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Abstract

The present work is carried out to explore the neuroprotective potential of Melatonin(Mel), on Ni-induced
neurobehavioral, biochemical and histological alterations in male and female rats. The rats were intraperitoneally
administered by nickel chloride (NiClz, 1 mg/kg) and Mel (4 mg/kg) for 60 days. A neurobehavioral assessment was
performed. Biochemical determinations of oxidative stress (OS) levels, and histological analysis of hippocampal tissues
were also performed. Results showed that Nickel (Ni) treatment increased anxiety-like and depression-like behavior in
rats. Besides, cognitive behavior on the Morris water maze was compromised following Ni treatment. Alongside this,
Ni elevated hippocampal OS markers like lipid peroxidation and nitric oxide formation with a decrease in superoxide
dismutase and catalase activities. Histological observations confirmed these results. Significantly, Mel administration
alleviated neurobehavioral changes in Ni-treated rats of both genders. Also, Mel attenuated Ni-induced OS and
increased the activities of antioxidant enzymes. The histopathological studies in the hippocampus supported that Mel
markedly reduced the Ni-induced neuronal loss. In conclusion, this study suggests that Mel has a neuroprotective effect
against Ni-induced neurobehavioral alterations, which may be related to lowering OS in the hippocampus.
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Introduction

Nickel (Ni) is a ubiquitous metal in the environment [1] and is frequently used in various consumer and industrial
applications due to its unique physical and chemical properties [2]. At the same time, Ni is known to be an essential element
for several animal species [3]. Its deficiency can adversely affect different body functions [4].
On the other hand, environmental and occupational exposure to Ni at high levels can cause various adverse effects on
human health [1]. Generally, humans may be exposed to Ni through food, water, and air, as it is produced in mining,
extraction, refining, electroplating, food processing, and Ni waste disposal [2]. Occupational exposure has been shown to
give rise to elevated levels of Ni in blood, urine, and body tissues [5]. This metal overload was found to have teratogenic,
reproductive toxic, pulmonary toxic, nephrotoxic, and hepatotoxic effects in living organisms [1, 6]. Based on Ni workers
and laboratory animals' studies, all Ni compounds have been classified as a human carcinogen by the International Agency
for Research on Cancer [1, 7]. However, studies on the neurotoxic effects of Ni are sparse given the environmental health
problem associated with Ni. Neurological effects such as giddiness and weariness were reported in electroplating plant
workers who drank water contaminated with nickel chloride (NiClz) (1.63 g-dm-3) [5]. The same effects were observed in
an evaluation of workers welding high-Ni alloys, exposed for six weeks to Ni fumes (0.07 to 1.1 mg Ni/m3) [8]. In animal
studies, Ni exposure induced aggressive behavior, emotional changes, and cognitive problems [9, 10].
The mechanism by which Ni induces neurological damage is partially known. Generally, a large body of research showed
a potential link between oxidative stress (OS) and the etiology of affective and cognitive dysfunctions [11, 12]. In this sense,
one of the possible mechanisms behind Ni neurotoxicity has been attributed to OS [1]. Ni is known to disrupt the pro-
/antioxidant balance in the cells [13], which may precede neurobehavioral disorders. Our previous study showed that
chronic Ni exposure induced depression-like, anxiety-like, memory deficit, and alterations in OS markers in the
hippocampus [13], a crucial brain region in learning, memory processes, and emotion regulation [14, 15]. These effects are
similar to those induced by other heavy metals such as Copper(Cu), Cadmium(Cd) and Aluminum(Al) [16-19]. Certain
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regions of the central nervous system (CNS), such as the hippocampus, may be particularly sensitive to OS [20]. Therefore,
molecules that inhibit OS potentially protect neuronal cells and subsequently prevent neurobehavioral disturbances.
Melatonin (Mel) is a powerful antioxidant that is mainly synthesized and secreted by the pineal gland [21]. This
neurohormone acts as a potent free radical scavenger, and it activates the major antioxidant enzymes such as superoxide
dismutase (SOD) and catalase (CAT) in the brain [22]. In addition to its antioxidant properties, Mel has been studied due to
its neuroprotective actions in several neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases [21].
Furthermore, Mel exerted anxiolytic and antidepressant effects [23, 24], and it helped to improve cognition ability [25].

