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Abstract

Arsenic, an omnipresent environmental contaminant, is regarded as a potent hepatotoxin. Nigella sativa oil (NSO) consumption
has been shown to improve hepatic functions in various in vivo models of acute hepatic injury. The present study evaluates the
protective efficacy of NSO against sodium arsenate (As)—induced deleterious alterations in the liver. Male Wistar rats were
divided into four groups, namely, control, As, NSO, and AsNSO. After pre-treating rats in AsSNSO and NSO groups with NSO (2
mL/kg bwt, orally) for 14 days, NSO treatment was further extended for 30 days, with and without As treatment (5 mg/kg bwt,
orally), respectively. As induced an upsurge in serum ALT and AST activities indicating liver injury, as also confirmed by the
histopathological findings. As caused significant alterations in the activities of membrane marker enzymes and carbohydrate
metabolic enzymes, and in the vital components of antioxidant defense system. Marked DNA damage and hepatic arsenic
accumulation were also observed in As-treated rats. Oral NSO administration ameliorated these deleterious alterations and
improved overall hepatic antioxidant and metabolic status in As-treated rats. Prevention of oxidative damage could be the
underlying mechanism of NSO-mediated protective effects. The results suggest that NSO could be a useful dietary supplement
in the management of arsenic hepatotoxicity.
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Introduction

Inorganic arsenic, as arsenate (AsV) or arsenite (ASHI), is one
of the most potent hazardous substances that exert multiple
toxic effects on living organisms. Arsenic toxicity has turned
into a global epidemic and is a major concern for public
health. Drinking water contaminated with arsenic is the pri-
mary source of its exposure, where arsenate is the predomi-
nant form (Chung et al. 2014). Arsenic interferes with multi-
ple enzyme catalyzed reactions and affects the entire organ
systems in humans and other animals (Adil et al. 2015).
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Autopsy studies of arsenic-exposed animals have shown that
among soft tissues, the liver is the largest repository followed
by the kidney (Flora et al. 2008). Various studies have corre-
lated acute and chronic arsenic exposure to the genesis of
numerous pathologies including diabetes (Sung et al. 2015),
vascular diseases (Prozialeck et al. 2008), blackfoot disease
(Tseng 2005), and deleterious effects on the kidney, liver, and
nervous and cardiovascular systems (Singh et al. 2011).
Analysis at the cellular and molecular levels has revealed that
arsenic escalates the formation of free radicals and reactive
oxygen species (ROS) that target the cellular biomolecules
and cause DNA damage, lipid peroxidation (LPO), and pro-
tein oxidation as well as hamper the enzyme activities, even-
tually resulting in oxidative stress (Jomova et al. 2011). The
liver is the primary target organ of arsenic toxicity as it is
directly involved in its biotransformation via enzyme cascade
reactions (Singh et al. 2011). Arsenic hepatotoxicity is mor-
phologically characterized by hepatocellular injuries, degrada-
tion of hepatocytes, hepatomegaly, hepatoportal sclerosis, and
progressive fibrosis and cirrhosis (Ghatak et al. 2011). A num-
ber of complexing and metal chelating agents like dimercaprol
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sulfonate and British anti-lewisite have been used as antidotes
for the treatment of arsenic toxicity. However, none of these
agents is considered safe for clinical use due to the associated
side effects (Gupta et al. 2005). Thus, there is a pressing need
to identify naturally occurring dietary substances with antiox-
idant or ROS quenching properties that can serve as effective
chemo-protectants against arsenic toxicity. One such source of
dietary antioxidants is V. sativa. Since ancient times, the con-
sumption of N. sativa seed and its oil has shown health-
promoting effects. These effects have been attributed to the
presence of a wide range of well-defined phytochemicals that
exhibit anti-inflammatory, anti-carcinogenic, antioxidant, an-
ti-diabetic, hepatoprotective, and nephroprotective properties
(Ijaz et al. 2017). Until now, many active components have
been isolated from the N. sativa oil (NSO) including
thymoquinone, dithymoquinone, thymohydroquinone, thy-
mol, carvacrol, and p-cymene (Ahmad et al. 2013).
Additionally, NSO is also a chief source of polyunsaturated
fatty acids (PUFA), i.e., w-3 and w-6 PUFA present in 1:4
ratio, which is recommended as an excellent dietary PUFA
proportion (Sioen et al. 2017). Utilization of w-3 and w-6
PUFA in 1:4 ratio has been shown to conquer the pathogen-
esis of various ailments (Russo 2009). Previously, NSO con-
sumption has been shown to downregulate CCly-induced ni-
tric oxide synthase mRNA and suppress NO production in rat
liver (Ibrahim et al. 2008). Thymoquinone, a major NSO con-
stituent, has been reported to improve plasma and liver anti-
oxidant capacity by upregulating the expression of antioxidant
genes in hypercholesterolemic rats (Ismail et al. 2009).
Recently, thymoquinone has been shown to ameliorate the
hepatotoxicity and neurotoxicity induced by microcystin-
LR, a potent hepatotoxin, in mice (Abdel-Daim et al. 2019).
Moreover, thymoquinone with diallyl sulfide has been shown
its protective potential against fibronil-induced oxidative inju-
ry (Abdel-Daim et al. 2018) and malathion-induced toxicity
(Abdel-Daim et al. 2020). Thymoquinone has also been re-
ported to attenuate cardiomyopathy in streptozotocin-treated
diabetic rats (Atta et al. 2018). In line, several studies have
reported the effectiveness of NSO in attenuating toxicities
induced by several oxidative stress generating agents includ-
ing propoxur-induced neurotoxicity (Mohamadin et al. 2010),
alcohol-induced gastrointestinal toxicity (Kanter et al. 2005),
cyclosporine-induced cardiotoxicity (Ebru et al. 2008), and
gentamicin-induced nephrotoxicity (Yaman and Balikci
2010). Recent studies from our lab have shown NSO to confer
protection against cisplatin-induced multiple organ toxicity
(Farooqui et al. 2017; Farooqui et al. 2016; Shahid et al.
2017). However, the possible preventive/protective potential
of NSO in relation to heavy metal toxicity, particularly
arsenic-induced hepatotoxicity, remains unexplored. This
study aims to investigate sodium arsenate (As)—induced cyto-
toxic and genotoxic effects on rat liver and possible diminu-
tion of these effects by NSO supplementation. We

hypothesized that NSO would be able to protect against As-
induced noxious effects by strengthening the antioxidant de-
fense and improving the energy metabolism in rat liver.

