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Abstract
Lead and di-2-ethylhexyl phthalate (DEHP) are widely distributed in the environment, and their neurotoxicity has caused a
widespread concern. The complexity of environmental exposure provides the possibility of their combined exposure. The present
study aims to describe a joint neurotoxicity and clarify the potential mechanism after combined exposure to lead and DEHP. A
2 × 3 factorial design was used to analyze either single effects or their interaction by a subchronic lead and DEHP exposure model
of the male weaning rats. Similar to the previous study, lead or DEHP single exposure showed an increased neurotoxicity.
Interestingly, our neurobehavioral test showed the rats in the combined exposure groups had a better ability of learning and
memory compared with the single-exposure ones. It seemed to reflect an antagonism joint action in neurotoxicity after combined
exposure. The content of dehydroepiandrosterone (DHEA) in serum and the mRNA level of brain-derived neurotrophic factor
(Bdnf) in the hippocampus showed a similar trend to the ability of learning and memory. However, there was insufficient
evidence to support the joint action on some indexes of oxidative stress such as malondialdehyde (MDA), the ratio of reduced
glutathione(GSH) to oxidized glutathione(GSSG), γglutamylcysteine synthetase (γ-GCS), glutathione-s transferase (GST), and
nuclear factor E2-related factor 2 (Nrf2) mRNA expression in the hippocampus. In a word, our current study reminded a unique
antagonism joint action of neurotoxicity after combined exposure to lead and DEHP, which may contribute to understanding
some shallow mechanism of the joint toxicity due to the complexity of environmental pollutant exposure.
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Introduction

Lead and its compounds widely exist in the environment,
absorbed through the digestive tract and respiratory tract.
The amount of lead consumption worldwide is about 4 million
tons per year, only 1/4 of which is recycled. Food contamina-
tion and atmospheric pollution are the primary exposure
sources of lead [1]. Irrigation of farmland with the sewage
discharged from factories can increase lead content in grains,
vegetables, and aquatic products. In our daily life, it is

universal exposure to lead-containing toys, school supplies,
paints, cosmetics, solders, glazes, etc [2, 3].

The red blood cell, liver, kidneys, and brain have been
considered as the main target organs of chronic lead expo-
sure [4–6]. It has long been recognized to cause neurolog-
ical alterations in children. Lead gets into the brain tissue
through the immature blood-brain barrier, interfering with
the function of cells. Animal experiments show that lead
exposure can bring about the retardation of the develop-
ment of the central nervous system in offspring rats and
dis turb the abil i ty of learning and memory [7] .
Epidemiological surveys remind that lead exposure can
affect infants’ neurobehavioral and intellectual develop-
ment [8, 9]. Extensive studies on the mechanism of lead
neurotoxicity suggest that lead can induce the increase of
oxygen free radicals and produce oxidative damage [10];
competitively antagonize Ca2+, simulating the entry of
Ca2+ channels into the cells and destroying the blood-
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brain barrier [11]; and interact with N-methyl-D-aspartate
receptors (NMDARs), interfering with the inhibition of
long-term potentiation (LTP) induction and impairing hip-
pocampal memory formation [12].

Di-2-ethylhexyl phthalate (DEHP), the most common
member of the class of phthalates, is the main plasticizer
and its global output can reach 3 ~ 4 million tons [13].
Phthalates are used in the manufacture of rubber clogs,
rubber boots, soap packaging, products made from poly-
vinyl chloride (PVC), bath mats, and soft toys [14]. As we
have known, DEHP, as one of the most common pollut-
ants, cannot polymerize to the carbon chain of the PVC
polymer and is continuously released from the plastic film
with the passage of time [15]. DEHP in the air, soil, and
water can enrich in vegetables, algae, fish, and finally
cause damage to multiple organisms, which shows repro-
ductive toxicity, liver and kidney toxicity, and carcinoge-
nicity [16–18]. As DEHP contamination gradually in-
creases in the environment, its risk assessment and safety
monitoring caused a widespread concern [14].

