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Augmentation of Pulse Wave Velocity Precedes 
Vascular Structural Changes of the Aorta in Rats 
Treated with N� -Nitro- L -Arginine Methyl Ester 

Hisako KAMEYAMA, Kazuo TAKEDA*, Tetsurou KUSABA, Hiromichi NARUMIYA,

Syuji TANDA, Noriko KUWAHARA, Keiko YAMADA**, Keiichi TAMAGAKI,

Mitsuhiko OKIGAKI, Tsuguru HATTA, and Susumu SASAKI

 

We examined the relationship between structural changes of the aorta and pulse wave velocity (PWV), and

the effects of antihypertensive treatments on PWV in 

 

N���� -nitro- L -arginine methyl ester (L-NAME)-treated rats.

Twelve-week-old Wistar-Kyoto (WKY) rats were divided into the following groups, all of which received drug

treatment in their drinking water: an untreated control group (

 

n

 

=

 

36), an L-NAME-treated group (0.7 mg/ml)

(

 

n

 

=

 

32), an L-NAME and angiotensin converting enzyme (ACE) inhibitor (ACEI)-treated group (imidapril: 0.4

mg/ml) (

 

n

 

=

 

8), and an L-NAME and hydralazine-treated group (0.2 mg/ml) (

 

n

 

=

 

10). PWV was measured at the

same blood pressure (BP) level as in the control group and the wall-to-lumen ratio of the thoracic aorta was

evaluated in all groups. In the L-NAME group, PWV increased compared with the value in the control group,

at the same time that BP was increasing. After the third day of treatment, PWV was higher in the L-NAME

group than in the control group after adjusting BP to the control level, while the wall-to-lumen ratios were

equal between the two groups. After the first week of treatment, not only the adjusted PWV, but also the

wall-to-lumen ratios were greater in the L-NAME group than in the control group. With administration of anti-

hypertensive agents, both PWV and the thickening of the aortic wall were reduced, but there was no signif-

icant difference between the ACEI and hydralazine-treated groups. In conclusion, in a rat model of nitric

oxide (NO) synthesis inhibition, the increase in PWV preceded the vascular structural changes, while anti-

hypertensive treatment reduced both changes. There was no significant difference between treatments with

ACEI and hydralazine in this model. (
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Introduction

 

Pulse wave velocity (PWV) reflects arterial stiffness, and cor-
relates positively with several markers for atherosclerosis (

 

1

 

,

 

2

 

). It has been considered a useful method for assessing early-
stage atherosclerosis. Increased arterial stiffness, reflected by
an increased PWV, leads to impaired perfusion of the periph-

eral organs and increased cardiac afterload. Recent epidemio-
logical studies have shown that independently of confounding
factors such as age and blood pressure (BP), aortic PWV is a
predictor of cardiovascular mortality in patients with hyper-
tension (

 

3

 

) and in those with end-stage renal failure (

 

4

 

). PWV
is easily and non-invasively measured using an automatic
device and the validity and reproducibility have been proved
to be considerably high (

 

5

 

). For these reasons, PWV is widely
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used as a marker of cardiovascular risk (

 

6

 

) and a surrogate
end point of cardiovascular diseases.

However, PWV is influenced by age-associated atheroscle-
rosis and BP. The same value of PWV among patients with
different backgrounds, including age and cardiovascular risk
factors, does not reflect the same degree of vascular damage.
For this reason, an absolute PWV value is not always accept-
able to use for the assessment of atherosclerosis in subjects
with different conditions. Guerin 

 

et al

 

. have reported that the
loss of aortic PWV responsiveness to BP-lowering reflects
more advanced vascular lesions (

 

4

 

). The response of PWV to
therapy, including BP-lowering, may be more predictive of
cardiovascular events than the absolute value of PWV.

The relationship between PWV and vascular structural
changes is not fully understood. Katsuda 

 

et al

 

. demonstrated
the value of PWV in predicting changes along the aorta in
hypercholesterolemic rabbits. PWV was shown to reflect the
extent and severity of the atherosclerotic lesion, and to
increase as a result of the progression of sclerotic lesions with
aging in these rabbits (

 

7

 

). In other studies, the association
between PWV and aortic structure was investigated in estro-
gen-treated rats (

 

8

 

) and apolipoprotein E-deficient mice (

 

9

 

).
In those reports, increased PWV in apolipoprotein E-knock-
out mice was shown to be due to endothelial dysfunction and
elastic destruction in the vascular wall. In estrogen-treated
rats, increase in PWV was associated with left ventricular
hypertrophy, and estrogen increased the medial thickness-to-
internal diameter ratio of the thoracic aorta.

