Chemosphere xxx (2018) xxx-Xxx

B e
e

Contents lists available at ScienceDirect

Chemosphere

journal homepage: www.elsevier.com

Maternal di-(2-ethylhexyl) phthalate exposure inhibits cerebellar granule precursor
cell proliferation via down-regulating the Shh signaling pathway in male offspring

Yuanyuan Fu', Jing Dong', Mingdan You, Zhangzhao Cong, Lingling Wei, Hui Fu, Yi Wang, Yuan Wang, Jie Chen*

Department of Occupational and Environmental Health, School of Public Health, China Medical University, No. 77 Puhe Road, Shenyang 110122, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 7 June 2018

Received in revised form 4 October 2018
Accepted 6 October 2018

Available online xxx

Handling Editor: A. Gies

Di-(2-ethylhexyl) phthalate (DEHP) is an endocrine disrupting chemical (EDC) widely used as a plasticizer
in many materials. Epidemiological investigations have shown that DEHP exposure during early development
is related to cerebellar-related adverse neurodevelopmental outcomes. However, animal studies involving the
effect of DEHP exposure on cerebellar development have rarely been reported and the potential mechanisms
are unclear. The aim of this study was to investigate the effect of maternal DEHP exposure on the proliferation
of cerebellar granule cell precursor cells (GCPs) and the mechanisms involved. Wistar rats were randomly
assigned to four exposure groups and given 0, 30, 300, or 750mg/kg/d DEHP by intragastric administration
Keywords: from gestational day (GD) 0 to postnatal day (PN) 21. Exposure to 300 and 750 mg/kg/d DEHP restrained
DEHP GCPs proliferation and impaired neurodevelopment for males. Furthermore, exposure to 300 and 750 mg/kg/
EDCs d DEHP decreased male pups protein expressions and mRNA levels of molecules related to proliferation, in-
Cerebellum cluding Shh, Glil, N-Myc, CyclinD1. In addition, the estrogen level and aromatase expression also reduced
Granule cell precursor in male pups after maternal exposure to DEHP. However, effects on females were not obvious. These results
Proliferation suggested that 300 and 750 mg/kg/d DEHP exposure inhibit the proliferation of GCPs in male offspring and
ultimately contribute to the impairment of neuromotor development. This, may be caused by the down-regu-
lation of Shh signaling. And the susceptibility of male offspring to DEHP exposure may be attributed to the
decreased estrogen level and aromatase expression in male pup's cerebellum.

©2018.
1. Introduction (MEHHP),  mono-2-ethyl-5-oxohexyl = phthalate =~ (MEOHP),
mono-2-ethyl-5-carboxypentyl phthalate (MECPP) and 2-car-

Di-(2-ethylhexyl) phthalate (DEHP) is widely used as a plasti-
cizer as it renders softness and elasticity to normally tough plastic
(Kay et al., 2013). It has a wide spectrum of commercial and indus-
trial applications, such as food and beverage packaging, children's
toys, personal care products, building materials and medical devices
(Bernard et al., 2015; Sakhi et al., 2017; Tickner et al., 2001). It is
generally believed that DEHP is not covalently bound to the polymer
matrix, which makes it susceptible to leaching into the environment
(Chiellini et al., 2011; Erythropel et al., 2014). Consequently, people
can be daily exposed to it through the ingestion and inhalation as well
as by dermal contact (Martinez-Arguelles and Papadopoulos, 2016).
The gastrointestinal tract is usually considered the main absorption
pathway for DEHP (Howdeshell et al., 2008; Martino-Andrade and
Chahoud, 2010; Wittassek et al., 2011). When entering the body by
an oral approach, most DEHP is quickly hydrolyzed to mono-(2-eth-
ylhexyl) phthalate (MEHP), mono-2-ethyl-5-hydroxyhexyl phthalate
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boxymethylhexyl phthalate (MCMHP) (Wittassek and Angerer,
2008). Urine is the major route of excretion for such metabolites
(Chang-Liao et al., 2013; Koch et al., 2010).

As a representative of environmental endocrine disrupting chem-
icals (EDCs), the toxicity of DEHP has been widely investigated,
mainly regarding reproductive development (Hannon et al., 2015;
Pocar et al., 2017; Wang et al., 2016). Recently, the focus on DEHP
of neurodevelopment is emerging. It is worth noting that DEHP and
its metabolites can pass through the placental barrier or exist in breast
milk to be taken up by the fetus or nursing infant, and then affected
the growth and development of the progeny (Fromme et al., 2011;
Koch et al., 2010; Shin et al., 2014). Many prior studies have in-
dicated that prenatal exposure to phthalates may be inversely asso-
ciated with the mental and psychomotor developmental and indices
of infants' and school age children's IQ (Cho et al., 2010; Kim et
al., 2011; Téllezrojo et al., 2013; Whyatt et al., 2012). In addition,
there is a positive correlation between DEHP metabolite concentra-
tion in urine and symptoms of attention deficit hyperactivity disorder
(ADHD) (Cho et al., 2010; Chopra et al., 2014). ADHD is a multiple
etiological disorder that involve in many encephalic regions which in-
clude cerebellum (Vieira et al., 2018). People with ADHD are often
reported to have cerebellar abnormalities (Valera et al., 2007). Further-
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more, it was considered that DEHP exposure during pregnancy and
lactation affected neurodevelopment of offspring in a sex-specific
manner (Luu et al., 2017; Rebuli and Patisaul, 2016; You et al., 2018).
This might involve in the level of estrogen and the aromatase activity,
a key enzyme for estrogen synthesis, in the brain of male pups (Dai
et al., 2015; Smith and Holahan, 2014; Smith et al., 2011). Although
many epidemiological investigations have shown a relationship be-
tween maternal DEHP exposure and cerebellar-related neurodevelop-
ment in offspring, few animal investigations exist concerning about
the effects of DEHP exposure on the development of the cerebellum
and its motor function.

