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Abstract The objective of this study was to evaluate the
toxicity of individual and mixtures of di(n-butyl) phthalates
(DBP) and their active metabolite monobutyl phthalate (MBP)
and arsenic (As) on spatial cognition associated with hippo-
campal apoptosis in mice. Mice were exposed, individu-
ally or in combination, to DBP (50 mg/kg body weight,
intragastrically), MBP (50 mg/kg body weight, intragastrically),
and As (10 mg/L, per os) for 8 weeks. The Morris water maze
test showed that mice exposed to DBP/MBP combined with As
exhibited longer escape latencies and the lower average number
of crossing the platform. The As content in the hippocampus
after As exposure increased as compared to those without As
exposure. In mice exposed to DBP/MBP combined with As,
pathological alterations and oxidative damage to the hippocam-
pus were found. Expression of apoptosis-related protein:
Bax and caspase-3 were significantly increased in the
hippocampus, while there was no significant change in ex-
pression of Bcl-2. The results suggested that DBP and MBP
combined with As can induce spatial cognitive deficits
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through altering the expression of apoptosis-related protein
and As played a critical role in cognition impairments. And
the joint exposure has antagonistic effect.
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Introduction

Traditionally, research on toxicity of environmental pollutants
has been focused on individual toxicants. However, organisms
are actually exposed to a cocktail of various pollutants at low
concentrations in the ecosystem. Interactions of chemicals in a
mixture could be synergistic, antagonistic, potentiated, or in-
hibitory depending on the species of chemicals involved.
Arsenic (As) is a well-known toxicant, which has been ex-
posed to millions of people worldwide through food and water
[1]. As is reported to cause a wide array of adverse health
effects, including respiratory, gastrointestinal, hematologic,
hepatic, renal, dermal, immunologic, and neurological effects
[2, 3]. Epidemiological studies revealed an association be-
tween As in drinking water and the risk of cognitive impair-
ment, including disturbed visual perception and visuomotor
integration, psychomotor speed, attention, speech, and
memory [2, 4]. Also, chronic exposure to inorganic As
via drinking water results in a dose-dependent reduction in the
intellectual functions of children [5, 6]. Early-life exposure to
As-contaminated water has been linked to increased mortality
and morbidity in infants and cognitive deficits in school-aged
children [7]. Furthermore, evidence from animal studies
showed that As can be transported through the placenta from
adult mice to their fetuses, resulting in learning and behavioral
deficits [8, 9].
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Phthalic acid esters (PAEs) are a group of synthetic com-
pounds that have been used in a wide variety of industrial and
consumer applications for more than 50 years. Phthalates are
not bound covalently to plastics and hence, are easily released
into the environment [10]. Children likely have multiple
sources and routes of exposure, as current research indicates
that almost all children’s urine samples contain measurable
concentrations of phthalates metabolites [11]. Di (n-butyl)
phthalates (DBP) is deemed as an endocrine disrupting chem-
ical (EDC) because it can interfere with the generation and
action of many hormones, including testosterone, estradiol,
luteinizing hormones, and others [12, 13]. Accumulating evi-
dence has shown that perinatal exposure to DBP has adverse
effects on the neurodevelopment of neonatal and immature
brains of rat offspring [14]. Regarding the adverse effects of
DBP, the most concern is with its estrogenic and anti-
androgenic activities in vitro [15]. Besides its adverse effects
on reproduction, recent evidence highlights its influence on
neurological functions in children, adult and aging brains, as
endocrine disruptors [16]. Mono-n-butylphthalate (MBP) is
considered the main and active hydrolysate of DBP by en-
zyme esterase [17], which can suppress steroidogenesis by
fetal-type Leydig cells in primates and rodents [18].

