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Perivascular fat-mediated vascular dysfunction and
remodeling through the AMPK/mTOR pathway
in high-fat diet-induced obese rats

Liqun Ma1, Shuangtao Ma1, Hongbo He, Dachun Yang, Xiaoping Chen, Zhidan Luo, Daoyan Liu
and Zhiming Zhu

Perivascular adipose tissue (PVAT) is implicated in the regulation of vascular function in the physiological state, but the

modulatory effect of PVAT on vasculature during obesity is poorly understood. Endothelial nitric oxide synthase (eNOS), AMP-

activated protein kinase (AMPK) and mammalian target of rapamycin (mTOR) participate in the regulation of vascular function.

We therefore investigated whether PVAT has a potential role through the AMPK/mTOR pathway in obesity-related vascular

dysfunction. Wistar rats on a high-fat diet (HFD) for 6 months had higher periaortic fat mass compared with rats on a chow diet

(3.31±0.56 vs. 2.34±0.28 g, Po0.05). Obesity-related impairment of endothelium-dependent relaxation of the aorta was

markedly attenuated by temporary periaortic fat removal whereas obesity-related enhancement of contractile performance was

unaffected. Rats on an HFD had thicker aortic tunica medias (180.06±7.56 vs. 128.14±13.21lm for rats on a chow diet,

Po0.01) and larger periaortic adipocytes than rats on a chow diet (1209.00±62.65 vs. 447.20±21.31 lm2, respectively,

Po0.01). Furthermore, mesenteric arterial rings incubated with periaortic fat from rats on an HFD demonstrated lower

endothelium-dependent relaxation. This effect was absent in mesenteric arterial rings incubated with periaortic fat from rats

on a chow diet. Moreover, an HFD led to a downregulation of AMPK and eNOS in the aorta with a concurrent upregulation

of mTOR. In a parallel in vitro study, culturing vascular smooth muscle cells with periaortic adipocytes from rats on an HFD

reduced the AMPK phosphorylation and increased mTOR phosphorylation, and the latter one was blocked by the incubation

of compound C. We conclude that PVAT likely impacts obesity-related vascular dysfunction and remodeling through impairment

of eNOS-mediated vasodilatation and the AMPK/mTOR pathway.
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INTRODUCTION

Obesity is a major risk factor for diabetes, metabolic syndrome,
hypertension, coronary heart diseases and peripheral vascular disease.
Recent studies have highlighted the role of ectopic fat depots in
the pathogenesis of cardiometabolic diseases. The perivascular
adipose tissue (PVAT) is a functional component of the vasculature,
exerting paracrine influences on vascular reactivity and vascular
proliferation.1–10 Under physiological conditions, PVAT acts as a
vasoactive fat,11 attenuating vasoconstriction in rodents and human
through different mechanisms.12–17 Conversely, perivascular fat has
also been reported to enhance the contraction of the rat aortae
and mesenteric arteries.18 A recent study showed that PVAT induces
a proinflammatory state in high-fat diet (HFD)-induced obese mice.19

AMP-activated protein kinase (AMPK), a member of a metabolite-
sensing protein kinase family, has been implicated in the regulation of
vascular function through increased phosphorylation of endothelial
nitric oxide synthase (eNOS).20,21 In addition, AMPK has key roles in
both vascular smooth muscle cell (VSMC) proliferation and metabo-
lism.22 One of the major downstream signaling pathways regulated by
AMPK is the mammalian target of rapamycin (mTOR) pathway.23

Rapamycin is currently used in drug-eluting stents to prevent rest-
enosis after angioplasty by inhibiting VSMC proliferation. However,
no studies have examined whether PVAT could affect the adjacent
vasculature by acting on the AMPK/mTOR pathway. This study
studied the effect of PVAT on vascular function, vascular remodeling
and the AMPK/mTOR pathway in HFD-induced obese rats.

