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A B S T R A C T   

Introduction: Sulfur mustard (SM) is chemically, bis(2-chloroethyl) sulfide and a strong alkylating agent that 
causes cytotoxicity and blisters on skin. In laboratory animal models, SM is extremely lethal. Since no specific 
antidote has been proposed, decontamination upon contact is the recommended procedure. Several antidotes 
have been screened for SM, and in that sulfanyl compounds, N-acetyl-L-cysteine (NAC) and S-2(2-amino-
ethylamino) ethylphenyl sulfide (DRDE-07) showed good protection. Since they showed protection at high doses, 
the aim of this study was to evaluate the efficacy in combination at low dose, for percutaneously administered 
SM in mice. 
Material and Methods: 4 LD50 of SM (32.4 mg/kg) was administered, and NAC (50 mg/kg), DRDE-07 (25 and 50 
mg/kg) and their combinations were evaluated as 30 min pre-treatment by single oral administration. 
Result: After 72 h of SM exposure, significant decrease in body weight, decrease in hepatic reduced glutathione, 
and increase in hepatic malondialdehyde were observed (P < 0.001), showing oxidative stress. The combination 
of NAC (100 mg/kg) and DRDE-07 (50 mg/kg) showed significant protection (P < 0.01). The severe histo-
pathological lesions induced by SM in liver, spleen and skin were also considerably reduced by the combination. 
Conclusion: The combination of NAC and DRDE-07 having sulfanyl groups, will be promising antioxidants and an 
effective antidote for SM toxicity.   

1. Introduction 

Sulfur mustard (SM), a chemical warfare agent was used initially in 
World War I and thereafter in many conflicts [1]. SM is chemically bis 
(2-chloroethyl) sulfide and a strong alkylating agent, and causes cyto-
toxicity and blisters on human skin [2,3]. SM causes sterile blisters on 
human skin and becomes infectious once the blister ruptures [4]. In 
laboratory animal models, SM may not produce a typical blister, but it is 
extremely lethal. One microliter applied topically on a mouse or rat will 
cause progressive decrease in body weight and death in 10 days [5]. SM 
forms sulfonium ion with a strong electrophilic property in biological 
medium, and binds to many macromolecules including DNA, leading to 
DNA strand breaks [6]. The primary target organs for SM toxicity are 
skin, eyes and the respiratory system. In high concentrations, SM causes 
multiorgan failure and death [7,8]. 

Due to the strong alkylating property particularly with the DNA, SM 
can be used as an anticancer agent [9], but the limitation is that it is 

equally toxic to the normal cells, particularly the rapidly growing cells. 
In contrast some of the nitrogen mustards are used as anticancer agents 
[10]. A variety of synthetic and repurposed drugs were used in vitro and 
in vivo models to alleviate SM toxicity [11]. The therapeutic armamen-
tarium of drugs includes sodium thiosulphate, antioxidants, cytopro-
tective agents, radical scavengers and sulfanyl compounds [12,13]. The 
tested molecules provided only minimum protection and a satisfactory 
molecule is yet to be identified. Since no specific antidote has been 
proposed, decontamination upon contact is the recommended procedure 
[11]. There are few drugs that have shown beneficial effect in SM human 
exposure. Among them sodium thiosulfate and N-acetyl-L-cysteine are 
mentionable [11]. In animal studies sulfanyl compounds like amifostine 
[S-2(3-aminopropylamino) ethyl phosphorothioate], DRDE-07 [S-2 
(2-aminoethylamino) ethylphenyl sulfide] and their analogues have 
been found to be very effective in protecting the lethality of several fold 
LD50 of dermally applied SM [14,15]. 

