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Long-term inhibition of nitric oxide synthesis increases
arterial thrombogenecity in rat carotid artery
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Kubo-Inoue, Mayuko, Kensuke Egashira, Makoto
Usui, Masao Takemoto, Kisho Ohtani, Makoto Katoh,
Hiroaki Shimokawa, and Akira Takeshita. Long-term
inhibition of nitric oxide synthesis increases arterial throm-
bogenecity in rat carotid artery. Am J Physiol Heart Circ
Physiol 282: H1478–H1484, 2002. First published November
29, 2001; 10.1152/ajpheart.00739.2001.—Reduced activity of
endothelial nitric oxide (NO) may be involved in thrombus
formation on atherosclerotic plaques, a major cause of acute
coronary syndrome. However, mechanisms of such increase
in arterial thrombogenecity have not been fully understood.
We previously reported that long-term inhibition of NO syn-
thesis by administration of NG-nitro-L-arginine methyl ester
(L-NAME) causes hypertension and activates vascular tissue
angiotensin-converting enzyme (ACE) activity. We used this
model to investigate the mechanism by which long-term
impairment of NO activity increases arterial thrombogenec-
ity. We observed cyclic flow variations (CFVs), a reliable
marker of platelet thrombi, after the production of stenosis of
the carotid artery in rats treated with L-NAME for 4 wk. The
thrombin antagonist argatroban suppressed the CFVs. The
CFVs were detected in rats receiving L-NAME plus hydral-
azine but not in rats receiving L-NAME plus an ACE inhib-
itor (imidapril). Treatment with the ACE inhibitor imidapril,
but not with hydralazine, prevented L-NAME-induced in-
creases in carotid arterial ACE activity and attenuated tissue
factor expression. These results suggest that long-term inhi-
bition of endothelial NO synthesis may increase arterial
thrombogenecity at least in part through angiotensin II-
induced induction of tissue factor and the resultant thrombin
generation. These data provide a new insight as to how
endothelial NO exhibits antithrombogenic properties of the
endothelium.

thrombosis; angiotensin-converting enzyme; tissue factor;
thrombin

OCCLUSIVE OR NONOCCLUSIVE thrombus formation on ath-
erosclerotic plaque is believed to be of prime impor-
tance in the cause of acute coronary syndrome as well
as the progression of atherosclerosis. Such thrombus
formation is triggered by endothelial dysfunction, by
exposure of plaque components or local mediators in
the subendothelial layers to blood components after

endothelial disruption (plaque rupture), or by systemic
blood factors (17, 25). Thus any interventions that may
reduce the risk of thrombus formation might be ex-
pected to improve patient outcomes. The antithrom-
botic effects of nitric oxide (NO) have been studied
mainly in in vitro conditions or in in vivo conditions
with acute blockade of NO activity. However, the
mechanisms by which long-term impairment of NO
activity can increase arterial thrombogenesis are not
fully understood.

Atherosclerosis has been demonstrated to be associ-
ated with endothelial dysfunction, which leads to the
abnormal production of NO. Endothelial NO has been
shown to regulate vascular tone and to inhibit platelet
aggregation, thrombus formation, leukocyte adhesion,
and vascular proliferation (3, 6, 7, 10, 11, 18). Recently,
we and others have reported that chronic inhibition of
NO synthesis by administration of NG-nitro-L-arginine
methyl ester (L-NAME) induces early inflammation
[monocyte infiltration, monocyte chemoattractant pro-
tein-1 (MCP-1) expression, and nuclear factor (NF)-�B
activation] and late cardiovascular remodeling through
increases in angiotensin-converting enzyme (ACE) and
angiotensin II activities in rats (14–16, 26, 28, 30).
Although angiotensin II is not a direct platelet agonist,
it is known that angiotensin II may increase arterial
thrombogenesis by activation of coagulation factors
such as tissue factor (TF) (4, 21) or by inhibition of
fibrinolytic factors via activation of plasminogen acti-
vator inhibitor-1 (PAI-1) or inhibition of plasminogen
activator (13, 21, 31) via angiotensin II type 1 receptor
stimulation. We have reported that ACE inhibition
with imidapril prevented gene expression, protein pro-
duction, and activity of PAI-1 in this model (13). How-
ever, it is unclear whether arterial thrombogenicity is
increased through angiotensin II activity in the rat
model of chronic inhibition of NO synthesis.

