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We investigated whether AMP-activated protein kinase (AMPK), a multifunctional regulator of energy homeostasis, is involved
in fransient receptor potential vanilloid type 1 (TRPV1)-mediated activation of endothelial nitric oxide synthase (eNOS) in en-
dothelial cells (ECs) and mice. In ECs, treatment with evodiamine, the activator of TRPV1, increased the phosphorylation of
AMPK, acetyl-CoA carboxylase (ACC) and eNOS, as revealed by Western blot analysis. Inhibition of AMPK activation by com-
pound C or dominant-negative AMPK mutant abrogated the evodiamine-induced increase in phosphorylation of AMPK and
eNOS and NO bioavailability, as well as fube formation in ECs. Immunoprecipitation and two-hybrid analysis demonstrated that
AMPK mediated the evodiamine-induced increase in the formation of a TRPV1-eNOS complex. Additionally, TRPV1 activation by
evodiamine increased the phosphorylation of AMPK and eNOS in aortas of wild-type mice but did not activate eNOS in aortas
of TRPVI-deficient mice. In mice, inhibition of AMPK activation by compound C markedly decreased evodiamine-evoked an-
giogenesis in matrigel plugs and in a hind-limb ischemia model. Moreover, evodiamine-induced phosphorylation of AMPK and
eNOS in aortas of apolipoprotein E-deficient (ApoE™") mice was abrogated in TRPVI-deficient ApoE™~ mice. In conclusion,
TRPV1 activation may trigger AMPK-dependent signaling, which leads to enhanced activation of AMPK and eNOS and retarded
development of atherosclerosis.
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INTRODUCTION

The transient receptor potential vanil-
loid type 1 (TRPV1), a ligand-gated
cationic channel, is a molecular integra-
tor of multiple chemical and physical
stimuli such as evodiamine (an active in-
gredient of evodia fruit), capsaicin (an
active ingredient of hot pepper), anan-
damide, heat and protons (1-5). Activa-
tion of TRPV1 in neurons increases cal-
cium (Ca?") entry, which elevates the
intracellular Ca?* level, thus leading to

the excitation of sensory neurons (2).
Emerging evidence suggests that TRPV1
expressed in nonneuronal cells such as
endothelial cells (ECs) may be an impor-
tant sensor and regulator. Activation of
TRPV1 by ligands increases endothelial
nitric oxide synthase (eNOS) activity and
NO production (6-8), both of which con-
fer protection against certain cardiovas-
cular diseases such as hypertension and
stroke (9,10). However, the detailed
mechanism underlying TRPV1-mediated
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activation of eNOS is not fully
understood.

AMP-activated protein kinase
(AMPK), a heterotrimeric complex with
one catalytic subunit (o) and two regula-
tory subunits ( and y), is an important
sensor in energy homeostasis in mam-
malian cells (11-13). The role of AMPK in
modulating energy metabolism has been
extensively investigated. AMPK can be
activated by an increased ratio of intra-
cellular AMP to ATP and leads to phos-
phorylation of downstream substrates
such as acetyl-CoA carboxylase (ACC),
thereby inhibiting energy-consuming
biosynthetic and ATP-producing cata-
bolic pathways (14,15). Notably, AMPK
can confer eNOS-dependent protection
in vascular cells independent of energy
regulation under various pathophysio-
logical situations (16-18). Moreover, clin-
ical therapeutic agents of metabolic syn-
drome and cardiovascular diseases, such
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as metformin and statins, promote eNOS
activation and repair EC functions medi-
ated by AMPK signaling (19,20). Addi-
tionally, AMPK can be activated by an el-
evated intracellular Ca* level (21,22).
However, whether the AMPK signaling
pathway participates in the TRPV1-
mediated regulation of eNOS activation
and EC function is poorly understood.
In the present study, we aimed to ex-
amine the requisite participation of the
AMPXK signaling pathway in activating
eNOS and angiogenesis by the TRPV1
ligand, evodiamine, in ECs and mice.
Our data showed that AMPK is required
for the evodiamine-induced increase in
eNOS phosphorylation at serine 635
(Ser635) and Ser1179, formation of a
TRPV1-eNOS-AMPK complex and NO
production, as well as angiogenesis in
ECs and in mice. In apolipoprotein E—
deficient (ApoE’/ 7) mice, chronic evo-
diamine administration increased the
phosphorylation of AMPK and eNOS in
aortas and retarded atherosclerosis, all

of which were abrogated in TRPV1-
deficient ApoE~'~ mice.

