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Capsaicin induces browning of white adipose
tissue and counters obesity by activating
TRPV1 channel-dependent mechanisms
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BACKGROUND AND PURPOSE
The growing epidemic of obesity and metabolic diseases necessitates the development of novel strategies to prevent and treat
such diseases. Current research suggests that browning of white adipose tissue (WAT) promotes energy expenditure to counter
obesity. Recent research suggests that activation of the TRPV1 channels counters obesity. However, the mechanism by which
activation of TRPV1 channels counters obesity still remains unclear.

EXPERIMENTAL APPROACH
We evaluated the effect of dietary capsaicin to induce a browning program in WAT by activating TRPV1 channels to prevent diet-
induced obesity using wild-type and TRPV1�/�mouse models. We performed experiments using preadipocytes and fat pads from
these mice.

KEY RESULTS
Capsaicin stimulated the expression of brown fat-specific thermogenic uncoupling protein-1 and bone morphogenetic protein-
8b in WAT. Capsaicin triggered browning of WAT by promoting sirtuin-1 expression and activity via TRPV1 channel-dependent
elevation of intracellular Ca2+ and phosphorylation of Ca2+/calmodulin-activated protein kinase II and AMP-activated kinase.
Capsaicin increased the expression of PPARγ 1 coactivator α and enhanced metabolic and ambulatory activity. Further, capsaicin
stimulated sirtuin-1-dependent deacetylation of PPARγ and the transcription factor PRDM-16 and facilitated PPARγ–PRDM-16
interaction to induce browning of WAT. Dietary capsaicin did not protect TRPV1�/� mice from obesity.

CONCLUSIONS AND INTERPRETATIONS
Our results show for the first time that activation of TRPV1 channels by dietary capsaicin triggers browning of WAT to counteract
obesity. Our results suggest that activation of TRPV1 channels is a promising strategy to counter obesity.

Abbreviations
AMPK, AMP-activated kinase; BMP8b, bone morphogenetic protein 8b; brite, brown in white; CAP, capsaicin; CaMKII,
Ca2+/calmodulin-activated protein kinase; EF, epididymal fat; FSK, forskolin; HFD, high-fat diet; NCD, normal chow diet;
PGC-1α, PPARγ 1 coactivator α; PRDM-16, positive regulatory domain containing 16; SCF, subcutaneous (inguinal) fat;
SIRT-1, sirtuin 1; UCP-1, uncoupling protein 1; WAT, white adipose tissue
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Introduction
Obesity is the hallmark of metabolic syndrome (Maestu et al.,
2010). It foreshadows type II diabetes, dyslipidemia, vascular
anomalies and the overall risk of cardiovascular diseases (Arya
et al., 2002). Decreased physical activity coupled with
increased high-fat diet (HFD) intake prompts obesity (Yagi
et al., 2014). Effective clinical management is still lacking to
combat obesity. Recent studies indicate that high fructose in
a diet is a critical factor leading to obesity as the combination
of sugars and refined carbohydrates along with fat lead to
metabolic syndrome (DiNicolantonio et al., 2015; Lucan
and DiNicolantonio, 2015). Recent evidence suggests that
browning of white adipose tissue (WAT) might serve as a
novel strategy to improve metabolic health (Bartelt and
Heeren, 2014). WAT stores energy in the form of fat, while
brown adipocytes promote energy expenditure via thermo-
genesis by burning fat. Browning of WAT favours the energy
expenditure by triggering thermogenesis, which suppresses
diet-induced weight gain (Cao et al., 2011; Bordicchia et al.,
2012; Bi et al., 2014). Further analysis of molecular mecha-
nisms underscoring induction of browning of WAT led to
identification of adipogenic factors, their stabilization and
interaction with proteins, which serve as catalysts for brow-
ning of WAT (Ohno et al., 2012; Qiang et al., 2012; Cohen
et al., 2014). Harnessing brown fat thermogenesis has opened
new strategies to counteract obesity (Peschechera and Eckel,
2013; Vosselman et al., 2013; Wu et al., 2013).

Obesity is associated with decreased thermogenesis.
Browning of WAT involves the expression and activation of
the brown fat-specific genes in white adipocytes (Lu et al.,
2012; Lo and Sun, 2013; Rosell et al., 2014; Servera et al.,
2014). Bone morphogenetic proteins regulate thermogenesis
and fatty acid oxidation (Molliver et al., 2005 Futamura et al.,
2009; Tramontana et al., 2009). Bone morphogenetic protein
8b (BMP8b) facilitates energy dissipation by thermogenesis
(Whittle et al., 2012). Another important protein that regu-
lates brown fat thermogenesis is uncoupling protein 1
[UCP-1; (Hesselink et al., 2003)]. UCP-1 is localized on the
inner mitochondrial membrane and it short-circuits the mi-
tochondrial proton gradient to promote thermogenesis. Mice
lacking UCP-1 are also prone to obesity at thermoneutrality
(Melnyk and Himms-Hagen, 1998; Denjean et al., 1999).

Recognition of a role for PRDM-16, a transcriptional co-
regulator that controls the development of brown adipocyte
genes (Ohno et al., 2012; Lo and Sun, 2013) and deacetylation
of PPARγ by sirtuin 1 (SIRT-1), a cellular energy sensor (Qiang
et al., 2012), have prompted a search for ways to promote
SIRT-1-mediated stabilization of the PRDM-16/PPARγ protein
complex. This induces browning of WAT, a change emerging
as a new strategy to treat obesity.

SIRT-1, a central player that regulates the browning pro-
gram in WAT, is a sensor of cellular metabolism and energy
utilization. SIRT-1 is phosphorylated and activated by cellular
protein kinases including Ca2+/calmodulin-dependent
protein kinase kinase β (Iwabu et al., 2010), AMP-activated pro-
tein kinase (AMPK; Peng et al., 2010; Passariello et al., 2011; Lau
et al., 2014). Also, intracellular Ca2+-dependent Ca2+/calmodu-
lin-activated protein kinase (CaMKII)-AMPK signalling has
been implicated in metabolism and fatty acid oxidation, where
CaMKII has been recognized as an upstream regulator of AMPK
(Raney and Turcotte, 1985). Thus, assessment of the crosstalk
signalling between intracellular Ca2+-activated CaMKII-AMPK
signalling and subsequent activation of SIRT-1 are essential
for the regulation of browning of WAT.

Previous research has revealed a role for the TRPV1 ion
channels in the pathogenesis of metabolic disorders (Zhang
et al., 2007; Motter and Ahern, 2008; Kang et al., 2010; Yu
et al., 2012; Marshall et al., 2013). Capsaicin, an agonist of
TRPV1 channels, in the diet prevented HFD-induced obesity
and loss of TRPV1 channels prevented obesity (Cui and
Himms-Hagen, 1992; Motter and Ahern, 2008). Here,
we analyzed the effects of dietary capsaicin (0.01%) on HFD
(60% kcal from fat)-induced obesity in wild-type (WT) mice
and TRPV1�/� mice (that genetically lack TRPV1 channels).

This study evaluated the effects of feeding mice a 60 kcal%
HFD and water ad libitum. From a nutritional perspective, a diet
of 60 kcal% fat may be considered as extreme. Nonetheless, a
HFD with 60 kcal% fat is commonly used to induce obesity in
mice because they tend to become obese within a short period
of time (Johnston et al., 2007). This permits us to screen the ef-
fects of dietary capsaicin and its ability to prevent obesity. Also,
it is important to note that if dietary capsaicin can counter
obesity induced by feeding HFD with 60 kcal% fat, it should
be effective in countering obesity in humans who consume
comparable or even less fat-containing diets. In contrast, a
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previous research study has used omega-3 fatty acids containing
HFD in obesity research to evaluate the effects of TRPV1
channels. The results of that study suggest that lack of TRPV1
channels prevented obesity (Motter and Ahern, 2008). How-
ever, this observation could result from the beneficial effects of
omega-3 fatty acids containing HFD or use of a lower fat-
containing diet along with omega-3 (Motter and Ahern, 2008).
Consistently, published work suggests that those mice fed diets
containing fish oil did not gain as much weight as those fed
diets with more saturated fat (Ikemoto et al., 1996). Also, in this
study, we show for the first time a novel mechanism by which
dietary capsaicin stimulated browning of WAT. Capsaicin stim-
ulated SIRT-1 by activating CaMKII/AMPK-dependent phos-
phorylation of SIRT-1. This triggered the deacetylation and
interaction of proteins to mediate browning of WAT in mouse
model.

