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Background: Obesity-associated insulin resistance is linked to inflammation.
Results: Indomethacin, an anti-inflammatory cyclooxygenase inhibitor, prevented diet-induced obesity, but mice became
glucose-intolerant with sustained hepatic glucose output and impaired glucose-stimulated insulin secretion.
Conclusion: Inhibition of cyclooxygenase activity alters the metabolic consequences of an obesogenic high fat diet.
Significance: Intake of anti-inflammatory cyclooxygenase inhibitors may impair glucose tolerance.

Chronic low grade inflammation is closely linked to obesity-
associated insulin resistance. To examine how administration of
the anti-inflammatory compound indomethacin, a general
cyclooxygenase inhibitor, affected obesity development and
insulin sensitivity, we fed obesity-prone male C57BL/6J mice a
high fat/high sucrose (HF/HS) diet or a regular diet supple-
mented or not with indomethacin (�INDO) for 7 weeks. Devel-
opment of obesity, insulin resistance, and glucose intolerance
was monitored, and the effect of indomethacin on glucose-stim-
ulated insulin secretion (GSIS) was measured in vivo and in vitro
using MIN6 �-cells. We found that supplementation with indo-
methacin prevented HF/HS-induced obesity and diet-induced
changes in systemic insulin sensitivity. Thus, HF/HS�INDO-
fed mice remained insulin-sensitive. However, mice fed

HF/HS�INDO exhibited pronounced glucose intolerance.
Hepatic glucose output was significantly increased. Indometha-
cin had no effect on adipose tissue mass, glucose tolerance, or
GSIS when included in a regular diet. Indomethacin administra-
tion to obese mice did not reduce adipose tissue mass, and the
compensatory increase in GSIS observed in obese mice was not
affected by treatment with indomethacin. We demonstrate that
indomethacin did not inhibit GSIS per se, but activation of
GPR40 in the presence of indomethacin inhibited glucose-de-
pendent insulin secretion in MIN6 cells. We conclude that con-
stitutive high hepatic glucose output combined with impaired
GSIS in response to activation of GPR40-dependent signaling in
the HF/HS�INDO-fed mice contributed to the impaired glu-
cose clearance during a glucose challenge and that the resulting
lower levels of plasma insulin prevented the obesogenic action
of the HF/HS diet.

Chronic low grade inflammation is a key factor underlying
obesity-associated insulin resistance (1, 2). Cyclooxygenase
(COX)3-derived prostaglandins (PGs) are mediators of tissue
inflammation but may also influence insulin secretion as well
as adipocyte differentiation and function. The relationship
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between PGs and insulin secretion is complex, and apparently
conflicting results have been reported. Increased levels of PGs
have been associated with impaired �-cell function (3). PGE2
was reported to reduce glucose-stimulated insulin secretion
(GSIS), and accordingly, administration of COX inhibitors
increased GSIS and improved glucose disposal (4). By contrast,
administration of the general COX inhibitor, indomethacin, a
commonly used nonsteroidal anti-inflammatory drug, has been
shown to decrease insulin secretion in T2DM patients (5) and
to lower glucose-stimulated acute insulin response (6).

PGs have both pro- and antiobesogenic properties (7). We
and others have shown that both the diet- and cold-induced
appearance of brown-like adipocytes, termed “brite” or “beige”
adipocytes, in white adipose tissues requires COX expression
and activity (8, 9). Thus, in the apparently obesity-resistant
Sv129 mouse strain, treatment with indomethacin attenuated
diet-induced expression of Ucp1 (uncoupling protein 1) in
inguinal white adipose tissue (iWAT), thereby promoting the
development of diet-induced obesity (8).

The present study was designed to examine how indometh-
acin affected diet-induced obesity and the associated metabolic
disorders in obesity-prone male C57BL/6J mice. In sharp con-
trast to the effect in Sv129 mice (8), indomethacin treatment
prevented the obesogenic effects of a high fat/high sucrose (HF/
HS) diet in C57BL/6J mice. Our results reveal an interesting and
complex phenotype of HF/HS-fed C57BL/6J mice treated with
indomethacin (HF/HS�INDO). Compared with C57BL/6J
mice fed a HF/HS diet, mice fed a HF/HS�INDO diet were lean
and remained insulin-sensitive, yet they became glucose-intol-
erant, a feature probably associated with impaired regulation of
hepatic gluconeogenesis and impaired compensatory up-regu-
lation of pancreatic insulin secretion.

EXPERIMENTAL PROCEDURES

Mouse Care and Maintenance—Eight-week-old male C57BL/
6JBomTac mice (Taconic, Ejby, Denmark) were acclimated for
1 week under thermoneutral conditions (28 –30 °C) with a 12-h
light and dark cycle. Mice were housed individually. Two sets of
mice were assigned to three groups (n � 9/group) and fed a low
fat, regular diet (RD) (ssniff EF R/M Control, Germany); a
HF/HS diet (ssniff S8672-E056 EF, Germany); or a HF/HS diet
supplemented with indomethacin (16 mg/kg) (Sigma-Aldrich)
for 7 weeks. A third set of mice was fed a HF/HS diet for 10
weeks before they were fed the HF/HS diet supplemented with
indomethacin. A fourth set of mice was given saline or indo-
methacin (2.5 mg/kg body mass), dissolved in saline, by gavage
after 5 h fasting and 1 h prior to glucose administration. In all
experiments, food intake was recorded three times a week, and
body weight was recorded once per week. All animal experi-
ments were approved by the National State Board of Biological
Experiments with Living Animals (Norway and Denmark).

Glucose, Insulin, and Pyruvate Tolerance Test—For the glu-
cose tolerance test (GTT) and pyruvate tolerance test, the ani-
mals were injected intraperitoneally after 6 h of fasting with 2 g
of glucose/kg of body weight or 2 g of sodium pyruvate (Sigma-
Aldrich)/kg of body weight (10). For the insulin tolerance test
(ITT), 0.75 units of human insulin (Actrapid)/kg of body weight
was injected intraperitoneally in the fed state. For all tests,

blood was collected from the tail vein of conscious animals, and
blood glucose was measured using a glucometer (Ascensia
Contour, Bayer) at baseline and at the indicated times.

