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Abstract: During chronic liver disease (CLD) progression, hepatic myofibroblasts (MFs) represent
a unique cellular phenotype that plays a critical role in driving liver fibrogenesis and then fibrosis.
Although they could originate from different cell types, MFs exhibit a rather common pattern
of pro-fibrogenic phenotypic responses, which are mostly elicited or sustained both by oxidative
stress and reactive oxygen species (ROS) and several mediators (including growth factors, cytokines,
chemokines, and others) that often operate through the up-regulation of the intracellular generation of
ROS. In the present review, we will offer an overview of the role of MFs in the fibrogenic progression
of CLD from different etiologies by focusing our attention on the direct or indirect role of ROS and,
more generally, oxidative stress in regulating MF-related phenotypic responses. Moreover, this review
has the purpose of illustrating the real complexity of the ROS modulation during CLD progression.
The reader will have to keep in mind that a number of issues are able to affect the behavior of the cells
involved: a) the different concentrations of reactive species, b) the intrinsic state of the target cells, as
well as c) the presence of different growth factors, cytokines, and other mediators in the extracellular
microenvironment or of other cellular sources of ROS.

Keywords: hepatic myofibroblasts; liver fibrogenesis; reactive oxygen species; oxidative stress;
chronic liver diseases

1. Introduction: Role of Hepatic Myofibroblasts in the Scenario of Liver Fibrogenesis

Hepatic myofibroblasts (hMFs) represent a heterogeneous population of α-smooth
muscle actin (α-SMA)—positive liver cells playing a critical pro-fibrogenic role in the pro-
gression of chronic liver disease (CLD). CLDs are characterized by a long-standing history
of parenchymal injury (on average 15–20 years) resulting in the persistent activation of
inflammatory and fibrogenic or wound healing responses. In this review, the definition of
liver fibrogenesis will be used to indicate a highly dynamic and integrated molecular, cellu-
lar, and tissue process that, with time, can lead to liver fibrosis, intended as an excessive
accumulation of extracellular matrix (ECM) components in liver parenchyma [1–9]. As it
is well known, fibrogenesis and fibrosis are critical features of CLD progression to more
advanced stages of the disease leading eventually to liver cirrhosis, a stage characterized by
the derangement of liver architecture typically involving the formation of regenerative nod-
ules of parenchyma surrounded by fibrotic septa. Moreover, significant vascular changes
are typical of cirrhosis, being responsible for portal hypertension and related clinical compli-
cations (variceal bleeding, hepatic encephalopathy, ascites, hepatorenal syndrome, etc.) [10].
Changes in vascular architecture found in chronically injured livers are intimately linked to
the parallel development of fibrogenesis and pathological angiogenesis, two processes that
are believed to strongly affect each other, in which MFs play a critical role [11–13]. Finally,
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patients experiencing CLD progression have a significantly increased risk of developing
hepatocellular carcinoma (HCC), the most frequent primary liver cancer (70–90%) that now
represents the fourth leading cause of cancer mortality worldwide [14–16].

In the scenario of CLDs, MFs can originate from different cellular sources following
activation by a number of mediators and conditions, including reactive oxygen species
(ROS) and other oxidative stress-related mediators [17–21].

Interestingly, regardless of the cellular origin, MFs exhibit rather common pheno-
typic responses including not only the ability to produce and release an excess of ECM
components (i.e., leading with the time to liver fibrosis) but also a high proliferative atti-
tude and the ability to respond to—as well as to release—several mediators in a scenario
dominated by chronic liver injury [17–21]. This peculiar MF phenotype has been detected
in all the major forms of progressive CLD, including conditions related to chronic infec-
tion by hepatotropic viruses such as HBV and HCV, excessive consumption of alcohol
(i.e., leading to alcoholic liver disease or ALD), metabolic derangement such as in the
case of non-alcoholic fatty liver disease (NAFLD, often detected in obese and/or diabetes
type 2 patients), autoimmune hepatitis type I and II, and in hereditary diseases involving
the liver such as hereditary hemochromatosis, α1-antitrypsin disease, and Wilson’s dis-
ease [1–9,17–21]. In these conditions, inflammation and several mediators released from
injured hepatocytes, including ROS, lead to MFs activation. This event is also associated
with a decrease in antioxidant defenses particularly evident in HCV and HBV infections in
which the accumulation of ROS sustains cellular and tissue damage.

In particular, the prevalent profibrogenic mechanism in HBV- or HCV-related CLD
progression is represented by chronic activation of wound healing, with ROS and oxidative
stress also offering a relevant contribution [8].

However, liver MFs also play a critical role in cholangiopathies, either autoimmune-
mediated such as primary biliary cholangitis and primary sclerosing cholangitis, as well
as other rare genetically related conditions (Alagille syndrome, Caroli syndrome, ABCB4
deficiency, cystic fibrosis, polycystic disease), or the so-defined idiopathic cholangiopathies
(biliary atresia, sarcoidosis) [22–24].

Since it is well known that oxidative stress plays a key role in driving liver damage
and the initiation/progression of liver fibrosis, in the present review, we will focus our
attention on the behavior of liver MFs in response to ROS and, more generally, on the ability
of oxidative stress in modulating MF-related phenotypic responses.

2. MFs Involvement in the Scenario of Liver Fibrogenesis
2.1. Pro-Fibrogenic Cells and Mediators

In the presence of an etiological agent or condition eliciting persistent hepatocellu-
lar/parenchymal injury, fibrogenesis is unequivocally fueled by the chronic inflammatory
response and is related to intense cross-talk between different cell populations either
resident in the liver or extrahepatic [1–8,25–27]. The hepatic cells involved are injured
hepatocytes, defenestrated sinusoidal endothelial cells (SECs), activated hepatic stellate
cells (HSCs), and other cellular sources of liver MFs, Kupffer cells (KCs), hepatic progenitor
cells, and cholangiocytes. Other cells that significantly contribute to the fibrogenic scenario
are innate immunity mononuclear cells recruited from peripheral blood and activated to
multiple macrophage phenotypes in the injured liver [25–27]. An additional role is also
played by other immune cells such as T and B lymphocytes, natural killer (NK) cells, as
well as natural killer T (NKT) cells [1–8].

All these cell types communicate with each other by either releasing, in a paracrine
and/or autocrine way, or responding to a plethora of mediators including growth fac-
tors, inflammatory cytokines, chemokines, adipokines, endothelins, components of the
renin/angiotensin systems and other plasma proteins, ROS and other oxidative stress–
related reactive molecules, pathogen-associated or damage-associated molecular patterns
(PAMPs and DAMPs, respectively), as well as agents/compounds acting as ligands for the
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pattern-recognition receptor (PRR) [3,4,7,8,21]. Figure 1 represents a summary of the most
relevant interactions between the main cellular populations involved in CLD progression.
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2.2. Hepatic MFs: A Heterogeneous Population of Pro-Fibrogenic Cells in CLD Progression

Liver MFs can originate from the activation of different cellular precursors of mes-
enchymal origin [1–13,17–19,21] (Table 1) represented by:

Table 1. Potential cellular origin of hepatic myofibroblasts and related biomarkers.

Potential Cellular Origin of Hepatic
Myofibroblasts Biomarkers

Hepatic stellate cells (HSCs)
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(a) HSCs, the major source of hepatic MFs [1–9,17–19,21,28–30].

Physiologically, HSCs reside in the space of Disse where they make direct contact
with hepatocytes, SECs, and other HSCs; these cells are considered responsible for the
deposition of ECM and also play a role as liver pericytes and in vitamin A and retinoids stor-
age/metabolism [17]. When HSCs become activated to MF-like cells (sometimes indicated
with the acronym HSC/MFs, to make clear that they are MFs derived from HSC activation),
these essential functions are lost or deeply modified. HSC/MFs are extremely well charac-
terized in terms of (i) markers that can be used to identify them in liver specimens, including
glial fibrillary acidic protein or GFAP, platelet-derived growth factor (PDGF) receptor β
or PDGFRβ, nerve growth factor receptor p75 subunit, lecithin-retinol acyltransferase or
LRAT, integrin ανβ3, vimentin, desmin, mannose 6-phosphate/insulin-like growth factor
II receptor, and cytoglobin [17,21,31]; and (ii) genome-wide transcriptome profiling, which
has revealed an impressive number of HSC-specific genes and HSC/MFs-specific gene
signatures, with the latter proposed to be associated with poor patient prognosis [32];

(b) Portal fibroblasts, the second major cellular source of hepatic MFs.

These cells consist of a population of mesenchymal cells residing in the connective
tissue of portal areas, positive for α-SMA, as well as for a specific marker such as ecto-
ATPase nucleoside triphosphate diphosphohydrolase-2 (NTPD2) and others less specific
such as fibulin 2, elastin, IL-6m and cofilin 1 [30,33]. The real numerical contribution of MFs
derived from portal fibroblasts to CLD progression is still debated [28,29] but there is no
doubt that they are present in almost all CLDs. There is a consensus on the fact that portal
MFs may predominate in conditions of biliary fibrosis and, accordingly, portal fibroblasts
may be the earliest cell population of mesenchymal origin activated following specific
injury to biliary epithelial cells or cholangiocytes [34,35];

(c) Cells originating in the bone marrow and recruited into chronically injured liver.

Initially, this was reported for a selected cohort of female patients developing HCV-
related CLD after receiving a bone marrow transplant from male donors in which a sig-
nificant percentage of MFs was positive for the Y chromosome [36]. Then the origin of
bone-marrow-derived cells was confirmed by experimental studies suggesting mesenchy-
mal stem cells [37,38] or α-SMA negative precursor cells [39] as cell precursors. However,
at present, the overall consensus is that MFs from bone-marrow-derived cells represent just
a minority of hepatic MFs detected in CLDs.

In the past, epithelial cells, hepatocytes, and cholangiocytes were also considered
a potential source of liver MFs through a process of the epithelial-to-mesenchymal transition
(EMT), mainly supported by studies in lung and kidney fibrosis [7], but at the moment,
the involvement of EMT in CLDs as a source of MFs is controversial and, in any case,
considered to be of minor relevance [19,20,28,30,40,41].

2.3. Activation and Major Phenotypic Responses of Liver MFs

During CLD, MFs undergo a process of activation/transdifferentiation, which is
elicited and/or sustained by a long list of paracrine and/or autocrine signals [3,8,17–19,21],
including cytokines, chemokines, growth factors, ROS, adipokines, and several other medi-
ators released by either hepatic or extrahepatic cells infiltrating the injured parenchyma
(innate and adaptive immune cells, bone marrow-derived cells) (see Figure 2). In particular,
HSCs activation into MFs can be promoted by extracellular events, including persistent
epithelial cell injury (whatever the cause/etiology), altered ECM, immune regulation,
metabolic dysregulation, and enteric dysbiosis. Moreover, the process of HSC activation has
been related to molecular dysregulation, involving membrane receptor and nuclear recep-
tor signaling pathways, transcription factors, epigenetic transcriptional deregulation, and
dysregulation of cellular homeostasis. Then, when activated, MFs can contribute to CLD
progression by releasing additional mediators and signals. However, liver MFs can be easily
identified in liver biopsies or specimens for their immune positivity to α-SMA and essen-
tially share common characteristics and phenotypic responses [1–9,17–19,21] that all concur
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to fibrogenic disease progression and that are briefly described below [1–3,6–9,17,18,21,42]:
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sustain the activation/transdifferentiation process of liver myofibroblasts.

• Synthesis of ECM components. In progressive CLD, liver MFs become able to increase
the synthesis of ECM components; in particular, these cells up-regulate the transcrip-
tion and deposition of fibrillar collagen, mainly collagen type I and III, as well as
laminin, fibronectin, and α-SMA. The synthesis of these ECM components is stim-
ulated by several pro-fibrogenic growth factors and mediators, in particular TGFβ1
(mainly released by activated macrophages and MFs), ROS, and other oxidative stress-
related mediators. Moreover, liver MFs are also characterized by a dysregulation of
the genes coding for enzymes involved in ECM remodeling that leads to up-regulation
of the expression of tissue inhibitors of metalloproteases (TIMPs, particularly TIMP1
and TIMP2) and down-regulation of metalloproteases with consequent insufficient
removal of fibrillar collagen.