Because of their widespread and constant presence in the
environment, humans are exposed either concurrently or se-
quentially, through various routes of exposure, to a large num-
ber of chemicals from a variety of sources over varying
periods of time [19]. The magnitude of the problem is
immense because daily exposures to mixture of chemicals
have become a routine. As exposure to both As and phthalates
of environmental origin is likely, it was a logical step forward
to investigate their combined effect in addition to the
traditional focus on the effect of a single agent. Therefore,
the current study was designed to determine the neurological
effect of exposure to As, DBP, and MBP individually or mix-
tures in mice, especially, at low concentrations which are
thought to be individually safe. In fact, only a limited number
of studies are available on the combined effects of these com-
pounds. Exposure to DBP and Benzoapyrene (BaP), individ-
ually or as mixtures, was found to affect the reproductive
system of male rats, adversely, via oxidative stress [20].
Studies have revealed that DBP and its metabolite MBP can
inhibit the enzymatic activity of superoxide dismutase (SOD)
and thus impair the free radical scavenging mechanism [21].
Xu et al. [22] further reported the potential neurotoxic effect
exhibited by DBP and Diethyl Phthalate (DEP) on zebrafish
embryos. DBP and MBP inhibited testosterone production in
MLTC-1 cells. This inhibition of testosterone production oc-
curred in the absence of any change in Leydig cell viability
and was dose-dependent [23].

Apoptosis, or programmed cell death, is a normal feature in
the development of the central nervous system and can be
experimentally induced by a variety of conditions and
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compounds. It is regulated by a number of anti- and pro-
apoptotic genes expressing homologous proteins and by en-
zymatic cascades. One of the gene families closely related to
these regulatory pathway is the Bcl-2 family, which comprises
several Bcl-2 related genes that promote (e.g., Bax) or inhibit
apoptosis (e.g., Bcl-2). Caspases are cysteine proteases that
are thought to be critical in the execution of apoptotic cell
deaths. Caspase-3 is considered to be a prominent effector
caspase. Activation of this proteolytic enzyme has been
demonstrated in many acute and chronic neurodegener-
ative disorders, such as Alzheimer’s disease [24] and
Parkinson’s disease [25]. The purpose of present study
was to investigate neurotoxicity of DBP/MBP combined
with As at a low concentration. The expression of Bax, Bcl-
2, and caspase-3 in the hippocampus were studied. In addition,
sensitive biomarkers for neurotoxicants, acetylcholinesterase
(AChE), and nitric oxide synthase (NOS) activity were
also measured. Our findings provide basic experimental
evidence for better understanding of co-exposure induced
neurotoxicity.

Materials and Methods
Chemicals and Reagents

Analytical grade (>99 %) sodium arsenite was pur-
chased from Sinopharm Chemical Reagent Co. Ltd. As
standard was purchased from the National Center of
Analysis and Testing for Nonferrous Metals and Electronic
Materials (NCATN) in China. DBP (99 % purity) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA), while
MBP (>99.4 %) was purchased from TCI, Japan. Corn oil
was obtained from local commercial sources.

Animals

Eighty (80) 3-week-old SPF male (10+£2 g) ICR mice were
purchased from the Comparative Medicine Center of the
Jiangsu University (the license number SYXK (SU)
2013-0036). Mice were allowed to acclimatize to their
new environment for a period of 3 days before com-
mencement of experiment. During the experiments, mice
were fed under controlled environmental conditions,
which included a temperature of 22+2 °C and humidity
of 58+2 %. They were kept in plastic cages padded
with wood shavings at a 12-h light/dark cycle. Mice
were fed with basal diet and given free access to drinking
water. All experimental procedures conformed to The Code
of Ethics of the World Medical Association for experiments
involving humans (EC Directive 86/609/EEC for animal ex-
periments). They were approved by the Jiangsu University
Committee on Animal Care and Use.
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Experimental Design and Exposure

The mice were randomly divided into eight groups (ten mice
per group). Sodium arsenite was dissolved in the drinking
water, 10 mg/L [26]. DBP and MBP were given to the mice
by oral gavage once daily, after dissolution in corn oil. Test
solutions were administered continuously for 8 weeks to mice.
The daily doses of DBP and MBP, given alone, was designed
at 50 mg/kg, which was based on the LOAEL of a previous
study [27]. Detailed doses can be seen in Table 1.

At the end of the experimental period, every mice were
weighed and anesthetized with sodium pentobarbital. The
brain, liver, and kidneys of each mice were collected, rinsed
with cold saline, weighed, and used for biochemical and ele-
mental analyses. Also, the hippocampus of five mice from
each group were excised, fixed in 10 % formalin, and stained
with hematoxylin and eosin (H&E) for histological examina-
tion, respectively. Another five hippocampus of the mice from
each group was carefully separated, transferred into liquid
nitrogen, and stored at —196 °C for western blot analysis.

