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bioavailability in ApoE-KO mice. Furthermore, infusion of an NO synthase inhibitor blocked the apelin-mediated decrease
in atherosclerosis and aneurysm formation. In rat primary aortic smooth muscle cells, apelin inhibited Ang II–mediated
transcriptional regulation of multiple targets as measured by reporter assays. In addition, we demonstrated by
coimmunoprecipitation and fluorescence resonance energy transfer analysis that the Ang II and apelin receptors
interacted physically. Taken together, these findings indicate that apelin signaling can block Ang II actions in vascular
disease by increasing NO production and inhibiting Ang II cellular signaling.
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Apelin and its cognate G protein–coupled receptor APJ constitute a signaling pathway with a positive ino-
tropic effect on cardiac function and a vasodepressor function in the systemic circulation. The apelin-APJ 
pathway appears to have opposing physiological roles to the renin-angiotensin system. Here we investigated 
whether the apelin-APJ pathway can directly antagonize vascular disease-related Ang II actions. In ApoE-KO 
mice, exogenous Ang II induced atherosclerosis and abdominal aortic aneurysm formation; we found that 
coinfusion of apelin abrogated these effects. Similarly, apelin treatment rescued Ang II–mediated increases in 
neointimal formation and vascular remodeling in a vein graft model. NO has previously been implicated in 
the vasodepressor function of apelin; we found that apelin treatment increased NO bioavailability in ApoE-KO 
mice. Furthermore, infusion of an NO synthase inhibitor blocked the apelin-mediated decrease in atheroscle-
rosis and aneurysm formation. In rat primary aortic smooth muscle cells, apelin inhibited Ang II–mediated 
transcriptional regulation of multiple targets as measured by reporter assays. In addition, we demonstrated 
by coimmunoprecipitation and fluorescence resonance energy transfer analysis that the Ang II and apelin 
receptors interacted physically. Taken together, these findings indicate that apelin signaling can block Ang II 
actions in vascular disease by increasing NO production and inhibiting Ang II cellular signaling.

Introduction
Recent studies have suggested that the apelin-APJ pathway is a 
potent regulator of cardiovascular function. The apelin ligand is 
translated as a 77–amino acid prepropeptide and cleaved to short-
er peptides that bind the APJ GPCR (1, 2). Apelin is expressed pri-
marily in the endothelium and acts both locally and via endocrine 
signaling to activate APJ, which is expressed on myocardial cells, 
endothelial cells, and some SMCs (3–6). In isolated rat cardiomyo-
cytes and intact hearts as well as with in vivo rat and mouse mod-
els, apelin has been shown to have a positive effect on contractility 
(7–10). Experiments employing myocardial injury models have 
suggested that apelin also has a positive inotropic effect on failing 
myocardium (8, 11). In the vasculature, studies support a vasode-
pressor role in both the arterial and venous circulation and suggest 
that these effects are mediated at least in part by NO (12–15).

The apelin-APJ pathway has opposing actions to the renin-angio-
tensin system in a number of physiologic and pathophysiologic 
settings. While Ang II increases vascular tone and raises blood 
pressure, apelin is a vasodilator and lowers blood pressure; Ang II 
and apelin are expressed in functionally opposing neurons in the 
hypothalamus and Ang II promotes central arginine vasopressin 
release, while apelin inhibits its release; glucocorticoids increase 
Ang II levels and suppress apelin expression; in heart failure, Ang II 
levels rise, whereas apelin levels fall (3, 12–18). In addition, there is 
some evidence for direct counterregulation of the renin-angioten-

sin system by apelin-APJ. Ishida et al. have reported differences in 
blood pressure response in mice lacking both the Ang II receptor 
type I (AT1R) and APJ compared with mice lacking only AT1R (13). 
In a hypertensive model of heart failure, Iwanaga et al. showed that 
Ang II inhibits expression of apelin and APJ, perhaps contributing 
to cardiac decompensation (19).

In studies reported here we have investigated the hypothesis that 
apelin can antagonize the vascular disease-promoting actions of 
Ang II. In the ApoE-deficient atherosclerosis model (ApoE-KO), 
apelin was shown to mitigate the Ang II–mediated increase in 
atherosclerosis burden and to inhibit abdominal aortic aneurysm 
(AAA) formation and rupture. In a vein graft model, apelin inhibit-
ed the Ang II–mediated increase in neointimal formation. In both 
of these in vivo models, apelin was shown to significantly decrease 
vascular O2

•–. Finally, our in vitro studies demonstrate that the 
apelin-APJ pathway directly antagonizes Ang II signaling to the 
nucleus through cellular signaling crosstalk.

Results
Apelin inhibits native and Ang II–accelerated atherosclerosis in murine 
models. We first conducted experiments to investigate the effect of 
endogenous apelin signaling on atherosclerosis. Apelin-ApoE dou-
ble-knockout mice were generated, and atherosclerotic burden in 
these animals was compared with that in ApoE-null mice (6). In the 
thoracoabdominal aorta, apelin-ApoE double knockouts developed 
significantly greater atherosclerotic lesion area compared with that 
in ApoE-KO mice, irrespective of the type of diet that was admin-
istered (2.53-fold increase, P < 0.01 for normal chow; 1.50-fold  
increase, P < 0.01 for Western diet) (Figure 1A).

To test whether the antiatherosclerotic effect of apelin might be 
due in part to inhibition of Ang II disease processes, we used 2 
models of exogenous Ang II–exacerbated vascular disease in ApoE-
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Ang II receptor type I; CFP, cyan fluorescent protein; EPR, electron paramagnetic 
resonance; FRET, fluorescence resonance energy transfer; l-NAME, l-NG-nitroar-
ginine methyl ester; RASMC, rat aortic SMC; SRE, serum response element; YFP, 
yellow fluorescent protein.
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KO mice (Supplemental Figure 1; supplemental material available 
online with this article; doi:10.1172/JCI34871DS1). We employed 
4 treatment groups for the initial study: (a) saline, (b) apelin, (c) 
Ang II, and (d) Ang II plus apelin. These groups demonstrated 
comparable lipid profiles and body weights (Supplemental Table 
1). In this model, extent of aortic atherosclerosis and AAA forma-
tion and rupture were evaluated (20–23). In the thoracoabdominal 
aorta, ApoE-KO mice treated with Ang II developed significantly 
greater atherosclerotic area compared with that in saline controls 
(3.4-fold increase, P < 0.01, Ang II versus saline), but concurrent 
infusion of apelin almost totally blocked this increase (P < 0.001, 
Ang II plus apelin versus Ang II) (Figure 1, B and C). In the aortic 
root, there was a reduction in atherosclerotic burden in apelin-
treated mice compared with saline-treated controls (P < 0.05), but 
neither Ang II treatment or cotreatment with apelin and Ang II 
resulted in any significant difference (Supplemental Figure 2).

