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SUMMARY

Induction of hepatic nitric oxide synthase (NOS) by tumor ne-
crosis factor-a (TNFa), interleukin-18 (IL-1B), interferon-y
(IFN1y), interleukin-6 (IL-6), and lipopolysaccharide was as-
sessed as activity and immunoreactive protein. Hepatic NOS
activity was cytosolic and had cofactor requirements consis-
tent with inducible nitric oxide synthase (NOS2). NOS induction
by TNFa was dose dependent from concentrations of 0.06 to
60 nm and was increased 2-3-fold by IFN+y. NOS induction was
reflective of total TNF« binding to hepatocyte receptors. Hepa-
tocyte TNFa binding fit a biphasic curve with high affinity (K, =
1.4 nm, B, = 3157 sites) and low affinity (K; = 157 nM, B ,ax
= 204,948 sites) elements. NOS2 activity was induced by lipo-
polysaccharide, IL-1B8, TNFa, and IFNy but not by IL-6. All

cytokine stimuli were inhibited by antioxidants. Oxygen radical
generation was directly measured as dichlorofluoroscein fluo-
rescence in isolated mitochondria. Mitochondria from TNFa-
treated hepatocytes generated more oxygen radicals than did
controls. Antioxidants reduced mitochondrial generation of
oxygen radicals. Activation of the transcription factor nuclear
factor-xB by TNFa, IFNy, and IL-1B8 was assessed by gel shift
analysis. Cytokine treatment increased nuclear factor-«xB bind-
ing, and the addition of antioxidants or rotenone inhibited
cytokine activation. Taken together, these data suggest that
oxygen radicals, possibly generated by mitochondria, play a
major role in NOS2 induction by cytokines.

NO is a highly reactive nitrogen radical with a plethora of
actions, including vasodilation, neurotransmission, and cyto-
toxicity. NO is synthesized by three NOS isoforms. These
isoforms, NOS1, NOS2, and NOS3, are the products of three
different genes described originally as neuronal, inducible,
and endothelial NOS based on their initial detection and
cloning (1). NOS1 and NOS3 are constitutively expressed.
NOS2 is induced in response to cytokines, LPS, and other
stimuli (2-4) in a variety of cells, including keratinocytes,
hepatocytes, endothelial cells, myocardial cells, and leuko-
cytes (5). Although these enzymes are primarily cytosolic, the
NOS3 isoform can be myristylated and localized in the mem-
branes of endothelial cells (6). All NOS isoforms catalyze the
conversion of L-arginine to citrulline and NO in a reaction
requiring NADPH and O, in stoichiometric quantities. NOS
activity is also dependent on a number of cofactors, including
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FAD, FMN, H_B, and glutathione (7). In addition, calmodulin
regulates NOS activity by mediating electron transfer to the
heme group. Although NOS1 and NOS3 are tightly regulated
by calcium-dependent calmodulin binding, NOS2 activity is
not regulated in this manner because of a highly hydrophobic
region that binds calmodulin even in the presence of the
calcium-chelating agent EGTA (8). Alterations in the avail-
ability of these substrates and cofactors may contribute to
NOS regulation. For example, in endothelial cells and mac-
rophages, the levels of H,B are regulated by stimulatory and
inhibitory cytokines (9, 10). Although the liver has high en-
dogenous levels of H,B, which make it an unlikely regulator
of hepatic NOS activity (11), efficient measurements of liver
NOS activity required the addition of urea cycle inhibitors
and substrates (12), suggesting that substrate level changes
attributed to the urea cycle may affect NOS activity. Alter-
natively, glutathione is also necessary for maximum NOS
activity, and its effect has been attributed to stabilization of
the NOS enzyme (13). Because recent studies have shown

ABBREVIATIONS: NO, nitric oxide; NOS, nitric oxide synthase; NOS2, inducible nitric oxide synthase; NOS3, endothelial nitric oxide synthase;
NOSH1, neuronal nitric oxide synthase; IL-1p, interleukin-18; TNFa, tumor necrosis factor-a; IFN, interferon; IL-6, interleukin-6; LPS, lipopolysac-
charide; H,B, tetrahydrobiopterin; DCF, 5- (and-6)-carboxy-2',7’-dichlorodihydrofluorescein diacetate; GDH, glutamate dehydrogenase; PBS,
phosphate-buffered saline; NF-xB, nuclear factor-«xB; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol bis(B8-
aminoethyl ether)-N,N,N’,N'-tetraacetic acid; DTT, dithiothreitol; ADU, arbitrary densitometry units.
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that NO causes feedback inhibition of NOS by reacting with
the heme group (14), glutathione may help prevent this re-
action by reacting with free NO to form nitrosothiols.

