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Foreword

TETSUO SATOH, PHD, FATS

A highly toxic chemical intended to harm, kill, incapacitate,
or control adversaries in warfare is called a chemical
warfare agent (CWA). Throughout the world, some 70
different chemicals have been developed and produced, and
many of them have been stockpiled as CWAs or chemical
weapons of mass destructions (CWMD) during the 20th and
21st centuries. The use of biotoxins (botulinum toxin, ricin,
saxitoxin, anthrax, etc.) is also sometimes referred to as
chemical warfare.

Although the use of CWAs dates back to the 5th century
BC, modern CWAs were not used at full scale until World
War . Since then, a variety of CWAs have been developed
and deployed in many wars, conflicts, terrorist attacks,
hostage crises, and riots. These chemicals came into the
limelight particularly due to Gulf War Syndrome (aftermath
of Gulf War I, 1991) and the Tokyo Subway terrorist attacks
in 1994 and 1995. In the present world situation, the
intentional use of highly toxic chemicals as CWAs/CWMD
is a growing concern for government officials and civilians
alike in developing as well as industrialized countries.
The terrorist attacks in New York City on September 11,
2001 led to an increased awareness of protecting national
monuments, landmarks, federal and state buildings, and
workplaces, in addition to civilians, as possible terrorist
targets.

Performing a comprehensive analysis of the inadequate
database on chemical warfare agents is often a highly
demanding task for toxicologists, risk assessors, regulatory
agencies, and policy and decision makers at both state and
federal levels. Due to the lack of adequate control, legisla-
tion, regulations, and knowledge, the term ‘‘chemical
warfare” is often misunderstood or misused. In the recent
past, in order to protect people and educate them about
terrorist attacks, a variety of Standards and Exposure
Guidelines have been made available, and on January 23,
2008, the U.S. Department of Labor published ‘“Safety and
Health Topics, Chemical Terrorism”’.

Handbook of Toxicology of Chemical Warfare Agents is
the first book on chemical warfare agents that provides
a plethora of knowledge on the historical perspective,
epidemiology, detailed toxicology profile of CWAs/
CWMD, target organ toxicity, analytical methodologies,
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biosensors, biomarkers, prophylactic and therapeutic coun-
termeasures, and decontamination and detoxification
procedures. In addition, the book serves as a significant
source of information for nuclear and biological warfare
agents. Therefore, this book appears to be an extremely
useful reference source for academicians and regulatory
authorities for risk and safety assessment, and management
of chemical terrorism. The information provided in this
book will draw immense attention from federal and state
agencies, as well as political decision makers.

The editor, contributors, and publisher faced tremendous
challenges in order to cover comprehensively all possible
aspects of the toxicology of CWAs. Presently, there are at
least two dozen chemicals that can be used as CWAs.
Organophosphate (OP) nerve agents and mustards have
been most frequently used and are most likely to be used in
the future by terrorists and dictators throughout the world,
because of their easy access and delivery systems. As
a result, these chemicals have been extensively studied, and
books, monographs, reviews, and papers are widely pub-
lished. Recently, Academic Press/Elsevier published a most
comprehensive book entitled Toxicology of Organophos-
phate and Carbamate Compounds, and Handbook of Toxi-
cology of Chemical Warfare Agents appears to be unique in
providing a thorough assessment of all possible aspects of
toxicology, risk assessment, and remedial measures of
CWAs in humans, animals, and wildlife.

The contributors of this book from around the globe are
leading scientists and internationally recognized for their
expertise in particular areas of toxicology of CWAs/CWMD
and countermeasures. The book is divided into nine sections
that deal with different aspects of CWAs. Section I deals
extensively with the historical perspective, epidemiology
and global impact of CWAs. Section II covers the broad
array of chemical agents that can be weaponized and
deployed as CWMD. In this section, toxicity profile,
mechanism of action, risk assessment, and prophylactic/
therapeutic measures of the individual chemicals are
described in an in-depth manner. Section III provides an
exhaustive coverage of target organ toxicity, which is
indeed a novel aspect of this book. Several chapters on
special topics about OP nerve agents, including molecular/
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cellular mechanisms and neuropathological modulations,
are discussed in section IV. Section V describes the risks to
animals and wildlife associated with CWAs and chemicals
of terror contaminating feed and water reservoirs, which can
have a serious impact on human and animal health and the
environment. Section VI deals with the metabolism, tox-
icokinetics and physiologically based pharmacokinetics of
CWAs. A novel section (VII) is introduced with six chapters
that provide discussion of analytical methodologies,
biosensors, and biomarkers of CWAs. These topics will aid
researchers in determining the extent of human/animal
exposure, risk/safety assessment of CWAs, and manage-
ment of poisoning. Section VIII covers extensively the
unique approaches and strategies involved in prophylactic
and therapeutic management and countermeasures. Many
novel topics are included in this section, such as medical
management of not only military personnel but civilians
(more importantly the pediatric population), physiologically
based pharmacokinetic modeling in countermeasures,
catalytic and non-catalytic bioscavenging enzymes, and

novel oximes. Prophylaxis and therapeutics for other CWAs
are discussed in section II dealing with individual CWAs.
The final section (IX) deals with information on decon-
tamination and detoxification of CWAs.

In essence, this book is a landmark publication in the
field of toxicology of CWAs/CWMD, as it provides
comprehensive coverage of these chemicals and emphasizes
current and novel issues that have not previously been
addressed. It is hoped that this book will aid not only
academicians but lay persons in community preparedness at
local, state, and federal levels to protect civilians, military
personnel, animals, wildlife, and the environment from
chemical attacks by terrorists, dictators, and other adver-
saries. This book will be an invaluable source of information
for homeland security, the Department of Defense, the
Department of Veteran Affairs, the Department of Defense
Research Establishment, diagnostic labs, poison control
centers, federal, state and local authorities, forensic scien-
tists, pharmacologists, toxicologists, chemists, biologists,
environmentalists, teachers, students, and libraries.
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Introduction

RAMESH C. GUPTA

For centuries extremely toxic chemicals have been used in
wars, conflicts, terrorists’, extremists’ and dictators’ activ-
ities, malicious poisonings, and executions. One of the
earliest forms of chemical warfare agents (CWAs) were
natural toxins from plants or animals, which were used to
coat arrowheads, commonly referred to as ‘‘arrow poisons’’.
Ancient use of some CWAs and riot control agents
(RCAs) dates back to the 5th century BC, during the
Peloponnesian War, when the Spartans used smoke from
burning coal, sulfur, and pitch to temporarily incapacitate
and confuse occupants of Athenian strongholds. The
Spartans also used bombs made of sulfur and pitch to
overcome the enemy. The Romans used irritant clouds to
drive out adversaries from hidden dwellings. In the 15th
century, Leonardo da Vinci proposed the use of a powder
of arsenic sulfide as a chemical weapon. Modern use of
CWAs and RCAs or incapacitating agents dates back to
World War I (WWTI).

With advancements in science and chemistry in the 19th
century, the possibility of chemical warfare increased
tremendously. The first full-scale use of chemical warfare
agents began in April of 1915 when German troops
launched a poison gas attack at Ypres, Belgium, using 168
tons of chlorine gas, killing about 5,000 Allied (British,
French, and Canadian) soldiers. During WWI, the deploy-
ment of CWAs, including toxic gases (chlorine, phosgene,
cyanide, and mustard), irritants, and vesicants in massive
quantities (about 125,000 tons), resulted in about 90,000
fatalities and 1.3 million non-fatal casualties. The majority
of the deaths in WWI were a result of exposure to chlorine
and phosgene gases. During the Holocaust, the Nazis used
carbon monoxide and the insecticide Zyklon-B, containing
hydrogen cyanide, to kill several million people in exter-
mination camps. Poison gases were also used during the
Warsaw Ghetto Uprising in 1943. Again, in November
1978, religious cult leader Jim Jones murdered over 900
men, women and children with cyanide.

