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ABSTRACT

Hepatic stellate cells (HSCs) play essential roles in normal and
pathophysiological function in liver. In steady state, HSCs contribute to retinoid storage,

immune tolerance, and extracellular matrix (ECM) homeostasis. Upon liver injury, they
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become activated and lead to morphological and functional changes. Studies have
demonstrated that activation of HSCs by various stimuli such as toxins, microbial

infection, or metabolic overload can promote the fibrotic changes in liver by production
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of ECM. Herein, we provide current knowledge about the basic characteristics of HSCs
and the mechanism by which they are activated.
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INTRODUCTION

The hallmark of fibrosis is the progressive replace-
ment of functional parenchymal and non-parenchymal
cells with myofibroblast cells that produces extracellular
matrix (ECM), which lead to the formation of irreversible
scar. Clinically, chronic liver diseases can be manifested
by various form of pathologies, and they can increase the
mortality rate of up to 45% in developed countries (Me-
hal et al., 2011). Accordingly, examining the underlying
mechanism how fibrotic changes can be induced by HSCs
would be important to better identify the potential thera-
peutic targets and developing novel drugs. Moreover, for
understanding the cirrhosis caused by a process of hepatic
fibrosis, it is essential to elucidate the fibrotic change in
liver (Greenbaum and Wells, 2011). Liver fibrosis can be
defined as an excess of ECM due to chronic inflammation,
and eventually this lead to cirrhotic change due to the de-
formation of the interstitial structure and the reduction in

the number of liver cells (Bin et al., 2012). Previous studies
have demonstrated that the most typical cells involved in
liver fibrosis are hepatic cells, Kupffer cells, and endothe-
lial cells (Kolios et al., 2006). In particular, hepatic stel-
late cells (HSCs) has been shown to be the main source of
ECMs including collagen (Khomich et al., 2019).

HEPATIC STELLATE CELLS (HSCs)

In 1876, HSCs were first discovered as dark area stained
with gold chloride, and a German scientist Carl von
Kupffer named them as stellate cells (Shang et al., 2018).
Histologically, their multiple lipid droplets can be ob-
served in the Disse space, which lies between the sinu-
soidal endothelial cell and the hepatocytes. It has been
reported that they are rich in vitamin A (thus it is called
vitamin A cell), fat, or perisinusoidal chemical (Senoo et
al., 2017). The HSCs are in close contact with the liver
and endothelium cell (van Til et al., 2005). It accounts for
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about 5 to 8 percent of the population of entire liver cells,
and is linked to the end of the autonomous nerve fiber
(Jensen et al., 2013). HSCs is considered to be myogenic
origin, because they have the characteristics of muscular
tissue such as desmin and a-smooth muscle actin (Hwang
et al., 2004). When activated by various stimuli, HSCs
transforms into a myofibroblast-like phenotype, via sev-
eral biological events including increased contractibility,
the production of various ECMs including collagen type
I and II, and de novo expression of o-SMA (Bin et al.,
2012). Conventionally, HSCs are investigated in vitro to
examine the anti-fibrotic role of drug candidates because
they can be naturally activated without any treatment in
culture vessels after being isolated from the liver (Higashi
et al., 2017).

CHARACTERIZATION OF HEPATIC STELLATE
CELLS

The developmental origin of stellate cells has been
controversial. Among various tissues, they may be origi-
nated from either endoderm or the septum transversum
(Asahina et al., 2011; Chan et al., 2013). In support of the
latter, HSCs express the mesodermal transcriptional fac-
tor Foxfl, which is specifically found in the septum trans-
versum during liver development (Agamova et al., 1987).
Besides, it has been suggested that HSCs and hepatoblasts
come from common endodermal origin, based on the re-
sults of expression of some proteins of cytokeratin family
in both cell types (Kiassov et al., 1995; Levy et al., 1999)

Markers of HSCs

Although no specific single marker for HSCs is avail-
able, several potential markers for HSCs have been iden-
tified. Most commonly, activated HSCs express desmin,
glial fibrillary acidic protein (GFAP), and o-SMA in rodent
species. Among cytoskeletal proteins, desmin has been
widely used for identifying HSCs (Yokoi et al., 1984).
Alpha-smooth muscle actin (¢-SMA) has also been used
as a reliable marker for HSC activation, since this protein
is only resident in the vascular smooth muscle cells and
portal myofibroblasts (Schmitt-Griff et al., 1991; Levy et
al., 1999).