In the present study, we used this model to investi-
gate whether arterial thrombogenesis is increased in
the carotid artery of rats with chronic inhibition of NO
synthesis. We show here that cyclic flow variations
(CFVs), a reliable marker of platelet thrombus forma-
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tion (9), develop after stenosis-related damage in the
rat model. We further show that ACE inhibition pre-
vented the occurrence of CFVs through a decrease in
TF activity. Our present data suggest that angiotensin
II-induced expression of TF and the resultant produc-
tion of thrombin in the arterial wall may mediate
arterial thrombogenesis in this model.

METHODS

Animal model of chronic inhibition of NO synthesis. The
study protocol was reviewed and approved by the Committee
on Ethics on Animal Experiments, Kyushu University Fac-
ulty of Medicine, and the experiments were conducted ac-
cording to the Guidelines for Animal Experiments of Kyushu
University Faculty of Medicine. A part of this study was
performed at the Kyushu University Station for Collabora-
tive Research.

Five groups of 20-wk-old male Wistar-Kyoto rats were
studied. The control group received untreated chow and
drinking water. The second group (acute L) received L-NAME
intravenously (10 mg/kg) after the operation. The third group
(chronic L) received L-NAME in its drinking water (1 mg/ml)
(22, 26). The fourth group (L�Hyd) received L-NAME and
hydralazine (0.12 mg/ml) in its drinking water. The fifth
group (L�Imi) received L-NAME and the ACE inhibitor imi-
dapril (0.2 mg/ml) in its drinking water. We (13, 14, 26) have
previously reported that imidapril and hydralazine at the
dose used normalized the L-NAME-induced increase in sys-
tolic blood pressure.

On day 28 of treatment, systolic blood pressure and heart
rate (by the tail-cuff method) were measured. The rats were
then euthanized for physiological, morphometric, and bio-
chemical analyses.

Surgical preparation, introduction of stenosis, and his-
topathological analysis. Rats were anesthetized with pento-
barbital (50 mg/kg ip), and the right common carotid artery
was exposed. An ultrasonic transit-time flow probe (IRB1381,
Transonic Systems) was placed immediately distal to the
bifurcation of the common carotid artery, and its blood flow
was measured with a flowmeter (T106, Transonic System).

After the carotid blood flow (CBF) was recorded and was
stable for at least 30 min, stenosis was introduced with a 4-0
silk suture. The external surface of the common carotid
artery from 5 to 7 mm distal to the bifurcation was stenosed
(12). A piece of stainless steel needle was placed alongside
the exposed segment of the carotid artery, and a suture was
firmly placed around both the needle and the vessel; the
needle was then removed, leaving a narrowed lumen. A
needle 0.4 mm in diameter was used to introduce 75% steno-
sis. Before and after the stenosis was introduced, CBF was
monitored and recorded at least for 30 min, and the occur-
rence of CFVs was determined. In some rats in the control
group, more severe 90% stenosis was introduced. A needle 0.5
mm in diameter was used to introduce such severe stenosis.
CFVs were evaluated by their frequency (cycles per 30 min)
and by severity [average of the 3 lowest blood flow values
(nadir) relative to CBF before production of stenosis].

If CFVs were provoked and continued for at least 30 min in
rats of the chronic L group, either vehicle (5% glucose) or the
thrombin antagonist argatroban at 1 mg/kg was adminis-
tered intravenously to determine the role of thrombin in the
pathogenesis of CFVs. To determine whether the thrombo-
genic effect of L-NAME was related to inhibition of NO
synthesis, L-arginine at 70 mg/kg was administered intrave-
nously. We (28) previously reported that this dose of
L-arginine restored NO-generating capacity in rats with

chronic L-NAME treatment (28). If CFVs progressed to irre-
versible zero CBF, the rats were euthanized, and the carotid
arteries were harvested for histological analysis to demon-
strate histopathological evidence of thrombus formation. If
the animal did not develop CFVs or if the animal developed
CFVs in the absence of irreversible zero flow, the rat was
euthanized for histopathological examination of the carotid
arteries.

For histopathological analysis, the excised carotid arteries
were fixed for 3 days with 6% formaldehyde, dehydrated,
embedded in paraffin, and cut into 5-�m-thick sections. Sec-
tions were mounted on slides and stained with hematoxylin-
eosin solution. The whole area of all the histopathological
sections was scanned using a light Nikon Microphot-FXA. To
evaluate the thickening of the carotid artery wall, short-axis
images of the arteries were studied.

