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ABSTRACT.	 Peroxisome proliferator-activated receptor γ (PPARγ), a member of a nuclear 
receptor family, has been shown to be implicated in various reproductive processes. Here, we 
evaluated possible roles of PPARγ in ovulation and luteal development in a gonadotropins-primed 
immature rat model. Immunoreactive PPARγ was expressed in granulosa cells of eCG-stimulated 
mature follicles, and its expression level decreased following ovulatory hCG stimulus. Intra-bursal 
treatment with rosiglitazone (a PPARγ agonist) simultaneously with subcutaneously administered 
hCG blocked the induction of cyclooxygenase-2 and steroidogenic acute regulatory protein (StAR) 
in preovulatory follicles. Consistently, tissue levels of their respective products, prostaglandin 
(PG) E2 and progesterone (P4), were reduced, leading to significantly decreased ovulation rate. 
GW9662, a PPARγ antagonist, was almost ineffective to alter those values. Local treatment with 
rosiglitazone 24 hr after hCG administration caused reductions in the size, StAR expression and P4 
secretion of corpus luteum 48 hr later. Obtained data are possible functional evidence with rats 
for granulosa cell PPARγ as a negative regulator of PG and P4 synthesis during follicle rupture and 
transformation to luteal tissue. LH/hCG-induced decreases in PPARγ expression and its activity 
would be an early component in the proper induction of following ovulatory cascade and luteal 
development.
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Granulosa cells in mature follicles are a central player in mammalian ovulation and subsequent formation of corpus luteum 
(CL) in response to ovulatory stimuli, such as endogenous luteinizing hormone (LH) surge and exogenous human chorionic 
gonadotropin (hCG) administration [23, 30]. The ovulatory stimulus triggers potential intracellular and intranuclear signaling 
pathways, which, in large part, represents multi-stages gene expression program. An early stage component is alterations in 
transcription factors, their regulatory ligands and/or the ligands synthesizing/regulating factors, which are in concert responsible 
for further transcriptional events. Progesterone (P4)-P4 receptor pathway is one of such pathways acting in an intracrine fashion, 
and prostaglandin (PG)-PG receptor pathway is the one probably operating in a para/autocrine fashion. The almost essential roles 
of these two pathways in ovulation and functional CL formation are demonstrated by a number of studies with pharmacologic and 
genetic inhibition of synthesis or signaling of ligands and receptors [23]. Our group has presented some evidence with a rodent 
model of induced ovulation supporting for critical roles of a properly regulated endogenous P4 [1] and a cooperated action of 
group IVA phospholipase A2 (GIVA PLA2) and cyclooxygenase-2 (COX-2) [14].

Peroxisome proliferator-activated receptors (PPARs) are a nuclear receptor and transcription factor superfamily whose activity 
is supposed to be regulated by their ligands, such as endogenous arachidonic acid and 15-deoxy-delta (12,14)-PGJ2 (15d-PGJ2) 
and many exogenous chemicals [9, 36]. Three types, PPARα, PPARβ/δ and PPARγ, have all been shown to be expressed in the 
mammalian ovary and to have some possible roles in fertility [33, 35]. A previous study by Komar et al. has shown that mRNAs 
of three PPARs are expressed in granulosa cells of equine chorionic gonadotropin (eCG)-stimulated immature rat ovaries and that 
among PPARs, PPARγ mRNA is most abundantly expressed and down-regulated by human CG (hCG) treatment [12]. PPARγ 
mRNA expression following hCG treatment was demonstrated to be also down-regulated in macaque granulosa cells in vitro [21], 
but to be up-regulated in mouse ovary in vivo [8]. Chronic administration of a PPARα/γ dual agonist caused ovarian toxicity and 

Received: 27 March 2017
Accepted: 25 April 2017
Published online in J-STAGE: 

