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Abstract

Hexavalent chromium [Cr(VI)] has emerged as a prevailing environmental and occupational contaminant over the past few
decades. However, the knowledge is sparse regarding Cr(VI)-induced neurological aberrations, and its remediation through
natural bioactive compounds has not been fully explored. This study intended to probe the possible invigorative effects of
nutraceuticals such as coenzyme Q10 (CoQ10), biochanin A (BCA), and phloretin (PHL) on Cr(VI) intoxicated Swiss albino
mice with special emphasis on Nrf2/HO-1/NQO1 gene expressions. Mice received potassium dichromate (75 ppm) through
drinking water and were simultaneously co-treated intraperitoneally with CoQ10 (10 mg/kg), BCA, and PHL (50 mg/kg)
each for 30-day treatment period. The statistics highlight the elevated levels of lipid peroxidation (LPO) and protein car-
bonyl content (PCC) with a concomitant reduction in the superoxide dismutase (SOD), glutathione-S-transferase (GST),
reduced glutathione (GSH), total thiols (TT), catalase (CAT), and cholinesterase activities in the Cr(VI)-exposed mice. The
collateral assessment of DNA fragmentation, DNA breakages, and induced histological alterations was in conformity with
the above findings in conjugation with the dysregulation in the Nrf2 and associated downstream HO-1 and NQO1 gene
expressions. Co-treatment with the selected natural compounds reversed the above-altered parameters significantly, thereby
bringing cellular homeostasis in alleviating the Cr(VI)-induced conciliated impairments. Our study demonstrated that the
combination of different bioactive compounds shields the brain better against Cr(VI)-induced neurotoxicity by revoking
the oxidative stress-associated manifestations. These compounds may represent a new potential combination therapy due to
their ability to modulate the cellular antioxidant responses by upregulating the Nrf2/HO-1/NQO1 signaling pathway against
Cr(VI)-exposed population.
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e Cr(VI)-associated heavy metal exposure poses a signifi- e Natural compounds such as coenzyme Q10, biochanin
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isms. to Cr(VI) exposure in scavenging of free radicals by
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industries, and leather tanneries, and the release of the
untreated effluents in the environment causes serious health
problems in both animals and humans [41, 57]. Every year,
approximately 33 tons of Cr is laid off in the biosphere [4].
Hexavalent chromium [Cr(VI)], having higher mobility and
solubility than the trivalent state of Cr, has resulted in the
contamination of water bodies, air, and soil, which further
pose threat to the human health and surrounding environ-
ment [37]. The trivalent chromium [Cr(III)] is considered
an imperative micronutrient in low concentrations and
has a vital role in the glucose and other metabolism and is
sometimes prescribed as a nutritive supplement [8]. On the
contrary, Cr(VI) is a potential toxin and carcinogen causing
several health issues ranging from reproductive problems
and neural impairments to the increased risks of cancers [9].

The permeability of Cr(VI) is very high, and it easily
crosses the plasma membrane via sulfate anion transport sys-
tem reducing to the intermediate species, i.e., Cr(V), Cr(IV)
being metastable, and Cr (III) being most stable [13]. During
the reduction of the Cr(VI) to the lower stable forms, sev-
eral enzymatic and non-enzymatic reactions occur, resulting
in the production of hydroxyl radicals. The generation of
hydroxyl species and other reactive oxygen species (ROS)
such as superoxide anion and nitric oxide leads to the oxida-
tive stress, DNA damage, carcinogenicity, and cytotoxicity
[6]. Compared to other organs, the brain absorbs ~20% of
the body’s oxygen to perform vital functions, yet it has an
enormous amount of polyunsaturated fatty acids that makes
it vulnerable to ROS attack, thereby causing membrane dam-
age simultaneously [52]. Under such conditions, nuclear fac-
tor erythroid 2-related factor 2 (Nrf2) is activated and con-
jugates with the antioxidants response elements (AREs). It
governs the expressions of several antioxidant proteins such
as glutathione (GSH), superoxide dismutase (SOD), heme
oxygenasel (HO-1), and NADPH quinone oxidoreductase
1(NQOL1) that act as a primary cellular defense mechanism
in bringing biochemical equilibrium towards normal func-
tioning [29].

Some studies have been performed in the animal model
showing the outburst of oxidative stress in mice brain due
to the Cr(VI) administration [5, 52]. In a recent study, it
was shown that there was association between motor neu-
ron disease death risk and heavy metals (including Cr) in
the exposed municipalities in Spain. [43]. Reports related
to neurodevelopmental deformities, and a decrease in cho-
linergic neuronal cells leading to death in the experimen-
tal model, have already been documented [47]. In recent
years, natural compounds have attracted global consideration
regarding their spectrum of beneficial effects on various dis-
ease ailments [30, 40, 45]. In past decades, efforts have been
made to naturally alleviate the toxic effects of the xenobiot-
ics such as heavy metals, and pesticides, to cite a few [19,
26]. A study focused on the protective role of rosmarinic
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acid against harmful effects of the Cr(VI) on cultured cer-
ebellar granule neurons in vitro has been documented in this
direction [13].

