
1

Hypertension is one of the central pathophysiologic con-
tributors to cardiovascular morbidity and mortality, 

characterized by impaired vascular functional and abnormal 
structural alterations, and has an intimate association with en-
dothelial dysfunction.1–5 Endothelial cells (ECs) line the inte-
rior surface of vessels and release both endothelium-derived 
relaxing factors and endothelium-derived contracting factors 
to regulate vascular tone. For instance, NO and prostacyclin 
are well-established endothelium-derived relaxing factors, 
whereas endothelin-1 acts as endothelium-derived contracting 
factor in arteries.6 The balanced production of these vasoactive 
factors helps maintain normal blood pressure (BP). However, 

the compensatory mechanism underlying the regulation of this 
balance remains to be established.

Arachidonic acid (AA) is the most biologically relevant 
ω-6 polyunsaturated fatty acid and is metabolized by COX 
(cyclooxygenase), lipoxygenase, or cytochrome P450, thus 
generating thousands of vasoactive substances. As an impor-
tant class of endothelium-derived factors, AA metabolites play 
crucial roles in regulating vascular tone.7 For example, several 
studies have shown that Ang II (angiotensin II) exposure is 
associated with the augmented expression of the inducible 
isoform of COX (COX-2) and production of prostanoids in 
ECs and fibroblasts from rodents, as well as vascular media in 
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Abstract—Endothelial cells regulate vascular tone by producing both relaxing and contracting factors to control the local 
blood flow. Hypertension is a common side effect of mTORC1 (mammalian target of rapamycin complex 1) inhibitors. 
However, the role of endothelial mTORC1 in hypertension remains elusive. The present study aimed to determine the 
role of endothelial mTORC1 in Ang II (angiotensin II)–induced hypertension and the underlying mechanism. Endothelial 
mTORC1 activity was increased by Ang II both in vitro and in vivo. Blood pressure was higher in Tie-2-Cre–mediated 
regulatory associated protein of mTOR (mammalian target of rapamycin; Raptor) heterozygous-deficient (Tie2Cre-
RaptorKD) mice than control mice both before and after Ang II infusion. Acetylcholine-evoked endothelium-dependent 
relaxation of mesenteric arteries was impaired in Tie2Cre-RaptorKD mice. Treatment with indomethacin or a specific 
COX (cyclooxygenase)-2 inhibitor, NS-398, but not L-NG-nitroarginine methyl ester reduced endothelium-dependent 
relaxation in Raptorflox/− mice to a similar extent as in Tie2Cre-RaptorKD mice. Metabolomic profiling revealed that the 
plasma content of prostaglandin E

2
 was reduced in Tie2Cre-RaptorKD mice with or without Ang II infusion. In endothelial 

cells, reduction of the protein level of YAP (yes-associated protein) with siRNA-mediated RPTOR deficiency was 
autophagy dependent and transcriptionally regulated the expression of COX-2 and mPGES-1 (microsomal prostaglandin 
E synthase-1). Hence, overexpression of YAP in endothelial cells enhanced the mRNA and protein levels of COX-2 and 
mPGES-1 and reversed the endothelial dysfunction and hypertension in Tie2Cre-RaptorKD mice. The present results 
demonstrate that suppression of mTORC1 activity in endothelial cells reduces prostaglandin E

2
 production and causes 

hypertension by reducing YAP-mediated COX-2/mPGES-1 expression.  (Hypertension. 2019;74:00-00. DOI: 10.1161/
HYPERTENSIONAHA.119.12834.) • Online Data Supplement
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hypertensive patients and animal models, thus playing a role 
in altered vascular functions in hypertension.8–12 Inhibition of 
COXs with indomethacin reduced endothelium-dependent 
relaxation (EDR) in response to AA.13 In the COX pathway, 
AA-derived prostaglandin H

2
 is produced by COXs and fur-

ther converted into prostaglandin D
2
, prostaglandin E

2
 (PGE

2
), 

prostaglandin F
2α, prostacyclin, and thromboxane A

2
 by re-

spective synthases. Stimuli, the types of vessels, and disease 
states all determine the concentration of each prostanoid, 
which contributes to endothelium-dependent vessel relaxation 
and contraction on binding to various receptors.

Two major signaling pathways regulating organ size are 
the mTORC1 (mammalian target of rapamycin complex 1) and 
Hippo pathways and their mechanistic targets.14–16 mTORC1 
consists of 3 core components, mTOR (mammalian target of 
rapamycin), regulatory associated protein of mTOR (Raptor), 
and mammalian lethal with Sec13 protein 8, that control cell 
proliferation, autophagy, and downstream metabolic processes. 
YAP (Yes-associated protein) is well established as a down-
stream transcriptional coactivator of Hippo pathway, which 
has important roles in cardiovascular dysfunction.17–19 There 
is emerging evidence for a cross talk between the Hippo/YAP 
and mTORC1 pathways.20–22 mTORC1 is activated by Ang II 
in cardiomyocytes and coronary vascular smooth muscle cells, 
leading to cardiac and vascular hypertrophy and remodeling, 
as well as vascular insulin resistance.23–25 In addition, BP was 
increased in spontaneously hypertensive rats treated with an 
mTORC1 inhibitor, rapamycin,26 which suggests the possible 
involvement of mTORC1 in the development of hypertension. 
However, the molecular nature underlying the interaction be-
tween YAP and mTORC1 and its potential physiological func-
tion in ECs are still poorly defined.

In the current study, we investigated the change of endo-
thelial mTORC1 activity in response to Ang II and its potential 
physiological and pathological effects on BP. We hypothesized 
that endothelial Raptor heterozygous deficiency could elevate 
both basal BP and BP in Ang II–infused mice and impaired 
EDR. Herein, we indeed demonstrate that the endothelial 
mTORC1/YAP/PGE

2
 pathway may be a compensatory mech-

anism to maintain normal BP in response to Ang II.

Materials and Methods
The authors declare that all supporting data are available within the 
article and its online-only Data Supplement.

Statistical Analysis
Data are mean±SEM. GraphPad Prism v7.0 (GraphPad Software, 
San Diego, CA) was used for all statistical analyses. Unpaired 
Student t test (2 tailed), 1-way ANOVA, or 2-way ANOVA with 
Bonferroni multiple comparison post hoc test was used for analysis 
as appropriate. In all experiments, P<0.05 was considered statisti-
cally significant.