Platelet aggregation and prothrombin time determination.
To determine whether L-NAME affected platelet function,
the response to collagen was evaluated ex vivo in a different
set of animals. Five milliliters of blood were drawn into a
syringe containing 0.5 ml of 3.8% sodium citrate and centri-
fuged at 120 g for 20 min at room temperature to obtain
platelet-rich plasma (PRP). PRP was recentrifuged at 1,000 g
for 5 min to obtain platelet-poor plasma (PPP). Platelet
aggregation was measured turbidimetrically on a Chronolog
aggregometer and recorded on a linear recorder. The aggre-
gometer was calibrated by the use of PRP, and the test was
performed on 250 �l PRP in a Siliconized cuvette with con-
tinuous stirring. The platelet count in the PRP was adjusted
to 300,000 platelets/�l by dilution with PPP as needed. Ag-
gregation was induced in PRP in response to collagen (10
�g/ml) (23). Prothrombin time and activated partial throm-
boplastin time were measured in a Hemochron-80 Dual Co-
agulation System (International Technidyne). Serum fibrin-
ogen level and platelet count were measured by SRL.

Measurement of ACE and TF activities. In a separate set of
animals, ACE activities of the intact common carotid artery
were measured using a fluorometric assay (26). Tissue ACE
activity was calculated as nanomoles of His-Leu generated
per milligram of tissue weight per hour.

TF activities of the intact common carotid artery were also
assessed with the use of the Tissue Factor Activity Kit
(Product No. 846, ACTICHROME) according to the manufac-
turer’s instructions. This assay measures intact TF as well as
TF/factor VII and TF/factor VIIa complexes. Results are
expressed in picomoles per milligram of tissue weight.

PCR analysis of TF mRNA. In a separate set of animals,
total RNA from bilateral carotid arteries was reverse tran-
scribed (Pharmacia Biotech), and the resultant cDNA was
amplified by PCR with the following primers: sense primer
5�-GCAACCGAAACCCACCAACTAT-3� and antisense primer
5�-AACCTAGTGTCTT-CCCGCGTG-3�. PCR was carried out
with 20 cycles of denaturation at 93°C for 60 s, annealing at
60°C for 60 s, and polymerization at 72°C for 60 s. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA was ampli-
fied in the same way with the following primers: sense primer
5�-ACCACAGTCCATGCCATCAC-3� and antisense primer 5�-
TCCACCACCCTGTTGCT-GTA-3�. Each final PCR product
sample was electrophoresed on a 0.8% agarose gel and visual-
ized by ethidium bromide staining under ultraviolet (UV) light.
UV signals were scanned by a densitometer. Relative gene
expression was expressed as the ratio of TF mRNA to GAPDH
mRNA.

Statistical analysis. Results are expressed as means � SE.
Statistical analysis was performed using one-way ANOVA
followed by Fisher’s test for multiple comparison. A value of
P � 0.05 was considered statistically significant.
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RESULTS

Compared with the control group, the acute L and
chronic L groups showed a rise in systolic arterial
pressure. In the L�Hyd and L�Imi groups, systolic
arterial pressure did not change (Table 1). Basal CBF
was less in the acute L, chronic L, L�Hyd, and L�Imi
groups compared with the control group (Table 1).

Before introduction of stenosis, no CFVs were ob-
served in any rats from all five groups. After 75%
stenosis, CFVs were provoked 9 of 10 chronic L group
animals and 4 of 5 L�Hyd group animals but none of
control, acute L, or L�Imi group animals (Table 1).
After more severe 90% stenosis, no control animals
developed CFVs. Representative recordings of CFVs
are shown in Fig. 1.

In another set of experiments, chronic L group rats
displaying persistent CFVs for 30 min were randomly
assigned to receive intravenous argatroban (n � 6),
L-arginine (n � 3), or vehicle (n � 6). Administration of
argatoroban, but not vehicle, significantly reduced the
frequency and severity of CFVs (Figs. 2 and 3). Ar-
gatroban or vehicle did not affect systolic blood pres-
sure or heart rate (data not shown). L-Arginine also
reduced the frequency and severity of CFVs (data not
shown).

