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Abstract
Alcoholic liver disease (ALD) is a leading cause of liver 
disease and liver-related deaths globally, particularly in 
developed nations. Liver fibrosis is a consequence of 
ALD and other chronic liver insults, which can progress 
to cirrhosis and hepatocellular carcinoma if left un-
treated. Liver fibrosis is characterized by accumulation 
of excess extracellular matrix components, including 
type Ⅰ collagen, which disrupts liver microcirculation and 
leads to injury. To date, there is no therapy for the treat-
ment of liver fibrosis; thus treatments that either prevent 
the accumulation of type Ⅰ collagen or hasten its degra-
dation are desirable. The focus of this review is to exam-
ine the regulation of type Ⅰ collagen in fibrogenic cells of 
the liver and to discuss current advances in therapeutics 
to eliminate excessive collagen deposition.
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INTRODUCTION
Liver fibrosis is an exacerbation of  the generic wound-
healing process of  the liver and is defined by excess syn-
thesis and deposition of  extracellular matrix (ECM) com-
ponents, of  which type Ⅰ collagen predominates[1]. Ac-
cumulation of  ECM in the sub-endothelial space of  Disse 
can disrupt liver microcirculation, leading to damage and 
death of  parenchymal cells[2]. Liver fibrosis is a common 
sequela for a variety of  insults, such as viral infection, 
industrial solvent exposure, autoimmunity, cholestasis, in-
born errors of  metabolism, and ethanol abuse. 

In a setting of  chronic fibrogenic stimulus, myofibro-
blast-like cells produce large quantities of  ECM compo-
nents. Extensive investigation has revealed several cell types 
that are potential myofibroblast precursors, including the 
hepatic stellate cell (HSC). HSCs are star-shaped, vitamin 
A-storing cells residing within the subendothelial space of  
Disse[3]. In fibrosis HSCs lose their vitamin A stores, trans-
differentiate to a proliferative, myofibroblast-like cell, and 
produce or secrete excess ECM components[4]. Though 
considered the predominant source of  ECM in hepatic 
fibrosis, other cell populations have been identified as 
sources of  collagen and other ECM components. Portal 
fibroblasts and bone marrow-derived myofibroblast precur-
sors have also been implicated as sources of  ECM in fibro-
sis. Evidence also suggests that hepatocytes may undergo 
epithelial to mesenchymal transition to produce ECM, at 
least in vitro[5-7].
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Globally, viral hepatitis is the leading risk factor for 
hepatic fibrosis; however, in highly developed nations 
chronic, high ethanol consumption is the principal risk 
factor for developing fibrosis. Nonalcoholic steatohepatitis 
(NASH) has also been identified as a growing cause of  
fibrosis[8]. Untreated, liver fibrosis is a major contributor 
of  morbidity and mortality, as unresolved fibrosis may 
progress to cirrhosis and result in organ failure or progres-
sion to hepatocellular carcinoma (HCC). Despite increased 
understanding of  fibrogenesis, there remains a dearth of  
effective anti-fibrotic treatments. This review will focus on 
type I collagen expression in fibrosis in alcoholic liver dis-
ease (ALD) and therapeutic strategies to limit or reverse its 
accumulation.

REGULATION OF TYPE I COLLAGEN
Excess ECM deposition in liver fibrosis can largely be at-
tributed to members of  three families of  proteins - colla-
gens, in particular types Ⅰ, Ⅲ and Ⅳ; proteoglycans, such 
as fibronectin, laminin, and hyaluronic acid; and glycopro-
teins, including heparin, chondroitin sulfates, and biglycan. 
Although multiple ECM components are dramatically 
upregulated in hepatic fibrosis, type Ⅰ collagen is the most 
abundant protein in the body and has been extensively 
characterized, making it an attractive target for the devel-
opment of  anti-fibrotic therapies. 

Collagens are synthesized as a triple helix from three 
polypeptide α chains composed of  continuous Glycine 
(Gly)-X-Y peptide repeats[9]. Glycine is essential in the first 
position as its side chain is the only one small enough to fit 
within the center of  the coiled-coil triple helix[10]. Proline is 
frequently found in the X position and hydroxyproline in 
the Y position[11]. These amino acids limit rotation of  the 
triple helical structure and their placement on the surface 
facilitates self-assembly and polymerization of  collagen 
molecules through charge-charge and hydrophobic inter-
actions[9].

In normal tissues, collagens are secreted into the ECM 
and help maintain the integrity of  tissue by interacting 
with cell surfaces, with other ECM components, and with 
growth and differentiation factors[12]. Type Ⅰ collagen is 
an important component in the wound-healing process 
and is found in large quantities in scar tissue associated 
with a variety of  pathological conditions[13,14]. In the liver, 
chronic damage stimulates activation of  HSCs and other 
myofibroblast precursors, resulting in a phenotypic change 
towards excessive production and secretion of  ECM 
products, particularly type Ⅰ collagen. 

Transcriptional regulation of procollagens
Synthesis of  type Ⅰ collagen is initiated by expression of  
the col1a1 and col1a2 genes, giving rise to α1(I) and α2(I) 
procollagen mRNAs, respectively. Levels of  these gene 
products can be regulated at both the transcriptional and 
post-transcriptional level. Despite being located on dif-
ferent chromosomes, expression of  these two genes are 
coordinately regulated in a tissue-specific manner giving 

rise to α1(I) and α2(I) procollagen mRNA products in a 2:1 
ratio, respectively[15]. Numerous regulatory elements have 
been identified in the promoter and first intron of  col1a1 
and col1a2 that regulate expression of  procollagen mRNA 
messages through interactions with transcription factors.

In ALD, ethanol consumption results in mediators 
that influence the expression of  type Ⅰ collagen. Metabo-
lism of  ethanol by alcohol dehydrogenase (ADH) and 
cytochrome P450 2E1 (CYP2E1) generates acetaldehyde 
and reactive oxygen species (ROS)[16]. Acetaldehyde treat-
ment of  HSCs increases binding of  a kruppel-like tran-
scription factor (KLF), basic transcription element bind-
ing protein (BTEB) to a region between -1484 and -1476 
in the col1a1 promoter in a c-jun N-terminal kinase (JNK)-
dependent manner, enhancing α1(I) procollagen mRNA 
levels[17,18]. Other KLFs, such as Sp1 and KLF6, have also 
been shown to upregulate transcription of  procollagen 
mRNAs[19].

Transforming growth factor-β (TGF-β) has been de-
scribed as the most potent fibrogenic cytokine for HSCs 
and is thus a common target for anti-fibrotic therapy[1]. 
TGF-β expression is upregulated in fibrosis and is se-
creted by HSCs and other cell types, such as Kupffer cells. 
Stimulation with TGF-β activates Smad signaling, which 
can upregulate procollagen expression via formation of  a 
heterotrimeric complex of  Smad2, 3, and 4, where Smad7 
is inhibitory. TGF-β can also stimulate enhanced procol-
lagen expression through the generation of  intracellular 
H2O2 and subsequent activation of  p38-mitogen activated 
protein kinase[1].