To our knowledge, no investigation has reported the efficacy of Mel to attenuate Ni-induced neurotoxicity in adult rats.
Given the foregoing, our study aimed to explore the efficacy of Mel administration in alleviating behavior, OS, and
histopathological changes in the hippocampus induced by chronic exposure to Ni in male and female rats.

Materials and Methods

Chemicals

NiCly, trichloroacetic acid (TCA), thiobarbituric acid (TBA), nitroblue tetrazolium (NBT), Griess reagent,
methionine, riboflavin, Triton X-100, and xylene were purchased from Sigma-Aldrich Chemical CO (St. Louis, MO, USA).
Melatonin (N-acetyl-5-methoxytryptamine) was purchased from Sigma-Aldrich (St. Louis, France). It was dissolved just
before use in a vehicle composed of 1% ethanol and 99% distilled water. Hydrogen peroxide (H20z), physiological saline
buffer (0.9% NaCl), ethanol (70%), chloral hydrate, paraformaldehyde, and Butanol used in this work were purchased from
a standard commercial supplier (OUAMEB, Kenitra, Morocco). All other chemicals were of the highest analytical grade.

Animals

Adult Wistar rats of both genders (approximately 60 days old and with mean weight gain of 120 + 20 g), born and
raised in Animal House in Ibn Tofail University, were used in this study. The adult rodents were maintained under a 12-h
light/dark cycle at a temperature of 22 + 1°C with free access to water and food. All experiments were performed according
to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize
the number of rats and their suffering.

Experimental design and Treatments

A total of forty eight rats were divided into 4 groups for each gender:
(1) Control (n=62 and 67"): Physiological saline buffer (0.9% NaCl) was given;
(2) Mel (n=6%? and 6J"): Only melatonin at a dose of 4 mg/kg body weight was given [13];
(3) Ni (n=6% and 6J): Nickel chloride was given at a dose of 1 mg/kg body weight [24, 26];
(4) Ni + Mel (n=62 and 67): Melatonin at a dose of 4 mg/kg body weight together with nickel chloride at a dose of 1 mg/kg
body weight was given

For each group, the treatment was given intraperitoneally for two months before the behavioral parameter
estimation was done. Following neurobehavioural studies, all the rats were sacrificed and the hippocampi were rapidly
excised and processed for subsequent histological and biochemical analysis.

Neurobehavioral tests

Anxiety-Like Measurement
The open field test (OFT) [27] and the elevated plus maze (EPM) [28] were used to measure the anxiety-
like behavior in rodents. The protocol of each test is well detailed in our previous work [13]

Depression-Like Measurement in Forced Swimming Test (FST)

The Forced Swimming Test (FST) is the most widely used pharmacological model for evaluating depressive-like
responses in rodents [29]. The test involved putting the rat into an inescapable cylinder (diameter 10 cm, height 25 cm) of
water at 23-25 °C for a period of 5 min. The total amount of time each animal remained immobile was recorded as
immobility time (TIM). An increase in the TIM is an indicative of depression-like behavior.

Cognitive Measurement
Morris Water Maze Test (MWM)
Spatial learning and memory performances were assessed by monitoring behavior in the Morris Water Maze Test

(MWM) task as described by Morris (1984) [30]. The apparatus was made of circle polypropylene pool (110 cm in diameter
and 50 cm in height) filled with white-opaque water (24 + 1°C). The test is predicated on the rodent finding the invisible

platform (submerged 1 cm below the water surface) using numerous extra maze cues. During the acquisition phase (the
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first 4 days), the escape latency (s) of each rat to reach the hidden platform was recorded. In the probe test phase (the 5th

day), the invisible platform was removed from pool and each rat received a free swimming of 60 s' duration. The percent

time spent in the target quadrant was measured.

