or inflammasome 
activation [17]. In normal conditions, HSCs support 
immunosuppressive responses, e.g., initiation of regulatory 
T-cells (Tregs), T-cell apoptosis (via PD-L1) or inhibition 
of cytotoxic CD8 T-cells. In case of hepatic insult, HSCs 
detect the affected tissue and promote the activation of 
innate immune cells [17]. 

It seems like the interactions between HSCs and liver 
immune cells are bidirectional [19]. HSCs receive many 
stimuli from leukocytes, intensify these signals and in 
response elaborate immune mediators that regulate 
leukocytes behavior [17, 19]. The main HSCs activation 
pathway is represented by the nuclear factor-kappa B 
(NF-κB) that stimulates LPS or TLR4 or adenosine 
triphosphate (ATP)-induced cytosolic Ca2+ influx through 
purinergic signaling receptors like P2Y [17, 168]. 

HSCs support leukocyte recruitment and adhesion, and 
in addition regulate their activation within the hepatic 
environment by producing immunomodulatory cytokines 
[19, 167]. Ito cells can increase the immune response by 
initiating infiltration of mono- and polymorphonuclear 
leukocytes [2]. HSCs modulate the recruitment of 
inflammatory cells, such as neutrophils, macrophages/ 
monocytes, NK/NKT cells, by elaborating a wide range 
of chemokines like CCL2 [169], CCL5 [170], CCL21 
[171], CCL4 [172], C-X3-C motif chemokine ligand 1 
(CX3CL1) [172–174], and others. Furthermore, most of 
these chemokines have the property to directly regulate 
the activation, differentiation, proliferation, survival, and 
apoptosis of leukocytes [19]. 

HSCs activity is influenced by particular lymphocyte 
populations [2]. Thus, CD8 cells have an intense fibrogenic 
activity via stellate cells in comparation with CD4 cells 
[175], observation which was supported by the fact that 

high amount of liver fibrosis was noticed in patients with 
both hepatitis C virus (HCV) and human immunodeficiency 
virus (HIV) where CD4+/CD8+ cells rate was lower than 
in patients with only HCV infection [2]. 

There are evidences that in vitro, activated HSCs have 
a marked T-cell inhibitory capacity due to increased 
expression of PD-L1 (also known as B7-H1 or CD274), 
that has a key function in suppressing adaptive immune 
responses [17, 86]. The expression of PD-L1 is activated by 
interferon-gamma (IFN-γ) and contrary PD-L1 inhibition 
leads to the decrease of HSCs immunoregulatory activity, 
both in humans and mice. Quiescent HSCs do not express 
PD-L1 [17]. 

Stellate cells may act as professional APCs [176–178] 
that can promote lymphocyte proliferation or apoptosis 
[2, 179]. This property is supported by the fact that  
they express components of the major histocompatibility 
complex (MHC class I and MHC class II), lipid presenting 
molecules (CD1b and CD1c), and costimulatory molecules 
that contribute to T-cell activation (including CD40, CD80 
and CD86) [19]. Activated HSCs have the capacity to 
internalize macromolecules and regulate T-cell proliferation 
[19, 177]. During human fibrosis, Ito cells can play as 
APCs, on account of the fact that they intensively express 
human leukocyte antigen class II (HLA-II) and CD40 in 
human cirrhotic livers [19]. 

Several reports have demonstrated that Ito cells are 
involved in the activation of T-cell responses by showing 
lipid and protein specific antigens to CD1d, MHC-I-, and 
MHC-II-restricted T-cells [178]. Recently, it was proven 
that highly purified HSCs upregulate MHC class II only 
in conditions of IFN-γ stimulation, supporting the fact 
that at steady state, HSCs may not have the antigen 
presentation and costimulatory properties [180]. It was 
established that, in order to act like APCs, stellate cells 
need RA, dendritic cells (DCs) and TGF-β1, which promote 
T-lymphocytes activation and could initiate differentiation 
of forkhead box p3 (Foxp3)+ subpopulation [181]. 

This theory supports the immunomodulation role of 
HSCs. Increase expression of CD54 in HSCs stops the 
activation of naïve T-cells by DCs by limiting IL-2 and 
interleukin-2 receptor (IL-2R) expression on T-cells [182]. 
This ability of Ito cells to modulate T-cell response 
could be used as an alternative mechanism to regulate 
T-cell suppression and tolerance in the liver [182]. All 
these findings show that HSCs have a primordial role in 
liver immunity. 

The role of HSCs in xenobiotic metabolism, 
pH regulation and oxidant stress response 

It was reported that HSCs contain enzymes like alcohol 
dehydrogenase [183] and acetaldehyde dehydrogenase 
[184] that contributes both in intermediary metabolism 
and detoxification of ethanol and xenobiotics [2]. 

Ito cells express different isoforms of cytochrome P450 
[2, 19] like CYP2C11, CYP3A2, CYP2D1, CYP2S1 
[185], and CYP3A [186]. It seems that during cellular 
activation, the activity of these enzymes is reduced [2, 
187]. This finding could be essential in xenobiotic 
detoxification and oxidant stress response [2]. The α-,  
μ-, and π-isoforms of glutathione S-transferase (GST) 
enzymes, found in HSCs using enzymatic assay and 



Rada-Teodora Sufleţel et al. 

 

622 

Northern and Western blots [188], are fundamental for 
detoxification of xenobiotics and the response to oxidant 
stress, due to their roles in both normal liver function 
and response to injury [189]. In addition, stellate cells 
express CYGB, an endogenous peroxidase that catabolizes 
hydrogen peroxide and lipid hydroperoxides [74]. 

In vivo [2], HSCs activation initiates the accumulation of 
glutathione synthase [190] and mRNA for the glutathione 
peroxidase I, the selenium-dependent isoform [191], in 
stellate cells. It seems like glutathione levels could make 
the difference between oxidative stress and activation due 
to TGF-β1 [192]. Besides that, handling of glutathione 
deposits in stellate cells does not influence cellular 
activation [190]. A particular observation is that culture-
induced stellate cell activation determinates the 
accumulation of glutathione, while in vivo activation does 
not [193]. By adding N-acetyl-L-cysteine (NAC) to stellate 
cells, the cellular glutathione levels are restored, which 
stops the stellate cell cycle and leads to the initiation of p21, 
a cell cycle-dependent kinase inhibitor, which promotes 
cell cycle arrest [194]. 

HSCs are equipped with regulated systems that evaluate 
cellular pH [195], which are associated with cellular 
activation [2]. Particularly, the principal intracellular (pHi) 
modulator in rat stellate cells is the Na+/H+ exchanger 
[2]. During HSCs activation, pHi and PDGF-stimulated 
activity of the Na+/H+ exchanger increase [195, 196]. 

