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Abstract

Objective—To determine the effects of different hormonal levels on endometrial biochemical
development during ovulation induction for assisted reproduction technology (ART) cycles.

Design—Prospective controlled study.
Setting—University center.

Patient(s)—Nine women during a natural cycle (control) and 9 oocyte donors (treated) during an
ART cycle.

Intervention(s)—At the time consistent with day 3 embryo transfer (LH+5 in control, hCG+5 in
treated), transvaginal ultrasound, endometrial biopsy, and blood sampling were performed. Real-
time reverse-transcription polymerase chain reaction was used to measure mRNA levels for
insulin receptor (InsR), type | IGF receptor (IGFRI), prolactin receptor (PRL-R), androgen
receptor (AR), TSH receptor (TSHR), nuclear receptors for T3 and T4 (TRal, TRa2, and TRAL),
iodothyronine deiodinase (D102), and 1,25-dihydroxyvitamin D3 receptor (VDR) in the
endometrial tissue.

Main Outcome Measure(s)—Biochemical endometrial development.

Result(s)—IGFRI mRNA levels were 69% lower in treated patients than in control subjects, 0.12
+ 0.005 pg/ug RNA versus 0.39 = 0.01 pg/ug RNA. TSHR mRNA was 57% lower, 2.6 + 0.1 fg/
19 RNA versus 6.0 + 0.2 fg/uug RNA. TRal and TRa2 mRNA did not change, but TRFL mRNA
levels were 63% higher. DIO2 mRNA was 63% lower, 1.2 + 0.07 pg/ug RNA versus 3.2 £ 0.2 pg/
19 RNA. InsR mRNA levels, despite being 68% lower in treated patients, did not reach
significance, and PRL-R, AR, and VDR did not significantly change.

Conclusion(s)—Exposure of the endometrium to ovarian stimulation appears to influence
insulin and thyroid hormone signaling pathways in the decidua at day 3 embryo transfer, whereas
prolactin, androgen, and vitamin D pathways are uninfluenced. These findings echo the known
delayed endometrial maturation during ovarian stimulation.
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Endometrial decidualization represents a process of morphologic and biochemical changes
that occur after ovulation and is mainly under the control of the sex hormones estrogen and
progesterone (P). Endometrial response to sex steroids is modulated by a variety of
substances which remain incompletely characterized. During ovulation induction for
assisted reproduction technology (ART), decidualization of the endometrium is known to be
impaired compared with natural cycles. In particular, endometrial development is delayed by
2-3 days, as demonstrated by biochemical and imaging studies (1, 2). We have previously
reported the morphologic follicular pattern of the endometrium (trilaminar vs. homogeneous
hyperechoic) during ovulation induction for ART, noting that it persisted longer than in
natural cycles imaged during the same time period, which reflects delayed endometrial
development (2). These results were consistent with our previous imaging studies on
endometrial development during ART (3). The morphologic changes were concomitant with
a significant increase in the expression of progesterone receptor B (PR-B), unchanged
progesterone receptor A (PR-A), and slightly (nonsignificantly) increased estrogen receptors
a and S (ER-q, ER-f) (2). These biochemical and morphologic endometrial changes
occurred in the presence of elevated serum levels of both E; and P and decreased levels of
FSH and LH.

The androgen receptor (AR) is widely expressed in female reproductive tissues, including
the endometrium (4). Although P is indispensable for the endometrial differentiation into
decidua, a growing body of evidence indicates that AR and androgen signaling are also
decisive in this process (5). Androgen signaling is an essential component of normal
endometrial physiology, and its modification, such as in polycystic ovary syndrome (PCOS),
primary ovarian insufficiency, or advanced maternal age, is associated with reproductive
failure (5). Androgens might play a critical role in the decidualization process at the time of
embryo implantation and trophoblast invasion by protecting from oxidative stress (6).

