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Transient Receptor Potential Vanilloid Type 1 Protects
Against Pressure Overload–Induced Cardiac Hypertrophy
by Promoting Mitochondria-Associated Endoplasmic

Reticulum Membranes

Yuxiang Wang, MD,*† Xiuchuan Li, PhD,† Xiaoli Xu, BS,‡ Xuemei Qu, PhD,‡
and Yongjian Yang, MD, PhD*†

Abstract: Transient receptor potential vanilloid type 1 (TRPV1) is a
nonselective cation channel that mediates the relationship between
mitochondrial function and pathological myocardial hypertrophy.
However, its underlying mechanisms remain unclear. This study
aimed to investigate whether TRPV1 activation improves the
morphology and function of intracellular mitochondria to protect
cardiomyocytes after pressure overload-induced myocardial hypertro-
phy. The myocardial hypertrophy model was established by perform-
ing transverse aortic constriction surgery in C57BL/6 J male mice. The
data revealed that TRPV1 activation significantly reduced myocardial
hypertrophy, promoted ejection fraction% and fractional shortening%,
and decreased the left ventricular internal diameter in end-diastole and
left ventricular internal diameter in end-systole after transverse aortic
constriction. Moreover, in vitro experiments revealed that TRPV1
reduces cardiomyocyte area and improves mitochondrial function by
promoting mitochondria-associated endoplasmic reticulum membranes
(MAMs) formation in a phenylephrine-treated cardiomyocyte hyper-
trophy model. TRPV1 up-regulates the phosphorylation levels of
AMP-activated protein kinase and expression of mitofusin2 (MFN2).
TRPV1 function is blocked by single-stranded RNA interfering with
silent interfering MFN2. Activation of TRPV1 reduced mitochondrial

reactive oxygen species caused by phenylephrine, whereas disruption
of MAMs by siMFN2 abolished TRPV1-mediated mitochondrial
protection. Our findings suggest that TRPV1 effectively protects
against pressure overload-induced cardiac hypertrophy by promoting
MAM formation and conserved mitochondrial function via the AMP-
activated protein kinase/MFN2 pathway in cardiomyocytes.
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INTRODUCTION
Uncontrolled hypertension and aortic stenosis increase

afterload. In response to pressure overload, cardiomyocyte size
increases, leading to adverse cardiac remodeling, myocardial
dysfunction, capillary rarefaction, interstitial fibrosis, and heart
failure.1 Cardiac hypertrophy is an important prepathology of
heart failure. However, the mechanisms underlying pathologi-
cal cardiac hypertrophy remain largely unknown. At the cellu-
lar level, cardiomyocyte hypertrophy is driven by changes in
ion channels and metabolic remodeling.1–3

Transient receptor potential vanilloid type 1 (TRPV1) is
a widely reported nonselective cation channel that may mediate
the relationship between mitochondrial function and patholog-
ical myocardial hypertrophy.4 The correlation between TRPV1
and myocardial hypertrophy is widely known.4,5 A previous
study showed that capsaicin, a TRPV1 agonist, could protect
against high-salt-intake-induced left ventricular hypertrophy by
reducing oxidative stress and inhibiting hypertrophic signaling
pathways,6,7 whereas the genetic ablation of TRPV1 exacer-
bates pressure overload-induced cardiac hypertrophy.5 Because
the role of TRPV1 in the pathogenesis of myocardial hypertro-
phy and the underlying molecular mechanisms remain unclear,
the protective effect of TRPV1 on mitochondrial function
could play a beneficial role in cardiomyocyte hypertrophy.6–8

Further studies should focus on the mechanisms by which
TRPV1 regulates mitochondrial function.

The complex network encompassing microdomains
linking mitochondria and the endoplasmic reticulum (ER),
named mitochondria-associated endoplasmic reticulum mem-
branes (MAMs), regulates mitochondrial calcium transfer,
mitochondrial oxidative capacity, and metabolism.9,10 Studies
have reported that disorders of cardiomyocyte mitochondrial
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function regulated by MAMs could lead to the development
of heart injuries such as diabetic cardiomyopathy and heart
failure.11–13 Mitofusin2 (MFN2) is an essential mitochondrial
fusion protein and an adaptor for chaining the ER and mito-
chondria, playing an important role in MAM formation.14,15

Numerous studies have shown that MAM participates
in mediating the initiation site of autophagosome formation
and mitochondrial division.16,17 Studies have reported that
MFN2 is involved in the autophagy of cardiomyocytes, in
which autophagosomes accumulate in MFN2 knockout car-
diomyocytes because of impaired fusion of autophagosomes
with lysosomes in the absence of MFN2.18 This further proves
that MFN2 promotes membrane integration. Some studies pro-
vided evidence that imbalanced mitochondrial dynamics
induced by downregulated MFN2 contribute to the develop-
ment of heart failure and diabetic cardiomyopathy.19,20 MFN2
in diabetic hearts inhibits mitochondrial fission and prevents
the progression of diabetic cardiomyopathy.20

