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A B S T R A C T

Arsenic consumption through drinking water is a worldwide major health problem. Management of arsenic
intoxication with invasive, painful therapy using metal chelators is usually used as a conventional treatment
strategy in human. In this present study, we examined the efficacy of oral administration of N-acetyl L-cysteine
(NAC) in limiting arsenic-mediated female reproductive disorders and oxidative stress in female Wistar rats. The
treatment was continued for 8 days (2 estrus cycles) on rats with sodium arsenite (10mg/Kg body weight) orally.
We examined the electrozymographic imprint of three different enzymatic antioxidants in uterine tissue. Rats fed
with sodium arsenite exhibited a significant lessening in the activities of superoxide dismutase (SOD), catalase
and glutathione peroxidase (GPx). Uterine DNA breakage, necrosis, ovarian and uterine tissue damage, dis-
ruption in steroidogenesis were also found in arsenic treated rats. Co-administration of NAC at different doses
(50mg/kg body weight, 100mg/kg body weight, respectively) significantly reversed the action of uterine oxi-
dative stress markers like malondialdehyde (MDA), conjugated dienes (CD) and non protein soluble thiol
(NPSH); and noticeably improved antioxidant status of the arsenic fed rats. This ultimately resulted in the
uterine tissue repairing followed by improvement of ovarian steroidogenesis. However, this effective function of
NAC might be crucial for the restoration of arsenic-induced female reproductive organ damage in rats.

1. Introduction

Naturally occurring metalloid arsenic causes a serious health pro-
blem worldwide mainly through chronic exposure from drinking water
[1,2]. According to the World Health Organization and US Environment
Protection Agency (EPA), the standard level of arsenic in drinking water
is 10 μg/L which is also known as MCL (maximum contaminant level)
and this is not hazardous to the population [3]. Chronic arsenic in-
toxication for several years increased the risk of massive health distress.
Epidemiological studies revealed that due to long-term arsenic in-
toxication a significant damages of multiple organ systems, including
hepatic and renal diseases, tissue lipid peroxidation, cardiovascular
dysfunction, male and female reproductive abnormalities [4,5] and
neurological disturbances were noted [6]. Although acute arsenic ex-
posure is rare, it is initially associated with gastrointestinal toxicity,
whereas chronic toxicity results in carcinogenic and genotoxic effects,
including hyperkeratosis, gangrene, skin cancer and tumors of alveoli,
ovary and adrenal gland [7,8]. The metabolic outcome of arsenic-
mediated toxicity is highly related to the production of free radicals and

reactive oxygen species (ROS) which is ultimately responsible for the
oxidative stress generation, excess DNA fragmentation and exhaustion
of antioxidant components [9,10]. A major change in reproductive
system has been reported due to arsenic exposure, including impair-
ment of spermatogenesis, testicular tissue disruption, atrophy of Leydig
cells and germ cell destruction in male rats [11], whereas in female
ovarian enzymatic dysfunction, suppression of ovarian steroidogenesis,
degeneration of reproductive cells, such as uterine, ovarian and folli-
cular cells [12] as well as higher rate of miscarriages and stillbirth were
also noticed [13]. In newborn and pregnant mice, structural changes in
the thymus gland were investigated [14]. Several in vitro studies on
female reproduction revealed that long term exposure of arsenic is as-
sociated with reduced lactation, abortion, low birth weight [15] and
toxicity of embryonic cells [16]. Undeniably arsenic in drinking water
that exceeds the admissible limit leads to disturbances in reproduction
[17], undesirable pregnancy outcomes [18], and spontaneous abortion
[19]. Inorganic arsenical down-regulates the activity of hypothalamico-
pituitary-gonadal axis and, thereby, plasma levels of LH and FSH are
reduced, which is ultimately responsible for inhibition in the natural
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folliculogenic process [20]. Arsenic is a powerful environmental es-
trogen and may cause reproductive failure in female rats by interfering
with estrogenic pathway and thereby promotes uterine lesion [21].
Sodium arsenite suppresses the expression of uterine estrogen receptor-
α at both proteomic and genomic levels via limiting the functions of the
cell cycle regulating proteins CDK4 and cyclin D1 at G1 phase [21,22].

The management of arsenic intoxication among the affected people
is a mammoth challenge. Some conventional metal chelators are
available to treat arsenic-mediated toxicity in humans, such as meso2,3-
dimercapto-succinic acid (DMSA), 2,3-dimercaprol or British Anti
Lewsite (BAL), unithiol or 2,3- dimercaptopropane sulfonic acid
(DMPS). But these chelating agents have several moderate to severe
side effects like nausea, itching, abdominal pain, hypertension, and
alteration of body temperature [23,24]. Along with this, DMSA and
DMPS have painful, invasive intramuscular treatment strategy and BAL
could also reallocate arsenic to the brain [25,26]. Managing arsenic
mediated hepatotoxicity via herbal, phytochemical therapy and oral
therapy with vitamins may be helpful in this regard [27,28]. But the
actual effectiveness of herbal cures is not satisfactorily demonstrated
due to the scantiness of information.

N-acetyl L-cysteine (NAC), a thiol containing substance is the
acetylated variation of cysteine amino acid and acts as an antioxidant
and anticarcinogenic agent [29]. It is used as a precursor of in-
tracellular glutathione, and distinctive therapeutic cum nutraceutical
agent for the existence of sulphur and sulfhydryl groups [30]. As a
source of endogenous potential antioxidant glutathione (GSH), NAC
possibly may reduce oxidative stress induced ROS generation and acts
as a strong free radical scavenger [31]. It has hepatoprotective and anti-
cytotoxic effect against inorganic arsenicals [32]. Following the re-
duction of oxidative stress, NAC minimizes ROS induced ovarian and
uterine damage and sustains the number and quality of oocyte, ovarian
follicle and improves female embryo development [33,34]. NAC could
correct the reduction in glutathione concentration and the activities of
catalase, mitochondrial superoxide dismutase and glutathione perox-
idases in biliary obstructed rats [35].