Mechanisms that control gene transcription and transla-
tion may also be critical determinants in the induction of
NOS. Previous studies in our laboratory have shown that
oxygen radicals and glutathione regulate the gene expression
of NOS2 in cultured rat hepatocytes stimulated with TNFa
(15). Because TNF« also acts on murine hepatocyte cultures
to simulate the production of reactive oxygen intermediates
(16), oxygen radicals may serve as a common mechanism by
which this cytokine stimulates the induction of NOS. This
seems especially likely because the promoter region of induc-
ible murine macrophage NOS contains elements that bind
activator protein-1 and NF-«B (17, 18). These transcription
factors are activated in response to oxidative stress (17, 18).
Furthermore, NOS2 induction has been linked to activation
of NF-«B in macrophages, both directly and by the ability of
dithiocarbamates to inhibit NOS induction (19, 20). Never-
theless, the regulatory region of the NOS2 gene also contains
consensus elements for activation by interferons and LPS
(17, 18), so oxidants might play a lesser role when these
agents are involved in NOS induction.

In the current experiments, rat hepatocyte NOS activity in
homogenates has been characterized with respect to cofactor
dependence and subcellular localization because in previous
studies, these aspects of hepatic NOS activity have not been
examined. Most importantly, regulation of hepatocyte NOS
activity by multiple cytokines and LPS has been studied to
extend the previous observation that TNFa induction of NOS
activity in hepatocytes is regulated by oxidants (15). This is
significant because in the intact animal, multiple cytokines
are always present when immune stimulation occurs. The
cytokines used in the current study (TNFa, IL-1, IL-6, and
IFNvy) are the major inflammatory cytokines to which the
liver is exposed and are associated with NOS2 induction (2,
21). To explore this, we used a mixture of antioxidants be-
cause these chemicals have been previously described to di-
minish the oxidative effects of TNF« in cultured mouse and
rat hepatocytes (15, 16).

Materials and Methods

Reagents. Recombinant human TNF« (specific activity, 6.27 X
10* units/ug) was supplied by Genentech (South San Francisco, CA).
125].1abeled recombinant human TNFa (40 uCi/ug) was purchased
from Dupont-New England Nuclear (Boston, MA). Recombinant rat
IFN-y was purchased from GIBCO BRL (Gaithersburg, MD). Recom-
binant murine IL-18 was purchased from R&D Systems (Minneap-
olis, MN). DCF was purchased from Molecular Probes (Eugene, OR).
H,B was purchased from Schircks Laboratories (Jona, Switzerland).
(®H]Arginine (40-70 Ci/mmol) was purchased from Amersham (Ar-
lington Heights, IL). The monoclonal antibody to amino acids 961-
1144 of NOS2 and the antibodies to NOS1 and NOS3 isoforms were
purchased from Transduction Laboratories (Lexington, KY). Oligo-
nucleotides used in the EMSAs were purchased from Promega (Mad-
ison, WI). All other chemicals and reagents, unless otherwise speci-
fied, were purchased from Sigma Chemical (St. Louis, MO) or Fisher
Scientific (Pittsburgh, PA).

Animal treatment. Adult male Sprague-Dawley rats (250—400 g)
were injected intraperitoneally with 10 mg/kg LPS (Escherichia coli,
serotype 055:B5, prepared by phenol extraction; Sigma) dissolved in
PBS. After 8 hr, hepatocytes were isolated by a standard collagenase
perfusion method (22) and purified by differential centrifugation to

give cultures of =90% viability and =95% purity. Subcellular frac-
tions were prepared by differential centrifugation for assessment of
the cellular localization of hepatic NOS.