AMP-activated protein kinase (AMPK), as a guardian
for mitochondrial energy homeostasis, is responsible for
mitochondrial fission, whereas MAM is involved in these
processes.21–23 AMPK dysfunction is ascribed to many cel-
lular pathophysiological processes, such as diabetes, cancer,
obesity, and cardiovascular disease.24–27 Recent research has
shown that, under energy stress, the AMPK-MFN2 axis reg-
ulates MAM dynamics, in which AMPK interacts with and
phosphorylates MFN2, directly promoting MAM forma-
tion.28 However, it is largely unknown how TRPV1 regulates
MAM in myocardial hypertrophy.

In the present study, we detected the role of TRPV1 in
cardiac hypertrophy and found that TRPV1 expression was
increased in the myocardium of transverse aortic constriction
(TAC) mice or phenylephrine (PE)-treated cardiomyocytes.
Further studies used capsaicin to increase TRPV1 activity and
reported that its activation improved mitochondrial function
by increasing MAM formation. We explored whether TRPV1
activation promotes MAM formation through AMPK-MFN2
signaling in response to myocardial hypertrophy.

METHODS

TAC Mouse Model
Male C57BL/6 J mice (6-week-old) were purchased from

SPF Biotechnology (Beijing, China). TAC surgery was per-
formed as previously described.29 Briefly, male mice were anes-
thetized with 2% isoflurane (Baxter, Guayama) and kept on a
378C heated plate. Next, the thoracic cavity was opened. A
curved needle was placed under the arch and perforated between
the vascular wall and the connective tissue. The 6-0 monofila-
ments were sutured with a curved needle and pulled under the
aortic arch. Next 27-gauge blunted needles were placed into the
ring, the suture was secured with a double knot, and the blunt
needle was gently removed. Finally, the contraction was con-
firmed with the knot position, and both ends of the suture were
cut. An identical procedure was used for the sham surgery with-
out suture placement. Three days after TAC surgery, mice were
given normal standard chow (control group) or normal chow
plus 0.01% capsaicin (capsaicin group; 0.01 g capsaicin per

100 g chow).6 Eight weeks after surgery, the weights of the
hearts were measured and photographed. Some hearts were fixed
in 4% paraformaldehyde for histological analysis, whereas
others were stored at 2808C for the biochemical analyses.

All animal manipulations were performed in strict accor-
dance with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health (NIH) (Bethesda,
MD). Formal approval to conduct the animal experiments
described here was obtained from the Ethics Committee and
the Institutional Animal Care and Use Committee of the General
Hospital of Western Theater Command (2020ky012). All
surgeries were performed with the animals under anesthesia.
All efforts were made to minimize suffering and use only the
number of animals necessary to produce reliable scientific data.
No alternatives to animal experimentation are available for this
type of experiment.

Echocardiography
Echocardiography was performed 8 weeks after the TAC

or sham surgery. Cardiac function was assessed using a Vivid 9
high-frequency color Doppler ultrasound system and a 40-
MHz transducer (GE Healthcare, Boston, MA) operated by a
blinded and skilled technologist. The mice were anesthetized
using 2% isoflurane (Baxter) and the heart rates were kept at
450–550 beats/min. Left ventricular internal dimensions at
end-diastole and left ventricular internal dimensions at end-
systole were measured under M-mode and B-mode from the
left ventricular parasternal long axis. Fractional shortening (%)
and ejection fraction (%) were calculated.

Neonatal Rat Cardiomyocytes Isolation,
Culture, and Treatment

Neonatal rat cardiomyocytes were obtained as
described previously.30 One-day-old neonatal rats were rinsed
quickly in 75% ethanol solution for surface sterilization. The
pups were decapitated using sterile scissors (straight), and the
chest was opened along the sternum to allow access to the
chest cavity and heart. The hearts were isolated from the chest
cavity, washed, and minced in phosphate buffered saline. The
minced neonatal hearts were dispersed by enzymatic diges-
tion with 1.25 mg/mL trypsin (Invitrogen, Carlsbad, CA) and
0.8 mg/mL collagenase II (Worthington, Lakewood, NJ).