Taking account of the above information, this study investigated the
non-invasive therapeutic oral application of NAC in the arsenic-induced
uterine toxicity and its corresponding evaluation by using reproducible
electrozymographic techniques.

2. Methods

2.1. Animal selection and treatment

Female virgin albino Wistar strain rats (150 ± 10 g) were used for
this study. According to the guidelines of the animal ethics committee,
the rats were kept in polycarbonate cages in the Central Animal House
of Vidyasagar University (Midnapore, India) (IEC/7-6/C-6/16 dated
26.8.16) following the regulation of the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA), Ministry of
Environment, Forest and Climate (Government of India). Rats were
reared in a controlled environment for 10-days for acclimatization in a
room with a 12-h light-dark cycle, with 32 ± 2 °C temperatures and
50–70% humidity and were fed with a standard pellet diet (Saha
Enterprise, Registration number 1828/PO/Bt/S/15/CPCSEA) and
water. Although exact impurities of the pellet were not known.

Before treatment their estrous cycles were synchronized by a single
dose (1.0 μg/kg body weight) of ethinyl estradiol orally and animals
were distributed in four groups consisting six rats in each group: Group-
I was vehicle treated control group, group-II received sodium arsenite
(SDFCL, Molecular weight 129.91, CASR NO. (7784-46-5),
Specification: Assay (Iodometric): Min. 98.5%) orally at a dose of
10mg/Kg body weight, group-III was given the same dose of sodium
arsenite with NAC at a dose of 50mg/kg body weight (Sigma-Aldrich,
Catalog number A7250, purity ≥99%) through oral route and the re-
maining NAC co-administered group IV was same as group III except

the dose of NAC was 100mg/kg body weight. The dose of NAC was
selected which was comparatively low with respect to previous in-
vestigations [36–38]. Both sodium arsenite and NAC was dissolved in
distilled water. The experiment was continued for eight days and rats
were treated via oral gavage.

Earlier studies highlighted a very low dose of arsenic (0.4 ppm) with
a comparatively greater duration (i.e. 28 or 24 days) and it was useful
to assess the toxic effect of arsenic in various organs [27,28]. But here,
in fact, we essentially used a comparatively higher dose of arsenic

for short duration to find out the toxicity of arsenic especially on the
female reproductive organ. Another researcher also used arsenic at the
dose of 10mg/kg body weight for short duration (2 or 8 days) and this
focused oxidative stress generation in organs at a significant level
[39–41].

The body weights and feeding habits of all animals were recorded
throughout the treatment schedule. The phases of estrous cycles were
monitored microscopically by staining the vaginal smear with
Leishman's stain. The final body weights were recorded on the day nine
and blood, the uterine horns and ovaries were collected. The organo-
somatic indices were calculated in terms of% of whole body weight.
And finally rats were sacrificed according to the standard protocol of
institutional animal ethical committee (IEC/7-6/C-6/16 dated 26.8.16).
The samples were then kept in −20 °C temperature using separate
sterile bags.

2.2. Estimation of uterine malondialdehyde (MDA) and conjugated dienes
levels (CD)

Using ice-cold phosphate buffer (0.1 mol/L, pH 7.4) uterine horn
was homogenized (20% w/v) and centrifuged at 15,000g in 4 °C for
3min. After centrifugation supernatant was collected and used to esti-
mate the MDA level by performing the reaction of thiobarbituric acid
with MDA at 530 nm [42].

Estimation of CD was performed by extracting lipid using chlor-
oform–methanol (2:1) mixture, followed by centrifugation at 1000 g for
5min. Remaining lipid was mixed in 1.5ml of cyclohexane and finally
the hydroperoxide product was measured at 233 nm [43].

2.3. Estimation of uterine non protein soluble thiol (NPSH)

Uterine horn was homogenized in ice cold PBS (0.1M, pH- 7.4) and
centrifuged at 10,000g for 10min at 4 °C. The supernatant was used for
the estimation of NPSH by standard DTNB (5, 5″- dithiobis-2-ni-
trobenzoic acid) method with a slight modification where precipitation
of protein was obtained by sulfosalicialic acid and clear supernatant
fluid was mixed with 0.1 M sodium phosphate buffer containing DTNB.
Finally the absorbance was taken at 412 nm [44,45].

2.4. Assessment of superoxide dismutase (SOD), catalase and glutathione
peroxidase (GPx) by native gel electrophoresis

Uterine horn was homogenized (20%; w/v) with ice cold PBS (1.0M
pH 7.4) and centrifuged at 10,000g for 20min at 4 °C. Using 60 μg
protein SOD was separated on 12% native PAGE and gel was incubated
with 28mM TEMED, 2.3mM NBT and 28 μM riboflavin for 20min in
the dark. The achromatic bands of SOD were visible against a dark blue
background following the exposure of fluorescent light [46].