Prior to, during, and after World War II, anticholines-
terase organophosphate (OP) nerve agents/gases were
developed in Germany, the USA, the UK, and Russia, and
produced in large volumes in many other countries. They
were maximally produced and stockpiled during the “‘Cold
War”’ period. These nerve agents have been used in wars
and by dictators, extremists, cult leaders, and terrorist
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groups as chemical weapons of mass destruction (CWMD)
on many occasions. In 1980, Iraq attacked Iran, employing
mustard and OP nerve gases. During the period of the Iraq
and Iran conflict (1980—-1988), Iran sustained 387 attacks
and more than 100,000 troops were victims along with
significant numbers of civilians. Thousands of victims still
suffer from long-term health effects. Shortly after the end
of the Iraq—Iran war in 1988, the brutal dictator of the Iraqi
regime, Saddam Hussein, used multiple CW As against the
Kurdish minorities in Halbja village, killing more than
10% of the town’s 50,000 residents. To date, mustards
have been used in more than a dozen conflicts, killing and
inflicting severe injuries in millions of military personnel
and civilians.

During the Persian Gulf War, exposure to OP nerve agents
occurred from the destruction of munitions containing 8.5
metric tons of sarin/cyclosarin housed in Bunker 73 at
Khamisyah on March 4, 1991, and additional destruction of
these nerve agents contained in rockets in a pit at Khamisyah
on March 10, 1991. Although exposure levels to nerve agents
were too low to produce signs of acute toxicity, the serving
veterans in and around the Khamisyah area still suffer from
long-term adverse health effects, most notably ‘“Gulf War
Syndrome”’. In 1996, about 60,000 veterans of the Persian
Gulf War claimed to suffer from ““Gulf War Syndrome”’ or
“Gulf Veterans’ Illnesses’’, possibly due to low-level
exposure of nerve agents, mustard, pyridostigmine bromide
and pesticides. Exposed veterans had an increased incidence
of chronic myelocytic leukemia and increased risk of brain
cancer deaths compared to unexposed personnel.

In the mid-1990s, two terrorist attacks by a fanatic
religious cult Aum Shinrikyo (Supreme Truth), known as
Aleph since 2000, took place in Japan (Matsumoto, 1994
and Tokyo Subway, 1995). In both incidents, the OP nerve
agent sarin was used as a CWA. An estimated 70 tons of
sarin was manufactured by Aum Shinrikyo in Kami-
kuishiki, Japan. Although the total fatality count involved
not more than 20 civilians, injuries were observed in more
than 6,000 and millions were terrified. These acts of
chemical terrorism were unprecedented and the impact
propagated not only throughout Japan, but the entire world.
In the past few decades, many incidents have also occurred
with biotoxins such as ricin and anthrax. Publicity
surrounding frequent recent use due to easy access, and

Copyright 2009, Elsevier Inc.
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copycat crimes increase the possibility of future use of these
chemicals and biotoxins, which warrants advancement in
emergency preparedness planning at the federal, state, and
local government levels.

It is interesting to note that toxic chemicals have been
used by governmental authorities against rebels, or civil-
ians. In 1920s, Britain used chemical weapons in Iraq “‘as an
experiment’” against Kurdish rebels seeking independence.
Winston Churchill strongly justified the use of ““poisoned
gas against uncivilized tribes’’. The Russian Osnaz Forces
used an aerosol containing fentanyl anesthetic during the
Moscow theater hostage crisis in 2002. RCAs were
frequently used in the USA in the 1960s to disperse crowds
in riot control.

At present, more than 25 countries and possibly many
terrorist groups possess CWAs, while many other countries
and terrorist groups are seeking to obtain them, due to their
easy access. Some of these agents are stockpiled in enor-
mous quantities and their destruction and remediation are
not only expensive but associated with significant health
risks. There is also the possibility of accidental release of
CWAs or CWMD at the sites of their production, trans-
portation, dissemination, and deployment. The intentional
or accidental release of highly toxic chemicals, such as
nerve agent VX (Dugway Proving Ground, Utah, 1968),
Agent Orange (Vietnam, 1961-1972), PBB (Michigan,
USA, 1973), dioxin (Seveso, Italy, 1976), and methyl
isocyanate (Bhopal, India, 1984), has caused injuries in
more than a million people, and deaths in several thousands.
A 1968 accident with VX nerve gas killed more than 6,000
sheep in the Skull Valley area of Utah.

After September 11, 2001, the chances are greater than
ever before for the use of CWMD by extremist and terrorist
groups like Al Qaeda, which presents great risks to humans,
domestic animals, and wildlife in many parts of the world.
On 26 November 2008, Pakistani Islamic terrorists attacked
Mumbai city in India at 10 different sites, including two
luxury hotels, a Jewish center, a train station, and hospitals
and cafes. Approximately 200 innocent people died and
about 300 people were injured by bullets and fire smoke. It
is more likely that these terrorist groups may use toxic
industrial chemicals (agents of opportunity) either as such or
as a precursor for more deadly CWMD. At present, many
countries have established Defense Research Institutes with
two major missions: (1) to understand the toxicity profile of
CWAs/CWMDs, and (2) to develop strategic plans for
prophylactic and therapeutic countermeasures. By the turn
of the 21st century, the USA established the Department
of Homeland Security. Many other countries also developed
similar governing branches and agencies at the state and
national level to protect people and properties from terrorist
attacks. Among chemical, biological, and radiological
weapons, the possibility of CWMD is more likely because
of their easy access and delivery system. It is important to
mention that understanding the toxicity profile of CWAs/
CWMD is very complex, as these chemical compounds are

of a diverse nature, and as a result, treatment becomes very
difficult or in some cases impossible.

In the past, many accords, agreements, declarations,
documents, protocols, and treaties have been signed at the
international level to prohibit the development, production,
stockpiling, and use of CWAs, yet dictators and terrorists
produce and/or procure these chemicals to harm or kill
enemies, create havoc, and draw national and international
attention. In 1907, The Hague Convention outlawed the
use of chemical weapons, yet during WWI, many countries
used these chemicals. The first international accord on the
banning of chemical warfare was agreed upon in Geneva in
1925. Despite the General Protocol, the Japanese used
chemical warfare against China in 1930. In 1933, the
Chemical Weapon Convention banned the development,
possession, and use of CWAs. The document was signed
and implemented by more than 100 countries. Yet, during
WWI many chemicals of warfare were developed,
produced, and used by many countries. In 1993, another
global convention banning the production and stockpiling of
chemical warfare agents was signed by more than 100
countries.

In the present world situation, it is highly likely that these
agents will be used in wars, conflicts, terrorist attacks, and
with malicious intent. In such scenarios, these extremely
toxic agents continuously pose serious threats to humans,
animals, and wildlife.

This Handbook of Toxicology of Chemical Warfare
Agents was prepared in order to offer the most compre-
hensive coverage of every aspect of the deadly toxic
chemicals that can be used as CWAs/CWMD. In addition to
the chapters on radiation, several chapters are included on
deadly biotoxins (ricin, abrin, strychnine, anthrax, and
botulinum toxins) that can be weaponized in chemical,
radiological, and biological warfares. Many special and
unique topics are offered that have not been covered in
previous books. This is the first book that offers detailed
target organ toxicity in this area of toxicology. In every
chapter, all factual statements are substantiated with
appropriate references.

This book meets the needs not only of academicians but
lay persons as well. The format employed is user friendly
and easy to understand. Standalone chapters on individual
chemicals, target organ toxicity, biosensors and biomarkers,
risks to man, animal and wildlife, and prophylactic and
therapeutic countermeasures are just a few of the many novel
topics covered in this book. The chapters are enriched with
the historical background as well as the latest information
and up-to-date references. With more than 70 chapters, this
book will serve as a reference source for toxicologists,
pharmacologists, forensic scientists, analytical chemists,
local/state/federal officials in the Department of Homeland
Security, Department of Defense, Defense Research Estab-
lishments, Department of Veterans Affairs, physicians at
medical and veterinary emergency care units of hospitals,
poison control centers, medical and veterinary diagnostic



labs, environmentalists and wildlife interest groups,
researchers in the area of nuclear, chemical, and biological
warfare agents, and college and university libraries.
Contributors of the chapters in this book are the most
qualified scientists in their particular areas of chemical and
biological warfare agents. These scientists are from around
the globe and regarded as authorities in the field of phar-
macology, toxicology, and military medicine. The editor
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sincerely appreciates each author for his/her dedicated hard
work and invaluable contributions to this volume. The
editor gratefully acknowledges Robin B. Doss and Kristie
A. Rohde for their technical assistance, Alexandre M. Katos
for cover design and Denise M. Gupta for indexing. Finally,
the editor remains indebted to Renske Van Dijk, Rebecca
Garay, and William Brottmiller, the editors at Elsevier, for
their immense contributions to this book.



