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A B S T R A C T   

Autophagy is an intracellular degradation system that disassembles cytoplasmic components through autopha
gosomes fused with lysosomes. Recently, it has been reported that autophagy is associated with cardiovascular 
diseases, including pulmonary hypertension, atherosclerosis, and myocardial ischemia. However, the involve
ment of autophagy in hypertension is not well understood. In the present study, we hypothesized that excessive 
autophagy contributes to the dysfunction of mesenteric arteries in angiotensin II (Ang II)-induced hypertensive 
mice. Treatment of an autophagy inhibitor, 3-methyladenine (3-MA), reduced the elevated blood pressure and 
wall thickness, and improved endothelium-dependent relaxation in mesenteric arteries of Ang II-treated mice. 
The expression levels of autophagy markers, beclin1 and LC3 II, were significantly increased by Ang II infusion, 
which was reduced by treatment of 3-MA. Furthermore, treatment of 3-MA induced vasodilation in the 
mesenteric resistance arteries pre-contracted with U46619 or phenylephrine, which was dependent on endo
thelium. Interestingly, nitric oxide production and phosphorylated endothelial nitric oxide synthase (p-eNOS) at 
S1177 in the mesenteric arteries of Ang II-treated mice were increased by treatment with 3-MA. In HUVECs, p- 
eNOS was reduced by Ang II, which was increased by treatment of 3-MA. 3-MA had direct vasodilatory effect on 
the pre-contracted mesenteric arteries. In cultured vascular smooth muscle cells (VSMCs), Ang II induced in
crease in beclin1 and LC3 II and decrease in p62, which was reversed by treatment of 3-MA. These results suggest 
that autophagy inhibition exerts beneficial effects on the dysfunction of mesenteric arteries in hypertension.   

1. Introduction 

Hypertension is defined as a lasting increase in systolic blood pres
sure ≥ 130 mmHg or diastolic pressure ≥ 80 mmHg and one of the most 
important risk factors for stroke, heart failure, myocardial infarction, 
and chronic kidney disease [1]. There are various contributors to hy
pertension such as vascular hypertrophy, increased peripheral vascular 
resistance, and endothelial dysfunction [2]. Peripheral resistance is 
determined by several factors, including vascular reactivity which is 
controlled by endothelium-dependent relaxation [3]. The vascular 
endothelium plays an important role in the regulation of vascular tone 
by releasing vasodilatory substances such as nitric oxide (NO), 

prostacyclin (prostaglandin I2, PGI2), endothelium derived hyper
polarizing factor (EDHF) and vasoconstrictor substances such as 
thromboxane (TXA2), and endothelin-1 (ET-1). Several studies have 
suggested that impaired endothelium-dependent vasodilation is associ
ated with the pathogenesis of cardiovascular diseases including 
atherosclerosis, systemic and pulmonary hypertension [4]. 

Autophagy is an intracellular degradation system that involves the 
delivery of cytoplasmic constituents to the lysosome. It is essential for 
cell survival, differentiation, development, and homeostasis. In the 
process of autophagy, cells form double-membrane vesicles called 
autophagosomes that fuse with the lysosome to degrade the materials it 
contains [5]. Although many proteins and genes are involved in the 
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autophagy process, in the present study, we discuss three substances that 
are important in autophagic flux: beclin1, microtubule-associated pro
tein 1A/1B-light chain 3 (LC3), and ubiquitin-binding protein p62 (p62). 
Beclin1 is a core component of the class III phosphatidylinositide 3-ki
nase (PI3K) complex, which promotes phagophore nucleation. The 
class III PI3K complex produces phosphatidylinositol-3-phosphate on 
the phagophore membrane to recruit autophagy-related (Atg) proteins 
involved in autophagosome formation [6]. The ubiquitin-like LC3 is 
involved in the elongation of the phagophore. LC3 II is a 
membrane-bound form that is modified through the conjugation of 
phosphatidylethanolamine to the carboxyl glycine. LC3 II is integrated 
into the growing phagophore and remains an autophagosome mem
brane until autolysosomes [7]. The adapter molecule, p62/seques
tosome 1, has a multi-domain that comprises a ubiquitin-binding 
domain and an LC3-interacting region. It binds with ubiquitinated 
cargoes and then delivers them to autophagosomes [8]. A group of PI3K 
inhibitors such as wortmannin, LY294002, and 3-methyladenine are 
well known as autophagy inhibitors based on their inhibitory effect on 
class III PI3K activity [9]. Among these autophagy inhibitors, 3-methyl
adenine has been widely used in animal studies and has shown signifi
cant effects on various animal models of diseases including cerebral 
infarction, stroke, lung injuries, and osteoarthritis [10–13]. 