N-acetyl-L-cysteine (NAC) is a sulfanyl compound and an ester of the 
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amino acid L-cysteine. It is an antioxidant, and prevents oxidative stress, 
inflammation and apoptosis. It is recommended for acetaminophen over 
dose. For several clinical conditions NAC has been found to be very 
effective [16,17]. NAC has several applications viz., as an antioxidant, 
free radical scavenger, anti-inflammatory agent, expectorant, mucolytic 
and vasodilator [18,19]. Several studies carried out on animals and 
humans have shown the promising role of NAC as an adjunct for a va-
riety of clinical conditions, communicable and non-communicable dis-
eases, and an antidote to many drug and chemical induced toxicities 
[20]. NAC has been shown to be beneficial in the management of 
toxicity due to heavy metals, pesticides and chemical warfare agents. It 
is also used as an effective adjunct for viral, bacterial and parasitic in-
fections [21]. Animal studies and clinical trials have proved the effec-
tiveness of NAC in many pulmonary and extrapulmonary complications. 
It is a very safe drug for humans and is available in the form of tablets, 
injectables and sprays. 

DRDE-07 is a sulfanyl containing synthetic compound. Extensive 
preclinical studies have shown that it is safe as a prophylactic agent 
against SM and also against nitrogen mustards [22]. Among the various 
antidotes tested in animal models against percutaneous toxicity of SM, 
DRDE-07 and its analogues have given the highest protection [23]. 
DRDE-07 has also antioxidant, analgesic and anti-inflammatory prop-
erties that are additional benefits in SM and nitrogen mustard toxicities 
[24]. Studies carried out so far show that DRDE-07 protects SM and 
nitrogen mustard toxicity only at high doses [25]. Hence, the aim is to 
show the effectiveness of combined administration of NAC and DRDE-07 
against percutaneous toxicity of SM in mice employing lower doses. 

2. Material and methods 

2.1. Animals 

Swiss mice (between 25–30 g, female), randomly bred and main-
tained at Defence Research and Development Establishment (DRDE, 
India) were used. They were kept in polypropylene cages, three per cage 
on steam sterilised paddy husk and were given pellet feed (Ashirwad 
Ltd. India) and filtered water ad libitum. Appropriate Institutional Ani-
mal Ethics Committee approval was obtained for this study as per the 
guidelines of the Committee for the Purpose of Control and Supervision 
of Experiments on Animals (CPCSEA, India). 24 h prior to SM exposure, 
hair on the dorsal side of the mice was closely clipped. To avoid influ-
ence of food on the absorption of the orally administered compounds, 
food material was removed 2–3 hr before. 

2.2. Chemicals 

S-2(2-aminoethylamino) ethylphenyl sulfide (DRDE-07) synthesized 
in the Synthetic Chemistry Division of DRDE was used [26]. The purity 
of DRDE-07 was found to be above 99 % (high performance liquid 
chromatographic analysis). SM was also synthesized (above 99 % by gas 
chromatographic analysis). N-acetylcysteine (NAC) was purchased from 
Sigma Chemicals (USA) and polyethylene glycol (PEG-300) was pur-
chased from Merck (India). Other chemicals of analytical grade were 
procured from Qualigens (India). 

2.3. Experimental design 

The protective efficacy of NAC and DRDE-07 alone, and in combi-
nations at different doses were studied against SM on selected haema-
tological and biochemical variables. The following were the eight study 
groups (6 mice each):  

A Distilled water, p.o. + PEG-300 p.c. (control)  
B Distilled water, p.o. + SM, 4 LD50, p.c. (SM-4LD50)  
C NAC, 50 mg/kg, p.o. + SM, 4 LD50, p.c. (NAC-50)  
D DRDE-07, 25 mg/kg, p.o. + SM, 4 LD50, p.c. (DRDE07− 25)  

E DRDE-0750 mg/kg, p.o.+ SM, 4 LD50, p.c. (DRDE07− 50)  
F NAC,25 mg/kg, p.o.+ DRDE-0725 mg/kg, p.o.+ SM, 4 LD50, p.c. 

(NAC-25+DRDE07− 25)  
G NAC,50 mg/kg, p.o.+ DRDE-0750 mg/kg, p.o.+ SM, 4 LD50, p.c. 

(NAC-50+DRDE07− 50)  
H NAC,100 mg/kg, p.o.+ DRDE-0750 mg/kg, p.o.+ SM, 4 LD50, p.c. 