CHAPTER 2

Historical Perspective of Chemical

Warfare Agents

NATHAN H. JOHNSON, JOSEPH C. LARSEN, AND EDWARD MEEK

The opinions or assertions contained herein are the private
views of the authors, and are not to be construed as
reflecting the views of the Department of Defense, the
Defense Threat Reduction Agency, or the US Air Force.

I. INTRODUCTION

The employment of chemicals in warfighting has a long
history (Silvagni et al., 2002; Romano et al., 2008). Just as
the utilization of chemicals brought about tremendous
advances in society, the concept of using chemicals as
a contributing factor in winning wars has been pursued for
centuries (Joy, 1997; Smart, 1997). There are many exam-
ples of the exploitation of chemicals in warfare and conflict
dating back to antiquity. Primitive man may have been the
first to use chemical compounds in hunting and in battle.
The use of smoke from fires to drive animals or adversaries
from caves may have been the earliest use of chemical
weapons. Natural compounds from plants, insects, or
animals that were observed to cause sickness or death were
likely used by our distant forefathers in attempts to gain or
maintain superiority (Hammond, 1994). Natural toxins from
plants or animals on arrowheads or the poisoning of water or
food could increase casualties and cause fear in opposing
military forces or civilian populations. These early uses of
chemicals would pave the way for more lethal chemical
weapons. For example, in the fourth century BC, smoke
containing sulfur was used in the war between Sparta and
Athens (Joy, 1997). Chinese manuscripts indicate arsenical-
based compounds were used in conflict (Joy, 1997). A few
hundred years later, toxic smoke was used by the Romans in
Spain (Coleman, 2005). During the second siege of Con-
stantinople, the Byzantine emperor Leo III used ‘“Greek
fire’’ in his quest for military victory (Coleman, 2005).
During the ensuing years, there were many instances of the
limited and attempted use of chemicals and toxins on the
battlefield. Many of these examples may have been influ-
enced by the intentional poisonings occurring in civilian
settings (Joy 1997; Smart, 1997; Newmark, 2004; Coleman,
2005). The earliest known treaty to ban poisons in warfare
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was signed between the French and Germans in the 17th
century (Smart, 1997). In the siege of Groningen, incendiary
devices were used by European armies to release bella-
donna, sulfur, and other compounds. This led to the Stras-
bourg Agreement in 1675 (Coleman, 2005). This agreement
prohibited poison bullets (Smart, 1997).

As science and chemistry advanced in the 19th century,
the possibilities of chemical warfare increased exponen-
tially. Advancements were made in industrial applications
of sulfur, cyanide, and chorine (Joy, 1997). In addition, the
concept of chemicals in projectiles was introduced. During
the Crimean War, the British refused to use cyanide-based
artillery shells against the Russians on the grounds that it
was a ‘‘bad mode of warfare’” (Smart, 1997). This was an
early example of the ethical questions surrounding chemical
use in warfare that continued into the 20th century (Vedder
and Walton, 1925). During the American Civil War, both
the Northern and Southern armies seriously considered
using various chemicals in their pursuit of operational
victories (Smart, 1997). Early attempts at international
treaties were met with mixed results. The USA prohibited
any use of poison in the Civil War. The Brussels Convention
on the Law and Customs of War of 1874 prohibited poisons
or poison-related arms (Smart, 1997). The first Peace
Conference at The Hague prohibited projectiles filled with
asphyxiating or deleterious gases (Smart, 1997). Some
countries, including the USA, were not signatories to this
agreement. The employment of chemicals as asphyxiating
warfare agents was vigorously discussed at The Hague
convention (Joy, 1997). Arguments were again made against
chemicals based on moral grounds. However, counterargu-
ments were made based on the assumption that chemicals
lead to a death devoid of suffering (Vedder and Walton,
1925; Joy, 1997; Coleman, 2005). Individuals who advo-
cated chemicals did not see their use as an unfair advantage;
rather, it was just one in a series of technological advances,
which if mastered could provide strategic, operational, and
tactical advantages on the battlefield. The second Peace
Conference at The Hague 8 years later prohibited poisons or
poisoned weapons (Smart, 1997). The British use of picric
acid-filled shells during the Boer War and the Japanese use

Copyright 2009, Elsevier Inc.
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of arsenical rag torches in the Russo-Japanese War further
illustrate that chemical warfare was considered by some
a legitimate form of warfare at the turn of the 20th century
(Smart, 1997). During the early 20th century, technological
advancements in the chemical industry made the possibility
of sustained military operations using chemicals a realistic
possibility. The murder of Archduke Francis Ferdinand at
Sarajevo set the stage for what would become the first
widespread use of chemical weapons to date (Harris and
Paxman, 2002).

II. THE FIRST SUSTAINED USE OF
CHEMICALS AS AGENTS OF WARFARE

The talk and rhetoric of the late 19th century should have
prepared the countries involved in World War I for chemical
warfare. However, that was not case (Smart, 1997). World
War I clearly demonstrated the deadly and destructive
nature of chemicals in modern warfare. Both alliances in the
war experimented with novel forms of warfare, to include
chemical weapons, and followed the lead of their advisory
(Hay, 2000). It is little wonder this war is known as the
“chemist’s war’’ (Fitzgerald, 2008). Initially, the French
used gas grenades with little effect and were followed by the
German use of shells filled with tear gas (Joy, 1997). The
Germans, capitalizing on their robust chemical industry,
produced shells filled with dianisidine chlorosulfate (Smart,
1997). These shells were used in October of 1914 against
the British at Neuve-Chapelle but had little effect. In the
winter of 1914-15, the Germans fired 150 mm howitzer
shells filled with xylyl bromide (Smart, 1997). The xylyl
bromide shells were fired on both the eastern and western

fronts with disappointing effects. Despite the inauspicious
start of chemical warfare on both fronts, efforts were
continued to develop new uses. It would soon be evident
that chemical warfare would be devastating on the battle-
field (Coleman, 2005; Tucker, 2006). Fritz Haber, a German
scientist who later won the Nobel prize in Chemistry, had
proposed the possibility of releasing chlorine gas from
cylinders (Joy, 1997). Chemical warfare was attractive to
Germans for two reasons: the shortage of German artillery
shells and the ability to defeat the enemy trench system
(Smart, 1997). After consideration and debate, the Germans
released chlorine in April 1915 at Ypres, Belgium
(Coleman, 2005). The German military was not prepared for
the tremendous operational advantage the chlorine release
provided. It did not take long for the British and French
forces to respond in kind to the German offensive (Vedder
and Walton, 1925; Joy, 1997; Smart, 1997; Coleman, 2005).
In the fall of 1915, a British officer, William Livens,
introduced a modified mortar (Figure 2.1) that could project
gas-filled shells of chlorine or phosgene, the two agents of
choice at that time (Joy, 1997). Both chlorine and phosgene
caused extreme respiratory problems to those soldiers who
were exposed (Vedder and Walton, 1925; Joy, 1997; Smart,
1997; Coleman, 2005; Hurst et al., 2007) (Figure 2.2).

As the USA entered the war in the spring of 1917, an
obvious concern of the military command was the effect of
chemical warfare on standard operations. Chemistry
departments at universities were tasked with investigating
and developing novel chemical agents (Joy, 1997). Protec-
tive equipment (Figure 2.3) and basic studies of the bio-
logical effects of chemical agents were assigned to the US
Army Medical Department (Joy, 1997). In the fall of 1917,
the Army began to build an industrial base for producing

FIGURE 2.1. British Livens
Projector, Western Front, World
War I

Source: United Kingdom Government
(http://en.wikipedia.org/wiki/Image:
Livens_gas_projector_loading.jpg)
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FIGURE 2.2. Australian infantry in trench with gas masks
donned, Ypres, Belgium, September 1917. Photo by Captain
Frank Hurley (http://en.wikipedia.org/wiki/Image: Australian_
infantry_

small_box_respirators_Ypres_1917.jpg)

chemical agents at Edgewood Arsenal, Maryland (Joy,
1997). As the effects of chlorine and phosgene became
diminished by the advent of gas masks (Figure 2.4), the
Germans turned to dichlorethyl sulfide (mustard) at Ypres
against the British (Joy, 1997). As opposed to the gases,
mustard remained persistent in the area and contact avoid-
ance was the major concern (Joy, 1997). It is worth noting
that almost 100 years after it was first used on the battlefield,
mustard still has no effective treatment and research
continues for effective therapeutics (Babin and Ricketts
et al., 2000; Baskin and Prabhaharan, 2000; Casillas and
Kiser, 2000; Hay, 2000; Schlager and Hart, 2000; Hurst
et al.,2007; Romano et al., 2008). It has been estimated that
there were over one million chemical casualties (Figure 2.5)
of World War I with almost 8% being fatal (Joy, 1997). The
Russians on the eastern front had a higher percentage of
fatalities when compared with other countries in the war,
primarily due to the later introduction of a protective mask
(Joy, 1997). The relatively low mortality rate of chemical
casualties in World War I demonstrated the most insidious
aspect of their use, the medical and logistical burden it
placed on the affected army. The eventual Allied victory
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FIGURE 2.3. US Army captain wearing a gas mask in training,
1917.
Source: Library of Congress.

brought a temporary end to chemical warfare. In 1919, the
Treaty of Versailles prohibited the Germans from produc-
tion and use of chemical weapons.