Natural compounds (flavonoids or polyphenols) possess
antioxidant properties, thus scavenging free radicals and
maintaining regular homeostasis. They work as sequestering
agents by binding to the target metal ion and expelling them
out from the body. Coenzyme Q10 (CoQ10), also referred
as ubiquinone, is naturally present in our body and provides
genome stability by scavenging the free radicals through
phosphorylation of nuclear factor kappa B, as reported ear-
lier [36]. There are studies reported about beneficial effects
of CoQ10 in treating various neurodegenerative disease
conditions, viz., Parkinsonism, Alzheimer’s, and Hunting-
ton’s disease [59]. Dietary polyphenols such as biochanin A
(BCA) and phloretin (PHL) are naturally occurring polyphe-
nols present in the red clover and apples respectively, possess
the anti-inflammation properties, and exert a neuroprotec-
tive and anti-cancerous functions. A study conducted in the
recent past has determined the neuroprotective role of BCA
in reducing the oxidative stress outburst through increased
gene expression of Nrf2 and HO-1 against cerebral ischemia
in rats [17]. While in another study, authors have shown the
protective effects of BCA on the dopaminergic neurons and
microglia activation, in the lipopolysaccharide-induced rats
to mimic Parkinson’s disease model [54]. In another article,
authors have reported a decline in the oxidative stress and
subsequent neuroprotection by PHL through upregulation of
Nrf2 gene expression against cerebral ischemia/reperfusion
in the rat model [29].

Despite a large amount of information available from
the previous studies, an underlying mechanism regarding
Cr(VI)-associated neurotoxicity and the possible interven-
tion strategies has not been fully studied so far. Hence, the
present study was conducted to appraise the salutary effects
of the CoQ10, BCA, and PHL against the Cr(VI)-induced
neurotoxicity in the Swiss albino mice through Nrf2-induced
HO-1/NQO1 upregulation.

Material and Methods
Chemicals and Reagents

The chemicals such as potassium dichromate (K,Cr,0-)
(19365) from Qualigens Fine Chemicals, co-enzyme Q10
(CoQ10) (=98% purity) (C9538), biochanin A (BCA)
(D2016), and phloretin (PHL) (>=99% purity) (P7912) were
obtained from Sigma-Aldrich Chemicals Company, USA,
and other reagents required for the experimental analysis
were procured from the local traders such as Himedia, SRL,
and Lobachem.
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Animals Monitoring

Healthy male Swiss albino mice (Mus musculus) weighing
between 25 and 28 g were procured from Zydus Pharma-
ceutical Research Centre located in Ahmedabad, Gujarat.
The ethical consent for conducting the animal experiments
complied with the Institutional Animal Ethical Commit-
tee (IAEC) of the ICMR-NIOH, Ahmedabad. The animals
were confined in the polypropylene cages for the duration
of 2 weeks for the acclimatization in the laboratory condi-
tions. The mice were kept under the consistent climatic con-
ditions (22 +2 °C with relative humidity of 55-60%) with
the 12 h:12 h light/dark schedule. They were provided with
the standard dry food pellets and water ad libitum.

Experimental Design

The animals were categorically divided into six groups, with
six animals in each group for 30-day treatment duration. The
first group was not given any treatment and served as vehicle
control. The 2nd group of animals was exposed to Cr(VI)
(75 ppm) through drinking water. The animals in groups
3, 4, and 5 were exposed to the Cr(VI) through drinking
water and simultaneously were co-treated with intraperito-
neal injections of CoQ10 (10 mg/kg), BCA (50 mg/kg), and
PHL (50 mg/kg), respectively, as per the body weight of
each mouse. Group 6th animals were co-treated with Cr(VI)
along with intraperitoneal injections of all three phytochemi-
cals viz., CoQ10, BCA, and PHL for the same treatment
schedule and doses. The doses of the Cr(VI) and the antioxi-
dants were selected from the earlier reported studies, with
slight alterations as per the route of administration [2, 29,
32,44, 45, 55].

After the completion of the treatment period, the mice
were sacrificed under anesthesia by the cervical dislocation.
The blood was drawn from the retro-orbital sinus for fur-
ther analysis, and brain tissues were dissected. They were
weighed, and homogenates were made in the solution of
100 mM phosphate buffer and 0.1% TX-100 for all the bio-
chemical assays.

Biochemical Analysis

All the biochemical indices were evaluated in homogenates
of brain tissues using Synergy HIMD, BioTek, USA, multi-
mode analyzer. Lipid peroxidation (LPO) was determined at
532 nm by calculating the malondialdehyde (MDA) content
and expressed as nM MDA/mg tissue weight [11]. Protein
carbonyl content (PCC) was measured at 450 nm, and the
values were expressed in micromoles of PCC formed/mg
protein [25]. The enzymatic activity of SOD was evaluated
at 420 nm as described earlier [33], and the values were
expressed as U/min/mg protein. Enzymatic activity of

glutathione-S-transferase (GST) was calculated based on the
protocol [18] and was detected at 340 nm. The values were
expressed as nmol/min/mg protein. Reduced glutathione
(GSH) analysis was per the previously described method
[14] at 412 nm and expressed as nmol/mg tissue weight.
Total thiol (TT) activity was evaluated as per the method
at 412 nm [21]. Catalase (CAT) activity was analyzed at
240 nm and the values were expressed as umol/min/mg pro-
tein as per the method [1].

