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Abstract

Phthalates (PAEs) are common endocrine disrupting chemicals (EDCs) that disrupt fetal development. The present study
aimed to evaluate the effects of single and coexposure to phthalates in early pregnancy on fetal growth restriction (FGR) by
a nested case—control study based on the Guangxi Zhuang Birth Cohort (GZBC). Maternal serum concentrations of seven
phthalates in 97 neonates with FGR and 291 matched controls were detected through gas chromatography—mass spectrom-
etry (GC-MS). The associations between phthalates and FGR were analyzed using multiple logistic regression, weight
quantile sum (WQS) regression, and Bayesian kernel machine regression (BKMR) models. We found that exposures to
butyl-benzyl phthalate (BBP, OR,;;=1.849, 95% CI: 1.080-3.177, P,4;=0.025, P,,4=0.046), di (2-ethyl-hexyl) phthalate
(DEHP, OR,4;=3.893, 95% CI: 1.305-11.910, P,4;=0.015, Py,4=0.098) and dimethyl phthalate (DMP, OR;;=1.722, 95%
CI: 1.089-2.725, P,4;=0.020, Py, =0.002) were significantly positively associated with the risk of FGR, while mono-butyl
phthalate (MBP) showed a significant negative association with FGR (ORy;,,=0.192, 95% CI: 0.036-0.795, P,4;=0.033,
P ena=0.035) only among girls. The WQS model identified that BBP, di(2-ethyl)phthalate (DEP), DMP, DEHP, di-n-butyl
phthalate (DBP), and MBP were highly weighted in the association with FGR. The BKMR model supported the positive
association between joint exposure to phthalates and the risk of FGR and identified no significant interaction between the
seven phthalates. Overall, maternal exposure to BBP, DEHP, and DMP may cause adverse effects on FGR, especially with
combined effects.
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Introduction
Responsible Editor: Lotfi Aleya

Phthalates are common endocrine disrupting chemicals
(EDCs) that can pass through the placenta, which are harm-
ful to fetal development and cause cognitive impairment
(Yang et al. 2019). Exposure to phthalates often comes from
plasticizers for food packaging, children’s toys, decoration
materials, personal care products, and some medical equip-

M Xiaogiang Qiu
xqqiu9999@163.com

Department of Epidemiology and Health Statistics, School
of Public Health, Guangxi Medical University, Nanning,
Guangxi, China

Department of Teaching and Research, School of Public

Health, Guangxi Medical University, Nanning, Guangxi,
China

Department of Microbiology, School of Basic Medicine,
Guangxi Medical University, Nanning, Guangxi, China

Department of Sanitary Chemistry, School of Public Health,
Guangxi Medical University, Nanning, Guangxi, China

Department of Maternal, Child and Adolescent Health,
School of Public Health, Guangxi Medical University,
Nanning, Guangxi, China

@ Springer

ments (Ashrap et al. 2020). Maternal exposure to di(2-ethyl-
hexyl)phthalate (DEHP), a widely used plasticizer, inhib-
its cell proliferation and reduces placental size (Sun et al.
2022). Serum levels of phthalate metabolites are valuable
for the assessment of internal exposure. It is most common
to measure urinary phthalate exposure because of the higher
concentrations of phthalate metabolites in the urine and
reduced contamination from parental diester phthalate or
the subsequent formation of metabolites by enzymes present
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in the blood (Prevention CfDCa 2009). However, studies
have reported moderate or strong correlations between
urine and serum concentrations of phthalate metabolites,
and both biological matrices can be used as valid indicators
of phthalate exposure in humans (Frederiksen et al. 2010;
Hines et al. 2009; Hogberg et al. 2008; Kato et al. 2004).
Recent studies detecting phthalate metabolites in maternal
blood, cord blood, first trimester urine, and amniotic fluid
have suggested that phthalate exposure might be transferred
from mother to baby (Wang et al. 2019).

Fetal growth restriction (FGR) is also known as intrau-
terine growth retardation (IUGR). Previous studies have
observed that prenatal and gestational phthalate exposure
could perturb fetal growth and disrupt later development.
Maternal inflammation connected to oxidative stress causes
FGR mediated through phthalates, which is a plausible
mechanism underlying the association between phthalate
exposure and FGR (Kamai et al. 2019). The impacts of
phthalates on fetal and placental development through inter-
rupting thyroid hormone signaling, lipid metabolism and
transport, and reactive oxygen species were demonstrated
(Martinez-Razo et al. 2021; Tang et al. 2020). Prenatal
exposure to phthalates may cause premature birth, FGR, and
growth retardation. Wonjong Lee et al. discovered harmful
effects of dibutyl phthalate (DBP) in mouse-derived pluripo-
tent neural progenitor cells (NPCs) and hippocampal neuro-
genesis in C57BL/6 mice, indicating that DBP exposure may
cause learning and memory dysfunctions (Lee et al. 2019).
In addition, in utero di-n-hexyl phthalate (DHP) and di-
cyclohexyl phthalate (DCHP) exposure resulted in [IUGR in
rats, which was manifested by reduced fetal weight, delayed
ossification, and placental disruption (Ahbab et al. 2017).

