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Abstract

 

Angiotensin II (Ang II) is both a vasoactive and a potent

growth-promoting factor for vascular smooth muscle cells.

Little is known about the in vivo contribution of AT1 and

AT2 receptor activation to the biological action of Ang II.

Therefore, we investigated the effect of AT1 or AT2 subtype

receptor chronic blockade by losartan or PD123319 on the

vascular hypertrophy in rats with Ang II–induced hyper-

tension.

Normotensive rats received for 3 wk subcutaneous infu-

sions of Ang II (120 ng/kg per min), or Ang II 

 

1

 

 PD 123319

(30 mg/kg per d), or Ang II 

 

1

 

 losartan (10 mg/kg per d) or

PD 123319 alone, and were compared with control animals.

In normotensive animals, chronic blockade of AT2 recep-

tors did not affect the plasma level of angiotensin II and the

vascular reactivity to angiotensin II mediated by the AT1

receptor. Chronic blockade of AT1 in rats receiving Ang II

resulted in normal arterial pressure, but it induced signifi-

cant aortic hypertrophy and fibrosis. Chronic blockade of

AT2 receptors in Ang II–induced hypertensive rats had no

effect on arterial pressure, but antagonized the effect of Ang

II on arterial hypertrophy and fibrosis, suggesting that in

vivo vasotrophic effects of Ang II are at least partially medi-

ated via AT2 subtype receptors. (

 

J. Clin. Invest.

 

 1996. 98:

418–425.) Key words: angiotensin II 
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Introduction

 

Angiotensin II (Ang II),

 

1 

 

the main effector peptide of the re-
nin–angiotensin system has long been known to play a major
role in the regulation of blood pressure and body fluid homeo-
stasis. Moreover, Ang II has been reported to induce hyper-
plasia and/or hypertrophy in cultured aortic smooth muscle
cells (1–4) in small resistance arteries (5) and in cardiomyo-
cytes (6). The tissue response to Ang II is mediated by specific
receptors located on the cell surface. As defined by their phar-
macological receptors, there are two main subtypes of Ang II
receptors: AT1 and AT2, which are specifically blocked by

losartan and PD123319, respectively (7). The AT1 receptor
subtype, predominant in the vascular system, mediates most of
the actions of Ang II closely associated with the regulation of
vascular tone and extracellular fluid volume (8–12). Much less
is known regarding the contribution of AT2 receptor activa-
tion to the biological actions of Ang II. The relative abundance
of AT2 subtype receptors in many fetal tissues supports a role
of AT2 during development (13, 14). Furthermore, a key role
for the AT2 subtype receptor is suggested by several studies
that correlate enhanced AT2 receptor expression with cardio-
vascular system disease states such as diabetes (15), postmyo-
cardial infarction (16), ischemia (17), and hypertension (18);
e.g., when cardiovascular remodeling is involved. The ability of
a tissue to change the expression of AT1 receptors to AT2 has
been described in experimentally induced vascular injury (19,
20), suggesting that Ang II may also play a role, through AT2
receptors, in smooth muscle cell differentiation and prolifera-
tion. Furthermore, by transfecting an AT2 receptor expression
vector into the balloon-injured rat carotid artery, Nakajima et
al. (21) reported that overexpression of the AT2 receptor at-
tenuated neointimal formation.

Despite a considerable number of molecular and cellular
studies, there is no available data concerning the in vivo role of
the AT2 receptor on the cardiovascular remodeling associated
with the renin–angiotensin system. Therefore, the aim of this
study was to investigate the effect of AT2 subtype receptor
blockade on the vascular hypertrophy of rats receiving chronic
administration of Ang II. Furthermore, we tried to dissociate
angiotensin II–induced hypertension from vascular hypertro-
phy by treating rats with simultaneous infusions of angiotensin
II plus the AT1 blocker losartan.

 

Methods

 

Experimental model

 

The study was performed in 80 male 12-wk-old normotensive Wistar
rats weighing 300

 

6

 

20 g. Osmotic mini-pumps (2ML4; Alza Corp.,
Palo Alto, CA) were implanted subcutaneously in the back of the
neck during sodium pentobarbital (50 mg/kg i.p.) anesthesia. Pumps
were filled with sterile saline vehicle, or with Ang II (Asp-Arg-Val-
Tyr-Ile-His-Pro-Phe, and acetate salt; Sigma Chemical Co., St. Louis,
MO) saline solution (1 mg/ml) or with PD123319 (provided by IdRS,
Suresnes, France) saline solution (660 mg/ml). Infused solutions were
administered for 22 d at a constant rate of 2.5 

 

m

 

l/h corresponding to
an Ang II infusion of 120 ng/kg

 

2

 

1

 

 per min, and to a PD123319 infu-
sion of 21 

 

m

 

g/kg

 

2

 

1

 

 per min (30 mg/kg

 

2

 

1

 

 per d). Losartan (provided by
DuPont-Merck Pharmaceutical Co., Wilmington, DE) was given in
drinking water (10 mg/kg per d).

