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A B S T R A C T

Published research suggests that activation of transient receptor potential vanilloid subfamily 1 (TRPV1) en-
hances the expression and deacetylation of peroxisome proliferator-activated receptor gamma (PPARγ) to cause
browning of white adipose tissue. Here, we show that TRPV1 activation by capsaicin significantly prevents high
fat diet-induced obesity in mice. This is associated with an increase in the expression and deacetylation of PPARγ
in the epididymal fat of these mice. Consistent with the TRPV1 activation in vivo, overexpression of TRPV1
enhanced the PPARγ and other thermogenic genes in cultured 3T3-L1 preadipocytes. To determine the inter-
action between TRPV1 and PPARγ signaling, we analyzed the effect of Troglitazone (Trog; a thiazolidinedione
derivative and an agonist of PAARγ) treatment on cultured 3T3-L1 cells. Trog enhanced the expression of
TRPV1, PPARγ and thermogenic proteins in undifferentiated 3T3-L1 cells but not in differentiated cells. Acute
application of Trog stimulated a robust Ca2+ influx into 3T3-L1 cells and TRPV1 inhibition by capsazepine
prevented this. More interestingly, Trog or capsaicin treatment caused the deacetylation of PPARγ in 3T3-L1
cells and inhibition of TRPV1 or Sirtuin 1 - prevented this. Our data suggest a novel effect of Trog to induce
PPARγ deacetylation by activating TRPV1. This research has a significant implication on the role of TRPV1 and
PPARγ signaling in the browning of white adipose tissue.

1. Introduction

The interaction between transient receptor potential vanilloid sub-
family 1 (TRPV1) and peroxisome proliferator-activated receptors
alpha and gamma (PPARα and PPARγ) signaling has received sig-
nificant attention in human diseases. Specifically, the activation of
TRPV1 enhances the expression of PPARγ in white and brown adipose
tissue (WAT and BAT) and stimulates post-translational deacetylation
of PPARγ to induce the browning of WAT and BAT thermogenesis.

Peroxisome proliferator-activated receptors (PPARs) are ligand-de-
pendent transcription factors that regulate lipid homeostasis [1] and
PPAR isoforms regulate lipolysis, adipogenesis, and metabolism [2].
Interestingly, posttranslational modifications of PPARγ, especially its
deacetylation, have been recognized as a marker for browning of white
adipose tissue (WAT). Direct acetylation of PPARγ by histone acetyl-
transferases is involved in its adipocyte differentiation function [3].

PPARγ acetylation enhances lipid synthesis, and the deacetylation of
PPARγ is tightly regulated by NAD-dependent deacetylase sirtuin 1
[SiRT1; [4,5]].

It is well known that WAT functions as the main depot for fuel
storage whereas brown fat dissipates this energy as heat [6] and in-
creases energy expenditure, thus preventing from obesity. The third
kind of fat shown recently is inducible brown fat in white fat also called
as beige/brite (brown in white) cells [7]. Previous research also shows
that brown remodeling of white adipose tissue occurs by SiRT1-de-
pendent deacetylation of PPARγ and inhibits lipid accumulation [5].
Recent research has intensified the identification of various mechan-
isms that trigger the browning of WAT as a countermeasure for obesity.

Transient receptor potential vanilloid subfamily 1 (TRPV1) is a
nonselective cation channel [8], which takes part in nociception,
thermosensation, and release of vasodilator neuropeptides such as
calcitonin gene-related peptide [9]. It was recently shown that TRPV1
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channel activation prevents adipogenesis [10]. More significantly, the
activation of TRPV1 by feeding capsaicin prevented high-fat diet-in-
duced obesity [11], promoted weight loss and induced the conversion
of white to brown fat in mice. Also, capsaicin enhanced the expression
and thermogenic program in the brown fat of wild-type but not in
TRPV1−/− mice. TRPV1 activation caused the deacetylation of PPARγ
via SiRT-1 in white and brown adipose tissues [11,12]. In this study, we
evaluated the crosstalk between TRPV1 and PPARγ by evaluating the
effect of Troglitazone (Trog), a PPARγ activator. Our data suggest a
novel TRPV1-dependent effect of Trog on the deacetylation of PPARγ in
3T3-L1 cells.

2. Materials and methods

2.1. Mouse model of HFD-induced obesity

Adult male TRPV1−/− mice (stock number 003770) and their ge-
netically unaltered wild-type control mice were purchased from
Jackson Laboratory, Maine, USA, and housed in the research animal
facility. Mice were maintained at 23 °C with 12:12 hour dark and light
cycle, at the School of Pharmacy, University of Wyoming and used for
experiments as per approved IACUC protocols. Mice were allowed ac-
cess to the high-fat diet (HFD; 60% calories from fat; 5.24 kCal/g) or
HFD+CAP (0.01% in HFD) and water ad libitum.

2.1.1. Group size and randomization
Six-week -old male mice (n=8 to 12 per group) were randomly

assigned to feeding groups and housed in groups of four in separate
cages. The study design and animal ethics conform to the recent gui-
dance on experimental design and analysis [13]. Mice received NCD or
HFD (± 0.01% CAP in total diet) from week 6 through 38. At the end
of 32weeks of feeding the diets, epididymal fat (EF) was isolated and
used for quantitative RT PCR and western blotting as per previously
described procedures [11,12].

