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BACKGROUND AND PURPOSE
High-salt diet induces cardiac remodelling and leads to heart failure, which is closely related to cardiac mitochondrial
dysfunction. Transient receptor potential (TRP) channels are implicated in the pathogenesis of cardiac dysfunction. We
investigated whether activation of TRP vanilloid (subtype 1) (TRPV1) channels by dietary capsaicin can, by ameliorating
cardiac mitochondrial dysfunction, prevent high-salt diet-induced cardiac hypertrophy.

EXPERIMENTAL APPROACH
Male wild-type (WT) and TRPV1−/− mice were fed a normal or high-salt diet with or without capsaicin for 6 months. Their cardiac
parameters and endurance capacity were assessed. Mitochondrial respiration and oxygen consumption were measured using
high-resolution respirometry. The expression levels of TRPV1, sirtuin 3 and NDUFA9 were detected in cardiac cells and tissues.

KEY RESULTS
Chronic high-salt diet caused cardiac hypertrophy and reduced physical activity in mice; both effects were ameliorated by
capsaicin intake in WT but not in TRPV1−/− mice. TRPV1 knockout or high-salt diet significantly jeopardized the proficiency of
mitochondrial Complex I oxidative phosphorylation (OXPHOS) and reduced Complex I enzyme activity. Chronic dietary
capsaicin increased cardiac mitochondrial sirtuin 3 expression, the proficiency of Complex I OXPHOS, ATP production and
Complex I enzyme activity in a TRPV1-dependent manner.

CONCLUSIONS AND IMPLICATIONS
TRPV1 activation by dietary capsaicin can antagonize high-salt diet-mediated cardiac lesions by ameliorating its deleterious
effect on the proficiency of Complex I OXPHOS. TRPV1-mediated amendment of mitochondrial dysfunction may represent a
novel target for management of early cardiac dysfunction.

LINKED ARTICLES
This article is part of a themed section on Chinese Innovation in Cardiovascular Drug Discovery. To view the other articles in
this section visit http://dx.doi.org/10.1111/bph.2015.172.issue-23

BJP British Journal of
Pharmacology

DOI:10.1111/bph.12987
www.brjpharmacol.org

5548 British Journal of Pharmacology (2015) 172 5548–5558 © 2014 The British Pharmacological Society

mailto:zhuzm@yahoo.com
http://dx.doi.org/10.1111/bph.2015.172.issue-23


Abbreviations
AngII, angiotensin II; CI, complex I; CII, complex II; CS, citrate synthase; EF, ejection fraction; ETC, electronic
transport chain; FS, shortening fraction; HS, high-salt diet; iRTX, 5′-iodoresiniferatoxin; LVH, left ventricular
hypertrophy; LVID, left ventricular internal diameter; LVPW, left ventricular posterior wall; ND, normal-salt diet;
OXPHOS, oxidative phosphorylation; RER, respiration exchange ratio; RES, resveratrol; ROS, reactive oxygen species;
TRPCs, transient potential receptor channels; TRPV1, transient receptor potential vanilloid subfamily member 1;
TRPV1−/−, TRPV1 knockout; WT, wild-type

Introduction
Cardiac hypertrophy is the cellular response to pathological
stress and is associated with a thickening of ventricular walls
(Frey and Olson, 2003). Prolonged cardiac hypertrophy leads
to heart failure (Kemp et al., 2012). Cardiac hypertrophy can
be caused by hypertension, obesity and type 2 diabetes or an
unhealthy lifestyle such as a high salt intake (Palmieri et al.,
2003; Burnier et al., 2007; Schmieder et al., 2007). There is
plenty of evidence suggesting that cardiac hypertrophy pro-
gresses as a result of sympathetic nerve activation and stimu-
lation of the renin-angiotensin system (Kemp and Conte,
2012). However, the importance of Ca2+ channels in the
development of cardiac remodelling and the regulation of
cardiac function is also well documented (Zhang and Brown,
2004). In addition to the roles for ion channels, such as the
sarcoplasmic reticulum calcium release channels, a non-
selective cation channel, the transient potential receptor
channels (TRPCs) have also been implicated in the develop-
ment of cardiac hypertrophy (Eder and Molkentin, 2011;
Beech, 2013). Both TRPC3 and TRPC6 contribute to angio-
tensin II (Ang II)-induced cardiac hypertrophy, leading to
diacylglycerol production and extracellular calcium influx
(Onohara et al., 2006). In contrast, our studies have shown
that TRP vanilloid subfamily member 1 (TRPV1) activation
lowers high BP by increasing vascular PKA/endothelial NOS
phosphorylation and inducing NO production in genetically
hypertensive rats as well as reducing the production of vas-
cular reactive oxygen species (ROS) in high-salt (HS) diet-
induced hypertensive mice (Yang et al., 2010; Hao et al.,
2011).