Our data show that mammalian epididymal fat (EF) and
subcutaneous fat pads from the inguinal region (SCF),
expressed TRPV1 channel protein endogenously, and HFD
suppressed expression of TRPV1 channels in these adipose
tissues. The findings reported in this article show the poten-
tial of dietary capsaicin to cause browning of WAT. Our find-
ings should contribute towards developing a novel strategy to
counter obesity in humans.

Methods

Mouse model of HFD-induced obesity
All animal care and experimental procedures were approved
by the University of Wyoming Institutional Animal Care
and Use Committee. Animal studies are reported in compli-
ance with the ARRIVE guidelines (Kilkenny et al., 2010;
McGrath and Lilley, 2015). Adult male WT and TRPV1�/�

(B6.129X1-Trpv1tm1Jul/J) mice purchased from Jackson
Laboratory, Maine, USA, were housed in the research animal
facility and maintained at 23°C at the School of Pharmacy,
University of Wyoming. Mice were housed in groups of four
and proper husbandry care was exercised according to the
recommendations of the Institutional Animal Care and Use
Committee of the University ofWyoming. Mice were allowed
access to the different diets and water ad libitum.

General procedures. Mice are routinely used in studies to
determine the molecular mechanisms underlying diet-
induced obesity, adipogenesis and thermogenesis. The data
obtained through mouse model of obesity have the
translational potential for human interventions. Experimental
animals (n = 40 per group) were randomly assigned and
housed in groups of four in separate cages. Their weekly
weight gain and food/water intake were recorded for analysis.
The weights and all other in vivo and in vitro data in this study
were obtained and their analyses carried out, without the
knowledge of the treatment groups (blinded).

Experimental procedures. All mice were fed a normal diet for the
first sixweeks. Starting fromweek 6,WTandTRPV1�/�micewere
randomly assigned into four groups and fed with the four
different diets – normal chow diet (NCD), NCD with added
capsaicin (0.01%; NCD+CAP), the high fat diet (HFD; 60 kcal%
fat; http://www.researchdiets.com/opensource-diets/stock-diets/
dio-series-diets) or HFD with added capsaicin (0.01%; HFD
+CAP). These diets were fed till week 32. The average weight
gain and food/water intake were determined on a weekly basis.
At the end of 32 weeks, a metabolic study was performed with a
group of mice that were fed NCD, HFD or HFD + CAP.
Epididymal and subcutaneous fats were obtained at the end of
32 weeks of feeding and used for quantitative RT-PCR and
Western blotting. Primers that were used for RT-PCR
experiments are given in Table 1.

Quantitative RT-PCR measurements
EF and SCF pads were collected from groups of four mice from
the different diet groups and pooled for experiments. Each
experiment was performed in duplicate for statistical analy-
sis. Total RNA was isolated using Tri Reagent (Sigma, USA)
according to manufacturer’s instructions, and cDNA was
synthesized using Quantitect reverse transcription kit
(Qiagen, Valencia, CA) using Q5plex PCR system (Qiagen).
Real-time PCR was performed using Quantitect SYBR green
PCR kit on Q5plex system. 18s mRNA was used as the refer-
ence gene. Amplification was performed using 20 μL reaction
volume according to the manufacturer’s instruction.

Table 1
Primers (IDT, USA) that were used for RT-PCR experiments

Genes Forward Reverse

18 s ACC GCA GCT AGG AAT AAT GGA GCC TCA GTT CCG AAA ACC A

gapdh CGT GCC GCC TGG AGA AAC C TGG AAG AGT GGG AGT TGC TGT TG

mtrpv1 CAA CAA GAA GGG GCT TAC ACC TCT GGA GAA TGT AGG CCA AGA C

pparα GTA CCA CTA CGG AGT TCA CGC AT CGC CGA AAG AAG CCC TTA C

pparγ CAA GAA TAC CAA AGT GCG ATC AA GAG CAG GGT CTT TTC AGA ATA ATA AG

sirt-1 TCG TGG AGA CAT TTT TAA TCA GG GCT TCA TGA TGG CAA GTG G

prdm-16 CAG CAC GGT GAA GCC ATT C GCG TGC ATC CGC TTG TG

bmp8b TCC ACC AAC CAC GCC ACT AT CAG TAG GCA CAC AGC ACA CCT

ucp-1 CGA CTC AGT CCA AGA GTA CTT CTC TTC GCC GGC TGA GAT CTT GTT TC

pgc-1α AGA GAG GCA GAA GCA GAA AGC AAT ATT CTG TCC GCG TTG TGT CAG G
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Immunoblotting
EF and SCF pads were washed with chilled PBS and homoge-
nized in lysis buffer (50 mM Tris pH 7.5, 250 mM sodium
chloride, 0.5% NP40, 0.5% sodium deoxycholate, 2 mM
EDTA, 0.5 mM dithiothreitol, 1 mM sodium orthovanadate
and protease inhibitor cocktail) and centrifuged at 20 817× g
for 20min to remove tissue debris. The protein concentration
was determined using Bradford method, and equal amounts
of protein were separated by SDS-PAGE, transferred to nitro-
cellulose membrane and immunoblotted with specific anti-
bodies. Sources of antibodies are shown in Table 2.

Co-immunoprecipitation
Protein was precleared using protein A/G agarose beads and
incubated with non-immune serum or rabbit polyclonal
anti-acetylated lysine antibody or monoclonal PPARγ or poly-
clonal TRPV1 antibody overnight at 4°C. Then protein A/G
agarose beads were added and incubated for 2 h at 4°C. Beads
were pelleted by centrifugation and washed three times with
lysis buffer and eluted in 1% SDS buffer, resolved on 10% SDS-
PAGE and analyzed by immunoblotting with PPARγ, TRPV1
or PRDM-16 antibodies.

Isolation and primary culture of EF and SCF
preadipocytes
The EFor SCFpadswere isolated frommice at the endof 32weeks
of feeding the different diets andminced in 500 μL ice-cold sterile
PBS. Collagenase (0.5mL of 1.5 mg·mL�1) in isolation buffer
(123mMNaCl, 5mMKCl, 1.3mMCaCl2, 5mMglucose, HEPES
100 mM, 1% penicillin and streptomycin, and 4% BSA (fraction
V) were added and incubated in shaking water bath at 37°C for
45min, with 10 s vortexing for every 5 min. The digested tissues
were filtered (100 μm filter) and centrifuged at 370× g for 5 min.
The pellet was resuspended in 1 mL of red blood cell lysis buffer

for 1min. Sterile PBS (9mL)was added and filtered (70 μm filter).
The pellet was resuspended in DMEM (high glucose) containing
20%FBS, 20mMHEPES and1%penicillin and streptomycin and
added to 1%gelatin-coated plates for 45min to remove thefibro-
blasts. The supernatant was then seeded in treated cell culture
plates. The cells appeared rounded when plated and 24 h later,
they adhered, elongated and had spindle-shape appearance.

Cell culture and transfection
HEK293 cells (ATCC, VA, USA) were maintained in minimal
essential medium (Invitrogen, USA) supplemented with
10% FBS and 1% penicillin/streptomycin. The rat TRPV1
protein tagged with the myc epitope on the N terminus in
pCDNA3 vector was transfected using the Effectene reagent
(Qiagen, USA). Two days post-transfection, cells expressing
TRPV1proteinwere exposed tomediumcontaining1mg·mL�1

G418 for 2 weeks, and cells that survived the G418 pressure
were pooled to develop a stable cell line of HEK293 cells
expressing TRPV1 protein (designated as HEKTRPV1) and used
for immunocytochemical, intracellular Ca2+ imaging and
Western blotting experiments.

Intracellular Ca2+ imaging
Preadipocytes were cultured in DMEM supplemented with
10% FBS and antibiotics. For intracellular Ca2+ imaging,
preadipocytes or cells grown on 25 mm circular coverslips
were incubated with Fura-2 AM (2 μM; for 60 min) at room
temperature in an extracellular buffer containing in mM,
NaCl 137, KCl 5, CaCl2 1.8, MgCl2 1. HEPES 10, glucose 10
and pH 7.38. The coverslips were then washed with buffer,
placed in a stainless steel holder (0.8 mL volume) and viewed
with a Leica DMI3000 B inverted microscope coupled to a
Polychrome V digital imaging system equipped with Imago
CCD camera. Cells were continuously superfused (22°C) with

Table 2
Sources of antibodies used in the experiments

Antibodies Source Catalog no.