III. INITTAL COUNTERMEASURES

The conceptualization of a protective mask dates back over
500 years to Leonardo da Vinci (Smart, 1997). By the mid-
19th century, protective masks were proposed in the USA
and Europe for both industrial and military use. The modern
“‘gas mask’’ was developed by the Germans with sodium
thiosulfate and bicarbonate soaked pads and used in World
War I (Joy, 1997). The French and English soon followed
with their own versions of gas masks (Joy, 1997). In 1916,
the Germans introduced a mask that incorporated a canister
through which the soldiers breathed (Joy, 1997). Initially,
the American forces in World War I used gas masks
obtained from allies already fighting in the war (Smart,
1997). In 1918, the Americans introduced their RFK mask,
a modified version of the British mask. Masks were also
developed for the animals that supported the war fighting
efforts. Decontamination efforts during World War I were
rudimentary and included chemical neutralization and
aeration of clothing and equipment. Although the need for
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FIGURE 2.4. World War I soldier and horse wearing gas mask.
Source: National Archives and Records Administration (http://
commons.wikimedia.org/wiki/Image:Gasmask_for_man_and_horse.
jpeg)

detection of chemical agents was clearly identified, very
little progress was made during World War 1. Medical
treatment included removal of the patient from the source,
decontamination, and palliative care (Smart, 1997).

IV. EVENTS AFTER WORLD WAR 1

At the conclusion of World War I, the world had been
introduced to chemical warfare on an unprecedented level.
While there were groups that thought that humanity had
learned a lesson from the cruel nature of chemical warfare,
others prudently went to work on improved chemical
defense (Vedder and Walton, 1925). The thoughts of many
professional military officers were that future wars would
be fought under the new paradigm of chemical warfare
(Vedder and Walton, 1925; Vedder, 1926; Smart, 1997).
New gas masks were developed and training in chemical
environments was introduced (Vedder and Walton, 1925;
Vedder, 1926; Joy, 1997). Textbooks and manuals, such as
those written by US Army Colonel Edward B. Vedder
(Figure 2.6), were introduced to the military medical
community (Vedder and Walton, 1925). In addition, the
civilian medical community gained valuable insight into
toxicology and animal models from the events of World
War I (Vedder, 1929; Johnson, 2007). Despite the first-hand
experience with chemical warfare, some countries,
including the USA, struggled to adequately fund their
offensive and defensive programs during demobilization
(Smart, 1997). It did not take long for chemical warfare to
appear in other conflicts. Chemical agents were used to
subdue rioters and suppress rebellions. The British used
chemical agents to suppress uprisings in Mesopotamia by
dropping bombs in cities throughout the area in the early
1920s (Coleman, 2005). The Soviet Union used chemical
agents to quell the Tambov rebellion in 1921, and France
and Spain used mustard gas bombs to subdue the Berber
rebellion during the 1920s (Werth et al., 1999). Italy and
Japan used mustard in small regional conflicts (Joy, 1997).
The Italian conflict in Ethiopia was noteworthy because

FIGURE 2.5. British soldiers
temporarily blinded by tear gas
awaiting treatment at the Battle of
Estaires, April 1918. Photo by 2nd
Lt T.L. Aitken.

Source: United Kingdom Govern-
ment (http://en.wikipedia.org/wiki/
Image:British_55th_Division_gas_
casualties_10_April_1918.jpg)
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FIGURE 2.6. Captain Edward Vedder, ‘“the father’” of
USAMRICD. Photo courtesy of Mrs Martha Vedder.

mustard was sprayed and dropped from planes and
the agent’s use was considered by some to be significant
to the Italian victory (Smart, 1997). This use demonstrated
the contemporary thought that allowed chemicals to be
viable alternatives to traditional combat. The Japanese also
used chemical weapons during the 1930s against regional
foes. Mustard gas and the vesicant Lewisite were released
on Chinese troops and were also used in South East Asia
(Coleman, 2005). Lewisite is an arsine which was usually
produced as an oily brown liquid that was said to have the
odor of geraniums (Spiers, 1986; Hammond, 1994). It was
developed in the USA by Winford Lee Lewis in 1918 and
was found to be effective at penetrating clothing. The USA
produced approximately 20,000 tons of Lewisite but only
used small quantities of the chemical in World War I
(Coleman, 2005). Dimercaprol, more commonly called
British anti-Lewisite, was developed as an effective treat-
ment for the vesicant (Goebel, 2008). In the inter-war
period, mustard was a key concern in defensive planning
(Coleman, 2005). New stores of mustard were produced in
many countries. Work continued on many fronts to improve
protective equipment. For example, the US Chemical
Warfare Service introduced the M1A2 mask, an improve-
ment of the M1 mask (Smart, 1997). In the Geneva Protocol
of 1925, 16 of the world’s major nations pledged never to
use gas as a weapon of warfare; it was not ratified in the
USA until 1975 (Hammond, 1994). There has long been
vigorous debate on the merits of treaties with nations
balancing the military needs versus the potential irrational
concept of chemical warfare (Vedder, 1926).

V. WORLD WAR II

In the lead up to World War II, the Germans forever
changed chemical warfare with the discovery of the

organophosphorus nerve agents (Goebel, 2008). These
organophosphorus-containing nerve agents inhibit cholin-
esterase enzyme in the nerve synapse responsible for the
breakdown of the neurotransmitter acetylcholine (ATSDR,
2008). This results in the accumulation of the neurotrans-
mitter in the synapse and overstimulation of the nervous
system. This can result in subsequent respiratory failure and
death (ATSDR, 2008).

In 1936, Gerhard Schrader, a German chemist working
on the development of insecticides for IG Farben, devel-
oped a highly toxic organophosphate compound which he
named “‘tabun’’ (Hersh, 1968; Hammond, 1994). Schrader
and an assistant became a casualty of their discovery when
a drop of the neurotoxicant was spilled in the lab exposing
both of them (Tucker, 2006). Had the amount of tabun
spilled been greater both researchers would have certainly
succumbed to the effects of the poison. Tabun was the first
member in a series of compounds termed ‘‘nerve gases’’
(Coleman, 2005). The correct terminology is ‘‘nerve
agents’’ as these agents are not gases, but liquids dispersed
as fine aerosols. Tabun was extremely toxic in small
amounts and invisible and virtually odorless (Tucker,
2006). The compound could be inhaled or absorbed through
the skin. These characteristics made it too dangerous to be
used as an insecticide by farmers. German law required that
any discovery having military application be reported to
military officials (Tucker, 2006). Schrader was not overly
excited about producing chemical agents for the military;
however, the Germans placed him in a secret military
research facility with the emphasis on producing these
nerve agents and discovering new agents (Tucker, 2006).
Subsequently, Schrader and his team of researchers
discovered a more lethal organophosphate compound
similar to tabun, which he named ‘‘sarin’’ in honor of the
team members: Schrader, Ambrose, Rudriger, and van der
Linde (Coleman, 2005).

