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Abstract—To determine the difference in induction of inducible nitric oxide synthase (iNOS) mRNA expression in cultured
vascular cells of different species, the expression of iNOS genes and their regulatory mechanisms in rat, human, bovine, and
rabbit vascular endothelial cells and smooth muscle cells (SMC) were studied by Northern blotting, chloramphenicol
acetyltransferase (CAT) assay, and electrophoretic mobility shift assay (EMSA). Qualitative estimation of iNOS mRNA by
Northern-blot analysis demonstrated that the combination of interleukin-18 (IL-1f), tumor necrosis factor-o. (TNF-a),
and lipopolysaccharides (LPS) drastically induces iNOS expression in rat and human SMC, and a more moderate effect was
observed for endothelial cells; the effect of IL-1 alone was much weaker than that of the three factors. IL-1p alone or a
mixture of IL-1B, TNF-o, and LPS both showed negligible effect on iNOS expression in bovine and rabbit vascular
endothelial cells and SMC. Results of CAT assay corresponded well with Northern analysis indicating 7-fold increase in
CAT activity by the mixture of IL-13, TNF-a, and LPS in SMC and more moderate, 2-fold increase, in endothelial cells.
IL-1p alone produced an intermediate effect (less than 2-fold) on vascular SMC of rats and humans. The results of EMSA
showed that two shifted bands appeared when the nuclear protein from rat and human vascular endothelial cells bound to
the region from —1037 to —787 of the rat iNOS gene, while vascular SMC nuclear protein only produced a single shifted
band under the same conditions. These results suggest that cell- and species-specific mechanisms exist in the induction of

iNOS expression.
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Nitric oxide (NO) is a potent vasodilator. It can be
generated by at least two types of nitric oxide synthase
(NOS) in vascular cells (see [1-3] for reviews). A constitu-
tively expressed enzyme is present predominantly in
healthy endothelial cells. The release of NO by this type of
enzyme is necessary to maintain normal vascular tone. In
addition, an isoform of NOS can be induced by certain
inflammatory mediators (interleukin-1f (IL-1p), tumor
necrosis factor-o. (TNF-a), interferon-y (IFN-y), and
endotoxin) in most types of vascular cells. However, it is
not clear whether iNOS gene expression in response to
specific cytokines is regulated identically in vascular
endothelial cells and vascular smooth muscle cells (SMC)
of the same species and in the same cell types in different
species [4, 5]. In the present study, the expression of iNOS
genes and their regulatory mechanisms by inflammatory

Abbreviations: NOS) nitric oxide synthase; iNOS) inducible
NOS; IL-1B) interleukin-1f3; TNF-o) tumor necrosis factor-a;
IFN) interferon; LPS) lipopolysaccharides; EC) endothelial
cells; SMC) smooth muscle cell; CAT) chloramphenicol acetyl-
transferase; EMSA) electrophoretic mobility shift assay.
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mediators in human, rat, bovine, and rabbit vascular
endothelial cells and vascular SMC were investigated by
determining iNOS mRNA level, the activity of the specif-
ic transcriptional factor, and the ability of iNOS gene pro-
moter to direct reporter expression in each cell type.

MATERIALS AND METHODS

Materials. All cell culture reagents were obtained
from GIBCO-BRL. Chloramphenicol, o-nitrophenyl-f3-
D-galactopyranoside (ONPG), lipopolysaccharides (LPS,
E. coli 055:B;), and type IV collagenase were purchased
from Sigma (USA). [a-**P]dCTP and [a-**P]dATP (3000 Ci/
mmol) were supplied by DuPont NEN (USA). [*H]Acetyl
CoA and nylon nucleic acid transfer membrane (Hybond)
were purchased from Amersham Corp. (England). TNF-a
and IL-1p were from Boehringer Mannheim (Germany),
and restriction endonucleases, phage T, DNA polymerase,
and Klenow fragment were from Promega (USA). The rat
iNOS cDNA fragment in pUC19 was generously provided
by Dr. Takashi Osumi (Himeji Institute of Technology,
Hyogo, Japan).
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INDUCTION OF iNOS IN VASCULAR CELLS

