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BACKGROUND: Adiponectin (Adipoq), a protein secreted by adipocytes in inverse proportion to the adipose mass present, modulates
energy homeostasis and increases insulin sensitivity. Tissue Adipoq signaling decreases in settings of maternal diabetes, polycystic ovary syn-
drome (PCOS) and endometriosis, conditions which are associated with reproductive difficulty. Our objective was to define the expression
and hormonal regulation of Adipoq and its receptors in the mouse preimplantation embryo and uterus.

METHODS AND RESULTS: By real-time quantitative PCR, mRNA transcripts for Adipog, AdipoRI, AdipoR2, Ppara, Ppard, FATPI
(SLC27A1) and acyl CoA oxidase (Acox ) were identified in mouse 2-cell and 8-cell embryos, while blastocyst stage embryos and trophoblast
stem (TS) cells expressed mRNA for all genes except Adipog. Protein expression of Adipog, AdipoRI, AdipoR2, the insulin sensitive trans-
porters GLUT8 (SIc2A8), GLUT |2 (SIc2A12) and p-PRKAAI was identified by immunofluorescence staining in all stages of preimplantation
embryos including the blastocyst. In situ hybridization demonstrated the presence of Adipog, AdipoR | and AdipoR2 mRNA in the mouse decid-
ual cells of the implantation site and in artificially decidualized cells, and the expression of these proteins was confirmed by western blotting.
Flow cytometry confirmed cell surface expression of AdipoR| and AdipoR2 in TS cells and decidual cells.

CONCLUSIONS: These results suggest for the first time that Adipoq signaling may play an important role in preimplantation embryo
development and uterine receptivity by autocrine and paracrine methods in the mouse. Implantation failures and pregnancy loss, specifically
those experienced in women with maternal metabolic conditions such as diabetes, obesity and PCOS, may be the result of aberrant Adipoq

and AdipoR| and AdipoR2 expression and suboptimal decidualization in the uterus.
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Introduction

Adiponectin (Adipoq) is a hormone secreted from the adipocytes,
cells which highly express the Adipoq protein (Hu et al., 1996).
Adipoq plays an important role in regulating energy homeostasis,
specifically lipid and glucose metabolism (Berg et al., 2001;
Fruebis et al, 2001; Yamauchi et al., 2001), by the activation of
AMP-activated protein kinase (PRKAAI) (Yamauchi et al., 2002;
Kahn et al., 2005) and peroxisome proliferator-activated receptors
(PPARs) (Tsuchida et al., 2005; Nawrocki et al., 2006). In
addition, Adipoq has anti-inflammatory, anti-angiogenic and anti-
atherosclerotic effects (Yokota et al., 2002; Brakenhielm et al.,
2004; Goldstein and Scalia, 2004). Administration of recombinant
Adipoq to rodents increases glucose uptake and fatty acid oxidation
and reduces fatty acid uptake (Fruebis et al., 2001; Heilbronn et al.,
2003).

Recently, two Adipoq receptors (AdipoR| and AdipoR2) have been
identified (Yamauchi et al., 2003) and found to have functional differ-
ences. AdipoRI is highly expressed in the skeletal muscle, while
AdipoR2 is highly expressed in the liver. Targeted disruption of
AdipoR| shows the abrogation of Adipog-induced PRKAAI acti-
vation, whereas that of AdipoR2 increases inflammation and oxidative
stress and decreases the activity of Ppara signaling (Yamauchi et dl.,
2007).

A few studies have demonstrated the relationship between Adipoq
and female reproduction. Rat Adipog, AdipoR| and AdipoR2 are
expressed in theca cells, corpus luteum and oocyte (Chabrolle
et al., 2007). Plasma Adipoq levels are reduced in pre-eclampsia
(Ouyang et al., 2007), and serum Adipoq level is low in women
with polycystic ovarian syndrome (PCOS) (Sir-Petermann et dl.,
2007). Schmidt et al. (2008) showed that mouse and rabbit blastocysts

express AdipoR|l and AdipoR2 mRNA, however only rabbit
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blastocysts express Adipog mRNA. In the rabbit uterus, Adipoq,
AdipoR| and AdipoR2 are expressed in the glands at the preimplanta-
tion stage. Another study revealed high AdipoR| and AdipoR2
expression in the mid-secretory phase of the human endometrium
(Takemura et al., 2005). In addition, serum Adipoq levels are
decreased in women with endometriosis (Takemura et al., 2006), ano-
vulatory PCOS (Carmina et al., 2008, 2009), gestational diabetes
(Ategbo et al., 2006) and endometrial cancer (Dal Maso et dl.,
2004). These studies suggest that Adipoq and AdipoR|/R2s may be
hormonally regulated at critical times in the peri- and post-
implantation period, and that abnormalities in expression of Adipoq
and AdipoR|/R2s may occur in certain pathologic conditions associ-
ated with pregnancy loss and implantation pathologies. Although
several different models of Adipoq, AdipoR| and AdipoR2 deficiency
in mice have been created, the reproductive phenotypes have not
been consistently reported or investigated in a systematic fashion
(Kubota et al., 2002; Ma et al., 2002; Maeda et al., 2002; Nawrocki
et al., 2006). These ambiguities make it difficult to determine
whether this ligand and its receptors are essential to female reproduc-
tion. In addition, several Adipoq paralogs have been identified in
mouse and are called Clq/TNFa-related proteins and thus may com-
pensate for Adipoq in null mice during the process of preimplantation
development, implantation and decidualization (Wong et al., 2004). A
formal investigation of the relationship between Adipogq signaling and
female reproductive tract cross-talk during implantation and early
pregnancy, however, has yet to be performed. The objective of this
study was to examine the expression and hormonal regulation of
Adipog and AdipoR1/R2s in the preimplantation embryo and uterus
of the mouse.

Materials and Methods

Animals and tissue preparation

Mice were housed according to Institutional Animal Care and Use Com-
mittee and National Institutes of Health guidelines. Adult C57BL6
female mice purchased from the National Cancer Institute (NIH,
Bethesda, MD, USA) were mated with fertile male mice of the same
strain to induce pregnancy (Day I, vaginal plug). On Day 5 and Day 6
of pregnancy, implantation sites (ISs) were visualized by intravenous injec-
tion of Chicago Blue dye solution (Sigma, St. Louis, MO, USA). Uteri were
immediately frozen in cold Friendly Freeze'it (Curtin Matheson Scientific,
Houston, TX, USA) and stored at —75°C until protein extraction or
cryosection.

RNA extraction and quantitative real-time
PCR

Total RNA from harvested cells was isolated using TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA) and reverse transcription with oligo(dT) priming
was performed from | mg of total RNA using Superscript lIl (Invitrogen).
The relative expression of each transcript was determined by quantitative
real-time PCR (Q-RT PCR) in an ABI 7000 Sequence Detection System
(Applied Biosystems, Forrest City, CA, USA). Each well of the 96-well
reaction plate contained a total volume of 25 ml with Power SYBR
Green PCR Master Mix (Applied Biosystems). The threshold cycle (Ct)
was used for determining the relative expression level of each gene,
by normalizing to the Ct of Gapdh as described previously (Ratchford
et al, 2008). The method of delta-delta cycle threshold (ddCT) was used

to calculate the relative fold-change of each gene. Because SYBR Green
binding is not sequence specific, a dissociation curve analysis was performed
at the end of the amplification process, and the PCR products were subjected
to agarose gel electrophoresis to verify the specificity of the PCR products.