DEHP neurotoxicity is widely recognized, especially the
effects on learning and memory. Epidemiological surveys
show that DEHP metabolite mono-2-ethylhexyl phthalate
(MEHP) concentration in urine is related to neurobehavioral
impairment [19]; PAEs metabolite content in the urine of
school-age children is inversely proportional to their intelli-
gence quotient (IQ) [20], and positively correlates with atten-
tion deficit hyperactivity disorder [21]. Animal studies also
have demonstrated that DEHP could change neurosteroid lev-
el and affect the development and cognitive function of the
nervous system by modulatingγ-aminobutyric acid (GABA)
receptors and NMDARs [22, 23]; DEHP could cause oxida-
tive damage to the neuronal membranes, interfering with
nerve signal transmission and affecting learning and memory
functions [24]. However, some related mechanism is uncer-
tain, and further exploration is also necessary.

There is an increasing variety of pollutants in the en-
vironment with the development of industry and agricul-
ture. Although the toxic effect of a single chemical has
been explored in depth, it is more necessary and critical to
evaluate the impact on living organisms and clarify the
potential mechanism of the combined exposure. As we
all know, the joint action of chemicals mainly includes
enhancement, additive effect, independent effect, and an-
tagonism (inhibition). Lead is an old poison, while DEHP
is a modern plasticizer. However, the neurotoxicity of
their combined exposure has not been reported, and how
to evaluate their joint action is not yet fully understood.

The present study aims to describe the joint neurotoxicity
and clarify the possible mechanism of combined exposure of
lead and DEHP. Therefore, we performed a 2 × 3 factorial
design to establish a subchronic model of male weaning rats
after lead and DEHP exposure. Firstly, a Morris water maze

test was used to assess neurobehavioral impairment, especial-
ly the ability of learning and memory. Furthermore, we mea-
sured the neurosteroid content in serum, the level of
malondialdehyde (MDA), reduced glutathione(GSH), oxi-
dized glutathione(GSSG), the activity of glutathione-s trans-
ferase (GST), and γglutamylcysteine synthetase (γ-GCS) in
the hippocampus. In addition, the mRNA level of the brain-
derived neurotrophic factor (Bdnf), cAMP-response element-
binding protein (Creb), and nuclear factor E2-related factor 2
(Nrf2) in the hippocampus was also measured to clarify pos-
sible neurotoxic mechanisms of their combined exposure.
Hopefully, our data will contribute to providing some scien-
tific clues for the safety assessment and risk evaluation of
combined exposure to lead and DEHP in the environment.

Materials and Methods

Animal Grouping and Drug Administration

Sixty male Wistar rats (just weaning, 80-100 g), pur-
chased from the Experimental Animal Centre of China
Medical University (SPF grade, license number SYXK-
2013-0001), were housed in a standard laboratory envi-
ronment (temperature, 22 ± 1 °C; humidity, 55 ± 5%).
Experiments and surgical procedures were conducted in
conformity with the Animal Care and Use Guidelines of
China Medical University, which confirmed to the
National Institute of Health Guide for the Care and Use
of Laboratory Animals. After being observed for 1 week,
rats were randomly divided into six groups: the control
group was given corn oil by gavage and fed with distilled
water for 3 months. The concentration of DEHP dissolved
in corn oil was 2 and 10%; the concentration of lead
acetate (PbAc2) solution dissolved in distilled water was
0.5%. The detailed grouping and administration are
shown in Table 1.

Morris Water Maze

According to the previous experimental method [25], a
black circular pool (diameter, 150 cm; height, 60 cm),
divided into four quadrants and filled with water (20 ±
1 °C), was used to perform the test. A platform (diameter,

Table 1 Animal grouping and drug administration

PbAc2 DEHP

0 (corn oil) 2% 10%

0 (distilled water) 1 2 3

0.5% 4 5 6
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10 cm) was positioned in the middle of the second quad-
rant, submerged 1.0 cm below the water surface. The rats
entered the water facing the same point on the wall from
each quadrant and were trained four times per day for
5 days. To assess memory at the end of learning, the
trained rats were given two subsequent tests after 5-day
resting. Firstly, the hidden platform was placed in the
same position as before in the place navigation test, and
the rats’ spatial memory abilities were assessed according
to the escape latency time (the time spent to find the
platform). We removed the submerged platform and be-
gan the spatial probe trial. Each rat was put in the pool to
swim for 60 s. The rats’ spatial memory abilities were
evaluated according to the time spent in the target quad-
rant and the number of target quadrant crossings (the sec-
ond quadrant). Their search strategies were recorded and
analyzed using the maze video tracking software
(Ethovision XT, Noldus, Netherlands). We monthly per-
formed Morris water maze experiment after administra-
tion to dynamically assess the ability of rats’ memory
and learning.