Cell culture. Vascular SMC and endothelial cells
were derived by enzymatic digestion of segments of artery
or vein from a variety of species—human, rat, bovine, and
rabbit—by standard procedures [6, 7]. Human endothe-
lial cells were harvested from umbilical vein, and the
other endothelial cells were from aorta by digestion with
collagenase and dispase. Human, rat, bovine, and rabbit
vascular SMC were isolated and cultured as described
previously [8]. Endothelial cells were cultured in
endothelial cell growth media (EGM) supplemented with
20% fetal bovine serum at 37°C in 5% CQO,. Vascular SMC
were cultured in M199 with 10% fetal bovine serum,
penicillin (50 U/ml), and streptomycin (50 pg/ml) in a
humidified atmosphere of 5% CO, at 37°C. For all exper-
iments, cells of less than six passages were used.

Northern-blot analysis of iNOS mRNA. The two
types of cells were grown to 80% confluence and washed
with Hanks’ balanced salt solution before incubation for
12 h in fresh medium 199 or EGM containing 10 ng/ml
IL-1B, 25 ng/ml TNF-a, and 30 pg/ml LPS. Total cellu-
lar RNA was isolated using guanidine isothiocyanate [9].
Equal amounts of RNA (25 pg) from each preparation,
including the control of each cell type, were subjected to
electrophoresis in 1% agarose gels and transferred
overnight onto Hybond nylon membranes by capillary
action. The labeled iNOS probe, with [a-?P]dCTP by
random oligonucleotide-primed synthesis, was incubated
with the nylon membranes at 42°C in 5x SSPE,
5% Denhardt’s solution, 50% formamide, 0.1% SDS, and
100 pg/ml salmon sperm DNA for 24 h. The membranes
were rinsed twice with 5x SSPE, 0.5% SDS at room tem-
perature, following by two washes with 0.1x SSPE, 1%
SDS for 10 min each at 65°C prior to autoradiography.

Transfection of vascular cells and determination of
CAT activity in transfected cells. The rat iNOS promoter
(nucleotides —1037 to —438) was liberated as a
HindIII/Pstl fragment from the rat iNOS gene 5'-flank-
ing region (J. K. Wen and M. Han, unpublished data) and
ligated into pCAT-basic (Promega) to create pNOS-CAT.

Cells of the different species were grown to 90% con-
fluence in 60-mm tissue culture Petri dishes and trans-
fected with 10 pg of pNOS-CAT by the calcium phos-
phate coprecipitation method as described by Wigler et al.
[10]. IL-1B, TNF-a, and LPS were added, as described
above, to the medium 36 h after transfection, plates were
incubated at 37°C for another 12 h, and then the cells
were harvested. In each experiment, an expression vector
containing the P-galactosidase gene, pCMVp, was
cotransfected as an internal control. B-Galactosidase was
assayed as described by Sambrook et al. [11].

The CAT content of cell lysates was assayed by a liq-
uid scintillation counting-based assay (Promega) as
described in the manufacturer’s protocol. Values from
control reactions were subtracted from all results.
Determinations were standardized by protein content and
B-galactosidase activity of each sample. Results are

BIOCHEMISTRY (Moscow) Vol. 65 No. 12 2000

1377

expressed as the n-fold increase in CAT activity following
the specified cytokine treatment.

Preparation of nuclear extracts and electrophoretic
mobility shift assay (EMSA). Nuclear extracts of various
cells were prepared 3 h after exposure to IL-1p, TNF-a,
and LPS, as described above, according to Spink et al.
[12], in the presence of leupeptin (10 pg/ml), antipain
(5 pg/ml), pepstatin (5 pg/ml), and phenylmethylsul-
fonyl fluoride (1 mM). Protein concentrations of nuclear
extracts were determined according to Bradford [13]. The
5'-flanking region of the rat iNOS gene (nucleotides
—1037 to —787), containing TNF-oa-responsive ele-
ments, [FN-y-responsive elements, NF-«xB DNA-bind-
ing consensus sequences, and IFN-a-stimulated respon-
sive elements was liberated as a EcoRI/Sau3Al fragment.
The resultant cohesive ends were in-filled with Klenow
fragment using [a-?P]dATP as the label. The probe was
resuspended in TE buffer.

