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 The concept that chronic infl ammation can accompany 
obesity has recently received recognition ( 1 ). Adipose tis-
sue is not a mere depot for energy storage, but contains 
infl ammatory cells, including macrophages and T cells 
that increase in number with obesity. Infl ammation of adi-
pose tissue likely contributes to insulin resistance, dyslipid-
emia, and hypertension associated with obesity ( 1, 2 ). 
Thus, determining ways to control or inhibit adipose tissue 
infl ammation is clinically relevant. Much of the interest in 
this regard has focused on pro-infl ammatory mediators, 
but the local infl ammatory response likely refl ects a bal-
ance between pro-infl ammatory pathways and endoge-
nous anti-infl ammatory modulators. The present study 
tested the novel hypothesis that endogenous eicosanoids 
may operate in adipose tissue to modulate infl ammation. 

 In response to various stimuli, the sequential actions of 
cyclooxygenase and prostaglandin E synthase produce pros-
taglandin E 2  (PGE 2 ) from arachidonic acid. Infl ammatory 
sites produce PGE 2  abundantly ( 3 ). This eicosanoid exerts 
anti-infl ammatory effects by binding to prostaglandin E re-
ceptor 4 (EP4), thereby suppressing the release of cytokines 
and chemokines from macrophages and T cells, and inhib-
iting the proliferation and activation of these immune cells 
( 4–7 ). EP4 agonism can attenuate atherosclerosis ( 8 ), 
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Fat mass was normalized to lean mass (fat mass to lean mass 
ratio) or body weight (adiposity index) in order to calculate rela-
tive fat composition. 

 Adipose tissue explant culture 
 The eWAT (0.05 g from each mouse) was minced and incu-

bated with 1 ml DMEM media [supplemented with 10% fetal bo-
vine serum, 2%  L -glutamine (2 mM), 1% penicillin/streptomycin 
(100U/ml)] or media containing the appropriate drugs. In Ex-
periment 1, adipose tissues were pretreated with vehicle or 
L161,982 [a selective EP4 antagonist ( 16 ); 100 nM for 40 min, 
Cayman Chemical, Ann Arbor, MI] before the addition of prosta-
glandin E 2  (PGE 2 ; 50 nM for 1.5 h, or as stated; Cayman Chemi-
cal). In Experiment 2, adipose tissues were pretreated with 
CAY10580 or CAY10598 [selective EP4 agonists ( 15, 17 ), Cayman 
Chemical] at various concentrations for 1.5 h. In Experiment 3, 
adipose tissues were cultured with or without 8-bromo-cyclic AMP 
(8-Br-cAMP; analog of cAMP, 500 µM for 1.5 h; Sigma, St. Louis, 
MO), 6-monobutyryladenosine-cAMP (6-MB-cAMP; selective pro-
tein kinase A (PKA) activator; 100 µM for 30 min, BioLog Life 
Science Institute, Bremen, Germany), 8-(4-Chlorophenylthio)-2’-
O-methyladenosine 3,5’-cyclic monophosphate monosodium 
[8-PCT-2’-O-ME-cAMP; selective exchange factor directly acti-
vated by cAMP (Epac) activator; 100 µM for 30 min, BioLog 
Life Science Institute], H89 (selective PKA inhibitor; 10 µM for 
30 min, Sigma) and/or HJC0197 (selective Epac inhibitor; 10 µM 
for 30 min, BioLog Life Science Institute) before pretreatment 
with or without PGE 2  (50nM for 1 h). In Experiment 4, adipose 
tissues were pretreated with different EP agonists [16,16-dimethyl-
PGE 2  (1 µM), a nonselective EP1/EP2/EP3/EP4 agonist ( 18 ); 
17-phenyl-trinor-PGE 2  (1 µM), a nonselective EP1/3 agonist ( 19 ); 
butaprost (100 nM), a selective EP2 agonist ( 20 ); 19(R)-hydroxy-
PGE 2  (1 µM), a selective EP2 agonist ( 21 ); sulprostone (20 nM), 
a selective EP3 agonist ( 22 )] for 40 min. All EP receptor agonists 
were purchased from Cayman Chemical. After the different pre-
treatments, samples were exposed to lipopolysaccharide (LPS, 
from  Escherichia coli  O55:B5; 5 ng/ml, or as stated; Sigma) or 
TNF- �  (50 ng/ml, human recombinant TNF � ; Endogen Inc., 
Woburn, MA) for nine h at 37°C. Adipose tissue lysates and media 
were collected and stored at  � 80°C until subsequent analysis. 

 Real-time PCR 
 Total RNA was isolated from up to 0.05 g of adipose tissue 

with the RNeasy Lipid Tissue Mini Kit (Qiagen, Valencia, 
CA), and equal amounts were reverse-transcribed by Super-
script II (Invitrogen, Carlsbad, CA), according to the manu-
facturer’s instructions. Quantitative PCR was performed in a 
MyiQ Single Color Real-time PCR Detection System (Bio-Rad, 
Hercules, CA). The conditions for amplifi cation were 3 min at 
95°C for denaturation, 30 cycles of 40 s at 95°C, 30 s at 60°C, and 
30 s at 72°C, followed by an extension for 10 min at 72°C. The 
mouse primer sequences used are listed in Supplementary 
Table 1. The mRNA levels of the various genes tested were nor-
malized to those of  � -actin, used as an internal control in all 
experiments. 

 Chemokines, cytokines, SAA, and PGE 2  measurements 
 Interferon- � -inducible protein 10 (IP-10), macrophage in-

fl ammatory protein (MIP)-1 � , TNF � , interleukin (IL)-6, and IL-
10 levels were measured using Quantikine ELISA kits (R&D 
Systems, Minneapolis, MN). IL-8 was measured by the IL-8 ELISA 
kit from Cusabio (Wuhan, Hubei, China). Plasma levels of serum 
amyloid A (SAA) were measured by the SAA ELISA Kit (Invitro-
gen). PGE 2  levels were measured by the PGE 2  enzymatic immu-
noassay kit (Cayman Chemical). 

and mice lacking EP4 in their hematopoietic cells have 
heightened susceptibility to experimentally produced 
abdominal aortic aneurysms ( 9 ). EP4 agonists effectively 
reduce acute cardiac rejection and prolong allograft sur-
vival by suppressing myocardial infl ammation ( 10 ). They 
also protect the perfused myocardium against ischemic 
injury by reducing infl ammation ( 11, 12 ). Hence, target-
ing EP4 may serve as therapeutic strategy for a range of 
infl ammatory disorders ( 7 ). 