Material and methods
Chemicals

N. sativa oil was purchased from Mohammedia Products, Red
Hills, Nampally, Hyderabad, India. Sodium arsenate was pur-
chased from Sigma-Aldrich Chemical Corp., St. Louis, MO,
USA. All other chemicals used were of analytical grade and
were obtained either from Sigma Chemical Corp. or SRL
(Mumbai, India).

Phytochemistry of N. sativa oil

Bioactive components in the Nigella sativa oil were confirmed
by GCMS (gas chromatography mass spectroscopy). Gas
chromatography (PerkinElmer, Clarus 680, Elite-5SMS, 30 m
% 0.25 mm, 0.25 um) coupled with mass spectrometry tech-
nique (PerkinElmer, Clarus SQ 8 T) Column (30 m x 0.25 mm
x 0.25 m) was employed for all the analysis. The oven
temperature was raised to 220 °C from 70 °C at 4 °C min
and maintained isothermally for 15 min. The temperatures of
the injector and detector were maintained at 220 °C and 240
°C, respectively, with the preparation of 10% of samples in
acetonitrile. The split mode ratio of 1:15 was applied for the
injection ofa 0.5 L sample. The carrier gas used was helium
at a flow rate of 1 mL/min. Other parameters were kept the
same in relation to GC analysis. El at 70 eV provided the mass
spectra with mass scanning done from 40 to 400 u.

Experimental procedure

Adult male Wistar rats, weighing approximately 150 g, were
used to conduct the present study. The animals were pur-
chased from National Institute of Biologicals (NIB), New
Delhi. Experiments on animals were approved by the
Institutional Animal Ethical Committee (IAEC) of the
Department of Biochemistry, Faculty of Life Sciences,
Aligarh Muslim University, Aligarh, India (714/GO/Re/02/
CPCSEA). Prior to use, rats were acclimatized for 7 days in
12 h:12 h light and dark illumination cycles. The animals were
kept in polycarbonate cages in a well-ventilated room main-
tained at 26 = 2 °C and 50-60% relative humidity and fed
standard rodent diet supplied by Aashirwad Industries,
Chandigarh, India, with free access to water. Rats were ran-
domized into 4 groups with five rats per group, as mentioned
below:

Group 1. Control (C)
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Group 2. Sodium arsenate—treated group (As) was adminis-
tered As (5 mg/kg bwt, orally) for 30 days. The
dose of As was selected based on earlier studies
and was much lower than the reported LDs, value
of arsenic, i.e., 40 mg/kg bwt (Sumedha and
Miltonprabu 2015; Yousef et al. 2008).

Group 3. N. sativa oil-treated group (NSO) was adminis-
tered NSO (2 mL/kg bwt, orally), once daily dur-
ing the entire duration of experiment.

Group 4. Sodium arsenate and N. sativa oil-co-treated group

(AsNSO) was administered NSO for 14 days prior
to and 30 days along with As treatment.

The body weight of animals was noted before and after
completion of the experimental protocol. Rats were sacrificed
the next day after the last As dose under light ether anesthesia.
Blood was collected and the liver was removed from each
sacrificed rat and processed for histopathological study and
homogenate preparation as described below.

Preparation of liver homogenate

Liver homogenate was prepared by the method of Kaplan and
Utiger (1978) with slight modifications. Briefly, Tris-HCI
buffer (100 mM, pH 7.5) was used to prepare liver homoge-
nates. Five pulses were passed through liver tissue suspended
in the buffer at 4 °C, by a glass—teflon homogenizer (Thomas
PA, USA) to obtain a 10% (w/v) homogenate. Then, with a
periodic interval of 30 s, three pulses of duration 30 s each
were passed using Ultra-Turrex Kunkel homogenizer (TypeT
25). A small volume of liver homogenate was stored at —20 °C
for the determination of total —-SH groups, GSH levels, and
LPO (lipid peroxidation), while the remaining volume was
centrifuged at 2000 rpm at 4 °C for 10 min, and the superna-
tant was collected for the assay of free radical scavenging,
hepatocyte membrane, and carbohydrate metabolic enzyme
activities. The precision of the analytical methods used was
confirmed by repeatability, i.c., intra-day assay as well as an
intermediate precision, i.e., inter-day assay. All the experi-
ments were repeated at least 3—5 times to check the reproduc-
ibility of the data

Serum parameters

Serum was obtained by centrifuging the blood sample of each
rat at 2000 rpm for 10 min at 4 °C. One part of the serum
samples was used to determine the activities of transaminases,
including ALT (alanine aminotransferase) and AST (aspartate
aminotransferase), by using span diagnostics kits based on the
method proposed by Reitman and Frankel (1957). Briefly, 50
puL of serum was added to 250 puL substrate buffer (-
ketoglutarate and DL-c-alanine in phosphate buffer at pH
7.4 for ALT and «-ketoglutarate and L-aspartic acid in
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phosphate buffer at pH 7.4 for AST) and incubated at 37 °C
for 30 min. Then, 250 pL of coloring agent (2, 4 dinitrophenyl
hydrazine) was added, mixed well, and allowed to stand at
room temperature for 20 min. The reaction was stopped by
adding 2.5 mL of 4 N NaOH solution and read at 505 nm by
using a UV-1700 spectrophotometer (Pharma spec, Shimadzu
Corp., Japan). Cholesterol (Chl) levels were determined by the
method reported earlier (Farooqui et al. 2016). However, the
other part of each serum sample was deproteinated with 3%
TCA in 1:3 proportion, and the precipitate obtained after cen-
trifugation was used to quantify the total phospholipids (PLs)
(Bartlett 1959).

Carbohydrate metabolic enzymes

Enzyme activities involved in the reduction of NADP or ox-
idation of NADH were determined in the liver homogenate
spectrophotometrically from optical density change at 340
nm. For calculating the concentration of NADPH/NAD®,
6220 M' cm™" was used as the molar extinction constant.
The enzyme activities of LDH (lactate dehydrogenase),
MDH (malate dehydrogenase), ME (malic enzyme), G6PDH
(glucose-6-phosphate dehydrogenase), G6Pase (glucose-6-
phosphatase), and FBPase (fructose-1, 6-bisphosphatase)
were estimated as reported by Khundmiri et al. (2004). HK
(Hexokinase) was estimated as described by Crane and Sols
(1953), and the amount of remaining glucose was evaluated as
reported by Nelson (1944).