PPARα Novus Biologicals, USA NB600-636

PPARγ Santa Cruz Biotechnology, Inc., USA SC-7273

PRDM-16 Novus Biologicals, USA NBP1-77096

BMP-8b Santa Cruz Biotechnology, Inc., USA SC-13086

SIRT-1 Santa Cruz Biotechnology, Inc., USA SC-28766

UCP-1 Santa Cruz Biotechnology, Inc., USA SC28766

TRPV1 Santa Cruz Biotechnology, Inc., USA SC-28759

β-actin Santa Cruz Biotechnology, Inc., USA SC47778

Acetylated lysine Cell Signaling Inc., USA 9441

CaMKIIα Santa Cruz Biotechnology, Inc., USA SC-5306

AMPKα Cell Signaling Inc., USA 2532S

Phospho-CaMKIIα Santa Cruz Biotechnology, Inc., USA SC-12886-R

Phospho-AMPKα Cell Signaling Inc., USA 2535S

Phosphoserine Santa Cruz Biotechnology, Inc., USA SC-81516

Phosphothreonine Santa Cruz Biotechnology, Inc., USA SC-9386

GAPDH Santa Cruz Biotechnology, Inc., USA SC-365062
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buffer, and Ca2+ entry following addition of capsaicin (1 μM)
in the presence of 2 mM extracellular Ca2+ containing buffer
was measured. Results were analyzed using TillVision 5 soft-
ware and presented as the ratio (R) of fluorescence intensities
at excitation wavelengths of 340 and 380 nm collected at
510 nm. Intracellular Ca2+ imaging experiments, using
HEK293 cells stably expressing TRPV1 channel protein, were
carried out exactly as described for the experiments with
preadipocytes.

Oil Red O staining of preadipocytes
Preadipocytes were washed three times with PBS and then
fixed with 10% formaldehyde for 10 min. The cells were
treated with propylene glycol for 2 min followed by Oil Red
O in propylene glycol (0.5%) for 15 min. The Oil Red O was
removed, and 60% polyethylene glycol was added for
1 min. The cells were then rinsed with water, and the nucleus
was stained with haematoxylin for 10 min. The nuclear
staining was intensified with sodium phosphate solution for
5 min. The coverslips were washed with water several times
and mounted using aqueous mounting medium. The
cells/sections were visualized under an Olympus upright
microscope fitted with a SPOT-imaging camera.

Immunocytochemistry
HEKTRPV1 cells were grown on 25 mm round glass cover-
slips, were fixed with 2 mL of 4% paraformaldehyde in PBS
at room temperature for 30 min. The cells were washed twice
with PBS (2 mL) and treated with 2 mL of 100 mM glycine in
PBS for 30 min. After washing with PBS twice, the cells were
permeabilized with 300 μL of cold methanol at �20°C for
5 min and washed once with 2 mL PBS. The cells were then
blocked with 5% goat serum for 1 h at 37°C in an incubator
followed by a wash with PBS and incubation with the anti-
TRPV1 antibody (1:100 dilution as specified by the manufac-
turer) for 6 h in cold followed by FITC antibody (1:1000) in
PBS for another 1 h at 4°C. The cells were then washed three
times (2 mL each) with PBS, washed once with distilled water,
mounted on a glass slide with mounting media and observed
with a Zeiss LSM-710 confocal microscope, equipped with an
argon laser (488 nm), in the Confocal Imaging Facility of the
University of Wyoming.

Measurement of metabolic activity
Metabolic activity and respiratory quotient were determined
for NCD-fed, HFD-fed and HFD + CAP-fed WT and TRPV1�/�

mice at the end of 32 weeks of feeding the respective diets by
using the Comprehensive Laboratory Animal Monitoring
System [CLAMS™, Columbus Instruments, Columbus, OH,
USA (Ren, 2004; Turdi et al., 2011)], which represents a set of
live-in cages for automated, non-invasive and simultaneous
monitoring of food and water consumptions, horizontal and
vertical activities and metabolic performance. Mice were
individually placed in the CLAMS metabolic cages with ad
libitum access to food and water. After acclimatization for 48 h,
metabolic parameters including the volume of carbon dioxide
produced (VCO2), the volume of oxygen consumed (VO2), the
respiratory exchange ratio (RER = VCO2/VO2), the caloric (heat)
value and activity were determined. Metabolic rate was
calculated by using the modified Weir equation [(Moudiou
et al., 2007); Metabolic rate = (3.941 * VO2 + 1.106 * VCO2)/100].

Mouse fecal fat analysis
Mouse fecal fat analysis was performed by collecting the feces
of NCD-fed, HFD-fed or HFD + CAP-fed WT and TRPV1�/�

mice. Feces were collected from both groups of mice, and
the total fat from the fecal samples was extracted as previ-
ously described (Van De Kamer et al., 1949; Neufeld, 1952;
Jeejeebhoy et al., 1970) and the extract was evaporated to
dryness and weighed (Jeejeebhoy et al., 1970).

Basal and forskolin-stimulated glycerol release
Inguinal fat pads were removed and washed in PBS and incu-
bated in pre-warmed DMEM. For basal lipolysis, cut tissue
pieces (approximately 20 mg) were preincubated in 200 μL
of DMEM containing 2% fatty acid-free BSA at 37°C, 5%
CO2 and 95% humidified atmosphere for 60 min. The incu-
bation medium was saved for performing lipolysis assay. For
forskolin stimulation, the cut tissue pieces (approximately
20 mg) were preincubated in 200 μL DMEM containing 2%
fatty acid-free BSA and 10 μM forskolin and 5 μM Triacsin C
and preincubated at 37°C in 5% CO2 and 95% humidified
atmosphere for 60 min. The fat explants were transferred to
identical medium and incubated for further 60 min (period
of measurement) at 37°C, 5%CO2 and 95% humidified atmo-
sphere, and the incubation medium was saved for lipolysis
assay. The fat explants were transferred into 1 mL of extrac-
tion solution [chloroform: methanol (2:1 v/v) and 1% glacial
acetic acid] and incubated for 60 min at 37°C with vigorous
shaking. The fat explants were transferred into 500 μL of lysis
solution (0.3 N NaOH containing 0.1% SDS) and incubated
overnight at 55°C with vigorous shaking, and the protein
concentration was determined using BCA reagent and BSA
as standard. Glycerol content of the incubation medium
was determined using free glycerol reagent and extrapolating
the unknown sample values from the standard curve plotted
using glycerol standards. Lipolysis of inguinal fat culture
was calculated as glycerol release in nmol per mg of protein
per h (Schweiger et al., 2014).

Glycerol release assay from preadipocytes
Preadipocytes were prepared from 0.5 g of inguinal fat pads
after killing the mice fed the different diets for 32 weeks.
The culture medium was collected after 24 h after plating
the cells and was frozen until analyzed. The cells were washed
twice with PBS and lysed using lysis buffer (50 mM Tris
pH 7.5, 250 mM sodium chloride, 0.5% NP40, 0.5% sodium
deoxycholate, 2 mM EDTA, 0.5 mM dithiothreitol, 1 mM
sodium orthovanadate and protease inhibitor cocktail),
and protein content of cell lysate was determined. Samples
(40 μg) of these cell lysates were separated by 15% polyacryl-
amide SDS-PAGE, transferred to nitrocellulose membrane
and immunoblotted for anti FABP4-marker for preadipocytes
and GAPDH for loading control, which further confirmed the
viability of the preadipocytes. The glycerol released by the
preadipocytes into the cell culture medium was determined
as an index of lipolysis as described previously (Arner and
Langin, 2014). Briefly, to a vial of free glycerol reagent (Sigma
Aldrich, St. Louis, MO), sterile deionized water (40 mL) was
added and mixed several times by inversion. Amplex Ultra
Red® (Invitrogen, Carlsbad, CA) 1 mg was reconstituted in
dark with 340 μL of DMSO to get a 10 mM solution and was
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stored protected from light. Amplex UltraRed® was diluted
100-fold in glycerol reagent, and 180 μL was added per well
in a 96-well plate. The blank value was determined by adding
20 μL of complete medium used for the culture of
preadipocytes. Medium(20 μL) from preadipocytes obtained
from NCD-fed or HFD (±CAP)-fed WT and TRPV1�/� mice
was added and mixed for 10 s using an orbital shaker and
incubated in the dark for 15 min. The fluorescence intensity
was measured (Ex530/Em590) using a TECAN Infinite M200
plate reader. Quadruplicate measurements were performed
for each sample, and mean ± SEM of glycerol release, as
nmol·per mg of protein per h, was calculated after normaliz-
ing to the blank value.

