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Abstract Liver fibrosis is a wound healing process, the
end result of chronic liver injury elicited by different
noxious stimuli. Activated hepatic stellate cells or myofi-
broblasts and portal myofibroblasts are considered the main
producers of the extracellular matrix in the liver. On liver
injury, the quiescent stellate cells transdifferentiate into
myofibroblasts, a process highlighted by the loss of vitamin
A stores, upregulation of interstitial type collagens,
o-smooth muscle actin, matrix metalloproteinases, and
proteoglycans, and the induction of cell survival pathways.
Activation of hepatic stellate cells is a result of a complex
interplay between the parenchymal cells, immune cells,
extracellular matrix mechanics, and the extrahepatic milieu
such as the gut microbiome. In this review we focus on the
pathomechanism of stellate cell activation following
chronic liver injury with the aim of identifying possible
treatment targets for antifibrogenic agents.
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Introduction

Cirrhosis and its complications are the major causes of
morbidity and mortality worldwide [1, 2]. The only
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treatment currently available is liver transplantation how-
ever; the need for organs is continuously increasing and
many patients die while on the waiting list. Despite sig-
nificant improvement in our understanding of the fibro-
genic process, there is still no FDA-approved treatment
available.

Hepatic stellate cells (HSC) or fat-storing cells are
normally localized in the perisinusoidal space and produce
only small amounts of extracellular matrix (ECM) com-
ponents for the formation of the basement membrane.
When exposed to soluble factors or changes in matrix
stiffness [3], they undergo morphological transition to
myofibroblast-like cells [4-6]. The transdifferentiation is
characterized by the loss of retinoid stores and acquisition
of a myofibroblast phenotype, becoming highly prolifera-
tive and migratory and depositing type I collagen in the
parenchyma [7]. Myofibroblasts express fibroblastic
markers including o-smooth muscle actin (a-SMA), and
produce transforming growth factor B (TGF-f), platelet-
derived growth factor, connective tissue growth factor, and
other cytokines. A change in mechanical tension is also an
important initiating factor in HSC activation. When the
matrix stiffness changes, TGF-[3; becomes activated and is
released from its latent form, and this results in an increase
in o-SMA expression in HSCs [8]. Activated HSCs also
express a combination of matrix metalloproteinases
(MMPs) and their specific tissue inhibitors (TIMPs) [9]. In
the fibrotic liver, HSCs produce pro-MMP-2 and mem-
brane type 1 MMP, which drive pericellular generation of
active MMP-2 and local degradation of the normal liver
matrix. In addition, there is a marked increase in the
expression of TIMP-1, leading to the inhibition of degra-
dation of fibrillar liver collagens [10]. Portal fibroblasts are
located in the portal area and under physiological condi-
tions regulate the normal ECM turnover [11]. They are a
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cell population distinct from HSCs as they express elastin,
fibulin-2, and glycophosphatidylinositol-linked glycopro-
tein (Thyl.1) but do not store vitamin A and are negative
for glial fibrillary acidic protein, desmin, or cytoglobin
[12]. Portal fibroblasts are an important source of TGF-3
and ECM during cholestatic liver injury [13, 14].

The common, key initiating factor of liver fibrogenesis
is a persistent injury to the parenchymal cells. The cause
could be toxic (alcohol, CCly), metabolic (lipoapoptosis in
nonalcoholic steatohepatitis, NASH), viral (hepatitis C
virus and hepatitis B virus), cholestatic injury (primary
biliary cirrhosis or sclerosing cholangitis), or a genetic
defect (e.g., accumulation of misfolded o -antitrypsin) and
could result initially in the dysfunction of the epithelial
cells with adaptive stress responses, and eventually cul-
minate in cell death by apoptosis or necrosis [15]. Induc-
tion of such pathways during cell stress can generate
reactive oxygen species (ROS) and inflammatory cytokines
and chemokines which are profibrogenic and/or induce
sterile inflammation, which leads to the propagation of
injury.

