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Abstract

Previous studies have shown that Prostaglandin E2 (PGE2) inhibits glucose-stimulated insulin secretion. However, the role of
cyclooxygenase (COX)-1 vs. COX-2 derived PGE2 production in glucose-stimulated insulin secretion remains poorly understood. Here
we investigated the expression of COX-1 and COX-2 in pancreatic islets and the effect of selective inhibition of COX-1 and COX-2 on
glucose-stimulated insulin secretion using C57BL/6 (B6) mice. Although immunofluorescence histochemistry showed the constitutive
expression of both COX-1 and COX-2 in B6 mouse pancreatic islets, insulin secretion and hyperglycemia after glucose loading were
ameliorated in B6 mice treated with selective COX-2 inhibitor (SC58236) for 18 weeks. Interestingly, incubation with selective COX-2
inhibitor for 24 h led to a reduction in PGE2 production in pancreatic islets isolated from B6 mice. In addition, selective COX-2 inhi-
bition enhanced insulin secretion from the isolated islets. These results collectively suggest that selective inhibition of COX-2 enhances
glucose-stimulated insulin secretion through a reduction in PGE2 production in pancreatic islets.
� 2007 Elsevier Inc. All rights reserved.
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Cyclooxygenase (COX) is a enzyme which catalyzes the
first step in the formation of prostaglandins (PGs), the con-
version of arachidonic acid to PGH2, followed by the
metabolism of PGH2 to biologically active end products,
PGD2, PGE2, PGF2a, PGI2, or thromboxane A2 (TxA2)
via specific synthases [1]. Two cyclooxygenase isoforms,
COX-1 and COX-2, have been identified. COX-1 is consid-
ered to be a housekeeping enzyme responsible for basal
physiological production of PGs, while COX-2 is a rapidly
inducible enzyme contributing to the elevated production
of PGs in the setting of disease and inflammation. In most
tissues, COX-1 is dominantly expressed relative to COX-2.
However, a previous study reported that COX-2 was the
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dominant isoform in Syrian hamster and human pancreatic
islets under basal conditions through gene expression anal-
ysis [2]. In contrast, a recent study reported that COX-1
mRNA, rather than COX-2 mRNA, was abundantly
expressed in freshly isolated mouse islets [3]. Thus, the
expression and the localization of the two isoforms,
COX-1 and COX-2, in the pancreatic islets remains
controversial.

PGE2 is the major endogenous prostanoid derived
from COX-1 and COX-2. Previous studies have shown
that PGE2 inhibits glucose-induced insulin secretion in
a pancreatic b-cell line, HIT cells [4,5] and also in
humans [6]. Therefore, inhibition of COX-1 or COX-2
is expected to enhance insulin secretion by reducing
PGE2 production. A recent in vitro study reported that
treatment with a selective COX-2 inhibitor, celecoxib,
increased glucose-stimulated insulin release in a pancre-
atic b-cell line, INS-1E cells [7]. However, in vivo effects
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of selective COX-1 or COX-2 inhibition on insulin secre-
tion have not been examined. C57BL/6 mice represent an
inbred mouse strain exhibiting poor glucose tolerance rel-
ative to other inbred mouse strains. C57BL/6 mice exhi-
bit marked hyperglycemia and impaired insulin secretion
after glucose loading relative to other inbred mouse
strains [8,9]. Therefore, this mouse strain appears to be
a suitable model for testing the in vivo effect of COX
inhibition on glucose-stimulated insulin secretion.

