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Abstract

Reactive oxygen species (ROS) activate retinoid-containing quiescent hepatic stellate cells (qHSCs)

to retinoid-deficient fibrogenic myofibroblast-like cells (aHSCs). However, ROS also cause

apoptosis of aHSCs, and apoptotic aHSCs are observed in inflammatory fibrotic liver. Here, we

investigated mechanisms of the effects of oxidative stress on the survival of qHSCs and aHSCs.

HSCs from normal rat liver were used after overnight culture (qHSCs), or in 3–5 passages (aHSCs).

For in vivo induction of oxidative stress, tert-butylhydroperoxide was injected into control and CCl4-

induced cirrhotic rats. Spontaneous caspase-3 activation and apoptosis, observed in cultured qHSCs,

decreased with time and were unaffected by superoxide. In contrast, superoxide caused caspase-3

and p38-MAPK activation, reduction in Bcl-xL expression, and apoptosis in aHSCs. Inhibition of

caspase-3 and p38-MAPK did not affect the viability of qHSCs in the absence or presence of

superoxide, but inhibited superoxide-induced death of aHSCs. Glutathione (GSH) level and activities

of superoxide dismutase (SOD), catalase and glutathione peroxidase (GPx) were lower in aHSCs

than qHSCs. Superoxide increased GSH content, and activities of SOD, catalase and GPx in qHSCs

but not in aHSCs. Incubation of 13-cis-retinoic acid (RA)-treated aHSCs with superoxide increased

their GSH content significantly, and prevented superoxide-induced p38-MAPK and caspase-3

activation while dramatically reducing the extent of apoptosis. Finally, oxidative stress induced in

vivo caused apoptosis of aHSCs in cirrhotic but not of qHSCs in control rats. These results suggest

that the absence of retinoids render aHSCs susceptible to superoxide-induced apoptosis via caspase-3

and p38-MAPK activation.

The quiescent hepatic stellate cells (qHSCs) maintain hepatic architecture and blood flow by

producing components of extracellular matrix and contractility respectively. During liver

injury, qHSCs lose stored retinoids and transform into proliferating, fibrogenic and highly

contractile α-smooth muscle actin (α-SMA)-positive myofibroblast-like cells (activated HSCs;

aHSCs), which play a major role in the pathophysiology of chronic liver disease (Geerts et al.,
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1994; Friedman, 2000). Therefore, mechanisms of activation of qHSCs and strategies to

eliminate aHSCs from the fibrotic liver are the topics of major interest.

Reactive oxygen species (ROS) are implicated in the initiation and progression of liver

pathologies (Klebanoff, 1988; Pietrangelo, 1996). ROS cause DNA damage and death of

several cell types including hepatocytes (Li et al., 1997, 1999; Rauen et al., 1997, 1999; Knight

et al., 2002), but are also shown to stimulate proliferation of certain cells such as vascular

smooth muscle cells (Li et al., 1997) and cardiac fibroblasts (Li et al., 1999). ROS-induced

cellular lipid peroxidation and exogenous lipid peroxidation products were shown to stimulate

activation, proliferation and collagen I synthesis in HSCs (Parola et al., 1993; Lee et al.,

1995; Svegliati Baroni et al., 1998; Galli et al., 2005; Novo et al., 2006a). Activation of a small

GTP-binding protein Rac1 was reported to be a mechanism of the oxidative stress-induced

activation of HSCs both in vivo and in vitro (Choi et al., 2006). Furthermore, increased

oxidative stress was reported to be a mechanism of TGF-α- and collagen I-induced activation

and proliferation of HSCs (Lee et al., 1995). However, exogenous ROS and intracellular

oxidative stress were also shown to cause apoptosis and/or necrosis of aHSCs and aHSC-like

human portal myofibroblasts (Li et al., 2001; Kweon et al., 2003; Montiel-Duarte et al.,

2004; Thirunavukkarasu et al., 2004a). Mechanisms underlying the contrasting effects of ROS

on survival/proliferation of qHSCs and aHSCs are unclear. Therefore, we investigated DNA

damage, viability, and various parameters associated with apoptosis to gain understanding of

the mechanisms by which superoxide affects the survival of qHSCs and aHSCs. Additionally,

effect of oxidative stress on HSCs, in vivo, in control and CCl4-induced fibrotic liver was

determined.

Experimental Procedures

Preparation of HSCs

The protocols were approved by the IACUC, University of Pittsburgh as per NIH regulations.

HSCs, isolated from male Sprague–Dawley rats (450–500 g) and purified as described

previously (Thirunavukkarasu et al., 2004a), were suspended in DMEM containing antibiotics

and 10% fetal bovine serum/10% horse serum, plated at a density of 0.5 × 106 /cm2, and used

24 h later (qHSCs) (Thirunavukkarasu et al., 2005). For full activation, HSCs were subcultured

after 10–12 days in primary culture, and used between 3rd and 5th passages (aHSCs). All of

the cells expressed α-SMA indicating activated phenotype (Geerts et al., 1994; Friedman,

2000).