The cerebellum is thought to be mainly related to motor function,
coordination and motor learning. Once the function of the cerebellum
is impaired, alterations in body balance, motor coordination, muscle
strength and even neurodevelopmental disorders occur (Deuschl et al.,
2001; Koziol et al., 2012; Thach et al., 1992; Timmann et al., 2010).
These alterations can be detected by behavioral tests including sur-
face righting reflex, grip strength and negative geotaxis reflex and so
on, which are related to the normal development of cerebellar gran-
ule cells (GCs) (Gallegos et al., 2016; Souza et al., 2015; Zhao et al.,
2015). GCs make up the largest number of cells in the cerebellum, and
a reduction in number can result in the formation of a smaller cerebel-
lum and abnormal foliation (Cairns et al., 2016). It is generally consid-
ered that the number of cerebellar GCs relied on normal cellular pro-
liferation (Miyazawa et al., 2000). Therefore, the normal proliferation
of GCs during the proliferative phase will eventually affect the mor-
phology and function of the cerebellum. GCs arise from cells in the
outer granular layer (EGL), known as cerebellar granule cell precur-
sor cells (GCPs). GCPs proliferation mainly occurs two weeks postna-
tally (Ceccarelli et al., 2015; Klein et al., 2001), the Sonic hedgehog
(Shh) signal pathway plays an important role during the proliferation
of GCPs (Fernandez et al., 2010; Subkhankulova et al., 2010; Vaillant
and Monard, 2009).

Shh is a morphogen that is primarily involved in cerebellar for-
mation and maturation. More importantly, Shh is required to regulate
the proliferation of GCPs (Manto and Patrice, 2012). As the transcrip-
tional effector of Shh signaling, Glil can activate target genes includ-
ing N-Myc and CyclinD1 (Wallace, 1999), which directly promote
precursor to entry into the cell cycle and DNA duplication (Kenney et
al., 2003; Knoepfler et al., 2002; Oliver et al., 2003).

Although a great deal of study has provided evidence for the bad
consequences of DEHP on animal and human health, such as dam-
age to the reproductive system (Kay et al., 2013), disruption of the
endocrine system (Boas et al., 2010; Ghisari and Bonefeld-Jorgensen,
2009), and dysregulation of the immune system (Wang et al., 2014,
2017), its hazardous effect and specific mechanisms in the nervous
system, especially in the cerebellum, are unclear. Consequently, in our
study, female rats were exposed to DEHP by gavage during pregnancy
and lactation to study the effects of maternal DEHP exposure on the
proliferation of cerebellar GCPs and behavioral development in pups.
We also, investigated the underlying mechanisms involved.

2. Materials and methods
2.1. Animals

Female Wistar rats (230-250g) were obtained from the Center
for Experimental Animals at China Medical University (Shenyang,
China) with a National Animal Use License number of
SCXK-LN2013-0007. All experiments and surgical procedures were
approved by the Animal Use and Care Committee at China Med-
ical University, which complies with the National Institutes of Health

Guide for the Care and Use of Laboratory Animals. All efforts were
made to minimize the number of animals used and their suffering. Rats
were housed at a temperature of 24+ 1 °C with 12h light/12h dark cy-
cles. DEHP-free food and water were provided ad libitum.

2.2. DEHP administration

Female Wistar rats were randomly assigned into four groups
(n=20 per group), the control group and three DEHP treatment
groups. Female rats were adaptive fed for 1 week and then mated
with the normal male rats (R/3=2:1). The day of the vaginal plug
was taken as gestational day (GD) 0. Then pregnant rats were ad-
ministered via oral gavage 0,30mg/kg/d, 300 mg/kg/d, 750 mg/kg/d
DEHP (Sigma-Aldrich, purity >99.5%, Germany) in 0.1 ml corn oil
(Sigma-Aldrich, Germany)/20g body weight from GD 0 to postna-
tal day (PN) 21. This dose range was selected with reference to the
effects measured in neurodevelopment in previous studies (Moore et
al., 2001; Smith et al., 2011). According to the conversion coefficient
between human and rat (Reagan-shaw et al., 2008), 30mg/kg/d rep-
resents the general population exposure (Campioli et al., 2014), Fur-
thermore, the European Union and the United States determined that
DEHP did not affect human health with a limit of 48 mg/kg/d, which
converted to rat equivalent dose based on the body surface area was
approximately 300 mg/kg/d (Koch et al., 2010; Virtanen et al., 2005).
Moreover, 750 mg/kg/d is 1/40 half lethal dose of DEHP. Each litter
was culled to eight to nine pups at PN 4 (same number of males and
females in each group, if possible).

