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The placenta plays a vital role in pregnancy by facilitating steroid passage from maternal to fetal circu-
lation and/or direct production of hormones. Using a murine model, we demonstrated the differences
in placental steroid metabolism between pregnancies conceived naturally and with assisted reproduc-
tion technologies (ART): in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI). While the
ovarian steroid production was similar (estrone, 17B-estradiol) or higher (estriol) in ART pregnancies

Z%Words" compared to mating, the levels of placental estriol were significantly lower in ART group. Placentas from
IVE ART had significantly higher activities of the steroid metabolizing enzymes UDP-glucuronosyltransferase

1csl (UGT) and sulfotransferase (SULT), which in ICSI were also coupled with decreased activity of the
steroid regenerating enzymes [3-glucuronidase (3-G) and aryl sulfatase (AS). Levels of steroid metabolites
androstane-3a-17(3-diol glucuronide and dehydroepiandrosterone sulfate were higher in fetal compared
to maternal blood in ART, but not in mating. This study demonstrates that in murine ART pregnancies,
higher metabolism and clearance of steroids by the placenta may seriously affect the passage of essential
hormones to the fetus. If a similar phenomenon exists in humans, this could provide a plausible explana-
tion for obstetric and neonatal complications associated with ART, including the higher incidence of low
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birth weight babies.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In the latter half of the twentieth century declining fertility
has become a major problem in developed countries. Although
the causes and solutions for infertility are controversial, it is well
documented that each year more and more couples are turning to
assisted reproduction technologies (ART) in order to conceive [1].
The increasing use of ART has allowed thousands of infertile couples
to have children, accounting for 1% of all births and 18% of multiple
births in the United States [2]. Although the majority of ART children
are normal, there are concerns about the risk of adverse pregnancy
outcomes [3]. Pregnancies achieved by in vitro fertilization (IVF)
and intracytoplasmic sperm injection (ICSI) require a greater num-
ber of obstetric interventions such as induced labor and caesarean
section, and are also at higher risk of obstetric and perinatal com-
plications, including premature births, small-for-gestational age
babies and congenital abnormalities [3-7]. It is presently unclear
if these increased risks are attributable to the underlying causes of
infertility, characteristics of the infertile couple, or the use of ART.
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Abnormal placental characteristics have been reported with ART
pregnancies including higher rates of placenta previa, placental
abruption, premature rupture of the membranes and pre-eclampsia
[3,6,8]. Pathologic abnormalities of ART placentas have also been
described, including abnormal placental shape and abnormal
umbilical cord insertion in humans, and higher placental weights
in mice [9-11]. Despite its vital importance, the role of the pla-
centa in complications of pregnancy and neonatal or pediatric
outcomes is often underestimated. With the exception of pre-term
labor, researchers seldom consider the likelihood that functional
placental impairment is pivotal in obstetric and developmental
abnormalities.

Given the importance of the placenta throughout pregnancy,
and the evidence of placental abnormalities in ART pregnancies,
we hypothesized that ART may affect placental steroid metabolism
and that this may be a cause or contributory factor in obstetric
and neonatal complications associated with assisted reproduction.
While much is known about the production of steroids and their
role during pregnancy for humans and other species, the activity
and importance of placental steroid metabolism and elimination
remains unclear. Steroid metabolism during pregnancy is different
between humans and other species. In humans, steroid production
is dependent on the coordinate action of the placenta, fetal liver
and fetal adrenal. In contrast, in rodents, the majority of steroids are
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produced in the ovaries and they are continuously delivered to the
fetuses through the placenta. Regardless of the different origins for
steroid production, the role of the placenta in steroid metabolism
and elimination is vital in both human and rodent species.

Here we investigated the activity of steroid clearance and regen-
eration enzymes in placentas from mice that were impregnated by
normal mating, IVF or ICSI. We also assessed specific clearance of
steroids by comparing the levels of terminal glucuronide and sul-
fate metabolites in maternal and fetal blood. Finally, we determined
the efficiency of the fetal-placental unit in producing steroids by
detection of estriol levels in maternal blood. Rather than focusing
on steroid production as many other researchers have done, we
examined placental steroid conjugation and elimination to assess
the role of the placental metabolism in maintaining pregnancy and
proper fetal development. The results of our study indicate that
there are significant differences in placental steroid metabolism
between ART (especially ICSI) and normal fertilization pregnancies.