There are a wide range of reports that reveal the crucial 
role of nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase (NOX) in regulating some pathways 
with a very important role in stellate cell activation, such 
as reactions to angiotensinogen II and PDGF, apoptosis 
of cellular debris, and production of oxidative stress 
[197]. A characteristic feature is that stellate cells express 
essential parts (p22phox, gp91phox, p47phox, and p67phox) of 
a nonphagocytic type of NOX that generates superoxide 
[198]. During stellate cell activation, the nonphagocytic 
form of NOX is initiated and produces superoxide by 
connecting angiotensinogen II (ANG II) to its receptors 
[199]. It seems that ANG II signaling is responsible for 
the phosphorylation of the p47 subunit of NOX, enhanced 
superoxide secretion, and stellate cell activation, reactions 
that are dulled in p47−/− mice [199]. It was shown that 
these mice had decreased fibrosis following liver insult 
due to BDL, confirming the biological role of this pathway. 

Another interesting finding is that the phagocytic role 
of stellate cells towards apoptotic bodies is also connected 
to NOX initiation, with enhanced oxidative stress [200]. 
The NOX inhibitor Diphenyleneiodonium (DPI) suppresses 
this reaction [200]. Furthermore, NOX regulates down-
stream effects of PDGFR signaling, and DPI stops the 
proliferative effects of PDGF [198]. 

Synthesis of lipoproteins, growth factors, and 
cytokines 

It seems that Ito cells produce molecules with autocrine 
and paracrine functions, like lipoproteins, growth factors, 
and cytokines [2]. Like various quiescent perivascular 
cells, HSCs produce apolipoprotein E (ApoE) [153, 
201]. ApoE, the plasma lipoprotein involved in lipid 
metabolism, is highly expressed in quiescent vascular 
smooth muscle cells [202]. ApoE has an essential role in 

preserving hepatic homeostasis, theory supported by the 
fact that ApoE-deficient mice expressed enhanced TGF-β, 
monocyte chemoattractant protein-1 (MCP-1), and TIMP-1 
in the liver when compared to wild-type (WT) mice 
[153, 203]. It was reported that HCSs also expressed 
apo A-I and apo A-IV [204]. 

Stellate cells also produce other types of lipids like 
prostaglandins (PGs). PGs have key functions in liver 
metabolism and inflammatory response, also as neural-
mediated vasoregulation [2]. At initial phases in primary 
culture, stellate cells of rat quickly secrete PGF2α and 
PGD2 during incubation with the neurotransmitter 
norepinephrine or ATP [205]. In vivo, this evidence has 
a particular importance due to the vicinity of stellate cells 
to nerve terminations in healthy liver [2]. In response to 
ethanol stimulation, HSCs become intensively activated 
and secrete PGI2 and PGE2 [206]. HSCs also secrete 
leukotriene C4 and B4 [207]. The implications of 
leukotriene in the activity of HSCs are not completely 
elucidated [2]. 

HSCs secrete a wide range of growth factors and 
cytokines in the liver [2]. It seems like for every growth 
factor, stellate cells not only produce cytokines but also 
react to them, accenting the value of closely mediated 
local control of cytokine activity within the pericellular 
environment [2]. Stellate cells produce two strong 
epithelial growth factors, transforming growth factor-alpha 
(TGF-α) and EGF, that have key functions in hepatocyte 
proliferation during hepatic regeneration [127, 208, 209]. 
Moreover, TGF-α and EGF promote the mitotic activity 
in stellate cells [2]. HGF is a stronger hepatocyte mitotic 
factor generated by stellate cells [125, 210]. During acute 
hepatic insult, the secretion of HGF by stellate cells is 
reduced [125]. Stellate cells also secrete stem cell factor 
(SCF) in rats during liver regeneration initiated by PH 
combined with 2-AAF [211]. Furthermore, Ito cells 
secrete insulin-like growth factor (IGF) I and II [212, 
213]. In addition, HSCs produce the strongest mitotic 
factor, PDGF, a dimer composed of two subunits A- and 
B-chain [214–216]. PDGF A-chain mRNA has been found 
in activated human HSCs [217]. Stellate cells produce high 
levels of PDGF and show also enhanced upregulation of 
PDGFRs, during hepatic insult [83, 218]. A fascinating 
model emphasizing the role of PDGF in liver is one in 
which a mouse with transgenic expression of PDGF-C 
induces the fibrogenesis process, and promotes HCC 
development [2, 219]. In tardive hepatic development and 
during liver regeneration, stellate cells in situ secrete 
acidic fibroblast growth factor (aFGF), another mitotic 
factor [2, 220]. 

Stellate cells secrete macrophage colony-stimulating 
factor (M-CSF) and MCP-1 [221], which modulate 
macrophage accumulation and growth [2]. The synthesis 
of these macrophage growth factors could be involved 
in the intensification of the inflammatory and fibrogenic 
reactions during hepatic injury [2]. Also, HSCs promote 
the neutrophil inflammatory response in injured liver by 
secreting platelet-activating factor (PAF) [2]. PAF favors 
the recruitment of neutrophils and promotes their activation 
[222]. It was revealed that during experimental fibrosis, 
PAF and its receptors are initiated on stellate cells [223]. 
Stellate cells generate numerous chemokines, such as 
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cytokine-induced neutrophil chemoattractant (CINC),  
a rat variant of human IL-8 [224], regulated upon 
activation, normal T-cell expressed and presumably 
secreted (RANTES) [170], C-X-C chemokine ligand 1 
(CXCL1) [225], macrophage inflammatory protein-2 
(MIP-2) [225] and others [226]. 

Stellate cells could increase the acute phase response 
by producing IL-6 [227, 228]. On the other hand, stellate 
cells also secrete anti-inflammatory cytokines like follistatin 
and IL-10 [2, 153]. Both cytokines have antifibrotic roles 
[2, 153]. It was demonstrated that rats exposed to CCl4 
and treated with follistatin presented low liver fibrosis 
and reduced HSCs proliferation [153]. IL-10 represents 
a hepatoprotective cytokine with an important antifibrotic 
role by decreasing collagen I expression while increasing 
interstitial collagenase [2]. This role of IL-10 is supported 
by the observation that IL-10-deficient mice acquired 
increase liver fibrosis after CCl4 administration [229]. 

Stellate cells also display various adhesion molecules, 
such as intercellular adhesion molecule-1 (ICAM-1) [230], 
vascular cell adhesion molecule-1 (VCAM-1) [231], and 
neural cell adhesion molecule (NCAM) [232–234]. It seems 
that the expression of ICAM-1 is enhanced after stellate 
cell activation and could be involved in lymphocyte 
adherence to activated stellate cells [230]. In situ studies 
revealed that after CCl4-induced liver injury, both 
ICAM-1 and VCAM-1 were upregulated [231]. ICAM 
and VCAM may have a role in regulating the recruitment 
of inflammatory cells during liver injury [2]. Stellate 
cells showing NCAM have been detected in the vicinity 
of nerve terminations in the liver [232]. 

Stellate cells secrete TGF-β1, one of the most crucial 
cytokines after liver injury [2]. This cytokine is produced 
in a latent form in reaction to injury, and following its 
activation, has strong fibrogenic properties in both autocrine 
and paracrine forms, especially autocrine [2]. It was reported 
that TGF-β1 was enhanced in experimental and human 
liver fibrosis [2]. There are several processes regulating 
the activation of latent TGF-β1 like cell surface activation 
after binding to cell-surface mannose-6-phosphate/IGF-II 
receptor [235] or binding to several proteins secreted by 
stellate cells [236], including α2-macroglobulin [237], 
decorin, and biglycan [2]. In addition, local plasminogen 
activator (PA)/plasmin is involved in the activation of 
latent TGF-β1 [2]. 

