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Curcumin supplementation shows
modulatory influence on functional and
morphological features of hippocampus in
mice subjected to arsenic trioxide exposure
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Abstract: Since, oxidative stress has been suggested as one of the mechanisms underlying arsenic-induced toxicity, the
present study focused on the role of antioxidant (curcumin) supplementation on behavioral, biochemical, and morphological
alterations with context to mice hippocampus (CA1) following arsenic trioxide (As,0;) administration. Healthy male Swiss
albino mice were divided into control and experimental groups. As,O; (2 mg/kg bw) alone or along with curcumin (100 mg/kg
bw) was administered to experimental groups by oral route for 45 days whereas the control groups received either no treatment
or vehicle for curcumin. Animals were subjected to behavioral study towards the end of the experimental period (day 33-45).
On day 46, the brain samples were obtained and subjected either to immersion fixation (for morphometric observations) or
used afresh for biochemical test. Behavioral tests (open field, elevated plus maze, and Morris water maze) revealed enhanced
anxiety levels and impairment of cognitive functions in As,O, alone treated groups whereas a trend of recovery was evident in
mice simultaneously treated with As,O; and curcumin. Morphological observations showed noticeable reduction in stratum
pyramidale thickness (CA1), along with decrease in density and size of pyramidal neurons in As,O, alone exposed group as
compared to As,O,+Cu co-treated group. Hippocampal glutathione levels were found to be downregulated in animals receiving
As,0; as against the levels of controls and curcumin supplemented animals, thereby, suggestive of beneficial role of curcumin
on As,0O, induced adverse effects.
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Introduction

Arsenic has been labelled as the “King of Poisons” and the
“Poison of Kings” based on its potent toxic nature [1]. With
ubiquitous distribution in the environment, arsenic ranks first
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in U.S. Environmental Protection Agency list of prioritized
pollutants. Both organic and inorganic forms of arsenic exist
with various valency states (-3, 0, +3, +5) and the inorganic
form with trivalent oxidation state is reported to be more
toxic [2]. Consumption of groundwater contaminated with
inorganic arsenic continues to be one of the major sources of
exposure to arsenic in humans. Chronic exposure to arsenic
has been reported to target various organ systems such as
integumentary, renal, reproductive, hepato-biliary, gastric,
cardiovascular, nervous, etc. [3]. In spite of reported arsenic-
induced adverse effects on biological systems, arsenic and its
compounds are being continuously harnessed for various bio-
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medical applications.

In the realm of inorganic arsenic salts, arsenic trioxide
(As,O;) has found use as an effective salvage agent for treating
acute promyelocytic leukemia (APL) [4]. As,O, was approved
by Food and Drug Administration, USA in 2000 for induc-
ing complete remission in APL patients and the therapeutic
dosage of 0.15 mg/kg bw As,O, for a period of 60 days was
recommended [5]. Apart from its use in APL and other he-
matologic malignancies such as multiple myeloma [6], myelo-
dysplastic syndromes [7] etc., it is being considered as treat-
ment option for various solid tumors as well such as cancer of
bladder, breast, cervix, colon, esophagus, liver, lung, germ cell
tumors, melanoma etc. (http://www.clinicaltrials.gov). Never-
theless, a higher dosage of As,O; than the therapeutic dosage
used in APL patients is under consideration for treatment of
solid tumors [8, 9]. As,O, acts by targeting multiple cellular
pathways that lead to apoptosis and myeloid differentiation
(desired results in APL). As,O, targets oncogenic promyelo-
cytic leukemia/retinoic acid receptor alpha fusion protein and
induces its degradation, hence, allowing the malignant pro-
myelocytes to overcome their maturation block [10]. Other
alternative mechanisms of action of As,0, have been pro-
posed, including mitotic arrest, inhibition of GTP dependent
polymerization and microtubule formation and modulation
of the glutathione (GSH) redox system [11].