It has been well known that excessive and uncontrolled autophagy 
may cause cell death and senescence by leading to the depletion of 
essential molecules and organelles [14]. Previous studies showed that 
impaired autophagy contributes to premature vascular aging in hyper
tension and atherosclerosis and pulmonary hypertension [15]. More
over, in vivo and in vitro studies have shown that angiotensin II (Ang II) 
contributes toward inducing autophagy in cardiomyocytes, cardiac fi
broblasts, podocytes, endothelial cells, and vascular smooth muscle cells 
[16–21] and administration of autophagy inhibitors or LC3 gene 
silencing reduces elevated arterial pressure in spontaneously hyperten
sive rats [22]. Although previous studies have suggested the association 
between autophagy and hypertension, the involvement of autophagy in 
vascular dysfunction related with hypertension has not been 
characterized. 

In the present study, we hypothesized that excessive autophagy 
might be involved in the progression of Ang II-induced hypertension. 
Moreover, inhibition of autophagy may ameliorate vascular dysfunction 
in Ang II-induced hypertension. In order to study this, we used an 
autophagy inhibitor, 3-methyladenine, which is a well-known auto
phagy inhibitor that inhibits the formation of autophagosomes through 
the inhibitory effect of PI3K [23]. 

2. Materials and methods 

2.1. Animals 

All experiments were performed according to the Guide for the Care 
and Use of Laboratory Animals published by US National Institutes of 
Health (NIH publication no. 85-23, 2011) and were approved by the 
Ethics Committee and the Institutional Animal Care and Use Committee 
of Yonsei University, College of Medicine (Approval number: 
2019–0308). Animals were housed in individually ventilated caging 
system cages and in controlled conditions with light-dark cycle of 12:12 
h, 50 ± 10 % humidity, and 22 ± 2 ◦C. Animals had food pellets and 
water ad libitum. 

2.2. Animal models and tissue preparation 

Eight-week-old male C57BL/6 mice were anesthetized with oxygen 
and 1.5–2.5 % inhalational isoflurane throughout surgery. We used 
surgical scissors to create an approximately 1 cm incision in the mid- 
scapular region to implant an osmotic mini-pump (model 2004; Alzet, 
Cupertino, CA, USA). Mini-pumps were loaded with either Ang II 
(Merck, Burlington, MA, USA) dissolved in saline or saline (vehicle) 

alone. Ang II was infused at 1000 ng/kg/min for 4 weeks and the 
treatment of 3-methyladenine was initiated when Ang II treatment was 
started. The mice were randomized into four groups: (i) vehicle-treated 
mice; (ii) vehicle-treated mice that received an autophagy inhibitor (3- 
methyladenine, 30 mg/kg/day by intraperitoneal injection); (iii) Ang II- 
treated mice; and (iv) Ang II-treated mice that received 3-methylade
nine. Ten mice were used for each group. After 4 weeks of Ang II infu
sion, the mice were anesthetized through respiratory anesthesia using 
1.5–2.5 % isoflurane, and then euthanized by cardiac excision. The ar
teries were immediately excised and placed in chilled Krebs-Henseleit 
(K-H) solution [composed of (in mol/L) NaCl, 119; KCl, 4.6; CaCl2, 
2.5; MgSO4, 1.2; KH2PO4, 1.2; NaHCO3, 25; glucose, 11.1 (Sigma- 
Aldrich, St. Louis, MO, USA)]. The adipose tissues and connective tissues 
were removed under an optical microscope (model SZ-40, Olympus, 
Shinjuku, Tokyo, Japan). To study direct effect of 3-methyladenine on 
the pre-contracted arteries, 10-week old male C57BL/6 mice were used. 

2.3. Blood pressure measurements 

Systolic blood pressure was measured in 7- to 12-week-old mice 
using the tail-cuff method with a photoplethysmography blood pressure 
monitoring system (BP-2000, Visitech Systems, Apex, NC, USA) as pre
viously described [24]. Before the implantation of a mini-pump, the 
mice were trained using the blood pressure monitoring device for 1 
week. On each measurement day, 10 readings were obtained from each 
mouse. 

2.4. Functional studies 

The segment of the second branch mesenteric artery (130–200 µm in 
inner diameter) was cannulated on glass micropipettes in a Pressure 
Servo System PS/200 (Living Systems Instrumentation, Burlington, VT, 
USA). The heated K-H solution was superfused to the vessel chamber 
continuously to maintain a temperature of 37 ◦C. During the 30-min 
equilibration period, the pressure was maintained at 40 mmHg using 
pressure-servo control perfusion systems. The lumen diameter was 
measured using the Soft Edge Acquisition Subsystem (IonOptix, Milton, 
MA, USA). Isometric tension was recorded on the mesenteric arteries in a 
wire myograph (Danish Myo Technology, Aarhus, Denmark). The 
mesenteric arteries were set to a basal force of 2 mN. The data were 
recorded and analyzed using LabChart7 (ADInstruments, Dunedin, New 
Zealand). All mesenteric arteries were initially contracted with high K+

solution (7 × 10-2 mol/L KCl in K-H solution). To further contract the 
mesenteric arteries, we used phenylephrine (10-5 mol/L; α1-adrenergic 
receptor agonist; Sigma-Aldrich), U46619 (10-7 mol/L or 10-6 mol/L; 
thromboxane A2 receptor agonist; Cayman Chemicals, Ann Arbor, MI, 
USA), and high K+ solution. 3-methyladenine was purchased from 
Sigma-Aldrich and Cayman Chemicals. The arteries were pre-contracted 
with phenylephrine and endothelium-dependent relaxation was 
measured in response to cumulative doses of acetylcholine (10-9–10-5 

mol/L, Sigma-Aldrich). The endothelium-denuded arteries were 
confirmed by the absence of response to acetylcholine. A nitric oxide 
donor, sodium nitroprusside dihydrate (SNP, Sigma-Aldrich) was used 
as a vasodilator. 