Results
Disruption of Endothelial mTORC1 Elevated Basal 
BP and Aggravated Ang II–Induced Hypertension 
in Mice
As a well-established inducer of hypertension, Ang II stimu-
lated the phosphorylation of mTOR and phosphorylated S6 
(p-mTOR and p-S6) in human umbilical vein ECs (HUVECs) 

time and dose dependently (Figure S1A and S1B in the online-
only Data Supplement). C57BL/6 mice were infused with Ang II 
(490 ng/kg per min) for 4 weeks to induce hypertension. En face 
staining of second-order mesenteric arteries revealed increased 
mTORC1 activity in endothelium of Ang II–infused mice, 
as evidenced by increased protein level of p-S6 (Figure 1A). 
These results suggest that endothelial mTORC1 may partici-
pate in Ang II–induced hypertension. To further explore the 
role of endothelial mTORC1 in regulating BP, we crossed mice 
homozygous for loxP-flanked Raptor (Raptorflox/flox) with mice 
expressing Cre recombinase under control of the Tie2 promoter 
to obtain mice heterozygous for Raptor deficiency (Tie2Cre-
RaptorKD; Figure 1B); As reported previously,27 homozygous 
mice for endothelial genetic deletion of Raptor exhibited em-
bryonic lethality. The protein levels of Raptor and p-S6 in lung 
and heart microvascular ECs were lower in Tie2Cre-RaptorKD 
than in Raptorflox/− mice (Figure S1C). Mice with disrupted 
mTORC1 activity had increased systolic BP and diastolic BP at 
the basal level and in response to Ang II (Figure 1C and 1D). To 
exclude the effect of Tie2-positive myeloid/microglial cells on 
BP, we conditionally deleted Raptor in myeloid/microglial cells 
with LysMCre. The BP of LysMCre-RaptorKO mice and control 
mice was comparable (Figure S1D).

Disruption of mTORC1 Activity in ECs Impaired 
Endothelium-Dependent Vasorelaxation via the 
COX-2/mPGES-1 Pathway
Disruption of mTORC1 in ECs markedly impaired acetyl-
choline-induced EDR in second-order mesenteric arteries 
as compared with control mice with or without Ang II in-
fusion (Figure 2A and 2B; Figure S2A), without affecting 
vasoconstrictive responses to phenylephrine (Figure S2B). 
Endothelium-independent relaxation with sodium nitroprus-
side was similar between the 2 groups of mice with or without 
Ang II infusion (Figure 2A and 2C; Figure S2C), which sug-
gested that the impaired EDR was caused by ECs dysfunction.

Next, we studied EDR by treating arteries with an nitric 
oxide synthase inhibitor, L-NG-nitroarginine methyl ester, or 
a nonselective COX inhibitor, indomethacin. Acetylcholine-
dependent relaxation was reduced in arteries treated with 
L-NG-nitroarginine methyl ester or indomethacin (Figure 2D). 
However, indomethacin but not L-NG-nitroarginine methyl 
ester abolished the difference in EDR between the 2 geno-
types, thereby indicating an involvement of COX-derived 
prostanoids in the mTORC1-dependent impairment of EDR 
(Figure 2D). To distinguish the role of 2 COX isoforms in 
vasodilatation, we used specific inhibitors for COX-1 (SC-
560) and COX-2 (NS-398). NS-398 but not SC-560 abolished 
the difference in EDR between Tie2Cre-RaptorKD and control 
mice (Figure 2E and 2F). These results suggest that COX-2–
derived prostanoids play a critical role in endothelial dysfunc-
tion induced by endothelial Raptor deficiency.

A number of COX-related oxylipin mediators contribute to 
endothelial dysfunction in hypertension.6 To identify oxylipin 
mediators involved in mTORC1-dependent impaired EDR, 
we measured the plasma content of 20 detectable AA-derived 
oxylipins by liquid chromatography–tandem mass spectrom-
etry (Figure 3A; Figure S3A). Variable importance for pre-
diction scores was calculated, and we identified PGE

2
 was the 
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metabolite that contributed the most to the difference between 
Raptorflox/− and Tie2Cre-RaptorKD groups (Figure S3B). Among 
the COX pathway metabolites, the level of plasma PGE

2
 was 

decreased in Tie2Cre-RaptorKD mice compared with control mice 
under both basal and Ang II infusion condition (Figure 3B). No 
obvious changes were detected in the content of other metabo-
lites, such as prostaglandin D

2
, 6-keto prostaglandin F1α, and 

thromboxane B
2
 between Raptorflox/− and Tie2Cre-RaptorKD 

groups (Figure S3C through S3E). In addition, siRNA-mediated 
RPTOR deficiency reduced the level of PGE

2
 in both cell lysate 

and culture medium of HUVECs (Figure S3F and S3G).
Because PGE

2
 has vasopressor or vasodepressor effects 

depending on its binding to distinct receptor subtypes, termed 
EP (prostaglandin E receptor) 1–4, we next evaluated the im-
pact of an EP2 agonist (Butaprost) or EP4 agonist (CAY10598) 
on acetylcholine-induced relaxation in mesenteric arteries of 
Tie2Cre-RaptorKD and control mice. The EP4 but not EP2 ag-
onist restored the impaired EDR in Tie2Cre-RaptorKD mice to 
control levels (Figure 3C). In addition, the expression of EP4 
in aorta lysate and ECs of mesenteric arteries from Raptorflox/− 
and Tie2Cre-RaptorKD mice was comparable (Figure S3H and 
S3I). Moreover, mesenteric arteries from both genotypes of 
mice exhibited similar relaxation in response to EP4 agonist 
(CAY10598; Figure S3J), indicating the EP4 sensitivity of 

mesenteric arteries was similar in arteries from the both geno-
types of mice. To elucidate how endothelial Raptor deficiency 
reduced PGE

2
 production, we analyzed the expression of genes 

involved in stimuli-induced PGE
2
 biosynthesis: COX-2 and 

mPGES-1 (microsomal prostaglandin E synthase). Although 
both proteins are generally inducible enzymes expressed in 
inflammation, several studies revealed that they also had con-
stitutive expression.28–30 En face staining revealed that Ang II 
administration markedly elevated the intensities of COX-2 
and mPGES-1 in endothelium of mesenteric arteries from 
Raptorflox/− mice, which was partially eliminated in that of mes-
enteric arteries from Tie2Cre-RaptorKD mice (Figure 3D and 
3E). In accordance, the protein levels of COX-2 and mPGES-1 
were greatly reduced in endothelium of mesenteric arteries and 
primary ECs from lung or heart of Tie2Cre-RaptorKD mice as 
compared with control mice (Figure S3K). Thus, the blunted 
COX-2/mPGES-1/PGE

2
/EP4 pathway in ECs likely accounts 

for the mTORC1-impaired EDR.