To investigate the mechanisms underlying these apelin-medi-
ated effects, we evaluated aortic atherosclerosis burden of addi-
tional experimental groups with the en face assay. To exclude 
the potentially confounding effect of blood pressure reduction 

by apelin in the Ang II plus apelin group compared with Ang II– 
treated animals, we examined the degree of atherosclerosis in ani-
mals coadministered Ang II and hydralazine. Mice in the Ang II 
plus apelin group demonstrated a lower systolic blood pressure 
compared with that in the Ang II group (114 ± 8 mmHg versus 
151 ± 7 mmHg, P < 0.01), and mice administered Ang II with 
hydralazine in their drinking water had blood pressure readings 
similar to those in the Ang II plus apelin group (115 ± 10 mmHg 
versus 114 ± 8 mmHg, P = 0.99) (Figure 2). However, the sever-
ity of atherosclerosis remained comparable to the Ang II group 
despite the reduction in blood pressure in the Ang II plus hydrala-
zine group (Figure 1, B and C). These findings confirm that the 
beneficial effects of apelin on atherosclerosis are not mediated by 
a reduction in blood pressure.

As previous studies have cited a role for NO as a potential media-
tor of the beneficial effects of apelin, in a separate group of animals 
we concurrently administered the NOS inhibitor l-NG-nitroargi-
nine methyl ester (l-NAME) with apelin and Ang II to determine if 
the disease-ameliorating effect of apelin might be due to increased 
NO bioavailability. Administration of l-NAME completely abrogat-

Figure 1
Apelin inhibits atherosclerosis in the ApoE-null model. 
(A) Apelin-ApoE double-knockout and ApoE-KO mice 
were fed normal chow or high-fat Western diet, and 
atherosclerosis burden was evaluated by en face 
analysis of the thoracoabdominal aorta. Apelin-ApoE 
double-knockout mice developed significantly greater 
atherosclerotic lesions compared with ApoE-KO mice 
on both diets (2.53-fold increase, *P < 0.01 for nor-
mal chow; 1.50-fold increase, *P < 0.01 for Western 
diet). (B) Coinfusion of apelin mitigated the increased 
atherosclerotic lesion burden caused by Ang II when 
coadministered by osmotic minipump (*P < 0.01, Ang II  
compared with saline; †P < 0.001, Ang II plus apelin 
compared with Ang II). Animals receiving Ang II and 
hydralazine had an atherosclerosis burden similar to 
that seen in the Ang II group. Administration of the 
NOS inhibitor l-NAME mitigated the beneficial effects 
of apelin, bringing atherosclerotic lesion burden to 
similar levels as mice infused with Ang II alone. (C) 
ApoE-KO mice treated with Ang II for 4 weeks showed 
a significant increase in aneurysm formation, and this 
effect was mitigated by apelin treatment. Admin-
istration of hydralazine with Ang II did not protect  
ApoE-KO mice from aneurysm formation. Mice treat-
ed with Ang II plus apelin plus l-NAME demonstrated 
aneurysm formation similar to Ang II mice. Represen-
tative aortas are shown for each experimental group. 
Original magnification, ×5.
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ed the apelin-mediated reduction in atherosclerosis, and these mice 
developed atherosclerosis comparable to the Ang II alone group 
(10.8% ± 2% versus 9.2% ± 4.6%, P = 0.52) (Figure 1, B and C).

We next investigated AAA formation in the same cohort of mice. 
We did not observe AAA formation in the saline or apelin groups, 
whereas the majority of mice (89%, 16 of 18 mice) infused with 
Ang II developed AAA or dissection within 4 weeks (Table 1 and 
Figure 1C). Coinfusion of apelin with Ang II dramatically attenu-
ated this effect, significantly reducing the incidence of AAA forma-
tion (5%, 1 of 20; P < 0.001). Also, the addition of apelin to Ang II– 
treated animals reduced sudden death due to aortic rupture 
compared with Ang II–treated mice (0 of 20 versus 7 of 18 mice;  
P < 0.05) (Table 1). Reduction of blood pressure with hydrala-
zine did not afford protection against AAA formation or sudden 
death in the Ang II group. Moreover, in the Ang II plus apelin plus  
l-NAME group, the protective benefit of apelin on AAA forma-
tion (80%, 8 of 10 mice) and death due to aortic rupture (30%, 3 
of 10 mice) was abrogated (Table 1). These findings suggest that 
the protective benefits of apelin in our in vivo model systems are 
at least in part mediated by NO.

To further evaluate the ability of apelin to block vascular 
disease processes mediated by Ang II, we employed a vein graft 
model in the ApoE-KO background characterized by acute 
endothelial loss and neointimal hyperplasia (24). Mean neointi-
mal and vessel wall areas were significantly reduced in the apelin 
group compared with the saline group (77% reduction, P < 0.001;  
42% reduction, P < 0.05, respectively) (Figure 3A). The Ang II 

group demonstrated increased vein graft neointimal and wall 
areas compared with the saline group (95% increase, P < 0.05; 33% 
increase, P < 0.05, respectively). However, coinfusion of apelin 
with Ang II rescued this phenotype, with significant decreases in 
both neointimal area (71% decrease, P < 0.001) and mean vessel 
wall area (34% decrease, P < 0.05) (Figure 3A). Neointima/vessel 
area ratios demonstrate that the beneficial effect of apelin treat-
ment is more pronounced on neointimal hyperplasia (P < 0.05, 
apelin compared with saline; P < 0.05, Ang II plus apelin com-
pared with Ang II). As neointimal hyperplasia is mediated largely 
through migration and proliferation of SMCs, we quantified 
SMC α-actin immunohistochemistry on sections. Apelin infu-
sion significantly decreased the SMC component, both in total 
(47% reduction, P < 0.001) and when defined as a proportion of 
the total vessel wall (0.27 ± 0.05 versus 0.47 ± 0.08, respectively;  
P < 0.05), compared with saline-treated controls (Figure 3B). Infu-
sion of Ang II increased SMC content (40% increase versus saline 
control, P < 0.01), and infusion of apelin in Ang II–treated animals 
reduced SMC content (65% reduction, P < 0.001) and proportion 
(0.21 ± 0.03 versus 0.48 ± 0.04; P < 0.001) compared with animals 
treated with Ang II infusion alone (Figure 3, B and C).

Apelin regulates production of NO and reactive oxygen species in the 
vessel wall. To further address the mechanism of apelin’s effects 
in these models, we investigated the production of NO. NO has 
been implicated in apelin-mediated vasodepressor function and 
is well known to have salutary vascular actions. Net NO bioavail-
ability, measured using Fe(DETC)2 electron paramagnetic reso-
nance (EPR) spectroscopy, was significantly increased by approxi-
mately 2-fold in apelin-treated mice compared with saline-treated 
controls (P < 0.001) (Figure 4A). Addition of the NOS inhibitor 
l-NAME significantly reduced net NO bioavailability to lev-
els similar to saline-treated mice (P < 0.05), further suggesting 
that apelin stimulated NOS activity. Although there was no 
significant difference in net NO bioavailability in the Ang II  
plus apelin group compared with the Ang II group, addition of 
l-NAME in the Ang II plus apelin group reduced NO bioavail-
ability to basal levels (P < 0.05), suggesting that apelin induces 
NO synthesis despite high levels of constitutive oxidative stress 
induced by Ang II in ApoE-KO mice.

