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Abstract
Objectives—In this study we will determine the function of the interaction between AT2R and
ACE, and AT1R and ACE in the control of mesenteric resistance artery (MRA) tone from
normotensive and Angiotensin II (AII)-dependent hypertensive mice.

Methods-results—Hypertension (HT) was induced by infusion of Ang-II (200ng/kg/day) for 3
weeks. Freshly MRA (100–120μm) were isolated from HT and normotensive (NT) mice and mounted
in an arteriograph. Dose-response of Ang-I induced a similar contraction of MRA from NT and HT
mice, which was increased after endothelium removal. AT2R antagonist (PD123319, 1μM)
significantly increased Ang-I-induced contraction of MRA from NT but not from HT mice. In
addition, PD123319 significantly increased in vivo blood pressure in response to Ang-I. Luminal
incubation with ACE-antibody (50ng/mL) to block only endothelial ACE function significantly
enhanced Ang-I-induced contraction of MRA from NT mice. ACE inhibitor (captopril, 10μM)
completely blocked Ang-I-induced contraction of MRA from both animals and prevented the
increased blood pressure. Freshly isolated MRA subjected to immunoprecipitation, western blot
analysis and RT-PCR revealed AT1R/ACE and AT2R/ACE complexes formation, and similar
AT1R, AT2R, and ACE expression level in both groups.

Conclusion—The present findings show the existence of ACE/AT2R and ACE/AT1R complexes
on endothelial cells and VSMC respectively. ACE/AT2R complex plays a modulator effect on ACE/
AT1R-SMC-induced contraction of MRA, which is altered in hypertension.
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INTRODUCTION
The renin-angiotensin system (RAS) is a major hormonal system involved in the regulation of
cardiovascular function (1,2). Indeed, increased RAS stimulation, especially at the tissue level,
seems to be an initiating event in several pathophysiological processes including arterial
dysfunction and structural remodeling in hypertension.

RAS plays a crucial role in the homeostasis of resistance artery tone and blood pressure (3,4).
The angiotensin-converting enzyme (ACE) is a major link between RAS and kinin systems
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(5). Ang-II activates at least two receptors type: the Ang-II type 1 receptors (AT1R) and the
Ang-II type 2 receptors (AT2R) (6,7). In resistance arteries, the stimulation of AT2R induces
relaxation via a nitric oxide-dependent pathway (8–10).

It is well known that Ang-II formation in vivo is highly dependent on ACE localization and
activity (11,12). Interestingly, it has been documented that ACE is expressed on both artery
endothelial and smooth muscle cells. The endothelium has a key role in vascular homeostasis
through the release of relaxing factors to modulate contraction of SMC. It is well established
that AT2R and AT1R are involved in SMC relaxation and contraction respectively. Previously,
it has been reported that the AT2R binds directly to the AT1R and thereby antagonizes the
function of the AT1R (13). Therefore, the fundamental localization of AT2R, ACE and AT1R
on endothelial and SMC plays an important role in the rapid initiation and control of resistance
artery tone in response to Ang I. Thus, in this study we investigated the interaction between
ACE, AT1R, AT2R and their effect on resistance artery tone in normotensive and hypertensive
mice. We hypothesized that endothelial modulator effect of ACE/AT2R complex on ACE/
AT1R complexes-induced contraction of RA in response to Ang I was altered in hypertension.

METHODS
Animal Model

C57BL/6J male adult mice were obtained from Jackson Laboratory and separated into 2 groups.
The first group was considered as control (normotensive) and the second group (hypertensive)
received Ang-II (200 ng/kg/day)(14) for 3 weeks using mini-osmotic pump. These studies are
conformed to the principles of the National Institute of Health “Guide for the Care and Use of
Laboratory Animals”, and were approved by the LSU Institutional Animal Care and Use
Committee.

