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Introduction: Sex steroids are regulating factors for intrauterine growth. 17-β Estradiol

(E2) is particularly critical to a physiological pregnancy, as increased maternal E2 was

correlated to lower fetal weight at delivery. The placenta itself is a primary source

of estrogens, synthetized from cholesterol precursors. Cytochrome P450 aromatase

(encoded by CYP19A1 gene) is a rate-limiting enzyme for E2 biosynthesis. CYP19A1

transcription is supported by Estrogen Related-Receptor Gamma (ERRγ- ESRRG gene),

which thus has an indirect role in placental steroidogenesis. Here we investigated

maternal E2 levels and placental CYP19A1 and ESRRG expressions in pregnancies with

IntraUterine Growth Restriction (IUGR).

Methods: Singleton pregnancies were studied. E2 was measured in maternal plasma

by electrochemiluminescence in 16 term controls and 11 IUGR (classified by umbilical

artery doppler pulsatility index) at elective cesarean section, and also in 13 controls during

pregnancy at a gestational age comparable to IUGR. CYP19A1 and ESRRG expressions

were analyzed in placental tissue. Maternal/fetal characteristics, placental and molecular

data were compared among study groups and tested for correlations.

Results: Maternal E2 plasma concentrations were significantly decreased in IUGR

compared to controls at delivery. When analyzing normal pregnancies at a gestational

age similar to IUGR, E2 levels were not different to pathological cases. However, E2

levels at delivery positively correlated with placental efficiency. Placental CYP19A1 levels

were significantly higher in IUGR placental tissue vs. controls, and specifically increased

in female IUGR placentas. ESRRG expression was not different among groups.

Discussion: We report a positive correlation between 17-β Estradiol levels and

placental efficiency, that might indicate a disrupted steroidogenesis in IUGR pregnancies.

Moreover, we show alterations of CYP19A1 expression in IUGR placentas, possibly

indicating a compensatory effect to the adverse IUGR intrauterine environment, also

depending on fetal sex. Further studies are needed to deeper investigate IUGR alterations

in the complex interaction among molecules involved in placental steroidogenesis.

Keywords: intrauterine growth restriction, placenta, 17-β estradiol, estrogen-related receptor γ, cytochrome p450

aromatase
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HIGHLIGHTS

- Altered E2 levels suggest disturbances of estrogenic pathways in
IUGR pregnancies.

- ESRRG and CYP19A1 alterations may be linked to growth-
restriction features.

- CYP19A1 alteration as a clue of IUGR disrupted
placental steroidogenesis.

- Fetal sexmay influenceCYP19A1 expression in IUGR placentas.

INTRODUCTION

During pregnancy, a well-functioning placenta is needed to
ensure the appropriate growth and development of the fetus
(1). Indeed, an “insufficient” placenta is one of the main
characteristics of IntraUterine Growth Restriction (IUGR) (2),
with decreased oxygen supply and altered nutrient transport to
the fetus (3–7). Multiple stimuli occur throughout pregnancy
to achieve an appropriate placental vascularization, perfusion
and metabolism. Oxygen concentration, energy metabolism, and
sex steroids have been described as limiting factors for growth-
restriction onset (8–11).

Sex steroids in the fetal and maternal circulations play
an important role in determining a physiological placental
phenotype (12). Being a developing organ, the placenta
undergoes significant anatomical, and functional changes which
are partially regulated by steroids, particularly estrogens (13).
Indeed, inhibition of estrogen production was reported to
result in pregnancy loss in animal models (14, 15). Like other
estrogens, 17-β Estradiol (E2) is involved in each pregnancy
stage: it promotes endometrium growth, preparing the uterus for
embryo’s implantation, it regulates uterine vascular adaptations
to pregnancy and labor induction (16, 17), and is also critical
for trophoblast syncytialization (18). In early pregnancy, high
maternal estradiol levels have been reported to correlate with
increased risks of low neonatal weight (19), by affecting the
expression of CDKN1C and IGF2, placental imprinted-genes
which are relevant to fetal growth (20).

Growing evidence has been reported on the association
between altered circulating progesterone and estrogen
levels and PreEclampsia (PE) (21–23). Conversely, few
progesterone/estrogen profiles have been investigated in
pregnancies delivering Small for Gestational Age (SGA) babies.
First evidence that maternal 17-β Estradiol concentration may
be related to fetal growth restriction derived from a mid-to-late-
term pregnancy sheepmodel (24). Data from human pregnancies
were recorded by Salas et al. at 34 gestational weeks. Reduced
progesterone and estradiol plasma levels were measured in the
maternal plasma of women delivering SGA babies, but no clinical
data were reported about intrauterine growth (25).

During pregnancy, the placenta itself becomes the primary
source of progesterone (at term, 250 mg/day) and estrogens (at
term, 100–120 mg/day), synthetized from both maternal and

Abbreviations: CYP19A1, CYtochrome P450 aromatase gene; E2 or 17-β

Estradiol, 17-Beta Estradiol; ER, Estrogen Receptor; ESRRG, Estrogen Related-

Receptor Gamma gene; IUGR, Intrauterine Growth Restriction.

fetal cholesterol precursors. Indeed, sulfated C-19 androgens,
16α-hydroxylated DHEA-S and DHEA-S are processed into
estrogens by the activity of several enzymes involved in steroids
biosynthesis (known as steroidogenesis), namely placental
STeroid Sulfatase (STS), 3β HydroSteroid Dehydrogenases 1
(HSD1), CYP19 (CYtochrome P450 aromatase), and 17βHSD
isoenzymes. Estrogens produced in the placenta are then released
into both maternal and fetal circulations (26, 27).

Therefore, several placental genes are involved in
steroidogenesis, being critical to sex steroids metabolism.
Their expression may thus represent a limiting factor to normal
placental development (28).

CYtochrome P450 aromatase, encoded by CYP19A1, is a rate-
limiting enzyme for sex steroids biosynthesis, particularly for
placental 17-β Estradiol. Altered CYP19A1 gene and protein
levels have been recently observed in preeclamptic placentas,
associated with a trend to lower estriol and estradiol maternal
plasma profiling. Berkane et al. suggested placental hypoxia as
a possible causative mechanism for CYP19 dysregulation (29).
The consequent downregulation of E2 levels could contribute
to the antiangiogenic and vasoconstricted clinical features
of PE.

Among the Estrogen Receptors (ER) regulating sex steroids
metabolism, Estrogen Related-Receptor (ERR) is becoming
a promising topic of interest. ERR is involved in several
energetic pathways such as mitochondria replication and
Oxidative Phosphorylation (OXPHOS) (30), but is also a critical
mediator of multiple metabolic and endocrine signals (31, 32).
Its Gamma isoform (ESRRG) is predominantly expressed in
placenta (33), and regulates trophoblast differentiation. In vitro
studies have highlighted an oxygen-dependent expression for
ESRRG, being down-regulated in cytotrophoblast cultures under
hypoxia (34, 35).