Numerous proatherosclerotic effects of Ang II have been 
linked to O2

•– signaling in vascular tissue, thus we measured 
O2

•– production in the diseased vessel wall of the ApoE-KO ani-
mals. Total vascular O2

•– production, measured by lucigenin-
enhanced chemiluminescence, was approximately 50% lower in 
apelin-treated aortas compared with saline controls (P < 0.01) 
(Figure 4B). Ang II infusion stimulated a 10-fold increase in 
total chemiluminescence (P < 0.001), which was significantly 

Figure 2
Apelin inhibits the Ang II–mediated increase in blood pressure. Systolic 
blood pressure (SBP) in the Ang II group was significantly increased com-
pared with the saline control group (151 ± 7 mmHg versus 113 ± 4 mmHg;  
*P < 0.01). Concurrent infusion of apelin or administration of oral 
hydralazine eliminated this increase in blood pressure. Addition of  
l-NAME did not significantly increase the blood pressure.

Table 1
AAA formation and death due to aneurysm rupture in ApoE-KO mice

	 Saline	 Apelin	 Ang II plus apelin	 Ang II	 Ang II plus hydralazine	 Ang II plus apelin 	
	 	 	 	 	 	 plus l-NAME
Aneurysm or dissection	 0/15 (0%)	 0/18 (0%)	 1/20 (5%)	 16/18 (89%)	 8/11 (73%)	 8/10 (80%)
Death	 0/15 (0%)	 0/18 (0%)	 0/20 (0%)	 7/18(39%)	 3/11 (27%)	 3/10 (30%)

ApoE-KO animals treated with Ang II for 4 weeks showed a significant increase in aneurysm formation, and this effect was mitigated by apelin treatment 
(16 of 18 compared with 1 of 20 mice; P < 0.001). Addition of apelin reduced sudden death due to AAA rupture compared with mice treated with only Ang II  
(0 of 20 versus 7 of 18 mice; P < 0.05). In the Ang II plus apelin plus l-NAME group, the protective benefit of apelin on AAA formation and death due to aor-
tic rupture was abrogated (analysis by Fisher’s exact test). Data are shown as number affected/total (%).
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decreased by apelin (P < 0.01). When aortas from saline, Ang II,  
or Ang II plus apelin–treated animals were incubated with  
l-NAME, total O2

•– levels were not significantly different, sug-
gesting that the endothelial contribution to O2

•– was minimal. 
However, incubation of aortic tissue from apelin-treated mice 
with l-NAME led to a 2-fold increase in total O2

•–, indicating 
that under basal conditions the endothelium in apelin-treated 
mice was producing NO capable of scavenging O2

•–.
To confirm the chemiluminescence findings and investigate the 

cellular source of O2
•– in the aorta, we measured its production 

using dihydroethidium oxidative fluorescence microtopography 
and conducted comparison among the different layers of the ves-
sel wall. The endothelial layer contributed only a small amount of 
fluorescence, and there were not significant differences between 
O2

•– production levels among the different experimental condi-
tions (Figure 4C). Apelin dramatically decreased O2

•– production, 
compared with the saline control group, for both the medial and 
adventitial vessel layers (78% and 88% reduction, respectively;  
P < 0.001 for both) (Figure 4C). Apelin also significantly decreased 
the O2

•– production in the media and adventitia when combined 

with Ang II compared with Ang II infusion animals, although to 
a lesser degree (53% and 45%, reduction, respectively; P < 0.01 for 
both). A similar study was also performed using the vein graft 
model described above, and O2

•– production was evaluated in the 
endothelial and neointimal layers. There was no difference in O2

•– 
production in the endothelium among the different conditions 
(Supplemental Figure 3). O2

•– production was similarly found to 
be decreased in the neointima in mice treated with apelin (54% 
reduction, P < 0.05, apelin versus saline; 48% reduction, P < 0.05, 
Ang II plus apelin versus Ang II alone).

Apelin regulates Ang II–mediated nuclear signaling. To investigate the 
cellular mechanism by which apelin inhibits the atherosclerosis-pro-
moting actions of Ang II, we evaluated the effect of apelin on Ang II– 
mediated nuclear signaling. We first evaluated the phosphoryla-
tion of ERK1/2. When primary rat aortic SMCs (RASMCs), which 
express both AT1R and APJ, were treated with apelin and Ang II, 
the degree of ERK phosphorylation was significantly decreased 
compared with that during stimulation with Ang II alone (5 min-
utes, P < 0.01; 15 minutes, P < 0.05) (Figure 5A). We next assessed 
known transcriptional targets of Ang II signaling using luciferase 

Figure 3
Apelin inhibits Ang II–mediated progression of atherosclerosis in a vein graft model. (A) Top row shows representative images of the vein graft 
cross sections stained with Masson/Goldner. Neointimal area, total vessel wall area, and neointimal vessel area were determined and compared 
among the experimental groups indicated. Apelin infusion significantly decreased each of these parameters compared with saline control group 
(*P < 0.05, **P < 0.001). Ang II infusion significantly increased all parameters in comparison to the control group (#P < 0.05), and this effect was 
significantly inhibited when apelin was administered along with Ang II (†P < 0.05, ††P < 0.001). Neointima/vessel area ratios demonstrate that the 
beneficial effect of apelin treatment is more pronounced on neointimal hyperplasia. White arrows denote neointima and black arrows denote total 
vessel wall thickness. Scale bar: 100 μm. (B) SMC contribution to vascular wall disease was assessed by measuring the area occupied by SMC 
α-actin–stained cells in serial sections. Micrographs show representative images of the vein graft cross sections stained with α-actin antibody. 
Infusion of Ang II increased SMC content (##P < 0.01). Apelin infusion decreased the measured SMC component of the vessel cross-sectional 
area (**P < 0.001) compared with saline-treated animals and also decreased the SMC area when combined with Ang II infusion compared with 
Ang II infusion alone (††P < 0.001). Black arrows denote α-actin–positive staining. Scale bar: 100 μm. (C) The contribution of SMCs was also 
assessed as a proportion of the total vessel wall area. Apelin infusion decreased the proportion of SMC (*P < 0.05) compared with saline-treated 
animals and also decreased the SMC proportion when combined with Ang II infusion (††P < 0.001) compared with Ang II infusion alone.
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reporter constructs with NF-κB, nuclear factor of activated T cells 
(NFAT), activator protein–1 (AP-1), and serum response element 
(SRE) consensus response sequences. All of these nuclear pathways 
have been described to be downstream targets of Ang II signaling 
(25–27). HEK293 cells, which express low levels of endogenous APJ 
(our unpublished observations), were cotransfected with an AT1R 
expression construct and the respective luciferase reporter plas-
mid and were stimulated with Ang II or Ang II plus apelin (Figure 

