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Background: The mechanism whereby IL-1� induces islet PGE2 production and inhibition of insulin secretion is
unclear.
Results: Basal COX-2 protein levels are stimulated by IL-1�; mPGES-1 levels are not.
Conclusion: COX-2, not mPGES-1, is the final regulatory enzyme for PGE2 production.
Significance: COX-2, not mPGES-1, is the pharmacologic target to protect islet function from IL-1� in type 2 diabetes.

Arachidonic acid is converted to prostaglandin E2 (PGE2) by a
sequential enzymatic reaction performed by two isoenzyme
groups, cyclooxygenases (COX-1 and COX-2) and terminal
prostaglandin E synthases (cPGES, mPGES-1, and mPGES-2).
mPGES-1 is widely considered to be the final enzyme regulating
COX-2-dependent PGE2 synthesis. These generalizations have
been based in most part on experiments utilizing gene expres-
sion analyses of cell lines and tumor tissue. To assess the rele-
vance of these generalizations to a native mammalian tissue, we
used isolated human and rodent pancreatic islets to examine
interleukin (IL)-1�-induced PGE2 production, because PGE2
has been shown tomediate IL-1� inhibitionof islet function.Rat
islets constitutively expressed mRNAs of COX-1, COX-2,
cPGES, andmPGES-1. As expected, IL-1� increasedmRNA lev-
els forCOX-2 andmPGES-1, but not forCOX-1 or cPGES. Basal
protein levels of COX-1, cPGES, and mPGES-2 were readily
detected in whole cell extracts but were not regulated by IL-1�.
IL-1� increased protein levels of COX-2, but unexpectedly
mPGES-1 protein levels were low and unaffected. In micro-
somal extracts, mPGES-1 protein was barely detectable in rat
islets but clearly present in human islets; however, in neither
case did IL-1� increase mPGES-1 protein levels. To further
assess the importance ofmPGES-1 to IL-1� regulationof an islet
physiologic response, glucose-stimulated insulin secretion was
examined in isolated islets ofWT andmPGES-1-deficient mice.
IL-1� inhibited glucose-stimulated insulin secretion equally in
both WT and mPGES-1�/� islets, indicating that COX-2, not
mPGES-1, mediates IL-1�-induced PGE2 production and sub-
sequent inhibition of insulin secretion.

In the 1970s, cyclooxygenase (COX)2 was considered to be
the central regulatory enzyme for arachidonic acidmetabolism,
formation of endoperoxides, and subsequent prostaglandin
synthesis. In the 1990s, it was first recognized that two forms of
COX exist (1–5). COX-1 mRNA is constitutively expressed in
most tissues, whereas COX-2 expression is highly regulated by
cytokines, endotoxins, growth factors, chemokines, and envi-
ronmental stress. Thus, it has been envisioned that COX-1 gen-
erates prostaglandin E2 (PGE2) for housekeeping functions
whereas COX-2 produces PGE2 in response to stimuli. Excep-
tions to this generalization in which constitutive expression of
COX-2 mRNA is prominent include pancreatic islets, brain,
renal glomerular tissue, and lung (6–10).
Prostaglandin E synthases (PGESs) were identified a decade

later (11–16). These were named cPGES, mPGES-1, and
mPGES-2. cPGES is located in the cytosol, whereas mPGES-1
and mPGES-2 are found in microsomes. In general, using pri-
marily cell lines and tumor tissues, gene expression of cPGES
and mPGES-2 has been reported to be constitutive, whereas
mPGES-1 is regulated. Co-transfection and antisense experi-
ments indicated that cPGES is capable of converting COX-1-,
but not COX-2-, derived prostaglandinH2 to PGE2 in cells (17).
In contrast, co-transfection experiments suggest thatmPGES-1
has amarked preference for COX-2 over COX-1 products (18).
Interestingly, mPGES-2 can couple with either COX-1 or
COX-2, although it has a preference forCOX-1 (19). Knock-out
mice for all three genes have been generated. mPGES-1-defi-
cient mice exhibited decreased response to inflammatory stim-
uli (20), supporting the concept of mPGES-1 regulating in-
flammation-induced PGE2 production. cPGES deficiency is
perinatally lethal with the mice exhibiting poor lung develop-
ment, delayed skinmaturation, and growth retardation (20).No
function under physiological or pathophysiological conditions
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COX enzymes, it is generalized that cPGES generates PGE2 for
housekeeping functions whereas mPGES-1 produces PGE2 in
response to stimuli. Exceptions to these generalizations were
subsequently noted, especially in studies of inflamed and tumor
tissues (19, 22–25). However, the importance of the PGESs as
key regulators of PGE2 synthesis in islets has not been examined
previously.
Interleukin (IL)-1� is amajor proinflammatory cytokine that

