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Phthalates are a group of ubiquitous synthetic endocrine-disrupting chemicals. Fetal
and neonatal periods are particularly susceptible to endocrine disorders, which prenatal
exposure to phthalates causes. There is increasing evidence concerning the potential
endocrine disrupting for phthalate exposure during pregnancy. This article aims to
review the endocrine impairment and potential outcomes of prenatal phthalate exposure.
Prenatal exposure phthalates would disrupt the levels of thyroid, sex hormone, and
25-hydroxyvitamin D in pregnant women or offspring, which results in preterm birth,
preeclampsia, maternal glucose disorders, infant cryptorchidism, infant hypospadias,
and shorter anogenital distance in newborns, as well as growth restriction not only in
infants but also in early adolescence and childhood. The relationship of prenatal phthalate
exposure with maternal and neonatal outcomes in human beings was often sex-specific
associations. Because of the potentially harmful influence of prenatal phthalate exposure,
steps should be taken to prevent or reduce phthalate exposure during pregnancy.
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INTRODUCTION

Phthalates are a family of endocrine-disrupting chemicals broadly used as plasticizers in various
industrial commodities (1). Phthalates would be gradually released from their substrate materials
and be accumulated at a measurable concentration in different environments such as atmosphere,
fresh water, sediments, soils, and landfills because of their refractory characteristics. Xdi-
2(ethylhexyl)-phthalate (DEHP) and Xdibutyl phthalate (DBP) are the primary phthalate ester
pollutants in the environment (2, 3). For example, DEHP has been detected in atmospheric
particulate matter, fresh water and sediments, soil, and landfills with 0.54-689 ng/m?, not detected
(N.D.) to 197 ng/L, N.D. to 34,800 pg/kg dry weight, and N.D. to 63,000 pg/kg dry weight,
and N.D. to 232.50 pg/L, respectively (2). Then, they would be delivered to the human body
and accumulated through diet, inhalation, and skin contact and rapidly transforming into even
more toxic metabolites (2-4). According to the molecular weight, the metabolites of phthalate are
divided into two groups: low-molecular-weight phthalates (LMWPs) and higher-molecular-weight
phthalates (HMWP). Both groups of phthalates and their major metabolites are shown in Table 1.
The metabolites of phthalate can cross the placenta and be detected in placental tissue, amniotic
fluid, cord blood, and neonatal meconium (5) and participate in embryo development and growth.

Pregnancy is a critical period for fetal development when exposed to phthalates, which can lead
to serious and even permanent adverse effects of infants and children (6). Although underlying
molecular mechanisms of health effects related to phthalate exposure during gestation are poorly
understood, animal studies indicated that phthalate exposure can impair the function of Leydig
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TABLE 1 | Phthalates and their major metabolites.

Phthalate Primary metabolite Secondary metabolite

Low-molecular-weight (LMW) phthalates
DMP: MMP:
dimethyl-phthalate monomethyl-phthalate

DEP: diethyl-phthalate MEP:
monoethyl-phthalate

DiBP: MiBP: mono-iso-butyl- MHIBP or 20H-MiBP: mono
di-iso-butyl-phthalate phthalate 2-hydroxy-isobutyl phthalate
DnBP: MnBP: mono-n-butyl- MHBP or 30OH-MnBP:
di-n-butyl-phthalate phthalate mono 3-hydroxybutyl
phthalate
DBP: dibutyl phthalate MBP: mono-butyl
phthalate
High-molecular-weight (HMW) phthalates
BBzP: butyl benzyl MBzP: MCPP: mono-3-
phthalate monobenzyl-phthalate carboxypropyl-phthalate
DiNP: MiNP: monoisononyl- MHINP or OH-MiNP:
diisononyl-phthalate phthalate mono(hydroxyisononyl)-
phthalate

MOINP or oxo-MiNP:
mono(oxoisononyl)-
phthalate

MCIOP, MCORP, or cx-MiNP:
mono(carboxyisooctyl)-
phthalate

MOIDP or oxo-MiDP:
mono(oxoisodecyl)-
phthalate

MHIDP or OH-MIDP:
mono(hydroxyisodecyl)-
phthalate

MGCINP, MCNP or cx-MiDP:
mono(carboxyisononyl)-
phthalate

DiDP:
diisodecyl-phthalate

MiDP: monoisodecyl-
phthalate

di-2(ethylhexyl)-phthalate (DEHP)

DEHP: di-2(ethylhexyl)- ~ MEHP: mono(2-
phthalate ethylhexyl)-phthalate

MEHHP or 50H-MEHP:
mono(2-ethyl-5-
hydroxyhexyl)-

phthalate

MEOHP or 5oxo-MEHP:
mono(2-ethyl-5-oxohexyl)-
phthalate

MECPP or 5cx-MEPP:
mono(2-ethyl-5-
carboxypentyl)-
phthalate

MCMHP:
mono(2-carboxyhexyl)
phthalate

cells, which disrupt testicular steroidogenesis, sperm quality,
and fertility (7). It had been reported that phthalate metabolites
could activate the estrogen receptor (ER) o and ERB, androgen
receptor (AR), peroxisome proliferator-activated receptor
a (PPARa), and proliferator-activated receptor y (PPARy)
in vitro (8, 9), which play crucial roles in inflammation,
metabolism, and other disease processes (10, 11). Besides,

di(isononyl)cyclohexane-1,2-dicarboxylate (DINCH), a non-
phthalate plasticizer, has taken the place of phthalate due to the
lower migration rate and toxicity (12). Although deemed safe by
classical regulatory toxicological standards (13), DINCH and its
metabolite cyclohexane-1,2-dicarboxylic acid monoisononylester
would activate human ERa, ERB, AR, PPARq, and PPARy (14)
and then affect disease processes (10, 11). Because of the limited
quantity of research on the effect of DINCH and its metabolite
on pregnant women, this review did not cover the literature
about DINCH and its metabolite.

As phthalates ubiquitous presence in the environment,
increasing evidence focused on the potential negative health
effects of exposure to phthalate during pregnancy. This article
provides an overview of the maternal exposure to phthalates and
its endocrine impairments on women and offspring, including
the alterations of thyroid and sex hormone levels, genital
abnormalities, gestational diabetes mellitus (GDM), hypertensive
diseases, vitamin D homeostasis, fetal and childs growth
restriction, abortion, and preterm labor (Figure 1).

PRENATAL PHTHALATE EXPOSURE AND
HORMONE HOMEOSTASIS

Homeostasis hormones are essential for pregnancy maintenance
and fetal development. Recently, a growing body of researches
provided evidence that maternal phthalate exposure was toxic
to thyroid and reproductive system (15-37), which may be a
biological process between phthalates and impairments. Besides,
the effects on the fetus, neonate, or child are varied by infant’s sex
(Table 2).

Prenatal Phthalate Exposure and Maternal

Thyroid Hormones
Maternal thyroid dysfunction was associated with abnormal fetal
development such as growth retardation, inadequate central
nervous system development, preterm birth, and so on (39).
Huang et al. (15) first provided evidence that maternal thyroid
activity would be impaired due to the exposure of phthalate
during pregnancy. Maternal serum thyroxine (T4) and free
thyroxine (FT4) concentrations were negatively associated with
concentrations of urinary mono-butyl phthalate (MBP) during
the second trimester (27.9 + 2.3 weeks) among 76 Taiwanese
pregnant women (15). Moreover, Huang et al. (16) further found
that serum T4 was negatively associated with urinary mono-
n-butyl-phthalate (MnBP) during early pregnancy, but FT4
was positively associated with mono-iso-butyl-phthalate (MiBP).
Yao et al. (17) detected that the urinary monobenzyl-phthalate
(MBzP), mono(2-ethylhexyl)-phthalate (MEHP), and mono(2-
ethyl-5-hydroxyhexyl)-phthalate (MEHHP) concentration were
associated with low concentrations of maternal T4 and FT4 and
were positively related to maternal TSH during ~10 gestational
weeks. It is well-known that the fetal thyroid function is
immaturity before 12 weeks of gestation and relies solely on the
mother. These studies (15-17) suggested that prenatal phthalate
exposure decreasing maternal T4 levels during pregnancy might
be a potential risk to pregnancy maintenance.
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FIGURE 1 | The effects of prenatal phthalate exposure on pregnant women and offspring.

