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Hepatic fibrosis represents a common response to
chronic liver injury, independently from the etiol-
ogic agent (virus, ethanol, metabolic diseases). Ac-
tivation of hepatic stellate cells (HSCs) is a key fea-
ture of liver fibrosis (1). Activated HSCs display an
increased expression of matrix genes and a-smooth
muscle actin (aSMA) as well as increased prolifer-
ation. The process of HSCs activation can be
studied using different experimental models of
liver fibrosis (2) in which perisinusoidal aSMA-
positive cells proliferate, accumulate close to nec-
rotic areas from which fibrotic septa will develop
later on, and produce excessive amounts of extra-
cellular matrix proteins (3–6). Several in vitro and
in vivo data have suggested that formation of reac-
tive oxygen species (ROS) could represent a com-
mon link between the different forms of chronic
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liver injury and hepatic fibrosis (7). Formation of
reactive oxygen species has been reported in vivo in
several models of liver fibrosis (2, 6–8) while, in
vitro, reactive oxygen species have been shown to
stimulate HSCs activation, proliferation and colla-
gen synthesis by acting as intracellular signaling
molecules (9–12). Despite these reports, only a few
experimental data linking the earliest phase of liver
fibrosis to formation of reactive oxygen species and
HSCs activation have been reported (13).

Nitric oxide (NO) is a biologically active radical
synthesized by the enzyme nitric oxide synthase
(NOS). Three isoforms of this enzyme exist, all re-
quiring L-arginine and oxygen. Neuronal (type I,
nNOS) NOS and endothelial (type III, eNOS)
NOS are Ca2π- and calmodulin-dependent consti-
tutive isoforms (14–16). These constitutive iso-
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forms have important functions under normal
conditions. The constitutive isoforms are rapidly
activated by intracellular Ca2π fluxes and produce
small quantities of NO¡ (14–16). Inducible NOS
(iNOS, type II) is not expressed under normal con-
ditions; it is induced by cytokines and/or endo-
toxin during inflammatory and infectious pro-
cesses and produces large amounts of NO¡ for ex-
tended periods of time (14–16). NO is able to react
with reactive oxygen species (ROS), yielding per-
oxynitrite. This reaction eliminates ROS and could
therefore be favorable. On the other hand, peroxy-
nitrite is a very reactive, toxic and strongly oxid-
izing compound. Whether the formation of per-
oxynitrite is detrimental or beneficial will depend
on the exact conditions of the local microenviron-
ment (e.g. the relative amounts of NO and ROS
formed, the presence of antioxidants and ROS
scavenging enzyme systems like SOD, and pH) (17,
18). Therefore, we tested whether NO, as a scaven-
ger of ROS, affects the activation and/or prolifer-
ation of HSCs, using the following strategies:

O the effect of NO donors on ROS-induced HSCs
proliferation in vitro was investigated;

O the expression of iNOS and formation of ROS
was investigated during the activation process of
HSCs using the dimethylnitrosamine model of
liver fibrosis (3, 5).

Materials

Culture media were from GIBCO (Grand Island,
NY). Nycodenz was from Life Technologies (Mil-
an, Italy). Bromodeoxyuridine and diaminobenz-
idine were from Fluka (Flukachemie AG, Buchs,
Switzerland). Nitrocellulose membranes (Hybond)
were from Amersham (Milan, Italy). Pronase was
from Boehringer Mannheim (Monza, Italy).
Monoclonal anti-bromodeoxyuridine and peroxi-
dase-conjugated rabbit anti-mouse immunoglob-
ulins were from Dako (Glostrup, Denmark). All
other reagents were from Sigma Chemical Co., Mi-
lan, Italy.

Methods
In vitro study

HSCs isolation and culture
HSCs were isolated from male Sprague-Dawley
rats (300–500 g) after collagenase-pronase per-
fusion of the liver followed by Nycodenz gradient
(12% w/v) centrifugation as described previously
(10, 11, 19).

Cells were then cultured in Iscove Modified Dul-
becco’s Medium (IMDM) supplemented with 20%
fetal bovine serum, 2 mmol/l glutamine, and 1%
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antibiotic-antifungal solution at 37 æC in a humidi-
fied atmosphere containing 5% CO2. The medium
was replaced 24 h after seeding and every 48 h
thereafter.

Primary cultures of HSCs were allowed to
grow to confluence, subcultured by trypsinization
(0.025% trypsin/0.5 mmol/l ethylenediaminetetra-
acetic acid) and then cultured in the same medium
as above. Experiments described in this study were
performed in triplicate on cells between the first
and third serial passages using three independent
cell lines.

