
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Oxidative stress and hepatic stellate cells: A paradoxical 
relationship 
 

ABSTRACT 
In physiology, reactive oxygen species (ROS) are 
produced by most cells for normal function and 
as a defense mechanism against foreign particles, 
microbes and viruses. Hepatic macrophages 
(Kupffer cells), sinusoidal endothelial cells, 
hepatocytes and hepatic stellate cells (HSCs) are 
all capable of generating ROS in physiology 
and pathology. ROS are also produced by 
infiltrating inflammatory cells during acute and 
chronic liver injury. Increased levels of ROS have 
been implicated in apoptotic/necrotic death of 
hepatocytes, and liver failure. In contrast to 
causing injury to hepatocytes, ROS and lipid 
peroxidation products induce transdifferentiation 
of the quiescent HSCs into an activated highly 
proliferative myofibroblast-like phenotype. ROS 
and lipid peroxidation products also stimulate the 
synthesis of extracellular matrix (ECM) by 
activated HSCs. Deposition of excessive amounts 
of ECM is the primary mechanism of fibrosis and 
cirrhosis of the liver, and interactions between 
ROS and HSCs appear to play a major role in this 
pathology. Although these findings suggest that 
HSCs are resistant to the injurious actions of 
ROS, there is compelling evidence demonstrating 
ROS-induced death of activated HSCs. Detailed 
mechanistic understanding of such paradoxical 
interactions between ROS and HSCs will be 
critical for developing therapies for chronic 
fibrotic liver disease. 
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INTRODUCTION 
Hepatic stellate cells (HSCs), which constitute 
nearly 10% of the liver cell population, play 
critical roles in liver physiology and pathology. 
Physiologically, HSCs are the major cell type to 
store the body’s retinoids, regulate liver blood 
flow and architecture, and influence hepatic 
metabolism and function by producing various 
growth mediators, cytokines and chemokines. 
During liver injury HSCs are activated by 
transdifferentiation into a myofibroblastic phenotype 
(known as activated HSCs). Activated HSCs are 
highly fibrogenic and contractile, and thus play a 
major role in hepatic fibrosis and the sinusoidal 
component of portal hypertension. Therefore, 
selective elimination of activated HSCs has been 
a topic of intense investigation. Reactive oxygen 
species (ROS) play an important role in activation 
and proliferation of HSCs. However, there is 
compelling in vivo and in vitro evidence for ROS-
induced apoptosis of activated HSCs. This article 
reviews the work from several laboratories that 
has provided molecular mechanisms of ROS-
induced activation/proliferation and apoptosis of
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express interstitial filamentous proteins, desmin 
and glial-fibrillary acidic protein (GFAP) [8]. 
Vitamin A autofluorescence, desmin and GFAP 
are used as markers to identify HSCs in vivo, 
and to ascertain their purity in vitro during 
cell culture. HSCs exhibit several cytoplasmic 
processes that can extend over 2-3 hepatocytes, 
penetrate endothelial fenestrations and contact 
sinusoidal cells, and can also traverse hepatocyte 
plates to contact HSCs in the neighboring sinusoid 
(Figure 1). With this physical characteristic and 
the capability to produce various cytokines, 
chemokines, growth factors, and biologically 
active components of extracellular matrix (ECM), 
HSCs can influence the functions of hepatocytes 
on one hand and sinusoidal cells on the other via 
paracrine and juxtracrine mechanisms [2, 8-10]. 
 
