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Introduction

Chronic liver inflammation leads to liver cirrhosis, which is the
12th leading cause of death in the US (1), accounting for 32,000
deaths in the US and more than 1 million deaths each year world-
wide (2). Chronic pathologic processes include viral infection,
alcoholic liver disease, nonalcoholic steatohepatitis (NASH), and
autoimmune diseases. Depending on the type of underlying liv-
er injury, several mechanisms exist to trigger immune reactions.
Chronic immune reactions lead to liver fibrosis. Understanding
the mechanism of inflammation and fibrosis is critically important
to developing treatments for chronic liver diseases.

Hepatic steatosis is a common consequence of metabolic
or toxic stress. This steatosis may progress to hepatic injury in
response in alcohol (alcoholic steatohepatitis [ASH]), toxins such as
vinyl chloride (toxicant-associated steatohepatitis), chemotherapy
(chemotherapy-associated steatohepatitis), or metabolic syndrome
with insulin resistance (NASH), which is the most common liver
disease in the US (3, 4). Injury changes hepatocyte gene expres-
sion, resulting in increased expression of TGF-, IL-1A, hedgehog
ligands, CXCL10, and mesenchymal genes such as twist and snail.
The injured steatotic hepatocyte induces inflammation and fibrosis.

Even under physiologic conditions the liver is constantly exposed
to exogenous proteins derived from foods, chemicals, drugs, and
microbiota in the gut. Immunologically, the liver capillary system
is lined with resident macrophages (Kupffer cells) and liver DCs. In
pathologic conditions, bone marrow-derived cells, such as infiltrat-
ing macrophages, migrate to the liver and work in collaboration with
the resident cells. Because of the difficulty in cellular isolation tech-
niques, the inflammatory responses in the liver are not fully under-
stood. In this Review we discuss initiation of inflammation in the
liver, inflammatory cells, and their crosstalk with myofibroblasts.

From metabolism to liver injury
Because the liver plays a central role in metabolism of lipids and
glucose, liver inflammation is closely related to metabolic dis-
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orders such as nonalcoholic fatty liver disease (NAFLD), which
affects up to 40% of Western adult populations (3, 4). NAFLD
includes a spectrum of diseases ranging from isolated hepatic ste-
atosis to NASH, the progressive form of the disease characterized
by inflammation, cellular injury, and fibrosis (which can lead to
cirrhosis) that is associated with obesity, type 2 diabetes, hyperlip-
idemia, and insulin resistance.

Hepatocytes become steatotic as a result of increased de novo
lipogenesis, decreased p oxidation, and decreased VLDL secre-
tion, potentially resulting in lipotoxicity. Generally, the saturated
free fatty acids palmitate and stearate are directly cytotoxic. Fur-
thermore, palmitate can induce the formation of both ceramide
and lysophosphatidylcholine (LPC). LPC can activate proapop-
totic signaling (5) and lead to extracellular vesicle (EV) release
(6). Palmitate-derived C16:0 ceramide is associated with insulin
resistance and steatohepatitis (7) and can also induce EV release
(Figure 1). EVs, which include exosomes, microvesicles, and apop-
totic bodies (8), contain cargoes such as effector proteins and
miRNAs that enable cells to transmit signals. TRAIL, CXCL10,
and sphingosine-1-phosphate in EVs from injured hepatocytes
may be involved in the pathogenesis of NASH through activation
or chemotaxis of macrophages (9-11). Additionally, CD40L and
miRNAs (let7f, miR-29a, and miR-340), which have been found
in EVs, are known to participate in an alcoholic liver injury mouse
model (12, 13). Although a pathogenic role for EVs has been dem-
onstrated in cultured cells, it is very difficult to demonstrate an in
vivo role for EVs in the pathogenesis of NASH.

The ballooning hepatocytes that characterize NASH are
apoptotic cells (14). Liver expression of the death receptor Fas is
increased in patients with NAFLD (14). TRAIL-R2 (also known
as DR5) mediates apoptosis in response to hepatic lipotoxicity.
Treatment of hepatocytes with palmitate increases TRAIL-R2
expression and alters plasma membrane domain organization,
resulting in clustering and ligand-independent activation of
TRAIL-R2 that leads to caspase 8-dependent cell death (15). In
a murine model of Western diet-induced NASH, TRAIL receptor
deficiency protected against hepatocyte apoptosis and all other
associated pathogenic features of NASH, such as liver injury,
inflammation, and fibrosis (16). Pharmacologic inhibition of
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injury area (25). Furthermore, activation of
the NF-kB pathway in injured hepatocytes
induces release of a number of proinflam-
matory cytokines and chemokines such as
TNF-qa, IL-6, and CCL2, which mediate
liver inflammation (26, 27).

