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Among the four prostaglandin E2 receptors, EP3 receptor is the one most abundantly expressed in white adipose tissue (WAT).

The mouse EP3 gene gives rise to three isoforms, namely EP3α, EP3β, and EP3γ, which differ only at their C-terminal tails. To

date, functions of EP3 receptor and its isoforms in WAT remain incompletely characterized. In this study, we found that the

expression of all EP3 isoforms were downregulated in WAT of both db/db and high-fat diet-induced obese mice. Genetic abla-

tion of three EP3 receptor isoforms (EP3−/− mice) or EP3α and EP3γ isoforms with EP3β intact (EP3β mice) led to an obese

phenotype with increased food intake, decreased motor activity, reduced insulin sensitivity, and elevated serum triglycerides.

Since the differentiation of preadipocytes and mouse embryonic fibroblasts to adipocytes was markedly facilitated by either

pharmacological blockade or genetic deletion/inhibition of EP3 receptor via the cAMP/PKA/PPARγ pathway, increased adipo-

genesis may contribute to obesity in EP3−/− and EP3β mice. Moreover, both EP3−/− and EP3β mice had increased lipolysis in

WAT mainly due to the activated cAMP/PKA/hormone-sensitive lipase pathway. Taken together, our findings suggest that EP3

receptor and its α and γ isoforms are involved in both adipogenesis and lipolysis and influence food intake, serum lipid levels,

and insulin sensitivity.
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Introduction

Obesity has become a major health concern and an important

social problem worldwide. It is associated with the development

of a number of metabolic and cardiovascular disorders including

insulin resistance, Type 2 diabetes, fatty liver disease, hyperten-

sion, and atherosclerosis. Overgrowth of white adipose tissue

(WAT), a major tissue involved in energy homeostasis due to

enhanced differentiation and proliferation of white adipocyte

progenitors is directly related to the prevalence of obesity

(Bays, 2014). Recently, increasing evidence has demonstrated

that adipose tissues are heterogenic (Sanchez-Gurmaches and

Guertin, 2014; Dempersmier and Sul, 2015) and include three

major types, namely white, brown, and beige adipocytes. In gen-

eral, white adipocytes store the excess energy as triglycerides

(TG) and hydrolyze TG into free fatty acids (FFAs) and glycerol in

the circulation during fasting, while brown and beige adipocytes

dissipate energy into heat (Ahmadian et al., 2010). All adipo-

cytes are differentiated from preadipocytes. This process is

called adipogenesis and characterized by the development of an

adipocyte phenotype and the accumulation of TG in lipid dro-

plets. Adipogenesis is initiated by extracellular and intracellular

factors controlled by peroxisome proliferator-activated receptor

γ (PPARγ) and CCAAT-enhancer-binding proteins (C/EBPs). In

addition, cyclic AMP (cAMP) response element-binding protein
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(CREB) is a vital transcription factor that functions at the early

stage in adipogenesis to promote the expression of PPARγ and

C/EBPα (Gustafson et al., 2015).

Lipolysis often coincides with obesity, as previously shown by

many research groups (Langin et al., 2005; Langin and Arner,

2006; Ryden and Arner, 2007; Lafontan and Langin, 2009). This

process breaks down TG into glycerol and FFAs using a few

lipases. Adipose triglyceride lipase (ATGL) cleaves TG into dia-

cylglycerol, and hormone-sensitive lipase (HSL) continues this

process, which is completed by monoglyceride lipase (MGL)

(Ahmadian et al., 2010). Intracellular cAMP activates protein

kinase A (PKA), which phosphorylates HSL at Ser660 to activate

it and phosphorylates perilipin A, an important lipid droplet-

coating protein. Phosphorylation of perilipin A allows ATGL/HSL

to translocate to the lipid droplet surface to hydrolyze TG stored

in lipid droplets (Ahmadian et al., 2010). It has been previously

documented that lipolysis process is also regulated by PPARγ,
as supported by the fact that expression of ATGL and HSL is

under the control of PPARγ (McTernan et al., 2002; Kershaw

et al., 2007). When excessive FFAs enter circulation, it may result

in ectopic lipid deposition, hyperlipidemia, and impaired insulin

sensitivity (Arner and Langin, 2014; Wang et al., 2014a, b).

Prostaglandin E2 (PGE2) is the predominant prostaglandin pro-

duced in WAT. As an important lipid mediator, PGE2 may play a

crucial role in the regulation of adipose functions and develop-

ment of obesity (Kimple et al., 2014). PGE2 biosynthesis involves

multiple enzymatic steps and requires the sequential action of

phospholipase A2 (PLA2), cyclooxygenases (COX-1 and COX-2),

and PGE synthases (mPGES-1, mPGES-2, and cPGES). PGE2 exerts

its biological effects by acting on its four receptors (EP1, EP2, EP3,

and EP4), all of which are G protein-coupled receptors. Each PGE2

receptor is coupled to different intracellular signaling pathways.