Hepatic stellate cells and fibrosis/cirrhosis 
Physiologically, HSCs are quiescent, but during 
liver injury, they release retinoids and undergo 
transdifferentiation into myofibroblast-like phenotype, 
commonly referred to as activated HSCs. 
Activation of HSCs is associated with loss of 
GFAP and acquisition of alpha-smooth muscle 
actin (α-sma) expression [8, 9]. This in vivo 
activation process is recapitulated significantly 
when HSCs from normal liver are placed in cell 
culture. Activated HSCs express receptor for 
platelet-derived growth factor (PDGF), and 
proliferate aggressively in response to PDGF and 
other mitogens produced by infiltrating blood 
cells, hepatocytes, Kupffer cells, and by HSCs 
themselves [2-4, 11, 12]. Activated HSCs respond 
to fibrogenic stimuli such as transforming growth 
factor-β (TGF-β), and synthesize and deposit 
excessive amounts of abnormal ECM components. 
Deposition of ECM is aided by increased expression 
of tissue inhibitors of matrix metalloproteinases 
(TIMPs) and reduced or unaltered expression of 
matrix metalloproteinases (MMPs) by HSCs [13-
15]. Thus, activated HSCs contribute profoundly 
to progressive and excessive fibrosis, the common 
consequence of chronic liver disease of various 
etiologies. Therefore, strategies for selective 
removal of activated HSCs or suppression of their 
activation, as therapeutic avenues, have been the 
major topics of intense investigation for a number 
of years [16-18]. 

HSCs. A critical examination of these mechanisms 
may be useful in development of strategies to 
eliminate activated HSCs as a therapy for liver 
fibrosis. 
 
The liver cell types  
The liver comprises of 4 major cell types: 
Parenchymal cells (hepatocytes) that account for 
nearly 80% of the liver volume, and non-
parenchymal cells (Kupffer cells, sinusoidal 
endothelial cells and hepatic stellate cells). 
Hepatocytes synthesize and store glycogen, secrete 
glucose via glycogen catabolism, metabolize and 
produce various proteins (e.g., albumin, clotting 
factors), bile acids and bile salts, and synthesize 
and process various lipids. Kupffer cells (the 
resident macrophages) eliminate invading microbes 
and their products, viruses and various toxins by 
phagocytosis and endocytosis. The specialized 
fenestrated sinusoidal endothelial cells allow free 
exchange between the substances in plasma and 
those produced by hepatocytes. Finally, hepatic 
stellate cells (HSCs), which are located in the 
space of Disse, regulate hepatic architecture and 
blood flow by synthesis/degradation of extracellular 
matrix and contractility respectively [1-4]. All of 
these hepatic cell types possess antigen-presenting 
and co-stimulatory capability, and thus perform 
numerous important functions including innate 
and adaptive immunological functions. Kupffer 
cells, sinusoidal endothelial cells and HSCs 
produce various cytokines, chemokines, and 
growth-modulating factors that influence cells of 
the immune system, as well as the survival and 
growth of hepatocyte [2-4]. In addition, the liver 
also contains natural killer (NK) cells, NKT cells, 
dendritic cells, and CD4+ and CD8+ T cells [5]. 
Together, these cell types provide a coordinated 
system that fights infections (bacterial, viral and 
parasitic) and destroys toxic substances. Additionally, 
the coordinated system also determines the course 
of acceptance or rejection of the liver allograft [6], 
and regulates hepatic regeneration following 
various types of organ injury [7].  
 
Hepatic stellate cells (HSCs) 
HSCs account for 8-12% of hepatic cell 
population. They store the major portion (about 
80%) of body’s retinoids including vitamin A, and 
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The generation of O2

.- (half life 10-6 sec) is 
followed readily by its dismutation to H2O2 by 
superoxide dismutase (SOD) (Equation 1B).  
Isomers of SOD are present in mitochondria (Mn-
SOD), cytosol (Cu-Zn-SOD) and in extracellular 
environment (Cu-Zn-SOD) [19]. H2O2 by itself is 
not a highly reactive molecule, but it is an 
important biological oxidant that can diffuse 
through the hydrophobic membranes and generate 
highly reactive hydroxyl radicals by reacting  
with redox-active transitional metals (Equation 1C). 
It has been postulated that activated phagocytic 
cells generate substantial amounts of H2O2,  
which is mainly responsible for the cytotoxicity 
observed at the sites of tissue inflammation  
[27, 28]. In addition to SOD, the detrimental 
actions of the ROS, generated on a continuous 
basis physiologically, are neutralized efficiently 
by glutathione peroxidase and catalase. Glutathione 
peroxidase and catalase are also present both  
in intra- and extracellular compartments [19]. 
Furthermore, glutathione, vitamins A, C and E, uric 
acid and ceruloplasmin can act as antioxidants in 
preventing ROS-induced cell injury. 
Moderately increased ROS activate signaling 
pathways required for physiological functions of 
the cell. However, at higher concentrations, ROS 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reactive oxygen species 
Reactive oxygen species (ROS) (superoxide 
radical [O2

.-], hydrogen peroxide [H2O2] and 
hydroxyl ion [OH-]) are generated as by-products 
of cellular metabolism [19] by all cell types, with 
mitochondria and microsomes being the major 
organelles of their production (Equation 1). 