2.5. Western blot analysis 

Western blotting was performed in the aortas, mesenteric arteries, 
vascular smooth muscle cells (VSMCs), and human umbilical endothelial 
cells (HUVECs). All the samples were homogenized in ice-cold RIPA 
buffer (radioimmunoprecipitation assay buffer; Sigma-Aldrich) with 
complete protease and phosphatase inhibitor cocktail (Thermo Scienti
fic, Waltham, MA, USA). After lysis, tissue debris was removed by 
centrifugation, and cleared protein lysates were used. The samples were 
loaded in 8–15 % SDS-PAGE gels. The separated proteins were trans
ferred to nitrocellulose membranes. The membranes were incubated 
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with primary antibodies against the following antigens: Beclin1 (1:4000, 
#3738S, Cell Signaling, Boston, MA, USA), LC3 (1:4000, #4108S, Cell 
Signaling), p62 (1:4000, ab109012, Abcam, Cambridge, MA, USA), p- 
eNOS (S1177, 1:1000, MA5-14957, Invitrogen, Carlsbad, CA, USA), 
total eNOS (1:1000, PA1–037, Invitrogen), and β-actin (1:5000, ab3280, 
Abcam). HRP-conjugated anti-rabbit (31450, Merck) and anti-mouse 
(12349, Merck) secondary antibodies were used. To ensure equal 
loading control of eNOS, the membranes were stripped with reblot so
lution (Restore™ Western Blot Stripping Buffer, Thermo Scientific) and 
re-probed with total eNOS antibody after p-eNOS was measured. 

2.6. Immunofluorescence staining 

Beclin1 expression in the mesenteric arteries was measured by using 
immunofluorescence staining. The vessels were cleaned of fat and con
nective tissues and cut into 4–5 mm thick sections. The cleaned arteries 
were immediately embedded in OCT and frozen in liquid nitrogen. The 
frozen Section (5 μm) were serially collected and blocked with PBS 
containing 3 % bovine serum albumin. After blocking, the arteries were 
incubated with beclin1 (1:100, ab62557, Abcam) and smooth muscle 
actin (1:100, ab7817, Abcam) for 1 h at room temperature. Streptavidin- 
conjugated Alexa Fluor 488 (1:100, A21202, Invitrogen) and Alexa 
Fluor 594 (1:100, A21207, Invitrogen) secondary antibodies were used 
for 1 h at room temperature in the dark. DAPI was used for nuclear 
staining (Vector Laboratories, Burlingame, CA, USA). Immunofluor
escence images were obtained using a laser scanning confocal micro
scope (LSM700, Carl Zeiss, Oberkochen, Germany). 
Immunofluorescence intensity was quantified using Image J (National 
Institutes of Health, Bethesda, MD, USA). 

2.7. Acridine orange staining 

Acridine orange is a lysosomotropic dye used to stain acidic vesicular 
organelles [25]. The VSMCs were subcultured in 12 mm coverslips with 
poly L-lysine coating. After starvation for 24 h, VSMCs were incubated in 
a serum-free medium treated with Ang II or co-treated with Ang II and 
3-methyladenine for 24 h, exposed to acridine orange (1 μg/mL) for 15 
min, and then washed with PBS. After fixation with 4 % para
formaldehyde, VSMCs were examined under a laser scanning confocal 
microscope (Carl Zeiss) with a 60× water immersion objective. The 
excitation/emission wavelengths for green and red fluorescence were 
488/518 nm and 555/573 nm, respectively. 

2.8. RNA preparation and real-time PCR 

Total RNA was isolated from the aortas using an RNA extraction kit 
(GeneAll Biotechnology Co. Ltd, Seoul, Korea). The isolated RNA (1 μg) 
was used to synthesize complementary DNA (cDNA) using a cDNA 
synthesis kit (Takara Bio, Shiga, Japan). Final primer concentration was 
0.4 uM. Real-time PCR was performed with SYBR Green (Takara) using a 
Step-One Plus System (Applied Biosystems, Foster City, CA, USA) and 
run by triplicate in the same PCR plate. The following primers were used 
for the reaction: mouse p62 forward 5′-GTC AAG ATG GAG CCG GAG 
AA-3′; mouse p62 reverse 5′-CGG GTC GAG CGA GTC CTT-3′; mouse 
actin forward 5′-AAA TCG TGC GTG ACA TCA AAG A-3′; and mouse 
actin reverse 5′-GCC ATC TCC TGC TCG AAG TCT-3′. The reaction 
conditions were as follows: initial denaturation at 95 ◦C for 30 s, 40 
amplification cycles at 95 ◦C for 5 s, and 60 ◦C for 30 s. The relative 
amount of p62 mRNA was calculated by using the 2-ΔΔCT (CT, 
comparative threshold cycle) method. ΔΔCT was calculated using the 
following formula: ΔΔCT = (CTp62 – CTactin)Ang II – (CTp62 – 
CTactin)vehicle. 

