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Angiotensin II (Ang II) is a potent vasopressor peptide that interacts with 2 major receptor isoforms — AT1 and AT2.
Although blood pressure is increased in AT2 knockout mice, the underlying mechanisms remain undefined because of
the low levels of expression of AT2 in the vasculature. Here we overexpressed AT2 in vascular smooth muscle (VSM)
cells in transgenic (TG) mice. Aortic AT1 was not affected by overexpression of AT2. Chronic infusion of Ang II into AT2-
TG mice completely abolished the AT1-mediated pressor effect, which was blocked by inhibitors of bradykinin type 2
receptor (icatibant) and nitric oxide (NO) synthase (L-NAME). Aortic explants from TG mice showed greatly increased
cGMP production and diminished Ang II–induced vascular constriction. Removal of endothelium or treatment with
icatibant and L-NAME abolished these AT2-mediated effects. AT2 blocked the amiloride-sensitive Na+/H+ exchanger,
promoting intracellular acidosis in VSM cells and activating kininogenases. The resulting enhancement of aortic kinin
formation in TG mice was not affected by removal of endothelium. Our results suggest that AT2 in aortic VSM cells
stimulates the production of bradykinin, which stimulates the NO/cGMP system in a paracrine manner to promote
vasodilation. Selective stimulation of AT2 in the presence of AT1 antagonists is predicted to have a beneficial clinical
effect in controlling blood pressure.
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Introduction
The biological effects caused by circulating angiotensin
II (Ang II) are diverse and widespread, and play a critical
role in regulation of the cardiovascular and renal systems
(1). At least 2 main Ang II receptor subtypes — AT1 and
AT2 — have been identified using receptor subtype–spe-
cific antagonists (2, 3). Most of the Ang II–mediated vaso-
constrictive actions are mediated by AT1, whereas little
information is available regarding the physiological roles
of AT2 and its signal-transduction pathway (4). AT1
antagonists are currently undergoing clinical trials in
patients with hypertension or heart failure. Treatment
with AT1 antagonists causes elevation of plasma Ang II,
which selectively binds to AT2 and exerts clinically impor-
tant, but as yet undefined, effects (5). Although the level
of AT2 expression is low in large vessels such as the aorta,
AT2 is present at high levels in microvessels (6–8). Ichiki
et al. (9) and Hein et al. (10) reported that disruption of
the AT2 gene caused an increase in blood pressure (BP)

and increased sensitivity to the pressor action of Ang II.
Interestingly, in elderly patients with heart failure (11),
selective activation of AT2 by treatment with the AT1
antagonist losartan was associated with an unexpected
lower risk of mortality compared with treatment with the
angiotensin-converting enzyme (ACE) inhibitor capto-
pril. These findings suggested either a physiological role
for AT2 in BP control or a cardioprotective effect,
although the underlying mechanism of these effects
remains poorly defined.

Involvement of the nitric oxide (NO) system in AT2-
mediated vascular effects has been reported in bovine
endothelial cells (12), isolated rat carotid arteries (13),
canine microvessels from coronary arteries (14), and rat
aortic strips (15). In a rat model of heart failure due to
myocardial infarction (16), the reduced cardiac func-
tion and cardiac fibrosis were improved by an AT2
antagonist and a bradykinin type 2 (BK2) receptor
antagonist. Inhibition of AT2 in cardiac hypertrophy
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Angiotensin II (Ang II) is a potent vasopressor peptide that interacts with 2 major receptor isoforms
— AT1 and AT2. Although blood pressure is increased in AT2 knockout mice, the underlying mech-
anisms remain undefined because of the low levels of expression of AT2 in the vasculature. Here we
overexpressed AT2 in vascular smooth muscle (VSM) cells in transgenic (TG) mice. Aortic AT1 was
not affected by overexpression of AT2. Chronic infusion of Ang II into AT2-TG mice completely abol-
ished the AT1-mediated pressor effect, which was blocked by inhibitors of bradykinin type 2 recep-
tor (icatibant) and nitric oxide (NO) synthase (L-NAME). Aortic explants from TG mice showed great-
ly increased cGMP production and diminished Ang II–induced vascular constriction. Removal of
endothelium or treatment with icatibant and L-NAME abolished these AT2-mediated effects. AT2
blocked the amiloride-sensitive Na+/H+ exchanger, promoting intracellular acidosis in VSM cells and
activating kininogenases. The resulting enhancement of  aortic kinin formation in TG mice was not
affected by removal of endothelium. Our results suggest that AT2 in aortic VSM cells stimulates the
production of bradykinin, which stimulates the NO/cGMP system in a paracrine manner to promote
vasodilation. Selective stimulation of AT2 in the presence of AT1 antagonists is predicted to have a
beneficial clinical effect in controlling blood pressure.
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amplifies the growth response of the left ventricle
through suppression of cGMP signaling (17). In stroke-
prone spontaneously hypertensive rats (18), aortic
cGMP production stimulated by Ang II infusion was
inhibited by AT2 antagonists, as well as by a BK2 recep-
tor antagonist or NO synthase inhibitor. In the kidney,
AT2-mediated NO production was closely involved in
AT2-mediated pressure natriuresis and diuresis (19, 20)
and renal production of cGMP in response to Na+

depletion (21, 22). Thus, although these previous stud-
ies suggested the possible involvement of the
bradykinin/NO system in AT2-mediated physiological
functions, direct evidence linking AT2 to bradykinin
synthesis and AT2-mediated vascular action remained
poorly defined, because of the lack of a suitable exper-
imental model overexpressing AT2 in the vascular sys-
tem. Here we report the unexpected finding that vas-
cular smooth muscle–specific (VSM-specific)
overexpression of the AT2 gene, using the VSM-specif-
ic α-actin promoter, completely abolished the Ang
II–mediated pressor action and vasoconstrictive effect
through an endothelium-dependent mechanism. Our
results also demonstrated that AT2-mediated inhibi-
tion of acid efflux through inhibition of Na+/H+

exchanger activity enhances kininogenase activity in
aortic VSM cells to liberate bradykinin, which causes
endothelial BK2 receptor–mediated vasodilation
through activation of the NO/cGMP system, resulting
in an AT2-mediated depressor effect on BP control.