Autophagy-Dependent YAP Degradation Mediates 
the Defective COX-2/mPGES-1 Pathway in Raptor-
Deficient ECs
Recent studies provide evidence for a cross talk between 
Hippo and mTORC1 pathways.16,22 Especially, Liang et al22 

Figure 1. Disruption of endothelial mTORC1 
(mammalian target of rapamycin complex 
1) elevated basal blood pressure (BP) and 
aggravated Ang II (angiotensin II)–induced 
hypertension in mice. A, Ten-week-old male 
C57BL/6 mice were infused with Ang II (490 
ng/kg per min) via osmotic minipump or were 
sham operated for pump implantation for 4 
wk. Immunofluorescence staining (left) of 
p-S6, VE-Cad (vascular endothelial cadherin), 
and DAPI (4′6-diamidino-2-phenylindole, 
dihydrochloride) in en face preparations 
of mesenteric arteries. Scale bar=20 μm. 
Quantification (right) of fluorescence intensity 
of p-S6. Unpaired 2-tailed t test, n=5. *P<0.05. 
B, Immunofluorescence staining (left) of 
Raptor (regulatory associated protein of mTOR 
[mammalian target of rapamycin]), VE-Cad, 
and DAPI in en face preparations of mesenteric 
arteries from Raptorflox/− and Tie2Cre-RaptorKD 
mice. Quantification (right) of fluorescence 
intensity of endothelial Raptor. Scale bar=20 
μm. Unpaired 2-tailed t test, n=5. *P<0.05. 
C, Noninvasive tail-cuff monitoring of systolic 
BP (SBP) and diastolic BP (DBP) of 10-wk-old 
Raptorflox/− (n=20) and Tie2Cre-RaptorKD (n=22) 
mice and (D) 10-wk-old Raptorflox/− (n=10) and 
Tie2Cre-RaptorKD (n=12) mice infused with Ang 
II (490 ng/kg per min) via an osmotic minipump 
for 4 wk. Unpaired 2-tailed t test. *P<0.05.D
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found mTOR-regulated YAP in an autophagy-dependent man-
ner in perivascular epithelioid cell tumors. Moreover, the 
YAP-TEAD (TEA domain family member) complex has been 
reported to transcriptionally regulate the expression of COX-
231, 32. As expected, the expression of YAP was increased in 
the endothelium of mesenteric arteries from Raptorflox/− mice 
treated with Ang II, which was partially reversed by endothe-
lial Raptor deficiency (Figure 3F). In addition, primary ECs 
from the lung or heart of Tie2Cre-RaptorKD mice showed a 
lower expression of YAP versus control mice (Figure 4A). 
Furthermore, disrupting mTORC1 activity in ECs by siRP-
TOR transfection significantly reduced the protein level of 
YAP, as well as the mRNA level of its transcriptional targets 
cellular communication network factor 2 and amphiregulin, 
but not the mRNA of YAP (Figure 4B through 4D; Figure 
S4A), which indicated nontranscriptional regulation of YAP 
by mTORC1.

Autophagy is a cellular process delivering cytoplasmic ma-
terial and organelles to lysosomes for degradation.33 mTORC1 
is a crucial regulator for autophagy initiation in eukary-
otes.34,35 siRPTOR-mediated inhibition of mTORC1 activity in 
HUVECs induced autophagy, as indicated by the increased 
conversion of the MAP1LC3 (microtubule-associated protein 

1 light chain 3)-I to LC3-II and decreased the protein level of 
YAP, which was abolished by an autophagy inhibitor 3-meth-
yladenine (Figure 4E). Hence, Raptor deficiency may cause 
autophagy-mediated YAP degradation in ECs.

To assess the role of YAP in mTORC1-mediated regula-
tion of COX-2/mPGES-1 expression, YAP was overexpressed 
in HUVECs via adenoviral delivery. YAP overexpression 
restored the decreased mRNA and protein levels of COX-2 
and mPGES-1 in Raptor-deficient ECs without affecting 
mTORC1 activity (Figure 5A and 5B). TEF (transcriptional 
enhancer factor)/TEAD family of transcription factors are the 
major YAP-interacting transcription factors and mediate TEF/
TEAD transcriptional activity.36,37 Although TEAD is essen-
tial for COX-2 regulation by YAP,31,32 direct evidence that the 
YAP-TEAD complex controls mPGES-1 expression is lack-
ing. To examine whether TEAD participates in YAP-mediated 
mPGES-1 upregulation, Human embryonic kidney 293 A cells 
were cotransfected with the mPGES-1 promoter luciferase re-
porter plasmid and wild-type YAP or a TEAD-binding–defective 
YAP-S94A mutant plasmid. Luciferase activity was increased 
with wild-type YAP treatment, but the YAP-S94A mutant was 
defective in mPGES-1 promoter activation (Figure 5C). In 
addition, prostaglandin-endoperoxide synthase 2 (codes for the 

Figure 2. Disruption of endothelial mTORC1 
(mammalian target of rapamycin complex 1) 
impaired endothelium-dependent relaxation 
(EDR) of mesenteric arteries. A–C, Vasodilation 
of mesenteric arteries from Raptorflox/− and 
Tie2Cre-RaptorKD mice in response to 
acetylcholine (ACh) or sodium nitroprusside 
(SNP). A, Representative curves of EDR in 
response to ACh and endothelium-independent 
relaxation in response to SNP. B and C, EDR 
to ACh (B) and endothelium-independent 
relaxation to SNP (C) in Raptorflox/− and 
Tie2Cre-RaptorKD mice. Two-way ANOVA, 
n=6. *P<0.05. D–F, Mesenteric arteries from 
Raptorflox/− and Tie2Cre-RaptorKD mice were 
pretreated with Indo (indomethacin; 10 μmol/L) 
or L-NG-nitroarginine methyl ester (L-NAME; 
100 μmol/L; D), NS-398 (10 μmol/L; E), or SC-
560 (5 μmol/L; F) for 30 min, and vasodilation 
in response to ACh was assessed. Two-way 
ANOVA, n=6. *P<0.05. L-NAME, nitric oxide 
synthase inhibitor; indomethacin, nonselective 
COX (cyclooxygenase) inhibitor; SC-560, COX-
1 inhibitor; NS-398, COX-2 inhibitor.
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Figure 3. Disruption of endothelial mTORC1 (mammalian target of rapamycin complex 1) reduced prostaglandin E2 (PGE2) production. A and B, Liquid 
chromatography–tandem mass spectrometry (LC-MS/MS) detection of arachidonic acid (AA)-derived metabolites in the plasma of Raptorflox/− and 
Tie2Cre-RaptorKD mice. A, Heat map showing AA-derived metabolites in plasma samples from Raptorflox/− and Tie2Cre-RaptorKD mice with or without Ang 
II (angiotensin II) infusion (490 ng/kg per min). Clustering algorithm model is single. B, LC-MS/MS detection of plasma level of PGE2 in Raptorflox/− and 
Tie2Cre-RaptorKD mice with or without Ang II infusion (490 ng/kg per min). Two-way ANOVA, n=5. **P<0.01. C, Vasodilation of mesenteric arteries from 
Raptorflox/− and Tie2Cre-RaptorKD mice in response to acetylcholine (ACh). Mesenteric arteries from Raptorflox/− and Tie2Cre-RaptorKD mice were pretreated 
with EP (prostaglandin E receptor) 2 agonist (Butaprost, 30 nmol/L) or EP4 agonist (CAY10598, 30 nmol/L), and vasodilation in response to ACh was 
assessed. Two-way ANOVA, n=6. *P<0.05. D and E, En face staining (top) of COX (cyclooxygenase)-2 and mPGES-1 (Continued )
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COX-2 protein) and prostaglandin E synthase (codes for the 
mPGES-1 protein) mRNA levels elevated by YAP overexpres-
sion were reversed by a suppressor of the YAP-TEAD complex, 
verteporfin, in HUVECs (Figure 5D). Hence, the YAP-TEAD 
complex may control COX-2 and mPGES-1 expression in ECs.