The relationship between changes of PWV independent of
BP and vascular structure has not yet been clarified. Fitch 

 

et
al

 

. reported that increased vascular smooth muscle tone and
vascular remodeling contribute to an increase in PWV inde-
pendently of BP in chronic 

 

N

 

ω

 

-nitro-

 

L

 

-arginine methyl ester
(L-NAME)-treated rats; however, they did not perform mor-
phological analysis of the vasculature (

 

10

 

).
Our goals were 1) to examine the relationship between aor-

tic PWV and vascular structural changes, 2) to determine
whether different antihypertensive treatments have different
effects on aortic stiffness and on arterial geometry in rats
under conditions of the inhibition of nitric oxide (NO) synthe-

sis in the early stage of atherosclerosis after the third week of
L-NAME administration.

 

Methods

 

Animals, Experimental Protocol

 

All experiments were conducted on 12-week-old male
Wistar-Kyoto rats obtained from Shimizu Laboratory Sup-
plies (Kyoto, Japan). The study was conducted with approval
from, and in accordance with, the Kyoto Prefectural Univer-
sity of Medicine Guide for the Care and Use of Laboratory
Animals. Animals were kept in a room with controlled tem-
perature (24

 

°

 

C) and lighting (13:11-h light-dark cycle) with
free access to food and tap water.

Four groups of rats were studied. The control group (

 

n

 

=36)
received chow and tap water. The second group (L group)
(

 

n

 

=32) received L-NAME (0.7 mg/ml: Nacalai Tesque Co.,
Kyoto, Japan) in its drinking water. The third group
(L + ACEI group) (

 

n

 

=8) received L-NAME and an angio-
tensin converting enzyme (ACE) inhibitor (ACEI) (L-
NAME: 0.7 mg/ml; imidapril: 0.4 mg/ml; Tanabe Pharma-
ceutical Co., Tokyo, Japan) in its drinking water. The fourth
group (L + Hyd group) ( n =10) received L-NAME and
hydralazine (L-NAME: 0.7 mg/ml; hydralazine: 0.2 mg/ml;
Nacalai Tesque Co.) in its drinking water. These doses of imi-
dapril and hydralazine were chosen based on their previously
reported ability to normalize the L-NAME-induced increase
in systolic blood pressure (SBP) (

 

11

 

).
In all groups, peripheral BP and heart rate (HR) were mea-

sured by the tail-cuff method (MK model 2003, Muromachi
Kikai Co., Ltd., Tokyo, Japan). Measurements of central arte-
rial pressure, HR, and aortic PWV were made with a Millar
Mikro-tip pressure transducer (2.5Fr, SPC-721; Millar Instru-
ments, Houston, USA) on days 0, 3, 7, and 21 in the control
group, on days 3, 7, and 21 of administration in the L group
and on day 21 of administration in the L + ACEI group and
the L + Hyd group. The rats were euthanized for morphomet-
ric analyses after measurements of aortic PWV.

 

Table 1. Body Weight, Peripheral SBP and HR in the Control, L-NAME Treated, L-NAME+Hydralazine, and L-
NAME+ACEI Treated Groups

 

Control L-NAME Hyd ACEI

0 week 3 days 1 week 3 weeks 3 days 1 week 3 weeks 3 weeks 3 weeks

 

n

 

8 8 12 8 7 12 13 10 8

Body weight(g) 350

 

±

 

0 354

 

±

 

4 370

 

±

 

3 398

 

±

 

5 350

 

±

 

3 351

 

±

 

1

 

†

 

390

 

±

 

5 388

 

±

 

6 375

 

±

 

4

 

†

 

SBP(mmHg) 107

 

±

 

4 107

 

±

 

4 110

 

±

 

3 115

 

±

 

5 116

 

±

 

4* 134

 

±

 

7

 

†

 

147

 

±

 

7

 

†

 

112

 

±

 

5 110

 

±

 

5
HR(bpm) 436

 

±

 

12 434

 

±

 

14 444

 

±

 

9 451

 

±

 

8 358

 

±

 

10

 

†

 

384

 

±

 

9

 

†

 

404

 

±

 

11

 

†

 

449

 

±

 

11 408

 

±

 

12*

Values are mean

 

±

 

SEM. *

 

p

 

<

 

0.05 

 

vs.