Received 10 September 2009; revised 5 January 2010; accepted 12 January 2010; published online 26 February 2010

Department of Hypertension and Endocrinology, Center for Hypertension and Metabolic Diseases, Chongqing Institute of Hypertension, Daping Hospital, Third Military Medical
University, Chongqing, PR China
Correspondence: Dr ZM Zhu or Dr DY Liu, Department of Hypertension and Endocrinology, Center for Hypertension and Metabolic Diseases, Daping Hospital, Third Military
Medical University, Chongqing 400042, PR China.
E-mails: zhuzm@yahoo.com or ldy_liudaoyan@yahoo.com
1These authors contributed equally to this work.

Hypertension Research (2010) 33, 446–453
& 2010 The Japanese Society of Hypertension All rights reserved 0916-9636/10 $32.00

www.nature.com/hr

http://dx.doi.org/10.1038/hr.2010.11
mailto:zhuzm@yahoo.com
mailto:ldy_liudaoyan@yahoo.com
http://www.nature.com/hr


METHODS

Chemicals
Phenylephrine (PE), acetylcholine (ACh) and nitroglycerin (NTG) were pur-

chased from Sigma-Aldrich (Taufkirchen, Germany).

Animals
Male Wistar rats, 6–8 weeks of age, were obtained from Charles River (Sulzfeld,

Germany). Rats were housed under 12/12h day/night conditions, and food and

water were given ad libitum to all animals. The local Animal Care and Use

Committee approved all animal care and use procedures. The investigation

conforms to the Guide for the Care and Use of Laboratory Animals published

by the US National Institutes of Health (NIH Publication No. 85-23, revised

1996). Animals were given the standard chow diet (control group, n¼18) or an

HFD (HFD group, n¼18) for 6 months.

Aortic vascular reactivity assay
Aortic vascular reactivity assays were performed as described earlier.24,25 After

the animals were anesthetized with pentobarbital sodium (50mg kg�1 body

mass, i.p.), aortae were dissected and immediately placed in cold Krebs solution

containing (mM): NaCl 119; NaHCO3 25; glucose 11.1; KCl 4.7; KH2PO4 1.2;

MgSO4 1.2 and CaCl2 2.5. The thoracic aorta in each animal was dissected into

four adjacent 3.0mm ring sections. Two rings were dissected with periaortic

adipose tissue, whereas the other two rings cleaned of all adherent tissue. These

rings were then placed onto force transducer arms and submerged in tissue

baths containing a Krebs solution with 95% O2/5% CO2 compressed gas. Force

transducers were connected to a PowerLab signal transduction unit (AD

Instruments, Sydney, Australia), and data were continuously recorded and

further analyzed using the Chart 6 program (AD Instruments). Rings were

stretched to 2 g over 1 h. A single dose of KCl was applied (60mM) to determine

smooth muscle contractility. The rings were then rinsed until the baseline tone

returned. The contractile response to PE (10�10–10�6 M) was assessed. The

relaxation to ACh(10�9–10�4 M) and NTG (10�9–10�5 M) was determined in

rings contracted by 10–5 M PE.

Mesenteric vascular reactivity assay
Vascular reactivity in the isolated mesenteric artery rings was measured using

an isometric myograph (Danish Myotech Technology, Aarhus, Denmark) as

described.26 After the rats were anesthetized, the mesenteric bed was dissected

and immediately placed in cold Krebs solution. The second branches of the

mesenteric arterial bed were carefully dissected out. Arterial segments (100–

200mm in lumen diameter, B5mm in length) were mounted in the Myograph

System. Each ring was bathed in Krebs solution aerated with 95% O2 and 5%

CO2 at 37 1C, pH 7.4. After measurement of passive-tension internal circum-

ference characteristics, tension was set to the estimated in vivo internal

circumference. After a 60min stabilization period, the functional integrity of

the rings was confirmed by contraction with KCl (60mM). The presence of

functional endothelium was confirmed by the ability of ACh (10–6M) to

produce relaxation of pre-contraction with PE (10–6M) in the presence of

propranolol (10–7M) to block b-adrenoceptors. Segments relaxing 480% were

used. Cumulative concentration–response curves to PE (10�9–10�5
M) were

obtained. The mesenteric rings were then pre-contracted with PE (10�5 M).

