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Abstract

 

Increased nitric oxide (NO) production may contribute to
the pathological changes featuring in some inflammatory
diseases, but the role of NO in chronic viral hepatitis is still
unknown. We compared the inducible NO synthase (NOS2)
expression in the liver of patients with chronic viral hepati-
tis with that of both nonviral liver disease and histologically
normal liver. NOS2 expression was assessed by immunohis-
tochemical and in situ hybridization studies of liver biopsy
sections. An intense hepatocellular NOS2 reactivity was de-
tected in chronic viral hepatitis, whereas it was weakly or
not observed in nonviral liver disease or normal liver, re-
spectively. In addition, we determined whether the hepatitis
B virus (HBV) might regulate the synthesis of this enzyme.
NOS2 mRNA and protein levels as well as enzyme activity
were assessed in cytokine-stimulated HBV-transfected and
untransfected hepatoma cells. Transfection with either
HBV genome or HBV X gene resulted in induction of NOS2
mRNA expression, and the maximal induction of this tran-
script and NO production was observed in cytokine-stimu-
lated HBV-transfected cells. These results indicate that
hepatotropic viral infections are able to upregulate the
NOS2 gene expression in human hepatocytes, suggesting
that NO may mediate important pathogenic events in the

 

course of chronic viral hepatitis. (

 

J. Clin. Invest.

 

 1998. 101:

 

1343–1352.) Key words: nitric oxide
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Introduction

 

Nitric oxide (NO)

 

1

 

 is a highly reactive gaseous molecule pro-
duced by a wide variety of eukaryotic cells, from the guanidino

 

nitrogen of 

 

L

 

-arginine, by the action of the enzyme NO syn-
thase (NOS) (1–3). There are two isoforms of constitutive
NOS which are expressed in neurons (NOS1) and endothelial
cells (NOS3), generating small amounts of NO (4, 5). The in-
ducible isoform (NOS2) can be expressed de novo by many

cell types, including macrophages (6) and hepatocytes (7), af-
ter induction with bacterial endotoxin and proinflammatory
cytokines (8, 9), thus producing large quantities of NO.

NO has been implicated as a mediator of immune and in-
flammatory responses (10). Increased tissue NOS2 expression
and NO production have been observed in distinct animal
models, such as in the brain of mice with experimental autoim-
mune encephalomyelitis (11) and in kidneys from a murine lu-
pus model (12). More recently, different authors have re-
ported that increased NOS2 expression and NO generation
may contribute to the pathological changes featuring in rheu-
matoid arthritis (13–15) and Alzheimer’s disease (16).

Chronic viral hepatitis (CVH) is characterized by a paren-
chymal infiltration of activated cytotoxic T lymphocytes, re-
garded as the main cause of hepatic injury (17). Moreover, the
existence of an intrahepatic upregulatory process involving ad-
hesion molecules, such as intercellular adhesion molecule 1
and vascular cell adhesion molecule 1 (18, 19), and certain
proinflammatory cytokines, such as TNF-

 

a

 

 (20) and IFN-

 

g

 

(21), has been well documented. Interestingly, Geller et al.
(22) demonstrated that proinflammatory cytokines play a cen-
tral role in the hepatocellular NOS2 upregulation, inducing
NO production in human hepatocytes. To examine the poten-
tial role of NO in the pathogenesis of liver disease caused by
HBV and HCV, we assessed the NOS2 expression pattern in
the liver tissue from patients with CVH, searching for correla-
tions between the expression level of this enzyme and the his-
tological inflammatory activity of liver disease. In addition,
due to the fact that HBV, through its transactivator protein X
(HBx), is capable of upregulating different cellular genes (23,
24), we investigated whether HBV could upregulate the NOS2
gene expression in cultured hepatocyte-derived cells.

 

Methods

 

Patients

 

The study included 44 CVH patients with liver biopsy findings com-
patible, according to internationally accepted criteria (25), with
chronic active hepatitis (CAH). CAH type B (CAHB) was diagnosed
in 15 patients, and CAH type C (CAHC) in 29. The diagnostic crite-
ria for viral hepatitis included persistent elevation of serum alani-
noaminotransferase levels and either the positivity of both hepatitis B
surface antigen (HBsAg) and HBV DNA in the serum of patients
with CAHB, or the presence of both antibodies to HCV (anti-HCV)
and HCV RNA in the serum of patients with CAHC, 

 

.

 

 6 mo before
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Abbreviations used in this paper:

 

 CAH, chronic active hepatitis;
CM, cytokine mixture plus LPS; CVH, chronic viral hepatitis; G3PDH,
glyceraldehyde 3-phosphate dehydrogenase; HBsAg, hepatitis B sur-
face antigen; HBV, hepatitis B virus; HBx, HBV protein X; HCC,
hepatocellular carcinoma; HCV, hepatitis C virus; HI, hepatitic in-
dex; NO, nitric oxide; NOS, nitric oxide synthase; RT, reverse tran-
scription.
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undergoing liver biopsy. Liver tissues from 12 alcoholic patients (8
with histological features of steatosis, and 4 with cirrhosis), 14 pa-
tients with histological changes of cholestasis (mild portal inflamma-
tion and/or ductular hyperplasia), and 8 patients with histologically
normal liver were also studied as controls for immunohistochemical
and in situ hybridization analysis. Patients with alcoholism included
in this study consumed 

 

.