Following the detection of the catalase; uterine tissue extract was
electrophoresed on 8.0% native PAGE containing 60 μg of proteins. Gels
were kept at 0.003% H2O2 solution for 10min and then employed in
the staining mixture containing 2% potassium ferricyanide and 2%
ferric chloride. Bluish yellow bands were appearing against a blue,
green background due to the segregation of peroxide which did not
allow the potassium ferricyanide (a yellow substance) to be reduced to
potassium ferrocyanide that reacted with ferric chloride to form a
Prussian blue precipitate [46].
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8.0% native gel was used for the determination of GPx activity. The
level of GPx was determined by removing of peroxide which was re-
quired for the transformation of potassium ferricyanide to ferrocyanide
between samples. Elimination of peroxide by GPx inhibited the com-
bination with ferric chloride, which produced the achromatic clear
band on the green-blue background of gel where GPx was present [47].
The band intensity on each electrozymogram was further determined
by image J software [48] and was expressed in terms of percentage of
density in which control band was considered as 100%.

2.5. Spectrophotometric assay of SOD, catalase and GPx

Uterine horn was homogenized to make a tissue concentration of
10% w/v with 100mmol/L ice cold Tris-HCl homogenising buffer
contains 0.16mol/L KCl (pH-7.4). Then the total preparation was
centrifuged at 10,000g for 20min at 4 °C following the making of a
reaction mixture of 800 μl TDB (Merck), 40 μl of 7.5 mmol/L NADPH
(Sigma), 25 μl of EDTA-MnCl2 and 100 μl of tissue supernatant. Finally
the absorbance was taken to measure the activity of SOD at 340 nm
from the oxidation rate of NADPH [49].

According to Hadwan et.al, catalase activity was determined spec-
trophotometrically where dichromate in acetic acid was converted into
per chromic acid and on heating it was finally transformed into chromic
acetate in the presence of H2O2. This formed chromic acetate was uti-
lized to measure the catalase activity at 570 nm in a specific time in-
terval. One unit of catalase activity was considered as a mole of H2O2

consumed/min/mg of protein [50].
Uterine GPx activity was measured spectrophotometrically ac-

cording to the procedure of Paglia et al. One unit of GPx activity was
expressed as nmol NAD(P)H oxidized/min/mg of protein [51].

2.6. Determination of serum total lactate dehydrogenase (LDH)

In an electrophoretic study of the LDH enzyme 8.0% agarose gel in
50mM Tris-HCl buffer (pH 8.2) was used and 20 μl of serum loaded into
the gel and electrophoresed at 170 V. Agarose gel was developed by
using H2O, 1.0M Tris, tetrazolium-blue, phenazine- methosulphate, Na-
lactate and NAD and then incubated at 37 °C to develop colour reaction
following the rinsing of the gels with water and detection was made
under light [52].

According to the procedure of manufacturer (Mod. IFCC Method,
Tulip group), serum total LDH level was also measured by using LDH
kit. Due to the reduction of pyruvate, NAD is formed following the
presence of NADH. The LDH activity was measured by taking the ab-
sorbance in decreasing manner where the rate of oxidation from NADH
to NAD was considered proportional to LDH activity.

2.7. DNA fragmentation study

Uterine cells were used for the DNA fragmentation assay. The lysis
of the sample was executed using 500 μl of lysis buffer containing
50mM Tris (pH 8.0), 20mM EDTA, 10mM NaCl, 1% SDS and 0.5 mg/
mL proteinase K. The lysate was incubated for 15min at 4 °C followed
by cold centrifugation at 12,000 rpm for 20min. Collected supernatant
was exposed with 1:1 mixture of phenol: chloroform with gentle agi-
tation for 5min and precipitated under a cocktail of cold ethanol and
one tenth part of sodium acetate with further centrifugation.

The pellet was resuspended in 30 μl of deionized water–RNAase
solution along with 5 μl of loading buffer and incubated for 30min at
37 °C followed by an electrophoretic run under 8.0% agarose gel con-
taining ethidium bromide at 65 V and finally visualized with the Biorad
documentation system [53].

2.8. Comet assay

According to Singh et al. (1988) comet assay was performed. Cell

suspension around 105 cells was exposed to low melting point agarose
(0.6%) in PBS at 37 °C and fixed onto a glass slide precoated with 1%
agarose [54]. Slides were soaked in ice cold lysis buffer (2.5 mM NaCl,
85mM EDTA, 10mM Trizma base, 1% Triton X-100, 10% DMSO and
1% sodium lauryl sarcosinate, adjusted to pH 10) for 1hr at 4 °C after
the complete solidification of agarose. The slides were washed thrice in
PBS at room temperature after lysis followed by incubation at 37 °C for
45min. The slides were washed in water to discard excess salt and
placed in a submarine gel electrophoresis chamber (Bio-Rad, USA)
filled with alkaline electrophoresis buffer (0.3M NaOH and 1mM
EDTA) for 25min. Following an electrophoretic run for 30min at 25 V
and 300mA slides were neutralized with PBS and stained with ethidium
bromide (10mg/mL) for 5min. Excess stain was removed by washing
under water. Slides were examined under a fluorescence microscope
(Nikon, Eclipse LV100 POL), with the VisComet (Impuls Bildanalyse)
software. The number of comets in each field and tail length (6 slides
from each group) were also measured.

2.9. Assay of ovarian 17-beta hydroxysteroid dehydrogenase (17β-HSD)
activity

For each of the six animals of four groups, frozen pair of ovarian
tissue (10mg/mL) were homogenized using 20% spectroscopic-grade
glycerol, 5.0 mM potassium phosphate and 1.0 mM ethylene diamine
tetra acetic acid (EDTA) at 4 °C and tissue concentration of 10mg/mL.
For 17 β-HSD activity supernatant of above homogenate was mixed
with 25mg of crystalline BSA, 0.3 μM of testosterone and 1.1 μM of
NADP and read at 340 nm against reagent blank (without NADP) [55].
One unit of enzyme activity is equivalent to a change in absorbance of
0.001/min at 340 nm.

