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Abstract

Sulphur mustard is a chemical warfare agent, which was largdy
used during the World War One and in Irag-Iran conflict. It may
also be used as a chemical terrorism agent. Therefore, medical
professions should have sufficient knowledge and be prepared
for medical intervention of any such chemical attack.

Sulphur mustard exerts direct toxic effects on the eyes, skin,
and respiratory tract, with subsegquent systemic actions on the
nervous, immunologic, hematologic, digestive, and reproductive
systems. It is an alkylating agent that affects DNA synthesis and
thus, delayed complications have been considered since the
World War One. Cases of malignanciesin the target organs par-
ticularly in hematopoietic, respiratory, and digestive systems
were reported. Common deayed respiratory complications in-
clude chronic bronchitis, bronchiectasis, frequent bronchopneu-
monia, and pulmonary fibrosis, al of which tend to deteriorate
with time. Severe dry skin, delayed keratitis, and reduction of
natural killer cells with subsequent increased risk of infections
and malignancies are a so among the most distressing long-term
consequences of sulphur mustard intoxication. However, despite
extensive research that has been conducted on Iranian veterans
during the past decades, mgjor gaps continue to remain in the
sulphur mustard literature. Immunological and neurological dys-
functions and the relationship between exposure to sulphur mus-
tard and mutagenicity, carcinogenicity, and teratogenicity are
important fields that require further studies, particularly on Ira-
nian veterans with chronic health problems caused by sulphur
mustard poisoning. Thereis also a paucity of information on the
medical management of acute and delayed toxic effects of sul-
phur mustard poisoning, a subject that greatly challenges the
medical professions.
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Introduction

he present article has been prepared by utilizing the
experience of the first author and the literature review.

PubMed was searched using various names for sul-
phur mustard. The search included human exposure, poison-
ing, and complications of sulphur mustard since 1983, when
the Iraqi army started chemical war gas attacks on the Iranian
troops. The first author's collections of literature on sulphur
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mustard included the books, monographs and
old articles were used as well. We aimed to
describe the basic chemistry and toxicology of
sulphur mustard as well as its clinical effects
and long term complications. Special attention
was paid to studies on the Iranian veterans
with history of exposure to sulphur mustard
during the Iran-lrag war. Case reports and
unpublished data were excluded to reach
higher evidence-based information. Therefore,
the headings and subheadings were chosen
based on the above objectives. The present
article is not a meta analysis or critical review
on sulphur mustard. We have tried to prepare
a descriptive text on sulphur mustard with spe-
cial reference to the Iranian patients for the
medical and health care professionals.

Ethical Consideration

All studies performed by the authors and
presented in this review followed the standard
ethics. They were all confirmed by the Medical
Research Ethics Committee of Mashhad Uni-
versity of Medical Sciences and were carried
out after obtaining written informed consents
from the patients.

Chemistry

Sulphur mustard is a bis (2-chloroethyl) sul-
phide, which was first synthesized in 1822 by
Despretz. Its chemical structure is shown in
figure 1.

Sulphur mustard

R

Figure 1: Chemical structure of sulphur mustard
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Various Names of Sulphur Mustard

Sulphur mustard is also known as yperite
(Ypres was the place of its first military use in
Belgium), Lost (acronym of the German chem-
ists Lommel and Steinkopf who investigated
the military use of this chemical), and yellow
cross that comes from the German shells
which were marked with a yellow cross,
means: “skin damaging agent”.!

Sulphur mustard is also known as HS ("Hun
Stuff*) or Levinstein mustard. Undistilled
sulphur mustard contains 20-30% impurities.
Distilled sulphur mustard that is approximately
96% pure was military coded as HD. The term
"mustard gas" usually refers to this variety of
sulphur mustard.?

Sulphur Mustard Synthesis

In 1886, Victor Meyer was the first to pre-
pare pure sulphur mustard by the reaction of
thiodiglycol with phosphorus trichloride.

3(HO-CH,CH,),S + 2PCl; — 3(CI-CH,CH,),S
+ 2P(OH);

Thiodiglycol was prepared by the reaction
of 2-chloroethanol with potassium sulphide.
Thiodiglycol can also be prepared by the
American process, in which ethylene oxide
reacts with hydrogen sulphide.

In the Meyer-Clarke method, concentrated
hydrochloric acid (HCI) instead of PCl; is used
as the chlorinating agent:

(HO-CH,CH,),S + 2HCI — (CI-CH,CH,),S +
2H,0

Sulphur mustard was produced for use as a
chemical warfare agent by what is known as
the Levinstein process — the reaction of ethyl-
ene with sulphur dichloride before the World
War One (WWI).2

CH2CH2 + SC|2 — (Cl'CHzCHz)zs

Based upon the information in the media
after the Irag- Iran war, it seems that sulphur
mustard produced in Iraqg by the above
thiodiglycol reactions.

Brief Physical and Chemical Properties

Sulphur mustard is an oily liquid, which is
colourless if pure, but normally ranges from
pale yellow to dark brown. Slight garlic or
horseradish type odour as the Iranian veter-
ans also described. Its density is 1.27 g/ml,
melting point of 14.4 °C and boiling point of
217 °C. SuIPhur mustard is only 0.05% solu-
ble in water.™”



Sulphur mustard is generally considered as
a “persistent” chemical agent because of its low
volatility. In cool weather there is little vapor;
however, mustard’s evaporation increases as
the temperature increases. At higher tempera-
tures, such as those in the Middle East during
the hot season (38°C to 49°C), mustard vapor
becomes a major hazard.*®

Historical Uses

Sulphur mustard has been the most widely
used chemical warfare agent in the past cen-
tury. It was first employed extensively in WWI
between 1914 and 1918. Despite the Geneva
Protocol in 1925 prohibits the use of chemical
warfare agents, sulphur mustard was used by
Italian troops in Ethiopia (1935-36), and by
Egyptian forces in Yemen (1963-67). The
greatest military use of sulphur mustard was by
the Iragi army against Iranian soldiers and
even civilians in Sardasht and Halabjah be-
tween 1983 and 1988, resulting in over
100,000 chemical casualties.*®

Although there have been no substantiated
reports of the use of sulphur mustard by terrorist
groups, the simplicity of its chemical synthesis
does offer the potential for use by terrorists.

Types of Exposure

According to the situation involved, several
types of exposure including single, multiple,
secondary, subclinical, and chronic may occur.