 Although EP4 stimulation may mitigate infl ammation, 
no available information focuses on its role in fat infl am-
mation. Clinical data illustrate that cyclooxgenase-2 inhib-
itors can increase coronary events ( 13, 14 ). Therefore, a 
more complete characterization of anti-infl ammatory path-
ways stimulated by cyclooxygenase-2-dependent products is 
warranted. The present experiments aimed to test the hy-
pothesis that EP4 modulates adipose tissue infl ammation 
and thus may serve as a therapeutic target to treat the cur-
rent epidemic of dysmetabolism associated with obesity. 

 RESEARCH DESIGN AND METHODS 

 Mice 
 Male homozygous EP4 receptor-defi cient (EP4  � / �  ) mice and 

wild-type (EP4 +/+ ) mice on the same genetic background were 
obtained by crossing mice heterozygous for the  ptger4  gene muta-
tion (EP4 +/ �  ). All genotyping was performed by PCR of DNA ex-
tracted from ear biopsies. Because EP4  � / �   mice do not survive on 
a C57BL/6 congenic strain, all EP4  � / �   and wild-type littermate 
controls used in this study were on a mixed background, com-
posed of 129/Olac, C57BL/6, and DBA/2. The Laboratory Ani-
mal Unit of The University of Hong Kong provided the male 
C57BL/6N mice. On the day of harvest, the mice were anesthe-
tized by intraperitoneal injection of either 2,3,3, tribromoetha-
nol (2.5 mg/10 g body weight) or pentobarbital (100 mg/kg). 
Blood was obtained by cardiac puncture, and epididymal white 
adipose tissue (eWAT) was isolated for further analysis. All ani-
mal experiments were performed according to a protocol ap-
proved by the Standing Committee on Animal Welfare of The 
University of Hong Kong. 

 Diet-induced obesity 
 EP4 +/+  and EP4  � / �   mice were fed a high-fat diet (RD Western 

Diet D2079B; Research Diets, New Brunswick, NJ; 40% kcal from 
fat, 1.25% cholesterol, 0% cholate) ad libitum at 10 weeks of age, 
and were kept on this diet for 8 or 16 weeks or as indicated. Food 
intake was calculated once a week, during the last 5 weeks before 
euthanization and expressed in kilocalories consumed per day. 

 Treatment with EP4 agonist 
 C57BL/6 (6-week-old) mice were fed a high-fat diet ad libitum 

and received daily subcutaneous injections of CAY10580 (a selec-
tive EP4 agonist, 200 µg/kg ( 15 ); Cayman Chemical, Ann Arbor, 
MI) or vehicle for 6 weeks. Food intake was calculated once a 
week for the whole duration of treatment and expressed in aver-
age kilocalories consumed per day. 

 Body composition analysis 
 The amount of fat and lean mass in intact, unanesthetized mice 

was measured using a nuclear magnetic resonance-based body 
composition analyzer (MiniSpec LF50; Bruker, Billerica, MA). 
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inhibition of IP-10 and MIP-1 �  by PGE 2  also occurred at 
the protein level ( Fig. 1C ). PGE 2  decreased levels of IP-10 
and MIP-1 � , but did not alter mRNA levels of MCP-1 and 
of regulated on activation normal T cell expressed and se-
creted (RANTES) in LPS-stimulated adipose tissue from 
healthy mice (Supplementary Fig. 1). Based on these fi nd-
ings, PGE 2  pretreatment potentially reduces the release of 
IP-10 and MIP-1 �  from LPS-stimulated adipose tissue ex-
plants of healthy mice. 

 The effect of PGE 2  on cytokine production was also in-
vestigated. PGE 2  signifi cantly reduced LPS-induced release 
of IL-6 and IL-8 but not TNF �  and IL-10 (Supplementary 
Fig. 2). Hence, PGE 2  selectively limits the production of 
some cytokines in adipose tissue from healthy mice. 

 Inhibition of chemokines by PGE 2  depends on EP4 
 In eWAT from EP4 +/+  mice, PGE 2  reduced LPS-mediated 

IP-10 and MIP-1 �  mRNA expression ( Fig. 1B ). Pretreat-
ment with L161,982 (a selective EP4 antagonist; 100 nM) 
reversed these effects of PGE 2  ( Fig. 1B ). Pretreatment with 
PGE 2  signifi cantly reduced the presence of IP-10 and MIP-
1 �  at the protein level, and L161,982 reversed this inhi-
bition ( Fig. 1C ). PGE 2  also limited LPS-induced MIP-1 �  
mRNA expression, but L161,982 did not prevent this ef-
fect ( Fig. 1B ). PGE 2  did not reduce IP-10 and MIP-1 �  
in eWAT from EP4  � / �   mice ( Fig. 1D ). In eWAT from 
C57BL/6 mice, two structurally different selective EP4 ago-
nists, CAY10590 and CAY10598, concentration-dependently 
reduced LPS-stimulated release of IP-10 (at both the 
mRNA and protein levels; Supplementary Fig. 3). These 
data collectively indicate that the inhibition of IP-10 and 
MIP-1 �  by PGE 2  depends on EP4 activation. 

 Cell types involved in the anti-infl ammatory effect 
 Adipose tissue consists of adipocytes and SVCs and 

both cell fractions can release chemokines and cytokines. 
In mature adipocytes, PGE 2  signifi cantly reduced LPS-in-
duced increases in IP-10 (  Fig. 2  )  and MIP-1 �  (Supple-
mentary Fig. 4) mRNA and protein levels (Supplementary 
Fig. 5). SVCs had a higher capacity than adipocytes to 
produce IP-10 and MIP-1 �  protein on a per-cell basis 
(Supplementary Fig. 5), but PGE 2  did not signifi cantly 
affect the mRNA ( Fig. 2  and Supplementary 4) and pro-
tein levels of those chemokines in this cell preparation 
(Supplementary Fig. 5). These fi ndings suggest that PGE 2  
predominately exerts its anti-infl ammatory effect on 
adipocytes. In line with this, PGE 2  signifi cantly lowered 
LPS-stimulated IL-6 and IL-8 protein levels in mature adi-
pocytes but did not affect the protein levels of these cyto-
kines in SVCs (Supplementary Fig. 2). TNF �  and IL-10 
production was undetectable in adipocytes and their pro-
duction was unaffected by PGE 2  in LPS-activated SVCs 
(Supplementary Fig. 2). 

