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Abstract

Benzyl butyl phthalate (BBP) is a persistent environmental pollutant. BBP exposure and the possible effects on human neural
tube defects (NTDs) remain elusive. In this study, we found that the detection ratio of positive BBP and its metabolites in
maternal urine was obviously higher in NTDs’ population than that in normal controls by GC-MS (P < 0.01, P < 0.05,
respectively). Animal experiments showed that BBP treatment induced developmental toxicity in chick embryo by enhancing
the levels of oxidative stress and cell apoptosis (P < 0.01). More interestingly, the supplement of high-dose choline (CHO, 10
5 μg/mL) could partially restore the teratogenic effects of BBP by inhibiting the occurrence of oxidative stress. Our data
collectively suggest that BBP exposure may disturb neural tube development by strengthening oxidative stress. CHO can
partially restore the toxicity effects of BBP. This study may provide new insight for NTD prevention.
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Introduction
Neural tube defects (NTDs) are one of the most common crippling
birth defects with an overall incidence in the United States of
America of 1–2 per 1000 births [1]. China, which has the largest
population in the world also has the highest incidence of birth
defects in which NTDs are in the top five [2]. There are three
common types of NTDs: encephalocele, anencephaly, and spina
bifida cystica (open spina bifida), which are considered to be
resulting from the failure of normal neural tube closure between
the third and fourth week of embryonic development [3, 4]. A
range of genetic and environmental factors are thought to be
responsible for NTDs; environmental factors include nutritional
deficiencies [5, 6], chemical exposures [7], air pollution [8], etc.

Benzyl butyl phthalate (BBP) is one kind of phthalic acid esters
(PAEs), which has a close relationship with reproductive defects
[9]. Studies showed that BBP retarded the outgrowth of fibroblasts
from newborn rat cerebellum [10, 11]. The weight of uterus and
ovary declined significantly when the immature female rats were
administered BBP (200 mg/kg) orally from postnatal day 21 daily
for 20 days [12]. These results suggest that BBP may affect the
development of embryos in animals. However, up to now, limited
information was available about the possible link between BBP
and the occurrence of NTDs.

Some studies reported that NTDs were associated with oxida-
tive stress in mouse and rats [13–15]. Oxidative stress from
psychosocial stress might affect neurodevelopment in autism
[16] and inhibit the expression of Pax-3, which is essential for
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neural tube closure [15]. PAE exposure altered the peroxidase
level and the malondialdehyde (MDA) production on abalone
embryonic development [17], suggesting that oxidative stress
may be involved in PAE-induced abnormal embryonic develop-
ment. However, whether NTDs induced by BBP were associated
with reactive oxygen species is still largely unknown.

In this study, the distribution of BBP and its metabolites
monobenzyl phthalate (MBZP) was detected in urine from moth-
ers whose babies had NTDs and age-matched controls. Further-
more, reactive oxygen species (ROS) level and oxidative stress
indicators were detected in BBP-treated chick embryos. Recovery
experiments by nutritional supplements were also performed to
observe the changes of indicators described above following BBP
exposure. The study may provide new insights into prevention of
NTDs at early stage of pregnancy.

Method and Materials
Sample collections

A population-based embryo development defects survey was
performed in Family Planning Technique Service Station in
Qian’xi, Hebei Province. The station provides family planning
technique service, fertility guidance and contraceptive coun-
seling, premarital counseling, and newlywed health care, pre-
marital health care, and medical examination. Mothers whose
babies had NTDs and age-matched controls were surveyed
by questionnaire which contained the general condition. The
inclusion criteria included that fetus was found to be spina
bifida or anencephaly by B-mode ultrasound, and participants
or their family members signed an informed consent. The
exclusion criteria included that ultrasound diagnosis of fetal
congenital spina bifida accompanied by other malformations
in pregnant women; serum HIV and/or syphilis antibody were
positive; patients with a history of underlying diseases, severe
cardiovascular disease, diabetes, severe infections, etc.; refusal
to sign informed consent; and severe deficiency of folic acid.
The primary outcome measure was ultrasound diagnosis of
fetal spina bifida in pregnant women. The secondary outcome
measure was serum folate levels in pregnant women. The control
groups were obtained from allowable therapeutic abortions or
pregnancy test. In case group, induced abortions were performed
when fetus was found to be spina bifida or anencephaly by B-
mode ultrasound. After approval of the patient consent, urine
was collected and frozen in −20◦C refrigerator. This study was
approved by the Ethics Committee of National Research Institute
for Family Planning. The collection of fetal tissues followed the
procedures that are in accordance with the ethical standards as
formulated in the Helsinki Declaration.