Determination of HSCs proliferation
HSCs proliferation was measured by indirect im-
munoperoxidase staining of nuclei which had in-
corporated bromodeoxyuridine (BrdU) (9–11, 19).
Briefly, 72 h after trypsinization, HSCs were incu-
bated in IMDM containing 0.5% FBS for 24 h.
Thereafter, the medium was removed and cells
were incubated in the same medium containing test
substances for an additional 24 h. BrdU was added
(5¿10ª5 M) during the last 4 h of incubation. At
the end of the incubation period, cell monolayers
were washed twice with ice-cold Tris-buffer saline
(TBS) (pH 7.6) and then fixed with 80% acetone.
DNA was denatured by incubating cells for 45 min
at 70æC with 95% formamide (vol/vol) dissolved in
sodium citrate (0.15 mol/l). Thereafter, cells were
incubated for 2 h at room temperature with anti-
BrdU immunoglobulins (1:50 in TBS/bovine serum
albumin (BSA) 1%). After washing two times with
TBS/BSA, cells were incubated with peroxidase-
conjugated rabbit anti-mouse immunoglobulins
(1:50 in TBS/BSA containing 5% rat serum) for 30
min at room temperature. Nuclei that had taken
up BrdU were stained using diaminobenzidine as
substrate and counted using a computerized image
analysis system connected to an Olympus micro-
scope (Olympus Vanox AHBT3, Olympus Optical
Co. Ltd., Tokyo, Japan). Data were expressed as %
of BrdU positive nuclei.

NO and ROS donors and antioxidants
S-nitroso-N-acetylpenicillamine (SNAP) was used
as NO donor and added at a final concentration
of 1 mmol/l to culture medium. Incubation of 1
mmol/l SNAP in culture medium without cells re-
sulted in a gradual increase in NO concentration
(15–20 mmol NO/l per hour), resulting in a NO
concentration of 400–600 mmol NO/l after 24 h.
NO accumulation is taken as a reliable reflection
of NO generation. Production of ROS (superoxide
anion) in culture medium containing 50 mmol/l
Fe2π per 100 mmol/l ascorbate (FeAsc) (12) was
confirmed using the cytochrome c assay in the ab-
sence of cells (20). Some experiments were also



Oxidative stress, nitric oxide and liver fibrosis

performed in the presence of superoxide dismutase
(SOD, 300 U/ml) and catalase (500 U/ml) as ROS
scavengers. The effectivity of ROS scavengers was
confirmed using the cytochrome c assay in culture
medium in the absence of cells (20).

70 kD S6 kinase and ERK activation
Data from the literature indicate that different in-
tracellular pathways that involve either the phos-
phatidylinositol 3-kinase (PI3-K) or the extracellu-
lar-signal regulated kinase (ERK1/2) play a key role
in regulating HSC proliferation (21, 22). To evaluate
the effect of FeAsc on these pathways in HSC, cells
were incubated in IMDM containing 0.5% FBS for
24 h. Thereafter, the medium was removed and cells
were incubated in the same medium containing
FeAsc for additional 15 and 30 min. In parallel ex-
periments, cells were also exposed to 1 mmol/l
SNAP for 30 min before FeAsc incubation.

Cell were then scraped and homogenized in ice
cold buffer (pH 7.4) consisting of 50 mmol/l Tris,
150 mmol/l KCl, 1% Triton X-100, 1 mmol/l ethyl-
enediaminetetraacetic acid, 5 mmol/l N-ethylmale-
imide, 0.2 mmol/l phenylmethylsulfonylfluoride.
The Western blot technique was then performed
using specific antibodies against 70 kD S6 kinase
and tyrosine-phosphorylated ERK1/2 as pre-
viously described (21).

In vivo study

Experimental design
Thirty male Sprague-Dawley rats were used. They
were fed a pellet diet (Nossan, Italy) according to
good laboratory practice. Rats were housed in
plastic cages with a wire-mesh base providing iso-
lation from a hygienic bed and were exposed to a
12-h, controlled light cycle. Experiments were per-
formed in accordance with the institutional ethical
guidelines.

Hepatic injury was induced by intraperitoneal
injections of 10 mg/kg of DMN dissolved in saline
to obtain a 1% solution (3, 5). DMN was adminis-
tered for 3 consecutive days. To study the early
events leading to liver fibrosis, animals were killed
6, 24, 48 h and 1 week after the third DMN injec-
tion. Control animals received saline.

