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Aminoguanidine prevents concanavalin A-induced hepatitisin mice
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Abstract

Aminoguanidine is an inhibitor of the inducible form of nitric oxide synthase (iNOS). In the present study, the effect of
aminoguanidine on concanavalin A-induced hepatitis was examined. Treatment of mice with concanavalin A (10 mg/kg, i.v.) induced
interferon-y and iNOS mRNA expression in the liver before the elevation of plasma alanine aminotransferase activity. |mmunohistochem-
ical study showed the induction of iNOS protein expression in the area of necrosis. Aminoguanidine (1, 3 and 10 mg/kg, i.p.) inhibited
the concanavalin A-induced elevation of alanine aminotransferase activity. Aminoguanidine (10 mg/kg, i.p.) did not inhibit concanavalin
A-induced interleukin-2, interferon-y, tumor necrosis factor-a or INOS mMRNA expression in the liver. The plasma nitrite/nitrate level
was elevated at 6 and 24 h after concanavalin A treatment. The elevation of nitrite/nitrate was inhibited by aminoguanidine (10 mg/kg,
i.p.). From these results, we conclude that nitric oxide formed by iNOS may be involved in the development of concanavalin A-induced

hepatitis. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nitric oxide (NO) is synthesized from L-arginine through
NO synthase (NOS) (Kwon et al., 1990). The constitu-
tively expressed NOS isoform is found in the absence of
immunostimulation and this activity maintains the normal
physiology (Moncada et al., 1991; Garthwaite, 1991). In
contrast, the inflammatory effect of NO has been ascribed
to the activity of the inducible NO synthase (iNOS), which
is expressed in response to cytokine (Mulligan et al.,
1991).

A mouse concanavalin A-induced hepatitis model is
dependent on an immunological reaction, and interferon-y
plays a critical role in the development of the hepatitis
(Gantner et al., 1995; Mizuhara et a., 1996). The liver isa
rich source of iINOS (Curran et al., 1991), and the iNOS
gene is responsive to interferon-y (Schmidt and Walter,
1994). Thus, concanavain A-induced interferon-y might
activate the iINOS system. However, it is not known
whether activation of the iNOS system is involved in the
development of concanavalin A-induced hepatitis or not.

* Corresponding author. Tel.: +81-489-52-4311; fax: +81-489-52-
0743.

In the present study, we examined the possible involve-
ment of the iINOS system in concanavalin A-induced hep-
atitis by using aminoguanidine, a selective inhibitor of
iNOS (Misko et al., 1993).

2. Materials and methods

2.1. Animals and treatment

Female BALB/c mice obtained from Charles River
Japan (Atsugi, Japan) were used at 7-10 weeks of age.
The animals were kept in an air-conditioned room and
given water and food ad libitum. Concanavain A was
purchased from Sigma (St. Louis, MO, USA). Animal
experiments were performed under the approval of the
experimental protocols by the Institutional Ethics Commit-
tee. Mice were anesthetized with ether before killing.
Concanavalin A dissolved in pyrogen-free saline was ad-
ministered to the mice (10 mg/kg) via a tail vein (in the
volume of 100 wl). Aminoguanidine was obtained from
Research Biochemical International (Natick, MA, USA)
and injected intraperitoneally. Plasma transaminase activ-
ity, i.e, that of aanine aminotransferase activity, was
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Fig. 1. Time course of the increase in the plasma transaminase level after
concanavalin A injection. For each time point, four mice were injected
intravenously with 10 mg,/kg concanavalin A. Plasma from each mouse
was obtained at various times after concanavalin A injection. Alanine
aminotransferase activity (U/1) at 0 and 2 h after concanavalin A were
35+ 3 and 35+ 6, respectively. Data points represent the means+ S.E. of
alanine aminotransferase activity in plasma obtained at the indicated time
points. “ P < 0.01 vs. normal control.

measured by the standard photometric method with an
automatic analyzer (Okamoto et al., 1996).