Cholinesterase Enzyme Detection

The activity of acetylcholinesterase (AChE) and butyryl-
cholinesterase (BChE) were calculated by the methods of
[15] and [48], respectively, at 412 nm optical density using
Synergy HIMD, BioTek, USA, multimode analyzer.

DNA Isolation and Gel Electrophoresis

The genomic DNA from the brain tissues of different experi-
mental groups was extracted using the phenol/chloroform
method and precipitated with ethanol/2.5 M sodium acetate.
The pellets were dissolved in TE buffer (50 uL). The DNA
from the different experimental groups was quantified at
260 nm to check the yield, loaded onto a (1%) agarose gel,
and finally electrophoresed at 80 V for 45 min to visualize
the bands.

Comet Assay

The DNA damage of the eukaryotic cells was performed
as per the following method [46]. The slides were prepared
with layers of agarose and blood collected from the mice.
After the electrophoresis, the slides were air-dried, and about
100-120 cells were analyzed under Leica, Germany, fluores-
cence microscope in the presence of ethidium bromide fluo-
rescent dye. The cells were analyzed in comet assay software
project, and the data was calculated in terms of % as head
DNA, tail DNA, and olive tail moment.

Histological Evaluation

Regarding the histopathological findings, the brain samples
prior stored in the 10% buffered formalin were sliced around
5-um-thick sections and were stained later with hematoxylin
and eosin (H&E) for the detection of any morphological
abnormality(s). The evaluation was performed under light
microscopy as per the method described earlier [3].

Gene Expression Analysis

Total cellular RNA of brain tissues was extracted as per the
manufacturer’s instructions (Nucleospin RNA Plus kit).
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RNA quantification was done by evaluating the absorbance
at 260/280 ratio in Synergy HI MD Biotek, USA, multi-
mode analyzer. Total RNA (<5 pg) was taken to reverse
transcribe into cDNA using cDNA synthesis kit as per the
instruction manual (Takara PrimeScript 1st strand). The
amplification and analyses of cDNA were done by RT-qPCR
(Applied Biosystems) using SYBR green as the detection
dye with specific gene primers. The values of the specific
gene expression were evaluated by the 272ACT method taking
the difference in CT values of the target genes and house-
keeping gene. Table 1 describes the primer sequences used
for the analysis of specific gene expressions.

Statistical Analysis

The statistical evaluations were performed among differ-
ent groups by one-way analysis of variance (ANOVA) with
Dunnett’s as the post hoc analysis through GraphPad Prism
software, USA. The results are represented as mean + SEM.
The values with p <0.05 were considered statistically
significant.

Results

Effect of Cr(VI) and Natural Compounds on Mice
Weight

To determine the changes due to the Cr(VI) and the reme-
dial effects of natural compounds, the weight of mice was
measured regularly for the entire experimental period. The
weight in the Cr(VI)-treated mice was reduced in compari-
son with the sham control and other co-treatment groups.
However, the combined treatment with CoQ10, BCA, and
PHL restored the bodyweight of the experimental mice to
the normal levels as compared to the Cr(VI) treatment group
(p<0.05) (Table 2).

Table 1 List of RT- qPCR primers

Gene Forward Reverse

Nrf2 5'- CCAGAAGCCACA 5'- GGAGAGGATGCT
CTGACAGA-3' GCTGAAAG-3'

HO-1 5'- GCCGAGAATGCT 5'- TGGTACAAGGAA
GAGTTCATG-3' GCCATCACC-3’

NQO1 5'- TTCTGTGGCTTC 5'- AGGCTGCTTGGA
CAGGTCTT-3' GCAAAATA-3'

GAPDH 5'- CATCACTGCCAC 5'- ATGCCAGTGAGC

CCAGAAGACTG-3'

TTCCCGTTCAG-3’
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Effect of Cr(VI) and Natural Compounds on Oxidative
Stress Parameters

Cr(VI]) curtails redox balance and cellular bioenergetics
leads to metabolic integration and subsequent cell cessation.
Our results indicated that Cr(VI) generated ROS, while treat-
ment with the CoQ10, BCA, and PHL counteract the oxi-
dative stress, thereby reducing the free radical’s formation
due to Cr(VI) exposure. The antioxidant enzymes maintain
intracellular balance, and our results determine the activity
of these anti-oxidant markers. Cr(VI) exposure led to the
increase in the activities of LPO and PCC with declined
levels of SOD, GST, CAT, GSH, and TT levels compared
to the control. Nevertheless, with the treatment of CoQ10,
BCA, and PHL, the levels of these anti-oxidant markers were
restored to normal levels and even higher, reflecting the ame-
liorative effects of the selected natural compounds.

A significant reduction was seen in LPO levels with the
CoQ10 (p <0.05) treatment, and also with all three com-
bined nutraceuticals co-treatment (p <0.001) as compared
to the Cr(VI) intoxicated mice (Fig. 1).

The PCC also declined significantly in CoQ10 (p <0.01),
BCA (p<0.01), and PHL (p <0.05) co-treatment groups,
respectively. However, the reduction in the PCC levels was
found more significant in the combined treatment group
(»<0.01) as compared to the Cr(VI) exposed mice (Fig. 2).