Preparation of tissue
Liver specimens were routinely fixed in 4% phos-
phate-buffered formaldehyde or in methanol for
18–24 h and embedded in paraffin. Tissue sections
(4 mm thick) were stained with hematoxylin-eosin
for routine examination or with Sirius Red for col-
lagen visualization.

Other specimens were embedded in OCT com-
pound (Triangle Biomedical Sciences, Durham,
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NC), immediately snap-frozen in isopentane (pre-
cooled in liquid nitrogen) and then stored at
ª80 æC until used.

For Western blotting, the remaining liver was cut
into 150-mg pieces, dipped in liquid nitrogen and
then stored at ª80 æC until used.

Immunohistochemistry

Identification of proliferating and activated HSCs
For the simultaneous detection of alpha smooth
muscle actin (aSMA), as a marker of activated
HSCs (1, 3, 5), and PCNA, as a marker of S-phase
cells (23), a sequential double immunoenzymatic
reaction was performed using methanol fixed sec-
tions as previously described (3, 5).

In the first sequence, visualization of aSMA-
positive cells was obtained by a three-step im-
munoperoxidase technique. Liver sections were se-
quentially incubated with mouse monoclonal anti-
body against aSMA (Sigma A2547, 1:50 dilution),
peroxidase-conjugated rabbit anti-mouse immuno-
globulins (Dako P161, 1:50 dilution) and peroxi-
dase-conjugated swine anti-rabbit immunoglob-
ulins (Dako P217, 1:50 dilution). The reaction,
which resulted in a brown staining of cytoplasmic
reactive sites, was visualized by incubation in Tris-
buffered saline containing 0.06% diaminobenz-
idine (DAB) and 0.01% H2O2.

In the second sequence, liver sections were incu-
bated with mouse monoclonal antibody against
PCNA (Dako M879, 1:100 dilution) followed by
peroxidase-conjugated rabbit anti-mouse immuno-
globulins. S-phase nuclei were finally visualized by
a magenta color after incubation with the peroxi-
dase substrate 3-amino-9-ethylcarbazole (AEC,
0.5% in 0.05 M acetate buffer).

Neutrophils and iNOS identification
The rabbit polyclonal antibody against rat iNOS
and the His48 monoclonal antibody, which
specifically recognizes rat neutrophils, were de-
veloped in our laboratory and have been described
before (24, 25).

For immunohistochemistry, 4-mm cryostat sec-
tions were cut. After air-drying, sections were fixed
in acetone for 10 min at room temperature and
air-dried again. Subsequently, they were washed in
PBS (pH 7.4) and incubated in the rat polyclonal
iNOS antibody (1:300 in PBS containing 1% BSA)
or in undiluted His48 hybridoma supernatant for
60 min at room temperature. After incubation with
the first antibody, endogenous peroxidase activity
was blocked by incubating for 30 min in PBS con-
taining 0.075% H2O2. For iNOS, secondary anti-
bodies were peroxidase-conjugated goat anti-rabbit
antibody (1:50) and peroxidase-conjugated rabbit



Svegliati-Baroni et al.

anti-goat antibody (1:50). For His48, secondary
antibodies were peroxidase-conjugated rabbit anti-
mouse antibody (1:50) and peroxidase-conjugated
goat anti-rabbit antibody (1:50). These antibodies
were applied in PBS containing 1% BSA and 5%
normal rat serum. The sections were finally incu-
bated with filtered AEC (10 mg/2.5 ml dimethyl-
formamide in 50 ml 0.1 mol/l acetate buffer pH
5.0) containing 0.03% H2O2 for 10 min at room
temperature. Counterstaining was performed with
hematoxylin and the slides were covered with
Kaiser’s glycerin-gelatin. After each incubation,
the sections were rinsed with PBS.

Enzyme histochemistry for detection of ROS
formationAir-dried cryostat sections (4 mm) were
stained with DAB to detect reactive oxygen spe-
cies as described before with some modifications
(26). Briefly, sections were washed in 0.1 N Tris-
HCl buffer (pH 7.6) and subsequently incubated
for 30 min at 60 æC in 0.1 N Tris-HCl buffer con-
taining 0.5 mg/ml DAB. ROS production and
concomitant peroxidase activity induce the oxi-
dation of DAB.

All liver cryostat sections were routinely stained
with hematoxylin/eosin and periodic acid-Schiff to
evaluate liver morphology.