2. Materials and methods
2.1. Reagents

Mineral oil was purchased from Squibb and Sons (Princeton,
NJ); pregnant mares’ serum gonadotrophin (eCG), human chori-
onic gonadotrophin (hCG), and dehydroepiandrosterone sulfate
(DHEAS) ELISA tests were purchased from Calbiochem (Spring Val-
ley, CA); ELISA tests for 5a androstane-3a-173-diol glucuronide
(3adiolG) were purchased from DRG International Inc. (Moun-
tainside, NJ); 3’-phosphoadenosine-5'-phosphosulfate (PAPS) and
4-nitrophenyl sulfate were purchased from EMD Biosciences (San
Diego, CA); estriol ELISA tests were purchased from Cayman Chem-
ical Company (Ann Arbor, MI); 4-methylumbelliferone glucuronide
was purchased from Acros Organics (Geel, Belgium). All other chem-
icals were obtained from Sigma Chemical Co. (St. Louis, MO), unless
otherwise stated.

2.2. Animals

Mice B6D2F1 (C57BL/6 x DBA/2) and CD-1 were obtained at 6
weeks of age from National Cancer Institute (Raleigh, NC) and from
Charles River (Wilmington, MA), respectively. Mice B6D2F1 were
used as sperm and oocytes donors and for mating, while CD-1 mice
were used as surrogate mothers and vasectomized males for ART.
The mice were fed ad libitum with a standard diet and maintained
in a temperature and light-controlled room (22°C, 14 h light/10 h
dark), in accordance with the guidelines of the Laboratory Ani-
mal Services at the University of Hawaii and guidelines presented
in National Research Council’s (NCR) “Guide for Care and Use of
Laboratory Animals” published by Institute for Laboratory Animal
Research (ILAR) of the National Academy of Science, Bethesda, MD,
1996. The protocol for animal handling and treatment procedures
was reviewed and approved by the Animal Care and Use Committee
at the University of Hawaii.

2.3. Invitro fertilization (IVF)

The method for sperm capacitation and IVF using T6 medium
[12] has been described by us previously [13]. The oocytes were
obtained from 8- to 12-week-old females induced to superovu-
late with injections of 5 iu eCG and 5iu hCG given 48h apart.
Oviducts were removed 14-15 h after the injection of hCG. Epididy-
mal spermatozoa were obtained from males 8 to 16 weeks of age
and were capacitated in T6 medium for 1.5 h at 37°C in a humidi-
fied atmosphere of 5% CO, in air prior to fertilization. Fertilization
took place in 200 p.L drops of T6 medium containing the contents
of four oviducts, and capacitated sperm at final concentration of

~2 x 10%/mL. Gametes were co-incubated for 4 h, after which the
oocytes were washed several times with HEPES-CZB medium [14],
followed by at least one wash with CZB medium [15]. Only mor-
phologically normal oocytes were selected for culture and transfer.

2.4. Intracytoplasmic sperm injection (ICSI)

The oocytes were obtained as for IVF except that cumulus-
oocyte complexes were released from the oviducts into 0.1% of
bovine testicular hyaluronidase (300 USP units/mg) in HEPES-
CZB medium to disperse cumulus cells. The cumulus-free oocytes
were washed with HEPES-CZB medium and used immediately for
ICSI. Epididymal spermatozoa were obtained from males 8 to 16
weeks of age, dispersed in 0.5 mL of HEPES-CZB medium, and
incubated briefly at room temperature. Highly motile sperm from
the top of the suspension were taken for injections. ICSI was car-
ried out as described by us recently [16]. Briefly, a small drop of
sperm suspension was mixed thoroughly with an equal volume
of HEPES-CZB containing 12% (w/v) polyvinyl pyrrolidone (PVP,
M; 360kDa) immediately before ICSI. Injections were performed
using Eppendorf Micromanipulators (Micromanipulator Transfer-
Man, Eppendorf, Germany) with a Piezo-electric actuator (PMM
Controller, model PMAS-CT150, Prime Tech, Tsukuba, Japan). Sperm
heads and tails were separated by applying one or more piezo pulses
and only heads were injected. Injections were done in HEPES-CZB
within 1 h after oocyte collection and only motile sperm were cho-
sen for injections. Sperm-injected oocytes were transferred into
CZB medium for culture. The oocytes were examined at ~6 h after
ICSI to assess their survival and activation. The oocytes with two
well-developed pronuclei and the distinct 2nd polar body were
recorded as activated. They were then taken for embryo culture
and transfer.