As a Gq protein-coupled receptor, EP1 could raise Ca2+ concentra-

tion in response to PGE2 treatment or under pharmacological

stimulation. Activation of EP2 and EP4 increases intracellular

cAMP levels via the Gs protein-coupled signaling pathway. Unlike

the other three EP receptors, EP3 has three isoforms in mice,

namely EP3α, EP3β, and EP3γ, which are derived from alternating

splicing of a single EP3 gene and differ in their C-terminal tail

sequences (Supplementary Figure S1A). In general, EP3 receptor

couples to the Gi protein to decrease intracellular cAMP concen-

tration by inhibiting adenylyl cyclase. However, the detailed func-

tion and signaling transduction for each isoform remain poorly

understood (Sugimoto and Narumiya, 2007). Increasing evidence

demonstrates that PGE2 and its synthesizing enzymes play an

important role in adipose tissues, likely affecting both adipogenic

and lipolytic processes (Fain et al., 2000; Fujimori et al., 2014;

Garcia-Alonso and Claria, 2014). It was reported that a marked

reduction of adipose PGE2 through deletion of adipocyte-specific

phospholipase A (AdPLA) led to a higher rate of lipolysis, reduced

adipose tissue mass, and resistance to diet-induced obesity (DIO),

mainly due to increased cAMP levels and probably decreased acti-

vation of Gi-coupled EP3 receptor (Strong et al., 1992; Jaworski

et al., 2009). A recent study further showed that deletion of all

EP3 isoforms in mice resulted in obese and insulin resistant

phenotypes. The loss of hypothalamic PGE2 signaling and periph-

eral EP3 receptor-mediated PGE2 actions has been proposed as

the causes for obesity in EP3-null mice (Sanchez-Alavez et al.,

2007). However, the underlying molecular mechanisms and the

roles of EP3 receptor and its isoforms in WAT remain largely

unexplored.

In the present study, we report that genetic deletion of all

three EP3 receptor isoforms (EP3−/− mice) or EP3α and EP3γ iso-
forms with EP3β left (EP3β mice), facilitates adipogenesis via

the cAMP/PKA/PPARγ pathway, resulting in an obese pheno-

type. Meanwhile, increased lipolysis due to the activation of

PKA in WAT of EP3−/− and EP3β mice leads to hyperlipidemia

and insulin resistance. Altogether, our findings indicate that EP3

receptor and its α and γ isoforms are involved in the regulation

of both adipogenesis and lipolysis.

Results

Expression of EP3 receptor in WAT of normal and obese mice

As previously reported (Borglum et al., 1999), mouse EP3

receptor is widely expressed in various tissues, among which

WAT has high-level expression (Figure 1A). In both db/db and

high-fat DIO models, the mRNA and protein levels of EP3 recep-

tor in WAT were significantly reduced (Figure 1B–E).

Mice with genetic deletion of all three EP3 receptor isoforms

(EP3−/−) or EP3α and EP3γ isoforms (EP3β) displayed an obese

phenotype

In EP3−/− mice with all three EP3 isoforms genetically deleted,

mRNA expression of entire EP3 receptor was almost completely

abolished, with no changes in EP1, EP2, or EP4 expression

(Supplementary Figure S1D). However, in EP3β mice where EP3α
and EP3γ isoforms were deleted, although mRNA expression of

EP3α and EP3γ isoforms were absent and total EP3 expression

was significantly reduced, EP3β expression was markedly

increased, with little change in the expression of EP1, EP2, and

EP4 (Supplementary Figure S1E). In both EP3−/− and EP3β mice, a

significant increase in body weight was observed compared with

their wild-type (WT) littermates. However, the body weights were

comparable between EP3−/− and EP3β mice (Figure 2A). To inves-

tigate whether the increase in body weight for both EP3−/− and

EP3β mice was attributed to the altered fat content, a MRI analysis

was performed. The analysis of body composition revealed signifi-

cantly increased fat mass in both EP3−/− and EP3β mice

(Figure 2B). Epididymal fat mass was significantly higher in

EP3−/− and EP3β mice compared with their WT littermates

(Supplementary Figure S2A). Sections of epididymal fat tissues

showed that adipocyte size was significantly increased in both

EP3−/− and EP3β mice (Figure 2C). In addition, for both EP3−/−

and EP3β mice, the weight gain was associated with increased

food intake (Supplementary Figure S2B) and reduced motor activ-

ities during both light and dark cycles (Figure 2D and E).

Restriction of food intake to the amount comparable to WT mice

for 2 weeks was sufficient to correct the obese phenotype and

serum TG levels in EP3−/− and EP3β mice (Supplementary

Figure S2C and D), suggesting a key role of increased food intake.
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EP3−/− and EP3β mice exhibited insulin resistance and

inflammation of WAT

Insulin resistance is frequently accompanied by obesity even

though the causal relationship is unclear (Ye, 2013). Insulin tol-

erance test (ITT) and oral glucose tolerance test implied that

both EP3−/− and EP3β mice at 8 weeks old were normal (data

not shown). At 20 weeks when obese phenotype becames evi-

dent, EP3−/− mice developed moderate insulin resistance, as

indicated by hyperinsulinemic-euglycemic clamp test (Figure 3A).