Mean arterial pressure measurement
Mice were anesthetized with ketamine/xylazine (45/2.5 mg/kg i.p.) A catheter connected to a
pressure transducer and recording system (www.livingsys.com) was placed in the left carotid
of mouse. The animal was placed on thermo pad at 37°C. After 30 min recovery time, blood
pressure was then measured. All measurements of blood pressure were performed under
ketamine/xylazine-anesthetized mice.

Isolated mesenteric resistance artery—Freshly isolated mesenteric resistance arteries
(mean diameter 120±5 μm at 50 mmHg of intraluminal pressure) were mounted onto two glass
micropipettes in a vessel chamber and slowly pressurized to 100 mmHg using a pressure-servo-
control perfusion (Living Systems Instruments, www.livingsys.com, livingsys, USA) in order
to stretch the artery and set a constant artery length. Vessel diameter was continuously
monitored by a video image analyzer as previously described.(15) Cannulated arterial segments
were submerged in 2 ml of physiological salt solution (PSS) was used (mmol/L): NaCl 130,
NaHCO3 14.9, KCl 3.7, CaCl2 · 2H2O 1.6, KH2PO4 1.2, MgSO4 · 7H2O 1.2, glucose 11, and
HEPES 10, and albumin 4%. Temperature was 37°C to 38°C, pH 7.4, oxygenated with (10%
O2- 5%CO2 and 85%N2) (15,16). The functional integrity of the endothelial cell layer was
assessed by endothelium-dependent vasodilation in response to acetylcholine (1 μM) after
precontraction with phenylephrine (1 μM).

For pharmacological studies, mesenteric resistance arteries from normotensive and
hypertensive mice were equilibrated at 50 mmHg of intraluminal pressure for 45 minutes. Then
dose-response Ang-I and Ang-II contraction were performed. To avoid the desensitization,
Ang-I and Ang-II were used in separate resistance arteries. Dose-responses were performed in
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the presence of AT2R inhibitor (PD123319, 1 μM), ACE inhibitor (captopril, 10 μM), specific
ACE antibody (50 ng/ml) and without endothelium.

Endothelium Removal
The endothelial layer was removed as previously described.(17) Briefly, the mesenteric
network was perfused with 1 mL carbon dioxide for 30 seconds. We verified that topically
applied acetylcholine (10 μmol/L) had no more dilating effect after preconstriction with
phenylephrine (10 μmol/L).

Immunoprecipitation and western blot analysis
Freshly isolated mesenteric resistance arteries from normotensive and hypertensive mice were
immediately snap-frozen in liquid nitrogen. Frozen vessel segments were pulverized and re-
suspended in ice-cold lysis buffer as described.(15) Each sample was immunoprecipitated with
AT1R, AT2R or ACE antibodies and then subjected to immunoblotting with AT1R, AT2R or
ACE antibodies (1:1000, Cell Signaling Technology). Blots were stripped and reprobed with
the AT1R, AT2R or ACE antibodies used for immunoprecipitation to verify the interaction and
the gel loading.

RT-PCR
RT-PCR analysis—Resistance arteries Total RNA was isolated from normotensive and
hypertensive mice with the use of an RNeasy Mini kit (Qiagen, Velencia, CA), and 1 μg
portions were subjected to reverse transcription (RT) with HotStarTaq (Qiagen, Velencia, CA).
One-tenth of the resulting cDNA was amplified by PCR with the following primers (sense and
antisense, respectively): mouse AT1R, 5′-Forward CCA TTG TCC ACC CGA TGA AG-3′,
5′-Reverse TGC AGG TGA CTT TGG CCAC-3′; mouse AT2R, 5′-Forward CAG CAG CCG
TCC TTT TGA TAA-3′, 5′-Reverse TTA TCT GAT GGT TTG TGT GAG CAA-3′; mouse
actin, 5′-Forward AGA GGG AAA TCG TGC TGT AC-3′ and 5′-Reverse CAA TAG TGA
TGA CCT GGC CGT-3′. Amplification was performed for 30 cycles of denaturation for 30 s
at 94°C, annealing for 15 s at 63°C, and primer extension for 60 s at 72°C for AT1R or for 30
cycles of denaturation for 45 s at 94°C, annealing for 45 s at 53°C, and primer extension for
1.5 min at 72°C for AT2R. The resulting products were analyzed by electrophoresis using 2%
agarose gels and staining with ethidium bromide.

