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 Adipogenesis is a crucial aspect in controlling body fat 
mass ( 1, 2 ). Acquisition of the mature adipocyte pheno-
type is a highly regulated process in which mesenchymal 
stem cells (MSC) undergo differentiation, resulting in 
both an increase in size and number of mature adipocytes 
in adipose tissue. Adipose tissue is important not only for 
energy storage but also as an endocrine organ that regu-
lates energy homeostasis by secreting various adipokines, 
such as cytokines, chemokines, growth factors, and lipid 
mediators ( 3 ). The presence of receptors for adipokines 
in preadipocytes and adipocytes has been shown, suggest-
ing that secreted adipokines have autocrine effects and 
regulate their own differentiation and functions ( 4 ). Al-
though it has been shown that a number of factors, includ-
ing adipokines, regulate adipogenesis in various settings, 
most of the evidence comes from supraphysiological or 
pharmacological doses of these molecules to elicit a re-
sponse. Hence, their physiological signifi cance in local mi-
lieu has not been established. 

 Prostaglandins (PG) are arachidonate metabolites syn-
thesized by the action of cyclooxygenase (COX) as the 
rate-limiting enzyme. COX has been shown to exist as two 
isomers, COX-1 and COX-2. PGs exert a wide range of ac-
tions through their binding to plasma membrane recep-
tors ( 5, 6 ). For instance, PGF 2 �   exerts its actions via specifi c 
interactions with the prostanoid FP receptor, which acti-
vates phopholipase C, resulting in phophatidylinositol 
breakdown ( 7 ). In contrast, PGE 2  exerts action through its 
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COX-2 antibody were purchased from Cayman Chemical. Mouse 
monoclonal anti-actin antibody was purchased from Chemicon 
(Temecula, CA). Intracellular cyclic AMP was measured using a 
radioimmunoassay kit (Yamasa, Choshi, Japan), and PGE 2  was 
quantifi ed using an enzyme immunoassay kit (Cayman 
Chemical). 

 MEF cell culture, adipocyte differentiation, and 
triglyceride content measurement 

 Mouse embryos at embryonic day 14.5 were harvested from 
WT,  Ptger4  � / �   , and  Ptgfr  � / �    mice. Embryos were minced, fi ltrated 
through a 95 µm nylon mesh, and washed. Then MEF cells were 
prepared. MEF cells were grown to confl uency (2 × 10 6  cells per 
60 mm dish) in Dulbecco’s modifi ed Eagle’s medium (DMEM) 
high glucose supplemented with 10% calf serum. Differentiation 
was initiated by culturing the cells in differentiation-inducing 
cocktail (DIC) containing 10% fetal bovine serum (FBS), 0.5 mM 
isobutylmethylxanthine (IBMX), 0.25 µM dexamethasone, and 
0.2 µM insulin. After two days, the culture medium was changed 
to adipocyte growth medium containing 10% FBS and 0.2 µM 
insulin and changed every two days for an additional six days. 
MEF cells grown in a 60 mm dish were harvested in 1 ml of 2-pro-
panol and sonicated. Triglyceride levels in the cell lysate were 
measured using the Triglyceride E test kit according to the man-
ufacturer’s instructions (Wako, Tokyo, Japan). MEF cells were 
fi xed with 4% paraformaldehyde and incubated in Oil Red O 
solution (0.05 g of Oil Red O, 6 ml of isopropanol, and 4 ml of 
water). The number of oil droplet-positive cells was counted. 

 RNA isolation and real time RT-PCR 
 Total RNA was isolated from MEF cells on the indicated days 

of the differentiation program with the RNeasy mini kit (QIA-
GEN, Venlo, Netherlands), subjected to the RT reaction with a 
Superscript II First-strand Synthesis Kit, and subjected to real 
time PCR with a LightCycler (Roche Applied Science, Penzberg, 
Germany) using Fast Start DNA Master SYBR Green I as reported 
previously ( 19 ). Crossing point values were acquired by using the 
second derivative maximum method. The expression level of 
each gene was quantifi ed using external standardized dilutions. 
Relative expression levels of target genes between samples were 
normalized by those of  � -actin ( Actb ). Primer sequences for each 
gene are shown in   Table 1  .  The specifi city of each primer set was 
confi rmed by checking the product size by gel electrophoresis 
and it melting temperature. RT-PCR for the detection of mRNAs 
for mouse EP3 isoforms ( � ,  � , and  � ) was performed as reported 
previously ( 20, 21 ). 

 Measurement of PGE 2  production, cAMP formation, and 
Ca 2+  mobilization 

 PGE 2  levels were measured using the prostaglandin E 2  EIA kit 
according to the manufacturer’s instructions (Cayman Chemi-
cal). Cyclic AMP levels in MEF cells were determined as reported 
previously ( 14 ). Briefl y, the MEF cells were washed with HEPES-
buffered saline containing 140 mM NaCl, 4.7 mM KCl, 2.2 mM 
CaCl 2 , 1.2 mM MgCl 2 , 1.2 mM KH 2 PO 4 , 11 mM glucose, and 
15 mM HEPES, pH7.4, and preincubated for 10 min. Reactions 
were started by the addition of test reagents along with 100 µM 
Ro-20-1724. After incubation for 10 min or 1 h at 37°C, reactions 
were terminated by the addition of 10% trichloroacetic acid. The 
content of cAMP in the cells was measured by radioimmunoassay 
with a cAMP assay system. Ca 2+  mobilization was analyzed by Flex-
Station (Molecular Devices, Sunnyvale, CA) as follows: MEF cells 
were loaded with 4 µM Fura-2/AM, and then fl uorescence was 
measured by illuminating the cells with alternating 340/380 nm 
light every 3 s, and fl uorescence intensity was measured at 510 