ITT results also indicated that both EP3−/− and EP3β mice were

Figure 1 The expression of EP3 receptor in WAT. (A) EP3 expression in various organs and tissues of normal mice. Four male mice and four

female mice were used to detect the mRNA levels of total EP3 in 26 organs and tissues by real-time PCR. (B and C) Decreased expression of

EP3 receptor in WAT of db/db mice compared with db/m mice. mRNA level was quantified by real-time PCR (B, n = 5 in each group) and pro-

tein level was detected by western blot (C, n = 3 in each group). The lower bargraph in C is the quantification of western blot. (D and E)

Decreased expression of EP3 receptor in WAT of DIO mice compared with control diet mice. mRNA level was quantified by real-time PCR (D,

n = 10 in each group) and protein level was detected by western blot (E, n = 4 in each group). The lower bargraph in E is the quantification

of western blot. *P < 0.05, **P < 0.01 vs. db/m mice (B, C) or control diet mice (D, E).
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insulin resistant (Figure 3B and C). Although no difference in fast-

ing blood glucose levels was observed among EP3−/− mice, EP3β
mice, and their WT littermates (Figure 3D), serum insulin levels

(Figure 3E), and homeostasis model of assessment-insulin resist-

ance (HOMA-IR) index (Figure 3F) were significantly elevated in

EP3−/− and EP3β mice, consistent with previous reports that the

inhibition of EP3 accelerated insulin secretion (Kimple et al.,

2013).

The serum TG and glycerol concentrations in EP3−/− and EP3β
mice were increased at 8 weeks (Supplementary Figure S2C).

Additionally, the VLDL-TG production in EP3−/− and EP3β mice

was increased compared with WT mice, with TG clearance rate

unchanged (Figure 3G and H). These findings suggest that high

levels of TG may account for the impaired insulin sensitivity. Since

inflammation in WAT is also an important factor that influences

the insulin sensitivity, we examined phosphorylation of NF-κB p65

in WAT. The levels of phosphorylated NF-κB p65 were significantly

elevated in WAT of EP3−/− and EP3β mice (Supplementary

Figure S3A and B), suggesting increased NF-κB activities.

Activation of EP3 receptor suppressed adipogenesis

To characterize the mechanisms in the development of the

obese phenotype in EP3−/− and EP3β mice, the role of EP3

receptor in preadipocyte proliferation and differentiation was

determined. Activation or antagonism of EP3 receptor had little

effect on cell viability and proliferation of 3T3-L1 preadipocytes

and mouse embryonic fibroblasts (MEFs), as assessed by MTT

assay (Supplementary Figure S4A). However, inhibition of

endogenous PGE2 by indomethacin, an inhibitor of both COX-1

and COX-2, dramatically facilitated MEF differentiation

(Figure 4A). On the contrary, treatment of PGE2 suppressed MEF

differentiation in a dose-dependent manner (Figure 4B).

Figure 2 Both EP3−/− and EP3β mice displayed spontaneous obese phenotype. (A) Increased body weight of the EP3−/− and EP3β mice. The

body weight of male EP3−/− mice (n = 6), EP3β mice (n = 13), and their WT littermates (n = 34) were measured from 8 to 20 weeks. (B) MRI ana-

lysis of the body composition of WT, EP3−/−, and EP3β mice at 20 weeks. The lean mass and fat mass of WT (n = 6), EP3−/− (n = 7), and EP3β
(n = 5) mice were analyzed. (C) Morphologic analysis of adipocytes from WAT of WT, EP3−/−, and EP3β mice at 20 weeks. Representative pictures

(400×) are shown on the left. The adipocyte size and the frequency of the cell size were calculated and shown on the right. Three sections from

different mice per group were randomly selected. (D and E) Less motor activities in the EP3−/− and EP3β mice than in WT mice. Motor activities

were measured by the metabolic cage for 24 h lasting one light and dark cycle. Accumulated activities were calculated during light time, dark

time, and total time course as shown in inset. n = 12 for WT, n = 12 for EP3−/− mice, and n = 9 for EP3β mice. The mice were measured at the

age of 4−6 months. *P < 0.05, **P < 0.01, ***P < 0.001, EP3−/− vs. WT mice; #P < 0.05, ##P < 0.01, ###P < 0.001, EP3β vs. WT mice.
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Figure 3 The EP3−/− and EP3β mice exhibited insulin resistance and enhanced VLDL-TG production. (A and B) The EP3−/− mice exhibited insu-

lin resistance at 20 weeks. (A) Hyperinsulinemic-euglycemic clamp test of WT (n = 4) and EP3−/− (n = 3) mice. (B) ITT of WT (n = 15) and

EP3−/− (n = 8) mice. (C) The EP3β mice exhibited insulin resistance at 20 weeks. ITT of WT (n = 17) and EP3β (n = 10) mice. (D−F)
Determination of insulin resistant index in WT, EP3−/−, and EP3β mice. Fasted plasma glucose (D) and insulin (E) of WT (n = 5), EP3−/− (n = 6),

and EP3β (n = 5) mice were measured. (F) Insulin resistant index (HOMA-IR) was calculated with fasted plasma glucose concentration and insu-

lin concentration. (G) Increased VLDL-TG production of EP3−/− and EP3β mice at 8 weeks. Serum TG was measured at different time points after

intraperitoneal injection of tyloxapol. n = 8 for WT, n = 5 for EP3−/− mice, and n = 4 for EP3β mice. (H) No difference of TG clearance was

observed among WT, EP3−/−, and EP3β mice at 8 weeks. Serum TG was measured at different time points after tail vein injection of intralipid.