The Role of Hepatocyte Stress, Adaptive Responses,
and Cell Death in Fibrosis

Hepatocytes are constantly exposed to cellular stress and
are equipped with efficient adaptive pathways to maintain
homeostasis. Recent studies suggest that during NASH,
dysregulation of insulin signaling, B-oxidation, and an
increased influx and uptake of free fatty acids from the
adipose tissue result in the accumulation of saturated fatty
acids in hepatocytes, which is the major cause of lipotox-
icity [16, 17]. Lipotoxicity activates endoplasmic reticulum
(ER) stress pathways and the unfolded protein response in
an attempt to reestablish homeostasis. This may result in a
translational arrest, the induction of protein folding and
degradation, and the activation of autophagy. Autophagy in
hepatocytes occurs as macroautophagy or chaperone-
mediated autophagy, whereby the degradation of damaged
organelles limits the extent of injury [18]. Autophagy was
recently shown to confer a resistance to TNF-o-mediated
cell death of hepatocytes by inhibiting caspase 8 activation
and the mitochondrial pathway of apoptosis [19].

Prolonged and persistent ER stress, however, can cause
failure of the adaptive mechanisms and the induction of the
c-Jun N-terminal kinase (JNK), apoptosis-signal-regulating
kinase 1 (ASKI1), and the transcription factor CCAAT/
enhancer binding homologous protein (CHOP), launching
apoptotic cascades [20, 21]. The association between ER
stress and apoptotic responses has been recognized not only
in NASH but also in alcoholic liver disease [22, 23] and
viral hepatitis [24, 25].
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Apoptosis of hepatocytes can also be elicited by
extrinsic signals such as TNF-a, FasLL (CD95L), and TNF-
related apoptosis-inducing ligand (TRAIL), which are
well-characterized inducers of hepatocyte death. The cell
death pathways during liver injury are described in detail in
the excellent reviews of Reinehr and Haussinger [26] and
Guicciardi and Gores [27°].

The paracrine effects of the dying cells and the fate of
apoptotic cells deserve attention as cell death was shown to
induce the activation of HSCs by multiple mechanisms.
Apoptotic cells can release ATP or UTP into the extra-
cellular milieu, serving as bait for phagocytic cells and
causing phagocytes to bind to their prey via the purinergic
P2Y receptor [28]. HSCs were also shown to express P2Y
receptors, and during their activation the expression of P2Y
receptor subtypes is altered. As activation of P2Y recep-
tors, especially P2Y6, in the activated HSC regulates type
I procollagen o transcription, it could be an attractive
target for antifibrogenic strategies [29].

Apoptotic cells could be engulfed by the professional
phagocytes, the Kupffer cells, by efferocytosis, or by the
HSCs. Phagocytosis of the apoptotic bodies activates
NADPH oxidase 2, superoxide production, and in the HSCs
the type I collagen o, promoter activity, and the production
TGF-B [30], whereas in Kupffer cells it stimulates death
ligand expression [31]. Apoptotic bodies contain DNA and
are the source of unmethylated cytosine—phosphate—gua-
nosine (CpG)—DNA motifs that are recognized by Toll-like
receptor (TLR) 9. Engagement of TLRY in turn activates
signaling cascades resulting in the production of type I
collagen and the profibrogenic cytokine TGF-f [32]. In a
mouse model of NASH, TLRY activation induced produc-
tion of IL-1f by the Kupffer cells, leading to inflammation
and fibrosis [33]. Elucidating the time course and the hier-
archy of these pathways is essential in order to develop
targets for fibrosis treatment (Fig. 1).

The Role of Sterile Inflammation

Noninfectious stimuli such as chronic cholestasis, alcoholic
or nonalcoholic hepatitis, ischemia/reperfusion, and drug
toxicity can cause damage to hepatocytes in the absence of
exogenous pathogens. The consequent sterile inflammation
is characterized by the release of endogenous damage-
associated molecular patterns (DAMPs) and the activation
of cellular pattern recognition receptors (PRRs), which
result in the production of proinflammatory cytokines and
the recruitment of immune cells to the site of injury [34¢,
35]. Sterile inflammation results in the assembly of a
cytosolic protein complex, the inflammasome, with the
activation of the caspase 1, and the secretion of IL-1p, IL-
18, and other cytokines [36]. The redox state of cells is an
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Fig. 1 Mechanism of liver-injury-mediated hepatic stellate cell
(HSC) activation. Under pathologic conditions, hepatocytes first
initiate adaptive responses such as induction of endoplasmic reticu-
lum (ER) stress and the unfolded protein response, and the induction
of autophagy. After prolonged insult, however, hepatocytes undergo
apoptosis or necrosis, and during the latter they release damage-
associated molecular patterns (DAMPs), which react with pattern
recognition receptors (PRRs) on the target cells, to launch the sterile
inflammation responses. This leads to inflammasome formation and
the production of proinflammatory and profibrogenic cytokines, and