At the onset of World War II, both the Allies and the
Germans anticipated chemical agents would be deployed on
the battlefield (Tucker, 2006). This expectation intensified
research into the development of new agents, delivery
systems, and methods of protection (Figures 2.7 and 2.8).
The Allied forces were unaware of the Germans’ new nerve
agent, tabun, at the beginning of the war. The rapidly
advancing German army offered very little opportunity to
use chemical agents, as it could prevent the rapid movement
of the German troops into an area after being released
(Tucker, 2006). Nevertheless, the Germans produced and
stockpiled large amounts of nerve agents throughout the war
(Spiers, 1986). The production of these organophosphate
agents was complex, required custom equipment, and was
hazardous to those involved in production (Tucker, 2006). If
exposed, the workers would be dunked in a bath of sodium
bicarbonate (Harris and Paxman, 2002; Goebel, 2008). It is
also interesting to note that some members of the German
workforce were given rations containing higher percentages
of fat (Harris and Paxman, 2002). This was done because
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FIGURE 2.7. Gas mask production — Detroit, Michigan, 1942.
Source: Library of Congress.

FIGURE 2.8. World War II: a private trains using protective
gear. Photo courtesy of the US Army Medical Research Institute
of Chemical Defense.

authorities observed that workers with higher quality rations
seemed protected against exposure to low levels of tabun.
Many detainees were used in the manufacture and testing of
chemical agents in Germany (Harris and Paxman, 2002;

Tucker, 2006). It is not known how many chemical casu-
alties there were in prisoners of war due to their forced labor
in nerve agent production, but documented fatalities were
recorded. The discovery of tabun and sarin was followed by
the discovery of soman by Richard Kuhn and Konrad
Henkel at the Kaiser Wilhelm Institute for Medical
Research in 1944 (Tucker, 2006). This class of nerve agents
is collectively termed “G’’ agents; the G is for German,
since German researchers discovered this class of
compounds. A second letter is included as the specific
identifier of each compound: GA (tabun), GB (sarin), GD
(soman), and GF (cyclosarin) (ATSDR, 2008). These agents
were mass produced by the Nazi regime throughout the war
but were not used (Tucker, 2006). There has been consid-
erable debate questioning why the Germans did not employ
their chemical weapons in World War II. While it may never
be conclusively known, several potential reasons include
a lack of intelligence regarding the German superiority in
chemical weapons discovery, fear of retaliation, and Adolph
Hitler’s personal exposure to chemical agents on the
battlefield in World War I (Harris and Paxman, 2002;
Tucker, 2006).

Other chemical agents that had been produced during and
following World War I were still being produced. On
December 2, 1943, German planes sank several American
ships off the coast of Italy and at least one of the ships
contained mustard that was to be used as a retaliatory
response if the Germans unleashed a large-scale chemical
weapons attack (Tucker, 2006). Casualties resulted from
exposure to the mustard, some of which were inflicted on
civilian merchant seamen (US Navy, 2008). The presence of
the agent on the ship was classified and resulted in incorrect
treatment of many of the exposed by physicians (Tucker,
2006).

VI. POST-WORLD WAR 11

By the conclusion of World War II, both the Allies and
Germany had stockpiled large amounts of chemical agents
(Tucker, 2006). The Allied forces divided up the stockpiles
of agents discovered in German facilities. Following the end
of the war, many of the Allied countries continued to
conduct research on the German nerve agents. The rise of
the Soviet Union as a power and adversary prompted the
USA and other countries to continually search for novel
chemical and biological warfare agents (Tucker, 2006). The
research and resources that were allotted for these efforts
were not trivial even though they were often overshadowed
by the research and development of thermonuclear weapons
(Hersh, 1968; Goebel, 2008).

The post-World War II era ushered in the nuclear age.
Some felt the age of chemical warfare was past (Smart,
1997). Events would prove this to be a hasty conclusion. In
the USA, research of the G-series agents and medical
countermeasures against these agents was accomplished by
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the late 1940s. Research and intelligence gathering was
further hastened by the impressive gains the Soviet Union
made in chemical warfare capability in the years after
World War II. By the early 1950s, production of sarin had
been initiated in the USA (Smart, 1997). At nearly the
same time, Ranajit Ghosh, a chemist at the British Impe-
rial Chemical Industries plant, developed a new organo-
phosphate compound as a potential insecticide (Tucker,
2006). Like Gerhard Schrader before him, this compound
was deemed too toxic to be used in the field as a pesticide.
The compound was sent to researchers in Porton Down,
England, synthesized and developed into the first of a new
class of nerve agents, the ““V’’ agents (Goebel, 2008).
Like the ““G’’ agents the ““V’’ agents also have a second
letter designation: VE, VG, VM, and VX (Coleman,
2005). Of these agents, VX was the most commonly
produced. The “V’’ series of agents are generally more
toxic than the ““G”’ agents (ATSDR, 2008). In a deal
brokered between the British and US governments, the
British traded the VX technology for thermonuclear
weapons technology of the USA (Tucker, 2006). The USA
produced and stockpiled large quantities of VX (Hersh,
1968; Hammond, 1994).

Throughout the 1950s and 1960s, advancements were
made in production and delivery of chemical weapons to
include sarin and VX (Smart, 1997). While work on
improved masks continued, a renewed concern was the
inability to detect nerve agents. Several prototypes were
developed in the mid-1950s. Great advancements were
made in therapeutics of agents that inhibited the enzyme
acetylcholinesterase (Gupta, 2006; Taylor, 2006; Klaassen,
2008). Atropine was introduced in the early 1950s. Oximes
were added as an adjunct to speed up reactivation of the
enzyme (Smart, 1997). The autoinjector was developed to
overcome user fear of self-injection of atropine. Major
advances were made in utilization of chemical weapons in
artillery (Figure 2.9). For example, the USA developed both
short and long range rockets filled with chemical agent. The
USA disposed of stockpiles of its chemical weapons in the
late 1960s in an operation termed CHASE (cut holes and
sink em) in the sea (Coleman, 2005). In 1969, nerve agent
stockpiles were discovered in US depots in Japan after
several US military servicemen became ill while doing
maintenance (Tucker, 2006). This stockpile had been kept
secret from the Japanese and created an uproar that resulted
in the later disposal of the agents in the Johnston Atoll in the
Pacific Ocean.

Defensive equipment such as improved field alarms and
drinking tubes for gas masks were introduced in the 1960s
(Smart, 1997). Great strides were also made in collective
protection in the 1960s and 1970s. Although not used
extensively since World War I, chemical agents have none-
theless been used for military purposes. The Egyptians
allegedly used mustard and possibly nerve agents in the
Yeman civil war (Joy, 1997; Smart, 1997). This was the first
reported use of nerve agent in armed conflict. There were

FIGURE 2.9. Testing for leaks at Sarin production plant, 1970.
Source: Library of Congress (http://memory.loc.gov/pnp/
habshaer/co/co0100/co0168/photos/316333pr.jpg).

allegations that chemical agents were used by the Vietnamese
in Laos and Kampuchea in the late 1970s (Coleman, 2005). In
the Vietnam War, the USA used defoliants and tear gas (Joy,
1997). The Soviet Union was accused of using chemical
agents in their war in Afghanistan (Joy, 1997).

VII. INCAPACITANTS AND TOXINS

Incapacitating agents have long been considered an inter-
mediate between chemical and traditional warfare. The
Germans investigated the military use of lacrimators in the
1880s followed shortly thereafter by the French (Smart,
1997). The English and French considered using lacrimators
in World War I (Smart 1997). Japanese forces used tear gas
against the Chinese in the late 1930s. The US Army used
riot control agents and defoliants in the Vietnam War
(Smart, 1997). The defoliant ‘“‘Agent Orange’’ was later
potentially linked to several forms of cancer (Stone, 2007).
During the 1950s and 1960s, the USA had an active inca-
pacitant program (Smart, 1997). These agents were thought
of as more humane than traditional chemical agents because
the intent was not lethality. These agents were designated
“K-agents’’ and included tetrahydrocannabinol and lysergic
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acid (Smart, 1997). One of the most extensively studied
incapacitating agents was 3-quinuclidinyl benzilate, desig-
nated BZ by the US Army (Ketchum, 2006). Like many
incapacitating agents, BZ was not adopted due to difficulty
producing reproducible effects, unwanted side effects,
latency to produce effects, and difficulty in producing
a dissemination that was free of smoke (Smart, 1997,
Ketchum, 2006).