Furthermore, Ito cells produce a growth factor regulator 
protein, connective tissue growth factor (CTGF) protein 
that favors fibrogenesis in skin, lung, and kidney. This 
cytokine is very increased during liver fibrogenesis [2]. 

Stellate cells represent an important source of 
endothelin-1 (ET-1) during liver injury [2]. ET-1 is a 
strong vasoconstrictor, which could be responsible for 
portal hypertension in the cirrhotic liver due to its 
contractile role on stellate cells and MFBs [238, 239]. 
Also, ET-1 favors the proliferation of early-cultured 
stellate cells and suppressed those completely activated 
[240]. On the other hand, stellate cells represent the 
source of nitric oxide (NO), a physiological opponent to 
ET-1 [241]. NO could be involved in the sustainment of 
microcirculation during hepatic insult [2]. 

In addition, stellate cells produce cystatin C [242],  
a serum protein filtered by the kidney and used as a 
sensitive marker of glomerular filtration rate [243]. 

 The involvement of HSCs  
in liver pathology 

Due to their key roles in normal and injured liver, 
stellate cells have been characterized in numerous human 
diseases [2] like alcoholic steatohepatitis (ASH) [244, 245], 
NAFLD [2, 19, 153], hepatitis B virus (HBV) or HCV 
infection [19, 65, 246–253], HCC [2, 130, 153, 254–
257], cholangiocarcinoma [254], vascular disease [258], 
hematological malignancy [258], biliary disease [258], 
mucopolysaccharidosis [259], Acetaminophen overdose 
[260], leishmaniasis [19, 261] and schistosomiasis [19]. 
In this review, we discuss their behavior in the context 
of liver fibrosis, viral hepatitis, and liver tumors. 

From normal to a fibrotic liver 

The liver represents a complex organ with multiple 
functions like biosynthesis, metabolism, clearance, and 
host defense [262]. The particular and various structural 
and cellular composition of the liver are responsible for 
these specific functions [262]. 

From a structural point of view, the liver is composed 
of five components: (i) hepatocytes and hepatic lobules; 
(ii) vascular system; (iii) hepatic sinusoidal cells; (iv) 
biliary tract; and (v) stroma [257, 263]. Hepatocytes and 
cholangiocytes are parenchymal cells with glandular, 
metabolic, and detoxifying roles [262]. They represent 
70% of totally cells in the liver [262]. The remaining 
cells are the NPCs, that occupy the 30% of the liver and 
include endothelial cells, Kupffer cells, stellate cells, and 
lymphocytes [257, 262]. All of them have systemic and 
local functions [262]; systemically, these specific cells 
are involved in blood filtration, molecular cleaning, also 
in inflammatory and immune responses, and locally they 
ensure the liver microcirculation, ECM structure and, in 
addition, liver tissue replacement and regeneration [262, 
264]. 

During hepatic injuries, the liver histological structure 
is replaced with a scar tissue [257]. During the fibrotic 
process, the liver parenchyma is permanently replaced 
with abnormal regenerative nodules, separated by rich 
collagen bundles, secreted by activated Ito cells [265]. 

Fibrosis is the main pathophysiological result of 
chronic liver injury and represents the most frequent path 
responsible for liver failure and for most of the clinical 
complications of end-stage liver disease [28]. 

Liver fibrosis and HSCs activation 

Fibrosis represents an active and permanent process 
that takes place in response to a chronic injury and 
affects the homeostasis of the ECM [28, 43]. The most 
common types of fibrotic liver disorder are ALD, NAFLD, 
which usually develops into non-alcoholic steatohepatitis 
(NASH) [266], and viral hepatitis [43]. 

Fibrosis refers to an abnormal accumulation of 
fibrillar ECM components, like collagen I and III, in the 
space of Disse [267, 268]. The accumulation of ECM 
components in the space of Disse is responsible for the 
impairment of the normal, fenestrated liver sinusoids in 
a process defined as capillarization of these vessels [28, 
268, 269]. These alterations affect the normal nutrient 
transport between sinusoidal blood and neighboring cells, 
particularly hepatocytes, inducing functional perturbation 
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[268, 269]. The fibrotic process is associated with immune 
infiltrations and changes in angiogenesis [43]. All these 
processes are responsible for the disruption of the normal 
liver architecture, for the liver elasticity loss, and finally 
for the alteration in organ structure and function [43, 
270]. 

The main cell type involved in liver fibrogenesis is 
represented by HSCs [2, 28, 43, 153, 271]. In response 
to hepatic injury, Ito cells become activated, and they 
convert from inactive rich vitamin A cells into MFB-
like cells with proliferative, contractile, migratory, and 
fibrogenic properties [2, 28, 42, 43, 45]. 

During activation, they lose their specific lipid 
droplets, gain a fibroblast-like shape, and express high 
levels of α-SMA (Figures 1 and 2) and ECM elements 
[2, 28, 42, 43, 153, 268]. Furthermore, activated stellate 
cells are rich in rough endoplasmic reticulum, associated 
with a well-formed Golgi apparatus and development of 
many microfilaments bundles beneath the cell membrane 
[2, 19, 28, 42, 43, 153, 268]. Activation of HSCs happens 
in three stages: initiation, perpetuation, and resolution 
[2, 28, 42]. Initiation is characterized by the initial 
modifications in gene expression and morphology that 
make the cells responsive to other cytokines and stimuli 
[2, 28, 42, 43]. The second phase, perpetuation, is the 
result of the stimuli effects on sustaining the activated 
phenotype and producing fibrosis. Perpetuation includes 
proliferation, contractility, fibrogenesis, matrix degradation, 
retinoid loss, and inflammatory cell infiltration [2, 28, 
42]. The third phase, resolution of fibrosis, comprises 
pathways that either promote stellate cell apoptosis, or 
lead to their return to the quiescent form [2, 28, 42]. 
During these phases, HSCs are stimulated in an autocrine 
and paracrine manner by various cytokines and growth 
factors produced by several liver resident cell types, 
such as Kupffer cells, hepatocytes, platelets, leukocytes, 
and SECs [19, 28, 153]. 

The best analyzed mediators that activate HSCs include 
PDGF, TGF-β, cell surface death receptor (Fas), apoptotic 
bodies, extracellular vesicles (EVs), and stiffness [2, 153, 
272, 273]. These mediators are secreted by various cell 
types like SECs [272], Kupffer cells [274], injured 
hepatocytes [275, 276], and HSCs [277]. 

In liver injury, Kupffer cells can influence the 
activation and proliferation of HSCs through cytokine 
secretion, including TGF-β1, IL-1, TNF-α, reactive oxygen 
species (ROS), and lipid peroxides [2, 43, 45]. Also, 
Kupffer cells promote HSCs migration by secreting PDGF 
[42, 153]. Moreover, Kupffer cells produce MCP-1 in a 
sphingosine kinase-1 (SK-1)-dependent fashion [278]. 
MCP-1 connects to C–C motif chemokine receptor 2 
(CCR2), which is expressed in both HSCs and Kupffer 
cells, causing their migration [278, 279] and finally hepatic 
fibrosis [280]. It was shown that mice treated with a 
specific inhibitor of SK-1 did not developed liver fibrosis 
in CCl4- and BDL-induced liver injuries [153, 278]. 