Statistical analysis
Results are expressed as mean±sem, where n is the number of arterial segments studied.
Significance of the differences between groups was determined by 1- or 2-factor ANOVA,
where appropriate. Differences were considered significant at P<0.05.

RESULTS
Mean arterial pressure (MAP) was significantly increased in mice treated with Ang-II for 3
weeks compared to control (87.3±2 vs. 106±2 mmHg, p<0.05), indicating that Ang II treatment
was sufficient to induce increase blood pressure in normal mice.

Freshly isolated resistance arteries were mounted in an arteriograph under 50 mmHg and were
subjected to Ang-I dose-response (10−10 to 10−7 M). The application of Ang-I was associated
with a similar degree of contraction in both groups indicating a local and functional presence
of ACE of mesenteric resistance artery (Figure 1, left panel). Pretreatment of resistance arteries
with the ACE inhibitor (captopril, 10 μM) completely blocked the contraction to Ang-I in both
groups (Figure 1, left panel). Contraction and relaxation induced by phenylephrine and
acetylcholine respectively were not affected with ACE inhibitor indicating the specificity of

Su et al. Page 3

Mol Cell Biochem. Author manuscript; available in PMC 2009 July 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



captopril (data not shown). Intraluminal incubation with specific ACE antibodies (to block
only endothelial ACE) significantly enhanced Ang I-induced contraction of resistance artery
from normotensive mice but no effect was observed in hypertensive mice (Figure 1, right
panel). Intraluminal incubation with non-immune IgG antibody had no effect on the contraction
induced by Ang-I (data not shown) indicating the specificity of ACE antibody. We previously
have shown than AT2R stimulation induced resistance artery relaxation (16,18). Thus, the
inhibition of AT2R with PD123319 (1 μM) significantly increased Ang I-induced contraction
of resistance artery from normotensive but no effect was observed in hypertensive mice (Figure
2, left panel). In both groups, endothelium removal significantly increased Ang I-induced
contraction of resistance artery (Figure 2, right panel).

In normotensive mice, Ang-II dose-response induced an elevated contraction compared to
contraction induced by Ang-I (Figure 1), which was not affected by AT2R inhibition (Figure
3).

Freshly in vivo isolated mesenteric resistance arteries were subjected to immunoprecipitation,
western blot analysis and RT-PCR. Data showed that AT1R and AT2R protein and mRNA
were expressed to a similar level in both groups (Figure 4A–B). Co-immunoprecipitation
analysis of arterial lysates revealed complexes formation AT1R/ACE and AT2R/ACE (Figure
4C). Non-immune IgG was used as control and no effect was observed indicating the specificity
of immunoprecipitation approach (data not shown).

We measured in vivo blood pressure in response to acute Ang-I vein injection in normotensive
mice. Ang-I (100 nM) significantly increased blood pressure, which was enhanced in the
presence of AT2R inhibition (Figure 5). However, increased blood pressure in response to acute
Ang-I perfusion was completely blocked in the presence of ACE inhibitor (Figure 5).

DISCUSSION
In this study, the new findings consist of the existence of local and functional complexes
interaction between ACE and AT2R on endothelial cells and, ACE and AT1R on smooth muscle
cells dictating mouse resistance artery tone in response to Ang-I. The pattern of this distribution
and interaction is physiologically very important since in vivo endothelial cells and VSMC are
in contact with Ang I first and then Ang-II derived from Ang-I through ACE activation. Thus,
the AT2R vasodilatory effect is observed in the presence of Ang-I but not under Ang-II, and
is altered in Ang II-dependent hypertension.