Morphometric determinations

Up to 50 non-overlapping fields of methanol-fixed,
paraffin-embedded samples were evaluated on at
least two different sections for each animal in each
treatment group. Morphometric determinations
were performed using a computerized image analy-
sis system connected to an Olympus microscope
(Olympus Vanox AHBT3, Olympus Optical Co.
Ltd., Tokyo, Japan).

Proliferating HSCs were defined (3, 5) as inter-
stitial cells with at least one aSMA- positive cyto-
plasmic process extending along the sinusoidal wall
of hepatocytes (thus excluding immunoreactive ele-
ments of the portal tracts) and a labeled nucleus.

The parenchymal extension of aSMA-positive
cells was measured by point-counting technique.
Data were expressed as a percentage of area (% of
areaΩ% of total parenchymal volume).

Western blotting

Livers were homogenized with a Polytron homogen-
izer in a buffer containing 20 mmol/l Tris-HCl (pH
7.2), 0.2 mmol/l phenylmethylsulfonylfluoride
(PMSF), 1 mmol/l ethylenediaminetetraacetic acid
(EDTA), and 1 mmol/l dithiothreitol. After centri-
fugation (30 min, 11 600¿g), the protein concen-
tration in the supernatant (crude lysate) was deter-
mined with the Bio-Rad protein assay (Bio-Rad
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Laboratories, Hercules, CA) using bovine serum
albumin as standard. The crude lysates were frac-
tionated on a 10% sodium dodecylsulfate polyacryl-
amide gel and transferred to nitrocellulose, using a
semi-dry blotting system according to the manufac-
turer’s instructions (Pharmacia, Uppsala, Sweden).
Prestained molecular weight standards (Bio-Rad)
were used as marker proteins. The blots were incu-
bated with a 1:5000 dilution of the polyclonal iNOS
antibody in PBS containing 4% skim milk powder
and 0.1% Tween-20, subsequently incubated with
horseradish peroxidase labeled swine anti-rabbit
IgG and finally developed using the ECL Western
blotting system (Amersham).

Analytical determinations

AST and ALT were determined by routine clinical
chemistry. Nitriteπnitrate (NOx) concentrations
in plasma and culture media were determined by
the method of Moshage et al. (27).

Statistical analysis

Data are expressed as mean∫SD. Group means
were compared by ANOVA followed by the Stu-
dent-Newman-Keuls test if the former was signifi-
cant. A p value ,0.05 was considered statistically
significant.

In vitro results

Effect of NO donors and antioxidants on ROS
formation
To test whether NO donors are able to scavenge
ROS in HSCs cultures, the NO donor SNAP was
added at various concentrations to cuvets contain-
ing 80 mmol/l cytochrome c in PBS. Generation of
ROS was initiated by the addition of FeAsc and
the change in absorbance at 550 nm, indicating the
generation of ROS (20), was monitored in a spec-
trophotometer. In the absence of SNAP, a strong
increase of absorbance was noted. SNAP dose-de-
pendently reduced the absorbance change at 550
nm, indicating scavenging of ROS. The generation
of ROS was also abolished when the ROS scaven-
gers catalase (500 U/ml) and superoxide dismutase
(300 U/ml) were added to medium. To verify that
the effect was due to NO formation and ROS gen-
erating systems, another NO donor, S-nitrosoglu-
tathione (SNOG), and another ROS generating
system (xanthine oxidase/hypoxanthine) were also
tested, yielding similar results as SNAP and 50
mmol/l Fe2π per 100 mmol/l ascorbate, respectively
(data not shown). Fig. 1 (panel A) depicts the re-
sults of the scavenging of ROS by NO donors and
antioxidants.
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Fig. 1. Effect of NO donor and ROS scavengers on ROS pro-
duction (panel A) and HSCs proliferation (panel B). Panel A:
After incubation with FeAsc, ROS production was measured
using the cytochrome c assay in HSCs in the presence of either
different doses of SNAP or the ROS scavengers SOD (300 U/
ml) and catalase (500 U/ml). Panel B: S-phase nuclei were iden-
tified by immunohistochemistry for BrdU in HSCs exposed to
FeAsc in the presence or absence of either SNAP (1 mM) or
the ROS scavengers SOD (300 U/ml) and catalase (500 U/ml).
Data are presented as mean∫SD. *p,0.05 vs controls.