Crosstalk between hepatocytes and
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immune cells is also mediated by inflam-
masomes, large multiprotein complexes
that sense intracellular danger signals via
Nod-like receptors (NLRs) (e.g., NLRP3).
NLR forms a complex with the effector
molecule pro-caspase-1 with or without an
adapter molecule such as the apoptosis-
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Figure 1. An overview of lipid metabolism in hepatocytes. Hepatocytes become steatotic as a result
of increased de novo lipogenesis, decreased B oxidation, and decreased VLDL secretion. Free fatty
acids (FFAs) such as palmitate can induce the formation of both ceramide and lysophosphatidyl-
choline (LPC). LPC can activate proapoptotic signaling and lead to extracellular vesicle (EV) release.
Palmitate-derived ceramide also induce EV release. HMGB1 and IL-33 are alarmins that are released
from hepatocytes in the pathogenesis of chronic liver diseases, including nonalcoholic fatty liver
disease. PPAR stimulation facilitates oxidation of lipids by upregulating acyl-CoA-oxidase and MCAD.
Thus, PPARs are possible therapeutic targets in nonalcoholic steatohepatitis. FXR signaling facili-
tates secretion of bile acids and decreases hepatic lipid synthesis and enhances peripheral clearance

of VLDL. AOX, acyl-CoA oxidase.

hepatocyte apoptosis or the release of hepatocyte EVs may atten-
uate liver injury, inflammation, and fibrosis.

Necrosis is considered an accidental process characterized by
cell swelling and early loss of plasma membrane integrity, with
consequent leakage of proinflammatory mediators. The unregu-
lated nature of necrosis precludes the design of therapeutic inter-
ventions for protection of necrosis-associated cell injury and
inflammation. Interestingly, necroptosis, an immunogenic form
of programmed cell death, is morphologically similar to necrosis
and has been implicated in the pathogenesis of inflammation-
driven liver disease. TNF-a-dependent necroptosis is initiated by
the interaction of receptor-interacting proteins 1 and 3 (RIP1/3),
which originate in the necrosome, an oligomeric amyloid signal-
ing complex. Necroptosis, as defined by RIP3-dependent mixed-
lineage kinase domain-like protein activation, is triggered in the
liver of mouse models of NASH and in human NAFLD, whereas
absence of RIP3 ameliorates liver injury, steatosis, inflammation,
and fibrosis in an experimental NASH model (17).

Immune cells are activated by endogenous danger signals
known as alarmins (18) or damage-associated molecular pat-
terns (DAMPs), which are released by dead or damaged cells
(19, 20). The alarmins high-mobility group protein B1 (HMGB1)
and IL-33 are released from hepatocytes in chronic liver disease
including NAFLD (21-24). ATP and formyl peptide also function
as alarmins. ATP released from necrotic cells alerts circulating
neutrophils to adhere within liver sinusoids, and formyl-peptide
signals released from necrotic cells guide neutrophils into the
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the cleavage and activation of pro-IL-1f
and pro-IL-18. Damaged hepatocytes can
transfer their danger signals by regulat-
ing inflammasome activation in immune
cells (Figure 1). In fact, molecules such as
ATP and uric acid, which are released from
injured hepatocytes, cause inflammasomes
in liver Kupffer cells in murine models of
ASH and NASH (28, 29).

Because the liver is exposed to gut-
derived microbial products, liver inflam-
mation is modified by the microbiota in the
gut. Gut dysbiosis has been demonstrated
in obesity (30, 31), metabolic syndrome
(32), diabetes (33, 34), cardiovascular diseases, and NAFLD
(35). Boursier and colleagues evaluated gut dysbiosis in NAFLD
patients and found that Bacteroides abundance was independently
associated with NASH and Ruminococcus with fibrosis (36).

Thus, both endogenous ligands generated from injured cells
and exogenous ligands generated from the gut microbiota activate
inflammatory pathways.