The rats were randomly assigned to one of the following five
groups: control (

 

n

 

 

 

5

 

 20), receiving subcutaneous infusion of vehicle
solution; Ang II (

 

n

 

 

 

5

 

 12), receiving subcutaneous infusion of Ang II
in the same vehicle; Ang II

 

 

 

1

 

 PD123319 (

 

n

 

 

 

5

 

 12), receiving simulta-
neous subcutaneous infusion of Ang II solution and PD123319;
PD123319 (

 

n

 

 

 

5

 

 12), receiving subcutaneous infusion of PD123319
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alone (30 mg/kg per d); and Ang II 

 

1 

 

losartan (

 

n

 

 

 

5

 

 12), receiving si-
multaneous subcutaneous infusion of Ang II solution and losartan
(10 mg/kg per d) in the drinking water.

In an additional set of experiments, we tested the effect of chronic
treatment with PD123319 on the vascular reactivity to phenylephrine
and to angiotensin II. Rats receiving chronic administration of
PD123319 (

 

n

 

 

 

5

 

 6) were compared to six control rats receiving subcu-
taneous infusion of vehicle solution for 3 wk.

For each rat, systolic blood pressure was measured every week by
the tail-cuff method (BP recorder 8006; W

 

1

 

W Electronic, Apelex,
France). The conscious rats were warmed with the cuff and the pulse
wave transducer set around the tail for 

 

z

 

 10 min before each systolic
blood pressure measurement.

At the end of the treatment period, all rats were anesthetized
with sodium pentobarbital (50 mg/kg i.p.) and used for hemodynamic
studies; they were then killed and tissue samples were removed to
perform morphological study.

The surgical procedure and hemodynamic measurements have
been described in detail elsewhere (22, 23). Briefly, anesthetized rats
were placed on a thermoregulated heating pad, intubated, and venti-
lated with a rodent respirator (680; Harvard Apparatus, Inc., South
Natick, MA). A microtip pressure transducer (2-F; Millar Instru-
ments, Inc., Houston, TX) was inserted into the right carotid artery to
simultaneously record the carotid pressure and diameter.

 

Measurement of carotid arterial diameter. 

 

A high resolution pulse
echo tracking device (NIUS, SMH; Capital Medical Service, Switzer-
land) (24) was used to acquire backscattered radio frequency data
from the carotid artery. The probe consisted of a 10-MHz strongly fo-
cused piezoelectric transducer (5.2 mm diameter, 11 mm focal length)
operating in the pulse–echo mode. The -10-dB beam width is 0.3 mm
at the focal point, and the depth of field at -10 dB is 5 mm. A stereo-
taxic arm allows motion of the transducer at x, y, and z coordinates in
micrometric steps to place the probe perpendicular to the arterial
axis, i.e., at its largest cross-sectional dimension. The transducer was
positioned so that its focal zone was at the center of the artery and the
back-scattered echoes from both anterior and posterior walls could
be visualized. The radio frequency signal was then displayed on a
computer monitor interfaced with the transducer system. Arterial di-
ameter was measured when a “double peak” ultrasound signal of an-
terior and posterior wall was obtained (25, 26). To measure internal
diameter, trackers were positioned on the leading edges of echoes.
The radio frequency signal was sampled at 100 MHz over 8 bits and
wall movements were tracked for 5 s. Software tracker movements
were computed at 250 Hz, averaged over the 5-s sampling period and
displayed. Finally, instantaneous diameter was determined by multi-
plying travel time measurements by the approximate speed of sound
in tissues (1.54 mm/

 

m

 

s) and expressed in micrometers. All data pro-
cessing was performed using software developed by Asulab (Neucha-
tel, Switzerland) and installed in a 486/33 MHz AT computer.

 

Hemodynamic study. 