MATERIALS AND METHODS

Reagents

Evodiamine, capsaicin and compound
C were from Calbiochem (San Diego,
CA, USA). Rabbit antibodies for phos-
pho-eNOS at Ser1179, phospho-AMPK
at Thr172, phospho-ACC at Ser79,
phospho-calcium (Ca*")/calmodulin-
dependent protein kinase II (CaMKII) at
Thr286 and ACC were from Cell Signal-
ing Technology (Beverly, MA, USA). Rab-
bit antibody for phospho-eNOS at Ser635
was from Upstate Biotechnology
(Waltham, MA, USA). Rabbit antibodies
for eNOS, CaMKII, AMPK, CD31 and
protein A /G-Sepharose were from Santa
Cruz Biotechnology (Santa Cruz, CA,
USA). Mouse antibody for TRPV1 was
from Abnova (Taoyuan, Taiwan). Mouse
antibody for a-tubulin, NG-nitro-L-
arginine methyl ester (L-NAME), cap-

sazepine (CPZ), KN62, ethylene glycol
tetraacetic acid (EGTA), Griess reagent,
heparin, Drabkin reagent, hemoglobin
standards and phosphatase inhibitor
cocktails 1 and 2 were from Sigma-
Aldrich (St. Louis, MO, USA). Matrigel
was from BD Biosciences (San Jose, CA,
USA). Lipofectamine was from Invitro-
gen (Carlsbad, CA, USA).

Cell Culture

Bovine aortic ECs (BAECs) were ob-
tained from Cell Applications (San
Diego, CA, USA) and cultured in Dul-
becco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine
serum and penicillin (100 U/mL)/strep-
tomycin (100 pg/mL) (HyClone, Logan,
UT, USA) at 37°C in a 5% CO, humidi-
fied air incubator. Confluent cells at pas-
sage 3-8 were used in all experiments.
Mouse aortic ECs (MAECSs) were isolated
from the aortas of wild-type (WT) or
TRPV1~/~ mice and cultured with
Medium 200 in Matrigel-coated dishes.
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Figure 1. Evodiamine increases phosphorylation of CaMKIl, AMPK, ACC and eNOS in endothelial cells (ECs). (A-E) Bovine aortic ECs
(BAEC:s) were freated with 1 umol/L evidiamine (Evo) for up to 240 min, then examined by Western blot analysis for protein levels of phos-
phorylated CaMKIl at Thr286, CaMKIl protein, phosphorylated AMPK at Thr172, AMPK, phosphorylated ACC at Ser79, ACC, phosphory-
lated eNOS at Ser635 and Ser1179 and eNOS. (F) BAECs were treated with 10 umol/L capsaicin (Cap) for 15 min, and then examined by
Western blot analysis for protein levels of phosphorylated AMPK at Thr172, AMPK, phosphorylated eNOS at Ser635 and Ser1179, and
eNOS. Data are mean + SD from 5 independent experiments. *P < 0.05 versus nonfreated group.
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Measurement of Nitrite Production

Accumulated nitrite (NO,"), the stable
metabolite of NO, was measured by mix-
ing an equal volume of culture media
and Griess reagent. After incubation at
room temperature for 15 min, azo dye
production was analyzed by use of an
SP-8001 UV / VIS spectrophotometer
(Metertech, Taipei, Taiwan) with ab-
sorbance set at 540 nm. Sodium nitrite
was used as a standard.

Mice

The investigation conformed to the
Guide for the Care and Use of Laboratory
Animals published by the US National
Institutes of Health (23), and all animal
experiments were approved by the Ani-
mal Care and Utilization Committee of
National Yang-Ming University. Male
WT C57BL /6 mice were from the Na-
tional Laboratory Animal Center,
National Science Council (Taipei, Tai-
wan); TRPV1~'~ and ApoE'/ " mice were
from Jackson Laboratory (Bar Harbor,
ME, USA). Mice were housed in barrier
facilities on a 12-h light/12-h dark cycle
and fed with normal chow diet. To gen-
erate ApoE”/"TRPV1~/~ mice, TRPV1~/~
mice were crossed with mice with an
ApoE™'~ background, and polymerase
chain reaction of genomic DNA was
used to confirm ApoE™'~ and TRPV1~/~
genotypes. ApoE'/ “or ApoE'/ “TRPVI™'~
mice at 4 months old received evodi-
amine (10 mg/kg body weight) and ve-
hicle by daily oral administration with
gastric gavage for 4 wks (n = 10, each
group). At the end of the experiment,
mice were killed by use of CO,. Hearts
and aortas were isolated for histological
examination and Western blot analysis.

Hind-Limb Ischemic Model

Male WT C57BL/6 mice at 8 wks of
age were anesthetized with pentobarbital
(40 mg/kg, intraperitoneally) and the
right femoral artery was exposed through
an incision in the skin overlying the mid-
dle portion of the hind limb. The femoral
artery was ligated above and below the
profunda femoris branch and the inci-
sions were closed by 5-0 Ethilon sutures.
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Figure 2. Blockade of TRPV1 activation abrogates evodiamine-increased AMPK and eNOS
phosphorylation in ECs. BAECs were pretreated with or without 500 nmol/L EGTA (A),

10 umol/L CPZ (B, C) or 5 umol/L KN62 (D) for 1 h, then incubated with evodiamine

(1 wmol/L) for 15 min. Western blot analysis of protein level of phosphorylated AMPK at
Thr172, AMPK, phosphorylated eNOS at Ser635 and Ser1179, and eNOS. Data are mean +
SD from five independent experiments. *P < 0.05 versus vehicle treated group, *P < 0.05

versus evodiamine-treated group.