Inflammatory cells in the liver

Kupffer cells. Kupffer cells play a central role in liver inflammation.
They are resident macrophages that localize within the lumen of
the liver sinusoids, accounting for about 30% of sinusoidal cells
(37). In embryogenesis, macrophages migrate into fetal liver from
the yolk sac and are detected as F4/80* macrophages at E11in mice
(38, 39). In the late stage of embryonic development and postnatal-
ly, these cells proliferate and differentiate into Kupffer cells, which
are characterized by peroxidase activity in the nuclear envelope
and rough ER (38). Because of their origin, macrophage markers
like F4/80, CD11b, and CD68 are also representative markers for
Kupfter cells. Although Kupffer cells were previously believed to be
unable to self-renew and were instead derived from bone marrow-
derived monocytes (40-43), recent evidence suggests that Kupffer
cells are either a self-renewing population or are derived from local
progenitors (39, 44). In response to hepatocyte injury, Kupffer cells
become activated and express cytokines and signaling molecules.
Additionally, activated Kupffer cells display markers of M1-like
macrophages or M2-like macrophages depending on the signals
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Figure 2. Interaction of immune cells and the liver. The initiation of inflammation results in the trafficking and localization of immune cells to the site
of injury, including neutrophils, recruited macrophages, and Tregs. Generation of an intravascular chemokine gradient (e.g., CXCL12) directs neutrophil
migration toward damage foci. HMGB1 released by necrotic hepatocytes also mediates the recruitment of neutrophils through interaction with the HMGB1
receptor RAGE. Monocyte infiltration into the liver is primarily controlled by CCR2 and its ligand CCL2, which may serve as therapeutic targets in nonalco-
holic steatohepatitis (NASH). Serum amyloid P binds to neutrophils and decreases TNF-a- and IL-8-induced neutrophil adhesion to extracellular matrix
proteins, attenuates profibrotic macrophages, activates the complement pathway, and promotes phagocytosis of cell debris. Oral administration of an
anti-CD3 mAb induces Tregs and has been shown to be effective in a NASH animal model; this antibody is currently in clinical trials. The CCR2/5 antago-

nist cenicriviroc is now in clinical trials.

they receive from their environment. Inflammation in the liver is
regulated by the balance of proinflammatory M1 Kupffer cells and
antiinflammatory M2 Kupffer cells (45). Kupffer cells are exposed
to various substances such as nutrients and gut-derived bacterial
products via the portal circulation and they function to sense and
remove pathogens and danger molecules via pattern-recognition
receptors (PRRs). PRRs comprise at least two families of sensing
proteins: TLRs and NLRs, which detect danger signals includ-
ing pathogen-associated molecular patterns and alarmins. TLRs
recognize gut microbiota-derived bacterial products such as LPS
and peptidoglycan. Kupffer cells respond to LPS through TLR4 to
produce various inflammatory cytokines including TNF-a, IL-1p,
IL-6, IL-12,IL-18, and chemokines in granulomatous liver disease,
ischemia/reperfusion liver injury, NASH, and alcoholic liver dis-
ease (46). In turn, activation of many of these mediators worsen
insulin resistance and metabolic syndrome.

Recruited macrophages. Recruited bone marrow-derived mac-
rophages are a key component of both acute and chronic liver
inflammation and are involved in regression of liver disease. Tra-
ditionally, macrophages are divided into proinflammatory (M1),
wound-healing (M2), and immunosuppressive (regulatory mac-
rophages) phenotypes (47). M1 macrophages, which are induced
by IFN-y, LPS, and TNF-a and express proinflammatory cytokines
such as TNF-q, IL-6, and IL-1, are implicated in the pathogenesis of
chronic liver inflammation. M2 macrophages, which are induced

by IL-4, IL-10, IL-13 and produce IL-10, TGF-B, PDGF, and EGF,
have antiinflammatory effects and promote wound healing (47,
48). In addition to distinct functions and gene expression profiles,
M1 and M2 macrophages exhibit distinct metabolic activities (49,
50). M1 macrophages are associated with increased glycolysis and
production of NO from arginine by inducible NOS (50). In con-
trast, M2 macrophages rely on fatty acid oxidation and metabo-
lize arginine through arginase 1 (ARG1) (50). However, extensive
transcriptome analysis for recruited macrophages in response to
various stimuli revealed a spectrum of macrophage activation
between the M1 and M2 poles (51). Thus, the M1/M2 paradigm is
probably an oversimplification for hepatic macrophages exposed
to various pro- and antiinflammatory stimuli (52). Bone marrow-
derived macrophages change to Ly6c® population and exhibit
a phenotype outside the M1/M2 classification, with increased
expression of MMPs, growth factors, and phagocytosis-related
genes, including Mmp9, Mmp12, Igfl, and the transmembrane gly-
coprotein NMB (Gpnmb). These macrophages are responsible for
tissue remodeling (52). Furthermore, Wang and Kubes described
a population of macrophages recruited from peritoneal fluid that
is F4/80"GATA6" and rapidly infiltrates the injured liver through
the mesothelium (53). This invasion was dependent on CD44
and ATP and resulted in rapid replication and switching of mac-
rophages toward an alternatively activated phenotype. Another
macrophage recruitment pathway was described by Xu and col-
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leagues (49), in which NOTCHI signaling is required for the
migration of blood monocytes into the liver and subsequent M1
differentiation. Furthermore, monocyte infiltration into the liver
is primarily controlled by CCR2 and its ligand CCL2 (also known
as MCP-1) (54-57), providing another potential target for the treat-
ment of NASH. (Figure 2).