Most human cases of sulphur mustard poi-
soning have occurred during armed conflicts and
most accidents were a single exposure.”® Multi-
ple low sulphur mustard exposure occurred
occupationally and during the WWI and in the
Iran-Iraq conflict.*® First aid workers, nursing and
medical staff without proper personal physical
protection who were looking after sulphur mus-
tard casualties in the field clinics and hospitals
during the Irag-lran war, have become intoxi-
cated. Some of them are now suffering from the
delayed toxic effects of sulphur mustard and
have disabilities of 5 to 25%."

Low level sulphur mustard exposure with or
without symptoms, but with delayed or long-
term health effects has been described in de-
tails.®® Subclinical exposure to sulphur mustard
in some Iranian combatants induced delayed
toxic effects. Seventy seven patients, who were
present in a contaminated area and had no
acute symptoms or signs at the time of expo-
sure, are now suffering from respiratory disor-
ders such as bronchiectasis and bronchiolitis
obliterans.™

Sulphur mustard poisoning in Iranian veterans

Chronic sulphur mustard exposure is usu-
ally occupational. Some factory workers in Ja-
pan and UK have been reported to have sul-
phur mustard poisoning and malignancies
caused by sulphur mustard.™**

Routes of Exposure

Inhalation is the major route of exposure,
which induces respiratory and systemic toxicity
after absorption across the lung surface.**"
However, sulphur mustard is a vesicant or blis-
tering agent that has direct toxic effects on the
skin, producing erythema, blistering, epidermo-
lysis, and necrosis. It is a lipid soluble com-
pound and thus can be readily absorbed
across the skin.*** Its vesicant properties were
first noted by Guthrie in 1860."

The eyes are the most sensitive organs to
sulphur mustard. This marked susceptibility is
attributable to the agueous—mucous surface of
the cornea and conjunctiva as well as the high
turnover rate and intense metabolic activity of
the corneal epithelial cells."™*®

Sulphur mustard may also enter the body
by oral ingestion. We observed a few Iranian
combatants during the war who had ingested
food contaminated by sulphur mustard and that
subsequently became intoxicated. They ex-
perienced nausea, vomiting, hematemesis,
abdominal pain and dyspnea. Sulphur mustard
may also be absorbed through the lower gas-
trointestinal tract.” Injection is a very rare route
of sulphur mustard intoxication and has not
been reported in human beings.

Toxicity

Exposure to very high doses of sulphur
mustard in the field may induce convulsions
and death in less than one hour.***" Such ob-
servations have not been reported during the
Irag-Iran war. Acute toxic effects generally ap-
pear after a variable period of latency depend-
ing on the dose, mode of exposure, environ-
mental temperature, and probably the individ-
ual's characteristics.>**"*°

Subacute exposure occurred during the
Iran-lrag war and in the workers in sulphur
mustard munitions factories. However, this
type of exposure may present as a mild acute
intoxication or a complication in the respiratory
tract or even as malignancy.”

Delayed toxic effects of sulphur mustard
have been documented. The first report of de-
layed toxic effects in Iranian veterans was re-
ported in 1986.% Several articles on the de-
layed toxic effects and complications of sulphur
mustard in Iranian veterans have been pub-
lished since then 2101314101822
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Several studies suggest that workers who
were chemically exposed to mustard agents in
British and Japanese munitions factories de-
veloped chronic respiratory effects. In a cohort
mortality study of 3500 workers at a manufac-
turing plant in England, a statistically significant
increase in the number of deaths caused by
influenza, pneumonia, bronchitis, and asthma
were reported. This was present even among
those with less than 3 years of employment at
the plant and so was not related to the duration
of employment.**

A 25-year follow-up study of workers ex-
posed to sulphur mustard in a Japanese pro-
duction plant revealed that more highly ex-
posed workers had more chronic bronchitis
and a slightly lower ratio of forced expiratory
volume at one second to the forced vital ca-
pacity (FEV1/FVC) than either the less-
exposed or an unexposed group of their co-
workers."” In another study, Brown reported a
large number of employees, who worked at
the Huntsville Arsenal in Alabama. They were
continuously exposed to the gas over long
periods of time and developed bronchiectasis
with progressive emphysema and narrow at-
tenuated bronchioles.™

Toxicodynamics

The monofunctional mustards have one alky-
lating site and, therefore, can attack and break
the DNA at specific nucleotides. Although sul-
phur mustard reacts with RNA, proteins, and
phospholipids, the consensus view is that a
DNA alkylate plays an important role in de-
layed toxic effects.”*** The major alkylating site
of nucleic acids of mammalian origin is the ni-
trogen residue of guanine.” Cell death from
DNA cross-linking is delayed until the cell repli-
cates its DNA or undergoes division. At higher
cellular exposures, however, mechanisms other
than DNA cross-linking become important and
produce more rapid cell death. The acute dam-
age to the cornea, other mucous membranes,
and skin seen following exposure to sulphur
mustard is probably generated by one or more
of these mechanisms. One mechanism that
may be involved in acute damage is nicotina-
mide adenine dinucleotide (NAD) depletion.
Other potential mechanisms of cell death are
related to rapid inactivation of sulfhydryl contain-
ing proteins and peptides, such as glutathione.
These sulfhydryl compounds are critical in
maintaining the appropriate oxidation-reduction
state of cellular components. Glutathione is also
important in reducing reactive oxygen species in
the cell and preventin%peroxidation and loss of
membrane integrity. >
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Toxicokinetics

Sulphur mustard is absorbed by inhalation,
through the skin, or via the anterior surface of
the eye. It may also be absorbed through the
gastrointestinal tract following consumption of
contaminated food. When delivered as liquid or
vapour, the skin plays a very important role as
a port of entry for sulphur mustard. It under-
goes hydrolysis producing half -mustard and
thiodiglycol, which is the major metabolite and
is excreted in urine.