Gastrocnemius muscles were harvested
21 d after femoral artery ligation.

Histological Examination and
Immunohistochemical Assessment

Mouse hearts, aortas and gastrocnemius
muscles were harvested and fixed with 4%
paraformaldehyde, embedded in paraffin,
and serially sectioned at 8 um. Section
slides underwent hematoxylin and eosin
staining or immunohistochemical analysis.
To detect the expression of CD31, sections
were deparaffinized, rehydrated and cov-
ered with 3% H,O, for 10 min. After
blocking with bovine serum albumin,
slides were incubated with anti-CD31 anti-
body overnight at 4°C, then with the cor-
responding secondary antibody for 1 h.
Antigenic sites were visualized by the ad-
dition of 3,3-diaminobenzidine. The ather-
osclerotic lesion areas at the aortic sinus
and CD31-positive capillaries were quanti-
fied by use of Motic Images Plus 2.0
(Xiamen, China).
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Western Blot Analysis and
Immunoprecipitation Assay

Cells or aortas were rinsed with
phosphate-buffered saline (PBS), then
lysed in immunoprecipitation lysis buffer
(50 mmol /L Tris pH 7.5, 5 mmol /L
EDTA, 300 mmol/L NaCl, 1% Triton X-
100, 1 mmol/L phenylmethylsulfonyl
fluoride, 10 pug/mL leupeptin and
10 pg/mL aprotinin). Aliquots (1000 ug)
of cell lysates were incubated with spe-
cific primary antibody overnight, then
with protein A /G-Sepharose for 2 h. Im-
mune complexes were collected by cen-
trifugation, washed 3 times with cold
PBS, then eluted in sodium dodecyl sul-
fate (SDS) lysis buffer (1% Triton, 0.1%
SDS, 0.2% sodium azide, 0.5% sodium
deoxycholate, 10 ug/mL leupeptin,
10 pug/mL aprotinin). Eluted protein
samples were separated on 8% or 10%
sodium dodecyl sulfate—polyacrylamide
gel electrophoresis. After being trans-
ferred to membranes, samples were im-
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Figure 3. AMPK mediates evodiamine-induced eNOS phosphorylation, NO production and tube formation in ECs. (A) BAECs were pre-
tfreated or without 10 umol/L compound C (C.C) for 1 h, then incubated with evodiamine (1 umol/L) for 15 min. Cellular lysates were im-
munoblotted with phosphorylated AMPK at Thr172, AMPK, phosphorylated eNOS at Ser635 and Ser1179, and eNOS. (B) BAECs were pre-
freated or without compound C (10umol/L) for 1 h, then incubated with evodiamine (Tumol/L) for 24 h. The level of nitrite in cultured
medium was analyzed by Griess assay. (C) BAECs were cultured in precoated matrigel in the presence of the indicated freatments for
24 h.Tube formation was photographed, and bar graphs indicate the number of branch points in 5 randomly selected microscopy
views. Data are mean + SD from five independent experiments. *P < 0.05 versus vehicle-treated group, *P < 0.05 versus evodiamine-

freated group.

munoblotted with primary antibodies,
then horseradish peroxidase—conjugated
secondary antibodies. Bands were re-
vealed by use of an enzyme-linked
chemiluminescence detection kit
(PerkimEImer, Waltham, MA, USA), and
density was quantified by use of
Imagequant 5.2 (GE Healthcare Bio-
sciences, Pittsburgh, PA, USA).

Mammalian Two-Hybrid System

Rat full-length TRPV1 complementary
DNA (cDNA) was subcloned into a pico-
mole per liter vector (Clontech, Palo
Alto, CA, USA) with EcoRI and Xbal cut-
ting sites. Human eNOS cDNA was sub-
cloned into a pVP16 vector (Clontech)
with a HindlIlI cutting site. Plasmids for
control, pM-AD-TRPV1, pVP16BD-eNOS
and pG5SEAP (secreted human alkaline
phosphatase) were cotransfected into
BAECs by use of Lipofectamin 2000.

808 | CHING ET AL.

After 24 h, cells were treated with or
without evodiamine (1 umol/L) for an
additional 24 h. The culture medium was
collected and subjected to chemilumines-
cence assays by use of the GreatEscAPe
SEAP kit (Clontech).