 

 80 g/d of ethanol for 

 

.

 

 10 yr, and a percuta-
neous liver biopsy was performed on each one for diagnostic pur-
poses. Liver biopsy samples with histopathological features of
cholestasis or with nonspecific histological reactive changes (normal
liver) were obtained during abdominal surgery for noncomplicated
cholelithiasis. All of these control patients were negative for HBsAg
and anti-HCV, and both CVH and control patients lacked antibodies
to HIV (anti-HIV). Finally, samples from 10 of 44 patients with CVH
included in this study (4 with CAHB and 6 with CAHC), 3 of 12 pa-
tients with alcoholic liver disease (steatosis), 4 of 14 patients with
cholestasis, and 4 of 8 cases with histologically normal liver were ran-
domly chosen for in situ hybridization analysis.

 

Viral markers

 

HBsAg and anti-HIV were determined by commercially available en-
zyme immunoassay kits (Abbott Laboratories, North Chicago, IL).
HBV DNA was tested by a commercial immunoassay kit (Hybrid
Capture system; Murex Diagnosticos S.A., Madrid, Spain). Anti-
HCV was detected using a commercially available second-generation
enzyme-linked immunoassay kit (Ortho Diagnostic Systems, Inc.,
Raritan, NJ). HCV RNA was detected by a nested PCR technique
using primers from the highly conserved 5

 

9

 

 noncoding region of the
HCV genome, as described elsewhere (26).

 

Liver tissue studies

 

Liver biopsy samples from CVH and alcoholic patients were ob-
tained, after informed written consent, using a Menghini needle by a
percutaneous route. Liver samples from patients with histopathologi-
cal features of cholestasis or nonspecific histological reactive changes
were obtained, after informed written consent, during laparotomy for
noncomplicated cholecystectomy.

 

Liver histology.

 

Liver biopsy specimens were evaluated by the
same pathologist, recording the conventional histological diagnoses
and, in the biopsy sections from patients with virus-induced chronic
liver disease, the histological activity index, subscored for hepatitic
index (HI; portal, periportal, and lobular inflammation) and fibrotic
index, described by Knodell et al. (27).

 

Immunohistochemical analysis.

 

Cryostat liver sections were incu-
bated with an IgG2a mAb that recognizes a 21-kD protein fragment
corresponding to amino acids 961–1144 of mouse macrophage NOS2
(Transduction Laboratories, Lexington, KY) at a working concentra-
tion of 1 

 

m

 

g/ml. Given that this anti-NOS2 mAb cross-reacts with the
neuronal constitutive isoform of NOS (NOS1) (28), we used a poly-
clonal anti–human NOS1 antibody which recognizes a 22.3-kD pro-
tein fragment corresponding to amino acids 1095–1289 of human
NOS1 (Transduction Laboratories) at a working concentration of 1

 

m

 

g/ml as an internal control in all immunostaining experiments. Fur-
thermore, all tissue sections were also incubated with the TEA 3/1
(IgG2a) anti–E-selectin mAb (19) and a rabbit anti–mouse antiserum
(Dakopatts A/S, Copenhagen, Denmark), both at a working concen-
tration of 1 

 

m

 

g/ml, and were used as negative controls. Finally, each
section was evaluated semiquantitatively under code as detailed else-
where (18).

 

RNA probes.

 

A 700-bp SphI-BamHI cDNA fragment of human
hepatocyte NOS2 (kindly provided by Dr. David A. Geller, Depart-
ment of Surgery, University of Pittsburgh) cloned into pGEM-3Z
(Promega Corp., Madison, WI) was used as a template to generate
digoxigenin-labeled sense and antisense RNA probes, as described
previously (29). A 550-bp fragment of the rat serum albumin cDNA
was used as a positive control for hybridization on hepatocytes.

 

In situ hybridization technique.

 

Paraffin-embedded liver sections
were fixed in freshly prepared 4% paraformaldehyde for 20 min, di-

 

gested 12 min with 25 

 

m

 

g/ml proteinase K (Boehringer Mannheim,
Mannheim, Germany), and hybridized overnight at 45

 

8

 

C with a pre-
heated (75

 

8

 

C, 5 min) hybridization mixture of 50% formamide, 5

 

3

 

SSC, 1 mM EDTA, 250 

 

m

 

g/ml yeast tRNA, 0.1% 3-[3-(holamidopro-
pyl) dimethyl-ammonio]-1-propanesulfonate (CHAPS), and 2.5 

 

m

 

g/ml
of digoxigenin-labeled RNA probe. After three posthybridization
washings in 50% formamide, 2

 

3

 

 SSC, and 0.1% CHAPS at 50

 

8

 

C, sec-
tions were treated once with 20 ng/ml ribonuclease A (Sigma Chemi-
cal Co., St. Louis, MO) in 2

 

3

 

 SSC at 37

 

8

 

C for 20 min. After the same
posthybridization washes, probe binding was visualized with an alka-
line phosphatase–conjugated antidigoxigenin antibody (Boehringer
Mannheim) diluted at 1:500, and color was achieved by adding a sub-
strate solution as described previously (29). Finally, liver sections
were counterstained with nuclear Fast Red (Sigma Chemical Co.)
and mounted by standard methods.

