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Hepatic fibrosis is a hallmark feature of chronic liver diseases
of various etiologies including genetic deficiency, metabolic
derangement, infection, autoimmunity, and exposure to
physical and chemical agents. This condition yearly affects
millions of patients in the USA and across the world.
Progressive hepatic fibrosis, leading to cirrhosis, is the most
common cause of liver failure.

Essentially, hepatic fibrosis represents a pathophysiolog-
ical process triggered in response to liver injury, to mediate
tissue repair and wound healing. It is primarily driven
by specialized effector cells called liver myofibroblasts and
characterized by sustained extracellular matrix deposition,
leading to excessive scar formation, organ dysfunction, and
eventually end-stage liver disease cirrhosis. As fibrosis takes
place, persistent cell damage and distinctive changes in liver
tissue architecture trigger in parenchymal and nonparenchy-
mal hepatic cells several signal transduction pathways that
regulate pathophysiological mechanisms promoting tissue
repair, such as inflammation, proliferation, remodeling, and
angiogenesis. Concomitantly, the newly formed extracellu-
lar matrix scaffold evolves into a dynamic and complex
microenvironment that orchestrates, with damage-activated
hepatic cells such as leukocytes and liver myofibroblasts,
key functional aspects of the response to liver injury
such as regulated release of fibrogenic/proliferative factors
and cell activation/migration, to restore tissue homeostasis
and integrity. Yet, in spite of significant advances in the

identification of key molecular targets and signaling path-
ways, there is presently no effective and well-tolerated cura-
tive strategy for hepatic fibrosis in patients, beyond liver
transplantation.

This special issue focuses on current concepts relevant to
the pathogenesis of hepatic fibrosis. We hope that these arti-
cles will generate continued interest in understanding of the
molecular mechanisms driving hepatic fibrosis progression.

Three articles will focus on howmolecular changes of the
homeostatic status of extracellular matrix (ECM) network,
including ECM transcriptome alterations (L.G. Poole and G.
E. Arteel), ECM-modifying protein activities (T. Saneyasu
et al.), or ECM remodeling regulation (C. L. Lamb et al.),
significantly impact the progression of hepatic fibrosis.

The extracellular matrix (ECM) is more than an
inert scaffold on which epithelial cells are anchored and
through/over which cells travel. It is increasingly appreciated
that the ECM is a dynamic entity in all tissues and serves
as a critical depot for growth factor sequestration required
for rapid response to tissue injury or other cues. In addition,
degradation of ECM components themselves leads to the
liberation of bioactive fragments that modulate response
to tissue injury. Critically, direct interactions between cells
and the ECM, mediated predominantly by integrins, induce
potent signals, which dictate cell activity such as migration.
These, and other examples, demonstrate the critical
importance of the ECM in regulation of tissue homeostasis
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in healthy tissue and in return to homeostasis after tissue
injury. When dysregulated, as in the case of chronic liver
injury, ECM remodeling favors the accumulation of ECM
components. In liver disease, much effort is placed on
understanding the pathomechanisms that drive fibrosis,
focusing on development of myofibroblasts, synthesis of
fibrillar collagens, and scar “maturation.” This strategy is
employed to help in the development of bona fide antifibrosis
therapies. While it is indisputable that a fibrotic ECM
is responsible for organ dysfunction in advanced liver
disease, early, “transitional” changes to the ECM likely
drive fibrogenesis. Understanding these transitional changes
may reveal novel points of intervention to prevent the
development of liver fibrosis in the first place. In their
contribution to this special issue, L. G. Poole and G. E. Arteel
provide strong evidence to support this idea. Specifically,
several changes in the ECM and associated molecules,
referred to as the “matrisome,” are known in alcoholic liver
disease and these changes occur prior to histologic evidence
of fibrosis. Further discussed are how the current approaches
to studying the ECM are flawed as they often consider
single ECM components in isolation and at the expense of
understanding the myriad of other ECM changes which
happen concurrently.This reductionist approach fails to fully
appreciate the incredible complexity associated with a full
understanding of matrisome-modifying events in early liver
disease. To fill this important gap, an interesting proposition
is to utilize a robust “omics” approach to more thoroughly
understand transitional ECM changes associated with early
stages of liver disease progression, a novel and intriguing
idea.

Once the ECM proteins are secreted, enzymatic cross-
linking of the major ECM proteins (collagens, elastin, and
others) is an essential process for fibrotic matrix stabilization,
which in turn contributes to fibrosis progression and limits
reversibility of liver fibrosis once the causative agent is
removed. Moreover, collagen cross-linking confers increased
stiffness to fibrotic matrix, promoting activation of fibrogenic
effector cells through mechanosensing. As T. Saneyasu et
al. review in this issue, several enzymes, including tissue
transglutaminase (TG2) and the lysyl oxidase (LOX) family,
are overexpressed in hepatic fibrosis and able to catalyze the
formation of collagen cross-links. However, TG2-deficient
mice display unaltered collagen cross-linking, develop liver
fibrosis normally, and do not show improved fibrosis reversal,
casting doubt on the functional significance of TG2 in
fibrotic matrix stabilization. Instead, lysyl oxidases directly
participate in fibrotic matrix cross-linking and stabilization,
since LOX inhibition favorably affects the architecture of
liver scar tissue, rendering fibrosis more readily reversible
after cessation of the fibrogenic stimulus. In the liver, hepatic
stellate cells and portal fibroblasts are major producers of
LOX family proteins, including LOXL2 that has recently been
implicated to promote lung and liver fibrosis and tumori-
genesis. Anti-LOXL2 therapeutic antibody (simtuzumab) is
currently undergoing testing in phase II clinical studies in
patients with primary sclerosing cholangitis, nonalcoholic
steatohepatitis, and hepatitis C/HIV coinfection (NCT iden-
tifier: 01672866, 01672879, 01672853, and 01707472), while

several small molecule LOX/LOXL2 inhibitors are currently
in early stages (preclinical/Phase 1) of development.

There is a notable paucity of studies examining the effect
of environmental/nutritional toxins or xenobiotics (e.g.,
smoke toxicants, drugs) on hepatic fibrosis, a dysregulated
tissue repair process associated with the development of
chronic liver conditions. Because xenobiotics often tend to
be considered as disease-enhancing rather than disease-
causing agents, their regulatory role in hepatic fibrosis has
been underappreciated to an extent. However, that view
has slowly evolved with the advent of functional studies
directly linking the biological activities of xenobiotic-sensing
nuclear receptors to alterations of liver homeostasis including
organ toxicity, tissue damage, and tissue repair. Recently,
environmental pollutant 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), a xenobiotic acting as ligand for aryl hydrocarbon
receptor, has been shown to exacerbate development of
hepatic fibrosis; however the mechanisms by which this
occurs have not been fully explored.The study by C. L. Lamb
et al. in this issue examined the impact of TCDD-induced
activation of aryl hydrocarbon receptor on the regulation of
ECM synthesis, deposition, and breakdown during chronic
liver injury.The authors described three components of ECM
homeostasis, namely, collagen synthesis, ECM metabolism,
and plasminogen activator/plasmin system, that were reg-
ulated by TCDD. Further insights into the mechanisms
responsible for this dysregulation will be important contri-
butions to our understanding of ECM homeostasis in hepatic
fibrosis following exposure to environmental pollutants.

The next three articles will highlight the complexity of
functional cooperation between various specialized liver cell
populations and its critical importance in hepatic fibrosis
progression, in the context of inherited liver disease (L. Jiang
et al.), metabolic dysfunction (N. Magee et al.) specifically, or
chronic liver diseases (V. Natarajan et al.) in general.

In addition to chronic overnutrition and hepatotoxins
(e.g., alcohol exposure), genetic diseases exist in which
hepatic fibrosis is a major contributor to disease morbidity
and mortality. One such disease is congenital hepatic fibrosis
found in patients with autosomal recessive polycystic kidney
disease (CHF/ARPKD). Disease pathogenesis is linked to
mutations in a protein called fibrocystin, which normally
localizes to primary cilia found on cholangiocytes and renal
tubule epithelial cells. Those mutations lead to a lack of
fibrocystin localization to primary cilia and malformed pri-
mary cilia, which suffer functional defects leading to the
development of large, fluid-filled cysts and a robust pericystic
fibrosis. However, a clear understanding of the mechanisms
driving CHF/ARPKD progression remains elusive in this
understudied and rare disease. In this issue, L. Jiang et al.
propose a “pathogenic triumvirate” to explain CHF/ARPKD
progression and link cell proliferation and cyst growth and
fibrosis as interrelated pathomechanisms. Indeed, several
identifiable commonalities between molecular drivers of
proliferation, inflammation, and fibrosis in CHF/ARPKD
disease exist in support of this notion and may altogether
indicate that themechanistic relationships between themajor
cell types found in each of the triumvirate’s vertices including
myofibroblasts, macrophages, mast cells, and proliferating
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cyst wall epithelial cells that produce and transduce those
sharedmolecular signals are the integral mediators of disease
progression. In this context, these proven commonalities
shared between pathomechanisms could be either targeted
independently, to break the feed-forward cycle of progressive
disease, or targeted by way of combinatorial therapies aimed
at each of the vertices, to further enhance disease regression.
Finally, and perhaps even more intriguing, it is conceivable
that each member of the triumvirate is regulated by the
same core mechanism, thus raising the possibility that a
single target for therapeutic development may exist. Overall
the review stresses the importance of cell-cell and cell-
matrix cross talk in mechanisms which drive fibrotic disease,
emphasizing the importance of nonreductionist approaches
to studying disease pathogenesis and progression.

Nonalcoholic fatty liver disease (NAFLD) is a common
liver disorder that describes a wide range of chronic liver con-
ditions caused by steatosis, a process histologically character-
ized by abnormal lipid accumulation within hepatocytes. In a
small group of patients, it can progress to a potentially serious
condition called nonalcoholic steatohepatitis (NASH), which
occurs when lipid deposition is combined with sustained
inflammation, severe cell damage, and advanced fibrosis
ultimately leading to cirrhosis. Currently, effective therapeu-
tic options are not available, partly because understanding
of NASH pathogenesis remains limited. From the initial
“two-hit hypothesis” proposed by Day and Jamesto to the
current “multiple parallel hits hypothesis” articulated by
Tilg and Moschen, the prevailing line of thought has been
that NASH represents a multifaceted disorder that does not
mechanistically revolve around steatosis development solely.
Conceptually, an important question that has not yet been
conclusively answered is whether steatosis development pre-
cedes, coincides with, or even follows NASH development.
As N. Magee et al. emphasize in this special issue, NASH
is increasingly recognized as a complex interplay between
parenchymal cells and nonparenchymal cells. Early research
efforts have mainly focused on elucidating the genetic fac-
tors and molecular signals associated with lipid toxicity,
oxidative stress, and organelle dysfunction (e.g., endoplasmic
reticulum, mitochondria) in parenchymal hepatocytes that
were initially seen as the primary source of pathogenic
factors driving NAFLD/NASH development. More recently,
novel signaling pathways relevant to disease pathogenesis
have been uncovered in nonparenchymal cell populations
including immune cells and resident liver fibroblasts that play
critical roles in inflammation initiation/perpetuation and
scar tissue formation process associated with NAFLD pro-
gression to NASH, respectively. Innate/acquired immunity
mechanisms such as cytokine production/release, inflam-
masome activation, and gut dysbiosis are being recognized
as important factors that contribute to prolonging hepatic
steatosis and exacerbating inflammation in NASH. In addi-
tion, major signaling molecules such as Notch and sonic
Hedgehog that promote fibrosis progression in NASH have
been now identified as key regulators of activation of hepatic
stellate cells, a fibroblast population from which most of
injury-associated myofibroblasts originate in several chronic
liver disease settings. These recent developments shed a new

light on key molecular pathways underlying NAFLD/NASH
pathogenesis and will lead to the identification of novel
therapeutic targets and strategies for NASH condition.

Liver sinusoidal endothelial cells (LSEC) have recently
emerged as an important regulator of both progression and
regression of liver fibrosis. Liver endothelium is positioned
at the functional interface, receiving molecular cues from
ECM, nonparenchymal cells, hepatocytes, and blood, as
reviewed in depth by V. Natarajan et al. in this issue.
In the normal liver, quiescent fenestrated LSEC suppress
activation of hepatic stellate cells, losing such ability when
liver vasculature undergoes “capillarization” in chronically
injured liver. A recent study demonstrated that manipulation
of specific pathways selectively in LSEC might force the
liver to either regenerative (via chemokine receptor CXCR7)
or fibrotic responses (via chemokine receptor CXCR4 and
growth factor receptor FGFR1) to chronic liver injury, thereby
postulating the fundamental importance of liver vasculature
in chronic liver disease outcomes. Also, neovascularization
(angiogenesis) has been noted in chronic liver disease for
decades, although its important (and complex) role in liver
fibrosis has not been appreciated until recently. During pro-
gressive phase of chronic liver injury, suppression of angio-
genesis may impact liver fibrogenesis differently depending
on particular pathway. Thus, vascular endothelial growth
factor (VEGF) neutralization suppresses angiogenesis and
fibrosis in mice, but inhibition of neovascularization via
integrin 𝛼v𝛽3 antagonism may worsen fibrotic outcomes.
Contrarily, during recovery phase, VEGF is required for liver
repair and fibrosis resolution, reminiscent of dual, opposing
role of Cd11b+ macrophages during injury and repair.

Another article in this special issue will describe the reg-
ulation of liver myofibroblast functions by fibroblast growth
factor-associated signaling pathways and its functional rele-
vance in hepatic fibrosis progression.

In chronic liver diseases, liver myofibroblasts drive the
wound healing and tissue repair response, by releasing large
amounts of extracellularmatrix (e.g., collagens, glycosamino-
glycans). Several studies have shown that the perennial
cellular source of liver myofibroblasts during fibrosis is the
nonparenchymal hepatic stellate cell population. Following
injury, hepatic stellate cells (HSC) undergo several pheno-
typic changes including heightened contractility, increased
fibrogenic capacity, and enhanced sensitivity to inflamma-
tory, fibrogenic, and proliferative mediators. Among the
latter, the fibroblast growth factor (FGF) signaling pathway
has emerged as an important regulator of HSC-derived liver
myofibroblast functions. As J. D. Schumacher and G. L.
Guo review in this issue, various FGFs (FGF1, FGF2, FGF7,
FGF9, FGF15/FGF19, and FGF21 among others) and their
related receptors (FGFR1–4) are expressed by HSC-derived
liver myofibroblasts, in regulated fashion during the develop-
ment of liver fibrosis. Also, FGF molecules induce multiple
signal transduction cascades within liver myofibroblasts, to
control key cellular functions/processes such as activation
state, proliferative ability, and migratory capacity. Despite
potential functional redundancy resulting from pharmaco-
logical promiscuity (e.g., receptor-ligand binding affinity),
the central role played by FGFs and FGFRs activities in
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the regulation of liver myofibroblasts functions indicates
that these molecules may represent attractive therapeutic
candidates for the development of antifibrotic treatments.

The liver is a functionally complex organ, owing to both
its cellular diversity and its specialization. Hepatic fibrosis,
commonly defined as excessive deposition of ECM proteins
in the local microenvironment, is the scar forming process
triggered in response to chronic liver injury. Altogether, the
articles included in this special issue underlines the impor-
tance of liver functional complexity during the development
of hepatic fibrosis but also stresses the significance of dynamic
interactions existing between both cellular (parenchymal
and nonparenchymal cells) and noncellular (ECM proteins,
ECM-associated proteins, and ECM-modifying proteins)
components of the hepaticmicroenvironment during hepatic
fibrosis. A better understanding of the molecular mecha-
nisms underlying these cell-to-cell and cell-to-matrix inter-
actions will give new insights into the pathogenesis of liver
fibrosis.

Michel Fausther
Michele T. Pritchard

Yury V. Popov
Kim Bridle
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Liver fibrosis is a wound-healing response to chronic liver injury such as alcoholic/nonalcoholic fatty liver disease and viral hepatitis
with no FDA-approved treatments. Liver fibrosis results in a continual accumulation of extracellular matrix (ECM) proteins and
paves the way for replacement of parenchyma with nonfunctional scar tissue. The fibrotic condition results in drastic changes
in the local mechanical, chemical, and biological microenvironment of the tissue. Liver parenchyma is supported by an efficient
network of vasculature lined by liver sinusoidal endothelial cells (LSECs). These nonparenchymal cells are highly specialized
resident endothelial cell type with characteristic morphological and functional features. Alterations in LSECs phenotype including
lack of LSEC fenestration, capillarization, and formation of an organized basement membrane have been shown to precede fibrosis
and promote hepatic stellate cell activation. Here, we review the interplay of LSECs with the dynamic changes in the fibrotic liver
microenvironment such as matrix rigidity, altered ECM protein profile, and cell-cell interactions to provide insight into the pivotal
changes in LSEC physiology and the extent to which it mediates the progression of liver fibrosis. Establishing the molecular aspects
of LSECs in the light of fibrotic microenvironment is valuable towards development of novel therapeutic and diagnostic targets of
liver fibrosis.

1. Introduction

Liver Fibrosis is one of the leading causes of liver-relatedmor-
bidity and mortality in the United States with an estimated
health care cost of $103 billion per year ($1,613 per patient).
Hepatic fibrosis occurs in response to chronic liver injury
initiated by several factors including alcoholic/nonalcoholic
fatty liver disease and viral hepatitis [1–4]. Fibrosis is a
chronic condition which initiates a cascade of biochemi-
cal and biophysical changes in the liver microenvironment
causing necrosis and apoptosis of hepatocytes (highly spe-
cialized epithelial cells) and liver sinusoidal endothelial cells
(LSECs), through the release of inflammatory mediators and
profibrotic cytokines and activation of hepatic stellate cells.

Further exacerbation of this chronic wound-healing response
results in excess deposition and decreased turnover of extra-
cellular matrix (ECM) proteins (e.g., collagen).The increased
density of ECM results in increased matrix stiffness, and
recent studies demonstrate that this phenomenon correlates
and contributes to the progression of liver fibrosis [5–8].
Recent clinical reports and animal studies have revealed that
fibrosis could be reversible [9–13]. While fibrosis is reversible
in its initial stages, uninterrupted fibrosis may lead to cir-
rhosis. The exact point when fibrosis becomes irreversible
requires further investigation. Despite significant advances in
understanding hepatic fibrosis and defining targets for ther-
apy, there are no antifibrotic drugs yet approved for clinical
use in patients with advanced liver disease. The parenchymal
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Figure 1: Morphological changes in LSECs during liver fibrosis. Hepatocytes and liver sinusoidal endothelial cells are separated by the space
of Disse that contains minimal extracellular matrix (ECM) in a healthy liver. Quiescent hepatic stellate cells reside in the space of Disse. The
Kupffer cells undergo phenotypic change to become more inflammatory. The fenestrations on LSECs allow for solute transport. In a fibrotic
liver, the stellate cells are activated, a basement membrane is formed in the endothelium, and the LSECs are defenestrated.

and nonparenchymal cells in the liver microenvironment
play a unique role in the pathology of liver fibrosis. The
progression and regression of liver fibrosis rely on a complex
interplay between the hepatocytes, LSECs, stellate cells, and
Kupffer cells and the noncellular components of the fibrotic
microenvironment [14–20]. Understanding the cellular and
molecular mechanisms involved in fibrosis progression has a
number of clinical implications, including the development
of therapeutic interventions to impede or reverse hepatic
fibrosis, some of which are already available [1, 2, 21].

The high metabolic activity of the liver demands an
efficient vasculature in the organ. The intricate network of
capillaries of the liver is lined by liver sinusoidal endothe-
lial cells (LSECs), a specialized endothelial cell type that
is phenotypically different from vascular endothelial cells
[22]. LSECs are characterized by their unique morphological
characteristics such as lack of a basement membrane in the
endothelium and presence of open fenestrations [22]. These
fenestrations are clustered throughout the cytoplasm to form
dynamic sieve plates and facilitate the steric transport of cargo
from the lumen (sinusoidal space) to the space of Disse and
into the parenchyma [23]. The alterations in the diameter
and frequency of fenestrations on LSECs are correlated with
several liver injuries, toxins, and diseases and have impli-
cations in the loss of overall liver function [23, 24]. LSECs
also possess a characteristically high scavenger function for
a diverse array of macromolecules. These cells contain a
large number of endocytic vesicles that perform degradation
and recycling of macromolecular wastes from lumen such
as extracellular matrix breakdown, immune complexes, and
lysosomal enzymes [25]. Additionally, LSECs play an active
role in the immune regulation of the organ through bacterial
processing, leukocyte adhesion, and viral clearance [26–
28]. These cells also maintain the hemodynamics of liver
capillaries by actively responding to the varying intrahepatic
blood flow and pressure [29]. Additionally, the paracrine
signaling between LSECs and hepatocytes is crucial for the
functional maintenance of the parenchyma. Similar to the
functional importance of LSECs in a healthy liver, these cells
are recognized as early regulators in the progression of liver
fibrosis.

Liver injuries leading to fibrosis result in a drastic alter-
ation in the LSEC phenotype. The loss in fenestration and

the appearance of basement membrane in the space of Disse
are observed early in a fibrotic liver, a process referred to
as capillarization. DeLeve and co-workers demonstrated that
the capillarization of LSECs (loss in fenestrations) precedes
the onset of fibrosis and acts as a gatekeeper event for the
progression of liver fibrosis [30]. Several secretory changes
such as loss of endothelial nitric oxide synthase (eNOS)
activity and overexpression of endothelin-1 also accompany
fibrosis and mediate portal hypertension in the liver [31].
Additionally, capillarized LSECs contribute to the ECM
accumulation in the fibrotic liver in the form of collagen and
fibronectin synthesis. Fibrosis is also influenced by a reversal
of LSEC function from tolerogenic to proinflammatory and
immunogenic; this phenomenon contributes to both height-
ened inflammatorymilieu and altered intrahepatic immunity
[32, 33]. Changes in LSECs during liver fibrosis result in a
cascade of autocrine and paracrine responses and warrant
a systematic analysis of the role of LSECs in the fibrotic
microenvironment to further the research towards early
detection and therapy for liver fibrosis (Figure 1). Therefore,
it is crucial to understand the role of dynamic changes in
livermicroenvironment during liver fibrosis pertaining to the
subtle but pivotal changes in LSEC physiology, and the extent
to which it mediates the progression of liver fibrosis.

2. Mechanical Environment of the Fibrotic
Liver and LSECs

An excessive accumulation of ECM proteins and remodeling
is synonymous with liver fibrosis and results in a dramatic
change in the mechanical microenvironment, particularly in
the stiffness of the organ [34]. Increase in the liver stiffness is
currently the most clinically relevant diagnostic marker, and
several elastography-based techniques are utilized to corre-
late the severity of liver fibrosis with the organ stiffness value
[35–37]. Recent studies have highlighted the profound impact
of biophysical attributes of ECM, including dynamic changes
inmatrix stiffness, as a keymechanism ofmodulating hepatic
stellate cell activation and one of the contributors to fibrosis
disease progression [38–42]. Animal studies have shown that
increase in liver stiffness precedes the development of fibrosis
in an iterative carbon tetrachloride model of rat liver fibrosis
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[43]. Wells and co-workers have demonstrated that matrix
stiffness regulates the myofibroblastic differentiation of two
precursor populations, hepatic stellate cells and portal fibrob-
lasts [40]. Hepatic stellate cells cultured on stiff environment
(8–12 kPa) developed fibrosis-like features of myofibroblast
phenotype, including enhanced cell spreading, 𝛼-smooth-
muscle actin (𝛼SMA) expression, and stress fiber organiza-
tion. Recently, our group has demonstrated that physiological
ranges of matrix stiffness regulated primary hepatocyte mor-
phology. Hepatocytes cultured on soft (healthy) substrates
displayed a more differentiated and functional phenotype
for a longer duration as compared to stiff (fibrotic-like)
substrates [44]. Matrix stiffness was demonstrated to alter
hepatocytes function wherein hepatocytes on soft substrates
retained 2.7-fold higher cytochrome P450 (CYP) activity
on day 7 in culture, as compared to the control group on
standard tissue culture surface. In addition, we observed that
the epithelial cell phenotype was better maintained on soft
substrates as indicated by higher expression of hepatocyte
nuclear factor 4 alpha, cytokeratin 18, and connexin 32 [44].
Weaver and co-workers have demonstrated that fibrotic levels
of matrix stiffness significantly inhibit hepatocyte-specific
functions by inhibiting the HNF4𝛼 transcriptional network
mediated through the Rho/Rho-associated protein kinase
pathway [45]. These data suggest that early increase in liver
stiffness ismechanistically important in regulating individual
cellular responses to tissue injury. A majority of the current
work studying the role of tissue stiffness in pathogenesis of
hepatic fibrosis focuses on hepatic stellate cells. The effect of
varying mechanical cues on LSECs is particularly interesting;
however, this has not been extensively explored until recently.
Since the capillarization of LSECs is also an initial trigger for
fibrosis, establishing the correlation between the mechanical
cues and LSECs is of prime importance towards achieving an
early therapeutic intervention. This is an important question
because the mechanistic cause of liver failure in cirrhosis is
not fully understood and there is evidence that cells including
hepatocytes and LSECs from a cirrhotic liver may regain lost
function when exposed to a healthy liver microenvironment
[46, 47]. Understanding the effect of increased matrix stiff-
ness during the course of liver fibrosis on LSEC function
will provide more insight into the role of matrix rigidity as
a contributor to the disease progression.

Endothelial cell behavior is largely regulated by the
mechanical cue of shear stress dictated by flow of blood
through the lumen of blood vessels and capillaries [48]. In
case of liver microvasculature, despite the low flow rate of
blood, the narrow capillary diameter results in a significant
shear stress generation [49, 50]. The fenestrations are espe-
cially sensitive to shear stress in the lumen. Studies with
animalmodels have demonstrated that introduction of a high
perfusion pressure through the portal vein resulted in the
fusion and enlargement of the LSEC fenestrae, resulting in
an abnormal transport of chylomicrons to the parenchyma
[51]. Several studies have also attempted identification of
changes in the molecular signature change that accompanies
LSECs under abnormal shear stress. Employing an in vitro
culture model of LSECs with a microfluidic setup recreated
the shear stress of fluid flow and demonstrated that LSECs

cope with increasing shear stress in the microenvironment
by increasing nitric oxide (NO) synthesis [29]. In fibrotic
livers, the microvasculature remodeling results in increased
vascular resistance and consequent increase in shear stress
[52]. Rodent models of liver fibrosis have demonstrated
that LSECs had a significantly lower expression of NO and
nitric oxide synthase (NOS) [53]. DeLeve and co-workers
demonstrated that the NO signaling pathway regulates the
maintenance of LSEC differentiated phenotype indicating
that the autocrine production of NO by LSECs regulates
the VEGF mediated pathway [54]. LSECs in cirrhotic livers
with evident portal hypertension overexpress Kruppel-like
factor 2 (KLF2) to cope with the abnormal hemodynamics
of the liver [55]. In the liver, the transcription factor KLF2
is induced early during progression of cirrhosis to lessen
the development of vascular dysfunction; nevertheless, its
endogenous expression results are insufficient to attenuate
establishment of portal hypertension and aggravation of
cirrhosis [56, 57]. The important role of shear stress in
endothelial dysfunction and the effect of restoring the flow
rate on the LSEC function need further investigation. In an
attempt to investigate the phenotype restoration of LSECs,
Hwa et al. demonstrated that LSECs can be rendered func-
tionally stable when maintained in perfusion cultures with
laminar flow of media mimicking the shear stress condition
of a healthy liver [58]. In another study, Domansky and
co-workers retained the viability of LSECs for a prolonged
duration by maintaining a physiological flow rate in a biore-
actor [59]. LSECs cultured in perfused bioreactor retained
expression of the functional marker sinusoidal endothelial 1
(SE-1) and exogenous supportive endothelial growth factors
like vascular endothelial growth factor (VEGF) upto 13 days
after seeding. Furthermore, the retention of the endothelial
phenotype was observed to be dependent on the flow rate and
the oxygen concentration in the perfused multiwell.

The mechanical microenvironment, especially in the
form of tissue stiffness and stretching forces, is proven
to activate hepatic stellate cells and promote liver fibrosis
progression [40, 60]. Since the paracrine signaling between
activated stellate cells and LSECs is known to be instrumental
in the capillarization of LSECs, mechanical cues can also be
considered to have an indirect effect on LSECs [54]. Juin
and co-workers showed that increased ECM matrix rigidity
increased the number of podosomes (actin-rich structures
involved in motility and proteolysis) formed in LSECs sug-
gesting that the cells responded to mechanical stress and
underwent cytoskeletal remodeling [61]. Similarly, human
LSECs lose the fenestrations anddemonstrate increased stress
fiber formation when subjected to high stiffness microen-
vironment [62]. Also, we have demonstrated that matrix
stiffness regulates LSEC morphology and function eliciting
cell behavior akin to those observed in animal models of liver
fibrosis [63].Theunderstanding of the direct effects of various
mechanical forces such as stiffness, compression, shear stress,
and stretch on LSECs will contribute to elucidating the role of
LSECs in liver fibrosis and identification of therapeutic tar-
gets in the mechanotransduction pathways to effect reversal
of fibrosis.
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3. Extracellular Matrix of Fibrotic
Liver and LSECs

A healthy liver contains a significantly low amount of ECM
as compared to some other organs, constituting approx-
imately 3% of the liver area [64]. The most prominent
macromolecules of the healthy liver ECM are collagens of
types I, III, IV, and V, glycoproteins such as fibronectin,
laminin, and tenascin, glycosaminoglycans such as heparin,
chondroitin sulfate, and hyaluronic acid, and proteoglycans
such as perlecan and decorin [65, 66]. Healthy LSECs also
contribute to the ECM by producing a modest amount of
macromolecules such as collagen type IV and fibronectin
[67]. In the event of liver fibrosis, the quantity of ECM
increases many fold but, interestingly, the ECM composition
remains relatively unaltered.