Neurosteroid Levels in Serum

ELISA kits, purchased from Nanjing Jiancheng
Bioengineering Institute, were used to measure the con-
tent of testosterone, pregnenolone (PREG), and dehydro-
epiandrosterone (DHEA) in serum. The experiment pro-
cedure and formulas for the calculation strictly followed
the kit instructions.

Levels of MDA, GSH/GSSG, and Activities of GST,
γ-GCS in the Hippocampus

Make hippocampal homogenates based on the different
instructions of assay kits (purchased from Nanjing
Jiancheng, China) for the further experiments. The micro-
plate reader (BioTek, USA) read optical density (OD)
values on the corresponding wavelengths. Then, calculate

the respective concentrations according to the manufac-
turer’s instructions.

RNA Extraction and Quantitative Real-Time PCR

QPCR was conducted to detect the mRNA expression of
Bdnf, Creb, and Nrf2. Homogenize 30-mg hippocampus tis-
sue in 1 mL of Trizol reagent (Invitrogen Inc., Burlington,
ON, Canada). After chloroform separation and isopropanol
precipitation, total RNAwas extracted according to the man-
ufacturer’s instructions. One microgram of total RNA was
converted to cDNA and then was amplified in duplicate using
SYBR Premix Ex Taq II (Takara, Dalian, China) and a Light
Cycler 480 II (Roche, Germany) PCR detection system. The
primer showed in Table 2. Gapdh, was used as an internal
reference. The relative quantification of mRNA levels was
calculated by the 2−ΔΔCt method [26].

Statistical Analysis

Experimental data were described by mean ± standard devia-
tion (SD) and analyzed by factorial design analysis of variance
(ANOVA) with SPSS 20.0 software. LSD method was used
for multiple comparisons between groups. Data transforma-
tion or nonparametric test was performed when the data did
not satisfy the homogeneity of the variance. P < 0.05 was
considered statistically significant.

Table 2 Primers used for QPCR

Gene Primer sequences (5′–3′)

Bdnf Forward:-ATCCACTGAGCAAAGCCGAAC-

Reverse:-CAGCCTTCATGCAACCGAAGTA-

Creb Forward:-TGAGTTGGCAAGTCCATTCG-

Reverse:-AACGGGCTATCCTGGTGAGT-

Nrf2 Forward:-TTGGCAGAGACATTCCCATTTGTA-

Reverse:-GAGCTATCGAGTGACTGAGCCTGA-

Gapdh Forward:-CGGCAAGTTCAACGGCACAG-

Reverse:-CGCCAGTAGACTCCACGACAT-

Table 3 The results of the first Morris water maze

Group Escape latency
(s, the place navigation test)

Time spent in the
target quadrant (s)

Number of target
quadrant crossing

Escape latency
(s, the spatial probe trial)

Control 38.89 ± 24.15 17.64 ± 3.44 3.71 ± 1.80 36.00 ± 25.44

2% DEHP 37.95 ± 20.29 10.33 ± 9.13 2.17 ± 1.72 42.01 ± 27.58

10% DEHP 52.49 ± 20.04 7.62 ± 5.21∗ 2.00 ± 1.67∗ 47.95 ± 17.76

0.5% lead 47.70 ± 16.40 10.88 ± 8.30 2.29 ± 1.60 50.05 ± 16.13

2% DEHP + 0.5% lead 48.60 ± 19.16 11.71 ± 9.37 2.57 ± 2.30 36.18 ± 23.67

10% DEHP + 0.5% lead 31.30 ± 23.88 11.96 ± 9.76 2.86 ± 1.35 34.63 ± 18.60

∗P < 0.05, compared with control group.
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Results

Effects on Learning and Memory after Exposure
to Lead and DEHP

All rats could find the hidden platform after 5-day training in
Morris water maze. Interestingly, the rats in the combined
exposed groups (group 5, 2% DEHP + 0.5% lead and group
6, 10% DEHP + 0.5% lead), as well as the control, spent a
shorter time finding the platform than other groups and
showed a stronger ability of learning.