2.10. Serum hormone analysis and ovarian and uterine histopathology

Serum level of estradiol was measured by ELISA kits according to
the procedures recommended by the manufacturers (Wunhan Fine test,
China; Catalog number ER1507;Range 0.703–45 ng/mL,
Sensitivity< 0.422 ng/mL).

The 5 μm thick paraffin embedded ovarian and uterine section was
stained by haematoxylin (Harris) and eosin and observed under mi-
croscope (Olympus, CX21i, magnification x400) to evaluate the histo-
logical changes. The quantification of number of follicles in different
stages of folliculogenesis in each ovary (4 sections of each ovary) was
performed simultaneously [56] and diameter of each follicle was
measured as well to identify the nature of the follicle. On the basis of
their morphology and diameter, the follicles were categorized as small
preantral follicles (SPAF) (< 94 μm), large preantral follicles (LPAF)
(94–260 μm), small antral follicles (SAF) (261–350 μm), medium antral
follicles (MAF) (351–430 μm), large antral follicles (LAF)
(431–490 μm), graafian follicles (> 491 μm). The number of ovarian
atretic follicles (ATF) and the microscopic diameter of the uterine en-
dometrium and myometrium (μm) were also measured.

2.11. Statistical analysis

The experimental data were expressed in terms of Mean ± SE,
N=6 of different groups. Differences in these variables between
treated and control groups were evaluated using ANOVA followed by
post Hoc Dunnett t-test. p < 0.05 was considered as minimum level of
significance. The results of the experiment were performed in triplicate.

3. Results

3.1. Feeding habits, body growth and organ weights

Throughout the experiment a normal pellet diet was given to all
animals of all groups and rats maintained a normal growth pattern. No
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significant difference was found between the groups considering the
animals’ water intake (Table 1). No significant changes of body weight
among the experimental animals in four groups were prominent
throughout the experiment. A significant wet weight loss of ovaries and
uterus was observed in arsenic treated group (p < 0.05) (Table 1). Co-
treatment with NAC significantly protected this arsenic-induced re-
productive organs’ weight loss, except NAC 50.

3.2. Vaginal smear study

Estrous cycles were noted regularly for 8 days. In due course of
arsenic treatment rats remained in a consistent diestrus or metestrus
after 4-days of treatment in comparison to control, whereas normal
estrous cycling was apparent after the treatment with NAC in two dif-
ferent doses in arsenic-intoxicated rats, though the two doses of NAC
treatment did not show significant difference between these two
groups.

3.3. Monitoring of end products of lipid peroxidation levels and NPSH

There was a significant elevation in the uterine MDA and CD level in
the sodium arsenite treated group (p < 0.001) in comparison to the
control group (Table 2). However, co-treatment with NAC in different
doses can able to correct these lipid peroxidation end products in these
sex organs of arsenic exposed rats. Arsenic is responsible for the de-
pletion of soluble thiol level and thereby, increases the oxidative stress.
A noteworthy restoration of soluble thiol was observed in NAC sup-
plemented group (Table 2). No significant variation was noted between
NAC 50 and NAC 100 groups in the measurement of lipid peroxidation
and NPSH.

3.4. Effect of NAC on SOD, catalase and glutathione peroxidase (GPx)

The present study showed reduction in uterine catalase, SOD and
GPx activities (Fig. 1) in arsenic-exposed rats in contrast to the control
group. Zymogram shown in Fig. 1A–C documented that the intensity of
these three enzymatic bands were reduced to 15, 10 and 11% respec-
tively in the arsenic ingested group in comparison to vehicle treated
control, whereas NAC more effectively antagonized the As3+ induced
diminution of uterine SOD, catalase and GPx activities. It was further
manifested that the weak expression pattern of uterine SOD, catalase

and GPx in arsenic fed rats was markedly replaced by the occurrence of
the band with strong intensity following the co-administration with
NAC. Here NAC 50 and 100 showed closely similar pattern of

Table 1
Represents the changes of body growth and reproductive-organo-somatic indices in response to sodium arsenite ingestion. The organo-somatic indices were expressed in terms of the
whole body weight. Organo−somatic indices were improved by following different doses of NAC in arsenic treated rats. Data represent mean ± SE, N=6, ANOVA followed by post hoc
Dunnett t-test was used to find out statistical significance at *p < 0.05.

Body Weight (g) Organo-somatic indices (g%) Water intake (ml/100 g body weight)

Initial Final Ovary in pair Uterus

Control 108.2 ± 6.74 123.2 ± 7.09 0.0640 ± 0.011 0.181 ± 0.025 8.42 ± 0.52
Arsenic 102.14 ± 5.27 109.14 ± 3.96 0.0412 ± 0.002* 0.099 ± 0.011* 8.28 ± 0.57
As3+ +NAC 50mg 102 ± 10.26 111.66 ± 18.4 0.0507 ± 0.007 0.121 ± 0.017* 10.73 ± 1.21
As3++NAC 100mg 111.5 ± 5.35 116.33 ± 4.07 0.0547 ± 0.002 0.141 ± 0.017 9.86 ± 0.97

Table 2
Represents the protection of NAC against arsenic-mediated changes of MDA, CD, NPSH, LDH, SOD, catalase and GPx activities. The data represent mean ± SE, N=6 evaluated by
ANOVA followed by post hoc Dunnett t-test, *p < 0.05, **p < 0.01, ***p < 0.001.