In addition, findings from both clinical and experimental
studies suggest that dysfunction of mitochondrial bioenerget-
ics may contribute to the development of cardiac hypertro-
phy (Rosca and Hoppel, 2010). ATP production through

mitochondrial respiration is the major source of cardiac
energy (Abel and Doenst, 2011). Damage to mitochondrial
respiratory enzymes can cause a malfunction of the electronic
transport chain (ETC) and reduce ATP production, which
eventually impairs cardiac contractility. There is substantial
evidence showing that oxidative stress levels are elevated in
both cardiac hypertrophy and failure (Seddon et al., 2007;
Takimoto and Kass, 2007; Tsutsui et al., 2009). Sirtuins includ-
ing sirtuins 1–7 are quite conserved NAD+-dependent dea-
cetylases and ADP-ribosyltransferases. Sirtuin 3 catalyzes
NAD+-dependent substrate-related protein deacetylation
(Pillai et al., 2010). Mitochondrial sirtuin 3 can directly
increase ROS clearance by the deacetylation of Mn-SOD (Tao
et al., 2014). Sirtuin 3 was also found to be involved in basal
ATP maintenance through its regulation of the acetylation
and Complex I (CI) activity of the ETC (Ahn et al., 2008).
Mitochondrial CI dysfunction leads to the accumulation of
NADH and a decrease in the NAD+/NADH ratio thereby inhib-
iting sirtuin 3 activity (Karamanlidis et al., 2013).

Current strategies for the treatment of cardiac failure
include both lifestyle modifications and drug therapies.
Patients with the early stages of cardiac failure only have risk
factors for structural heart disease but no clinical symptoms
(Hunt et al., 2005). Excessive salt intake is closely associated
with left ventricular hypertrophy (LVH); furthermore, long-
term moderate sodium restriction decreases LVH in patients
with early stage cardiac failure (Jula and Karanko, 1994).
Therefore, restricting or ameliorating the effect of a high salt
intake on the heart is very important for preventing the
development of cardiac failure. Furthermore, it is worth
investigating whether a high salt intake can directly jeopard-
ize the function of cardiac mitochondria during cardiac
hypertrophy.

In addition to pharmacotherapy for the management of
cardiac failure, several dietary factors have been shown to
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exert protective effects on the heart in animal studies
(Baccarelli et al., 2008; Ma et al., 2011; Xu et al., 2011). Bai-
calein, a flavonoid in the root of Scutellaria baicalensis, was
found to prevent cardiac hypertrophy by inhibiting MEK-
ERK1/2 signalling (Zong et al., 2013). We showed that
chronic capsaicin administration, the main pungent ingredi-
ent in hot pepper, prevented the development of obesity,
improved glucose homeostasis and attenuated atherosclero-
sis, all through its ability to activate TRPV1 (Zhang et al.,
2007; Ma et al., 2011; Wang et al., 2012). However, whether
TRPV1 activation by dietary capsaicin has a beneficial effect
on cardiac hypertrophy induced by high salt intake is still
uncertain.

In this study, we sought to examine the hypothesis that
TRPV1 activation by capsaicin prevents cardiac hypertrophy
induced by high salt intake by improving cardiac mitochon-
drial function. Our results have shown for the first time that
a dysfunction of mitochondrial Complex I has a prominent
role in causing the cardiac impairments induced by a high
salt intake. TRPV1 activation by chronic dietary capsaicin
reversed cardiac hypertrophy by restoring the function of
Complex I and by up-regulating the expression of sirtuin 3.

