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ABSTRACT

Chemical warfare agents (CWA'’s) induce complex toxicological effects with
major adverse consequences for those exposed. For many chemical agents there is
a need for research and development of analytical toxicological methods for a rapid
and certain confirmation of those exposures. The certain methods will help for
establishing the laboratory diagnosis for applying the proper therapy; the treatment of
only contaminated people, decreasing the stress level in the medical community in
management of crisis situations, increasing the survival rate of the population
exposed to the contamination, supervision of professional exposure, judicial analysis

in case of suspicious terrorist activities.

The paper presents some analytical toxicological methods for detection,
identification and confirmation of metabolites from urine samples, based on the

metabolism/hydrolysis processes of CWA's.
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1. Introduction

The confrontation of mankind over
time with terrorist attacks having the
greatest threatening potential, CWA’s,
mainly the nerve and vesicant agents, leads
to the development of methods of

DOI: 10.1515/bsaft-2015-0020

investigation for rapid confirmation of these
exposures. The chemical warfare agents
were mainly used against the civilian
population, for example, the nerve agents
were used in attacks by the Iraqi people
against the Kurdish population, the vesicant
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agent (sulfur mustard gas) was used in the
conflict between Iran and Iraq during the
Gulf War (1980-1988; tens of thousands
victims) [1], the sarin nerve agent was used
in the 2 attacks organized by the Aum
Shinrikyo cult in Matsumoto, Japan (1994; 8
victims and 274 persons affected) and in
Tokyo, Japan (1995; 12 victims and over
5000 hospitalized persons, including civil
protection and medical personnel), the VX
assassination in Osaka, Japan (1994) [2, 3].

When the first conflicts from modern
times occurred (the Irag-Iran conflict) when
CWA’s were widely used, there were no
validated procedures available for biomedical
sample analysis. In the next two decades,
various methods for detecting the nerve and
vesicant agents have been reported in the
scientific literature, otherwise available only
in a few laboratories from the whole world.
The analytical methods successfully used to
detect exposure to CWA’s in human cases
have been reported when using the nerve
and vesicant agents in the conflicts between
Iraq and Iran and Irag-Kurdistan [4-6], the
sarin attack in Matsumoto [7] and Tokyo
[8], the VX assassination in Osaka [9] or in
the case of accidental poisoning [10].

In such cases, taking the emergency
measures involves the knowledge and
evaluation of the nature of the contamination,
the resulted effects, the degree of risk and
the immediate and effective countermeasures.
The environmental sampling (water, soil,
vegetation, clothing, etc.) and biological
samples (urine, blood, tissue, etc.) immediately
after the event occurred, will provide critical
information and will save lives, in case of
subsequent contamination and thus, will act
beneficial to the environment.

The majority of CWA’s have
electrophilic reactive groups which react
with different degrees of reactivity and
selectivity, with the organic groups having
nucleophilic nature, in the enzyme-catalyzed
hydrolysis  reactions,  resulting  free
metabolites excreted then into urine [1].
When the free metabolites are formed,
covalently bonded compounds are also
formed by nucleophilic structural spaces of
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macromolecules  (such as  proteins:
hemoglobin, albumin, cholinesterase) or
DNA, bearing the name of adducts. These
adducts may remain for a long time in the
blood and tissues (even for several months),
depending on the alteration degree of the
metabolic  processes, thus offering a
potential for investigation much longer after
the exposure, as compared to the free
metabolites. Both the free metabolites and
the covalently bound adduct represent,
unquestionably, the biomarkers responsible
for exposure of a certain population to the
action of the CWA’s.

2. Nerve Agents

The nerve agents have the highest toxic
potential from all the CWA’s [11] declared
to the OPCW [12] being the most studied
compounds by the international scientific
community. The nerve agents are classified
into three structural classes, type G agents:
sarin (military designation: GB), soman
(GD), cyclosarin (GF), type V agents: VX
(USA) and RVX (Russia), shown in Figure
no. 1 [1] and tabun (GA) in Figure no. 2 [1].