important modulator of inflammasome activation as it
determines the efficiency of the activation, and downstream
signals [37].

DAMPs that play a role in liver injury include the high
mobility group boxl (HMGB1), galectins, ATP, uric acid,
and extracellular DNA. The role of these DAMPs in sterile
inflammation was recently reviewed in detail by Kubes and
Mehal [38+¢]. DAMPs play a major role in the recruitment
of inflammatory cells. Recruitment of neutrophils is a
hallmark of progressive NASH and alcoholic and autoim-
mune hepatitis, and portends a poor prognosis. Neutrophils
responding to sterile inflammation were found to be highly
migratory through the sinusoids toward the focus of tissue
necrosis, ultimately infiltrating the area of the damage [39].
Recently, Wang et al. [40] showed that HMGBI induced
IL-23 production via the activation of TLR4 in macro-
phages in the acetaminophen-overdosed mouse model; this
in turn activated hepatic yd T cells to release IL-17A, a

the recruitment of inflammatory cells. DAMPs from injured hepato-
cytes may directly activate HSCs by the engagement of Toll-like
receptors (TLRs) on HSCs. Compounding these events, dysbiosis and
increased permeability of the gut also contribute to fibrosis by
releasing high levels of lipopolysaccharide (LPS), a pathogen-
associated molecular pattern (PAMP) that induces macrophage and
HSC activation via TLR4 signaling. Hh hedgehog, HMGBI high
mobility group box1, ROS reactive oyxgen species, TGFf transform-
ing growth factor B, TNFR TNF alpha receptor

potent inducer of neutrophil infiltration. In a different study
using the alcohol diet model, HMGB1 was shown to
attenuate macrophage efferocytosis, thereby facilitating
secondary necrosis and perpetuating injury [41].
Galectins, a group of B-galactoside-binding lectins, are
classified as DAMPs [42]. Galectin-3 has been shown to play
an important role in liver diseases as animals deficient in
galectin-3 were protected from fibrotic stimuli and acute
liver injuries [43—48]. It is expressed mainly in macrophages
and cholangiocytes in normal livers, but is upregulated and
secreted from the myofibroblasts in the cirrhotic liver [43,
44]. Galectin-3 is a chemoattractant for macrophages [42],
and plays a role in their alternative activation [49, 50].
Targeting the inflammasomes could be a promising
therapeutic approach in NASH and alcoholic steatohepa-
titis. For instance, caspase 1/~ mice were protected
against high-fat-diet-induced steatosis, inflammation, and
early fibrosis [51]. In a different study, caspase 1 was
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responsible for the induction of IL-1f signaling, which was
mediated by the IL-1 receptor, and IL-1 receptor antago-
nism improved the inflammasome-dependent alcoholic
steatohepatitis in mice [52].

The Role of Hepatic Immune Regulation

There is extensive experimental evidence associating
fibrosis with T helper type 2 (T,2) cell differentiation,
characterized by the production of the cytokines IL-4 and
IL-13 and the induction of myofibroblast collagen pro-
duction [53] [54]. IL-13 was shown to be involved in
fibrosis induced by hepatitis C virus [53], and in schisto-
somiasis [5], and the T2 cytokines also regulate the
alternative activation of macrophages [55]. Recently, IL-
17-producing effector CD41T (T helper type 17) cells have
been discovered regulating hepatic fibrosis [56]. IL-17
stimulated Kupffer cells to express the inflammatory
cytokines IL-6, IL-1B, and TNF-a and the fibrogenic
mediator TGF-f;. IL-17 also directly stimulated HSCs to
express type I collagen via signal transducer and activator
of transcription 3. Using IL-22 in these studies was shown
to attenuate fibrosis.