After fibroblast removal by differential attachment for 90
minutes, the cardiomyocytes were plated in plates or slides
according to the experimental requirements. DMEM/F12
medium (Gibco, Grand Island, NY) contained 10% fetal bovine
serum (Gibco), 100 U/mL penicillin/streptomycin (Invitrogen),
and 0.1 mmol/L bromodeoxyuridine (Beyotime, Jiangsu, China).
Twenty-four hours after seeding, the cardiomyocytes were
starved in serum-free medium and then treated with PE before
the addition of drugs and exposed to 20 mM PE for 48 hours to
induce hypertrophy. The drug sources and doses were as follows:
Capsaicin (Cap; 1 mM), compound C (CC; 1 mM), PE (20 mM);
all were purchased from MedChemExpress (Shanghai, China).

siRNA Transfections
Neonatal rat cardiomyocytes were transfected with

MFN2 siRNA (50 nM; RiboBio, Guangdong, China) in
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OPTI-MEM reduced serum media (Gibco) using lipofect-
amine RNAiMax transfection reagent (Invitrogen). All the
siRNA sequences are listed in Table 1.

Heart Histology
Hearts from all groups were fixed with 4% paraformal-

dehyde. Dehydration and embedding in paraffin were performed
using routine histological procedures. Subsequently, the samples
were sectioned transversely at 4-mm thicknesses. The
sections were stained with hematoxylin and eosin (Solarbio,
Beijing, China) to determine the morphology of the whole heart
and observed under a microscope (M8, Precise, Germany). For
wheat germ agglutinin staining, the heart was cut in half by
forming a transverse slice between the atrioventricular sulcus
and apex. The base specimen was fixed in 10% formalin buffer,
embedded in paraffin, and cut into 4-mm-thick sections.

The cross-sectional areas of the cardiomyocytes were
measured in images captured in sections stained with 5 mM
wheat germ agglutinin (Invitrogen) for 20 minutes at room tem-
perature. The images were observed using a fluorescence micro-
scope (Eclipse Ti-U; Nikon Corporation, Tokyo, Japan). The
cross-sectional areas were measured in the papillary muscle
zone, and a total of 5 sections per animal were analyzed to check
for hypertrophy using ImageJ software (NIH, Bethesda, MD).

Transmission Electron Microscopy
Cells grown in 10-cm plastic dishes were fixed with

2% (w/v) glutaraldehyde buffered with 0.1 M sodium
cacodylate at pH 7.4, for 2 hours at room temperature. The
fixed cells were carefully detached using a plastic cell scraper,
collected into Eppendorf tubes, and centrifuged to obtain a
pellet. The samples were further incubated with 2% osmium
tetroxide and 0.1 mM sodium cacodylate (pH 7.4) for 1 hour
at 48C. Ultrathin sections were stained with uranyl acetate and
lead citrate and examined under a JEM-1400Plus electron
microscope (Hitachi, Tokyo, Japan). ER-mitochondrial con-
tacts were quantified as previously described.31

The images were analyzed using ImageJ software (NIH).
The mitochondrial and ER membranes were delineated using
the freehand tool of ImageJ (NIH). The selected areas were
converted to masks (analysis module of ImageJ software),
where the segmentation region of the ER and mitochondria
were separated from the original image. The perimeters and
distances of the ER and mitochondria (30 nm) were calculated.
For MAM quantification, we normalized the length of total ER
connected to the mitochondria to the total ER perimeter.

Endoplasmic Reticulum and Mitochondria
Contact Analysis

The cells were labeled with MitoTracker Red (Beyotime)
and ER-Tracker Green (Beyotime) and observed using a
confocal microscope (Olympus AX70, Tokyo, Japan).

Pearson correlation analysis was used to quantify the degree
of colocalization between the fluorophore ER and mitochon-
dria.32 Pearson’s correlation coefficient was analyzed using the
colocalization analysis module from ImageJ software (NIH).

Quantitative Real-Time Polymerase Chain
Reaction

Total RNA was extracted from tissues or cells using
TRIzol reagent (TaKaRa, Tokyo, Japan). Chloroform (0.2
mL) was added to each 1 mL of TRIzol, shaken vigorously
for 15 seconds, and left at room temperature for 3 minutes.
Centrifugation at 10,000g at 48C for 15 minutes. The sample
consisted of 3 layers: a yellow organic phase (bottom); a
colorless aqueous phase (upper); and an intermediate layer.
RNA was mainly present in the aqueous phase. We trans-
ferred the water phase to a new tube; RNA in the aqueous
phase was precipitated with isopropyl alcohol. We then added
0.5 mL of isopropyl alcohol to each 1 mL of TRIzol and
allowed it to stand at room temperature for 10 minutes.

After centrifugation at 48C for 10 minutes at 10,000g, no
RNA precipitation was observed before centrifugation, whereas
a gelatinous precipitation appeared at the side and bottom of the
tube after centrifugation. We then removed the supernatant. The
RNA precipitate was washed with 75% ethanol. At least 1 mL
of 75% ethanol was added to every 1 mL of TRIzol. The mix-
ture was centrifuged for 5 minutes at 7500g at 48C, and the
supernatant was discarded. The RNA precipitates were dried
at room temperature for approximately 5–10 minutes.