A number of studies suggest As,O, induced adverse effects
on various organ systems such as gastrointestinal tract (diar-
rhea, vomiting, nausea, anorexia, abdominal pain), cardiovas-
cular system (tachycardia, electrocardiogram abnormalities,
atrial and ventricular arrhythmias, hypertrophy, complete
atrioventricular block), central nervous system (CNYS) etc.,
thereby posing a challenge to its use as an effective therapeutic
agent [12, 13]. Increasing lines of evidence suggest that CNS is
one of the major targets of arsenic-induced toxicity based on
reports of peripheral neuropathy, encephalopathy, delirium,
headache, coma, seizures, hallucinations, etc. in APL patients
receiving As,Oj; therapy [11].

Hippocampus is one of the brain areas associated with
functional diversities [14, 15]. The increased vulnerability of
its CA1 sub-region towards various insults such as ischemia,
toxins, vascular stress, aging, epileptic seizures [16, 17] makes
it a crucial study area for understanding the pathophysiology
underlying major neuropsychiatric disorders (Alzheimer’s
Disease, Parkinson’s Disease, Schizophrenia, Fronto-temporal
Dementia) [18].

Oxidative stress has been proposed as one of the possible
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mechanisms underlying a number of stress-induced condi-
tions in the CNS, being characterized by induction of selective
neuronal vulnerability (SNV) [17]. Hence, the role of supple-
menting non-toxic, natural antioxidants as dietary adjuvants
has emerged as a viable strategy in coping up with oxidative
stress generated in a number of neurodegenerative disorders.

Curcumin, a dietary spice derived from rhizomes of plant
Curcuma longa, is one of the most cited antioxidants experi-
mented with over the past several years. Its wide spectrum of
biological activities includes its anti-inflammatory, anti-carci-
nogenic, anti-mutagenic, anti-fibrotic, anti-microbial and an-
tioxidant actions. A number of in-vivo studies have reported
the potential of curcumin in enhancing the expression of vari-
ous detoxifying enzymes such as glutathione-S-transferase,
GSH reductase, superoxide dismutase, and reduced GSH in
liver [19], small intestine, kidney, and brain [20, 21].

The present study was undertaken to determine the effects
of curcumin supplementation on functional and structural
features of hippocampus of mice subjected to As,O, exposure.

Materials and Methods

Adult male Swiss albino mice were procured from the
Central Animal Facility (CAF) of the Institute after obtaining
ethical clearance from the Institutional Animal Ethical Com-
mittee (852/TAEC/15). Female mice were excluded from the
study to avoid the interference of positive influence of female
hormone (estrogen) on neurobehavior. The animal care was
in accordance with the guidelines provided by Committee for
the Purpose of Control and Supervision on Experiments on
Animals. The animals were housed in cages and subjected to
12/12-hour light/dark cycle with ambient temperature (20°C-
24°C) and humidity (50%-60%) conditions. The animals had
ad libitum access to water and standard pellet diet.

Animals (n=6/group/subgroup) were randomly di-
vided into control (with no treatment [Ia] or receiving 5%
gum acacia [Ib]) and experimental groups (II, As,O; alone
[2 mg/kg bw]; III, curcumin alone [100 mg/kg bw]; IV,
As,Oz+curcumin [2 mg/kg bw+100 mg/kg bw]). In the pres-
ent study, 5% gum acacia and distilled water were used as a
vehicle for curcumin and As,O; respectively. The test sub-
stances (As,0O, and curcumin), procured from Sigma-Aldrich,
(St. Louis, MO, USA), were administered through oral gavage
(22G) to the experimental animals over a period of 45 days.

The dosage of As,O; was calculated from human equiva-
lent dose of 0.15 mg/kg bw (x45 days) [5] and the curcumin
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dosage was adopted from reported literature [22, 23]. A bat-
tery of behavioral tests was carried out from day 33-45 of the
experimental period to assess the anxiety levels and spatial
learning and memory.

On day 46, the animals were anaesthetized with sodium
pentobarbital (<200 mg/kg bw intraperitoneally) and sacri-
ficed by euthanasia. The brain samples were subjected to ei-
ther immersion fixation (for morphological and morphomet-
ric observations) or processed afresh for biochemical study.

Behavioral study

The animals were allowed to adapt to the novel environ-
ment (temperature, light, and humidity controlled) of the
setup for an hour prior to actual behavioral testing.

