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A B S T R A C T

Bisphenol A (BPA) and phthalates can adversely affect the fetal development. However, observational studies on
the effects of these chemicals on fetal male reproductive system are still limited. A hundred of umbilical cord
blood samples were analyzed for the levels of BPA, di-2-ethylhexyl phthalate (DEHP), mono-2-ethylhexyl
phthalate (MEHP), and sex hormones. After birth, male newborns underwent physical examination that included
measurements of anogenital distance, stretched penile length (SPL), and penile width. BPA, DEHP and MEHP
levels were detectable in≈99% of cord blood samples. In covariate-adjusted models, cord blood BPA levels were
inversely associated with SPL of newborns and positively associated with cord blood estradiol levels. In addition,
there was a significant inverse relationship between cord blood DEHP levels and anogenital distance index of
newborn males. Our results suggest that in utero BPA and DEHP exposure exerted adverse effects on fetal male
reproductive development and cord blood estradiol levels.

1. Background

Plastics are widely used in modern life, and plasticizers like bi-
sphenol A (BPA) and phthalates can leach out to the surrounding en-
vironment as they are not covalently bound to plastic matrix [1]. Food
and drinks are the main sources of human exposure to BPA and
phthalates because of their presence in wrapping materials and their
use in food processing [2]. Di-2-ethylhexyl phthalate (DEHP) is the
most abundant phthalate in the environment and it is used to soften
PVC material. Humans are continuously exposed to this phthalate de-
rivative in everyday life. Its primary metabolite is mono-2-ethylhexyl
phthalate (MEHP) and it is even more toxic than the parent compound
[3–5]. BPA is mainly used to harden and clear polycarbonate plastics
and it is toxic even at low doses [6,7]. These chemicals are produced in
high volumes; hence, they are highly detectable in biological fluids of
humans at any age. On the other hand, susceptible populations like
pregnant women, fetuses and young children have been suggested to be

highly exposed to these chemicals [8].
Phthalates and BPA are recognized as endocrine disrupting chemi-

cals (EDCs) because of their ability to interact with endogenous hor-
mones. In general, EDCs can affect the synthesis, transport, bio-
transformation and/or receptor binding of endogenous hormones and
can disrupt their function, widely through antiandrogenic and estro-
genic mechanisms. Since EDCs are suggested to have epigenetic effects,
their adverse health effects during prenatal development may persist
throughout life [1]. Recent human studies have indicated that prenatal
exposure to BPA was associated with many adverse effects such as
impaired fetal growth, premature delivery, and altered thyroid hor-
mone concentrations [9–13]. Results of many in vivo studies have
shown that BPA and phthalates can cause several abnormalities in the
male reproductive system of animals that exposed to prenatal exposure
and most of the recent research on EDCs have focused on fetal devel-
opment and especially on genitourinary system, particularly in the male
infants [14–16]. However, studies evaluating the relationship between
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BPA, phthalates, and fetal male reproductive development are still
limited in literature.

The aim of this study was to investigate cord blood DEHP, MEHP
and BPA levels and to determine their association with the development
of male reproductive system. To our knowledge, there is no study in the
literature investigating cord blood levels of three EDCs together (BPA,
DEHP, and MEHP) and their impact on anogenital distance (AGD),
anogenital index (AGI) and penile development as well as their inter-
actions with cord blood sex hormone levels in male newborn infants.

2. Materials and methods

2.1. Study design

In this cross-sectional study, 120 mother-infant pairs either born
vaginal or by caesarean were evaluated in Hacettepe University
Medical Faculty, Department of Gynecology and Obstetrics between
February 2014 and May 2014. Ninety-eight mothers and 100 male in-
fants (2 male twin pairs) who accepted to participate in the study and
had no exclusion criteria were recruited. All healthy newborns were
included in the study regardless of the gestational week or birth weight.
Women with chronic medical illnesses such as diabetes, preeclampsia,
eclampsia, renal, liver and cardiac diseases, and hematologic and au-
toimmune diseases were excluded from the study. Newborns who re-
quired intensive care for any reason (such as respiratory distress, hy-
poglycemia, very low or extremely low birth weight, very premature or
extremely premature birth) were also excluded. Low birth weight was
defined as a weight of< 2500 g irrespective of the gestational age.
Ethical approval was obtained from Clinical Research Ethics Committee
of Hacettepe University (Reference number: GO 14/222–33). All mo-
thers gave their written informed consent after being informed about
objective of the study and potential consequences prior to enrollment.

2.2. Cord blood BPA, DEHP and MEHP determinations

Umbilical cord blood samples (n= 100) were collected immediately
after birth. Approximately 10ml of cord blood samples were collected
from each participant. Only glass syringes and glass tubes (deplasticized
on a heater at 400 °C for 4 h) were used to avoid a possible con-
tamination of BPA, MEHP and DEHP from plastic materials during the
whole experimental procedure. Umbilical venous cord blood sampling
was performed after birth using glass syringes. Five ml of venous cord
blood was transferred to deplasticized [with tetrahydrofuran:n-hexan
(50:50, v/v) for 2 h], heparinized glass tubes and transported in cold
chain to Hacettepe University, Faculty of Pharmacy, Department of
Pharmaceutical Toxicology. All samples were stored at −20 °C until
analysis of EDCs.