Firstly, the rats in the 10% DEHP group spent signifi-
cantly less time in the target quadrant and crossed the
target quadrant significantly less than the control in the
spatial probe trial of the first Morris water maze (Table 3).
A month later, we performed the second Morris water
maze and found that 0.5% lead significantly reduced the
rats’ retention time in the target quadrant of the spatial
probe trial (lead, Ftime = 6.533, P = 0.013); and the rats’
number crossing target quadrant, treated by 10% DEHP,
is still significantly less than the control group (Table 4).
Finally, the third water maze test indicated the rats ex-
posed to 10% DEHP or 0.5% lead spent significantly less
time in the target quadrant (Table 5 and Fig. 1c); rats
exposed to 2 or 10% DEHP or 0.5% lead had less number
of target quadrant crossing than control animals (Tabl 5

and Fig. 1e); in addition, the rats in groups 2 to 5 spent
longer time (escape latency) to reach the platform location
than the control. However, the animals exposed to 10%
DEHP + 0.5% lead showed similar results to those ani-
mals in the control group (Table 5 and Fig. 1g).

The swimming routes of finding the platform showed
in Fig. 1a. Compared with 0.5% lead and 10% DEHP
groups, the rats of the control and combined exposure
group (0.5% lead + 10% DEHP) found the platform more
quickly and directly; Fig. 1b showed the search strategy
of rats after removing the hidden platform. The rats of
0.5% lead and 10% DEHP groups performed a disorga-
nized and purposeless search strategy, hardly crossing the
platform area and the target quadrant compared with the
control. Interestingly, the rats, exposed to 0.5% lead and
10% DEHP, performed an explicit search strategy, fre-
quently crossing the platform area in the target quadrant.

The interaction of lead and DEHP on the indicators of
the spatial probe trial was found according to the factorial
design analysis (lead × DEHP: Ftime = 4.653, P = 0.017;
Fnumber = 6.814, P = 0.003; Flatency = 9.548, P = 0.001). A
crossing point in the right interaction diagram indicated
the existence of the interaction (Fig. 1d, f, h). Besides, the
retention time in the target quadrant was gradually short-
ened with increasing concentration of DEHP, while the
retention time was gradually increased after simultaneous

Table 4 The results of the second Morris water maze

Escape latency
(s, the place navigation test)

Time spent in the
target quadrant (s)

Number of target
quadrant crossing

Escape latency
(s, the spatial probe trial)

Control 21.83 ± 14.81 10.40 ± 3.39 5.50 ± 1.22 11.42 ± 11.27

2% DEHP 24.98 ± 21.67 9.12 ± 4.66 4.00 ± 1.26 17.63 ± 11.06

10% DEHP 25.61 ± 24.27 9.36 ± 4.05 3.00 ± 1.53∗ 25.18 ± 22.20

0.5% lead 30.09 ± 23.41 3.79 ± 3.05∗ 4.29 ± 1.38 18.78 ± 20.59

2% DEHP + 0.5% lead 18.99 ± 14.11 6.95 ± 4.91 4.43 ± 2.07 14.23 ± 20.56

10% DEHP + 0.5% lead 15.35 ± 8.46 7.67 ± 5.06 4.43 ± 1.51 15.65 ± 20.34

∗P < 0.05, compared with control group.