interaction with four PGE 2  receptor subtypes (EP1, EP2, 
EP3, and EP4). The EP subtypes differ in their signal trans-
duction pathways: EP1 is coupled to the mobilization of 
intracellular [Ca 2+ ]; EP2 and EP4 are coupled to the stim-
ulation of adenylyl cyclase and phosphoinositide 3-kinase 
(PI-3 kinase) ( 8 ); and EP3 is mainly coupled to the inhibi-
tion of adenylyl cyclase. The diverse actions of PGE 2  can be 
explained by the existence of these multiple EP subtypes 
with different signal transduction pathways ( 6, 9 ). It has 
been shown that COX products, such as PGE 2  and PGF 2 �  , 
inhibit adipocyte development ( 10–12 ). A recent study 
suggested that COX-2 may be involved in body fat regula-
tion ( 13 ). Mice heterozygous for the COX-2 gene showed 
approximately 30% increased body weight, with 2- to 3-fold 
larger fat pads compared with those of wild-type animals. 
PGE 2  production in adipose tissue from COX-2 null mice 
was 20% of that of wild-type mice. These results suggest 
that COX-2 as well as PGE 2  participates in the negative 
regulation of adipocyte differentiation. Indeed, we previ-
ously identifi ed that PGE 2 -EP4 signaling suppresses adipo-
cyte differentiation from 3T3-L1 preadipocytes ( 14, 15 ). 
In contrast, PGF 2 �   has also been shown to suppress adipo-
cyte differentiation from 3T3-L1 preadipocytes via the FP 
receptor ( 11 ). Thus, both PGF 2 �   and PGE 2  have the poten-
tial to suppress adipogenesis through FP and EP4, respec-
tively. However, it has not been fully examined whether 
PGF 2 �   and/or PGE 2  are produced in preadipocytes as a 
kind of adipokine and control adipocyte differentiation in 
an autocrine manner. 

 As a fi rst step to elucidate the physiological roles of EP4- 
and FP-mediated regulation of adipocyte differentiation 
and maturation, we employed an adipocyte differentiation 
system from mouse embryonic fi broblasts (MEF) and com-
pared the effects of each receptor-defi ciency on adipocyte 
differentiation. 

 MATERIALS AND METHODS 

 Mice 
 Specifi c-pathogen-free C57BL/6 mice were obtained from Ja-

pan SLC (Hamamatsu, Japan). Mice were maintained on a 12-h 
light, 12-h dark cycle under specifi c-pathogen-free conditions. 
 Ptger4  � / �    and their control wild-type (WT) mice with a mixed 
background of 129SV and C57BL/6 were littermates of offspring 
from heterozygote crosses ( 16 ).  Ptgfr  � / �    mice with a genetic back-
ground of C57BL/6 were generated as described ( 17, 18 ), and 
C57BL/6 mice were used as WT controls. All experimental pro-
cedures were approved by the Committee of Animal Research of 
Kyoto University Faculty of Pharmaceutical Sciences and Kuma-
moto University. 

 Reagents 
 PGE 2 , fl uprostenol, SC560, and NS398 were purchased from 

Cayman Chemical (Ann Arbor, MI). The EP-specifi c agonists 
ONO-DI-004 (EP1), ONO-AE1-259 (EP2), ONO-AE-248 (EP3), 
and ONO-AE1-329 (EP4) and the EP-specifi c antagonists ONO-
8713 (EP1), ONO-AE3-240 (EP3), and ONO-AE3-208 (EP4) were 
generous gifts from Ono Pharmaceutical Co. (Osaka, Japan). In-
domethacin was purchased from Sigma (St. Louis, MO). Mouse 
polyclonal anti-COX-1 antibody and mouse polyclonal anti-
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differentiation program ( Fig. 1B–D ). In both cell groups, 
TG was undetected on day 2, slight but signifi cant levels 
of TG were detected on day 4, and then levels drastically 
increased on days 6 and 8. However, at every time point, 

nm. Changes in intracellular Ca 2+  concentration were presented 
as the change in the ratio of fl uorescence intensity for excitation 
at 340 and 380 nm. 

 Immunoblot analysis 
 MEF cells grown in a 100 mm dish were harvested at the indi-

cated h of the differentiation program in SDS sample buffer and 
sonicated. Aliquots (30 µg protein) were then subjected to poly-
acrylamide gel electrophoresis (10%), and the separated pro-
teins were transferred to a PVDF membrane. The membrane was 
incubated with anti-COX-1 (1:1000), anti-COX-2 (1:1000), or 
anti-actin (1:3000) antibody, and then bands were visualized with 
the ECL reagent (GE Healthcare, Little Chalfont, UK). 

 Statistical analysis 
 Experiments were independently repeated three times, and 

their mean value ± SEM are shown. Comparison of two groups 
was analyzed by Student’s  t -test. For comparison of more than 
two groups with comparable variances, one-way ANOVA was per-
formed fi rst. Then, either the Dunnet’s or Tukey’s test was used 
to evaluate the pairwise group difference.  P  < 0.05 was consid-
ered to indicate a signifi cant difference. 