Methods
Transgene constructs and screening of transgenic mice. A 4.7-
kb fragment of the mouse smooth muscle α-actin
(SMαA) promoter (23) and a mouse AT2 cDNA were
subcloned into the plasmid pBsKS(-). The ∼ 7.5-kb
DNA fragment, consisting of the SMαA promoter and
AT2 cDNA, was microinjected into the pronuclei of
fertilized mouse embryos at the single-cell stage to
generate transgenic (TG) mice (C57BL/6 strain) as
reported previously (24). To detect the TG mice, we

designed sense and antisense PCR primers from the
SMαA and AT2-R genes, respectively.

Membrane preparation and receptor assay. The mice were
sacrificed by decapitation, and the aorta, including tho-
racic and abdominal portions, was dissected out and
minced with scissors. Membrane fractions were pre-
pared from pooled aortic samples (n = 10) as described
previously (24–26). Membrane fractions were incubat-
ed with different concentrations (0.05–1 nM) of
[125I]Sar1, Ile8-Ang II, or [125I]CGP42112A for 120 min-
utes at 20°C for the saturation experiment. Specific
binding of [125I]Sar1, Ile8-Ang II, and [125I]CGP42112A
was determined from the difference between counts in
the absence of 10 µmol/L AT1 antagonist (losartan)
and the presence of 1 µmol/L AT2 antagonist
(CGP42112A). The Kd and Bmax values were estimated
by Rosenthal analysis of the saturation data, and AT1
and AT2 densities were calculated from Bmax values.

Aortic cGMP content. The cGMP was determined by a
specific RIA (Amersham Pharmacia Biotech, Uppsala,
Sweden) (18). Briefly, frozen aortas were weighted, pul-
verized in liquid nitrogen using a mortar and pestle,
and transferred into 2 mL of ethanol. The samples were
sonicated for 10 seconds at 4°C and centrifuged for 15
minutes at 6,000 g. The supernatants were lyophilized
and resuspended in 0.5 mL of sodium acetate buffer
(0.05 mol/L) containing 0.01% sodium azide. After
addition of 25 µL of an acetylation reagent (1 part
acetanhydrite and 2 parts triethylamine), the samples
were vortexed, and aliquots of 100 µL were transferred
into tubes containing 100 µL of antiserum (rabbit anti-
cGMP serum). After incubation for 1 hour at 23°C, 100
µL of the tracer [125I]2′-o-succinyl-cGMP tyrosine
methyl ester was added, and the samples were incubat-
ed for 16 hours at 4°C. The samples were then incu-
bated for 10 minutes with 500 µL of a second antibody,
and centrifuged. The supernatant was discarded, and
the radioactivity in the pellet was counted in a gamma
counter. The cGMP content was expressed in femto-
moles per gram of protein, as measured by the Brad-
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Figure 1
Ang II receptor densities in the aorta and aortic
VSM cells. (a) Aortas, including thoracic and
abdominal portions, were isolated from AT2-TG
and wild-type mice. Removal of endothelium was
performed by gently rubbing the intimal surface
with a cotton pellet. Removal of the endothelium
was verified by abolishment of the relaxation by 1
µmol/L acetylcholine. Membrane fractions were
prepared from the pooled samples (n = 10), and
aortic Ang II receptor densities were separately
measured 3 times. (b) Aortic VSM cells (n = 4 each)
were obtained primarily by the explant method (P-
0) and passaged with trypsin (P-2 to P-5). Ang II
receptor densities were measured by the ligand-
binding assay described in Methods. Results are
expressed as means ± SE. ND, not detected.



ford method using a protein assay kit (Bio-Rad Labo-
ratories Inc., Richmond, California, USA).

Determination of vascular constrictive response. The con-
strictive response of isolated aorta was determined as
described previously (27). Briefly, the aorta was cut into
helical strips (10 mm long and 1 mm wide). In some
experiments, the endothelium was removed by gently
rubbing the intimal surface with a cotton pellet. The rest-
ing tension was adjusted to 0.8 g, which is optimal for
induction of maximal contraction. The strips were equil-
ibrated for 2 hours in bathing medium (Tyrode’s solution
containing [in mmol/L] 137 NaCl, 2.7 KCl, 1.8 CaCl2, 1.1
MgCl2, 0.42 NaH2PO4, 12 NaHCO3, and 5.7 glucose [pH
7.4]) maintained at 37°C and continuously bubbled with
O2/CO2 (95:5). Removal of the endothelium was verified
by abolishment of the relaxation using 1 µmol/L acetyl-
choline. The contractile response to 50 mmol/L Ang II
was obtained first. Then the bathing medium was
washed out twice with fresh Tyrode’s solution, for 15
minutes each time, and the preincubation for equilibra-
tion was performed for 30 minutes. The experiment to
test the constrictive response of aorta by Ang II was
repeated twice, and the third response was regarded as the
control response for Ang II. Subsequently, the medium
was washed out twice with fresh Tyrode’s solution, for 15
minutes each time, and then the vascular response to Ang
II (50 nmol/L) was recorded in the presence or absence of
AT2 antagonist PD123319 (1 µmol/L).

Measurements of BP and heart rate. Systolic, mean, and
diastolic BPs were measured using a programmable
sphygmomanometer (BP-98A; Softron, Tokoyo, Japan)
using the tail-cuff method described previously (28). For
drug-infusion experiments, male mice (16–18 weeks old)
were anesthetized with pentobarbital sodium (50 mg/kg
intraperitoneally). A cervical incision was made, the tra-
chea was intubated, and the animal was connected to a
volume-cycled ventilator. A PE10 flame-stretched, fluid-
filled catheter was introduced into the femoral artery and
attached to a transducer element (TXD-300; Digi-Med,
Louisville, Kentucky, USA). The second cannula, using a
PE10 catheter, was inserted into the femoral vein for
injection of drugs. Data were registered on a chart
recorder, transmitted on-line with an amplifier (BPA-200;
Digi-Med), and analyzed with a computer program (Sys-
tem Integrator Model 200; Digi-Med) as described previ-
ously (24). Ang II (0.7 mg/kg per day), icatibant (70 µg/kg
per day), and PD123319 (30 mg/kg per day) were infused
using an ALZET osmotic pump (model 2002; ALZA
Corp., Palo Alto, California, USA). AT1 antagonist
TCV116 (10 mg/kg per day) was given orally, and L-
NAME (1 mg/mL) was given in drinking water.