For the embryo mRNA quantification, the normalized Ct of each gene
was compared with the Ct at a 2-cell stage and expressed as fold-change
compared with 2-cell mMRNA. Primer sequences are listed in Table |. RNA
was isolated from three different pools of embryos which included 155
two-cell embryos (from 10 mice), 132 eight-cell embryos (from 10
mice) and 91 blastocysts (from eight mice). Q-RT PCR was performed
in triplicate from each pool of RNA. For the uterine tissue quantification,
the normalized Ct of each gene was compared with the Ct at the d5 inter-
ISs value. Four animals were used at each time point and six implantation
and inter-implantation paired samples were obtained from each animal.
Each animal experiment was repeated three times for a total of 48
mice. See Table Il for the experimental design and number of animals
and [S/inter-IS pairs. Q-RT PCR experiments were repeated three
times independently. Data are represented as the mean + SEM.

Immunofluorescent microscopic detection of
protein

Embryos were recovered, fixed and immunostained as described pre-
viously (Riley et al., 2005) for AdipoR| and AdipoR2 (Alpha Diagnostics,
Inc., San Antonio, TX, USA), Adipoq (Sigma), SIc2A8 and SIc2A12
(made by the Moley laboratory) (Carayannopoulos et al., 2000; Heilig
et al, 2003) and phospho-PRKAAI (Thrl172) (Upstate Cell Signaling,
Lake Placid, NY, USA). Nuclei were stained with TO-PRO-3 iodide dye
(Molecular Probes, Eugene, OR, USA) by incubating them in 4 mM of
the dye for 20 min. After washing three times in phosphate-buffered
saline (PBS), fluorescence was observed under a confocal microscope

Table | Primer sequences.

Gene  Sequence (5 to 3) Size GeneBank
(bp) Acc. No.

Adipog  F: tgt tcc tct taa tec tge cca 144 NM_009605
AdipoR1  R: cca acc tgc aca agt tcc ctt 133 NM_028320
AdipoR2  F: acg ttg gag agt cat ccc gta t 140 NM_197985
Ppara R: ctc tgt gtg gat gcg gaa gat 153 NM_O0II 144
Ppard F: gga gtg ttc gtg ggc tta gg 109 NM_O011145
Slc27al  R: gca gct ccg gtg ata tag agg 120 NM_011977
Acox | F: aga gcc cca tct gte cte tc 286 NM_015729
Prp R: act ggt agt ctg caa aac caaa 196 NM_010088
Gapdh F: tcc atc gtc aac aaa gac ggg 123 NM_008084

R: act tgg gct caa tga tgt cac

F: cge ttt ctg cgt atc gtc tg

R: gat gca cgg gat cgt gtc t

F: tcc aga ctt cca aca tga gga

R: ctg ggc gta ggt gcc aat ta

F: gct gea tca att cct gaa tgt ca

R: cct cat cac gtc tat aca tgc g
F: agg tcg gtg tga acg gat ttg
R: tgtagaccatgtagttgaggtca

F, forward; R, reverse.
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with Nikon EZ 7.1 software (Nikon Eclipse E800; Nikon Instruments
Corp., Melville, NY, USA). Each slide contained 10—15 embryos at each
stage. Five mice at each time point for each experiment were used to
obtain the embryos at different stages. These experiments were repeated
three times for a total of 60 mice.

Immunohistochemistry

Frozen sections (10 mm) of ISs and inter-ISs were fixed in 3% paraformal-
dehyde in PBS for |5 min and washed two times. After blocking of the
endogenous peroxidase activity with 3% H,O, in methanol for 10 min
and blocking of background with 10% non-immune goat serum for | h,
the sections were incubated with the primary antibody (10 mg/ml) at
4°C overnight, washed three times for 5 min with PBS and incubated
with biotinylated secondary antibody (Zymed, San Francisco, CA, USA)
for 30 min and with enzyme conjugate (streptavidin peroxidase; Zymed)
for 30 min. Colouring reaction was done using 3,3’-diaminobenzidene
(DAB), and sections were counterstained with Hematoxylin (Zymed).
Four animals were used at each time point and six implantation and inter-
implantation paired samples were obtained from each animal. This exper-
iment was repeated three times (Table II).

Western blot analysis

Western blot analysis was performed as described previously (Archanco
et al., 2007). Briefly, total protein extract (~ 15 mg) was separated in a
10% sodium dodecyl sulphate-polyacrylamide gel and then transferred
onto nitrocellulose membranes. After blocking with 5% non-fat dry milk
powder in | x Tris-buffered saline and 0.05% Tween 20 (TBS-T) for | h
at room temperature, the membranes were incubated with primary anti-
body (0.25 mg/ml) or preimmune serum at 4°C overnight, washed three
times with TBS-T, and incubated with horse-radish peroxidase-conjugated
goat anti-rabbit (40 ng/ml; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) for | h. The source and preparation of the primary antibodies are
described above. After washing, the signals were visualized using enhanced
chemiluminescence western blotting detection reagents (Amersham, Pis-
cataway, NJ, USA) or SuperSignal West Dura Extended Duration Sub-
strate (Thermo Scientific, Rockford, IL, USA). Four animals were used at
each time point and six implantation and inter-implantation paired

Table Il Experimental design for Figs 4 and 6.

Gestday Gestday Gestday Gest day
5 6 7 8

Exp. In=16 4mice x6 4micex6 4micex6 4micex 6

mice IS/inter-IS IS/inter-IS IS/inter-IS IS/inter-IS
pairs pairs pairs pairs

Exp.2n=16 4micex6 4micex6 4micex6 4micex6

mice IS/inter-IS IS/inter-IS IS/inter-IS IS/inter-IS
pairs pairs pairs pairs

Exp.3n=16 4micex6 4micex6 4micex6 4micex 6

mice IS/inter-IS IS/inter-IS IS/inter-IS IS/inter-IS
pairs pairs pairs pairs

Total 24 pairs at 24 pairs at 24 pairs at 24 pairs at

mice = 48 d5 for each  d6 for each  d7 for each  d8 for each
exp. exp. exp. exp.

n = number 72 total 72 total 72 total 72 total

of uterine pairs of IS/ pairs of IS/ pairs of IS/ pairs of IS/

pairs inter-IS at inter-IS at inter-IS at inter-1S at
d5 dé d7 d8

samples were obtained from each animal. This experiment was repeated
three times for a total of 48 mice.