ESRRG role in regulating placental steroidogenesis (36) has
been recently proposed by an in vitromodel reporting its binding
to CYP19A1 promoter (35), with the consequent induction
of Cytochrome p450 aromatase (37). Moreover, silencing of
ESRRG in extravillous trophoblasts has been recently reported
to suppress the expression of HSD17β1, another steroidogenic
enzyme critical to the placental conversion of estrone to
estradiol (38).

Here we hypothesize alterations of placental steroidogenesis
in IUGR compared to normal pregnancies. We measured
ESRRG and CYP19A1 gene expression in human IUGR
and control pregnancies, in both placental tissue and
isolated trophoblast cells, also in relation to IUGR
severity. Additionally, we analyzed 17-Beta Estradiol
levels in maternal plasma of the same pregnancies to
evaluate a potential cause-effect relation with ESRRG and
CYP19A1 expression.

METHODS

Pregnant women were enrolled in the Unit of Obstetrics
and Gynecology of the “Luigi Sacco Hospital” in Milano.
The study protocol was approved by the “L. Sacco Hospital”
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Ethical Committee and all participants gave their written
informed consent.

Population
Only Caucasian women with singleton spontaneous pregnancies
were included in the study. Exclusion criteria were maternal
preexisting diseases, alcohol or drug-abuse, maternal and fetal
infections, fetal malformations or chromosomal disorders.

Controls (n = 17) were term (≥37 weeks) physiological
pregnancies with normal intrauterine growth and Appropriate
for Gestational Age (AGA) birth weight, according to reference
ranges for the Italian population, and delivering by elective
cesarean section (CS) [Controls atDelivery]; no placental or fetal
disease were recorded. Indications for cesarean delivery before
labor were breech presentation, repeated cesarean sections, or
maternal request.

IntraUterine Growth Restriction [IUGR] pregnancies (n =

17) were identified in utero through longitudinal measurements
indicating abdominal circumferences below the 10th percentile of
age-related reference values (39) together with a shift from the
growth curve >40 centiles (40). IUGR were further evaluated
according to umbilical artery Pulsatility Index (PI) (measured
by doppler velocimetry) (5, 41) to be classified in two different
groups of severity [Normal PI IUGR or Abnormal PI IUGR].

All IUGR babies were delivered by elective cesarean section.
A further control group (n = 13) was enrolled during the

III trimester of normal pregnancy (26−32 weeks) to collect
maternal plasma samples with a gestational age similar to IUGR,
with confirmed AGA birth weight at the time of delivery [III
Trimester Controls].

Clinical Data Collection
Medical history, demographic, anthropometric, obstetric, and
neonatal data were recorded at recruitment and after delivery.
Maternal hemoglobin and hematocrit were measured at 34–
36 weeks.

Placental biometry parameters were measured and derived as
previously described (42).

Biological Samples Collection and
Analyses
17-Beta Estradiol Analysis in Maternal Plasma
Maternal blood was collected from a radial vein at III trimester
(n = 13) or at CS for AGA (n = 16) and IUGR (n = 11)
pregnancies. EDTA blood samples were centrifuged at 1500
rpm × 15min at room temperature and the obtained plasma
stored at−80◦C. Hemolyzed, icteric, and lipemic plasma samples
were excluded.

17-Beta Estradiol concentration was determined using an
electrochemiluminescence immunoassay (Estradiol G3 Elecsys
Cobas E100, ref. 06656021190) performed on Cobas e411
analyzer, according to themanufacturer’s instructions. All plasma
samples were diluted 1:10 and analyzed in duplicate; the
measurement interval was 549.8–4946 pg/mL. Internal quality
controls U1 and U2 (PreciControl Universal, ref. 11731416) were
concurrently analyzed with values within the expected ranges. E2

lower limit of detection was 5 pg/mL, while the intra and inter
assay coefficients of variation were both ≤10%.

All reagents and instrument were from Roche Diagnostic
GmbH, Mannheim, Germany.

Tissue Processing, Cells Isolation, RNA Extraction
Placentas were collected and sampled immediately after CS as
previously reported (43). After removing the maternal decidua,
placental biopsies (∼1 cm3) were sized from different cotyledons
midway between the cord insertion and placental border. Minced
placental villi were washed in PBS to be stored at −20◦C in RNA
Later Solution (Sigma-Aldrich, St. Louis/MO, USA). From tissue
fragments preserved in RNA Later (90mg), RNA was extracted
with the RiboPure RNAPurification Kit (Ambion- ThermoFisher
Scientific, Austin/TX, USA).

Isolated RNA was then treated with DNase I (New
England Biolabs, Ipswich/MA, USA), to remove potentially
contaminating DNA; RNA concentrations were measured
by NanoDrop ND1000 spectrophotometer (NanoDrop
Technologies, Wilmington/DE, USA).

ESRRG and CYP19A1 Expression in Placental Tissue
Gene expression of ESRRG [Chr.1] and CYP19A1 [Chr.15] was
measured in placental tissue [14 Controls and 14 IUGR]. For
each sample, 1.6 µg of total RNA were reverse-transcribed with
High Capacity cDNA Reverse Transcription Kit; cDNA served as
template for quantitative Real Time PCR with TaqMan probes
for ESRRG [assay ID: Hs00976243_m1] and CYP19A1 [assay
ID: Hs00903413_m1]. All samples were reverse-transcribed in
duplicate; cDNA was run in triplicate.

Expression levels were calculated using GeNorm method (44)
relative to HPRT [assay ID: Hs99999909_m1] and YWHAZ
[assay ID: Hs00237047_m1], selected as placental housekeeping
genes (45).

All reagents were supplied by Life Technologies
(ThermoFisher Scientific, Foster City/CA, USA).

Statistical Analyses
Maternal and fetal clinical characteristics and molecular data
displayed a normal distribution (Kolmogorov-Smirnov test)
and were thus compared among study groups by One-way
ANalysis Of VAriance (ANOVA) or independent-samples t-test
in accordance to the homogeneity of variance (Levene’s test).

A Two-way between-groups ANOVA was conducted to
assess the impact of IUGR severity and fetal sex (independent
variables), as individual or joint effect, on placental genes
expression (dependent variables), and applied with the Levene’s
assumptions. For both ANOVAs, a Tukey’s HSD test was run as
post-hoc test.

Chi-square test was performed to compare fetal sex
frequencies among groups, applying Yates continuity correction.