In a healthy liver, the space of Disse has a low density
of ECM proteins which enables easy transport of cargo from
the blood vessel lumen to various liver cells thereby playing
a crucial role in the functional maintenance of the cells
[67]. The typical sparse basement membrane is made up of
collagen type IV and laminin but during early stages of liver
fibrosis, the space of Disse (perisinusoidal space) undergoes
changes both in terms of the residing cells and the ECM
composition. A network of fibrillar collagen combined with
excess collagen type IV and laminin increases and forms
a basement membrane, as witnessed in clinical studies and
animalmodels [68–71]. Studies suggest that once a substantial
basement membrane appears in the liver endothelium, the
changes in LSEC phenotype and fenestrations become virtu-
ally irreversible [72].

Recent studies have established that LSECs can be an
active contributor to the excessive ECM in the event of
liver fibrosis [18, 20, 73, 74]. Identification of the specific
ECM expressed by LSECs can be challenging since their
scavenging action of ECM fragments present in the lumen
results in ambiguity regarding the cellular source of the
protein. Several animal and clinical studies have identified
the specific contributions of LSECs towards the fibrotic ECM.
Maher and McGuire demonstrated that, after liver injury,
LSECs displayed an increase in the mRNA levels of collagen
type I [75]. Similarly, rodent studies by Neubauer et al.
showed that injured LSECs synthesized a higher amount of
collagen type IV [76]. Animal studies have also displayed that
LSECs can synthesize fibronectin, a necessary structural unit
of the liver ECM [77]. Apart from the typical structural/cell
adhesion role that is attributed to cellular fibronectin, LSECs
demonstrate a higher expression of the EIIIA fragment of
fibronectin which can play the role of an active bioligand
triggering the wound-healing response in the organ [78].

The excessive accumulation and the altered structural
aspects of ECM in a fibrotic liver affect the phenotype of
LSECs, directly and indirectly. The direct effect of the exces-
sive collagen type I was explored byMcGuire et al. where they
showed that presence of interstitial collagen fibers resulted
in the defenestration of LSECs [79]. Apart from the physical
barrier due to the basement membrane, the defenestration
of LSECs further compromises the ability for the exchange
of molecules between parenchyma and the lumen. Similarly,

Shakado et al. demonstrated that an increase in laminin
concentration of the culture substrate resulted in a loss in
endothelial pores [80]. Another interesting study by Sellaro et
al. showed that LSECs cultured on decellularized liver ECM
maintained a fenestrated phenotype for a prolonged period
when compared with decellularized ECM of other organs
[81].

The altered ECM during the progression of liver fibrosis
also results in changes in the profile of cell-matrix adhesion
molecules expressed by LSECs. Couvelard and co-workers
demonstrated that LSECs overexpress several integrins that
act as laminin receptors, including 𝛼

6
𝛽
1
and attributed this

to the increase in laminin in the space of Disse [82]. These
studies suggest the responsiveness of LSECs to the various
components of the ECM. With respect to indirect effects,
ECM acts as means for the attachment and storage of several
cytokines and growth factors that when activated can result in
changes in the LSECbehavior [83]. A variety of growth factors
such as TGF-𝛽, FGFs, TNF-𝛼, and PDGF are covalently or
noncovalently bound to the ECMmolecules of collagens and
fibronectin [84].

4. Cross-Talk between LSECs and the Liver
Parenchyma (Hepatocytes)

Communication between parenchyma of the liver and LSECs
is crucial in the healthy liver as well as in the progression of
liver fibrosis. Structural features of LSECs such as fenestra-
tions ensure regulated bidirectional transport of metabolites
and solutes between blood and parenchyma. Loss of fenes-
tration has implications in the functional loss in hepatocytes
and development of secondary metabolic diseases such as
atherosclerosis. Altered fenestration dimensions result in
irregular transport of chylomicrons and access to hepatocytes
thereby altering the lipid metabolism, and higher release of
cholesterol by these cells [85].

The signaling pathway underlying the cross-talk between
hepatocytes and LSECs has recently received significant
attention. LSECs regulate the functional maintenance and
regeneration of hepatocytes through paracrine action of
angiogenic trophogens such as hepatic growth factors (HGF)
and Wnt2; LSECs regulate the functional maintenance and
regeneration of hepatocytes [86]. This phenomenon was
further corroborated by Yamane et al., wherein the paracrine
nature of LSEC and hepatocyte communication mediated by
VEGF-Flt receptor family on LSECs and HGF-Met receptor
groups on hepatocytes were validated [87].

Recent studies have garnered attention to exosomes as
a potential means of transfer of macromolecules between
different cell types. Exosomes are vesicular structures of
less than 100 nm diameter that are taken up by cells in a
nonreceptor mediated manner. Microparticles released by
LSECs in cirrhotic patients were shown to contain signaling
molecules that regulate hepatocyte behavior [88]. Another
study demonstrates that hepatocytes subjected to lipotoxicity
released exosomes that are rich inVNN1 and the presentation
of VNN1 on the exosome surface results in uptake by
endothelial cells making them proangiogenic in phenotype
[89].
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5. Cross-Talk between LSECs and the Liver
Nonparenchymal Cells

One of the primary pathophysiological responses to LSEC
injury is the early activation of hepatic stellate cells (HSCs)
that constitute the most fibrogenic cellular species of the
liver. These activated HSCs exhibit the phenotypic traits of
higher contractility and proliferation, secrete high amounts
of collagen type I and TGF-𝛽, possess a higher expression of
𝛼-SMA, and lose the retinoid storage function [90]. Multiple
cytokines have been implicated in triggering the activation
of HSCs and several of them are released by injured LSECs.
Capillarized LSECs secrete fibronectin EIIIA which activate
HSCs [78]. Similarly, a decrease in the KLF-2 factor in LSECs
results in HSC activation and in vitro studies show that
overexpressing KLF-2, on the other hand, can restore the
quiescent phenotype of HSCs [57]. The multifaceted role of
TGF-𝛽 as a key mediator of fibrosis is well established [60].
LSECs play a crucial role in activation of TGF-𝛽1 through
plasmin which in turn activates HSCs [91]. Similarly, PDGF
also mediates the activation of HSCs in a paracrine (LSECs
secrete PDGF) and autocrine manner.

Communication between LSECs and HSCs is vital for
the functional maintenance of LSECs as well [91]. Similar
to hepatocytes, quiescent HSCs also have been reported to
secrete VEGF that plays a crucial role in the maintenance
of fenestrations in LSECs in both a NO-dependent and
NO-independent manner [92]. Activated HSCs were shown
to release microparticles loaded with Hedgehog signaling
molecules that interact with LSECs and alter their gene
expression profile [93]. Similarly, exosomes from endothelial
cells that contained sphingosine kinase 1 (SK1) and demon-
strated fibronectin expression were shown to regulate the
activation of HSCs [94].

Kupffer cells are the macrophages of the liver and play a
crucial role scavenging foreign materials that end up in the
portal circulation [95].They are also responsible for the initia-
tion of inflammation by releasing active cytokines and reac-
tive oxygen species as a response to hepatotoxin mediated
injury to hepatocytes or biliary epithelial cells. In a fibrotic
liver, Kupffer cells overexpress platelet derived growth factor
(PDGF) which acts as the primary mitogen for activated stel-
late cells, hence indirectly driving forth fibrogenesis [96, 97].
In the specific case of alcohol mediated injury, the Kupffer
cells get activated and produce TNF-𝛼 that evokes parenchy-
mal stress response [98]. Despite advances in isolating their
role in liver disease progression, the cross-talk between
Kupffer cells and LSECs remains largely unexplored. In a
rodent model with liver injury due to sepsis, Hutchins et
al. demonstrated that the interaction between PD-1 express-
ing Kupffer cells and PD-L1 expressing LSECs resulted in
endothelial dysfunction [99]. Similarly, Arii and Imamura
demonstrated that blocking the signaling from Kupffer cells
in cold-preserved liver resulted in restoration of LSEC phe-
notype. The study also demonstrates that an increase in
ICAM-1 expression on LSECs is regulated by secretion of
TNF-𝛼 by Kupffer cells [100]. In an attempt to establish the
communication between Kupffer cells and LSECs, an in vitro
study by Ford et al. demonstrated that in a fibrotic model,

cross-talk between LSECs and Kupffer cells resulted in a loss
of fenestrations and increase in CD31 expression [62].

6. Therapeutic Interventions Targeting LSECs
and Vasculature for Liver Disease

Restoration of LSEC phenotype could present a potential
route for promoting the regression of fibrosis. Recent studies
further our understanding of the role of LSECs in directly
mediating fibrosis resolution. Decreasing the excessive col-
lagen in a fibrotic liver through MMPs and TIMPs has
been of interest for a while now but a study by Malovic
et al. demonstrated that LSECs possess mannose receptors
that rapidly endocytose denatured collagen 𝛼 chains from
blood [101]. Enhancing the LSEC mediated removal of col-
lagen fragments could be a potential target for therapeutic
purposes. The role of VEGF has been controversial due
to the conflicting nature of several studies. In an effort to
hinder angiogenesis in the fibrotic livers, Fernandez et al.
have demonstrated the importance of inhibiting the signaling
pathways of VEGF and PDGF in order to decrease the
expression of CD31 and VEGFR-2 in the endothelium [102].
On the other hand, fibrosis resolution and maintenance
of fenestration in LSECs have been achieved in rodent
models through VEGF mediated pathway [103, 104]. Nitric
oxide synthase (NOS) synthesized by LSECs is an important
target for fibrosis resolution owing to the regulatory role
it plays in portal hemodynamics. Decreased levels of NO
are due to downregulation in the expression of eNOS in
LSECs subjected to capillarization and the restoration of
eNOS could have therapeutic implications [105]. Dill et al.
showed that disruption of Notch1 signaling results in vascular
remodeling of the liver and the intact signaling ensures the
highly differentiated phenotype of LSECs is maintained, thus
indicating the potential as an antiangiogenesis target for liver
fibrosis [106].

Several experimental drugs have surfaced over the last
decade that could potentially treat fibrosis by targeting the
vascular function of the organ. Treatment of cirrhotic rats
with tetrahydrobiopterin, an essential cofactor for the syn-
thesis of NO, demonstrates a marked improvement in portal
hypertension [107]. Another study combating the oxidative
stress of the fibrotic liver demonstrated that administration
of ascorbic acid in cirrhotic patients resulted in an increased
bioavailability of NO, thereby resulting in a moderate alle-
viation of endothelial dysfunction [108]. Increasing super-
oxide population in the fibrotic livers of rodent models was
treated with Tempol, a small superoxide dismutase (SOD)
mimic, which resulted in the restoration of normal portal
pressure [109]. In another multitargeted approach, Sunitinib
administration to cirrhotic rats resulted in a decrease in hep-
atic vascular density and portal pressure [110]. Antifibrosis
applications of statins in a study by Marrone et al. showed
that statins can directly target LSECs in a fibrotic liver by
triggering an upregulation of KLF2 expression, where KLF2
acts as a vasoprotective molecule of the liver endothelium
[57].
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7. Conclusions

Unchecked fibrosis of the liver results in a continual accumu-
lation of ECM proteins and paves the way for replacement
of parenchyma with nonfunctional scar tissue. The persis-
tence of fibrotic state in the liver determines the severity
of numerous challenges with respect to achieving complete
restoration of liver health and some of these are reversal
of vascular remodeling, excessive crosslinking between the
collagen fibers, and loss in parenchyma [111]. Since pheno-
typic alteration in LSECs phenotype is one of the earliest
events of fibrogenesis, investigating the molecular aspect of
LSECs in the context of liver fibrosis progression will prove
to be valuable towards early detection and a consequent early
intervention of liver fibrosis.
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Autosomal recessive polycystic kidney disease (ARPKD) is a severe monogenic disorder that occurs due to mutations in the
PKHD1 gene. Congenital hepatic fibrosis (CHF) associated with ARPKD is characterized by the presence of hepatic cysts derived
from dilated bile ducts and a robust, pericystic fibrosis. Cyst growth, due to cyst wall epithelial cell hyperproliferation and fluid
secretion, is thought to be the driving force behind disease progression. Liver fibrosis is a wound healing response in which
collagen accumulates in the liver due to an imbalance between extracellular matrix synthesis and degradation. Whereas both
hyperproliferation and pericystic fibrosis are hallmarks of CHF/ARPKD, whether or not these two processes influence one another
remains unclear. Additionally, recent studies demonstrate that inflammation is a common feature of CHF/ARPKD. Therefore, we
propose a “pathogenic triumvirate” consisting of hyperproliferation of cyst wall growth, pericystic fibrosis, and inflammationwhich
drives CHF/ARPKD progression. This review will summarize what is known regarding the mechanisms of cyst growth, fibrosis,
and inflammation in CHF/ARPKD. Further, we will discuss the potential advantage of identifying a core pathogenic feature in
CHF/ARPKD to aid in the development of novel therapeutic approaches. If a core pathogenic feature does not exist, then developing
multimodality therapeutic approaches to target each member of the “pathogenic triumvirate” individually may be a better strategy
to manage this debilitating disease.

1. Introduction

Autosomal recessive polycystic kidney disease (ARPKD) is
a rare genetic disorder that occurs in 1 : 20,000 live births. It
develops in utero and is mainly diagnosed in pregnancy or in
the immediate neonatal period. Among all affected patients,
approximately 30% die shortly after birth, primarily of pul-
monary insufficiency [1]. Patients who survive the neonatal
period present with a broad spectrum of symptoms involving
the kidneys, liver, and pancreas. Renal manifestations are
characterized by the presence of cysts that are derived from
dilated collecting ducts and distal tubules [2, 3]. A significant
portion of patients will progress to end stage renal disease
either during the first decade or during adolescence [4].
A minority of patients develop pancreatic abnormalities
consisting of cysts and fibrosis [5, 6]. All patients with
ARPKD develop some degree of congenital hepatic fibrosis
(CHF), which, as the name would suggest, is present at

birth. CHF is characterized by bile duct dilation resulting in
eventual development of cysts and pericystic fibrosis in the
liver [7, 8]. Accompanying cyst growth and fibrosis, recent
reports suggest that inflammation is also present and likely
contributes to disease pathogenesis and/or progression [9–
12]. Aside from management of symptoms and liver and/or
kidney transplant, no effective pharmacologic therapies exist
for CHF/ARPKD [13].

Although CHF is most commonly thought to be asso-
ciated with ARPKD, there are several cases reported in
autosomal dominant polycystic kidney disease (ADPKD).
The patients with ADPKD showed hepatic cysts and fibrosis
at birth, which is consistent with symptoms described in
CHF/ARPKD [14]. Other ciliopathies in which CHF is
found include Meckel-Gruber syndrome [15], renal-hepatic-
pancreatic dysplasia (an autosomal recessive disorder with
renal dysplasia and pancreatic fibrosis) [16], and COACH
syndrome (a subset of Joubert Syndrome Related Disorders,
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Table 1: Current rodent models of ARPKD.

Model Species Liver phenotype Kidney phenotype Other phenotypes Reference
PCK Rat Cysts and fibrosis Cysts Pancreatic cysts [29]
BALB/c-cpk/cpk Mouse Cysts and fibrosis Cysts Pancreatic cysts and fibrosis [33]
C57BL/6J-cpk/cpk Mouse No liver disease Cysts None [34]
Pkhd1del2/del2 Mouse Cysts and fibrosis Cysts in female Pancreatic cysts [35]
Pkhd1LSL(−)/LSL(−) Mouse Cysts and fibrosis Cysts in female Unknown [36]
Pkhd1exon40 Mouse Cysts and fibrosis No kidney disease Portal hypertension [37]
Pkhd1lacZ/lacZ Mouse Cysts and fibrosis Cysts Pancreatic and gall bladder cysts [5]
Pkhd1del4/del4 Mouse Cysts and fibrosis No kidney disease Pancreatic cysts, splenomegaly [38]

an autosomal recessive multisystemic disorder with cerebel-
lar vermis hyperplasia, ataxia, and mental retardation) [17].

2. Gene Defects in ARPKD

CHF/ARPKD is caused by mutations in the PKHD1 gene.
PKHD1 extends over 470 kb, includes a minimum of 86
exons, and encodes a 4,074-amino-acid protein called fibro-
cystin/polyductin. Fibrocystin is predicted to be a receptor-
like protein that consists of a large glycosylated extracellular
region, a single transmembrane domain, and a short cytoplas-
mic tail [18, 19]. Fibrocystin is expressed in the primary cilia
of epithelial cells. Immunohistochemistry studies suggest that
fibrocystin is located in renal collecting ducts and loops of
Henle, pancreatic epithelial ducts, and hepatic biliary ducts
[20]. Different mutations in PKHD1 have been described
in human ARPKD patients, including missense mutations,
deletion/insertionmutations, and splicingmutations. Among
all types of mutations found in PKHD1, about 45% of them
are predicted to truncate fibrocystin [21]. Disease in patients
carrying two truncating mutations is usually more severe,
whereas patients bearingmissensemutations exhibit amilder
phenotype [22].

3. Current Therapies for ARPKD

There is currently no pharmacologic cure for CHF/ARPKD.
Treatment mainly focuses on management of symptoms
and includes therapies for cardiac hypertension, chronic
liver/kidney disease, cholangitis, and portal hypertension
[23]. Hypertension associated with chronic kidney disease
occurs at the early stage of disease and is regulated by
the renin-angiotensin system (RAS) [24]. Hypertension
in ARPKD is treated empirically. Angiotensin converting
enzyme (ACE) inhibitors and angiotensin II receptor block-
ers (ARBs) are considered the main treatment options in
ARPKD patients [8, 25]. If kidney failure occurs, patients
undergo dialysis or kidney transplantation. CHF/ARPKD
can be accompanied by recurrent cholangitis and cholangio-
carcinoma. Although the occurrence of recurrent cholangitis
and cholangiocarcinoma is relatively rare, liver transplan-
tation is indicated to decrease mortality [26, 27]. Other
therapeutic strategies include targeting components of the
cAMP signaling pathway since cAMP levels are increased
in cyst wall epithelial cells (CWECs) and drive CWEC
proliferation. Octreotide and pasireotide, two somatostatin

analogs, decrease proliferation of PCK rat CWEC in vitro
and inhibit hepatorenal cyst growth in PCK rats in vivo by
reducing cAMP levels. Consistently, clinical trials in patients
with polycystic liver disease (PLD) and ADPKD showed that
octreotide or lanreotide is well tolerated and decreases total
liver volume by 4%–6% [13].

4. Animal Models of ARPKD

A number of rodent models of human ARPKD exist to
study the mechanisms of disease and to test therapeutic
strategies (Table 1). One of the best-characterized models
is the polycystic kidney (PCK) rat, derived from Sprague-
Dawley (SD) rats at Charles River, Inc. [28]. The PCK rat
carries a spontaneous splicingmutation, IVS35-2A→T, in the
rat Pkhd1 gene [19]. PCK rats bear hepatic and renal cysts
and associated fibrosis, similar to human ARPKD [29]. The
lifespan of a PCK rats is about 1.5 years, and they develop
numerous cysts in kidneys and liver by one year of age [30].
Inmice, the congenital polycystic kidney (cpk)mousemimics
humanARPKD.Thismouse harbors a spontaneousmutation
in cpk gene, the gene that encodes a 145-amino-acid protein
termed cystin. Cystin is mainly located in the axoneme of
the primary cilia found in the kidney proximal tubules and
collecting ducts and in the cholangiocytes found in the liver
[31, 32]. cpk mice, on the BALB/c background, exhibit both
renal and extrarenal manifestations associated with cystin
mutations [33]. When on a C57Bl/6J background, cpk mice
do not have extrarenal pathology [34], limiting the utility of
this model for those interested in studying CHF/ARPKD. In
addition, 𝑃𝑘ℎ𝑑1del2/del2 mouse model, which lacks exon 2 of
the mouse Pkhd1 gene, also reproduces the human ARPKD
pathology. Femalemice develop dilation of the renal proximal
tubule and cysts by 3 months of age, whereas male mice
are protected from renal cysts. Both genders develop hepatic
cysts and fibrosis by 3 months as a result of biliary ductal
plate malformation [35]. Another widely accepted murine
model with Pkhd1 mutation was generated by Christopher
Ward and colleagues. In this model, the Pkhd1 gene was
transcriptionally silenced by inserting a loxP flanked STOP
(LSL) cassette into intron-2. 𝑃𝑘ℎ𝑑1LSL(−)/LSL(−) mice, both
male and female, develop liver cysts and fibrosis at 3 months
of age [36]. In addition, by disrupting exon 40, homozygous
Pkhd1mutantmice exhibit severe hepatic cysts and pericystic
fibrosis in neonates due to biliary malformation in the
embryo. However, the morphology and function in kidneys
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are not affected [37]. Another well-described murine model
is the homozygous 𝑃𝑘ℎ𝑑1𝑙𝑎𝑐𝑍/𝑙𝑎𝑐𝑍 mice. They are widely
accepted as an ARPKD mouse model due to the presence
of both hepatic and renal manifestations [5]. 𝑃𝑘ℎ𝑑1𝑑𝑒𝑙4/𝑑𝑒𝑙4
mouse is described predominantly as a model for CHF, since
the kidneys are unaffected by the mutation [38]. Among all
rodent models for ARPKD, the PCK rat is one of the few
commercially available models to date, and the phenotypic
resemblance to human ARPKD makes it an incredibly valu-
able resource for CHF/ARPKD researchers.

5. Mechanisms of Cystogenesis in ARPKD

Although the mechanisms of cystogenesis are not well char-
acterized in human ARPKD, a study using PCK rats sug-
gested a possible link between cystogenesis and ciliary dys-
function [39]. Primary cilia, microtubule-based organelles,
extend from the surface of eukaryotic cells. Primary cilia are
nonmotile cilia containing a “9+0” axoneme, and function
as mechano-, osmo-, and chemosensors that deliver signals
from the extracellular environment into the cell [40]. The
abnormal primary cilia in PCK rat cholangiocytes may
compromise their sensory organelle function in response to
fluid secretion or fluid flow. Recent research suggests that
primary cilia are also important components of multiple
signaling pathways such as the hedgehog and PDGF-A
signaling pathways [41, 42].

Hepatic cyst development in human ARPKD patient is
characterized by abnormal remodeling of ductal plate from
the double cell layer. Clinical manifestations include dilated
bile ducts, an increased number of bile ducts, and abnormal
branching [8]. Whether the hepatic cysts are disconnected
from the biliary as they grow remains to be studied although
it is the case in ADPKD patients [43]. Cyst development in
PCK rat liver has been well-described by Dr. La Russo’s group
[13, 44, 45]. They found that (1) hepatic cysts are derived
from bile duct segments due to ductal plate malformation
during development and (2) most cysts become isolated
from biliary tree by 6 months of age [39]. Along with cyst
formation, the mechanisms of cyst expansion are proposed
to be the result of the following: (1) cholangiocyte hyperpro-
liferation, (2) cell-matrix interactions, and (3) fluid secretion
[46]. Many factors can regulate these processes through
different signaling pathways and are briefly described
below.

(1) Intracellular cyclic adenosine monophosphate
(cAMP) is likely the major driver of hepatic cyst growth [13].
In addition, cAMP levels are elevated in PCK rat cholangio-
cytes as compared to cholangiocytes from control, SD rats.
Octreotide, a somatostatin analog, reduces hepatic and renal
cyst expansion in PCK rats by decreasing cAMP levels [47].
Another factor that contributes to CWEC proliferation is low
intracellular [Ca2+], which is reduced in CWECs from PCK
rat livers [48]. Activation of Trpv4, a calcium-permeable
cation channel expressed in normal cholangiocytes, increases
intracellular calcium levels and suppresses proliferation of
cholangiocytes isolated fromPCK rats in vitro [46]. Although
the mechanisms of cyst growth have been well-described,
whether targeting cAMP or intracellular [Ca2+] will prevent

disease progression in humans is inconsistent [13]. (2)
Remodeling of extracellular matrix includes alteration of
extracellular matrix composition, basement membrane
thickness, and the activities of matrix metalloproteases
(MMPs) and their inhibitors, all of which can lead to cyst
expansion [49]. (3) In ARPKD, little is known about how
fluid secretion impacts hepatic cyst expansion. Previous
data suggest that cystic epithelia can respond to secretin and
secrete fluid through activating cAMP-dependent signaling
pathway [50, 51].

In contrast to the origin of cyst development in liver, renal
cysts inARPKDare commonly described as dilated collecting
ducts [52]. In contrast to what is observed in ADPKD,
dilated collecting ducts and distal tubules lined with cuboidal
or columnar epithelia remain connected to the urinary
system [53]. It remains unclear in ARPKD whether or not
cysts with squamous epithelia cells detach from the tubular
segment from which they are derived [54]. Cyst formation
and expansion are associated with increased proliferation of
renal epithelial cells [55] and altered fluid secretion [56].
Recent data suggest that cAMP induces renal epithelial cell
proliferation and promotes cyst growth by activating PKA/B-
Raf/MAPK pathways in CWECs from ARPKD patients [57].
Similarly, renal epithelial cells also exhibit a lower level of
intracellular [Ca2+] and sustained reduction of intracellular
[Ca2+] in normal cells induces a cAMP-growth stimulated
phenotype [57]. In addition, an increased level of epidermal
growth factor (EGF) receptor is demonstrated in renal cyst
fluid, which is consistent with an overexpression of EGF
receptor (EGFR) mRNA and protein in renal epithelia in
cpk mice [58]. The administration of EGFR tyrosine kinase
inhibitor does not protect PCK rats from developing renal
cysts, possibly due to an increased level of cAMP after
treatment [59].

6. Mechanisms of Fibrosis in ARPKD

Liver fibrosis results from chronic liver injury in conjunction
with the accumulation of extracellularmatrix (ECM)proteins
synthesized by myofibroblasts (MFB). In the liver, the major
cell types that contribute to MFB formation are hepatic
stellate cells (HSCs) and portal fibroblasts (PFs). Residing
in the space of Disse, HSCs are the principal cell type
responsible for collagen synthesis in response to liver injury
or changes in ECM stiffness [60]. HSCs are also activated
by various mediators released from Kupffer cells, the liver-
resident macrophage population, and include transforming
growth factor-beta (TGF-𝛽) and tumor necrosis factor-alpha
(TNF-𝛼) [61]. In addition, produced by multiple cells types
in liver, connective tissue growth factor (CTGF) promotes
the activation of HSCs [62]. When HSCs are activated, they
convert from quiescent cells into proliferative, fibrogenic,
and contractile MFB and release a variety of inflamma-
tory chemoattractants such as monocyte chemoattractant
protein-1 (MCP-1) to recruit monocytes to the liver [63].
PFs are found in the portal tract area and play a pre-
dominant role in biliary fibrosis [64]. Although both cell
types express alpha smooth muscle actin (𝛼SMA) upon
activation, research suggests that the MFB population that



4 BioMed Research International

contributes to CHF/ARPKD is likely derived from PFs [65].
Similar to HSCs, TGF-𝛽 and CTGF are involved in the
activation of PFs [66–68]. By contrast, TNF-𝛼 does not seem
important for PF activation or fibrogenic potential [64]. In
addition to their role in biliary fibrosis, activated portal
MFB regulate cholangiocyte proliferation through activating
P2Y receptors on bile duct epithelia [69]. Following the
activation of HSCs or PFs to MFB, two major events occur
which promote fibrogenesis. First, activated MFB directly
increase the synthesis and deposition of ECM proteins.
Second, theMFB proliferate and amplify the fibrotic response
[70].

Matrix degradation is an importantmechanism to reverse
fibrosis or cirrhosis and can restore normal liver architec-
ture. Two kinds of matrix degradation mechanisms exist:
“pathologic matrix degradation” that disrupts low density
matrix and “restorative matrix degradation” that degrades
excess scar [71]. Matrix remodeling is carried out through a
fine balance between activities of MMPs and their inhibitors.
MMPs are a family of enzymes secreted as proenzymes and
are activated by proteolytic cleavage. They play a pivotal
role in the regression of liver fibrosis by degrading ECM
and inducing MFB apoptosis. Expression of tissue inhibitors
of metalloproteinase 1 (TIMP-1) promotes fibrosis, first, by
inhibiting MMP activity, and, second, by inhibiting MFB
apoptosis [72].

The connection between cyst growth and fibrosis in
CHF/ARPKD is thus far unclear. Cystogenesismay be the ini-
tial event that disrupts normal ECM remodeling and induces
fibrogenesis. This hypothesis is supported by the fact that
HSCs and PFs are activated and differentiate into MFB when
microenvironmental stiffness increases [66, 73]; enlarging
cysts may promote this increase in mechanical stiffness and
facilitate PF and HSC activation. Recent evidence suggests
that bile duct epithelia directly regulate PF proliferation
and PF transdifferentiation to MFB via release of MCP-1
[74]. These data indicate that release of MCP-1 is likely an
additional link between cyst growth and fibrosis.

Compared to what has been established regarding devel-
opment of hepatic fibrosis, little is known about renal fibrosis
regarding the mechanisms and consequences in ARPKD.
Although the patients exhibit very different renal symptoms,
they always develop some degree of interstitial fibrosis
accompanied with renal cysts [75]. In PCK rats, the renal
interstitial fibrosis is not evident until 70 days of age, and the
renal disease is more severe in males than in females [29].

7. Mechanisms of Inflammation in ARPKD

In addition to cyst growth and fibrosis, inflammation is
another pathological feature of CHF/ARPKD. Although
inflammation in the liver has not been well studied as that
in the kidney, immune cells such as mast cells (MC) are
found accumulated in the pericystic areas in livers of human
CHF/ARPKD patients [76]. Consistently, we have observed
pericystic MC infiltration in PCK rats (data not shown).
Inhibition of MC degranulation and histamine release with
cromolyn sodium, a MC stabilizer, decreases cholangio-
cyte proliferation in bile duct ligation-induced cholestasis

[77], suggesting MC may also contribute to cholangiocyte-
derived, CWEC proliferation. Moreover, upregulation of
genes involved in innate immune responses, including acti-
vated complement protein 3 (C3a) and theMCP-1 receptor, is
detected in cpkmice [78]. Taken together, these data suggest
that activation of innate immune effector cells and associated
proteins contributes to progression of PKD in general as well
as in CHF/ARPKD.