Membrane and lysosomal marker enzymes assay

The activity of ALP (alkaline phosphatase) was assayed by
using PNPP as the substrate, by the method reported earlier by
Kempson et al. (1979). Briefly, 1.4 mL assay buffer (55 mM
glycine; 36 mM NaCl and 45 mM NaOH, pH 10.5) was mixed
with 100 uL aliquot of liver homogenate and 15 pL p-
nitrophenyl phosphate (final concentration 5.8 mM) and incu-
bated in water bath maintained at 37 °C. Once the yellow color
developed, the reaction was stopped by adding 50 uL of 5 N
NaOH and the color was read at 405 nm. The activities of
GGTase (y-glutamyl transferase) and LAP (leucine amino-
peptidase) were determined by using the substrates y-
glutamyl p-nitroanilide and L-leucine p-nitroanilide respec-
tively, as described by Glossmann and Neville (1972) and
Goldmann et al. (1976). Briefly, the reaction was started by
adding 100 pL aliquot of liver homogenate to 1.9 mL sub-
strate buffer [(20 mM MgCI2, 2 mM v- glutamyl-p-
nitroanilide, 4 mM glycylglycine, 100 mM Tris-base, pH 8.2
for GGTase) and (50 mM sodium phosphate buffer, 0.33 mM
L-leucine p-nitroanilide, pH 7.2 for LAP)] and incubated at 37
°C. Once the yellow color developed, the reaction was
stopped by adding 100 uL of 15 M acetic acid and the color
was read at 405 nm. The activity of ACPase (acid



Environ Sci Pollut Res (2021) 28:41464-41478

41467

phosphatase), a lysosomal marker enzyme, was estimated as
reported previously (Farooq et al. 2004). Briefly, the reaction
mixture was prepared by mixing 2.4 mL acetate buffer
(0.05 M sodium acetate, pH 4.5) with 100 pL aliquot of liver
homogenate. The reaction was started by adding 0.5 mL p-
nitrophenyl phosphate (final concentration 0.8 mM) and incu-
bated for 15 min at 37 °C. The reaction was stopped by adding
2 mL of 2 N NaOH. The yellow color developed was read at
405 nm.

Evaluation of kinetic parameters (K, and V,,.,) of
membrane enzymes

Kinetic parameters of hepatocyte membrane enzymes (ALP,
LAP, and GGTase) were determined by assaying these en-
zymes at varying substrate concentrations in the liver homog-
enate. The data was analyzed by double reciprocal
Lineweaver-Burk plots.

Free radical scavenging enzyme assays

The activity of SOD (superoxide dismutase) was determined
by inhibiting the auto-oxidation of pyrogallol (Marklund and
Marklund 1974) and CAT (catalase) by the decomposition of
hydrogen peroxide (H,0O,) to water (H,O) (Giri et al. 1996).
GSH-Px (glutathione peroxidase) activity was assayed by fol-
lowing the oxidation of NADPH to NADP™ in the presence of
oxidized glutathione, as reported earlier (Flohé and Giinzler
1984). The activity of GR (glutathione reductase) was deter-
mined by following the conversion of NADPH to NADP*
(Carlberg and Mannervik 1985). Activities of GST (glutathi-
one-S-transferase) and TR (thioredoxin reductase) were deter-
mined by using 1-chloro-2-4-dinitrobenzene and 5,5-
dithiobis-2-nitrobenzoic acid as substrates, respectively
(Habig et al. 1974; Tamura and Stadtman 1996).

Estimation of LPO, protein carbonyl content, total -
SH, GSH and H,0, levels

Lipid peroxidation (LPO) was measured from the level of
TBARS (thiobarbituric acid reactive substances) (Ohkawa
et al. 1979), and GSH levels and total-SH (sulthydryl) were
determined by the yellow color formed after their reaction
with 5,5'-dithiobis-2-nitrobenzoic acid as reported by Jollow
et al. (1974) and Sedlak and Lindsay (1968) respectively.
Protein oxidation was determined by measuring the levels of
protein carbonyls, as reported by Levine et al. (1990). Protein
carbonyl groups upon reaction with DNPH produce
hydrazone measured at 360 nm by using 22,000 M"' cm™'
as the molar extinction coefficient. The levels of H,O, were
analyzed by using xylenol orange as a color reagent in the
presence of 100 mM sorbitol, as reported earlier (Gay and
Gebicki 2000).

Estimation of DNA damage

The liver was collected immediately after sacrificing the
rats and placed into the RPMI-1640 medium. A single-
cell suspension was obtained by mincing the hepatic
tissue in the same medium. Comet assay was then car-
ried out following the protocol reported by Singh et al.
(1988) with slight modifications. Cells were mixed with
2% LMPA (low melting point agarose) and pipetted
over the frosted slides already coated with 1% NMPA
(normal melting point agarose), and covered with the
coverslip. The agarose layer was then allowed to solid-
ify. After solidification, the coverslips were removed
and slides were submerged in cold lysis buffer for 2 h
at 4 °C in the dark. After lysis, the DNA was subjected
to unwinding in an alkaline electrophoretic buffer for 30
min, and then electrophoresis was done at 300 mA cur-
rent and 0.7 V/cm field strength. After electrophoresis,
neutralization was performed by neutralizing buffer
(0.4 M Tris, pH 7.5), followed by staining with
ethidium bromide (20 g/mL). Visualization and scoring
of slides were done by using an image analysis system
(Komet 5.5, Kinetic Imaging, Liverpool, UK) attached
to a CX41 fluorescent microscope (Olympus, Japan)
equipped with CC camera. Scoring of comets was done
at x 100. The images of 50 cells (25 cells from each
replicate slide) were analyzed. Comet tail length (DNA
migration from the nucleus in um) was the selected
parameter for evaluating nuclear DNA damage.

Estimation of arsenic accumulation

Dry liver samples (100 mg) from each group were placed
separately in the digestion vessel, and 2 mL of nitric acid
(69%) was added to each vessel. The mixture of liver and acid
was then placed in a water bath at 90 °C for 2 h. After com-
pletion of the incubation time, the mixture was cooled at room
temperature and 2 mL H,O, (30%) was added and left over-
night at 50 °C. The mixture turned into a colorless, watery
solution indicating the complete digestion of the liver sample
(Khan et al. 2013). The sample was then filtered through the
Whatman filter paper, and the level of arsenic was estimated
by ICP-MS (inductively coupled plasma—mass spectroscopy)
using iCAP Q (Thermo Fisher Scientific, Germany).