Correlations between clinical/molecular data were assessed
using the Pearson product-moment correlation.

Correlations and comparisons between groups were
considered statistically significant when p < 0.05.

Statistical analyses were performed using SPSS (v.25.00, IBM
Statistics, Armonk/NY, USA).
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TABLE 1 | Maternal, placental, and fetal characteristics in the analyzed population.

Controls at Delivery[*]

n = 17

Normal PI IUGR

n = 8

Abnormal PI IUGR

n = 9

III Trimester Controls[†]

n = 13

MATERNAL DATA

Age, years 34.6 ± 5.5 35.9 ± 4.4† 34.0 ± 5.9 30.1 ± 4.0

Pregestational BMI, kg/m2 21.3 ± 3.0 21.5 ± 2.2 24.3 ± 4.2 21.4 ± 2.6

Maternal hematocrit, Htc 34.0 ± 1.5 35.7 ± 2.8 34.9 ± 1.7 36.7 ± 5.3

Maternal hemoglobin, Hb 11.3 ± 0.7 11.7 ± 1.1 11.1 ± 1.4 12.4 ± 1.5

FETAL AND PLACENTAL DATA

Gestational age at sampling, wks 39.2 ± 0.4 34.9 ± 3.6 32.6 ± 3.6 32.7 ± 2.5

Gestational age at delivery, wks 39.2 ± 0.4 34.9 ± 3.6***†† 32.6 ± 3.6***††† 39.6 ± 0.9

Fetal weight, g 3401 ± 330 1768 ± 648***††† 1501 ± 785***††† 3419 ± 379

Placental weight, g 457 ± 88 316 ± 129**† 243 ± 128 ***††† 471 ± 83

Placenta area, cm2 282.9 ± 66.1 189.6 ± 71.6*† 156.8 ± 64.7**†† 350.9 ± 16.7

Placenta thickness, cm 1.7 ± 0.6 1.5 ± 0.1 1.5 ± 0.4 1.4 ± 0.3

Data are presented as mean ± standard deviation.

Post hoc comparisons using the Tukey HSD test are made between IUGR groups vs. Controls at Delivery [*]: *p ≤ 0.05, **p ≤ 0.01; ***p ≤ 0.001; or vs. III Trimester Controls [
†
]:
†
p ≤

0.05,
††
p ≤ 0.01;

†††
p ≤ 0.001.

IUGR, Intrauterine Growth Restriction; PI, umbilical artery Pulsatility Index used to define IUGR severity; BMI, Body Mass Index.

FIGURE 1 | 17-Beta estradiol in maternal blood. (A) E2 comparison among IUGR with Abnormal and Normal umbilical artery Pulsatility Index- PI, Controls at III

Trimester and Controls at Delivery; data shown as Box Plots graphs. Statistical analysis by One-way between-groups ANOVA: ∗∗p ≤ 0.01 vs. Controls. (B) Significant

positive correlation between 17-Beta Estradiol levels and placental efficiency in Controls at Delivery (©), Normal PI ( ), and Abnormal PI ( ) IUGR. Statistical analysis

by Pearson product-moment correlation: r = 0.51/p = 0.01.

RESULTS

Characteristics of the Population
Table 1 presents clinical data in Controls and in IUGR of
different severity.

Maternal age and pregestational Body Mass Index (BMI) did
not differ among groups.

No remarkable differences in maternal hemoglobin and
hematocrit levels were reported.

As expected, gestational age was significantly different among
groups [F(2, 33) = 21.7, p < 0.001], being lower in growth-
restricted babies compared to Controls at Delivery. Fetal weight
[F(2, 33) = 43.7, p < 0.001], placental weight [F(2, 31) = 11.2, p
< 0.001], and placental area [F(2, 25) = 9.0, p ≤ 0.001] resulted
significantly different among groups at delivery, with post-hoc

test confirming lower fetal-placental parameters for IUGRs vs.

term controls. Placental efficiency, calculated at delivery as fetal-

placental weight ratio, was significantly decreased in growth-

restricted pregnancies [Normal PI IUGR: 5.6 ± 0.6; Abnormal
PI IUGR: 5.8 ± 1.0] compared to Controls at Delivery [8.1 ±

2.3] (Post-Hoc test: p < 0.05 and p < 0.01, respectively). No

significant differences were found in the distribution of male and

female neonates between IUGR and controls [Fetal Sex: χ2(1,

n= 34 )= 1.91; p= 0.17; phi= 0.30].
Maternal, fetal and placental parameters were similar at

delivery (t-test: ns) between the two control groups, as shown

in Table 1, thus confirming that III Trimester Controls were

physiological throughout pregnancy. Gestational age at sampling

of III Trimester Controls [32.7 ± 2.5 weeks] was similar to
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FIGURE 2 | ESRRG and CYP19A1 expression in placental tissue. (A) CYP19A1 and (B) ESRRG mRNA levels in IUGR with Abnormal or Normal umbilical artery

Pulsatility Index- PI and Controls at Delivery; relative mRNA levels derived according to geNorm method and data shown as Box Plots graphs. Statistical analysis by

One-way between-groups ANOVA: ∗p ≤ 0.05 vs. Controls at Delivery. (C) Significant positive correlation between ESRRG and CYP19A1 expression in Controls at

Delivery (©), Normal PI ( ), or Abnormal PI ( ) IUGR. Statistical analysis by Pearson product-moment correlation: r = 0.50/p ≤ 0.01.

both Normal and Abnormal PI IUGR’s [Normal PI: 35.0 ± 3.6;
Abnormal PI: 32.6± 3.6 weeks] as designed for 17-Beta Estradiol
experiments (Table 1).

17-Beta Estradiol in Maternal Blood
Maternal 17-Beta Estradiol levels (E2, pg/mL) were significantly
different among groups [F(3, 39) = 4.9, p = 0.01] with a large
effect size (Eta -η2- Squared = 0.50). Plasma E2 had a decreased
mean score in both IUGR groups [Normal PI IUGR: 15305.4
± 7211.1; Abnormal PI IUGR: 14171.3 ± 6828.7] and in III
Trimester Controls [14915.0 ± 5877.5] compared to Controls at
Delivery [25351.3 ± 10755.4] (p = 0.01; Figure 1A). Maternal
E2 concentration significantly correlated with gestational age at
sampling (r =+0.57/p < 0.01, data not shown).

Interestingly, E2 levels at delivery were also
significantly and positively correlated to placental efficiency
(r =+0.51/p= 0.01; Figure 1B).

ESRRG and CYP19A1 in Placental Tissue
A One-way ANOVA was performed to explore differences
in ESRRG and CYP19A1 tissue expressions among groups.

