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Abstract
This study investigated the effects of ethanol (EtOH) on manganese (Mn)-induced striatal toxicity in rat by evaluating the
neurobehavioral changes, biochemical and molecular events in rats exposed to Mn alone at 30 mg/kg, or their combination with
EtOH at 1.25- and 5-g/kg body weight for 35 consecutive days. Locomotive and exploratory profiles were assessed using a video
tracking software (ANY-Maze software) during a 5-min trial in a novel environment. Subsequently, acetylcholinesterase (AChE)
activity, oxidative stress markers, histological morphology, and expression of apoptotic proteins (p53 and Bax and caspase-3) and
anti-apoptotic protein (Bcl-2) were assessed in the striatum. Results showed that Mn, EtOH, and their combination induced
locomotor and motor deficits. Track plot analysis indicated that EtOH exacerbated the Mn-induced reduction in exploratory
profiles of exposed rats. Similarly, exposure of rats toMn, EtOH, or combination ofMn and EtOH resulted in decreased activities
of anti-oxidant enzymes, diminished level of reduced glutathione, downregulated Bcl-2 expression, increased AChE activity,
enhanced hydrogen peroxide and lipid peroxidation levels, and upregulated expressions of p53, Bax, and caspase-3. Moreover,
potentiation of Mn-induced striatal toxicity by EtOH co-exposure was dose dependent. Taken together, it seems that EtOH
exacerbates Mn-induced neurobehavioral deficits, oxidative stress, and apoptosis induction via the regulation of p53, caspase-3,
and Bax/Bcl-2 ratio-dependent pathway in rat striatum.
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Introduction

Manganese (Mn) is essential for many biological functions,
albeit high level of Mn may accumulate in the basal ganglia
structure and cause Manganism, a Parkinson-like syndrome
characterized by bradykinesia, dystonia, rigidity, cognitive
deficits, nervousness, and motor dysfunctions [1–6].
Occupational exposure to Mn include welding, mining, use

of organochemical fungicide, and production of dry battery
[7]. The molecular mechanism of Mn neurotoxicity has been
studied in animal models to mimic the various forms of Mn
exposure such as occupational, environmental, and parenteral
nutrition. Also, Mn has been reported to induce dopaminergic
neurodegeneration and microglial activation in substantia
nigra of rat [8]. Available reports have established that Mn,
through oxidative stress, may lead to activation of mitogen-
activated protein kinase (MAPKs) both in vitro an in vivo
[9–11].

Epidemiological data indicated that the time frame for
symptoms appearance in humans overexposed to Mn is be-
tween 2 and 34 years (average 16.3 years). The symptoms
include memory loss, headache and insomnia, exaggerated
tendon reflexes, emotional instability, speech disturbances,
hyper-myotonia, hand tremor, and festinating gait [12]. In se-
vere cases, physical signs of Mn neurotoxicity include dys-
tonic movement of the extremities with tremor and a particu-
larly characteristic gait called “cockwalk” in which patients
walk on their toes, leaning forward [12]. A Korean study that
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followed 104,544 male workers exposed toMn reported man-
ifestation of extrapyramidal and movement disorders, the hall-
mark features of manganism after ≥ 10 years of chronic Mn
exposure [13]. In early stages of manganism, upon cessation
of Mn exposure, the symptoms might be reversed, while in
patients with motor disturbances, manganism is irreversible
[14]. However, influence of alcohol onMn-associated toxicity
on the basal ganglia and striatum is yet to be investigated,
even in human.

According to the World Health Organization, alcohol is es-
timated as the fourth leading risk factor for global disability and
death, a rank that is almost close to the mortality rate from
tobacco [15]. Acute alcohol intoxication has been reported
throughout history and remains one of the world’s most wide-
spread recreational drugs [16]. Adedara et al. [17] reported that
African countries are ranked among the highest consumers of
alcohol per capita. It has been shown that alcohol consumers in
Africa tend to consume alcohol in high amount and more often
[16]. This is particularly true when consumption of traditional
and local alcoholic beverages is added to the estimates.
Remarkably, consumption of spirits in developing African na-
tions has been an assertion of sophistication and higher eco-
nomic status [17]. However, alcohol induces neurodegeneration
via induction of apoptosis and necrosis through activation of
caspases [18] and inhibition of the electron transport chain.
[19]. Simultaneous exposure to chemical mixtures via occupa-
tional, environmental, nutritional, and social settings continues
to pose serious health challenges to humans.While people from
southern Nigeria are known to consume high amount of alcohol
on a regular basis, fishermen, farmers, and sand diggers from
this geographical area are reported to be exposed to Mn in
drinking water and food [16–22]. Hence, there is need to inves-
tigate the possible neurotoxicological effects (synergistic or an-
tagonistic) of co-exposure to Mn and EtOH.