Cumulative concentration–response curves of ACh (10�9–10�4 M) and NTG

(10�9–10�4
M) in the absence or presence of periaortic fat were obtained to

determine the endothelium-dependent and endothelium-independent relaxa-

tions, respectively. The relaxant responses are expressed as percentage reduction

in the tone induced by PE (10�5 M).

Cell culture
VSMCs were obtained from thoracic aortae of rats and cultured using the tissue

explant method as previously described by our group.27 Perivascular adipocytes

were obtained from periaortic fat tissue and cultured using the tissue explant

method as described earlier.28 VSMC/adipocyte cocultures in the presence or

absence of 10mM compound C, an AMPK inhibitor (Calbiochem, San Diego,

CA, USA), were established as previously described on the opposite sides of

porous polyethylene terepthalate culture plastic inserts, which had an effective

culture area of 0.3 cm2, a pore size of 0.4mm and a pore density of 1�108 per

cm2 (Becton Dickinson, Franklin Lakes, NJ, USA).

Western blotting
Immunoblotting of total and phosphorylated AMPK, mTOR, eNOS, phos-

phoinositide 3-kinase (PI3K) and protein kinase B (PKB/Akt) was performed

using standard techniques as previously reported.28 VSMCs cocultured as above

or aortic tissue were homogenized in high-salt buffer containing NaCl 600mM,

MOPS 40mM, DTT 1mM, leupeptin 1mgml�1, aprotinin 1mgml�1, phenyl-

methylsulfonyl fluoride 50mM. Cells or vascular tissue were scraped off,

transferred to Eppendorf tubes and sonicated for 5 s. Protein supernatants

were separated by centrifugation, and protein concentrations were determined

with Bio-Rad protein assay reagent (Bio-Rad Laboratories, Hercules, CA, USA).

Proteins were separated using 10% sodium dodecyl sulfate polyacrylamide gels

and transferred to Hybond-ECL nitrocellulose membranes (NEN Life Science

Products, Boston, MA, USA) at 100V for 1 h. Membranes were blocked for 8 h

at 4 1C with blocking buffer containing tromethamine hydrochloride-buffered

saline and 0.1% polysorbate-20 with 5% wt/vol nonfat dry milk. Membranes

were incubated with primary rabbit monoclonal IgG (1:1000) anti-AMPK,

anti-p-AMPK, anti-mTOR, anti-p-mTOR, anti-eNOS, anti-p-eNOS, anti-

PI3K, anti-p-PI3K, anti-Akt and anti-p-Akt (Santa Cruz Biotechnology, Santa

Cruz, CA, USA) for 8 h at 4 1C. After washing, membranes were incubated with

secondary antibodies (goat anti-rabbit horseradish peroxidease, 1:2000) for 1 h

at room temperature and washed extensively. Each sample was processed three

to six times.

Histology
Aortic tunica media thickness was determined according to established

techniques.29 Aortic tissue was fixed in 10% formaldehyde/phosphate-buffered

saline and embedded in paraffin. After routine histological procedures, cross-

sections proximal to the first intercostal artery were stained with Victoria blue

and Ponceau S and studied under �200 magnification. Pictures were obtained

with a digital camera using a Nikon TE2000 microscope (Nikon Corporation,

Tokyo, Japan). The tunica media was defined as the region between the internal

and external elastic laminae, which were measured at four orthogonal points of

the arterial sections for three consecutive aortic rings per animal using the

imaging software NIS-Elements 3.0 (Nikon Corporation).

Periaortic adipocyte size was measured as described earlier.30 Periaortic

adipose tissue from six rats was harvested, fixed with 10% buffered formalin,

paraffin embedded and stained with hematoxylin and eosin. Images were

captured using a Nikon TE2000 microscope (Nikon Corporation), and the area

for a total of 100 adipocytes drawn from each rat was determined using the

imaging software NIS-Elements 3.0 (Nikon Corporation).