 The amount of infi ltrated infl ammatory cells within 
the SVCs of relatively healthy mice is probably minimal. 
Therefore, SVCs from high-fat diet-fed mice (after 11 
weeks of high-fat diet), which presumably contain more 
infi ltrated infl ammatory cells, were isolated and the ef-
fect of PGE 2  on them was tested. PGE 2  signifi cantly 

 Adipocyte and stromal vascular cell fractionation 
 The eWAT (0.3 g) was minced in PBS containing 2% BSA and 

250 U/ml of collagenase type II (Worthington, Lakewood, NJ) 
and incubated at 37°C for 1 h. The digested tissue was passed 
through a 70 µm cell strainer (BD Biosciences, Bedford, MA), 
and the fl ow through was centrifuged. The mature adipocytes 
from the fl ow through were collected for subsequent analysis. 
The remaining pellet was lysed with ACK lysing buffer (Gibco-
BRL, Grand Island, NY) to remove red blood cells, yielding stro-
mal vascular cells (SVC). Mature adipocytes and SVC were seeded 
onto culture plates with 1 ml DMEM media (supplemented with 
10% fetal bovine serum, 2% L-glutamine [2 mM], and 1% peni-
cillin/streptomycin [100 U/ml]). After 1 day of equilibration, 
cells were pretreated with vehicle or PGE 2  at 50 nM for 90 min, 
and then exposed to LPS (5 ng/ml) for 9 h at 37°C. 

 Flow cytometry 
 Adipose tissue-derived SVCs were washed with DMEM [supple-

mented with 10% fetal bovine serum, 2% L-glutamine [2 mM], and 
1% penicillin/streptomycin (100 U/ml)], counted, and labeled 
with conjugated antibodies or their respective isotype controls 
before acquisition by FACScan. Single-color staining was per-
formed to detect F4/80-, CD11c-, CD4- and CD8-positive cells (all 
antibodies were purchased from Biolegend, San Diego, CA). Triple 
staining with PE anti-mouse F4/80 (Biolegend), FITC anti-mouse 
CD11c (Biolegend), and Alexa Fluor® 647 anti-mouse CD206 
(Biolegend) were used to identify M1 and M2 macrophages. 

 Immunohistochemistry 
 eWAT was fi xed with 4% paraformaldehyde in 0.1M phos-

phate buffer and embedded in paraffi n. Five µm sections were 
stained with hematoxylin and eosin Y. Cross-sectional area of adi-
pocytes (in three consecutive visual fi elds at the same magnifi ca-
tion per sample) was calculated using ImageJ (The National 
Institutes of Health; Bethesda, MD). 

 Statistical analyses 
 Data are expressed as means ± SEM. All statistical analysis was 

performed using GraphPad Prism software 5.0 (San Diego, CA). 
The two-tailed Mann-Whitney  t -test was used for comparisons be-
tween two experimental groups or ANOVA for multiple group 
comparisons. Differences were considered to be statistically sig-
nifi cant when  p  was less than 0.05. 

 RESULTS 

 Chemokine production in adipose tissue 
 To test whether PGE 2  has anti-infl ammatory actions on 

adipose tissue, explants of mice eWAT were pretreated 
with different concentrations of PGE 2  (for 1.5 h) before 
exposure to LPS (5 ng/ml, for 9 h). We focused on mea-
suring the effect of PGE 2  on IP-10, MIP-1 � , MIP-1 � , and 
monocyte chemoattractant protein (MCP)-1 expression as 
the infl ammatory output because PGE 2  attenuated the 
expression of these chemokines in LPS-treated human 
macrophages ( 4 ). LPS stimulated an increase in IP-10 
and MIP-1 �  mRNA expression in adipose tissue explants 
(  Fig. 1A , B ).  Preincubation with PGE 2  signifi cantly reduced 
IP-10 and MIP-1 �  mRNA responses to LPS in a concen-
tration-dependent manner, with the strongest inhibition 
observed at 500 nM ( Fig. 1A ). Concentration-dependent 
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Epac activator (100 µM). Similar to PGE 2 , pretreatment 
with 8-Br-cAMP, 6-MB-cAMP, or 8-PCT-2’-O-ME-cAMP sup-
pressed IP-10 ( Fig. 2 ) in LPS-activated adipose tissue ( Fig. 2 ). 
These observations suggest that release of cAMP and acti-
vation of PKA and Epac can mimic the anti-infl ammatory 
effect of PGE 2 . To consolidate the participation of cAMP, 
PKA, and Epac in the response, the effect of selective PKA 
(H-89; 10 µM) and Epac inhibitors (HJC0197; 10 µM) on 
LPS-mediated IP-10 was tested. H-89 and HJC0197 alone, 
however, did not reverse this inhibitory effect of PGE 2  
(  Fig. 3B  ). The inhibitory effect of PGE 2  was signifi cantly 
reversed only when PKA and Epac were simultaneously in-
hibited [H89 + HJC0197(dual inhibition);  Fig. 3B ].  

reduced LPS-mediated IP-10 mRNA in both adipocytes 
and SVC fractions when adipose tissue from high-fat-fed 
mice was used ( Fig. 2 ). 

 cAMP and PKA 
 The downstream signaling pathway for EP4 receptor 

includes adenylyl cyclase and is suggested to involve cAMP-
dependent PKA (4  ). However, adenylyl cyclase may also 
activate the Epac pathway. We examined the signaling 
pathway in the effect of PGE 2  on adipose tissue explants by 
using a 8-bromo-cAMP, cell membrane-permeable analog 
of cAMP (8-Br-cAMP; 500 µM); 6-MB-cAMP, a selective 
PKA activator (100 µM) or 8-PCT-2’-O-ME-cAMP, a selective 