 

Cell culture and cytokine activation

 

Human hepatoma HepG2 cells and the 2.2.15 cell line, which is a sta-
bly transfected derivative of HepG2 cells developed by transfection
with a dimerized HBV genome (30), were grown in phenol red–free
DME (BioWhittaker, Inc., Walkersville, MD) supplemented with 5 

 

m

 

M

 

L

 

-glutamine, gentamicin (20 mg/ml), 10% heat-inactivated FCS, and
0.5 mM 

 

L

 

-arginine hydrochloride (Sigma Chemical Co.). Once cell
culture dishes were subconfluent (

 

z

 

 5 

 

3

 

 10

 

6

 

 cells), the medium was
changed, and cells were incubated with a mixture of 1 

 

m

 

g/ml of LPS
(

 

Escherichia coli

 

 0111:B4; Sigma Chemical Co.), 250 U/ml human re-
combinant IL-1

 

b

 

 (Genzyme Corp., Boston, MA), 250 U/ml human
recombinant TNF-

 

a

 

 (Genzyme Corp.), and 250 U/ml human recom-
binant IFN-

 

g

 

 (Genzyme Corp.) for 6, 12, 24, and 48 h.

 

RNA isolation and Northern blot analysis

 

Total RNA was extracted from cultured cells using the ULTRA-
SPEC

 

®

 

 RNA isolation system (Biotecx Laboratories, Houston, TX).
Aliquots containing 15 

 

m

 

g of RNA from each cell sample were run on
1% formaldehyde/agarose gels, transferred onto nitrocellulose mem-
branes (Amersham International, Little Chalfont, Bucks, UK), and
ultraviolet autocross-linked (UV Stratalinker 1800; Stratagene Inc.,
La Jolla, CA). Membranes were hybridized overnight at 42

 

8

 

C with a
2.1-kb probe from the human hepatocyte NOS2 cDNA. The hybrid-
ized filters were washed at 60

 

8

 

C, and autoradiography was performed
at 

 

2

 

70

 

8

 

C in the presence of intensifying screens.
For dot blot hybridization experiments, the RNA samples were

loaded onto the nitrocellulose membranes following the manufac-
turer’s instructions for the Bio-Dot

 

®

 

 SF microfiltration apparatus
(Bio-Rad Laboratories, Richmond, CA), as described above. Dot
blot membranes were washed and hybridized with a probe for glycer-
aldehyde 3-phosphate dehydrogenase (G3PDH), a constitutively ex-
pressed gene in these cells, to control for variations in the amount of
total RNA per lane. Relative mRNA levels were quantitated by
PhosphorImager scanning using ImageQuant software (Molecular
Dynamics, Sunnyvale, CA).

 

Western blot analysis

 

Cells were resuspended in 100 mM NaCl, 10 mM Tris-HCl, pH 7.6, 1
mM EDTA, 0.1 mM PMSF, 1 

 

m

 

g/ml aprotinin, and 5 

 

m

 

g/ml pepstatin
A, and an equal volume of 2

 

3

 

 SDS loading buffer (100 mM Tris-HCl,
pH 6.8, 200 mM DTT, 4% SDS, 0.02% bromophenol blue, 10% glyc-
erol, 1% 

 

b

 

 mercaptoethanol) was added. The cytosolic fraction was
obtained by centrifugation at 13,000 

 

g

 

 for 20 min at 4

 

8

 

C. Protein sam-
ples (50 

 

m

 

g) were electrophoresed under reducing conditions on 7.5
or 10% SDS-PAGE gels, blotted onto nitrocellulose membranes
(Amersham International), and probed with polyclonal anti-NOS2
antibody (Transduction Laboratories) at 1:500 or polyclonal anti-
actin antibody (Sigma Chemical Co.) at 1:1,000 followed by a goat
anti–rabbit IgG conjugated with horseradish peroxidase (Pierce
Chemical Co., Rockford, IL). Blots were developed by enhanced
chemiluminescence (Amersham International). Cell lysates from the
murine macrophage cell line RAW 264.7 provided by the manufac-
turer (Transduction Laboratories) were used as a positive control.
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Nitrite measurements

 

To determine the amount of NO produced by the HepG2 and 2.2.15
cell lines under the different cytokine-mediated activation conditions,
the culture supernatants were tested for the stable end product, nitrite,
using an automated procedure based on the Griess reaction (31).