There was a statistically significant difference among groups in
CYP19A1 levels [F(2, 27) = 4.3, p = 0.02] with a large effect size
(η2 = 0.50). Specifically, post-hoc test showed that CYP19A1
levels were significantly increased in the most severe IUGR cases
compared to both Normal PI IUGR and Controls (p = 0.02;
Figure 2A) [Abnormal PI IUGR: 0.22 ± 0.11; Normal PI IUGR:
0.12± 0.06; Controls: 0.11± 0.08].

No significant differences were found for ESRRG gene
expression [Normal PI IUGR: 0.43 ± 0.22; Abnormal PI IUGR:
0.47 ± 0.19; Controls: 0.38 ± 0.14] (Figure 2B). However,
ESRRG placental levels significantly correlated to CYP19A1 (r =
+0.50/p= 0.01; Figure 2C).

Placental CYP19A1 Expression in Relation to Fetal

Sex
Two-way ANOVA showed a statistically significant interaction
effect between growth restriction and fetal sex on placental
CYP19A1 [F(2, 22) = 5.27, p=0.01] with a large effect size (Partial
η2 = 0.32). This suggests that the effect of IUGR on CYP19A1
levels might also depend on fetal sex.
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This evidence was confirmed when comparing IUGR and
Controls fetuses of the same sex: CYP19A1 levels were
significantly increased only in female fetuses when comparing
Abnormal PI IUGR [0.30 ± 0.10] to Normal PI IUGR [0.08 ±

0.05] (p = 0.01, data not shown) and to Controls at Delivery
[0.12 ± 0.04] (p = 0.03; Figure 3). Interestingly, CYP19A1 gene
expression was increased in female [0.30 ± 0.10] compared to
male [0.14 ± 0.05] fetuses in the Abnormal PI IUGR subgroup
(p= 0.03; Figure 3); no significant differences were found within
the other subgroups.

DISCUSSION

In the present study we measured 17-Beta Estradiol levels in the
maternal circulation, where it is mostly secreted after its placental
production (46). We observed a significant decreased plasma
concentration of E2 in IUGR pregnancies at third trimester.
Moreover, we found a significant correlation between levels of 17-
Beta Estradiol and placental efficiency, the ratio between fetal and
placental weight, a parameter that has been associated with short-
and long-term adverse outcomes (4, 47, 48). Since a growth-
restricted placenta is known to present reduced efficiency (4),
this might contribute to lower hormonal production, in a context
of dysfunctional enzymatic metabolism. However, in our study
17-Beta Estradiol levels were not significantly different in IUGR
maternal plasma compared to controls of similar gestational age.
In the next future, we aim to enlarge this study population to
verify the possible influence of gestational age on E2 levels.

However, previous studies have reported lower progesterone
and estradiol concentrations in maternal plasma of growth-
restricted pregnancies (25). Circulating estradiol levels have also
been associated with the appropriate development of uterine
artery diameters and blood flow at high-altitude (49), which are
strictly related to placental development and consequently to
fetal growth (50). Interestingly, 17-β Estradiol is also involved in
nutrient supply. Indeed, in the mammary epithelium E2 activates
the expression of SNAT2 (Sodium-coupled Neutral amino acid
Transporter 2) (51), an important transporter of neutral amino
acids that is vital for a correct placental/fetal development.
Altered SNAT2 placental levels were previously reported by our
group in IUGR placentas, its expression decreasing with growth-
restriction severity (6). This may suggest a link between 17-β
Estradiol and calorie restriction, a condition characterizing IUGR
pregnancies, that needs further elucidation.

We then investigated the placental expression of CYP19A1,
a gene involved in E2 production. CYP19A1 expression is
influenced by hypoxic conditions (34), while its activity
is inhibited by ROS in placenta (52). Our study revealed
significantly increased placental CYP19A1 expression in IUGR
pregnancies, which might represent a feedback signal aimed
at supporting the disrupted estradiol production pathway. In
a sheep model of hypoxia and oxidative stress, disturbances
in ovarian aromatases function have been related to growth-
restriction (24), supporting the hypothesis that alterations of
the oxidative environment can cause changes in enzymes
involved in steroidogenesis (53). Moreover, in a previous

FIGURE 3 | CYP19 aromatase in placental tissue according to fetal sex.

CYP19A1 expression comparisons between female ( ) and male ( )

placentas in Abnormal PI IUGR and Controls at Delivery. Statistical analysis by

Two-way between-groups ANOVA: ∗p < 0.05 Female Controls, or p < 0.05

Male IUGR vs. Female Abnormal PI IUGR.

study investigating preeclamptic women, defective placental
steroidogenesis has been proposed to explain altered steroidal
plasma profiles, with accumulation of aromatase precursor-
hormones (androstenedione and testosterone) opposite to
diminished aromatase-metabolites (estrone and 17-β-Estradiol)
(54). Our results support the hypothesis that CYP19A1 placental
changes can represent a compensatory response to the altered
pathway of E2 synthesis in the IUGR placenta.

The Two-way ANOVA analysis revealed a significant
combined effect of IUGR severity and fetal sex on CYP19A1
levels. Fetal sex-related perturbations have been increasingly
studied in preterm pregnancies with alternative findings (53,
55–57). Our results in IUGR placentas are consistent with
changes noticed by Sathishkumar et al. in preeclamptic placentas
(58). Interestingly, a sexual dimorphism has been reported
in a maternal calorie-restriction rat model, where only male
puppies showed a significant decrease of oxidative-stress plasma
biomarkers (59). This might contribute to a different oxidative
stress-related CYP19A1 regulation in female and male placentas
(60). Sex-specific steroids secretion or epigenetic sex-specific
modulations might also represent mechanisms explaining our
findings (61). Our preliminary findings of a placental sexual
dimorphism involving sex steroids metabolism need deeper
investigation in the next future.

In our study we also evaluated the Estrogen-Related Receptor
“gamma” isoform, ESRRG, predominantly expressed in placenta
(33) and indirectly linked to pregnancy estrogen pathways by
supporting the expression of cytochrome P450 aromatase, one
of the key enzymes for 17-Beta Estradiol placental production
(62). ESRRG expression, inhibited by hypoxia, is also reported
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to be crucial in regulating trophoblast differentiation (63) and
for placental vascularization and endocrine function (31, 34,
35). Although we found that ESRRG levels were significantly
correlated to CYP19A1, we did not find significant differences
in ESRRG levels among groups, therefore suggesting that further
mechanisms might be involved in CYP19A1 dysregulation in
IUGR placentas.