Investigations with human studies have reported the asso-
ciations of phthalates with fetal growth, birth outcomes, and
child development (Tsai et al. 2017). However, these find-
ings are inconsistent. Several reasons may have contributed
to the apparent heterogeneity of previous findings. First, the
effects of exposure to a single phthalate are different. The
Michigan Mother-Infant Pairs (MMIP) study found that
mono (3-carboxypropyl) phthalate was significantly associ-
ated with higher birth weight and Fenton z scores (Goodrich
et al. 2019), while a cohort study from the Wuhan Women
and Children Medical and Healthcare Centre revealed the
associations of prenatal exposure to DEHP with decreased
fetal growth and decreased birth size, and the relationships
between gestational DEHP exposure and increased postnatal
weight gain rates (Li et al. 2021). Second, little is known
about the association between first-trimester maternal expo-
sure to phthalates and neonatal outcomes, with conflicting
findings. Levels of mono(2-ethylhexyl) phthalate (MEHP),
mono(2-ethyl-5-carboxypentyl) phthalate and DEHP in
urine collected at approximately 10, 18, and 26 weeks of
gestation were associated with increased odds of preterm

birth (Ferguson et al. 2014), whereas Shoaff et al. observed
no association between average phthalate metabolite concen-
trations in urine collected at approximately 16 and 26 weeks
of gestation and birth size or gestational duration in the
adjusted model (Shoaff et al. 2016). Third, although the
effects of phthalates on the development of offspring have
been widely discussed before, to the best of our knowledge,
specific studies on the combined effects of simultaneous
exposure to multiple phthalates on fetal health are lacking.
The MMIP study (Goodrich et al. 2019) discussed the effects
of widespread exposure to EDCs and metals on fetal health,
but it did not consider the interaction between the studied
substances of exposure. Human health risk assessments,
without accounting for the combined effects of phthalate
exposure, have potentially underestimated their true cumula-
tive risks to fetal development (Tefre de Renzy-Martin et al.
2014).

Concentrations of phthalates were significantly higher
in urban homes than in rural homes (Zhang et al. 2020).
However, the phthalate exposure patterns of Chinese women
might be different from those of women in other regions.
Among the Chinese population, those living in industrial cit-
ies generally have higher levels of phthalates. For instance,
the MEHP level of the population from Wuhan, Hubei
(Zhang et al. 2019) (7.42 ng/mL in the winter, 5.01 ng/mL
in the summer) is much higher than that of the population
from Xiamen, Fujian (Li et al. 2019) (0.22 ng/mL). The
levels of phthalates in people of different regions or differ-
ent age groups vary greatly. The serum level of DMP among
Guizhou children (Fu et al. 2021) is 31.62 ng/mL, which is
closely related to exposures during pregnancy, infancy and
schooling, while DMP level of adults from Shijiazhuang,
Hebei, is 3.2 ng/mL (Zhang et al. 2018).

Given the limitations in previous studies, we conducted
this nested case—control study. The present study aimed to
investigate the relationships between single and combined
exposure to phthalates and their metabolites during early
pregnancy and the risk of FGR in the Chinese Zhuang popu-
lation from Guangxi. This study has a certain guiding sig-
nificance for medical health and personal protection during
pregnancy.

Materials and methods
Study population

Volunteers were from the Guangxi Zhuang Birth Cohort
(GZBC), a prospective and ongoing birth cohort in Guangxi,
China, beginning in June 2015 (Liang et al. 2020). The
Zhuang people are the most populous ethnic minority in
China, mainly living in the Guangxi Zhuang Autonomous
Region. Previous studies have shown potential differences in
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environmental exposures, such as exposure to perfluorohex-
ane sulfonate, between Zhuang and Han populations (Liu
et al. 2022). This study is a subset of the GZBC. The inclu-
sion criteria were as follows: (1) Zhuang pregnant women;
(2) women with a gestational age <22 weeks at the time
of enrollment; (3) women with complete questionnaires;
(4) women with available serum samples; and (5) women
with a singleton pregnancy. Women who had a history/fam-
ily history of congenital disease, those with a pregnancy
history of birth defects/premature birth/stillbirth and those
who took drugs 3 months before enrollment that may have
teratogenic effects on fetuses were excluded. Ultimately, a
total of 97 mothers who gave birth to infants with FGR were
included as cases, and 291 mothers who gave birth to infants
without FGR were matched with a ratio of 1:3 as controls
by age at pregnancy. All the participants provided written
consent. This project was approved by the Ethics Committee
of Guangxi Medical University (No. 20140305-001).

