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Concanavalin A (Con A) causes severe TNF-α–mediated and IFN-γ–mediated liver injury in mice. In addition to their
other functions, TNF-α and IFN-γ both induce the inducible nitric oxide (NO) synthase (iNOS). Using different models of
liver injury, NO was found to either mediate or prevent liver damage. To further elucidate the relevance of NO for liver
damage we investigated the role of iNOS-derived NO in the Con A model. We report that iNOS mRNA was induced in
livers of Con A–treated mice within 2 hours, with iNOS protein becoming detectable in hepatocytes as well as in Kupffer
cells within 4 hours. iNOS–/– mice were protected from liver damage after Con A treatment, as well as in another TNF-α–
mediated model that is inducible by LPS in D-galactosamine–sensitized (GalN-sensitized) mice. iNOS-deficient mice were
not protected after direct administration of recombinant TNF-α to GalN-treated mice. Accordingly, pretreatment of wild-
type mice with a potent and specific inhibitor of iNOS significantly reduced transaminase release after Con A or
GalN/LPS, but not after GalN/TNF-α treatment. Furthermore, the amount of plasma TNF-α and of intrahepatic TNF-α
mRNA and protein was significantly reduced in iNOS–/– mice. Our results demonstrate that iNOS-derived NO regulates
proinflammatory genes in vivo, thereby contributing to inflammatory liver injury in mice by stimulation of TNF-α
production.
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Introduction
Activation of T lymphocytes and macrophages is an ini-
tial event during viral or autoimmune hepatitis (1, 2).
Activated T cells exhibit direct cytotoxicity or release
proinflammatory Th1 cytokines, which mediate liver
damage in various experimental animal models (3). In
two commonly used models of cytokine-mediated liver
disease, mice are sensitized with the transcriptional
inhibitor D-galactosamine (GalN) and severe TNF-
α–dependent liver injury is induced either by adminis-
tration of the macrophage activator LPS or by direct
injection of recombinant TNF-α (3). These two mod-
els, however, are independent of T-cell activation.

A well-described mouse model of T-cell dependent
liver injury is inducible by injection of the T-cell mito-
genic plant lectin concanavalin A (Con A), which leads
to fulminant hepatitis within 8 hours (4). The devel-
opment of liver injury depends on TNF-α as well as on
IFN-γ,since neutralizing Ab’s to either cytokine protect
mice from liver failure (5–8). The central role of TNF-α
in this model was further confirmed in various studies
using either TNF-α or TNF-α–receptor knockout mice
(9) or soluble TNF-α–receptor fusion proteins (10, 11).
Although it was confirmed that both cytokines, i.e.,
TNF-α and IFN-γ, contribute to the development of
liver injury after Con A treatment, the mechanism lead-
ing to liver damage is not fully understood. Since both
cytokines induce inducible nitric oxide (NO) synthase

(iNOS) in the liver (12), we investigated its function in
acute cytokine-mediated liver injury models.

Many cell types are able to generate NO from L-argi-
nine. As a free radical NO interacts in vivo with super-
oxide (O2

–) to produce peroxynitrite (ONOO–), a
potent oxidant (13). Peroxynitrite and other reactive
nitrogen species react with free or protein-bound
tyrosine residues to form 3-nitrotyrosine, a suitable
marker for NO-mediated tissue damage (13, 14). At
least three different isoforms of NOS are known. They
differ in function, distribution, and regulation, but all
catalyze the same redox reaction (15, 16). Two of
them, NOS in neurons (nNOS, NOS1) (17) and NOS
in endothelial cells of blood vessels (ecNOS, NOS3)
(18), are constitutively expressed. They generate only
small amounts of NO that are sufficient for cellular
signaling under most circumstances. In contrast, the
third type of NOS (iNOS, NOS2) is inducible by
cytokines, e.g., TNF-α and IFN-γ (19, 12), and is able
to generate large amounts of NO. While moderate lev-
els of iNOS-derived NO are beneficial in principal
(20), overexpression of iNOS was seen in many acute
and chronic diseases, e.g., septic shock, hemorrhagic
shock, and hepatitis (21–23). In vitro studies revealed
that NO protects primary hepatocytes from
ActD/TNF-α–induced apoptosis (24), but the role of
NO in the liver is controversial. A protective function
was observed after partial hepatectomy (25), in alco-
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holic hepatitis (26), and after GalN/TNF-α (27, 28) or
CCl4 treatment (29). However, it was also reported
that iNOS expression has hepatotoxic effects, e.g., in
hemorrhagic shock (22, 30), during ischemia/reper-
fusion injury (31), in endotoxemia (32), or after
GalN/LPS treatment (33).