2.2. Reverse-transcription polymerase chain reaction (RT-
PCR)

RT-PCR was performed as previously described
(Okamoto et a., 1996). cDNA was amplified by 30 cycles
of denaturation at 94°C for 45 s, annealing at 55°C for 45
s, and extension at 72°C for 1.5 min. Gene-specific primers
were as follows:

Interleukin-2 (Genbank Acc#K02292)
(sense) 5-ATGTACAGCATGCAGCTCGCATC-
CTGTGTC-3
(antisense) 5-AGTCAAATCCAGAACATGC-
CGCAGAGGTCC-3
Interferon-y (Genbank Acc#K00083)
(sense) 5-ATCAGCAGCGACTCCTTTTCCGCTT-3
(antisense) 5-GAAAGCCTAGAAAGTCT-
GAATAACT-3
Tumor necrosis factor-a (TNF-a) (Genbank
Acc#M11731)
(sense) 5-AGCCCACGTCGTAGCAAACCACCAA-
3
(antisense) 5-ACACCCATTCCCTTCACA-
GAGCAAT-3
iNOS (Genbank Acc#L09126)
(sense) 5-TGGGAATGGAGACTGTCCCAG-3
(antisense) 5-GGGATCTGAATGTGATGTTTG-3
GAPDH (Genbank Acc#X02231)
(sense) 5-ATGGTGAAGGTCGGTGTGAACG-3
(antisense) 5-GTTGTCATGGATGACCTTGGCC-3

2.3. Histology and immunohistochemistry

For morphological study, the livers were fixed with
10% phosphate-buffered neutral formalin. Paraffin sections
(4 wm) were stained with hematoxylin and eosin for
microscopic examination. For immunohistochemistry, sec-
tions were incubated for 1 h with a 1:500 dilution of
anti-mouse iNOS antibody (Wako, Osaka, Japan). Anti-
body binding was visualized with biotinylated rabbit anti-
goat 1gG, avidin—biotin-complex and 3.3-diaminobenzi-
dine (DAKO, Glostrup, Denmark).

2.4. Measurement of nitrite / nitrate production

Plasma was filtered with Centricon 10 (Millipore, MA,
USA) by centrifugation at 7500 rpm for 30 min and
plasma nitrite/nitrate concentration was measured using
the Griess method with a NO,/NO, assay kit (Wako,
Osaka, Japan).

2.5. Satistical analysis

The results were analyzed by means of the Dunnett
multiple comparison test.

3. Results

3.1. Effects of concanavalin A on interferon-y and iNOS
MRNA expression in the liver

Mice were treated with concanavdin A (10 mg/kg),
and killed at 2, 6, 8 and 24 h &fter the treatment, when
plasma was sampled for measurement of aanine amino-
transferase activity, and liver samples obtained at 2, 6 and
8 h were used for RT-PCR analysis with interferon-y and
iNOS gene-specific primers. The plasma aanine amino-
transferase activity level was increased at 6 h (Fig. 1).
Expression of the interferon-y and iNOS genes was in-
duced at 2 h after concanavalin A administration (Fig. 2).
GAPDH gene was evenly expressed, indicating there was
no tube-to-tube variation.
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Fig. 2. RT-PCR analysis of the induction of interferon-y and iNOS
mRNA expression in the liver. Liver samples obtained in Fig. 1 at 2, 6
and 8 h after concanavalin A treatment were subjected to RT-PCR
analysis with interferon-y, iNOS and GAPDH gene-specific primers.



T. Okamoto et al. / European Journal of Pharmacology 396 (2000) 125-130 127

3.2. Effect of concanavalin A on iNOS protein expression
in the liver

Mice were treated with concanavalin A (10 mg/kg),
and killed a 24 h after the treatment, when liver was
sampled for immunohistochemical staining of iNOS pro-
tein. Treatment of mice with concanavalin A-induced
necrosis in the liver (Fig. 3, Top). A liver sample from the
same part of the liver as in Fig. 3 (Top) was stained with
iNOS antibody. Incubation of the liver sample with anti-
mouse iNOS antibody showed staining of iNOS protein,

specificaly on the hepatocytes in the same region where
necrosis was induced (Fig. 3, Bottom).