5B). Ang II produced a significant increase in transcription of each 
reporter, and this increase was abrogated when cells were cotreated 
with apelin. To determine the specificity of apelin’s inhibitory effects 
on Ang II nuclear signaling, we measured the effects of apelin on 
TNF-α– and H2O2-induced NF-κB transcriptional activity (Figure 
5C). In neither case did apelin significantly diminish the reporter 
activity of the NF-κB reporter construct. To exclude the possibil-
ity of apelin competitively binding to AT1R, we performed ligand 

Figure 4
Apelin increases vascular wall NO bioavailability and suppresses disease-related O2

•– production. (A) EPR spectroscopy was employed to 
measure NO in lung homogenates of ApoE-KO mice. Apelin infusion increased net lung NO levels compared with saline-treated controls  
(***P < 0.001). Inhibition of NOS by l-NAME attenuated net NO levels in apelin (*P < 0.05) and Ang II plus apelin (†P < 0.05) lung homogenates, 
suggesting apelin stimulates NOS activity. (B) Aortic O2

•– production, measured by lucigenin, was attenuated in apelin-treated mice (**P < 0.01) 
and increased in Ang II–treated mice (#P < 0.001) compared with saline-treated controls. Incubation with l-NAME increased luminescence in 
apelin-infused mice (**P < 0.01, intra-group comparison), suggesting apelin stimulated NO was quenching O2

•– produced in the vessel wall. 
Luminescence was reduced in apelin-treated mice, even when coadministered with Ang II compared with animals treated with Ang II alone  
(††P < 0.01). (C) Dihydroethidium (DHE) fluorescence microscopy allowed topographic assessment of O2

•– production in the vessel wall. There 
was no significant difference in endothelial O2

•– production among the different experimental groups. Apelin decreased O2
•– production compared 

with the saline control group for both the medial and adventitial vessel layers (78%, ***P < 0.001; 88%, ***P < 0.001, respectively). Apelin also 
decreased O2

•– production in the media and adventitia when combined with Ang II, compared with the Ang II alone animals, although to a lesser 
degree (53%, ††P < 0.01; 45%, ††P < 0.01, respectively). Aortic elastic laminae exhibit green autofluorescence. White arrows denote endothelial 
O2

•– producing cells, and white arrowheads denote medial O2
•– producing cells. Scale bar: 5 μm.
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binding experiments in AT1R-transfected HEK293 cells with mono-
5-(and-6)-carboxyfluorescein–labeled (FAM-labeled) Ang II. While 
a 10-fold excess of unlabeled Ang II eliminated FAM–Ang II bind-
ing, unlabeled apelin showed no inhibition even at a 100-fold excess 
(Supplemental Figure 4). This finding confirmed that the ability 
of apelin to specifically inhibit Ang II signaling was not mediated 
through AT1R but through a separate receptor, presumably APJ.

Ang II and apelin receptors interact in vitro and 
in vivo. Previous studies have shown GPCR 
heterodimerization as a mechanism for mod-
ulating the function of this class of receptors, 
and specifically, AT1R has been shown to 
interact with the bradykinin receptor and the 
Ang II type 2 receptor in a functional manner 
(28–30). To assess possible receptor heterodi-
merization between APJ and AT1R, we trans-
fected HEK293 cells with expression con-
structs for AT1R tagged with GFP and APJ 
tagged with HA. We first confirmed that the 
AT1R-GFP fusion protein was functional by 
demonstrating induction of the NF-κB lucif-
erase reporter when stimulated with Ang II  
(data not shown). Immunoprecipitation 
using α-GFP antibody and immunoblotting 
with α-HA antibody demonstrated specific 
interaction between recombinant APJ and 
AT1R proteins (Figure 6A).

As a second, confirmatory methodology 
for establishing heterodimerization, fluo-
rescence resonance energy transfer (FRET) 
analysis was performed. HEK293 cells were 
cotransfected with APJ and AT1R expres-
sion constructs, with coding regions fused to 
either cyan fluorescent protein (CFP) or yel-
low fluorescent protein (YFP). FRET analysis 
demonstrated specific interaction between 
APJ and AT1R but not between either of these 
receptors and the Fas receptor (Figure 6B).

To determine whether the ligands for the 
2 receptors can modulate receptor heterodi-
merization, we performed coimmunopre-
cipitation and FRET analyses in the presence 
of apelin and Ang II. When cells were treated 
with Ang II, there was a dramatic increase in 
coimmunoprecipitation of the receptors by 6 
hours (Figure 6C). However, this association 
was only minimally increased by the addition 
of apelin. FRET association analysis con-
firmed the increased receptor heterodimer-
ization by Ang II stimulation (Figure 6D). 
Apelin had a minimal effect on the receptor 
heterodimerization either alone or in combi-
nation with Ang II.

APJ inhibits Ang II signaling independent of apelin.  
Finally, we investigated the effect of the APJ 
receptor on Ang II signaling, independent of 
the apelin ligand. We evaluated ERK1/2 phos-
phorylation in cells expressing the AT1R alone 
or AT1R and APJ. ERK1/2 protein phosphory-
lation was dramatically reduced at both 5 and 

15 minute time points in the presence of APJ (Figure 7A). NF-κB  
and SRE luciferase reporter activity was measured in cells transfect-
ed with an AT1R construct alone or an AT1R construct plus varying 
amounts of APJ expression construct. Robust stimulation of lucif-
erase activity was noted with Ang II in AT1R-expressing cells, but 
Ang II signaling was diminished in direct proportion to the level of 
transfected APJ (Figure 7B). This APJ inhibition appeared specific to 

Figure 5
Apelin inhibits Ang II cellular signaling. (A) Ang II stimulation of RASMCs results in phos-
phorylation of ERK1/2, with marked inhibition by cotreatment with apelin at both 5 minutes  
(#P < 0.01) and 15 minutes (†P < 0.05). The lanes are from the same gel and were noncon-
tiguous. (B) Luciferase reporter constructs containing DNA binding sequences for NF-κB, 
nuclear factor of activated T cells (NFAT), activator protein–1 (AP-1), and SRE were trans-
fected into HEK293 cells and assayed for increased transcription in response to Ang II, in the 
absence and presence of apelin. All 4 reporters showed decreased activation when cells were 
cotreated with apelin and Ang II (*P < 0.05). (C) NF-κB reporter activity stimulated by TNF-α 
and H2O2 was not affected by apelin treatment (P = 0.97 and P = 0.18, respectively).
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the AT1R receptor, as there was no inhibition of vasopressin-stimu-
lated nuclear signaling by vasopressin receptors through the NF-κB 
consensus reporter (Figure 7C). We also conducted a knockdown 
experiment to confirm the inhibitory effect of APJ expression on 
AT1R signaling. Using HEK293 cells, we performed knockdown 
experiments using siRNA against APJ to decrease the native basal 
APJ expression. Cells transfected with the NF-κB luciferase reporter 
construct with the AT1R expression plasmid, in conjunction with 
either control siRNA or APJ siRNA, were stimulated with Ang II. 
Cells transfected with APJ siRNA demonstrated a greater response 
to Ang II compared with cells transfected with control siRNA, fur-
ther confirming our findings that the APJ receptor inhibits AT1R 
signaling (3.6- versus 2.5-fold increase for 10 nM Ang II [P < 0.05] 
and 5.4- versus 3.5-fold increase for 100 nM Ang II [P < 0.01] for APJ 
siRNA versus control siRNA) (Figure 7D).