inhibits function and promotes apoptosis of islet �-cells (26).
IL-1� has been reported in islets from humans with type 2 dia-
betes, and antagonism of IL-1� receptors has been reported to
improve glucose control in type 2 diabetic humans (27, 28). An
anti-IL-1� receptor antagonist reduced �-cell apoptosis and
increased �-cell proliferation in a diet-induced obesity mouse
model (29). We have reported previously that lL-1� stimulates
PGE2 synthesis by the �-cell and that PGE2 inhibits insulin
secretion (7, 30). We have also observed that the anti-inflam-
matory drug sodium salicylate decreases PGE2 synthesis by the
islet (31), decreases IL-1�-induced inhibition of insulin secre-
tion (32), and improves insulin secretion and glucose disposal
in type 2 diabetic humans (33).
These studies were designed to ascertain whether 1) isolated

pancreatic islets express cPGES and mPGESs at the mRNA
and protein levels, 2) cPGES or mPGESs are regulated by
IL-1�, and 3) IL-1�-induced PGE2 production and conse-
quent inhibition of glucose-stimulated insulin secretion
(GSIS) require mPGES-1.

MATERIALS AND METHODS

Islet Preparations—Pancreata from male C57B6/J mice and
Wistar rats were infused with 10 ml of 0.75 and 1.5 mg/ml
collagenase type V (Sigma), respectively, with 1% FBS, and 2
units/ml RQ1 DNase (Promega, Madison,WI) inM199/Earle’s
balanced salt solution (ThermoScientific, Waltham, MA), pH
7.4. After surgical removal, pancreata were incubated for 10
min at 37 °C and then shaken 30 times. Undigested acinar tissue
was removed by two washes with ice-cold Hanks’ balanced salt
solution followed by centrifugation at 250� g for 4min. For rat
isolation a Histopaque gradient was used. Briefly, islet pellets
were resuspended in 10 ml of Histopaque (Sigma), and a layer
was gently added that consisted of 10 ml of M199/Earle’s bal-
anced salt solution containing 1% FBS, followed by 25-min cen-
trifugation. Islets were handpicked and preincubated in RPMI
1640 medium containing 10% FBS and penicillin streptomycin
(Sigma) for 24 h. The following day, islets were picked and sub-
cultured for 20–24 h inmedium containing 0.2% FBS, with and
without 10 ng/ml IL-1� (R&D Systems, Minneapolis, MN).
Human pancreatic islets were obtained from the Integrated
Islet Distribution Program and had a purity of 80% or greater
and were purified further by handpicking to remove acinar tis-
sue. Preparations from three separate human cadaveric donors
were studied. All experiments were performed using intact
islets in culture. Thereafter, cells were lysed, and total protein
or mRNA was extracted for analysis.
PGE2 Production—Isolatedmouse, rat, and cadaveric human

islets were used in static incubations formeasurements of PGE2
production. After purification, islets were placed in 12 �
75-mmpolypropylene tubes. These test tubes weremodified by