Data collection

A face-to-face interview based on structured questionnaires
was performed by professional interviewers to collect infor-
mation including maternal age, ethnicity, gravidity, parity,
occupation, regular exercise, cosmetic use during pregnancy,
alcohol use during pregnancy, passive smoking during preg-
nancy, supplementation of folate, and stress. Moreover,
maternal heights were measured during the first examina-
tion in the first trimester, and prepregnancy weights were
self-reported. Maternal body mass index (BMI, in kg/m?)
was calculated as weight (in kg) divided by the square of
height (in m). Information at the time of the baby’s birth
(including sex, birth weight, length and gestational age) was
obtained from the Maternal and Child System. The determi-
nation of FGR was based on birth weight and gestational age
according to the definition of FGR (Shrivastava and Master
2020), and fetuses with birth weights less than the 10" cus-
tomized percentile or less than two standard deviations for
that population reference (Capital Institute of et al. 2020)
were diagnosed with FGR.

Blood sampling and serum phthalate measurements

A non-anticoagulant blood collection tube was used to col-
lect 5 mL of peripheral venous blood from the pregnant
women. The tubes were centrifuged for 10 min at 4000 rpm
at 4 °C. Then, the serum and clots were separated into two
layers and placed in two cryotubes, which were stored in a
refrigerator at — 80 °C until subsequent processing.
Maternal serum samples were analyzed for 5 phthalate
esters (BBP: butyl-benzyl phthalate, DBP: di-n-butyl phtha-
late, DEHP: di (2-ethyl-hexyl) phthalate, DEP: di (2-ethyl)
phthalate, and DMP: dimethyl phthalate) and 2 phthalate

@ Springer

metabolites (MBP: mono-butyl phthalate, and MEHP:
mono-(2-ethylhexyl) phthalate). Phthalates and internal
standard solutions (D,-DEP, D,-DBP, D,-BBP, D,-DEHP,
and D,-DMP) were purchased from Sigma—Aldrich (St.
Louis, MO, USA), AccuStandard Inc. (New Haven, CT,
USA), Dr. Ehrenstorfer GmbH (Augsburg, Germany) and
ANPEL (Shanghai, China). The purities of all the standards
were > 98%.

After being thawed overnight at 4 °C, 0.5 mL of the serum
sample was transferred to a 5 mL glass centrifuge tube.
Then, 50 pL of 100 ng/mL internal standard solution and
1.5 mL of acetonitrile were spiked into the serum sample
in sequence and vortexed for 1 min. After 10 min of ultra-
sound, the tubes were centrifuged for 10 min at 4000 rpm
at 4 °C, and the supernatants were transferred to a clean
glass tube. The above operations were repeated for the resi-
due. Then, the supernatants were combined into one tube
and placed into a vacuum drying oven to evaporate until
dry. Later, 0.5 mL of 1 M sodium dihydrogen phosphate
buffer (pH=4.66) and 50 pL of 200 U/mL p-glucosidase
solution were spiked. The mixtures were incubated at 37
°C for 90 min. Then, 2 mL of ethyl hexanoate was added to
the incubated samples. Next, the mixtures were vortexed for
1 min, sonicated for 10 min, and centrifuged at 4000 rpm
at 4 ‘C for 10 min. The supernatants were aspirated into
clean tubes and redissolved in 1 mL of hexyl hydride:methyl
tert-butyl ether (V/V, 19:1), which was repeated. Then, the
same two mixtures were combined into one tube and placed
into a vacuum drying oven to evaporate until dry. Subse-
quently, the dried extracts were mixed with 20 pL BSTFA
(1% TMCS), and the volume was set with pyridine to 100
pL. After oscillating and mixing, derivatization was per-
formed in a 30 ‘C water bath for 30 min.

Phthalates were separated and detected by a gas chro-
matograph-mass spectrometer (GC-MS, Thermo Fisher
ISQ™LT, USA). The GC was equipped with an HP-5SMS
capillary column with a (5%-phenyl)-methylpolysiloxane
phase (column length: 30 m, internal diameter: 250 pum,
film thickness: 0.25 um). The chromatographic conditions
were set as follows: injector temperature: 260 °C; injection
mode: splitless; carrier gas flow rate: 18.6 mL/min; oven
program: start at 100 °C, hold for 1 min, then increase by
10 °C/min to 200 °C, hold for 4 min, and increase by 6 °C/
min to 250 °C and hold for 1 min; and injection volume: 1
pL. The MS was operated in the electron impact mode, and
its conditions were set as follows: ionization energy: 70 eV;
MS source temperature: 300 °C; and transfer line tempera-
ture: 280 °C. The selected ion monitoring (SIM) mode was
used to acquire data, and the solvent delay parameter was
set to 7.50 min.

The internal standard method was used for quantifica-
tion. The concentration standard curves were plotted by the
least square method, and the limits of detection (LODs) were
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defined as a signal-to-noise ratio of 3 (for detailed infor-
mation, see Supplementary Table S1). Moreover, recovery
experiments were performed to evaluate the accuracy and
precision of the method. The recoveries of phthalates were
controlled between 80 and 120%. The intraday and inter-
day coefficients of variation of blood samples with high,
medium, and low concentrations were all controlled within
10%. The LODs for BBP, DBP, DEHP, DEP, MBP, MEHP,
and DMP were 0.746 ng/mL, 0.145 ng/mL, 0.490 ng/mL,
1.120 ng/mL, 0.942 ng/mL., 0.720 ng/mL, and 0.497 ng/mL,
respectively. The determined concentration below the LOD
was calculated as the value of the LOD divided by \/5 . The
detection rates of all phthalates were above 50%.