(NAC-100+DRDE07− 50) 

The antidotes were dissolved in water and administered orally once, 
30 min prior to SM exposure using a 20-gauge stainless steel oral gavage 
cannula. Animals in control and SM-4LD50 groups received distilled 
water as pre-treatment. PEG-300 was applied on the dorsal side of mice 
in the control group. The SM dose applied was 4 LD50 (32.4 mg/kg, p.c.), 
and 1 LD50 of SM is 8.1 mg/kg, p.c. [25]. SM was diluted in PEG-300 and 
30–50 μL was applied on the dorsal side of the mice on an area of 1.5 cm 
diameter, following all safety procedures [22]. Since NAC is a known 
compound and the effects have been proven against SM including 
humans, one dose of NAC, 50 mg/kg was used. This reduced the number 
of groups. 

2.4. Sample collection 

72 h after SM exposure, blood was taken from ocular plexus under 
anaesthesia. The mice were sacrificed and liver, spleen, kidney and skin 
were removed for evaluation. White blood cell (WBC) count, red blood 
cell (RBC) count and haemoglobin (Hb) were estimated in whole blood 
samples. Liver, spleen and kidney, and skin from the wound site were 
dissected out, cleaned and weighed. A portion of liver sample was used 
for the estimation of reduced glutathione (GSH) and malondialdehyde 
(MDA) levels. A portion of liver, spleen and skin were preserved in 
Bouin’s fluid for histological studies. 

2.5. Organ to body weight ratio 

It was calculated as percentage of organ weight divided by the ani-
mal weight for liver, spleen and kidney 

2.6. Haematological and biochemical variables 

RBC and WBC counts, and Hb of blood were estimated using Beck-
man Analyser (USA). Hisin and Hilf (1976) [27] method was used for the 
estimation of hepatic GSH. For this, 250 mg of liver sample was ho-
mogenized in 5 ml of phosphate ethylene diamine tetra acetic acid 
buffer (pH 8.0) and metaphosphoric acid (25 %). After centrifugation, 
ortho-phthaldialdehyde was added as a fluorescent dye to the super-
natant. Lipid peroxidation was analysed by estimating the level of MDA, 
using the modified method of Easterbauer and Cheeseman (1990) [28]. 
Briefly, 200 mg of liver sample was homogenized in 0.15 M potassium 
chloride and 30 % trichloroacetic acid. 0.8 % thiobarbituric acid was 
added and boiled for 30 min. MDA was calculated by the molar 
extinction coefficient of 1.58 × 105/M per cm, by measuring the 
absorbance of the supernatant at 535 nm. 

2.7. Histopathological observation 

The samples of liver, spleen and skin were fixed in Bouin’s fluid. 
After fixation, small pieces of tissues were processed by dehydration in 
30 %, 40 %, 50 %, 60 %, 70 %, 80 %, 90 % and absolute ethanol. After 
dehydration, the tissues were transferred to the clearing agent (toluene) 
and embedded in paraffin wax. Sections of 5− 6 μm thickness from each 
block were taken and stained with haematoxylin and eosin for micro-
scopic examination. The lesions were characterized using LEICA-QWIN- 
500 image analyzer and converted as percentages. 
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2.8. Statistical analysis 

The haematological and biochemical data were analyzed using one- 
way ANOVA with Student Newman Keul’s multiple comparisons test. 
The hypotheses were tested comparing the control group with other 
groups (given as ‘a’), and comparing the SM exposed group with other 
groups (given as ‘b’). Using the mean value of the control group the 
other group values are converted to percentages and represented. For 
statistical significance P < 0.05 was taken. The statistical analyses and 
plotting of graph were done using SigmaPlot 13 (Systat Software, USA). 