Methods

Animals and study design
Male C57BL/6J wild-type (WT) and TRPV1 knockout
(TRPV1−/−) mice (strain information: B6.129X1-Trpv1tm1Jul/J,
stock number: 003770) were purchased from Jackson Labora-
tory (Bar Harbor, Maine, USA). Both types of male mice, aged
6–8 weeks, were randomly grouped and fed with a normal-
salt diet (NS, 0.5% NaCl by weight), high-salt diet (HS, 8%
NaCl by weight) or high-salt plus capsaicin diet (HC, 8% NaCl
and 0.01% capsaicin by weight) for 24 weeks, respectively
(Hao et al., 2011; Ma et al., 2011). All of the mice were housed
under a 12 h/12 h day/night cycle; chow and water were
available ad libitum. The temperature of the room was kept at
20°C. A total of 36 TRPV1−/− mice and 36 age-matched wild-
type WT mice (C57BL-6J) were used for this experiment. Body
weight, blood pressure, heart rate, running endurance and
echocardiographic parameters were measured. All of the
experimental procedures were performed in accordance with
protocols approved by the Institutional Animal Care and
Research Advisory Committee of the Third Military Medical
University. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010).

Changes in the heart and the expressions of its associated
proteins were examined in cardiac tissues from these mice.
Cardiac mitochondrial respiration and ATP production were
also measured in mice fed a high salt diet with and without
0.01% capsaicin. Details of the experimental protocols are
available in the online Supporting Information.

Cell culture and treatment
Embryonic rat-heart-derived H9C2 cells (Cell Bank, Chinese
Academy of Sciences, Shanghai, China) were propagated in
high-glucose Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% foetal bovine serum, 100 U ml−1

penicillin and 100 mg ml−1 streptomycin at 37°C. The
medium was changed every 2 days. After incubation to near
confluence, the H9C2 cells were then deprived of serum and
incubated for another 24 h before treatment. The vehicle was
ethanol and its final concentration was 0.2%.

These H9C2 cells were randomly divided into the follow-
ing groups: (1) the control group (CON), in which cells were
incubated in normal medium; (2) the HS group, in which
cells were incubated in DMEM containing 10 mM sodium
chloride; (3) the HC group, in which 1 μM capsaicin was
added before exposure to 10 mM sodium chloride; (4) the
iRTX+HC group, in which 1 μM 5′-iodoresiniferatoxin (iRTX)
was added before exposure to 10mM sodium chloride plus
capsaicin; (5) the RES+HC group, in which 20 μM resveratrol
(RES) was added before exposure to 10mM sodium chloride
plus capsaicin; (6) the NAM+RES+HC group, in which 20 mM
nicotinamide (NAM) was added before exposure to 10mM
sodium chloride plus capsaicin and resveratrol; (7) the
RES+HS group, in which 20 μM RES was added before expo-
sure to 10mM sodium chloride; and (8) the NAM+RES+HS
group, in which 20 mM NAM was added before exposure to
10mM sodium chloride and resveratrol.

Chemicals including capsaicin, iRTX, RES, and NAM were
purchased from Sigma-Aldrich Co. (St Louis, MO, USA). Dul-
becco’s modified Eagle’s medium and foetal bovine serum
were purchased from Gibco Co. (Grand Island, NY, USA).

These in vitro studies were used to determine the under-
lying mechanisms.

Data analysis
All data are expressed as means ± SEM. Experiments were
carried out in triplicate. Data were evaluated with the SPSS
12.0 software (SPSS Inc, Chicago, IL, USA). The significance of
differences between groups was analysed using Student’s
t-test or one-way ANOVA; Tukey’s multiple comparisons test
was used as a post hoc test. P values less than 0.05 were
considered statistically significant.

Results

Activation of TRPV1 prevented high salt
intake-induced cardiac hypertrophy and
dysfunction
WT and TRPV1−/− mice on a HS diet for 24 weeks were found
to have an elevated systolic BP and higher heart weight to
body weight (HW/BW) ratio (Table 1). Echocardiography
confirmed the impairment in cardiac structure and function
in mice fed the HS diet (Figure 1A). The thicknesses of the
diastolic left ventricular posterior wall (LVPWd) and anterior/
interventricular septal wall (IVSd) were significantly increased
in WT mice fed the HS diet compared with WT mice fed a
normal-salt diet (ND) (Figure 1B,C). A reduction in the %
fractional shortening (FS) of the left ventricle indicated a
cardiac dysfunction in mice fed a HS diet (Figure 1D). No
differences were found in the left ventricular internal diam-
eter during diastole or the % ejection fraction (EF) between
WT mice with or without HS diet, although the EF tended to
be smaller in the HS group (Figure 1E,F). Chronic dietary
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capsaicin for 24 weeks significantly reduced the HW/BW
ratio, LVPWd, and IVSd and also increased FS in WT mice on
a HS diet but not TRPV1−/− mice (Table 1, Figure 1A–D). Simi-
larly, an increase in EF was also found in WT mice fed a HS
diet plus capsaicin, but this effect was not found in TRPV1−/−