Nuclear factor κB (NFκB) is commonly associated 
with liver fibrosis, including ALD. Although NFκB is 
not required for the activation of  HSCs, an increase in 
the p65/p50 heterodimer, with concomitant decrease in 
the NFκB inhibitory protein, IκBα, promotes survival 
of  activated HSCs[20,21]. Overexpression of  NFκB in ac-
tivated HSCs, however, has been shown to inhibit α1(I) 
and α2(I) procollagen mRNA expression in culture-
activated HSCs[22,23]. It is unclear, however, whether this 
observation occurs in vivo.

Post-transcriptional regulation of procollagen mRNAs
Upon activation of  HSCs and other myofibroblast pre-
cursors, there is a > 50-fold increase in α1(I) procollagen 
mRNA levels, with a concomitant increase in message 
half-life from 1.5 to 24 h[24]. Although fibrogenic stimuli, 
such as chronic ethanol consumption, increase the tran-
scription rate of  procollagen mRNAs, the major con-
tributing factors associated with this increase are post-
transcriptional. The α1(I) procollagen mRNA possesses 
regulatory elements within both the 3’ and 5’ untranslated 
regions (UTRs), which influence the stability and transla-
tion of  the message. 

Heterogenous ribonucleoprotein particles (hnRNPs) 
are a family of  RNA-binding proteins that have a variety 
of  functions, including prevention of  mRNA folding, 
transporting, association with the splicing apparatus, and 
mRNA stability. αCP is an hnRNP that has demonstrated 
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binding to the 3’ UTR of  several messages, including 
α-globin[25]. αCP binds to a C-rich segment of  the 3’ 
UTR of  α1(I) procollagen mRNA located downstream 
of  the stop codon, stabilizing the message and prevent-
ing degradation[24,26]. Though expressed in both quiescent 
and activated HSCs, αCP only has binding activity in 
activated HSCs. Furthermore, the cellular localization of  
αCP varies in HSCs, with αCP localized in the nucleus of  
quiescent HSCs and in both the nucleus and cytoplasm 
of  activated HSCs, suggesting a yet to be identified post-
translational event regulating the localization of  αCP[27]. 

A well-conserved 5’ stem-loop structure has been de-
scribed in the message of  collagen mRNAs, including 
α1(I) procollagen mRNA, comprising the translation ini-
tiation codon[28,29]. Mutation of  this 5’ stem-loop structure 
revealed improperly assembled procollagen I, as demon-
strated by pepsin-sensitivity and diminished intermolecular 
disulfide bond formation[30]. Recent work has revealed La 
ribonucleoprotein domain family member 6 (LARP6) as 
a sequence-specific 5’ stem-loop binding protein of  α1(I) 
procollagen mRNAs[30]. Reporter experiments in the same 
study revealed that deletion of  the 5’ stem-loop or LARP6 
resulted in diffuse accumulation of  the reporter through-
out the endoplasmic reticulum (ER), in contrast to the fo-
cal areas of  translation associated with proper assembly of  
procollagens[31]. Further investigations by the same group 
demonstrated that LARP6 interacts with non-muscle myo-
sins, and disruption of  this interaction results in increased 
intracellular degradation of  procollagen polypeptides and 
a preference towards α1(I) homotrimers[32]. Emergence of  
LARP6 as a collagen-specific regulator of  translation may 
present a new therapeutic target for modulating excessive 
collagen synthesis in fibrogenic conditions like alcoholic 
fibrosis and cirrhosis.  

Post-translational modifications of procollagen 
polypeptides
Most proteins begin folding at the N-terminus prior to com-
pletion of  translation and translocation. For type Ⅰ collagen, 
however, folding is initiated at the C-terminus following co-
translational translocation into the ER[33]. Several proteins 
play an important role in facilitating the proper folding 
and trafficking of  α chains into triple helix procollagen 
molecules. The 78-kDa glucose-regulated protein (Grp78) 
recognizes hydrophobic residues on polypeptide chains 
to help maintain solubility and may also bind the C-pro-
peptide[34]. Protein disulfide isomerase (PDI) also plays a 
role in triple helix formation by catalyzing disulfide bonds 
between C-propeptide domains of  the three α chains[35,36]. 
PDI also acts as a β-subunit for prolyl 4-hydroxylase (P4H) 
by keeping the catalytic α-subunits in a soluble state[37]. 
Further stabilization of  the triple helix is accomplished 
through hydroxylation of  select proline residues (typically 
in the Y position) by the P4H enzyme, which in turn facili-
tates hydrogen bonding and the formation of  water bridg-
es within and between collagen chains[38,39]. A 47-kDa heat 
shock protein (Hsp47) is a collagen-specific chaperone 

that also plays an important role in collagen trafficking[40]. 
Although the exact role of  Hsp47 has not been clearly de-
fined, studies utilizing Hsp47-/- mice showed they are em-
bryonically lethal at day 11.5[41]. After procollagens traverse 
the Golgi apparatus and are secreted into the extracellular 
space, the C- and N-prodomains are cleaved by C- and 
N-peptidases, respectively[42]. This process decreases the 
concentration required for fibril formation and results in 
the self-assembly of  collagens into fibrils[43].

ThERAPEUTIC TARGETING OF TYPE I 
COLLAGEN 
Removal (or suppression) of  the underlying pathology is 
considered the most effective way to reverse liver fibrosis; 
however, removal of  the causative agent is not always fea-
sible. In ALD, patients often fail to comply with absten-
tion programs and many patients do not respond well to 
casual treatments, or present with advanced fibrosis and/
or cirrhosis. Thus, there is a need to identify and develop 
anti-fibrotic agents that can retard, or even reverse, liver 
fibrosis. To date there is no well-regarded or frequently 
used anti-fibrotic therapy in clinical practice.

Therapeutic strategies for established liver fibrosis 
can target type Ⅰ collagen accumulation by employ-
ing one or more strategies: (1) decrease the secretion of  
type Ⅰ collagen by disrupting either its transcription or 
assembly; or (2) stimulating fibrinolysis of  type Ⅰ collagen 
that has accumulated extracellularly. Therapies to reduce 
the pool of  fibrogenic myofibroblasts are also a therapeu-
tic strategy; however, these approaches are beyond the 
scope of  the current review.

Antioxidants
Liver fibrosis caused by ALD has a well-established link 
with oxidative stress. Metabolism of  ethanol by ADH and 
CYP2E1 generate ROS and acetaldehyde, leading to a 
variety of  cellular defects including depletion of  reduced 
glutathione (GSH), the main intracellular antioxidant, lipid 
peroxidation, acetaldehyde-protein adducts, and protea-
some inhibition[44-46]. Oxidative stress from Kupffer cell 
activation or from damaged hepatocytes can promote 
HSC activation and procollagen mRNA expression. These 
findings led investigators to evaluate a variety of  antioxi-
dants as a way to limit production of  type I collagen and 
other matrix components, with mixed results.