Statistics
Data are mean±s.e.m. The half maximal effective agonist concentration (EC50)

and maximum response (Emax) were calculated from individual agonist

concentration–response curves using GraphPad Prism 3.0 (San Diego, CA,

USA). The statistical differences in mean values were assessed by Student’s t-test

or one-way analysis of variance with Bonferroni’s multiple comparison post hoc

Table 1 Characteristics of the rats

Control (n¼18) High-fat diet (n¼18)

Body weight (g) 478.5±19.9 684.2±20.8**

Abdominal circumference (cm) 20.1±1.1 27.1±1.1**

Blood pressure (mm Hg) 122.7±4.9 126.7±3.7

Periaortic fat mass (g) 2.34±0.28 3.31±0.56*

Visceral fat mass (g) 19.85±3.44 57.13±6.21**

Subcutaneous fat mass (g) 11.56±1.54 31.98±3.12**

Periaortic fat was identified as the surrounding adipose tissue of rat aorta from aortic root to the
level of diaphragm.
Data represent mean±s.e.m.; *Po0.05, **Po0.01 compared with control.
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tests, as appropriate. Two-sided P-values below 0.05 were considered statisti-

cally significant.

RESULTS

Effects of PVAT on aortic reactivity
Compared with rats on a chow diet, body weight and adipose tissue
mass were markedly increased in rats on an HFD for 6 months
(Table 1). However, the tail-cuff systolic blood pressure was
not different between two groups (127±4mmHg in HFD vs.

123±5mmHg in chow diet, P40.05). The PE-induced contractile
response of aortic rings was markedly enhanced in HFD-fed rats,
especially in the presence of PVAT (Figures 1a and b) (Table 2).
Furthermore, endothelium-dependent relaxation was significantly
reduced in rats on an HFD compared with rats on a chow diet only
in the presence of PVAT (Figures 1c and d) (Table 2). However,
endothelium-independent relaxation was unaffected in the presence or
absence of PVAT in rats on either a chow diet or an HFD (Figures 1e
and f) (Table 2).

Figure 1 Effects of PVAT on aortic reactivity. PE-induced contraction (a, b) and ACh- or NTG-elicited relaxation (c–f) were assessed in freshly isolated aortic

rings with or without PVAT from rats placed on the control and the high-fat diet (HFD). Results are mean±s.e.m. of 6–8 rings from 6–8 rats per group.
*Po0.05 between curves.

Figure 2 Effect of PVAT on the reactivity of the mesenteric artery. PE-induced contraction (a, b) and ACh- (c, d) or NTG-elicited relaxation (e, f) were

assessed in freshly isolated mesenteric arterial rings in the presence or absence of their periaortic adipose tissue. Results are mean±s.e.m. of 5–10 rings

from 5–10 rats per group; *Po0.05 between curves.
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Effect of PVAT on reactivity of mesenteric artery
To determine whether PVATaffects small blood vessels, freshly isolated
mesenteric arterial rings were incubated with periaortic fat for 60min.
PE-induced constriction did not differ between arterial rings of rats on
a chow diet and an HFD, regardless of the presence or absence of
periaortic fat (Figures 2a and b) (Table 3). Endothelium-dependent
relaxation of arterial rings was significantly reduced in rats on an HFD
when co-incubated with periaortic fat compared with rings without
periaortic fat incubation. This effect was absent in rats on a chow diet
(Figures 2c and d) (Table 3). Endothelium-independent relaxation did
not differ between the two groups (Figures 2e and f) (Table 3).

HFD reduces activity of eNOS
Next, we examined whether the impairment of vascular relaxation
induced by an HFD and PVAT is associated with a change of eNOS
activity in aortae. The level of phosphorylated eNOS, but not total
eNOS, was markedly decreased in the aortae of rats on an HFD
compared with rats on a chow diet (Figure 3).

