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ABSTRACT

The prevalence of diabetes is increasing worldwide with the trend of
patients being young and creating a significant burden on health
systems, including reproductive problems, but the effects of diabetes on
embryo implantation are still poorly understood. Our study was to
examine effects of diabetes on mouse embryo implantation, providing
experimental basis for treating diabetes and its complications.
Streptozotocin (STZ) was applied to induce type 1 diabetes from
day 2 of pregnancy or pseudopregnancy in mice. Embryo transfer was
used to analyze effects of uterine environment on embryo implantation.
Our results revealed that the implantation rate is significantly reduced
in diabetic mice compared to controls, and the change of uterine
environment is the main reason leading to the decreased implantation
rate. Compared to control, the levels of LIF and p-STAT3 are
significantly decreased in diabetic mice on day 4 of pregnancy, and
serum estrogen level is significantly higher. Estrogen stimulates LIF
expression under physiological level, but the excessive estrogen
inhibits LIF expression. LIF, progesterone or insulin supplement can
rescue embryo implantation in diabetic mice. Our data indicated that the
dysregulated LIF-STAT3 pathway caused by the high level of estrogen
results in the impaired implantation in diabetic mice, which can be
rescued by LIF, progesterone or insulin supplement.
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INTRODUCTION

Embryo implantation involves an intricate discourse between the
embryo and uterus, including synchronized development of the
embryo to the blastocyst stage, differentiation of the uterus to the
receptive state, and cross-talk between the blastocyst and uterine
luminal epithelium (Lim and Dey, 2009). In rodents, estrogen is
essential for preparation of uterine receptivity and embryo
implantation. Uterine receptivity is maintained for a limited
period. The level of estrogen within a very narrow range
determines the duration of the window of uterine receptivity (Ma
et al, 2003). A balanced interaction between estrogen and
progesterone is required for the establishment of pregnancy
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(Carson et al., 2000). Perturbation of any of these factors can
compromise the establishment of pregnancy and cause infertility
(Hewitt and Korach, 2011). Leukemia inhibitory factor (LIF) is
highly expressed in mouse uterus during receptivity phase and
essential for embryo implantation (Stewart et al., 1992). Signal
transducer and activator of transcription 3 (STAT3), a downstream
target of LIF, is phosphorylated in the luminal epithelium before
embryo implantation (Cheng et al., 2001). The inhibition or uterine
conditional deletion of STAT3 leads to the failure of mouse embryo
implantation (Nakamura et al., 2006; Sun et al., 2013).

Overweight and obesity are becoming a global problem. Nearly half
of all pregnant women are either overweight or obese at conception
(Kim et al., 2010). Type 1 diabetes is a common disease in which
insulin-producing pancreatic 3 cells are impaired by immune-mediated
mechanisms (Hober and Sauter, 2010). Around 5-10% of diabetic
patients are type 1 diabetes which typically manifests in children and
adolescents (Jayaraman, 2014). Especially in developing countries,
diabetes is less often found or reported. The growing prevalence of
diabetes will pose a tremendous challenge to the management of this
disease (Bhojani et al., 2013; Kanguru et al., 2014).

Under current treatments, pregnant women with either type 1
or type 2 diabetes often suffer from a series of reproductive
problems such as miscarriage, neonatal morbidity and mortality,
and congenital malformations (Greene, 1999). Maternal diabetes
adversely affects oocyte maturation (Cheng et al., 2011), reduces
cell number and protein synthetic rate in blastocysts (Beebe and
Kaye, 1991; Wyman et al., 2008), and may further result in post-
implantation embryo and placenta developmental abnormalities and
even metabolic diseases in the offspring (Diamond et al., 1989;
Evers et al., 2003). Insulin is the most commonly used drug to treat
type 1 diabetic patients. Currently, treatments for women with
type 1 diabetes who are seeking pregnancy include dietary
modifications and insulin treatment to help stabilize the blood
sugar (Gabbe and Graves, 2003). However, whether and how
diabetes affects embryo implantation is poorly understood.

Experimental diabetic models can be induced through surgical
procedures, chemical induction, or mutated animal strains. In this
study, streptozotocin (STZ) was used to induce type 1 diabetes in
mice (Beebe and Kaye, 1991). We showed that the high level of
estrogen in diabetic mice may disturb LIF-STAT3 pathway and lead
to impaired embryo implantation. LIF, progesterone or insulin
supplement can rescue the implantation in diabetic mice.

RESULTS

Embryo implantation in diabetic mice

In the control group, the pregnancy rate was 100% on day 5, 90% on
day 8, 89% on day 12 and 92% on day 21 of pregnancy. However,
the pregnancy rate was 41% on day 5, 45% on day 8, 9% on day 12

893

Biology Open


mailto:zmyang@scau.edu.cn

RESEARCH ARTICLE

Biology Open (2015) 4, 893-902 doi:10.1242/bio.011890

and 0% on day 21 of pregnancy in the diabetic group (Fig. 1A). The
pregnancy rate in the diabetic group was nearly half of that in the
control group during early pregnancy.

The changes of uterine environment in diabetic mice

In order to examine whether the low implantation rate was caused by
embryos in the diabetic group, blastocysts were collected and
counted from both control and diabetic mice on day 4 of pregnancy.
Compared to control, there were no obvious differences in the number
and morphology of blastocysts in the diabetic group (Fig. 1B,C).
Furthermore, embryo transfer was performed to analyze reasons for the
low implantation rate in diabetic group. When blastocysts recovered
from control mice were transferred into normal pseudopregnant
recipients, the implantation rate was 100%. After blastocysts from
diabetic mice were transferred into normal pseudopregnant recipients,
the implantation rate was 89%. However, the implantation rate was
only 10% when blastocysts from control mice were transferred into
diabetic pseudopregnant recipients (Fig. 1D). These results indicated
that the change of uterine environment should be the main reason
leading to a decreased implantation rate in diabetic mice, rather than
those of embryos.

Abnormal expression of implantation-related genes in
diabetic mice

In order to examine whether the uterine receptivity was changed in
diabetic mice, the levels of Lif mRNA, and p-STAT3 and Mucin 1

(MUC1) proteins were analyzed by in situ hybridization and
immunostaining, respectively. Lif mRNA expression was primarily
detected in the glandular epithelium. Compared to control, Lif
mRNA signal was lower in diabetic mice (Fig. 2A). The signals of
p-STAT3 were mainly observed in luminal epithelium, and weakly
in glandular epithelium and stromal cells in control mice. However,
p-STAT3 signal was not seen in diabetic mice (Fig. 2B). MUCI1 is
mainly localized in the luminal epithelium, but the signal is almost
undetectable during the implantation window (Li et al., 2011). In
our study, immunocytochemical staining analysis confirmed that
MUCI was not expressed in the luminal epithelium in both control
and diabetic mice on day 4, while the signal was detected in
glandular epithelium in both groups (Fig. 2C).