The presence of obstructive thrombi were confirmed
in all five chronic L group rats and 2 L�Hyd group rats
that developed irreversible zero CBF after introduction
of stenosis. Figure 4 shows microscopic pictures of
carotid artery sections from the stenosis site from the

Table 1. Hemodynamic parameters

Systolic Blood Pressure,
mmHg

Heart Rate,
beats/min

Carotid Blood Flow,
ml/min

Observed CFV/Animals
Examined

Control group
Baseline 117�5 324�29 5.9�1.9
75% Stenosis 123�18 326�39 5.1�2.1 0/11
90% Stenosis 118�12 323�27 3.3�2.6 0/9

Acute L group
Baseline 152�11*† 258�37*† 2.9�0.8*†
Stenosis 152�5*† 244�37*† 2.3�0.8*† 0/5

Chronic L group
Baseline 152�20* 315�35 2.3�0.9*
Stenosis 150�18* 317�39 9/10

L�Hyd group
Baseline 117�15 348�27 3.7�0.6*
Stenosis 118�14 342�40 4/5

L�Imi group
Baseline 116�5 325�23 2.6�0.6*
Stenosis 116�6 320�16 1.9�0.7* 0/6

Values are means � SE. Rats were studied in the following groups: control, acute NG-nitro-L-arginine methyl ester (L-NAME) treated
(acute L), chronic L-NAME treated (chronic L), L-NAME and hydralazine treated (L�Hyd), and L-NAME and imidapril (L�Imi). CFV, cyclic
flow variation (in ml/min). *P � 0.01 vs. the control group; †P � 0.01 vs. baseline values.

Fig. 1. Representative recordings of carotid blood flow (CBF) before
and after production of 75% stenosis in a rat from the control group
(A) and in a rat from the chronic NG-nitro-L-arginine methyl ester
(L-NAME)-treated (chronic L) group (B). Scale bar indicates 2 min.

Fig. 2. Representative recordings showing the effects of vehicle (A)
or argatoroban (B) on cyclic flow variations (CFVs) and the effects of
vehicle (5% glucose) or argatroban on CFV frequency and CBF
velocity. A: effects of vehicle on CFVs in a rat from the chronic L
group; B: effects of argatroban on CFVs in a rat from the chronic L
group. Scale bar indicates 2 min.
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chronic L groups. Platelet thrombus, which was at-
tached to the damaged intimal surface, was seen at the
site of stenosis. Careful histopathological analysis re-
vealed the presence of injuries represented by disrup-
tion of endothelial cells and enfacement of the internal
elastic membrane.

There were no significant differences in the medial
thickening (the increase in the wall-to-lumen ratio) of
carotid arteries among the control, chronic L, L�Hyd,
and L�Imi groups (Table 2), suggesting that carotid
arterial remodeling may not contribute to the develop-
ment of CFVs.

Coagulation variables and platelet aggregation. Co-
agulation variables and platelet aggregation capacity
were not significantly different among the control,
chronic L, L�Hyd, and L�Imi groups (n � 6 each;
Table 2). There were no significant difference between
the control and chronic L groups concerning serum
fibrinogen level and blood platelet count (Table 2).

Carotid ACE activity. As we reported (26), carotid
tissue ACE activity was significantly increased in the
chronic L and L�Hyd groups compared with the con-
trol group (Table 2). Treatment with imidapril pre-

vented the L-NAME-induced increases in carotid ACE
activity (Table 2). Compared with the control, serum
ACE activity in the L or L�Hyd groups did not change
but was suppressed in rats treated with imidapril
(Table 2).

TF gene expression and activity. The carotid TF
mRNA level was increased in the chronic L and L�Hyd
groups (Fig. 5). The increased expression of TF mRNA
was reduced in the L�Imi group. Tissue TF activity
was increased in the chronic L group (Table 2). The
increased TF activity was prevented by treatment with
imidapril but not with hydralazine.

Fig. 4. Micrographs of carotid artery cross sections at the site of
stenosis from the chronic L group stained with hematoxylin-eosin. A:
platelet thrombus is present in the carotid artery from a rat of the
chronic L group that developed irreversible zero flow after introduc-
tion of stenosis. Scale bar indicates 500 �m. B: expanded view of area
indicated in A. Injuries with ablation of endothelial cells and disrup-
tion of internal elastic membrane are seen. Scale bar indicates 100
�m.