In situ hybridization

Sense and antisense>S-labeled cRNA probes were generated using Sp6
and T7 polymerases. Probes had specific activities of ~2 x 10° cpm/
ml. Frozen sections (10 wm) were fixed in cold 4% paraformaldehyde
solution in PBS, acetylated and hybridized with a **S-labeled cRNA
probe at 45°C overnight. After hybridization, sections were incubated
with RNase A (20 mg/ml) at 37°C for 20 min, rinsed, and detected
by autoradiography using NTB-2 liquid emulsion (Eastman Kodak Co.,
Rochester, NY, USA). Sections were counterstained with DAPI after
fixation and development. Sections hybridized with the sense probes
served as negative controls and showed no positive signals. Sections
were taken from the uteri of four different animals for each time
point and six implantation and inter-implantation paired samples were
obtained per animal. Each experiment was repeated three times

(Table 11).

Delayed or activated implantation

To induce conditions of delayed implantation, six mice per experiment
were ovariectomized (OVX) on the morning of Day 4 of pregnancy and
maintained with daily injections of progesterone (2 mg/mouse in 0.1 ml
of sesame oil, sc) from Day 5 to Day 7. To terminate delayed implantation
and to induce blastocyst activation, a single subcutaneous injection of
estradiol (E;) (25 ng/mouse in 0. mM of sesame oil, sc) was given to
one group of three mice at the same time as progesterone injection on
Day 7, while the second group of three mice received only progesterone.
Whole uteri were collected from each group 12 h after the last injection of
steroid. Uteri from three different animals per group (delayed = 3 mice
versus activated = 3 mice) were prepared for immunohistochemistry. All
experiments (six mice each) were performed in triplicate with three inde-
pendent sets of animals for a total of 18 mice (Table Ill).

Artificial decidualization

Induction of artificial decidualization was performed as described else-
where (Deb et al., 2006). In brief, six OVX mice were allowed 20 days
of recovery and then injected subcutaneously with E, (100 ng/mouse)
for 3 days. After 2 days rest, E, (10 ng/mouse) and progesterone
(I mg/mouse) were injected subcutaneously for 3 days. At the third day
of E; + progesterone injection, 20 p of oil was infused intraluminally into
the one uterine horn, and the other side horn was used as control.
After progesterone (I mg/mouse) injection for 4 days, uteri were col-
lected and frozen. B-Actin was used as internal control. Immunoblots
were using normalized using the control as a relative density of |. Both
uterine hornes from three different animals (control versus artificial decid-
ualization) were prepared for western immunoblot and compared after
normalization by Student’s t-test. All experiments were performed three
times with three independent sets of animals for a total of nine mice
(Table II).

Isolation and culture of endometrial stromal
cells

Isolation and culture of artificial decidualization was performed as
described elsewhere (Li et al., 2007). In brief, uteri from five to eight
mice were dissected at pregnant day 4 and blastocysts were flushed
to confirm pregnancy. After washing with Hank’s balanced salt solution
(HBSS), uterine tissues were cut into | =3 mm pieces, pooled and placed
in Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s FI2 without
phenol red (I:1 vol/vol; Invitrogen Co., Grand Island, NY, USA),
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Table 111 Experimental design for Figs 7-9.

Figure 7 Figure 8
# Mice Act/delay implant # Mice

Exp. | 6 3/3 6

Exp. 2 6 3/3 6

Exp. 3 6 3/3 6

Exp. 4

Exp. 5

Total no. mice 18 18

Figure 9
Con/ART decidual horn # Mice # Stromal cells
6/6 6 Pooled
6/6 6 Pooled
6/6 5 Pooled
7 Pooled
8 Pooled
32

containing 0.2% collagenase (type ), with gentle pipetting every |5 min.
After digestion, the cell suspension was left in an upright position for
5 min. Then, the supernatant, the stromal cell-rich fraction, was serially
transferred onto 70 and 40 wm cell strainers (Falcon, Franklin Lakes, NJ,
USA) and centrifuged for 5 min. The purity of stromal cells obtained by
this method was usually >90%, as determined by immunostaining
against vimentin and cytokeratin. The purified stromal cells were
washed, and the number of unattached cells were removed by
washing several times with HBSS, and cell culture was continued after
addition of fresh DMEM/Ham’s FI2 without phenol red medium sup-

plemented with 2% charcoal-stripped fetal bovine serum (FBS)
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(Hyclone Laboratories, South Logan, UT, USA), 100 1U/ml penicillin,
100 mg/ml streptomycin. In vitro decidualization was achieved with pro-
gesterone (I wM) and estrogen (10 nM) for 3 days. For inhibition exper-
iments, cells were incubated for 10 min with different concentrations of
cytochalasin B (Sigma), an inhibitor of facilitative glucose transporters or
Slc2As. Decidualization was quantified by the level of decidual/tropho-
blast prolactin-related protein (PRP, NM_010088) mRNA expression.
Five to ten pregnant mice were used to collect stromal cells for each
experiment. Experiments were repeated five times with five different
sets of animals (six, six, five, seven and eight mice sequential exper-
iments) for a total of 32 mice (Table IlI).

12
B Ppara
Lo A ia
O Ppard
0.8 T
0.6
0.4 -
0.2
0.0 —1
2 cell 8 cell blastocyst

Figure 1 RT-PCR of Adipoq signaling in the preimplantation embryo. GAPDH was used as internal control to normalized cycle threshold (Ct). The
normalized Ct of each individual gene was compared with the Ct at a 2-cell stage and expressed as fold change compared with 2-cell MRNA. Numbers
of embryos pooled: 155 two-cell embryos (10 mice), 132 eight-cell embryos (10 mice) and 91 blastocysts (8 mice). Experiments were conducted
three times in triplicate from each pool of RNA. (A) AdipoQ, AdipoR | and AdipoR2 expression at different time points in development. Note the differ-
ences between different developmental stages for each gene [AdipoR2 (8-cell and blastocyst) versus 2-cell; AdipoR | (8-cell versus 2- cell)]. U.D., unde-
tected; (B) Expression of Ppara and Ppard, both downstream and upstream components respectively of the adiponectin signaling cascade, in embryos
from different stages. Note the decrease in expression of both with development to a blastocyst; (C) Expression of Slc27A1 and Acox/, two down-
stream components of adiponectin signaling. Note the increase in expression of the fatty acid transport protein, Slc27A| between the 2-cell and 8-cell
stage, however this drops to near negative expression at the blastocyst stage.
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A Adipoq

blastocyst

C AdipoR2

I cell

B AdipoRI
I cell
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Slc2A412

p-PRKAAI

Negative

Figure 2 Immunofluorescence of Adipoq (A), AdipoRI (B), AdipoR2 (C) and SIc2A/p-PRKAAI (D) in the embryo. Paraformaldehyde-fixed
embryos were incubated with primary antibodies. Slides were then incubated with a secondary antibody, Alexa Fluor 488 goat anti-rabbit immuno-
globulin G (green fluorescence). TO-PRO-3 iodide was used to stain the nuclei (blue fluorescence). Each slide contained 10—15 embryos at each

stage. Five mice at each time point for each experiment were used to obtain the embryos at different stages. These experiments were repeated

three times with three different sets of animals for a total of 60 mice.