19 May 2017

 J. Vet. Med. Sci. 
79(6): 1043–1051, 2017
doi: 10.1292/jvms.17-0162

https://creativecommons.org/licenses/by-nc-nd/4.0/


R. FUNAHASHI ET AL.

1044doi: 10.1292/jvms.17-0162

infertility in adult female rats [26], but this drug might have acted on pituitary, exerting impaired gonadotropins secretion [35]. 
To solve the functional role of ovarian PPARγ signaling in situ, two independent groups have created and characterized mice with 
conditional gene knockout of PPARγ specific in the ovary [4] and in follicular granulosa cells [8]. Different ovulatory outcomes 
were found with little alteration in the former mutant mice [4] and severe suppression in the latter mutant mice [8]. Furthermore, 
another line of studies has been focusing on expression and role(s) of PPARγ in CL formed from a ruptured follicle. A low but 
notable level of PPARγ mRNA expression was negatively correlated with steroidogenic activity and a steroidogenic enzyme, P450 
side chain cleavage (P450scc), mRNA in rat CL [10, 11, 32]. On the other hand, PPARγ protein expression in luteal cells decreased 
with aging in both non-pregnant and pregnant cow [34] and pseudopregnant rabbit [20] and was down-regulated by luteolytic 
PGF2α action [34]. The impacts of natural (15d-PGJ2) or synthetic (rosiglitazone) ligands of PPARγ on luteal P4 synthesis have so 
far been reported to be positive in bovine luteal cells in vitro [18] and in pseudopregnant rabbit CL in vitro [20], none in rat CL in 
vitro [32] or negative in porcine CL during early pregnancy [17]. Thus, data available are conflicting on the expression and definite 
functional role(s) of PPARγ in ovulatory follicles and subsequently formed CL.

Here, we address these issues using an immature rat model of gonadotropins-induced ovulation and luteal formation. We first 
confirm cellular location and temporal changes of PPARγ protein expression following hCG administration with relation to COX-2 
and steroidogenic acute regulatory protein (StAR). Second, we evaluate the effects of a bolus dose of PPARγ agonist or antagonist 
simultaneously with hCG on COX-2 and StAR expression in preovulatory follicles and ovulation rate. Third, we delay the local 
treatment with PPARγ drugs as late as 24 hr after hCG treatment and evaluate its effect on CL function and structure. The currently 
obtained data suggest that down-regulation of PPARγ with inhibitory effects on COX-2 and StAR expression is important for 
inducing normal ovulation and early luteal development in rats.

MATERIALS AND METHODS

Reagents
Equine CG (eCG) and hCG were obtained from Shionogi (Osaka, Japan) and Daiichi-Sankyo (Tokyo, Japan), respectively. 

Rosiglitazone (a PPARγ agonist) and GW9662 (a PPARγ antagonist) were both obtained from Cayman Chemical Co. (Ann Arbor, 
MI, U.S.A.). Radiolabeled [1, 2, 6, 7-3H]-P4 used in radioimmunoassay (RIA) was obtained from Perkin-Elmer Japan (Yokohama, 
Japan). An enzyme immunoassay (EIA) kit for PGE2 and antibodies against PPARγ and COX-2 were also from Cayman Chemical. 
Antibodies against StAR and β-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.). The antibody 
against rat CD68 was purchased from AbD Serotec (Oxford, U.K.). The antibody against P4 was generated in our laboratory. 
Vectastain Elite ABC staining kit was purchased from Vector Laboratories (Burlingame, CA, U.S.A.). Protein assay kit was from 
Bio Rad (Hercules, CA, U.S.A.) or Thermo Scientific (Waltham, MA, U.S.A.). All other reagents including 3, 3′-diaminobenzidine 
tetrahydrochrolide (DAB) and dimethyl sulfoxide (DMSO) were of analytical grade.

Animals and induction of ovulation and luteinization
Animal handling and experimental procedures were performed following the guideline and approved by the Committee for 

Laboratory Animals Care and Use of Kitasato University. Wistar-Imamichi strain female rats of 25–27 day-old were treated with 
eCG (intraperitoneally, 0.2 IU/g of body weight) followed 48 hr later by hCG (10 IU/rat) to experimentally induce ovulation and 
luteal formation [1, 15]. Some of these rats were directly used for Experiment 1, and others for Experiments 2 and 3 were subjected 
to further treatments. The outline of the three experiments is summarized in Fig. 1 and described in detail in the next section. At 
indicated time points after treatments, rats were sacrificed by cervical dislocation under light anesthesia. In some cases, blood was 
taken via heart puncture. Ovaries, oviducts and blood plasma were harvested.