Hepatocytes, the main hepatic parenchymal cells, also 
contribute to the activation of HSCs [19, 43, 153]. It 
seems that damaged hepatocytes undergo apoptosis by a 
Fas-dependent mechanism and elaborate apoptotic bodies, 
which are swallowed by HSCs [275, 276]. This process 
promotes the fibrogenic activity of HSCs through the 

enhanced production of collagen α1, TGF-β1, and α-SMA 
[153, 276]. In addition, injured hepatocytes elaborate ROS 
and lipid peroxides, which activate HSCs and cause 
hepatic fibrosis [42, 153, 281]. 

Another cell type involved in HSCs activation is 
activated or capillarized SECs [19, 28, 43, 153]. Capillarized 
SECs stimulate HSCs contraction by increasing ET-1 
secretion and decreasing NO liberation [42, 153, 272]. 
SECs promote HSCs migration through the secretion  
of SDF-1/C-X-C motif chemokine ligand 12 (CXCL12) 
[153, 282] and the liberation of SK-1-containing EVs 
[153, 283]. Also, in liver fibrogenesis, SECs modulate 
fibroblast growth factor receptor 1 (FGFR1) and C–X–C 
motif chemokine receptor 4 (CXCR4) expressions, 
consolidating the fibrogenic phenotype of HSCs [153, 
284]. 

Platelets also are involved in HSCs activation by 
secreting pro-fibrogenic growth factors like PDGF, TGF-
β1 and EGF [19, 20, 285]. Furthermore, neutrophils  
are also responsible for the activation of stellate cells  
by secreting ROS [2, 19, 43, 45]. Also, it seems that 
lymphocytes may generate pro-fibrogenic cytokines [43]. 

Along SECs, Kupffer cells, hepatocytes, platelets, 
leucocytes, activated HSCs can also generate pro-fibrogenic 
cytokines, growth factors, and morphogenetic proteins, 
which in turn modulate and alter tissue architecture [153]. 
It is known that activated HSCs produce pro-fibrogenic 
molecules like ColIα1, TGF-β, and PDGF-BB [2, 153, 
286]. In addition, the reduction of RA level in HSCs leads 
to the initiation of TGF-β1 expression and activation  
of HSCs, supporting the contribution of RA in HSCs 
quiescence [153, 287]. 

It was established that bacterial LPS, has a key 
function in the reduction of RA signaling through the 
initiation of the autophagy of HSCs lipid droplets and 
determining the HSCs activation [153, 288]. HSCs 
activated by LPS initiate the secretion of interferon-beta 
(IFN-β), which favors hepatocyte apoptosis [153, 289]. 
Successively, apoptotic hepatocytes are involved in the 
activation of HSCs [153, 275, 276]. 

Additionally, activated HSCs and MFBs represent the 
source of a strong angiogenic factor, VEGF, which binds 
to VEGFR expressed by SECs and initiates angiogenesis 
in the context of fibrosis [153, 290]. 

It was reported that activated HSCs generate PDGFRα-
enriched EVs, which have a paracrine role in stimulating 
in vitro cell migration and in vivo fibrogenesis [153, 
277]. The PDGFRα enrichment in HSC-derived EVs is 
associated to Src homology-2 domain-containing protein 
tyrosine phosphatase-2 (SHP2) and it seems like hepatic 
fibrogenesis was highly decreased in mice treated with 
SHP2 inhibitor, SHP099 [153, 277]. 

A surprising finding is that G protein-coupled receptors 
(GPCRs) are rising as new perspectives in hepatic fibrosis 
[153]. It seems like activated stellate cells express protease-
activated receptor-2 (PAR2) [153] and proliferation of 
HSCs and collagen accumulation were reduced by 
suppressing PAR2 with PZ-235 [153, 291]. 

Another factor involved in the activation of stellate 
cells is hepatic stiffness [28, 153]. This role is suggested 
by the fact that freshly isolated Ito cells placed on a 
tender substrate, preserve their lipid droplets and increase 



Hepatic stellate cells – from past till present: morphology, human markers, human cell lines, behavior in normal… 

 

625 

concentrations of PPARγ [153]. In contrast, HSCs drop off 
their lipid droplets and upregulate α-SMA and collagen I 
expression, when are placed on a stiff substrate [292]. 
Furthermore, recently it was shown that substrate stiffness 
initiates HSCs activation by translocation into the nucleus 
of histone acetyl transferase p300, which is responsible 
for the upregulation transcription of HSCs activation 
genes [153, 273]. 

Activated HSCs predominantly secrete collagens type I 
and III and ECM proteins like fibronectin, thrombospondin-1 
and proteoglycans [43]. Ito cells secrete collagen in the 
form of pre-procollagen [43]. In addition, activated stellate 
cells express and modulate the actions of various families 
of ECM regulatory factors. The main enzymes secreted 
by stellate cells are lysyl oxidase (LOX), lysyl oxidase-
like (LOXL) proteins, and transglutaminase, responsible 
for the regulation of crosslinking of collagen in the extra-
cellular space [43, 293–295]. HSCs expressed tissue 
inhibitors, including adamalysins [A disintegrin and metallo-
proteinases (ADAMs) and ADAM with thrombospondin 
motifs (ADAMTS)], meprins, etc., which may suppress 
the actions of MMPs, involved in the degradation of 
ECM at physiological pH [43, 296]. 

It is well known that activated stellate cells express 
α-SMA, an authentic marker of HSCs activation [2, 19, 
28, 42, 43]. Quantitative study of HSCs activation using 
α-SMA has been demonstrated to be a helpful prognostic 
marker in evaluating the evolution of liver fibrosis in 
some hepatic diseases [28]. It was revealed that during 
activation, the levels of microRNA (miRNA) levels  
are modified [19, 297, 298]. A new microarray study of 
human quiescent HSCs revealed 47 downregulated and 
212 upregulated miRNAs [19, 299]. It was demonstrated 
that let7A and let7B miRNAs modulate HSCs activation 
in reply to LPS and TGF-β [19, 300]. Overexpression of 
let7A and let7B suppressed myofibroblastic activation 
of HSCs as evident by downregulation of actin alpha 2 
(ACTA2), collagen type I alpha 1 (COL1A1), TIMP-1 
and fibronectin-1 (FN1) [19, 300]. In the same manner, 
there was enhanced expression of miR-27a and miR-
27b in activated HSCs, and their downregulation was 
responsible for the decreased HSCs proliferation and 
increased in lipid droplets showing that miR-27a and 
miR-27b could have a trigger role in HSCs quiescent 
phenotype [19, 301]. In addition, it was established that 
miR-27a and miR-27b directly targeted the 3’-untranslated 
region (3’-UTR) of retinoid X receptor-alpha (RXRα) to 
suppress its expression in HSCs reducing DNA synthesis 
and, consequently, cell proliferation [19, 45, 302]. 