Effect of ROS and NO donor on HSCs
proliferation
To evaluate the effect of ROS and NO on HSCs
proliferation, the nuclear incorporation of BrdU
in S-phase cells was evaluated by immunohisto-
chemistry (Fig. 1 panel B). The ROS donor FeAsc
significantly increased BrdU incorporation in cul-
tured HSCs, indicating enhanced cell proliferation.
ROS-induced proliferation was abolished by the
ROS scavengers catalase (500 U/ml) and superox-
ide dismutase (300 U/ml). In addition, the NO do-
nor SNAP (1 mmol/l) also significantly reduced the
ROS-induced HSCs proliferation. Neither the
ROS scavengers nor the NO donor had any effect
on basal proliferation of untreated HSCs.

Effect of FeAsc on 70 kD S6 kinase and ERK1/2
activation
It has been shown that intracellular signaling path-
ways involving either the phosphatidylinositol 3-
kinase (PI3-K) or the extracellular-signal regulated
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kinase (ERK1/2) are stimulated by different cyto-
kines and growth factors and regulate HSC pro-
liferation and collagen synthesis (21–22). We thus
performed Western blotting experiments to detect
70 kD S6 kinase and phosphorylated ERK1/2 in
HSC extracts. The 70 kD S6 kinase is downstream
from PI3-K and thus its activation is also an in-
direct measure of PI3-K activation (28, 29). Stimu-
lation of 70 kD S6 kinase activity is paralleled by
its increased phosphorylation on serine and thre-
onine residues, resulting in a reduced mobility of
the protein on sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) (28–29). To
evaluate ERK1/2 activation, ERK1/2 phos-
phorylation was determined by using antibody
that specifically recognizes the active tyrosine-
phosphorylated form of ERK-1 and ERK-2 (30).
As shown in Fig. 2 (upper panel), PDGF (25 ng/
ml, used as a positive control) (28) induce a de-
crease in the mobility of 70-kD and 85-kD triplets
of proteins, as compared with controls, indicative
of protein phosphorylation and enzyme activation.
No effect on gel mobility was induced by FeAsc
after either 10 or 30 min of incubation. Phos-
phorylated ERK1/2 (Fig. 2, lower panel) was
barely detectable in control cells. FeAsc induced a
striking increase in both ERK-1 and ERK-2 phos-
phorylation after 10 min of incubation that de-
clined to control levels at 30 min. FeAsc-induced
phosphorylation of both ERK-1 and ERK-2 at 10
min was inhibited down to control levels by HSC
preincubation with 1 mmol/l SNAP.

Fig. 2. Effect of FeAsc on 70 kD S6 kinase (upper panel) and
ERK-1 and ERK-2 phosphorylation (lower panel). Cell lysates
were obtained as described in Methods. Proteins (50 mg/lane)
were separated by 9% SDS-PAGE, transferred to nitrocellulose
and then incubated with specific antibodies. Lane 1: control.
Lane 2: PDGF (25 ng/ml). Lane 3: FeAsc 10 min. Lane 4:
FeAsc 10 minπSNAP. Lane 5: FeAsc 30 min. Lane 6: FeAsc
30 minπSNAP. Molecular-weight markers are represented on
the left of each panel.
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In vivo results

General effects of DMN treatment
Compared to controls (39.0∫1.7 U/l), DMN treat-
ment resulted in a striking increase in ALT values
that was already evident 6 h after the third injec-
tion (286.5∫21.3, p,0.001 vs controls) and peaked
at 24 and 48 h (322.0∫37.3 and 313.3∫28.5, re-
spectively, p,0.001). No differences in ALT value
compared to controls were observed 1 week after
the final DMN injection (50.1∫4.7).

Six hours after the third DMN injection, evi-
dence of hemorrhagic necrosis was observed in
zone 3 associated with ballooning and lysis of
hepatocytes, rare apoptotic bodies and infil-
tration of inflammatory cells. A massive periven-
ular hemorrhagic necrosis with a prominent in-
flammatory infiltrate was more evident at 24 h,
associated with the appearance of centro-central
bridging of necrotic areas (Fig. 3, panel A). The
hemorrhagic necrosis of zone 3 was still observed
at 48 h (Fig. 3, panel B), associated with lysis of
the endothelium of the central vein, inflamma-
tory infiltrate and persistence of thin centro-cen-
tral bridging necrosis. At 1 week after the final
DMN injection, liver sections showed only
limited centro-central fibrotic septa (Fig. 3, panel
C).

HSCs proliferation and activation
In controls (data not shown), aSMA-positive cells
were detected mainly in the portal space either as
elements of vascular walls or as fibroblast-like cells
scattered in the connective tissue or finely apposed
to bile ductules. In the lobule, immunoreactivity
for aSMA was present in the walls of large- and
medium-sized terminal hepatic veins.

