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Abstract
Bisphenol A (BPA) and di(2-ethylhexyl)phthalate (DEHP) are abundant endocrine disrupting chemicals (EDCs). In recent
years, studies showed that EDCs may lead to neurodevelopmental diseases. The effects of prenatal exposure to these
chemicals may have serious consequences. Moreover, exposure to EDCs as a mixture may have different effects than
individual exposures. The present study aimed to determine the toxicity of BPA and/or DEHP on central nervous system
(CNS) and neuroendocrine system in prenatal and lactational period in Sprague-Dawley rats. Pregnant rats were randomly
divided into four groups: control (received vehicle); BPA group (received BPA at 50 mg/kg/day); DEHP group (received
DEHP at 30 mg/kg/day); and combined exposure group (received both BPA at 50 mg/kg/day and DEHP at 30 mg/kg/day)
during pregnancy and lactation by oral gavage. At the end of lactation, male offspring (n = 6) were randomly grouped. The
alterations in the brain histopathology, neurotransmitter levels and enzyme activities in the cerebrum region, oxidative
stress markers, and apoptotic effects in the hippocampus region were determined at adulthood. The results showed that
exposure to EDCs at early stages of life caused significant changes in lipid peroxidation, total GSH and neurotransmitter
levels, and activities of neurotransmitter-related enzymes. Moreover, BPA and/or DEHP led to apoptosis and histopath-
ologic alterations in the hippocampus. Therefore, we can suggest that changes in oxidant/antioxidant status, as well as in
neurotransmitters and related enzymes, can be considered as the underlying neurotoxicity mechanisms of BPA and DEHP.
However, more mechanistic studies are needed.
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Introduction

Endocrine disrupting chemicals (EDCs) disrupt the normal
endocrine functions and alter the endocrine phenotype of the
exposed individual through various mechanisms (Diamanti-
Kandarakis et al. 2009). Bisphenol A (BPA) and di (2-
ethylhexyl) phthalate (DEHP) are EDCs that are widely pres-
ent in the environment. BPA is widely used in production of
polycarbonate plastics. DEHP is the one of the most widely
used phthalic acid ester. Both of these compounds are used as
plasticizers (Kabir et al. 2015).

In the last decades, studies were performed that show the
exposure to EDCs might lead to cognitive deficiencies,
disrupted neurodevelopment along with hyperactivity, atten-
tion deficit problems, aggression, and depression (Ipapo et al.
2017; Perera et al. 2016; Arbuckle et al. 2016; Harley et al.
2013). It was reported that EDCs can have a wide range of
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effects on brain development and many different mechanisms
are proposed. Some of these effects are suggested to be
through the neuroendocrine system (Colborn 2004). The neu-
roendocrine system is a complex system consisting of neu-
rons, glands, non-endocrine tissues, humoral signals, hor-
mones, and neurochemicals that function to regulate physio-
logical and behavioral processes (Waye and Trudeau 2011).
There is a growing evidence that antropogenic chemicals such
as EDCs may act on the neuroendocrine system and they may
affect peripheral organ systems and physiological processes
(Adewale et al. 2011; Andrade et al. 2006; McCaffrey et al.
2013).

Functions of neuroendocrine system are largely related
to the functions of neurotransmitters. Evidence suggest that
brain neurotransmitter systems (i.e., dopaminergic, adren-
ergic, serotonergic, and cholinergic systems) play crucial
roles in the activation and/or inhibition of neuroendocrine
system. This relationship necessitates the examination of
neurotransmitters for the evaluation of neuroendocrine sys-
tem functions (Sullivan and Dufresne 2006; Bauer et al.
2002; Ohno et al. 1987). The regulation of both dopamine
(DA) and serotonin (5-HT) production by estrogen-
dependent mechanisms makes these systems vulnerable
to the adverse effects of EDCs. Previous studies have re-
ported that BPA and phthalate exposure might lead to im-
balance in the levels of these neurotransmitters in various
regions of the brain (Honma et al. 2006; Nakamura et al.
2010; Matsuda et al. 2010; Matsuda et al. 2012; Wang
et al. 2016). Most EDCs can accumulate in the brain,
may act directly on neuronal functions and affect normal
brain development. They may also cause neurotoxicity
through other mechanisms, like oxidative stress. Brain is
vulnerable to oxidative damage and this might be one of
the underlying factors of high incidence of different neu-
rodegenerative diseases throughout the globe (Grandjean
and Landrigan 2014).

The results of exposure to different EDCs can vary due
to the chemical’s intrinsic properties, dose, and the timing
of exposure. It is predicted that the exposure during the
developmental stages (prenatal and neonatal) of the ner-
vous system may have more serious consequences
(Negri-Cesi et al. 2008). EDC exposure can be from vari-
ous sources and exposure to multiple EDCs is inevitable in
daily life. The effects of combined exposures are expected
to be different from the effects of individual exposures
(Nohynek et al. 2013).