Cell culture

Trophoblast stem (TS) cell culture and isolation and culture of endometrial
stromal cells (ESCs) were performed as described previously and above
(Rossant, 2001; Li et al., 2007). The TS cell line was a generous gift
from Dr Janet Rossant (Samuel Lunenfeld Research Institute, Mount Sinai
Hospital, Toronto, Canada). TS lines were maintained in the presence of
mouse-embryonic  fibroblast (MEF) conditioned media (MEF-CM).
MEF-CM was generated as described previously (Rossant, 2001). TS cells
were cultured in 70% MEF-CM and 30% TS medium supplemented with
25 ng/ml fibroblast growth factor-4 and | pg/ml heparin (Sigma).

Flow cytometry

TS cells and ESCs were harvested with Cell Dissociation Solution (1 x)
Non-enzymatic (Sigma), washed with PBS/10% FBS, and incubated in
blocking solution (PBS/10% FBS/5% normal rabbit sera). Alexa 488
labeled-primary antibodies or rabbit immunoglobulin G for isotype
control were treated for 30 min on ice. Acquisition and analysis were per-
formed on the fluorescence-activated cell sorter Calibur cytometer using
Cell Quest software (Becton Dickinson, Rockville, MD, USA). The

experiment with TS cells was performed twice with three sets of cell
lysates/group. The experiment with ESCs was performed three times
with three sets of cell lysates/group.

Statistical analysis

Differences in RT-PCR data between IS and inter-IS samples were ana-
lyzed with Student’s t-test for comparison of two different groups.
Protein quantification from western immunoblotting was performed via
normalization to (-actin for each gel. Student’s t-test was used for com-
parison between two groups. A P- value of <0.05 was considered statisti-
cally significant.

Results

Expression of Adipoq signaling molecules in
preimplantation embryo

To determine whether Adipoq and Adipoq signaling molecules are
expressed in the preimplantation embryo, RT-PCR was performed.
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Figure 3 Adipoq signaling expression in TS cells. (A—C) RT-PCR of transcripts for Adipoq signaling molecules in TS cells. The Ct was used for
determining the relative expression level of each gene, by normalizing to the Ct of Gapdh. The method of ddCT was used to calculate the relative
fold change of each gene. Note that Adibog mRNA was not detected in TS cells, but mRNAs for AdipoRs and other Adipoq signaling molecules
were detected. The mean of two RT-PCRs is shown. (D) Cell surface expression of AdipoR| and AdipoR2 in TS cells by flow cytometry. This exper-

iment was repeated twice with different sets of TS cells lysates. Data samples were run in triplicate. U.D, undetected.

RT-PCR demonstrated the presence of Adipog mRNA in the 2-cell and
8-cell embryo, however, Adipog mRNA was not detected at the blas-
tocyst stage. AdipoR | and AdipoR2 mRNA was detected at all stages of
the preimplantation embryo, although levels were lowest at the blas-
tocyst stage. Adipoq and AdipoRI/R2 levels peaked at the 8-cell
embryo stage (Fig. | A). Ppara and Ppard are involved in Adipoq signal-
ing as downstream and upstream molecules respectively (Kadowaki
and Yamauchi, 2005; Choi et al., 2007). RT-PCR demonstrated the
presence of mRNA for both Ppara and Ppard at all stages of the pre-
implantation embryo (Fig. IB). In addition, mRNA transcripts for fatty
acid transport protein (Slc27A1) and acyl CoA oxidase (Acox!), which
are downstream proteins of the Adipoq signaling pathway (Yamauchi
et al., 2001; Palanivel et al., 2007), were also detected at all stages of
the preimplantation embryo (Fig. 1C). Interestingly, by immunofluor-
escence staining, Adipoq protein was detected from the |-cell to blas-
tocyst stage, despite the lack of Adipog mRNA at the blastocyst stage
(Fig. 2A). AdipoR| (Fig. 2B) and AdipoR2 (Fig. 2C) proteins were also
detected at all stages of the preimplantation embryo. Next, we ana-
lyzed glucose transporters (Slc2A) and p-PRKAAI protein expression
in the blastocyst, since Adipoq signaling affects downstream glucose
metabolism via PRKAAI activation and increased glucose uptake
(Kadowaki and Yamauchi, 2005; Palanivel et al., 2007). SIc2A8 and
SIc2A12, two facilitative glucose transporters, and p-PRKAAI, a
direct target of Adipoq signaling, were all expressed at the blastocyst
stage (Fig. 2D).

To confirm the expression and localization of Adipoq signaling mol-
ecules in the blastocyst, we analyzed TS cells, which are originally
derived from the blastocyst. RT-PCR did not detect Adipog mRNA
in the TS cells, however it did demonstrate the presence of AdipoR/

and AdipoR2 mRNA (Fig. 3A). Ppara and Ppard mRNA transcripts
were detected in TS cells although the level of Ppara mRNA was
extremely low (Fig. 3B). SIc27A1 and Acox! mRNA transcripts were
also detected in the TS cells (Fig. 3C). TS cell surface expression of
AdipoR| and AdipoR2 was confirmed by flow cytometry (Fig. 3D).

Expression of Adipoq signaling molecules in
uterus during peri-implantation periods

To determine whether the expression of Adipoq signaling molecules
differ in pregnancy, we analyzed ISs and inter-ISs in pregnant uteri
from Day 5 to Day 8 of pregnancy. As shown in Fig. 4A—C, mRNA
levels of Adipog, AdipoR| and AdipoR2 were all significantly higher at
the ISs than at the inter-ISs. Adipog and AdipoR| gradually increased
at the ISs from Day 5 to Day 8. Ppbara mRNA was also significantly
higher at the ISs compared with the inter-ISs, and gradually increased
at the ISs from Day 5 to Day 8 (Fig. 4D). Ppard mRNA was increased
less dramatically at the ISs compared with the inter-ISs (Fig. 4E);
however, the difference was significant. Slc27A1 and Acox! mRNA
were also significantly increased at the ISs compared with the inter-ISs.
These transcripts gradually increased at the ISs from Day 5 to Day 8
(Fig. 4F and G).

To verify the localization of Adipog, AdipoR | and AdipoR2 mRNA, in
situ hybridization was performed. Adipog mRNA mainly localized to
the decidual cells of the ISs and to the luminal epithelia of the inter-ISs.
From Day 5 to Day 8, Adipog mRNA levels appeared to increase in the
decidual cells of the ISs. In addition, Adipog mRNA was detected in the
embryo at Day 7 and Day 8 (Fig. 5A). AdipoR| mRNA was highly loca-
lized in the decidual cells and embryo of the ISs and in the luminal
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independently. Data are represented as the mean + SEM.

epithelia of the inter-ISs. AdipoR| was widely localized in the decidual
cells (Fig. 5B), whereas AdipoR2 was highly focused in the decidual cells
and embryo of the ISs and in the luminal epithelia of the inter-ISs.
AdipoR2 was more strongly localized in the primary decidual cells
than in the secondary decidual cells (Fig. 5C).