Insulin and insulin-like growth factors 1 and 2 (IGF1 and IGF2) act as endocrine, paracrine,
and autocrine factors that regulate cellular activities such as proliferation, survival, and
differentiation. Their actions are mediated by insulin receptor (InsR) and type | IGF receptor
(IGFRI) and their hybrid forms (7). InsR-1 seems to be more prominent in muscle and fat,
InsR-2 in liver and pancreatic cells, and InsR-3 and InsR-4 seem to have only marginal
importance in insulin actions (8). In the endometrium, insulin and IGF1 promote their
actions mostly in the proliferative period, whereas IGF2 promotes proliferation in the
secretory phase (9) and its actions become more prominent during placentation and
pregnancy, where it enhances the proteolytic activity of pregnancy-associated plasma
protein A (10). InsR and IGFRI are up-regulated in the secretory phase of the natural cycle
in what seems to be a result of P action (11). Activation of IGFRI causes cell proliferation,
and its overexpression has been reported in hyper-plastic endometrium and endometrial
carcinoma (12). Type Il IGF receptor (IGFRII) is considered to be a scavenger receptor for
IGF2 only, and it is unclear whether it is able to initiate a signaling cascade. Even if not
always by a direct effect, estrogen and P are known to modulate insulin and IGF1 and IGF2,
their binding proteins, and their receptors.

Human secretory-phase, but not proliferative-phase, endometrium has been shown to
produce prolactin (PRL), which is virtually identical to pituitary-produced PRL (13). The
production process is in part regulated by P (14). In fact, in the absence of P, the stromal
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cells in the decidua do not secrete PRL. However, PRL is not indispensable to promote a
decidual reaction in the endometrium in vivo, because the principal hormone regulating this
process is P. Prolactin exerts its paracrine and autocrine actions through the PRL receptor,
PRL-R, which is structurally similar to growth hormone, leukemia-inhibiting factor, and
leptin receptors (15). In the decidua it alternatively acts as a growth factor and an
immunomodulator (16).

The endometrium has also been shown to be a site of extrathyroidal production of T3 and
T4. In fact, TSH receptors (TSHR) and iodothyronine deiodinases (D102 and DIO3) have
been shown in the endometrium of different mammals, in addition to the nuclear receptors
for T3and T4 (TRal, TRa2, and TRAL) (17, 18). DIO2 is the most abundant enzyme that
converts T4, which is produced in the thyroid gland, to the more potent T3, whereas DIO3
inactivates T3 to T2 (19). In the presence of T3, thyroid receptors bind to response elements
in the promoters of target genes and form coactivator complexes to activate transcription.
The effects of this receptor-ligand binding are complex, because they are organ, tissue, and
cell specific. Regulation of synthesis and activation-deactivation processes of the
endometrial thyroid signaling pathway is regulated by pituitary TSH and seems also to be
regulated locally by P (18, 20). Thyroid production of T4 and T3 is up-regulated by E,,
which also increases production of thyroid-binding globulin (TBG), and by hCG, through
LH receptor—-mediated increased TRH production in the hypothalamus (21). This endocrine
pathway has been described in early pregnancy, and the effects of the increased availability
of thyroid hormones have not been clarified. Thyroid production of T3 and T4 contributes to
the availability of thyroid hormones in the endometrium and adds to the complexity of
endometrial development.

The active form of vitamin D, 1,25-dihydroxyvitamin D3 (1,25-(OH)»D3), is an essential
regulator of mineral homeostasis and has a modulatory role in female reproduction and the
immune system (22, 23). It was demonstrated that 1,25-(OH),D3 can be synthesized in the
decidua and placenta by action of the CYP27B1 enzyme (24). 1,25-(OH),D3 has multiple
functions which are regulated through its receptor VDR, which has been isolated in
endometria and decidua (25). It has been hypothesized that 1,25-(OH),D3 supports
successful implantation of the embryo by attenuating decidual T-cell function (26).

In the present study, we sought to investigate whether the high serum hormonal levels and
the delayed endometrial maturation in ART cycles would modulate insulin, PRL, thyroid,
and vitamin D endometrial signaling pathways in the secretory period. Specifically, we
evaluated InsR, IGFRI, PRL-R, AR, TSHR, TRal, TRa2, TRfAL, DIO2, and VDR mRNA
levels in the endometrium of women during natural and ART cycles.