Alternatively, the enzymatic activities of SOD, GST,
and CAT were found to be reduced in the Cr(VI) treatment
group. However, with the selected natural compound treat-
ment, it was restored to the normal levels but was found sig-
nificant only with PHL and combined treated group (CoQ10,
BCA, and PHL) with respect to the SOD levels as compared
to the Cr(VI)-administered mice (p <0.05) (Fig. 3).

We have also assessed the effect of selected natural com-
pounds on restoring the GST activity, although it was not
found significant as compared to the Cr(VI)-exposed group
(Fig. 4).

Table 2 Effect of Cr(VI) and anti-oxidants on body weight of experi-
mental groups

Group of animals (n=06) Final body weight

(g) after 30 days

(mean+SEM)
GP-1 control 37.33+0.88
GP-2 Cr 36.85+0.51
GP-3 Cr+CoQ10 37.48 + 0.66
GP-4 Cr+BCA 37.43+0.40
GP-5 Cr+PHL 38.52+0.26
GP-6 Cr+CoQ10+BCA +PHL 39.20 + 0.16*

Values are expressed as themean + SE; * represents a significant
deviation from Cr(VI) exposed values as *p < 0.05
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Fig.1 Biochemical estimation of lipid peroxidation (LPO) levels (Gpl:
vehicle control; Gp2: Cr(VI); Gp3: Cr(VI)+CoQ10; Gp4: Cr(VD)+BCA;
Gp5: Cr(VI)+PHL; Gp6: Cr(VI)+CoQ10+BCA+PHL. Values are
expressed as the mean+SE; * represents significant deviation from
Cr(VI) exposed values as *p <0.05, ***p <0.001
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Fig.2 Biochemical estimation of protein carbonyl assay (PCC) lev-
els (Gpl: vehicle control; Gp2: Cr(VI); Gp3: Cr(VI)+CoQ10; Gp4:
Cr(VD)+BCA; Gp5: Cr(VI)+PHL; Gp6: Cr(VI)+CoQ10+BCA +PHL.
Values are expressed as the mean+SE; * represents significant deviation
from Cr(VI)-exposed values as *p<0.05, **p<0.01
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Fig.3 Biochemical estimation of superoxide dismutase (SOD) lev-
els (Gpl: vehicle control; Gp2: Cr(VI); Gp3: Cr(VI)+CoQ10; Gp4:
Cr(VI)+BCA; Gp5: Cr(VI)+PHL; Gp6: Cr(VI)+CoQ10+BCA +PHL.
Values are expressed as the mean=+SE; * represents significant deviation
from Cr(VI)-exposed values as *p <0.05

Similar results were seen in the CAT activity but was
found significant only with the combined-treated group
(CoQ10, BCA, and PHL) as compared to the Cr(VI)-admin-
istered mice (p <0.05) (Fig. 5).

A similar trend was observed with the GSH levels, where
it was restored significantly to the basal levels after co-treat-
ment with the combined bioactive compounds as compared
to the Cr(VI)-intoxicated mice (p <0.01) (Fig. 6).

Whereas in the total thiols estimations, the total thiol levels
were found to increase with the CoQ10, BCA, and PHL co-
treatment groups (p <0.05) respectively; however, the value
was highly significant in the combined group of antioxidants as
compared to the Cr(VI)-administered group (p <0.01) (Fig. 7).

Effect of Cr(VI) and Natural Compounds
on Cholinesterase Enzyme Activity

The activity of cholinesterase enzymes were observed in the
brain tissue homogenates of the mice among the different
experimental groups. Our results showed the devaluation in
the AChE and BChE levels of the Cr(VI)- exposed mice com-
pared to the untreated control. Nonetheless, the cholinest-
erase activity was restored to the basal levels with selected
natural compounds CoQ10, BCA, and PHL co-treatments.
However, a significant rise in the values of the cholinesterase
enzymes was seen only in the combined co-treatment group
as compared to the Cr(VI)- exposed mice (p <0.05) (Fig. 8).
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Fig.6 Biochemical estimation of reduced glutathione (GSH) levels (Gp1:
vehicle control; Gp2: Cr(VI); Gp3: Cr(VI)+CoQ10; Gp4: Cr(VI)+BCA;
Gp5: Cr(VI)+PHL; Gp6: Cr(VI)+CoQ10+BCA+PHL. Values are
expressed as the mean+SE; * represents significant deviation from
Cr(VI)-exposed values as **p<0.01

Fig.4 Biochemical estimation of glutathione S-transferase (GST) lev-
els (Gpl: vehicle control; Gp2: Cr(VI); Gp3: Cr(VI)+CoQ10; Gp4:
Cr(VI)+BCA; Gp5: Cr(VI)+PHL; Gp6: Cr(VI)+CoQ10+BCA +PHL.
Values are expressed as the mean+SE
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Fig.5 Biochemical estimation of catalase (CAT) levels (Gpl: vehicle . . . L. . .

control; Gp2: Cr(VI); Gp3: Cr(VI)+CoQ10; Gp4: Cr(VI)+BCA; Gp5: Fig.7 Biochemical estimation of total thiols (TT) levels (Gpl: vehicle

