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Abstract

Arsenic (As) is a widely existing metalloid in the biosphere. Drinking water

contamination by arsenic is a major route of human exposure, either by natural

means or through industrial pollution. Numerous evidence form earlier reports

suggest that arsenic exposure causes cerebral neurodegeneration which initiates

behavioral disturbances concomitant to psychiatric disorders. Also, mood

disorders in humans as well as in animals correlate with arsenic exposure; the

present study is carried out to implore the neuroprotective potential of

thymoquinone (TQ) in arsenic-stressed rats. TQ is an active component of

Nigella sativa (Kalonji) seed oil. Arsenic exposure in the form of sodium

arsenate (10 mg/kg/day; p.o) caused neurobehavioral deficits as evidenced by

changes in locomotion and exploratory behavior in open-field and elevated plus

maze tasks. Alongside this, arsenate also elevated hippocampal oxidative stress

parameters like lipid peroxidation (TBARS) and protein carbonyl formation with

a decrease in superoxide dismutase (SOD) and reduced glutathione (GSH)

content. Genotoxicity assessment by Comet assay also showed prominent levels
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of DNA damage. Furthermore, arsenic also elevated hippocampal cytokine levels,

TNF-a and INF-g. However, TQ supplementation (2.5 and 5 mg/kg/day, p.o)

preceded three days before arsenic administration, significantly attenuated

arsenic-associated anxiogenic changes which majorly attributed to its antioxidant

and anxiolytic potential. Also, TQ pre-treated rats expressed positive shifts in the

hippocampal oxidative stress and cytokine levels with decreased DNA

fragmentation. Thus, this study concludes that TQ might serve as a strong

therapeutic agent for management of anxiety and depressive outcomes of arsenic

intoxication.

Keywords: Toxicology, Neuroscience

1. Introduction

Arsenic positions first on the US government’s Priority List of Hazardous Sub-

stances, given its lethality and its common occurrence in nature (Chou and De

Rosa, 2003). Arsenic is a metalloid that is ranked first in a list of 20 hazardous sub-

stances by the Agency for Toxic Substances and Disease Registry and the United

States Environmental Protection Agency (ATSDR, 2017).

It has been for the most part acknowledged that arsenic exposure in nature is causing

a huge worldwide medical issue. In addition to causing health concerns, Arsenic in

nature also disturbs ecological balance and leads to costly cleanup operations

burdening our economy. Arsenic exposure and its related lethality is a more major

issue in developing nations because of inadequate municipal consumable water sup-

ply, and consequently, various populations opted for sinking tube wells which get

contaminated by geogenic arsenic (Gebel, 2000).

The lethality and assimilation of arsenic are subject to its chemical state. Studies con-

ducted on humans and animals reveal that more than 90% of the ingested dosage of

inorganic form of arsenic (trivalent or pentavalent) gets absorbed from the gastroin-

testinal tract. Severe levels of Arsenic poisoning can bring about acute encephalop-

athy (cerebral edema), including peripheral neuropathy (motor dysfunction, long

Axon Wallerian degeneration, paresthesia), cognitive impairment and delirium, con-

vulsions, paralysis, coma, and death (Morton and Caron, 1989). A headache, leth-

argy, hallucinations, seizures can also occur. Peripheral neuropathy resembling

Gullian-Barre-Strohl syndrome (LGBS) (ascending flaccid paralysis) is common

(Jha et al., 2002). First to appear are the sensory symptoms like ’pins and needles’

or electric stun like a pain in lower extremities, which is often followed by numbness

and motor dysfunction. Polyneuropathy was additionally detailed by Guha

Mazumder et al. (1998) in Indian people exposed to increased levels of arsenic in

drinking water.
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Sub chronic poisoning causes focal sensory system shortfalls like hearing loss,

vision problems, irregular EEGs, mental impediment, epilepsy. Arsenite has been

reported to cause neural tube defects more effectively than arsenate (Chaineau

et al., 1990). Neurological defects (like peripheral nerve dysfunction) showed by

anomalous nerve conduction velocity are common symptoms in smelter laborers

exposed to arsenic (Blom et al., 1985).