Concerning all the available data, our aim was to evaluate
neuroendocrine disrupting effects of exposure to BPA and/or
DEHP in prenatal and lactational periods in Sprague-Dawley
rats. We have investigated their effects on dopaminergic, se-
rotonergic, and cholinergic systems and whether oxidative
stress is an underlying factor on histopathological and apopto-
tic changes in hippocampus.

Experimental procedures

Chemicals, reagents and kits

BPA, DEHP, bovine serum albumin (BSA), and EDTA were
purchased from Sigma-Aldrich (Mannheim, Germany).
Digitonin was purchased from BDH Chemicals (Radnor,
PA). 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) and Dulbecco’s phosphate buffer saline (DPBS)
were purchased from Biowest (Rivers ide, MO).
Hematoxylin crystals, hydrogen peroxide, and Tris were pur-
chased from Merck (Kenilworth, NJ).

Thiobarbituric acid reactive substances (TBARS) assay kit
and glutathione (GSH) assay kit were purchased from
Cayman Chemical (Ann Arbor, MI). DA levels were mea-
sured by a specific rat ELISA kit of Cusabio (Hubei, China).
5-HT levels were determined by the specific rat ELISA kit of
LifeSpan Biosciences (Seattle, WA). Monoamine Oxidase
Assay Kit [Monoamine oxidase A (MAO-A) and monoamine
oxidase B (MAO-B)] was obtained from OxiSelect™, Cell
Biolabs, Inc. (San Diego, CA). Acetylcholine esterase
(AChE) activity assay kit was purchased from from
BioVision (San Francisco, CA). Rat dopamine transporter
(DAT) assay kit was from Elabscience (Houston, TX). In
Situ Cell Death Detection Kit, POD was from Sigma-
Aldrich (Mannheim, Germany).

Animals and exposure

Pregnant Sprague-Dawley rats were supplied from Gazi
Univers i ty Labora tory of Animal Breeding and
Experimental Research Center (GUDAM). The study was ap-
proved by Gazi University Animal Ethics Committee
(G.U.ET–18.043).

The animals were randomly divided into 4 groups with 3
pregnant rats in each. Animals were housed in cages, at room
temperature 20 ± 2 °C, relative humidity 40%, and 12 h light/
dark cycle. Both water and food were given ad libitum. The
study grouped as follows:

1. Control (vehicle) group: Corn oil was administered by
intra-gastric gavage (i.g)

2. BPA group: BPA (dissolved in 1 ml of 96% ethanol and
diluted with corn oil) was administered as 50 mg/kg/day
by i.g.

3. DEHP: DEHP (dissolved in corn oil) was administered as
30 mg/kg/day by i.g.

4. BPA and DEHP group: BPA was administered as
50 mg/kg/day and DEHP was administered as
30 mg/kg/day.

Rats were dosed from gestational day (GD) 6 to postnatal
day (PND) 21 (end of lactational period). Offspring were not
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dosed. The male offspring in all groups were weaned at
21 days. The study groups consisted of randomly selected
male rats from each group (n = 6). At postnatal 12th week,
animals were euthanized under the anesthesia and brain tis-
sues were removed quickly. Cerebrum tissues were used for
the measurement of antioxidant parameters and neurotrans-
mitter, neurotransmitter transporter, and related enzyme
levels/activities. All tissues were kept at – 80 οC until the
tissue homogenates were prepared.

Tissue preparation

Brain tissues were washed in physiological and deionized wa-
ter and divided into two hemispheres. One hemisphere (left)
of the brain tissue was dissected into three parts (cerebrum,
midbrain, and hindbrain). Cerebrum tissue was frozen into
liquid nitrogen after dissection and kept at – 80 °C until anal-
ysis of oxidative stress and neuroendocrine parameters. The
other hemisphere (right) was used for histopathological anal-
ysis and determination of apoptosis. DA and noradrenaline
(NA) in the prefrontal cortex (PFC) modulate superior cogni-
tive functions, and are involved in the etiology of depressive
and psychotic symptoms. As PFC consists of the largest part
of cerebrum, we choose cerebrum to determine the neuro-
transmitter, neurotransmitter transport, and related enzyme
levels/activities (Devoto and Flore 2006). Neurons in the en-
torhinal cortex, hippocampus CA1 region, frontal cortex, and
amygdala are the populations of neurons most sensitive to the
oxidative stress and therefore to neurodegeneration. We have
chosen cerebrum tissue as it contains the frontal cortex and the
cerebrum is a bigger tissue that enables the researcher to per-
formmore experiments.We did not chose the hippocampus to
make these measurements, as only CA1 region is sensitive to
neuropathological alterations (Wang and Michaelis 2010).
Moreover, literature suggests that phthalates and BPA mainly
cause cytoarchitectural alterations (i.e., condensed nuclei, vac-
uole formation and remarkable degeneration, shrinkage of py-
ramidal neurons in CA1 and CA3 regions; disorganized hilar
cells and hyperplasia in dentate gyrus) and apoptosis in hip-
pocampus of particularly male offspring. These changes
might lead to cognitive impairment and endocrine dysfunction
in immature animals. Therefore, for the measurement of apo-
ptosis, we have chosen the hippocampal region (Mahaboob
Basha and Radha 2020; Wang et al. 2020). For the experi-
ments, 100–150 mg of cerebrum tissues were used.