The striatum is one of the nuclei in the subcortical basal
ganglia of the forebrain. It receives dopaminergic and gluta-
matergic inputs and serves as the primary input to the rest of
the basal ganglion nuclei. It also coordinates multiple aspects of
cognition, motor/locomotive function, action planning, motiva-
tion, decision-making, reinforcement, executive functions (e.g.,
inhibitory control), stimulus response, learning, and reward
perception [23–26]. Alteration in striatal functions has been
implicated in Parkinson’s disease, Huntington’s disease,
choreas, choreoathetosis, dyskinesias, addiction, bipolar
disorder, autism spectrum disorder, and dysfunction
(depression and obsessive-compulsive disorder) [27–31].
Although the neurotoxicity of Mn on the basal ganglion nuclei
and their connecting pathways has been extensively reported,
the influence of EtOH onMn-induced toxicity in the striatum is
not yet understood. Therefore, the present study was designed
to investigate the influence of EtOH on Mn-induced neurotox-
icity by evaluating the neurobehavioral characteristics, bio-
chemical profile, and molecular changes in striatum of rats.

Materials and Methods

Chemicals

Manganese chloride (as MnCl2.4H2O, ≥ 99.9%), acetyl-
thiocholine iodide, 1-chloro-2,4-dinitrobenzene (CDNB), 5′,5′-
dithio-bis-2-nitrobenzoic acid (DNTB; Elman’s reagent), thio-
barbituric acid (TBA), trichloroacetic acid (TCA), epinephrine,
glutathione, and hydrogen peroxide were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Rabbit polyclonal primary
anti-p53, anti-Bax, anti-Bcl-2, anti-caspase-3, and anti-rabbit
secondary antibody were obtained from Elabscience (China)
and Abcam (UK). All other reagents were of highest analytical
grade and were purchased from the British Drug Houses (Poole,
Dorset, UK).

Animal Model

Fifty-five male Wistar rats (8 weeks; weighing 140–160 g)
were obtained from the Central Animal House, College of
Medicine, University of Ibadan, Ibadan, Oyo State. Animals
were housed in standard polypropylene cages under room
temperature 25 ± 2 °C with a 12-h light/dark cycles through-
out the duration of the experiment and were fed on rat pellets
obtained from Ladokun Feeds, Ibadan, with unlimited access
to water. Prior to the commencement of the study, the animals
were acclimatized for 2 weeks. The ethical approval was ob-
tained from the University of Ibadan institutional Animal Care
and Use Research Ethics Committee (ACUREC), and the ex-
periment was conducted in accordance with the “Guide for the
Care of Laboratory Animals” approved by the National
Academy of Science (NAS).

Experimental Design

The rats were randomly divided to five groups of 11 rats each
and were treated for 35 consecutive days as follows:

Group I (control): Rats received normal drinking water
alone.
Group II (EtOH alone): Rats were orally treated with
ethanol alone at 5-g/kg body weight.
Group III (Mn alone): Rats were orally treated with
manganese alone at a dose of 30-mg/kg body weight.
Group IV (Mn + EtOH 1): Rats were orally co-treated
with manganese at 30-mg/kg body weight and ethanol at
1.25-g/kg body weight.
Group V (Mn + EtOH 2): Rats were orally co-treated
with manganese at 30-mg/kg body weight and ethanol at
5-g/kg body weight.
The doses of Mn (30 mg/kg) and EtOH (1.25 and
5 g/kg—40% v/v) used in this study were chosen based
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on the results from pilot study in our laboratory and pre-
viously published data [21].

Behavioral Testing

Open-Field Test

The open-field test in a novel environment was conducted
24 h after the last administration of Mn and/or EtOH to inves-
tigate the neurobehavioral pattern of experimental rats accord-
ing to standard procedure [32] with slight modification. The
apparatus consisted of a square arena (56 cm in width × 56 cm
in length × 20 cm in height) made of white wood with its floor
subdivided into 16 squares that allow a perfect peripheral and
central parts. The experimental rats (8 in each group) were
randomly selected and subsequently placed in the center of
the apparatus and allowed to explore the arena freely without
distraction and the experimenter not allowed within visible
range of the animals. The neurobehavioral profiles (behavioral
end points), namely, maximum speed, total distanced traveled,
total distance immobile, number of line crossing, grooming,
rotation, and absolute turn angle, were recorded during a 5-
min trial period using a webcam (a DNE webcam, Porto
Alegre, Brazil) carefully positioned above the apparatus and
attached to a laptop using Free2X webcam software. The ex-
perimental protocol was closely followed and conducted be-
tween the time period of 10.00 am and 4.00 pm in order to
maintain the same experimental settings and conditions (sim-
ilar manipulation, illumination, and time period). Necessary
cares and cautions were taken when transferring the animal
from their various group cages to the novel environment of the
open-field apparatus to avoid stress-related handling. At the
end of the experiment, the neurobehavioral parameters were
computed automatically at a rate of 30 frames/s using a video-
tracking software (ANY-maze, Stoelting, CO, USA).