Equation 1   

O2 + e- → O2
.-                                                     (A)

O2
.- + O2

.- + 2H+ → H2O2 + O2                                         (B)
Fe2+ + H2O2 → Fe3+ + OH + OH-                                   (C)

Electron transport associated with the inner 
mitochondrial membrane is the primary process 
that generates O2

.- [20, 21]. Microsomal cytochrome 
P450 enzyme also generates O2

.- during oxidation 
of NADPH [22-24]. Phagocytosis of foreign 
particles, including microorganisms and derivatives 
thereof, or senescent/dead cells by macrophages 
(e.g., Kupffer cells) causes increased O2 uptake 
and production of O2

.- via activation of a 
membrane- bound oxidase. Xanthine oxidase, a 
widely distributed enzyme that acts on xanthine or 
hypoxanthine is also a source for the generation of 
O2

.- [25, 26].  

Figure 1. Localization of hepatic stellate cell. The cartoon depicts localization of a hepatic stellate cell 
(HSC) in the space of Disse, adjacent to hepatocytes. Note that the cytosolic extensions cover hepatocytes 
on either side, penetrate the fenestrations (EF) in sinusoidal endothelial cells (SEC), and also traverse the 
hepatocyte plate and contact HSC in the neighboring perisinusoidal space. KC, Kupffer cell. 
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activation by blocking Kupffer cell function [49] 
during chronic CCl4 treatment of rats, provide 
additional support for the role of ROS in 
activation and fibrogenic activity of HSCs. 
HSCs cultured on uncoated or collagen I-coated 
plates in serum-supplemented medium undergo 
spontaneous activation, but resist activation when 
cultured in matrigel [50, 51]. These properties of 
HSCs have been exploited to investigate the 
mechanisms of their activation. Several cytokines 
such as tumor necrosis factor-α (TNF-α), 
transforming growth factor-β (TGF-β), TGF-α, 
fibroblast growth factor (FGF) and platelet-
derived growth factor (PDGF) produced in the 
hepatic microenvironment during injury were 
found to facilitate activation and proliferation of 
HSCs [11, 12].  These observations and activation 
of HSCs on matrigel by free radicals generated 
from ascorbate/FeSO4 as well as a lipid 
peroxidation product, malondialdehyde [52] suggest 
that complimentary actions of growth mediators 
and ROS drive both activation and proliferation of 
HSCs.   
Malondialdehyde [CH2(CHO)2] is formed during 
degradation of polyunsaturated lipids by ROS 
[53]. Cellular toxicity of this reactive aldehyde, a 
marker of oxidative stress, is due to its ability  
to form covalent protein adducts known as 
advanced lipoxidation end products [54]. 
Malondialdehyde also reacts with deoxyadenosine 
and deoxyguonosine in DNA forming mutagenic 
DNA adducts [55]. However, in contrast to its 
injurious effects on various cell types, 
malondialdehyde induced activation of NFκB in 
HSCs [52]. NFκB is a nuclear transcription factor 
associated with cell survival and proliferation 
[56]. Malondialdehyde treatment of HSCs also 
increased protein expression of a transcription 
factor c-Myb [52], which regulates differentiation 
and proliferation of many cell types including 
hematopoietic cells, stem cells and epithelial cells 
[57]. While blockade of NFκB activation 
prevented c-Myb expression, treatment of the 
cells with an antisense oligonucleotide for c-Myb 
mRNA blocked malondialdehyde-, collagen I- 
and TGF-α-induced activation of HSCs [52]. 
These data suggested that NFκB and subsequent 
c-Myb signaling play a critical role in oxidative 
stress-induced activation of HSCs. Increased 
c-Myb expression was also observed in HSCs 
activated in vivo during CCl4-induced fibrosis

and their lipid peroxidation products can cause 
injury to the cells by damaging macromolecules 
including genomic DNA [19], and induce death of 
several cell types including hepatocytes [29-32].  
Relatively high levels of ROS, generated by 
Kupffer cells and infiltrating leukocytes during 
hepatic inflammation [33-35], have been 
implicated in the initiation and progression of 
liver pathologies [36, 37]. 
 