mice (Figure 1E). The present results indicate that long-term
capsaicin administration prevents HS diet-induced cardiac
dysfunction by activating TRPV1.

The amelioration of cardiac dysfunction was
associated with an increased endurance
capacity, energy expenditure and physical
performance in a TRPV1-dependent manner
To examine the effect of cardiac dysfunction on mouse physi-
cal activity in vivo, we monitored mouse endurance capacity,
energy expenditure and physical performance. The endur-
ance test protocol using stepwise increasing workloads is
illustrated in Figure 2A. Mice on a HS diet performed less well
than those mice on ND in the endurance test, with 26.6%
and 22.3% reduced endurance capacity for WT on a HS diet
and TRPV1−/− mice compared with control mice respectively
(Figure 2B). The energy expenditure study showed that mice
on a HS diet consumed lower amounts of O2, produced less
heat and had a reduced respiratory exchange ratio compared
to mice on a ND (Figure 2C–E). Mice on a HS diet showed
reduced total locomotor activity compared with mice on a
ND (Figure 2F). Interestingly, heat production and total loco-
motor activity were reduced in TRPV1−/− mice compared with
WT mice (Figure 2D,F). The endurance capacity, energy
expenditure and physical performance were improved in
WT mice fed a HS diet plus capsaicin compared with WT mice
fed only a HS diet; these effects of capsaicin were absent
in TRPV1−/− mice (Figure 2B–F). These results indicate that
dietary capsaicin ameliorated cardiac dysfunction and
improved endurance capacity, energy expenditure and physi-
cal performance in a TRPV1-dependent manner.

TRPV1 activation amended HS diet-induced
CI dysfunction
We next examined whether mitochondrial dysfunction con-
tributed to cardiac disturbances caused by a HS diet and

determined the role of TRPV1 in this process. First we showed
that TRPV1 is expressed in both the mitochondria and cyto-
plasm (Figure 3A). Furthermore, the presence of mitochon-
drial TRPV1 was validated by immunofluorescence staining
(Figure 3B).

We also measured mitochondrial respiration and O2 con-
sumption in isolated cardiac mitochondria in TRPV1−/− and
WT mice fed a HS diet (Figure 3C). Compared with WT mice,
TRPV1−/− mice showed an overall reduction in mitochondrial
respiration, indicating an impaired mitochondrial function
(Figure 3D). Furthermore, mitochondrial respiration, which
was represented by CI and CI plus Complex II (CII) oxidative
phosphorylation (OXPHOS), CI and CII LEAK, as well as
CI plus CII electron transfer system (ETS), was markedly
reduced in WT mice on a HS diet and in TRPV1−/− mice
compared with WT on a ND (Figure 3E,F). No differences were
found in CII-supported OXPHOS and ETS (Figure 3E,F), indi-
cating the high salt intake impaired cardiac mitochondrial CI.
Chronic dietary capsaicin significantly improved the reduc-
tion in CI function in WT mice and increased CI OXPHOS, CI
and CII OXPHOS, CI and CII LEAK, as well as CI and CII ETS by
29.1%, 140.0%, 48.3% and 113.8% respectively (Figure 3E,F).
However, the effect of dietary capsaicin on cardiac CI function
was not found in TRPV1−/− mice. Altogether, these data suggest
that both the TRPV1 knockout and high salt intake induce
cardiac mitochondrial dysfunction, which can be improved by
dietary capsaicin through TRPV1 activation.

