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A B S T R A C T

Oxidative stress is the major mechanism impairing cell homeostasis, inducing cell death and tissue damage in
sulfur mustard (SM)-exposed individuals. The aim of the present study was to evaluate time course changes of
oxidative stress in the mice exposed with 2‑chloroethyl ethyl sulfide (CEES) as SM analog. For this purpose, male
BALB/c mice were divided into control groups and experimental groups that received CEES (10mg/kg) through
intraperitoneal injection. In both groups, animals were euthanized at three periods: short (12, 24 h and 1week),
medium (1, 2 and 3months) and long-term (5 and 6months) after CEES exposure. Oxidative stress indices and
the antioxidant defense systems were evaluated in lung and liver tissues. The time course findings in both tissues
showed a significant increase in oxidative damage markers such as malondialdehyde (lung P < 0.001, liver
P < 0.001), protein carbonyl (lung P < 0.0001), and 8-hydroxy-deoxyguanosine (lung P < 0.0001, Liver
P < 0.0001) and also a significant reduction in the antioxidant defense system including reduced glutathione
level (lung P < 0.001, Liver P < 0.001,), activities of catalase (lung P < 0.01 and liver P < 0.05), superoxide
dismutase (lung P < 0.05), glutathione S‑transferase (lung P < 0.05, liver P < 0.01), glutathione peroxidase
(lung, P < 0.05, Liver P < 0.05) and glutathione reductase (lung P < 0.001, liver P < 0.01) in the long-term.
However, these changes occur with less intensity in the short-term and return to the normal status in the
medium-term. Moreover, there was a positive time course correlation between oxidative damage indices and the
percent of histopathological damage in both tissues (P < 0.05). This correlation finding confirms and supports
the fact that time course oxidative-antioxidant imbalance plays an important role in the development of SM-
induced acute and delayed injuries.

1. Introduction

In the biological systems, numerous endogenous and exogenous
sources can generate a variety of reactive oxygen species (ROS) [1].
ROS plays functional roles in physiological and pathological conditions
depending on the cell capability to maintain the balance between the
ratio of ROS production and its clearance. [2,3]. The cellular anti-
oxidant defense system, including enzymatic and non-enzymatic
counterparts, ensures the balance between ROS production and elim-
ination. Enzymatic antioxidant defenses include superoxide dismutase
(SOD), catalase (CAT), glutathione reductase (GR), glutathione perox-
idase (GPX) and glutathione S‑transferase (GST). Non-enzymatic anti-
oxidants consist of reduced glutathione (GSH), natural flavonoids,

carotenoids, melatonin and Vitamins A, C, and E [1].
Oxidative stress is a status characterized by the imbalance toward

the pro-oxidant side of the pro-oxidant/antioxidant homeostasis caused
by overproduction of ROS or declined antioxidant capacity [2–4]. This
phenomenon leads to oxidative damage to many molecules in cells
including nucleic acids, proteins, and lipids which can modify their
structure and function [4,5]. A considerable number of studies have
confirmed that oxidative stress is an underlying mechanism in different
pathologies including chronic inflammatory diseases, multiple sclerosis,
neurodegenerative diseases, cardiovascular diseases, diabetes, athero-
sclerosis, aging, cancer, the toxicity associated to heavy metals
[1,6–10], and the complications triggered by sulfur mustard exposure
[11–15].
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Sulfur mustard (SM, bis (2‑chloroethyl) sulfide) is a vesicant and
cytotoxic alkylating agent with known mutagenic and carcinogenic
properties [12]. It has been used as a chemical warfare agent in a
number of conflicts such as the Iran–Iraq war (1980–1988) in which
about 100,000 Iranian people were injured due to this agent, and even
after more than two decades about 34,000 of them are still under
treatment [16,17].

The severity of SM-induced complications mainly depends on the
dose, duration, and environment of SM exposure [18,19]. SM exposure
may cause short and long-term adverse health effects in many organs
especially the skin, eyes, and respiratory system [20]. Short-term
(early) complications occur in the first week following exposure, but
long-term (delayed) complications may appear even some months or
years after the exposure and have a serious impact on the life quality of
the exposed individuals [21,22].

Respiratory complications are among the most frequent and im-
portant causes of long-term disability and mortality in SM-exposed in-
dividuals [23,24]. Some cellular and molecular mechanisms have been
introduced to explain the toxicological effects of SM, but the exact
mechanism is unclear [25]. Many investigations have been trying to
determine the pathophysiological and molecular mechanisms under-
lying the short and long-term effects of SM as well as changes occurring
in biomarkers of oxidative stress after SM exposure in different study
models [26–30]. However, detailed information about SM toxicity in
human, especially in the lung, is incomplete due to the difficulties of
lung tissue sampling. Since, the lungs of these patients are very sensi-
tive to invasive sampling methods (surgery, bronchoscopy) and the risk
of bleeding, heart arrest, and bronchial spasm is high. Thus, most of the
previous studies have evaluated desired parameters in blood or
bronchoalveolar lavage (BAL) fluids in SM-exposed patients rather than
lung tissue sampling [31–33]. To overcome this problem, animal
models can be considered as alternative sources for obtaining com-
prehensive information about the molecular mechanisms of SM toxicity
and examining possible therapeutic approaches for improving the life
quality of SM-exposed victims.

The time course studies are used to examine single dose toxicity of
substances and to evaluate drug therapy and drug response in various
diseases [34–38]. In this regard, several animal studies using SM or its
analogs such as CEES (2‑chloroethyl ethyl sulfide) have evaluated the
short, medium, or rarely long-term complications of SM in special
target organs [29,39,40]. However, there was no special animal model
that exactly simulated the development of SM injury in human from the
short-term to the long-term condition. In addition, there are no time
course studies to clarify the molecular mechanisms underlying the short
and long-term effects of SM. In our previous study, different parameters
consisting mice strain (BALB/c and C57BL/6), the period after exposure
(12 h to 6months), solvents (Tyrode's, PEG300, herbal oil), and CEES
dose (1–200mg/kg) were evaluated to create an animal model of SM-
exposed victims. Mortality rate assessments and pathological findings
revealed that intraperitoneal injection of 10mg/kg CEES in herbal oil to
BALB/c mice could develop a proper model which almost imitates short
and long-term complications of SM exposure in humans [41].

The present study aimed to provide an overview of the time course
changes in oxidative stress induced by CEES exposure, thus, helping to
shed light on the molecular mechanisms of the damage caused by
mustard gas. To achieve this purpose, the important indices of oxidative
damage including malondialdehyde (MDA), protein carbonyl (PCO),
8‑hydroxy‑deoxyguanosine (8-OHdG) were evaluated in lung and liver
tissues of the developed animal model. Besides, antioxidant defense
parameters consisting of oxidized and reduced glutathione level,

activities of CAT, SOD, GR, GPX, and GST were evaluated. The time
course findings of this study might be helpful for the clinical manage-
ment of the SM-induced disorders and for the selection of appropriate
treatment at the right time.