Evaluation of Neurobehavioral Parameters

Exploratory and locomotor activities were analyzed in this
study to demonstrate habituation to novelty stress.
Exploratory activity in the novel environment was presented
as habituation base using track plots. The habituation base dur-
ing the trial sessions was defined as the space in the open box
apparatus where the experimental animal has high occupancy
preference from the start to end points of exploratory tours [33].

Forelimb Grip Test

The rats were suspended on a horizontal 4-mm-diameter metal
rope with their forepaws. The metal rope was about 40 cm
above a foam pad. The time taken for the animals to fall off the
rope was video captured and recorded.

Negative Geotaxis

The experimental animals were placed head down on a 45°
inclined board. The hind limbs of the animals were placed in
the middle of the board. The time taken to turn around and
climb up the board with their forelimbs reaching the upper rim
was video captured and recorded.

Tissue Sampling

After the neurobehavioral trials, the experimental rats were
weighed and sacrificed. The cranium was opened and the
striatum was carefully dissected out. The brains of rats, three
from each group, were fixed in 4% paraformaldehyde solution
for histology and immunohistochemistry analyses. The re-
maining striatal tissues were homogenized in eight volumes
of 50 mM Tris-HCl buffer (pH 7.4) containing 1.15% potas-
sium chloride, and the resulting homogenate was centrifuged
at 12,000×g for 15 min at 4 °C to obtain the post-
mitochondrial fraction. The supernatant was subsequently
used for biochemical determinations. Protein concentration
was determined at 595 nm according to the method of
Bradford [34].

Biochemical Assay

Measurement of Acetylcholinesterase Activity

Acetylcholinesterase (AChE) activity in the striatal tissue was
assayed according to the method of Ellman et al. [35]. The
assay mixture consisted of 110 μL of distilled water, 20 μL of
100 mM potassium phosphate buffer (pH 7.4), 20 μL of
10 mM DTNB, 30 μL of diluted sample, and 20 μL of
8 mM acetylthiocholine as a substrate. The degradation of
acetylthiocholine iodide was analyzed at 412 nm spectropho-
tometrically for 5 min at 30-s intervals, and the results were
expressed as μmol/min/mg protein.

Measurement of Superoxide Dismutase Activity

Superoxide dismutase (SOD) activity was assayed by measur-
ing the inhibition of auto-oxidation of epinephrine at pH 10.2
(30 °C) according to the method of Misra and Fridovich [36].
In brief, 50 μL of the sample was added to 2.4 mL of 0.05 M
carbonate buffer (pH 10.2) and the reaction was initiated by
the addition of 60 μL of 0.3 M of freshly prepared epineph-
rine. The increase in absorbance at 480 nm was monitored for
150 s at 30-s intervals with the aid of UV-visible spectropho-
tometer. Reaction mixture without the enzymewas used as the
blank. SOD values were expressed as nanomoles epinephrine
oxidized/min/mg protein.
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Measurement of Catalase Activity

Catalase (CAT) activity was assayed using hydrogen peroxide
as substrate according to the method of Clairborne [37]. In
brief, the assay medium, containing 1.8 mL of 50 mM phos-
phate buffer at pH 7.0, 180 μL of 19 mM of H2O2, and 20 μL
sample, was allowed to run for 3 min at 30-s intervals with
absorbance measured at 570 nm with a UV-visible spectro-
photometer. CAT value was expressed as micromole H2O2

consumed/min/mg protein.

Measurement of Glutathione–S-Transferase Activity

Glutathione–S-transferase (GST) activity was assayed using
CDNB as substrate according to the method of Habig et al.
[38]. In brief, the reaction medium consisted of 300 μL of
0.1 M phosphate buffer (pH 6.5), 20 μL of 0.1 M reduced
glutathione, and 40 μL of 20 mM of CDNB. This reaction
mixture was later incubated for 5 min at 37 °C. The reaction
was initiated by the addition of 40 μL of sample, and the
absorbance was monitored for 5 min (30-s interval) at
340 nm. Reaction mixture without the enzyme was used as
blank. GST enzyme activity was expressed as micromole of
GSH-CDNB conjugate formed/min/mg protein.

Measurement of Glutathione Peroxidase Activity

Glutathione peroxidase (GPx) activity was assayed according
to the method of Rotruck et al. [39]. In brief, the reaction
mixture consisted 100 μL of 10 mM sodium azide, 200 μL
of 4.0 mMGSH, 500 μL potassium phosphate buffer, 100 μL
of 2.5 mM H2O2, and 50 μL of striatum sample. The total
volume was made up to 2.0 mL with distilled water. The
reaction mixture was incubated for 3 min at 37 °C.
Subsequently, the reaction was terminated by adding 500 μL
of 10% TCA. The residual glutathione level was determined
by centrifuging the reaction mixture. The supernatant was
thereafter removed, and to this, 2.0 mL of 0.3 M dipotassium
hydrogen orthophosphate solution and 500 μL of DTNB re-
agent were added. The formed color was read at 412 nm. GPx
activity was expressed as unit/mg protein.