Estimation of oxidative stress parameters

The neurochemical analysis was done to assess concentrations of thiobarbituric acid reactive substances
(TBARS) content, nitric oxide (NO), superoxide dismutase (SOD) and catalase (CAT) activities in the hippocampus
of rats. The hippocampi were collected and rinsed in phosphate-buffered saline (50 mM W/V, pH: 7.4), then homog
enized using a homogenizer and centrifuged at 1500 rpm for 10 min at 4 °C [58]. The resulting supernatants were
frozen at —20 °C until further use.

Hippocampal LPO was estimated according to the procedure of Draper and Hadley [32]. Hippocampal NO was
determined using Griess reagent [33]. The SOD and CAT activities were analyzed using the protocol of Beauchamp and
Fridovich [34] and the protocol of Aebi [35], respectively.
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o Controlgroup (n=6% and 6):0.9% Nacl.
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Figure 1. Sample description and experimental steps of nickel (Ni) and melatonin (Mel) administration protocol.
(a). After 60 days, the behavioral test assessment through Open Field test (OFT), Elevated Plus Maze (EPM),
Forced Swimming Test (FST) and Morris Water Maze (MWM) Test were performed. The animals were
euthanized, Thereafter, (b) oxidative stress markers (lipid peroxidation (LPO), nitric oxide (NO) levels,
superoxide dismutase (SOD) and catalase (CAT)) activities) and (c) histology of the hippocampus was evaluated.
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Histological analysis

For histological studies, brains were collected in 4% paraformaldehyde for proper fixation. Sections of the
hippocampus with 30 um of thickness were made and stained with cresyl violet for examination [36].
The experimental design of all methodological steps is summarized in Figure. 1.

Statistical analysis

All analyses were carried out in SPSS (version 22). Comparisons among groups were performed using on
e-way analysis of variance (ANOVA). The escape latency in the MWM test navigation phase was analyzed by two-
way analysis of variance (ANOVA) with repeated measures. All data are reported as mean + standard error of the
mean (SEM) and probability values (p) of less than 0.05 were considered to be statistically significant.

Results
Effect of Ni and Melatonin on the Levels of Anxiety-Like Measured in the OFT

The data recorded for the levels of anxiety of rats are shown in Table 1. Ni exposure significantly decreased the
TCA in male (-70%) (p < 0.001) and female (-44%) (p < 0.01) rats when compared to their controls. Also, the NRC was
significantly decreased in Ni treated male rats (-76%) (p < 0.001) and female rats (-34%) (p < 0.05) when compared to control
rats. Contrarily, Mel administration significantly increased the TCA (p < 0.05) and the NRC, especially in females (p <0.05),
which are diminished in the Ni treated groups (Table 1). No significant difference is observed for NTS on the OFT (p > 0.05).

Effect of Nickel and Melatonin on Anxiety Levels Measured in Elevated Plus Maze Test (EPM)

As shown in Table 2, the TOA was significantly decreased in Ni treated male rats by 67% (p < 0.001) and female
rats by 47% (p <0.01) when compared to control rats, suggesting that anxious behavior was increased following Ni exposure.
However, following Mel supplementation TOA was significantly (p < 0.05) increased in female rats (+66%), whereas, in
males, a non-significant increase in TOA was observed (+45%) compared to Ni treated rats (p > 0.05). Mel is more effective
in female rats compared to male rats (p < 0,001). In contrast, Ni and/or Mel had no significant effect on EOA and locomotor
activity represented by the TEA (p > 0.05).

Table 1. Effect of melatonin (4 mg/kg) on anxiety-related behavior of male and female Ni (1 mg/kg)-exposed rats
subjected to the open field test. TCA: the time spent in the center of the area; NRC: the number of returns to the
center; NTS: the number of total squares crossed.