Superoxide treatment and DNA damage by comet assay

The cells were incubated in serum-free medium containing 1 mM hypoxanthine (HX) or

hypoxanthine and up to 2 mU/ml xanthine oxidase (XO). Higher concentration of XO caused

rapid and progressive death of both HSC phenotypes. Medium containing detached cells was

aspirated, and the attached cells were harvested using trypsin. The two fractions were pooled

and centrifuged (1,100g/7min). The cell pellet was suspended in serum-free medium,

centrifuged, mixed with 110 µl of 0.65% (w/v) low melting point agarose in PBS and placed

onto frosted glass microscope slides coated with 140 µl of 1 % normal melting point agarose.

Agarose was allowed to set for 10 min at 4°C, then cells were lysed for 24 h in 2.5 mM NaCl

containing 100 mM Na2 EDTA, 10 mM Tris and 10% DMSO. The slides were rinsed with

water and electrophoresis buffer (300 mM NaOH, 1 mM EDTA, pH 13) and subjected to

electrophoresis for 20 min (300 mA, 25 mV). The slides were washed with 0.4 M Tris–HCl,

pH 7.5, rinsed with water then methanol, stained with ethidium bromide, and scored using an

image analysis system attached to an upright fluorescence microscope (Olympus Provas AX

70) equipped with CY3-Rhodamine filter cube. The images were transported to a computer

through a charge-coupled device camera (Metamorph, Universal Imaging Corporation,
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Downingtown, PA). Tail length (migration of DNA away from the nucleus, µm), tail DNA

(%) and tail moment (arbitrary units) were assessed as described (Helma and Uhl, 2000) in 50

cells each from replicate slides.

Viability and apoptotic signaling

Cell viability was determined by the MTT assay (Thirunavukkarasu et al., 2004a). To determine

apoptosis, cells grown on glass coverslips were washed with ice-cold PBS, fixed in 2%

paraformaldehyde (30 min), and washed. The cells were then stained with Hoechst-33342 (5

µg/ml) in PBS for 1 min, washed with water, and mounted in 50% glycerol containing 20 mM

citric acid and 50 mM disodium orthophosphate. Apoptotic cells were identified by brightly

stained condensed chromatin or nuclei by fluorescence microscopy (Eclipse E600, Nikon,

Tokyo, Japan). Apoptosis was also confirmed by nick-end labeling of nuclear DNA. Briefly,

2% paraformaldehyde-fixed cells were washed with PBS and permeabilized with 0.1% triton

X-100. After 3 washes with PBS, cells were incubated with 50 µl of TUNEL reaction mixture

that included biotinylated dUTP (Roche Pharmaceuticals, Nutley, NJ) at 37°C for 1 h, washed

with PBS (5×), and incubated with streptavidin CY3 (Jackson Laboratories, Bar Harbor,

Maine) for 30 min. After washing, the TUNEL-positive nuclei were detected using BX51

Olympus fluorescent microscope.

For determination of apoptosis via flow cytometry, the medium containing detached cells was

aspirated and the attached cells were harvested using trypsin. The two cell fractions were

pooled, washed twice with PBS, and suspended in 10 mM HEPES, pH 7.4, containing 140

mM NaCl and 2.5 mM CaCl2 (buffer A) at 1 × 106 cells/ml. Annexin-Vcy3 (4 µg/ml) and 7-

AAD (5 µg/ml) were added to 100 µ l of the suspension. After incubation at room temperature

for 15 min in dark, buffer A (400 µl) was added, and flow cytometry was performed within 1

h.

Western blot analysis was performed to determine caspase-3 activation, and expression of Bax,

Bcl2, and Bcl-xL, and caspase-3-like activity was measured using a caspase fluorescent assay

kit (BD Biosciences-Clontech, San Jose, CA) as described previously (Thirunavukkarasu et

al., 2004a).

GSH, SOD, catalase, and glutathione peroxidase (GPx)

Cells (2 × 106) were treated with 100 µl of 5% cold metaphosphoric acid for 10 min on ice,

then scraped and centrifuged at 3,000g (10 min; 4°C). The supernatant was mixed with 800 µl

of 200 mM potassium phosphate buffer (pH 7.8) containing 0.2 mM diethylene-triamine-

pentaacetic acid and 0.025% LUBROL, and 50 µl of 12 mM chromogenic reagent in 0.2 NHCl

(Glutathione Assay Kit, Calbiochem,San Diego, CA). The color developed after 10 min in dark

at 25°C was read at 400 nm.

