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Abstract
People in Bangladesh are often exposed to low to high levels of multiple metals due to contaminated groundwater with 
various heavy metals such as arsenic (As), lead (Pb), and manganese (Mn). However, the effects of concomitant exposure 
of these three metals on neurobehavioral changes are yet to be studied. Therefore, this study was intended to assess the neu-
rotoxic effect of As, Pb, and Mn in a mouse model. Elevated plus maze (EPM) and Morris water maze (MWM) tests were 
conducted to evaluate anxiety, learning, and spatial memory impairment, respectively. The mice exposed to a combination 
of metals spent least time exploring the open arms and had longer latencies to find the hidden platform than the control 
and individual metal exposure groups in EPM and MWM tests. Moreover, concomitant multi-metal exposure remarkably 
decreased the activities of cholinergic and antioxidant enzymes, brain-derived neurotropic factor (BDNF), and nuclear factor 
erythroid 2–related factor 2 (Nrf2) levels and significantly increased interleukin-6 (IL-6) level in the brain tissue compared 
to the control and individual metal-exposed mice. Among the mice treated with a single metal, the As-treated mice showed 
the highest toxic effects than Pb- or Mn-treated mice. Taken together, the present study demonstrated that exposure to a 
mixture of As, Pb, and Mn, even at lower doses than individual metals, significantly augmented anxiety-like behavior and 
impaired learning and spatial memory compared to exposure to individual metals, which was associated with the changes 
of BDNF, Nrf2, IL-6 levels, and related enzyme activities in the brain.
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Introduction

Groundwater is the primary source of drinking water for 
people in rural areas of Bangladesh and people use tube-well 
water as their key source of drinking water [1]. Unfortu-
nately, this water is contaminated with harmful elements, 

especially arsenic (As) in many parts of Bangladesh [2]. 
Drinking of As-contaminated water caused human suf-
fering and also posed a socio-economic challenge for the 
affected countries like Bangladesh. For a long time, high 
As-contaminated drinking water intake has been linked with 
many kinds of cancers and non-cancerous illnesses, such as 
peripheral neuropathy, dermatological conditions, cardio-
vascular disease, and diabetes [3, 4]. Moreover, chronic As 
exposure leads to As deposition in a number of susceptible 
organs and thereby impairing the specific activities of those 
organs [5, 6]. For instance, in As exposure experimental 
mice, As crosses the blood–brain barrier and deposits in the 
brain, causing reactive oxygen species (ROS) generation, 
which in turn leads to anxiety-like disorders, shortages in 
normal locomotion, and spatial memory development [7]. 
Furthermore, higher concentration and prolonged duration 
of As exposure affect neurological and cognitive impair-
ment both in humans and rodents [4]. Children’s intellectual 
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function is obstructed by continuous As exposure at mod-
erate to high dosages, and there is an age-dependent link 
between As exposure and cognition [8].

Aside from arsenic, high amounts of manganese (Mn), 
lead (Pb), nickel (Ni), chromium (Cr), and other inorganic 
compounds have been identified in groundwater in many 
parts of Bangladesh [7, 9]. Previous research found that 
water from tube-wells in various parts of Bangladesh con-
tained higher amounts of Mn and Pb above the permissible 
limit [7, 9, 10]. Mn is a necessary mineral that the body uses 
for a variety of purposes; however, long-term exposure to 
excessive Mn is linked to cognitive decline because it dam-
ages the central nervous system [11]. For example, chronic 
Mn exposure can impair locomotor activity in experimen-
tal animals by exacerbating neurodegenerative damage [9, 
12]. Human exposure to higher Mn concentration impairs 
attention and memory functioning [13]. According to a 
number of studies, excessive Mn accumulation in the brain 
results in damage to the hippocampal region followed by 
cognitive decline. Reactive nitrogen species, dopaminergic 
neurodegeneration, and the production of oxygen and reac-
tive nitrogen free radicals are all connected to Mn-induced 
neurotoxicity [11, 14]. Furthermore, Pb is also a highly 
toxic metal and can accumulate in air, soil and groundwater 
[7, 15]. Excessive exposure to Pb leads to oxidative stress 
through lipid peroxidation, resulting in the generation of 
reactive oxygen species [16]. In addition, chronic exposure 
to Pb is associated with the deposition in the soft organs of 
the animal body, which in turn exerts toxic effects on car-
diovascular, hepatic, and nervous systems [15, 17]. Results 
from epidemiological and experimental studies stated that 
Pb exposure has been linked to neurodevelopmental disor-
ders, neurodegenerative diseases, and cognitive impairment 
[18]. For instance, in both humans and laboratory animals, 
Pb can deposit in the brain and induces neurobehavioral and 
biochemical alterations leading to Alzheimer’s disease, Par-
kinson’s disease, and other neurological illnesses like behav-
ioral issues, mental retardation, nerve damage, etc. [18, 19].

