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ABSTRACT

Indomethacin, a nonsteroidal anti-inflammatory drug, has been
shown to induce white adipocyte differentiation; however, its
roles in brown adipocyte differentiation and activation in brown
adipose tissue (BAT) and obesity are unknown. To address this
issue, we treated mouse brown preadipocytes with different
doses of indomethacin, and delivered indomethacin to interscap-
ular BAT (iBAT) of obese mice using implanted osmotic pumps.
Indomethacin dose dependently increased brown preadipocyte
differentiation and upregulated both mRNA and protein expres-
sion of uncoupling protein 1 (UCP1) and peroxisome proliferator-
activated receptor (PPAR) y coactivator 1-alpha. The mechanistic
study showed that indomethacin significantly activated the

reporter driven by the PPAR response element, indicating
that indomethacin may work as a PPARy agonist in this cell line.
Consistently, indomethacin significantly decreased iBAT mass
and fasting blood glucose levels in high-fat diet-induced obesity
(DIO) mice. Histologic analysis showed that brown adipocytes of
indomethacin-treated mice contained smaller lipid droplets com-
pared with control mice, suggesting that indomethacin alleviated
the whitening of BAT induced by the high-fat diet. Moreover,
indomethacin significantly increased UCP1 mRNA expression in
iBAT. Taken together, this study indicates that indomethacin can
promote mouse brown adipocyte differentiation, and might in-
crease brown fat and glucose oxidation capacity in DIO mice.

Introduction

In recent decades, obesity has become a major public health
problem in developed, and even in developing countries (Ng
et al., 2014). More than two-thirds of US adults are considered
either overweight or obese (Flegal et al., 2012). Obesity is
positively associated with a number of complications including
type-2 diabetes, cardiovascular disease, gallbladder disease,
osteoarthritis, and even some types of cancers (Jensen et al.,
2014). Imbalance between energy intake and expenditure is
thought to contribute to obesity (Spiegelman and Flier, 2001).
Adipose tissue can be classified into white adipose tissue
(WAT) and brown adipose tissue (BAT). WAT is the major site
for energy storage, and BAT is the major site for thermogenic
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energy expenditure by metabolizing glucose and fatty acids to
produce heat. Historically, it was believed that BAT only
exists in human neonates. Newly developed technologies,
especially positron emission tomography in combination with
computed tomography, have demonstrated that adult humans
do have BAT (Cypess et al., 2009; van Marken Lichtenbelt
et al., 2009; Virtanen et al., 2009).

Despite extensive research, few drugs have been approved for
treating obesity by the US Food and Drug Administration
(Narayanaswami and Dwoskin, 2017). Currently approved drugs
target energy intake either by suppression of appetite (phenter-
mine) or by interfering with nutrient absorption (orlistat).
However, these drugs have severe cardiovascular and/or psychi-
atric side effects, and obesity relapse may occur when stopping
the drugs (Kakkar and Dahiya, 2015). Emerging evidence on the
role of functional BAT in increasing energy expenditure in
human adults opens a new direction for anti-obesity therapy.

Indomethacin was discovered in 1963 (Hart and Boardman,
1963) and approved as a nonsteroidal anti-inflammatory drug
by the US Food and Drug Administration in 1965. Indometh-
acin’s anti-inflammatory effect is mainly mediated by inhibit-
ing cyclooxygenases (COX), the key enzymes catalyzing the
production of prostaglandins from arachidonic acid (Nalamachu
and Wortmann, 2014). The adipogenic effect of indomethacin

ABBREVIATIONS: BAT, brown adipose tissue; COX, cyclooxygenase; COXIl, cytochrome ¢ oxidase subunit 2; DIO, diet-induced obesity; e WAT,
epididymal white adipose tissue; iBAT interscapular brown adipose tissue; iWAT, inguinal white adipose tissue; PCR, polymerase chain reaction;
PPAR, peroxisome proliferator-activated receptor; PPRE, peroxisome proliferator-activated receptor response element; rWAT, retroperitoneal white