To assay enzyme activities, the cells were suspended in 0.1 M Tris–HCl, pH 7.4, ruptured by

sonication, centrifuged (130 g; 10 min), and the supernatant was adjusted to 2 µg of protein/

µl. For SOD assay, 100 µl of the supernatant was mixed with 125 µl of ethanol and 625 µl of

chloroform in a mechanical shaker for 15 min and centrifuged. The supernatant (0.05 ml) was

mixed with 0.1 ml of 0.1 M Tris–HCl, pH 8.2, 0.075 ml of distilled water and 0.025 ml of 1

mM pyrogallol in 0.05 M Tris–HCl, pH 7.4; absorbance was measured at 420 nm.

For catalase assay, 100 µl of the supernatant was mixed with 0.5 ml of 0.01 M phosphate buffer,

pH 7.0, and 0.25 ml of 0.2 M H2O2. After 10 min at 37°C, 1.0 ml of diluted (1:5 in water) 5%

dichromate-acetic acid (1:3; v/v) was added. H2O2 in the range of 0 to 20 µmol was treated

similarly for comparison. The tubes were heated in a boiling water bath for 10 min; absorbance

was measured 570 nm.
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For GPx assay, 100 µl of the supernatant was mixed with 100 µl of 0.32 M phosphate buffer,

pH 7.0, containing 0.8 mM EDTA, 10 mM NaN3, 1 mM GSH, and 2.5 nM H2O2. After 10

min at 37°C, 0.25 ml of ice-cold 10% TCA was added and the mixture was centrifuged. To

0.25 ml of the supernatant, 1.5 ml of 0.33 mM Na2HPO4 and 0.5 ml of 0.6 mM 5,5′-dithiobis-

(2-nitrobenzoic acid) were added; absorbance was measured at 420 nm.

In vivo oxidative stress and apoptosis of HSCs

Cirrhosis was induced by 8 weeks of CCl4 treatment of rats as described previously (Gandhi

et al., 1998). Four days after the last CCl4 administration, control and cirrhotic rats were injected

intraperitonealy 50 mg/kg tert-butylhydroperoxide (TBHP), which causes liver injury by

inducing oxidative stress (Cogger et al., 2004; Hwang et al., 2005; Zwingmann and Bilodeau,

2006). Blood was drawn and the livers were harvested after 6 h, fixed in paraformaldehyde

and the sections were stained with TUNEL reagent and anti-desmin antibody to identify

apoptotic HSCs (Thirunavukkarasu et al., 2004a).

Statistical analysis

Experiments were performed in triplicates and repeated 2–4 times. Values shown are means ±

SD. Statistical significance between the groups was determined by one-way ANOVA followed

by a test for linear trend. A P-value of <0.05 was considered statistically significant.

Results

Superoxide causes death of aHSCs but not qHSCs

Although no obvious morphological changes were noted during 24 h treatment of qHSCs with

superoxide (Figs. 1A and 2A), aHSCs showed changes indicative of cell death starting at 3 h

of superoxide treatment (Figs. 1B and 2B). Viability of aHSCs, but not qHSCs, decreased with

increasing superoxide concentration, the effect being statistically significant at 1.5 mU/ml XO

(Fig. 2C). Viability of HSCs isolated from the cirrhotic liver also decreased with superoxide

treatment suggesting that the results with passaged HSCs are relevant to in vivo activated HSCs

(Fig. 2D).

To investigate the mode of superoxide-induced death of aHSCs, DNA damage was

characterized by Comet assay as follows: (a) normal cells (round head, no tail); (b) cells with

low levels of DNA damage releasing high molecular weight fragments (decreased head size,

and tail width not exceeding the head’s diameter); (c) cells with highly damaged DNA releasing

low molecular weight fragments (well separated diffused tail is wider than the diameter of the

bright DNA head); and (d) cells with extensively fragmented DNA (head is not visible and the

quickly fading very weak and diffused tail) (Fairbairn et al., 1995). DNA damage of all three

types was evident in some qHSCs (Fig. 3A and Table 1), which may have been due to the cell

damage during enzymatic digestion as well as changes in temperature (4–37°C) of the isolation

procedure. However, there were no obvious alterations in the DNA damage by superoxide

treatment (Fig. 3B and Table 1). In contrast, DNA damage was negligible in unstimulated

aHSCs, but increased greatly upon superoxide treatment (Fig. 3C,D and Table 1).