Next, protein expressions of Adipoq, AdipoR| and AdipoR2 in the
pregnant uterus were compared by western immunoblotting. Adipoq,
AdipoR| and AdipoR?2 protein expressions were significantly higher at
the ISs than at the inter-ISs from Day 5 to Day 8 (Fig. 6A, Supplemen-
tary data, Fig. SI), and followed the same general trend as the mRNA.
Immunohistochemistry was used to detect AdipoR| and AdipoR2
proteins. Both were localized in the decidual cells of the ISs and in
the glandular and luminal epithelia, but not in the stromal cells of
the inter-ISs at Day 7 (Fig. 6B and C). These results were consistent
with the mRNA results.

Decidualization effects on Adipoq, AdipoRI
and AdipoR2 expressions in the delayed
implantation model

To determine whether decidualization affects the expressions of
Adipoq, AdipoR| and AdipoR2 in the uterus during the period of
implantation, we analyzed protein expression by immunofluorescent

microscopy in sections from the uteri of mice subjected to delayed
and activated implantation. After the termination of delayed implan-
tation by the injection of E,, the expressions of Adipoq, AdipoRI
and AdipoR?2 all increased (Fig. 7).

Expressions of Adipoq, AdipoRI, AdipoR2
and GLUT during decidualization

To confirm that the increase in Adipog, AdipoR| and AdipoR2
expression seen in Fig. 6 was in the decidual cells, we used both an
artificial decidualization model and performed in vitro decidualization
of harvested ESCs. As shown in Fig. 8, Adipoq, AdipoRI| and
AdipoR2 protein expression in the uteri of an artificial decidualization
model was significantly higher than in the control uteri. Next, to deter-
mine if decidual cells secreted Adipoq, we isolated ESCs from the uteri
at Day 4 of pregnancy and cultured them with estrogen (E,) and pro-
gesterone to induce in vitro decidualization. Decidual cells, not control
ESCs, secreted Adipoq to the media (Fig. 9A). By flow cytometry, cell
surface expressions of AdipoR| and AdipoR2 were found to be higher
in the decidual cells than in the control ESCs (Fig. 9B). Decidualization
was confirmed by the mRNA level of decidual/trophoblast PRP, one
of the markers of decidual cells. Abundant PRP expression was only
detected in the decidual cells (Fig. 9C).
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nic day. EM, embryo; IS, implantation sites; LE, luminal epithelia; S, stromal cells. Sections were taken from the uteri of four different animals for each
time point and six implantation and inter-implantation paired samples were obtained per animal as described in Fig. 4. Each experiment was repeated

three times with three different sets of animals for total of 48 mice.

Discussion

In this study, we have investigated the role of Adipoq in the embryo—
maternal interaction by mapping out the expression pattern of this
ligand and its receptors in the murine reproductive tract from fertiliza-
tion through implantation. Adipoq plays an important role in regulating
whole body energy homeostasis by increasing insulin sensitivity (Berg

et al., 2001; Fruebis et al., 2001; Yamauchi et al., 2001), both at the
level of the liver and of skeletal muscle. Although tissue-specific func-
tions of Adipoq vary depending on the cell type, the main mechanism
of action of Adipoq is activation of PRKAAI (Yamauchi et al., 2002;
Kahn et al., 2005) and induction of the PPARs (Tsuchida et dl.,
2005; Nawrocki et al., 2006). In this study, we determined that
mRNA AdipoR1/R2s and downstream

of Adipogq, signaling
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components such as the PPARs and the fatty acid oxidation proteins, : above, with the exception of Adipoq, was also detected. This discre-
SIc27A1-1 and Acoxl, are present in the preimplantation mouse . pancy may be due to embryonic genomic activation and thus
embryo from the 2-cell to 8-cell stages, most likely due to persistence . expression of all these mRNAs except Adipoq. Alternatively, the

of maternal mRNAs. At the blastocyst stage, mRNA for all of the : embryos could experience selective degradation of Adipoq message
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Figure 7 Immunofluorescence of Adipoq and AdipoRs in the
uterus of delayed or activated implantation model. Paraformaldehyde-
fixed tissue slices were incubated with primary antibodies. Slides were
then incubated with a secondary antibody, Alexa Fluor 488 goat anti-
rabbit immunoglobulin G (green fluorescence). TO-PRO-3 iodide
was used to stain the nuclei (blue fluorescence). Uteri from three
different animals per group (delayed versus activated) were prepared
for immunohistochemistry. All experiments were performed three
times with three independent sets of animals for a total of |8 mice.

more quickly than the other mRNAs. Although this lack of Adipoq
mRNA at the blastocyst stage had previously been described
(Schmidt et al., 2008), protein expression had not been measured.
In this study, evaluation of Adipoq and AdipoRI/R2s protein
expressions during the preimplantation stages revealed the presence
of all these proteins by immunofluorescence staining. This suggests
that the Adipoq protein detected in the blastocyst may still be
present from message produced from the 8-cell or morula stage
embryo. Alternatively, Adipoq in the blastocyst may be derived
from another source such as the uterine epithelia, since Adipoq
exists in the luminal and glandular epithelia of uterus before implan-
tation and it is a secretory protein. Moreover, the oviduct also
expresses Adipoqg, and may secrete Adipoq into the oviductal fluid.
A recent study in the rat also suggests that the rat oviduct expresses

Adipoqg (Archanco et al., 2007). Taken together, Adipoq by an auto-
crine (produced by the embryo itself), a paracrine (secreted by the
endometrium or oviduct) and/or an endocrine source (mouse
adipose tissue) may play important roles in preimplantation mouse
embryo development and implantation. Adipoq signaling during the
preimplantation period may function to promote fatty acid oxidation
for energy substrate via PRKAAI activation and ACOXI/SLC7AI
induction (Campos et al., 2008; Dupont et al., 2008). In recent
studies we demonstrated that PRKAAI activity is decreased in poor
quality embryos from diabetic mice, and that PRKAAI activation
both rescues the embryo and stimulates fatty acid oxidation (Eng
et al., 2007). We hypothesize that Adipoq via AdipoRI| and/or
AdipoR2 may act via the transcription factor APPLI to trigger
PRKAAI activation and downstream fatty acid oxidation, and to
replete energy stores in the developing embryo as it travels down
the oviduct (Mao et al., 2006). Future studies will be designed to
test this hypothesis using allogenic mating pairs as opposed to syn-
geneic pairs as done in this study. Although it is a limitation of this
study, our conclusions are valid. Using allogenic mating, however, is
more clinically relevant and may reveal additional findings not detected
in this study.