Although PKD is not primarily considered an inflamma-
tory disorder, accumulating evidence suggests that inflamma-
tion occurs in the early stage of the disease andmay also drive
disease progression. For example, macrophage infiltration is
found in the renal interstitium in human ADPKD patients
with kidney failure [79]. Activated macrophages stimulate
vascular endothelial cell proliferation in vitro [80]. Further,
TNF-𝛼, an inflammatory cytokine, is present in renal cyst
fluid of human ADPKD and induces renal cyst formation
through regulating polycystin-2 [81]. In ARPKD, M2-like
macrophages are present in kidneys of patients and in cpk
mice [82], supporting a role of macrophages in the progres-
sion of ARPKD.Work fromothers has found increasedMCP-
1 in kidneys [83] from PCK rats. Consistent with a role for
MCP-1 and macrophage infiltration in progression in PKD,
inhibition of MCP-1 synthesis with bindarit reduces renal
inflammation and renal dysfunction but did not attenuate
cyst growth [83]. Whether or not MCP-1 depletion affected
hepatic inflammation, cyst growth, or fibrosis was not evalu-
ated in this study.

We characterized hepatic cyst development in PCK rats
by calculating liver/body weight ratio (%) and quantifying
cyst number, compared to SD rats frompostnatal days (PND)
0 to 90 (Figure 1). Consistent with the work of others [29], our
data suggest that PCK rats had increased liver/body weight
ratios (Figure 1(a)) which was paralleled by an increase in
the number of cysts from PND 10 onward (Figure 1(b)).
Consistently, a positive correlation exists between liverweight
and cyst number, further supporting a relationship between
these disease-related parameters (Figure 1(c)). To character-
ize CWEC proliferation, we performed immunohistochem-
ical staining for proliferating cell nuclear antigen (PCNA),
a nuclear protein expressed in G1-M phase [84], in SD and
PCK rat liver. In PCK rat liver, PCNA was strongly expressed
in CWECs compared to limited PCNA-positive staining
in cholangiocytes in SD rat liver (Figure 2(a)). Additional
studies suggest that pericystic fibrosis occurs in parallel with
biliary dysgenesis in PCK rats [29, 39]. By using picrosirius
red staining to localize ECM, we found an increased level
of fibrillar collagen deposition in PCK rat liver compared to
that observed in SD rats (Figure 2(b)). In addition to cyst
growth and pericystic fibrosis in PCK rat liver, we recently
measured hepaticMCP-1 transcript levels in SD and PCK rats
as a surrogate marker of hepatic inflammation and driver of
fibrosis. The expression of MCP-1 was elevated in PCK rat
liver compared to SD rats at PND 5, 10, 20, and 30, which is
consistent with the work showing that MCP-1 is upregulated
in PCK rat kidney [83]. While further studies are required,
these data suggest that increased inflammation, perhaps
mediated by macrophages or PFs, is a potent contributor to
CHF/ARPKD progression.
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Figure 1: Characterization of hepatic cyst growth in PCK rats. (a) Liver/body weight ratio (as a percent of body weight) in Sprague-Dawley
(SD) and polycystic kidney (PCK) rats was calculated from postnatal day (PND) 0 to PND 90. ∗, significantly different than SD rats at the
indicated time point (𝑝 < 0.05). (b) Cyst number was quantified in 200x, hematoxylin and eosin-stained images from PCK rats between
PND 0 and PND 90. ∗, significantly different than PND 0 (𝑝 < 0.05). (c) Pearson correlation of the relationship between liver weight and
cyst number in PCK rats from PND 0 to PND 90. In all cases, 𝑛 = 2–4 rats per genotype per time point.

8. (Pathogenic Triumvirate) in
CHF/ARPKD: Insights into the
Development of New Therapies

Althoughmutations in the human PKHD1 gene, ormutations
in PKHD1 orthologs in rats and mice, are required for

development of CHF/ARPKD, other factors are also involved
in disease progression. It is from a review of the published
literature summarized in this paper that we propose a
“pathogenic triumvirate” in CHF/ARPKD which includes
three factors, cyst growth, fibrosis, and inflammation, as
mediators which contribute to disease progression (Figure 3).
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Figure 2: Cyst wall epithelial cell proliferation, fibrosis, and inflammation in PCK rats. (a) Hyperproliferation of cystic epithelia in polycystic
kidney (PCK) rats. Hepatic PCNA content was assessed in Sprague-Dawley (SD) rats and PCK rats by immunohistochemistry. Images were
taken at 400x magnification. Arrows indicate PCNA-positive cyst wall epithelial cells (CWECs) and asterisks indicate hepatic cysts. (b)
Pericystic fibrosis in PCK rats. Extracellular matrix was localized in livers from SD and PCK rats by picrosirius red staining. Images were
taken at 100x magnification. A scale bar (100 𝜇M) is included in each image. PV = portal vein, CV = central vein, and asterisks = cysts (some,
but not all are indicated). (c) Inflammation in PCK rats. Monocyte chemoattractant protein-1 (MCP-1) transcripts in SD (blue circles) and
PCK (red squares) rats frompostnatal days (PND) 0 to 90weremeasured in liver using real-time PCR as a surrogatemarker for inflammation.
The data are expressed as fold change over control (SD) at PND 0. All images are representative of 𝑛 = 2–4 rats at each time point and data
are graphed as means plus standard error of the mean. ∗𝑝 < 0.05 between SD and PCK rats at the time points indicated.

Despite recent advances in our understanding of what con-
tributes to the pathology of CHF/ARPKD, less is known
about themolecularmechanisms regulating cyst growth, pro-
gression of fibrosis, and how inflammation contributes to
these interrelated processes. Furthermore, whether or not a
common mechanism drives members of the “pathogenic tri-
umvirate” is also not known. We propose that leveraging
what we do know about the CHF/ARPKD pathogenesis in
the context of the pathogenic triumvirate will lead the way to
new research and, possibly, new therapies for this disease. For
example, finding a central mechanism that regulates all three
components would be an attractive target for the develop-
ment of new pharmacologic approaches to manage CHF/
ARPKD. Alternatively, if a common mechanism does not
exist, therapeutically targeting each member of the triumvi-
rate concurrently may be a favorable approach.

9. Summary and Conclusions

CHF/ARPKD is a genetic disease, but many factors con-
tribute to its pathology and progression. Cyst growth is
mainly regulated by cAMP and intracellular [Ca2+] through
stimulating cholangiocyte proliferation and fluid secretion.
While these signals are clearly important in CHF/ARPKD,
additionalmolecules and pathways which drive cell prolifera-
tion in cystic disease are being discovered and require further
exploration. Development of hepatic fibrosis depends on
the balance between ECM synthesis and degradation. Much
research is needed not only to understand the role of the
ECM in disease progression but also to define which cells are
responsible for development of fibrosis in the first place (e.g.,
HSCs, PFs). Even less is known regarding the role inflam-
mation plays in CHF/ARPKD. Future research should focus
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Figure 3: A “pathogenic triumvirate” in congenital hepatic fibrosis
(CHF) in autosomal recessive polycystic kidney disease (ARPKD).
Published data suggest that cyst growth, fibrosis, and inflamma-
tion drive CHF/ARPKD (solid purple arrows). We propose that
relationships exist between cyst growth, fibrosis, and inflammation
which drive progression of CHF/ARPKD (black, double-headed
arrows with broken lines). Targeting a single pathway which drives
each of the triumvirate members, or targeting multiple members
concurrently, may provide better therapeutic strategies than if
targeting any one member in isolation.

on identifying immune cell types and inflammatory medi-
ators found in CHF/ARPKD and elucidating their roles in
protection or promotion of disease. To date, the treatments
for ARPKD are very limited and rely mostly on liver/kidney
transplantation. Our “pathogenic triumvirate” identifies
three target areas, cyst growth, fibrosis, and inflammation,
which influence CHF/ARPKD progression. We believe that
an integrated approach targeting each member of the patho-
genic triumvirate at the same time, either byway of a common
core pathway or three independent pathways, is required
to improve therapeutic strategies for CHF/ARPKD. Further
studies, utilizing the PCK rat or relevant mouse models of
CHF/ARPKD, should strive to implement this idea in the
preclinical arena.
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Alcohol consumption is a common customworldwide, and the toxic effects of alcohol on several target organs are well understood.
The liver is the primary site of alcohol metabolism and is therefore the major target of alcohol toxicity. Alcoholic liver disease
is a spectrum of disease states, ranging from simple steatosis (fat accumulation), to inflammation, and eventually to fibrosis and
cirrhosis if untreated. The fibrotic stage of ALD is primarily characterized by robust accumulation of extracellular matrix (ECM)
proteins (collagens) which ultimately impairs the function of the organ. The role of the ECM in early stages of ALD is poorly
understood, but recent research has demonstrated that a number of changes in the hepatic ECM in prefibrotic ALD not only are
present, but may also contribute to disease progression. The purpose of this review is to summarize the established and proposed
changes to the hepatic extracellularmatrix (ECM) thatmay contribute to earlier stages of ALDdevelopment and to discuss potential
mechanisms by which these changes may mediate the progression of the disease.

1. Introduction

(1) Alcohol Consumption and Its Impact. The discovery of
fermented beverages was likely accidental and derived from
improper food storage. Agrarian culture developed through-
out the world, so did the intentional cultivation of crops
for alcoholic beverage production. Alcoholic beverages were
valued in ancient cultures for several reasons beyond it
being a “social lubricant” [1]. In a time when potable water
was difficult to acquire, alcohol acted as a relatively safe
source of hydration. Additionally, alcohol’s modest nutri-
tional value supplemented malnourishment. Furthermore,
alcohol had significant medicinal value as an antimicrobial
agent. Taken together, the pervasive nature of alcohol con-
sumption throughout the world is unsurprising. Even in
cultures that forbid alcohol consumption, the development
of such taboos speaks to the fact that these peoples have been
exposed to alcohol consumption.

There are many potential benefits of alcohol consump-
tion, as discussed above. Despite these benefits, the idea of a
need for moderation in alcohol consumption is as ubiquitous
as the consumption of alcohol itself; almost every culture

frowns upon public intoxication and alcohol abuse and/or
dependence. For example, Aristotle strongly extols the virtue
of temperance in his work, “The Nicomachean Ethics.” In
modern society, alcohol abuse has an even more significant
impact. For example, there is on average more than one
alcohol-related driving fatality every hour in the US [2].

In addition to these social consequences, alcohol abuse
significantly impacts health. Alcohol requires relatively high
concentrations to exert many of its toxic effects in organisms
and is therefore, arguably, not an incredibly potent toxin.
However, alcohol must be consumed in relatively high doses
to cause any noticeable inebriating effects; the legal driving
BAC in most US States (0.08%w/v) translates to ∼20mM
ethanol. Therefore, the sheer volume of ethanol which
humans consume is enough to offset its low potency. In fact,
one could argue that alcohol is the most common poison vol-
untarily consumed at toxic doses by the human population.
Chronic alcohol consumption/abuse has been demonstrated
to directly damage several organs, including liver [3], lung
[4], skeletal muscle and heart [5], the brain [6], and the
pancreas [7]. Additionally, alcohol consumption increases the
risk of developing several cancers; it is considered a group
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1 carcinogen for cancers of the GI tract, liver, breast, and
pancreas by the International Agency for Research on Cancer
[8]. Ultimately, alcohol consumption is responsible for ∼6%
of all disability-adjusted life years (DALY) lost in the United
States [9], most of which are attributable to alcohol-induced
toxicity as opposed to alcohol-related accidents.

(2) Alcoholic Liver Disease. The liver is strategically located
between the intestinal tract and the rest of the body, making
it a critical organ in the clearance of toxins and xenobiotics,
including alcohol, that enter the portal blood.The concentra-
tions of alcohol found in the portal blood are much higher
than those in the systemic circulation. Additionally, the liver
is the primary site of alcohol metabolism, which produces
many toxic metabolites. Therefore, it is unsurprising that the
liver is a primary target of alcohol toxicity. Although excessive
alcohol consumption was associated with organ toxicity since
ancient times, the first suggestion that alcohol consumption
may directly cause organ damage is credited to Addison in
1836 [10].

Alcoholic liver disease (ALD) affects millions of patients
worldwide each year. The progression of ALD is well char-
acterized and is actually a spectrum of liver diseases, rang-
ing initially from simple steatosis, or fat accumulation, to
inflammation and necrosis (often called steatohepatitis), and
ultimately, to fibrosis and cirrhosis. Although the risk of
developing ALD increases in a dose- and time-dependent
manner with alcohol consumption [11, 12], only a small
fraction of even the heaviest drinkers develop the severe
form of the disease, suggesting that other environmental
(e.g., HBV or HCV infection) or genetic (e.g., gender or
polymorphisms in key genes) factors contribute to overall
risk [13]. Clinical management of ALD primarily focuses
on maintaining abstinence in the alcoholic and on treating
sequelae associated with acute alcoholic hepatitis or cirrhosis
[14]. The effects of decompensation (e.g., hepatorenal syn-
drome) usually lead to the death of the patient, except in the
case of a successful liver transplant [15]. Furthermore, the
overall risk of developing hepatocellular carcinoma (HCC)
increases roughly 20-fold by preexisting cirrhosis, even in
patients in which compensation is maintained (i.e., “stable
cirrhotics”) [16]; HCC has an even more dismal prognosis
than cirrhosis with very high mortality rates [17].

Given the poor prognosis of treating ALD, much of the
current research focuses on preventing the development of
the disease. Indeed, although the progression of ALD is
well characterized, there is no universally accepted therapy
available to halt or reverse this process in humans. With
better understanding of the mechanism(s) and risk factors
that mediate the initiation and progression of ALD, rational
targeted therapy can be developed to treat or prevent ALD
in the clinics. A potential area of targeted therapy for ALD
may be the hepatic extracellular matrix (ECM). Towards
this end, the purpose of this review is to summarize the
established and proposed changes to the hepatic extracel-
lular matrix (ECM) that may contribute to earlier stages of
ALD development and to discuss potential mechanisms by
which these changes may mediate the progression of the
disease.
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Figure 1: Consequences of transitional ECM remodeling: role
of ECM in injury and inflammation. Acute and chronic alcohol
exposure causes subtle, prefibrotic alterations to the amount and
composition of the hepatic ECM. These changes can impact the
overall structure of the ECM, interactions of the ECM with soluble
mediators such as growth factors and cytokines, and communica-
tion between the cell and the ECMvia integrin signaling. Ultimately,
these changes contribute to tissue injury and inflammation by
several mechanisms, including causing hemostasis, facilitating the
migration of inflammatory cells such as neutrophils andmonocytes,
and activating proinflammatory intracellular signaling cascades.

2. The ECM

The extracellular matrix (ECM) consists of a diverse range of
components that work bidirectionally with surrounding cells
to create a dynamic and responsive microenvironment that
regulates cell signaling, recruitment, and tissue function.The
basic definition of the ECM comprises fibrillar proteins (e.g.,
collagens, glycoproteins, and proteoglycans). More recently,
groups have extended the definition to include ECM affili-
ated proteins (e.g., collagen-related proteins), ECM regula-
tor/modifier proteins (e.g., lysyl oxidases and proteases), and
secreted factors that bind to the ECM (e.g., TGF𝛽 and other
cytokines) [18]; this broader definition has been coined: the
“matrisome” (see below) [19]. The ECM not only provides
structure and support for the cells in a tissue, but also acts
as a reservoir for growth factors and cytokines and as a
signaling mechanism by which cells can communicate with
their environment and vice versa [20] (see Figure 1).

2.1. ECM (Dys)homeostasis

2.1.1. De Novo Synthesis. Under basal conditions, several
hepatic cells contribute to the de novo synthesis of the
ECM, including hepatocytes, epithelial cells in the bile duct
(cholangiocytes), and endothelial cells [21]. AlthoughKupffer
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cells, the resident hepatic macrophages, do not normally
synthesize fibrillar ECM per se, they do synthesize several
secreted factors (e.g., cytokines) that associate with the
ECM (see Section 2.3). The production of ECM components
by these cells changes quantitatively and qualitatively in
response to injury or stress. Although it is unclear if hepatic
stellate cells (HSCs) generate significant ECM during normal
tissue homeostasis, activated HSCs transdifferentiate into a
myofibroblast-like phenotype and generate ECM in response.
Furthermore, other cellular origins ofmyofibroblast-like cells
have been identified, such as periportal fibroblasts, fibrocytes,
and transdifferentiated epithelia [22–25].The contribution of
extrahepatic sources to the hepatic ECMvia de novo synthesis
is unclear, but these compartments clearly contribute to ECM
via other mechanisms of homeostasis (see below).

2.1.2. Proteolysis. Another major regulation of ECM con-
tent is via proteolysis. This regulation can both be at the
level of degradation and deposition. Protein families that
degrade ECM include matrix metalloproteinases [MMPs;
[26]], a disintegrin and metalloproteinases [ADAMs; [27]],
a disintegrin and metalloproteinases with thrombospondin
motifs [ADAMTS; [28]], cathepsins [29], and plasminogen
activators [uPA and tPA; [30]]. Proteases can also regulate
the deposition of hepatic ECM; for example, the activation
of the coagulation cascade serine proteases (e.g., thrombin)
leads to the cleavage of soluble circulating fibrinogen to
insoluble fibrin ECM to form a fibrin clot [30]. Another
proteolytic cascade that leads to deposition on the ECM is
the complement cascade, which has been demonstrated to
contribute to experimental alcoholic liver injury [31]. The
activity of these proteases is often balanced by protease
inhibitors that directly inhibit their activity. For example,
MMP activities are inhibited by tissue inhibitors of metallo-
proteinases (TIMPs) and contribute to collagen accumulation
during hepatic fibrosis [32]. Likewise, plasminogen activator
inhibitors (e.g., PAI-1) inhibit the activity of uPA/tPA and
thereby contribute to the accumulation of fibrin ECM during
hepatic injury [see below [30]].

2.1.3. Posttranslational Modifications. Another level of regu-
lation of ECM proteins is via posttranslational modification.
This level of regulation contributes to the formation of poly-
meric fibrils, helical structures, and cross-linked complexes.
For example, prolyl 4-hydroxylase hydroxylates terminal
proline residues on individual collagen molecules to allow
them to form oligomers (𝛼 chains) and triple helices of
collagen fibrils [33]. Recent studies indicate that lysyl oxidases
and transglutaminases also contribute to ECM cross-linking
[34, 35]. Although these events are important for stabilizing
the proteins and preventing their degradation under normal
conditions, their activation may contribute to excessive ECM
accumulation in response to injury (e.g., fibrosis) [34].
Furthermore, although fibrosis is potentially reversible if the
causative insult is removed [36], highly cross-linked ECM
may be resistant to resolution [37]. Cross-linking of the ECM
may be altered via nonenzymatic means; for example, the
formation of advanced glycation endproducts (AGEs) during

diabetes is hypothesized to contribute to ECM cross-linking
and increased matrix “aging” [38].

2.2. ECM and Structure

2.2.1. Physiology. Perhaps the best-characterized function of
the ECM is its role as a scaffold, providing support and
structure to the surrounding tissue. There are two major
components of structural ECM: the interstitial matrix and
the basement membrane [39]. Interstitial matrix proteins,
including fibronectins, elastin, and fibrillar collagens, form
support networks that provide the overall superstructure that
shapes and encapsulates the organ. The basement membrane
(or basal lamina) is a thin sheet of ECM that underlies epithe-
lial and endothelial cells. Similar to the interstitial matrix, the
basement membrane comprises collagens, glycoproteins, and
proteoglycans that facilitate structure and growth of the cells.
In most tissues, the basement membrane is continuous and
dense and is a true barrier between the epithelial/endothelial
cells and the adjacent parenchymal cell layer. In contrast,
the hepatic basement membrane found in the Space of Disse
between endothelial cells and hepatocytes is much less dense
and is fenestrated. The end result is that, instead of a barrier,
this basement membrane more acts as a structural filter and
facilitates bidirectional exchange of proteins and xenobiotics
between the sinusoidal blood and hepatocytes.

2.2.2. Pathophysiology. Quantitative and qualitative changes
to the ECM structure and superstructure can impact overall
health of the organ and organism. For example, “aging” of
the ECM with increased cross-linking is hypothesized to
contribute to dysfunction of several organ systems, including
the vasculature [40], heart [41], the eye [42], and most likely
the liver [43]. An increase in ECM stiffness can directly
impact cellular behavior, such as apoptosis, migration, and
proliferation [44], as well as alter shear stress on vasculature
cells [45, 46]. Moreover, increased hepatic stiffness associ-
ated with ECM changes during fibrosis is hypothesized to
contribute to most of the sequelae of decompensation during
end-stage liver disease [47, 48] (see Figure 1). Finally, in some
cases, ECM proteins may act as autoantigens, that is, host
proteins that are capable of activating an immune response.
For example, collagen type V (ColV) is an ECM protein
that is normally hidden from the immune system. In disease
states, such as idiopathic pulmonary fibrosis (IPF), ColVmay
be “unmasked,” triggering an inflammatory response [49].
A similar phenomenon occurs in atherosclerosis. Although
pro-collagen V (a ColV precursor) levels have recently been
reported as a biomarker of advanced hepatic fibrosis [50], the
role of ColV unmasking in early ALD is unknown and may
be a potential target for further investigation.

2.3. ECM-Associated Signaling Molecules. A second function
of the extracellularmatrix is to serve as a reservoir of signaling
molecules, including growth factors during development and
angiogenesis, as well as cytokines and chemokines during
inflammation and disease (see Figure 1). These interactions
may serve to present or restrict access of ligands to receptors,
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modulate the spatial distribution of growth factors, or create
chemotactic gradients, or sequester a signaling molecule
for later release [51]. One of the best-characterized ECM-
associated growth factors is transforming growth factor-beta
(TGF𝛽). Upon secretion, TGF𝛽 binds to latency associated
peptides (LAPs), which associate with latent TGF𝛽 binding
proteins (LTBPs). These LTBPs interact with several different
ECM and ECM-associated proteins, including vitronectin
and fibronectin.The interaction of LTBPs with ECM proteins
forms large latent complexes (LLCs), which prevent active
TGF𝛽 from interacting with cell surface receptors. TGF𝛽 can
then be liberated from the matrix by a variety of proteases,
including MMP activity, plasmin, urokinase, and thrombin
[52].

The extracellular matrix also participates in the inflam-
matory response by associating with several different cytok-
ines and chemokines. Tumor necrosis factor-alpha (TNF𝛼)
is a major inflammatory cytokine that is known to associate
with the ECM. In the early 1990s, Lider and colleagues
demonstrated that TNF𝛼 associates with both fibronectin
and laminin [53, 54]. They found that TNF𝛼 bound to both
of these ECM proteins enhances the binding of CD4+ T-
cells to the matrix, thereby facilitating the infiltration of
these inflammatory cells into the tissue. More recently, it was
demonstrated that fibronectin-associated TNF𝛼 affects the
migration of T-cells toward a chemotactic stimulus by acting
as a “stop” signal for the migrating cells [55]. Fibronectin-
bound TNF𝛼 also influences the migration of other inflam-
matory cell types, such as monocytes and macrophages [56].
This study found that FN-associated TNF𝛼 stimulates mono-
cytes to secrete MMP9, which is critical for the migration of
monocytes through the ECM.

In addition to the potent proinflammatory cytokine
TNF𝛼, chemokines are also known to associate with the
ECM. Interleukin-8 (IL-8) is a potent neutrophil chemo-
tractant that is known to associate with glycosaminoglycans
(GAGs) of the ECM, particularly heparin, chondroitin-6-
sulfate, chondriotin-4-sulfate, dermatan sulfate, and hyaluro-
nan.The interaction of IL-8 with theseGAGs is critical for the
chemotractant capability of IL-8. Mutant IL-8 lacking the C-
terminal GAG binding domain does not recruit neutrophils
to the same extent asWT IL-8 [57]. Taken together, the results
of these studies suggest that the interaction of cytokines
and chemokines with the ECM is critical for migration of
inflammatory cells to the site of tissue damage, permitting
both the clearance of infection and the propagation of the
inflammatory response.

2.4. Cell/Matrix Interactions. As mentioned previously, the
ECM is more than simply a passive scaffold acting to support
the cells in a tissue (see Figure 1). The ECM is also a dynamic
signaling molecule that allows the environment to interact
with the cell and the cell to interact with the environment.
One family of receptors that mediate these interactions is
the integrins. Integrins are heterodimeric proteins composed
of 𝛼 and 𝛽 subunits, with at least 24 different combinations
having been identified in mammalian cells [58]. Integrins
transfer information from the ECM to the cell, allowing
rapid and dynamic responses to changes in the extracellular

environment. Integrins play a myriad of roles within the
body, including proliferation/angiogenesis and maintenance
of differentiation, as well as inflammation and apoptosis [59,
60]. Integrins are found on almost all cell types in the liver,
and dysregulated integrin signaling has been demonstrated
to be involved in hepatic fibrogenesis in a wide variety
of liver diseases, as well as inflammatory liver injury [61].
Altering the composition of the ECMhas the potential to alter
inflammatory signaling in liver via a myriad of mechanisms.

There are several key integrins known to be involved
in alcoholic liver disease. First, the 𝛽

2
family of inte-

grins is a key regulator of alcohol-induced liver inflamma-
tion. Neutrophilic inflammation is a hallmark of alcoholic
(steato)hepatitis in both humans and animals [62]. Neu-
trophil transmigration and extravasation into the hepatic
tissue is mediated largely by the activation of 𝛽

2
integrins

[62]. There are several key 𝛽
2
integrins involved in leuko-

cyte migration and trafficking, all sharing the common 𝛽
subunit CD18. There are four 𝛼 subunits that associate
with CD18, forming the integrins lymphocyte function-
associated antigen-1 (LFA-1, 𝛼L𝛽2), macrophage-1 antigen
(Mac-1, 𝛼M𝛽2), also known as compliment receptor-3 (CR-
3), 𝛼X𝛽2, and 𝛼D𝛽2 [61]. Neutrophils adhere to hepatocytes
ICAM-1 via 𝛽

2
integrins, particularly Mac-1, and this adhe-

sion is associated with tissue damage by upregulation of
oxidative stress pathways [62]. Inhibition of CD18 using
an anti-CD18 antibody was demonstrated to be protective
against liver inflammation in rats exposed to a chronic
alcohol diet [63].

A second family of integrins, the 𝛽
1
integrins, has

also been associated with alcohol-induced liver injury. The
𝛽
1
subunit associates with 10 different 𝛼 subunits which

bind a wide variety of ligands, including collagen, laminin,
fibronectin, and vitronectin [61]. One study in rats demon-
strated that ethanol feeding caused a downregulation of 𝛽

1

subunit expression in perivenular hepatocytes and that this
downregulation impaired the ability of the hepatocytes to
adhere to several different ECM substrata [64]. The results
of this study suggest that an ethanol-mediated loss in hepatic
integrin expression may be one mechanism by which alcohol
impairs communication of the hepatocyte with the extra-
cellular environment and, by extension, normal homeostatic
processes. Alternatively, recent research has implicated a
proinflammatory role for different 𝛽

1
integrins in alcoholic

hepatitis. Specifically, hepatic neutrophil recruitment in a
rat alcoholic hepatitis model was found to be mediated by
interactions between neutrophils 𝛼

4
𝛽
1
and 𝛼

9
𝛽
1
and the

ECM protein osteopontin [65]. The role of osteopontin in
ALD will be discussed in greater detail in Section 3.2. Taken
together, these examples illustrate that alcohol causes an
altered signaling pattern between the cell and its extracellular
environment, leading to both the parenchymal cell injury and
inflammatory cell infiltration that are hallmarks of alcoholic
liver injury.

There are also several nonintegrin receptors involved
in signaling between the ECM and the cell. CD44, a type
I transmembrane glycoprotein with over 20 different iso-
forms, has been demonstrated to be involved in liver disease
and inflammation. Patients with ALD, including alcoholic
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steatosis, alcoholic hepatitis, and alcoholic cirrhosis, in fact
have elevated CD44 expression [66]. The canonical CD44
ligand is hyaluronic acid (HA). Interactions between this
ECM glycosaminoglycan and CD44 are known to facilitate
migration of leukocytes to inflamed tissue, as well as the
progression of inflammatory injury [67]. Alternatively, CD44
has been implicated in the resolution of injury by facilitating
the migration of hematopoietic stem cells to the injured liver
[68]. CD44 interactions with HA are therefore an interesting
point for further investigation. CD44 also binds the ECM
protein osteopontin. The role of osteopontin in ALD will
be discussed in greater detail in Section 3.2. Interestingly,
osteopontin binding via CD44 has been shown to activate
hepatic stellate cells, even at relatively low concentrations of
ethanol (10mM) [66]. In addition to the integrin receptors
previously covered, CD44 is a key nonintegrin receptor for
further investigation as a target in ALD.