2. Materials and methods

2.1. Chemicals

TBA (thiobarbituric acid), BHT (2,6‑di‑tert‑butyl‑4‑methylphenol),
DNPH (dinitrophenyl hydrazine), streptomycin sulphate, TCA (tri-
chloroacetic acid), ethanol, ethylacetate, HCl (hydrochloride acid),
hydrogen peroxide (H2O2), guanidine hydrochloride, xylenol orange,
hydrogen peroxide, ABTS (2,2′‑azino‑bis(3‑ethylbenzothiazoli-
ne‑6‑sulfonic acid), Trolox, NADPH (nicotinamide adenine dinucleotide
phosphate), GSH (reduced glutathione), GSSG (oxidized glutathione),
glutathione reductase, DTNB (5,5‑dithiobis 2‑nitrobenzoic acid), 2‑vi-
nilpyridine, CDNB (1‑chloro‑2, 4‑dinitrobenzene), WST-1 (sodium salt
of 4‑[3‑(4iodophenyl)‑2‑(4‑nitrophenyl)‑2H‑5‑tetrazolio]‑1,3‑benzene
disulfonate), Hypoxanthine, DTPA (diethylenetriamine‑pentaacetic
acid), SOD (Cu/Zn superoxide dismutase), BSA (bovine serum al-
bumin), PMSF (Phenylmethanesulfonyl fluoride), and EDTA
(Ethylenediaminetetraacetic acid) were purchased from Sigma and
Merck Companies.

2.2. Animals

6–8week-old male BALB/c mice (20–25 g) were purchased from a
breeding stock kept at the Pastor Institute (Karaj, Iran) and put under
standard conditions in the animal house of the Institute of Biochemistry
and Biophysics, University of Tehran. All animal experiments and
methods were conducted according to the guidelines of the Animal
Ethics Committee of the University of Tehran. Mice were housed in
cages in a ventilated room with free access to food and water at a
controlled temperature of 20 ± 2 °C, and maintained under a normal
light-dark cycle.

2.3. Median lethal dose (LD50) of CEES in BALB/c mice

For the determination of LD50, 5 log doses and for each dose, 4
animals were used. The body weights were recorded daily and the
animals were observed for mortality. LD50 was determined in the mice
after dissolving CEES in herbal oil and intraperitoneal injection of dif-
ferent doses (10–30mg/kg). The mortality was recorded for a 14-day
period and the LD50 was determined as per the moving averages
method [42].

2.4. Animal exposure with CEES

In experimental groups, BALB/c mice were injected in-
traperitoneally with single doses of 100 μL CEES 10mg/kg (~0.5LD50)
in herbal oil. Control animals were injected with herbal oil in the same
way. At the time of these injections, all of the personal and environ-
mental protection protocols set by the CEES manufacturer including the
use of a chemical mask and gloves, dressing gowns, and the laminar
flow hood with the charcoal filter was followed. Animals from both
control (n=5) and experimental (n=7) groups were euthanized in a
time-dependent manner as shown in Table 1: 12, 24 h (h); 1, 2 weeks
(w) and 1, 2, 3, 4, 5 and 6months (m) after CEES exposure and then
samples from the liver and lung tissues were collected.

Table 1
Classification of the mice groups based on euthanized time after injection.

Groups Short-term Medium-term Long-term
Time after injection 12 h 24 h 1week 2 weeks 1month 2months 3months 4months 5months 6months
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As described, respiratory problems are the greatest cause of long-
term disability in victims even 30 years after initial exposure to mustard
gas [23,24]. Therefore, the current study period was performed during
6months, which is consistent with age mapping data between humans
and mice about lung disease [43]. To analyze the results carefully, time
point groups were categorized to the three durations: short, medium
and long-term and two weeks; the fourth month in these time groups
were ignored for setting the gap between them.

2.5. Tissue preparation

The mice in the different groups were sacrificed and liver and lung
quickly removed, washed in ice-cold phosphate buffer saline (PBS).
Specimens from each organ was immediately immersed in liquid ni-
trogen and stored at −70 °C until biochemical analysis. The frozen
tissue samples were quickly weighed and separately homogenized 1:5
in ice-cold 50mM potassium phosphate buffer (pH~ 7.4) containing
1mM EDTA and 100mM PMSF with a potter-Elvenhjem tissue homo-
genizer. The crude tissue homogenates were centrifuged at 12000×g
for 15min at 4 °C. The resultant supernatants were separated and used
for the different assays.

2.6. Malondialdehyde (MDA) measurement

Lipid peroxidation levels were measured according to Ohkawa et al.
method [44]. This assay depends on the reaction of TBA with MDA as
the end product of lipid peroxidation. The pink chromogen produced by
this reaction was measured at 532 nm. MDA concentration was ex-
pressed in nmol of MDA/g wet tissue (nM/gwt) using the extinction
coefficient of 156mM−1 cm−1.

2.7. Protein carbonyl (PCO) measurement

PCO content was determined by the colorimetric method [45,46]
with some modifications. This method is dependent on a Schiff base
forming from DNPH reacting with protein carbonyls for protein hy-
drazones formation. Briefly, following the treatment of the samples
with streptomycin sulfate for removing any nucleic acids, each sample
was divided into two aliquots. DNPH in 2.5M HCl was added to one
aliquot and 2.5M HC1 to the other as a control blank. After pre-
cipitation of protein with TCA and washing procedure with 1:1 ethanol-
ethylacetate, the final palette was dissolved in 6M guanidine hydro-
chloride. PCO level was determined from the absorbance at 370 nm and
calculated from the molar absorption coefficient of 22,000M−1 cm−1.
The result was expressed as nmol carbonyl/mg protein (nM/mg).

2.8. DNA oxidation measurement

Tissue homogenate level of 8-hydroxy-deoxyguanosine (8-OHdG) as
a marker for DNA oxidation was measured using a commercial 8-OHdG
ELISA Kit (My BioSource, MBS263767, USA) according to the manu-
facturer's instructions. 8-OHdG concentration was reported in ng/ml.
The level of sensitivity of the kit was 50.0 pg 8-OHdG/ml.

2.9. Total oxidant status (TOS) measurement

TOS levels of tissue homogenate were determined using xylenol
orange as a reactive dye and hydrogen peroxide as a standard [47,48].
In this method, oxidants present in the sample oxidize Fe2+ to Fe3+.
The absorbance of the purplish color complex produced by the reaction
of Fe3+ with xylenol orange was measured at 580 nm. The assay was
calibrated with hydrogen peroxide, and the results were expressed in
terms of micromolar hydrogen peroxide equivalent per gr wet tissue
(μmol H2O2 Eq/g wet tissue).

2.10. Total antioxidant capacity (TAC) measurement

TAC levels of tissue homogenate were determined according to the
technique described by Re et al. [49]. This assay is a functional marker
of the non-enzymatic antioxidant capacity of a sample in which, the
blue/green color of ABTS radical cation (ABTS%+) is bleached by an-
tioxidants present in the sample. The rate of decolorization expressed as
a percentage inhibition of ABTS%+ and quantified relative to the re-
activity of Trolox as a standard curve. The assay results are expressed in
μmol Trolox Eq/g wet tissue.