2.1.2. Blinding
The average weight gain was determined on a weekly basis. The

weighing personnel was blinded on the groups of mice that were fed
NCD, HFD or HFD+CAP.

2.2. Cell culture

Murine 3T3-L1 cells were grown in Dulbecco's modified essential
medium (DMEM) containing 10% fetal calf serum and 1% penicillin
and streptomycin. Control and TRPV1 overexpressing HEK 293 ells
were cultured in MEM containing 10% fetal bovine serum and 1% pe-
nicillin and streptomycin.

2.3. Differentiation of 3T3-L1 cells

For differentiation, confluent 3T3-L1 cells were treated with 0.5mM
isobutyl methylxanthine, 1 μM dexamethasone and 20 μg/mL insulin
(differentiation medium). After 48 h, the medium was aspirated and
insulin and FBS containing DMEM complete medium was added. This
procedure continued every day till 8-days after inducing differentiation.

2.4. Oil red O staining protocol

3T3-L1 cells were washed three times with phosphate buffered
saline (PBS) and then fixed with 10% formaldehyde for 10min. The
cells were treated with 100% polyethylene glycol for 2min followed by
oil red O in polyethylene glycol for 15min. The oil red O was removed
and 60% polyethylene glycol was added for 1min. The cells were then
rinsed with water and the nucleus was stained with hematoxylin for
10min. The nuclear staining was intensified with sodium phosphate
solution for 5min. The coverslips were washed with water several times

and mounted using aqueous mounting medium. The cells were visua-
lized using a Zeiss 710 confocal microscope.

2.5. Quantification of lipid content in 3T3L1 cells

For quantification of content, cells were fixed for at least 1 h with
10% formalin in isotonic phosphate buffer, then washed with water,
stained for 2 h by complete immersion in a working solution of oil red O
and exhaustively rinsed with water. Excess water was removed by
placing the stained cultures at 32 °C. Then 1mL of isopropyl alcohol
was added to the stained culture dish, the extracted dye was im-
mediately removed by gentle pipetting and its absorbance monitored
spectrophotometrically at 510 nm. The working solution of oil red O
was prepared as described previously [14]. The cells were then scraped
and lysed and protein concentration was determined by Bradford
method and absorbance was calculated for the protein concentration/
dish.

2.6. Transfection of TRPV1

3T3-L1 cells were grown to confluence and transfected with rat
transient receptor potential vanilloid subfamily 1 (TRPV1) cDNA or
pcDNA3.1 vector using Effectene transfection reagent (Qiagen,
Valencia, CA) following the manufacturer's instructions. We also used
TRPV1 stably expressing HEK293 cells [12,15] as controls for mRNA
and protein expression analyses of TRPV1 in 3T3-L1 cells.

2.7. Isolation and culture of EF adipocytes

The EF pads were isolated from 8 to 10weeks old NCD-fed WT and
TRPV1−/− mice and minced in 500 μL ice-cold sterile PBS. Collagenase
(0.5mL of 1.5 mg·mL−1) in isolation buffer (123mM NaCl, 5 mM KCl,
1.3 mM CaCl2, 5 mM glucose, HEPES 100mM, 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
5min. The digested tissues were filtered (100 μm filter) and centrifuged
at 370×g for 5min. The pellet was suspended in 1mL 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, 20mM HEPES and 1% penicillin and streptomycin and added
to 1% gelatin-coated plates for 45min to remove the fibroblasts. The
supernatant was then seeded in treated cell culture plates and used for
intracellular Ca2+ imaging experiments 24 h after plating.

2.8. Intracellular Ca2+ measurement

For intracellular Ca2+ imaging, undifferentiated or differentiated
3T3-L1 cells or epididymal adipocytes isolated from NCD-fed WT and
TRPV1−/− mice grown on 25mm circular coverslips were incubated
with Fura-2AM (2 μM; for 60min) at room temperature in an extra-
cellular buffer containing in mM, NaCl 137, KCl 5, CaCl2 1.8, MgCl2 1,
HEPES 10, glucose 10, pH 7.38. The coverslips were then washed with
buffer, placed in a stainless-steel holder (0.8 mL residual 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 buffer, and
Ca2+ entry due to the addition of CAP (1 μM), Trog (10 μM), Rosi
(10 μM) or CLO (10 μM) in the presence of 2mM extracellular Ca2+

containing buffer was measured. Results were analyzed using TillVision
5 software and presented as the ratio (R) of fluorescence intensities at
excitation wavelengths of 340 nm and 380 nm collected at 510 nm. For
the inhibition of TRPV1, CPZ (10 μM) was added to cells prior to adding
Trog (10 μM).
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2.9. Western blotting

Cultured 3T3-L1TRPV1 cells or EF tissues were washed with chilled
PBS, lysed in lysis buffer (50mM Tris pH 7.5, 250mM sodium chloride,
0.5% NP40, 0.5% sodium deoxycholate, 2 mM EDTA, 0.5 mM DTT,
1mM sodium orthovanadate, Protease inhibitor cocktail) and cen-
trifuged at 14,000 rpm for 20min to remove the cell debris. The su-
pernatants were aliquoted and snap-frozen in liquid nitrogen. The
protein concentration was determined using the Bradford method and
equal amounts of protein were separated by SDS-PAGE and transferred
to nitrocellulose membrane, and immunoblotted with the TRPV1 anti-
body (Santa Cruz Biotechnology Inc. USA). A list of all antibodies and
their dilutions used for the study are given in Table 2.