To quantitate proliferating S-phase HSCs in the
early phase of the process leading to liver fibrosis,
we evaluated by morphometry the number of cells
exhibiting one or more aSMA-positive cytoplas-
mic processes in conjunction with a PCNA positive
nucleus (3, 5). Such cells were rarely observed in
control rats. A significant increase of aSMA/
PCNA positive cells was observed already at 6 h
after the third DMN injection. These cells showed
an elongated fibroblast-like shape and appeared
particularly numerous in association with col-
lapsed areas or groups of parenchymal cells in
zone 3. Their number progressively increased
throughout the experiments, reaching a maximum
at 1 week after the final DMN injection (Fig. 4,
panel A).

The amount of liver tissue occupied by aSMA-
positive cells was evaluated by morphometry and
expressed as the percentage of area. The area of
liver parenchyma occupied by activated HSCs pro-
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Fig. 3. Hematoxylin-eosin staining of liver sections at different
time intervals after DMN administration. DMN (10 mg/kg)
was administered for 3 consecutive days and sections were ob-
tained at different time points. A massive perivenular hemor-
rhagic necrosis that spares the portal tract is evident in panel
A (24 h, final magnification 25¿). Necrotic areas are still ob-
served at 48 h (panel B, final magnification 50¿), while after 1
week (panel C, final magnification 25¿) centro-central fibrotic
septa are evident.

gressively increased, reaching a maximum at 1
week after the final DMN injection (Fig. 4, panel
B). As shown in Fig. 5, these cells were initially
observed close to the area of necrosis (panel A)
and later accumulated to form aSMA-positive
centro-central septa (panel B).
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Fig. 4. Morphometric evaluation of HSCs proliferation and ac-
tivation at different intervals after DMN treatment. Data were
obtained by using a computerized image analysis system and
expressed as number of cells/mm2 for HSCs proliferation (panel
A) and as a percent of liver parenchyma for HSCs activation
(panel B). Data are expressed as mean∫SD. *p,0.05 vs con-
trols.

Localization of iNOS and neutrophils and ROS
generation
In control liver, no iNOS staining was detectable,
in accordance with previous studies (22). Six hours
after the last DMN injection, a few scattered in-
flammatory cells expressed iNOS (Table 1). At
later intervals, no iNOS staining was detectable. In
accordance with immunohistological data, iNOS
protein was not detectable by Western blot in liver
homogenates, whereas iNOS protein was clearly
expressed in liver tissue of endotoxin-treated rats
(Fig. 6), used as positive control (24). The suit-
ability of the antibody for immunohistochemistry
has been demonstrated before (24). There was no
increase of plasma NOx levels in DMN-treated
rats compared to control animals (data not
shown).

Neutrophil infiltration, as demonstrated by
His48 staining, was strongly increased for at least
48 h after the last DMN injection (Fig. 7, panels
A-C and Table 1), especially in areas of necrosis.
Neutrophil numbers returned to near normal 1
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Fig. 5. Immunohistochemical staining for aSMA. aSMA-posi-
tive cells (i.e. activated HSCs) are initially observed in associ-
ation with necrotic perivenular areas (panel A) and later ac-
cumulate, forming aSMA positive septa (panel B). Panel A: 48
h after DMN treatment (final magnification 100¿). Panel B: 1
week after DMN treatment (final magnification 25¿).

Fig. 6. iNOS protein level in LPS-treated rat liver (lane 1), nor-
mal rat liver (lane 2) and rat liver 6 h (lane 3), 24 h (lane 4),
and 48 h (lane 5) after DMN treatment. Crude homogenates
(50 mg/lane) were separated on a 10% SDS-PAGE gel, trans-
ferred to nitrocellulose and immunostained with antiserum
against iNOS as described in Methods.

week after the final DMN injection (Table 1). In
control livers, only rare infiltrating neutrophils
were present (Fig. 7, panel D). The enzyme histo-
chemical demonstration of ROS generation (Fig. 8
and Table 1) showed a pattern of distribution iden-
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Table 1. iNOS expression, ROS generation and neutrophil infiltration at differ-
ent time points after DMN treatment. π ,10 positive cell/field; ππ 10–20
positive cell/field; πππ .20 positive cell/field

6 h 24 h 48 h 7 days

iNOS π π/ª ª ª
ROS πππ ππ ππ π/ª
Neutrophils πππ ππ ππ π/ª

tical to that of His48, suggesting that some of the
infiltrating neutrophils are generating ROS.