Resistance arteries play a crucial role in the regulation of blood pressure and tissue perfusion.
Resistance artery tone is mainly regulated by mechanical (pressure and shear stress) and
humoral factors such as Ang-II and bradykinin (4,17,19,20). The two mechanical factors
antagonize each other. Thus, increased pressure induces contraction (myogenic tone) and
increased shear stress induces relaxation (15,21,22). This balance between contraction/
relaxation in response to mechanical factors is very crucial in the regulation of resistance artery
tone and subsequently blood pressure and tissue perfusion. A perturbation of this balance
(generally more contraction and less relaxation) is a hallmark of cardiovascular and metabolic
disease such as hypertension and diabetes. Humoral factors are also involved in the control
resistance artery tone. Thus, Ang-II acts through two different receptors: AT1R and AT2R. The
activation of AT1R induces resistance artery contraction, while the activation of AT2R induces
relaxation (16). It is worthwhile to note that AT2R activation does not fully relax artery
contraction induced by phenylephrine compared to acetylcholine effect (18). Others and we
have shown that AT2R activation induces artery relaxation of resistance artery from
normotensive rat (16,18).
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Functionally, the endothelium removal significantly enhanced resistance artery contraction in
response to Ang-I. This observation is in agreement with our previous study showing the
presence of AT2R on the endothelium of resistance artery (16). In Ang-II-dependent
hypertensive mice, Ang-I induced a similar contraction of resistance artery to that observed in
normotensive mice. These data indicate that hypertension Ang-II-dependent does not affect
the contraction induced by Ang-I, which is in concordance with previous studies showing that
hypertension is associated with increased peripheral resistance but not contraction to
vasoconstrictors (23,24). The mechanism responsible for these observations is unclear, but
may reflect compensatory vasodilation elicited by other vasorelaxing receptors. Our data
showed AT2R dysfunction of resistance artery from hypertensive mice are in agreement with
previous studies (25). Surprisingly, endothelium removal developed a similar contraction of
resistance artery from hypertensive and normotensive mice in response to Ang I. To extend
the local interaction between ACE and Ang-II receptors, we first used a functional approach
with different pharmacological inhibitors and function-blocking using ACE antibodies. AT2R
inhibition significantly enhanced contraction of resistance artery from normotensive but not
from hypertensive mice. In addition, the intraluminal incubation with specific ACE antibody
(which blocks only ACE on endothelial cell) significantly potentiated contraction of resistance
artery in response to Ang-I in normotensive mice, but no from hypertensive mice. Together,
these data corroborate physiological and functional interactions between AT2R and ACE in a
complex on endothelial cell membrane. To strengthen our data, we performed
immunoprecipitation and western blot analysis on freshly isolated mesenteric resistance
arteries, and found an interaction between AT2R and ACE, and AT1R and ACE. In addition,
our data revealed a similar expression level of AT2R, AT1R and ACE mRNA and protein
expression of resistance artery from normotensive and hypertensive mice. These data are not
in agreement with a previous study showing a decrease of AT2R protein in hypertensive rat
(25). This difference could be related to both the species used and the hypertension model. To
strengthen our in vitro data, we measured in vivo blood pressure after acute venous injection
of Ang-I with and without AT2R or ACE inhibition. We observed a significant enhance blood
pressure in response to Ang-I upon AT2R inhibition. On the other hand, the increased blood
pressure in response to Ang-I was completely prevented in the presence of ACE inhibitor.
These data indicate that AT2R plays a role in the regulation of resistance arteries tone and
subsequently blood pressure, and only ACE is involved in Ang-I conversion to Ang-II in mouse
resistance arteries. Our data are not in agreement with previous studies showing a role of
chymase in the conversion of Ang I to Ang II of mesenteric artery (not mesenteric resistance
artery) (26). Our data are supported by in vitro and in vivo studies indicating that only ACE is
involved in Ang-I conversion to Ang-II in mouse mesenteric resistance artery. In figure 6, we
established a model of complexes formation ACE/AT2R and ACE/AT1R on endothelial and
smooth muscle cells, respectively.