Cell culture. Isolated hepatocytes were plated on rat tail colla-
gen-coated culture plates (Corning, Palo Alto, CA) in Waymouth’s
media supplemented with serine, alanine, asparagine, penicillin,
and streptomycin at a density of 7 X 105 cells/cm?. Cells were
incubated in a humidified atmosphere of 95% air/5% CO, at 37° for
2-3 hr to allow adherence. Nonadherent cells were removed by
washing the plates twice with PBS, and cultures were treated in
fresh media. Cell viability was assessed by lactate dehydrogenase
leakage in cell culture. None of the treatments significantly in-
creased lactate dehydrogenase leakage compared with control val-
ues, which were typically <20% after 24 hr.

NOS activity. Nitrite levels in media were determined colori-
metrically on a Molecular Devices Thermomax plate reader (Menlo
Park, CA). Total nitrite and nitrate were measured by reducing the
nitrate to nitrite with NADPH:nitrate reductase, followed by reac-
tion with Griess reagent according to a modification of previously
described techniques (23). NOS activity was measured in homoge-
nized hepatocytes using two methods: conversion of [*Hlarginine to
[®Hlcitrulline and production of nitrite/nitrate. Cell samples were
scraped into 50 mM Tris'HCI buffer, pH 7.4, with 1 mM DTT and
protease inhibitors. The cells were homogenized by forcing cells
through a 21-gauge needle several times and were frozen at —80°
until assay. In both assays, incubation components were 50 mMm
Tris‘HCI, pH 7.4, 2 mm CaCl,, 200 uM L-arginine, 200 um NADPH, 50
mM valine, 1 mM citrulline, 5 mmM GSH, and 10 umM HB. After
incubation at 37°, the reactions were stopped by the addition of
buffer (citrulline assay) or by heating at 100° for 2 min (nitrite/
nitrate analysis). [*HICitrulline was separated from arginine by ion
exchange chromatography and quantified by liquid scintillation
counting (24).

Binding of TNFa to rat hepatocytes. The binding kinetics of
human recombinant TNFa to isolated rat hepatocytes was measured
by determining the specific binding of '25I-labeled TNFa« to isolated
rat hepatocytes. Hepatocytes were isolated and cultured on collagen-
coated plates as described in Cell culture. After adherence, hepato-
cyte cultures were placed in a humidified atmosphere of 95% air/5%
CO, at 4° and treated with 0.17 pmol/ml '*I-TNFa and varying
concentrations of unlabeled TNFa. Nonspecific binding was defined
as the amount of radiolabeled TNFa bound in the presence of 1 um
unlabeled TNFa. Hepatocytes were incubated for 4 hr at 4° to allow
binding to reach equilibrium, washed four times with ice-cold PBS,
and solubilized in 1 N sodium hydroxide. The data were analyzed
using Radioligand (Biosoft, Cambridge, UK).

Western blot analysis of inducible NOS. Treated hepatocytes
were washed and pelleted in PBS. Pellets were resuspended in 10
mM Tris-HCI, pH 7.4, and denatured by boiling for 5 min. Protein was
measured using a micro-bicinchoninic acid kit (Pierce, Rockford, IL),
and equal amounts of total protein were electrophoresed under re-
ducing conditions (5% 2-mercaptoethanol) on a 7.5% SDS-polyacryl-
amide gel and transferred to nitrocellulose paper. Blots were blocked
in 1% bovine serum albumin dissolved in 10 mM Tris'HC], pH 7.5,
100 mM sodium chloride, and 0.1% Tween-20 (wash buffer) at 4°
overnight and then incubated at room temperature with 0.5 ug/ml
anti-NOS2 in blocking buffer for 2 hr. The blots were washed and
incubated with the F(ab’), fragment of sheep anti-mouse IgG conju-
gated to peroxidase in 5% nonfat milk in wash buffer for 2 hr. After
washing, the blots were developed with enhanced chemilumines-
cence reagent and exposed to Xomat-AR film. Bands were quantified
using an Imaging Densitometer (BioRad, Hercules, CA). The speci-
ficity of this antibody to the 130-kDa NOS2 was verified by running
macrophage cell lysate as a standard for NOS2. Total protein from
control hepatocyte cultures was also assessed for NOS1 and NOS3 by
Western blot analysis. Blots were prepared as previously described
but were blocked in 2.5% nonfat milk overnight at 4° before incuba-
tion for 2 hr with 1 ug/ml concentration of either anti-NOS1 or NOS3
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antibody in 2.5% nonfat milk. The blots were washed and incubated
with the F(ab’), fragment of sheep anti-mouse IgG conjugated to
peroxidase in 5% nonfat milk in wash buffer for 2 hr before washing
and development as previously described. These monoclonal antibod-
ies are certified by Transduction Laboratories for cross-reactivity
with NOS1 and NOS3 isoforms in the rat. In addition, a purchased
standard of endothelial cell extract or total protein prepared from rat
cerebellum was used as standards for NOS3 (140 kDa) and NOS1
(155 kDa), respectively.