2.10. Quantitative RT-PCR analysis

Total RNA was isolated from EF tissues or 3T3-L1 cells using Tri-
reagent (Sigma, USA) according to manufacturer's instructions. cDNA
was synthesized using Quantitect reverse transcription kit (Qiagen,
Valencia, CA) using Q5plex PCR system (Qiagen Valencia, CA). Real-
time PCR was performed using QuantiTect SYBR green PCR kit on a
Q5plex system. 18s was used as the reference gene. Amplification was
performed in a 20 μL reaction volume according to manufacturer's in-
struction. Primer sequences for qPCR were used as per previously
published research [11,12] and are provided in Table 3.

2.11. Chemicals and drugs

All chemicals and drugs were obtained from Sigma, USA. HFD was
obtained from Research Diets Inc., NJ (D12492). Quantitative RT-PCR
kits were obtained from Qiagen, USA.

2.12. Statistical analyses

All data are expressed as means ± S.E.M. Comparisons between
groups were analyzed using one-way ANOVA and post hoc analyses
were done using ANOVA or Student t-test, whenever appropriate. A P
value< 0.05 was considered as statistically significant. Graphs from
analyzed data were plotted using Microcal Origin 6.0 software.

3. Results

3.1. Feeding HFD causes obesity and suppresses TRPV1 but activation of TRPV1
by capsaicin promotes weight loss in the wild-type but not TRPV1−/− mice

Previously, we have shown in a mouse model of obesity that cap-
saicin feeding countered high-fat diet (HFD; 60% calories from FAT)-
induced obesity and metabolic dysfunction without modifying energy
intake [11,12]. To reconcile whether supplementation of capsaicin in
the diet promotes weight loss in mice and causes browning of epidi-
dymal white adipose tissue (eWAT), we performed feeding experiments
in wild-type and TRPV1−/− mice. As shown in Fig. 1A and B, both WT

Table 1
Food and water intake in WT and TRPV1−/− mice-fed HFD or HFD+ capsaicin.

WT TRPV1−/−

HFD HFD+ capsaicin (0.01%) HFD HFD+capsaicin (0.01%)

Food (g/day) 3.12 ± 0.23 3.14 ± 0.18 3.22 ± 0.38 3.29 ± 0.22
Energy intake (kCal/day) 16.35 ± 1.21 16.45 ± 0.94 16.87 ± 1.76 17.24 ± 1.12
Water (mL/day) 4.77 ± 0.88 4.81 ± 0.92 4.92 ± 1.02 4.88 ± 0.80

Table 2
Antibodies.
Sources of antibodies and dilutions used in the experiments are given below.

Antibodies and dilutions used Source Catalog No.

PPARα (1:500) Novus Biologicals, USA NB600-636
PPARγ (1:100) Santa Cruz Biotechnology, Inc., USA SC-7273
BMP8b (1:100) Santa Cruz Biotechnology, Inc., USA SC-13086
SIRT-1 (1:100) Santa Cruz Biotechnology, Inc., USA SC-28766
TRPV1 (1:100) Santa Cruz Biotechnology, Inc., USA SC-28759
Acetylated lysine (1:100 for IP) Cell Signaling Inc., USA 9441
GAPDH (1:500) Santa Cruz Biotechnology, Inc., USA SC-365062
PGC-1α (1:1000) Novus Biologicals, USA NBP1-04676

Table 3
Primers for quantitative RT-PCR.
Primers (IDT, USA) that were used for RT-PCR experiments are given below.

Genes Forward Reverse

18s 5′-acc gca gct agg aat aat gga-3′ 5′-gcc tca gtt ccg aaa acc a-3′
gapdh 5′-cgt gcc gcc tgg aga aac c-3′ 5′-tgg aag agt ggg agt tgc tgt tg-3′
mtrpv1 5′-caa caa gaa ggg gct tac acc-3′ 5′-tct gga gaa tgt agg cca aga c-3′
pparα 5′-gta cca cta cgg agt tca cgc at-3′ 5′-cgc cga aag aag ccc tta c-3′
pparγ 5′-caa gaa tac caa agt gcg atc aa-3′ 5′-gag cag ggt ctt ttc aga ata ata ag-3′
sirt-1 5′-tcg tgg aga cat ttt taa tca gg-3′ 5′-gct tca tga tgg caa gtg g-3′
bmp8b 5′-tcc acc aac cac gcc act at-3′ 5′-cag tag gca cac agc aca cct-3′
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and TRPV1−/− mice gained weight upon HFD feeding and supple-
mentation of capsaicin in HFD (from weeks 25 to 32) inhibited weight
gain only in the WT but not in TRPV1−/− mice. Capsaicin feeding did
not alter the energy and water intake in these mice (Table 1). Also,
capsaicin feeding restored TRPV1 mRNA and protein in the eWAT of
WT mice (Fig. 1C and D). Supplementation of capsaicin reversed the
inhibitory effect of HFD on the mRNA levels and protein expression of
PPARα and SiRT-1 (Fig. 1E, F and G).