Open field test

Open field test (OFT) is widely used for assessing locomo-
tor activity, exploration ability and anxiety levels in rodents
[24]. The OFT apparatus with its square (40x40 cm®) arena
divided into central (20x20 cm®) and the peripheral areas, is
connected to automated computer system and inbuilt track-
ing software ANY-maze (version 4.99, Stoelting, Wood Dale,
IL, USA). After habituation, mice were placed individually in
the center of the field and left undisturbed to explore the field
freely (5 minutes). The various parameters such as time spent
in the central square, and the total distance traveled in the
chamber were recorded. The apparatus was cleaned with 70%
alcohol before testing a new animal to eliminate possible bias
due to odors left by previous animals.

Elevated plus maze

Elevated plus maze (EPM) is extensively used for assessing
anxiety levels in rodents [25]. Of the four arms (50 cmx10
cm) of the maze extending from a central square (5x5 cm),
two of the arms were open and two were closed (40 cm high
walls). The maze was kept 25 cm above the floor. The test
sessions commenced by placing the mice individually on the
central square facing towards one of the open arms and al-
lowing it to explore the maze freely (5 minutes). The number
of entries and the time spent in the open and closed arms of
the maze was recorded by ANY-maze software (version 4.99,
Stoelting).

Morris water maze
Morris water maze (MWM) [26] is widely used to assess
spatial learning and memory in rodents. The protocol advo-
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cated by Vorhees and Williams [27] was followed with some
modifications. The circular pool (1.5 m diameter and 30 cm
height) with inside painted black, was placed in the middle of
the test room (dimly lit) and filled (24 cm deep) with water
(25°C-27°C). Spatial cues (e.g., circles, squares, or triangles)
were fixed at different points on the walls around the maze
and one dominant visual cue was attached directly on the
pool wall near the location of platform. The position of sub-
merged platform remained constant (SW quadrant) through-
out the test sessions followed by its removal from the quad-
rant during probe trial. Various phases of the test included the
habituation phase, acquisition phase, and the probe trial.

In habituation (day 39-40) and acquisition phase (day
41-44), the animals underwent 4 test sessions (60 seconds
each) of training, with each session alternating with inter-
trial interval (10-15 seconds). The animal was gently released
into the pool from randomly decided start locations (N, E, SE,
and NW) and allowed to swim freely. The time taken by the
animal to find the submerged platform (escape latency) and
the total distance traveled (swim path) was recorded by ANY-
maze software (stoelting). For probe trial (reference memory)
on day 45, the time spent in the target quadrant (SW) and the
number of platform site crossings were recorded.

Reduced GSH level

Freshly excised hippocampal tissue was weighed, blotted
dry and sonicated for 1 minute at 4°C in 0.3 M sodium phos-
phate buffer (pH 8.4) to obtain 10% w/v homogenate. Centrif-
ugation was carried out at 5,000 rpm for 10-15 minutes and
the clear supernatant was collected. 0.5 ml of coloring reagent
DTNB (5,5-dithiobis 2-nitrobenzoic acid, Ellman’s reagent)
was added to reaction mixture (4.5 ml) consisting of 0.2 ml
of supernatant, 0.3 ml of 5% TCA and 4 ml of 0.3 M sodium
phosphate (Na,HPO,) buffer (pH 8.4). The absorbance was
read at 412 nm using UV visible spectrophotometer (Biomate
3S, Thermo Scientific, Waltham, MA, USA). With reference
to standard curve drawn by using different known concentra-
tions of GSH solution, GSH content was calculated and ex-

pressed as pig/mg wet tissue [28].

Morphological study

Microscopic observations were carried out on 7-um-thick
paraffin sections (Bregma, —-1.34 to -3.52) [29]. For mor-
phometric parameters, high-power (40x) photomicrographs
of CALl region of hippocampus were captured with the help
of Nikon Digital Camera System (DS-Fil-U2) attached to
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Table 1. Percentage change in body weight from day 1 to 45