 

The tip of the pressure transducer was
placed in the ascending aorta. A midsternal thoracotomy was per-
formed and the ascending aorta was dissected free. An adapted Dop-
pler probe (20 MHz; Millar Instruments, Inc.) was positioned around
the vessel to measure mean (cardiac output minus coronary blood
flow) and phasic aortic blood flow. The system was allowed to stabi-
lize for 10 min before aortic blood flow and pressure were recorded
and processed by a microcomputer system (Vectra; Hewlett Packard,
Palo Alto, CA) with an analog-digital converter (Metrabyte; Data
Translation, Marlboro, MA). All parameters were calculated on a
beat-to-beat basis for 30 s and then averaged.

The basic parameters studied were the systolic, diastolic, and
mean arterial blood pressure, the cardiac output, and the heart rate.
Total peripheral resistance was determined as the quotient of the
mean arterial blood pressure and the cardiac output.

 

Reactivity of aortic rings. 

 

Ring segments of aorta, cleaned of fat
and connective tissues, 3 mm in length, were mounted between two
stainless steel wires in 3-ml organ baths containing physiological salt
solution of the following composition (in mmol/liter): 135.0 NaCl,

15.0 NaHCO

 

3

 

, 4.6 KCl, 1.5 CaCl

 

2

 

, 1.2, MgSO

 

4

 

, 11.0 glucose, 5.0
Hepes. The pH was adjusted to 7.4 with NaOH (1 mol/liter) and the
solution was bubbled with 95% O

 

2

 

 and 5% CO

 

2

 

. A physiological salt
solution containing K

 

1

 

 125 mmol/liter was prepared using the for-
mula described above with 14.4 mmol/liter NaCl and 125 mmol/liter
KCl. One wire was attached to a fixed support while the second wire
was connected to a moveable holder supporting a tension transducer
(FT.03; Grass Instrument Co., Quincy, MA) so that isometric force
measurements could be collected by a data aquisition system (MP
100; BioPac Systems, Inc., LaJolla, CA) and recorded on a Macintosh
Quadra 610 computer (Apple computers, Cupertino, CA) using the
Acqknowledge

 

®

 

 data acquisition and analysis software (BioPac Sys-
tems, Inc.). The artery segments were allowed to recover for 30 min,
during which time the physiological salt solution was replaced at 15-
min intervals. After this recovery period, a 1-g preload, resulting in
optimal stretch, was applied to the aortic segments, which were al-
lowed to equilibrate for an additional 90 min (27). Concentration–
response curves to phenylephrine or angiotensin II were obtained by
cumulative addition of phenylephrine or angiotensin II to the bath
solution. Data are expressed as milligrams force and as a percentage
of K

 

1

 

 (125 mmol/liter)-induced contraction.

 

Plasma angiotensin II measurements. 

 

Rats receiving chronic ad-
ministration of PD123319 (

 

n

 

 

 

5

 

 6) were compared to six control rats
receiving subcutaneous infusion of vehicle solution for 3 wk. For
plasma angiotensin measurement, blood was rapidly collected into
tubes containing 0.5 ml inhibitor solution (50 mM 1,10-ohenatroline,
125 mM ethylene-diaminetetraacetate, 2 g/liter neomycin sulfate, 2%
ethanol in water, and 100 

 

m

 

mol/liter enalapril) at 4

 

8

 

C. The samples
were immediately centrifuged at 4

 

8

 

C and the resulting plasma was
stored at 

 

2

 

20

 

8

 

C until analyzed. After extraction on phenylsilica col-
umns (Bound Elut pH cartridges; Analytichem International Inc.,
Harbor City, CA), according to the procedure of Nussberger et al.
(28), the dried extracts containing angiotensin were diluted in BSA (5
g/liter in 0.1 mol/liter imidazole-HCl buffer, pH 7.5, containing NaN

 

3

 

,
0.2 g/liter) and assayed in duplicate with radioimmunoassay (E.R.I.A.
Diagnostics, Pasteur, France). The amount of angiotensin II in the
plasma extracts was estimated from a calibration curve for authentic
angiotensin II ranging from 1.5 to 120 pg/ml. Results are expressed as
picograms per milliliter.

 

Morphological study. 