  Fig.   1.  PGE 2 -mediated suppression of chemokines in mouse adipose tissue depends on EP4 receptor. A: PGE 2  reduces IP-10 and MIP-1 �  
expression in LPS-activated adipose tissue explants. RNA was isolated from adipose tissue explants pretreated with different concentrations 
of PGE 2  (0.5 to 500 nM for 1.5 h) before exposure to LPS (5 ng/ml) for 9 h. The mRNA expression of IP-10 and MIP-1 �  for different treat-
ment groups was expressed in relative amount produced in control. IP-10 and MIP-1 �  protein production in the medium was measured by 
ELISA and expressed in absolute values. N = 6; *,  P  < 0.05 versus LPS. B: Adipose tissue explants of EP4 +/+  mice were treated with PGE 2  
(50 nM) in the presence or absence of a selective EP4 antagonist (L161,982). After 1.5 h of treatment, the cells were stimulated with LPS 
for 9 h. The mRNA expression of IP-10, MIP-1 � , and MIP-1 �  in different samples was quantifi ed. Data are expressed in relative amount 
produced in control. N = 6; *,  P  < 0.05 versus LPS;  ɸ�,  P  < 0.05 versus PGE 2 +LPS. C: IP-10 and MIP-1 �  production in the medium released 
from adipose tissue of EP4 +/+  mice, as measured by ELISA. N = 6; *,  P  < 0.05 versus LPS;  ɸ ,  P  < 0.05 versus PGE 2 +LPS. D: PGE 2  did not sup-
press LPS-stimulated IP-10 and MIP-1 �  in EP4-defi cient adipose tissue. RNA was isolated from eWAT derived from EP4  � / �   cultured under 
various conditions, controls, LPS (5 ng/ml for 9 h), PGE 2  (50 nM, pretreated for 2 h) + LPS (5 ng/ml for 9 h), and amounts of IP-10 and 
MIP-1 �  in different treatment groups were quantifi ed and expressed against that of controls. N = 6. All data are expressed as means ± SEM.   
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exposure, the TNF- � –induced IP-10 mRNA production rose 
signifi cantly ( Fig. 4 ). Likewise, the addition of L161,982 
before PGE 2  caused a further increase in the MIP-1 �  ex-
pression in response to TNF- � . Thus, blockade of EP4 re-
sulted in augmented TNF � -induced chemokine release, 
indicating that EP4 operates as an anti-infl ammatory effec-
tor in adipose tissue. In line with this observation, in eWAT 
obtained from EP4  � / �   mice, PGE 2  signifi cantly increased 
TNF � -mediated IP-10 and MIP-1 �  mRNA expression ( Fig. 4 ). 
This result indicates that pro-infl ammatory responses pre-
vail in adipose tissue lacking the anti-infl ammatory re-
ceptor EP4. As PGE 2  can directly reduce LPS- but not 
TNF � -induced infl ammation, LPS and TNF �  likely in-
teract with prostaglandin signaling in different ways. 

 Role of other EP receptors 
 Three synthases produce PGE 2 , membrane prostaglan-

din E 2  synthase (mPGES)-1, mPGES-2, and cytosolic pros-
taglandin E 2  synthase (cPGES), and this prostanoid can 
engage four receptors: EP1, EP2, EP3, and EP4 ( 23 ). Thus, 
receptors other than EP4 may participate in regulating 
the infl ammatory response in fat. Real-time PCR dem-
onstrated mRNA expression of all known EP receptor 
subtypes and prostaglandin synthases in mouse eWAT 
(Supplementary Figs. 6, 7). Comparing the critical thresh-
old values for EP1–EP4 (obtained from the same samples 
in the same experimental trial), the abundance of EP re-
ceptors in eWAT can be estimated as follows: EP3 (most 

 TNF- � -induced infl ammation   
 Pro-infl ammatory cytokines such as TNF- �  participate 

in adipose tissue infl ammation. TNF- �  directly stimulated 
the mRNA expression of IP-10 in mouse adipose tissue, 
but PGE 2  did not alter this increase (  Fig. 4  ).  Yet, when the 
adipose tissue was treated with L161,982 before PGE 2  

  Fig.   2.  The effect of PGE 2  on IP-10 mRNA in LPS-activated adi-
pocytes and SVCs from normal diet or high-fat diet mice. Adipo-
cytes and SVCs separated by collagenase digestion of EP4 +/+  adipose 
tissue were cultured in the presence or absence of PGE 2  (50 nM for 
1.5 h), and then stimulated with LPS (5 ng/ml for 9 h). RNA then 
was isolated in each condition and IP-10 mRNA was quantifi ed. N = 
6; *,  P  < 0.05 versus LPS. All data are expressed as means ± SEM.   

  Fig.   3.  cAMP, PKA, and Epac mediates suppression of IP-10 by 
PGE 2  in LPS-stimulated adipose tissue. A: EP4 +/+  adipose tissues 
were cultured with or without 8-Br-cAMP (analog of cAMP, 500 µM 
for 1.5 h), 6-MB-cAMP (selective PKA activator; 100µM for 30 min-
utes), 8-PCT-2’-O-ME-cAMP (selective Epac activator; 100µM for 30 
minutes) before exposure to LPS (5ng/ml for 9 h). B: EP4 +/+  adi-
pose tissues were cultured with or without H89 (selective PKA in-
hibitor; 10 µM for 30 min), HJC0197 (selective Epac inhibitor; 10 
µM for 30 min), or H89 + HJC0197 (dual inhibition) before pre-
treatment with or without PGE 2  (50 nM for 1 h). Then cells were 
exposed to LPS (5 ng/ml) for 9 h. mRNA was quantifi ed by PCR. N 
= 6; *,  P  < 0.05 versus LPS. Data are expressed as means ± SEM.   

  Fig.   4.  Effect of EP4 inhibition on TNF � -induced infl ammation. 
EP4 +/+  or EP4  � / �   adipose tissue explants were treated with PGE 2  
(50 nM) in the presence or absence of a selective EP4 antagonist 
(L161,982). After 1.5 h of treatment, the cells were stimulated with 
TNF- �  (50 ng/ml) for 9 h. mRNA expression of IP-10 and MIP-1 �  
for different treatment groups was expressed as fold changes from 
control (without TNF- �  stimulation). N = 6; *,  P  < 0.05 versus 
TNF- � . Data are expressed as means ± SEM.   
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PGE 2  in the supernatant of minced eWAT to show that adi-
pose tissue directly produces this prostanoid. The amount 
of PGE 2  released by adipose tissue increased with the dura-
tion of the high-fat diet ( Fig. 6B ). 