Statistical analysis

Normally distributed continuous variables were compared
using the independent samples t test, while nonnormally
distributed continuous variables were compared by the
Wilcoxon rank sum test. Categorical variables were ana-
lyzed using the chi-square test. Since the concentrations of
phthalates in the maternal serum samples were nonnormally
distributed, log10 transformation was used to transform the
skewed data to approximately conform to normality when
they were treated as continuous variables.

A logistic regression model was applied to assess the
associations between the risk of FGR and early gestational
phthalate exposure. The exposure levels of phthalates were
tertiled as ordered categorical variables, except that the
DMP level was binomial. We conducted a trend test using
integer variables (ordinal values O, 1, and 2 corresponding
to the above categories) to examine the dose—response rela-
tionship in regression models. Furthermore, restricted cubic
splines (RCSs) were used with 3 knots at the 10th, 50th, and
90th percentiles of the log10-transformed phthalate concen-
trations, with the reference value (OR =1) set at the 50th
percentile.

Afterward, we used a weight quantile sum (WQS)
regression model, a nonparametric statistical analysis,
to assess the combined impact of phthalate mixtures in
relation to the studied health outcome. The analyses were
run twice to test for associations between phthalates and
FGR in either the positive or negative direction. With the
effect parameter estimate (f1) constrained to be positive
or negative, the concentrations of phthalates were ter-
tiled and combined into a unidirectional weighted index,
which represented the mixture effect of phthalates on the
risk of FGR. After bootstrapping 10,000 times, 10,000
estimated weights for each phthalate, 10,000 mixture
effect parameter estimates, and the associated standard
errors, statistics, and P values were calculated. Phthalates
with final weights greater than the cutoff (the inverse of
the number of elements in the mixture) were considered

to be significant for the WQS index, which was used to
evaluate the correlation and significance of the mixture
on FGR.

Then, we used the Bayesian kernel machine regression
(BKMR) model with a probit link function (Bobb et al.
2015) to estimate the joint effects and interaction of the
exposure to seven phthalates (BBP, DBP, DEHP, DEP,
MBP, MEHP, and DMP) on FGR. Phthalates were log-
transformed in the BKMR model. Based on Spearman
correlation coefficients, we classified BBP into Group 1;
DBP, DEHP, DEP, and DMP into Group 2; and MBP and
MEHP into Group 3. By fitting hierarchical variable selec-
tion with 50,000 iterations, the group PIP for the three
groups and the conditional posterior inclusion probability
(Cond PIP) for individual phthalates were calculated and
included in the final model. The PIP threshold was set to
0.5 as previously reported (Ashrap et al. 2020).

Statistical analysis was conducted in R 4.1.1 (Develop-
ment Core Team) using the packages “gWQS”, “ggplot2”,
“glmnet”, “corrplot”, “rms”, “psych”, and “bkmr”. Two-
tailed P values less than 0.05 were considered statisti-
cally significant. All analyses were adjusted for potential
confounders, including maternal height, prepregnancy
weight, parity, stress, regular exercise, passive smoking
during pregnancy, alcohol use during pregnancy, fetal sex,
gestational age at birth, and mode of delivery.

Results
Demographic information

The demographic information of the subjects is sum-
marized in Table 1. A total of 388 mother-infant pairs
(97 cases vs. 291 controls) were included, of which 224
(57.73%) women were nulliparous and 164 (42.27%)
women were multiparous. Maternal height and weight,
folate supplementation during pregnancy, stress, fetal sex,
and birth length and weight were significantly different
between the cases and controls (all P values < 0.05).

Concentrations of phthalates in maternal serum
samples

Table 2 shows the concentrations of the seven phthalates
in the maternal serum samples. DEHP was detectable in
all samples. BBP, DBP, DEP, MBP, MEHP, and DMP
were detected in 82.5%, 99.0%, 87.6%, 81.2%, 86.9%, and
52.3% of all samples, respectively. DEHP (74.826 ng/mL)
had the highest geometric mean concentration, while DMP
(0.231 ng/mL) had the lowest.
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Table 1 Demographic