To investigate the uterine changes after diabetic induction, uteri
were collected from diabetic and control mice 48 h after STZ
injection. Our results showed that the levels of Lif mRNA and
p-STAT3 were dramatically reduced at 48 h in diabetic group
(Fig. 2D,E). Meanwhile, we analyzed Cyclooxygenase-2 (Cox-2)
expression which up-regulated and played an important role in
embryo implantation period (Lim et al., 1997). Compared to
controls, there was a significant increase of uterine Cox-2 expression
at 48 h (Fig. 2D). Because diabetes can affect the expressions of
many cytokines related to immunity and inflammation (Shankar
et al., 2011), we examined uterine expressions of tumor necrosis
factor o (TNFa) and interleukin 1B (/L-153). However, there was no
obvious difference between diabetic and control mice (Fig. 2D).
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Fig. 2. The change of uterine
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STZ injection. (A) In situ hybridization of Lif
mRNA in uteri of control (CON) and diabetic
Lif (STZ) mice (Sense, negative control).
Immunohistochemistry of p-STAT3 (B) and
MUC1 (C) in uteri of control and diabetic
— P — mice (IgG, negative control). (D) Real-time
) RT-PCR of Lif, Cox-2, IL-18 and Tnfo.
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Dysregulated Lif-STAT3 signal pathway in diabetic uterus

Given the special relationship between Lif and estrogen (Bhatt et al.,
1991; Yang et al., 1996), we wondered whether estrogen was
involved in abnormal changes in LIF-STAT3 signal pathway in
diabetic uterus. To confirm this assumption, we examined the
expression of lactoferrin (L#f) and complement 3 (C3), estrogen-
responsive genes, in mouse uterus (McMaster et al., 1992;
Sundstrom et al., 1989). Our finding showed that the expression
of Ltf and C3 was strikingly up-regulated in diabetic mice than
control, which suggested that the level of estrogen may be higher in
diabetic mice than control during implantation window (Fig. 3A-C).
We also examined the expression of Hoxal0 (Sroga etal.,2012) and
Ihh (Simon et al., 2009), progesterone-responsive genes in diabetic
mouse uteri. Compared to control, Hoxal0 expression was slightly
increased and /hh expression was not changed in diabetic mice
(Fig. 3E,F). Then we found that there were a 6 to 10 fold rise
in estrogen level and a 1.5 fold increase in progesterone level
in diabetic mice compared with control (Fig. 3D,G), suggesting
that diabetes causes a deterioration in hormone homeostasis.
Additionally, a significant down-regulation of estrogen receptor
alpha (ERa) in glandular epithelium was detected in diabetic female
mice on day 4, compared with control (Fig. 3H). In order to analyze
whether the down-regulation of Lif expression in diabetic mice is
caused by excessive estrogen, pregnant mice on day 3 were treated

with 100 ng estrogen. Our results showed that Lif expression on
day 4 was significantly decreased by estrogen treatment (Fig. 4A).
In these estrogen-treated mice, L#f expression was obviously
increased (Fig. 4B). The expression of ERo was decreased in
these estrogen-treated mice (Fig. 4C).

Rescue of embryo implantation of diabetic mice by LIF or
progesterone supplement
Based on our data, we assumed that the low implantation rate
of diabetic mice was associated with the low Lif expression caused
by excessive estrogen. Therefore, diabetic mice were supplemented
with LIF to examine whether embryo implantation could be
rescued. Blastocysts recovered from normal pregnant mice on
day 4 were transferred into diabetic pseudopregnant recipients
supplemented with the intraluminal injection of 5 pl LIF (100 ng or
500 ng). We found that embryo implantation in diabetic mice was
significantly improved by supplementing 500 ng LIF (Figs SE,7C).
Because progesterone has antagonistic effects on the estrogen-
induced proliferation in mouse uterus (Carson et al., 2000), we also
checked whether progesterone could counteract estrogen-induced Ltf
expression in ovariectomized mouse uteri. Compared to estrogen
alone, the uterine expression of Li#f'was significantly down-regulated
when ovariectomized mice were treated with both estrogen and
progesterone (Fig. SA). We also examined the expression of Lif'and
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Fig. 3. Estrogen-related changes in control and diabetic mouse uteri on day 4 of pregnancy. (A) /n situ hybridization of L{f mRNA in uteri of control (CON)
and diabetic (STZ) mice (Sense, negative control). (B) Real-time PCR analysis of Ltf expression in uteri of control and diabetic mice. (C) Real-time PCR analysis
of C3 expression in uteri of control and diabetic mice. (D) The serum level of estrogen between control and diabetic mice. (E) Real-time PCR analysis of Hoxa10
expression in uteri of control and diabetic mice. (F) Real-time PCR analysis of /hh expression in uteri of control and diabetic mice. (G) The serum level of
progesterone between control and diabetic mice. (H) Immunofluorescence of ERa expression in uteri of control and diabetic mice (IgG, negative control). Scale
bars, 300 ym. *P<0.05; error bars, s.e.

Ltf'in diabetic mice injected with P4 on day 4. Compared to diabetic ~ Then progesterone was supplemented into diabetic mice to examine

mice, P4 injection increased the uterine expression of Lif whetherembryo implantation could be rescued. Embryo implantation
and p-STAT3 (Fig. 5B,D), and reduced L#f expression (Fig. 5C).  was significantly improved in diabetic mice after blastocysts were
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(A) (B)

Fig. 4. Effects of estrogen on
LIF-STAT3 signal pathway in day
4 pregnant uteri after pregnant
mice were treated with estrogen on
* day 3. (A) Real-time RT-PCR of Lif
expression in uteri of pregnant mice
treated with oil (Oil) or estrogen
(E2-100 ng). (B) Real-time RT-PCR of
Ltfexpressionin uteri of pregnant mice
treated with oil or estrogen.
(C) Immunofluorescence of ERa
expression in uteri of pregnant mice
treated with oil or estrogen. Scale
bars, 300 um. *P<0.05; error bars, s.e.
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transferred into diabetic recipients supplemented with 1 mg
progesterone per mouse (Figs 5E,7C). Our results indicated
that either Lif or progesterone supplement could rescue embryo
implantation in diabetic mice.