Control As3+ As3+ NAC 50mg As3+ NAC 100mg

MDA(nmole/gm) 22.94 ± 0.63 36.86 ± 0.59*** 26.4 ± 0.77* 25.35 ± 0.65
CD(nmole/gm) 18.01 ± 0.18 24.67 ± 0.48*** 19.28 ± 0.38 18.87 ± 0.26
NPSH (μg/g protein) 12.8 ± 1.55 8.2 ± 0.28* 15.3 ± 2.62 14.2 ± 1.97
SOD (U/mg protein) 3.8 ± 0.133 1.2 ± 0.141*** 3.0 ± 0.092*** 3.2 ± 0.071**
Catalase (U/mg protein) 4.4 ± 0.141 1.1 ± 0.212*** 2.3 ± 0.099*** 2.9 ± 0.087**
GPx (U/mg protein) 5.61 ± 0.181 2.16 ± 0.174*** 3.85 ± 0.123*** 5.88 ± 0.174
LDH (U/L) 493.5 ± 22.9 1624.2 ± 21.53*** 993.5 ± 13.82*** 657.16 ± 16.91**

Fig. 1. (A–C) catalase, SOD and glutathione peroxidase activity in uterine tissue on native
gel. Lane distribution Lane 1: Control; Lane 2: Arsenic; Lane 3: Arsenic+NAC 50; Lane 4:
Arsenic+NAC 100. The tissue extracts from rats (co-treated with NAC 50 and NAC 100)
containing protein in each lane was electrophoresed on 8.0%, 12% and 8.0% native gel
followed by substrate specific development of catalase, SOD and glutathione peroxidase
bands respectively. The table under each zymogram represents the band density in terms
of percentage.
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expression of SOD and GPx activity, whereas catalase activity was
protected better in NAC 100 group than that of the NAC 50 group.

Spectrophotometric analysis also focused a significant (p < 0.001)
decrease in the activities of these three antioxidant enzymes (SOD, Cat
and GPx) with 3.2, 4.0 and 2.6-fold reductions respectively as com-
pared with control group. These enzymes activities were significantly
(p < 0.01) restored following NAC 100 co-administration (Table 2).

3.5. Serum LDH status

Serum LDH by electrozymography was used to assess tissue necrosis
or late apoptosis (Fig. 2). A very strong, prominent nature of expression
of serum LDH was observed in arsenic treated rats when compared with
control. The activity of this enzyme was significantly protected by NAC
co-treatment in arsenic ingested rats as evident from the weak expres-
sion of this necrotic marker. There was no variation between the two
NAC administered groups of different doses in case of observed LDH
band pattern.

There was a 3.3-fold increase in the activity of this enzyme fol-
lowing arsenic ingestion. NAC 100 co-administration significantly op-
posed this over activity of this necrotic marker (Table 2).

3.6. DNA fragmentation and comet assay

Fig. 3A1 shows a higher degree of DNA degradation (lane 2) in the
uterus of arsenic treated female rats compared with the effect seen in
unexposed rats. A greater migration of the DNA sample in As3+ exposed
rats with less intense bands was visible on agarose gel (Fig. 3A1) as
supported by densitometric analysis (Fig. 3A2). The present result
showed that NAC (Fig. 3A1) with the dose of 50mg/kg body weight
(lane 3) and 100mg/kg body weight (lane 4) in arsenic affected rats
decreased the degradation and damaging of DNA partially but sig-
nificantly. The extruded nature of the broken uterine DNA from a bulk
number of cells along with increased tail length (p < 0.001) (Table 4)
was clearly pictured in arsenic treated rats as per the outcome of the
comet assay (Fig. 3B). It was perceived that the cellular DNA was da-
maged in response to arsenic intoxication and finally restrained by the
co-treatment of NAC as manifested from the fewer numbers of comet
with reduced tail length in this group (Table 4).

3.7. Ovarian steroidogenesis and serum estradiol level

Noteworthy inhibition with 16.5-fold changes in the activity of
ovarian 17β-HSD was observed in sodium arsenite-intoxicated rats
compared with the controls (p < 0.01) (Table 3). This steroidogenic
enzyme activity was significantly corrected in arsenic treated rats fol-
lowing NAC 50 and 100 administered group but NAC 100 was more
effective than NAC 50 (p < 0.05). Serum level of estradiol was di-
minished (3.0-fold) significantly in arsenic fed rats. However, NAC 100
co-administration in these arsenic treated rats significantly attenuated
the inhibitory influence of arsenic on estradiol signaling (p < 0.01)
(Table 3).

3.8. Uterine and ovarian histopathology

Loss of uterine secretory glands was distinct in arsenic-intoxicated
rats (Fig. 4A2 and Table 4). Uterine layer degenerations were char-
acterized by significant distortion of endometrium and myometrium
layers (p < 0.001) in sodium arsenite-exposed rats (10× magnifica-
tion) with respect to the untreated group. Rats consuming both the
doses of NAC significantly exhibited at leading ability and capacity in
modifying the normal breadth of the layers towards the control level
with a restoration of the secretory glands (Fig. 4A3, A4 and Table 4). A
significant (p < 0.001) reduction in the count of primary classes of
preantral and antral follicles was observed in the ovaries of arsenic fed
rats (Fig. 4B2 and Table 4). A significant (p < 0.05) fall in the numbers
of graafian follicles with a significant degree of follicular regression and
the follicular atresia (p < 0.001) was also perceived after arsenic
treatment compared with the control rats (Fig. 4B2). Co-administration
of NAC at the doses of 50 and 100mg/kg body weight restrained the
above effects as manifested from the occurrence of a growing number of
matured follicles and lesser numbers of regressive follicles (Fig. 4B3, B4
and Table 4).