One microgram of RNA was used to synthesize cDNA
using PrimeScript RT Master Mix (TaKaRa) following the

TABLE 1. List of siRNA

Target Species Sequence

Mfn2 Rat CCTCTCCTTTGGACTGTAT

TABLE 2. List of PCR Primers

Target Species Application

ANP Rat Fwd: 50- TGAGCCGAGACAGCAAACAT
-30

Rev: 50- CAATATGGCCTGGGAGCCAA
-30

BNP Rat Fwd: 50- CAGAAGCTGCTGGAGCTGATA
-30

Rev: 50- GGCGCTGTCTTGAGACCTAA
-30

b-MHC Rat Fwd: 50- CCGAGTCCCAGGTCAACAAG
-30

Rev: 50- CTTGGAGCTGGGTAGCACAA
-30

TRPV1 Rat Fwd: 50- TTGGTGGAGAATGGAGCAG -30

TRPV1 Mouse Rev: 50- TGTGTTATCTGCCACCTCCA -30

Rev: 50- ATTGCTCTGCTCCTGGACAT -30

Fwd: 50- TTCTCCACCAAGAGGGTCAC
-30

Mfn2 Rat Fwd: 50- TCCATCGTCACCGTCAAGAAG
-30

Rev: 50-
TGGCAGTGACAAAGTGCTTGAG -30

GAPDH Rat Fwd: 50- GCCCAGCAAGGATACTGAGA
-30

Rev: 50-
GATGGTATTCGAGAGAAGGGAGG -30
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manufacturer’s instructions. Quantitative real-time PCR was
performed using SYBR Green dye (TaKaRa). The primers
used are shown in Table 2.

Western Blotting
Proteins were extracted from heart tissues or primary

cardiomyocytes with ice-cold tissue extraction reagent
(Beyotime) containing a protease inhibitor cocktail (Roche,
Indianapolis, IN) and phosphatase inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO). The homogenate was sonicated and
kept on ice for 1 hour. The lysate was centrifuged at 12,000g
for 30 minutes. The supernatants were boiled in loading
buffer (Solarbio) for 10 minutes at 1008C, and the samples
were stored at 2208C before use. Protein samples (30 mg)
were separated by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis on a 10% or 15% polyacrylamide gel
and electrotransferred to nitrocellulose membranes.

After the nonspecific binding sites were blocked in
Tris-buffered saline containing 5% nonfat dry milk for 1 hour,
the membranes were incubated at 48C overnight with primary
antibodies, including mouse anti-TRPV1 (1:1000; cat. No. sc-
398417; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit
anti–voltage-dependent anion channels (1:1000; cat. No.
10866-1-AP; Proteintech, Wuhan, China), rabbit anti-inositol

1,4,5-trisphosphate receptor (IP3R) (1:1000; cat. No. 19962-
1-AP; Proteintech), rabbit anti-P-AMPK (1:1000; cat. No.
8208; Cell Signaling Technology, Danvers, MA), rabbit
anti-AMPK (1:1000; cat. No. 5832; Cell Signaling
Technology), rabbit anti-MFN2 (1:1000; cat. No. 12186-1-
AP; Proteintech), rabbit anti-atrial natriuretic peptide (ANP)
(1:500; cat. No. 27426-1-AP; Proteintech), rabbit anti-B-type
natriuretic peptide (BNP) (1:500; cat. No. 13299-1-AP;
Proteintech), and rabbit anti-beta-myosin heavy chain
(b-MHC) (1:500; cat. No. 10799-1-AP; Proteintech). Mouse
anti-GAPDH antibody (1:5000; cat. No. 60004-1-lg;
Proteintech) was used as an internal control. The membranes
were then washed and incubated with IRDye680-labeled goat
anti-rabbit (1:10,000; cat. No. 926–68071; Li-Cor
Biosciences, Lincoln, NE) or IRDye800-labeled goat anti-
mouse secondary antibody (1:10,000; cat. No. 926–68070;
Li-Cor Biosciences) at room temperature for 1 hour. The
membranes were washed 3 times in Tris-buffered saline with
Tween-20, and the bands were detected using an Odyssey
Infrared Imaging System (Li-Cor Biosciences). The images
were analyzed using the Odyssey Application Software to
obtain integrated intensities. ImageJ software (NIH) was used
to analyze the average gray value of each band.