Overexpression of YAP Rescued the Impaired EDR 
and Reduced Hypertension in Mice With Defective 
Endothelial mTORC1 Activity
To further determine the role of endothelial YAP in hyperten-
sion in Tie2Cre-RaptorKD mice, we crossbred Tie2Cre-RaptorKD 

mice with loxp-stop-loxp YAP-transgenic mice to generate 
Tie2Cre-RaptorKDYAPTg mice. Endothelial YAP overexpression 
had no effect on EDR in control mice (Figure S5A), but it at-
tenuated the impaired EDR in Tie2Cre-RaptorKD mice, which 
was reversed by the COX-2 inhibitor NS-398 (Figure 6A). To 
determine the effects of mPGES-1 inhibition on EDR, we con-
structed lentiviral mPGES-1 shRNA to knockdown mPGES-1 
in vivo. The knockdown efficiency of mPGES-1 in carotid 
arteries was confirmed by en face immunofluorescence stain-
ing of mPGES-1 (Figure S5B). Carotid artery relaxation in re-
sponse to acetylcholine but not to sodium nitroprusside was 

Figure 4. Disruption of endothelial mTORC1 (mammalian target of rapamycin complex 1) promotion of the degradation of YAP (yes-associated protein) 
was autophagy dependent. A, Western blot analysis (left) and quantification (right) of YAP protein level in primary lung and heart microvascular endothelial 
cells from Raptorflox/− and Tie2Cre-RaptorKD mice. Unpaired 2-tailed t test, n=3 samples; each sample was pooled from 6 mice. *P<0.05. B and C, Human 
umbilical vein endothelial cells (HUVECs) were transfected with siNC or siRPTOR for 48 h. B, Western blot analysis (left) of Raptor (regulatory associated 
protein of mTOR [mammalian target of rapamycin]), p-S6, t-S6, and YAP, and quantification (right) of Raptor and YAP in whole cell lysates. Unpaired 2-tailed 
t test, n=3. **P<0.01. C, Protein level (left) and quantification (right) of YAP in cytoplasmic and nuclear fractions. Histone H3 and β-actin were nuclear and 
cytoplasmic controls. Unpaired 2-tailed t test, n=3. **P<0.01. D, The mRNA levels of RPTOR, YAP, CCN2, and AREG. Unpaired 2-tailed t test, n=5. **P<0.01. 
E, HUVECs were transfected with control or siRPTOR for 48 h and simultaneously treated with or without 3-MA (3-methyladenine; 5 mmol/L) for 24 h. 
Western blot analysis (left) and quantification (right) of MAP1LC3 (microtubule-associated protein 1 light chain 3)-II/LC3-I ratio and YAP protein levels. Two-
way ANOVA, n=3. *P<0.05, **P<0.01. EC indicates endothelial cells.

Figure 3 Continued. (microsomal prostaglandin E synthase) in mesenteric arteries from Raptorflox/− and Tie2Cre-RaptorKD mice with or without Ang II infusion 
(490 ng/kg per min) and quantification (bottom) of relative fluorescence intensities of endothelial COX-2 and mPGES-1. Scale bar=20 μm. Two-way ANOVA, 
n=5. **P<0.01. F, Representative en face staining (left) and quantification (right) of YAP (yes-associated protein) 1 in mesenteric arteries from Raptorflox/− and 
Tie2Cre-RaptorKD mice with or without Ang II infusion (490 ng/kg per min). Scale bar=20 μm. Two-way ANOVA, n=5. **P<0.01. DAPI indicates 4′6-diamidino-
2-phenylindole dihydrochloride; and Ve-Cad, vascular endothelial cadherin.
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Figure 5. Overexpression of YAP (yes-associated protein) restored the decreased levels of COX-2 (cyclooxygenase-2) and mPGES-1 (microsomal 
prostaglandin E synthase) in endothelial cells. A and B, Human umbilical vein endothelial cells (HUVECs) were transfected with siNC or siRPTOR and 
simultaneously infected with Ad-GFP (adenoviral green fluorescent protein) or Ad-YAP (adenoviral yes-associated protein 1) for 48 h. Western blot analysis 
(left) of Raptor (regulatory associated protein of mTOR [mammalian target of rapamycin]), p-S6, t-S6, and YAP, COX-2 (cyclooxygenase-2), and mPGES-1 
(microsomal prostaglandin E synthase) in HUVECs. Quantification (right) of the protein level of Raptor, COX-2, and mPGES-1 in HUVECs. Two-way ANOVA, 
n=3. *P<0.05, **P<0.01. B, mRNA levels of RPTOR, PTGS2, and PTGES in HUVECs. Two-way ANOVA, n=3. *P<0.05, **P<0.01. C, The mPGES-1 promoter 
luciferase reporter plasmid was cotransfected into human embryonic kidney 293 A cells with LacZ β-galactosidase, wild-type YAP (YAP-WT), or YAP-S94A 
mutant (YAP-S94A) plasmids for 48 h. Promoter activities were measured by luciferase assay, normalized to β-gal. Data are expressed as relative luciferase 
activity, with activity of cells transfected with LacZ set to 1. One-way ANOVA, n=5. *P<0.05. D, HUVECs were infected with Ad-GFP or Ad-YAP for 48 h with 
or without verteporfin (VP; 0.5 mmol/L). The mRNA levels of PTGS2 and PTGES were shown. Two-way ANOVA, n=3. *P<0.05. E, A schematic model of the 
self-protective role of Ang II (angiotensin II)–activated mTORC1 in hypertension. AA indicates arachidonic acid.
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impaired in Tie2Cre-RaptorKD mice compared with Tie2Cre-
RaptorKDYAPTg mice (Figure 6B; Figure S5C). Furthermore, 
mPGES-1 shRNA infection reduced EDR in Tie2Cre-
RaptorKDYAPTg mice to a similar extent as in Tie2Cre-RaptorKD 
mice (Figure 6B), suggesting the critical role of mPGES-1 in 
endothelial Raptor deficiency-induced endothelial dysfunc-
tion. In addition, radiotelemetry of BP measurements showed 
the elevated basal systolic BP but not diastolic BP in Tie2Cre-
RaptorKD mice returned to the same level as in Raptorflox/− 
mice by endothelial YAP overexpression (Figure 6C and 6D). 
Finally, to assess the protective role of YAP in pathological 
conditions, all strains of mice were infused with Ang II. Under 
treatment of Ang II, a perceptible improvement of systolic BP 
and diastolic BP in Tie2Cre-RaptorKDYAPTg mice was obtained 
(Figure 6E and 6F). Thus, overexpression of YAP in ECs may 
protect mice against EDR impaired by endothelial Raptor defi-
ciency and subsequent hypertension.