2.3. Measurement of urine DEHP metabolites

The urine of six pregnant rats per group were collected at GD 19
to measure the concentration of MEHP, MEHHP, MEOHP, MECPP
and MCMHP with gas chromatography-mass spectrometry (GC-MS)
(Agilent 7890B-7000C, Agilent Technologies, Palo Alto, CA, USA).
The isotopic label of the five metabolites MEHP-13C4, MEHHP-" C4,
MEOHP-"*C4, MECPP-"*C4, MCMHP-"*C4 (Cambridge, Isotope
Laboratories, American) were mixed equally as internal standard sub-
stance mixtures. Then urine was taken enzymatic hydrolysis in 37°C
water baths for 120min. Followed by the HLB column (Waters corpo-
ration, Milford Massachusegtts USA) was eluted with 1 ml mixture of
urine samples incubated. Finally, the eluate was dried with high pu-
rity nitrogen and then were added 20 pl of BSTFA (Sigma-Aldrich,
USA), 1ml of TMCS (Sigma-Aldrich, USA) and 80pl of pyridine
(Sigma-Aldrich, USA) to derive at 30°C for 30 min. The concentra-
tions were measured by GC-MS. The limit of detection (LOD) for
MEHP, MECPP, MEOHP, MEMHP, MEHHP is 3.8 ng/ml, 11.6ng/
ml, 25.6 ng/ml, 0.6 ng/ml, 2.6 ng/ml, respectively.

2.4. Immunofluorescence

Pups from each group were perfused transcardially with 4%
paraformaldehyde at PN 7 and PN 14. Then the fixed cerebellum was
embedded in paraffin and sectioned into 4 pm thick sagittal sections.
For immunofluorescence, sections were incubated overnight at 4 °C
with the rabbit anti-pax 6 antibody (Millipore Corporation, MA, USA;
1:400 dilution) and the mouse anti-proliferating cell nuclear antigen
(PCNA) antibody (Abcam, MA, USA. 1:400 dilution). Tissue sec-
tions were then washed three times in PBS followed by incubation
with secondary antibody conjugated to the fluorescent markers FITC
and TRITC (Zhongshan Biotechnology, Beijing, China. 1:100 dilu-
tion) at room temperature for 2 h. The pictures were obtained from
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fluorescence microscopy (BX61+DP-71, Olympus/IPP, JAPAN/
USA) at a magnification of 200x (objective 20x and ocular 10x).
The proliferative and no proliferative GCs in the cerebellar EGL were
counted by a blinding method using Image-Pro Plus 6.0 software (Me-
dia Cybernetics, Inc, Silver Spring, MD, USA). Three different fields
were selected from lobule 4-5 regions per section, and three sections
per animal were evaluated to obtain a mean value. Six male rats and
six female rats from each group were used to obtain an overall value
for subsequent statistical analysis for each time point. Results were ex-
pressed as proliferation rate which was the ratio of the number of pro-
liferative GCs versus the number of total GCs.

2.5. Behavioral tests

Surface righting reflex was performed at PN 3, PN 5 and PN 7.
Pups were individually placed in a supine position on a flat surface
and the time that pups returned to prone posture with all four paws on
the surface was recorded. The righting reflex from a supine to a prone
position was present on the first day after birth (Sekuli¢ et al., 2009).
There was no significant change in the amount of time which the rats
overturned from supine to prone position seven days after birth (Jing
et al., 2014). So, we choose PN 3, PN 5 and PN 7 as representatives
to do surface righting reflex. Furthermore, the time we chose in sur-
face righting reflex coincided with other literature (Zhao et al., 2015).
Negative geotaxis reflex was carried at PN 7, PN 8 and PN 9, pup was
oriented toward the top on the rough surface with a slope of 45° and
the time to rotate 180° was recorded. The negative geotaxis reflex de-
velops in the second week of life in normal pups (Hobbs et al., 2008).
Pups were tested at PN 7 to ensure the reflex had developed, and that
the eyelids remained closed. The experiment was conducted on PN 7,
8, 9 which were in consistent with other reports (Brys et al., 2014;
Omer et al., 1991). On PN 14, PN 15 and PN16, forelimb grip strength
was conducted to evaluate the forelimb strength of pups, each pup was
suspended by its forelimb from a fixed wire a few centimeters above
the floor, and the time it held on to the rod before falling was recorded.
Rats can use their front claw to catch the iron bar on PN 10, but the
ability of grip suspension was stable after 14 days of the birth. (Zhao
et al., 2015). Therefore, the test was carried out on PN 14, 15 and 16
which is in accordance with the following literature (Brys et al., 2014).
Twelve pups (gender in half) from each group were collected to con-
duct in the above three experiments.

2.6. Real-time PCR

Total RNA was isolated from cerebellar homogenates using the
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and reverse tran-
scribed into cDNA with Prime Script RT kit as previously described
(DRRO47A, Takara, Japan) (Wang et al., 2017). Primers were de-
signed with Primer 3 (http://bioinfo.ut.ee/primer3-0.4.0/primer3/), and
the sequences were checked using a BLAST search (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). The sequences of specific primer pairs are
described as Table 1. GAPDH was set as internal control for de-

Table 1
Primer sequences for real-time PCR.

termining ACT values. Fold increases in expression were normalized
to the control group by determining 2785 values.