2.5. Embryo culture and transfer

After IVF and ICS], the oocytes were placed in 50 L drops of CZB
medium pre-equilibrated overnight with humidified 5% CO, in air.
The culture drops were contained in plastic culture dishes (Falcon,
Bedford, MA) and overlaid with mineral oil. The number of 2-cell
embryos was recorded after 24 h in culture. Embryos at the 2-cell
stage were transferred to the oviducts (14-16 per oviduct) of CD-1
females mated during the previous night with vasectomized CD-1
males. On day 18th of gestation, caesarian section was performed,
and placentas and fetuses were harvested.

2.6. Tissue collection

Placentas and ovaries were washed briefly in Dulbecco PBS,
drained, and placed singly into 1 mL tubes. Fetuses were sacri-
ficed by decapitation and whole blood was collected into 0.5 mL
tubes containing minute amount of heparin. Whole blood was also
collected from dams through cardiac puncture under anesthesia
immediately prior to caesarian section. Plasma was separated by
centrifugation (7000 x g, 5 min, 25 °C) and transferred to new tubes.
During collection all tissue samples were kept on ice for up to 30 min
prior to freezing. Samples were frozen at —80 °C until use.

2.7. Tissue processing

Placentas and ovaries were thawed, wet weight recorded,
and homogenized 1:4 in Tris-HCI buffer containing 5 mM MgCl,
(pH 7.4). An aliquot of homogenate was reserved and frozen at
—80°C until use. Homogenates were subsequently centrifuged at
20,000 x g to remove nuclei, mitochondria and cellular cytoskele-
ton, then the supernatant centrifuged at 100,000 x g to produce
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Table 1
Compounds examined to test for the function of placenta in regulating steroid levels.
Compound Abbrev. Role Tested for Tissue Assay
UDP-Glucuronosyltransferase UGT Clearance enzyme Placental presence and Placental microsomes Biochem
Sulfotransferase SULT Clearance enzyme activity Placental cytosol
B-Glucuronidase B-G Regeneration enzyme Placental microsomes
Aryl sulfatase C AS Regeneration enzyme
Androstane-3a-173-diol glucuronide 3adiolG  Terminal glucuronide metabolite  Specific clearance of steroids Blood plasma from dams and ELISA
Sulfated steroid dehydroepiandrosterone DHEAS Terminal sulfate metabolite Specific clearance of steroids fetuses
sulfate
Estriol n/a Terminal metabolite Efficiency of the total Total placental homogenate
fetal-placental unit in
producing steroids
173-Estradiol n/a Steroid hormones Ovarian steroidogenesis Total ovary homogenate
Estrone
Estriol

microsomal and cytosolic fractions. These fractions were frozen at
—80°C until use.

2.8. Biochemical assays for steroid metabolizing enzymes

Four enzymes involved in steroid clearance in placentas were
tested: glucuronosyltransferase (UGT), sulfotransferase (SULT), 3-
glucuronidase (3-G), and aryl sulfatase C (AS) (Table 1). All placental
fractions were normalized to 2 mg/mL protein using the bicin-
choninic acid method [17]. Activities of UGT, 3-G, and AS were
measured in placental microsomes, and activity of SULT was mea-
sured in placental cytosol. Total UGT activity was assessed with
the substrate 4-methylumbelliferone as previously described [18]
except that alamethicin (0.5 pg/mg protein) was used as the acti-
vator. The activity of -G was measured using the substrate
4-methylumbelliferone glucuronide according to the method of
Trubetskoy and Shaw [19]. Total SULT activity was measured using
the 400 wM 4-nitrophenol which at this level detects the follow-
ing SULT family members: SULT1A1 (both the *1 and *2 alleles),
1A3 and 1E1 activity with a modest contribution from SULT2A1, as
previously described [20,21]. The activity of AS was measured with
4-nitrophenyl sulfate [22]. The activity rates were derived by com-
parisons to standard curves of 4-methylumbelliferone (UGT, B-G)
and 4-nitrophenol (SULT and AS). Validation parameters for the UGT
and -G assays were: standard curve r> =0.9981, slope =494.5 + 12
(CV 2.5%) with a limit of detection of 0.1 wM, defined as the min-
imum concentration on the standard curve statistically different
from background. Validation parameters for the SULT and AS assays
were: standard curve 12 =0.9992, slope =0.003492 + 2.4 x 10> (CV
0.66%) with the limit of detection of 1 uM.

