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The effect of gamma interferon (IFN-g), tumor necrosis factor alpha (TNF-a), and lipopolysaccharide (LPS)
on nitric oxide (NO) production in the mouse vascular aortic endothelial cell line END-D was examined. LPS,
TNF-a, and a low concentration of IFN-g inhibited NO production in END-D cells, while a high concentration
of IFN-g definitely enhanced it. The NO production induced by a high concentration of IFN-g was further
augmented by using IFN-g in combination with LPS or TNF-a. In sequential incubations of LPS and IFN-g,
the enhancement of NO production required prior treatment with IFN-g. Stimulation of END-D cells with a
high concentration of IFN-g led to the expression of inducible NO synthase (iNOS). The augmentation of NO
production by IFN-g alone or in combination with LPS or TNF-a was completely blocked by several inhibitors
of iNOS. It was strongly suggested that a high concentration of IFN-g itself enhanced NO production in END-D
cells through inducing the expression of iNOS. LPS and TNF-a exclusively modulated the activity of iNOS once
its expression was triggered by IFN-g. On the other hand, a low concentration of IFN-g, LPS, and TNF-a
reduced NO production through down-regulating constitutive NOS (cNOS). The differential regulation of
cNOS- and iNOS-mediated NO production by IFN-g, TNF-a, and LPS is discussed.

Nitric oxide (NO) exhibits a wide range of important func-
tions in vivo, acting as a releasing factor mediating vasodila-
tion, a neuronal messenger molecule, and a major regulatory
molecule and principal cytotoxic mediator of the immune sys-
tem (3, 9, 17). NO is synthesized by constitutively expressed
NO synthase (cNOS) for short periods of time. On the other
hand, it is also synthesized by an inducible isoform of NOS
(iNOS) that, once expressed, produces NO for long periods of
time (17, 22). NO production with cNOS and iNOS is regu-
lated in a complicated fashion by various stimuli. The best-
studied example of the regulation of NO production almost
certainly involves murine macrophages (21). It has been estab-
lished that NO production is enhanced by gamma interferon
(IFN-g), tumor necrosis factor alpha (TNF-a), and lipopoly-
saccharide (LPS) in vitro (20, 26). Further, their combination
augments NO production markedly in murine macrophages
(20, 26). Several cytokines (interleukin 4, interleukin 10, and
transforming growth factor b) are also known to modulate NO
production directly (10, 22, 31). The extent of their effect,
however, seems to vary dramatically under various experimen-
tal conditions.

With the discovery of endothelial cell-derived NO, it was
found that vascular endothelial cells are capable of producing
NO and play an active role in the regulation of vascular tone
(11, 16). In addition to its role in the regulation of vasomotor
function, NO is also important in the progression of a wide
variety of diseases. The activity of cNOS allows for constitutive
low-level production of NO by unstimulated vascular endothe-
lial cells and is thought to be fundamental for the maintenance
of a nonthrombogenic surface and the inhibition of cell adhe-

sion to the endothelium (22). Vascular endothelial cells stim-
ulated with various agents (LPS, cytokines, and growth factors)
begin to accumulate mRNA encoding iNOS several hours fol-
lowing agonist stimulation (4, 25, 29, 34, 35). NO produced by
both cNOS and iNOS increases endothelial cell permeability,
and the increased permeability allows the accumulation of
growth factors necessary for stimulation of mitogenesis and
tissue repair (22). However, we have recently used endotoxin-
induced hepatic injury as an experimental endotoxic shock
model (23) to demonstrate that the expression of iNOS and
peroxynitrite-induced nitrotyrosine is detected mainly around
blood vessels. NO produced by iNOS in vascular endothelial
cells might play a critical role in endotoxin-induced tissue in-
jury. The regulation of NO production by cNOS and iNOS in
vascular endothelial cells remains a complex issue. In the
present study, we examined the effect of IFN-g, TNF-a, and
LPS on NO production by using the mouse vascular aortic
endothelial cell line END-D (24) because of the difficulty of
obtaining normal vascular endothelial cells from mice and
demonstrating the expression of iNOS in human cells.