2.7. Western blotting

The proteins of pups cerebellum from each group were prepared
as previously described at PN 7, PN 14 (Wang et al., 2017). Concen-
trations of tissue lysates were estimated by Pierce BCA Protein As-
say Kit (Thermo Scientific, USA) and diluted to 3 pg/pl. Then, sam-
ple was separated on 10% SDS-acrylamide gels. Proteins were sepa-
rated by applying a constant voltage of 100V for 1.5h and were then
transferred onto PVDF membranes at a constant voltage of 100V for
60min. After blocking nonspecific sites with TBS containing 0.1%
Tween 20 (TBST) and 5% defatted dried milk, membranes were
washed and incubated with goat primary antibody anti-Shh (Santa
Cruz Biotechnology, Inc. 1:200 dilution), rabbit anti-N-Myc (Santa
Cruz Biotechnology, Inc. 1:200 dilution), mouse anti-Cyclin D1
(Santa Cruz Biotechnology, Inc. 1:200 dilution), rabbit anti-Glil (Ab-
cam, MA, USA. 1:500 dilution), rabbit anti-aromatase (Abcam, MA,
USA. 1:500 dilution) and rabbit anti-p-actin (Santa Cruz Biotechnol-
ogy, Inc. 1:200 dilution) overnight at 4 °C. Membranes were then in-
cubated with goat anti-rabbit, or mouse anti-goat horseradish peroxi-
dase-conjugated secondary antibody (Zhongshan Biotechnology, Bei-
jing, China, 1:2500 dilution). Finally, blots were visualized using the
Bioanalytical Imaging System (Azure Biosystems, Inc). The relative
density of the blot was quantified via Image-Pro Plus 6.0 software
(Media Cybernetics, Inc, Silver Spring, MD, USA).

2.8. ELISA measurement of estradiol in cerebellum tissue

The tissue sample of each rat was homogenized in Pierce RIPA
Buffer (Thermo Scientific, USA) containing protease and phosphatase
inhibitors. The sample was sonicated and incubated on ice for 40 min
and then centrifuged at 13,000 g for 10 minat 4 °C. The resulting su-
pernatant was re-centrifuged and saved. The protein was estimated by
Pierce BCA Protein Assay Kit (Thermo Scientific, USA), and the con-
centration of tissue lysates was diluted to 1pg/pl. For determination
of estrogen level, a commercially available ELISA kit (MEIMIAN,
China) was used according to the manufacturer's instruction. Photo-
metric analysis was done with the Varioskan Flash (Thermo Fisher,
USA).

2.9. Statistics

All analyses were carried out using SPSS software, version 21.0
(SPSS Inc., Chicago, IL, USA), and all experiments were performed
in at least triplicate. The data of net optical density of bands were pre-
sented as means+standard deviations (SD), and a one-way analysis
of variance followed by the Student-Newman-Keuls test was used to
compare the treated groups with the control group. Several indepen-
dent sample nonparametric tests were used to compare the prolifer-
ation rate and DEHP metabolites concentration in the four different

Gene Forward Primer (5°-3) Reverse Primer (5-3")

Shh AGGCTGGATTCGACTGGGTCTA AACTTGGTGCCACCCTGCTC

Glil AACATGGCAGTCGGTAACATGAG CCGCGTGTGTGTAGCCATTTAG
CyclinD1 CATCACAGCAGTCAGGGCAAC TGATGCACCAGAGACTCAGAACAA

NMYC
GAPDH

GTGGAAGTTCGGGACACTTAGGAG
GGCACAGTCAAGGCTGAGAATG

GGAATGACTTGTTTGGAAACTTGGA
ATGGTGGTGAAGACGCCAGTA
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groups, and the Kruskal-Wallis was used to compare the treated
groups with the control group. A p value of <0.05 was considered sta-
tistically significant.

3. Results
3.1. Concentration of DEHP metabolites

MEHP, MECPP, MEOHP, MEMHP and MEHHP are valuable
biomarkers of DEHP exposure, that, represent the major share of
DEHP metabolites excreted in urine (Koch et al., 2006). The con-
centrations of the five DEHP metabolites were measured by GC-MS
in the four groups. The concentrations of the five DEHP metabo-
lites in the control group were below LOD. In addition, significantly
higher concentrations of the five DEHP metabolites MEHP (Fig. 1.
H=21.934, df==3, p<0.05), MECPP (Fig. 1. H=21.943, df=3,
2<0.05), MEOHP (Fig. 1. H=21.934, df=3, p<0.05), MEMHP (Fig.
1. H=21.934, df=3, p<0.05) and MEHHP (Fig. 1. H=21.943, df=3,
»<0.05) in the rats of 30, 300 and 750mg/kg/d exposure groups
were observed compared to untreated control rats. Concentrations of
metabolites increased as the dose of DEHP contamination rose. These
results demonstrated that we were successful in establishing an animal
model for studying DEHP exposed.

3.2. Effect of maternal DEHP exposure on cerebellar granule cell
proliferation in pups

The transcription factor Pax6 is predominantly expressed through-
out the life cycle of GCs and has been considered as an appropri-
ate marker for newly formed neurons (Chung et al., 2010; Engelkamp
et al.,, 1999; Swanson et al., 2005). In addition, it can regulate the
transition of GCs from proliferation to differentiation and is critical
for cerebellar GC development (Yamasaki et al., 2001). PCNA was
identified as a proliferation marker that is expressed in the nuclei
of cells during the DNA synthesis phase of the cell cycle (Leonardi
et al., 1992; Scheuer et al.,, 2017). Therefore, Pax6" and PCNA"
were labelled in proliferating GCs. To explore the effects of DEHP
exposure on the proliferation of GCs, the number of proliferating
(Pax6'PCNA™) and non-proliferating (Pax6” PCNA™) cell was ob-
served in the EGL. The proliferation rate was found to be signifi-
cantly decreased in rats belonging to the 300 and 750 mg/kg/d groups