Group TCA (Seconds) NRC NTS
Males
Control 40.40 + 05.09 14.50 + 01.59 63.80 + 06.72
Mel 34.60 + 02.62 ### 13.60 + 01.21 ## 65.80 + 08.97
Ni 12.00 £ 01.41 *** 03.40 £ 00.75 *** 68.20 + 05.55
Ni + Mel 22.80 + 00.73 ** 07.60 + 00.40 72.00 + 10.49
Females
Control 29.80 + 03.90 10.00 + 00.85 69.60 + 11.29
Mel 36.60 + 02.11 ### 15.25 + 01.16 **/## 76.40 +10.98
Ni 16.80 £ 01.11 ** 06.60 + 00.68 * 83.00 + 01.18
Ni + Mel 26.40 +01.21 # 09.80 + 01.56 66.20 + 09.73

Data are presented as mean + S.E.M. *p < 0.05 vs. control group; and #p <0.05 vs. Ni treated group.
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Table 2. Effect of melatonin (4 mg/kg) on anxiety-related behavior of male and female Ni (1 mg/kg)-exposed rats
subjected to the elevated plus maze. TOA: the time spent on the open arms; EOA: the entries into open arms;
TEA: The number of full entries into the arms.

Group TOA (Seconds) EOA TEA
Males
Control 73.40 + 05.06 03.40 + 00.74 04.40 +01.24
Mel 63.60 + 04.44 ### 03.20 + 00.37 06.44 + 00.39
Ni 24.60 + 02.86 *** 02.00 + 00.31 03.20 + 00.37
Ni + Mel 35.75 + 03.40 *** 02.20 + 00.38 05.00 + 00.63
Females
Control 75.00 + 07.33 04.84 +00.39 06.40 + 01.07
Mel 116.60 + 07.01 **/### 06.00 +00.54 # 06.60 + 00.98
Ni 39.80 + 04.44 ** 03.40 +00.51 06.00 +01.14
Ni + Mel 66.40 + 04.20 * 04.40 + 00.60 05.80 + 00.37

Data are presented as mean + S.E.M. *p < 0.05 vs. control group; and #p <0.05 vs. Ni treated group.

Table 3. Effect of melatonin (4 mg/kg) on depression-related behavior of male and female Ni (1 mg/kg)-exposed
rats subjected to the forced swimming test. TIM: immobility time; TST: struggling time.

Group TIM (Seconds) TST (Seconds)
Males
Control 10.00 £ 00.70 168.00 + 05.41
Mel 10.80 £ 01.13 # 148.20 £09.82 ¢
Ni 28.20 + 03.62 ** 107.06 + 04.50 ***
Ni + Mel 23.40 + 02.21 130.60 + 03.22
Females
Control 12.02 £ 01.71 148.40 £ 05.25
Mel 05.60 + 00.39 */### 171.20 £ 02.15 **/###
Ni 24.40 + 03.19 ** 108.80 + 05.25 ***
Ni + Mel 15.80 £ 01.56 * 125.20 + 01.39 **/#

Data are presented as mean + S.E.M; *p < 0.05 vs. control group; and #p <0.05 vs. Ni treated group.

Effects of Nickel and Melatonin on Depressive-Like Performances Measured by Forced Swimming Test (FST)

In the FST (Table 3), Ni treatment in both genders provoked a significant increase in immobility time (TIM) by
182% in male and by 100% in female rats when compared to saline-treated animals (p <0.01), and this effect was attenuated
by Mel administration especially in females in comparison with Ni-treated group (p <0.05) (Table 3). Mel is more effective
in female rats compared to male rats (p < 0.05). On the other hand, Table 3 also shows that Ni decreased significantly the
struggling time (TST) in male (-36%) and female rats (-22%) when compared to saline-treated rats (p < 0.01), and Mel also
was able to prevent this depressogenic effect induced by Ni, especially in female rats (p < 0.05).

Nickel and Melatonin Effects on Learning and Memory Measured by Morris Water Maze

The mean escape latency increased throughout the learning trials in Ni groups compared to control rats, especially
in males (p <0.05). However, administration of the Mel non-significantly decreased this effect in Ni intoxicated rats (p > 0.05)
(Figures 2a).