Here we describe that iNOS is expressed in the livers
of either Con A– or GalN/LPS–treated mice. Using
either mice deficient in the inos gene (iNOS–/– mice) (34)
or a specific pharmacological inhibitor of iNOS, i.e., L-
N6-(1-iminoethyl)-lysine (L-NIL) (35), we found that
reduced iNOS activity correlated with the prevention
of liver injury in Con A– or GalN/LPS–treated, but not
in GalN/TNF-α–treated, mice. The iNOS–/– mice treat-
ed with either Con A or GalN/LPS showed significant-
ly reduced TNF-α production. Concordantly, hepato-
cyte damage was partially restorable in iNOS–/– mice
treated with Con A plus recombinant TNF-α. In con-
clusion, TNF-α production in the liver, which is crucial
for the development of inflammatory liver damage (9,
36), is regulated by NO.

Methods
Animals. 129/SvEv × C57BL/6, 129/Sv/Ev × C57BL/6-
iNOS–/– mice (34), and BALB/c mice (age, 6–8 weeks;
weight range, 18–22 g) were obtained from the animal
facilities of the Institute of Experimental and Clinical
Pharmacology and Toxicology and the Institute of
Clinical Microbiology and Immunology of the Uni-
versity of Erlangen-Nuremberg (Erlangen, Germany).
C57BL/6 × Sv129: IL-6+/+ and C57BL/6×Sv129: IL-6–/–

mice were obtained from the Max Planck Institute for
Immunobiology (Freiburg, Germany). All knockout
mice are inbred into the C57BL/6 background for
more than nine generations. All mice received human
care according to the guidelines of the NIH, as well as
to the legal requirements in Germany. They were main-
tained under controlled conditions (22°C, 55%
humidity, and 12-hour day/night rhythm) and fed a
standard laboratory chow.

Dosage and application routes. Con A was purchased
from Sigma Chemical Co. (St. Louis, Missouri, USA)
and 20 mg/kg were administered intravenously in 200-
µl pyrogen-free saline. L-NIL (15 mg/kg) was purchased
from Alexis Deutschland GmbH (Grünberg, Germany)
and was administered intraperitoneally in 200 µl saline,
36, 24, and 12 hours before the induction of liver
injury. GalN (Sigma Chemical Co.) was administered
intraperitoneally at 700 mg/kg as saline solution.
Recombinant murine TNF (rmuTNF) (kindly provid-
ed by G.R. Adolf, Bender & Co., Vienna, Austria), dis-
solved in saline/0.1% human serum albumin, was
administered intravenously at 9 µg/kg or intraperi-
toneally at 1 µg/mouse. LPS from Salmonella abortus
equi was purchased from Metalon (Ragow, Germany)
and administered intraperitoneally at a concentration
of 5 µg/kg, together with GalN.

Analysis of liver enzymes. Hepatocyte damage was
assessed 8 hours after Con A or GalN administration

by measuring plasma enzyme activities of alanine
aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) (37) using an automated procedure.