Natural killer (NK) cells in the liver, on the other hand,
have been described as antifibrotic by clearing active HSCs
and producing the antifibrotic cytokine interferon-y (IFNy)
[57]. With use of an NK cell-HSC co-culture system, NK
cells were shown to selectively kill the early activated
HSCs but not the quiescent or fully activated myofibro-
blasts. A possible explanation for this is that transitional
activation of HSCs causes the release of retinoic acid from
HSCs, which induces the expression of retinoic acid
inducible genel (REA1), an NK cell activator [58]. IFNy
mainly produced by T helper type 1 (T,1) and NK cells is
known to be proapoptotic to active HSCs, partially via the
activation of the NK cell receptor group 2 member D
(NKG2D) and the downstream activation of signal trans-
ducer and activator of transcription 1 [59]. Animal studies
have shown that alcohol consumption blunts the IFNy/
NKG2D transduction activity, thereby enhancing HSC
survival and causing propagation of fibrosis [60]. However,
IL-10 and TGF-f3 were shown to inhibit the antifibrotic
effects of NK cells especially during chronic alcohol con-
sumption [61, 62¢].

NK T (NKT) cells may have diverging roles in acute
injury and fibrosis. NKT cells were protective in acute
CCly-induced injury, but potent NKT activation (induced
by o-galactosylceramide) exacerbated the injury [63]. In
chronic CCly-induced injury, invariant NKT (iNKT) cells
were protective in the early stage but not in the late stage,
and depletion of NKT cells showed no effects. A possible
explanation is that the active iNKT cells produce both Ty 1
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cytokines and T2 cytokines [63]. In mice receiving the
methionine choline deficient diet (MCD), the activation of
hedgehog (Hh) signaling induced CXCL16, an NKT cell
chemoattractant. The accumulation of NKT cells accom-
panied by Hh induction was also found in cirrhotic NASH
patients [64]. Recently, it was shown that the ligand-
receptor interaction between CXCL16 and its receptor
CXCR6 was crucial for the accumulation of NKT cells in
the CCly- and MCD-induced fibrosis. The CXCR6 ™'~ mice
were resistant to these stimuli, and the fibrotic phenotype
was reestablished by the adoptive transfer of wild-type
NKT cells [65]. It will be of interest to see further studies
on how the roles of NK and NKT cells are integrated in
fibrogenesis and whether their activation is dependent on
the stage of fibrosis.

The Role of Oxidative Stress

Virtually all known causes of liver disease can lead to
oxidative stress. In physiological settings, the cytotoxic
potential of ROS is buffered by the different scavenging
and antioxidant systems, including glutathione- and thiol-
containing proteins, superoxide dismutases, catalases,
peroxiredoxins, and thioredoxin. Oxidative radicals can
promote hepatocyte oncotic necrosis, apoptosis, or nec-
roptosis by inducing mitochondrial dysfunction [66].
Beside direct cytotoxicity, ROS can induce a sensitizing
effect to prolonged insults, or induce the generation of
proinflammatory mediators. Oxidative radicals can thus be
indirectly (via hepatocyte damage) or directly (Kupffer cell
and HSC activation) profibrogenic [67, 68]. Furthermore,
HSC activation can result from osteopontin, an ROS-sen-
sitive, ECM cytokine which was recently shown to induce
collagen production involving integrin o,f; engagement
and phosphoinositide 3-kinase/phosphorylated Akt/nuclear
factor kB (NF-xB) signaling [69].