adipose tissue; WAT, white adipose tissue.
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was first documented by Williams and Polakis (1977), who found
that addition of insulin and indomethacin significantly induced
ATP-citrate lyase activity and biosynthesis of triglycerides
during 3T3-L1 adipocyte differentiation. Some researchers
speculated that the adipogenic effects of indomethacin could be
partly explained by the inhibited production of prostaglandins
(Chen and London, 1981). Later, one study demonstrated that ob
17 cells treated with a combination of insulin and indomethacin
differentiated into adipocytes more rapidly than the cells treated
with insulin alone (Verrando et al., 1981). Other investigators
(Négrel et al., 1989; Ye and Serrero, 1998) further confirmed the
effect of indomethacin in promoting adipogenic differentiation.
The mechanism for this effect of indomethacin was not revealed
until Lehmann et al. (1997) reported that indomethacin induced
C3H10T1/2 adipocyte differentiation by binding and activating
peroxisome proliferator-activated receptor (PPAR) y. It is well
recognized that the differentiation of both white and brown
adipocytes from adipose stem cells is regulated by transcriptional
factors that include CCAAT/enhancer-binding proteins and
PPARy (Tontonoz et al., 1994; Wu et al., 1999). PPARy is a
critical and irreplaceable transcriptional factor in regulation of
uncoupling protein 1 (UCP1) expression and brown adipocyte
differentiation (Koppen and Kalkhoven, 2010). PPARy agonists,
such as rosiglitazone, are capable of inducing brown preadipocyte
differentiation into mature brown adipocytes (Hwang et al., 2011).
However, the effects and underlying mechanisms of indomethacin
on brown adipocyte differentiation have not been investigated.

Although a number of studies have investigated adipogenic
effects of indomethacin in vitro, only a few studies reported the
effects of indomethacin on obesity in vivo. One study showed
that indomethacin supplemented in food (16 mg/kg diet)
prevented high-fat diet-induced obesity (DIO) in C57BL/6
mice, but failed to prevent hyperglycemia and impaired
glucose tolerance (Fjzere et al., 2014). Interestingly, the same
group in an earlier study reported that in vitro treatment with
indomethacin (1 uM) significantly inhibited UCP1 expression
in primary inguinal adipocytes and dietary indomethacin
supplementation (16 mg/kg diet) increased weight gain and
prevented high-fat diet-induced UCP1 expression in inguinal
WAT ((WAT) in male Sv129 mice (Madsen et al., 2010). While
the discrepancy between the two in vivo studies might be
related to different strains of mice used, it is also possible
that indomethacin could enhance differentiation of both
white and brown adipocytes in vivo. To further clarify this
issue, we first investigated the effect of indomethacin on
brown preadipocyte differentiation and its underlying mech-
anism in vitro. We further conducted a pilot animal study to
deliver indomethacin to interscapular BAT iBAT) of DIO mice
to maximize brown differentiation while minimizing white
differentiation, leading to desirable outcomes in treating
obesity and its associated metabolic disorders.

Materials and Methods

Chemicals and Reagents. For the cell culture work, indometh-
acin, insulin, triiodothyronine, rosiglitazone, and dimethylsulfoxide
were purchased from Sigma (St. Louis, MO). Primary antibody for
UCP1 was purchased from Sigma Aldrich and primary antibody
for PGC-1a was purchased from Millipore (Temecula, CA). ERK1/2
and horseradish peroxidase—conjugated goat anti-rabbit antibodies
were purchased from Cell Signaling Technology (Danvers, MA).
For the animal study, Kolliphor HS15 was a gift from BASF

(Florham Park, NJ), and indomethacin was purchased from Cayman
Chemical Company (Ann Arbor, MI).

Cell Culture and Treatment. The murine brown fat cell line
was a gift from Dr. Johannes Klein (University of Lubeck, Lubeck,
Germany), who generated the cell line from iBAT of newborn C57BL/6
mice. Brown preadipocytes were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 20% fetal bovine serum (Atlanta
Biologicals, Flowery Branch, GA) at 37°C humidified atmosphere of
5% COs in air, until they reached confluence (designated as day 0). The
cells were differentiated by incubation in the differentiation media
containing Dulbecco’s modified Eagle’s medium supplemented with
20% fetal bovine serum, 1 nM triiodothyronine, and 20 nM insulin, and
media were changed every other day until day 5. To study the effects of
indomethacin on brown preadipocytes, indomethacin (2, 5, 10, 20, and
50 uM) or the vehicle control (dimethylsulfoxide) was added at day
0 and replaced with each change of the media during the differenti-
ation process.