• Proliferation and survival of MFs. Liver MFs are highly proliferative cells in response
to mitogenic signals, released in the pro-fibrogenic scenario by almost all cell types
involved. The most potent mitogen for activated HSCs and liver MFs is PDGF released
by macrophages, MFs, and SECs. PDGF exerts its action since MFs overexpress
the α- and β-receptor subunit (i.e., PDGF-Rα and PDGF-Rβ). Many other stimuli
and mediators are able to stimulate MFs proliferation and survival such as TGFα,
epidermal growth factor (EGF), connective tissue growth factor (CTGF), thrombin,
basic fibroblast growth factor (bFGF), and leptin. Moreover, persistently activated
HSC/MFs have been reported to survive the induction of apoptosis in response
to different agents or conditions, including high levels of ROS, due to increased
expression of Bcl-2 and up-regulation of PI3K/c-Akt signaling [43,44].

• MFs migration. In progressive CLD, the ability of MFs to migrate and align along
the nascent fibrotic septa in response to different chemoattractants (including at least
PDGF, CCL2, VEGF-A, and Oncostatin M) and in a redox-dependent manner plays
a key role.

• MFs as pro-inflammatory cells. By releasing cytokines, interleukins, and chemokines,
activated hepatic MFs exert a significant pro-inflammatory role. In particular, they
release the chemokines CCL2 and CCL21 able to recruit monocytes from peripheral
blood or act on either T lymphocytes or activated T lymphocytes. Moreover, literature
data reported the activation of the NLRP3 inflammasome not only in macrophages
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but also in liver MFs, which then may actively contribute to fibrogenic progression by
also up-regulating IL-1β release.

• MFs as pro-angiogenic cells. Liver MFs have an active role in pathological angio-
genesis detected in CLD progression. In particular, HSC/MFs are able to respond
to hypoxic conditions, which develop progressively in a chronically injured liver,
by up-regulating the expression and the release of key pro-angiogenic mediators,
including VEGF-A, Angiopoietin-1, hedgehog ligands, and PDGF-BB, as well as up-
regulating the synthesis of cognate receptors for these pro-angiogenic factors. Since
angiogenesis usually precedes or accompanies fibrogenesis, it has been proposed that
hypoxia may also serve to drive both processes, with HSC/MFs then representing
a critical cellular crossroad by their ability to contribute to both ECM deposition and
angiogenesis [8,9,13,45,46].

• MFs and CLD progression. Liver MFs can critically contribute to the perpetuation
of liver fibrogenesis through their ability to establish autocrine/paracrine loops:
Mediator-stimulated MFs up-regulate the expression of critical growth factors, cy-
tokines, chemokines, and other mediators (such as TGFβ1, PDGF, CCL2, VEGF,
endothelin-1, or ET-1) that, in turn, when released in the extracellular environment,
can act on surrounding cells, including MFs themselves [1–4,13,16–18,21].

2.4. Pro-Fibrogenic Mechanisms and Related Issues

Chronic parenchymal injury, persisting activation of the inflammatory response, and
sustained activation of wound healing and repair responses represent the main issues
driving liver fibrogenesis. CLD fibrogenic progression is the result of several pro-fibrogenic
mechanisms that should be classified into two categories: (i) Mechanisms that can be
referred to as common and etiology independent, being detected in all forms of CLD;
(ii) and etiology-related mechanisms and issues more properly and intimately related to
the specific etiology of the CLD considered [8,9]. Below, the reader will find a short list of
major mechanisms considered relevant for CLD progression (Figure 3):

• Oxidative stress and ROS are so relevant that we will dedicate most of the remaining
sections in this review to analyzing and discussing the most critical related issues.

• Excess deposition of ECM components, mainly fibrillar collagen type I and III, is
associated with qualitative changes in their topographical distribution. The altered
ECM remodeling observed is due to up-regulation of the expression of TIMPs and
MMPs accompanied by the non-efficient removal of fibrillar collagen [1,5–9].

• Hypoxia, HIFs, and related mediators are considered major determinants for fibrogenic
progression and likely also for the development of hepatocellular carcinoma [47].

• Autophagy and endoplasmic reticulum stress are mechanisms involved in the acti-
vation of HSCs into HSC/MFs, with the inositol-requiring enzyme 1α (IRE1α) and
PKR-like endoplasmic reticulum kinase (PERK) pathways playing a pro-fibrogenic
role [48,49].

• Extracellular vesicles (EVs) are particles of different sizes released by injured or apop-
totic hepatocytes in different conditions of CLDs. EVs can mediate pro-inflammatory,
pro-angiogenic, and pro-fibrogenic signals since they contain miRNAs, mRNAs, sig-
naling proteins, and lipids, potentially able to affect all surrounding cells [50–53].

• During NAFLD progression, in ALD and likely in one-third of all HCV patients that
develop steatosis and steatohepatitis, lipotoxicity is believed to be responsible for hep-
atocyte injury and associated with nutrient/caloric overload, as well as dysfunctional
adipose tissue and gut–liver axis dysbiosis [54–57].

• In the last decade, a number of genetic variants were identified as relevant risk factors
for NAFLD and ALD progression, some of them even for HCC development. The most
relevant genetic variants are represented by (i) patatin-like phospholipase domain
containing-3 (PNPLA3) gene; (ii) transmembrane 6 superfamily member 2 (TM6SF2)
gene; (iii) membrane-bound O-acyltransferase domain-containing 7 (MBOAT7), and
transmembrane channel-like 4 (TMC4) genes [58–60].
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All mechanisms described represent the basic knowledge for developing novel strate-
gies and approaches to targeted therapies designed to affect CLD progression and have
actually been tested in clinical trials.

3. Liver Fibrosis as a Potentially Reversible Event

Literature data published in the last two decades from pre-clinical and clinical studies
have now established that fibrosis is potentially a reversible event [61]. More precisely, one
should consider that fibrosis and sometimes even cirrhosis can undergo either resolution
or at least regression. These two terms, although both positive for a CLD patient, should
be distinguished: (i) The term resolution refers to an ideal condition, still at an early
stage of the CLD and then of early fibrosis, in which a progressive removal of the excess
deposition of ECM and the functional recovery of the organ can be accomplished; (ii) the
term regression, which can be more properly applied to conditions of advanced fibrosis or
cirrhosis, indicates, in turn, a reduction of fibrosis and only a partial functional recovery.
Both events, resolution or regression, can occur only when the etiological agent or condition
causing chronic liver injury is either eliminated or significantly limited [61].

In this contest, monocyte-derived macrophages (MoMΦs) recruited from peripheral
blood play a key role [25–27] as they can differentiate into different phenotypes, depending
on the mediators present in the microenvironment:

(i). The Ly6Chigh phenotype, mostly dependent on chemoattractants (CCL2, CCL1, and
CCL25) released by activated KCs, and activated HSCs and SECs [61–64]. Ly6Chigh

macrophages exert a pro-angiogenic, pro-inflammatory, and pro-fibrogenic role by
releasing mediators, including TGFβ1, PDGF, and VEGF-A, able to contribute to
hepatic MFs activation [1–3,8,9] as well as to enhance their survival in an NF-kB-
dependent way [1,25–27].

(ii). The Ly6Clow phenotype (positive for markers such as Arginase-1, Arginase-2, CD206,
and CX3CR1) is characterized by the increased expression and release of IL-10 and
the IL-1 receptor antagonist (IL-1ra), as well as the hepatocyte growth factor (HGF),
insulin-like growth factor (IGF) and VEGF-A and phagocytosis-related genes such as
the alveolar macrophage marker gene (MARCO) [25–27].

In the case of cessation of the injury, when the removal of cell debris and/or apoptotic
bodies occurs, a switch from the Ly6Chigh phenotype into Ly6Clow resolution macrophages
can be observed. This means that Ly6Clow resolution macrophages release anti-inflammatory
cytokines, mainly IL-10 and metalloproteases able to degrade, with time, the ECM in ex-
cess [13,16,17,25–27,61]. In addition, resolution macrophages can also induce apoptosis of
HSC/MFs, facilitating fibrosis resolution [25–27,61].
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Although the concept of fibrosis as a potentially reversible event has originated mostly
from pre-clinical studies [61], it should be noted that reversion of fibrosis and regression
of cirrhosis has also been documented in human patients, particularly in HBV and HCV
chronic patients that displayed a sustained virological response (SVR) when treated with
antiviral direct agents [62,63]. More recently, evidence of regression has been reported in
NASH patients, achieving a significant reduction of body weight either as a consequence
of lifestyle change or following bariatric surgery [64–66]. As a note of caution, it should
be noted that in a limited number of NASH patients following bariatric surgery or HCV
patients following therapy with direct antiviral agents, fibrosis has been reported to persist,
and in few cases, to even progress [66,67].

4. ROS and Oxidative Stress in CLD Progression
4.1. The Impact of Oxidative Stress in CLDs: Introductory Remarks

Oxidative stress is a condition caused by an imbalance between an excess genera-
tion of ROS and the ability of antioxidant defenses, either enzymatic or non-enzymatic,
to inactivate, eliminate, or scavenge these reactive products [68–75]. In a chronic injury
environment, ROS can be generated, such as the superoxide anion (O2

•−), hydrogen per-
oxide (H2O2), hydroxyl radical (•OH), as well as other redox-related reactive mediators
of oxidative stress, such as the end-products of lipid peroxidation (LPO). LPO is a com-
plex chain reaction initiated by ROS such as •OH or other free radicals interacting with
polyunsaturated fatty acids (PUFA) of membrane phospholipids that leads to the oxidative
degradation of PUFA [68–75]. The end-products of LPO are mainly represented by either
reactive aldehydes, such as malondialdehyde (MDA) and 4-hydroxy-2,3-alkenals (HAKs)
of different chain lengths, or F2-isoprostanes. HAKs (mostly 4-hydroxy-2,3-nonenal or
HNE) and F2-isoprostanes are relatively stable lipophilic compounds that can easily dif-
fuse in the cellular environment and cross biological membranes, being able to exert both
cytotoxic and signaling action [68–70,76]. The detection of these lipophilic compounds in
a chronically injured liver or even biological fluids has been proposed as a reliable way to
evaluate oxidative stress occurring in vivo.

Among ROS, particular mention is also due to nitric oxide or NO, a small hydrophobic
molecule that, in addition to its general role in controlling the vascular tone, cellular
adhesion, vascular permeability, and platelet adhesion, can also form the powerful pro-
oxidant peroxynitrite (ONOO−) through the interaction with O2

•−. Peroxynitrite, in turn,
can potentially oxidize any cellular constituent, leading to the disruption of cell signaling
pathways and the induction of hepatocyte injury and death [77].

In progressive CLDs, oxidative stress is believed to mainly represent the consequence
of two events: (i) The direct impact of the etiological agent or condition on parenchymal
cells, then resulting in increased intracellular generation (and release in the microenviron-
ment following injury and death) of ROS and other redox-related reactive intermediates;
(ii) the activation of innate immunity (i.e., inflammatory) cells following significant hepato-
cyte injury and death. The role of oxidative stress in contributing to fibrogenic progression
may be influenced by the following aspects and issues [1–9,21,24,68–76]:

• Oxidative stress can per se contribute to hepatocyte injury and death, favoring the
perpetuation of chronic liver injury and inflammatory response.

• ROS and some redox-related reactive mediators have been reported to be able to
directly modulate the behavior of hepatic MFs, particularly HSC/MFs; this issue will
be extensively described below (Section 4).

• An increased intracellular generation of ROS, directly related to fibrogenesis, has
been described to specifically occur also in hepatic MFs as a consequence of the
activation of NADPH oxidase isoforms in response to several peptide mediators as
better described below.
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4.2. A Synopsis of Critical Redox Events: From Cytotoxicity to Redox Signaling

Oxidative stress is considered a mechanism able to induce cell damage and death [68–78].
Under physiological conditions, antioxidant defenses, including enzymatic activities
(i.e., superoxide-dismutase isoforms or SODs, catalase, glutathione peroxidase isoforms or
GPXs, glutathione-disulfide reductase), specialized proteins such as thioredoxins, as well as
naturally occurring molecules (i.e., α-tocopherol, reduced glutathione or GSH, β-carotene,
ascorbate, urate) concur to maintain the redox homeostasis.

ROS can interact with any intracellular biological macromolecule leading to (i) the
induction of lipid peroxidation of PUFA of phospholipids of biological membranes, PUFA
degradation and fragmentation, and eventually, significant membrane injury; (ii) the
inactivation of either structural or enzymatic proteins through the oxidation of –SH groups,
as well as the formation of di-tyrosine, protein cross-linking, or intramolecular disulfide
bonds; and (iii) oxidative damage to DNA, resulting in the formation of adducts or even
strand breaks, events that can affect cell survival or even lead to mutation and, possibly,
neoplastic transformation.

