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Abstract    

The progression of chronic liver diseases (CLD), irrespective of etiology, involves chronic 

parenchymal injury, persistent activation of inflammatory response as well as sustained 

activation of liver fibrogenesis and wound healing response. Liver fibrogenesis, is a 

dynamic, highly integrated molecular, cellular and tissue process responsible for driving 

the excess accumulation of extracellular matrix (ECM) components (i.e., liver fibrosis) 

sustained by an eterogeneous population of hepatic myofibroblasts (MFs). The process of 

liver fibrogenesis recognizes a number of common and etiology-independent mechanisms 

and events but it is also significantly influenced by the specific aetiology, as also reflected 

by peculiar morphological patterns of liver fibrosis development. In this review we will 

analyse the most relevant established and/or emerging pathophysiological issues 

underlying CLD progression with a focus on the role of critical hepatic cell populations, 

mechanisms and signaling pathways involved, as they represent potential therapeutic 

targets, to finally analyze selected and relevant clinical issues.   
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1. Liver fibrogenesis and fibrosis in chronic liver diseases: introductory remarks  

Chronic liver diseases (CLD) progression, irrespective of the etiology, is characterized by a 

long-standing history of chronic parenchymal injury, persistent activation of inflammatory 

response as well as sustained activation of liver fibrogenesis and wound healing response. 

Liver  fibrogenesis, in turn, is a dynamic, highly integrated molecular, cellular and tissue 

process responsible for driving the progressive excess accumulation of extracellular matrix 

(ECM) components (i.e., liver fibrosis) and sustained by the activation of hepatic 

myofibroblasts (MFs), a heterogeneous population of proliferative, migratory and 

profibrogenic cells that  also modulate inflammatory/immune response and angiogenesis 

(Böttcher and Pinzani, 2017; Higashi et al., 2017; Koyama and Brenner, 2017; Lee et al., 

2015; Seki and Schwabe, 2015; Trautwein et al., 2015; Novo et al., 2014).   

Although fibrogenesis and fibrosis may represent an attempt to limit the consequences of 

chronic liver injury within the so-called “chronic wound healing reaction”, they represent 

key features of the progression of any form of CLD towards liver cirrhosis and hepatic 

failure. Moreover, liver fibrogenesis and CLD progression are linked to persisting 

pathological angiogenesis, with angiogenesis contributing to the expansion of tissue 

fibrosis (Novo et al., 2014; Bocca et al., 2015; Lemoinne et al., 2016).  The term cirrhosis 

defines an advanced stage of CLD characterized by an altered structure involving the 

formation of regenerative nodules of parenchyma surrounded by fibrotic septa as well as 

significant changes in organ vascular architecture which, in turn, can result in the 

development of portal hypertension and related complications (variceal bleeding, hepatic 

encephalopathy, ascites, hepatorenal syndrome, etc.) (Rosselli et al., 2013). Patients 

undergoing fibrogenic progression are also at significant risk to develop primary liver 

cancer, in particular hepatocellular carcinoma (HCC) (El Serag, 2011; El Serag, 2012; 

McGlynn et al., 2015).   



In this review the most relevant and/or emerging pathophysiological issues for CLD 

progression will be summarized, with a first focus on the etiological causes and the global 

impact of CLDs and an analysis of different morphological patterns of fibrosis. We will next 

emphasize the role of critical cells, mechanisms and signaling pathways involved in CLD 

progression (representing key potential therapeutic targets), to finally analyze key relevant 

clinical issues.   

2. Etiology and epidemiology: the global impact of CLDs  

CLD represent a major concern for public health worldwide, with more than 800 million 

people affected and a mortality rate of approx. 2 million deaths per year (Byass, 2014; 

Marcellin and Kutala, 2018). CLD progression relies mainly on (Arndtz and Hirschfield, 

2016; Thrift et al., 2017; Marcellin and Kutala, 2018; Younossi et al., 2018):  (i) chronic 

infection by hepatotropic viruses like hepatitis B virus (HBV, the most common risk factor 

in Asia) and hepatitis C virus (HCV), both worldwide distributed; (ii) excess alcohol 

consumption (i.e., alcoholic liver disease or ALD) and iii) non-alcoholic fatty liver disease 

(NAFLD),  both predominant in western countries;  iv) autoimmune liver diseases, 

including primary biliary cirrhosis (PBC), primary sclerosing cholangitis (PSC) and 

autoimmune hepatitis (AIH); v) hereditary diseases, including Wilson’s disease, 

haemochromatosis and α1-anti-trypsin deficiency. The worldwide estimated incidence and 

prevalence of CLDs largely varies depending on the specific etiology, geographic area and 

likely other factors  (sex, race, socioeconomic status) (Marcellin and Kutala, 2018).  If we 

specifically refer to cirrhotic patients, in a large population-based study performed in 

United States the prevalence of cirrhosis in the general population has been reported to be 

0.27%, accounting for more than 600.000 patients (Scaglione et al., 2015). However, this 

value is likely to be even higher on a worldwide basis since a significant percentage of 

patients remain asymptomatic and/or is diagnosed only premortem  (Marcellin and Kutala, 

2018). In addition, decompensated cirrhosis accounts for approximately one million deaths 



per year worldwide and 170 000 deaths per year in Europe (Blachier et al., 2013).  At 

present, liver cirrhosis represents the main indication for liver transplantation, with more 

than 5000 cirrhotic patients being transplanted per year just in Europe (Blachier et al., 

2013; Tsochatzis et al., 2014) 

Liver cirrhosis is also a major risk to develop HCC that accounts for 75-80% of primary 

liver malignancies, being the fifth most common solid malignant tumor and the third 

leading cause of cancer-related death worldwide (approx. 700.000 cases per year, 50.000 

per year in Europe) (El Serag, 2011; El Serag, 2012; McGlynn et al., 2015). Of relevance, 

progressive NAFLD (i.e., non-alcoholic steatohepatitis or NASH), is emerging worldwide 

as the most rapidly growing indication for liver transplantation in HCC patients, with a 

significant percentage of cases diagnosed in non-cirrhotic patients (Wong et al., 2014; 

Younes and Bugianesi, 2018).  

  

3. Liver fibrogenesis: common and etiology-independent issues and mechanisms 

3.1. Common and etiology-independent issues in liver fibrogenesis 

CLD progression is driven by an interrelated vicious circle of persisting chronic liver injury, 

chronic inflammation and progressive fibrogenesis and is usually a longstanding process 

since cirrhosis and its complication develops on average after at least 15-20 years of 

chronic parenchymal injury. An exception to this long and chronic course is represented by 

the accelerated fibrosis progression in recurrent hepatitis C (often defined “fibrosing 

cholestatic hepatitis”) in a significant percentage of liver transplant recipients who develop 

bridging fibrosis and cirrhosis within the first five years post-transplantation (see 

references in Berenguer and Schuppan, 2013).  Perpetuation of liver injury is also 

sustained by chronic inflammatory response through a number of damaging mediators, 

with reactive oxygen species (ROS) and other oxidative stress - related mediators playing 

a major role  (Parola et al., 2008; Novo and Parola, 2008; Novo et al., 2014). Chronic 



inflammatory response and the recruitment and activation of either innate or adaptive 

immune cells is critical in initiating and perpetuating activation of profibrogenic cells into 

MFs through the release of cytokines, chemokines, ROS and a plethora of other 

mediators. MFs actively contribute to CLD perpetuation through increased deposition of 

ECM as well as by releasing cytokines, chemokines and other mediators establishing, 

together with inflammatory cells, resulting in a “profibrogenic environment” negatively 

affecting hyperplasia/regeneration in liver parenchyma. (Pellicoro et al., 2014; Seki and 

Schwabe, 2015; Krenkel and Tacke, 2017).    Increased generation of ROS and oxidative 

stress are involved in almost all conditions of CLD and can be related to the impact of the 

specific etiology as well as on the activation of resident and recruited cells of innate 

immunity, with a particular role for NADPH-oxidase activation in different hepatic cell 

populations following ligand/receptor interactions. ROS and oxidative stress can induce 

hepatocyte injury and death as well as inhibit parenchymal cell proliferation whilst 

sustaining directly and indirectly fibrogenesis (Novo and Parola, 2008; Novo et al., 2014).    

An emerging feature common to different CLD is represented by the role of so-called 

extracellular vesicles or EVs, (best characterized in progressive NAFLD, see 4.4.2 

section), particles of different size that are released by injured and/or apoptotic 

hepatocytes. EVs, that have been reported to contain signaling proteins, lipids, mRNAs 

and miRNAs, can act on almost all different cell populations inducing/sustaining 

inflammation, fibrosis and angiogenesis and have been proposed as putative biomarkers 

of CLD progression (Kornek and Schuppan, 2012; Povero and Felstein, 2016; Szabo and 

Momen-Heravi, 2017; Olaizola et al., 2018).     

CLD progression is also consequence of excess ECM deposition and of significant 

changes in the quality and topographic distribution of ECM components paralleled by 

altered and/or inefficient remodeling and increased expression of tissue inhibitors of 

metalloproteinases (TIMPs)  (Iredale et al., 2013). The replacement of collagen IV  in the 



space of Disse by fibrillary collagen I and III, following activation of HSC, is a major event 

known to lead to the capillarization of sinusoids. With the development of fibrotic septa and 

the ongoing progression towards cirrhosis additional structural changes become evident, 

including vascular changes due to either hypoxia-dependent or -independent pathological 

angiogenesis (Novo et al., 2014). The formation of vascular shunts and functional 

abnormalities due to the endothelial dysfunction generated by an altered ratio between 

vasodilators and vasoconstrictors (Pinzani et al., 1996; Garcia-Pagan et al., 2012) will 

result in the genesis of portal hypertension and related clinical complications. There is 

evidence derived from animal models and clinical studies suggesting that liver tissue 

fibrosis can be halted and even reversed  after the withdrawal of the underlying cause of 

disease. This is associated with a significant and progressive decrease of the number of 

MFs either because of apoptosis, induction of senescence and killing of senescent HSC by 

NK cells or phenotypic reversion to a more quiescent phenotype. This regression is 

associated with a reduction of collagen as well as of TIMP-1 expression and an increase in 

hepatic collagenase and elastase activity resulting in ECM degradation and remodeling. 

(Pellicoro et al., 2014; Lee et al., 2015; Ramachandran et al., 2015; Campana and Iredale, 

2017). 

 

3.2 Role of innate and adaptive immune cells and other cells in CLD progression  

3.2.1 Kupffer cells and monocyte-derived macrophages in CLD 

Hepatic macrophages, essential to maintain tissue homeostasis and ensure rapid 

responses to hepatic injury, include Kupffer cells (KC, liver resident and self-sustaining 

macrophages) and monocyte-derived macrophages (MoMF) that accumulate in the injured 

liver. These cells, on the basis of specific signals, can adapt their polarization and can 

either promote restoration of tissue integrity following acute injury or, in case of chronic 

injury, contribute to CLD progression. Studies performed in mice have outlined an 



extremely complex scenario that is currently superseding the traditional and schematic 

distinction between M1 and M2 polarization (Krenkel and Tacke, 2017; Tacke, 2017).  

In case of liver injury, KC (CD11b+, F4/80++, CD68+, CXCR1-) are activated by various 

damage-associated molecular patterns (DAMPs, like free DNA, ATP, FFA, high-mobility 

group box 1) and pathogen-associated molecular patterns (PAMPs, like LPS or viral DNA) 

interacting with Toll-like receptors (TLRs) or P2X7 receptor. This results in inflammasome 

assembly and activation in KC and in the release of interleukin-1β (IL-1β), IL-18 and 

various other pro-inflammatory cytokines and chemokines (in particular CC-chemokine 

ligand 2  or CCL2), leading to recruitment of circulating leukocytes (monocytes and 

neutrophils), modulation of T cells,  and increased expression of vascular adhesion 

molecules on sinusoidal endothelial cells (SEC). In experimental murine models CCL2 and 

other chemokines promote the recruitment of CCR2+/Ly-6Chi monocytes into injured liver, 

where they develop into inflammatory, angiogenic and fibrogenic Ly-6C+ macrophages. 

These Ly-6C+ macrophages in CLD can activate HSC or other precursor cells to become 

collagen-producing MFs by releasing several mediators, with TGFβ1 and PDGF being the 

most relevant ones. Moreover, fibrogenic Ly-6C+ macrophages can enhance MFs survival 

through stimulation of nuclear factor kappa B (NF-kB) (Pradere et al., 2013) and recruit 

MFs through chemokines like CCL2 (Pellicoro et al., 2014; Tacke, 2017).  In humans, 

CD14+CD16+ MoMF were found to have stellate cell-activating capacities. In case of 

cessation of injury, as in resolution of acute liver injury or following withdrawal of 

underlying etiological cause in progressive CLD, the decrease in DAMPS and 

phagocytosis of cell debris (Ramachandran et al., 2012; Wang et al., 2014; Tacke, 2017), 

with a possible contribution of activation of autophagy (particularly in NASH) (Lodder et al., 

2015) and of fracktalkine or CX3CL1 (Karlmark et al., 2010), can favor the switch of Ly-

6C+ macrophages into Ly-6Clow restorative macrophages (positive for CX3CR1, CD206 

and Arginase 1 and 2). Restorative macrophages release anti-inflammatory cytokines (IL-



10, IL-1Ra), regenerative growth factors (HGF, VEGF) and matrix degrading 

metalloproteinase (MMP) expression (MMP9, MMP12 and MMP13), that promote 

resolution from injury.  

In addition to this extremely simplified general scheme of events, both HBV and HCV can 

activate human macrophages that respond to HBV by expressing inflammatory cytokines 

and stimulating NK cells (Tu et al., 2008; Boltjes et al., 2015) or to HCV and HCV-proteins 

by a TLR2-dependent inflammasome activation (Chang et al., 2007; Hosomura et al., 

2011; Srivastava et al., 2013). Interestingly, while the pro-inflammatory profile of cytokines 

can promote hepatitis and apoptosis of HCV infected hepatocytes, TL3-mediated antiviral 

activities (interferon release, TRAIL expression) are deactivated (Tu et al., 2010). Even 

more relevant, during chronic HBV and HCV infection human macrophages also release 

immunomodulatory mediators (IL-10, TGFβ1, galectin-9, PD-L1 and PD-L2) that, with the 

time, contribute to suppress antiviral T cell response (Ju and Tacke, 2016).  

In progressive NAFLD hepatic macrophages display an inflammatory phenotype (positive 

for Ly-6C, iNOS, TNF, IL-1β and CCL2)  that depends also on the excess of lipids and 

FFA (Jindal et al., 2015), signals from surrounding fat-laden hepatocytes like EVs (Hirsova 

et al., 2016; Cannito et al., 2017a) or histidine rich glycoprotein (Bartneck et al., 2016; 

Morello et al., 2018). Indeed accumulation of inflammatory macrophages is a hallmark of 

human NAFLD progression (Wan et al., 2014; Gadd et al; 2014) that these cells may 

sustain by influencing steatosis, stimulating angiogenesis and sustaining fibrosis.   

In ALD patients macrophages are particularly enriched in the portal tracts and have a 

central role in promoting inflammation associated with ethanol-induced injury, particularly 

in severe alcoholic hepatitis (Ju and Mandrekar, 2015; Suraweera et al., 2015) where 

increased gut permeability and high portal levels of endotoxins contribute to accumulation 

and exacerbated activation of Ly-6Chi murine macrophages and the release of TNF, ROS 

and CCL2 (Petrasek et al., 2012; Wang et al., 2014; Ju and Tacke, 2016).    



In cholestatic conditions, macrophage functions are altered and bile acids and bile acid 

composition can significantly affect responses of MoMF (Calmus and Poupon, 2014). For 

example, chenodeoxycholic acid (CDCA), leads to NLRP3 inflammasome activation and 

IL-1β secretion in murine macrophages (Gong et al., 2016). However, this is not the case 

for KC that express the bile acid receptor TGR5 (G-protein-coupled bile acid receptor 1), 

allowing these cells to sense bile acids mainly for anti-inflammatory responses (Keitel et 

al., 2008; Duwaerts et al., 2013) and to block inflammasome (Guo et al., 2016).  

3.2.2 Role of other innate or adaptive immune cells in progressive CLD 

Whether other innate immune cells are concerned, neutrophils do not apparently sustain 

fibrogenesis but rather contribute to collagen degradation during resolution of injury by 

releasing MMPs (Saito et al., 2003; Harty et al., 2010).  A pro-fibrogenic role for liver 

dendritic cells (DC), which are known to modulate hepatic immune responses (Plitas et al., 

2008; Pellicoro et al., 2014), has been proposed in a preclinical study in which efficient DC 

depletion prevented the development of fibrosis  (Connolly et al., 2009).  

Concerning the cells of adaptive immunity, almost all functional lineage of cells derived 

from naïve CD4+ lymphocytes can have a role in modulating liver fibrosis.  TH2 cytokine 

response, mediated by IL-4, IL-5 and IL-13, can operate as pro-fibrogenic in progressive 

CLD (Pellicoro et al., 2014), with IL-13 being the most relevant mediator at least in 

experimental model of liver fibrosis (Chiaramonte et al., 1999; Shimamura et al., 2008; 

Weng et al., 2009). IL-13, through binding to IL-13Rα1,   can elicit profibrogenic and 

proliferative responses of HSC or other precursor cells in a TGFβ1-independent way, 

possibly by inducing connective tissue growth factor (Liu et al., 2011; Kaviratne et al; 

2004). However, in mice lacking the IL-13Rα2, a decoy receptor also expressed on MFs, 

liver fibrosis due to Schistosoma mansoni  is accelerated (Mentink-Kane et al., 2011), 

leading to the suggestion that IL-13Rα2 may operate as a regulator of both TH17 mediated 

inflammation and TH2-mediated fibrosis (Mentink-Kane and Wynn; 2004).  TH17 



lymphocytes, a subset of T helper cells releasing  the pro-inflammatory IL-17A, may also 

behave as pro-fibrogenic in HBV- and HCV-related CLD (Wang et al., 2011; Paquissi, 

2017) and other conditions, possibly in relation of NLRP3 inflammasome activation (Wree 

et al., 2017) or, as proposed for cholestatic diseases, following release of IL-17 by 

intrahepatic γδ T-cell-receptor positive cells under conditions of altered intestinal 

microbiota (Tedesco et al., 2018).   

TH1 responses, mainly through interferon-γ (IFN-γ) released by TH1 lymphocytes, NK or 

NK-T cells are usually antifibrotic through different mechanisms (Svegliati-Baroni et al., 

1996; Jeong et al., 2008). In particular, NK cells can operate as cells able to specifically kill 

senescent HSC and, through their release of IFNγ, reinforced by IL-15, to induce cell cycle 

arrest and apoptosis in HSC (Radaeva et al., 2006; Jiao et al., 2016). However, CD4+ T 

lymphocytes, by interacting with either NK cells and activated HSC, can suppress NK cells 

favoring HSC survival (Langhans et al., 2015).  Although NK-T have been reported to kill 

activated HSC, it should be noted that a subset of these cells can release IL-4, IL-13 and 

Hedgehog ligands as well as to promote HSC activation and liver fibrosis (Gao and 

Radaeva, 2013).    

More complex is the role of CD4+/CD25+/Foxp3+ T regulatory (Treg) cells that are 

significantly induced in CLD and reported to suppress HCV-related liver fibrosis (Claassen 

et al., 2010) but to promote fibrogenesis in other organs (Cannito et al., 2017b).  

Finally, there is limited experimental evidence that B lymphocytes may also contribute to 

liver fibrogenesis (Novobrantseva et al., 2005; Thapa et al., 2015).  

3.2.3 Role of hepatic progenitor cells and activated cholangiocytes   

Under condition of chronic liver injury, persistent inflammation and oxidative stress, 

hepatocyte proliferation and hepatocellular differentiation from adult liver stem cells are 

inhibited, with transient amplifying hepatic progenitor cells (HPCs) being forced to mainly 

differentiate into activated and stress-resistant cholangiocyte-like - or reactive ductular 



cells (RDS) in an overall scenario defined “ductular reaction”. These pro-inflammatory and 

profibrogenic cells,  actively contributing to progressive CLD of any etiology at advanced 

stage (Lowes et al., 1999; Roskams et al., 2003; Clouston et al., 2005), have a particularly 

prominent role in progressive NAFLD and chronic diseases involving the biliary tract 

(Richardsson et al., 2007; Penz-Österreicher et al., 2011; Gadd et al., 2014). In particular, 

RDS (and possibly HPCs), can release several pro-fibrogenic mediators (TGFβ1, TGFβ2, 

PDGF-BB, CTGF, sonic Hedgehog, ET-1)  that allow intense cross-talk with surrounding 

portal fibroblasts or HSC, eliciting and sustaining the activity of MFs (Milani et al., 1991; 

Pinzani et al., 1996; Omenetti et al, 2008).   These MFs, in turn, can release survival 

factors and other mediators (HGF, IL-6, bFGF, etc.) that contribute to perpetuate activation 

of these cholangiocytes and then, in a vicious circle, fibrogenesis (Schuppan et al., 2018).  

Moreover, in experimental NASH hepatocytes respond to Jag1 from HSC or MFs by 

eliciting a Notch-dependent signaling able to sustain ductular reaction (Morell et al., 2017). 

Finally, RDS can release pro-inflammatory mediators which may in part explain the typical 

portal/periportal inflammation in cholangiopaties intimately associated with biliary-like 

fibrosis. At present more convincing data are related to a murine model of  congenital 

hepatic fibrosis (CHF, Pkhd1 mice), in which cholangiocytes, defective for the gene 

encoding fibrocystin (FPC), in the early phase of the disease recruit inflammatory cells by 

secreting chemokines like CXCL1, CXCL10, and CXCL12 (Fabris et al., 2017).   

 

3.3 Origin and role of hepatic myofibroblasts 

Hepatic MFs represent a heterogenous population of highly proliferative and contractile α-

SMA-positive cells that can originate from different mesenchymal precursor cells through a 

process of activation/transdifferentiation (Friedman, 2008; Novo et al., 2014; Lee et al., 

2015; Seki and Schwabe, 2015; Trautwein et al., 2015; Wells and Schwabe, 2015; 

Tsuchida and Friedman, 2017).   Persistently activated pro-fibrogenic MFs act as a unique 



crossroad cell type able to integrate incoming paracrine/autocrine signals from the 

“profibrogenic environment” (ROS, growth factors, cytokines, chemokines, adipokines, 

proangiogenic mediators, etc.) and released by both hepatic (hepatocytes, KC, SEC, 

cholangiocytes, HPCs, resident lymphocytes) and extrahepatic (infiltrating innate and 

adaptive immune cells and other bone marrow-derived cells) populations involved in CLD 

progression.   

3.3.1 Hepatic stellate cells as the major source of liver MFs  

Hepatic stellate cells (HSC) in the normal liver reside in the sub-endothelial space of Disse 

and establish intimate contacts with surrounding hepatocytes, SEC, other HSC and nerve 

endings through their cytoplasmic processes. HSC are physiologically responsible for 

synthesis and remodeling of ECM in the space of Disse, for storage and metabolism of 

vitamin A and retinoids, being also able to operate as liver specific pericytes. Under 

conditions of chronic liver injury, HSC become activated through a process of activation 

and trans-differentiation into MF-like cells (HSC/MFs or MFs derived from HSC), a process 

elicited and sustained by the “profibrogenic environment” and signals from involved cell 

populations mentioned before. HSC/MFs are cells exhibiting all the peculiar characters of 

hepatic MFs (see later in 3.3.6) (Friedman, 2008; Tsuchida and Friedman, 2017). 