MATERIALS AND METHODS

Reagents. Murine recombinant IFN-g and TNF-a were purchased from R&D
Systems (Minneapolis, Minn.) and Wako Pure Chemicals (Osaka, Japan), re-
spectively. LPS from Escherichia coli O55:B5 was purchased from Difco Labo-
ratories, Detroit, Mich. Polyclonal rabbit antibody against iNOS was obtained
from Affinity Bioreagents, Neshanic Station, N.J. L-N6-(1-Lminoethyl)-lysine
(L-NIL) and NG-monomethyl-L-arginine (L-NMMA) were obtained from Alexis,
San Diego, Calif., and Dojindo, Kumamoto, Japan, respectively. Hydrocortisone
and SB203580 were purchased from Sigma, St. Louis, Mo., and Calbiochem, San
Diego, Calif., respectively.

Cell culture. The murine aortic endothelial cell line END-D, kindly provided
by K. Kimata, Institute for Molecular Science of Medicine, Aichi Medical Uni-
versity, was maintained in Dulbecco’s minimal essential medium (Sigma) con-
taining 10% heat-inactivated fetal calf serum and antibiotics. Heat inactivation
was performed at 60°C for 30 min. END-D cells were positive for vascular cell
adhesion molecule 1 and intercellular adhesion molecule 1 and negative for
E-selectin. They were reported to be suitable for vascular development and
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diseases (24). The cells were treated with trypsin-EDTA solution (Gibco BRL,
Grand Island, N.Y.) to prepare the cell suspension. The cells were cultured in
24-well (5 3 104 cells per 0.5-ml well) or 96-well (2 3 104 cells per 200-ml well)
plastic plates overnight and used for various experiments. For all experiments,
Dulbecco’s minimal essential medium supplemented with 10% heat-inactivated
fetal calf serum and antibiotics was used as the culture medium for END-D cells.

Estimation of nitrite concentration. Nitrite in the supernatant was measured
in a microplate reader by the Griess method, as described elsewhere (32).
Potassium nitrite diluted in culture medium was used as a standard. The con-
centration of nitrite was expressed as the mean value of triplicate readings 6 the
standard deviation.

Immunoblotting. Cell pellets were suspended at a concentration of 2 3 107

cells/ml in a lysis buffer containing 0.5% Nonidet P-40, 0.15 M NaCl, 0.05 M Tris,
and 5 mM EDTA at pH 8.0 for 30 min at 4°C. The insoluble debris was removed
by microcentrifugation at 10,000 3 g for 10 min at 4°C. Cell lysates were diluted
with an equal volume of sample buffer containing 0.5 M Tris, 10% glycerol, 2%
sodium dodecyl sulfate, 2% 2-mercaptoethanol, and 0.05% bromophenol blue
and boiled for 2 min. Samples were separated under reducing conditions by
electrophoresis in a 6% polyacrylamide gel. Proteins separated by gel electro-
phoresis were transferred to a membrane by electroblotting (33). The mem-
branes were blocked with 5% skim milk in phosphate-buffered saline. After
washing in phosphate-buffered saline containing 0.05% Tween 20, they were
treated with a 1:2,000 dilution of anti-iNOS antibody and then washed three
times. The resulting immune complexes were reacted with a 1:2,000 dilution of
horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin antibody
(Bio Source International, Camarillo, Calif.). Finally, labeled antigen bands were
detected by an ECL reagent (Amersham, London, United Kingdom). A
prestained low-molecular-weight standard kit from Nippon Bio-Rad Laborato-
ries, Tokyo, Japan, was used as a reference.

Statistical analysis. Data were compared and analyzed by Student’s t test, and
P values less than 0.001 were considered significant.