Nigella sativa L. (NS) is a yearly blooming plant local to various districts of southern

Europe and Asia. The blossoms are light blue and white in shading with little dark

seeds. In conventional pharmaceutical, its seed is known for their awesome restor-

ative esteem and broadly utilized as a part of the Middle East and the Far East to treat

illnesses. Thymoquinone (TQ; 2-isopropyl-5- methyl-1, 4-benzoquinone) is the

prime component of the essential oil obtained from Nigella sativa seeds. A few re-

ports are showing that TQ has antioxidative, mitigating, antitumor, antiulcerogenic,

chemopreventive, and neuroprotective properties (Ashraf et al., 2011; Nagi et al.,

2010). The defensive impact of TQ is ascribed to its free radical scavenging action

(Badary et al., 2003). The capability of TQ to ensure the survival of dopaminergic

neurons in cell culture against MPPþ and rotenone cytotoxicity is a recent finding

(Radad et al., 2009).

Our aim in this study was to investigate the neurotoxicological outcomes of inor-

ganic arsenic exposure in rats. The dose range of arsenic selected at 10 mg As/kg/

day is higher than the usual human exposure level, although it may be relevant to

unexpectedly high exposures from drinking water which may occur accidentally

or from workplace settings (OSHA, 2004). Rats are reportedly less sensitive to inor-

ganic forms of arsenic as compared to humans, due to differences in kinetics and

metabolism. In rats, a higher proportion of inorganic arsenic will be bound to the

erythrocytes resulting in less free arsenic level in plasma and body fluids. Further,

the methylation rate which determines the detoxification of arsenic in rat liver is

almost 10 times higher than that in human liver (Styblo et al., 1999). In light of

the favorable impacts associated with TQ administration, the present study endeav-

ored to explore the adequacy of TQ against arsenic-related learning and memory

impairment and oxidative stress associated hippocampal toxicity in male Wistar rats.
2. Materials and methods

2.1. Chemicals and reagents

Thymoquinone, corn oil and sodium arsenate were purchased from SigmaeAldrich

Co. (St. Louis, MO). Reduced glutathione (GSH), 5,5-dithiobis-2-nitrobenzoic acid

(DTNB), thiobarbituric acid (TBA), trichloroacetic acid (TCA), epinephrine,

agarose low EEO and all routine reagents were purchased from Merck India Pvt.
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Ltd. CBA kits for TNFa (Cat no. 558309) and INF-g (Cat no. 558305) were pur-

chased from BD Biosciences, USA.
2.2. Animals

Male Wistar rats (body weight 200� 25 g) were used for the current study. Animals

were procured from the Central Animal House facility of Jawaharlal Nehru Medical

College (JNMC), Aligarh Muslim University and housed in cages maintained at

temperature (25 � 1 �C) and humidity (60 � 10%) along with proper ventilation

and illumination (a 12-h dark and 12-h light cycle). Rats were provided with ad li-

bitum water and standard animal feed procured from Ashirwad Industries, Chandi-

garh. All experiments were approved by Institutional Animal Ethics Committee, J.N

Medical College, Aligarh Muslim University as per Committee for the Purpose of

Control and Supervision of Experiments on Animals [CPCSEA guidelines (Regis-

tration no. 401/RO/C/2001/CPCSEA), Government of India].
2.3. Experimental design

Rats divided into four groups with 6 animals in each group randomly: Group 1:

Vehicle only (Control), Group 2: Arsenic in the form of sodium arsenate, 10 mg/

kg/day; through gavage for 8 days (As only), Group 3: TQ (2.5 mg/kg/day; oral

gavage) pretreatment for 3 consecutive days followed by administration with

Arsenic up to 11th day (As þ TQ2.5), Group 4: TQ (5 mg/kg/day; oral gavage) pre-

treatment for 3 consecutive days followed by administration with Arsenic up to 11th

day (As þ TQ5).