Table 5 The results of the third Morris water maze

Group Escape latency
(s, the place navigation test)

Time spent in the
target quadrant (s)

Number of target
quadrant crossing

Escape latency
(s, the spatial probe trial)

Control 37.95 ± 4.41 8.49 ± 0.44 4.00 ± 1.58 8.07 ± 5.45

2% DEHP 45.49 ± 8.59 7.17 ± 2.12 2.00 ± 0.63∗ 14.18 ± 4.37∗
10% DEHP 52.49 ± 13.09 5.95 ± 1.39∗ 2.29 ± 1.11∗ 14.96 ± 4.71∗
0.5% lead 47.70 ± 8.76 5.64 ± 1.90∗ 2.43 ± 1.51∗ 17.29 ± 5.90∗
2% DEHP + 0.5% lead 48.60 ± 10.35 6.91 ± 2.04 3.57 ± 0.79 15.70 ± 2.58∗
10% DEHP + 0.5% lead 31.30 ± 9.91 7.55 ± 1.79 4.14 ± 1.68 8.20 ± 3.79

∗P < 0.05, compared with control group.
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exposure to 0.5% lead (Fig. 1c). Similarly, lead altered the
single effect of DEHP on the number of crossing target

quadrant (Fig. 1e) and escape latency (Fig. 1g). The above
results indicated that lead and DEHP damaged the spatial
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Fig. 1 Effects of lead and DEHP
on learning and memory in rats
(n = 10 rats per group): a
represented for swimming route
of looking for the platform; b
represented for search strategy in
the spatial probe trial; c, e, and g
represented for time spent in the
target quadrant, number of
crossing target quadrant, and
escape latency of the spatial probe
trial in the third Morris water
maze; d, f, and h, originated from
SPSS20.0, were the interaction
profile plots. ∗P < 0.05

Table 6 Contents of testosterone,
PREG, and DHEA in serum Group Testosterone (ng/mL) PREG (ng/L) DHEA (ng/mL)

Control 29.10 ± 1.01 139.55 ± 13.35 6.42 ± 1.47

2% DEHP 24.01 ± 2.54* 135.24 ± 12.44 5.00 ± 1.38

10% DEHP 22.84 ± 2.61* 131.38 ± 30.75 3.20 ± 0.52*

0.5% Lead 24.58 ± 2.39* 129.03 ± 13.37 4.61 ± 0.90*

2% DEHP+ 0.5% Lead 23.74 ± 4.66* 116.69 ± 7.63 4.70 ± 1.43*

10% DEHP+ 0.5% Lead 24.24 ± 3.28* 132.48 ± 15.40 5.02 ± 1.15

∗P < 0.05, compared with control group.
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learning and memory abilities of rats, whereas their com-
bined exposure was not significantly different from the
control, namely, there was an antagonism joint action in
neurotoxicity.

Contents of Testosterone, PREG, and DHEA in Serum

Testosterone content was significantly reduced by DEHP
(Ftestosterone = 3.614, P = 0.044) (Table 6 and Fig. 2a). 0.5%
lead exposure significantly reduced the level of testosterone
(P < 0.05) (Table 6 and Fig. 2a). However, no statistical sig-
nificance was found in PREG content exposed to lead and
DEHP (Table 6 and Fig. 2b). The higher the DEHP concen-
tration, the lower the DHEA level (FDHEA = 3.512,P = 0.046).
However, this trend had been significantly reversed with the

addition of 0.5% lead (lead × DEHP: FDHEA = 5.850, P =
0.009) (Table 6 and Fig. 2c, d).

Levels of MDA, GSH, GSSG, and Activities of γ-GCS,
GST in the Hippocampus

The present experiment showed that lead significantly in-
creased the level of MDA, reduced the GSH content, and
increased GSSG content (FMDA = 17.044, P = 0.001; FGSH =
11.348, P = 0.006; FGSSG = 14.283, P = 0.003; FGSH/GSSG =
18.170, P = 0.001) (Table 7 and Fig. 3a and b). However,
the activity of γ-GCS in the hippocampus significantly in-
creased after exposure to DEHP (Fγ-GCS = 16.040, P < 0.05)
(Table 7 and Fig. 3c). No significant effects on GST and the
interaction between lead and DEHP were observed (Table 7).
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Table 7 Levels of MDA, GSH, GSSG, and activities of γ-GCS, GST in the hippocampus