From the total mustard that penetrates, only
10-20% is fixed to macromolecules in skin. The
remaining 80-90% is rapidly transported away
from the site of absorption by the circulation.?**
In terminally ill patients with cancer, 80-90% of
the radioactivity of the injected **C labelled sul-
phur mustard disappeared after several minutes
from the blood and was excreted mainly in the
urine within 24 hours.**

Sulphur mustard is eliminated in a two-
compartment model. Its distribution is quick with
a long terminal half life (5.56 min and 3.59
hours, respectively). Its volume of distribution at
steady state (Vdss) is 74.4 L.** Whole body
autographic studies with **S labelled sulphur
mustard have shown that elevated radioactivity
was detected in the nasal region, followed by
the kidneys, liver, and intestines at all times
studied after percutaneous or intravenous ad-
ministration.*®* In human beings, unhydrolysed
sulphur mustard can be present in brain and fat
depots even days after exposure.** Only limited
data are available on biotransformation of sul-
phur mustard in man. Two studies in rats re-
vealed that conjugation with glutathione was
more important than hydrolysis.**** More recent
investigations demonstrated that 60% of the
dose was excreted in the 24-hour urine.*

Toxic Effects on Cells

Toxic effects of sulphur mustard on cell me-
tabolism in different organs may cause severe
dysfunctions leading to malignancies. Sulphur
mustard is classified as a carcinogen by the In-
ternational Agency for Cancer Research. There
is no evidence for the mutagenicity of sulphur
mustard and no evidence of teratogenicity was
found in rats treated with different doses of sul-
phur mustard.*

Human studies indicate a causal associa-
tion between occupational exposure to sulphur
mustard and the excessive occurrence of res-
piratory cancer, skin cancer, and possibly leu-
kemia.*” A significant excess of death (33
cases against 0.9 expected) caused by respira-
tory cancer was found among former workers of
the Japanese poison gas factory that operated



from 1929 to 1945.% Similarly, highly significant
excess in the cancers of the larynx, pharynx,
and other parts of upper respiratory tract was
observed in former employees of a British plant
that manufactured sulphur mustard. A moder-
ate, but still significantly higher mortality than
normal population was also observed resulted
from lung cancer.®® Gastric cancer, basal cell
carcinoma, Bowen’'s disease, Bowen’s carci-
noma, and skin spinocellular have all been re-
ported following occupational exposure to mus-
tard gas.***

A few studies are available regarding the re-
productive effects of sulphur mustard. Intrave-
nous injection of sulphur mustard in male mice
results in damage to the testes, with inhibition of
spermatogenesis.”” Nevertheless, the damage
is usually transient, because testicular recovery
is observed in 2 weeks, with the formation of
mature sperms 4 weeks after exposure. A two-
generation study of rats indicated that exposure
to sulphur mustard at levels of 0.03, 0.1, and 0.4
mg/kg/day did not have any adverse effects on
the reproductive performance or the fertility of
male or female rats throughout two consecutive
generations, except for an altered sex ratio in
the 0.4 mg/kg group.*®

Toxic Effects on the Organs

Acute toxic effects of sulphur mustard on
the eyes, respiratory tract, and the skin are
more prominent. Eyes are the most sensitive
organs to sulphur mustard. The first symptoms
of exposure to sulphur mustard are usually
those of the eyes.*'****® Next to the eye le-
sions, the greatest discomfort produced by
mustard gas results from irritation and toxicity
of the respiratory system. Respiratory effects
occur in a dose dependent manner from the
nasal mucosa to the terminal bronchioles.*®?*°

Direct toxic effects of sulphur mustard on
the skin are the main apparent effects that lead
it to be called a vesicant or blistering agent. A
German and an Iranian medical toxicologist
(the first author) classified the cutaneous mus-
tard gas lesions which described under the
clinical manifestations.*

Gastrointestinal effects following exposure
to sulphur mustard have been documented in
some studies. Destruction of the mucosa and
shedding of the epithelial elements, however,
begin days after exposure, resulting in loss of
large volumes of fluid and electrolytes.”*
Acute gastroduodenitis with hemorrhagic ero-
sions, acute desquamative enteritis, and se-
vere hemorrhagic necrotic colitis that were re-
ported in veterans of WWI were not observed
in Iranian veterans.*®

Extremely heavy exposure to sulphur mustard

Sulphur mustard poisoning in Iranian veterans

can cause central nervous system excitation
leading to convulsions in animals.'” Balali-Mood
and Navaeian reported convulsions in six Ira-
nian veterans who were admitted to hospital
during the early stages of their intoxication.”
Most casualties from WWI and the Iran-lraq
conflict, however, revealed mild and very non-
specific neurological effects such as headache,
anxiety, fear of the future, restlessness, confu-
sion, and lethargy.”®* A frequent long-term
complication in patients exposed to sulphur
mustard is delayed neuropathic symptoms,
which are ngarser represented in most previ-
ous studies.®*’

Hemato-Immunological Effects

Sulphur mustard as an alkylating agent is
particularly toxic to rapidly proliferating cells
such as lymphoid and bone marrow cells. Leu-
kocytosis is common within the first few days
after exposure. White blood cell counts then
begin to drop on the 3rd and 4th days after
exposure and reach their minimum level
around the 9th day. This leukopenia is followed
by a decrease in megakarg/ocytes and finally in
the erythropoietic series.**° Bone marrow bi-
opsies have shown hypocellular marrow and
atrophy involving all the elements.”® If cyto-
penia is not marked and there are still remain-
ing stem cells, recovery will take place as the
patient recovers.****** The bone marrow stud-
ies reveal a severe decrease in cellularity and
fat replacement, and nuclear changes, such as
budding, double nuclear, and karyorrhexis in
erythrocyte precursors. The toxic effects of
sulphur mustard on the haematopoietic system
are dose dependent and it is concluded that it
causes aplastic or ineffective hematopoiesis.>
Severe leukopenia, however, is an ominous
sign, leading to secondary infections and
higher mortality rates in these patients. Victims
of sulphur mustard poisoning with white blood
cell counts of 200 cells/mL or less die during
their initial admissions.*®

Sulphur mustard poisoning could result in
impairment of both humoral and cellular im-
mune functions.>**°® Along with the appearance
of clinical disorders, both C3 and C4 titres rise,
followed by a gradual decrease over 1 year.
Most of the patients with exposure to sulphur
mustard had increased levels of IgG and IgM
during the first weeks and up to 6th month after
exposure.”®

Depression of cell-mediated immunity has
been observed in Iranian veterans up to 3 years
after exposure.> Natural killer (NK) cells, which
are known to be one of the most important
components of the cellular immunity, have been
found to be significantly lower in patients with
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severe resEJiratory complications 10 years after
exposure.” In a controlled study, the number of
NK cells was still significantly lower 16 to 20
years after exposure.>

Acute Clinical Manifestations

The first contact with sulphur mustard is not
painful and only a garlic or sulphur odour can
be noticed. Normally, a symptom-free interval
is observed for several hours. The duration of
this interval correlates inversely with the ab-
sorbed dose of sulphur mustard.