2.9. ELISA assays for metabolized steroids

Two terminal metabolites, androstane-3a-173-diol glucuronide
(3adiolG) and sulfated steroid dehydroepiandrosterone sulfate
(DHEAS) were tested using blood plasma from dams and fetuses.
Additionally, the levels of the unconjugated steroids estrone, 173-
estradiol and estriol were measured in placental tissue (Table 1)
and in the ovaries from Mated, IVF and ICSI dams. The ELISAs were
performed according to manufacturer’s instructions and all mea-
surements were performed in duplicate. Plasma from dams was
measured individually for each of 3 Mated, IVF and ICSI dams.
Fetal blood plasma was pooled from fetuses belonging to each
dam (Mated: n=7,n=9,n=11; IVF: n=15,n=7; ICSI: n=11,n=12,
n=7). The appropriateness of pooling blood was assessed statisti-
cally using Dunnett’s multiple comparison test which showed no
significant differences between pools of blood from each dam for
either 3adiolG or DHEAS. Using Dunnett’s multiple comparison in
this way checks for effects that may be common to all fetuses from a

single dam. Because there were no significant differences between
groups, we can infer that the pooling was appropriate since the
influence of dam specific variables on fetus levels of metabolites
was negligible. For steroid level measurements ovaries and pla-
centas were homogenized as described earlier, homogenates from
placentas originating from fetuses belonging to each dam were
pooled (Mated: n=9, n=10 and n=11; IVF: n=8, n=15 and n=7;
ICSI: n=11,n=12 and n="7) while homogenates of maternal ovaries
were assessed individually with n =3 ovaries from each of normally
Mated, IVF and ICSI dams.

2.10. Statistical analyses

Statistical analyses were performed using Prism 3.0 with statis-
tical significance set at & =0.05 (GraphPad Prism, San Diego, CA).
Parametric statistics were performed since all data approximated
Gaussian distributions, and two-tailed Student’s t-tests were used
to assess differences between groups. When paired sample t-tests
were performed, the correlation coefficient was generated to assess
the effectiveness of the pairing. It is noted that in the case of pooled
fetal blood analyses, only n=2 pools were used for IVF fetuses
hence although a standard deviation for these data can be derived
and comparisons made, statistical inferences may not be robust.
Multiple regression analysis was performed on abortion sites and
successful pregnancies to determine the effects of the ICSI proce-
dure.

3. Results
3.1. Production of fetuses after Mating, IVF and ICSI

Fetuses were obtained after mating, [VF and ICSI (Table 2). Three
females were mated and all of them became pregnant providing
a total of 30 fetuses. When embryos produced by IVF and ICSI
were transferred into the oviducts of pseudopregnant females, all
females (3 per group) became pregnant, and similarly to mat-
ing, 30 fetuses were obtained in each group. The occurrence of
30 fetuses/placentas in each group was purely by chance and no
fetuses/placentas were selectively excluded. No abortion sites were
noted after caesarian section in females that became pregnant after
mating while abortion sites were present in both IVF and ICSI preg-
nancies. Multiple regression analysis indicated that the number of
abortions per mouse was significantly affected by ART (P<0.01).

3.2. Placental weights

Mean placental weights were significantly higher in both
IVF (114.2 £21.2 mg, n=30, mean 4+ SD) and ICSI (105.5 4+ 17.5 mg,
n=30) mice compared to normally mated mice (84.3 +15.8 mg,



24 A.C. Collier et al. / Journal of Steroid Biochemistry & Molecular Biology 116 (2009) 21-28

Table 2
Summarized results of mating, IVF and ICSIL.