Johns et al. (18) collected urine samples and serum samples
at two study visits (18 £ 2 and 26 £ 2 gestational weeks)
and found generally inverse relationships between phthalate
exposure and free triiodothyronine (FT3) and FT4, except a
positive association between MiBP and FT4 (18). And these
inverse associations were stronger in about 26 weeks of gestation,
especially for urinary mono-3-carboxypropyl-phthalate (MCPP)
and mono(carboxyisooctyl)-phthalate (MCiOP) with serum FT3,
and X di-2(ethylhexyl)-phthalate (DEHP) [the sum of MEHP,
MEHHP, mono(2-ethyl-5-oxohexyl)-phthalate (MEOHP), and
mono(2-ethyl-5-carboxypentyl)-phthalate (MECPP)] with FT4
(18). To investigate the magnitude of the potential thyroidal-
disrupting effect of phthalate exposure in different periods of
gestation, they performed up to four visits across pregnancy (10,
18, 26, and 35 weeks of gestation). Urinary DEHP metabolite
concentrations were generally negatively related to TSH, and
it has statistical significance at visits 1 and 2 (19). Besides,
DEHP metabolites were positively associated with T4 and FT4
at visits 1 and 4 and with T3 at visit 1 (19). In a China
cohort study, stratification analyses by gestational weeks (5-8,
9-12, and 13-20 gestational weeks) showed that the negative
effects of MBP or MEHP on maternal total T4 (TT4) began
as early as the embryonic stage of 5-8 gestational weeks (20).
In another study, after stratification by study visit (median:18,
26, and 39 gestational weeks), maternal serum T4 levels were
negatively associated with urinary MnBP levels but positively
with urinary mono(2-carboxyhexyl) phthalate (MCMHP) levels,
and FT4 were positively associated with monoethyl-phthalate
(MEP) and MiBP at visit 1 (21). Several phthalate metabolites,
such as MEOHP, MECPP, and DEHP metabolites, were inversely

correlated with TSH at visit 2 and T3 at visit 3. Urinary
levels of monomethyl-phthalate (MMP) at visit 1 and MiBP,
MnBP, and DBP metabolites at visit 2 were positively associated
with T3 levels (21). Contrary to previous studies, a recently
ongoing cohort study reported the generally positive relationship
between prenatal phthalate exposure with maternal thyroid
hormones (THs), such as maternal urinary MBP, MCiOP, MCPP,
and mono 3-hydroxybutyl phthalate (MHBP) concentrations
with serum FT4, MBP, MCiOP, and MCPP with T4, as well
as MBP, MBzP, MCiOP, MCPP, MECPP, MEHHP, MEOHP,
MiBP, MHBP, monohydroxyisobutyl phthalate (MHiBP), and
mono(oxoisononyl)-phthalate (MOiINP) and T3 (22).

However, in a recent prospective cohort, Romano et al. (23)
reported that individual phthalate metabolites in maternal urine
were generally not associated with changes in maternal serum
TH, except increasing MEP was associated with decreased TT4.
To date, it is still unclear whether exposure to phthalates and their
metabolite during pregnancy would activate or inhibit thyroid
functions. Moreover, it is difficult to determine the magnitude
and/or direction of the relationships between certain phthalate
exposure and maternal TH at different periods of pregnancy.

Prenatal Phthalate Exposure and Fetal or
Child’s Thyroid Hormones

As phthalates could cross the placenta, prenatal phthalate
exposure could impair fetal thyroid functions; moreover, the
effect may persist until childhood. However, several studies
suggest that individual maternal urinary phthalate metabolite
concentrations have no bearing on cord serum THs (17, 23, 24),
except MBzP was negatively associated with TSH in cord serum
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TABLE 2 | The effect of prenatal phthalate exposure on hormone homeostasis.

Negative association Positive association References
Maternal serum thyroid hormones
MBP with T4 and FT4 (15)
MnBP with T4 MiIBP with T4 (16)
MBzP, MEHP, and MEHHP with T4 and FT4 MBzP, MEHP, and MEHHP with TSH (17)
MCPP and MCOP with FT3 MiIBP with FT4 (18)
X DEHP with FT4
DEHPm with TSH DEHPm with T4, FT4, and T3 (19
MBP and MEHP with TT4 (20)
MnBP with T4 MCMHP with T4 MMP (21)
DEHPm, MEOHP, and MECCP with TSH MiIBP, MnBP, and £DBPm with T3
MEHHP, MEOHP, MECCP, and DEHPm with T3 MEP and MiBP with FT4
MBP, MCOP, MCPP, and MHBP with FT4 (22)
MBP, MCOP, and MCPP with T4
MBP, MBzP, MCOP, MCPP, MECPP, MEHHP, MEOHP, MiBP, MHBP, MHIBP, and
MONP with T3
MEP with TT4 (23)
Cord serum thyroid hormones
- - (n
Generally no (except MBzP with TSH) - (24)
Generally no (except MBzP with TSH) - (29)
XDBPm with T3 and FT4 (21)
Child serum thyroid hormones
MEHP with FT4 (25)
Maternal sex hormones
- - (15)
DEHPmM and MCNP with FT MiBP, MBzP, and MEOHP with estrone and E2 (26)
DEHPmM, MBP, and MBzP with FT and TT in women with females MBP, MBzP, and MEP with TT and FT in women with males (27)
MEP with P4 and SHBG (18)
MEHP with SHBG MECPP and MCIOP with SHBG (28)
DiNPm with DHEA-S and androstenedione
MCNP, MCPP, MECPP, MEHHP, and MEOHP with CRH MHBP with testosterone (22)
MEP with testosterone MCOP with SHBG MCOP with P4
Fetal and neonatal sex hormones
MEP, MEHP, 5oxo-MEHP, and 50H-MEHP with FT and FT/E2 in (29)
females
MEHP with T/E2, P4, and inhibin B in males (30)
Y phthalates and MiBP with DHEA and androstenedione MnBP MnBp with E2 MnBP with Xphthalates and E3 1)
with testosterone
MEHP with DHEA, ratios of DHEA/androstenedione (32)
5cx-MEPP with androstenedione and T (33)
Child’s sex hormones
MiBP and MEP with T (6)
DEHPm (MEHP, MECPP, MEHHP, and MEOHP), MBP, MiBP, and MCPP with
DHEA-S
No with serum estradiol and SHBG MBzP, MEP nd T (84)
DEHPm (MECPP, MEHHP, and MEOHP), MEHP with DHEA-S MEHP and MECPP
with inhibin B
Phthalate metabolites with DHEA-S MEHP and DEHPm with SHBG MBzP and MEP with T (35)
Phthalate metabolites with DHEAS and inhibin B MEOHP, MBzP, MBP, MCPP with SHBG (36)
MEP with estradiol MBzP with DHEA-S Y DEHP with estradiol MBzP, MCPP and XDBP with SHBG
MEHP with LH/T MiINP with FSH the sum of MCMHP and MECPP with LH (37)
Maternal Vitamin D homeostasis
DEHP metabolites with MCPP with total 25(OH)D DEHP metabolites with vitamin D deficiency (38)
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(23, 24). Conversely, the study done by Huang et al. (21) reported
that maternal DBPm levels at the second trimester (median =
26 weeks gestation) were positively associated with T3 and FT4
levels in cord serum.