 

The descending thoracic aorta was fixed at
operating pressure (corresponding to the mean arterial pressure of
each rat) in 10% formaldehyde in saline, removed and embedded in
paraffin. Three successive 5-

 

m

 

m sagittal sections were treated by spe-
cific staining for the various structures in the media. Collagen fibers
were stained with Sirius red, elastin with orcein, and nuclei with he-
matoxylin after periodic acid oxidation (Fig. 1). Morphometric analy-
sis was performed with an automated image processor (NS 15000; Mi-
crovision, Evry, France). This processor is based on morphological
mathematical principles and is software controlled (29–31). Specific
algorithms were used to analyze each of the three stained structures.
The images were sent to the processor via a video camera and exam-
ined on a video monitor. Luminosity was automatically adjusted by
the software to obtain similar levels of contrast, taking into account
the total light transmitted by the video camera. The analog image was
then digitized. Each elementary point (pixel) was automatically com-
pared to a threshold. If the gray level of the pixel exceeded this
threshold, then the pixel was assigned a value of 1; otherwise, it was
given the numeric value of 0. Threshold determination was a complex
operation involving pixel ensembles. The threshold was determined
using the top-hat algorithm to minimize variations in staining and
background. This binary image was then processed to eliminate back-
ground and artifacts, delineate the zones of interest and the reference
zone, and extract and measure the parameters from the various zones
of interest. The first algorithm analyzed the mean medial thickness by
measuring the distance between the internal and external elastic lam-
inae (70 measurements in each section). The medial elastin network
was analyzed in terms of the relative area and mean thickness; the
measurements and calculations were made for 12 fields in each sec-
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tion. The second algorithm analyzed the collagen matrix by measur-
ing the relative area/density in 20 contiguous fields in each Sirius red–
stained section. Elastin and collagen densities were defined as the
ratio of the area stained by orcein or Sirius red to the area of the stud-
ied field. The total elastin and collagen contents per millimeter of
aortic section were calculated as the product of the media surface
area per millimeter of longitudinal section (medial thickness (

 

m

 

m) 

 

3

 

1,000) and the elastin and collagen densities, respectively. The third
algorithm counted the number of nuclei within 20 fields of about
10,000 

 

m

 

m

 

2

 

 area on each section and measured the mean area of each
nucleus. A two-step procedure (conditional opening, then conditional
closing, reference 25) eliminated all particles under a predetermined
size. The final result is the images of the nuclei without any “holes” or
deformations due to the structuring element (hexagon). The image
processor automatically eliminates “borderline” nuclei before mea-
suring the number of nuclei per unit area. As for the elastin and elas-
tin contents, the number of nuclei per millimeter of longitudinal sec-
tion was calculated from nuclei densities and medial surface area.
Repeat measurements were performed, pooled, and averaged for the
three algorithms in the corresponding stained sections of the aortic
wall media of each rat. The morphological analyses were performed
twice by two independent researchers using a single-build protocol.

 

Statistical analysis (32).

 

Results are expressed as means

 

6

 

SEM.
Analysis of variance was performed to test differences due to treat-
ments. The differences between groups were evaluated using the
Scheffe 

 

f 

 

test. Nested analysis of variance was performed to compare
the morphological results of the thoracic aorta allowing for the
within-group variability (field, section, rat).

 

Results 

 

The noninvasively measured systolic pressure in the five
groups of rats throughout the 3-wk treatment is shown in Fig.
2. Blood pressure was similar in the Ang II and in the Ang II 

 

1

 

PD123319 groups and was significantly higher in these two
groups than in the control (

 

P

 

 

 

,

 

 0.01). Furthermore, there was
no difference in blood pressure between the control group, the
PD123319 group, and the Ang II 

 

1

 

 PD123319 group.
Table I reports the body weight and the heart weight mea-

sured in all groups at the end of the treatment period. Body
weight was not affected by treatment in all tested groups; we
observed a significant and similar cardiac hypertrophy in rats
receiving Ang II and Ang II 

 

1

 

 PD123319 (

 

P

 

 

 

,

 

 0.01 vs control,
NS between Ang II and Ang II 

 

1

 

 PD123319). In contrast,
heart to body weight ratio was significantly reduced in the Ang
II 

 

1

 

 losartan group vs the Ang II group.

 

Carotid artery diameter. 

 

The systolic, diastolic, and mean
carotid diameter are shown in Fig. 3. Carotid diameter was sig-
nificantly larger in rats receiving Ang II as compared with the
control group (

 

P

 

 

 

,

 

 0.01). Treatment with PD123319 alone or
with addition of PD123319 and Ang II resulted in a slight but
nonsignificant decrease in carotid diameter vs values in the
control group. However, the carotid diameter was significantly
smaller in Ang II 

 

1

 

 PD123319 group than in Ang II group
(

 

P

 

 

 

,

 

 0.01). Simultaneous treatment with Ang II and losartan
did not significantly affect the carotid diameters despite signif-
icant decrease in arterial pressure.