ROS and activation of hepatic stellate cells 
Factors released by apoptotic/necrotic hepatocytes 
[38, 39], and expression of cell adhesion 
molecules as well as chemokines by Kupffer cells 
[38, 40, 41] and HSCs [42] cause infiltration of 
blood cells such as neutrophils and monocytes in 
the injured liver. The infiltrated blood cells and 
Kupffer cells produce inflammatory cytokines and 
ROS, which were postulated to induce activation 
and proliferation of HSCs, a hallmark of 
fibrogenesis in chronic liver disease [9].  
Carbon tetrachloride (CCl4)-induced liver injury 
in rodents has been employed extensively as a 
model to investigate the mechanisms of HSC 
activation and liver fibrosis. CCl4 is metabolized 
by cytochrome P450 enzymes, primarily CYP2E1, 
in hepatocytes resulting in the formation of a 
potent free radical CCl3. CCl3 causes widespread 
metabolic disturbances, including injury due to 
peroxidative degeneration of membrane lipids 
[43]. Since CCl4 is a hepatocyte toxin and does 
not affect HSCs, substances released by the 
injured or dying hepatocytes were postulated to be 
associated with activation of HSCs [44]. Among 
these, lipid peroxidation products produced by the 
damaged hepatocytes are particularly important  
in driving HSC activation. Indeed, transient 
production of O2

.-, observed in the pericentral 
necrotic areas within 24 hours after acute CCl4 
treatment, was followed by appearance of HSCs 
and collagen expression; higher levels of 02

.- with 
dramatic and sustained activation of HSCs 
continued to occur in the necrotic areas during 
chronic CCl4 treatment of rats [45].  Furthermore, 
activation of HSCs was observed to correlate 
closely with hepatic oxidative stress rather than 
the tissue levels of cytokines [46]. Greater 
quantities of ROS produced by Kupffer cells from 
CCl4-treated rats with necrotic injury than those 
from control rats [47], migration of Kupffer cells 
to the necrotic area [48], and abrogation of HSC 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Oxidative stress and hepatic stellate cells                                                                                                      5 

Activated neutrophil-derived superoxide [63], 
superoxide generated from 0.4 mM xanthine and 
75 mU/ml xanthine oxidase [63], pro-oxidant 
ethanol metabolite acetaldehyde [64], and ascorbate/ 
iron [65] were all reported to cause membrane 
lipid peroxidation and induce collagen I synthesis 
in activated human HSCs. Furthermore, 
exogenously added aldehydic lipid peroxidation 
product 4-hydroxynonenol [65] also induced 
collagen I production by activated human HSCs. 
Attempts to discover the mechanism of 
acetaldehyde-induced collagen I production 
revealed activation of protein kinase C in rat and 
human activated HSCs [66, 67], and of 
phosphatidyl-inositol-3-kinase (PI3 kinase) and 
extracellular signal-regulated mitogen-activated 
protein kinase (ERK1/2) in human activated 
HSCs [67]. Activation of ERK1/2 and PI3K is 
required for proliferation of HSCs [68, 69].  
Interestingly, blockade of acetaldehyde-induced 
protein kinase C activation, but not of ERK1/2 or 
PI3K activation, abrogated fibrogenic activity of 
HSCs [67]. These observations indicate that 
distinct intracellular signaling pathways are 
responsible for ROS-induced proliferation and 
fibrogenic activity of HSCs. In contrast to these 
findings, other investigators [70] did not observe 
increase in collagen synthesis in culture-activated 
rat HSCs stimulated by 4-hydroxynonenal or 
iron/ascorbate. Thus additional studies are required 
to delineate the biochemical mechanisms involved 
in ROS-induced fibrogenic activity of HSCs.  
 