Discussion
As key immunosuppressant drugs, mTOR inhibitors were 
used to prevent acute rejection after solid-organ transplan-
tation. One of the most common side effects of mTOR 
inhibitors is hypertension. Although they confer no further 
significant increase in the incidence of hypertension as com-
pared with other immunosuppressant agents,38 most patients 

taking mTOR inhibitors still require antihypertensive med-
ication to control elevated BP. In line with human studies, 
rapamycin administration further increased the elevated BP 
but reduced cardiac hypertrophy in spontaneously hyper-
tensive rats as compared with vehicle.26 Similarly, both SD 
(Sprague-Dawley) and Dahl salt-sensitive rats on a normal 
diet showed a moderate increase in BP with rapamycin treat-
ment. However, rapamycin greatly attenuated high-salt diet–
induced hypertension in Dahl salt-sensitive rats by reducing 
immune cell infiltration into the kidney but not in SD rats 
with normal renal function.39 These studies imply the exist-
ence of a direct regulation of mTOR on BP in blood vessels 
independent of its antiproliferative and immunosuppressant 
properties in other organs such as heart and kidney. Indeed, 
our study showed a significant increase in basal and Ang 
II–elevated BP in heterozygous endothelial Raptor-deficient 
mice, which suggests the critical role of vascular mTORC1 
activity in regulating BP. Of note, the diurnal BP rhythm was 
almost abolished in rapamycin-treated SS and SD rats.39 The 
mTORC1 pathway was found to contribute to light signal–
related inducible translation control and suprachiasmatic nu-
cleus clock entrainment.40 Consistent with these findings, the 
disruption of endothelial mTORC1 activity–induced eleva-
tion of basal BP was further increased during the light period 
compared with dark period.

Figure 6. Overexpression of endothelial YAP 
(yes-associated protein) restored endothelial 
function and attenuated hypertension in 
Tie2Cre-RaptorKD mice. A, Vasodilation of 
mesenteric arteries of Tie2Cre-RaptorKD and 
Tie2Cre-RaptorKDYAPTg mice in response to 
acetylcholine (ACh) with or without pretreated 
with NS-398 (10 μmol/L). Two-way ANOVA, 
n=6. *P<0.05 vs Tie2Cre-RaptorKD group. B, 
Vasodilation of carotid arteries from Tie2Cre-
RaptorKD and Tie2Cre-RaptorKDYAPTg mice 
in response to ACh with or without lentiviral 
mPGES-1 (microsomal prostaglandin E 
synthase) shRNA infection. Two-way ANOVA, 
n=6. *P<0.05 vs Tie2Cre-RaptorKDYAPTg group. 
C and D, Telemetric monitoring of systolic 
blood pressure (SBP; C) and diastolic blood 
pressure (DBP; D) in 10-wk-old Raptorflox/−, 
Tie2Cre-RaptorKD, and Tie2Cre-RaptorKDYAPTg 
mice at baseline. Two-way ANOVA, n=5. 
*P<0.05 vs Raptorflox/− group; #P<0.05 vs 
Tie2Cre-RaptorKDYAPTg group. E and F, 
Telemetric monitoring of SBP (E) and DBP 
(F) in 10-wk-old Raptorflox/-, Tie2Cre-RaptorKD, 
and Tie2Cre-RaptorKDYAPTg mice infused 
with vehicle or Ang II (angiotensin II) for 14 
d. D (daytime) and N (nighttime) peak blood 
pressure data were recorded for 3 d at baseline 
and during each week after Ang II (490 ng/
kg per min) infusion. Two-way ANOVA, n=5. 
*P<0.05 vs Raptorflox/− group; #P<0.05 vs 
Tie2Cre-RaptorKDYAPTg group. NS-398, COX 
(cyclooxygenase)-2 inhibitor.
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PGE
2
 is abundantly produced by the COX-2/PGE

2
 

synthase cascade, and mPGES-1 possesses the highest PGE
2
 

synthetic activity both in vitro and in vivo.41,42 YAP has been 
implicated in the upregulation of COX-2 expression in cancer 
cells, promoting tumor formation.32,43 We demonstrate that 
disrupted mTORC1 activity led to decreased production of 
PGE

2
 but not other COX-2 metabolites. Furthermore, we 

identified prostaglandin-endoperoxide synthase 2 and prosta-
glandin E synthase as target genes of the YAP-TEAD com-
plex, whose expression was reduced in siRNA-mediated 
RPTOR-deficient ECs. These results may explain the selective 
reduction of PGE

2
 level in endothelial heterozygous Raptor-

deficient mice and cultured ECs. PGE
2
 is highly synthesized 

in the kidney but predominantly in mesangial cells, where it 
regulates hemodynamics and tubular transport locally.44 Jia 
et al found mPGES-1 expression and PGE

2
 release increased 

by hypertonic NaCl in primary collecting duct cells. As a re-
sult, mPGES-1−/− mice are prone to salt-induced and Ang II–
induced hypertension, which suggests the critical role of renal 
PGE

2
 in regulating BP.41 However, our study demonstrates 

that mTORC1-dependent PGE
2
 released from ECs of resistant 

arteries participates in maintaining endothelial function and 
normal BP by specific disruption of endothelial mTORC1 
activity. Thus, PGE

2
 may have distinct functions in different 

cells, tissues and organs.
PGE

2
 has both vasoconstrictive and vasodilatory actions 

by binding to its 4 G-protein–coupled receptors, EP1, EP2, 
EP3, and EP4. EP1 and EP3 are vasoconstrictive, and EP2 
and EP4 are vasodilatory.45 Recently, Zhang et al46 re-
ported that COX-2–dependent production of PGE

2
 mediated 

miR200c-induced endothelial dysfunction via EP1 or EP3 in 
db/db mouse aortas. EP3 was induced in diabetic islets and 
negatively regulates glucose- and hormone-stimulated in-
sulin secretion.47 Also, in the aorta of db/db mice, increased 
protein expression of EP1 but not EP4 may contribute to 
increased arteriolar tone and development of hypertension.48 
In contrast, our results revealed that COX-2/mPGES-1–de-
rived PGE

2
 maintained normal EDR via EP4 in mesenteric 

arteries of mice. In line with our study, PGE
2
-induced re-

laxation by activating EP4 in human intrarenal arteries can 
protect renal perfusion.49 Furthermore, both EP4 deletion 
and administration of an EP4 antagonist abolished the aortic 
relaxant effect of PGE

2
.50 The discrepancy might be because 

of the selectively enhanced expression of EP subtypes under 
different disease conditions, resulting in distinct responses 
to PGE

2
. EP1 and EP3 may be the prominent receptors re-

sponsible for the role of PGE
2
 in diabetes mellitus–related 

vascular dysfunction, whereas EP4 produces potent vaso-
dilatation in nondiabetic diseases. As well, our results with 
EP2 and EP4 agonists indicate that activation of EP4 but 
not EP2 restores the impaired endothelial dysfunction by 
mTORC1 deficiency. Although EP2 and EP4 receptors are 
coupled with Gs and signal by increasing intracellular cyclic 
adenosine 3′,5′ monophosphate content, evidence suggests a 
primary role of EP4 but not EP2 in mediating PGE

2
-induced 

vasorelaxation.51,52 Nevertheless, further investigation is re-
quired to elucidate more detailed roles of PGE

2
 and EPs in 

regulating vascular tone under both physiological and patho-
physiological situations.