HSC/MFs abundantly synthetize ECM components, particularly fibrillary collagens and at 

least initially in the space of Disse (i.e., leading to sinusoidal capillarization), loose 

cytoplasmic droplets containing vitamin A and retinoids, and release endothelin 1, a potent 

vasoconstrictor that promotes proliferation, fibrogenesis and contraction and has been  

linked to portal hypertension in cirrhotics (Friedman, 2008; Igashi et al., 2017).  

Experimental and clinical data indicate that activated/transdifferentiated HSC represent the 

major source of hepatic MFs, whatever the etiology (Friedman, 2008; Tsuchida and 

Friedman, 2017). According to elegant fate tracing studies HSC/MFs account for 82-96% 

of all MFs in most murine models of CLD (Mederacke et al., 2013), with the possible 



exception of the bile-duct ligation (BDL) model of biliary fibrosis in which a higher 

contribution of portal MFs has been proposed (Iwaisako et al., 2014; Wells and Schwabe, 

2015). In addition to α-SMA, HSC/MFs are positive for additional specific markers, 

including glial fibrillary acidic protein (GFAP), nerve growth factor receptor (p75), platelet-

derived growth factor (PDGF) receptor β (PDGFRβ), lecithin-retinol acyltransferase 

(LRAT), integrin ανβ3, vimentin, desmin, mannose 6-phosphate/insulin-like growth factor II 

receptor (M6P/IGF-IIR) and cytoglobin (Friedman, 2008; Kawada, 2015; Higashi et al., 

2017).   HSC have been also analyzed by employing genome wide transcriptome profiling 

that has outlined 122 HSC-specific genes and 194 HSC-specific gene signatures 

associated with poor patient prognosis in CLD and HCC development (Eggert et al., 2016; 

Zhang et al., 2016).  

3.3.2 MFs from portal fibroblasts  

Hepatic MFs can originate from portal fibroblasts, a population of resident fibroblasts 

located in the mesenchyme of portal areas which surrounds bile ducts proposed to be 

mainly involved in conditions of biliary fibrosis. Portal MFs exhibit a peculiar marker profile 

by expressing, in addition to αSMA, fibulin 2, elastin, IL-6, cofilin 1 and the ecto-ATPase 

nucleoside triphosphate diphosphohydrolase-2 (NTPD2) (Dranoff and Wells, 2010; Wells 

and Schwabe, 2015). At present, two fate tracing studies have provided conflicting results 

on the relative contribution of portal MFs in experimental conditions of biliary fibrosis, with 

one study suggesting that as much as 70% of MFs were derived from portal fibroblasts 

(Iwaisako et al., 2014) whilst another study suggested a more limited contribution 

(Mederacke et al., 2013). Along these lines, portal fibroblasts may represent the earliest 

cell population activated following injury to cholangiocytes of the biliary epithelium 

(Kinnman and Housset, 2002; Lemoinne et al., 2013).   

 



3.3.3 MFs from bone marrow – derived precursors 

A limited percentage of hepatic MFs may originate from bone marrow-derived precursor 

cells recruited in a chronically injured liver, as initially proposed by a human study showing 

that in women that developed chronic HCV-related CLD after receiving a bone marrow 

transplant from male donors, a significant number of hepatic MFs were positive for Y 

chromosome (Forbes et al., 2004). These findings were confirmed by other experimental 

studies that suggested that these MFs may originate from either mesenchymal stem cells 

(Russo et al., 2006; Valfrè di Bonzo et al., 2008) or from α-SMA negative precursor cells 

defined as fibrocytes (Kisseleva et al., 2006). 

3.3.4 MFs from epithelial cells following EMT 

As for other conditions of tissue and organ fibrosis liver MFs may originate from 

hepatocytes or cholangiocytes through a process of epithelial-to-mesenchymal transition 

(EMT) (Cannito et al., 2017b). However, the involvement of EMT in liver fibrogenesis is at 

present highly debated and controversial, with a prevailing view suggesting that this 

profibrogenic mechanism in progressive CLD should be considered of minor relevance 

(Forbes and Parola, 2011; Xie and Diehl, 2013; Munker et al., 2017) as indicated by 

several negative fate tracing murine studies (Taura et al., 2010; Scholten et al., 2010; Chu 

et al., 2011; Österreicher et al., 2011; Mederacke et al., 2013; Iwaisako et al., 2014). A 

possible exception may be represented by the reported Hedgehog pathway-mediated 

transition of cholangiocytes into pro-fibrogenic MFs under conditions of NAFLD/NASH and 

(see more details later in 4.4.2 section) related to ROS, HPC and ductular reaction (Syn et 

al., 2009).     

3.3.5 MFs from Mesothelial cells  

In mouse embryos liver mesothelial cells (MCs) of the Glisson’s capsule were found to 

migrate within the liver to give rise to HSC, fibroblasts, and vascular smooth muscle cells 



(Asahina et al., 2011).  Glycoprotein M6a (GPM6A)-positive MCs isolated from adult liver, lose 

their phenotype to acquire a mesenchymal-like phenotype in a TGF-β-dependent manner. 

Moreover, using conditional cell lineage tracing in Wt1CreERT2 mice, MCs were shown to give 

raise to both HSCs and MFs through a process of mesothelial–mesenchymal transition (MMT) 

under conditions of experimental chronic injury (Li et al., 2013). The relative contribution of 

MCs as a source of MFs, however, should be considered as minor or negligible.        

3.3.6 Major phenotypic responses of hepatic MFs   

Our present knowledge concerning phenotypic profibrogenic responses operated by 

hepatic MFs largely comes from studies on HSC and HSC/MFs performed either in vivo or 

in vitro by taking advantage of primary culture or immortalized cell lines of human or rodent 

HSC (Higashi et al., 2017) as well as of immortalized rat portal MFs (Fausther et al., 

2015).  Here we will briefly recapitulate MF-operated major phenotypic responses and their 

role (Friedman, 2008; Tsuchida and Friedman, 2017).  

(1) Synthesis and remodeling of ECM. Increased synthesis of ECM components is a 

hallmark of MFs in progressive CLD, with TGF-β1 (released by either activated 

macrophages or HSC/MFs) being the most potent cytokine inducing the production of 

fibrillary collagens (mainly Type I and III), α-SMA, laminin and fibronectin. This feature is 

associated to a dysregulation of the expression of genes involved in ECM remodeling, 

resulting in increased expression of TIMPs and inefficient removal of excess fibrillary 

collagen by metalloproteases (MMPs). Several other mediators have been proposed to be 

involved, including: i) ROS released by injured hepatocytes or overproduced as a 

consequence of activation of  NADPH-oxidase isoforms, associated to the interaction of 

growth factors, cytokines and other active peptides with their cognate receptors; ii) 

aldehydic products like acetaldehyde (during ethanol metabolism) or 4-hydroxy-nonenal, 



the most relevant aldehydic end-product of lipid peroxidation; iii) several growth factors, 

ligand peptides and signaling pathways. 

(2) Proliferation and survival. MFs are highly proliferating cells as a result of increased 

availability of mitogenic growth factors released by surrounding cells in the profibrogenic 

environment and increased expression of related receptors by MFs.  MFs mainly 

proliferate in response to platelet-derived growth factor (PDGF) or to other mitogens, 

including transforming growth factor (TGF)-α, epidermal growth factor (EGF), thrombin, 

keratinocyte growth factor, connective tissue growth factor (CTGF), bFGF and the 

adipokine leptin. These mitogenic signals (plus TGFβ1) are believed to be responsible for 

the increased survival and resistance to apoptotic stimuli of MFs that in their state of 

persistent activation.  

(3)  Pro-inflammatory role. MFs, in addition to express receptor for several cytokines and 

other inflammatory mediators, can contribute to perpetuate inflammatory response and 

regulating and/or modulating interactions with cells of innate and adaptive immunity by 

synthetizing and relasing critical pro-inflammatory mediators,  in particular  the chemokines 

CCL2 and CCL21 as well as IL-1β following activation of NLRP3 inflammasome.  

(4) Migration. MFs acquire the ability to migrate in a scenario of progressive CLD in  

response to several peptide chemoattractants released by surrounding liver cell 

populations or by MFs themselves and/or trapped in the ECM, including PDGF, CCL2, 

Angiotensin II,  VEGF-A and Angiopoietin 1. MFs migration by these chemoattractants is 

mediated through an increase of intracellular ROS levels, leading to activation of ERK1/2 

and JNK1/2 signaling pathways, that depends on ligand/receptor-related NADPH oxidase 

activation or ROS released by mitochondria under hypoxic conditions (Novo et al., 2011; 

Novo et al., 2012). 

(5)  Pro-angiogenic role. HSC/MFs have been reported to synthetize and release 

proangiogenic mediators like VEGFA, Angiopoietin-1 or -2, PDGF-BB and hedgehog 



ligands. HSC/MFs and MFs can express related cognate receptors, then also representing 

a cellular target for these mediators. Since hypoxia-dependent angiogenesis usually 

preceedes or paralleles fibrosis, it has been proposed that it may drive fibrogenesis and 

the formation of fibrotic septa (Novo et al., 2014; Bocca et al., 2015; Lemoinne et al., 

2016).  

 

4. Established and emerging etiology-related issues  

The specific etiology has a relevant impact in modulating fibrogenic CLD progression 

leading to distinct morphological patterns of fibrosis development that also depend on the 

origin of prevailing profibrogenic cell types and mechanisms involved (Pinzani and 

Rombouts, 2004; Böttcher and Pinzani, 2017). The different and etiology-dependent 

patterns of liver fibrosis depend on some critical issues: 1) the effective location of liver 

injury, according to the specific etiology; 2) the actual concentration of pro-fibrogenic 

factors in the microenvironment; 3) the prevailing pro-fibrogenic mechanism(s) involved;  

4) the specific  cellular origin of MFs.    

4.4.1 Etiology-related issues in HBV- and HCV- mediated progressive CLD   

In HBV- and HCV-related CLD the prevailing pattern of fibrosis evolution is referred to as 

post-necrotic or bridging fibrosis, being characterized by increased deposition of ECM 

components under the form of portal-central (vein) fibrotic septa driven or resulting by 

portal–central bridging necrosis. This pattern is also characterized by the presence of the 

so-called interface hepatitis, the formation of portal-portal septa and of blind septa into the 

injured liver parenchyma.  As a consequence, an early and rapid derangement of the 

vascular connections within the portal system can occur, including formation of  neo-

vessels and porto-central shunting, resulting in an earlier development of portal 

hypertension (Pinzani and Rombouts, 2004; Böttcher and Pinzani, 2017).    



The prevalent pro-fibrogenic 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 (Pinzani and Rombouts, 2004; Parola et al., 2008; Novo 

and Parola, 2008; Böttcher and Pinzani, 2017). Data from human studies support the 

concept that here hepatic MFs originate mainly from activated HSC and from activated 

portal fibroblasts, with a minor contribution of MFs from bone-marrow derived cells.                   

Some critical considerations should be underlined in relation to HBV or HCV-dependent 

fibrosis. A first notion is that both HBV and HCV are non-cytopathic viruses for 

hepatocytes and that liver parenchymal injury and hepatocyte death should be attributed to 

the host’s immune response in an attempt to clear viruses (Guidotti and Chisari, 2006). 

However, the overall response from virus-specific CD4+ and CD8+ T lymphocytes with the 

time becomes inefficient or exhausted and then unable to completely clear HBV or HCV 

from the liver. This will result in chronic infection, cycles of low-level cell injury and 

persistent inflammatory response, in which the secondary recruitment of non-antigen 

specific mononuclear cells (with NK cells playing a major cytotoxic and/or regulatory role) 

is believed to be critical in sustaining parenchymal damage, inflammatory response and 

fibrogenic CLD progression  (Protzer et al., 2012; Behermann, 2013).  

Another peculiar issue is represented by a direct role played by specific HCV proteins like 

core and NS3/NS5 proteins. Although HCV does not infect HSC, these proteins can 

stimulate activated human HSC in a ROS- and redox-dependent manner, leading to up-

regulation of pro-fibrogenic and pro-inflammatory responses (Bataller et al., 2004).  In 

addition, HCV proteins can induce increased intracellular generation of ROS in 

hepatocytes, then potentially contributing to oxidative-stress mediated hepatocyte injury 

and, as for other etiologies,  activation/perpetuation of phenotypic responses of HSC (Choi 

and Hou, 2006; Novo and Parola, 2008; Novo et al., 2011; Novo et al., 2014).   

    



4.4.2 Etiology-related issues in progressive NAFLD/NASH 

Progressive NAFLD is emerging as a leading cause of end-stage liver disease worldwide, 

with a 23% estimated prevalence in European general population, occurring in the context 

of the metabolic syndrome and reaching 70-90% prevalence among obese and type II 

diabetic patients (Rosselli et al., 2014; Younossi et al., 2018).  About 20-30% of NAFLD 

patients develop non-alcoholic steatohepatitis (NASH), characterized by parenchymal 

injury, lobular/portal inflammation and perisinusoidal fibrosis, that can progress to cirrhosis 

and HCC (Yeh and Brunt, 2014; Satapathy and Sanyal, 2015).  Progressive NAFLD, 

similarly to ALD,  is characterized by a peculiar type of fibrosis development in which 

excess deposition of ECM components is initially mainly observed around the sinusoids 

(peri-sinusoidal fibrosis, responsible fo sinusoidal capillarization) and around groups of 

hepatocytes (peri-cellular fibrosis or “chicken wire” pattern)  (Pinzani and Rombouts, 

2004). Accordingly, fibrogenic progression of NAFLD relies mainly on the 

involvement/activation of HSC as a major source of hepatic MFs (Friedman, 2008; Lee et 

al., 2015; Seki and Schwabe, 2015; Trautwein et al., 2015; Tsuchida and Friedman, 2017), 

although EMT of cholangiocytes may occur   (Syn et al., 2009).  

According to epidemiological studies, NASH develops only in a fraction of NAFLD patients 

while the majority presents only steatosis. Chronic hepatic injury, inflammatory response 

and fibrogenesis in progressive NAFLD are highly affected/modulated by “multiple parallel 

hits” involving several mechanisms and pathophysiological issues as well as the 

interaction of the liver with adipose tissue and intestine in terms of release and action of 

growth factors, cytokines, adipokines and other mediators (Tilg and Moschen, 2010; 

Moschen et al., 2013; Tilg et al., 2017; Schuppan et al., 2018; Marra and Svegliati Baroni, 

2018).    

Hepatic steatosis develops as a consequence of increased delivery of free fatty acids 

(FFA) from insulin resistant adipose tissue, intrahepatic de novo lipogenesis and excess 



dietary lipids (Donnelly et al., 2005; Marra and Svegliati Baroni, 2018). However, 

parenchymal injury and then progressive NAFLD are mostly related to lipotoxicity and 

other pathophysiological issues,  with the nutrient/caloric overload (i.e., not matched by 

adequate energy expenditure) and the role of dysfunctional adipose tissue having a central 

role  (Tilg and Moschen, 2010; Moschen et al., 2013; Tilg et al., 2017; Schuppan et al., 

2018; Marra and Svegliati-Baroni, 2018).  

Weight gain in overweight/obese patients results in expanded and hypoxic adipose tissue 

and adipocyte apoptosis, leading to CCL2-dependent recruitment of M1 polarized 

macrophages. These macrophages, by secreting pro-inflammatory cytokines, contribute to 

insulin resistance and to the related lipolysis and increased hepatic delivery of free fatty 

acids (FFA). The expanded and inflamed adipose tissue also causes an imbalance in 

adipokine secretion resulting to an increase in leptin and a decrease in adiponectin 

circulating levels, that have an additional role in progressive NAFLD (Marra and 

Lotersztajn, 2013; Schuppan et al., 2018; Marra and Svegliati-Baroni, 2018).   

Hepatocyte injury does not depend on fat accumulation, since the block of triglyceride 

synthesis prevents steatosis but is associated with increased oxidative stress, 

inflammation and fibrosis (Yamaguchi et al., 2007; Marra and Lotersztajn, 2013). Rather, 

in a scenario of excess availability of FFA, hepatocyte injury depends on lipotoxicity 

exerted in particular by saturated FFA like palmitate and stearate, lysophosphatidylcholine, 

ceramides, free cholesterol as well as short chain fatty acids. These toxic lipids induce cell 

death and particularly lipo-apoptosis acting through multiple mechanisms, including 

activation of signaling cascades (JNK, Sirtuin 1 and 3, lysosomal pathway and cathepsin 

B) and death receptors, ER stress, mitochondrial damage and functional dysregulation as 

well as oxidative stress (Marra and Lotersztajn, 2013; Marra and Svegliati-Baroni, 2018).  

Increased generation of ROS in fat-laden hepatocytes is related to lipotoxicity, 

mitochondrial overflow of FFA and related dysfunction but also to increased up-regulation 



of cytochrome P450 2E1. In addition, lipotoxicity is believed to cause the release of EVs 

from fat-laden damaged/apoptotic hepatocytes: these EVs can exert pro-angiogenic and 

pro-inflammatory effects, up-regulate NLRP3 inflammasome in either hepatocytes and 

macrophages and to directly act (through their miRNAs content) on HSC (Povero et al., 

2013; Povero et al., 2015; Hirsova et al.; 2016; Cannito et al., 2017a).     

Defective autophagy has also been reported to be strictly related to steatosis and 

lipotoxicity, possibly through a saturated FFA-dependent and Sirtuin 3-mediated 

mechanism (Li et al., 2017). Intriguingly, although autophagy is protective against steatosis 

in hepatocytes, activation of autophagy can result in the release of lipids able to promote 

fibrogenesis by activated HSC in mice and humans (Hernandez-Gea et al., 2012).  

Another critical issue in progressive NAFLD is represented by the role of changes in 

intestinal microbiome, gut dysbiosis (resulting also in altered gut barrier function) and 

altered gut-liver axis. Relevant features are the following: a) bacterial products, through 

binding to specific Toll-like receptors (TLRs) on hepatic cells, can trigger pro-inflammatory 

pathways concurring to NASH but also to adipose tissue inflammation; in addition, 

bacterial products can also indirectly affect glucose metabolism by regulating the release 

of incretins like glucagon-like peptide-1 (GLP-1); b)  synthesis of SCFAs from gut microbes 

that can act as lipid precursors in the liver (up-regulating lipogenesis and 

gluconeogenesis), as toxic lipids as well as ligands for a number of G-protein coupled 

receptors mediating several effects; c) suppression of the synthesis of angiopoietin-related 

protein 4 or ANGLPTL4, a lipoprotein-lipase inhibitor, resulting in increased fat deposition 

in both hepatocytes and adipocytes (Marra and Svegliati-Baroni, 2018).  An additional 

issue in the scenario of dysregulated gut liver axis is represented  by the knowledge that 

changes in the composition of gut microbiota may affect levels of bile acids (BAs, which 

are metabolized by gut bacteria) and then pathways that are regulated by BAs acting as 

ligands of farnesoid-X receptor (FXR). FXR are nuclear receptors expressed both by 



hepatocytes and enterocyte whose activation in hepatocytes can affect different pathways 

involved in fatty acid metabolism or, through release of FGF15/19 by enterocytes due to 

local FXR activation, influence lipogenesis and gluconeogenesis through binding in the 

liver to FGFR4 complexed with β-Klotho (Marra and Svegliati-Baroni, 2018).  

NASH progression, which is characterized by a typical and substantial inter-patient 

variability, is also significantly associated to- and affected by a number of genetic 

determinants and epigenetic factors (Anstee et al., 2016; Eslam et al., 2018). In recent 

years at least four well defined genetic variants have been associated with NAFLD 

susceptibility and development. These genes encode for proteins involved in the regulation 

of hepatic lipid metabolism, including PNPLA3 (patatin-like phospholipase-domain 

containing proteins), TMS6F2 (transmembrane 6 superfamily member 2), MBOAT7 

(membrane-bound O-acytransferase domain containing 7) and glucokinase regulator 

(GCKR) (Eslam et al., 2018). The best characterized and validated are genetic 

polymorphisms in PNPLA3  (Romeo et al., 2008) and TMS6F2 (Kozlitina et al., 2014; 

Holmen et al., 2014).  In particular, a single-nucleotide polymorphism in PNPLA3 involving 

isoleucine to methionine substitution at position 148 (I148M) is associated to advanced 

liver fibrosis and confers a 10 fold increased risk to  develop HCC (Liu et al., 2014a; Singal 

et al., 2014; Trepò et al., 2016).  The TMS6F2 polymorphism predicts NASH progression 

and is also associated with an improved cardiovascular disease outcome (Liu et al., 

2014b; Anstee et al., 2016). The list of genetic variants associated with progressive 

NAFLD is continuously growing, as up-dated recently (Eslam et al., 2018), and an 

additional role in progressive NAFLD is likely to be paralled and possibly overwhelmed in 

the future by the role of epigenetic factors, as the first emerging data (mainly related to 

DNA methylation and chromatin remodeling or to the action of non-coding RNAs) seem to 

suggest (Anstee et al., 2016; Eslam et al., 2018).      

 



4.4.3 Etiology-related issues in progressive alcoholic liver disease (ALD) 

ALD, similarly to NAFLD, is characterized by a spectrum of histopathological lesions that 

range from simple steatosis to alcoholic hepatitis or alcoholic steatohepatitis (ASH), 

fibrosis and cirrhosis, with ALD patients also experiencing a significant risk to develop 

HCC.  ASH, in particular, is believed to be critical in driving a fast progression of ALD 

towards cirrhosis and to increase the risk of decompensation, liver failure and poor 

outcome (Louvet and Mathurin, 2015).  ALD shares with NAFLD the pattern of 

perisinusoidal/pericellular fibrosis development and a major role proposed for HSC/MFs 

(Pinzani and Rombouts, 2004; Böttcher and Pinzani, 2017). Interestingly, although 

cessation of alcohol consumption can favor recovery from fatty liver, alcoholic hepatitis 

and fibrosis and also improve outcome for cirrhotic, no regression of cirrhosis in ALD 

patients has been documented (Louvet and Mathurin, 2015).  

Chronic hepatocellular injury and death is intimately related to oxidative ethanol 

metabolism by alcohol dehydrogenase and, particularly, the ethanol-inducible CYP2E1 

cytochrome P450 isoform, leading to acetaldehyde, increased ROS generation and 

oxidative stress-mediated injury (exacerbated by iron and hypoxia), mainly through lipid 

peroxidation affecting integrity of mitochondria and ER biomembranes (Lieber, 2004; Gao 

and Bataller, 2011; Cederbaum, 2012). In addition, as for ROS and other oxidative stress 

mediators (Novo and Parola, 2008), acetaldehyde can directly activate HSC/MFs and to 

stimulate expression of collagen type I (Mello et al., 2008). ROS  are believed to be major 

responsible for induction of ER stress and, together with acetaldehyde, also of alcohol-

induced steatosis, the latter recognizing AMPK downregulation and related SREBP1c 

stimulation and PPAR-α expression inhibition as critical determinants (Louvet and 

Mathurin, 2015).  DAMPs, released following necrotic cell death, trigger macrophage and 

neutrophil activation, with senescence (via NK cells) and autophagy being major regulators 

of liver inflammation (Luedde et al., 2014; Dolganiuc et al., 2012).  