n = 11 for WT, n = 7 for EP3−/− mice, and n = 5 for EP3β mice. AU, arbitrary unit. *P < 0.05, **P < 0.01, ***P < 0.001 vs. WT mice.
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Figure 4 EP3 receptor suppressed preadipocyte differentiation. (A) Endogenous PGE2 inhibited MEF differentiation into adipocytes. MEFs

were pretreated with 60 μM indomethacin for 1 h before the dexamethasone, IBMX, and insulin (DMI) induction with dexamethasone, insu-

lin, and 3-isobutyl-1-methylxanthine (IBMX). Rosiglitazone was used as a positive control for adipogenesis. (B) Exogenous PGE2 inhibited

adipogenesis. Different concentrations of exogenous PGE2 were used to treat WT MEFs before the DMI induction. (C) Effects of activation or

blockade of EP3 on MEF differentiation. WT MEFs were pretreated with different concentrations of sulprostone or L-798106 for 1 h before

the DMI induction. (D) Enhanced adipogenesis of the EP3−/− MEFs. MEFs from WT and EP3−/− embryos were cultured and differentiated. (E)

Increased adipogenesis of the EP3β MEFs. MEFs from WT and EP3β embroys were cultured to differentiate into adipocytes. (F) The effect of

each EP3 isoform on adipogenesis. EP3−/− MEFs were cultured and infected with the GFP, EP3α, EP3β, and EP3γ adenoviruses for 2 days

before the DMI induction. For all adipogenesis experiments, after 8 days of differentiation, Oil Red O staining was performed, followed by

taking images (A and C 200×, D–F 400×) or isopropanol dissolution. The absorption of dissolved Oil Red O was read under 570 nm wave-

length. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control (A, C) or GFP (F). ###P < 0.001 vs. indomethacin (A). n = 3 for each group.

EP3 regulates adipose tissue function j 523



To determine whether EP3 receptor is involved in adipogenesis,

MEFs were treated with sulprostone (an EP1 and EP3 agonist),

L-798106 (a specific EP3 antagonist), or sc-19220 (a specific

EP1 antagonist). As shown in Figure 4C, sulprostone signifi-

cantly suppressed whereas L-798106 markedly facilitated MEF

differentiation in a dose-dependent manner. However, sc-19220

treatment showed little effect on adipogenesis (Supplementary

Figure S4B), indicating that sulprostone suppressed adipogen-

esis mainly through the activation of EP3 receptor rather than

EP1 receptor. Similar effects were also observed in 3T3-L1 pre-

adipocytes (Supplementary Figure S4C). However, sulpros-

tone, L-798106, and DG-041 (another specific EP3 antagonist)

had no effect on the differentiation of MEFs derived from

EP3−/− (Supplementary Figure S4D) or EP3β (Supplementary

Figure S4E) mice, further suggesting for the involvement of

EP3 receptor, specifically EP3α and EP3γ isoforms but not

EP3β isoform, in adipogenesis. Accordingly, terminal differen-

tiation of the MEFs from both EP3−/− and EP3β mice to adipo-

cytes were significantly enhanced compared to that of WT

MEFs (Figure 4D and E). Similarly, primary preadipocytes from

the epididymal fat of the EP3−/− mice exhibited increased

ability to differentiate into adipocytes (Supplementary

Figure S4F). To directly determine the role of each EP3 iso-

form in adipogenesis, GFP-tagged EP3α, EP3β, and EP3γ was

put back individually to EP3−/− MEFs (Supplementary

Figure S4G). Both EP3α and EP3γ dramatically suppressed the

differentiation of EP3−/− MEFs, while EP3β had little effect

(Figure 4F), further suggesting that the anti-adipogenic effect

of EP3 receptor was mainly mediated by EP3α and EP3γ
isoforms.

The role of the cAMP/PKA pathway in the anti-adipogenic effect

of EP3 receptor

To characterize the signaling pathway underlying the regu-

lation of adipogenesis by EP3 receptor, the expression of key

genes and proteins involved in the adipogenic process was

determined. Sulprostone suppressed the expression of key

genes and proteins in the early (C/EBPβ) and late (PPARγ, C/
EBPα, and AP2) stages of cell differentiation of MEFs or 3T3-L1