All the damaging reactions elicited by ROS, HAKs, and NO-derived intermediates con-
cur to induce cell injury and the death of hepatocytes by significantly altering intracellular
redox homeostasis, and can potentially elicit a condition of redox signaling [68–73,79].

Depending on intracellular ROS and other redox reactive intermediates levels, three
main scenarios may occur (Figure 4):

1. Low and transient levels: Defined redox-sensitive signaling pathways and transcription
factors lead to the up-regulation of genes coding for antioxidant enzymes and carrying
ARE (antioxidant responsive element) sequences in order to reset redox homeostasis.

2. Very high levels: Typical of acute liver injury, these can lead to a condition of se-
vere oxidative stress resulting in irreversible cell injury and death before any redox
signaling may occur.

3. Increased and persistent oxidative stress: Typical of chronic liver injury and not able
to induce cell death, this can lead to a shift of redox homeostasis to a chronically
deregulated state. This, in turn, up-regulates different target genes (pro-inflammatory,
pro-fibrogenic, pro-angiogenic, etc.) involved in CLD progression [61,62,80–84], mak-
ing this latter scenario strongly related to liver fibrogenesis.
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5. Hepatic MFs: When Redox Changes Modulate Phenotypic Responses
5.1. Oxidative Stress and HSC/MFs: From Induction of Cell Death to Survival

Concerning the ability of oxidative stress to model hepatic MFs responses, from only
the early 2000s did researchers decide to analyze whether and how MFs, particularly
HSC/MFs, may be affected by ROS in terms of cell injury and death as well as survival.
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HSC/MFs usually survive and operate their phenotypic responses during chronic liver
injury and then oxidative stress but can rapidly undergo apoptosis during injury resolution.
An initial study in 2004 reported that O2

•− could cause apoptosis of activated HSCs [85].
The authors suggested that O2

•− induced apoptosis by involving cytochrome c release,
increased the expression of Bax, and, of course, the activation of executionary caspase 3,
as well as the hydrolysis of polyADP-ribose polymerase; moreover, they demonstrated
that the pro-apoptotic action of O2

•− was concentration-dependent in inhibiting DNA
synthesis and reducing cell viability. However, in the same study, it was also proposed
that O2

•− could up-regulate the expression of the antiapoptotic protein Bcl-xL and NF-kB
transcriptional activity [85], two mechanisms potentially able to prevent or limit apoptosis.
In a subsequent study, human-cultured HSC/MFs were exposed to controlled O2

•− genera-
tion rates in order to reproduce conditions detected in vivo, ranging from mild to moderate
inflammation (0.8–1.2 nmol/min/mL). In these controlled conditions, human HSC/MFs
were found to be extremely resistant to the induction of cell death, and only when very high
levels of O2

•− were reached did HSC/MFs die either by apoptosis or necrosis/necroptosis,
suggesting that HSC/MFs were able to easily survive even in quite severe conditions of
oxidative stress [86]. By contrast, lower levels of ROS compatible with those detected
in vivo in conditions of liver injury were able to elicit phenotypic responses in human
HSC/MFs. These results confirmed previous data obtained in human HSC/MFs exposed
to HNE. In this case, only very high and unrealistic HNE concentrations, unlikely to be
reached in vivo, induced cell injury but not apoptotic cell death, whereas much lower levels
of HNE induced selected phenotypic responses [87]. These in vitro studies suggested that
human HSC/MFs easily survive ROS and HNE that are able, at lower and non-cytotoxic
concentrations, to induce pro-fibrogenic phenotypic responses.

Why were human HSC/MFs so resistant to the induction of cell death by ROS and
related reactive intermediates [43]? Chandrasekar Gandhi [85] was the first to show an up-
regulation of Bcl-xL in HSC activated by O2

•. This was an important step in understanding
how HSCs survive ROS. Interestingly, another study confirmed that, in human HSC/MFs,
Bcl-2 was also relevant in apoptosis control [43]. Morphological analyses showed that
Bcl-2 was markedly over-expressed in HSC/MFs detected in liver specimens from patients
with HCV advanced disease [43]. Data obtained in these different studies demonstrated
that liver MFs, particularly human HSC/MFs, can survive ROS and other redox-related
intermediates generated during the fibrogenic progression of CLD.

5.2. The Critical Pro-Fibrogenic Role of NADPH Oxidase of MFs

In the scenario just described, the reader should keep in mind that the increased
generation of intracellular ROS levels in hepatic MFs is due mainly to the activation of
NADPH-oxidase (NOX) [2–4,6–8,70,88]. NOX (Figure 5) is a multi-subunit transmembrane
complex that can generate either O2

•− or H2O2 in response to several stimuli requiring
a ligand–receptor interaction at the plasma membrane level [89].

Following the ligand–receptor interaction by agonists, the cytosolic regulatory compo-
nents of the NOX complex (p47phox, p40phox, p67phox, and Rac) translocate to the membrane-
bound flavocytochrome complex (formed by the catalytic subunit gp91phox or NOX2, the
phagocytic form of NOX, and the regulatory subunit p22phox) to then operate the enzymatic
activity [89]. The non-phagocytic NOXs in most cells replace NOX2 with other isoforms
(NOX1, NOX3, NOX4, NOX5, DUOX1, and DUOX2). Concerning liver MFs, particularly
HSC/MFs, they express different NOX isoforms, including the phagocytic NOX2 isoform,
usually expressed by neutrophils, macrophages, and other innate immunity cells, as well
as the NOX1 and NOX4 isoforms. The first study to describe the presence of NOX in
HSC/MFs also suggested that the pro-fibrogenic action of Ang II was dependent on the
concomitant activation of NOX and the related ROS-dependent activation of MAPKs, phos-
phorylation of c-Akt, and increased AP-1 DNA binding activity [90]. This was prevented
by using either losartan, the inhibitor of Ang II type 1 receptor (AT1), or the NOX inhibitor
diphenyl-phenyleneiodonium. In the following years, the role of NOX rapidly emerged
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in relation to the action of Ang II [90], but subsequent studies revealed that NOX acti-
vation was elicited by practically all the relevant pro-fibrogenic peptide ligands able to
sustain MFs persistent activation, including PDGF, TGFβ1, VEGF-A, bFGF, ET-1, Ang II,
and cytokines such as IL-1β, TNF, and IFN-γ, following the interaction with their cognate
receptors [6–8,70,88]. Over the years, it became clear that the activation of NOX and the
intracellular generation of ROS are common events in the modulation of the up-regulation
of collagen type I expression in HSC/MFs [88], such as, for example, after engulfment by
apoptotic bodies from dead hepatocytes [91,92]. Moreover, NOX and ROS are also involved
in signaling pathways (MAPK cascades, NF-kB system, PI3K/Akt signaling, etc.) and in
other MF-dependent pro-fibrogenic responses such as oriented migration, ECM synthesis
and remodeling, proliferation, and contractility [88].
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Concerning this point, in the next section of the review, the role of ROS as pro-
fibrogenic mediators will be described.

5.3. ROS and Oxidative Stress-Related Intermediates as Pro-Fibrogenic Mediators

Many pre-clinical studies showed that antioxidant supplementation can significantly
prevent CLD progression in animal models by preventing or reducing in vivo oxidative
stress and/or lipid peroxidation [7,8,69,70,93], suggesting a pro-fibrogenic role of oxidative
stress, ROS, and other redox-related reactive intermediates. Although few of these pre-
clinical approaches were found to be effective when translated into clinical trials in humans,
they indicated that ROS and other redox-related reactive intermediates can significantly
modulate MFs phenotypic responses.

The exposure of rodent and human HSC/MFs to ROS or other redox-dependent
reactive intermediates results in increased expression of ECM components. An initial study,
performed on human HSC/MFs exposed to very low levels of HNE or to conditions leading
to lipid peroxidation, showed a strong up-regulation of pro-collagen type I [94], a finding
confirmed by subsequent studies employing other 4-hydroxy-2,3-alkenals of different chain
lengths [95], as well as the other end-products of lipid peroxidation such as MDA [96]
or F2-isoprostanes [97]. Along these lines, the same results were obtained when rat or
human HSC/MFs were exposed to extracellularly available ROS such as H2O2 or O2

•−

released by activated neutrophils, generated by the xanthine/xanthine-oxidase system,
or by exposing HSC/MFs to the conditioned medium of normal hepatocytes undergoing
oxidative stress [98–100].

Another experimental procedure, resulting in the redox-dependent up-regulation of
pro-collagen type I in HSC/MFs, was to co-culture these cells with hepatocytes transfected
to over-express the ethanol metabolizing enzyme cytochrome P450 2E1 (CYP 2E1) and then
to expose cells to ethanol resulting in concomitant CYP 2E1-dependent ROS generation [8].
Other studies adopted the strategy of transfecting rat HSC/MFs to express human CYP
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2E1, showing the up-regulation of pro-collagen type I transcription and synthesis. This
was proportional to CYP 2E1 levels in HSC/MFs and exacerbated by CYP 2E1 increased
generation of ROS following the exposure of cells to ethanol or arachidonic acid [101–103].
Different approaches were then adopted to understand how ROS and end-products of lipid
peroxidation, released in the extracellular environment by injured hepatocytes and able
to cross the membrane of cells, may affect the release of pro-collagen I from HSC/MFs.
Concerning, for example, HNE, this molecule is able to elicit in HSC/MFs a transient
activation of JNK isoforms with consequent nuclear translocation, up-regulation of c-Jun,
and increased AP-1 binding to DNA [104], a mechanism very close to that identified in rat
HSC/MFs exposed to UV irradiation [105]. Another study showed that TGFβ1, the most
potent pro-fibrogenic cytokine, up-regulated collagen type I in HSC/MFs by stimulating
H2O2-dependent signaling that involved the binding of the p35 C/EBPβ protein to the
promoter of the collagen α1(I) gene [100], a mechanism related to the modulation of
intracellular levels of GSH [106] or the involvement of p38MAPK [107]. Similarly, the H2O2-
dependent involvement of the C/EBPβ protein was also found to mediate the acetaldehyde-
dependent up-regulation of collagen type I [108] as well as, in part, TGFβ1 [109]. Moreover,
intracellular generation of H2O2 was also reported to mediate leptin-induced α1(I) collagen
gene expression in LX2 immortalized human HSCs through signaling involving Janus
kinases 1 and 2 (JAK1 and JAK2) as well as Erk1/2 and p38MAPK [110]. From these studies
and many others not mentioned here, the reader can take home this message: Independently
of the origin, extra- or intra-cellular, ROS and other intermediates can efficiently mediate
the signaling of HSC/MFs and ECM deposition, exerting pro-fibrogenic effects.

In some of the pioneer studies on the role of ROS in modulating the behavior of
HSC/MFs, it was proposed that ROS may also mediate or contribute to the process of
activation/transdifferentiation and/or proliferation. An initial indication was provided by
an elegant study performed on HSC/MFs co-cultured with HepG2 cells manipulated to
overexpress CYP 2E1 and then raise the generation of ROS. In these settings, HSC/MFs
started to significantly increase the expression of α-SMA, a marker of MF differentiation,
and to actively proliferate [111]. The involvement of ROS was also deduced from the
fact that the treatment of HSC/MFs with antioxidants resulted in prevention of these
responses, particularly of proliferation, in response to PDGF [112,113], likely through NOX
activation [114], as also reported for Ang II-induced proliferation [90]. The mitogenic effect
of ROS was referred to as the ability to interfere with a critical cysteine residue in Raf-1,
MEK, and Erk signaling elements, as also suggested by the fact that N-acetyl-cysteine
resulted in HSC/MFs cell cycle arrest in the G1 phase [113].

The proliferation of MFs was not observed in the presence of other reactive interme-
diates such as HNE and HAKs of different chain lengths, which result as ineffective in
stimulating the proliferation of human HSC/MFs at concentrations compatible with those
detected in vivo [115,116]. Moreover, these aldehydic mediators inhibited DNA synthesis
elicited by PDGF-BB by selectively inhibiting PDGF-β receptor intrinsic tyrosine kinase
activity and downstream signaling pathways [115,116]. This effect was transient, and the
sensitivity of HSC/MFs to PDGF-BB, through subsequent up-regulation of the expression
of PDGF-Rβ, was recovered within 48 h, similarly to what was shown for cells exposed to
very high levels of O2

•− or H2O2 [86,115,116]. The different effect of HNE and HAKs is
likely to depend on the peculiar mechanism of action of these aldehydes that operates by
forming adducts to proteins by means of nucleophilic Michael-type reactions [117,118], as
shown in the case of JNK activation [104]. In addition, HNE, differently from ROS, cannot
activate NF-kB in HSC/MFs [116–118], but rather can even inhibit c-Myb, which has been
proposed to play a role in ROS-mediated proliferation [119].