ROS production in myofibroblasts occurs in response to
profibrogenic mediators, including platelet-derived growth
factor, TGF-, leptin, and angiotensin II [70], induction of
ER stress, and autophagy in HSCs [71], and by the
phagocytosis of apoptotic debris in Kupffer cells and
myofibroblasts [30]. In general, ROS can be generated via
the mitochondrial electron chain, activation of cytochrome
P450, arachidonic acid oxidation, xanthine oxidase acti-
vation, and the induction of the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases. Activation of
the phagocytic (NOX2 [68], [30]) or nonphagocytic
(NOX1 [72, 73] and NOX4 [74]) forms of NADPH oxi-
dases is the major source of ROS in the myofibroblasts and
the induction of profibrogenic pathways. ROS are also
important second messengers, regulating signaling path-
ways leading to cell survival of myofibroblasts [75, 76].
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As NADPH oxidase activation may represent a core
pathway in fibrosis, NOX inhibitors are emerging as targets
for antifibrotic therapy. Recently, use of an inhibitor to
NOX1/NOX4 has shown promise to prevent fibrosis pro-
gression in the CCly and bile duct ligation (BDL) models
[77, 78].

Intrinsic Metabolic Pathways and HSC Activation

Chronic liver injury is intimately linked to the modulation
of intrinsic metabolic pathways in HSCs and thereby to
their activation and cell fate. Dying hepatocytes release
hedgehog (Hh) ligands that activate Hh signaling in the
neighboring cells [79]. Hh ligands are developmental
morphogens that control progenitor cell fate, liver repair
and regeneration, and wound healing [80, 81¢]. An inter-
esting feature of Hh signaling in HSCs is the induction
of glycolytic pathways during the transdifferentiation of
quiescent HSCs into myofibroblasts, causing lactate accu-
mulation since gluconeogenesis and lipogenesis are sup-
pressed [82]. Inhibitors of Hh signaling or glycolysis or
lactate accumulation converted myofibroblasts to quiescent
HSCs, and conditional disruption of Hh signaling in
myofibroblasts reduced the numbers of glycolytic myofi-
broblasts and liver fibrosis in mice. Targeting Hh signaling
could thus be a promising therapeutic strategy.

Loss of retinoids from HSCs is a hallmark of myofib-
roblastic transdifferentiation. Recently autophagy emerged
as a mechanism involved in lipid loss in HSCs, providing
energy for their activation [83]. Autophagy-deficient HSCs
were unable to process lipid droplets by acid lipases,
resulting in their accumulation and decreased free fatty
acid availability, leading to decreased mitochondrial
B-oxidation and ATP production. Genetic inhibition of
autophagy in HSCs attenuated liver fibrosis. A similar
effect was seen in the fibrogenic cells from other tissues
(lung, kidney, and embryonic fibroblasts) deriving from
mice or humans. In the lecithin—retinol acyltransferase
deficient mouse model, the absence of HSC retinoid
droplets did not affect hepatic fibrosis in the BDL and CCl,
models, but it decreased carcinogenesis [84].

The Role of the Gut Microbiome

Chronic liver injury could be significantly perpetuated by
extrahepatic causes. In NASH and alcoholic steatohepati-
tis, changes in the gut microbiota, increased intestinal
permeability, and bacterial translocation significantly
influence the inflammatory pathways in the liver [85, 86].
The mucosal surface between the bacteria and the host
immune system is responsible for the maintenance of

innate and adaptive immune responses in order to maintain
intestinal homeostasis. This function relies on the specific
pattern recognition receptors, including TLRs and NOD-
like receptors that recognize the conserved microbial pat-
terns termed pathogen-associated molecular patterns
(PAMPs). One of the best-known PAMPs is lipopolysac-
charide (LPS) deriving from Gram-negative bacteria. LPS
was shown to activate TLR4 in Kupffer cells via the CD14
complex, resulting in the activation of JNK p38, interferon
regulatory factor 3, and NF-«xB pathways [87, 88¢], which
in turn results in the activation of proinflammatory path-
ways, including TNF-a and IL-1B. HSCs are a crucial part
of the TLR4-mediated signaling cascades as they respond
to LPS by induction of NF-xB and JNK and stimulation of
surface expression of intercellular adhesion molecule 1 and
vascular cell adhesion molecule 1 [89]. Furthermore, the
gut microbiota and TLR4 were shown to be important not
only in fibrosis [88] but also in liver carcinogenesis [90].
An interesting aspect of the role of gut microbiota was
recently revealed by Henao-Mejia et al. [91]. In their study,
defective NLRP6 and NLRP3 inflammasomes resulted in
intestinal dysbiosis which was associated with progressive
hepatic steatosis and inflammation through the influx of
TLR4 and TLR9Y agonists, leading to the upregulation of
TNF-o expression in the liver. TLR2 has also been found to
play a pivotal role in regulating intestinal microbiota and
liver fibrosis [92]. On BDL, both TLR2™"~ and TNFRI '~
mice showed reduced fibrosis, lower serum LPS levels, and
decreased bacterial translocation. TNF-o activated the
TNFRI on the intestinal epithelial cells and promoted gut
permeability, facilitating bacterial translocation. The sub-
sequent increase in the level of LPS in the circulation
activated the TLR4 receptors on Kupffer cells, HSCs, and
hepatocytes [92]. Therapeutic modulation of the intestinal
microflora could thus be an alternative strategy to develop
a novel antifibrotic therapy.