A major role in ALD pathogenesis is also attributed to bacterial translocation due to 

increased gut permeability with increased circulating levels of LPS correlating with the 

severity of hepatic injury (Rao, 2009). LPS can activate pro-fibrogenic HSC/MFs either 

directly through activation of TLR4 expressed by these cells (Brun et al., 2005; Seki et al., 

2007)  or indirectly by stimulating KC and MoMF (Purohit and Brenner, 2006).  

Adaptive immunity might also contribute to ALD progression, with chronic alcohol 

consumption leading to increased levels of antibodies directed against lipid peroxidation 

products. These antibodies can activate an adaptive immune response, likely by 

stimulating splenic T cells and NKT cells to develop Fas and/or TNFR1 receptor mediated 

cytotoxicity towards hepatocytes (Minagawa et al, 2004; Szabo and Mandrekar, 2009).   

Finally, ethanol can suppress the anti-fibrotic and pro-resolution function of NK cells which 

is believed to operate through IFN-γ secretion and the related killing of activated HSC 

(Jeong et al., 2008).   

    
4.4.4 Etiology-related issues in chronic diseases of biliary tract 

Chronic diseases of the biliary tract or cholangiopathies include a group of diseases due to 

immune mediated etiology (i.e., autoimmune diseases like primary biliary cirrhosis or PBC, 

and primary sclerosing cholangitis or PSC), presenting as congenital conditions 

(congenital hepatic fibrosis or CHF, biliary atresia and Alagille syndrome) or due to other 

inflammatory, toxic, ischemic or infectious causes (Fabris et al., 2017). Whatever the 

etiology, cholangiopaties have in common chronic damage to cholangiocytes of the biliary 

tree and share similar pathophysiological mechanisms, including proliferation, apoptosis, 

cholestasis, inflammation, fibrogenesis, and eventually carcinogenesis (Fabris et al., 

2017). Persistent injury to biliary epithelium triggers a pathological reparative reaction 

associated with an excessive deposition of ECM components in areas surrounding injured 

bile ducts, usually referred to as the biliary fibrosis pattern. Biliary fibrosis, in the scenario 



of ductular reaction, is typically characterized by co-proliferation of RDC and MFs in portal 

areas and at the parenchyma/portal interface, with MFs originating mainly from portal 

fibroblasts and HSC (Pinzani and Rombouts, 2004). This pattern typically lead to formation 

of portal-portal septa surrounding liver lobules, initially preserving connections between 

central vein and portal tracts, to then progress to biliary cirrhosis, portal hypertension and 

end-stage liver disease. The critical and peculiar aspect of pathological biliary repair is the 

appearance of RDCs, a population of cholangiocyte-like epithelial cells of unclear and 

mixed origin.  RDCs orchestrate a very complex process involving several cell types, 

including macrophage and neutrophils, that first sense biliary injury-derived signals, to 

involve then MFs, endothelial and HPCs in a joint control of inflammatory and 

morphogenetic signals (Fabris et al., 2017) that (see section 3.2.3), although prominent in 

cholangiopaties, are relatively common also in advanced stage of any CLD.  

A final mention in the pathogenesis of progressive cholangiopaties should be deserved to 

the pro-fibrogenic role of intrahepatic accumulation of bile acids, particularly in 

autoimmune diseases like PBC and PSC. Bile acids contribute by eliciting hepatocyte 

injury and death (apoptotic and necrotic) (Hofmann and Hagey, 2008; Arndtz and 

Hirschfield, 2016) as well as through activation of the bile acid/farnesoid X receptor (FXR) 

(Fickert et al., 2009).    

 

5. Key pathogenic therapeutic targets to affect CLD progression: of cells, 

mechanisms, signaling pathways and more   

Liver fibrosis can be modulated either by negatively affecting CLD progression and/or by 

positively promoting resolution. The primary target for any therapeutic strategy is 

represented, whenever possible, by the withdrawal of the etiological agent or condition 

involved in perpetuating parenchymal damage. The extremely high efficacy of DAA in 

clearing HBV or HCV infection represents the ideal selective therapy, with abstinence from 



alcohol consumption being a plausible option for limiting ALD progression and/or allow 

regression. For all the other CLD the withdrawal of primary etiology is unfeasible and we 

lack validated anti-fibrotic drugs for clinical use. In the next sections we will analyze the 

different strategies and therapeutic targets recently proposed to negatively impact CLD 

progression.  

 
 
5.1 Drugs to reduce liver parenchymal injury 
 
This therapeutic strategy is intended to minimize chronic parenchymal injury induced by 

the primary etiology to potentially prevent inflammation and fibrogenic progression.  

According to the established involvement of ROS and oxidative stress in progressive CLD, 

several antioxidants and hepatoprotective agents  (some also acting as antioxidants) have 

been reported to significantly prevent hepatocyte injury and death and/or to limit 

inflammatory and even fibrosis in rodent models. The list include vitamin E, glutathione, N-

acetylcysteine, S-adenosyl-methionine, resveratrol, curcumin, herbal supplements (Sho-

Saiko-to, Silymarin, Salvia Miltiorrhiza, etc.), inhibitors of NADPH-oxidase isoforms and 

many others, as reviewed elsewhere (Weisenkirchen, 2016; Luangmonkong et al., 2018). 

Unfortunately, administration of these molecules in human patients was either ineffective 

or associated with very limited or transient efficacy, with few exceptions (reviewed in: 

Serviddio et al., 2013; Weiskirchen, 2016; Luangmonkong et al., 2018).  For example, 

long-term vitamin E (96 weeks) administration has been reported to be beneficial in a 

multicenter, randomized, placebo-controlled study performed on non-diabetic NASH 

patients resulting in histological regression, reduction of liver injury and inflammation,  but 

not fibrosis (Sanyal et al., 2010). Long-term administration (52 weeks) of cysteamine in 

NAFLD children resulted in significant reductions in serum aminotransferase levels and 

lobular inflammation but not in an improvement of histological markers (Schwimmer et al., 

2016).  



A different strategy to reduce parenchymal injury relies on the administration of pan-

caspase inhibitors including emricasan and PF-03491390. Emricasan offered interesting 

results in experimental models of NASH and BDL (Barreyro et al., 2015; Eguchi et al., 

2018) and encouraging preliminary results in a short term trial in HCV patients (Pockros et 

al., 2007). Similar results were described in a longer trial (12 weeks) using PF-03491390   

(Shiffman et al., 2010).  

 

5.2 Targeting KC and MoMF as well as mechanisms and signaling pathways 

underlying their recruitment/activation   

According to the major role of KC and MoMFs in CLD progression, pre-clinical studies 

designed to target these cells have provided interesting results potentially translatable  into 

clinical conditions (Tacke, 2017; Krenkel and Tacke, 2017).    

Activation of KC, critical in the early phases of chronic parenchymal injury,  can be 

targeted by affecting gut barrier permeability and gut microbiome (then circulating levels of 

endotoxin) by modifying bile acid composition or using probiotics, antibiotics or even fecal 

microbiota transfer (Heymann and Tacke, 2009; Mencin et al., 2009; Ju and Tacke, 2016; 

Marchesi et al., 2016; Putignani et al., 2016). In murine transgenic models (not translated 

in humans), this strategy can reduce bacterial translocation and KC activation through 

TLR4 and improve experimental steatohepatitis (in a CX3CR1-dependent way) (Schneider 

et al., 2015), fibrosis (TLR4 is expressed by activated HSC/MFs) (Seki et al., 2007) and 

carcinogenesis (Dapito et al., 2012).   

Activation of KC and MoMFs can be also targeted by selonsertib, a selective inhibitor of 

the serine/threonine kinase ASK1 and downstream signaling pathways, that reduced 

fibrosis in a phase II multicenter open-label clinical trial on fibrotic NASH patients (Loomba 

et al., 2016).    



Another option is to target chemokine-chemokine receptor interactions that sustain 

recruitment of monocytes, particularly the prominent CCL2-CCR2 interaction (Marra and 

Tacke, 2014), as shown in murine models using monoclonal antibodies against 

chemokines or related receptor(s), receptor antagonists or by inhibiting chemokines with 

aptamer molecules or small molecule inhibitors (Baeck et al., 2012; Baeck et al., 2014; 

Oberthur et al., 2015). Accordingly, the dual oral CCR2/CCR5 antagonist cenicriviroc, 

through inhibition of MoMF recruitment, is antifibrotic in murine NASH models (Krenkel et 

al., 2018) and in human fibrotic NASH patients in a phase IIb trial (Friedman et al., 2018a).   

Another emerging anti-fibrotic option is to target KC and/or MoMF through systemic 

administration of liposomes, hard-shell microbubbles and polymers working as delivery 

carriers (Bartneck et al., 2014; Ergen et al., 2017) for drugs, as shown for dexamethasone 

(Melgert et al., 2001; Bartneck et al., 2015), and potentially siRNA for gene silencing, 

specific inhibitors of inflammatory signaling or enhancers of autophagy.  

Alternatively, KC and MoMF have been targeted using carbohydrate molecules like GR-

MD-02 (galactoarabino-rhamnogalaturonan) or GM-CT-01 (galactomannan) that are able 

to inhibit galectin-3 which mediate inflammatory macrophage functions in CLD. These 

molecules significantly inhibited experimental hepatic fibrosis (Traber et al., 2013) and GR-

MD-02 has been recently successfully tested for safety, pharmacokinetics and exploratory 

pharmacodynamics markers in a phase 1 clinical trial in fibrotic NASH patients (Harrison et 

al., 2016).     

Finally, some years ago a study reported that the adoptive transfer of syngeneic ex-vivo 

polarized restorative macrophages decreased fibrosis and improved regeneration and liver 

function in a murine model of CLD (Thomas et al., 2011). Although it is technically possible 

to obtain CD14+ monocytes from CLD patients to be differentiated into resolution 

macrophages (Moore et al., 2015), repeated transplantation of bone marrow-derived stem 

cells in cirrhotic patients did not afford clinical benefits (King et al., 2015) and the potential 



use of macrophage-based therapies for CLD patients remains undetermined (Forbes et 

al., 2015).   

  

5.3 Targeting MFs and/or mechanisms and signaling pathways underlying their 

activation and pro-fibrogenic role  

Our present knowledge on the mechanisms underlying activation of pro-fibrogenic MFs  

mostly comes from studies on HSC, as recently extensively and authoritatively reviewed 

(Lee et al, 2015; Higashi et al., 2017; Tsuchida and Friedman, 2017) and summarized in 

Figure 1. The next sections briefly recapitulate most relevant and emerging concepts, with 

a focus on those mechanisms which have been translated into clinical conditions.     

5.3.1 Targeting extracellular events leading to HSC activation  

We have already described some of the potentially targetable extracellular events relevant 

to activate HSC, including hepatocyte injury and death, the involvement of innate and 

adaptive immune cells, chronic infection by HBV and HCV, metabolic dysregulation and 

gut dysbiosis. We have also mentioned the putative role of HPC and RDC, particularly 

prominent in progressive NAFLD and biliary like fibrosis. It should be noted that both HPC 

and RDC are potentially targetable since they uniquely express the integrin ανβ6, which in 

addition to bind fibronectin and tenascin-C, can act as co-activator of latent TGFβ1. The 

block of this integrin using either a small molecule inhibitor or a specific antibody, resulted 

in attenuation of biliary and non-biliary experimental fibrosis (Patsenker et al., 2008; Popov 

et al., 2008; Peng et al., 2016). In addition, activation of HPC has been reported to result in 

a severe and TNF-like weak activator (TWEAK)-dependent pro-fibrogenic response that 

can be counteracted by using a specific TWEAK-neutralizing antibody (Kuramitsu et al., 

2013). However, these approaches have not been translated into clinical trials. Similarly, 

no human data is available concerning the specific targeting of LSEC, which are known to 

maintain HSC in a quiescent phenotype (Poisson et al., 2017) although positive results 



(reversion of HSC activation and reduction of fibrosis) were obtained in an experimental 

study using the soluble guanylate cyclase activator BAY-60-2770  (Xie et al., 2012).   

HSC activation can also relies on the contact with altered ECM (shifting from basal-like 

towards fibrillary ECM) through integrin-mediated signals (Henderson et al., 2013) or to 

favor HSC activation dependent on several peptide mediators (PDGF, FGF, HGF, VEGF)  

that remain entrapped in the altered ECM (Lee et al., 2015). Along these lines, reduction of 

experimental fibrosis has been obtained using a monoclonal antibody against Lysyl-

oxidase like-2 (LOXL2), an enzyme expressed by HSC that catalyzes crosslinking of 

collagens and elastins (Barry-Hamilton et al., 2010). This approach has been recently 

translated in humans using the humanized anti-LOXL2 antibody Simtuzumab (G6-6624) 

that was first analyzed for safety in fibrotic HCV patients first in an open label trial 

(Meissner et al., 2016). Simtuzumab was then tested in phase II trials for either fibrotic 

(NCT01672866) or cirrhotic (NCT01672879) NASH patients, but this therapeutic 

programme has been recently halted due to simtuzumab non efficacy.      

 

5.3.2 Targeting mechanisms resulting in dysregulation of critical molecular 

pathways in activated HSC or MFs 

5.3.2.1 Pathways elicited by ligand-receptor interactions 

Several peptide growth factors, by interacting with their cognate receptor(s), can affect and 

sustain one or more of the phenotypic responses of activated HSC and/or MFs (Figure 1).  

Pre-clinical studies, using genetically manipulated mice, pharmacological inhibitors,  

neutralizing antibodies, adenoviral vectors or siRNAs, have confirmed that to affect these 

ligand-receptor interactions is effective in vitro as well as in reducing experimental liver 

fibrosis (Higashi et al., 2017; Tsuchida et al., 2017).  Disappointingly, only a limited 

number of theoretically available approaches has been translated into clinical trials and 

few studies have reported some benefit in CLD patients. 



A typical example is represented by the signaling pathways elicited by either TGFβ1 or 

PDGF, growth factors acting on MFs but also released by these cells. Despite knowledge 

on molecular mechanisms involved and positive results obtained by targeting these 

pathways in animal experiments (Lee et al., 2015; Higashi et al., 2017; Tsuchida et al., 

2017; Cannito et al., 2017b) no drug or procedure has been specifically validated for 

human progressive CLD, differently from what reported for fresolimumab for glomerular 

sclerosis or pirfenidone and nintedanib for idiopathic pulmonary fibrosis (IPF) (Cannito et 

al., 2017b). Similar considerations can be applied to other ligand-receptor – induced 

signaling pathways, including those related to HGF, EGF/EGFR, VEGF/VEGFR, Wnt/β-

catenin, Hedgehog, endotelins, cannabinoids, adipokines, retinoid and vitamin D 

receptors, integrins and TLRs (Higashi et al., 2017; Tsuchida and Friedman, 2017).  

As a pertinent example, connective tissue growth factor (CTGF) is believed to be critical in 

mediating TGFβ1 pro-fibrogenic effects (Jun and Lau, 2011) and experimental targeting of 

CTGF can affect HSC activation and inhibit experimental fibrosis (Uchio et al., 2004; Li et 

al., 2006; Hao et al., 2014). An antibody against CTGF has been tested in a clinical trial on 

HBV patients in addition to entecavir (NCT01217632) that was perhaps terminated 

because of the potent effect of the arm with entecavir alone (Hauff et al., 2015).  

Another example concern the targeting of renin-angiotensin system employing losartan, an 

inhibitor of the receptor for angiotensin II ATR1, which is highly expressed by activated 

HSC, with angiotensin II stimulating the proliferation, migration, contractility and TGFβ1 

and collagen I expression in these cells (Bataller et al., 2005; Moreno and Bataller, 2008). 

Losartan has been reported to reduce fibrosis in experimental animals (Yang et al., 2005; 

Moreno et al., 2010) and, possibly, in HCV patients (Salama et al., 2016) through 

modulation of non-phagocytic NADPH-oxidase and profibrogenic genes  (Colmenero et al., 

2009).   

5.3.2.2 Nuclear receptor signaling pathways 



Several nuclear transcription factor receptors, including peroxisome proliferator-activated 

receptor (PPAR)-γ and PPAR-δ, farnesoid X receptor (FXR), liver X receptor (LXR), 

vitamin D receptor (VDR), nuclear receptor subfamily 4 group A member 1 (NR4A1) and 

nuclear receptor subfamily 1 group D member 1 (REV-ERBα) are expressed by HSC 

(Tsuchida and Friedman, 2017). These nuclear receptors, which regulate energetic fluxes 

and metabolic pathways, are dysregulated in CLD, particularly in progressive NAFLD 

(Machado et al., 2014; Wang et al., 2015), and have been reported to inhibit HSC 

activation and fibrosis progression. Interestingly, drugs affecting nuclear receptors, 

particularly PPARs and FXR, have been translated into clinical trials.   

The members of the PPARs family (PPAR-α, PPAR-γ, PPAR-δ) are activated by fatty 

acids and operate by forming an heterodimer with retinoid X receptor (RXR) to act on 

PPAR responsive elements.  PPAR-α is believed to afford protection in progressive 

NAFLD but although its expression was inversely correlated with critical parameters 

(insulin resistance, severity of steatosis, presence of steatohepatitis and fibrosis),  PPAR-α 

agonists were ineffective in clinical trials (Tailleux et al., 2012; Ballestri et al., 2016).  More 

interesting are the data concerning PPAR-γ activation that reverts activated HSCs to a 

quiescent phenotype and down-regulate in these cells the expression of αSMA, type I 

collagen and TGFβ (Hazra et al., 2004), with murine models confirming the relevance of 

PPAR-γ and PPAR-δ for fibrosis development (Moran-Salvador et al., 2013; Iwaisako et 

al., 2012). These results led to test in clinical trials for NASH patients thiazolidinediones 

like pioglitazone and rosiglitazone that in a phase III trial improved steatosis and lobular 

inflammation but not fibrosis (Sanyal et al., 2010). Along these lines, GFT505 (elafibranor), 

a dual PPARα–PPARδ agonist, reduced steatosis, inflammation and fibrosis in animal 

models (Staels et al., 2013) and was employed in large randomized clinical trial showing 

resolution of NASH without worsening of fibrosis (Ratziu et al., 2016), with a phase III trial 

using elafibranor actually ongoing (NCT02704403).    



FXR is another example of nuclear receptors inhibiting HSC activation, with FXR 

deficiency in mice resulting in a worstening of hepatic inflammation and fibrosis (Kong et 

al., 2009). Orally available FXR agonists are currently being tested in clinical trials and a 

first relevant example is obeticholic acid which has been employed in a large randomized 

phase II clinical trial on NASH patients resulting in a remarkable improvement of NAFLD 

activity score and fibrosis stage (Neuschwander-Tetri et al., 2015). At present two 

obeticolic acid - based phase III trials are on-going to verify the ability of the drug to 

improve liver fibrosis without worsening NASH  (NCT02548351, NCT03439254). 

Obeticholic acid has been also positively employed in clinical trials performed on PBC 

patients (Hirschfield et al., 2015; Nevens et al., 2016). Other FXR agonists have been  

employed or are currently being tested in clinical trials, as recently reviewed (Wiest et al., 

2017; Friedman et al., 2018b): i) GS-9674, tested for safety, tolerability and 

pharmacokinetics in phase I trials  (NCT02854605, NCT02808312) and then used in 

phase II trials on NAFLD/NASH patients (NCT02781584) on in non-cirrhotic PSC patients 

(NCT02943460); ii) other FXR agonists being tested in phase II trials on NASH patients  

include LJN452 or tropifexor (NCT02855164),  EDP-505 (NCT03421431)  and LMB-763  

(NCT02913105). 

 

5.3.3 Targeting transcription factors and epigenetic transcriptional dysregulation   

Transcription factors (TFs) and epigenetic transcriptional dysregulation have a critical role 

in modulating HSC activation, as shown by pre-clinical studies. This include TFs that 

contribute to up-regulate activation of HSC like myocardin-related transcription factor A 

(MRTF-A), sex-determining region Y-box 9 (SOX9), aryl hydrocarbon receptor (AhR), Yes 

associated protein (YAP) and Gα-interacting vesicle-associated protein (GIV). Inhibition or 

genetic silencing of these factors (that up-regulate directly or indirectly critical profibrogenic 

genes) results in a significant reduction of fibrosis in experimental models. Other TFs 



negatively modulate/repress pro-fibrogenic genes and HSC activation, including Kruppel-

like factors (KLF6 and -2), GATA binding protein 4 (GATA4), NR4A1 and NR4A2; the  up-

regulation or stimulation of the activity of these TFs should prevent fibrosis whereas their 

downregulation exacerbates fibrosis (see Higashi et al., 2017; Tsuchida and Friedman, 

2017).  For example, KLF6 represses collagen I and PDGFRβ expression and leads to 

HSC apoptosis, with KLF6 down-regulation exacerbating experimental liver fibrosis 

(Ghiassi-Nejad et al., 2013). Concerning KLF2, an experimental study has revealed that 

statins up-regulate KLF2 expression in LSEC leading to HSC quiescence through a NO 

and guanylate cyclase paracrine signaling mechanism (Marrone et al., 2013). 

Concerning epigenetic transcriptional dysregulation in HSC activation, studies on 

quiescent and activated human HSC have identified 212 profibrogenic miRNAs 

overexpressed in activated HSC (Coll et al., 2015) including miR‑ 21,  miR‑ 27, mirR-125, 

miR-195, miR-199a, miR-199b, miR‑ 221 and miR-222, each of these miRNA being able 

to stimulate proliferation, collagen synthesis and/or migration. By contrast, 47 antifibrotic 

miRNAs are down-regulated in activated HSC, including miR15b, miR-16, miR-29, miR-

122, miR-133b and miR-200a (Coll et al., 2015).  

DNA methylation and histone modification have also been reported to contribute to HSC 

activation (Tsuchida and Friedman, 2017; Higashi et al. 2017). For example, MRTF-A can 

recruit a histone methyltransferase complex that lead to key histone modifications allowing 

transcriptional activation of the promoters of fibrogenic genes (Tian W et al., 2016). In 

addition, methylation of cytosine–phosphoguanine (CpG) dinucleotides by Methyl-CpG 

binding protein 2 (MECP2) and histone-lysine N-methyltransferase enhancer of zeste 

homolog 2 (EZH2) have been reported to repress PPAR-γ transcription to promote HSC 

activation and then sustain fibrosis (Mann et al., 2010).  

 

 



5.3.4 Targeting pathways related to cellular stress conditions or altered metabolism 

Autophagy is believed to contribute to HSC activation by generating FA from cleavage of 

retinyl esters within cytoplasmic droplets. The relationships between autophagy and 

fibrogenesis has been validated in experiments employing mice carrying HSC-specific 

deficiency of autophagy-related protein 7 (ATG7) (Hernandez-Gea et al., 2012) or using 

the autophagy inhibitor bafilomycin A1 in cultured HSC (Thoen et al., 2011).  

ER stress signals can induce fibrogenic activation of HSC and this is linked to increased 

autophagy, as shown by pre-clinical studies employing targeted lentiviral delivery of 78 

kDa glucose-regulated protein (GRP78), blockade of the inositol-requiring enzyme 1α 

(IRE1α) pathway or modulating PKR-like endoplasmic reticulum kinase (PERK) 

(Hernandez-Gea et al., 2013; Koo et al., 2016).  Similarly, ER stress and apoptosis in HSC 

are exacerbated following inhibition of autophagy in HSC depleted for heat shock protein 

47 (HSP47), a molecular chaperone essential for collagen type I maturation and secretion 

(Kawasaki et al., 2015). The latter strategy is at present investigated in a clinical trial that is 

testing for efficacy Vitamin-A‑ coupled lipid nanoparticles containing siRNA against HSP47 

(NCT02227459). Still related to ER stress, it has been reported that JNK signaling, 

particularly JNK1-dependent in HSC contributes to fibrogenesis, as shown in experimental 

models of fibrosis by employing a JNK-inhibitor (Kluwe et al., 2010).  