Data and statistical analyses
The study design and analysis conformed to the recent guid-
ance on experimental design and analysis (Curtis et al., 2015).
Data are expressed as mean ± SEM. Student t-test and ANOVA
evaluated the statistical significance of population means.
P < 0.05 was deemed to constitute the threshold for statistical
significance for data comparison. Post hoc analyses were carried
out only when the means are significant for P < 0.05, and there
was no significant variance in homogeneity. Graphs from ana-
lyzed data were plotted using Microcal Origin 6.0 software.

Materials
HFD was obtained from Research Diets Inc., NJ, USA. All
chemicals were obtained from Sigma, USA. Quantitative RT-PCR
kits were obtained from Qiagen, USA.

Results

Effect of dietary capsaicin on HFD-induced
obesity
Weekly body weight gain, food intake and water intake were
monitored for NCD (±CAP)-fed and HFD (±CAP)-fed
TRPV1�/� mice and their genetically unaltered WT controls.
The mean values body weight, food or water consumption
for NCD (± CAP)-fed or HFD (±CAP)-fed WT and TRPV1�/�

mice are given in Table 3.

Figure 1A illustrates the picture of NCD-fed WT and HFD
(± CAP)-fed WT and TRPV1�/� mice at the end of 32 weeks
of feeding the respective diet. Dietary capsaicin suppressed
HFD-induced weight gain but did not suppress weight gain
in NCD-fed mice. Aversion to capsaicin-containing diets
(possible because capsaicin is a major component of chilli
peppers) was not observed in either WT or TRPV1�/� mice.
The food and water intake was not altered by dietary capsai-
cin in either NCD-fed or HFD-fed animals.

Effect of HFD on expression of TRPV1 protein
HFD caused obesity in WT and TRPV1�/� mice, and dietary
capsaicin protected only WT but not TRPV1�/� mice. To
determine the effect of HFD on TRPV1 protein expression,
we evaluated the endogenous expression of this protein in
the EF and SCF fat pads of WT and TRPV1�/� mice-fed NCD
or HFD (± CAP). We immunoprecipitated TRPV1 protein in
the lysates obtained from these fat pads. HEKTRPV1 and con-
trol HEK293 cells (these cells did not express TRPV1 protein
endogenously) were used as positive and negative controls re-
spectively. Figure 1B shows the expression of TRPV1 protein
in these cells and in the EF and SCF of WT mice. The quanti-
fication of TRPV1 mRNA in EF and SCF is given in Figure 1C
and D. TRPV1 protein immunoprecipitation in EF and SCF
is shown in Figure 1E, and the quantification of band inten-
sity is given in Figure 1F. HFD suppressed the expression of
TRPV1 protein in both EF and SCF, and CAP antagonized this
effect. No expression of TRPV1 protein was observed in the EF
and SCF of TRPV1�/� mice.

Effect of dietary capsaicin on respiratory
quotient, heat production and locomotor
activity of HFD-fed WT but not TRPV1�/�
mice
Because dietary capsaicin significantly antagonized HFD-
induced obesity, we analyzed the effect of this addition on
the metabolic activity of mice by using CLAMS™. We deter-
mined the respiratory quotient (RER), heat production and
ambulatory activity of NCD-fed, HFD-fed or HFD + CAP-fed
WT and TRPV1�/� mice. As shown in Figure 2, dietary
capsaicin stimulated heat production (Figure 2A–C) and

Table 3
Body weight and food and water intake in NCD or HFD (±CAP)-fed wild type and TRPV1�/� mice

Group

WT TRPV1�/�

NCD NCD + CAP HFD HFD + CAP NCD NCD + CAP HFD HFD + CAP

Weight (g)
in week 6

18.55 ± 1.1 19.51 ± 0.97 18.35 ± 1.01 18.54 ± 0.91 18.22 ± 0.88 18.87 ± 1.15 19.11 ± 0.94 18.14 ± 1.03

Weight (g)
in week 38

29.70 ± 1.30 28.90 ± 1.19 50.33 ± 1.33 32.12 ± 0.98 29.04 ± 1.22 30.33 ± 0.95 49.34 ± 1.55 48.33 ± 1.68

Number
of mice

40 20 40 40 40 20 40 40

Food intake
(g·day�1 per mouse)

3.52 ± 0.61 3.35 ± 0.8 3.22 ± 0.71 3.18 ± 0.81 3.44 ± 0.76 3.53 ± 0.54 3.13 ± 0.38 3.20 ± 0.70

Water intake
(mL·day�1 per mouse)

4.92 ± 0.93 4.88 ± 0.82 3.96 ± 1.22 4.02 ± 0.66 5.11 ± 1.06 4.86 ± 0.85 4.04 ± 1.02 3.98 ± 1.14
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increased RER (Figure 2D–F) in WT mice, while both RER and
heat production remained decreased in HFD-fedWT and HFD
(± CAP)-fed TRPV1�/�mice. Also, HFD significantly decreased
the locomotor and ambulatory activity of WT and TRPV1�/�

mice, and dietary capsaicin stimulated higher activity only
in the WT mice (Figure 2G).

In order to evaluate whether dietary capsaicin altered the
assimilation of fat and increased the excretion of fat in the
feces, which lead to a decrease in fat absorption, we measured
fecal fat excreted by NCD-fed or HFD (± CAP)-fed WT and
TRPV1�/� mice by gravimetric analysis. The fat excreted in
10 g of feces collected from eight mice per condition was
analyzed and shown in Figure 2H.

HFD suppresses TRPV1 channel activity
The protective effect of dietary capsaicin on HFD-induced
obesity and stimulation of metabolic activity suggest that
the activity of TRPV1 channels is important. Therefore, we

analyzed TRPV1 channel activity by measuring capsaicin
(1 μM)-stimulated Ca2+ influx in primary epididymal and
subcutaneous preadipocytes isolated from NCD-fed or HFD
(± CAP)-fed WT and TRPV1�/� mice. The changes in Fura-2
AM fluorescence ratio (F340/380) were measured before and
after stimulating with capsaicin in vitro. The results are illus-
trated in Figure 3. capsaicin-stimulated Ca2+ entry was not
observed in the preadipocytes isolated from HFD-fed mice
(Figure 3B and H), while capsaicin-stimulated Ca2+ influx
was observed in preadipocytes isolated from both NCD-fed
and HFD + CAP-fed WT mice (Figure 3C and I). The ratio of
change in fluorescence intensity between the baseline and
peak is summarized in Figure 3F for primary preadipocytes
isolated from EF. Capsaicin did not stimulate a Ca2+ influx
in the preadipocytes of TRPV�/� mice (Figure 3D, E and J–L).
The ratio of change in fluorescence intensity between the
baseline and peak is summarized in Figure 3M for SCF
preadipocytes.