TRPV1 knockout- and high salt
intake-mediated Complex I dysfunction is
associated with a reduction in its activity
We further investigated the cardiac CI activity in WT mice fed
a HS diet and in TRPV1-/- mice. Mitochondrial citrate synthase
(CS) activity was determined as an enzymatic measure of
mitochondrial mass. In general, TRPV1−/− mice showed an
overall reduction in CI activity, ATP production and CS activ-
ity compared with WT mice; however, cardiac CII activity was
not different between WT and TRPV1−/− mice (Figure 4). Fur-
thermore, cardiac mitochondria had lower CI activity, CS
activity, and ATP production in WT mice on a HS diet com-
pared with WT mice on a ND (Figure 4). In addition, the
mitochondrial mass was significantly reduced in WT mice fed

Table 1
Characteristics of WT and TRPV1−/− mice fed a normal diet or high-salt diet, with or without capsaicin

WT TRPV1−/−

ND HS HC ND HS HC

Weight (g) 27.9 ± 4.2 27.5 ± 3.2 26.9 ± 3.8 27.7 ± 2.0 26.1 ± 2.3 26.2 ± 2.2

SBP (mmHg) 108 ± 4 125 ± 7** 114 ± 5# 108 ± 5 122 ± 4** 122 ± 5**

HR (beat·min−1) 619 ± 24 610 ± 26 616 ± 21 617 ± 31 617 ± 23 622 ± 25

HW/BW (mg·g−1) 4.97 ± 0.30 6.90 ± 0.55** 5.49 ± 0.38# 6.19 ± 0.53 7.73 ± 0.94** 7.60 ± 0.76**

Food intake (g·day−1) 4.3 ± 0.8 4.3 ± 0.5 3.9 ± 0.8 4.1 ± 0.6 4.2 ± 0.7 4.1 ± 0.6

Water intake (mL·day−1) 5.4 ± 1.4 7.0 ± 1.9 7.1 ± 1.8 5.6 ± 0.8 8.1 ± 1.5** 7.9 ± 1.7**

Values are expressed as the means ± SD; n = 9 per group.
*P < 0.05, **P < 0.01, significantly different from ND; #P < 0.05, significantly different from HS.
HC, high-salt plus capsaicin diet; HS, high-salt diet; ND, normal-salt diet.
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with HS diet compared with WT mice with ND. Chronic
dietary capsaicin significantly increased CI activity, ATP pro-
duction and CS activity in WT mice on a HS diet (Figure 4). In
contrast, these effects of capsaicin were absent in TRPV1−/−

Figure 1
Characteristics of cardiac structure and function in mice on different
diets. (A) Representative images of mouse hearts by M-mode echo-
cardiography. (B) Low magnification images of hematoxylin and
eosin-stained sections at the papillary muscle level. (C–G) Posterior
wall thickness of LV (LVPW), interventricular septum thickness (IVS),
left ventricular (LV) fractional shortening (%FS), LV ejection fraction
(%EF) and LV internal diameter in diastole (LVIDd). Values obtained
from echocardiography are expressed as the means ± SEM. (n = 8 for
TRPV1−/− mice and WT littermates). **P < 0.01, versus mice on
a ND; #P < 0.05, versus mice on a HS diet. HC, high salt plus capsaicin
diet.

◀

Figure 2
Treadmill endurance capacity and energy expenditure in WT and
TRPV1−/− mice. (A) Endurance capacity test protocol. (B) Changes in
endurance capacity. (C) Oxygen consumption of WT and TRPV1−/−

mice on ND, HS and high salt plus capsaicin diet (HC) over 48 h. (D)
Heat production of WT and TRPV1−/− mice on ND, HS and HC over
48 h. (E) Respiratory exchange ratio of WT and TRPV1−/− mice on ND,
HS and HC over 48 h. (F) Locomotor activity of WT and TRPV1−/−

mice on ND, HS and HC over 48 h. The results are shown as the
means ± SEM (n = 6–8). *P < 0.05, **P < 0.01 vs. mice on a ND;
#P < 0.05 versus HS; ◆P < 0.05, ◆◆P < 0.01 versus mice with different
genotypes.
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mice. Therefore, these data indicate that CI dysfunction
caused by TRPV1 knockout and high salt intake is associated
with reduction in CI activity.