Western Blot Analysis. Total cell lysates were prepared using 1X
lysis buffer (Cell Signaling Technology), and protein concentrations
were determined by the BCA Assay Kit (Thermo Scientific, Waltham,
MA). Total cell lysates were subjected to 10% SDS-PAGE and trans-
ferred to polyvinylidene difluoride membrane (Bio-Rad, Hercules,
CA). The membrane was blocked in 20 mM Tris-HCI, 137 mM NacCl,
and 0.1% Tween 20 (pH 7.4) containing 5% nonfat milk. The
membrane was immunoblotted with primary antibodies at 4°C over-
night followed by secondary antibody conjugated with horseradish
peroxidase for 1 hour. The membrane was exposed on X-ray film after
being developed by enhanced chemilumescent western blot detection
reagents (Pierce, Rockford, IL). The signal was quantified by densi-
tometry using a ChemiDocXRS+ imaging system with ImageLab
software (Bio-Rad).

Quantitative Real-Time Polymerase Chain Reaction (PCR)
Analysis. Total RNA was prepared using TRI Reagent (Molecular
Research Center, Cincinnati, OH) according to the manufacturer’s
instructions. Total RNA abundance was quantified using a NanoDrop

TABLE 1
Primer sequences for both mouse brown preadipocytes and C57BL6 mice

Gene Name Primer Sequence

36B4 Forward: GCGACATACTCAAGCAGGAGCA
Reverse: AGTGGTAACCGCTCAGGTGTTG
UCP1 Forward: GCTTTGCCTCACTCAGGATTGG
Reverse: CCAATGAACACTGCCACACCTC
PGC-1a Forward: GAATCAAGCCACTACAGACACCG
Reverse: CATCCCTCTTGAGCCTTTCGTG
PPARy Forward: GTACTGTCGGTTTCAGAAGTGCC
Reverse: ATCTCCGCCAACAGCTTCTCCT
Prdm16 Forward: ATCCACAGCACGGTGAAGCCAT
Reverse: ACATCTGCCCACAGTCCTTGCA
Tfam Forward: GAGGCAAAGGATGATTCGGCTC
Reverse: CGAATCCTATCATCTTTAGCAAGC
Nrf-1 Forward: GGCAACAGTAGCCACATTGGCT
Reverse: GTCTGGATGGTCATTTCACCGC
ATGL Forward: TTGTCCTGCCCCACTAAGAG
Reverse: ACTCAGAGAACCCCGTGAAG
HSL Forward: AGACACTTCGCTGTTCCTCA
Reverse: CTTCAGCCTCTTCCTGGGAA
CPT1 Forward: GGACTCCGCTCGCTCATT
Reverse: GAGATCGATGCCATCAGGGG
Acadm Forward: TCAAGATCGCAATGGGTGCT
Reverse: GCTCCACTAGCAGCTTTCCA
Plinl Forward: TATGCCCAGAGAGAAGCCTG
Reverse: AATCTGCCCACGAGAAAGGA
Plin2 Forward: AGCTCCAGACTACATGCCAG
Reverse: AGCTTTGACCTCAGACTGCT
Cox4b Forward: GGGCAGCTCTGGATAGTTCC
Reverse: TCAACGTAGGGGGTCATCCT
CoxII Forward: GCTCTCCCCTCTCTACGCAT
Reverse: AGCAGTCGTAGTTCACCAGG
18S Forward: GATTCTCCGTTACCCGTCAA

Reverse: CGTGCTGACGACAGATCACT




ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington,
DE). Reverse transcription was carried out using the High Capacity
c¢DNA Reverse Transcription Kit (Thermo Scientific, Pittsburgh, PA)
according to the manufacturer’s instructions. The mRNA expression of
target genes and the housekeeping gene 36B4 was measured quanti-
tatively using PowerUp SYBR Master Mix (Applied Biosystems,
Austin, TX). PCR reactions were run in a 96-well format using an
ABI 7300HT instrument. Cycle conditions were 50°C for 2 minutes
and 95°C for 10 minutes, and then 40 cycles of 95°C for 15 seconds and
60°C for 1 minute. Relative gene expression was calculated using the
2724Ct method, which normalizes against 36B4. All primer sequences
are listed in Table 1.