Kamakshi Mehta, et al

- Body weight Body weight ~ Change in body weight on day 45 Brain Hippocampus Encephalization
Animal group onday 1 on day 45 Percent change P-value weight (g) weight (mg) quotient (EQ)
Normal control 32.92+5.86 37.07+4.42 12.61+5.25 <0.001" 0.312+0.011 33.67+12.93 0.0086+0.0005
As,O, alone 32.07+2.47 39.88+3.19 24.38+4.95 - 0.327+0.031 38.2+2.19 0.0088+0.0008
Curcumin alone 32.18+6.2 37.2+3.42 15.59+4.80 <0.001” 0.314+0.03 40.7+6.05 0.0085+0.0008
As,O;+curcumin 32.15+2.09 38.62+2.79 20.11+4.80 <0.001? 0.311+0.002 34.43+2.63 0.0085+0.0005

“Control vs. As,0;. ”Curcumin vs. As,0,. ?As,0,+curcumin vs. As,O,.

microscope (Nikon E-600, Tokyo, Japan). Neuronal density,
cell layer thickness, and neuronal size were analyzed using
image analysis system (NIS-Elements-AR 3.1, Nikon Imag-
ing Software). The first section was randomly chosen and the
subsequent section was every seventh from it with a total of
six sections per animal being analyzed [30]. A rectangular
frame (250x40 pum”) was superimposed on randomly selected
three reference areas [31] along the strip of CAl. For the es-
timation of neuronal density, the cell bodies of the neurons
with or without nucleoli lying within the frame were taken
into consideration [32]. The cell bodies lying along the left
and lower margin of the counting frame were excluded [33],
and those along right and upper margin of the frame were
considered for the analysis. For the measurement of neuronal
area, minimum of 24 neurons per section, an average of 144
neurons per animal and 864 neurons per group were taken
into consideration. The neurons with the characterstic mul-
tipolar cell body, well-defined nucleus, intact cell membrane
and abundant cytoplasmic nissl substance [34] were included
for morphometric observation.

Statistical analysis

SPSS version 17 (SPSS Inc., Chicago, IL, USA) and Graph-
pad Prism version 6 (San Diego, CA, USA) was used for ana-
lyzing data. One-way analysis of variance (ANOVA), followed
by the Bonferroni test with multiple comparisons was carried
out to determine differences among the groups. Differences
were considered statistically significant at P<0.05 and 0.01.

Results

General features

All along the experimental period (day 1-45), no obvious
difference was noted in general features such as hair loss, rear-
ing, grooming, state of alertness, etc. among the control and
the experimental animals.

The body weight of the control and the experimental ani-
mals were comparable to begin with. Towards the end of the
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experimental period (day 45), the animals exposed to As,O,
alone showed a significant difference in the percentage change
in body weight when compared to other groups (Table 1).

The values for brain weight, weight of hippocampus, and
encephalization quotient were comparable amongst the con-
trol and the experimental groups (Table 1).

Behavioral performance

Open field test

The total distance traveled (Fig. 1A, B) by the mice in the
entire open field (measure of exploratory/locomotor activ-
ity) and the time spent in the central square (Fig. 1A, B) of
the chamber (anxiety level) was significantly less in case of
animals receiving As,O, alone, thereby suggestive of reduced
exploratory activity and increased anxiety levels in these ani-
mals. However, the total distance traveled in the open field
and the percentage time spent in the central arena was sig-
nificantly more in case of animals receiving either curcumin
alone or curcumin with As,O,, thereby suggesting ameliora-
tive role of curcumin on arsenic-induced reduced locomotion
and anxiety-related behavioral deficits.

Elevated plus maze

Enhanced anxiety levels in As,O, alone exposed animals
were also evident by the decreased number of entries as well
as lesser time spent in the open arms, thereby suggestive of
their fear for height and open environment. However, per-
centage time spent in the open arms and number of open arm
entries (Fig. 1C, D) was significantly more in case of animals
receiving either curcumin alone or curcumin and As,O;.