 

 the age-matched control group; 

 

†

 

p

 

<

 

0.01 

 

vs.

 

 the age-matched control group. L-NAME, 

 

N

 

ω

 

-nitro-

 

L

 

-
arginine methyl ester; Hyd, hydralazine; ACEI, angiotensin converting enzyme inhibitor; SBP, systolic blood pressure; HR, heart rate;
bpm, beats/min.
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Surgical Preparation and Hemodynamic Mea-
surements

 

Rats were anesthetized with an intraperitoneal injection of
urethane (1.25 g/kg). The left common carotid artery was
exposed. For measurements of central arterial pressure, HR,
and PWV, a Millar Mikro-tip pressure transducer with dual
high-fidelity pressure sensors located at the distal end and 50
mm from it was implanted 

 

via

 

 the left common carotid artery.
Pulse pressure waves from the two transducers were simulta-
neously imported to an amplifier (Polygraph 366 System;
NEC Medical Systems, Ltd., Tokyo, Japan) and the analog
signal was fed into a portable microcomputer with an analog-
to-digital converter at a sampling rate of 4,800 Hz. When
arterial pressure and HR had been stable for 30 min, the pres-
sure waves were stored for at least 30 min. Data were
recorded for 10 s and analyzed with software made by Colin
Medical Technology Corporation (Aichi, Japan). Systolic
arterial pressure, diastolic arterial pressure, mean arterial
pressure and HR were calculated from the proximal pressure
wave. The transit time for the pulse wave moving from the
aortic arch to the abdominal aorta was obtained from the foot-
to-foot delay between the simultaneously recorded pressure
waves. PWV was calculated from the transit time and fixed
distance between the two recording sites (50 mm). The right
femoral vein was catheterized with polyethylene tubing for
acute administration of hydralazine.

After baseline measurements had been made, rats were
infused with hydralazine. When the central systolic arterial
pressure had been decreased by hydralazine to the value in the
controls (about 100 mmHg), hemodynamic measurements
were performed again, because PWV is known to be signifi-
cantly affected by the BP level. After the experiment was
completed, each animal was euthanized with an overdose of

urethane and perfused for 30 min with 10% formaldehyde-
containing phosphate-buffered saline. A 1-cm sample of the
thoracic descending aorta was excised, immersed in 10%
formaldehyde solution, dehydrated in graded ethanol solu-
tions, and embedded in paraffin. The paraffin slices were
stained with hematoxylin-eosin (HE).

 

Histological Analysis

 

On HE staining, short-axis images of the thoracic aorta were
studied to evaluate the thickening of the aortic wall. The inner
border of the lumen and the outer border of the tunica media
were traced in each image with HE staining. Areas encircled
by the tracings (Scion Image, Scion Corporation, Frederick,
USA) were measured and the wall-to-lumen ratio was then
calculated.

 

Statistical Analysis

 

Data are expressed as the mean

 

±SEM. Comparisons of the
mean values were performed by Student’s t-tests. Differences
were considered statistically significant when the p-value
was <0.05. The statistical analysis was performed with Stat-
View software.

Results

Body weights at 1 week in the L group and at 3 weeks in the
L + ACEI group were significantly lower than those of the
age-matched control group (Table 1).

The changes in the SBP measured by the tail-cuff method
are shown in Fig. 1. In the L group, SBP increased progres-
sively. No significant changes in SBP were observed in the
control group, the L + Hyd, or the L + ACEI groups. Com-
pared with the level in the control group, HR was reduced in
the L and L + ACEI groups (Table 1). Tachycardiac responses
to hypotension may be impaired in L-NAME-treated rats.
Scrogin et al. reported that L-NAME treatment alters barore-
flex function (12).