Moreover, the effect of prenatal phthalate exposure on thyroid
function might last until the period of childhood. A study from
Columbia Center showed that maternal urinary MEHP levels
were positively associated with FT4 in children at age 3 years
(25). The absolute change in the THs of fetal and child caused
by prenatal phthalate exposure was small, but even small changes
may impair fetal growth and development. So, it is urgent to
elucidate the effects of prenatal exposure to phthalates on THs
in offspring.

Prenatal Phthalate Exposure and Maternal

Sex Hormones

Despite one single study stating that phthalate metabolites
in maternal urine were not correlated with maternal serum
concentrations of progesterone (P4), estradiol (E2), and follicle-
stimulating hormone (FSH) at the second trimester (15), most
evidence suggests that prenatal phthalate exposure could alter
reproductive hormone levels in the mother (18, 26-28).

In a study investigating the relationship between phthalate
exposure with maternal sex hormones during early pregnancy,
urinary MiBP, MBzP, and MEOHP concentrations were
positively associated with estrone and E2 concentrations,
whereas DEHPm and mono(carboxyisononyl)-phthalate
(MCiNP) were inversely related to free testosterone (FT)
concentrations (26). The results were less consistent in a recent
study, in which maternal serum testosterone was positively
associated with urinary MHBP concentrations, but negatively
with MEP, and MCiOP was negative with P4 (22). Moreover,
Sathyanarayana et al. (27) found that the relationships varied
by fetal sex. The inverse associations that maternal urinary
concentrations of MBP, MBzP, and sum of DEHP metabolites
with log-FT and -TT concentration were statistically significant
for women with female fetuses and the positive relationships
between MEP, MBP, and MBzP with TT and FT were observed
in women carrying male fetuses only (27).

A prospective study reported that maternal urinary
MEP was strongly associated with low serum P4 across
gestation and marginally significantly associated with lower
serum sex hormone-binding globulin (SHBG) at about 18
weeks of gestation (18). Not only MEP, but also maternal
MEHP concentrations were inversely associated with SHBG
concentrations in an Australian cohort, and the sum of
diisononyl-phthalate (DiNP) metabolites was negatively
correlated with dehydroepiandrosterone sulfate (DHEA-S)
and androstenedione at 18 weeks of gestation, although the
phthalates were measured in maternal serum samples (28).
However, the SHBG concentrations were positively correlated
with MECPP and MCiOP concentrations at 36 weeks of gestation
(28), as well as MCiOP across 18-26 weeks of gestation (22). In
addition, they suggested that CRH, a critical role in the timing
of delivery and preterm birth, was negatively associated with
MCiNP, MCPP, MECPP, MEHHP, and MEOHP (22).

Taken together, those studies supported the hypothesis that
phthalate exposure during pregnancy would alter maternal levels
of sex hormone, and the timing of exposure during gestation
plays a crucial role in the magnitude of the potential endocrine-
disrupting effect of phthalates.

Prenatal Phthalate Exposure and Fetal and

Neonatal Sex Hormones

Reproductive system is the main targets of phthalates, especially
in males. Multiple research studies have reported the associations
between intrauterine phthalate exposure and reproductive
hormones in cord blood (29-32) and amniotic fluid (33), which
provided evidence that maternal phthalate exposure could affect
fetal sex steroid hormones status. The explanation for this may be
that phthalates disrupt the function of Leydig and Sertoli cells in
testis (4).

A study including 155 mother-infant pairs from Taiwan
suggests that the maternal urinary concentrations of phthalate
metabolites at the third trimester, such as MEP, MEHP, and its
metabolites (MEHHP and MEOHP), were inversely correlated
with FT and FT/E2 of cord blood in females, whereas it was not
significant in male newborns (29). On the contrary, a Japanese
prospective cohort study reported that inverse associations
between maternal serum MEHP levels during 23-35 weeks and
concentrations of T/E2, P4, and inhibin B in cord blood were
significant only for males (30).

The effects of maternal phthalate exposure on fetal
reproductive hormones are conflicting. Maternal plasma
phthalate levels during pregnancy in the third trimester were
negatively correlated with cord blood DHEA, androstenedione,
and testosterone, while positively associated with estradiol and
estriol (31). However, associations between maternal serum
MEHP levels and the high levels of DHEA and high ratios of
DHEA/androstenedione in cord serum were reported later (32).

One Danish study assessed the effects of phthalates on steroid
hormone levels in amniotic fluid. MECPP concentrations in
amniotic fluid were related to higher levels of androstenedione
and T in amniotic fluid (33). The conclusion was limited because
the amniotic fluid biobank consisted of cryptorchidism and
hypospadias and control boys. Taken together, these findings
(30-33) confirmed that prenatal phthalate exposure would affect
the levels of fetal sex hormone, while the sex-specific effect was
difficult to evaluate.

Prenatal Phthalate Exposure and Child’s

Sex Hormones
Recently, the long-term impairment of prenatal phthalate
exposure on the reproductive endocrine of female (6, 34) and
male (35-37) newborns has been of great concern. Several studies
had reported the effect of prenatal phthalate exposures on the
reproductive hormone in children at 8-14 years old or puberty.
A team from Mexico provided evidence that prenatal
phthalate exposure could affect the sex hormone of peripubertal
female children. The data showed that higher serum T
concentrations during peripubescence of children were
associated with concentrations of MBzP, MEP, and MiBP in
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maternal urine (6, 34). In utero MBP, MiBP, and MCPP, as
well as DEHPm (MEHP, MECPP, MEHHP, and MEOHP),
exposures were correlated with higher peripubertal DHEA-S
concentrations, and MEHP and MECPP were both positively
associated with inhibin B (6, 34).

For male children, another Mexican team reported that
phthalate exposure during the third trimester of pregnancy was
associated with reproductive hormones change in male children
of 8-14 years old (35). For instance, maternal urinary phthalate
metabolites were generally related to increased SHBG levels,
especially MBzP, MBP, MEOHP, and MCPP, and were marginally
inversely associated with DHEAS and inhibin B levels. Watkins
et al. (36) further reported that prenatal phthalate exposure,
specifically at the third trimester, was associated with an increase
in serum SHBG concentrations and decreased odds of adrenarche
rather than in early pregnancy. In addition, there were negative
associations of MEP with estradiol and of MBzP with DHEA-S
at mean 25.1 gestational weeks (36). These findings suggest that
phthalate exposures during pregnancy may impact circulating
levels of sex hormones in offspring during peripuberty and at the
timing of sexual maturation, and the third trimester of in utero
development may be the potential windows of phthalate exposure
susceptibility (6, 34-36).

Hart et al. (37) assessed the reproductive function at 20
years of age with antenatal phthalate exposure in males.
Positive associations were reported between antenatal serum
monoisononyl-phthalate (MiNP) concentration in mother and
adult serum FSH concentration after adjustment for body mass
index (BMI). Besides, the maternal sum of DEHP metabolites
(MCMHP and MECPP) was positively associated with serum LH
in offspring, whereas MEHP, one of the DEHP metabolites, was
negatively correlated with serum ratio of LH to testosterone (37).

In summary, prenatal phthalate exposure may impair
reproductive development in early adolescence and have
potential and long-term effects on child development. Because
the case definitions, the analytical matrices, and the timing of
exposure assessment were various, which may be the reason
why the influence of phthalate exposure on reproductive
hormone and sexual maturation during the pubertal transition
was different.