Histopathological examination

For light microscopy, Bouin’s solution was used to fix the
cerebrum tissue samples. Later, they were processed for par-
affin sections (5 μm). For routine histological investigations,
staining was made by using hematoxylin and eosin for hippo-
campus region. Leica DM6000B microscope (Wetzlar,

Germany)was used for examinations and LeicaDC490 digital
camera (Wetzlar, Germany) was used to photograph the
images.

Determination of glutathione

Cerebrum tissues were homogenized in Tris/DTPA/PMSF
buffer, centrifuged in 4000 rpm for 10 min, and later
deproteinated with equal volume of metaphosphoric acid
(12.5M). After deproteination, total GSHwasmeasured using
a glutathione assay kit, based on the reaction of the sulfhydryl
group of GSH with 5,5′-dithio-bis-(2-nitrobenzoic) acid
(DTNB) to produce a yellow colored 5-thio-2-nitrobenzoic
acid (TNB), and in the same cycle, GSH was simultaneously
converted to GS-TNB. The absorbance values of the samples
were measured at 414 nm.

Results were expressed in nmol/mg protein (Habig et al.
1974).

Determination of lipid peroxidation

Cerebrum tissue was homogenized in Tris/diethylene triamine
pentaacetic acid (DTPA)/ phenylmethylsulfonyl uoride
(PMSF) buffer and centrifuged at 4000 rpm for 10 min.
Malondialdehyde (MDA) levels, as a biomarker of lipid per-
oxidation, were measured using a TBARS Assay kit. The kit
protocol was based on the colorimetric measurement of the
MDA-thiobarbituric acid (TBA) complex, which forms under
high temperature and acidic conditions. The color intensity of
MDA-TBA complex was measured at 530 nm spectrophoto-
metrically. The calculations of the amount of MDA were
made by a standard curve and the results were expressed as
nmol/mg protein. Results were expressed as nmol/mg protein
(Richard et al. 1992).

Neurotransmitter levels

After cerebrum tissues were isolated from other parts of the
brain, they were homogenized in 1X phosphate buffer saline
(PBS). The samples were centrifuged in 4000 rpm for 10 min.

DA levels were detected by a specific rat sandwich ELISA
kit using quantitative sandwich immunoassay. The plate was
coated with specific DA antibodies. Samples and standards
were added to each well. After other substances that did not
bind to these antibodies were removed, specific biotin-
conjugated antibodies were added to the wells. Later, avidin-
horse radish peroxidase (HRP) conjugate was added. After
incubation, wells were washed, wash buffer was removed,
and the blue color was measured at 450 nm. Calculations were
made by using standard curves. DA levels were expressed as
ng/ml.

5-HT levels were measured by a specific rat kit based upon
a competitive ELISA principle. The plate was coated with
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specific 5-HT antibody. Samples and standards were added to
each well along with HRP-antigen conjugate. Later, TMB
reagent was added and kit was incubated. After stop solution
was added, color development was measured at 450 nm. The
color development was inversely correlated to the amount of
5-HT in the samples. Calculations were made by using stan-
dard curves. 5-HT levels were expressed as ng/ml.

Monoamine oxidase A and B activities

Activities of MAO-A and MAO-B were measured in cere-
brum mitochondria. The isolation of mitochondria was per-
formed by using the differential centrifugation method
(Amigo et al. 2016). Later, MAO-A and MAO-B activities
in samples were measured by a spectrophotometric assay kit
by using different substrates while hydrogen peroxide was
being formed. If MAO-A was to be measured, an inhibitor
for MAO-B was added or vice versa. Hydrogen peroxide later
reacts with a prob to form a pink/reddish compound in the
presence of HRP conjugate. The absorbance was measured
at 540 nm. Results were expressed in mU/mg protein.

Acetylcholine esterase activity

For measurement of AChE activity, cerebrum tissues were
homogenized in 1X phosphate buffer saline (PBS). Tissues
were later centrifuged (4000 rpm, 10 min) and AChE activi-
ties of the samples were measured by a colorimetric AChE
activity assay kit that employs the kinetic measurement of
AChE activity. Briefly, the AChE in the samples converts
acetylcholine substrate to choline, which was then oxidized
by choline oxidase (CO) to produce an intermediate. The in-
termediate reacted with a highly specific probe to generate
color. The color intensity was measured at 570 nm. Results
were given as mU/mg protein.