The aim of the present study was to investigate the
in vivo effect of selective inhibition of COX-1 and COX-2
on glucose tolerance and glucose-stimulated insulin secre-
tion and to elucidate the mechanism by which selective
inhibition of COX-1 or COX-2 may affect the insulin
secretion.
Materials and methods

Experimental animals. Male C57BL/6J (B6) and DBA/2J (DBA/2)
were purchased from Clea Japan (Tokyo, Japan) at 6 weeks of age.
Genetically mixed background COX-2 knockout mouse was generated as
described previously [10]. B6 background COX-2 knockout mouse was
generated by backcrossing the mixed background COX-2 knockout mouse
to a B6 strain for 10 generations. The mice were housed (n = 3–4 per cage)
in a room with relative humidity of 50% and a 12/12-h light/dark cycle at
20–22 �C, and allowed unrestricted access to standard rodent chow and
water. All animals were treated in accordance with the Animal Welfare
Guidelines of Akita University and Vanderbilt University, and all proce-
dures were approved by the Committee on Animal Experimentation of
Akita University and Vanderbilt University.

Intraperitoneal glucose tolerance test (IPGTT) and blood parameter

measurements. HbA1c measurement and IPGTT were performed at 10
weeks of age in both B6 and DBA/2 inbred mice. HbA1c levels were
determined using a DCA 2000 Analyzer (Bayer, Elkhart, IN). Mice were
fasted 6 h after daytime food withdrawal and then injected intraperito-
neally with glucose in saline solution. Blood glucose was measured after
glucose injection using Glucocard Diameter (Arkray, Tokyo, Japan).
Plasma insulin levels after glucose injection were measured using a com-
mercial insulin ELISA kit (Morinaga, Yokohama, Japan).

Immunofluorescence histochemistry. Following removal from 10-
week-old B6 mice, the pancrease was perfusion-fixed with 4% parafor-
maldehyde. To assess the expression and localization of COX-2 in the
pancreas, the sections were double labeled with guinea pig anti-insulin
antibody (DakoCytomation, Carpinteria, CA) and rabbit anti-COX-2
antibody (Cayman Chemical, Ann Arbor, MI), and then incubated with
Alexa Fluor 488-conjugated goat anti-guinea pig IgG (Molecular
Probes, Eugene, OR) and Alexa Fluor 546-conjugated goat anti-rabbit
IgG (Molecular Probes). In addition, the expression of COX-1 in the
pancreas was evaluated by double labeling using guinea pig anti-insulin
antibody (DakoCytomation) and goat anti-COX-1 antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) as primary antibodies and Alexa
Fluor 488-conjugated goat anti-guinea pig IgG (Molecular Probes) and
Alexa Fluor 546-conjugated donkey anti-goat IgG (Molecular Probes)
as secondary antibodies. The nuclei were stained using ToPro-3
(Molecular Probes). The pancreas sections were examined using con-
focal laser scanning microscopy (LSM510, Carl Zeiss, Oberkochen,
Germany).

Protocol for treatment with selective COX-1 or COX-2 inhibitors in B6

mice. Selective COX-1 inhibitor (SC58560) and COX-2 inhibitor
(SC58236) were kindly provided by Pfizer Inc. (Groton, CT). Stock
solutions of selective COX-1 and COX-2 inhibitors were prepared by
dissolving them in a solution of 95% polyethylene glycol 200 and 5%
Tween 20. Selective COX-1 inhibitor (15 mg/ml in stock solution) and
COX-2 inhibitor (3 mg/ml in stock solution) were then diluted 1:500 in
distilled water and provided ad libitum in the drinking water. Control B6
mice were given the same solution without selective COX inhibitors
diluted 1:500 in distilled water (vehicle). The treatment with either selective
COX-1 inhibitor or selective COX-2 inhibitor was started at 12 weeks of
age in B6 mice and continued for 18 weeks. At the end of the treatment for
18 weeks, HbA1c measurement and IPGTT (2 g/kg body weight) were
performed to assess the effects of selective COX inhibitors on glucose
tolerance and glucose-stimulated insulin secretion.