Histopathological examination

Fresh pieces of liver tissue were fixed for a week in
Karnovsky fixative (immersion fixation). The fixed tissues
were then processed for paraffin embedding. Using a rotary
microtome, liver sections of thickness 3 pm were obtained
and then subjected to hematoxylin-eosin (HE) staining and
examined under the light trinocular microscope at x 400
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magnification (Elcombe et al. 1985). The scoring was done to
determine the severity of damage as (—) none, (+) mild, (++)
moderate, and (+++) severe.

Statistical analysis

All data is expressed as mean + SEM for at least 3 different
preparations. Statistical analysis was performed by one-way
ANOVA using origin 8 software followed by Student-
Newman-Keuls and Dunnets multiple comparison post hoc
tests. A probability level of p<0.05 was taken for indicating
the statistical significance. Most of the changes among various
groups were compared with the values of the control group for
better understanding and clarity. However, specific differ-
ences and statistical significance among other groups such as
As vs. AsNSO were expressed separately.

Results
GS-MS analysis

In GC-MS analysis, the chromatogram was calibrated at 60-
min retention time because all major components of NSO
were found within that time. Thymoquinone and thymol were
identified with the highest peaks at 11.06 min and 18.87 min,
respectively. The ratio of thymoquinone to the rest of the
components was found to be 14.19%. Besides, ten other con-
stituents, including 1,3,8-p-menthatriene, cis-4-
methoxythujane, limonene, longifolene, caryophyllene,
methyltetradecanoic acid, hexadecenoic acid, ascorbic acid,
linoleic acid, and cyclopropane butanoic acid, were identified
in NSO within the 60-min retention time (Fig. 1).

Fig. 1 Chromatogram showing
constituents of N. sativa oil
characterized by GC-MS analysis

Yo

Relative abundance

thujane

Effect of NSO on As-elicited alterations in serum
parameters

As-elicited hepatotoxicity was noted by significant elevation
of ALT and AST levels in serum. Administration of As result-
ed in profound increase in serum ALT (+89.14%), AST
(+65.62%), Chl (+30.33%), and PLs (+25.57%) (Table 1).
However, supplementation of NSO before and along with
the As treatment protected against these As-induced adverse
alterations in serum parameters. However, NSO administra-
tion alone had no significant effect on these parameters.

Effect of NSO on As-elicited alterations in carbohy-
drate metabolic enzymes

As shown in Table 2, the treatment of rats with As
profoundly elevated the activity of HK (+37.83%) and
LDH (+64.02%) while the activity of MDH (—68.69%)
declined significantly in the liver. In contrast, supple-
mentation of NSO before and simultaneously with As
treatment ameliorated the As-elicited elevation of HK
and LDH activities in the hepatic tissue. Moreover,
MDH activity was also markedly improved upon NSO
supplementation. Notable reduction in the activities of
Go6Pase (—32.14%) and FBPase (—38.55%) was also ob-
served in the As-treated group. The activity of G6PDH
was significantly decreased (—62.5%), while the ME ac-
tivity was profoundly elevated (+81.28%) in the liver
homogenate. However, As-induced alterations in
G6Pase and FBPase as well as in G6PDH and ME
activities were significantly alleviated upon NSO admin-
istration. However, no significant alteration in the car-
bohydrate metabolic enzymes was observed in the rats
treated with NSO alone.
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Table 1 Effect of NSO with/without As treatment on serum parameters

Groups Enzymes/parameters
ALT AST Cholesterol (mg/dL) Phospholipid (mg/dL)
(IU/L) (IU/L)

Control 36.09 + 1.63 26.53 +1.02 81.25+1.20 180.13 +2.67

As 68.26 +2.54" 43.94+1.02" 105.89 +1.52" 226.19 +3.03"
(+89.14%) (+65.62%) (+30.33%) (+25.57%)

NSO 33.48 £2.13 2736 +£1.02 77.09 £1.59 163.35+7.46
(—7.23%) (+3.13%) (—5.12%) (—9.32%)

AsNSO 43.04 = 4.03' 29.02 +1.31' 91.08 + 1.82" 183.98 £2.95'
(+19.26%) (+9.39%) (+12.10%) (+2.14%)

As, sodium arsenate treated; NSO, Nigella sativa oil administered; AsNSO, sodium arsenate + Nigella sativa treated; ALT, alanine aminotransferase; AST,
aspartate aminotransferase. Results are mean + SEM of five different samples (n = 5) in each group. Values in parenthesis represent percent change from
control

* Significantly different at p < 0.05 from control
*Significantly different at p < 0.05 from As-treated group by one way ANOVA

Effect of NSO on As-elicited alterations in the mem-
brane and the lysosomal biomarker enzyme

To evaluate the structural integrity of certain cellular
organelles like plasma membrane and lysosomes, the
effect of As alone and in combination with NSO was
estimated on their marker enzymes. As shown in Fig. 2,
As treatment resulted in a significant reduction in mem-
brane marker enzyme activities, viz., ALP (—42.08%),
GGTase (—40.36%), and LAP (—38.86%) in liver ho-
mogenate. Supplementation of NSO to As-administered
rats alleviated the As-induced decrease in membrane
enzyme activities. Furthermore, the specific activity of

treatment attenuated the As-induced increase in the ac-
tivity of ACPase.

Effect of NSO on As-elicited alterations in kinetic pa-
rameters of membrane enzymes

As shown in Table 3, oral administration of As for 30 days led
to a significant decline in V ,,, values of all the membrane
marker enzymes. In contrast, supplementation of NSO prior to
and simultaneously with As treatment caused a significant
improvement in V., values. Administration of NSO alone
did not alter the values of V.« of any membrane-bound en-

the lysosomal marker enzyme, viz., ACPase, was elevat-
ed (+49.03%) upon As treatment. In contrast, supple-
mentation of NSO before and simultaneously with As

zymes. However, the Ky, values of the membrane enzymes
were not significantly changed in any of the four experimental
groups.