Total DNA was prepared using TRI Reagent (Molecular Research
Center) according to the manufacturer’s instructions, and DNA
concentrations were quantified using the NanoDrop ND-1000 spec-
trophotometer (NanoDrop Technologies). Mitochondrial cytochrome C
oxidase subunit 2 (COXII) and 18S rRNA control genes were measured
quantitatively using PowerUp SYBR Master Mix (Applied Biosys-
tems). PCR reactions were run in a 96-well format using the ABI
7300HT instrument (Applied Biosystems, Foster city, CA). Cycle
conditions were 50°C for 2 minutes and 95°C for 10 minutes, and then
40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Relative gene
expression was calculated using the 272t method, which normalizes
against 18s rRNA.

Reporter Gene Assays. Brown preadipocytes seeded on 48-well
plates were transiently transfected with PPAR response element
(PPRE)-luciferase reporter (Addgene plasmid #1015) and B-galactosi-
dase expression plasmid with Lipofectamine 2000 Transfection Re-
agent and Plus Reagent (Thermo Fisher Scientific, Carlsbad, CA).
After 24 hours of transfection, the cells were treated with indometh-
acin or the vehicle control for 18 hours. The cell lysate was prepared
and reporter luciferase and B-galactosidase activities were measured
using a GloMax Luminometer (Promega, Madison, WI). Relative
luciferase activities were normalized by B-galactosidase activities.

Animal Study. Six-week-old male C57BL/6J mice (The Jackson
Laboratory, Bar Harbor, ME) were housed in an animal facility with a
12-hour light/dark cycle. After 1 week of acclimation, mice were fed a
high-fat diet (45% kcal from fat, D12451) (Research Diets, New
Brunswick, NJ) for 9 weeks, and then the mice were weighed and
randomly assigned to either the control or the indomethacin group
(three mice/group). Indomethacin (10 mg/ml) dissolved in saline
containing 18.75% Kolliphor HS15 (percentage of weight) was put
into three ALZET mini-osmotic pumps (model 2006) (DURECT
Corporation, Cupertino, CA), which were reported to have a delivery
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rate of 0.15 pl/h. In addition, three pumps delivered only saline and
the same concentration of Kolliphor HS15. We connected a piece of
silicon tubing at the end of each pump, and sutured the tubing on
the mouse back muscle to ensure that the opening of the tubing was
on the iBAT of the mouse during pump implantation. Mice had free
access to water and food, and their body weight and food intake
were recorded weekly. After 4 weeks, mice were euthanized by CO,
asphyxiation. Blood samples were collected in EDTA-coated tubes.
Plasma was obtained by blood centrifugation at 2000g at 4°C for
20 minutes. Organs and tissues were immediately dissected,
weighed, and flash-frozen in liquid nitrogen. A portion of WAT
and iBAT was fixed with 10% phosphate-buffered saline formalin
for histologic analysis. The animal protocol was approved by the
Institutional Animal Care and Use Committee of Texas Tech
University (protocol number: 16028).

Plasma Lipid Profile. Plasma concentrations of triglycerides,
total cholesterol, high-density lipoprotein cholesterol, and very low-
density lipoprotein cholesterol were measured using the AU400
clinical chemistry analyzer with enzymatic reagents (Beckman Coul-
ter, Inc., Brea, CA) by following the AU400 procedural manual. Low-
density lipoprotein cholesterol concentrations were calculated using
the Friedewald formula. Plasma concentrations of nonesterified fatty
acids were measured using a nonesterified fatty acids quantification
kit (ab65341) from Abcam (Cambridge, MA).

H&E Staining. Tissues were fixed with 10% phosphate-buffered
saline formalin for 48 hours. H&E staining was performed by the
Department of Pathology at the Texas Tech University Health
Sciences Center. Briefly, the paraffin sections of adipose tissues
(5 um) were dewaxed with xylene and rehydrated with alcohol. The
samples were washed with water to remove any reagent residue,
incubated with Gill’s Hematoxylin II for 4 minutes, and then washed
several times using water. The samples were counterstained with
eosin for 1 minute. Then the samples were dehydrated through
absolute alcohol three times. Finally, samples were cleaned with
xylene and mounted with xylene-based mounting medium.