All chemicals used in the study were either from Sigma-Aldrich (St.
Louis, MO) or from Roche (Mannheim, Germany). High performance
liquid chromatography (HPLC) was from Hewlett-Packard (Agilent
1100 series Santa Clara, CA). The method of Yang et al. was used with
some modifications for the analysis of cord blood total BPA levels
(conjugated plus free) [17]. After spiking cord blood with BPA (5 ng/
ml), sodium acetate buffer (2M, pH 5) and glucuronidase/arylsulfatase
(from Helix pomatia) were added on the mixture which was then in-
cubated for 3 h at 37oC to obtain free BPA. Later, BPA was extracted
using n-hexane:diethyl ether (70:30) and the mixture was centrifuged
at 3500 rpm. The supernatant was then evaporated under nitrogen
stream. Residues were kept at −20 °C until analysis. At the day of
analysis, residues were dissolved in 60% acetonitrile and were injected
to HPLC. HPLC parameters were as follows: ODS2 C18 column (25 cm
×5 μm ×4.6mm i.d.) (Waters, Milford, MA); column temperature:
25℃; fluorescence detector (λexitation= 230 nm, λemission= 315 nm).
Mobile phase was acetonitrile:tetrahydrofuran (2.5%). Gradient elution
was used as 60:40-5:95. The flow rate of the mobile phase was 0.4 ml/
min. The retention time was recorded between 18.3 and 19.2min with

an analysis duration of 40min. The limit of detection (LOD) was 1 ng/
ml. The limit of quantification (LOQ) was 2.5 ng/ml. BPA standards
used were 1.25, 2.5, 5, 10, 25, 50 and 100 ng/ml. The cord blood BPA
levels were calculated using the BPA standards and the peak heights
obtained from the chromatogram. After spiking samples with 5 ng/ml
of BPA, recovery studies were performed. The average recoveries were
found as (mean ± SD) 97.37 ± 1.23% on 10 occasions. Between-run
precision was 2.76 ± 0.24% coefficient of variation (CV) and within-
day precision was 2.63 ± 1.23% CV.

Cord blood phthalate levels were detected according to Paris et al.
with some modifications [18]. Briefly, plasma obtained from cord blood
was spiked with 20 ppm DEHP and 20 ppm MEHP (1 ppm in the last
volume, both). After extraction by NaOH (1 N), H3PO4 (50%) and
acetonitrile, samples were vortexed for 1min. The mixture was cen-
trifuged at 5000 rpm and supernatants were collected. The supernatant
were transferred into other tubes and evaporated under nitrogen
stream. The residues were kept at −20 °C until analysis. Later, residues
were dissolved in 60% acetonitrile and the resultants were injected into
HPLC and UV detector was used. Measurements were performed at
240 nm. Spherisorb C18 ODS2 column (25 cm x5 μm x4.6mm i.d.)
(Waters, Milford, MA) and ODS C18 precolumn (4 cm) (Waters, Mil-
ford, MA) were used for analysis. The mobile phase was 0.1% ortho-
phosphoric acid and acetonitrile [pH 3.0, 80:20 (v/v)], and the flow
rate was 1ml/min. The retention times for DEHP and MEHP were
32.5 min and 4.5 min, respectively. The concentrations of DEHP and
MEHP in the samples were calculated from DEHP and MEHP standards
and the calibration curve of peak area was used. LODs were 0.05 μg/ml
and LOQs were 0.1 μg/ml for both of the phthalates. Recovery studies
were performed on blank samples of plasma spiked with levels of
7.5 μg/ml of DEHP and 1.25 μg/ml of MEHP, and the average re-
coveries were found as (mean ± SD) 93.41 ± 23.41 for DEHP and
82.65 ± 0.97% for MEHP on 10 occasions. Within-day precisions were
DEHP 1.12 ± 0.56% CV and 4.15 ± 1.73% CV for MEHP. Between-
run precisions were 10.31 ± 16.09 CV for DEHP and 8.42 ± 4.42%
CV for MEHP.

2.3. Cord blood thyroid and sex hormone levels

Five ml of venous cord blood (collected at delivery) samples were
transferred into plastic tubes with clot-activating silica for thyroid and
sex hormone analysis. Sera were separated from clotted blood after
centrifugation at 4000 rpm for 10min. Samples were stored at −80 °C
until analysis. Thyroid hormones (thyroid-stimulating hormone (TSH),
free T4 (fT4), and free T3 (fT3)), and sex hormones (total testosterone,
estradiol, follicle-stimulating hormone (FSH), luteinizing hormone
(LH)) were measured in cord sera at clinical chemistry laboratories of
Hacettepe University using an immunoassay analyzer, UniCel DxI 800
Access (Beckman Coulter, USA). The detection limits for TSH, fT4, fT3,
total testosterone, estradiol, FSH, and LH were 0.03 μIU/ml, 1.93 pmol/
l, 1.35 pmol/l, 10 ng/dl, 0.02 ng/ml, 0.2 mIU/ml, and 0.2 mIU/ml,
respectively.

2.4. Anthropometric and genital measurements of male newborns

Information about gestational age at birth for each newborn (cal-
culated on the basis of both early ultrasound and the date of the last
menstrual period) was abstracted from the medical records of mothers.
Within 48 h of birth, general physical examinations of all newborns
were performed by the same pediatrician (BS) in order to reduce errors
of measurement. In addition, neonatal anthropometric parameters
(birth weight, head circumference), AGD and penile measurements
(stretched penile length (SPL) and penile width (PW)) of all newborns
were performed. All examinations were carried out in warm conditions
with the child supine.