 RESULTS 

 Indomethacin augments adipocyte differentiation of MEF 
cells 

 MEF cells were primed with differentiation-inducing 
cocktail containing insulin, dexamethasone, and IBMX 
for two days followed by treatment with insulin for an ad-
ditional six days. Their differentiation into adipocytes was 
monitored by Oil Red O staining, and their triglyceride 
(TG) content was measured as an index of differentiation. 
Indeed, the differentiated cells contained 336.9 ± 15.7 mg 
TG/plate (2.0 × 10 6  cells per plate), but the MEF cells 
cultured in the absence of the differentiation cocktail ex-
hibited only 87.4 ± 6.1 mg TG per plate. When the differ-
entiation program was performed in the presence of 10 
µM of indomethacin, an inhibitor of COX, the TG content 
in the cells was increased to approximately 1.5- to 2.0-fold 
of the control level (  Fig. 1A  ).  To examine whether indo-
methacin affects the number of differentiated cells and/
or the TG content per differentiated cell, we assessed the 
time-dependent changes in TG content and the number 
of cells containing fat droplets (droplet +  cells) during the 

 TABLE 1. Primer sequences used for real-time RT-PCR 

Gene Forward Reverse

 Ptger1 5 ′ -cgtcgctctcgacgattccgaaagaccgca-3 ′ 5 ′ -cgatggccaacaccaccaacaccagcaggg -3 ′ 
 Ptger2 5 ′ -ttcatattcaagaaaccagaccctggtggc-3 ′ 5 ′ -agggaagaggtttcatccatgtaggcaaag -3 ′ 
 Ptger3 5 ′ -atcctcgtgtacctgtcacagcgacgctgg -3 ′ 5 ′ -tgctcaaccgacatctgattgaagatcatt-3 ′ 
 Ptger3 Isoform  � / �  5 ′ -tctggtggtgacctttgcctgcaacctggc-3 ′ 5 ′ -ctgaggctggagatatttctgcactgagtc-3 ′ 
 Ptger3 Isoform  �  5 ′ -tctggtggtgacctttgcctgcaacctggc-3 ′ 5 ′ -tcagtccataagggttagggacattggctg-3 ′ 
 Ptger4 5 ′ -ttccgctcgtggtgcgagtgttc -3 ′ 5 ′ -gaggtggtgtctgcttgggtacg -3 ′ 
 Ptgdr 5 ′ -aaaggaactgctgcctgcctcaggcaatca -3 ′ 5 ′ -gttctcaagtttaaaggctccatagtacgc -3 ′ 
 Ptgfr 5 ′ -gcatagctgtctttgtatatgcttgtgata-3 ′ 5 ′ -gtgtcgtttcacaggtcactggggaattat-3 ′ 
 Ptgs1 5 ′ -tgcatgtggctgtggatgtcatcaa-3 ′ 5 ′ -cactaagacagacccgtcatctcca-3 ′ 
 Ptgs2 5 ′ - agtgtgcgacatactca-3 ′ 5 ′ -gcgtttgcggtactca-3 ′ 
 Pparg 5 ′ - tctccagcatttctgctccacactatgaag-3 ′ 5 ′ - cggcagttaagatcacacctatcataaata-3 ′ 
 Fasn 5 ′ - ggcttctaaccgcaaaagt-3 ′ 5 ′ - gtctcgttgcgtttgtagt-3 ′ 
 Lipe 5 ′ - ctatggattacccaagcgg-3 ′ 5 ′ - agtgttcgttcctcgg-3 ′ 
 Actb 5 ′ - cctgtatgcctctggtcgta-3 ′ 5 ′ -ccatctcctgctcgaagtct-3 ′ 

  Fig.   1.  Indomethacin facilitates adipocyte differentiation of MEF 
cells. MEF cells grown to confl uency ( � 2 × 10 6  cells per plate) were 
treated with a standard DIC in the presence or absence of indo-
methacin (10 µM, Indo). On day 8 (A, E–G) or the indicated days 
of the differentiation program (B), the TG content of the cells (A, 
B) or RNA expression level of  Pparg2  (E),  Lipe  (F), and  Fasn  (G) 
was measured as described in the Materials and Methods. On the 
indicated days of the differentiation program, cells were stained 
with Oil Red O and visualized by bright-fi eld light microscopy. The 
number of droplet-positive (droplet + ) cells was counted (C), and 
the average TG content per droplet +  cell was calculated (D). Values 
represent the means ± SEM of three independent experiments 
(n = 3). * P  < 0.05, ** P  < 0.01.   
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cAMP levels. The EP3 receptor appears to be mainly cou-
pled to inhibition of adenylyl cyclase in differentiated adi-
pocytes. On the other hand, an FP agonist induced 
intracellular Ca 2+  mobilization, but PGE 2  and all of the EP-
specifi c agonists failed to do so. These results suggest that 
at least functional FP, EP3, and EP4 receptors are ex-
pressed in differentiated adipocytes. 

 Both EP4 and FP agonists suppress adipocyte 
differentiation in MEF cells 

 We next examined the effect of exogenously added PGs 
on adipocyte differentiation. PGE 2 , as well as an FP agonist 

the TG levels in indomethacin-treated cells were signifi -
cantly higher by 2-fold than in control cells ( Fig. 1B ). 
In both groups, the oil droplets became visible on day 4, 
but the number of droplet +  cells were constant until day 8 
( Fig. 1C ). Interestingly, indomethacin increased the drop-
let +  cell number by approximately 2-fold. Indeed, the TG 
levels per droplet +  cell were indistinguishable between 
the two groups ( Fig. 1D ). These results suggest that indo-
methacin promotes adipocyte differentiation but not mat-
uration. When we examined gene expression of PPAR � , a 
transcription factor playing a central role in adipocyte dif-
ferentiation, its induction was observed upon DIC treat-
ment, and such gene expression was augmented by 
indomethacin ( Fig. 1E ). Indomethacin accelerated the in-
duction of lipogenic enzyme genes, such as fatty acid syn-
thase  Fasn  ( Fig. 1G ), and lipolytic enzyme genes, such as 
hormone-sensitive lipase  Lipe  ( Fig. 1F ). These results sug-
gest that PG endogenously synthesized by MEF cells sup-
presses adipocyte differentiation. 