. . . Characteristics Case Control P value
information of the subjects
N Mean+SD /% N Mean+SD/ %
Mothers
Menarche age 97 13.722 +1.360 291 13.790+1.556 0.678
Pregnant age 97 27.206+5.174 291 27.141+5.483 0.916
Maternal height 97 154.443 +4.188 291 156.481 +5.064 <0.001
Maternal weight 97 48.278 +7.164 291 50.012+7.254 0.041
Maternal BMI 97 20.243 +2.944 291 20.416 +£2.740 0.609
Parity 97 1.464+0.578 291 1.439+0.544 0.719
Nulliparous 55 56.7% 169 58.08%
Multiparous 42 43.30% 122 41.92%
Gravidity 97 2.402+1.272 291 2.405+1.316 0.982
Occupation 0.934
Administrator 4 4.12% 18 6.19%
Professor 4 4.12% 9 3.09%
Clerk 5 5.15% 13 4.47%
Servant 16 16.49% 51 17.53%
Farmer 17 17.53% 41 14.09%
Worker 7 7.22% 27 9.28%
Other 44 45.36% 132 45.36%
Newly renovated house 0.679
No 81 83.51% 250 85.91%
Yes 16 16.49% 41 14.09%
Pre-pregnant folate 1.000
No 87 89.69% 260 89.35%
Yes 10 10.31% 31 10.65%
Pregnant folate 0.048
No 47 48.45% 106 36.43%
Yes 50 51.55% 185 63.57%
Cosmetic use 0.260
No 95 97.94% 276 94.85%
Yes 2 2.06% 15 5.15%
Alcohol use 0.450
No 89 91.75% 257 88.32%
Yes 8 8.25% 34 11.68%
Passive smoking 0.314
No 46 47.42% 119 40.89%
Yes 51 52.58% 172 59.11%
Regular exercise 0.324
No 68 70.10% 186 63.92%
Yes 29 29.90% 105 36.08%
Stress 0.001
No 78 80.41% 270 92.78%
Yes 19 19.59% 21 7.22%
Infants
Gestational age 97 38.887+1.676 291 38.543+1.431 0.072
Fetal sex 0.030
Boy 62 63.92% 147 50.52%
Girl 35 36.08% 144 49.48%
Birth length (cm) 97 47.928 +3.349 291 50.154 £1.595 <0.001
Birth weight (kg) 97 2.610+£0.366 291 3.167+£0.400 <0.001
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Table 1 (continued) Characteristics Case Control P value
N Mean+SD/ % N Mean+SD /%
Delivery 0.068
Normal 80 82.47% 211 72.51%
Cesarean 17 17.53% 80 27.49%
Table 2 Maternal se.rum. Phthalate Detection rate (%)  Geometric mean  Percentile
phthalate concentrations in the substances
study population 5% 25% 50% 75% 95%
BBP 82.5% 0.581 0.106 0.294 0.612 1.145 2.946
DBP 99.0% 22.593 5.450 11.748 20.030 51.812 125.907
DEHP 100.0% 74.826 37921 54285 68.772 92.713  203.107
DEP 87.6% 0.548 0.158 0.317 0.520 0.880 1.873
MBP 81.2% 1.659 0.131 1.041 2.611 3.915 7.749
MEHP 86.9% 2.605 0.102 2.088 3.991 5.826 12.735
DMP 52.3% 0.231 0.070 0.070 0.148 0.539 2.330

Logistic regression analysis

Logistic regressions showed that maternal exposure
to BBP (Pypq=0.046), DEP (OR;,,=2.137, 95% CI:
1.028-4.542, P=0.044), and DMP (OR;;,,=2.494, 95%
CI: 1.414-4.411, P=0.002, P.,q=0.002) was significantly
positively associated with the risk of FGR, and all of these
associations presented a significant trend in the P values
(Table 3). Log-transformed BBP (OR,4;=1.849, 95% CI:
1.080-3.177, P,4;=0.025), DEHP (OR,4;=3.893, 95% CL:
1.305-11.910, P,4;=0.015), and DMP (OR,4;=1.722, 95%
CIL: 1.089-2.725, P,4;=0.020) were positively correlated
with FGR. We did not find a statistical association between
FGR and maternal exposure to MBP in the overall sam-
ple (all P>0.05). When stratified by fetal sex, the positive
effects of phthalates on FGR only existed for girls, which
are shown in Supplementary Tables S2 and S3. MBP had a
negative association with the risk of FGR, with a significant
trend in the P values (ORy;,, =0.192, 95% CI: 0.036-0.795,
P=0.033, P,.,q=0.035).

RCS analysis was conducted to detect the nonlinear corre-
lations between the log10-transformed phthalate concentra-
tions and the risk of FGR. The associations between phtha-
lates and FGR were linear (all nonlinearity P values > 0.05),
which are shown in Supplementary Figure S1.

WQS regression analysis

The WQS Index 1 and Index 2 were estimated in the posi-
tive and negative directions, respectively. The estimated
weights for the seven phthalates are shown in Fig. 1.
According to the WQS regression, BBP (0.338), DEP
(0.263), DMP (0.209), DEHP (0.155), DBP (—0.497)

and MBP (- 0.430) were highly weighted in the associa-
tion with FGR. WQS Index 1 had a significantly posi-
tive association with the risk of FGR (OR =3.145, 95%
CI: 1.769-5.726, P <0.001), while WQS Index 2 was
statistically negatively associated with the risk of FGR
(OR=0.529, 95% CI: 0.322-0.858, P=0.011). Moreo-
ver, the two indices were combined in the adjusted logis-
tic model and showed statistical significance (all P val-
ues < 0.001; Supplementary Table S4).