removing their bottoms and fusing nylonmesh to the end of the
tubes to allow drainage of buffer from the islets with retention
of the islets by themesh. These tubes containing themesh were
loaded with 100 handpicked islets and then placed into a larger
tube containing 2.8 mM glucose for 14 h. They were then trans-
ferred into fresh media containing dimethyl sulfoxide and
IL-1� (10 ng/ml) with or without NS-398 (10 �M, Enzo Life
Sciences, Farmingdale, NY) for increasing time intervals from 0
to 24 h. Incubation buffer was collected at time epochs of 0–5
min, 5 min–1 h, 1–2 h, 2–4 h, 4–12 h, and 12–24 h. Islets were
rinsed in RPMI 1640 medium containing 2.8 mM glucose
between each subsequent experimental period. Samples were
frozen at�20 °C and used later for determination of PGE2 con-
centration (Cayman Chemical, Ann Arbor, MI).
Insulin Secretion—Islets from wild type and mPGES-1-defi-

cient mice were used for studies of GSIS. Islets from wild type
and mPGES-1�/� mice (generously provided by Dr. Satoshi
Uematsu (34)) were incubated for 2 h in Krebs-Ringer buffer in
2.8 mM or 16.7 mM glucose with and without IL-1� (10 ng/ml)
or 10�6 M PGE2 or 10�9 M epinephrine or 10�9 M somatostatin.
Insulin was measured by radioimmunoassay (32).
RNA Isolation and Real-time Fluorescence-based Reverse

Transcription (RT-PCR)—RNA was extracted from aliquots of
500 islets using the RNeasy Mini kit (Qiagen, Valencia, CA).
PCR primers and probes for the COX-1, COX-2, cPGES, and
mPGES-1 genes were designed using the Primer Express soft-
ware program (Applied Biosystems, Carlsbad, CA). Sequences
(5�-3�) are as follows: COX-1 probe, 6FAM-CCGCTTTGGC-
CTCGACAACTACCAGT-TAMRA; COX-1 forward primer,
GCCAGAACCAGGGTGTCTGT; COX-1 reverse primer,
GTAGCCCGTGCGAGTACAATC; COX-2 probe, 6FAM-
TCCATGGCCCAGTCCTCGGGT-TAMRA; COX-2 forward
primer, CCAGCACTTCACCCATCAGTT; COX-2 reverse
primer, AAGGCGCAGTTTATGTTGTCTGT; cPGES probe,
6FAM-CCACTTTGCAGAAGCAGGCTGCATT-TAMRA;
cPGES forward primer, CCCCTGCCCCGTTCA; cPGES
reverse primer, TGAAGACATAGTCCCTTCGATCG;
mPGES-1 probe, 6FAM-CCGTGTGGTACACACCGTG-
GCC-TAMRA; mPGES-1 forward primer, ATACATTTCCT-
CGTGGTCCTCACA; andmPGES-1 reverse primer, GGGTT-
CATTTTGCCCAGGTA. One-step RT-PCR was carried out
using the TaqMan PCR core kit (Applied Biosystems) and an
ABI Prism 7700 sequence detector as described previously (35).
WesternAnalysis—Whole cell extracts were obtained by har-

vesting islets in lysis buffer (140 mM NaCl, 10 mM Tris, pH 7.4,
1mMCaCl2, 1mMMgCl2, 10% glycerol, 1%Nonidet P-40, 1mM

dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 2 ng/ml
aprotinin, and 20 ng/ml leupeptin). For microsomal prepara-
tions, islets (2,000–3,000) were resuspended in 800 �l of
homogenization buffer (0.1 M potassium phosphate buffer, pH
7.4, 0.25 M sucrose, and complete ULTRA protease inhibitor
mixture (Roche Applied Science)) and sonicated (40%) for 30-s
pulses. Sampleswere centrifuged at 1,000� g for 10min at 4 °C.
Supernatants were centrifuged at 10,000 � g for 15 min at 4 °C.
These supernatants were then centrifuged at 170,000� g for 60
min at 4 °C. Pellets were resuspended in 50 �l of homogeniza-
tion buffer and stored at �80 °C. Cellular proteins were sepa-
rated on 10% polyacrylamide Criterion gels (Bio-Rad) and elec-
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trotransferred onto nitrocellulose membranes (Bio-Rad). All
primary antibodies were purchased from Cayman Chemical.
Membranes were immunoblotted with antisera: COX-1
(160109; 1:200) for mouse and rat islets and COX-1 (160108;
1:500) for human islets; COX-2 (160106; 1:200); cPGES
(160150, 1:300); mPGES-1 (160140; 1:200); and mPGES-2
(160145; 1:400) overnight at 4 °C in 10% nonfat dry milk in
phosphate-buffered saline with 0.5% Tween 20. The mem-
branes were washed multiple times with phosphate-buffered
saline with 0.5% Tween 20 and then immunoblotted with anti-
rabbit IgG (1:4000) (Jackson ImmunoResearch Laboratories,