Fig. 3. Effect of the thrombin antagonist argatroban on the fre-
quency and severity of CFVs in the chronic L group. A: effects of
vehicle (5% glucose) on CFVs; B: effects of argatroban on CFVs. NS,
not significant. *P � 0.01 vs. before treatment
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DISCUSSION

We report here that long-term inhibition of NO
synthesis by treatment with L-NAME increases throm-
bogenicity of the rat carotid artery. The increased
thrombogenecity was not associated with systemic co-
agulation parameters but with increased gene expres-
sion and activity of TF and was reduced exquisitely by
argatroban. We further show that ACE inhibition pre-
vented the development of thrombogenecity and atten-
uated increased TF expression. These observations
show the importance of angiotensin II-mediated induc-
tion of TF and the resultant thrombin generation in the
pathogenesis of thrombus formation after stenosis-re-
lated arterial damage in this model.

CFVs have been used by many investigators as a
reliable marker of recurrent platelet-rich thrombus
formation (9, 20, 33). The pathogenesis of CFVs has
been studied extensively in the model of Folts et al. (9),
in which CFVs occurs immediately after stenosis with
severe endothelial damages in the normal artery. CFVs
are believed to reflect growth and dislodgment of arte-
rial thrombi and have been observed in patients during
the course of acute coronary syndrome (1). The occur-
rence of occlusive thrombus was apparent in animals
displaying irreversible zero flow in this study as well.
Histopathological analysis suggests that disruption of
the endothelial layer and subintimal elastic membrane
and subsequent enfacement of subendothelial compo-
nents to platelets might trigger CFVs (Fig. 4). In the
present study, CFVs occurred in rats receiving
L-NAME for 4 wk but not in control rats, or rats
receiving acute L-NAME administration. The absence
of CFVs in controls may be due to less-extensive endo-
thelial damage in our present model than in the model
of Folts et al. (9). Our present data indicate the essen-
tial role of TF-mediated generation of thrombin from
the arterial wall in the cause of thrombosis in our
present model. Overall, stenosis-related vascular dam-
age triggered interaction of the locally produced throm-
bin in subintimal area with circulating platelets, which
in turn caused thrombus in the present study. In the
model of Folts et al. (9) with more-extensive endothe-
lial damage to the intact artery, the platelet depen-
dency of CFVs has been emphasized by the effective-
ness of antiplatelet drugs (9). In contrast, TF-mediated
generation of thrombin appears to play an important
role in thrombogenesis in the present model.

We have previously shown that an activation of ACE
with resultant formation of angiotensin II is vital in
the pathogenesis of early vascular inflammation and
late cardiovascular remodeling after long-term inhibi-
tion of NO synthesis in rats (14–16, 26, 30). Angioten-
sin II is known to activate the coagulation cascade in
the blood vessel wall. Because TF is recognized as an
essential initiator of thrombin generation and coagu-
lation in vascular wall (24) and angiotensin II has been
shown to increase TF production (21, 27), we tested the
hypothesis that ACE inhibition can reduce increased
thrombogenecity through a decrease in TF gene ex-

Table 2. Platelet aggregation, coagulation variables, ACE activity, and vascular remodeling

n

Groups

Control Chronic L L�Hyd L�Imi

Platelet count, �104/mm3 6 69�7 62�3 64�2 67�3
Platelet aggregation, % 6 60�4 52�5 63�2 62�1
PT, s 6 12�0.1 12�0.2 12�0.3 12�0.2
APTT, s 6 25�3 30�2 31�2 31�2
Fibrinogen, mg/dl 6 173�23 169�14 198�9 213�10
Serum ACE activity, nmol �ml	1 �h	1 6 0.8�0.2 0.8�0.3 0.8�0.4 0.1�0.1*†
Tissue ACE activity, nmol �mg	1 �h	1 6 1.0�0.2 2.5�0.3* 2.4�0.3* 0.3�0.1*†
Tissue tissue factor activity, pmol/g 6 16.1�0.7 22.4�2.0* 22.0�1.0* 16.9�0.9
Wall-to-lumen ratio 5 0.09�0.01 0.10�0.01 0.10�0.01 0.10�0.01

Values are means � SE; n � number of rats. PT, prothrombin time; APPT, activated partial PT; ACE, angiotensin-converting enzyme.
*P � 0.01 vs. the control group; †P � 0.01 vs. the chronic L group.