Materials and Methods

This study represents further analysis of endometrial biopsy samples obtained during a
previous study from our group (2). The conduct of the previous study was approved by the
Wayne State University Human Investigation Committee. Each of the subjects gave written
informed consent to participate in the study. The study protocol has been published
previously and is briefly reviewed here. Eleven normal volunteers (all had conceived once
before enrollment) and 11 oocyte donors underwent transvaginal ultrasonography,
endometrial sampling using a flexible pipelle, and blood sampling on day 3 after ovulation
(LH+5 for natural cycles, hCG+5 for ART cycles). Endometrial tissue could not be obtained
from two volunteers and two oocyte donors, who were excluded from the analyses.
Ultrasound confirmed ovulation and the appearance of a corpus luteum. The oocyte donors
underwent ovarian stimulation with gonadotropins and ganirelix acetate for pituitary down-
regulation (Antagon; Organon). Gonadotropins were administered from stimulation day 1
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until the day of the hCG trigger, following a step-up protocol. Ganirelix acetate (0.25 mg
daily) was added beginning the day when at least one follicle reached 14 mm in diameter
and continued until, and including, the day of hCG administration. hCG was administered
when at least two follicles were >18 mm in diameter. Oocyte retrieval was performed 35-36
hours after hCG administration.

Endometrial tissue samples were snap frozen in liquid nitrogen within 15 minutes from the
biopsy procedure and stored at —72°C. Total RNA was extracted from the tissues with the
RNeasy mini-kit (Qiagen) per the manufacturer's protocol. RNA quality was determined
using the Nanodrop 2000i (Thermo Scientific). RNA used for this study had an A260/A280
of ~2:1, indicating its integrity. A 20-,.L cDNA reaction was then prepared with the use of
the Quantitect Reverse Transcription Kit (Qiagen). We used real-time reverse transcription
polymerase chain reaction (real-time RT-PCR) to measure mRNA levels for InsR (all
subtypes), IGFRI, PRL-R, AR, TSHR, TRal, TRa2, TRAL, DIO2, and VDR in the
endometrial tissue samples.

Optimal oligonucleotide primer pairs for real-time RT-PCR amplification of reverse-
transcribed cDNA were selected with the aid of the software program Beacon Designer
(Premier Biosoft). Human oligonucleotide primers, which amplify variable portions of the
protein coding regions, were used. Sequences of the oligonucleotides used for amplification
of the receptors are presented in Table 1.

Real-time RT-PCR was performed with the Quantitect Sybr Green RT-PCR kit (Qiagen)
and a Cepheid 1.2f Detection System. Each reaction was 25 yL, consisting of 12.5 pL 2x
Quantitect Sybr Green RT-PCR master mix, 1 L cDNA template, and 0.2 zmol/L each
target-specific primer that was designed to amplify a part of the gene of interest. To quantify
each target transcript, a standard curve was constructed with the use of a tenfold dilution
series of factin standard plasmid (Invitrogen). We used f-actin as housekeeping gene in
previous studies on peritoneal fibroblasts (2, 27). Other studies have reported on the stability
of factin in endometrial samples (28). Real-time RT-PCR measures PCR amplification as it
occurs, thus allowing precise quantification of gene expression. The PCR reaction
conditions for InsR, IGFRI, PRL-R, AR, TSHR, TRal, TRa2, TRAL, DIO2, and VDR, were
programmed for each primer as follows: an initial cycle was performed at 95°C for 14, 15,
18.3, and 18.3 minutes, followed by 45 cycles of denaturation at 95°C for 15 seconds,
annealing for 30 seconds at 50°C, 53°C, 58°C, and 60°C, and then product synthesis at 72°C
for 30 seconds. A control containing all of the reaction components except for the template
was included in all experiments. The amount of mMRNA was then normalized to f-actin. This
process was repeated three times for each receptor in each endometrial sample. The three
measurements were then averaged into a single value for the analysis. There was no effect of
any of the hormones studied on the expression of the housekeeping gene, f-actin (data not
shown).

Serum levels of Ey, P, PRL, TSH, FSH, and LH evaluated for all study patients were
obtained from our database as previously reported (2).

Mann-Whitney U test and Spearman correlations (SPSS v21.0 statistical package for
Windows) were used, with 95% confidence intervals (Cls), to define internal estimates
associated with each probability.