Death of activated hepatic stellate cells             
by ROS- A paradox 
The observation that a significant number of 
apoptotic HSCs are present in the actively fibrotic 
areas of the liver during CCl4 treatment [71] 
suggested that activated HSCs are vulnerable to 
apoptotic stimuli generated during chronic liver 
injury. The sensitivity of activated HSCs to apoptotic 
stimuli is evident from spontaneous reversibility 
of CCl4-induced liver fibrosis in rodents upon 
termination of the toxin treatment [14, 72], and 
heightened apoptosis of activated HSCs during 
such reversal [14, 73]. In tissue culture, activated 
HSCs undergo apoptosis via autocrine Fas/FasL-
induced mechanism [74, 75]. However, an increase 
in the number of apoptotic HSCs in chronically 
CCl4-treated rats upon increasing oxidative

[52] and in human fibrotic liver [58]. Since 
increased expression of c-Myb is associated with 
activation of anti-apoptotic (Bcl2 and Bcl-xL) 
genes [59], it is apparent that this transcription 
factor is required for the survival of HSCs during 
oxidative stress. 
The above-described data indicated that 
“exogenously” produced ROS or lipid peroxidation 
products cause activation of HSCs. However, 
abrogation of TGF-α- or collagen I-induced 
activation and proliferation of HSCs by antioxidants 
α-tocopherol or butylated hydoxytoluene [52] 
suggested a prominent role for “intracellular” 
oxidative stress as well. HSCs isolated from 
mouse deficient in NADPH oxidase, a major 
intracellular producer of ROS, generate less ROS 
and demonstrate lower level of activation during 
chronic liver injury than the cells from control 
mouse [60]. Furthermore, greater level of HSC 
activation and magnitude of fibrosis was observed 
in CCl4-treated mice transgenic for Rac (gene that 
encodes a small GTP-binding protein of Rho 
family) under the control of α-sma promoter.  
In vitro, HSCs from Rac-transgenic mice produced 
greater levels of ROS, expression of activation 
markers and collagen than control HSCs. 
Together, these findings suggest a critical role for 
both extracellular and intracellular oxidative stress 
in HSC activation and proliferation. 
 
ROS and fibrogenesis 
While activation of HSCs is an important step in 
the initiation of fibrogenic response, continued 
production and deposition of ECM by retinoid-
deficient activated HSCs in chronic liver injury 
leads to irreversible cirrhosis. In the inflammatory 
environment of chronic liver injury, ROS can be 
critical mediators of ECM production by activated 
HSCs.  Since the gene expression as well as the 
magnitude of the synthesis and deposition of type 
I collagen is greatly increased in activated HSCs 
in comparison to their quiescent counterparts that 
produce very small amounts of this protein [50, 
51, 61], expression level of collagen type I is used 
as a reliable indicator of fibrogenic activity.  
Using hypoxanthine (1 mM) and xanthine oxidase 
(3 mU/ml) as superoxide-generating system, 
Shina et al. [62] demonstrated enhanced collagen 
synthesis by culture-activated HSCs. Several 
investigators confirmed these initial findings.
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was found to protect cultured neurons from 
oxidative stress by inhibiting GSH depletion [83]. 
Furthermore, GSH depletion itself was found to 
induce apoptosis of hepatocytes [85] and to 
further sensitize them to TNF-α-induced apoptosis 
[86].  