 We then examined whether PGE 2 -EP4 dependent anti-
infl ammatory responses persist during consumption of a 
high-fat diet. Explants of adipose tissue derived from 
EP4 +/+  mice fed a high-fat diet for 8 or 16 weeks were ex-
posed to PGE 2  (50 nM) with or without preexposure to 
L161,982 (100 nM). PGE 2  suppressed LPS-stimulated IP-
10 and MIP-1 �  mRNA expression in adipose tissue from 
high-fat-fed mice and L161,982 prevented this suppres-
sion ( Fig. 7A ).  Altered IP-10 and MIP-1 �  protein levels 
paralleled the mRNA changes ( Fig. 7B ). In addition, 
PGE 2  suppressed MIP-1 �  and MCP-1 expression in adi-
pose tissue explants from high-fat-fed mice (8 or 16 weeks 
of high-fat diet) and L161,982 reversed this suppression 
( Fig. 7A ). PGE 2  did not affect RANTES expression in adi-
pose tissue from mice fed a high-fat diet for 8 or 16 weeks 
(Supplementary Fig. 8). These results not only indicate 
that EP4-dependent anti-infl ammatory responses per-
sisted during high-fat diet, but also that EP4 could sup-
press a broader range of chemokines during high-fat diet 
challenge. 

 EP4 defi ciency and infl ammation in vivo 
 To demonstrate that EP4 defi ciency in high-fat-fed mice 

aggravates adipose tissue and systemic infl ammation, adi-
pose tissue from EP4 +/+  and EP4  � / �   mice that consumed a 
high-fat diet for 16 weeks was used for analysis. The eWAT 
from EP4  � / �   mice had signifi cantly higher levels of IP-10 
and MIP-1 �  mRNA than that of EP4 +/+  mice (  Fig. 8A  ). 
Flow cytometry on SVCs isolated from adipose tissue quan-
tifi ed infl ammatory cells. Defi ciency of EP4 in mice did 
not alter the amount of F4/80 (pan-macrophage marker)- 
and CD4-positive cells within eWAT ( Fig. 8B ). However, 
eWAT from EP4  � / �   mice contained more CD11c (a marker 
of M1 macrophages)- and CD8-positive cells than that of 
EP4 +/+  mice ( Fig. 8B ).  

 After 16 weeks of high-fat diet, the body weight of EP4  � / �   
was signifi cantly lower than that of EP4 +/+  mice ( Fig. 8C ). 
EP4 deficiency did not alter calorie intake ( Fig. 8C ). 

  Fig.   5.  Role of other EP receptors in adipose tissue infl amma-
tion.C57BL/6 adipose tissue explants were pretreated with differ-
ent EP agonists [16,16-dimethyl-PGE2 (1 µM), a nonselective EP1/
EP2/EP3/EP4 agonist; 17-phenyl-trinor-PGE 2  (1 µM), a nonselec-
tive EP1/3 agonist; butaprost (100 nM), a selective EP2 agonist; 
19(R)-hydroxyl-PGE 2  (1 µM), a selective EP2 agonist; sulprostone 
(20 nM), a selective EP3 agonist] for 40 min before the exposure to 
LPS (5 ng/ml for 9 h). mRNA expression of IP-10 for different 
treatment groups was expressed as fold changes to control (with-
out LPS stimulation). N = 5; * P  < 0.05 vs. LPS. All data are expressed 
as means ± SEM  .   

  Fig.   6.  Expression of EP4 receptors and production of PGE 2  dur-
ing consumption of a high-fat diet. A: mRNA expression of EP4 in 
adipocytes and SVCs from normal (ND, for 16 weeks) or high-fat 
diet-fed (HFD, for 16 weeks) EP4 wild-type mice. N = 5. *,  P  < 0.05 
ND adipocytes versus HFD adipocytes. B: Amount of PGE 2  pro-
duced per 0.05 g of adipose tissue in 1 ml media. N = 6; *,  P  < 0.05 
versus 0 weeks. All data are expressed as means ± SEM.   

abundant)> EP4 = EP2 > EP1. As for the synthases, their 
abundance in mouse eWAT can be estimated as: cPGES 
(most abundant) > mPGES-2 > mPGES-1 (Supplementary 
Fig. 6). 

 To test directly whether other EP receptor subtypes 
modulate chemokine production, a range of EP receptor 
agonists were used to test their effects on LPS-induced 
IP-10 mRNA expression. The nonselective EP agonist 
16,16,dimethyl-PGE 2  signifi cantly reduced the LPS-induced 
increase in mRNA expression of IP-10, mimicking the 
effects produced by PGE 2  (  Fig. 5  ).  Likewise, 17-phenyl-
trinor-PGE 2  (an agonist at both EP1 and EP3 receptors), 
signifi cantly suppressed IP-10 mRNA expression elicited 
by LPS. The selective EP3 agonist sulprostone and the se-
lective EP2 agonists, butaprost and 19(R)-hydroxyl-PGE 2 , 
had no signifi cant effect on LPS-induced IP-10 mRNA 
( Fig. 5 ). The present results do not support roles for EP2 
and EP3 acting as anti-infl ammatory mediators in adipose 
tissue, but they do not exclude the involvement of EP1. 