Fertilization method Dam ID No. of 2-cell embryos transferred No. (%)? of fetuses No. (%)? of abortion sites No. (%)? of total implants
Mating 1 n/a 9 0 9
2 n/a 10 0 10
3 n/a 11 0 1
Total 30 0 30
IVF 1 14 8(57) 5(38) 13 (93)
2 16 15 (94) 1(6) 16 (100)
3 16 7 (44) 1(6) 8(50)
Total 46 30 (65) 7(15) 37 (80)
ICSI 1 16 11 (69) 4(25) 15 (94)
2 16 12 (75) 4(25) 16 (100)
3 16 7 (44) 6(37) 13 (81)
Total 48 30 (63) 14 (29) 44(92)

3 % calculated from embryos transferred.

n=30, P<0.001 each, Fig. 1). There was no statistically significant
difference in mean placental weight between ICSI and IVF groups
(P=0.084).

3.3. Activity of steroid metabolizing enzymes

The activity of steroid metabolizing enzymes was measured
individually in 30 placentas from each group (Mated, IVF, and ICSI).
The activity of UGT was observed in all placentas tested. Placentas
from IVF pregnancies showed a small, but statistically significant
(P<0.03, Fig. 2A) increase in UGT activity, while those from ICSI
pregnancies had highly elevated UGT (P<0.001, Fig. 2A). Analysis
of B-G activity showed no difference between placentas from IVF
and Mated groups (P=0.18) but a highly significant decrease in 3-G
was observed in ICSI placentas compared to placentas from mated
females (P<0.001, Fig. 2B). The UGT rates were significantly higher
than B-G activities in all tested groups (P<0.001). The systemic
clearance of steroids by UGT performed by the placenta was 81-and
85-fold greater for placentas from mated females and IVF females,
respectively, than cleavage and recirculation by (3-G. However, ICSI
placentas showed a substantial increase in placental clearance
by glucuronidation. The rates of UGT in ICSI placentas averaged
14.9 4+ 4.1 nmol/(min mg) protein while 3-G activities averaged only
0.056 + 25 nmol/(min mg) protein; these data correspond to 266-
fold higher UGT activities than B-G, which equals 3-fold greater
systemic clearance by glucuronidation than observed for placentas
from mated or IVF females (P<0.001).

In contrast to UGT, SULT activity was not observed in all pla-
centas. Interestingly, more placentas from ART groups (IVF: 93%,
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Fig. 1. Placental weights in mice impregnated using mating, IVF and ICSI. Each
bar represents a mean of 30 placentas +SD. Statistical significance: a vs. b, a vs.
c=P<0.001.

28/30; ICSI: 97%, 29/30) had measurable SULT activity compared
to placentas from mated females (67%, 20/30). These data corre-
late well with the greater levels of SULT activity observed in ART
vs. Mated groups (P=0.04 and P<0.001 for IVF and ICSI, respec-
tively, Fig. 3). The activity of AS was more frequently observed in
IVF placentas (70%, 21/30) compared to ICSI and Mated groups
(60%, 18/30, both groups), and this correlated with the higher AS
activity rates. However, the difference between Mated vs. IVF and
ICSI groups did not reach statistical significance (Mated vs. IVF:
P=0.06, Mated vs. ICSI: P=0.49, Fig. 3). The rates, at which the
opposing SULT and AS activities occurred in placentas from mated
and IVF females, were similar. Therefore, placental clearance of
steroids and chemicals by sulfonation did not significantly out-
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Fig. 2. Glucuronidation activity. (A) UGT in placenta and (B) B-G in placenta. Each
bar represents a mean of n=30 placentas + SD. Statistical significance: A vs. C, B vs.
C,Avs.a,Bvs.b,Cvs.c,avs.c, bvs.c=P<0.001; A vs. B=P<0.05. For explanation
of abbreviations see Table 1.
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Fig. 3. Sulfonation activity. SULT and AS in placenta. Each bar represents a mean of
n=30 placentas & SD; statistical significance: A vs. C=P<0.001; Cvs.c=P<0.01; A
vs. B, B vs. C=P<0.05. For explanation of abbreviations see Table 1.

weigh systemic recirculation and conservation of these molecules
in placentas from mated and IVF females (P=0.30 and P=0.57,
respectively). In stark contrast, ICSI placentas had 4-fold greater
sulfonation than recirculation (2.2 + 1.4 nmol/(min mg) protein for
SULT vs. 0.56 + 1.2 nmol/(min mg) protein for AS, P<0.001). While
the error bars appear large, because of the large number of sam-
ples tested (30 individual placentas in each group), significance was
reached.