Weight was measured to the nearest 0.01 kg using a digital scale
(Terraillon). Head circumference was measured with a nonelastic tape

B. Sunman, et al. Reproductive Toxicology 87 (2019) 146–155

147



on a line passing over the glabella and the posterior occipital protru-
sion. AGD was measured according to the protocol described by
Salazar-Martinez et al. [19]. Briefly, the infant was placed on the dorsal
decubitus position with both hips flexed and light pressure exerted on
the thighs. The measurement was taken from the center of anus to the
junction of smooth perineal skin and rugated skin of the scrotum using
Vernier calipers that read in increments of 0.05mm. SPL was measured
by a rigid plastic ruler from the tip of the glans to the pubopenile skin
junction while applying tension to maximally stretch the penis. PW was
measured at the middle of the shaft in the flaccid state of penis with a
ruler [20,21]. The intra- and inter-observer correlation coefficients
were assessed in 30 infants. The intra-observer correlation coefficients
were 0.857 (95% CI 0.722–0.929), 0.943 (95% CI 0.883–0.972), and
0.873 (95% CI 0.750–0.937) for AGD, SPL, and PW; respectively. In
order to assess measurement variations, two different observers mea-
sured AGD, SPL, and PL in 30 infants. The inter-observer correlations
were 0.808 (95% CI 0.636–0.907), 0.864 (95% CI 0.734–0.933), and
0.653 (95% CI 0.388–0.819) for AGD, SPL, and PW; respectively. The
mean difference of two measurements by a single observer were
0.052 cm (95% CI (−) 0.043–0.146, p: 0.273), 0.025 cm (95% CI (−)
0.085–0.036, p: 0.406), and 0.043 cm (95% CI (−) 0.066–0.152, p:
0.423) for AGD, SPL and PW; respectively. The mean difference be-
tween two observers were 0.012 cm (95% CI (−) 0.098–0.121, p:
0.830), 0.011 cm (95% CI (−) 0.104–0.081, p: 0.406), and 0.067 cm
(95% CI (−) 0.105–0.239, p: 0.436) for AGD, SPL, and PW, respec-
tively. Testicular volumes were measured with a Prader orchidometer
except infants with hydrocele and edematous scrotum. Hypospadias
was defined as displacement of the urethral meatus from the tip of the
glans penis to the ventral side of the phallus, scrotum, or perineum. We
defined retractile testes as the testicles that can be brought down into
the scrotum, but then retract back into the inguinal canal. Cryptorch-
idism was diagnosed when it was not possible to manipulate a testis to
the bottom of the scrotum.

2.5. Data analysis

Statistical analyses were performed using SPSS statistical software,
version 21 (IBM Corp., Armonk, NY, USA). Normally distributed con-
tinuous variables were analyzed using student t-test and expressed as
mean ± standard deviation (SD). Non-normally distributed continuous
variables were analyzed using Mann-Whitney U test and expressed as
median (min-max). The variables, which are suitable for normal dis-
tribution, were assessed by visual (histogram and probability graphics)
and analytic methods (Kolmogorov–Smirnov/Shapiro-Wilk tests).
Categorical variables were presented as percentages (%) and analyzed
using Fisher’s exact test or Chi-square test (with or without continuity
correction). Spearman or Pearson correlation tests were used to eval-
uate the association between EDCs and anthropometric, genitourinary
measurements and cord blood hormones. Intra-observer and inter-ob-
server agreements were measured with intra-class correlation coeffi-
cients. Independent variable, which has a relation with dependent
variable with a p value of ≤ 0.25 in univariate regression analysis, was
further analyzed in multivariate regression model as a covariate. In
addition, tobacco smoking during pregnancy was not included as a
covariate in adjusted regression models because of low number of ac-
tive smokers in the study population, and because smoking was not
found to be associated with AGD, AGI, SPL, PW or cord blood thyroid
and sex hormone levels in univariate regression analysis. We also
conducted regression analysis using genitourinary features (AGD, AGI,
SPL, PW) and cord blood hormones (testosterone, estradiol, FSH, LH,
sT3, sT4, TSH) as dependent variables and maternal age, parity, end-of-
pregnancy body mass index (BMI), birth weight, length of gestation,
cord blood BPA, DEHP, MEHP concentrations as independent variables.
Log-transformed concentrations of cord blood BPA, DEHP, MEHP were
used in these analyses. In addition, cord blood thyroid and sex hor-
mones were selected as independent variables to predict genitourinary

parameters (AGD, AGI, SPL, and PW). The presence of multicollinearity
was checked for the parameters used in regression analysis and the
results of collinearity statistics were found within acceptable limits (the
variance inflation factors were smaller than 3). In power analysis of our
study (α=0.05); sample size was calculated as 70, and power value as
0.8. The power of our study was 0.99. A value of p < 0.05 was con-
sidered statistically significant.