Table 2 Emax and pD2 values for agonist-induced responses in aortas

from rats

With PVAT Without PVAT

Emax (%) pD2 Emax (%) pD2

Control, PE 70.19±6.12 6.50±0.24 90.10±9.85 6.99±0.18

Control, ACh 77.87±8.54 7.27±0.46 88.38±4.31 6.70±0.24

Control, NTG 95.94±2.54 6.99±0.16 95.37±1.67 6.98±0.10

HFD, PE 92.62±4.24* 7.36±0.10* 122.22±4.77* 7.13±0.17

HFD, ACh 51.21±2.25* 6.69±0.33 87.93±5.39 6.96±0.34

HFD, NTG 89.40±5.01 6.79±0.12 96.26 ±2.90 7.06±0.06

Abbreviations: HFD, high-fat diet; PVAT, perivascular adipose tissue.
Relaxation induced by acetylcholine (ACh) and nitroglycerin (NTG) was calculated relative to the
maximal changes from the contraction produced by phenylephrine (PE) and is represented as
percentage of relaxation. Contractile response to PE is represented as percentage of KCl-
induced contraction. Emax, maximum response; pD2, �logEC50; EC50, half maximal effective
agonist concentration.
Values are mean±s.e.m. for 6–8 rings from 6–8 rats per group.
*Po0.05 vs. control.
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Remodeling of aortae and PVAT in rats on an HFD
To determine whether an HFD can cause vascular and adipose
tissue remodeling, the aortic tunica media in both groups was
analyzed. Sections of Victoria blue- and Ponceau S-stained aor
tae were examined (Figure 4a). The thickness of the aortic tunica
media was significantly increased in rats on an HFD compared
with rats on a chow diet (180.1±7.6 vs. 128.1±13.2mm, respec-
tively, Po0.01) (Figure 4b). In addition, histological examina-
tion showed that large-sized adipocytes were more abundant in the
PVAT of rats on an HFD compared with rats on a chow diet
(Figure 4c). Figure 4d shows that the average size of periaortic
adipocytes was significantly larger in rats on an HFD compared
with rats on a chow diet (447.2±21.3 vs. 1209.0±62.7mm2, respec-
tively, Po0.01).

Expression of AMPK and mTOR in aortae from rats on an HFD
Previous studies have shown that AMPK suppresses VSMC prolifera-
tion by increasing the activity of the TSC2-mTOR pathway, an
important cell-cycle regulator.31 The AMPK expression and phosphor-
ylation in the aortae from rats on an HFD were significantly decreased
compared with those on a chow diet (Figure 5a). As shown in the
representative bands, total and phosphorylated mTOR levels were
significantly increased by HFD feeding (Figure 5b). However, the ratio
of phosphorylated mTOR to total mTOR was unchanged (Figure 5b).

Table 3 Emax and pD2 values for agonist-induced responses

in mesenteric resistance arteries from rats

Control HFD

Emax (%) pD2 Emax (%) pD2

�PVAT, PE 169.87±14.40 6.30±0.15 190.93±10.36 5.90±0.07

�PVAT, ACh 75.05±4.29 7.07±0.17 88.71±6.58 6.72±0.20

�PVAT, NTG 80.10±2.93 6.24±0.32 76.35±4.77 5.96±0.34

+PVAT, PE 177.82±19.30 6.17±0.08 172.13±8.07 5.88±0.06

+PVAT, ACh 78.96±4.37 7.00±0.01 57.16±5.74* 6.74±0.29

+PVAT, NTG 79.94±8.30 5.87±0.21 67.93±6.75 5.97±0.35

Abbreviations: HFD, high-fat diet; PVAT, perivascular adipose tissue.
Relaxation induced by acetylcholine (ACh) and nitroglycerin (NTG) was calculated relative to the
maximal changes from the contraction produced by phenylephrine (PE) and is represented as
percentage of relaxation. Contractile response to PE is represented as percentage of KCl-
induced contraction. Emax, maximum response; pD2, �logEC50; EC50, half maximal effective
agonist concentration.
Values are mean±s.e.m. for 5–10 rings from 5–10 rats per group.
*Po0.05 vs. �PVAT group.
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Figure 3 The eNOS expression and phosphorylation in the aorta. The total

eNOS and p-eNOSSer1777 in aortic tissue from chow- (control) or HFD-fed

rats were detected by western blotting. Bar graphs show the relative

phosphorylation normalized to the control group. Results are mean±s.e.m.

of 4–8 independent experiments from 4–8 rats. **Po0.01 between the two

groups.

Figure 4 Remodeling of the aorta and PVAT in rats on an HFD. (a) The

images show cross-sections of Victoria blue- and Ponceau S-stained aortae
from each group of rats. Left panel, control group; right panel, HFD group.