Fig. 1.	 The outline for treatment and sampling schedules. eCG-primed immature (approximately 25-day old) rats were treated with hCG 
48 hr later. They were then subject or not to intra-bursal treatment with vehicle (Veh), rosiglitazone (Ros) or GW9662 (GW) at the 
indicated time (marked with closed circles). Rats were sacrificed for sampling of ovary, oviduct and blood at the indicated time points 
(marked with open circles). Details of Exp. 1, 2 and 3 were described in the text.
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In vivo experiments (Fig. 1)
Experiment 1: Expression and cellular localization of PPARγ and two ovulation-associated factors (COX-2 and StAR) were 

examined in the ovary of only eCG/hCG-treated rats. Ovaries were sampled at 0, 2, 4, 8, 12 or 24 hr after hCG administration. In 
this paper, for example, the time point of 0 hr after hCG was expressed as hCG0h. The organs were strored frozen until Western 
blot analysis, and some of those harvested at hCG0h, hCG8h and hCG24h were fixed for histology.

Experiment 2: To examine the impacts of PPARγ activity on ovulation, its ligand (agonist or antagonist) was locally treated 
at hCG0h, and ovulatory mediators (COX-2, StAR, PGE2 and P4) and ovulation rate were evaluated at hCG8h and hCG24h, 
respectively. Animals under anesthesia were subject to lateral abdominal incisions, and the ovarian bursa was exposed. A 50 µl 
of vehicle (20% DMSO in physiological saline), rosiglitazone (50 µM) or GW9662 (50 µM) was injected into one ovarian bursa 
using a syringe and repeated in another side. No visible leakage of the injected solution and swelling of the bursa were ascertained 
in this procedure. After the injection, ovaries were positioned back to the abdominal cavity, and muscles and skins were sutured 
separately. To examine the time-dependency of rosiglitazone treatment, another group receiving the agent at hCG4h was also 
prepared. Ovaries sampled at hCG8h were stored frozen for biochemical analysis of ovulatory mediators and fixed for histology. 
Oviducts harvested at hCG24h were evaluated for ovulation rate (=the number of released eggs). Eggs present in the ampulla were 
counted under a light microscope [1, 14].

Experiment 3: To study the impact of PPARγ activity on luteal development, local treatment with its ligands was delayed as late 
as hCG24h. Forty eight hr later (at hCG72h), ovaries were harvested for Western blot and histological analyses. Blood plasma was 
also sampled for P4 assay.

Western blot analysis
Western blot analysis of PPARγ, COX-2 and StAR was performed. Whole ovarian tissues were homogenized, sonicated and 

boiled for 5 min in SDS sample buffer. The samples containing 20 µg of protein were electrophoresed on SDS-PAGE 10% gel 
(Bio-Rad), and proteins were transferred onto polyvinylidene fluoride membranes (Bio-Rad). Membranes were blocked with 
5% blocking buffer (Wako Chemicals, Osaka, Japan) for 1 hr at room temperature and then incubated with primary antibodies: 
anti-PPARγ (1:500), anti-COX-2 (1:400), anti-StAR (1:2,000) or anti-β-actin (1:5,000) overnight at 4°C. After washing, the 
membranes were incubated with peroxidase-conjugated goat IgG fraction to mouse IgG or rabbit IgG (1:40,000, GE Healthcare, 
Buckinghamshire, U.K.) for 2 hr at room temperature. Immunoreactive proteins were detected with ECL Prime Western Blotting 
Reagent (GE Healthcare). The signal was analyzed with an ImageQuant LAS 4000 digital imaging system (GE Healthcare).

Immunohistochemistry and histology
Localization and expression of PPARγ, COX-2 and StAR by preovulatory follicles were analyzed by immunohistochemistry as 