3. ECM Remodeling in ALD

3.1. Fibrosis: Beyond Collagen. When an organ is chronically
damaged from multiple hits, this injury often overwhelms
the ability of the organ to recover and rebuild from the
damage. Under such conditions, the organ often remodels
in response to the damage. Even in the case of liver, which
is well known for its ability to regenerate, remodeling (i.e.,
fibrosis) is a common response to chronic inflammatory
liver injury. The fibrotic stage of disease has traditionally
been characterized by robust remolding of the hepatic ECM,
particularly deposition of collagen type I in the hepatic
sinusoids by hepatic stellate cells (HSCs). The accumulation
of collagen ECM in the hepatic sinusoids drastically alters
the architecture of the organ, leading to the development of
cirrhosis and its associated complications (see Section 2.2).
However, the matrisome of the healthy and diseased liver is
significantly more diverse than collagen ECM. It has become
increasingly understood that the traditional model of hepatic
fibrosis, with its focus on collagen type I, is incomplete.
Specifically, it is more recently understood that many other
ECM proteins are altered in hepatic fibrosis, such as laminin,
fibronectin, and fibrin(ogen) [69].The impacts of these other
qualitative and quantitative changes to disease development
are incompletely understood.

3.2. Transitional Changes to the ECM: Before Fibrosis. As
discussed above (see Section 2), the hepatic ECM is a complex
system that responds dynamically to stress. Proteomic-based
studies in other organs have demonstrated that thematrisome
responses dynamically in composition after insult well before
fibrotic changes to the organ [70–72]. These changes to the
ECM may not alter overall ECM architecture and are there-
fore histologically undetectable. Nevertheless, these changes
have potential to alter hepatic phenotype and function (see
Section 2) [73]. These acute responses can be viewed as an
arm of the wound healing response and facilitate recovery
from damage, which resolves once the damage is repaired.
However, under conditions of chronic injury, these changes
contribute to activation of a significant remodeling response
that leads to scar formation (i.e., fibrosis) (see Figure 2).

3.2.1. The Coagulation Cascade and Fibrin ECM in ALD. The
fibrin coagulation system is largely regulated by the liver
via two pathways: coagulation and fibrinolysis (see Figure 3)
[74]. Activation of the coagulation cascade induces thrombin-
mediated cleavage of fibrinogen to fibrin, leading to the
deposition of a fibrin clot. On the other hand, breakdown
of the fibrin clot (fibrinolysis) is mediated by plasmin. Plas-
minogen activator inhibitor-1 (PAI-1) is a protease inhibitor
that prevents the conversion of plasmin to its active form.
Therefore, inhibition of fibrinolysis by PAI-1 can accumu-
late fibrin ECM, even in the absence of enhanced fibrin
deposition by the thrombin cascade [75]. Dysregulation of
the coagulation cascade and fibrinolysis in the setting of
hepatic injury results in the formation of fibrin clots in the
hepatic sinusoids [76, 77], causingmicroregional hypoxia and
ultimately hepatocellular death [78, 79]. Fibrin ECM is not
simply an inert physical structure; it also binds/interacts with
several cellular biomolecules. For example, fibrinmatrices are
known to interact with integrin receptors, including integrin
𝛼V𝛽3 via its arginine-glycine-aspartic acid- (RGD-) binding
motif [61]. Blocking the interaction between fibrin ECM
and integrin 𝛼V𝛽3 has been shown to protect against acute
alcohol-induced liver injury and inflammation, with no effect
on fibrin accumulation itself [80].

Elevated PAI-1 levels and impaired fibrinolysis are com-
mon during the development of ALD [81]. Indeed, ele-
vated PAI-1 levels during disease development are associated
with later disease severity [82]. In fact, clinical data from
human patients support the hypothesis that PAI-1 plays
a critical role in ALD [83]. However, few clinical studies
have focused on inhibiting PAI-1 as a potential therapy to
slow the development of ALD. Indeed, there is increasing
understanding that cirrhosis is a hypercoagulable state; both
bleeding and thrombosis are commonly associated with end-
stage liver disease [84]. In light of this, it is fascinating
that anticoagulation therapy using enoxaparin was reported
to prevent decompensation in cirrhotics with portal vein
thrombosis [85].

3.2.2. Osteopontin. Osteopontin, also designated secreted
phosphoprotein-1 (SPP-1), predominantly serves as an extra-
cellular structural glycoprotein. Its synthesis is greatly upreg-
ulated in human ALD and in animal models and has been
linked to activation of HSC and liver fibrosis [86] and
with poor outcomes in alcoholic hepatitis [87]. Additionally,
as previously mentioned, osteopontin-mediated neutrophil
chemotaxis via integrin interactions has been demonstrated
to directly contribute to the development of alcoholic hepati-
tis in rat models [65]. However, more recent work with genet-
ically modified mice has indicated that overexpression of
osteopontin prevents early ALD, most likely via binding LPS
[88], and knockout of osteopontin promotes the neutrophilic
infiltration of the liver in a model of alcoholic hepatitis [89].
In contrast, osteopontin appears to exacerbate experimental
hepatic fibrosis, at least in part by delaying fibrosis resolution
[90]. Additionally, osteopontin also interacts with cells via the
integrin receptor 𝛼V𝛽3. Elevated expression of this integrin
receptor is associated with increased osteopontin levels in
human alcoholic cirrhosis, as well as in experimental alcohol
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Figure 2: Transitional remodeling of the hepatic ECM in ALD. Acute injury, such as acute (binge) alcohol exposure or low levels of alcohol
exposure, causes formation of a transitional extracellular matrix through several known mechanisms, such as activation of the coagulation
cascade.This transitional ECM, while it causes no overt changes in the architecture of the organ, may contribute to injury and inflammation.
If the insult is removed, the transitional ECMmay resolve back to a normal state. With continued disease progression, the transitional matrix
may progress to a fibrotic matrix via increased ECM synthesis and blunted ECM degradation, ultimately leading to decreased liver function.
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Figure 3: Alcohol-induced liver injury activates the coagulation cascade. Activation of the coagulation cascade contributes to liver injury
in models of both acute and chronic alcohol exposure. Alcohol promotes the deposition of fibrin ECM by both increasing its formation
(thrombin cleavage of fibrinogen) and preventing its degradation (PAI-1 induction). Fibrin matrices can be proinflammatory by causing
hemostasis, acting as an adhesive substrate for migrating inflammatory cells, and altering integrin signaling.

administration in mice. Moreover, inhibition of this integrin
in cultured hepatic stellate cells blunts stellate cell activation
after alcohol exposure [66]. The roles of osteopontin at
various stages of ALD are thus open to further investigation.

3.2.3. Fibronectin. Fibronectin is amajor extracellular matrix
glycoprotein found at high levels in many tissues, including
the liver. In fact, one form of fibronectin, plasma fibronectin
(pFN), is the most abundant ECM protein in the liver. Alter-
natively, the other form of fibronectin, cellular fibronectin
(cFN), is found at low levels in the liver in the pericellular
matrix. It is this form of fibronectin, cFN, that has been
primarily linked to the progression of ALD [extensively
reviewed in [91]]. For example, one study demonstrated that
chronic alcohol feeding enhanced hepatic cFN deposition
within the first 8 weeks of ethanol feeding and that increased

levels of cFN preceded activation of hepatic stellate cells
[92]. These results indicate that cFN in the transitional
ECM may act as a biomarker of early-stage ALD. Addi-
tionally, hepatocytes from ethanol-fed rats show impaired
degradation of exogenously administered cFN, providing
one potential mechanism by which cFN accumulates in the
alcohol-exposed liver. Furthermore, although exposing cells
to cFN did not affect cell viability, administration of cFN to
hepatocytes stimulated enhanced expression of inflammatory
cytokines, such as TNF𝛼 and IL-6 [93]. Increased concen-
trations of cFN may also directly stimulate Kupffer cells to
produce a robust inflammatory response. For example, one
study showed that rat primary KCs enhanced expression of
the proinflammatory cytokines TNF𝛼 and IL-6 in response
to cFN exposure [94]. Taken together, these results show that
fibronectin is a key component of the transitional ECMwhich
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forms in response to ethanol feeding. Enhanced levels of cFN
are detected in prefibrotic ALD and may, in fact, contribute
to the progression of the disease.

3.2.4.TheMatrisome. As detailed in the examples above, pre-
vious studies have shown that subtle changes in the ECMmay
contribute to the development of liver injury, potentially well
before significant histologic changes (e.g., fibrosis). However,
the research in the liver field up to this point has generally
been restricted to study of single ECM proteins (e.g., fibrin)
[76, 95]. Given the dynamic nature of the “matrisome,” which
comprises over 1000 fibrillar ECM proteins (i.e., “core matri-
some”) and other biomolecules associated with the ECM [18],
discovery-based approaches may yield new information. A
more ‘omic approach has been previously hampered by the
difficulties associated with the low abundance and insolubil-
ity of many ECMproteins.This limitation has been overcome
by sample preparations designed to specifically solubilize the
ECM [18]. Such approaches could provide new information
on the impact of ALD, at all stages, on the matrisome, and
by extension may identify new druggable targets to prevent
and/or treat the disease.

4. Summary and Conclusions

The hepatic ECM and associated biomolecules comprise a
dynamic compartment. Homeostasis of the matrisome is
critical, for not only overall structure of the organ, but also
function. Dyshomeostasis of the matrisome is affiliated with
all stages of chronic liver disease, including alcoholic liver
diseases. Whereas the impacts of this compartment on liver
disease are well understood in some contexts (e.g., fibrosis
and cirrhotic decompensation), there are still critical gaps in
our understanding that could/should be filled. Importantly
more recent ‘omic approaches to explore changes to the
matrisome may lead to new discoveries, biomarkers, and/or
druggable targets to treat ALD.
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Nonalcoholic fatty liver disease (NAFLD) is the most common type of chronic liver disease in the Western countries, affecting
up to 25% of the general population and becoming a major health concern in both adults and children. NAFLD encompasses the
entire spectrum of fatty liver disease in individuals without significant alcohol consumption, ranging from nonalcoholic fatty liver
(NAFL) to nonalcoholic steatohepatitis (NASH) and cirrhosis. NASH is a manifestation of the metabolic syndrome and hepatic
disorders with the presence of steatosis, hepatocyte injury (ballooning), inflammation, and, in some patients, progressive fibrosis
leading to cirrhosis. The pathogenesis of NASH is a complex process and implicates cell interactions between liver parenchymal
and nonparenchymal cells as well as crosstalk between various immune cell populations in liver. Lipotoxicity appears to be the
central driver of hepatic cellular injury via oxidative stress and endoplasmic reticulum (ER) stress. This review focuses on the
contributions of hepatocytes and nonparenchymal cells to NASH, assessing their potential applications to the development of novel
therapeutic agents. Currently, there are limited pharmacological treatments for NASH; therefore, an increased understanding of
NASH pathogenesis is pertinent to improve disease interventions in the future.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most com-
mon type of chronic liver disease in the Western countries
and becoming a major health concern in both adults and,
tragically, children [1, 2]. The most recent study found the
global prevalence of NAFLD was 25% [3]. Individuals with
components of metabolic syndrome (MS), such as obesity,
insulin resistance, and hyperlipidemia, have an increased risk
of developing NAFLD, as positive correlations have been
noticed between NAFLD and components of MS [2, 4–
6]. NAFLD is closely related to obesity; however, 5–8% of
nonobese (lean) subjects also develop NAFLD [7]. One ear-
lier study found that lean-NAFLDhas its ownmetabolic char-
acteristics such as lower fasting glucose and less advanced
necro-inflammatory activity and fibrosis compared to obese-
NAFLD [8]. A recent study aimed at characterizing lean
Caucasian subjects with NAFLD revealed that lean-NAFLD
subjects have impaired glucose tolerance and low adiponectin
concentrations with an increased rate of mutant patatin-
like phospholipase domain-containing 3 (PNPLA3) CG/GG

variant compared to lean controls [7]. Another study found
Chinese lean-NAFLD is more strongly associated with dia-
betes, hypertension, and MS than overweight-obese-NAFLD
[9].

Encompassing the entire spectrum of fatty liver disease in
individualswithout significant alcohol consumption,NAFLD
is further histologically categorized into nonalcoholic fatty
liver (NAFL; steatosis without hepatocellular injury) and
nonalcoholic steatohepatitis (NASH) which is characterized
by the presence of hepatic steatosis and inflammation with
hepatocyte injury (ballooning) with or without fibrosis [10,
11]. NAFL is considered the benign and reversible stage,
which arises due to an excessive accumulation of triglycerides
in hepatocytes [12]. On the other hand, NASH is a more
advanced stage of NAFLD, since the chances of developing
more serious diseases such as cirrhosis, hepatocellular carci-
noma (HCC), and cardiovascular diseases increase in patients
with NASH [13]. A new study showed the mean annual rate
of fibrosis progression in NASH is 9%, and NASH overall
mortality is 25.6 per 1,000 person-years [3].
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Evident from the findings in the aforementioned studies,
the pathogenesis of NASH is complex [7–9]. Lipotoxicity-
induced oxidative stress and endoplasmic reticulum (ER)
stress appear to be the central drivers of hepatic injury
in NASH. Recently, additional progress has been made to
understand the role of the immune system during NASH
progression. For example, inflammation, which occurs in
NASH patients and in animal models of human NASH,
is induced by various mediators including endotoxins,
adipokines, inflammatory cytokines, chemokines, and other
inflammatory mediators [14]. The cellular sources of these
molecules are broad and include hepatocytes, hepatic stellate
cells (HSCs), portal fibroblasts, and immune cells such as
neutrophils, macrophages, natural killer (NK) cells, natural
killer T (NKT) cells, and lymphocytes [15]. Moreover, what
has greatly improved our understanding of NASH is an
increasing recognition of importance of interactions between
liver parenchymal and nonparenchymal cells as well as
crosstalk between various immune cell populations in liver.
In this review, we will discuss contributions of hepatocytes
and nonparenchymal cells to NASH and assess their potential
applications to the development of novel therapeutic agents.

2. Hypotheses Describing
Pathogenesis of NASH

The pathogenesis of NASH is not yet entirely understood
and the mechanism leading to NASH appears multifactorial.
A recent retrospective restudy using liver biopsies from
patients with NAFL or NASH suggests that rather than
being distinct entities NAFL and NASH represent different
stages in the progression of NAFLD [16]. Hepatocyte damage
is an important factor that drives NAFLD progression. In
the initial phase, hepatocyte damage triggers the release of
damage-associated molecular pattern molecules (DAMPs)
into the microenvironment, which stimulates macrophage
activation.This process is influenced by both directmetabolic
effects in the liver, such as excessive oxidative stress driven by
lipotoxic metabolites, as well as indirect effects coming from
the other tissues such as inflammatory initiators released by
adipose tissue, the intestine, and the immune system. As a
result of these complicated effects, there have been multiple
hypotheses describing the pathogenesis of NASH, such as the
“two hits,” “three hits,” and “multiple hits” hypotheses.

The “two hits” hypothesis was originally proposed in
1998 [17] in which insulin resistance leads to aberrant lipid
accumulation in the liver as the first hit and is followed
by a second hit driven by lipotoxic metabolite-induced
mitochondrial dysfunction and oxidative stress leading to
hepatocyte death and inflammation [18, 19]. In the healthy
liver, dead hepatocytes are normally replaced by replication
of existing mature hepatocytes; thus normal liver function
is maintained. In NASH, however, the replication of mature
hepatocytes is inhibited and accompanied by expansion of a
progenitor cell population [20]. Those progenitor cells can
differentiate either into hepatocyte-like cells or into cholan-
giocytes, which aid in recovery of normal liver function.
However, the abnormal expansion of progenitor cells also

contributes to more unfavorable outcomes such as HSC
activation and liver fibrosis [21]. Thus, a “third hit,” which
drives NASH pathogenesis, involves inadequate hepatocyte
proliferation after cell death triggered by insulin resistance
induced aberrant lipid accumulation and excessive oxidative
stress.

More recently, a number of different inflammatory medi-
ators released from adipose tissue and the liver/gut axis have
been implicated in NASH pathogenesis. Thus, a “multiple
hits” hypothesis involving organ-organ interactions in NASH
is also appreciated [22]. In this model, NASH pathogenesis is
initiated through the triggering of excessive oxidative stress
by lipotoxic metabolites. This, in turn, drives hepatocyte
death, inflammation, and fibrosis. Additional pathogenic
factors from other organs, such as gut-derived endotoxins
resulting from increased gut permeability and gut dysbiosis,
adipokines secreted from adipose tissue, are all considered
crucial to NASH pathogenesis (Figure 1).

3. Genetic and Epigenetic Regulation in NASH

It is unknown why some patients have NAFL for many
years, whereas others develop the progressive NASH, with or
without fibrosis, in only a couple of years. Genetic variation
is one important factor that determines whether or not a
person has high risk to developNASH. To date, genome-wide
association studies in NAFLD/NASH research identified sev-
eral genetic variations such as polymorphisms of PNPLA3,
transmembrane 6 superfamily member 2 (TM6SF2), farnesyl
diphosphate farnesyl transferase 1 (FDFT1), EF-hand calcium
binding domain 4B (EFCAB4B), and glucokinase regulator
(GCKR), are associated with NASH pathogenesis [23–25].
PNPLA3 gene is located on chromosome 22 and encodes
a 481-amino-acid protein that is a triacylglycerol lipase
and mediates triacylglycerol hydrolysis in adipocytes. The
association of PNPLA3 polymorphism with high risk of
NAFLD/NASH has been reported in both adult [26, 27] and
pediatric [28] cohorts. A single-nucleotide polymorphism
(SNP) in PNPLA3 rs738409 is associated not only with
steatosis severity but also with the extent of fibrosis in NASH
[29]. An additional study in a hepatoma cell line, Huh7 cells,
showed that PNPLA3 rs738409 is associated with reduced
enzymatic activity of hydrolyzed, emulsified triglycerides
[30].

Epigenetics is an inheritable but reversible phenomenon
that affects gene expression without changing the DNA
sequence, which includes DNA methylation, histone modi-
fications, and microRNAs [31]. Emerging evidence suggests
the importance of the epigenetic machinery coupled with
changes of gene expression profile in the regulation of
NASH pathogenesis. For example, a genome-wide associa-
tion study revealed genes involved in cellular apoptosis, lipid
biosynthesis, and inflammation response increase during
NASH progression, whereas those involved in DNA dam-
age response signal transduction, cholesterol biosynthesis,
and carbohydrate metabolism decrease [32]. Another study
found that mitochondrially encoded NADH dehydrogenase
6 (MT-ND6) is hypermethylated in human patients with
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Figure 1: Schematic illustration of NASH pathogenesis. Multiple hits lead to hepatocyte damage involving excessive oxidative stress driven
by lipotoxic metabolites. Injured hepatocytes release damage-associated molecular pattern molecules (DAMPs) that initiate an inflammatory
response leading to direct recruitment of neutrophils, macrophages, and other components of the innate immune response.Macrophages and
damaged hepatocytes, especially ballooned hepatocytes, instigate the release of profibrogenic cytokines and ligands, such as hedgehog and
osteopontin. Hepatic stellate cells (HSCs) are subsequently activated and produce excessive extracellularmatrix leading to progressive fibrosis.
In addition, macrophages promote a proinflammatory microenvironment that initiates an adaptive immune response, likely mediated by T
and B lymphocytes.

NAFLD and the methylation status is associated with the
histological severity of NAFLD [33]. ATP-dependent chro-
matin remodeling proteins Brahma-related gene 1 (Brg1) and
Brahma (Brm) are upregulated in a mouse model of NASH,
which induces active histone modifications surrounding the
promoters of proinflammatory genes, promoting the basic
transcription machinery access to the chromatin and induc-
ing the expression of proinflammatory genes [34]. On the
other hand, loss of mitochondrial protein deacetylase SIRT3
causes dysregulation of mitochondrial protein acetylation
and accelerates metabolic syndrome andNASH development
[35]. In addition, aberrant hepatic expression of microRNAs,
such as miR-122, miR-335, miR-29c, miR-34a, miR-155, and
miR-200b, has been implicated in the pathogenesis of NASH
[36–38].

4. Lipotoxic Hepatocyte Injuries, Oxidative
Stress, and ER Stress

Lipotoxicity, characterized by excessive free fatty acid (FFA)
accumulation within hepatocytes, is known to generate toxic
lipid metabolites and cause hepatocyte injury via ballooning
and, consequently, initiation of NASH. Ballooned hepato-
cytes are a cardinal histologic feature of lipotoxic hepatic
injury and themagnitude of ballooned hepatocytes correlates

with disease severity. In fact, semiquantitation of hepatocyte
ballooning is used to calculate the NAFLD activity score
(NAS), a measure of disease severity [39], supporting the
importance of this phenomenon in disease progression.

Increased dietary intake of FFA, as well as de novo
lipogenesis and adipose lipolysis, together with impaired FFA
oxidation, causes an increase in the flux of FFAs within
hepatocytes. Hepatocytes store FFAs as triglycerides. Studies
indicate that triglycerides themselves are unlikely to be the
cause of hepatocyte injury in NASH. Instead, hepatocyte
triglyceride accumulationmay act as a protective mechanism
to counter FFA-induced lipotoxicity [40]. However, once the
threshold of lipid storage is exceeded, the excessive accumu-
lation of FFA leads to production of toxic lipid metabolites,
such as ceramides, diacylglycerols, lysophosphatidylcholine,
and oxidized cholesterolmetabolites [20, 41].These toxic lipid
metabolites promote the overproduction of reactive oxygen
species (ROS), which cause liver injury.

Of all the mechanisms related to NASH, oxidative stress
has been most widely studied. Oxidative stress is triggered by
an imbalance between prooxidants and antioxidants. It is now
clear that oxidative stress can mediate liver injury through at
least two major mechanisms, direct cell injury and indirect
changes of cell signaling pathways. For example, ROS induces
activation of nuclear factor 𝜅B (NF-𝜅B), a master regulator
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in the production of proinflammatory cytokines including
interleukin-1𝛽 (IL-1𝛽), tumor necrosis factor 𝛼 (TNF𝛼), and
interleukin-6 (IL-6). Liver-specific inhibition of NF-𝜅B is
expected to ameliorate HFD-induced hepatic inflammation
[42, 43]. However, the role of NF-𝜅B inNASHpathogenesis is
more complicated than people original thought.There is also
evidence to suggest that inflammation is required for liver
regeneration, which is mediated through antiapoptosis and
proproliferative characteristics of NF-𝜅B [44].

FFA-induced oxidative stress also acts as an upstream
mechanism to activate ER stress in NASH. ER stress is
initiated by conditions associated with protein overload
or increased amount of unfolded proteins. Activation of
ER stress causes adaptation and recovery of homeostasis;
however, severe or prolonged ER stress can ultimately lead
to cell death. Recently, attention has turned to the ER
due to increasing evidence demonstrating that ER stress
is a common feature in NAFLD [45]. For example, one
study showed that two ER stress markers, X-box binding
proteins (XBP-1) and stanniocalcin 2 (STC2), are increased
in human NASH [46]. This study also found that other ER
stress proteins, including ATF4, CHOP, and phosphorylated
JNK and eIF2𝛼, were not significantly changed in NASH
samples [46]. Additional studies found activation of ER stress
can trigger various inflammatory pathways, such as JNK
and NF-𝜅B signaling pathways, further enhancing NASH
progression [13, 45, 47]. On the other hand, reduced inflam-
mation ameliorates ER stress-induced liver injury. Kandel-
Kfir et al. showed that IL-1𝛼 deficient mice display reduced
inflammation, hepatocyte death, and liver damage in an
ER stress-induced steatohepatitis model [48]. These studies
help to understand a complex puzzle of NASH pathogenesis,
aiding in the elucidation of ER stress risk factors involved
in NASH development. Nonetheless, further study is needed
and encouraged.

5. Inflammatory Mediators and
Immune Alterations

Accumulated studies demonstrated that immunological
mechanisms, including innate immunity (mediated by neu-
trophils, macrophages, NK cells, and NKT cells), adaptive
immunity (mediated byT andB cells),NLRP3 inflammasome
activation, and gut-liver axis, are implicated in the NAFLD
progression [49, 50]. As evidence, portal inflammatory infil-
trates in human NASH patients are characterized by both
broad leukocyte subset markers (CD68, CD3, CD8, CD4,
CD20, and neutrophil elastase) and selected inflammatory
markers (matrix metalloproteinase 9 and interleukin- [IL-]
17) [51]. The balance of the various immune cell populations
and their products involved in inflammatory signaling path-
ways is crucial to determine NASH attenuation or progres-
sion [52].

5.1. Macrophages and Gut Microbiota. Macrophages, also
termed mononuclear phagocytes, represent a major cell type
of innate immunity. Hepatic macrophages consist of resident
macrophages called Kupffer cells (KCs) and macrophages

that arise from infiltrated bone marrow-derived monocytes.
KCs are named after their discoverer, Carl Wilhelm von
Kupffer, who originally identified the cells as “sternzellen” or
“star cells,” now known to be HSC, but later were correctly
identified as macrophages by scientist Tadeusz Browicz [53].
KCs, along with dendritic, NK, and NKT cells, are located
in the sinusoidal space of the liver. Given that KCs are the
body’s primary line of defense against microorganisms that
would cause an immune response, this location is optimal
for the KCs to carry out their functions in liver. During
liver injury, KCs are important in the initial response by
rapidly producing cytokines and chemokines, which induces
the recruitment of other immune cells, including monocytes,
into the liver. Both the infiltrating macrophages and the resi-
dent KCs produce proinflammatory and anti-inflammatory
cytokines, contributing to the chronic inflammation such
as that seen in alcoholic liver disease, NAFLD, and other
pathological conditions affecting liver [54, 55].

The liver is constantly exposed to antigens and low
levels of endotoxins from the gut as 70% of the liver’s
blood is supplied from the portal vein. In normal condi-
tions, small amounts of endotoxins from the gut bacteria
enter the liver and most of them are eliminated by KCs.
Thus, the resident KCs play a critical role in maintaining
liver homeostasis and immunological tolerance in the liver.
However, the altered composition of microbiota, increase of
gut permeability, and hyperresponsibility of KCs to the gut-
derived endotoxin can interrupt this tolerance. Recently, gut
microbiota analysis revealed that individuals with NAFLD
have a lower percentage of Bacteroidetes with higher levels of
Prevotella and Porphyromonas species compared to healthy
controls [56]. Another study found that the inflammasome-
mediated dysbiosis of gut microbiota exacerbates hepatic
steatosis and inflammation through enhancing liver TNF𝛼
production [57].The prolonged exposure to ethanol is known
to promote hepatic macrophage hypersensitivity to LPS from
the gut and induce a high production of TNF𝛼, leading
to alcoholic liver disease [58]. Interestingly, patients with
NASHharbormodifiedmicrobiota that produce endogenous
ethanol, suggesting a role for alcohol-producing microbiota
in the pathogenesis of NASH [59].

The contribution of macrophages to NAFLD progression
is a late outcome of steatosis but an early participant in
NASH development, although altered macrophage function
has been documented in many stages of NAFLD [60].
Macrophages are extraordinarily versatile cells and exhibit
various phenotypes ranging from a proinflammatory clas-
sical M1 type to an anti-inflammatory alternative M2 type,
depending on the conditions of local microenvironment
[61]. The M1 macrophages are abundant in HFD liver and
play a critical role in driving inflammation and hepato-
cyte injury [62]. M2-polarized macrophages counterbalance
M1 macrophage-induced inflammation, promoting resolu-
tion of inflammation and tissue repair [63]. Favoring M2
macrophages promotes M1 macrophages apoptosis that pro-
tects against NAFLD progression [62]. The influence of hep-
atocyte on macrophages polarization was recently demon-
strated in human differentiated macrophage THP-1 cells
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[64]. In this study, HepG2 cells, a human hepatoblastoma-
derived cell line, were pretreated with ER-stress inducers
tunicamycin and thapsigargin. The THP-1 cells were then
exposed to the conditional medium from HepG2 cells and
subsequently displayed M2 phenotype, mediated by the per-
oxisome proliferator-activated receptor 𝛾 (PPAR𝛾) signaling
pathway.The authors further demonstrated that macrophage
M2 activation is initiated by cytokines IL-10 and IL-4 releas-
ing from prolonged ER stressed hepatocytes.

Macrophage-mediated inflammation in NASH is associ-
ated with toll-like receptor (TLR) activation; this is partic-
ularly true for TLR4 [65]. During liver injury, macrophages
release proinflammatory cytokines such as IL-1𝛽, TNF𝛼, and
IL-6 through the activation of TLR4 [66]. When prolonged,
this contributes to T cell activation and results in hepatocyte
death and subsequent activation of HSCs [67]. Accordingly,
TLR4 inhibition or macrophage depletion reduces hepatic
damage and prevents NASH development [68, 69].

Interestingly, during NASH, liver macrophages engulf an
excessive amount of oxidized low-density lipoprotein (ox-
LDL) and form “foam cells” [70]. These macrophage-derived
foam cells predominantly contain enlarged lysosomes filled
with cholesterol and cholesterol crystals. Additional evidence
showed that increased cholesterol storage inside lysosomes of
KCs is associated with hepatic inflammation in the context of
NASH [71, 72].

Taken together, hepaticmacrophages play a critical role in
maintaining immune homeostasis of the liver.The important
function they play in the pathogenesis of NASH makes
them an attractive therapeutic target for NASH treatment.
More research on macrophage phenotypes and functions is
required to better understand these cells to develop novel
macrophage-based therapeutic interventions.

5.2. Neutrophils. Neutrophils (also known as neutrophilic
granulocytes or polymorphonuclear leukocytes) are the first
immune cells to infiltrate the liver after acute injury. Neu-
trophil infiltration into the liver helps to clear pathogens but
may also enhance macrophage cytotoxicity and exacerbate
inflammatory state [73]. The contribution of neutrophils
in NASH pathogenesis is studied in human NASH and in
mouse models. One study found neutrophils infiltrate into
the livers of patients with NASH and frequently surround
steatotic hepatocytes, resembling the crown-like structures
in obese adipose tissue [74]. Moreover, the neutrophil-to-
lymphocyte ratio is higher in patients with advanced fibrosis
[75]. Transgenic mice expressing HNP-1, a human neutrophil
peptide, display enhanced hepatic fibrosis through inducing
HSCs proliferation in a choline-deficient and L-amino acid-
defineddiet-inducedmousemodel ofNASH [76]. In contrast,
deletion of elastase, a protease secreted by neutrophils in
HFD-induced obesemice, improves liver tissue inflammation
with a lower infiltration of neutrophils andmacrophages [77].
Beyond this, a better understanding of neutrophil function
in the pathophysiology of NASH is still needed and requires
further study.