Cr(VI)+PHL; Gp6: Cr(VI)+CoQ10+BCA+PHL. Values are expressed ~ control; Gp2: Cr(VD; Gp3: Cr(VD+CoQ10; Gp4: Cr(VD+BCA; Gp5:

as the mean=+SE. * represents significant deviation from Cr(VI)-exposed Cr(VD)+PHL; Gp6: Cr(VI)+CoQ10+BCA+PHL. Values are expressed as

values as *p<0.05 the mean+SE; * represents significant deviation from Cr(VI)-exposed values
as *p<0.05, **p<0.01
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DNA Isolation and Its Quantitation

The brains from the different experimental groups of mice
were selected for the isolation of genomic DNA. Isolated
DNA was then run on the agarose gel (1%) to visualize the
genomic DNA bands for various treatments (Fig. 9). The gel
picture could reveal the changes in the DNA yield among
different treated groups. It was observed that in the Cr(VI)-
treated mice (group 2), DNA yield decreased compared to
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Fig.8 Cholinesterases activity (AChE and BChE) (Gpl: vehicle
control; Gp2: Cr(VI); Gp3: Cr(VI)+CoQ10; Gp4: Cr(VI)+BCA;
Gp5: Cr(VI)+PHL; Gp6: Cr(VI)+CoQ10+BCA +PHL. Values are
expressed as the mean+SE; * represents significant deviation from
Cr(VI)-exposed values as *p <0.05

the other groups and showed degradation. The yield of DNA
increased amid all the protected groups, especially in the
combined co-treatment group (Fig. 9).

Cell Damage Due to Cr(VI) and Its Alleviation
by Natural Compounds

DNA damage in the blood cells of the mice was evaluated in
all the experimental groups. The head DNA% was found to
be declined significantly in the Cr(VI)-exposed mice com-
pared to the untreated control (p <0.001). With the differ-
ent protected groups, the head DNA% rose to the basal sta-
tus, although it was found significant only with the CoQ10
group (p<0.01) and Cr+CoQ10+ BCA + PHL-treated
group respectively (p <0.001) as compared to the Cr(VI)-
intoxicated group, alleviating the Cr(VI)-induced toxicity
(Fig. 10a).

Alternatively, tail DNA% was significantly higher in
the Cr(VI)-exposed mice than in control depicting higher
cell damage (p <0.001). However, a significant decrease
in the tail DNA % was found with Cr+ Q10 (p <0.01)
and Cr+CoQ10+BCA +PHL (p <0.001), respectively,

10000 bp
5000 bp

Fig.9 DNA isolation and gel electrophoresis (Gpl: vehicle con-
trol; Gp2: Cr(VI); Gp3: Cr(VI)+CoQ10; Gp4: Cr(VI)+BCA; Gp5:
Cr(VI)+PHL; Gp6: Cr(VI)+CoQ10+BCA +PHL
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Fig. 10 COMET (DNA a)
damage) assay in blood cells
(Gpl1: vehicle control; Gp2:
Cr(VI); Gp3: Cr(VI)+CoQ10;
Gp4: Cr(VI) +BCA;

Gp5: Cr(VI) +PHL; Gp6:
Cr(VI)+CoQ10+BCA +PHL.
Values are expressed as the
mean + SE; * represents sig-
nificant deviation from Cr(VI)
exposed values as **p <0.01,
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Control
Cr
Cr+CoQ10

compared to the Cr(VI)-exposed mice rendering the pro-
tective effects of the combined anti-oxidant treatment
(Fig. 10b).

Similarly, the % of the olive tail moment was seen to
be significantly higher in the Cr(VI)-intoxicated mice as
compared to the untreated control (p <0.001). However,
it was reduced significantly with the various anti-oxidant
treatments, viz., CoQ10, BCA, and PHL (p <0.01) as com-
pared to the Cr(VI)-exposed mice. Moreover, it was found
that with the combined anti-oxidant treatment, the reduction
in the % of the olive tail moment was further decreased in
a highly significant manner (p <0.001) as compared to the
Cr(VI)-exposed group (Fig. 10c).

Histopathological Studies

Figure 11 represents the hematoxylin and eosin—stained
brain sections. The cerebrum sections of control mice did not
show any significant histopathological changes (Fig. 11a). In
Cr(VI)-treated group, the brain revealed perivascular lym-
phocytic cuffing (Fig. 11b). Mice treated with Cr+CoQ10,
Cr+BCA, and Cr+PHL showed mild cellular aggregation
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and presented normal histological architecture (Fig. 11c, d,
and e). However, some inflammatory characteristics due to
focal perivascular mononuclear cell infiltration in the brain
may be noted due to the Cr(VI)-induced tissue response.
In Fig. 11f, Cr+CoQ10+BCA + PHL mice group showed
nearly normal histological appearance with reduced lesions.