2.9. Determination of nitric oxide levels 

Nitric oxide production in mesenteric arteries was measured as 

previously described [26]. The mesenteric arteries were incubated in 
4-amino-5-methylamino-2′, 7′-difluorofluorescein diacetate (DAF-FM 
diacetate, 5 × 10-6 mol/L; Cayman Chemicals) and acetylcholine (10-6 

mol/L; for 30 min at 37 ◦C in K-H solution). The arteries were washed 
with the K-H solution and images were acquired using an Olympus BX51 
microscope (Olympus). The fluorescent images were analyzed using 
Image J software (National Institutes of Health). 

2.10. Cell culture 

Aortic VSMCs were obtained from 8-week-old male Sprague-Dawley 
rats. The rats were anesthetized by oxygen and 5 % inhalational iso
flurane using isoflurane vaporizer (Vapor 19.3; Drager, Lubeck, Ger
many), and then euthanized by cardiac excision. The thoracic aorta was 
removed and placed in Dulbecco’s modified Eagle medium (DMEM; 
Gibco, Life Technologies, Carlsbad, CA, USA). After removing the con
nective tissues, the aorta was transferred to an enzyme dissociation 
mixture containing DMEM with 1 mg/mL collagenase (Activity: ≥ 125 
units/mg, Worthington, Lakewood, NJ, USA) and 0.5 mg/mL elastase 
(Activity: ≥ 8 units/mg, Worthington) with subsequent removal of 
adventitia. The suspension was centrifuged, and the pellet was re- 
suspended in DMEM supplemented with 10 % FBS and 1 % penicillin/ 
streptomycin solution. HUVECs were obtained from the American Type 
Culture Collection (ATCC, Rockville, MD, USA) and cultured in vascular 
cell basal medium (ATCC) supplemented with Endothelial Cell Growth 
Kit-BBE (ATCC). Cultured cells from passages 3–5 were used. 

2.11. Statistical analysis 

All in vitro, ex vivo, and in vivo experiments were performed in a 
blinded and randomized manner at least 5 independent experiments. All 
results were expressed as mean ± SEM. Statistical analysis was per
formed using GraphPad Prism (Version 7, GraphPad software, La Jolla, 
CA, USA). Comparisons among groups were analyzed by two-way 
ANOVA with the Tukey’s post hoc analysis; post hoc tests were run 
only when F achieved p < 0.05. The concentration-response curve was 
fitted to sigmoidal curve with a variable slope using four parameters 
logistic equation in GraphPad Prism. 

3. Results 

3.1. Effect of 3-methyladenine on blood pressure in Ang II-induced 
hypertensive mice 

To investigate the involvement of autophagy in blood pressure 
regulation, we measured systolic blood pressure in Ang II-induced hy
pertensive mice using the tail-cuff method. The systolic blood pressure 
of Ang II-treated mice was significantly increased compared with that of 
vehicle-treated mice. Injection of an autophagy inhibitor, 3-methylade
nine, significantly reduced the blood pressure of Ang II-treated mice 
(vehicle, 114.8 ± 0.8 mmHg; vehicle + 3-methyladenine, 107.5 ± 5.0 
mmHg; Ang II, 181.0 ± 6.2 mmHg; Ang II + 3-methyladenine, 134.4 ±
5.5 mmHg; at the end of experiments, Fig. 1A). The dose of 3-methyla
denine was determined with references to previous studies [27,28]. 
There were no differences in body weight among groups (vehicle, 29.3 
± 0.8 g; vehicle + 3-methyladenine, 27.6 ± 0.8 g; Ang II, 27.0 ± 0.6 g; 
Ang II + 3-methyladenine, 26.2 ± 0.8 g; at the end of experiments, 
Fig. 1B). We analyzed the structure of the mesenteric arteries by 
measuring the lumen diameter and wall thickness at resting pressure 
(40 mmHg) in K-H solution (active diameter). We found that wall 
thickness of mesenteric arteries was increased in the Ang II-treated mice 
compared to vehicle-treated mice. Treatment with 3-methyladenine 
decreased the wall/lumen ratio of the mesenteric arteries compared 
with Ang II-treated mouse mesenteric arteries (Fig. 1C–E). 
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3.2. Effects of 3-methyladenine on the expression levels of autophagic 
markers in the mesenteric arteries and aortas of Ang II-induced 
hypertensive mice 