As neurological implications of arsenic are known, and many chronic and sub-

chronic exposures at a much higher dose as this have already been reported (Gora

et al., 2014; Kassab and El-Hennamy, 2017); we used this exposure regimen of

11 days to mimic sub-acute exposure which might occur accidentally. Dosing

regime was planned to have same endpoints and animals were sacrificed on the

12th day. TQ and As dose schedules were based on the pilot studies and previously

published reports (Bhattacharya and Haldar, 2012; Das et al., 2010; García-Ch�avez

et al., 2006; Hosseinzadeh et al., 2007; Li et al., 2015; Rodríguez et al., 2005).
2.4. Analysis of anxiolytic effect of thymoquinone on arsenic
induced behavioral alterations

Behavioral tests were done on the 12th day of study. The behavioral trials were per-

formed between 9.00 a.m. to 4.00 p.m. The tests were implemented and evaluated by

a researcher blind to the experimental groups and dosing regimen.
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2.4.1. Open field test

Open field arena (60 � 60 cm), with black floor was divided into 15 � 15 cm

squares, fenced by continuous 30-cm-high walls made of black wooden board. In

the test, squares adjoining to the wall represent a secure area named ‘field periphery,’

whilst other squares represent an exposed field or ‘area center.’ The test was

commenced by placing a single rat in the center of arena and was allowed to

move freely for 5 minutes. Behavioral pattern was constantly videotaped and scored

using ANY-maze, V4.3 (Steolting IL, USA). The maze was carefully cleaned with

70% ethanol after every trial.
2.4.2. Elevated plus-maze

Elevated plus-maze (EPM) comprised of two open arms and closed arms (30 � 5

cm) each, enclosed in 15 cm-high walls and central platform (5 � 5 cm). The appa-

ratus was raised 45 cm above the ground and the test begun by placing the rat on

central platform, facing one of the open arms. Each session lasted 3 minutes.

Rat’s behavior was continuously videotaped and scored using ANY-maze, V4.3

(Steolting IL, USA). The maze was carefully cleaned with 70% ethanol after each

test.
2.5. Biochemical and enzymatic assays

2.5.1. Tissue preparation for biochemical analysis

After the completion of dosing regime, animals were anesthetized by using 50 mg/kg

pento-barbital and sacrificed by cervical dislocation. For general clinical observa-

tions, blood was collected through direct heart puncture. Brains were dissected

and rinsed in ice-cold saline prior to harvesting hippocampus. Post-harvest, hippo-

campi were immediately homogenized (5% w/v) in Potter-Elvehjem PTFE pestle

and glass tube homogenizer (GW124, Himedia labs) in Tris-HCl buffer (50 mM,

pH 7.4). Resulting homogenate was centrifuged at 1500 g, and the supernatant

(S1) was collected. A small portion of the S1 fraction was used in LPO estimation.

Moreover, remaining homogenate was centrifuged at for 20 min on 10,000 g at 4 �C
to prepare S9 fraction, which was used for the assessment of GSH, PC, and SOD.
2.5.2. Assay of TBARS level as lipid peroxidation (LPO) marker

LPO levels were assessed as per the procedure described by Mihara and Uchiyama

(1978) with minor modifications. Detection of LPO in tissues relies on estimation of

thiobarbituric acid reactive species (TBARS), which is mostly malondialdehyde.

Briefly, the reaction mixture included 0.25 ml sample, 10 mM BHT, 3 ml ortho-

phosphoric acid (1% w/v) and 1 ml TBA (0.67%). The resulting concoction was
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then incubated at 95 �C for 45 min. The absorbance of the supernatant was measured

at 535 nm. LPO was determined as n moles of TBA-reactive substances (TBARS)

formed/h/g of tissue using 1.560105 M�1 cm�1 as molar extinction coefficient.
2.5.3. Measurement of protein carbonyl (PC)

Oxidative protein damage was assessed by the method explained by Floor and

Wetzel (1998) with slight modifications. Quantification of carbonyl fractions was

based on their reaction with 20, 40-dinitrophenyl hydrazine (DNPH). Quickly, pro-

teins were precipitated by the addition of 40% trichloroacetic acid (TCA). Content

of carbonyl moieties were measured spectrophotometrically at 340 nm. Results

were presented as nmol of DNPH combined per mg protein based on the molar

extinction coefficient of 22,000 M�1 cm�1.
2.5.4. Measurement of reduced glutathione (GSH)