Mitochondrial oxygen radical generation. Hepatocytes were
harvested after 3 hr of treatment with TNFa (1 pg/ml) by trypsin
digestion. Cells were pelleted and treated with 0.3 mg/ml digitonin
for 2 min. Permeabilized hepatocyte suspensions were centrifuged at
13,000 X g for 5 min through a layer of N-dibutylphthalate to
separate mitochondria from other cellular components. Mitochon-
drial pellets were resuspended and centrifuged for 2 min at 50 X g to
remove contaminating plasma membrane. Mitochondria were incu-
bated for 10 min at room temperature with 10 uM DCF and then
pelleted and resuspended in 250 mM mannitol in PBS. Fluorescence
was measured over time using a plate-reading fluorometer (Milli-
pore, Bedford, MA) with an excitation filter of 485 nm and an emis-
sion filter of 530 nm. Antioxidants (2.5 mM Trolox, an a-tocopherol
analog; 250 uM ascorbic acid; and 40 mM benzoic acid) were added to
the resuspended mitochondria before fluorescence reading. Fluores-
cence was normalized by the specific activity of GDH, a mitochon-
drial marker, in each sample.

EMSAS. Nuclear extracts from hepatocyte cultures were prepared
by hypotonic lysis in a buffer containing 10 mm HEPES, pH 7.9, 10
mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 500 uM phenyl-
methylsulfonyl fluoride, 50 uM sodium vanadate, and 2 ug/ml con-
centrations of leupeptin, aprotonin, and pepstatin. On lysis, 0.6%
Nonidet-40 was added, and samples were centrifuged for 30 min at
13,000 X g at 4° to remove RNA and cytosol. The pellets were
resuspended in a buffer containing 20 mM HEPES, 0.4 M NaCl, 1 mM
EDTA, and 1 mM EGTA and centrifuged for 4 min at 13,000 X g at
4° to remove cellular debris. Supernatants were collected and dia-
lyzed before use in EMSAs. EMSAs were performed according to the
method of Schreck et al. (25). Hepatocyte nuclear extracts (5 ug)
were combined with a reaction buffer containing 0.4 ug/ul poly(dl/
dC), 10 mm Tris‘HC], pH 7.5, 1 ug/ul bovine serum albumin, 20 mM
NaCl, 1 mMm EDTA, 5% glycerol, 0.2 mM DTT, and a 32P-labeled
oligonucleotide of the consensus sequence for the NF-xB binding
element (0.333 pmol). Binding reactions were incubated at 25° for 20
min, at which point the reactions were terminated by the addition of
loading dye. Samples were loaded on a 4% polyacrylamide gel that
had been prerun at 150 V for 30 min and electrophoresed for 2 hr at
200 V at 2° in 1X buffer (6.8 mM Tris, 3.4 mM sodium acetate, and 1
mM EDTA, pH 7.5). The bandshift was visualized by autoradiogra-
phy and quantified by densitometry. Specific NF-xkB binding was
determined by competition assays using unlabeled homologous and
mutant oligonucleotides.

Results

Characterization of hepatocyte NOS. As reported pre-
viously (15), TNFa induced NOS activity in hepatocyte cul-
tures as measured by quantifying nitrite and nitrate accu-
mulation in the media. Fig. 1 shows that NOS induction is
dose dependent from TNFa concentrations of 0.001 to 1
pg/ml (62.7-62,700 units/ml, 0.06-60 nM). IFNy increased
the effect of TNFa by ~2-3-fold without changing the shape
of the dose-response curve. A low level of NOS activity was
also observed in untreated hepatocytes.