5.3. T and B Lymphocytes. T and B lymphocytes mediate
the adaptive immune response. For instance, T helper cells,
a subgroup of T lymphocytes, are able to drive the acti-
vation of the other immune cells. They accomplish this,
for example, by helping B cells switch antibody classes, by
activating cytotoxic T cells, and by maximizing macrophage
phagocytosis through cytokine release [78]. Depending on
the cytokine environment, T helper cells can assume a proin-
flammatory phenotype (Th1), characterized by the release
of INF-𝛾 and transforming growth factor-𝛽 (TGF-𝛽) or an
anti-inflammatory phenotype (Th2), characterized by the
release of IL-4, IL-5, and IL-10 [79]. The balance between
Th1 andTh2 T cells is important to maintain immune system
homeostasis. For example, Th1 and Th2 enhancement can
affect macrophage polarization; in particular, Th1 induces
macrophages M1 polarization via the release of INF-𝛾 [79].

The involvement of adaptive immunity in stimulating
adipose tissue inflammation has been extensively studied in
obesity. In the initial phase, the fat-resident macrophages
secrete chemokines, which recruit CD4+/CD8+ T lympho-
cytes and NKT cells to the adipose tissue, which, in turn,
enhance macrophage activation and proinflammatory medi-
ator release [80]. A very similar mechanism is involved in
the initiation of inflammation in NASH pathogenesis, where
studies showed that both macrophages and lymphocytes rep-
resent the most frequent inflammatory infiltrates of NASH
liver [81].

The distinct role of different T cell populations in the
pathogenesis of NASH has been recently appreciated. For
instance, in human NASH liver biopsy sections, the portal
tract infiltrates are dominated by CD8 (+) lymphocytes [51].
Limiting CD8 (+) T-cell expansion by dendritic cells protects
mouse liver from NASH development [82]. Th17 cells, a
subtype of T helper cells, facilitate leukocyte recruitment
through the secretion of various cytokines including IL-
17 (IL-17A, IL-17F), IL-21, IL-22, and TNF𝛼. Hepatic Th17
cell infiltration is found in NASH [83]. In addition, IL-
17 secretion exacerbates hepatic steatosis and inflammation,
whereas IL-17 neutralization attenuates LPS-induced liver
injury [83]. Furthermore, IL-17A−/− mice were resistant to
the development of steatohepatitis, whereas wild-type mice
showed progression from NAFL to NASH via the induction
of IL-17 and downstreammediators [84]. Amost recent study
reports the progression fromNAFL toNASH ismarked by an
increase of ratio of Th17/resting regulatory T cells (Tregs) in
peripheral blood and liver [85].

By driving T cell activation and secreting proinflamma-
tory cytokines or chemokines, B cells play a critical role
in NASH pathogenesis [86]. Lipid peroxidation products,
arisen from phospholipid oxidation, interact with cellular
proteins and are one of the sources of neoantigens able to
promote an adaptive immune response in NASH [87]. As
evidence, 40%–60% of patients with NASH have circulating
antibodies against lipid peroxidation-derived antigens such
as malonyldialdehyde or 4-hydroxynonenal [88]. Further-
more, the high titers of these antibodies are in parallel
with increased risk to develop advanced liver fibrosis [89].
Recently, the contributions of B-cells to obesity, diabetes,
and NAFLD are extensively examined using animal models.
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Winer et al. demonstrated that B-cells rapidly increase in
serum and adipose tissue of mice fed a HFD [90]. In this
study, B cell-deficientmice (Bnull) fedHFDdisplay a reduced
insulin resistance, and adoptive transfer of B cells or IgG
isolated from mice fed HFD into B null mice can reverse
that phenotype and induce insulin resistance [90]. B cell-
activating factor (BAFF, TNFSF13B) is a cell survival and
maturation factor for B cells, and overproduction of BAFF is
associated with systemic autoimmune disease [91]. Recently,
an increase of serum level of BAFF was identified in human
NASH, and the serum BAFF level correlates with B-cell
content in liver [92]. In addition, BAFF receptor-deficient
mice display improved obesity and insulin resistance induced
by HFD but also, unexpectedly, show enhanced hepatic
steatosis, which indicates a protective role of BAFF in hepatic
steatosis [92, 93]. However, contradictory observations on
the B-cell’s contribution to insulin resistance and NAFLD
have also emerged. Bhattacharjee et al. found that B cell-
deficient mice (xid mice) fed high fructose drinking water
develop the same level of glucose intolerance and insulin
resistance as wild-type mice [94], which suggests that B-cells
do not play a role in NAFLD progression. The reason for
these contradictory observations could be, in part, due to
the differences in B-cell-deficient mutant mouse strains and
different diet-induced NAFLD models.

Nevertheless, the involvement of adaptive immunity in
the processes driving NASH evolution makes T and B cells
as attractive therapeutic targets for NASH prevention and
treatment. Further studies are required to better understand
the interaction between innate and adaptive immunity in
sustaining hepatic inflammation and promoting fibrosis in
NASH.

5.4. NLRP3 Inflammasome. NLRP3 inflammasome is a
large, intracellular multiprotein complex expressed in both
parenchymal and nonparenchymal cells of the liver. In
response to various cellular danger signals, NLRP3 inflam-
masomes activate caspase-1 and release mature IL-1𝛽 and
IL-18 [95]. Interestingly, recent studies revealed NLRP3
inflammasome activation as an emerging factor contributes
to NASH development. For example, the expressions of
NLRP3 components, pro-IL-1𝛽 and pro-IL-18, are markedly
increased in both mouse models and humans with NASH
[96, 97]. Moreover, NLRP3 knockout mice or IL-1𝛼 or IL-1𝛽
knockout mice are protected from diet-induced liver injury,
inflammation, and fibrosis [97, 98]. Another study demon-
strates that selective inhibition of caspase-1 alleviates hepatic
steatosis, inflammation, and fibrosis in a diet-induced mouse
model of NASH [99]. These studies strongly suggest that
NLRP3 inflammasome may serve as a potential therapeutic
target for the treatment of NASH.

6. Role of HSCs in NASH Progression

Liver fibrosis is a condition in which an excessive amount
of extracellular matrix (ECM) proteins, like type I collagen,
accumulates in the liver. This buildup of ECM occurs in
most types of chronic liver diseases including NAFLD [100].

Although many cell types, including the hepatocytes and
sinusoidal endothelial cells have been identified as contrib-
utors of ECM components, liver myofibroblasts, originally
from HSCs (from the word of Latin origin, stella, meaning
star), portal fibroblasts (PFs) or mesothelial cells are the
major source of ECM [101]. The role HSCs play in fibrosis is
unequivocal. Much data has demonstrated that HSC activa-
tion precedes fibrogenesis and that a lack of HSC activation
halts the process [102–104]. Lipid accumulation, as that seen
in NAFLD, triggers a profibrogenic response fromHSCs [12];
therefore an overview of fibrogenesis in NASH is critical to
understanding NASH progression.

Although HSCs only make up about 1.4 percent of
the liver cell population [105], their effect on overall liver
homeostasis, particularly in cases of liver injury, is worthy
of attention. HSCs are likely mesenchyme in origin, due
to the fact that they produce alpha-smooth muscle actin
(𝛼-SMA) when activated and express vimentin and desmin
[105]. HSCs reside in the space between hepatocytes and
the liver sinusoidal endothelial cells, known as the space of
Disse [106]. In healthy liver, HSCs exist in a quiescent state,
storing vitamin A and lipids, a function, which led to an
alternative name for HSC, the lipocyte [106, 107]. Upon liver
injury, HSCs become highly proliferative, losing vitamin A
and lipid droplets. In the same process, HSCs commence
in mass production of a fibrotic extracellular matrix profuse
with type I collagen [103] that allows the activated HSCs to be
characterized as a myofibroblast-like cell.

For over two decades, researchers have gathered enough
convincing data suggesting that HSCs, indeed, are the main
cells involved in the production of extracellular matrix
(ECM) in liver fibrosis [105, 108]. Other cell types like PFs and
smooth muscle cells (SMCs) also contribute to the synthesis
of connective tissue proteins as well [103]. For instance,
the PFs, but not the HSCs of the hepatic sinusoid, play a
predominant role in the early stage of cholestatic fibrosis
when portal tracts are injured [103]. HSCs resemble and
function in a similar manner as PFs when they are active.
However, when quiescent, HSCs and PFs differ functionally
as well as with respect to from which embryologic tissue
they arise [109]. Different markers exist which can be used
to distinguish between HSCs and PF. For example, recent
research suggests that HSCs can be accurately distinguished
from PFs based in expression of cytoglobin (CYGB): the
CYGB protein is found in both quiescent and active HSCs
but not in PFs after immunohistochemistry [110]. In addition,
HSCs are positive for desmin and PFs are positive for elastin
instead [101].

HSC activation involves two phases: the initiation phase
and the perpetuation phase [105]. During the initiation
phase, HSCs proliferate and become myofibroblast-like in
response to proliferative and fibrogenic cytokines. Only
activated HSCs express alpha2-macroglobulin, P100, CD95L,
and reelin, which makes these proteins good identifiers for
HSC activity [103, 111, 112]. There are many cells involved in
activating HSC. For example, hepatocytes, liver sinusoidal
endothelial cells, macrophages, NK cells, and lymphocytes
play roles in the activation process [113]. Those cells secrete
mediators that affect HSC activation. Of the mediators that
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are released, platelet-derived growth factor (PDGF) and
transforming growth factor beta (TGF-𝛽) are the two best-
described growth factors. PDGF is involved in the signal-
ing process required for HSC proliferation, while TGF-𝛽
promotes collagen production [114]. The increase of ECM
components (fibrillar collagens such as type I collagen) and
inhibitors of matrix-degrading enzymes, like tissue inhibitor
of matrix metalloproteinases (TIMP), occurs in the second
phase of HSC activation—an event resulting in matrix accu-
mulation, especially at sites where many activated HSCs
reside [100].

Extensive studies have investigated how HSCs are acti-
vated in NAFLD. Lipid metabolites accumulation in hep-
atocytes induces TGF-𝛽 signaling and impairs adiponectin
activity, supporting a key role for lipotoxicity in the devel-
opment of hepatic fibrosis [115]. Recent data demonstrate a
positive correlation between theNotch signaling pathway and
HSC activation. In TGF-𝛽-activated HSCs, Notch pathway
components are significantly increased and inhibition of
Notch signaling decreases HSC activation [116]. Schnabl et
al. demonstrated that TGF-𝛽-activated kinase 1 (TAK1)/c-Jun
N-terminal kinase (JNK) and p38 pathways work collabora-
tively in HSC activation. TAK1/JNK promotes HSC prolifer-
ation while p38 decreases HSC proliferation [117]. Another
recent study suggests that osteopontin and high mobility
group box 1 (HMGB1) releasing fromnecrotic hepatocyte also
play a key role in HSC activation [118]. Most recently, Dr.
Guy and coworkers discovered that ballooned hepatocytes
generate sonic hedgehog (Shh), a ligand of the hedgehog-
signaling pathway, which promotes HSC activation and
drivesNASHprogression inmice [119].Those studies support
the notion that HSCs shift from a fairly quiescent state to
an ECM-producing machine in NASH and the regulation for
that process is quite complex.

7. Therapeutic Options

There is no pharmacological treatment for NASH. However,
therapeutic options exist to manage NASH symptoms such
as probiotics for gut dysbiosis, physical activity, and weight
loss for obesity and diabetes [120]. Targeting PPARs are of
specific interest due to the suspected roles that these nuclear
receptors have in preventing hypertriglyceridemia and type
2 diabetes (two risk factors for NAFLD) [121, 122]. Targeting
hepatic macrophages is also one of the focus areas for
therapeutic options [123].This is especially true since hepatic
macrophages are involved in many processes throughout
NAFLD progression. Another suggestion is to target the
main cells responsible for hepatic fibrosis, HSCs. Proposed
methods include, but are not limited to, targeting TGF-𝛽1,
PDGF, and PPARs (specifically PPAR𝛾) [124].

As we have discussed, oxidative stress is a key feature of
NAFLD progression. Vitamin E is an antioxidant, which pre-
vents oxidative stress associated with JNK activation. In 2010,
NIDDK sponsored a PIVENS trial (PPAR𝛾 agonist piogli-
tazone, vitamin E, or placebo for NASH, NCT00063622) in
247 adults with NASH without diabetes. The improvement
in histologic features of NASH was assessed with the use

of a composite of standardized scores for steatosis, lob-
ular inflammation, hepatocellular ballooning, and fibrosis.
It turned out that vitamin E was superior to placebo for
the treatment of NASH in adults without diabetes [125]. A
later study found that the treatment response in vitamin E
group is correlated with the loss of Shh+ hepatocytes and
an improvement against Hh-promoted NASH progression
[126, 127]. Another promising therapeutic option includes
glucagon-like peptide-1- (GLP-1-) based therapies, which
promote hepatocyte survival via reduction of hepatic fat
accumulation and unfolded-protein response [120, 128].

8. Conclusions

Our knowledge of NASH pathogenesis has been greatly
advanced through animal models and in vitro studies, as well
as through the examination of liver specimens from patients
with NAFLD.The pathogenesis of NASH and its progression
to fibrosis are very complex and occur in response to a
chronic inflammatory state in the setting of obesity, insulin
resistance, hepatic steatosis, and oxidative stress. In any case,
the ability to treat a disease relies heavily on the knowledge
of disease etiology. So far, the main treatment options are
to relieve or prevent the symptoms of NAFLD via changing
diet, weight loss, exercise, or bariatric surgery [129]. Progress
in this aspect has greatly improved recently. However,
more remains to be uncovered regarding the connections
between, and the orders of, the pathways involved in NASH
pathogenesis particularly for patients whose liver disease
does not respond to these behavioral or surgical options.
Additionally, when these proposed treatment options were
considered, there was not sufficient data or evidence to show
the treatments are effective to ameliorate NASH in human
patients [130]. As we have discussed above, the pathogenesis
of NASH involves multiple mechanisms that affect both
liver parenchymal and nonparenchymal cells; thus a mul-
tipronged strategy to design and implement multimodality
pharmacologic approaches targeting multiple mechanisms
could possibly be more successful than single-agent use.
Nonetheless, it is hoped that an increased understanding of
NASH pathogenesis and progression, and particularly the
mechanism of triggering immune response and liver fibrosis,
will provide better targets for therapeutic intervention in this
growing common disease.
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Tissue and matrix stiffness affect cell properties during morphogenesis, cell growth, differentiation, and migration and are altered
in the tissue remodeling following injury and the pathological progression. However, detailed molecular mechanisms underlying
alterations of stiffness in vivo are still poorly understood. Recent engineering technologies have developed powerful techniques to
characterize the mechanical properties of cell and matrix at nanoscale levels. Extracellular matrix (ECM) influences mechanical
tension and activation of pathogenic signaling during the development of chronic fibrotic diseases. In this short review, we will
focus on the present knowledge of the mechanisms of how ECM stiffness is regulated during the development of liver fibrosis and
the molecules involved in ECM stiffness as a potential therapeutic target for liver fibrosis.

1. Introduction

Each tissue/organ has an optimum stiffness level. The tis-
sue/organ stiffness changes in response to biochemical and
physical stimuli during the development or due to patholog-
ical conditions such as chronic fibrotic disease and cancer
progression [1, 2].

Atomic force microscopy (AFM) allows surface topog-
raphy of tissues to be imaged with a nanometer spatial
resolution using a sharp tip attached to a cantilever. In
addition to surface imaging, AFM enables the measurement
of mechanical data from tip/sample interaction [3]. AFM is
widely used inmeasuring tissue/organ stiffness at a nanoscale
level and cell mechanics. The elastic modulus is typically
reported using such AFM data [1, 4]. A number of studies
using AFM have assessed tissue/organ stiffness and have
revealed that the elastic modulus of soft tissues such as liver,
lung, and skin is approximately one-fifth of the level ofmuscle
tissues [1, 4].

Many studies suggest that ECM stiffness affects biological
properties of cells and tissues. For example, naive mesenchy-
mal stem cells cultured on soft matrices that mimic brain
exhibit neurogenic phenotype, whereas those cultured on

stiffer matrices that mimic muscle exhibit myogenic pheno-
type, suggesting that matrix elasticity governs lineage and
phenotypes of stemcells [5].NIH3T3fibroblasts on substrates
with a rigidity gradient can generate stronger traction forces
and spread to a larger size on stiff substrates than on soft
substrates [6]. Elevatingmatrix stiffness increases cell growth
and disrupts epithelial morphogenesis by enhancing integrin
clustering, extracellular signal-regulated kinase (ERK) acti-
vation, and Rho-generated contractility [7]. A recent insight-
ful study shows that collagen cross-linking, which elevates
tissue stiffness, leads to cancer progression by enhancing
ECM receptor integrin signaling [8]. Therefore, analysis
of matrix/tissue stiffness provides us with new insights in
understanding the pathological mechanisms of tumor and
fibrotic diseases.

Collagen is the most abundant component of scaffold-
ing ECM in tissue/organ stroma [9, 10] and essential for
macromolecular structure and organizations in the ECM.
Indeed, collagen-mediated ECM networks have an effect
on biological properties such as matrix/tissue stiffness and
tissue/organ structure. Type I collagen is a member of fibril-
forming collagen and the major molecule of collagen fibrils
(more than 90%) in bone, tendon, ligament, and skin and
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also all major organs such as heart, kidney, liver, lung, and
spleen in vertebrates [10]. Type I collagen is synthesized as
procollagen and then forms fibrils after enzyme-mediated
removal of both N- and C-terminus propeptides [10]. Cova-
lent cross-linking occurs among intra- and intermolecular
chain of collagens [11], which results in the stabilization and
enhancedmechanical properties in extracellular collagen [12,
13]. We have recently discovered that there are at least two
independent mechanisms of type I collagen fibrillogenesis
in response to adult tissue/organ injury: ECM glycopro-
tein fibronectin-mediated and transforming growth factor-
(TGF-) 𝛽/type V collagen-mediated [14].

TGF-𝛽 plays a pivotal role as a profibrogenic mas-
ter cytokine in promoting differentiation of tissue-resident
fibroblasts intomyofibroblasts and upregulation of ECMpro-
duction, including fibronectin and collagen [15, 16]. TGF-𝛽 is
secreted into ECM as a biologically inactive (latent) complex
with TGF-𝛽 latency-associated protein and latent TGF-𝛽-
binding protein- (LTBP-) 1. In response to injury, latent TGF-
𝛽 is converted to an active form to bind its receptor. Indeed,
TGF-𝛽 bioavailability is increased in chronic fibrotic diseases,
whereas inhibition of latent TGF-𝛽 activation prevents the
progression of fibrosis [17–20], implying that local activation
of latent TGF-𝛽 is a critical step in the control of TGF-𝛽
activity. Importantly, local TGF-𝛽 bioavailability is negatively
regulated by fibronectin following adult tissue/organ damage
[14, 21].

Liver is responsible for themetabolism, synthesis, storage,
and redistribution of nutrients, and it has a central role
in homeostasis. Liver injury can be induced by chronic
infection with hepatotropic viruses (mainly hepatitis B and
C viruses) and autoimmune injury as well as by metabolic
and toxic/drug-induced causes, with chronic alcohol con-
sumption being predominant in western countries. Interest-
ingly, the adult liver has a very high regenerative capacity.
Adult liver can completely recover within weeks even after
70% resection of the total liver (partial hepatectomy) [22].
However, if liver injury persists, liver regeneration fails and
this results in the excessive accumulation of collagenous
ECM (mainly type I collagen, termed “liver fibrosis”). Thus,
liver fibrosis is the common outcome in all chronic liver
diseases. Liver fibrosis has great clinical importance because
it is reversible in the early stages, before disruption of the
normal liver architecture and the eventual impairment of
liver function [23]. Liver cirrhosis, the end-stage irreversible
consequence of liver fibrosis, causes significant morbidity
and mortality and is characterized by the formation of
regenerative nodules of parenchyma surrounded and sepa-
rated by fibrotic septa. 170 million patients worldwide are
affected by chronic liver disease, 25–30% of whom will
develop significant fibrosis and eventually cirrhosis. Eventu-
ally, many patients suffer from progressive liver cirrhosis and
are required to get liver transplants. Currently, there are no
biomarkers that can be used to identify patients who might
benefit from a specific therapy; also there are no biomarkers
that can reliably predict the progression to liver fibrosis and
the development of cirrhosis [24, 25].

In response to liver damage, myofibroblasts such as acti-
vated hepatic stellate cells (HSCs) play a central role in ECM

remodeling [23]. In quiescent conditions, HSCs are located
in the subendothelial space and store vitamin A droplets
[69]. Quiescent HSCs express makers that are characteristic
of adipocytes (PPAR𝛾, SREBP-1c, and leptin) [23]. Following
liver injury, HSCs, like tissue-resident fibroblasts in other
organs, transdifferentiate into proliferative myofibroblasts,
expressing high levels of myogenic markers (alpha smooth
muscle actin [𝛼-SMA], c-myb, and MEF-2) and acquiring
contractile, proinflammatory, and fibrogenic properties [23].
Activated HSCs proliferate and migrate to the sites for
tissue repair, secreting large amounts of ECM and regulating
ECM degradation [23]. Surprisingly, in advanced stages of
liver fibrosis, fibrotic livers accumulate approximately up to
6 times more ECM compared to normal livers, including
collagens, fibronectin, and laminin [23]. A recent in vitro
observation has revealed that primary rat HSCs cultured for
7 days on soft substrates appear morphologically quiescent,
whereas HSCs cultured on stiffer substrates exhibit typical
features of myofibroblast (increased spreading and 𝛼-SMA
expression), suggesting that alteration of liver matrix stiffness
drives the pathological progression of fibrosis [70]. However,
it remains to be elucidated how ECM stiffness is regulated
following liver injury and how activated HSCs contribute to
ECM stiffness during the development of liver fibrosis. In
this short review, we will focus on the present knowledge of
the regulatorymechanisms ofmatrix stiffness in chronic liver
fibrosis.

2. Molecules Regulating Extracellular
Matrix Stiffness

As described above, collagen cross-linking enhances the
ECM stiffness [11]. Accumulating observations have iden-
tified molecules regulating protein cross-linking and ECM
stiffness (Table 1). The molecules regulating ECM stiffness
have relevance to chronic diseases including tissue fibrosis,
neurodegenerative, autoimmune disease, and cancer [27, 71].

2.1. Lysyl Oxidase Family. The lysyl oxidase (LOX) family
contains at least five members: LOX-like 1 (LOXL1), LOXL2,
LOXL3, and LOXL4, in addition to LOX [12, 26]. They
belong to an amine oxidase family and copper-dependently
catalyze the posttranslational oxidation of peptidyl lysine to
the peptidyl aldehyde, 𝛼-aminoadipic-𝛿-semialdehyde [12].
This chemical modification is known to be induced by
profibrogenic cytokine TGF-𝛽, enables the covalent cross-
linking in fibrillar collagens and elastins, and thus results in
the insolubilization and stabilization of ECM proteins [8, 72].

LOX is secreted as inactive proenzyme (proLOX) and
then extracellularly cleaved to active enzyme by C-proteinase
[12, 26]. In vitro study raises the possibility that the proteolytic
activation of proLOX occurs on the cell surface in a complex
with cellular form of fibronectin [73]. LOX binds to cellular
fibronectin at higher binding affinity (Kd = 2.5 nM) as well as
type I collagen (Kd = 5.2 nM) and tropoelastin (Kd = 1.9 nM),
although it is unlikely that cellular fibronectin acts as a sub-
strate of LOX. LOX colocalizes well with cellular fibronectin
in both cultured fibroblasts in vitro and normal human tissues
in vivo. Interestingly, fibronectin-null embryonic fibroblasts
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Table 1: Extracellular matrix stiffness-regulating molecules.

Molecules Biological functions References
LOX Catalyzing cross-linking of collagen and elastin [12, 26]
LOX-like 1–4 Catalyzing cross-linking of collagen and elastin [12, 26]
Tissue transglutaminase Catalyzing cross-linking of ECM proteins [27]
Fibronectin Decreasing LOX family expression [21]
TGF-𝛽 Increasing collagen, LOX family expression [15, 26]
PDGF Increasing LOX expression [28, 29]
IL-1𝛽 Increasing LOX expression [30]

TNF-𝛼
Decreasing LOX expression (1–5 ng/mL) [31]
Increasing LOX expression (10–30 ng/mL)

Prostaglandin E Decreasing LOX expression [30]
IFN-𝛾 Decreasing LOX expression [32]
ECM, extracellular matrix; IFN-𝛾, interferon-𝛾; IL-1𝛽, interleukin-1𝛽; LOX, lysyl oxidase; MMP, matrix metalloproteinase; PDGF, platelet-derived growth
factor; TGF-𝛽, transforming growth factor-𝛽; TNF-𝛼, tumor necrosis factor-𝛼.

show significant reduction of the proteolytic processing of
proLOX [73].These findings strongly suggest that fibronectin
matrix regulates ECM stiffness via LOX activation.

LOX knockout mouse shows perinatal death caused
by developmental abnormalities in various tissues such as
diaphragm, heart, lung, skin, and vascular tissues [74–76],
demonstrating that LOX is essential for normal embryonic
development. In both human fibrotic diseases and animal
models, elevated expression and activity of LOX familymem-
bers are often observed [35, 77]. Significantly increased LOX
activity is observed in sera of patients with hepatic diseases
such as chronic hepatitis, fibrosis, and cirrhosis [78, 79],
implying the potential of LOX family as a biomarker for liver
fibrosis. LOX inhibitor 𝛽-aminopropionitrile (BAPN: small
molecule) decreases TGF-𝛽1-induced collagen fibril stiffness
in vitro and also organ stiffness following injury [21, 80].
The treatment of BAPN with mice in carbon tetrachloride-
(CCl4-) induced liver fibrosis facilitates fibrosis reversal after
CCl4 withdrawal, supporting the concept of pharmacologic
targeting of LOX pathway to inhibit liver fibrosis and pro-
mote its resolution [34]. LOXL2-specific inhibitory antibody
reduces the extent of collagen cross-linking mediated by
pSmad2/3 signaling (canonical TGF-𝛽1 signaling) in mouse
models of chemically induced fibrosis in the liver and lung
[35] and indeed anti-LOXL2 antibody (GS-6624) in the
process of clinical trials [81].

2.2. Transglutaminase Family. The transglutaminase- (TG-)
mediated, covalent cross-linking of proteins is an essential
step in tissue remodeling after injury. This process provides
tissues with extra rigidity and resistance against proteolytic
degradation. TGs are widely distributed calcium-dependent
enzymes and catalyze covalent cross-linking between 𝛾-
carboxy-amine group of a glutamine residue and the 𝜀-amino
group of a lysine residue, resulting in a 𝜀-(𝛾-glutamyl)lysine
isopeptide bond [27]. Several studies indicate the involve-
ment of TGs in human diseases such as neurodegenerative
disorders, autoimmune diseases, cancer, and tissue/organ

fibrosis [27]. The nine members of this family have been
identified: TG1 (keratinocyte TG), TG2 (tissue TG), TG3
(epidermal TG), TG4 (prostate TG), TG5 (TGX), TG6
(TGY), TG7 (TGZ), factor XIII, and band 4.2 [82].

TG2 (tissue TG) is the most abundantly expressed mem-
ber of the TGs [82]. Unlike other members, TG2 is a mul-
tifunctional protein and numerous substrates of TG2 have
been identified [27, 82]. Many ECM glycoproteins (collagen,
fibronectin, fibrinogen, vitronectin, laminin, and LTBP-1) are
known to be the substrates of TG2. An in vitro study using
Swiss 3T3 fibroblasts suggests the contribution of TG2 to
the deposition of latent TGF-𝛽 complex into ECM: LTBP-1
is codistributed with extracellular TG2 and fibronectin, and
increased TG2 expression elevates the deposition of LTBP-
1 in the matrix along with the increase of deoxycholate-
insoluble fibronectin, whereas the competitive amine sub-
strate reduces the LTBP-1 deposition in the matrix [83].
Recent studies reveal that TG2 has not only enzymatic (cross-
linking of ECM proteins) but also nonenzymatic functions
[71]. The cell surface TG2 noncovalently associates with
soluble fibronectin and integrin (𝛽1, 𝛽3, and 𝛽5), resulting
in promoting fibronectin deposition into ECM and forming
stable ternary complexes with both fibronectin and integrins
[71]. The association of TG2 with integrins potentially trig-
gers outside-in signaling. Cell surface TG2 increases RhoA
activity by integrin clustering and downregulation of Src-
p190RhoGAP inhibitory pathway, enhancing formation of
focal adhesion and actin stress fibers [71, 84]. It is therefore
likely that TG2 affects ECM/tissue properties via regulating
ECM cross-linking and cell-ECM interactions.

Upregulation of TGmRNA and protein levels is observed
in human and murine liver fibrosis progression [36, 85].
However, TG2-knockout mice show a comparable extent and
pattern of liver fibrosis compared to wild-type controls in
CCl4- and thioacetamide-induced chronic liver injury [36].
Furthermore, reversal after CCl4-induced liver fibrosis is
not accelerated in TG2-knockout mice. It is therefore likely
that TG2 does not have a major contribution to hepatic
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fibrogenesis or stabilization of the collagen matrix and that
TG2-independent collagen cross-linking (e.g., LOX family)
could be represented as an important therapeutic target for
liver fibrosis [36].