3. Results 

The percent change in body weight, and liver, spleen and kidney 
weights are given in Table 1. One-way ANOVA showed significant dif-
ference in the body weight changes (P < 0.001). SM administration (4 
LD50) showed 30 % decrease in the body weight in three days. There was 
no protection in the body weight change in DRDE07− 25 and NAC- 
25+DRDE07− 25 groups and they showed significant decrease in body 
weight when compared to the control group. DRDE07− 50, NAC- 
50+DRDE07− 50 and NAC-100+DRDE07− 50 groups showed signifi-
cant protection in body weight when compared to the SM group, 
showing that the combination is beneficial. Similar to body weight 
decrease, the percent liver weight and spleen weight were also 
decreased in SM group, but they were not statistically significant (P =

0.176 and 0.075 respectively). The percent kidney weight was signifi-
cantly different among the groups (P = 0.007), and the SM group 
showed the lowest weight. NAC-50 and DRDE07− 50 showed increased 
kidney weight compared to the control group. The decrease in spleen 
weight in SM group was more than the liver and kidney weights when 
compared to the control group (28 %). 

The percent change in WBC, RBC and Hb are given in Table 2. The 
WBC count and Hb did not show any statistically significant difference 
among the groups (P = 0.155 and 0.260 respectively), but statistically 
significant difference was seen in RBC count (P = 0.006). A statistically 
significant increase in RBC count was observed in NAC-50 and 
DRDE07− 50 groups when compared to the control. Though, not sta-
tistically significant, the SM group showed increased RBC count and Hb 
with a decrease in WBC count. 

The percent change in liver GSH and MDA are given in Fig. 1. A 
statistically significant difference was observed in liver GSH among the 
experimental groups (P < 0.001). Compared to the control group, the 
SM group and the NAC-50 group showed 46 % and 37 % decrease 
respectively. The combination groups viz., NAC-25+DRDE07− 25, NAC- 
50+DRDE07− 50 and NAC-100+DRDE07− 50 showed statistically sig-
nificant protection in liver GSH when compared to the SM group (P <
0.05). A significant protection was also observed when compared to 
NAC-50 alone group (P < 0.05), but not with DRDE07− 50 alone group. 
A 37 % increase in liver MDA level was observed in SM group (P <
0.001). All the treatment groups showed significant decrease in the liver 
MDA level compared to the SM group (P < 0.05). The combination of 
NAC-100+DRDE07− 50 group showed the highest protection. 

The histological observations of liver, spleen and skin of control, SM 
and the treatment groups are given in Figs. 2, 3 and 4 . The liver of 
control mice showed the lobules, radially arranged hepatocytes from the 
central canal and the portal triad. Liver sections of mice with SM (4 
LD50) showed massive disorganized hepatocytes, hypertrophied Kupffer 
cells, infiltration of inflammatory cells, vacuolation and necrosis. 
Severity of the lesions was less in the treatment groups. The combination 
groups of NAC with DRDE-07 showed considerable reduction in hepatic 

Fig. 1. Percent change in reduced glutathione (GSH) and malondialdehyde 
(MDA) levels in liver. 
Control values - GSH = 2.79 + 0.12 μmol/g tissue, MDA = 1.17 + 0.17 nmol/g 
tissue. 
Values are mean + SEM (n = 6 each). 
aSignificantly different from control group. 
bSignificantly different from SM group. 

Table 2 
Percent change in white blood cell count, red blood cell count and blood 
haemoglobin.  

Group WBC (%) RBC (%) Hb (%) 

Control 100 + 11.0 100 + 2.9 100 + 3.5 
SM-4LD50 75 + 7.3 118 + 8.8 116 + 4.1 
NAC-50 73 + 9.0 147 + 12.8a 115 + 6.6 
DRDE07− 25 71 + 9.0 120 + 6.8 122 + 6.03 
DRDE07− 50 64 + 9.2 143 + 12.5a 113 + 7.3 
NAC-25+DRDE07− 25 112 + 23.8 98 + 5.7 96 + 3.9 
NAC-50+DRDE07− 50 100 + 23.4 102 + 5.9 95 + 6.3 
NAC-100+DRDE07− 50 119 + 24.9 114 + 17.3 109 + 19.8 
F =

P =
1.629 
0.155 

3.441 
0.006 

1.335 
0.260 

Control values -. 
White blood cell count (WBC) = 12.5 + 0.3 × 103 cells/μL. 
Red blood cell count (RBC) = 8.6 + 0.1 × 106 cells/μL. 
Blood haemoglobin (Hb) = 12.4 + 0.2 g/dL. 
Values are mean + SEM (n = 6 each). 
bSignificantly different from SM group. 

a Significantly different from control group. 