 High-fat diet 
 Quantitative RT-PCR measurements were performed to 

examine whether the expression of EP receptors changes 
in eWAT during consumption of a high-fat diet. The 
mRNA level of EP1, mPGES-1, mPGES-2, and cPGES-2 did 
not change signifi cantly in either EP4 +/+  and EP4  � / �   mice 
consuming a high-fat diet (Supplementary Fig. 7), but the 
mRNA levels of EP2, EP3, and EP4 increased with the du-
ration of the high-fat diet in EP4 +/+  mice (Supplementary 
Fig. 7). Similar observations were made for the mRNA lev-
els of EP2 and EP3 in eWAT from EP4  � / �   mice (Supple-
mentary Fig. 7). To identify the cell origin of EP4 within 
adipose tissues, RT-PCR was performed on adipocytes and 
SVCs from normal or high-fat-fed mice (  Fig. 6A  ).  The data 
indicate that high-fat feeding enhanced the expression of 
EP4 on adipocytes, but not on SVCs. We also measured 
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activation of EP4 is effective against the development of 
diet-induced obesity was examined. High-fat-fed C57BL/6 
mice administrated with the EP4 agonist [CAY10580; 
200 µg/kg ( 15 )] or solvent for 6 weeks provided adipose 
tissue for analysis. EP4 agonist-treated mice had signifi -
cantly lower IP-10 and MIP-1 �  mRNA levels in their eWAT 
than control mice (  Fig. 9A  ).  The results from the high-
fat-fed EP4 +/+  and EP4  � / �   mouse study suggest that sub-
classes of macrophages (e.g., CD11c-bearing cells) may 
vary in quantity between EP4 +/+  and EP4  � / �   mice, despite 
a lack of difference in total macrophage numbers (as 
quantifi ed by F4/80-bearing cells). To test this interpre-
tation, SVCs from adipose tissue underwent triple stain-
ing to delineate a profi le attributed to M1 macrophages 
[F4/80 + CD11c + CD206 - (24)] or one marking M2 macro-
phages [F4/80 + CD11c - CD206 + (24)] in mice, along with 
CD4+, and CD8+ staining to quantify the involvement of 
different T lymphocyte subclasses during chronic EP4 

EP4  � / �   mice had an 18.73% reduction in fat mass and 
12.65% reduction in lean mass compared with EP4 +/+  
mice. However, the fat to lean mass ratio or the adiposity 
index did not differ between EP4 +/+  and EP4  � / �   mice 
( Fig. 8D ). Dissection of adipose tissues revealed that EP4  � / �   
mice had signifi cantly less subcutaneous white adipose tis-
sue and brown adipose tissue than wild-type mice (Supple-
mentary Fig. 9). EP4  � / �   mice also appeared to have less 
epididymal and peri-renal white adipose tissue but this 
difference did not reach statistical signifi cant (Supple-
mentary Fig. 9). EP4 defi ciency did not alter the size of 
adipocytes within eWAT ( Fig. 8E ). EP4  � / �   mice had greater 
plasma levels of SAA, indicating increased systemic in-
fl ammation ( Fig. 8F ). 

 EP4 agonist and infl ammation in vivo 
 To further confi rm the relevance of EP4 in the infl am-

matory network in vivo, whether or not pharmacological 

  Fig.   7.  Adipose tissues of high-fat-fed mice display EP4-dependent suppression of chemokine expression. Adipose tissue explants from 
EP4 +/+  mice fed a high-fat diet for 8 or 16 weeks were treated with PGE 2  (50 nM) in the presence or absence of a selective EP4 antagonist 
(L161,982). After 1.5 h of treatment, the cells were stimulated with LPS for 9 h. A: mRNA expression of IP-10, MIP-1 � , MIP-1 � , and MCP-1 
in different samples were quantifi ed. Data are expressed in relative amount produced in control. N = 6; *,  P  < 0.05 versus LPS;  ɸ ,  P  < 0.05 
versus PGE 2 +LPS. B: IP-10 and MIP-1 �  protein production in the medium as measured by ELISA. N = 6; * P  < 0.05 versus LPS;  ɸ ,  P  < 0.05 
versus PGE 2 +LPS. All data are expressed as means ± SEM.   
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from the observations that PGE 2  attenuated LPS-induced 
mRNA and protein expression of chemokines, including 
IP-10 and MIP-1 �  (and also cytokines IL-6 and IL-8) in mouse 
adipose tissue. An EP4 antagonist (L161,982) reversed this 
anti-infl ammatory response. Furthermore, adipose tissue 
derived from EP4-defi cient mice did not exhibit this ef-
fect, confi rming its dependency on EP4. The ability of EP4 
agonists (CAY10580 and CAY10598) to suppress chemo-
kines from stimulated adipose tissue independently sup-
ported the involvement of EP4 in the response. These 
experiments identify a novel counterregulatory property 
of an endogenously produced prostanoid, and suggest 
that activators of EP4 receptor represent a novel strategy 
to combat infl ammation in fat. 

 To further evaluate the relevance of EP4 in the infl am-
matory network in vivo, whether or not pharmacologi-
cal activation of EP4 is effective against the development 
of diet-induced obesity was examined. Indeed, adminis-
tration of an EP4 agonist to high-fat-fed C57BL/6 mice 
decreased the expression of the pro-infl ammatory chemo-
kines IP-10 and MIP1 �  in adipose tissue. The reduced ac-
cumulation of CD8-positive cells (a marker of cytotoxic 
lymphocytes) and the shifting of the macrophage po-
larization from the pro-infl ammatory (M1) to the anti-
infl ammatory (M2) profi le in the adipose tissue affi rmed 
the functional in vivo consequences of decreased mRNA 
levels of these pro-infl ammatory chemokines following 
EP4 activation. The EP4 agonist reduced weight gain in 
mice and reduced fat depositions (in terms of mass and 
size of adipocytes) without altering food intake. There-
fore, activation of EP4 by CAY10580 limited adipose tissue 
infl ammation in vivo and provided protection against diet 
induced-obesity. 

activation. EP4 agonist-treated and control mice fed on 
high-fat diet had comparable amounts of F4/80-positive 
cells, as determined by fl ow cytometry ( Fig. 9B ). The triple 
staining revealed that EP4 agonist-treated mice have a sig-
nifi cantly lower amount of M1 pro-infl ammatory macro-
phages (F4/80 + CD11c + CD206  �  ) but a higher amount 
of M2 anti-inflammatory macrophages (F4/80 + CD11c -

 CD206 + ) in their adipose tissue than control mice ( Fig. 
9B ). The amounts of CD4 + -positive cells did not differ 
signifi cantly, but adipose tissue of EP4 agonist-treated 
mice contained signifi cantly fewer CD8 + -positive cells 
than that of control mice ( Fig. 9B ). 