3. Results

3.1. Study participants

The mean age of women was 29.7 years at birth. Mean pre-preg-
nancy and end-of-pregnancy BMIs were 24.3 and 29.5 kg/m2, respec-
tively. Fourty-eight percent of women were primiparous and 8%
smoked during pregnancy. Ninety-three infants (93%) were delivered
by caesarean section. The mean gestational age was 38.2 ± 1.3 (range
34.3–41.1) weeks, mean birth weight was 3320 ± 508 g, and mean
head circumference was 35.3 ± 1.4 cm. The mean right and left tes-
ticular volume of the 45 infants without hydrocele were
1.32 ± 0.49ml and 1.35 ± 0.48ml, respectively. However, testicular
volumes were not taken into account in this study, because fifty-five
infants (55%) were diagnosed with hydrocele. Of 100 male neonates,
four (4%) were diagnosed with glanular hypospadias, three (3%) with
cryptorchidism, and seven (7%) with retractile testis. The results of
general characteristics and cord blood thyroid and sex hormone levels
of mother-infant pairs are summarized in Table 1.

3.2. Laboratory analysis

In blood samples that can be analyzed, 99%, 98.9% and 98.9% of
cord blood samples had detectable levels of BPA, DEHP and MEHP,
respectively. The median cord blood BPA was 4.77 ng/ml, ranged from

Table 1
General characteristics of mother (n= 98)-infant (n= 100) pairs and levels of
cord blood hormones.

n (%) or
mean ± SD or median (min-max)

Maternal characteristics
Maternal age, years 29.7 ± 4.9
Parity (1/≥2) 48/50 (49/51%)
Pre-pregnancy BMI, kg/m2 24.3 ± 4.54
End-of-pregnancy BMI, kg/m2 29.5 ± 4.5
Smoking during pregnancy 8 (8%)
Newborn characteristics
Birth weight (g) 3320 ± 508
Length of gestation (week) 38.2 ± 1.3
Head circumference at birth (cm) 35.3 ± 1.4
Gestational age (34−37/37−42 weeks) 10/90 (10/90%)
Low birth weight infants 6 (6%)
Anogenital distance (mm) 26.58 ± 4.49
Anogenital index (mm/kg) 8.1 ± 1.5
Stretched penile length (mm) 35.21 ± 4.94
Penile width (mm) 14.06 ± 3.80
Cord blood hormone levels
Testosterone (ng/dl) 93.5 ± 22.1
Estradiol (ng/ml) 0.6 (0.97–26.11)
FSH (mIU/ml) 0.4 (0.2−5.8)
LH (mIU/ml) 0.9 (0.2−28.7)
Free T3 (pmol/l) 2.3 ± 0.5
Free T4 (pmol/l) 13.0 ± 1.5
TSH (μIU/ml) 5.1 ± 2.6
Bisphenol A (ng/ml) 4.77 (0.06−27.07)
DEHP (μg/ml) 0.29 (0.01−1.04)
MEHP (μg/ml) 0.13 (0.003−0.66)

BMI: body mass index; DEHP: di-2-ethylhexyl phthalate; FSH: follicle stimu-
lating hormone; LH: luteinizing hormone; MEHP: mono-2-ethylhexyl phthalate;
TSH: thyroid stimulating hormone.
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0.06 ng/ml to 27.07 ng/ml. The median cord blood DEHP and MEHP
were 0.29 μg/ml and 0.13 μg/ml, respectively. DEHP and MEHP levels
ranged from 0.01 μg/ml to 1.04 μg/ml, and 0.003 μg/ml to 0.66 μg/ml,
respectively. The mean testosterone, sT3, sT4, and TSH levels were
93.5 ± 22.1 ng/dl, 2.3 ± 0.5 pmol/l, 13.0 ± 1.5 pmol/l, and
5.1 ± 2.6 μIU/ml; respectively. The median levels of estradiol, FSH,
and LH were 0.6 (0.97–26.11) ng/ml, 0.4 (0.2–5.8) mIU/ml, and 0.9
(0.2–28.7) mIU/ml, respectively. No correlations were found between
the cord blood levels of BPA, and DEHP and MEHP levels
(rho=−0.143, p= 0.168; rho=0.077, p= 0.459; respectively).

3.3. Relationship between baseline characteristics, cord blood BPA, DEHP,
MEHP and genitourinary parameters and cord blood thyroid and sex
hormones

A detailed correlation analysis was performed in order to explore
the relationships between cord blood BPA, DEHP, MEHP concentra-
tions, potential confounders (maternal age, parity, end-of-pregnancy
BMI, birth weight, length of gestation), AGD, AGI, penile measurements
(SPL, PW), and cord blood thyroid and sex hormone levels (Table 2).
AGD correlated significantly with birth weight (rho=− 0.453,
p < 0.001), gestational age (rho= 0.344, p < 0.001), and inversely
with FSH (rho=−0.229, p= 0.024), and TSH (rho=−0.247,
p= 0.015). AGI correlated in turn with BPA (rho= 0.220, p= 0.029),
inversely with parity (rho=−0.215, p= 0.031), and birth weight
(rho=0.430, p < 0.001). Furthermore, SPL correlated inversely with
BPA (rho=−0.240, p= 0.017) and FSH (rho=−0.244, p= 0.016). PW
correlated significantly with birth weight (rho=0.422, p < 0.001)
and gestational age (rho= 0.238, p= 0.017), and inversely with TSH
(rho=−0.415, p < 0.001). In addition, estradiol and BPA levels were
found to be significantly correlated (rho=0.333, p= 0.001) (Fig. 1).

Cord blood BPA, DEHP and MEHP concentrations were not sig-
nificantly correlated with the parameters listed above except estradiol,
SPL, and AGI. Therefore, further regression analysis was performed
only for these dependent variables.