3.3. Effect of aminoguanidine on concanavalin A-induced
elevation of plasma alanine aminotransferase activity

Mice were treated with concanavain A (10 mg/kg),
and killed at 24 h &fter the treatment, when plasma and
livers were sampled for measurement of aanine amino-
transferase activity and a morphological study, respec-
tively. Aminoguanidine has been given at the dose of 100

?-“;fm&-..l_n_&

Fig. 3. Effect of concanavalin A on iNOS protein expression. The livers were removed at 24 h after concanavalin A (10 mg/kg) administration. Top:
Hepatocyte necrosis was shown in the areas indicated (hematoxylin and eosin staining x 300 ). Bottom: Expression of iNOS protein, brown-stained with
anti-mouse iINOS antibody, shown in the hepatocytes where necrosis was induced.
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Fig. 4. Effect of aminoguanidine on concanavalin A-induced elevation of
plasma aanine aminotransferase activity. Concanavalin A was injected
and plasma was obtained from each mouse at 24 h afterwards. Pretreat-
ment with aminoguanidine was performed 1 h before concanavalin A
treatment. The data represent the means+ S.E. of aanine aminotrans-
ferase activity in plasma obtained for each treatment. Normal: Non-treated
(n=2). Concanavalin A Cont: Concanavain A (10 mg/kg, i.v.)-treated
(n=4). +aminoguanidine: Concanavain A (10 mg/kg, iv.)+
aminoguanidine (1, 3 and 10 mg/kg, i.p.)-treated (n=4). *P < 0.05,
" " P < 0.01 vs. concanavalin A aone.

mg/kg for the inhibition of lipopolysaccharide-induced
iNOS activation in vivo (Khatsenko and Kikkawa, 1997).
In the present study, aminoguanidine 10 and 100 mg/kg
i.p., n=2 for each dose) was administered, and at 24 h
plasma was sampled. Aminoguanidine alone, at either
dose, did not affect plasma aanine aminotransferase activ-
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Fig. 6. RT-PCR analysis of the effects of aminoguanidine on concana
valin A-induced cytokine and iINOS mRNA expression in the liver.
Concanavalin A (10 mg/kg) was injected, and livers were removed at 2
and 6 h after injection. Aminoguanidine (10 mg,/kg) was given a 1 h
before concanavalin A administration. RNA was isolated and subjected to
RT-PCR analysis with interleukin-2, TNF-a, iINOS and GAPDH gene-
specific primers. The contents of the gel lanes were as follows; Lane 1,
normal liver samples; Lane 2, concanavalin A-treated for 2 h; Lane 3,
concanavalin A + aminoguanidine-treated for 2 h; Lane 4, concanavalin
A-treated for 6 h; Lane 5, concanavalin A + aminoguanidine-treated for 6
h.

ity (not shown). Treatment of mice with concanavalin
A-induced an elevation of plasma aanine aminotransferase
activity (n=4) (Fig. 4). When mice were pretreated with
aminoguanidine (1, 3 and 10 mg/kg, i.p., n=4) a 1 h
before concanavalin A treatment, the concanavalin A-in-
duced elevation of plasma aanine aminotransferase activ-
ity was inhibited (Fig. 4).
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Fig. 5. Effects of aminoguanidine on concanavalin A-induced hepatocyte necrosis. The liver was removed a 24 h after concanavalin A injection.
Aminoguanidine treatment was performed at 1 h before concanavalin A administration (hematoxylin and eosin staining X 238). Left: concanavalin A (10
mg,/kg,i.v.)-treated. The region of focal necrosis with congestion is surrounded by arrows. Right: concanavalin A (10 mg/kg,i.v.) + aminoguanidine (10