Analysis of Reduced Glutathione Level

Reduced glutathione (GSH) level was determined by measur-
ing the chromophoric complex formed between DTNB and
endogenous glutathione at 412 nm according to the method of
Beutler et al. [40]. In brief, 120 μL of sample was deproteinized
by the addition of 120 μL of sulfosalicyclic acid (precipitating
solution at 4%) and resulting solution was vortexed and centri-
fuged at 5000 rpm for 5 min. Thereafter, 150 μL of the super-
natant was added to 450μL of Elman’s reagent. The quantity of
GSH was proportional to the absorbance at 412 nm. Reaction

mixture without the supernatant was used as blank. GSH level
was expressed as micromole/mg protein.

Analysis of Hydrogen Peroxide Level

Hydrogen peroxide (H2O2) generation was determined ac-
cording to the method of Wolff [41]. In brief, the ferrous
oxidation with xylenol orange (FOX-1) reagent was prepared
using 100 μmol/L xylenol orange, 100 μL sorbitol,
250 μmol/L ammonium ferrous sulfate, and 25 mmol/L of
H2SO4. The assay mixture consisting 20 μL of the sample
and 180 μL of FOX-1 reagent was vortexed and thereafter
incubated at room temperature for 30 min. The absorbance
was read at 560 nm. H2O2 concentration was obtained from
a linear standard curve within a concentration range of 0–
5 μmol/L. The level of H2O2 was expressed as micromole
of H2O2/mg protein.

Measurement of Lipid Peroxidation Level

Lipid peroxidation (LPO) was determined by measuring the
level of malondialdehyde (MDA), an end product of lipid
peroxidation, according to the method described by Farombi
et al. [42] with slight modification. In brief, the reaction mix-
ture consisted of 150 μL of 0.1 M phosphate buffer, 50 μL of
sample, 100 μL of 10% TCA, and 100 μL of 0.75% 2-
thiobarbituric acid (TBA) in 0.1 mol/L HCl. The reaction
mixture was heated at 90–95 °C for 30 min. After cooling at
room temperature, theywere centrifuged at 8000×g for 10min
and the absorbance of the supernatant was read against dis-
tilled water at 532 nm. The level ofMDAwas calculated using
the extinction coefficient of 1.56 × 105 L/mol/cm and was
expressed as the micromole MDA formed/mg protein.

Immunohistochemistry Analysis

Following sacrifice, the brain of each rat was immediately
fixed overnight in 4% phosphate-buffered saline buffered for-
malin solution for 48 h and cryo-protected in 30% sucrose
solution at 4 °C overnight before the striatum was dissected,
embedded in paraffin block, and sectioned to a thickness of
5 μm using a RM2035 microtome (Reichert, Leica). The sec-
tioned tissues were placed on a poly-L-lysine charged slides,
cleared in xylene, dehydrated in graded series of alcohol rinses
(100–50%), and then placed in PBS (pH 7.6). Antigen retriev-
al was performed by boiling for 20 min in a citrate buffer
(0.1 M). Sections were then treated with 3% hydrogen perox-
ide for 15 min to quench endogenous peroxidase activity. All
slides were subsequently incubated overnight at 4 °C with
rabbit anti-p53, anti-Bax, anti-Bcl-2, and anti-caspase-3 poly-
clonal primary antibodies. All antibodies were added at 1:200
dilutions. After washing, the slides were overlaid with biotin-
labeled secondary antibody and incubated at 23 °C in a moist
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chamber for 1 h. Detection of the antibody was performed
using a streptavidin-horseradish peroxidase detection system.
Immune complexes were visualized using 3,3′-diaminobenzi-
dine (DAB) as the chromogen. Thereafter, the specific stain-
ing on the striatal tissues were observed with the aid of a light
microscopy (SP-98-FL, Inverted Fluorescent Microscope,
Brunel Microscope Limited) that is coupled with a high-
resolution camera (Canon EOS 1100D, Japan). The generated
images were analyzed and processed with an open-source Fiji-
ImageJ Software (v1.51a NIH). Six micrographs from each of
the representative groups were analyzed with ImageJ. These
images were deconvolved to filter microscope-associated
noise while the color threshold was adjusted to a positive
DAB stain region. The resultant images generated were fur-
ther evaluated to obtain the mean intensity of immunoreactiv-
ity after removing the background intensity representing the
total intensity of the image. The data were expressed as per-
centage (%) of high positive DAB intensity.