Measurements in the probe test demonstrated that the mean % of time spent in the correct quadrant in group Ni
dramatically exceeded the respective values in control groups of both genders (+45% in males, p <0.05 and +19% in females,
p>0.05). However, Mel and Ni treatment groups showed a non-significantly reduced % of time spent in the correct quadrant
compared with Ni treated groups, especially in females (p > 0.05) (Figure 2b).

http://eaht.org Page 5/ 13



Environmental Analysis Health and Toxicology 2020, 35(4):e2020025

a Males Females
504
-~ Control
40 -2 Mel
Q -a- Ni
£ 304 .
> =¢: Ni+ Mel
Qo
S 20
=1
©
-
104
0 T T L] T T T T T
1 2 3 4 1 2 3 4
Day Day
b
E 80 B3 Control
k #; £ Mel
¢ . £ Ni
s # 3 Ni + Mel
‘5 *
Qo
QO
£ 201
£
[
E
=
= 0- T T
Males Females

Figure 2. Effects of melatonin (4 mg/kg) on escape latency during the acquisition phase in the MWM, in male and
female (a) Ni (1 mg/kg)-exposed rats. The percentage of time spent in the target quadrant (b) was measured to
determine the effects on the spatial memory ability of the rat. The data obtained were expressed with mean +
S.E.M. The significance levels are *p < 0.05 vs. control group; and #p < 0.05 vs. Ni treated group.

Effects of Nickel and melatonin on oxidative stress parameters in the hippocampus
Lipid peroxidation product (TBARS levels)

As observed in Figure 3a, between groups comparisons indicated Ni exposure rats significantly increased
hippocampus LPO (TBARS) levels (p < 0.001) by 216% and 158% in male and female Ni-treated rats when compared to
saline-treated rats, respectively. After two months of Mel supplementation, TBARS levels were significantly decreased by
27% (p < 0.01) and 43% (p < 0.001) in male and female Ni-Mel treated rats, respectively, compared to Ni treated group. Mel
is more effective in female rats compared to male rats (p < 0.01).

NO Concentrations in Hippocampus

The intake of Ni for 8 weeks, significantly elevated NO levels in the hippocampus in male (+96, p < 0.05) and
female rats (+64%, p < 0.05), as compared to the adult saline-treated rats. Moreover, Mel treatment caused a significant
decrease in the hippocampus NO levels in female Ni-treated rats when compared to the Ni exposure group (p <0.05) (Figure
3b). The effect of sex was noted following Mel administration; this molecule is more effective in females than males (p <
0.05).

Estimation of antioxidative enzymes activities

As indicated in Figures 3cand 3d, SOD and CAT activities were significantly reduced upon the Ni intake, by 31%
(p <0.01) and 36% (p < 0.001) in the male rats, and by 22% (p < 0.05) and 28% (p < 0.01) in the female rats, respectively, as
compared to the saline-treated groups. However, Ni intoxicated rats treated with Mel showed a significant (p <0.05) increase
in the activities of antioxidant enzymes in the hippocampus when compared to Ni intoxicated rats.
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Figure 3. Effect of melatonin (4 mg/kg) on levels of (a) thiobarbituric acid reactive substances (TBARS) and (b)
nitric oxide (NO), (c) superoxide dismutase (SOD) and (d) catalase (CAT) activities in the hippocampus of male
and female Ni (1 mg/kg)-exposed rats. The results obtained were expressed with + S.E.M. *p < 0.05 vs. control

group; and #p <0.05 vs. Ni treated group.

Histological analysis

As shown in Figure 4, the mean number of intact pyramidal neurons in the CA3 region of the hippocampus was
significantly decreased by 46 % in males and by 31 % in females Ni-treated rats, compared to control groups (p < 0.01). Mel
administration alone had no significant effect on neuronal survival in this layer compared to the control groups, but,
following Mel treatment, the neuronal loss significantly decreased in the Ni + Mel groups of both genders (p <0.05 in males

and p <0.01 in females) compared to the Ni groups.