4. Discussion

Several studies reported that chronic exposure of arsenic, especially
trivalent form produces ROS like superoxide anion (O2%−), hydroxyl
radical (%OH), hydrogen peroxide (H2O2), singlet oxygen (O2

_), and
peroxyl radicals in association with H2O2 [57]. Hence, a higher level of
uterine lipid peroxides and CD level were noticeable in arsenic-induced
group as the end products of lipid peroxidation (Table 2). The present
study explored a discrete uterine oxidative stress in terms of higher
intracellular ROS production due to the degradation of the activity of
ROS scavenging enzymatic antioxidants, e.g. GPx, CAT and SOD in
arsenic treated animals and thus directly associated with DNA damage
[58]. A trivalent form of arsenic also reduces the level of NPSH, which
is a direct determinant of GSH pool at sub-chronic or chronic level of
intoxication (Table 2) during arsenic metabolism and might be per-
suaded tissue death mostly by necrosis, apoptosis and other abnorm-
alities [59]. The faint and weak band strength in electrozymogram of
uterine SOD of arsenic fed animals signifies remarkable inactivation of
SOD (Fig. 1A, lane 2). Previous study revealed that inorganic arsenicals
decreased mRNA expression of SOD gene and thereby resulting dis-
torted SOD protein structure and also up-regulated superoxide radical
production (O2%−) [60]. The presence of indistinct band of uterine
catalase (Fig. 1B, lane 2) is also supportive of accumulation of ROS and
the inability of uterine tissue to detoxify H2O2 and this imbalance may
indicate possible cytotoxicity in organs [61]. A reduced GPx expression
in arsenic-intoxicated rats (Fig. 1C, lane 2) is suggestive of the de-
struction of intracellular non-enzymatic antioxidant glutathione level
and thereby directs toward H2O2 accumulation during the programmed
cell death [46].

Chronic arsenic exposure was implicated in the development of
necrotic toxicity marker such as lactate dehydrogenase (LDH) [62].
This is validated from our investigation in which arsenic up-regulated
the expression of this cancer-specific biomarker (Fig. 2, lane 2).
Apoptotic tissue lesions might also contribute to the increased serum
LDH level in arsenic treated group. A significant elevation in total LDH
was observed in patients with uterine fibroids [63]. Therefore, this
information may specify that arsenic elevates collagen deposition fol-
lowed by fibrotic changes in the uterus due to the elevation in serum
LDH level.

Arsenic-mediated ROS is plausible to promote uterine apoptotic and
necrotic changes by DNA strand breakage and repression of DNA repair
[64,65], since a significant DNA degradation (Fig. 3A, Lane 2) and
single cell DNA damage (Fig. 3 B2) were noticed in the present study.
Previous investigation demonstrated that As3+ inhibits testicular and
ovarian steroidogenesis by impairing the activity of 5, 3β-HSD and 17β-

Fig. 2. Total serum LDH activity illustrated for the extent of cellular damage. Serum
protein in each lane was electrophoresed on agarose gel followed by substrate specific
development of LDH bands. Lane distribution Lane 1: Control; Lane 2: Arsenic; Lane 3:
Arsenic+NAC 50; Lane 4: Arsenic+NAC 100.
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HSD enzymes [19,66]. In this experiment the interruption of the ac-
tivity of 17β HSD as well as ovarian estradiol synthesis was noted in
arsenicated rats (Table 3) as a result of low plasma level of gonado-
trophins [66]. Unaltered body weight in animals (Table 1) indicates

that the adverse effect of arsenic on female reproductive system might
be due to tissue specific toxicity. A consistent diestrus or metestrus and
reduction in the uterine-ovarian weight following arsenic exposure may
be associated with the low signaling of plasma estradiol [67], and

Fig. 3. (A1) various doses of NAC affect on the DNA
fragmentation in uterine cells of female rat treated
with arsenic. Lane distribution Lane 1: Control;
Lane 2: Arsenic; Lane 3: Arsenic+NAC 50; Lane 4:
Arsenic+NAC 100. (A2) The band intensity of
DNA at its different positions on the agarose gel is
evaluated by Image (J) software, expressed in re-
lative/normalized values, and plotted on a graph.
Picture shows that arsenic-induced severe DNA
damage is prevented by the different doses of NAC
exposure. (B) Arrows show Comet formation in
uterine horn cells following arsenic ingestion.
Arsenic-induced severe DNA breakage which was
noticed in single cell apoptotic damage was no-
ticeably prevented by both the doses of NAC. Panel
distribution; B1: Control, B2: Arsenic, B3:
Arsenic+NAC 50, B4: Arsenic+NAC 100.
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gonadotrophins [68]. Follicular degeneration followed by increased
number of atretic follicles were significantly observed in arsenic in-
gested rats when compared to control group (Fig. 4 B2). Indeed, the loss
of secretory cells and distorted endometrium layer was apparent in
arsenic fed rats (Fig. 4 A2). Actually, ovarian folliculogenesis is regu-
lated by gonadotrophins and estradiol [69]. Arsenic was reported to
trigger oxidative stress induced injury in ovary and uterus [70] and
down-regulates the secretion of estrogen from the ovary by inhibiting
the activities of ovarian steroidogenic enzymes [71]. The prime func-
tion of estradiol centred upon the epithelial surface and the glands si-
tuated within the endometrium of the uterus and hence a normal re-
productive cyclicity is maintained [56].