In summary, the present study demonstrates that disruption 
of endothelial mTORC1 activity elevates BP at baseline and 
after Ang II infusion by suppressing COX-2 and mPGES-1 
expression and PGE

2
 production, which is mediated by an 

autophagy-dependent decrease of YAP (Figure 5E). This 
mechanism in ECs can be viewed as an adaptative response to 
counteract the Ang II–induced hypertensive effect by improv-
ing endothelial function in resistant arteries. Furthermore, 
we reveal a possible mechanism underlying the hypertensive 
effect of rapamycin and suggest that the endothelial Hippo/
YAP pathway might be a potential therapeutic target to mini-
mize the side effects of mTOR inhibitors in patients.

Perspectives
The mechanism elucidation of elevated BP at baseline and 
after Ang II infusion in endothelial mTORC1 disrupted mice 
is essential for a better understanding on a negative feedback 
loop in vessels to maintain normal BP and the hypertensive 
effect of mTORC1 inhibitors. Therefore, activation of this 
pathway seems to provide a new strategy as therapeutic target 
in hypertension.

Sources of Funding
This work was supported by the National Key Research and 
Development Program of China Grants (2017YFC1307402 and 
2016YFC0903000), National Natural Science Foundation of China 
Grants (91849105, 81670388, 81790621, 81420108003, 81730014, 
81870313, and 81700506), and by the Tianjin Municipal Science and 
Technology Project (18JCZDJC44900).

Disclosures
None.

References
 1. Vita JA, Treasure CB, Nabel EG, McLenachan JM, Fish RD, 

Yeung AC, Vekshtein VI, Selwyn AP, Ganz P. Coronary vasomotor re-
sponse to acetylcholine relates to risk factors for coronary artery di-
sease. Circulation. 1990;81:491–497. doi: 10.1161/01.cir.81.2.491

 2. Treasure CB, Manoukian SV, Klein JL, Vita JA, Nabel EG, Renwick GH, 
Selwyn AP, Alexander RW, Ganz P. Epicardial coronary artery responses 
to acetylcholine are impaired in hypertensive patients. Circ Res. 
1992;71:776–781.

 3. Panza JA, Quyyumi AA, Brush JE Jr, Epstein SE. Abnormal endothelium-
dependent vascular relaxation in patients with essential hypertension. N 
Engl J Med. 1990;323:22–27. doi: 10.1056/NEJM199007053230105

 4. Panza JA, Casino PR, Kilcoyne CM, Quyyumi AA. Role of endothe-
lium-derived nitric oxide in the abnormal endothelium-dependent vas-
cular relaxation of patients with essential hypertension. Circulation. 
1993;87:1468–1474. doi: 10.1161/01.cir.87.5.1468

 5. Panza JA, García CE, Kilcoyne CM, Quyyumi AA, Cannon RO III. 
Impaired endothelium-dependent vasodilation in patients with essential 
hypertension. Evidence that nitric oxide abnormality is not localized to a 
single signal transduction pathway. Circulation. 1995;91:1732–1738. doi: 
10.1161/01.cir.91.6.1732

 6. Matsumoto T, Goulopoulou S, Taguchi K, Tostes RC, Kobayashi T. 
Constrictor prostanoids and uridine adenosine tetraphosphate: vascular 
mediators and therapeutic targets in hypertension and diabetes. Br J 
Pharmacol. 2015;172:3980–4001. doi: 10.1111/bph.13205

 7. Pfister SL, Spitzbarth N, Edgemond W, Campbell WB. Vasorelaxation 
by an endothelium-derived metabolite of arachidonic acid. Am J Physiol. 
1996;270(3 pt 2):H1021–H1030. doi: 10.1152/ajpheart.1996.270.3.H1021

 8. Virdis A, Colucci R, Versari D, Ghisu N, Fornai M, Antonioli L, 
Duranti E, Daghini E, Giannarelli C, Blandizzi C, Taddei S, Del Tacca M. 
Atorvastatin prevents endothelial dysfunction in mesenteric arteries 
from spontaneously hypertensive rats: role of cyclooxygenase 2-de-
rived contracting prostanoids. Hypertension. 2009;53:1008–1016. doi: 
10.1161/HYPERTENSIONAHA.109.132258

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 6, 2019



10  Hypertension  September 2019

 9. Wong SL, Lau CW, Wong WT, Xu A, Au CL, Ng CF, Ng SS, Gollasch  
M, Yao X, Huang Y. Pivotal role of protein kinase Cdelta in angiotensin 
II-induced endothelial cyclooxygenase-2 expression: a link to vascular 
inflammation. Arterioscler Thromb Vasc Biol. 2011;31:1169–1176. doi: 
10.1161/ATVBAHA.110.216044

 10. Virdis A, Bacca A, Colucci R, Duranti E, Fornai M, Materazzi G, 
Ippolito C, Bernardini N, Blandizzi C, Bernini G, Taddei S. Endothelial 
dysfunction in small arteries of essential hypertensive patients: role 
of cyclooxygenase-2 in oxidative stress generation. Hypertension. 
2013;62:337–344. doi: 10.1161/HYPERTENSIONAHA.111.00995

 11. Beltrán AE, Briones AM, García-Redondo AB, Rodríguez C, Miguel M, 
Alvarez Y, Alonso MJ, Martínez-González J, Salaices M. p38 MAPK con-
tributes to angiotensin II-induced COX-2 expression in aortic fibroblasts 
from normotensive and hypertensive rats. J Hypertens. 2009;27:142–154.