Although recruited macrophages and Kupffer cells exhibit
similarities, they can be distinguished by several markers. Recruit-
ed macrophages are CD11b"F4,/80/t cells. In contrast, resident
Kupffer cells are CD11b*F4/80" (58). Generally, high expression
of CX3CRI1 and low expression of the myeloid marker Ly6c char-
acterize patrolling monocytes (59). Kupffer cells are character-
ized by a lack of CX3CR1 expression (60). Using CX3CR1-GFP
transgenic mice, a gene expression analysis of recruited mac-
rophages and Kupffer cells (60) revealed that both Kupffer cells
and recruited macrophages highly express TGF-p, suggesting that
both cells contribute to liver fibrogenesis. Further, the infiltrat-
ing macrophages are Ly6c™ and differentiate into Ly6c'® macro-
phages in acetaminophen-induced liver injury (60). Similar trans-
differentiation is observed in alcoholic liver injury (58). In NAFLD
and alcoholic liver injury, inflammation is predominantly medi-
ated by recruited macrophages, and Kupffer cells exhibit an anti-
inflammatory M2 phenotype (45, 58). Similarly, the increased
hepatic macrophage population in diet-induced obesity is from
infiltrating bone marrow-derived macrophages (61).

Neutrophils. Neutrophils are rapidly recruited to sites of acute
inflammation. Despite the central role of neutrophils in a vari-
ety of liver diseases, the molecular mechanisms that allow these
cells to home to the liver and their functions within the liver are
not well understood. Unlike neutrophil trafficking mechanisms in
other organs, the adhesion of neutrophils within the liver is inde-
pendent of selectins (62). Furthermore, neutrophil recruitment
to the infectious/endotoxemic liver is independent of o2 integ-
rin and ICAM-1 crosstalk (63). In one study, a heat-induced liver
injury model demonstrated a neutrophil recruitment pathway via
the following three steps (25): (a) ATP released by necrotic hepa-
tocytes activated NLRP3 inflammasome via P2X7 receptor signal-
ing; (b) generation of an intravascular chemokine gradient (e.g.,
CXCL?2) directed neutrophil migration toward damage foci (Fig-
ure 2); and (c) formyl-peptide signals released from necrotic cells
guided neutrophils into the site of injury. Furthermore, the TLR4
ligand S100A9 protein secreted in NASH was a key regulator of
hepatic CXCL2 expression and neutrophil recruitment (64). Sur-
prisingly, this study determined that impaired neutrophil recruit-
ment did not aggravate or inhibit liver fibrosis. Another alarmin,
HMGBI, which is released by necrotic hepatocytes, also mediates
the recruitment of neutrophils in an acetaminophen-induced liver
injury model, through interaction with receptor for advanced gly-
cation end products (RAGE) (65). Hyaluronan expressed by the
liver sinusoidal endothelial cells (LSECs) interacts with CD44
on the surface of neutrophils, and this interaction plays a critical
role in the recruitment of neutrophils to the liver (63). Neutrophil
infiltration is associated with inflammation induced by the dietary
carbohydrates and cholesterol, whereas the non-metabolic trig-
gers LPS and IL-1f mainly induce intrahepatic accumulation of
mononuclear cells, suggesting that different inducers may elicit
different inflammatory responses (66). It has been suggested that
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increased myeloperoxidase secreted by neutrophils may cause
oxidative damage to hepatocytes and contribute to the develop-
ment of NASH (67, 68). Additionally, high neutrophil elastase
activity and low a-1 antitrypsin determine the severity of experi-
mental NASH (69). Thus, there are several lines of evidence that
neutrophils contribute to the metabolic syndrome and, in particu-
lar, to the pathogenesis of NASH.