 Expression of PG receptors in MEF cells 
 We next examined the mRNA expression of PG recep-

tors in MEF cells during the differentiation program (  Fig. 
2A  ).  EP1 and EP4 mRNAs were expressed during the dif-
ferentiation period. In addition, among the PGE receptor 
subtypes, signifi cant expression of EP4 mRNA was de-
tected throughout the differentiation process. We failed 
to detect a signifi cant amount of EP2 receptor mRNA in 
these cells. Expression of FP and EP3 mRNA was undetect-
able in the untreated cells, but FP mRNA could be de-
tected in the cells on days 2 and 8, and EP3 mRNA could 
be detected in cells on day 8. As we previously identifi ed 
the existence of multiple EP3 isoforms in mouse, namely 
EP3 � , EP3 � , and EP3 � , which differ in their selectivity of 
G-protein coupling ( 20, 21 ), we investigated which EP3 
isoforms are induced upon adipocyte differentiation by 
competitive RT-PCR (supplementary Fig. I). As a result, all 
three EP3 isoforms were equally detected on day 8 but not 
on day 0. To confi rm the expression of functional PG re-
ceptors, we investigated whether each receptor agonist 
could induce signal transduction in undifferentiated ( Fig. 
2B ) and differentiated cells ( Fig. 2C ). In undifferentiated 
MEF cells on day 0, PGE 2  as well as an EP4 agonist (10  � 7  M 
each) induced cAMP accumulation to a similar extent, but 
EP1, EP2, and EP3 agonists failed to do so. These results 
indicate that the EP4 receptor is the dominant Gs-coupled 
PGE receptor in undifferentiated MEF cells. In contrast, 
PGE 2  and all of the EP-specifi c agonists failed to induce 
intracellular Ca 2+  mobilization. Since RT-PCR analysis 
showed a faint band for EP1 gene expression in MEF cells, 
EP1 may be expressed only in a very small population of 
undifferentiated MEF cells. An FP agonist also failed to 
stimulate intracellular Ca 2+  mobilization, indicating that 
the FP receptor is not expressed in undifferentiated MEF 
cells. In differentiated cells on day 8, PGE 2  and an EP4 
agonist again induced cAMP accumulation, but EP1 and 
EP3 agonists failed to do so. Although we detected mRNAs 
for EP3 � , an isoform coupled to Gs, as well as EP3 �  and 
EP3 �  in the cells on day 8, an EP3 agonist decreased basal 

  Fig.   2.  Prostanoid EP4 and FP receptors have the potential to 
suppress adipocyte differentiation of MEF cells. A: Gene expres-
sion of PGE and PGF receptors in MEF cells. MEF cells grown to 
confl uency were treated with DIC, and total RNA was extracted 
from untreated cells (day 0), cells on day 2, or cells on day 8. Total 
RNA was subjected to the reverse transcription reaction in the pres-
ence (RT+) or absence of reverse transcriptase (RT � ) and subse-
quent PCR analysis. Mouse lung RNA was used as a positive control. 
B, C: Undifferentiated (B, day 0) or differentiated MEF cells (C, 
day 8) were subjected to the cAMP (top) and Ca 2+  assay (bottom). 
PGE 2  (0.1 µM), an EP1 agonist (0.1 µM, EP1A), an EP3 agonist 
(0.1 µM, EP3A), an EP4 agonist (0.1 µM, EP4A), and an FP agonist 
(0.1 µM, FPA) were used. In the Ca 2+  assay, sphingosine 1-phosphate 
(10 µM, S1P) was used as a positive control. D, E: MEF cells were 
treated with DIC supplemented with vehicle, PGE 2  (1 µM), or an 
FP agonist (1 µM, FPA) in the presence of indomethacin (+Indo). 
Triglyceride content of the cells was measured on day 8 (D), and 
total RNA was extracted on day 8 and subjected to real time RT-
PCR analysis (E). The  Pparg2  gene expression levels were normal-
ized to the  � -actin ( Actb ) mRNA levels. Values represent the means ± 
SEM of three independent experiments (n = 3). * P  < 0.05.   
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cyte maturation. If endogenous EP4 signaling suppresses 
the differentiation stage, treatment of cells with indometh-
acin only for the fi rst two days may be enough to facilitate 
the differentiation. As expected, cells treated with indo-
methacin for the fi rst two days showed TG levels and 
 Pparg2  expression levels as high as those in cells treated 
with indomethacin for eight days (  Fig. 4A , B ).  We then 
examined whether exposure of cells to exogenous PGs 
during the differentiation stage could reverse the effect of 
indomethacin. PGE 2  treatment for the fi rst two days sig-
nifi cantly suppressed the levels of TG content and  Pparg2  
expression, but an FP agonist failed to alter these levels 
( Fig. 4C, D ). These results indicate that endogenous 
PGE 2 -EP4 signaling suppresses the differentiation stage of 
adipogenesis. We next investigated the time course of in-
duction of the  Pparg2  gene, which is a prerequisite for the 

fl uprostenol (1 µM each), signifi cantly reduced the indo-
methacin-augmented TG content to the levels of the con-
trol group ( Fig. 2D ). In contrast, both EP1 and EP3 
agonists failed to affect TG content (data not shown). Sim-
ilar results were obtained regarding  Pparg2  gene expres-
sion ( Fig. 2E ). Thus, both EP4 and FP receptors have the 
potential to suppress differentiation. As indomethacin 
treatment facilitates differentiation, either EP4 and/or FP 
signaling may endogenously suppress adipocyte differen-
tiation in MEF cells. 