Scale bar indicates 100mm; magnification, �200. (b) The graph shows

quantification of the thickness of the aortic tunica media. Results are

mean±s.e.m. (n¼3 rats per group). **Po0.01 vs. control. (c) Sections of

periaortic fat from each group of rats (n¼3 per group) were stained with

H&E; left panel, control group; right panel, HFD group. Scale bar indicates

20mm; magnification, �400. (d) The graph shows quantification of the

periaortic adipocyte size. Results are mean±s.e.m. (n¼100 adipocytes).

**Po0.01 vs. control group. A full color version of this figure is available at

the Hypertension Research journal online.
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In addition, the PI3K and Akt protein expression and phosphorylation
in aorta were similar in the two groups (Figures 5c and d).

Effect of PVAT on AMPK/mTOR expression in cultured VSMCs
To determine whether PVAT affected the AMPK/mTOR expression in
VSMCs, VSMCs were co-cultured with periaortic adipocytes in the
presence or absence of the AMPK inhibitor compound C (10mM)
for 24h. In VSMCs, periaortic adipocyte incubation significantly
decreased p-AMPK and increased p-mTOR level (Figures 6a and b).
The coculture-induced increase in mTOR phosphorylation was sig-
nificantly attenuated by the presence of compound C, whereas the
coculture-induced decrease in AMPK phosphorylation was
unaffected (Figures 6a and b). Additionally, PI3K and Akt protein
expression and phosphorylation were not affected by either the
periaortic adipocyte incubation or the treatment of compound C
(Figures 6c and d).

DISCUSSION

This study shows that an HFD in rats leads to decreased endothelium-
dependent aortic relaxation and increased contraction, especially in
the presence of PVAT. Similarly, endothelium-dependent relaxation of
mesenteric arteries was significantly lower when arterial rings were
incubated with PVAT from rats on an HFD. The decreased endothe-
lium-dependent relaxation in HFD rats was accompanied with a
vascular eNOS reduction in rats on an HFD. In addition, the aortic
tunica media thickness and adipocyte size in the PVAT were signifi-

cantly increased in rats on an HFD compared with rats on a chow diet.
In vivo, rats on an HFD had lower AMPK and higher mTOR
expression in aortae compared with rats on a chow diet. In vitro, a
similar expression pattern was seen in VSMCs co-cultured with PVAT
from rats on an HFD. These results suggest that a PVAT abnormality
contributes to vascular dysfunction and remodeling by modulating the
vascular AMPK/mTOR pathway in rats on an HFD.
The adventitia is composed of adipose tissue and a perivascular

nerve network, but the latter does not participate in the relaxation
of rat aortae.32 The PVAT can affect vascular function by virtue
of its location and secretory function. Previous studies reported
that PVAT has a dual role in regulating vascular function, both
attenuating the response to vasoconstrictors and promoting perivas-
cular nerve excitation.10,17 There are several proposed mechanisms
for the effect of PVAT on the vasculature, including releasing
adipocyte-derived relaxing factor, opening potassium channels and
promoting NO production,12,16,17 and the function of PVAT is
modified by different physiologic and pathophysiological states.33,34

As reported, visfatin is involved in PVAT-induced VSMC proliferation
through extracellular signal-regulated kinase (ERK 1/2) and p38
signals.35 Additionally, renin-angiotensin system components,
eNOS/NO and hydrogen peroxide have also been identified in
PVAT.36 Classic adipokines, such as leptin and adiponectin, are also
involved in the paracrine effect of PVAT.37 Given its complexity
and importance, the distinct paracrine elements of PVAT warrant
further studies.