PRENATAL PHTHALATE EXPOSURE AND
VITAMIN D HOMEOSTASIS

Vitamin D homeostasis not only plays a well-established role in
skeletal health, but also is necessary for normal fetal growth and
pregnancy outcomes during pregnancy. It was widely considered
that phthalates are endocrine disruptors and could disrupt the
balance of 25-hydroxyvitamin D (25(OH)D) in pregnant women.

Certain urinary phthalate metabolites, especially for DEHP
metabolites and MCPP, were correlated to low circulating total
25(OH)D levels at median 10 and 26 gestational weeks, and the
associations in white women were weaker than those in women
of black or other race/ethnicity (38).

There were significant associations between DEHP
metabolites and ~20% increase in the odds of vitamin D

deficiency at median 10 weeks (38). Therefore, prenatal exposure
to phthalates may reduce levels of circulating total 25(OH)D,
which could result in adverse maternal and neonatal outcomes
such as fetal growth restriction, preeclampsia, and spontaneous
preterm labor (40, 41). Future research should verify these
findings and illuminate the public health impact of phthalate
exposure on circulating 25(OH)D of pregnant women.

PRENATAL PHTHALATE EXPOSURE AND
COMPLICATION OF PREGNANCY

Recently, several groups assessed the effect of phthalate
exposure on glycemia, hypertensive, and vitamin D homeostasis
during pregnancy and hypothesized that the effect may
associate with pregnancy complications, including GDM and
pregnancy-induced hypertensive diseases (42-54). So it is
important to characterize the potential risk of phthalate exposure
during pregnancy.

Prenatal Phthalate Exposure and

Gestational Diabetes Mellitus
It was reported that phthalate exposure led to a loss and an
abnormal ultrastructural pattern of p cells in the pancreas,
thereby reducing the insulin content and altering blood glucose
levels (55). To date, a lot of epidemiological research had
evaluated the associations between maternal phthalate exposure
and gestational glycemia levels (42-46), but there was not enough
evidence to draw a definitive conclusion.

In a cohort study (n = 72), maternal urinary concentrations
of MiBP and MBzP during the first trimester (median = 12.8
gestational weeks) were correlated to lower blood glucose levels
at the time of GDM screening after adjustment for urinary
creatinine, race/ethnicity, and gestational age (42). Using a
prospective cohort design, Fisher et al. (43) observed that a
positive association between MEHP, MCiOP, and MEHP/MECPP
and 120-min glucose levels measured at 28 gestational weeks
and apparent non-linear correlations between MiBP exposure
and higher odds of GDM. And maternal MEP exposure was
positively associated with odds of GDM, which was reported
by a recent larger-population study (44). However, a larger
prospective cohort study from Canada (n = 1,274) failed to
observe the association between exposure to phthalates in first-
trimester and impaired glucose tolerance (IGT) or GDM (45).

Additionally, James-Todd et al. (46) assessed the influence
of phthalate exposure on GDM risk factors such as the BMI in
the first trimester, gestational weight gain (GWG), and blood
glucose levels in the second trimester. They found that MEP levels
in maternal urine were positively associated with the odds of
IGT and excess GWG, whereas higher concentrations of MnBP,
MCPP, and ) DEHP were associated with less excessive GWG,
lower continuous blood glucose, and fewer IGT, respectively (46).

Taken together, these findings provide important information
about the effect of phthalates on blood glucose levels during
pregnancy. Further studies need to be performed with a variety
of specimen types (including urine) and assessment of exposure
at multiple time points.
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Prenatal Phthalate Exposure and

Hypertensive Diseases

Hypertensive disorders complicating pregnancy, including
gestational hypertension, preeclampsia, eclampsia, and HELLP
(hemolysis, elevated liver enzyme levels, and low platelet
levels) syndrome, is one of the leading causes of mortality
and morbidity, which mechanism was multisystemic and
heterogeneous, broadly classified on placental and maternal
(47). Phthalates have been shown to restrict the placental
labyrinth layer in rodents, which have a similar function
of human syncytiotrophoblasts. And the reduction of
syncytiotrophoblasts is associated with preeclampsia (56, 57).
Another possible etiology for hypertensive diseases in humans
is that phthalates may cause placenta proinflammatory
and extensive oxidative stress via peroxisome PPARy
activation (58).

A recent study reported that MiBP concentrations in maternal
urine during the first trimester were correlated to the increased
diastolic blood pressure (BP) in the second trimester among
the women with male fetuses (48). Moreover, evidence from
an American study pointed to the positive effect of prenatal
phthalate exposure on the onset of preeclampsia, they measured
a maternal urinary phthalate at four visits (9.7, 17.9, 26.0,
and 35.1 weeks gestation) and defined preeclampsia as systolic
BP >140 mmHg or diastolic BP >90 mmHg after 20 weeks’
gestation along with positive urinary protein testing (49).
They observed that the DEHP metabolite concentrations across
pregnancy and MEP at about 9.7 weeks’ gestation were positively
associated with the odds of preeclampsia, especially for the
mother with female fetuses (49). Besides, Werner et al. (50)
observed that maternal urinary MBzP concentrations at 16
weeks of gestational age, not at 26 gestational weeks, were
positively associated with maternal diastolic BP and risk of
hypertensive disorders complicating pregnancy. One study,
on the contrary, reported that no association between any
phthalate metabolite exposure during pregnancy and gestational
hypertensive disorders, except di n-octyl phthalate (DnOP),
was associated with lower diastolic BP (51). Besides, in a
multicenter clinical trial, MiBP concentrations in maternal urine
samples were associated with a decrease both in systolic and
diastolic BP, and MBP was associated with a decrease in systolic
BP (52).

Two studies further assessed the long-term effect of
prenatal phthalate exposure on children’s BP. Valvi et al.
(53) reported that the sum of HMWP metabolites and the
sum of LMWP metabolites were associated with lower systolic
BP Z scores at 4-7 years of age in girls but not in boys,
while no significant association was shown with diastolic
BP Z scores. However, a recent study reported that early-
life phthalate exposure did not affect children’s BP at ages
6-11 years (54).

To conclude, the evidence that phthalate exposure
during pregnancy may influence maternal or child's BP was
limited. More thorough studies are eager to evaluate how
phthalate exposure impairs the BP of pregnant women and
their child.

PRENATAL PHTHALATE EXPOSURE AND
PREGNANCY LOSS

Pregnancy loss means the death of the embryo or fetus, including
the loss of pregnancy of human chorionic gonadotropin elevation
or the loss of a clinical pregnancy (59). Phthalate exposure may
affect pregnancy maintenance and cause pregnancy loss because
of the endocrine disruption. Most epidemiologic evidence
showed phthalate exposure was related to higher odds of
pregnancy loss not only in couples conceiving naturally (59-
62) but also among women undergoing medically assisted
reproduction (63) (Table 3).

A Danish prospective cohort study (n = 128) reported
that maternal urinary MEHP concentrations measured on the
10th day of the last menstrual period before conception were
positively associated with subclinical embryonic loss (<6 weeks’
gestation), but inversely associated with clinical pregnancy loss
(>6 weeks of gestation) (59). However, in a large population
study (n = 3,220), maternal urinary concentrations of MEP,
MEOHP, MEHHP, and ¥ HMWP were significantly correlated to
higher odds of embryonic loss (during 6-10 weeks gestation),
and MEHHP was positively associated with fetal loss (during
11-27 gestational weeks) after stratified analysis by gestational
weeks (60). With respect to subfertile couples conceiving
through medically assisted reproduction, urinary concentrations
of DEHP metabolites (MEHP, MEHHP, MEOHP, and the
molar sum of DEHP metabolites) during fertility treatment
cycle were positively associated with both subclinical embryonic
loss and pregnancy loss before 20 gestational weeks (63).
Therefore, all results indicated that embryos were susceptible to
phthalates, and the smaller gestational age, the more sensitive to
phthalate exposure.