Glucose-stimulated Insulin Secretion—Mice fasted for 3 h
were injected intraperitoneally with 3 g of glucose/kg of body
weight. Blood (30 �l) was collected from the tail vein at baseline
and 2, 5, and 10 min after glucose injection.

Indirect Calorimetry—After 6 weeks on their respective diets
and a 24-h acclimatization period, O2 and CO2 gas exchange
measurements were obtained for a 24-h period from each
mouse, using the open circuit chambers of the Labmaster sys-
tem (TSE Systems GmbH) (11).

Termination and Tissue Harvest—Mice were anesthetized
with isoflurane (Isoba-vet, Schering-Plough) and euthanized by
cardiac puncture. Blood samples were collected in tubes con-
taining EDTA anticoagulant. Organs were immediately dis-
sected, weighed, flash-frozen in liquid nitrogen, and stored at
�80 °C.

Histology Examinations—Paraffin-embedded sections of
epididymal white adipose tissue (eWAT) and iWAT were
stained with hematoxylin and eosin and analyzed as described
previously (12). Sections of pancreatic tissue were stained for
insulin, and pancreatic islet and section sizes were analyzed
(13). Immunohistological detection of UCP1-positive multi-
locular cells was performed by an avidin-biotin peroxidase
method. After deparaffination and rehydration, 5-�m sections
were processed through citrate buffer (pH 6), 2 � 15 min
(95 °C). Sections were transferred to 0.3% hydrogen peroxide in
methanol (30 min) before incubation with 10% goat serum (30
min) and incubation with primary antibody 1:4000 in PBS (goat
serum 1%) overnight (4 °C). Secondary antibody (1:200) was
applied for 1 h, and tissue sections were incubated with the
ABC complex (Vectastain ABC kit, Vector Laboratories), as
described by the manufacturer. The 3,3�-diaminobenzidine
(Vector Laboratories, Burlingame, CA) substrate kit was
applied before counterstaining with hematoxylin and mount-
ing. F4/80 immunohistological detection of macrophages in
adipose tissue was performed by using the F4/80 sc-52664
(BM8) antibody and ImmunoCrus rat ABC staining system
sc-2019 as described by the manufacturer (Santa Crus Biotech-
nology, Inc., Dallas, TX).

Cell Culture—MIN6 cells were cultured at 37 °C in a humid-
ified atmosphere containing 5% CO2 in RPMI1640 media with
GlutaMAX supplemented with 10% (v/v) FCS, 100 units/ml
penicillin, 100 �g/ml streptomycin (all from Invitrogen) and 50
�mol/liter �-mercaptoethanol (Sigma) together with vehicle
(DMSO) or 1 �M indomethacin. After 48 h, cells were washed
and incubated for 30 min in Krebs-Ringer-bicarbonate buffer
(KRB) containing 135 mM NaCl, 3.6 mM KCl, 0.5 mM NaH2PO4,
2 mM NaHCO3, 0.5 mM MgCl2, 1.5 mM CaCl2, 10 mM HEPES,
2.8 or 20.0 mM glucose, and 0.05% BSA, together with either
indomethacin or vehicle. The buffer was replaced with 0.5 ml of
fresh KRB containing either vehicle, indomethacin, 10 �M

TUG469, a synthetic GPR40 agonist (14), or a combination of
indomethacin and TUG469. Insulin release was measured after
1 h. MIN6 viability measurements over 48 h were performed using
the xCELLigence platform (Roche Applied Science) (15), with
indomethacin or vehicle (DMSO) added after 24 h of growth.
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Bioluminescence Resonance Energy Transfer-based �-Arres-
tin-2 Interaction Assay—HEK293T cells were transiently trans-
fected using polyethyleneimine with constructs encoding
mouse GPR40 tagged at its carboxyl terminal with enhanced
yellow fluorescence protein and �-arrestin-2 fused with Renilla
luciferase. The ability of TUG469 and indomethacin to affect
interaction between the mouse GPR40 and �-arrestin-2 con-
structs was assessed using a bioluminescence resonance energy
transfer-based method (16). The resulting concentration-re-
sponse data were fit to 3-parameter sigmoid curves using
GraphPad Prism version 5.0 (GraphPad Software, Inc., San
Diego, CA).

Plasma Measurements—Glycerol, NEFA, plasma glucose,
alanine aminotransferase, and aspartate transaminase concen-
trations in plasma were analyzed with commercially available
enzymatic kits (Dialab, Vienna, Austria) using an autoanalyzer
(MaxMat SA, Montpellier, France). An insulin mouse ultrasen-
sitive ELISA kit (DRG Diagnostics GmbH) was used for quan-
titative determination of insulin in plasma. A homeostasis
model assessment of insulin resistance (HOMA-IR) was calcu-
lated from fasting insulin and glucose concentrations using
the formula, plasma glucose (mmol/liter) � plasma insulin
(microunits/ml)/22.5 (17). QUICKI was calculated using the
formula, 1/(log(fasting insulin microunits/ml) � log(fasting
glucose mg/dl)) (18).

Real-time Quantitative RT-PCR—RNA was extracted from
tissue, cDNA was synthesized, and gene expression was mea-
sured as described (19).

Tissue Lipid Extraction and Lipid Class Analysis—Total lipid
was extracted from liver and muscle samples with chloroform/
methanol (2:1, v/v) and quantified on a Camaq high perfor-
mance thin layer chromatography system and separated on high
performance thin layer chromatography silica gel (20). After 6
weeks of treatment with the respective diets, total lipid was
extracted from feces collected for 48 h (12).