Cytokine determination using ELISA. Sandwich ELISAs
for murine plasma TNF-α, IL-6, IL-2, and IFN-γ were
performed using flat-bottom high-binding polystyrene
microtiter plates (Greiner GmbH, Frickenhausen, Ger-
many). Ab’s were purchased from BD Biosciences (Hei-
delberg, Germany). Streptavidin-peroxidase (Jackson
ImmunoResearch Laboratories Inc., West Grove, Penn-
sylvania, USA) and the peroxidase chromogen tetram-
ethylbenzidine (Boehringer Mannheim, Mannheim,
Germany) were used according to the manufacturers’
instructions. Plasma levels of TNF-α, IL-6, and IL-2
were measured at 2 hours and plasma levels of IFN-γat
8 hours after the hepatotoxic challenge (5–7, 38). For
determination of intrahepatic TNF-α concentrations
livers were prepared as described previously (39). Liver
lysates were adjusted to equal protein concentrations
and analyzed for murine TNF-α by the Quantikine M
Kit (Bio-Rad Laboratories GmbH, Munich, Germany).

Detection of mRNA by RT-PCR and real-time RT-PCR.
Isolation of total RNA from liver tissue was carried
out using the Nucleo Spin RNA Purification Kit
(CLONTECH, Palo Alto, California, USA). To analyze
altered gene expression, mRNA was transcribed into
cDNA using SuperScript II RNase H– reverse tran-
scriptase (Life Technologies Inc., Grand Island, New
York, USA). Oligonucleotides and Taq polymerase for
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Figure 1
iNOS is expressed in livers of Con A–treated mice. Con A–induced iNOS
expression was detected in livers of BALB/c mice by RT-PCR (a) or West-
ern blot (WB) analysis (b). Semiquantitative evaluation of RT-PCR and
Western blot was performed using the Gel Doc 2000 System (Bio-Rad
Laboratories GmbH). Data are expressed as the mean ± SEM (n = 3).
The gels shown are one example of three independent experiments.



subsequent PCR reactions were also obtained from
Life Technologies Inc.. The following oligonucleotide
pairs were used: iNOS, 2588-2604 and 2914-2898 in
GenBank M84373; CD25, 14-36 and 712-689 in Gen-
Bank NM008367; β-actin, 729-752 and 1076-1053 in
GenBank X03765. Semiquantitative evaluation was
done using the Gel Doc 2000 System (Bio-Rad Labo-
ratories GmbH). For quantitative evaluation of TNF-
α mRNA expression real-time RT-PCR primers and
probes for murine TNF-α and β-actin were purchased
from TIB Molbiol (Berlin, Germany) and performed
as described elsewhere (39). Amplification and detec-
tion were done with an ABI PRISM 7700 Sequence
Detection System (Perkin Elmer Applied Biosystems,
Bad Wildbad, Germany).

Immunohistochemistry and confocal microscopy. For
immunohistochemistry on cryostat sections, liver sam-
ples were embedded with GSV 1 tissue-embedding
medium (Slee Technik GmbH, Mainz, Germany),
frozen in 2-methyl-butane (Carl Roth GmbH, Karl-
sruhe, Germany), and stored at –20°C until use. Cryo-
stat sections of 10 µm were thawed on glass slides, air-
dried, fixed for 10 minutes at 4°C in acetone/methanol
(1+1), and used immediately or stored at –20°C. For
immunostaining slides were rinsed with PBS and
blocked for 1 hour at room temperature with PBS con-
taining 3% BSA. Subsequently, slides were incubated at
4°C overnight with a primary Ab in PBS/3% BSA. After
rinsing with PBS, binding sites were detected with a sec-
ondary Ab for 1 hour at room temperature. After pro-
longed rinsing with PBS, slides were coverslipped using
PBS/glycerol, pH 8.6, and examined by MRC 1000 (Bio-
Rad Laboratories Inc., Richmond, California, USA).

Analysis of DNA fragmentation. DNA fragmentation
was detected in liver sections using the in situ Cell
Death Detection Kit, Fluorescein (terminal deoxynu-
cleotidyl transferase–mediated dUTP nick-end labeling
[TUNEL] test; Roche Diagnostics GmbH, Mannheim,
Germany) according to the manufacturer’s instruc-
tions and examined by confocal laser-scanning
microscopy (MRC 1000, Bio-Rad Laboratories Inc.).
Quantification of DNA fragmentation was performed
using the cell death detection ELISA (Roche Diagnos-
tics GmbH, Mannheim, Germany).