 EP4-defi ciency but not FP-defi ciency mimics the 
enhancing effect of indomethacin on adipocyte 
differentiation 

 To examine which receptor signaling suppresses adipo-
cyte differentiation in MEF cells, we prepared MEF cells 
isolated from  Ptger4  � / �    and  Ptgfr  � / �    mice, and then exam-
ined the outcome of DIC-induced adipocyte differentia-
tion. Interestingly, EP4-defi cient cells revealed higher 
levels of TG content on day 8 than WT cells, and such lev-
els were equivalent to those of indomethacin-treated WT 
cells (  Fig. 3A  ).  Similar results were obtained regarding 
 Pparg2  gene expression levels in the cells on day 8 ( Fig. 
3B ). Moreover, the number of droplet +  cells in EP4-defi -
cient cells was higher than in WT cells and similar to that 
of indomethacin-treated WT cells ( Fig. 3C ). Indeed, EP4 
defi ciency increased the total expression levels of lipolytic 
( Lipe ) and lipogenic ( Fasn ) genes and did not affect TG 
content per cell as observed in indomethacin-treated WT 
cells (data not shown). Indomethacin did not further aug-
ment the total TG content, droplet +  number, or  Pparg2  
expression levels in EP4-defi cient cells ( Fig. 3A–C ). More-
over, an EP4 antagonist (1 µM), but not EP1 or EP3 an-
tagonists, mimicked the enhancing effect of indomethacin 
on differentiation ( Fig. 3D ). When we measured cAMP 
content in the cells on day 0, indomethacin as well as an 
EP4 antagonist attenuated cAMP levels, and PGE 2  reversed 
the indomethacin-suppressed cAMP levels ( Fig. 3E ). These 
results suggest that endogenous PGE 2 -EP4 signaling sup-
presses adipocyte differentiation via the cAMP pathway in 
WT cells. On the other hand,  Ptgfr  � / �    cells on day 8 showed 
TG levels similar to those of WT cells, and indomethacin 
still increased the TG levels as observed in WT cells (sup-
plementary Fig. IIA). FP gene defi ciency essentially did 
not affect the  Pparg2  gene expression levels in MEF cells 
(supplementary Fig. IIB). These results indicate that 
PGF 2 �  -FP signaling is not involved in the suppression of 
adipocyte differentiation, although FP signaling has the 
potential to be involved. Thus, endogenous PGE 2 -EP4 sig-
naling appears to suppress adipocyte differentiation in 
MEF cells. 

 Endogenous PGE 2 -EP4 signaling suppresses transcription 
of the  Pparg2  gene on day 2 of adipocyte differentiation 

 It has been considered that the destiny of each cell is 
determined during the fi rst two days of the adipocyte dif-
ferentiation program as a result of chronic exposure to 
DIC and that, thereafter, the committed cells gradually 
start to fulfi ll their function as adipocytes, which is adipo-

  Fig.   3.  Endogenous PGE 2 -EP4 signaling suppresses adipocyte dif-
ferentiation in MEF cells. MEF cells from WT and  Ptger4  � / �    mice 
(A–C) grown to confl uency were treated with DIC in the presence 
or absence of indomethacin (10 µM, Indo). Triglyceride content of 
the cells was measured on day 8 (A), and total RNA was extracted 
on day 8 and subjected to real time RT-PCR analysis (B). The  Pparg2  
gene expression levels were normalized to the  � -actin ( Actb ) mRNA 
levels. C: WT and  Ptger4  � / �    cells on day 8 were stained with Oil Red 
O and visualized by bright-fi eld light microscopy. The number of 
droplet-positive cells is shown at the top. D: MEF cells grown to 
confl uency were treated with DIC in the presence of an EP1, EP3, 
or EP4 antagonist (1 µM each, EP1ant, EP3ant, or EP4ant). Triglyc-
eride content of the cells was measured on day 8. E: MEF cells were 
treated with vehicle, an EP4 antagonist (1 µM, EP4ant), or indo-
methacin (10 µM, Indo) in the presence or absence of PGE 2  
(1 µM) for 1 h, and then subjected to the cAMP assay. Values rep-
resent the means ± SEM of three independent experiments (n = 3). 
* P  < 0.05, ** P  < 0.01.   



PGE 2 -EP4 signaling in adipocyte differentiation of MEF cells 1505

enhancing effect of indomethacin on  Pparg2  transcription 
( Fig. 4F ). These results indicate that endogenous PGE 2 -
EP4 signaling suppresses adipocyte differentiation by at-
tenuating transcription of the  Pparg2  gene. 

 DIC treatment induces COX-2 expression and PGE 2  
production 

 The preceding experiments demonstrated that endoge-
nous PGE 2 -EP4 signaling reduces the peak level of  Pparg2  
gene expression induced by DIC. Then, is PGE 2  really pro-
duced by MEF cells in an indomethacin-sensitive manner? 
To assess this, we examined the time course of PGE 2  pro-
duction and gene expression of COX isozymes in MEF 
cells just after the addition of DIC. DIC stimulated PGE 2  
production, which reached a peak at 3 h and then gradu-
ally decreased. Such DIC-induced PGE 2  production was 
inhibited by indomethacin (  Fig. 5A  ).  In accordance with 
this, DIC transiently induced  Ptgs2  gene expression in 
MEF cells, reaching a peak at 1 h. In contrast,  Ptgs1  gene 

commitment of individual cells to adipocyte differentia-
tion in the MEF system ( Fig. 4E ).  Pparg2  expression was 
drastically induced by DIC treatment, reaching a peak 
level on day 2 until the DIC was removed, and then expres-
sion gradually decreased until day 8. If suppressive PG sig-
naling dominates the fate of differentiation during the 
fi rst two days, indomethacin may alter the peak level of 
 Pparg2  gene expression on day 2. As expected, indometha-
cin signifi cantly augmented  Pparg2  gene expression on 
day 2. Moreover, PGE 2 , but not an FP agonist, reversed the 