There have been multiple attempts to use the toxins from
plants and living organisms to develop viable weapon
systems. Two that are noteworthy are ricin and botulinum
toxin. Ricin has been recognized as a potential biological
weapon since World War I. While the British were devel-
oping the V agents, US military researchers patented
a procedure for purifying ricin, a very potent toxin from the
castor bean plant (Harris and Paxman, 2002). The devel-
opment of a method of dissemination of ricin as a chemical
weapon proved problematic thus making its use very
limited. In 2003, ricin was detected on an envelope pro-
cessed in a Greenville, South Carolina, postal facility. Postal
workers did not develop symptoms of ricin exposure and the
individual who mailed the letter remains at large (Shea,
2004). The development and use of botulinum neurotoxin as
a biological weapon was initiated at least 60 years ago
(Smart, 1997; Arnon, 2001). In the 1930s, during occupa-
tion of Manchuria, the Japanese biological warfare group,
Unit 731, purportedly fed cultures of Clostridium botulinum
to prisoners causing human lethality. The US Army bio-
logical weapons program produced botulinum neurotoxin
during World War II in response to Germany’s biological
weapons program (Coleman, 2005). In fact, more than 100
million toxoid vaccine doses were prepared and forward
positioned in time for the D-Day invasion of Normandy
(Arnon, 2001).

VIII. RECENT EXPERIENCES

The 1980s proved to be very significant in the employment
of chemical weapons on the battlefield. In 1980, Iraq
invaded Iran (Smart, 1997). The Iraqi armed forces, who
were advised by the Soviet Union, possessed chemical
agents and were trained in their use. The war was
unequivocally barbarous and neither side gained an advan-
tage. In many ways, this war had similarities to World War
I. By 1983, Iran formally protested to the United Nations
about the Iraqi use of chemical agents. The general
consensus was that Iraq used mustard agent and possibly
tabun in this war (Figure 2.10). It is estimated that 5% of
Iranian casualties, totaling approximately 45,000, can be
attributed to chemical warfare agents (Smart, 1997). The
same author also reported that the Iraqi Army used chemical
agents against the Kurdish minority in northern Iraq. Lybia
was also suspected of using chemical agents when Chad was
invaded in 1986 (Smart, 1997).

FIGURE 2.10. Aftermath of Iraqi chemical weapon attack
(1980s). Photo by Sayeed Janbozorgi; image used under the terms
of the GNU free documentation license (http://en.wikipedia.org/
wiki/Image:Chemical_weapon2.jpg).

The late 1980s also saw improvements in defensive
equipment such as the M40 gas mask developed by the USA
(Smart, 1997). Other advancements were made in collective
protection, decontamination, and detection. In 1984, US
President Ronald Reagan issued a statement calling for an
international ban on chemical weapons (Tucker, 2006).
Subsequently, on June 1, 1990, President George H.W.
Bush and Soviet Union leader Mikhail Gorbachev signed
a treaty banning the production of chemical weapons and
initiated the destruction of the stockpiles of both nations
(Tucker, 2006). In 1993, the Chemical Weapons Conven-
tion was convened and signed. It was implemented in 1997
(Hammond, 1994). As of 2008, the vast majority of United
Nations member states have joined the Chemical Weapons
Convention (OPCW, 2008).

In 1990, the Iraqi Army invaded neighboring Kuwait.
Subsequently, the USA and eventually a coalition sent
forces to the area at the request of Saudi Arabia (Smart,
1997). Because of the broad knowledge of Iraqi chemical
use on the battlefield in the 1980s, coalition forces were the
largest force to operate in a potential chemical environment
since World War 1. Forces moved into the area of operation
were provided with atropine autoinjectors, an acetylcho-
linesterase reactivator, and a nerve agent pretreatment
(pyridostigmine bromide). Fortunately, chemical weapons
were not apparently used in this conflict, although multiple
false alarms were reported. The failure of the Iraqi military
to use chemical weapons could be attributed to fear of
retaliation, breakdown of communication, changing wind
patterns, the surprising speed of the coalition attack, or the
fact that Iraqi chemical infrastructure was attacked during
the initial portion of the conflict. There have been many
coalition veterans who report a myriad of symptoms that
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have been commonly referred to as ““Gulf War Syndrome’’.
The etiology of this syndrome is unclear despite multiple
epidemiological studies (Coleman, 2005).

IX. TERRORIST USE

One of the reasons why chemical weapons have been used
relatively infrequently in combat over the past century is the
fear of retaliation by opposing countries. In less organized
asymmetrical conflicts, the fear of retaliation is of less
concern. The potential exploitation of chemical weapons by
terrorists is of great worldwide concern. The appeal of these
weapons to terrorists is centered on the fact that many of the
chemical agents are cheap and relatively easy to produce,
transport, and release. These characteristics, along with the
fear associated with the idea of a chemical attack, make
chemicals an ideal weapon for creating terror (Romano and
King, 2001). In 1974, Muharem Kurbegovic attacked
several public buildings with firebombs in California and
claimed to have developed sarin and some other nerve
agents (Tucker, 2006). The search of his home resulted in
the discovery of various precursor materials for chemical
agents and a large amount of sodium cyanide. In 1994, the
Aum Shinrikyo, a Japanese religious cult, carried out
several attacks using sarin produced by the cult’s members
(Tucker, 2006). The attacks included a residential and
subway exposure. A total of 19 people were killed and over
6,000 sought medical attention. Some of those seeking
medical attention may be attributed to a fear of exposure.
Psychological stress is a common aftermath of a chemical or
biological attack (Romano and King, 2001). In the 21st
century, formerly used chemicals of military interest have
reemerged as contemporary threats. In the fall of 2006, Al
Qaeda and associated groups used chlorine combined with
traditional car and truck bombings to spread panic in Iraq
(Garamone, 2007). These attacks were followed by similar
attacks in the subsequent months.

X. CONCLUDING REMARKS
AND FUTURE DIRECTION

As long as there are legitimate uses for chemicals in our
society, the risk of chemical agents in conflict and terrorist
activity will always be present. Research across the globe
continues for better detection, protection, and treatment of
chemical warfare agents. While many countries have
denounced and are signatories to various treaties to limit the
use and production of chemical warfare agents, non-state
and terror organizations are under no such restrictions.
Luckily, chemical weapon use has been limited in warfare
and conflict. As we progress into the 21st century, the use of
established chemical warfare agents is a real possibility. The
potential use of legitimate industrial chemicals (e.g. the
Iraqi burning of petroleum fields in the first Gulf War) and

the potential synthesis of new agents should also be
recognized. History has demonstrated that chemicals have
been used in both organized and asymmetrical conflicts and
preparations for defense and therapy for such encounters is
prudent. Chemicals represent a unique force multiplier that
simply cannot be ignored in the 21st century.
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CHAPTER 3

Global Impact of Chemical Warfare Agents
Used Before and After 1945

JIRI BAJGAR, JOSEF FUSEK, JIRI KASSA, KAMIL KUCA, AND DANIEL JUN

I. INTRODUCTION

The threat of chemical weapons (CWs), used either by
States or Parties to the Chemical Weapons Convention
(Convention on the Prohibition of the Development,
Production, Stockpiling and Use of Chemical Weapons and
on their Destruction) or by terrorists, has never attracted so
much public attention as in the past 10 years. In spite of
the existing legal documents dealing with prohibition of
CWs, e.g. Geneva Protocol 1925, and Chemical Weapons
Convention (CWC), some incidents of the use of CWs in
different conflicts and terroristic attacks have been
observed. Moreover, alleged use of CWs was noted during
the period from 1925 to the present time. It must be
emphasized that the theoretical and practical basis for
production, storage, and employment of CWs still exists.
Also, it must be clearly stated that CWs are applicable at any
time, in any place, and in large quantities.

CWs consist of the chemical warfare agents (CWAs) and
the means to deliver to the target. They are characterized by
high effectivity and large targets and are known as area
weapons or silent weapons. They are relatively low cost and
with their use it is possible to achieve destruction of
everything that is living but avoid destruction of materials
and buildings. They are also called the nuclear weapons of
poor countries — ‘‘poor man’s nuclear weapon’’. It should
be pointed out that the use of CWs is connected with the use
or release of toxic chemicals, thus, chemical warfare can be
considered part of generally observed situations where toxic
chemicals are used or released and influence the environ-
ment and humankind.

There exist a number of causal reasons for these events
but apart from accidents connected with the release of toxic
chemicals from a natural source (e.g. volcanoes), the factors
shown in Figure 3.1 or their combinations can be involved.

For military purposes, a number of chemicals were
tested, but only a small number are contained in military
arsenals. However, according to the definition contained in
the CWC, any toxic chemical intended for military use must
be considered a chemical weapon, i.e. the aim is to limit the
designation of the compound in question for use as a CW.
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On the other hand, all toxic chemicals of high toxicity can
be chosen by terrorists.