 HSCs in viral hepatitis B and C 
Viral hepatitis B (HBV) and C (HCV) are liver 

diseases that can lead to cirrhosis, liver failure and HCC 
[303]. They are the most frequent infectious diseases 
responsible for human liver diseases, including acute, 
fulminant, and chronic hepatitis [303]. 

HBV infection is still a crucial worldwide health issue, 
as it affects more than 350 million people chronically and 
kills approximately 600 000 people every year [304]. In 
HBV, the proliferation of the healthy population of HSCs 
is increased by PDGF and TGF-β [305–307] and is 

decreased once they get infected with the extracellular 
virus [304]. It was reported that hepatitis B virus X 
protein (HBx) is responsible for the activation of human 
HSCs by upregulating TGF-β1 [307, 308]. Thus, HBx may 
stimulate hepatic fibrosis by supporting HSCs proliferation 
and upregulating the expression of fibrosis-associated 
molecules [271, 307, 308]. 

It seems that during chronic HBV infection activated 
Ito cells secrete IL-6 and IL-1β, leading to T-helper 17 
(Th17) cells activation [19]. IL-17 generated by the Th17 
cells stimulates stellate cells through IL-17 receptor (IL-
17R), contributing to upregulation of profibrogenic factors, 
such as IL-6, TGF-β, α-SMA and collagen I [309, 310], 
supporting the fact that IL-17 has a key role in liver 
fibrosis [19]. In the same manner, IL-22 also is involved 
in HCV-related fibrosis through the activation of HSCs 
[19]. Also, IL-22 is responsible for LX-2 cell proliferation, 
overexpression of α-SMA and up-regulation of collagen 
synthesis by LX-2 cells [311]. 

A study conducted by Łotowska & Lebensztejn revealed 
that HSCs in children with chronic hepatitis B exhibited 
a tight positive correlation between the cell count and the 
severity of fibrosis, concluding that they have prognostic 
roles in this disease [253]. 

Chronic viral hepatitis C affects around 3% of world 
population [251]. It seems that C viral proteins regulate 
apoptosis and steatosis, finally leading to HSCs activation, 
fibrogenesis and hepatocarcinogenesis [251]. At first, 
the immune cells try to eliminate the virus, but in the 
background of chronic infection, perhaps they induce 
hepatocyte impairment and fibrosis by direct cellular 
toxicity and by producing inflammatory cytokines [251, 
312, 313]. It seems that several patients with chronic 
hepatitis C will undergo cirrhosis rapidly (“fast fibrosers”), 
several will develop cirrhosis slowly (“slow fibrosers”) 
and the remainders are named as “intermediate fibrosers” 
[251]. It is well documented that HSCs have a crucial role 
in the process of fibrosis and its progress to cirrhosis 
[51, 314, 315]. In case of stress and injury, like in 
chronic viral hepatitis C, HSCs become activated and 
develop myofibroblastic features, producing increased 
ECM accumulation [251]. 

HCV activates HSCs in a direct or indirect way, 
promoting fibrogenesis [316]. It was reported that E2 
protein of HCV directly binds CD81 existing on the surface 
of Ito cells [317]. Moreover, the interaction between HCV 
core proteins, NS3-NS5 and HSCs lead to the initiation of 
pro-inflammatory cytokines including RANTES, MCP-1, 
and IL-8 [318]. In addition, double-stranded RNA (dsRNA) 
could stimulate HSCs activation by TLR3 leading to the 
secretion of type 1 IFNs (IFN-α/-β) [319]. Also, retinoic 
acid-inducible gene I (RIG-I), a cytoplasmic detector of 
viral RNA, was involved in the activation of LX-2 cells 
(HSCs) generating type 1 IFN (IFN-β) and type III IFN 
(IFN-γ) [319]. 

A recent study conducted by Shahin et al. revealed 
that carboxyl and amino termini of HCV core protein 
could activate HSCs [320]. It was shown that HCV-
infected hepatocytes can indirectly activate stellate cells 
through TGF-β1 and other profibrogenic factors [321]. 
HSCs have the property to enclose by phagocytosis 
apoptotic bodies, released from infected apoptotic 
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hepatocytes, which triggers a profibrogenic response [200, 
322]. In addition, activated Ito cells are responsible for 
the elaboration of IL-1α, which successively induce 
HCV-infected hepatocytes, leading to the initiation of 
proinflammatory cytokines and chemokines like IL-6, 
IL-8, MIP-1α and MIP-1β [323]. Furthermore, other 
reports have revealed indirect activation of stellate cells 
through ubiquitin carboxy-terminal hydrolase L1 (UCHL1), 
a new protein generated from HCV-infected hepatocytes 
involved in the activation of c-Jun N-terminal kinase 
(JNK) signaling leading to the overexpression of α-SMA 
and later activation of HSCs [324]. 

It was reported that IL-18, a component of the IL-1 
family, supports the proliferation of HSCs, during HCV 
infection by modulating the activation of c-Jun levels 
[325]. It was demonstrated that quantitative assessment 
of activated HSCs, by immunohistochemistry, could be 
a helpful marker in prognosticate the development and 
evolution of liver fibrosis in patients with recurrent 
hepatitis C after liver transplantation [28, 326]. 

Many studies conducted on viral hepatitis [246–250] 
and livers with severe necrosis [2, 327, 328] revealed the 
morphology and the IHC profile of stellate cell activation. 
Using the α-SMA IHC marker, several studies revealed 
that the number of activated HSCs increased, due to the 
severity of chronic hepatic lesions in HCV-infected 
patients, pointing to a strong correlation between HSCs 
activity, liver fibrosis and necroinflammatory activity 
[250, 327–331]. On the other hand, there are authors who 
did not find a relationship between activated HSCs and 
necroinflammatory activity, probably because most HSCs 
were directly activated by HCV, while necroinflammatory 
activity only played a secondary role [250, 251, 326]. 

 The role of HSCs in liver tumors 
HCC and intrahepatic cholangiocarcinoma (ICC) are 

the most frequent forms of primary liver tumors [254]. 
Furthermore, the liver is the organ most affected by 
metastasis, after lymph nodes, for the main cancers, 
including gastrointestinal cancers, breast and prostate 
carcinomas, uveal melanoma, neuroendocrine tumors, 
and sarcomas [254, 262, 332–335]. Also, metastases are 
more frequent than primary liver tumors [254, 336, 337]. 

The tumor microenvironment (TEM) has a key role 
in the development of liver tumors [254]. TEM is also 
known as stroma, and essentially is composed of the 
ECM and stromal cells [254, 257]. Under physiological 
conditions, stroma ensures the tissue homeostasis and 
prevents tumor development; even so, when a cell becomes 
malignant, its supporting matrix changes in a manner  
to sustain tumor development [254, 257, 338, 339]. This 
changed stroma that supports cancerous cells is named 
TEM [257, 340]. TEM is composed of fibroblasts, MFBs, 
SECs, Kupffer cells, HSCs, immune and inflammatory 
cells, and the ECM components [254, 257, 338, 341]. The 
mutual crosstalk between all these TEM components lead 
significantly to tumor progression [254]. It seems like 
HSCs have a crucial role in the TEM crosstalk [254]. 