Effects of insulin on embryo implantation in diabetic mice

Insulin is one of the most commonly used treatments for type 1
diabetes. In order to properly carry out complete pregnancy, diabetic
women will also continue to use insulin treatment and other means
to control blood sugar level during gestation period. Therefore, we
used insulin to treat diabetic pregnant mice in our study. The results
revealed that insulin treatment significantly improved the
implantation rate to 73% (Fig. S5F), down-regulated the estrogen
level (Fig. 5G) and increased the levels of Lif (Fig. 5H) and p-Stat3
(Fig. 5I) in diabetic pregnant mice when compared with diabetic
mice, which suggested that insulin treatment could partially rescue
the dysregulated Lif-STAT3 signal pathway in diabetic uterus.

DISCUSSION

It is estimated that nearly half of all pregnancies occur in women
who are either overweight or obese at conception (Kim et al., 2010).
The risk of preeclampsia, gestational diabetes and other labor-
related complications are significantly increased in pre-pregnant
obese women (King, 2006). Type 1 diabetes typically occurs in
children and adolescents with a certain genetic background
(Jayaraman, 2014). Type 1 or 2 diabetes is observed in about
3.6% of pregnancies (Al-Rubeaan et al., 2014). The management of

-

E2-100 ng

Merge

diabetes in low- and middle-income countries faces greater
challenges compared with those high-income countries (Bhojani
et al., 2013; Kanguru et al., 2014). However, whether and how
diabetes affects embryo implantation is poorly understood.

In this study, we showed that implantation rate is around 40% in
diabetic group compared to control. Compared to normal rats,
diabetic rats have a 20% lower implantation rate (De Hertogh et al.,
1989). In streptozotocin-induced diabetic pseudopregnant rats, there
is a concomitant drop in endometrial decidual growth compared to
controls (Zakaria et al., 2000). Our results also showed that insulin
treatment could partially reverse the deleterious effects of diabetes
on implantation rate.

Previous studies indicated a delay in early embryo development
in both chemical-induced and genetically diabetic models (Beebe
and Kaye, 1991; Moley et al., 1991). Additionally, there are
hyperglycemia-induced metabolic abnormalities in preimplantation
embryos in these streptozotocin-induced diabetic mice and some
transgenic mice (Moley et al., 1998). Because our diabetic mice
were induced on day 2 of pregnancy, we didn’t detect any
morphologic differences among the blastocysts from diabetic and
control mice. Our data from embryo transfer also indicated that
blastocysts from diabetic mice can implant in the normal recipients,
while blastocysts from control mice have a lower implantation rate
in diabetic recipients. These data should exclude the effects of
blastocysts from diabetic mice on embryo implantation, suggesting
that the low implantation rate in these diabetic mice should be
derived from maternal uterus.
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Fig. 5. Effects of LIF, progesterone or insulin supplement on the implantation rate of diabetic mice. (A) Real-time RT-PCR of Ltf expression in the uteri of
ovariectomized mice injected with oil, E2, or E2 plus P4 (E+P). (B) Real-time RT-PCR of Lif expression in the uteri of control (CON+oil) and diabetic mice injected
with oil (STZ+oail) or P4 (STZ+P4). (C) Real-time RT-PCR of Ltf expression in the uteri of control and diabetic mice injected with oil or P4. (D) Western blot of
t-STAT3 and p-STAT3 proteins in the uteri of control and diabetic mice injected with oil or P4. Tubulin served as a control. (E) Embryo implantation rate on
day 5 of pregnancy after embryos were transferred into day 4 pseudopregnant recipients. eCON-uCON, eCON-uSTZ and eSTZ-uCON are described in the
legend of Fig. 1. eCON-uSTZ+P4, Blastocysts recovered from control mice were transferred into diabetic pseudopregnant recipients injected with progesterone.
eCON-uSTZ+100 ng LIF, Blastocysts recovered from control mice were transferred into diabetic pseudopregnant recipients treated with the intrauterine injection
of 100 ng LIF. eCON-uSTZ+500 ng LIF, Blastocysts recovered from control mice were transferred into diabetic pseudopregnant recipients treated with the
intrauterine injection of 500 ng LIF. Different lowercase letters in each row show significant differences among different groups (P<0.05). (F) Implantation rate of
control and diabetic mice treated with insulin. (G) The serum level of estrogen between diabetic mice treated with insulin or not. (H) Real-time RT-PCR of Lif
expression in uteri between diabetic mice treated with insulin or not. (I) Western blot of t-STAT3 and p-STAT3 proteins in uteri between mice treated with and

without insulin. *P<0.05; error bars, s.e.
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During pre-implantation period, the uterus is tremendously
sensitive to estrogen level. The duration of the window of uterine
receptivity is determined by estrogen within a very narrow range of
concentrations and will rapidly become refractoriness at high
estrogen levels (Ma et al., 2003). When we examined the levels of
endogenous estrogen and progesterone in these diabetic mice, the
level of estrogen is more than 6 fold higher than control mice, and
progesterone level is also higher than control, but less than 2 folds.
Both L#f'and C3, estrogen-responsive genes, are also significantly
upregulated in these diabetic uteri compared to controls. Our data
indicated that the super-physiological level of estrogen may
compromise embryo implantation in these diabetic mice.

LIF is highly expressed in glandular epithelium on day 4 of
pregnancy and stimulated by estrogen (Bhatt et al., 1991; Yang et al.,
1996). Embryo implantation fails in LIF-deficient mice (Stewart et al.,
1992). LIF can phosphorylate STAT3 via LIF receptor and gpl130
(Zhang et al., 1995). Embryo implantation can also be impaired by

(A) 3
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D1 D2

conditional knockout or inhibition of Stat3 (Lee et al., 2013; Nakamura
etal.,2006; Pawaretal., 2013; Sunetal.,2013). In our study, uterine Lif
expression in diabetic mice is significantly lower than that in control
mice. In diabetic mice on day 4 of pregnancy, Stat3 phosphorylation in
luminal epithelium is also at a lower level. These data suggested the
dysregulated LIF-STAT3 pathway may lead to implantation failure in
diabetic mice. A recent study also reported that the levels of LIF and
phosphorylated STAT3 are lower in diabetic mice on day 4.5 post-
coitum compared to controls (Albaghdadi and Kan, 2012). The rescue
of implantation in diabetic mice by LIF supplement also supports this
conclusion. It is shown that a high level of estrogen decreases uterine
receptivity (Kawagoe et al., 2012; Simon et al., 1995), and the high
steroid environment reduces the expression of estrogen receptor alpha
(ERo) transcript, because of enhanced receptor processing
and degradation (Chai et al., 2011; Wang et al., 2005). In our study,
atransient increase of estrogen and significant down-regulation of ERo.
in glandular epithelium were noticed in diabetic female mice on day 4.