Body Composition. Body composition was measured at weeks 0,
2, and 4 using an EchoMRI Body Composition Analyzer (EchoMRI
LLC, Houston, TX) according to the manufacturer’s instructions at the
Texas Tech University animal facility.

Insulin Tolerance Test. After fasting mice for 4 hours on week 4,
blood glucose concentrations were measured by tail snip using the
OneTouch Ultra2 Glucometer (LifeScan Europe, Zug, Switzerland)
and blood glucose test strips. Insulin (0.75 U/kg body weight)
was given to mice via intraperitoneal injection, and blood glucose

TABLE 2
Metabolic parameters of mice in both control and indomethacin-treated groups
Metabolic Parameter Control Indomethacin P value

Body weight (g) 30.73 = 1.57 31.30 = 2.04 0.41

Body composition
Fat mass (%) 19.62 + 3.05 13.32 = 3.07 0.23
Lean mass (%) 79.51 * 3.19 83.47 = 2.88 0.20
BAT of body weight (%) 0.32 = 0.01 0.28 = 0.16 0.03
rWAT of body weight (%) 0.95 = 0.17 0.81 = 0.25 0.34
eWAT of body weight (%) 3.41 + 0.64 2.25 + 0.66 0.14
iWAT of body weight (%) 1.24 = 0.38 1.29 = 0.09 0.44
Food intake (g/day) 291 + 0.16 3.02 £ 0.18 0.34
Fasting glucose (mg/dl) 229.30 + 6.84 185.00 = 13.58 0.02

Blood lipid profile
TG (mg/dl) 95.00 = 5.00 85.00 *= 2.89 0.07
TC (mg/dl) 160.00 = 32.79 133.30 = 11.67 0.24
LDL-C (mg/dl) 63.33 = 28.48 41.67 = 7.27 0.25
VLDL-C (mg/dl) 18.33 = 1.67 16.67 = 1.67 0.26
HDL-C (mg/dl) 77.50 = 5.35 74.67 = 4,51 0.35
NEFA (nm/ml) 13.97 = 0.49 13.88 = 1.18 0.47

All data are expressed as mean + SEM (n=3) and analyzed by student ¢ tests. Abbreviations: rWAT, retroperitoneal
white adipose tissue; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; NEFA,
nonesterified fatty acids; TC, total cholesterol; TG, triglyceride; VLDL-C, very low-density lipoprotein cholesterol.
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Fig. 1. Indomethacin dose dependently induced brown preadipocyte differentiation. (A) Oil Red O stained cell morphology at day 5. (B) Lipid
accumulation measured by Oil Red O absorbance. (C) UCP1 gene expression. (D) PGC-1a gene expression. (E) Western blotting of UCP1 and PGC-1a.
Data = mean = S.E.M. (n = 3). ¥**P < 0.001; **P < 0.01;*P < 0.05 compared with the dimethylsulfoxide (DMSO) group.

concentrations were measured using the aforementioned method at
15, 30, 45, 60, and 120 minutes post injection.

Statistical Analysis. All data presented in the text, Tables 1 and
2, and Figs. 1-5 are mean = S.E.M. Measurements were performed in
at least three independent experiments. Statistical analysis was
performed using Prism 5 (GraphPad Software, Inc., San Diego, CA).
One-way analysis of variance with repeated measures followed by
multiple comparisons test (Student-Newman-Keuls method) was
performed to determine the differences of group means between the
treatment groups in the cell culture study. Student’s ¢ test was

A

w

PPARy

3
@

[N S @
[N} @

o
o

(A DMSO 2 5 10 20 50

(- DMSO 2

PRDM16

performed to compare two group means in the animal study. The
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Results

Indomethacin Stimulated Differentiation of Mouse
Brown Preadipocytes. We examined brown preadipocyte
differentiation in the presence of increasing doses of
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brown preadipocyte differentiation, as revealed by Oil Red
O stained cell morphology (Fig. 1A). Quantitation of lipid
accumulation by Oil Red O absorbance indicated that com-
pared with the dimethylsulfoxide control, 20 and 50 uM of
indomethacin significantly increased cellular lipid accumula-
tion by 28% and 50%, respectively (Fig. 1B).