In this study, we also examined the dynamic expression and hormo-
nal regulation of Adipoq and AdipoR|/R2s during early pregnancy. A
recent study reported that AdipoRl and AdipoR2 are highly
expressed in the mid-secretory phase of the human endometrium,
which is equivalent to the window of implantation (Takemura et al.,
2006). In addition, serum Adipoq levels are decreased in women
with endometriosis (Takemura et al., 2005), PCOS (Carmina et al.,
2008, 2009) and obesity and type 2 diabetes (Weyer et al., 2001),
which are all associated with high rates of implantation failure and
pregnancy loss. These prior studies suggest that paracrine secretion
from the endometrium may be timed to optimize both uterine recep-
tivity and blastocyst activation. To determine whether the expression
of Adipoq and downstream signaling molecules are regulated in the
pregnant uterus, we analyzed the implantation (IS) versus inter-IS
expression of these protein in the pregnant uteri from Day 5 to
Day 8. Adipoq signaling was dramatically higher in the ISs than in
the inter-IS, and Adipoq and AdipoR|/R2s were mainly localized in
the decidual cells and embryo of the IS and in the luminal epithelia
in the inter-IS. These findings suggest that Adipoq is important for
initiation and/or maintenance of implantation but is also basally
expressed in luminal epithelium as well. Whereas AdipoR| was
widely distributed among all the decidual cells, AdipoR2 was more
strongly localized in the primary decidual cells than in the secondary
decidual cells. AdipoRI is highly expressed in the skeletal muscle,
and AdipoR2 is highly expressed in the liver. Targeted disruption of
AdipoR| shows the abrogation of Adipog-induced PRKAAI acti-
vation, whereas that of AdipoR2 increases inflammation and oxidative
stress and decreases the activity of Ppara signaling (Yamauchi et dl.,
2007). This suggests that AdipoR| and AdipoR2 may have different
functions in regard to decidualization in the pregnant uterus.

Estrogen injection for termination of delayed implantation increased
the expression of Adipoq and AdipoR|/R2s in the luminal epithelia.
This suggests that Adipoq and AdipoRI/R2 expression in the
luminal epithelia before implantation is important for blastocyst acti-
vation and uterine receptivity. Moreover, increased expressions of
Adipoq and AdipoRI/R2s were confirmed by using artificial
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three independent sets of animals for a total of 18 mice.

decidualization and an in vitro decidualization system. This suggests that
Adipogq signaling by autocrine and paracrine mechanism may play an
essential role in embryo development and decidualization in the IS
of pregnant uterus during the peri-implantation phase. These findings
also suggest that progesterone and E; may cross-talk with Adipogq sig-
naling or modulated Adipoq effects via different receptors. Several
studies using breast cancer cells lines have reported conflicting
results. One study found expression of both receptors and Adipoq
in *MCF-7 breast cancer cells. Expression of AdipoR| decreased in
response to E, exposure; a finding that was inhibited by adding
Adipog. In addition, Adipoq plus E; resulted in increased proliferation
in E; responsive MCF-7 cells but decreased proliferation and increased
apoptosis in non-E3 responsive NDA-MB-231| breast cancer cell lines
(Pfeiler et al., 2008). Alternatively, Grossmann and colleagues
reported that Adipoq inhibited growth and increased apoptosis in
MCF-7 cells (Grossmann et al., 2008). Studies in the ovary have
demonstrated that Adipoq added to porcine granulosa cells modulates
the expression of steroidogenic proteins such as StAR and cyto-
chrome P450 via themitogen activated protein kinase (MAPK)
pathway (Ledoux et al., 2006). Interestingly, Adipoq alone did not
affect steroid production in rat granulosa cells, however, it did increase
progesterone production in response to insulin-like growth factor-1 by
2-fold (Chabrolle et al., 2007).

PRKAAI is activated by an increase in the AMP/ATP ratio and plays
a key role in energy metabolism including fatty acid oxidation and

synthesis, glucose uptake and cholesterol synthesis (Corton et dl.,
[994; Kemp et al., 1999; Hardie, 2003). Additionally, SIc2A4 translo-
cation is mediated by PRKAAI signaling in the heart (Russell et al.,
1999; Goldstein and Scalia, 2004) and recent evidence suggests that
SIc2A8 also translocates in blastocysts and TS cells in response to
PRKAAI activation (Eng et al., 2007; Louden et al., 2008). Adipoq
may act via PRKAAI activation to promote adequate glucose trans-
port in the preimplantation embryo at the blastocyst stage. Other
studies have demonstrated that Adipoq in the heart induces
cyclooxygenase-2 (COX-2)-dependent prostaglandin E; synthesis by
p-PRKAAI pathway (Shibata et al., 2005). This report, together
with other findings in heart (Takahashi et al., 2005; lkeda et al.,
2008) and adipose tissue (Yokota et al., 2002), suggest that Adipoq
signaling may play an important role in uterine receptivity and decidua-
lization through the COX-2 pathway.

Our study also demonstrates for the first time that ESCs secrete
Adipog when decidualized. A recent study found that Adipoq exerts
anorexigenic and insulin/leptin-like actions in the rat hypothalamus,
and AdipoR| mediates these actions through IRSI/2-Akt/FOXOI,
Erk and JAK2-STAT3 signaling pathway (Coope et al., 2008). This
suggests that AdipoR| may mediate the decidualization induced by
Adipoq through Akt/Erk/PRKAAI signaling and through glucose util-
ization by affecting GLUT localization. We also showed that AdipoR2
is mainly localized in the primary decidual cells of the IS. Major fluctu-
ations in oxygen concentrations occur at the fetomaternal interface
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Figure 9 Adipoq signaling expression in ESCs. ESCs isolated from the uterus at pregnant day 4 were decidualized for 3 days by stimulation with
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collect stromal cells for each experiment. Experiments were repeated five times with five different sets of animals or a total of 32 mice. (A) Secreted
Adipoq detection by western blot analysis of supernatant media. (B) Cell surface expression of AdipoR| and AdipoR?2 in ESCs by flow cytometry. (C)
Decidual/trophoblast PRP mRNA expression by RT-PCR in ESCs during in vitro decidualization. Gapdh was used as internal control.

during normal pregnancy (Gellersen et al., 2007). This suggests that
AdipoR2 may mediate Adipoq function by decreasing oxidative
stress through PPAR signaling to prevent embryo and fetal stress.

In conclusion, Adipoq signaling may play an important role in preim-
plantation embryo development and uterine receptivity in an auto-
crine/paracrine/endocrine manner. The reproductive tract expression
pattern of the ligand and receptors suggests embryo—uterus cross-talk
occurs via Adipoq signaling before and during decidualization in order
to maintain pregnancy during the peri-implantation period.

Supplementary data

Supplementary data are available at http://humrep.oxfordjournals.org/.

Funding

This work was supported by funding from the NIH ROl
HDO040810-06 and ROI HDO065435 to K.H.M. and T32HD049305
to E.L.

Conflict of interest: none declared.

References

Archanco M, Gomez-Ambrosi ], Tena-Sempere M, Fruhbeck G,
Burrell MA. Expression of leptin and adiponectin in the rat oviduct.
J Histochem Cytochem 2007;55:1027—-1037.

Ategbo JM, Grissa O, Yessoufou A, Hichami A, Dramane KL,
Moutairou K, Miled A, Grissa A, Jerbi M, Tabka Z et al. Modulation

of adipokines and cytokines in gestational diabetes and macrosomia.
J Clin Endocrinol Metab 2006;91:4137—-4143.

Berg AH, Combs TP, Du X, Brownlee M, Scherer PE. The
adipocyte-secreted protein Acrp30 enhances hepatic insulin action.
Nat Med 2001;7:947-953.

Brakenhielm E, Veitonmaki N, Cao R, Kihara S, Matsuzawa Y,
Zhivotovsky B, T, Cao Y. Adiponectin-induced
antiangiogenesis and antitumor activity involve caspase-mediated
endothelial cell apoptosis. Proc Natl Acad Sci USA 2004;101:2476—2481.