Measurement of gastric mucosal PGE2 levels. Gastric mucosal PGE2

synthesis was determined as a measure of endogenous COX-1 activity
[11]. After the treatment with selective COX-1 or COX-2 inhibitors for
18 weeks, mucosal linings of stomachs from control and COX inhibi-
tor-treated mice were harvested and homogenized in 0.1 M phosphate
buffer containing 1 mM EDTA and 10 lM indomethacin, followed by
adding acetone to the samples. Precipitates were removed by centrifu-
gation at 1500g for 10 min, and then supernatants were passed through
C-18 SPE cartridges (Cayman Chemical). PGE2 was eluted with 5 ml
ethyl acetate containing 1% methanol and determined using an enzyme
immunosorbent assay kit (Cayman Chemical). Protein concentration of
gastric mucosa was determined using a bicinochoninic acid protein
assay (Sigma, St. Louis, MO). Gastric mucosal PGE2 levels were
assessed using gastric mucosal PGE2 to protein ratio as described
previously [10].

Islet isolation and culture. Pancreatic islets were isolated from male
B6 mice aged 12 weeks as previously reported [12] with slight modifi-
cation. Briefly, liberase RI (Roche Applied Science, Indianapolis, IN)
was dissolved in Hepes–Krebs–Ringer bicarbonate buffer (HKRB;
10 mM Hepes, 129 mM NaCl, 5 mM NaHCO3, 4.7 mM KCl, 1.2 mM
KH2PO4, 2.56 mM CaCl2, 1.2 mM MgSO4, 2.8 mM glucose, and 0.3%
bovine serum albumin, pH 7.4). Mice were anesthetized with pento-
barbital sodium (50 mg/kg body weight, intraperitoneal injection), and
2 ml liberase RI in HKRB (0.5 mg/ml) was directly infused into the
pancreas through the common bile duct. The pancreas was removed
and digested in 2 ml liberase RI (0.5 mg/ml) at 37 �C for 20 min. The
islets were handpicked under microscopic visualization and washed
three times in HKRB. Following the islet isolation procedure, the islets
(20 per dish) were cultured in Eagle’s minimal essential medium (Nissui
Pharmaceutical, Tokyo, Japan) containing 5.6 mM glucose supple-
mented with 2 mM L-glutamine, 16.7 mM NaHCO3, 10% fetal bovine
serum, 100 lg/ml streptomycin, and 100 U/ml penicillin under an
atmosphere of 95% air and 5% CO2 at 37 �C for 24 h. Following this
24-h period, the culture medium was replaced and supplemented with
either 10 lM SC58560 or 10 lM SC58236 at 37 �C for 24 h, and
medium PGE2 content was determined using an enzyme immunosorbent
assay kit (Cayman Chemical). The islets were washed three times in
HKRB and then incubated at 37 �C for 1 h in the same culture medium
containing either 5.6 or 20 mM glucose with either 10 lM SC58560 or
10 lM SC58236. Medium insulin content was determined using an
insulin ELISA kit (Morinaga).

Statistical analysis. Statistical analyses were performed with GraphPad
Prism software system (GraphPad, San Diego, CA). All data are presented
as means ± SE. Differences between groups were determined by paired
t test, unpaired t test or ANOVA followed by Bonferroni’s multiple
comparison test. A p value of less than 0.05 was considered statistically
significant.

Results

Strain differences in glucose tolerance and glucose-stimulated

insulin secretion

Although fasting blood glucose levels were similar
between B6 and DBA/2 mice (153 ± 7 and 130 ± 7 mg/
dl, respectively, NS), blood glucose levels at 20–120 min
after IPGTT glucose injection were markedly elevated in
B6 mice compared to DBA/2 mice (Fig. 1A). On the other
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Fig. 1. Deferences in glucose tolerance and glucose-stimulated insulin secretion between 10-week-old male C57BL/6 (n = 5) and DBA/2 mice (n = 5).
(A,B) Changes in blood glucose and plasma insulin levels after glucose loading (2 g/kg body weight) are shown. *p < 0.001, **p < 0.01, ***p < 0.05 vs.
DBA/2 at the same time. #p < 0.01 vs. value before glucose loading (0 min). (C,D) HbA1c and body weight are shown. �p < 0.001 vs. DBA/2.
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hand, plasma insulin levels of B6 mice were not signifi-
cantly elevated in response to glucose loading (Fig. 1B).
In addition, insulin levels at 0–30 min after glucose injec-
tion were significantly lower in B6 mice than DBA/2 mice
(Fig. 1B). HbA1c levels were significantly higher in B6 mice
than DBA/2 mice, indicating that B6 mice were hyperglyce-
mic relative to DBA/2 mice (Fig. 1C). Thus, B6 mice
appear to represent an inbred mouse strain which has
impaired glucose tolerance due to poor glucose-stimulated
first-phase insulin secretion.
Expression of COX-1 and COX-2 in B6 mouse pancreatic