Several case-control studies demonstrated associations that
higher levels of certain phthalate metabolites in urine were
correlated to an increased odds of missed miscarriage (<20
weeks' gestation) (61), clinical pregnancy loss (62), and
unexplained recurrent spontaneous abortion (65). The urinary
MMP and MEHP levels were associated with a missed
miscarriage, which showed a strong dose-response (61). And the
urinary concentrations of MiBP and MBP or the sum of MiBP
and MnBP were remarkably higher in the recurrent pregnancy
loss patients (64, 65). Furthermore, the logistic analysis revealed
that DEHP exposure measured by hair was an important factor
contributing to the missed abortion in a Chinese study (66).
Taken together, these findings revealed that the exposure of
phthalates during early pregnancy led to an increased risk of
pregnancy loss and might be an independent risk factor for
pregnancy loss.

A study done by Jukic et al. (67), on the contrary, found
none of phthalate metabolites had no bearing on the risk of
early pregnancy loss (<6 weeks of the last menstrual period),
except for the associations between MEOHP and reduced odds
of early pregnancy loss. And the phthalate metabolites were not
associated with early pregnancy loss in a study with participants
who received in vitro fertilization or intracytoplasmic sperm
injection treatment (81). But, the non-tendency in the odds of
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TABLE 3 | The effect of prenatal phthalate exposure on pregnancy loss and gestational age.

Negative association Positive association Reference
Pregnancy loss
MEHP with clinical pregnancy loss MEHP with subclinical embryonic loss (59)
MEP, MEOHP, MEHHP, and XHMWP with embryonic lossMEHHP with fetal (60)
loss
MEHP, MEHHP, MEOHP, and the sum of DEHP metabolites with (63)
biochemical pregnancy loss or total pregnancy loss (<20 gestational weeks)
MEHP and MMP with missed miscarriage (<20 gestational weeks) 61)
MEP, MiBP, and MEHP with clinical pregnancy loss 62)
the sum of MiBP and MnBP with recurrent pregnancy loss (64)
MiBP and MEHP with unexplained recurrent spontaneous abortion (65)
DEHP with missed abortion (66)
MEOHP with early pregnancy loss (<6 gestational weeks) - 67)
- - (68)
Gestational age
DMP, DEP, DPP, BMPP, DNHP, BBP, DNOP, DCHP, DMEP, DBP, DMP, DEP, DPP, BMPP, DNHP, BBF, DNOP, DCHP, DMEP, DBP, DIBP, (69)
DIBP, DBEP, DEHP, and DNP with gestational age DBEP, DEHP, and DNP with preterm birth
MEHP with gestational age (70)
MEP with pregnancy duration (71)
MBzP, MCPP, MEP, and the sum of DEHP metabolites or DBP (72)
metabolites with gestational age
MECPP with gestational length MEHP, MECPP, and the sum of DEHP metabolites with preterm birth (73)
MEHP, MECPP and DEHP with preterm birth (74)
MBzP, MBP, MECPP, and the sum of DEHP metabolites and spontaneous (75)
preterm birth
MBP, MiBP with gestational ages MBP, MiBP, and MHiBP with preterm birth (76)
The sum of DEHP metabolites with preterm birth (77)
MBP and MEHP with preterm birth (78)
MEHHP with gestation age (79)
MBzP with gestational length in female MBzP with gestational length in male (80)
MMP, MOP and MNP with gestation age MEHP with gestation age (81)
MCPP with gestational ages MEHHP with gestational ages (82)
LMWP metabolites with gestational ages (83)
MEHP and MEOHP with preterm birth MEHP and MEOHP with gestational ages (84)
- - (85)
- - (86)

early loss may due to the earlier loss being not detected. Hence,
more powerful studies with a single standard of pregnancy loss
were essential for elucidating the associations between phthalate
exposure and pregnancy loss, which could give some sensible
advice to the obstetrician.

PRENATAL PHTHALATE EXPOSURE AND
GESTATIONAL AGE

In view of the ubiquitous usage of phthalates in daily life,
potential effect on the gestational age for exposing to phthalates
during pregnancy had been greatly considered but without
consistent conclusions including decreased gestational age (68,

69, 71-73, 76, 80, 82, 84, 85), and increased (70, 72, 79, 87) or
no change (83, 86). Preterm birth, completing delivery before 37
weeks of gestation, is associated with a variety of contributing
causes and risk factors. Several studies had investigated the
effect of phthalate exposure during pregnancy on preterm birth,
whereas the results had been suggestive but not fully conclusive
(Table 3).

A study focused on Chinese women revealed that 15
phthalate metabolites (dimethyl-phthalate [DMP], diethyl-
phthalate [DEP], dipentyl phthalate [DPP], bis[4-methyl-2-
pentyl]phthalate, dihexyl phthalate [DNHP], benzyl butyl
phthalate [BBP], DnOP, dicylohexyl phthalate [DCHP], bis[2-
methoxyethyl] phthalate [DMEP], DBP, di-iso-butyl-phthalate
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[DiBP], bis[2-n-butoxyethyl] phthalate [DBEP], DEHP, and
dinonyl phthalate [DNP]) levels of cord blood were correlated to
a shorter gestational age and an increase in preterm delivery (82).
While in an Italian study, and association was found between
MEHP and the shorter mean gestational age (8.4 days) alone (68).
Aside from measuring phthalate metabolites in cord blood, most
researches (69, 84, 85) focused on assessing phthalate exposure
via maternal urine. After adjustment for possible confounders,
a negative association between the pregnancy duration and
maternal urinary MEP in the third trimester was observed in
a prospective cohort from Poland (n = 165), which was of
borderline significance (84). A similar result was shown in the
cohort study from Michigan (n = 68); phthalate metabolites
(MBzP, MCPP, MEP > 'DEHPm, and >_DBPm) measured during
the first trimester were related to shorter pregnancy duration,
despite being not statistically significant (85). Boss et al. (69)
reported that pregnant women had a higher incidence of preterm
birth whose urinary concentrations of MEHP, MECPP, and
summed DEHP metabolites were higher, whereas MECPP was
the only metabolite that showed a shorter gestational length.
A prospective observational cohort study first reported that the
average maternal urinary level of DEHP metabolites (MEHP,
MECPP, and ¥ DEHPm) across the duration of pregnancy was
positively related to preterm birth being clearly dose-dependent
(74). Subsequently, they observed that spontaneous preterm birth
was related to levels of MBzP, MBP, MECPP, and the sum of
DEHP metabolites at the third trimester and the conclusions
were consistent after utilizing nine statistical methods (75, 88).
Moreover, the third trimester of pregnancy was the most sensitive
period for phthalate exposure on preterm birth (75). Recently,
they found the MBP and metabolites of DiBP (MiBP and MHiBP)
were related to shorter gestation and more preterm birth, which
were stronger at the second study visit (median = 23 gestational
weeks) (71). While in another birth cohort done by Ferguson,
the urinary summed DEHP metabolites during the third
trimester were associated with preterm birth (77). In addition,
significant positive associations were reported that preterm
birth with maternal urinary MBP and MEHP concentrations
during the third trimester after correction by specific gravity
or creatinine (78). All findings supported the results that
phthalate exposure was related to a short pregnancy duration and
preterm birth.