As an additional difference, HNE has been described to act as a pro-fibrogenic stimulus
only on fully activated HSC/MFs [87,118] but not on quiescent HSC or primary HSC at
a very early stage of culture, which is different from that reported for ROS [2–4,6–8,70]. This
is likely the consequence of the fact that quiescent HSC can eliminate H2O2 less efficiently
than fully activated HSC/MFs [102,106]. By contrast, HSC/MFs are more sensitive to HNE
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since they do not express significant levels of aldehyde dehydrogenase and glutathione-S-
transferase isoforms necessary to efficiently remove HNE [104,120]. Overall, HNE has been
reported, differently from ROS, to up-regulate a limited list of pro-fibrogenic genes such as
those encoding for collagen type I, TGFβ1, and TIMP-1 [8,70,87,118].

Another peculiar difference between ROS and HNE relies on the fact that HNE does
not affect chemotaxis [86,87], whereas two different laboratories have shown the ability of
O2

•− generated in the extracellular environment to induce oriented migration of HSC/MFs
by stimulating the Ras/Erk pathway [86,121], while chemotaxis was not stimulated by
adding H2O2 extracellularly [86]. In one of these studies, O2

•− was also found to promote
the invasiveness of HSC/MFs, that is, oriented migration in matrigel, and this event was
related to the ability of O2

•− to up-regulate the expression of MMP-2 [121].
These studies on the oriented migration of HSC/MFs by ROS were rapidly imple-

mented by several others that showed unequivocally that intracellular generation of ROS
significantly contributed to chemotaxis induction by peptide chemoattractants. The first
study to be mentioned reported that Ang II [90] stimulated chemotaxis through the in-
volvement of NOX isoforms, as shown by using modified Boyden chambers and in vitro
wound-healing assays, once again confirming previous data indicating the critical role of
NOX in mediating HSC/MFs behavior [114]. A subsequent study confirmed and extended
this issue by showing that HSC/MFs were induced to migrate by a panel of polypeptide
chemoattractants including PDGF, VEGF, CCL2, and Ang II that were all able to induce
an NADPH-oxidase-dependent intracellular rise in ROS, resulting in the activation of
ERK1/2 and JNK1/2 and then of HSC/MFs migration [44]. In addition, in the study, two
pro-oxidant molecules such as menadione or 2,3-dimethoxy-1,4-naphthoquinone were
also used, which can generate the intracellular superoxide anion or hydrogen peroxide,
respectively, in the absence of NOX involvement. The treatment of HSC/MFs with these
molecules once again resulted in the activation of ERK1/2 and JNK1/2 and in the induction
of migration. Specific silencing of the two isoforms indicated that the JNK1 isoform was
predominant in sustaining migration. The overall message from this study was quite clear:
Intracellular generation of ROS by itself, whether dependent on NOX involvement or not,
is sufficient to induce HSC/MFs migration.

The involvement of the intracellular generation of ROS was further confirmed in more
recent years as a critical issue in mediating the response of HSC/MFs to a number of
additional polypeptide mediators [7–9]. Since, in CLD progression, hypoxia is an important
condition favoring liver fibrogenesis, here we mention some studies with a specific focus on
mediators regulated by hypoxia-inducible factors (HIFs) [8,9,122]. Among these mediators,
SerpinB3 is a serine protease inhibitor whose expression was shown to be regulated by
hypoxia- and, specifically, HIF-2α [123], and was overexpressed in both fibrotic/cirrhotic
human liver specimens and animal models of CLD [80]. SerpinB3 was reported to strongly
up-regulate the expression of several genes involved in fibrogenesis and promote oriented
migration, but not cell proliferation, in both human HSC/MFs or LX2 cells [80]. In these
MF-like cells, human recombinant SerpinB3 both increased migration and intracellular
ROS levels; once again, migration was critically dependent on intracellular ROS and
activation of JNK1/2, being almost abolished by pre-treatment with pharmacological
inhibitors of either NADPH-oxidase or JNK1/2 [80]. Another example of an HIF-related
pro-fibrogenic mediator acting through intracellular ROS generation is represented by
oncostatin M (OSM), a cytokine belonging to the IL-6 family, which is known to orchestrate
hypoxia-modulated hepatic processes involving HIF-1. Recently, OSM has been reported
to be up-regulated in the liver of either NASH patients or of mice fed a NASH-inducing
diet [81], and human recombinant OSM was found to stimulate the migration of human
LX2 cells in both Boyden’s chambers and wound healing assays. OSM-induced migration
again involved intracellular ROS generation and the activation of Ras/Erk, JNK1/2, and
PI3K/Akt, as shown for other chemoattractants, but also STAT1/STAT3 pathways and
HIF-1α. In particular, OSM-induced migration was suggested to depend on a biphasic
mechanism requiring the early intracellular generation of ROS and late HIF1-dependent
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expression and release of VEGF, indirectly suggesting that OSM may play a role also in
sustaining angiogenesis in a redox-dependent way [81]. This was not surprising since
another polypeptide mediator, such as leptin, was found to modulate the angiogenic
properties of HSC [82,83]. In an initial study, it was shown that leptin was able to increase
gene expression of the pro-angiogenic cytokines VEGF and Ang- 1 in human HSC/MFs.
Leptin was also found to increase the abundance of HIF-1, which regulates angiogenic gene
expression, in an ERK- and PI3K-dependent way [82]. In a subsequent study, designed to
analyze these pathways in detail, Leptin was found to activate the mammalian target of the
rapamycin (mTOR) pathway, and homologous results were observed when HSC/MFs were
exposed to PDGF-BB [83]. Of interest, both leptin and PDGF-BB increased the expression of
HIF-1α and VEGF in HSC/MFs. Dedicated experiments indicated that the up-regulation of
VEGF by both leptin and PDGF-BB involved mTOR activation and increased intracellular
generation of ROS in a NOX-dependent manner. However, the induction of HIF-1α required
NOX but not mTOR activation [84].

6. Antioxidant as a Therapy in Liver Fibrosis

From the data reported here, a scenario emerged in which ROS could represent one
of the targets for the treatment of liver fibrosis. Antioxidant therapy, by direct free radical
scavenging or enhancing the endogenous antioxidant machinery, has been shown to be
effective in most cases in preventing/attenuating experimental fibrosis [124]. Indeed,
decreasing free radicals within the hepatic parenchyma has been proposed as a potential
suitable, safe, and inexpensive therapeutic strategy against fibrosis.

As previously mentioned, one of the major sources of increased intracellular ROS
concentrations is represented by different NOX subtypes. This background of findings pro-
vided the rationale to design and test putative antifibrotic therapeutic strategies selectively
targeting NOX as a possible and more specific alternative to the use of antioxidants, with the
latter being effective in preclinical models but mostly ineffective in clinical trials [125,126].

Along these lines, pre-clinical studies reported that the dual NOX1/4 inhibitor GKT137831
was able to inhibit specific pathways and responses in cultured HSC/MFs. GKT137831 not
only suppressed ROS production but also prevented HSC activation via the inhibition of
inflammation- and proliferation-associated signaling in two different murine models of
CLD [84].

Concerning compounds with antioxidant properties that seem to be useful to im-
prove liver function and reverse fibrosis, Table 2 offers an overview of potential therapeutic
drugs/molecules that directly target the molecular pathways responsible for ROS generation.

Table 2. Overview of novel potential therapeutic drugs that directly target the molecular pathways
responsible for ROS generation.

Molecule Target Model Effect References

Vitamin E ROS NASH protection of structural components of
cell membrane from peroxidation [127]

Silibin ROS ALD increased of GSH concentration [128]

Chlormethiazole CYP2E1 ALD reduction of proteasome proteolytic
enzyme activity induced by ethanol [129]

Nrf2 activators Nrf2 NAFLD/NASH prevention of inflammation,
trygliceride accumulation [130,131]

Ethyl pyruvate Nrf2 ALD increase of anti-inflammatory factors [132]

MCC950 NLPR3 NASH decrease of AST and ALT and
liver inflammation [133,134]

However, the efficacy of these compounds is still controversial. Although in pre-
clinical studies antioxidant supplementation (for example vitamin E) has been reported
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to be effective at preventing cell death, inflammatory response, and liver fibrosis, these
strategies were found to be less effective in clinical trials on human patients (particularly in
the prevention of fibrogenic progression) [7,69,70]. Literature data obtained from patients
reported that specific genotypes of antioxidant and pro-oxidant genes are associated with
higher susceptibility to developing liver cirrhosis and hepatocellular carcinoma while
other individual characteristics (age, metabolomic profiling) can influence the efficacy of
antioxidants on CLD [135]. These considerations suggest the need for additional research
to establish the safety, efficacy, and dosage of antioxidants as well as the eligible patient
profile for antioxidant treatment.

The data here reported suggest that novel promising strategies for the treatment of liver
fibrosis may be represented by the combined application of compounds able to promote
antioxidant responses as well as to modulate targets involved in hepatocyte protection,
HSC activation and immune modulation [136].

7. Concluding Remarks

An impressive amount of literature data indicates that hepatic MFs represent a unique
cellular phenotype that plays a critical role in driving liver fibrogenesis during CLD
progression. In a fashion similar to that reported for MFs involved in other types of
chronic injury and organ fibrosis [7,8], hepatic MFs, regardless of the cellular origin, exhibit
a rather common pattern of pro-fibrogenic phenotypic responses, which are mostly elicited
or sustained by either ROS and other oxidative stress-related reactive intermediates or
a plethora of mediators (including growth factors, cytokines, chemokines, adipokines, and
others) that often operate through the up-regulation of intracellular generation of ROS.

In the present review, we have tried to offer an overview of the role of MFs in the
fibrogenic progression of CLD with a focus on the direct or indirect role of ROS and other
redox-related mediators in modulating pro-fibrogenic phenotypic responses operated by
these peculiar cells. Although more research is needed to elucidate several still incompletely
investigated mechanistic aspects, we would like to conclude this review by suggesting that
the final pro-fibrogenic response of hepatic MFs to ROS and oxidative stress mediators
should be envisaged as a relatively unpredictable one, being significantly affected by
the integration of several issues, including at least the following: (i) The steady-state
concentration of reactive species under analysis; (ii) the intrinsic state of the target cells
(that is, activated versus quiescent); and (iii) the presence of growth factors, cytokines, and
other mediators in the extracellular microenvironment or of other cellular sources of ROS
or HNE.
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α-SMA: α-smooth muscle actin; ALD: alcoholic liver disease; AT1: Ang II type 1 receptor; bFGF:
basic fibroblast growth factor; CLD: chronic liver disease; CTGF: connective tissue growth factor;
CYP 2E1: cytochrome P450 2E1; DAMPs: damage-associates molecular patterns; ECM: extracellular
matrix; EGF: epidermal growth factor; EMT: epithelial-to-mesenchymal transition; ET-1: endothelin-
1; EVs: extracellular vesicles; GFAP: glial fibrillary acidic protein; GPXs: glutathione peroxidase
isoforms; GSH: reduced glutathione; H2O2: hydrogen peroxide; HAKs: 4-hydroxy-2,3-alkenals;
HCC: hepatocellular carcinoma; HGF: hepatocyte growth factor; HIFs: hypoxia-inducible fac-
tors; IGF: insulin-like growth factor; IL-1ra: IL-1 receptor antagonist; IRE1α: inositol-requiring
enzyme 1α; JAK1: Janus kinases 1; JAK2: Janus kinase 2; KCs: Kupffer cells; LPO: lipid peroxida-
tion; LRAT: lecithin-retinol acyltransferase; MARCO: alveolar macrophage marker gene; MBOAT7:
membrane bound O-acyltransferase domain-containing 7 gene; MDA: malondialdehyde; MFs: my-
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ofibroblasts; MoMΦs: monocyte-derived macrophages; mTOR: mammalian target of rapamycin;
NAFLD: non-alcoholic fatty liver disease; NK: natural killer cells; NKT: natural killer T cells; NOX:
NADPH-oxidase; NTPD2: nucleoside triphosphate diphosphohydrolase-2; O2

•−: superoxide anion;
ONOO-: peroxynitrite; •OH: hydroxyl radical; OSM: oncostatin M; PAMPs: pathogen-associated
molecular patterns; PDGFRβ: platelet-derived growth factor receptor β; PERK: PKR-like endo-
plasmic reticulum kinase; PNPLA3: patatin-like phospholipase domain containing-3; PRR: pattern-
recognition receptor; PUFA: polyunsaturated fatty acids; ROS: reactive oxygen species; SECs: sinu-
soidal endothelial cells; SODs: superoxide-dismutase isoforms; TIMPs: tissue inhibitors of metallopro-
teases; TM6SF2: transmembrane 6 superfamily member 2 gene; TMC4: transmembrane channel-like
4 gene.