Western blot analysis. Livers were homogenized in lysis
buffer containing 0.5% Nonidet P-40 (NP40), 137 mM
NaCl, 2 mM EDTA, 50 mM Tris/HCl, pH 8.0, and 10%
glycerol. After centrifugation, supernatants were stored
at –80°C. For Western blot analysis 10 µg of protein
were fractionated by 10% SDS-polyacrylamide gel elec-
trophoresis and blotted onto a nitrocellulose mem-
brane. The Western blots were developed using an
enhanced chemiluminescence system (Amersham
Pharmacia Biotech Europe, Freiburg, Germany),
according to the manufacturer’s instructions. Semi-
quantitative evaluation was done using the Gel Doc
2000 System (Bio-Rad Laboratories GmbH).

Antibodies. For detection of iNOS we used a rabbit
anti-mouse iNOS Ab (kindly provided by J.

Pfeilschifter, University of Frankfurt, Frankfurt am
Main, Germany) (40). Macrophages were detected with
a rat mAb directed against a murine pan-macrophage
marker (clone BM8; Dianova, Hamburg, Germany). Β-
actin was detected using a goat anti-human polyclon-
al Ab (sc-1615; Santa Cruz Biotechnology Inc., Santa
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Figure 2
Detection of iNOS in livers of Con A–treated mice by immunofluo-
rescence staining. (a) Con A–induced iNOS expression in livers of
BALB/c mice was detected by immunofluorescence staining of liver
cryostat sections (rabbit anti-mouse iNOS antiserum, secondary
goat anti-rabbit IgG tagged with Cy3; red fluorescence). (b) Costain-
ing of iNOS (rabbit anti-mouse iNOS antiserum, secondary swine
anti-rabbit IgG tagged with FITC; green fluorescence) and Kupffer
cells (BM8, secondary goat anti-rat IgG tagged with Texas red; red
fluorescence) 4 hours after Con A or GalN/LPS treatment. All sec-
tions were examined by confocal laser-scanning microscopy. Costain-
ing is represented by yellow fluorescence. Seen in a and b is one
example of three independent experiments, respectively.



Cruz, California, USA). Secondary Ab’s for immuno-
fluorescence were goat anti-rabbit IgG tagged with
Cy3 (Jackson ImmunoResearch Laboratories Inc.),
swine anti-rabbit IgG tagged with FITC (DAKO Corp.,
Hamburg, Germany), or rabbit anti-rat IgG tagged
with Texas red (DAKO Corp.). Secondary Ab’s for
Western blots were goat anti-rabbit horseradish per-
oxidase (Dianova) and streptavidin peroxidase
(Boehringer Mannheim).

Statistical analysis. The results were analyzed using Stu-
dent’s t test if two groups were compared or by ANOVA
followed by the Dunnett test if more groups were test-
ed against a control group. If variances were inhomo-
geneous in the Student’s t test, the results were ana-
lyzed using the Welsh test. All data in this study are
expressed as a mean ± SEM. P values less than or equal
to 0.05 were considered significant.

Results
iNOS expression is induced in the livers of Con A–treated mice.
Liver injury in mice treated with Con A is characterized
by an increase of plasma-transaminase levels becoming
evident at 8 hours after intravenous injection (41).
TNF-α and IFN-γ, two cytokines crucial for the devel-
opment of liver injury in the Con A model (6, 7), reach
their maximum plasma concentrations after 2 hours
and 8 hours, respectively (7, 38). Since the expression of
iNOS is inducible by TNF-α and IFN-γ (12, 19), we
investigated the time course of iNOS induction in liv-
ers of Con A–treated mice. Figure 1a shows that intra-

hepatic iNOS mRNA is induced within 2 hours after
Con A treatment. Protein expression was detectable at
2–4 hours after intervention, reaching maximum levels
at 8 hours (Figure 1b and 2a). Double-immunofluo-
rescent staining of iNOS and macrophages (Figure 2b)
revealed that iNOS was expressed by macrophages as
well as by hepatocytes. The gross expression of iNOS in
livers of Con A–treated mice prompted us to investigate
its functional role in Con A–induced liver damage.