The detection of BBP in maternal urine by GC-MS

The urine samples (100 μL) were extracted by hexane and shaken
on the concentrator. Then organic phase was taken from the
upper layer. The process of extraction is repeated for three times.
The organic phase was adsorbed by N2 and dissolved by hexane.
After the pretreatment of urine, the detection of BBP and its
metabolites MBZP was performed by GC-MS assay, and recov-
ery (%), retention time (R.T.), characteristic ion, and limits of
quantification (LOQs) of BBP and MBZP were shown in Table S1,
respectively.

Embryo treatment

White Leghorn chicken eggs (Bovan strain) were purchased from
Merial Vital Laboratory Animal Technology Co., Ltd (Beijing,

China). To begin embryonic development, chick eggs were placed
in automatic tilting racks in an incubator (Grumpatch, Savannah,
GA, USA) and incubated at 38◦C and 60% humidity. According
to our preliminary experiments, chick embryos were treated
with BBP 31.1 μg/mL with/without 104 μg/mL folic acid (FA),
1312.9 μg/mL ferrous sulfate (FeSO4, Fe), or 105 μg/mL choline
(CHO) at Hamburger-Hamilton (HH) stages 6, 8, and 12 [18]. BBP,
FA, FeSO4, and CHO were directly injected into the center of the
egg yolk via a small hole at the blunt end of the egg using an
established protocol [19] at HH stages 6, 8, and 12, respectively.
Embryos were harvested for analysis after incubation for 72 h
(HH stage 20).

The detection of ROS in chick embryos

Live chick embryos, harvested after 72 h, were taken into the
24-well cell culture plate. 10 μM DCFH-DA 500 μL was added
into the plate at 37◦C for 30 min. Samples without the addition
of DCFH-DA were used as the negative control. The whole-
mount images were visualized using 20× objective under Zeiss
lumar V12 fluorescence stereomicroscope (Zeiss, Jena, Germany).
Fluorescence intensity was analyzed using Axiovision Rel.4.8
software. Quantification of fluorescence in each treatment group
should substract the background from the negative control
values.

The detection of oxidative stress-related indicators
in chick embryos

The detection of malondialdehyde (MDA) was performed by Lipid
Peroxidation (MDA) Assay Kit (Beyotime, China). The absorbance
of samples was recorded at 532 nm with a 96-well plate reader
(Bio-Rad 3550). The content of MDA could be calculated according
to the standard curve.

The detection of total superoxide dismutase (SOD) and
CuZn/Mn-SOD was carried out by Cu/Zn-SOD and Mn-SOD
Assay Kit with WST-1 (Beyotime, China). The absorbance of
samples was recorded at 450 nm with a 96-well plate reader
(Bio-Rad 3550). The inhibition ratio is shown by the following
equation: The inhibition ratio = [(A blank 1-A blank2)-(Asample-
Ablank3)]/(A blank 1-A blank 2) × 100%. The definition of the
unit of SOD activity is that SOD activity is one unit when the
inhibition ratio is 50% at the reaction system described above.

The detection of glutathione peroxidase (GPX) was performed
by Cellular Glutathione Peroxidase Assay Kit (Beyotime, China).
The absorbance of samples was recorded at 340 nm with a 96-
well plate reader (Bio-Rad 3550). The recording was performed
every 30s a time for at least 3 min. The definition of the unit of
GPX activity is that one unit can catalyze 1 μm nicotinamide ade-
nine dinucleotide phosphate (NADPH) to nicotinamide adenine
dinucleotide phosphate (NADP+) within 1 min in the existence
of glutathione (GSH), glutathione reductase (GR), and t-Bu-OOH
at 25◦C and PH 8.0.