reported previously [1, 15]. Detection of macrophages in formed CL was performed by the immunohistochemistry of its marker 
CD68. Ovaries were fixed in Bouin’s fixative, dehydrated and embedded in paraffin. Samples of more than 3 individual rats in each 
group were collected and examined. Tissues were serially sectioned (2~4 µm in thickness), deparaffinized and examined. In PPARγ 
and StAR immunostaining, tissue sections were boiled in 10 mM citrate buffer for antigen retrieval. Endogenous peroxidase was 
blocked by pretreatment with 0.3% H2O2 in methanol for 30 min. Tissue sections were incubated with anti-PPARγ (used at 1:100), 
anti-StAR (1:100), anti-COX-2 (1:500) or anti-CD68 (1:400) at 4°C overnight. Antigen/antibody complexes were visualized 
with the Vectastain ABC staining kit and DAB as peroxidase substrate. Controls were performed with normal (non-immunized) 
mouse IgG. Most slides were then counterstained with hematoxylin. General cytology of developing CL harvested at hCG72h was 
examined with hematoxylin and eosin (HE) staining. The size of formed CL was estimated with the areas (mm2) of random tissue 
sections whose numbers exceeded 170.

Assay of P4 and PGE2
P4 in ovarian homogenate in physiological saline or blood plasma was extracted by n-hexane and was assayed with RIA [16]. 

PGE2 in ovarian homogenates was determined with an EIA kit as reported previously [1, 14]. Tissue contents of P4 and PGE2 were 
normalized by wet tissue weight and protein concentrations, respectively.

Statistical analysis
Data were presented as mean and standard error of the mean (SEM) of sample numbers indicated. The means among different 

groups were analyzed by Tukey-Kramer’s multiple comparison test. A P value less than 0.05 was considered to be significant.

RESULTS

Expression and cellular distribution of PPARγ, COX-2 and StAR during hCG-induced ovulation
In eCG-stimulated mature follicles, the immunoreactivity for PPARγ was evident in mural and cumulus granulosa cells and 

oocytes (Fig. 2A and 2B). Its immunoreactivity in granulosa cells decreased in pre-ovulatory follicles at hCG8h (Fig. 2C) and 
in luteinized tissue (Fig. 2D). The level of PPARγ protein in whole ovarian homogenates was significant at hCG0h, persisted at 
hCG2h (96% of pre-hCG level) and decreased significantly at hCG4h (29% of pre-hCG level) (Fig. 2E, Supplementary Fig. 1). 
It remained suppressed until hCG24h (P<0.05, 38~52% of pre-hCG level). Levels of COX-2 protein in eCG-pretreated ovaries 
showed a temporal and drastic increase following hCG stimulation, while that of StAR protein showed a gradual increase (Fig. 2C, 
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Supplementary Fig. 1). The data on the temporal expressional patterns of these eicosanoidogenic and stroidogenic proteins are 
consistent with those of the previous reports [1, 14, 25].

Effects of PPARγ agonist and antagonist on eicosanoid and steroid synthesis
Given hCG-initiated dynamics of PPARγ and other proteins, we next determined the effects of PPARγ agonist or antagonist 

Fig. 2.	 Ovarian expression of PPARγ, COX-2 and StAR proteins during hCG-triggered ovulation and luteinization. hCG-treated ovaries were 
sampled at the indicated time points for immunohistochemical (only for PPARγ) and Western blot analyses of PPARγ, COX-2 and StAR. Immu-
noreactive PPARγ was abundant in granulosa cells of preovulatory follicles at hCG0h (A, B), but markedly reduced in granulosa cells at hCG8h 
(C) and granulosa-lutein cells at hCG24h (D). Scale bars: 50 µm (A, C, D), 10 µm (B). Expression levels of three proteins were normalized to 
the internal standard (β-actin) (E). Data are mean with SEM (n=3 per time point). *, P<0.05 versus each value at hCG0h.
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on COX-2 and StAR expression. hCG induced COX-2 protein in 
granulosa layer of mature follicles of the vehicle treatment group at 
hCG8h (Supplementary Fig. 2A). Rosiglitazone administered at hCG0h 
suppressed COX-2 induction at hCG8h (Fig. 3A, Supplementary 
Fig. 2C). Its suppressive effect was less potent when administered at 
hCG4h. GW9662 treatment at hCG0h was without effect. hCG-induced 
rise in PGE2 level at hCG8h was attenuated by simultaneous treatment 
with rosiglitazone, but not its treatment with 4 hr delay (Fig. 3C). GW 
treatment further increased PGE2 level compared to vehicle treated 
group. Rosiglitazone also blocked hCG-stimulated StAR expression 
(P<0.05 vs. vehicle treatment group) (Fig. 3B, Supplementary Fig. 2B 
and 2D), and this effect was decreased when treated at hCG4h. 
Following hCG stimulation, tissue P4 level in the control group was 
elevated as StAR was (Fig. 3D). Rosiglitazone inhibited the rise in P4 
synthesis when treated at hCG0h, but not at hCG4h.