Figure 5 AMPK, mTOR, PI3K and Akt protein expression and phosphorylation in aortic tissue. AMPK/p-AMPKThr172 (a), mTOR/p-mTORSer2448 (b), PI3K/p-

PI3K (c) and Akt/p-Akt (d) in aortic tissue from chow- (control) or HFD-fed rats were detected by western blotting. Bar graphs show the relative

phosphorylation normalized to the control group. Results are mean±s.e.m. of 4–8 independent experiments from 4–8 rats. **Po0.01 between the two

groups.
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Although a reduction in the anticontractile effect of perivascular fat
in mesenteric arterioles has been reported in spontaneously hyperten-
sive rats,5 few studies have examined the role of PVAT in obesity. This
study shows for the first time that the presence of PVAT impairs
relaxation in both the conduit artery and small arterioles in HFD-
induced obese rats. Furthermore, obese rats on an HFD have larger
adipocytes in their PVATand a thicker aortic tunica media. Given these
novel findings, we decided to investigate their underlying mechanisms.
AMPK is a member of a metabolite-sensing protein kinase family

present in all eukaryotes and is thought to regulate cellular prolifera-
tion in response to energy status or nutrient availability. mTOR, an
evolutionarily conserved serine/threonine kinase, integrates nutrient
and mitogen signals to regulate cell growth and cell division through
protein translation/synthesis. AMPK activation suppresses mTOR
signaling and increases the activity of the TSC1–TSC2 complex.38

These findings suggest that activation of AMPK inhibits the mTOR
activity to limit protein synthesis. NO has a critical role in the
modulation of vascular relaxation, and the activity of the enzyme

responsible for the production of NO, eNOS is regulated by a series of
protein kinases, including AMPK.21 AMPK is required for adiponec-
tin-, thrombin- and histamine-induced NOS phosphorylation and
subsequent NO production in the endothelium.21

The present results show that in aortae from HFD-induced obese
rats, the levels of AMPK and p-eNOS are downregulated whereas the
mTOR expression is increased. Furthermore, incubating cultured
VSMCs with PVAT reduces AMPK expression and increases mTOR
expression. Our results support the notion that an abnormal AMPK/
mTOR signaling pathway may be responsible for vascular dysfunction
and remodeling in HFD-induced obese rats. Moreover, the inhibitory
effect of compound C on the coculture-induced increase in mTOR
phosphorylation further confirmed that the mTOR is regulated by
PVAT through AMPK activation.
Obesity is one of major risk factors for coronary heart disease.

Clinical studies have shown that rapamycin-coated stents prevent
restenosis in both animal models and patients with coronary heart
disease. Rapamycin, by interacting with mTOR, blocks cell-cycle

Figure 6 AMPK, mTOR, PI3K and Akt protein expression and phosphorylation in cultured vascular smooth muscle cells (VSMCs). AMPK/p-AMPKThr172 (a),

mTOR/p-mTORSer2448 (b), PI3K/p-PI3K (c) and Akt/p-Akt (d) in VSMCs co-cultured with periaortic adipocytes from HFD-fed rats were detected by Western

blotting. Bar graphs show the relative phosphorylation normalized to the control group. Control¼no periaortic co-culture, CC¼compound C. Results are

mean±s.e.m. (n¼3–6 independent experiments). **Po0.01 between the two groups.
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progression from G1 to S, thus preventing T-cell proliferation and
smooth muscle cell migration.39 This study shows that obesity causes
an abnormality in the AMPK/mTOR pathway in blood vessels.
Although the mTOR is affected by the PI3K/Akt pathway and to
phosphorylate the p70S6K and 4EBP1,40 this study shows that total
and phosphorylated PI3K and Akt protein levels in the aortae from
rats on an HFD were similar to those in aortas from rats on chow diet.
These results further indicated that AMPK/mTOR signal pathway
might be essential for the regulation of obesity-related vascular
dysfunction and remodeling through inhibition of endothelial NO-
mediated vasodilatation. Thus, the AMPK/mTOR pathway may
become another therapeutic target for the intervention of obesity-
related vascular diseases, especially in the presence of abnormal PVAT.
The pathophysiological mechanism by which PVAT may mediate

vascular dysfunction and remodeling has not been fully understood.
Increased production of reactive oxygen species involved in the
mechanisms promoting endothelial dysfunction and leading to vas-
cular remodeling has been suggested as a potential mediator.41 It has
been reported that PVAT induces a proinflammatory state in HFD-
induced obese mice.19 Inflammatory cell infiltration into perivascular
tissue and consequently inflammatory factors migration into the
vascular wall might also be the possible mechanisms leading to
vascular dysfunction and remodeling.
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