Thus, our data provide evidence regarding the existence of interaction between ACE and
AT2R on endothelial cells of MRA modulating the AT1R-ACE-activation-dependent
contraction. Since resistance artery should respond instantly to any humoral factors changes
(such Ang I) compared to large artery, it is such crucial of an important distribution of ACE,
AT1R and AT2R in order to regulate the contraction induced by Ang II formation. In vitro the
Ang I is formed before Ang II through ACE activation. Thus, when Ang I is distributed close
to endothelial and smooth muscle cells, the conversion of Ang I to Ang II will simultaneously
distributed to AT2R and AT1R. Endothelial ACE/AT2R complex may facilitate for a fast
diffusion of Ang-II to AT2R and AT1R leading to intermediate tone in the presence of Ang I.
This conclusion was confirmed by a great contraction of MRA in response to exogenous Ang
II compared to Ang I. The modulator effect of endothelial ACE/AT2R complex was altered in
Ang II-dependent hypertension.
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Figure 1.
Left panel: Dose-response to Ang-I (10−10 to 10−7 mol/L) and diameter decrease relationship
in normotensive (NT) and hypertensive (HT) mouse mesenteric resistance artery held at 50
mmHg without and with ACE inhibitor (captopril, 10 μM), n=6 per group. *P<0.05, statistically
significant, NT vs. NT+captopril; HTN vs. HTN+captopril; Right panel: Dose-response to
Ang-I (10−10 to 10−7 mol/L) and diameter decrease relationship in normotensive (NT) and
hypertensive (HT) mouse mesenteric resistance artery held at 50 mmHg without and with
intraluminal specific ACE antibody (50 ng/ml), n=6 per group. *P<0.05, statistically
significant, NT vs. NT+ACE antibody at 10−7 of Ang-I
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Figure 2.
Left panel: Dose-response to Ang-I (10−10 to 10−7 mol/L) and diameter decrease relationship
in normotensive (NT) and hypertensive (HT) mouse mesenteric resistance artery held at 50
mmHg without and with AT2R inhibitor (PD123, 1 μM), n=6 per group. *P<0.05, statistically
significant, NT vs. NT+PD123; Right panel: Dose-response to Ang-I (10−10 to 10−7 mol/L)
and diameter decrease relationship in normotensive (NT) and hypertensive (HT) mouse
mesenteric resistance artery held at 50 mmHg without and with endothelium, n=6 per group.
*P<0.05, statistically significant, NT vs. NT without endothelium; HTN vs. HTN without
endothelium
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Figure 3.
Dose-response to Ang-II (10−10 to 10−7 mol/L) and diameter decrease relationship in
normotensive (NT) mouse mesenteric resistance artery held at 50 mmHg without and with
AT2R inhibitor (PD123, 1 μM), n=6 per group.
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Figure 4.
4A: Western blot analysis showing the presence of AT2R (upper panel) and AT1R (Lower
panel) protein expression in normotensive (NT) and hypertensive (HT) mouse resistance
arteries; 4B: RT-PCR showing no difference of AT2R (upper panel) and AT1R (Lower panel)
mRNA level in resistance arteries from normotensive (NT) and hypertensive (HT) mouse; 4C:
immunoprecipitation and western blot analysis showing the presence of ACE in both groups
(Upper panel), the interaction between ACE and AT2R (Middle panel) and between ACE and
AT1R (Lower panel) in resistance arteries from both groups. n=6 per group.
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Figure 5.
Effect of acute injection of Ang I on in vivo blood pressure in the absence or presence of
AT2R antagonist (PD123) or ACE inhibitor (captopril); n=6 per group. *P<0.05, statistically
significant, Ang I vs. Ang I+PD123; Ang I vs Ang I+captopril.
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Figure 6.
This model shows the physiological role of ACE/AT2R and ACE/AT1R complexes on
endothelial and smooth muscle cells respectively in the regulation of resistance artery tone.
This model illustrates the access and the activation of AT2R and AT1R under Ang I leading to
a module contraction. On the other hand, under Ang II, there is a fast access of Ang II to
AT1R and less to AT2R leading to a high contraction.
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