Effects of PPARγ agonist and antagonist on ovulation outcome
In the present gonadotropins treatment protocol in an immature rat 

model, 24.3 ± 1.9 (n=40) eggs were ovulated from an ovary and were 
seen in an ampulla of the vehicle treated group at hCG24h (Fig. 4). In 

Fig. 3.	 Effects of administration of PPARγ drugs on ovarian levels of COX-2 and StAR proteins and their metabolites. eCG/hCG-treated rats were 
further treated intrabursally with rosiglitazone (Rosi), GW9662 (GW) or vehicle (Veh) at hCG0h or at hCG4h (only Rosi). Ovaries were sampled 
at hCG8h and analyzed for levels of COX-2 (A) and StAR (B) proteins, PGE2 (C) and P4 (D) with Western blot, EIA and RIA, respectively. ND, 
not determined. Data are mean with SEM (n=3 or 4). *, P<0.05 versus Veh treatment group.

Fig. 4.	 Effects of administration of PPARγ drugs on ovu-
lation rates. eCG/hCG-treated rats were further treated 
intrabursally with rosiglitazone (Rosi), GW9662 (GW) 
or vehicle (Veh) at hCG0h. Oviducts were sampled at 
hCG24h and analyzed for counting eggs seen in the 
ampulla. Data are mean with SEM (n=22~44). *, P<0.05 
versus Veh treatment group.
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rosiglitazone-treated group, ovulated eggs were decreased to 63% of the control group (P<0.05). GW9662 treatment was with an 
insignificant effect.

Effects of PPARγ agonist and antagonist on corpus luteum development
As we found reduced but significant level of PPARγ expression in ovulated and luteinized tissues, we next sought the impact of 

its activity on luteal development. Rosiglitazone significantly decreased the tissue size harvested at hCG72h (P<0.05 vs. Vehicle 
group) (Fig. 5A), while GW9662 treatment did not. General histology with HE staining revealed the intact luteal (steroidogenic) 
cell differentiation with well eosin staining in the control group, but abundant vacuoles and less eosin staining in the cytoplasm 
of luteal cells in rosiglitazone-treated group (Supplementary Fig. 3A and 3B). StAR expression in formed CL was lower in 
rosiglitazone-treated group compared to that in the control group (Fig. 5B, Supplementary Fig. 3D). No significant alteration was 
found in GW9662-treated group. Plasma P4 level, an idex of luteal functional development, was attenuated by a PPARγ agonist, 
but not its antagonist (Fig. 5C). The number of macrophages infiltrating into a formed CL, assessed by CD68-immunopositive cells 
in the defined area, was decreased by both PPARγ agonist and antagonist (Fig. 5D).

DISCUSSION

The findings of this study using an immature rat model include: 1) The local treatment with a PPARγ agonist suppressed hCG-
induced COX-2 and StAR expression in preovulatory follicles, leading to decreased ovulatory rate, 2) hCG-induced up-regulation 
of COX-2 and StAR expression in granulosa cells of intact preovulatory follicles was associated with or preceded by down-
regulation of PPARγ that had been robustly expressed in situ, and 3) A PPARγ agonist treatment also decreased the size and P4 
secretory potency of a formed CL.

Experiments of agonist administration in vivo have revealed that PPARγ in the preovulatory follicles could have a negative 
regulatory effect on the production of critical mediators in ovulatory cascade. Acute activation of PPARγ with rosiglitazone 
treatment at hCG0h prevented preovulatory ovaries from hCG-induced COX-2 and StAR proteins expression. This repressing 
effect of rosiglitazone was impaired by a 4 hr delayed treatment. This result is consistent with the finding of temporal changes in 
PPARγ protein level. Both of COX-2 and StAR are expressed in granulosa layers of preovulatory follicles in a spatio-temporally 
regulated manner [1, 14, 25]. PPARγ is present in almost all follicles in eCG-treated ovaries [10, 12]. The drug administered 