Discussion

A common event in the initiation and progression
of liver fibrosis is the activation of the hepatic stel-
late cell (HSCs) (1, 3, 5). Compared to quiescent
HSCs, activated HSCs display increased express-
ion of a-smooth muscle actin, synthesis of matrix
components and proliferation (1). Triggers for ac-
tivation are cytokines and reactive oxygen species
(ROS). Indeed, it has been shown that ROS pro-
mote HSCs activation, matrix synthesis and pro-
liferation in vitro (9–12). Circumstantial evidence
is available which supports a similar role for ROS
in the activation of HSCs in vivo (2, 6, 7). There-
fore, any intervention aimed at reducing the ex-
posure of HSCs to ROS could slow down or inhibit
the progression of HSCs activation and fibrogen-
esis. Indeed, it has been demonstrated that the
antioxidant vitamin E inhibits fibrogenesis in two
different experimental models of liver fibrosis (6,
31).

The liver has ample resources to dispose of ROS,
e.g. superoxide dismutases, catalase, glutathione,
and vitamin E-like antioxidants. However, these
ROS scavenging systems are mainly present in
hepatocytes or compartmentalized in specific or-
ganelles like peroxisomes (catalase) and mitochon-
dria (manganese superoxide dismutase) and will
therefore not prevent HSCs from being exposed to
ROS generated by infiltrating inflammatory cells.
In this study we have demonstrated that infiltrat-
ing neutrophils are prominently present in the
early phase of liver fibrosis. The neutrophilic infil-
trate persisted for at least 48 h after the last DMN
injection, but was significantly reduced 1 week
after the last DMN injection. Neutrophils are

Fig. 7. Neutrophil identification by immunostaining for His48.
Neutrophil infiltration was observed in areas of necrosis at 6 h
(panel A), 24 h (panel B) and 48 h (panel C) after DMN treat-
ment. Only rare neutrophils were observed at 1 week (data not
shown) or in control livers (panel D). Final magnification 50¿.
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Fig. 8. ROS identification. ROS were identified by means of an
enzyme histochemical reaction based on DAB oxidation. ROS
formation was observed in area of necrosis with a spatial and
temporal distribution similar to that of His48 positive cells, in-
dicating that some of the neutrophils were producing ROS. Fi-
nal magnification 25¿.

known to be important producers of ROS (20). In-
deed, as demonstrated in this study using an en-
zyme histochemical method to detect ROS gener-
ation, the infiltrating neutrophils produce signifi-
cant amounts of ROS. ROS generation can be
attributed to the infiltrating neutrophils, based on
the similar spatiotemporal staining patterns for
neutrophils and ROS generation. Interestingly, Ca-
sini et al. (32) have recently shown, using cocul-
tures of peripheral blood neutrophils and HSCs,
that neutrophils activated by N-formyl-Met-Leu-
phenylalanine are potent producers of ROS and
that neutrophil-derived ROS are able to stimulate
matrix (i.e. type I collagen) synthesis in HSCs, sup-
porting the notion that neutrophil-derived ROS
are able to cause some aspects of HSCs activation.
In agreement with this, in vivo data have shown a
close relationship between neutrophil infiltration,
generation of lipid peroxidation products and col-
lagen deposition in another experimental model of
liver fibrosis that benefits from neutrophil de-
pletion (33, 34).

Nitric oxide (NO) radicals are able to react with
ROS species like superoxide anions. The reaction
of nitric oxide with superoxide anions yields per-
oxynitrite. Whether formation of peroxynitrite is
beneficial or harmful is not clear and will most
likely depend on the exact conditions of the micro-
environment in which peroxynitrite is generated,
such as the relative amounts of NO and superoxide
anions, pH, and carbon dioxide concentration
(17). On the one hand, peroxynitrite is a toxic and
powerful oxidizing agent able to induce DNA
damage, modify tyrosine residues in proteins into
nitrotyrosine altering their shape and function,
and induce lipid peroxidation (17, 35). On the
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other hand, the reaction with nitric oxide removes
superoxide anions, which are also highly reactive
molecules able to induce lipid peroxidation (35).
Casini et al. (32), using their in vitro coculture sys-
tem of neutrophils and HSCs, demonstrated that
inhibition of nitric oxide synthesis amplified the in-
duction of collagen synthesis by neutrophil-derived
ROS. Moreover, the ROS-induced collagen syn-
thesis was partially inhibited by NO donors. In ad-
dition, several studies have demonstrated that in-
hibition of NO synthesis in vivo amplifies collagen
synthesis in models of fibrosis in kidney and
heart (36–37) and increases liver injury in both
ethanol-treated rats (38) and in rats treated with
sub-lethal doses of DMN (39). These studies sup-
port a ROS-scavenging beneficial role for NO in
these models.