DCs. DCs are professional antigen-presenting cells that cap-
ture and process antigens, migrate to lymphoid organs, and secrete
cytokines to initiate both innate and adaptive immune responses.
However, liver DCs have tolerogenic functions, including induc-
tion of Tregs and deletion of active T cells (70), thereby minimizing
autoimmune reactions. DCs are divided into classical type 1 DCs
(cDC1), cDC2, and plasmacytoid DCs (pDCs), and their markers
have been identified in both mice and humans (71, 72). In humans
and mice, the cDC2 cells are most abundant in the liver and they
exhibit tolerogenic capacity. pDCs secrete type I IFNs during viral
infections (73), while ¢cDC1s present antigens to T cells. After
liver injury, DCs gain the capacity to induce hepatic stellate cells,
NK cells, and T cells to mediate inflammation (74). DCs are also
involved in the regression of fibrosis after liver injury through their
production of MMP9 (75). Although the role of DC migration in
liver pathology has not been explored in detail, extrahepatic DCs
affect liver inflammation in the context of NAFLD pathogenesis.
Bertola and colleagues found that CD11c* DCs in adipose tissue
control inflammation by regulating the switch toward Th17 cell
responses in obesity-associated insulin resistance in both obese
patients and experimental murine models (76).

T lymphocytes. Unlike other organs, inflammation in the liver
is mainly sterile (non-infectious), excluding parasite-induced
fibrosis. Therefore, “innate-like” mechanisms (Th17, NK cells,
NKT cells, MAIT cells, innate lymphoid cells) are major contribu-
tors to liver inflammation.

Th17 cells are proinflammatory cells that produce IL-17
cytokines, which have been implicated in the promotion of liver
inflammation and fibrosis (77-79). Based on evidence from mouse
models, IL-17 has a strong profibrogenic effect through two inde-
pendent mechanisms (79). First, IL-17 stimulates Kupffer cells and
macrophages to express inflammatory cytokines IL-6, IL-18, and
TNF-o, as well as the major fibrogenic cytokine TGF-B1. Second,
IL-17 directly stimulates hepatic stellate cells to express collagen
type I and promotes their differentiation into fibrogenic myofibro-
blasts via STAT3. Levels of IL-17A are elevated in serum of patients
with alcoholic liver disease, chronic hepatitis B and chronic hepa-
titis C and are correlated with increased numbers of circulating
Th17 cells and histologic manifestations of liver fibrosis (77, 78).
IL-17-expressing cells, including Th17 cells, have been linked to
progressive NAFLD (80). Anti-IL-17 biological therapies are cur-
rently in clinical trials for autoimmune inflammatory diseases and
may be applicable in liver inflammation and fibrosis (81).

Mucosal-associated invariant T (MAIT) cells are innate-
like T cell populations characterized by the invariant TCR chain
Va7.2-Ja33/Ja20/Jal2 in humans and Val9-Ja33 in mice (82).
MAIT cells are highly enriched in the human liver, represent-
ing 20% to 50% of intrahepatic T cells (83). MAIT cells reside
in peri-biliary areas of portal tracts in healthy adults, but are
reduced in blood and liver in patients with autoimmune hepa-
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titis, primary biliary cholangitis, primary sclerosing cholangitis,
alcoholic liver disease and NASH (84). A recent study of MAIT
cells in obese individuals and patients with type 2 diabetes dem-
onstrated a marked reduction in circulating MAIT cells in both
patient groups compared with controls (85). MAIT cells, which
are prominent producers of IL-17, were enriched in adipose tis-
sue compared with the peripheral blood of obese patients. A
direct role of MAIT cells in NASH has not been demonstrated but
will be an important area for future exploration.

Unlike in humans, mouse liver is enriched in NKT cells,
which can constitute up to 10% of the leukocyte fraction in the
mouse liver (or up to 40% of the hepatic lymphocytes) (86). NKT
cells can recognize both exogenous and endogenous lipid anti-
gens in the context of the major histocompatibility complex-like
molecule CD1d. NKT cells are classified into two main subsets;
type I or invariant NKT cells and type II or diverse NKT cells.
Type I NKT cells are activated by glycolipids such as aGalCer
and TLR-mediated signaling and/or by cytokines (IL-12, IL-18,
or type I IFN). Murine alcoholic liver injury models exhibit an
increased number of activated type I NKT cells, but not type II
cells, in the liver (87). Type II NKT cells have protective roles in
alcoholic liver injury models (87).