This study was aimed at investigating placental changes of
ESRRG and CYP19A1 gene expressions in IUGR pregnancies,
and their possible impact on maternal 17-Beta Estradiol plasma
levels. Endocrine alterations likely can contribute to the growth-
restricted phenotype. We therefore hypothesized alterations
of placental steroidogenesis in IUGR compared to normal
pregnancies. Our results partially support this hypothesis,
showing that CYP19A1 placental changes could represent a
compensatory response to the altered pathway of E2 synthesis in
the IUGR placenta.

Data presented in this study, together with other recently
reported evidences, represent a step forward for a deeper
comprehension of placental steroidogenesis in IUGR. However,
further molecular mechanisms could likely be involved,
given the complexity of placental steroidogenesis and the
multifactorial IUGR pathophysiology. The recent system biology
approach, combining clinical, placental, and functional data
simultaneously, will possibly gain insights into these complex
pathways (64).

Strengths and Limitations
A strength of this study are the strict inclusion and exclusion
criteria that we applied for IUGR recruitment. Indeed, growth-
restricted pregnancies were identified in utero through
longitudinal measurements (abdominal circumferences
<10th percentile) and a shift from the growth curve >40
centiles. IUGR were further evaluated according to umbilical
artery pulsatility index being classified in two groups of
severity. This was a key point of this study, which allowed to
avoid several biases due to the IUGR multifactorial features.
However, the accurate selection of cases led to a limited
sample size.

Gestational age represents a limit in the comparison
between growth-restricted and control placentas. This is a limit
occurring in all studies investigating human IUGR pregnancies,
that cannot be avoided when studying placental samples.
Therefore, results need to be evaluated taking into account
this limitation.

CONCLUSIONS

This study shows a relationship between 17-β Estradiol levels
and placental efficiency in a population of intrauterine growth-
restricted pregnancies. Changes in 17-β Estradiol are associated
with a compensatory upregulation of CYP19A1 or CYtochrome
P450, an aromatase involved in E2 production. 17-β Estradiol
and sex steroids are involved in pregnancy from implantation
to parturition. Their biosynthesis and metabolism depend
on complex pathways involving the fetus, the placenta and
the mother. Additionally, we demonstrated a placental sexual

dimorphism with effect on these pathways. Further investigation
is needed to better understand the mechanisms behind the
alterations we reported in the present preliminary study, in
order to elucidate the pathophysiological strategies occurring
in IUGR.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of Regione Lombardia, Comitato Etico
Locale ET/nb, with written informed consent from all subjects.
All subjects gave written informed consent in accordance
with the Declaration of Helsinki. The protocol named prot.
no. 469/2010/52/AP was approved by the Comitato Etico
Locale ET/nb.

AUTHOR CONTRIBUTIONS

GMA conceived, designed, and conducted the study by
performing experiments, analyzing data, writing, and editing
the manuscript. TL performed the electrochemiluminescence
immunoassay and pre-analyzed the derived data. MIM
and CP enrolled patients and collected biological samples.
CN supported in planning the experiments and in editing
the manuscript. FL contributed in performing samples
preparation and data collection. TV supervised for the
endocrinological data analysis. CM and IC were the project
supervisors and provided a critical revision of the manuscript.
All authors participated in the study and approved the
final version of the manuscript declaring no conflicts
of interest.

FUNDING

This work was financially supported by the Italian Ministry
of Education University and Research- MIUR [grant PRIN
2010-2011 prot. 20102chst5_005 Parto pre-termine: markers
molecolari, biochimici e biofisici dell’unità feto-placentare to
Irene Cetin]; and by unconditioned grants from Fondazione
Ricerca Donna e Feto Onlus and from Associazione Studio
Malformazioni (ASM) to the Laboratory of Maternal-Fetal
Translational Research “Giorgio Pardi”.

ACKNOWLEDGMENTS

We thank all the midwives and nurses of the unit of obstetrics
and gynecology of ASST Fatebenefratelli Sacco for their expertise
and cooperation. We are grateful to all pregnant women for
participating in the study.

Experimental data were partially presented as Congress
Abstracts: at 62nd Annual Meeting of the Society for
Reproductive Investigation (SRI), San Francisco [Reproductive
Sciences 2015, 22 (1, Suppl. Abs. F-269)]; at 24th European Board
and College of Obstetrics and Gynecology (EBCOG) Congress,
Torino [European Journal of Obstetrics and Gynecology and
Reproductive Biology 2016 (206: e130)].

Frontiers in Pediatrics | www.frontiersin.org 7 April 2019 | Volume 7 | Article 154

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Anelli et al. Placental ERRγ, CYP19, 17-Bestradiol in IUGR

REFERENCES

1. Myatt L. Placental adaptive responses and fetal programming. J Physiol. (2006)

572(Pt1):25–30. doi: 10.1113/jphysiol.2006.104968

2. Sibley CP, Turner MA, Cetin I, Ayuk P, Boyd C, D’Souza SW, et al.

Placental phenotypes of intrauterine growth. Pediatr Res. (2005) 58:827–32.

doi: 10.1203/01.PDR.0000181381.82856.23

3. Cetin I, Alvino G. Intrauterine growth restriction: implications for placental

metabolism and transport. A review. Placenta. (2009) 30(Suppl. A):S77–82.

doi: 10.1016/j.placenta.2008.12.006

4. Pardi G, Marconi AM, Cetin I. Placental-fetal interrelationship

in IUGR fetuses–a review. Placenta. (2002) 23(Suppl. A):S136–41.

doi: 10.1053/plac.2002.0802

5. Pardi G, Cetin I, Marconi AM, Lanfranchi A, Bozzetti P, Ferrazzi E, et al.

Diagnostic value of blood sampling in fetuses with growth retardation. N Engl

J Med. (1993) 328:692–6. doi: 10.1056/NEJM199303113281004

6. Mandò C, Tabano S, Pileri P, Colapietro P, Marino MA, Avagliano L, et al.

SNAT2 expression and regulation in human growth-restricted placentas.

Pediatr Res. (2013) 74:104–10. doi: 10.1038/pr.2013.83

7. Mandò C, Tabano S, Colapietro P, Pileri P, Colleoni F, Avagliano L,

et al. Transferrin receptor gene and protein expression and localization

in human IUGR and normal term placentas. Placenta. (2011) 32:44–50.

doi: 10.1016/j.placenta.2010.10.009

8. Regnault TR, de Vrijer B, Galan HL, Wilkening RB, Battaglia FC, Meschia

G. Development and mechanisms of fetal hypoxia in severe fetal growth

restriction. Placenta. (2007) 28:714–23. doi: 10.1016/j.placenta.2006.06.007

9. Mandò C, De Palma C, Stampalija T, Anelli GM, Figus M, Novielli

C, et al. Placental mitochondrial content and function in intrauterine

growth restriction and preeclampsia. Am J Physiol Endocrinol Metab. (2014)

306:E404–13. doi: 10.1152/ajpendo.00426.2013

10. Maliqueo M, Echiburú B, Crisosto N. Sex steroids modulate uterine-placental

vasculature: implications for obstetrics and neonatal outcomes. Front Physiol.