  Fig.   4.  PGE 2 -EP4 signaling suppresses transcription of the  Pparg2  
gene. A, B: MEF cells grown to confl uency were treated with DIC in 
the presence (Indo) or absence of indomethacin. On day 2, DIC 
was replaced with media containing insulin in the presence (0-8) 
or absence of indomethacin (0-2). On day 8, triglyceride content of 
the cells was measured (A), and  Pparg2  gene expression in the cells 
was measured by real time RT-PCR (B). C, D: MEF cells were treated 
with DIC containing indomethacin (Indo) supplemented with ve-
hicle, PGE 2 , or an FP agonist (FPA). On day 2, DIC was replaced 
with media containing insulin and indomethacin in the absence of 
PG receptor agonists. On day 8, triglyceride content (C) and  Pparg2  
gene expression (D) were measured. E: Time course of induction 
of  Pparg2  gene transcripts in MEF cells. Cells were treated with 
DIC, harvested at the various time points (0 h, 9 h, day 2, day 4, and 
day 8) of the differentiation program, and then subjected to  Pparg2  
gene expression analysis. F: MEF cells were treated with DIC con-
taining indomethacin (Indo) supplemented with vehicle, PGE 2 , or 
an FP agonist (FPA). On day 2, the cells were harvested and sub-
jected to  Pparg2  gene expression analysis. The  Pparg2  gene expres-
sion levels were normalized to the  � -actin ( Actb ) mRNA levels. 
Values represent the means ± SEM of three independent experi-
ments (n = 3). * P  < 0.05.   

  Fig.   5.  COX-2-derived PGE 2  suppresses adipocyte differentiation 
in MEF cells. A: PGE 2  production of MEF cells treated with DIC for 
the indicated times in the presence (+Indo) or absence of indo-
methacin was measured. B: MEF cells were treated with DIC or con-
trol (Cont) medium. Total RNA was isolated at the indicated times 
and subjected to real time RT-PCR analysis. The COX-1 ( Ptgs1 ) and 
COX-2 ( Ptgs2 ) mRNA levels were normalized to the  � -actin ( Actb ) 
mRNA levels. Data are represented as a fold of the value at 0 h. C: 
Whole cell lysate was prepared at the indicated times and subjected 
to SDS-PAGE followed by immunoblotting with anti-COX-1, anti-
COX-2, or anti- � -actin as a control. The histogram (bottom) shows 
quantitative representations of COX levels normalized to  � -actin 
levels. D: MEF cells grown to confl uency were treated with DIC 
supplemented with vehicle, indomethacin (Indo), COX-1 selective 
inhibitor SC560, or COX-2 selective inhibitor NS398 (10 µM each). 
On day 2, the DIC was replaced with media containing insulin with-
out COX inhibitors. On day 8, triglyceride content was measured. 
Values represent the means ± SEM of three independent experi-
ments (n = 3). * P  < 0.05, ** P  < 0.01.   
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Fig. III). PGF 2 �  -FP signaling appears to have the potential 
to affect adipocyte differentiation, but FP signaling is not 
involved in the differentiation system of MEF cells (supple-
mentary Fig. II). Considering that treatment of MEF cells 
with an FP agonist for the fi rst two days fails to alter both 
TG content and  Pparg2  gene expression ( Fig. 3C, D ), 
PGF 2 �  -FP signaling may work as a compensatory negative 
regulator of the maturation stage of adipocyte differentia-
tion (supplementary Fig. III). 

 Differentiation stimuli-induced COX-2 gene expression 
and PGE 2  production in MEF cells 

 The current study demonstrates that COX-2 is respon-
sible for PGE 2 -elicited suppression of adipocyte differenti-
ation in MEF cells. There have been a number of reports 
regarding the contribution of COX isozymes to the regula-
tion of adipocyte differentiation ( 24–26 ). Yan et al. re-
ported that both COX-1- and COX-2-inhibitors enhanced 
differentiation of 3T3-L1 cells, indicating that both COX 
isozymes participate in the negative regulation of adipo-
genesis ( 25 ). Interestingly, Yan et al. also demonstrated 
that COX-2 inhibitors, but not a COX-1 inhibitor, reversed 
TNF- � -induced inhibition of differentiation. A similar 
modulating effect of COX-2 has been shown in adiponec-
tin-elicited inhibition of adipocyte differentiation from 
BMS2 cells ( 27 ). Chu et al. recently established COX-2-
knocked down 3T3-L1 cell lines; they found that these cell 
lines show augmented levels of adipocyte differentiation 
and that this phenotype was reversed by the addition of 
PGE 2  ( 26 ). Thus, the COX-2-PGE 2 -EP4 pathway may work 
as a conserved negative regulator of adipocyte differentia-
tion in broad types of preadipocytes. 