Target Organs

Respiratory tract, eyes, and skin are the
three major target organs for the toxic effects
of sulphur mustard. However, other organs
including the central nervous system, digestive
and cardiovascular systems are also affected.
The frequency of acute clinical effects of sul-
phur mustard in different organs of 233 pa-
tients treated in Imam Reza hospital in Mash-
had (northeast Iran) a few days after exposure
in May 1984 is shown in figure 2.%°

100 4

Frequanaoy( %)

Figure 2: Frequency of acute clinical effects of sulphur
mustard in different organs of 233 patients treated in
northeast Iran a few days after exposure.

Eyes

Initial clinical symptoms and signs occur in
the eyes within 1 hour after exposure, starting
with a sensation of grittiness, a progressive
soreness, and a bloodshot appearance, then
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proceeding to acute conjunctivitis. After several
hours, the corneal epithelium begins to vesi-
cate and slough, leading to severe pain, ble-
pharospasm and decreased visual acuity.
Gradual spontaneous recovery usually occurs
after 48 hours, with full regeneration of the
corneal epithelium within 4 to 5 days. Com-
plete symptomatic recovery, however, may
take 6 weeks or longer.*'#4348

Skin

Skin effects start with erythema a few hours
after exposure with no itching or pain leading
to blister formation and further lesions within
hours and days later.**" Different types of the
cutaneous mustard gas lesions may occur.
They have been classified as below:
* Erythematous form
* Pigmentary exfoliation
* Superficial vesicular to bullous form
* Bullous necrotization
» Deep necrotizing nonbullous form, and
« Allergic and toxic contact reactions of the skin
Different forms of the cutaneous lesions may
be observed in one patient simultaneously.
The pigmentary exfoliative form is often ob-
served with severe lung damage.**

Respiratory Tract

Respiratory symptoms usually occur after
the eyes, but earlier than the skin lesions.
Dyspnea, coughing, and chest discomfort are
the first symptoms progressing to acute rhino-
pharingotracheobronchitis. In severe cases,
bronchopneumonia, adult respiratory distress
syndrome, and even pulmonary emboli may
develop causing mortali% mostly in the second

week after exposure.*>®

Neuropsychiatric Effects
Low dose exposure may result in headache,
nausea, vomiting, and loss of appetite.*®*’

Gastrointestinal Effects
Higher dose exposure may damage more
severely the gastrointestinal tract.>’

Immuno-Hematological Effects

Exposure to sulphur mustard affects the
immune system and the bone marrow. This
may result in immune suppression, leuco-
poenia, diarrhea, fever, weakness and, in
very severe cases, excitation of the central
nervous system with convulsions.******° The
maximum intensity of symptoms can be
reached after days. An exposure to large
doses of sulphur mustard can cause damage
to the hematopoietic and the immune sys-
tem.49‘5°'52



Toxicological Analyses

Environmental

Environmental identification of sulphur mus-
tard in the field is of great medical importance
to confirm the diagnosis and to evaluate and
decontaminate those exposed. Decontamina-
tion of the environment also requires agent
identification.

Identification of sulphur mustard in the air is
now possible using portable detectors, special
biosensors that are available in some ad-
vanced chemical defence laboratories. It is
also possible to quantify sulphur mustard con-
centration in the air using a portable gas chro-
matograph-mass spectrometer.®

Sulphur mustard is a very stable compound,
which can be identified in the soil many months,
and even years, after exposure under particu-
larly cold environmental conditions. Sulphur
mustard and its hydrolysis products including
half-mustard and thiodiglycol can be identified
and quantified by the specific and sensitive ana-
Iytical methods such as gas chromatography
mass spectrometry.®®®*

It is insoluble in water and its hydrolysis in
the environment is very slow.

However, identification of sulphur mustard
in water is possible in advanced environmental
and chemical, biological, radiological, and nu-
clear (CBRN) defense laboratories by gas
chromatography mass spectrometry.>’

Patients

Alkylation products of sulphur mustard with
DNA and proteins (e.g. hemoglobin and albu-
min), as well as its urinary metabolites have
proven useful targets for the diagnosis of expo-
sure to sulphur mustard in human beings. Uri-
nary markers are readily accessible, although
their rapid elimination, limits their use for retro-
spective detection. Adducts with macromole-
cules such as proteins, offer longer lasting bio-
logical markers for exposure to sulfhur mus-
tard, possibly up to several months.®

Blood

The primary site of DNA alkylation by sulphur
mustard is the N7 position of deoxyguanosine
residues.”” Upon depurination of the resulting
N7-(2- hydroxyethylthioethyl)  0-2"-  oxy-
guanosine, N7-(2- hydroxyethylthioethyl) guanine
(N7-HETE-Gua) is obtained. While gas chroma-
tography-mass spectrometry (GC-MS) analysis
has proved problematic, N7-HETE-Gua is con-
veniently analyzed using liquid chromatography-
mass spectrometry (LC-MS).**** The adduct can
be detected in urine, and also after processing of
skin and blood samples of animals exposed to

Sulphur mustard poisoning in Iranian veterans

sulphur mustard. An enzyme-linked immunosor-
bent assay (ELISA) has been successfully de-
veloped using monoclonal antibodies raised
against N7-HETE guanosine- 5'- g)hosphate
coupled to keyhole limpet hemocyanin.®

This method was applied to blood samples
from two casualties of the Iran-lIrag War, col-
lected 22 and 26 days following the alleged ex-
posure to sulphur mustard.*® The alkylation of
proteins by sulphur mustard mainly occurs on
carboxyl, amino, and sulfhydryl groups, and on
the nitrogens of the imidazole ring of histidine.
Definitive evidence of specific alkylation sites
can be obtained by using modern MS tech-
niques. While MS methods can be used to con-
firm the diagnosis under more sophisticated
conditions, the ELISA approach has been
mainly developed for use under field condi-
tions. Haemoglobin and albumin are two abun-
dant proteins in human blood that can be read-
ily isolated for determination of sulphur mus-
tard adducts.**®