Fig. 5.	 Effects of administration of PPARγ drugs on tissue size, StAR protein expression, and P4 production of formed CL. eCG/hCG-treated 
rats were further treated intrabursally with rosiglitazone (Rosi), GW9662 (GW) or vehicle (Veh) at hCG24h. Ovaries were sampled at hCG72h 
and analyzed for CL section size (A), StAR proteins (B) and macrophage number (D) with histological morphometry, Western blotting and 
immunohistochemistry, respectively. Blood plasma P4 (C) was determined by RIA. Data are mean with SEM (n=174~311 in A,=3 in B,=6 in 
C,=37~71 in D). *, P<0.05 versus Veh treatment group.
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to the ovary, however, must have directly acted on and affected, at least, granulosa cells in preovulatory follicles that should 
have expressed COX-2 and StAR and have underwent luteinization [23]. Consistent reductions in PGE2 and P4 production by 
rosiglitazone-treated ovaries were also found, and consequently, ovulation rate was decreased.

Many evidences are available supporting for PPARγ repression of COX-2 expression. Indirect evidences are opposite regulation 
by ovulatory hCG of COX-2 mRNA/protein expression [1, 14, 15, 23] and PPARγ mRNA expression [12] in rodent ovarian 
follicles. This inverse relationship is confirmed here with the identical sample and has been reported in the human term placenta [5] 
and human ovarian carcinoma tissue [29]. Direct evidence is that treatment with 15d-PGJ2 or rosiglitazone seemed to inhibit tumor 
necrosis factor α-induced COX-2 expression in human WISH and amnion cells [2]. Furthermore, molecular analysis reveals that 
PPARγ agonists repress COX-2 transcription via direct interaction with its gene promoter [7, 31].

Compared to that with COX-2 expression and PG production, the relation of PPARγ with ovarian steroidogenic activity seems 
more complex. Our data reveal down-regulation by PPARγ of P4 production via impaired StAR expression in both preovulatory 
follicles and newly formed CL. A previous in situ hybridization study suggested little association of its mRNA level with 
steroidogenic activity in rat ovarian follicles [12]. In contrast, PPARγ mRNA level in adult rat CL was inversely correlated with 
functional status and P450scc mRNA level [10, 11, 32]. Data on the effects of PPARγ agonist administration have been further 
variable. PPARγ activators, 15d-PGJ2 and ciglitazone, stimulated P4 secretion by granulosa cells of eCG-treated mature follicles 
in rats [12], porcine ovarian follicles [22, 27], bovine CL [18] and rabbit CL of early- and middle-phases of pseudopregnancy [20]. 
Ciglitazone and rosiglitazone stimulated mRNA and/or protein expression of StAR in KK1 mouse granulosa cell lines [13] and 
human granulosa cells [28], respectively. The PPARγ up-regulating ligands inhibited P4 production in porcine granulosa cell with 
inhibited expression of 3β-hydroxy-steroid dehydrogenase [6], human granulosa cells [37] and porcine CL in early pregnancy [17]. 
It is likely that PPARγ impacts are dependent on cell types, tissues, animal species and their functional states. Our results show, at 
least, that PPARγ (over) stimulation could inhibit P4 production via abrogated StAR expression in preovulatory follicles.

It is reasonable that the expression of PPARγ protein having an inhibitory potency on ovulatory mediators is instantly 
down-regulated by ovulatory stimulus. Previous studies showed that PPARγ mRNA highly expressed in granulosa cells of rat 
preovulatory follicles [9, 10, 12] was down-regulated by hCG [12]. hCG-induced down-regulation of PPARγ mRNA was also 
found in macaque granulosa cells [21]. Our immunohistochemical analysis confirmed granulosa expression of PPARγ protein, 
and Western blot analysis revealed its temporal change that was consistent with two previous reports on dynamics in mRNA level 
[12, 21]. Condsidering that a part of mature follicles in eCG-stimulated ovaries are sensitive to and respond to hCG stimulus, 
PPARγ protein level in ovulatory follicles and luteinized tissues must be lower than the level detected with Western blot analysis 
of whole ovarian tissues. Physiologically, PPARγ impact would be masked or diminished by the decrease in its expression level as 
ovulatory cascade progresses.