 After 6 weeks of EP4 agonist treatment, the body weight 
of mice was signifi cantly decreased (by 8.95%) when com-
pared with vehicle-treated mice ( Fig. 9C ). Administration 
of the EP4 agonist did not alter calorie intake ( Fig. 9C ). 
The reduced weight gain was attributed to reduce fat de-
positions (by 24.7% compared with vehicle-treated mice) 
without alteration in lean mass. The fat to lean mass ra-
tio and the adiposity index of EP4 agonist-treated mice 
were reduced by 23.2% and 20.8%, respectively, when 
compared with vehicle-treated mice ( Fig. 9D ). Treat-
ment with the EP4 agonist reduced the mass of adipose 
tissue depots (including epididymal, subcutaneous, peri-
renal white adipose depots and brown adipose tissue; 
 Fig. 9 E) and the size of adipocytes within the adipose 
tissue ( Fig. 9F ). 

 DISCUSSION 

 PGE 2  suppresses infl ammation via activation of EP4 re-
ceptors in mouse adipose tissue. This conclusion emerged 

  Fig.   8.  EP4 defi ciency in high-fat-fed mice aggra-
vates adipose tissue and systemic infl ammation but 
did not alter adiposity in vivo. A: IP-10 and MIP-1 �  
mRNA levels in eWAT of EP4 +/+  and EP4  � / �   mice; B: 
SVCs isolated from adipose tissues of EP4 +/+  and 
EP4  � / �   mice were stained with F4/80-, CD11c-, 
CD4-, and CD8-specifi c antibodies; C: Body weight 
and caloric intake of EP4 +/+  and EP4  � / �   mice. D: Fat 
and lean mass composition of EP4 +/+  and EP4  � / �   
mice; E: Histology and adipocyte size of eWAT from 
EP4 +/+  and EP4  � / �   mice; F: The amount of SAA in 
plasma of EP4 +/+  and EP4  � / �   mice. N = 6; *,  P  < 0.05 
versus EP4 +/+ . All data are expressed as means ± 
SEM.   



366 Journal of Lipid Research Volume 56, 2015

 Adipose tissue consists of adipocytes and SVCs, and 
both cell fractions can release chemokines. Earlier studies 
described PGE 2 -EP4 anti-infl ammatory signaling in macro-
phages, but not in vascular endothelial or smooth muscle 
cells ( 5, 25   ). These observations led to the expectation 
that PGE 2 ’s anti-infl ammatory effects in adipose tissue may 
predominate in SVCs, the cell fraction containing macro-
phages. Yet, the present fi ndings demonstrate that, adipo-
cytes, not SVCs, account for the anti-infl ammatory effect 
of PGE 2  in fat. The adipose tissues derived from relatively 
healthy mice in this study contained few macrophages or 
infl ammatory cells within the SVC fraction, possibly ac-
counting for this result. High-fat-fed mice, with adipose 
tissue that contains more infl ammatory cells ( 24 ), indeed 
show prominent anti-infl ammatory effect of PGE 2  in both 
adipocytes and SVCs. 

 Adipocytes contribute to the overall infl ammation sta-
tus of adipose tissue in obese mice ( 26 ). Although adipo-
cytes yield less IP-10 and MIP-1 �  than SVCs do on a per-cell 
basis, in any given fat pads, the absolute number of adipo-
cytes usually exceeds that of SVCs. Thus, the cumulative 
amount of chemokines produced by adipocytes likely sur-
passes that produced by SVCs. Also of note, exogenous 
PGE 2  attenuated IP-10 and MIP-1 �  expression to a greater 

 The in vivo impact of genetic defi ciency in EP4 on diet-
induced adipose tissue infl ammation and obesity in mice 
was also studied. EP4  � / �   mice exhibited an enhanced in-
fl ammatory status at the adipose tissue level. This is illus-
trated by the upregulation of the pro-infl ammatory 
chemokines IP-10 and MIP-1 �  resulting in enhanced ac-
cumulation of CD8-positive and CD11c-positive (a marker 
of M1 macrophages) cells in the adipose tissue. Further-
more, EP4 defi ciency augmented the plasma level of 
SAA, a prominent marker of systemic infl ammation. Sur-
prisingly, EP4  � / �   mice did not exhibit exacerbated diet-
induced obesity. Instead, their body weight was lower 
than that of wild-type mice exposed to the same diet, sug-
gesting that EP4 selectively limits the infl ammatory fea-
tures of diet-induced obesity rather than its metabolic 
phenotype. The reduced body weight in EP4  � / �   mice was 
not due to changes in food intake or reduction in adipos-
ity. Although EP4  � / �   mice had less fat mass, there was no 
overall change in fat mass to lean mass ratio or in adiposity 
index because lean mass was correspondingly decreased 
in these mice. Sizes of adipocyte within the eWAT did not 
differ between EP4 +/+  and EP4  � / �   mice, further support-
ing the conclusion that defi ciency in EP4 did not impact 
on adiposity per se. 

  Fig.   9.  Administration of EP4 agonist limits adipose tissue infl ammation and decreased adiposity in vivo. 
A: IP-10 and MIP-1 �  mRNA levels in eWAT of C57BL/6 mice without (control) or with (treated) EP4 ago-
nist (CAY10580; 200 µg/kg) treatment; B: SVCs isolated from adipose tissue of control or treated C57BL/6 
mice were singly-stained with CD4- or CD8- specifi c antibodies, or triple-stained with PE anti-mouse F4/80, 
FITC anti-mouse CD11c, and Alexa Fluor ®  647 anti-mouse CD206 to identify M1 macrophages 
(F4/80 + CD11c + CD206  �  ) and M2 macrophages (F4/80 + CD11c - CD206 + ). C: The body weight and caloric 
intake of control and treated C57BL/6 mice. D: Fat and lean mass composition of control and treated 
C57BL/6 mice. E: Weight of epididymal (eWAT), subcutaneous (scWAT), peri-renal (pWAT) white adi-
pose tissue and brown adipose tissue (BAT) of control and treated C57BL/6 mice. F: Histology and adipo-
cyte size of eWAT from control and treated C57BL/6 mice. N = 6; *,  P  < 0.05 versus control. All data are 
expressed as means ± SEM.   
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extent in LPS-stimulated adipose tissue explants com-
pared with collagenase-isolated adipocytes. The coexis-
tence of SVCs and adipocytes in adipose tissue explants 
may exert synergistic effects on PGE 2 -EP4 dependent anti-
infl ammatory actions. 