- |== 0 mg/kg/d *
10009 |— 30 mg/kg/d i
8001 | o 780 melkg/d

| m *
600- =

N

[=]

(=]

1
)
h%*
I
=

DEHP metobolite
concentration (mg/L)

- -
g o O
o o o ©
1 L L =
hl
*
L2
3t
*
3%
%
3%
%
3
*

Fig. 1. The concentration of DEHP metabolites in the urine of pregnant rats on
GD19. *p<0.05 vs untreated control; ﬁp<0.05 vs 30mg/kg/d contamination group; &
<0.05 vs 300 mg/kg/d contamination group; NO, not observed.

compared to the untreated control at PN 7 (Fig. 2A. H=17.473, df=3,
p<0.05) and PN 14 (Fig. 2B. H=17.393, df=3, p<0.05) in male off-
spring. However, a significant difference was not found between male
offspring of rats of the 30 mg/kg/d and control groups. In addition, for
female offspring, a significant change was also not observed at PN 7
and PN 14 (Fig. 2C and D). These findings, therefore, suggested that
DEHP exposure resulted in the inhibition of proliferation in GCPs for
male offspring.

3.3. Effect of maternal DEHP exposure on the neuromotor
development of pups

The neuromotor development of the offspring was assessed via
behavioral tests, such as measuring a surface righting reflex, nega-
tive geotaxis reflex, as well as forelimb grip strength (Gallegos et
al., 2016; Souza et al., 2015; Zhao et al., 2015). For the righting
reflex, the latency times in male pups from the 300 and 750 mg/
kg/d exposure groups were significantly increased compared with
those of the control group at PN 3 (Fig. 3A. PN 3, F (5,(,=12.950,
p<0.05), PN 5, (Fig. 3A; F 3,50)=8.263, p<0.05) and PN 7 (Fig. 3A;
F (3.20=22.039, p<0.05). Subsequently, forelimb grip strength was
measured from PN14 to PN16, and the hanging times in male off-
spring of the 300 and 750 mg/kg/d exposure groups were significantly
reduced relative to those of the control group at PN 14 (Fig. 3C; F
(3120)=5187, p<005), PN 15 (Flg 3C, F (3,20)=6002, p<005) and
PN 16 (Fig. 3C; F (3,0,=5.296, p<0.05). However, a difference in
these four groups for female offspring was not evident (Fig. 3B and
D). In addition, the negative geotaxis reflex test was conducted at
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Fig. 2. Effect of maternal DEHP exposure on cerebellar granule cell prolifera-
tion in pups. Representative photomicrographs show fluorescence staining of anti-Pax6
(red) and anti-PCNA(green) antibodies in GCs on (A) PN 7 for males, (B) PN 7 for
females, (C) PN 14 for males, and (D) PN14 for females Merged images show overlap-
ping localization of these two proteins. Pax6+ and PCNA— (thick arrows) indicate the
non-proliferating GCs, Pax6+ and PCNA+ (thin arrows) labeling in proliferating GCs.
Scale bar = 25 pm. The scale bar is the same for all images in the figure. Corresponding
bar graphs shows the proliferation rate of GCs in the four different groups. “p<0.05 vs
control; #p<0.05 vs 30 mg/kg/d contamination group (n=6).
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Fig. 3. Effect of maternal DEHP exposure on cerebellar behavioral changes in
pups. (A) Male offspring surface righting reflex, (B) female offspring surface righting
reflex, (C) forelimb grip strength of male offspring, (D) forelimb grip strength of fe-
male offspring, (E) male offspring negative geotaxis, and (F) female offspring negative
geotaxis. #p<0.05 between control and 300 mg/kg/d contamination group; & »<0.05 be-
tween control and 750 mg/kg/d contamination group (n=6).

PN 7, PN 8 and PN 9, but significant variations were not found in male
(Fig. 3E) and female (Fig. 3F) offspring of the four groups.