II. BACKGROUND

The use of toxic chemicals against humankind is as old as
any warfare conflict. The use of the poisoned arrow against
man — not animal — can be considered as the beginning of
chemical warfare and would be characterized as the inten-
tional use of chemicals.

At the very beginning, chemical warfare was more
closely connected with fire. ‘‘Greek fire’” was an excellent
naval weapon because it would float on water and set fire to
the wooden ships. There are other examples from history:
for example, toxic smoke was used in in China in 2000 BC.
In Thucydides’ History of the Peloponnesian War, the 5th
century BC war between Athens and Sparta, we find the first
description of chemical warfare — the formation of toxic
sulfur oxide by burning sulfur. In the year 184 BC, Hannibal
of Carthage used baskets with poisonous snakes against his
enemy. Both Socrates and Hamlet’s father were poisoned
with koniin. Aqua Toffana containing arsenic was also
a known poison in ancient Italy. Leonardo da Vinci
proposed a powder of arsenic sulfide in the 15th century.
There are many more examples of the use of chemical
warfare agents (Bajgar et al., 2007b). Modern history shows
us that terrorists have used other chemicals, such as ricin
(Bulgarian G. Markov was poisoned in 1978) or dioxin (the
President of Ukraine Viktor Andriyovych Yushchenko was
poisoned in 2004).

Inaregion of Bohemia, a ““form’” of CW was used as early
as 600 years ago. It was in the year 1422 when the castle of
Karlstein, the property of King Charles IV, was beseiged and
1,822 kegs containing the cesspools of the streets of Prague
were hurled into the castle. Allegedly, the stench in the
castle was unbearable. According to historical sources,
the castle defenders were probably intoxicated with
hydrogen sulfide released from the contents of the cesspools,
therefore showing typical symptoms of poisoning (Bajgar,
2000).

Copyright 2009, Elsevier Inc.
All rights of reproduction in any form reserved.
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Necessary condition: existence of toxic agent
production, processing, stockpiling, transport
(both for intentional and unintentional use)

!

USE, RELEASE

I

intentional/unintentional

military or local conflicts, unrestrained catastrophes, incidental events
terrorism or sabotage, failure of human factor or techniques

FIGURE 3.1. Possible reasons for a release/use of toxic
chemicals.

There were some attempts to prohibit CWs by interna-
tional agreement or law. Most of the early attempts were
bilateral or unilateral agreements directed at the use of
poisons. These included the 1675 agreement between
France and Germany, signed in Strasbourg, to ban the use of
poison bullets.

The first international attempt to control chemical and
biological weapons took place in Brussels in 1874, when the
International Declaration was signed and included a prohi-
bition against poison and poisoned arms. In spite of the
Brussels and Hague Conventions — first and second — (1899
and 1907 — signatories agreed not to use projectiles that
could spread asphyxiating or deleterious gases), the world
witnessed the application of chemicals in warfare to an
unprecedented extent during World War I (WWI). A brief
summarization of the events connected with the use/release
of toxic chemicals is given in Table 3.1.

ITII. MILITARY USE OF CWs

The intentional use of CWs for military purposes can be
found in both global and local conflicts. A typical example
is the warning ““Gas! Gas!”’ This was common in WWI and
it is well known from the E.M. Remarque novel A/l Quiet on
the Western Front where Remarque suggestively describes
a chemical attack with chlorine.

During WWI, many chemicals were used including
mustard, asphyxiating and irritant agents. About 45 types
(27 more or less irritating and 18 lethal) of toxic chemicals
were used. During the latter part of 1914, irritants were used
by Germany and France; the effect was insubstantial. In late
1914, Nobel prize winner Fritz Haber of the Kaiser Wilhelm
Physical Institute in Berlin (chemical synthesis of ammo-
nium in 1918) came up with the idea of creating chlorine,
although this idea of using toxic chemicals in war was
expressed by Admiral Dundonald as early as 1855. Chem-
ical warfare really began in 1915, when German troops
launched the first large-scale poison gas attack at Ypres,
Belgium, on April 22, using 6,000 cylinders to release 168
tons of chlorine gas, killing 5,000 British, French, and
Canadian soldiers. The date is recognized as ‘‘the birthday
of modern chemical warfare’” and thereafter the belligerent

parties frequently used chemical gases against each other.
Phosgene was introduced by Germany late in 1915. Shortly
after the first chlorine attack, the Allies had primitive
emergency protective masks. In May 1916, the Germans
started using diphosgene, while the French tried hydrogen
cyanide 2 months later and cynogen chloride the same year.
The first time mustard gas was used by German troops was
July 12, 1917, and after its use near Ypres it was also called
yperite.

By the end of the WWI, some 124,200 tons of chemical
warfare agents (chlorine, phosgene, mustard, etc.) had been
released, causing at least 1.3 million casualties of which
more than 90,000 were fatal. The threat of the use of CWAs
led to the development of protective means not only for
humans, but also for horses and dogs. The effectivity of
CWs in comparison with classic munition was evident: 1 ton
of classic explosives caused 4.9 casualties; 1 ton of chemical
munition caused 11.5 casualties; and 1 ton of yperite caused
36.4 casualties (Bajgar, 20006).

IV. THE PERIOD BETWEEN WWI
AND WWII

The terrible casualties of CWs used during WWI, and the
dangerous consequences on humans and the environment,
led to the signing in June 17, 1925 of the ““Geneva Protocol
for the Prohibition of the Use in War of Asphyxiating,
Poisonous and other Gases and Bacteriological Methods of
Warfare”. This is recognized as one of the unique and
famous international treaties on the prohibition of CWs.
However, it neither comprises provisions for effective
verification nor prohibits development, stockpiling, and
transfer of CWs. Moreover, no definition of CWs was
included. Despite the provisions of the Geneva Protocol, in
1935-1936 Italian troops employed CWs during their
invasion of Abyssinia (Ethiopia). This first major use of
CWs after WWI came after October 3, 1935, when
Mussolini launched an invasion of this country. Despite the
Geneva Protocol (Italy had ratified in 1928) the Italians used
mustard gas with horrible effects. Later, CWs were used
between Japan and China in 1937-1945. The Japanese
attacked Chinese troops with mustard gas and lewisite. The
Japanese, in adition to their biological program, had an
extensive CWs program and were producing agent and
munitions in large quantities by the late 1930s.

V. WWII

Despite the storing and stockpiling of CWs by the great
powers engaged in WWII, these fatal weapons were not
practically used (except small examples) during WWII
(probably because of the fear of massive retaliatory use of
CWs). An example of intentional use but not in military
conflict was the killing of prisoners in concentration camps
in Nazi Germany. The agent first used in the camps was
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TABLE 3.1. Some milestones related to the use/release of CWs and toxic chemicals

Year(s)

Event

2000 BC

4th century BC
184 BC

1168

1422

1456

19th century

1914-1918
1918-1939
June 17, 1925
December 23, 1936
1940-1945
1943

1943

1945

1950
1961-1968
1961-1971
1962

1970

1976

1980

1984

1985

1986, 1987

1987
1988
1980-1990
1989
1991
1992
1992

1993
1993
1994
1994
1995
April 29, 1997

2000
2002

April 29, 2012

Toxic smoke in China inducing sleep
Spartacus — toxic smoke

Hannibal — baskets with poison snakes
Fustat (Cairo) — use of ‘‘Greek fire’’
Bohemia region — cesspools (H,S)
Beograde — rats with arsenic

Admiral Dundonald — proposed the use of chemicals
in war

WWI — start of chemical war

Development of new CWs and protective means
Geneva Protocol

Lange and Kruger — synthesis of tabun
Concentration camps — cyanide

Synthesis of sarin

Hoffmann and Stoll — synthesis of LSD-25
Kuhn — synthesis of soman

V agents are begun

Production of VX

Vietnam War — herbicides (impurity dioxin)

BZ was introduced into military arsenals
Bicyclic phosphates considered as potential CWAs
Seveso — release of dioxin

Some rumors on intermediate volatility agent
Bhopal incident — release of methyl isocyanate
Decision on production of binary CWs

Demonstration of USA CWs (Tooele) and Soviet Union
CWs (Shikhany) to the CD in Geneva

Production of binary CWs

Halabja — use of mustard

Rumors of new nerve agent Novichok
Conference on chemical disarmament, Paris
Persian Gulf War — veteran’s syndrome

BZ military stocks of the USA were destroyed

Finalization of the rolling text of the CWC at the
CD — Geneva

Signing CWC in Paris

Preparatory Commission on OPCW

CWs of Iraq were destroyed

Aum Shinrikyo — sarin attack in Matsumoto
Aum Shinrikyo — sarin attack in Tokyo

CWC — entry into force; establishment of OPCW
in The Hague

Research on nonlethal weapons intensified

Moscow theater — Fentanyl derivatives used
against terrorists

CWs of the State Parties to the CWC will be
destroyed but will be prolonged
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carbon monoxide, followed by the more ‘‘effective”
hydrogen cyanide released from Zyklon B. Some experi-
ments with aconitine-impregnated shells and some other
toxic compounds including biological agents were tested on
prisoners.