islets

Immunofluorescence histochemical examination revealed
that both COX-1 and COX-2 were constitutively expressed
in B6 mouse pancreatic islets under basal conditions
(Fig. 2). Double labeling study with an insulin antibody
that selectively binds to b cells of pancreatic islets indicated
that both COX-1 and COX-2 were localized mainly in the
insulin-producing b cells (Fig. 2).
Effect of selective COX-1 or COX-2 inhibition on glucose

tolerance and glucose-stimulated insulin secretion in B6 mice

To evaluate whether COX-1 and COX-2 expressed in
pancreatic b cells affect insulin secretion in B6 mice, we
treated the mice with either a selective COX-1 inhibitor
or a selective COX-2 inhibitor. Following 18 weeks of
COX-1 or COX-2 inhibitor treatment, IPGTT and HbA1c
were determined (Fig. 3A, B and D). Blood glucose levels
at 60 and 120 min after glucose injection were significantly
lower in selective COX-2 inhibitor-treated mice than vehi-
cle-treated mice. On the other hand, blood glucose levels
during IPGTT were similar between selective COX-1 inhib-
itor-treated and vehicle-treated mice. In selective COX-2
inhibitor-treated mice, plasma insulin levels at 10 and
20 min after glucose injection were significantly elevated
relative to baseline levels and significantly higher than
those in vehicle-treated mice. In contrast, plasma insulin
levels after glucose loading were not significantly elevated
in selective COX-1 inhibitor-treated mice. Thus, we found
that selective inhibition of COX-2, but not COX-1, reduces
blood glucose levels by enhancing glucose-stimulated first-
phase insulin secretion in B6 mice. Similar to B6 mice trea-
ted with selective COX-2 inhibitor, B6 background COX-2
knockout mice exhibited significantly lower blood glucose
levels during IPGTT relative to the wild type mice
(Fig. 3C). Following selective COX-2 inhibitor treatment
for 18 weeks, HbA1c levels were also significantly lower
in selective COX-2 inhibitor-treated mice than vehicle-trea-
ted mice (Fig. 3D). Body weight was not significantly differ-
ent among three groups treated with vehicle, selective
COX-1 inhibitor, and selective COX-2 inhibitor before
and after the treatment (Fig. 3E).
Biological activity of selective COX-1 inhibitor used

Since selective COX-1 inhibitor (SC58560) did not affect
insulin secretion in B6 mice, we wished to confirm the



Fig. 2. Immunofluorescence staining for insulin, COX-1 and COX-2 in 10-week-old male C57BL/6 mouse pancreatic islets. (A) Double labeling of insulin
(green) and COX-1 (red). (B) Double labeling of insulin (green) and COX-2 (red). Magnification 400·. Nuclei are blue.
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in vivo activity of SC58560. COX-1 is dominantly
expressed in gastric mucosa and mediates PGE2 production
in this tissue [11]. Therefore, we determined the capacity of
SC58560 to inhibit gastric mucosal PGE2 synthesis at the
end of oral administration of selective COX inhibitors for
18 weeks. Mice treated with SC58560 exhibited a signifi-
cantly reduced gastric mucosal PGE2 production compared
to vehicle-treated mice, confirming that SC58560 success-
fully inhibits COX-1 (Fig. 3F). In contrast, the treatment
with selective COX-2 inhibitor (SC58236) failed to reduce
gastric mucosal PGE2 production, confirming the COX-2
selectivity of SC58236 (Fig. 3F).
Effect of selective COX-2 inhibition on PGE2 formation and