The spontaneous DNA damage in qHSCs was associated with their apoptosis that did not

change considerably during treatment with superoxide (Fig. 4A). Furthermore flow cytometry

and TUNEL labeling assays also demonstrated no significant difference in the level of

apoptosis between control and superoxide-challenged qHSCs (Fig. 5). In contrast, as described

previously (Thirunavukkarasu et al., 2004a), superoxide caused time-dependent increase in

apoptotic aHSCs that was statistically significant even at 3 h (Fig. 4B). We then compared

expression/activation of anti-apoptotic (Bcl-xL, Bcl2) and pro-apoptotic (caspase-3, Bax)

molecules as well as ERK1/2, JNK and p38 kinases in superoxide-treated cells as alteration in
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their relative expression/activation regulates cell survival. Considerable caspase-3 activation

was apparent in qHSCs, which decreased time-dependently both in control and superoxide-

treated cells at 6, 12, and 24 h (Fig. 6A). qHSCs did not express Bcl-xL and their expression

of Bcl2 and Bax did not change during superoxide treatment (Fig. 6A). However, superoxide

caused time-dependent increase in caspase-3 activation and decrease in Bcl-xL expression

without affecting Bcl2 or Bax expression (Fig. 6B). To further confirm caspase-3 activation,

we measured caspase-3-like activity using the fluorescent enzymatic analysis of superoxide-

challenged qHSCs and aHSCs. As seen from Figure 6C, significant caspase-3-like activity was

observed in unstimulated qHSCs and this did not change upon stimulation with superoxide. In

contrast, very low level of activity was present in unstimulated aHSCs, which increased

robustly upon superoxide treatment (Fig. 6C).

Superoxide also caused activation of p38 but not ERK1/2 or JNK in aHSCs, and of none of

these molecules in qHSCs (Fig. 7A). Next, we used the inhibitors of caspase-3, p38, ERK, and

JNK activation to ascertain if they prevent superoxide-induced death of aHSCs. While none

of the inhibitors influenced qHSCs, only p38 kinase and caspase-3 inhibitors reversed the

death-inducing effect of superoxide on aHSCs (Fig. 7B).

GSH and antioxidant enzymes

GSH content of superoxide-challenged HSCs was determined considering its important role

in influencing oxidative damage (Yu, 1994). Superoxide increased GSH (from 18.4 ± 4.7 ng/

µg DNA to 28.3 ± 6.5 ng/µg DNA; P < 0.01) in qHSCs, but caused small (statistically

insignificant) decrease in aHSCs (from 9.6 ± 1.4 ng/µg DNA to 7.6 ± 1.2 ng/µg DNA).

Interestingly, the basal GSH concentration was lower in aHSCs than in qHSCs (9.6 ± 1.4 vs.

18.4 ± 4.7 ng/µg DNA; P < 0.05). The basal activities of SOD, catalase and GPx, which are

integral part of the cellular antioxidant defense mechanism (Yu, 1994), were lower in aHSCs

than in qHSCs. While their activities increased in superoxide-challenged qHSCs, no such effect

was observed in aHSCs (Table 2).

Effect of retinoic acid (RA)

Since aHSCs do not contain RA, which maintains glutathione in reduced state, we determined

the effect of superoxide on viability, GSH content and activities of antioxidant enzymes in

aHSCs treated with RA. Incubation of aHSCs with increasing concentrations of 13-cis-retinoic

acid (0–5 µM) for 5 days ameliorated death-inducing effect of superoxide in a concentration-

dependent manner, and consistent with previous reports (Pinzani et al., 1992; Hellemans et al.,

2004) reduced their proliferation (Fig. 8A). The latter effect may also be due to the low level

of apoptosis caused by RA treatment (Fig. 8B). In fact, RA treatment alone caused caspase-3

and p38-MAPK activation, which were not altered by superoxide; superoxide did not reduce

Bcl-xL expression in RA-treated aHSCs (Fig. 8C). Moreover, preincubation of RA-treated

aHSCs with DEVD-fmk and SB203580 did not affect their resistance to superoxide-induced

death (Fig. 9A).

RA treatment slightly increased GSH content of aHSCs (statistically insignificant) but did not

affect the antioxidant enzyme activities except a moderate increase in GPx (Fig. 9B). However,

significant increase in the GSH content but not the antioxidant enzyme activities was observed

in superoxide-challenged RA-treated aHSCs (Fig. 9B).

LDH activity, an established marker of the loss of cell membrane integrity, was determined in

the extracellular medium to examine if superoxide causes necrosis of aHSCs. Superoxide did

not cause LDH release from untreated and RA-treated aHSCs at any time up to 24 h during

incubation with superoxide.
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Effect of in vivo induction of oxidative stress on HSCs

To determine in vivo relevance of the in vitro effects of superoxide on the two HSC phenotypes,

control and CCl4-induced cirrhotic rats were treated with tert-butylhydroperoxide, a reliable

model of the induction of hepatic oxidative stress (Cogger et al., 2004; Hwang et al., 2005;

Zwingmann and Bilodeau, 2006). Liver injury by TBHP was illustrated by increased AST and

LDH in control rats from 60 ± 9 to 202 ± 37 IU/L (P < 0.01) and 257 ± 19 to 375 ± 59 (P <

0.05) IU/L (n = 4 each) respectively and in cirrhotic rats from 2,067 ± 28 to 2,445 ± 245 IU/L