mg,/kg,i.p.)-treated. Minimal necrosis and congestion.
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Fig. 7. Effect of concanavalin A on plasma nitrite/nitrate. (A) Con-
canavalin A-induced plasma nitrite/nitrate. Concanavalin A (10 mg/kg)
was administered and plasma was sampled at 2, 6 and 24 h afterwards
(n= 4). Plasmanitrite/nitrate level was measured with the Griess method.
“P < 0.01 vs normal control. (B) Effect of aminoguanidine on concana-
valin A-induced plasma nitrite. Concanavalin A (10 mg/kg) was admin-
istered and at 6 h plasma was sampled for nitrite/nitrate measurement.
Aminoguanidine (10 mg/kg) treatment was given 1 h before concana
vain A administration (n=4). “ P < 0.01 vs. concanavalin A Cont.

3.4. Morphological study of the effect of aminoguanidine

The liver was processed for morphologica study. A
liver sample same mice as for plasma from a mouse
treated with concanavalin A aone showed necrosis in the
lobules with congestion (Fig. 5, left). In contrast, a liver
sample from a mouse pretreated with concanavain A +
aminoguanidine (10 mg/kg), showed dight congestion
and necrosis (Fig. 5, right). Infiltration by T-cells or
neutrophils was not affected by aminoguanidine treatment.

3.5. Effect of aminoguanidine on concanavalin A-induced
cytokine and iNOS mRNA expression in the liver

Effect of aminoguanidine (10 mg,/kg) on concanavalin
A-induced interleukin-2, TNF-o, interferon-y and iNOS
MRNA expression was studied. Mice were treated with
concanavalin A (10 mg/kg) and the liver was removed at
2 or 6 h after concanavalin A treatment. Liver samples
were subjected to RT-PCR anaysis. The concanavalin
A-induced interleukin-2, TNF-a, interferon-y or iNOS
MRNA expression was not affected by aminoguanidine
treatment at either 2 or 6 h (Fig. 6).

3.6. Effect of concanavalin A on plasma nitrite / nitrate

Mice were treated with concanavain A (10 mg/kg),
and killed at 2, 6 and 24 h afterwards when plasma was
sampled for measurement of nitrite/nitrate production (n
= 4). Plasma nitrite/nitrate was significantly induced at 6
and 24 h after concanavalin A treatment (Fig. 7A). The
effect of aminoguanidine on concanavalin A-induced €ele-
vation of plasma nitrite/nitrate was examined a 6 h
(n = 4). Aminoguanidine (10 mg /kg) treatment was found

to inhibit the concanavalin A-induced elevation of plasma
nitrite/nitrate (Fig. 7B).