References
1. Pellicoro, A.; Ramachandran, P.; Iredale, J.P.; Fallowfield, J.A. Liver fibrosis and repair: Immune regulation of wound healing in

a solid organ. Nat. Rev. Immunol. 2014, 14, 181–194. [CrossRef] [PubMed]
2. Seki, E.; Schwabe, R.F. Hepatic inflammation and fibrosis: Functional links and key pathways. Hepatology 2015, 61, 1066–1079.

[CrossRef] [PubMed]
3. Trautwein, C.; Friedman, S.L.; Schuppan, D.; Pinzani, M. Hepatic fibrosis: Concept to treatment. J. Hepatol. 2015, 62 (Suppl. Sl),

S15–S24. [CrossRef] [PubMed]
4. Lee, Y.A.; Wallace, M.C.; Friedman, S.L. Pathobiology of liver fibrosis: A translational success story. Gut 2015, 64, 830–841.

[CrossRef]
5. Böttcher, K.; Pinzani, M. Pathophysiology of liver fibrosis and the methodological barriers to the development of anti-fibrogenic

agents. Adv. Drug Deliv. Rev. 2017, 121, 3–8. [CrossRef]
6. Koyama, Y.; Brenner, D.A. Liver inflammation and fibrosis. J. Clin. Investig. 2017, 127, 55–64. [CrossRef]
7. Cannito, S.; Novo, E.; Parola, M. Therapeutic pro-fibrogenic signaling pathways in fibroblasts. Adv. Drug Deliv. Rev. 2017, 121,

57–84. [CrossRef]
8. Parola, M.; Pinzani, M. Liver fibrosis. Pathophysiology, pathogenetic targets and clinical issues. Mol. Asp. Med. 2019, 65, 37–55.

[CrossRef]
9. Novo, E.; Bocca, C.; Foglia, B.; Protopapa, F.; Maggiora, M.; Parola, M.; Cannito, S. Liver fibrogenesis: Un update on established

and emerging basic concepts. Arch. Biochem. Biophys. 2020, 689, 108445. [CrossRef]
10. Rosselli, M.; MacNaughtan, J.; Jalan, R.; Pinzani, M. Beyond scoring: A modern interpretation of disease progression in chronic

liver disease. Gut 2013, 62, 1234–1241. [CrossRef]
11. Novo, E.; Cannito, S.; Paternostro, C.; Bocca, C.; Miglietta, A.; Parola, M. Cellular and molecular mechanisms in liver fibrogenesis.

Arch. Biochem. Biophys. 2014, 548, 20–37. [CrossRef]
12. Bocca, C.; Novo, E.; Miglietta, A.; Parola, M. Angiogenesis and Fibrogenesis in Chronic Liver Diseases. Cell. Mol. Gastroenterol.

Hepatol. 2015, 1, 477–488. [CrossRef]
13. Lemoinne, S.; Thabut, D.; Housset, C. Portal myofibroblasts connect angiogenesis and fibrosis in liver. Cell Tissue Res. 2016, 365,

583–589. [CrossRef]
14. El-Serag, H.B. Hepatocellular carcinoma. N. Engl. J. Med. 2011, 365, 1118–1127. [CrossRef]
15. El-Serag, H.B. Epidemiology of viral hepatitis and hepatocellular carcinoma. Gastroenterology 2012, 142, 1264–1273. [CrossRef]
16. McGlynn, K.A.; Petrick, J.L.; London, W.T. Global epidemiology of hepatocellular carcinoma: An emphasis on demographic and

regional variability. Clin. Liver Dis. 2015, 19, 223–238. [CrossRef]
17. Friedman, S.L. Hepatic stellate cells: Protean, multifunctional, and enigmatic cells of the liver. Physiol. Rev. 2008, 88, 125–172.

[CrossRef]
18. Parola, M.; Marra, F.; Pinzani, M. Myofibroblast-like cells and liver fibrogenesis: Emerging concepts in a rapidly moving scenario.

Mol. Asp. Med. 2008, 29, 58–66. [CrossRef]
19. Forbes, S.J.; Parola, M. Liver fibrogenic cells. Best Pract. Res. Clin. Gastroenterol. 2011, 25, 207–217. [CrossRef]
20. Wells, R.G.; Schwabe, R.F. Origin and function of myofibroblasts in the liver. Semin. Liver Dis. 2015, 35, 97–106. [CrossRef]
21. Higashi, T.; Friedman, S.L.; Hoshida, Y. Hepatic stellate cells as key target in liver fibrosis. Adv. Drug Deliv. Rev. 2017, 121, 27–42.

[CrossRef]
22. Fabris, L.; Spirli, C.; Cadamuro, M.; Fiorotto, R.; Strazzabosco, M. Emerging concepts in biliary repair and fibrosis. Am. J. Physiol.

Gastrointest. Liver Physiol. 2017, 313, G102–G116. [CrossRef]
23. Cannito, S.; Milani, C.; Cappon, A.; Parola, M.; Strazzabosco, M.; Cadamuro, M. Fibroinflammatory Liver Injuries as Preneoplastic

Condition in Cholangiopathies. Int. J. Mol. Sci. 2018, 19, 3875. [CrossRef]
24. Fabris, L.; Fiorotto, R.; Spirli, C.; Cadamuro, M.; Mariotti, V.; Perugorria, M.J.; Banales, J.M.; Strazzabosco, M. Pathobiology of

inherited biliary diseases: A roadmap to understand acquired liver diseases. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 497–511.
[CrossRef]

25. Krenkel, O.; Tacke, F. Liver macrophages in tissue homeostasis and disease. Nat. Rev. Immunol. 2017, 17, 306–321. [CrossRef]

http://doi.org/10.1038/nri3623
http://www.ncbi.nlm.nih.gov/pubmed/24566915
http://doi.org/10.1002/hep.27332
http://www.ncbi.nlm.nih.gov/pubmed/25066777
http://doi.org/10.1016/j.jhep.2015.02.039
http://www.ncbi.nlm.nih.gov/pubmed/25920084
http://doi.org/10.1136/gutjnl-2014-306842
http://doi.org/10.1016/j.addr.2017.05.016
http://doi.org/10.1172/JCI88881
http://doi.org/10.1016/j.addr.2017.05.017
http://doi.org/10.1016/j.mam.2018.09.002
http://doi.org/10.1016/j.abb.2020.108445
http://doi.org/10.1136/gutjnl-2012-302826
http://doi.org/10.1016/j.abb.2014.02.015
http://doi.org/10.1016/j.jcmgh.2015.06.011
http://doi.org/10.1007/s00441-016-2443-5
http://doi.org/10.1056/NEJMra1001683
http://doi.org/10.1053/j.gastro.2011.12.061
http://doi.org/10.1016/j.cld.2015.01.001
http://doi.org/10.1152/physrev.00013.2007
http://doi.org/10.1016/j.mam.2007.09.002
http://doi.org/10.1016/j.bpg.2011.02.006
http://doi.org/10.1055/s-0035-1554915
http://doi.org/10.1016/j.addr.2017.05.007
http://doi.org/10.1152/ajpgi.00452.2016
http://doi.org/10.3390/ijms19123875
http://doi.org/10.1038/s41575-019-0156-4
http://doi.org/10.1038/nri.2017.11


Antioxidants 2022, 11, 1278 17 of 21

26. Tacke, F. Targeting hepatic macrophages to treat liver diseases. J. Hepatol. 2017, 66, 1300–1312. [CrossRef]
27. Wen, Y.; Lambrecht, J.; Ju, C.; Tacke, F. Hepatic macrophages in liver homeostasis and diseases-diversity, plasticity and therapeutic

opportunities. Cell. Mol. Immunol. 2021, 18, 45–56. [CrossRef]
28. Mederacke, I.; Hsu, C.C.; Troeger, J.S.; Huebener, P.; Mu, X.; Dapito, D.H.; Pradere, J.P.; Schwabe, R.F. Fate tracing reveals hepatic

stellate cells as dominant contributors to liver fibrosis independent of its aetiology. Nat. Commun. 2013, 4, 2823. [CrossRef]
29. Iwaisako, K.; Jiang, C.; Zhang, M.; Cong, M.; Moore-Morris, T.J.; Park, T.J.; Liu, X.; Xu, J.; Wang, P.; Paik, Y.H.; et al. Strategies

to Detect Hepatic Myofibroblasts in Liver Cirrhosis of Different Etiologies. Proc. Natl. Acad. Sci. USA 2014, 111, E3297–E3305.
[CrossRef]

30. Hinz, B.; Phan, S.H.; Thannickal, V.J.; Galli, A.; Bochaton-Piallat, M.L.; Gabbiani, G. The myofibroblast: One function, multiple
origins. Am. J. Pathol. 2007, 170, 1807–1816. [CrossRef]

31. Kawada, N. Cytoglobin as a Marker of Hepatic Stellate Cell-derived Myofibroblasts. Front. Physiol. 2015, 6, 329. [CrossRef]
[PubMed]

32. Zhang, D.Y.; Goossens, N.; Guo, J.; Tsai, M.C.; Chou, H.I.; Altunkaynak, C.; Sangiovanni, A.; Iavarone, M.; Colombo, M.;
Kobayashi, M.; et al. A hepatic stellate cell gene expression signature associated with outcomes in hepatitis C cirrhosis and
hepatocellular carcinoma after curative resection. Gut 2016, 65, 1754–1764. [CrossRef] [PubMed]

33. Dranoff, J.A.; Wells, R.G. Portal fibroblasts: Underappreciated mediators of biliary fibrosis. Hepatology 2010, 51, 1438–1444.
[CrossRef] [PubMed]

34. Kinnman, N.; Housset, C. Peribiliary myofibroblasts in biliary type liver fibrosis. Front. Biosci. 2002, 7, d496–d503. [CrossRef]
35. Lemoinne, S.; Cadoret, A.; El Mourabit, H.; Thabut, D.; Housset, C. Origins and functions of liver myofibroblasts. Biochim. Biophys.