Mice deficient in iNOS are protected against Con
A–induced liver injury. To study the role of iNOS in
immune hepatitis we treated iNOS–/– mice (34) with
Con A. Figure 3 (see also Figure 5a) shows that iNOS–/–

mice failed to develop liver injury after Con A treat-
ment. In a time-course experiment, enhanced plasma
transaminase activities for ALT (Figure 3a) and AST
(Figure 3b) could be detected in wild-type (WT) mice
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Figure 3
iNOS knockout mice are protected against Con A–induced liver
injury. iNOS–/– mice and their corresponding WT were treated with
Con A. Activities of plasma transaminases, i.e., ALT (a) and AST (b),
were determined 1, 2, 4, 8, 12, 24, and 48 hours after Con A chal-
lenge. Data are expressed as the mean ± SEM (n = 4; AP ≤ 0.05 vs.
Con A–treated WT mice).

Figure 4
DNA fragmentation is significantly reduced in the livers of Con
A–treated iNOS–/– mice. The iNOS–/– mice and their corresponding
WT were treated with Con A. DNA fragmentation was determined
8 hours after Con A administration by cell-death detection ELISA
(a) and TUNEL staining of mouse liver cryostat sections (b) as
described in Methods. Sections were examined by confocal laser-
scanning microscopy. Evaluation of DNA fragmentation by ELISA
(a) is expressed as the mean ± SEM (n = 5; AP ≤ 0.05 WT vs. Con
A–treated iNOS–/– mice). DNA fragmentation in the corresponding
untreated mice was subtracted as background. TUNEL staining (b)
represents one example of three independent experiments. mOD,
milli–optical density.



8–24 hours after Con A treatment. In contrast, in
iNOS–/– mice plasma transaminase levels were signifi-
cantly reduced (Figure 3). Accordingly, intrahepatic
DNA fragmentation was significantly reduced in Con
A–treated iNOS–/– mice (Figure 4). RT-PCR analysis
revealed that protection was not due to an inability of
T cells to respond to Con A, since expression of IL-2
Rα-chain (CD25), a factor upregulated in activated T
cells, did not differ in livers of Con A–treated iNOS–/–

versus WT mice (WT: untreated 2 ± 3 counts/mm2;
Con A: 109 ± 35 counts/mm2; iNOS–/–: untreated 2 ± 2
counts/mm2; Con A: 89 ± 16 counts/mm2).

In Con A–treated iNOS–/– mice, maximum levels of
plasma TNF-α and IL-6 (5–7) were significantly reduced
compared with WT animals (Figure 5b). This was not
an overall effect on cytokine synthesis, since IL-2 pro-
duction was unaltered, and these mice released even
more IFN-γ into the circulation than the WT mice in
response to Con A in vivo (Figure 5b). Accordingly, pre-
treatment of WT mice with L-NIL, a potent and specif-
ic inhibitor of iNOS (35), had a comparable effect on
the release of transaminases (Figure 5c vs. Figure 5a), as
well as on plasma concentrations of TNF-α, IL-6, and
IL-2 (Figure 5d vs. Figure 5b). Plasma levels of IFN-γ in
L-NIL–pretreated mice did not differ from those
observed in mice treated with Con A alone (Figure 5d).
Hence, it seems that macrophage- but not T cell-derived
cytokines are upregulated by NO. However, IL-6 is
unlikely to mediate Con A–induced liver injury, since IL-
6–/– mice were not protected from Con A–induced liver
injury (WT: ALT: 1,393 ± 663 U/l; AST: 954 ± 523 U/l;
IL-6–/–: ALT: 3,645 ± 879 U/l; AST: 2,524 ± 1,096 U/l).