People are frequently exposed to a variety of heavy met-
als, including As, Mn, Pb, etc. Prolonged exposure to these 
metals raises the risk of developing serious illnesses and 
disorders [20]. For example, chronic co-exposure of As and 
cadmium (Cd) enhances nephrotoxicity more vigorously 
than individual metal exposure in experimental animals [21]. 
Another study reported that concomitant exposure to As, 
Pb, Cd, and mercury (Hg) is associated with deteriorated 
renal parameters in adolescents [22]. Additionally, As, Mn, 
and Pb exposures can induce neurotoxicity by reducing the 
expression of tyrosine hydroxylase and vesicular monoamine 
transporter in the striatum of mice [20]. On the other hand, 
in laboratory animals, concurrent exposure to As and Pb had 
antagonistic effects on neurobehavioral activities and blood 
indices linked to liver and brain functioning [7]. Compared 

to the effects of the two metals alone, exposure to both As 
and Pb reduced the effects related hepatic and neurological 
toxicity [7, 23]. Also, our recent study demonstrated that 
co-exposure to As plus Mn and As plus Pb can attenuate 
the effects of As-induced neurobehavioral and biochemical 
changes in mice [1, 7]. Thus, the effects of a mixture of As, 
Pb, and Mn exposures on animal models are inconsistence as 
evident by the limited number of research. Furthermore, to 
the best of our knowledge, the effects of exposure to As, Mn, 
and Pb at relatively lower doses on neurobehavioral changes 
have not been investigated yet in animal models. Therefore, 
this study is undertaken to evaluate the combined impact 
of As, Mn, and Pb on anxiety-like behavior, learning, and 
memory impairment using a mouse model.

Materials and Methods

Experimental Design and Animal Maintenance Swiss Albino 
male mice were collected from the International Centre for 
Diarrheal Disease Research, Bangladesh (icddr,b). Ani-
mals were acclimatized for seven days and divided into five 
groups: (a) control, (b) As-treated, (c) Pb-treated, (d) Mn-
treated, and (e) As + Mn + Pb–treated. Each metal-exposed 
and control group was composed of eight mice. Sodium 
arsenite, lead acetate, and manganese chloride (10 mg/kg 
body weight) were provided to the stomach of the mice 
through an oral gavage tube, once a day for 30 days. The 
co-exposed (As + Mn + Pb) group received the three met-
als as total of 10 mg/kg body weight (equal concentration), 
whereas the control group received only distilled water as 
a vehicle. The doses of the metals for individual and multi-
metal exposure groups were selected from the articles pub-
lished previously [1, 7, 24]. All experimental mice were 
housed in plastic cages in the animal house with unlimited 
access to icddr,b formulated rodent food pellet and distilled 
water throughout the experimental period as described 
earlier [9]. The animal experimental design and timeline 
are shown in Fig. S1. Behavioral assays were carried out 
during the light cycle between 9:00 am and 4.00 pm, and 
experimental mice were moved to the behavior testing room 
30 min before to start experiment as mentioned previously 
[1]. All animal experiments were carried out in accordance 
with the ethical requirements for animal experimentation 
guidelines of the Institute of Biological Sciences, Univer-
sity of Rajshahi, Bangladesh (No.: 110(16)/320/IAMEBBC/
IBSc).

Assessing Anxiety‑Like Behavior in EPM

The elevated plus maze (EPM) test is a method to meas-
ure rodent’s anxiety response. The EPM is a lab instru-
ment with two open arms (50 × 10 cm), two closed arms 
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(50 × 10 × 40 cm), and a plus sign of 50 cm above the floor 
[12]. In this experiment, each mouse was positioned on the 
center of the platform facing its closed arm, and it was given 
5 min to explore the maze. Spent time in both arms of each 
mouse of every group during the given time was recorded 
[7]. When all four paws were on closed arm, the mouse was 
said to have entered a closed arm [9]. After every test, the 
maze was cleaned with 70% ethanol to prevent results from 
being influenced by smell cues. Anxiety is assessed as exper-
imental animals spend more time in the closed arm than in 
the open arm of EPM [1].