Morris Water Maze Test

The Morris water maze test was used as previously described
in the literature [28] to evaluate the learning and memory
abilities of mice following as, DBP and MBP exposure. The
test was performed in a 1.2-m diameter pool with a 9.5-cm
diameter platform placed in the SE quadrant of the pool, lo-
cated in a room with a temperature of 25 °C. A pickup camera
recorded the tracks of the mice in the pool. The procedure
consisted of 4 days of the hidden platform acquisition test
and a probe trial test. In the hidden platform acquisition test,
the training began 6 h after the end of each day’s exposure.
The mice were released into the water from the NE, NW, and
SW quadrants, respectively. The time required for the mice to
find the escape platform was recorded. Each mouse was
allowed 60 s to search for the platform. If the mice could not
find the platform within that time, the escape latency was
recorded as 60 s, and the mice were led to the platform and

Table 1  Experiment design and the dose of As, DBP, and MBP
Group Dose

Control Double-distilled water

As 10 mg/L

DBP 50 mg/kg b. w.

MBP 50 mg/kg b. w.

As+DBP As 10 mg/L, DBP 50 mg/kg b. w.

As+MBP As 10 mg/L, MBP 50 mg/kg b. w.

DBP+MBP DBP 50 mg/kg b. w., MBP 50 mg/kg b. w.

As+DBP+MBP As 10 mg/L, DBP 50 mg/kgb. w., MBP 50 mg/kgb. w.

b.w. body weight

placed on it for 60 s. Each mouse was trained three times a day
to find the escape platform, and this continued for 4 days.
After 1 days of no training, the platform was removed, and
each mouse was subjected to the probe trial test to determine
their memory ability. The mice were also put into the pool
from the NE, NW, and SW quadrants, and the camera record-
ed their tracks for 60 s.

Mice behavior, which included escape latency and the
number of passes through the area where the platform had
been, were recorded by automated video tracking (Shandong
Academy of Medical Sciences, Jinan, China). The biomarkers
for the MWM were “escape latency” for learning and
“number of crossing the platform” for memory.

Histopathological Analyses

Sections of the brain and the hippocampus of each group were
excised, fixed in 10 % formalin and dehydrated in ascending
grades of ethanol, cleared in xylene, and embedded in paraf-
fin. The cut sections were stained with H&E and viewed under
a light microscopy (Axioskop 40, Zeiss, Germany) by an ex-
perienced and board-certified veterinary pathologist who was
blind to the animals assigned to each experimental group.

As Content Assay

Briefly, 0.1 g samples of the brain, liver, and kidney were
digested with HNO3 and H,O, in microwave digestion system
(Anton Paar 3000, Australia). Before measurement, added
10 mL 5 % ascorbic acid and 5 % sulfocarbamide to the
digested samples, then diluted to 10 mL with 5 % hydrochlo-
ric acid, As concentration was measured using Vista-MPX
Simultaneous ICP-OES (Varian Inc.,USA) [29]. As determi-
nation was done in triplicates.

Biochemical Assay

Malondialdehyde (MDA) and SOD in the brain, liver, and
kidney, NOS and AChE in the brain were assayed by com-
mercial kits (Institute of Biological Engineering of Nanjing
Jianchen, Nanjing, China).

Western Blotting

Western blot analyses were performed to detect the protein
expression of Bax, Bcl-2, and caspase-3. 3-actin was used
as a control. Briefly, the hippocampus was homogenized with
a Dounce homogenizer (1:10, w/v) in a RIPA Lysis Buffer
(Beyotime, China) solution containing protease inhibitors.
The total protein concentration in the lysates was determined
using a BCA protein assay kit (Biyuntian, China). The sam-
ples employed for Western blotting contained 40 pg of protein
from the hippocampus in each lane. The proteins were mixed
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with an equal volume (20 pl) of SDS-PAGE loading buffer,
separated via SDS-PAGE using 12 % SDS-PAGE gels and
transferred to a polyvinylidene difluoride (PVDF) membrane.
The membranes were blocked with blocking buffer containing
defatted milk powder for 2 h and incubated overnight at 4 °C
with anti-rabbit Bax (1:1000), Bcl-2 (1:1000), caspase-3
(1:1000), and (-actin antibodies (1:500) (Cell Signaling
Technology. USA). The membrane was washed three times
with Tris-buffered saline containing 0.05 % Tween-20
(TBST) for 15 min and then incubated at room temperature
for 2 h with horseradish peroxidase-conjugated goat anti-
rabbit IgG (1:2000) (Cell Signaling Technology, USA).
After that, the membrane was detected using enhanced chemi-
luminescence (ECL). Images of resulting gels were captured
by image master VDS. The images was analysis by Quantity
One 4.6.9.