Table 1 
Percent change in body weight, liver weight, spleen weight and kidney weight.  

Group Body 
weight (%) 

Liver 
weight (%) 

Spleen 
weight (%) 

Kidney 
weight (%) 

Control 100 + 2.8 100 + 2.0 100 + 8.5 100 + 3.7 
SM-4LD50 70 + 2.0a 82 + 2.4 72 + 6.2 84 + 6.0 
NAC-50 88 + 5.2 90 + 7.2 84 + 14.5 115 + 10.9b 

DRDE07− 25 80 + 2.9a 85 + 5.7 68 + 7.2 94 + 6.5 
DRDE07− 50 92 + 3.0b 88 + 2.0 79 + 10.7 110 + 4.1b 

NAC- 
25+DRDE07− 25 

71 + 3.9a 86 + 4.4 91 + 12.1 87 + 5.5 

NAC- 
50+DRDE07− 50 

95 + 6.1b 91 + 3.0 95 + 9.2 109 + 7.1 

NAC- 
100+DRDE07− 50 

90 + 8.8b 87 + 4.8 107 + 4.4 86 + 6.7 

F = 5.215 1.559 2.026 3.349 
P = < 0.001 0.176 0.075 0.007 

Values are mean + SEM (n = 6 each). 
a Significantly different from control group. 
b Significantly different from SM group. 
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lesions. Control mice spleen showed the germinal centre, red pulp and 
white pulp. Depletion and loss of lymphoid follicle with accumulation of 
fibrinoid material was observed in SM group (4 LD50). The treatment 
groups showed lesser lesions and the combination groups of NAC and 
DRDE-07 showed substantial decrease in the lesions with marked pro-
tection. The control mice skin showed epidermis comprising of stratified 
epithelium, adnexal tissue (hair follicle and sebaceous glands) and the 
connective tissue. Following SM (4 LD50) exposure, coagulative necrosis 
of epidermal cells extending to the dermis, loss of connection from 
basement membrane, infiltration of inflammatory cells in the dermis 
and edema were observed in the area surrounding the wound. Leuco-
cytes and RBCs in a network of fibrin covered the degenerated dermo- 
epidermal region. Severe adnexal atrophy was observed in all the SM 
exposed mice. The treatment groups also showed more or less similar 
severity of lesions on the skin with the combination treatment groups 
showed reduced severity of necrosis. 

The severity of lesions in control, SM and the treatment groups on 
liver, spleen and skin are summarised in Table 3. In general, SM 
administration showed more than 45 % lesion severity in liver, spleen 
and skin. The individual treatments of NAC-50, DRDE07− 25 and 
DRDE07− 50 groups showed less than 45 % severity of lesions. The 
combination groups viz., NAC-25+DRDE07− 25, NAC-50+DRDE07− 50 
and NAC-100+DRDE07− 50 groups showed less than 22 % severity of 
lesions, showing the protective effect of the combination of NAC and 
DRDE-07. The severity of skin lesions was more or less similar in all the 
experimental groups. 

4. Discussion 

Percutaneously administered SM is extremely toxic. Earlier publi-
cations show that major quantity of SM evaporates and only a small 
quantity is absorbed [29]. However, being a highly lipophilic com-
pound, SM quickly binds to the skin and subsequently absorbed. Hence 
physical decontamination should be done very quickly [11]. In biolog-
ical system SM forms sulfonium ion with very high electrophilic prop-
erty and binds to majority of cellular macromolecules [30]. Other than 
decontamination a better therapeutic approach is to restrict the sec-
ondary biochemical events of alkylation and prevent cell death. The 
toxicity of SM in humans is generally confined to skin, eyes and respi-
ratory system when exposed to vapours or droplets [31]. Contamination 
with large quantity leads to systemic poisoning with multiorgan failure 
and death [32]. The most interesting phenomenon is that in animal 
models (mouse, rat and rabbit), SM exposure by percutaneous route is 
more toxic than the subcutaneous, oral or intraperitoneal routes irre-
spective of the diluent used [5]. Some of the nitrogen mustards also 
show similar peculiar phenomenon [33,34]. In animal models though 
skin blisters are not generally visible but systemic toxicity is very pro-
found. This shows that the breakdown products of SM alkylation from 
the skin induce more damage than the subcutaneously injected SM, 
bypassing the skin. 