Morris water maze

For escape latency, significant differences were observed
during the acquisition phase amongst the control and experi-
mental groups. As,O; alone treated animals traveled longer
distance (Fig. 1E, F) for locating the platform as compared to
the control and other experimental groups (curcumin alone
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Fig. 1. Percentage center time (A) and total distance traveled (B) during open field test in control and experimental groups. Percentage open arm
entries (C) and percentage open arm time (D) during elevated plus maze test in control and experimental groups. Mean escape latency (E) and
mean distance traveled (F) during acquisition phase of Morris water maze (MWM) test in control and experimental groups. Time spent in platform
quadrant (G) and number of platform crossings (H) during probe trial of MWM test in control and experimental groups. Values are presented as

mean+SD. *P<0.05, **P<0.01, ***P<0.001; ns, non-significant.

or curcumin+As,O, groups). However, a significant decrease
in escape latency was evident in case of animals receiving cur-
cumin alone or curcumin+As,O;, thereby suggestive of gain
in space allocation for submerged platform in these animals.
During the probe trial (Fig. 1G, H), significant decrease
was observed in the number of platform site crossings, as well
as time spent in the target quadrant (SW) by As,O; alone ex-

posed animals when compared to controls, thereby suggestive
of As,0, induced impairment of spatial memory retention.
However, exogenous supplementation of curcumin resulted in
substantial increase in the number of platform site crossings
as well as time spent in the target quadrant, thereby suggestive
of the beneficial role of curcumin in improving the retention

memory.

https://doi.org/10.5115/acb.18.169



360 Anat Cell Biol 2020;53:355-365

GSH levels

The hippocampal GSH level was significantly lower in the
As,0, alone exposed animals as compared to the controls (Fig.
2). However, curcumin alone and As,O;+curcumin co-treated
animals showed significantly higher GSH levels as compared
to As,O; alone exposed animals, thereby, suggestive of pos-
sible antioxidant role of curcumin.

Morphometric study
Qualitative observations of cresyl violet stained coronal
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Fig. 2. Reduced glutathione (GSH) levels in mice hippocampus. Values
are presented as mean+SD. *P<0.05, **P<0.01.
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sections of CAl region of hippocampus showed intact lami-
nar organization and stratification as Stratum oriens, Stratum
pyramidale (SP), Stratum radiatum, Stratum lacunosum mo-
leculare across control and experimental animals (Fig. 3). On
the whole, the pyramidal neuronal profiles exhibited rounded,
pale nucleus with distinct nucleolus and brightly stained dis-
cernable niss] substance around (Fig. 3A, C, D), suggestive of
their healthy status. Neuronal damage was evident in the form
of pyknotic nuclei and indistinct nucleolus (Fig. 3B) in As,O,
alone exposed animals. The loose packed pyramidal cells
in CAl of As,O; alone exposed animals were distinct from
tightly packed cell arrangement in SP of the control and Cu-
co-treated animals (Fig. 3A-D).

Quantitative observations (Table 2) revealed significant re-
duction by 20% and 15% in mean neuronal density (per mm?®)
and mean neuronal area (um®) of pyramidal cells in As,O,
alone exposed group as against the control group. An increase
in neuronal density (by 10%) and a significant increase in
mean neuronal area was observed in the experimental group
receiving curcumin (100 mg/kg bw) with As,O, (2 mg/kg
bw).

On the similar lines, the mean values for layer thickness of
SP (CAl) in As,O, alone exposed animals were low as com-
pared to the controls, curcumin alone, and curcumin+As,O,
treated groups.

Fig. 3. Cresyl violet (CV) stained

coronal sections of CA1 from control

(A) and experimental animals (B,

As,0, alone; C, curcumin alone; D,

As,O5+curcumin). Well-arranged 3-5

cell layer Stratum pyramidale (SP) with
densely packed pyramidal neurons
showing large/round-oval nucleus,
marked by star and 1-3 distinct nucleoli
marked by asterisk (A, C, D). (B) SP
(1-3 cell layer thick, marked by vertical
bar) shows disruption, evident by loosely

packed pyramidal neurons, indicated
by double head arrows with shrunken
nuclei marked by oblique arrows. SO,
Stratum oriens; SR, Stratum radiatum.
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Table 2. Neuronal density (number of neurons/mm®), cell layer (SP) thickness (um), and neuronal area (um®) in CA1 of control and experimental animals

. Neuronal density Cell layer (SP) )
Animal group 5 P-value . P-value Neuronal area (um®) P-value
(per pm’) thickness (um)
Normal control 93.95+13.71 <0.05” 41.58+7.098 <0.001” 78.21+21.19 <0.001”
As,0, alone 74.81+16.81 - 29.65+5.281 = 54.74+10.55 -
Curcumin alone 82.86+8.763 <0.05" 37.74+1.768 <0.001" 7431%11.52 <0.001"
As,0O,+curcumin 82.47+11.79 >0.05" 37.3622.552 <0.001° 75.48+14.21 <0.001°

SP, Stratum pyramidale. “Control vs. As,O;. ”Curcumin vs. As,0,. “As,O,+curcumin vs. As,O,.