Regarding the fact that HSCs stimulate and influence 
the production of cytokines and growth factors which 
regulate liver proliferation and regeneration, in several 
clinical situations, their increased activation led to liver 
malignancies, like HCC and ICC [254]. 

 The role of HSCs in HCC 
HCC is one of the most fatal and common tumors in 

the human population [254, 256, 257, 336, 342]. HCC 
represents the main primary liver tumor and the fourth 
leading cause responsible for cancer deaths in the whole 
world [254, 336, 342]. It is responsible for 90% of whole 
cases of primary hepatic tumors [343]. The main etiology 
for HCC is chronic infection with HBV or HCV [254, 
256, 257]. Other etiological factors are alcohol abuse, 
autoimmune hepatitis, and NASH [254, 257]. Persistent 
inflammation from time to time alters the hepatocytes 
DNA in a regenerating liver, thereby maximizing the 
occasion of gene modification, leading to carcinogenesis 
[254]. It is well established that the majority of HCC 
occurs after a chronic liver injury, and subsequently liver 
cirrhosis represents the principal risk factor for generating 
HCC [254, 257]. 

The evolution of HCC is controlled by the liver 
microenvironment [254, 256, 257]. Activated HSCs 
represent the main elements of the HCC microenvironment 
and have a crucial role in the development and progression 
of HCC through the production of growth factors, 
cytokines, ECM and MMPs [153, 254, 256, 257, 262]. 
Also, they promote tumor neoangiogenesis and immuno-
suppression [153, 254, 256, 257, 262]. It is well established 
that activated Ito cells infiltrate the stroma of HCC and 
peritumoral tissue and are found around tumor sinusoids, 
fibrous septa and the tumor capsule [130, 254, 256, 257, 
344]. In addition, activated HSCs have been found around 
the periphery of dysplastic nodules within the liver [256, 
345]. After activation, HSCs produce increase quantity of 
ECM proteins into the stroma [256]. The accumulation 
and degradation of fibrotic matrix by stellate cells is 
closely modulated in the liver [256]. Thus, TIMP-1 
secretion promotes scar accumulation through suppression 
of endogenous matrix-degrading activities of different 
MMPs [256]. HSCs generate proteolytic enzymes that 
influence the ECM turnover, such as tissue inhibitor of 
metalloproteinase-2 (MMP-2/TIMP-2) and A disintegrin 
and metalloproteinase domain-containing protein 9 
(ADAM-9) [262]. Furthermore, the elevation of TIMPs 
increases ECM accumulation, which promotes the 
progression of HCC [254]. Another interesting finding 
is that the biomechanical features of the ECM also 
contribute to the evolution of HCC [256]. There are 
evidences that in vitro increasing matrix stiffness promotes 
the growth of the HCC cell lines, HuH-7 and HepG2, 
and decrease the apoptosis related to chemotherapy 
[256, 346]. In addition, stromal stiffness is responsible 
for stellate cell activation, leading to fibrosis [256]. It 
seems that mechanical tension supported by a modified 
ECM may promote HCC development and progression 
by external signals, like integrins, which provide tumor 
growth and evolution [256]. 

Integrins mediate the crosstalk between HSCs and 
HCC cells [256]. Integrins represent a family of trans-
membrane receptors that ‘incorporate’ the extracellular 
and intracellular domains by connecting the ECM and the 
cytoskeleton [256, 347]. Thus, integrins modulate cell 
adherence, disseminating, migration, proliferation, and 
differentiation, even ECM accumulation and remodulation 
[256, 348]. It seems that in activated stellate cells down-
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stream integrin signaling, through FAK–phosphatidyl-
inositol 3-kinase (PI3K)–Akt signaling pathway, stimulates 
ECM accumulation [349]. In vitro studies revealed that 
the expression and activity of integrins and focal cohesivity 
are increased by enhanced ECM stiffness, leading to the 
activation of downstream integrin signals within the 
hepatocyte, that could favor the development and survival 
of preneoplastic cells [256]. Evidences have shown that 
softer matrices abolished hepatoma growth and stiffer 
matrices favored proliferation, suggesting that matrix 
stiffness influences differentiation and chemotherapeutic 
opposition of human HCC cell lines [346, 350]. Another 
study revealed that HSCs cultured on a stiff medium 
elicited a higher tumor development compared to HSCs 
cultured on soft environment [273], supporting the 
contribution of stiffness in tumor evolution [153]. 

Studies in human HCC and murine HCC models 
highlighted connections between collagen expression, 
integrin expression and tumorigenicity [256, 351, 352]. 
Analysis of integrin expression in HCC cell lines have 
shown a high grade of inhomogeneity in integrin 
expression [353]. A study conducted by Lai et al. using 
two clinically pertinent mouse models of HCC, PDGF-C 
overexpression and Pten−/− null mice, established that 
each model had a characteristic type of integrin gene 
expression, ultimately showing the heterogeneity of HCC 
biology [352]. 

β1 Integrin subfamily has been intensively analyzed 
in HCC; hepatocarcinogenesis is associated with increased 
expression of integrins α1β1, α2β1 and α3β1 and the 
acquirement of a migratory phenotype by hepatocytes 
[256]. In addition, it was established a positive association 
between integrin β1 expression in human HCC tissues and 
ECM stiffness, histological tumor grade and metastasis 
[354]. It seems like the inhibition of integrin β1 in vitro 
importantly abolishes migration and invasion of HCC 
cell lines elicited by TGF-β1 and EGF [355, 356]. In 
contrast, enhance of integrin β1 has been reported to 
increase the migration of HepG2 cell [357]. A study 
conducted by Dong et al. using a strong-stiffness gel to 
culture HCC cell lines, discovered that VEGF expression 
is inhibited by treatment with an integrin β1-specific 
antibody [350]. Other integrin subunits have been found to 
have a major contribution in the evolution of HCC [256]. 
For example, Fan et al. have demonstrated that integrin 
α6 expression is strongly associated with HCC in humans 
[358]. It has been reported that superexpressed integrin 
α6 can form a complex with CD151, a tetraspanin protein, 
which promotes HCC invasion, and the PI3K–Akt signaling 
pathway, leading to increased epithelial-to-mesenchymal 
(EMT) of HCC cell lines [358]. Furthermore, evidences 
have shown that the suppression of integrin α3 on HCC 
cells abolished the anti-apoptotic role of laminin-332 [359]. 
Also, the expression of neuropilin-1 by HSCs-derived MFBs 
supported the production of fibronectin, promoting the 
TEM stiffness and leading to increased tumor growth 
[360]. 

It seems like the crosstalk between integrins and 
TGF-β signaling is also involved in hepatocarcinogenesis 
[256]. It has been shown that the HCC cell invasiveness 
was stimulated by the activation of TGF-β receptor inhibitor 
(RI) through phosphorylation of the intracellular component 

of the β1 subunit of the integrin α5β1 by Smad-2 and 
Smad-3, leading to an inside-out conformational modifi-
cation and promoting vascular invasion [361]. Moreover, 
the interconnection between integrins, growth factor 
receptors and ECM proteins like collagen, have demonstrated 
to modify downstream signal activity pathways like Smad, 
favoring hepatocyte proliferation and preserving HSCs 
activation [362, 363]. 