3.4. Concentrations of steroid metabolites in maternal and fetal
blood

We next measured the levels of terminal glucuronide (3adiolG)
and sulfate (DHEAS) metabolites that reflect the specific clearance
of steroids (i.e. are inversely proportional to the level of free steroid
available). There were no significant differences in the levels of
3adiolG in maternal blood regardless of the type of pregnancy
(Mated, IVF, and ICSI). Although there was a slight increase in the
3adiolG levels in the blood of pups compared to their dams, this
difference was not statistically significant (P=0.06, Fig. 4A). This
was not the case for IVF and ICSI fetuses that had more than 2-fold
higher levels of 3adiolG (P=0.02 and P=0.01, respectively) than
their dams (Fig. 4A). Furthermore, the fetuses conceived by ART had
far higher levels of 3adiolG metabolites in their blood than the pups
conceived by normal mating, that approached significance with IVF
pups (P=0.07), and was significant for ICSI fetuses (P=0.05). The
levels of DHEAS were significantly higher in the fetal blood than
the maternal blood in IVF and ICSI pregnancies (P=0.03, paired t-
test, Fig. 4B) but not in pregnancies originating from mating (P=0.4,
paired t-test, Fig. 4B).

3.5. Levels of estriol in placentas

We then measured the level of estriol which reflects the effi-
ciency of total steroid production (being the end product of a
biochemical pathway). Lower levels of estriol would be expected
if steroids higher up the cascade are functionally cleared by glu-
curonidation and sulfonation. The level of estriol in placentas from
IVF and ICSI groups was almost 80% and 70% lower, respectively,
as compared with placentas from mated females (Fig. 5). This dif-
ference approached, but did not reach significance (P=0.098 and
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Fig. 4. Levels of steroid metabolites in blood plasma from dams and fetuses. (A)
3adiolG and (B) DHEAS. Each bar represents a mean of n=3 samples + SD, except
for IVF pups, n=2 =+ SD. Statistical significance: d vs. f, E vs. e, F vs. f=P<0.05. For
explanation of abbreviations see Table 1.

P=0.091 for IVF and ICSI, respectively) which is almost certainly
due to the small sample size (i.e. using 3 pools for each condi-
tion); and would probably reach significance with greater numbers
of placental pools tested.

3.6. Levels of estrone, 17 8-estradiol and estriol in maternal
ovaries

Because in mice maternal ovaries are the main source of steroids
for developing fetuses we compared the levels of estrone, 17(3-
estradiol and estriol in ovaries from females impregnated by
Mating, IVF and ICSI. The levels of estrone and 173-estradiol in
ovaries from ART group females were lower or similar compared to
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Fig. 5. Estriol levels in placentas from mice impregnated by mating, IVF and ICSI.
Each bar represents a mean of n=3 pools (range: 7-15 placentas per pool)+SD.
Statistical significance: a vs. b=P<0.05, a vs. c=P=0.09.
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Fig. 6. Estrogenic steroid levels in ovaries from mice impregnated by mating, IVF
or ICSI. Each bar represents a mean of n=3 ovaries & SD. Statistical significance:
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Mated group (Fig. 6Aand B) while the levels of estriol were higher
in ART than in Mating.

4. Discussion

Our study provides the first evidence of dysregulation of placen-
tal steroid metabolism in mouse pregnancies conceived through
ART. If a similar impairment exists in humans, it may contribute
to obstetric and perinatal complications associated with assisted
reproduction.