The MWM Test for Learning and Memory Evaluation

The Morris water maze (MWM) is a widely used method 
for learning and spatial memory test of rodents. On the 31st 
day following the start of the experiment, a MWM test was 
conducted to evaluate the toxic effect of co-exposure to three 
metals on learning and spatial memory impairment in mice. 
The water maze consists of a large black circular pool of 
120 cm in diameter, filled with water to a depth of 30 cm at 
a temperature of 25 ± 2 °C. A black platform with a diameter 
of 8 cm is fixed in the center of the pool’s northeast (NE) 
quadrant, 1 cm below the water’s surface. Mice from respec-
tive groups were put into the maze to assess their ability to 
learn and remember objects in space. A visual indication 
posted on the inside of the pool wall, and every trail had a 
separate starting position. On the first 2 days, every mouse 
in every experimental group was trained to locate the plat-
form. There was a 60-s time limit (cutoff time) to locate 
the secret platform and 20 s to stay on it. An experimenter 
placed mice on the underwater platform and gave them 20 s 
to stay there if they could not locate it in the allotted time. 
The experimenter was blinded to the experimental dose and 
groups. The latency of each mouse to find the platform was 
recorded using stopwatch. Every day, three trials were con-
ducted daily following a 30-min break as previously men-
tioned [1]. Mice were towel-dried after each maze test and 
kept in a heated cage for a minimum of 5 min before being 
put back in their home cage. Each trial’s escape latency to 
discover the platform was noted, and the mean latency time 
of the experimental animals per day was calculated manu-
ally by averaging the three trials [1]. Mice that did not find 
the platform within the cutoff time at least twice out of three 
trials were excluded from the consecutive day of testing [7]. 
Two mice from each group failed to meet the criteria and 
were excluded from data analysis. A considerable decrease 
in escape latency as compared from the initial session was 
revealed as actual learning. Following a week of training, 
a prob test was conducted without the platform. Out of the 
60 s, the amount of time spent in the preferred quadrant was 
noted; more time spent in the target quadrant was associated 
with improved performance on probe test.

Biochemical Examination of Experimental Mice 
Brain Tissue Homogenates

The whole mouse brain of each mouse was taken from all 
experimental groups after being anesthetized with diethyl 
ether. Brains were then rinsed with phosphate-buffered 
saline (PBS) and weighed with an electronic balance and 
homogenized using a blender on ice, resuspended with 
PBS (0.1 M, pH 7) containing 0.5% Triton X100 (Sigma-
Aldrich, Germany). Subsequently, the homogenates under-
went a 30-min centrifugation at 2660 g and 4 °C, and the 
supernatant was extracted for biochemical parameter analy-
sis as described earlier [25]. Concentration of total protein, 
activities of acetylcholinesterase (AChE), butyrylcholinest-
erase (BChE), superoxide dismutase (SOD), and reduced 
glutathione reductase (rGR) in experimental mice brain 
tissue homogenates were analyzed as the methods out-
lined in Islam et al. [26]. Brain-derived neurotrophic factor 
(BDNF—catalog no. BDNF- E-El-M0203, lot no. 1PUVM-
HWDL4), nuclear factor-erythroid factor 2–related factor 2 
(Nrf2—catalog no. E-EL-M2607, lot no. KL14POF60144), 
and interleukin-6 (IL-6—catalog no. E-EL-M0044, lot no. 
XF34HL047424) proteins were measured using ELISA kits 
(Elabscience, USA), respectively, according to the manu-
facturer’s protocol. 

Statistical Analysis

The standard error of the mean (mean ± SEM) is used to 
present all data. Tukey’s multiple comparisons, and repeated 
measures ANOVA tests were used to determine the statisti-
cal significance between the experimental groups. P val-
ues less than 0.05 were considered statistically significant. 
GraphPad Prism 7.05 was used to create the graphs and 
analyze the data.