Dopamine transporter levels

Cerebrum tissues were homogenized in 1X PBS. Later, ho-
mogenates were centrifuged (4000 rpm, 10 min). DAT levels
were measured by a specific rat ELISA kit by using quantita-
tive sandwich immunoassay. Briefly, standards or samples
were added to the ELISA plate that was pre-coated with an
antibody specific to rat DAT. Then, a biotinylated detection
antibody specific for rat DAT and Avidin-HRP conjugate
were added to each well and incubated. Free components were
washed away and the substrate solution was added to each
well. The enzyme-substrate reaction was terminated by the
addition of stop solution. The absorbance (that was propor-
tional to the concentration of rat DAT) of the final yellow
product was measured spectrophotometrically at 450 nm.
Then, the concentrations of DAT in the samples were

calculated by a standard curve. Results were given as nmol/
mg protein.

Determination of apoptosis

Apoptosis in the hippocampus was determined by terminal
deoxynucleotidyl transferase (TdT) dUTP Nick-End
Labeling (TUNEL) method by using an “In Situ Cell Death
Detection Kit, POD”. After staining, TUNEL positive neuron
and glia cell counts in hippocampus CA1, CA2, and CA3
regions were counted by using a light microscope (Leica
DM 6000) (Gavrieli et al. 1992; Gorczyca et al. 1992).

Statistical analysis

A statistics program (Statistical Package for Social Sciences
Program, SPSS 17.0, Chicago, IL) was used for statistical
analysis. Kruskal–Wallis one-way analysis of variance was
used to determine the differences among the groups, and later,
Mann–Whitney U test was used to identify the differences
between the study groups. Results are expressed as mean ±
standard deviation (SD). p values < 0.05 were considered as
statistically significant.

Results

Relative brain weights

The relative brain weights (brain weight/body weight) are giv-
en in Fig. 1. The relative brain weight in the DEHP group
increased by 18% (p < 0.05 vs. control). An insignificant ele-
vation (15%) was determined in BPA +DEHP group vs. con-
trol group (p > 0.05).

Histopathological examination

Several degenerated neurons and microglia were observed
between the pyramidal neurons in the hippocampus CA1 re-
gion of both BPA and DEHP groups. In addition, significant
perivascular edema was observed in the CA1 region in the
DEHP group. In the CA3 region of the hippocampus, we
observed pyramidal neurons contracted in their cytoplasm
and there were empty spaces around these neurons. In the
CA1, CA2, and CA3 region of the hippocampus tissue of
the BPA +DEHP group, shrunken and degenerated neurons
with dark stained cytoplasm were determined and condensed
nucleated glia cells were observed. In addition, unlike other
study groups, neuron-free areas were detected. All findings
indicate the presence of degeneration and histopathological
changes in the hippocampal region, either by individual expo-
sures or by combined exposure. Light micrographs of the
hippocampus tissues are shown in Fig. 2.
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Glutathione levels

Total GSH levels of brain tissue in the study groups are given
in Fig. 3 a. Total GSH levels were markedly increased in all of
the study groups when compared to control (BPA group,
146%; DEHP group, 92%; BPA +DEHP group, 144% vs.
control; p < 0.05, all).

Lipid peroxidation

Lipid peroxidation levels in the study groups are shown in Fig.
3 b. There was a marked elevation in MDA levels in all study
groups compared to the control group (BPA group, 122%;
DEHP group, 52%; BPA +DEHP group, 99%, vs. control;
p < 0.05, all).

Neurotransmitter levels

Neurotransmitter levels in the study groups are given in Fig. 4.
In all study groups, we observed marked decreases in DA
levels compared to the control group (BPA group, 41%;
DEHP group, 35%; BPA + DEHP group, 47% vs. control;
p < 0.05, all) (Fig. 4a). The decrease was even more signifi-
cant in BPA +DEHP group. 5-HT levels were also signifi-
cantly lower in all study groups vs. control (BPA and DEHP
groups, 19%; BPA +DEHP group, 24%) (p < 0.05, all; Fig.
4b).

Dopamine transporter levels

Dopamine transporter levels are given in Fig. 5. In the DEHP
group, DAT levels decreased by 47.4% vs. control (p < 0.05).
There was a ~ 16% insignificant decrease in DAT levels in
both BPA and BPA +DEHP group (p > 0.05).

Monoamine oxidase A and B activities

MAO-A activity was unchanged in BPA group vs. control
group, but markedly elevated in both DEHP and BPA +
DEHP groups (53% and 26%, respectively vs. control)
(Fig. 6a). While MAO-B activity did not markedly change
in BPA and DEHP groups when compared to control, it was
it was 6.7-fold higher in BPA + DEHP group vs. control
(p < 0.05) (Fig. 6b).

Acetylcholine esterase activity

AChE activity of the study groups is shown in Fig. 7. AChE
activity was higher in BPA (117%) and BPA +DEHP (106%)
groups vs. control (p < 0.05, both). However, we observed a
19% increase in the DEHP group and it was not statistically
significant (p > 0.05).