Fig. 6. Generation of diabetic mice
and treatments. (A) Mice on day 2 of
pregnancy or pseudopregnancy
received a single injection of
streptozotocin to induce diabetes.
(B) Control mice received an equal
volume of the sodium citrate vehicle
buffer. The implantation rate on days
5 was 100%. (C) The implantation
rate of diabetic mice on days 5 was
41%. (D) The implantation rate on
days 5 was 73% while diabetic mice
were treated with insulin. The
implantation sites on day 5 were
visualized through intravenous
injection of 0.1 ml of 1% Chicago blue
dye in saline. The blue points in uteri
in the final image of each panel
represent the implantation sites.

Diabetic mouse

D4/PD4

D5(100%)

D5(41%)

D5(73%)
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The same phenomenon was observed when ovariectomized mice were
treated with estrogen. Our results showed that the excessive estrogen
inhibits the expression of Lif through ERo.

The proliferation and differentiation of endometrial cells are
controlled and coordinated by the balanced interaction between
estrogen and progesterone. The estrogen-induced proliferation is
counteracted by progesterone to ensure the successful establishment
of pregnancy (Carson et al., 2000). In PR-Cre-Stat3 deleted mice,
estrogen responsive genes are upregulated in uterine epithelial cells
(Sunetal., 2013). These studies indicated that a proper balance between
estrogen and progesterone is essential to embryo implantation. In this
study, we also showed that Lif expression is down-regulated when
pregnant mice are treated with a high level of estrogen. In
ovariectomized mice, estrogen-induced uterine Lif mRNA expression
is also inhibited when these mice were treated by progesterone. We then
found that impaired implantation can be rescued after these diabetic
recipient mice are supplemented with progesterone.

(A)
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In conclusion, our data indicated that the dysregulated LIF-
STAT3 pathway caused by high level of estrogen results in the
impaired implantation in diabetic mice, which can be rescued by
LIF, progesterone or insulin supplement. It is necessary to further
determine the levels of LIF and estrogen, and the effects of LIF on
implantation defect in diabetic women. If LIF level is low in these
women, it is possible to rescue their implantation through LIF or
progesterone supplement while they are in the course of insulin
or metformin treatment. Our study might help with treating
implantation defects in people suffering from diabetes.

MATERIALS AND METHODS

Animals and treatments

CD-1 mice were maintained in a controlled environment (12 h light and 12 h
dark). All animal procedures were approved by the Institutional Animal Care
and Use Committee of Shantou University. To induce pregnancy or
pseudopregnancy, adult female mice were mated with fertile or vasectomized

Fig. 7. The model of embryo
transplantation and the results.
(A) Blastocysts recovered from
control mice were transferred into
control pseudopregnant recipients.
The implantation rate was 100%.
(B) Blastocysts recovered from
diabetic mice were transferred into
control pseudopregnant recipients.
The implantation rate was 89%.

(C) Blastocysts recovered from
control mice were transferred into
diabetic pseudopregnant recipients
treated with vehicle, LIF or P4. The
implantation rate was 10%, 63% and
63% respectively. The implantation
sites on day 5 were visualized
through intravenous injection of

0.1 ml of 1% Chicago blue dye in
saline. The blue points in uteri in the
final image of each panel represent
the implantation sites.

PD5(100%)

\ /

PD5(89%)

PD5(63%)

PD5(63%)
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males of the same strain (day 1=day of vaginal plug). The implantation sites on
day 5 were visualized through intravenous injection of 0.1 ml of 1% Chicago
blue dye (Sigma, MO USA) in saline. Ovariectomized mice were treated with
different concentration of estradiol-17p (100 ng, 1 pg, or 10 ug/mouse, s.c.;
Sigma) for 24 h at least 14 days after ovariectomy. Uteri from these mice were
collected and frozen into liquid nitrogen for further analysis.

Generation of diabetic mice and treatments

To induce diabetes, mice at 9:00 on day 2 of pregnancy or pseudopregnancy
received a single injection of streptozotocin (STZ, 190 mg/kg dissolved in
0.1 M sodium citrate buffer, pH 4.4; Sigma) (Fig. 6A,C). Control mice
received an equal volume of the sodium citrate vehicle buffer (0.1 M, pH 4.4)
(Fig. 6B) (Beebe and Kaye, 1991). Two days after injection on day 4, tail-
blood samples were measured for glucose concentrations via a commercial
glucometer (Sannuo, Shenzhen, China). Diabetes was defined as blood
glucose concentration being >16.7 mM. For the insulin treatment group, 2 IU
insulin (Sanofi-Aventis, Frankfurt, Germany) was injected s.c. into diabetic
mice twice at 24:00 on day 3 and 24:00 on day 4 after STZ administration
(Fig. 6D). Following insulin injection, glucose level was monitored on days 4
and 5 to ensure that blood glucose returned to control level, respectively. Uteri
were collected from diabetic and control mice at 48 and 72 h after STZ
injection and frozen into liquid nitrogen for further analysis.

Embryo transfer

Blastocysts were recovered from either STZ-induced diabetic mice or
control mice at 9:00 on day 4 of pregnancy, and transferred into nondiabetic
pseudopregnant recipients at 10:00 on day 4. There were five groups.
Group 1: Blastocysts recovered from control mice were transferred into
control pseudopregnant female recipients (Fig. 7A); Group 2: Blastocysts
recovered from diabetic mice were transferred into control pseudopregnant
female recipients (Fig. 7B); Group 3: Blastocysts recovered from control
mice were transferred into diabetic pseudopregnant recipients (Fig. 7C);
Group 4: Blastocysts recovered from control mice were transferred into
diabetic pseudopregnant female recipients. At the time of embryo transfer,
these recipients were treated with the intrauterine injection of LIF (100 ng or
500 ng/mouse) (Fig. 7C); Group 5: Blastocysts recovered from control mice
were transferred into diabetic pseudopregnant recipients. At the time of
embryo transfer, these recipients were treated with progesterone (s.c., 1 mg/
mouse) (Fig. 7C). All mice from the five groups were sacrificed 24 h after
transplantation to visualize implantation sites.