Discussion
Data reported here show that apelin blocks a spectrum of Ang II– 
mediated effects on atherosclerosis in the ApoE-KO model. These 
endpoints result from a number of pathophysiological processes 
that are regulated by Ang II in the setting of vascular wall dis-
ease, including direct effects on cellular adhesion, proliferation, 

migration, hypertrophy, and 
synthesis/degradation of 
matrix proteins and collagen 
(31–34). Given the number of 
endpoints evaluated and the 
consistent findings obtained, 
it is likely that the apelin-APJ 
pathway also regulates Ang II 
signaling in human vascular 
wall disease. These findings 
are important, particularly in 
light of extensive experimental 
and clinical data regarding the 
role of Ang II in the initiation 
and progression of human ath-
erosclerosis. Blocking Ang II 
atherosclerosis-related effects 
through angiotensin convert-
ing enzyme-1 inhibition and 
AT1R blockade reduces cardio-
vascular events, independent of 
lowering blood pressure (35). 
Regulation of Ang II signal-
ing by the endogenous apelin-
APJ pathway thus becomes an 
important variable for consid-
eration. Based on the markedly 
similar expression patterns 
of AT1R and APJ receptors, 
we feel that the apelin-APJ 
pathway may serve a clinically 
important role in endogenous 
regulation of Ang II signaling 
in vascular disease.

One accepted mechanism 
for many of the actions of 
Ang II in vascular wall disease 
relates to the effect of Ang II 

on the balance of reactive oxygen species. The related decrease in 
NO availability and the inflammatory consequences of increased 
O2

•– signaling in vascular wall cells are thought to be intimate-
ly involved in the disease process (36). Prior studies of apelin’s 
effects on the vascular wall have focused on the endothelium and 
the eNOS-dependent production of NO, where apelin potentiates 
phosphorylation of Akt and eNOS (13, 15, 37). It thus seemed 
likely that one mechanism for apelin-mediated amelioration of 
atherosclerosis might be related to increased NO production, and 
indeed, experiments reported here show that apelin does increase 
production of NO, and that l-NAME blocks apelin-mediated ame-
lioration of Ang II–exacerbated vascular disease in the ApoE-KO 
model. Increased NO is expected to quench O2

•–, and thus mitigate 
the pathological effects of O2

•– production in the vessel wall, and 
this is a likely mechanism for some of the in vivo effects of apelin 
documented in this work. In the models employed in these experi-
ments, there was a decrease in O2

•– that correlated with disease 
improvement. Evidence against this being the sole mechanism 
for the disease-inhibiting actions of apelin is the observation that  
l-NAME had no effect on O2

•– levels in the group treated with both 
apelin and Ang II. It thus seems likely that additional actions of 
apelin are an integral part of its Ang II inhibiting functions. While 

Figure 6
AT1R and APJ receptors form heterodimer complexes. (A) Immunoprecipitation using α-GFP antibody, 
followed by Western blot with α-HA antibody to detect APJ demonstrated a physical association between 
the 2 receptors. In the bottom panel control blot, the filled circle identifies AT1R-GFP and the triangle repre-
sents GFP. The band present in both lanes is the immunoprecipitating antibody detected by the secondary 
antibody. Numbers on the right reflect weights of protein standards in kDa. The lanes are from the same gel 
that were noncontiguous. (B) FRET analysis was performed with HEK293 cells cotransfected with APJ and 
AT1R expression constructs, with coding regions fused to either CFP or YFP. Specific interaction between 
APJ and AT1R is shown by increased FRET signal (blue curve) but not between either of these recep-
tors and the Fas receptor (red curve). (C) Immunoprecipitation of AT1R-GFP and blotting of APJ-HA was 
employed to show increased association in the presence of Ang II at 1 hour and even greater association 
at 6 hours. Coadministration of apelin resulted in a modest increase in association compared with Ang II  
alone at 6 hours. A13, apelin-13. (D) FRET analysis showed an increase in AT1R and APJ association when 
cells were stimulated with Ang II. Addition of apelin led to a modest increase in FRET signal in cells treated 
with apelin alone compared with unstimulated cells and Ang II plus apelin–treated cells compared with cells 
treated with Ang II alone.
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most of these data are focused on apelin blocking the actions of 
exogenous Ang II, our findings also support the hypothesis that 
apelin infusion antagonizes the actions of endogenous Ang II. We 
found significant increases in NO bioavailability (Figure 4A), with 
significant decreases in native atherosclerosis in the aortic root 
(Supplemental Figure 2) and O2

•– levels in aortas from ApoE mice 
treated with apelin (Figure 4, B and C). In the face of existing data 
suggesting a prominent role of Ang II in mediating atherosclero-
sis in hypercholesterolemic mice, it is plausible that the beneficial 
effects of apelin, in the absence of exogenous Ang II infusion, is at 
least in part due to antagonism of increased levels of endogenous 
Ang II in ApoE-KO mice (38, 39).

Cellular studies reported here suggest additional mechanisms 
for the inhibition of Ang II exacerbation of atherosclerosis. Most 
significant are the data documenting a direct inhibitory effect 
of Ang II–mediated increases in gene transcription by concur-
rent cellular stimulation with apelin. These data establish for 
what we believe is the first time a direct antagonism at the level 
of cytoplasmic or nuclear signaling between these 2 peptide 
ligand pathways. This apelin-mediated antagonism of Ang II 
signaling correlates with the observed decrease in disease end-
points. These data are intriguing, given the very similar receptor 
structure and likely similarity between G protein coupling and 

regulatory proteins employed. Given that a number of Ang II 
downstream signaling targets were blocked by apelin and that 
apelin did not block activation of the shared downstream targets 
of other stimuli such as TNF-α and H2O2, it seemed likely that 
crosstalk between the Ang II and apelin pathways was occurring 
at a proximal point in the signaling cascades.