Activated HSCs promote tumor cell proliferation, 
migration, and invasion by production of a wide range 
of growth factors and cytokines, including TGF-β, HGF, 
PDGF, SDF-1, VEGF, and CXCL12 [273, 360, 364–367], 
and by downregulating other molecules like endosialin 
[368]. It seems that tumor cell invasion and proliferation 
were stimulated by conditioned media of activated stellate 
cells in vitro [153, 364, 365] and in vivo [153, 273]. 
Furthermore, it was observed that co-incorporating stellate 
cells with HCC cells into the nude mice amplified the 
tumor development and invasiveness by activating NF-κB 
and extracellular signal-regulated kinase (ERK) signaling 
pathways [257, 365, 369]. Moreover, microarray exami-
nations have shown the activation of some genes of 
inflammation, MMPs, chemotaxis and angiogenesis, 
succeeding the co-implantation of hepatic tumoral cells 
with activated stellate cells [370]. 

Studies using a co-transplant model of HCC cells and 
HSCs revealed that TGF-β signaling intrusion diminished 
the growth of HCC in vivo [254]. Also, TGF-β was 
regularly secreted in an autocrine fashion by HCC cells 
[371–373]. It was reported that HSCs stimulated EMT 
in HCC cells by TGF-β [374]. Thus, TGF-β plays a key 
role in the interaction between HCC cells and stellate 
cells [254]. 

It seems that the downregulation of the expression 
levels of TGF-β receptors in HCC compared with those 
in the neighboring normal tissues demonstrated the 
significance of TGF-β signaling in the induction of HCC 
[375]. Moreover, this downregulation was responsible 
for an increase tumor growth and a higher proliferation 
ability [375]. It was reported that the gene expression 
changes were also detected in co-Smad subunits [257]. 
For example, in HCC tissues the expression of Smad-4 
was amplified and its small interfering RNA (siRNA)-
mediated inhibition, suppressed the colony development 
in Huh7 and PLC cell lines [376]. Hepatic tumor-initiating 
cells could be originated from hepatic progenitor cells, 
chronic stimulated by TGF-β in cirrhotic liver [377]. It 
was shown that hypoxic hepatocytes produce enzymes 
that activate dormant TGF-β; hypoxia stimulates EMT in 
hepatocytes in a TGF-β-dependent way [377]. 

TGF-β stimulates the growth of a TEM by producing 
cancer-associated fibroblasts (CAFs), which generate 
growth factors and cytokines [378–380]. Furthermore, 
TGF-β activates HSCs into MFBs [254]. 

Another growth factor secreted by stellate cells and 
involved in tumor cell invasion and metastasis is HGF 
[256]. It is known that HGF controls cell proliferation, 
migration, survival and angiogenesis [256, 381, 382]. It 
seems that HGF fixes to its receptor, c-MET, leading to 
a phosphorylation cascade [256]. It was shown that 20–
48% of HCCs contain a transmembrane receptor tyrosine 
kinase, c-MET, which is expressed by numerous HCC 



Rada-Teodora Sufleţel et al. 

 

628 

cell lines [365]. Several studies highlighted associations 
between enhanced c-MET and tumor size or invasiveness of 
HCC [383, 384]. In addition, c-MET-regulated expression 
signature of HCC cells has been associated with a poor 
prognosis, reduced 5-year survival and an aggressive 
phenotype of HCC [385, 386]. Also, activation of HGF/ 
c-MET signaling has been proven to increase HCC 
chemoresistance [256]. 

It was shown that conditioned media collected from 
the activated HSCs cell line LX-2 increased resistance of 
the HCC cell line Hep3B to the chemotherapeutic agent 
Cisplatin, reaction regulated via HGF [387]. Neoplastic 
cells could also amplify prometastatic c-MET signaling 
through an autocrine pathway including TIMP-1, leading 
to downstream expression of metastasis-promoting genes 
[388, 389]. 

Evidence have shown that LPS and the gut microbiome 
also promote hepatocarcinogenesis [153, 256]. It was 
observed that LPS and the gut microbiome can initiate 
HSCs activation, leading to the secretion of the mitotic 
factors HGF and epiregulin, which probably act on tumoral 
hepatocytes [256]. It is known that epiregulin represents a 
component of the EGF family and leads to the activation of 
EGF receptor and human epidermal growth factor receptor 2 
(HER2) during initial phases of Diethylnitrosamine (DEN)/ 
CCl4 carcinogenesis, whereas it decreases hepatocyte 
apoptosis via NF-κB nuclear translocation during advanced 
phases [390, 391]. 

Another crucial role of HSCs in HCC growth, evolution, 
and metastasis is the induction of angiogenesis [254, 256, 
257, 262]. In order to develop, neoplastic hepatocytes 
need new vessel generation, initiated by numerous pro-
angiogenic factors [256]. It seems that these pro-angiogenic 
factors promote tumor evolution and metastasis [256]. 

It is well known that activated stellate cells generate 
numerous angiogenic factors, such as VEGF, PDGF, 
MMPs, FGF, TGF-β1, EGF, angiopoietin-1 (Ang-1) and 
Ang-2 [392–394]. Moreover, Ito cells exhibit angiogenic 
growth factor receptors, like VEGFR, PDGFR and Tie2 
[256]. In hepatic insult and HCC, this simplifies mutual 
signaling between stellate cells and endothelial cells or 
tumoral hepatocytes and favors a pro-angiogenic micro-
environment. It was observed that during the co-
implantation of HSCs with HCC cells, HCC cells increase 
the expression of pro-angiogenic genes (VEGF-A and 
MMP-2) in HSCs, as well as their proliferation and 
migration [395]. 

In vitro studies have reported that VEGF enhances 
endothelial cells migration, stimulates their proliferation, 
and diminishes apoptosis, all phases being mandatory for 
new vessel development [262]. Furthermore, mutually 
in vitro and in vivo researches have reported that the 
secretion of VEGF is stimulated by hypoxic situations,  
a usual feature of the TEM [262]. Also, it seems like 
activated stellate cells initiate vascular tube development 
by liver SECs and vascular endothelial cells. In addition, 
they intensely accumulated matrix laminin, which favors 
both tumor survival and evolution through EMT, and is 
also involved in synthesis of the basement membrane 
the for the new vessels [262]. 

A research conducted by Lin et al. using a murine 
HCC cell line and rat colon microvascular endothelial 

cells, observed amplified angiogenesis by activated HSCs 
in vitro [396]. Lin et al. also revealed, by utilizing an 
orthotopic HCC model, that activated HSCs stimulate 
tumor angiogenesis by enhanced VEGF and probably 
PDGF production [396]. An interesting finding in HCC is 
the crosstalk between tumoral hepatocytes, endothelial 
cells and activated HSCs. It has been described the 
increased expression of Ang-1, Ang-2 and Tie2 receptors 
in cultured HCC cell lines (HLE and HuH-7) and in 
human HCC specimens [397]. This study established that 
angiopoietin–Tie2 signaling in the vascular wall could 
promote vessel remodeling in HCC [396]. 