Effect of TRPV1 activation on mitochondrial
sirtuin 3 in vitro
Sirtuin 3 is located primarily in the mitochondria and can
regulate CI activity, ATP production and mitochondrial con-

tent (Ahn et al., 2008). We examined the protein expressions
of TRPV1 and sirtuin 3 in cultured H9C2 cells in the presence
of high-sodium with or without TRPV1, a sirtuin 3 agonist and
TRPV1 inhibitor (Figure 5A). Compared with high-sodium
concentration stimulation, capsaicin markedly enhanced
the expressions of TRPV1 and sirtuin 3. In contrast,
5′-iodoresiniferatoxin (iRTX), a TRPV1 antagonist, signifi-
cantly reduced the expression of TRPV1 and sirtuin 3

Figure 3
Characterization of TRPV1 in H9C2 cells and heart, and cardiac mitochondrial respiratory chain function in WT and TRPV1−/− mice fed a HS diet
in the presence or absence of capsaicin administration. (A) TRPV1 is localized to the cardiac mitochondria. The purity of the cardiac mitochondrial
fractions in WT mice was tested using VADC, a mitochondrial marker, and GAPDH, a cytoplasmic marker. (B) Immunofluorescent staining with
TRPV1 antibody in H9C2 cells. Mitochondria were labelled with MitoTracker® Red CMXRos. (C) Representative measurements of oxygen
consumption in isolated cardiac mitochondria from WT and TRPV1−/− mice. (D) The mitochondrial respiratory rate in WT and TRPV1−/− mice.
(E) The mitochondrial respiratory rate was assessed in WT mice on a ND, HS, high salt plus capsaicin (HC) diet. (F) The mitochondrial respiratory
rate in TRPV1−/− mice on a ND, HS, HC diet. The data are presented as the means ± SEM (n = 5–8). *P < 0.05, **P < 0.01 versus mice on a ND;
#P < 0.05, ##P < 0.01 versus mice on a HS diet.
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(Figure 5B,C). Compared with high sodium plus capsaicin, the
sirtuin 3 agonist resveratrol (RES) slightly increased the expres-
sion of sirtuin 3 but not TRPV1 (Figure 5C). Subunit 9
(NDUFA9) is involved in the CI assembly process and is crucial
for CI biogenesis and activity (Stroud et al., 2013). Sirtuin 3
affects the acetylation state of NDUFA9 (Ahn et al., 2008).
Compared with high-sodium stimulation, the expression
levels of sirtuin 3 and NDUFA9 were up-regulated by the
sirtuin 3 agonist RES. The effect of RES was abolished by its
inhibitor, nicotinamide (Figure 5D–F). Altogether, our results
suggest that sirtuin 3 regulates the expression of NDUFA9
under high-sodium stimulation and benefits mitochondrial
function.

TRPV1 activation protected mitochondria
from dysfunction by up-regulating sirtuin 3
in vivo
Finally, the effect of TRPV1 activation by capsaicin on sirtuin
3 and its related target genes was validated in mice in vivo.
The expressions of TRPV1, sirtuin 3 and NDUFA9 in isolated
cardiac mitochondria were reduced in mice on a HS diet
compared with mice on a ND. In contrast, chronic dietary
capsaicin significantly increased the expressions of TRPV1,
sirtuin 3 and NDUFA9 in isolated cardiac mitochondria from

WT mice on a HS diet. Importantly, dietary capsaicin did not
affect the expressions of TRPV1, sirtuin 3 and NDUFA9
in isolated cardiac mitochondria from TRPV1−/− mice
(Figure 6). These data further validate that TRPV1 activation
by capsaicin can prevent cardiac mitochondria dysfunction
caused by high salt intake.

Discussion and conclusions

There are several findings from this study. Firstly, high salt
intake-mediated cardiac dysfunction and reduced physical
activity are associated with a disturbance in energy metabo-
lism. Secondly, TRPV1 activation by chronic capsaicin
administration can improve high salt-induced cardiac dys-
function in WT but not in TRPV1-/- mice. Thirdly, TRPV1
knockout and high salt intake significantly jeopardized
cardiac mitochondrial CI OXPHOS capacity and reduced
CI enzyme activity. However, chronic dietary capsaicin
increased cardiac mitochondrial function in a TRPV1-
dependent manner. Together, these findings highlight an
essential role for TRPV1 as a regulator of cardiac energy
expenditure.