Terminal deoxynucleotidyl transferase-mediated
biotinylated dUTP nick end labeling (TUNEL) staining

In whole-mount TUNEL staining, chicken embryos were fixed,
dehydrated, and rehydrated through graded methanol
concentrations into PBS containing 0.1% Tween-20 (PBST).
DeadEnd Colorimetric TUNEL System (Promega, Madison, WI,
USA) was used for in situ visualization of DNA fragmentation in
whole-mount embryos. Embryos were incubated with a solution
consisting of equilibration buffer, nucleotide mix, and TdT
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Table 1: Detection of benzyl butyl phthalate (BBP) and its metabolites in urine

Metabolites Controls Cases
N N of positive

samples
Positive ratio N N of positive

samples
Positive ratio (%)

BBP 40 4 10.00% 41 15 36.59∗∗
MBZP 40 0 0% 41 2 4.88∗

MBZP: monobenzyl phthalate
∗∗Compared with controls, P < 0.01
∗Compared with controls, P < 0.05

enzyme at 4 ◦C overnight and then incubated with streptavidin-
horseradish peroxidase and stained with diaminobenzidine.
Embryos were examined and recorded using 20× objective
under the bright field of a Zeiss lumar V12 fluorescence
stereomicroscope (Zeiss, Jena, Germany). At least three embryos
were analyzed in each treatment group in whole-mount
TUNEL staining. Due to the limit in the magnification of the
stereomicroscope (Zeiss, Jena, Germany) in our laboratory, so far,
it is not ideal to use this scope to observe individual apoptotic
cells in the whole-mount photographs. So the mean optical
densities (MOD) of apoptotic signals were analyzed using NIS-
Elements Br 3.0 software (Nikon, Japan) in five different optical
fields selected in a random manner for each sample. The
percentage of MOD of apoptotic signals were expressed as ratio of
MOD of apoptotic signals vs total signals of five different optical
fields selected in a random manner.

Data analysis

The analyses were performed using the SPSS 25.0 statistical soft-
ware package. All data were analyzed using analysis of variance
(ANOVA), in which results were presented as mean values (±SD)
in at least three independent experiments. A value of P < 0.05
was considered statistically significant.

Results
The distribution of BBP in urine in NTD population

To investigate whether NTDs are associated with BBP, the distri-
bution of BBP and its metabolites MBZP was detected in urine
from 44 pregnant women whose babies had NTDs and 40 age-
matched controls by GC-MS. Four cases are excluded in this
study and the percentage was about 10%. As shown in Table 1
and Fig. S1, the detection ratio of positive BBP and MBZP in
the NTD population was about 36.59 and 4.88%, respectively.
In control group, we only detected BBP, and the detection ratio
of positive samples was about 10.00%. These results indicated
that the incidence of NTDs in humans might associate with the
distribution of BBP.

BBP induces ROS and alters the level of oxidative
stress indicators in chick embryos

Since the results from the NTD population indicate that
higher detection for BBP may be observed in women with
NTD affected fetuses, we decided to use chick embryos as
models to further our investigations on BBP exposure. The ROS
level and oxidative stress indicators were identified in BBP-
treated chick embryos. As shown in Fig. 1, the fluorescence
signals of ROS were increased 2.1-fold in BBP-treated chick
embryos compared with the control (administration of saline,
P < 0.01), suggesting that BBP could induce the production
of oxidative stress in chick embryos. The result was similar

from the analysis of the fluorescence signals of ROS in
the brain, heart, and spine of chick embryos, respectively
(Fig. 1B2–B4).

Oxidative stress indicators, including SOD, MDA, and GPX,
were altered after BBP treatment. As shown in Fig. 2, the total
SOD activity was significantly decreased in BBP -treated chick
embryos (P < 0.05) as compared with the control (administration
of saline). Cu-Zn SOD activity was also dramatically decreased
(P < 0.05). BBP significantly reduced the level of MDA (P < 0.01)
but did not obviously change the activity of GPX. All these results
further implied that BBP-induced abnormal embryonic develop-
ment may be closely associated with oxidative stress response.

BBP affects the apoptosis in chick embryos

It has been reported that oxidative stress can induce cellular
apoptotic responses [17]. Therefore, we analyzed the change of
cell apoptosis in BBP-treated chick embryos by whole-mount
TUNEL assay. The results showed that TUNEL-positive signals
were significantly increased in whole embryo after BBP treat-
ment compared with controls (Fig. 3A and B1, P < 0.01), which
indicated that BBP could promote apoptosis. The result was
similar from the analysis of TUNEL-positive signals in the brain,
heart, and spine of chick embryos, respectively (Fig. 3B2–B4).

High dose of CHO protects chick embryos from
BBP-induced teratogenic effects

In order to seek the nutrients which can antagonize toxicity
caused by BBP, recovery experiments by nutritional supplements
were performed to observe the changes of phenotype (Figs 1–
3). The supplement of FeSO4 (Fe, 1312.9 μg/mL), folic acid (FA,
104 μg/mL), or CHO (105 μg/mL) was administrated into chick
embryos treated with or without BBP (31.1 μg/mL), respectively.