Transient Transfection of Dominant-
Negative AMPK Mutant

Transfection involved the Lipofecta-
mine 2000 method. Briefly, BAECs were
seeded on 6-well plates to reach 90%
confluence. Before transfection, medium
was changed to serum-free medium. A
1:3 ratio of vector or dominant-negative
AMPKa2 mutant K45R (dnAMPK,
Addgene, Cambridge, MA, USA) to
Lipofectamine 2000 was used for trans-
fection. After a 24-h transfection, the me-
dium was changed to DMEM with 10%
fetal bovine serum for 24 h for further
experiments.

| MOL MED 18:805-815, 2012

Tube Formation Assay

Matrigel was coated onto 24-well
plates and polymerized for 30 min at
37°C. Cells were seeded onto the Ma-
trigel layer and incubated with the indi-
cated treatments for 12 h. The morpho-
logical features of cells were observed by
microscopy and quantified by counting
the number of branch points.

In Vivo Matrigel Plug Angiogenesis
Assay

To induce the formation of new blood
vessels in vivo, Matrigel (8 mg/mL) was
mixed with heparin (50 U/mL) with or
without treatment with evodiamine
(1 umol/L) and compound C (10 umol /L),
then injected subcutaneously into male
mice. At d 7 postinjection, matrigel plugs
were removed and photographed. The he-
moglobin assay was performed after ma-
trigel plugs were homogenized and incu-
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Figure 4. Overexpression of dominant-negative AMPK (dnAMPK) mutant inhibits eNOS phosphorylation, NO production and tube forma-
fion by activation of TRPV1 in ECs. (A) BAECs were transfected with vector (1 ug) or dnAMPK mutant (K45R, 1 ug) for 24 h, then with evodi-
amine (1 umol/L) for an additional 15 min. Cellular lysates underwent immunoblotting to detect the levels of phosphorylated AMPK ot
Thr172, AMPK, phosphorylated eNOS at Ser635 and Ser1179 and eNCS. (B, C) Transfected BAECs were freated with 1 umol/L evodiamine
for 24 h.The level of nitrite in cultured medium was analyzed by Griess assay (B). Tube formation in vitro; bar graphs indicate the number
of branch points in five randomly selected microscopy views (C). Data are mean + SD from five independent experiments. *P < 0.05 ver-
sus nontreated group, *P < 0.05 versus evodiamine-treated group.

bated with Drabkin reagent for 30 min at
room temperature. The hemoglobin con-
centration was calculated at 540 nm.

Statistical Analysis

The experiments were performed at least
five times. Results are presented as mean +
standard deviation (SD). The Mann-
Whitney U test was used to compare two
independent groups. Kruskal-Wallis fol-
lowed by Bonferroni post hoc analyses was
used to account for multiple testing. SPSS
v19.0 (SPSS Inc, Chicago, IL, USA) was
used for analysis. Differences were consid-
ered statistically significant at P < 0.05.

RESULTS

TRPV1 Ligand Evodiamine Increases
AMPK and eNOS Phosphorylation

To test whether the TRPV1 ligand
evodiamine could induce AMPK phos-

phorylation in ECs, we treated BAECs
with 1 umol/L evodiamine for various
times. Treatment with evodiamine sig-
nificantly increased the phosphorylation
of AMPK at Thr172, which occurred as
early as 10 min after treatment com-
pared with time zero (Figures 1A, C). In
parallel, the phosphorylation of up-
stream kinase of AMPK liver kinase B1
(LKB1) (data not shown) and CaMKII
(Figures 1A, B), and downstream target
ACC for AMPK activation (Figures 1A,
D), were time dependently increased in
response to evodiamine. Additionally,
the phosphorylation of eNOS at Ser635
and Ser1179, two target sites of AMPK,
was increased with evodiamine treat-
ment (Figures 1A, E). Moreover, treat-
ment of capsaicin, another TRPV1 lig-
and, also elevated the phosphorylation
of AMPK and eNOS at Ser635 and
Ser1179 (Figure 1F).

MOL MED 18

We next examined whether the ligand-
induced increase in AMPK and eNOS
phosphorylation was specifically due to
TRPV1 activation. Treatment with
1 umol/L evodiamine significantly in-
creased AMPK (Figure 2A) and eNOS
phosphorylation (Figure 2B), both of which
were nearly abrogated by pretreatment
with CPZ, a specific TRPV1 antagonist. Re-
moving extracellular Ca** in medium by
EGTA, a cell nonpermeant Ca*" chelator,
prevented the evodiamine-induced phos-
phorylation of AMPK (Figure 2C); more-
over, pretreatment with KN62 (a CaMKII
inhibitor) abrogated the evodiamine-
induced increase in AMPK phosphoryla-
tion (Figure 2D), which indicates that
CaMKII is the upstream molecule of the
AMPK signaling pathway. These results
suggest the essential role of Ca**-
dependent CaMKII/ AMPK signaling in
the TRPV1-mediated activation of eNOS.
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Figure 5. AMPK is involved in the formation of TRPV1 and eNOS by TRPV1 ligand in ECs. (A, B) BAECs were treated with evodiamine