Acta 2013, 1832, 948–954. [CrossRef]
36. Forbes, S.J.; Russo, F.; Rey, V.; Burra, P.; Rugge, M.; Wright, N.A.; Alison, M.R. A significant proportion of myofibroblasts are of

bone marrow origin in human liver fibrosis. Gastroenterology 2004, 126, 955–963. [CrossRef]
37. Russo, F.P.; Alison, M.R.; Bigger, B.W.; Amofah, E.; Florou, A.; Amin, F.; Bou-Gharios, G.; Jeffery, R.; Iredale, J.P.; Forbes, S.J. The

bone marrow functionally contributes to liver fibrosis. Gastroenterology 2006, 130, 1807–1821. [CrossRef]
38. Valfrè di Bonzo, L.; Ferrero, I.; Cravanzola, C.; Mareschi, K.; Rustichelli, D.; Novo, E.; Sanavio, F.; Cannito, S.; Zamara, E.; Bertero,

M.; et al. Human mesenchymal stem cells as a two-edged sword in hepatic regenerative medicine: Engraftment and hepatocyte
differentiation versus pro-fibrogenic potential. Gut 2008, 57, 223–231. [CrossRef]

39. Kisseleva, T.; Uchinami, H.; Feirt, N.; Quintana-Bustamante, O.; Segovia, J.C.; Schwabe, R.F.; Brenner, D.A. Bone marrow-derived
fibrocytes participate in pathogenesis of liver fibrosis. J. Hepatol. 2006, 45, 429–438. [CrossRef]

40. Xie, G.; Diehl, A.M. Evidence for and against epithelial-to-mesenchymal transition in the liver. Am. J. Physiol. Gastrointest. Liver
Physiol. 2013, 305, G881–G890. [CrossRef]

41. Munker, S.; Wu, Y.L.; Ding, H.G.; Liebe, R.; Weng, H.L. Can a fibrotic liver afford epithelial mesenchymal transition? World J.
Gastroenterol. 2017, 23, 4661–4668. [CrossRef]

42. Tsuchida, T.; Friedman, S.L. Mechanisms of hepatic stellate cell activation. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 397–411.
[CrossRef]

43. Novo, E.; Marra, F.; Zamara, E.; Valfrè di Bonzo, L.; Monitillo, L.; Cannito, S.; Petrai, I.; Mazzocca, A.; Bonacchi, A.;
De Franco, R.S.; et al. Overexpression of Bcl-2 by activated human hepatic stellate cells: Resistance to apoptosis as a mech-
anism of progressive hepatic fibrogenesis in humans. Gut 2006, 55, 1174–1182. [CrossRef]

44. Novo, E.; Busletta, C.; Bonzo, L.V.; Povero, D.; Paternostro, C.; Mareschi, K.; Ferrero, I.; David, E.; Bertolani, C.; Caligiuri, A.; et al.
Intracellular reactive oxygen species are required for directional migration of resident and bone marrow-derived hepatic
pro-fibrogenic cells. J. Hepatol. 2011, 54, 964–974. [CrossRef]

45. Novo, E.; Cannito, S.; Zamara, E.; Valfrè di Bonzo, L.; Caligiuri, A.; Cravanzola, C.; Compagnone, A.; Colombatto, S.; Marra, F.;
Pinzani, M.; et al. Proangiogenic cytokines as hypoxia-dependent factors stimulating migration of human hepatic stellate cells.
Am. J. Pathol. 2007, 170, 1942–1953. [CrossRef]

46. Valfrè di Bonzo, L.; Novo, E.; Cannito, S.; Busletta, C.; Paternostro, C.; Povero, D.; Parola, M. Angiogenesis and liver fibrogenesis.
Histol. Histopathol. 2009, 10, 1323–1341. [CrossRef]

47. Foglia, B.; Novo, E.; Protopapa, F.; Maggiora, M.; Bocca, C.; Cannito, S.; Parola, M. Hypoxia, Hypoxia-Inducible Factors and Liver
Fibrosis. Cells 2021, 10, 1764. [CrossRef]

48. Hernández-Gea, V.; Hilscher, M.; Rozenfeld, R.; Lim, M.P.; Nieto, N.; Werner, S.; Devi, L.A.; Friedman, S.L. Endoplasmic
reticulumstress induces fibrogenic activity in hepatic stellate cells through autophagy. J. Hepatol. 2013, 59, 98–104. [CrossRef]

49. Koo, J.H.; Lee, H.J.; Kim, W.; Kim, S.G. Endoplasmic reticulum stress in hepatic stellate cells promotes liver fibrosis via PERK
mediated degradation of HNRNPA1 and up-regulation of SMAD2. Gastroenterology 2016, 150, 181–193. [CrossRef]

50. Povero, D.; Eguchi, A.; Niesman, I.R.; Andronikou, N.; de Mollerat du Jeu, X.; Mulya, A.; Berk, M.; Lazic, M.; Thapaliya, S.;
Parola, M.; et al. Lipid-induced toxicity stimulates hepatocytes to release angiogenic microparticles that require vanin-1 for
uptake by endothelial cells. Sci. Signal. 2013, 6, ra88. [CrossRef]

51. Szabo, G.; Momen-Heravi, F. Extracellular vesicles in liver disease and potential as biomarkers and therapeutic targets. Nat. Rev.
Gastroenterol. Hepatol. 2017, 14, 455–466. [CrossRef]

52. Olaizola, P.; Lee-Law, P.Y.; Arbelaiz, A.; Lapitz, A.; Perugorria, M.J.; Bujanda, L.; Banales, J.M. MicroRNAs and extracellular
vesicles in cholangiopathies. Biochim. Biophys. Acta 2018, 1864, 1293–1307. [CrossRef]

http://doi.org/10.1016/j.jhep.2017.02.026
http://doi.org/10.1038/s41423-020-00558-8
http://doi.org/10.1038/ncomms3823
http://doi.org/10.1007/s40139-014-0057-8
http://doi.org/10.2353/ajpath.2007.070112
http://doi.org/10.3389/fphys.2015.00329
http://www.ncbi.nlm.nih.gov/pubmed/26617531
http://doi.org/10.1136/gutjnl-2015-309655
http://www.ncbi.nlm.nih.gov/pubmed/26045137
http://doi.org/10.1002/hep.23405
http://www.ncbi.nlm.nih.gov/pubmed/20209607
http://doi.org/10.2741/kinnman
http://doi.org/10.1016/j.bbadis.2013.02.019
http://doi.org/10.1053/j.gastro.2004.02.025
http://doi.org/10.1053/j.gastro.2006.01.036
http://doi.org/10.1136/gut.2006.111617
http://doi.org/10.1016/j.jhep.2006.04.014
http://doi.org/10.1152/ajpgi.00289.2013
http://doi.org/10.3748/wjg.v23.i26.4661
http://doi.org/10.1038/nrgastro.2017.38
http://doi.org/10.1136/gut.2005.082701
http://doi.org/10.1016/j.jhep.2010.09.022
http://doi.org/10.2353/ajpath.2007.060887
http://doi.org/10.14670/HH-24.1323
http://doi.org/10.3390/cells10071764
http://doi.org/10.1016/j.jhep.2013.02.016
http://doi.org/10.1053/j.gastro.2015.09.039
http://doi.org/10.1126/scisignal.2004512
http://doi.org/10.1038/nrgastro.2017.71
http://doi.org/10.1016/j.bbadis.2017.06.026


Antioxidants 2022, 11, 1278 18 of 21

53. Urban, S.K.; Mocan, T.; Sänger, H.; Lukacs-Kornek, V.; Kornek, M. Extracellular Vesicles in Liver Diseases: Diagnostic, Prognostic,
and Therapeutic Application. Semin. Liver Dis. 2019, 39, 70–77. [CrossRef]

54. Tilg, H.; Moschen, A.R. Evolution of inflammation in nonalcoholic fatty liver disease: The multiple parallel hits hypothesis.
Hepatology 2010, 52, 1836–1846. [CrossRef]

55. Moschen, A.R.; Kaser, S.; Tilg, H. Non-alcoholic steatohepatitis: A microbiota-driven disease. Trends Endocrinol. Metab. 2013, 24,
537–545. [CrossRef]

56. Tilg, H.; Moschen, A.R.; Roden, M. NAFLD and diabetes mellitus. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 32–42. [CrossRef]
57. Marra, F.; Svegliati-Baroni, G. Lipotoxicity and the gut-liver axis in NASH pathogenesis. J. Hepatol. 2018, 68, 280–295. [CrossRef]
58. Eslam, M.; Valenti, L.; Romeo, S. Genetics and epigenetics of NAFLD and NASH: Clinical impact. J. Hepatol. 2018, 68, 268–279.

[CrossRef]
59. Anstee, Q.M.; Seth, D.; Day, C.P. Genetic factors that affect risk of alcoholic and nonalcoholic fatty liver disease. Gastroenterology

2016, 150, 1728–1744. [CrossRef]
60. Scott, E.; Anstee, Q.M. Genetics of alcoholic liver disease and non-alcoholic steatohepatitis. Clin. Med. 2018, 18 (Suppl. S2),

s54–s59. [CrossRef]
61. Campana, L.; Iredale, J.P. Regression of liver fibrosis. Semin. Liver Dis. 2017, 37, 1–10. [CrossRef] [PubMed]
62. Marcellin, P.; Gane, E.; Buti, M.; Afdhal, N.; Sievert, W.; Jacobson, I.M.; Washington, M.K.; Germanidis, G.; Flaherty, J.F.;

Aguilar Schall, R.; et al. Regression of cirrhosis during treatment with tenofovir disoproxil fumarate for chronic hepatitis B:
A 5-year open-label follow-up study. Lancet 2013, 381, 468–475. [CrossRef]

63. D’Ambrosio, R.; Aghemo, A.; Rumi, M.G.; Ronchi, G.; Donato, M.F.; Paradis, V.; Colombo, M.; Bedossa, P. A morphometric and
immunohistochemical study to assess the benefit of a sustained virological response in hepatitis C virus patients with cirrhosis.
Hepatology 2012, 56, 532–543. [CrossRef] [PubMed]

64. Vilar-Gomez, E.; Martinez-Perez, Y.; Calzadilla-Bertot, L.; Torres-Gonzalez, A.; Gra-Oramas, B.; Gonzalez-Fabian, L.;
Friedman, S.L.; Diago, M.; Romero-Gomez, M. Weight loss through lifestyle modification significantly reduces features of
nonalcoholic steatohepatitis. Gastroenterology 2015, 149, 367–378. [CrossRef] [PubMed]

65. Lassailly, G.; Caiazzo, R.; Buob, D.; Pigeyre, M.; Verkindt, H.; Labreuche, J.; Raverdy, V.; Leteurtre, E.; Dharancy, S.;
Louvet, A.; et al. Bariatric surgery reduces features of nonalcoholic steatohepatitis in morbidly obese patients. Gastroenterology
2015, 149, 379–388. [CrossRef]

66. Lee, Y.; Doumouras, A.G.; Yu, J.; Brar, K.; Banfield, L.; Gmora, S.; Anvari, M.; Hong, D. Complete resolution of nonalcoholic fatty
liver disease after bariatric surgery: A systematic review and meta-analysis. Clin. Gastroenterol. Hepatol. 2019, 17, 1040–1060.e11.
[CrossRef]

67. Balmaceda, J.B.; Aepfelbacher, J.; Belliveau, O.; Chaudhury, C.S.; Chairez, C.; McLaughlin, M.; Silk, R.; Gross, C.; Kattakuzhy, S.;
Rosenthal, E.; et al. Long-term changes in hepatic fibrosis following hepatitis C viral clearance in patients with and without HIV.
Antivir. Ther. 2019, 24, 451–457. [CrossRef]

68. Ceni, E.; Mello, T.; Galli, A. Pathogenesis of alcoholic liver disease: Role of oxidative metabolism. World J Gastroenterol. 2014, 20,
17756–17772. [CrossRef]

69. Parola, M.; Robino, G. Oxidative stress-related molecules and liver fibrosis. J. Hepatol. 2001, 35, 297–306. [CrossRef]
70. Novo, E.; Parola, M. Redox mechanisms in hepatic chronic wound healing and fibrogenesis. Fibrogenes. Tissue Repair 2008, 1, 5.

[CrossRef]
71. Ayala, A.; Muñoz, M.F.; Argüelles, S. Lipid Peroxidation: Production, Metabolism, and Signaling Mechanisms of Malondialdehyde

and 4-Hydroxy-2-Nonenal. Oxidative Med. Cell. Longev. 2014, 2014, 360438. [CrossRef]
72. Muriel, P. Role of free radicals in liver diseases. Hepatol. Int. 2009, 3, 526–536. [CrossRef]
73. Chiarugi, P.; Taddei, M.L.; Giannoni, E. Principles of redox signaling. In Studies of Hepatic Disorders; Albano, E., Parola, M., Eds.;

Humana Press: Cham, Switzerland, 2015; pp. 3–40.
74. Vascotto, C.; Tiribelli, C. Oxidative stress, antioxidant defenses, and the liver. In Studies of Hepatic Disorders; Albano, E., Parola, M.,

Eds.; Humana Press: Cham, Switzerland, 2015; pp. 41–64.
75. Dornas, W.; Schuppan, D. Mitochondrial oxidative injury: A key player in nonalcoholic fatty liver disease. Am. J. Physiol.

Gastrointest. Liver. Physiol. 2020, 319, G400–G411. [CrossRef]
76. Comporti, M.; Signorini, C.; Arezzini, B.; Vecchio, D.; Monaco, B.; Gardi, C. Isoprostanes and hepatic fibrosis. Mol. Asp. Med.

2008, 29, 43–49. [CrossRef]
77. Pacher, P.; Beckman, J.S.; Liaudet, L. Nitric oxide and peroxynitrite in health and disease. Physiol. Rev. 2007, 87, 315–424.

[CrossRef]
78. Marnett, L.J.; Riggins, J.N.; West, J.D. Endogenous generation of reactive oxidants and electrophiles and their reactions with DNA

and protein. J. Clin. Investig. 2003, 111, 583–593. [CrossRef]
79. Chiarugi, P.; Buricchi, F. Protein tyrosine phosphorylation and reversible oxidation: Two cross-talking post-translation modifica-

tions. Antioxid. Redox Signal. 2007, 9, 1–24. [CrossRef]
80. Novo, E.; Villano, G.; Turato, C.; Cannito, S.; Paternostro, C.; Busletta, C.; Biasiolo, A.; Quarta, S.; Morello, E.; Bocca, C.; et al.