Besides, the effects of maternal phthalate exposure on
gestational age differed according to race/ethnicity or fetal gender
(72,73, 76). A longitudinal cohort study found the adverse effect
of prenatal DEHP metabolite exposure during the third-trimester
on gestational duration, which was somewhat stronger among
African American subjects than among Dominican subjects (73).
However, Shoafft et al. (72) found that the effect of phthalate
exposure and gestational duration was modified by infant sex,
not by maternal race (72). Higher MBzP concentrations in
maternal urine were negatively associated with gestational length
in female infants but positively with gestational duration in male
infants (72). And MEHHP concentrations in maternal urine
were related to a significant decrease (4.2 days) in gestation
age after adjusting for race, which was observed only in males

after stratification by gender (76). Taken together, even though
these associations varied by infant sex and exposure to different
phthalate metabolites, these studies suggest prenatal phthalate
exposure led to a shorter gestational age, which could entail
morbid consequences for the neonates.

To explore the mechanism for this relationship, Ferguson
et al. (58) measured the concentrations of 8-isoprostane in
urine, an oxidative stress biomarker, in the same sample and
applied for four counterfactual meditation methods. A positive
correlation was found between 8-isoprostane levels and preterm,
particularly spontaneous preterm birth, which provided causal
evidence for the effects of phthalate exposure on preterm birth
partly attributing to phthalate-induced oxidative stress (58).

Interestingly, Smarr et al. (80) observed that maternal
phthalate (MMP, MnOP, and MiNP) exposures were associated
with the shorter gestation duration except for MEHP, but paternal
phthalate exposure was in relation to longer gestation duration.
Similar conclusions were reported by a recent study; higher
urinary MEHHP concentrations during the preimplantation
were associated with longer gestation, but MCPP concentrations
during the postimplantation increased the odds of shorter
gestation (87). Additionally, two studies from America noted
that phthalate metabolite concentrations in urine were associated
with increased gestational ages (70, 79) and inversely associated
with preterm birth (70). But it is difficult to evaluate the clinical
significance of the increase in gestational length either only
0.97 days’ gestational age per In-LMWP metabolites increase
(79) or ~2 days longer with each tertile increase in urinary
MEHP and MEOHP concentrations (70). Besides, the association
failed to be detected between gestational length or preterm birth,
and phthalate metabolite exposure during pregnancy, but the
phthalate esters exposure was assessed by questionnaire or low
dose (83, 86).

Besides, the relationships between prenatal phthalate exposure
and gestational length or preterm labor were varied by infant
sex, the timing of exposure, types of phthalate exposure, race,
and country. Given the large sample size and the more scientific
method to measure cumulative phthalate exposure in the study
done by Ferguson etal. (58, 74, 75), the conclusions that phthalate
exposure during pregnancy would increase the odds of preterm
delivering seem sufficiently reliable. Hence, steps should be
taken to prevent or reduce phthalate exposure during pregnancy,
and further studies should be performed to determine which
specific phthalate metabolites are most relevant to the risk of
preterm birth.

PRENATAL PHTHALATE EXPOSURE AND
GROWTH OF FETAL AND CHILD

There were substantial evidence that prenatal phthalate exposure
results in abnormal fetal development and adverse perinatal
outcome, even persisted in childhood. Those studies, examining
the phthalate metabolites in maternal urine samples, maternal
meconium or cord blood, reported inverse (82, 84, 85, 89-
98), null (68, 72, 79, 83, 99), and positive (85, 97) associations
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between women exposed to phthalates and its fetal growth. Prenatal Phthalate Exposure and Fetal
Moreover, a few longitudinal studies (97, 100-107) had assessed ~ Growth

associations of certain phthalate exposure during pregnancy and  Prenatal phthalate exposure restricts the fetal intrauterine
BMI, waist circumference, and risk of overweight/obesity in  growth through down-regulating of placental THR signaling
childhood, and the findings were inconsistent and often sex-  and inhibiting THR-mediated placental vascular endothelial

specific (Table 4).

growth factor, placenta growth factor, and insulinlike growth

TABLE 4 | The effect of prenatal phthalate exposure on growth of fetal and child.

Negative association Positive association References
Fetal growth

DEHP and MEHP with birth length (89)
DBP with birth weight

MEHP with birth weight

MEHP, MEOHP, MEHHP, MBP, and MMP with birth weight (90)
BBzP with birth weight length and chest circumference 91)
DEHP with birth weight, length and head circumference

MoiNP with neonatal head circumference MHINP and the sum of MHINP and MOINP with child length (71)
HMWP metabolites (MECPP, MEHHP, MEOHP) with estimated MCNP, MCPP and fetal femoral length 97)

fetal weight, biparietal diameter, and head circumference

MCNP and length

MEHHP, MEOHP with birth weight in males (92)
MEHP, MEHHP, the sum of DEHP with birth length
MMP with birth length
DMEP with birth weight (69)
DEP, DNHP, BBP and DNP with abdominal circumference
DBP, DCHP, DEHP and DEP with birth length
DPP and DBEP with birth length
XDBP (MnBP and MiBP) with birth weight in female XDBP (MnBP and MiBP) with birth weight in males (72)
MCPP with birth length in males
X' DBP (MnBP and MiBP) and MCPP with birth length in females
MMP and MEP with birth weight in females MBP and MEHP with birth weight in males (93)
MEHP, MEHHP and MEOHP with birth weight in males
Occupational phthalates with fetal weight growth rates or fetal (94)
length
MECPP and DEHP metabolites with head or abdominal (95)
circumferences, FL, and estimated or actual fetal weight
MnBP with head circumference MBzP with fetal length or birth weight in boys (96)
MMP, MEP, MiBP, and MnBP and birth heights, head circumferences (98)
- - (85)
B _ (99)
- - (70)
MBP with birth weight in males MCOP with birth weight in males (100)
DEHP metabolites with birth weight in females
Child’s growth
MEP with weight growth velocity orBMI 97)
MEP, MBzP, and Y DEHPm (MEHP, MEHHP, MEOHP, and MECCP) with (101)
overweight or obesity
MEP, MBPF, MiBP, MBzP, and the sum of DEHP metabolites with childhood
BMI, waist circumference or percent body fat
Non-DEHP metabolites with childhood BMI z-scores, waist (102)
circumference or fat mass
- - (103)
- - (104)
Phthalate with overweight (105)
MEP and DEHP with BMI z-scores in girls MCPP with overweight/obese status (106)
MnBP with BMI z-scores in girls
>"HMWPm with BMI z-scores in boys > HMWPm with BMI z-scores in girls (53)
MiBP, MBzP, MEHP and MECPP with BMI trajectories in males MECPP with BMI trajectories in female (107)
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factor expression in mice (108). Most epidemiological studies
in humans found that exposure to LMWP metabolites, such
as MEP, MBP, MiBP, and HMWP metabolites, MEHHP, and
MEOHP, were negatively related to birth weight (82, 85, 89-96),
birth length (89, 91, 95), and circumferences of head, chest or
abdominal (84, 85, 91, 94, 96, 98).

In nested case-control studies, Zhang et al. found that in utero
phthalate metabolite exposure (DBP in cord blood and MEHP in
meconium) and maternal urinary phthalate levels (such as MMP,
MBP, MEHP, MEOHP, and MEHHP) were negatively correlated
with birth weight (89, 90). Besides, the concentrations of DEHP
in cord blood and MEHP in cord blood or meconium were
related to shorter birth length (89). Gao et al. (91) detected
modest but significant associations between the cumulative butyl
benzyl phthalate (BBzP) and DEHP exposure and impaired fetal
growth, such as birth weight, birth length, and chest and head
circumference (HC). However, one study showed a positive effect
of mono(hydroxyisononyl)-phthalate (MHiNP) and MOiNP on
the neonatal length and an adverse association between MOiNP
and neonatal HC in the multivariable-adjusted model (84).