 

Hemodynamics. 

 

The open-chest hemodynamic values mea-
sured in the five experimental groups are shown in Table II.
The mean arterial blood pressure was significantly higher in

Figure 1. Typical examples of specific staining of the thoracic aorta from the control rats for histomorphometric measurement on elastin (A), 
collagen (B), and smooth muscle cell nuclei (C).

Figure 2. Noninvasive 
systolic arterial pressure 
measured by the tail 
cuff method in the five 
studied groups 
(mean6SEM). h, con-
trol; e, PD123319; s, 
Ang II; D, AngII 1 
PD127319; d, Ang II 1 
losartan.
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Ang II and in Ang II 

 

1

 

 PD123319 groups than in the control
(by 33 and 30%, respectively, 

 

P

 

 

 

,

 

 0.01). PD123319 alone did
not modify the arterial pressure as compared with the control
group, while rats receiving infusion of Ang II 

 

1

 

 PD123319 had
the same blood pressure as animals receiving Ang II alone. In
contrast, losartan antagonized the Ang II–induced hyperten-
sion: arterial pressure and peripheral resistance were even sig-
nificantly lower in the Ang II 

 

1

 

 losartan group than in the con-
trol (

 

P

 

 

 

,

 

 0.01). Cardiac output and heart rate were similar in
all studied groups. Total peripheral resistance was significantly
larger in Ang II and in Ang II 

 

1

 

 PD123319 than in the control
group (by 26 and by 39%, respectively, 

 

P

 

 

 

,

 

 0.05). Infusion of
PD123319 alone did not modify the peripheral resistance vs
control animals.

 

Aortic reactivity and plasma angiotensin II. 

 

Chronic treat-
ment with PD123319 did not significantly affect the aortic
maximal response to KCl (125 mmol/liter, 2.37

 

6

 

0.25 g and
2.46

 

6

 

0.12 g in the control and PD123319 group, respectively).
In the same way, the response to increasing concentration of
phenylephrine was not effected by chronic treatment with
PD123319 (E max: 2.24

 

6

 

0.22 g and 2.44

 

6

 

0.11 g; EC

 

50

 

0.12

 

6

 

0.024 

 

m

 

M and 0.09

 

6

 

0.023 

 

m

 

M in the control group and
in the PD123319 group, respectively, NS). The Fig. 4 shows the
in vitro effect of increasing concentrations of Ang II on aortic
rings from control and chronic PD123319-treated rats under

basal conditions and after acute addition of losartan (10 

 

m

 

mol/
liter) or PD123319 (10 

 

m

 

mol/liter) in the organ chamber. The
aortic contractile response to Ang II was not significantly ef-
fected by chronic treatment with PD123319. Acute addition of
losartan in the organ chamber completely blocked the Ang II–
induced contraction in both groups. Finally, acute addition of
PD123319 in the organ chamber did not modify the aortic ring
response to Ang II in either control or PD123319 chronically
treated rats.

Plasma angiotensin II levels were not affected by chronic
treatment with PD123319: Ang II plasma concentration was
72

 

6

 

4 pg/ml in the control group and 78

 

6

 

3 pg/ml in rats chron-
ically treated with PD123319.

 

Histomorphometry. 

 

Results of histomorphometric analy-
sis are given in Table III. The aortic media thickness and cross-
sectional area were significantly greater in Ang II and in Ang
II 

 

1

 

 losartan than in control rats (by 24 and 34% in the Ang II
group, 

 

P

 

 

 

,

 

 0.01, and by 13 and 18%, respectively, 

 

P

 

 

 

,

 

 0.05). In
contrast, we did not observe aortic media hypertrophy in ei-
ther the Ang II 

 

1

 

 PD123319 or the PD123319 groups. Treat-
ment with Ang II 

 

1

 

 losartan did not significantly reduce the
aortic media thickness and cross-sectional area vs their respec-
tive values in the Ang II group.