Measurement of kininogenase activity. Tissue homo-
genates were prepared, and kininogenase activity was
measured in vascular tissues according to the method
described previously (29, 30). The thoracic and abdomi-
nal portions of the aorta were removed, rinsed several
times with ice-cold saline, and homogenized in buffer A,
including 0.1 mol/L phosphate buffer (pH 8.2), baci-
tracin (0.2%), 1,10-phenanthroline (3 mmol/L), 8-OH-

quinoline (1 mg/mL), soybean trypsin inhibitor (100
µg/mL), EDTA (30 mmol/L), captopril (10 µg/mL), and
the NEP inhibitor phosphoramidon (1 µmol/L). The
homogenate was centrifuged at 2,000 g for 10 minutes,
and supernatants were used for the experiment. The tis-
sue homogenate (0.5 mL) was incubated with bovine
kininogen (2,000 ng; Seikagaku Kogyo, Tokyo, Japan)
for 30 minutes at 37°C, and then ethanol (4 mL) was
added. After 5 minutes, the reaction mixture was cen-
trifuged (1,300 g) for 10 minutes at 4°C, the supernatant
was separated out, and the pellet was washed with 80%
ethanol and centrifuged again. Both supernatants were
pooled and dried under nitrogen. Kinins generated dur-
ing the incubation were measured by RIA as reported
previously (31); the lower limit of sensitivity is 1.4 pg per
sample, and intra-assay (n = 10) and inter-assay (n = 5)
coefficients of variations were 7.7% and 7.4%, respective-
ly. Kininogenase activity was expressed as the amount of
kinins generated per milligram of protein per minute of
incubation with kininogen (32).

Measurement of intracellular pH. The fluorescent pH-sen-
sitive dye 2′,7′-bis(carboxyethyl)-5(6)-carboxyfluorescein
(BCECF/AM) was used to monitor changes in cytosolic
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Figure 2
Immunohistochemical localization of AT2 and AT1 in the medial
layer of the aorta. The immunostaining, using antibodies for von
Willebrand factor (vWF) (a) and VSM-specific α-actin (b), indicates
the localization of the endothelium and medial layer in the aorta,
respectively. Positive immunostaining for AT2 was highly localized in
the medial layer of the aorta from AT2-TG mice (c), whereas in the
wild-type mice, no significant AT2 signals were observed in the aorta
(d). Immunochemical signals for AT1 were detected in the medial lay-
ers of the aortas from wild-type and AT2-TG mice to a similar extent
(e and f). Positive staining was viewed with avidin-biotin immunoper-
oxidase reaction using diaminobenzidine. Asterisks indicate the
lumen of the aorta.



pH as described previously (33, 34). The cells were rinsed
and loaded with 2 µmol/L BCECF/AM (Wako Pure
Chemicals Industries, Tokyo, Japan) for 60 minutes at
37°C. BCECF was dissolved in physiological saline solu-
tion (PSS) containing (in mmol/L) 140 NaCl, 4.6 KCl, 1
MgCl2, 2 Ca2, 10 glucose, and 10 HEPES (pH 7.4).
BCECF/AM was dissolved in PSS. The complete intra-
cellular hydrolysis of BCECF/AM to BCECF was judged
according to changes in excitation and emission spectra.
The fluorescence was monitored at 530 nm, with excita-
tion wavelengths of 450 and 500 nm in the ratio mode.
After measurement of the basal intracellular pH (pHi)

level, the control medium was changed to media with
varying extracellular pH. Because autofluorescence of
unloaded cells accounted for less than 1% of the total
fluorescence of BCECF-loaded cells, autofluorescence
did not affect the pHi calculations. The fluorescence sig-
nal was calibrated at several pH values (6.6, 7.0, and 7.4)
in KCl solution containing (in mmol/L) 140 KCl, 4.6
NaCl, 1 MgCl2, 2 CaCl2, 10 glucose, and 10 HEPES con-
taining the K+/H+ ionophore nigericin (10 µg/mL). 

Cell culture. Aortic VSM cells were prepared from tho-
racic aorta by the explant method. The inner surfaces of
isolated aorta were scraped to remove endothelial cells,
minced into 1-mm pieces, and cultured in DMEM con-
taining 10% FCS. After 2–3 weeks, the cells migrating
from the explants were removed by trypsinization and
subcultured (passage 1). The identity of VSM cells was
confirmed based on their typical morphological charac-
teristic (spindle shape, hill-and-valley patterns) and
immunostaining with an anti–α-smooth muscle actin
(1A4; Sigma Chemical Co., St. Louis, Missouri, USA). For
the experiments, ∼ 80% confluent VSM cells (passage 3)
were made quiescent by incubation with serum-free
DMEM for 12 hours.

Western blotting. Western blotting was performed as
previously reported (35, 36). Briefly, the aorta was iso-
lated and homogenized in high-salt buffer containing
(in mmol/L) 600 NaCl, 40 MOPS, 5 EGTA, 5 EDTA, 1
DTT, and 1 µg/mL leupeptin, 1 µg/mL aprotinin, and
50 mmol/L PMSF. The supernatant was separated by
SDS-PAGE and transferred onto nitrocellulose mem-
branes. Aliquots of 20 µg of protein were loaded per lane
and probed with one of the following antibodies: anti-
human α-smooth muscle (clone 1A4; Sigma Chemical
Co., St. Louis, Missouri, USA), anti-human calponin
(clone hCP; Sigma), and anti-caldesmon (clone hHCD;
Sigma). The signals were detected by enhanced chemi-
luminescence (ECL; Amersham). Caldesmon is present
as high-molecular-weight (120–150 kDa) and low-
molecular-weight (71–80 kDa) species, and we focused
on the high-molecular-weight caldesmon (hCD).