The binding reactions were performed at room tem-
perature in a volume of 20 pl containing 10% glycerol,
25 mM HEPES, pH 7.9, 0.5 mM EDTA, 0.5 mM dithio-
threitol, 0.1 M NaCl, 2 mg/ml poly(dI-dC), 1 pg/ml
pepstatin, antipain, and aprotinin, 1 mM phenylmethyl-
sulfonyl fluoride, and 10 pg nuclear extract. A preincuba-
tion of 5 min was allowed prior to adding 0.5 pl of the
labeled DNA probe, and the incubation was continued
for a further 20 min. DNA—protein complexes were sep-
arated on native 5% polyacrylamide gels in 0.5x Tris
borate buffer containing EDTA.

RESULTS

The iNOS gene in vascular cells of different species
exhibits markedly distinct expression activity. Under nor-
mal circumstances, cultured rat, human, bovine, and rab-
bit vascular endothelial cells and vascular SMC possessed
no detectable iNOS mRNA. As shown in Fig. 1, stimula-
tion with IL-1f alone as well as combined administration
with IL-1B, TNF-a, and LPS could markedly induce
iNOS expression in rat and human vascular endothelial
cells and vascular SMC. The effect of a single factor on
iNOS expression, however, was weaker than that of the
three inflammatory mediators combined. Furthermore,
under the same conditions, the induction of iNOS
expression in rat and human vascular SMC was much
higher than in the corresponding vascular endothelial
cells. Whether IL-1p alone or a mixture of IL-13, TNF-
o, and LPS hardly stimulated iNOS expression in bovine
and rabbit vascular endothelial cells and vascular SMC
(results not shown).

Significant differences in transcriptional regulation of
iNOS gene exist in vascular cells of different species. As
shown in Fig. 2, after rat and human vascular SMC trans-
fected with the pNOS-CAT were exposed to IL-1f alone,
CAT activity increased 4-fold, and it reached 7-fold in
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Fig. 1. Northern-blot analysis of iNOS mRNA in vascular cells
of different species following stimulation with inflammatory
mediators. EC, vascular endothelial cells; com., combination
of IL-1B + TNF-a + LPS. 1) Rat EC; 2) rat EC + IL-18; 3)
rat EC + com.; 4) human EC + IL-1f; 5) human EC + com.;
6) human EC; 7) rat SMC; 8) rat SMC + IL-1f; 9) rat SMC +
com.; /0) human SMC + com.; //) human SMC + IL-1p; 12)
human SMC.
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Fig. 2. Induction of CAT activity by IL-1p and IL-1 + TNF-
o + LPS in vascular cells transfected with pNOS-CAT: /) rat
EC; 2) human EC; 3) rat SMC; 4) human SMC.
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Fig. 3. Effect of IL-18 + TNF-a + LPS on DNA-binding
activity of nuclear factors in vascular cells of different species:
1) rat EC+ IL-18 + TNF-a + LPS; 2) rat EC (control); 3)
human EC + IL-1B + TNF-a + LPS; 4) human EC (control);
5) rat SMC (control); 6) rat SMC+ IL-1B + TNF-a + LPS; 7)
human SMC (control); § human SMC+ IL-1p + TNF-a +
LPS; 9) same sample as for lane & incubated with 50-fold
excess of specific competitive polynucleotide; 70) 100-fold
excess of specific competitive polynucleotide.
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these two types of SMC stimulated by the combination of
IL-1B, TNF-a, and LPS. The three inflammatory medi-
ators could induce CAT to 2-fold over basal levels, but
IL-1B alone was ineffective in rat and human vascular
endothelial cells. However, a combination of IL-1j,
TNF-a, and LPS had no effect on CAT activity in bovine
and rabbit vascular cells (data not shown).