The ROS level was evidently restrained in BBP-treated chick
embryos by CHO (105 μg/mL, Fig. 1A and B1, Table 2). Similar
results were from the analysis of the fluorescence signals of
ROS in the heart and spine of chick embryos, respectively
(Fig. 1B3–B4).

CHO (105 μg/mL) supplement increased total SOD and Cu-
Zn SOD activity in BBP-treated chick embryos (Fig. 2A, P < 0.05,
Table 2). However, CHO (105 μg/mL) had little effect on the level of
MDA (Fig. 2B, Table 2). Moreover, Fe and FA had no obvious effect
on ROS level, SOD activity, and MDA content. Moreover, the GPX
activity had almost no significant changes after the treatment of
BBP and other nutrients.

In addition, CHO (105 μg/mL) significantly restrained apopto-
sis of BBP-treated chick embryos (Fig. 3A and B1, P < 0.01,Table 2).
However, there were no significant changes in BBP-induced
apoptosis in chick embryos with supplement of Fe and FA.
The result was similar from analysis of TUNEL-positive signals
in the brain, heart, and spine of chick embryos, respectively
(Fig. 3B2–B4). All these results indicated that high dose of CHO
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Figure 1: Effects of benzyl butyl phthalate (BBP) on reactive oxygen species (ROS) in chick embryos. (A) The ROS activity was analyzed in chick embryos treated with

BBP and/or nutrients for 72 h. Scale bar = 500 μm. Red arrow indicated positive signals. (B1-B4) The histogram represents the mean optical densities (MOD) of positively

signals of ROS in whole embryos, brain, heart, and spine, respectively. ∗P < 0.05, or ∗∗P < 0.01, compared with controls (administration of saline, folic acid (FA, 104 μg/mL),

FeSO4 (Fe, 1312.9 μg/mL), or choline (CHO, 105 μg/mL) alone); #P < 0.05, or ##P < 0.01, compared with administration of BBP (31.1 μg/mL) alone

protected chick embryos from BBP-induced abnormal molecular
changes.

Discussion
The study firstly reported exposure conditions of BBP in mater-
nal body liquid in pregnant women whose babies had NTDs,

revealing that BBP had adverse effects on human pregnancy and
early embryo development.

BBP, which is commonly added during the manufacturing of
plastics to increase flexibility and elasticity, can cause develop-
mental toxicity [20]. Nicole et al. reported that BBP induces cau-
dal defects during embryonic development [20]. BBP markedly
inhibited the outgrowth of nerve fibers and glial cells from
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Figure 2: effects of benzyl butyl phthalate (BBP) on the oxidative stress-related indicators in chick embryos. (A) The activity of total superoxide dismutase (SOD), Mn SOD,

and Cu-Zn SOD was analyzed in chick embryos treated with BBP and/or nutrients for 72 h. (B and C) The malondialdehyde (MDA) content and glutathione peroxidase

(GPX) activity were detected in chick embryos treated with BBP and/or nutrients. All data correspond to mean ± S.D (n = 3). ∗P < 0.05, or ∗∗P < 0.01, compared with control

(administration of saline, folic acid (FA, 104 μg/mL), FeSO4 (Fe, 1312.9 μg/mL), or choline (CHO, 105 μg/mL) alone); #P < 0.05, or ##P < 0.01, compared with administration

of BBP (31.1 μg/mL) alone

cerebellar explants of newborn rat in primary culture at con-
centrations of 7.0 × 10−4 M [11]. However, the possible effects of
BBP on human NTD remain elusive. In this study, the detection
ratio of BBP and its metabolites MBZP in maternal urine in NTD
population was higher than that in controls (P < 0.01, P < 0.05,

respectively), which indicated that BBP might be associated with
the NTDs to some extent.