In this experiment, the therapeutic efficacy of NAC was assessed in
arsenic treated animals. Here we used two different doses; e.g. 50mg
and 100mg of NAC to find out the dose dependent action of NAC if any
on arsenic-induced female reproductive toxicity. Moreover, another
rationale behind choosing lower doses is that it is desirable for any kind
of therapeutic component to have maximum therapeutic efficacy with
minimum dose of therapy. In this study, co-administration of NAC
could reverse uterine ROS production and thereby noticeably re-es-
tablished the antioxidant enzyme activities (Fig. 1). NAC in different
doses significantly restored the ovarian and uterine normal histo-
pathology and improved uterine DNA degradation with respect to ar-
senic fed rats (Fig. 3A1, lane 3 & 4). Appropriate treatment of NAC for
an extended period of time could effectively suppress ovarian follicular
apoptosis caused by oxidative stress and restore healthy follicles and
therefore, NAC could contribute its primary action on ovary [72]. We
speculate that NAC as an antioxidant may increase the reduced glu-
tathione level and hence exerts its protective effect on ovary via the
modulation of hypothalamus-pituitary-gonad axis [72]. Nevertheless, it
also influences the protective role on ovary by minimizing follicular
atresia, enhancing oocyte quality and reducing somatic and germ cell
dysfunction in the male reproductive system [72].

Co-administration of As3+ along with NAC in both the doses sig-
nificantly reduced the DNA degradation (Fig. 3). From this present
work, it is confirmed that arsenic-induced free radical generation was
repaired by NAC supplementation as evident from the improved uterine
and ovarian weight towards control by minimizing arsenic mediated
apoptotic and necrotic cell injuries. In addition, NAC could improve
gonadal steroidogenesis and reinstate arsenic exposed the male re-
productive suppression [73]. Though NAC is able to modify

dehydrogenation (oxidation) of many enzymes, but also it could
restore the plasma gonadotrophin level and upregulate estradiol
synthesis and subsequently promotes ovarian graft viability followed by
maintaining the regularity of the normal estrous cycle [74]. As a result,
there might be a possible upliftment of the activity of key steroidogenic
enzymes (Δ5, 3β HSD and 17β HSD) and this supports ovarian folli-
culogenesis and improves ovarian and uterine weight following NAC
supplementation [66]. Conforming antioxidant properties, NAC per-
forms as a barrier against necrotic progression by maintaining serum
LDH status when it was co-administered with As3+ (Fig. 2 lane 3,4).
Beside this it also improves NPSH level and thereby restores GSH pool
as NAC is the precursor of intracellular glutathione and cysteine [75].

From the above information it is confirmed that NAC has a pro-
tective role against oxidative stress induced ovarian and uterine tissue
damage by rebuilding normal and healthy structural morphology. The
crucial mechanism of NAC might be due to its metal chelating prop-
erties [76]. Presence of thiol or sulfhydryl group (-SH) in NAC makes
itself a powerful metal chelator. Henceforth, it could mitigate various
heavy metals poisoning in association with adverse health outcome
[77]. Due to the presence of SH group, NAC may exert its antioxidant
activity by stimulating intracellular GSH synthesis. Therefore, it re-
serves intracellular non-enzymatic antioxidant status like glutathione as
well as increases the activity of glutathione-s-transferase along with the
up-regulation of other intracellular antioxidant enzyme level and
thereby it could be able to influence detoxification [78,79]. Beside this,
the acetyl group substituted amino acid provides a protective effect
against oxidation [80]. Although there is another novel lipid-soluble
thiol antioxidant and metal chelator such as N, N′-bis-2-mercaptoethyl
isophthalamide (NBMI) is effective in the amelioration of heavy metal
induced oxidative stress and stabilization of cellular thiol redox. Pre-
sence of hydrophobic lipid interface of NBMI makes it advantageous in
the protection of heavy metal and oxidant-mediated cytotoxicity spe-
cially in the cellular membranes where the redox-regulated biochemical
events occur [81].

Arsenic has a very high affinity for a sulfhydryl group of GSH and
thereby insults pro and antioxidant status by creating oxidative damage
[82]. As a precursor of GSH, it has the ability to maintain pro and
antioxidant balance and contributes protection against arsenic-medi-
ated ROS production [83] and GSH was also documented for the
amelioration of As3+ mediated stress on female reproductive organs
[84].

Table 4
Represents the changes in the comet cell generation, comet tail length, ovarian follicles, and uterine histopathology following NAC co-administration in different doses. Data represent
mean ± SE, N=6, ANOVA followed by post hoc Dunnett t-test, *p < 0.05, **p < 0.01, ***p < 0.001.

Control As3+ As3+ NAC 50mg As3+ NAC 100mg

Comet in number 0.83 ± 0.3 5.83 ± 0.6*** 2.5 ± 0.4* 1.66 ± 0.4
Comet tail length (μm) 22.33 ± 1.11 39.37 ± 2.33*** 23.51 ± 0.97 21.7 ± 1.05
SPAF 9.66 ± 1.05 2.16 ± 0.6*** 5.83 ± 0.98* 7.66 ± 0.84
LPAF 8.5 ± 0.8 1.5 ± 0.22*** 4.83 ± 0.54* 7.66 ± 1.28
SAF 6.16 ± 0.79 1.33 ± 0.21*** 2.66 ± 0.4*** 2.83 ± 0.4***
MAF 3.00 ± 0.25 1.33 ± 0.33* 2.00 ± 0.63 2.33 ± 0.42
LAF 1.33 ± 0.21 1.00 ± 0.36 1.83 ± 0.3 2.16 ± 0.3
GF 2.16 ± 0.3 1.00 ± 0.25* 1.5 ± 0.22 2.16 ± 0.3
ATF 1.33 ± 0.6 15.33 ± 2.29*** 1.66 ± 0.4 2.66 ± 0.8
Endometrium (μm) 290.3 ± 8.88 115.31 ± 6.29*** 185.82 ± 5.08*** 196.39 ± 2.49***
Myometrium (μm) 108.6 ± 1.66 64.47 ± 2.87*** 90.49 ± 3.65** 91.72 ± 2.88**