3.2. TRPV1 activation by capsaicin increases the deacetylation of PPARγ in
the epididymal fat (EF)

PPARγ plays an important role in adipogenesis and its deacetylation
by SiRT-1 stabilizes it and promotes its interaction with PRDM-16, a
regulator of browning program in WAT. Previous studies have shown
that PPARγ deacetylation triggers browning of inguinal white adipose
tissue. Capsaicin has also been shown previously to promote browning
of inguinal adipose tissues. However, whether capsaicin causes
browning of EF has not been studied before. Therefore, we analyzed the
expression and acetylated levels of PPARγ in the EF isolated from WT
mice that received HFD or HFD+ capsaicin. As shown in Fig. 1H and I,

PPARγ acetylation was enhanced by HFD in eWAT and capsaicin re-
versed this.

3.3. Characterization of TRPV1 in 3T3-L1 cells

We evaluated the effect of overexpression of TRPV1 in 3T3-L1 cells
to study the alterations in thermogenic genes and proteins.
Overexpression studies have potential advantages in identifying targets
as well as phenotypes [16]. First, we measured the endogenous TRPV1
mRNA levels in 3T3-L1 cells by quantitative real-time PCR (qPCR)
method. We used HEK 293 cells overexpressing TRPV1 as a control for
this experiment. We overexpressed TRPV1 in 3T3-L1 cells by trans-
fecting the cells with TRPV1 cDNA as described under the methods
section of the manuscript. Overexpression of TRPV1 enhanced TRPV1
mRNA and protein in the 3T3-L1 cells. These results are summarized in
Fig. 2A, B and C. We used TRPV1 overexpressing 3T3-L1 cells (desig-
nated as 3T3-L1TRPV1) for further experiments.

Next, we stimulated 3T3-L1TRPV1 cells with capsaicin in the absence
(Fig. 2B) and presence (Fig. 2D and E) of a TRPV1 antagonist. Capsa-
zepine (TRPV1 antagonist) pretreatment (30min 10 μM) prevented
capsaicin-stimulated Ca2+ influx in these cells.

Fig. 1. Effect of CAP on HFD-induced weight gain, suppression of PPARs and SIRT-1 mRNA and acetylation of PPARγ in epididymal fat (EF) tissue. A and B. Time
course of body weight changes in relation to weeks of feeding HFD (±CAP) in the WT and TRPV1−/− mice. Diet switch from HFD to HFD+CAP (0.01% in HFD)
occurred on week 25. C. Mean TRPV1 mRNA ± S.E.M. normalized to 18s in epididymal fat from these mice. D. Immunoblot shows the expression of TRPV1 in the EF
of NCD or HFD (±CAP)-fed WT and TRPV1−/− mice. E. Bar graphs represent the mean mRNA ± S.E.M. normalized to 18s for PPARα, PPARγ and SiRT-1 in
epididymal fat from WT mice. F. Immunoblots show the expression of PPARα, PPARγ (1 and 2) and SiRT-1 in the EF of NCD or HFD (±CAP)-fed WT mice. G. Bar
graphs show the mean band intensity ± S.E.M. (normalized to GAPDH) for the expression of PPARα,γ (1 and 2) and SiRT-1. H. EF samples of NCD or HFD (±CAP)-
fed WT mice immunoblotted for PPARγ and immunoprecipitated with acetylated lysine antibody (Ac-K). I. The mean ratio of acetylated PPARγ to total
PPARγ ± S.E.M. ** represents statistical significance for P < 0.01 for 4 independent experiments.

Fig. 2. TRPV1 expression and activity in
3T3-L1 cells. A. TRPV1 mRNA normalized to
18s in HEKTRPV1, 3T3-L1, and 3T3-L1TRPV1

cells. B. Immunoblot shows the expression of
TRPV1 in HEKTRPV1, 3T3-L1, and 3T3-
L1TRPV1 cells. GAPDH is a loading control C.
Bar graphs represent mean band intensity for
TRPV1 expression in these cells normalized
to GAPDH. CAP (1 μM)-stimulated Ca2+ in-
flux in control (D) and capsazepine (CPZ;
10 μM; TRPV1 antagonist) pretreated (E)
3T3-L1TRPV1 cells. Cells were preincubated
with CPZ for 30min prior to experiment and
CPZ was present continuously as indicated in
the figure. ** represents statistical sig-
nificance for P < 0.01 for 8 independent
experiments. Colors represent the response
from several cells seeded on the same cov-
erslip.
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3.4. TRPV1 overexpression increases mRNA levels and expression of
PPARγ, PPARα, SiRT-1, BMP8b, and UCP-1 in 3T3-L1 cells

Next, we analyzed the expression of adipogenic and thermogenic
genes and proteins in 3T3-L1 cells (Fig. 3) by quantitative RT-PCR
technique and by western blotting. Overexpression of TRPV1 sig-
nificantly increased the mRNA levels (Fig. 3A) and expression of
PPARα, PPARγ. SiRT-1, BMP8b, and UCP-1 (Fig. 3B). The quantifica-
tion of mean band intensities ± S.E.M. normalized to GAPDH for ex-
periments performed in triplicates is given in Fig. 3C.