The GSH content was analysed by using the method of Jollow et al. (1974) as

revised by Zafeer et al. (2012). Reaction was based on the reactivity of thiol group

(-SH) present in GSH reacts with DTNB to form TNB. Absorbance of samples was

measured at 412 nm spectrophotometrically. Results were presented as nmoles of

DTNB conjugated per mg protein.
2.5.5. Measurement of Superoxide Dismutase (SOD) activity

SOD activity was measured according to the method described by Misra and

Fridovich (1972). The method relies on the ability of SOD to prevent autooxidation

of epinephrine at alkaline pH. Briefly, the reaction mixture contains 50 mM glycine

buffer (pH 10.4), 0.2 ml S9 fraction and epinephrine. Activity of SOD was analysed

at 480 nm and the results were expressed as nmol of (�) epinephrine protected from

oxidation per minute per milligram protein using a molar extinction coefficient of

4,020 M�1 cm�1.
2.5.6. Estimation of protein content

The protein content in the sample was determined using the method of Lowry et al.

(1951) using BSA as standard.
2.6. Preparation of single cell suspension for comet assay

Freshly isolated hippocampi were kept in cold Hibernate A�medium (supplemented

by B27� serum free supplement and Glutamax-I). Single cell suspension was ob-

tained mechanically by trituration using a pipette and was passed through 70 mm

cell strainer and then centrifuged at 1500 RPM for 10 min at 4 �C, supernatant
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was discarded, and pellet was again gently suspended in complete Hibernate A�

media.
2.6.1. Assessment of DNA fragmentation by comet assay

Comet assay technique was used for the assessment of DNA fragmentation as

described by Singh et al. (1988) with some modifications. Single cell suspensions

were mixed with 0.5 % low melting point agarose (LMPA) and overlaid on slides

pre-coated with 1% normal melting agarose (NMA). A sealing coat of 1 % LMPA

was placed over cells to seal them. Slides were submerged overnight in lysing solu-

tion (2.5 M NaCl, 100 mM EDTA, 10 mM Trizma base, 0.2 mM NaOH, 1% Triton

X-100 and DMSO; pH 10) at 4 �C followed by an alkali unwinding solution (300

mM NaOH, 1 mM EDTA, pH > 13) for 20 minutes. Electrophoresis was done at

25 V, 300 mA in TBE buffer for 45 min. Dried slides were stained with propidium

iodide (1X). Photographs were captured at 40X using Nikon Eclipse Ci-L fluores-

cence microscope. Comets were selected and analyzed with Cometscore TM soft-

ware (version 1.5, TriTek Corporation, Sumerduck) in a single blind manner. The

amount of DNA damage was assessed by tail length and percent DNA in the tail.
2.7. Flow cytometric bead assay (CBA) for TNFa and IFNg

Proinflammatory cytokines, TNFa and IFNg, were analyzed in hippocampal tissue

lysates and quantified as per instructions provided with the CBA flex kit (BD Bio-

sciences, U.S.A). The acquisition was done on LSR-II Flow Cytometer at BD FACS

Academy, Jamia Hamdard, New Delhi, India and analysis was done using FCAP

ARRAY software version 3.0 (BD Biosciences, U.S.A.). The levels of TNFa and

IFNg were quantified as pg/ml of tissue lysate.
2.8. Statistical analysis

Results are presented as Mean � standard error (SE). Data analysis was done using

one-way analysis of variance (ANOVA) and Tukey’s as a post hoc test. Values of p

� 0.05 were considered significant. All the statistical analysis were made using

GraphPad Prism7 (GraphPad Soft. Inc., SD, CA).
3. Results

3.1. Anxiolytic effect of thymoquinone against arsenic induced
changes in OFT and EPM

Our study shows that arsenic intoxication induces anxious behavior in rats. This is

evident from decrease in the total distance travelled in both OFT and EPM; signif-

icantly less time spent in the centre of arena in comparison to the peripheral area;
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increase in freezing episodes, freezing time in OFT and decrease in entries and time

spent in the open arms of EPM in contrast to the animals in the control group (Figs.