 

Plasmids

 

The plasmid pHBV containing the entire HBV genome inserted in
the EcoRI site of psP65 plasmid vector (Promega Corp.) was a gift
from Dr. Aleem Siddiqui (University of Colorado Health Sciences
Center, Denver, CO). The recombinant plasmids psV-X, psV-H, and
psV-

 

b

 

 Gal were kindly provided by Dr. Massimo Levrero (I Clinica
Medica and Fondazione Andrea Cesalpino, Policlinico Umberto I,
Rome, Italy). They contain the complete HBV X, hygromicine, and 

 

b

 

galactosidase open reading frames, respectively, under the control of
the SV40 enhancer/early promoter element.

 

Cell lines, transfection, and PCR analysis

 

The human hepatoma cell lines HepG2 and Hep3B, and the human
nonneoplastic hepatocyte–derived cell line termed CCL13 obtained
from the American Type Culture Collection (Rockville, MD) were
used. HepG2 and CCL13 cells are negative for HBV DNA, whereas
Hep3B cells express the HBsAg alone. Transient transfection of
these cell lines, plated at a density of 3 

 

3

 

 10

 

5

 

 cells, were performed in
30-mm dishes using the DOSPER liposomal transfection reagent
(Boehringer Mannheim) according to the manufacturer’s instruc-
tions. Briefly, cells were exposed to serum-free medium containing 5 

 

m

 

g
of plasmid DNA and 20 

 

m

 

g of the liposome preparation for 6 h,
washed, and cultured in DME (BioWhittaker, Inc.) supplemented
with 10% FCS for 36 h. Total RNA (0.5 

 

m

 

g) from transfected cells
was reverse transcribed and amplified by PCR using specific primers
for NOS2 and 

 

b

 

-actin cDNAs and a Gene Amp RNA PCR core kit
(Perkin-Elmer Corp., Norwalk, CT), as recommended by the manu-
facturer. The primers specific for NOS2 were 5

 

9

 

-TGCCAGATG-
GCAGCATCAGA-3

 

9

 

 (sense) and 5

 

9

 

-ACTTCCTCCAGGATGT-
TGTA-3

 

9

 

 (antisense) (Perkin-Elmer Corp.), and yielded a specific
370-bp PCR product. The primers specific for 

 

b

 

-actin were 5

 

9

 

-
ATCTGGCACCACCACCTTCTACAATGAGCTGCC-3

 

9

 

 (sense)
and 5

 

9

 

-CGTCATACTCCTGCTTGCTGATCCACATCTTGC-3

 

9

 

 (anti-
sense) (Clontech, Palo Alto, CA), and yielded a 838-bp product. The
amplification reactions for NOS2 consisted of 25, 30, 35, and 40 cycles
at 95

 

8

 

C for 1 min, annealing at 50

 

8

 

C for 1 min, and extension at 72

 

8

 

C
for 30 s. The amplification reactions for 

 

b

 

-actin consisted of 15, 20, 25,
and 30 cycles at 95

 

8

 

C for 1 min, annealing at 60

 

8

 

C for 1 min, and ex-
tension at 72

 

8

 

C for 90 s. The products were separated by agarose elec-
trophoresis and visualized by ethidium bromide staining. The speci-
ficity of the amplified bands was validated by their predicted size. In
addition, the 370-bp PCR product was sequenced (Amersham Inter-
national) and found to be identical to that predicted from human
hepatocyte NOS2 (7).

 

Statistical analysis

 

Data are presented as mean

 

6

 

SEM. The significance of differences
was determined using the Mann-Whitney U test for nonparametric
data from immunohistochemical analysis and the Student’s 

 

t

 

 test for
data from both NOS2 mRNA and nitrite levels. Statistical signifi-
cance was established at a 

 

P

 

 value 

 

,

 

 0.05.

 

Results

 

Intrahepatic NOS2 expression pattern.

 

We found a marked ex-
pression of NOS2 in liver sections from patients with both
chronic HBV and HCV infections. NOS2 immunoreactivity
was observed mainly in hepatocytes, showing a predominant
cytoplasmic staining, with the positive liver cells distributed
diffusely throughout the hepatic lobules and with a similar pat-
tern in both types of CVH studied (Fig. 1, 

 

A

 

 and 

 

B

 

). In con-

trast, a low level of NOS2 immunoreactivity was observed in
hepatocytes from patients with both alcoholic steatosis and
cholestasis (Fig. 1 

 

C

 

), restricted to some liver cells located
mainly in perivenular and periportal areas. It was noticeable
that in normal liver tissue, the expression of NOS2 was always
negative (Fig. 1 

 

D

 

). In addition, in all liver sections studied, no
NOS2 staining was observed in liver-infiltrating mononuclear
cells, vascular endothelium, or sinusoidal lining cells. Because
the anti–mouse macrophage NOS2 mAb cross-reacts with the
neuronal constitutive NOS (NOS1) (27), we carried out immu-
nostaining experiments with a polyclonal anti–human NOS1
antibody. Interestingly, no NOS1 immunoreactivity was ob-
served in any of the liver sections studied (Fig. 1 

 

E

 

). This find-
ing clearly indicates that the marked hepatocellular staining
obtained with the anti-NOS2 mAb is due to a specific binding
to the human hepatocyte NOS2. Using the TEA 3/1 mAb (Fig.
1 

 

F

 

) and a rabbit anti–mouse antiserum as negative controls,
no hepatic staining was obtained.