Discussion

The present study was undertaken to evaluate the effect(s)
of exogenously administered curcumin on behavioral, bio-
chemical, morphological, and morphometric features with
context to hippocampus in adult mice subjected to As,O; ex-
posure. To some extent, the dosage of As,O, and duration of
its administration was in accordance with human therapeutic
dosage used in treatment of APL. Hippocampus was chosen
as the study area based on its role in modulation of stress
responses (anxiety and fear) and cognitive abilities (learning,
memory) [35].

Our observations of a significant increase in the percent-
age change in body weight of As,O; alone treated animals is
in line with the earlier reports of weight gain following As,O,
treatment [36, 37]. Moreover, the commercial use of arsenic
based products (roxarsone) as dietary additives for inducing
faster weight gain in poultry animals [38, 39] substantially
supports the role of arsenic in gaining weight.

In As,O, alone treated animals, increase in anxiety level
was suggested by the reduced number of entries and lesser
time spent in the open area of both OFT and EPM. Similar
observations were put forth by Chang et al. [40], who ob-
served enhanced anxiety levels in mice exposed to As,O; at
dosage of 10 mg/l. Several experimental studies on animal
models have demonstrated alteration in locomotor activity
following arsenic exposure, the nature of alteration varying
with the dose, route of administration, duration of exposure
along with the gender and specific strain of the animal [41,
42]. In the present study, lesser distance traveled in the entire
open field (OFT) by As,O, alone exposed animals suggested
reduced locomotor activity. Recent reports have suggested the
important role of hippocampus in control of locomotion [43]
based on its connections with medial septum from where it
receives cholinergic, glutamatergic, and GABAergic afferents
for synapse formation [44, 45]. Decreased locomotor activ-
ity could be the result of arsenic-induced alterations in neu-
rotransmitter levels involved in locomotion such as dopamine

[46, 47].

An association between chronic inorganic arsenic expo-
sure and CNS malfunctioning such as deficits in intelligence,
verbal comprehension, attention, learning, and memory have
been reported [48, 49]. Cognitive deficits in animal models
following exposure to substances of abuse such as alcohol
and morphine have also been reported [50]. Hippocampus
is one of the key areas involved in learning, memory, emo-
tions and cognitive map formation [18]. In the present study,
MWM testing (acquisition phase) indicated prolonged escape
latency in As,O; alone exposed mice with the advancing days,
thereby suggesting the inability of these animals to recall the
spatial information. A number of studies based on animal ex-
perimentation have reported an association between arsenic
exposure and cognitive functions [51, 52]. Neurotransmitters
and their receptors play an integral role in synaptic transmis-
sion (CNS), thereby influencing the functioning of spatial
learning and memory. Jiang et al. [51] observed impaired spa-
tial learning and memory in animals along with significant
decrease in the levels of glutamate and its metabotropic re-
ceptor (mGluR5) mRNA expression in the hippocampus and
cortex of the animals exposed to arsenic.

The practice of exogenous supplementation of non-toxic,
natural compounds with antioxidant property has gained
momentum in recent years. Curcumin, a polyphenol com-
pound has gained the importance as one of the most cited
antioxidants due to diverse biological activities at cellular and
molecular level. Curcumin is considered as an efficient neu-
roprotective drug based on its safety profile and pleiotropic
actions along with its anti-inflammatory, antioxidant, anti-
amyloid and anti-protein-aggregate activities [53].