Results

Multi‑metal Exposure Induces Synergistic 
Anxiety‑Like Behavior in Mice

The result of the EPM test of metal-exposed and control 
mice is shown in Fig. 1. The percentages of time in open 
arms for control mice and mice treated with As, Mn, Pb, 
and As + Mn + Pb groups were 50.72 ± 1.09, 35.79 ± 1.71, 
42.78 ± 1.318, 39.78 ± 1.731, and 28.61 ± 1.40, respectively. 
On the other hand, the percentages of time spent in closed 
arms of the four groups were 49.28 ± 1.09, 64.21 ± 1.71, 
57.22 ± 1.318, 60.22 ± 1.731, and 71.39 ± 1.40, respectively. 
The findings demonstrated that, in comparison to control, 
individual exposure to As, Pb, and Mn groups considerably 
reduced the time spent in open arms and increased the time 
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spent in closed arms. Most importantly, multi-metal-exposed 
mice spent significantly less time in open arms compared to 
individual metal-exposed mice as well as the control mice 
[F (4,25) = 31.13; p < 0.0001], although the concentrations 
of As, Pb, and Mn in combined exposure were two-thirds 
lower than those of individual metals.

Multi‑metal Exposure Induces Robust Learning 
and Memory Impairment in the MWM Test

The Morris water maze (MWM) is a neuropsychological 
test used to evaluate spatial memory and learning ability in 
experimental animals. The mean latency time for control 
animals to find the platform on day 1 was 34.194 ± 2.430 s, 
which decreased rapidly over the next 7  days, and the 
time on day 7 was 11.833 ± 0.749  s (Fig.  2A). On the 
other hand, the mean latency times of As-, Mn-, Pb-, 
and As + Pb + Mn–exposed groups were 37.556 ± 2.252, 
32.694 ± 2.252, 36.750 ± 2.383, and 43.500 ± 2.487  s, 
respectively, on day 1 [F (4,25) = 3.091, p = 0.0338] and 
those were 25.722 ± 0.969, 16.583 ± 0.871, 20.500 ± 1.190 
and 30.917 ± 1.625 s, respectively, on day 7 [F (4,25) = 44.41 
p < 0.0001] (Fig. 2A). These results showed that after 7 days 
of learning, the mean latency times of the As-, Pb-, and 
Mn-exposed groups were slightly reduced and required 
more time than the control group. Statistically significant 
(p < 0.05) changes were found in the mean latency times 
at day 7 of the As-, Pb-, Mn-, and As + Mn + Pb–exposed 
groups compared to the control group. However, mice of 
multi-metal-exposed group had longer mean latency times 
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Fig. 1  Percentage of time spent in open of multi-metal-exposed mice 
in EPM. The time spent in open arms of control (C), arsenic (As), 
manganese (Mn), lead (Pb), and As + Mn + Pb–exposed mice groups 
is presented in dot plots. The data were expressed as mean ± SEM 
(where n = 6). Using Tukey’s multiple comparison test, groups were 
compared (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05) and 
ordinary one-way ANOVA (p < 0.0001)
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Fig. 2  Effect of multi-metal exposure on learning and memory 
impairment of mice in MWM. A Latency time of control (C), arse-
nic (As), manganese (Mn), lead (Pb), and As + Mn + Pb–exposed 
mice were expressed as mean ± SEM, where n = 6 for each group 
of mice. Mice were trained three times a day. *Significantly distinct 
from control group at p < 0.05 in repeated measures ANOVA test. 
#Significantly distinct from control group at p < 0.05 in ordinary 

one-way ANOVA. B Morris’s water maze probe trial for experimen-
tal mice. Mean ± SEM was used to express the time spent in the NE 
quadrant of the control (C), arsenic (As), manganese (Mn), lead (Pb), 
and As + Mn + Pb groups. The dot plots correspond to Fig. 2. Tukey’s 
multiple comparison test (*p < 0.05, ***p < 0.001, ****p < 0.0001) 
and ordinary one-way ANOVA (p < 0.0001) were used to compare 
groups
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all over the 7-day course compared to the control. Also, 
the latency time of As + Mn + Pb–exposed group was sig-
nificantly (p < 0.05) longer than the individual metalexposed 
groups from days 3 to 7.