Maternal urinary concentrations of HMWP metabolites
(MECPP, MEHHP, and MEOHP) were negatively correlated with
estimated fetal weight, biparietal diameter, and HC assessed
(97). Besides, Zhao et al. (92) found that maternal urinary
MEHHP and MEOHP concentrations in the third trimester were
negatively related to fetal birth weight; the inverse relation was
shown in males, not in females. Besides, they reported that
maternal concentrations of MEHP, MEHHP, and SumDEHP
were negatively associated with birth length among male infants,
but there was a negative association between MMP and birth
length in females (92).

The inverse associations between phthalate exposure
measured by cord blood and fetal growth were also reported.
After adjusting for gestational age, DMEP was associated with
low birth weight; DEP, DNHP, BBP, and DNP with a decreased
abdominal circumference; DBP, DCHP, DEHP, and DEP with a
decreased femur length (FL) among female infants, whereas in
male infants, only DPP and DBEP were related to shorter birth
length (82). Moreover, Watkins et al. (85) observed maternal
urinary ¥ DBP (MnBP and MiBP) levels were associated with a
decreased birth weight in females but associated with an increase
in birth weight among males. Similarly, maternal MMP and
MEP exposures were negatively associated with birth weight
only among female infants, whereas the positive effect of MBP
and MEHP on neonatal birth weight was observed only in males
(93). And the adverse effect of MEHP, MEHHP, and MEOHP
exposure on birth weight was stronger in male infants with low
birth weight (93). Taken together, these findings suggest that
exposure to certain phthalates impaired fetal growth parameters,
which was modulated by fetal gender (82, 85, 92, 93).

Several studies further investigated the impairment of
maternal phthalate exposure on fetal growth, which was
estimated in combination with repeated ultrasound measures
(94-96). One prospective cohort study pointed out that maternal
occupational phthalate exposure adversely influenced fetal
weight growth rates and fetal length (94). Ferguson et al. (95)
observed that exposure to MECPP and DEHP metabolites during

pregnancy would impair fetal growth, like the circumferences
of head and abdominal, FL, and estimated or actual fetal
weight. Combining repeat measures of exposure biomarker
and ultrasound, Casas et al. (96) observed that prenatal MBzP
exposure was positively related to FL growth from 20 to 34
gestational weeks and birth weight in boys, whereas MnBP was
negatively correlated with HC growth from 12 to 20 gestational
weeks (96). And they, however, did fail to find the relationships
between DEHP and its metabolite exposure during pregnancy
and fetal growth or birth outcomes. Tsai et al. (98) found maternal
phthalate (MMP, MEP, MiBP, and MnBP) exposure during the
first trimester were unrelated to fetal growth, but exposure during
the second or third trimester would affect fetal birth height and
HC. Besides, several epidemiological studies also failed to find
associations of phthalate metabolite exposure during pregnancy
with any of birth outcomes among their newborns from Japan
(83), France (99), and Italy (68). Neither HMWP metabolites
nor DEHP metabolites were significantly related to any birth
outcome by adjustment for potential confounders (72, 79).

A few studies found a positive effect of prenatal phthalate
exposure on infant growth outcomes (85, 97, 100). The
concentrations of MCiNP and MCPP were positively related to
the estimated femoral length, but only MCiNP was positively
associated with the actual birth length (97). Also, maternal
urinary X DBP and MCPP levels before delivery were associated
with higher birth weight and birth length among males,
respectively, whereas both of them were associated with an
increased birth length among females (85). Likewise, the study
done by Sathyanarayana et al. (100) observed sex-specific effects
of prenatal phthalate exposure on birth weight among term
and preterm infants. Regarding term infants, pregnant women
exposed to MCiOP was associated with an increased neonatal
birth weight only in male infants. And for preterm infants, DEHP
metabolite exposure was related to higher birth weight among
females, but MBP exposure was negatively correlated with birth
weight in male infants (100).

In conclusion, these results indicated the generally negative
effects of pregnant women exposed to phthalate during
pregnancy on fetal or neonatal growth, which was varied by
infant sex, prematurity, and timing of phthalate exposure.

Prenatal Phthalate Exposure and Child’s
Growth

Contrary to the negative effect for fetal growth, maternal urinary
MEP concentrations were positively associated with the weight
growth velocity of offspring from 2 to 5 years and BMI at 5
years of age (97). In another study extending the follow-up time
to 12 years and measuring more than 11 phthalate metabolites
in maternal urine twice during pregnancy, prenatal MEP, MBzP,
and Y DEHPm (MEHP, MEHHP, MEOHP, and MECPP) level
showed a positive association with risk of overweight and obesity
from 5 to 12 years of age (101). Additionally, the levels of MEP,
MBP, MiBP, MBzP, and Y "DEHPm were also positively correlated
with BMI, waist circumference, and percent body fat of offspring,
which, however, weakened with increasing age (101).
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On the contrary, other studies reported inverse or null
associations between prenatal phthalate exposure and child’s
growth (53, 102-107). One prospective study showed that
maternal urinary concentrations of non-DEHP metabolites
before delivery, but not DEHP metabolites, were related to a
decrease in fat mass, waist circumference, and BMI Z scores
of boys at 5 and 7 years ages (102). Similarly, two studies
from America failed to detected associations between prenatal
phthalate exposure and child adiposity at 1-8 years of age
(103) or body fat from 4 to 9 years of age (104). After
multipollutant analysis, a Spanish study reported that prenatal
phthalate exposure might decrease overweight in the child at 7
years (105). In a pooled study including 707 American children
with three cohorts, the relationships of phthalate exposure and
offspring growth at ages 4-7 years were inconsistent. Buckley
et al. (106) indicated that concentrations of DEHP and MEP in
maternal urine were associated with decreased BMI Z scores in
girls, whereas the MnBP was related to higher BMI Z scores in
girls (106). Moreover, prenatal MCPP exposure would increase
the incidence of overweight/obesity in both boys and girls.

Similarly, a prospective Spanish cohort study reported
sex-specific associations between maternal phthalate exposure
and childhood anthropometry as well. Maternal urinary
concentrations of  HMWPm (MBzP, MEHP MEHHP, MEOHP,
and MECPP) were inversely related to BMI Z score in boys at
each visit time (at 1, 4, and 7 years), which would weaken with the
child age increasing, but positively associated with BMI Z score
in girls (53). Yang et al. (107) reported the different influences
of maternal phthalate exposure on BMI trajectories from birth
to 14 years among boys and girls (107). The highest tertile of
MECPP exposure among girls had the highest BMI trajectory,
but low tertile exposure of MiBP, MBzP, MEHP, and MECPP
predicted the highest BMI trajectory during adolescence of male
children (107).

Therefore, these discrepant conclusions may be the result
of the various types or timing of phthalate measured and
the different follow-up time. Prenatal phthalate exposures had
sexually dimorphic effects on physical development. Further
studies are needed to elucidate the effect of prenatal phthalate
exposures on postnatal growth since adolescence to adult and
provide further guidelines for an effective regulatory policy.

PRENATAL PHTHALATE EXPOSURE AND
GENITAL ABNORMALITIES

The immature reproductive tract is susceptible to the effects
of phthalates, such as the impairment of fetal masculinization
and genital development. With increasing concern, investigators
hypothesized that a syndrome of reproductive abnormalities
may be induced by intrauterine phthalate exposure, which
includes shortened anogenital distance (AGD), hypospadias,
cryptorchidism, and so on (109). Dysfunction of Leydig
cells, disturbance of sex hormone levels and reduction of
insulin-like hormone 3 expression may be the potential
mechanisms for the genital abnormalities in newborns or
adolescent (110) (Table 5).

Prenatal Phthalate Exposure and

Anogenital Measurements

Anogenital distance, distance from anus to the genitalia, is
a sexually dimorphic trait as a marker of prenatal androgen
exposure in humans. Several studies had investigated whether
prenatal phthalate exposures will alter AGD among offsprings in
humans, and the results were less consistent (111-118, 126, 127).