FIGURE 1. Pressure overload increased TRPV1 expression in myocardium and cardiomyocytes. TRPV1 protein and mRNA
expression in myocardium following TAC (A and C). PE-treated neonatal rat cardiomyocytes (B and D) were detected by
immunoblotting and reverse transcription polymerase chain reaction. n = 6 per group. *P, 0.05 compared with sham or control.
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Immunoprecipitation
Equal amounts of cell lysates (1000 mg total protein) were

incubated with an anti-IP3R antibody (4 mg; cat. No. 19962-1-
AP; Proteintech) overnight at 48C. Next, 50 mL of protein G Plus-
agarose beads (Santa Cruz Biotechnology) were added, and the
lysates were incubated for another 4 hours at 48C. The beads were
washed 3 times in lysis buffer, and the proteins were eluted with
loading buffer by boiling at 1008C for 15 minutes. The elution
was then analyzed by western blotting for voltage-dependent
anion channels (1:1000; cat. No. 10866-1-AP; Proteintech).

Immunofluorescence
Primary cardiomyocytes were fixed with 4%

paraformaldehyde (v/v) in EZ slides (Millipore, Billerica,
MA) for 15 minutes, permeabilized with 0.3% Triton
X-100 (v/v) for 15 minutes, and blocked with 5% bovine
serum albumin for 30 minutes at room temperature. The cells
were incubated with mouse anticardiac troponin T (cTnT)
primary antibodies (1:100; cat. No. MA5-12960; Invitrogen)
overnight at 48C, followed by Alexa Fluor 488-conjugated
secondary antibodies (1:100; cat. No. A32723; Invitrogen)

FIGURE 2. TRPV1 activation alleviated pressure overload–induced myocardial hypertrophy. A, Histological analysis of heart
sections from normal diet (Cont)-fed or capsaicin diet (CAP)-fed mice with or without TAC (scale bar = 1 mm). Heart weight to
body weight ratio in the indicated groups. B, Heart cross-sections were stained with wheat germ agglutinin and the average cross-
sectional areas of cardiomyocytes were quantified (scale bar = 20 mm). C, The echocardiographic assessment of cardiac function
from normal diet-fed or CAP-fed mice. The animal experiments were performed 8 weeks after TAC surgery, n = 8 mice per group.
*P , 0.05 compared with sham-cont, #P , 0.05 compared with TAC-cont group.
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at 378C for 45 minutes. Finally, the cells were stained with
DAPI (Solarbio) at room temperature for 5 minutes. Images
were captured using an Olympus AX70 laser confocal micro-
scope at excitation wavelengths of 495 nm or 358 nm and
detected at 518 nm or 461 nm.

Measurement of Mitochondrial Membrane
Potential

A mitochondrial membrane potential (MMP) assay kit
with JC-1 (Beyotime) was used to evaluate the MMP,
whereas the fluorescence intensity of the JC-1 monomers/
aggregates (green fluorescence for monomer, red fluorescence

for aggregate) was measured by fluorescence microscopy
(Eclipse Ti-U, Nikon Corporation) following the manufac-
turer’s instructions. Digital images were analyzed using
ImageJ software (NIH). The calculation results of the red/
green fluorescence ratio were used to assess MMP.

Mitochondria ROS Measurements
Mitochondrial reactive oxygen species (ROS) activity was

detected using the fluorescent probe MitoSOX (Invitrogen).33

Briefly, cardiomyocytes were incubated with 5 mM MitoSOX
(red fluorescence) in PBS and DAPI (Beyotime Biotechnology,
China) at 378C in the dark for 10 minutes. The fluorescence

FIGURE 3. TRPV1 activation protected against PE-induced cardiomyocyte hypertrophy in vitro. A, Representative images and
analysis of the cell surface area of neonatal rat cardiomyocytes stained with cTnT (green) and DAPI (blue) (n = 5, scale bar =
10 mm). B, The ANP, BNP, b-MHC protein expression in primary cardiomyocytes treated with capsaicin and PE (n = 5). C,
Quantitative polymerase chain reaction analyses of the mRNA levels of ANP, BNP, b-MHC in the indicated groups. n = 5 per
group. *P , 0.05 compared with control, #P , 0.05 compared with PE group.
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intensity of mitochondria ROS probes was measured by fluores-
cence microscopy (Eclipse Ti-U, Nikon Corporation). Digital
images were analyzed using ImageJ software (NIH). The calcu-
lation results of the red fluorescence were used to assess mito-
chondrial ROS.

Measurement of ATP Levels
ATP content was detected using an ATP assay kit

(Beyotime) according to the manufacturer’s instructions.
Briefly, cardiomyocytes were lysed with ATP assay buffer
and mixed with fluorometric reaction mixture by gentle shak-
ing. The sample fluorescence was measured using Varioskan
Flash (Thermo Scientific, MA).

Statistical Analysis
The data involved in this article were subject to normal

distribution through Shapiro–Wilk test. Data are shown as
means 6 SEM. Student’s t-tests were performed to evaluate
the statistical significance between 2 groups, and one-way anal-
ysis of variance was used to evaluate the statistical significance
of more than 2 groups, and Tukey’s post-hoc test was used for
pair-wise comparison between the means when analysis of
variance test was significant. All statistical analyses were per-
formed using GraphPad Prism 8 (GraphPad Software, San
Diego, CA). Statistical significance was set at P , 0.05.