Alterations in the Nrf2, HO-1, and NQO-1 Gene
Expressions

The alterations in the gene expressions of Nrf2/HO-1/NQO1
were observed to illustrate the Cr(VI)-induced neurotoxicity,
and the curative effects of the natural compounds. Compared
to the vehicle control, the Nrf2, HO-1, and NQO1 basal lev-
els were lowered in the Cr(VI)-exposed mice (Fig. 12a, b
and c). With the different natural bioactive compounds, the
expressions of Nrf2, HO-1, and NQO1 were restored to the
basal level and even more after 30 days of treatment. None-
theless, it was found significant only with the combined anti-
oxidant treatment group in Nrf2 (p <0.05), HO-1 (p <0.01),
and NQO1 (p <0.05), respectively, compared to the Cr(VI)-
intoxicated mice (Fig. 12a, b and c).
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Fig. 11 Histopathology of
brain sections. A-F repre-
sents photomicrograph of

each treatment group. (Gpl:
Vehicle control; Gp2: Cr(VI);
Gp3: Cr(VI) +CoQ10;

Gp4: Cr(VD) +BCA;

Gp5: Cr(VI) +PHL; Gp6:
Cr(VI)+CoQ10+BCA +PHL.
Original magnification-200 X

Discussion

In the current scenario of ongoing development across the
boundaries, heavy metal contamination is becoming a delib-
erate threat to the environment accompanying several health
risk factors [39]. One of the major environmental toxins of
global concern is Cr(VI), affecting human physiology with
expanded neurobehavioral ailments [56]. Our experimental
result statistics advocate the remedial effects of the CoQ10
and the polyphenolic compounds BCA and PHL in negating
the Cr(VI)-induced neurotoxicity in the Swiss albino mice.

Following 30 days of treatment, we found that the body-
weight of the Cr(VI)-exposed group slightly declined as
compared to the sham control and with other co-treatment
groups. However, with the combined treatment of CoQ10,
BCA, and PHL, the bodyweight of the experimental mice
was restored significantly to the normal levels as compared
to the Cr(VI). In contrary to the individual treatment of the
selected natural compounds, there was a gain in the bod-
yweight of the experimental mice, although it was found
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non-significant with respect to sham control, the Cr(VI)
exposed group, and also among each other. Our results are
consistent with the previous findings on rabbits [34], rats,
and mice [44], which showed significant declination in the
bodyweight as a result to the exposure of different doses
of Cr(VI). The brain is a soft tissue that is accessible to
free radical generation because of a higher quantity of poly-
unsaturated fatty lipids than a pool of non-enzymatic and
enzymatic antioxidants. This may lead to a generation of
oxidative stress, causing damage to brain tissues and neu-
rological abnormalities. Several reports are suggestive of
the generation of ROS due to the Cr(VI) administration in
experimental models [7, 23]. The increased ROS results
from the formation of free radicals such as superoxide,
hydroxyl, and singlet O, via the Haber—Weiss mechanism.
During the reduction of Cr, the intermediates formed are
assumed to react with H,0O, leading to the formation of
HO radical [24]. The resultant attacks the DNA, membrane
lipids, and proteins leading to disruption of cellular defense
mechanism.
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Fig.12 Nrf2, HO-1, and NQO1 gene expressions (Gpl: vehicle con-
trol; Gp2: Cr(VI); Gp3: Cr(VI)+CoQ10; Gp4: Cr(VI)+BCA; Gp5:
Cr(VD+PHL; Gp6: Cr(V)4+CoQl0+BCA+PHL. Values are

Our study assessed the MDA levels as a marker of LPO,
circulating in brain homogenates of mice across the groups.
The data revealed the rise of MDA in Cr(VI)-exposed mice
compared to control, indicating the oxidative burst. Prior
study is in concordance with the enhanced MDA levels due
to Cr(VI) administration in a dose-dependent manner in
Wistar rats [42]. However, with the administration of the
CoQ10, BCA, and PHL individually and in combination,
the MDA levels rose back to the normal levels stating the
therapeutic effects of these anti-oxidants, although it was
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found significant with CoQ10 and the combined anti-oxidant
co-treatment respectively. It appears from our results that
CoQ10 was better in bringing down MDA level as com-
pared to the other natural compounds viz., BCA and PHL
respectively. Similar results were seen in the previous study,
where the MDA levels rose with Cr(VI) administration and
declined significantly with selenium supplementation [49].

PCC, another marker for detecting oxidative stress, was
carried out during our study. During ROS production, the
protein carbonyl group’s content increases, leading to the
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formation of aldehydes and ketones as their final products
[50]. Our findings showed that PCC levels in brain homoge-
nates increased in Cr(VI)- exposed mice compared to the
vehicle control. However, with the selected anti-oxidant
co-treatment, viz., CoQ10, BCA, and PHL, individually
and in combination, the PCC levels were restored signifi-
cantly compared to the Cr(VI)-treated mice. Based on this
analysis, it appeared that both of the selected anti-oxidants
viz., CoQ10 and BCA, were found superior compared to the
PHL in restoring the PCC levels as result of Cr(VI) expo-
sure. Our findings are in accordance with the previous study
[51], where mice were exposed to Cr(VI) for 90 days, which
resulted in the increased PCC levels in the intestinal tissues.