2.11. Oxidative stress index (OSI) measurement

Oxidative stress index (OSI), as an indicator of the degree of oxi-
dative stress, is the ratio of the total peroxide to the total antioxidant
potential. The OSI value was calculated by the following formula [50]:

=OSI TOS TAC[( , µmol H O Eq/ wet tissue)/( , µmol Trolox Eq
/gr wet tissue)]

2 2 g

2.12. Oxidized, reduced and redox ratio glutathione measurement

The estimation of oxidized and reduced glutathione level was as-
sessed according to the method of Griffith and Tietze [51,52]. Tissue
extracts and GSH standard were prepared in ice-cold 5% w:v meta-
phosphoric acid to keep the glutathione values stable. Total glutathione
content was determined by following the rate of reduction of DTNB by
reduced glutathione in the coupled reaction with glutathione reductase
at 412 nm and compared with a GSH standard curve [52]. The GSSG
level was measured by the same method in tissue extracts that were pre-
incubated with 2‑vinylpyridine to bind GSH [51] Total glutathione was
defined as GSH-equivalents (GSH-eq) [GSH-eq=GSH+2 GSSG].
Therefore, GSH content was calculated by subtracting GSSG levels from
the total glutathione content. The glutathione redox ratio (GRR %) as
an index of oxidative stress was calculated according to the formula
[53]: GRR%=[GSSG / (GSH+GSSG)]× 100.

2.13. Catalase (CAT) activity assay

CAT activity was determined according to the method of Aebi [54].
This assay is based on measuring the rate of decrease in H2O2 absor-
bance at 240 nm. CAT activity was expressed as μmol/min/mg protein
using a molar extinction coefficient of H2O2 (ε=0.0436mM−1 cm−1).

2.14. Superoxide dismutase (SOD) activity assay

SOD activity was assayed according to the method of Peskin and
Winterbourn [55]. In this assay, the reduction rate of WST-1, water-
soluble tetrazolium salt as a superoxide detector, was measured at
450 nm. Results were expressed as the percentage of inhibition of the
formazan salt formation that is in inverse relation to SOD activity. The
SOD activity was calculated by the SOD logarithmic standard curve.

2.15. Glutathione S‑transferase (GST) activity assay

GST activity was assayed by the method of Habig et al. adapted to a
microplate reader [56]. This assay monitored the formation of the di-
nitrophenyl thioether product of the reaction between GSH and CDNB
at 340 nm. GST activity was expressed as μmol/min/mg protein using a
molar extinction coefficient of CDNB (ε=9.6mM−1 cm−1).

2.16. Glutathione peroxidase (GPX) activity assay

GPX activity was assayed by a modified method of Flohé and
Günzler adapted for use in a microplate reader [57]. This activity was
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determined with H2O2 as substrate and GR and NADPH as enzyme and
non-enzymatic indicators, respectively. The GSSG generated by GPX of
the sample was reduced by GR, and NADPH oxidation was monitored at
340 nm. GPX activity was expressed as μmol/min/mg protein using a
molar extinction coefficient of NADPH (ε=6.22mM−1 cm−1).

2.17. Glutathione reductase (GR) activity assay

GR activity was measured in accordance with an adaptation of the
microplate method described by Cribb et al. [58]. In this assay, GR of
the sample generated GSH from the added GSSG to the reaction, and
then GSH caused the reduction of DTNB. The reduction of DTNB was
monitored at 412 nm, and the rate of the increase in absorbance was
directly proportional to the amount of GR in the sample. GR activity
was expressed as μmol/min/mg protein using a molar extinction coef-
ficient of DTNB (ε=14.15mM−1 cm−1).

2.18. Determination of protein content

Protein content in tissue homogenates was measured according to
the Bradford method using BSA as standard [59].

2.19. Statistical analysis

Values of the measured parameters were expressed as mean ± SD.
The difference between the control and treated groups were determined
using the unpaired student's t-test. One-way ANOVA followed by Tukey
test was used for comparisons of time groups. P-values< 0.05 were
considered statistically significant. Pearson's correlation coefficient
with the significant level < 0.05 was used to explore the correlation
between variables. All calculations were performed using Excel 2016
and GraphPad InStat Version 7.

3. Results

3.1. Details of determining the appropriate dose to create the animal model

Details of changes in mortality rate, animals body weight and pa-
thological findings in lung and liver tissues of BALB/c and C57BL/6
mice receiving different CEES doses with variable solvents from 12 h to
6months after CEES injection were presented in our previous study
[41] and a summary of these results is listed below.

The LD50 dose of CEES in herbal oil was determined at 17.5mg/kg.
Pathological features detected in BALB/c mice were more severe than
the C57BL/6 mice. In addition, the dose of 10mg/kg CEES (~half of
LD50) in herbal oil induced a high weight loss, the lowest mortality rate,
and the highest pathological complications. Therefore, BALB/c mice
and the dose of 10mg/kg CEES in herbal oil were selected to study the
short-term and long-term complications following exposure to SM. The
short and long-term pathological changes after CEES injection are
shown in Table 2.

The complications were categorized into two modes, time-depen-
dent and independent. Time-independent are the short-term patholo-
gical complications that occurred 12 h after contamination with CEES
and continued by the end of the sixth month. Severe pathological signs
are time-dependent that occurred after 4months (long-term).

The Gross view of lung morphology changes in lung and liver tissues
occurred in long-term after CEES exposure are illustrated in Fig. 1.
Moreover, the related pathological alteration of the lung tissue in long-
term are presented in the previous study in detail [41].

3.2. The time course change of MDA, PCO and 8-OHdG levels in lung and
liver tissues of CEES-exposed mice

As shown in Fig. 2.A, the CEES-induced oxidative shock has in-
creased the MDA levels (nM/gwt) of the lung and liver in the short-term
(12 and 24 h), but this increase is not significant. MDA levels of the lung
and liver within 5 (lung 134.02 ± 6.21, P < 0.05 and liver
85.03 ± 14.98, P < 0.05) and 6months (lung 137.99 ± 17.31,
P < 0.05 and liver 95.52 ± 12.12, P < 0.05) increased significantly
compared to their respective control groups (lung 113.11 ± 19.85,
112.55 ± 11.58, and liver 62.49 ± 3.99, 77.55 ± 14.89 respec-
tively) (Fig. 2.A linear graph, Table 4). In both tissues MDA levels were
almost stable at the medium-term group, while MDA levels in long-term
(lung 136.16 ± 13.03, P < 0.001 and liver 90.66 ± 14.02,
P < 0.001) increased significantly compared to the control (lung
112.83 ± 15.31 and liver 70.04 ± 8.09), short (lung P < 0.01, liver
P < 0.0001) and medium-term groups (lung P < 0.0001, liver
P < 0.0001) (Fig. 2.A bar graph).

The level of PCO (nM/mg) was significantly increased in the lung
within 2 (2.13 ± 0.31, P < 0.05), 5 (2.7 ± 0.37, P < 0.01) and
6months (2.63 ± 0.37, P < 0.001), as well as within 24 h
(2.56 ± 0.2, P < 0.01) in the liver compared to their respective
control groups (Lung 1.74 ± 0.27, 1.98 ± 0.26, 1.62 ± 0.08, and
liver 2.22 ± 0.13, respectively) (Fig. 2.B. linear graph, Table 4). Lung
of mice showed a significant increase in PCO content within medium
(2.24 ± 0.4, P < 0.05) and long-term periods (2.67 ± 0.35,
P < 0.0001) in comparison with their respective control groups
(1.93 ± 0.37, 1.8 ± 0.26, respectively) and in medium (P < 0.001)
and long-term (P < 0.0001) vs. short-term group and long-term
(P < 0.0001) vs. medium-term group. While no significant change was
found in the liver between different groups (Fig. 2.B bar graph).