To explore whether autophagy level was changed in the vessels of 
Ang II-induced hypertension and treatment of 3-methyladenine affected 
autophagy level, we performed western blot analysis with the mesen
teric arteries and aortas. We found that the expression levels of auto
phagy markers, beclin1, LC3 II, and p62, were increased in Ang II- 
treated mice, which was reduced by treatment of 3-methyladenine 
(Fig. 2A and B). To support the western blot analysis data, we per
formed immunofluorescence staining analysis for beclin1 in the 
mesenteric arteries. Consistent with the western blotting results, the 
immunostaining data indicated that the expression level of beclin1 was 
increased in the mesenteric arteries of Ang II-treated mice, which was 
reduced by treatment with 3-methyladenine (Fig. 2C). 

It is known that p62 is usually reduced when autophagy is increased. 
However, we observed that p62 level was increased in the vessels of Ang 

II-induced hypertensive mice. Thus, to clarify the increased expression 
of p62 in Ang II-treated mice, we examined the time-dependent effects of 
Ang II infusion on p62 levels. During the 1-week infusion, the level of 
p62 was decreased in the aortas. However, chronic infusion of Ang II 
increased p62 levels (Fig. 2D). To strengthen the western blot analysis 
data, we measured the mRNA levels of p62 in the aortas of Ang II-treated 
mice. The gene expression of p62 was upregulated in mice infused with 
Ang II for 4 weeks compared with vehicle-treated mice (Fig. 2E). 

3.3. Effects of 3-methyladenine on endothelium-dependent relaxation in 
the mesenteric arteries of Ang II-induced hypertensive mice 

In order to find out which mechanism is involved in the effect of 3- 
methyladenine on the blood pressure reduction, we measured vascular 
reactivity in the mesenteric arteries of Ang II-infused and vehicle-treated 
mice. Endothelium-dependent relaxation was significantly reduced in 
Ang II- infused mice compared with vehicle-treated mice (Fig. 3A and 
C). The treatment of 3-methyladenine improved endothelium- 

Fig. 1. Effects of an autophagy inhibitor, 3-methyladenine, on blood pressure, body weight, and wall thickness of mesenteric arteries. (A) Blood pressure and (B) 
body weight in vehicle- and Ang II-treated (with or without 3-methyladenine) mice. n = 8 for Vehicle, Vehicle + 3-MA, and Ang II + 3-MA. n = 9 for Ang II. (C) 
Representative images of the mesenteric arteries in resting state (40 mmHg). (D and E) Wall/lumen ratio was measured from 7 randomly selected mouse mesenteric 
arteries for each independent groups. Data are shown as means ± SEM. The n-values mean number animals. *p < 0.05, ***p < 0.001 for Vehicle vs. Ang II, †p < 0.05, 
††p < 0.01, and †††p < 0.001 for Ang II vs. Vehicle + Ang II. (3-MA: 3-methyladenine; W/L ratio: wall thickness/lumen diameter ratio). 
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dependent relaxation at the concentration of 10-6 mol/L (Fig. 3D and E). 
Responses to SNP (nitric oxide donor) and eNOS inhibitor, L-NNA, were 
not different in all groups (Fig. 3F and G). The contraction responses to 
phenylephrine were not different among all groups (Fig. 3H). 

3.4. Effect of 3-methyladenine on nitric oxide production in HUVECs and 
the mesenteric arteries 

Since we observed treatment of 3-methyladenine significantly 
improved endothelium-dependent relaxation in the mesenteric arteries 
of Ang II-induced hypertensive mice, we measured nitric oxide level in 
the mesenteric arteries using DAF-FM diacetate, a fluorescent indicator 
for nitric oxide. The intensity for DAF-FM diacetate fluorescence was 
decreased in the mesenteric arteries from Ang II-treated mice, which was 
increased by treatment of 3-methyladenine (Fig. 4A). To strengthen in 
vivo data, we performed in vitro studies using HUVECs. We found that 
the levels of phosphorylated eNOS (p-eNOS) at S1177 were reduced by 
Ang II in cultured HUVECs (10-8–10-6 mol/L, Fig. 4B). Interestingly, 
treatment of 3-methyladenine to the HUVECs rescued the levels of p- 
eNOS (Fig. 4C). These data suggest that 3-methyladenine increases the 
production of nitric oxide in Ang II-induced hypertensive mice by 
regulating the levels of p-eNOS (S1177). 