The reported effects of O2
.- generated by the 

reaction between hypoxanthine or xanthine and 
xanthine oxidase on activated human HSCs are 
somewhat variable. Generation of superoxide by 
0.2 mM hypoxanthine + 20 mU/ml xanthine 
oxidase or 0.05 mM hypoxanthine + 100 mU/ml 
xanthine oxidase caused apoptosis of activated 
human HSCs [87]. However, superoxide 
generated by 0.5 mM xanthine + 2 mU/ml 
xanthine oxidase caused 6-fold increase in the 
DNA synthesis [88], while strongly inhibiting 
PDGF-induced proliferation of activated human 
HSCs [87]. Up-regulation of anti-apoptotic Bcl2 
and down-regulation of pro-apoptotic Bax in 
activated human HSCs exposed to 0.4 mM 
hypoxanthine + 2 mU/ml xanthine oxidase may 
explain their resistance to superoxide-induced 
apoptosis [89]. Perhaps, PDGF might induce 
oxidative stress by itself (similar to TGF-α [52]), 
and this additional intracellular stress along with 
exogenous oxidative stress could be responsible 
for inhibition of the observed proliferation of 
HSCs [87]. 
Such differential effects of ROS on activated 
human and rodent HSCs should be evaluated 
carefully. It is important to consider that, similar 
to other hepatic cell types, HSCs are a highly 
heterogeneous population. Characteristics of the 
hepatic cell types in the periportal region are 
distinct from those in the pericentral region. Thus 
in a heterogeneous population of a specific cell 
type, response to an agent is likely variable. We 
found that all of the rat HSCs, in a given passage, 
do not react simultaneously and similarly to a 
challenge with pro-apoptotic agent such as 
gliotoxin (unpublished observation) or superoxide 
[71, 76] (Figure 2). This indicates variability in 
this so-called homogeneous cell population of 
activated HSCs. For the investigations involving 
rodents, the cells were derived from the livers of 
animals maintained in controlled conditions. On 
the other hand, human livers used to obtain cells 
for in vitro studies are generally the ones found 
unsuitable for transplantation, and have already

stress with tert-butylhydroperoxide (TBHP) 
administration [76] suggested that ROS can be 
critical in triggering pro-apoptotic mechanisms in 
activated HSCs in vivo.  
This postulate has been supported strongly by 
several in vitro studies demonstrating the ability 
of both exogenous and intracellular oxidative 
stress to induce death of activated rat and human 
HSCs [71, 77-80]. Apoptosis of activated HSCs 
due to superoxide generated from 2 mM 
hypoxanthine was found to be xanthine oxidase 
concentration-dependent (0.5-2 mU/ml) [76]. 
However, during the 24-hour time period of 
superoxide exposure, about 50% of the cells 
underwent apoptosis, suggesting differential 
sensitivity of HSCs in this population to 
superoxide-induced death. The classical pathway 
of apoptosis (mitochondrial permeability, 
cytochrome c release and caspase 3 activation) is 
instigated in activated HSCs subjected to 
oxidative stress [71, 79]. Interestingly, superoxide 
also increased nuclear translocation of a cell 
survival transcription factor NFkB and up-
regulated the expression of anti-apoptotic 
molecule Bcl-xL in activated HSCs (71). In 
contrast, quiescent rat HSCs are resistant to 
superoxide-induced apoptosis in vitro [76]. Even 
in vivo, oxidative stress induced by TBHP [76] or 
gliotoxin [78, 81] did not affect survival of 
quiescent HSCs in the control rats.  
The question is why the quiescent and activated 
HSCs respond in a contrasting manner to 
apoptosis-inducing effect of ROS? The possibility 
of altered antioxidant mechanisms should be 
considered. A major difference between the two 
phenotypes is the abundance of retinoids, 
including retinoic acid, in quiescent HSCs and its 
deficiency in activated HSCs. Retinoic acid has 
immunomodulatory, anti-inflammatory, and anti-
apoptotic properties [82, 83]. Retinoic acid is 
also critical in maintaining higher levels of GSH 
that controls cell’s redox state and glutathione 
peroxidase activity [19]. In fact, lower GSH 
content can render cells susceptible to increased 
oxidative stress and apoptosis [84]. Therefore, high 
GSH content is likely to contribute to the 
resistance of quiescent HSCs against damaging 
effect of ROS, while activated HSCs are 
vulnerable to ROS-induced death due to relatively 
lower GSH content [76]. Indeed, retinoic acid
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human HSCs are used following subcultures, 
differential reactivity of the subpopulations to 
ROS, as observed for rodent HSCs, cannot be 
ruled out. Nevertheless, apoptosis of HSCs during

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
been subjected to cold ischemic preservation. 
Alternatively, a portion of the human liver is 
obtained from the so-called normal part of the 
organ during elective resection. Even though the 

Figure 2. Apoptosis of culture-activated HSCs by superoxide. Rat HSCs were cultured and used 
in passage 3. After the cells had achieved semiconfluence, they were subjected to superoxide 
challenge (1 mM hypoxanthine + 2 mU/ml xanthine oxidase). Control cells were incubated in the 
presence of hypoxanthine alone. After 24 hours, photomicrograph was taken. Note that superoxide-
challenged cells have shrunk, and several have already undergone apoptosis. Magnification X100. 