S-adenosyl-L-methionine (SAMe) is the principal bio-
logical methyl donor and is a precursor to GSH, thus it has 
received interest as a potential treatment for liver diseases. 
Liver fibrosis has been shown to be attenuated by SAMe 
administration in several animal models of  fibrosis, includ-
ing a rat model of  ALD[47-49]. In vitro experiments reported 
that SAMe inhibits both basal and TGF-β-stimulated type 
I collagen expression in activated HSCs[50,51]. Additionally, 
studies by our group indicate that SAMe can enhance polyu-
biquitination of  type Ⅰ collagen, possibly suggesting a nov-
el mechanism to prevent secretion of  collagen (Thompson 
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et al 2011 DOI:10.1111/j.1478-3231.2011.02512.x). SAMe 
supplementation prevented oxidative stress and lipid per-
oxidation in ethanol- and ethanol plus LPS-fed animals as 
evidenced by normal GSH:oxidized glutathione (GSSG) 
ratio and diminished levels of  4-hydroxynonenal, respec-
tively[47]. Despite attractive results in vitro and with animal 
models, SAMe has shown mixed results in modulating 
liver disease in human trials. A comprehensive review by 
Rambaldi et al revealed no clear benefit by SAMe in most 
trials analyzed; however, a well-designed study by Mato 
et al reported that SAMe administration could delay the 
need for hepatic transplantation in alcoholic cirrhotics[52,53]. 
However, the combination of  SAMe with other antioxi-
dants, such as dilinoleoylphosphatidylcholine (DLPC), has 
attenuated liver injury in a NASH model and in vitro stud-
ies reported decreased collagen and TIMP-1 expression in 
HSCs[54-56].

Turmeric has been used for centuries in Indian Ay-
urvedic medicine to treat a variety of  ailments. Curcumin 
is a polyphenolic compound and the principal curcumi-
noid in turmeric. Curcumin in part owes its antioxidant 
properties to stimulation of  nuclear factor erythroid-
2-related factor 2 (nrf2), a transcription factor that binds 
several intracellular oxidant genes and enhances their 
transcription, including genes associated with production 
of  glutathione[57,58]. In rodent models of  cirrhosis, cur-
cumin is reported to be protective; however, differences 
were noted depending on the model used. Curcumin can 
prevent thioacetamide (TAA)-induced cirrhosis, but no 
effect by curcumin was seen on established cirrhosis[59]. 
On the other hand, using bile duct-ligation (BDL) and 
carbon tetrachloride (CCl4) models of  established cir-
rhosis, curcumin improved liver histology and diminished 
collagen accumulation[59]. Studies utilizing curcumin on 
activated stellate cells revealed enhanced expression of  
peroxisome proliferator-activated receptor-γ (PPAR-γ), 
disruption of  TGF-β signaling, and diminution of  col-
lagen expression[60,61]. Additionally, curcumin has been 
demonstrated to improve alcohol-induced liver injury 
through prevention of  oxidative stress and inflammation 
via downregulation of  NF-κB[62-64]. 

Another antioxidant that has received attention as a 
potential therapy for hepatic fibrosis is resveratrol, a phy-
toalexin (a class of  antibiotics produced in plants) natu-
rally found in grapes and commercially in red wine. Resve-
ratrol exhibits anti-inflammatory properties, anti-oxidant 
effects, and modulates metabolism of  lipids[65]. In a CCl4-
mediated model of  fibrosis, resveratrol prevented fibrosis 
with concomitant inhibition of  NF-κB translocation and 
attenuation of  TGF-β production[66]. Inhibition of  NF-κB 
by resveratrol was also reported in vitro along with a de-
crease in pro-inflammatory cytokine production[67,68]. In a 
rat model of  alcoholic liver injury, resveratrol blocked in-
creased oxidative stress, as measured by malondialdehyde, 
through upregulation of  superoxide dismutase, glutathi-
one peroxidase, and catalase[69]. Resveratrol has also been 
shown to alleviate alcohol-induced fatty liver disease in 
mice through promotion of  sirtuin 1 and AMP-activated 

kinase[70]. There is, however, a lack of  human studies ex-
amining the efficacy of  resveratrol as a treatment for liver 
disease.

Silibinin is an active flavinoligand derived from milk 
thistle, which has been used for several millennia as a treat-
ment for a variety of  liver disorders. Silibinin has demon-
strated anti-proliferative, anti-fibrogenic, and anti-cancer 
properties with in vivo animal models and can inhibit TGF-
β-induced collagen secretion in a human HSC cell line[71,72]. 
In addition to direct antioxidant properties, silibinin can 
inhibit CYP2E1 expression in the setting of  chronic alco-
hol consumption, suggesting decreased ROS production 
in alcoholics[73]. Despite encouraging results in animal stud-
ies, enthusiasm for its use in humans to treat chronic liver 
disorders is limited by questionable success in clinical trials. 
A review of  13 randomized clinical trials revealed silibinin 
had no effect on mortality, liver histology, or liver-related 
complications, but there was a significant decline in liver-
related mortality; however, others found no decrease in 
liver-related mortality in trials that were deemed to be of  
high quality[74]. 

MicroRNAs
MicroRNAs (miRNA) belong to a class of  small non-cod-
ing RNAs involved with post-transcriptional regulation of  
gene expression, termed RNA interference (RNAi). These 
sequences are typically 18-25 nucleotides and are gener-
ated by processing of  full-length primary transcript miR-
NAs, termed pri-miRNA, through enzymatic cleavage by 
RNase Ⅲ Drosha, generating pre-miRNAs. Subsequent 
transport to the cytosol permits additional processing by 
dicer to produce double-stranded miRNAs. One strand is 
loaded into the silencing complex and translation is dis-
rupted by imperfect binding of  the miRNA and elements 
within the 3’-UTR of  target transcripts[75]. 

miRNAs have demonstrated roles in most biological 
events, including proliferation, differentiation, cell-fate 
determination, apoptosis, and signal transduction. Dis-
regulation of  miRNAs has been implicated in a number 
of  disease states, including cancer and fibrogenesis in a 
number of  solid organs including liver[76]. Comparisons 
of  miRNA expression between quiescent and activated 
HSCs revealed several miRNAs that may be involved in 
liver fibrosis and are thus attractive candidates for target-
ing. Expression of  miR-27a and miR-27b were shown to 
increase during activation of  rat HSCs. Inhibition of  these 
miRNAs reverted activated HSCs back to a quiescent 
state that was associated with an increase in retinyl ester 
storage and decreased proliferation[77]. Studies by Guo 
et al[78] suggested that miR-15b and miR-16 reduce Bcl-2 
and increase caspase signaling, promoting apoptosis of  
activated HSCs. Overexpression of  miR-150 and miR-194 
in human LX-2 cells (a human activated HSC line) result-
ed in decreased expression of  α-SMA and type I collagen, 
possibly through inhibition of  c-myb and rac 1[79].