Lung 8-OHdG level (ng/mg) within 12 h (1.21 ± 0.104,
P < 0.05), 2 (1.12 ± 0.091, P < 0.05), 5 (1.32 ± 0.114, P < 0.01)
and 6months (1.28 ± 0.118, P < 0.01) were significantly higher as
compared to their respective control groups (1.04 ± 0.111,
0.96 ± 0.112, 0.99 ± 0.101 and 0.932 ± 0.159, respectively) also in
the liver within 24 h (5.096 ± 0.22, P < 0.001), 1 week
(5.33 ± 0.27, P < 0.05), 5 (5.9 ± 0.167, P < 0.001) and 6months
(5.156 ± 0.388, P < 0.01) were significantly higher compared to
their respective control groups (3.78 ± 0.194, 4.64 ± 0.531,
4.292 ± 0.295, 4.4 ± 0.227, respectively) (Fig. 2.C linear graph,
Table 4). The significant increase in lung 8-OHdG content in the
medium (1.13 ± 0.121, P < 0.01) and long-term groups
(1.304 ± 0.110, P < 0.0001) was observed compared with their re-
spective control groups (1.012 ± 0.090, 0.961 ± 0.129, respectively)
and long-term than short (P < 0.0001) and medium-term (P < 0.001)
groups. In liver, there was a significant increase in the 8-OHdG content
of short (4.74 ± 0.727, P < 0.05) and long-term periods
(5.53 ± 0.482, P < 0.0001) compared to their respective control
group (4.157 ± 0.486, 4.344 ± 0.255, respectively) and at long-term
vs. medium-term group (P < 0.01) (Fig. 2.C bar graph).

Table 2
Pathological findings in lung and liver tissues of BALB/c mice receiving 10mg/kg of CEES.

Tissue/time after CEES
exposure

Time-independent
Observed in the short-term and continued to long term

Time-dependent
Observed only in the long-term

Lung Emphysema, atelectasis, parenchymal, inflammation/fibrosis, and
congestion/hyperemia

Smooth muscle hypertrophy, goblet cells hyper/metaplasia, perivascular
and per-bronchial inflammation

Liver Granulovacuolar degeneration and necrosis Oval cell proliferation, distribution of lobular pattern, congestion, and bile
duct hyperplasia.
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3.3. The time course correlation between oxidative damage indices and
percent of histopathological damage in lung and liver tissues of CEES-
exposed mice

Histopathological damage of lung and liver tissues in CEES (10mg/
kg)-exposed mice were evaluated by an expert pathologist in compar-
ison to the control. The severity of lesions was determined based on the

desired pathological parameters described in Table 3 and finally ex-
pressed as the percentage of damage.

The time course correlation between oxidative damage indices and
percent of histopathological damage in the lung and liver tissues of the
studied mice showed a positive correlation between MDA (r=0.661;
P < 0.05), PCO (r=0.868; P < 0.01) and 8-OHdG (r=0.896;
P < 0.001) levels and the percent of histopathological damage in the

Control                                      5 months                                  6 months

Fig. 1. The Gross view of lung tissue morphology in BALB/c mice in long-term after receiving the 10mg/kg CEES; the severe tissue damage and increased size of lung
in the CEES-receiving mouse is apparent.

Fig. 2. MDA (A), PCO (B) and 8-OHdG (C) levels in the
lung (■) and liver (○) of BALB/c mice in various time
point after CEES injection. Values are expressed as a
percentage of control (100%) ± S.D. In the linear graph,
#P < 0.05 comparing test vs. control for liver and
⁎P < 0.05 comparing test vs. control for lung. In bar
graph &P < 0.05 comparing test vs. control, aP < 0.05
comparing short-term vs. other groups and bP < 0.05
comparing long-term vs. medium-term.

Table 3
Desired histopathological parameters for determining the damage of lung and liver tissues.

Lung Congestion/hyperemia, hemorrhage, perivascular inflammation, per bronchial inflammation, compensatory hyperplasia, smooth muscle hypertrophy, emphysema,
atelectasis, goblet cells hyperplasia/goblet cell metaplasia, edema, parenchymal/inflammation/fibrosis

Liver Congestion, hemorrhage, granulovacuolar degeneration, hyper/activation of Kupffer cells, fibrosis, necrosis, hepatocyte atrophy, portal hepatitis, parenchymal/hepatitis,
oval cell proliferation, distribution of lobular pattern, bile duct hyperplasia
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lung tissues in CEES-exposed mice (Fig. 3.A). Moreover, a positive
correlation was detected between MDA(r=0.759; P < 0.05) levels
and percent of histopathological damage in liver tissue. No correlation
was detected between PCO and 8-OHdG levels and the percent of his-
topathological damage in the liver tissues (Fig. 3.B).

3.4. The time course alteration of TOS, TAC, and OSI levels in lung and
liver tissues of CEES-exposed mice

Lung TOS level (μM/gwt) was significantly increased within 12 h
(1.329 ± 0.247, P < 0.01), 4 (1.486 ± 0.256, P < 0.05), 5
(1.867 ± 0.196, P < 0.01) and 6 (1.750 ± 0.248, P < 0.05) months
compared to their respective control groups (0.883 ± 0.146.,
1.161 ± 0.076, 1.374 ± 0.331, 1.336 ± 0.263, respectively), but in
the liver, no significant change was observed at any time point (Fig. 4.A
linear graph, Table 4). A significant increase was detectable in lung TOS
level in long-term (1.813 ± 0.220, P < 0.001) vs. control
(1.355 ± 0.283) and medium-term groups (P < 0.001). While no
significant change was observed in any of the experimental groups in
the liver (Fig. 4.A bar graph). TAC level in the lung and liver did not
significant change at any time point in the experimental groups
(Fig. 4.B, Table 4).

Lung OSI index was significantly increased within 12 h
(7.77 ± 1.45, P < 0.01), 4 (8.1 ± 0.96, P < 0.05), 5 (9.1 ± 1.09,
P < 0.01) and 6 (9.53 ± 1.24, P < 0.05) months in comparison with
their respective control groups (5.28 ± 0.23, 6.96 ± 0.53,
6.56 ± 1.1, and 7.12 ± 1.81 respectively), but a significant change
was not observed in the liver at any time point (Fig. 4.C linear graph,
Table 4). The significant increase of OSI was observed in the lung
within short (7.24 ± 1.24, P < 0.05) and long-term (9.32 ± 1.13,
P < 0.001) vs. control groups (6.19 ± 1.01 and 6.84 ± 1.44 re-
spectively) also long-term vs. medium-term groups (P < 0.001). While
no significant change was observed in any of the experimental groups in

the liver (Fig. 4.C bar graph).