Eighteen RNA samples were available for the endometrial receptors and the serum hormone
analyses. Table 2 summarizes the ovarian stimulation characteristics of the patients who
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underwent ART cycles for oocyte donation. The duration of ovarian stimulation was 10.0 +
1.0 days (95% CI 9-10).

Table 3 compares the characteristics of the two groups of women at the time of endometrial
sampling (LH+5 and hCG+5). In both groups, serum levels of FSH, LH, and E, were
significantly different on the day of endometrial sampling compared with cycle day 3. FSH
and LH levels showed changes opposite of E; levels.

Serum testosterone levels were significantly increased in treated patients, but AR mRNA
levels showed a nonsignificant increase from 27.7 + 12.1 fg/n.g RNA in control subjects to
33.2 + 22.8 fg/iug RNA in treated patients.

Serum PRL remained stable through ovarian stimulation, and PRL-R mRNA levels were
nonsignificantly lower in control subjects, 16.1 + 5.4 fgug RNA, than in treated patients,
12.0 + 2.4 fg/ug RNA.

IGFRI mRNA levels changed 69% from 0.39 + 0.01 pg/i«g RNA in control subjects to 0.12
+ 0.005 pg/ug RNA in treated patients (P=.04) (Figs. 1A and B). Despite InsR being 59%
lower in treated patients, 0.11 £ 0.005 pg/ig RNA, than in control subjects, 0.27 + 0.02 pg/
19 RNA, the difference was not significant.

TSHR mRNA levels changed 57% from 6.0 + 0.2 fg/;zg RNA in control subjects to 2.6 + 0.1
fg/pig RNA in treated patients (P=.005; Figs. 1C and D). TRal and TRa2 mRNA levels did
not change, but TRAL levels were 63% higher, from 0.97 + 0.08 fg/ug RNA in control
subjects to 1.7 = 0.09 fg/ug RNA in treated patients (P=.006; Fig. 1E). DIO2 levels changed
63% from 3.2 + 0.2 pg/.g RNA in control subjects to 1.2 + 0.07 pg/.g RNA in treated
patients (P=.02) (Fig. 2C). These variations occurred despite unchanged serum TSH levels.

VDR mRNA levels remained stable through ovarian stimulation: 65 + 2.8 fg/..g RNA in
control subjects and 62 + 2.9 fg/g RNA in treated patients (ns).

We used Spearman correlations to find a statistical relationship between the significantly
different endometrial receptors and the serum levels of the hormones studied. The variable
InsR was included in the correlation tests because of its remarkable lower levels in treated
patients. Across all patients, serum E, was the hormone correlated with all hormone
receptors (InsR: r = -0.80; P=.01; IGFRI: r = -0.83; P=.003; TSHR: r = -0.71; P=.02;
TRAL: r = 0.88; P=.004) and deiodinase changes (DIO,: r = —-0.86; P=.001). Serum P was
inversely correlated with TSHR (r = -0.67;P=.03) and DIO, (r=0.77;P=.006), and
testosterone was correlated directly with TRAL (r = 0.83; P=.04) and inversely with IGFRI (r
=-0.76; P=.03). Serum FSH was correlated with TSHR (r = 0.77; P=.009) and LH
inversely correlated with TRpL (r = —0.77; P=.03). In the treated group considered alone,
we found no significant relationship of serum E,, P, and FSH with any of the receptors.
However, among the mRNA levels, expression of DIO, showed a positive relationship with
InsR (r = 0.79; P=.001) and IGFRI (r = 0.88; P< .001), and TSHR showed an indirect
relationship with TRAL (r = -0.9; P=.007).

Discussion

Exposure of the endometrium to ovarian stimulation with gonadotropins and the GnRH
antagonist ganirelix acetate caused decidual down-regulation of the insulin and thyroid
hormone signaling pathways, except for TRA1, and PRL, androgen, and vitamin D pathways
remained unchanged. In addition, these changes were correlated with the increase in serum
E, and P. Our results should be interpreted in line with our previous findings of a delayed
endometrial development during ART cycles as reflected by persistence of a trilaminar
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appearance of the endometrium on ultrasound and the up-regulation of PR-B and its
stimulatory effects.