Assay of serum hormones

The orbital blood from each mouse was rested for 30 min at room temperature
and spun at a low speed (1000 rpm) for 15 min at 4°C. The supernatants were
collected and cryopreserved at —80°C. Serum levels of estrogen and
progesterone were determined by estrogen kit (11-Esthu-E01; Alpco, MA
USA) and progesterone kit (11-Prohu-E01; Alpco), respectively. Each assay
was performed as to the manufacturer’s instruction manual.

Immunohistochemistry

Sections (4 um thick) of formalin-fixed and paraffin-embedded uteri were
deparaffinized, dehydrated and subjected to block with 0.3% hydrogen
peroxide. After blocked in 10% horse serum for 1 h at 37°C, sections were
incubated with rabbit anti-p-STAT3 (1:200; #9131, Cell Signaling
Technology, MA USA) or normal rabbit IgG in 10% horse serum
overnight at 4°C. After washing in PBS, the sections were incubated with
biotinylated secondary antibody and streptavidin-HRP complex. The
positive signals were visualized using DAB Horseradish Peroxidase Color
Development Kit according to the manufacturer’s protocol (Zhongshan
Golden Bridge, Beijing, China) as a reddish-brown color.

Immunofluorescence

Frozen sections (10 um thick) were cut with a cryostat, fixed with 4%
paraformaldehyde for 1 h and permeabilized with 0.1% Triton X-100 for
20 min. Followed by blocking in 10% horse serum for 1 h at 37°C, sections
were incubated with anti-MUC-1 (1:200; NB120-15481, Novus, MO USA)
or anti-estrogen receptor o (ERa) antibody (1:400; sc-7207, Santa Cruz, TX
USA) overnight at 4°C. After washing in 0.5% Triton X-100/0.5% BSA in

PBS, sections were incubated with FITC-conjugated goat anti-rabbit
antibody and counter-stained with DAPI for nuclei. Finally, the samples
were observed under a fluorescence microscopy.

Real-time PCR

TRIzol reagent (Invitrogen, CA USA) was used to isolate total RNAs from
mouse uteri. After digested with RQ1 deoxyribonuclease I (Promega, WI
USA), cDNA was synthesized using Prime Script reverse transcriptase
reagent kit (Perfect Real Time; TaKaRa, Dalian, China) and amplified using
a SYBR Premix Ex Taq kit (DRR041S; TaKaRa) on the Rotor-Gene 3000A
system (Corbett Research, Victoria, Australia). The conditions used for real-
time PCR were as follows: 95°C for 10 s, followed by 40 cycles of 95°C for
5's and 60°C for 34 s. Relative expression levels were calculated using
the delta-delta CT (AACt) method and normalized to Rpl7 expression. The
primers used for real-time PCR were: Lif (F) AAAAGCTATGTGCGCC-
TAACA, (R) GTATGCGACCATCCGATACAG; Cox-2 (F) CCCCCCA-
CAGTCAAAGACACT, (R) GGCACCAGACCAAAGACTTCC; IL-15 (F)
CTCCATGAGCTTTGTACAAGG, (R) TGCTGATGTACCAGTTGGGG;
INF-o (F) ACGTGGAACTGGCAGAAGAG, (R) CTCCTCCACTTGG-
TGGTTTG; Ltf (F) AGCCAACAAATGTGCCTCTTC, (R) CCTCAAA-
TACCGTGCTTCCTC; C3 (F) TCATCCTCATTGAGACCCCC, (R)
CTGCCCCATGTTGACCAGTT; Rpl7 (F) GCAGATGTACCGCACTG-
AGATTC, (R) ACCTTTGGGCTTACTCCATTGATA.

Western blot

Proteins were extracted from uterine tissues with lysis buffer (50 mM Tris-HCl,
pH7.4,150 mMNaCl, 5 mM EDTA, 10 mM NaF, 1 mM Na3VO3, 1% sodium
deoxycholate, 1% Triton X-100 and 0.1% SDS). A complete protease inhibitor
(Roche Applied Science, Upper Bavaria, Germany) was added into each sample
to prevent protein degradation. Protein concentration was measured with BCA
reagent kit (Applygen, Beijing, China). Samples were electrophoretically
separated on 10% PAGE and electrically transferred onto PVDF membranes.
After blocking with 5% non-fat milk containing 0.5% Tween 20 for 1 h, the
membrane was incubated with rabbit anti-total STAT3 antibody (1:1000; #9132,
Cell Signaling Technology) or rabbit anti-phosphorylated (Tyr 705) STAT3
antibody (1:1000; #9131, Cell Signaling Technology) overnight at 4°C. The
membrane was then incubated with HRP-conjugated secondary antibody
(1:5000) for 1h. Signals were analyzed by ECL Chemiluminescent kit
(Amersham Pharmacia Biotech, IL USA). Tubulin was used as a loading control.

In situ hybridization

Digoxigenin-labeled antisense or sense RNA probes were transcribed in vitro
using a digoxigenin RNA labeling kit (Roche Applied Science). Liquid
nitrogen-frozen uteri were cut into 10 pm frozen sections. Frozen sections were
mounted on 3-aminopropyltriethoxy-silane (Sigma) coated slides and fixed in
4% paraformaldehyde (Sigma) solution. Hybridization was performed at 55°C
for 16 h as previously described (Liang et al., 2014). Then sections
were incubated in sheep anti-digoxigenin antibody conjugated to alkaline
phosphatase (1:5000; 11207741910, Roche Applied Science). The signal was
visualized with the buffer containing 5-bromo-4-chloro-3-indolyl phosphate
(0.4 mM) and nitro blue tetrazolium (0.4 mM). Levamisole (2 mM, Sigma) was
used to inhibit the endogenous alkaline phosphatase activity. All of the sections
were counterstained with 1% methyl green and the positive signal was
visualized as dark brown. Sections hybridized with sense probe of each gene
were served as negative controls. No detectable signals were observed with
sense probes.

Statistical analysis

At least three replicates were conducted for each treatment. All data were
analyzed with ANOVA. A Duncan’s multiple comparison test was used to
analyze differences. All of the analyses were performed using GraphPad
prism software (GraphPad, Inc., CA USA). Data are expressed as mean-+s.d.
P<0.05 was considered significant.

Acknowledgements

We thank Xiao-Huan Liang and Wen-Bo Deng for their assistance with the
transplantation experiments. We thank Dr William S. B. Yeung for his critical reading
and suggestions.

901

Biology Open



RESEARCH ARTICLE

Biology Open (2015) 4, 893-902 doi:10.1242/bio.011890

Competing interests
The authors declare no competing or financial interests.