RESULTS

NO production in END-D cells stimulated with IFN-g,
TNF-a, and LPS alone or in combination. Nitrite in culture
supernatants was measured to determine the amount of NO
production in END-D cells stimulated with LPS (10 mg/ml),
IFN-g (20 ng/ml, 200 U, and TNF-a (10 ng/ml) alone or in
combination for 2 or 4 days (Fig. 1). LPS and TNF-a inhibited
NO production of END-D cells at 2 days. Treatment with
combined LPS and TNF-a also inhibited NO production of
END-D cells. The possibility that reduced NO production was
due to injury of END-D cells was excluded, since there was no
significant difference in the morphology and growth rates of
untreated END-D cells and those stimulated with LPS and/or
TNF-a. On the other hand, stimulation with combined IFN-g
and LPS or IFN-g and TNF-a markedly enhanced NO pro-

duction of END-D cells at 2 and 4 days, although IFN-g alone
did not affect NO production.

NO production in END-D cells stimulated with various con-
centrations of IFN-g, TNF-a, and LPS. NO production was
determined for cultures of END-D cells stimulated with vari-
ous concentrations of LPS, IFN-g, and TNF-a for 4 days (Fig.
2). LPS and TNF-a definitely reduced NO production of
END-D cells at all concentrations tested. On the other hand,
IFN-g exhibited contrary effects on NO production, depending
on its concentration. A relatively low concentration (0.1 or 1
ng/ml) of IFN-g significantly reduced NO production of
END-D cells, whereas a relatively high concentration (50 or
100 ng/ml) of IFN-g enhanced NO production. IFN-g at the
intermediate concentration (10 ng/ml) did not significantly al-
ter NO production. This was consistent with the result shown
in Fig. 1.

FIG. 1. NO production in END-D cells stimulated with IFN-g, TNF-a, and
LPS alone or in combination. Nitrite was measured in the culture supernatants
from cells stimulated with LPS (10 mg/ml), IFN-g (20 ng/ml), and TNF-a (10
ng/ml) alone or in combination for 2 or 4 days.

FIG. 2. NO production in END-D cells stimulated with various concentra-
tions of IFN-g, TNF-a, and LPS. Nitrite was measured in the culture superna-
tants from cells stimulated with various concentrations of LPS, IFN-g, and
TNF-a for 4 days. Concentrations are given as mass of substance per milliliter.
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Time course of NO production in END-D cells stimulated
with IFN-g, TNF-a, and LPS. A time course of NO production
in END-D cells stimulated with LPS (10 mg/ml), IFN-g (1 and
100 ng/ml), or TNF-a (10 ng/ml) was followed for 6 days (Fig.
3). Treatment of END-D cells with a high concentration of
IFN-g (100 ng/ml) induced an increase in NO production in a
time-dependent fashion. NO production in untreated END-D
cells also increased gradually, although its intensity was much
lower than that of END-D cells stimulated with IFN-g.
END-D cells stimulated with LPS, TNF-a, and a low concen-
tration of IFN-g (1 ng/ml) produced less NO than untreated
END-D cells did, and there was no significant difference in
reduced NO production among them.

NO production in END-D cells stimulated by sequential
incubation with LPS and IFN-g. We demonstrated above that
IFN-g and LPS synergistically enhanced NO production in
END-D cells. To verify the synergism between LPS and IFN-g,
the effect of sequential incubations with LPS (10 mg/ml) and a
low (1-ng/ml) or high (100-ng/ml) concentration of IFN-g on
NO production was examined (Fig. 4). Exposure of END-D
cells to LPS for 1 or 2 days followed by the addition of a high
concentration of IFN-g did not exhibit a synergistic effect on
NO production (Fig. 4A). Rather, it gave lower values than
treatment with IFN-g alone. The pretreatment with LPS
seemed to counteract the enhancement of NO production by
IFN-g. In addition, the sequential treatment with LPS and a
low concentration of IFN-g suppressed NO production in
END-D cells, like the individual treatments did.