PWV increased in the L group compared with that in the
control group at the same time that BP was increasing (Fig.
2A). After BP was lowered to the control level (central arte-
rial pressure of about 100 mmHg) by acute infusion of
hydralazine in order to avoid the effect of BP, PWV was still
increased in the L group after the third day of treatment com-
pared with that in the control group (Fig. 2B).

The wall-to-lumen ratio of the thoracic aorta in the L group
was not increased after the third day of treatment
(0.352±0.005) compared with that in the control group
(0.330±0.005) but was increased after the first week of treat-
ment (after 1 week: 0.431±0.018; after 3 weeks: 0.41±0.011)
compared with that in the control group (after 1 week:
0.318±0.006; after 3 weeks: 0.295±0.01) (Fig. 2C). Thus,
although PWV had already increased after the third day of
treatment in the L group, the thickening of the aortic wall had

Fig. 1. Time-related changes in peripheral systolic blood
pressure in the control, L-NAME treated, L-NAME+hydrala-
zine treated, and L-NAME + ACEI treated groups. *p<0.05
vs. 0 week.
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not yet occurred.
 In the L + ACEI and L + Hyd groups, PWV remained at the

same level as in the control group after the third week of treat-
ment (Fig. 3A). Also in both of these treatment groups, PWV
and vascular structural changes were reduced by the 3-week
treatment (Fig. 3). Light micrographs taken of the thoracic
aorta with HE staining for the control, L, L + ACEI and
L + Hyd groups are shown in Fig. 4.

Discussion

In a clinical study, Taniwaki et al. reported a positive correla-

tion between aortic PWV and carotid intima-media thickness
in patients with type 2 diabetes mellitus (13). Nakamura et al.
reported that baPWV correlated with abdominal aortic calci-
fication as a predictor of cardiovascular mortality (14). In
experimental studies, Farrar et al. demonstrated in monkeys
that an atherogenic diet increased PWV and aortic intimal
area, while an atherosclerosis regression diet decreased both
parameters (15). Wang et al. reported that the increase in
PWV in old apolipoprotein E-knockout mice is related to both
the lack of endothelial NO and the elastic destruction caused
by atherosclerotic lesions (16). However, there have been few
experimental studies investigating the correlation between
PWV and vascular structural changes in early-stage athero-
sclerosis. Therefore, we used a rat model of chronic inhibition
of NO synthesis by administration of L-NAME, since it has
been shown that decreased NO activity due to endothelium
dysfunction contributes to the progression of early-stage ath-
erosclerosis (17, 18). Moreover, the process of L-NAME-
induced atherosclerosis is divided into an early inflammation

Fig. 2. Pulse wave velocity before BP-lowering (A), pulse
wave velocity after BP- lowering (B) and the wall-to-lumen
ratio of the thoracic aorta (C) after 3 days, 1 week and 3
weeks in the control and L-NAME groups. *p<0.05 vs. the
age-matched control group by Student’s t-test.

300

320

340

360

380

400

420

440

300

320

340

360

380

400

420

440

control

L-NAME

*

*
*

ay W

Pu
ls

e 
w

av
e 

ve
lo

ci
ty  

A
(cm/s)

300

320

340

360

380

400

420

300

320

340

360

380

400

420
*

**

Pu
ls

e 
w

av
e 

ve
lo

ci
ty  

B
(cm/s)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45
*

*

C

T
he

 w
al

l-
to

-l
um

en
 ra

tio
 o

f t
he

 th
or

ac
ic

 a
or

ta
 

Fig. 3. Pulse wave velocity (A), and the wall-to-lumen ratio
of the thoracic aorta (B) in the control, L-NAME treated, L-
NAME + hydralazine treated, and L-NAME + ACEI treated
groups. The data were obtained when the systolic arterial
pressure level was equal to that in the control group.
*p<0.05 vs. the age-matched control group by Student’s t-
test.
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stage within the first week of L-NAME administration and a
late remodeling stage after 4 weeks of treatment (19−22). We
investigated early changes (within 3 weeks) of atherosclerosis
in this model.