Table 3
The protective effect of both the doses of NAC against arsenic was shown on the ovarian 17β-HSD activity and serum estradiol. In arsenic group the activity of this steroidogenic enzyme
and the hormone level were diminished in contrast to the vehicle treated control group. NAC of different doses restored this arsenic-mediated alteration of enzyme activity and hormone
level. Data represent mean ± SE, N=6, ANOVA followed by post hoc Dunnett t-test, *p < 0.05, **p < 0.01, ***p < 0.001.

Control As3+ As3++NAC 50 As3++ NAC 100

17 β-HSD (unit/mg of tissue/hr) 38.41 ± 9.5 2.32 ± 0.62** 12.90 ± 3.0* 25.72 ± 7.0
Estradiol (ng/ml) 28.06 ± 0.48 9.32 ± 0.38*** 12.66 ± 0.57*** 13.11 ± 0.56**
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In addition, NAC protects the body from the harmful effect of dif-
ferent mutagenic agents by preventing their biotransformation into
more toxic forms [85]. SH group is capable of reacting with OH• radi-
cals and hydrogen peroxides and applies its indirect effect in the cor-
rection of intracellular antioxidant status [86]. In healthy cells, most of

the GSH remains in reduced form and the thiol group of cysteine pro-
vides reduced equivalent (H++e−) to the unstable molecule like ROS
[87]. Moreover, the SH group of NAC has the capacity to trap arsenic.
Methylation of arsenic is very much important for its removal from
different soft organs. Arsenic methylation via S-adenosylmetheonine

Fig. 4. (A and B) Uterine and ovarian tissue were implanted in paraffin, serially sectioned laterally at 5 μM stained with eosin and hematoxylin (Harris) and observed under a microscope
(magnification 340) to study the uterine (A) and ovarian (B) histo-architecture. The arrows show atretic follicles in ovary of arsenic treated rats.
Pictures showed the remarkable loss of secretory cells of uterine tissue along with distortion of endometrial layer. The numbers of atretic follicles were increased in the arsenic exposed
group. Different doses of NAC co-treatment significantly secured such arsenic-induced uterine and ovarian disorders. Panel distribution; B1: Control, B2: Arsenic, B3: Arsenic+NAC 50,
B4: Arsenic+NAC 100.
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(SAM) involves methyl cobalamin (CH3B12) and reduced glutathione
(GSH) for its clearance and detoxification from the body [88]. Although
Hayakawa's pathway of arsenic metabolism involves arsenic-GSH
complexes but not chelation. The nucleophilic sulfhydryl group of ar-
senic conjugates (As-GS) attacks the cationic sulphur of a methyl donor,
S-adenosylmethionine and its co-factor glutathione (GSH). Methyl
group of SAM is transferred to arsenic-glutathione conjugates. More-
over, As-GSH complexes may also be considered as substrates for oxi-
dation. In biotransformation pathway, arsenic bound to glutathione
resulted in the formation of As-GSH complexes which was considered to
be the substrates for arsenic methyltransferase that undergoes methy-
lation. Indeed, arsenic has a greater affinity to bind to proteins than to
glutathione. Arsenic found in the liver and kidneys was detected mostly
bound to soluble and non-soluble proteins. Rats can also efficiently
excrete arsenic after methylation, but most of the arsenic accumulates
within the red blood cells [89]. In vitro study claimed that SH groups of
NAC are capable of chelating heavy metals like gold, silver, mercury
and arsenic [90]. However, sulfhydryl group of NAC, a strong scavenger
of toxic radicals is effective in the maintenance of endogenous anti-
oxidant potential. NAC or DMSA alone partially restored arsenic-in-
duced degradation of hepatic GSH and MDA, while only brain MDA
levels responded favourably to these drugs [91]. Monoisoamyl DMSA,
alone and in combination with NAC following arsenic treatment, sig-
nificantly elevated hepatic GSH compared to the arsenic control. NAC
as an antioxidant in combination with DMSA effectively raised the
chelation capacity of DMSA towards arsenic [92]. Minimizing arsenic-
induced oxidative stress NAC monotherapy might be the better choice
over DMSA, while DMSA might be effective in decreasing alanine
aminotransferase. The combination of these two was superior over
monotherapies in the recovery of total protein and glutathione [93].

However, from the above investigation, it was evident that both the
doses of NAC effectively restored the arsenic-mediated uterine and
ovarian disorders, though NAC 100 in many instances showed more
effectiveness than that of NAC 50.

In conclusion, it may be settled that NAC exerts its protective effect
against arsenic-induced uterine and ovarian genotoxicity and restores
their normal physiology. The possible mechanistic pathway may be
stated either by its action as an antioxidant for scavenging free radicals
and thereby minimizing oxidative stress, mutagenesis, cytotoxicity and
other adverse effects. Another possibility of NAC is to chelate arsenic on
its SH unit followed by persuading methylation of arsenic by improving
intracellular GSH level. Ultimately, it may accelerate arsenic clearance
from the body and down-regulate arsenic prompted ovarian and uterine
damage, although further study is required in this regard.
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