3.5. Direct effect of 3-methyladenine on the contractile responses in 
isolated mesenteric arteries 

To further explore the effect of 3-methyladenine on vascular func
tion, we observed direct effect of 3-methyladenine on the contractile 
responses in isolated mesenteric arteries. We applied 3-methyladenine 
to the isolated mesenteric arteries pre-contracted with PE (10-5 mol/ 
L). As shown in the Fig. 5, 3-methyladenine concentration-dependently 
induced vasodilation in the mesenteric arteries. To confirm that 3-meth
yladenine induces same effect in the arteries pre-contracted with 
another vasoconstrictor, we applied U46619 (10-6 mol/L) into the iso
lated mesenteric arteries. We found that 3-methyladenine 
concentration-dependently induced vasodilation in U46619 pre- 
contracted arteries. To further explore the mechanism of 3-methylade
nine induced vasodilation, we incubated the arteries with cyclo
oxygenase (COX) inhibitor, indomethacin (10-5 mol/L). The effect of 3- 
methyladenine was not different in the arteries incubated with indo
methacin compared to the arteries without indomethacin (Fig. 5D and 
F). Treatment of L-NNA (5 × 10-4 mol/L) significantly reduced vasodi
lation induced by 3-methyladenine (Fig. 5E and F). To confirm the effect 
of L-NNA, we observed vasodilatory effect of 3-methyladenine in 
endothelium denuded arteries using pressure myograph. We found that 
3-methyladenine-induced vasodilation was significantly reduced in the 
endothelium-denuded arteries compared to endothelium- intact arteries 
(Fig. 5G–J). Fig. 5I shows that repetitive administration of U46619 (10-7 

mol/L) induced similar vascular responses. 

3.6. Ang II-induced changes in the expression levels of autophagic 
markers in vascular smooth muscle cells 

In order to explore whether the increase in wall thickness in Ang II- 
treate mice is related with changes in VSMCs, we incubated rat aortic 
VSMCs with Ang II (10-8–10-6 mol/L) for 24 h. As Ang II induced in
crease in autophagy markers in aortas and mesenteric arteries, in vitro 

treatment of Ang II induced increase in the expression levels of beclin1 
and LC3 II in VSMCs (Fig. 6A). And treatment of Ang II decreased 
expression level of p62, which are inconsistent with our results of in vivo 
study. We also investigated the effect of 3-methyladenine in VSMCs. 
Treatment of Ang II (10-7 mol/L) significantly increased expression 
levels of beclin1and LC3 II, which was reduced by treatment of 3-meth
yladenine. We observed treatment of 3-methyladenine significantly 
increased the expression level of p62 (Fig. 6B). To support the western 
blot data, we used alternative method to measure autophagy level. Ac
ridine orange was used to stain acidic vesicular organelles which reflect 
late-stage autophagy. After 24 h of starvation, VSMCs were incubated 
with Ang II, 3-methyladenine or Ang II with 3-methyladenine for 24 h. 
As shown in Fig. 6C, Ang II enhanced intensity of acidic vesicular or
ganelles, which was markedly reduced by 3-methyladenine. 

4. Discussion 

Autophagy is considered the new therapeutic target of various car
diovascular diseases such as pulmonary hypertension, atherosclerosis, 
and myocardial ischemia [14,29]. However, the involvement of auto
phagy in the pathogenesis of hypertension remains unclear. In the pre
sent study, we found that the inhibition of excessive autophagy 
ameliorates endothelial dysfunction in Ang II-induced hypertension. 
This is the first report on the effect of 3-methyladenine on systolic blood 
pressure and vascular functionality in resistance arteries. Our results 
indicate that (i) treatment of Ang II induces increase in autophagy, 
which is evidenced by the elevated levels of beclin1 and LC3 II; (ii) in 
vivo treatment of an autophagy inhibitor, 3-methyladenine, decreases 
blood pressure, induces a reduction in wall/lumen ratio, and improves 
endothelium-dependent relaxation by increasing nitric oxide production 
in rat mesenteric arteries. 

Angiotensin II, an important hormone of the renin-angiotensin sys
tem (RAS), is known to induce vasoconstriction and increase blood 
pressure. Several in vitro studies have shown that Ang II induces auto
phagy in endothelial cells [19], vascular smooth muscle cells [20,21], 
cardiomyocytes [30], and podocytes [18,31]. It has been also reported 
that Ang II-infused mice exhibited enhanced autophagy [32,33]. In 
accordance with previous studies, our results show that treatment of Ang 
II induces increase in the expression levels of autophagy markers, 
beclin1 and LC3 II, in mesenteric arteries and aortas (Fig. 2) which is 
associated with elevated blood pressure and increase in wall thickness 
(Fig. 1). Interestingly, expression levels of p62 was increased in the 
mesenteric arteries and aortas from Ang II-infused mice, which was 
opposite result from what we expected. This phenomenon was not 
matched with the typical feature in which LC3 II and beclin1 are 
increased and p62 is decreased during autophagy. To identify the 
elevated levels of p62 in Ang II-treated mice, we measured the mRNA 
levels of p62 using quantitative RT-PCR. We found that chronic Ang II 
infusion induced p62 mRNA upregulation. Previous studies have shown 
that p62 is restored to basal levels during prolonged starvation, which 
depends on transcriptional upregulation [34]. The upregulation of p62 
expression suggests adaptation to persistent starvation. This can be also 
explained by our in vitro result shows that 24 h of exposure to Ang II 
decreases expression level of p62 in VSMCs (Fig. 6A). 