Campos DB, Palin MF, Bordignon V, Murphy BD. The ‘beneficial
adipokines in reproduction and fertility. Int | Obes (Lond) 2008;
32:223-231.

Carayannopoulos MO, Chi MM, Cui Y, Pingsterhaus JM, McKnight RA,
Mueckler M, Devaskar SU, Moley KH. GLUT8 is a glucose
transporter responsible for insulin-stimulated glucose uptake in the
blastocyst. Proc Natl Acad Sci USA 2000;97:7313-7318.

Carmina E, Bucchieri S, Mansueto P, Rini G, Ferin M, Lobo RA. Circulating
levels of adipose products and differences in fat distribution in the

Funahashi

ovulatory and anovulatory phenotypes of polycystic ovary syndrome.
Fertil Steril 2009;91:1332—1335.

Carmina E, Chu MC, Moran C, Tortoriello D, Vardhana P, Tena G,
Preciado R, Lobo R. Subcutaneous and omental fat expression of
adiponectin and leptin in women with polycystic ovary syndrome.
Fertil Steril 2008;89:642—648.

Chabrolle C, Tosca L, Dupont J. Regulation of adiponectin and its
receptors in rat ovary by human chorionic gonadotrophin treatment
and potential involvement of adiponectin in granulosa cell
steroidogenesis. Reproduction 2007;133:719-731.

Choi KC, Lee SY, Yoo HJ, Ryu OH, Lee KW, Kim SM, Baik SH, Choi KM.
Effect of PPAR-delta agonist on the expression of visfatin, adiponectin,
and resistin in rat adipose tissue and 3T3-LI adipocytes. Biochem
Biophys Res Commun 2007;357:62—67.


http://humrep.oxfordjournals.org/cgi/content/full/deq292/DC1
http://humrep.oxfordjournals.org/
http://humrep.oxfordjournals.org/
http://humrep.oxfordjournals.org/
http://humrep.oxfordjournals.org/
http://humrep.oxfordjournals.org/

94

Kim et al.

Coope A, Milanski M, Araujo EP, Tambascia M, Saad M], Geloneze B,
Velloso LA. AdipoR| mediates the anorexigenic and insulin/leptin-like
actions of adiponectin in the hypothalamus. FEBS Lett 2008;
582:1471-1476.

Corton M, Gillespie JG, Hardie DG. Role of the AMP-activated protein
kinase in the cellular stress response. Curr Biol 1994;4:315-324.

Dal Maso L, Augustin LS, Karalis A, Talamini R, Franceschi S,
Trichopoulos D, Mantzoros CS, La Vecchia C. Circulating adiponectin
and endometrial cancer risk. | Clin Endocrinol Metab 2004;
89:1160—1163.

Deb K, Reese J, Paria BC. Methodologies to study implantation in mice.
Methods Mol Med 2006;121:9-34.

Dupont |, Chabrolle C, Rame C, Tosca L, Coyral-Castel S. Role of the
peroxisome proliferator-activated receptors, adenosine
monophosphate-activated kinase, and adiponectin in the ovary. PPAR
Res 2008;2008:176275.

Eng GS, Sheridan RA, Wyman A, Chi MM, Bibee KP, Jungheim ES,
Moley KH. AMP kinase activation increases glucose uptake, decreases
apoptosis, and improves pregnancy outcome in embryos exposed to
high IGF-I concentrations. Diabetes 2007;56:2228—-2234.

Fruebis ], Tsao TS, Javorschi S, Ebbets-Reed D, Erickson MR, Yen FT,
Bihain BE, Lodish HF. Proteolytic cleavage product of 30-kDa
adipocyte complement-related protein increases fatty acid oxidation in
muscle and causes weight loss in mice. Proc Natl Acad Sci USA 2001;
98:2005-2010.

Gellersen B, Brosens |A, Brosens ]J. Decidualization of the human
endometrium: mechanisms, functions, and clinical perspectives. Semin
Reprod Med 2007;25:445—-453.

Goldstein  BJ, Scalia R. Adiponectin: a novel adipokine linking
adipocytes and vascular function. | Clin Endocrinol Metab 2004;89:
2563-2568.

Grossmann ME, Nkhata K], Mizuno NK, Ray A, Cleary MP. Effects of
adiponectin on breast cancer cell growth and signaling. Br | Cancer
2008;98:370-379.

Hardie DG. Mini review: the AMP-activated protein kinase cascade: the
key sensor of cellular energy status. Endocrinology 2003;144:
5179-5183.

Heilbronn LK, Smith SR, Ravussin E. The insulin-sensitizing role of the fat
derived hormone adiponectin. Curr Pharm Des 2003;9:1411—1418.

Heilig C, Brosius F, Siu B, Concepcion L, Mortensen R, Heilig K, Zhu M,
Weldon R, Wu G, Conner D. Implications of glucose transporter
protein type | (GLUTI)-haplodeficiency in embryonic stem cells for
their survival in response to hypoxic stress. Am | Pathol 2003;
163:1873—1885.

Hu E, Liang P, Spiegelman BM. AdipoQ is a novel adipose-specific gene
dysregulated in obesity. | Biol Chem 1996;271:10697—10703.

Ikeda Y, Ohashi K, Shibata R, Pimentel DR, Kihara S, Ouchi N, Walsh K.
Cyclooxygenase-2 induction by adiponectin is regulated by a
sphingosine kinase-1 dependent mechanism in cardiac myocytes. FEBS
Lett 2008;582:1147—1150.

Kadowaki T, Yamauchi T. Adiponectin and adiponectin receptors. Endocr
Rev 2005;26:439-451.

Kahn BB, Alquier T, Carling D, Hardie DG. AMP-activated protein kinase:
ancient energy gauge provides clues to modern understanding of
metabolism. Cell Metab 2005;1:15-25.

Kemp BE, Mitchelhill KI, Stapleton D, Michell BJ, Chen ZP, Witters LA.
Dealing with energy demand: the AMP-activated protein kinase.
Trends Biochem Sci 1999;24:22—25.

Kubota N, Terauchi Y, Yamauchi T, Kubota T, Moroi M, Matsui |, Eto K,
Yamashita T, Kamon J, Satoh H et al. Disruption of adiponectin causes
insulin  resistance and neointimal formation. | Biol Chem 2002;
277:25863-25866.

Ledoux S, Campos DB, Lopes FL, Dobias-Goff M, Palin MF, Murphy BD.
Adiponectin induces periovulatory changes in ovarian follicular cells.
Endocrinology 2006;147:5178-5186.

Li Q, Kannan A, Wang W, Demayo FJ, Taylor RN, Bagchi MK, Bagchi IC.
Bone morphogenetic protein 2 functions via a conserved signaling
pathway involving Wnt4 to regulate uterine decidualization in the
mouse and the human. | Biol Chem 2007;282:31725-31732.

Louden E, Chi M, Moley K. Crosstalk between the AMP-activated kinase
and insulin signaling pathways rescues murine blastocyst cells from
insulin resistance. Reproduction 2008;136:335—344.