To more accurately measure NOS enzymatic activity and
study its regulation, cultured hepatocytes treated with
TNF«/IFNvy were homogenized. The standard assay of NOS
activity in which the conversion of [*H]arginine to [*H]citrul-
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Fig. 1. Dose-response curve of NOS induction by TNFa and IFNYy.
Hepatocytes were treated with varying concentrations of TNFa alone
() or with addition of IFNy (l, 100 units/ml). Media samples were
collected at 18 hr after cytokine treatment, and NOS activity was
measured by nitrite and nitrate accumulation in the media. Values
represent the mean of duplicate samples in a study representative of
four separate experiments.

line is measured required modification. The basic compo-
nents of the assay include calmodulin, NADPH, H,B, and
[®Hlarginine. Modulation of the urea cycle by the addition of
valine to inhibit arginase and unlabeled citrulline (12) to the
assay mixture increased the apparent NOS activity from
73 + 1 to 420 + 22 pmol of [®*Hlcitrulline/min/mg protein.
Measurement of NOS activity by this optimized assay was
directly comparable to measurements of the NO oxidation
products nitrite and nitrate under identical assay conditions.
In these experiments, citrulline formation was 193 + 22
pmol/min/108 cells and nitrite and nitrate formation was
203 * 32 pmol/min/108 cells, indicating that the assays mea-
suring citrulline formation were equivalent to nitrite and
nitrate formation.

NOS activity was found primarily in the cytosol fraction, as
expected. In hepatocytes from LPS-treated rats, [*Hlcitrul-
line formation (pmol/min/mg protein) was 328.5 * 5.6 in the
cytosol, 39.1 + 5.2 in the nuclear fraction, and 13.5 = 1.5 in
the mitochondrial fraction. NOS activity was not discernible
in the microsomal fraction.

The cofactor requirements for hepatocyte NOS were as-
sessed, and the results are shown in Fig. 2. The calcium
dependence was measured by omitting calcium from the in-
cubations and adding 2 mm EGTA. This resulted in a sur-
prisingly large decrease in activity, which may be attributed
to a decreased ability of calmodulin to transfer electrons in
the absence of bound calcium (26). Both trifluoperazine (400
uM), a calmodulin inhibitor, and the omission of GSH de-
creased NOS activity by ~40%. The omission of H,B de-
creased activity by >50%. NOS inhibitors N-monomethyl-L-
arginine and N-nitro-L-arginine methyl ester both decreased
activity, although N-monomethyl-L-arginine was more effec-
tive (Fig. 2).

Receptor binding of TNFa to cultured rat hepato-
cytes. To determine whether NOS induction could be corre-
lated with TNFa receptor binding, various concentrations of
1251 TNFa were incubated with hepatocytes at 4°. As previ-
ously found with cultured mouse hepatocytes (27), Scatchard
analysis of these data indicated that the curvilinear profile of
binding was characteristic of a two-site model (Fig. 3). By
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Identification of NOS immunsreactive protein in un:
treated hepataeytes: In the course of these experiments,
hepataeytes Ret treated in vitre with eviokines exhibited
varigus levels of NOS activity. This observation led us i8
question whether this activity was due to @KBF@SS}QB of a
constitutive form of NOS (1.e., NOS1 of NO82). Fig. 4 shows
that variable levels of NOS2 were observed in uptreated

& ateeytes, whereas peither NOS1 nor NOS3 was detected.

restingly. the antibody to the NOS1 iseform recognized a

eaatesm pratein of ~73 kBa (data not shewn). It is likely

that this protein is cytochrome P480 reductase, which is
structurally similar to this NOS isoform.

Multiple e¥takine induction of NOS: The liver in vivo
is exposed to multiple extokines, and it has been shown that
several extokines nduce NOS in isolated hepatgevtes (3).
Therefore. experiments were condueted to determine which
evtokines alone and in combination are most effective at
inducing NOS and whether the induction of NOS is depen:
dent on generation of oxidants, as previgusly reperted tg
aceur with TNFa alone (18). Activity was measured by total
pitrite and pitrate accumulation in the enlture media (Fig. 8).
The cyiglines 1118, TNFq. and IFNv, as well as LBS, each
indueed NOS activity. 1L-8 had no inductive effect op NOS.
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Fig. 5. Induction of NOS by cytokines and endotoxin. Hepatocytes
were treated with 1 ug/ml TNFa, 100 units/ml IFN+y, 50 units/ml IL-18,
1 nm IL-6, or 10 pg/mi endotoxin alone and in combination. Media
samples were collected and assayed for total nitrite and nitrate accu-
mulation. Values are mean * standard error of duplicate samples in two
to four experiments. 7, Control; 2, TNFa; 3, IFNy; 4, IL-18; 5, IL-6; 6,
LPS; 7, IFNy and LPS; 8, TNFa and IFN+y; 9, TNFa and IL-18; and 710,
TNFa, IL-1B8, IFNYy, IL-6, and LPS.