Group MDA (nmol/mgprot) GSH (μmol/L) GSSG (μmol/L) GSH/GSSG GST (U/mgprot) γ-GCS (U/mgprot)

Control 3.99 ± 0.87 25.35 ± 2.16 3.86 ± 0.77 6.78 ± 1.65 37.04 ± 19.32 4.04 ± 1.10

2% DEHP 4.44 ± 1.03 22.88 ± 1.49 4.49 ± 1.37 5.45 ± 1.79 34.8 ± 48.73 4.25 ± 0.86

10% DEHP 6.16 ± 0.91 21.85 ± 1.82* 4.53 ± 1.41 5.12 ± 1.46 33.82 ± 20.10 6.42 ± 0.54*

0.5% lead 7.53 ± 0.88* 19.68 ± 1.05* 6.71 ± 1.71* 3.08 ± 0.88* 29.81 ± 42.04 4.33 ± 0.74

2% DEHP+ 0.5% lead 7.43 ± 1.40* 21.39 ± 1.11* 5.99 ± 0.20* 3.57 ± 0.08* 31.44 ± 9.75 5.35 ± 0.31

10% DEHP+ 0.5% lead 7.78 ± 2.51* 21.10 ± 2.01* 6.23 ± 0.53* 3.39 ± 0.05* 32.14 ± 32.07 6.65 ± 0.68*

∗P < 0.05, compared with control group
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Bdnf, Creb, and Nrf2 mRNA Expression
in the Hippocampus

According to factorial design ANOVA, a statistical signifi-
cance of the main effect of lead and their interaction on the
mRNA expression of Bdnf were shown (lead, FBdnf = 13.603,
P = 0.001; lead × DEHP: FBdnf = 19.440, P < 0.05) (Table 8
and Fig. 4a, b). Compared to the control, 10% DEHP or
0.5% lead exposure remarkably reduced the expression of
Bdnf mRNA (Table 8 and Fig. 4a). However, no statistical
significance of the mRNA expression of Creb and Nrf2 were
found (Table 8 and Fig. 4c, d). Interestingly, there was a dose-
response relationship of DEHP exposure on Nrf2 mRNA ex-
pression, which reminded us of an inhibition of DEHP on
Nrf2 mRNA expression (Fig. 4c).

Discussion

Lead, with apparent neurotoxicity, has adverse effects on chil-
dren’s nervous system [27]. DEHP, a common plasticizer,
shows neurotoxicity and reproductive and developmental tox-
icity [28, 29]. It is definitely worth exploring the joint neuro-
toxicity after combined exposure to them. In our current study,
Morris water maze experiment was monthly performed to eval-
uate rats’ ability of memory and learning dynamically. Similar
to the previous research, lead or DEHP single exposure shows
increasing neurotoxicity [30, 31]. Interestingly, our neurobe-
havioral test suggested that rats in the combined exposure

groups had a better ability of learning and memory compared
with the single exposure ones. Namely, there seems to be an
antagonism joint action after exposure to lead and DEHP, and it
means that their combined neurotoxicity is lower than the single
effect of lead or DEHP. To further explain the results of the
above neurobehavioral test and provide evidence of their antag-
onism joint action, we separately analyzed neurosteroid con-
tents, oxidative stress levels, and CREB-BDNF signaling path-
ways’ changes after exposure to lead and DEHP.

Neurosteroids mainly include testosterone, PREG, DHEA,
and its sulfate derivatives (PS, DHEAS). Our data showed that
DEHP-treated rats had a lower content of testosterone and
DHEA after a 3-month exposure. In addition, there was an
antagonism joint action between lead and DEHP in terms of
the effects on DHEA. DHEA has been found to directly act as a
positive allosteric modulator of the NMDARs, which is essen-
tial for controlling synaptic plasticity and memory function [32,
33]. Ca2+ flux through NMDARs is thought to be critical in
synaptic plasticity, a cellular mechanism for learning and mem-
ory. In brief, DEHP could reduce the content of DHEA via
targeting NMDARs as a result of impairing hippocampal learn-
ing and memory functions.