preadipocytes (Figure 5A, B and Supplementary Figure S5A,

B). Furthermore, sulprostone suppressed the peroxisome pro-

liferator response element (PPRE)-driven luciferase activity in

WT MEFs but not in EP3−/− MEFs (Figure 5C). Intracellular con-

tents of cAMP were significantly attenuated in response to sul-

prostone treatment when induced for differentiation in 3T3-L1

preadipocytes (Figure 5D). As expected, DMI-induced increase

in phospho-Ser/Thr PKA substrate and phospho-CREB levels

was markedly attenuated in sulprostone-treated 3T3-L1 prea-

dipocytes (Figure 5E and Supplementary Figure S5C). In add-

ition, the luciferase reporter assay using the pGL4.29 [luc2P/

CRE/Hygro] Vector, a well-documented cAMP response elem-

ent (CRE)-driven luciferase reporter, demonstrated that lucifer-

ase activity in both EP3−/− and EP3β MEFs was increased

compared with WT MEFs, indicating an elevation of cAMP con-

tent in EP3−/− and EP3β MEFs (Figure 5F and G). Accordingly,

dibutyryl cyclic AMP (dbcAMP), an analogue of endogenous

cAMP, promoted the differentiation of primary preadipocytes iso-

lated from WT mice and blocked the suppressive effect of sul-

prostone on adipogenesis (Supplementary Figure S5D). In

contrast, H-89, an inhibitor of PKA, significantly suppressed the

differentiation of primary preadipocytes isolated from EP3−/−

mice (Supplementary Figure S5E), indicating that the inhibition

of PKA abolished the enhanced adipogenesis caused by the

removal of EP3 receptor. To determine the role of each EP3 iso-

form in intracellular cAMP production, pGL4.29 [luc2P/CRE/

Hygro] reporter was transfected into EP3−/− MEFs in the pres-

ence of GFP, EP3α, EP3β, or EP3γ adenoviruses. EP3α induced

the strongest inhibition on cAMP reporter luciferase activity,

followed by EP3γ. The inhibition by EP3β was relative moderate

but also significant (Figure 5H). Similarly, restoration of EP3α,
EP3β, or EP3γ expression in EP3−/− MEFs resulted in decreased

PKA activities, as measured by the phospho-Ser/Thr PKA sub-

strate levels (Figure 5I). Consistently, sulprostone decreased

whereas L-798106 increased cAMP reporter luciferase activity

in WT and EP3β MEFs, but had no effect on EP3−/− MEFs

(Supplementary Figure S5F).

Increased lipolysis in WAT of the EP3−/− and EP3β mice

It has been well documented that obese animals often display

increased lipolysis and suffer from hyperlipidemia (Arner and

Langin, 2014; Smith, 2015). Both EP3−/− and EP3β mice exhibited

increased serum levels of glycerol and FFAs, with glycerol acting

as an indicator of lipolytic activity in WAT (Supplementary

Figures S2D and S6A, B). Consistently, primary mature adipocytes

from EP3−/− and EP3β mice showed significantly enhanced lipoly-

sis (Figure 6A, B). ATGL and HSL possess major TG hydrolase

activities in adipose tissues. In both EP3−/− and EP3β mice, ATGL

protein and phosphorylated HSL levels were significantly upregu-

lated (Figure 6C, D and Supplementary Figure S6C, D). In vitro

study found that the activation of EP3 receptor by sulprostone

suppressed mRNA expression of ATGL and HSL during the differ-

entiation of WT MEFs (Supplementary Figure S6E). As expected,

sulprostone suppressed whereas L-798106 enhanced lipolysis in

rat primary adipocytes in dose- and time-dependent manners, as

reflected by the changes in glycerol concentration (Figure 6E and

Supplementary Figure S6F–H). Furthermore, neither sulprostone

nor L-798106 affected lipolysis in primary adipocytes from

EP3−/− mice (Supplementary Figure S6I). Interestingly, sulpros-

tone treatment in rat primary adipocytes significantly reduced

cAMP contents and subsequent PKA activities, resulting in

downregulation of phosphorylated HSL protein levels, with lit-

tle effect on total HSL and ATGL protein expression (Figure 6F,

G). The suppressive effect of sulprostone on lipolysis was

reversed by forskolin, an adenylyl cyclase activator, or dbcAMP

(Supplementary Figure S6J and K). Furthermore, PKA inhibitor H-

89 completely abolished the lipolysis of primary adipocytes from

EP3−/− mice (Supplementary Figure S6L). Together, these find-

ings suggest that enhanced lipolysis in WAT of EP3−/− mice and

EP3β mice was mediated through the cAMP/PKA signaling

pathway.
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Discussion

To date, little is known about the biological functions and sig-

naling transduction of each EP3 isoform (Sugimoto and

Narumiya, 2007). Sanchez-Alavez et al. (2007) reported that

complete deletion of all EP3 isoforms in mice resulted in obese

and insulin resistant phenotypes. However, the underlying

mechanisms and the role of each EP3 isoform in WAT function

remained uncharacterized. In the present study, we showed for

the first time that EP3 receptor regulates both adipogenesis and

lipolysis in mouse WAT, and disruption of all EP3 isoforms or

EP3α/γ isoforms resulted in an obese phenotype associated

with increased fat mass and insulin resistance.

PPARγ is considered as the master regulator of adipogenesis

because it is not only necessary but also sufficient for this pro-

cess (Rosen and MacDougald, 2006; Rosen and Spiegelman,

2014). We found that activation of EP3 receptor specifically sup-

pressed PPARγ transcriptional activities and decreased PPARγ-
driven expression of adipogenic genes. These findings may help

explain the anti-adipogenic action of EP3 receptor. It has been

previously reported that a moderate activation of the cAMP/PKA

pathway leads to adipogenic induction (Gustafson et al., 2015).

Naturally, EP3 receptor is mainly coupled to the Gi protein,

resulting in the inhibition of adenylyl cyclase and reduction in

cAMP levels (Hasegawa et al., 1996; Hizaki et al., 1997).