Urine

While the hydrolysis product of sulphur mus-
tard, namely thiodiglycol, is only a minor metabo-
lite, the sulfoxide derivative of thiodiglycol is
abundantly present in the urine and can be re-
duced to thiodiglycol for GC-MS analysis.*

Unfortunately, both thiodiglycol and its sulfox-
ide are not unequivocal markers of poisoning in
human beings and low concentrations are pre-
sent in normal human urine.®” The -lyase me-
tabolites, which are derived from an initial reac-
tion of sulphur mustard with glutathione, are un-
equivocal biomarkers and can be reduced to
thioether derivatives for subsequent GC-MS
analysis.”® This method has been applied to
urine samples from two human casualties acci-
dentally exposed to the agent and from five Ira-
nian casualties of chemical war attacks. The -
lyase metabolites were detected in one sample
collected 13 days after the alleged exposure to
sulphur mustard.”*"

Blister Fluid

Analysis of the vesicle fluid for thiodiglycol
may suspect exposure to sulphur mustard. The
fluid contained in the vesicles is non-toxic, and
presents no risk to the attending medical staff.”

Tissue

DNA adducts can be also detected in skin
of people exposed as it was done after proc-
essing in animals exposed to sulphur mus-
tard.®® Organ tissues of the post-mortem sam-
ples taken from chemical Iranian martyrs re-
vealed sulphur mustard with different concen-
trations in different organs.****
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Post-Mortem

Toxicological analyses of the post-mortem
samples (blood, urine, organ tissues) of an Ira-
nian combatant who died in Belgian hospitals
revealed sulphur mustard.** The detailed bio-
logical fate of sulphur mustard in Iranian chemi-
cally poisoned patients who admitted to British
hospitals including post-mortems toxicological
analyses has been reported.”

Delayed Toxic Effects

During the Iran—Iraq war, about 100,000 peo-
ple suffered from exposure to sulphur mustard.
Now after 20 years, about 40,000 veterans have
complained of delayed effects that poison-
ing.*>**™ The first report of delayed toxic effects
in Iranian veterans was reported in 1986.> The
most prominent late clinical effects were ob-
served in the respiratory tract (78%), nervous
system (45%), skin (41%), and eyes (36%).”*
The delayed toxic effects on the eyes as chronic
conjunctivitis and on the skin as hyperpigmenta-
tion in a patient 6 weeks after exposure to sul-
phur mustard is shown in figure 3.

Figure 3: Chronic conjunctivitis and skin hyperpigmentation
in a patient 6 weeks after exposure to sulphur mustard

Chronic

Chronic occupational exposure to sulphur
mustard is discussed above. Most of the clinical
symptoms and signs were observed in the res-
piratory tract, presenting as coughing with or
without productions, dyspnea, wheezing, and
bronchial rale. Chronic bronchitis, obstructive
and restrictive lung diseases leading to chronic
obstructive pulmonary diseases (COPD) and
bronchiectasis have been reported.** Malignan-
cies, particularly in the respiratory tract and he-
matopoietic system, may occur.”*

Complications

It is very difficult to differentiate between the
delayed toxic effects and complications of sul-
phur mustard poisoning. However, complica-
tions may be defined as the persistent, perma-
nent, and life threatening delayed toxic effects
of sulphur mustard. Long-term complications of
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sulphur mustard are discussed below.
Long-Term Complications

Information on the long-term effects of expo-
sure to sulphur mustard comes from two major
sources of investigations: Firstly, the studies of
soldiers who were exposed to the agent on the
battlefield and secondly the studies of workers
who were employed in mustard gas factories
(occupational exposure). While long-term ef-
fects after battlefield exposure are referred to
as “late” or “delayed” complications, the term
“chronic” seems to be more suitable for the
complications caused by occupational expo-
sure. It must also be emphasized that delayed
effects generally occur months or years after a
single or brief exposure and are not the same
as chronic poisoning, which comes from con-
tinuous exposure to the poison over a relatively
long period of time. The first report on the de-
layed toxic effects of sulphur mustard poison-
ing in 236 Iranian veterans revealed that the
most common effects were on the respiratory
tract (78%), CNS (45%), skin (41%), and the
eyes (36%). These effects were recorded be-
tween 2 and 28 months after exposure.”> Com-
parison of early (1 week after exposure) and
late (2 years after exposure) toxic effects of sul-
phur mustard poisoning in 77 victims indicated
that eye lesions do not change significantly,
dermal complications tend to decrease, and
respiratory comglications generally deteriorate
over the years.******™ |n a study of 34,000 Ira-
nians, 13 to 20 years after exposure to sulphur
mustard, the most common complications were
found in the lungs (42.5%), eyes (39%), and the
skin (24.5%)." In a group of 40 severely intoxi-
cated Iranian veterans in Mashhad, 16 to 20
years after their initial exposure, the most com-
monly affected organs were lungs (95%), pe-
ripheral nerves (75%), skin (72.5%), and the
eyes (67.5%) as shown in table 1.

Table 1: Frequency of delayed complications of sulphur
mustard in different organs of 40 Iranian veterans in
Mashhad (northeast Iran), 16-20 years after exposure.

Organs Number of pa- Percentages
tients

Respiratory tract 38 95

Peripheral nerves 30 75

Skin 29 72.5

Eyes 27 67.5

Respiratory

Respiratory complications are the greatest
cause of long-term disability among people with
exposure to sulphur mustard. A triad of cough,
expectoration, and dyspnea has been found to
be present in more than 80% of Iranian



veterans 3 years after their initial exposure.®*°
Haemoptysis (mainly streaky), chest tightness,
chest pain, and nocturnal dyspnea is also fre-
guent. The main objective clinical findings are
generalized wheezing (the most common
sign), crackles, decreased lung sounds, club-
bing, and cyanosis.®**"