The effect of SM starts 24 h after dermal application with weight loss. 
The weight loss is progressive and in 12–14 days, about 50 % of weight 
loss was observed. The animals would appear extremely weak and 
emaciated. In sublethal LD50 doses, the animals recover and gain weight 

Fig. 2. Photomicrograph of liver tissue (H & E; 
100x). 
Representative image of each group 
(A) Control mice showing normal hepatic 
chord, hepatocytes, central canal and kupffer 
cells; (B) SM-4LD50 arrow showing severe ne-
crosis, arrowheads showing ballooning of he-
patocytes and distortion of lobular pattern; (C) 
NAC-50 arrow showing reduction of severity 
of lesions as compared to B; (D) DRDE07− 25 
arrow showed slight decrease in severity of 
degenerative changes than B; (E) DRDE07− 50; 
(F) NAC-25+DRDE07− 25 arrow showing min-
imal degenerative changes as compared to B; 
(G) NAC-50+DRDE07− 50; (H) NAC- 
100+DRDE07− 50   
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[15]. The body weight loss is one good indicator of the toxic effects of 
SM. In the present study, within 3 days more than 30 % decrease in body 
weight was observed. Though, NAC and DRDE-07 improved the body 
weight, the combinations of NAC and DRDE-07 showed significant 
improvement, showing antagonistic effect on SM toxicity. The loss of 
body weight in SM is due to reduced consumption of food and water, 
which is also reflected on the vital organs. About 20–30 % decrease in 
the organ weights was observed in the present study. NAC with DRDE-07 
combinations showed reduced effects. SM administration increases 
membrane permeability, reduction of extra cellular volume, free radical 
generation and oxidative stress [35]. This may be the reason for reduced 
body weight as well as the organ weights in the unprotected animals. 
Many of the earlier reports showed that the antidotes studied were 
effective only prophylactically and not therapeutically against SM 
toxicity in vivo showing that once the cascade of events are initiated it is 
rather difficult to intervene [36]. 

GSH exerts cytoprotective activity by inhibiting reactive oxygen 
species, restoration of damaged molecules by hydrogen donation, 
reduction of peroxidases, and maintenance of protein thiols in the 
reduced state [37]. SM forms sulfonium ions in the body and binds with 
the sulfhydryl groups [38]. This results in oxidative stress with a 
decrease in the level of GSH and an increase in lipid peroxidation [22, 
39]. Several in vitro and in vivo studies have reported that GSH is 
increased following DRDE-07 treatment, thereby preventing oxidative 
stress [14,34,39]. 

NAC acts as an antioxidant directly and is also a precursor for the 

synthesis GSH. The amino acid cysteine is one of the components of GSH 
which is a tripeptide. The availability of cysteine is generally less and 
NAC supplementation compensates for the synthesis of glutathione. 
NAC provides protection from toxic liver damage by elevating intra-
cellular GSH levels [40]. As a source of SH groups, NAC can enhance 
glutathione-S- transferase activity, promote detoxification, and act 
directly on reactive oxygen free radicals [41]. SM toxicity increases lipid 
peroxidation which increases membrane permeability. This leads to an 
increase in RBC count and Hb due to haemoconcentration [42]. The 
combined administration of NAC and DRDE-07 protected all the effects. 
These results were supported by histopathological examination which 
revealed recovery from necrosis to normal architecture, particularly in 
the liver and spleen. The effect of SM on the skin is more of a local effect 
causing severe necrosis and break down of cellular components [43]. 
This leads to the cascade of systemic effects with oxidative stress and 
lipid peroxidation which is protected by the sulfanyl compounds. Hence, 
the protection of skin lesions by the antidotes are not complete, though 
systemic toxicity is reduced. The combination therapy showed better 
improvement particularly in the GSH level than the mono therapy and 
hence is more suitable. 