TNF-α expression is significantly reduced in the livers of
iNOS–/– mice. To quantify the intrahepatic expression

of TNF-α in iNOS–/– versus WT mice, we performed
time-course studies of intrahepatic TNF-α mRNA and
protein appearance in WT and iNOS–/– animals. TNF-
α protein in plasma (Figure 6a) and liver tissue (Figure
6c), as well as TNF-α mRNA in liver tissue (Figure 6b),
were significantly increased within 1 hour after Con A
injection in WT mice. Both TNF-α mRNA as well as
the protein were significantly reduced in livers of Con
A–treated iNOS–/– mice (Figure 6, b and c). These
results indicate that iNOS-deficiency protects mice
from Con A–induced liver injury by inhibiting the
induction of its central mediator, TNF-α. To confirm
this we treated iNOS–/– mice with Con A plus rmuTNF.
This treatment restored the release of ALT in iNOS–/–

mice to approximately 20% of the WT level (Con A-
treated WT mice: 3507 ± 1254 U/l; Con A–treated
iNOS–/– mice: 163 ±1 26 U/l; iNOS–/– mice treated with
Con A plus rmuTNF: 768 ± 553 U/l; n = 5; P ≤ 0.05 ver-
sus Con A–treated iNOS–/– mice).

NO-induced TNF-α production is a key event in immune-
mediated hepatitis. Since rmuTNF only partially restored
liver damage in iNOS–/– mice challenged with Con A, we
studied the relationship between iNOS deficiency and
TNF-α induction in the GalN/LPS versus the
GalN/TNF-α model of liver injury. LPS administration
to GalN-sensitized mice results in TNF-α production
and subsequent development of liver injury. In this
model, Kupffer cells, but not hepatocytes, expressed
iNOS (compare Figure 2b). However, as in the Con A
model, iNOS–/– mice (Figure 7a), as well as L-NIL–pre-
treated mice (Figure 7c), were protected from
GalN/LPS–induced liver damage. Again, protection
was associated with decreased plasma levels of TNF-α
and IL-6 (Figure 7, b and d). In contrast, in the
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Figure 5
iNOS deficiency or pharmacological inhibition of iNOS protects mice against Con A–mediated liver injury. iNOS–/– mice (a and b) or BALB/c
mice pretreated either with the specific iNOS inhibitor L-NIL or with saline at –36, –24, and –12 hours (c and d) were treated with Con A.
Plasma transaminases, i.e., ALT and AST (a and c) and plasma concentrations of IFN-γ (b and d) were determined 8 hours after Con A treat-
ment. Plasma concentrations of TNF-α, IL-6, and IL-2 (b and d) were determined 2 hours after Con A treatment. Data are expressed as the
mean ± SEM (n = 6–8, AP ≤ 0.05 vs. Con A–treated WT or saline pretreated mice).



GalN/TNF-α model liver injury is induced by direct
administration of rmuTNF to GalN-sensitized mice
and therefore is independent of endogenous TNF-α
production. Here neither iNOS–/– mice (Figure 8a) nor
L-NIL–pretreated mice (Figure 8b) were protected.

Discussion
Liver protection as well as liver toxicity have been attrib-
uted to NO (42). Administration of NO donors pro-
vides cytoprotection from inflammatory liver damage
and hepatocellular apoptosis. However, pharmacolog-
ical blockade of iNOS either aggravates or attenuates
liver injury or is ineffective (42). Here we describe in two
mouse models of immune-mediated liver injury, i.e.,
Con A–induced hepatitis (3, 4) and LPS-induced liver