RESULTS

Pressure Overload Increased TRPV1
Expression in Myocardium and
Cardiomyocytes

The TAC mouse model was used to check the changes in
TRPV1 expression in the myocardium and cardiomyocytes.

We found that TAC increased the protein and mRNA
expressions of TRPV1 in hypertrophic heart tissues
(Figs. 1A, C). Similar observations were made with cardio-
myocytes subjected to PE treatment (Figs. 1B, D).

Activated TRPV1 Alleviated Pressure
Overload–Induced Myocardial Hypertrophy

To further elucidate the physiological role of TRPV1 in
myocardial hypertrophy, the TRPV1 agonist capsaicin was
used to activate TRPV1 in TAC mice. Our data showed that
TAC increased the heart weight to body weight ratio and
cardiomyocyte area, while capsaicin significantly reduced the
myocardial hypertrophy (Figs. 2A, B). Heart ultrasound anal-
ysis showed that the hallmarks of heart function were
impaired, whereas capsaicin promoted the ejection fraction
% and fractional shortening% and decreased the left ventric-
ular internal diameter in end-diastole and left ventricular
internal diameter in end-systole (Fig. 2C). Moreover, PE
treatment induced cardiomyocyte hypertrophy, as shown by
cTnT staining (Fig. 3A), and increased the protein and mRNA
expression of hypertrophic signals such as ANP, BNP, and
b-MHC (Figs. 3B, C). Capsaicin treatment partially restored
cardiomyocyte area and ANP, BNP, and b-MHC protein and
mRNA expressions (Figs. 3B, C). These results demonstrate
that TRPV1 plays a protective role in the pathogenesis of
myocardial hypertrophy.

TRPV1 Activation Protects Mitochondria by
Promoting MAMs During Myocardial
Hypertrophy

Since TRPV1 regulates mitochondria,34 electron
microscopy analysis showed that PE led to marked swelling
and disruption of mitochondrial cristae in cardiomyocytes.

FIGURE 4. TRPV1 activation attenuated mitochondrial dysfunction in cardiomyocytes. A, The mitochondrial morphology was
observed by transmission electron microscopy (scale bar = 200 nm). B, MMP was assessed using a JC-1 kit. The JC-1 aggregate/JC-1
monomer ratio was measured for MMP. (n = 6, scale bar = 10 mm). C, ATP levels in cultured cardiomyocytes (n = 6). *P , 0.05
compared with control, #P , 0.05 compared with PE group.
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Capsaicin treatment alleviated PE-induced mitochondrial
injury (Fig. 4A). The MMP and ATP production levels were
decreased in PE-injured cells, and capsaicin increased MMP
and ATP production in cardiomyocytes subjected to PE treat-
ment (Figs. 4B, C).

To understand the potential role of MAMs in TRPV1-
mediated protection of mitochondrial function, we used
electron microscopy to examine MAM formation, which
was determined as thin sheets aligned with mitochondria,
with the distance between the 2 organelles less than
30 nm.10,13 We found that the percentage of MAMs per ER
was decreased in cardiomyocytes following PE treatment,
while TRPV1 activation promoted MAM formation
(Fig. 5A). Moreover, we observed a low degree of colocali-
zation between mitochondria and ER. The colocalization of

mitochondria and ER increased when capsaicin was used
(Fig. 5B). Next, we performed co-immunoprecipitation and
found that cardiomyocytes subjected to PE with TRPV1 acti-
vation displayed higher physical interaction between IP3R, a
protein marker of ER, and VADC, a protein marker of mito-
chondria, compared with PE-treated cells without capsaicin
(Fig. 5C).

TRPV1 Activation Promotes MAM Formation
Via AMPK/MFN2 Pathway

Because AMPK/MFN2 reportedly facilitates MAM
formation,28 we determined whether AMPK/MFN2 was
involved in the protective effect of TRPV1 on mitochondria.
As described previously, capsaicin rescued MMP and ATP
production in PE-treated cardiomyocytes. Furthermore,

FIGURE 5. TRPV1 activation promoted MAM formation in cardiomyocytes. A, Representative transmission electron microscopy
image indicating the ER and mitochondrial contacts in cardiomyocytes. Mitochondria and ER were delimitated using the free
hand selection tool of ImageJ (NIH). Masks were generated with corresponding object identification (scale bar = 200 nm).
Quantification of the ER adjacent to the mitochondria in cardiomyocytes was normalized by total ER length (n = 6).
B, Representative confocal images showing the association between ER (ER-Tracker Green) and mitochondria (MitoTracker Red) in
cardiomyocytes (scale bar = 10 mm). Quantitation of ER-mitochondria contacts using Pearson’s coefficient (n = 5). C, The
interaction between voltage-dependent anion channels and IP3R in cardiomyocytes was determined by IP and WB (n = 4). The
bar chart shows levels of voltage-dependent anion channels bound to IP3R in the immunoprecipitations following quantification
of signals from immunoblots. Voltage-dependent anion channels signals were normalized to GAPDH signals. *P, 0.05 compared
with control, #P , 0.05 compared with PE group.
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capsaicin reduced mitochondrial ROS, whereas disruption of
MAM by siMFN2 abolished capsaicin-mediated mitochon-
drial protection and enhanced cell sizes (Figs. 6A–D).