As mentioned, quiescent HSC contain vitamin A and retinoids in their cytoplasmic droplets 

and loss of these lipid droplets is an established, feature of HSC activation. Accordingly, 

isoform 3 of alcohol dehydrogenase (ADH3), involved in retinol metabolism, has important 

roles in promoting liver fibrosis by enhancing HSC activation and inhibiting NK cytotoxicity 

against HSC, as shown by specific ADH3 inhibition or genetic depletion (Yi et al., 2014).    

High cholesterol levels can additionally support HSC activation as shown in dietary murine 

models of fibrosis (Tomita et al., 2014) and by studies indicating that accumulation of free        

in HSC sensitizes the cells to TGFβ-induced activation through enhancement of TLR4-



mediated downregulation of the TGFβ pseudoreceptor BAMBI (Teratani et al., 2012).  

Accordingly, statins or ezetimibe have been reported to reverse hepatic accumulation of 

free cholesterol and to attenuate steatohepatitis and fibrosis in a murine model of NASH 

(Van Rooyen et al., 2013), but this potentially translatable approach has not yet been 

assessed in large cohorts of patients. 

 

5.4 To promote resolution of fibrosis. 

Three main strategies may promote resolution of liver fibrosis: i) to induce specific 

elimination of pro-fibrogenic cells or, alternatively, their reversion or senescence, ii) to 

increase ECM degradation or iii) to transplant bone marrow-derived cells (i.e., 

macrophages).  

HSC are resistant to cell death through up-regulation of survival and NF-kB-dependent 

signals (Novo et al., 2006; Lee et al., 2015) but HSC specific killing has been reported in 

cultured HSC and/or in vivo models by administrating gliotoxin, the NF-kB inhibitor BAY 

11-7082 or the proteasome inhibitors MG-132 and bortezomib (reviewed in Weiskirchen, 

2016; Higashi et al., 2017). Apoptotic and autophagic cell death of HSC has been induced 

either by nilotinib, through inhibition of histone deacetylases (Shaker et al., 2013), or by 

sorafenib through JNK/Akt pathway (Hao et al., 2016).    

HSC deactivation/reversion can be obtained following withdrawal of etiological agents, 

although reverted cells may be re-activated if exposed to fibrogenic stimuli (Kisseleva et 

al., 2012; Troeger et al., 2012) and experimental transcriptional reprogramming of HSC 

into hepatocyte-like cells can result in fibrosis reduction (Song et al., 2016).  

Senescence of activated HSC has been achieved experimentally using a number of 

different compounds, including curcumin, cysteine-rich protein 61 (CCN-Cyr61) or 

OSU03012, a celecoxib derivative (reviewed in Higashi et al., 2017). 



Alternatively, experimental studies were designed to promote degradation of the collagen-

rich ECM by using TIMPs antagonists (Parsons et al., 2004) or by monoclonal antibody 

against LOXL2 that inhibit its collagen cross-linking activity (Barry-Hamilton et al., 2010). 

Two clinical trials explored the latter strategy using the humanized antibody Simtuzumab 

for either fibrotic (NCT01672866) or cirrhotic (NCT01672879) NASH patients. However, as 

previously mentioned, the Simtuzumab strategy was abandoned due to its lack of efficacy.      

Finally, a strategy based on the transplantation of bone marrow progenitor cells, 

particularly “resolutive macrophages”, is under evaluation. This approach is aimed  at 

promoting fibrillary ECM degradation and ultimately promote regeneration  (Thomas et al., 

2011; Moore et al., 2015).  

  

6.   The clinical evaluation of fibrosis progression in chronic liver diseases  

6.1 Liver biopsy for the evaluation of “disease severity”   

Liver fibrosis is the key determinant of the evolution of CLD to cirrhosis and of the 

development of clinical complications typical of the advanced stage of the disease. In spite 

of the mechanistic complexity inherent in the progression of the hepatic fibrosis, its clinical 

evaluation has been based on the establishment of identifiable endpoints and particularly 

on the histopathological assessment of liver tissue fibrosis. Accordingly, the current 

interpretation of CLD progression is based on the evaluation of what is defined ‘disease 

severity’, which is a potentially misleading concept when indicating just the extent of tissue 

fibrosis (Germani et al., 2011). In general, all CLDs are characterized by a long clinical 

course practically devoid of symptoms, and become clearly severe diseases when they 

reach the stage of decompensated cirrhosis, that is, a condition characterized by life-

threatening events due to portal hypertension (PH) and overt hepatocellular failure. 

However, the categorization in fibrosis stages employing semi-quantitative staging 



systems is a clinical compromise that does not reflect the biological complexity of disease 

progression. Ideally, the progression of CLD should be analyzed according to etiology-

driven mechanisms in order to identify more accurate diagnostic endpoints and predictive 

indexes guiding a more effective clinical management (Quaglia et al., 2016).  

The introduction in the 1980’s of semi-quantitative scoring systems and the relative 

definition of grading (necro-inflammatory activity) and staging (fibrosis) for the evaluation 

of liver biopsy was aimed at standardizing the interpretation and facilitate communication 

between pathologists and clinicians. However, this change in methodology did not 

overcome the impact of interpretative problems, such as reproducibility, intra-observer and 

inter-observer agreement. For these and other reasons (sampling error, lack of adequate 

standards, etc.), the value of liver biopsy as a gold standard has become questionable for 

clinicians and pathologists particularly when biopsy started to be used almost exclusively 

for assessing the extent of tissue fibrosis (Rosselli et. al, 2013).   

Taken together, these considerations promote a thoughtful re-evaluation of the role of liver 

biopsy in modern Hepatology. With a vision at implementing the evaluation of disease 

progression in CLD, it has been proposed to replace the semi-quantitative scoring systems 

with a standardized morphometric analysis of liver tissue fibrosis. Indeed, computer-

assisted morphometry could provide a quantitative measure of hepatic fibrosis on a 

continuous scale and, when adequately standardized, greatly reduces intra-observer and 

inter-observer variability. Morphometric analysis using the Collagen Proportionate Area 

(CPA) system has demonstrated an excellent positive correlation between the amount of 

fibrosis in a cirrhotic liver and the relative hepatic vein pressure gradient (HVPG) and liver 

tissue stiffness. 

While we are reconsidering the role of liver biopsy, it is increasingly clear that the   

assessment of disease progression and regression should be able to conjugate morpho-

imaging with the detection of key pathophysiological events (fibrogenesis, angiogenesis, 



and liver regeneration) and the assessment of different aspects of liver function. Key 

progression elements, such as hepatocellular necrosis, apoptosis and regeneration, 

ductular reaction, increasing tissue hypoxia and endothelial dysfunction, scar contraction 

due to an unbalanced presence of vasoconstrictors, pre-neoplastic features are not yet 

fully considered although they could represent optimal tissue biomarkers for the 

development of advanced bio-imaging technologies. Additionally, advanced 

comprehensive liver imaging could resolve the problem of sampling error caused by the 

often non uniform distribution of the fibrogenic process especially in early phases of CLD 

(Hytiroglou et al., 2012). 

6.2 The non-invasive evaluation of liver fibrosis.  

The introduction of different non-invasive measures for assessing the fibrogenic evolution 

of CLD has provided major changes in clinical practice over the past 15 years and has not 

only resulted in earlier detection of patients with hepatic fibrosis, but also new models for 

the stratification, prognostication and treatment of patients with chronic liver diseases 

(EASL-ALEH Clinical Practice Guidelines, 2015; de Franchis, 2015). The tools available 

for non-invasive assessment of fibrosis range from simple scores calculated from routine 

laboratory parameters or more complex serum biomarkers based on the determination of 

circulating components relative to the accumulation and remodelling of the extracellular 

matrix occurring during the fibrogenic process, to elastography techniques to measure liver 

stiffness.  The aim of all these methodologies is to overcome the disadvantages inherent in 

liver biopsy/histology and hepatic venous pressure gradient (HVPG) measurement and, 

ultimately, to reduce the need of these invasive approaches.  Importantly, the use of non-

invasive tests has in several istances progressed beyond the initial purpose of assessing 

the extent of fibrosis, to predicting the consequences of chronic liver disease including 

portal hypertensive complications and the development of HCC (Rosselli et. al, 2013).  



In everyday clinical practice, non-invasive tests are employed to detect two 

histopathological endpoints: significant fibrosis and cirrhosis. The definition of these 

endpoints is dependent on the histological scoring system used. The METAVIR or Ishak 

systems have been used in chronic viral hepatitis and have formed the basis for validation 

of non-invasive tests.  Significant fibrosis refers to a METAVIR score of F2 or greater 

(Ishak ≥3), whereas METAVIR F4 (Ishak ≥5) denotes cirrhosis.  The presence of 

significant fibrosis represents a clear indicator for the tendency of disease progression to 

cirrhosis and end-stage liver disease. Accordingly, any available medical treatment and/or 

change in lifestyle become mandatorily indicated. The diagnosis of cirrhosis defines a 

poorer prognostic group at risk of developing complications of chronic liver disease. These 

patients not only need treatment of the underlying cause but also surveillance for 

complications of portal hypertension and HCC.  The development of either of these 

histopathological endpoints often precedes any overt clinical features, thus highlighting the 

important clinical role of invasive or non-invasive tests for liver fibrosis (Trautwein et al., 

2015). 

In the past decade, particularly in reason of the increasing attention to the extraordinary 

high incidence of NAFLD and the relative potentially evolutive for NASH, several strategies 

for risk stratification of fibrosis progression in patient with NAFLD have been proposed. 

Figure 2 illustrates a simplified scheme employing non-invasive method whose application 

is initiated in primary care with the utilization of simple algorythms derived from standard 

blood tests and clinical features. Along these lines, it is increasingly evident that an 

effective risk assessment and the establishment of effective referral pathways depend 

upon the awareness and the competence of primary care physicians.  

 

 



7.   Liver fibrosis and antifibrotic strategies: clinical endpoints 

The possibiliy of preventing the progression of liver fibrosis in CLD and/or to induce 

fibrosis regression is implicit in the concept of liver fibrosis which is up to a certain extent a 

highly dynamic process (Ramachandran and Henderson, 2016). Reversibility of fibrosis 

has been demonstrated in nearly all chronic liver diseases, following removal of the 

causative agent. In particular,  large clinical trials in patients with chronic viral hepatitis with 

histological evaluation of fibrosis before and after antiviral therapy, have provided 

convincing data that fibrosis can regress even in patients with advanced disease. This is 

clinically very relevant since improvements in liver fibrosis are associated with better 

clinical outcomes and with a significal increase in 10-year survival.  Therefore, effective 

antifibrotic treatments would be highly beneficial, even in patients with advanced fibrotic 

liver disease (Trautwein et al., 2015). 

Overall, the success of antiviral treatments in blocking the fibrogenic progression of 

chronic liver disease has provided key information on the natural history of fibrosis 

regression, and has established important benchmarks and targets for antifibrotic drugs.  

When discussing end-points for antifibrotic treatment is important to make two major 

distinctions. The first is relative to the etiology of CLD and is based on the evidence that 

the primary cause of chronic liver damage influences the prevalent pro-fibrogenic 

mechanisms and the pattern of fibrotic evolution of the disease (Pinzani and Rombouts, 

2004; Böttcher and Pinzani, 2017). This is likely to have important implications especially 

in the early phases of the fibrogenic process when the possibility of fibrosis regression is 

higher also because of the absence or scarce relevance of associated changes in the 

tissue architecture such as significant neo-angiogenesis (Bocca et al., 2015).  

The second distinction is relative to the stage of fibrotic evolution, which should not be 

necessarily identified with the clinical stage of the disease. Indeed, the gross classification 

in pre-cirrhotic and cirrhotic phase of the disease has important implications in terms of 

https://www.sciencedirect.com/topics/medicine-and-dentistry/fibrosis
https://www.sciencedirect.com/topics/medicine-and-dentistry/hepatitis
https://www.sciencedirect.com/topics/medicine-and-dentistry/antiviral-therapy
https://www.sciencedirect.com/topics/medicine-and-dentistry/cirrhosis
https://www.sciencedirect.com/topics/medicine-and-dentistry/liver-fibrosis


end points. Definitively, while there is consistent evidence of the reversibility of fibrosis in 

non cirrhotic liver, the determinants of fibrosis regression in cirrhosis are not sufficiently 

clear, and the so-called “point of no return” in cirrhosis is not clearly established, both in 

morphologic and functional terms. Tissue fibrosis within a cirrhotic liver is characterized by 

an increasing cross-linking of high-density fibrillar collagens (e.g., collagens I and III) as 

well as an increased expression and cross-linking of elastin (Schuppan et al., 2018b). 

Collagen and elastin crosslinking enhances the resistance of established scar tissue to 

degradation. In addition, the ongoing experience on the treatment of HCV in patient with 

cirrhosis has also highlighted the fact that removing the cause of chronic liver damage and 

obtaining a SVR does not immediately result in the abrogation of the fibrogenic process 

that may further progress as suggested by the aggravation of portal hypertension and the 

persistent risk of developing hepatocellular carcinoma (Di Marco et al., 2016; Afdhal et al., 

2017). Thus, removing the causative pathogen may be not sufficient to reliably improve 

clinical outcomes in all patients with liver fibrosis, again highlighting the urgent need for 

directly acting, potent antifibrotic therapies to be employed before, during and after the 

establishment of antiviral therapy. 

In spite of the large amount of information on the causes and the mechanisms responsible 

for the fibrogenic evolution of CLD and the large success of preclinical tests in animal 

models there is not yet a pharmacological compound or a biotechnological strategy that 

can be employed in clinical practice. Several clinical trials investigating the direct or 

indirect antifibrotic effect of different compounds are currently ongoing in Europe 

(https://www.clinicaltrialsregister.eu/ctr-search/search?query=Liver+Fibrosis) and USA 

(https://clinicaltrials.gov/ct2/results?recrs=&cond=liver+fibrosis&term=&cntry=US&state=&

city=&dist=). It is very relevant that the lists in these websites include also clinical trial on 

the diagnostic accuracy of different types of measures for a more accurate patient 

stratification and the monitoring of the antifibrotic effects of different agents.    Regardless, 

https://www.clinicaltrialsregister.eu/ctr-search/search?query=Liver+Fibrosis


it remains to be clarified which fibrosis-related endpoints are effective predictors of clinical 

outcomes and which surrogate markers could be employed. If the trial is conducted in in 

patients with advanced fibrosis/cirrhosis, the hepatic venous pressure gradient (HVPG), 

with HVPG > 10 mm indicating an increased risk of clinical decompensation, could help 

identifying patients responding or not to the treatment. However, the clinical value of 

variations in HVPG, which for values < 10 mmHg are known to have a linear relationship 

with tissue fibrosis, following treatment clearly lacks of precision and can only provide a 

generic insight. Also, in conditions of HVPG <10 mmHg, some additional support derive by 

the use of liver stiffness as a complement or a surrogate of HVPG measurement (Vizzutti 

et al, 2007).  

Conclusions 

The research field of liver fibrosis has reached a stage of maturity and the expectations for 

a more effective clinical management have become more and more realistic. Intensive 

basic research in liver fibrosis, started more than thirty years ago, has somehow 

progressively prompted the attention of clinicians towards this common denominator of 

any liver disease characterized by chronic tissue damage. Accordingly, the past 20 years 

have been characterized by parallel advancements in the identification of targets for anti-

fibrotic therapy and in non-invasive methodologies and biomarkers for assessing the 

fibrotic progression of CLD and potentially the response to treatment. Currently, the 

discussion is centered on which stage of fibrotic evolution would have the maximal benefit 

from antifibrotic therapy and which are the relative realistic clinical endpoints. The large 

number of clinical trials investigating the direct or indirect effect of many antifibrotic drugs 

will certainly lead to the possibility of using some of these agents in the near future and 

this will greatly affect the landscape of Hepatology as well as other medical specialties.  

  



References 

Afdhal N, Everson GT, Calleja JL, McCaughan GW, Bosch J, Brainard DM, McHutchison 
JG, De-Oertel S, An D, Charlton M, Reddy KR, Asselah T, Gane E, Curry MP, Forns X. 
Effect of viral suppression on hepatic venous pressure gradient in hepatitis C with cirrhosis 
and portal hypertension. J Viral Hepat. 2017;24:823-831. doi:10.1111/jvh.12706 

Anstee QM, Seth D, Day CP. Genetic factors that affect risk of alcoholic and nonalcoholic 
fatty liver disease. Gastroenterology. 2016;150:1728-44. doi:10.1053/j.gastro.2016.01.037 

Arndtz K, Hirschfield GM. The Pathogenesis of Autoimmune Liver Disease. Dig Dis. 
2016;34:327-33. doi: 10.1159/000444471 

Asahina K, Zhou B, Pu WT, Tsukamoto H. Septum transversum-derived mesothelium 
gives rise to hepatic stellate cells and perivascular mesenchymal cells in developing 
mouse liver. Hepatology. 2011;53:983-95. doi:10.1002/hep.24119 

Baeck, C. Wehr A, Karlmark KR, Heymann F, Vucur M, Gassler N, Huss S, Klussmann S, 
Eulberg D, Luedde T, Trautwein C, Tacke F. Pharmacological inhibition of the chemokine 
CCL2 (MCP-1) diminishes liver macrophage infiltration and steatohepatitis in chronic 
hepatic injury. Gut. 2012;61: 416-26.  doi:10.1136/gutjnl-2011-300304 

Baeck, C. Wei X, Bartneck M, Fech V, Heymann F, Gassler N, Hittatiya K, Eulberg D, 
Luedde T, Trautwein C, Tacke F. Pharmacological inhibition of the chemokine C‑ C motif 
chemokine ligand 2 (monocyte chemoattractant protein 1) accelerates liver fibrosis 
regression by suppressing Ly‑ 6C+ macrophage infiltration in mice. Hepatology. 
2014;59:1060-72. doi:10.1002/hep.26783 

Ballestri S, Nascimbeni F, Romagnoli D, Baldelli E, Lonardo A. The Role of Nuclear 
Receptors in the Pathophysiology, Natural Course, and Drug Treatment of NAFLD in 
Humans. Adv Ther. 2016;33:291-319. doi:10.1007/s12325-016-0306-9 

Barreyro FJ, Holod S, Finocchietto PV, Camino AM, Aquino JB, Avagnina A, Carreras MC, 
Poderoso JJ, Gores GJ. The pan-caspase inhibitor Emricasan (IDN-6556) decreases liver 
injury and fibrosis in a murine model of non-alcoholic steatohepatitis. Liver Int. 
2015;35:953-66. doi:10.1111/liv.12570 

Barry-Hamilton V, Spangler R, Marshall D, McCauley S, Rodriguez HM, Oyasu M, Mikels 
A, Vaysberg M, Ghermazien H, Wai C, Garcia CA, Velayo AC, Jorgensen B, Biermann D, 
Tsai D, Green J, Zaffryar-Eilot S, Holzer A, Ogg S, Thai D, Neufeld G, Van Vlasselaer P, 
Smith V. Allosteric inhibition of lysyl oxidase-like-2 impedes the development of a 
pathologic microenvironment. Nat Med. 2010;16:1009-17. doi:10.1038/nm.2208   

Bartneck M, Warzecha KT, Tacke F. Therapeutic targeting of liver inflammation and 
fibrosis by nanomedicine. Hepatobiliary Surg Nutr. 2014;3:364-76.  
doi:10.3978/j.issn.2304-3881.2014.11.02 

Bartneck M, Scheyda KM, Warzecha KT, Rizzo LY, Hittatiya K, Luedde T, Storm G, 
Trautwein C, Lammers T, Tacke F. Fluorescent cell-traceable dexamethasone-loaded 
liposomes for the treatment of inflammatory liver diseases. Biomaterials. 2015;37:367-82.  
doi:10.1016/j.biomaterials.2014.10.030 

Bartneck M, Fech V, Ehling J, Govaere O, Warzecha KT, Hittatiya K, Vucur M, Gautheron 
J, Luedde T, Trautwein C, Lammers T, Roskams T, Jahnen-Dechent W, Tacke F. 

https://doi.org/10.1111/jvh.12706
https://doi.org/10.1053/j.gastro.2016.01.037
https://doi.org/10.1159/000444471
https://doi.org/10.1002/hep.24119
https://doi.org/10.1136/gutjnl-2011-300304
https://doi.org/10.1002/hep.26783
https://doi.org/10.1007/s12325-016-0306-9
https://doi.org/10.1111/liv.12570
https://doi.org/10.1038/nm.2208
https://doi.org/10.3978/j.issn.2304-3881.2014.11.02
https://doi.org/10.1016/j.biomaterials.2014.10.030


Histidine-rich glycoprotein promotes macrophage activation and inflammation in chronic 
liver disease. Hepatology. 2016;63:1310-24. doi:10.1002/hep.28418 

Bataller R, Paik YH, Lindquist JN, Lemasters JJ, Brenner DA. Hepatitis C virus core and 
nonstructural proteins induce fibrogenic effects in hepatic stellate cells. Gastroenterology. 
2004;126:529-40. doi:10.1053/j.gastro.2003.11.018 

Bataller R, Sancho-Bru P, Ginès P, Brenner DA. Liver fibrogenesis: a new role for the 
renin-angiotensin system. Antioxid Redox Signal. 2005;7:1346-55. 
doi:10.1089/ars.2005.7.1346 

Behermann B. Pathogenesis of chronic viral hepatitis: differential roles of T cells and NK 
cells.  Nat Med. 2013;19:859-68. doi: 10.1038/nm.3251 

Berenguer M, Schuppan D. Progression of liver fibrosis in post-transplant hepatitis C: 
mechanisms, assessment and treatment. J Hepatol. 2013;58:1028-41.                                     
doi:10.1016/j.jhep.2012.12.014 

Blachier  M,  Leleu  H,  Peck-Radosavljevic  M,  Valla  D-C,  Roudot-Thoraval F. The 
burden of liver disease in Europe: a review of available epidemiological data. J Hepatol. 
2013;58:593-608. doi:10.1016/j.jhep.2012.12.005 

Bocca C, Novo E, Miglietta A, Parola M. Angiogenesis and Fibrogenesis in Chronic Liver 
Diseases. Cell Mol Gastroenterol Hepatol. 2015;1:477-88.        
doi:10.1016/j.jcmgh.2015.06.011 

Boltjes A, van Montfoort N, Biesta PJ, Op den Brouw ML, Kwekkeboom J, van der Laan 
LJ, Janssen HL, Boonstra A, Woltman AM. Kupffer cells interact with hepatitis B surface 
antigen in vivo and in vitro, leading to proinflammatory cytokine production and natural 
killer cell function. J Infect Dis. 2015;211:1268-78. doi:10.1093/infdis/jiu599 

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.                       
doi:10.1016/j.addr.2017.05.016 

Brun P, Castagliuolo I, Pinzani M, Palù G, Martines D. Exposure to bacterial cell wall 
products triggers an inflammatory phenotype in hepatic stellate cells. Am J Physiol 
Gastrointest Liver Physiol. 2005;289:G571-8.  doi:10.1152/ajpgi.00537.2004 

Byass P. The global burden of liver disease: a challenge for methods and for public health. 
BMC Med. 2014;12:159.  doi:10.1186/s12916-014-0159-5 

Calmus Y, Poupon R. Shaping macrophages function and innate immunity by bile acids: 
mechanisms and implication in cholestatic liver diseases. Clin Res Hepatol Gastroenterol. 
2014;38:550-56. doi:10.1016/j.clinre.2014.07.007 

Campana L, Iredale JP. Regression of Liver Fibrosis. Semin Liver Dis. 2017;37:1-10. 
doi:10.1055/s-0036-1597816 

Cannito S, Morello E, Bocca C, Foglia B, Benetti E, Novo E, Chiazza F, Rogazzo M, 
Fantozzi R, Povero D, Sutti S, Bugianesi E, Feldstein AE, Albano E, Collino M, Parola M. 
Microvesicles released from fat-laden cells promote activation of hepatocellular NLRP3 
inflammasome: A pro-inflammatory link between lipotoxicity and non-alcoholic 
steatohepatitis. PLoS One. 2017;12(3):e0172575. doi:10.1371/journal.pone.0172575  

https://doi.org/10.1002/hep.28418
https://doi.org/10.1053/j.gastro.2003.11.018
https://doi.org/10.1089/ars.2005.7.1346
https://doi.org/10.1038/nm.3251
https://doi.org/10.1016/j.jhep.2012.12.014
https://doi.org/10.1016/j.jhep.2012.12.005
https://doi.org/10.1016/j.jcmgh.2015.06.011
https://doi.org/10.1093/infdis/jiu599
https://doi.org/10.1016/j.addr.2017.05.016
https://doi.org/10.1152/ajpgi.00537.2004
https://doi.org/10.1186/s12916-014-0159-5
https://doi.org/10.1016/j.clinre.2014.07.007
https://doi.org/10.1055/s-0036-1597816
https://doi.org/10.1371/journal.pone.0172575


Cannito S, Novo E, Parola M. Therapeutic pro-fibrogenic signaling pathways in fibroblasts. 
Adv Drug Deliv Rev. 2017;121:57-84. doi:10.1016/j.addr.2017.05.017  

Cederbaum AI. Alcohol metabolism. Clin Liver Dis. 2012;16:667-85. 
doi:10.1016/j.cld.2012.08.002 

Chang S, Dolganiuc A, Szabo G. Toll-like receptors 1 and 6 are involved in TLR2-
mediated macrophage activation by hepatitis C virus core and NS3 proteins. J Leukoc 
Biol. 2007;82:479-87. doi:10.1189/jlb.0207128 

Chiaramonte MG, Schopf LR, Neben TY, Cheever AW, Donaldson DD, Wynn TA. IL-13 is 
a key regulatory cytokine for Th2 cell-mediated pulmonary granuloma formation and IgE 
responses induced by Schistosoma mansoni eggs. J Immunol. 1999;162:920-30. 