1, 2, and 3). Anxiolytic effect of thymoquinone was much obvious on pretreatment

as its supplementation has significantly increased the total exploratory behavior by

enhancing total distance traveled in OFT and EPM along with an increase in the time

spent and the number of entries in the open arm of EPM, which depends heavily on

thigmotaxis.
3.2. General clinical observations

Control: RBC’s are spherical and fully saturated with hemoglobin; WBC’s

(TLCw18,000 cells/mm3, DLC-N15, E1,L18,M3); platelets are seen in clumps

(w600 � 103/mm3).

Arsenic: RBC’s show distorted shape with occasional macrocytes and frequent

echinocytes seen. Few tear drop cells are also seen. Haemoglobinization is normal.

WBC’s (TLCw21,000 cells/mm3, DLC-N10, E6,L84,M0); platelets are seen in

clumps (w500 � 103/mm3).
Fig. 1. The effects of arsenic (10 mg/kg/day) and TQ (2.5, 5 mg/kg/day) in the open field test (n ¼ 6 in

each group) with each graph representing (a) Total distance traveled, (a) Total mobile time, (b) Number

of line crossings, (c) Total immobile time, and (d) Time spent in the central zone. Values are shown as

Mean � SEM. *, ** and *** indicate p � 0.05, p � 0.01 and p � 0.001 versus Control while ## and ###

indicate p � 0.01 and p � 0.001 versus As-treatment respectively.
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Fig. 2. The effects of arsenic (10 mg/kg/day) and TQ (2.5, 5 mg/kg/day) on EPM test on the 12th day of

exposure. Graphs showing: (a) Total distance traveled, (b) Total mobile time, and (c) Distance traveled in

the open arm. Values are expressed as Mean � SEM. **, *** indicate p � 0.01 and p � 0.001 versus

Control while #,## indicates p � 0.05 and p � 0.01 versus As-treatment respectively.

Fig. 3. The effects of arsenic (10 mg/kg/day) and TQ (2.5, 5 mg/kg/day) on EPM test on the 12th day of

exposure. Graphs showing: (a) time spent in the open arm, (b) Number of entries in open arm (c) time

spent in the closed arm, and (d) Number of entries in closed arm were evaluated during 3-minute test

period. Values are expressed as Mean � SEM. *, ** and *** indicate p � 0.05, p � 0.01 and p �
0.001 versus Control while # and ## indicate p < 0.05 and p < 0.01 versus As-treatment respectively.
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As D TQ2.5: Few spherical RBC’s mixed with echinocytes, macrocytes and tear

drop cells are seen. Haemoglobinization is normal. WBC’s (TLCw19,000 cells/

mm3, DLC-N12, E6,L82,M0); platelets are seen in clumps (w650 � 103/mm3).

AsD TQ5: larger number of normal appearing RBC’s are seen with frequent spher-

ocytes mixed with echinocytes and macrocytes. Haemoglobinization is normal.

WBC’s (TLCw20,000 cells/mm3, DLC-N10, E2,L88,M0); platelets are seen in

clumps (w650 � 103/mm3).
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3.3. Effect of thymoquinone on arsenic-mediated ROS generation

Oxidative stress biomarkers such TBARS assay, PC, SOD activity and GSH con-

tent were investigated in the hippocampus of rats. Arsenic intoxication has signif-

icantly increased lipid and protein oxidation levels (Fig. 4a, b) along with a decrease

in the GSH content and SOD activity (Fig. 4c, d). Pretreatment with thymoquinone

significantly restored GSH content and SOD activity in a dose-dependent manner

and caused a simultaneous decrease in the lipid and protein oxidation products

(Fig. 4).
3.4. Effect of thymoquinone against arsenic-induced DNA
damage

Single cell gel electrophoresis based comet assay analysis was performed for the

assessment of genotoxic DNA damage. The length of comet tail as a result of

DNA fragmentation was used as a measure of genotoxicity. Arsenic exposure caused

a remarkable amount of DNA rupture in the hippocampal neurons, while thymoqui-

none pretreatment was able to mitigate the damage associated with it as shown in

Fig. 5.
Fig. 4. Graphs showing effect of Arsenic (10 mg/kg/day) and TQ (2.5, 5 mg/kg/day) on (a) LPO, (b) PC

content, (c) GSH, (d) SOD activity in the hippocampus of rat. Each value represents mean � SE (n ¼ 6).