West Grove, PA) for 1 h at room temperature. Proteins were
detected using ECLWestern blotting detection kit (Amersham
Biosciences). Membranes were stripped and reprobed with
anti-TFIID (1:200N-12, SantaCruz Biotechnology, SantaCruz,
CA) to control for protein loading. OptiQuant image analysis
software (Packard) was used for densitometrymeasurements of
the autoradiograms.
Statistics—Intergroup differences among means were ana-

lyzed by ANOVA and Dunnett multiple comparisons tests.

RESULTS

IL-1� Stimulation of PGE2 Synthesis by Islets—Rodent and
human islets were incubated for increasing amounts of time (0,
1, 2, 4, 8, and 24 h) in the presence of IL-1� (10 ng/ml) with or
without NS-398, 10 �M, a specific inhibitor of COX-2. Time-
related, linear increases in IL-1�-stimulated-PGE2 (p � 0.01–
0.001)were observed, effects thatwere completely abrogated by
NS-398 (Fig. 1). These results demonstrate a role for Il-1� as a
stimulator of PGE2 production in islets across species.
Gene Expression of COXs and PGESs—Basal levels ofCOX-1,

cPGES, and mPGES-2 mRNA were readily detectable in islets,
but nonewas stimulated by IL-1� (Fig. 2). Basal levels ofCOX-2
andmPGES-1mRNAwere detected, and both were stimulated
�10-fold by IL-1�. These results demonstrate that, as with
other tissues, gene expression of COX-2 andmPGES-1 in islets
is regulated by IL-1�.
COXs and PGESs Protein Levels—Western analysis of rat,

mice, and human islets (25�g of protein) revealed basal expres-
sion of COX-1 that was not increased by exposure to IL-1� (Fig.
3). COX-2 protein levels were low under unstimulated condi-
tions in all three species, but they were greatly increased by
IL-1�. Basal levels of cPGES protein were observable, but no
increases were seen with IL-1� exposure. Unlike mPGES-1
mRNA, no detectable protein levels ofmPGES-1were observed

FIGURE 1. Stimulation by IL-1� of PGE2 production by rodent and human
islets. Cultured human islets produced increasing levels of PGE2 in the pres-
ence of IL-1� in a time-related, linear manner, and PGE2 production stimu-
lated by IL-1� was completely inhibited by the specific COX-2 antagonist,
NS-398 (p � 0.01– 0.001). Islets were obtained from three different donors;
individual experiments were performed in triplicate. Inset, 24-h incubation
results from experiments using mice and rat isolated islets were comparable
with the experiments using human islets, i.e. NS-398 inhibited IL-1�-induced
PGE2 production (*, p � 0.05; **, p � 0.01).

FIGURE 2. Basal and stimulated levels of COX-1, COX-2, cPGES, and mPGES-1 mRNAs in rat pancreatic islets incubated with or without IL-1�. mRNA
levels were quantified by triplicate determinations using real-time RT-PCR, and data were normalized to levels of islet COX-1 mRNA. Levels of COX-1 mRNA were
similar under basal and IL-1�-stimulated conditions, whereas COX-2 mRNA levels after stimulation with IL-1� were higher than their basal levels (n � 7 pairs,
p � 0.01). cPGES mRNA levels under basal and IL-1�-stimulated conditions were similar, whereas mPGES-1 mRNA levels after stimulation with IL-1� were higher
than basal levels (n � 7 pairs, p � 0.02).
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in whole cell extracts either under basal conditions or after
IL-1� stimulation in rat, mouse, or human islets. On the other
hand, basal mPGES-2 protein levels were readily detectable in
all three species but did not increase after exposure to IL-1�.
Summaries of these results using multiple samples from differ-
ent rats (n � 3 in triplicate), mice (n � 3 in triplicate), and
humans (n � 3 in triplicate) are shown in Fig. 4.