The aortic elastin and collagen contents were similarly in-
creased in the Ang II group vs the control (by 24 and 35%, re-

 

Table I. Body Weight, Heart Weight, and Heart/Body Weight Ratio (Mean

 

6

 

SEM)

 

Control Ang II Ang II 

 

1 

 

PD123319 PD123319 Ang II 1 losartan

n 5 20 n 5 12 n 5 12 n 5 12 n 5 12

Body weight (g) 42768 41767 431611 42166 391614

Height weight (mg) 1159627 1316648* 1295631* 1231641 1085675

Heart/body weight (mg/g) 2.6960.05 3.1260.11‡ 3.0060.05* 2.9560.13 2.7160.17§

*P < 0.05 vs control group; ‡P < 0.01 vs control group; §P < 0.05 vs Ang II group.

Figure 3. Systolic, diastolic, and mean carotid lumen diameter measured by noninvasive ultrasounds in the five studied groups (mean6SEM). 
**P , 0.01 vs control.
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spectively, P , 0.05) and remained normal in the Ang II 1
PD123319 and PD123319 groups. There was no difference in
elastin and collagen contents in aortae from Ang II and Ang II 1
losartan groups. Likewise, we measured larger smooth muscle
cell nuclei size in the Ang II group as compared with the con-
trol group (by 29 and 25%, respectively, P , 0.05), indicating
smooth muscle cell hypertrophy and hyperplasia in rats receiv-
ing Ang II alone. In the Ang II 1 losartan group, we observed
a similar increase in smooth muscle cell nuclei size compared
with the Ang II group, whereas the number of smooth muscle
cell nuclei remained normal. In rats receiving Ang II 1

PD123319 or PD123319 alone, the number and the size of the
aortic smooth muscle cells remained at the baseline level.

Discussion

The main findings of the present study obtained in a model of
Ang II–induced hypertension are that chronic administration
of a selective antagonist of AT2 subtype Ang II receptor
(PD123319, 30 mg/kg per d) (a) had no effect on hemodynamic
parameters and especially on the systemic resistance, and (b)

did not affect the cardiac hypertrophy, but (c) antagonized the
effect of Ang II on smooth muscle cell growth and extra cellu-
lar matrix expression despite elevated blood pressure, as indi-
cated by the inhibition of the increase in carotid lumen diame-
ter, the absence of aortic medial hypertrophy, and especially of
increase in medial collagen content.

In contrast, chronic selective blockade of AT1 subtype Ang
II receptor (losartan, 10 mg/kg per d) antagonized the hemo-
dynamic effects of Ang II, but did not significantly affect the
Ang II–induced vascular hypertrophy.

Furthermore, in an additional set of experiments, we ob-
served that chronic administration of PD123319 in normoten-
sive rats did not affect the Ang II plasma level or the aortic
ring reactivity to angiotensin II, indicating that a blockade of
AT2 subtype receptor for 3 wk did not affect angiotensin II
production and AT1 receptors. Macari et al. (33) reported that
infusion of PD123319 at doses of 30 mg/kg per d in the rat re-
sults in plasma levels around 200 nmol/liter. Since the 50% in-
fective concentration of PD123319 for the AT2 receptor is
z 17 nmol/liter, infusion of 30 mg/kg per d of PD123319
should result in an effective AT2 blockade without affecting
the AT1 receptor. In agreement with our present hemody-

Table II. Hemodynamic Values Recorded in Anesthetized Opened-chest Rats

Control Ang II Ang II 1 PD123319 PD123319 Ang II 1 losartan

n 5 20 n 5 12 n 5 12 n 5 12 n 5 12

Systolic pressure (mmHg) 13763 17067* 16967* 13668 10763*‡

Diastolic pressure (mmHg) 10262 13665* 13466* 10168 8164*§

Mean pressure (mmHg) 11462 15466* 15166* 11469 9364*§

Cardiac output (ml/min) 7863 8165 7767 8469 8863

Heart rate (per min) 44869 420612 448614 419612 437611

Total peripheral resistance

(103 dyn. s. cm25) 12364 15669i 173616i 111612 8666*‡

*P < 0.01 vs control group; ‡P < 0.001 vs Ang II group; §P < 0.01 vs Ang II group; iP < 0.05 vs control group.

Figure 4. Effects of chronic blockade of 
AT2 angiotensin II receptors by PD123319 
(30 mg/kg per d for 3 wk) on responses to 
angiotensin II in aortic rings. Acute block-
ade of AT1 or AT2 receptors was obtained 
by incubation with losartan (10 mmol/liter) 
or PD123319 (10 mmol/liter). h, control; j, 
PD123319; s, control 1 losartan (acute); 
d, PD123319 1 losartan (acute); D, control 
1 PD123319; m, PD123319 1 PD123319 
(acute).
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namic results, the same group reported that arterial pressure
was unaffected by infusion of PD123319 for doses as high as
100 mg/kg per min (i.e., 144 mg/kg per d).