Significant differences are indicated by Mean � SEM. *, ** and *** indicate p � 0.05, p � 0.01 and p �
0.001 versus Control while ## and ### indicate p � 0.01 and p � 0.001 versus As- treatment

respectively.
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Fig. 5. Graphs showing effect of Arsenic (10 mg/kg/day) and TQ (2.5, 5 mg/kg/day) on DNA damage in

rat brain hippocampi cells as visualized by comet assay pictures, 40X. The values were derived from

comet assay and expressed as Mean � SE (n ¼ 50). DNA content is estimated by (a) tail length and

(b) percent DNA in the tail. Significant differences are shown as ***p � 0.001 in comparison to Control

and ###p � 0.001 when compared to As-treatment respectively.
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3.5. Effect of thymoquinone and arsenic on bead-based assay of
pro-inflammatory cytokines-TNFa and IFNg

Proinflammatory cytokine, TNF-a level in tissue supernatant of rat hippocampi was

significantly higher *p � 0.05 in the arsenic exposed group compared with control,

while it declined dose dependently in the thymoquinone treated animals (Fig. 6a).

Moreover, IFN-g level showed a remarkable increase (***p � 0.001) in the arsenic

exposed group, which is a significant proinflammatory marker in arsenic neuropa-

thies. Furthermore, treatment groups demonstrated dose-dependent decrease (###p

� 0.001) as shown in Fig. 6b.
Fig. 6. Graphs showing effect of Arsenic (10 mg/kg/day) and TQ (2.5, 5 mg/kg/day) on (a) The level of

TNFa in the hippocampal lysate of rat brain using CBA kit; results are expressed as protein levels of

TNFa in pg/ml, and (b) The level of INFg in the hippocampal lysate of rat brain using CBA kit; results

are expressed as protein levels of INFg in pg/ml. Significant differences are shown as ***p � 0.001 in

comparison to Control while #p � 0.05 and ###p � 0.001 when compared to As-treatment respectively.
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4. Discussion

In the present study, negative affective behaviors along with oxidative stress, DNA

fragmentation, and inflammation were observed in the hippocampal region of rat

brain following administration of arsenic (10 mg/kg/day; p.o.). The current dose

regime was selected according to previous reports as mentioned earlier to analyze

the neurobehavioral and neurotoxicological outcomes of this toxicity with its protec-

tion with the active component (TQ) of a commonly used flavoring agent, N. sativa

seeds. The protective efficacy of dual doses of TQ (2.5 and 5 mg/kg/day) were also

assessed in relation to these parameters. In experimental models, acute exposure

orally causes gastrointestinal and neurological effects. Oral LD50 for inorganic salts

of arsenic ranges from about 10 to 90 mg/kg. Life term exposures of low doses of

arsenic may result in improper functioning of CNS but these cannot be speculated

until such studies are done. Earlier studies on chronic inorganic arsenic exposure

in rodents revealed that it causes behavioral (BonakdarYazdi et al., 2017; Jing

et al., 2012), morphological (Ríos et al., 2009), physiological, (Arslan-Acaroz

et al., 2018) and neurochemical (Yadav et al., 2011) effects. Recent studies have

also supported the neurodevelopmental toxicity associated with arsenic exposure

(Aung et al., 2016; Sidhu et al., 2006). Similar doses of inorganic arsenic have

also shown toxic effect on organs like liver and kidney that reported increased gen-

eration of reactive oxygen species and histopathological changes (Bali et al., 2016;

Noman et al., 2015).