Histological Examination

Buffered formalin fixed brain samples processed for histologi-
cal examination according to established procedure by Bancroft
and Gamble [43]. In brief, the fixed striatum was dehydrated in
increasing concentrations of alcohol, cleared by xylene, and
embedded in paraffin wax. Thereafter, the tissues were cut with
a microtone at 5-μm sections, fixed on slides, and stained with
hematoxylin and eosin. All slides were coded before viewing

with light microscope (SP-98-FL, Inverted Fluorescent
Microscope, Brunel Microscope Limited) that is coupled with
a high-resolution camera (Canon EOS 1100D, Japan) by a
neuroanatomist.

Statistical Analysis

Statistical analyses were carried out using two-way analysis of
variance (ANOVA) for multiple comparison to compare the
experimental groups followed by Bonferroni’s post hoc test
using GraphPad Prism 6 software (version 5; GraphPad
Software, La Jolla, CA, USA). Values of p < 0.05 were con-
sidered statistically significant.

Results

Effect of EtOH and Mn Co-Exposure on the General
Health Status, Locomotor, and Motor Activities

Rats exposed to EtOH andMn combinations showed physical
changes such as hair loss, weight loss, tremors, changes in
respiratory rate, and discharges from the eyes and nose within
and beginning from day 31 (data not shown). The results of
motor and locomotor performance during a 5-min trial in a
novel environment are presented in Figs. 1 and 2. Rats admin-
istered Mn alone, EtOH alone, and their combination showed
significant (p < 0.05) decrease in maximal speed, total

Fig. 1 The effect of co-exposure of manganese and ethanol on
locomotion activities of rats. Manganese, Mn; ethanol, EtOH; Mn
(30 mg/kg body weight); EtOH 1 (1.25 g/kg body weight); EtOH 2
(5 g/kg body weight). The figure depicts the influence of Mn an EtOH

exposure onmaximum speed, total distance traveled, total time immobile,
and number of line crossings during a 5-min trial. The data are expressed
as mean ± S.D. for 12 rats per group. a Values differ significantly from
control (p ≤ 0.05). b Values differ significantly fromMn alone at p ≤ 0.05
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distance traveled, number of line crossing, body rotation, and
absolute turn angle when compared to the control, whereas

grooming and total time immobile significantly (p < 0.05) in-
creased when compared with the control. Moreover, co-

Fig. 2 The effect of co-exposure of manganese and ethanol on
locomotion and motor activities of rats. Manganese, Mn; ethanol,
EtOH; Mn (30 mg/kg body weight); EtOH 1 (1.25 g/kg body weight);
EtOH 2 (5 g/kg body weight). The figure depicts the influence of Mn an

EtOH exposure on body rotation, absolute turn angle, grooming, negative
geotaxis, and forelimb grip during a 5-min trial. The data are expressed as
mean ± S.D. for 12 rats per group. a Values differ significantly from
control (p ≤ 0.05). b Values differ significantly fromMn alone at p ≤ 0.05

CCont ro l EtOH Mn

Mn + EtOH 1 Mn + EtOH 2

Fig. 3 Effect of co-exposure of manganese and ethanol on exploratory
profiles represented by track plots during a 5-min trial. Mn =manganese,
EtOH= ethanol. Mn (30 mg/kg body weight), EtOH 1 (1.25 g/kg body

weight), EtOH 2 (5 g/kg body weight). The track plots represent the path
traveled by rats in the novel apparatus. The video recorded were analyzed
using video-tracking software (ANY-maze, Stoelting, CO, USA)
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exposure ofMn and EtOH (i.e.,Mn + EtOH 1 andMn + EtOH
2) further exacerbated the decrease in maximal speed, total
distance traveled, number of line crossing, body rotation,
and absolute turn angle by 52%, 72%, 56%, 80%, and 73%,
respectively, whereas Mn + EtOH 2 exacerbated the increase
in grooming and total time immobile by 167% and 789%,
respectively.

The influence of Mn alone, EtOH alone, and their combi-
nation on the negative geotaxis, forelimb grip, and time of
grooming is presented in Fig. 2. Rats exposed to Mn alone,
EtOH alone, and their combination exhibited a significant
increase in the time taken to turn around and climb up an

inclined board (negative geotaxis) with their forelimbs
reaching the upper rim than the control; ethanol aggravated
the time taken to re-orient in dose-dependent manner.
Furthermore, rats treated with Mn alone, EtOH alone, and
their combination hung on the metal rope for shorter duration
when compared with the control rats.