PPARγ activity might also affect multiple aspects of luteal development. As described above, PPARγ mRNA expression level 
in rat mature follicles decreased during luteinization and CL formation [12], and its expression level in CL was further noted 
to be inversely related with P450scc mRNA level and steroidogenic potency [10, 11]. Our demonstration in vivo of attenuated 
StAR expression and P4 secretion in rosiglitazone-treated young CL suggests a negative action on luteal steroidogenesis. 
Inhibition of P4 production by PPARγ activation has very recently been reported in porcine CL of early pregnancy [17]. Impaired 
functional development was associated with impairments in morphological development. We found decreased size of CL and poor 
cytoplasmic proteins in luteal cells of rosiglitazone-treated group. Angiogenesis is critical to CL formation from a non-vascularized 
follicle [30] and was shown to be potently inhibited by PPARγ activation in vivo and in vitro [38]. Furthermore, luteal development 
in mice is reported to involve accumulation of and promoting action by macrophages [3], whose activation is negatively regulated 
by PPARγ [24]. Consistent with it, we found the decreased number of CD68-positive cells in rosiglitazone-treated CL. A similar 
effect of GW9662 on macrophage recruitment is likely due to multiple effects on PPARγ in macrophage and/or less specificity 
of this inhibitor. Collectively, PPARγ may exert negative actions on CL development directly on luteal steroidogenic cells and 
indirectly via angiogenesis and macrophage mobilization.

The present experimental approach was a bolus administration of exogenous agonist and antagonist to evaluate PPARγ activity 
in vivo. A previous study has suggested that PPARγ would be functional in rat granulosa cells [19]. Our results of almost identical 
responses to GW9662 and control vehicle may suggest little presence and action of endogenous ligand(s) to PPARγ in vivo at 
least in the time frame (around hCG administration) we focused on. It is generally supposed that 15d-PGJ2, synthesized non-
enzymatically from PGD2, and arachidonic acid are the endogenous ligands for PPARγ [36]. As far as we know, the endogenous 
ligand(s) of PPARγ in ovarian granulosa and luteal cells have remained unidentified. We previously demonstrated that arachidonic 
acid-selective GIVA PLA2 was up-regulated by hCG, potentiated hCG-induced COX-2 expression and co-localized with the 
induced COX-2 on nuclear membranes of granulosa cells in rodent preovulatory follicles [14]. Those results have suggested 
that the synthesized arachidonic acid and/or any PG could interact with unknown transcription factor(s) to up-regulate COX-2 
expression by positive feed-forward and/or feedback loop(s). Our current results show the simultaneous occurrence of COX-2 
induction and PPARγ repression and PPARγ’s negative impact on COX-2 induction. Taken together, PPARγ is unlikely related to 
hCG-induced robust COX-2 induction, and it is reasonable to think that decreasing expression of PPARγ is one of mechanisms for 
optimal induction of PLA2/COX-2 pathway and other and downstream ovulatory cascade.

Chronic and systemic treatment (2–4 weeks) of adult female rats with an overdose of a PPARα/γ dual agonist resulted in 
infertility including impaired ovulation and luteinization [26]. This toxicological finding has significant implication given the 
clinical use of PPARγ agonists for lipid/glucose metabolism-related diseases and inflammation [36]. Mice with the ovarian specific 
deletion of PPARγ gene appeared to have no phenotypes in follicular maturation, ovulation, CL formation or its P4 secretion [4], 
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while mice with granulosa-specific conditional deletion represented drastic ovulation failure [8]. Our study is evidently inconsistent 
with the latter study claiming that PPARγ is induced and may be actively involved in ovulatory cascade through binding to COX-2-
derived metabolites [8]. Further studies are needed to understand definite impacts of PPARγ signaling in terms of cell types and the 
term of ovarian function.

In conclusion, this study provides some novel information about PPARγ in ovulatory follicles and newly formed CL in rats. 
This transcription factor highly expressed in granulosa cells has a potency to repress COX-2 and StAR expression, but its possible 
inhibitory action would be diminished, in some part, by down-regulating its expression level in the early phase post LH/hCG 
stimulus. PPARγ in CL may affect its structural and functional development at multiple sites, and the regulation of its expression 
would also be important for normal CL development. These findings help to widen the knowledge on the mechanisms of ovulatory 
cascade and luteal formation.
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