Next, the effect of the reversed order of sequential incuba-
tions with a low or high concentration of IFN-g and LPS on
NO production was examined (Fig. 4B). The exposure of
END-D cells to IFN-g (100 ng/ml) for 1, 2, or 3 days followed
by the addition of LPS further augmented IFN-g-triggered NO
production. LPS, which by itself exhibited an inhibitory action,
definitely enhanced NO production in IFN-g-pretreated
END-D cells. However, the enhancing effect of LPS was not
seen in END-D cells pretreated with a low concentration (1
ng/ml) of IFN-g. It was concluded that a high concentration of
IFN-g provided a critical signal to trigger NO production to

END-D cells, and LPS exhibited an enhancing action on the
cells once NO production was triggered by IFN-g.

Detection of iNOS expression in END-D cells stimulated
with IFN-g, TNF-a, and LPS. Two different NOSs, cNOS and
iNOS, are known to participate in the NO production of vas-
cular endothelial cells (22). Therefore, we studied the expres-
sion of iNOS in END-D cells stimulated with IFN-g, TNF-a,
and LPS alone or in combination by an immunoblotting
method in order to verify the participation of iNOS in the
augmentation of NO production. As shown in Fig. 5, the im-
munoblotting analysis clearly demonstrated the expression of
iNOS (with a molecular mass of 130 kDa) in END-D cells
stimulated with a high concentration (100 ng/ml) of IFN-g or
combined IFN-g and LPS or IFN-g and TNF-a. On the other
hand, no expression of iNOS was detected in untreated
END-D cells or those treated with LPS, TNF-a, or a low
concentration of IFN-g (1 ng/ml). Therefore, we concluded
that a high concentration of IFN-g induced the expression of
iNOS and enhanced NO production through iNOS and that
LPS and TNF-a augmented NO production via IFN-g-induced
iNOS expression.

Inhibitory effect of L-NIL and L-NMMA on NO production
in END-D cells stimulated with IFN-g, TNF-a, and LPS. It
was suggested that a high concentration of IFN-g triggered the
expression of iNOS and that LPS and TNF-a further enhanced
NO production through IFN-g-induced iNOS expression. It
was of interest to determine whether or not the specific inhib-
itors of iNOS prevented NO production in END-D cells
treated with IFN-g alone or with combined IFN-g and LPS or
IFN-g and TNF-a. The addition of either L-NIL (500 mM) or
L-NMMA (100 mM) definitely reduced NO production in stim-
ulated END-D cells but did not inhibit NO production in
untreated END-D cells (Fig. 6). Once again, the finding
strongly suggested that the enhanced NO production in stim-
ulated END-D cells was due to iNOS expression triggered by
IFN-g.

Inhibitory effect of hydrocortisone on NO production in
END-D cells stimulated with IFN-g alone or with combined
IFN-g and LPS. Based on the inhibitory effect of hydrocorti-
sone on the activity of iNOS (2, 28), the effect of hydrocorti-
sone on NO production in END-D cells stimulated with IFN-g
alone or with combined IFN-g and LPS was studied (Fig. 7).
Hydrocortisone markedly reduced NO production of END-D
cells in a dose-dependent manner. The addition of hydrocor-
tisone at 100 ng/ml completely blocked the enhancement of
NO production in stimulated END-D cells.

Inhibitory effect of SB203580, an inhibitor of p38 MAPK, on
NO production in END-D cells stimulated with IFN-g. We
studied the signaling pathway involved in NO production of
END-D cells by IFN-g. SB203580, PD98059, and genistein
were used as the inhibitors of p38 mitogen-activated protein
kinase (MAPK), extracellular signal-regulated kinase 1/2
MAPK, and tyrosine kinase, respectively. As shown in Fig. 8,
the addition of SB203580 to END-D cells stimulated with
IFN-g or with combined IFN-g and LPS completely blocked
the enhancement of NO production. SB203580 exhibited no
toxic effect on the cell viability of END-D cells. However, the
effect of PD98059 and genistein on NO production was not
determined since their treatment was deleterious to END-D
cells.