Figure 5 EP3 suppressed preadipocyte differentiation via the cAMP/PKA/PPARγ pathway. (A) The effect of sulprostone treatment on adipo-

genic gene expression. Pretreatment of WT MEFs with 100 nM sulprostone inhibited mRNA expression of preadipocyte differentiation mar-

kers on Day 4, as quantified by real-time PCR. Each gene was calculated by fold of Day 0 (the red line). (B) The effect of sulprostone

treatment on adipogenic protein expression. Pretreatment of WT MEFs with 100 nM sulprostone decreased protein levels of AP2, PPARγ,
and C/EBPα on different days. (C) Sulprostone suppressed the activity of PPARγ in WT MEFs. Relative PPRE-driven luciferase activity of WT

and EP3−/− MEFs was tested, with 1 µM sulprostone treatment and 1 µM rosiglitazone as positive control. (D and E) Sulprostone inhibited

DMI-induced activation of the cAMP/PKA pathway in 3T3-L1 cells. 3T3-L1 preadipocytes were pretreatment with 1 μM sulprostone. The

cAMP content was measured by ELISA (D), and the phospho-Ser/Thr PKA substrate and phospho-CREB levels were detected by western blot

(E). (F and G) Increased cAMP content in the EP3−/− and EP3β MEFs. Relative luciferase activity of WT and EP3−/− MEFs (F) or EP3β MEFs (G)

were tested, with dbcAMP (0.5 mM) as positive control. (H and I) The effect of EP3α, EP3β, and EP3γ adenoviral infection on cAMP contents

and PKA activity in EP3−/− MEFs. Relative CRE-driven luciferase activity of MEFs with the overexpression of EP3α, EP3β, and EP3γ, respect-
ively, were tested (H). The phospho-Ser/Thr PKA substrate levels were detected by western blot (I). The right bargraph in I shows the quan-

tification of western blots. For all adipogenesis experiments, after 8 days of differentiation, Oil Red O staining was performed, followed by

taking images or isopropanol dissolution. The absorption of dissolved Oil Red O was read under 570 nm wavelength. *P < 0.05, **P < 0.01,

***P < 0.001 vs. DMSO (A, C, D), control (F, G), or GFP (H, I). n = 3−4 in each group.
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Figure 6 Increased lipolysis in WAT of the EP3−/− and EP3β mice. (A) Deletion of entire EP3 facilitated lipolysis. The glycerol was released

into the medium from primary mature adipocytes of 12-week-old WT (n = 6) and EP3−/− (n = 6) mice at different time points. (B) Genetic

ablation of both EP3α and EP3γ isoforms enhanced lipolysis. Primary mature adipocytes from 12-week-old WT (n = 4) and EP3β (n = 4) mice

were cultured and the released glycerol was measured at different time points. (C and D) The effect of deletion of entire EP3 or EP3α and

EP3γ isoforms on lipase expression and PKA activity. Protein levels of ATGL, HSL, phospho-HSL (Ser660), and phospho-Ser/Thr PKA sub-

strate in the epididymal fat of WT and EP3−/− (C) or EP3β mice (D) were quantified by western blot. (E−G) The effect of sulprostone treat-

ment on the cAMP/PKA/HSL pathway in rat primary mature adipocytes. Different concentrations of sulprostone were applied to rat primary

mature adipocytes for 12 h. (E) The released glycerol was measured. (F) The cAMP content was determined by ELISA. (G) Protein levels of

ATGL, HSL, phospho-HSL (Ser660), and phospho-Ser/Thr PKA substrate were detected by western bolt. The lower bargraph in G is the quan-

tification of western blots. *P < 0.05, **P < 0.01, ***P < 0.001 vs. WT mice (A, B) or control (E−G). n = 3−4 in each group unless otherwise

clarified. (H) An abridged view of EP3 in WAT and obesity.
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We found that activation of EP3 receptor, especially its α and γ
isoforms, suppressed the cAMP/PKA axis and decreased the dif-

ferentiation of pre-adipocytes and MEFs to adipocytes. Thus,

this may represent another mechanism for anti-adipogenic

action of EP3 receptor.

All three EP3 isoforms appear to be functional in regulating

intracellular cAMP levels and PKA activities, although EP3α and

EP3γ seem to be two major isoforms mediating the anti-

adipogenic effect of EP3. The cause(s) for different effects of

three EP3 isoforms on adipogenic process by PKA activation are

currently unknown. It has been previously reported that the

three EP3 isoforms may also utilize distinct mechanisms to regu-

late PKA and ERK 1/2 activation (Namba et al., 1993; Israel and

Regan, 2009), suggesting that EP3β may plays a different role

within adipose tissue. Altogether, our study demonstrates that

EP3α and EP3γ, but not EP3β, may be actively involved in regu-

lating adipogenesis in WAT.

In the present study, we found that EP3−/− mice had more

food intake and developed a spontaneous obese phenotype,

which is consistent with a previous report that adult mice with

complete deletion of all EP3 isoforms exhibit increased daytime

feeding and an obese phenotype under a normal fat diet

(Sanchez-Alavez et al., 2007). However, unlike previously

reported, we also found that EP3−/− mice displayed less motor

activity during both light and dark cycles, which is common

behavior for most obese mammalians. In addition, we found

that EP3β mice and EP3−/− mice exhibited similar weight gain

and lipid accumulation, further supporting the possibility that

EP3α and EP3γ play a predominant role in regulating preadipo-

cytes differentiation in WAT in vivo.