Apoptosis

Apoptotic cells were counted for three times on three consec-
utive days. Two researchers counted the apoptotic cells on the
same day and the mean of the counting of these two re-
searchers is given. The photomicrographs of TUNEL assay
are shown in Fig. 8. The percentages of apoptotic neurons and
glia in hippocampal sub-regions are given in Fig. 9.

In TUNEL analysis, the mean percentage of apoptotic cells
in neurons and glia cells (CA1, CA2, and CA3 regions) in the
experimental groups was evaluated. In control, 49% of the
neurons and 51% of the glia cells were found to be TUNEL
positive in the CA1 region. In CA2 region, 49% of neurons
and 53% of glia cells were found to be TUNEL positive. In
CA3 region, 47% of neurons and 52% of glia cells were found
to be TUNEL positive.

We observed that that 85% of neurons and 66% of glia cells
were apoptotic in CA1 region in BPA group. In the CA2
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region, 73% of the neurons and 78% of the glia cells were
found to be TUNEL positive. In CA3 region, 69% of neurons
and 67% of glia cells were TUNEL positive. The percentages
of apoptotic neurons and glia increased in CA1, CA2, and
CA3 regions in BPA group vs. control group and this increase
was significant in CA1 and CA2 regions (p < 0.05, both).

In the DEHP group, 88% neurons in the CA1 region were
apoptotic and 64% glia showed apoptosis. In CA2 region,
76% of neurons and 52% of glia cells were found to be
TUNEL positive. It was observed that 74% of neurons and
54% of glia cells were TUNEL positive in CA3 region. The
percentages of apoptotic neurons in CA1 and CA2 regions
increased significantly in the DEHP group vs. control
(p < 0.05).

In BPA +DEHP group, 91% neurons were apoptotic in the
CA1 region and 69% glia cells showed apoptosis. In the CA2
region, 73% of neurons and 60% of glia cells were TUNEL
positive. In the CA3 region, 73% of the neurons and 75% of
the glia cells were TUNEL positive. In the BPA + DEHP
group, apoptotic neuron percentage increased significantly in

all three regions when compared to control (p < 0.05). There
was a marked increase in apoptotic glia percentage in CA1
region (p < 0.05). Although the increase in CA3 region was
higher than the control group, it was not statistically signifi-
cant although there was a borderline significance (p = 0.051).

Discussion

The reprotoxicity of EDCs is well-documented in literature.
However, little is known about their effects on CNS. It is
emphasized that EDCs can affect brain development through
many different mechanisms and some of these effects can be
demonstrated through the neuroendocrine system, which pro-
vides integration between the brain and the peripheral endo-
crine system (Colborn 2004; Parent et al. 2011). The CNS and
neuroendocrine system function in balance with all neurotrans-
mitters, neuropeptides, and neuro-hormone systems. EDCs
may disrupt this balance and cause various neurological dam-
ages. In recent years, the prevalence of neurodevelopmental

CA I CA II CA III

Control

BPA+DEHP

DEHP

BPA

Fig. 2 Light photomicrographs of the hippocampus tissues in the study
groups. In the CA1, CA2, and CA3 region of the hippocampus of the
control group, pyramidal neurons and glia cells were observed.

Degenerate neurons (white arrow) and microglia cells with flat nuclei
(black arrow) were observed in study groups. (hematoxylin-eosin × 200)
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diseases has increased along with a rise in the production of
these toxic chemicals (Gore 2010).

The vulnerability of CNS to EDCs depends on doses and
duration. In addition, the responses of different parts of the
brain can vary (Negri-Cesi et al. 2008). The cerebrum is the
central location where most brain functions are regulated
(Meyer 2001). Therefore, we determined the effects of
EDCs on brain functions by measuring neuroendocrine and
oxidative stress parameters in this region in the present study.

Relative brain weights in DEHP group increased by 18%
vs. control. Although there was an increase in BPA and
combined exposure groups in comparison to control, this
increase was insignificant. These findings indicate that
prenatal exposure to these substances changes the brain-

body weight ratio in adulthood. The effects of maternal BPA
and/or DEHP exposure on brain weights may change due to
the dose and duration of exposure (Tanida et al. 2009;
Kabuto et al. 2004). Tanida et al. (2009) found that prenatal
BPA and DEHP exposure reduced brain weight in male rats at
6 weeks; however, the same effect was not observed in
combined exposure. In the same study, relative brain
weight increased in all groups at 2 weeks of age compared
to control while this effect disappeared after 4 and 6 weeks
(Tanida et al. 2009). To our knowledge, there is no study in
literature that evaluates the effects of prenatal EDC exposure
on brain weight during adulthood (12 week in rats). It can
be predicted that dose and timing of exposure may affect
the findings.
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In the present work, we observed the degeneration of py-
ramidal neurons in CA1 region of hippocampus in all exper-
imental groups. In addition, there was degeneration in CA3
region in the combined exposure group. According to these
results, we can suggest that exposure to BPA and DEHP in
prenatal and early postnatal period may cause morphological
alterations in hippocampus tissue. The neurons of the CA1
region of the hippocampus are important for spatial learning
and memory. In addition, the strength of the connections be-
tween the CA1 region and the CA3 region is essential for
long-term memory (Rubin et al. 2014). Research has shown