The receptor-receptor interaction studies described here 
demonstrate one potential molecular mechanism of crosstalk 
between the apelin and Ang II pathways. Two different experi-
mental approaches employed in these studies have shown that 
AT1R and APJ physically associate in the cell, presumably on the 
cell membrane, and this association of APJ appears to inhibit 
AT1R signaling in a stoichiometric fashion. Ang II–mediated 
downstream protein phosphorylation and reporter gene acti-
vation were both inhibited by expression of APJ in cells also 
expressing AT1R. We have shown that this association is dynam-
ically regulated by Ang II levels in vitro but did not find evidence 
that apelin regulates this interaction to a significant degree. 
These experiments do not exclude the possibility that apelin 
can modulate receptor-receptor interaction. Further experi-
ments are necessary to define the apelin-mediated modulation 
of AT1R receptor signaling, which may involve further down-
stream mechanisms not investigated in the present study. One 
additional potential mechanism is ligand-mediated variation in 
receptor expression levels, as relative expression level of the 2 
receptors would be expected to have a significant effect on the 
interaction. Also, in vitro culture conditions and the phenotype 
of the cultured cells might not accurately reflect the situation in 
native cells in the diseased tissues.

If apelin does regulate receptor heterodimerization, it could 
account for some portion of the inhibitory signaling crosstalk 
that was demonstrated and modulate Ang II signaling in vivo 
in the disease models. There is now convincing data that such 
GPCR interactions can promote disease. For instance, interac-
tion of AT1R and the bradykinin B2 receptor is a critical aspect 
of the preeclampsia syndrome, with AT1R-B2 heterodimeriza-
tion increasing responsiveness to Ang II (40). Given the ability of 
APJ to inhibit AT1R signaling, one important fact that emerges 
from these studies is the critical importance of disease-related 
APJ expression level, which is worthy of careful follow-up study 
in these and other model systems.

While we have provided evidence for crosstalk between the ape-
lin and Ang II signaling pathways inside the cell, it is important 
to consider which cells in the vessel wall might be the site of such 
interaction. If the observed effects in the models are due to apelin 
stimulation of eNOS and resulting increased NO production, the 

Figure 7
APJ receptor regulates Ang II signaling via AT1R independent of apelin.  
(A) Western blotting of cells transfected with AT1R alone or with APJ 
revealed decreased phosphorylation of ERK1/2 in cells coexpress-
ing APJ. The bottom panel shows control blot with total ERK1 anti-
body. (B) NF-κB and SRE reporter constructs transfected with an 
AT1R expression construct and varying amounts of APJ expression 
construct showed decreased signaling with greater APJ/AT1R ratios. 
Graphs represent mean ± SEM. (C) Coexpression of APJ did not inhib-
it vasopressin-induced nuclear signaling by the vasopressin receptors 
(AVPR1A and AVPR2) through the NF-κB consensus reporter. (D) 
Luciferase analysis using an NF-κB reporter construct with siRNA 
directed against APJ demonstrated enhanced Ang II response com-
pared with control siRNA (*P < 0.05, †P < 0.01).
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endothelial cell is obviously the cell type primarily involved. Also, 
in the endothelial cell, blocking Ang II signaling would decrease 
the well characterized proatherosclerotic effects of Ang II,  
such as increased adhesion molecule expression, no matter if this 
occurred at the receptor or intracellular signaling level. Both the 
APJ and AT1R are known to be expressed by the endothelium, 
although APJ expression in the adult vasculature has not been 
thoroughly characterized for either normal or diseased vessel 
wall. We have employed SMC in some of our experiments, because 
they are the only cell type that we have found to reliably express 
both APJ and AT1R in vitro. However, it is unclear whether APJ is 
expressed on these cells in vivo in atherosclerotic tissues. In fact, 
radioligand binding studies have shown coronary artery medial 
receptor expression to be low at baseline and to not be increased 
in atherosclerotic coronary tissue (41). There is also very little 
data regarding APJ expression by macrophages, with one study 
showing that brain-derived macrophages do not express APJ in 
culture (42). Further studies are necessary to elucidate the role of 
apelin signaling in these cell types.

While this work was being prepared for publication, Hashimo-
to et al. reported data suggesting conclusions contrary to those 
derived from studies reported here. In their studies, the ApoE-KO 
mice lacking APJ expression had significantly reduced aortic ath-
erosclerosis and O2

•– production (43). This is in contrast to our 
findings in the infusion models as well as our studies of the ape-
lin-ApoE double-knockout mice, in which apelin’s effects were 
clearly antiatherosclerotic. There are a number of differences in 
the experimental designs of the 2 studies that likely account for 
the apparent inconsistency of results produced with these differ-
ent experimental approaches. The genetic background employed 
in the animal models in the 2 sets of experiments were markedly 
different, and there is good evidence that modifying loci can 
significantly influence vascular disease mouse models (44, 45). 
The other group employed mice that were fed a very high (1%) 
cholesterol diet for 15 weeks, while the mice used in our studies 
were fed a moderate (0.2%) cholesterol diet for shorter durations. 
Also, Ang II signaling may undergo compensatory downregu-
lation in the APJ-KO mice due to loss of apelin signaling, and 
this possibility needs to be investigated. Finally, it is possible 
that alternative genetic loci are developmentally activated in the 
APJ-KO animals and serve to compensate for loss of apelin-APJ 
signaling in the disease setting in the adult. Expression of these 
compensatory loci might account for the phenotype presumed 
to be due to loss of apelin-APJ. It will be important to repeat 
these experiments with an inducible recombinase system that 
allows the functional deletion of the apelin-APJ pathway in the 
adult animal, which should prevent the confounding activation 
of compensatory pathways with partially overlapping function, 
and to perform these studies on the C57BL/6 background that 
was used in the studies reported here.

In summary, these data establish that apelin can block a number 
of Ang II–related pathological processes associated with athero-
sclerosis, including the production of O2

•– in the vascular media. 
This inhibitory activity is likely mediated by increased endothelial 
NO production and blocking Ang II signaling to the nucleus, with 
some portion of the latter mediated by physical association of 
AT1R and APJ. These data suggest a role for the apelin-APJ path-
way in atherosclerosis and Ang II–mediated vascular remodeling 
and provide directions for additional studies further investigating 
the mechanisms of the observed effects.

Methods
Animal models. Animal care was provided in accordance with the Labora-
tory Animal Welfare Act, the Guide for the care and use of laboratory animals 
(NIH publication no. 78-23. Revised 1978), and the Stanford Universi-
ty School of Medicine guidelines and policies for the use of laboratory 
animals for research and teaching, and all experimental protocols were 
reviewed and approved by the Administrative Panel on Laboratory Animal 
Care at Stanford University. Mice were maintained in a temperature-con-
trolled (20°C–22°C) environment with a 12-hour light-dark cycle. Sterile 
water and standard chow diet (bypass graft model) or Western high-fat 
diet (abdominal atherosclerosis and aneurysm model) (21% anhydrous 
milk fat and 0.15% cholesterol (Dyets no. 101511; Dyets) were available ad 
libitum. All mice were C57BL/6J ApoE-KO male mice (The Jackson Labora-
tory), between the ages of 8 and 12 weeks.