Author contributions

T.-S.W. and Z.-M.Y. designed experiments, analyzed data, contributed to
discussions, wrote and edited the manuscript. T.-S.W,, F.G., Q.-R.Q., F.-N.Q.,
R.-J.Z., Z.-L.L. and J.-L.L. performed research, analyzed data and edited the
manuscript. Z.-M.Y. is the guarantor and takes full responsibility to the article and its
originality.

Funding

This work was supported by National Basic Research Program of China
(2011CB944402 and 2013CB910803) and National Natural Science Foundation of
China (31271602, 31471397 and 31272263).

References

Albaghdadi, A. J. H. and Kan, F. W. K. (2012). Endometrial receptivity defects and
impaired implantation in diabetic NOD mice. Biol. Reprod. 87, 30.

Al-Rubeaan, K., Al-Manaa, H. A., Khoja, T. A., Youssef, A. M., Al-Sharqawi,
A. H., Siddiqui, K. and Ahmad, N. A. (2014). A community-based survey for
different abnormal glucose metabolism among pregnant women in a random
household study (SAUDI-DM). BMJ Open 4, e005906.

Beebe, L. F. S. and Kaye, P. L. (1991). Maternal diabetes and retarded
preimplantation development of mice. Diabetes 40, 457-461.

Bhatt, H., Brunet, L. J. and Stewart, C. L. (1991). Uterine expression of leukemia
inhibitory factor coincides with the onset of blastocyst implantation. Proc. Natl.
Acad. Sci. USA 88, 11408-11412.

Bhojani, U., Mishra, A., Amruthavalli, S., Devadasan, N., Kolsteren, P., De
Henauw, S. and Criel, B. (2013). Constraints faced by urban poor in managing
diabetes care: patients’ perspectives from South India. Glob. Health Action 6,
22258.

Carson, D. D., Bagchi, ., Dey, S. K., Enders, A. C., Fazleabas, A. T., Lessey,
B. A. and Yoshinaga, K. (2000). Embryo implantation. Dev. Biol. 223, 217-237.

Chai, J., Lee, K.-F., Ng, E. H. Y., Yeung, W. S. B. and Ho, P.-C. (2011). Ovarian
stimulation modulates steroid receptor expression and spheroid attachment in
peri-implantation endometria: studies on natural and stimulated cycles. Fertil.
Steril. 96, 764-768.

Cheng, J.-G., Chen, J. R, Hernandez, L., Alvord, W. G. and Stewart, C. L. (2001).
Dual control of LIF expression and LIF receptor function regulate Stat3 activation
at the onset of uterine receptivity and embryo implantation. Proc. Natl. Acad. Sci.
USA 98, 8680-8685.

Cheng, P.-P., Xia, J.-J., Wang, H.-L., Chen, J.-B., Wang, F.-Y., Zhang, Y., Huang, X.,
Zhang, Q.-J. and Qi, Z.-Q. (2011). Islet transplantation reverses the effects of
maternal diabetes on mouse oocytes. Reproduction 141, 417-424.

De Hertogh, R., Vanderheyden, |., Glorieux, B. and Ekkat, E. (1989). Oestrogen
and progestogen receptors in endometrium and myometrium at the time of
blastocyst implantation in pregnant diabetic rats. Diabetologia 32, 568-572.

Diamond, M. P., Moley, K. H., Pellicer, A., Vaughn, W. K. and DeCherney, A. H.
(1989). Effects of streptozotocin- and alloxan-induced diabetes mellitus on mouse
follicular and early embryo development. J. Reprod. Fertil. 86, 1-10.

Evers, I. M., Nikkels, P. G. J., Sikkema, J. M. and Visser, G. H. A. (2003). Placental
pathology in women with type 1 diabetes and in a control group with normal and
large-for-gestational-age infants. Placenta 24, 819-825.

Gabbe, S. G. and Graves, C. R. (2003). Management of diabetes mellitus
complicating pregnancy. Obstet. Gynecol. 102, 857-868.

Greene, M. F. (1999). Spontaneous abortions and major malformations in women
with diabetes mellitus. Semin. Reprod. Endocrinol. 17, 127-136.

Hewitt, S. C. and Korach, K. S. (2011). Cell biology. A hand to support the
implantation window. Science 331, 863-864.

Hober, D. and Sauter, P. (2010). Pathogenesis of type 1 diabetes mellitus: interplay
between enterovirus and host. Nat. Rev. Endocrinol. 6, 279-289.

Jayaraman, S. (2014). Novel methods of type 1 diabetes treatment. Discov. Med.
17, 347-355.

Kanguru, L., Bezawada, N., Hussein, J. and Bell, J. (2014). The burden of
diabetes mellitus during pregnancy in low- and middle-income countries: a
systematic review. Glob. Health Action 7, 23987.

Kawagoe, J., Li, Q., Mussi, P., Liao, L., Lydon, J. P., DeMayo, F. J. and Xu, J.
(2012). Nuclear receptor coactivator-6 attenuates uterine estrogen sensitivity to
permit embryo implantation. Dev. Cell 23, 858-865.

Kim, S. Y., England, L., Wilson, H. G., Bish, C., Satten, G. A. and Dietz, P. (2010).
Percentage of gestational diabetes mellitus attributable to overweight and obesity.
Am. J. Public Health 100, 1047-1052.

King, J. C. (2006). Maternal obesity, metabolism, and pregnancy outcomes. Annu.
Rev. Nutr. 26, 271-291.

902

Lee, J. H., Kim, T. H., Oh, S. J., Yoo, J.-Y., Akira, S., Ku, B. J., Lydon, J. P. and
Jeong, J.-W. (2013). Signal transducer and activator of transcription-3 (Stat3)
plays a critical role in implantation via progesterone receptor in uterus. FASEB J.
27, 2553-2563.

Li, Q., Kannan, A., DeMayo, F. J., Lydon, J. P., Cooke, P. S., Yamagishi, H.,
Srivastava, D., Bagchi, M. K. and Bagchi, I. C. (2011). The antiproliferative action
of progesterone in uterine epithelium is mediated by Hand2. Science 331, 912-916.

Liang, X.-H., Deng, W.-B., Li, M., Zhao, Z.-A., Wang, T.-S., Feng, X.-H., Cao, Y.-J.,
Duan, E.-K. and Yang, Z.-M. (2014). Egr1 protein acts downstream of estrogen-
Leukemia Inhibitory Factor (LIF)-STAT3 pathway and plays a role during
implantation through targeting Wnt4. J. Biol. Chem. 289, 23534-23545.

Lim, H. J. and Dey, S. K. (2009). HB-EGF: a unique mediator of embryo-uterine
interactions during implantation. Exp. Cell Res. 315, 619-626.