 To investigate the signaling pathway for EP4-mediated 
anti-infl ammatory actions, the effect of 8-Br-cAMP (the 
cell membrane-permeable analog of cAMP), 6-MP-cAMP, 
(a PKA activator) and 8-PCT-2’-O-ME-cAMP (an Epac acti-
vator) on LPS-mediated IP-10 levels was tested. Either 
activation of PKA or Epac mimicked PGE 2 -mediated sup-
pression of IP-10 expression. Hence, the results suggest 
that the anti-infl ammatory action of EP4 in adipose tissue 
involves both PKA and Epac. To further establish the role 
of PKA or Epac in the response, PKA or Epac inhibitors 
were used to test whether these agents could reverse the 
PGE 2 -mediated reduction in IP-10 levels. Only simultaneous 
inhibition of both PKA and Epac effectively reverses the 
response. Blocking one effector was not suffi cient to pre-
vent the effect; presumably the blockade of Epac pathway 
led to the shunting of cAMP to PKA pathway and vice versa.
Only simultaneous blockage of both pathways could re-
verse the anti-infl ammatory effects demonstrated by PGE 2 . 

 Pro-infl ammatory cytokines such as TNF �  participate in 
adipose tissue infl ammation. TNF- �  signifi cantly stimu-
lated the mRNA expression of IP-10 in mouse adipose tis-
sue, but PGE 2  did not alter this increase. Yet, when the 
adipose tissue was treated with L161,982 before PGE 2  ex-
posure, TNF- � -induced IP-10 mRNA production rose sig-
nifi cantly. These results indicate that stimulation by PGE 2 , 
in the absence of EP4, promotes further production of 
IP-10. Although PGE 2  alone exerts no overall effect on 
TNF- � -mediated responses, both pro-infl ammatory and 
anti-infl ammatory effects may have occurred simultane-
ously in TNF- � -stimulated adipose tissue such that the op-
posing effects counterbalance each other. Conversely, 
blocking of EP4 receptors with L161,982 inhibited the 
anti-infl ammatory component and permitted the pro-
infl ammatory response evoked by the activation of other 
EP receptors to predominate. Similarly, the addition of 
L161,982 before that of PGE 2  caused a further increase in 
MIP-1 �  expression in response to TNF- � . In line with these 
observations, PGE 2  signifi cantly increased IP-10 and MIP-
1 �  mRNA expression in TNF- � -activated adipose tissue 
from EP4  � / �   mice. These results therefore demonstrate 
that, at least in vitro, EP4 operates as an anti-infl ammatory 
effector in adipose tissues stimulated by TNF- � . 

 Activation of EP4 receptors mediates the PGE 2  anti-
infl ammatory response in macrophages, as a selective EP4 
receptor antagonist inhibits this action, and because mac-
rophages derived from EP4  � / �   mice lack this response ( 4, 
6 ). Human macrophages do not express EP1 and EP3, and 
have low levels of EP2 ( 4 ). The present study demonstrates 
that adipose tissue, in contrast to macrophages, contains 
mRNA that encodes all known EP receptors. Thus, recep-
tors other than EP4 may modulate the infl ammatory re-
sponse in fat. The present results do not support roles for 
EP2 and EP3 acting as anti-infl ammatory mediators in adi-
pose tissue, based on the lack of effect of butaprost, 

19(R)-hydroxyl-PGE 2 , and sulprostone on LPS-stimulated 
IP-10 release. However, 17-phenyl-trinor PGE 2  (an agonist 
at both EP1 and EP3 receptors) reduced LPS-stimulated 
IP-10 release. As the selective EP3 agonist sulprostone did 
not affect the response, the effect of 17-phenyl-trinor-PGE 2  
presumably results from the action on EP1 rather than 
EP3. Taken together, the present fi ndings imply that the 
activation of EP2 or of EP3 does not contribute to anti-
infl ammation in adipose tissue, but they do not exclude 
the involvement of EP1. 

 PGE 2 -EP4-dependent anti-infl ammatory responses per-
sist in adipose tissue from high-fat-fed mice. Indeed, the 
present fi ndings suggest that the anti-infl ammatory ac-
tions of EP4 become more important on a high-fat diet, 
in that EP4 activation suppresses a greater variety of che-
mokines. L161,982 did not reverse PGE 2 -mediated sup-
pression of MIP-1 �  in adipose tissue explants of mice fed 
a normal diet, but did restore PGE 2 -mediated suppres-
sion of MIP-1 �  in such explants from high-fat-fed mice. 
Likewise, PGE 2  did not suppress MCP-1 expression in adi-
pose tissue of mice fed a normal diet, but it reduced 
MCP-1 levels in those from high-fat-fed mice. This reduc-
tion of MCP-1 by PGE 2  in adipose tissue of high-fat-fed 
mice depends on EP4 activation, as shown by its blockade 
by L161,982. Perhaps EP4 more effectively suppresses the 
aggravated infl ammation provoked by the high-fat diet. 
The increased expression of EP4 and the augmented 
production of PGE 2  with the high-fat diet favor this hy-
pothesis, and may serve as a counter-regulatory mecha-
nism toward homeostasis in the organism stressed by 
obesity. 

 Cyclooxygenase-2 defi cient mice have attenuated adi-
pose tissue infl ammation ( 27 ). Aspirin, which blocks both 
cyclooxygenase-1 and -2, is well-known to exert protection 
against coronary events ( 13, 14 ), which also involves an 
infl ammatory component. These observations run coun-
ter to the assertion of the present study that cyclooxygen-
ase products are anti-infl ammatory. Cyclooxygenase is an 
upstream enzyme that produces a variety of prostaglandins 
that exhibit differential effects. Other prostaglandins via 
its respective receptor may   exert pro-infl ammatory effects, 
while PGE 2  acting on EP4 regulates the anti-infl ammatory 
arm. The production of different prostaglandins in differ-
ent quantities is likely to regulate the overall infl ammatory 
environment. 

 The present experiments collectively establish a primary 
role for EP4 receptors in the anti-infl ammatory action of 
PGE 2  in mouse adipose tissue, and illustrate that targeting 
these receptors could comprise a novel strategy to mitigate 
obesity-induced infl ammation.  
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