Figure 1
Dietary capsaicin prevents obesity in WT but not in TRPV1�/�mice and counters the suppressive effect of HFD on TRPV1 expression. (A) Represen-
tative images of WT and TRPV1�/� mice fed with respective dietary regimen (n = 40). (B) Representative Western blots showing the expression of
TRPV1 channel protein in HEK293WT, HEK-TRPV1 cells, EF and SCF isolated fromNCD-fedWT and TRPV1�/�mice at 38 weeks of age. (C) and (D)
The average mRNA levels ± SEM of trpv1 normalized to NCD in EF and SCF. 18s ribosomal RNA was used as control. (E) TRPV1 expression in EF and
SCF pads of NCD-fed and HFD (± CAP)-fed WT mice and TRPV1�/� conditions. (F) Ratios of band intensity ± SEM of TRPV1 to GAPDH (loading
control); data shown are means ± SEM. ** P < 0.05, significantly different as indicated.
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Dietary capsaicin decreases lipid content in
primary preadipocytes
HFD increased lipid content in the fat pads. Therefore, we
wanted to examine whether capsaicin feeding decreases
lipid content in the preadipocytes isolated from the fat
pads. We performed Oil Red O staining of epididymal and
subcutaneous preadipocytes to examine their lipid content.
Figure 4 shows the Oil Red O staining for the preadipocytes
from EF (Figure 4A, panels 1–3) and SCF (Figure 4B, panels
4–6) isolated from NCD-fed or HFD (±CAP)-fed WT and
TRPV1�/� mice. The bottom panel for each condition gives
the images at a higher magnification. Lower magnification
image of Oil Red O staining of SCF adipocytes is shown
in Supporting Information Fig. S1A. Dietary capsaicin sig-
nificantly decreased lipid content in the preadipocytes of
WT but not TRPV1�/� mice. Fibroblast contamination is a

common problem in adipocyte cultures. In order to con-
firm that we isolated preadipocytes for our experiments,
we analyzed the expression of the adipocyte progenitor
(preadipocyte) marker FABP4 (Shan et al., 2013) in the
preadipocyte lysates and a Western blot for FABP4 is shown
in Supporting Information Fig. S1D. Supporting Informa-
tion Fig. S1E represents the quantification for FABP4 pro-
tein expression.

Dietary capsaicin increases adipogenic
transcriptional PPARs in EF and SCF
PPARs regulate metabolic homeostasis. PPARγ plays a cardi-
nal role in adipocyte gene expression and differentiation,
while PPARα regulates lipid metabolism and promotes fatty
acid oxidation. In order to understand the effect of CAP on
the expression of PPARs, we measured the mRNA and

Figure 2
Dietary capsaicin increases metabolic activity. (A) and (B) Representative traces of time course of heat production (in kCal·hr�1·kg�1) during the
dark and light cycles in NCD-fed, HFD-fed or HFD + CAP-fedWT and TRPV1�/�mice (n = 40) calculated by using the modifiedWeir equation [Met-
abolic rate (heat production) = (3.941 * VO2 + 1.106 * VCO2)/100]. (D) and (E) Representative traces of time course of RER [ratio of carbon dioxide
production (VCO2) to oxygen consumption (VO2)] measured by CLAMS, during the dark and light cycles for NCD-fed, HFD-fed or HFD + CAP-fed
WT and TRPV1�/�mice. Respiratory quotient (RER) and heat production were calculated from the values of VCO2 and VO2. (C) and (F)Mean ± SEM
heat production and RER during the dark and light cycles for NCD-fed, HFD-fed or HFD + CAP-fed WT and TRPV1�/� mice; ** P < 0.05; signifi-
cantly different as indicated. (G) Beam breaks per hour (means ± SEM) for the same groups of mice during the dark and light cycles. (I) Dietary
capsaicin did not alter fat assimilation: bar graphs represent mean fat ± SEM excreted per 10 g of feces. Samples were obtained from NCD-fed
or HFD (± CAP)-fed WT and TRPV1�/� mice.
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Figure 3
HFD suppresses TRPV1 channel activity in epididymal and subcutaneous preadipocytes, and dietary capsaicin antagonizes this. Representative
traces of time courses of capsaicin-stimulated (1 μM) Ca2+ influx measured in Fura-2 AM loaded primary epididymal and subcutaneous
preadipocytes obtained from NCD-fed, HFD-fed or HFD + CAP-fed WT [EF: A–C; SCF: G–I] TRPV1�/� [EF: D and E; SCF: J–L]. (F) The average
change in fluorescence ratio after the addition of 1 μM CAP ± SEM is given for epididymal and subcutaneous preadipocytes of WT and
TRPV1�/� mice (n = 40) under each condition and used for the imaging experiments. ** P < 0.05; significantly different as indicated.
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protein levels of PPARs in EF and SCF isolated from WT and
TRPV1�/� mice-fed NCD or HFD (± CAP). HFD decreased the
expression of PPARα, which was counter-regulated by dietary
capsaicin. However, PPARγ was increased in fat pads from
both HFD and HFD + CAP mice, particularly in the SCF.
The mRNA and protein expression of PPARα and PPARγ
are given in Figure 5A, B, D and E. Figure 5C summarizes
the mean ± SEM of the PPARs protein quantification in EF
and SCF.

Dietary capsaicin increases lipolysis in SCF
Lipolysis is a catabolic process, which breaks down triglycer-
ides stored in fat cells, releasing fatty acids and glycerol.
PPARα activation has been shown to increase the breakdown
of lipids into fatty acids and glycerol (Guzman et al., 2004). In
our model, dietary capsaicin increased PPARα in SCF and
significantly decreased the lipid content of the SCF
preadipocytes. This result might reflect the increased

breakdown of lipids in these cells. Therefore, we evaluated
the effect of dietary capsaicin on glycerol release in SCF
preadipocytes obtained from HFD-fed WT and TRPV1�/�

mice. Mean glycerol release ± SEM per mg of protein from
SCF is given in Supporting Information Fig. S1B.We also eval-
uated the basal and forskolin-stimulated glycerol release in
the inguinal fat pads isolated from these mice (Supporting
Information Fig. S1C). Forskolin stimulates PKA-induced
lipolysis (Yehuda-Shnaidman et al., 2010) and enhanced
glycerol release in inguinal WAT. The basal as well as
forskolin-stimulated lipolysis was higher in SCF from mice
given dietary capsaicin.

Dietary capsaicin increases the brown
adipocyte-specific thermogenic genes in WAT
The phenomenon of browning of WAT is associated with
an increase in the expression of the brown fat-specific

Figure 4
HFD promotes lipid content in epididymal and subcutaneous preadipocytes, and dietary capsaicin counters this. Preadipocytes were isolated at
the end of 32 weeks of feeding respective diets, and lipid droplets in preadipocytes were estimated using Oil Red O staining. Representative
micrographs of epididymal and subcutaneous (inguinal) preadipocytes isolated fromNCD-fed, HFD-fed or HFD + CAP-fedWT (A, panels 1–3 and C, panels
7–9) and TRPV1�/� (B, panels 4–6 and D, panels 10–12) mice (n = 40).
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thermogenic genes/proteins in WAT (Shabalina et al.,
2013). Previous research also indicates that activating
and stabilizing PPARγ may promote browning of WAT.
Because adding dietary capsaicin increased PPARγ in EF
and SCF of WT mice compared with those fed with
HFD alone, we asked whether this enhanced expression
of PPARγ is associated with an increase in brown fat-
specific thermogenic genes/proteins that induce brow-
ning of WAT.

We therefore analyzed the mRNA and protein levels of
mitochondrial UCP-1 and BMP8b in EF and SCF of WT and
TRPV1�/� mice. The protein expression of UCP-1 and BMP8b
in EF and SCF is shown in Figure 5F and G. UCP-1 was not de-
tected in the EF of WT and TRPV1�/� mice, but dietary capsa-
icinmarkedly induced the expression of UCP-1 in EF (Figure 5
F). No expression of BMP8b was detected in the EF of WT and
TRPV1�/� mice. The protein intensities for all conditions are

summarized in Figure 5H. We also quantified the mRNA
expression for bmpb8 (Figure 5I) and ucp-1 (Figure 5J) in EF
and SCF of WT and TRPV1�/� mice.

Next, we measured the expression of pgc-1α (encoding
PPARγ coactivator-1α), a key regulator of cellular energy
and metabolism. pgc-1α participates in driving up the mRNA
as well as protein expression of UCP-1 to increase energy ex-
penditure (Kong et al., 2014). The mRNA levels of pgc-1α in
the EF and SCF are given in Figure 6A and B. Dietary capsai-
cin significantly increased pgc-1α mRNA in both the fat pads
of WT mice. These data suggest that dietary capsaicin could
increase metabolic activity and energy utilization by up-
regulating pgc-1α, which stimulates ucp-1-dependent mecha-
nism. The induction of UCP-1 in EF and overall increase in
UCP-1 and BMP8b in SCF suggests that CAP may trigger
browning phenomenon in WAT to produce brown in white
(brite) cells.