(P < 0.025) and 2,085 ± 287 to 2,864 ± 663 IU/L (P < 0.05) (n = 5 each) respectively. Hepatic

architecture was maintained in TBHP-treated control rats but there was mild centrilobular

hepatocyte swelling with focal mild mixed lobular inflammation and occasional hepatocyte

dropout. Hepatocytes also showed mild reactive changes with mild lobular disarray, but there

was no evidence of confluent parenchymal necrosis and significant cholestasis (Fig. 10A). In

TBHP-treated cirrhotic rats, hepatic morphological features (Fig. 10B) were similar to that of

vehicle-treated rats (not shown) with architectural destruction by nodules of regenerative

hepatocytes surrounded by fibrous bands. There was mild mixed inflammation, mild bile

ductular proliferation and minimal interface activity. Hepatocytes showed diffuse swelling

with moderate mixed macro- and microvesicular steatosis. Scattered hepatocyte apoptosis was

noted, with foci of confluent parenchymal acidophilic necrosis. We used TUNEL staining in

conjunction with immunohistochemical localization of desmin as both HSC phenotypes

express desmin while α-sma is expressed only by aHSCs. By this method, no apoptotic HSCs

were found in the livers of vehicle- or TBHP-treated control rats (Fig. 10C,D). Consistent with

our previous report (Thirunavukkarasu et al., 2004a), scattered apoptotic HSCs was observed

in vehicle-treated cirrhotic liver (Fig. 10E). This increased significantly in the livers of TBHP-

treated cirrhotic rats (Fig. 10F) (7 ±2% in untreated versus 35 ± 5% in TBHP-treated; P <

0.001).

Discussion

ROS, generated as by-products of cellular metabolism and by specific plasma membrane

oxidases, elicit several physiological and pathological effects (Yu, 1994;Pietrangelo, 1996;Li

et al., 1997,1999). Moderately increased ROS activate signaling pathways responsible for

physiological processes. However, ROS and their lipid peroxidation products can also cause

cell death by damaging macromolecules including genomic DNA (Yu, 1994). The qHSCs

exhibited significant level of spontaneous apoptosis, which might occur as a result of harsh

enzymatic digestion procedure of cell isolation causing membrane damage and also by

introduction of serum-free condition. It is also likely that within the heterogeneous population

of HSCs (Geerts, 2001), a subpopulation of the cells might be susceptible to the damage easily

upon removal from their in vivo environment. Considering this, we expected that

spontaneously apoptotic qHSCs would be vulnerable to the damaging actions of superoxide

during early culture. However, no additional DNA damage, nuclear condensation and death

were apparent in superoxide-treated qHSCs. These results are compatible with the absence of

apoptotic qHSCs in the normal liver subjected to oxidative stress in vivo. In contrast, no

spontaneous DNA damage or apoptosis was observed in fully activated HSC, but oxidative

stress caused their apoptosis both in vitro and in vivo. Superoxide-induced death of aHSCs

was predominantly apoptotic as demonstrated by decreased Bcl-xL expression, caspase-3

activation, nuclear condensation, and lack of LDH release.

Increased oxidative stress and decreased GSH, which controls cell’s redox state by scavenging

ROS and maintaining GPx activity, are associated with apoptotic cell death (Hayes and

McLellan, 1999). Previous work has shown that GSH depletion induces apoptosis of

hepatocytes (Rauen et al., 1999) and sensitizes them to TNF-α-induced apoptosis (Colell et al.,

1998). Moreover, cultured neurons are protected from oxidative stress-induced apoptosis upon
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inhibition of GSH depletion (Ahlemeyer and Krieglstein, 2000). These observations and our

data suggest that RA provides protection against oxidative stress by maintaining higher GSH

levels in qHSCs and RA-treated aHSCs (Yu, 1994). RA, which has immunomodulatory, anti-

inflammatory, antiapoptotic and antioxidative properties (Fumarulo et al., 1991; Ahlemeyer

and Krieglstein, 2000), inhibits culture-induced activation of HSCs (Chi et al., 2003), and

prevents proliferation of aHSCs (Davis et al., 1990; Pinzani et al., 1992; Hellemans et al.,

2004). Pinzani et al. (1992) reported that the uptake of exogenously added RA to the culture

medium by aHSCs is associated with their phenotypical reversal to a more quiescent form, and

therefore RA treatment could be a strategy to reverse fibrosis. In this regard, all-trans-RA was

shown to ameliorate CCl4-induced fibrosis (Wang et al., 2007). However, it is also important

to note that administration of a stable RA analog exacerbated porcine serum-induced hepatic

fibrosis in rats (Okuno et al., 1997) These discrepancies might be due to the different isoforms

of RA used in these studies, and thus it is difficult to draw a definitive inference about the

interactions between RA, ROS and HSCs in vivo with respect to development or reduction of

fibrosis. However, it is tempting to suggest that RA might cause reversal of HSC phenotype

to non-fibrogenic quiescent form that is resistant to superoxide-induced apoptosis based on our

data and those of Davis et al. (1990), Pinzani et al. (1992), Hellemans et al. (2004), and Wang

et al. (2007).