The lower mRNA levels of IGFRI and InsR in the present study was similar to what
occurred in opposite conditions of proliferative phase endometria of women with PCOS
(29). It has been postulated that, in patients with PCOS, hyperinsulinemia would cause
insulin binding to IGFRI, in addition to InsR, and this would be responsible for cell
proliferation and its outcomes, endometrial hyperplasia, and carcinoma. We speculate that
the lower mRNA levels of IGFRI (activated by IGF1, IGF2, and, with less affinity, insulin),
and InsR (which can be activated by either insulin or IGF2), being opposite to what occurs
in the secretory phase in normal endometrium (11), would impair differentiation and
decidualization during ART cycles.

The role of PRL in the decidua and placenta has not been completely elucidated; however, it
has been shown to be of foremost importance to regulate initial placentation (16). Similarly
to PRL-R, AR mRNA levels also were unchanged. AR mRNA levels are expected to decline
during the early secretory phase of the cycle but remain expressed in the decidua (30): P has
been shown to play a pivotal role in AR expression regulation (31). Our results regarding
endometrial PRL-R and AR during ovulation induction would, again, show a marginal
influence by E or P fluctuations, because there was no change in expression despite the
high E; and P serum levels (Table 3) (2).

During the early decidual differentiation of the endometrium in women undergoing
ovulation induction, we found that TSHR and DIO; mRNA levels were lower, TR/AL levels
were higher, and TRal and TRa2 mRNA levels remained unchanged compared with
control subjects. Although the individual role of TRa and TR£in the endometrium remains
to be elucidated, TRa seems to be more abundant in the secretory phase and TRZin the
proliferative phase (17). From our results, we can speculate that ovulation induction induces
a down-regulation of thyroid hormone endometrial production by decreasing TSHR and by
increasing the nuclear receptor TRL, which is normally expressed during the proliferative
period (17). D102, the most abundant enzyme that converts T4 to T3, was lower during
stimulated than during natural cycles, further indicating that ovarian stimulation down-
regulates endometrial thyroid hormone production. The clinical implications of our findings
remain to be clarified; however, they underscore the importance of having normal serum
levels of T3 and T4 for women undergoing ovulation induction for ART. With the reduced
ability to produce thyroid hormones in the endometrium and the increased request (up-
regulation of TRAL), it seems important to at least maintain systemic euthyroidism. In
addition, we found the changes among TSHR, DIO2, IGFRI, and InsR to be directly
correlated, and all of them inversely correlated with serum estrogen.

VDR expression did not significantly change in the secretory endometrium. This could
reflect the delayed endometrial maturation in ART cycles or the physiologic role of vitamin
D as it progressively becomes more prominent in the decidua and placenta.

The present study carries some limitations: The number of samples was calculated based on
P receptor expression variation; a specific impact on endometrial development of individual
medications could not be assessed; and assessment of endometrial development beyond LH
+5 was not performed, thus precluding insight on the day of implantation. In addition,
normal volunteers were significantly older than the oocyte donors: This could have
influenced our results because of a physiologic earlier LH surge and ovulation (however,
oocyte donors still showed a significantly earlier hCG+5 date). Nonetheless, important
clinical implications of our results arise from the positive and negative relationship of the
endometrial receptors expression with serum hormonal levels and within the various
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receptors expressions. We showed that endometrial receptor changes during ART are
concomitant and might, at least in part, be caused by the increase in serum E, (IGFRI, InsR,
DIO,, TRAL, and TSHR) and P (D10, and TSHR).

In conclusion, these findings further characterized the suboptimal endometrial development
achieved in ART cycles, where regulation of specific endometrial receptors differs from the
natural cycle. These findings substantiate a delayed maturation of the endometrium during
ovulation induction which could lead to the observed decreased implantation rates in ART
with fresh nondonor cycles. This delay was also suggested by genomic studies that linked
ART to suboptimal endometrial receptivity (1, 32, 33). The clinical implications of the
present study would include titration of ovarian stimulation not only to yield the optimal
number of harvested oocytes, but also to achieve serum hormonal levels that would promote
an optimal endometrial development and better pregnancy outcomes with fresh cycles. In
addition, we propose cancellation of fresh embryo transfer and freezing or vitrification of
either eggs or embryos and postponing the transfer to more suitable endometrial
development such as reached during natural cycles or controlled endometrial maturation.
This model was initially introduced in the 1980s and was recently tested and confirmed to be
succesful (34).
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Figure 1.