Meanwhile, AMPK phosphorylation and MFN2 expres-
sion were decreased in PE-treated cardiomyocytes, and capsaicin
partially restored the AMPK phosphorylation level and MFN2
intensity; however, the restorative effect was destroyed by the
addition of the AMPK inhibitor CC (Fig. 7A). Likewise,
although capsaicin-mediated mitochondrial recovery effect on
PE generated a reduced colocalization between mitochondria
and ER, the AMPK inhibitor CC could counteract this effect
(Fig. 7B). These findings indicate that TRPV1 activation pro-
motes MAM formation through the AMPK/MFN2 pathway.

DISCUSSION
The data presented here are consistent with the

hypothesis that TRPV1 activation alleviates pressure
overload-induced myocardial hypertrophy by improving
mitochondrial function, which is ascribed to the promotion
of MAM formation. As expected, the AMPK/MFN2 pathway
is involved in TRPV1-mediated MAM formation.

As a receptor and ion channel, TRPV1 has a variety of
physiological and pathological functions, such as pain, immunity,
inflammation, and respiratory and cardiovascular diseases35–38 and
a protective effect on liver, kidney, and myocardial ischemia-
reperfusion injury,39–41 in which TRPV1 reduces the infarct area.

AMPK, as an energy sensor activated by TRPV1, exerts various
regulatory mechanisms during the occurrence and development of
diseases, including oxidative stress, autophagy, apoptosis, and
mitochondrial functions.21,42–44 Studies have shown that AMPK
activation reduces mitochondrial damage, inhibits oxidative stress
and apoptosis, and alleviates ischemia-reperfusion injury.45

MAM is a dynamic domain between the mitochondria
and ER and structurally and functionally regulated by protein
chains formed at specific subdomains of the ER.46 Given the
importance of MAM in regulating mitochondrial function,
most diseases caused by abnormal MAM formation are asso-
ciated with mitochondrial dysfunction, especially diabetic
cardiomyopathy, ischemic cardiomyopathy, heart failure,
and other heart diseases.12,47 Here, we observed fluorescence
staining of the mitochondria and ER during myocardial
hypertrophy. The data show that the colocalization of the 2
organelles was significantly decreased and their interaction
was impaired, indicating that MAM formation disorder plays
an important role in myocardial hypertrophy. More impor-
tantly, we found that TRPV1 can increase the phosphoryla-
tion of AMPK, produce ATP, and promote MAM formation.
These findings suggest that TRPV1-AMPK-MAM may be an
underlying signaling pathway in the mediation of mitochon-
drial function and cardiac remodeling.

At the molecular level, mitochondrial dynamics are
regulated by crucial mitochondrial membrane proteins.
MFN2 in particular is a well-accepted fusion factor that

FIGURE 6. Disruption of MAM by siMFN2 abolished capsaicin-mediated mitochondria protection. A, MMP was assessed using a
JC-1 kit. The JC-1 aggregate/JC-1 monomer ratio was measured for MMP (n = 6, scale bar = 10 mm). B, Effects of capsaicin on ROS
production in PE-treated cardiomyocytes using MitoSOX red staining (n = 5, scale bar = 10 mm). C, ATP levels in cultured car-
diomyocytes (n = 6). D, Representative images and analysis of the cell surface area of neonatal rat cardiomyocytes stained with
cTnT (green) and DAPI (blue) (n = 5, scale bar = 10 mm). *P , 0.05 compared with control, #P , 0.05 compared with PE group,
$P , 0.05 compared with PE + CAP group.
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works with MFN1 as a heterodimer to control mitochondrial
outer membrane fusion.48,49 Several studies have shown that
the AMPK-MFN2 axis regulates MAM dynamics and mito-
chondrial fusion under energy stress or disease condi-
tions.28,50–52 Consistent with the reported literature, we
discovered that siMFN2 could inhibit the protective effect
of TRPV1 on the mitochondria, suggesting that TRPV1 acti-
vation protects mitochondria by promoting MAM formation
via the AMPK/MFN2 pathway during myocardial hypertro-
phy. Although MFN2 is important for MAM formation,
MAM is more than an organelle membrane fusion region
where mitochondrial and ER membrane proteins mutually
compete with each other to build a complicated subdomain.53