3.4. Effect of maternal DEHP exposure on the Shh signaling pathway

The Shh signaling pathway is responsible for rapid GCPs prolifer-
ation in the EGL (Kenney and Rowitch, 2000; Luca et al., 2016). And
the loss of Shh leads to reduced proliferation and cerebellar defects
(Vaillant and Monard, 2009). To quantify any alterations in the Shh
pathway induced by DEHP exposure, RT-PCR was performed to as-
sess mRNA levels including Shh, Glil, N-Myc, cyclin D1. Compared
with the control group, a significantly lower expression of Shh (Fig.
4A. PN 7: F (350,=7.636, p<0.05; PN 14: F (35,,=6.581, p<0.05),
Glil (Fig. SA. PN 7: F (350,=4.955, p<0.05; PN 14: F (5,(,=16.183,
p<0.05), N-Myc (Fig. 6A. PN 7: F (3,3, =18.214, p<0.05; PN 14:
F (320=10.537, p<0.05), and cyclin DI mRNAs (Fig. 7A. PN 7: F
(3.20=8.903, p<0.05; PN 14: F (5,9,=16.447, p<0.05) was noted in
male pups from the 300 and 750 mg/kg/d groups on PN 7 and PN
14. However, no evident differences were found between the con-
trol and 30 mg/kg/d group in the level of Shh, Glil, N-Myc and cy-
clin D1 mRNAs. To confirm this, western blotting was conducted to
measure Shh, Glil, N-Myec, cyclinD1 protein levels. Consistently, a
significant down-regulation of Shh (Fig. 4B. PN 7: F (5,(,=21.763,
p<0.05; PN 14: F 3,,,=20.409, p<0.05), Glil (Fig. 5B. PN 7: F
(.20)=23.944, p<0.05; PN 14: F 3,59, =13.554, p<0.05), N-Myc (Fig.
6B. PN 7: F (350,=23.422, p<0.05; PN 14: F (35,=21.473, p<0.05)
and cyclinD1 (Fig. 7B. PN 7: F (3,(,=28.053, p<0.05; PN 14: F
(3.200=35.733, p<0.05) was observed in pups from 300 to 750mg/
kg/d groups when compared with those of the control group on PN
7 and PN 14. In addition, a statistical difference between control
and 30mg/kg/d groups was
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Fig. 4. Effect of maternal DEHP exposure on Shh mRNA and protein levels. (A)
Relative expression of Shh mRNA was assayed by real-time PCR for male offspring
on PN 7 and PN 14. (B) Semi-quantitative measurements of Shh for male offspring.
(C) Western blots showing representative protein findings for male offspring. (D) The
relative expression of Shh mRNA was assayed by real-time PCR for female offspring
on PN 7 and PN 14. (E) Semi-quantitative measurements of Shh for female offspring.
(F) Western blots showing representative protein findings for female offspring. Mean
expression in offspring from 0, 30, 300, and 750 mg/kg/d exposure group is shown as
fold-change compared to mean expression in the 0 mg/kg/d group that has been ascribed
an arbitrary value of 1. With each time point, “»<0.05 vs control; #p<0.05 vs 30mg/kg/
d contamination group (n=6).
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Fig. 5. Effect of maternal DEHP exposure on Glil mRNA and protein levels. (A)
Relative expression of Glil mRNA was assayed by real-time PCR for male offspring
on PN7 and PN14. (B) Semi-quantitative measurements of Glil for male offspring. (C)
Western blots showing representative protein findings for male offspring. (D) The rel-
ative expression of Glil mRNA was assayed by real-time PCR for female offspring on
PN7 and PN14. (E) Semi-quantitative measurements of Glil for female offspring. (F)
Western blots showing representative protein findings for female offspring. With each
time point, *p<0.05 vs control, *»p<0.05 vs 30 mg/kg/d contamination group (n=6).

not evident for these proteins, though their expression was slightly re-
duced in male pups. Of interest, a marked difference was not seen
in levels of the four mRNA (Figs. 4D, 5D and 6D, 7D) and proteins
(Figs. 4E, 5E and 6E, 7E) in female pups.

3.5. Effect of maternal DEHP exposure on the estrogen levels and
aromatase expressions of offspring

Estrogen plays an important role in the central nervous system,
which can affect the development, structure, function of brain tissue
(Cersosimo and Benarroch, 2015). Aromatase is a key rate-limiting
enzyme in the synthesis of estrogen and its activity is highly corre-
lated with the concentration of estrogen in the brain (Wang et al.,
2003). In order to investigate whether the gender difference in DEHP
is related to the level of estrogen in the brain, the aromatase expres-
sion and estrogen level were measured in the four groups at PN 7 and
PN 14. The results demonstrated that the aromatase expression was
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Fig. 6. Effect of maternal DEHP exposure on N-Myc mRNA and protein levels.
(A) Relative expression of N-Myc mRNA was assayed by real-time PCR for male off-
spring on PN7 and PN14. (B) Semi-quantitative measurements of N-Myc for male off-
spring. (C) Western blots showing representative protein findings for male offspring.
(D) The relative expression of N-Myc mRNA was assayed by real-time PCR for fe-
male offspring on PN 7 and PN 14. (E) Semi-quantitative measurements of N-Myc for
female offspring. (F) Western blots showing representative protein findings for female
offspring. With each time point, *»<0.05 vs control, #p<0.05 vs 30mg/kg/d contami-
nation group (n=6).
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Fig. 7. Effect of maternal DEHP exposure on cyclin D1 mRNA and protein levels.
(A) Relative expression of cyclin DI mRNA was assayed by real-time PCR for male
offspring on PN 7 and PN 14. (B) Semi-quantitative measurements of cyclin D1 for
male offspring. (C) Western blots showing representative protein findings for male off-
spring. (D) The relative expression of cyclin DI mRNA was assayed by real-time PCR
for female offspring on PN 7 and PN 14. (E) Semi-quantitative measurements of cyclin
D1 for female offspring. (F) Western blots showing representative protein findings for
female offspring. With each time point, “»<0.05 vs control, #p<0.05 vs 30mg/kg/d ex-
posure group (n=6).

found to be significantly decreased in the 300 and 750 mg/kg/d groups
in comparison with the control at PN 7 (Fig. 8B. PN 7: F (3 ,,,=19.373,
p<0.05) and PN 14 (Fig. 8B. PN 14: F 5 ,;,=42.721, p<0.05) in male
offspring. In addition, the estrogen level decreased in male offspring
coming from the 300 and 750 mg/kg/d groups when compared to the
untreated control at PN 7 (Fig. 8E. PN 7: F (5 59, =7.755, p<0.05), and
PN 14 (Fig. 8E. PN 14: F (5,0,=13.196, p<0.05). Furthermore, there
was no obvious difference among the four groups of female offspring
in aromatase expression (Fig. 8D) and estrogen level (Fig. 8F) at PN 7
and PN 14.