Several important mechanisms of eukaryotic cell regulation involve signal transduction via

MAPKs (Kyriakis and Avruch, 2001). Our data show that p38-MAPK inhibition reverses

superoxide-induced death of aHSCs. In contrast, viability of qHSCs and RA-treated aHSCs

was marginally, if at all, affected by superoxide, without or with pretreatment with p38-MAPK

inhibitor. Interestingly, RA treatment of aHSCs itself caused caspase-3 and p38 activation and

low level of apoptosis. But level of activation of caspase-3 and p38 or apoptosis of RA-treated

aHSCs did not increase upon superoxide treatment. Our data do not explain the mechanisms

of the activation of caspase-3 and p38 by RA alone or of the prevention of the increase in their

activation by RA upon superoxide treatment. It is also not known if the inhibition of

proliferation of aHSCs by RA observed before (Pinzani et al., 1992; Hellemans et al., 2004)

was associated with some level of apoptosis. Nevertheless, our results suggest that p38-MAPK

is an important signaling pathway associated with superoxide-induced apoptosis of aHSCs.

An important difference between the HSC phenotypes was absence of Bcl-xL and lower

expression of Bcl2 in qHSCs as compared to aHSCs. Robust increase in Bcl2 expression and

decrease in Bax expression were suggested to be a mechanism of the resistance of human HSCs

to superoxide (Novo et al., 2006b). However, in rat aHSCs, superoxide treatment did not affect

Bcl2 and Bax but caused activation of caspase-3 and reduced Bcl-xL expression. Why qHSCs

are resistant to the damaging effects of superoxide in the absence of Bcl-xL, lower Bcl2 and

high Bax expression warrants further investigation.

Several studies have shown concentration-dependent variability in the effects of ROS on

aHSCs. Human portal myofibroblasts (fibulin-2 and α-sma-positive), which are similar to

aHSCs (α-sma-positive), undergo apoptosis upon treatment with H2O2 and following 15-d-

PGJ2-induced intracellular oxidative stress (Li et al., 2001). Similarly, increased oxidative

stress is a mechanism of gliotoxin-induced apoptosis and secondary necrosis of human aHSCs

(Kweon et al., 2003). The pro-oxidant molecule 3,4-methylenedioxymethamphetamine also

caused apoptosis of aHSC cell line CFC-2G (Montiel-Duarte et al., 2004). In our previous

(Thirunavukkarasu et al., 2004a) and this investigation, we observed apoptosis of rat aHSCs

by superoxide generated from 1 mM hypoxanthine and 2 mU/ml oxanthine oxidase. However,

superoxide generated from concentrations of hypoxanthine and oxanthine oxidase similar to

that used here did not cause apoptosis of human aHSCs, but strongly inhibited their PDGF-

induced proliferation (Galli et al., 2005; Novo et al., 2006a). Interestingly, rapid bursts of higher

concentrations of superoxide caused apoptosis of human aHSCs (Galli et al., 2005), but also
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stimulated fibrogenic activity in the remaining cells (Casini et al., 1997). Together, these results

and those reported by Novo et al. (2006a) suggest that the susceptibility of rodent and human

aHSCs to superoxide-induced damage may be different, and related to differential Bax, Bcl2,

and Bcl-xL expression (Novo et al., 2006b). Moreover, even though human aHSCs undergo

apoptosis at higher superoxide concentration (Novo et al., 2006a), a subpopulation of these

cells may be resistant to such effect and retains ability to produce fibrogenic response (Casini

et al., 1997). The existence of heterogeneous cell populations is also apparent in fully activated

HSCs. Although these cells are suggested to be highly resistant to apoptosis, a subpopulation

appears to be sensitive to proapoptotic stimuli as indicated by the presence of apoptotic aHSCs

in the actively fibrotic liver (Thirunavukkarasu et al., 2004a; Fig. 10E). Furthermore, rapid

removal of aHSCs during resolution of liver fibrosis (Iredale et al., 1998; Thirunavukkarasu

et al., 2004b) indicates their vulnerability to apoptotic stimuli. ROS produced physiologically

are beneficial for the normal cellular metabolism and function. However, their increased

production in inflammatory conditions, such as in the injured liver, can be damaging to various

cell types. Our in vitro and in vivo results thus suggest that superoxide-induced apoptosis of

aHSCs might be an important mechanism in limiting ongoing fibrosis.