DISCUSSION

The present study demonstrated that high concentrations of
IFN-g triggered high-level production of NO in END-D cells
through the induction of iNOS and that LPS and TNF-a fur-

FIG. 3. Time course of NO production in END-D cells stimulated with
IFN-g, TNF-a, and LPS. Nitrite was measured in the culture supernatants from
cells stimulated with LPS (10 mg/ml), IFN-g (100 ng/ml), or TNF-a (10 ng/ml) at
1, 2, 4, and 6 days after the addition of the substance.
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ther augmented NO production once iNOS was induced by
IFN-g. Therefore, we concluded that iNOS might play a piv-
otal role in high NO production of vascular endothelial cells
stimulated by high concentrations of IFN-g alone, combined
IFN-g and LPS, or combined IFN-g and TNF-a. This conclu-
sion was suggested by several lines of evidence: first, the im-
munoblotting analysis demonstrated the expression of iNOS
only in END-D cells stimulated by high concentrations of
IFN-g alone, combined IFN-g and LPS, or combined IFN-g
and TNF-a; second, L-NIL and L-NMMA, inhibitors specific
for iNOS, completely blocked the augmentation of NO pro-
duction in stimulated END-D cells; and third, hydrocortisone,
which is also known to inhibit the activity of iNOS, reduced
NO production in a dose-dependent fashion. It was strongly
suggested that the enhanced NO production in END-D cells
stimulated with high concentrations of IFN-g alone or in com-
bination with LPS and TNF-a was caused by the activity of
iNOS but not cNOS. In addition, iNOS from vascular endo-

thelial cells appeared to produce a lower level of NO than that
from macrophages.

It has been reported that IFN-g in combination with LPS or
TNF-a enhanced NO production in mouse vascular endothe-
lial cells (4, 25, 29, 34, 35). However, the individual actions of
IFN-g, LPS, and TNF-a are not well-documented. Walter et
al. (34) reported that treatment with IFN-g or LPS alone
suppresses cNOS-mediated NO production in a mouse vascu-
lar endothelial cell line and does not induce the expression of
iNOS. This indicates that IFN-g and LPS, which are unable to
trigger iNOS by themselves, can activate iNOS only when they
are combined. This is inconsistent with our finding in the
present study. We demonstrated for the first time that IFN-g at
a high concentration might trigger the expression of iNOS in
vascular endothelial cells by itself. Considering that IFN-g
itself initiates the activation of iNOS in vascular endothelial
cells, IFN-g might play a central role in switching from cNOS
to iNOS induction of NO production in vascular endothelial

FIG. 4. NO production in END-D cells stimulated with sequential incubations of LPS and IFN-g. Nitrite was measured in the culture supernatants from cells
stimulated sequentially with LPS (10 mg/ml) and a low (1-ng/ml) or high (100-ng/ml) concentration of IFN-g. (A) The cells were exposed to LPS for 1 or 2 days followed
by the addition of a low or high concentration of IFN-g. (B) The cells were exposed to a low or high concentration of IFN-g for 1, 2, or 3 days followed by the addition
of LPS.
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cells. LPS and TNF-a exclusively modulate the activity of
iNOS as the amplifier.

Treatment with LPS or TNF-a alone reduced NO produc-
tion in END-D cells. The reduction in NO production was not
due to damages to END-D cells by LPS and TNF-a. Therefore,
we suggested that LPS and TNF-a down-regulated the activity
of cNOS and reduced NO production, because unstimulated
END-D cells did not express iNOS. Furthermore, LPS ap-
peared to inhibit the induction of iNOS by IFN-g, since prior
treatment of END-D cells with LPS abolished IFN-g-mediated
enhancement of NO production. Normal endothelium secretes
a low level of NO that may inhibit cellular adhesion and con-
tribute to the maintenance of an antithrombogenic surface
(22). Reduced NO production by LPS, TNF-a, and low con-
centrations of IFN-g might result in the adhesion of inflam-
matory cells, including monocytes and neutrophils, to vascular
endothelial cells. On the other hand, LPS and TNF-a can
induce the expression of iNOS in those inflammatory cells and
enhance NO production markedly (20, 26). It is possible that

LPS shifts NO production from vascular endothelial cells to
inflammatory cells in such conditions.