3.5. Time-dependent change of GSSG, GSH, and GRR% levels in lung and
liver tissues of CEES-exposed mice

GSSG levels (μM/g wet tissue) in the lung were decreased sig-
nificantly in most groups within 24 h (0.19 ± 0.03, P < 0.01), 1
(0.12 ± 0.04, P < 0.05), 2 (0.13 ± 0.03, P < 0.01) weeks, and
1months (0.13 ± 0.04, P < 0.05); but it was significantly increased
in groups of 5 (0.18 ± 0.02, P < 0.05) and 6 (0.18 ± 0.01,
P < 0.001) months compared with their respective control groups
(0.27 ± 0.04, 0.19 ± 0.03, 0.19 ± 0.01, 0.18 ± 0.01, 0.14 ± 0.04,
0.12 ± 0.03, respectively). Similarly, in the liver, there was a sig-
nificant decrease in the 12 (0.32 ± 0.06, P < 0.05) and 24
(0.48 ± 0.03, P < 0.01) hours and 1month groups (0.30 ± 0.08,
P < 0.05); but it was significantly increased in the group of 6months
(0.52 ± 0.04, P < 0.01) in compared to their respective control
groups (0.46 ± 0.10, 0.58 ± 0.06, 0.42 ± 0.08, 0.43 ± 0.02, re-
spectively) (Fig. 5.A. linear graph, Table 4). In both tissues, a significant
decrease in GSSG level was observed in short (lung 0.15 ± 0.04,
P < 0.01 and liver 0.42 ± 0.12, P < 0.01) and medium-term groups
(lung 0.13 ± 0.04, P < 0.01 and liver 0.34 ± 0.08, P < 0.01), while
GSSG level in long-term period (lung 0.18 ± 0.01, P < 0.001 and
liver 0.51 ± 0.05, P < 0.001) was increased significantly compared to
their respective control groups (lung 0.21 ± 0.06, 0.16 ± 0.03,
0.13 ± 0.04, and liver 0.53 ± 0.11, 0.43 ± 0.07, 0.42 ± 0.06, re-
spectively), short (P < 0.0001) and medium-term groups
(P < 0.0001) (Fig. 5.A. bar graph).

GSH levels (μM/g wet tissue) of the lung within 12, 24 h
(0.53 ± 0.07, 0.61 ± 0.10, P < 0.05), 5 (0.76 ± 0.11, P < 0.05)
and 6 (0.68 ± 0.15, P < 0.01) months also in the liver within 12 h
(2.64 ± 0.48, P < 0.01), 1 (4.61 ± 0.2, P < 0.001), 5
(3.62 ± 0.75, P < 0.01) and 6 (3.19 ± 0.6, P < 0.05) months were

Fig. 3. Time course correlation between oxidative damage indices ((MDA (□), PCO (■) and 8-OHdG (○)) and percent of histopathological damage (●) in the lung
(A) and liver (B) of BALB/c mice after CEES injection. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 4. TOS (A), TAC (B) and OSI (C) levels in lung (■)
and liver (○) of BALB/c mice in various time point after
CEES injection. Values are expressed as percentage of
control (100%) ± S.D. In linear graph, #P < 0.05 com-
paring test vs. control for liver and ⁎P < 0.05 comparing
test vs. control for lung. In bar graph &P < 0.05 com-
paring test vs. control, aP < 0.05 comparing short-term
vs. other groups and bP < 0.05 comparing long-term vs.
medium-term.

Table 4
Dynamic effect of CEES (10mg/kg) on the oxidative stress indices and enzymatic antioxidants in the lung and liver tissues of CEES-exposed mice.

Indices Tissue Time after injection

Short-term Medium-term Long-term

12 h 24 h 1w 2w 1m 2m 3m 4m 5m 6m

Oxidative Stress Indices MDA Lung ― ― ― ― ― ― ― ― ↑ ↑
Liver ― ― ― ― ― ― ― ― ↑ ↑

PCO Lung ― ― ― ― ― ↑ ― ― ↑↑ ↑↑↑
Liver ― ↑↑ ― ― ― ― ― ― ― ―

8-OHdG Lung ↑ ― ― ― ― ↑ ― ― ↑↑ ↑↑
Liver ― ↑↑↑ ↑ ― ― ― ― ― ↑↑↑ ↑↑

TOS Lung ↑↑ ― ― ― ― ― ― ↑ ↑↑ ↑
Liver ― ― ― ― ― ― ― ― ― ―

TAC Lung ― ― ― ― ― ― ― ― ― ―
Liver ― ― ― ― ― ― ― ― ― ―

OSI Lung ↑↑ ― ― ― ― ― ― ↑ ↑↑ ↑
Liver ― ― ― ― ― ― ― ― ― ―

GSH Lung ↓ ↓ ― ― ― ― ― ― ↓ ↓↓
Liver ↓↓ ― ― ― ↓↓↓ ― ― ― ↓↓ ↓

GSSG Lung ― ↓↓ ↓ ↓↓ ↓ ― ― ― ↑ ↑↑↑
Liver ↓ ↓↓ ― ― ↓ ― ― ― ― ↑↑

GRR% Lung ― ― ― ↓↓ ↓ ― ― ― ↑↑ ↑↑↑
Liver ― ― ― ― ― ― ― ― ↑ ↑↑

Enzymatic Antioxidants CAT Lung ― ― ↓ ― ― ― ― ― ― ↓↓↓↓
Liver ― ↓↓↓ ― ― ― ― ― ― ↓ ↓↓

SOD Lung ― ― ― ― ― ― ― ― ― ↓
Liver ― ― ― ― ― ― ― ― ― ―

GST Lung ― ― ↓↓ ↓ ↓ ― ― ― ↓ ↓↓↓
Liver ― ― ― ― ― ― ― ― ― ↓↓↓↓

GPX Lung ― ― ― ― ― ― ― ― ― ↓
Liver ↓↓ ― ↓ ― ― ― ― ― ― ↓↓

GR Lung ― ― ― ― ― ― ― ― ↓ ↓↓
Liver ↓↓ ― ― ― ― ― ― ― ― ↓

*P < 0.05, **P < 0.01, ***P < 0.001 vs. control were shown by (↑), (↑↑) and (↑↑↑) respectively. In addition, (↑), (↓), and (―), respectively show an increase,
decrease, and non-difference.
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significantly decreased compared to their respective control groups
(lung 0.7 ± 0.17, 0.73 ± 0.08, 1.03 ± 0.21, 1.01 ± 0.20, and liver
4.10 ± 0.69, 5.88 ± 0.51, 4.89 ± 0.3, 4.67 ± 1.15, respectively)
(Fig. 5.B. linear graph, Table 4). A significant decrease was observed in
the liver GSH level in all three experimental groups (short 3.6 ± 1.03
P < 0.05, medium 4.44 ± 0.52 P < 0.01, long 3.37 ± 0.68
P < 0.001 respectively) compared with the control groups (short
4.269 ± 0.5, medium 5.15 ± 0.74, long 4.78 ± 0.8, respectively)
also in the lung in the long-term group (0.72 ± 0.13, P < 0.001)
compared to the control group (1.02 ± 0.19). There was a significant
decrease in both tissues of long-term vs. medium-term groups (lung
P < 0.0001 and liver P < 0.05) and similarly in short-term vs.
medium-term groups (P < 0.05) in the lung only (Fig. 5.B. bar graph).