Figure 5
Dietary capsaicin increases PPARs and brown fat-specific genes/proteins in WAT of WT but not TRPV1�/� mice. (A), (B), (F) and (G) PPARα, PPARγ
BMP8b and UCP-1expression in EF and SCF obtained from NCD-fed, HFD-fed or HFD + CAP-fed WT (left panel) and TRPV1�/� mice following 32-
weeks of feeding respective diets. (C) and (H) Ratio of PPARs, BMP8b and UCP-1 expression in EF and SCF normalized to GAPDH (loading control).
The averagemRNA levels ± SEM of pparα (D), pparγ (E), bmp8b (I) and ucp-1 (J) normalized to NCD in EF and SCF are given for NCD-fed, HFD-fed or
HFD + CAP-fed WT and TRPV1�/�mice. For quantitative RT-PCR experiments, 18s ribosomal RNA was used as control (n = 40). $$ and ** P< 0.05;
significantly different as indicated.
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Figure 6
Dietary capsaicin increases the expression of pgc-1α, sirt-1 and prdm-16 in EF and SCF of WT but not TRPV1�/� mice. The average mRNA
levels ± SEM of pgc-1α, sirt-1 and prdm-16 normalized to NCD in EF (A, C and E) and SCF (B, D and F) are given for NCD-fed, HFD-fed
or HFD + CAP-fed WT and TRPV1�/� mice (n = 40). (G) Representative Western blot for PRDM-16 expression in SCF of WT and TRPV1�/� mice.
(H) Ratio of mean band intensity ± SEM between PRDM-16 and β-actin. $$ and ** P < 0.05; significantly different as indicated.

BJP P Baskaran et al.

2380 British Journal of Pharmacology (2016) 173 2369–2389



Dietary capsaicin increases the expression of
genes that trigger the molecular conversion of
white to brite cells
Browning of WAT is a molecular process that is triggered by
the expression and activity of sirt-1 (encoding a NAD+-depen-
dent deacetylase) and prdm-16 (encoding a transcriptional
co-regulator for browning of WAT). Thus, by increasing the
expression of sirt-1 and prdm-16, dietary capsaicin could
induce the molecular conversion of WAT to brite cells. We
therefore measured the mRNA levels of sirt-1 and prdm-16
normalized to 18s, in the EF and SCF (Figure 6C–F). The
expression of PRDM-16 is shown in Figure 6G, and the
quantification of PRDM-16 protein is given in Figure 6H.
HFD-suppressed prdm-16 expression and dietary capsaicin
antagonized this effect. SIRT-1 deacetylates and stabilizes
PPARγ, which triggers the browning program in WAT
(Qiang et al., 2012). Therefore, it is important to evaluate
whether dietary capsaicin caused stabilization of PPARγ
through SIRT-1. We performed the following experiments
in SCF isolated from NCD-fed or HFD (± CAP)-fed WT and
TRPV1�/� mice.

Dietary capsaicin causes SIRT-1-dependent
deacetylation of PPARγ and PRDM-16 and
facilitates PPARγ–PRDM-16 interaction
Previous evidences illustrate that post-translational modifica-
tions of PPARγ, including sumoylation, acetylation, phos-
phorylation and ubiquitination, differentially regulate its
adipogenic functions (van Beekum et al., 2009; Anbalagan
et al., 2012; Qiang et al., 2012). Acetylation of PPARγ by the
inhibition of histone deacetylase increases its transcriptional
activity and adipogenesis (Jiang et al., 2014). It is well known
that PRDM-16 is a determinant of brown adipocyte lineage,
which causes browning of WAT (Seale et al., 2008). Further,
deacetylation of PPARγ by SIRT-1 stabilizes PPARγ and
facilitates its interaction with PRDM-16 to trigger browning
of WAT (Qiang et al., 2012; Tian et al., 2014). Therefore, we
evaluated the acetylation status of PPARγ and PRDM-16
in SCF of NCD-fed, HFD-fed or HFD + CAP-fed mice and
also determined PPARγ–PRDM-16 interaction by co-
immunoprecipitation (Co-IP) technique. The expression
levels of PPARγ and PRDM-16 in the input are given in
Figure 7A, and the acetylated lysine levels of these proteins
in the immunoprecipitates are given in Figure 7B. We
determined the acetylated states of PPARγ and PRDM-16
using acetylated lysine antibody. The ratios of acetylated
PPARγ to PPARγ and acetylated PRDM-16 to PRDM-16 are
given in Figure 7C and D respectively. Interactions between
PRDM-16 and PPARγ were assessed by Co-IP experiments
using extracts of SCF from WT and TRPV1�/� mice. As
shown in Figure 7E and F, we immunoblotted PPARγ in
10% precleared SCF lysate (Figure 7E) of NCD-fed, HFD-
fed or HFD + CAP-fed WT and TRPV1�/� mice. Figure 7F
shows an interaction between PRDM-16 and PPARγ in
SCF, after immunoprecipitation of PPARγ in these samples.
Together, our data illustrate a novel TRPV1-dependent
mechanism by which dietary capsaicin increased the
interaction between PPARγ and PRDM-16 to trigger brow-
ning of WAT.

Dietary capsaicin causes
CaMKIIα/AMPKα-dependent SIRT-1
phosphorylation and activation
Next, we evaluated how TRPV1 channel activation by capsa-
icin promotes SIRT-1 phosphorylation and activation to facil-
itate PPARγ/PRDM-16 interaction, which causes browning of
WAT. Activation of TRPV1 increases intracellular Ca2+, which
activates Ca2+-dependent protein kinases. CaMKIIα is acti-
vated by such an intracellular Ca2+ rise (Larrucea et al.,
2008; Zhang et al., 2011). Also, CaMKIIα activation leads to
AMPK activation (Raney and Turcotte, 1985), which
phosphorylates and activates SIRT-1 (Draznin et al., 2012).
Therefore, we determined the effects of activation of
TRPV1 channels by CAP on the expression and phosphoryla-
tion of CaMKII, AMPK and SIRT-1 in the SCF of NCD-fed or
HFD (± CAP)-fed WT and TRPV1�/� mice (Figure 8A, 8B).
Figure 8C and D show the expression of SIRT-1 and
phospho-SIRT-1 in SCF of NCD-fed or HFD (CAP)-fed WT
and TRPV1�/� mice. HFD significantly suppressed the levels
of phospho-CaMKII [Thr286 (Zhou et al., 2012)] and
phospho-AMPK [Thr172 (Shen et al., 2007; Pulinilkunnil
et al., 2011)], and dietary capsaicin prevented this in the SCF
of WT but not TRPV1�/� mice. Also, dietary capsaicin in-
creased the expression of SIRT-1 and its phosphorylation,
suggesting its plausible effect on SIRT-1 activation.

We also analyzed the expression of these proteins in
HEK293 cells that stably expressed TRPV1 channel pro-
teins (HEKTRPV1 cells). Figure 9A and B shows the expres-
sion of TRPV1 protein in HEKTRPV1 cells, but not in WT
HEK293 cells. Figure 9C shows the effects of intracellular
Ca2+ chelation by BAPTA-AM or TRPV1 channel blockade
by capsazepine, on capsaicin (1 μM)-stimulated Ca2+ in-
flux in HEKTRPV1 cells. Both capsazepine and BAPTA-
AM significantly suppressed capsaicin-stimulated Ca2+

influx in HEKTRPV1 cells. Figure 9D shows the change
in intracellular Ca2+ following the addition of capsaicin
in untreated (control), capsazepine or BAPTA-AM pretreated
HEKTRPV1 cells.

The expression of CaMKII, phospho-CaMKII, AMPK and
phospho-AMPK in the control, capsaicin-treated,
capsazepine-treated, BAPTA-treated or KN62-treated cells is
illustrated in Figure 9E, G and H, and the ratios of phospho-
CaMKII to CaMKII and phospho-AMPK to AMPK are given in
Figure 9F and I respectively. If capsaicin mediates these effects
by stimulating influx of Ca2+, then inhibiting TRPV1 chan-
nels (with capsazepine) or chelating intracellular Ca2+ will
prevent the effect of capsaicin. To evaluate this, we pre-
stimulated HEKTRPV1 with either vehicle (capsaicin un-
treated) or capsaicin (1 μM for 30 min). Subgroups of
HEKTRPV1 cells were treated with capsazepine (10 μM;
60 min and present throughout the experiment), BAPTA-
AM (10 μM; cell permeable intracellular Ca2+ chelator;
60 min) or KN62 (5 μM; CaMKII inhibitor; 60 min) prior to
treatment with capsaicin.