Considerable effort has been directed toward determining
whether Ang II, acting through AT2 receptors plays a role in
the control of cardiovascular hemodynamics (34). Our present
results and earlier studies demonstrate that Ang II–induced
contraction of aortic rings was antagonized by losartan, but
was unaffected by the AT2 antagonist PD123177 at doses as
high as 1024 M. Likewise, the pressor effect of intravenously
injected Ang II in the rat can be antagonized by losartan but is
unaffected by PD123177 at doses up to 100 mg/kg. Our present
study confirms that chronic blockade of AT2 receptors do not
affect the control of cardiovascular hemodynamics (arterial
pressure, cardiac output, heart rate) either in normotensive
rats or in Ang II–induced hypertensive rats. Furthermore, in
the present study, plasma angiotensin II level and aortic reac-
tivity to Ang II was not affected after chronic AT2 receptor
blockade. The plasma angiotensin II levels were very similar to
those previously reported under control conditions in normo-
tensive rats (35).

The role of Ang II as a growth factor has been demon-
strated in a number of studies using fibroblast (36), adrenal
cortical (37), vascular smooth muscle (38), or cardiac cells (39).
In each case, nonspecific Ang II receptor antagonists inhibited
the response to Ang II. It appears, however, that Ang II–
induced hypertrophy only occurs in the presence of additional
growth factors and may act indirectly through the release of
substances such as transforming growth factor b endothelin,
and platelet-derived growth factor A-chain (40–42). It appears
that the growth response to Ang II in cultured vascular smooth
muscle cells is mediated by AT1 subtype receptors. In rat aor-
tic smooth muscle cells, administration of Ang II (1027 M) to
quiescent cells induced hypertrophy and hyperplasia after a
24-h incubation; both responses were blocked by losartan
(1025) (43). In contrast to its proliferating affect on vascular
smooth muscle cells, Ang II may exert antiproliferative actions
on vascular endothelial cells. A previous study by Stoll et al.
(44) demonstrated that the angiotensin AT2 receptor mediates
inhibition of cultured endothelial cells and, in a recent study by
Yamada et al. (45), AT2 receptors favored apoptosis in a rat
pheochromocytoma cell line.

In vivo, the role of the AT1 subtype receptor in the Ang II–
induced vascular hypertrophy has been also extensively docu-

mented. The vascular hypertrophic response to Ang II was
demonstrated by morphometric analysis of vessels after
chronic infusion of low doses of Ang II (46); in agreement, we
reported that renovascular hypertension induced aortic hyper-
trophy and hyperplasia, both reversed by chronic treatment
with angiotensin-converting enzyme inhibitor (47). Recently,
Morishita et al. (48) using gene transfer strategy, demonstrated
that an increase in local expression of vascular angiotensin-
converting enzyme can directly cause vascular hypertrophy
independently of systemic factors and hemodynamic effects
supporting a role for autocrine/paracrine affect of Ang II on
vascular cell growth. We also previously reported that, in spon-
taneously hypertensive rats receiving angiotensin-converting
enzyme inhibitor for 8 wk, arterial hypertrophy and collagen
content could be specifically related to aortic tissue angio-
tensin-converting enzyme activity independently of hemody-
namic factors (49). Finally, Ang II has angiogenic affects ex-
pressed in the rabbit cornea (50) and the chorioallantoic
membrane of the chick embryo (51). Le Noble et al. (51) re-
ported that, in the chorioallantoic membrane assay, the in-
crease in microvascular density induced by Ang II is blocked
by an AT2 subtype receptor antagonist. However, the natural
ligand for the chick is Val 3–Ang II instead of the Ile5–Ang II
for mammals used in Le Noble’s study; therefore, this result
needs further investigation. In chronic Ang II infusion studies
in rats, losartan reversed the Ang II–induced hypertension in
the conscious rat (52), but no analysis of the vasculature was
performed. In a preliminary study, we reported that losartan
(10 mg/kg per d) reversed Ang II–induced hypertension, but
not aortic wall hypertrophy (53). This was also observed in the
present work. Finally, in an experimental model of neointimal
formation by carotid artery injury in the rat, Nakajima et al.
(21) suggested that the AT2 receptor exerts an antiprolifera-
tive affect on the neointimal formation. However, in these in
vivo experiments, the media cross-sectional area was differ-
ently affected than the neointimal formation: AT2 receptor ex-
pression vector–transfected arteries evidenced marked media
hypertrophy and decreased neointimal proliferation, whereas
treatment with PD123319 did not affect the neointimal forma-
tion, but reduced medial hypertrophy in AT2 receptor expres-
sion vector–transfected arteries. Therefore, although conclu-
sive evidence supports the role of the AT1 receptor in smooth
muscle cell growth, the in vivo role of the AT2 receptor is not
clearly defined.