Table 2 Effect of NSO with/without As treatment on the activities of carbohydrate metabolic enzymes in liver homogenates

Groups Enzyme
HK LDH MDH G6Pase FBPase G6PDH ME
Control 1.528 £ 0.049 15.48 +0.34 12.84 £0.26 0.28 + 0.009 1.66 £ 0.017 0.12 + 0.004 0.876 £ 0.030
As 2.106 £ 0.053" 2539 +0.52" 4.02+0.11" 0.19 +0.007" 1.02 +0.029" 0.045 + 0.003 1.588 +0.049"
(+37.83%) (+64.02%) (— 68.69%) (—32.14%) (— 38.55%) (— 62.5%) (+81.28%)
NSO 1.582 +0.056 15.57 £ 0.34 13.28 £0.34 0.29 £ 0.007 1.86 +0.077 0.131 £ 0.004 0.920 + 0.027
(+3.53%) (+0.58%) (+3.43%) (+3.57%) (+12.05%) (#9.17%) (+5.02%)
AsNSO 1.68 + 0.052' 16.21 +0.35' 11.79 £0.17™ 0.25 +0.007' 1.77 + 0.064' 0.116 £ 0.004' 0.955 = 0.030"
(+9.95%) (+4.72%) (— 8.18%) (—10.71%) (+6.63%) (—3.33%) (+9.02%)

As, sodium arsenate treated; NSO, Nigella sativa oil administered; AsNSO, sodium arsenate + N. sativa oil treated; HK, hexokinase; LDH, lactate
dehydrogenase; MDH, malate dehydrogenase; G6Pase, glucose-6-phosphatase; FBPase, fructose-1, 6-bisphosphatase; G6PDH, glucose-6-phosphate
dehydrogenase; ME, malic enzyme. Results (specific activity expressed as pmoles/mg protein/h) are mean + SEM of five different samples (n = 5) in
each group. Values in parenthesis represent percent change from control. * Significantly different at p < 0.05 from control. * Significantly different at p <
0.05 from As-treated group by one way ANOVA
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Fig. 2 Effect of NSO on As-
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slowing down the progression of many ailments. Since en-
hanced ROS generation has been reported as the major cause
of As-induced hepatocellular toxicity, hence to evaluate the
ameliorative potential of NSO against As-induced hepatotox-
icity, the effect of As and NSO alone and in combination

Table 3 Effect of NSO on As-

induced changes in the kinetic Groups Ky (mM) Vinax (tmol/mg protein/h)

parameters of membrane

enzymes ALP
Control 30.70 + 1.83 21.00 + 1.77
As 30.06 + 1.72 10.98 +0.76"
NSO 29.83 +1.18 20.08 + 1.14
AsNSO 30.07 £ 1.26 16.72 + 0.59'
LAP
Control 0.49 +0.04 17.40 £ 1.37
As 0.49 + 0.04 11.07 £ 0.75"
NSO 0.47 +0.02 16.80 + 0.53
AsNSO 0.49 = 0.04 14.01 +0.73'
GGTase
Control 1.02 +0.03 1.77+£0.11
As 1.00 + 0.04 1.16 £0.07
NSO 1.04 +0.04 1.70 + 0.01
AsNSO 1.00 + 0.03 1.42 +0.09™

Ky and V. were calculated from double reciprocal Lineweaver-Burk (1/v vs 1/[S]) plots. Results are mean +
SEM of three different samples (n = 3) in each group. ALP, alkaline phosphatase; GGTase, y-glutamyl transfer-
ase; LAP, leucine aminopeptidase; As, sodium arsenate treated; NSO, Nigella sativa oil administered; AsNSO,

sodium arsenate + N. sativa oil treated

! Significantly different at p < 0.05 from control

*Significantly different at p < 0.05 from As-treated group
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(AsNSO) was determined on various enzymatic and non-
enzymatic parameters of the antioxidant defense system.

Effect of NSO on As-elicited alterations in enzymatic
antioxidants

The antioxidant defense enzyme activities in the hepatic tissue
of rats treated with As were altered significantly. As shown in
Table 4, significant reductions in activities of SOD (—
33.99%), CAT (- 58.39%), GSH-Px (- 40.00%), GR (—
41.03%), TR (— 53.42%), and GST (— 70.31%) were observed
in the liver of As-intoxicated rats. NSO supplementation be-
fore and simultaneously with the As treatment significantly
alleviated the As-elicited reduction in the activities of SOD,
CAT, GSH-Px, GR, TR, and GST. In contrast, the antioxidant
defense enzymes’ activities were not altered significantly in
rats treated with NSO alone.

Effect of NSO on As-elicited alterations in non-enzymatic
antioxidants/parameters of oxidative stress

Elevated generation of ROS leads to increase in LPO, H,O,
levels, and oxidation of protein as well as the sulthydryl
groups (total SH and GSH). LPO was determined by measur-
ing the levels of malondialdehyde (MDA), which gives pink-
colored product upon reaction with TBARS. Oxidation of
protein leads to the elevation of carbonyl content, which was
determined by the reaction with DNPH. As shown in Table 5,
treatment of rats with As resulted in a significant increase in
LPO (+78.57%) and protein oxidation (+112.83%), while the
levels of total SH (—22.09%) and GSH (—69.64%) were sig-
nificantly declined in the liver homogenate. Furthermore, the
level of H,O, was also increased (+90.85%) in the hepatic
tissue of As-treated animals. In contrast, As-induced

alterations in LPO, protein oxidation, total SH, GSH, and
H,0, levels were significantly ameliorated upon NSO
administration.

Histopathological observations

Histopathological examination of liver tissue of As-treated
animals was suggestive of considerable damage to the liver.
As treatment resulted in hepatocellular degradation, vacuola-
tion, and infiltration pyknosis (Fig. 3b and Table 6). However,
there was no significant histoarchitectural damage to the liver
when the rats were treated with NSO alone (Fig. 3c¢).
Supplementation of NSO prior to and simultaneously with
the As treatment (Fig. 3d) caused marked attenuation of liver
damage elicited by As treatment.

Effect of NSO on As-elicited DNA damage

Administration of As alone resulted in significant DNA dam-
age in hepatocytes compared to the untreated control (Fig. 4a).
This was represented by elongated tail length, indicating an
elevated level of breaks in the DNA strand as well as alkali
labile sites in hepatocyte DNA (Fig. 4b). Administration of
NSO prior to and simultaneously with As reduced the extent
of As-induced DNA damage, as evident by the decline in
comet tail length (Fig. 4). In contrast, supplementation of
NSO alone did not cause damage to the hepatocyte DNA,
and the tail length remained the same as that of the untreated

group.
Effect of NSO on arsenic accumulation in the liver

Exposure to As for 30 days caused a significant elevation of
arsenic concentration in the hepatic tissue. However, NSO

Table 4  Effect of NSO with/without As treatment on some enzymatic antioxidant parameters in liver homogenates

Groups Enzyme
SOD CAT GSH-Px TR GR GST
(units/mg (umol/mg (nmol/mg (nmol/mg (umol/mg (nmol/mg
protein) protein/min) protein/min) protein/min) protein/min) protein/min)