Choi J, Ou JH. Mechanisms of liver injury. III. Oxidative stress in the pathogenesis of 
hepatitis C virus, Am. J. Physiol. Gastrointest. Liver Physiol. 2006;290:G847-G851. 
doi:10.1152/ajpgi.00522.2005 

Chu AS, Diaz R, Hui J-J, Yanger K, Zong Y, Alpini G, Stanger BZ, Wells RG. Lineage 
tracing demonstrates no evidence of cholangiocyte epithelial-tomesenchymal transition in 
murine models of hepatic fibrosis. Hepatology. 2011;53:1685-95. doi:10.1002/hep.24206 

Claassen MA, de Knegt RJ, Tilanus HW, Janssen HL, Boonstra A. Abundant numbers of 
regulatory T cells localize to the liver of chronic hepatitis C infected patients and limit the 
extent of fibrosis. J Hepatol. 2010;52:315-21. doi:10.1016/j.jhep.2009.12.013 

Clouston AD, Powell EE, Walsh MJ, Richardson MM, Demetris AJ, Jonsson JR. Fibrosis 
correlates with a ductular reaction in hepatitis C: roles of impaired replication, progenitor 
cells and steatosis. Hepatology. 2005;41:809-18. doi:10.1002/hep.20650 

Coll M, El Taghdouini A, Perea L, Mannaerts I, Vila-Casadesús M, Blaya D, Rodrigo-
Torres D, Affò S, Morales-Ibanez O, Graupera I, Lozano JJ, Najimi M, Sokal E, Lambrecht 
J, Ginès P, van Grunsven LA, Sancho-Bru P. Integrative miRNA and Gene Expression 
Profiling Analysis of Human Quiescent Hepatic Stellate Cells. Sci Rep. 2015;5:11549. 
doi:10.1038/srep11549  

Colmenero J, Bataller R, Sancho-Bru P, Domínguez M, Moreno M, Forns X, Bruguera M, 
Arroyo V, Brenner DA, Ginès P. Effects of losartan on hepatic expression of 
nonphagocytic NADPH oxidase and fibrogenic genes in patients with chronic hepatitis C. 
Am J Physiol Gastrointest Liver Physiol. 2009;297:G726-34. doi:10.1152/ajpgi.00162.2009 

Connolly MK, Bedrosian AS, Mallen-St Clair J, Mitchell AP, Ibrahim J, Stroud A, Pachter 
HL, Bar-Sagi D, Frey AB, Miller G. In liver fibrosis, dendritic cells govern hepatic 
inflammation in mice via TNF-alpha. J Clin Invest. 2009;119:3213-25. 
doi:10.1172/JCI37581 

Dapito DH, Mencin A, Gwak GY, Pradere JP, Jang MK, Mederacke I, Caviglia JM, 
Khiabanian H, Adeyemi A, Bataller R, Lefkowitch JH, Bower M, Friedman R, Sartor RB, 
Rabadan R, Schwabe R Promotion of hepatocellular carcinoma by the intestinal 
microbiota and TLR4. Cancer Cell. 2012;21:504-16.  doi:10.1016/j.ccr.2012.02.007  

de Franchis R. Expanding consensus in portal hypertension: Report of the Baveno VI 
Consensus Workshop: Stratifying risk and individualizing care for portal hypertension. J 
Hepatol. 2015;63:743-52. doi: 10.1016/j.jhep.2015.05.022 

https://doi.org/10.1016/j.addr.2017.05.017
https://doi.org/10.1016/j.cld.2012.08.002
https://doi.org/10.1189/jlb.0207128
https://doi.org/10.1152/ajpgi.00522.2005
https://doi.org/10.1002/hep.24206
https://doi.org/10.1016/j.jhep.2009.12.013
https://doi.org/10.1002/hep.20650
https://doi.org/10.1038/srep11549
https://doi.org/10.1152/ajpgi.00162.2009
https://doi.org/10.1172/JCI37581
https://doi.org/10.1016/j.ccr.2012.02.007
https://doi.org/10.1016/j.jhep.2015.05.022


Di Marco V, Calvaruso V, Ferraro D, Bavetta MG, Cabibbo G, Conte E, Cammà C, 
Grimaudo S, Pipitone RM, Simone F, Peralta S, Arini A, Craxì A. Effects of Eradicating 
Hepatitis C Virus Infection in Patients With Cirrhosis Differ With Stage of Portal 
Hypertension. Gastroenterology. 2016;151:130-139.e2.  doi:10.1053/j.gastro.2016.03.036 

Dolganiuc A, Thomes PG, Ding WX, Lemasters JJ, Donohue TM Jr. Autophagy in alcohol-
induced liver diseases. Alcohol Clin Exp Res. 2012;36:1301-8.                      
doi:10.1111/j.1530-0277.2012.01742.x                

Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, Parks EJ. Sources of 
fatty acids stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty 
liver disease. J Clin Invest. 2005;115:1343-51. doi:10.1172/JCI23621 

Dranoff JA, Wells RG. Portal fibroblasts: underappreciated mediators of biliary fibrosis. 
Hepatology. 2010;51:1438-44. doi:10.1002/hep.23405 

Duwaerts CC, Gehring S, Cheng CW, van Rooijen N, Gregory SH. Contrasting responses 
of Kupffer cells and inflammatory mononuclear phagocytes to biliary obstruction in a 
mouse model of cholestatic liver injury. Liver Int. 2013;33:255-65. doi:10.1111/liv.12048 

EASL-ALEH Clinical Practice Guidelines: Non-invasive tests for evaluation of liver disease 
severity and prognosis. J Hepatol. 2015;63:237-64. doi:10.1016/j.jhep.2015.04.006 

Eguchi A, Koyama Y, Wree A, Johnson CD, Nakamura R, Povero D, Kneiber D, Tameda 
M, Contreras P, Spada A, Feldstein AE. Emricasan, a pan-caspase inhibitor, improves 
survival and portal hypertension in a murine model of common bile-duct ligation. J Mol 
Med (Berl). 2018 May 5, in press. doi:10.1007/s00109-018-1642-9 

El-Serag HB. Hepatocellular carcinoma. N Engl J Med. 2011;365:1118-27. 
doi:10.1056/NEJMra1001683 

El-Serag HB. Epidemiology of viral hepatitis and hepatocellular carcinoma. 
Gastroenterology. 2012;142:1264-73. doi:10.1053/j.gastro.2011.12.061 

Ergen C, Heymann F, Al Rawashdeh W, Gremse F, Bartneck M, Panzer U, Pola R, 
Pechar M, Storm G, Mohr N, Barz M, Zentel R, Kiessling F, Trautwein C, Lammers T, 
Tacke F.Targeting distinct myeloid cell populations in vivo using polymers, liposomes and 
microbubbles. Biomaterials. 2017;114:106-20. doi:10.1016/j.biomaterials.2016.11.009 

Eslam M, Valenti L, Romeo S. Genetics and epigenetics of NAFLD and NASH: Clinical 
impact. J Hepatol. 2018;68:268-79. doi:10.1016/j.jhep.2017.09.003 

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.           
doi:10.1152/ajpgi.00452.2016 

Fausther M, Goree JR, Lavoie ÉG, Graham AL, Sévigny J, Dranoff JA. Establishment and 
characterization of rat portal myofibroblast cell lines. PLoS One. 2015;10(3):e0121161. 
doi:10.1371/journal.pone.0121161 

Fickert P, Fuchsbichler A, Moustafa T, Wagner M, Zollner G, Halilbasic E, Stöger U, 
Arrese M, Pizarro M, Solís N, Carrasco G, Caligiuri A, Sombetzki M, Reisinger E, 
Tsybrovskyy O, Zatloukal K, Denk H, Jaeschke H, Pinzani M, Trauner M. Farnesoid X 
receptor critically determines the fibrotic response in mice but is expressed to a low extent 

https://doi.org/10.1053/j.gastro.2016.03.036
https://doi.org/10.1111/j.1530-0277.2012.01742.x
https://doi.org/10.1172/JCI23621
https://doi.org/10.1002/hep.23405
https://doi.org/10.1111/liv.12048
https://doi.org/10.1016/j.jhep.2015.04.006
https://doi.org/10.1007/s00109-018-1642-9
https://doi.org/10.1056/NEJMra1001683
https://doi.org/10.1053/j.gastro.2011.12.061
https://doi.org/10.1016/j.biomaterials.2016.11.009
https://doi.org/10.1016/j.jhep.2017.09.003
https://doi.org/10.1152/ajpgi.00452.2016
https://doi.org/10.1371/journal.pone.0121161


in human hepatic stellate cells and periductal myofibroblasts. Am J Pathol. 2009;175:2392-
405. doi:10.2353/ajpath.2009.090114 

Forbes SJ, Russo F, Rey V, Burra P, Rugge M, Wright NA, Alison MR.  A significant 
proportion of myofibroblasts are of bone marrow origin in human liver fibrosis. 
Gastroenterology. 2004;126:955-63.  

Forbes SJ, Parola M. Liver fibrogenic cells. Best Pract Res Clin Gastroenterol. 2011;25: 
207-17. doi:10.1016/j.bpg.2011.02.006 

Forbes SJ, Gupta S, Dhawan A. Cell therapy for liver disease: From liver transplantation to 
cell factory. J Hepatol. 2015;62:S157-S169. doi:10.1016/j.jhep.2015.02.040 

Friedman SL. Hepatic stellate cells: protean, multifunctional, and enigmatic cells of the 
liver. Physiol Rev. 2008;88:125-72. doi:10.1152/physrev.00013.2007  

Friedman SL, Ratziu V, Harrison SA, Abdelmalek MF, Aithal GP, Caballeria J, Francque S, 
Farrell G, Kowdley KV, Craxi A, Simon K, Fischer L, Melchor-Khan L, Vest J, Wiens BL, 
Vig P, Seyedkazemi S, Goodman Z, Wong VW, Loomba R, Tacke F, Sanyal A, Lefebvre 
E. A randomized, placebo-controlled trial of cenicriviroc for treatment of nonalcoholic 
steatohepatitis with fibrosis. Hepatology. 2018;67:1754-67. doi:10.1002/hep.29477 

Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mechanisms of NAFLD 
development and therapeutic strategies. Nat Med. 2018;24:908-22.                     
doi:10.1038/s41591-018-0104-9 

Gadd VL, Skoien R, Powell EE, Fagan KJ, Winterford C, Horsfall L, Irvine K, Clouston AD. 
The portal inflammatory infiltrate and ductular reaction in human nonalcoholic fatty liver 
disease. Hepatology. 2014;59:1393-405. doi:10.1002/hep.26937 

Gao B, Bataller R. Alcoholic liver disease: pathogenesis and new therapeutic targets. 
Gastroenterology. 2011;141:1572-85. doi:10.1053/j.gastro.2011.09.002 

Gao B, Radaeva S. Natural killer and natural killer T cells in liver fibrosis. Biochim Biophys 
Acta. 2013;1832:1061-69. doi:10.1016/j.bbadis.2012.09.008 

García-Pagán JC, Gracia-Sancho J, Bosch J. Functional aspects on the pathophysiology 
of portal hypertension in cirrhosis. J Hepatol. 2012;57:458-61. 
doi:10.1016/j.jhep.2012.03.007 

Germani G, Hytiroglou P, Fotiadu A, Burroughs AK, Dhillon AP. Assessment of fibrosis 
and cirrhosis in liver biopsies: an update. Semin Liver Dis. 2011;31:82-90.                              
doi: 10.1055/s-0031-1272836 

Ghiassi-Nejad Z, Hernandez-Gea V, Woodrell C, Lang UE, Dumic K, Kwong A, Friedman 
SL. Reduced hepatic stellate cell expression of Kruppel-like factor 6 tumor suppressor 
isoforms amplifies fibrosis during acute and chronic rodent liver injury. Hepatology. 
2013;57:786-96. doi:10.1002/hep.26056 

Gong Z, Zhou J, Zhao S, Tian C, Wang P, Xu C, et al. Chenodeoxycholic acid activates 
NLRP3 inflammasome and contributes to cholestatic liver fibrosis. Oncotarget. 2016; 
20;7:83951-63. doi:10.18632/oncotarget.13796 

Guidotti LG, Chisari FV. Immunobiology and pathogenesis of viral hepatitis. Annu Rev 
Pathol. 2006;1:23–61. doi:10.1146/annurev.pathol.1.110304.100230 

https://doi.org/10.2353/ajpath.2009.090114
https://doi.org/10.1016/j.bpg.2011.02.006
https://doi.org/10.1016/j.jhep.2015.02.040
https://doi.org/10.1152/physrev.00013.2007
https://doi.org/10.1002/hep.29477
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.1002/hep.26937
https://doi.org/10.1053/j.gastro.2011.09.002
https://doi.org/10.1016/j.bbadis.2012.09.008
https://doi.org/10.1016/j.jhep.2012.03.007
https://doi.org/10.1055/s-0031-1272836
https://doi.org/10.1002/hep.26056
https://doi.org/10.18632/oncotarget.13796
https://doi.org/10.1146/annurev.pathol.1.110304.100230


Guo C, Xie S, Chi Z, Zhang J, Liu Y, Zhang L, Zheng M, Zhang X, Xia D, Ke Y, Lu L, 
Wang D. Bile acids control inflammation and metabolic disorder through inhibition of 
NLRP3 inflammasome. Immunity. 2016;45:802-16. doi:10.1016/j.immuni.2016.09.008 

Hao C, Xie Y, Peng M, Ma L, Zhou Y, Zhang Y, Kang W, Wang J, Bai X, Wang P, Jia Z. 
Inhibition of connective tissue growth factor suppresses hepatic stellate cell activation in 
vitro and prevents liver fibrosis in vivo. Clin Exp Med. 2014;14:141-50. 
doi:10.1007/s10238-013-0229-6  

Hao H, Zhang D, Shi J, Wang Y, Chen L, Guo Y, Ma J, Jiang X, Jiang H. Sorafenib 
induces autophagic cell death and apoptosis in hepatic stellate cell through the JNK and 
Akt signaling pathways. Anticancer Drugs. 2016;27:192-203.      
doi:10.1097/CAD.0000000000000316 

Harrison SA, Marri SR, Chalasani N, Kohli R, Aronstein W, Thompson GA, Irish W, Miles 
MV, Xanthakos SA, Lawitz E, Noureddin M, Schiano TD, Siddiqui M, Sanyal A, 
Neuschwander-Tetri BA, Traber PG. Randomised clinical study: GR-MD-02, a galectin-3 
inhibitor, vs. placebo in patients having non-alcoholic steatohepatitis with advanced 
fibrosis. Aliment Pharmacol Ther. 2016;44:1183-98. doi:10.1111/apt.13816 

Harty MW, Muratore CS, Papa EF, Gart MS, Ramm GA, Gregory SH, Tracy TF Jr. 
Neutrophil depletion blocks early collagen degradation in repairing cholestatic rat livers. 
Am J Pathol. 2010;176:1271-81. doi:10.2353/ajpath.2010.090527 

Hauff P, Gottwald U, Ocker M. Early to Phase II drugs currently under investigation for the 
treatment of liver fibrosis. Expert Opin Investig Drugs. 2015;24:309-27. 
doi:10.1517/13543784.2015.997874 

Hazra S, Xiong S, Wang J, Rippe RA, Krishna V, Chatterjee K, Tsukamoto H. Peroxisome 
proliferator-activated receptor gamma induces a phenotypic switch from activated to 
quiescent hepatic stellate cells. J Biol Chem. 2004;279:11392-401. 
doi:10.1074/jbc.M310284200  

Henderson NC, Arnold TD, Katamura Y, Giacomini MM, Rodriguez JD, McCarty JH, 
Pellicoro A, Raschperger E, Betsholtz C, Ruminski PG, Griggs DW, Prinsen MJ, Maher JJ, 
Iredale JP, Lacy-Hulbert A, Adams RH, Sheppard D. Targeting of αv integrin identifies a 
core molecular pathway that regulates fibrosis in several organs. Nat Med. 2013;19:1617-
24. doi:10.1038/nm.3282 

Hernández-Gea V, Ghiassi-Nejad Z, Rozenfeld R, Gordon R, Fiel MI, Yue Z, Czaja MJ, 
Friedman SL. Autophagy releases lipid that promotes fibrogenesis by activated hepatic 
stellate cells in mice and in human tissues. Gastroenterology. 2012;142:938-46. 
doi:10.1053/j.gastro.2011.12.044 

Hernández-Gea V, Hilscher M, Rozenfeld R, Lim MP, Nieto N, Werner S, Devi LA, 
Friedman SL. Endoplasmic reticulum stress induces fibrogenic activity in hepatic stellate 
cells through autophagy. J Hepatol. 2013;59:98-104. doi:10.1016/j.jhep.2013.02.016 

Higashi T, Friedman SL, Hoshida Y. Hepatic stellate cells as key target in liver fibrosis. 
Adv Drug Deliv Rev. 2017 Nov 1;121:27-42. doi:10.1016/j.addr.2017.05.007 

Hirschfield GM, Mason A, Luketic V, Lindor K, Gordon SC, Mayo M, Kowdley KV, Vincent 
C, Bodhenheimer HC Jr, Parés A, Trauner M, Marschall HU, Adorini L, Sciacca C, 
Beecher-Jones T, Castelloe E, Böhm O, Shapiro D. Efficacy of obeticholic acid in patients 

https://doi.org/10.1016/j.immuni.2016.09.008
https://doi.org/10.1007/s10238-013-0229-6
https://doi.org/10.1097/CAD.0000000000000316
https://doi.org/10.1111/apt.13816
https://doi.org/10.2353/ajpath.2010.090527
https://doi.org/10.1517/13543784.2015.997874
https://doi.org/10.1074/jbc.M310284200
https://doi.org/10.1038/nm.3282
https://doi.org/10.1053/j.gastro.2011.12.044
https://doi.org/10.1016/j.jhep.2013.02.016
https://doi.org/10.1016/j.addr.2017.05.007


with primary biliary cirrhosis and inadequate response to ursodeoxycholic acid. 
Gastroenterology. 2015;148:751-61.e8. doi:10.1053/j.gastro.2014.12.005 

Hofmann AF, Hagey LR. Bile acids: chemistry, pathochemistry, biology, pathobiology, and 
therapeutics. Cell Mol Life Sci. 2008;65:2461-83. doi:10.1007/s00018-008-7568-6 

Holmen OL, Zhang H, Fan Y, Hovelson DH, Schmidt EM, Zhou W, Guo Y, Zhang J, 
Langhammer A, Løchen ML, Ganesh SK, Vatten L, Skorpen F, Dalen H, Zhang J, 
Pennathur S, Chen J, Platou C, Mathiesen EB, Wilsgaard T, Njølstad I, Boehnke M, Chen 
YE, Abecasis GR, Hveem K, Willer CJ. Systematic evaluation of coding variation identifies 
a candidate causal variant in TM6SF2 influencing total cholesterol and myocardial 
infarction risk. Nat Genet. 2014;46:345-51. doi:10.1038/ng.2926 

Hosomura N, Kono H, Tsuchiya M, Ishii K, Ogiku M, Matsuda M, Fujii H. HCVrelated 
proteins activate Kupffer cells isolated from human liver tissues. Dig Dis Sci. 
2011;56:1057–1064. doi:10.1007/s10620-010-1395-y 

Hytiroglou P, Snover DC, Alves V, Balabaud C, Bhathal PS, Bioulac-Sage P, Crawford JM, 
Dhillon AP, Ferrell L, Guido M, Nakanuma Y, Paradis V, Quaglia A, Theise ND, Thung SN, 
Tsui WM, van Leeuwen DJ. Beyond "cirrhosis": a proposal from the International Liver 
Pathology Study Group. Am J Clin Pathol. 2012;137:5-9.                        
doi:10.1309/AJCP2T2OHTAPBTMP 

Iredale JP, Thompson A, Henderson NC. Extracellular matrix degradation in liver fibrosis: 
Biochemistry and regulation. Biochim Biophys Acta. 2013;1832:876-83.                     
doi:10.1016/j.bbadis.2012.11.002 

Iwaisako K, Haimerl M, Paik YH, Taura K, Kodama Y, Sirlin C, Yu E, Yu RT, Downes M, 
Evans RM, Brenner DA, Schnabl B. Protection from liver fibrosis by a peroxisome 
proliferator-activated receptor δ agonist. Proc Natl Acad Sci U S A. 2012;109:E1369-76. 
doi:10.1073/pnas.1202464109 

Iwaisako K, Jiang C, Zhang M, Cong M, Moore-Morris TJ, Park TJ, Liu X, Xu J, Wang P, 
Paik YH, Meng F, Asagiri M, Murray LA, Hofmann AF, Iida T, Glass CK, Brenner DA. Proc 
Natl Acad Sci U S A. 2014;111:E3297-305. doi:10.1073/pnas.1400062111  