BDNF, the brain-derived neurotrophic factor, also showed the
same trend. Bdnf mRNA level of all administration groups was
far less than the control, while the expression of combined expo-
sure groupswas slightly increased comparedwith the single ones.
Neal AP’s [34] research suggests that presynaptic deficits,
resulting from lead exposure, are mediated by the disruption of
NMDAR-dependent BDNF signaling during synaptogenesis. In
the light of Zhao Q’s [11] and Guilarte TR’s [12] research indi-
cates that lead can competitively antagonize Ca2+ and act as a
potent NMDAR antagonist. In our study, lead inhibited the activ-
ity of NMDA receptors and significantly reduced the mRNA
expression level of BDNF, thusmight lead to a decline in learning
and memory abilities. However, there was no significant differ-
ence of its transcriptional enhancer CREB in the present study.
Therefore, we speculated that other pathway-related transcription
factors may be involved in transcriptional regulation of BDNF.

Oxidative stress is one of the indicators of early changes in
the damage of the central nervous system. The brain tissue is
rich in unsaturated fatty acids and is particularly sensitive to
oxidative damage. Our study confirmed that DEHP reduced

Fig. 3 Levels of MDA, GSH/GSSG, and activity of γ-GCS in the hippocampus (n = 5 rats per group): the columnar section a, b, and c respectively
showed the levels of MDA, GSH/GSSG, and the activity of γ-GCS. ∗P < 0.05

Table 8 Bdnf, Creb, and Nrf2 mRNA expression in the hippocampus
(2−ΔΔCt, mean ± SD)

Group Bdnf Creb Nrf2

Control 1.07 ± 0.42 1.04 ± 0.31 1.03 ± 0.25

2% DEHP 0.49 ± 0.27 0.97 ± 0.39 0.93 ± 0.27

10% DEHP 0.23 ± 0.09* 1.23 ± 0.27 0.67 ± 0.11

0.5% lead 0.16 ± 0.07* 1.12 ± 0.35 0.99 ± 0.38

2% DEHP+ 0.5% lead 0.30 ± 0.13 1.07 ± 0.28 1.01 ± 0.34

10% DEHP+ 0.5% lead 0.41 ± 0.16 1.13 ± 0.38 1.22 ± 0.37

∗P < 0.05, compared with control group.
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the expression ofNrf2mRNA in spite of no significance while
its downstream enzyme activity of γ-GCS was improved.
Lead significantly increased MDA level and reduced GSH/
GSSG value, which was consistent with the results from Lu
[10]. However, there was an insufficient evidence to support
the joint action of lead and DEHP on oxidative stress.

Taken all results into consideration, we speculated that the
antagonistic joint action might be due to receptor antagonism,
which means that two compounds competitively bind to the
same receptor in vivo. We further concluded that the antagonis-
tic effect of lead and DEHP on neurobehavior originated from
their competitively binding to NMDARs [32, 35], which play
crucial roles in both the development of the nervous system and
the formation of neuronal circuits. In addition, another antago-
nism joint action, configuration antagonism, should be consid-
ered. It means that a chemical can affect the absorption, distri-
bution, excretion, and metabolism of another chemical, making
it less likely to reach the target organ. Lead can cross the blood-
brain barrier bymimicking Ca2+and degrade the myelin sheaths
of neurons, reduce their numbers, interfere with neurotransmis-
sion routes, and decrease neuronal growth [11]. Similarly,
DEHP can also exert the toxicity through the blood-brain bar-
rier [36]. Therefore, an antagonistic effect on learning and
memory can happen after exposure to both lead and DEHP
due to the configuration antagonism as well.

In a word, although there were some limitations such as no
data about daily water consumption and lead intake, the present
study reminded that the joint neurotoxicity of lead and DEHP
may be an interesting antagonistic effect initially. In subsequent
experiments, we will be in an effort to make the research

conclusion more persuasive and scientific. Although as a prelim-
inary work of a battery of profound studies, deep functional
research is necessary; our current study may contribute to under-
standing the unique joint neurotoxicity and some shallow mech-
anism after combined exposure to both lead and DEHP.
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