Obesity is frequently associated with insulin resistance

(Kahn and Flier, 2000). Increased lipolysis may be one of the

factors contributing to obesity associated insulin resistance. In

the present study, we found that both EP3−/− and EP3β mice

exhibited increased lipolysis characterized by elevated plasma

TG and glycerol levels before overt obese and insulin resist-

ance. The enhanced lipolysis in EP3 receptor-deficient mice is

likely due to increased levels of phosphorylated-HSL (p-HSL), a

major active TG hydrolase in WAT. Increased p-HSL levels in

WAT may result from marked PKA activation, a consequence of

the inactivation of EP3 receptor. In addition, the expression of

ATGL was also increased in WAT of both EP3−/− and EP3β
mice. Although the mechanism by which EP3 receptor regu-

lates HSL and ATGL expression and activity remains unclear,

upregulation of PPARγ may play a role in this process, since

activation of EP3 receptor significantly reduced PPARγ expres-

sion in preadipocytes. It has been previously reported that

PPARγ controls the expression of ATGL and HSL (McTernan

et al., 2002; Kershaw et al., 2007). Therefore, our results dem-

onstrate that the deficiency of EP3 receptor promotes the lip-

ase expression during the adipogenesis process and increases

lipolysis in mature adipocytes via the cAMP/PKA/HSL pathway

to elevate the activity of HSL. As a result of enhanced lipolytic

activity in WAT of EP3−/− and EP3β mice, circulating FFA levels

were increased, eventually leading to insulin resistance and

ectopic lipid deposition in peripheral tissues including the liver

(Arner and Langin, 2014).

Increasing evidence reveals that inflammation in WAT contri-

butes to obesity and insulin resistance (Xu et al., 2003; Bastard

et al., 2006). The present study demonstrates that both EP3−/−

and EP3β mice exhibited increased inflammation in WAT, as

reflected by upregulated phosphorylation of NF-κB, a transcrip-

tion factor governing inflammatory process. However, the under-

lying mechanism by which EP3 receptor regulates NF-κB activity

remains largely unknown.

In summary, as shown in Figure 6H, EP3 receptor is a vital Gi

protein-coupled PGE2 receptor that inhibits adipogenesis via

the cAMP/PKA/PPARγ pathway and blocks lipolysis mainly

through the cAMP/PKA/HSL pathway in WAT. Inactivation or

blockade of the entire EP3 receptor or EP3α and EP3γ isoforms

results in adiposity and insulin resistance. Our study demon-

strates that EP3 receptor is an important homeostatic factor in

WAT. Our findings also identify a critical role of the PGE2/EP3

axis in bodily lipid and glucose metabolism.

Materials and methods

Chemicals and reagents

PGE2 and sulprostone were purchased from Cayman Chemical.

Dimethyl sulphoxide (DMSO), indomethacin, L-798106, forskolin,

dbcAMP, rosiglitazone, bovine insulin, 3-isobutyl-1-methylxanthine

(IBMX), dexamethasone, tyloxapol, and intralipid were purchased

from Sigma-Aldrich. EP3 receptor antibody (101760), ATGL anti-

body (10006409), AP2 antibody, and PPARγ antibody were from

Cayman Chemical. C/EBPα antibody was from Santa Cruz.

Antibodies against phospho-HSL (Ser660), HSL, phospho-Ser/Thr

PKA substrate, p-NF-κB, NF-κB, p-AKT, and AKT were from Cell

Signaling Technology. EP3α, EP3β, and EP3γ adenoviruses with

GFP tags were generated using the pAdEASY-Track system and

validated by gene sequencing and western blot analysis

(Supplementary Figure S3G).

Experimental animals

Mice with genetic deletion of all EP3 isoforms (EP3−/− mice)

or both EP3α and EP3γ isoforms (EP3β mice) were provided by

Dr Richard M. Breyer at Vanderbilt University (Supplementary

Figure S1). The mice were maintained on standard mouse chow

and housed on a 12-h light–dark cycle under controlled tem-

perature (22°C–24°C) and humidity (50%–65%) conditions in

the animal facility of Peking University Health Science Center.

Male EP3−/− and EP3β mice and sex- and age-matched WT litter-

mates on a pure C57BL/6 background were used in all experi-

ments. The study protocols and the use of the animals were

reviewed and approved by the Animal Care and Use Review

Committee of Peking University Health Science Center. The

study conformed to the Guide for the Care and Use of

Laboratory Animals published by the US National Institutes of

Health (NIH publication no. 85–23, revised 1996). For details

regarding the generation of the EP3−/− and EP3β mice, see

Supplementary Materials and methods.
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Recordings of mouse activity and food intake

Mice were continuously monitored for 24 h at 23°C in isolated

metabolic chambers according to the instructions of the manu-

facturer (Harvard Apparatus) after acclimation for 1 day. Each

cage was positioned on a custom-designed platform to measure

animal locomotor activity. Daily food intake was calculated by

measurement of consumed rodent chow (Lai et al., 2014).

MRI analysis

Total body fat and lean mass of EP3β and WT mice were mea-

sured without anesthesia or sedation using the EchoMRITM

device (Echo Medical Systems) (Lai et al., 2014).