Although, it has been shown that an inhibitor of late-stage auto
phagy, chloroquine, has a relaxing effect on rat pulmonary arteries [35], 
rat aorta [36], and guinea pig trachea [37], there is no evidence that 

Fig. 2. Effects of an autophagy inhibitor, 3-methyladenine, on the expression of autophagy markers in the aortas and mesenteric arteries of Ang II-induced hy
pertensive mice. (A and B) Western blot analysis data for beclin1, LC3, and p62 in vehicle- and Ang II-treated (with or without 3-methyladenine) mouse aortas (n = 7 
for beclin1, n = 5 for LC3 and p62) and mesenteric arteries (n = 6 for beclin1, n = 5 for LC3 and p62). (C) Representative immunofluorescence images of the 
mesenteric arteries following treatment with vehicle and Ang II (with or without 3-methyladenine) and the graph represents the mean data for beclin1 expression 
(n = 8). Scale bar = 100 µm. (D) Western blot analysis data for p62 expression following treatment with Ang II for various time periods (1, 2, and 4 weeks) and 
quantitative data for p62 (n = 6). (E) The graph represents the relative mRNA levels of p62 in the aortas from the mice infused with Ang II for 4 weeks (n = 7). Data 
are shown as means ± SEM and are expressed as folds of control. The n-values mean number of animals. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (Veh: 
vehicle; α-SMA: α-smooth muscle actin). 
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Fig. 3. Effects of an autophagy inhibitor, 3-methyladenine, on endothelium-dependent relaxation in the mesenteric arteries from Ang II-induced hypertensive mice. 
(A-D) Representative recordings of endothelium-dependent relaxation in response to acetylcholine (10-9–10-5 mol/L) on the vasocontraction induced by phenyl
ephrine (10-5 mol/L). (E) Mean data for endothelium-dependent relaxation (n = 11 for Vehicle and Vehicle + 3-MA, n = 8 for Ang II, n = 6 for Ang II + 3-MA). (F) 
Mean data for sodium nitroprusside-induced vasorelaxation (n = 6 for Vehicle and Ang II, n = 5 for Vehicle + 3-MA, n = 7 for Ang II + 3-MA). (G) Mean data for 
acetylcholine-induced vasorelaxation pretreated with L-NNA (n = 7 for Vehicle, n = 5 for Vehicle + 3-MA, n = 8 for Ang II, n = 9 for Ang II + 3-MA). (H) Mean data 
for phenylephrine-induced vasocontraction (n = 4 for Vehicle, n = 8 for Vehicle + 3-MA, Ang II, and Ang II + 3-MA). Data are shown as means ± SEM. The n-values 
mean number of vessels derived from each different animals. *p < 0.05 for Vehicle vs. Ang II, †p < 0.05 for Ang II vs. Vehicle + Ang II. 
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3-methyladenine, an inhibitor of early-stage autophagy, contributes to 
the arterial tone and regulation of blood pressure. In the present study, 
we demonstrated that in vivo treatment of 3-methyladenine reduced 
elevated blood pressure and wall thickness (Fig. 1), and improved 
endothelium-dependent relaxation in mesenteric resistance arteries of 
Ang II-induced hypertensive mice (Fig. 3). We found that relaxation 

responses to nitric oxide donor, SNP, were not different in the arteries 
from all groups of mice. Furthermore, endothelium-dependent relaxa
tion in the presence of eNOS inhibitor, L-NNA, were not different in the 
all groups of mice either. Thus we assume that the improved relaxation 
response of 3-methyladenine treated mice is dependent on endothelium 
especially eNOS. And there was no difference in contraction response to 

Fig. 4. Effects of an autophagy inhibitor, 3-methyladenine, on nitric oxide production in the mesenteric arteries and HUVECs. (A) Representative fluorescence 
images of mesenteric arteries incubated with DAF-FM diacetate (5 × 10-6 mol/L) and statistical data for the relative fluorescence intensity (n = 6). The effect of 
acetylcholine (10-6 M) on mesenteric arteries incubated with DAF-FM diacetate in Vehicle, Vehicle + 3-MA, Ang II, and Ang II + 3-MA groups. Scale bar = 200 µm. 
(B) Western blot analysis data for p-eNOS (S1177) and total-eNOS with Ang II (10-8–10-6 mol/L) for 24 h. (n = 7). (C) Western blot analysis data for p-eNOS (S1177) 
and total-eNOS expression following treatment with 3-methyladenine (5 × 10-3 mol/L) and, Ang II (10-7 mol/L) or co-treatment with Ang II and 3-methyladenine for 
24 h. (n = 5). Data are shown as means ± SEM and are expressed as folds of control. For nitric oxide detection, the n-values mean number of animals. *p < 0.05, 
**p < 0.01 ***p < 0.001. (3-MA: 3-methyladenine). 
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Fig. 5. Direct effects of an autophagy inhibitor, 3-methyladenine on the pre-contracted arteries. (A-B) Concentration-dependent responses to 3-methyladenine in 
mesenteric arteries pre-contracted with phenylephrine. (C-F) Effects of 3-methyladenine on the U46619-induced contraction in the presence or absence of indo
methacin or L-NNA. (n = 7) (G-J) Effects of 3-methyladenine on the U46619-induced contraction in endothelium-intact or endothelium-denuded mesenteric arteries. 
(n = 7) Data are shown as means ± SEM. The n-values mean number of vessels derived from each different animals. **p < 0.01 for control vs. indomethacin or L- 
NNA. (L-NNA: Nω-nitro-L-arginine). 
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PE in Ang II-induced hypertensive mice with or without 
3-methyladenine. 