Tregs are antiinflammatory regulators of obesity-related met-
abolic dysregulation (88). Tregs have been found to be reduced
in the blood of obese individuals (89). Accordingly, Tregs have
been studied in the context of NASH pathogenesis. CD28 and B7
costimulation is critical in promoting the development of Tregs
from naive T cells (90) and CD28 KO mice display attenuated fat
accumulation and inflammation, probably due to a defect in Tregs
(91). Further, antibody-mediated B7 blockade improves steato-
hepatitis in mice (92). Treg modulation may provide a novel thera-
peutic strategy in NASH (Figure 2).

From liver inflammation to fibrosis

Hepatocyte injury followed by inflammation and activation of the
innate immune system leads to liver fibrosis mediated by hepatic
stellate cell activation and extracellular matrix (ECM) secre-
tion and deposition. Quiescent hepatic stellate cells (QHSCs)
are located in the space of Disse, a perisinusoidal space between
hepatocytes and LSECs. qHSCs store vitamin A in lipid droplets,
which represent the major vitamin A storage site for humans
(93). qHSCs express adipogenic transcription factors such as
PPARy, adiponectin receptor 1, perilipin 2 (PLIN2/ADFP),
C/EBP3, C/EBPq, C/EBPS, and SREBP-1c (94, 95). Hepatic stel-
late cell differentiation into myofibroblasts is characterized by
decreased vitamin A with loss of the adipogenic phenotype (94,
96, 97). Activated hepatic stellate cells (aHSCs/myofibroblasts)
are the major source of ECM production in the liver fibrosis
induced by NASH and also contribute to liver inflammation by
secreting cytokines.

Hepatic stellate cell activation results from the inflamma-
tory activity of liver immune cells, predominantly macrophages.
Macrophage-derived TGF-B1 activates hepatic stellate cells and
is the most potent known fibrogenic agonist (98). Hepatic macro-
phages, including Kupffer cells and recruited macrophages, also
enhance liver fibrosis by promoting the survival of aHSCs in a
NF-kB-dependent manner (99). Macrophage/hepatic stellate cell
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crosstalk is mediated by IL-1 and TNF-o. Neutralization of these
cytokines in co-culture experiments or genetic ablation of their
receptors in mouse models led to decreased fibrosis and increased
apoptosis of hepatic stellate cells (99). Consistently, inhibition
of NF-kB with sulfasalazine stimulated apoptosis of activated rat
and human hepatic stellate cells, impairing hepatic fibrosis (100).
Furthermore, in NASH, DAMPs from injured hepatocytes activate
the inflammasome in Kupffer cells, resulting in release of IL-1f,
thereby inducing hepatic stellate cell activation (101).

In obesity, hepatic stellate cell activation is also mediated by
leptin, an adipocyte-derived hormone (102). Leptin receptor-
deficient rats are protected from CCl,-induced liver fibrosis (103).
Furthermore, leptin stimulation leads to TGF-pl expression in
Kupffer cells and conditioned medium of leptin-stimulated Kupffer
cells activates hepatic stellate cells (104). Leptin also maintains the
activated phenotype of hepatic stellate cells via the upregulation of
the hedgehog pathway (105). In contrast, the pro-adipogenic factor
PPARy abrogates the activation of hepatic stellate cells (106).

ROS are generated by various liver injuries such as alcohol
abuse, hepatitis virus infection and chronic cholestasis and con-
tribute to hepatic fibrogenesis. ROS stimulates the production
of collagen I in aHSCs/myofibroblasts, acting as an intracellu-
lar signaling mediator for TGF-Bl-induced fibrosis (107). The
multicomponent NADPH oxidase (NOX) complexes and the
mitochondrial respiratory pathway are the two major producers
of endogenous ROS. NOX play an important role in liver fibro-
genesis. Among the seven members of the NOX family (NOX
1-5; DUOX1 and -2), NOX1, NOX2, and NOX4 are expressed in
the liver, and specifically in aHSCs/myofibroblasts (108). NOX2
induces the oxidative burst required by neutrophils to kill patho-
genic bacteria (109), while NOX1 and NOX4 are expressed in
hepatocytes, Kupffer cells, and hepatic stellate cells (108). NOX1
is catalytically activated by pro-fibrogenic agonists including
angiotensin II (Ang II), LPS, and PDGF, which induce hepatic
stellate cell activation and proliferation (108). NOX4 is a TGF-
responsive gene and is regulated at the level of transcription
(110). NOX1- or NOX4-deficient hepatic stellate cells produce
less ROS in response to Ang II compared with cells that express
these enzymes (111). Both NOX1 KO and NOX4 KO mice exhibit
attenuated liver fibrosis mediated by decreased hepatic stellate
cell activation. Importantly, NOX1 and NOX4 are elevated in
mouse models of NASH, and NOX inhibition decreases inflam-
mation and fibrosis in NASH models (112).