glucose-stimulated insulin secretion by B6 mouse islets

To define the mechanism by which selective COX-2 inhi-
bition ameliorates glucose-stimulated insulin secretion in
B6 mice, we incubated the islets isolated from B6 mice with
either selective COX-1 inhibitor (SC58560) or selective
COX-2 inhibitor (SC58236) for 24 h. Treatment of islets
with selective COX-2 inhibitor significantly reduced
PGE2 production compared to controls (Fig. 4A). In con-
trast, selective COX-1 inhibitor failed to reduce PGE2 pro-
duction by the islets (Fig. 4A). Following the incubation
with selective COX inhibitors for 24 h, we examined insulin
secretion by the islets in the presence of either 5.6 or
20 mM glucose. Similar to the present in vivo results, insu-
lin secretion by the islets incubated with selective COX-2
inhibitor was significantly enhanced under both 5.6 and
20 mM glucose conditions relative to controls (Fig. 4B).
Especially, incubation with selective COX-2 inhibitor
induced a 4-fold increase in insulin secretion by the islets
in the presence of 20 mM glucose (Fig. 4B). On the other
hand, selective COX-1 inhibitor did not improve insulin
secretion by the islets isolated from B6 mice.
Discussion

The present studies confirmed that B6 mice exhibit poor
glucose-stimulated first-phase insulin secretion leading to
hyperglycemia after glucose loading (Fig. 1A and B). Pre-
vious studies in B6 mice have reported the similar results
[8,9]. Based on the physiological property regarding insulin
secretion, we used B6 mouse as a suitable model for testing
the in vivo effect of selective inhibition of COX-1 and
COX-2 on glucose-stimulated insulin secretion in this
study.

Before examining in vivo effect of selective COX-1 and
COX-2 inhibition on insulin secretion, we wished to deter-
mine the expression of COX-1 and COX-2 in pancreatic
islets of B6 mice, since the expression of the two COX iso-
forms in pancreatic islets under basal conditions remains
poorly defined. Immunofluorescence histochemical exami-
nation demonstrated that both COX-1 and COX-2 are
expressed in pancreatic islets of B6 mice under basal condi-
tions (Fig. 2). Interestingly, both COX-1 and COX-2 were
localized mainly in the insulin-producing b cells as shown
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Fig. 3. Effects of selective COX-1 vs. COX-2 inhibition on glucose tolerance and glucose-stimulated insulin secretion. (A,B) Intraperitoneal glucose
tolerance test (IPGTT) in male C57BL/6 mice treated with vehicle (n = 8), COX-1 inhibitor (SC58560, n = 8), and COX-2 inhibitor (SC58236, n = 8).
IPGTT was performed at the end of the treatment for 18 weeks. Changes in blood glucose levels (A) and plasma insulin levels (B) after glucose loading
(2 g/kg body weight) are shown. *p < 0.001, **p < 0.01, ***p < 0.05 vs. vehicle at the same time. #p < 0.05 vs. value before glucose loading (0 min). (C)
IPGTT in male C57BL/6 background COX-2 knockout mice (C57BL/6-COX-2�/�, n = 4) and male C57BL/6 wild type mice (C57BL/6-COX-2+/+, n = 4)
at 12–16 weeks of age. Changes in blood glucose levels after glucose loading (1.5 g/kg body weight) are shown. �p < 0.05 vs. C57BL/6-COX-2+/+ at the
same time. (D,E) Changes in HbA1c and body weight in male C57BL/6 mice treated with vehicle (n = 8), SC58560 (n = 8), and SC58236 (n = 8). �p < 0.001
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SC58236 (n = 8). Gastric mucosal PGE2 levels were measured at the end of the treatment for 18 weeks. ##p < 0.05 vs. vehicle.
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in merge images of Fig. 2. Therefore, it seems an important
issue to be elucidated whether COX-1 and COX-2 are
involved in the mechanism underlying glucose-stimulated
insulin secretion.