Based on the fact that HSCs are in close contact with
nerve endings, neurotrophin receptors was recognized
in activated HSCs (Cassiman et al., 2001), as shown in
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the functional studies confirming their neurohumoral
responsiveness (Oben et al., 2004; Roskams et al., 2004;
Friedman, 2008). In rodent studies, HSCs have been found
to express GFAP (Gard et al., 1985), nerve growth factor
receptor (NGFRp75), and neurotrophic receptor tyrosine
kinase receptor 3 (NTRK3) (Trim et al., 2000; Cassiman et
al., 2001; Cassiman et al., 2002). NTRK3 is expressed in
HSCs in normal and pathologic conditions, and depend-
ing on the nature of stimuli, it is also expressed in vascu-
lar smooth muscle cells. Other markers related to neural
origin include neural cell adhesion molecule (N-CAM)
(Nakatani et al., 1996) and Neurotrophin-3 (NT-3) (Cassi-
man et al., 2002).

Potentially, proteins involved in retinol metabolism have
been examined for their specificity on activated HSCs.
Cellular retinol binding protein-1 (CRBP-1) is a carrier
protein of intracellular retinol. Although not exclusive,
immunohistochemical analysis revealed that CRBP-1
was weakly expressed in the cytoplasm of hepatocytes,
while its expression was much more intense in HSCs in
rat (Kato et al., 1984). Other study has shown that cyto-
globin/stellate cell activation-associated protein (CYGB/
STAP) is expressed in rat HSCs, as supported by results of
proteome analysis (Kristensen et al., 2000). It is notable
that although Cygb is expressed in the quiescent HSCs,
its expression become more abundant when these cells
had been activated in fibrotic liver tissues. In addition,
other hepatic cells such as hepatocytes and bile-duct
epithelial cells, as well as non-parenchymal macrophages
and vascular endothelial cells, are negative for Cygb im-
munostaining. Lecithin retinol acyltransferase (LRAT) is
involved in production of all retinyl ester in the liver, and
experimental results showed that it is essential for the
formation of lipid droplets, and it was recognized as a
marker for HSCs (Levy et al., 1999; De Minicis et al., 2007;
Blaner et al., 2009). Fibroblast activation protein (FAP) is
a cell membrane-bound surface protease of the prolylo-
ligopeptidase gene family that are expressed within tis-
sues undergoing substantial remodeling. Both mRNA and
protein of FAP were detected in cirrhotic liver, as shown
by its colocalization with a-SMA in hepatic tissues and in
isolated hepatocytes (Levy et al., 1999; Levy et al., 2002).
Importantly, its expression reflected the progression of
hepatic fibrotic changes. Among membrane receptors,
platelet-derived growth factor receptor § (PDGFRp) was
first identified as a marker for HSC, although its expres-
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sion was not exclusively detected only in activated HSCs
in rodents. Finally, a co-inhibitory protein programmed
death ligand-1 (PDL1) was expressed specifically on acti-
vated HSCs (Levy et al., 2002).

Activation of HSC

There are various ways in which HSC is activated. It has
been suggested that quiescent HSCs become activated
when they suffer cellular injuries such as oxidative stress,
cholesterol stimulation, endoplasmic reticulum (ER) stress,
loss of retinoids, and autophagy (Tsuchida and Friedman,
2017) (Fig. 1). When the ECM deposition increase, the
progression of fibrosis occurs. Oxidative stress is caused
by production of intermediate electron carriers that may
be resulted from metabolic overload from mitochondrial
dysfunction. In liver, it was shown that reactive oxygen
species (ROS) produced by damaged liver cells provides a
paracrine signal for HSCs activation (Novo et al., 2011).

Studies also demonstrated that free cholesterol activates
HSC. For example, if cholesterol is added to high fat or
methionine- and choline-deficient (MCD) diet in animals,
free cholesterol accumulates in HSC and thus accelerates
liver fibrosis (Tomita et al., 2014). In addition, mice in-
gested with a high cholesterol diet after treatment of bile
duct ligation (BDL) or carbon tetrachloride (CCl,) induced
liver fibrosis via activation of HSCs. Mechanistically, ac-
cumulation of cholesterol in HSC increased the activation
of TGFp-induced activation by upregulating and stabiliz-
ing Toll-like receptor 4 (TLR4), which led to a reduction
in a TGFp pseudo receptor BAMBI (bone morphogenetic
protein and activin membrane bound inhibitor) (Teratani
et al., 2012).
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Another mechanism by which HSCs are activated is
ER stress, which leads to an increase in both autophagy
and induces fibrogenic genes like SMAD2. The levels of
SMAD2 messenger RNA are increased by ER stress by
decreasing levels of miR-18a, which is an inhibitor of
SMAD?2. ER stress-activated PKR-like endoplasmic reticu-
lum kinase (PERK) phosphorylates heterogeneous nuclear
ribonucleoprotein A1 (HNRNPA1) required for the matu-
ration of primary miR-18a (Asahina et al., 2011).