Pulmonary function testing has revealed
more obstructive patterns than restriction. About
half of these obstructive spirometric parameters
reverse in response to inhaled bronchodilators.
FVC, FEV1, and FEV1/FVC (FEV1%) have all
been found to be significantly lower in sulphur
mustard intoxicated veterans in comparison with
healthy non-exposed individuals and survivors
of chemical war attack who had used a gas
mask at the time of attack.*®*>"* Abnormal spi-
rometric findings in general, and restrictive pat-
terns in particular, tend to increase over
time.*®" A study was conducted on 77 victims
who were present in a contaminated area and
had no acute signs and symptoms at the time of
exposure, showed late respiratory disorders.
This study indicated that subclinical exposure to
sulphur mustard could be responsible for the
occurrence of delayed respiratory complications
such as bronchiectasis and bronchiolitis obliter-
ans.” Chest radiography in patients with late
respiratory complications of sulphur mustard
has been shown an increased bronchovascular
markings, hyperinflation, bronchiectasis, pneu-
monic infiltration, and radiologic evidence of
pulmonary hypertension.®”* However, such ra-
diography is not sensitive enough for the detec-
tion of respiratory complications in these pa-
tients and high resolution computed tomography
(HRCT) of the chest may be required as the
diagnostic imaging procedure of choice.>”®"" A
study of 197 Iranian veterans 10 years after a
single heavy exposure to sulphur mustard re-
vealed that a series of delayed destructive pul-
monary sequelae were developed, such as
chronic bronchitis (58%), asthma (10%), bron-
chiectasis (8%), large airway narrowing (9%),
and pulmonary fibrosis (12%).”® Each of these
complications is described in more detail below.

1. Chronic bronchitis: Several studies have
reported chronic bronchitis as the most common
late complication of the respiratory system result-
ing from exposure to mustard gas.>*%**"®

Hypoxemia and hypercapnia are commonly
observed in moderate to severe cases, leading
to cor pulmonale and respiratory failure in the
final stages of the disease.*®*%"® Infection of the
respiratory tract, resulting in bronchopneumonia,
is also a common problem often complicated by
septicemia.*®*®

2. Asthma: Airway hypersensitivity, mani-
fested as typical attacks of breathlessness,
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wheezing, and nocturnal cough, as well as a
reversible obstructive pattern on pulmonary
function tests, have been reported between four
weeks to 20 years after sulphur mustard inhala-
tion. Patients with chronic bronchitis may also
have some degree of bronchospasm, which
does not respond to bronchodilators. Attacks of
bronchospasm are characteristically triggered
by respiratory infections, environmental aller-
gens, and cold weather.”®®*®> New techniques,
such as impulse oscillometry, have been used
for evaluation of airway dysfunction. However,
it was found less sensitive than spirometry in
spotting small airways obstructions. Impulse
oscillometry is a good diagnostic method in the
detection of pulmonary involvements in non-
cooperative patients.®®

3. Bronchiectasis: Direct effects of sulphur
mustard on the bronchial wall mucosa and, more
recurrent respiratory infections following inhala-
tions of sulphur mustard are known to be re-
sponsible for the development of bronchiectasis.
Both the severity and frequency of bronchiectatic
lesions tend to increase over the long-term fol-
low-ups, as evidenced by a study of 40 Iranian
veterans with severe late complications of sul-
phur mustard poisoning.® These lesions usually
begin bilaterally in the lower lobes and then pro-
gress toward the middle lobe and the lingula. In
severe cases with extensive bronchiectatic le-
sions, pulmonary hypertension and ultimately cor
pulmonale may occur.®%"*°

4. Large airway narrowing: Airway narrow-
ing, resulted from scarring or granulation tissue,
is a late sequel of acute injuries to the trachea
and large bronchi, usually developing 2 years
after exposure.?®° A study of 19 Iranian veter-
ans with large airway narrowing caused by sul-
phur mustard, revealed stenosis in the trachea
(seven patients), main bronchi (eight patients),
and lobar bronchi (four patients).®® In contrast to
stenosis caused by prolonged intubations, there
is no predilection in the right main bronchus.®>®
The major problem in these patients is the re-
currence of the lesion, which usually occurs 6
months after treatment.*

5. Pulmonary fibrosis: Late onset pulmonary
fibrosis has been reported in several Iranian vet-
erans with exposure to sulphur mustard.*** The
analysis of bronchoalveolar lavage fluid from pa-
tients with mustard gas inhalation showed that
these patients have an ongoing local inflamma-
tory process of the lower respiratory tract result-
ing in the development of pulmonary fibrosis
years after the initial exposure. Histopathological
examination of transbronchial lung biopsies of
veterans exposed to sulphur mustard revealed
variegated fibrosis, diffuse fibrosis, and an ab-
sence of fibrosis in 86%, 4%, and 10% of the
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patients, respectively. Usual interstitial pneu-
monitis accounted for 97% of all cases of fibro-
sis.”® In another study, electron microscopic
examination of seven transbronchial lung biop-
sies was carried out in a WHO research center
in Japan. Abnormal findings included: prolifera-
tion, desquamation, and degeneration of the
bronchial epithelial cells, interstitial fibrosis or
fibrosing alveolitis and an increased type | and
type Il alveolar epithelial cells as well as hy-
perplasia of ciliated and goblet cells.*® Inflam-
mation and fibrotic processes in the lung tissue
of patients exposed to sulphur mustard may be
progressive.”® Diffusing capacity of the lung
could be used as an objective monitor of the
degree of fibrosis and also as a good predictor
of prognosis.”® A clinical review on the respira-
tory complications of sulphur mustard has
been published in June 2007 in Iranian Journal
of Medical Sciences.”

Dermal

The occurrence and persistence of lesions
after exposure to sulphur mustard are directly
related to the duration and severity of exposure.
Injury that results in erythema and edema with-
out vesicle formation is almost always followed
by a complete healing and no residual ef-
fects.*** Blistering and necrotic wounds, how-
ever, cause permanent residual effects. The
first report of delayed toxic effects of sulphur
mustard poisoning two years after exposure, in
236 Iranian veterans, revealed late skin effects
such as hyperpigmentation (34%), hypopigmen-
tation (16%), and dermal scarring (8%).“* The
most common skin complaint among these pa-
tients was itching followed by a burning sensa-
tion and desquamation. These symptoms are
basically caused by dryness of the skin and
thus become worse in dry weather and after
physical activity. A more recent study of 40 Ira-
nian veterans, who were heavily exposed to the
gas 16 to 20 years previously, revealed the
most common cutaneous lesions as hyperpig-
mentation, erythematous papular rash, dry skin,
multiple cherry angiomas, atrophy, hypopigmen-
tation, and hypertrophy.® These lesions were
found on the genital areas (48%), the back
(48%), the front thorax and abdomen (44%),
lower extremities (mainly inguinal) (44%), upper
extremities (mainly auxiliary) (41%), and the
head and neck (15%). Dry skin was more
prominent in the extremities. Hyperpigmentation
in some patients had the appearance of pig-
mented xerodermoid, which is a diffuse hyper-
pigmented area with superimposed macular
hypo- and hyperpigmentations.®**