 12. Alvarez Y, Pérez-Girón JV, Hernanz R, Briones AM, García-Redondo A, 
Beltrán A, Alonso MJ, Salaices M. Losartan reduces the increased par-
ticipation of cyclooxygenase-2-derived products in vascular responses 
of hypertensive rats. J Pharmacol Exp Ther. 2007;321:381–388. doi: 
10.1124/jpet.106.115287

 13. Rosolowsky M, Campbell WB. Role of PGI2 and epoxyeicosatrienoic acids 
in relaxation of bovine coronary arteries to arachidonic acid. Am J Physiol. 
1993;264(2 pt 2):H327–H335. doi: 10.1152/ajpheart.1993.264.2.H327

 14. Dong J, Feldmann G, Huang J, Wu S, Zhang N, Comerford SA, Gayyed  
MF, Anders RA, Maitra A, Pan D. Elucidation of a universal size-
control mechanism in Drosophila and mammals. Cell. 2007;130:1120–
1133. doi: 10.1016/j.cell.2007.07.019

 15. Fingar DC, Salama S, Tsou C, Harlow E, Blenis J. Mammalian cell size is 
controlled by mTOR and its downstream targets S6K1 and 4EBP1/eIF4E. 
Genes Dev. 2002;16:1472–1487. doi: 10.1101/gad.995802

 16. Csibi A, Blenis J. Hippo-YAP and mTOR pathways collaborate to regu-
late organ size. Nat Cell Biol. 2012;14:1244–1245. doi: 10.1038/ncb2634

 17. Wang X, Hu G, Gao X, Wang Y, Zhang W, Harmon EY, Zhi X, 
Xu Z, Lennartz MR, Barroso M, Trebak M, Chen C, Zhou J. The in-
duction of yes-associated protein expression after arterial injury is 
crucial for smooth muscle phenotypic modulation and neointima for-
mation. Arterioscler Thromb Vasc Biol. 2012;32:2662–2669. doi: 
10.1161/ATVBAHA.112.254730

 18. Choi HJ, Zhang H, Park H, Choi KS, Lee HW, Agrawal V, Kim YM, 
Kwon YG. Yes-associated protein regulates endothelial cell contact-
mediated expression of angiopoietin-2. Nat Commun. 2015;6:6943. doi: 
10.1038/ncomms7943

 19. Lin M, Yuan W, Su Z, Lin C, Huang T, Chen Y, Wang J. Yes-associated 
protein mediates angiotensin II-induced vascular smooth muscle cell phe-
notypic modulation and hypertensive vascular remodelling. Cell Prolif. 
2018;51:e12517. doi: 10.1111/cpr.12517

 20. Tumaneng K, Schlegelmilch K, Russell RC, Yimlamai D, Basnet H, 
Mahadevan N, Fitamant J, Bardeesy N, Camargo FD, Guan KL. YAP 
mediates crosstalk between the Hippo and PI(3)K–TOR pathways by 
suppressing PTEN via miR-29. Nat Cell Biol. 2012;14:1322–1329. doi: 
10.1038/ncb2615

 21. Hansen CG, Ng YL, Lam WL, Plouffe SW, Guan KL. The Hippo 
pathway effectors YAP and TAZ promote cell growth by modulating 
amino acid signaling to mTORC1. Cell Res. 2015;25:1299–1313. doi: 
10.1038/cr.2015.140

 22. Liang N, Zhang C, Dill P, et al. Regulation of YAP by mTOR and autoph-
agy reveals a therapeutic target of tuberous sclerosis complex. J Exp Med. 
2014;211:2249–2263. doi: 10.1084/jem.20140341

 23. Stuck BJ, Lenski M, Böhm M, Laufs U. Metabolic switch and hypertrophy 
of cardiomyocytes following treatment with angiotensin II are prevented 
by AMP-activated protein kinase. J Biol Chem. 2008;283:32562–32569. 
doi: 10.1074/jbc.M801904200

 24. Hafizi S, Wang X, Chester AH, Yacoub MH, Proud CG. ANG II activates 
effectors of mTOR via PI3-K signaling in human coronary smooth muscle 
cells. Am J Physiol Heart Circ Physiol. 2004;287:H1232–H1238. doi: 
10.1152/ajpheart.00040.2004

 25. Kim JA, Jang HJ, Martinez-Lemus LA, Sowers JR. Activation of mTOR/
p70S6 kinase by ANG II inhibits insulin-stimulated endothelial ni-
tric oxide synthase and vasodilation. Am J Physiol Endocrinol Metab. 
2012;302:E201–E208. doi: 10.1152/ajpendo.00497.2011

 26. Soesanto W, Lin HY, Hu E, Lefler S, Litwin SE, Sena S, Abel ED, 
Symons JD, Jalili T. Mammalian target of rapamycin is a critical regulator 
of cardiac hypertrophy in spontaneously hypertensive rats. Hypertension. 
2009;54:1321–1327

 27. Wang S, Amato KR, Song W, Youngblood V, Lee K, Boothby  
M, Brantley-Sieders DM, Chen J. Regulation of endothelial cell 

proliferation and vascular assembly through distinct mTORC2 
signaling pathways. Mol Cell Biol. 2015;35:1299–1313. doi: 
10.1128/MCB.00306-14

 28. Kirkby NS, Sampaio W, Etelvino G, Alves DT, Anders KL, Temponi R, 
Shala F, Nair AS, Ahmetaj-Shala B, Jiao J, Herschman HR, Wang X,  
Wahli W, Santos RA, Mitchell JA. Cyclooxygenase-2 selectively controls 
renal blood flow through a novel PPARβ/δ-dependent vasodilator pathway. 
Hypertension. 2018;71:297–305. doi: 10.1161/HYPERTENSIONAHA. 
117.09906

 29. Kirkby NS, Chan MV, Zaiss AK, Garcia-Vaz E, Jiao J, Berglund LM, 
Verdu EF, Ahmetaj-Shala B, Wallace JL, Herschman HR, Gomez MF, 
Mitchell JA. Systematic study of constitutive cyclooxygenase-2 expres-
sion: role of NF-κB and NFAT transcriptional pathways. Proc Natl Acad 
Sci USA. 2016;113:434–439. doi: 10.1073/pnas.1517642113

 30. Samuelsson B, Morgenstern R, Jakobsson PJ. Membrane prostaglandin E 
synthase-1: a novel therapeutic target. Pharmacol Rev. 2007;59:207–224. 
doi: 10.1124/pr.59.3.1

 31. Guerrant W, Kota S, Troutman S, Mandati V, Fallahi M, Stemmer- 
Rachamimov A, Kissil JL. YAP mediates tumorigenesis in neurofibro-
matosis type 2 by promoting cell survival and proliferation through a 
COX-2-EGFR signaling axis. Cancer Res. 2016;76:3507–3519. doi: 
10.1158/0008-5472.CAN-15-1144

 32. Kim HB, Kim M, Park YS, Park I, Kim T, Yang SY, 
Cho CJ, Hwang D, Jung JH, Markowitz SD, Hwang SW, Yang SK, 
Lim DS, Myung SJ. Prostaglandin E2 activates YAP and a positive-
signaling loop to promote colon regeneration after colitis but also 
carcinogenesis in mice. Gastroenterology. 2017;152:616–630. doi: 
10.1053/j.gastro.2016.11.005

 33. Jung CH, Ro SH, Cao J, Otto NM, Kim DH. mTOR regulation of autoph-
agy. FEBS Lett. 2010;584:1287–1295. doi: 10.1016/j.febslet.2010.01.017

 34. Noda T, Ohsumi Y. Tor, a phosphatidylinositol kinase homologue, 
controls autophagy in yeast. J Biol Chem. 1998;273:3963–3966. doi: 
10.1074/jbc.273.7.3963

 35. Scott RC, Schuldiner O, Neufeld TP. Role and regulation of starvation-
induced autophagy in the drosophila fat body. Dev Cell. 2004;7:167–178. 
doi: 10.1016/j.devcel.2004.07.009