MiRNAs that specifically target collagen production 
have also been identified in a variety of  tissues, includ-
ing liver. Accumulating evidence implicates the miR-29-
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family in the regulation of  type Ⅰ collagen expression in 
several disease states[80,81]. Examination of  miR-29-family 
members in two models of  liver fibrosis revealed down-
regulation of  miR-29a, b, and c with associated increases 
in type Ⅰ collagen expression. Cell-specific expression 
from isolated primary liver cells revealed high expres-
sion of  miR-29b in HSCs, which was lost upon culture-
activation[82]. In vitro experiments aimed to determine a 
mechanism revealed that TGF-β treatment downregu-
lated miR-29b expression with a concomitant increase in 
type Ⅰ collagen expression. Another striking observation 
was that miR-29a serum levels are downregulated in hu-
man fibrotic patients compared to healthy patients; the 
degree of  fibrosis and cirrhosis correlated with the extent 
of  miR-29a suppression, suggesting that miR-29a may be 
a novel serum marker of  liver fibrosis in humans[82].

Small interfering RNA therapy
Small interfering RNAs (siRNA), like miRNAs, are a class 
of  double-stranded RNA molecules 20-25 nucleotides 
in length that participate in the RNAi pathway and have 
received considerable attention as a therapeutic strategy 
for a variety of  conditions. Several barriers exist to effec-
tive siRNA therapies in hepatic fibrosis, including target-
ing delivery to the intended liver cell(s) to avoid systemic 
consequences and overcoming the physical barriers that 
occur in fibrosis that limit exchange, including the loss of  
endothelial cell fenestration and accumulation of  ECM 
components in the space of  Disse.

Efforts to target TGF-β, the most potent pro-fibrotic 
cytokine, has led to the development of  siRNAs that can 
inhibit TGF-β mRNA expression in a rat HSC cell line[83]. 
These siRNAs have been conjugated with galactosylated 
poly(ethylene glycol)(Gal-PEG) or mannose 6-phosphate 
poly(ethylene glycol)(M6P-PEG) and targeted to HCC 
(HepG2) and HSC (HSC-T6) cell lines, respectively[84]. 
M6P-PEG targets to HSCs via M6P/insulin-like growth 
factor-Ⅱ receptor-mediated endocytosis and Gal-PEG 
targets to hepatocytes via asialoglycoprotein receptor-me-
diated endocytosis[84]. Though specific targeting produced 
favorable results in vitro these strategies have yet to be vali-
dated in vivo.

A novel approach to deliver siRNAs against Hsp47 
has recently been reported utilizing two models of  liver 
fibrosis; CCl4 and BDL, and a lethal model of  dimethylni-
trosamine (DMN)-induced cirrhosis. Investigators conju-
gated vitamin A to liposomes carrying siRNAs targeting 
gp46, a homolog of  Hsp47, which rapidly resolved fibro-
sis and prolonged survival in DMN-induced cirrhosis[85]. 
Evaluation of  radiolabeled vitamin A-coupled liposomes 
showed uptake predominantly in livers, demonstrating 
organ specificity. These data represent an exciting advance 
in siRNA-mediated treatment of  fibrosis and demon-
strate that targeting of  collagen production, not just the 
underlying pathology, can be an effective anti-fibrotic 
strategy. However, further studies to assess the functional 
consequences of  Hsp47 disruption need to be conducted, 
as the investigators revealed that Hsp47 repression stimu-
lated collagenase activity[85].

Inhibitors of chaperone proteins
A novel approach to targeting type I collagen secretion is 
inhibiting the activity of  one or more chaperone proteins 
associated with the numerous post-translational modifi-
cations procollagens undergo prior to secretion. As de-
scribed in the previous section, one such approach utilized 
siRNA against Hsp47 to abolish fibrosis in two animal 
models[85]. However, systemic administration of  inhibitors 
to collagen chaperones poses systemic risks, particularly 
in tissues with high normal expression of  type I collagen, 
like skin and bone.

One such approach to prevent systemic consequences 
centered on the design of  a pro-drug inhibitor of  prolyl 
4-hydroxylase, HOE 077, which would be converted to 
the active form by liver cytochrome P450 activity to pyr-
idine-2,4-dicarboxylate (2,4-PDCA). Use of  this drug at-
tenuated liver fibrosis and collagen accumulation induced 
by CCl4 administration[86]. However, in vitro mechanistic 
studies reported that HOE 077 prevented activation of  
HSCs as opposed to type I collagen production[87].

Hsp47 is an attractive target for the generation of  
small inhibitors, as type I collagen is the only reported 
target for this chaperone. Several inhibitors of  Hsp47 
have been reported; however, their efficacy in inhibiting 
collagen production by mediators of  fibrosis, or in animal 
models, has yet to be demonstrated[88].

Matrix metalloproteinases
Regulation of  the ECM is accomplished in part by a di-
verse family of  calcium- and zinc-dependant endopepti-
dases called MMPs. There are 25 identified unique mem-
bers of  the MMPs, of  which 24 are found in mammals, 
and they are capable of  degrading a variety of  matrix 
components. MMPs can be divided into five categories: 
interstitial collagenases, gelatinases, stromelysins, mem-
brane-type collagenases, and a metalloelastase (MMP-12), 
although there is some overlap in function between these 
groups. 

In liver, the main interstitial collagenases are MMP-1 
in humans, and MMP-8 and MMP-13 in rodents. MMP-3 
(stromelysin-1) is another interstitial collagenase expressed 
in liver; however, it exhibits weak proteolytic activity to-
wards ECM components[89]. Liver fibrosis results from an 
imbalance between fibrinogenesis and fibrinolysis, with an 
increase in tissue inhibitors of  metalloproteinases (TIMPs) 
primarily responsible for this imbalance. Four TIMPs 
have been identified (TIMP-1, TIMP-2, TIMP-3, and 
TIMP-4), each consisting of  184-194 amino acids. TIMPs 
inhibit MMPs by directly binding to the catalytic domain 
of  MMPs in a 1:1 stoichiometric ratio. TIMPs have been 
shown to inhibit the activity of  each MMP, though with 
varying efficiency[90]. Besides the well-established direct 
role of  TIMPs as inhibitors of  MMPs, TIMP-1 is capable 
of  indirect inhibition of  HSC apoptosis[91]. Furthermore, 
reduction of  TIMP-1 levels is associated with increased 
hepatocyte proliferation via degradation of  fibrotic ECM 
to permit hepatocyte expansion and liberation of  ECM-
bound hepatocyte growth factor[92]. Thus, therapeutic 
strategies to improve fibrinolysis can focus either on in-
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creasing the pool of  active MMPs or reducing the expres-
sion of  TIMPs.

Attempts to enhance the expression of  fibrinolytic 
MMPs have been carried out in various animal models 
of  fibrosis. Infection with an adenovirus carrying human 
MMP-1 gene attenuated fibrosis with concomitant de-
crease in α-SMA positive cells in a rat TAA model[93]. An 
adenoviral delivery strategy was also utilized to stimulate 
human MMP-8 expression to abrogate fibrosis in rats 
treated with CCl4 or subjected to BDL[94]. 

A similar approach was taken to inhibit expression 
of  TIMP-1 in HSCs, utilizing an siRNA against TIMP-1 
packaged in an adeno-associated virus (AAV) vector. AAV 
vectors have the ability to infect dividing and non-dividing 
cells, to incorporate into the genome at a specific site 
(AAVS1) in human chromosome 19 for sustained expres-
sion, and are non-immunogenic[95]. TIMP-1 expression was 
suppressed for > 12 wk, suggesting AVV-delivered siRNA 
against TIMP-1 has the potential for long-term efficacy. 
The study also reported concomitant increases in MMP-13 
expression, the rodent equivalent to MMP-1 in humans; 
however, the investigators did not assess MMP-13 activity 
by zymography and have not investigated the efficacy of  
this system in vivo[96].