Plasma Oxylipins—Plasma samples were extracted using
Oasis HLB solid phase extraction cartridges (Waters Corp.,
Milford, MA) as described previously (21). Analytes were
eluted with methanol and ethyl acetate into 6 �l of glycerol and
subjected to vacuum evaporation, and the resulting glycerol
plug was stored at �80 °C. Prior to analysis, samples were
reconstituted in methanol containing a 100 nM concentration
of each internal standard 1-cyclohexyl-ureido-3-dodecanoic
acid and 1-phenylurea-3-hexanoic acid (Sigma-Aldrich), fol-
lowed by filtration at 0.1 �m and analysis by ultrahigh perfor-
mance liquid chromatography-MS/MS. The analytes were sepa-
rated using a reverse phase solvent gradient on a 2.1 � 150-mm,
1.7-�m Acquity BEH column, ionized by negative mode elec-
trospray ionization, and detected by multireaction monitoring
mode on an ABI 4000QTRAP (ABSciex, Foster City, CA) triple
quadrupole mass spectrometer (22).

Statistics—All results are shown as mean � S.E. unless oth-
erwise indicated. Statistical analyses of physiological and gene
expression data were performed with GraphPad Prism version
5.0 (GraphPad Software, Inc.), and Dixon’s Q-test was used to
screen for outliers. One-way analysis of variance was used to
compare differences between the experimental groups, fol-
lowed by Fisher’s least significant difference test unless other-

wise indicated. A significance level of p � 0.05 was used for all
tests. Statistical significances are denoted with asterisks as fol-
lows: *, p � 0.05; **, p � 0.01; ***, p � 0.001.

RESULTS

Indomethacin Prevents Diet-induced Obesity in C57BL/6J
Mice—Obesity-prone C57BL/6J mice were fed a HF/HS diet
with or without indomethacin. Mice fed a HF/HS diet had
increased weight gain, increased white adipose tissue (WAT),
and increased liver masses compared with mice fed RD,
whereas these increases were prevented in mice fed HF/
HS�INDO (Fig. 1, A–D). No differences in weights of inter-
scapular brown adipose tissue (iBAT) (Fig. 1E) or of the skeletal
muscles, tibialis anterior, or soleus were observed (data not
shown).

Indomethacin Reduces Feed Efficiency—To confirm that the
reduced obesity in HF/HS�INDO-fed mice was not simply due
to reduced energy intake, feed intake was monitored. Energy
intake was comparable between HF/HS- and HF/HS�INDO-
fed mice (Fig. 1F); thus, indomethacin supplementation
reduced feed efficiency (Fig. 1G). Because indomethacin has
been reported to decrease bile acid secretion, with a possible
effect on fat absorption (23, 24), the apparent fat digestibility
was calculated. Indomethacin treatment did not decrease fat
absorption compared with mice fed the HF/HS diet, but both
HF/HS-fed groups had increased fat absorption compared with
RD-fed mice (Fig. 1H).

The reduced feed efficiency and higher percentage weight
loss after 12-h starvation (Fig. 1I) in HF/HS�INDO-fed mice
compared with HF/HS-fed mice could indicate increased met-
abolic activity; therefore, indirect calorimetry measurements
were performed. O2 consumption, CO2 production, and the
respiratory exchange ratio were similar in the HF/HS- and
HF/HS�INDO-fed groups. No significant difference was ob-
served between HF/HS and HF/HS�INDO, but O2 consump-
tion, CO2 production, and the respiratory exchange ratio were
significantly lower compared with the RD-fed mice (Fig. 2,
A–C). Unexpectedly, the expression of Ucp1 in iWAT was
higher in mice fed HF/HS�INDO than in mice fed HF/HS but
comparable in their iBAT and eWAT (Fig. 2D). Expression of
other brown adipocyte markers was not significantly different
(Fig. 2, E and F). To evaluate if the increased mRNA expression
of Ucp1 in iWAT was accompanied with UCP1-positive multi-
locular cells, immunohistochemical (IHC) analyses in both
eWAT and iWAT were performed. The IHC staining revealed
no induction of UCP1-positive cells in eWAT, irrespective of
diet group; however, in agreement with the mRNA levels of
Ucp1, a minute induction was observed in iWAT of mice fed
HF/HS�INDO (Fig. 2G). Despite a significant induction of
Ucp1 within iWAT, the relative expression is very low com-
pared with the expression seen in iWAT of obesity-resistant
mouse strains. Thus, we conclude that the low level of UCP1 in
iWAT in mice fed the HF/HS�INDO diet is insufficient to
explain energy balance and the observed differences in body
weight and fat mass.

Indomethacin Increases Plasma Glycerol and NEFA in the
Fasted State—The reduced feed efficiency in HF/HS�INDO
compared with HF/HS-fed mice was not associated with
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increased plasma levels of aspartate transaminase or alanine
aminotransferase (Fig. 2H), indicating that the low dose of
indomethacin in the diet did not cause liver injury (Fig. 2H).
PGs, PGE2 in particular, inhibit lipolysis (25). Hence, we asked if
treatment with indomethacin would affect lipolysis. In the fed
state, glycerol and NEFA levels were comparable in all groups
(Fig. 2, I and J). However, in the fasted state, both glycerol and
NEFA levels were higher in HF/HS�INDO- than in HF/HS-fed
mice (Fig. 2, I and J), indicating increased mobilization of fat
from adipose tissue in indomethacin-treated mice. This effect
might reflect a more unabated ability of the increased levels of
cAMP to increase lipolysis during fasting in the absence of
inhibitory PGE2.

Indomethacin Prevents Diet-induced Hypertrophy and Atten-
uates Expression of Inflammatory Markers in iWAT—As hyper-
trophy is associated with increased infiltration of macrophages
and low grade inflammation (26), histological examinations
and gene expression analyses of macrophage infiltration mark-
ers were performed. HF/HS diet-induced hypertrophy of
eWAT and iWAT was prevented by indomethacin treatment
(Fig. 3A). Expression of markers for macrophage infiltration
and inflammation in eWAT was not increased significantly in
response to HF/HS feeding for 7 weeks, except for Ccl2 (chemo-
kine ligand 2) (Fig. 3, B–E). On the other hand, expression of
Cd68 and of Ccl2 in iWAT was significantly reduced by a
HF/HS diet with indomethacin supplementation. Expression of
Emr1 (p � 0.08) also tended to be reduced in HF/HS�INDO-
fed mice (Fig. 3, F–I).