Because of the surprising absence of mPGES-1 protein,
Western analyses were repeated using 50 �g rather than 25 �g
of protein of whole cell extracts and 90 �g of protein of micro-
somal extracts (Fig. 5, upper panel). Peripheral blood mononu-
clear cells (with andwithout LPS treatment)were used asmeth-
odological controls for the whole cell extracts; and spleen,
kidney, andA549 cells (with andwithout IL-1� treatment)were
used as controls for microsomal extracts (data not shown). Use
of greater amounts of islet rat protein forwhole cell extracts and
microsomal extracts revealed only trace amounts of mPGES-1,
but no stimulation was observed after IL-1� treatment in islets.
In human islets, use ofwhole cell extractswith 200�g of protein
and microsomal extracts with 35 �g of protein allowed visual-
ization of mPGES-1, but no stimulation by IL-1� was observed
in either case (Fig. 5, lower panel). Therefore, unlike reports
examining cell lines and tumor tissues, mPGES-1 protein levels
in islets were low and not stimulated by IL-1�.
Effects of IL-1� and PGE2 on Glucose-induced Insulin Secre-

tion from Wild Type and mPGES-1-deficient Mice—Although
minimal mPGES-1 levels were observed with no regulation by
IL-1� treatment, this did not rule out the possibility that some
level of mPGES-1 activity is required for IL-1�-induced PGE2
production. To address this issue, islets from wild type (WT)
andmPGES-1-deficient (mPGES-1�/�) mice were isolated and
tested for their ability to release insulin in the presence of
known inhibitors. Insulin secretion was normally stimulated by
16.7 mM glucose in both the WT and mPGES-1�/� islets (Fig.
6). This physiologic response was inhibited to the same magni-
tude by optimal concentrations of epinephrine, somatostatin,
and PGE2, indicating that insulin secretory pathways were
physiologically comparable with wild type islets. IL-1� also

inhibited GSIS to the same degree as the other inhibitors in
islets from wild type mice, and this inhibitory effect was pre-
served in isolated islets from the mPGES-1-deficient mice.
These results confirm that mPGES-1 is not required for IL-1�-
induced inhibition of insulin secretion.

DISCUSSION

Gene expressions of COX-1 and cPGES have often been
reported to be constitutive and coordinately expressed but not
stimulated by cytokines, whereas basal mRNA levels of COX-2
and mPGES-1 have been usually reported to be minimal but
coordinately stimulated by cytokines. This has led to the gen-
eralization that COX-1 and cPGES are housekeeping genes
whereas COX-2 and mPGES-1 are coordinately stimulated by
cytokines (11–25).
Our studies were designed to determine whether these

generalizations hold true for pancreatic islets of three spe-
cies, i.e. mouse, rat, and human. Using rodent and human
islets, we first demonstrated that IL-1� increased produc-
tion of PGE2, an effect blocked by the specific COX-2 inhib-
itor, NS-398. These data are consistent with our previous
findings using the �-cell lines, HIT-T15 and �HC-3 (35).
Heitmeier et al. reported anecdotally (data not shown) that
IL-1� alone does not increase PGE2 synthesis in human islets
and that a mixture of three cytokines was required (36). A
possible explanation is that these authors used much smaller
concentrations of IL-1� than we did.