Control 36.36 £ 1.00 28.38 £ 0.574 0.07 +£0.003 0.73 £0.025 3.12+0.114 0.64 +0.03

As 24.00 + 1.08" 11.81+0.272" 0.042 +0.001" 0.34 +£0.007" 1.84 +0.06" 0.19+0.01"
(= 33.99%) (—58.39%) (—40.00%) (—53.42%) (—41.03%) (= 70.31%)

NSO 37.06 +£1.25 29.77 +0.693" 0.072 £ 0.002 0.76 £ 0.027 3.11+0.116 0.66 +0.02
(+1.92%) (+4.89%) (+2.86%) (+4.11%) (= 0.32%) (+3.13%)

AsNSO 39.2+ 1.02' 26.86 +0.332' 0.062 + 0.002" 0.67 £0.015' 3.39+0.214' 0.7+0.02'
(+7.81%) (= 5.36%) (—11.43%) (— 8.22%) (+8.65%) (+9.38%)

As, sodium arsenate treated; NSO, N. sativa oil administered; AsNSO, sodium arsenate + N. sativa oil treated; SOD, superoxide dismutase; CAT, catalase;
GSH-Px, glutathione peroxidase; TR, theoredoxin reductase; GR, glutathione reductase; GST, glutathione-S-transferase. Results are mean + SEM of five
different samples (n = 5) in each group. Values in parenthesis represent percent change from control

* Significantly different at p < 0.05 from control. * Significantly different at p < 0.05 from As-treated group by one-way ANOVA
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Table 5 Effect of NSO with/

without As treatment on some Groups Parameters
parameters of oxidative stress in
liver homogenates Lipid peroxidation ~ Total SH GSH H,0, Protein oxidation
(nmol/g tissue) (umol/g tissue) (pumol/g tissue) (nmol/g tissue) (umol/g tissue)
Control ~ 245.54 +6.10 5.75+0.11 0.896 + 0.019 47.88 £0.49 46.37 £0.70
As 43847 +13.67 448+0.11" 0272+0.011"  91.38+180"  98.69+2.03"
(+78.57%) (= 22.09%) (= 69.64%) (+90.85%) (+112.83%)
NSO 224.16 £3.75 5.78 + 0.06 0.898 + 0.028 48.56 +£1.01 44.66 £0.27
(- 8.71%) (+0.66%) (+0.22%) (+1.42%) (= 3.69%)
AsSNSO  270.05 + 4.82™ 5.64 £ 0.08' 0.824£0.028"  56.67 +0.43' 52.49 +0.77+
(+27.55%) (— 1.88%) (— 8.04%) (+18.36%) (+13.20%)

As, sodium arsenate treated; NSO, N. sativa oil administered; AsNSO, sodium arsenate + N. sativa oil treated;
GSH, glutathione (reduced); Total SH, total thiol groups. Results are mean + SEM of five different samples (n = 5)

in each group

Values in parenthesis represent percent change from control

" Significantly different at p < 0.05 from control

*Significantly different at p < 0.05 from As-treated group by one-way ANOVA

supplementation prior to and along with the As treatment pro-
foundly reduced the accumulation of arsenic in the hepatic
tissue (Fig. 5).

Discussion

The liver has already been recognized as a primary target
organ of arsenic toxicity (Liu and Waalkes 2008). Arsenic is
known to exert its toxicity through oxidative stress by gener-
ating reactive oxygen species (Muthumani and Prabu 2012b).
A number of synthetic substances, including metal chelators,
have long been used to alleviate arsenic toxicity; however,
most of them exhibit toxic manifestations and that stress the
need to explore alternative strategies. (Flora and Pachauri
2010; Susan et al. 2019; Mehrandish et al. 2019). In view of
the involvement of oxidative stress in arsenic toxicity, an im-
portant strategy could be the use of naturally occurring anti-
oxidants and one such dietary source of antioxidants is
N. sativa, which has long been revered for its health promot-
ing benefits in physiological as well as pathological conditions
(Salem 2005). A number of studies have documented the pro-
tective role of N. sativa oil (NSO) against various drug and

chemical-induced toxicities (Yaman and Balikci 2010;
Mohamadin et al. 2010; Abdel-Daim and Ghazy 2015).
However, the ameliorative potential of NSO against arsenic-
induced hepatotoxicity, in particular, has not yet been evalu-
ated. In the current study, the effect of NSO against arsenic-
induced hepatotoxicity was investigated to identify its poten-
tial mechanism of action.

Repeated exposure of rats to sodium arsenate (As), an As
(V) compound, for 30 days, caused notable changes in the
serum parameters. Serum levels of ALT and AST, the classi-
cal diagnostic indicators of hepatotoxicity, were significantly
elevated by As intoxication. Serum Chl and PL levels were
also elevated significantly in As-treated animals. In contrast,
supplementation of NSO prior to and simultaneously with As
treatment caused a marked reduction in As-induced enhance-
ment of transaminase activities. Likewise, NSO profoundly
lowered the PLs and Chl levels in serum when administered
either alone or together with As treatment. It might be ascribed
to the hypocholesterolemic effect of NSO, as has been report-
ed earlier (Asgary et al. 2013).

To assess the effect of arsenic on hepatic energy metabo-
lism and examine if NSO administration could restore the
metabolic capacity of the liver in As-intoxicated rats, the

Table 6 The histopathological

damage score in different Parameters Control As NSO AsNSO
experimental groups
Hepatocellular degeneration - +++ - ++
Hepatocellular vacuolation - 4 — +
Infiltration pyknosis - +++ - +++
Central vein occupied with secretory material ++ - - +++

As, sodium arsenate treated; NSO, N. sativa oil administered; AsNSO, sodium arsenate + N. sativa oil treated
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Fig. 3 Representative
histological images of liver
sections stained with hematoxylin
and eosin. Control rat liver (a)
shows lobules with hepatocytes
and central vein and clear
sinusoid area whereas As-treated
group (b) reveals lobules with
necrotic hepatocytes and volumi-
nous sinusoids. The NSO alone
group (c) shows the well-
preserved hepatic structure simi-
lar to that in the control group
while the co-treated group,
AsNSO (d), shows restored mor-
phology without any obvious ne-
crosis and voluminous sinusoids
while the central vein was occu-
pied with secretory material

activities of various enzymes involved in glucose catabolism  conversion of pyruvate and lactate. Production of lactate from
and its production/synthesis were determined in the homoge-  pyruvate by LDH generates NAD", which is required for the
nates prepared from various experimental groups. LDH, an  continuation of glycolysis under anaerobic conditions. MDH
enzyme of anaerobic glycolysis, catalyzes the inter-  reversibly catalyzes the oxidation of malate to oxaloacetate, an

Fig. 4 a Representative images (A)
showing the effect of NSO on As-
induced DNA breakage in hepa-
tocytes as evaluated by single-cell
gel electrophoresis (comet assay),
b The results of comet assay rep-
resented as mean values of tail
lengths. As, sodium arsenate
treated; NSO, N. sativa oil ad-
ministered; AsNSO, sodium ar- Control NSO AsNSO
senate + N. sativa oil treated.