Statistical Analysis

Statistical analysis was performed using SPSS 16.0 (SPSS
Inc., Chicago, IL, USA). Numerical data were expressed as
means+standard deviation (SD). Statistical significance of the
differences between the experimental and control groups was
tested using one-way analysis of variance (ANOVA) followed
by LSD’s test. The level for statistical significance and inter-
active effect was set at p<0.05.

Results
Morris Water Maze Test

In the Morris water maze test, mice were able to find the
platform within 60 s. As+DBP and As+DBP+MBP groups
significantly exhibited longer escape latencies to the hidden
platform compared with the control (Fig. 1a). In hidden plat-
form trial, the average number of mice crossing the platform
site was significantly different in As+DBP, As+MBP, and
As+DBP+MBP compared to mice in the control group
(Fig. 1b). Also, As+DBP+MBP group exhibited longer es-
cape latencies and less average number of crossing platform
compared with DBP+MBP. Using analysis of variance of
factorial design, it was observed that the combination expo-
sure to As, DBP, and MBP has antagonistic effect on escape
latency and average number of mice crossing the platform site.
The combination of As, DBP, and MBP exposure resulted in
memory impairment and decreased learning in mice to some
extent.

As Levels in Soft Tissues

As levels in the tissue samples (brain, liver and kidney)
(Table 2) were determined in this study. There were no
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Fig.1 Effects on spatial learning and memory following exposure to As,
DBP, and MBP individually or in combination in the Morris water maze.
a Escape latency in the hidden platform acquisition test. b Number of
crossing platform in the probe trail test. The results are means+SD (n=
10). *p<0.05, compared with control; °p<0.05, As+DBP+MBP
compared with DBP+MBP; *p<0.05, interaction of joint exposure

significant differences in the levels of As in the tissues
between the groups without As exposure and the control
group; however, significant increases were observed in
As, As+DBP, As+MBP and As+DBP+MBP as com-
pared to the control group. Also, the level of As in
As+DBP+MBP was significant increases as compared
to DBP+MBP. In addition, the As level in soft tissues
increased with DBP and MBP concentration in combi-
nation, especially in the brain. A possible explanation of this
phenomenon is stimulation of As accumulation by DBP/MBP
in the brain of mice.
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Table 2 Arsenic content in the

brain, liver and kidney following Group As (ng/g)

exposure to As, DBP, MBP ) - )

individually or in combination. Brain Liver Kidney

The results are means+SD of

trip]icate Samp]es Control 0.67+0.12 1.51+0.11 0.42+0.03
As 2.90+0.32* 3.76+0.56* 2.18+0.20*
DBP 0.66+0.03 1.62+0.11 0.45+0.04
MBP 0.65+0.01 1.59+0.15 0.72+0.12
As+DBP 3.534£0.24% *** 4.4840.22% *** 2.84+0.13% ***
As+MBP 3.96£0.09% **** 4.4340.2]% Hkk* 2.73+0.57% *xw*
DBP+MBP 0.78+0.10 1.45+0.19 0.53+0.09
As+DBP+MBP 4.24+0.]1 7% Fkkk 5.33+0.26% ***** 3.2140.30% **kx*

*p<0.05, compared with control; ¥***p<0.05, As+DBP, DBP+MBP compared with DBP; ****p<(.05, As+
MBP, DBP+MBP compared with MBP; *****p<(0.05, As+DBP+MBP compared with DBP+MBP;
FHFAAXD<0.05, interaction of joint exposure

Histological Examination of the Hippocampus

After 8 weeks of exposure, the hippocampus of the
mice was examined and analyzed. It was found that
pyramidal cells in the CAl region and granule cells in
the dentate gyrus (DG) region of the mice in the control
group were neatly arranged, with structures intact and
with clear edges (Fig. 2). As+DBP, As+MBP and As+
DBP+MBP exposed groups appeared to show pathological
alterations, as the arrangement of cells was seen to be loose
and disordered, with swelling deformations in cell shape as
compared to the control. All morphological changes indicated
that, combined exposure affected the histology of the hippo-
campus in mice.

