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Sarin(Figurel) isan odourless, colourless, volatile
liquid that actsasahighly toxic nerve agent capable
of killing withinminutes. Sarinisamember of aclass
of chemicasknown asorganophosphates, whichaso
includesother nerve agents, such astabun, somanand
VX (Figure 1 c-3), and pesticides, such as paraoxon.
It wasfirst synthesized by German chemistsin 1937
asapedticide. Itspotential asachemical weapon
wasrecognized, and Germany stockpiled, but did not
use, sarin during World War 1. Sarin hassince been
used inmilitary combat, specifically inthelran-Irag
conflictinthe 1980s. In addition, sarin hasbeen used
by aterrorist organization, the cult Aum Shinrikyoin
Japan, inaresidential areaof the city of Matsumoto
in 1994 and in the Tokyo subway systemin 1995.
These attacks resulted in 7 deaths and 58
hospitalizations, and 12 deaths and over 6000
individualsseeking medical attention, respectively.

Thethreat of terrorist attack using sarinis very
real. The chemicals needed to synthesize sarin -
dimethyl methylphosphonate, phosphorustrichloride,
sodium fluorideand alcohol - arereadily available.
Reportersfrom both Scientific American (Musser,
2001) and the British Broadcasting Corporation
(BBC) (Stickler, 2003) were able to obtain all the
chemicasnecessary for the production of sarinthrough
chemical supply companies. Therecipefor sarinis
readily available, both on the Internet and in books
such as "Silent Death”, which can be purchased
through online book retail ers such asAmazon.com,
Barnes & Nobles and Direct Textbook (Direct
Textbook, 2003). Inaddition, theddivery of sarinis
relatively easy - in Matsumoto, sarin wasrel eased by
placing it on aheated surfaceto rapidly vaporizeit
and then blowing it into theair with afan; in Tokyo,

bagsfilled with sarin were punctured with umbrella
tips as the terrorists exited subway trains (Nerve
Agent, 2003).

Inaddition to exposureduring military combat and
terrorist attacks, the possibility of accidental exposure
tosarinduring itsdisposa and the secondary exposure
of emergency response personnel (before it is
recognized that sarin has been used) are very real
dangers. For example, at the end of the 1991 Gulf
War, munitions contai ning approximately 8.5 metric
tons of sarin and arelated nerve agent, cyclosarin
(Figure 1b), weredestroyed by USmilitary personnel
at Khamisiyah, Iraq(McCauley et al., 2001). Atthe
time, the US Department of Defense did not know
that the munitions contained chemical weaponsand
therefore no precautionsto protect personnel were
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Figurel. Thestructureof variousnerve agents
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Table 1: Symptoms of Sarin Exposure

Muscarinic Symptoms:-

marked miosis (pinpoint pupils), eye pain, blurred
vision-

rhinorrhea (runny nose)-
dyspnea (shortness of breath)-
increased bronchial secretion-

nausea, vomiting, abdominal cramps, involuntary
defecation, involuntary urination-

increased sweating, salivation, lacrimation
(shedding of tears)-

bradycardia (slowed heart rate)

Nicotinic Symptoms:-

fatigue-

muscle weakness, twitching and fasciculations
(small, local muscle contractions)-

generalized weakness or flaccid paralysis (including
respiratory muscles)-

transitory hypertension (high blood pressure),
followed by hypotension (low blood pressure)

Central Nervous System Effects:-

depression of respiratory and circulatory centers
(with dyspnea)-

convulsions-
loss of consciousness-

coma

(adapted from |OM 2000)
Table 1. Symptomsof sarin exposure.

taken. TheUSArmy iscurrently destroying someof
itsown stockpileof sarin and other chemica weapons
(asrequired under the Chemica Wegpons Convention
(OPCW, 1993)) at aweaponsincinerator inAnniston,
Alabama (Army begins, 2003). Approximately
35,000 people who live within nine miles of this
incinerator have been issued gas masks and shelter
kits, and local schoolsare being pressurized to keep
fumesout, intheevent of accidenta chemica wegpons
releasefrom thefacility (Army begins, 2003).
Thereisapossbility that sarin exposuremay occur
through military, terrorist and occupational events. It
Is essential that public health professionals and
healthcare workers are aware of the signs and
symptoms of sarin exposure and of the available
treatmentsfor sarinintoxication. Furthermore, there
isapressing need for researchinto the acuteand long-

term effects of sarin exposureand into new avenues
for effectivetreatmentsagainst thisdeadly chemical
weapon. Thispaper reviewsthe mechanismsof sarin
toxicity, the potentia long-term health effectsof low-
level sarinexposure, thecurrently availabletreatments
for sarin intoxication and the future directions of
researchinto new treatments.