4. Discussion

DEHP is a ubiquitous contaminant of the environment in mod-
ern life that causes a number of possible human health risks (Kamrin,
2009; Latini, 2005; Meeker et al., 2009). An increasing concern ex-
ists for the influence of DEHP exposure on developing neuronal net-
works and motor function in the young (Quinnies et al., 2017; Xu et
al., 2015; Zarean et al., 2016). Therefore, in the present study, we es-

A B 10 mg/kgid
- 130 mg/kgid
1.57 B 300 mg/kgid
PNT PN 14 750 mgikg/d
Male O 30 200750 O 30 300 750 2 101 —
- wlf gt *#
Ammatase|—¢-— ..| I——... —|55kd A
0.5
a;:]in|'-_——| I-———|43kd
<l
PNT PN 14
c D 10 mgkgid
_ 130 mg/kgid
T 1.57 B 300 mg/kald
PN7 PN 14 750 mgikgld
Female © 30 300750 O 30 300 750 5, 40
w
Ammamse|— -—— -'| I--— ...._|55I(d =
0.5
e [Spp—— p=
4 pl
PNT PN 14
Male Female
E , F
10 makgld
= cl y'm —_—
E E
g g
® T
H 3
= 1~
] ()
g g
& &
PNT PN 14 PNT PN 14

Fig. 8. Effect of maternal DEHP exposure on the estrogen levels and aromatase ex-
pressions of offspring. (A) Western blots showing representative protein findings for
male offspring at PN 7 and PN 14. (B) Semi-quantitative measurements of aromatase
for male offspring. (C) Western blots showing representative protein findings for female
offspring at PN 7 and PN 14. (D) Semi-quantitative measurements of aromatase for fe-
male offspring. (E) Estrogen levels in male offspring cerebellum at PN 7 and PN14.
(F) Estrogen levels in female offspring cerebellum at PN 7 and PN14. *p<0.05 vs con-
trol, #p<0.05 vs 30 mg/kg/d exposure group, & p<0.05 vs 300 mg/kg/d exposure group
(n=6).

tablished an animal model for DEHP exposure by gavage with DEHP
and observed the effects on neurodevelopment function in the cere-
bellums of offspring. We established an animal model of four groups,
consisting of 0mg/kg/d, 30mg/kg/d, 300mg/kg/d, 750mg/kg/d. The
proliferation of GCPs was our focus owing to its prominent role
in cerebellar development and function. Moreover, Shh signaling is
known to be related to the impairment of proliferation in cerebellar
GCPs and the restrained proliferation may contribute to behavioral de-
velopment disorders.

The development process of GCPs continues from embryonic 12.5
to PN 14, which is the basis for obtaining normal cerebellar size and
lobules (Behesti and Marino, 2009). In this investigation, we found
that the number of proliferating GCPs was decreased in 300 and
750 mg/kg/d groups at PN 7 and PN 14 compared with the untreated
control group for male pups. This indicated that maternal DEHP ex-
posure can impair the proliferation of GCPs in male offspring. Sim-
ilarly, in an in vitro experiment that MEHP, the active metabolite
of DEHP, was shown to inhibit PC12 cell proliferation by interfering
with DNA synthesis and causing G2/M cell cycle arrest (Chen et al.,
2011). The cell cycle checkpoints, G2/M and G1/S, are essential in
maintaining DNA integrity and regulating cells through the cell cycle,
damage of such checkpoints involves the disruption of cell prolifera-
tion (Pietenpol and Stewart, 2002). In addition, other EDCs can inhibit
the proliferation of GCs (Collins et al., 2008). If DEHP exposure in-
terferes with proliferation, subsequent consequences on GCs differen-
tiation and apoptotic programs may occur, which ultimately damage
the final formation and function of the cerebellum (Fox et al., 2010).

Behavioral development indicators are mainly used to identify be-
havioral dysfunction prior to various other clinical and biochemical
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indicators. The righting reflex reflects the coordinated development of
both sides of the body (Ronca and Alberts, 2000) while grip suspen-
sion reacts to the muscle strength and body balance ability of offspring
(Zhao et al., 2015). In the present study, DEHP exposure during gesta-
tion and breast feeding impaired neuromotor development as reflected
in the increased latency of the surface righting reflex and less grip
strength in male offspring. Similarly, epidemiological studies have
suggested that maternal exposure to DEHP is associated with delayed
motor development, higher incidences of hypotonia and increased ac-
tivity levels (Gascon et al., 2015; Park et al., 2015). Furthermore, ani-
mal studies have also shown that other EDCs can affect pup neurode-
velopment, which can manifest as a delayed development of the right-
ing reflex and impaired rotarod performance (Gongalves et al., 2010;
Kawasaki et al., 2003). Therefore, it was speculated that DEHP ex-
posure affected the righting reflex and grip strength, which might be
partly attributed to the impaired cerebellar development caused by the
inhibition of GCPs proliferation.