OFT and EPM are highly cited behavioral paradigms used in the assessment of anx-

iety (Anseloni and Brand~ao, 1997; Li et al., 2017; Pellow et al., 1985; Prut and

Belzung, 2003). Rodents show aversion from open and illuminated spaces along

with an innate drive to explore any new environment or perceived aggressive stim-

ulus. The conflict between these two drives showcases the level of anxiety. Arsenic

treated rats displayed a remarkable increase in the time spent in the closed arm and

immobility time in EPM. Also, an increase in anxiety, the rats will show a preference

for edges of arena or avoidance to enter the central zone of OFT as found in Arsenic

conditioned rats. Such behavioral profile proposes that Arsenic encouraged anxiety-

like behavior in rats. Our results are corroborating with the findings of Umezu et al.

(2012) and Chang et al. (2015) in mice. Interestingly, thymoquinone supplementa-

tion showed a significant anxiolytic effect in arsenic conditioned rats as evidenced by

an increase in the distance traveled and time spent in exploring the open arm in EPM

along with an increase in some line crossings in OFT. Also, a significant increase in

total distance traveled in both tests was found which shows enhancement in explor-

atory behavior. Mechanistic studies associated with arsenic-induced toxicity have

established that it alters learning and memory in behavioral assessments and influ-

ences multiple neurobiological processes including neurogenesis and cholinergic,

glutamatergic, and monoaminergic signaling pathways. Recent studies involving
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animal models have revealed potent alterations in hippocampal function,

morphology, and signaling leading to altered cognitive behavior after arsenic expo-

sure (Luo et al., 2009; Sharma and Sharma, 2013; Yadav et al., 2009). While the

exposure paradigms and concentrations of arsenic have been highly varied, the over-

all conclusions have been congruent between studies. Overall working with animal

models has demonstrated that arsenic induces deficits in multiple learning para-

digms, particularly those relying on proper hippocampal function. Identifying the

hippocampus as a sensitive area for arsenic’s effects does not necessarily define a

molecular target. In the hippocampus, the mossy fiber terminals contain substantial

amounts of zinc. Thus, the sensitivity of the hippocampus may be due to the effect of

arsenic on zinc either via displacement or substitution. But till date, no studies inves-

tigating this mechanism have been published.

Mood and anxiety are considered as pro-oxidant factors and can contribute to oxida-

tive burden (Morimoto et al., 2008; Tsuboi et al., 2004). These findings are in accord

with earlier studies that have reported that behavioral abnormality in rats treated with

arsenic is linked to enhanced oxidative stress in the brain (Kadeyala et al., 2013;

Prakash and Kumar, 2016; Prakash et al., 2015). The discrepancy in between pro-

oxidant and antioxidant ratio leads to the generation of ROS significant oxidative

stress. Arsenic exposure increases TBARS level (LPO) in the hippocampus

(Ashok et al., 2015; Kumar et al., 2013), which may culminate into neuronal damage

as it causes oxidative degradation of the cellular macromolecules leading to neuro-

degeneration (Alizadeh-Ghodsi et al., 2016; Cholanians et al., 2016; Escudero-

Lourdes, 2016). A significant increase in the level of LPO was observed that corre-

lates with weak antioxidant defense mechanism or inactivation of antioxidant en-

zymes such as SOD (Muthumani and Miltonprabu, 2015; Prakash and Kumar,

2016; Prakash et al., 2015). Furthermore, we have explored the probable role of

arsenic in provoking protein oxidation and observed a marked increase in PC forma-

tion. There are presumptions that excess reactive species causes oxidation of proteins

as they govern most biological functions in cells and their oxidation can contribute to

diverse functional consequences (Wang et al., 2009). The protective effects of thy-

moquinone against membrane and protein damage elicited by oxidative stress may

be a result of its free radical scavenging properties. Restoration of SOD on thymo-

quinone preconditioning suggests depletion in ROS as it has depressant effects on

antioxidant defense mechanisms. Thymoquinone pre-administration notably

reduced the level of TBARS, PC formation and increased SOD activity in arsenic

exposed rats and it appears to reduce overall toxic environment in the cell by its

free radical scavenging mechanism.