Non-steroidal anti-inflammatory drugs (NSAIDs) such
as aspirin, sodium salicylate, and indomethacin are used
to treat inflammatory diseases including fever and rheuma-
toid arthritis. Importantly, low-dose of aspirin is widely
used in type 1 and type 2 diabetic patients, reducing a risk
for cardiovascular events by inhibiting production of
thromboxane, a potent vasoconstrictor, and platelet aggre-
gation in these patients [13]. The anti-inflammatory effects
of NSAIDs have been attributed to inhibition of COX-1
and COX-2. Most of classical NSAIDs inhibit both
COX-1 and COX-2 non-selectively [14]. Whether NSAIDs
affect insulin secretion through inhibition of COX-1 or
COX-2 remains less clearly defined.

In the present study, we investigated the in vivo effect of
selective inhibition of COX-1 and COX-2 on insulin
secretion and glucose tolerance in B6 mice using highly
selective COX-1 inhibitor SC58560 [15] and COX-2 inhib-
itor SC58236 [16]. Through the results of IPGTT con-
ducted after the treatment with SC58560 and SC58236,
we found that selective inhibition of COX-2, but not
COX-1, enhances glucose-stimulating insulin secretion in
B6 mice, resulting in amelioration of hyperglycemia
after glucose loading (Fig. 3A and B). In addition, we
found that COX-2 gene disruption also ameliorates glucose
tolerance in B6 mice (Fig. 3C). Thus, selective COX-2 inhi-
bition with a compound or by gene disruption appears to
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provide a beneficial effect on the amelioration of glucose
tolerance.

To further define the mechanism of present in vivo
results, we investigated the response of pancreatic islets iso-
lated from B6 mice to glucose following in vitro incubation
with either selective COX-1 inhibitor SC58560 or COX-2
inhibitor SC58236 for 24 h. PGE2 production in B6 mouse
islets was significantly reduced by incubation with a selec-
tive COX-2 inhibitor, whereas incubation with a selective
COX-1 inhibitor did not affect PGE2 production in the
islets (Fig. 4A). In support of the present results, a recent
study also reported that selective COX-2 inhibitor
SC58236 attenuates cytokine-induced PGE2 formation in
rat islets [17]. Notably, B6 mouse islets incubated with
selective COX-2 inhibitor exhibited a 4-fold increase in
insulin secretion relative to control islets under high glu-
cose condition (20 mM glucose) and a modest increase in
insulin secretion under low-glucose condition (5.6 mM glu-
cose), whereas incubation with selective COX-1 inhibitor
did not affect insulin secretion from the islets (Fig. 4B).
Thus, consistent with the present in vivo results, in vitro
incubation of B6 mouse islets with a selective COX-2 inhib-
itor also augmented glucose-stimulated insulin secretion.

As demonstrated in previous in vivo and in vitro studies,
PGE2 inhibits glucose-stimulated insulin secretion [4–6].
Therefore, reducing PGE2 production in pancreatic islets
would be predicted to enhance glucose-stimulated insulin
secretion. Although both COX-1 and COX-2 are expressed
in normal murine islets, only COX-2 inhibition contributes
to basal PGE2 production in isolated islets. This finding
could explain why selective inhibition of COX-2, but not
COX-1, enhanced glucose-stimulated insulin secretion in
the present in vivo and in vitro examinations using B6
mice. We conclude that a reduction in PGE2 production
in pancreatic islets by selective COX-2 inhibition may con-
tribute to an amelioration of pancreatic b-cell dysfunction
such as poor glucose-stimulated insulin secretion observed
in B6 mice. Further studies will be required to elucidate the
mechanisms by which COX-2-derived PGE2 modulates
pancreatic islet function.
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