In summary, inability of superoxide to stimulate caspase-3 and p38-MAPK activation in

qHSCs (presumably due to RA) renders them resistant to its pro-death effect. The concentration

of superoxide that causes apoptosis/necrosis of human aHSCs (Novo et al., 2006a) is higher

than that used in our study with rat aHSCs. A more comprehensive examination of the

interspecies differences as well as heterogeneity in the sensitivity of aHSCs to ROS will provide

better understanding of clinical relevance of these findings.

Abbreviations

aHSCs activated hepatic stellate cells

GPx glutathione peroxidase

GSH glutathione

HX hypoxanthine

qHSCs quiescent hepatic stellate cells

ROS reactive oxygen species

SOD superoxide dismutase

XO xanthine oxidase
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Fig. 1.

Morphological changes in qHSCs and aHSCs during superoxide treatment. A: Phase contrast

photo micrographs of qHSCs (A)and aHSCs (B) treated with 1 mMH ± 2 mU/mlXO for

indicated times show no effect on the morphology of qHSCs but progressive detachment and

death of aHSCs starting at 3 h. Magnification 200×.
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Fig. 2.

Time-course of superoxide-induced change in viability. A:qHSCsor(B)aHSCs were in cubated

with 1 mMHX ± 2 mU/ml XO for indicated time period or(C)for 24h with 1 mMHX and

indicated concentrations of XO in serum-free DMEM.D:HSCs isolated from CC14-

cirrhoticliver were subjected to superoxide treatment on day 2. Viability, determined by MTT

assay show death of HSCs activated both in vitro (B,C) and in vivo (D). *P<0.05 versus

“0”; #P<0.001 versus “0”.
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Fig. 3.

Effect of superoxide on DNA damage. A,B: qHSCs or (C,D) aHSCs were incubated with 1

mM HX in the absence (A,C) or presence (B,D) of 2 mU/ml XO for 24 h. DNA damage was

determined by comet assay. Thick arrows (normal cells); thin arrows with large heads (high

molecular weight DNA fragments); thin arrows with small heads (low molecular weight DNA

fragments); arrowheads (intermediate molecular weight DNA fragments). Note that there is

no significant change in the spontaneous DNA damage of qHSCs by superoxide, but the

treatment induced strong DNA damage in aHSCs that was minimal under basal condition.
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Fig. 4.

Effect of superoxide on nuclear condensation in HSCs. A:qHSCs or (B) aHSCs were incubated

with 1 mMHX ± 2 mU/ml XO for indicated times. Apoptosis was identified by condensed

nuclei after staining with Hoechst reagent. Ten fields per slide (each in triplicate) were counted

for condensed nuclei. *P<0.05 versus “0”; #P<0.001 versus “0”.
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Fig. 5.

Apoptosis via flow cytometry and TUNEL labeling of qHSCs without and with superoxide

challenge. A: The cells were stained with annexin-Vcy3 and 7-AAD following 24 h incubation

with 1 mM hypoxanthine (HX) ± 2 mU/ml xanthine oxidase (XO), and flow cytometry was

performed as described in Experimental Procedures. Normal cells (annexin-Vcy3- and 7-AAD-

negative, E3); cells in early apoptosis (annexin-Vcy3-positive and 7-AAD-negative, E4); and

cells in late apoptosis/necrosis (annexin-Vcy3- and 7-AAD-positive, E2). The values represent

number of cells (%) in the specified phase ± SD.B: TUNEL assay was performed on the qHSCs

treated with 1 mM HX± 2mU/mlXOfor 24 h as described in Experimental Procedures. A

representative experiment performed in duplicates (two repeats) shows apoptotic nuclei (red).

Note that there is no significant difference in the level of apoptosis between the control and

superoxide-treated cells. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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Fig. 6.

Apoptosis-related signaling molecules in superoxide-treated HSCs.A: qHSCs or(B)aHSCs

were treated with 1 m MHX ± 2 mU/ml XO for indicated times. Pro- and active forms of

caspase-3, and expression of Bcl2, Bcl-xL, and Bax were determined by Western blot analysis.

Expression of β-actin is shown to ensure equal loading. C: The cells were treated for 12 h with

1 m Mhypoxanthine ± 2 mU/ml xanthine oxidase. Caspase-3 activity was measured using

caspase fluorescent assay kit (BD Biosciences Clontech). *P<0.001 versus control.
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Fig. 7.

A: Effect of superoxide on activation of MAPKs. qHSCs or aHSCs were treated with

superoxide for 3 h, and the lysates (20 µg protein) were subjected to SDS–PAGE followed by

immunoblotting with antibodies against P-ERK, P-JNK, and P-p38. Equal loading was ensured

by β-actin expression. B: Effect of pretreatment with caspase-3 and MAPK inhibitors on

viability of HSCs incubated with superoxide. qHSCs or aHSCs were incubated with inhibitors

of the activation of caspase-3 (DEVD-fmk), p38 (SB203580), JNK (SP600125), or ERK1/2

(PD98059) (all at 10 µM concentration) for 30 min prior to the addition of 1 mM HX ± 2 mU/

ml XO. MTT assay was performed at 24 h. *P<0.01 versus control; **P<0.05 versus control

and superoxide.
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Fig. 8.