Membrane proteins and lipid membrane structures play
important roles in MAM function. Previous studies focused
on the functions of mitochondrial outer membrane proteins
and ER proteins and found that a variety of proteins are
involved in MAM formation. However, further studies
reported that the knockout of different membrane proteins
could only partially inhibit MAM formation.54 Therefore,
studies of the interaction between mitochondrial outer

membrane proteins and ER proteins alone could not fully
elucidate the mechanism of MAM formation and functional
regulation, whereas other factors may play a more important
role in MAM formation, among which the structural confor-
mation and composition changes of the mitochondrial outer
membrane are important factors. Studies have confirmed that
changes in the conformation and composition of the mito-
chondrial outer membrane can affect MMP, fluidity, and per-
meability, whereas changes in the expression and stability of
membrane proteins will lead to disordered MAM formation
and substance exchange.55,56 Nevertheless, the effect of the
TRPV1-AMPK/MFN2-MAM pathway on mitochondrial
function and dynamics in myocardial hypertrophy requires
further study.

In the present study, we verified that TRPV1 protects
pressure overload-induced cardiac remodeling, indicating that
capsaicin or other TRPV1 agonists may act as a prophylactic
agent against mitochondrial injury in patients with myocardial
hypertrophy diseases. However, some studies reported that
TRPV1-AMPK pathway activation antagonizes diabetic
nephropathy by inhibiting MAM contact in podocytes.57

FIGURE 7. TRPV1 activation promotes MAM formation via AMPK/MFN2 pathway. A, The p-AMPK, AMPK, MFN2 protein
expression in primary cardiomyocytes treated with capsaicin and CC (n = 5). B, Representative confocal images showing the
association between ER (ER-Tracker Green) and mitochondria (MitoTracker Red) in cardiomyocytes (scale bar = 10 mm).
Quantitation of ER-mitochondria contacts using the Pearson’s coefficient (n = 5). *P , 0.05 compared with control, #P , 0.05
compared with PE group, $P , 0.05 compared with PE + CAP group.
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We speculated that, first of all, different disease models may
have different underlying mechanisms and effects, and phys-
iological phenomena may vary immensely, or even reverse;
second, TRPV1 can maintain the dynamic equilibrium of
MAM to a certain extent. Under stress conditions, TRPV1
can promote MAM formation and relieve mitochondrial pres-
sure; however, when excessive MAM leads to mitochondrial
dysfunction, TRPV1 can inhibit MAM formation and protect
mitochondrial homeostasis.

However, the distance between ER and mitochondria
increases and MAM decreases in myocytes treated with
norepinephrine, reducing mitochondrial Ca2+ reuptake.58 In
addition, studies have reported that reduction of MAM re-
sulted in low Ca2+ exchange efficiency.59–61 All of these
studies suggest that the heart failure lacks the function of
mitochondrial Ca2+ reuptake, which is because of the
decrease of MAM. More importantly, these findings highlight
the role of MAM involvement in mitochondrial calcium
homeostasis in maintaining normal cardiac function.
Therefore, we speculated that TRPV1 activates the AMPK-
MFN2 axis and promotes MAM formation, protecting mito-
chondrial homeostasis in myocytes, would finally contribute
to mitochondrial Ca2+ uptake, enhance the TCA (tricarboxylic
acid) cycle (increased ATP production), and ultimately
reverse cardiac hypertrophy. However, further studies are
required to elucidate these hypotheses.

Numerous studies have found that TRPV1 plays an
important role in hypertension, vascular calcification, diabetic
nephropathy, and other diseases.62–64 Thereby, TRPV1 is also
considered an attractive target as agonists or antagonists for
cardiovascular diseases.

Furthermore, the pharmaceutical industry has devel-
oped a number of different TRPV1 antagonists, several of
which are undergoing clinical trials and none are currently in
routine clinical use.65 The main limitations of TRPV1 antag-
onists are accidental burns and hyperthermia side effects.64 It
is possible to develop antagonists that do not have these side
effects. The increasing understanding of the regulation of
TRPV1 channels and advances in the structural biology of
TRPV1 channels provide the possibility for rational design of
agonists and antagonists of TRPV1. We still expect TRPV1
can be used as a target in the research and development of
new drugs for cardiac hypertrophy.

CONCLUSIONS
In conclusion, our data described the role of TRPV1 in

alleviating myocardial hypertrophy damage via regulating
MAM formation by affecting AMPK-MFN2 pathways, pro-
viding beneficial influence on mitochondrial homeostasis.
Because TRPV1 is a key molecule in cardiovascular diseases,
the domain and functional region of the protein may
contribute to the development of new drugs for cardiovascular
diseases.
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