A very different picture emerged when we examined tissues
by Western analysis. Protein levels of basal COX-2 were not
readily visible. In all three species,mPGES-1 protein levels were
absent/low, and basal mPGES-2 levels were themost evident of
all enzymes. Therefore, whereas our findings in islets support
the concept of coordinated constitutive expression of COX-1
and cPGESmRNAs and proteins, they do not support the con-
cept (11–25) of coordinated regulation of COX-2 and
mPGES-1 protein levels by IL-1�. Rather, in islets our findings
indicate that only COX-2 protein is up-regulated by IL-1�.
Thus, we conclude that in islets COX-2, not mPGES-1, is the
dominant regulator of PGE2 synthesis stimulated by IL-1�. Our
findings that IL-1� increases PGE2 production by the islet and
that exogenous IL-1� inhibits GSIS in both wild type and
mPGES-1 knock-out islets are consistent with our overall con-
cept that PGE2 is a negative regulator of glucose-induced insu-
lin secretion and that the inhibitory effects of IL-1� on insulin
secretion are mediated by endogenous PGE2 (35).
In retrospect, it is notable thatmost previous studies suggest-

ing that mPGES-1 is paired with COX-2 to provide regulated
synthesis of PGE2 (11–16, 19, 22) were based chiefly on mea-
surements of mRNAs and not proteins. Such differences
between mRNA and protein levels may reflect important dif-
ferences in efficiency/regulation of translation or differences in
the half-life of the mRNA versus protein under nonstimulated
conditions, as reported previously (37). In any event, these con-
flicting phenomena raise the caution that measurements of
gene expression without corroboration by protein levels can
lead to erroneous conclusions about regulation of PGE2 synthe-
sis by IL-1�. An important exception is the work of Båge et al.
(38) using human gingival fibroblasts that successfully demon-

FIGURE 3. Western analysis using 25 �g of protein of whole cell extracts
of rat, mouse, and human islets for basal and IL-1�-stimulated levels of
COXs and PGESs. COX-1 protein levels did not increase with IL-1�, whereas
COX-2 protein levels did. cPGES and mPGES-2 protein levels were present in
the nonstimulated state, and neither was stimulated by IL-1�. mPGES-1 was
not detectable with or without stimulation by IL-1�.
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strated regulation by IL-1� of mPGES-1 protein. Importantly,
however, in that study mPGES-1 siRNA down-regulated
mPGES-1 protein levels but did not affect cytokine-stimulated
PGE2 production. This surprising result supports our conclu-
sion that mPGES-1 is not an important regulator of PGE2 syn-
thesis during inflammation in islets; rather, it is more likely to
be COX-2.
Murakami et al. identified a second mPGES enzyme,

mPGES-2, and showed that it was not increased appreciably by
tissue inflammation or damage, but that it is considerably ele-
vated in human colorectal cancer tissues (19).Weobserved that
mPGES-2 protein is readily detectable in islets. Because West-
ern analysis has only been reported rarely in studies of PGESs, it
seems possible that other normal tissues may also express
mPGES-2 protein. In the current studies we also noted a dis-
crepancy between gene expression and protein levels of islet
COX-2.Weobserved high constitutivemRNA levels forCOX-2

relative to COX-1, butWestern analysis failed to detect COX-2
protein levels under nonstimulated conditions inwhichCOX-1
was clearly present. Although we reported previously basal lev-
els of COX-2 protein in HIT-T15 cells (7), our current study
using isolated islets from mice, rat, and human does not con-
firm this observation made in a �-cell line.
Our observation that COX-2 protein is the only one of the

five COX and PGES enzymes that increases in response to
IL-1� in the islet has pathophysiologic implications for type 2
diabetes. Many groups have published that PGE2 inhibits insu-
lin secretion (see Ref. 34 for a review). The effect of PGE2 to
inhibit insulin secretion is specific for first phase insulin release
in response to glucose (PGE2 does not affect first phase insulin
responses to other nonglucose agonists (39)). We have identi-
fied previously its mechanism as a PGE2 receptor-mediated,
pertussis toxin-sensitive-coupled inactivation of adenylate
cyclase (40, 41). Inhibition of COXs by nonsteroidal drugs