GRR% in the lung had a decreasing trend in the initial time point,
significantly in groups of 2 weeks (10.37 ± 1.87 P < 0.01) and
1month (11.07 ± 2.56 P < 0.05); but it was significantly increased in
groups of 5 (18.33 ± 0.82 P < 0.01) and 6 (21.56 ± 4.50
P < 0.001) months compared with their respective control groups
(15.58 ± 2.06, 14.78 ± 0.90, 12.05 ± 3.74, 10.90 ± 1.95, respec-
tively). Similarly, GRR% in the liver was slightly decreased in most
groups, but a significant increase was seen in the groups of 5
(12.37 ± 3.37 P < 0.05) and 6 (14.30 ± 1.97 P < 0.01) months
compared to the control groups (7.50 ± 1.30, 8.95 ± 2.44, respec-
tively) (Fig. 5.C. linear graph, Table 4). A significant increase of GRR%
in both tissues was noticed in the long-term period (lung 20.46 ± 3.79
P < 0.0001 and liver 13.50 ± 2.69 P < 0.0001) compared to the
control, (lung 11.47 ± 2.87 and liver 8.23 ± 1.35), short (lung and
liver P < 0.0001) and medium-term groups (lung and liver
P < 0.0001) (Fig. 5.C. bar graph).

3.6. The time course change of antioxidant enzymes including CAT, SOD,
GST, GPX and GR activities in liver and lung tissues of CEES-exposed mice

CAT activity (U/mg protein) in the lung was significantly depleted
within 1week (30.60 ± 5.06, P < 0.05) and 6months
(16.71 ± 3.02, P < 0.0001) as well as in the liver within 24 h
(121.4 ± 12.77, P < 0.001), 5 (192.74 ± 34.46, P < 0.05) and
6months (109.30 ± 14.64, P < 0.01) compared to their respective
control groups (lung 36.29 ± 1.67, 31.42 ± 2.31 and liver
168.88 ± 2.24, 232.24 ± 19.49, 174.60 ± 38.1, respectively)
(Fig. 6.A. linear graph, Table 4). A significant decrease of CAT activity
was detectable in both tissues in the long-term period (lung
23.76 ± 8.17 P < 0.01 and liver 151.02 ± 50.20 P < 0.05) in
comparison with the control (lung 32.86 ± 4.94 and liver
203.48 ± 41.72) and medium-term groups (lung P < 0.01 and liver
P < 0.001) and in long-term compared to. short-term groups
(P < 0.001), in lung tissue only (Fig. 6.A. bar graph).

Lung and liver SOD activity (U/mg protein) did not differ sig-
nificantly at any time from the study period except the 6month group
(31.79 ± 5.50, P < 0.05), which was significantly decreased in the
lung compared to control (39.09 ± 5.64) (Fig. 6.B. linear graph,
Table 4). A significant increase in the lung SOD activity was observed at
within the medium-term period (58.96 ± 4.15, P < 0.001) in com-
parison with the control (53.50 ± 3.22) and short-term groups
(P < 0.001) while there was a significant decrease in the long-term
period (36.53 ± 7.06, P < 0.05) than control (42.77 ± 6.21), short
(P < 0.001) and medium-term groups (P < 0.0001). Moreover, a
significantly reduced SOD activity was detected in the liver within long-
term vs. medium-term periods (P < 0.0001) with no significant dif-
ference in any of the three experiments groups than the control group
(Fig. 6.B. bar graph).

GST activity (U/mg protein) in lung tissue within 1 (1.07 ± 0.18,

Fig. 5. GSSG (A), GSH (B) and GRR% (C) levels in the
lung (■) and liver (○) of BALB/c mice in various time
point after CEES injection. Values are expressed as a
percentage of control (100%) ± S.D. In the linear graph,
#P < 0.05 comparing test vs. control for liver and
⁎P < 0.05 comparing test vs. control for lung. In bar
graph &P < 0.05 comparing test vs. control, aP < 0.05
comparing short-term vs. other groups and bP < 0.05
comparing long-term vs. medium-term.
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P < 0.01), 2 (1.09 ± 0.17, P < 0.05) weeks, 1 (1.24 ± 0.2,
P < 0.05), 5 (1.16 ± 0.15, P < 0.05) and 6 (0.64 ± 0.1,
P < 0.001) months was significantly lower than their respective con-
trol groups (1.44 ± 0.11, 1.38 ± 0.16, 1.5 ± 0.1, 1.38 ± 0.15,
1.04 ± 0.17, respectively), but no significant changes were observed
in the liver tissue, except for a significant reduction within sixth month
(9.19 ± 1.67, P < 0.0001) in comparison with the control
(17.44 ± 2.31) (Fig. 6.C. linear graph, Table 4). A significant decrease
of lung and liver GST activity was noticed within the long-term period
(lung 0.9 ± 0.29, P < 0.05 and liver 12.89 ± 4.3, P < 0.01) as
compared to the control (lung 1.21 ± 0.23 and liver 17.49 ± 2.27),
short (lung P < 0.01 and liver P < 0.001) and medium-term groups
(lung P < 0.001 and liver P < 0.01) (Fig. 6.C. bar graph).

The change in lung GPX activity (U/mg protein) was not significant
at any time point from the study period except for a significant re-
duction within sixth month (0.61 ± 0.04, P < 0.05) compared to the

control (0.69 ± 0.06). However, a significant decrease was observed in
the liver within 12 h (2.94 ± 0.46, P < 0.01), 1 week (3.06 ± 0.42,
P < 0.05) and sixth month (5.21 ± 0.78, P < 0.01) in comparison
with their respective control groups (3.9 ± 0.41, 3.52 ± 0.17,
6.86 ± 0.85, respectively) (Fig. 6.D. linear graph, Table 4). A sig-
nificant decrease was noticed in the lung GPX activity within the long-
term (0.57 ± 0.05, P < 0.05) vs. control (0.64 ± 0.08) and short-
term groups (P < 0.01) and similarly, within short (3.08 ± 0.48,
P < 0.01) and long-term (6.16 ± 1.31, P < 0.05) vs. control groups
(3.6 ± 0.4, 7.36 ± 0.91) and medium-term groups (P < 0.001,
P < 0.0001) in the liver (Fig. 6.D. bar graph).

GR activity (U/mg protein) in the lung was significantly depleted
within 5 (0.24 ± 0.02, P < 0.05) and 6month (0.23 ± 0.03,
P < 0.01) as well as in the liver within 12 h (0.5 ± 0.06, P < 0.01)
and 6months (0.68 ± 0.06, P < 0.05) in comparison to their re-
spective control groups (lung 0.27 ± 0.02, 0.29 ± 0.02 and liver

Fig. 6. Antioxidant enzymes including CAT (A), SOD (B), GST (C), GPX (D) and GR (E), activities in the lung (■) and liver (○) of BALB/c mice in various time point
after CEES injection. Values are expressed as a percentage of control (100%) ± S.D. In the linear graph, #P < 0.05 comparing test vs. control for liver and
⁎P < 0.05 comparing test vs. control for lung. In bar graph &P < 0.05 comparing test vs. control, aP < 0.05 comparing short-term vs. other groups and bP < 0.05
comparing long-term vs. medium-term.
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0.68 ± 0.09, 0.79 ± 0.06, respectively) (Fig. 6.E. linear graph,
Table 4). A significant decrease was observed in GR activity in both
tissues in the long-term group (lung 0.24 ± 0.02, P < 0.001, and liver
0.70 ± 0.05, P < 0.01) compared with the control (lung 0.28 ± 0.02
and liver 0.78 ± 0.06); besides, there was a significant decrease within
the long and short-term vs. medium-term groups (P < 0.0001,
P < 0.001) in the lung (Fig. 6.E. bar graph).