Fig. 5. Tissue factor (TF) mRNA levels in carotid arteries. A: expres-
sion of carotid TF and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA in rats from the control group, the chronic L group,
L-NAME and hydralazine-treated (L�Hyd) group, and the L-NAME
and imidapril-treated (L�Imi) group by RT-PCR. B: densitometric
analysis of data in A. Expression of TF mRNA in each sample was
normalized relative to GAPDH mRNA expression in that sample.
*P � 0.01 vs. the control group; †P � 0.01 vs. the chronic L group.
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pression and activity in animals with chronic adminis-
tration of L-NAME. TF-driven thrombin generation
was assumed to play a pivotal role in the thromboge-
nicity of the atherosclerotic plaque (i.e., acute coronary
syndrome) and possibly in restenosis after percutane-
ous revascularization (29). In the present study, ACE
inhibition attenuated the increases in TF gene expres-
sion and activity as well as the occurrence of CFVs
induced by chronic L-NAME administration. Hydral-
azine normalized L-NAME-induced hypertension but
did not affect the thrombogenecity. Although basal
CBF was less in acute L, chronic L, and L�Hyd groups
than in the control group, CFVs were observed only in
the chronic L group and L�Hyd groups. Furthermore,
severe 90% stenosis did not cause CFVs in the control
group. Therefore, it is unlikely that arterial hyperten-
sion or a decrease in CBF induced by L-NAME contrib-
uted largely to the pathogenesis of CFVs in rats with
long-term inhibition of NO synthesis. These results
suggest that TF-mediated generation of thrombin
through increased angiotensin II activity may be vital
in mediating thrombosis after stenosis-related vascu-
lar damages in rats with long-term blockade of NO
synthesis.

It has been shown by many investigators that TF
expression and/or activity in the diseased arterial wall
may be mainly from monocytes/macrophages that in-
filtrated into the diseased arterial wall (2, 29, 32).
Accumulation of ACE in areas of monocytes/macro-
phages in atherosclerotic plaques and angiotensin II-
induced TF expression have been reported (5, 19). We
previously reported increases in oxidative stress,
NF-�B activity, infiltration of monocytes, and MCP-1
production in arterial tissues of rats received chronic
L-NAME administration (15). Treatment with a NF-�B
decoy or blockade of MCP-1 attenuated monocyte infil-
tration into the vascular wall and the subsequent ar-
teriosclerosis (8, 15, 16). Treatment with ACE inhibi-
tor, angiotensin II type 1 receptor antagonist, or
antioxidants prevented all of these changes (30). Thus
our present data may provide a new link between
tissue ACE activity and thrombogenecity in this model.

In conclusion, our present data support the hypoth-
esis that long-term inhibition of endothelial NO syn-
thesis may increase arterial thrombogenecity at least
in part through angiotensin II-induced induction of TF
and the resultant thrombin generation. These data
may provide new insights as to how endothelial NO
contributes to antithrombogenic properties of the vas-
cular endothelium in vivo.

This study was supported by Ministry of Education, Science, and
Culture Grants-In-Aid for Scientific Research 11470164, 11158216,
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from the Ministry of Health Labor and Welfare, Tokyo, Japan.

REFERENCES

1. Anderson HV, Kirkeeide RL, Krishnaswami A, Weigelt LA,
Revana M, Weisman HF, and Willerson JT. Cyclic flow
variations after coronary angioplasty in humans: clinical and
angiographic characteristics and elimination with 7E3 monoclo-

nal antiplatelet antibody. J Am Coll Cardiol 23: 1031–1037,
1994.

2. Brand K, Banka CL, Mackman N, Terkeltaub RA, Fan ST,
and Curtiss LK. Oxidized LDL enhances lipopolysaccharide-
induced tissue factor expression in human adherent monocytes.
Arterioscler Thromb 14: 790–797, 1994.

3. Cohen R. The role of nitric oxide and other endothelium-derived
vasoactive substances in vascular diseases. Prog Cardiovasc Dis
38: 105–128, 1995.

4. Corseaux D, LeTourneau T, Six I, Ezekowitz MD, Fadden
EP, Meurice T, Asseman P, Bauters C, and Jude B. En-
hanced monocyte tissue factor response after experimental bal-
loon angioplasty in hypercholesterolemic rabbit: inhibition with
dietary L-arginine. Circulation 98: 1776–1782, 1998.

5. Diet F, Pratt RE, Berry GJ, Momose N, Gibbons GH, and
Dzau VJ. Increased accumulation of tissue ACE in human
atherosclerotic coronary artery disease. Circulation 94: 2756–
2767, 1996.