Ma K, Cabrero A, Saha PK, Kojima H, Li L, Chang BH, Paul A, Chan L.
Increased beta-oxidation but no insulin resistance or glucose
intolerance in  mice lacking adiponectin. | Biol Chem 2002;
277:34658-34661.

Maeda N, Shimomura |, Kishida K, Nishizawa H, Matsuda M,
Nagaretani H, Furuyama N, Kondo H, Takahashi M, Arita Y et al.
Diet-induced insulin resistance in mice lacking adiponectin/ACRP30.
Nat Med 2002;8:731-737.

Mao X, Kikani CK, Riojas RA, Langlais P, Wang L, Ramos FJ, Fang Q,
Christ-Roberts CY, Hong JY, Kim RY et al. APPLI binds to
adiponectin receptors and mediates adiponectin signalling and
function. Nat Cell Biol 2006;8:516—523.

Nawrocki AR, Rajala MW, Tomas E, Pajvani UB, Saha AK, Trumbauer ME,
Pang Z, Chen AS, Ruderman NB, Chen H et al. Mice lacking adiponectin
show decreased hepatic insulin sensitivity and reduced responsiveness
to peroxisome proliferator-activated receptor gamma agonists. | Biol
Chem 2006;281:2654—2660.

Ouyang Y, Chen H, Chen H. Reduced plasma adiponectin and elevated
leptin in pre-eclampsia. Int | Gynaecol Obstet 2007;98:110—114.

Palanivel R, Fang X, Park M, Eguchi M, Pallan S, De Girolamo S, Liu Y,
Wang Y, Xu A, Sweeney G. Globular and full-length forms of
adiponectin mediate specific changes in glucose and fatty acid uptake
and metabolism in cardiomyocytes. Cardiovasc Res 2007;75:
[48—157.

Pfeiler GH, Buechler C, Neumeier M, Schaffler A, Schmitz G, Ortmann O,
Treeck O. Adiponectin effects on human breast cancer cells are
dependent on |7-beta estradiol. Oncol Rep 2008;19:787—-793.

Ratchford AM, Esguerra CR, Moley KH. Decreased oocyte-granulosa cell
gap junction communication and connexin expression in a type |
diabetic mouse model. Mol Endocrinol 2008;22:2643—2654.

Riley JK, Carayannopoulos MO, Wyman AH, Chi M, Ratajczak CK,
Moley KH. The PI3K/Akt pathway is present and functional in the
preimplantation mouse embryo. Dev Biol 2005;284:377—-386.

Rossant J. Stem cells from the Mammalian blastocyst. Stem Cells 2001;
19:477-482.

Russell RR Ill, Bergeron R, Shulman Gl, Young LH. Translocation of
myocardial GLUT-4 and increased glucose uptake through activation
of AMPK by AICAR. Am | Physiol 1999;277:H643-H649.

Schmidt T, Fischer S, Tsikolia N, Navarrete Santos A, Rohrbach S, Ramin N,
Thieme R, Fischer B. Expression of adipokines in preimplantation rabbit
and mice embryos. Histochem Cell Biol 2008;129:817-825.

Shibata R, Sato K, Pimentel DR, Takemura Y, Kihara S, Ohashi K,
Funahashi T, Ouchi N, Walsh K. Adiponectin protects against
myocardial  ischemia-reperfusion injury through AMPK- and
COX-2-dependent mechanisms. Nat Med 2005;11:1096—1103.

Sir-Petermann T, Echiburu B, Maliqueo MM, Crisosto N, Sanchez F,
Hitschfeld C, Carcamo M, Amigo P, Perez-Bravo F. Serum
adiponectin and lipid concentrations in pregnant women with
polycystic ovary syndrome. Hum Reprod 2007;22:1830—1836.

Takahashi T, Zhu S}, Sumino H, Saegusa S, Nakahashi T, Iwai K, Morimoto S,
Kanda T. Inhibition of cyclooxygenase-2 enhances myocardial damage in a
mouse model of viral myocarditis. Life Sci 2005;78:195-204.



Adipoq and AdipoR1/R2s in mouse embryos and uterus

95

Takemura Y, Osuga Y, Harada M, Hirata T, Koga K, Morimoto C,
Hirota Y, Yoshino O, Yano T, Taketani Y. Serum adiponectin
concentrations are decreased in women with endometriosis. Hum
Reprod 2005;20:3510-3513.

Takemura Y, Osuga Y, Yamauchi T, Kobayashi M, Harada M, Hirata T,
Morimoto C, Hirota Y, Yoshino O, Koga K et al. Expression of
adiponectin receptors and its possible implication in the human
endometrium. Endocrinology 2006;147:3203-3210.

Tsuchida A, Yamauchi T, Takekawa S, Hada Y, Ito Y, Maki T, Kadowaki T.
Peroxisome  proliferator-activated receptor (PPAR)alpha activation
increases  adiponectin  receptors and reduces obesity-related
inflammation in adipose tissue: comparison of activation of PPARalpha,
PPARgamma, and their combination. Diabetes 2005;54:3358—-3370.

Weyer C, Funahashi T, Tanaka S, Hotta K, Matsuzawa Y, Pratley RE,
Tataranni PA. Hypoadiponectinemia in obesity and type 2 diabetes:
close association with insulin resistance and hyperinsulinemia. | Clin
Endocrinol Metab 2001;86:1930—1935.

Wong GW, Wang |, Hug C, Tsao TS, Lodish HF. A family of Acrp30/
adiponectin structural and functional paralogs. Proc Natl Acad Sci USA
2004;101:10302-10307.

Yamauchi T, Kamon |, Waki H, Terauchi Y, Kubota N, Hara K, Mori Y,
Ide T, Murakami K, Tsuboyama-Kasaoka N et al. The fat-derived
hormone adiponectin reverses insulin resistance associated with both
lipoatrophy and obesity. Nat Med 2001;7:941—946.

Yamauchi T, Kamon ], Minokoshi Y, Ito Y, Waki H, Uchida S, Yamashita S,
Noda M, Kita S, Ueki K et al. Adiponectin stimulates glucose utilization
and fatty-acid oxidation by activating AMP-activated protein kinase. Nat
Med 2002;8:1288—1295.

Yamauchi T, Kamon J, Ito Y, Tsuchida A, Yokomizo T, Kita S, Sugiyama T,
Miyagishi M, Hara K, Tsunoda M et al Cloning of adiponectin
receptors that mediate antidiabetic metabolic effects. Nature 2003;
423:762-769.

Yamauchi T, Nio Y, Maki T, Kobayashi M, Takazawa T, Iwabu M,
Okada-lwabu M, Kawamoto S, Kubota N, Kubota T et al. Targeted
disruption of AdipoR| and AdipoR2 causes abrogation of adiponectin
binding and metabolic actions. Nat Med 2007;13:332-339.

Yokota T, Meka CS, Medina KL, Igarashi H, Comp PC, Takahashi M,
Nishida M, Oritani K, Miyagawa ], Funahashi T et al. Paracrine
regulation of fat cell formation in bone marrow cultures via
adiponectin and prostaglandins. | Clin Invest 2002;109:1303—1310.