(2016) 7:152. doi: 10.3389/fphys.2016.00152

11. Cetin I, Radaelli T, Taricco E, Giovannini N, Alvino G, Pardi G. The

endocrine and metabolic profile of the growth-retarded fetus. Pediatr

Endocrinol Metab. (2001) 14(Suppl. 6):1497–505. Available online at: https://

www.scimagojr.com/journalsearch.php?q=26179&tip=sid

12. Fowden AL, Forhead AJ, Sferruzzi-Perri AN, Burton GJ, VaughanOR. Review:

Endocrine regulation of placental phenotype. Placenta. (2015) 36(Suppl

1):S50–9. doi: 10.1016/j.placenta.2014.11.018

13. Kingdom J, Huppertz B, Seaward G, Kaufmann P. Development of the

placental villous tree and its consequences for fetal growth. Eur J Obstet

Gynecol Reprod Biol. (2000) 92:35–43. doi: 10.1016/S0301-2115(00)00423-1

14. Jukic AM, Weinberg CR, Wilcox AJ, Baird DD. Effects of early pregnancy

loss on hormone levels in the subsequent menstrual cycle.Gynecol Endocrinol.

(2010) 26:897–901. doi: 10.3109/09513590.2010.487601

15. Bonney EA. Demystifying animal models of adverse pregnancy outcomes:

touching bench and bedside. Am J Reprod Immunol. (2013) 69:567–84.

doi: 10.1111/aji.12102

16. Padmanabhan RA, Laloraya M. Estrogen-initiated protein interactomes

during embryo implantation. Am J Reprod Immunol. (2016) 75:256–62.

doi: 10.1111/aji.12455

17. Corcoran JJ, Nicholson C, Sweeney M, Charnock JC, Robson SC, Westwood

M, et al. Human uterine and placental arteries exhibit tissue-specific acute

responses to 17β-estradiol and estrogen-receptor-specific agonists. Mol Hum

Reprod. (2014) 20:433–41. doi: 10.1093/molehr/gat095

18. Pepe GJ, and Albrecht ED. Regulation of functional differentiation of the

placental villous syncytiotrophoblast by estrogen during primate pregnancy.

Steroids. (1999) 64:624–7.

19. Hu XL, Feng C, Lin XH, Zhong ZX, Zhu YM, Lv PP, et al. Highmaternal serum

estradiol environment in the first trimester is associated with the increased risk

of small-for-gestational-age birth. J Clin EndocrinolMetab. (2014) 99:2217–24.

doi: 10.1210/jc.2013-3362

20. Chen XJ, Chen F, Lv PP, Zhang D, Ding GL, Hu XL, et al. Maternal high

estradiol exposure alters CDKN1C and IGF2 expression in human placenta.

Placenta. (2018) 61:72–9. doi: 10.1016/j.placenta.2017.11.009

21. Wan J, Hu Z, Zeng K, Yin Y, Zhao M, Chen M, et al. The reduction in

circulating levels of estrogen and progesterone in women with preeclampsia.

Pregnancy Hypertens. (2018) 11:18–25. doi: 10.1016/j.preghy.2017.12.003

22. Jobe SO, Tyler CT, Magness RR. Aberrant synthesis, metabolism,

and plasma accumulation of circulating estrogens and estrogen

metabolites in preeclampsia implications for vascular dysfunction.

Hypertension. (2013) 61:480–7. doi: 10.1161/HYPERTENSIONAHA.111.

201624

23. Hertig A, Liere P, Chabbert-Buffet N, Fort J, Pianos A, Eychenne B, et al.

Steroid profiling in preeclamptic women: evidence for aromatase deficiency.

Am J Obstet Gynecol. (2010) 203:477.e1-9 doi: 10.1016/j.ajog.2010.06.011

24. Lemley CO, Camacho LE, Hallford DM, Vonnahme KA. Uteroplacental

secretion of progesterone and estradiol-17β in an ovine model of

intrauterine growth restriction. Anim Reprod Sci. (2018) 193:68–78.

doi: 10.1016/j.anireprosci.2018.04.001

25. Salas SP, Marshall G, Gutiérrez BL, Rosso P. Time course of

maternal plasma volume and hormonal changes in women with

preeclampsia or fetal growth restriction. Hypertension. (2006) 47:203–8.

doi: 10.1161/01.HYP.0000200042.64517.19

26. Pasqualini JR, Chetrite GS. The formation and transformation of hormones

in maternal, placental and fetal compartments: biological implications. Horm

Mol Biol Clin Investig. (2016) 27:11–28. doi: 10.1515/hmbci-2016-0036

27. Wood CE. Estrogen in the fetus. Adv Exp Med Biol. (2014) 814:217–28.

doi: 10.1007/978-1-4939-1031-1_19

28. Chatuphonprasert W, Jarukamjorn K, Ellinger I. Physiology and

pathophysiology of steroid biosynthesis, transport and metabolism

in the human placenta. Front Pharmacol. (2018) 12:1027.

doi: 10.3389/fphar.2018.01027

29. Berkane N, Liere P, Lefevre G, Alfaidy N, Nahed RA, Vincent J, et al.

Abnormal steroidogenesis and aromatase activity in preeclampsia. Placenta.

(2018) 69:40–9. doi: 10.1016/j.placenta.2018.07.004

30. Ranhotra HS. The estrogen-related receptors: orphans orchestrating

myriad functions. J Recept Signal Transduct Res. (2012) 32:47–56.

doi: 10.3109/10799893.2011.647350

31. Misra J, Kim DK, Choi HS. ERRγ: a Junior orphan with a senior

role in metabolism. Trends Endocrinol Metab. (2017) 28:261–72.

doi: 10.1016/j.tem.2016.12.005

32. Giguère V. Transcriptional control of energy homeostasis by the estrogen-

related receptors. Endocr Rev. (2008) 29:677–96. doi: 10.1210/er.2008-0017

33. Takeda Y, Liu X, Sumiyoshi M,Matsushima A, Shimohigashi M, Shimohigashi

Y. Placenta expressing the greatest quantity of bisphenol A receptor

ERR{gamma} among the human reproductive tissues: predominant

expression of type-1 ERRgamma isoform. J Biochem. (2009) 146:113–22.