Table III. Histomorphometric Values Measured in the Thoracic Aorta

Control Ang II Ang II 1 PD123319 PD123319 Ang II 1 losartan

n 5 20 n 5 12 n 5 12 n 5 12 n 5 12

Cross-sectional area (mm2) 0.9060.06 1.1860.06* 0.9860.04‡ 0.8460.08 1.0460.04§

Media thickness (mm) 11963 14567i 12263‡ 11367 13267§

Collagen content

(103 mm2/mm section) 12.962 17.160.9§ 9.861.1¶ 13.661.5 17.861.4§

Elastin content

(103 mm2/mm section) 25.961.6 31.561.3§ 26.761.1‡ 27.861.8 33.762.2i

Nuclei number

(per mm section) 501627 632650§ 514643 499635 450625‡

Nuclei size (mm2) 7.160.2 8.960.7§ 8.260.4 7.860.7  9.160.7*

*P < 0.001 vs control group; ‡P < 0.05 vs Ang II group; §P < 0.05 vs control group; iP < 0.01 vs control group; ¶P , 0.01 vs Ang II group.



424 Levy, Benessiano, Henrion, Caputo, Heymes, Duriez, Poitevin, and Samuel

In the present study, observed increases in both in vivo ca-
rotid diameter and aortic section media thickness in the Ang II
group indicate an arterial growth effect of chronic infusion of
angiotensin II. In as much as blood pressure was increased in
Ang II–infused rats, the increase in the carotid lumen diameter
observed in the Ang II group could be related to hypertension,
independently on direct affect of Ang II on the vessel growth
(54). However, the addition of AT2 receptor antagonist to an-
giotensin II in the Ang II 1 PD123319 group antagonized both
increases in carotid lumen diameter and in aortic wall thick-
ness, but did not affect the increase in arterial pressure. Taken
together, these results suggest that the carotid lumen enlarge-
ment and the aortic hypertrophy in the Ang II group resulted
from growth processes mediated through AT2 subtype receptor.

The role of the AT2 receptor in cell growth has been estab-
lished in various cell types, including lymphocytes (55), astro-
cytes (56), neuroblastoma cells (57), and possibly smooth mus-
cle cells (20). Recently, Brilla et al. (58) reported, in cultured
adult rat cardiac fibroblasts, that Ang II stimulates collagen
synthesis by both AT1 and AT2 receptors and that Ang II in-
hibition of collagenase activity is specifically mediated by the
AT2 subtype receptor. This latter finding could account for
our present results showing an increase in aortic collagen con-
tent in rats receiving Ang II, and unaffected collagen wall con-
tent when AT2 receptors are blocked. Interestingly, Morishita
et al. (48), using an in vivo model of rats transfected with an-
giotensin-converting enzyme expression vector in the carotid
wall, which resulted in an increase in local generation of Ang
II, demonstrated that subcutaneous injection of high doses of
losartan (20 mg/kg per d) significantly reduced, but did not re-
store, normal levels of DNA synthesis in the carotids of trans-
fected animals (P , 0.05 vs control). This latter result suggests
that a part of the growth affect of Ang II could be mediated by
non–AT1 receptors.

In conclusion, we tried in the present in vivo work to disso-
ciate the angiotensin II–induced hypertension from vascular
hypertrophy. We confirmed that chronic pharmacological
blockade of AT2 subtype Ang II receptors had no systemic he-
modynamic effect and did not affect the hypertension-induced
cardiac hypertrophy. Furthermore, chronic blockade of AT2
receptors did not affect the plasma level of angiotensin II and
the vascular reactivity to angiotensin II mediated by the AT1
receptor. The present study also showed that chronic blockade
of AT2 receptors antagonized the vascular growing effects re-
lated to long term Ang II injection, whereas blockade of AT1
receptors did not. We therefore suggest that the vasotrophic
effect of Ang II is at least partially mediated via AT2 receptor
subtype in this experimental model of hypertension.
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