Immunohistochemistry. Immunohistochemistry was
performed in frozen sections as described previously,
with some modifications (36). The frozen aortas were
cut at 6 µm and stored at –80°C. The tissue was fixed
with 2% paraformaldehyde. The endogenous peroxidase
and nonspecific binding sites were blocked with 1%
H2O2, 7.5% normal goat serum, and 1% nonfat dry milk.
Samples were incubated overnight at 4°C with the fol-
lowing antisera: polyclonal anti-rat AT1 (Chemicon
International, Temecula, California, USA), polyclonal
anti-rat AT2 (kindly provided by A.S. Greene, Universi-
ty of Wisconsin ), anti-human von Willebrand factor
(Sigma), and anti-rat α-smooth muscle actin (Sigma).
Staining was viewed with the avidin-biotin immunoper-
oxidase reaction (VECTASTAIN ABC Kit; Vector Labo-
ratories, Burlingame, California, USA) using diamino-
benzidine (Fast DAB tablets; Sigma).

Reagents and statistical methods. All reagents were pur-
chased from Sigma Chemical Co., unless otherwise indi-
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Figure 3
Changes in BP after Ang II infusion. The mBP was measured by the
tail-cuff method as described in Methods. Ang II (0.7 mg/kg per day;
n = 12) was chronically infused using an osmotic pump. Icatibant (70
µg/kg per day; n = 10) and PD123319 (PD; 30 mg/kg per day; n =
10) were coinfused with Ang II using an osmotic pump. TCV116
(TCV; 10 mg/kg per day; n = 10) was given orally, and L-NAME (1
mg/mL) was given in drinking water. 



cated. Losartan was kindly provided by DuPont Merck
Pharmaceutical (Wilmington, Delaware, USA). TCV116
and CV11974 were kindly provided by Takeda Chemi-
cal Industries (Osaka, Japan). PD123319 was provided
by Warner-Lambert Co./Parke-Davis Pharmaceuticals
(Ann Arbor, Michigan, USA). The results are expressed
as means ± SE. ANOVA and Dunnett’s multiple com-
parison test or Student’s t test were used for multigroup
comparisons, with P < 0.05 considered significant.

Results
Expression of AT2 in aorta and VSM cells from VSM AT2-TG
mice. The transgene construct contained the mouse
VSM α-actin promoter ligated to the coding sequence
of mouse AT2. This promoter effects a pattern of trans-
gene expression similar to that of endogenous VSM-spe-
cific α-actin, which is the dominant α-actin isoform in
vascular tissue. Five founders containing the AT2 trans-
gene were identified by PCR of genomic DNA. Neona-
tal mortality in these TG mice did not differ from that
in non-TG controls. These animals had similar heart-to-
body weight ratios relative to their control littermates
(designated as wild-type), and there was no evidence of
obvious morphological changes of the aorta.

Transgene expression assessed by ligand-binding
assay revealed that AT2 was overexpressed in the aorta
from 5 different TG lines, and the proportion of aortic
AT2 relative to AT1 was 39% in TG901 mice (Figure 1a).
The expression of aortic AT2 was most abundant in
TG901 mice among these 5 TG lines. Subsequent
experiments were performed using this line. Smaller
amounts of AT2 were detected in the aorta of wild-type
mice (∼ 5 fmol/mg protein), and there were no signifi-
cant differences in aortic AT1 numbers between TG
and wild-type animals (Figure 1a). The Kd values
(nmol/L) of AT2 in the aorta of TG and wild-type mice
were 0.31 ± 0.01 and 0.33 ± 0.01, respectively, when sat-
uration binding experiments were performed with
AT2-selective ligand [125I]CGP42112A, in good agree-
ment with the native binding affinity of AT2 (37, 38).
The aortic AT2 densities were high (33–39% vs. AT1
densities) in all TG lines and, therefore, could not be
attributed to the site of genomic integration. Although
we measured AT1 and AT2 densities in the aorta after
removal of endothelium, there were no significant
changes in the levels of receptor expression (Figure 1a).
We also determined the AT2 densities in VSM cells iso-
lated from the aorta using the explant method. Prima-
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Figure 4
Ang II–induced constrictive response of the aorta (a and b), expression profile of vascular constriction–related proteins (c), and electron
micrography of the aorta of AT2-TG mice (d). (a and b) Aortic strips were placed on a myograph under resting tension and equilibrated in
bathing medium continuously bubbled with O2/CO2 (95:5). The contractile response to 50 mmol/L Ang II was examined 3 times, and the
contractile response after the third Ang II treatment was regarded as the control response for Ang II (100%). Subsequently, the medium was
washed out twice with fresh Tyrode’s solution, and the vascular response to Ang II (50 nmol/L; n = 8) was recorded in the presence or absence
of PD123319 (100 nmol/L; n = 8), L-NAME (1 µmol/L; n = 8), or icatibant (100 nmol/L; n = 8). Removal of endothelium was performed by
gently rubbing the intimal surface with a cotton pellet, and was verified by abolishment of the relaxation caused by 1 µmol/L acetylcholine.
The results are expressed as means ± SE. *P < 0.001 vs. the control level. (c) Aortic homogenates (20 µg protein) were analyzed by Western
blotting using anti-caldesmon (high molecular weight), anti–α-actin, and anti-calponin antibodies. Representative data of 3 separate exper-
iments are shown. (d) Electron micrograph of a longitudinal section of smooth muscle fibers (VSM cells) in the aorta from AT2-TG mice.
Part of the centrally located nucleus (N) is included at the right. Mitochondria (M), a Golgi apparatus (G), and ribosomes (R) are particu-
larly abundant in the conical perinuclear region. Caveolae (C) are seen in plasma membranous regions. The remainder of the fiber is occu-
pied by thin filaments (myofilament) (asterisk) and by dense bodies (arrows), into which the filaments appear to insert.



ry cultures of VSM cells from AT2-TG mice expressed
AT2 abundantly, and the proportion of AT2 to AT1
was 31% in passage 2 VSM cells, whereas no AT2 expres-
sion was detectable in wild-type cells (Figure 1b).
Because we found that both AT1 and AT2 densities
decreased markedly after passage 4 (Figure 1b), we used
VSM cells at passage 3 for the subsequent experiments.