*Significantly different at p <

0.05 from control. #, significantly (B)

different at p < 0.05 from As-

treated group

+

Tail length (um)
N
(%,

Control As

AsNSO
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Fig. 5 Effect of NSO on arsenic accumulation in the hepatic tissue.
Results are mean + SEM for three different samples (n = 3) in each
group. As, sodium arsenate treated; NSO, N. sativa oil administered;
AsNSO, sodium arsenate + N. sativa oil treated. *Significantly different
at p < 0.05 from control. 4, significantly different at p < 0.05 from As-
treated group

intermediate of the TCA cycle that leads to energy production
through aerobic mode. A marked increase in LDH activity
with concomitant decrease in MDH activity suggests a shift
in hepatic energy production from aerobic mode alternatively
to anaerobic glycolysis, most likely due to mitochondrial dys-
function (Pace et al. 2017). The first step in glucose catabo-
lism, whether occurring by aerobic, anaerobic, or pentose
phosphate pathway, is catalyzed by hexokinase. Thus, a pro-
found increase in HK activity in the As-treated group indicates
an adaptive hepatocellular response to the increased energy
demands. The liver is the major site of gluconeogenesis, and
therefore, it plays a key role in the homeostatic regulation of
blood glucose levels (Tsuneki et al. 2015). As treatment
caused a marked decrease in the activities of G6Pase and
FBPase, indicating the reduced ability of the liver to synthe-
size glucose via gluconeogenesis. G6Pase is an endoplasmic
reticulum membrane—associated enzyme that generates glu-
cose from glucose-6-phosphate and helps in the release of
glucose from hepatocytes into the blood. Membrane disrup-
tion and oxidative modification could be the possible reasons
for the observed effect of As on these enzymes as reported
previously for other toxicants (Ali et al. 2017). As treatment
seems to exert a reciprocal effect on the activities of NADPH
generating enzymes, G6PDH, and ME. G6PDH, the first en-
zyme of the pentose phosphate pathway, catalyzes the oxida-
tion of glucose-6-phosphate to 6-phosphogluconate and gen-
erates NADPH, which serves as a reductant in biosynthetic
reactions and also protects the cell from oxidative damage.
Thus, the As-induced decrease in GOPDH activity would have
rendered the cells more susceptible to oxidant attack.
Increased ME activity could be a compensatory effect to sup-
ply NADPH by an alternative mechanism involving ME.
However, the As-induced changes in hepatic energy metabo-
lism were greatly restored towards normal by prolonged NSO
administration. Taken together, these findings suggest that

@ Springer

NSO acts by lowering the number of damaged mitochondria
and affected macromolecules or by increasing the number of
normally active organelles and macromolecules as reported
earlier for other toxicants (Ahmad et al. 2013; Mollazadeh
and Hosseinzadeh 2014).

The polyunsaturated fatty acid constituents of membrane
phospholipids are highly vulnerable to free radical attack that
triggers the self-propagating LPO reactions resulting in im-
paired membrane structure and function, due to the loss and/
or inactivation of membrane-bound enzymes (Shahid et al.
2018). To assess the damage to hepatocyte membrane, the
activities of various membrane marker enzymes, i.c., ALP,
LAP, and GGTase, were determined in various experimental
groups. The specific activities of all the three marker enzymes
were significantly declined in the As-treated group (Fig. 2).
The observed decline might be attributed to the oxidative
modification and consequent inactivation of these enzymes
by As-generated ROS. In contrast, prolonged NSO adminis-
tration to As-exposed rats prevented As-induced decline in the
activities of all these enzymes. Marked reduction in lipid per-
oxidation and protein oxidation/oxidative modification of he-
patocyte membrane enzymes by NSO, owing to its inherent
antioxidant properties, could have resulted in the noticeable
improvement in membrane enzyme activities in As-treated
NSO-fed rats. Being an excellent source of essential fatty acid,
NSO could have substituted the damaged PUFA of membrane
phospholipids that were targeted by As-induced ROS, thereby
facilitating the repair process and preventing the loss of mem-
brane enzymes (Farooqui et al. 2016). Furthermore, the kinet-
ic studies showed that decrease in the activities of these mem-
brane enzymes was due to decline in their V.« value, while
the value of Ky remained unaltered by As treatment (Table 3).
Thus, the affinity of membrane enzymes for their substrates
remains the same upon administration of NSO, As or As plus
NSO (Robinson 2015).

In agreement with the earlier studies, activity of ACPase in
the hepatic tissue was profoundly increased by repeated As
exposure (Rizwan et al. 2014). It has been documented that
the size and number of lysosomes in the cell increase upon
arsenic intoxication (Bolt et al. 2010). In contrast, pre and co-
treatment with NSO ameliorated the As-induced elevation in
ACPase activity.

Increased production of ROS has been shown to correlate
with the severity of toxic manifestations of arsenic toxicity
(Jomova et al. 2011). Cellular metabolism of arsenic leads to
the generation of ROS including hydrogen peroxide (H,O,),
the superoxide anion (O, ), and the hydroxyl radical (OH)
(Jomova et al. 2011). The higher levels of ROS cause wide
ranging damage to the cellular macromolecules, such as pro-
teins, lipids, and nucleic acids, and eventually damage the cell
membrane, mitochondria, microsomes, and lysosomes in var-
ious tissues including the liver (Muthumani and Prabu 2012a).
As-intoxication significantly decreased the total thiols and
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enhanced LPO, evidenced by overwhelmingly high levels of
MDA, increased protein carbonyls, an index of protein oxida-
tion and induced DNA damage in the hepatic tissue suggest-
ing induction of oxidative stress. The decrease in total thiol
content can be attributed to the high reactivity of arsenic to-
wards —SH groups and/or to the oxidation of —SH groups by
As-induced ROS. The level of H,O,, a non-radical ROS, was
also significantly elevated by As treatment. H,O, is itself a
strong oxidant; however, upon reaction with transition metal
ions like iron in the cell, it generates the more damaging hy-
droxyl radicals (Collin 2019). DNA is also potentially modi-
fied and/or damaged by As-induced ROS. The genotoxic po-
tential of arsenic has been reported previously (Singh et al.
2008). Oral administration of As induced DNA degradation in
the hepatocytes as evident by a significantly higher mean tail
length in As-exposed hepatocytes as compared to the cells
from control rat liver. Besides direct chemical modification
by free radicals, DNA could have also been damaged by lipid
oxidation products like unsaturated aldehydes and MDA that
can bind to DNA to generate mutagenic lesions (Gentile et al.
2017).