Jeong WI, Park O, Gao B. Abrogation of the antifibrotic effects of natural killer 
cells/interferon-gamma contributes to alcohol acceleration of liver fibrosis. 
Gastroenterology. 2008;134:248-58. doi:10.1053/j.gastro.2007.09.034 

Ji J, Eggert T, Budhu A, Forgues M, Takai A, Dang H, Ye Q, Lee JS, Kim JH, Greten TF, 
Wang XW. Hepatic stellate cell and monocyte interaction contributes to poor prognosis in 
hepatocellular carcinoma. Hepatology. 2015;62:481-95. doi:10.1002/hep.27822 

Jiao J, Ooka K, Fey H, Fiel MI, Rahmman AH, Kojima K, Hoshida Y, Chen X, de Paula T, 
Vetter D, Sastre D, Lee KH, Lee Y, Bansal M, Friedman SL, Merad M, Aloman C. 
Interleukin-15 receptor α on hepatic stellate cells regulates hepatic fibrogenesis in mice.       
J Hepatol. 2016;65:344-53. doi:10.1016/j.jhep.2016.04.020     

Jun JI, Lau LF. Taking aim at the extracellular matrix: CCN proteins as emerging 
therapeutic targets. Nat Rev Drug Discov. 2011;10:945-63. doi:10.1038/nrd3599 

Ju C, Mandrekar P. Macrophages and alcohol-related liver inflammation. Alcohol Res. 
2015;37:251-62. 

https://doi.org/10.1053/j.gastro.2014.12.005
https://doi.org/10.1007/s00018-008-7568-6
https://doi.org/10.1038/ng.2926
https://doi.org/10.1007/s10620-010-1395-y
https://doi.org/10.1309/AJCP2T2OHTAPBTMP
https://doi.org/10.1016/j.bbadis.2012.11.002
https://doi.org/10.1073/pnas.1202464109
https://doi.org/10.1073/pnas.1400062111
https://doi.org/10.1053/j.gastro.2007.09.034
https://doi.org/10.1002/hep.27822
https://doi.org/10.1016/j.jhep.2016.04.020
https://doi.org/10.1038/nrd3599


Ju C, Tacke F. Hepatic macrophages in homeostasis and liver diseases: from 
pathogenesis to novel therapeutic strategies. Cell Mol Immunol. 2016;13:316–327. 
doi:10.1038/cmi.2015.104 

Karlmark KR, Zimmermann HW, Roderburg C, Gassler N, Wasmuth HE, Luedde T, 
Trautwein C, Tacke F. The fractalkine receptor CX(3)CR1 protects against liver fibrosis by 
controlling differentiation and survival of infiltrating hepatic monocytes. Hepatology. 
2010;52:1769-82. doi:10.1002/hep.23894 

Kaviratne M, Hesse M, Leusink M, Cheever AW, Davies SJ, McKerrow JH, Wakefield LM, 
Letterio JJ, Wynn TA. IL-13 activates a mechanism of tissue fibrosis that is completely 
TGF-beta independent. J Immunol. 2004;173:4020-29. doi:10.4049/jimmunol.173.6.4020 

Kawada N. Cytoglobin as a Marker of Hepatic Stellate Cell-derived Myofibroblasts. Front 
Physiol. 2015;6:329. doi:10.3389/fphys.2015.00329 

Kawasaki K, Ushioda R, Ito S, Ikeda K, Masago Y, Nagata K. Deletion of the collagen-
specific molecular chaperone Hsp47 causes endoplasmic reticulum stress-mediated 
apoptosis of hepatic stellate cells. J Biol Chem. 2015;290:3639-46. 
doi:10.1074/jbc.M114.592139   

Keitel V, Donner M, Winandy S, Kubitz R, Haussinger D. Expression and function of the 
bile acid receptor TGR5 in Kupffer cells. Biochem Biophys Res Commun. 2008;372:78–84. 
doi:10.1016/j.bbrc.2008.04.171 

King A, Barton D, Beard HA, Than N, Moore J, Corbett C, Thomas J, Guo K, Guha I, 
Hollyman D, Stocken D, Yap C, Fox R, Forbes SJ, Newsome PN. REpeated AutoLogous 
Infusions of Stem cells In Cirrhosis (REALISTIC): a multicentre, phase II, open-label, 
randomised controlled trial of repeated autologous infusions of granulocyte colony-
stimulating factor (GCSF) mobilised CD133+ bone marrow stem cells in patients with 
cirrhosis. A study protocol for a randomised controlled trial. BMJ Open. 
2015;5(3):e007700. doi:10.1136/bmjopen-2015-007700 

Kinnman N, Housset C. Peribiliary myofibroblasts in biliary type liver fibrosis, Front. Biosci. 
2002;7:d496–d503.  

Kisseleva T, Uchinami H, Feirt N, Quintana-Bustamante O, Segovia JC, Schwabe RF, 
Brenner DA. Bone marrow-derived fibrocytes participate in pathogenesis of liver fibrosis. J 
Hepatol. 2006;45:429-38. doi:10.1016/j.jhep.2006.04.014 

Kisseleva T, Cong M, Paik Y, Scholten D, Jiang C, Benner C, Iwaisako K, Moore-Morris T, 
Scott B, Tsukamoto H, Evans SM, Dillmann W, Glass CK, Brenner DA. Myofibroblasts 
revert to an inactive phenotype during regression of liver fibrosis. Proc Natl Acad Sci U S 
A. 2012;109:9448-53. doi:10.1073/pnas.1201840109 

Kisseleva T. Origin of myofibroblasts in the fibrotic liver in mice. Proc Natl Acad Sci U S A. 
2014 Aug 12;111(32):E3297-305. doi:10.1073/pnas.1400062111 

Kluwe J, Pradere JP, Gwak GY, Mencin A, De Minicis S, Osterreicher CH, Colmenero J, 
Bataller R, Schwabe RF. Modulation of hepatic fibrosis by c-Jun-N-terminal kinase 
inhibition. Gastroenterology. 2010;138:347-59. doi:10.1053/j.gastro.2009.09.015 

Kong B1, Luyendyk JP, Tawfik O, Guo GL. Farnesoid X receptor deficiency induces 
nonalcoholic steatohepatitis in low-density lipoprotein receptor-knockout mice fed a high-
fat diet. J Pharmacol Exp Ther. 2009;328:116-22. doi:10.1124/jpet.108.144600   

https://doi.org/10.1038/cmi.2015.104
https://doi.org/10.1002/hep.23894
https://doi.org/10.3389/fphys.2015.00329
https://doi.org/10.1074/jbc.M114.592139
https://doi.org/10.1016/j.bbrc.2008.04.171
https://doi.org/10.1136/bmjopen-2015-007700
https://doi.org/10.1016/j.jhep.2006.04.014
https://doi.org/10.1073/pnas.1201840109
https://doi.org/10.1073/pnas.1400062111
https://doi.org/10.1053/j.gastro.2009.09.015
https://doi.org/10.1124/jpet.108.144600


Koo JH, Lee HJ, Kim W, Kim SG. Endoplasmic Reticulum Stress in Hepatic Stellate Cells 
Promotes Liver Fibrosis via PERK-Mediated Degradation of HNRNPA1 and Up-regulation 
of SMAD2. Gastroenterology. 2016;150:181-93.e8. doi:10.1053/j.gastro.2015.09.039 

Kornek M, Schuppan D. Microparticles: Modulators and biomarkers of liver disease. J 
Hepatol. 2012;57:1144-46. doi:10.1016/j.jhep.2012.07.029 

Koyama Y, Brenner DA. Liver inflammation and fibrosis. J Clin Invest. 2017;127:55-64. 
doi:10.1172/JCI88881 

Kozlitina J, Smagris E, Stender S, Nordestgaard BG, Zhou HH, Tybjaerg-Hansen A, Vogt 
TF, Hobbs HH, Cohen JC. Exome-wide association study identifies a TM6SF2 variant that 
confers susceptibility to nonalcoholic fatty liver disease. Nat Genet. 2014;46:352-56. 
doi:10.1038/ng.2901 

Krenkel O, Tacke F. Liver macrophages in tissue homeostasis and disease. Nat Rev 
Immunol. 2017;17:306-21. doi: 10.1038/nri.2017.11 

Krenkel O, Puengel T, Govaere O, Abdallah AT, Mossanen JC, Kohlhepp M, Liepelt A, 
Lefebvre E, Luedde T, Hellerbrand C, Weiskirchen R, Longerich T, Costa IG, Anstee QM, 
Trautwein C, Tacke F. Therapeutic inhibition of inflammatory monocyte recruitment 
reduces steatohepatitis and liver fibrosis. Hepatology. 2018;67:1270-83. 
doi:10.1002/hep.29544 

Kuramitsu K, Sverdlov DY, Liu SB, Csizmadia E, Burkly L, Schuppan D, Hanto DW, 
Otterbein LE, Popov Y. Failure of fibrotic liver regeneration in mice is linked to a severe 
fibrogenic response driven by hepatic progenitor cell activation. Am J Pathol. 
2013;183:182-94. doi:10.1016/j.ajpath.2013.03.018 

Langhans B, Alwan AW, Krämer B, Glässner A, Lutz P, Strassburg CP, Nattermann J, 
Spengler U. Regulatory CD4+ T cells modulate the interaction between NK cells and 
hepatic stellate cells by acting on either cell type. J Hepatol. 2015;62:398-404.  
doi:10.1016/j.jhep.2014.08.038  

Lee YA, Wallace MC, Friedman SL. Pathobiology of liver fibrosis: a translational success 
story. Gut. 2015;64:830-41. Doi:10.1136/gutjnl-2014-306842 

Lemoinne S, Cadoret A, El Mourabit H, Thabut D, Housset C. Origins and functions of liver 
myofibroblasts. Biochim Biophys Acta. 2013;1832:948-54. 
doi:10.1016/j.bbadis.2013.02.019 

Lemoinne S, Thabut D, Housset C. Portal myofibroblasts connect angiogenesis and 
fibrosis in liver. Cell Tissue Res. 2016;365:583-89. doi:10.1007/s00441-016-2443-5 

Li G, Xie Q, Shi Y, Li D, Zhang M, Jiang S, Zhou H, Lu H, Jin Y. Inhibition of connective 
tissue growth factor by siRNA prevents liver fibrosis in rats. J Gene Med. 2006;8:889-900.  
doi:10.1002/jgm.894  

Li S, Dou X, Ning H, Song Q, Wei W, Zhang X, Shen C, Li J, Sun C, Song Z. Sirtuin 3 acts 
as a negative regulator of autophagy dictating hepatocyte susceptibility to lipotoxicity. 
Hepatology. 2017;66:936-52. doi:10.1002/hep.29229 

Li Y, Wang J, Asahina K. Mesothelial cells give rise to hepatic stellate cells and 
myofibroblasts via mesothelial-mesenchymal transition in liver injury. Proc Natl Acad Sci 
USA. 2013;110:2324-29. doi:10.1073/pnas.1214136110 

https://doi.org/10.1053/j.gastro.2015.09.039
https://doi.org/10.1016/j.jhep.2012.07.029
https://doi.org/10.1172/JCI88881
https://doi.org/10.1038/ng.2901
https://doi.org/10.1038/nri.2017.11
https://doi.org/10.1002/hep.29544
https://doi.org/10.1016/j.ajpath.2013.03.018
https://doi.org/10.1016/j.jhep.2014.08.038
https://doi.org/10.1136/gutjnl-2014-306842
https://doi.org/10.1016/j.bbadis.2013.02.019
https://doi.org/10.1007/s00441-016-2443-5
https://doi.org/10.1002/jgm.894
https://doi.org/10.1002/hep.29229
https://doi.org/10.1073/pnas.1214136110


Lieber, CS. Alcoholic fatty liver: its pathogenesis and mechanism of progression to 
inflammation and fibrosis. Alcohol. 2004;34:9-19. doi:10.1016/j.alcohol.2004.07.008 

Liu Y, Meyer C, Müller A, Herweck F, Li Q, Müllenbach R, Mertens PR, Dooley S, Weng 
HL. IL-13 induces connective tissue growth factor in rat hepatic stellate cells via TGF-β-
independent Smad signaling. J Immunol. 2011;187:2814-23.  
doi:10.4049/jimmunol.1003260 

Liu YL, Patman GL, Leathart JB, Piguet AC, Burt AD, Dufour JF, Day CP, Daly AK, 
Reeves HL, Anstee QM. Carriage of the PNPLA3 rs738409 C >G polymorphism confers 
an increased risk of non-alcoholic fatty liver disease associated hepatocellular carcinoma. 
J Hepatol. 2014;61:75-81. doi:10.1016/j.jhep.2014.02.030 

Liu YL, Reeves HL, Burt AD, Tiniakos D, McPherson S, Leathart JB, Allison ME, 
Alexander GJ, Piguet AC, Anty R, Donaldson P, Aithal GP, Francque S, Van Gaal L, 
Clement K, Ratziu V, Dufour JF, Day CP, Daly AK, Anstee QM. TM6SF2 rs58542926 
influences hepatic fibrosis progression in patients with non-alcoholic fatty liver disease. Nat 
Commun. 2014;5:4309. doi:10.1038/ncomms5309 

Lodder J, Denaes T, Chobert MN, Wan J, El-Benna J, Pawlotsky JM, Lotersztajn S, 
Teixeira-Clerc F. Macrophage autophagy protects against liver fibrosis in mice. Autophagy. 
2015;11:1280-92. doi:10.1080/15548627.2015.1058473 

Loomba R, Lawitz E, Mantry PS, Jayakumar S, Caldwell SH, Arnold H, Diehl AM, Djedjos 
CS, Han L, Myers RP, Subramanian GM, McHutchison JG, Goodman ZD, Afdhal NH, 
Charlton MR; GS-US-384-1497 Investigators. The ASK1 inhibitor selonsertib in patients 
with nonalcoholic steatohepatitis: A randomized, phase 2 trial. Hepatology. 2018; in press.  
doi:10.1002/hep.29514 

Louvet A, Mathurin P. Alcoholic liver disease: mechanisms of injury and targeted 
treatment. Nat Rev Gastroenterol Hepatol. 2015;12:231-42.  doi:10.1038/nrgastro.2015.35 

Lowes KN, Brennan BA, Yeoh GC, Olynyk JK. Oval cell numbers in human chronic liver 
diseases are directly related to disease severity. Am J Pathol. 1999;154:537-41.                    
doi:10.1016/S0002-9440(10)65299-6 

Luangmonkong T, Suriguga S, Mutsaers HAM, Groothuis GMM, Olinga P, Boersema M. 
Targeting Oxidative Stress for the Treatment of Liver Fibrosis. Rev Physiol Biochem 
Pharmacol. 2018 May 5; in press.  doi:10.1007/112_2018_10 

Luedde T, Kaplowitz N, Schwabe RF. Cell death and cell death responses in liver disease: 
mechanisms and clinical relevance. Gastroenterology. 2014;147:765-83. 
doi:10.1053/j.gastro.2014.07.018 

Machado MV, Cortez-Pinto H. Nuclear receptors: how do they position in non-alcoholic 
fatty liver disease treatment? Liver Int. 2014;34:1291-94. doi:10.1111/liv.12578 

Mann J, Chu DC, Maxwell A, Oakley F, Zhu NL, Tsukamoto H, Mann DA. MeCP2 controls 
an epigenetic pathway that promotes myofibroblast transdifferentiation and fibrosis. 
Gastroenterology. 2010;138:705-14, 714.e1-4. doi:10.1053/j.gastro.2009.10.002   

Marcellin P, Kutala BK. Liver diseases: A major, neglected global public health problem 
requiring urgent actions and large-scale screening. Liver Int. 2018;38:Suppl 1:2-6.                  
doi:10.1111/liv.13682 

https://doi.org/10.1016/j.alcohol.2004.07.008
https://doi.org/10.4049/jimmunol.1003260
https://doi.org/10.1016/j.jhep.2014.02.030
https://doi.org/10.1038/ncomms5309
https://doi.org/10.1080/15548627.2015.1058473
https://doi.org/10.1002/hep.29514
https://doi.org/10.1038/nrgastro.2015.35
https://doi.org/10.1016/S0002-9440(10)65299-6
https://doi.org/10.1007/112_2018_10
https://doi.org/10.1053/j.gastro.2014.07.018
https://doi.org/10.1111/liv.12578
https://doi.org/10.1053/j.gastro.2009.10.002
https://doi.org/10.1111/liv.13682


Marchesi JR, Adams DH, Fava F, Hermes GD, Hirschfield GM, Hold G, Quraishi MN, 
Kinross J, Smidt H, Tuohy KM, Thomas LV, Zoetendal EG, Hart A. The gut microbiota and 
host health: a new clinical frontier. Gut. 2016;65:330-39. doi:10.1136/gutjnl-2015-309990 

Marra F, Lotersztajn S. Pathophysiology of NASH: perspectives for a targeted treatment. 
Curr Pharm Des. 2013;19:5250-69.  doi:10.2174/13816128113199990344 

Marra F, Tacke F. Roles for chemokines in liver disease. Gastroenterology. 2014;147:577-
94. doi:10.1053/j.gastro.2014.06.043   

Marra F, Svegliati-Baroni G. Lipotoxicity and the gut-liver axis in NASH pathogenesis. J 
Hepatol. 2018;68:280-95. doi:10.1016/j.jhep.2017.11.014 

Marrone G, Russo L, Rosado E, Hide D, García-Cardeña G, García-Pagán JC, Bosch J, 
Gracia-Sancho J. The transcription factor KLF2 mediates hepatic endothelial protection 
and paracrine endothelial-stellate cell deactivation induced by statins. J Hepatol. 
2013;58:98-103. doi:10.1016/j.jhep.2012.08.026 

McGlynn KA, Petrick JL, London WT. Global epidemiology of hepatocellular carcinoma: an 
emphasis on demographic and regional variability. Clin Liver Dis. 2015;19:223‐38.                  
doi:10.1016/j.cld.2015.01.001 

Mederacke I, Hsu CC, Troeger JS, Huebener P, Mu X, Dapito DH, Pradere JP, Schwabe 
RF. Fate tracing reveals hepatic stellate cells as dominant contributors to liver fibrosis 
independent of its aetiology. Nat Commun. 2013;4:2823. doi:10.1038/ncomms3823 

Meissner EG, McLaughlin M, Matthews L, Gharib AM, Wood BJ, Levy E, Sinkus R, 
Virtaneva K, Sturdevant D, Martens C, Porcella SF, Goodman ZD, Kanwar B, Myers RP, 
Subramanian M, Hadigan C, Masur H, Kleiner DE, Heller T, Kottilil S, Kovacs JA, Morse 
CG. Simtuzumab treatment of advanced liver fibrosis in HIV and HCV-infected adults: 
results of a 6-month open-label safety trial. Liver Int. 2016;36:1783-92. 
doi:10.1111/liv.13177 
 
Melgert BN, Olinga P, Van Der Laan JM, Weert B, Cho J, Schuppan D, Groothuis GM, 
Meijer DK, Poelstra K. Targeting dexamethasone to Kupffer cells: effects on liver 
inflammation and fibrosis in rats. Hepatology. 2001;34:719-28.  
doi:10.1053/jhep.2001.27805 
 
Mello T, Ceni E, Surrenti C, Galli A. Alcohol induced hepatic fibrosis: role of acetaldehyde. 
Mol Aspects Med. 2008;29:17-21. doi:10.1016/j.mam.2007.10.001 
 
Mencin A, Kluwe J, Schwabe RF. Toll-like receptors as targets in chronic liver diseases. 
Gut. 2009;58:704-20.   doi:10.1136/gut.2008.156307 
 
Mentink-Kane MM, Wynn TA. Opposing roles for IL-13 and IL-13 receptor alpha 2 in health 
and disease. Immunol Rev. 2004;202:191-202. doi:10.1111/j.0105-2896.2004.00210.x 
 
Mentink-Kane MM, Cheever AW, Wilson MS, Madala SK, Beers LM, Ramalingam TR, 
Wynn TA. Accelerated and progressive and lethal liver fibrosis in mice that lack interleukin 
(IL)-10, IL-12p40, and IL-13Rα2. Gastroenterology. 2011;141:2200-9.  
doi:10.1053/j.gastro.2011.08.008 
 

https://doi.org/10.1136/gutjnl-2015-309990
https://dx.doi.org/10.2174%2F13816128113199990344
https://doi.org/10.1053/j.gastro.2014.06.043
https://doi.org/10.1016/j.jhep.2017.11.014
https://doi.org/10.1016/j.jhep.2012.08.026
https://doi.org/10.1016/j.cld.2015.01.001
https://doi.org/10.1038/ncomms3823
https://doi.org/10.1111/liv.13177
https://doi.org/10.1053/jhep.2001.27805
https://doi.org/10.1016/j.mam.2007.10.001
https://doi.org/10.1136/gut.2008.156307
https://doi.org/10.1111/j.0105-2896.2004.00210.x
https://doi.org/10.1053/j.gastro.2011.08.008


Milani S, Herbst H, Schuppan D, Stein H, Surrenti C. Transforming growth factors beta 1 
and beta 2 are differentially expressed in fibrotic liver disease. Am J Pathol. 
1991;139:1221-29.   
 