.““ q 130 kD
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Fig. 6. Induction of NOS2 immunoreactive protein by cytokines. Hepa-
tocytes were treated with 1 ug/ml TNFa, 100 units/ml IFNvy, 50 units/ml
IL-18, 1 nm IL-6, or 10 ng/ml LPS. Total protein was collected after 24
hr and assayed for NOS protein by Westemn blot analysis as described
in Materials and Methods. Each lane was loaded with 15 ug of total
protein. Lane 1, control. Lane 2, TNFa. Lane 3, IFNy. Lane 4, IL-1B.
Lane 5, IL-6. Lane 6, LPS.

NOS2

TABLE 1
Cytokine induction of immunoreactive protein
Treatment? NOS protein®
Densitometry unit

Control 1
TNFa (1 ug/ml) 33
IFN+y (100 units/ml) 16
IL-18 (50 units/ml) 34
IL-6 (1 nm) 1
LPS (10 ug/mi) 36

2 Hepatocytes were treated, and after 24 hr, total protein was collected.
15 ug of total protein was loaded. Values are densitometry units of Westem
blot shown in Fig. 6.

Maximal response was produced by the combination of TNFa
and LPS with IL-18 or IFNy as well as by all of the cytokines
in combination.

The cytokine induction of NOS activity was verified by
measurement of immunoreactive protein (Fig. 6 and Table 1).
Inductions of immunoreactive protein by TNFa, IFNYy, IL-18,
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IL-6, and LPS were compared. The immunoreactive protein
induced by IL-18, TNFa, and LPS was approximately equal,
although the NOS protein induced by IFNy was much lower.
IL-6 did not induce immunoreactive NOS.

An antioxidant mixture consisting of Trolox (an a-tocoph-
erol analog), ascorbic acid, and sodium benzoate was added to
the incubations with the various cytokines and combinations.
Individual components of this mixture have been shown to
inhibit the oxidative effects of TNFa in cultured rat and
mouse hepatocytes (15, 16). NOS induction was reduced by
the antioxidants in response to each of the cytokines and
LPS, although the degree of the inhibition varied (Fig. 7, A

A
NOs2| = - .....'...Imko
1 2 3 4 5 6 7 8
NOSZFQ - ¥ - . “—l 130 kD
9 10 M1 12 13 14
B
12 -
' = Antioxidants
+ Antioxidants
10 -