FIGURE 4. Summary of results from Western analysis of islets using whole cell extracts (25 �g of protein). A and B, islets from three different rats are
shown. A, COX-1 levels did not increase with IL-1�, whereas COX-2 levels did (p � 0.05). B, levels of cPGES and mPGES-2 proteins were readily detectable but
did not increase with IL-1� stimulation. C and D, islets from three different mice are shown. C, COX-1 levels did not increase with IL-1�, whereas COX-2 levels
did (p � 0.05). D, levels of cPGES and mPGES-2 proteins were detectable but did not increase with IL-1� stimulation. E and F, human islets from three different
donors are shown. E, constitutive levels of COX-1 and COX-2 were detectable, but only COX-2 levels were higher after exposure to IL-1� (p � 0.057). F, cPGES
levels were not prominent in either the nonstimulated or stimulated state. Levels of mPGES-2 protein were prominently detected in the nonstimulated state
but did not increase with IL-1� stimulation (N.D., nondetectable).
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increases insulin secretion in vitro (31). Sodium salicylate par-
tially restores first phase insulin secretion in humans with type
2 diabetes (33).

However, not all reports have confirmed the inhibitory effect
of PGE2 on �-cell function. The reasons for this inconsistency
have not always been apparent, although important differences
in study design have likely played important roles. Some of
these differences include use of static incubations for 40 h (36)
and exclusion of isobutylmethylxanthine from perifusions (42,
43). These are relevant concerns, because although PGE2 inhib-
its both first and second phase glucose-induced insulin secre-
tion, it primarily inhibits first phase, which occurs within min-
utes of glucose stimulation. Use of 40-h static incubations is not
likely to reflect first phase insulin secretion. Because perifusion
commonly employs isobutylmethylxanthine to inhibit phos-
phodiesterase to augment endogenous levels of cAMP to sup-
port glucose-stimulated insulin release, PGE2 action via EP3
receptors to decrease cAMP levels would be expected to neu-
tralize the effects of isobutylmethylxanthine and to reduce
insulin secretion. Assessment of the relative endogenous
intrinsic activities of EP2 and EP3 receptors may be required in
study preparations for a more accurate analysis of this issue,
because both are activated by PGE2 but they have opposite
effects on cAMP levels.
Recently, Oshima et al. reported that �-cell-specific overex-

pression of COX-2 andmPGES-1 inmice caused an increase in

FIGURE 5. Western analyses for mPGES-1 using microsomal versus whole
cell extracts. Top panel, rat islets are shown. Whole cell extracts and micro-
somal extracts using greater amounts of protein than were used in Fig. 3
failed to reveal stimulation of mPGES-1 levels by IL-1�. Bottom panel, human
islets are shown. mPGES-1 was detectable in whole cell extracts using greater
amounts of protein than were used in Fig. 3 and revealed mPGES-1, but these
levels were not increased when islets were treated with IL-1�.

FIGURE 6. Inhibitory effects of IL-1� on glucose-induced insulin secretion from isolated islets of wild type and mPGES-1-deficient mice. Insulin
secretion from wild type islets incubated in buffer containing 2.8 mM glucose was unaffected by IL-1�. In contrast, when a stimulatory concentration of glucose
(16.7 mM) was used, IL-1� significantly inhibited insulin secretion (p � 0.05– 0.01). Identical findings were observed when islets from mPGES-1-deficient mice
were used. Experiments with epinephrine (epi), somatostatin (som), and PGE2 are also shown for both wild type and mPGES-1 KO mice as comparators for the
efficacy of IL-1� as an inhibitor of insulin secretion.
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islet PGE2, a decrease in �-cell mass, a decrease in GSIS, and
hyperglycemia (44). More recently, Meng et al. reported that
PGE2 inhibits insulin secretion via a JNK-dependent pathway,
which leads to dephosphorylation of Akt and FOXO1, causing
nuclear localization and activation of FOXO1 as well as nuclear
exclusion of PDX-1 (45), a protein that is an important stimulus
for insulin gene expression. Our findings suggest that when
type 2 diabetes involves excessive islet levels of IL-1� (27, 28),
this cytokine increases COX-2 activity and PGE2, which in turn
inhibits GSIS and contributes to �-cell dysfunction (Fig. 7).
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