injury in GalN-sensitized mice (3, 43) that endoge-
nously produced iNOS-derived NO mediates liver
injury. In both models, liver injury is mediated by TNF-
α and IFN-γ (3, 5–8, 44), i.e., strong inducers of iNOS
in macrophages (45) and hepatocytes (46). In fact, we
could show that after Con A administration, iNOS was
expressed by hepatocytes and Kupffer cells of WT ani-
mals, whereas LPS-induced iNOS expression was
detected only in Kupffer cells of GalN-sensitized mice,
most likely because GalN selectively blocks transcrip-
tion within hepatocytes. Although it is conceivable that
iNOS-derived NO produced by hepatocytes and/or
Kupffer cells is directly toxic for liver cells, we could not
detect 3-nitrotyrosine as a marker of NO-mediated tis-
sue damage within livers of Con A–treated mice, as has
been described for hepatic allograft rejection (47).
Moreover, there was no iNOS immunoreactivity in
TUNEL-positive liver cells in the Con A model (data
not shown), indicating that the iNOS-expressing hepa-
tocyte was not directly damaged. This could even
demonstrate a partially cytoprotective effect of iNOS
expression in hepatocytes. Accordingly, a hepato-cyto-
protective effect of iNOS has been demonstrated in
vitro against TNF-α–induced apoptosis (48) and in
vivo in the case of liver regeneration (25). Furthermore,
NO donors have been described to prevent inflamma-
tory liver injury. The protective effects of NO have been
discussed in terms of caspase-3 inhibition, induction
of cytoprotective proteins, or beneficial vascular effects
(42). Despite potentially cytoprotective effects of NO
on hepatocytes, liver damage induced by either Con A
or GalN/LPS treatment was prevented in iNOS–/– mice
or in mice pretreated with the specific iNOS-inhibitor
L-NIL given in a dose that has been described to inhib-
it NO formation in vivo (49). Hence, direct hepatotox-
icity of NO cannot explain the iNOS dependence of
Con A– or GalN/LPS–induced liver injury.

Most strikingly, in both models we observed a sig-
nificant inhibition of TNF-α as well as of IL-6 release
in iNOS–/– or L-NIL–pretreated mice (compare Figure
5 and 7). This was not an overall effect on cytokine
synthesis, since IL-2 plasma levels were unaltered and
IFN-γ production was even increased in iNOS–/– mice
(compare Figure 5). Hence, it seems that macrophage-
derived cytokines, i.e., TNF-α and IL-6, but not T
cell–derived cytokines, i.e., IL-2 and IFN-γ, are upregu-
lated by NO in vivo. The increase of IFN-γ might have
been due to the fact that NO limits the processing of
IFN-γ–inducing factor, i.e., IL-18, in macrophages by
inhibition of caspase-1 (50).

Taken together, the mechanism leading to protec-
tion from liver injury in NO-deficient mice most like-
ly depends on downregulation of either IL-6 or 
TNF-α . However, IL-6 seems not to mediate Con
A–induced liver injury, since IL-6–/– mice were not pro-
tected from Con A–induced liver injury. Accordingly,
pretreatment of mice with recombinant IL-6 was
shown to be hepatoprotective in the Con A (51, 52) as
well as in the GalN/LPS model (53).
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Figure 6
Reduced TNF-α expression in plasma and livers of Con A–treated
iNOS–/– mice. iNOS–/– mice and their corresponding WT were
treated with Con A. The release of TNF-α into the plasma (a) and
the expression of TNF-α mRNA (b) and protein (c) in the liver
were determined 1, 2, 4, 8, and 12 hours after Con A challenge.
TNF-α protein in plasma and liver tissue was measured by ELISA,
and TNF-α mRNA in liver tissue was measured by real-time RT-
PCR. Data are expressed as the mean ± SEM (n = 3–6, AP ≤ 0.05
vs. Con A–treated WT mice).