(1 umol/L) for 15 min. (C) BAECs were pretreated with compound C (10 umol/L) for 1 h or tfransfected with dnAMPK mutant (K45R) for

24 h, then incubated with 1T umol/L evodiamine for 15 min. Cell lysates were immunoprecipitated (IP) with anti-IgG, anti-AMPK or anti-
TRPV1 antibodies, and precipitates were probed for TRPV1, eNOS and AMPK as indicated by immunoblotting (IB). (D) BAECs were co-
tfransfected with pM, pVRE pM-TRPV1, pVP-eNOS, pM3-VP16, pG5SEAP (secreted human alkaline phosphatase) or K45R for 48 h. Trans-
fected cells were pretreated with or without compound C (10 umol/L) for 1 h, then freated with or without evodiamine (1 umol/L) for an
additional 24 h. The pM3-VP16/pG5SEAP-fransfected group was a positive control. The SEAP activity in culture media was determined by
GreatEscAPe SEAP chemiluminescence detection kits. Data are mean + SD from five independent experiments. *P < 0.05 versus non-
freated group (A-C) or pM-TRPV 1/pVP-eNOS/pG5SEAP-transfected group (D), *P < 0.05 versus evodiamine-treated group (A-C) or evodi-
amine-freated pM-TRPV1/pVP-eNOS/pG5SEAP group (D).

AMPK Activation Is Required for TRPV'1
Ligand-Mediated eNOS Activation
and EC Functions

We next examined whether the
evodiamine-induced increase in AMPK
phosphorylation contributes to eNOS
activation and consequent NO produc-
tion. Pretreatment with 10 umol/L
compound C, a specific AMPK antago-
nist, abrogated the ligand-induced
phosphorylation of AMPK and eNOS,
as well as NO production in BAECs
(Figures 3A, B). NO-dependent angio-
genesis is a critical process involving
the growth and development of new
blood vessels, to implement wound
healing or be the target for combating
diseases such as arteriosclerosis and is-
chemic heart disease (24). We next in-
vestigated whether AMPK activation is
involved in this physiological function

810 | CHING ET AL.

of ECs by activating TRPV1. Blockage
of AMPK activation by compound C
prevented the evodiamine-elicited tube
formation (Figure 3C).

To further confirm the role of AMPK
activation in TRPV1-mediated eNOS
activation and EC functions, we inhib-
ited AMPK activity by overexpressing
dominant-negative AMPK (dnAMPK)
mutant (K45R) in BAECs. As shown in
Figures 4A, B, the increase in the phos-
phorylation of eNOS and NO production
by evodiamine were nearly abolished in
dnAMPK mutant-overexpressed BAECs.
Moreover, overexpression of dnAMPK
mutant prevented the evodiamine-
induced increase in tube formation (Fig-
ure 4C). These results strongly suggest
that AMPK signaling plays a pivotal role
in TRPV1-mediated eNOS activation and
EC functions.

| MOL MED 18:805-815, 2012

AMPK Signaling Is Essential for the
Ligand-Induced Increase in
Association of TRPV1 and eNOS

In addition to kinase-dependent regu-
lation, the physical interaction of eNOS
with various intracellular proteins plays
a crucial role in the regulation of eNOS
activity (25,26). We previously demon-
strated that Ca**-dependent PI3K / Akt/
CaMKII signaling is important for the
ligand-induced increase in TRPV1-eNOS
interaction (8); however, whether AMPK
also participates in evodiamine-induced
association of TRPV1 and eNOS is
largely unknown. Results from immuno-
precipitation assay revealed that treat-
ment with 1 umol/L evodiamine for
15 min increased the interaction of
AMPK with TRPV1 and eNOS, and
TRPV1 with eNOS (Figures 5A, B). Inhi-
bition of AMPK activation by compound
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Figure 6. Deletion of TRPV1 impairs evodiamine-induced phosphorylation of AMPK and eNOS. (A) MAECs were isolated from 8-wk-old
male WT and TRPVI1”~ mice and treated with 1 umol/L evodiamine for 15 min. (B) Male WT mice were killed after intraperitoneal (ip) in-
jection with evodiamine (83 mg/kg) for the indicated fimes. The confrol mice received the same amount of vehicle. (C) Male WT and
TRPVI™~ mice were killed after evodiamine injection (3 mg/kg) for 4 h. Cellular or tissue extracts from cortas were immunoblotted with
phosphorylated AMPK at Thr172, AMPK, phosphorylated eNOS at Ser635 and Ser1179, and eNOS. Data are mean + SD from five mice.
*P < 0.05 versus time zero or WT mice without evodiamine treatment, *P < 0.05 versus WT mice with evodiamine treatment.