Lim, H., Paria, B. C., Das, S. K., Dinchuk, J. E., Langenbach, R., Trzaskos, J. M.
and Dey, S. K. (1997). Multiple female reproductive failures in cyclooxygenase 2-
deficient mice. Cell 91, 197-208.

Ma, W.-G., Song, H., Das, S. K., Paria, B. C. and Dey, S. K. (2003). Estrogen is a
critical determinant that specifies the duration of the window of uterine receptivity
for implantation. Proc. Natl. Acad. Sci. USA 100, 2963-2968.

McMaster, M. T., Teng, C. T., Dey, S. K. and Andrews, G. K. (1992). Lactoferrin in
the mouse uterus: analyses of the preimplantation period and regulation by
ovarian steroids. Mol. Endocrinol. 6, 101-111.

Moley, K. H., Vaughn, W. K., DeCherney, A. H. and Diamond, M. P. (1991). Effect
of diabetes mellitus on mouse pre-implantation embryo development. J. Reprod.
Fertil. 93, 325-332.

Moley, K. H., Chi, M. M. and Mueckler, M. M. (1998). Maternal hyperglycemia
alters glucose transport and utilization in mouse preimplantation embryos.
Am. J. Physiol. 275, E38-E47.

Nakamura, H., Kimura, T., Koyama, S., Ogita, K., Tsutsui, T., Shimoya, K.,
Taniguchi, T., Koyama, M., Kaneda, Y. and Murata, Y. (2006). Mouse model of
human infertility: transient and local inhibition of endometrial STAT-3 activation
results in implantation failure. FEBS Lett. 580, 2717-2722.

Pawar, S., Starosvetsky, E., Orvis, G. D., Behringer, R. R., Bagchi, I. C. and
Bagchi, M. K. (2013). STAT3 regulates uterine epithelial remodeling and
epithelial-stromal crosstalk during implantation. Mol. Endocrinol. 27, 1996-2012.

Shankar, K., Zhong, Y., Kang, P., Lau, F., Blackburn, M. L., Chen, J.-R,,
Borengasser, S. J., Ronis, M. J. J. and Badger, T. M. (2011). Maternal obesity
promotes a proinflammatory signature in rat uterus and blastocyst. Endocrinology
152, 4158-4170.

Simon, C., Cano, F., Valbuena, D., Remohi, J. and Pellicer, A. (1995). Clinical
evidence for a detrimental effect on uterine receptivity of high serum oestradiol
concentrations in high and normal responder patients. Hum. Reprod. 10,
2432-2437.

Simon, L., Spiewak, K. A., Ekman, G. C., Kim, J., Lydon, J. P., Bagchi, M. K.,
Bagchi, I. C., DeMayo, F. J. and Cooke, P. S. (2009). Stromal progesterone
receptors mediate induction of Indian Hedgehog (IHH) in uterine epithelium and
its downstream targets in uterine stroma. Endocrinology 150, 3871-3876.

Sroga, J. M., Gao, F., Ma, X. and Das, S. K. (2012). Overexpression of cyclin D3
improves decidualization defects in Hoxa-10(—/—) mice. Endocrinology 153,
5575-5586.

Stewart, C. L., Kaspar, P., Brunet, L. J., Bhatt, H., Gadi, |., Kéntgen, F. and
Abbondanzo, S. J. (1992). Blastocyst implantation depends on maternal
expression of leukaemia inhibitory factor. Nature 359, 76-79.

Sun, X., Bartos, A., Whitsett, J. A. and Dey, S. K. (2013). Uterine deletion of
Gp130 or Stat3 shows implantation failure with increased estrogenic responses.
Mol. Endocrinol. 27, 1492-1501.

Sundstrom, S. A.,, Komm, B. S., Ponce-de-Leon, H., Yi, Z., Teuscher, C. and
Lyttle, C. R. (1989). Estrogen regulation of tissue-specific expression of
complement C3. J. Biol. Chem. 264, 16941-16947.

Wang, H., Tranguch, S., Xie, H., Hanley, G., Das, S. K. and Dey, S. K. (2005).
Variation in commercial rodent diets induces disparate molecular and
physiological changes in the mouse uterus. Proc. Natl. Acad. Sci. USA 102,
9960-9965.

Wyman, A, Pinto, A. B., Sheridan, R. and Moley, K. H. (2008). One-cell zygote
transfer from diabetic to nondiabetic mouse results in congenital malformations
and growth retardation in offspring. Endocrinology 149, 466-469.

Yang, Z.-M., Chen, D.-B., Le, S.-P. and Harper, M. J. K. (1996). Differential
hormonal regulation of leukemia inhibitory factor (LIF) in rabbit and mouse uterus.
Mol. Reprod. Dev. 43, 470-476.

Zakaria, R., Ismail, Z. and Chatterjee, A. (2000). Cyproterone acetate and reversal
of the impaired endometrial decidualization in streptozotocin-diabetic
pseudopregnant rats. Pharmacol. Res. 42, 183-186.

Zhang, X., Blenis, J., Li, H. C., Schindler, C. and Chen-Kiang, S. (1995).
Requirement of serine phosphorylation for formation of STAT-promoter
complexes. Science 267, 1990-1994.