In another study, the cutaneous lesions of
500 Iranian veterans exposed to sulphur mustard

164 Iran J Med Sci September 2009; Vol 34 No 3

were compared with 500 of unexposed veter-
ans. An association was found between the
exposure and late skin lesions such as severe
dry skin, hyper- and hypopigmentation, local
hair loss, eczema, and chronic urticaria.”
There was also a higher incidence of vitiligo,
psoriasis, and discoid lupus erythematosus
among the poisoned patients. This could be
resulted from the immunological basis of these
disorders and the fact that sulphur mustard has
adverse long-term effects on the immune sys-
tem. Previously injured sites have been re-
ported to be sensitive to subsequent mechani-
cal injury and showed recurrent blistering after
mild injury.®

Histopathological examination of skin biop-
sies has revealed non-specific findings includ-
ing epidermal atrophy, keratosis, and basal
membrane hyperpigmentation. Non-specific
fibrosis and melanophages have also been
observed within the dermis.®**%* Occupational
exposure to sulphur mustard has been demon-
strated to cause a variety of skin changes, in-
cluding pigmentary disorders, skin ulcers, and
cutaneous cancers.*®

Ophthalmologic

In less than 1% of patients with battlefield
exposure to sulphur mustard, a delayed type of
ulcerative keratopathy may develop, leading to
late-onset blindness.***® The maximum de-
layed toxic effects usually occur 15 to 20 years
after initial exposure, although latency periods
as long as 40 years or as short as 6 years
have also been reported.'®®®*% Patients are
usually symptom-free when delayed keratitis,
characterized by photophobia, lacrimation, and
failing vision develops.®” In acute stages, the
limbal region frequently presents a marbled
appearance in which porcelain like areas of
ischemia is surrounded by blood vessels of
irregular diameter. Later, vascularized scars of
the cornea are covered with crystal and cho-
lesterol deposits, leading to a worsening of the
opacification, recurrent ulcerations, and some-
times corneal perforation. Opacification of the
cornea is seen predominantly in the lower and
central portions, whereas the uEper part is of-
ten protected by the eyelid.®”*° Surprisingly,
lesions even recur after corneal transplanta-
tion.”® The exact pathogenesis of this condition
is unknown, but degenerative processes and
immune reactions against corneal proteins
(collagen-mustard compound) have been sug-
gested as the cause of long-term damage.”
Unfortunately, there has been no report on any
long-term studies on mustard gas workers to
determine their ocular status after prolonged
occupational exposure.



Psychiatric Complications

Casualties from WW!I and from the Iran-Iraq
conflict were noted to have long-term mood
and anxiety disorders, as well as post-
traumatic stress disorder (PTSD).”*'®° Debility,
loss of vitality, impaired concentration, sensory
hypersensitivity, diminished libido, weakened
potency, neuralgic complaints, and disorders in
autonomic regulation are the common manifes-
tations. Neuropsychiatric evaluation of 1428
Iranian veterans, 3 to 9 years after exposure to
sulphur mustard, revealed anxiety (15%), de-
pression (46%), personality disorders 531%),
convulsions (6%), and psychosis (3%).*® Dis-
orders of consciousness (27%), attention
(54%), emotion (98%), behavior (80%),
thought process (14%), and memory (80%)
were studied in 70 patients, 3 to 5 years after
exposure to sulphur mustard.”” Depression
and post-traumatic stress in Iranian survivors
of chemical warfare, mostly sulphur mustard
exposure, were also reported.”®'®" In another
study, decreased libido and impotence were
recorded in 52% and 9% of patients, respec-
tively. Quite interestingly, 10% of the patients
revealed an increased libido. Functional pho-
tophobia, functional aphonia, and effort syn-
drome have also been reported.®

Neuromuscular Conditions

Electromyography and nerve conduction
velocity, on 40 Iranian veterans with severe
late manifestations of sulphur mustard poison-
ing, revealed abnormalities in the peripheral
nervous system of 77.5% of the patients. Dis-
turbances in nerve conduction velocity were
more common in sensory nerves compared
with motor nerves and more prevalent in the
lower extremities than in the upper extremities.
Electromyographic recordings revealed a nor-
mal pattern in 24 (60%) patients, incomplete
interference with normal amplitude in 6 (15%)
patients, and incomplete interference with low
amplitude in 10 (25%) patients. Disturbances in
nerve conduction velocity and electromyography
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in both upper and lower extremities were
mostly symmetric.®®

Immunologic and hematopoietic myelo-
suppression is the most serious effect of sul-
phur mustard. Sulphur mustard can cause
long term effects on the immune system in
patients with severe intoxication. The im-
paired immunity is probably responsible for
the increased risk of infections in these pa-
tients. Forty men with the mean age 43.8+9.8
years, who had confirmed as having sulphur
mustard poisoning 16 to 20 years before the
study, were investigated. Significant changes
of haematological and immunological parame-
ters in these patients compared with 25 con-
trols are summarized in table 2.>*

Mutagenicity

A two-generation study of rats indicated
that mustard gas was not teratogenic.*” There
has been no other report on the teratogenicity
of sulphur mustard and no clear evidence of
this problem after human exposure has been
made, although there have been some claims.

Carcinogenicity

Sulphur mustard is genotoxic because of its
reactions with DNA, which is an important first
step in carcinogenesis. Although most cells
possess effective DNA repair mechanisms,
these are not always effective in the case of
sulphur mustard damage. Alkylation of O6-
guanine by sulphur mustard seems to be criti-
cal. O6-ethylthioethylguanine is a poor sub-
strate for the DNA repair enzyme O6-
alkylguanine-DNA alkyltransferase.™® There-
fore, this O6-lesion may be the most important
mutagenic lesion. However, only limited data
are available on the specific mutations pro-
duced by sulphur mustard. Mutations in a tu-
mor suppressor or an oncogene gene can fa-
vour a proliferate advantage of a clonal cell.
Notably, alterations in the p53 tumor suppressor
gene have been described in Japanese mus-
tard gas workers.'®

Table 2: Significant changes of haematological and immunological parameters in 40 patients with severe sulphur mustard

intoxication compared with 25 controls.