C or dnAMPK mutant prevented the
evodiamine-induced formation of the
AMPK-TRPV1 complex (Figure 5C). Ad-
ditionally, the physical interaction be-
tween TRPV1 and eNOS was further
supported by a mammalian two-hybrid
assay. Treatment with evodiamine in-
creased the interaction of pM-TRPV1 and
pVP-eNOS, as revealed by an increase in
secreted human alkaline phosphatase
(SEAP) activity in the medium. Further-
more, suppression of AMPK activation
inhibited the TRPV1-eNOS interaction—
mediated increase in SEAP activity (Fig-
ure 5D). Thus, AMPK signaling may be
required for the TRPV1 ligand-induced
increase in TRPV1-eNOS interaction.

Role of AMPK in TRPV1 Ligand-
Mediated eNOS Phosphorylation In
Vivo

Results from primary MAECs showed
that evodiamine treatment increased the
phosphorylation of AMPK and eNOS in

WT cells, and deletion of TRPV1 com-
pletely abrogated such effects (Fig-

ure 6A). We intraperitoneally injected
male WT mice with evodiamine and
measured the phosphorylated levels of
AMPK in aortas. In WT mice, the in-
crease in AMPK phosphorylation was in-
duced as early as 1 h after injection (Fig-
ure 6B). In contrast, the TRPV1 ligand-
induced increase in AMPK and eNOS
phosphorylation was markedly lower in
TRPV1™'~ than WT aortas (Figure 6C).

AMPK Plays a Crucial Role in TRPV1
Ligand-Mediated Promotion of
Angiogenesis and Retardation of
Atherogenesis In Vivo

We previously reported that ligand-
activated TRPV1 increased vasculariza-
tion in matrigel plugs in WT mice; how-
ever, whether AMPK is involved in this
effect was largely unknown. The combi-
nation of evodiamine (1 umol/L) and
compound C (10 umol /L) markedly at-
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tenuated evodiamine-increased angio-
genesis and hemoglobin content in ma-
trigel plugs (Figure 7A). Similar results
were also found in a hind-limb ischemia
mouse model. Intraperitoneal injection of
evodiamine (3 mg/kg) increased capil-
lary numbers in ischemic limb muscle;
however, combined treatment with evo-
diamine (3 mg/kg) and compound C

(1 mg/kg) markedly decreased evodi-
amine-increased neovascularization (Fig-
ure 7B). Moreover, because improved EC
function is important for impeding the
development of atherosclerosis, we in-
vestigated chronic treatment with evodi-
amine (10 mg/kg) to activate TRPV1 in
ApoE™'~ and ApoE”"TRPV1~'~ mice by
gastric gavage for 4 wks. With evodi-
amine treatment, ApoE~~ mice but not
ApoE”"TRPV1~/~ mice showed signifi-
cantly reduced atherosclerotic lesion
areas (Figure 7C) and, in parallel, in-
creased phosphorylation of AMPK and
eNOS in aortas (Figure 7D). These results
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Figure 7. Role of AMPK in evodiamine-induced angiogenesis in WT mice and retardation of atherosclerosis in ApoE™~ mice. (A) Eight-
week-old male WT mice were subcutaneously injected with matrigel plugs containing heparin (60 U/mL) with or without evodiamine

(1 umol/L) or compound C (10 umol/L). At 7 d postadministration, plugs were removed and photographed, and the hemoglobin content
was analyzed. Data are mean + SD from eight mice. *P < 0.05 versus WT mice without evodiamine treatment, *P < 0.05 versus WT mice
with evodiamine treatment. (B) Immunohistochemical staining of ischemic tissues with anti-CD31 antibody and quantitative analysis of
capillary density in mice on postoperative d 14. Capillary density was expressed as the numlber of capillaries per field (200x). Hematoxylin
was used as counterstaining. Data are mean + SD from five mice. *P < 0.05 versus WT mice without evodiamine treatment, P < 0.05 ver-
sus WT mice with evodiamine treatment. (C, D) Male ApoE"‘ and ApoE'/'TI?PVI"‘ mice at 4 months received daily oral administration of
evodiamine (10 mg/kg body weight) or saline (vehicle control) by gastric gavage for 4 wks, and hearts and aortas were harvested. The
atherosclerotic lesions that developed at the aortic roots were quantitated. Tissue extracts from aortas were immunoblotted with phos-
phorylated AMPK at Thr172, AMPK, phosphorylated eNOS at Ser635 and Ser1179, and eNOS. Data are mean + SD from 10 mice. *P < 0.05

versus the ApoE™ mice control group, *P < 0.05 versus ApoE™~ mice with evodiamine treatment.

suggest that AMPK may play a critical
role in the TRPV1-mediated pathophysi-
ological function of ECs in vivo.