Searching for possible correlations between the hepatocel-
lular NOS2 staining intensity and the inflammatory activity of
CVH, we first classified liver samples from these patients into
two groups according to their hepatitic score (portal, peripor-
tal, and lobular inflammation) of the Knodell’s index. Thus,
five liver biopsies with CAHB and nine with CAHC had a low
HI (

 

,

 

 5), whereas the group with a high HI (

 

.

 

 10) was com-
prised of six liver biopsies with CAHB and 14 with CAHC. We
then carried out a comparative statistical analysis between the
semiquantitative NOS2 staining score found in the mentioned
groups of CVH and in alcoholic and cholestatic patients,
whose data are shown in Table I. To summarize, no significant
difference in the intrahepatic NOS2 distribution pattern and
staining score between CAHB and CAHC was found, but this
difference reached statistical significance compared with that
obtained in the liver tissue from patients with alcoholic liver
disease (

 

P

 

 

 

,

 

 0.05) or cholestasis (

 

P

 

 

 

,

 

 0.01).
In situ hybridization experiments using a specific antisense

RNA probe showed the presence of high NOS2 mRNA levels
in liver sections from both CAHB and CAHC. A strong ex-
pression of NOS2 mRNA was observed in hepatocytes (Fig. 2,

 

A

 

 and 

 

B

 

), with a pattern resembling that obtained in immuno-
histochemical studies. Some positive cells for NOS2 mRNA
were also found in the mononuclear cell infiltrate and vascular
endothelium (Fig. 2 

 

C

 

), a finding that contrasted with the ab-
sence of NOS2 immunoreactivity in these cells. In contrast,
low levels of NOS2 mRNA were detected in liver sections

 

Table I. Comparative Immunohistochemical Scoring of
NOS2 Expression

 

Low HI (

 

,

 

 5) High HI (

 

.

 

 10)

 

CAHB

 

n

 

 

 

5

 

 5 2.2

 

6

 

1

 

n

 

 

 

5

 

 6 2.6

 

6

 

0.8
CAHC

 

n

 

 

 

5

 

 9 2.3

 

6

 

1

 

n

 

 

 

5

 

 14 2.660.8
ALD n 5 9 1.661*
CHL n 5 10 1.260.6**

Data are expressed as median values6SD. Scoring system: 0, negative
staining; 1, focal and weak staining; 3, diffuse and strong staining. ALD,
Alcoholic liver disease. CHL, Cholestasis. *P , 0.05 vs. both CAHB
and CAHC. **P , 0.01 vs. both CAHB and CAHC.
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from alcoholic steatosis (Fig. 2 D) and cholestasis (Fig. 2 E). In
these tissue samples, the NOS2 mRNA–expressing cells were
also hepatocytes but were restricted to perivenular and peri-
portal areas. It was interesting to note that no expression of
NOS2 mRNA was found in histologically normal livers (Fig. 2
F). Finally, in sections hybridized with sense NOS2 RNA
probe, no positive signals were observed (data not shown).

HBV induces NOS2 gene upregulation. Northern blot anal-

ysis was performed to detect NOS2 mRNA expression in the
human hepatoma cell line HepG2 and in the HepG2-deriva-
tive cell line stably transfected with the HBV genome termed
2.2.15, either with or without stimulation with LPS and a com-
bination of TNF-a, IL-1b, and IFN-g (LPS plus cytokine mix-
ture [CM]). A single and specific transcript was detected at
z 4.5 kb, the strongest band seen in CM-stimulated 2.2.15 cells
(Fig. 3 A, lane 4). To quantitate NOS2 mRNA levels, we car-

Figure 1.  Immunohistochemical detection of NOS2 in liver sections. An intense immunoreactivity to NOS2 is shown in the liver tissue from a 
patient with chronic HBV with a low HI (A, original magnification 3500), and from a patient with chronic HCV with a low HI (B, original mag-
nification 3500). By contrast, a weak hepatocellular expression of NOS2 is observed in the liver sample from a patient with cholelithiasis-related 
cholestasis (C, original magnification 3300). Interestingly, no NOS2 expression is found in histologically normal liver (D, original magnification 
3300). Noticeably, no NOS1 immunoreactivity is detected in hepatocytes from a patient with chronic HBV (E, original magnification 3300). 
The negative control (IgG2a, TEA 3/1 anti–E-selectin mAb) of immunoperoxidase staining is also shown (F, original magnification 3300).
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ried out dot blot hybridization analysis using RNA samples
under the same experimental conditions described above (Fig.
3 B). In unstimulated (resting) HepG2 cells (lane 1), NOS2
mRNA was almost undetectable, but was induced after 12 h of
CM stimulation (approximately threefold induction, P , 0.05
vs. resting HepG2 cells) (lane 2). In contrast, resting 2.2.15
cells (lane 3) expressed higher (approximately fourfold, P ,
0.05) NOS2 mRNA levels than resting HepG2 cells and thus to

a similar extent as CM-activated HepG2 cells. More interest-
ingly, 2.2.15 cells expressed still higher (z 21-fold induction,
P , 0.01 vs. resting HepG2 cells) NOS2 mRNA levels when
stimulated with CM (lane 4). Subsequent probing for G3PDH
RNA showed relatively equal loading of RNA samples.