that the development of synaptic plasticity and synaptogenesis
in brain areas that affect memory development is estrogen-
dependent. There are studies showing that EDCs impair mem-
ory development in animals (Eilam-Stock et al. 2012;
MacLusky et al. 2005; Dai et al. 2015; Smith and Holahan
2014). Eilam-Stock et al. (2012) showed a decrease in mem-
ory test results and decreased dendrite density of 10–25% in
CA1 region of hippocampus in adult male rats as a result of
single dose BPA exposure (40 μg/kg) (Eilam-Stock et al.
2012). Dai et al. (2015) showed that memory decreased in 6-
week-old male mice which were exposed to DEHP at 50 and
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trol. The difference in MAO-B activity between BPA and DEHP groups
is not statistically significant

26968 Environ Sci Pollut Res (2021) 28:26961–26974



200 mg/kg/day during prenatal period and lactation (Dai et al.
2015). Our findings support the results of previous studies and
we can suggest that combined exposure has more severe ad-
verse effects in both CA1 and CA3 regions.

The mean percentage of apoptotic neuron and glia cells in
CA1, CA2, and CA3 regions of hippocampus in experimental
groups was evaluated by TUNEL analysis. In single exposure
groups, as well as in the combined exposure group, the per-
centages of apoptotic neurons and glia cells were increased in
CA1 and CA2 regions. In the BPA +DEHP group, apoptotic
neuron percentage was also increased in CA3 region; howev-
er, no significant changes were observed in apoptotic neurons
in single exposure groups. The findings are consistent with
histopathological changes. In different in vivo and in vitro
studies, researchers observed that exposure to EDCs may
cause apoptosis in nerve cells. Li et al. (2013) showed that
apoptotic cells and caspase-3 levels were increased in hippo-
campal neurons of rats which were exposed to dibutyl phthal-
ate (500 mg/kg/day) during prenatal and lactation periods (Li
et al. 2013). The results of the present work are consistent with
the previous studies. Additionally, this is the first study
evaluating combined exposure to BPA and DEHP. Our
results suggest that combined exposure to BPA and
DEHP may have more serious effects than single exposure.
It is generally suggested that oxidative stress causes neu-
ronal death, which in turn leads to alterations in brain.
These alterations finally cause neurodegenerative diseases.
Massive neuronal loss is observed particularly in
Alzheimer’s disease. Though it is known that glial cells
are more resistant to oxidative stress when compared to
neurons, extensive oxidative stress may also lead to apo-
ptotic glial cell death. In fact, signs of apoptosis are ob-
served in both neurons and glial cells in the brains of pa-
tients with Alzheimer’s disease (Kitamura et al. 1999).

In the current study, DA and 5-HT levels decreased signif-
icantly in all study groups vs. control (p < 0.05). The data
indicate that dopaminergic and serotonergic functions may
change with EDC exposure during prenatal and lactation pe-
riods and these alterations may play a role in developmental
and behavioral disorders that may occur in older age. In liter-
ature, there are only studies that investigate the effects of sin-
gle exposure to EDCs on monoaminergic systems. Only one
study focused on the combined exposure (Tanida et al. 2009).
After single exposure to EDCs, the effects can vary due to the
experimental design. In one study, the researchers observed
that BPA exposure during prenatal and lactation periods in-
creased 5-HT concentrations in dorsal rafe nuclei; DA in stri-
atum and 3,4-dihydroxyphenylacetic acid (DOPAC, a metab-
olite of dopamine); homovanillic acid (HVA, a major cate-
cholamine metabolite); and 5-hydroxyindoleacetic acid (5-
HIAA, the primary metabolite of 5-HT) levels in forebrain.
These findings suggests that BPA exposure increases DA re-
lease from nerve endings and the rate of conversion of mono-
amines to their metabolites (Honma et al. 2006; Nakamura
et al. 2010; Matsuda et al. 2010; Matsuda et al. 2012).