Univariate analysis demonstrated that maternal age, parity, gesta-
tional age, BPA, DEHP, and LH were potential covariates for AGI
(Table 3). Gestational age and DEHP levels remained independent
predictors of AGI (β −0.026; 95% CI −0.050, −0.002; p= 0.031; β
−0.134, 95% CI −0.245, −0.023; p= 0.019). After adjustment of
covariates (end-of-pregnancy BMI, birth weight, gestational age, BPA,
testosterone and TSH), only BPA levels remained as an independent
predictor for SPL (β −0.321, 95% CI −0.566, −0.076; p= 0.011).
Similarly, multivariate linear regression analysis demonstrated sig-
nificant associations between estradiol and BPA levels (β 1.842, 95%
CI: 0.358, 3.326; p= 0.016) after confounder parameters (maternal
age, parity, end-of-pregnancy BMI, BPA, DEHP, and MEHP) were ad-
justed. In the study population, there were hypospadias in four, cryp-
torchidism in three and retractile testicles in seven cases. Cord blood

BPA, DEHP and MEHP levels were not statistically different in patients
with urogenital abnormalities (hypospadias, cryptorchidism, retractile
testis) compared to the normal study subjects (6.65 ± 4.74 vs
6.33 ± 5.51 ng/ml; p= 0.838, 0.32 ± 0.10 vs 0.30 ± 0.16 μg/ml;
p= 0.773, 0.20 ± 0.14 vs 0.16 ± 0.15 μg/ml; p= 0.357, respec-
tively).

4. Discussion

In this study, we assessed the relationship between prenatal ex-
posure to BPA, DEHP, and MEHP levels, and anthropometric and gen-
itourinary measurements and cord blood thyroid and sex hormones in
male newborns. To our knowledge, this is the first study measuring
BPA, DEHP and MEHP simultaneously in cord blood.

4.1. Exposure assessment

Since in this study we aimed to assess prenatal exposure to EDCs, we
preferred to collect umbilical cord serum, because placenta, umbilical
cord serum, and maternal urine are the reflectors of prenatal exposure.
So far, most authors have measured EDCs levels in maternal urine
samples in several epidemiologic studies, because urinary sampling is
easy, non-invasive and can be repeated at any time of the pregnancy
[22]. Also, Koch et al. stated that nonpersistent chemicals such as BPA
and phthalates are quickly transformed to hydrophilic metabolites and
excreted mainly in urine, so that this type of chemicals in serum typi-
cally has relatively lower concentrations than in urine [23]. Therefore
they are thought to be best measured in urine [24]. In addition, after
sample collection, phthalate diesters are hydrolyzed to monoesters by
hydrolytic enzymes that are present in most biologic matrices like
serum, but not in urine [25]. However although urinary testing is
thought to be better, it measures excreted compounds, which does not
exactly reflects the current in vivo exposure and since urine is a water
intake-dependent fluid influenced by various factors, it is difficult to
interpret the mother-newborn relations using the urinary data [26].
Unlike urine, cord blood is more directly representative of fetal ex-
posure rather than maternal exposure, because cord blood reflects the
chemicals transferred directly to the fetus via placental transport
[27,28]. We also thought that urine samples were not as available as
cord blood, because urine from the delivering mother or the newborn
are difficult to collect. Thus, serum measurement might be better for
exposure assessment and therefore we measured BPA and phthalate
levels directly from the cord blood as prenatal exposure. Also phenolic
compounds, likely including BPA, are more stable in serum than in
urine, and it gives greater credence to the studies that have measured
BPA in human serum samples [29].

Recent studies have shown that placenta was not a good barrier for
EDCs and there is still increasing concern about their possible fetal ef-
fects [30,31]. We have detected BPA, DEHP and MEHP almost in all of

Fig. 1. Correlation analysis between anogenital index and di-2-ethylhexyl phthalate (left), stretched penile length and bisphenol A (middle), estradiol and bisphenol
A (right).

B. Sunman, et al. Reproductive Toxicology 87 (2019) 146–155

150



Ta
bl
e
3

U
ni
va

ri
at
e
an

d
m
ul
ti
va

ri
at
e
lin

ea
r
re
gr
es
si
on

m
od

el
s
fo
r
an

og
en

it
al

di
st
an

ce
,s

tr
et
ch

ed
pe

ni
le

le
ng

th
an

d
es
tr
ad

io
l.