 EP3 receptor gene expression is induced upon adipocyte 
differentiation 

 One of the interesting fi ndings in this study is differenti-
ation-dependent induction of EP3 gene expression; the ex-
pression of three isoforms ( � ,  �  and  � ) of EP3 mRNA was 
equally induced when MEF cells were differentiated into 
mature adipocytes. Similar results were previously reported: 
mRNAs of the three isoforms of EP3 were expressed exclu-
sively in mature adipocytes isolated from mouse adipose tis-
sue ( 28 ). Although the EP3 �  isoform may have the potential 
to activate the Gs/adenylyl cyclase pathway ( 21 ), activation 
of the EP3 receptor resulted in inhibition of cAMP produc-
tion in adipocyte-differentiated MEF cells ( Fig. 2C ). Indeed, 
PGE 2 -EP3 signaling has been shown to inhibit lipolysis by 
suppression of cAMP production ( 29 ). Since the adipocyte-
specifi c phospholipase A 2  ( Pla2g16  product) works as a trig-
ger for PGE 2  production in mature adipocytes, and since 
the  Pla2g16  gene expression also depends on adipocyte dif-
ferentiation ( 30 ), it is possible that the  Pla2g16  and  Ptger3  
genes share common mechanisms in their regulation of ex-
pression during adipocyte differentiation. 

 PGE 2 -EP4 signaling may elicit reciprocal actions on 
adipogenesis and osteogenesis in MSCs 

 Adipocytes and osteoblasts represent two distinct cell 
types that develop from a common progenitor cell: bone 

expression was observed in MEF cells irrespective of DIC 
treatment ( Fig. 5B ). Indeed, COX-1 protein expression was 
detected in MEF cells before DIC treatment, and DIC did 
not alter its levels. COX-2 protein could barely be detected 
in MEF cells before DIC treatment, but a faint and signifi -
cant amount was detected at 1 and 3 h after the addition of 
DIC ( Fig. 5C ). Thus, DIC rapidly induces COX-2 and PGE 2  
production in MEF cells in an indomethacin-sensitive man-
ner. If COX-2-derived PGE 2  is involved in the negative 
regulation of adipocyte differentiation, a selective inhibi-
tor for COX-2 should mimic the facilitating effect of indo-
methacin. As expected, NS398, a COX-2 selective inhibitor, 
augmented the levels of TG content, whereas SC560, a 
COX-1 selective inhibitor, failed to do so ( Fig. 5D ). These 
results indicate that, in MEF cells, the differentiation-
inducing stimuli induce COX-2 expression and PGE 2  pro-
duction, and the resultant PGE 2 , via acting on the EP4 
receptor, negatively regulates adipocyte differentiation by 
reducing the peak level of  Pparg2  gene induction. 

 DISCUSSION 

 PGE 2 -EP4 signaling endogenously suppresses adipocyte 
differentiation in MEF cells 

 PGs have long been thought to contribute to fat cell de-
velopment, but the role of PGs in the regulation of adipo-
cyte differentiation is complex and has remained unclear 
( 12 ). One of the reasons for its complexity is that different 
classes of PG exert opposing effects on adipocyte differen-
tiation. For instance, both PGI 2  and PGE 2 , the two PGs 
predominantly synthesized by fat cells, appear to have op-
posing effects on early adipogenesis. PGI 2  promotes adipo-
cyte differentiation via the prostaglandin I receptor (IP) 
( 22, 23 ), whereas PGE 2  inhibits differentiation via the EP4 
receptor ( 14, 15 ). PGF 2 �   also suppresses differentiation via 
the FP receptor ( 11, 14 ). In the current study, we evalu-
ated the contribution of each endogenous receptor signal-
ing by using an adipocyte differentiation system from MEF 
cells, where pharmacological actions on the PG receptor 
EP4 and FP signaling were reproduced as reported previ-
ously: exogenously added PGE 2  and an FP agonist sup-
pressed adipocyte differentiation ( Fig. 2D, E ). Inhibition 
of endogenous PG synthesis by indomethacin increased 
the number of TG-producing cells and transcription of 
the  Pparg2  gene ( Fig. 1C, E ), suggesting that suppressing 
PG signaling (EP4 or FP) dominates the fate of differentia-
tion. EP4 defi ciency mimicked the effect of indomethacin, 
and indomethacin no longer accelerated differentiation 
( Fig. 3A–C ). On the other hand, FP defi ciency failed to 
affect differentiation, but indomethacin was still effective 
(supplementary Fig. II). PGE 2  treatment for two days was 
enough to suppress differentiation ( Fig.  4C, D). Indeed, 
indomethacin increased and PGE 2  suppressed the peak 
level of  Pparg2  gene transcription on day 2, which is critical 
for the commitment of individual cells to differentiation 
( Fig. 4F ). These results indicate that PGE 2 -EP4 signaling 
suppresses transcription of the  Pparg2  gene and, thus, the 
adipocyte differentiation of MEF cells (supplementary 
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marrow-derived mesenchymal stem cells ( 31 ). The num-
ber of osteoblasts in bone marrow is known to decrease 
during age-related bone loss (osteoporosis), and the num-
ber of adipocytes has been found to increase in negative 
association with that of osteoblasts ( 32, 33 ). Importantly, a 
reciprocal relationship exists between the number of adi-
pocytes and osteoblasts generated from the marrow MSC 
pool ( 34, 35 ). Factors that enhance osteogenic differentia-
tion are suspected to negatively impact adipogenesis. In 
this respect, PGE 2 -EP4 signaling may not only suppress an 
early stage of adipocyte differentiation but may also pro-
mote osteoblast formation. Indeed, we demonstrated that 
exogenous PGE 2  suppression, as well as an EP4 agonist, 
shows bone-forming activity by sensitizing  Runx2 (Cbfa1)  
gene expression both in vivo and in vitro ( 36 ). Thus, 
PGE 2 -EP4 signaling may play a physiological role in the 
reciprocal regulation of osteogenesis and adipogenesis 
within bone marrow. Such a possibility that EP4 signaling 
plays a role in the commitment of MSCs to adipocytes and 
osteoblasts is an interesting issue to be examined in the 
future.  
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reading of the manuscript. 