BKMR analysis

According to the Spearman correlation coefficients among
the seven phthalates (Supplementary Figure S2), we divided
the phthalates into three groups for the subsequent BKMR
analysis. Supplementary Table S5 summarizes the prob-
abilities of inclusion derived from the BKMR model for
the three groups (Group PIP) and each phthalate (Cond
PIP). The overall effect of the phthalate mixture was associ-
ated with FGR (Fig. 2). The risk of FGR was significantly
increased when all the phthalates were higher than the 55
percentile (from the 55 to 75" percentile) compared with
that when they were fixed at the 50" percentile. For each
phthalate, when all of the other exposures were fixed at the
50t percentile, BBP, DEHP, DEP and DMP showed a posi-
tive relationship with the risk of FGR, while DBP and MBP
showed an inverse relationship with the risk of FGR (Fig. 3).
Furthermore, when the other exposures were fixed at their
50th percentile, we found no significant difference between
certain phthalates and FGR, as the correlation curves were
almost parallel, which indicated no interactions among
phthalates (Supplementary Figure S3).
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Table 3 Single-phthalate
models for each phthalate
substance and FGR. The models
were adjusted for maternal
height, pre-pregnant weight,
parity, stress, regular exercise,
passive smoking during
pregnancy, alcohol use during
pregnancy, fetal sex, gestational
age at birth, and delivery

Fig. 1 WQS model regression
index weights for FGR when
the effect parameter was con-
strained to the A positive direc-
tion, (B) or negative direction

Discussion

For the first time, this nested case—control study performed
on the region-specific Zhuang population in Guangxi,
China, revealed significant associations of maternal expo-
sure to phthalates with the risk of FGR. Several advanced
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Phthalate concentrations Crude Adjusted
OR(95%CI) Pvalue Py..q OR,4;(95%CI) Pgjvalue Py g
log10 BBP 1.591 (0.983-2.586)  0.059 1.849 (1.080-3.177)  0.025
Low (<0.294) Ref 0.098 Ref 0.046
Middle (0.294-1.145)  0.862 (0.485-1.558) 0.617 0.941 (0.504-1.786)  0.851
High (1.145) 1.659 (0.889-3.138) 0.115 2.005 (1.004-4.071)  0.051
log10 DBP 0.749 (0.488-1.150)  0.181 0.666 (0.417-1.061)  0.084
Low (< 11.748) Ref 0.408 Ref 0.136
Middle (11.748-51.812) 1.173 (0.677-2.074) 0.575 1.013 (0.553-1.884)  0.966
High (51.812) 0.741 (0.372-1.461)  0.388 0.546 (0.249-1.171)  0.124
logl0 DEHP 3.977 (1.456-11.007) 0.007 3.893 (1.305-11.910) 0.015
Low (<54.285) Ref 0.032 Ref 0.098
Middle (54.285-92.713) 1.000 (0.558-1.832) 1.000 0.956 (0.512-1.82)  0.890
High (92.713) 1.953 (1.039-3.740)  0.040 1.766 (0.886-3.57)  0.108
log10 DEP 1.818(0.884-3.74)  0.103 1.976 (0.888-4.375)  0.092
Low (<0.317) Ref 0.098 Ref 0.057
Middle (0.317-0.880) 1.565 (0.869-2.922)  0.146 1.665 (0.882-3.250)  0.124
High (0.880) 1.781 (0.914-3.543)  0.093 2.137 (1.028-4.542)  0.044
logl0 MBP 0.778 (0.529-1.153)  0.205 0.851 (0.542-1.350)  0.487
Low (<1.041) Ref 0.069 Ref 0.164
Middle (1.041-3.915)  0.902 (0.527-1.564) 0.710 1.059 (0.559-2.046)  0.862
High (3.915) 0.524 (0.260-1.028)  0.063 0.567 (0.259-1.228)  0.152
logl0 MEHP 0.963 (0.665-1.418)  0.845 1.083 (0.710-1.689)  0.717
Low (<2.088) Ref 0.186 Ref 0413
Middle (2.088-5.826)  0.750 (0.436-1.301)  0.300 0.772 (0.418-1.440) 0.411
High (5.826) 0.648 (0.335-1.236)  0.191 0.740 (0.357-1.525)  0.415
log10 DMP 1.503 (0.995-2.261)  0.051 1.722 (1.089-2.725)  0.020
Low (<0.539) Ref 0.019 Ref 0.002
High (0.539) 1.829 (1.099-3.016)  0.019 2494 (1.414-4.411) 0.002

03

0.2

Weight for WQS index 1

o

0.0

logBBP  IogDEP logDMP logDEHP logMEHP logMBP  logDBP

Weight for WQS index 2

logDBP logMBP logMEHP logBBP logDEP logDMP logDEHP

analytical methods robustly support these findings,
which fill the gap in understanding the effect of mater-

nal phthalate coexposure on FGR. This study emphasized
the importance of evaluating both single and combined
effects of maternal phthalate mixtures on fetal outcomes
using various statistical methods, which would be of great

significance for maternal and child health. We found that
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Fig. 2 Joint effects (95% Cls)
of the seven phthalates on FGR
by using the BKMR model.
All phthalates at particular
percentiles were compared to
all the chemicals at their 50"
percentile
0.2-
®
® [ ]
9
I B e +— . --
[ J
[ ]
[ ]
-0.2-
03 0.4 05 06 07
quantile

maternal serum BBP, DEHP, DEP, and DMP had positive
associations with the risk of FGR, and the effect of MBP
was sex-specific, with a negative association with FGR in
girls but not in boys. Previous studies have investigated the
single effect of maternal exposure to phthalate substances
on FGR. DEHP, DBP, BBP, and DEP influence the male
gametes, reproduction and the offspring of exposed ani-
mals (Dobrzynska 2016).