Effect of RA on superoxide-induced changes in viability (A) nuclear condensation (B), and

Bcl-xL, caspase-3 and p38-MAPK (C) of aHSCs. Cells were incubated in the absence (0 or

Control) or presence of 0.3–5.0 µM 13-cis-RA for 5 days, washed and placed in serum-free

medium without (0 or Control) or with RA, and challenged with 1 mM HX ± 2 mU/ml XO. In

(B,C), cells were incubated with 2.5 µM RA for 5 days. Various determinations were made at

24 h except p38-MAPK (3 h). A: *P<0.005 versus HX; **P<0.05 versus HX; ***P<0.05

versus “0” RA and HX + XO; #P< 0.05 versus “0” RA. B: *P< 0.005 versus HX; **P<0.05

versus Control.
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Fig. 9.

A: Effect of pretreatment with caspase-3 and p38-MAPK inhibitors on superoxide-induced

death of RA-treated aHSCs. aHSCs were incubated in the presence of 2.5 µM 13-cis-RA for

5 days, washed and incubated with 10 µM DEVD-fmk or SB203580 for 30 min prior to the

addition of 1 mM HX (Control) ± 2 mU/ml XO (Superoxide). MTT assay was performed at

24 h. *P< 0.05 versus RA; **P<0.01 versus control. B: Effect of RA on superoxide-induced

changes in GSH and antioxidant enzymes in aHSCs. aHSCs were incubated in the presence of

2.5 µM 13-cis-RA for 5 days, washed and stimulated with 1 mM HX ± 2 mU/ml XO for 24 h,

after which various assays were performed.*P<0.05 versus RA+HX and <0.001 versus

HX;**P<0.01 versus HX.
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Fig. 10.

Effect of TBHP-induced oxidative stress on HSCs in control and fibrotic rats. CCl4-induced

cirrhotic rats or the paired control rats were injected vehicle or TBHP, and at 6 h, the livers

were harvested for histopathology and immunohistochemical examination. A,B: Hematoxilyn

and Eosin stained sections of livers from TBHP-treated control (A) and cirrhotic (B) rats. C–

F: Apoptotic HSCs as determined by desmin (green) and TUNEL (red) co-staining in normal

(C,D) and cirrhotic (E,F) livers of vehicle- (C,E) and TBHP- (D,F) treated rats.

Photomicrographs are representative of 4 control (vehicle or TBHP-treated) and 5 cirrhotic

(vehicle or BHP-treated) rat livers. Inset shows apoptotic aHSCs at higher magnification (400

×).
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TABLE 1

Quantification of DNA damage parameters in superoxide-treated HSCs

DNA damage

Tail length (µm) % DNA in tail Tail moment (µm)

qHSCs

    Control 28.3 ± 6.0 42.9 ± 5.7 18.1 ± 5.2

    Superoxide 35.3 ± 4.3 45.9 ± 6.8 17.6 ± 4.4

aHSCs

    Control 6.7 ± 1.1 2.5 ± 1.1 3.8 ± 1.2

    Superoxide 32.0 ± 3.3* 50.2 ± 5.8* 19.6 ± 4.0*

The cells were incubated with 1 mM hypoxanthine (Control) or with hypoxanthine and 2 mU/ ml xanthine oxidase (Superoxide) for 24 h. Comet assay

was performed to assess DNA damage parameters.

*
P<0.001 versus control.
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TABLE 2

Effect of superoxide on superoxide dismutase, catalase and glutathione peroxidase

Hypoxanthine Hypoxanthine + Xanthine oxidase

qHSCs

  SOD 0.5 ± 0.1 1.3 ± 0.1*

  Catalase 1.6 ± 0.2 2.3 ± 0.3*

  GPx 62.5 ± 7.5 72.5 ± 6.9**

aHSCs

  SOD 0.25 ± 0.04 0.21 ± 0.05

  Catalase 1.3 ± 0.3 0.9 ± 0.1

  GPx 38.6 ± 5.2 26.5 ± 3.0*

Enzyme activities were measured in cells incubated with 1 mM HX±2.0 mU/ml of XO for 24 h. Activities are expressed as follows: SOD, Units/mg

protein (one enzyme unit corresponds to the amount of enzyme required to cause 50% inhibition of pyrogallol auto-oxidation); catalase, µmol of

H2O2 consumed/min/mg protein; and GPx, µg of glutathione utilized/min/mg protein.

*
P<0.05 and

**
P<0.01 versus respective controls.
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