On the probe day, following the 7-day trial, the platform 
was removed from the pool and a probe test was performed to 
assess mouse learning ability. The time spent in the preferred 
quadrant of all the experimental mice groups was measured 
and presented in Fig. 2B. The time spent in the desired quad-
rant by control, As-, Mn-, Pb-, and As + Mn + Pb–exposed 
mice were 45.17 ± 1.046, 34.83 ± 0.8333, 41.5 ± 1.088, 
38.00 ± 0.9309, and 30.83 ± 0.8724  s, respectively. The 
findings demonstrated that, in comparison to the control 
mice, the As-, Pb-, Mn-, and As + Mn + Pb–exposed ani-
mals spent comparatively less time in the desired quadrant 
[F (4,25) = 33.96, p < 0.0001]. Moreover, the combined 
exposure mice spent less time in the preferred quadrant than 
the individual metal-exposed groups, indicating that spatial 
memory and learning impairments were more obvious in the 
multi-metal treated mice than in the individual metal-treated 
group (p < 0.05).

Multi‑metal Exposure Reduced the Cognitive 
Marker—BDNF Expression in the Brain

BDNF is one of the most crucial elements in the development 
of memory and neural plasticity. BDNF levels in the brain 
tissue of control, As-, Mn-, Pb-, and As + Mn + Pb–treated 
groups were 538.50 ± 29.19, 310.83 ± 12.19, 454.13 ± 16.77, 
335.50 ± 24.45, and 246.63 ± 6.473 pg/mg, respectively 
(Fig. 3). A markedly decreased amount of BDNF was found 
in the brain tissue of all three metal-exposed mice groups. 
Among the individual metal-exposed groups, a low level of 
BDNF was found in the As-exposed mice brain. Moreover, 
multi-metal exposure significantly reduced BDNF levels 
in the brain tissue compared to Mn- and Pb-exposed mice 
(p < 0.05).

Reduction of Cholinesterase Activity in the Brain 
of Multi‑metal‑Exposed Mice

In general, cholinesterase activity is used as a biomarker 
of cognitive impairment. The impact of multi-metal expo-
sure on the activity of cholinesterase (AChE and BChE) 
in the brain of experimental mice is shown in Fig. 4. The 
result showed that AChE activity was 150.914 ± 4.09, 
112.953 ± 2.03, 131.790 ± 2.36, 121.580 ± 2.90, and 
105.284 ± 2.12 mU/mg in the brain tissue of control, As-, 
Mn-, Pb-, and As + Mn + Pb–treated groups mice, respec-
tively. A considerably lower AChE activity was found in 
the brain of the multi-metal-exposed mice compared to 
control mice and all individual metal-exposed mice groups 
[F (4,25) = 40.21, p < 0.0001]. Similarly, a remarkable 

decreased BChE activity was noted in multi-metal-exposed 
mice brains compared to control and individual metal-
exposed mice groups [F (4,25) = 31.73, p < 0.0001]. In 
addition, multi-metal exposure significantly reduced AChE 
and BChE activity in the brain tissue compared to Mn- and 
Pb-exposed mice (p < 0.01).

Exposure to Multi‑metals Decreased the Amount 
of Nrf2 in the Mouse Brain

Nrf2 is a crucial component of antioxidant defense as it 
can trigger the transcription of antioxidant enzymes. The 
effects of heavy metal exposure on Nrf2 level in the brain 
tissue of experimental mice are shown in Fig. 5. Nrf2 lev-
els of control, As-, Mn-, Pb-, and As + Mn + Pb–treated 
groups were 10.585 ± 0.881, 3.944 ± 0.311, 7.274 ± 0.503, 
5.401 ± 0.342, and 2.661 ± 0.256 ng/mg, respectively. Sig-
nificantly reduced Nrf2 levels were detected in the brain 
tissue of metal-exposed mice compared to control mice [F 
(4,25) = 36.67, p < 0.0001]. Among the individual metal 
exposure groups, the lowest level of Nrf2 was found in the 
brain of As-exposed mice. Moreover, mice co-exposed to 
multi-metals showed a significant reduction of Nrf2 protein 
in the brain tissue compared to individual metal (Pb and 

Fig. 3  BDNF levels in the brain tissue of experimental mice. The 
mice in the control (C), arsenic (As), manganese (Mn), lead (Pb), and 
As + Mn + Pb groups were expressed as mean ± SEM, with n = 6. A 
one-way ANOVA (p < 0.0001) and Tukey’s multiple comparison test 
(*p < 0.05, ****p < 0.0001) revealed a significant difference among 
means
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Mn)-exposed mice (p < 0.01), indicating severe destruction 
of the antioxidant system in the brain.