Increased ROS and depleted levels of GSH following arsenic exposure demonstrate

an image in which energy metabolism and antioxidant system endure negative trans-

formations. Depletion of cytosolic GSH concomitantly leads to mitochondrial

dysfunction because mitochondria cannot synthesize GSH itself (Griffith and
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Meister, 1985). Cytosolic GSH is continuously cycled in and out of mitochondria as

it is a major antioxidant and detoxifying agent (Lash, 2006; Lee and Yu, 2016).

Our comet assay results show elongated tails in the arsenic treated group (Fig. 5).

Also, percent DNA in the tail was considerably high suggesting genotoxic damage

in the form of DNA strand breaks. This damage can be attributed to ROS as it may

cause DNA base modifications and strand fractures. About 20 base modifications,

such as thymine glycol, 5-hydroxy methyl uracil, 8-hydroxylamine, and 7-methyl-

8-hydroxyguanosine, have been reported (Cadet and Wagner, 2013). Supplementa-

tion with 2.5 mg/kg/day and 5 mg/kg/day thymoquinone dose dependently reduced

comet tail lengths, thereby, indicating lesser genotoxic damage by scavenging free

radicals.

The increase in hippocampal TNF-a is in agreement with studies in which hyperpro-

duction of TNF-a occurs by acute and chronic stress paradigms (Cosen-Binker et al.,

2004) or to agents which stimulate stress-like symptoms (Kim et al., 2011). This

finding is of particular interest for the pathophysiology of depression as high levels

of proinflammatory cytokines, like TNF-a have been found in depressed patients

(Felger and Lotrich, 2013). Likewise, arsenic-treated rats showed depressive

behavior in both OFT and EPM tests (Figs. 1 and 3). Moreover, investigational im-

mune stimulation associated with an increase in TNF-a activity in humans as well as

in rodents, induced depression-like symptoms such as behavioral, emotional and

cognitive disturbances (Dantzer et al., 2008). Disproportionate TNF-a levels, as a

consequence of any injury, have an inhibitory effect on glutamate transporters, re-

sulting in amplified glutamate concentration in the CNS parenchyma. In this

perspective, even a small increase in TNF-a levels induced Ca2þ permeable-

AMPA and NMDA receptors trafficking to become toxic for neurons (Olmos and

Llad�o, 2014). Furthermore, Monteiro et al. (2016) reported that absence of IFNg

promotes hippocampal plasticity and enhances cognitive performance by producing

an IFNg knockout mice. Fig. 6 shows that TQ administration dose-dependently miti-

gated the levels of TNF-a and IFN-g (#p� 0.05 and ###p� 0.001 respectively with

the higher dose) as suggested by previous reports (Bargi et al., 2017; El Gazzar et al.,

2006; Keyhanmanesh et al., 2010; Umar et al., 2015).

There are reports that suggest N. sativa exerts its neuroprotective effect particularly

due to improvement of antioxidant defenses and reduction in oxidative damage. It is

also suggested that N. sativa and its active components has interactions with the

GABA, opioid and NO system (Khader and Eckl, 2014). Most interestingly, there

are reports which suggest TQ inhibited the transcription of NF-kB through reducing

its promoter activity, either through inhibiting the NF-kB signalling pathway or in-

hibiting its transcription (Asgharzadeh et al., 2017; Sethi et al., 2008). However, the

details of the mechanism by which TQ downregulates NF-kB promoter activity and

regulate inflammation are still unclear.
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In a nutshell, our results are strongly suggestive of the protective role of thymoqui-

none against arsenic-related changes in behavior by modulating TNFa and IFNg

levels. The potent anti-inflammatory effect of TQ on these inflammatory mediators

is promising for its potential as a preventive and therapeutic strategy in arsenic

related neurological symptoms. With this study, we conclude that thymoquinone

at these doses could serve as a suitable nutraceutical for populations residing in

arsenic hotspots due to its strong free radical scavenging property.
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