The observations of the present study are suggestive of
positive role of curcumin on cognitive deficits in animals
receiving curcumin alone or curcumin+As,O;. Also, a sig-
nificant decrease in the hippocampal GSH level in As,O,
alone exposed animals suggested arsenic-induced oxidative
stress. The homeostasis of brain redox status is controlled by
GSH to a large extent which helps in radical scavenging and
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protecting cells from oxidative stress. Increased generation
of reactive oxygen species (ROS) and reaction nitrogen spe-
cies are proposed as the underlying factors for inducing the
toxicity by trivalent arsenicals (As™) and leading to increased
oxidative stress [54, 55]. At cellular level, the increased ROS
interact directly with the important biomolecules, leading to
alterations in the gene expression via activation of various sig-
nal transduction pathways such as tyrosine phosphorylation
system; transcription factors, including the activating pro-
tein-1 (AP-1) and nuclear factor kB (NF-kB); and mitogen-
activated protein kinases like ERK1/2 [56, 57]. Also, As,O,
is reported to react with reduced GSH to form the transient
molecule-GSH trioxide As(GS); [12]. This depletion of GSH
levels is associated with an increase in GSSG concentration
and decrease in GSH/glutathione disulfide (GSSG) ratio [58].
However, significant restoration in the GSH levels, evident in
the animals receiving either curcumin (100 mg/kg bw) alone
or along with As,O, suggests the role of curcumin in combat-
ing the oxidative stress to a certain extent. The phenolic and
B-diketone radical chain breaking property of curcumin is
associated with the presence of two O-methoxy phenolic OH
groups attached to the B-diketone moiety with methylene
CH, group, thereby allowing it to donate hydrogen atom from
both OH and CH, groups [59].

Our observations revealed significant reduction in neu-
ronal density and neuronal area of pyramidal cells in CAl
of As,0, alone treated animals. The pyramidal cells of CA1l
subfield of hippocampus are reported to be highly susceptible
to insults such as ischemia, toxins, etc. [60, 61] and oxidative
stress [62]. However, the exact mechanism of SNV of these
cells remains to be poorly understood though oxidative stress
has been largely suggested as one of the major underlying fac-
tors [17].

The therapeutic activity of As,O; in APL is based on its
anti-proliferative action and induction of apoptosis [63]. Hip-
pocampal neuronal apoptosis and other histopathological
changes (neuronal shrinkage, chromatin condensation and
margination along the inner nuclear membrane, and karyo-
pyknosis) were also observed by Wang et al. [64] in mice
exposed to different doses of arsenic (1 ppm, 2 ppm, and 4
ppm). Luo et al. [65] suggested the possible alteration in neu-
rosignaling mechanisms as the basis for altered hippocampal
morphology in rat offspring following arsenite exposure.
Altered morphological features following inorganic arsenic
exposure have been reported in other brain regions as well.
Alterations in nuclear area measurements of Purkinje neurons
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in cerebellum [66] have been reported following exposure of
rat pups to inorganic arsenic during postnatal period. Also,
there are reports of structural alterations of myelinated tracts
and inhibited neurite outgrowth in various in-vitro studies
following arsenic exposure [67, 68].

Curcumin being lipophilic and hydrophobic, passes
through the blood brain barrier and exerts its beneficial ef-
fects against various neurodegenerative disorders [69]. Pro-
tective effects of curcumin were suggested by Kim et al. [70],
based on their study on mouse multi-potent neural progeni-
tor cells and adult hippocampal neurogenesis. These investi-
gators observed significant increase in the number of newly-
generated cells in hippocampus and proliferation of neural
stem cells in subventricular region of cerebral cortex of adult
mice following curcumin administration, thereby suggestive
of its role in neurogenesis. Wang et al. [71] also reported simi-
lar neuroprotective role of curcumin against neuronal death
by creating an animal model of global cerebral ischemia. Also,
the role of curcumin in inducing endogenous antioxidant
defense mechanisms against neuronal injuries by activating
certain transcription factors or pathways including Akt/Nrf2
pathway [72]; AP-1, NF-xB have been suggested [73].

In conclusion, the observations of the present study pro-
vide preliminary evidence of neurobehavioral deficits, altered
morphology and down-regulation of antioxidant marker
(GSH) in mouse hippocampus following chronic arsenic
exposure. Supplementation of curcumin along with arse-
nic trioxide led to modification in cognitive functions and
a significant up-regulation in hippocampal GSH. Hence, it
could be proposed that, curcumin is a safe and cost-effective
dietary adjuvant and its supplementation could hold a defini-
tive promise in combating arsenic-induced adverse effects
amongst populations inhabiting endemic areas.
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