Multi‑metal Exposure Disrupted the Oxidative 
System in the Brain

Multi-metals induced significant reductions of both SOD 
and rGR activity in the brain tissue compared to the control 
and the individual As-, Mn-, and Pb-exposed mice brains 
(p < 0.05) (Fig. 6). The brain tissue of mice exposed to 
multi-metals showed a substantial decrease in SOD activity 
compared to control animals [F (4,25) = 27.15, p < 0.0001]. 
Similarly, rGR activity was significantly decreased in the 
brain tissue of multi-metal-exposed mice compared to con-
trol mice [F (4,25) = 39.40, p < 0.0001]. It was noted that 
the exposure of As + Mn + Pb significantly decreased both 
enzyme activities in the brain tissue when compared with 
Mn and Pb exposures (p < 0.01).

Multi‑metal Exposure Enhances Inflammation 
in the Brain

IL-6, a well-established inflammatory marker, is associ-
ated with pathophysiological processes of tissue damage. A 
significant increment of IL-6 levels was noted in the brain 
tissue of As-, Mn-, Pb-, and As + Mn + Pb–exposed groups 
of mice (Fig. 7). Results showed that IL-6 level was higher 
in the As-exposed mice brain among the individual metal 
exposure groups; however, the highest level was detected in 
the multi-metal-exposed mice. It is noted that a significantly 

Fig. 4  Cholinesterase activity 
in brain tissue in experimental 
mice. A AChE and B BChE. 
The mean ± standard error of 
mean (SEM) was expressed for 
the control (C), arsenic (As), 
manganese (Mn), lead (Pb), and 
As + Mn + Pb groups, with n = 6 
for each. Tukey’s multiple com-
parison test (****p < 0.0001, 
***p < 0.001, **p < 0.01) and 
ordinary one-way ANOVA 
(p < 0.0001) revealed signifi-
cantly different means

Fig. 5  Brain tissue Nrf2 levels in experimental mice. The 
mean ± standard error of mean (SEM) for each group of mice — 
control (C), arsenic (As), manganese (Mn), lead (Pb), and combined 
group (As + Mn + Pb) was determined, where n = 6 for each group. 
Tukey’s multiple comparison test (****p < 0.0001, ***p < 0.001, 
**p < 0.01) and ordinary one-way ANOVA (p < 0.0001) revealed sig-
nificant differences between means
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increased IL-6 level was detected in the brain tissue of 

multi-metal-exposed mice compared to Mn- and Pb-exposed 
mice (p < 0.05). The elevation of IL-6 level indicates severe 
inflammatory response in multi-metal-exposed mice.

Discussion

Concomitant exposure to several heavy metals through 
water, air, or food poses a serious health burden by affect-
ing various organs. Consequently, immune system, gastro-
intestinal and kidney dysfunction, nervous system disorders, 
vascular damage, skin lesions, cancer, and birth defects are 
examples of complications associated with heavy metal 
mediated toxicity [27]. Numerous studies have documented 
the detrimental effects of individual As, Pb, and Mn on 
changes in neurobehavior [1, 7, 9]. In this study, we exam-
ined the combined effects of three heavy metals (As, Pb, and 
Mn) at low dosages on neurotoxicity in mice that are present 
in groundwater in several locations of Bangladesh. Exposure 
to heavy metals might be an important cause of neurologi-
cal disorders in individuals, and MWM and EPM tools are 
used to assess neurological disorder associated behavioral 
parameters (e.g., anxiety-like behavior, learning, and spatial 
memory) in rodents [7, 18]. Anxiety is a feeling of distress, 
fear, and disquiet, and it is noted that As, Pb, and Mn expo-
sures develop anxiety and stress in mice [1, 18]. Similarly, 
in the current study, we have noted that the exposure of indi-
viduals to As, Pb, and Mn induces anxiety in mice. Most 
importantly, we found that multi-metal exposure developed 
severe anxiety-like behavior at lower doses of multi-metal 
than the individual metals at higher doses. In addition, multi-
metal-exposed mice showed significantly higher impair-
ment of learning and memory development compared to 

Fig. 6  Activity of antioxidant 
enzymes A SOD and B rGR in 
the brain tissue of experimental 
mice. Control (C), arsenic (As), 
manganese (Mn), lead (Pb), and 
As + Mn + Pb-exposed mice 
were stated as mean ± SEM, 
where n = 6 for each group of 
mice. Significantly different 
among means were conducted 
by Tukey’s multiple com-
parison test (****p < 0.0001, 
***p < 0.001, **p < 0.01, 
*p < 0.05) and ordinary one-way 
ANOVA (p < 0.0001)