4. Discussion

The toxicological effects of SM have been explained by several
cellular and molecular mechanisms. According to some of them, oxi-
dative stress plays an important role in the development of SM-induced
injuries by massive production of ROS and depletion of antioxidant
defense systems [14,15]. Human studies indicate that SM-induced dis-
orders have worsened over time [60]. However, there are very few
reports that describe the effects of SM on oxidative parameters and
antioxidant system over time from short to long-term periods [61].
Time course study of these changes in response to SM is very important
for a better understanding of the acute and delayed events of SM and
the pathophysiological basis of SM-induced injuries. Such investiga-
tions could lead to new therapeutic approaches preventing disease
progression.

In the present study, the animals were exposed to CEES by in-
traperitoneal route for developing the systemic contamination. Then,
we performed a time-course analysis (short, medium, and long-term) of
the oxidative stress biomarkers and cellular antioxidant systems in the
lung and liver tissues of CEES-exposed mice. These tissues have various
structures, composition, and functions. In addition, the lung was con-
sidered as an organ with the most delayed disorder induced by SM
(respiratory problems are the greatest cause of long-term disability in
SM-exposed veterans), and the liver as an organ that has an important
role in detoxification and metabolism of xenobiotics such as SM or their
metabolites. Therefore, regarding the choice of intraperitoneal route
and the different antioxidant capacity of these organs, it is expected
that the severity of response and alteration of the oxidant and anti-
oxidant parameters induced by CEES in these organs will be different.

Malondialdehyde as a final product of lipid peroxidation can be
used as an indicator for measuring the damage from free radical pro-
duction in tissue membranes [62]. In this study, the evaluation of time
course changes of MDA levels in the lung and liver tissues of CEES-
exposed mice revealed insignificant increase of MDA levels in the short-
term (12 and 24 h) and this insignificancy is probably due to the proper
functioning of the enzymatic and non-enzymatic antioxidant system
during the first hours of exposure to CEES. While, the delayed increase
in MDA levels in the long-term group (5 and 6m) can be a direct re-
flection of the oxidative damage in both tissues. To date, no studies
have measured MDA levels in the lung tissue of patients with SM-in-
duced lung injuries. However, a number of the previous studies have
shown the elevated levels of MDA in serum, bronchoalveolar lavage
fluids (BALF) and sputum of these patients in the delayed phase after
SM-exposure [14,63,64].

PCO level, as the biomarker of oxidative stress, was increased in the
lung tissue during the study period, especially within the medium-term
(2month) and long-term periods (5 and 6month). These findings sug-
gest a delayed increase in the oxidative stress status in the lung of CESS-
exposed mice compared to the controls. While, except for 24 h, no
significant change was found at any time point of the study period in
the liver tissue. It is probably due to the high antioxidant capacity and
detoxification activity of the liver tissue compared to the lung tissue
[65]. In this regard, Tahmasbpour Marzony has reported an increased
level of PCO in the BAL fluid of SM-exposed patient [64].

8-OHdG (DNA oxidative damage marker) revealed an initial in-
crease (12h) in the lung tissue. This increase was more significant
especially in the long-term (5 and 6m) groups compared to the control.
The same trend was also observed in the liver tissue with a slight

difference, so that 8-OHdG had shown a higher increase in liver (24 h
and 1week) than lung, which is in line with intraperitoneal adminis-
tration route. This data indicated that DNA repair mechanisms do not
respond to the damage caused by CEES. Therefore, DNA damage is an
early and late event after CEES exposure. Similarity, O'neill et al. re-
ported that 8-OHdG level increases at 18 h after CEES inhalation in rats
[66].

Evaluation of time course correlation between oxidative damage
indices and percent of histopathological damage indicated that there is
a positive correlation between MDA, PCO, and 8-OHdG levels and the
percent of histopathological damage in the lung tissues; moreover, a
positive correlation was detected between MDA levels and percent of
histopathological damage in liver tissue. This correlation finding con-
firms and supports the fact that time course production of ROS and
oxidative injury play an important role in the development of SM-in-
duced injuries.

TAC and TOS provide the feasibility of evaluating all the oxidant
and antioxidant molecules together. OSI (TOS/TAC) is an index of the
oxidative stress degree and indicates the oxidant/antioxidant redox
balance [67]. Our results showed that in the lung tissue, TOS and OSI
were significantly increased within 12 h and then in the long-term
periods from 4 to 6months compared to the control group. Although a
similar pattern of lung changes was observed in the liver tissue, it was
not significant at any studied time points. The observed difference in
TOS and OSI between lung and liver tissues is probably due to the high
antioxidant capacity and detoxification activity of the liver than the
lung tissue [65]. The TAC levels showed no significant difference be-
tween the control and test group in both tissues. The data indicated that
oxidative stress, as a biomarker in the lung, is a short and long-term
event after CEES exposure. To the best of our knowledge, few studies
have examined TAC and TOS in animal models or SM-exposed patients.
Marzony et al. observed the declined levels of TAC in BAL fluids of SM-
exposed patients [68]. In addition, an increase in TOS levels was re-
ported by Soroush et al. in SM-exposed veterans [69].

GSH is an important non-enzymatic antioxidant that plays a crucial
role in both scavenging oxyradicals and detoxification of reactive che-
micals. GSH serves as a cofactor or hydrogen donor for several anti-
oxidant enzymes including GST and GPX [63,70]. The results showed
that the GSH levels of lung and liver tissues of CEES-exposed mice were
significantly decreased in the short-term perid and subsequently re-
covered to normal in the medium-term period and once again decreased
in the long-term period. Depletion of GSH may be due to (1) the loss of
GSH through CEES complex formation followed by metabolism and/or
excretion, (2) increased use of GSH in protecting SH-containing pro-
teins from ROS, (3) decline in the expression (low expression or down-
regulation) of enzymes involved in GSH production. This depletion can
reduce the productivity of antioxidant enzymes (GST and GPX) and
enhance ROS and oxidative injury [71,72]. GSH prevents the oxidation
of proteins in the cell cytoplasm, and probably, the observed reduction
of GSH leads to an increase of PCO levels in the lung tissue within the
long-term period. However, the decrease of liver GSH is not associated
with an increase in PCO levels in the long-term period, because of the
faster turnover of GSH in the liver than the lung [65]. There are many
similar reports in short-term animal models and long-term human
studies that are in accordance with our data [61,73,74]. In addition,
depletion of GSH frequently was reported in serum, BAL fluids, and
sputum of patients several years after SM exposure [14,25,63,75].
Several clinical trial studies have indicated that treatment with GSH
precursors in SM-exposed patients with delayed lung injury can de-
crease markers of oxidative stress and SM-toxicity [30,76,77]. These
findings highlight the importance of cellular GSH as a defense me-
chanism against oxidative stress and lung damages.