TLR4 activation can lead to ROS signaling, and ROS may
modulate signaling downstream of TLR4 via NOX activation.
Kupffer cells and macrophages are targets for the TLR4 ligand
LPS, and these cells express profibrogenic cytokines that activate
hepatic stellate cells (46), which also express TLR4 (113, 114). Sev-
eral lines of evidence indicate that LPS/TLR4 signaling provides a
mechanistic link between inflammation and fibrosis (114, 115). In
response to LPS, hepatic stellate cells express chemokines (MCP-1,
MIP-1a, MIP-1B, RANTES, KC, MIP-2, and IP-10) and adhesion
molecules (ICAM-1, VCAM-1, and E-selectin) to recruit Kupffer
cells and circulating macrophages (114). LPS also enhances TGF-f
signaling in hepatic stellate cells via down regulation of bambi, a
TGF-P pseudo receptor that drives hepatic fibrosis through activa-
tion of hepatic stellate cells (refs. 111, 114, 116, and Figure 1).
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No fibrosis without inflammation?

In most liver injury diseases such as NASH, chronic liver inflam-
mation precedes liver fibrosis. Various liver fibrosis models in
rodents also evoke inflammation. On the other hand, overex-
pression of PDGF-B in hepatocytes causes liver fibrosis with
minimal liver inflammation (117, 118). Additionally, hemo-
chromatosis is characterized by liver cirrhosis with minimal
inflammation (119), and the murine hemochromatosis model
also shows minimal inflammation with massive fibrosis. In
iron overload, ferritin released from damaged hepatocytes
contributes to the local hepatic ferritin concentration. Tissue-
derived ferritin has been demonstrated to act as a proinflam-
matory cytokine in hepatic stellate cell biology by inducing
iron-independent, PKC({/NF-kB transcriptional regulation of
inflammatory genes that are associated with the activation of
hepatic stellate cells (120). aHSCs/myofibroblasts also express
a specific transferrin receptor that mediates enhanced expres-
sion of a-SMA and collagen-ol (121). A murine model of heredi-
tary hemochromatosis (HH; Hfe KO mice) exhibits attenuated
inflammatory responses to Salmonella infection and LPS induc-
tion (118). In Hfe”~ macrophages, LPS-induced TNF-a and IL-6
secretion was attenuated (118). These results suggest a role of
iron in the regulation of the inflammatory response leading to
liver fibrosis. However, about half of patients with HH show
histologic evidence of portal inflammation. Hepatic venous
outflow obstruction also causes liver fibrosis without massive
liver inflammation. Right heart failure (cardiac hepatopathy)
and Budd-Chiari syndrome (thrombosis of the hepatic veins)
are the representative pathology. Further, outflow obstruction
histology shows minimal inflammation in the liver (122). These
findings suggest that unlike idiopathic pulmonary fibrosis (123),
the pathophysiology of the “crypt-inflammatory” liver fibrosis is
more a product of dysregulated inflammation than of fibroblast
dysfunction. Finally, advanced stages of NASH may have less
inflammation than earlier stages, and the NASH activity score
does not correlate with the stage of fibrosis. Thus, NASH may
progress from an inflammatory, steatotic early phase driven
by metabolic syndrome to a predominantly fibrotic later stage,
where fibrogenic stimuli such as TGF-f perpetuate scarring.