EMSA demonstrated that the nuclear extracts from
human and rat vascular cells treated with a mixture of IL-
1B, TNF-a, and LPS could bind to the 5'-flanking region
of the rat iNOS gene (nucleotides —1037 to —787). As
shown in Fig. 3, two shifted bands appeared when human
and rat vascular endothelial cell nuclear extracts bound to
the probe, whereas SMC nuclear proteins only produced
one shifted band under the same conditions. These shift-
ed bands could be abolished in the presence of 50-fold
molar excess of unlabeled specific competitor, suggesting
that both human and rat vascular SMC and endothelial
cell nuclear extracts contain some protein component(s)
that could specifically bind to a 250-base pair region
extending from position —1037 to —787 of the rat iNOS
gene.

DISCUSSION

Previous work has demonstrated that certain inflam-
matory mediators can stimulate the expression of the
iNOS gene in most types of cell present in the blood ves-
sel wall [1, 2]. Until now, however, iNOS induction in
vascular endothelial cells and vascular SMC has mostly
been studied in rats [14]. Little is known about whether
there are differences in the responses of vascular cells of
different species to inflammatory mediators [4, 15]. In
the present study, we simultaneously compared iNOS
induction in human, rat, bovine, and rabbit vascular
endothelial cells and vascular SMC and provided evi-
dence that iNOS expression is regulated differently in rat
and human vascular SMCs stimulated with IL-1p, TNF-
o, and LPS compared to their endothelial cells stimulat-
ed with the same factors (summarized in table).

Under our experimental conditions, bovine and rab-
bit vascular cells barely generated significant amounts of
iNOS mRNA in response to the mixture of the three
inflammatory mediators. Thus, we speculate that cell-
and species-specific mechanisms exist in the regulation of
iNOS expression.

We performed transfection studies with a cloned 5’
region of the rat iNOS gene (pNOS-CAT), which con-
tains multiple consensus sites for transcription factors,
including the NF-kB site, TNF-a responsive element,
IFN-y response element, and [FN-a-stimulated respon-
sive element. The results indicate that induction of CAT
enzyme by the inflammatory mediators in transfected
vascular cells also reveal cell- and species-specific differ-
ences. To explore the molecular mechanisms contributing
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Effect of IL-1B, TNF-a, and LPS on iNOS mRNA
level, CAT activity, and nuclear factors

Method and Rat Human Rat Human
conditions SMC SMC EC EC
RNA
IL-1B + + + +
Combination ++++ ++++ +++ +++
EMSA
Combination 1 band 1 band 2 bands 2 bands
CAT
IL-1B ++ ++ — —
Combination +++ +++ + +

Note: EC, vascular endothelial cells; combination, a combination of
IL-1B, TNF-a, and LPS.

to these differences, we observed the induction of binding
activities of nuclear factors in EMSA with the upstream
sequence of the rat iNOS gene (nucleotides —1037 to
—787) when the cells were stimulated with a mixture of
IL-1B, TNF-a, and LPS. The results of EMSA revealed
that these mediators could induce novel binding activities
in human and rat but not bovine and rabbit vascular
endothelial cells and SMC. According to the binding pat-
tern of nuclear factors with the probe in EMSA, nuclear
factors activated by the inflammatory mediators and/or
the interaction of nuclear factors with cis-acting elements
might be different between vascular endothelial cells and
vascular SMC. The degree of expression of the iNOS
gene is dependent on the interactions of its regulatory
regions with nuclear factors. Therefore, heterogeneity of
nuclear factors is probably the molecular basis for the dif-
ference in induction of iNOS mRNA expression in vas-
cular cells of different species. In summary, regulation of
iNOS expression involves complex interactions of nuclear
factors with cis-acting elements. Understanding the pre-
cise mechanisms of vascular iNOS induction may be
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helpful in the development of new therapeutic strategies
for some vascular diseases.
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