Ang-2 produced by HCC cells, Ito cells and smooth 
muscle cells fixes Tie2 receptor (expressed on HSCs, 
smooth muscle, and endothelial cells) and alters the 
contacts between endothelial cells, perivascular support 
cells and ECM [256]. This supports the contact with 
VEGF, which in these fairly hypoxic circumstances, is 
upregulated. All these events lead to endothelial cells 
proliferation, neovascularization, and tumor progression 
[256]. 

It was reported that Metformin suppresses angiogenesis 
in vitro, in an HCC (HepG2 line) and HSCs (LX-2)  
co-culture environment [398]. Tumor immune escape 
mechanism plays a key role in cancer evolution [256]. 
One path by which tumors escape the immune reaction 
is via the increase number and activity of immuno-
suppressive cells in the tumor and within lymphoid 
organs [399]. Such immunosuppressive cells comprise of 
Tregs and myeloid-derived suppressor cells (MDSCs). 
There are a wide range of studies that show the immuno-
modulatory roles of HSCs, which could encourage the 
existence, growth, and evolution of HCC in vitro and  
in vivo [400, 401]. 

It was demonstrated that activated stellate cells increase 
immunosuppressive cell populations in the HCC micro-
environment by stimulating T-cell apoptosis and modifying 
the equilibrium of diverse T-cell populations [256]. Also, 
a close association between the intratumoral number of 
HSCs, T-cell apoptosis and lung metastatic nodules was 
observed in an orthotopic rat model of HCC [402]. This 
finding highlights the role of HSCs in HCC metastasis 
through an immunosuppressive way. 

It was reported that co-implantation of HCC cells with 
HSCs in immunocompetent mice stimulated HCC proli-
feration and increased tumor angiogenesis, in correlation 
with suppression of lymphocyte infiltration and apoptosis 
of infiltrating monocytes [256]. 

A study conducted by Zhao et al. revealed, in an 
orthotopic liver tumor mouse model, that HSCs have  
an immunosuppressive function for HCC via initiation 
of Tregs and MDSCs, perhaps due to activation of 
cyclooxygenase-2 (COX2)–PGE2–EP4 signaling pathway 
[403]. Furthermore, it seems that activated HSCs suppress 
antitumor cytotoxic T-cells, therefore defending the hepatic 
tumor. Tumor-related HSCs stimulate DC-derived immuno-
globulin receptor 2 (DIgR2) in DCs, which ultimately 
suppress the inflammatory reply of T-cells [404]. 

In a different perspective, it is believed that tumoral 
hepatocytes and activated stellate cells create, together with 
CAFs and immune cells, a tumor-related environment in 
which the receptiveness of tumor cells to soluble factors 
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is augmented [380]. Thus, activated HSCs represent the 
hallmarks in tumor cell milieu creation that determines 
the malignancy and prognostic of the tumor event. 

 Behavior of HSCs in ICC 
ICC is the next most frequent form of primary liver 

cancers, representing 5% of primary liver tumors [254]. 
It represents a destructive type of malignancy and has a 
worse prognosis, as therapeutic schemes against ICC are 
restrained [254]. Chemotherapy and radiotherapy are 
partially successful as ICC shows a fibrous stroma that 
is opposing to these treatments [254]. 

There are fewer reports concerning the role of TEM 
in ICC compared with those involving the HCC tumor 
milieu [254]. It seems that the desmoplastic stroma 
adjacent to ICC cells play a key role for the growth of 
ICC [254]. 

TEM composed of HSCs, SECs, CAFs, Kupffer cells 
and tumor-infiltrating lymphocytes (TILs) is responsible 
for the development, evolution, metastasis, and invasion 
of ICC. These cells promote the tumor development by 
producing many soluble factors [254]. It seems like these 
factors increase ICC cell multiplication and migration and 
also encourage the abnormal activation of other stromal 
cells [405, 406]. A study conducted by Sulpice et al. 
revealed that the stroma of ICC contains upregulated 
genes associated with the cell cycle, ECM and TGF-β. In 
addition, it was proved that the ICC prognosis is strongly 
associated with the stromal expression of osteopontin 
(OPN) [405]. It is known that osteopontin is involved in 
HSCs activation via TGF-β1. Thus, activated HSCs may 
contribute to ICC evolution via OPN [406]. 

HSCs produce SDF-1, which controls ICC cell migration 
and survival [407]. Furthermore, SDF-1 increases the EMT 
via the crosstalk between activated HSCs and the SDF-1/ 
CXCR4 axis in ICC [408]. Also, HSCs are activated by 
SDF-1 in an autocrine way. It seems that in ICC, elevated 
expression of ECM was related with a worse prognosis 
[254]. One of the main ECM components in ICC is 
represented by HSCs. It was shown that ICC tumors 
displayed an elevated expression of α-SMA, a marker of 
HSCs, as well as significantly poor survival, in contrast to 
low-α-SMA-expression tumors [364, 409]. The proliferation 
and invasion of ICC cells were enhanced by co-implanting 
an ICC cell line with an HSCs line [364]. 

A study conducted by Kim et al. established that HSCs 
promote the proliferation, migration, angiogenesis, and 
invasion of ICC cells, induce angiogenesis by Hh signaling 
pathway activation, and makes ICC more vulnerable to 
necrosis by Hh pathway inhibitors [410]. All this evidence 
shows the key role of HSCs in the progression of ICC. 

 Conclusions 
From past till nowadays, many findings have been 

made regarding these “pluripotent cells” and no one could 
have imagined their complex capacity when they were 
first discovered. HSCs represent the remarkable cells of the 
liver due to their ability to preserve hepatic homeostasis, 
development, and regeneration as well as their crucial 
roles in the pathogenesis of liver diseases. All of these 
fundamental characteristics make the HSCs a powerful 

therapeutic target for liver pathology. By isolating diverse 
HSCs subpopulations and particularly targeting the highly 
fibrogenic types, researchers aim to create new therapies 
in liver diseases. Some promising anti-fibrotic approaches 
aspiring the inhibition or reversal of HSCs stimulated liver 
fibrosis have been created [411]. In addition, Cenicriviroc, 
a double C–C chemokine receptor type 2 and 5 (CCR2/ 
CCR5) antagonist, was used in phase 2 clinical trial and 
has been assessed in liver inflammation and fibrosis in 
the setting of NASH [412]. Furthermore, activated HSCs 
represent a main component of the TEM. Thus, they could 
be an important therapeutic target for hepatic tumors. 
For example, human monoclonal antibodies against FAP, 
Sibrotuzumab and Val-boroPro could be applied for 
targeting activated stellate cells [413, 414]. Another 
therapeutic strategy could be Hh signaling pathway [415]. 
Suppressing the Hh signaling pathway may inhibit the 
activation of HSCs. As our knowledge regarding HSCs 
and their essential involvement in liver homeostasis and 
pathology increases, the cure of hepatic diseases will 
become promising. 
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