Macrophage infiltration in AT depots was evaluated by IHC
staining with F4/80 antibody. The evaluation of F4/80-positive

macrophages showed infiltration in the AT of mice given low
fat, HF/HS, and HF/HS�INDO and is in agreement with the
mRNA expression. Despite no significant differences in the
number of F4/80-positive macrophages per 100 counted adi-
pocytes (for eWAT, RD � 43.9 � 6.2, HF/HS � 58.7 � 5.0, and
HF/HS�INDO � 50.1 � 6.8; for iWAT, RD � 31.1 � 6.5,
HF/HS � 34.4 � 4.8, and HF/HS�INDO � 27.7 � 2.4), IHC
revealed that the formation of crownlike structures was only
observed in the HF/HS-diet group (Fig. 3J).

Plasma Oxylipin Profiles in Mice Fed HF/HS and HF/
HS�INDO—To ascertain the efficacy of indomethacin treat-
ment and obtain an overview of changes in plasma eicosanoids,
plasma non-esterified oxylipin profiles were assessed.
Cyclooxygenase-dependent metabolite levels in plasma were
significantly reduced in mice given HF/HS�INDO compared
with mice given a HF/HS diet. The levels of prostaglandins
6-keto PGF1� and PGD2 as well as thromboxane B2 were sig-
nificantly reduced by indomethacin supplementation, suggest-
ing impacts on both COX1- and COX2-dependent metabolism
(Table 1).

Indomethacin Supplementation Attenuates HF/HS-induced
Diacylglycerol and Triacylglycerol Accumulation in Liver and
Skeletal Muscle—To investigate if the reduced adipose tissue
mass in HF/HS�INDO-fed mice was associated with increased
ectopic fat accumulation, different lipid classes were quantified
in liver and muscle tissue. Indomethacin attenuated HF/HS-
induced accumulation of triacylglycerol (TAG) and diacylglyc-
erol (DAG) in both liver and tibialis anterior muscle (Fig. 4,
A–D). The levels of phospholipids were not affected in liver or
muscle by any diet (data not shown).
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Indomethacin Treatment Attenuates HF/HS-induced Whole
Body Insulin Resistance—Diet-induced accumulation of DAG
and TAG in liver and muscle is associated with reduced insulin

sensitivity (27–29). Thus, we examined whether inclusion of
indomethacin in the diet also prevented HF/HS-induced insu-
lin resistance. Calculation of the HOMA-IR index indicated

FIGURE 2. The effect of indomethacin on metabolic performance, expression of markers of brown and brown-like adipocytes, and plasma levels of glycerol,
NEFA, alanine aminotransferase (ALT), and aspartate transaminase (AST) after 7 weeks of feeding. Mice fed RD, HF/HS, and HF/HS�INDO were placed in an
open circuit chamber for 24 h for measurements of O2 consumption and CO2 production. A and B, O2 uptake and production of CO2 expressed as ml/h/kg. C,
calculation of respiration exchange ratio (RER). D–F, mRNA levels of markers of brown and brown-like adipocytes in iBAT, eWAT, and iWAT. Ucp1, uncoupling protein
1; Dio2, deiodinase, iodothyronine, type II; Ppargc1a, peroxisome proliferator-activated receptor �, coactivator 1 �. G, IHC staining with UCP1 antibody for detection of
multilocular cells in representative sections from eWAT and iWAT. H, plasma levels of ALT measured in the fed state and aspartate transaminase measured in the fasted
state (12 h). I, plasma glycerol levels in fed and fasted mice. J, plasma levels of NEFA in the fed and the fasted state. The results are presented as mean � S.E. (error bars)
(n � 8–9). Statistical significances are denoted with asterisks as follows: *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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FIGURE 3. Effects of indomethacin supplementation on adipocyte morphology and inflammation. A, morphology of eWAT and iWAT from mice fed RD,
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shown. B–I, quantitative real-time RT-PCR analysis of markers of macrophage infiltration and inflammation in eWAT (B–E) and iWAT. F–I, Cd68, cluster of
differentiation 68; Emr1, Egf-like module containing, mucin-like, hormone receptor-like 1; Serpine1, serpin peptidase inhibitor, clade E, member 1; Ccl2,
chemokine ligand 2. J, IHC staining with F4/80-antibody for detection of macrophages and crownlike structures in representative sections from eWAT and
iWAT. The results are presented as mean � S.E. (error bars) (n � 8 –9). Statistical significances are denoted with asterisks as follows: **, p � 0.01; ***, p � 0.001.
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reduced insulin sensitivity in HF/HS-fed mice, whereas mice
fed HF/HS�INDO exhibited HOMA-IR and QUICKI compa-
rable with those of RD-fed mice (Fig. 4, E and F). Importantly,
the ITT demonstrated significantly reduced insulin sensitivity
in HF/HS-fed mice, whereas mice fed HF/HS�INDO exhibited
insulin sensitivity comparable with that of mice fed RD (Fig.
4G).

Indomethacin Does Not Prevent Hyperglycemia and Impaired
Glucose Tolerance Associated with an HF/HS Diet—Despite
being lean and insulin-sensitive, HF/HS�INDO-fed mice
exhibited elevated levels of plasma glucose in the fed and fasted
state compared with RD-fed mice (Fig. 5A). Furthermore,
HF/HS�INDO-fed mice were as glucose-intolerant as those
fed HF/HS, indicating that HF/HS�INDO-fed mice were
unable to cope with the glucose challenge imposed by the GTT
(Fig. 5B). Despite a reduction in glucose tolerance in mice given
HF/HS�INDO, no compensatory enhancement of glucose-
stimulated insulin secretion (GSIS) was observed 15 min after
glucose injection compared with that observed in mice fed a
HF/HS diet (Fig. 5C). To evaluate whether increased hepatic
glucose output might contribute to the high plasma glucose
values in HF/HS�INDO mice, a pyruvate tolerance test was
performed. Mice fed the HF/HS diet had increased blood glu-
cose levels after a pyruvate injection compared with RD-fed
mice, and this was not attenuated by indomethacin (Fig. 5D).
Expression of G6pc (glucose-6-phosphatase) and Pck1 (phos-
phoenolpyruvate carboxykinase 1) was significantly increased

in both HF/HS- and HF/HS�INDO-treated mice, compared
with mice fed a low fat RD (Fig. 5, E and F).