To compare NOS2 protein levels with NOS2 enzyme activ-
ity, we examined protein levels by Western blot and cellular
NO release by assaying culture supernatant nitrite levels after

Figure 2. In situ detection of NOS2 mRNA using a nonradioactive antisense RNA probe. A marked expression of the NOS2 mRNA is shown in 
hepatocytes from a patient with chronic HCV (A, original magnification 3300; B, original magnification 3500). Positivity for NOS2 mRNA is 
also found in the central venous endothelium from the same patient (C, original magnification 3500). By contrast, only a few NOS2 mRNA–
expressing hepatocytes are observed in the liver tissue from a patient with alcoholic steatosis (D, original magnification 3300), and from a pa-
tient with cholelithiasis-related cholestasis (E, original magnification 3300). In histologically normal liver, no NOS2 mRNA–expressing cells are 
detected (F, original magnification 3300).
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CM stimulation of both untransfected and HBV–stably trans-
fected HepG2 cells (2.2.15 cells) (Fig. 4). NO synthesis was
greater in CM-stimulated (an approximately fivefold induction,
P , 0.05) than in resting HepG2 cells, but it was quite similar
to that observed in resting 2.2.15 cells. However, the maximal
NO production was found in 2.2.15 cells after 48 h of stimula-
tion with a CM (an z 25-fold induction, P , 0.01 vs. resting
HepG2 cells) (Fig. 4 B). Interestingly, NOS2 enzyme activity
correlated well with NOS2 protein expression, as demon-
strated by immunoblot experiments performed in parallel in
these same cells (Fig. 4 A).

Since the 2.2.15 cell line is a subclone of HepG2, the differ-
ences observed between them on NOS2 gene expression could
be due to undefined clonal differences rather than to the pres-
ence of HBV. To elucidate this issue, we performed transient
transfection experiments on distinct cell lines, HepG2, Hep3B,
and CCL13 cells, using a plasmid containing the whole genome
of HBV, termed pHBV, as well as the plasmid pSV-X, which
contains the entire open reading frame of the HBV X gene.
Three irrelevant plasmids, designated psP65, psV-H, and psV-
bGal, were used as controls. After transfection, NOS2 mRNA
expression in resting transfected HepG2 cells was analyzed by

Figure 3. NOS2 mRNA levels in HepG2 
and 2.2.15 hepatoma cell lines after 12 h 
stimulation with CM (Northern blot, 
PANEL A; dot blot, PANEL B, top). Lane 
1, Resting HepG2 cells. Lane 2, CM-stimu-
lated HepG2 cells. Lane 3, Resting 2.2.15 
cells. Lane 4, CM-stimulated 2.2.15 cells. 
Maximal induction of NOS2 mRNA levels 
is observed in lane 4, corresponding to CM-
stimulated 2.2.15 cells. B, middle, shows 
that probing for G3PDH demonstrated rel-
atively equal loading of RNA samples in all 
lanes. B, bottom, Relative levels for NOS2 
mRNA as assessed by scanning densitome-
try. An approximately threefold induction 
of NOS2 mRNA levels is observed in CM-
stimulated HepG2 cells (P , 0.05 vs. rest-
ing HepG2 cells). However, induction is 
still higher in CM-stimulated 2.2.15 cells
(z 21-fold induction, P , 0.01 vs. resting 
HepG2 cells). Northern and dot blot shown 
are representative of three separate experi-
ments performed at different times using 
RNA isolated from different cell samples, 
and each study yielded similar results. *P , 
0.05 vs. resting HepG2 cells. **P , 0.01 vs. 
resting HepG2 cells.

Figure 4. Increase in NOS2 protein expression and enzymatic activity 
in HepG2 and 2.2.15 hepatoma cell line supernatants after 48 h stimu-
lation with CM. Lane C, Positive control, LPS-treated mouse mac-
rophage lysate. Lane 1, Resting HepG2 cells. Lane 2, CM-stimulated 
HepG2 cells. Lane 3, Resting 2.2.15 cells. Lane 4, CM-stimulated 
2.2.15 cells. NOS2 protein levels (A) as well as NO synthesis (B) were 

greater in lane 2 (an approximately fivefold induction, P , 0.05) than 
lane 1, but quite similar to lane 3. However, the maximal NO produc-
tion (145.3615.6 nmol NO2