DISCUSSION

Although TRPV1 has been implicated
in the regulation of EC physiological
functions, the potential molecular mech-
anism underlying TRPV1 function is not
fully resolved. In the current study, we
characterized the critical role of AMPK in
TRPV1-mediated eNOS activation and
NO production in ECs. Exposing ECs to
a TRPV1 ligand, evodiamine, increased
NO production, phosphorylation of
eNOS at Ser635 and Ser1179, and AMPK
phosphorylation. This increased eNOS
phosphorylation was preceded by en-
hanced phosphorylation of AMPK. With
the use of a specific AMPK inhibitor or
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dnAMPK mutant, we revealed that
TRPV1 ligand-induced phosphorylation
of eNOS at Ser635 and Ser1179, NO pro-
duction and angiogenesis depended on
the activation of the AMPK signaling
pathway. These findings are in line with
previous findings that AMPK function-
ally phosphorylates eNOS at Ser635 and
Ser1179 in ECs and subsequently pro-
motes NO bioavailability in ECs (27,28).
Consistent with our in vitro findings,
WT but not TRPV1™'~ aortas showed in-
creased phosphorylation of AMPK and
eNOS at Ser635 and Ser1179 with evodi-
amine treatment. NO-dependent angio-
genesis is a critical remodeling process in
new blood vessel development, wound
healing and combating illnesses such as
arteriosclerosis and ischemic heart dis-
eases. We further validated that AMPK

MOL MED 18:805-815, 2012

played a crucial role in TRPV1 ligand-
mediated promotion of angiogenesis in
matrigel plugs and in a hind-limb ische-
mia model. Additionally, chronic treat-
ment of ApoE’/ ~ mice with evodiamine
elevated phosphorylation of AMPK and
eNOS, thus leading to retarded athero-
sclerosis. These findings strongly suggest
that AMPK is a crucial regulator in the
TRPV1 activation—elicited promotion of
eNOS activation and NO production, as
well as the amelioration of atherosclero-
sis. We then used an EC culture system
to elucidate how AMPK signaling regu-
lates the evodiamine-induced activation
of eNOS/NO signaling pathway.
Interestingly, blocking TRPV1-
mediated Ca®* entry by a specific antago-
nist or removing extracellular Ca®* by
EGTA abrogated the evodiamine-evoked



increase in phosphorylation of AMPK
and eNOS. Of note, in concert with
AMPK-mediated eNOS activation, we
found CaMKII to be the upstream signal-
ing molecule for AMPK phosphorylation
with evodiamine stimulation. Several
lines of evidence point to the tumor sup-
pressor kinase LKB1 as an upstream
AMPK kinase (AMPKK) in the activation
of AMPK signaling in variety of patho-
physiological conditions (29,30). Indeed,
we found that evodiamine could also be
involved in the time-dependent increase
of LKB1 phosphorylation (data not
shown). However, whether LKB1 is in-
volved in TRPV1-mediated eNOS activa-
tion and its crosstalk with CaMKII sig-
naling remains an area for further
investigation. Moreover, our results re-
garding the non-LKB1 AMPKK function
of CaMKII in TRPV1 ligand—induced ac-
tivation of AMPK/eNOS signaling are
consistent with previous studies of caf-
feine-elicited fatty acid uptake and oxi-
dation, and puerarin-increased eNOS
phosphorylation mediated through a
CaMKII/AMPK signaling pathway
(31,32).

Recently, growing evidence has sug-
gested that the TRPV1 channel plays an
important role in the activation of eNOS
activation and eNOS-related cardiovas-
cular diseases such as hypertension and
atherosclerosis (7,8). TRPV1 activation by
capsaicin leads to increased phosphory-
lation of protein kinase A (PKA) and
eNOS in ECs and improved vasorelax-
ation and reduced blood pressure in hy-
pertensive rats (7). Additionally, we pre-
viously reported that TRPV1 activation
by evodiamine or capsaicin triggered
Ca*"/PI3K/ Akt/CaMKII signaling—
dependent eNOS activation in ECs and
that genetic deletion of TRPV1 exacer-
bated the development of atherosclerosis
in ApoE’/ “mice (8). Moreover, several
studies revealed that AMPK is a target
for TRPV1-mediated regulation in physi-
ological functions of various types of
cells or organs. For example, treatment
with capsaicin inhibits 3T3-L1 preadipo-
cyte differentiation and increases the ex-
pression of proteins associated with en-

ergy expenditure in L6 skeletal muscle
cells by activating the AMPK signaling
pathway (33,34). In addition, Kim ef al.
(35) demonstrated the involvement of the
AMPXK signaling cascade in capsaicin-
induced apoptosis of HT-29 colon cancer
cells. In this study, we further confirmed
the crucial role of an AMPK signaling
pathway in TRPV1 ligand-induced
eNOS activation in ECs. Moreover, our in
vivo observations indicate that genetic
ablation of TRPV1 reduced the phospho-
rylation of AMPK in aortas of ApoE’/ -
mice, which may be attributed to the ex-
acerbation of atherosclerosis in TRPV1™/~
ApoE™'~ mice.