To further confirm VSM-specific overexpression of
AT2, we performed immunohistochemical staining
using specific antibodies. The immunostaining, using
antibodies for von Willebrand factor (Figure 2a) and
VSM-specific α-actin (Figure 2b), indicates the local-
ization of endothelium and medial layer in the aorta.
Positive immunostaining for AT2 is highly localized in
the medial layer of the aorta from AT2-TG mice (Fig-
ure 2c), whereas in the wild-type mice, no significant
AT2 signals are observed in the aorta (Figure 2d).
Immunochemical signals for AT1 are detected in the
medial layers of aortas from wild-type and AT2-TG
mice to a similar extent (Figure 2, e and f). Preimmune
and preadsorption controls were negative for anti-AT2
and anti-AT1 antibodies (data not shown).

VSM-specific overexpression of AT2 gene abolished the Ang
II–mediated pressor effect. Changes in BP and heart rate
(HR) in response to chronic infusion of a low dose of Ang
II (0.7 mg/kg per day) were measured in conscious mice.
Basal BP levels did not differ between AT2-TG and wild-
type mice. Mean BP (mBP) levels in wild-type mice were
significantly increased to ∼ 14 mmHg (P < 0.05), ∼ 29
mmHg (P < 0.001), and ∼ 33 mmHg (P < 0.0001) at 3, 7,
and 14 days after Ang II infusion, respectively. This ele-
vation was inhibited by TCV116 (10 mg/kg per day oral-
ly) but not PD123319 (30 mg/kg per day by osmotic
pump) (Figure 3a). Interestingly, BP elevation after Ang
II infusion was markedly attenuated in AT2-TG mice,
whereas simultaneous treatment with PD123319, NO
synthase inhibitor L-NAME (1 mg/kg per day orally), and
BK2 receptor antagonist icatibant (70 µg/kg per day by
osmotic pump) elevated BP levels to an extent similar to
those observed in wild-type controls (Figure 3b). L-NAME
or icatibant alone slightly elevated the mBP level (L-
NAME: 11 ± 1.2; icatibant: 8 ± 0.7 mmHg after 14-day
treatment; n = 8) in AT2-TG mice. Basal HR did not dif-
fer between AT2-TG and wild-type mice, and chronic Ang
II infusion did not show any significant effect on HR
(data not shown). The mBP levels in wild-type and AT2-
TG mice were decreased by 16.3% and 26.5% from base-
line values after a 14-day treatment with Ang II and
TCV116 (AT2 stimulation), respectively, and the magni-
tude of BP depression was significantly (P < 0.05) greater
in AT2-TG mice than in wild-type mice (Figure 3). These
findings suggested that targeted overexpression of AT2
in VSM cells antagonizes the AT1-mediated pressor effect
through a bradykinin/NO–dependent mechanism, and
that selective AT2 stimulation causes a depressor effect.

AT2 inhibits Ang II–mediated vasoconstriction action through
endothelium-dependent vasodilation. To determine whether
Ang II–mediated vascular responses are altered in AT2-
TG mice, we isolated the aorta from AT2-TG mice and
tested vascular constrictive responses to Ang II. The Ang
II–mediated constriction was recorded 3 times, and the
third response was regarded as the control constriction
to Ang II. The vasoconstrictive response to the fourth
Ang II treatment was tested in the presence or absence of
PD123319, which was shown as a ratio relative to the
third Ang II–induced constriction (100%, control). In
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Figure 5
AT2-mediated increase of aortic cGMP content in a BK2 recep-
tor/NO–dependent manner. Isolated aortas were placed in PSS and
exposed to Ang II (100 nmol/L) for 10 minutes. CV11974 (1 µmol/L;
n = 10), PD123319 (1 µmol/L; n = 10), L-NAME (1 µmol/L; n = 10),
or icatibant (1 µmol/L; n = 10) was added 15 minutes before addi-
tion of Ang II. The treated aortas were homogenized, and aortic
cGMP content (femtomoles per gram of protein) was measured and
compared with content in the control (no treatment; n = 10) and Ang
II–alone groups (n = 10). Removal of endothelium was performed by
gently rubbing the intimal surface with a cotton pellet. *P < 0.05,
**P < 0.01, ***P < 0.01 vs. control.



wild-type mice, neither pretreatment with PD123319
nor removal of endothelium significantly affected the
Ang II–induced vasoconstrictive response (Figure 4a). In
AT2-TG mice Ang II–mediated vasoconstriction was
enhanced by 19.8% (P < 0.001 vs. control) by PD123319
pretreatment. Removal of endothelium and pretreat-
ment with icatibant or L-NAME abolished this AT2-
mediated vascular effect (Figure 4b), suggesting that
AT2 antagonizes the AT1-mediated vasoconstrictive
action through a bradykinin/NO–mediated pathway in
an endothelium-dependent manner.

We next tested whether targeted overexpression of AT2
in VSM cells alters the norepinephrine-induced vascular
response or affects the expression of endogenous pro-
teins involved in vascular constriction, such as VSM α-
actin, calponin, and caldesmon. Western blotting analy-
ses indicated that VSM-specific α-actin and actin-related
regulatory proteins calponin and caldesmon were
expressed at comparable levels in AT2-TG and wild-type
mice (Figure 4c). The norepinephrine-induced vasocon-
strictive response of isolated aorta was also similar
between AT2-TG and wild-type mice (data not shown).
Electron micrography analysis of aorta microstructure
revealed that overexpression of AT2 does not affect the
microstructure of myofilaments (thin filaments), a Golgi
apparatus, dense body, ribosome, or caveolae in VSM
cells compared with those in wild-type mice (only data
of AT2-TG mice shown in Figure 4d).