Real-time PCR was performed to measure mRNA expres-
sion of brown adipocyte related genes in response to in-
domethacin in brown adipocytes. Brown adipocyte selective
markers, both mRNA (Fig. 1, C and D) and protein levels
(Fig. 1E) of UCP1 and PPARY coactivator 1-alpha (PGC-1a),
were upregulated in a dose-dependent manner by indometh-
acin at 5, 10, and 20 uM (P < 0.001). Adipocyte differentiation
markers, PPARy and PR domain containing 16 (Prdm16) were
also induced by indomethacin in a dose-dependent manner at
5-20 uM (Fig. 2, A and B), whereas nuclear respiratory factor
1 (Nrf-1) expression was significantly increased by indomethacin
only at the high concentration (50 uM; P < 0.001) (Fig. 2C).
Furthermore, the DNA content of the cytochrome c oxidase
subunit 2 (COXII) gene, one of the mitochondrial biogenesis
markers, was significantly increased when cells were treated
with 20 or 50 uM of indomethacin (Fig. 2D).

Induction of PPRE-Driven Luciferase Activity by
Indomethacin. The PPRE-driven luciferase activities were

evaluated in mouse brown preadipocytes after transient
transfection of PPRE-luciferase cells were treated with
indomethacin at the concentrations indicated. The data
showed that indomethacin dose dependently activated
PPRE-luciferase reporter, reaching significance at 20 uM in
mouse brown preadipocytes (Fig. 2E), indicating that indo-
methacin may work as a PPARy agonist in this cell line.
Metabolic Effects of Local Delivery of Indomethacin
to iBAT in Obese Mice. We next investigated the metabolic
effects of local delivery of indomethacin to iBAT using ALZET
mini-osmotic pumps in DIO mice in vivo. The indomethacin
treatment did not change food intake and body weight.
However, compared with the control mice, indomethacin-
treated mice had a 34% reduction in the percentage of
epididymal WAT (eWAT) mass (P = 0.14), resulting in a
32% reduction in the percentage of body fat mass (P = 0.23)
(Table 2). Additionally, indomethacin significantly decreased
the percentage of iBAT mass by 13% compared with the
control (P = 0.03). Fasting blood glucose concentrations were
19% lower in indomethacin-treated mice (185 *= 13.58 mg/dl)
compared with the control mice (229 + 6.84 mg/dl) (P = 0.02),
although insulin tolerance tests showed no differences be-
tween the two groups (data not shown). Fasting blood
concentrations of very low-density lipoprotein cholesterol,
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high-density lipoprotein cholesterol, and nonesterified fatty
acids were similar between the control and indomethacin groups.
The indomethacin group had numerically lower fasting blood
concentrations of triglyceride, total cholesterol, and low-density
lipoprotein cholesterol compared with the control group, but the
differences did not reach statistical significance, possibly due to
the small sample size together with large variability in response.

Indomethacin Alleviated Brown Fat Whitening and
Increased Expression of Genes Involved in Brown Fat
Activation in Obese Mice. Since indomethacin was di-
rectly delivered to iBAT through ALZET osmotic mini-
pumps, we specifically examined the effects of indomethacin
on brown adipocyte morphology and expression of iBAT
marker genes. H&E staining of iBAT cells in the control mice
had enlarged lipid droplets and enhanced lipid deposition,
giving the appearance of whitening of iBAT (Fig. 3A).
In contrast, the whitening phenotype was not observed in
iBAT cells in indomethacin-treated mice. Compared with
the control, indomethacin significantly increased mRNA
expression of UCP1, perilipin 1 (Plin1), and perilipin 2 (Plin2)
(Fig. 3B). There were no significant differences in other brown
markers including Prdm16, PGC-1«, PPARYy, mitochondrial

transcription factor A (Tfam), and Nrf-1, in fatty acid
B-oxidation genes including acyl-coenzyme A dehydroge-
nase (Acadm) and cytochrome c oxidase subunit IV isoform 2
(Cox4b), and in lipolysis genes including adipocyte triglyceride
lipase (ATGL) and hormone-sensitive lipase (HSL) between
the indomethacin-treated and control mice (Fig. 3B).