In contrast, TNF-α was clearly shown to mediate
liver damage induced by Con A or GalN/LPS (3, 5, 6,
9, 10). In Con A–induced liver injury IFN-γcooperates
with TNF-α (7), i.e., neutralizing one of both
cytokines in the presence of high concentrations of
the other is sufficient to block Con A hepatitis (7, 9).
Thus, a reduction of plasma TNF-α levels without
reduction of IFN-γ production, as observed here, is
sufficient to block liver injury. The time courses of
intrahepatic TNF-α and iNOS expression nearly
matched, suggesting that iNOS-derived NO might
potentiate and prolong intrahepatic TNF-α produc-
tion. Indeed, in iNOS–/– mice, the intrahepatic expres-
sion of TNF-α was significantly reduced (compare
Figure 6). This result was further confirmed by show-
ing that the lack of iNOS activity (a) protected mice
against liver injury induced by GalN/LPS administra-
tion, i.e., another model depending on TNF-α induc-
tion, and (b) failed to prevent hepatic damage induced
by direct administration of rmuTNF to GalN-sensi-
tized mice. Furthermore, administration of rmuTNF
to Con A–treated iNOS–/– mice partially restored liver
injury. In contrast to the induction of liver injury after
endotoxin treatment, which depends on soluble TNF
(sTNF) and TNF receptor 1 (TNFR1) only (54), the
development of liver injury after Con A treatment
depends on the activation of both TNF receptors, i.e.,
TNFR-1 and TNFR-2, as well as of membrane-bound
TNF (mTNF) (9, 10), which primarily activates TNFR-
2. Therefore, full restoration of liver injury by admin-
istration of soluble TNF-α , as it was seen in iNOS–/–

mice treated with GalN/LPS versus GalN/TNF-α ,
could not be expected in the Con A model.

In vitro, either activation or inhibition of gene
expression by NO have been reported for a variety of
inflammation-related genes, including TNF-α and
IL-6 (55–59). To determine physiologically relevant
effects, NO-mediated gene expression must be inves-
tigated in in vivo models of inflammatory diseases.

To date, only limited data on a possible role of NO
acting as a transcriptional regulator in vivo are avail-
able. For example, iNOS-dependent expression of IL-
6 and G-CSF in lungs and livers of mice during hem-
orrhagic shock has been reported (22). In this model,
inflammatory organ damage depends on an
ischemia/reperfusion insult and accumulation of

The Journal of Clinical Investigation | February 2001 | Volume 107 | Number 4 445

Figure 7
The iNOS-deficient mice are protect-
ed against GalN/LPS–induced liver
injury. iNOS–/– mice and their corre-
sponding WT (a and b) or BALB/c
mice pretreated either with the specif-
ic iNOS inhibitor L-NIL or with saline
at –36, –24, and –12 hours (c and d)
were treated with GalN/LPS. Eight
hours after GalN/LPS challenge, activ-
ities of plasma ALT and AST (a and c)
and plasma levels of IL-6 (b and d)
were determined. TNF-α plasma con-
centrations were detected 2 hours
after GalN/LPS treatment (b and d).
Data are expressed as the mean ±
SEM (n = 6; AP ≤ 0.05 vs. Con A–treat-
ed WT or saline-pretreated mice).

Figure 8
The iNOS-deficient mice are sensitive toward GalN/TNF-α–induced
liver injury. iNOS–/– mice and their corresponding WT (a) or BALB/c
mice pretreated either with the specific iNOS inhibitor L-NIL or with
saline at –36, –24, and –12 hours (b) were treated with GalN 30 min-
utes before intravenous administration of TNF-α (9 µg/kg). Eight
hours after GalN treatment, activities of plasma ALT and AST were
determined. Data are expressed as the mean ± SEM (n = 3; P ≤ 0.05
vs. Con A–treated WT or saline-pretreated mice).



neutrophils in a variety of tissues (60). However, it is
not known whether liver failure in this model
depends on TNF-α and whether TNF-α is affected by
an alteration of NO production.

Our results demonstrate in two models of immune-
mediated liver injury that endogenously produced
NO causes hepatocellular damage by stimulating the
expression of TNF-α . They also provide further
knowledge regarding the modulation of gene expres-
sion by NO in vivo and underline the necessity to
critically evaluate the therapeutic use of NO donors
and iNOS inhibitors.
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