GSH is the most abundant non-enzymatic antioxidant in
the mammalian liver, where its levels can be readily modulat-
ed by regulating the biosynthetic pathways involved (Lu
2013). Sodium arsenate treatment caused a significant decline
in the hepatic GSH levels. Arsenic has been shown to deplete
cellular GSH levels by utilizing GSH as an electron donor in
the reductive conversion of pentavalent arsenate to trivalent
arsenite and as a cofactor in the subsequent oxidative methyl-
ation reactions. In addition, arsenic is known to directly bind
to the sulthydryl groups of GSH or oxidize GSH via enhanced
free radical generation (Rubino 2015). However, pre- and co-
treatment with NSO greatly lowered the As-induced oxidative
stress as evidenced by the significantly normalized values of
LPO and protein carbonyls along with total —SH levels. The
level of As-induced DNA damage was also markedly reduced,
probably due to the antioxidant and anti-mutagenic actions of
NSO (Majdalawieh and Fayyad 2016). As-induced alterations
in H,O, and GSH levels were also alleviated by NSO admin-
istration. Similar protective effects of NSO on liver damage by
other toxicants have been reported earlier by other investiga-
tors (Farooqui et al. 2016).

To combat oxidative stress and maintain a proper re-
ducing environment, the liver is well equipped with ro-
bust enzymatic antioxidants that play an important role in
the metabolism and neutralization of ROS (Mari et al.
2010). The activities of all major antioxidant defense en-
zymes were found to decrease in As-administered rats in
comparison to the control group. SOD and catalase are
known to be inactivated by ROS and free radicals
(Ighodaro and Akinloye 2018). Furthermore, SOD, cata-
lase, and GSH-Px being metalloproteins depend on vari-
ous essential trace elements, i.e., Cu, Fe, and Se,

respectively, for their catalytic activities and are thus the
potential targets of arsenic toxicity (Birben et al. 2012).
Arsenic forms complexes with these trace elements and
can therefore directly interact with the enzymes and inhib-
it their activities (Birben et al. 2012). Thus, the increase in
LPO as observed in As-exposed rats could be a conse-
quence of increased levels of superoxide anions and
H,0,, as the activities of the enzymes that utilize them
as substrates (i.e., SOD and catalase) were decreased sig-
nificantly by As intoxication. TR, a central component of
thioredoxin system, and GR help in maintaining redox
homeostasis by catalyzing thiol-disulfide exchange reac-
tions and thus function in defense against oxidative stress
(Mukwevho et al. 2014). Reduced NADPH supply due to
marked lowering of G6PDH activity in As-treated rats
could have adversely affected the activities of NADPH-
dependent enzymes, GR and TR. A significant decline in
GR activity in As-intoxicated rats would have further
lowered the hepatic GSH levels. Reduced levels of GSH
and total thiols along with lowered activities of SOD,
CAT, GSH-Px, GR, and TR indicate that As exerted an
exhaustive effect on antioxidant reserves, and that con-
firms the involvement of ROS in As hepatotoxicity, as
reported earlier (Singh et al. 2011).

In contrast, NSO administration conferred significant pro-
tection against As-induced inhibitory effect on all the major
antioxidant enzymes, thus restoring the antioxidant power of
the hepatic tissue to resist As-generated free radical attack.
Furthermore, various NSO constituents namely p-cymene,
carvacrol, t-anethole, and in particular thymoquinone, owing
to their intrinsic free radical scavenging activities, would have
acted synergistically to neutralize/quench As-generated free
radicals before they could reach their cellular targets (Salem
2005). These effects would have, therefore, substantially de-
creased the oxidative damage to cellular macromolecules and
organelles, resulting in mitigation of the adverse effects of As
on the liver. This is in agreement with previous reports that
have shown NSO or its constituents to protect against various
pathologies where antioxidant status is severely compromised
(Salem 2005).

Histopathological observations of the liver strongly corrob-
orate the biochemical results. The liver from As-treated ani-
mals showed extensive damage marked by necrotic hepato-
cytes, voluminous sinusoids, disorganized hepatic cords, and
hepatocellular degeneration, as depicted in Fig. 3b. These As-
induced changes were greatly alleviated by prolonged admin-
istration of NSO, which could have neutralized the
overproduced ROS, thereby reducing the morphological and
cellular damage (Fig. 3d).

Another interesting finding of the present study is the ob-
served ability of NSO to reduce arsenic accumulation in the
hepatic tissue, and that might have played an important role in
protecting the liver from arsenic-induced deleterious
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alterations. GSH-dependent efflux of arsenic from the cells
has been shown to confer protection to human cells against
arsenic, while depletion of GSH enhances the cellular reten-
tion of arsenic and consequent susceptibility of cells to arsenic
(Carew et al. 2011; Leslie 2012). Oral administration of NSO
prior to and along with As treatment was found to restore GSH
levels in the liver, and that might have played a crucial role in
increasing the efflux of arsenic and reducing the tissue arsenic
accumulation, as observed in the co-treated group. The recov-
ery of GSH levels in NSO-fed As-treated rats would have in
turn restored the activity of GST, an important biotransforma-
tion enzyme that catalyzes GSH conjugation to xenobiotics to
enhance their hydrophilicity and consequent elimination from
the body (Allocati et al. 2018).

In conclusion, our results show that oxidative stress
induced by As contributes to the development of hepa-
totoxicity, manifested as dramatic alterations in various
cellular/physiological processes. Prolonged NSO treat-
ment, however, greatly reversed the As-induced hepato-
toxicity suggesting prevention of oxidative damage as
the underlying mechanism of NSO-mediated protective
effects on liver functions. Thus, NSO can be considered
a potential chemoprotective agent against liver damage
caused by long-term arsenic exposure.
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