Concomitant with GSH changes, the GSSG levels of lung and liver
tissues in the short and medium-term periods were significantly de-
creased in most time groups, while in the long-term period, a significant
increase was observed in 5 and 6month groups.
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GRR%, as an index of oxidative stress, showed a decreasing trend in
the short and medium-term periods in both tissues and then sig-
nificantly increased in the long-term periods compared to the control
group. These findings suggest that an oxidative-antioxidant imbalance
may be considered as one of the major disorders in CEES-induced de-
layed damage. The outcome of such an imbalance is consistent with the
finding of SM-exposure individual indicating that their injuries are
getting worse over time.

The current study results showed that the activity of enzymatic
antioxidants including CAT, SOD, GST, GPX, and GR in the lung and
liver tissues of CEES-exposed mice changed almost with the same pat-
tern; they were first decreased in the short-term period, then reached
the normal level in the medium-term period, and significantly de-
creased during the long-term period.

SOD and CAT are the most important enzymatic antioxidants
against oxidative stress. SOD catalyzes the conversion of radical su-
peroxide to hydrogen peroxide (H2O2), and CAT protects cells against
the toxic effects of H2O2 by decomposing it into oxygen and water
[78,79]. Our results in short-term periods are consistent with the study
by Jafari that showed the intraperitoneal application of acute SM doses
(> 10mg/kg) decreased SOD and CAT activities in liver and brain of
the rat within 2 and 7 days post-treatment [61]. In addition, Husain
et al. showed that 24 h after percutaneous application of SM (0.5 LD50),
the activity of SOD and CAT in blood cells and body tissues of rats were
reduced [80]. Regarding our long-term results, there are numerous
reports of reduced activity of these enzymes in the long-term period
after exposure to SM [26,81–83]. Mirbagheri et al. reported up-reg-
ulation and down-expression of SOD mRNA and SOD proteins respec-
tively in the lung of SM-exposed patients [81]. Similar findings revealed
a significant reduction of SOD and CAT activity in the serum of these
patients [82]. It worth noting that, the approximate stability of SOD
activity in the liver is consistent with the trend of TOS changes in this
tissue.

GST, as a supporting antioxidant enzyme, was proposed to play an
important role in cellular detoxification of xenobiotics and endobiotics
by conjugation with GSH, thereby by neutralizing and increasing their
dissolution, leads to their excretion from cells [56]. On the other hand,
some of the GST isoforms protect cells against oxidative stress products
by breaking peroxidation chain reactions through the removal of hy-
drogen peroxide, and ultimately with both its functions limit tissue
damage [29]. The relative levels of GSH and GST activities in the liver
and lung may be an important factor in the relative susceptibility of
these organs to the toxic effects of xenobiotics. It has been reported that
the GSTs activity is considerably lower in the lung than the liver under
normal conditions. Therefore, the conjugation of xenobiotics and their
metabolites with GSH might be notably slower in the lung [23,65].
Obtained results in our study showed that the intensity of GST changes
over time in the lung was higher than the liver. In addition, our findings
are consistent with previous works reporting the reduction of GST after
SM exposure. A decrease of GST activity within 8 and 24 h in the skin of
mice treated with 2mg of CEES was reported by Kim et al. [84].
Nourani et al. reported the overexpression of GST mRNA in the lung
biopsies of SM-exposed patients, while immunohistochemistry analysis
for GSTs expression in protein levels was negative compared to the
control [85]. Using multiplex PCR method, Dastjerdi et al. showed the
frequency of GSTM1 homozygous deletion was significantly higher in
SM-exposed patients at severe/very severe stage of lung complications
compared to the subjects with mild/moderate lung complications [86].

GPX is an intracellular selenocysteine-containing enzyme acting as a
catalyzer to reduce lipid and hydrogen peroxides to their corresponding
alcohols, thereby protecting the body against oxidative stress. In addi-
tion, GPX uses GSH as an obligate co-substrate in the reduction of hy-
drogen peroxide to water to limit the harmful effects of hydroxyl per-
oxides [87]. Several investigations have shown a reduction of GPX
activity in SM-exposed rats in the lung, liver and serum samples, which
is in agreement with our data [80,88,89].

GR, as dimeric disulfide oxidoreductase, utilizes a FAD prosthetic
group and NADPH to reduce one molar equivalent of GSSG to two
molar equivalents of GSH. The reaction is essential for the maintenance
of glutathione levels in the reduced form [90]. Several studies have
reported GR deficiency in SM-exposed patients, which is in accordance
with our data [29,91].

According to Sawale et al. the level of intracellular GSH and activity
of GR, GPX, and GST enzymes were decreased following the CEES-ex-
posure [92]. Thus, GSH contents and the activity of these antioxidants
in oxidatively damaged cells are strongly correlated. The reduction of
GSH in the acute phase may be related to GSH binding to SM toward
metabolizing and excreting SM from the body. In the delayed phase,
while there is no trace of SM, depletion of GSH frequently was reported
in serum, BAL fluids, and sputum of SM-exposed patients. The actual
mechanism by which SM decreases cellular GSH contents in this phase
is not clear. To find a likely response, several studies have evaluated the
effect of SM on the expression and activity of various antioxidant en-
zymes at the delayed phase of SM-injury [93]. Two of the most recent
studies have revealed up-regulation of GST, and GPX mRNAs in mus-
tard lung biopsies of SM-injured patients, while GR was significantly
down regulated [25,93]. Nevertheless, the expression of these anti-
oxidants at the protein levels was not investigated. Given that our re-
sults in the lung and liver tissues show a significant decrease in GR
activity in the long-term phase, it is expected that the decline in GR
activity to be related to the reduction of protein expression levels. Note
that upregulated genes do not essentially translated into higher protein
expression levels. Therefore, the reduced activity of GPX and GST ob-
served in the long-term phase of the current study may be related to the
deficiencies in GR and the regeneration of GSH, because depletion of
GSH as a cofactor for GST and GPX may decline the activity and pro-
ductivity of these enzymes in cells. In the absence of these enzymes, the
antioxidant defense is decreased leading to the increased ROS accu-
mulation and oxidative injury [25,94]. These events can ultimately
result in inflammation and accumulation of neutrophils, and the gen-
eration of more ROS and more severe damage associated with cell death
and necrosis of the tissue, which are confirmed by our histopathological
outcome.

In conclusion, obtained results showed an increase in oxidative
damage markers and a reduction in the antioxidant defense system in
both lung and liver tissues in the short-term period, while these vari-
ables return to normal in the medium-term period. In addition, in the
long-term, we observed a significant increase in oxidative damage
markers and a significant reduction in the antioxidant defense system
once more. This reduction is considered as a mechanism by which CEES
can enhance ROS accumulation and oxidative injury. It can be sup-
ported by the determined positive correlation between oxidative da-
mage indices (increased levels of MDA, PCO, and 8OH-dG) and the
percent of histopathological damage. In addition the efficacy of other
routes for CEES administration should be studied over time and com-
pared with the results of the present study.
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