6. Drexler H. Endothelial dysfunction: clinical implications. Prog
Cardiovasc Dis 39: 287–324, 1997.

7. Dzau V and Gibbons G. Endothelium and growth factors in
vascular remodeling of hypertension. Hypertension 18: 115–121,
1991.

8. Egashira K, Koyanagi M, Kitamoto S, Ni W, Kataoka C,
Morishita R, Kaneda Y, Akiyama C, Nishida Ki Sueishi K,
and Takeshita A. Anti-monocyte chmoattractant protein-1
gene therapy inhibits vascular remodeling in rats; blockade of
MCP-1 activity after intramuscular transfer of a mutant gene
inhibits vascular remodeling induced by chronic blockade of NO
synthesis. FASEB J 14: 1974–1978, 2000.

9. Folts J, Gallagher K, and Rowe G. Blood flow reductions in
stenosed canine coronary arteries: vasospasm or platelet aggre-
gation? Circulation 65: 248–255, 1982.

10. Garg UC and Hassid A. Nitric oxide-generating vasodilators
and 8-bromo-cyclic guanosine monophoshate inhibit mitogenesis
and proliferation of cultured rat vascular smooth muscle cells.
J Clin Invest 83: 1774–1777, 1989.

11. Griendling KK and Alexander RW. Endothelial control of the
cardiovascular system: recent advances. FASEB J 10: 283–292,
1996.

12. Igawa T, Nagamura Y, Ozeki Y, Itoh H, and Unemi F.
Stenosis enhances role of platelets in growth of regional throm-
bus and intimal wall thickening in rat carotid arteries. Circ Res
77: 310–316, 1995.

13. Katoh M, Egashira K, Mitsui T, Chishima S, Takeshita A,
and Narita H. Angiotensin-converting enzyme inhibitor pre-
vents plasminogen activator inhibitor-1 expression in a rat
model with cardiovascular remodeling induced by chronic inhi-
bition of nitric oxide synthesis. J Mol Cell Cardiol 32: 73–83,
2000.

14. Katoh M, Egashira K, Usui M, Ichiki T, Tomita H, Shi-
mokawa H, Rakugi H, and Takeshita A. Cardiac angiotensin
II receptor is upregulated by long-term inhibition of nitric oxide
synthesis in rats. Circ Res 83: 743–751, 1998.

15. Kitamoto S, Egashira K, Kataoka C, Koyanagi M, Katoh M,
Shimokawa H, Morishita R, Kaneda Y, Sueishi K, and
Takeshita A. Increased activity of nuclear factor-�B partici-
pates in cardiovascular remodeling induced by chronic inhibition
of nitric oxide synthesis in rats. Circulation 102: 806–812, 2000.

16. Koyanagi M, Egashira K, Kitamoto S, Ni W, Shimokawa H,
Takeya M, Yoshimura T, and Takeshita A. Role of monocyte
chemoattractant protein-1 in cardiovascular remodeling induced
by chronic blockade of nitric oxide synthesis. Circulation 102:
2243–2248, 2000.

17. Libby P and Hansson GK. Involvement of the immune system
in human atherogenesis: current knowledge and unanswered
questions. Lab Invest 64: 5–15, 1991.

18. Moncada S and Higgs A. The L-arginine-nitric oxide pathway.
N Engl J Med 329: 2002–2012, 1993.

19. Napoleone E, Santo AD, Camera M, Tremoli E, and Loren-
zet R. Angiotensin-converting enzyme inhibitors downregulate
tissue factor synthesis in monocytes. Circ Res 86: 139–143, 2000.

20. Nishida T, Ueno H, Atsuchi N, Kawano R, Asada Y, Naka-
hara Y, Kamikubo Y, Takeshita A, and Yasui H. Adenovirus-

H1483NITRIC OXIDE AND THROMBOGENESIS

AJP-Heart Circ Physiol • VOL 282 • APRIL 2002 • www.ajpheart.org

 on M
ay 13, 2005 

ajpheart.physiology.org
D

ow
nloaded from

 

http://ajpheart.physiology.org


mediated local expression of human tissue factor pathway inhibitor
eliminates shear stress-induced recurrent thrombosis in the in-
jured carotid artery of the rabbit. Circ Res 84: 1446–1452, 1999.