Factor XIII (FXIII) plays a central role in forming a
stable fibrin meshwork by cross-linking of fibrin during
blood clotting [86]. A number of studies have revealed
that ECM proteins such as fibronectin, collagen (type I, II,
III, and V), and vitronectin are also substrates of FXIII.
For example, fibronectin is cross-linked to fibrin 𝛼 chain
by FXIII and this cross-linking produces denser clots [86].
Although fibronectin does not affect clot rigidity at physio-
logical concentrations [86], fibronectin-fibrin cross-linking is
required for fibroblast adhesion and spreading onfibronectin.
However, the molecular mechanisms underlying impaired
wound healing in patients lacking FXIII are still largely
unknown [87, 88]. Moreover, the functional requirement
for FXIII-mediated cross-linked provisional matrix between
fibrin and fibronectin in adult tissue remodeling remains
to be defined. We have demonstrated in an FXIII subunit
A deficient murine model of acute liver injury that the
lack of FXIII subunit A does not interfere with collagen
reconstruction and resolution after liver injury. Furthermore,
FXIIIA deficiency has caused significantly increased hepato-
cyte apoptosis and a delay in hepatocyte regeneration after
injury, which are accompanied by a high induction of p53
expression. These findings strongly suggest a novel function
of FXIII where the FXIII-mediated covalently cross-linked
matrix could promote survival signals for hepatocytes in
adult tissue remodeling [33].

2.3. A Disintegrin and Metalloproteinase with Thrombospon-
din Type I Motif 2 (ADAMTS2). ADAMTS (a disinte-
grin and metalloproteinase with thrombospondin motif)
enzymes are extracellular proteases and belong to themetzin-
cin protease superfamily [89]. They are subgrouped on the
basis of their substrates: the aggrecanases or proteoglycan-
ases (ADAMTS1, ADAMTS4, ADAMTS5, ADAMTS8,
ADAMTS9, ADAMTS15, and ADAMTS20), the procollagen
N-propeptidases (ADAMTS2,ADAMTS3, andADAMTS14),
the cartilage oligomeric matrix protein-cleaving enzymes
(ADAMTS7 and ADAMTS12), the von Willebrand factor
proteinase (ADAMTS13), and a group of orphan enzymes
(ADAMTS6, ADAMTS10, ADAMTS16, ADAMTS17,
ADAMTS18, and ADAMTS19) [89]. A very recent in vitro
study shows that ADMTS2, ADAMTS3, and ADAMTS14
cleave LTBP-1 and TGF-𝛽 RIII (𝛽-glycan) and that
ADAMTS2 silencing inhibits TGF-𝛽1- or TGF-𝛽2-induced
expression of connective tissue growth factor and 𝛼-SMA in
human dermal fibroblasts [90]. ADAMTS2-deficient mice
show reduced hepatic fibrosis in chronic liver injury induced
by CCl4, whereas a single CCl4 injection causes a similar
acute liver injury in knockout and wild-type mice [37].
These findings suggest that ADAMTS2 promotes fibrosis via
activation of TGF-𝛽 signaling and that ADAMTS2 might
be a novel therapeutic target for liver fibrosis. However, it is
unclear whether ADAMTS2 level is elevated in patients with
liver fibrosis and whether ADAMTS inhibitors ameliorate
fibrosis progression and/or accelerate the regression in

animal models. Further studies remain to be elucidated to
clarify the contribution of ADAMTS to ECM stiffening and
progression/regression of liver fibrosis.

2.4. Small Leucine-Rich Proteoglycans/Protein Family. Small
leucine-rich proteoglycans/protein (SLRP) family consists of
five classes (I–V) and the canonical class is classes I, II, and, III
including decorin, biglycan, lumican, and fibromodulin [91].
Almost all SLRPs bind collagen fibrils through their leucine-
rich repeat domain. Lines of evidence show that SLRPs
contribute significantly to the diameter and/or alter structure
of collagen fibrils [91–93]. A dynamic modulus in biglycan-
null tendons is significantly increased compared to wild-type
tendons [94]. The elasticity of collagen fiber networks in
cultured decorin-siRNA-transfected mouse NIH3T3 fibrob-
lasts declines during the incubation period, whereas it is
unchanged in untransfected cells [95]. It is therefore likely
that SLRPs could regulate the mechanical strength of ECM.

3. Characterization of Liver Mechanics
In Vitro and In Vivo

The role of mechanical factors in myofibroblastic activation
and fibrosis has been recognized for many years [80, 96].
Hence, appropriate techniques are needed to accurately
characterize the mechanical changes associated with liver
fibrosis. Studies on liver mechanics have been limited due
to numerous factors including small sample sizes, variable
methodologies, and tissue storage methods. However, it is
widely reported that liver is a viscoelastic tissue and that stiff-
ness increases with increasing fibrosis. A range of techniques
have been applied to characterize livermechanics both in vivo
and in vitro. For example, magnetic resonance elastography
(MRE) has long been used for noninvasive assessment of
liver fibrosis [97] and new developments ofMRE allow three-
dimensional spin-echo echo planar imaging [98].

For in vitro analysis, oscillatory rheometry which pro-
vides the complex shear modulus of liver tissue is typically
used for characterization of liver stiffness and data obtained
with this technique has been found to correlate with in vivo
MREmeasurements [99]. Mechanical tissue characterization
with rheometry involves the analysis of the complex shear
modulus. Very recently, it is shown that the shear storage (G),
loss (G), and apparent Young’s moduli increase markedly
with progressive fibrosis in rat livers [100]. They suggest
that both cells and the ECM contribute significantly to the
mechanical properties of the tissue and that these are driven
by cell-cell and cell-ECM contacts. Whilst such approaches
provide fundamental mechanical property information on
biopsy samples of liver and can be used to develop a consti-
tutive model to understand behavior [100], the information
yielded for the samples is at the macroscopic/gross level.
Similar to other soft tissues, in the liver, the key components
of the ECM, which are altered with fibrosis, are organized at
length scales which are not discriminated with conventional
mechanical testing techniques [3]. Techniques such as AFM
allow themechanical properties to be probed at the nanoscale
and hence open up exciting new areas of research into
how the specific components of the tissue microstructure
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influence its mechanical behavior [3]. AFM was originally
developed as a topographic imaging technique but is a highly
versatile technique where the contrast in AFM images is
related to the tip/sample interaction and hence the elastic
properties of both tip and substrate [3]. For mechanical
property measurements, AFM is typically used in force
spectroscopy mode where the mechanical properties of a
sample are determined with a high resolution but without
correlated surface topography. A recent review byMaver et al.
provides an overview of various AFM modes and its use for
biomedical applications [101]. The challenges and limitations
of AFM-based quantitative mechanical analysis have been
reviewed elsewhere [3].

AFM has been used widely to study cell elasticity [102,
103] but to date there are few studies which have determined
changes in the properties of native liver tissue with AFM.
Recent applications of AFM methods to tissue highlight the
utility of such AFM experiments. Zhao et al. [104] used
AFM to determine the elastic modulus of biopsy samples
obtained from a large cohort of patients in an investigation on
the relationship between matrix stiffness and hepatocellular
carcinoma. They found a positive correlation between ECM
mechanical stiffness and integrin 𝛽1 expression, suggesting
that integrin 𝛽1 expression is regulated by the mechanical
stiffness of the ECM. Desai et al. have conducted a detailed
AFM study on mice liver lobules from normal and fibrotic
livers. They demonstrated that normal liver matrix stiff-
ness was around 150 Pa but increased to 1–6 kPa in areas
near fibrillar collagen deposition in fibrotic livers [105].
We have investigated whether ECM glycoprotein fibronectin
could be a suitable target for ameliorating fibrosis during
advanced stages of chronic liver injury, particularly focusing
on themolecularmechanisms responsible formatrix stiffness
[21]. We have discovered in liver fibrogenesis induced by
CCl4 that fibronectin-null livers have exhibited constitutively
elevated local TGF-𝛽 activity and lysyl oxidase expres-
sions, induced more myofibroblast phenotypes, accumulated
highly disorganized/diffuse collagenous ECM networks, and
consequently have led to more extensive liver cirrhosis.
Importantly, these phenotypes in fibronectin-null livers are
accompanied by significantly elevated liver matrix stiffness,
as determined by AFM, and deteriorated hepatic functions.
The novel aspect of our AFM experiments is that we have
simultaneously imaged the ultrastructure of the tissue and
colocated the mechanical properties, using a novel AFM
mechanical mapping method [106]. We have found that
there is approximately a 55% increase in the elastic mod-
ulus of fibronectin-null livers compared to controls in vivo
(5,128 ± 553.6MPa in mutant versus 3,313 ± 835.2MPa in
control (𝑛 = 9); 𝑃 < 0.05; measured at ambient con-
ditions) [21]. Further in vitro mechanical integrity analysis
reveals that TGF-𝛽1- (2 pM-) induced collagen fibril stiffness
in fibronectin-null hepatic myofibroblasts (activated HSCs)
is found to be significantly higher compared to control
(parental) cells. Furthermore, the treatment of fibronectin-
null HSCs with 10 𝜇g/mL plasma fibronectin has recovered
collagen fibril stiffness to parental cell levels in vitro [21].
Thus, taken together, these findings indicate that elevated
TGF-𝛽 bioavailability in fibronectin-null livers induces more

activemyofibroblasts and sustains their activated phenotypes.
As a consequence, these myofibroblasts develop more accu-
mulated collagenous ECMs during advanced chronic liver
damage, which thereby results in the significant deterioration
of net hepatic function. We propose that there are func-
tional links between fibronectin-mediated control of TGF-𝛽
bioavailability and collagen fibril stiffness.

4. Perspectives

Fibrosis is characterized by ECM remodeling and stiffening.
Accumulating studies using animal models suggest that the
molecules involved in ECM remodeling and stiffening have
potential as a therapeutic target for liver fibrosis (Table 2)
[107]. Several antifibrotic drugs for fibrosis, including liver
fibrosis, are in the process of clinical trials [23, 81, 108].
To date, the therapeutic concept for liver fibrosis has been
etiology-driven to ameliorate and eliminate the causative
agents of chronic liver disease [81]. More recently, the
biochemical changes affecting liver fibrosis irreversibility
have become the focus, that is, direct approaches targeting
specific ECMs and the extent ofmatrix stiffness cross-linking.
For example, intravenous injection of nanoparticle loaded
with procollagen 𝛼1(I) siRNA ameliorates progression and
accelerates regression of hepatic fibrosis in mice without
detectable side effects [44], suggesting that inhibition of de
novo collagen synthesis could be a concept in the devel-
opment of therapeutic agents for chronic hepatic fibrosis.
Tissue-resident fibroblasts transdifferentiate into myofibrob-
lasts in response to injury and are responsible for ECM
production and remodeling. There are at least two inde-
pendent mechanisms in type I collagen network organiza-
tion (fibronectin- and TGF-𝛽/type V collagen-mediated) in
response to adult tissue/organ damage [14]. It remains to
be elucidated how each mechanism contributes to matrix
stiffness during the development of tissue/organ fibrosis.
It also remains an unsolved question how ECM stiffness
changes during the resolution of liver fibrosis and whether
ECM stiffness affects the resolution process. Recent growing
evidence has showed that activated HSCs are reverted to
quiescent-like state both in vitro [109–111] and in vivo [112,
113], raising the possibility that lowering matrix stiffness
initiates the resolution of liver fibrosis. The treatment of
LOX inhibitor BAPN decreases collagen stability during
liver fibrosis progression and facilitates fibrosis reversal after
CCl4-induced advanced liver fibrosis [34]. The monoclonal
antibody to LOXL2 has already been in the process of clinical
trials [81]. These findings suggest that the decrease of matrix
stiffness could also be a treatment strategy for hepatic fibrosis
regression.

As described in this review, each of the recent studies
suggests that AFM could be a powerful characterization
tool to understand mechanistic changes associated with liver
disease. Thus, interest in such nanoscale measurements of
livermatrix stiffness during the development and progression
of liver fibrosis are likely to increase in future work, particu-
larly with the development of new imaging modalities and
AFM hardware that improve the quality of data obtained for
biological tissues.
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Table 2: Molecular targets for hepatic injury/fibrosis in animal models.

Targets Models Agents to induce
injury/fibrosis Administrated drug Effects on

injury/fibrosis References

Cross-linking factors
Factor XIII subunit A Knockout mouse CCl4 No effect [33]

LOX Wild-type mouse CCl4
Small molecule
inhibitor (BAPN) Decreasing [34]

LOX-like 2 Wild-type mouse CCl4 Specific antibody Decreasing [35]
Tissue transglutaminase Knockout mouse CCl4 No effect [36]
Proteases
ADAMTS2 Knockout mouse CCl4 Decreasing [37]
MMP-12 Knockout mouse Bile duct ligation Decreasing [38]
MMP-13 Knockout mouse Bile duct ligation Decreasing [39]

Osteopontin Knockout mouse CCl4 No effect [40]
Overexpression

mouse CCl4 Increasing [40]

Tissue-type plasminogen activator Knockout mouse CCl4 Increasing [41]
ECM component

Fibronectin Wild-type mouse CCl4, DMN Peptide Decreasing [42]
Knockout mouse CCl4 Increasing [21]

Periostin Knockout mouse CCl4 Decreasing [43]
Procollagen 𝛼1(I) Wild-type mouse CCl4 siRNA Decreasing [44]
Thrombospondin-1 Knockout mouse Resection Decreasing [45]
Cytokines/their receptors
Angiotensin II type 1A receptor Knockout mouse CCl4 Decreasing [46]
Angiotensin II type 2 Knockout mouse CCl4 Increasing [47]

Endothelin-A Wild-type rat Bile duct occlusion Small molecule
antagonist (LU135252) Decreasing [48]

TGF-𝛽
Wild-type rat Bile duct ligation Soluble TGF-𝛽

receptor type II Decreasing [49]

Wild-type rat CCl4 BMP-7 Decreasing [50]
Wild-type mouse CCl4 BMP-7 Decreasing [50]

TGF-𝛽 type II receptor Knockout mouse CCl4 Decreasing [51]
Signal transduction/transcription
factors

FXR Wild-type rat Porcine serum, bile
duct ligation

Small molecule
agonist (6-ECDCA) Decreasing [52]

JNK1 Knockout mouse CCl4, bile duct
ligation Decreasing [53]

MRTF-A Knockout mouse CCl4 Decreasing [54]

PPAR𝛼 Wild-type mouse
Methionine

choline-deficient
diet, thioacetamide

Endogenous ligand
(oleoylethanolamide) Decreasing [55]

PPAR𝛾
Wild-type rat CCl4

Small molecule
agonist (pioglitazone) Decreasing [56]

Wild-type mouse CCl4
Small molecule

agonist (pioglitazone) No effect [57]

Knockout mouse CCl4 Increasing [58]

Smad3 Wild-type mouse CCl4 Thyroid hormone Decreasing [59]
Knockout mouse Dimethylnitrosamine Decreasing [60]
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Table 2: Continued.

Targets Models Agents to induce
injury/fibrosis Administrated drug Effects on

injury/fibrosis References

Others

Cannabinoid receptor CB1 Wild-type mouse CCl4
Small molecule
antagonist
(SR141716A)

Decreasing [61]

Knockout mouse CCl4, thioacetamide,
bile duct ligation Decreasing [61]

Cannabinoid receptor CB2 Knockout mouse CCl4 Increasing [62]

Integrin 𝛼v𝛽6
Wild-type rat Bile duct ligation

Small molecule
antagonist

(EMD527040)
Decreasing [63]

Wild-type mouse Bile duct ligation Antibody Decreasing [64]
Knockout mouse Bile duct ligation Decreasing [64]

Interleukin-17 receptor Knockout mouse CCl4 Decreasing [65]

NOX1 Wild-type mouse CCl4
Small molecule

inhibitor
(GKT137831)

Decreasing [66]

Knockout mouse CCl4 Decreasing [67]

NOX4 Wild-type mouse CCl4
Small molecule

inhibitor
(GKT137831)

Decreasing [66]

Knockout mouse CCl4 Decreasing [67]
Plasminogen activator inhibitor Knockout mouse Bile duct ligation Decreasing [68]
6-ECDCA, 6-𝛼-ethyl-chenodeoxycholic acid; ADAMTS2, A disintegrin and metalloproteinase with thrombospondin type I motif 2; BAPN, 𝛽-
aminopropionitrile; BMP-1, bone morphogenic protein-1; CCl4, carbon tetrachloride; DDC, 3,5-diethoxycarbonyl-1,4-dihydrocollidine; DMN, dimethylni-
trosamine; FXR, farnesoid X-activated receptor; LOX, lysyl oxidase;MMP,matrixmetalloproteinase; MRTF-A,myocardin related transcription factor A; NOX,
nicotinamide adenine dinucleotide phosphate oxidase; PPAR, peroxisome proliferator-activated receptor; TGF-𝛽, transforming growth factor-𝛽.
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The aryl hydrocarbon receptor (AhR) is a soluble, ligand-activated transcription factor that mediates the toxicity of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD). Increasing evidence implicates the AhR in regulating extracellular matrix (ECM)
homeostasis. We recently reported that TCDD increased necroinflammation and myofibroblast activation during liver injury
elicited by carbon tetrachloride (CCl

4
). However, TCDD did not increase collagen deposition or exacerbate fibrosis in CCl

4
-treated

mice, which raises the possibility that TCDD may enhance ECM turnover. The goal of this study was to determine how TCDD
impacts ECMremodeling gene expression in the liver.Male C57BL/6micewere treated for 8weekswith 0.5mL/kgCCl

4
, andTCDD

(20𝜇g/kg) was administered during the last two weeks. Results indicate that TCDD increased mRNA levels of procollagen types I,
III, IV, and VI and the collagen processing molecules HSP47 and lysyl oxidase. TCDD also increased gelatinase activity andmRNA
levels of matrix metalloproteinase- (MMP-) 3, MMP-8, MMP-9, andMMP-13. Furthermore, TCDDmodulated expression of genes
in the plasminogen activator/plasmin system, which regulates MMP activation, and it also increased TIMP1 gene expression.These
findings support the notion that AhR activation by TCDD dysregulates ECM remodeling gene expression and may facilitate ECM
metabolism despite increased liver injury.

1. Introduction

The aryl hydrocarbon receptor (AhR) is a soluble pro-
tein in the basic helix-loop-helix Per/ARNT/Sim family of
transcriptional regulators that contribute to developmental
processes, adaptation to environmental stress, and xenobiotic
metabolism [1–3]. The AhR mediates the toxicity associ-
ated with exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), which is an environmental contaminant and high-
affinity ligand for this receptor [4]. After ligand binding, the
AhR translocates from the cytoplasm to the nucleus, where
it forms a heterodimer with the AhR nuclear translocator
protein (ARNT). The AhR/ARNT complex binds to DNA
at xenobiotic response elements (XREs) and modulates gene

transcription. A growing body of evidence indicates that
the AhR also interacts with other coregulatory proteins in
addition to ARNT and can modulate the expression of
genes that do not contain XREs [5], which underscores
the increasing complexity of AhR-mediated gene regulation.
SuchAhR-dependent changes in gene expression are believed
to underlie most of the toxic responses to TCDD. In the
absence of TCDD, endogenous AhR activation is implicated
in regulating the expression of genes important for a number
of developmental and physiological processes [6, 7].

Emerging evidence implicates a role for AhR signaling
in the deposition and metabolism of extracellular matrix
(ECM) components. The ECM is comprised of a network of
proteins, such as collagens, which are deposited in interstitial
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spaces and providemechanical and structural support to cells
[8]. The ECM also regulates various cellular processes, such
as survival, migration, proliferation, and differentiation, by
modulating tissue stiffness, communicating with the intra-
cellular cytoskeleton, and sequestering and releasing growth
factors [9]. AhR activation by TCDD has been shown to
modulate the expression of ECM proteins, such as collagen
and fibronectin [10–14]. Expression of matrix metallopro-
teinases (MMPs), which are responsible for the degradation
of ECM components, also appears to be targeted by TCDD.
For example, in vitro TCDD treatment was found to increase
MMP expression in human keratinocytes, prostate cancer
cells, and melanoma cells [15–17]. Insight into the effect of
TCDD on ECM maintenance and remodeling also stems
from studies in a zebrafish regeneration model, in which
amputation of the caudal (tail) fin initiates epimorphic regen-
eration accompanied by a wound healing response. Using
this model, Andreasen et al. reported that TCDD treatment
increased the expression of MMP-9 and MMP-13 [18]. In
addition, exposure to TCDD induced a localized fibrosis
in the regenerating fin, where collagen accumulated as an
unorganized fibrotic deposit at the basement membrane.
In a separate study, gene expression analysis revealed that
the largest numbers of genes impacted by TCDD during
fin regeneration were those involved in ECM remodeling
and structure [10]. Collectively, these reports support the
notion that TCDD dysregulates ECM homeostasis, and this
most likely occurs through a mechanism that includes AhR-
mediated changes in gene expression.

Disruptions of ECM metabolism and deposition are
known to impact the development of liver disease [19, 20].
Liver fibrosis is a pathological condition characterized by
the deposition of excessive or abnormal ECM components,
including collagen type I [19]. In the liver, collagen is
synthesized by myofibroblast precursors, namely, hepatic
stellate cells (HSCs). Upon liver injury, HSCs transition from
quiescent, vitamin A-rich cells into activated myofibroblasts,
characterized by increased proliferation, contractility, and
synthesis of collagen type I [21]. One well-established model
system to investigate HSC activation and ECM modulation
is experimental liver fibrosis induced by chronic carbon
tetrachloride (CCl

4
) administration. In the liver, CCl

4
is

metabolized by cytochrome P4502E1 to a trichloromethyl
radical that elicits membrane damage through lipid perox-
idation [22]. Chronic treatment of mice with CCl

4
causes

widespread centrilobular necrosis and inflammation, which
drive HSC activation and the development of fibrosis [23].

We recently found that exposure to TCDD increased liver
damage and HSC activation in mice treated with CCl

4
for 8

weeks [24]. However, TCDD did not increase the deposition
of collagen or the severity of liver fibrosis in CCl

4
-treated

mice, despite increased expression of genes encoding collagen
type I and the potent profibrogenic mediator, transforming
growth factor-𝛽1 (TGF-𝛽1). Results further indicated that
TCDD increased collagenase activity in the liver of CCl

4
-

treated mice. Increased breakdown of ECM in CCl
4
/TCDD-

treated mice could explain why collagen deposition and
fibrosis development were not exacerbated, despite increases
in other endpoints of fibrogenesis.

Collagen biosynthesis begins with the transcription of
procollagen genes and is facilitated by various intercellular
and extracellularmolecules [25]. For example, heat shock pro-
tein-47 (HSP47) is required for proper triple helical fold-
ing and trafficking of procollagen within the endoplasmic
reticulum [26].Anothermolecule, decorin, regulates collagen
fibrillogenesis [27–29]. Lysyl oxidase (LOX) catalyzes cross-
linking of collagen fibers, which marks the last step in
collagen biosynthesis [30].

Collagen breakdown is achieved through the activity
of numerous MMPs. MMP expression is regulated at the
transcriptional level, and these proteins are synthesized
as inactive zymogens called proMMPs [31]. MMP activity
is regulated by enzymatic inhibition and activation. For
example, endogenous tissue inhibitors of metalloproteinases
(TIMPs) inhibit MMP activity. Numerous mechanisms acti-
vate MMPs, including the plasminogen activator/plasmin
system [20]. Plasmin is produced through the cleavage
of plasminogen by tissue plasminogen activator (tPA) and
urokinase plasminogen activator (uPA), and this pathway
is suppressed by plasminogen activator inhibitor-1 (PAI-1).
Plasmin can directly convert proMMPs into enzymatically
active MMPs, and some of these active MMPs can further
activate other proMMPs [32]. MMP activity is central to
the resolution of fibrosis, and scar-associated macrophages
have been identified as an abundant cellular source of these
enzymes in the fibrotic liver [33, 34].

The goal of the present study was to determine how
TCDD treatment impacts the expression of genes related to
ECM synthesis, deposition, and breakdown during chronic
liver injury induced by CCl

4
administration. We measured

gene expression related to collagen synthesis, processing,
and cross-linking and assessed the impact of TCDD on
the organization and dispersion of fibrillar collagens in the
injured liver. Expression of MMPs and the molecules that
activate or inhibit themwere alsomeasured to determine how
TCDDmodulates ECM turnover.

2. Materials and Methods

2.1. Animals. Male C57BL/6 mice (8–10 weeks old; Charles
River, Wilmington, MA) were injected i.p. with 0.5mL/kg
CCl
4
(Sigma-Aldrich, St. Louis, MO) diluted in corn oil or

with corn oil alone (Ctrl) twice a week for 8 weeks. During
the last two weeks of the experiment, mice were treated by
oral gavage once weekly with 20𝜇g/kg TCDD (Cambridge
Isotope Laboratories, Andover, MA) diluted in peanut oil
or with peanut oil vehicle alone (Veh). At the end of the
experiment, animals were euthanized, and liver was either
flash-frozen in liquid nitrogen or fixed in UltraLight Zinc
Formalin Fixative (PSL Equipment, Vista, CA). All animal
experiments were approved by the Institutional Animal Care
and Use Committee at Boise State University and conducted
according to the established policies and guidelines of this
committee.

2.2. Quantitative Real-Time RT-PCR. Total RNA was ex-
tracted using the Omega Bio-Tek E.Z.N.A.� Total RNA Kit
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(Norcross, GA) from 20mg of frozen liver tissue. Genomic
DNA was eliminated using the Omega RNase Free DNase
Set (Norcross, GA). RNA concentration and purity were
measured by ultraviolet (UV) absorbance. RNA quality and
elimination of genomic DNA were assessed using an aga-
rose bleach gel [36]. RNA was reverse-transcribed using the
Applied Biosystems High Capacity cDNA reverse transcrip-
tion kit (Thermo Fisher Scientific, Waltham, MA). Gene-
specific primers (Table 1) were used for quantitative real-
timeRT-PCR (qRT-PCR),whichwas performedusing a Light
Cycler� 96 Thermocycler and FastStart� Essential DNA
Green Master Reaction Mix (Roche, Indianapolis, IN). All
samples were analyzed in duplicate from three mice per
treatment group. Relative quantification was estimated using
ΔΔ𝐶
𝑞
method normalized to GAPDH [37].

2.3. Measurement of Collagen Fibril Organization. Fixed liver
tissue was paraffin-embedded, cut into 2 𝜇m sections, and
stained with Sirius Red as described elsewhere [38]. Bire-
fringence of stained liver tissues was visualized using an
Olympus BX53F polarizing microscope. Photographs were
taken at 600x magnification to focus on septa formation in
the damaged liver of CCl

4
-treated mice. Images were then

converted to 8 bit grayscale and analyzed with FiberFit soft-
ware to calculate fiber dispersion (𝜅) [35]. Ten images were
analyzed from each mouse liver; four mice were evaluated
per treatment group. Septa formation was not detected in the
livers of vehicle- or TCDD-treated mice that did not receive
CCl
4
, and these samples were excluded from the FiberFit

analysis.

2.4. In Situ Zymography. Gelatinase activity was examined
using in situ zymography of zinc-formalin-fixed liver tissue
as described elsewhere [39, 40]. Briefly, tissue sections (8 𝜇m)
were heated at 58∘C for 12 hours then deparaffinized and
rehydrated. DQ�-gelatin (Thermo Fisher Scientific) was dis-
solved in reagent-grade water and diluted at 1 : 50 in a 50mM
Tris-HCl buffer containing 150mM NaCl and 5mM CaCl

2

(pH 7.6). Tissue sections were incubated with the DQ�-
gelatin solution for 12 hours at 37∘C. Nuclei were stained with
4,6-diamidino-2-phenylindole (DAPI), and cover slips were
mounted with Permount (Fisher Scientific, Pittsburgh, PA).
Fluorescent images were taken with an EVOS� fluorescence
microscope (Thermo Fisher Scientific) with 20x objective.
Fluorescence was quantified using ImageJ software (US
National Institutes of Health) and expressed as a percentage
of the area in the microscope field of view.

2.5.Western Blotting. Frozen liver tissue was homogenized in
50mM HEPES, 150mM NaCl, 10% glycerol, 0.1% Tween 20,
7.5mM EDTA, and 7.5mM MgCl

2
∗ 6H
2
O. Protein content

was determined using a DC� Protein Assay kit (Bio-Rad
Laboratories, Inc., Hercules, CA), and homogenates were
diluted to 5mg/mL and resuspended in SDS loading buffer
(100mM Tris-Cl pH 6.8, 4% SDS, 0.2% bromophenol blue,
and 20% glycerol) containing 400mM 𝛽-mercaptoethanol.

Table 1: qRT-PCR primers and annealing temperatures used in this
study.