Anti-oxidant enzyme SOD is considered to avert the mac-
romolecules from oxidative injury present in a biological
system, thereby removing free radicals such as H,0, formed
due to the dismutation of superoxide anion. This H,0, is
further degraded by the enzymes CAT and GPx. Normally,
H,0, is degraded by GPx, but in oxidative stress condition
where the amount of H,0, increases and the activity of CAT
concomitantly rises to degrade the concentration of H,0,
[35]. Our results represent the decrease in the activity of
SOD and CAT in the mice exposed to Cr(VI), thus intro-
specting the intensity of the oxidative injury. Nonetheless,
there was an upsurge seen in the activity of SOD and CAT
in the brain of mice treated individually with CoQ10, BCA,
and PHL. However, the SOD was found significant only
with PHL and with the combination group of antioxidants,
whereas CAT levels were found significant in the combined
anti-oxidant group compared to the Cr(VI)- intoxicated
mice. Out of the selected anti-oxidants, PHL was found bet-
ter in curtailing oxidative stress in terms of restoring the
SOD and CAT levels in comparison with the other anti-oxi-
dants (CoQ10 and BCA). This restoration of the SOD and
CAT activity indicates selected natural compounds’ potential
in crossing the blood-brain barrier, thereby counteracting
the Cr(VI)-associated neurotoxicity. Earlier reports have
also shown the decreased SOD activity in the rats [31] and
chickens brains [20] exposed to the Cr(VI); however, with
the treatment with caffeic acid phenethylester and selenium,
respectively, the SOD activity was restored in the protected
groups. Similar results were reported in the previous study
where SOD and CAT activity was reduced on exposure to
the Cr(VI). However, the activities were reversed with the
taurine pre-treatment [10].

Another enzymatic antioxidant, GST, is imperative
in maintaining the cellular homeostasis cycle. It helps in
detoxification by catalyzing the union of reduced GSH to
xenobiotic compounds. In our study, the GST levels asserted
the drift of reduction in the Cr(VI)-exposed mice compared
to control. Our result was analogous to the study performed
in Cr(VI)-exposed fish for 3 months [12]. Furthermore, in
our study, the results are noticeable as the GST levels were

restored in CoQ10, BCA, and PHL-treated mice; although,
it was not found significant as compared to Cr(VI) treatment
group. However, looking at the GST levels, the CoQ10 was
found promising among other two anti-oxidants in counter-
acting the oxidative stress due to Cr(VI) exposure.

Reduced GSH acts as a catalyst with —SH groups in
exchanging disulphides by scavenging free radicals. Our
study concluded that brain glutathione levels was flawed by
Cr(V]) intoxication as could be seen by the reduction in the
GSH level. However, the GSH levels were restored to nor-
mal levels with the different bioactive compounds, although
it was found significant only with the combined anti-oxidant
co-treatment group. While comparing the antioxidant activ-
ity of the selected compounds, BCA was found better in
restoring the GSH activity. The statistics were similar to the
past findings in the chicken’s brain, where GSH levels got
reduced with Cr(VI) exposure and restored with selenium
treatment [20].

Also, some proteins remain in the reduced form in the
cytoplasm to maintain the redox balance in the cellular
microenvironment. Under oxidative injury, some proteins
behave as redox switches by balancing the mechanism of
other proteins to maintain cellular signaling. Excessive
oxidation leads to depletion of protein thiols that results
in cellular imbalance and ultimately to the cell death. Our
study revealed a decrease in total thiol in the brain of Cr(VI)-
exposed mice compared to the vehicle control. However,
with the selected natural compound treatment, the total
thiols levels were significantly restored to the basal levels,
although it was found highly significant with the combined
natural compound co-treatment group. In this assay, it was
found that all the three selected compounds were equally
effective individually in restoring total thiols levels as com-
pared to the Cr(VI) exposure.

The results are in accordance with the previous findings,
where the total thiol level declined in the Cr(VI)-exposed
mice [52]. Similar conclusions could be drawn from the
study carried out in the chrome electroplating workers
regarding Cr(VI) exposure in altering the oxidative stress
markers [60].

To appraise the function of the brain, AChE and BChE
activities were carried out in the different experimental
groups. Both are necessary for cholinergic and biochemi-
cal neurotransmissions. We found that the activity of AChE
and BChE got reduced in the Cr(VI)-intoxicated mice as
compared to the control. In addition, the levels got elevated
with different anti-oxidant treatment groups, viz., CoQ10,
BCA, and PHL, respectively. However, only the combined
treatment group showed significant elevation in AChE and
BChE activities compared to the Cr(VI)-exposed mice.
Although BCA and CoQ10 was found promising amid the
selected antioxidants in restoring the AChE and BChE activ-
ities respectively. It is believed that the metals bind to the
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anionic site of cholinesterases (ChEs) and inhibit cholinest-
erase (ChE) activity, thus averting acetylcholine (ACh) con-
jugation to ChE [16] for the neurotransmission. The results
reflected in our study are similar to the findings of the other
studies, where the AChE/BChE levels were decreased with
the administration of Cr(VI) in rats [31, 49] and with co-
exposure to the arsenic and Cr(VI) in mice [53].