To evaluate browning of WAT, H&E staining and real-time
PCR were performed in both eWAT and iWAT (Figs. 4 and 5).
The H&E staining revealed similar morphology in both e WAT
and iWAT in the indomethacin-treated mice (Figs. 4A and 5A)
compared with the control mice. The expression of UCP1,
PGC-1a, PPARY, and Prdm16 was 80% higher in the eWAT
isolated from the indomethacin-treated mice compared with
the control mice, but this difference did not reach statistical
significance (Fig. 4B). However, we observed that lipid
utilization genes, Plinl and Plin2, were significantly higher in
eWAT isolated from the indomethacin-treated mice compared
with the control mice (P < 0.05) (Fig. 4B). Unexpectedly,
expression of browning related markers in iWAT tended to be
lower in the indomethacin-treated mice compared with the
control mice (Fig. 5B). We also measured the expression of
genes related to fatty acid oxidation, and lipid utilization in
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Fig. 5. Indomethacin slightly inhibited browning markers in iWAT. (A) Representative H&E staining images of iWAT. (B) Gene expression analysis of
BAT markers, fatty acid oxidation, and lipid utilization in iWAT. Data = mean = S.E.M. (n = 3). *P < 0.05 compared with the control group.

iWAT, but found no significant difference between the treat-
ment and control groups (Fig. 5B).

Discussion

The effects of indomethacin on brown adipocyte differenti-
ation and activities have not been investigated. Our current
study demonstrated that indomethacin stimulated mouse
brown adipocyte differentiation by enhancing lipid accumula-
tion and gene expression of brown adipocyte specific markers.
We further showed that indomethacin activated the PPAR
responsive reporter in mouse brown preadipocytes in vitro. In
our pilot animal study, we validated that local delivery of
indomethacin to iBAT increased expression of genes involved
in thermogenesis in iBAT and improved hyperglycemia found
in DIO mice.

Indomethacin stimulated mouse brown adipocyte differen-
tiation via activating PPARy, which is consistent with a
previous study showing that indomethacin can bind to and
activate PPARy (Lehmann et al., 1997). In addition, the
increased ratio of COXII to 18S rRNA DNA content (COX-
11/18S) in these cells suggests that mitochondrial biogenesis
was enhanced by indomethacin. It has been proposed that

browning effects of PPARYy agonist may be due to its ability to
induce expression of PGC-la (Wilson-Fritch et al., 2003;
Hondares et al., 2006). In agreement with this, our in vitro
study demonstrated that indomethacin increased both mRNA
and protein expression of PGC-la, a master regulator of
mitochondrial biogenesis (Jornayvaz and Shulman, 2010).
To extend our in vitro findings into mice in vivo, we further
performed a pilot study to deliver indomethacin directly to the
iBAT of DIO mice. We found that indomethacin significantly
decreased iBAT mass and induced UCP1 mRNA expression
in iBAT. The expression of genes regulating lipid utiliza-
tion, such as Plin 1 and 2, in iBAT was also increased by
indomethacin. These data indicated that iBAT fat burning
activity might be increased after local delivery of indometha-
cin. The results of the animal study demonstrated that
delivery of indomethacin to the iBAT alleviated its whitening
induced by the high-fat diet. One possible explanation is that
indomethacin alleviated iBAT whitening via enhancing
UCP1-mediated thermogenesis and fat utilization since our
data showed that both UCP1 and lipid droplet proteins, such
as Plin 1 and Plin 2, were significantly increased in the iBAT of
indomethacin-treated mice. It is believed that lipid droplet
proteins, including the Plin family and several others, play
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an important role in fat utilization in brown adipocytes
(Townsend and Tseng, 2014). Local delivery of indomethacin
appears to differentially affect white fat depending on the
depot since the expression of browning markers was increased
in eWAT but decreased in iWAT by the indomethacin
treatment in this study. At this point, this depot-related
difference in white fat browning in response to indomethacin
is not well understood. Studies have shown that more beige
adipocytes were formed in eWAT than in iWAT in response to
some drugs/nutrients, such as 83-agonist CL316,243 (Warner
et al., 2016) and retinaldehyde (Kiefer et al., 2012). We
speculate that the concentrations of indomethacin reached
in eWAT and iWAT may be different, resulting in different
responses in indomethacin-targeted signaling events. For
example, Lehmann et al. (1997) suggested that indomethacin
at low concentrations may block COX activity but without
activating PPARy; however, at high concentrations (micromo-
lar range) it may function as both a COX inhibitor and PPARy
agonist. Therefore, it is possible that indomethacin, depending
on its concentrations in particular tissues, would differentially
affect the signaling molecules generated from both COX and
PPARy pathways in the affected locations. Since COX-2 is
required for recruitment of beige cells in WAT (Vegiopoulos
et al., 2010), inhibition of COX-2 by indomethacin may lead to
suppression of UCP1, which may well explain the lower
expression of those browning markers in iWAT measured in
our indomethacin-treated mice. Of note, a recent study
showed that subcutaneous injection of indomethacin
(2.5 mg/kg of body weight) suppressed cold-induced UCP1
gene expression in iWAT of C57BL/6 mice (Madsen et al.,
2010).