 36. Pan D. The hippo signaling pathway in development and cancer. Dev Cell. 
2010;19:491–505. doi: 10.1016/j.devcel.2010.09.011

 37. Zhao B, Li L, Lei Q, Guan KL. The Hippo-YAP pathway in organ size 
control and tumorigenesis: an updated version. Genes Dev. 2010;24:862–
874. doi: 10.1101/gad.1909210

 38. Reis F, Parada B, Teixeira de Lemos E, Garrido P, Dias A, Piloto N, 
Baptista S, Sereno J, Eufrásio P, Costa E, Rocha-Pereira P, Santos-Silva A, 
Figueiredo A, Mota A, Teixeira F. Hypertension induced by immunosup-
pressive drugs: a comparative analysis between sirolimus and cyclospo-
rine. Transplant Proc. 2009;41:868–873. doi: 10.1016/j.transproceed. 
2009.02.005

 39. Kumar V, Wollner C, Kurth T, Bukowy JD, Cowley AW Jr. Inhibition of 
mammalian target of rapamycin complex 1 attenuates salt-induced hy-
pertension and kidney injury in dahl salt-sensitive rats. Hypertension. 
2017;70:813–821. doi: 10.1161/HYPERTENSIONAHA.117.09456

 40. Cao R, Obrietan K. mTOR signaling and entrainment of the mam-
malian circadian clock. Mol Cell Pharmacol. 2010;2:125–130. doi: 
10.4255/mcpharmacol.10.17

 41. Jia Z, Zhang A, Zhang H, Dong Z, Yang T. Deletion of micro-
somal prostaglandin E synthase-1 increases sensitivity to salt load-
ing and angiotensin II infusion. Circ Res. 2006;99:1243–1251. doi: 
10.1161/01.RES.0000251306.40546.08

 42. Soodvilai S, Jia Z, Yang T. Hydrogen peroxide stimulates chloride secre-
tion in primary inner medullary collecting duct cells via mPGES-1-de-
rived PGE2. Am J Physiol Renal Physiol. 2007;293:F1571–F1576. doi: 
10.1152/ajprenal.00132.2007

 43. Ooki A, Del Carmen Rodriguez Pena M, Marchionni L, Dinalankara  
W, Begum A, Hahn NM, VandenBussche CJ, Rasheed ZA, Mao S, 
Netto GJ, Sidransky D, Hoque MO. YAP1 and COX2 coordinately regu-
late urothelial cancer stem-like cells. Cancer Res. 2018;78:168–181. doi: 
10.1158/0008-5472.CAN-17-0836

 44. Nørregaard R, Kwon TH, Frøkiær J. Physiology and pathophysiology of 
cyclooxygenase-2 and prostaglandin E2 in the kidney. Kidney Res Clin 
Pract. 2015;34:194–200. doi: 10.1016/j.krcp.2015.10.004

 45. Yang T, Du Y. Distinct roles of central and peripheral prostaglandin 
E2 and EP subtypes in blood pressure regulation. Am J Hypertens. 
2012;25:1042–1049. doi: 10.1038/ajh.2012.67

 46. Zhang H, Liu J, Qu D, Wang L, Luo JY, Lau CW, Liu P, Gao Z, Tipoe  
GL, Lee HK, Ng CF, Ma RC, Yao X, Huang Y. Inhibition of miR-200c 

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 6, 2019



Yao et al  mTORC1 and Hypertension  11

restores endothelial function in diabetic mice through suppression of 
COX-2. Diabetes. 2016;65:1196–1207. doi: 10.2337/db15-1067

 47. Kimple ME, Keller MP, Rabaglia MR, Pasker RL, Neuman JC, Truchan  
NA, Brar HK, Attie AD. Prostaglandin E2 receptor, EP3, is induced in 
diabetic islets and negatively regulates glucose- and hormone-stimulated 
insulin secretion. Diabetes. 2013;62:1904–1912. doi: 10.2337/db12-0769

 48. Rutkai I, Feher A, Erdei N, Henrion D, Papp Z, Edes I, Koller A, Kaley  
G, Bagi Z. Activation of prostaglandin E2 EP1 receptor increases arteri-
olar tone and blood pressure in mice with type 2 diabetes. Cardiovasc Res. 
2009;83:148–154. doi: 10.1093/cvr/cvp098

 49. Eskildsen MP, Hansen PB, Stubbe J, Toft A, Walter S, Marcussen  
N, Rasmussen LM, Vanhoutte PM, Jensen BL. Prostaglandin 
I2 and prostaglandin E2 modulate human intrarenal artery con-
tractility through prostaglandin E2-EP4, prostacyclin-IP, and 

thromboxane A2-TP receptors. Hypertension. 2014;64:551–556. doi: 
10.1161/HYPERTENSIONAHA.113.03051

 50. Audoly LP, Tilley SL, Goulet J, Key M, Nguyen M, Stock JL,  
McNeish JD, Koller BH, Coffman TM. Identification of specific EP recep-
tors responsible for the hemodynamic effects of PGE2. Am J Physiol. 
1999;277:H924–H930. doi: 10.1152/ajpheart.1999.277.3.H924

 51. Davis RJ, Murdoch CE, Ali M, Purbrick S, Ravid R, Baxter GS, Tilford  
N, Sheldrick RL, Clark KL, Coleman RA. EP4 prostanoid receptor-medi-
ated vasodilatation of human middle cerebral arteries. Br J Pharmacol. 
2004;141:580–585. doi: 10.1038/sj.bjp.0705645

 52. Foudi N, Kotelevets L, Louedec L, Leséche G, Henin D, Chastre E, 
Norel X. Vasorelaxation induced by prostaglandin E2 in human pulmonary 
vein: role of the EP4 receptor subtype. Br J Pharmacol. 2008;154:1631–
1639. doi: 10.1038/bjp.2008.214

What Is New?
•	Disruption of endothelial mTORC1 (mammalian target of rapamycin com-

plex 1) facilitates endothelial dysfunction and aggravates blood pressure 
(BP) in physiological and pathological conditions.

•	We provide evidence that blockade of YAP (yes-associated protein)-me-
diated COX (cyclooxygenase)-2/mPGES-1 (microsomal prostaglandin E 
synthase)/prostaglandin E

2
 pathway caused by disruption of endothelial 

mTORC1 contributes to endothelial dysfunction and abnormal BP.
•	We provide a novel cross talk between mTOR (mammalian target of ra-

pamycin) and YAP and demonstrate its important role in the regulation 
of BP.

What Is Relevant?
•	YAP protects against vascular dysfunction–induced increased BP and 

may provide a therapeutic target to combat hypertension.

Summary

Our findings demonstrate that mTORC1 is a crucial regulator of 
endothelial function and BP on hypertensive challenges, which un-
derlies the effects caused by inhibition of YAP-mediated COX-2/
mPGES-1/prostaglandin E

2
 pathway.

Novelty and Significance

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 6, 2019