4, Discussion

Treatment of mice with concanavalin A-induced inter-
feron-y and iINOS mRNA expression in the liver. iINOS
MRNA expression suggests activation of the iINOS system
in the liver of this model. Interferon has the potentia to
trigger the expression of other genes (Samanta et al.,
1986). Thus, INOS mRNA expression might be an effect
of interferon-y. The induction of INOS mMRNA expression
by concanavalin A treatment before the elevation of plasma
alanine aminotransferase activity suggests the involvement
of iINOS activation in the development of hepatitis. Treat-
ment of mice with concanavalin A-induced necrosis in the
liver at 24 h after concanavalin A treatment. |mmunohisto-
chemical study showed the induction of iINOS protein
specifically in the hepatocytes in the same region where
necrosis was induced. Thus, iINOS protein which is in-
duced in hepatocytes might play arole in inducing hepati-
tis. Aminoguanidine is a specific inhibitor of INOS (Misko
et al., 1993), and aminoguanidine alone did not affect the
plasma aanine aminotranferase activity level. However,
pretreatment of the mice with aminoguanidine inhibited
the concanavalin A-induced elevation of plasma alanine
aminotransferase activity. Furthermore, a morphological
study demonstrated inhibition of the development of con-
canavalin A-induced necrosis in the liver. In concanavalin
A-induced hepatitis, T-cell activation (Tiegs et al., 1992),
and T-cell generated TNF-a (Gantner et al., 1995) and
interferon-y (Mizuhara et a., 1996) play an essentia role
in the development of the hepatitis. Interleukin-2 is com-
monly measured as a marker of T-cell activation (Paul and
Seder, 1994). In the present study, aminoguanidine did not
affect concanavalin A-induced interleukin-2 mRNA ex-
pression in the liver, indicating that concanavalin A-in-
duced T-cell activation was not inhibited by aminogua
nidine. Furthermore, aminoguanidine did not inhibit
concanavain A-induced TNF-a or interferon-y mRNA
expression in the liver. Thus, aminoguanidine does not
seem to inhibit T-cell generated inflammatory cytokines in
concanavalin A-induced hepatitis. Aminoguanidine is a
selective inhibitor of iINOS (Misko et al., 1993) and is
reported to inhibit iINOS activity in the hepatocytes
(Gardner et a., 1998). In the present study, aminoguani-
dine did not inhibit concanavalin A-induced iINOS mRNA
expression in the liver. Thus, aminoguanidine probably
inhibits iINOS protein activity in hepatocytes in concana
valin A-induced hepatitis. Moreover, the elevation of the
plasma nitrite/nitrate level by concanavalin A treatment
and the inhibition of this nitrite/nitrate elevation by
aminoguanidine confirmed iNOS expression. All these re-
sults strongly suggest an involvement of the toxic effect of
NO formed by iNOS in the development of concanavalin
A-induced hepatitis.
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NO exerts both cytoprotective and cytotoxic effects
(Kamijo et al., 1994). In the experimental cirrhotic liver,
NO released from the endothelium of the blood vessels
reduces intrahepatic resistance and has a protective effect
(Gupta et al., 1998). A role of the hepatoprotective effect
of endogenous NO has also been reported in ischemia-re-
perfusion in the rat liver (Cottart et al., 1999). In the
present study, we obtained results which suggested a toxic
effect of NO in concanavalin A-induced hepatitis. How-
ever, there is still also a possibility of the involvement of
the cytoprotective effect of NO in concanavalin A-induced
hepatitis.

The livers of patients with hepatitis C virus-infection
have shown the expression of interferon-y and iNOS gene
transcripts (Mihm et al., 1997). Although this iINOS gene
expression is thought to be due to interferon-y, the role of
iINOS gene expression is not yet fully understood. As
found in the present study, interferon-inducible iINOS gene
expression in the liver seems to play a role as a toxic
factor. From this finding, we speculate that iINOS gene
expression in the livers of patients with hepatitis C virus-
infection might be possibly involved as a toxic factor.

Acknowledgements

We wish to thank Mr. Y. Nakano and Miss S. Ebata for
the processing of morphological preparations.

References

Cottart, C.H., Do, L., Blanc, M.C., Vaubourdolle, M., Descamps, G.,
Durand, D., Galen, F.X., Clot, J.P., 1999. Hepatoprotective effect of
endogenous nitric oxide during ischemia-reperfusion in the rat. Hepa
tology 29, 809-813.

Curran, R.D., Ferrari, F.K., Kispert, P.H., Stadler, J., Stuehr, D.J,
Simmons, R.L., Billiar, T.R., 1991. Nitric oxide and nitric oxide-gen-
erating compounds inhibit hepatocyte protein synthesis. FASEB J. 5,
2085-2092.

Gantner, F., Leist, M., Lohse, A.W., Germann, P.G., Tiegs, G., 1995.
Concanavalin A-induced T-cell-mediated hepatic injury in mice. The
role of tumor necrosis factor. Hepatology 21, 190-198.