iNOS Protein (Densitometry Units)
[+,

Fig. 7. Induction of NOS2 immunoreactive protein is inhibited by an-
tioxidants. Hepatocytes were treated with 1 ug/ml TNFa, 100 units/ml
IFNy, 50 units/ml IL-1B, 1 nm IL-6, or 10 ug/ml LPS in the presence and
absence of an antioxidant mixture (2.5 mm Trolox, 250 um ascorbic
acid, and 10 mm sodium benzoate). A, Total protein was collected after
24 hr and assayed for NOS protein by Western blot analysis as de-
scribed in Materials and Methods. Each lane was loaded with 15 ug of
total protein. Lane 1, control. Lane 2, control, antioxidants. Lane 3,
TNFa. Lane 4, TNFa, antioxidants. Lane 5, IFN. Lane 6, IFN, antioxi-
dants. Lane 7, IL-1. Lane 8, IL-1, antioxidants. Lane 9, LPS. Lane 10,
LPS, antioxidants. Lane 71, TNFa and IFN. Lane 12, TNFa and IFN,
antioxidants. Lane 13, TNFa, IFN, IL-1, IL-6, and LPS. Lane 14, TNFa,
IFN, IL-1, IL-6, and LPS, antioxidants. B, Densitometry values for the
Westem blot shown in A. Open bars, densitometry values for immuno-
reactive NOS2 (iINOS) of samples treated with LPS or cytokines in the
absence of antioxidants. Shaded bars, immunoreactive NOS2 stimula-
tion in the presence of antioxidants. 7, Control; 2, TNFa; 3, IFN; 4, IL-1;
5, LPS; 6, TNFa and IFN; and 7, TNFa, IFN, IL-1, IL-6, and LPS.
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and B). The antioxidant mixture also effectively inhibited
induction in hepatocytes treated with cytokine mixtures.
These data suggested that oxygen radical generation is a
common mechanism for the induction of NOS in hepatocytes.
Mitochondrial release of reactive oxygen intermedi-
ates. To verify the stimulation of mitochondrial oxygen rad-
ical generation by cytokines, we measured the fluorescence of
DCF, a carboxylated analog of dichlorodihydrofluorescein, in
mitochondria isolated from control cells and hepatocytes
treated with TNFa (1 pg/ml) for 3 hr (Fig. 8A). TNFa was
selected for these studies because it is the cytokine most
commonly associated with oxygen radical generation and its
inductive effects were completely blocked by antioxidants
(Fig. 7). The mitochondria from TNFo-treated hepatocytes
generated more oxygen radicals, as indicated by an increased
rate of fluorescence development compared with control mi-
tochondria (Fig. 8A). A mixture of antioxidants, including 2.5
mM Trolox, 250 uM ascorbic acid, and 40 mm benzoic acid,
reduced fluorescence in treated mitochondria from 720 + 111
to 186 * 9 fluorescence units/specific activity of GDH (Fig.
8B). This result indicates that the observed increase in DCF
fluorescence is attributable to TNFa stimulation of oxygen
radical generation in the mitochondria. Furthermore, the
antioxidant mixture that inhibits TNFa induction of NOS
inhibits mitochondrial generation of oxygen radicals.
Inhibition of cytokine-stimulated NF-«B activation
by antioxidants. Because NOS2 induction in macrophages
has been linked to activation NF-«B (19, 20), a transcription
factor that is stimulated by oxygen radicals, we examined the
activation of NF-«B binding by a mixture of TNFa (1 pug/ml),
IL-18 (50 units/ml), and IFNy (100 units/ml) and explored
the effect of the antioxidant mixture on this activation (Fig.
9). As expected, the cytokine mixture activated NF-«B. Most
importantly, this activation was impaired by the addition of
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the antioxidant mixture, which decreases NOS2 induction by
cytokines. Thus, there is a direct correlation between NOS
induction and NF-«B activation when hepatocytes are stim-
ulated with multiple cytokines.

Discussion

The results of the current study demonstrate that NOS
activity is induced in hepatocytes by a variety of cytokines
and suggest that generation of oxygen radicals may be a
significant common step in the induction pathway. One
source of these oxygen radicals seems to be the mitochondrial
electron transport chain. Although hepatic NOS has been
extensively studied, little attention has been devoted to the
enzymology of the protein in terms of cofactor requirements
and subcellular localization. In general, we have shown that
hepatic NOS is a cytosolic enzyme with cofactor require-
ments consistent with the NOS2 activity identified in other
cell types. All hepatic NOS activity was attributable to NOS2
because neither constitutive isoform was recognized by the
antibodies used in these studies.

Dose-response curves of the induction of NOS by TNF«
indicate that NOS was induced in a dose-dependent manner
from 0.06 to 60 nM. Comparison of these data with TNF«
binding to rat hepatocytes suggests that NOS induction by
TNFa is conferred by binding to the high abundance/low
affinity receptors. These data also suggest that cytokine re-
ceptor binding is the rate-limiting step in NOS induction.

Cytokines are produced in response to injury or infection in
a complex pattern of mutual induction and cooperative action
(21). Of these cytokines, TNFa is produced early in the re-
sponse pathway, and its actions have been implicated in the
cytotoxicity associated with the resulting inflammation (28).
Many cellular responses to TNFa are exacerbated by expo-
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Fig. 8. Mitochondrial generation of oxygen radicals is inhibited by antioxidants. Hepatocytes were treated with 1 ug/mi TNFa for 3 hr.
Hepatocytes were harvested, and mitochondria were isolated as described in Materials and Methods. Mitochondria were incubated for 10 min at
room temperature with 10 um DCF and then pelleted and resuspended in 250 mm mannitol in PBS. Antioxidants (2.5 mm Trolox, 40 mm sodium
benzoate, and 250 um ascorbate) were added where indicated, and fluorescence was measured every 10 min for 30 min. Fluorescence is
expressed as fluorescence units normalized by the specific activity of GDH. A, Oxygen radical generation over time from control and TNFa-treated
hepatocytes. Values represent mean * standard deviation of triplicate samples. B, Inhibition of oxygen radical generation by antioxidants. Values
represent mean * standard deviation of triplicate samples after 90 min. *, Values significantly different from control (p < 0.05). #, Values