M echanismsof Sarin Toxicity

Exposureto sarin, which can be absorbed across
therespiratory tract, eyes, mucous membranesand
skin, can befatal within minutes. A dose of 50-100
mg/min/,m3 by inhaation, or 100-500 mg acrossthe
skin, isletha to 50% of those exposed (IOM, 2000).

Sarinworksby irreversibly binding to theenzyme
acetylcholinesterase (AChE), which resultsin the
inactivation of thisenzyme. AChE breaksdownthe
neurotransmitter acetylcholine (ACh); thus, when
AChEisinactivated by sarin, ACh buildsupin

Specifically, sarin binds to AChE by
phosphorylating the hydroxyl group of aserineresidue
intheactivesite of theenzyme, blocking theenzyme
frominteracting withitsnormal substrate, ACh. If
sarinisnot removed from AChE (by treatment with
anoxime) withinafew hoursof exposure, AChE will
undergo adealkylation processknown as"aging" in
which the phosphorylated AChE becomesresi stant
to hydrolysisandisconsideredirreversibly boundto
sarinandthus, irreversibly inhibited.

Inaddition toitseffectson AChE, sarin hasalso
recently been showntointeract directly withmuscarinic
ACh receptors (Chebabo, Santos & Alburquerque,
1999) andtoinhibit therelease of &aminobutyricacid
(GABA), aninhibitory neurotransmitter. Reductions
inthelevel of GABA arebelievedto bereated to the
convulsionscaused by sarin.

Long-Term Health Effectsof Sarin Exposure

Whilethe effectsof acute exposureto high doses
of sarinareclear, thelong-term effectsof exposureto
sainarenot aswdl known. Thereissgnificant interest
inthisareaasit hasbeen hypothesized that thechronic
ilinessexperience by sometroopswho served during
thefirst Gulf War (sometimesreferredtoas” Gulf War
Syndrome") may bedue, at least in part, to low-level
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exposureto sarin. Inaddition, thelong-term health
effectsof sarin haveimplicationsfor survivorsof the
terrorist attacksin Japan.

Long-term health effects of sarin exposure that
have been reported include adecreasein memory in
emergency rescue personnel three years after the
Tokyo subway attack (Nishiwaki , Maekawa,
Ogawa, Asukai, Minami & Omae, 2001); physical
(eyesymptoms, fatigue, musclestiffnessand headache)
and psychologicad symptomsin survivorsof the Tokyo
subway attack 5yearslater (Kawana, 2001); fatigue,
headacheand visud disturbances (blurred vision, eye
pain) 1to 3 years after the Matsumoto attack
(Nakajima et al., 1999) and changes to
el ectroencephal ogram (EEG) readings, indicating
subtlecentral nervous system effects, in survivorsof
the Tokyo attack after six to eight months (Murata et
al., 1997).

In addition, animal studies have found that
subclinical dosesof sarinimpair T cell responsesand
decrease corticosterone levels (Kalraet al., 2002)
andresult inaterationsin muscarinic receptor sitesin
the brain that may be associated with memory loss
and cognitive dysfunction (Henderson et al., 2002)
in Fisher 344 rats (astandard animal mode!).

Clearly, moreresearch into thelong-term health
effects of sarin-exposure is needed. This is
complicated by anumber of factors, including alack
of information about the dose of sarin experienced by
survivorsof theterrorigt attacksin Japan and difficulty
indifferentiating betweentheeffectsof sarinitsalf and
theeffectsof thestressof surviving aterrorist attack
(eg., post-traumatic stressdisorder). Similarly, sudies
of Gulf War veteranswho may have been exposed to
sarin by the destruction of chemical weapons-filled
munitionsa Khamisyah, Iragarecomplicated by lack
of information about which individualswereactually
exposed and the dose to which they were exposed,
and the effects of co-exposure to other chemical
weaponsthat were present (e.g., cyclosarin) and to
the pre-treatment carbamate drug, pyridostigmine
bromide (McCauley et al, 2001).

Current Treatmentsfor Sarin I ntoxication
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Figure2 Thestructure of oximes

The current treatment for sarin exposureincludes
atropine, oximes and anticonvulsants (L ee, 2003;
Tayseeetal., 2003).

Atropine is used to treat sarin toxicity by
antagonizing the effect of ACh at muscarinicACh
receptors, independent of AChE (Krejcova, Kassa
& Vacek, 2002); thus, atropineresultsin areduction
of themuscarinic symptomsof sarin (Box 1), suchas
miosis, bronchial secretion, nausea, vomiting,
abdominal cramps, involuntary defecation and
urination, increased sweating, salivation and
lacrimation and bradycardia, by blocking the
overstimulation of ACh receptors. Since atropine
cannot reactivate A ChE, sarin toxicity may reoccur
once the effects of atropine wear off if tissue
concentrationsof sarinaretill high. Atropineisgiven
until the muscarinic symptoms of sarin have been
reversed and should be monitored by a trained
medical professional to avoid atropine poisoning.