Patients Controls P value

Mean * SD Mean * SD
WBC count 1000/ mm3 7.24 +1.90 579 +1.12 0.025
RBC count Million/mm3 5.46 + 0.45 5.19+£0.28 0.035
Monocyte % 48+ 1.6 39+11 0.013
HCT % 48.3+ 3.5 455+1.9 0.047
IgM mg/dl 235.3+84.8 136.8 + 58.3 0.0001
C3 Micg/dl 109.8 + 30.1 90.9 £ 14.8 0.03
CD3% 71.1+86 65.6 + 10.7 0.037
CD16+5 (NK cells) 11.6+5.8 175+ 9.6 0.006

WBC: white blood cell, RBC: red blood cell, HCT: hematocrit, SD: standard deviation
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However, most of the lesions in this popula-
tion were similar to smoking related mutations.
Mutations in lymphocytes at the hypoxanthine
phosphoribosyltransferase (hprt) gene locus
have also been reported.'*

Reproductive

The effects of exposure to sulphur mustard
during pregnancy are unknown. Data address-
ing the productive toxicities of sulphur mustard
in human models are both lacking and contra-
dictory.™®

Cardiotoxicity

There has been only one report on the car-
diotoxicity of sulphur mustard in Iranian veter-
ans.’® Myocardial perfusion scans of 22 con-
secutive patients intoxicated with sulphur mus-
tard (21 men and one woman, all < 44 years)
more than 15 years before the study was com-
pared with 14 controls. Pattern of myocardial
perfusion in intoxicated patients was signifi-
cantly different from normal controls resem-
bling either coronary artery disease or mild
cardiomyopathic changes.'%

Management

Specific

No effective antidote has been developed for
the treatment of sulphur mustard poisoning in
human beings. Sodium thiosulfate and N-
acetylcysteine have been considered, although
the acute clinical efficacy of these agents has
yet to be established. Sodium thiosulfate infu-
sion (10%) may prevent the toxic manifestations
of sulphur mustard, providing it is administered
immediately after an exposure and no later than
30 minutes after exposure.'%"*%®

In a recent study,'® polymerase inhibitors,
anti-inflammatory drugs, antioxidants, matrix
metalloproteinase inhibitors, and probably regu-
lators of DNA damage repair were identified as
promising approaches to improve treatment. In
another report,"™ the new ways of treatment
were about N-acetyl cysteine for lung injury,
poly (ADP-ribose) polymerase inhibitors,
calmodulin antagonists and calcium chelators.
Therapeutic effects of all these medications
have not yet been confirmed in humans.

No specific treatment has been described for
the delayed toxic effects and complications of
sulphur mustard in different target organs. How-
ever, recent clinical studies revealed that mac-
rolides such as azithromycin and antioxidants
may improve respiratory symptoms and pulmo-
nary function. Interferon gamma could improve
the pulmonary function of such patients with
bronchiolitis.*’*®*> Therapeutic effects of these
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compounds have yet to be confirmed.

Supportive

Supportive care focuses on the prevention
and treatment of infection and reduction of
pain. Given the range of chronic health effects
of sulphur mustard, patients are best managed
by multidisciplinary clinical teams of special-
ists. Financial, social, and cultural support to-
gether with health education to maintain a
good life style is of great importance.® It was
shown that the Iranian chemically injured vet-
erans suffering from severe itching have a sig-
nificantly poorer quality of life than do patients
with milder symptoms.™*

Protections

Apart from personal physical protection
(special suit, mask with charcoal filter, proper
gloves and boots), chemical protection using
antioxidants and medications such as sodium
thiosulfate and hexamethylenetetramine (HMT)
are recommended. HMT has been shown to
protect human lung cells against sulphur mus-
tard. The ability of HMT to protect against the
toxicity of sulphur mustard was investigated in
the human upper respiratory tract cell lines
BEAS-2B and RPMI 2650. Sulphur mustard
was highly toxic to both cell lines, with LC50
values of 15-30 microM. HMT, at a concentra-
tion of 10 mM, was shown to protect the cell
lines against the toxic effects of 20 microM and
40 microM of sulphur mustard. Results dem-
onstrated that it was necessary for HMT to be
in situ at the time of exposure to sulphur mus-
tard for effective cytoprotection. No protection
was seen when cells were treated with HMT
following exposure to sulphur mustard, or
where HMT was removed before exposure to
the agent. It was thus suggested that HMT
may be effective prophylaxis for exposure to
sulphur mustard by inhalation.™*

Conclusions and Recommendations

Sulphur mustard was used as an incapacitat-
ing warfare agent in the past century, particu-
larly in the WWI and the Irag-Iran conflict. It
has proved to have long-lasting toxic effects.
This may entice further use of the agent in fu-
ture military and terrorist attacks. Sulphur mus-
tard exerts its toxicity through a number of pos-
tulated pathogenic mechanisms including DNA
alkylation, NAD depletion, and inactivation of
glutathione. The eyes, skin, and respiratory
system are the three major targets for direct toxic
effects of sulphur mustard. When absorbed in
large amounts, it can also damage rapidly the
proliferating cells of the bone marrow, causes



severe suppression of the immune system,
and systemic toxicities such as neurological
and digestive disorders. Even more important
is a wide range of chronic health effects includ-
ing chronic bronchitis, bronchiectasis, frequent
bronchopneumonia, and pulmonary fibrosis, all
of which tend to deteriorate by time. Severe
dry skin, delayed keratitis, and pathogenic
status of cell mediated immunity with a subse-
guent increased risk of infections and even
possible malignancies are also among the
most distressing long-term consequences of
sulphur mustard intoxication. However, be-
cause of major shortcoming in the sulphur mus-
tard literature on cardiovascular complications,
further studies on sulphur mustard intoxicated
patients are required. Immunological and psy-
chological dysfunctions and the relationship be-
tween exposure to sulphur mustard and car-
cinogenesis and teratogenesis are important
fields that require further investigations.

There is also a paucity of information regard-
ing medical management of acute and delayed
toxic effects of such poisoning, a subject which
greatly challenges health-care specialists.

It is hoped that by the advancement of the
Organization for Prohibition of Chemical Weap-
ons (OPCW), no chemical war agent be used in
the future. However, chemical terrorism involv-
ing the use of sulphur mustard remains a major
threat to human health globally. Thus, further
studies on this subject are recommended.
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