Gene Primer sequence Annealing
temp. (∘C)

Col1a1 FWD: GTCCCTGAAGTCAGCTGCATA 60REV: TGGGACAGTCCAGTTCTTCAT

Col3a1 FWD: CCTGGTGGAAAGGGTGAAAT 62REV: CGTGTTCCGGGTATACCATTAG

Col4a3 FWD: TCCTGGGGAAATGGGAAAGC 64REV: CTGCCTACGGATGGTTCTCC

Col4a5 FWD: TGCTCCTGAGAGATCGGCTT 58REV: GTTATGCTGGTGCACTTGGG

Col6a1 FWD: TCCCACCCACACAGAACAAC 58REV: CACTGAGAGGTGTCGTGTCC

Col6a2 FWD: TGACGCTGTTCTCTGACCTG 58REV: TTGTGGAAGTTCTGCTCGCC

Col6a3 FWD: CTGATGGCACCTCTCAGGAC 58REV: GTCACTTCCAACATCGAGGC

Dcn FWD: AAGGGGGCCGATAAAGTTTC 58REV: CTGGGTTGAAAACCTCCTGC

Lox FWD: CTGCACACACACAGGGATTG 56REV: AGCTGGGGTTTACACTGACC

Mmp2 FWD: ACCCAGATGTGGCCAACTAC 63REV: TACTTTTAAGGCCCGAGCAA

Mmp3 FWD: GTCCTCCACAGACTTGTCCC 65REV: GGGAGTTCCATAGAGGGACTGA

Mmp8 FWD: TACAGGGAACCCAGCACCTA 64REV: GGGGTTGTCTGAAGGTCCATAG

Mmp9 FWD: AAGGCAGCGTTAGCCAGAAG 63REV: GCGGTACAAGTATGCCTCTGC

Mmp13
FWD:

GCCCTGGGAAGGAGAGACTCCAGG 55
REV: GGATTCCCGCAAGAGTCGCAGG

Mmp14 FWD: GCCCTCTGTCCCAGATAAGC 58REV: ACCATCGCTCCTTGAAGACA

Plat FWD: CAGAGATGAGCCAACGCAGA 58REV: TTCGCTGCAACTTCGGACAG

Plau FWD: CATCCAGTCCTTGCGTGTCT 62REV: CCAAGTACACTGCCACCTTCA

Plg FWD: ACTCAAGGGACTTTCGGTGC 58REV: TCAGATACTCGACGCGGTTG

Serpine1 FWD: TTCAGCCCTTGCTTGCCTC 60REV: ACACTTTACTCCGAAGTCGGT

Serpinh1 FWD: GGGAACGGATCGCTCCAAA 67REV: GGACCTGTGAGGGTTTACCAG

Timp1 FWD: CACGGGCCGCCTAAGGAACG 60REV: GGTCATCGGGCCCCAAGGGA

Timp2 FWD: GCCAAAGCAGTGAGCGAGAAG 56REV: CACACTGCTGAAGAGGGGGC

Timp3 FWD: AAGAAAAGAGCGGCAGTCCC 60REV: TTTGGCCCGGATCACGATG

Timp4 FWD: TATGGTAGGTGGGCTGACTGT 64REV: AGTTGAGACAGTGGGAGTAGGA

Samples (25 𝜇g protein/lane) were resolved on a 10% SDS-
polyacrylamide gel, transferred to nitrocellulose, and incu-
bated with the following antibodies purchased from Santa
Cruz Biotech (Dallas, TX): anti-actin (sc-1615), anti-uPa (sc-
59727), or anti-tPA (sc-5239). Blots were then incubated
with HRP-conjugated secondary antibodies, and bands were
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visualized with Pierce� ECL Western Blotting Substrate
(Thermo Scientific).

2.6. Immunohistochemistry. Liver tissue was fixed in Ultra-
Light Zinc Formalin Fixative (PSL Equipment, Vista, CA),
paraffin-embedded, and cut into 2 𝜇m sections. Tissue sec-
tions were incubated overnight at 4∘C with an anti-F4/80
antibody (#MCA497R, AbD Serotec, Raleigh, NC) and then
stained with 3,3-diaminobenzidine (DAB) using a commer-
cially available kit (R&D Systems,Minneapolis, MN). Tissues
were counterstained with hematoxylin. Images were taken
with anOlympus BX53 compoundmicroscope at 10x and 20x
magnifications.

2.7. Statistical Analysis. Statistical analyses were performed
using Prism (version 6; GraphPad Software, La Jolla, Ca.).
With the exception of data in Figure 3, all data were evaluated
by two-way analysis of variance followed by Bonferroni’s
post hoc testing to evaluate significance among all possible
pairwise comparisons in the four treatment groups. Statistical
significance between pairwise comparisons is indicated with
letters above the bar for each treatment group. If two groups
share the same letter, then the difference between the means
is not statistically significant at 𝑝 < 0.05. If two means
have different letters, then they are significantly different from
each other at 𝑝 < 0.05. For the analysis of collagen fiber
organization in Figure 3, an unpaired, two-tailed Student’s
𝑡-test was used, and data were also considered significantly
different at 𝑝 < 0.05.

3. Results

3.1. Consequences of TCDD Treatment on Procollagen mRNA
Levels in CCl

4
-Treated Mice. To determine how TCDD treat-

ment impacts procollagen synthesis during chronic liver
injury, we measured the mRNA levels of genes that encode
procollagen type I and III (fibrillar collagens) and types
IV and VI (nonfibrillar collagens). Chronic CCl

4
treatment

significantly increased Col1a1, Col3a1, and Col4a5 in the
mouse liver (Figure 1). Administration of TCDD to CCl

4
-

treatedmice further increased expression ofCol1a1 compared
to mice that received CCl

4
alone. The combination of TCDD

and CCl
4
markedly increased transcript levels of Col6a1,

Col6a2, and Col6a3 compared to mice that did not receive
CCl
4
. Finally, TCDD treatment elevatedCol4a3mRNA levels

in mice that were not treated with CCl
4
, but this increase was

not observed in mice that received both TCDD and CCl
4
.

Collectively, these findings support a general trend in which
exposure to TCDD increases procollagen gene expression in
the liver of CCl

4
-treated mice. Moreover, TCDD impacts the

expression of procollagen isoforms that encode both fibrillar
and nonfibrillar types of collagens.

3.2. TCDD Modulates mRNA Levels of Collagen Processing
Molecules in CCl

4
-Treated Mice. Collagen synthesis requires

not only expression of procollagen genes but also processing
of procollagen, assembly of fibrils, and cross-linking of fibers.

Col1a1 Col3a1 Col4a3 Col4a5 Col6a1 Col6a2 Col6a3
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Figure 1: Consequences of TCDD treatment on collagen mRNA
levels in the liver of CCl

4
-treated mice. Collagen mRNA expression

was measured by qRT-PCR and normalized to GAPDH. Data
represent mean (±SEM) of three mice per treatment group. Within
the data set for each gene, all possible pairwise comparisons were
measured. Means that do not share a letter are significantly different
from each other (𝑝 < 0.05), whereas means that share a letter are
not.
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Figure 2: TCDD treatment alters expression of collagen processing
molecules in the liver of CCl

4
-treated mice. Transcript levels of

Serpinh1 (HSP47), Dcn (decorin), and Lox (lysyl oxidase) were
measured by qRT-PCR and normalized to GAPDH. Data represent
mean (±SEM) of three mice per treatment group. Within the data
set for each gene, all possible pairwise comparisons were measured.
Means that do not share a letter are significantly different from each
other (𝑝 < 0.05), whereas means that share a letter are not.

To identify how TCDD impacts these events during CCl
4
-

induced liver injury, wemeasured transcript levels of Serpinh1
(HSP47), Lox (LOX), and Dcn (decorin). HSP47 is required
for proper folding and trafficking of procollagen, whereas
decorin and lysyl oxidase contribute to fibril assembly and
fiber cross-linking in the ECM [26, 41]. When TCDD was
administered to CCl

4
-treated mice, Serpinh1 and LoxmRNA

levels increased 4- to 6-fold compared to mice treated
with CCl

4
alone (Figure 2). In contrast, Dcn mRNA levels
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Figure 3: Exposure to TCDD does not impact collagen fiber organization in the liver of CCl
4
-treated mice. (a) Polarized microscopy

facilitates the visualization of collagen fiber birefringence in liver tissue stained with Sirius Red (600x magnification). Photomicrographs
depict representative fibers in septa of liver from a mouse treated with CCl

4
and peanut oil vehicle (left) or with CCl

4
and TCDD (right).

Scale bars represent 10𝜇m. (b) Collagen network organization was evaluated by analyzing Sirius Red-stained liver tissues with the FiberFit
software application [35]. Ten photomicrographs were evaluated per mouse; four mice were analyzed in each treatment group. Data represent
mean (±SEM) fiber dispersion, 𝑘 (greater 𝑘 values = increase in fiber alignment). No statistically significant changes were found between
treatment groups (𝑝 = 0.36 based on unpaired, two-tailed Student’s 𝑡-test).

were significantly decreased in CCl
4
/TCDD-treated mice.

These results support the notion that TCDD modulates the
expression of genes encoding collagen-processing molecules
during chronic liver injury.

3.3. TCDD Treatment Does Not Affect Collagen Fiber Organi-
zation in the Liver of CCl

4
-TreatedMice. Theobservation that

TCDD altered the expression of ECM processing molecules
in CCl

4
-treated mice led us to speculate that it would subse-

quently impact the fibrillar collagen network. To test this, col-
lagen fibers were visualized in liver tissue stained with Sirius
Red, which aligns with fibrillar collagens and enhances their
birefringence under cross-polarized light [42, 43]. Polarized
microscopy of stained tissue revealed the presence of thick,
strongly birefringent yellow fibers in the septa of livers from

CCl
4
-treated mice (Figure 3(a)). Based on visual inspection,

TCDDhadno overt impact on fiber appearance.The effects of
TCDD on collagen fiber organization were further evaluated
using the free software application, FiberFit, which uses
image processing techniques to analyze two-dimensional
images of fiber networks [35]. Results indicate that TCDD
had no effect on fiber dispersion, which is a measure of
fiber network disorder (Figure 3(b)). Hence, despite the
TCDD-mediated increase in expression of genes encoding
procollagen and collagen-processing molecules, TCDD did
not appear to impact collagen organization in the ECM of
CCl
4
-treated mice. No collagen fibers were detected in either

vehicle- or TCDD-treated mice that did not receive CCl
4

(data not shown), and these samples were excluded from the
FiberFit analysis.
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Figure 4: Effects of TCDD treatment on mRNA levels of MMPs
in the liver of CCl

4
-treated mice. MMP mRNA expression was

measured by qRT-PCR and normalized to GAPDH. Data represent
mean (±SEM) of three mice per treatment group. Within the data
set for each gene, all possible pairwise comparisons were measured.
Means that do not share a letter are significantly different from each
other (𝑝 < 0.05), whereas means that share a letter are not.

3.4. Expression of ECM Remodeling Enzymes Is Elevated in
the Presence of TCDD. ECM maintenance requires not only
the synthesis and deposition of matrix molecules but also
their degradation and turnover, which is regulated by the
proteolytic activity of MMPs. MMP expression is largely
regulated at the transcriptional level [44]. To determine
how TCDD treatment impacts MMP gene expression in the
liver of CCl

4
-treated mice, we measured transcript levels of

mouse MMPs known to be important in chronic liver injury.
Mmp8 and Mmp13 encode enzymes that function primarily
as collagenases, and expression of these genes was markedly
increased by TCDD regardless of CCl

4
treatment (Figure 4).

Mmp2 and Mmp9 are referred to as gelatinases, and they
degrade not only gelatin but also collagen type IV, laminin,
elastin, and fibronectin [44]. While TCDD had no effect
on Mmp2 transcript levels, it increased Mmp9 expression in
CCl
4
-treated mice. Likewise, the combination of TCDD and

CCl
4
increased Mmp14 (membrane-type MMP) expression

compared to mice treated with TCDD alone, although this
increase was modest.Mmp3 (stromelysin) mRNA levels were
significantly higher in TCDD-treated mice, regardless of
CCl
4
treatment. Generally speaking, these results support

the conclusion that TCDD treatment increases MMP gene
expression during CCl

4
-induced liver injury.

3.5. TCDD Increases Gelatinase Activity in the Liver of CCl
4
-

Treated Mice. MMP activity is central to ECM remodeling
and is implicated in both the promotion and attenuation of
liver injury [20]. We recently found that TCDD treatment
increased collagenase activity in the liver of CCl

4
-treated

mice [24]. During fibrotic liver injury, collagenases cleave the
native helix of fibrillar collagens to produce gelatin, which
can be degraded by MMPs, namely, MMP-2 and MMP-
9 [45]. We used in situ zymography to measure gelatinase
activity in the liver. Whereas gelatinase activity was barely
detectable in mice treated with CCl

4
/Veh (Figure 5(a)), it

was significantly induced when TCDD was administered to
CCl
4
-treated mice (Figure 5(b)). When administered alone,

TCDD did not increase gelatinase activity. In fact, there was
no detectable gelatinase activity in either vehicle- or TCDD-
treated mice in the absence of CCl

4
(data not shown).

3.6. Consequences of TCDD Treatment on TIMP mRNA
Expression in CCl

4
-Treated Mice. MMP activity is controlled

by enzymatic activation and inhibition [31]. The activity of
MMPs can be inhibited by four homologous members of the
TIMP family. TIMP1 is a strong inhibitor of many MMPs,
but the gelatinases MMP-2 and MMP-9 are also inhibited
by other TIMPs. For example, TIMP2, TIMP3, and TIMP4
can inhibit MMP-2 activity, and TIMP3 inhibits MMP-9
[31]. Analysis of TIMP gene expression revealed that TCDD
treatment increased Timp1 but had no impact on Timp2,
Timp3, or Timp4 regardless of CCl

4
treatment (Figure 6).

Hence, modulation of TIMP gene expression by TCDD
appears to be limited to Timp1.

3.7. TCDD Treatment Modulates Expression of Molecules in
the Plasminogen Activator/Plasmin System. MMP activation
is regulated through numerous mechanisms, including the
plasminogen activator/plasmin system, in which tPA and
uPA mediate the conversion of plasminogen to plasmin,
which directly activates numerous proMMPs [20]. PAI-1 sup-
presses MMP proteolytic activity by inhibiting tPA/uPA, and
PAI-1 gene is known to be regulated by AhR activity [46–48].
To determine how TCDD impacted this pathway of MMP
activation, we measured expression of Plg (plasminogen),
Plat (tPA), Plau (uPA), and Serpine1 (PAI-1). TCDD induced
a modest, yet statistically significant, decrease in Plg mRNA
levels in CCl

4
-treated mice (Figure 7(a)). Levels of Plat and

Plau expression were markedly elevated in CCl
4
/TCDD-

treated mice. A corresponding increase in the Plat-encoded
protein tPa was measured in CCl

4
/TCDD-treated mice,

whereas no changes were detected in the expression of uPa,
which is encoded by Plau (Figure 7(b)). Finally, exposure to
TCDD increased PAI-1 (Serpine1) gene expression regardless
of CCl

4
-treatment (Figure 7(a)). Hence, these observations

indicate that TCDD treatment modulated the expression of
the plasminogen activator/plasmin system.

3.8. TCDD Treatment Increases the Localization of Hepatic
Macrophages around Fibrotic Scars in the Liver of CCl

4
-Treated

Mice. Macrophages contribute to ECM remodeling during
both the injury and recovery phase of CCl

4
-induced liver

fibrosis [49] and are an abundant source of MMP-9 and
MMP-13 [33, 50]. Scar-associated macrophages populate the
fibrotic scar during injury and repair, produce MMPs, and
secrete cytokines that induce MMP production in other cells
[51]. Given that TCDD treatment increasedMMP expression
and activity, we investigated the possibility that TCDD
increased the prevalence of hepatic macrophages around
scar areas in the fibrotic liver. As shown in Figure 8, CCl

4

administration elicited the infiltration of inflammatory cells
to the fibrotic scar, and the prevalence of F4/80+ hepatic
macrophageswasmarkedly increased inCCl

4
/TCDD-treated

mice compared to CCl
4
/Veh-treated mice.
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Figure 5: TCDD treatment increases gelatinase activity in the liver of CCl
4
-treated mice. (a) In situ zymography of zinc-buffered, formalin-

fixed liver tissue usingDQ�-gelatin. Green fluorescence indicates gelatinase activity; nuclei were stained withDAPI. Photomicrographs (100x
magnification) are representative of three mice per treatment group. Scale bars represent 400 𝜇m. (b) Quantification of gelatinase activity
based on the percentage of green fluorescence coverage per field of liver tissue. Ten fields were analyzed per mouse; three mice were evaluated
per treatment group. Data represent mean (±SEM) of three mice per treatment group. All possible pairwise comparisons were measured for
statistical significance. Means that do not share a letter are significantly different from each other (𝑝 < 0.05), whereas means that share a letter
are not.

4. Discussion

The present study investigated the consequences of TCDD
treatment on expression of molecules involved in colla-
gen biosynthesis and ECM metabolism during chronic
liver injury. We recently reported that exposure to TCDD
increased HSC activation and mRNA levels of TGF-𝛽1
and collagen type I in the injured liver without increasing
hepatic collagen content or exacerbating fibrosis [24]. This
led us to speculate that TCDD treatment may dysregulate
ECM remodeling activities, including collagen synthesis or
turnover.

During fibrosis, the collagen content in the liver can
increase up to tenfold [52]. Our results indicate that TCDD
treatment alone increased Col1a1 and Col4a3. This obser-
vation corroborates other reports in which exposure to
TCDD increased collagen types I and IV [11–14, 53]. In
CCl
4
/TCDD-treated mice, there was a marked increase in

expression of Col3a1, Col4a5, Col6a1, Col6a2, and Col6a3
compared to Ctrl/Veh-treated mice. Collagen type III is
structurally similar to collagen type I and is the first collagen
to increase during chronic liver disease [54]. Collagen type
IV is the primary component of basement membranes, and
its expression increases during fibrosis [55]. Collagen type VI
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Figure 6: Consequences of TCDD treatment onTIMPmRNA levels
in the liver of CCl

4
-treated mice. TIMP mRNA expression was

measured by qRT-PCR and normalized to GAPDH. Data represent
mean (±SEM) of three mice per treatment group. Within the data
set for each gene, all possible pairwise comparisons were measured
for statistical significance. Means that do not share a letter are
significantly different from each other (𝑝 < 0.05), whereas means
that share a letter are not.

is also upregulated in liver fibrosis and has been shown to
stimulate DNA synthesis and inhibit apoptotic cell death in
HSCs in vitro [56]. This is intriguing because we previously
reported that exposure to TCDD increases HSC proliferation
in vitro [57] and increases HSC activation markers in the
liver of CCl

4
-treated mice [24]. It is possible that increased

expression of collagen type VI, as well as other types of
collagen, contributes to the effects of TCDD in the CCl

4

model system.
The finding that certain collagen genes were upregulated

by TCDD treatment only, while others were increased by
the combination of TCDD and CCl

4
, implies that the AhR

may differentially regulate gene expression in the healthy
and injured liver. It is well established that most, if not
all, of the biochemical and toxic effects of TCDD occur
through the AhR [2, 58]. Increasing evidence supports a
role for endogenous AhR signaling in regulating collagen
deposition, including the discovery that AhR knockout mice
develop liver fibrosis and have elevated TGF-𝛽1 and collagen
expression [59–61]. In addition, it was recently reported that
AhR knockdown increased Col1a1 and Col4a4 mRNA levels
in retinal pigment epithelial cells and choroidal endothelial
cells [62]. Collectively, these findings implicate a role for
AhR activity in regulating collagen gene expression. Future
studies that investigate how AhR knockdown impacts gene
expression during chronic liver injury will expand our under-
standing of how the AhR regulates ECM remodeling during
states of health and disease. Furthermore, the use of mice in
which the AhR is conditionally depleted from discrete liver
cell populations could help identify which cells are directly
targeted by TCDD to produce ECM dysregulation.

Not only did TCDD increase the expression of collagen
genes but it also modulated gene expression for several
key proteins involved in collagen synthesis. For example,
administration of TCDD to CCl

4
-treated mice increased

gene expression of HSP47, which resides in the endoplasmic
reticulum and is involved in the folding and shuttling of
collagen molecules to the Golgi [63]. Increased HSP47 levels
reportedly contribute to fibrosis by facilitating the exces-
sive assembly and intracellular processing of procollagen
molecules, leading to fibrotic lesions [64]. Furthermore,
suppression of HSP47 expression was reported to reduce
collagen accumulation and delay fibrotic progression [65].
Both procollagen and HSP47 gene expression are regulated
by TGF-𝛽1 [66]. We previously found that TGF-𝛽1 gene
expression was increased in CCl

4
/TCDD-treated mice and

speculate that this could drive HSP47 and Col1a1 expression
in our model system. However, TCDD treatment was shown
to suppress bothCol1a1 andHSP47 gene expression during fin
regeneration in zebrafish, despite increased TGF-𝛽1 expres-
sion [10, 18].

Decorin is a secreted proteoglycan that has a dual role
in liver fibrosis. First, it functions as a naturally occurring
TGF-𝛽1 antagonist, and its genetic ablation has been shown
to increase ECM deposition, impair matrix degradation, and
increase HSC activation [67]. Second, decorin facilitates the
development of normal collagen morphology by binding to
the collagen triple helix and preventing the lateral fusion of
fibrils [28]. We found that TCDD suppressed decorin gene
expression in CCl

4
-treated mice. Other studies demonstrate

a possible role for AhR signaling in decorin expression. For
instance, decorin expression was increased in fibroblasts and
vascular smooth muscle cells from AhR knockout mice [68,
69].

LOX mediates the cross-linking of collagen fibers which
is important for collagen organization and perhaps also for
conferring resistance to proteolytic degradation by MMPs
[70]. Consistent with this role of LOX, administration of
the irreversible LOX inhibitor 𝛽-aminopropionitrile (BAPN)
to CCl

4
-treated mice was recently found to reduce collagen

cross-linking and produced fibrotic septa with less organized
collagen fibers [30]. Our finding that TCDD increased LOX
expression in CCl

4
-treated mice could possibly be explained

as a compensatory response to increased collagen synthesis,
as could the TCDD-induced increase in HSP47. It is worth
noting that Andreasen et al. reported that TCDD treatment
suppressed not only LOX2 and HSP47 expression during
zebrafish fin regeneration but also prolyl-4-hydroxylase 𝛼1
and 2, which help stabilize collagen cross-links [10]. Based
on the role of these molecules in collagen processing and
organization, their reduced expression may underlie the
accumulation of disorganized collagen observed in the regen-
erating fin tissue [18]. In contrast, we found no evidence that
TCDD impacted collagen fiber organization in the liver of
CCl
4
-treated mice. Increased expression of LOX and HSP47,

as well as decreased expression of decorin, could be one
possible explanation for this observation.

One of the most consistently reported consequences of
TCDD treatment on ECM remodeling is increased MMP
expression [71]. TCDD treatment increases the expression
and activity of MMPs in numerous and diverse cell types,
including keratinocytes, macrophages, and endometrial cells
[72–74]. In the zebrafish model of fin regeneration, TCDD
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Figure 7: Exposure to TCDD modulates expression of genes in the plasminogen activator/plasmin system. (a) Transcript levels of Plg
(plasminogen), Plat (tPA), Plau (uPA), and Serpine1 (PAI-1) were measured by qRT-PCR and normalized to GAPDH. Data represent mean
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not. (b) uPa and tPa protein levels were measured byWestern blot. Band densitometry was normalized to actin and expressed as fold change
relative to the Ctrl/Veh treatment group. Means that do not share a letter are significantly different from each other (𝑝 < 0.05).

upregulatedMMP-13 [10]. Similarly, TCDD increased expres-
sion of MMP-13, as well as other MMPs, in the fetal
mouse heart [53].These reports support our observation that
TCDD increasedMmp3,Mmp8,Mmp9,Mmp13, andMmp14
genes in the mouse liver. MMP-8 and MMP-13 function

primarily as collagenases, and these were robustly increased
by TCDD regardless of CCl

4
treatment, which corroborates

our previous finding that TCDD increases collagenase activ-
ity in the liver of CCl

4
-treated mice [24]. During ECM

breakdown, MMPs with collagenase activity will partially
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Figure 8: TCDD treatment increases localization of F4/80+ macrophages around fibrotic scar. Immunohistochemistry was performed to
identify hepatic macrophages (F4/80+ cells) localized around the fibrotic scar in CCl

4
-treated mice (20x magnification). Scale bars represent

50 𝜇m.

denature collagen, resulting in the production of gelatin,
which is metabolized primarily by the gelatinases MMP-2
and MMP-9 [20]. Decreased gelatinase activity, particularly
MMP-2, is associated with increased liver fibrosis develop-
ment [75]. The increase in gelatinase activity we observed
in CCl

4
/TCDD-treated mice could reflect a compensatory

response to increased collagenase activity. Furthermore,
TCDD also increased expression of MMP-3 (stromelysin)
and MMP-14 (membrane-type), both of which reportedly
exhibit some collagenase and gelatinase activity.

MMP activity is inhibited through interactions with
TIMP proteins, as well as other endogenous inhibitors [76].
TIMP1, in particular, is associated with ECM proteolysis
during fibrosis, and Timp1−/− mice display increased liver
injury, inflammation, and fibrosis following CCl

4
treatment

[77]. TIMP1 is a strong inhibitor of most MMPs except
some of the membrane-type MMPs. However, the gelatinase
MMPs are inhibited by other TIMPs as well. Specifically,
TIMP1 and TIMP3 inhibit MMP-9, and TIMPs 2, 3, and
4 inhibit MMP-2 [78]. In the CCl

4
model system, TCDD

treatment increased TIMP1 but had no effect on expression
of TIMPs 2, 3, or 4. Thus, it is possible that the expression
of TIMPs in CCl

4
/TCDD-treated mice was not sufficient to

counteract MMP activity. Other studies have reported that
TIMP expression is modulated by in vitro and in vivo TCDD
exposure as well [10, 79–81].

Our results demonstrate that TCDD treatment produced
changes in the plasminogen activator/plasmin system that
modulates MMP activation. TCDD was found to modestly
but significantly decrease plasminogen expression in CCl

4
-

treated mice. Because MMPs are activated by plasmin, which
is produced from plasminogen, this would presumably lead
to decreased MMP activation. Given that TCDD increased
both collagenase and gelatinase activity in the CCl

4
model

system, it is possible that the observed decrease in plas-
minogen gene expression was not physiologically relevant.
It is also possible that increased expression of tPA and uPA
compensated for any decrease in plasminogen expression.
The TCDD-mediated increase in uPA gene expression cor-
roborates another report showing that TCDD upregulated

uPA protein in a human keratinocyte cell line [82]. It is
interesting to note that this TCDD-induced increase in uPA
appeared to occur through a posttranscriptional mechanism
that included changes in mRNA stability [82, 83]. We found
no significant increase in uPa protein expression among all
four treatment groups in our study, although protein levels of
tPa were markedly increased in CCl

4
/TCDD-treated mice.

The Serpine1 gene that encodes PAI-1 is recognized as an
AhR-regulated target gene. It is transcriptionally induced by
TCDD through a mechanism that involves heterodimeriza-
tion of the AhR with the transcription factor, KLF-6, and the
recruitment of this complex to a nonconsensus XRE [46–
48]. We found that TCDD treatment increased PAI-1 gene
expression regardless ofCCl

4
treatment andpresume that this

reflects a direct effect of TCDD through AhR-regulated gene
expression. However, it is also possible that increased PAI-1
expression by TCDD occurs as a consequences of activation
of the TGF-𝛽1 pathway, as PAI-1 is an early TGF-𝛽1 activated
gene [84], and other studies have described crosstalk between
the AhR and TGF-𝛽1 signaling axes [69, 85]. Based on our
finding that TCDD did not suppress collagenase or gelatinase
activity in CCl

4
-treated mice, it is possible that increased

PAI-1 expression in CCl
4
/TCDD-treated mice failed to offset

increased tPA/uPA activity. However, MMPs can also be acti-
vated through nonplasmin pathways, which leaves open the
possibility that MMP activation is increased in CCl

4
/TCDD-

treated mice, despite inhibition of the plasminogen activa-
tor/plasmin system by PAI-1.

The observation that TCDD treatment may enhance
the prevalence of scar-associated macrophages is intriguing
because these cells are a rich source of MMPs and may
contribute to both the injury and regression phase of fibrosis
induced by CCl

4
[49]. We have previously found that TCDD

treatment increases liver damage and inflammation in CCl
4
-

treated mice [24], yet the direct cellular targets of TCDD
in this model system have not been determined. It is pos-
sible that increased hepatocellular necrosis in CCl

4
/TCDD-

treated mice evokes a heightened inflammatory response,
resulting in increased numbers of infiltrating neutrophils and
monocytes/macrophages. However, it is also conceivable that
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Figure 9: Summary of the consequences of TCDD treatment on
ECM remodeling activities and regulatory processes during CCl

4
-

induced liver injury.

TCDD treatment directly modulates hepatic macrophages
in CCl

4
-treated mice. Further investigation is warranted to

identify the cellular source of increased MMP activity and
determine how TCDD treatment impacts the localization
of resident macrophages and infiltrating monocytes to the
fibrotic scar.

In conclusion, results from this study demonstrate that
AhR activation by TCDD modulates ECM remodeling dur-
ing chronic liver injury, although the precise mechanism
remains unclear. At least three interrelated components of
ECM homeostasis could be targeted by TCDD: collagen syn-
thesis, ECM metabolism, and regulation of enzyme activity
by the plasminogen activator/plasmin system. As summa-
rized in Figure 9, TCDD treatment increased expression
of procollagen genes and altered expression of molecules
involved in collagen processing and maturation. Further-
more, TCDD enhanced gelatinase activity, increased mRNA
levels of several MMPs, and increased the localization of
hepatic macrophages to the fibrotic scar. Finally, TCDD
treatment had multiple effects on the plasminogen activa-
tor/plasmin system. Future studies will be needed to distin-
guish between TCDD-induced changes that directly impact
ECM remodeling and changes that occur as secondary,
compensatory responses to system perturbations.
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plays a dominant role in the crosstalk between TGF-𝛽1 and the
aryl hydrocarbon receptor ligand in prostate epithelial cells,”
Cellular Signalling, vol. 24, no. 8, pp. 1665–1676, 2012.



Review Article
Regulation of Hepatic Stellate Cells and Fibrogenesis by
Fibroblast Growth Factors

Justin D. Schumacher and Grace L. Guo

Department of Pharmacology and Toxicology, Rutgers University, Piscataway, NJ 08854, USA

Correspondence should be addressed to Grace L. Guo; guo@eohsi.rutgers.edu

Received 6 May 2016; Accepted 3 August 2016

Academic Editor: Michel Fausther

Copyright © 2016 J. D. Schumacher and G. L. Guo. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Fibroblast growth factors (FGFs) are a family of growth factors critically involved in developmental, physiological, and pathological
processes, including embryogenesis, angiogenesis, wound healing, and endocrine functions. In the liver, several FGFs are produced
basally by hepatocytes and hepatic stellate cells (HSCs). Upon insult to the liver, expression of FGFs in HSCs is greatly upregulated,
stimulating hepatocyte regeneration and growth. Various FGF isoforms have also been shown to directly induce HSC proliferation
and activation thereby enabling autocrine and paracrine regulation of HSC function. Regulation of HSCs by the endocrine
FGFs, namely, FGF15/19 and FGF21, has also recently been identified. With the ability to modulate HSC proliferation and
transdifferentiation, targeting FGF signaling pathways constitutes a promising new therapeutic strategy to treat hepatic fibrosis.