 REFERENCES 

    1 .  Gregoire ,  F. M. ,  C. M.   Smas , and  H. S.   Sul .  1998 .  Understanding 
adipocyte differentiation.    Physiol. Rev.     78   :   783 – 809 .  

    2 .  Rosen ,  E. D. , and  B. M.   Spiegelman .  2000 .  Molecular regulation of 
adipogenesis.    Annu. Rev. Cell Dev. Biol.     16   :   145 – 171 .  

    3 .  Matsuzawa ,  Y.   2006 .  The metabolic syndrome and adipocytokines.  
  FEBS Lett.     580   :   2917 – 2921 .  

    4 .  Karastergiou ,  K. , and  V.   Mohamed-Ali .  2010 .  The autocrine and 
paracrine roles of adipokines.    Mol. Cell. Endocrinol.     318   :   69 – 78 .  

    5 .  Coleman ,  R. A. ,  W. L.   Smith , and  S.   Narumiya .  1994 .  International 
Union of Pharmacology classifi cation of prostanoid receptors: 
properties, distribution, and structure of the receptors and their 
subtypes.    Pharmacol. Rev.     46   :   205 – 229 .  

    6 .  Narumiya ,  S. ,  Y.   Sugimoto , and  F.   Ushikubi .  1999 .  Prostanoid 
receptors; structures, properties and functions.    Physiol. Rev.     79   :  
 1193 – 1226 .  

    7 .  Sugimoto ,  Y. ,  K.   Hasumoto ,  T.   Namba ,  A.   Irie ,  M.   Katsuyama ,  M.  
 Negishi ,  A.   Kakizuka ,  S.   Narumiya , and  A.   Ichikawa .  1994 .  Cloning 
and expression of a cDNA for mouse PGF receptor.    J. Biol. Chem.   
  269   :   1356 – 1360 .  

    8 .  Yao ,  C. ,  D.   Sakata ,  Y.   Esaki ,  Y.   Li ,  T.   Matsuoka ,  K.   Kuroiwa ,  Y.  
 Sugimoto , and  S.   Narumiya .  2009 .  Prostaglandin E 2 -EP4 signaling 
promotes immune infl ammation through TH1 cell differentiation 
and TH17 cell expansion.    Nat. Med.     15   :   633 – 640 .  

    9 .  Sugimoto ,  Y. , and  S.   Narumiya .  2007 .  Prostaglandin E receptors.    J. 
Biol. Chem.     282   :   11613 – 11617 .  

    10 .  Curtis-Prior ,  P. B.   1975 .  Prostaglandins and obesity.    Lancet   .    1   :  
 897 – 899 .  

    11 .  Casimir ,  D. A. ,  C. W.   Miller , and  J. M.   Ntambi .  1996 .  Preadipocyte 
differentiation blocked by prostaglandin stimulation of prostanoid 
FP2 receptor in murine 3T3–L1 cells.    Differentiation   .    60   :   203 – 210 .  

    12 .  Kim ,  S. , and  N.   Moustaid-Moussa .  2000 .  Secretory, endocrine 
and autocrine/paracrine function of the adipocyte.    J. Nutr.     130   :  
 3110S – 3115S .  

    13 .  Fain ,  J. N. ,  L. R.   Ballou , and  S. W.   Bahouth .  2001 .  Obesity is in-
duced in mice heterozygous for cyclooxygenase-2.    Prostaglandins 
Other Lipid Mediat.     65   :   199 – 209 .  

    14 .  Tsuboi ,  H. ,  Y.   Sugimoto ,  T.   Kainoh , and  A.   Ichikawa .  2004 . 
 Prostanoid EP4 receptor is involved in suppression of 3T3-L1 
adipocyte differentiation.    Biochem. Biophys. Res. Commun.     322   :  
 1066 – 1072 .  



1508 Journal of Lipid Research Volume 52, 2011

    33 .  Muruganandan ,  S. ,  A. A.   Roman , and  C. J.   Sinal .  2009 .  Adipocyte 
differentiation of bone marrow-derived mesenchymal stem cells: 
cross talk with the osteoblastogenic program.    Cell. Mol. Life Sci.     66   :  
 236 – 253 .  

    34 .  Akune ,  T. ,  S.   Ohba ,  S.   Kamekura ,  M.   Yamaguchi ,  U. I.   Chung , 
 N.   Kubota ,  Y.   Terauchi ,  Y.   Harada ,  Y.   Azuma ,  K.   Nakamura ,  et al . 
 2004 .  PPAR �  insuffi ciency enhances osteogenesis through osteo-
blast formation from bone marrow progenitors.    J. Clin. Invest.     113   :  
 846 – 855 .  

    35 .  Sen ,  B. ,  Z.   Xie ,  N.   Case ,  M.   Ma ,  C.   Rubin , and  J.   Rubin .  2008 . 
 Mechanical strain inhibits adipogenesis in mesenchymal stem 
cells by stimulating a durable  � -catenin signal.    Endocrinology   .    149   :  
 6065 – 6075 .  

    36 .  Yoshida ,  K. ,  H.   Oida ,  T.   Kobayashi ,  T.   Maruyama ,  M.   Tanaka ,  T.  
 Katayama ,  K.   Yamaguchi ,  E.   Segi ,  T.   Tsuboyama ,  M.   Matsushita ,  et 
al .  2002 .  Stimulation of bone formation and prevention of bone 
loss by prostaglandin E EP4 receptor activation.    Proc. Natl. Acad. Sci. 
USA   .    99   :   4580 – 4585 .         