2/106 cells) was found in CM-stimulated 
2.2.15 cells (B, lane 4), and correlated well with NOS2 protein expres-
sion, as demonstrated by immunoblot experiments performed in par-
allel in these same cells (A). Western blot shown is representative of 
three separate experiments, and each study yielded similar results. 
Values for nitrite measurements are expressed as mean6SEM for 
three separate experiments carried out in duplicate. *P , 0.05 vs. 
resting HepG2 cells. **P , 0.01 vs. resting HepG2 cells.
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reverse transcription (RT) PCR. As shown in Fig. 5, the ex-
pected 370-bp product was detected in HepG2 cells transiently
transfected with psV-X and pHBV (lanes 3, 5, 9, and 11),
whereas the specific band was absent in cells transfected with
control plasmids in both 30 and 35 cycles of amplification. As a
positive control, application of RT-PCR in RNA samples from
2.2.15 cells demonstrated the predicted 370-bp product (data
not shown). Sequencing of this PCR product confirmed its
identity as NOS2. The 838-bp amplification product corre-
sponding to b-actin, which was detected after 20 cycles of am-
plification reactions, showed a relatively equal amount of
RNA per lane (Fig. 5 B). Finally, and as expected, experiments
performed on Hep3B and CCL13 cells yielded similar results
(data not shown).

Discussion

The most striking finding of this study was that hepatotropic
viral infection plays a relevant role in the hepatocellular NOS2
upregulation, either independently or in addition to that ex-
erted by locally released cytokines from activated immune

cells that infiltrate the liver tissue of CVH patients (32, 33). In
this sense, our data herein clearly demonstrate that although
HBV itself was able to induce the NOS2 gene expression, this
effect was enhanced markedly by proinflammatory cytokines.
This apparent cytokine-mediated synergistic effect on hepato-
cellular NOS2 gene expression in vitro could also be operative
in vivo since an enhanced intrahepatic expression of some cy-
tokines, such as TNF-a (20) and IFN-g (21), in CVH has been
demonstrated recently. In our experiments on cultured hep-
atoma cells stimulated with a CM, when NOS2 mRNA levels
were quantitated by radioanalytic scanning, CM-stimulated
untransfected HepG2 cells and resting HBV-transfected HepG2
cells accounted for a small percentage of maximal NOS2
mRNA expression shown by CM-stimulated HBV-transfected
HepG2 cells. These data suggest that proinflammatory cyto-
kines and HBV are truly synergistic for NOS2 expression, be-
cause the magnitude of the NOS2 mRNA levels found in CM-
stimulated HBV-transfected cells was greater than the sum of
the separate conditions. Nevertheless, the precise molecular
basis for this synergy remains to be defined.

Although distinct viruses such as EBV (34), HIV-1 (35),
and Coxsackie virus B3 (36) have been demonstrated to be
able to induce NOS2 expression, to our knowledge, in this
work we provide the first evidence that the X gene product of
HBV alone can upregulate the NOS2 gene expression in cul-
tured human hepatocyte–derived cells. Furthermore, the pres-
ence of an enhanced NOS2 expression in hepatocytes from pa-
tients with CAHB, without relationship to the degree of
hepatic inflammation, strongly supports the assumption that a
similar HBx-mediated effect on NOS2 gene expression could
be fully operative in human hepatocytes during in vivo–
acquired HBV infection. According to our immunohistochem-
ical and in situ hybridization findings from patients with
CAHC, a similar situation in HCV-infected hepatocytes may
occur. Supporting this latter assumption, recent data from
Mihm et al. (37) demonstrated that NOS2 transcript expres-
sion was increased in the liver tissue of chronically HCV-
infected patients, and that it was found to be positively corre-
lated with hepatic HCV RNA content in these patients. All
these findings suggest that intrahepatic viral load appears to be
a key point influencing the hepatocellular NOS2 expression
during both chronic HBV and HCV infections.

De Vera et al. (38) demonstrated that the human NOS2
gene is regulated transcriptionally by proinflammatory cyto-
kines through responsive elements located upstream of the
proximal 59 flanking region. However, they showed that the
proximal 59 flanking region of human NOS2 gene contains
multiple putative cytokine-responsive elements, such as nu-
clear factor kB and IFN-g–responsive elements. It is well
known that HBV is able to induce the expression of viral and
cellular genes (39, 40), and that this effect is mediated, at least
in part, by HBx, which transactivates gene promoters contain-
ing multiple sequence motifs, including nuclear factor kB bind-
ing sites (41, 42). The presence of a number of these cis-acting
elements within the human NOS2 gene promoter makes it
conceivable that hepatocellular NOS2 gene expression may
also be transcriptionally upregulated by HBx. However, NOS2
expression is known to be regulated on several levels, includ-
ing mRNA stability, protein degradation, and enzyme activity
(43). Although we have obtained evidence that the NOS2 gene
promoter activity is induced markedly in transiently HBV X
gene–transfected cells, supporting a virus-induced NOS2 gene