Minagawa M, Deng Q, Liu ZX, Tsukamoto H, Dennert G. Activated natural killer T cells 
induce liver injury by Fas and tumor necrosis factor-alpha during alcohol consumption. 
Gastroenterology. 2004;126:1387-99. doi:10.1053/j.gastro.2004.01.022 
 
Moore JK, Mackinnon AC, Wojtacha D, Pope C, Fraser AR, Burgoyne P, Bailey L, Pass C, 
Atkinson A, Mcgowan NW, Manson L, Turner ML, Campbell JD, Forbes SJ. Phenotypic 
and functional characterization of macrophages with therapeutic potential generated from 
human cirrhotic monocytes in a cohort study. Cytotherapy. 2015;17:1604-16.  
doi:10.1016/j.jcyt.2015.07.016 
 
Morán-Salvador E, Titos E, Rius B, González-Périz A, García-Alonso V, López-Vicario C, 
Miquel R, Barak Y, Arroyo V, Clària J. Cell-specific PPARγ deficiency establishes anti-
inflammatory and anti-fibrogenic properties for this nuclear receptor in non-parenchymal 
liver cells. J Hepatol. 2013;59:1045-53. doi:10.1016/j.jhep.2013.06.023 
 
Morell CM, Fiorotto R, Meroni M, Raizner A, Torsello B, Cadamuro M, Spagnuolo G, Kaffe 
E, Sutti S, Albano E, Strazzabosco M. Notch signaling and progenitor/ductular reaction in 
steatohepatitis. PLoS One. 2017;12(11):e0187384. doi:10.1371/journal.pone.0187384 
 
Morello E, Sutti S, Foglia B, Novo E, Cannito S, Bocca C, Rajsky M, Bruzzì S, Abate ML, 
Rosso C, Bozzola C, David E, Bugianesi E, Albano E, Parola M. Hypoxia-inducible factor 
2α drives nonalcoholic fatty liver progression by triggering hepatocyte release of histidine-
rich glycoprotein. Hepatology. 2018, in press. doi:10.1002/hep.29754 
 
Moreno M, Bataller R. Cytokines and renin-angiotensin system signaling in hepatic 
fibrosis. Clin Liver Dis. 2008;12:825-52. doi:10.1016/j.cld.2008.07.013 
 
Moreno M, Gonzalo T, Kok RJ, Sancho-Bru P, van Beuge M, Swart J, Prakash J, 
Temming K, Fondevila C, Beljaars L, Lacombe M, van der Hoeven P, Arroyo V, Poelstra 
K, Brenner DA, Ginès P, Bataller R. Reduction of advanced liver fibrosis by short-term 
targeted delivery of an angiotensin receptor blocker to hepatic stellate cells in rats. 
Hepatology. 2010 Mar;51(3):942-52. doi:10.1002/hep.23419 
 
Moschen AR, Kaser S, Tilg H. Non-alcoholic steatohepatitis: a microbiota-driven disease. 
Trends Endocrinol Metab. 2013;24:537-45. doi:10.1016/j.tem.2013.05.009 
 
Munker S, Wu YL, Ding HG, Liebe R, Weng HL. Can a fibrotic liver afford epithelial 
mesenchymal transition? World J Gastroenterol. 2017;23:4661-8.                                          
doi:10.3748/wjg.v23.i26.4661 
  
Neuschwander-Tetri BA, Loomba R, Sanyal AJ, Lavine JE, Van Natta ML, Abdelmalek 
MF, Chalasani N, Dasarathy S, Diehl AM, Hameed B, Kowdley KV, McCullough A, Terrault 
N, Clark JM, Tonascia J, Brunt EM, Kleiner DE, Doo E; NASH Clinical Research Network. 
Farnesoid X nuclear receptor ligand obeticholic acid for non-cirrhotic, non-alcoholic 
steatohepatitis (FLINT): a multicentre, randomised, placebo-controlled trial. Lancet. 
2015;385:956-65. doi:10.1016/S0140-6736(14)61933-4  

 

https://doi.org/10.1053/j.gastro.2004.01.022
https://doi.org/10.1016/j.jcyt.2015.07.016
https://doi.org/10.1016/j.jhep.2013.06.023
https://doi.org/10.1371/journal.pone.0187384
https://doi.org/10.1002/hep.29754
https://doi.org/10.1016/j.cld.2008.07.013
https://doi.org/10.1002/hep.23419
https://doi.org/10.1016/j.tem.2013.05.009
https://doi.org/10.3748/wjg.v23.i26.4661
https://doi.org/10.1016/S0140-6736(14)61933-4


Nevens F, Andreone P, Mazzella G, Strasser SI, Bowlus C, Invernizzi P, Drenth JP, 
Pockros PJ, Regula J, Beuers U, Trauner M, Jones DE, Floreani A, Hohenester S, Luketic 
V, Shiffman M, van Erpecum KJ, Vargas V, Vincent C, Hirschfield GM, Shah H, Hansen B, 
Lindor KD, Marschall HU, Kowdley KV, Hooshmand-Rad R, Marmon T, Sheeron S, 
Pencek R, MacConell L, Pruzanski M, Shapiro D; POISE Study Group. A Placebo-
Controlled Trial of Obeticholic Acid in Primary Biliary Cholangitis. N Engl J Med. 
2016;375:631-43.  doi:10.1056/NEJMoa1509840 

Novo E, Marra F, Zamara E, Valfrè di Bonzo L, Monitillo L, Cannito S, Petrai I, Mazzocca 
A, Bonacchi A, De Franco RS, Colombatto S, Autelli R, Pinzani M, Parola M. 
Overexpression of Bcl-2 by activated human hepatic stellate cells: resistance to apoptosis 
as a mechanism of progressive hepatic fibrogenesis in humans. Gut. 2006;55:1174-82. 
doi:10.1136/gut.2005.082701 

Novo E, Parola M. Redox mechanisms in hepatic chronic wound healing and fibrogenesis. 
Fibrogenesis Tissue Repair. 2008;1(1):5. doi:10.1186/1755-1536-1-5  

Novo E, Busletta C, Bonzo LV, Povero D, Paternostro C, Mareschi K, Ferrero I, David E, 
Bertolani C, Caligiuri A, Cannito S, Tamagno E, Compagnone A, Colombatto S, Marra F, 
Fagioli F, Pinzani M, Parola M. Intracellular reactive oxygen species are required for 
directional migration of resident and bone marrow-derived hepatic pro-fibrogenic cells.         
J Hepatol. 2011;54:964-74. doi:10.1016/j.jhep.2010.09.022 

Novo E, Povero D, Busletta C, Paternostro C, di Bonzo LV, Cannito S, Compagnone A, 
Bandino A, Marra F, Colombatto S, David E, Pinzani M, Parola M. The biphasic nature of 
hypoxia-induced directional migration of activated human hepatic stellate cells. J Pathol. 
2012;226:588-97. doi:10.1002/path.3005 

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.                              
doi:10.1016/j.abb.2014.02.015 

Novobrantseva TI, Majeau GR, Amatucci A, Kogan S, Brenner I, Casola S, Shlomchik MJ, 
Koteliansky V, Hochman PS, Ibraghimov A. Attenuated liver fibrosis in the absence of B 
cells. J Clin Invest. 2005;115:3072-82. doi:10.1172/JCI24798  

Oberthur D, Achenbach J, Gabdulkhakov A, Buchner K, Maasch C, Falke S, Rehders D, 
Klussmann S, Betzel C.  Crystal structure of a mirror-image L‑ RNA aptamer (Spiegelmer) 
in complex with the natural L‑ protein target CCL2. Nat Commun. 2015;6:6923. 
doi:10.1038/ncomms7923 

Olaizola P, Lee-Law PY, Arbelaiz A, Lapitz A, Perugorria MJ, Bujanda L, Banales JM. 
MicroRNAs and extracellular vesicles in cholangiopathies. Biochim Biophys Acta. 
2018;1864:1293-307. doi:10.1016/j.bbadis.2017.06.026 

Omenetti A, Porrello A, Jung Y, Yang L, Popov Y, Choi SS, Witek RP, Alpini G, Venter J, 
Vandongen HM, Syn WK, Baroni GS, Benedetti A, Schuppan D, Diehl AM. Hedgehog 
signaling regulates epithelial-mesenchymal transition during biliary fibrosis in rodents and 
humans. J Clin Invest. 2008;118:3331-42. doi:10.1172/JCI35875 

Österreicher CH, Penz-Österreicher M, Grivennikov SI, Guma M, Koltsova EK, Datz C, 
Sasik R, Hardiman G, Karin M, Brenner DA. Fibroblast-specific protein 1 identifies an 
inflammatory subpopulation of macrophages in the liver. Proc Natl Acad Sci. 
2011;108:308-13. doi:10.1073/pnas.1017547108 

https://doi.org/10.1056/NEJMoa1509840
https://doi.org/10.1136/gut.2005.082701
https://doi.org/10.1186/1755-1536-1-5
https://doi.org/10.1016/j.jhep.2010.09.022
https://doi.org/10.1002/path.3005
https://doi.org/10.1016/j.abb.2014.02.015
https://doi.org/10.1172/JCI24798
https://doi.org/10.1038/ncomms7923
https://doi.org/10.1016/j.bbadis.2017.06.026
https://doi.org/10.1172/JCI35875
https://doi.org/10.1073/pnas.1017547108


Paquissi FC. Immunity and Fibrogenesis: The Role of Th17/IL-17 Axis in HBV and HCV-
induced Chronic Hepatitis and Progression to Cirrhosis. Front Immunol. 2017;8:1195. 
doi:10.3389/fimmu.2017.01195 

Parola M, Marra F, Pinzani M. Myofibroblast - like cells and liver fibrogenesis: Emerging 
concepts in a rapidly moving scenario. Mol Aspects Med. 2008;29:58-66.                     
doi:10.1016/j.mam.2007.09.002 

Parsons CJ, Bradford BU, Pan CQ, Cheung E, Schauer M, Knorr A, Krebs B, Kraft S, 
Zahn S, Brocks B, Feirt N, Mei B, Cho MS, Ramamoorthi R, Roldan G, Ng P, Lum P, 
Hirth-Dietrich C, Tomkinson A, Brenner DA. Antifibrotic effects of a tissue inhibitor of 
metalloproteinase-1 antibody on established liver fibrosis in rats. Hepatology. 
2004;40:1106-15. doi:10.1002/hep.20425 

Patsenker E, Popov Y, Stickel F, Jonczyk A, Goodman SL, Schuppan D. Inhibition of 
integrin alphavbeta6 on cholangiocytes blocks transforming growth factor-beta activation 
and retards biliary fibrosis progression.Gastroenterology. 2008;135:660-70. 
doi:10.1053/j.gastro.2008.04.009 

Pellicoro A, Ramachandran P, Iredale JP, Fallowfield JA. Liver fibrosis and repair: immune 
regulation of wound healing in a solid organ. Nat Rev Immunol. 2014;14:181-94.                        
doi:10.1038/nri3623 

Peng ZW, Ikenaga N, Liu SB, Sverdlov DY, Vaid KA, Dixit R, Weinreb PH, Violette S, 
Sheppard D, Schuppan D, Popov Y. Integrin αvβ6 critically regulates hepatic progenitor 
cell function and promotes ductular reaction, fibrosis, and tumorigenesis. Hepatology. 
2016;63:217-32. doi:10.1002/hep.28274 

Penz-Österreicher M, Österreicher CH, Trauner M. Fibrosis in autoimmune and cholestatic 
liver disease. Best Pract Res Clin Gastroenterol. 2011;25:245-58. 
doi:10.1016/j.bpg.2011.02.001 

Petrasek J, Bala S, Csak T, Lippai D, Kodys K, Menashy V, Barrieau M, Min SY, Kurt-
Jones EA, Szabo G. IL-1 receptor antagonist ameliorates inflammasome-dependent 
alcoholic steatohepatitis in mice. J Clin Invest. 2012;122:3476-89. doi:10.1172/JCI60777 

Pinzani M, Milani S, Herbst H, DeFranco R, Grappone C, Gentilini A, Caligiuri A, Pellegrini 
G, Ngo DV, Romanelli RG, Gentilini P. Expression of platelet-derived growth factor and its 
receptors in normal human liver and during active hepatic fibrogenesis. Am J Pathol. 
1996;148:785–800.  

Pinzani M, Milani S, De Franco R, Grappone C, Caligiuri A, Gentilini A, Tosti-Guerra C, 
Maggi M, Failli P, Ruocco C, Gentilini P. Endothelin 1 is overexpressed in human cirrhotic 
liver and exerts multiple effects on activated hepatic stellate cells. Gastroenterology. 
1996;110:534-48. 

Pinzani M, Rombouts K. Liver fibrosis: from the bench to clinical targets. Dig Liver Dis. 
2004;36:231-42. doi:10.1016/j.dld.2004.01.003 

Pinzani M. Pathophysiology of liver fibrosis. Dig Dis. 2015;33:492-97.     
doi: 10.1159/000374096 

Plitas G, Burt BM, Stableford JA, Nguyen HM, Welles AP, DeMatteo RP. Dendritic cells 
are required for effective cross-presentation in the murine liver. Hepatology. 
2008;47(4):1343-51.  doi:10.1002/hep.22167 

https://doi.org/10.3389/fimmu.2017.01195
https://doi.org/10.1016/j.mam.2007.09.002
https://doi.org/10.1002/hep.20425
https://doi.org/10.1053/j.gastro.2008.04.009
https://doi.org/10.1038/nri3623
https://doi.org/10.1002/hep.28274
https://doi.org/10.1016/j.bpg.2011.02.001
https://doi.org/10.1172/JCI60777
https://doi.org/10.1016/j.dld.2004.01.003
https://doi.org/10.1159/000374096
https://doi.org/10.1002/hep.22167


Pockros PJ, Schiff ER, Shiffman ML, McHutchison JG, Gish RG, Afdhal NH, Makhviladze 
M, Huyghe M, Hecht D, Oltersdorf T, Shapiro DA. Oral IDN-6556, an antiapoptotic 
caspase inhibitor, may lower aminotransferase activity in patients with chronic hepatitis C. 
Hepatology. 2007;46:324-29. doi:10.1002/hep.21664 

Poisson J, Lemoinne S, Boulanger C, Durand F, Moreau R, Valla D, Rautou PE. Liver 
sinusoidal endothelial cells: Physiology and role in liver diseases. J Hepatol. 2017;66:212-
27. doi:10.1016/j.jhep.2016.07.009 

Popov Y, Patsenker E, Stickel F, Zaks J, Bhaskar KR, Niedobitek G, Kolb A, Friess H, 
Schuppan D. Integrin alphavbeta6 is a marker of the progression of biliary and portal liver 
fibrosis and a novel target for antifibrotic therapies. J Hepatol. 2008;48:453-64. 
doi:10.1016/j.jhep.2007.11.021 

Povero D, Eguchi A, Niesman IR, Andronikou N, de Mollerat du Jeu X, Mulya A, Berk M, 
Lazic M, Thapaliya S, Parola M, Patel HH, Feldstein AE. Lipid-induced toxicity stimulates 
hepatocytes to release angiogenic microparticles that require Vanin-1 for uptake by 
endothelial cells. Sci Signal. 2013;6(296):ra88. doi:10.1126/scisignal.2004512 

Povero D, Panera N, Eguchi A, Johnson CD, Papouchado BG, de Araujo Horcel L, Pinatel 
EM, Alisi A, Nobili V, Feldstein AE. Lipid-induced hepatocyte-derived extracellular vesicles 
regulate hepatic stellate cell via microRNAs targeting PPAR-γ. Cell Mol Gastroenterol 
Hepatol. 2015;1(6):646-663.e4. doi:10.1016/j.jcmgh.2015.07.007 

Povero D, Feldstein AE. Novel Molecular Mechanisms in the Development of Non-
Alcoholic Steatohepatitis. Diabetes Metab J. 2016;40:1-11. doi:10.4093/dmj.2016.40.1.1 

Pradere JP, Kluwe J, De Minicis S, Jiao JJ, Gwak GY, Dapito DH, Jang MK, Guenther ND, 
Mederacke I, Friedman R, Dragomir AC, Aloman C, Schwabe RF. Hepatic macrophages 
but not dendritic cells contribute to liver fibrosis by promoting the survival of activated 
hepatic stellate cells in mice. Hepatology. 2013;58:1461-73. doi:10.1002/hep.26429 

Protzer U, Maini MK, Knolle PA. Living in the liver: hepatic infections, Nat Rev Immunol. 
2012;12:201-13. doi:10.1038/nri3169 

Purohit V, Brenner DA. Mechanisms of alcohol-induced hepatic fibrosis: a summary of the 
Ron Thurman Symposium. Hepatology. 2006;43:872-8. doi:10.1002/hep.21107 

Putignani L, Alisi A, Nobili V. Pediatric NAFLD: the Future role of Patient-Tailored 
Probiotics Therapy. J Pediatr Gastroenterol Nutr. 2016;63 Suppl 1:S6-8.                                 
doi:10.1097/MPG.0000000000001220 

Quaglia A, Alves VA, Balabaud C, Bhathal PS, Bioulac-Sage P, Crawford JM, Dhillon AP, 
Ferrell L, Guido M, Hytiroglou P, Nakanuma Y, Paradis V, Snover DC, Theise ND, Thung 
SN, Tsui WM, van Leeuwen DJ; International Liver Pathology Study Group. Role of 
aetiology in the progression, regression, and parenchymal remodelling of liver disease: 
implications for liver biopsy interpretation. Histopathology. 2016;68:953-67.                           
doi: 10.1111/his.12957 

Radaeva S, Sun R, Jaruga B, Nguyen VT, Tian Z, Gao B. Natural killer cells ameliorate 
liver fibrosis by killing activated stellate cells in NKG2D-dependent and tumor necrosis 
factor-related apoptosis-inducing ligand-dependent manners. Gastroenterology. 
2006;130:435-52. doi:10.1053/j.gastro.2005.10.055 

https://doi.org/10.1002/hep.21664
https://doi.org/10.1016/j.jhep.2016.07.009
https://doi.org/10.1016/j.jhep.2007.11.021
https://doi.org/10.1126/scisignal.2004512
https://doi.org/10.1016/j.jcmgh.2015.07.007
https://doi.org/10.4093/dmj.2016.40.1.1
https://doi.org/10.1002/hep.26429
https://doi.org/10.1038/nri3169
https://doi.org/10.1002/hep.21107
https://doi.org/10.1097/MPG.0000000000001220
https://doi.org/10.1111/his.12957
https://doi.org/10.1053/j.gastro.2005.10.055


Ramachandran P, Pellicoro A, Vernon MA, Boulter L, Aucott RL, Ali A, Hartland SN, 
Snowdon VK, Cappon A, Gordon-Walker TT, Williams MJ, Dunbar DR, Manning JR, van 
Rooijen N, Fallowfield JA, Forbes SJ, Iredale JP. Differential Ly-6C expression identifies 
the recruited macrophage phenotype, which orchestrates the regression of murine liver 
fibrosis. Proc Natl Acad Sci USA. 2012;109:E3186-95. doi:10.1073/pnas.1119964109 

Ramachandran P, Iredale JP, Fallowfield JA. Resolution of liver fibrosis: basic 
mechanisms and clinical relevance. Semin Liver Dis. 2015;35:119-31.                        
doi:10.1055/s-0035-1550057 

Ramachandran P, Henderson NC. Antifibrotics in chronic liver disease: tractable targets 
and translational challenges. Lancet Gastroenterol Hepatol. 2016;1:328-340.                         
doi:10.1016/S2468-1253(16)30110-8 

Rao R. Endotoxemia and gut barrier dysfunction in alcoholic liver disease. Hepatology. 
2009;50:638-44. doi:10.1002/hep.23009 

Ratziu V, Harrison SA, Francque S, Bedossa P, Lehert P, Serfaty L, Romero-Gomez M, 
Boursier J, Abdelmalek M, Caldwell S, Drenth J, Anstee QM, Hum D, Hanf R, Roudot A, 
Megnien S, Staels B, Sanyal A; GOLDEN-505 Investigator Study Group. Elafibranor, an 
Agonist of the Peroxisome Proliferator-Activated Receptor-α and -δ, Induces Resolution of 
Nonalcoholic Steatohepatitis Without Fibrosis Worsening. Gastroenterology. 
2016;150:1147-59.e5. doi:10.1053/j.gastro.2016.01.038 

Richardson MM, Jonsson JR, Powell EE, Brunt EM, Neuschwander-Tetri BA, Bhathal PS, 
Dixon JB, Weltman MD, Tilg H, Moschen AR, Purdie DM, Demetris AJ, Clouston AD. 
Progressive fibrosis in nonalcoholic steatohepatitis: association with altered regeneration 
and a ductular reaction. Gastroenterology. 2007;133:80–90. 
doi:10.1053/j.gastro.2007.05.012 

Romeo S, Kozlitina J, Xing C, Pertsemlidis A, Cox D, Pennacchio LA, et al. Genetic 
variation in PNPLA3 confers susceptibility to nonalcoholic fatty liver disease. Nat Genet. 
2008;40:1461-65. doi:10.1038/ng.257 

Roskams T, Yang SQ, Koteish A, Durnez A, DeVos R, Huang X, Achten R, Verslype C, 
Diehl AM. Oxidative stress and oval cell accumulation in mice and humans with alcoholic 
and nonalcoholic fatty liver disease. Am J Pathol. 2003;163:1301-11.     
doi: 10.1016/S0002-9440(10)63489-X 

Rosselli M, MacNaughtan J, Jalan R, Pinzani M. Beyond scoring: a modern interpretation 
of disease progression in chronic liver disease. Gut. 2013;62:1234-41.     
doi:10.1136/gutjnl-2012-302826                                        

Rosselli M, Lotersztajn S, Vizzutti F, Arena U, Pinzani M, Marra F. The metabolic 
syndrome and chronic liver disease. Curr Pharm Des. 2014;20:5010-24. 
doi:10.2174/1381612819666131206111352 

Russo FP, Alison MR, Bigger BW, Amofah E, Florou A, Amin F, Bou-Gharios G, Jeffery R, 
Iredale JP, Forbes SJ. The bone marrow functionally contributes to liver fibrosis. 
Gastroenterology. 2006;130:1807-21. doi:10.1053/j.gastro.2006.01.036 

Saito JM, Bostick MK, Campe CB, Xu J, Maher JJ. Infiltrating neutrophils in bile duct-
ligated livers do not promote hepatic fibrosis. Hepatol Res. 2003;25:180-91. 
doi:10.1016/S1386-6346(02)00247-4 

https://doi.org/10.1073/pnas.1119964109
https://doi.org/10.1055/s-0035-1550057
https://doi.org/10.1016/S2468-1253(16)30110-8
https://doi.org/10.1002/hep.23009
https://doi.org/10.1053/j.gastro.2016.01.038
https://doi.org/10.1053/j.gastro.2007.05.012
https://doi.org/10.1038/ng.257
https://doi.org/10.1016/S0002-9440(10)63489-X
https://doi.org/10.1136/gutjnl-2012-302826
https://doi.org/10.2174/1381612819666131206111352
https://doi.org/10.1053/j.gastro.2006.01.036
https://doi.org/10.1016/S1386-6346(02)00247-4


Salama ZA, Sadek A, Abdelhady AM, Darweesh SK, Morsy SA, Esmat G. Losartan may 
inhibit the progression of liver fibrosis in chronic HCV patients. Hepatobiliary Surg Nutr. 
2016;5:249-55. doi:10.21037/hbsn.2016.02.06  

Sanyal AJ, Chalasani N, Kowdley KV, McCullough A, Diehl AM, Bass NM, Neuschwander-
Tetri BA, Lavine JE, Tonascia J, Unalp A, Van Natta M, Clark J, Brunt EM, Kleiner DE, 
Hoofnagle JH, Robuck PR; NASH CRN.  Pioglitazone, vitamin E, or placebo for 
nonalcoholic steatohepatitis. N Engl J Med. 2010;362:1675-85. 
doi:10.1056/NEJMoa0907929  

Satapathy SK, Sanyal AJ. Epidemiology and Natural History of Nonalcoholic Fatty Liver 
Disease. Semin Liver Dis. 2015;35:221-35. doi:10.1055/s-0035-1562943 

Scaglione S, Kliethermes S, Cao G, Shoham D, Durazo R, Luke A, Volk ML. The 
Epidemiology of Cirrhosis in the United States: A Population-based Study. J Clin 
Gastroenterol. 2015;49:690-96.  doi:10.1097/MCG.0000000000000208 

Schneider KM, Bieghs V, Heymann F, Hu W, Dreymueller D, Liao L, Frissen  M,  Ludwig  
A,  Gassler N,    Pabst  O,   Latz E,  Sellge  G, Penders J, Tacke F,  Trautwein C. CX3CR1 
is a gatekeeper for intestinal barrier integrity in mice: Limiting steatohepatitis by 
maintaining intestinal homeostasis. Hepatology. 2015;62:1405-16.  doi:10.1002/hep.27982 

Scholten D, Osterreicher CH, Scholten A, Iwaisako K, Gu G, Brenner DA,  Kisseleva T. 
Genetic labeling does not detect epithelial-to-mesenchymal transition of cholangiocytes in 
liver fibrosis in mice. Gastroenterology. 2010;139:987-98. 
doi:10.1053/j.gastro.2010.05.005 

Schuppan D, Surabattula R, Wang XY. Determinants of fibrosis progression and 
regression in NASH. J Hepatol. 2018;68:238-250. doi:10.1016/j.jhep.2017.11.012 

Schuppan D, Ashfaq-Khan M, Yang AT, Kim YO. Liver fibrosis: Direct antifibrotic agents 
and targeted therapies. Matrix Biol. 2018;68-69:435-451.                        
doi:10.1016/j.matbio.2018.04.006 