MMPs and their inhibitors clearly play an important 
role in the development, progression, and resolution 
of  hepatic fibrosis. However, the context of  MMP and 
TIMP expression must be considered when developing 
therapeutic strategies to target their activity. In early stages 
of  hepatic fibrosis, MMPs appear to play a deleterious 
role, whereas in the resolution of  fibrosis, MMP activity 
is critical to reduce the scar and achieve restoration of  
the normal liver architecture. Additional work to evaluate 
their effectiveness in treating hepatic fibrosis should be 
conducted.

CONCLUSION
Liver fibrosis is a complex disease that represents a com-
mon pathology for a variety of  liver insults, including 
ALD. Sustained fibrogenesis can be linked to an exac-
erbation of  the wound-healing process and results in 
the accumulation of  ECM products, which can impair 
oxygen and nutrient delivery, stimulate proliferation of  
fibrogenic cells and result in injury. To date, there are no 
established therapies for liver fibrosis outside removal of  
the causative agent. Type Ⅰ collagen is the most abun-
dant component of  the extracellular scar in liver fibrosis 
and is an attractive target for anti-fibrotic therapies.

Therapies to limit pro-fibrotic mediators, such anti-
oxidants to scavenge ROS, have produced promising re-
sults in vitro and with animal models of  fibrosis; however, 
antioxidants have failed to consistently reduce fibrosis 
in human trials. This discrepancy is not understood, and 
therefore, attention should be made to developing new 
therapeutics. Regardless of  the etiology, it is widely ac-
cepted that other factors (e.g. genetic and environmental) 
contribute to the development and progression of  fibro-

sis, thus a therapeutic target directed towards the culprit 
of  fibrosis (collagen) might be a more successful and 
comprehensive therapy. Attempts to reduce accumulated 
type I collagen through MMP-mediated fibrinolysis has 
generated attractive results in animal models; however, 
their efficacy has yet to be tested in human trials. Addi-
tionally, further work to refine targeting and delivery of  
MMP-based therapies needs to be performed, as non-
specific delivery of  MMPs could have unintended conse-
quences in other collagen-rich tissues. 

Recent work in targeted delivery of  siRNAs against 
the collagen-specific chaperone Hsp47 represents exciting 
proof-of-concept therapy of  tissue-directed suppression of  
type Ⅰ collagen, potentially reducing deleterious effects of  
systemic type Ⅰ collagen inhibition. Despite this promising 
finding, additional studies to determine the efficacy and 
safety of  this approach in humans need to be conducted. 
Continued investigation into the molecular mechanisms 
of  type Ⅰ collagen production and secretion in fibrogenic 
mediators should be performed to produce new targets for 
anti-fibrotic therapy.

REFERENCES
1	 Friedman	SL. Mechanisms of hepatic fibrogenesis. Gastroen-

terology 2008; 134: 1655-1669
2	 Tsukada	S, Parsons CJ, Rippe RA. Mechanisms of liver fi-

brosis. Clin Chim Acta 2006; 364: 33-60
3	 Friedman	 SL. Hepatic stellate cells: protean, multifunc-

tional, and enigmatic cells of the liver. Physiol Rev 2008; 88: 
125-172

4	 Rockey	 DC, Housset CN, Friedman SL. Activation-depen-
dent contractility of rat hepatic lipocytes in culture and in 
vivo. J Clin Invest 1993; 92: 1795-1804

5	 Beaussier	 M, Wendum D, Schiffer E, Dumont S, Rey C, 
Lienhart A, Housset C. Prominent contribution of portal 
mesenchymal cells to liver fibrosis in ischemic and obstruc-
tive cholestatic injuries. Lab Invest 2007; 87: 292-303

6	 Baba	S, Fujii H, Hirose T, Yasuchika K, Azuma H, Hoppo 
T, Naito M, Machimoto T, Ikai I. Commitment of bone mar-
row cells to hepatic stellate cells in mouse. J Hepatol 2004; 
40: 255-260

7	 Valdés	F, Alvarez AM, Locascio A, Vega S, Herrera B, Fernán-
dez M, Benito M, Nieto MA, Fabregat I. The epithelial mesen-
chymal transition confers resistance to the apoptotic effects of 
transforming growth factor Beta in fetal rat hepatocytes. Mol 
Cancer Res 2002; 1: 68-78

8	 Rombouts	K, Marra F. Molecular mechanisms of hepatic 
fibrosis in non-alcoholic steatohepatitis. Dig Dis 2010; 28: 
229-235

9	 van	der	Rest	M, Garrone R. Collagen family of proteins. 
FASEB J 1991; 5: 2814-2823

10	 Sweeney	SM, Orgel JP, Fertala A, McAuliffe JD, Turner KR, 
Di Lullo GA, Chen S, Antipova O, Perumal S, Ala-Kokko L, 
Forlino A, Cabral WA, Barnes AM, Marini JC, San Antonio 
JD. Candidate cell and matrix interaction domains on the 
collagen fibril, the predominant protein of vertebrates. J Biol 
Chem 2008; 283: 21187-21197

11	 Canty	EG, Kadler KE. Procollagen trafficking, processing 
and fibrillogenesis. J Cell Sci 2005; 118: 1341-1353

12	 Imai	K, Sato T, Senoo H. Adhesion between cells and extra-
cellular matrix with special reference to hepatic stellate cell 
adhesion to three-dimensional collagen fibers. Cell Struct 
Funct 2000; 25: 329-336

13	 Wynn	TA. Cellular and molecular mechanisms of fibrosis. J 

2478 May 28, 2011|Volume 17|Issue 20|WJG|www.wjgnet.com

Thompson KJ et al . Targeting collagen expression in alcoholic liver disease



Pathol 2008; 214: 199-210
14	 Alexakis	C, Maxwell P, Bou-Gharios G. Organ-specific col-

lagen expression: implications for renal disease. Nephron 
Exp Nephrol 2006; 102: e71-e75

15	 Karsenty	 G, de Crombrugghe B. Conservation of binding 
sites for regulatory factors in the coordinately expressed al-
pha 1 (I) and alpha 2 (I) collagen promoters. Biochem Biophys 
Res Commun 1991; 177: 538-544 

16	 McKillop	IH, Schrum LW. Role of alcohol in liver carcino-
genesis. Semin Liver Dis 2009; 29: 222-232

17	 Chen	A, Davis BH. The DNA binding protein BTEB medi-
ates acetaldehyde-induced, jun N-terminal kinase-depen-
dent alphaI(I) collagen gene expression in rat hepatic stel-
late cells. Mol Cell Biol 2000; 20: 2818-2826

18	 Anania	FA, Womack L, Jiang M, Saxena NK. Aldehydes po-
tentiate alpha(2)(I) collagen gene activity by JNK in hepatic 
stellate cells. Free Radic Biol Med 2001; 30: 846-857