A
no

ge
ni
ta
l
in
de

x

U
ni
va

ri
at
e
an

al
ys
is

M
ul
ti
va

ri
at
e
an

al
ys
is

β
95

%
C
I

P
β

95
%

C
I

P

M
at
er
na

l
A
ge

−
0.
00

6
−

0.
01

3,
0.
00

02
0.
04

3
−

0.
00

4
−
0.
01

0,
0.
00

3
0.
27

1
Pa

ri
ty

−
0.
05

5
−

0.
10

1,
−
0.
00

9
0.
02

0
−

0.
02

9
−
0.
08

0,
0.
02

3
0.
26

9
G
es
ta
ti
on

al
ag

e
−
0.
03

3
−

0.
05

6,
−
0.
01

0
0.
00

5
−

0.
02

6
−
0.
05

0,
−

0.
00

2
0.
03

1
BP

A
0.
09

9
0.
03

3,
0.
16

5
0.
00

3
0.
06

0
−
0.
00

7,
0.
12

7
0.
07

7
D
EH

P
−
0.
17

5
−

0.
28

5,
−
0.
16

4
0.
00

2
−

0.
13

4
−
0.
24

5,
−

0.
02

3
0.
01

9
LH

0.
01

3
0.
00

3,
0.
02

2
0.
00

8
0.
00

7
−
0.
00

2,
0.
01

6
0.
11

5

St
re
tc
he

d
pe

ni
le

le
ng

th

U
ni
va

ri
at
e
an

al
ys
is

M
ul
ti
va

ri
at
e
an

al
ys
is

β
95

%
C
I

P
β

95
%

C
I

P

En
d-
of
-p
re
gn

an
cy

BM
I

−
0.
01

6
−

0.
04

2,
0.
04

9
0.
20

6
−

0.
01

6
−

0.
04

2,
0.
01

1
0.
23

6
Bi
rt
h
w
ei
gh

t
0.
00

02
−

0.
00

00
2,

0.
00

04
0.
07

2
0.
00

01
0

−
0.
00

01
7,

0.
00

03
0.
45

2
G
es
ta
ti
on

al
ag

e
0.
06

7
−

0.
00

8,
0.
14

1
0.
07

9
0.
00

7
−

0.
09

5,
0.
10

8
0.
89

8
Bi
sp
he

no
l
A

−
0.
27

5
−

0.
48

3,
−
0.
06

7
0.
01

0
−

0.
32

1
−

0.
56

6,
−
0.
07

6
0.
01

1
Te

st
os
te
ro
ne

0.
00

3
−

0.
00

1,
0.
00

8
0.
13

7
0.
00

4
−

0.
00

2,
0.
00

9
0.
17

7
TS

H
−

0.
02

9
−

0.
06

7,
0.
00

9
0.
13

7
−

0.
02

3
−

0.
06

8,
0.
02

1
0.
29

9

Es
tr
ad

io
l

U
ni
va

ri
at
e
an

al
ys
is

M
ul
ti
va

ri
at
e
an

al
ys
is

β
95

%
C
I

P
β

95
%

C
I

P

M
at
er
na

l
A
ge

−
0.
16

8
−

0.
31

5,
−
0.
02

0
0.
02

6
−
0.
00

1
−

0.
15

3,
0.
15

2
0.
99

3
Pa

ri
ty

−
1.
12

7
−

2.
27

7,
0.
02

2
0.
05

5
−
0.
74

3
−

1.
97

0,
0.
48

5
0.
23

1
En

d-
of
-p
re
gn

an
cy

BM
I

−
0.
12

9
−

0.
29

1,
0.
03

1
0.
11

3
−
0.
13

6
−

0.
28

8,
0.
00

15
0.
07

7
Bi
sp
he

no
l
A

2.
08

2
0.
49

3,
3.
67

1
0.
01

1
1.
84

2
0.
35

8,
3.
32

6
0.
01

6
D
EH

P
−
2.
63

3
−

5.
36

2,
0.
09

6
0.
05

8
−
1.
65

9
−

4.
21

8,
0.
90

1
0.
20

0
M
EH

P
−
0.
91

2
−

2.
20

8,
0.
38

2
0.
16

5
−
0.
94

3
−

2.
18

0,
0.
29

5
0.
13

3

BM
I:
bo

dy
m
as
s
in
de

x;
C
I:
co

nfi
de

nc
e
in
te
rv
al
;D

EH
P:

di
-2
-e
th
yl
he

xy
l
ph

th
al
at
e;

LH
:l
ut
ei
ni
zi
ng

ho
rm

on
e;

M
EH

P:
m
on

o-
2-
et
hy

lh
ex
yl

ph
th
al
at
e;

TS
H
:t
hy

ro
id

st
im

ul
at
in
g
ho

rm
on

e.
Bo

ld
va

lu
es

in
di
ca
te

st
at
is
ti
ca
l
si
gn

ifi
ca
nc

e.

B. Sunman, et al. Reproductive Toxicology 87 (2019) 146–155

151



the cord blood samples. This indicates that exposure to these EDCs is
abundant in the mothers and therefore in the newborns as well. The
median cord blood BPA, DEHP and MEHP levels were 4.77 ng/ml,
0.29 μg/ml, and 0.13 μg/ml; respectively. Cord blood BPA concentra-
tion in our study was the highest compared to other studies in the lit-
erature [12,32–35]. Abundant exposure to BPA in our country may be a
cause or it could be the result of a coincidence or it might be caused by
method differences. Measurements from different materials might be
another cause.

Cord blood MEHP concentration was lower than the other studies,
while there was only one study from China which detected a lower cord
blood DEHP concentration than the levels in our study [36]. In addi-
tion, no statistically significant relationships were found between the
cord blood concentrations of phthalates and BPA. This finding indicates
that exposure route to these EDCs may not be the same. Moreover,
pregnant women may be exposed to these EDCs from different sources.