Effects on Lipid Peroxidation and Superoxide Dismutase

Sensitive biochemical variables changed significantly af-
ter expose to As, DBP and MBP, especially in combi-
nation. The activity of SOD and the level of MDA in
the tissues are shown in Table 3. A significant decrease
in the activity of SOD was observed not only in the
liver and kidney of mice, but also in the brain when
exposed to As+DBP, As+MBP and As+DBP+MBP as
compared to the control. Also, As+DBP+MBP showed
a significant decrease in the activity of SOD and in-
crease in levels of MDA compared with DBP+MBP.
The levels of MDA was significantly increased in the
tissues after exposure to As+DBP, As+MBP and As+
DBP+MBP as compared to the control. There were no
significant differences in the activity of SOD or MDA
between the group expose to DBP+MBP and the con-
trol. Using analysis of variance of factorial design, it
was observed that the combination exposure to As,
DBP and MBP has antagonistic effect on the MDA and
SOD in the tissues.

Effects on NOS and the Activities of AChE

The activities of NOS and AChE in the brain of mice in the 16
groups are showed in Fig. 3 and Fig. 4. iNOS and TNOS
activity were markedly increased in the brains of As+DBP,
As+MBP, and As+DBP+MBP groups, as compared to that
of'the control. There were, however, no significant differences
between the groups exposed to As, DBP and MBP individu-
ally and the control. As can be seen in Fig. 4, AChE activity
was also significantly inhibited in brain when expose to
As+DBP, As+MBP, and As+DBP-+MBP. The iNOS
and TNOS, AChE activity were markedly increased in
As+DBP+MBP group compared with DBP+MBP. Using
analysis of variance of factorial design, it was observed that
the combination exposure to As, DBP, and MBP has antago-
nistic effect on the iNOS and TNOS, AChE activities in the
brain of mice.

Western Blotting

The expression levels of Bax, Bcl-2 and caspase-3 in the hip-
pocampus of mice are shown in Fig. 5. Bax and caspase-3
protein expression levels in the hippocampus were increased
in groups following exposure to DBP/MBP combined with As
compared to the control, whereas Bcl-2 was changed inverse-
ly. In particular, no significant change was observed in mice
exposed to As, DBP, and MBP individually.

Discussion

Morris water maze is a powerful tool used in the study of
spatial learning and memory in a variety of species [30]. It is
an ideal system to evaluate the cognitive effects of environ-
mental pollutants on rodents in behavioral neuroscience. In
the present study, the longer escape latency and less number
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Fig. 2 Tissues sections of mice
hippocampus CA1 and DG area.
a Control, b As+DBP-H, ¢ As+
MBP-H, d As+DBP-+MBP-H.
Twenty-four hours after being
fixed by 4 % paraformaldehyde,
the hippocampus was stained by
hematoxylin and eosin (H&E)

of crossing platform in As+DBP, As+MBP, and As+DBP+
MBP showed the spatial acquisition deficit and memory im-
pairment. However, no significant differences were observed
in As, DBP, MBP, and DBP+MBP groups. These results
provided novel evidence that DBP/MBP combined with
As can cause learning and memory deficits, especially,
As may play an important role in combination. To deter-
mine possible underlying mechanisms for the injured behav-
ioral development in the young mice, the present study fo-
cused on what happened in the hippocampus, a brain area
related to navigation [31].