SB203580, a highly specific p38 MAPK inhibitor, completely
blocked the iNOS-mediated NO production by IFN-g and
combined IFN-g and LPS. This indicated that p38 MAPK
might be involved in the induction of iNOS by IFN-g. The
involvement of ERK1/2 MAPK or tyrosine kinase was unclear
since treatment with PD98059 or genistein suspended in di-
methyl sulfoxide was harmful to END-D cells. Recently,
SB203580 has been reported to inhibit the induction of iNOS
by LPS in a macrophage cell line (1, 5, 6, 8). The p38 MAPK
and c-Jun NH2-terminal kinase/stress-activated protein kinase
are known to be key molecules in the signaling of LPS (13, 14,
18) and IFN-g (7, 15, 30), respectively. In the present study, we
demonstrated for the first time that p38 MAPK might be in-
volved in the signaling of IFN-g-mediated iNOS expression in
vascular endothelial cells. Further studies are needed to clarify
the exact relationship between IFN-g-induced expression of
iNOS and p38 MAPK.

The present study suggested the presence of a complicated
regulation of iNOS expression in vascular endothelial cells by

FIG. 5. Detection of iNOS expression in END-D cells stimulated with IFN-g,
TNF-a, and LPS alone or in combination. Cell lysates extracted from cells
stimulated with IFN-g (100 ng/ml), TNF-a (10 ng/ml), LPS (10 mg/ml), or a
combination were analyzed by an immunoblotting method using anti-iNOS an-
tibody. Note the iNOS band with a molecular mass of 130 kDa in the samples
from the cells treated with IFN-g, IFN-g and LPS, or IFN-g and TNF-a.

FIG. 6. Effect of L-NIL and L-NMMA on NO production in END-D cells
stimulated with IFN-g alone or in combination with LPS or TNF-a. Nitrite was
measured in the culture supernatants from cells stimulated with IFN-g (100
ng/ml) alone, IFN-g and LPS (10 mg/ml), or IFN-g and TNF-a (10 mg/ml) in the
presence of L-NIL (500 mM) or L-NMMA (100 mM) for 4 days.

FIG. 7. Effect of hydrocortisone on NO production in END-D cells stimu-
lated with IFN-g alone or combined IFN-g and LPS. Hydrocortisone was added
to the cultures at concentrations of 1, 10 and 100 ng/ml. Nitrite was measured in
the culture supernatants from cells stimulated with IFN-g (100 ng/ml) alone or
combined IFN-g and LPS (10 mg/ml) for 4 days.

FIG. 8. Effect of SB203580, an inhibitor of p38 MAPK, on NO production in
END-D cells stimulated with IFN-g. SB203580 (25 mM) was added to the
cultures of the cells stimulated with IFN-g (100 ng/ml) or IFN-g and LPS (10
mg/ml) for 4 days. Nitrite was measured in the culture supernatants.
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proinflammatory cytokines and LPS. However, it was unclear
whether the in vitro findings in the present study could be
applied to the in vivo phenomenon or not. Killer (cytotoxic)
NO is synthesized by iNOS, whereas signal (messenger) NO is
synthesized by cNOS. Recently, we have reported the partici-
pation of NO and peroxynitrite in LPS-induced hepatic injury
in D-galactosamine-sensitized mice (23). The expression of
iNOS was detected in vascular endothelial cells and hepato-
cytes of the livers. Further, NO also plays an important role in
the killing of pathogenic microorganisms (12, 19, 27). The
exact role of NO produced in vivo by iNOS in vascular endo-
thelial cells stimulated with IFN-g, TNF-a, and LPS alone or in
combination is still a matter for speculation.
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