doi: 10.1093/jb/mvp049

34. Kumar P, Mendelson CR. Estrogen-related receptor gamma (ERRgamma)

mediates oxygen-dependent induction of aromatase (CYP19) gene expression

during human trophoblast differentiation. Mol Endocrinol. (2011) 25:1513–

26. doi: 10.1210/me.2011-1012

35. Luo Y, Kumar P, Chen CC, Latham J,Wang L, Tudela C, et al. Estrogen-related

receptor γ serves a role in blood pressure homeostasis during pregnancy.Mol

Endocrinol. (2014) 28:965–75. doi: 10.1210/me.2014-1003

36. Miller MM, McMullen PD, Andersen ME, Clewell RA. Multiple receptors

shape the estrogen response pathway and are critical considerations for the

future of in vitro-based risk assessment efforts. Crit Rev Toxicol. (2017)

47:564–80. doi: 10.1080/10408444.2017.1289150

37. Kamat A, Mendelson CR, Identification of the regulatory regions

of the human aromatase P450 (CYP19) gene involved in placenta-

specific expression. J Steroid Biochem Mol Biol. (2001) 79:173–80.

doi: 10.1016/S0960-0760(01)00156-X

38. Zhu H, Huang L, He Z, Zou Z, Luo Y. Estrogen-related receptor γ regulates

expression of 17β-hydroxysteroid dehydrogenase type 1 in fetal growth

restriction. Placenta. (2018) 67:38–44. doi: 10.1016/j.placenta.2018.05.012

39. Figueras F, Gardosi J. Intrauterine growth restriction: new concepts in

antenatal surveillance, diagnosis, and management. Am J Obstet Gynecol.

(2011) 204:288–300. doi: 10.1016/j.ajog.2010.08.055

40. Todros T, Ferrazzi E, Groli C, Nicolini U, Parodi L, Pavoni M, et al. Fitting

growth curves to head and abdomenmeasurements of the fetus: a multicentric

study. J Clin Ultrasound. (1987) 15:95–105.

41. Novielli C, Mandò C, Tabano S, Anelli GM, Fontana L, Antonazzo P,

et al. Mitochondrial DNA content and methylation in fetal cord blood

of pregnancies with placental insufficiency. Placenta. (2017) 55:63–70.

doi: 10.1016/j.placenta.2017.05.008

Frontiers in Pediatrics | www.frontiersin.org 8 April 2019 | Volume 7 | Article 154

https://doi.org/10.1113/jphysiol.2006.104968
https://doi.org/10.1203/01.PDR.0000181381.82856.23
https://doi.org/10.1016/j.placenta.2008.12.006
https://doi.org/10.1053/plac.2002.0802
https://doi.org/10.1056/NEJM199303113281004
https://doi.org/10.1038/pr.2013.83
https://doi.org/10.1016/j.placenta.2010.10.009
https://doi.org/10.1016/j.placenta.2006.06.007
https://doi.org/10.1152/ajpendo.00426.2013
https://doi.org/10.3389/fphys.2016.00152
https://www.scimagojr.com/journalsearch.php?q=26179&tip=sid
https://www.scimagojr.com/journalsearch.php?q=26179&tip=sid
https://doi.org/10.1016/j.placenta.2014.11.018
https://doi.org/10.1016/S0301-2115(00)00423-1
https://doi.org/10.3109/09513590.2010.487601
https://doi.org/10.1111/aji.12102
https://doi.org/10.1111/aji.12455
https://doi.org/10.1093/molehr/gat095
https://doi.org/10.1210/jc.2013-3362
https://doi.org/10.1016/j.placenta.2017.11.009
https://doi.org/10.1016/j.preghy.2017.12.003
https://doi.org/10.1161/HYPERTENSIONAHA.111.201624
https://doi.org/10.1016/j.ajog.2010.06.011
https://doi.org/10.1016/j.anireprosci.2018.04.001
https://doi.org/10.1161/01.HYP.0000200042.64517.19
https://doi.org/10.1515/hmbci-2016-0036
https://doi.org/10.1007/978-1-4939-1031-1_19
https://doi.org/10.3389/fphar.2018.01027
https://doi.org/10.1016/j.placenta.2018.07.004
https://doi.org/10.3109/10799893.2011.647350
https://doi.org/10.1016/j.tem.2016.12.005
https://doi.org/10.1210/er.2008-0017
https://doi.org/10.1093/jb/mvp049
https://doi.org/10.1210/me.2011-1012
https://doi.org/10.1210/me.2014-1003
https://doi.org/10.1080/10408444.2017.1289150
https://doi.org/10.1016/S0960-0760(01)00156-X
https://doi.org/10.1016/j.placenta.2018.05.012
https://doi.org/10.1016/j.ajog.2010.08.055
https://doi.org/10.1016/j.placenta.2017.05.008
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Anelli et al. Placental ERRγ, CYP19, 17-Bestradiol in IUGR

42. Mandò C, Calabrese S, Mazzocco MI, Novielli C, Anelli GM, Antonazzo P,

et al. Sex specific adaptations in placental biometry of overweight and obese

women. Placenta. (2016) 38:1–7. doi: 10.1016/j.placenta.2015.12.008

43. Mandò C, Anelli GM, Novielli C, Panina-Bordignon P, Massari M, Mazzocco

MI, et al. Impact of obesity and hyperglycemia on placental mitochondria.

Oxid Med Cell Longevity. (2018) 2018:2378189. doi: 10.1155/2018/2378189

44. Mandò C, Razini P, Novielli C, Anelli GM, Belicchi M, Erratico S, et al.

Impaired angiogenic potential of human placental mesenchymal stromal cells

in intrauterine growth restriction. Stem Cells Transl Med. (2016) 5 451–63.

doi: 10.5966/sctm.2015-0155

45. Meller M, Vadachkoria S, Luthy DA, Williams MA. Evaluation of

housekeeping genes in placental comparative expression studies. Placenta.

(2005) 26:601–7. doi: 10.1016/j.placenta.2004.09.009

46. Tulchinsky D. Placental secretion of unconjugated estrone, estradiol and

estriol into the maternal and the fetal circulation. J Clin Endocrinol Metab.

(1973) 36:1079–87.