significantly different from TNFa-treated hepatocytes (p < 0.05).
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Fig. 9. Cytokine activation of NF-«kB is inhibited by antioxidants.
Hepatocytes were treated with 1 ug/ml TNFa, 100 units/ml IFN, and 50
units/ml IL-1 in the presence and absence of an antioxidant mixture (2.5
mm Trolox, 250 um ascorbic acid, and 10 mm sodium benzoate). After
1 hr, hepatocytes were harvested, nuclear proteins were extracted, and
NF-«B binding activity was measured as described in Materials and
Methods. Specific NF-xB binding was determined as the radioactive
band that was eliminated when excess unlabeled NF-«B consensus
oligonucleotide was added to the incubations. This band was not
affected by the addition of mutated NF-«xB oligonucleotide. Densitom-
etry values for the specific NF-«xB binding were 34 ADU for control, 86
ADU for cytokines, and 58 ADU for cytokines-antioxidants.

sure to IFNvy released by T lymphocytes (29). The increase in
TNFa is followed by a slower, sustained increase in IL-18
(21). TNFa and IL-1B8 act cooperatively to induce both each
other and other cytokines, including IL-6. This immunologi-
cal activation stimulates a group of proteins referred to as
the acute phase proteins. IL-6 is a key mediator of the acute
phase response (30). However, the failure of IL-6 to induce
NOS suggests that NOS is not part of the acute phase re-
sponse. Similarly, studies have shown that chemical agents
that induce the acute phase response in hepatocytes do not
induce NOS (31).

Previous studies in our laboratory have established the
importance of reactive oxygen intermediates in TNFa induc-
tion of NOS2 in rat hepatocytes (15). In the current study, we
demonstrated directly that TNFa stimulates the mitochon-
drial generation of oxygen radicals and that oxygen radical
formation is inhibited by a specific antioxidant mixture.
Components of this mixture have been shown to diminish the
oxidative effects of TNFa in hepatocytes (15, 16). Additional
experiments were conducted with this antioxidant mixture to
explore the role of oxygen radicals in NOS2 induction by

Characterization and Regulation of Hepatic NOS 283

various cytokines. It was found that NOS2 induction by
TNFa, IL-18, IFNy, and LPS was inhibited by the antioxi-
dant mixture, although the extent of inhibition varied with
the cytokine. The inhibition ranged from 100% with TNFa to
<50% with IFNy. This is consistent with reports that the
regulatory region of the NOS2 gene contains consensus ele-
ments for activation by interferons and LPS (17, 18). Never-
theless, antioxidants inhibited NOS2 induction by the com-
plete mixture of cytokines plus LPS by 71%. These results
suggest that all of the cytokines tested act, at least in part,
through the generation of oxidants and that antioxidants are
effective inhibitors of NOS2 induction by a combination of the
major inflammatory cytokines. Oxidative stress has been
linked to the regulation of inducible genes by the activation of
NF-«B and activator protein-1 (25, 32). Binding elements for
these trans-acting factors are found in the promoter of mu-
rine macrophage NOS2 (17, 18), and NF-«B activation has
been shown to play a role in NOS2 induction by cytokines in
macrophages (33). Links between NOS2 induction in hepa-
tocytes and NF-«B induction have not been established. In
the current study, cytokines were found to activate NF-«xB in
cultured rat hepatocytes. Experiments to explore the mech-
anism of antioxidant action showed that NF-«B activation, as
well as NOS2 induction, was inhibited by the antioxidant
mixture that was used. One source of the oxygen radicals is
the mitochondrial electron transport chain, as indirectly sug-
gested by earlier studies (15, 34) and demonstrated in the
current study. Interestingly, it has recently been shown that
oxidant stress in mitochondria can promote extramitochon-
drial activation of NF-xB (35). How this occurs and the mo-
lecular mechanism by which cytokines enhance mitochon-
drial generation of oxygen radicals remain to be elucidated.
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