Biology Open


http://dx.doi.org/10.1095/biolreprod.112.100016
http://dx.doi.org/10.1095/biolreprod.112.100016
http://dx.doi.org/10.1136/bmjopen-2014-005906
http://dx.doi.org/10.1136/bmjopen-2014-005906
http://dx.doi.org/10.1136/bmjopen-2014-005906
http://dx.doi.org/10.1136/bmjopen-2014-005906
http://dx.doi.org/10.2337/diab.40.4.457
http://dx.doi.org/10.2337/diab.40.4.457
http://dx.doi.org/10.1073/pnas.88.24.11408
http://dx.doi.org/10.1073/pnas.88.24.11408
http://dx.doi.org/10.1073/pnas.88.24.11408
http://dx.doi.org/10.3402/gha.v6i0.22258
http://dx.doi.org/10.3402/gha.v6i0.22258
http://dx.doi.org/10.3402/gha.v6i0.22258
http://dx.doi.org/10.3402/gha.v6i0.22258
http://dx.doi.org/10.1006/dbio.2000.9767
http://dx.doi.org/10.1006/dbio.2000.9767
http://dx.doi.org/10.1016/j.fertnstert.2011.06.015
http://dx.doi.org/10.1016/j.fertnstert.2011.06.015
http://dx.doi.org/10.1016/j.fertnstert.2011.06.015
http://dx.doi.org/10.1016/j.fertnstert.2011.06.015
http://dx.doi.org/10.1073/pnas.151180898
http://dx.doi.org/10.1073/pnas.151180898
http://dx.doi.org/10.1073/pnas.151180898
http://dx.doi.org/10.1073/pnas.151180898
http://dx.doi.org/10.1530/REP-10-0370
http://dx.doi.org/10.1530/REP-10-0370
http://dx.doi.org/10.1530/REP-10-0370
http://dx.doi.org/10.1007/BF00285329
http://dx.doi.org/10.1007/BF00285329
http://dx.doi.org/10.1007/BF00285329
http://dx.doi.org/10.1530/jrf.0.0860001
http://dx.doi.org/10.1530/jrf.0.0860001
http://dx.doi.org/10.1530/jrf.0.0860001
http://dx.doi.org/10.1016/S0143-4004(03)00128-0
http://dx.doi.org/10.1016/S0143-4004(03)00128-0
http://dx.doi.org/10.1016/S0143-4004(03)00128-0
http://dx.doi.org/10.1016/j.obstetgynecol.2003.07.001
http://dx.doi.org/10.1016/j.obstetgynecol.2003.07.001
http://dx.doi.org/10.1055/s-2007-1016220
http://dx.doi.org/10.1055/s-2007-1016220
http://dx.doi.org/10.1126/science.1202372
http://dx.doi.org/10.1126/science.1202372
http://dx.doi.org/10.1038/nrendo.2010.27
http://dx.doi.org/10.1038/nrendo.2010.27
http://dx.doi.org/10.3402/gha.v7.23987
http://dx.doi.org/10.3402/gha.v7.23987
http://dx.doi.org/10.3402/gha.v7.23987
http://dx.doi.org/10.1016/j.devcel.2012.09.002
http://dx.doi.org/10.1016/j.devcel.2012.09.002
http://dx.doi.org/10.1016/j.devcel.2012.09.002
http://dx.doi.org/10.2105/AJPH.2009.172890
http://dx.doi.org/10.2105/AJPH.2009.172890
http://dx.doi.org/10.2105/AJPH.2009.172890
http://dx.doi.org/10.1146/annurev.nutr.24.012003.132249
http://dx.doi.org/10.1146/annurev.nutr.24.012003.132249
http://dx.doi.org/10.1096/fj.12-225664
http://dx.doi.org/10.1096/fj.12-225664
http://dx.doi.org/10.1096/fj.12-225664
http://dx.doi.org/10.1096/fj.12-225664
http://dx.doi.org/10.1126/science.1197454
http://dx.doi.org/10.1126/science.1197454
http://dx.doi.org/10.1126/science.1197454
http://dx.doi.org/10.1074/jbc.M114.588897
http://dx.doi.org/10.1074/jbc.M114.588897
http://dx.doi.org/10.1074/jbc.M114.588897
http://dx.doi.org/10.1074/jbc.M114.588897
http://dx.doi.org/10.1016/j.yexcr.2008.07.025
http://dx.doi.org/10.1016/j.yexcr.2008.07.025
http://dx.doi.org/10.1016/S0092-8674(00)80402-X
http://dx.doi.org/10.1016/S0092-8674(00)80402-X
http://dx.doi.org/10.1016/S0092-8674(00)80402-X
http://dx.doi.org/10.1073/pnas.0530162100
http://dx.doi.org/10.1073/pnas.0530162100
http://dx.doi.org/10.1073/pnas.0530162100
http://dx.doi.org/10.1530/jrf.0.0930325
http://dx.doi.org/10.1530/jrf.0.0930325
http://dx.doi.org/10.1530/jrf.0.0930325
http://dx.doi.org/10.1016/j.febslet.2006.04.029
http://dx.doi.org/10.1016/j.febslet.2006.04.029
http://dx.doi.org/10.1016/j.febslet.2006.04.029
http://dx.doi.org/10.1016/j.febslet.2006.04.029
http://dx.doi.org/10.1210/me.2013-1206
http://dx.doi.org/10.1210/me.2013-1206
http://dx.doi.org/10.1210/me.2013-1206
http://dx.doi.org/10.1210/en.2010-1078
http://dx.doi.org/10.1210/en.2010-1078
http://dx.doi.org/10.1210/en.2010-1078
http://dx.doi.org/10.1210/en.2010-1078
http://dx.doi.org/10.1093/oxfordjournals.humrep.a136313
http://dx.doi.org/10.1093/oxfordjournals.humrep.a136313
http://dx.doi.org/10.1093/oxfordjournals.humrep.a136313
http://dx.doi.org/10.1093/oxfordjournals.humrep.a136313
http://dx.doi.org/10.1210/en.2008-1691
http://dx.doi.org/10.1210/en.2008-1691
http://dx.doi.org/10.1210/en.2008-1691
http://dx.doi.org/10.1210/en.2008-1691
http://dx.doi.org/10.1210/en.2012-1528
http://dx.doi.org/10.1210/en.2012-1528
http://dx.doi.org/10.1210/en.2012-1528
http://dx.doi.org/10.1038/359076a0
http://dx.doi.org/10.1038/359076a0
http://dx.doi.org/10.1038/359076a0
http://dx.doi.org/10.1210/me.2013-1086
http://dx.doi.org/10.1210/me.2013-1086
http://dx.doi.org/10.1210/me.2013-1086
http://dx.doi.org/10.1073/pnas.0501632102
http://dx.doi.org/10.1073/pnas.0501632102
http://dx.doi.org/10.1073/pnas.0501632102
http://dx.doi.org/10.1073/pnas.0501632102
http://dx.doi.org/10.1210/en.2007-1273
http://dx.doi.org/10.1210/en.2007-1273
http://dx.doi.org/10.1210/en.2007-1273
http://dx.doi.org/10.1002/(SICI)1098-2795(199604)43:4<470::AID-MRD9>3.0.CO;2-M
http://dx.doi.org/10.1002/(SICI)1098-2795(199604)43:4<470::AID-MRD9>3.0.CO;2-M
http://dx.doi.org/10.1002/(SICI)1098-2795(199604)43:4<470::AID-MRD9>3.0.CO;2-M
http://dx.doi.org/10.1006/phrs.2000.0673
http://dx.doi.org/10.1006/phrs.2000.0673
http://dx.doi.org/10.1006/phrs.2000.0673
http://dx.doi.org/10.1126/science.7701321
http://dx.doi.org/10.1126/science.7701321
http://dx.doi.org/10.1126/science.7701321


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