Perspectives

NASH and NAFLD are characterized by decreased consumption
and secretion of lipids. Therefore, enhancement of lipid secre-
tion and consumption may be a promising therapeutic strategy
for NAFLD. PPAR stimulation facilitates oxidation of lipids by
upregulating acyl-CoA oxidase and medium-chain acyl-CoA
dehydrogenase (MCAD). Thus, PPARs are possible therapeutic
targets in NASH (Figure 1). In fact, PPAR agonists have been
reported and are now in clinical trials for the treatment of NASH
(124, 125). FXR signaling is also a potential target because it facil-
itates secretion of bile acids (126), resulting in decreased hepatic
storage of triglycerides and fatty acid esters (Figure 1). More-
over, FXR signaling caused decreased hepatic lipid synthesis and
enhanced peripheral clearance of VLDL. As a result, it promotes
insulin sensitivity, decreases hepatic gluconeogenesis and cir-
culating triglycerides (127). Based on these metabolic effects,
pharmacologic activation of FXR has been proposed as a target
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for the treatment of NASH. Cholic acids and obeticholic acid are
reported as agonists of FXR, and both are now in clinical trials
(refs. 128-131, and Figure 1).

CCR2 and CCR5 and their ligands CCL2 and CCL5 are
implicated in the pathogenesis of liver inflammation and fibro-
sis, especially in NASH. In response to hepatocyte injury, Kupffer
cells secrete CCL2, which recruits monocytes to the liver. Inhibi-
tion of CCL2/CCR2 or CCL5/CCR5 has been shown to attenuate
liver fibrosis in mice (56, 57, 132-134). The CCR2/5 antagonist
cenicriviroc is now in a phase 2 clinical trial (135) (Figure 2).

New targets for treating chronic liver diseases with fibrosis
can be analyzed in the context of recent insights into the mecha-
nisms of liver inflammation. Serum amyloid P (SAP; also known
as pentraxin-2) is a 27-kDa protein that is produced by the liver
and secreted into the blood and circulates as stable 135-kDa pen-
tamers (136). SAP binds to neutrophils and decreases TNF-o- and
IL-8-induced neutrophil adhesion to ECM proteins, attenuates
profibrotic macrophages, activates the complement pathway, and
promotes phagocytosis of cell debris (136-139).

After activation, Kupffer cells and recruited macrophages
produce TGF-B1, which induces differentiation of hepatic stel-
late cells into myofibroblasts. Local suppression of TGF-f1 activ-
ity remains a major challenge of antifibrotic therapy. Neutraliza-
tion of TGF- in animal models inhibits liver fibrosis and reduces
the risk of developing cholangiocarcinoma (140). Fresolimumab
(GC1008), a human anti-TGF-p1 mAb that neutralizes all isoforms
of TGF-B, has demonstrated an acceptable safety profile and pre-
liminary evidence of antitumor activity in patients with advanced
malignant melanoma and renal cell carcinoma (141-143). Freso-
limumab also exhibits antiinflammatory and anti-fibrotic effects
in systemic sclerosis patients (144), suggesting that therapeutic
targeting of TGF-B1is a potential strategy in fibrotic liver disease.

Because oxidative stress mediates hepatocyte death and
hepatic stellate cell activation, regulation of ROS is a promising
strategy for liver fibrosis therapy (145). PPARS is a key metabolic
regulator with pleiotropic actions in various tissues including fat,
skeletal muscle, and liver. PPARS agonists protect hepatocytes
from cell death by reducing ROS generation in hepatocytes, lead-
ing to decreased liver fibrosis (146).

The cellular membrane component phosphatidylcholine
(PC) is generated by a transmethylation reaction from phospha-
tidylethanolamine (PE) via a metabolic pathway that utilizes S-
adenosylmethionine (SAMe) as a methyl donor (147). The PC/PE
ratio may be a key regulator of cell membrane integrity and play
arole in the progression of steatosis to NASH (148). Furthermore,
the formation of PC is reduced in various chronic liver diseases
including intrahepatic cholestasis, cholestasis of pregnancy, and
alcoholic liver disease (149-151). There have been few random-
ized controlled trials to assess the efficacy of SAMe in chronic
liver diseases (152, 153), but in studies conducted thus far, SAMe
treatment improved pruritus.

Tregs are important for the pathogenesis of NAFLD and
NASH. Therefore, enhancement of Treg function may be a ther-
apeutic strategy for the treatment of NASH. Oral administration
of an anti-CD3 mAbD induces Tregs and has been shown to be
effective in a NASH animal model; this antibody is currently in
clinical trials (refs. 154, 155, and Figure 2).
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In conclusion, the cellular and molecular mechanisms of
liver inflammation and fibrosis are being investigated exten-
sively. Liver inflammation and fibrogenesis are controlled by
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complex immunologic pathways that implicate many possible

therapeutic targets. Enhancement of our understanding of the
mechanisms underlying inflammation should be translated

into clinical therapies.
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