3.5. Differentiation of 3T3-L1TRPV1 cells progressively increases lipid
accumulation but decreases TRPV1 expression and suppresses its activity

Next, we differentiated 3T3-L1TRPV1 cells as per the method de-
scribed under materials and methods section. We followed an eight-day
differentiation protocol for this. We analyzed the accumulation of lipid
droplets in undifferentiated and 4 or 8 days differentiated 3T3-L1TRPV1

cells by oil red O staining method. Alternatively, we analyzed the lipid
content in these cells by a spectroscopic method. We also measured the
TRPV1 mRNA levels and analyzed capsaicin-stimulated Ca2+ influx in
these cells. We determined the expression of the TRPV1 protein in
undifferentiated and differentiated (day 8) 3T3-L1TRPV1 cell lysate by
immunoprecipitation. Differentiation process increased lipid accumu-
lation in 3T3-L1TRPV1 as shown by the oil red O staining of these cells on
day 4 and 8 of differentiation (Supplemental Fig. 1A, B and C).
Consistently, the absorbance of lipids also increased as illustrated in
Fig. 3D. However, the levels of TRPV1 mRNA and activity of TRPV1
decreased upon 3T3-L1TRPV1 differentiation. As shown in Supplemental
Fig. 1E, F and G, with the increase in lipid accumulation, both the
mRNA levels and activity of TRPV1 are decreased in 3T3-L1TRPV1 cells.
Western blot for TRPV1 protein in undifferentiated and differentiated
(day 8; Supplemental Fig. 1H) 3T3-L1TRPV1 cells confirms that lipid
accumulation has a suppressive effect on TRPV1 expression. This is
consistent with previous reports that suggest that increased lipid ac-
cumulation is associated with a concomitant reduction in both ex-
pression and activity of TRPV1 [11,12]. Also, a previous study suggests
that with an increase in visceral fat, a reduction in the expression of
TRPV1 was observed in humans [10].

3.6. Troglitazone enhances the expression and activity of TRPV1 in 3T3-L1
cells

Published research suggests that TRPV1 activation by capsaicin
enhances the expression of PPARγ in adipose tissue. To determine
whether PPARγ activation alters TRPV1, we evaluated the effect of the
acute application of Trog (10 μM) on 3T3-L1TRPV1 cells. Surprisingly,
acute Trog treatment activated a robust Ca2+ influx into 3T3-L1TRPV1

cells, which was inhibited by pretreatment with capsazepine (CPZ;
10 μM) in these cells (Fig. 4A). Since the mRNA levels and expression of
PPARα were increased in 3T3-L1TRPV1, we evaluated the effect of
PPARα agonist (Clofibrate, CLO) on TRPV1 activity. We treated 3T3-
L1TRPV1 cells with CLO (10 μM) and measured the intracellular Ca2+

signal. As shown in Fig. 4C, CLO failed to activate TRPV1. The summary
of mean changes in Trog (± capsazepine) and CLO stimulated Ca2+

influx ± S.E.M. in 3T3-L1TRPV1 cells is shown in Fig. 4D. In order to
test whether Trog can stimulate a Ca2+ influx in cells that lack TRPV1,
we treated control HEK293 cells, which do not express TRPV1 en-
dogenously. As shown in Fig. 4E, Trog did not induce Ca2+ influx in
these cells. However, in HEKTRPV1 cells, both Trog and another TZD
derivative, Rosiglitazone (Rosi; 10 μM), induced a Ca2+ influx, which
was inhibited by CPZ (Supplemental Fig. 2). However, as illustrated in
Supplemental Fig. 2C and F, the effect of Rosi was slower and not as
robust as Trog. The mean change in fluorescence ratio (F340/380)
following Trog was 1.6 ± 0.28 while that with Rosi was 0.4 ± 0.12.
However, pretreatment with CPZ inhibited the effects of Trog and Rosi
(Supplemental Fig. 2B and E).

Next, we evaluated the effect of Trog on epididymal adipocytes
isolated from NCD-fed WT and TRPV1−/− mice. As illustrated in
Supplemental Fig. 3, acute Trog treatment initiated Ca2+ influx in the
epididymal adipocytes of WT but not TRPV1−/− mice.