We have also evaluated the metabolism of monoaminergic
neurotransmission in the cerebrum region by separately mea-
suring MAO-A and MAO-B activities. Significant increase in
MAO-B activity in the DEHP+BPA group indicates that bio-
transformation rate of DA and 5-HT can increase after com-
bined exposure DEHP and BPA. This finding is consistent
with the decrease in DA and 5-HT levels in the combined
exposure group. In the literature, there is only one study that
showed the effect of BPA exposure onMAO enzymes. In this
study, MAO levels were measured in three different parts of
the brain (hippocampus, amygdala, and medulla oblongata) in
male offspring born from pregnant mice receiving subcutane-
ously BPA (250 ng/kg/day) from the 10th day of pregnancy to
the end of lactation period. MAO-B activity in medulla
oblongata decreased compared to the control group. In other
parts of the brain, no changes were observed (Matsuda et al.
2012). There are not any studies that determined the effects of
phthalate and combined BPA + phthalate exposure on MAO
enzyme activities. There are studies showing the association
between exposure to EDCs and the development of anxiety
(Panagiotidou et al. 2014; Poimenova et al. 2010; Chen et al.
2014). Experiments on rodents show that changes in the do-
paminergic system are one of the mechanisms of anxiogenic
effects and that DOPAC/DA ratio and MAO-A/B levels are
related to anxiety behavior (Cox et al. 2010; Chen et al. 2004;
Chiavegatto et al. 2009). In our study, it can be suggested that
the increase in MAO-B activity in combined exposure group
may be one of the anxiogenic mechanisms of EDCs.

By measuring DAT levels in the cerebrum region, we tried
to evaluate the alterations in there-uptakemechanism of DA in
the study groups. In the DEHP group, DAT levels decreased
by 47% vs. control. Although BPA and BPA +DEHP groups
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Fig. 7 Acetylcholine esterase activity in the study groups. AChE,
acetylcholine esterase. *p < 0.05. AChE activities in BPA and BPA +
DEHP groups are significantly higher than control. DEHP group has
significantly lower AChE activity vs. both BPA and BPA+DEHP groups
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showed a 16% decrease compared to the control group, this
difference was not statistically significant. In one study, it was
found that there was more than a 2-fold decrease in the ex-
pression of DAT genes in rats exposed to single dose of
20 μg/kg BPA in the neonatal period. Ishido et al. (2004)
administered a single dose of dicyclohexyl phthalate
(DCHP) (87 nmol/10 μl, by intracisternal route) to 5-day-old
rats. When rats reach to the age of 4–5 weeks, DAT levels
were found to be decreased in the middle brain region (Ishido
et al. 2004). DAT plays a critical role in terminating the neu-
rotransmission of DA after its re-uptake by neurons and main-
taining DA homeostasis in CNS. Changes in dopaminergic
neurotransmission due to aging are thought to be the result
of decreased DAT expression. Moreover, DAT not only

controls the magnitude and duration of the extracellular DA
signal, but also maintains intracellular DA levels. There was a
95% reduction in stored DA levels despite an increase in DA
synthesis in mice that have suppressed DAT expression
(McHugh and Buckley 2015). In our study, the decrease in
DAT levels observed in all exposure groups, especially in the
DEHP group, may be due to a decrease in DAT expression
and/or apoptosis occurring in dopaminergic neurons. The de-
crease in DAT levels together with the decrease in DA levels
is a finding supporting the fact that DAT is an important trans-
porter for the protection of DA levels within the cells.

In our study, AChE activity in the cerebrum region of rats
in BPA and combined exposure groups showed significant
increases vs. control. When similar studies with BPA are

Fig. 8 Apoptotic examination of hippocampus tissue in groups. TUNEL positive (brown) apoptotic cells were observed in the hippocampus in the CA1,
CA2, and CA3 regions (X200)
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examined, it can be suggested that different dose and exposure
periods may change the results. Luo et al. (2013) found that
AChE activity in the hippocampus region of rats exposed to
BPA at a dose of 50 mg/kg/day during puberty showed de-
creases, whereas activity in the frontal cortex, hypothalamus,
and cerebellum regions did not change (Luo et al. 2013).
However, in another study, 5-month-old rats receiving
25 mg/kg/day BPA for 6 weeks showed significant increases
in AChE activity in the hippocampus area vs. control. It was
suggested that chronic BPA exposure would cause a decrease
in hippocampal ACh levels due to an increase in AChE activ-
ity and this could lead to memory impairment (Khadrawy
et al. 2016). These two studies showed differences in exposure
time and dose. When the results are evaluated, it is observed
that the effects of exposure in adolescence and adulthood may
be opposite. Our present study differs from previous studies in
that it covers prenatal and lactation periods. AChE is one of
the most crucial and effective enzymes for the response of the

nerves. Cholinergic neurotransmission can have a number of
different effects on behavior. Cortical ACh release is in-
creased during performances requiring attention. Therefore,
decreased cerebral ACh neurotransmission can be considered
as one of the mechanisms of attention deficit development
(Woolf and Butcher 2011). In addition, increased AChE ac-
tivity has been shown to induce apoptosis in neurons through
different mechanisms, particularly by caspase 3 and 9 activa-
tion (Toiber et al. 2008). In our study, apoptosis observed with
an increase in AChE activity also supports this finding.