SerpinB3 Promotes Pro-fibrogenic Responses in Activated Hepatic Stellate Cells. Sci. Rep. 2017, 7, 3420. [CrossRef]

http://doi.org/10.1055/s-0038-1676122
http://doi.org/10.1002/hep.24001
http://doi.org/10.1016/j.tem.2013.05.009
http://doi.org/10.1038/nrgastro.2016.147
http://doi.org/10.1016/j.jhep.2017.11.014
http://doi.org/10.1016/j.jhep.2017.09.003
http://doi.org/10.1053/j.gastro.2016.01.037
http://doi.org/10.7861/clinmedicine.18-2-s54
http://doi.org/10.1055/s-0036-1597816
http://www.ncbi.nlm.nih.gov/pubmed/28201843
http://doi.org/10.1016/S0140-6736(12)61425-1
http://doi.org/10.1002/hep.25606
http://www.ncbi.nlm.nih.gov/pubmed/22271347
http://doi.org/10.1053/j.gastro.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/25865049
http://doi.org/10.1053/j.gastro.2015.04.014
http://doi.org/10.1016/j.cgh.2018.10.017
http://doi.org/10.3851/IMP3327
http://doi.org/10.3748/wjg.v20.i47.17756
http://doi.org/10.1016/S0168-8278(01)00142-8
http://doi.org/10.1186/1755-1536-1-5
http://doi.org/10.1155/2014/360438
http://doi.org/10.1007/s12072-009-9158-6
http://doi.org/10.1152/ajpgi.00121.2020
http://doi.org/10.1016/j.mam.2007.09.011
http://doi.org/10.1152/physrev.00029.2006
http://doi.org/10.1172/JCI200318022
http://doi.org/10.1089/ars.2007.9.1
http://doi.org/10.1038/s41598-017-03744-3


Antioxidants 2022, 11, 1278 19 of 21

81. Foglia, B.; Sutti, S.; Pedicini, D.; Cannito, S.; Bocca, C.; Maggiora, M.; Bevacqua, M.R.; Rosso, C.; Bugianesi, E.; Albano, E.; et al.
A Pro-fibrogenic Mediator Overexpressed in Non-Alcoholic Fatty Liver Disease, Stimulates Migration of Hepatic Myofibroblasts.
Cells 2019, 9, 28. [CrossRef]

82. Aleffi, S.; Petrai, I.; Bertolani, C.; Parola, M.; Colombatto, S.; Novo, E.; Vizzutti, F.; Anania, F.A.; Milani, S.; Rombouts, K.; et al.
Up-regulation of proinflammatory and proangiogenic cytokines by leptin in human hepatic stellate cells. Hepatology 2005, 42,
1339–1348. [CrossRef]

83. Aleffi, S.; Navari, N.; Delogu, W.; Galastri, S.; Novo, E.; Rombouts, K.; Pinzani, M.; Parola, M.; Marra, F. Mammalian target of
rapamycin mediates the angiogenic effects of leptin in human hepatic stellate cells. Am. J. Physiol. Gastrointest. Liver Physiol. 2011,
301, G210–G219. [CrossRef]

84. Lan, T.; Kisseleva, T.; Brenner, D.A. Deficiency of NOX1 or NOX4 prevents liver inflammation and fibrosis in mice through
inhibition of hepatic stellate cell activation. PLoS ONE 2015, 10, e0129743. [CrossRef]

85. Thirunavukkarasu, C.; Watkins, S.; Harvey, S.A.; Gandhi, C.R. Superoxide-induced apoptosis of activated rat hepatic stellate cells.
J. Hepatol. 2004, 41, 567–575. [CrossRef]

86. Novo, E.; Marra, F.; Zamara, E.; Valfrè di Bonzo, L.; Caligiuri, A.; Cannito, S.; Antonaci, C.; Colombatto, S.; Pinzani, M.; Parola, M.
Dose dependent and divergent effects of superoxide anion on cell death, proliferation, and migration of activated human hepatic
stellate cells. Gut 2006, 55, 90–97. [CrossRef]

87. Zamara. E.; Novo, E.; Marra, F.; Gentilini, A.; Romanelli, R.G.; Caligiuri, A.; Robino, G.; Tamagno, E.; Aragno, M.; Danni, O.; et al.
4-Hydroxynonenal as a selective pro-fibrogenic stimulus for activated human hepatic stellate cells. J. Hepatol. 2004, 40, 60–68.
[CrossRef]

88. Paik, Y.H.; Kim, J.; Aoyama, T.; De Minicis, S.; Bataller, R.; Brenner, D.A. Role of NADPH oxidases in liver fibrosis. Antioxid. Redox
Signal. 2014, 20, 2854–2872. [CrossRef]

89. Bedard, K.; Krause, K.H. The NOX family of ROS generating NADPH oxidases: Physiology and pathophysiology. Physiol. Rev.
2007, 87, 245–313. [CrossRef]

90. Bataller, R.; Schwabe, R.F.; Choi, Y.H.; Yang, L.; Paik, Y.H.; Lindquist, J.; Qian, T.; Schoonhoven, R.; Hagedorn, C.H.;
Lemasters, J.J.; et al. NADPH oxidase signal transduces angiotensin II in hepatic stellate cells and is critical in hepatic fibrosis. J.
Clin. Investig. 2003, 112, 1383–1394. [CrossRef]

91. Canbay, A.; Taimr, P.; Torok, N.; Higuchi, H.; Friedman, S.; Gores, G.J. Apoptotic body engulfment by a human stellate cell line is
pro-fibrogenic. Lab. Investig. 2003, 83, 655–663. [CrossRef]

92. Zhan, S.S.; Jiang, J.X.; Wu, J.; Halsted, C.; Friedman, S.L.; Zern, M.A.; Torok, N.J. Phagocytosis of apoptotic bodies by hepatic
stellate cells induces NADPH oxidase and is associated with liver fibrosis in vivo. Hepatology 2006, 43, 435–443. [CrossRef]
[PubMed]

93. Tacke, F.; Weiskirchen, R. An update on the recent advances in antifibrotic therapy. Expert Rev. Gastroenterol. Hepatol. 2018, 12,
1143–1152. [CrossRef] [PubMed]

94. Parola, M.; Pinzani, M.; Casini, A.; Albano, E.; Poli, G.; Gentilini, A.; Gentilini, P.; Dianzani, M.U. Stimulation of lipid peroxidation
or 4-hydroxynonenal treatment increases procollagen α 1(I) gene expression in human liver fat-storing cells. Biochem. Biophys.
Res. Commun. 1993, 194, 1044–1050. [CrossRef] [PubMed]

95. Parola, M.; Pinzani, M.; Casini, A.; Leonarduzzi, G.; Marra, F.; Caligiuri, A.; Ceni, E.; Biondi, P.; Poli, G.; Dianzani, M.U.
Induction of procollagen type I gene expression and synthesis in human hepatic stellate cells by 4-hydroxy-2,3-nonenal and other
4-hydroxy-2,3-alkenalks is related to their molecular structure. Biochem. Biophys. Res. Commun. 1996, 222, 261–264. [CrossRef]

96. Maher, J.J.; Tzagarakis, C.; Giménez, A. Malondialdehyde stimulates collagen production by hepatic lipocytes only upon
activation in primary culture. Alcohol Alcohol. 1994, 29, 605–610.

97. Comporti, M.; Arezzini, B.; Signorini, C.; Sgherri, C.; Monaco, B.; Gardi, C. F2-isoprostanes stimulate collagen synthesis in
activated hepatic stellate cells: A link with liver fibrosis? Lab. Investig. 2005, 85, 1381–1391. [CrossRef]

98. Casini, A.; Ceni, E.; Salzano, R.; Biondi, P.; Parola, M.; Galli, A.; Foschi, M.; Caligiuri, A.; Pinzani, M.; Surrenti, C. Neutrophil-
derived superoxide anion induces lipid peroxidation and stimulates collagen synthesis in human hepatic stellate cells. role of
nitric oxide. Hepatology 1997, 25, 361–367. [CrossRef]

99. Svegliati Baroni, G.; D’Ambrosio, L.; Ferretti, G.; Casini, A.; Di Sario, A.; Salzano, R.; Ridolfi, F.; Saccomanno, S.; Jezequel, A.M.;
Benedetti, A. Fibrogenic effect of oxidative stress on rat hepatic stellate cells. Hepatology 1998, 27, 720–726. [CrossRef]

100. Garcia-Trevijano, E.; Iraburu, M.J.; Fontana, L.; Dominguez-Rosales, J.A.; Auster, A.; Covarrubias-Pinedo, A.; Rojkind, M.
Trasforming growth factor β1 induces the expression of α (I) procollagen mRNA by a hydrogen peroxide-C/EBPβ-dependent
mechanism in rat hepatic stellate cells. Hepatology 1999, 29, 960–970. [CrossRef]

101. Nieto, N.; Friedman, S.L.; Cederbaum, A.I. Cytochrome P502E1-derived reactive oxygen species mediate paracrine stimulation of
collagen I protein synthesis by hepatic stellate cells. J. Biol. Chem. 2002, 277, 9853–9864. [CrossRef]

102. Nieto, N.; Friedman, S.L.; Greenwel, P.; Cederbaum, A.I. Cyp2E1-mediated oxidative stress induces collagen type I expression in
rat hepatic stellate cells. Hepatology 1999, 30, 987–996. [CrossRef]

103. Nieto, N.; Greenwel, P.; Friedman, S.L.; Zhang, F.; Dannenberg, A.J.; Cederbaum, A.I. Ethanol and arachidonic acid increase α

2 (I) collagen expression in rat hepatic stellate cells overexpressing cytochrome P450 2E1. J. Biol. Chem. 2000, 26, 20136–20145.
[CrossRef] [PubMed]

http://doi.org/10.3390/cells9010028
http://doi.org/10.1002/hep.20965
http://doi.org/10.1152/ajpgi.00047.2010
http://doi.org/10.1371/journal.pone.0129743
http://doi.org/10.1016/j.jhep.2004.06.023
http://doi.org/10.1136/gut.2005.069633
http://doi.org/10.1016/S0168-8278(03)00480-X
http://doi.org/10.1089/ars.2013.5619
http://doi.org/10.1152/physrev.00044.2005
http://doi.org/10.1172/JCI18212
http://doi.org/10.1097/01.LAB.0000069036.63405.5C
http://doi.org/10.1002/hep.21093
http://www.ncbi.nlm.nih.gov/pubmed/16496318
http://doi.org/10.1080/17474124.2018.1530110
http://www.ncbi.nlm.nih.gov/pubmed/30261763
http://doi.org/10.1006/bbrc.1993.1927
http://www.ncbi.nlm.nih.gov/pubmed/8352762
http://doi.org/10.1006/bbrc.1996.0732
http://doi.org/10.1038/labinvest.3700332
http://doi.org/10.1002/hep.510250218
http://doi.org/10.1002/hep.510270313
http://doi.org/10.1002/hep.510290346
http://doi.org/10.1074/jbc.M110506200
http://doi.org/10.1002/hep.510300433
http://doi.org/10.1074/jbc.M001422200
http://www.ncbi.nlm.nih.gov/pubmed/10770928


Antioxidants 2022, 11, 1278 20 of 21

104. Parola, M.; Robino, G.; Marra, F.; Pinzani, M.; Bellomo, G.; Leonarduzzi, G.; Chiarugi, P.; Camandola, S.; Poli, G.; Waeg, G.; et al.
HNE interacts directly with JNK isoforms in human hepatic stellate cells. J. Clin. Investig. 1998, 102, 1942–1950. [CrossRef]
[PubMed]

105. Chen, A.; Davis, B.H. UV irradiation activates JNK and increases alpha (I) collagen gene expression in rat hepatic stellate cells.
J. Biol. Chem. 1999, 274, 158–164. [CrossRef] [PubMed]

106. De Bleser, P.J.; Xu, G.; Rombouts, K.; Rogiers, V.; Geerts, A. Glutathione levels discriminate between oxidative stress and
transforming growth factor-β signaling in activated rat hepatic stellate cells. J. Biol. Chem. 1999, 274, 33881–33887. [CrossRef]