We compared aortic PWV at the same BP level in all
groups because changes in BP are known to affect PWV.
After the third day of L-NAME administration, the PWV after
adjusting BP to the control level increased compared with that

Fig. 4. Light micrographs taken of the aorta with HE staining for A: the control and L-NAME groups after the third day and 1
week of treatment and B: the control, L, L + ACEI and L + Hyd groups after 3 weeks of treatment. Bar: 500 μm.
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in the control group; however, the wall-to-lumen ratio of the
thoracic aorta did not increase. After the first week of L-
NAME administration, PWV after adjusting BP to the control
level was higher and the wall-to-lumen ratio was greater com-
pared with those in the control group. This suggests that an
increase in PWV precedes structural changes (the thickening
of the aorta) in the progression of atherosclerosis.

According to the Moens-Korteweg equation, PWV is
defined as follows:

PWV2=E • h/2r • ρ,

where E is Young’s modulus, h is arterial wall thickness, r is
internal radius, and ρ is the density of blood. PWV is influ-
enced by 2 factors, the vascular geometry and the viscoelastic
properties of the wall. After the first week of L-NAME
administration, the rise in the wall-to-lumen ratio contributed
to an increase in PWV. The increase in PWV without medial
thickening after the third day of L-NAME administration may
have been caused by other factors. Although it has been
reported that changes in smooth muscle tone do not have a
major impact on aortic stiffness (23), we cannot exclude this
possibility. Furthermore, changes in the ratio of collagen to
elastin rather than lipid deposition are known to affect the
elastic behavior and function of arterial walls (24, 25), while
Marque et al. reported that improvement in arterial stiffness
by captopril and hydrochlorothiazide treatment in old sponta-
neously hypertensive rat (SHR) is not related to scleroprotein
(26). Whether the proportion of elastin to collagen influences
arterial stiffness may depend on age and other conditions.
Because we did not analyze the arterial wall composition or
vascular tone, we did not elucidate the contribution of these
factors to the changes of PWV in this study.

Numerous pharmacological studies have analyzed the
effects of different classes of antihypertensive agents on arte-
rial stiffness. Most studies have reported that ACE inhibitors
were more effective than other antihypertensive agents for
improving aortic PWV (27). Angiotensin II has been shown
to be a potent vasoconstrictor, and it also promotes vascular
proliferation via induction of several growth factors and
cytokines. ACE inhibitors prevent aortic stiffness by inhibit-
ing aortic collagen accumulation (28). However, in the
present study, no significant differences in either PWV or
structural changes were found between the ACEI-treated
group and the hydralazine-treated group. Takemoto et al.
showed that the structural changes in the aorta caused by
long-term administration of L-NAME were reduced by
administration of ACEI, but not hydralazine (21). The differ-
ence may be related to the fact that younger rats (12-week-
old) were used in our study while older rats (20-week-old)
were used in their study, and that the duration of administra-
tion of L-NAME was shorter in our study (3 weeks) than in
their study (8 weeks). Albaladejo et al. showed that aortic
hypertrophy was prevented to a similar degree by treatment
with hydralazine or ACEI (quinapril) in the SHR model (29).
The aorta, a rather elastic artery, is mainly sensitive to BP,

whereas in peripheral arteries, which are rather muscular,
hypertrophy may be modulated mainly by nonhemodynamic
factors, such as autonomic nervous system activity. PWV was
also improved in both ACEI- and hydralazine-treated rats in
this study, probably because it may be strongly affected by
distending pressure, i.e., BP, in early-stage atherosclerosis.
Arterial stiffness may not be affected by the difference in the
BP-reduction mechanism between antihypertensive agents in
early-stage atherosclerosis.

The importance of sufficient, prompt BP reduction has
been emphasized in several clinical studies (30). Meta-analy-
sis shows that lowering BP is the most important intervention
to prevent cardiovascular events (31). The outcome of this
study supports this idea. In our study, PWV was almost the
same during the interval between 3 days and 7 days in the
experiments. However, there were differences in the vascular
structural changes at these times. This means that PWV has
two components, namely, functional and structural changes,
and the contribution of these two components to PWV may
differ according to the stage of atherosclerosis.

In conclusion, we demonstrated that 1) increases in PWV
preceded the structural changes in the aorta and 2) there was
no significant difference in the effects on either PWV or vas-
cular structure between treatments with ACEI and hydrala-
zine in rats under condition of the inhibition of NO synthesis.
However, the applicability of these data to humans is uncer-
tain because of biological variability and differences between
animal models and human subjects.
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