DEHP, as a widely used plasticizer, has been stud-
ied repeatedly (Gao et al. 2017; Li et al. 2021; Maekawa
et al. 2017; Santos et al. 2021; Shen et al. 2017). We found
that a high concentration of DEHP was associated with an
increased risk of FGR (OR,4;=3.83,95% CI. 1.278-11.747,
Padj =0.017), which is consistent with a cohort in Rotterdam,
the Netherlands (Santos et al. 2021). Susana Santos et al.
indicated that higher maternal DEHP concentrations tended
to be associated with lower fetal weight across gestation,
and DEHP metabolites had correlations with growth retarda-
tion at birth, such as a smaller head circumference, a lower
length at birth and being small for gestational age (Santos
et al. 2021). A study with a birth cohort in Wuhan, China
revealed sex-specific and trimester-specific relationships

of DEHP exposure to neonatal development from the fetal
to early childhood stages (Li et al. 2021). It found associa-
tions of DEHP in all three trimesters with fetal growth, birth
weight, birth length, weight gain rates, and the baby’s BMI,
especially the first-trimester DEHP concentration, which
was negatively related to fetal growth in boys but positively
related to birth length in girls and 24-month BMI in boys
(Li et al. 2021). Another birth cohort in Boston observed
consistent findings that urinary DEHP metabolites had sig-
nificant inverse associations with estimated or actual fetal
weight (Ferguson et al. 2016). In a DEHP-treated mouse
model, the body weight and crown-rump length of both male
and female fetuses were significantly decreased (Shen et al.
2017). The effect of DEHP exposure-induced fetal [IUGR
seems to be stage-specific, manifested as a marked reduc-
tion in fetal size at the late gestational stage and a slight
reduction in fetal size at the middle stage (Shen et al. 2017).
Inconsistent with the results of our findings, Maekawa et al.
detected concentrations of chemicals including phthalates
in maternal blood, cord blood, and amniotic fluid, but no
significant differences were observed in the levels of DEHP
and MEHP (Maekawa et al. 2017). We hypothesize that this
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Fig.3 Univariate exposure-response function (95% CI) between the log10-transformed concentrations of phthalates and FGR while fixing the

concentrations of other phthalates at the median values

is closely related to the concentration data conversion (log-
transformed vs. raw), the sample size (388 vs. 145) and the
region of the population (Chinese Zhuang vs. Japanese).
Based on cord blood measurements, phthalate levels such
as DEHP, DEP, DBP, and BBP were thought to adversely
affect fetal growth parameters by reducing the gestational
period and leading to preterm delivery (Huang et al. 2014).
BBP is commonly used for increasing flexibility and elastic-
ity during the manufacturing of plastics. We found a positive
correlation between BBP and FGR, and its developmental
toxicity was previously confirmed in a zebrafish model,
especially its toxicity to caudal development in zebrafish
(Roy et al. 2017). Interestingly, high concentrations of DEP
could increase the risk of FGR (ORy;,;, =2.137, 95% CI:

@ Springer

1.028-4.542, P=0.044), which, to the best of our knowl-
edge, may be the first discovery concerning a single effect
of exposure to DEP on FGR in humans. In the Wistar rat
model, exposure to DEP during gestation and lactation was
detrimental to the development of the small intestine (Setti
Ahmed et al. 2018). Consistent with our study, a study in
Guizhou, China, suggested that the negative effects of serum
DMP on hepatic function were sex-related, which was more
evident in girls than in boys (Fu et al. 2021).

In our study, a negative association of MBP
(ORpj, =0.192, 95% CI: 0.036-0.795, P =0.033,
P.ng=0.035) with FGR only existed among girls. A previ-
ous finding, discordant with ours, was that higher concentra-
tions of MBP were associated with the risk of IUGR in an
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exposure—response relationship (Zhao et al. 2014). Physi-
cal exposure to higher levels of MEHP and MBP leads to
lower birth weight and short birth length, modified by the
paraoxonase-2 gene Alal48Gly (Xie et al. 2015) or LINE-1
gene methylation (Zhao et al. 2015). Concordant with
our findings, studies among African American and white
mothers from the US population reported an interaction of
sex with MBP (P =0.08), in which the associations were
stronger for females than males (Bloom et al. 2021), and
males were at higher risk of low birth weight than females
with greater MBP concentrations (P=0.002) (Bloom et al.
2019). Additionally, concurrent exposure to DBP and its
MBP metabolite was associated with delayed pubarche in
girls (Frederiksen et al. 2012). MBP was also associated
with significant decreases in cholesterol (B= —7.9 mg/dL,
95% CI: — 12.9——3.0), which may be a cardiometabolic bio-
marker (Vuong et al. 2021). Due to limited research on the
protective effect of MBP on FGR in girls, further explora-
tion of the influence of phthalates on fetal development is
expected. A systematic review related to the effects of MBP
on fetal or child development is required.