As illustrated by Figure 5, histopathological analyses of CA3 pyramidal neurons of the control groups showed a
normal histological appearance, whereas a neuronal loss, cellular disorganization, and shrinkage were observed in Ni
treated groups of both genders compared to their normal controls. These changes were attenuated in Ni + Mel groups
compared to the Ni treated groups, showing normal pyramidal neurons (Figures 4 and 5).
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Figure 4. Effect of Mel (4 mg/kg) on the number of neurons in 0.18 mm2 area of CA3 region of hippocampus in
male and female Ni (1 mg/kg)-exposed rats. The data obtained were expressed with + S.E.M. *p < 0.05 vs. control
group; and #p <0.05 vs. Ni treated group
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Figure 5. Light micrographs of hippocampus with cresyl violet staining in the control, Mel, Ni and Ni + Mel
groups in CA3 cell layer of hippocampus in male and female rats. Black arrows indicate the intact neurons. Bar
represents 100um.
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Discussion

In the present study, Ni at 1 mg/kg increased anxiety-like behavior in rats of both genders. Our finding
corroborates with data recently published by our research group in which Ni (0.25, 0.5 or 1 mg/kg) caused higher anxiety
in rats [13]. Our data also showed that 1 mg/kg of Ni produced higher depression-like behavior in male and female rats.
This result was in accordance with the study of Kahloula et al, reporting that depression-like behavior was significantly
increased by Ni treatment during the development period [10]. Interestingly, Mel administration (4 mg/kg) showed a
significant anxiolytic effect in Ni treated rats as revealed in OF and EPM tests. In addition, exogenous administration of Mel
could ameliorate the depressive-like behavior induced by Ni; this neurohormone significantly reduced immobility time in
the FST. Consistent with other reports, it was found that Mel produces a variety of anxiolytic-like effects in different tests
[24, 37, 38]. Also, Stefanovic et al. showed that Mel elicited a real power antidepressant-like effect in the FST [39]. These
findings showed that Mel could prevent anxiety- and depression-like disorders, suggesting a potential neuroprotective role
against Ni neurotoxicity. The exact mechanism by which the Mel produces these effects is still under debate.

Another central effect that we highlighted was the effect of Ni on memory function. Our results also revealed that
the chronic administration of Ni causes learning and memory deficits in the MWM test, confirming our previous findings
[13]. These results were parallel to a previous report on the association of Ni exposure with memory impairment assessed
in the MWM [10]. In the study of He et al., in Mice, acute intoxication with Ni at 5 and 50 mg/kg increased the escape latency
in the MWM [9]. Significantly, the administration of Mel to Ni-treated rats corrected memory impairment observed in this
study, suggesting that Mel exerts a protective effect on Ni-induced cognitive impairment in rats. Further studies will need
to investigate the neurobiological mechanism through which Mel modulates cognitive changes.

Accruing data revealed a link between the etiology of affective and cognitive disorders and OS [11, 12]. Generally,
the hippocampus, a structure in the brain that plays an important role in emotion regulation, learning, and memory
processes [14, 15], is very vulnerable to OS due to their immense oxygen utilization, deficient antioxidant defense, and high
polyunsaturated lipid content [40]. Thus, we can suggest that the induction of hippocampal OS by Ni exposure is partially
responsible for the behavioral changes observed. Our previous findings indicated that intraperitoneal administration of Ni
for two months caused OS in the hippocampus, emotional illnesses, and impaired spatial learning and memory in rats of
both genders [13]. In this context, our results revealed that Ni exposure induced a remarkable TBARS level (LPO) increase
in rat hippocampus. As known, LPO is a major effect of free radicals; the generation of large amounts of free radicals such
as NO, superoxide anions (Oz), and hydroxyl radical (OH) can directly alter cellular lipids, which may culminate into
neuronal damage, leading subsequently to many degenerative illnesses in the CNS [41]. Therefore, the observed elevation
of hippocampal LPO in rats treated with Ni in the current work can be attributed to an overproduction of NO. Ni increased
NO formation, which is consistent with our current result [13]. Also, Guan et al. demonstrated that the generation of NO
was stimulated by Ni [42]. At high levels, NO reacts with O> to form the ion peroxynitrite (ONOO"), a very reactive toxic
molecule thatacts as a powerful oxidant of some macromolecules such as lipids, ending by LPO.