In the present study we have extended these
findings to proliferation of HSCs, another promi-
nent aspect of HSCs activation. Proliferation of
HSCs was induced by a ROS-generating system
(Fe/Asc) (9). We have also shown that HSCs in-
cubation with FeAsc was associated with a strik-
ing increase in ERK1/2 activation, similar to that
induced by PDGF used as a positive control.
This is in agreement with previous papers which
have indicated a key role of ERK activation in
mediating fibroblasts and HSCs proliferation (21,
22, 40). Our data also confirm previous obser-
vations that have shown that moderate concen-
trations of ROS may act as intracellular messen-
gers linking the effect of mitogenic cytokines to
ERK activation (41, 42). In this cell type, Marra
et al. (22) showed that ERK activation is at least
partially PI3-K-dependent, because incubation
with the PI3-K inhibitor wortmannin resulted in
a 50% reduction in ERK activity. In this study,
ERK activation following HSCs incubation with
FeAsc is PI3-K-independent because no effects
were observed on the activity of the 70 kD S6
kinase, which lies downstream of PI3-K (21, 28,
29).

ROS-induced proliferation of HSCs was inhib-
ited by the ROS-scavengers superoxide dismutase/
catalase and, most importantly, by the NO donor
S-nitroso-N-acetylpenicillamine (SNAP), which
also blocked FeAsc-induced ERK activation.
Moreover, using the cytochrome c assay to moni-
tor superoxide anion formation, we could demon-
strate that SNAP-derived NO scavenges superox-
ide anions in a dose-dependent manner. Similar re-
sults were obtained when SNAP was substituted
for another NO donor (S-nitroso-glutathione
(SNOG)), and when Fe/Ascorbate was substituted
for another ROS-generating system (xanthine oxi-
dase/hypoxanthine) (data not shown), ruling out
the possibility that the inhibitory effect of SNAP
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on superoxide anion formation and ROS-induced
proliferation of HSCs was due to a peculiar effect
of the combination of SNAP and Fe/Ascorbate.

To be an effective ROS-scavenger in inflamma-
tory conditions in vivo, NO must be clearly pro-
duced at sites where ROS are generated. However,
in the present model of liver injury, induction of
iNOS was negligible. On Western blot, iNOS was
not detectable in liver homogenates and, using im-
munohistochemistry, only a few iNOS-positive in-
flammatory cells were visible 6 h after the last DMN
injection, but not at later time points after the last
DMN injection. These observations demonstrate
that in this model of liver injury no significant
amount of NO is generated and that the ROS gener-
ated by infiltrating neutrophils are not scavenged by
NO. It is tempting to speculate that the lack of NO
synthesis is, at least partially, responsible for the
progression of HSCs activation and fibrogenesis. To
test this possibility it will be necessary to apply NO
generating systems in experimental models of fi-
brosis, for instance using iNOS-expressing adeno-
viruses, as recently described by Billiar and co-
workers (43, 44). These iNOS-expressing adeno-
viruses have already been used in a model of intimal
hyperplasia and in a model of apoptotic liver injury,
yielding impressive beneficial results. The notion
that the lack of NO synthesis favors the progression
of fibrosis is supported by studies using models of
fibrosis in other organs, in particular heart and kid-
ney. In these models, as stated above, inhibition of
NO synthesis has profound stimulatory effects on
the synthesis of matrix proteins like collagen and on
the progression of fibrosis (36, 37). In addition,
we have recently shown that iNOS is weakly and
transiently induced in the bile duct ligation model
of liver fibrosis (45). Inhibition of NO synthesis in
this model results in increased deposition of colla-
gen around necrotic areas, although this effect is
very transient and is not reflected by an increase in
total liver hydroxyproline content (manuscript sub-
mitted).

In summary, we have shown that NO can pre-
vent ROS-induced HSCs proliferation, a promi-
nent aspect of HSCs activation, by virtue of its
capacity to scavenge superoxide anions. HSCs acti-
vation in DMN-induced liver injury is likely to be
mediated by increased ROS generation, since
abundant infiltration with ROS-generating neutro-
phils in this model was demonstrated. However,
this mechanism of NO-mediated ROS-scavenging
is probably not significant in vivo, since iNOS and
consequently NO production are hardly induced in
this experimental models of liver fibrosis. Inter-
ventions aimed at increasing hepatic expression of
iNOS and/or NO generation could reduce HSCs
activation and fibrogenesis.
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