47. Anelli GM, Cardellicchio M, Novielli C, Antonazzo P, Mazzocco MI,

Cetin I, et al. Mitochondrial content and hepcidin are increased in

obese pregnant mothers. J Matern Fetal Neonatal Med. (2018) 31:2388–95.

doi: 10.1080/14767058.2017.1344209

48. Barker DJ, Thornburg KL, Osmond C, Kajantie E, Eriksson JG. The surface

area of the placenta and hypertension in the offspring in later life. Int J Dev

Biol. (2010) 54:525–30. doi: 10.1387/ijdb.082760db

49. Charles SM, Julian CG, Vargas E, Moore LG. Higher estrogen levels during

pregnancy in Andean than European residents of high altitude suggest

differences in aromatase activity. J Clin Endocrinol Metab. (2014) 99:2908–16.

doi: 10.1210/jc.2013-4102

50. Redmer DA, Wallace JM, Reynolds LP. Effect of nutrient intake during

pregnancy on fetal and placental growth and vascular development. Domest

Anim Endocrinol. (2004) 27:199–217. doi: 10.1016/j.domaniend.2004.06.006

51. Velázquez-Villegas LA, Ortíz V, Ström A, Torres N, Engler DA, Matsunami

R, et al. Transcriptional regulation of the sodium-coupled neutral amino

acid transporter (SNAT2) by 17β-estradiol. Proc Natl Acad Sci USA. (2014)

111:11443–8. doi: 10.1073/pnas.1412099111

52. Milczarek R, Sokołowska E, Hallmann A, Kaletha K, Klimek J. NADPH-

and iron-dependent lipid peroxidation inhibit aromatase activity in human

placental microsomes. J Steroid Biochem Mol Biol. (2008) 110:230–5.

doi: 10.1016/j.jsbmb.2007.11.004

53. Parraguez VH, Mamani S, Cofré E, Castellaro G, Urquieta B, De Los Reyes M,

et al. Disturbances in maternal steroidogenesis and appearance of intrauterine

growth retardation at high-altitude environments are established from early

pregnancy. effects of treatment with antioxidant vitamins. PLoS ONE. (2015)

10:e0140902. doi: 10.1371/journal.pone.0140902

54. Perez-Sepulveda A, Monteiro LJ, Dobierzewska A, España-Perrot PP,

Venegas-Araneda P, Guzmán-Rojas AM, et al. Placental aromatase is deficient

in placental ischemia and preeclampsia. PLoS ONE. (2015) 10:e0139682.

doi: 10.1371/journal.pone.0139682

55. Delahaye F, Wijetunga NA, Heo HJ, Tozour JN, Zhao YM, Greally

JM, et al. Sexual dimorphism in epigenomic responses of stem cells to

extreme fetal growth. Nat Commun. (2014) 5:5187. doi: 10.1038/ncom

ms6187

56. Muralimanoharan S, Maloyan A, Myatt L. Evidence of sexual dimorphism in

the placental function with severe preeclampsia. Placenta. (2013) 34:1183–9.

doi: 10.1016/j.placenta.2013.09.015

57. Clifton VL. Review: sex and the human placenta: mediating differential

strategies of fetal growth and survival. Placenta. (2010) 31(Suppl.):S33–9.

doi: 10.1016/j.placenta.2009.11.010

58. Sathishkumar K, Balakrishnan M, Chinnathambi V, Chauhan M, Hankins

GD, Yallampalli C. Fetal sex-related dysregulation in testosterone

production and their receptor expression in the human placenta

with preeclampsia. J Perinatol. (2012) 32:328–35. doi: 10.1038/jp.2

011.101

59. Rodríguez-Rodríguez P, de Pablo AL, Condezo-Hoyos L, Martín-Cabrejas

MA, Aguilera Y, Ruiz-Hurtado G, et al. Fetal undernutrition is associated with

perinatal sex-dependent alterations in oxidative status. J Nutr Biochem. (2015)

26:1650–9. doi: 10.1016/j.jnutbio.2015.08.004

60. Schoots MH, Gordijn SJ, Scherjon SA, van Goor H, Hillebrands JL.

Oxidative stress in placental pathology. Placenta. (2018) 69:153–61.

doi: 10.1016/j.placenta.2018.03.003

61. Dearden L, Bouret SG, Ozanne SE. Sex and gender differences in

developmental programming of metabolism. Mol Metab. (2018) 15:8–19.

doi: 10.1016/j.molmet.2018.04.007

62. Stocco C. Tissue physiology and pathology of aromatase. Steroids. (2012)

77:27–35. doi: 10.1016/j.steroids.2011.10.013

63. Than G, Romero R, Xu Y, Erez O, Xu Z, Bhatti G, et al. Evolutionary

origins of the placental expression of chromosome 19 cluster galectins and

their complex dysregulation in preeclampsia. Placenta. (2014) 35:855–65.

doi: 10.1016/j.placenta.2014.07.01

64. Than NG, Romero R, Tarca AL, Kekesi KA, Xu Y, Xu Z, et al. Integrated

systems biology approach identifies novel maternal and placental pathways

of preeclampsia. Front Immunol. (2018) 9:1661. doi: 10.3389/fimmu.201

8.01661

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Anelli, Mandò, Letizia, Mazzocco, Novielli, Lisso, Personeni, Vago

and Cetin. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org 9 April 2019 | Volume 7 | Article 154

https://doi.org/10.1016/j.placenta.2015.12.008
https://doi.org/10.1155/2018/2378189
https://doi.org/10.5966/sctm.2015-0155
https://doi.org/10.1016/j.placenta.2004.09.009
https://doi.org/10.1080/14767058.2017.1344209
https://doi.org/10.1387/ijdb.082760db
https://doi.org/10.1210/jc.2013-4102
https://doi.org/10.1016/j.domaniend.2004.06.006
https://doi.org/10.1073/pnas.1412099111
https://doi.org/10.1016/j.jsbmb.2007.11.004
https://doi.org/10.1371/journal.pone.0140902
https://doi.org/10.1371/journal.pone.0139682
https://doi.org/10.1038/ncomms6187
https://doi.org/10.1016/j.placenta.2013.09.015
https://doi.org/10.1016/j.placenta.2009.11.010
https://doi.org/10.1038/jp.2011.101
https://doi.org/10.1016/j.jnutbio.2015.08.004
https://doi.org/10.1016/j.placenta.2018.03.003
https://doi.org/10.1016/j.molmet.2018.04.007
https://doi.org/10.1016/j.steroids.2011.10.013
https://doi.org/10.1016/j.placenta.2014.07.01
https://doi.org/10.3389/fimmu.2018.01661
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

	Placental ESRRG-CYP19A1 Expressions and Circulating 17-Beta Estradiol in IUGR Pregnancies
	Highlights
	Introduction
	Methods
	Population
	Clinical Data Collection
	Biological Samples Collection and Analyses
	17-Beta Estradiol Analysis in Maternal Plasma
	Tissue Processing, Cells Isolation, RNA Extraction
	ESRRG and CYP19A1 Expression in Placental Tissue

	Statistical Analyses

	Results
	Characteristics of the Population
	17-Beta Estradiol in Maternal Blood
	ESRRG and CYP19A1 in Placental Tissue
	Placental CYP19A1 Expression in Relation to Fetal Sex


	Discussion
	Strengths and Limitations

	Conclusions
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