The increase in steroid metabolism and clearance was more
evident in ICSI than in IVF pregnancies. Intracytoplasmic sperm
injection is crucially different than IVF and mating in that it
bypasses several important steps that are required in normal fer-
tilization. In spite of high success rates with ICS], it is possible that
the method induces some technique-specific effects that are yet
to be discovered. Here, we did not observe significant differences
in the outcome of mouse IVF and ICSI, measured by proportion of
embryos that developed to term. This is in agreement with our past
studies, in which we demonstrated that mouse embryos produced

with these two methods had similar potential to develop in vitro
[23] and in vivo [24], and that ICSI did not enhance infertile pheno-
type or confer risks when it was applied serially [13]. However, our
recent analyses, also in the mouse, revealed that the dynamics of
sperm chromatin remodeling were different after ICSI and IVF [25].
The results of the current study provide evidence for differences
between ICSI and IVF at another level, that of placental function.

Increased placental weight and placental dysfunction have been
suggested as potential causes of neonatal mortality in cloned live-
stock [26,27] and mice [28,29] and in vitro embryo culture or
transfer of embryos to pseudopregnant recipient mothers also
results in greater placental birth weight [27,30,31]. Furthermore, it
has been shown that placental overgrowth and dysfunction reflects
aberrant expression of imprinted genes regulating placentation,
which may lead to incomplete communication between the pla-
centa and embryo/fetus [29]. We observed increased placental
weights in IVF and ICSI groups compared to normal mating. To our
knowledge, this is the first evidence of increased placental weights
in mouse ART other than those reported for cloning. Changes in
gross placental size would be expected to affect all aspects of bio-
chemical and xenobiotic metabolism which is a potential cause of
smaller fetal weights consistently observed with ART [4-7]. We
compared placentas from mice at gestational day 18 (and not ear-
lier) because at this timepoint the placentas are fully mature but not
functionally senescent as they might be if we had waited for nat-
ural birth on or around day 20. Additionally, caesarian section was
used since this does not subject the tissue to the birthing process
where inflammatory mediators and/or oxidative stress can change
enzyme metabolism dynamics.

Steroids are vital for correct growth, development and body pat-
terning of fetus [32,33]. Steroidogenesis and steroid clearance in
humans are regulated by the placenta throughout pregnancy, with
assistance from the fetal adrenals and liver after 8 weeks of ges-
tation. In contrast, in mice steroids cannot be produced by the
placenta which has only low levels of aromatase (CYP19) activ-
ity and production by the maternal ovaries is the main source
of steroids for mouse fetuses. Since steroid hormones are highly
lipophilic, they freely diffuse into cells to cause their effects. This
underscores the importance of the placenta in the mouse model
since steroid hormones must reach the fetal compartment by cross-
ing the placenta. After steroids effects are complete, their action
is terminated through metabolism by SULT and UGT enzymes
that between them account for almost all steroid clearance. The
SULT enzymes are present at high levels in both the fetal liver
and placenta in humans and mice with hepatic activity reach-
ing adult levels during the second trimester of pregnancy [34].
The importance of placental SULTS has been further demonstrated
since pregnant mice with placental SULT1E1 gene knocked out
have excessive circulating steroid hormones, placental thrombo-
sis and recurrent fetal loss occurred [33]. Similar to the SULTs, UGT
enzymes are present and active in both human and rodent placen-
tas [35-38]. However, unlike SULTs, UGT enzymes are not active
in the human liver until after birth, and may take several years to
fully develop; this is believed to be a reason why some chemicals
that are not harmful to rodents cause congenital birth defects in
humans [39-41]. Because metabolites produced by SULT and UGT
can be regenerated back to parent steroids by AS and 3-G enzymes
in fetal livers and placentas, it is the balance between SULT/AS and
UGT/B-G that determines circulating steroid levels and ultimately,
to how much active steroid mouse fetuses are exposed [36,42].