@ Springer

The hippocampus participates in diverse biological func-
tions, including motivation, spatial navigation, adaptive
timing, and declarative (notably, episodic) memory [32].
Extensive evidence indicates that hippocampal neuronal inju-
ry can result in functional deficits in learning and memory
[33]. It has been proved that many neurological disorders are
related to cell death or apoptosis that may be involved in
neuron loss [34]. Nakazawa et. al reported that DG and CAl
regions could reflect the capability of behavioral performance
[35]. In this study, the results showed that the combined ex-
posure of As, DBP, and MBP (10 mg/L, 50 mg/kg, 50 mg/kg)
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An immediate question raised was how combined expo-
sure impacted spatial acquisition in association with neuronal

MBP compared with DBP+MBP; *p<0.05, interaction of joint exposure
were no significant differences between As, DBP, MBP indi-

vidually, or DBP+MBP and the control. The result may be a
apoptosis in the hippocampus. To address such a question, the
caspase cascades (one of the characteristic biomarkers for ap-
optosis that plays an essential role in both initiation and exe-
cution of cell death) were investigated. Therefore, the

reasonable explanation for the phenomenon, which was de-

mal brain structure in hippocampal regions, whereas there
scribed in the Morris water maze.

Fig. 3 Effect on NOS activity in the brain of mice following exposure to
As, DBP, and MBP individually or in combination. a TNOS expression in
greatly decreased the number of neurons and altered the nor-
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Fig.4 Effect on acetylcholinesterase activity in mice following exposure
to As, DBP, and MBP individually or in combination. The results are
means+SD of triplicate samples. *p<0.05, compared with control;
°p<0.05, As+DBP+MBP compared with DBP+MBP; *p<0.05,
interaction of joint exposure

expression of three apoptosis-related protein, Bax/Bcl-2 and
caspase-3, were determined in the hippocampus. The caspase
and Bcl-2 families are important regulators of programmed
cell death in experimental models of brain injury [36]. Li
et al. [37] reported that increased caspase-3 activity in the
hippocampus was correlated to impaired spatial learning and
memory. Bcl-2 can protect cells from apoptosis by act-
ing at a point downstream from release of mitochondrial
cytochrome c, thereby preventing a caspase-3-dependent
proteolytic cascade [38]. In the current study, over-expression
of apoptosis-related protein: Bax/Bcl-2 ratio and caspase-3
were observed in the impaired brains of As+DBP, As+
MBP, and As+DBP+MBP exposed mice. The data suggests
that the neuronal apoptosis observed in the combined expo-
sure to the hippocampus was correlated to increased caspase-3
activity, and Bax/Bcl-2 was also involved in that change.
Several reasons may account for these observations. First,
Lossi et al. [39] demonstrated that the physiological process
of apoptosis in an immature brain is relatively active, and thus,
the immature brain is considered to be more vulnerable to
diverse types of endogenous and exogenous stimuli, which
may trigger the over-activation of pathologic apoptosis . Our
data indicated that DBP/MBP exposure at a dose of 50 mg/kg
individually was not likely to cause much neuronal apoptosis
in early weanling mice; however, it changed when combined
with As, which may alter the cognitive abilities of the mice ata
relatively low dose as well. Hence, the results showed that As
may be crucial to the combined exposure. Meanwhile, As as
well as its metabolites generates ROS, including nitricoxide
(NO") and superoxide anion (O*"), which results in tissue
damage [40, 41]. Increased ROS generation may lead to the
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Fig. 5 The relative expression of apoptosis-related protein in the
hippocampus. a Bax, b Bcl-2, ¢ Bax/Bcl-2, d Caspase-3. The results
are means=SD of triplicate samples

mitochondrial membrane disruption [42] causing the release
of cytochrome ¢ and finally apoptosis of the cells [43], con-
tributing to As-induced cytotoxicity.

DBP is reported to have adverse effects on ROS scavenging
pathway either by increasing the concentration of ROS or by
decreasing the activity of anti-oxidant enzymes [44]. So, oxida-
tive stress injuries leading to neuronal apoptosis were a possible
mechanism for the combined neurotoxicity. Therefore, lipid per-
oxidation and SOD activities in soft tissues in addition to NOS
and AChE in the brain of mice were investigated in this study.