By removing free radicals, SOD, and CAT enzymes protect the cells from oxidative damage and prevent LPO [43].
We found herein that the increased LPO and NO levels induced by Ni were accompanied by a significant decrease in SOD
and CAT activities in rat’s hippocampus. The decreased activities observed may result from the inactivation of the SOD and
CAT enzymes due to Ni’s direct binding with sulfhydryl groups of enzymes and oxidative modifications of amino acid
chains, which alters the protein structure [44].

Mel’s capability attenuated the Ni-induced OS might contribute to its protective effects against Ni’s neurotoxicity.
In this study, we found that Mel administration reduced OS in the hippocampus of both sexes, which was reflected in a
decreased level of LPO and NO in Ni treated groups. It has been suggested that Mel’s attenuating effect on brain LPO
production was mediated by NO neutralization [45]. This neuronal protection may be explained by Mel’s alleviation of NO
synthase (NOS) enzyme, which down-regulates gene expression of pro-oxidant enzymes, such as NOS [46], and
consequently reducing the higher level of NO. In addition, a large body of evidence indicates that Mel and its metabolites
can detoxify free radicals and their derivatives such as ONOO- by scavenging both oxygen- and nitrogen-based reactive
molecules [47]. Nevertheless, the mechanisms by which Mel balances the NO pathways are still not completely understood.
On the other hand, we found that Mel treatment could restore the activity of CAT and SOD enzymes in Ni-treated rats and
subsequently prevent the hippocampus neurons from LPO damage. The restoration of these antioxidant enzymes may be
due to Mel, which acts as an indirect antioxidant as well by increasing the gene expression and activity of antioxidant
enzymes. According to Kotler et al., Mel injections stimulate SOD mRNA levels in rat brains [48]. Collectively, these findings
confirmed the protective effect and antioxidant capacity of Mel against oxidative damage.

An increasing body of experimental evidence revealed the pivotal role of OS pathways in neuronal loss [49]. In
this study, the biochemical alterations were strongly correlated with the histological analysis. We revealed that Ni exposure
provoked a significant neuronal loss in the CA3 subregion of the hippocampus, which plays an essential role in memory
and mood function [50]. Therefore, these alterations are associated with behavioral impairments. In contrast,
histopathological examination revealed that Mel treatment reduced those hippocampal changes, preserving a normal
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number of pyramidal neurons due to its neuroprotective effect. As discussed above, Mel is protective against neuronal
damage in the hippocampus by its potent antioxidant properties, resulting in improved learning and memory [51].

On the other hand, based on our present results, Mel likely can enhance emotional behavior and cognitive capacity
by preventing OS in the hippocampus of rats treated with Ni, especially in female rats. El Mrabet et al. (2012) revealed that,
in behavior measurement tests, females showed a positive response to Mel treatment compared to males [24]. The difference
between the sexes may also be explained by the implication of sexual hormones [52].

Conclusion

Based on the present study, it can be concluded that chronic Ni treatment caused neurobehavioral and
neurochemical changes and a histopathological alteration in rat hippocampus. However, protection against oxidative
damage of hippocampus tissues was suggested as a possible mechanism implicated in the beneficial effects of Mel on Ni-
induced anxiety-like, depression-like and, memory impairment (Figure 6).

o Anxiety-like and
depression-like behaviors Attenuated
o Memory impairment by Melatonin

— o Oxidative stress and histological
NiCl2i.p =

changes in the hippocampus -

HaCO

Neuroprotective effect of Melatonin ‘ \

Hippocampus

b @ LPO @ Anxiety-like and

depression-like behaviors
@ Neuronal loss @ NO a
in CA3

Memory impairment
Sub-region ﬁ SOD @ ¥R

Figure 6. Overview of Melatonin effects on behavioral, neurochemical and histological parameters in Ni-induced
anxiety-like, depressive-like behaviors and memory impairment.
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