Ang II–mediated aortic cGMP production is increased in the
aorta of AT2-TG mice through a bradykinin/NO–dependent
mechanism. Because the AT2-mediated vasodilatory effect
was inhibited by L-NAME (Figure 4b), we isolated the
aorta from AT2-TG mice and examined the effect of AT2
on aortic cGMP synthesis. Basal cGMP content in the
isolated aorta did not significantly differ between AT2-
TG and wild-type mice. Ang II (100 nmol/L) alone did
not induce a significant increase in aortic cGMP level of
wild-type mice, whereas addition of Ang II in the pres-
ence of CV11974 (active form of TCV116) resulted in a
26% increase (P < 0.05 vs. control) in aortic cGMP level
(Figure 5a). In AT2-TG mice, Ang II alone resulted in a
53% increase (P < 0.01 vs. control) in aortic cGMP level,
and combination of Ang II and CV11974 induced a fur-
ther increase (105% vs. control; P < 0.001) (Figure 5b).
Pretreatment with PD123319, L-NAME, and icatibant
blocked the AT2-induced increase in aortic cGMP pro-
duction in both wild-type and AT2-TG mice (Figure 5, a
and b). Interestingly, removal of endothelium also com-
pletely abolished this AT2-mediated aortic cGMP pro-
duction in both wild-type and AT2-TG mice (Figure 5, a
and b). These findings suggested that targeted overex-
pression of AT2 in VSM cells stimulates endothelium-
dependent cGMP synthesis through the bradykinin/NO
pathway, and that AT2 present in the aorta of wild-type
mice has the ability to stimulate aortic cGMP synthesis
by the same mechanism as in AT2-TG mice.

Aortic kininogenase activity is increased by stimulation of
AT2. We next studied whether AT2 activates the kinin-
kallikrein system in the isolated aorta. Previous studies

indicated that rat aorta (32, 39) and rat aortic VSM cells
(32) synthesize and secrete kininogen, kininogenases,
and kininases into the culture medium. We found that
the amount of bradykinin released from isolated aorta
or aortic VSM cells into the incubation medium was
too low to be detected by the RIA, even in the presence
of kininase inhibitors such as captopril and NEP
inhibitor phosphoramidon. Therefore, as performed in
previous studies (32, 39), we assayed the kininogenase
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Figure 6
AT2-mediated increase of aortic kininogenase activity. Isolated aor-
tas were treated by the same protocol as described in Figure 6. Aor-
tic kininogenase activities (picograms per milligram of protein per
minute) in tissue homogenates were quantified by measuring the
kinins generated from added kininogen as described in Methods. n =
8 for each experiment. *P < 0.05, **P < 0.01 vs. control.



(kinin-forming) activity in the isolated aorta homo-
genate using exogenous bovine kininogen as a sub-
strate to generate bradykinin. Kininogenase activities
obtained from mouse urine or aortic homogenates
were linearly plotted as a function of incubation time
(during 1 hour; data not shown), indicating that mouse
kininogenases act on bovine kininogen to generate
bradykinin. Kininogenase activity in blood-free aortic
homogenate of wild-type mice was 223 ± 4.8 pg
kinin/mg protein per minute (n = 12) (Figure 6a). Aorta
denuded of endothelium had the same amount of
kininogenase activity (225 ± 3.4 pg/mg per minute (n =
12) as intact aorta. Therefore, subsequent experiments
were performed using tissue homogenates from the
aorta with endothelium.

Ang II treatment alone did not affect aortic kinino-
genase activity in the wild-type mice, whereas a combi-
nation of Ang II and CV11974 induced a slight but sig-
nificant increase (29%; P < 0.05) (Figure 6a). Interestingly,
in the aorta of AT2-TG mice, Ang II stimulated the
kininogenase activity by as much as 97% (P < 0.001), and
pretreatment with CV11974 further increased its activi-
ty by 57% (Figure 6b). This kininogenase activity was
entirely inhibited by addition of 10 µg of aprotinin dur-
ing incubation (data not shown). Pretreatment with
PD123319 completely abolished this AT2-mediated
increase in kininogenase activity, whereas removal of
endothelium did not affect its induction in wild-type or
AT2-TG mice (Figure 6, a and b). These findings sug-
gested that targeted overexpression of AT2 in VSM cells
markedly stimulates aortic aprotinin-sensitive kinino-
genase activity in an endothelium-independent manner,
and that AT2 present in the aorta of wild-type mice has
the ability to slightly stimulate aortic kininogenase activ-
ity by the same mechanism as in AT2-TG mice.

Intracellular acidic changes induced by AT2 stimulation
enhance kininogenase activity in aortic VSM cells. Stimula-
tion of AT1 was reported to cause intracellular alka-
lization in rat aortic VSM cells through activation of
the amiloride-sensitive Na+/H+ exchanger (34); also, the
aorta was shown to contain acid-optimum kinino-
genases (40, 41). Therefore, we examined whether AT2
modifies pHi level to stimulate the kininogenase activ-
ity in aortic VSM cells. Addition of Ang II to aortic VSM
cells from wild-type mice resulted in a gradual increase
in pHi level (+0.092 from baseline after 10 minutes);
this effect was completely inhibited by the AT1 antag-
onist CV11974 (Figure 7a). Inhibition of amiloride-sen-
sitive Na+/H+ exchanger activity by amiloride derivative
5-(N,N-dimethyl)-amiloride (DMA) induced intracel-
lular acidosis (–0.053 from baseline after 10 minutes)
in VSM cells from wild-type mice, and pretreatment
with DMA inhibited Ang II–mediated increase in pHi

level (Figure 7a). Pretreatment with PD123319 did not
affect the Ang II–induced change in pHi level (data not
shown), indicating that AT1 causes intracellular alka-
lization through activation of the amiloride-sensitive
Na+/H+ exchanger. The lack of an effect of AT2 may
reflect downregulation of AT2 in cultured aortic VSM
cells from wild-type mice, as shown in Figure 1b.