3.7. Differentiation process increases c/EBPα and PPARγ while decreases
PPARα, SiRT-1, and BMP8b in 3T3-L1TRPV1 cells

Adipogenesis is a cell differentiation process by which pre-
adipocytes are converted in to mature adipocytes. PPARγ and c/EPBα
are critical regulators of adipogenesis [17]. Therefore, we measured the
expression of these genes and other thermogenic genes in un-
differentiated and differentiated 3T3-L1TRPV1 cells. As shown in

Fig. 3. Overexpression of TRPV1 increases the ex-
pression of thermogenic genes in 3T3-L1 cells. A. Bar
graphs represent the mean mRNA ± S.E.M. normal-
ized to 18s for PPARγ, PPARα, SiRT-1, BMP8b, and
UCP-1 in control (open columns) and TRPV1 over-
expressing (shaded columns) 3T3-L1TRPV1 cells. B.
Immunoblots show the expression of TRPV1, PPARγ,
and SiRT-1 in these cells. C. Bar graphs represent the
mean protein intensity ± S.E.M. normalized to
GAPDH. ** represents statistical significance for
P < 0.05 for 6 independent experiments.

Fig. 4. Troglitazone directly activates TRPV1. Time courses of Trog (10 μM)-stimulated Ca2+ influx in control (A) and capsazepine (CPZ; 10 μM; TRPV1 antagonist)
pretreated (B) 3T3-L1TRPV1 cells. C. Time courses of Clofibrate (CLO; 10 μM)-stimulated Ca2+ influx in 3T3-L1TRPV1 cells. D. Mean fluorescence change ± S.E.M.
following Trog treatment (± CPZ) or CLO in 3T3-L1TRPV1 cells (n=88–132 cells/condition). E. Representative traces showing the time courses of Trog (10 μM)-
stimulated Ca2+ influx in control HEK293 cells (n=36). ** represents statistical significance for P < 0.01. Colors represent the response from several cells seeded
on the same coverslip.
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Supplemental Fig. 4A, on day 8 of differentiation, the mRNA levels of c/
EBPα and PPARγ were increased, while that of PPARα, SiRT-1, and
BMP8b were decreased compared with the undifferentiated 3T3-
L1TRPV1 cell. We could not detect the expression of mitochondrial un-
coupling protein 1 (UCP-1) in both undifferentiated and differentiated.
This is consistent with a previous study which describes the lack of
endogenous UCP-1 in 3T3-L1 cells [18].

3.8. Effect of Troglitazone on TRPV1 and genes of adipogenesis and
thermogenesis in undifferentiated and differentiated 3T3-L1TRPV1 cells

Trog is a PPARγ agonist, which enhances insulin sensitivity [19].
Recent studies show that PPARγ is required for inducing browning of
WAT [5,20]. So, we evaluated the effect of Trog treatment on the ex-
pression of adipogenic and thermogenic genes in undifferentiated and
differentiated (8 day) 3T3-L1TRPV1 cells. 3T3-L1TRPV1 cells were treated
with Trog (10 μM) for 12 h prior to quantitative RT-PCR (qPCR) mea-
surements. As described in Supplemental Fig. 4B, Trog treatment sig-
nificantly increased the mRNA levels of TRPV1, c/EBPα, PPARγ, SiRT-
1, and BMP8b only in the undifferentiated cells. However, Trog in-
creased the mRNA levels of c/EBPα and PPARγ in the differentiated
cells. Trog treatment did not alter the expression of PPARα mRNA le-
vels under both conditions.

3.9. Troglitazone enhances the expression of TRPV1 and thermogenic
proteins in 3T3-L1 cells and TRPV1 inhibition by capsazepine prevents this

Since Trog activates TRPV1 in vitro, we evaluated the effect of Trog
treatment on the expression of TRPV1 and thermogenic proteins in 3T3-
L1 and 3T3-L1TRPV1 cells. These cells were treated with Trog (10 μM)
for 12 h prior to quantitative RT-PCR (qPCR) measurements. As illu-
strated in Fig. 5, Trog treatment significantly increased the expression
of TRPV1, PPARα, BMP8b, PGC-1α, PPARγ, and SiRT-1 in these cells.
Also, we evaluated the effect of capsaicin treatment in vitro on the

expression of thermogenic proteins in 3T3-L1TRPV1 cells. For this, we
treated cells with either vehicle or capsaicin (1 μM) for 90min and then
analyzed the expression levels of TRPV1, PPARα, BMP8b, PGC-1α,
PPARγ, and SiRT-1. As shown in Fig. 5D and E, acute capsaicin treat-
ment significantly elevated the expression of these proteins. These data
together suggest that activation of TRPV1 by Trog or capsaicin has a
similar enhancing effect on the expression of thermogenic proteins.

Next, we analyzed whether inhibition of TRPV1 will reverse the
stimulatory effect of Trog on thermogenic protein expression in 3T3-
L1TRPV1 cells. For this, we pretreated a sub-group of these cells with
capsazepine (CPZ; 10 μM) and then stimulated with Trog (10 μM;
90min) and analyzed the expression of TRPV1, PPARα, BMP8b, PGC-
1α, PPARγ and SiRT-1 by immunoblotting. As shown in Fig. 6, CPZ
treatment significantly downregulated the stimulatory effect of Trog on
the expression of these proteins.