For both the aneurysm and vein graft models, a total of 6 groups of 
ApoE-KO mice, receiving 4-week infusions with 200 μl osmotic minipumps 
(model 2004; Alzet Osmotic pumps), implanted subcutaneously according 
to the manufacturers instructions, were compared. The groups were as fol-
lows: (a) saline; (b) apelin-13 (American Peptide) (2 mg/kg/day); (c) apelin-
13 (2 mg/kg/day) plus Ang II (Sigma-Aldrich) (1.4 mg/kg/day); (d) Ang II 
(1.4 mg/kg/day); (e) Ang II plus hydralazine (Sigma-Aldrich) (250 mg/l in 
drinking water changed weekly); and (f) apelin plus Ang II plus l-NAME 
(Sigma-Aldrich) (100 mg/l in drinking water changed weekly). Apelin-13 
used in these experiments was the pyroglutamated form. AAA was defined 
as more than or equal to 50% enlargement of the maximal abdominal aorta 
diameter. Animals were observed daily, and in the case of premature sud-
den death, necropsy was performed to determine the cause of death.

Venous bypass grafting was used as model of vascular injury for the 
development of neointimal hyperplasia and accelerated atherosclerosis 
(46). Osmotic minipumps were implanted 24 hours prior to vein graft sur-
gery to allow adequate circulating levels of apelin/Ang II at the time of 
vascular injury. Vein graft surgery was performed as described previously 
(46). Briefly, 10- to 12-week-old male mice were anesthetized using inhaled 
isoflurane. The right common carotid artery was isolated and mobilized 
from the thoracic inlet to the bifurcation, divided at its midpoint, and 
cuffs were placed over the ends. The artery was inverted over the cuffs and 
ligated with 8-0 silk sutures. The supradiaphragmatic vena cava from an 
isogenic female littermate donor mouse was harvested and grafted as an 
interposition graft by sleeving the vein over the 2 ends of the carotid artery 
and ligating it with 8-0 silk sutures.

For apelin-ApoE double-knockout experiments, a previously described 
apelin-null allele was bred onto the C57BL/6 background for 10 gen-
erations, and these mice were bred with ApoE-KO mice on the C57BL/6 
background to generate apelin-ApoE double-knockout mice (6). Male 
and female mice were started at 4 weeks of age on a Western diet (0.2% 
cholesterol, 21.0% milk fat, 19.5% casein) or continued on normal chow 
diet and were maintained on these diets for 12 weeks. All mice were 
euthanized at the age of 16 weeks, and the aortas were isolated and pro-
cessed for en face analysis.

Blood pressure and heart rate were determined noninvasively using a 
computerized tail-cuff system (BP 2000 Blood Pressure Analysis System; 
Visitech Systems Inc.) described previously (47). Mice were acclimatized 
to the apparatus during daily sessions over 6 days, then blood pressure 
measurements were obtained on a twice weekly basis during the dura-
tion of the infusion.

Tissue preparation, histology, and lesion quantif ication . Mice were 
euthanized 28 days following implantation of osmotic minipumps. The 
thoracic cage was removed and the animals were perfused with PBS solu-
tion for 2 minutes. The entire aorta and vein graft were exposed, and the 
periadventitial tissue and scar tissue were dissected and removed. Sub-
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sequently, mice were perfusion fixed in situ with 4% phosphate-buffered 
paraformaldehyde. In some animals, aorta and lung were removed fresh 
for biochemical assays.

Aorta and vein grafts were excised, fixed in paraformaldehyde overnight, 
dehydrated in graded ethanol solution, and paraffin embedded or removed 
fresh and snap frozen in OCT. For graft analysis, prior to embedding, each 
graft was divided at its midpoint to provide sections from the body of the 
graft, avoiding the cuff anastomoses. Grafts were sectioned at 150 μM from 
the midpoint, collecting 5-μM sections. Three representative sections, sepa-
rated by 50 μM, were stained with Masson/Goldner stain for analysis. Lesion 
quantification was similar to that described previously (21). Vessel wall area 
was determined by subtracting the luminal area from total vessel area. Neo-
intimal area was defined as the area inside the internal elastic lamina. Image 
analysis was performed using Image Pro Plus software (Media Cybernetics).

Aortic atherosclerosis lesion area was determined as described previous-
ly (48). Briefly, the arterial tree was perfused with PBS (pH 7.3) and then 
perfusion fixed with phosphate-buffered paraformaldehyde (3%, pH 7.3). 
The heart and the full-length of the aorta-to-iliac bifurcation was exposed 
and dissected carefully from any surrounding tissues. Aortas were then 
opened along the ventral midline and dissected free of the animal and 
pinned out flat, intimal side up, onto black wax. Aortic images were cap-
tured with a digital camera mounted on a Nikon stereomicroscope and ana-
lyzed using Adobe Photoshop Extended software. The percentage of lesion 
area was calculated as total lesion area divided by total surface area. For mice 
with AAA, the area of the aneurysm was excluded from the calculations.

The atherosclerotic lesions in aortic valve area were analyzed as described 
previously (49). The aortic samples were perfused with PBS, fixed with 
paraformaldehyde (4%), embedded in OCT, and sectioned at 10-μM thick-
ness. Five sections at 100-μM intervals were collected from each mouse 
and stained with Masson trichrome. The lesion areas were measured and 
quantified using Image Pro Plus software (Media Cybernetics).

Immunohistochemistry was performed as described previously (50). 
Briefly, paraffin-embedded vein graft sections were stained for SMC  
α-actin using a mouse monoclonal antibody (Clone A14; Sigma-Aldrich). 
Sections were first rehydrated in PBS, blocked for 4 hours at room temper-
ature with horse serum (Vector Laboratories), and stained with antibody 
(1:100 dilution in horse serum) at 4°C overnight. The next day, specimens 
were washed in PBS, followed by Tris-HCl (20 mM, pH 8.3), and then the 
mixtures of alkaline phosphate–conjugated avidin-biotin complex (Vector 
Laboratories) and Vector Red substrate (Vector Laboratories) were added 
for 10 minutes. Specimens were washed in Tris-HCl again and then in PBS 
and distilled water and were mounted. Stained area was determined as 
described above for atherosclerotic lesion area.

Lipid analysis. Total plasma cholesterol (CHOD-PAP; Roche Diagnos-
tics), HDL (HDL-C-plus 2nd generation; Roche Diagnostics), and tri-
glyceride concentrations (GPO-PAP; Roche Diagnostics) were measured 
using enzymatic kits on an automated analyzer (Roche) according to the 
manufacturer’s instructions.