High salt consumption leads to cardiac hypertrophy with
an elevated systolic BP, cardiac dysfunction and cardiac fibro-
sis in rats (Takeda et al., 2000; Lal et al., 2003). In this study,
we also confirmed that long-term high salt intake caused
cardiac hypertrophy as well as a reduction in physical activity
and energy expenditure. However, these mice on a HS diet
presented early cardiac disturbance with minor cardiac dys-
function and without cardiac fibrosis.

Figure 3
Continued.

Figure 4
Cardiac mitochondrial enzymatic activities and ATP levels in WT and
TRPV1−/− mice fed a HS diet in the presence or absence of capsaicin
administration. (A) Enzymatic activity of Complex I (U·g−1). (B) Enzy-
matic activity of Complex II (U·g−1). (C) ATP level (nmol·mg−1). (D)
Citrate synthase activity (μmol·min−1 × mg protein). The results are
shown as the means ± SEM. (n = 5–7), *P < 0.05, **P < 0.01 versus
mice on a ND; #P < 0.05 versus mice on a HS diet; ◆◆P < 0.01 versus
mice with different genotypes.
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The mechanism responsible for high salt-induced cardiac
hypertrophy remains unclear. Several mechanisms have been
suggested, such as the overstimulation of the sympathetic
activity and activation of the renin-angiotensin system (Le
Corvoisier et al., 2010). Antagonizing sympathetic activity or
activation of the renin-angiotensin system can effectively

Figure 5
Changes in sirtuin 3 (SIRT3) and NDUFA9 expression in cultured
cardiomyoblasts. (A) Representative blots of TRPV1 and sirtuin 3. (B,C)
Quantitative analysis of TRPV1 and sirtuin 3 expression in cultured
cardiomyoblasts in the presence of high-sodium medium with or
without TRPV1 and sirtuin 3 agonist and inhibitor treatment for 24 h
(n = 5). The results are shown as the means ± SEM (n = 5). **P < 0.01
versus mice on a HS diet; ##P < 0.01 versus mice on a HS diet plus
capsaicin; &&P < 0.01 versus mice on a HS diet with resveratrol (RES).
(D) Representative protein blots of sirtuin 3 and NDUFA9. (E,F)
Quantitative analysis of sirtuin 3 and NDUFA9 expression in cultured
cardiomyoblasts in the presence of high-sodium medium with or
without sirtuin 3 agonist and inhibitor treatment for 24 h (n = 5). The
results are shown as the means ± SEM. (n = 5), **P < 0.01 versus mice
on a HS diet; ##P < 0.01 versus mice on a HS diet with RES.

Figure 6
TRPV1, sirtuin 3 (SIRT3) and NDUFA9 expression in freshly isolated
mitochondria from the cardiac tissues of WT and TRPV1−/− mice. (A)
Representative blots of TRPV1, sirtuin 3 and NDUFA9. (B–D) Quan-
titative analysis of TRPV1, sirtuin 3, NDUFA9 expressions in WT and
TRPV1−/− mice fed a HS diet with or without capsaicin treatment. The
values are presented as the means ± SEM (n = 5). *P < 0.05, **P < 0.01
versus mice on a ND; #P < 0.05, ##P < 0.01 versus HS diet.
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improve cardiac hypertrophy and dysfunction both in
human and animal hearts (Lal et al., 2003; Machackova et al.,
2010).

ATP is primarily produced in the mitochondrial respira-
tory chain by OXPHOS. Previous studies showed that a dys-
function of mitochondrial bioenergetics contributes to the
cardiac hypertrophy and can lead to heart failure (Wilkins
et al., 2004; Osterholt et al., 2013). Mitochondrial changes
during cardiac hypertrophy include disrupted mitochondrial
substrate metabolism, respiratory chain activity and prot-
eomic remodelling as well as oxidative stress (Marin-Garcia
et al., 2013).

Our results showed that high salt intake reduced cardiac
CI OXPHOS capacity without altering CII OXPHOS capacity.
Diminished activity of the respiratory chain enzymes may
impair mitochondrial respiration, thereby reducing ATP pro-
duction in the heart (Vyatkina et al., 2004). Several studies
have reported TRPC3 and TRPC6 as essential components of
the AngII-induced cardiac hypertrophic signalling pathway
(Eder and Molkentin, 2011). We found that TRPV1 activation
improved vascular function by reducing vascular ROS
production in high salt intake-induced hypertensive mice
(Hao et al., 2011). In the present study, we further showed
that TRPV1 is also expressed in the mitochondria in cultured
cardiomyoblasts. Compared with WT mice, TRPV1−/− mice
had an overall reduction in cardiac mitochondrial
respiration.