Indomethacin Prevents HF/HS-induced Glucose-stimu-
lated Insulin Secretion—To further investigate the reduced
glucose tolerance in HF/HS�INDO-fed mice, glucose toler-
ance and GSIS were examined in a second set of mice after 1,
2, and 3 weeks of feeding (Fig. 5, G–L). Interestingly, the
HF/HS�INDO-fed mice exhibited clear signs of glucose
intolerance already after 1 week of feeding with no altera-
tions in GSIS as measured 15 min after glucose injection and
no significant difference in body weight (Fig. 5, G and H).
After 3 weeks of feeding, both the HF/HS-fed and the
HF/HS�INDO-fed mice were markedly glucose-intolerant,
but only the HF/HS-fed mice exhibited a compensatory
increase in GSIS, reflecting the insulin-resistant state of these
mice (Fig. 5, K and L). This indicates that indomethacin exerted
an early effect on glucose intolerance that temporally preceded
changes in GSIS and increased glucose intolerance in the
HF/HS fed mice. Moreover, these results suggest that indo-
methacin did not directly inhibit GSIS.

To establish whether indomethacin acutely affected glucose
clearance and GSIS, RD-fed mice were orally treated with a
single dose of indomethacin. This treatment acutely impaired
glucose disposal despite no significant impairment in GSIS (Fig.
6, A–C). Neither glucose tolerance nor GSIS was affected by
acute administration of indomethacin in obese, glucose-intol-
erant HF/HS-fed mice (Fig. 6, D–F).

TABLE 1
Average plasma concentrations of oxylipin metabolites (nM)
The levels of plasma oxylipins were determined by ultrahigh performance liquid chromatography-MS/MS. Results are presented as mean � S.D. (n � 6). p values
were calculated by two-tailed Student’s t test. Statistical significances are denoted with asterisks: *, p � 0.05; **, p � 0.001. NS, not significant. ND, not determined.
AA, arachidonic acid; EPA, eicosapentaenoic acid; GLA, �-linolenic acid; LA, linoleic acid; ALA, �-linolenic acid; HETE, hydroxyeicosatetraenoic acid; HEPE,
hydroxyeicosapentaenoic acid; HETrE, hydroxyeicosatrienoic acid; HODE, hydroxyoctadecadienoic acid; HOTE, hydroxyoctadecatrienoic acid; KETE, ketoeico-
satetraenoic acid.

Analyte Parent Class HF/HS HF/HS � INDO p value

nM nM

PGD2 AA Prostaglandin 0.376 � 0.140 0.108 � 0.086 **
PGF2a AA Prostaglandin 0.184 � 0.0782 0.0667 � 0.081 *
6-Keto-PGF1a AA Prostaglandin 0.537 � 0.208 0.226 � 0.1 **
TXB2 AA Thromboxane 0.229 � 0.195 ND *
12-HETE AA Alcohol 115 � 75.4 117 � 67 NS
11-HETE AA Alcohol 1.85 � 1.82 2.88 � 4.4 NS
9-HETE AA Alcohol 3.66 � 3.26 5.12 � 7.5 NS
8-HETE AA Alcohol 3.71 � 3.03 5.53 � 4.2 NS
5-HETE AA Alcohol 6.32 � 7.26 6.88 � 7.3 NS
15-HEPE EPA Alcohol 0.190 � 0.138 0.204 � 0.23 NS
12-HEPE EPA Alcohol 1.69 � 1.59 1.24 � 0.78 NS
15-HETrE GLA Alcohol 1.15 � 1.04 1.94 � 3 NS
13-HODE LA Alcohol 131 � 51.0 177 � 83 NS
9-HODE LA Alcohol 28.0 � 12.9 29.2 � 16 NS
9-HOTE ALA Alcohol 1.93 � 0.258 1.8 � 0.63 NS
13-HOTE ALA Alcohol 1.71 � 0.281 1.52 � 0.84 NS
15-KETE AA Ketone 4.32 � 2.29 2.54 � 0.76 NS
12-KETE AA Ketone 4.42 � 2.32 2.72 � 0.76 NS
5-KETE AA Ketone 2.97 � 1.74 2.15 � 1.6 NS
13-KODE LA Ketone 96.3 � 80.1 95.5 � 72 NS
12(13)-EpOME LA Epoxide 32.7 � 9.41 29.9 � 20 NS
15(16)-EpODE ALA Epoxide 2.16 � 0.623 2.05 � 1.2 NS
9(10)-EpODE ALA Epoxide 2.24 � 0.847 2.66 � 1.4 NS
14,15-DiHETrE AA Diol 1.49 � 0.602 0.929 � 0.13 NS
5,6-DiHETrE AA Diol 0.459 � 0.117 0.412 � 0.15 NS
17,18-DiHETE EPA Diol 2.67 � 1.36 2.08 � 0.86 NS
14,15-DiHETE EPA Diol 0.330 � 0.108 0.213 � 0.17 NS
19,20-DiHDPA DHA Diol 1.76 � 0.731 1.36 � 0.24 NS
9,10-DiHOME LA Diol 48.8 � 19.2 51.1 � 15 NS
9,10-DiHODE ALA Diol 0.189 � 0.235 0.174 � 0.22 NS
9,12,13-TriHOME LA Triol 3.35 � 1.55 2.48 � 1.3 NS
9,10–13-TriHOME LA Triol 1.48 � 1.22 0.876 � 0.68 NS
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To evaluate if long term treatment with indomethacin was
able to influence glucose tolerance and GSIS in the setting of an
RD feeding, we fed mice RD � INDO for 7 weeks. Body weight
(data not shown) and WAT mass in RD�INDO-fed mice were
comparable with levels for those fed RD (Fig. 6G). In this con-
text, indomethacin supplementation did not lead to glucose
intolerance (Fig. 6H) or alterations in GSIS (Fig. 6I).