We also found that indomethacin significantly decreased
fasting blood glucose concentrations. In contrast to our results,
Fjeere et al. (2014) reported that indomethacin treatment
(16 mg/kg of diet) prevented high-fat/high-sucrose induced
obesity but deteriorated glucose intolerance in C57BL/6J
mice; the different results could be explained by differences
in the study design, such as the timing of indomethacin
administration, diets, indomethacin doses, and delivery
routes between two studies. It is worth pointing out that the
increased concentrations of plasma glucose by oral delivery of
indomethacin found in the Fjeere et al. (2014) study was
thought to be due to increased liver gluconeogenesis and
impaired high-fat/high-sucrose induced glucose-stimulated
insulin secretion, which is the possible consequence of sys-
temic side effects of indomethacin. The decreased fasting blood
glucose concentrations can be explained by the fact that local
delivery of indomethacin might only induce the differentiation
of BAT, not WAT. Activated BAT can take up and burn more
circulating glucose (Townsend and Tseng, 2014). Emerging
evidence suggests that BAT might protect against obesity and
type-2 diabetes through BAT-derived endocrine factors (i.e.,
batokines) that act in a paracrine or autocrine manner
(Townsend and Tseng, 2012). Therefore, indomethacin may
stimulate the release of batokines, such as Fibroblast growth
factor 21, interleukin-6, and neuregulin 4 (Villarroya et al.,
2013, 2017), which might in turn contribute to activation of
iBAT and lowered blood glucose concentrations. Future
studies are needed to examine the effects of indomethacin on
the release of batokines.

We recognize that the relatively small sample size is a
limitation in this study. However, our animal pilot study does

support the findings from our in vitro studies showing that
indomethacin promoted brown adipocyte differentiation and
enhanced gene expression of brown adipocyte specific markers
in the iBAT. More animal studies are required to confirm our
findings and to investigate additional underlying mechanisms
of indomethacin in regulating brown adipocyte differentiation
and activity. Another limitation is the DIO mouse model. Mice
and humans differ significantly in terms of morphometry,
physiology, and life history (Lai et al., 2014). For example,
since mice are significantly smaller than humans, their basal
metabolic rate is seven times greater than that of humans
(Demetrius, 2005). Nevertheless, these DIO mice are believed
to be the best choice for investigating novel anti-obesity drugs
because they better mimic human obesity than most of the
genetically modified models (Lutz and Woods, 2012).

In conclusion, the present studies demonstrated that indo-
methacin, a commonly used nonsteroidal anti-inflammatory
drug, promoted mouse brown adipocyte differentiation in vitro.
Local delivery of indomethacin to iBAT improved hyperglycemia,
and increased brown fat thermogenesis capacity in DIO mice.
Our studies highlighted the advantages of local or targeted BAT
delivery of indomethacin to maximize its beneficial effects on
promoting brown adipogenesis and to minimize its toxic side
effects often associated with systemic delivery to WAT (increased
white adipogenesis) and the liver (increased gluconeogenesis).
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