19	 Rippe	RA, Brenner DA. From quiescence to activation: Gene 
regulation in hepatic stellate cells. Gastroenterology 2004; 127: 
1260-1262

20	 Saile	B, Matthes N, El Armouche H, Neubauer K, Ramadori 
G. The bcl, NFkappaB and p53/p21WAF1 systems are in-
volved in spontaneous apoptosis and in the anti-apoptotic 
effect of TGF-beta or TNF-alpha on activated hepatic stellate 
cells. Eur J Cell Biol 2001; 80: 554-561

21	 Lang	A, Schoonhoven R, Tuvia S, Brenner DA, Rippe RA. 
Nuclear factor kappaB in proliferation, activation, and apop-
tosis in rat hepatic stellate cells. J Hepatol 2000; 33: 49-58 

22	 Rippe	RA, Schrum LW, Stefanovic B, Solís-Herruzo JA, 
Brenner DA. NF-kappaB inhibits expression of the alpha1(I) 
collagen gene. DNA Cell Biol 1999; 18: 751-761

23	 Novitskiy	G, Potter JJ, Rennie-Tankersley L, Mezey E. Iden-
tification of a novel NF-kappaB-binding site with regulation 
of the murine alpha2(I) collagen promoter. J Biol Chem 2004; 
279: 15639-15644

24	 Stefanovic	 B, Hellerbrand C, Holcik M, Briendl M, Alieb-
haber S, Brenner DA. Posttranscriptional regulation of col-
lagen alpha1(I) mRNA in hepatic stellate cells. Mol Cell Biol 
1997; 17: 5201-5209

25	 Waggoner	 SA, Liebhaber SA. Regulation of alpha-globin 
mRNA stability. Exp Biol Med (Maywood) 2003; 228: 387-395  

26	 Lindquist	 JN, Kauschke SG, Stefanovic B, Burchardt ER, 
Brenner DA. Characterization of the interaction between 
alphaCP(2) and the 3’-untranslated region of collagen 
alpha1(I) mRNA. Nucleic Acids Res 2000; 28: 4306-4316

27	 Lindquist	JN, Parsons CJ, Stefanovic B, Brenner DA. Regu-
lation of alpha1(I) collagen messenger RNA decay by in-
teractions with alphaCP at the 3’-untranslated region. J Biol 
Chem 2004; 279: 23822-23829

28	 Su	MW, Suzuki HR, Bieker JJ, Solursh M, Ramirez F. Ex-
pression of two nonallelic type II procollagen genes during 
Xenopus laevis embryogenesis is characterized by stage-
specific production of alternatively spliced transcripts. J Cell 
Biol 1991; 115: 565-575

29	 Yamada	Y, Mudryj M, de Crombrugghe B. A uniquely con-
served regulatory signal is found around the translation 
initiation site in three different collagen genes. J Biol Chem 
1983; 258: 14914-14919

30	 Stefanovic	B, Brenner DA. 5’ stem-loop of collagen alpha 
1(I) mRNA inhibits translation in vitro but is required for 
triple helical collagen synthesis in vivo. J Biol Chem 2003; 278: 
927-933

31	 Cai	L, Fritz D, Stefanovic L, Stefanovic B. Binding of LARP6 
to the conserved 5’ stem-loop regulates translation of mRNAs 
encoding type I collagen. J Mol Biol 2010; 395: 309-326

32	 Cai	L, Fritz D, Stefanovic L, Stefanovic B. Nonmuscle myo-
sin-dependent synthesis of type I collagen. J Mol Biol 2010; 
401: 564-578

33	 Hendershot	 LM, Bulleid NJ. Protein-specific chaperones: 
the role of hsp47 begins to gel. Curr Biol 2000; 10: R912-R915  

34	 Chessler	SD, Byers PH. BiP binds type I procollagen pro al-
pha chains with mutations in the carboxyl-terminal propep-
tide synthesized by cells from patients with osteogenesis 
imperfecta. J Biol Chem 1993; 268: 18226-18233

35	 Lamandé	SR, Bateman JF. Procollagen folding and assem-
bly: the role of endoplasmic reticulum enzymes and mo-
lecular chaperones. Semin Cell Dev Biol 1999; 10: 455-464

36	 Wilson	 R, Lees JF, Bulleid NJ. Protein disulfide isomerase 
acts as a molecular chaperone during the assembly of pro-
collagen. J Biol Chem 1998; 273: 9637-9643

37	 John	DC, Grant ME, Bulleid NJ. Cell-free synthesis and as-
sembly of prolyl 4-hydroxylase: the role of the beta-subunit 
(PDI) in preventing misfolding and aggregation of the 
alpha-subunit. EMBO J 1993; 12: 1587-1595

38	 Privalov	PL. Stability of proteins. Proteins which do not pres-
ent a single cooperative system. Adv Protein Chem 1982; 35: 
1-104

39	 Bella	 J, Brodsky B, Berman HM. Hydration structure of a 
collagen peptide. Structure 1995; 3: 893-906

40	 Nagata	K, Saga S, Yamada KM. Characterization of a novel 
transformation-sensitive heat-shock protein (HSP47) that 
binds to collagen. Biochem Biophys Res Commun 1988; 153: 
428-434 

41	 Nagai	N, Hosokawa M, Itohara S, Adachi E, Matsushita T, 
Hosokawa N, Nagata K. Embryonic lethality of molecular 
chaperone hsp47 knockout mice is associated with defects 
in collagen biosynthesis. J Cell Biol 2000; 150: 1499-1506

42	 Leung	MK, Fessler LI, Greenberg DB, Fessler JH. Separate 
amino and carboxyl procollagen peptidases in chick embryo 
tendon. J Biol Chem 1979; 254: 224-232

43	 Kadler	KE, Hojima Y, Prockop DJ. Assembly of collagen fi-
brils de novo by cleavage of the type I pC-collagen with pro-
collagen C-proteinase. Assay of critical concentration demon-
strates that collagen self-assembly is a classical example of an 
entropy-driven process. J Biol Chem 1987; 262: 15696-15701

44	 Koop	DR. Oxidative and reductive metabolism by cyto-
chrome P450 2E1. FASEB J 1992; 6: 724-730

45	 Lieber	CS. Microsomal ethanol-oxidizing system (MEOS): 
the first 30 years (1968-1998)--a review. Alcohol Clin Exp Res 
1999; 23: 991-1007

46	 Donohue	TM, Cederbaum AI, French SW, Barve S, Gao B, 
Osna NA. Role of the proteasome in ethanol-induced liver 
pathology. Alcohol Clin Exp Res 2007; 31: 1446-1459

47	 Karaa	A, Thompson KJ, McKillop IH, Clemens MG, Schrum 
LW. S-adenosyl-L-methionine attenuates oxidative stress 
and hepatic stellate cell activation in an ethanol-LPS-
induced fibrotic rat model. Shock 2008; 30: 197-205

48	 Wang	X, Cederbaum AI. S-adenosyl-L-methionine attenu-
ates hepatotoxicity induced by agonistic Jo2 Fas antibody 
following CYP2E1 induction in mice. J Pharmacol Exp Ther 
2006; 317: 44-52