EPR spectroscopy. EPR spectroscopy was used to quantify vascular NO 
production according to previously described and validated methods (51). 
In brief, freshly harvested lung homogenates (n = 4–8 per group) were 
stimulated with calcium ionophore (A23187; 1 μmol/l) in 250 μl Krebs-
HEPES buffer and then incubated with colloid Fe(DETC)2 (285 μM) at 
37°C for 90 minutes. After incubation, lung homogenates were snap fro-
zen in a column of Krebs-HEPES buffer in liquid nitrogen, and EPR spec-
tra were obtained using an EPR spectrometer (Model 8400; Resonance 
Instruments). Signals were quantified by measuring the total amplitude, 
after correction of baseline, and after subtracting background signals 
from incubation with colloid Fe(DETC)2 alone. Human umbilical vein 
endothelial cells (Lonza Inc.) served as the positive control.

Lucigenin-enhanced chemiluminescence. Total O2
•– was measured by luci-

genin-enhanced chemiluminescence as described previously (52). Aortas 
or vein grafts were harvested, flushed with Krebs-HEPES buffer, opened 
longitudinally, and divided into halves. Vessels were gassed with 95% oxy-
gen/5% carbon dioxide in warmed Krebs-HEPES buffer for 30 minutes 
before measurements of chemiluminescence were recorded by a luminom-
eter (Bio Orbit) using 5 μmol/l lucigenin. One half of each vessel was incu-
bated in l-NAME (1 mmol/l) (Sigma-Aldrich). After measuring baseline 
readings for 4 minutes, samples were equilibrated and dark adapted for 
5 minutes, and chemiluminescence was recorded for 10 minutes. Record-
ings were performed blind to the sample identity. Results were expressed 
as counts per second per milligram of tissue dry weight.

Oxidative fluorescent microtopography. O2
•– was detected in the layers of 

the vessel wall using fluorescent probe dihydroethidium as described 
previously (52). Fresh segments of upper descending thoracic aorta were 
frozen in OCT compound. Cryosections (30 μm) were incubated with 
Krebs-HEPES buffer for 30 minutes at 37°C, with or without 1 mmol/l  
l-NAME, 50 μmol/l apocynin, 50 U/ml O2

•– dismutase (all Sigma-
Aldrich) followed by 5 minutes dark incubation with 2 μmol/l dihydro-
ethidium (DHE; Molecular Probes). Images were obtained on a confocal 
microscope (Bio-Rad MRC-1024 laser; filter settings, excitation filter 
at 488 nm; emission filter at 550 nm). High-power (original magnifica-
tion, ×60) images were used to measure 2-hydroxyethidium fluorescence. 
Endothelial fluorescence was quantified (intensity x area) on the luminal 
side of the internal elastic lamina for media between the internal and 
external elastic lamina and for adventitia outside the external elastic lam-
ina. Quantification was performed using Image Pro Plus software (Media 
Cybernetics). Analysis was performed blind to the sample identity. Mean 
fluorescence was calculated from 4 separate, high-power fields from each 
quadrant to produce n = 1.

Cell culture assays. For transfection experiments, HA-tagged APJ, AT1R, 
and arginine vasopressin receptor (AVPR1A and AVPR2) constructs in 
pcDNA3.1 were purchased from cDNA.org (Missouri University of Sci-
ence and Technology cDNA Resource Center). A full-length AT1R cDNA 
was obtained from Marc Caron, Duke University, Durham, North Caro-
lina, USA, and inserted into a pEGFP-N1 vector (Clontech). The NF-κB,  
AP-I, NFAT, and SRE luciferase reporter constructs were obtained from 
BD Biosciences. HEK293 cells were cultured in Dulbecco modified 
Eagle medium with 10% fetal bovine serum, 10 units/ml penicillin, and  
100 μg/ml streptomycin. Transient transfection of the HEK293 cells 
was carried out using FuGene reagent per manufacturer’s protocols 
in 6-well plates. Human pulmonary artery SMCs were obtained from 
PromoCell and grown in growth medium per manufacturer’s protocols. 
For ERK phosphorylation, transfected HEK293 cells were serum starved 
for 6 hours, incubated with the agonist for designated times at 37°C, 
and immediately lysed using diluted 10X Cell Lysis Buffer (Cell Signal-
ing Technology Inc.). For luciferase assays, transfected cells were serum 
starved for 6 hours and then stimulated with the designated ligand for 
24 hours prior to harvest. A renilla luciferase construct was cotransfect-
ed to control for transfection efficiency in each of these experiments. 
For siRNA-knockdown experiments, HEK293 cells were cotransfected 
with either control siRNA or APJ-specific siRNA (Dharmacon). After  
48 hours, cells were stimulated with varying concentrations of Ang II for 
8 hours. Cells were subsequently harvested and lysates obtained. Lucif-
erase assay was performed as per manufacturers instructions (Promega), 
and samples were done in triplicates.

RASMCs were harvested by enzymatic digestion from rat aortas as previ-
ously described (53). Cells were cultured in Dulbecco modified Eagle medi-
um with 10% fetal bovine serum, 10 units/ml penicillin, and 100 μg/ml 
streptomycin. After 24 hours serum starvation, the cells were stimulated 
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with 100 nM Ang II with or without 100 nM apelin-13 and immediately 
lysed and frozen for protein electrophoresis.

Immunoprecipitation and immunoblotting. Immunoprecipitations were per-
formed on cells lysed with cell lysis buffer. Lysates were precleared with pro-
tein G agarose, and immunoprecipitation was performed with the respec-
tive antibodies at a concentration of 1 μg/ml for 24 hours at 4°C. Protein 
G agarose was added and incubated for an additional 2 hours. Western 
blotting of SDS-PAGE gels was performed with standard methodology, 
and the bands were visualized using an enhanced chemiluminescence sys-
tem. α-GFP and α-HA antibodies were purchased from Roche.

For RASMC stimulation experiments, cells were lysed, resolved by SDS-
PAGE, and blotted with phospho-ERK or total ERK1 antibody (Cell Signal-
ing Technology Inc.) followed by anti-rabbit horseradish peroxidase–con-
jugated secondary antibody (Sigma-Aldrich).

FRET analysis. FRET analysis was performed as previously described 
(www.stke.org/cgi/content/full/OC_sigtrans;2000/38/pl1) (54, 55). In 
brief, CFP- and YFP-tagged AT1R and APJ constructs were generated. The 
appropriate CFP and YFP fusion constructs were transfected into 293T 
cells in 6-well plates. Cells were analyzed by flow cytometry 36 hours after 
transfection, after being resuspended by vigorous pipetting in medium. A 
BD LSR II System flow cytometer was used with CFP excitation at 405 nm  
and YFP excitation at 488 nm. Detection was performed at 470 nm for CFP 
and 550 nm for YFP. FRET detection was performed at 550 nm/50 nm 
bandpass using 405 nm excitation.

Statistics. Data are presented as mean ± SEM. Data were subjected to the 
Kolmogorov-Smirnov test to determine distribution. Groups were compared 
using the Mann-Whitney U test for nonparametric data or the Student’s t test 
for parametric data. When comparing multiple groups, data were analyzed 
by ANOVA with Bonferroni’s post test. For multiple testing for parametric 
data, a value of P < 0.05 was considered statistically significant.
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