To confirm the results of vascular reactivity study, we measured the 
phosphorylation levels of eNOS and nitric oxide production in mesen
teric arteries using DAF-FM diacetate. Acetylcholine-induced nitric 
oxide production was decreased by treatment with Ang II, which was 
recovered by treatment with 3-methyladenine in mesenteric arteries 
(Fig. 4A). In vitro cell study also showed that the level of p-eNOS (S1177) 
decreased by treatment with Ang II, which was restored by treatment 
with 3-methyladenine in HUVECs. These results suggest that 3-methyl
adenine restores the activity of eNOS by phosphorylating eNOS 
(S1177). Therefore, we assume that 3-methyladenine improves 
endothelium-dependent relaxation by regulating nitric oxide production 
in Ang II-induced hypertension, which is evidenced by our data with 

mesenteric arteries and HUVECs. 
To confirm the effect of 3-methyladenine on the vascular function, 

we observed direct effect of 3-methyladenine on the contractile re
sponses in isolated mesenteric arteries. 3-methyladenine concentration- 
dependently decreased U46619-induced and PE-induced contraction, 
which was significantly reduced by treatment of L-NNA or endothelium 
removal (Fig. 5). These data indicate that 3-methyladenine induces 
endothelium-dependent vascular relaxation in mesenteric arteries of 
mice. Nevertheless, our study could not rule out the possibility that 3- 
methyladenine may cause vascular relaxation regardless of autophagy 
mechanism. However, previous study from other group showed that 
treatment of 3-methyladenine and siLC3 (small interfering RNA against 
LC3) reduced elevated blood pressure in spontaneously hypertensive 
rats, which provides the evidence that autophagy inhibitors have direct 

Fig. 6. Effects of an autophagy inhibitor, 3-methyladenine on the expression of autophagic markers in primary VSMCs. (A) Western blot analysis data showing the 
effect of Ang II on the expression levels of beclin1, LC3, and p62 in primary rat aortic VSMCs. (n = 7 for beclin1 and LC3, n = 6 for p62) (B) Western blot analysis 
data for beclin1, LC3, and p62 expression levels in primary rat aortic VSMCs treated with 3-methyladenine (5 × 10-3 mol/L) or Ang II (10-7 mol/L) or co-treatment 
with Ang II and 3-methyladenine for 24 h. (n = 5 for beclin1 and LC3, n = 8 for p62) (C) Representative images of acridine orange-stained primary VSMCs following 
treatment with Ang II or co-treatment with Ang II and 3-methyladenine for 24 h and the graph represents the mean number of red puncta per cell. (Scale bar =
50 µm) The number of acidic vesicular organelles was counted from 10 randomly selected cells of 4 independent experiments and evaluated by Image J. Data are 
shown as means ± SEM and are expressed as folds of control. *p < 0.05, **p < 0.01, and ***p < 0.001, ****p < 0.0001. (3-MA: 3-methyladenine;AVOs: acidic 
vesicular organelles). 
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effect on hypertension [22]. In-depth follow-up studies are needed to 
identify this mechanism. 

Previously, we demonstrated that wall thickness was increased in the 
mesenteric arteries from Ang II-treated mice, which was reduced by 
treatment of 3-methyladenine (Fig. 1). These results could be related 
with the changes in arterial smooth muscle cells. Thus we investigated 
the changes in expression levels of autophagy markers upon treatment of 
Ang II and whether treatment of 3-methyladenine affects expression 
levels of autophagy markers. We found that Ang II increased the 
expression levels of beclin1 and LC3 II whereas decreased p62 (Fig. 6). 
And acidic vesicular organelles which reflect late-stage autophagy was 
markedly increased in Ang II-treated VSMCs, which was almost 
normalized by 3-methyladenine. These results are consistent with pre
vious study showed that inhibition of autophagy with 3-methyladenine 
resulted in inhibition of smooth muscle cell proliferation in mouse 
common carotid arteries [38]. 

5. Conclusion 

In summary, we suggest that excessive autophagy is involved in the 
progression of Ang II-induced hypertension. The inhibition of autophagy 
with 3-methyladenine improves endothelial function by regulating 
eNOS phosphorylation, which is associated with reduction in elevated 
blood pressure in Ang II-induced hypertension. 
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