Interestingly, in aortic VSM cells from AT2-TG mice,
addition of Ang II alone did not affect the pHi level.
Addition of Ang II in the presence of CV11974 (AT2
stimulation) induced a marked decrease in the pHi level
(–0.091 from baseline after 10 minutes); this AT2-medi-
ated acidic change was abolished by DMA pretreatment
(Figure 7b). Treatment with DMA alone also caused a
gradual decrease in the pHi level (–0.048 after 10 min-
utes) (Figure 7, a and b). Pretreatment with PD123319
(AT1 stimulation) induced intracellular alkalization
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Figure 7
AT2-mediated intracellular acidosis through inhi-
bition of the amiloride-sensitive Na+/H+ exchang-
er. The pH-sensitive dye BCECF was used to mon-
itor changes in cytosolic pHi as described in
Methods. The aortic VSM cells from wild-type (a)
and AT2-TG (b) mice were rinsed and loaded with
2 µmol/L BCECF for 60 minutes at 37°C. Fluores-
cence was monitored at 530 nm, with excitation
wavelengths of 450 and 500 nm in the ratio mode.
After measurement of the basal pHi level, the con-
trol medium was changed to that with varying
extracellular pH. The fluorescence signal was cali-
brated at several pH values (6.6, 7.0, and 7.4) in
KCl solution containing the K+/H+ ionophore
nigericin. CV11974 (CV; 0.5 µmol/L), PD123319
(PD; 0.5 µmol/L), and DMA (30 µmol/L) were
preadded; then the cells were exposed to Ang II
(100 nmol/L). Similar results were obtained from
6 separate experiments, and representative data
are shown (top panels). Changes of pHi from the
baseline values 10 minutes after addition of Ang II
were calculated, and are shown relative to the
baseline value (bottom panels; n = 6). *P < 0.05,
**P < 0.01 vs. the baseline value. 



during exposure to Ang II (+0.091 from baseline after 10
minutes). These findings demonstrated that AT2
induces intracellular acidosis through inhibition of
amiloride-sensitive Na+/H+ exchanger activity.

We next studied the relationship between kininogenase
activity and AT2-mediated acidic changes. Basal kinino-
genase activity in aortic VSM cells from AT2-TG mice was
372 ± 8.8 ng/mg protein per minute (control). Ang II
stimulated the kininogenase activity by 32% (10 minutes
after addition; P < 0.01 vs. control), and AT2 stimulation
by Ang II and CV11974 further increased its activity by
84% (P < 0.001 vs. control). AT1 stimulation by Ang II and
PD123319 did not affect the kininogenase activity. Treat-
ment with DMA alone stimulated the kininogenase activ-
ity to an extent comparable with that in AT2-stimulated
cells. Because both AT2 stimulation and DMA cause a
similar level of intracellular acidosis through inhibition
of Na+/H+ exchanger activity, it is likely that intracellular
acidic changes play an important role in enhancing the
kininogenase activity in aortic VSM cells.

Discussion
In this study, targeted overexpression of AT2 in aortic
VSM cells was shown to antagonize AT1-mediated vaso-
constrictive and pressor effects through an endothelium-
dependent mechanism. This AT2-mediated vasodilatory
action was caused by the paracrine effect of bradykinin,
leading to activation of the endothelial BK2–mediated
NO/cGMP system. Aortic kininogenase activity is stimu-
lated by AT2, indicating that AT2 is able to regulate the
activity of vascular kinin-kallikrein system. The involve-
ment of endothelium in generation of bradykinin was
unlikely, because removal of endothelium did not affect
the AT2-mediated effect on aortic kininogenase activity.
These findings suggested that bradykinin is liberated
from VSM cells by AT2 stimulation, which, in turn, acts
on the endothelial bradykinin receptor in a paracrine
manner to cause endothelium-dependent vasodilation
(Figure 8). Furthermore, we believe that this study also
provided the first evidence that AT2 causes intracellular
acidosis through inhibition of amiloride-sensitive Na+/H+

exchanger activity, resulting in enhancement of kinino-
genase activity in aortic VSM cells.

Although the depressor and vasodilatory actions of
AT2 have not yet been clarified in detail, recent evidence
has suggested that AT2 mediates functions opposing the
pressor action of AT1. In mature rats, AT2 mediates the
depressor phase of the biphasic BP response to Ang II
(42), and chronic treatment with PD123319 enhances the
Ang II–mediated pressor action (43). Similar results were
found in isolated middle cerebral arteries, in which spe-
cific blockade of AT2 potentiated Ang II–induced VSM
cell contraction (42). Furthermore, Ichiki et al. (9) and
Hein et al. (10) established AT2 knockout mice and
found that the Ang II–induced pressor effect was
enhanced in these mice. Although several studies demon-
strated that AT2 inhibits AT1–mediated mitogen signals
by activating tyrosine phosphatase or serine/threonine
phosphatase (4, 44), the mechanism by which vasodila-

tory and depressor actions of AT2 are induced remained
poorly characterized. However, the involvement of the
NO system in Ang II signaling has been suggested in
studies using bovine endothelial cells (12), isolated rat
carotid arteries (13), canine microvessels from coronary
arteries (14), rat aortic strips (15), and rat kidney (21). Sir-
agy and Carey (21) reported using a microdialysis tech-
nique in which AT2 stimulates renal production of
cGMP in response to Na+ depletion; this effect is mediat-
ed by NO production (22). AT2-mediated NO produc-
tion is necessary for AT2-mediated pressure natriuresis
and diuresis (19, 20). The involvement of the bradykinin
system in AT2 signaling has been proposed in various
studies in vivo. In a rat model of heart failure due to
myocardial infarction (16), reduced cardiac function and
cardiac fibrosis were improved by an AT2 antagonist and
a bradykinin receptor antagonist. In stroke-prone spon-
taneously hypertensive rats (18), aortic cGMP production
stimulated by Ang II infusion was inhibited by an AT2
antagonist and a bradykinin receptor antagonist. In the
present study using targeted overexpression of AT2 in
mice, we clearly demonstrated that AT2 increases the
kininogenase activity in VSM cells and that resultant gen-
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Figure 8
Proposed pathway responsible for AT2-mediated cGMP synthesis in
VSM cells. AT2 stimulation in aortic VSM cells causes intracellular
acidification, resulting in the production of bradykinin through acti-
vation of kininogenases that function on the endothelial BK2 recep-
tor in a paracrine mechanism to cause vasodilation through activa-
tion of the NO/cGMP system.