The present study emphasizes on the damaged DNA
as a repercussion of the induced oxidative injury due to
Cr(VI) exposure. The single-strand breakage recurrence
was lowest in the Cr(VI)-intoxicated mice represented as
head DNA% along with escalation in tail DNA % and olive
tail moment % as compared to the vehicle control. The
Cr(VI) post-reduction process involves several intermedi-
ates states that invade the macromolecules leading to DNA
crosslinks, DNA damage, or Cr-DNA adducts that leads
to the cellular damage and could be a possible reason for
the significant increase of tail DNA% in Cr(VI)-exposed
mice as reported earlier [38]. Simultaneously, with the
co-treatment of CoQ10, BCA, and PHL individually, the
tail DNA% and the olive tail moment decreased with the
upsurge in the head DNA%, and a significant difference
was observed with combined doses of the natural com-
pounds in comparison to the Cr(VI)-exposed group. On
the other hand, CoQ10 was found potent in preventing the
head DNA and tail DNA % damage amid all the bioac-
tive compounds, whereas in olive tail moment %, BCA
appeared to be a better antioxidant with respect to the
other compounds.

The brain tissue examination was performed under the
microscope on H&E-stained slides to depict the abnormali-
ties caused due to Cr(VI) administration. The results seemed
to be consistent with the biochemical parameters performed.
The cellular compartment was distorted with infiltration of
the neuroglia in the Cr(VI)-exposed mouse brain. The cer-
ebrum sections of the untreated mice did not present any
histopathological abnormalities. While perivascular lympho-
cytic cuffing was observed in the Cr(VI)-treated group. The
different bioactive dietary compound treatments reversed the
abnormalities in the cerebrum, and normal differentiation
in the cells was seen in the different treatment groups. The
investigation revealed the efficacy of the selected natural
bioactive compounds in counteracting the neurotoxicity due
to Cr(VI) exposure.

In addition to the biochemical parameters, we have
studied the expressions of the oxidative injury respon-
sive genes in the experimental setup. Under oxidative
stress conditions, Nrf2 is the key transcription protein
factor that governs the anti-oxidant defense mecha-
nism. Under normal conditions, it is conjugated with
Kelch-like ECH-associated protein 1 (Keap 1) in the
cytosol [22]. This interaction is interrupted when oxi-
dants invade the body causing free radical generation,
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resulting in the translocation of Nrf2 into the nucleus,
thereby increasing the anti-oxidant enzyme transcrip-
tion viz., HO-1 and NQO1 [28]. In our study, we found
that Cr(VI) administration decreased the expressions of
Nrf2, HO-1, and NQO-1 as compared with the vehicle
control. However, with the various anti-oxidant treat-
ments, the expression of nuclear proteins such as Nrf2,
HO-1, and NQOI increased and restored almost to the
normal expression levels in bringing the cellular equi-
librium. However, it was found significant with the com-
bined treatment with respect to Nrf2/HO-1/NQO1 gene
expressions as compared to the Cr(VI) exposure. It was
observed that the relative expressions of CoQ10, PHL,
BCA were found better in Nrf2, HO-1, and NQO1 gene
analysis respectively, amid all individual antioxidant
treatment groups. In some instances, such as in Nrf2
gene expression, CoQ10 seemed better than the com-
bined treatment group of the selected antioxidants, but
there was no significant difference with respect to the
Cr(VD)-exposed group. This slight increase in CoQ10
activity can be regarded as an adaptive response to
Cr(VI)-induced oxidative stress initially and may sub-
side subsequently.

Our findings reflect the curative effects of the natu-
ral compounds against Cr(VI)-induced neurotoxicity by
upregulation of the stress-responsive genes. These results
may illustrate that the stimulation of Nrf2 may cause
a decline in ROS production with an escalation in the
expression of HO-1 and NQO1 genes that are downstream
to the Nrf2 promoter, thereby improving the anti-oxidant
defense system and maintaining cellular homeostasis.
Similar findings were observed in the study conducted in
Kunming mice experimental model, where pre-treatment
with N-acetyl cysteine significantly increased Nrf2 and
HO-1 expressions against Cr(VI)-induced oxidative stress
[28]. Several other studies have also demonstrated that
chronic exposure to xenobiotics can induce oxidative
stress along with inflammation and apoptosis by various
pathways [27, 58].

Our study provides an insight into the protective effects
of CoQ10 BCA, and PHL on neurological abnormalities in
Cr(VI)-exposed mice. These anti-oxidants may potentially
render protection against several neurodegenerative diseases
associated with these heavy metal exposure, particularly
Cr(VI). Our data present a lead in the Cr(VI)-induced dis-
ease model manifestation and throw a light on the thera-
peutic effects of these selected natural compounds through
dietary supplements in a day-to-day life. Further studies are
warranted in this direction to fully understand the under-
lying mechanism in abrogating heavy metal-associated

neurotoxicity.
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Conclusion

Cr(VI) administration to mice induced oxidative altera-
tions in the brain, decreased cholinesterase’s activity, and
increased DNA fragmentation, and histological alterations
in the brain along with dysregulation of Nrf2/HO-1/NQO1
gene expressions. Co-treatment with the selected natural
bioactive compounds reversed the above effects in a major
way in rendering the neuroprotection. Neurological disor-
ders are often associated with the modified neuronal pro-
teins and subsidiary functions, due to free radical-mediated
pathological changes in the neurons. A combination of these
antioxidants could be a better strategy for managing neuro-
degenerative diseases with the available dietary nutraceuti-
cals that are in everybody’s reach and could further be used
in clinical settings as a potential combination therapy.
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