Capsaicin treatment significantly increased CaMKIIα
phosphorylation, which was inhibited by TRPV1 channel
block by capsazepine, intracellular Ca2+ chelation by
BAPTA-AM or CaMKIIα inhibition by KN62. These data
clearly suggest the involvement of raised intracellular Ca2+,
via activation of TRPV1 and CaMKIIα, by capsaicin in
SIRT-1 phosphorylation. Consistent with these findings,
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capsaicin treatment stimulated AMPKα phosphorylation, the
effect of which was inhibited by capsazepine, BAPTA-AM or
KN62 (Figure 9G and H).

Phosphorylation of CaMKII and AMPK stimulates SIRT-1
phosphorylation and its activity. To evaluate this, we measured
the expression and phosphorylation of SIRT-1 in HEKTRPV1
cells pretreated with capsaicin alone or with capsazepine,
BAPTA-AMor KN62. SIRT-1 expression and its phosphorylation
under these conditions are given in Figure 9J and K. The expres-
sion of SIRT-1 was not significantly altered under these condi-
tions. These data suggest a TRPV1-activated increase in
intracellular Ca2+ stimulated the CaMKII/AMPK-dependent
mechanism by which capsaicin stimulates SIRT-1 activation.
This resulted in the deacetylation of PPARγ and PRDM-16 aswell
as inducing their interaction to trigger browning of WAT to
increase metabolic activity.

Discussion
Obesity is an important contributing factor for the metabolic
syndrome. Identification of new molecular targets that sup-
press diet-induced obesity will advance the development of
effective strategies to counter obesity. Recently, a role for
TRPV1 activation by capsaicin has been recognized in the
regulation of diet-induced obesity (Zhang et al., 2007; Liu
et al., 2008; Yu et al., 2012). This work systematically analyzed
the mechanism by which activation of TRPV1 channels
countered obesity using an in vivo mouse model and WAT
isolated from obese mice. We used TRPV1�/� mice throughout
the study as an ideal control for the TRPV1-dependent effect of
capsaicin. Although previous research has reported the ther-
mogenic effects of capsaicin, the mechanism by which this
effect was exerted this still remains undefined. Interestingly,

Figure 7
Dietary capsaicin decreases PPARγ and PRDM-16 acetylation and increases PRDM-16–PPARγ interaction in SCF of WT but not TRPV1�/�mice. SCF
pads from NCD-fed, HFD-fed or HFD + CAP-fed WT and TRPV1�/� mice (n = 40) were lysed and immunoprecipitated with acetylated lysine (AcK)
antibody and immunoblotted with PPARγ and PRDM-16 antibodies. (A) Western blots for PPARγ and PRDM-16 in 10% of total protein used for Co-
IP studies. (β-actin, loading control). (B) Immunoprecipitation of samples with acetylated lysine (AcK) antibody shows acetylated PPARγ and
PRDM-16. No PPARγ/PRDM-16 was pulled down by IgG, indicating the specificity of the antibodies. (C) and (D) Mean intensity ratio of acetylated
PPARγ to total PPARγ ± SEM and acetylated PRDM-16 to total PRDM-16 ± SEM, respectively, for each condition. ** P < 0.05; significantly different
as indicated; one-way ANOVA. (E) Immunoblot for PPARγ in 10% precleared (PC) lysate from SCF of NCD-fed and HFD (± CAP)-fed WT and
TRPV1�/� mice (β-actin, loading control). (F) PPARγ immunoprecipitation showing the interaction between PRDM-16 and PPARγ in SCF.
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recent research suggested a thermogenic effect of capsaicin
in rodents and humans (Yoneshiro and Saito, 2013), which
also supports the importance of TRPV1 channels in the
process.

In this study, we used pure capsaicin (16 million Scoville
heat units) to add to the diet fed to our mouse model. Several
studies have employed capsaicinoids [capsaicin mixed with
other ingredients of capsicum plant (Bloomer et al., 2010;
Dulloo, 2011; Luo et al., 2011)], which makes it difficult to
know whether the capsaicinoids contained a standardized
amount of capsaicin (Al Othman et al., 2011). Also, it makes
the interpretation of the results less clear because of the vari-
ability in capsaicin concentrations in these preparations.
Therefore, we chose to use pure capsaicin for the study.

Previous research suggests that dietary capsaicin or
pepper-rich food decreased appetite (Yoshioka et al., 1999;
Hochkogler et al., 2014; Janssens et al., 2014). However, our
data clearly demonstrate that mice did not show any aversion
to an HFD containing capsaicin and we did not observe any
changes in the food intake between NCD (± CAP)-fed or
HFD (± CAP)-fed mice. One reason could be that the mice
were fed capsaicin-containing diet as early as 6 weeks of age.
Our data given in Table 3 unambiguously show that all mice
consumed an identical quantities of the capsaicin-containing
diets, regardless of the type of diet (NCD or HFD). We did not
observe any appetite suppression or a decrease in energy
intake in these mice.

Feeding experiments performed with the NCD + CAP
diet suggest that dietary capsaicin did not prevent weight
gain in NCD-fed mice (Table 3). However, dietary capsaicin

did prevent weight gain induced by HFD. This suggests that
dietary capsaicin did not decrease energy intake in mice. It
is important to note that these experiments were per-
formed at 23°C. The lack of experiments performed at
thermoneutrality could be considered as a limitation of this
work. However, it is beyond the scope of the research
presented in this work.

The primary focus of this study was to analyse the effect of
dietary capsaicin in WAT. Our data clearly illustrate that die-
tary capsaicin up-regulated the expression of proteinmachin-
ery that trigger the molecular conversion of WAT to brite
cells. Dietary capsaicin also significantly induced the expres-
sion of brown fat thermogenes, UCP-1 and BMP8b, a result
compatible with the browning of WAT.

We also show thatWAT expresses TRPV1 channels endog-
enously, and HFD suppressed expression of these channels.
Further, our data show that dietary capsaicin prevented this
suppression of TRPV1 channels in EF and SCF. This indicates
that TRPV1 channel expression is important for the protec-
tive effects of dietary capsaicin. This is consistent with previ-
ous research showing that HFD caused increased weight gain
in TRPV1�/� mice compared with WT (Lee et al., 2015). Also,
dietary capsaicin significantly decreased the lipid content of
epididymal and inguinal preadipocytes of WT but not those
of TRPV1�/�mice. These findings further confirm that TRPV1
channels are essential for the protective effects of dietary
capsaicin.

Dietary capsaicin activated both PPARα and PPARγ in
WAT (Figure 5A–E), while HFD suppressed PPARα while en-
hanced PPARγ expression. The increased expression of PPARα