Finally, we aimed to investigate if treatment with indometh-
acin could reverse elevated HF/HS-induced GSIS in obese and
insulin-resistant mice. To increase fat mass and reduced insulin
sensitivity, C57BL/6J mice were fed a HF/HS diet for 10 weeks;
then a group was switched to an HF/HS�INDO diet, and
another was maintained on HF/HS for an additional 8 weeks.
Mice fed an RD were used as a reference. No reduction in body
weight, feed efficiency, and lean and fat mass was observed
when obese mice were fed HF/HS�INDO (Fig. 6, J–M). Fur-
thermore, we observed no effect of INDO treatment regarding
glucose tolerance and GSIS in already obese animals (Fig. 6, N
and O).

Indomethacin Treatment Combined with Activation of
GPR40 Attenuates GSIS—To corroborate the notion that mice
fed HF/HS�INDO failed to compensate for a sustained hepatic
glucose production, insulin levels were measured in both the
fasted and fed states, and �-cell mass was quantified after 8
weeks of feeding. Despite the marked glucose intolerance, the
HF/HS diet-induced hyperinsulinemia in both the fasted and
fed states was not observed in HF/HS�INDO-fed mice (Fig.
7A). Quantification of pancreatic �-cell mass demonstrated no
reduction in �-cell mass in the HF/HS-fed mice (Fig. 7B). Eval-
uation of insulin secretion upon an intraperitoneal injection of

glucose demonstrated that insulin secretion in mice fed the
HF/HS�INDO diet was comparable with that in the RD-fed
mice, whereas it was increased in the HF/HS-fed mice (Fig. 7C).
Fatty acid-dependent modulation of GSIS depends on both
�-cell fatty acid metabolism and signaling via GPR40/FFA1
(30 –32). To examine whether indomethacin cell-autono-
mously modulated GSIS when GPR40/FFA1 was activated, we
analyzed the effect of indomethacin on GSIS in the presence
and absence of a synthetic GPR40 agonist, TUG469, in mouse
MIN6 cells. No effect on cell survival and growth in response to
treatment with up to 10 �M indomethacin was observed (Fig.
7D), and indomethacin alone did not impair GSIS in MIN6
cells. However, in response to GPR40 activation in the presence
of indomethacin, GSIS was inhibited at high glucose concentra-
tion (20.0 mM). Of note, no reduction in GSIS was observed at
the low (2.8 mM) glucose concentration (Fig. 7E). Based on its
structure, it was possible that indomethacin might act as an
antagonist of GPR40. To investigate this possibility, we
employed a bioluminescence resonance energy transfer-based
�-arrestin-2 interaction assay, detecting the interaction
between mouse GPR40 and �-arrestin-2 (32). As predicted, the
addition of TUG469 potently increased GPR40-�-arrestin-2
interaction. However, indomethacin did not antagonize
TUG469 activation of GPR40; rather, indomethacin behaved
like a low potency agonist of GPR40 (EC50 � 4.5 � 1.3 �M),
acting additive at submaximal concentrations of TUG469 (Fig.
7F). Taken together, these results indicate that indomethacin,
in combination with fatty acid-dependent activation of GPR40,
impairs GSIS, which at least in part may explain the lack of a
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compensatory increase in GSIS to cope with the sustained
hepatic glucose output in HF/HS�INDO-fed mice.

DISCUSSION
In this study, we report that HF/HS diet-induced obesity,

GSIS, and insulin resistance, but not glucose intolerance, in
C57BL/6J mice were prevented by the general COX inhibitor,
indomethacin. In addition, fatty acid-dependent up-regulation
of GSIS was perturbed in HF/HS�INDO-fed mice. Together,
our findings point to a complex network controlling glucose

tolerance and insulin secretion regulated by an intricate rela-
tionship between HF/HS feeding and indomethacin supple-
mentation, where the lack of a compensatory up-regulation of
GSIS in combination with sustained elevated hepatic gluconeo-
genesis resulted in a state of glucose intolerance in the other-
wise lean and insulin-sensitive INDO-supplemented mice.

Indomethacin prevented increased adipose tissue mass and
hypertrophy induced by a HF/HS diet in C57BL/6J mice. This is
in striking contrast to the obesity-promoting action of indo-
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methacin together with a very high fat diet in Sv129 mice, nor-
mally considered obesity-resistant (8).

A high concentration of indomethacin has previously been
reported to enhance PPAR�-dependent transactivation and

thereby increase adipocyte differentiation (34, 35). However,
the dose of indomethacin used in the present study was low
(16 mg/kg of diet) compared with other studies and consid-
ered insufficient to raise plasma levels sufficiently high to acti-
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vate PPAR�, and accordingly, expression of PPAR� and
PPAR�-responsive genes in adipose tissues was not signifi-
cantly altered, comparing indomethacin-supplemented and
unsupplemented mice (data not shown).

The effects of PGs in lipolysis are complex. It has been shown
that lipolysis is reciprocally affected by PGE2 and PGI2 and
possibly also modulated by other PGs (36). Exogenous PGE2
has been shown to reduce lipolysis, whereas PGI2 have been
shown to antagonize the anti-lipolytic effect of PGE2. Inhibi-
tion of prostaglandin H synthesis by indomethacin reduces pro-
duction of both PGE2 and PGI2, and in agreement with (36), the
levels of plasma glycerol and free fatty acid in the fed state
indicate that indomethacin did not seem to affect lipolysis (Fig.
2I). On the other hand, our results demonstrate that mice
treated with indomethacin had a significant increase in plasma
free fatty acid after 16 h of fasting. This may at least in part
reflect an increased ability of fasting-induced increases in
cAMP levels to promote lipolysis in the absence of inhibitory
prostaglandins, and additionally, indomethacin might change

the balance between lipolysis-promoting and -antagonizing
PGs.

The observed protection against diet-induced obesity was
associated with significantly reduced feed efficiency and weight
gain, but surprisingly, this was not accompanied by detectable
changes in O2 consumption or CO2 production. However, we
cannot exclude the possibility that O2 consumption and CO2
production might be affected at a different time points during
the experiment.