However, no significant results of MEHP were shown in
our study. A previous study suggested that the effect of uri-
nary MEHP exposure on [UGR seems to be more evident in
male fetuses (Zhao et al. 2014), which may be due to the lim-
ited sample size of the study (Dumas-Mallet et al. 2017). In
a mouse model, maternal exposure to 50 mg/kg/day of DBP
induced earlier puberty and precocious development of the
testis (Ma et al. 2021). We speculate that DBP may influence
embryo maturation. A large number of studies have shown
that lower doses of DBP cause more adverse effects than
higher dose (Czubacka et al. 2021), which may explain why
we did not find a significant relationship between maternal
DBP exposure and FGR in a single exposure analysis.

Mammalian life stage sensitivity to phthalates appears
to be most sensitive in the fetal stage but less so in the
adult stage (Dobrzynska 2016). We found that maternal
exposure to multiple phthalates in early pregnancy may
increase the risk of FGR. Consistent with the logistic
regression model, the WQS model showed that BBP, DEP,
DMP, and DEHP were highly weighted in the positive
association with FGR, while DBP and MBP were inversely
associated with FGR in Zhuang mother-infant pairs. A pro-
spective birth cohort in Anhui, China assessed the cumula-
tive hazard index (HI) of combined DEP, DBP, dibenzyl
phthalate (BBzP) and DEHP exposure and birth outcomes
and observed an association between Hlg, and restricted
fetal growth (e.g., decreased birth weight, birth length, and
head and chest circumferences) (Gao et al. 2017). The HI
value was inversely associated with head circumference
(overall: = —0.10 cm, P=0.020; girls: = —0.13 cm,
P=0.027), birth weight (girls: = —33.12 g, P=0.036),
and birth length (boys: = —0.17 cm, P=0.041) (Gao

et al. 2017). Consistently, our study found that cumulative
coexposure to the seven phthalates generated an increased
risk of FGR according to the BKMR model. Simultaneous
exposure to DBP, DEHP, DEP, and DMP had the greatest
impact on FGR, with a group PIP value of 0.888, followed
by BBP, with a group PIP value of 0.751, indicating that
they are the main factors that increase the risk of FGR.
The National Institute of Environmental Health Sciences
(NIEHS) has encouraged research to evaluate the effects
of environmental chemical mixtures on health outcomes
rather than on the traditional “one chemical at a time”
approach (Birnbaum 2012). Standard regression, classifi-
cation and prediction, and exposure—response surface esti-
mation have been identified and classified by the NIEHS
for analyzing chemical mixtures in epidemiological studies
(Taylor et al. 2016). Consistent with the rules, our cur-
rent study evaluated the effect of phthalate mixtures in
multiple statistical methods, including logistic regression,
RCS, WQS, and BKMR models. BKMR models provide
graphical outputs to directly display the dose-response
curve. However, the linear or nonlinear relationship of
the dose—effect introduces additional complexities in the
models, and the approximation functions are dependent on
the specific data structures of the cohort, all of which led
to challenges in making direct comparisons of the results
from different cohorts (Zhuang et al. 2021). In the absence
of other similar mixture studies with which to compare
our results, the epidemiological explanations for the find-
ings of the current mixture are based on FGR results from
conventional single-pollutant analyses evaluating maternal
preconception exposure to phthalates using multiple logis-
tic regression models.

The strengths and limitations of this study should be noted.
Our study had several strengths. First, our study used a variety
of statistical methods to estimate the combined exposure of
phthalates on the risk of FGR, which could be used to ana-
lyze the effects of phthalates on developmental outcomes in a
more comprehensive manner. Moreover, the cases and controls
in this study were matched by the age of the pregnant moth-
ers, which could reduce the confounding bias. Our study also
had limitations. This study only included pregnant women of
Zhuang nationality in Guangxi, China, so the generalization
of the results of this study must be performed with caution.
Even though serum levels can be good internal biomarkers for
detecting exposure to phthalates, comparisons with other types
of samples, such as plasma, urine, or amniotic fluid samples,
are still difficult according to the current approaches. In addi-
tion, the metabolism of phthalates is related to methylation
or polymorphisms, which encouraged us to comprehensively
explore the complex interactions of genes and the environment
on adverse pregnancy outcomes. Finally, given the exploratory
nature of the study, we detected phthalates and their metabo-
lites at a gestational week <22 weeks, and we did not further
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estimate the effects of cumulative exposure to phthalates at
different stages of pregnancy on fetal development.

Conclusion

In conclusion, elevated BBP, DEHP, DEP, and DMP concen-
trations were positively associated with a high risk of FGR,
while DBP and MBP had inverse relationships with the risk of
FGR. Coexposure to phthalates in early pregnancy increases
the risk of FGR. Our findings indicate the risks of phthalates
to maternal and child health, which provides new evidence
for public health.
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