49	 Song	Z, Zhou Z, Chen T, Hill D, Kang J, Barve S, McClain 
C. S-adenosylmethionine (SAMe) protects against acute 
alcohol induced hepatotoxicity in mice small star, filled. J 
Nutr Biochem 2003; 14: 591-597

50	 Matsui	H, Kawada N. Effect of S-adenosyl-L-methionine on 
the activation, proliferation and contraction of hepatic stel-
late cells. Eur J Pharmacol 2005; 509: 31-36

51	 Nieto	 N, Cederbaum AI. S-adenosylmethionine blocks 
collagen I production by preventing transforming growth 
factor-beta induction of the COL1A2 promoter. J Biol Chem 
2005; 280: 30963-30974

52	 Mato	JM, Cámara J, Fernández de Paz J, Caballería L, Coll S, 
Caballero A, García-Buey L, Beltrán J, Benita V, Caballería J, 
Solà R, Moreno-Otero R, Barrao F, Martín-Duce A, Correa JA, 
Parés A, Barrao E, García-Magaz I, Puerta JL, Moreno J, Bois-
sard G, Ortiz P, Rodés J. S-adenosylmethionine in alcoholic 
liver cirrhosis: a randomized, placebo-controlled, double-
blind, multicenter clinical trial. J Hepatol 1999; 30: 1081-1089

53	 Rambaldi	 A, Gluud C. S-adenosyl-L-methionine for al-

2479 May 28, 2011|Volume 17|Issue 20|WJG|www.wjgnet.com

Thompson KJ et al . Targeting collagen expression in alcoholic liver disease



coholic liver diseases. Cochrane Database Syst Rev 2006; 
CD002235

54	 Lieber	CS, Leo MA, Cao Q, Mak KM, Ren C, Ponomarenko 
A, Wang X, Decarli LM. The Combination of S-adenosyl-
methionine and Dilinoleoylphosphatidylcholine Attenuates 
Non-alcoholic Steatohepatitis Produced in Rats by a High-
Fat Diet. Nutr Res 2007; 27: 565-573

55	 Cao	 Q, Mak KM, Lieber CS. DLPC and SAMe prevent 
alpha1(I) collagen mRNA up-regulation in human hepatic 
stellate cells, whether caused by leptin or menadione. Bio-
chem Biophys Res Commun 2006; 350: 50-55

56	 Cao	Q, Mak KM, Lieber CS. DLPC and SAMe combined 
prevent leptin-stimulated TIMP-1 production in LX-2 hu-
man hepatic stellate cells by inhibiting HO-mediated signal 
transduction. Liver Int 2006; 26: 221-231

57	 Chen	XL, Kunsch C. Induction of cytoprotective genes 
through Nrf2/antioxidant response element pathway: a new 
therapeutic approach for the treatment of inflammatory dis-
eases. Curr Pharm Des 2004; 10: 879-891

58	 Nishinaka	T, Ichijo Y, Ito M, Kimura M, Katsuyama M, Iwata 
K, Miura T, Terada T, Yabe-Nishimura C. Curcumin activates 
human glutathione S-transferase P1 expression through anti-
oxidant response element. Toxicol Lett 2007; 170: 238-247

59	 Bruck	R, Ashkenazi M, Weiss S, Goldiner I, Shapiro H, 
Aeed H, Genina O, Helpern Z, Pines M. Prevention of liver 
cirrhosis in rats by curcumin. Liver Int 2007; 27: 373-383  

60	 Xu	J, Fu Y, Chen A. Activation of peroxisome proliferator-
activated receptor-gamma contributes to the inhibitory 
effects of curcumin on rat hepatic stellate cell growth. Am J 
Physiol Gastrointest Liver Physiol 2003; 285: G20-G30

61	 Cheng	 Y, Ping J, Xu LM. Effects of curcumin on peroxi-
some proliferator-activated receptor gamma expression and 
nuclear translocation/redistribution in culture-activated rat 
hepatic stellate cells. Chin Med J (Engl) 2007; 120: 794-801 

62	 Ha	HL, Shin HJ, Feitelson MA, Yu DY. Oxidative stress and 
antioxidants in hepatic pathogenesis. World J Gastroenterol 
2010; 16: 6035-6043

63	 Rivera-Espinoza	Y, Muriel P. Pharmacological actions of 
curcumin in liver diseases or damage. Liver Int 2009; 29: 
1457-1466

64	 Samuhasaneeto	S, Thong-Ngam D, Kulaputana O, Suyasu-
nanont D, Klaikeaw N. Curcumin decreased oxidative 
stress, inhibited NF-kappaB activation, and improved liver 
pathology in ethanol-induced liver injury in rats. J Biomed 
Biotechnol 2009; 2009: 981963

65	 Frémont	L. Biological effects of resveratrol. Life Sci 2000; 66: 
663-673

66	 Chávez	E, Reyes-Gordillo K, Segovia J, Shibayama M, 
Tsutsumi V, Vergara P, Moreno MG, Muriel P. Resvera-
trol prevents fibrosis, NF-kappaB activation and TGF-beta 
increases induced by chronic CCl4 treatment in rats. J Appl 
Toxicol 2008; 28: 35-43

67	 Tsai	SH, Lin-Shiau SY, Lin JK. Suppression of nitric ox-
ide synthase and the down-regulation of the activation of 
NFkappaB in macrophages by resveratrol. Br J Pharmacol 
1999; 126: 673-680

68	 Wadsworth	TL, Koop DR. Effects of the wine polyphenolics 
quercetin and resveratrol on pro-inflammatory cytokine 
expression in RAW 264.7 macrophages. Biochem Pharmacol 
1999; 57: 941-949

69	 Kasdallah-Grissa	A, Mornagui B, Aouani E, Hammami M, 
El May M, Gharbi N, Kamoun A, El-Faza â S. Resveratrol, a 
red wine polyphenol, attenuates ethanol-induced oxidative 
stress in rat liver. Life Sci 2007; 80: 1033-1039

70	 Ajmo	JM, Liang X, Rogers CQ, Pennock B, You M. Resve-
ratrol alleviates alcoholic fatty liver in mice. Am J Physiol 
Gastrointest Liver Physiol 2008; 295: G833-G842

71	 Trappoliere	 M, Caligiuri A, Schmid M, Bertolani C, Failli 
P, Vizzutti F, Novo E, di Manzano C, Marra F, Loguercio C, 
Pinzani M. Silybin, a component of sylimarin, exerts anti-

inflammatory and anti-fibrogenic effects on human hepatic 
stellate cells. J Hepatol 2009; 50: 1102-1111

72	 Boigk	G, Stroedter L, Herbst H, Waldschmidt J, Riecken 
EO, Schuppan D. Silymarin retards collagen accumulation 
in early and advanced biliary fibrosis secondary to complete 
bile duct obliteration in rats. Hepatology 1997; 26: 643-649  

73	 Brandon-Warner	 E, Sugg JA, Schrum LW, McKillop IH. 
Silibinin inhibits ethanol metabolism and ethanol-depen-
dent cell proliferation in an in vitro model of hepatocellular 
carcinoma. Cancer Lett 2010; 291: 120-129