Fig. 7  IL-6 levels in brain tissue of experimental mice. Control (C), 
arsenic (As), manganese (Mn), lead (Pb), and As + Mn + Pb mice 
were expressed as mean ± SEM, where n = 6 for each group of mice. 
Significantly different means were conducted by Tukey’s multiple 
comparison test (****p < 0.0001, ***p < 0.001, *p < 0.05) and ordi-
nary one-way ANOVA (p < 0.0001)
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individual metal-exposed mice in the MWM test. Previous 
reports showed that mice exposed to mixtures of As and Pb 
or As and Mn metals had less anxiety-like behavior and less 
memory impairment than As-exposed mice, as well as As 
induces severe disturbance in mice among the tested metals 
[1, 7]. Interestingly, it has been reported that Pb decreased 
the concentration of As in the brain of adult mice co-exposed 
to As with Pb when compared with the same dose of As 
in concomitant exposure [28]. However, the findings of the 
current study showed that exposure to a mixture of three 
metals (As, Pb, and Mn) intensified the neurotoxic effects 
of the individual metal on anxiety-like behavior, learning, 
and memory impairment even though they were at lower 
concentrations in the mixture.

Learning and memory are the key sub-components of 
cognitive functions, and BDNF is a key molecule associated 
with neuronal plasticity changes and plays a crucial role in 
learning and memory development [29]. In comparison to 
control mice, the brain tissue of each metal-exposed mouse 
in this study showed a lower amount of BDNF, which is 
linked to learning and memory deficits. Moreover, BDNF 
level was remarkably diminished in the brain tissue of the 
multi-metal-exposed mice compared to all other experi-
mental groups. Accordingly, these mice had the poorest 
learning capacity and highest memory impairment among 
the experimental mice groups. Reduction of BDNF level 
causes aggregation of amyloid-β, induces apoptosis of nerve 
cells and inflammation in the brain, and ultimately impairs 
memory consolation in the brains of experimental animals 
[26]. Also, patients with cognitive impairments such as 
Parkinson’s, Alzheimer’s, and Huntington’s diseases have 
shown decreased BDNF levels [30]. Therefore, the findings 
of our study imply that multi-metal exposure inhibits BDNF 
expression and thereby diminishes BDNF-mediated memory 
functions.

A reduced cholinesterase activity in the brain tissue is 
associated with increased inflammation and oxidative stress, 
which in turn impairs memory development and capacity 
for learning [26]. For instance, reduced levels of AChE 
and BChE activity have been associated with heavy met-
als–induced neurotoxicity in human and experimental ani-
mals [7, 9]. Furthermore, it has been shown that As and Pb 
suppress both monoaminergic and cholinergic function in 
the hippocampus of lab animals [31]. Similarly, in this study, 
we found remarkably decreased AChE and BChE activity in 
brain tissue at lower levels of As + Mn + Pb–exposed mice. 
Cholinergic dysfunction is characterized in Alzheimer’s dis-
ease, and decreased BChE activity is associated with Aβ 
pathology [32] and impaired learning and memory forma-
tion in laboratory animals [33, 34].

Endogenous antioxidant enzyme systems scavenge 
increased free radicals and maintains redox homeosta-
sis in living cells. As exposure causes oxidative stress by 