Figure 5. RT-PCR for human NOS2 mRNA in transiently trans-
fected HepG2 cells demonstrating the expected 370-bp product after 
30 cycles of amplification (A). Lane 1, Representative b-galactosi-
dase gene–transfected resting cells (psV bGal). Lane 2, Representa-
tive hygromicine gene–transfected resting cells (psV Hygro). Lane 3, 
Representative HBV X gene-transfected resting cells (psV X). Lane 
4, Representative psP65 plasmid–transfected resting cells. Lane 5, 
Representative HBV genome–transfected resting cells (pHBV). Lane 
6, Negative control, as a PCR reaction without reverse transcriptase 
(RT2). After 35 cycles of amplification (Lanes 7–12), a stronger am-
plification signal was observed only in HBV X gene–transfected rest-
ing HepG2 cells (lane 9) and in HBV genome–transfected resting 
HepG2 cells (lane 11). In B, after 25 cycles of amplification, the
838-bp PCR product corresponding to b-actin showed a relatively 
equal amount of RNA per lane.
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upregulation at the transcriptional level (our unpublished
data), the mild discrepancy between NOS2 mRNA and pro-
tein levels observed in cytokine-stimulated HepG2 cells sug-
gests that a posttranscriptional regulation may also exist. Nev-
ertheless, further studies are needed to clarify more accurately
the mechanisms by which HBV induces NOS2 gene expression
in human hepatocytes. These studies are currently ongoing in
our laboratory.

NO is an important effector molecule involved in a wide
variety of physiological processes, such as neurotransmission,
vasodilation, and cytotoxicity (44). Recent studies have shown
that NO is also implicated in other activities, such as growth in-
hibition of DNA viruses (45, 46), as a second messenger medi-
ating endothelial cell growth (47), and as a potent radical mol-
ecule contributing to DNA damage and carcinogenesis (48,
49). Based on our findings from patients with CVH, the in-
creased hepatocellular NOS2 expression could be part of a
nonspecific host response to viral infection inhibiting its repli-
cation. This antiviral effect of NO would explain, at least in
part, the increase in viral titers observed when corticosteroids,
which are NOS2 inhibitors (50), are used in patients with
CVH (51).

It has been described that NO promotes angiogenesis in
vivo (52), and we have demonstrated recently the existence of
an active process of angiogenesis in portal tracts from patients
with CVH (19). The present data lead us to hypothesize that a
link may exist between enhanced hepatocellular NO produc-
tion and portal angiogenesis, but the possible role played by
NO mediating intrahepatic angiogenesis remains to be eluci-
dated.

A major epidemiological association between either
chronic HBV or HCV infections and hepatocellular carcinoma
(HCC) is evident (53, 54). However, the underlying mecha-
nisms that lead to the development of HCC are still not en-
tirely understood. Although integration of HBV DNA se-
quences into the liver cell genome could activate cellular
protooncogenes, it is very infrequent and hence does not ex-
plain the majority of HBV-induced HCCs (55). It is well
known that high levels of NO can cause deamination of DNA
bases, leading to DNA damage as well as mutation in human
cells (48, 49), and it has been demonstrated more recently that
NO is able to induce functional modifications of p53 tumor–
suppressor protein (56), increasing the risk of malignant cell
transformation. The first experimental evidence of a link be-
tween hepadnavirus infection and NO production came from
several reports of Liu et al. (57, 58), who showed that wood-
chucks chronically infected with woodchuck hepatitis virus,
which is a member of the hepadnavirus family to which HBV
belongs, exhibited a significant increase in NO production in
vivo and endogenous formation of N-nitroso carcinogenic
compounds. More recently, the same authors demonstrated
that woodchuck HBsAg alone was sufficient to induce high
levels of NO synthesis in cultured hepatocytes (59). In humans,
an alternative explanation may be that the unregulated expres-
sion of HBx contributes to the malignant transformation of the
infected hepatocytes, either through its transcriptional transac-
tivating properties (60, 61) or by inactivating the p53 tumor–
suppressor gene product (62, 63). Interestingly, overexpression
of NOS2 induces the hepatocellular accumulation of p53 and
subsequent downregulation of NO synthesis through p53-
mediated inhibition of NOS2 promoter (64). Therefore, a pos-
sible pathogenic mechanism of liver cancer might be that the

disruption of p53 activity either by mutations, as observed fre-
quently in HCC (65), or by interactions with viral proteins,
such as HBx (66), would produce a loss in p53-mediated regu-
lation of NOS2 activity. In addition, the HBx-mediated upreg-
ulation of human hepatocyte NOS2 gene could generate a
long-term overproduction of NO in liver cells, resulting in an
increase in NO-related DNA damage leading to the develop-
ment of neoplastic cell growth, thus providing a mechanism by
which chronic HBV infection increases the risk of liver cancer.

In conclusion, we have demonstrated that hepatotropic vi-
ral infections induce NOS2 gene upregulation in human hepa-
tocytes, suggesting that the increased intrahepatic NO produc-
tion could play an important functional role influencing the
natural history of virus-induced chronic hepatitis. Addition-
ally, although the intrahepatic expression level of NOS2 was
significantly lower in both alcoholic liver disease and nonim-
mune-mediated cholestasis than in CVH, further studies are
warranted to test whether this low level of hepatocellular
NOS2 expression could have significance for the pathobiology
of these processes.
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