eration of bradykinin causes endothelium-dependent
vasodilatory and depressor effect through an NO/cGMP
pathway. This bradykinin originated from VSM cells (but
not endothelial cells) and functioned on its specific recep-
tor, which is present in endothelial cells in a paracrine
mechanism. Although we tested the direct action of
exogenous bradykinin on the aorta denuded of endothe-
lium, no significant changes were observed in vascular
constrictive responses (data not shown). These findings
suggested that VSM cells, which are known to express
kininogenase and kininogen (45), have the ability to stim-
ulate the synthesis and/or release of bradykinin under
conditions in which vascular AT2 is selectively stimulat-
ed by application of AT1 antagonists or in which its
expression is increased by vascular injury.

Expression of AT2 in the adult rat aorta (Sprague-
Dawley rats) has been demonstrated by binding studies
and quantitative autoradiography (6). The data indicat-
ed localization of AT2 throughout the aortic wall
(including the medial layer), although the cellular local-
ization of AT2 was not defined. Similar results were
obtained in Wistar-Kyoto and spontaneously hyperten-
sive rats (7). Endothelial cells derived from coronary
arteries of spontaneously hypertensive rats express AT1
and AT2 in an 80:20 ratio (46). In rat aortic endothelial
cells, AT1 is the major subtype and AT2 is detected only
in proliferating cells cultured without growth factors
(47). Whereas the presence of functional AT2 was
demonstrated in endothelial cells from bovine aorta
(12), other studies failed to detect AT2 in endothelial
cells derived from bovine aorta (48) or porcine arteries
(49). In the human kidney, we reported the localization
of AT2 mRNA in the medial layer of interlobular arter-
ies (50). In this study, the results of the ligand-binding
assay (Figure 1) showed that small amounts of AT2 were
present in the isolated aorta of wild-type mice, and that
removal of endothelium did not affect its expression
level. Nora et al. (8) developed an excellent anti-AT2 anti-
body suitable for immunohistochemistry, and showed
that rat AT2 expression varies with vessel size and is
more abundant in endothelial and VSM cells in
microvessels than in large vessels (6). Using this anti-AT2
antibody (provided by Nora et al.), we found that the
expression of AT2 is not characterized in the endotheli-
um of the aorta from wild-type or AT2-TG mice (Figure
2). Although these lines of evidence suggest that VSM
cells express AT2 mainly in large vessels and microves-
sels, demonstration of endothelial AT2 depends largely
on the experimental conditions, species, and vessel size.

The way in which AT2 stimulates the kininogenase
activity could not be fully determined based on the
results of this study. Although a previous study report-
ed that in rat kidney slices, high K+, arginine vasopressin,
and oxytocin levels stimulate kininogenase activity (51),
the mechanism by which the activity of kininogenase is
regulated remains poorly defined. The present study
demonstrated clearly that AT2 causes intracellular acidic
changes through inhibition of amiloride-sensitive
Na+/H+ exchanger activity, and that intracellular acidic

change itself stimulates the activities of kininogenases
in aortic VSM cells. The kininogenase activities were
completely inhibited by aprotinin, consistent with a pre-
vious observation using rat aortic VSM cells (32). The
steady-state mRNA levels for true kallikrein (KLK1),
assessed by RT-PCR (52) or kininogen content, were
similar in aortic VSM cells from wild-type or AT2-TG
mice, and its expression was not affected by AT2 stimu-
lation (data not shown). Because vascular tissue is
known to contain the acid-optimum kininogenases
(40), intracellular acidosis could be a stimulus for the
activity of acid-optimum kininogenases that cleave
bradykinin from intracellularly stored kininogens.
Alternatively, intracellular acidic changes might affect
an endogenous inhibitor protein that binds specifically
to active tissue kallikrein and inhibits its activity (41).
Several protein kinases have been suggested to regulate
Na+/H+ exchanger activity, including Ca2+/calmod-
ulin–dependent kinases, cAMP-dependent kinases, and
extracellular signal-regulated kinases (ERKs) (53). Taka-
hashi et al. reported that a 90-kDa kinase (RSK) activat-
ed downstream of ERKs is a putative kinase for the
Na+/H+ exchanger, and that Ang II phosphorylates this
RSK through AT1-mediated signaling (54). Considering
that recent evidence established that AT2 inhibits the
phosphorylation of ERKs activated by AT1 (4, 44), it is
likely that AT2-mediated inhibition of Na+/H+ exchang-
er activity is caused by a decrease in RSK activity due to
inhibition of AT1-mediated ERK activation. 

The findings of this study have important pharma-
cotherapeutic implications for the AT1 antagonists that
have been used recently for treatment of patients with
hypertension or cardiovascular diseases. Because AT2 is
present in microvessels at high levels (6–8), and AT2 acti-
vation is increased in atherosclerosis lesions of the aorta
(55) and neointima after vascular injury (56), the AT2-
mediated depressor effect of the bradykinin/NO system
is expected to contribute to the management of BP, coro-
nary microcirculation, and vascular remodeling with AT1
antagonists. We believe we have shown that AT2 stimu-
lation has a novel hemodynamic effect by inhibiting AT1-
mediated chronotropic actions without affecting cardiac
contractility (24). These novel hemodynamic actions
mediated by AT2, such as negative chronotropic effects
or activation of the bradykinin/NO system, suggest that
AT2 exerts a new type of cardiovascular protective effect
and that this novel cardiovascular protective effect of AT2
should be confirmed in clinical studies.
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