The Shh signaling pathway is crucial to the regulation of GCPs
proliferation (Jiang et al., 2011; Varjosalo and Taipale, 2008), and sus-
tains normal cerebellum foliation in the developing cerebellum (Lewis
et al., 2004). Shh is a major mitogenic factor secreted by Purkinje
cell, which is thought to primarily and actively regulate the amplifi-
cation of GCPs proliferation in the EGL (Luca et al., 2016; Smeyne
et al.,, 1995). The addition of Shh to GCPs results in a prolonged
proliferation reaction, whereas GCP proliferation is inhibited by the
down-regulation of Shh (Dahmane and Ruizialtaba, 1999; Lewis et
al., 2004). In this study, it was found that DEHP exposure decreased
Shh mRNA levels and protein expression in males at PN 7 and PN
14. Similarly, previous research has shown that frans-placental ex-
posure to Bisphenol A, another representative of EDCs, can inhibit
neural precursor cell proliferation by down-regulating of Shh (Yang et
al., 2014). Therefore, it is speculated that decreased Shh expression in
males may contribute to the inhibition of GCPs proliferation.

Glil is a transcription factor of the Shh signaling pathway and rep-
resents a feedback pathway that acts as a sensor of Shh activity (Cohen
et al., 2011; Corrales et al., 2004; Feijoo et al., 2011). Activated Glil
can induce the expression of pro-proliferative target genes, including
N-Myc and cyclin D1, which promote GCPs proliferation. Shh in-
hibitor treatment of the cultured cell can lead to a reduction in Glil ex-
pression (He et al., 2014). In this study, we observed that Glil protein
and mRNA levels decreased in male offspring after maternal DEHP
exposure. Therefore, this suggest that maternal DEHP exposure may
reduce the Glil protein level via the down-regulation of Shh. In turn,
this may interfere with cerebellar GCPs proliferation and cause a cere-
bellar developmental disorder.

N-Myc plays a crucial role as a downstream effector of the Shh
signaling pathway in GCP proliferation during the development of the
cerebellum (Oliver et al., 2003). N-Myec is delivered by GCPs in the
EGL of'the cerebellum and activated in response to Shh (Kenney et al.,
2003). The present study indicates that maternal DEHP exposure in-
hibits N-Myc mRNA and protein levels in male offspring at PN 7 and
PN 14. Another study has reported that GCPs lacking N-Myc expres-
sion after utilizing a Nestin-Cre transgene showed impaired GCPs pro-
liferation and a reduction in GC numbers accompanied by a smaller
and disorganized cerebellum (Knoepfler et al., 2002; Ma et al., 2015).
Our data suggest that the down-regulation of N-Myc protein expres-
sion in the cerebellum of male offspring caused by maternal DEHP
exposure may lead to reduced GCPs proliferation.

The mitogenic effects of Shh on GCPs appear to be regulated by
downstream genes, such as cyclin D1, whose expression is specifi-
cally up-regulated in response to Shh (Zhao et al., 2002). Cyclin D1

is a direct target of the Shh pathway and functions to regulate cell-cy-
cle progression in granule cell precursors by increasing G1 cyclin
expression (Kenney and Rowitch, 2000; Pogoriler et al., 2006). It
is up-regulated in response to Shh signaling in GC cells and plays
an essential role in the postnatal expansion of the GC population
(Rowitch and David, 2000). In this study, we observed that mater-
nal DEHP exposure could decrease cyclin DI mRNA protein level in
male offspring. Consistent with our data, conditional mutant mice in
which cyclin D1 was deleted in neuronal precursors displayed reduced
cell proliferation and caused a delay in acquiring normal cerebellum
(Pogoriler et al., 2006). Therefore, we speculate that maternal DEHP
exposure may restrain GCPs proliferation by decreasing cyclin D1 ex-
pression to ultimately affect the development of GCs.

In our investigation, an interesting phenomenon occurred was that
obvious changes were not found in female pups, suggesting that male
offspring may be more susceptible to DEHP exposure than female
rats. The increased sensitivity to DEHP in males may be attributed to
its action as an anti-androgenic compound. Researches have shown
that DEHP treatment early in life reduced estrogen levels in the male
brain by reducing the production of testosterone and inhibiting aro-
matase activity (Andrade et al., 2006; Borch et al., 2006). Our results
also indicated that DEHP exposure decreased estrogen level of cere-
bellum in male pups and reduced the aromatase expression at PN 7
and PN 14. Aromatase converts peripheral circulating androgens into
estrogen that is the main source of this hormone in the male brain
(Wu et al., 2009). The level of estrogen in the brain is associated with
the development of GCPs. The decreased estrogen level in male off-
spring might involve in the phenomenon that male offspring may be
more vulnerable to DEHP exposure than female rats. During the de-
velopment of the rat, brain sexual differentiation has a critical period
of about a few days before birth to a dozen days after birth. It was
speculated that DEHP affected the pattern of brain differentiation by
interfering with the synthesis of estrogen in a critical period of devel-
opment, making the male brain more susceptible to DEHP.

In conclusion, maternal DEHP exposure of 300 and 750 mg/kg/
d inhibited the proliferation of cerebellar GCPs in male offspring of
Wistar rats, which may be due to the down-regulation of Shh sig-
naling, to contribute to the impairment of coordinated movement and
muscle strength. Furthermore, the gender difference in DEHP may re-
lated to the decreased estrogen level and aromatase expression in male
pups. This study will contribute to a better understanding of neurode-
velopment after DEHP exposure. In addition, thorough investigations
are needed to delineate the underlying differential mechanism(s) of
DEHP induced changes in cerebellar development.
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