We have shown here that placental metabolism of chemicals
by UGT was higher than B-G-mediated recirculation in all tested
groups. In placentas from mated and IVF mice UGT activities were
81- and 85-fold higher than B-G, respectively, while ICSI placentas
showed 266-fold higher UGT activity than (3-G. This corresponds
to 3-fold higher placental elimination of steroids and chemicals
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through the UGT pathway in ICSI pregnancies compared to mat-
ing and IVFE In the sulfonation pathway, SULT detoxification and
AS recirculation activities were balanced in mated and IVF females,
while in ICSI placentas SULT activities were significantly higher than
AS accounting for 4-fold greater clearance by sulfonation. Overall
this metabolic profile indicates that in ICSI pregnancies the bal-
ance of metabolism shifts sharply towards steroid (and chemical)
removal. The increased clearance of steroids from the fetal com-
partment was potentially up to 800% higher in ICSI placentas than
in placentas from mated females through the combined effect of the
increases in the sulfonation and glucuronidation pathways. These
results are further strengthened by our independent assessment
of estrogenic steroid production by the maternal ovaries. Females
from ART groups had similar or lower levels of ovarian estrone and
17B-estradiol but higher levels of estriol compared to females from
Mated group. Our study also shows massive decrease in estriol lev-
els in placental tissue as well as higher levels of steroid metabolites
in fetal but not maternal serum in ART pregnancies. This, coupled
with the finding that maternal ovaries in ART actually produce
more estriol, provides strong evidence for the role of placental
metabolism in removing steroids during transit to the fetal com-
partment.

An increase in steroid clearance in ART pregnancies is likely
to have severe consequences. In humans, alteration in placental
enzyme activity would potentially have more significant effects
than in mice since the placenta is not merely a delivery vector for
steroids (as is in the mouse) but the actual site of steroid synthesis.
The relevance of our results, while occurring in a mouse model, are
supported by recent findings from Zhang et al. who demonstrated
that proteins from ICSI placentas in humans differed from normally
conceived placentas [43]. Differentially regulates proteins in the
human placentas included proteins involved in membrane traf-
ficking, metabolism, nucleic acid processing, stress response and
cytoskeleton.

Although the passage of steroids between the maternal and fetal
circulations via the placenta is diffusive, their metabolites (that are
very hydrophilic) have poor ability to cross the placenta and other
membranes. Hence the levels of metabolites in maternal and fetal
blood are inversely reflective of steroid concentrations. Increased
clearance and removal by both UGT and SULT pathways is expected
to lower the levels of steroids and other chemicals in the fetal com-
partment and raise metabolite levels. The observed higher levels
of both 3adiolG and DHEAS metabolites in blood from ART fetuses
compared to their dams support this. Lack of significant differences
between metabolite levels in fetal and maternal blood in mating
indicates thatincreased steroid clearance may be due to the changes
in placental enzyme dynamics described. However, the exact cause
of increased metabolites in fetal blood may be more complicated
due to the contributions of fetal liver and/or kidney to metabolism
and clearance. Since the fetus can only receive steroid from mater-
nal blood (not conjugated glucuronides or sulfates are too polar
to cross the placenta), the steroid levels in dams blood internally
controls for the contribution of the maternal liver to this process.
Finally, the lower levels of estriol produced ART placentas further
supports our assertion of increased steroid clearance.

5. Conclusions

This is the first report showing that placentas from ART preg-
nancies have significantly altered steroid metabolism as compared
with normal controls in mice. Low levels of steroid hormones deliv-
ered to the developing fetus would be expected to result in growth
restriction, congenital malformations, genital abnormalities, and
discordant changes in the endocrine axes. All of these syndromes
have been reported with significantly elevated incidence in IVF and
ICSI children [44-46]. Thus, if a similar dysregulation of steroid

metabolism as that noted in mice occurs also in humans it may
provide a plausible explanation for the neonatal, pediatric and adult
diseases associated with assisted reproduction.

Based on our data from the mouse model we propose that
adverse reproductive outcomes from ART may, at least in part,
be due to induction of detoxification enzymes in placentas that
is not paralleled by homeostatic increases in steroid recircula-
tion enzymes. Our future work will involve testing the enzymes
engaged in steroid metabolism in human placentas, and the corre-
sponding metabolite profiles in fetal and maternal blood to gauge
the corresponding human placental dynamics. The results of our
work advance understanding of ART effects on placental steroid
metabolism and clearance, and may assist in developing strate-
gies to improve the efficiency and safety of assisted reproduction.
Ultimately, these studies may assist in decreasing the levels of
unsatisfactory obstetric, neonatal and pediatric outcomes when
assisted reproduction in required.
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