Effect of EtOH on Mn-Induced Exploratory Profile
Alteration in Rats

The exploratory profile was monitored using video-tracking
software (ANY-Maze, 6.0) during a 5-min trial in a novel en-
vironment. Figure 3 shows the representative track plots of the
exploratory pattern of control rats and those treated with Mn
alone, EtOH alone, and their combination within the open-box
apparatus (novel environment). The control rats presented a
usual behavioral profile pattern by walking around the appara-
tus, whereas the pattern of the track plots of rats exposed to Mn
alone, EtOH alone, and their combination seemed to be signif-
icantly lower. Furthermore, EtOH exposure (Mn + EtOH) fur-
ther exacerbated Mn-induced reduction in the density of the of
track plots significantly when compared with the control.
Interestingly, ethanol-treated animals seemed to exhibit en-
hanced impairment in judgment and risky behavior as they
crossed over the middle of the apparatus more than the co-
exposed rats. This may indicate that co-exposure to Mn and
EtOH may affect EtOH-associated risky behavior possibly be-
cause of Mn + EtOH-induced hypokinesia as evident in Fig. 1.

Fig. 4 The effect of co-exposure of manganese and ethanol on AChE
activity in the striatum of rats. Manganese, Mn; ethanol, EtOH; Mn
(30 mg/kg body weight); EtOH 1 (1.25 g/kg body weight); EtOH 2
(5 g/kg body weight). The data are expressed as mean ± S.D. for 8 rats
per group. a Values differ significantly from control (p ≤ 0.05). b Values
differ significantly from Mn alone at p ≤ 0.05

Fig. 5 The effect of co-exposure of manganese and ethanol on
antioxidant enzyme activities (SOD, CAT, and GST and GPx) as well
as the GSH level in the striatum of rats. Manganese, Mn; ethanol,
EtOH; Mn (30 mg/kg body weight); EtOH 1 (1.25 g/kg body weight);

EtOH 2 (5 g/kg bodyweight). The data are expressed asmean ± S.D. for 8
rats per group. a Values differ significantly from control (p ≤ 0.05). b
Values differ significantly from Mn alone at p ≤ 0.05
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Effect of EtOH on Mn-Induced Increases
in Acetylcholinesterase Activity in the Striatum
of Rats

The effect of Mn and EtOH exposure on AChE activity in the
striatum of rats is presented in Fig. 4. Exposure to Mn alone,
EtOH alone, and their combination resulted in a significant
(p < 0.05) increase in AChE activity in the striatum of the
treated rats. The percent increases in the AChE activity in
the striatum were 30%, 40%, 49%, and 47% for EtOH alone,
Mn alone, Mn + EtOH 1, and Mn + EtOH 2, respectively.

The Effect of EtOH on Mn-Induced Altered
Antioxidant Status in the Striatum of Rats

Figure 5 depicts the effect of Mn alone, EtOH alone, and their
combination on the antioxidant enzyme activities (SOD, CAT,
GST, and GPx) as well as GSH level in the striatum of rats.
Exposure to Mn alone, EtOH alone, and their combination
caused a significant decrease in SOD and CAT activity in
the striatum of the treated rats when compared to the control.
Moreover, exposure of Mn alone, EtOH alone, and their com-
bination significantly decreased the level of GSH and enzyme

Fig. 6 The effect of co-exposure of manganese and ethanol on H2O2 and
LPO levels in the cerebellar cortex of rats. Manganese, Mn; ethanol,
EtOH; Mn (30 mg/kg body weight); EtOH 1 (1.25 g/kg body weight);

EtOH 2 (5 g/kg bodyweight). The data are expressed asmean ± S.D. for 8
rats per group. a Values differ significantly from control (p ≤ 0.05). b
Values differ significantly from Mn alone at p ≤ 0.05

Fig. 7 Immunohistochemical staining showing the effect of Mn and
EtOH on p53 protein expression in the striatum of rats’ brain. A =
control, B = EtOH, C =Mn, D =Mn + EtOH 1, E =Mn + EtOH 2.
Manganese, Mn; ethanol, EtOH; Mn (30 mg/kg body weight); EtOH 1

(1.25 g/kg bodyweight); EtOH 2 (5 g/kg body weight). F = quantification
of p53 protein expression in rat striatum. The data are expressed as mean
± S.D. for 3 rats per group. a Values differ significantly from control (p ≤
0.05). b Values differ significantly from Mn alone at p ≤ 0.05
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Fig. 8 Immunohistochemical staining showing the effect of Mn and
EtOH on Bax protein expression in the striatum of rats’ brain. A =
control, B = EtOH, C =Mn, D =Mn + EtOH 1, E =Mn + EtOH 2.
Manganese, Mn; ethanol, EtOH; Mn (30 mg/kg body weight); EtOH 1

(1.25 g/kg bodyweight); EtOH 2 (5 g/kg body weight). F = quantification
of Bax protein expression in rat striatum. The data are expressed as mean
± S.D. for 3 rats per group. a Values differ significantly from control (p ≤
0.05). b Values differ significantly from Mn alone at p ≤ 0.05