107. Cao, Q.; Mak, K.M.; Lieber, C.S. DLPC decreases TGFβ1-induced collagen mRNA by inhibiting p38 MAPK in hepatic stellate
cells. Am. J. Physiol. Gastrointest. Liver Physiol. 2002, 28, G1051–G1061. [CrossRef]

108. Greenwel, P.; Dominguez-Rosales, J.A.; Mavi, G.; Rivas-Estilla, A.M.; Rojkind, M. Hydrogen peroxide: A link between
acetaldehyde-elicited alpha1(I) collagen gene up-regulation and oxidative stress in mouse hepatic stellate cells. Hepatology
2000, 31, 109–116. [CrossRef]

109. Svegliati-Baroni, G.; Inagaki, Y.; Rincon-Sanchez, A.R.; Else, C.; Saccomanno, S.; Benedetti, A.; Ramirez, F.; Rojkind, M. Early
response of alpha2(I) collagen to acetaldehyde in human hepatic stellate cells is TGF-beta independent. Hepatology 2005, 42,
343–352. [CrossRef]

110. Cao, Q.; Mak, K.M.; Lieber, C.S. Leptin enhances alpha1(I) collagen gene expression in LX-2 human hepatic stellate cells through
JAK-mediated H2O2-dependent MAPK pathways. J. Cell. Biochem. 2006, 97, 188–197. [CrossRef]

111. Nieto, N.; Friedman, S.L.; Cederbaum, A.I. Stimulation and proliferation of primary rat hepatic stellate cells by cytochrome P450
2E1-derived reactive oxygen species. Hepatology 2002, 35, 62–73. [CrossRef]

112. Kawada, N.; Seki, S.; Inoue, M.; Kuroki, T. Effect of antioxidants, resveratrol, quercetin and N-acetylcysteine, on the functions of
cultured rat hepatic stellate cells and Kupffer cells. Hepatology 1998, 27, 1265–1274. [CrossRef]

113. Kim, Y.K.; Rhim, T.Y.; Choi, I.; Kim, S.S. N-Acetylcysteine induces cell cycle arrest in hepatic stellate cells through its reducing
activity. J. Biol. Chem. 2001, 276, 40591–40598. [CrossRef]

114. Adachi, T.; Togashi, H.; Suzuki, A.; Kasai, S.; Ito, J.; Sugahara, K.; Kawata, S. NAD(P)H oxidase plays a crucial role in PDGF-
induced proliferation of hepatic stellate cells. Hepatology 2005, 41, 1272–1281. [CrossRef]

115. Robino, G.; Parola, M.; Marra, F.; Caligiuri, A.; De Franco, R.M.; Zamara, E.; Bellomo, G.; Gentilini, P.; Pinzani, M.; Dianzani, M.U.
Interaction between 4-hydroxy-2,3-alkenals and the platelet-derived growth factor-beta receptor. Reduced tyrosine phosphoryla-
tion and downstream signaling in hepatic stellate cells. J. Biol. Chem. 2000, 275, 40561–40567. [CrossRef]

116. Robino, G.; Zamara, E.; Novo, E.; Dianzani, M.U.; Parola, M. 4-Hydroxy-2,3-alkenals as signal molecules modulating proliferative
and adaptative cell responses. Biofactors 2001, 15, 103–106. [CrossRef]

117. Dianzani, M.U. 4-Hydroxynonenal and cell signaling. Free Radic. Res. 1998, 28, 553–560. [CrossRef]
118. Parola, M.; Bellomo, G.; Robino, G.; Barrera, G.; Dianzani, M.U. 4-Hydroxynonenal as a biological signal: Molecular bases and

pathophysiological implication. Antioxid. Redox Signal. 1999, 1, 255–284. [CrossRef]
119. Buck, M.; Kim, D.J.; Houglum, K.; Hassanein, T.; Chojkier, M. C-Myb modulates transcription of the α-smooth muscle actin gene

in activated hepatic stellate cells. Am. J. Physiol. 2000, 278, G321–G328. [CrossRef]
120. Whalen, R.; Rockey, D.C.; Friedman, S.L.; Boyer, T.D. Activation of rat hepatic stellate cells leads to loss of glutathione S-

transferases and their enzymatic activity against products of oxidative stress. Hepatology 1999, 30, 927–933. [CrossRef]
121. Galli, A.; Svegliati-Baroni, G.; Ceni, E.; Milani, S.; Ridolfi, F.; Salzano, R.; Tarocchi, M.; Grappone, C.; Pellegrini, G.;

Benedetti, A.; et al. Oxidative stress stimulates proliferation and invasiveness of hepatic stellate cells via a MMP2-mediated
mechanism. Hepatology 2005, 41, 1074–1084. [CrossRef]

122. Cannito, S.; Paternostro, C.; Busletta, C.; Bocca, C.; Colombatto, S.; Miglietta, A.; Novo, E.; Parola, M. Hypoxia, hypoxia-inducible
factors and fibrogenesis in chronic liver diseases. Histol. Histopathol. 2014, 29, 33–44. [CrossRef]

123. Cannito, S.; Turato, C.; Paternostro, C.; Biasiolo, A.; Colombatto, S.; Cambieri, I.; Quarta, S.; Novo, E.; Morello, E.; Villano, G.; et al.
Hypoxia up-regulates SERPINB3 through HIF-2alpha in human liver cancer cells. Oncotarget 2015, 6, 2206–2221. [CrossRef]

124. Arroyave-Ospina, J.C.; Wu, Z.; Geng, Y.; Moshage, H. Role of Oxidative Stress in the Pathogenesis of Non-Alcoholic Fatty Liver
Disease: Implications for Prevention and Therapy. Antioxidants 2021, 10, 174. [CrossRef]

125. Weiskirchen, R. Hepatoprotective and anti-fibrotic agents: It’s time to take the next step. Front. Pharmacol. 2016, 6, 303. [CrossRef]
126. Luangmonkong, T.; Suriguga, S.; Mutsaers, H.A.M.; Groothuis, G.M.M.; Olinga, P.; Boersema, M. Targeting oxidative stress for

the treatment of liver fibrosis. Rev. Physiol. Biochem. Pharmacol. 2018, 175, 71–102. [CrossRef]
127. Pacana, T.; Sanyal, A.J. Vitamin E and nonalcoholic fatty liver disease. Curr. Opin. Clin. Nutr. Metab. Care 2012, 215, 641–648.

[CrossRef]
128. Lucena, M.I.; Andrade, R.J.; de la Cruz, J.P.; Rodriguez-Mendizabal, M.; Blanco, E.; Sánchez de la Cuesta, F. Effects of silymarin

MZ-80 on oxidative stress in patients with alcoholic cirrhosis. Results of a randomized, double-blind, placebo-controlled clinical
study. Int. J. Clin. Pharm. 2002, 40, 2–8. [CrossRef]

129. Gouillon, Z.; Lucas, D.; Li, J.; Hagbjork, A.L.; French, B.A.; Fu, P.; Fang, C.; Ingelman-Sundberg, M.; Donohue, T.M., Jr.;
French, S.W. Inhibition of ethanol-induced liver disease in the intragastric feeding rat model by chlormethiazole. Proc. Soc. Exp.
Biol. Med. 2000, 22, 302–308. [CrossRef]

130. Chambel, S.S.; Santos-Gonçalves, A.; Duarte, T.L. The Dual Role of Nrf2 in Nonalcoholic Fatty Liver Disease: Regulation of
Antioxidant Defenses and Hepatic Lipid Metabolism. BioMed Res. Int. 2015, 2015, 597134. [CrossRef]

http://doi.org/10.1172/JCI1413
http://www.ncbi.nlm.nih.gov/pubmed/9835619
http://doi.org/10.1074/jbc.274.1.158
http://www.ncbi.nlm.nih.gov/pubmed/9867824
http://doi.org/10.1074/jbc.274.48.33881
http://doi.org/10.1152/ajpgi.00128.2002
http://doi.org/10.1002/hep.510310118
http://doi.org/10.1002/hep.20798
http://doi.org/10.1002/jcb.20622
http://doi.org/10.1053/jhep.2002.30362
http://doi.org/10.1002/hep.510270512
http://doi.org/10.1074/jbc.M100975200
http://doi.org/10.1002/hep.20719
http://doi.org/10.1074/jbc.M007694200
http://doi.org/10.1002/biof.5520150211
http://doi.org/10.3109/10715769809065811
http://doi.org/10.1089/ars.1999.1.3-255
http://doi.org/10.1152/ajpgi.2000.278.2.G321
http://doi.org/10.1002/hep.510300404
http://doi.org/10.1002/hep.20683
http://doi.org/10.14670/HH-29.33
http://doi.org/10.18632/oncotarget.2943
http://doi.org/10.3390/antiox10020174
http://doi.org/10.3389/fphar.2015.00303
http://doi.org/10.1007/112_2018_10
http://doi.org/10.1097/MCO.0b013e328357f747
http://doi.org/10.5414/CPP40002
http://doi.org/10.1046/j.1525-1373.2000.22435.x
http://doi.org/10.1155/2015/597134


Antioxidants 2022, 11, 1278 21 of 21

131. Okada, K.; Warabi, E.; Sugimoto, H.; Horie, M.; Gotoh, N.; Tokushige, K.; Hashimoto, E.; Utsunomiya, H.; Takahashi, H.;
Ishii, T.; et al. Deletion of Nrf2 leads to rapid progression of steatohepatitis in mice fed atherogenic plus high-fat diet.
J. Gastroenterol. 2013, 48, 620–632. [CrossRef]

132. Shen, F.; Wang, Z.; Liu, W.; Liang, Y. Ethyl pyruvate can alleviate alcoholic liver disease through inhibiting Nrf2 signaling pathway.
Exp. Ther. Med. 2018, 15, 4223–4228. [CrossRef]

133. Thomas, H. A critical role for the NLRP3 inflammasome in NASH. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 197. [CrossRef]
[PubMed]

134. Mridha, A.R.; Wree, A.; Robertson, A.A.; Yeh, M.M.; Johnson, C.D.; Van Rooyen, D.M.; Haczeyni, F.; Teoh, N.C.-H.; Savard, C.;
Ioannou, G.N. NLRP3 inflammasome blockade reduces liver inflammation and fibrosis in experimental NASH in mice. J. Hepatol.
2017, 66, 1037–1046. [CrossRef] [PubMed]

135. Seen, S. Chronic liver disease and oxidative stress—A narrative review. Expert Rev. Gastroenterol. Hepatol. 2021, 15, 1021–1035.
[CrossRef] [PubMed]

136. Roehlen, N.; Crouchet, E.; Baumert, T.F. Liver Fibrosis: Mechanistic Concepts and Therapeutic Perspectives. Cells 2020, 9, 875.
[CrossRef] [PubMed]

http://doi.org/10.1007/s00535-012-0659-z
http://doi.org/10.3892/etm.2018.5925
http://doi.org/10.1038/nrgastro.2017.35
http://www.ncbi.nlm.nih.gov/pubmed/28293025
http://doi.org/10.1016/j.jhep.2017.01.022
http://www.ncbi.nlm.nih.gov/pubmed/28167322
http://doi.org/10.1080/17474124.2021.1949289
http://www.ncbi.nlm.nih.gov/pubmed/34176419
http://doi.org/10.3390/cells9040875
http://www.ncbi.nlm.nih.gov/pubmed/32260126

	Introduction: Role of Hepatic Myofibroblasts in the Scenario of Liver Fibrogenesis 
	MFs Involvement in the Scenario of Liver Fibrogenesis 
	Pro-Fibrogenic Cells and Mediators 
	Hepatic MFs: A Heterogeneous Population of Pro-Fibrogenic Cells in CLD Progression 
	Activation and Major Phenotypic Responses of Liver MFs 
	Pro-Fibrogenic Mechanisms and Related Issues 

	Liver Fibrosis as a Potentially Reversible Event 
	ROS and Oxidative Stress in CLD Progression 
	The Impact of Oxidative Stress in CLDs: Introductory Remarks 
	A Synopsis of Critical Redox Events: From Cytotoxicity to Redox Signaling 

	Hepatic MFs: When Redox Changes Modulate Phenotypic Responses 
	Oxidative Stress and HSC/MFs: From Induction of Cell Death to Survival 
	The Critical Pro-Fibrogenic Role of NADPH Oxidase of MFs 
	ROS and Oxidative Stress-Related Intermediates as Pro-Fibrogenic Mediators 

	Antioxidant as a Therapy in Liver Fibrosis 
	Concluding Remarks 
	References