2.1. Distribution and Metabolism of
Nerve Agents

Nerve agents can enter the body not
only through the respiratory system, but also
through the pores of the skin. Their toxic
effect is due to the fact that it blocks the
parasympathetic  nervous  system by
inhibiting the acetyl cholinesterase enzyme.
This leads to the rapid accumulation of
acetylcholine, substance used in the
transmission of nerve impulses through
synapses, which is normally blocked by
cholinesterase, few milliseconds after its
production. The effect is to disrupt the
transmission of nerve impulses to the central
nervous system and also the junction
between nerves and muscles. As a result,
there are contractions of smooth muscle
fibers, convulsions and respiratory arrest.

The primary route of elimination from
the body of nerve agents (type G and V) is
the enzymatic hydrolysis reactions (Figure
no. 1). The main resulted metabolite is the



alkylmethylphosphonic acid (1). The studies
reported until present relate almost
exclusively to type G and V agents, very

few references are reported for tabun agent.
No real cases of exposure have been
reported for tabun [1].
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Figure no. 1 Metabolism and/or hydrolysis pathway of type G and V nerve agents [1]
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Figure no. 2 Metabolism and/or hydrolysis pathway of tabun nerve agent [1]

2.2. Analytical Methods for Nerve
Agents and Their Metabolites

In order to demonstrate the exposure to
CWA’s, mass spectrometry is the most
widely used analytical technique, especially
in chemistry and judicial toxicology. The
majority of the metabolites are small
molecules, relatively polar, that can be
analyzed by gas chromatography coupled
with mass spectrometry (GC/MS) techniques,
normally after having applied the derivatization
techniques, or in an underivatized form by
liquid chromatography coupled with mass
spectrometry (LC/MS ).

In the scientific literature, a limited
number of procedures were reported for the
isolation of free metabolites such as
alkylmethylphosphonic acid in blood and
urine samples, by solid phase extraction
technique (SPE). However, due to differences
in hydrophobicity of alkylmethylphosphonic
acids the selective use of SPE cartridges is
imposed. If for the isolation of isopropyl
methylphosphonate (sarin metabolite) C18
SPE cartridges are efficient, for acids with a
higher hydrophobicity as the pinacolyl
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methylphosphonate (soman metabolite) and
cyclohexyl methylphosphonate (cyclohexyl
sarin metabolite) C2 SPE cartridges have
proven to be efficient as far as extraction is
concerned. The SPE techniqu requires a
series of specific phases, namely the
conditioning, washing the cartridge, the
extraction phase (elution) of the analyte with
a suitable solvent. Once the compound of
interest is isolated and assumed, the process
continues with the concentration phase of
the eluting solvent, the derivatization and
purification of the metabolite isolated on a
Florisil SPE cartridge. The procedures imply
a significant number of sample preparations,
a source of error, contamination and loss of
metabolites, found already at trace levels. A
more simplified procedure involves the use
of a polymer extraction cartridge, the elution
and derivatization after dry concentration or
directly in the eluted.

Other methods for detection of free
metabolites reported in the scientific
literature involve the conversion to ester
trimethylsilyl (TMS) and tert-buthyldimethylsilyl



(TBDMS), after expensive
biological sample preparations.

phases of

2.3. Detection in Cases of Human
Poisoning

The high levels of the sarin metabolites,
detected as TBDMS esters and analyzed by
gas chromatography with flame-photometric
detector (GC/FPD) have been reported in
the wurine samples of the victims of
Matsumoto [7], together with the dramatic
decrease of acetylcholinesterase activity.
Isopropyl methylphosphonate metabolite
was detected as TMS ester and analyzed by
GC/FPD in the urine samples collected after
7 days after the terrorist attack in Tokyo
[13]. The estimated concentrations were
0.13 to 0.25 mg of sarin at patients in coma
and 0.016 to 0.032 mg in patients with less
severe poisoning.

The main metabolite of VX nerve
agent, respectively ethyl methylphoshonate
(EMPA) was detected as TBDMS ester by
GC/MS and GC/MS/MS analysis, in the serum
sample of the person killed by VX [9, 14].
A concentration of 1250 ng/ml was estimated
in the blood sample collected after one hour
from the occurrence of the assassination and
stored for several months at —20 °C. The
compound 2 from Figure 1 described above,
and 2 — (diisopropylaminoethyl)-methyl sulfide,
derivate from the enzymatic methylation of
the sulfur atom of the hydrolysis product
HSCH,CH;,N (i-Pr),, was identified in the
human serum by a process of extraction and
analysis through GC/MS. The concentration
was estimated to 143 ng/ml. The
identification of this metabolite clearly
distinguishes the exposure to VX and the
exposure to sarin counterpart (O-ethyl
methylphosphonofluoridate).