Figure 3. A schema showing the effects of ROS and other mediators on HSCs during liver injury. Upon liver 
injury (e.g., CCl4 administration), Kupffer cells, platelets and infiltrating blood cells such as monocytes and 
neutrophils produce several mediators including ROS and lipid peroxides. CCl4 also causes hepatocyte 
apoptosis/necrosis, which release several mediators, including ROS and lipid peroxides. These mediators act on 
quiescent HSCs, which release retinoids and change their phenotype to myofibroblast-like cells. While these 
mediators continue to induce HSC activation, and also proliferation of activated HSCs and promote their fibrogenic 
activity, a subpopulation can undergo apoptosis in response to ROS challenge. NFkB, c-Myb, PI3K and ERK1/2 
have been shown to participate in activation/proliferation of HSCs. See text for details. 
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Liver Dis., 21, 397. 
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and Abboud, H. E. 1989, J. Clin. Invest., 
84, 1786. 
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Hsieh, P., Kenney, W., Dubyak, G. R., 
and Abboud, H. E. 1991, Am. J. Physiol., 
260, C485. 

13.  Arthur, M. J., Mann, D. A., and Iredale, J. P. 
1998, J. Gastroenterol. Hepatol., 13, S33.  

14.  Iredale, J. P., Benyon, R. C., Pickering, J., 
McCullen, M., Northrop, M., Pawley, S., 
Hovell, C., and Arthur, M. J. 1998, J. Clin. 
Invest., 102, 538. 

15.  Iredale, J. P. 2001, Semin. Liver Dis., 
21, 427.  

16.  Friedman, S. L. and Bansal, M. B. 2006, 
Hepatology, 43, S82. 

17.  Kisseleva, T. and Brenner, D. A. 2007, J. 
Gastroenterol. Hepatol., 22, S73. 

18.  Ghiassi-Nejad, Z. and Friedman, S. L. 2008, 
Expert. Rev. Gastroenterol. Hepatol., 2, 803. 

19.  Yu, B. P. 1994, Physiol. Rev., 74, 139. 
20.  McCord, J. M. and Fridovich, I. 1970, J. 

Biol. Chem., 245, 1374. 
21.  Halliwell, B. and Gutteridge, J. M. C. 1999, 

Free Radicals in Biology and Medicine (3rd 
Ed.), Oxford Press, Oxford.  

22.  Svingen, B. A., O’Neal, F. O., and Aust, S. 
D. 1978, Photochem. Photobiol., 28, 803. 

23.  Swartz, H. M. 1982, Free Radicals, Lipid 
Peroxidation, and Cancer, McBrien, D. C. 
H. and Slater, T. F. (Ed.), Academic Press, 
London, 5. 

24.  Thomas, C. E. and Aust, S. D. 1985, Free 
Radical Biol. Med., 1, 293. 

25.  McCord, J. M. and Fridovich, I. 1968, J. 
Biol. Chem., 243, 5753. 

active fibrogenesis in inflammatory liver disease 
[15, 71] might be an important mechanism in 
limiting ongoing fibrosis, with ROS playing an 
integral role. Figure 3 depicts the scheme of ROS-
induced effects on HSCs based on the currently 
available knowledge. Accordingly, several 
mediators released by Kupffer cells, platelets, 
infiltrating blood cells and dying hepatocytes 
induce activation of quiescent HSCs. These 
mediators continue to act on activated HSCs and 
promote their proliferation and fibrogenic activity. 
However, a sub-population of the activated HSCs 
undergoes apoptosis upon exposure to ROS, 
which may be a mechanism of limiting the 
magnitude of chronic liver disease. Continuing 
investigation of this interesting phenomenon will 
be necessary to ascertain its clinical relevance, 
and possible exploitation for treatment of liver 
fibrosis. 
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