4.2. BPA exposure and outcomes

Normal penile development is dependent on three factors including
testosterone, dihydrotestosterone (converted from testosterone by 5
alpha-reductase type 2 enzyme), and a functional androgen receptor
[37]. If these three factors are either deficient or defected, penile de-
velopment and growth will decrease. Because EDCs (such as BPA,
phthalates) can interfere with normal hormonal balance, they can be
responsible for the disruption of penile development. There are many
studies conducted on animals, about the decrement in testosterone le-
vels due to BPA exposure as BPA was suggested to cause inhibition of
enzymes of responsible for testosterone biosynthesis [38]. In addition,
BPA can interfere with androgen secretion from Leydig cells by de-
creasing pituitary LH secretion or by suppressing expression of the LH
receptors [39,40]. Current studies further show that BPA exposure de-
creases the expression of steroidogenic enzyme 5 alpha-reductase type
2, which is the key enzyme in the biosynthesis of dihydrotestosterone
[41,42]. Sufficient androgen at 8–14 weeks of gestation (masculiniza-
tion programming window) is necessary for normal development of
male external genitalia. The current conception for anti-androgenic
chemicals like BPA is that they have to act at this period of gestation in
order to disrupt in utero male urogenital system development [43].

In this study, we found cord blood BPA as a significant effector for
SPL and cord blood estradiol levels. To our knowledge, this is the first
study in which a significant negative relationship was found between
prenatal exposure to BPA and SPL of the offspring. Only one previous
study conducted on Ramshorn snails showed that the penis length was
decreased as a result of anti-androgenic effects of BPA. However, there
are several studies showing the reduction in the SPL with anti-
androgenic chemicals other than BPA [44]. One of these studies found
an inverse correlation between prenatal urinary MEHP concentration
and SPL [45]. In the current study, total phthalate exposure was found
to be negatively associated also with AGD and PW. In another study,
penis size and plasma testosterone concentrations in juvenile alligators
living in a contaminated environment with dichlorodiphenyltri-
chloroethane (an anti-androgenic chemical commonly known as DDT)
were found to be reduced [46].

One of the first signs of masculinization is an increase in the dis-
tance between the anus and the genital structures (i.e. AGD), followed
by elongation of the phallus. Therefore, the first effect of anti-andro-
genic or estrogenic chemicals on the genitourinary system development
is suggested to be the shortening in AGD. Only one human study has
reported the association between in utero BPA exposure (exposure level
was obtained by personal air sample monitoring) and AGD of boys aged
1–17 years (n= 153). This study provided evidence that maternal ex-
posure to high levels of BPA during pregnancy could be associated with
shortened AGD in male offspring [47]. In four of five studies conducted
on animals, prenatal BPA exposure was found to be associated with
longer AGD [7,48–50] in both male and female animals while one study

showed no relationship between prenatal BPA and AGD [51]. Our study
is the first to investigate the association between BPA concentration in
cord blood and AGD of male newborns and found no association be-
tween cord blood BPA and AGD. In addition, cord blood BPA levels
were correlated with increment in AGI of male newborns in univariate
analysis, but after controlling for covariates in multivariate regression
analysis, the relation was not significant. However, we can not rule out
that BPA exposure is not associated with AGD of male infants. As AGD
may become shorter over the years as reported by Miao et al., these
infants in our present study should be followed up until adulthood in
order to observe potential adverse effects of BPA exposure in the
meantime. Moreover, since the half-life of BPA is short, high BPA
concentrations that we measured may be related to the recent exposure.
Since we can not directly link these high values to the exposure in the
“masculinization programming window”, it was not surprising that we
could not determine relationship between AGD/AGI values and BPA.
This point is indeed a limitation of our work.

Although several animal studies also have shown that BPA exposure
is associated with estradiol increment [41,52], there are few human
studies investigating the association between prenatal BPA exposure
and sex hormones. Fenichel et al. measured BPA and sex hormones in
cord blood from 106 healthy and 46 infants with cryptorchidism. In-
group of healthy infants, cord blood BPA concentrations positively
correlated to testosterone levels and no correlation was found with
estradiol levels [35]. Very recently, Liu et al. reported that prenatal BPA
exposure caused significant decreases in cord blood testosterone levels
and testosterone/estradiol ratio. However, they did not find any rela-
tion between the last trimester maternal urinary BPA and cord blood
estradiol levels [53]. In a study by Miao et al., a positive association
(with borderline significance) between urinary BPA and estradiol was
observed among women in occupationally BPA-exposed group [54]. In
the current work, cord blood BPA concentrations were found to be
associated with increased cord blood estradiol levels. This association
remained significant in multivariate regression analysis after control-
ling for potential covariates. To our knowledge, this is the first human
study that demonstrates a positive relationship between prenatal BPA
exposure and estradiol levels. There are some studies in the literature
that may explain the mechanism of this relationship. In an animal
study, gestational and lactational BPA exposure induced transcript le-
vels of KiSS-1/gonadotropin-releasing hormone (GnRH) in the hy-
pothalamus and FSH in the pituitaries of the male and female offspring.
Increase in expression of KiSS-1, GnRH and FSH caused an increment in
expression of CYP19a and estradiol levels [55]. In addition, BPA can
induce placental aromatase, which converts androgens to estrogens. In
an animal study, exposure to BPA in adulthood was found to increase
estradiol levels and decrease testosterone concentrations by inducing
expression of aromatase [41].