Mitochondrial CI is the largest component involved in
the regulation of cellular energy production (Pagliarini et al.,
2008). CI dysfunction is closely associated with cardiac
hypertrophy (Dugan et al., 2013). Human CI consists of seven
subunits. These subunits are encoded by mitochondrial DNA
and 38 nuclear-encoded subunits are assembled together.
Alterations in the CI subunit structure impairs the mitochon-
drial respiratory process and eventually leads to heart failure.
Inactivation of the Ndufs4 gene, a protein critical for CI
assembly, accelerates heart failure through its inhibition of
sirtuin 3 activity (Karamanlidis et al., 2013).

We showed that mitochondrial CI is dsysfunctional in
WT mice fed a HS diet and in TRPV1 knockout mice. Chronic
dietary capsaicin significantly improved the reduction in
cardiac CI function in WT mice fed a HS diet, but not in
TRPV1−/− mice. This result indicates that the TRPV1 mutation
exacerbates cardiac mitochondrial dysfunction.

We also examined the relationship between CI and sirtuin
3 in the heart. sirtuin 3 is located primarily in the mitochon-
dria, where it contributes to the regulation of mitochondrial
content, CI protein deacetylation and the maintenance of
cellular ATP levels in a NAD+-dependent manner (Ahn et al.,
2008). Recent studies showed that sirtuin 3−/− mice had
normal cardiac function under normal conditions, but their
cardiac function was impaired during certain stress condi-
tions (Ahn et al., 2008). The association of sirtuin 3 with CI
can be reversed by the administration of the CI inhibitor
rotenone or hydrogen peroxide exposure (Zhang and Brown,
2004). Subunit 9 (NDUFA9) of CI, a mitochondrial protein, is
a target of sirtuin 3 in the mitochondrial respiratory chain
(Ahn et al., 2008). Our results showed that the sirtuin 3
agonist resveratrol remarkably up-regulated the sirtuin 3 and
NDUFA9 expressions, indicating that maintaining normal
sirtuin 3 status is crucial for mitochondrial function.

In the present study, long-term high salt intake as a type
of unhealthy lifestyle led to cardiac disturbance through an
impairment of mitochondrial function and reduction in ATP
production in the heart. Although antagonizing neurohor-
monal activation ameliorates mitochondrial dysfunction in
overt heart failure, patients in the early stages of cardiac
failure are recommended to change their lifestyle. Epidemio-
logical studies have shown that many dietary factors can
affect cardiovascular diseases. Over the past two decades,
strategies such as limitation of sodium intake, increasing
dietary potassium and consuming fruits as well as vegetables,
based on the ‘DASH diet’, have been validated as effective
antihypertensive measures (Appel et al., 1997; Erkkila and
Lichtenstein, 2006). Capsicum species, or hot peppers, are
consumed worldwide as vegetables and spices. Capsaicin is
the main pungent ingredient in hot pepper and produces a
flavour to food. Capsaicin is also a specific agonist for the
TRPV1 channel (Caterina et al., 1997). Beneficial effects of
capsaicin on the cardiovascular system have been validated
by our study and others (Yang et al., 2010; Hao et al., 2011;
Ma et al., 2011; Xu et al., 2011; Wang et al., 2012). In this
study, chronic dietary capsaicin attenuated high salt intake-
induced cardiac disturbance by improving CI capacity,
increasing ATP production and up-regulating sirtuin 3 and
NDUFA9 expression in a TRPV1-dependent manner, all of
which benefited cardiac mitochondrial function.

In conclusion, chronic dietary capsaicin consumption
benefits cardiac mitochondrial function in mice on a HS diet.
Our mechanistic evidence suggests that this cardiac protec-
tion is associated with TRPV1 activation mediated by enhanc-
ing CI capacity and ATP production as well as increasing
sirtuin 3 and NDUFA9 levels. Our study provides insights into
the promising role of the cardiac TRPV1 channel in the regu-
lation of cardiac energy metabolism. Long-term dietary cap-
saicin may represent a novel preventive strategy for patients
with early stage cardiac failure.
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