Gardner, C.R., Heck, D.E., Yang, C.S, Thomas, P.E., Zhang, X-J,
DeGeorge, G.L., Laskin, JD., Laskin, D.L., 1998. Role of nitric

oxide in acetaminophen-induced hepatotoxicity in the rat. Hepatology
26, 748-754.

Garthwaite, J., 1991. Glutamate, nitric oxide and cell-cell signalling in
the nervous system. Trends Neurol. Sci. 14, 60-67.

Gupta, T.K., Toruner, M., Chung, M.K., Groszmann, R.J., 1998. En-
dothelial dysfunction and decreased production of nitric oxide in the
intrahepatic microcirculation of cirrhotic rats. Hepatology 28, 926—
931.

Kamijo, R., Harada, H., Matsuyama, T., Bosland, M., Gerecitano, J.,
Shapiro, D., Le, J., Koh, S.I., Kimura, T., Green, S.J., Mak, T.W.,
Taniguchi, T., Vilcek, J.,, 1994. Requirement for transcription factor
IRF-1 in NO synthase inductioin in macrophages. Science 263,
1612-1615.

Khatsenko, O., Kikkawa, Y., 1997. Nitric oxide differently affects consti-
tutive cytochrome P450 isoformsin rat liver. J. Pharmacol. Exp. Ther.
280, 1463-1470.

Kwon, N.S., Nathan, C.F., Gilker, C., Griffith, O.W., Mattews, D.E.,
Stuehr, D.J., 1990. L-Citrulline production from L-arginine by
macrophage NO synthase. J. Biol. Chem. 265, 13442—13445.

Mihm, S., Fayyazi, A., Ramadori, G., 1997. Hepatic expression of
inducible nitric oxide synthase transcripts in chronic hepatitis C virus
infection: relation to hepatic vira load and liver injury. Hepatology
26, 451-458.

Misko, T.P., Moore, W.M., Kasten, T.P., Nickols, G.A., Corbett, JA.,
Tilton, R.G., McDaniel, M.L., Williamson, J.R., Currie, M.G., 1993.
Selective inhibition of the inducible nitric oxide synthase by
aminoguanidine. Eur. J. Pharmacol. 233, 119-125.

Mizuhara, H., Uno, M., Seki, N., Yamashita, M., Yamaoka, M., Ogawa,
T., Kaneda, K., Fujii, T., Senoh, H., Fujiwara, H., 1996. Critica
involvement of interferon gamma in the pathogenesis of T-cell activa-
tion-associated hepatitis and regulatory mechanisns of interleukin-6
for the manifestation of hepatitis. Hepatology 23, 1608—1615.

Moncada, S., Palmer, RM.J,, Higgs, E.A., 1991. Nitric oxide: physiol-
ogy, pathophysiology, and pharmacology. Pharmacol. Rev. 43, 109—
142.

Mulligan, M.S., Hevel, JM., Marletta, M.A., Ward, P.A., 1991. Tissue
injury caused by deposition of immune complexes is L-arginine
dependent. Proc. Natl. Acad. Sci. U. S. A. 88, 6338—6342.

Okamoto, T., Furuya, M., Yamakawa, T., Yamamura, K., Hino, O., 1996.
TNF-a gene expression in the liver of the IFN-y transgenic mouse
with chronic active hepatitis. Biochem. Biophys. Res. Commun. 226,
762—768.

Paul, W.E., Seder, R.A., 1994. Lymphocyte response and cytokines. Cell
76, 241-251.

Samanta, H., Engel, D.A., Chao, H.M., Thakur, A., Garcia-Blanco, M.A.,
Lengyel, P., 1986. Interferons as gene activators. J. Biol. Chem. 261,
11849-11858.

Schmidt, H.H.H.W., Walter, U., 1994. NO at work. Cell 78, 919-925.

Tiegs, G., Hentshel, J.,, Wendel, A., 1992. A T cell-dependent experimen-
tal liver injury in mice inducible by concanavain A. J. Clin. Invest.
90, 196—203.