4.3. DEHP and MEHP exposure and outcomes

Since the main effects of phthalates are seen on the urogenital
system, it was aimed to compare the prenatal phthalate exposure with
the urogenital measurement values of male neonates. The anti-
androgenic effect of DEHP/MEHP leads to a reduction in testosterone
levels [56] and is thought to result in shortening of AGM. Some studies
have shown low expression of enzymes and receptors involved in
steroidogenesis as a possible mechanism for the antiandrogenic effect of
prenatal DEHP exposure [57,58]. Johnson et al. suggested that the in-
hibition of phthalate-induced testosterone is related to the prevention
of lipid metabolism and cholesterol production in Leydig cells [59] that
are one of the main goals of DEHP [60]. In a study by Howdeshell et al.
in 2008, DBP, DEHP and BzBP have been shown to reduce fetal testi-
cular testosterone production [61].

As a result of the analyzes made in this direction, no relation was
found between the cord blood phthalate levels and penile measure-
ments. In an animal study, DBP exposure in the MPW period of the
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fetus, especially during puberty, has been shown to reduce penis size
[62]. In 2013, Bustamante-Montes et al. made the only human study
showing that phthalate exposure was associated with short penis length
in male neonates [45]. The first study showing that prenatal phthalate
exposure reduced penile width was done by Swan et al. in 2008 [63]. In
this study, it was shown that the levels of MEHP and total DEHP in the
third trimester of mothers decreased penile width and did not affect
penile length.

In this study, cord blood DEHP concentration was selected as an
effector for only AGI of male newborns. A review of many studies in the
literature [22] showed that there was a significant relationship between
intrauterine phthalate exposure and decreased AGM and AGI in male
infants. In 2005, Swan et al. conducted the first study showing that
phthalates shortened AGM in humans [64]. In most studies, while the
analyzes were conducted only with AGM [65], it was more accurate to
make analyzes after correction according to birth weight, as AGM was
highly related to birth weight. Swan et al. in the second study with 105
mother-newborn pairs in 2008, found a statistically significant negative
correlation between maternal urinary concentrations of five phthalate
metabolites and AGI of male infants [63]. In his study, Swan found that
the prenatal DEHP was associated with exposure to a thinning penis and
undescended testis. Our finding was also consistent with the reports by
Suzuki who showed a significant inverse relationship between maternal
urine MEHP and AGI of male infants for 111 mother-infant pairs [65].
In a study with 73 mother-newborn pairs, Bustamante-Montes et al.,
urine phthalate levels of mothers’ were found to shorten AGM, in ad-
dition MEHP was shown to reduce penile length [45]. In a study con-
ducted in 2015, 196 Swedish boys had a negative correlation between
early DiNP exposure (measured by taking urine from the mother during
the first trimester) and AGM measurements at 21 months of age [66].
Several studies have shown that both DEHP and its primary metabolite
MEHP can lead to shortened AGD in male offspring rats as a result of a
decrease in testosterone production during gestation [56–59]. In addi-
tion, a review of 35 studies about phthalates reported by Marie supports
our findings [22]. These authors concluded that DEHP was the leading
cause for preterm delivery and decreased AGD. The findings of these
studies support the possible causal relationship between prenatal ex-
posure to DEHP and male reproductive development that were in-
dicated in our study.

Cord blood phthalate levels in our study were lower compared to
the levels detected in other studies in the literature. This can explain
why we only found a relationship between cord blood DEHP and AGI.
There are some publications reporting that the detection of DEHP and
its metabolites with a single measurement only shows acute exposure
[67–69], due to the short half-life (5–24 h) [70,71] and rapid disposal
of phthalates, even in repeated doses [67–69,72,73]. In other words,
the cord blood concentration of DEHP may not reflect the exposure in
the “male fetal programming window period “which is the most sen-
sitive period of reproductive system development. However, there are
also studies reporting that a person's daily phthalate exposure is con-
stant [72,73]. In addition, Teitelbaum et al. reported that although
many environmental chemical exposures, including phthalates, vary
from day to day, it has been reported that a single urine sample can be
considered as an indicator of the six-month exposure level [74].
Therefore, in our study, even if the levels of phthalate measured in cord
blood suggest that the mother was exposed to phthalates at any time
during pregnancy, the fact that we could not find a relationship be-
tween phthalates and other parameters except AGI might be caused by
determining the level of phthalate with a single measurement and that
phthalate exposure was not performed in the male fetal programming
window period.

4.4. Limitations

The present study has some limitations. First, our study was cross-
sectional and the sample size was relatively small. Second, we had 10

premature (10%) and six low birth weight infants (6%) among the
study subjects. The characteristics of the present subject population
might also have affected the result, although we selected gestational
age and birth weight as independent variables in multiple regression
analysis. In addition, as the timing of blood collection was outside of
the masculinization programming window (estimated to be approxi-
mately 8–14 weeks gestation), it is also possible that some information
would be missed because reproductive system development appears to
be most responsive to certain environmental exposures in this period.
Also, we had no serial measures of AGD at multiple ages in cases, so we
were unable to investigate whether associations observed between
prenatal EDCs concentrations and AGD were stable across childhood
and into adulthood. Finally, blood biomarker measurements as opposed
to urine may be a weakness of our methods as we stated in the dis-
cussion section above.

5. Conclusion

The present study provided the first evidence that cord blood BPA is
associated with decrease in SPL in male newborns. In addition, we
found that BPA increased cord blood estradiol levels and DEHP was
significantly and inversely correlated with the AGI. These findings
suggest that prenatal exposure to BPA and phthalates have adverse
health effects, particularly on reproductive development of male new-
borns.
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