Insulin resistance is associated not only with obesity but also
with low grade inflammation in the adipose tissue (1, 2), ectopic
fat accumulation, and increased DAG accumulation in both
liver and skeletal muscle (37). COX-2 is necessary for the acute
inflammatory response (38), and COX-2 deficiency attenuates
age-dependent inflammation and infiltration of macrophages
in adipose tissue (39). In the present study, inclusion of indo-
methacin reduced the circulating levels of 6-keto-PGF1�,
PGD2, and TXB2 and reduced expression of markers of macro-
phage infiltration and inflammation in adipose tissues. Further-
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more, indomethacin supplementation abolished HF/HS-in-
duced accumulation of TAG and DAG in liver and muscle.
Reflecting their lean phenotype and suppressed expression of
inflammatory markers in adipose tissue, the HF/HS�INDO-
fed mice remained insulin-sensitive. However, they developed
glucose intolerance within 1 week of feeding.

Similar to the obese HF/HS-fed mice, mice fed HF/
HS�INDO had elevated sustained expression of genes involved
in hepatic gluconeogenesis, suggesting a sustained high hepatic
glucose output, correlated with high fasting and fed plasma glu-
cose. This suggests a certain degree of insulin resistance in the
liver, which, however, was undetectable in the HF/HS�INDO-
fed mice using whole body ITT. A hyperinsulinemic-euglyce-
mic clamp experiment would be needed to draw a firm conclu-
sion on the precise contribution of hepatic glucose output to
the observed hyperglycemia. Nevertheless, our pyruvate toler-
ance test data convincingly demonstrated that hepatic glucose
output was increased in both obese HF/HS-fed and lean
HF/HS�INDO-fed mice, and the early development of glucose
intolerance in the lean HF/HS�INDO-fed mice indicated that
these mice, despite being insulin-sensitive, were unable to com-
pensate for the increased glucose output during a GTT.

HF/HS-fed mice exhibited the expected correlation between
obesity and hyperinsulinemia. By contrast, plasma insulin levels
in the lean HF/HS�INDO-fed mice were comparable with
those in RD mice. These differences impinge on the important
question as to whether hyperinsulinemia is a compensatory
action to counteract obesity-elicited inflammation and periph-
eral insulin resistance or whether increased plasma insulin pre-
cedes obesity development, inflammation, and insulin resis-
tance. Whereas the canonical view favors the first possibility (1,
40), we and others have recently argued that a high level of
insulin is a prerequisite for HF diet-induced obesity (41– 43).
In keeping with this view, adipose-specific insulin receptor
knock-out mice are protected against diet-induced obesity
(44). Thus, the leanness of the HF/HS�INDO-fed mice may
reflect a similar dependence on high insulin levels to elicit
the obesogenic action of the HF/HS diet. High plasma insu-
lin levels also exert positive feedback on �-cell mass expan-
sion in response to HF/HS feeding, and similarly, the effect
of glucose on �-cells may well depend on the increased insu-
lin secretion. Accordingly, �-cell mass expansion and insulin
hypersecretion may eventually result in systemic insulin
resistance (33, 42).

The paradoxical situation of glucose intolerance in insulin-
sensitive mice developed only in the context of HF/HS feeding.
This observation invited speculations that indomethacin in
combination with an HF/HS diet perturbed the normal regula-
tion of insulin synthesis and/or secretion from �-cells. Our
finding that, compared with HF/HS fed mice, mice fed
HF/HS�INDO had decreased fasting and fed insulin levels and
a reduced insulin secretion during a GTT suggested that indo-
methacin impaired HF/HS-induced GSIS.

Initially, the regulatory effect of fatty acids on GSIS was
assumed to be related to fatty acid metabolism in �-cells, but
now it is known that a large part of the effect depends on fatty
acid activation of GPR40 (31). Using MIN6 cells as a model, we

demonstrated that the combined action of a selective GPR40
agonist, TUG469, and indomethacin inhibited GSIS. The aug-
mented GSIS in HF-fed C57BL/6 mice in response to intraperi-
toneal glucose injection is reported to require GPR40 (32). In
line with the finding that indomethacin does not influence GSIS
in RD-fed mice, GSIS is also unaffected in RD-fed GPR40�/�

C57BL/6 mice (32). Thus, although indomethacin did not act
as a GRP40 antagonist, the finding that the combined action
of indomethacin and TUG469 inhibited GSIS in MIN6 cells
suggests a mechanism by which indomethacin attenuates the
compensatory increased insulin secretion in HF/HS-fed
mice.

In conclusion, our results demonstrate that indomethacin, a
commonly used COX inhibitor, prevented HF/HS-induced
obesity and insulin resistance but not glucose intolerance and
increased hepatic glucose production associated with a HF/HS
diet. Indomethacin did not per se inhibit insulin secretion, but
the indomethacin in combination with activation inhibited
GSIS. In a situation of sustained hepatic glucose output, the
inhibition of fatty acid enhancement of GSIS created a situation
where pancreatic insulin secretion became insufficient to fully
handle the glucose challenge of a GTT. Remaining important
questions concern elucidating the precise molecular mecha-
nisms by which indomethacin in combination with GPR40 acti-
vation inhibits GSIS and whether the effects of indomethacin
and other nonsteroidal anti-inflammatory drugs can be trans-
lated into a human setting. Considering the worldwide com-
mon use of nonsteroidal anti-inflammatory drugs, these ques-
tions warrant further investigation.
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Nüsing, R. M., Meyer, C. W., Wahli, W., Klingenspor, M., and Herzig, S.
(2010) Cyclooxygenase-2 controls energy homeostasis in mice by de novo
recruitment of brown adipocytes. Science 328, 1158 –1161

10. Andrikopoulos, S., Blair, A. R., Deluca, N., Fam, B. C., and Proietto, J.
(2008) Evaluating the glucose tolerance test in mice. Am. J. Physiol. Endo-
crinol. Metab. 295, E1323–E1332