disrupting the pro/antioxidant balance and has a significant 
impact on disease presentations, particularly nervous sys-
tem illnesses [35]. Furthermore, oxidative stress induced by 
As, Pb, or Mn exhibits a vital role in the pathogenesis of 
neurodegenerative processes and also the development of 
anxiety and impairment of cognitive functions in experi-
mental animals [36, 37]. ROS levels above a certain thresh-
old damage memory formation by altering the hippocam-
pus and signaling molecules involved in synaptic plasticity 
[38]. Here, we have found significantly reduced SOD and 
rGR activity in brain tissues of the mice exposed to indi-
vidual and mixture of three metals. Importantly, the tested 
antioxidant enzyme activities were significantly decreased 
in multi-metal-exposed mice, indicating higher levels of 
ROS generation in the brains of these mice. Transcription 
factor Nrf2 controls the expression of proteins involved in 
the antioxidant system, thus providing protection against 
ROS-induced injury and inflammation [39]. Cellular oxi-
dative stress causes Nrf2 translocation and binding to the 
antioxidant response element (ARE), which stimulates the 
production of antioxidant-related genes [40]. In our study, 
we have observed a noteworthy reduction of Nrf2 level in the 
brain of multi-metal-exposed mice compared to individual 
metal (Mn and Pb) and control mice. The lowest amount 
of Nrf2 in the brain of multi-metal-exposed mice suggests 
the highest damage to brain tissue in these mice through 
the severest ROS production. Aforementioned studies have 
confirmed that the reduction of Nrf2 expression in brain 
tissue inactivates the Nrf2-signaling pathway, resulting in 
impaired cognitive functions and depression-like behavior 
manifestation [41]. In the current study, we have noted a 
higher level of IL-6 with a lower Nrf2 level in the brain of 
multi-metals exposed mice in comparison to that of Mn- and 
Pb-exposed as well as control mice. An increased risk of 
neuropsychiatric conditions including depression and Alz-
heimer’s disease is linked to elevated IL-6 levels [42, 43]. 
Also, Nrf2 inactivation promotes the upregulation of IL-6 
expression [44]. Thus, multi-metal exposure could disrupt 
the antioxidant system and increase the inflammation that 
induces cell damage and organ dysfunction, via perturbing 
IL-6 and Nrf2 expressions. Therefore, the enhancement of 
severe anxiety-like behavior and memory impairment in 
multi-metal-exposed mice is consistent with previous reports 
on the roles of BDNF, cholinesterase, ROS, Nrf2, and IL-6.

The BDNF protein is primarily active at the synaptic 
junctions, mediates cellular communication and signaling, 
and influences synaptic plasticity directly. Concomitant 
exposure to As, Pb, and Mn downregulated BDNF and 
cholinergic enzyme system in the brain compared to indi-
vidual metal exposure. Furthermore, compared to single 
metal exposure, multi-metal exposure significantly weak-
ened the antioxidant system by downregulating Nrf2 in 
brain regions. This may be due to the accumulation of 
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high amounts of toxic metals in the organs, which in turn 
induced inflammation through upregulation of inflamma-
tory cytokine IL-6 expression. Therefore, upregulation of 
IL-6 followed by reduction of BDNF and Nfr2 along with 
reduced antioxidant enzymes activity in the brain implied 
severe neurotoxicity in multi-metal-exposed animals.

The concentrations of As, Mn, and Pb used in this 
study were apparently higher than those of environmental 
doses, although the concentrations of the metals in drink-
ing water or other environmental sources varies based 
on the geographical, anthropogenic activities, and many 
other reasons. In our population-based study, the highest 
concentration of arsenic observed in one tube well water 
was approximately 1800 µg/L which was much higher than 
maximum permissive limit of arsenic in drinking water 
(10 µg/L) set by WHO [45, 46]. The analysis of the effects 
at low concentration of any environmental chemicals is 
the best approach; however, in the case of short-term 
exposure, low concentration may not show effects, and in 
some endemic areas, as we mentioned above, the people 
are exposed to very high concentration of environmental 
chemicals. Therefore, even we used apparently high doses 
of metals, but the doses may not be completely non-rel-
evant to environmental dose. Future research is required 
to address the two important issues with this study. First, 
it is plausible to measure the accumulation of metals in 
brain, particularly to correlate the concentrations of metals 
in brain with neurobehavioral toxicity. Second, a dose-
dependent investigation is required to identify the exact 
dose relevant to the human exposure to environmental As, 
Pb, and Mn. Humans are typically exposed to a variety of 
metals simultaneously at different concentrations. How-
ever, it is rather difficult to assess the combined effects or 
to distinguish the effects of one metal from other. There-
fore, despite the aforementioned limitations, the results 
of this study provide some important insights into the 
neurobehavioral toxicity caused by multi-metal exposure.

Conclusion

The current study found that individual exposure to As, Pb, 
and Mn resulted in altered biochemical indices linked to 
oxidative stress, inflammation, and neurotoxicity, as well 
as anxiety-like behavior and reduced spatial memory and 
learning. The effects of arsenic (As) were more noticeable 
than those of Pb and Mn. However, a mixture of these toxic 
metals at lower doses than individual metals increased the 
severity of toxicity for developing anxiety and impairing 
learning and memory, which were associated with greater 
changes in biochemical indices, such as BDNF, Nrf2, cho-
linesterase, ROS, and IL-6.
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