3. Vesicant Agents

The vesicant agents are oily liquids that
attack all living tissue by destroying the cell
structure. In a period of time ranging from a
few hours to a few days, blisters and severe
burns appear healing slowly due to blocking
the cellular and mitotic respiration. Despite
the large number of injuries observed during
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the First World War and all investigations
that followed, vesicant process mechanism
is still not well known [1]. It is assumed that
the vesicant agents react with the carbonyl
groups, amino and sulthydryl from proteins.
Vesicant agents have a high potential to be
used by less developed countries or by the
terrorist organizations. The ease with which
one can produce them, coupled with their
effectiveness  against an  unprotected
population present the arsenic compounds as
an ongoing threat of the 21 century.

Although tons of lewisite and mustard
gas-lewisite mixtures lie now in unknown
places as old chemical weapons left after the
Second World War (Koryagina et al., 2011),
these chemical warfare agents have not
undergone scientific research during the last
decade. The scientific literature on sensitive
detection methods of biomarkers specific to
lewisite in the biomedical samples is very
poor, the existing reports being based on a
limited number of in vitro experiments
(Jakubowski et al., 1993; Wooten et al.,
2002) and in vivo researches (Logan et al.,
1999; Fidder et al., 2000, Koryagina et al.,
2006, Stanelle et al., 2010).

3.1. Distribution and Metabolism of
Lewisite

Lewisite hydrolyses to form 2-
chlorovinylarsonous acid (CVAA), presented
in Figure 3, which is the hydrated form of 2-
chlorovinylarsine oxide and exists exclusively
in aqueous solution. CVAA can be further
oxidized to 2-chlorovinylarsonic acid
(CVAOA). These two acids are lewisite
markers, i.e., their detection in biomedical
samples provides unequivocal evidence for
exposure to lewisite. Both CVAA and
CVAOA still retain the toxic properties of
lewisite, albeit at lower potency (Munro et
al., 1999). The toxicological experiments
conducted by Koryagina and her
collaborators [15] (the exposure of
laboratory animals to lewisite with and
without antidotal treatment) showed the
potential of the urine samples as universal
matrix, preferred for the detection of



lewisite  biomarkers. Blood samples, Wooten et al. [18] analyzed CVAA

Koryagina said, can be a perspective matrix from urine after derivatization with propane-
to confirm the results obtained in the 1,3-dithiol and the resulting volatile cyclic
analysis of urine samples. disulfide was detected by solid phase

microextraction (SPME) combined with

3.2. Analytical Methods for Lewisite GC/MS in the SIM mode, but the procedure

and Their Metabolites was not tested on samples from in vivo

Jakubowski et al. [16] developed a experiments. The detection limit of CVAA
GC/MS method for CVAA spiked into was 7.4 pg/mL urine.

guinea pig urine using 1,2-ethanedithiol for

derivatization, with phenyl arsine oxide as

the internal standard. The same group later Cl‘Astl HO\As‘OH

expanded the method to include atomic K +9 HCl
emission detection (AED) [17]. CVAA was N IR0 —— N

concentrated from urine (adjusted to pH 6 ol Cl

with 1M HCI) by SPE on C;z. After elution

with methanol and concentration to dryness, CVAA

the residue was reconstituted and

derivatized with ethanolic 1,2-ethanedithiol. Figure no. 3 Hydrolysis process of lewisite
Detection was by GC combined with arsenic

selective AED and by electron impact/mass 4. Conclusions

spectrometry (EI/MS) using SIM. Ions The last decades underline, at an
monitored were the moderately intense M" international level, a rise of awarness of
ion at m/z 228, an intense ion [M — C2H4]+, potential attacks/incidents with chemical

m/z 200, and a base peak [AsS,C,H4]", m/z warfare agents and the development of fast
167. The LOD was rather high at ~100 and safe analytical methods of diagnosis for
ng/ml. CVAA was detected in the urine of population’s exposure to CWA’s is in
guinea pigs up to 24 h after exposure to attention of the international organizations
lewisite (0.5 mg/kg s.c.). Excretion was and to those that work in the defending
rapid; a mean concentration of 3.5 ug/ml  system and industry.

was detected in the 0-8 h urine, which had

decreased to <100 ng/ml after 16-24 h.
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