3.10. Trog induces the deacetylation of PPARγ by activating TRPV1 in 3T3-
L1 cells

Deacetylation of PPARγ by SiRT-1 has been recognized as a
browning mechanism of WAT [5]. Previous research has shown that
thiazolidinedione treatment caused deacetylation of PPARγ [5], stabi-
lized PRDM-16 [20] to stimulate the browning of WAT. Further, the
deacetylation of PPARγ by its agonists has been shown to promote their
benefits to treat metabolic diseases [21]. Since TRPV1 activation by
capsaicin enhanced PPARγ deacetylation and browning of WAT [11],
we hypothesized that Trog will also induce PPARγ deacetylation via
TRPV1. First, we analyzed the expression of PPARγ in Trog treated
control and TRPV1 overexpressing cells. Trog increased the expression
of PPARγ under both conditions (Fig. 7A and B). To evaluate whether
Trog stimulates PPARγ deacetylation, we treated 3T3-L1TRPV1 cells with
capsaicin (1 μM for 12 h) or Trog (10 μM for 12 h) in the absence or
presence of capsazepine (10 μM, treated 90min prior to capsaicin or
Trog treatment) at 37 °C. We then performed a coimmunoprecipitation

Fig. 5. Effect of acute Trog treatment on the
expression of TRPV1 and thermogenic pro-
teins. A and B. Representative western blots
for TRPV1, PPARα, BMP8b, PGC-1α, PPARγ,
and SiRT-1 in the control and Trog (10 μM;
90min) treated 3T3-L1TRPV1 cells. D.
Representative western blots for TRPV1,
PPARα, BMP8b, PGC-1α, PPARγ, and SiRT-1
in the control and capsaicin (CAP; 1 μM;
90min) treated 3T3-L1TRPV1 cells. GAPDH
was a loading control. C and E. Mean band
intensities of these proteins ± S.E.M. nor-
malized to GAPDH in Trog or capsaicin-
treated cells. ** represents statistical sig-
nificance for P < 0.01 for n=3 experi-
ments/condition.
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Fig. 6. Troglitazone enhances the expression
of thermogenic proteins in 3T3-L1TRPV1 cells
and inhibition of TRPV1 prevents this. A.
Representative blots show the expression of
TRPV1, PPARα, BMP8b, PGC-1α, PPARγ and
SiRT-1 in control, Trog (10 μM for 90min)
and Trog+CPZ (10 μM for 90min) treated
3T3-L1TRPV1 cells. GAPDH is a loading con-
trol. B. Bar graphs show the mean protein
expression ± S.E.M. (n=3) for these pro-
teins. ** Statistical significance for
P < 0.05.

Fig. 7. Capsaicin (CAP) and Trog enhance PPARγ deacetylation and inhibition of TRPV1 prevents this. A. Western blot showing the expression of PPARγ in Trog
treated (10 μM; 12 h) control and TRPV1 overexpressing 3T3-L1 cells. B. Mean band intensities of PPARγ normalized to GAPDH. C. Representative immunoblots
(n=3) showing the expression of PPARγ in the input of CAP (± capsazepine, CPZ) or Trog (±CPZ) treated 3T3-L1TRPV1 cells. D. Acetylated PPARγ in these cells
following immunoprecipitation with AcK antibody. E. The ratio of acetylated PPARγ to total PPARγ. F. Representative immunoblots (n=3) showing the expression
of PPARγ and acetylated PPARγ in the input of control and CAP (± EX527; SiRT-1 inhibitor; 10 μM; 1 h pretreatment) in 3T3-L1TRPV1 cells. G. The ratio of acetylated
PPARγ to total PPARγ.
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experiment to immunoprecipitate PPARγ using acetylated lysine (AcK)
antibody (Fig. 7C and D). Experiments were performed in triplicates
and the ratio of band intensities of acetylated PPARγ to total PPARγ was
calculated and represented in Fig. 7E.

In order to determine whether TRPV1 activation promotes PPARγ
deacetylation by activating SiRT-1, we pretreated cells with a SiRT-1
inhibitor (EX527; 10 μM; 1 h) and then stimulated with capsaicin. As
illustrated in Fig. 7F and G, Ex527 increased the levels of acetylated
PPARγ, thus preventing the effect of capsaicin on PPARγ deacetylation
via SiRT-1.

4. Discussion

Strategies to stimulate the conversion of energy-storing white fat to
energy expending brown fat-like phenotype (also referred to as beige
fat) have received significant attention in recent years [22–25]. Pre-
dominately, the activation of SiRT-1, an NAD+-dependent deacetylase,
and its subsequent deacetylation of PPARγ, PRDM-16, and their stabi-
lization to promote thermogenic program have been regarded as me-
chanisms underlying the browning of WAT [5,11,20,26]. Consistently,
several studies have demonstrated that the deacetylation of PPARγ is a
marker for browning of WAT [5,11,27]. Specifically, research work
demonstrating the novel role of thiazolidinedione (TZD) derivatives in
SiRT-1-dependent deacetylation of PPARγ presents a new mechanism
for the benefits of these molecules despite any adverse reactions asso-
ciated with their use [21].