Primary culture of mouse preadipocytes and MEFs

Preadipocytes were isolated from the epididymal fat tissue of

12-week-old WT and EP3−/− male mice. In brief, fat tissue was

minced and digested with Type I collagenase dissolved in the

Krebs-Ringer solution for 40−50 min. After digestion, preadipo-

cytes were collected from stromal-vascular (SV) pellets after treat-

ment with erythrocyte lysis solution for 5 min. The preadipocytes

containing pellet was cultured in Dulbecco’s Modified Eagle

Medium (DMEM) with 10% fetal bovine serum (FBS) until growing

to confluence for 2 days. For differentiation, preadipocytes were

treated with 10% FBS and 0.5 mM IBMX, 1 µM dexamethasone,

and 10 µg/ml insulin (DMI) for 2 days and then changed to 10%

FBS-DMEM with insulin for another 2 days. For the next 4−8 days,

large lipid droplets appeared in cells cultured with 10% FBS-

DMEM medium. To isolate MEFs, 13.5-day WT, EP3−/−, and EP3β
embryos were collected. MEFs were plated in 6-well plate at

300000 cells/well. MEF differentiation was initiated 2 days after

confluence with 10% FBS, 0.5 mM IBMX, 1 µM dexamethasone,

10 µg/ml insulin, and 1 µM rosiglitazone. From Day 3 to Day 8,

cells were incubated with 10 µg/ml insulin, 1 µM rosiglitazone,

and 10% FBS in DMEM.

Culture of primary adipocytes

Primary adipocytes were isolated from epididymal fat pads of

normal male Sprague-Dawley rats (160−180 g) or 12-week-old

mice as previously reported (Xu et al., 2009). The fat tissues

were minced and digested in the Krebs-Ringer (pH = 7.4) solu-

tion containing 0.75 mg/ml Type I collagenase, 200 nM adeno-

sine, 25 mM hepes, and 1% FFA-free BSA. After digestion,

primary adipocytes floating in the tube were collected, washed,

and packed by centrifugation at 200 × g for 3 min for determin-

ing the packed cell volume of adipocytes. Adipocytes were incu-

bated in phenol red-free and serum-free DMEM in an

atmosphere of 5% CO2 at 37°C for 1 h before treatments.

Hyperinsulinemic euglycemic clamp, HOMA-IR measurement,

and ITT

Hyperinsulinemic euglycemic clamp was performed as

described previously (Brozinick et al., 2001; Tao et al., 2009). In

brief, WT or EP3−/− mice were fasted for 6 h, and a hyperinsuli-

nemic euglycemic clamp measurement was carried out with a

prime-continuous infusion of human insulin at a rate of

60 pmol/kg/min. Blood samples were obtained every 10 min for

determination of blood glucose concentration, which was con-

trolled to the basal level (95 ± 5 mg/dl) by the perfusion of

10% glucose at variable rates for 2 h. The HOMA-IR index was

calculated using the following formula: fasting glucose (mg/

dl) × fasting insulin (U/ml)/405. For the ITT, mice were fasted

for 4 h and then injected with insulin (0.75 U/kg) intraperitone-

ally. A drop of blood was taken from the tail vein before and

after 15, 30, 60, 90, and 120 min injection of insulin for the

determination of blood glucose with a glucometer. The total

area under the glucose concentration curve was calculated

using GraphPad Prism software.

Oil red O staining

To stain the differentiated MEFs or 3T3-L1 cells, 1 ml 4% par-

aformaldehyde was added for fixation for 10 min, and then 1 ml

of Oil red O solution was added and incubated for another

10 min. After a few washes, 1 ml isopropanol was added to

re-dissolve the Oil red O dye, and the absorbance at 570 nm

was read. For liver sections, counterstaining with hematoxylin

was performed after 10 min of Oil red O staining.

cAMP concentration analysis and the luciferase activity assay

The cAMP concentration was measured directly by the ELIAS

kit (Cayman Chemical). The cAMP levels were also determined

by the luciferase activity analysis of pGL4.29 [luc2P/CRE/Hygro]

Vector (Promega) as previously described (Zhang et al., 2014).

The cells were transfected with pGL4.29 [luc2P/CRE/Hygro]

Vector and then infected with adenoviruses for 36 h. β-
galactosidase reporter gene was co-transfected as a control for

transfection efficiency. The cells were harvested and the lucifer-

ase activity was measured following the manual of assay kit

(Promega). Luciferase activity of each sample was normalized

to β-galactosidase activity. We used dbcAMP and/or forskolin as

positive control. For PPRE-driven luciferase reporter and the

non-adenovirus infected assay of pGL4.29 [luc2P/CRE/Hygro]

Vector, the cells were transfected with the vector for 24 h and

treated with drugs for 4 h, then the luciferase activity was

measured.

Statistical analysis

GraphPad Prism software was used for statistical analysis.

Data were evaluated by the analysis of variance (ANOVA) fol-

lowed by Tukey post hoc tests or two-sided Student’s t-test as

appropriate and expressed as mean ± SE. P < 0.05 was

required to reject the null hypothesis.

Supplementary material

Supplementary material is available at Journal of Molecular

Cell Biology online.
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