Figure 8
Dietary capsaicin activates SIRT-1 via TRPV1-CaMKIIα-AMPK-dependent mechanism. (A) and (B) Representative Western blots for the expression
levels of CaMKIIα/p-CaMKIIα (Thr286) and AMPKα/p-AMPKα (Thr172) in 40 μg of SCF lysate (β-actin, loading control; n = 40). (C) and (D) Repre-
sentative Western blot shows immunoprecipitation of SIRT-1 (10% input) and immunoblotting with anti-SIRT-1 antibody. (D) Representative blot
showing SIRT-1 phosphorylation using phosphoserine and threonine antibodies in the immunoprecipitated samples.
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Figure 9
Intracellular Ca2+ chelation by BAPTA-AM or pretreatment with capsazepine (CPZ; TRPV1 antagonist) suppresses CAP-stimulated Ca2+ influx in
HEKTRPV1 cells. (A) Left panel: TRPV1 immunoreactivity in HEKTRPV1 (top) and WT HEK293 (HEKWT) cells (n = 6). Middle and right panels rep-
resent DAPI staining and overlay respectively. (B) Western blot showing the expression of TRPV1 channel protein in HEKWT and HEKTRPV1 cells.
Expression of TRPV1 channels in untreated cells, + capsaicin (CAP)-treated cells (1 μM; 30min) + capsazepine (CPZ)-treated cells (10 μM; 60min)-
+ 1 μM CAP-treated cells (30 min), 10 μM BAPTA-AM-treated cells (intracellular Ca2+ chelator; 60 min) + 1 μM CAP-treated cells or 5 μM
KN62-treated cells (CaMKII inhibitor; 60min) + 1 μMCAP-treated cells. Cells were then lysed and probed for TRPV1 expression (n = 5 independent
experiments). (C) Representative traces showing the time courses of basal and 1 μM capsaicin-stimulated Ca2+ influx in HEKTRPV1 cell. These cells
were pretreated with CPZ or BAPTA-AM for 60 min prior to experiments. Cells were perfused with 2 mM Ca2+-containing extracellular solution,
and 1 μM CAP was added as indicated by arrow in the figure. (D) Bar graphs represent average change ± SEM of Fura-2 fluorescence following
1 μM CAP stimulation in HEKTRPV1 cells pretreated with vehicle, CPZ or BAPTA-AM. Figures in parentheses represent the number of vehicle,
CPZ-treated cells or BAPTA-AM-treated cells. ** represent statistical significance for P < 0.05. (E), (G) and (H) CaMKIIα/pCaMKIIα (Thr286) and
AMPKα/pAMPKα (Thr172) expression in untreated cells (Unt; no CAP; vehicle alone; lane 1), CAP-treated cells (1 μM; 30 min; lane 2), CPZ-treated
cells (10 μM; lane 3), BAPTA-AM-treated cells (10 μM; lane 4) or KN62-treated (5 μM; lane 5) HEKTRPV1 cells (GAPDH, loading control). (F) and (I)
Mean ± SEM of ratio of intensities pCaMKIIα to total-CaMKIIα and pAMPKα to total AMPKα. (J) Immunoblotting of total SIRT-1 (10% input) in un-
treated, CAP-treated, CPZ-treated, BAPTA-AM-treated or KN62-treated HEKTRPV1 cells (GAPDH, loading control). (K) Representative Western
blot showing SIRT-1 phosphorylation (using phosphoserine antibody) in the immunoprecipitated samples.
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is associated with an increase in capsaicin-induced glycerol
release from SCF. Dietary capsaicin enhanced basal lipolysis,
and forskolin-induced lipolysis was significantly higher
under CAP-fed condition compared with NCD or HFD
(Supporting Information Fig. S1B and C). Although increased
PPARγ expression was observed in both HFD-fed and
HFD + CAP-fed mice, increased deactylation of PPARγwas ob-
served only after the HFD + CAP diet, suggesting that dietary
capsaicin stimulated PPARγ deacetylation. Dietary capsaicin
also up-regulated SIRT-1 expression and phosphorylation
(Figure 6C and D and Figure 8C and D). This increase in
SIRT-1 was associated with a concomitant increase in the
deacetylation of PPARγ and PRDM-16. Dietary capsaicin also
stimulated the interaction between PPARγ and PRDM-16
(Figure 7). These data suggest that activation of SIRT-1 by
capsaicin is important for these effects and are in agreement
with previously published data showing a SIRT-1-dependent
deacetylation of PPARγ (Qiang et al., 2012) and its stabiliza-
tion by interaction with PRDM-16 (Villanueva et al., 2013)
to cause browning of WAT. Together, the data presented in
this study provide a compelling evidence for the direct
involvement of TRPV1 activation in SIRT-1-dependent
deacetylation of PPARγ and PRDM-16 and their interaction
in WAT.

Dietary capsaicin also increased the expression of PPARγ 1
coactivator α (PGC-1α), which plays a pivotal role in cellular
energy metabolism in WAT by enhancing the metabolism
and energy expenditure. Activation of thermogenes in WAT
should also result in increased energy expenditure and meta-
bolic activity. Consistent with this notion, dietary capsaicin
significantly enhanced the respiratory quotient and energy
expenditure, which were suppressed under HFD-fed condi-
tions (Figure 2A–G). These data are in agreement with previ-
ous research that suggests the enhancement of metabolic
activity and thermogenesis (Leung, 2014; Saito, 2015) by
capsaicin. Our data show that dietary capsaicin did not affect
fat assimilation and did not alter the amount of fat excreted
in the feces (Figure 2I). Together, these observations suggest
dietary capsaicin overcomes the inhibitory effects of HFD by
stimulating proteins that regulate cellular metabolism. We
also show that capsaicin feeding antagonized the inhibitory

effect of on ambulatory locomotor activity in the WT mice.
Interestingly, under NCD-fed conditions, TRPV1�/� mice
exhibited less locomotor activity compared with WT mice
in the dark cycle (Figure 2H). This suggests that endogenous
TRPV1 channels are important for basal locomotor and
metabolic activity, and further studies are warranted to
evaluate this.

The up-regulation of SIRT-1 and PGC-1α by dietary capsa-
icin was associated with an enhanced expression of thermo-
genic UCP-1 and BMP8b proteins in WAT of WT mice
(Figure 5F–J). The brite phenotype emerges from WAT. It
originates from a non-MYF5 lineage and has a positive im-
pact on metabolism (Wu et al., 2012; Keipert and Jastroch,
2014). It is important to note that differences exist between
EF (visceral) and inguinal (SCF) in that the basal expression
of adipogenic and thermogenic proteins is higher in SCF
than in EF (Gawronska-Kozak et al., 2014). The expression
of thermogenic BMP8b and UCP-1 were not observed in
the EF samples under control (NCD-fed) conditions, while
these proteins were expressed in SCF. Dietary capsaicin
induced the expression of UCP-1 but did not induce
BMP8b in EF, while it increased the expression of both
UCP-1 and BMP8b and induced browning of WAT. BMP8b
is a brown fat thermogenic protein, and Bmp8b�/� mice
show decreased metabolic rate and weight gain (Whittle
et al., 2012). Therefore, by increasing BMP8b protein and
mRNA in SCF, dietary capsaicin induced the conversion
of white to brown like phenotypes, which enhanced energy
expenditure.

Capsaicin stimulated the phosphorylation of SIRT-1 by
activating CaMKII and AMPK (Figure 8), and inhibition of
TRPV1 or chelation of intracellular Ca2+ by BAPTA-AM
prevented the effects of capsaicin (Figure 9E–K). Therefore,
Ca2+ influx via TRPV1 in WAT is necessary for the activa-
tion of CaMKII and AMPK and SIRT-1 phosphorylation.
Both BAPTA-AM and capsazepine decreased capsaicin-
stimulated Ca2+ influx in these cells. This is consistent
with previous work showing the requirement of intra-
cellular Ca2+ rise for the activation of Ca2+/calmodulin-
dependent protein kinase kinase β, AMPK and SIRT-1 (Iwabu
et al., 2010).

Figure 10
Model describing the mechanism of action of capsaicin (CAP). Intracellular Ca2+ rise via TRPV1 channels stimulated by CAP activates CaMKII/
AMPK, which phosphorylate and activate SIRT-1. This causes deacetylation of PPARγ and PRDM-16 and facilitates their interaction to promote
browning of WAT.
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Collectively, our data demonstrate that dietary capsaicin
could trigger the browning of WAT, which may be the mech-
anism by which dietary capsaicin counters HFD-induced
obesity. Our data revealed that the 32-week chronic activa-
tion of TRPV1 channels using dietary capsaicin did not show
any deleterious effects in mice. The lack of effect of dietary
capsaicin in fat pads of TRPV1�/�mice (Figure 8A–D) suggests
a central role of TRPV1 protein in browning ofWAT. Our data
also provide strong evidence for a novel role for the activation
of TRPV1 channels in the browning program of WAT (model
shown in Figure 10). It is noteworthy that future work is
warranted to evaluate the effect of TRPV1 channel agonists
as potential anti-obesity agents in humans. These data con-
tribute to the development of a novel strategy to combat
obesity by activating TRPV1 channels.
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Figure S1 [A]. Micrographs represent low magnification of
Oil Red O staining of subcutaneous adipocytes isolated from
NCD or HFD (CAP)-fed wild type (top) and TRPV1�/�

(Bottom) mice (n = 40). [B]. Glycerol secreted per mg of
protein per hour. measured in inguinal adipocytes of NCD
or HFD (± CAP)-fed wild type and TRPV1�/� mice (n = 40).

[C]. Basal and forskolin-stimulated glycerol release from
WAT of WT and TRPV1�/� mice (n = 6). [D]. Coomassie blue
staining for gel showing equal loading of proteins from EF
lysate. [E]. Western blot showing the expression of FABP-4
in the isolated preadipocytes. [F]. The quantification of the
FABP4/GAPDH ratio (means ± SEM). ** P < 0.05.
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