MicroRNAs and HSC Activation

MicroRNAs (miRNAs) are noncoding RNAs that regulate
gene expression by specifically binding with the
3’ untranslated region of target gene messenger RNAs [93].
In terms of HSC activation, targeting the inhibition of the
TGF-p signaling pathway by miR-19b has shown great
promise [94]. MiR-19b binding to the 3’ untranslated
region of TGF-B receptor II decreased the expression of
type I collagen. In addition, the miR-29 family is emerging
as a very important regulator of liver fibrosis. MiR-29b
could be a novel regulator of type I collagen expression in
addition to its involvement in the well-known Smad cas-
cade by its interaction with SP1 expression. Overexpres-
sion of miR-29b suppressed the viability of primary,
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cultured mouse HSCs and the expression of a-SMA
[95]. Exosomes have emerged as carriers of extracellular
miRNAs [96], and modulators of cell-cell interactions. In
alcoholic liver disease, an increase in the levels of circu-
lating miR-122 and miR-155 was seen, whereas the
induction of miR-122 in the plasma after CpG treatment
suggests that circulating miR-122 could be a marker of
liver injury caused by DAMPs [97]. The clinical relevance
of circulating miRNAs in fibrosis, however, still remains to
be investigated.

Epigenetic Modulation of HSC Activation

Epigenetic changes including DNA methylation, histone
modifications, and silencing by miRNAs significantly
impact on wound healing and progression of fibrosis.
According to current concepts, HSC transdifferentiation is
facilitated by the repression of adipogenic genes such as
peroxisome-proliferator-activated  receptor v (PPARY),
inhibitor of NF-kB protein o (Ixk-Bo), C/EBP and SREBP-
1c [98]. During HSC activation, the epigenetic repression
of PPARY is mediated by the depletion of miR-132, and
this results in the induction of methyl-CpG binding protein
2 (MeCP2) and its increased recruitment to the PPARYy
promoter; whereas the enhancer of zeste homolog 2
(EZH2) causes histone methylation, preventing the
recruitment of RNA polymerase II. Rosmarinic acid and
baicalin have been shown to induce the de-repression of
these pathways, also suppressing the canonical Wnt sig-
naling [99]. An interesting concept is the epigenetic sup-
pressive adaptation. It was shown that the history of liver
damage corresponds with the transmission of an epigenetic
suppression of the fibrogenesis in the liver in the offspring.
This was hallmarked by the higher expression of PPARY in
the subsequent generation, and it was hypothesized that a
myofibroblast-secreted soluble factor stimulated heritable
epigenetic signatures in sperm, affecting the offspring’s
adaptation to future fibrogenic hepatic insults [100]. In this
study it was also described that patients with mild liver
fibrosis have PPARY hypomethylation compared with
patients with severe liver fibrosis. Better understanding of
the epigenetic factors involved in liver fibrogenesis may
shed light on the cause of the clinically observed suscep-
tibility of patients to fibrogenic stimuli.

Conclusion
The complexity of fibrogenic pathways, their regulation,
and the cross talk between the different cell types requires

further studies in order to identify the core pathways
involved in HSC activation. Identification and validation of
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these pathways will generate new therapeutic targets pre-
venting or halting fibrosis progression and will reduce the
complications of portal hypertension, thereby improving
the quality of life and survival of patients with liver
disease.
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