There is evidence in literature that supports the hypothesis
that oxidative stress has an important role in neurodegenera-
tive diseases. CNS is particularly vulnerable to oxidative
stress. Neuronal membranes contain unsaturated fatty acids
that are highly sensitive to free radicals, making them more
susceptible to oxidative damage (Halliwell 2006). Oxidative
stress can be considered as a mechanism of adverse effects of
EDCs on neuroendocrine parameters. In the present work, the
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Fig. 9 Ratios of TUNEL positive cells to normal cells in hippocampus
sub-regions (CA1, CA2, CA3) . *p < 0.05. In both CA1 and CA2 regions,
all of the study groups have higher apoptotic neurons compared to con-
trol. The differences between the study groups are not significantly dif-
ferent. In CA3 region, only BPA + DEHP group show significantly
higher apoptotic neurons vs. control. The differences between DEHP
and BPA and DEHP and BPA +DEHP groups are not statistically sig-
nificant. In CA1 region, BPA and BPA + DEHP groups have

significantly higher apoptotic glial cells vs. control. The differences be-
tween DEHP and BPA and DEHP and BPA +DEHP groups are not
statistically significant. In CA2 region, BPA group has significantly
higher apoptotic glial cells vs. control. The differences between DEHP
and BPA and BPA and BPA +DEHP groups are statistically significant.
In CA3 region, none of the groups has statistically significant changes in
apoptotic glia cells. The differences between DEHP and BPA and BPA
and BPA +DEHP groups are not statistically significant
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effects of EDC exposure on prenatal and lactation periods on
oxidative stress biomarkers were investigated. Increased
levels of cerebral LP indicate the presence of oxidative stress
due to exposure to EDCs. The increase in GSH levels can be
considered as a defense mechanism of the organism against
oxidative stress induced by EDCs. There are limited studies in
the literature evaluating LP and GSH levels in rat brain tissue
after BPA and DEHP exposure. Khadrawy et al. (2016) found
that LP and GSH levels increased in cortex and hippocampus
regions of 5-month-old rats exposed to BPA at 10 mg/kg/day
for 10 weeks and 25 mg/kg/day for 6 weeks (Khadrawy et al.
2016). In another study, male rats were exposed to BPA
50 mg/kg/day orally 3 times a week for 6 weeks and the
researchers reported significant increases in LP levels in the
cerebrum region (El-Missiry et al. 2014). In another study,
MDA levels significantly increased in mice which were ex-
posed to high doses of dibutyl phthalate for 28 days (Yan et al.
2016). However, there are not any studies that evaluate the
oxidative stress-causing effects of combined exposure to
EDCs in CNS.

In conclusion, all these results indicate that prenatal, early
postnatal, and lactational EDC exposure may have adverse
effects on CNS and neuroendocrine system, and these effects
may persist even in later life. BPA seems to be responsible for
the oxidative stress-causing effects in BPA +DEHP group.
Similar changes in total GSH and MDA levels and also in
AchE activity were observed in both BPA and BPA +DEHP
groups. The adverse effects of EDCs on the neuroendocrine
system were determined as decreased monoamine neurotrans-
mitter (DA and 5-HT) levels in the cerebrum region, de-
creased DAT levels, increased MAO-B and AChE activity,
and impaired oxidant/antioxidant balance. These data show
that exposure to EDCs causes imbalance in neurotransmitter
systems in the brain. Moreover, there is growing evidence that
show the involvement of oxidative stress in the pathology of
several neurological disorders, including Alzheimer’s disease,
Parkinson’s disease, and stroke. In addition, the vulnerability
of the central nervous system to oxidative stress mediated
injury is well established as neurons consume large amounts
of oxygen and the brain has many areas containing high iron
content, and neuronal mitochondria generate large amounts of
hydrogen peroxide. Furthermore, neuronal membranes con-
tain polyunsaturated fatty acids that have particular suscepti-
bility to ROS. Therefore, biomarkers of oxidative stress
(mainly biomarkers of lipid peroxidation) can have practical
clinical applications as biomarkers.

BPA and/or DEHP exposures can lead to apoptosis and
histopathological changes in the hippocampus area. There
are many studies in which exposure to EDCs is associated
with neurodevelopmental diseases in humans (Ipapo et al.
2017; Perera et al. 2016; Arbuckle et al. 2016; Harley et al.
2013). We can suggest that neurochemical imbalances and
oxidative stress may be the cause of these conditions.

However, it is suggested that most of the neurological diseases
may arise from both genetic predisposition and exposure to
environmental chemicals. Exposure to EDCs prenatally and in
early life can lead to genotoxic effects and perhaps mutations
in genes responsible for neurodegenerative disorders (Matilla-
Dueñas et al. 2017). Therefore, the presence of multiple mech-
anisms and cross-effects at all different parts of the neuroen-
docrine axis should be considered when studying the toxic
effects of EDCs.
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