11. Wan, S. G., Taccioli, C., Jiang, Y., Chen, H., Smalley, K. J., Huang, K.,
Liu, X. P., Farber, J. L., Croce, C. M., and Fong, L. Y. (2011) Zinc
deficiency activates S100A8 inflammation in the absence of COX-2
and promotes murine oral-esophageal tumor progression. Int. J. Can-
cer 129, 331–345

12. Liaset, B., Hao, Q., Jørgensen, H., Hallenborg, P., Du, Z.-Y., Ma, T.,
Marschall, H.-U., Kruhøffer, M., Li, R., Li, Q., Yde, C. C., Criales, G.,
Bertram, H. C., Mellgren, G., Ofjord, E. S., Lock, E.-J., Espe, M., Frøy-
land, L., Madsen, L., and Kristiansen, K. (2011) Nutritional regulation
of bile acid metabolism is associated with improved pathological
characteristics of the metabolic syndrome. J. Biol. Chem. 286,
28382–28395

13. Luria, A., Bettaieb, A., Xi, Y., Shieh, G. J., Liu, H. C., Inoue, H., Tsai, H. J.,
Imig, J. D., Haj, F. G., and Hammock, B. D. (2011) Soluble epoxide hydro-
lase deficiency alters pancreatic islet size and improves glucose homeosta-
sis in a model of insulin resistance. Proc. Natl. Acad. Sci. U.S.A. 108,
9038 –9043

14. Christiansen, E., Due-Hansen, M. E., Urban, C., Merten, N., Pfleiderer, M.,
Karlsen, K. K., Rasmussen, S. S., Steensgaard, M., Hamacher, A., Schmidt,
J., Drewke, C., Petersen, R. K., Kristiansen, K., Ullrich, S., Kostenis, E.,
Kassack, M. U., and Ulven, T. (2010) Structure-activity study of dihydro-
cinnamic acids and discovery of the potent FFA1 (GPR40) agonist TUG-
469. ACS Med. Chem. Lett. 1, 345–349

15. Malaisse, W. J., Zhang, Y., Louchami, K., Sharma, S., Dresselaers, T., Him-
melreich, U., Novotny, G. W., Mandrup-Poulsen, T., Waschke, D.,
Leshch, Y., Thimm, J., Thiem, J., and Sener, A. (2012) 19F-heptuloses as
tools for the non-invasive imaging of GLUT2-expressing cells. Arch.
Biochem. Biophys. 517, 138 –143

16. Christiansen, E., Hansen, S. V., Urban, C., Hudson, B. D., Wargent, E. T.,
Grundmann, M., Jenkins, L., Zaibi, M., Stocker, C. J., Ullrich, S., Kostenis,
E., Kassack, M. U., Milligan, G., Cawthorne, M. A., and Ulven, T. (2013)
Discovery of TUG-770: a highly potent free fatty acid receptor 1 (FFA1/
GPR40) agonist for treatment of type 2 diabetes. ACS Med. Chem. Lett. 4,
441– 445

17. Katsuki, A., Sumida, Y., Gabazza, E. C., Murashima, S., Furuta, M., Araki-
Sasaki, R., Hori, Y., Yano, Y., and Adachi, Y. (2001) Homeostasis model
assessment is a reliable indicator of insulin resistance during follow-up of
patients with type 2 diabetes. Diabetes Care 24, 362–365

18. Katz, A., Nambi, S. S., Mather, K., Baron, A. D., Follmann, D. A., Sullivan,
G., and Quon, M. J. (2000) Quantitative insulin sensitivity check index: a
simple, accurate method for assessing insulin sensitivity in humans.
J. Clin. Endocrinol. Metab. 85, 2402–2410

19. Lillefosse, H. H., Tastesen, H. S., Du, Z. Y., Ditlev, D. B., Thorsen, F. A.,
Madsen, L., Kristiansen, K., and Liaset, B. (2013) Hydrolyzed casein re-
duces diet-induced obesity in male C57BL/6J mice. J. Nutr. 143,
1367–1375

20. Liaset, B., Julshamn, K., and Espe, M. (2003) Chemical composition and
theoretical nutritional evaluation of the produced fractions from enzymic
hydrolysis of salmon frames with ProtamexTM. Process Biochem. 38,
1747–1759

21. Stephensen, C. B., Armstrong, P., Newman, J. W., Pedersen, T. L., Legault,
J., Schuster, G. U., Kelley, D., Vikman, S., Hartiala, J., Nassir, R., Seldin,
M. F., and Allayee, H. (2011) ALOX5 gene variants affect eicosanoid pro-
duction and response to fish oil supplementation. J. Lipid Res. 52,
991–1003

22. Keenan, A. H., Pedersen, T. L., Fillaus, K., Larson, M. K., Shearer, G. C., and
Newman, J. W. (2012) Basal �-3 fatty acid status affects fatty acid and

oxylipin responses to high-dose n3-HUFA in healthy volunteers. J. Lipid
Res. 53, 1662–1669

23. Dikopoulos, N., Schmid, R. M., Bachem, M., Buttenschoen, K., Adler,
G., Chiang, J. Y., and Weidenbach, H. (2007) Bile synthesis in rat mod-
els of inflammatory bowel diseases. Eur. J. Clin. Invest. 37, 222–230

24. Yamamoto, F. (1980) Contribution of prostaglandin to the contraction
induced by catecholamines in the isolated gallbladder of the guinea-pig.
Gastroenterol. Jpn. 15, 433– 438

25. Richelsen, B., and Pedersen, S. B. (1987) Antilipolytic effect of prostaglan-
din E2 in perifused rat adipocytes. Endocrinology 121, 1221–1226

26. Heilbronn, L. K., and Campbell, L. V. (2008) Adipose tissue macrophages,
low grade inflammation and insulin resistance in human obesity. Curr.
Pharm. Des. 14, 1225–1230

27. Nagle, C. A., Klett, E. L., and Coleman, R. A. (2009) Hepatic triacylglycerol
accumulation and insulin resistance. J. Lipid Res. 50, S74 –S79

28. Montell, E., Turini, M., Marotta, M., Roberts, M., Noé, V., Ciudad, C. J.,
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