21. Nishimura H, Tsuji H, Masuda H, Nakagawa K, Nakahara
Y, Kitamura H, Kasahara T, Sugano T, Yoshizumi M,
Sawada S, and Nakagawa M. Angiotensin II increases plas-
minogen activator inhibitor-1 and tissue factor mRNA expres-
sion without changing that of tissue type olasminogen activator
or tissue factor pathway inhibitor in cultured rat aortic endothe-
lial cells. Thromb Haemost 77: 1189–1195, 1997.

22. Numaguchi K, Egashira K, Takemoto M, Kadokami T,
Shimokawa H, Sueishi K, and Takeshita A. Chronic inhibi-
tion of nitric oxide synthesis causes pathologic coronary micro-
vascular remodeling and myocardial fibrosis. Hypertension 26:
957–962, 1995.

23. Pawashe AB, Golino P, Ambrosio G, Migliaccio F, Ragni
M, Pascucci I, Chiariello M, Bach R, Garen A, and Konigs-
berg WK. A monoclonal antibody against rabbit tissue factor
inhibits thrombus formation in stenotic injured rabbit carotid
arteries. Circ Res 74: 56–63, 1994.

24. Rapaport SI and Rao LV. Initiation and regulation of tissue
factor-dependent blood coagulation. Arterioscler Thromb 12:
1111–1121, 1992.

25. Ross R. The pathogenesis of atherosclerosis: a perspective for
the 1990s. Nature 362: 801–809, 1993.

26. Takemoto M, Egashira K, Usui M, Numaguchi K, Tomita
H, Tsutsui H, Shimokawa H, Sueishi K, and Takeshita A.
Important role of tissue angiotensin-converting enzyme activity
in the pathogenesis of coronary vascular and myocardial struc-
tural changes induced by long-term blockade of nitric oxide
synthesis in rats. J Clin Invest 99: 278–287, 1997.

27. Taubman MB, Marmur JD, Rosenfield CL, Guha A, Nicht-
berger S, and Nemerson Y. Agonist-mediated tissue factor

expression in cultured vascular smooth muscle cells. Role of
Ca2� mobilization and protein kinase C activation. J Clin Invest
91: 547–552, 1993.

28. Tomita H, Egashira K, Kubo-Inoue M, Usui M, Koyanagi
M, Shimokawa H, Takeya M, Yoshimura T, and Takeshita
A. Inhibition of nitric oxide synthesis induces inflammatory
changes and monocyte chemoattractant protein-1 expression in
rat hearts and vessels. Arterioscler Thromb Vasc Biol 18: 1456–
1464, 1998.

29. Toschi V, Gallo R, Lettino M, Fallon JT, Gertz SD, Fernan-
dez-Oritz A, Chesebro JH, Badimon L, Nemerson Y, Fus-
ter V, and Badimon JJ. Tissue factor modulates the thrombo-
genicity of human atherosclerotic plaques. Circulation 95: 594–
599, 1997.

30. Usui M, Egashira K, Tomita H, Koyanagi M, Katoh M,
Shimokawa H, Takeya M, Yoshimura T, Matsushima K,
and Takeshita A. Important role of local angiotensin II activity
mediated via type 1 receptor in the pathogenesis of cardiovascu-
lar inflammatory changes induced by chronic blockade of nitric
oxide synthesis in rats. Circulation 101: 305–310, 2000.

31. Vaughan DE, Lazos SA, and Tong K. Angiotensin II regulates
the expression of plasminogen activator inhibitor-1 in cultured
endothelial cells. A potential link between the renin-angiotensin
system and thrombosis. J Clin Invest 95: 995–1001, 1995.

32. Wilcox JN, Smith KM, Schwartz SM, and Gordon D. Local-
ization of tissue factor in the normal vessel wall and in the
atherosclerotic plaque. Proc Natl Acad Sci USA 86: 2839–2843,
1989.

33. Zoldhelyi P, McNatt J, Shelat HS, Yamamoto Y, Chen ZQ,
and Willerson JT. Thromboresistance of balloon-injured por-
cine carotid arteries after local gene transfer of human tissue
factor pathway inhibitor. Circulation 101: 289–295, 2000.

H1484 NITRIC OXIDE AND THROMBOGENESIS

AJP-Heart Circ Physiol • VOL 282 • APRIL 2002 • www.ajpheart.org

 on M
ay 13, 2005 

ajpheart.physiology.org
D

ow
nloaded from

 

http://ajpheart.physiology.org