74	 Rambaldi	A, Jacobs BP, Gluud C. Milk thistle for alcoholic 
and/or hepatitis B or C virus liver diseases. Cochrane Data-
base Syst Rev 2007; CD003620

75	 Carthew	 RW, Sontheimer EJ. Origins and Mechanisms of 
miRNAs and siRNAs. Cell 2009; 136: 642-655

76	 Bala	S, Marcos M, Szabo G. Emerging role of microRNAs in 
liver diseases. World J Gastroenterol 2009; 15: 5633-5640

77	 Ji	 J, Zhang J, Huang G, Qian J, Wang X, Mei S. Over-ex-
pressed microRNA-27a and 27b influence fat accumulation 
and cell proliferation during rat hepatic stellate cell activa-
tion. FEBS Lett 2009; 583: 759-766

78	 Guo	CJ, Pan Q, Li DG, Sun H, Liu BW. miR-15b and miR-16 
are implicated in activation of the rat hepatic stellate cell: 
An essential role for apoptosis. J Hepatol 2009; 50: 766-778  

79	 Venugopal	SK, Jiang J, Kim TH, Li Y, Wang SS, Torok NJ, 
Wu J, Zern MA. Liver fibrosis causes downregulation of 
miRNA-150 and miRNA-194 in hepatic stellate cells, and 
their overexpression causes decreased stellate cell activation. 
Am J Physiol Gastrointest Liver Physiol 2010; 298: G101-G106

80	 Li	Z, Hassan MQ, Jafferji M, Aqeilan RI, Garzon R, Croce 
CM, van Wijnen AJ, Stein JL, Stein GS, Lian JB. Biological 
functions of miR-29b contribute to positive regulation of 
osteoblast differentiation. J Biol Chem 2009; 284: 15676-15684  

81	 van	Rooij	E, Sutherland LB, Thatcher JE, DiMaio JM, Nas-
eem RH, Marshall WS, Hill JA, Olson EN. Dysregulation 
of microRNAs after myocardial infarction reveals a role of 
miR-29 in cardiac fibrosis. Proc Natl Acad Sci U S A 2008; 
105: 13027-13032

82	 Roderburg	C, Urban GW, Bettermann K, Vucur M, Zim-
mermann H, Schmidt S, Janssen J, Koppe C, Knolle P, Cas-
toldi M, Tacke F, Trautwein C, Luedde T. Micro-RNA pro-
filing reveals a role for miR-29 in human and murine liver 
fibrosis. Hepatology 2011; 53: 209-218

83	 Cheng	K, Yang N, Mahato RI. TGF-beta1 gene silencing for 
treating liver fibrosis. Mol Pharm 2009; 6: 772-779

84	 Zhu	 L, Mahato RI. Targeted delivery of siRNA to hepato-
cytes and hepatic stellate cells by bioconjugation. Bioconjug 
Chem 2010; 21: 2119-2127

85	 Sato	Y, Murase K, Kato J, Kobune M, Sato T, Kawano Y, Ta-
kimoto R, Takada K, Miyanishi K, Matsunaga T, Takayama 
T, Niitsu Y. Resolution of liver cirrhosis using vitamin 
A-coupled liposomes to deliver siRNA against a collagen-
specific chaperone. Nat Biotechnol 2008; 26: 431-442

86	 Wang	 YJ, Wang SS, Bickel M, Guenzler V, Gerl M, Bissell 
DM. Two novel antifibrotics, HOE 077 and Safironil, modu-
late stellate cell activation in rat liver injury: differential ef-
fects in males and females. Am J Pathol 1998; 152: 279-287  

87	 Aoyagi	M, Sakaida I, Suzuki C, Segawa M, Fukumoto Y, 
Okita K. Prolyl 4-hydroxylase inhibitor is more effective for 
the inhibition of proliferation than for inhibition of collagen 
synthesis of rat hepatic stellate cells. Hepatol Res 2002; 23: 1-6 

88	 Thomson	CA, Atkinson HM, Ananthanarayanan VS. Identi-
fication of small molecule chemical inhibitors of the collagen-
specific chaperone Hsp47. J Med Chem 2005; 48: 1680-1684

89	 Hemmann	 S, Graf J, Roderfeld M, Roeb E. Expression of 
MMPs and TIMPs in liver fibrosis - a systematic review 
with special emphasis on anti-fibrotic strategies. J Hepatol 
2007; 46: 955-975

90	 Nagase	 H, Visse R, Murphy G. Structure and function of 
matrix metalloproteinases and TIMPs. Cardiovasc Res 2006; 

2480 May 28, 2011|Volume 17|Issue 20|WJG|www.wjgnet.com

Thompson KJ et al . Targeting collagen expression in alcoholic liver disease



69: 562-573
91	 Murphy	FR, Issa R, Zhou X, Ratnarajah S, Nagase H, Arthur 

MJ, Benyon C, Iredale JP. Inhibition of apoptosis of acti-
vated hepatic stellate cells by tissue inhibitor of metallopro-
teinase-1 is mediated via effects on matrix metalloproteinase 
inhibition: implications for reversibility of liver fibrosis. J 
Biol Chem 2002; 277: 11069-11076

92	 Mohammed	FF, Pennington CJ, Kassiri Z, Rubin JS, Soloway 
PD, Ruther U, Edwards DR, Khokha R. Metalloproteinase 
inhibitor TIMP-1 affects hepatocyte cell cycle via HGF activa-
tion in murine liver regeneration. Hepatology 2005; 41: 857-867 

93	 Iimuro	Y, Nishio T, Morimoto T, Nitta T, Stefanovic B, Choi 
SK, Brenner DA, Yamaoka Y. Delivery of matrix metallo-
proteinase-1 attenuates established liver fibrosis in the rat. 
Gastroenterology 2003; 124: 445-458

94	 Siller-López	F, Sandoval A, Salgado S, Salazar A, Bueno M, 
Garcia J, Vera J, Gálvez J, Hernández I, Ramos M, Aguilar-
Cordova E, Armendariz-Borunda J. Treatment with human 
metalloproteinase-8 gene delivery ameliorates experimental 
rat liver cirrhosis. Gastroenterology 2004; 126: 1122-1133; dis-
cussion 949

95	 Surosky	RT, Urabe M, Godwin SG, McQuiston SA, Kurtz-
man GJ, Ozawa K, Natsoulis G. Adeno-associated virus Rep 
proteins target DNA sequences to a unique locus in the hu-
man genome. J Virol 1997; 71: 7951-7959

96	 Cong	M, Liu T, Wang P, Xu Y, Tang S, Wang B, Jia J, Liu Y, 
Hermonat PL, You H. Suppression of tissue inhibitor of me-
talloproteinase-1 by recombinant adeno-associated viruses 
carrying siRNAs in hepatic stellate cells. Int J Mol Med 2009; 
24: 685-692

S-	Editor		Tian L    L-	Editor  Stewart GJ    E-	Editor		Ma WH

2481 May 28, 2011|Volume 17|Issue 20|WJG|www.wjgnet.com

Thompson KJ et al . Targeting collagen expression in alcoholic liver disease