Also, the presence of the blood-CNS barrier may limit the
transportation of As, and DBP/MBP from the periphery to the
CNS and thus limit the effects of their combined exposure on
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the CNS. Studies using experimental animals have shown that
As can cross the blood brain barrier and accumulate in different
regions of the brain, which can destroy functions of the periph-
eral and central nervous system, and suggests that As may play
an essential role in causing neurological diseases [2, 45].
Meanwhile, growing evidence suggests that oxidative stress
has a central role in the neuropathology of neurodegenerative
diseases. It has been suggested that the loss of cell function
results from the increased oxidative damage to proteins and
DNA [46]. Lu et al. [47] reported that oxidative stress-
induced JNK/ERK pathway activation-regulated apoptosis
played a crucial role in As-induced neuronal cell deaths. Anti-
oxidant enzymes are considered to be the first line of cellular
defense against oxidative damage by suppressing the formation
of ROS, or opposing their actions [48]. As exposure has been
found to cause oxidative damage to the biological system by
enhancing generation of free radical species, which in turn may
be responsible for increased lipid peroxidation, decreased SOD
and glutathione (GSH) levels [49]. In this study, lipid peroxi-
dation and SOD activities were changed more markedly in the
liver and kidneys than in the brain. This suggests that the blood-
CNS barrier may limit the effect of the exposure. However, the
result of this study also showed that the combined exposure
induced oxidative damage not only in the liver and kidneys
but also in the brain. In addition, the As content of brain in mice
exposed to As individually or mixtures was significantly higher
than those without As exposure and suggests that As can cross
the blood brain barrier and accumulate in the brain.

In recent years, much attention has been given to understand
As exposure impact on cholinergic mechanisms. AChE, an
enzyme involved in the metabolism of acetylcholine and a
neuromodulator at the cholinergic synapses, also plays a major
role in synaptic plasticity, specifically in learning and memory
[50], and its activity can be used as a biomarker of As neuro-
toxicity [51]. Decreased activity of AChE in the whole brain
has been reported following exposure to As through drinking
water in rats [52]. Exposure to As and gallium arsenite has been
found to decrease the activity of AChE associated with impair-
ment in learning and memory in rats [53]. All the results dem-
onstrated that the AChE activity in the brain was significantly
inhibited and suggested that brain AChE might be a major
target after exposure to As. To date, AChE inhibition by
phthalates in animal species has not be reported, except in
aquatic animals. In our present study, no obvious decrease in
ACHhE activity following DBP/MBP or As individual exposure,
while AChE inhibition, was observed when DBP/MBP com-
bined with As in the hippocampus. Also, the joint exposure has
antagonistic effect. As the hippocampus has a crucial role to
modulate learning and memory [54], damage to the cholinergic
system in the hippocampus may be associated with learning
and memory deficits as observed in the present study.

The role of free radicals and nitric oxide (NO) in the neuro-
toxicity of environmental chemicals and in the pathogenesis of

neurodegenerative diseases is well accepted [53]. NO is an un-
stable molecule that plays key roles in morphogenesis and syn-
aptic plasticity and acts as a messenger molecule or neurotrans-
mitter in the brain [55]. However, involvement of neuronal nitric
oxide synthase (nNOS) and NO levels has also been shown in
As neurotoxicity [56]. It has been shown that As generates free
radical species including hydroxyl radicals, superoxide anions,
NO, and others and thus impairs the anti-oxidant system in the
brain and other biological tissues [57]. Chattopadhyay et al. [58]
in an interesting study on human fetal brain explants demon-
strated that As exposure increased generation of NO associated
with enhanced ROS and apoptosis. NO readily combines with
DA and produces peroxynitrite anions and semiquinones, reac-
tive species implicated to damage biological membranes [59].
Our results showed that elevated NOS levels occurred in brain
due to the exposure to As, DBP, and MBP in combination as
compared to the control group, indicating that neurotoxicity of
combined exposure may involve changes in NO production. In
this respect, the connection between learning and memory def-
icits, pathological alterations, over-expression of apoptosis-
related protein, and oxidative stress injuries were investigated
throughout this series of experiments.

Conclusions

In summary, although it is difficult to comment on the exact
mechanism of neurotoxicity of DBP/MBP combined with As,
our findings not only indicated that DBP/MBP combined with
As at low doses (50 mg/kg, 50 mg/kg, 10 mg/L) impaired
learning and memory capabilities in mice but also showed that
this deficit in spatial cognition might be correlated to oxidative
stress injuries causing neuronal apoptosis in the hippocampus;
also, the joint exposure has antagonistic effect, and As may
play an essential role in this deficit although the detailed
mechanism needs more investigation. The results of the pres-
ent study exhibited that DBP/MBP can stimulate the accumu-
lation of As in the brain of mice.
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