To further identify the effects of BBP on early embryo devel-
opment and investigate the possible pathogenic mechanism,
the study chose chick embryos as an animal model for further
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Figure 3: effects of benzyl butyl phthalate (BBP) on the apoptosis in chick embryos. (A) Apoptosis signals were detected by whole-mount TUNEL staining in chick embryos

treated with BBP and/or nutrients for 72 h. Scale bar = 500 μm. (B1-B4) The histogram represents the relative mean optical densities (MOD) of apoptotic signals in whole

embryos, brain, heart, and spine, respectively. The percentage of MOD of apoptotic signals were expressed as ratio of MOD of apoptotic signals vs total signals of five

different optical fields selected in a random manner. ∗P < 0.05, or ∗∗P < 0.01, compared with control (administration of saline, folic acid (FA, 104 μg/mL), FeSO4 (Fe,

1312.9 μg/mL), or choline (CHO, 105 μg/mL) alone); #P < 0.05, or ##P < 0.01, compared with administration of BBP (31.1 μg/mL) alone

investigation. There are various advantages of chicken embryo,
such as its transparent appearance and faster time course. More-
over, since there is no maternal influence in chicken embryos,
it can reflect the direct action of exogenous high BBP on the

nervous system. It seems that the model of chick embryo has
been widely used in many researches focusing on NTDs [21–23].

Some reports indicated that the occurrence of NTDs associ-
ated with oxidative stress [13–15]. Our research indicates that
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Table 2: The effect of supplement of nutritive elements on BBP-
induced teratogenic effects in chick embryos

Risk factor BBP

Nutritive element Fa CHO Fe

Concentration 104 μg/mL 105 μg/mL 1312.9 μg/mL
Apoptosis No Yes No
ROS No Yes No
Total SOD No Yes No
Cu-Zn SOD No Yes No
Mn SOD No No No
GPX No No No
MDA No Yes No

BBP, benzyl butyl phthalate; ROS, reactive oxygen species; MDA, malondialde-
hyde; SOD, superoxide dismutase; GPX, glutathione peroxidase; MOD, mean
optical densities; Fe, FeSO4; FA, folic acid; CHO, choline
Yes means that the supplement of nutritive element can partially restore terato-
genic effects in chick embryos. No means that this kind of nutritive element has
little effect.

the level of ROS was significantly enhanced in BBP-treated chick
embryos (P < 0.01). Additionally, the alteration of oxidative stress-
related indicators shows that BBP enhanced lipid peroxidation
and inhibited the antioxidation in chick embryos. These results
imply that BBP induced abnormal development of neural via
boosting the oxidative stress response.

Studies revealed that oxidative stress can induce the response
of cellular apoptosis [24, 25]. Emerging evidence indicate that
oxidative stress closely associates with induction of programmed
cell death in neurodevelopment in both animal models and
human nerve biopsies [24–26]. In our research, the signal of
apoptosis was significantly more obvious in BBP-treated chick
embryos than control (P < 0.01), which was consistent with the
results of oxidative stress level, implying that oxidative stress
was concerned with BBP-induced abnormal development of neu-
ral tube by accelerating cell apoptosis.

In order to further analyze the effects of BBP on embryo
development, the recovery experiment by nutritional supple-
ments was performed to seek the nutrients which can antag-
onize embryo toxicity of BBP. The results showed that CHO
(105 μg/mL) supplementation could partially restore the level
of ROS and oxidative stress indicators and restrained apopto-
sis. Studies indicate that CHO has critical and diverse roles
in both cellular maintenance and growth across all life stages
of the human, including roles in membrane synthesis, neuro-
transmission, one-carbon metabolism, and lipid transport [27].
CHO closely associates with adverse health outcomes, including
birth defects, hepatic steatosis, neurodevelopment and cognition
alterations, cancer, and cardiovascular disease (CVD) [27]. In our
research, high-dose CHO may inhibit the occurrence of oxidative
stress by increasing the SOD activity and reducing MDA content
to antagonize toxic damage induced by BBP.

It’s known that FA is essential for health from early life to old
age, which is vital for rapidly growing tissues and proliferating
cells [28]. Beneficial effects of folate fortification and supplemen-
tation in preventing neural tube defects (NTD) have been well-
documented [29–31]. However, FA supplement, which did not
show significant effect in protecting embryos in the study, may
be associated with its little effect on oxidative stress response.
These findings may provide clues to neural tube defects which
can be not protected from FA supplementation. However, the
molecular mechanism of CHO protective effect still needs further
research.

Conclusion
The study established the first association between BBP and the
incidence of human NTDs by analyzing the detection rate of
positive BBP in NTD population. The results were then further
confirmed by experiments from chick embryos. Additionally,
CHO (105 μg/mL), not FA supplementation, could partially reverse
the embryo toxicity induced by BBP. The molecular mechanism of
CHO protective effect still needs research in the future. All these
findings may give insight into understanding of NTD etiology and
create an opportunity to approach the prevention and diagnosis
of NTDs.
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