Emerging evidence indicates that the
activation of AMPK plays an important
role in physiological and pathological
functions of the cardiovascular system
(16,17). Both endogenous and exogenous
stimuli may induce eNOS-derived NO
production by activating AMPK signal-
ing. For instance, shear stress, the major
physiological stimulation in the vascular
system, was found to activate AMPK,
which in turn phosphorylated eNOS at
Ser635 and Ser1179, thus leading to en-
hanced NO bioavailability (27,36). Addi-
tionally, several cytokines such as vascu-
lar endothelial growth factor and
erythropoietin have been postulated to
promote endothelial progenitor cell dif-
ferentiation, EC survival and angiogene-
sis through an AMPK signaling pathway
(37-41). In addition to the beneficial ef-
fects of AMPK in the endothelium, acti-
vation of AMPK by the pharmacological
activator aminoimidazole-carboxamide-
ribonucleotide (AICAR) profoundly in-
hibited platelet-derived growth factor—
or angiotensin II-induced smooth muscle
cell proliferation (42). In addition,
AICAR inhibited the formation of foam
cells and progression of atherosclerosis
(43). In contrast, genetic deletion of
AMPKo2 aggravated the progression of
atherosclerosis in ApoE’/ “mice (44).

Notably, our study showed that expos-
ing ECs to evodiamine rapidly increased
the physical interaction of TRPV1 with
eNOS and AMPK. In neuronal cells, the
interaction of TRPV1 with other intracel-
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lular proteins such as PKA and CaMKIJ,
two key kinases involved in the regula-
tion of eNOS activation, is an important
event in the regulation of TRPV1 channel
activity. This notion was further sup-
ported by our findings that in parallel to
the eNOS activation, exposing ECs to
evodiamine markedly increased the
physical interaction of TRPV1 with
eNOS and AMPK. Thus, apart from its
channel function, TRPV1 may function
as a scaffold for the recruitment and for-
mation of a complex encompassing
eNOS and kinases, and these protein—
protein interactions may also be critical
for the regulation of eNOS activity,
which agrees with our previous finding
of TRPV1 ligands promoting the forma-
tion of the TRPV1-Akt-CaMKII-eNOS
complex in ECs (8). These findings
strongly indicate that kinase-dependent
regulation and protein—protein interac-
tion may work in concert to promote
eNOS activation and NO production in
response to TRPV1 ligands in ECs. Simi-
larly, another transient receptor potential
(TRP) channel, TRPC3, has been identi-
fied to contain an AMPK binding site at
its C-terminal domain, which is essential
for TRPC3 activation and its association
with the intracellular cytoskeleton in re-
sponse to erythropoietin stimulation (45).
In traditional Chinese medicine, the
fruit of Evodiae fructus has been widely
used in humans for centuries to treat an-
gina pectoris, hypertension, gastrointesti-
nal diseases and headache (46-48). Dur-
ing the past decades, evodiamine, the
main ingredient of the bioactive compo-
nents of this fruit, had been found to
account for the antiarrhythmic or hy-
potensive effect by prolonging the
action-potential duration in cardiac cells
or by inducing vascular relaxation
(49,50). Notably, we recently demon-
strated that evodiamine can induce an
increase in NO bioavailability in ECs and
confer protection from atherosclerosis in
ApoE-deficient mice (8). In this study, we
further confirmed that clinical relevance
of TRPV1-AMPK signaling in evodi-
amine-mediated angiogenesis and
atheroprotection. Thus, our findings sug-
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gest that evodiamine may be a cardio-
vascular protective agent. On the other
hand, the clinical significance of TRPV1
function has been implicated in cardio-
vascular diseases (7,8,51). For instance,
activation of TRPV1 by capsaicin causes
eNOS-dependent vasorelaxation and
thereby reduces the blood pressure in ex-
perimental animals (7). Activation of
TRPV1 by capsaicin delays the onset of
stroke in experimental animals (51).
These lines of evidence imply that evodi-
amine-mediated TRPV1 activation may
have the clinical therapeutic value in
eNOS-related cardiovascular disease.

CONCLUSION

In conclusion, our findings suggest
that TRPV1 activation by evodiamine in
ECs may trigger AMPK signaling to inte-
grate kinase-dependent regulation and
protein—protein interaction in the activa-
tion of eNOS, which in turn augments
NO production to promote angiogenesis,
leading to retarded atherogenesis. The
molecular mechanisms revealed in this
study may provide new information for
better understanding of the molecular
mechanisms by which evodiamine af-
fects angiogenesis and atherosclerosis.
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