1. Introduction

Hepatic fibrosis is the result of tissue repair following chronic
injury leading to the accumulation of connective tissuewithin
the liver. The primary producers of the connective tissue in
a fibrotic liver are hepatic stellate cells (HSCs). During liver
injury, HSCs migrate to the location of damage, transdif-
ferentiate into an activated phenotype, produce extracellular
matrix to contain the area of injury, and release growth
factors to stimulate liver regeneration to replace the damaged
tissue. Upon resolution of injury, HSCs undergo apoptosis or
revert back to a quiescent phenotype. Chronic liver injury,
however, leads to the persistent activation of HSCs, accu-
mulation of extracellular matrix, and eventual development
of hepatic fibrosis [1]. HSC activation during liver injury
is induced by the paracrine stimulation of HSCs by the
surrounding cells/factors in the liver such as hepatocytes,
Kupffer cells, endothelial cells, leukocytes, and platelets. The
stimuli released by these neighboring cells that regulate HSC
activities and proliferation include cytokines, lipid perox-
ides, growth factors, and reactive oxygen species [1]. This
review will focus on an important family of growth factors,
fibroblast growth factors (FGFs), which have been shown

to regulate HSCs in an autocrine, paracrine, and endocrine
fashion.

There are seven subfamilies of FGFs within the FGF
family of growth factors. These consist of the FGF1 subfamily
(FGF1, FGF2), FGF4 subfamily (FGF4, FGF5, and FGF6),
FGF10 subfamily (FGF3, FGF7, FGF10, and FGF22), FGF8
subfamily (FGF8, FGF17, andFGF18), FGF9 subfamily (FGF9,
FGF16, and FGF20), FGF11 subfamily (FGF11, FGF12, FGF13,
andFGF14), andFGF19 subfamily (FGF15, FGF19, FGF21, and
FGF23) [2]. These subfamilies of FGFs have tissue specific
expression, varying binding affinity for each fibroblast growth
factor receptor (FGFR), and require different cofactors for
receptor binding. A large degree of promiscuity has been
identified in FGF activation of FGFRs allowing for redun-
dancy in several biological systems [2]. All but one subfamily
of FGFs are heparin binding proteins, which limits their
functions to autocrine and paracrine signaling [3].The FGF19
subfamily of FGFs has reduced affinity for heparin allowing
their members to circulate systemically and bind FGFRs
in distant organs, thereby acting as endocrine factors [4].
Heparin is also the binding cofactor required for activation
of FGFRs, except for the FGF19 subfamily [3]. The cofactor
required for FGFs of the FGF19 subfamily to activate FGFRs
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Figure 1: Structure of fibroblast growth factor receptors. Ig-I domain
is present in 𝛼 but not 𝛽 variants (red). Splice variation in the Ig-
III loop distinguishes b and c type receptors (purple). Acid box is
present in AB variants (blue). AB: acid box, Ig: immunoglobulin-
like domain, SP: signal peptide, TM: transmembrane domain, and
TK: tyrosine kinase domain.

are the klotho proteins. There are two forms of klothos, 𝛼-
klotho and 𝛽-klotho. The tissue specific expression of these
klotho proteins controls the tissue specific effects of the
endocrine FGFs [2, 4].

There are four isoforms of FGFRs: FGFR1, FGFR2,
FGFR3, and FGFR4.The general structure of FGFRs consists
of 3 extracellular domains: Ig-like domains (an acid box
between the first two Ig-like domains), a transmembrane
domain, and two intracellular tyrosine kinase domains (Fig-
ure 1) [2].Thefirst Ig loop in FGFRs is not necessary for ligand
binding and actually suppresses FGF and heparin sulfate
binding affinity to ligand binding domain located in the
second and third Ig loops [5, 6]. Two forms of FGFRs are syn-
thesized: an𝛼 formpossessing the first Ig-like domain and a𝛽
form that lacks the first Ig-like domain.There are also variant
forms of FGFRs that lack the acid box. FGFRs with the acid
box present are designated with an AB (e.g., FGFR1𝛽IIIcAB).
The third Ig-like domain, Ig-III, in FGFR1, FGFR2, and
FGFR4 can undergo alternative splicing resulting in two
variant Ig-III loops, IIIb and IIIc [7, 8]. The third Ig-like
domain in FGFR4 does not undergo alternative splicing [9].
The IIIb and IIIc FGFR splice variants display tissue specific
expression. During organogenesis, IIIb FGFRs are expressed
by the developing epithelium, whereas IIIc receptors are
expressed by the underlying mesenchymal layer. FGF factors
produced by the epithelium activate the IIIc isoforms present
inmesenchymewhile the FGFs produced by themesenchyme
activate the IIIb FGFRs on the epithelium [10–12].This acts as
a paracrine axis controlling organogenesis.This axis is similar
to the paracrine axis observed during liver injury in which
there is coordinated regulation of FGFR activation on HSCs
and hepatocytes by subsequent FGFs; FGFs produced by
HSCs activate FGFRs on hepatocytes and hepatocyte-derived
FGFs activate FGFRs on HSCs.The autocrine, paracrine, and
endocrine effects of FGFs on HSCs and the development of
hepatic fibrosis will be reviewed in the sections below and
further summarized in Table 1. The intracellular signaling
subfamily of FGFs, FGF11 subfamily, will not be discussed in
thismanuscript as no studies could be identified investigating
intracellular FGF signaling in HSC.

2. FGFR Expression on HSCs

A systematic survey of FGFR expression was performed
in freshly isolated primary rat HSCs [13]. Primers were

developed for RT-qPCR that could detect the various splice
variants of each FGFR isoform.Asmay be expected for ames-
enchymal cell, HSCs were not found to express FGFR1IIIb,
FGFR2IIIb, or FGFR3IIIb. However, HSCs did express
the IIIc alternatively spliced isoforms of FGFR1, FGFR2,
FGFR3, and FGFR4. Three variants of FGFR1IIIc were
expressed: FGFR1𝛽IIIcAB, FGFR1𝛼IIIc, and FGFR1𝛼IIIcAB.
The predominant variant was FGFR1𝛽IIIcAB. Three vari-
ants of FGFR2IIIc were present including FGFR2𝛽IIIc,
FGFR2𝛽IIIcAB, and FGFR2𝛼IIIcAB with the primary form
expressed being FGFR2𝛽IIIc. Only 1 variant of FGFR3,
FGFR3𝛼IIIcAB, was present. This study only looked at
expression of FGFRs in freshly isolated rat HSCs or HSCs
cultured only for three days and not in activated HSCs. This
is important as FGFR expression may alter upon activation.
A separate study determined that FGFR4 expression is
upregulated 2.47-fold in Lx-2, a human HSC cell line, upon
hypoxia induced transdifferentiation [14]. It is important to
note that the above survey of FGFR expression in HSC was
only performed in rats, and, to the best of our knowledge, no
similar studies have been performed to extensively character-
ize FGFR variant expression in HSCs of other species. FGFR1
and to a much lesser extent FGFR4 have been shown to be
expressed in isolated mouse HSCs [15].

3. Autocrine and Paracrine Actions of
FGFs on HSCs

Several studies have shown that liver injury and in vitro trans-
differentiation stimulate HSC production of FGFs including
FGF2 [8, 12, 13, 15, 16], FGF7 [17–19], and FGF9 [8]. FGF2
and FGF9 are also expressed basally by hepatocytes. The
localized production of FGFs allows for potentially both
autocrine and paracrine stimulation of FGFRs at the foci of
liver damage. As described below, FGF signaling during liver
damage enhances liver regeneration but chronic production
can also lead to the development of fibrosis.

3.1. FGF1 Subfamily. The members of the FGF1 subfamily,
FGF1 and FGF2, have been investigated for their effects on
hepatic fibrosis andHSCactivation andproliferation.Though
all studies have found that FGF1 or FGF2 regulates HSC
function or proliferation, there are several conflicting reports.
For example, some of the studies described below state that
FGF2 does not affect alpha smooth muscle actin (𝛼SMA)
expression or HSC proliferation whereas other studies state
that FGF2 upregulates 𝛼SMA and induces proliferation.
Below are summaries of the key investigations into the effects
of FGF1 and FGF2 on HSC function.

Lin et al. determined that primary rat HSCs sponta-
neously activated over 16 days of culturing produce FGF2
[16].This study also demonstrates that FGF2 induces the pro-
duction of collagen 1𝛼1 and 𝛼SMA in vitro. FGF2 treatment
of HSCs led to increased proliferation indicated by increased
incorporation of BrdU. The effects on proliferation were
determined to be induced by the activation of the MEK/ERK
signaling pathway and altered expression of cyclin D and
p21. The effects on HSC proliferation and gene expression by
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Table 1: Regulation of HSCs and development of hepatic fibrosis by various FGF isoforms.

FGF subfamily Study Findings

FGF1 subfamily Lin et al. [16] FGF2 induces collagen 1𝛼1 and 𝛼SMA in HSCs in vitro.
FGF2 increases HSC proliferation mediated by MEK/ERK signaling.

FGF1 subfamily Nakamura et al. [20] FGF2 increases proliferation of Lx-2 cells.
Inhibition of FGFR1 does not alter 𝛼SMA induction in Lx-2 cells treated with TGF𝛽.

FGF1 subfamily Yu et al. [22]

Single and double knockout of FGF1 and FGF2 decreases CCl
4
induced hepatic

fibrosis.
Single and double FGF1 and FGF2 knockout mice have reduced collagen 1𝛼1
expression but not 𝛼SMA.
Desmin expression in the liver remained constant in FGF1 and FGF2 deficient mice
indicating FGF1 and FGF2 do not affect HSC proliferation.

FGF1 subfamily Antoine et al. [13] FGF2 treatment fails to affect the proliferation of Lx-2 cells or primary rat HSCs in
vitro.

FGF1 subfamily Rosenbaum et al. [23]
TGF𝛽 increases the expression of FGF2 by MFLCs.
FGF2 mediates TGF𝛽 induced HSC proliferation but does not alter expression of
fibronectin.

FGF7 subfamily Steiling et al. [26] FGF7 is expressed in fibrotic livers but not healthy controls.
FGF7 expression is colocalized with 𝛼SMA in stained liver sections.

FGF7 subfamily Otte et al. [27]
IHC of liver sections from rats treated with phenobarbitone and CCl

4
revealed

FGF7 is exclusively expressed by HSCs in fibrotic foci.
Severity of hepatic fibrosis correlated positively to FGF7 expression.

FGF7 subfamily Tsai and Wang [28] FGF7 accelerates DNA incorporation of BrdU and expression of PCNA in
hepatocytes after partial hepatectomy.

FGF9 subfamily Antoine et al. [13]

FGF9 is expressed in hepatocytes and HSCs basally but is greatly upregulated in
HSCs after CCl

4
exposure.

FGF16 and FGF20 expression has not been detected in HSCs.
FGF9 induces hepatocyte proliferation but not HSC proliferation.

FGF19 subfamily Uriarte et al. [15]

FGF15 deficiency reduces hepatic fibrosis in mice treated with DEN and CCl
4
.

Collagen 1𝛼1, Timp1, 𝛼SMA, and CTGF expression induced by CCl
4
is mitigated in

FGF15 deficient mice.
CCl
4
treatment of transgenic mice overexpressing FGF15 have 3-fold higher

expression of TGF𝛽 and CTGF compared to WT mice.
FGF15 signaling increases CTGF release from hepatocytes leading to the paracrine
activation of HSCs.

FGF19 subfamily Xu et al. [41]

DMN treated mice cotreated with FGF21 have had reduced fibrosis and mitigated
expression of collagen 1𝛼1, 𝛼SMA, and TGF𝛽.
FGF21 reduced TGF𝛽 signaling is observed as a decrease in pSmad2/3 : Smad2/3
ratio.
FGF21 attenuates DMN induced hepatic inflammation and reduces TNF𝛼, IL-6,
and IL-1𝛽 expression.
In vitro treatment of T6 cells with FGF21 decreases alcohol and PDGF inductions of
collagen 1𝛼1, 𝛼SMA, and TGF𝛽.
FGF21 reduces Bcl-2/Bax ratio in vitro in cultured T6 cells.

FGF19 subfamily Fisher et al. [42]

FGF21 deficient mice fed a MCDD have increased fibrosis with increased expression
of collagen 1𝛼1, 𝛼SMA, and TGF𝛽.
MCDD fed FGF21 knockout mice have increased hepatic inflammation with
increased expression of MCP-1, MIP1𝛼, IL-1𝛽, and CD36.
The increased expression of profibrotic and proinflammatory genes in FGF21
deficient mice is reversible by continuous subcutaneous infusion of FGF21.

FGF2 were reversible by treatment with NP603, an inhibitor
of FGFR1. This study also demonstrates that in vivo NP603
was found to ameliorate the upregulation of collagen 1𝛼1 and
𝛼SMA in rats treated with carbon tetrachloride (CCl

4
) [16].

Corresponding to the FGF2 induced proliferation of
primary rat HSCs in Lin et al., FGF2 was also shown to
act as a mitogen for Lx-2 cells [20]. The induction of Lx-2

proliferation by FGF2 was inhibited by cotreatment with
brivanib, an ATP-competitive inhibitor of FGFR, vascu-
lar endothelial growth factor receptor, and platelet-derived
growth factor receptor [21]. Transforming growth factor beta
(TGF𝛽) induction of 𝛼SMA in Lx-2 cells was not inhibited by
brivanib indicating that FGF signaling does not affect TGF𝛽
activation of HSCs.The effects of brivanib on hepatic fibrosis
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were tested in three animal models, CCl
4
, bile-duct ligation,

and thioacetamide fibrosis models, with results showing
that brivanib decreased 𝛼SMA and collagen 1𝛼1 expression.
Unfortunately, isolating the role of FGF signaling in these
animal studies is confounded by the lack of target specificity
of brivanib [20].

Juxtaposed to the studies by Lin et al. andNakamura et al.,
a study using FGF1 knockoutmice (FGF1−/−), FGF2 knockout
mice (FGF2−/−), and FGF1 and FGF2 double knockout mice
(FGF1−/−FGF2−/−) found that FGF1 and FGF2 regulated the
expression of collagen 1𝛼1 but does not affect HSC migration
or proliferation [22]. In this study, groups of 8-week-old male
FGF1−/−, FGF2−/−, and FGF1−/−FGF2−/− mice were treated
with CCl

4
acutely with one dose or chronically for 3 weeks.

In both the acute and chronic study, it was found that the
FGF1−/−, FGF2−/−, and FGF1−/−FGF2−/−mice had attenuated
expression of collagen 1𝛼1 but no effects on 𝛼SMA expression
were seen. The extent and time course of TGF𝛽 expression
upon injury were not altered in the FGF1−/−FGF2−/−, indi-
cating that the mechanism by which these FGFs regulate
the development of fibrosis is not through mitigation of
TGF𝛽 expression. Desmin expression, a surrogate estimator
for the number of HSCs present in the liver, was similar
between wild type and FGF1−/−FGF2−/− mice. Therefore, the
authors concluded that FGF1 and FGF2 do not regulate HSC
proliferation. This finding is in congruence with an in vitro
study using both primary ratHSCs and Lx-2 cells [13]. During
this study,HSCswere treatedwith FGF2 and cell proliferation
wasmeasured by 3H-thymidine DNA incorporation.Though
FGF2 was found to lead to the phosphorylation of ERK1,
ERK2, JNK1, and JNK2/3, FGF2 did not alter HSC prolifer-
ation.

The studies described above all briefly investigated the
interaction between FGF2 and TGF𝛽 signaling. This inter-
action was also studied in vitro using cultured human
myofibroblastic liver cells (MFLCs) [23]. TGF𝛽 was found
to increase the expression of FGF2 and FGFR1 by MFLCs.
Treatment of MFLCs with anti-FGF2 antibodies inhibited
the proliferative effects of TGF𝛽 but not the expression
of fibronectin. This study concluded that FGF2 acts as an
autocrine factor mediating the proliferative response, but not
the profibrotic response, of MFLCs to TGF𝛽. This aligns
with the finding that FGFR inhibition by brivanib did not
modulate 𝛼SMA expression induced by TGF𝛽 [20].

In summary, FGF2 derived from HSCs and hepatocytes
functions as an autocrine and paracrine signaling molecule
regulating HSC function during liver injury. Correspond-
ingly, autocrine stimulation of fibroblasts by FGF2 has also
already been implicated as a keymediator of the development
of bone marrow [24] and lung fibrosis [17]. In addition
to its autocrine effects, HSC-derived FGF2 also functions
in a paracrine manner to induce hepatocyte growth and
regeneration during injury. It has been well studied that
FGF2 is a strong proliferative signal for hepatocytes [18,
19, 25]. After partial hepatectomy, injection with FGF2
increased uptake of 3H-thymidine in the liver [19]. FGF2
is also required for the proper organization of cells within
the liver, as FGF2 deficient mice that underwent partial

hepatectomy had altered liver structures after regeneration
[25].

3.2. FGF7 Subfamily. The production of FGF7 by HSCs
during liver injury has also been investigated. In two human
studies, livers were collected from patients with cirrhosis,
hepatitis B and hepatitis C (HBV, HCV), autoimmune hep-
atitis, and alcohol induced liver damage [26, 27]. Both studies
found that FGF7 was expressed in fibrotic livers but not in
healthy control liver samples. Steiling et al. noted that the
fibrosis staging in HCV patients was positively correlated
with FGF7 mRNA levels and immunohistochemistry (IHC)
of the liver showed that FGF7 expression colocalized with
𝛼SMA [26]. Otte et al. also included an animal study parallel
to their clinical investigation [27]. In detail, the male Wistar
rats were exposed to phenobarbitone and CCl

4
for up to 70

days. In congruencewith the human clinical data, IHCof liver
sections from the treated rats revealed that FGF7 was exclu-
sively expressed inmyofibroblasts in fibrotic foci with isolated
protein and mRNA levels of FGF7 positively correlated to
fibrosis severity [27]. The function of HSC-derived FGF7
has been explored in a mouse partial hepatectomy model
[28]. HSCs from hepatectomizedmice had a 3.3-fold increase
in FGF7 expression compared to HSCs from sham mice.
Expression of FGFR2b, the receptor for FGF7, was found to
increase 3-fold after partial hepatectomy, with IHC revealing
strongest staining in hepatocytes. To perform a gain-of-
function study, a group of mice was given a hydrodynamic
tail vein injection of plasmid encoding a HA-tagged FGF7.
Overexpression of FGF7 led to an accelerated incorporation
of BrdU and expression of PCNA in hepatocytes after partial
hepatectomy. These data indicate that the upregulation of
FGF7 in HSCs and upregulation of FGFR2b on hepatocytes
act as a paracrine axis driving hepatocyte regeneration after
liver injury. No studies could be identified in which the
direct effect of FGF7 on HSC activation or proliferation was
investigated. However, it has been shown that HSCs in rats
do not express FGFR2b but, instead, express FGFR2c that is
not activated by FGF7 [13]. Thus it is unlikely that FGF7 will
greatly affect HSCs directly.

3.3. FGF9 Subfamily. FGF9 has also been found to be ex-
pressed by HSCs [13]. Liver slices were cultured with or
without CCl

4
treatment. IHC of the untreated cultured liver

slices indicates that FGF9 is basally expressed in hepatocytes
and a few HSCs. Upon treatment with CCl

4
the number of

FGF9-positive HSCs was greatly increased. FGF9 expression
was measured in isolated primary rat HSCs before and
after activation. Upon transdifferentiation into an activated
phenotype, HSCs upregulate FGF9 expression 5- to 10-fold.
Expression of FGF16 and FGF20, the two other members of
the FGF9 subfamily, was not detected in HSCs by RT-qPCR.
The authors noted that, though HSCs express the receptors
activated by FGF9, FGF9 failed to induce HSC proliferation
measured by 3H-thymidine incorporation. However, FGF9
did act as a mitogen for hepatocytes [13]. Hence, similar
to FGF2 and FGF7, FGF9 produced by HSCs functions
to increase hepatocyte proliferation and regeneration upon
injury.
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4. Regulation of HSCs and Fibrosis by
Endocrine FGFs

The endocrine subfamily of FGFs consists of FGF19,
FGF15 (the mouse homolog of human FGF19), FGF21, and
FGF23. There are now several studies that have investigated
the endocrine functions of FGF15/19, FGF21, and FGF23.
FGF15/19 is produced in the ileum and partially in the liver
(FGF19 only) and has been shown to act as a negative
feedback factor suppressing bile acid synthesis by hepatocytes
[29–32]. FGF15/19 signaling has also been found to affect
insulin sensitivity, serum lipid levels, weight loss, energy
homeostasis, and cell proliferation [4, 33–35]. FGF21 is highly
expressed in the liver and functions to regulate glucose
and lipid metabolism [36]. FGF23 is involved in a bone-
kidney axis and regulates bone mineralization, vitamin D
homeostasis, and systemic phosphate levels [37].

The effects of FGF15/19 and FGF21 on hepatic fibro-
sis are now emerging. Several clinical studies have now
been performed identifying the correlation of serum and
liver concentrations of endocrine FGFs to various forms of
hepatic fibrosis. A few animal studies have also now been
published identifying the mechanisms by which FGF15/19
and FGF21 mediate the development of hepatic fibrosis. The
findings from these studies are described in the following
sections.

4.1. FGF15/19. The effect of FGF15 on CCl
4
induced liver

fibrosis has recently been investigated [15].Micewere injected
intraperitoneally (IP)with the carcinogen diethylnitrosamine
at the age of 15 days and were subsequently given biweekly
IP injections of CCl

4
. After 27 weeks, FGF15 deficient mice

were found to have decreased hepatic fibrosis compared to
wild type (WT). In congruence with histologic findings,
FGF15 knockout mice were found to have downregulated
collagen 1𝛼1, tissue inhibitor of metalloproteases 1, 𝛼-SMA,
and connective tissue growth factor (CTGF) compared to
wild type. The induction of TGF𝛽 observed in wild type
mice treated with CCl

4
was not observed in knockout mice.

Overexpression of FGF15 using an adenovirus vector led to
roughly 3-fold elevations of both hepatic TGF𝛽 and CTGF
expression. Using in vitro experiments, this study proposed
that FGF15 affected HSCs indirectly; specifically, FGF15
signaling increases CTGF release from hepatocytes leading
to the paracrine activation of HSCs. Treatment of isolated
mouse HSCs with FGF19 showed no changes in cyclin D or
𝛼SMA expression [15]. Though no effects were seen during
this study, a direct effect of FGF15/19 on HSCs should not
be ruled out. As FGFR4 is upregulated over 2-fold in HSCs
upon activation [14], FGF15/19 signaling may be enhanced in
activated HSCs. Additionally, this study treated mouse HSCs
with human FGF19 and therefore FGF19 may have failed to
activate the mouse receptor efficiently.

Recently, many clinical studies have found correlations
between serum FGF19 levels and severity of hepatic fibrosis
of multiple etiologies. However, whether FGF19 serum levels
were positively or negatively correlated to fibrosis score
depended upon the etiology of disease.Thismay be attributed
to the fact that FGF19 may affect disease pathogenesis

via regulation of bile acid levels or through regulation of
activation of HSCs. For this reason, understanding of disease
progression is extremely important when considering the
reasons underlying FGF19 and fibrosis correlations.

Severity of lobular and portal fibrosis in patients with
pediatric onset intestinal failure was found to be negatively
correlated to FGF19 levels [38]. Serum concentrations of the
inflammatorymarkers and portal inflammation severity were
also negatively correlated to FGF19 serum concentrations.
Of the 42 patients screened, 57% were found to have serum
bile levels out of range. As FGF19 is a negative feedback
factor for bile acid synthesis, the observed hepatic fibrosis
and inflammation in patients with low serum concentrations
of FGF19 may have been the result of dysregulated bile acid
production andbile acid toxicity.Thepattern of portal fibrosis
and inflammation observed in these patients is in agreement
with this hypothesis. Similar results have been found in an
experiment model of short bowel syndrome. Bowel resection
in piglets led to an altered microbiome, altered bile acid pool
composition, altered farnesoid X receptor activation, and
failure of hepatic small heterodimer protein to downregulate
bile acid synthesis [39]. The authors proposed that the
accumulation of hepatic bile acids led to the observed liver
damage.

A recent study also examined the use of serum and
liver FGF19 levels as a biomarker for severity of primary
biliary cirrhosis (PBC) [40]. This study found that serum
FGF19 levels were positively correlated toMayoRisk Score for
PBC.This paper demonstrates that FGF19 is expressed 9-fold
greater in the liver of noncirrhotic PBC patients compared to
healthy individuals and 69-fold greater in the liver of cirrhotic
PBC patients. In patients with fibrosis, higher hepatic FGF19
mRNA levels were associated with worsened fibrosis severity.
Hepatocytes with upregulated FGF19 were also found to
induce FGFR4 expression. Therefore, the authors proposed
that the production of FGF19 during PBC is a compensatory
mechanism to decrease bile production in an autocrine
fashion [40].

4.2. FGF21. The role of FGF21 in the regulation of HSC
activation, apoptosis, and development of fibrosis has been
reported in both gain-of-function and loss-of-function stud-
ies. In the gain-of-function study, male ICR mice were
given 10mg/kg dimethylnitrosamine (DMN) for the first
three consecutive days of each week for 4 weeks [41].
FGF21 was given to the mice every 12 hours after DMN
treatment. Animals receiving exogenous FGF21 treatment
had reduced fibrosis and attenuated induction of collagen
1𝛼1, 𝛼SMA, and TGF𝛽 protein and mRNA levels. TGF𝛽
signaling was also altered with FGF21-treated mice having
decreased pSmad2/3 : Smad2/3 ratio. FGF21 seems to be
protective against the development of hepatic inflammation
as protein and mRNA levels of inflammatory molecules,
TNF𝛼, IL-6, and IL-1𝛽, were reduced as well as the
pI𝜅B/I𝜅B and p65/lamin b1 ratios. In vitro treatment of T6
cells, a rat HSC cell line, with FGF21 was performed in
the presence of ethanol or platelet-derived growth factor
(PDGF). FGF21 decreased collagen 1𝛼1, 𝛼SMA, and TGF𝛽
expression induced by both ethanol and PDGF. FGF21
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was also found to be proapoptotic by reducing Bcl-2 : Bax
ratios.

The effect of FGF21 on fibrosis was also studied in a loss-
of-function studymodel.Wild type and FGF21 deficientmice
were fed a methionine and choline deficient diet (MCDD)
for 8 to 16 weeks [42]. The FGF21 deficient mice were
found to have worsened steatosis, inflammation, and fibrosis.
Collagen 1𝛼1, 𝛼SMA, and TGF𝛽 mRNA levels were elevated
in the knockout mice in addition to the expression of genes
involved in inflammation and fatty acid transport: monocyte
chemoattractant protein 1,macrophage inflammatory protein
1 alpha, IL-1𝛽, and CD36. The altered expression of all of
the previously mentioned genes was reversible by continuous
subcutaneous infusion of FGF21 to the FGF21 deficient
mice.

Despite the protective nature of FGF21 in animal models,
many clinical studies have reported a positive correlation
between steatosis and fibrosis severity and serum FGF21
levels in humans [43–47]. Due to the correlations found in
these studies, it has been proposed that serum FGF21 levels
can be used as a biomarker for nonalcoholic fatty liver disease,
nonalcoholic steatohepatitis, and other liver pathologies. As
FGF21 is predominantly produced in the liver it is probable
that the increased FGF21 serum levels observed in these
studies is due to a compensatory increase in hepatic FGF21
production to attempt to mitigate liver injury.

5. Conclusions

FGFs play an important role in the development of hep-
atic fibrosis acting as autocrine, paracrine, and endocrine
mediators of hepatocyte regeneration and HSC migration,
proliferation, and transdifferentiation. The various subfam-
ilies of FGFs have been shown to affect fibrogenesis by
different mechanisms. The studies described in this review
were either performed in whole body knockoutmice or using
pharmacologic manipulation with compounds of varying
specificity for each FGFR. To the authors’ knowledge, no
studies have been published usingHSC-specific FGFor FGFR
knockout mice. Conditional knockout mice with floxed FGF
and FGFR genes are available and therefore creation of HSC-
specific knockout of FGF and FGFR in mice is possible [48–
51]. Studies using these mice could provide further insight
into FGF regulation of HSCs.

With the growing understanding of the mechanisms by
which FGFs regulate hepatic fibrosis, many clinical applica-
tions targeting the FGF pathway are emerging. The ability
of FGFs to regulate HSC proliferation, migration, and trans-
differentiation makes FGF signaling an attractive pathway
to target for the treatment of hepatic fibrosis. Therapeutic
agents are now in development which target many levels
of this pathway: inhibition of FGFRs [52], sequestration of
FGFs [53], modulation of FGF expression [54], and treatment
with recombinant FGF protein [55]. In addition to acting
as a therapeutic target, evidence for the use of serum FGF
concentrations as clinical biomarkers for many liver diseases
is growing [38, 40, 43–47].When using serum FGF levels as a
biomarker it is important to consider the disease pathogenesis
and to understand the reason underlying the correlation

of serum FGF levels to disease severity; are the serum
FGF concentrations influencing disease severity or is disease
severity influencing the production of FGF? Whether used
as a clinical biomarker or targets of therapeutic agents, FGFs
may have an expanding role in the management of hepatic
fibrosis.
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