In addition to atropine, oximes (Figure 2) are
considered standard treatment for sarin and other
organophosphate toxicity. Oximes reactivate
organophosphate-inhibited  AChE by
dephosphorylating the active site of the enzyme
(Kassa, 2002). Severa oximes are available with
some (such asHI-6 and HL6-7) being moreeffective
against nerve agentsand others(such aspralidoxime
and obidoxime) being more effective against
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Figure 3. Mechanismof sarin gastoxicity.

organophosphate insecticides (Kassa, 2002). It
should be noted that high level sof oximescan cause
toxicity. Death by oxime toxicity islikely dueto
paraysisof respiratory muscles(Kassa, 2002), much
likedeath dueto sarin.

Thefinal component of the current treatment for
sarinistheuseof ananticonvulsant, such asdiazepam,
totreat seizuresassociated with sarintoxicity. While
diazepamiscurrently theanti convul sant recommended
for treating sarin-induced convulsions, arecent study
in guineapigssuggeststhat avizafone may competitive
inhibitor to sarin by protecting AChE from the
irreversiblebinding by sarin. Since carbamatesexert
asimilar actionto sarin, thes de effectsof thesedrugs
aregmilar totheeffectsof sarin, induding both nicotinic
(muscle cramps, fasci cul ations and weakness) and
muscarinic (nausea, vomiting, diarrhea, abdominal
cramps, increase salivation, bronchia secretions,
swesating and miosis) symptoms (I0M, 2000). Such
effectscan betransiently incapacitating to the patient.

Future Avenues of Research

Presently, pre- and post-exposuretreatmentsfor
sarintoxicity havesgnificant shortcomings. Inaddition,
duetotherapid effectsof sarin, itisoftendifficult to
administer atropine, oximesand anticonvulsantsin
aufficient timeto counteract theeffectsof sarin. While
military personne canbegivenautoinjectorscontaining
atropine, oximesand anticonvulsants, it can bedifficult
for anindividual to diagnose sarin exposure (assarin

iscolourlessand odourless) and thereisarisk of self-
injecting accidentally or under themistaken belief that
onewas exposed to sarin, creating arisk of atropine
poisoning and oximetoxicity. Whilecarbamateshave
the advantage of being a pre-treatment, and thus
overcome the problems with diagnosing sarin
exposure, they have significant negative effectsthat
may betransiently incapacitating. Thisisof special
concern to active military combatants and rescue
personnel who are needed to carry out their dutiesin
anemergency. Fortunately, thereare someexploited
aspre-treatmentsfor sarin exposure.
Whileitisunlikely that naturaly occurring levelsof
GIn,,, PON-1would beableto protect anindividual
against very high doses of sarin, dueto sarin'shigh
level of toxicity and rapidity of action, itispossible
that the GIn,,, isoform of PON-1 may help prevent
effects of low-levels of sarin exposure by rapidly
hydrolyzing the sarin that isencountered. Inastudy
of 25 Gulf War veterans, Haley et al (1999) found
that veteransill with Gulf War Syndromewere more
likely than controlsto possesstheArg,, dleleand to
exhibit lower PON activity. Whilethissmall study
needsto be confirmed with alarger population, it does
lend support to the possibility that the Arg, ., may
represent arisk factor for heath effectsof low-level
exposure to sarin (or, conversely, that the Gln,,
genotypeisprotectiveof low-leve sarin exposure).
The current research being conducted by theUS
Military toimprovethebinding affinity of PON-1for
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sarin, aswdl astheturnover rate(Broomfidld & Kirby,
2001), looksto be a promising avenue of research
that may well providean effectiveand safedternative
to carbamates asaprotection against sarin.

Conclusions

Exposure in Japan and Irag demondratetheredity
of terrorismwith sarin and other chemica weapons.
Theeasewithwhich onecanacquiresarin'singredients
anditsmethod of synthesis, combined withthehighly
toxic and hard to detect nature of this deadly
compound makeit appealingtoterrorists. Thebest
lineof defense againgt sarin sartswith knowledge. A
solid understanding of themechanismsby which sarin
inducestoxicity will alow the development of more
effectiveand lesstoxic trestmentsfor sarin exposure.
Training health care workers about the signs and
symptoms of sarin intoxication will allow rapid
diagnosisand treatment. Further researchinto the
long-term health effects of low-level sarin exposure
will help to reduce the uncertainty and anxiety
experienced by survivorsof sarin attack.
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