Recently, TRPV1 has been identified as a novel partner in this
browning phenomenon [11,28]. Published data suggest that activation
of TRPV1 prevents diet-induced obesity by causing the browning of
WAT via SiRT-1-dependent deacetylation of PPARγ [12]. The use of
capsaicin or its non-pungent analogs in clinical trials has been shown to
be beneficial [29-37]. However, the precise mechanism(s) by which
TRPV1 activation enhances energy expenditure and combats nutrient
overload-induced metabolic dysfunction remains unclear. Pertinent to
the role of TRPV1 in the browning of WAT, the results presented in this
work suggest a cross-talk between PPARγ and TRPV1 signaling since
TRPV1 activation enhanced the expression and deacetylation of PPARγ
in epididymal fat (in vivo) as well as 3T3-L1TRPV1 cells in vitro. More-
over, our results illustrating the enhancement of adipogenic and ther-
mogenic protein expression in TRPV1 overexpressing 3T3-L1 cells in-
dicates a critical role of TRPV1 in adipogenic and thermogenic
processes. These results validate that TRPV1 is a potential candidate for
inducing browning of WAT.

This study has discovered an interesting cross-talk between TZD and
TRPV1 and shows a direct activating effect of TRPV1 by TZD deriva-
tives. Recently, PPARγ agonists have been shown to cause browning of
white adipocytes [5,20,38,39] by stabilizing PPARγ and PRDM-16, a
gene responsible for this molecular switch. Since TRPV1 activation
caused browning of white adipose tissue, TZDs may trigger browning
program in 3T3-L1 cells TRPV1 activation. The ability of Trog and Rosi
to activate TRPV1 as well as enhance PPARγ rises an important ques-
tion – whether these compounds mediate this effect directly or via
PPARγ. However, in control HEK293 cells that lack TRPV1 en-
dogenously, Trog failed to stimulate a Ca2+ influx. These data suggest
that Trog presumably mediates its effect directly on TRPV1 and not via
PPARγ activation. Also, the induction of Ca2+ influx by Trog was
spontaneous in 3T3-L1TRPV1 cells as there was no time delay between
the application of Trog and the influx of Ca2+. However, the effect of
Rosi was lower than Trog. One reason for this could be the difference in
the structure of these compounds. Further in vitro studies and mole-
cular docking analyses are required to address this. Nevertheless, our
data demonstrate that TRPV1 is activated by TZD, which will have a
clinical significance since TZDs are used as insulin sensitizing agents as
they activate PPARγ. Published literature suggests that activation of
TRPV1 also improves insulin sensitivity and promotes better glucose
handling in rodents. Therefore, it is reasonable to speculate a

permissive role of TRPV1 activation in the insulin-sensitizing effects of
TZDs. However, whether TRPV1 activation modulates the transcrip-
tional activity of PPARγ still remains to be determined. Nonetheless,
capsaicin or Trog treatment not only enhanced the expression of PPARγ
in 3T3-L1TRPV1 cells but also decreased its acetylated levels in 3T3-
L1TRPV1 cells. Further, this effect of capsaicin or Trog is reversed by
TRPV1 inhibition. Moreover, inhibition of SiRT-1 by EX527 prevents
the deacetylation of PPARγ by capsaicin. These observations raise im-
portant questions on the ability of TRPV1 activation on the transcrip-
tional activity of PPARγ. Future studies are warranted to clarify this.

This study presents an interesting observation that TRPV1 expres-
sion and activity were suppressed in differentiated 3T3-L1TRPV1 cells.
We observed a progressive loss of TRPV1 in these cells as differentiation
progressed. Also, Trog failed to enhance TRPV1 and thermogenic
BMP8b and SiRT-1 in differentiated 3T3-L1 cells. We performed ex-
periments to overexpress TRPV1 in these cells but the transfection ef-
ficiency was very low. These data indicate that accumulation of fat
(lipid) during the differentiation process suppresses TRPV1. This is
consistent with a previous report, which suggests the suppressive effect
of differentiation on TRPV1 in 3T3-L1 cells [28]. Further, the sup-
pression of BMP8b and SiRT-1 in the differentiated cells also suggests
that lipid accumulation has a profound inhibitory effect on thermogenic
genes. However, the molecular mechanisms by which lipid accumula-
tion downregulates TRPV1 and other thermogenic genes still remain to
be determined.

Collectively, this research sheds new light on the activating role of
TZD on TRPV1 and in the regulation of adipogenic and thermogenic
protein expression in 3T3-L1TRPV1 cells. Based on this, it is reasonable to
speculate the existence of an unexplored direct or an indirect crosstalk
between TRPV1 and PPARγ, which could be important for the browning
of WAT. If TZD can activate TRPV1 to enhance the browning of WAT,
will TRPV1 play a direct role in insulin sensitization mechanisms of
TZD? This is significant since capsaicin has been shown previously to
enhance insulin sensitivity and improve glucose tolerance [40-45] in
mice. Until now, such a beneficial effect of TRPV1 activation is often
considered as secondary to its anti-obesity action. The direct effect of
TZD to activate TRPV1 and enhance PPARγ deacetylation via TRPV1-
dependent pathway indicates a more direct role of TRPV1 activation in
glucose homeostasis. Further, in vivo studies are required to decipher
this and evaluate the role of TRPV1 in the beneficial and adverse effects
of TZD. Nevertheless, the data presented here demonstrate the potential
of TRPV1 as an attractive target for ameliorating metabolic dysfunc-
tions.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2018.11.004.
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