Fig. 9 Immunohistochemical staining showing the effect of Mn and
EtOH on Bcl-2 protein expression in the striatum of rats’ brain. A =
control, B = EtOH, C =Mn, D =Mn + EtOH 1, E =Mn + EtOH 2.
Manganese, Mn; ethanol, EtOH; Mn (30 mg/kg body weight); EtOH 1

(1.25 g/kg bodyweight); EtOH 2 (5 g/kg body weight). F = quantification
of Bcl-2 protein expression in rat striatum. The data are expressed as
mean ± S.D. for 3 rats per group. a Values differ significantly from
control (p ≤ 0.05). b Values differ significantly fromMn alone at p ≤ 0.05
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activities of GST and GPx when compared to the control. The
effect of ethanol on Mn-induced changes in the aforemen-
tioned indices of antioxidant status was dose dependent.

Figure 6 depicts the effect of Mn alone, EtOH alone, and
their combination on oxidative stress biomarkers (H2O2 and
LPO) in striatum of rats. Exposure of rats to EtOH alone, Mn
alone, Mn + EtOH 1, and Mn + EtOH 2 resulted in a signif-
icant increase in H2O2 generation and lipid peroxidation
(LPO) in the striatum of rats when compared to the control
group. The percent increases in H2O2 level were 35%, 43%,
43%, and 48% for EtOH alone, Mn alone, Mn + EtOH 1, and
Mn + EtOH 2, respectively, whereas LPO level increased by
14%, 27%, 30%, and 37%, respectively.

The Effect of EtOH on Mn-Induced Apoptosis in Rat
Striatum

Figures 7, 8, 9, and 10 depict the effect of Mn alone, EtOH
alone, and their combination on pro-apoptotic and anti-
apoptotic proteins (p53, Bax, Bcl-2, and caspase-3) in striatum
of rats. Pro-apoptotic protein expressions (p53, Bax, and
caspase-3) were upregulated in rat striatum exposed to Mn
alone, EtOH alone, and their combination when compared to
the control. p53, Bax, and caspase-3 protein expression in rat
striatum exposed toMn alone and EtOH alone exhibited weak
immunoreactivity when compared to the co-exposed groups

(i.e., Mn + EtOH 1 and Mn + EtOH 2), the later exhibited
intense immunoreactivity. Moreover, Mn + EtOH 2 exacer-
bates the upregulation of protein expression of p53, Bax, and
caspase-3 protein expressions in rat striatum compared to the
Mn alone and EtOH alone. Furthermore, anti-apoptotic pro-
tein expression (Bcl-2) was downregulated in rats striatum
exposed to Mn alone, EtOH alone, and their combination
when compared with the control. Mn + EtOH 1 and Mn +
EtOH 2 treatment exacerbated the downregulation of protein
expression of Bcl-2 protein expression when compared with
Mn alone and EtOH alone in rat striatum

Histopathological Changes in the Striatum of Rat
Co-Exposed to Mn and EtOH

The histopathological alteration after co-exposure to Mn and
EtOH is shown in Fig. 11. The striatum of the control rats
appeared structurally and functionally normal with the neu-
rons exhibiting open chromatin pattern. The experimental rats
treated with Mn alone, EtOH alone, or their combination
showed pathological features in the striatum. The histopatho-
logical sections showed marked neuronal degeneration as
shown by the scattered dark and red neurons suggesting neu-
ronal degeneration especially in the Mn + EtOH 1 and the Mn
+ EtOH 2 groups.

Fig. 10 Immunohistochemical staining showing the effect of Mn and
EtOH on caspase-3 protein expression in the striatum of rats’ brain.
A = control, B = EtOH, C =Mn, D =Mn + EtOH 1, E =Mn + EtOH 2.
Manganese, Mn; ethanol, EtOH; Mn (30 mg/kg body weight); EtOH 1

(1.25 g/kg bodyweight); EtOH 2 (5 g/kg body weight). F = quantification
of caspase-3 protein expression in rat striatum. The data are expressed as
mean ± S.D. for 3 rats per group. aValues differ significantly from control
(p ≤ 0.05). b Values differ significantly from Mn alone at p ≤ 0.05
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Discussion

Although Mn is an essential trace element, exposure to exces-
sive of it can cause a variety of neurotoxic effects mediated by
alterations in oxidative stress biomarkers, inflammation, and
apoptosis induction, particularly in the striatum [44].
Deregulation of striatal functions has been implicated in a
number of neurodegenerative diseases [27]. Given the pen-
chant of workers in many parts of the world, most especially
in developing nations, for consuming alcohol in large amount
[15], and exposure of same individuals to Mn through occu-
pation, environmental contamination, and drinking water [7],
we evaluated the neurobehavioral changes and biochemical
and molecular events in the striatum of rats exposed to Mn
and co-exposed to low and high doses of ethanol. In our ex-
periments, we showed that EtOH exacerbated Mn-induced
neurobehavioral deficits, oxidative stress, and apoptosis
induction.