(A) IGFRI, (B) InsR, (C) TSHR, (D) TRAL, and (E) DIO2 mRNA levels in human
endometrium at the time of hypothetical embryo transfer in ovarian stimulation cycles (1,
treated) and in natural unstimulated menstrual cycles (2, control). *P<.05 (Mann-Whitney U
test).
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Table 1

Sequences of the human hormone receptors primers studied.

Locus
FActin
AR
InsR
IGFR1
D102
TRal
TRa2
TRAL
TSHR
PRL-R
VDR

Sense (5'-3) Antisense (3'-%)
GCATTGTTACAGGAAGTC TTACATAATTTACACGAAAGC
AGATGGGCTTGACTTTCCCAGAAAG ATGGCTGTCATTCAGTACTCCTGGA
ATGCGTTATTCCTGAGTG GAGGTTGCCATTATGACT
CAACAGCAGTAAGAAGAA GATGAATATCTGAACCGTAA
AGTAACCATATCACCTCTC TGTATCAGTTCCTTCTCAA
GATGGAATTGAAGTGAAT AGGTAACTAGGGATATAC
CCAGGCAGAAATAGTTGT CTTGGGAAACAGACTCAT
ACATAGTATTACCTCACA AAGATACAACCTGGATAA
AGATGTCTATGAACTGATTGA ACCATTGTGAGTAGTGTAG
CATTCCAGAAGTACCCTCAAAGAC TGTGAATCCCTGCGTAGGCA
TGGCAGATTTAGTGAAAG TACATTGGTTGACTTGAC

Note: AR = androgen receptor; DIO2 = iodothyronine deiodinase; IGFRI = type | IGF receptor; InsR = insulin receptor; PRL-R = prolactin
receptor; TRal, TRa2, TRAL = nuclear receptors for T3 and T4; TSHR = TSH receptor; VDR = 1,25-dihydroxyvitamin D3 receptor.
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Table 2

Ovarian simulation characteristics of the oocyte donors.

Parameter Mean+SD 95% ClI
Total FSH dose (1U) 1,732 +£790 1,178-2,285
Total LH-like dose (1U) 595 + 427 297-894
Duration of ovarian stimulation (d) 10+1.0 9.1-10.3
Duration of GnRH-antagonist use (d) 43+1.2 3.5-5.2
Start day of GnRH-antagonist 6+1 6-7

No. oocytes retrieved 18+4 14-21

Note: CI = confidence interval.
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Characteristics (mean = SD) of the two groups of women, normal volunteers (control group) and oocyte
donors (treated group), at the time of endometrial sampling (LH+5 and hCG+5).

Table 3

Parameter Normal volunteers
Age (y) 31.82+5.8
Cycle day at endometrial sampling 18.0+1.0
Serum FSH (mlU/mL) 42+18
Serum LH (mIU/mL) 31+25
Serum estradiol (pg/mL) 99.1+33.2
Serum progesterone (ng/mL) 85+4.7
Serum prolactin (ng/mL) 12276
Serum testosterone (ng/mL) 47.6 £25.3
Serum TSH (nlU/L) 1.3+05

Oocyte donors

26.2+45
15.0+1.0
16+0.6
0.4+0.5
1,801 + 856
107.5+42.2
19955
90.7 + 38.8
24+17

95% CI of the difference

2.9-8.2
2.1-3.7
-3.4t0-1.7
-3.7t0-1.6
1,235-2,169
72.9-125.2
4.0-11.1
27.1-59.1
0.6-1.6

P value?

<.05
<.001
<.005

<.02
<.001
<.001

ns
<.03

ns

Note: Cl = confidence interval; ns = not significant.

aMann—Whitney U test.

Fertil Steril. Author manuscript; available in PMC 2014 September 01.

Page 13