NAC has additional benefits of directly binding to toxic metabolites 
like N-acetyl-p-benzoquinoneimine in acetaminophen over dose, 
mucolytic property by breaking the disulphide bonds and reducing the 
viscosity of mucus and vasodilatation due to production of nitric oxide 
[21]. As a mucolytic and antioxidant, NAC can be supplemented with 
steroids and antibiotics for effective treatment of SM toxicity in humans. 

Fig. 3. Photomicrograph of spleen tissue (H & 
E;100x). 
Representative image of each group 
(A) Control mice spleen showing normal 
spleenic histology with germinal center, red 
pulp and marginal zone of white pulp; (B) SM- 
4LD50 arrow showing severe necrosis/ 
apoptosis; (C) NAC-50 arrow showing fibrinous 
exudates and arrowheads showing necrosis/ 
apoptosis; (D) DRDE07− 25; (E) DRDE07− 50 
arrow showing fibrinous exudates and arrow-
heads showing necrosis/apoptosis; (F) NAC- 
25+DRDE07− 25 showing lymphoid depletion; 
(G) NAC-50+DRDE07− 50 arrow showing 
fibrinous and arrowheads showing lymphoid 
depletion ; (H) NAC-100+DRDE07− 50   
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Several studies have shown that NAC administration by oral, intraper-
itoneal, intravenous and by inhalation is very effective as an antioxidant, 
anti-inflammatory and cytoprotectant for SM toxicity [44]. NAC is an 
effective drug for phosgene and aluminium phosphide poisoning also 
[45,46]. 

Lipophilicity is an important property for the effectiveness of the 
compound. Compared to amifostine, DRDE-07 is more lipophilic, and 
hence can cross the cell membrane and protect from SM toxicity [47]. 
This explains the better prophylactic capability of orally administered 
DRDE-07. Amifostine, which is an analogues to DRDE-07 is effective as a 
cytoprotectant against cisplatin when it was given intravenously and not 
orally [48]. 

Presently, in several disease conditions the calcium permeable 
transient receptor potential channels are implicated. The transient re-
ceptor potential ankyrin 1 (TRPA1) is involved in pain and inflamma-
tion. SM activated human TRPA1 (hTRPA1) channels and NAC 
administration directly inhibited SM induced stimulation of hTRPA1 
[49]. TRPA1 and TRPV1 (transient receptor potential vanilloid 1) 
channels are involved in itch and common skin diseases and NAC 
inhibited the TRP channels [50]. 

NAC is also an effective drug for influenza and other viral diseases 
and hence is in clinical trial for COVID-19 infection [51]. NAC is an 
approved drug and available in the form of tablets, injectables and 
spray. Though, DRDE-07 is in preclinical stage, amifostine which is 
analogues to DRDE-07 is used as a cytoprotectant for cisplatin, cyclo-
phosphamide, and radiation therapy [52]. 

5. Conclusion 

From the present study, it is concluded that the combination of NAC 
and DRDE-07 having sulfanyl groups will be a promising and effective 
antidote for SM toxicity. They can also be considered for other condi-
tions in which oxidative stress is a cause for the toxicity. 
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Fig. 4. Photomicrograph of skin (H & E; 100x). 
Representative image of each group 
(A) Control mice skin section showing normal 
arrangement of epidermis, dermis, hair follicles 
and sebaceous glands; (B) SM-4LD50 arrow 
showing inflammation, atrophy dermoepi-
dermal sepration; (C) NAC-50 showing hyali-
nization; (D) DRDE07− 25; (E) DRDE07− 50 (F) 
NAC-25+DRDE07− 25 arrow showing coagu-
lative necrosis of epidermis penetrating deep 
into dermis along with necrotic inflammatory 
cells; (G) NAC-50+DRDE07− 50 showing mild 
to moderate decrease in severity of skin lesions 
compared to B; (H) NAC-100+DRDE07− 50.   
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