Investigation of neurobehavioral profile has been an
established protocol for the assessment or characterization of
the effect of various toxic compounds onmotor and locomotor
activities in animal models [32]. Our findings indicate that

EtOH exacerbates Mn-induced disruption in coordination, de-
crease in exploratory profile, and marked reduction in the
absolute turn angle and body rotation. The disorganization
of behavioral pattern of the experimental rats may be due to
alteration in the motor posture pattern, disruption between
muscular junctions and nervous system, and the suppression
of spontaneous motor activities in the exposed animals [45,
46]. Neurobehavioral functions and regulatory activity of
AChE are well documented [47]. AchE is one of the two
enzymes involved in cellular maintenance of acetylcholine
(ACh), a neurotransmitter of the cholinergic system [48]. We
observed that exposure to Mn alone and EtOH alone resulted
in a significant increase in AChE activity in the striatum of
rats, and this was exacerbated by Mn and EtOH co-exposure.
Our result agrees with previous findings that demonstrated
enhanced AChE activity upon Mn exposure [33, 49, 50].
Increase AChE activity may decrease acetylcholine levels in
the synaptic cleft and impair motor, locomotor, and explorato-
ry activities [48, 50]. This may be responsible for the behav-
ioral deficits observed in the exposed rats in this study.

Several reports have established a direct connection be-
tween inflammation, oxidative stress, and neurotoxicity

Fig. 11 Representative histopathological sections of striatum. The
striatum of rats from the control showing normal morphology. The
striatum of rats treated with Mn alone, EtOH alone, and in combination

showing marked neuronal degeneration (black arrow). Manganese, Mn;
ethanol, EtOH; Mn (30 mg/kg body weight); EtOH 1 (1.25 g/kg body
weight); EtOH 2 (5 g/kg body weight). H&E stain. Magnification ×400
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[51–54]. In connection to this, striatum has been demonstrated
to be more vulnerable to oxidative assault [55]. The reactive
oxygen species (ROS)-scavenging enzymes—SOD, CAT,
GST, and GPx—all play a major role in regulating the intra-
cellular concentration of ROS. In the present study, there was
a significant reduction in the activities of striatal antioxidant
enzymes and level of GSH inMn alone, EtOH alone, and their
combination. This indicates a state of oxidative stress possibly
due to inhibition of the radical detoxifying systems in the
striatum of the exposed rats. Several studies have shown that
significant increase in the formation of lipid peroxidation and
H2O2 confirmed oxidative stress [33, 56]. EtOH may be en-
hancing free radical and peroxyl radical generation, which
damages the lipid membranes, thereby leading to lipid perox-
idation and subsequent neurodegeneration in the striatum.

The gene expression of Bax is regulated by p53 and has
been shown to be implicated in p53-mediated apoptosis [57].
Translocation of p53 from the cytosol to the mitochondria
disrupts Bcl-2/Bax ratio, which ultimately results in apoptosis
induction mediated by the release of cytochrome C, activation
of caspases, and other pro-apoptotic factors [58, 59]. On the
other hand, Bcl-2, located on the outer mitochondrial mem-
brane, promotes cellular survival, by inhibiting pro-apoptotic
proteins, thereby suppressing induction apoptotic cascade
[60]. Thus, the level of Bcl-2 versus Bax determines the resis-
tance of cell to apoptosis [61]. In the present study, expres-
sions of pro-apoptotic proteins (p53, Bax, and caspase-3) were
upregulated while anti-apoptotic protein (Bcl-2) was down-
regulated in rat striatum exposed to Mn alone, EtOH alone,
and their combination when compared to the control. It is
pertinent to note that EtOH exacerbated Mn-induced upregu-
lation of pro-apoptotic proteins and downregulation of anti-
apoptotic protein when compared with Mn alone and EtOH
alone. The upregulation of Bax and caspase-3 and downreg-
ulation of Bcl-2 expressions suggest the involvement of
striatal apoptosis mediated by p53-related mechanism in the
striatal neuronal degeneration of rats exposed to Mn and
EtOH.

Conclusion

Taken together, reduced antioxidant enzymes activities and
GSH level, enhanced lipid peroxidation, increased H2O2 pro-
duction, changes in intracellular signaling of p53, activation of
Bax and caspase-3, and downregulation of Bcl-2 may have
contributed to the evident motor and locomotor impairment,
oxidative stress, and striatal degeneration associated with the
exacerbation of manganese-induced toxicity by ethanol.
Therefore, Mn and EtOH co-exposure may result in neurode-
generation of the striatum, thereby leading to movement
disorder-associated disease conditions.
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