Schwimmer JB, Lavine JE, Wilson LA, Neuschwander-Tetri BA, Xanthakos SA, Kohli R, 
Barlow SE, Vos MB, Karpen SJ, Molleston JP, Whitington PF, Rosenthal P, Jain AK, 
Murray KF, Brunt EM, Kleiner DE, Van Natta ML, Clark JM, Tonascia J, Doo E; NASH 
CRN. In Children With Nonalcoholic Fatty Liver Disease, Cysteamine Bitartrate Delayed 
Release Improves Liver Enzymes but Does Not Reduce Disease Activity Scores. 
Gastroenterology. 2016;151:1141-54.e9.  doi:10.1053/j.gastro.2016.08.027  

Seki E, De Minicis S, Osterreicher CH, Kluwe J, Osawa Y, Brenner DA, Schwabe RF. 
TLR4 enhances TGF-beta signaling and hepatic fibrosis. Nat Med. 2007;13:1324-32.    
doi:10.1038/nm1663 

Seki E, Schwabe RF. Hepatic inflammation and fibrosis: functional links and key pathways. 
Hepatology. 2015;61:1066-79. doi:10.1002/hep.27332 

Serviddio G, Bellanti F, Vendemiale G. Free radical biology for medicine: learning from 
nonalcoholic fatty liver disease. Free Radic Biol Med. 2013;65:952-68. 
doi:10.1016/j.freeradbiomed.2013.08.174 

Shiffman ML, Pockros P, McHutchison JG, Schiff ER, Morris M, Burgess G. Clinical trial: 
the efficacy and safety of oral PF-03491390, a pancaspase inhibitor - a randomized 

https://doi.org/10.21037/hbsn.2016.02.06
https://doi.org/10.1056/NEJMoa0907929
https://doi.org/10.1055/s-0035-1562943
https://doi.org/10.1097/MCG.0000000000000208
https://doi.org/10.1002/hep.27982
https://doi.org/10.1053/j.gastro.2010.05.005
https://doi.org/10.1016/j.jhep.2017.11.012
https://doi.org/10.1016/j.matbio.2018.04.006
https://doi.org/10.1053/j.gastro.2016.08.027
https://doi.org/10.1053/j.gastro.2016.08.027
https://doi.org/10.1038/nm1663
https://doi.org/10.1002/hep.27332
https://doi.org/10.1016/j.freeradbiomed.2013.08.174


placebo-controlled study in patients with chronic hepatitis C. Aliment Pharmacol Ther. 
2010;31:969-78. doi:10.1111/j.1365-2036.2010.04264.x 

Shimamura T, Fujisawa T, Husain SR, Kioi M, Nakajima A, Puri RK. Novel role of IL-13 in 
fibrosis induced by nonalcoholic steatohepatitis and its amelioration by IL-13R-directed 
cytotoxin in a rat model. J Immunol. 2008;181:4656-65.                                                          
doi:10.4049/jimmunol.181.7.4656 

Singal AG, Manjunath H, Yopp AC, Beg MS, Marrero JA, Gopal P, Waljee AK. The effect 
of PNPLA3 on fibrosis progression and development of hepatocellular carcinoma: a meta-
analysis. Am J Gastroenterol. 2014;109:325-34. doi:10.1038/ajg.2013.476  

Shaker ME, Ghani A, Shiha GE, Ibrahim TM, Mehal WZ. Nilotinib induces apoptosis and 
autophagic cell death of activated hepatic stellate cells via inhibition of histone 
deacetylases. Biochim Biophys Acta. 2013 Aug;1833(8):1992-2003. 
doi:10.1016/j.bbamcr.2013.02.033 

Shrivastava S, Mukherjee A, Ray R, Ray RB. Hepatitis C virus induces interleukin-1beta 
(IL-1beta)/IL-18 in circulatory and resident liver macrophages. J Virol. 2013;87:12284-90. 
doi:10.1128/JVI.01962-13 

Song G, Pacher M, Balakrishnan A, Yuan Q, Tsay HC, Yang D, Reetz J, Brandes S, Dai 
Z, Pützer BM, Araúzo-Bravo MJ, Steinemann D, Luedde T, Schwabe RF, Manns MP, 
Schöler HR, Schambach A, Cantz T, Ott M, Sharma AD. Direct Reprogramming of Hepatic 
Myofibroblasts into Hepatocytes In Vivo Attenuates Liver Fibrosis. Cell Stem Cell. 
2016;18:797-808. doi:10.1016/j.stem.2016.01.010: 

Staels B, Rubenstrunk A, Noel B, Rigou G, Delataille P, Millatt LJ, Baron M, Lucas A, 
Tailleux A, Hum DW, Ratziu V, Cariou B, Hanf R. Hepatoprotective effects of the dual 
peroxisome proliferator-activated receptor alpha/delta agonist, GFT505, in rodent models 
of nonalcoholic fatty liver disease/nonalcoholic steatohepatitis. Hepatology. 2013;58:1941-
52. doi:10.1002/hep.26461 

Suraweera DB, Weeratunga AN, Hu RW, Pandol SJ, Hu R. Alcoholic hepatitis: The pivotal 
role of Kupffer cells. World J Gastrointest Pathophysiol. 2015;6:90-98. 
doi:10.4291/wjgp.v6.i4.90 

Svegliati-Baroni G, D'Ambrosio L, Curto P, Casini A, Mancini R, Jezequel AM, Benedetti A. 
Interferon gamma decreases hepatic stellate cell activation and extracellular matrix 
deposition in rat liver fibrosis. Hepatology. 1996;23:1189-99. doi:10.1002/hep.510230538 

Syn WK, Jung Y, Omenetti A, Abdelmalek M, Guy CD, Yang L, Wang J, Witek RP, 
Fearing CM, Pereira TA, Teaberry V, Choi SS, Conde-Vancells J, Karaca GF, Diehl AM. 
Hedgehog-mediated epithelial-to-mesenchymal transition and fibrogenic repair in 
nonalcoholic fatty liver disease. Gastroenterology. 2009;137:1478-88. 
doi:10.1053/j.gastro.2009.06.051 

Szabo G, Mandrekar P.  A recent perspective on alcohol, immunity, and host defense. 
Alcohol Clin Exp Res. 2009;33:220-32. doi:10.1111/j.1530-0277.2008.00842.x 

Szabo G, Momen-Heravi F. Extracellular vesicles in liver disease and potential as 
biomarkers and therapeutic targets. Nat Rev Gastroenterol Hepatol. 2017;14:455-66. 
doi:10.1038/nrgastro.2017.71 

https://doi.org/10.1111/j.1365-2036.2010.04264.x
https://doi.org/10.1038/ajg.2013.476
https://doi.org/10.1016/j.bbamcr.2013.02.033
https://doi.org/10.1128/JVI.01962-13
https://doi.org/10.1016/j.stem.2016.01.010
https://doi.org/10.1002/hep.26461
https://doi.org/10.4291/wjgp.v6.i4.90
https://doi.org/10.1002/hep.510230538
https://doi.org/10.1053/j.gastro.2009.06.051
https://doi.org/10.1111/j.1530-0277.2008.00842.x
https://doi.org/10.1038/nrgastro.2017.71


Tailleux A, Wouters K, Staels B. Roles of PPARs in NAFLD: potential therapeutic targets. 
Biochim Biophys Acta. 2012;1821:809-18. doi:10.1016/j.bbalip.2011.10.016 

Taura K, Miura K, Iwaisako K, Osterreicher CH, Kodama Y, PenzOsterreicher M, Brenner 
DA. Hepatocytes do not undergo epithelial-mesenchymal transition in liver fibrosis in mice. 
Hepatology. 2010;51:1027-36. doi:10.1002/hep.23368 

Tedesco D, Thapa M, Chin CY, Ge Y, Gong M, Li J, Gumber S, Speck P, Elrod EJ, Burd 
EM, Kitchens WH, Magliocca JF, Adams AB, Weiss DS, Mohamadzadeh M, Grakoui A. 
Alterations in Intestinal Microbiota Lead to Production of Interleukin 17 by Intrahepatic γδ 
T-Cell Receptor-Positive Cells and Pathogenesis of Cholestatic Liver Disease. 
Gastroenterology. 2018, in press.  doi:10.1053/j.gastro.2018.02.019 

Teratani T, Tomita K, Suzuki T, Oshikawa T, Yokoyama H, Shimamura K, Tominaga S, 
Hiroi S, Irie R, Okada Y, Kurihara C, Ebinuma H, Saito H, Hokari R, Sugiyama K, Kanai T, 
Miura S, Hibi T. A high-cholesterol diet exacerbates liver fibrosis in mice via accumulation 
of free cholesterol in hepatic stellate cells.  Gastroenterology. 2012;142:152-64.e10. 
doi:10.1053/j.gastro.2011.09.049 

Thapa M, Chinnadurai R, Velazquez VM, Tedesco D, Elrod E, Han JH, Sharma P, Ibegbu 
C, Gewirtz A, Anania F, Pulendran B, Suthar MS, Grakoui A. Liver fibrosis occurs through 
dysregulation of MyD88-dependent innate B-cell activity. Hepatology. 2015;61:2067-79.  
doi:10.1002/hep.27761 

Thoen LF, Guimarães EL, Dollé L, Mannaerts I, Najimi M, Sokal E, van Grunsven LA. A 
role for autophagy during hepatic stellate cell activation. J Hepatol. 2011;55:1353-60. 
doi:10.1016/j.jhep.2011.07.010   

Thomas JA, Pope C, Wojtacha D, Robson AJ, Gordon-Walker TT, Hartland S, 
Ramachandran P, Van Deemter M, Hume DA, Iredale JP, Forbes SJ. Macrophage therapy 
for murine liver fibrosis recruits host effector cells improving fibrosis, regeneration, and 
function. Hepatology. 2011;53:2003–2015. doi:10.1002/hep.24315 

Thrift AP, El-Serag HB, Kanwal F. Global epidemiology and burden of HCV infection and 
HCV-related disease. Nat Rev Gastroenterol Hepatol. 2017;14:122-132.                                  
doi:10.1038/nrgastro.2016.176             

Tian W, Fan Z, Li J, Hao C, Li M, Xu H, Wu X, Zhou B, Zhang L, Fang M, Xu Y. 
Myocardin-related transcription factor A (MRTF-A) plays an essential role in hepatic 
stellate cell activation by epigenetically modulating TGF-β signaling. Int J Biochem Cell 
Biol. 2016;71:35-43. doi:10.1016/j.biocel.2015.12.005   

Tilg H, Moschen AR. Evolution of inflammation in nonalcoholic fatty liver disease: the 
multiple parallel hits hypothesis. Hepatology. 2010;52:1836-46. doi:10.1002/hep.24001 

Tilg H, Moschen AR, Roden M. NAFLD and diabetes mellitus. Nat Rev Gastroenterol 
Hepatol. 2017;14:32-42. doi:10.1038/nrgastro.2016.147 

Tomita K, Teratani T, Suzuki T, Shimizu M, Sato H, Narimatsu K, Okada Y, Kurihara C, 
Irie R, Yokoyama H, Shimamura K, Usui S, Ebinuma H, Saito H, Watanabe C, Komoto S, 
Kawaguchi A, Nagao S, Sugiyama K, Hokari R, Kanai T, Miura S, Hibi T. Free cholesterol 
accumulation in hepatic stellate cells: mechanism of liver fibrosis aggravation in 
nonalcoholic steatohepatitis in mice. Hepatology. 2014;59:154-69. doi:10.1002/hep.26604 

https://doi.org/10.1016/j.bbalip.2011.10.016
https://doi.org/10.1002/hep.23368
https://doi.org/10.1053/j.gastro.2018.02.019
https://doi.org/10.1053/j.gastro.2011.09.049
https://doi.org/10.1002/hep.27761
https://doi.org/10.1016/j.jhep.2011.07.010
https://doi.org/10.1002/hep.24315
https://doi.org/10.1038/nrgastro.2016.176
https://doi.org/10.1016/j.biocel.2015.12.005
https://doi.org/10.1002/hep.24001
https://doi.org/10.1038/nrgastro.2016.147
https://doi.org/10.1002/hep.26604


Traber PG, Chou H, Zomer E, Hong F, Klyosov A, Fiel MI, Friedman SL. Regression of 
fibrosis and reversal of cirrhosis in rats by galectin inhibitors in thioacetamide-induced liver 
disease. PLoS One. 2013;8(10):e75361.   doi:10.1371/journal.pone.0075361 

Trautwein C, Friedman SL, Schuppan D, Pinzani M. Hepatic fibrosis: Concept to 
treatment. J Hepatol. 2015; 62(1 Suppl):S15-24.                        
doi:10.1016/j.jhep.2015.02.039                                                           

Trépo E, Romeo S, Zucman-Rossi J, Nahon P. PNPLA3 gene in liver diseases. J Hepatol. 
2016;65:399-412. doi:10.1016/j.jhep.2016.03.011 

Troeger JS, Mederacke I, Gwak GY, Dapito DH, Mu X, Hsu CC, Pradere JP, Friedman 
RA, Schwabe RF. Deactivation of hepatic stellate cells during liver fibrosis resolution in 
mice. Gastroenterology. 2012;143:1073-83.e22. doi:10.1053/j.gastro.2012.06.036 

Tsuchida T, Friedman SL. Mechanisms of hepatic stellate cell activation. Nat Rev 
Gastroenterol Hepatol. 2017;14:397-411. doi:10.1038/nrgastro.2017.38 

Tu Z, Bozorgzadeh A, Pierce RH, Kurtis J, Crispe IN, Orloff MS. TLR-dependent cross talk 
between human Kupffer cells and NK cells. J Exp Med. 2008;205:233-44. 
doi:10.1084/jem.20072195 

Tu Z, Pierce RH, Kurtis J, Kuroki Y, Crispe IN, Orloff MS. Hepatitis C virus core protein 
subverts the antiviral activities of human Kupffer cells. Gastroenterology. 2010;138:305-14. 
doi:10.1053/j.gastro.2009.09.009 

Uchio K1, Graham M, Dean NM, Rosenbaum J, Desmoulière A. Down-regulation of 
connective tissue growth factor and type I collagen mRNA expression by connective tissue 
growth factor antisense oligonucleotide during experimental liver fibrosis. Wound Repair 
Regen. 2004;12:60-6. doi:10.1111/j.1067-1927.2004.012112.x  

Valfrè di Bonzo L, Ferrero I, Cravanzola C, Mareschi K, Rustichell D, Novo E, Sanavio F, 
Cannito S, Zamara E, Bertero M, Davit A, Francica S, Novelli F, Colombatto S, Fagioli F, 
Parola M. Human mesenchymal stem cells as a two-edged sword in hepatic regenerative 
medicine: engraftment and hepatocyte differentiation versus profibrogenic potential. Gut. 
2008;57:223-31. doi:10.1136/gut.2006.111617 

Van Rooyen DM, Gan LT, Yeh MM, Haigh WG, Larter CZ, Ioannou G, Teoh NC, Farrell 
GC. Pharmacological cholesterol lowering reverses fibrotic NASH in obese, diabetic mice 
with metabolic syndrome. J Hepatol. 2013;59:144-52. doi:10.1016/j.jhep.2013.02.024 

Vizzutti F, Arena U, Romanelli RG, Rega L, Foschi M, Colagrande S, Petrarca A, 
Moscarella S, Belli G, Zignego AL, Marra F, Laffi G, Pinzani M. Liver stiffness 
measurement predicts severe portal hypertension in patients with HCV-related cirrhosis. 
Hepatology. 2007;45:1290-7.  doi:10.1002/hep.21665 

Wan J, Benkdane M, Teixeira-Clerc F, Bonnafous S, Louvet A, Lafdil F, Pecker F, Tran A, 
Gual P, Mallat A, Lotersztajn S, Pavoine C. M2 Kupffer cells promote M1 Kupffer cell 
apoptosis: a protective mechanism against alcoholic and nonalcoholic fatty liver disease. 
Hepatology. 2014;59:130-42. doi:10.1002/hep.26607 

Wang M, You Q, Lor K, Chen F, Gao B, Ju C. Chronic alcohol ingestion modulates hepatic 
macrophage populations and functions in mice. J Leukoc Biol. 2014;96:657-65. 
doi:10.1189/jlb.6A0114-004RR 

https://doi.org/10.1371/journal.pone.0075361
https://doi.org/10.1016/j.jhep.2015.02.039
https://doi.org/10.1016/j.jhep.2016.03.011
https://doi.org/10.1053/j.gastro.2012.06.036
https://doi.org/10.1038/nrgastro.2017.38
https://doi.org/10.1084/jem.20072195
https://doi.org/10.1053/j.gastro.2009.09.009
https://doi.org/10.1111/j.1067-1927.2004.012112.x
https://doi.org/10.1136/gut.2006.111617
https://doi.org/10.1016/j.jhep.2013.02.024
https://doi.org/10.1002/hep.21665
https://doi.org/10.1002/hep.26607
https://doi.org/10.1189/jlb.6A0114-004RR


Wang Y, Viscarra J, Kim SJ, Sul HS. Transcriptional regulation of hepatic lipogenesis. Nat 
Rev Mol Cell Biol. 2015;16:678-89. doi:10.1038/nrm4074 

Weiskirchen R. Hepatoprotective and Anti-fibrotic Agents: It's Time to Take the Next Step. 
Front Pharmacol. 2016;6:303. doi:10.3389/fphar.2015.00303 

Wells RG, Schwabe RF. Origin and function of myofibroblasts in the liver. Semin Liver Dis. 
2015;35:97-106. doi:10.1055/s-0035-1550061 

Weng HL, Liu Y, Chen JL, Huang T, Xu LJ, Godoy P, Hu JH, Zhou C, Stickel F, Marx A, 
Bohle RM, Zimmer V, Lammert F, Mueller S, Gigou M, Samuel D, Mertens PR, Singer MV, 
Seitz HK, Dooley S. The etiology of liver damage imparts cytokines transforming growth 
factor beta1 or interleukin-13 as driving forces in fibrogenesis. Hepatology. 2009;50:230-
43. doi:10.1002/hep.22934 

Wiest R,  Albillos A, Trauner M, Bajaj JS, Jalan R. Targeting the gut-liver axis in liver 
disease. J Hepatol. 2017;67:1084-1103.  doi:10.1016/j.jhep.2017.05.007  

Wong RJ, Cheung R, Ahmed A. Nonalcoholic steatohepatitis is the most rapidly growing 
indication for liver transplantation in patients with hepatocellular carcinoma in the US. 
Hepatology. 2014; 59: 2188–21959. doi:10.1002/hep.26986 

Wree A, McGeough MD, Inzaugarat ME, Eguchi A, Schuster S, Johnson CD, Peña CA, 
Geisler LJ, Papouchado BG, Hoffman HM, Feldstein AE. NLRP3 inflammasome driven 
liver injury and fibrosis: Roles of IL-17 and TNF in mice. Hepatology. 2017 Sep 13, in 
press. doi:10.1002/hep.29523 

Xie G, Wang X, Wang L, Wang L, Atkinson RD, Kanel GC, Gaarde WA, Deleve LD. Role 
of differentiation of liver sinusoidal endothelial cells in progression and regression of 
hepatic fibrosis in rats. Gastroenterology. 2012;142:918-27.e6. 
doi:10.1053/j.gastro.2011.12.017   

Xie G, Diehl AM. Evidence for and against epithelial-to-mesenchymal transition in the liver. 
Am J Physiol Gastrointest Liver Physiol. 2013;305:G881–G890. 
doi:10.1152/ajpgi.00289.2013 

Yamaguchi K, Yang L, McCall S, Huang J, Yu XX, Pandey SK, Bhanot S, Monia BP, Li 
YX, Diehl AM. Inhibiting triglyceride synthesis improves hepatic steatosis but exacerbates 
liver damage and fibrosis in obese mice with nonalcoholic steatohepatitis. Hepatology. 
2007;45:1366-74. doi:10.1002/hep.21655 

Yang L, Bataller R, Dulyx J, Coffman TM, Ginès P, Rippe RA, Brenner DA. Attenuated 
hepatic inflammation and fibrosis in angiotensin type 1a receptor deficient mice. J Hepatol. 
2005;43:317-23. doi:10.1016/j.jhep.2005.02.034 

Yeh MM, Brunt EM. Pathological features of fatty liver disease. Gastroenterology. 
2014;147:754-64. doi:10.1053/j.gastro.2014.07.056 

Yi HS, Lee YS, Byun JS, Seo W, Jeong JM, Park O, Duester G, Haseba T, Kim SC, Park 
KG, Gao B, Jeong WI. Alcohol dehydrogenase III exacerbates liver fibrosis by enhancing 
stellate cell activation and suppressing natural killer cells in mice. Hepatology. 
2014;60:1044-53. doi:10.1002/hep.27137 

Younes R, Bugianesi E. Should we undertake surveillance for HCC in patients with 
NAFLD? J Hepatol. 2018;68:326-34. doi:10.1016/j.jhep.2017.10.006 

https://doi.org/10.1038/nrm4074
https://doi.org/10.3389/fphar.2015.00303
https://doi.org/10.1055/s-0035-1550061
https://doi.org/10.1002/hep.22934
https://doi.org/10.1016/j.jhep.2017.05.007
https://doi.org/10.1002/hep.26986
https://doi.org/10.1002/hep.29523
https://doi.org/10.1053/j.gastro.2011.12.017
https://doi.org/10.1152/ajpgi.00289.2013
https://doi.org/10.1002/hep.21655
https://doi.org/10.1016/j.jhep.2005.02.034
https://doi.org/10.1053/j.gastro.2014.07.056
https://doi.org/10.1002/hep.27137
https://doi.org/10.1016/j.jhep.2017.10.006


Younossi Z, Anstee QM, Marietti M, Hardy T, Henry L, Eslam M, George J, Bugianesi E. 
Global burden of NAFLD and NASH: trends, predictions, risk factors and prevention. Nat 
Rev Gastroenterol Hepatol. 2018;15:11-20. doi:10.1038/nrgastro.2017.109 

Zhang DY, Goossens N, Guo J, Tsai MC, Chou HI, Altunkaynak C, Sangiovanni A, 
Iavarone M, Colombo M, Kobayashi M, Kumada H, Villanueva A, Llovet JM, Hoshida Y, 
Friedman SL. A hepatic stellate cell gene expression signature associated with outcomes 
in hepatitis C cirrhosis and hepatocellular carcinoma after curative resection. Gut. 
2016;65:1754-64. doi:10.1136/gutjnl-2015-309655 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1038/nrgastro.2017.109
https://doi.org/10.1136/gutjnl-2015-309655


Figure legends  

 

Figure 1.  Major signaling pathways , molecules and mechanisms regulating HSC 

activation.  HSC activation is regulated by a number of pathways and signaling molecules 

or events that can either sustain or inhibit activation of HSC and then their proliferative 

and/or profibrogenic responses.  Regulation of HSC activation can operate through 

interaction of peptide  ligands with their cognate receptors or through the action of 

miRNAs, nuclear receptors, transcription factors and epigenetic changes.  Other events 

and mechanisms can sustain HSC activation , including autophagy, which in turn is linked 

to ER stress, oxidative stress and loss of retinoids.  Green and red font indicate signals 

and pathways  positively or negatively affecting  HSC activation, respectively.    

 

Figure 2. Diagnostic flow-chart for the non-invasive assessment of liver fibrosis. 
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