Two studies did not find inverse associations between
maternal phthalate exposure and AGD in males (112, 126). One
study from Denmark (n = 245) showed the lower phthalate
levels measured at ~28 gestational weeks, and no significant
association was discovered between any phthalate exposure
during pregnancy and AGD or penile width of offspring (126).
Another one also found no statistical association between the
maternal urinary phthalate metabolite concentrations (including
DEHP) and male newborns’ anogenital index (AGI = AGD/body
weight) (n = 33), whereas the higher concentrations of MBP in
amniotic fluid were negatively associated with the AGI in females
at birth (112).

Swan et al. (113) found that prenatal phthalate exposure was
inversely associated with AGD and AGI in male infants of 2-
36 months of age. Moreover, they found a different conclusion
in a later publication that exposure to DEHP metabolites
(MEHP, MEOHP, and MEHHP) during the first trimester, which
is the critical period of genital development, was correlated
with shorter AGD in males (114). However, the associations
failed to be found in female newborns (113, 114). Taken
together, these results suggest that maternal phthalate exposure
at environmental levels during pregnancy, although was of low
levels, would adversely affect genital development.

Similar findings were reported that prenatal exposure to
DEHP metabolites was significantly inversely related to the
AGI of male newborns (115) or the AGD within 24-48h
of birth (116). And a Swedish study reported the association
between DiNP metabolites (oh-MmeOP, oxo-MmeOP, and
> DiNPm) and shorter boys’ AGD (117). In summary, these
studies demonstrated inverse associations of prenatal phthalate
exposures and AGD for neonatal boys, but with no association in
girls (113-117).

In a prospective study including 187 African American
and 193 white mothers, Wenzel et al. (118) investigated the
impact of race or fetal sex on associations between prenatal
exposure to phthalate and fetal genital development. A significant
association for higher MEHP exposure during the second
trimester of gestation and shorter anopenile distance of boys
and the positive relationship of the > DBPm (MiBP and MBP)
with anoscrotal distance in boys was stronger for whites than
for African Americans (118). In newborn girls, they detected
inverse associations for MEHP with anoclitoral distance and
anofourchette distance (118). It is clear that the influence
of prenatal phthalate exposure on anogenital measurements
was varied by race and sex, which was important for future
health interventions.

Recently, Arbuckle et al. (127) found the anoclitoris distance
in females was positively related to MEP concentration in
maternal urine but negatively to MBzP, and no phthalate
metabolite exposure was associated with anofourchette distances.
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TABLE 5 | The effect of prenatal phthalate exposure on genital abnormalities.

Negative association Positive association References
Anogenital distance
- - (110)
MBP with AGI in females - (111)
MEP, MEP, MBP, MBzP, and MiBP with AGI in male infants (112)
MEHP, MEOHP, and MEHHP with ADG in male (113)
MEHP with AGI in male (114)
MEHP with AGD (115)
DiNP metabolites (oh-MMeOP and oxo-MMeOP) and > DINPm (116)
with AGD
MEHP with anopenile distance in boy MEHP with anoclitoral The sum of MiBP and MBP with anoscrotal distance in boy (117)
distance and anofourchette distance in girls
MBzP with anoclitoris distance MEP with anoclitoris distance MnBP and )_LMWPm (MMP, MEP, MnBP, (118)
MCHP, MCPP, and MBzP) with anopenile distance in males
Cryptorchidism
DEHP metabolites with incomplete testicular descent (119)
Phthalate with cryptorchidism (120)
- - (121)
- - (122)
- - 33)
- - @7)
Hypospadias
Occupation phthalate with hypospadias (123)
QOccupation phthalate with hypospadias (124)
Occupation phthalate with hypospadias (125)
Occupation phthalate with hypospadias (121)
- - 33)

But for male infants, urinary concentrations of MnBP and
> LMWPm (MMP, MEP, MnBP, mono cyclohexyl phthalate
[MCHP], MCPP, and MBzP) were related to longer anopenile
distance, and none of the phthalate metabolites were correlated
with anoscrotal distance (127). In their later study, moreover,
they found that stressful life events during pregnancy would
impact the effect of phthalate on AGD (111). To summarize,
although available scientific evidence was limited, it needs
more concern because of the possible adverse effects on
genital development.

Prenatal Phthalate Exposure and
Cryptorchidism

Cryptorchidism is the most common congenital malformation
in newborn boys, which is a potential cause of infertility and
testicular cancer. Swan (119) reported that higher urinary DEHP
metabolite levels were significantly related to a higher incidence
of incomplete testicular descent. And the evidence from a large
sample prospective study (6,246 boys and 102 cryptorchid cases)
suggests that maternal phthalate exposure was a risk factor for
cryptorchidism at birth, whereas the phthalate exposure was
assessed only by semiquantitative questions (120).

However, similar associations failed to be found between
cryptorchidism and maternal phthalate exposure, which was

measured not only in maternal spot urine sample (121) but
also in cord blood (122). Jensen et al. (33) did not observe the
associations between cryptorchidism and the amniotic fluid levels
of MECPP and mono(4-methyl-7-carboxyheptyl) phthalate (7cx-
MmeHP) in the second trimester. Furthermore, a cohort study
following boys to 20 years of age (n = 216) found only two boys
had cryptorchidism, and no apparent effect of phthalate exposure
was found (37).

Therefore, there was no clear-cut relationship between in utero
phthalate exposure and cryptorchidism, which was needed to
further research.

Prenatal Phthalate Exposure and
Hypospadias
Hypospadias is a congenital abnormality of the male genitalia
characterized by incomplete development of the urethra, in
which the external urethral opening is abnormal in position.
Reported rises in the prevalence of hypospadias affecting
male infants may be a result of exposure to phthalate with
estrogenic or antiandrogenic properties. These studies mostly
focused on the effect of occupational phthalate exposure on
hypospadias (123-125).

In a study with 471 cases and 490 controls, Ormond et al. (123)
indicated a high rate of hypospadias in children whose mothers
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were exposed to phthalate (especially exposed to hairspray)
during the first trimester of pregnancy. Consistent with this
result, a team from Britain showed that the children whose
mother was a hairdresser had an increased risk of hypospadias
as a result of the occupational phthalate exposure during
pregnancy (124). However, the results should be treated with
caution, because this correlation was observed only in 1992-
1996, but not confirmed between 1980 and 1989 (124). This
discrepancy was possibly due to the difficulty of separating
the effects of occupation and social class as well as other
potential confounders.

A large study (1,202 cases and 2,583 controls) supported the
same conclusion that children whose mothers working in the
hairdressing, beauty, or cleaning industry had an increased risk
of hypospadias (125). However, Chevrier et al. (121) observed a
negative trend toward hypospadias and maternal occupational
phthalate exposure, but it was lacking power owing to the
small sample size (only 21 hypospadias cases and 50 controls).
Besides, a recent study reported that the levels of phthalate
metabolites (MEPP or 7cx-MmeHP) in amniotic fluid collecting
at ~16 gestational weeks were not associated with hypospadias,
whereas the samples were from the women with a risk of severe
malformations or Down syndrome (33).

Human studies showed the inverse associations between
parental occupational exposure to phthalates and the
hypospadias in infants, while it remains controversial. Thus,
it still needed more powerful evidence to confirm the effect of
prenatal phthalate exposure on the hypospadias.

CONCLUSIONS

In conclusion, phthalates are a family of ubiquitous synthetic
endocrine-disrupting chemicals. As a result of prenatal exposure
to phthalate with estrogenic or antiandrogenic properties,
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