Autophagy is also involved in HSC activation. It was
demonstrated that autophagy promotes HSC activation by
producing retinyl esters-derived fatty acids in cytoplasm
(Thoen et al., 2011). Another study showed that mice de-
ficient in the autophagy-related protein 7 (ATG7) in HSCs
had a significantly reduced fibrogenic lesions and ECM
accumulations in response to CClg-induced liver fibrosis
model (Hernandez-Gea et al., 2012).

Liver plays multiple roles such as nutrient and drug me-
tabolism, energy storage, production of plasma protein,
hormones, and cholesterol. Other function includes im-
munological reactions (antigen presentation and removal
of foreign materials) and bile production (Weiskirchen and
Tacke, 2014). Accordingly, many cell types are involved
in the normal physiology of this organ, and the function
HSCs are also prone to be affected by neighboring cells.
For example, injury in hepatocytes, e.g., viral infection
and non-alcoholic steatohepatitis (NASH), can cause in-
flammation and fibrotic progression of HSCs. Studies have
demonstrated that various local mediators including reac-
tive oxygen species (ROS) (Agamova et al., 1987; Machado
et al., 2015), Hedgehog (Hh) ligands (Machado et al.,
2015) and nucleotides (Vaughn et al., 2014) facilitate this
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Fig. 1. Schematic diagram showing various etiologies of HSC activation.
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process. Macrophage, which is also a subset of non-pa-
renchymal cells in the liver, can be classified into tissue-
resident macrophages, monocyte-derived macrophages
and Kupffer cells (Blériot and Ginhoux, 2019). Kupffer
cells constitute the majority of resident macrophages in
the body, and play a major homeostatic role in the liver
(Wiegard et al., 2005; Kisseleva and Brenner, 2006). In
response to injury, bone-marrow derived monocytes re-
act upon inflammatory cues, and locate to liver, and then
differentiate into macrophages. Upon arrival to the liver,
macrophages secrete cytokines and chemokines including
transforming growth factor beta (TGFp), platelet-derived
growth factor (PDGF), tumor necrosis factor (TNF), inter-
leukin 1 beta (IL-1p), monocyte chemoattractant protein-1
(MCP1), C-C motif chemokine ligand 3 and 5 (CCL3, CCL5).
TNF and IL-1p affect the activated HSCs, and promote sur-
vival through NF-«B activation (Pradere et al., 2013). Mac-
rophages exhibit anti-fibrotic function via secreting fibro-
lytic matrix metalloproteinases (MMPs) including MMP-12
and -13 (Taimr et al., 2003; Ramachandran et al., 2012). In
normal physiology, liver sinusoidal endothelial cells (LSEC)
inhibit HSC activation and stimulate the reversion of acti-
vated HSCs to quiescent stage through vascular endothelial
growth factor (VEGE)-stimulated nitric oxide (NO) produc-
tion (Deleve et al., 2008).

Other than liver-derived cells, several lymphocytes can
regulate HSC activation. Natural killer cells possess an-
tifibrotic properties, including disruption of activated
HSCs by secreting interferon gamma (IFNy) (Jeong et al.,
2008; Jeong et al., 2011). In addition, NK cells induce the
apoptosis in HSCs by expressing death receptor ligands
such as Tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) and Fas ligand (FASL) (also known as TNF
ligand superfamily member 6) (Glissner et al., 2012). Be-
sides, natural killer cells supports the clearance of acti-
vated senescent HSCs, thereby facilitating the resolution
of fibrosis (Krizhanovsky et al., 2008). Although not well
established, natural killer T (NKT) cells are shown to be
functionally related with HSC activation and liver fibrosis
(Wang and Yin, 2015). Similar to natural killer cells, NKT
cells directly induce the death of activated HSCs by se-
creting IFNy (Park et al., 2009). More early study using B-
cell deficient mice has revealed that the hepatic fibrotic
lesion was decreased, suggesting a profibrogenic function
of B cells (Novobrantseva et al., 2005). Other than lym-
phocytes, platelets are a major source of PDGFB and TGFp,
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which have potential to stimulate HSCs and resulting tis-
sue fibrosis in a wide range of liver diseases including
alcoholic liver disease (ALD) and hepatitis B and C, and
NASH (Nowatari et al., 2014; Kurokawa et al., 2016).

FUTURE PERSPECTIVES

HSCs have been recognized as one of the major play-
ers in developing fibrotic liver diseases. The role of HSCs
in the progression of hepatic fibrosis caused by chronic
stimuli are being explored in various experimental mod-
els. Since developmental events can be recapitulated in
pathological conditions, a better understanding on the
origin of HSCs during embryogenesis would provide us
with important insights about the biological mechanisms
underlying their activation and downstream events. To
this end, genetic knockout studies of key regulatory genes
using Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)/Cas9 (Martufi et al., 2019), or cell-
specific ablation techniques would be ideal to identify the

regulatory mechanisms of HSCs.
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