However, during WWIIL, an important step in the prep-
aration of the most dangerous CWA was observed in
Germany. In Schrader’s group, organophosphates (OPs)
were synthesized, primarily with the aim of obtaining more
effective insecticides. Between 1934 and 1944, Schrader’s
team synthesized approximately 2,000 OPs including two
well-known OP compounds, parathion and paraoxon. As
early as 1935, the government of Nazi Germany insisted
that Schrader switch the primary aim from OP insecticides
to CWAs. At present, OPs are widely used in agriculture,
medicine (human and veterinary), and industry. These
compounds also include nerve agents (the most toxic
compounds of the OP group). Nerve agents such as sarin,
tabun, soman, and VX are the main compounds of CWAs.
The Germans were also the greatest producers of nitrogen
mustard and produced about 2,000 tons of HN-3.

Tabun was synthesized in 1936, followed by others (sarin,
at the end of WWII, followed by soman) and production of
these agents for the military in large quantities and their
stockpiling were recognized after WWII in Dyhernfurth,
Poland (e.g. stocks of tabun and some quantities of sarin).
The technology was subsequently transferred to Russia and
research and development of new OP nerve agents was
continued. During this period British and American scien-
tists were evaluating the toxic properties of DFP.

VI. THE PERIOD AFTER WWII
AND THE COLD WAR

At the end of WWII, many Allied nations seized the
chemical weapons. Most of the CW manufacturing plants in
Germany were taken over and moved to Russia to new sites,
e.g. the military area of Shikhany. This ‘‘takeover”
prompted other states to begin even more research on CWs.
Despite the Allies” own research into CWs, very important
technologies and “‘know how’’ were obtained from Nazi
Germany for both the USA and the former Soviet Union.
The interest in CW technology was probably one reason
for the change of the future border: according to Churchill’s
history of WWII the proposed future boundary between
Poland and Germany had been primarily agreed to consist in
part of the Oder river flowing to the Baltic Sea, and its
tributary, the Neisse river. Before their confluence, the
Neisse consists of two branches, the East Neisse and the
West Neisse. The East Neisse should be the boundary,
resulting in slightly more territory for Germany. Stalin held
for the West Neisse and progress was delayed. No one
knows why Stalin was so insistent in this matter. The reason
was probably very simple: the small town of Dyhernfurth
(now Brzeg Dolny), a few kilometers north of Breslau

(Wroclaw) in the disputed territory and a factory for the
production of nerve agents. It was estimated that when
Dyhernfurth was captured it contained stockpiles of 12,000
tons of tabun, 600 tons of sarin, and an unknown amount of
soman. Presumably, the factory was dismantled, and along
with their stockpiles, transported to the Soviet Union
(Koelle, 1981). It has been documented that the Soviets
were ready to conduct a chemical attack and their research
and development of CWs was very intensified.

In the USA, during the 1950s, the chemical corporations
concentrated on the weaponization of sarin. At the same time,
they became interested in developing CWs that incapacitated
rather than killed the targets. Mescaline and its derivatives
were studied but without practical output. Five years later,
a new project ‘‘Psychochemical Agents’ (later K-agents)
was established. The objective was to develop a nonlethal but
potent incapacitant. Nonmilitary drugs like LSD-25 and
tetrahydrocannabinol were also examined. None of these
agents were found to be of military importance. The first and
only incapacitant was BZ, developed in 1962; however, its
stocks were destroyed in 1992 as declared by the US dele-
gation to the Conference on Disarmament in Geneva
(Document of CD, 1991). These agents, intended not to kill
but to induce incapacitance, are covered under the class of
nonlethal weapons (Hess et al., 2005).

In the former Soviet Union, as a whole in 1940-1945
approximately 110,000 tons of first generation toxic
chemicals were produced and most of them were yperite and
lewisite, and irritating agents. Second generation CWs were
composed of nerve agents such as sarin, soman, V agents,
and to a lesser degree tabun. The development of new CWs
of the third generation comprised traditional and nontradi-
tional CWs, e.g. blister and irritant agents, and nerve gases
including new types, e.g. Novichok 5, whose exact chemical
structure is unknown though some assessments have been
made (Bajgar, 20006); it could be a nerve agent having high
toxicity. Its effects are difficult to treat using common
antidotes.

An example of the unintentional use of CWs has also
been observed. In March 1968, thousands of dead sheep
were discovered in the Skull Valley area, Arizona, USA.
This area was adjacent to the US Army’s Dugway open-air
testing site for CWs. Nerve gas had drifted out of the test
area during aerial spraying and killed the sheep. One year
later, on July 8, 1969, the Army announced that 23 US
soldiers and one civilian had been exposed to sarin in
Okinawa during the clearing of sarin-filled bombs (Sidell
and Franz, 1997).

There are a number of examples of localized conflicts
where CWs have been intentionally used but cannot be
verified: e.g. in 1951-1952 in the Korean War; in 1963 the
Egyptians used mustard bombs against Yemeni royalists in
the Arabian peninsula; in the Indo-China War (see Vietnam
War); in 1970, in Angola antiplant agents were almost
certainly used; and in former Yugoslavia, there were rumors
of the use of psychotomimetic agents.
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A. Irag—Iran and Afghanistan War

On September 22, 1980, Iraq launched its invasion against
Iran. There has been mention of the large-scale use of
CWAs in the Iran-Irag war. In November 1983, Iran
informed the United Nations that Iraq was using CWs
against Iranian troops. Soon after, the use of CWs was
unleashed. In addition, mustard and tabun were used. It is
well known that the Iraqi Government used these agents
against its own citizens, more conspicuously at Halbja in
March 1988. The CWs attack was the largest against
a civilian population in modern times. More than 100,000
Iranians were poisoned with CWAs; sulfur mustard was the
most frequently used and has induced a number of delayed
complications in Iranian veterans (pulmonary, dermal,
ocular, immune system depression, reproduction, malig-
nancy, etc.) (Afshari and Balali-Mood, 2006). Other local-
ized conflicts involving alleged use of CWs are described in
detail in an extensive review (Robinson, 1971).

The Soviet Union probably used mustard (and nerve gas)
in Afghanistan. The Afghanistan war was considered the
Soviet Union’s ““Vietnam’’. The use of CWs was described
by Sidell and Franz (1997). The use of CWs by Soviet forces
was also significant and has been confirmed against
unprotected subjects. Despite the use of CWs, the with-
drawal of Soviet troops from Afghanistan was realized at
the beginning of 1989.

B. Vietnam War

After WWII, the main employment of CWs is recorded in
1961-1972 when the US Army used defoliants. The herbi-
cide Agent Orange was used during the Vietnam War and
led to the injury of more than one million Vietnamese and
Americans. Agent Orange (a mixture of 2,4-dichlorophenoxy
acetic acid and 2,4,5-trichlorophenoxy acetic acid) contained
the chemical contaminant dioxin as an impurity which
caused many deaths on both sides. There were other herbi-
cide mixtures such as Agent White (2,4-D and picloram) and
Agent Blue (cacodylic acid). The biological effects of dioxin
were described by Sofronov et al. (2001). The first major
operation of this type was conducted over the Ca Mau
peninsula in September—October 1962. The area sprayed
with defoliants during 1965 had been five times larger than in
1965 and in 1967 ten times larger. The scale of the use of
defoliants was roughly in proportion to the overall involve-
ment of US troops. In 1970, herbicides and defoliants were
used in tens of tons, especially 2,4,5-T. The area sprayed
enlarged from 23 km? in 1962 to 22,336 km? in 1969. The
area exposed to spraying was assessed to be 58,000 km? and
the number of people exposed was assessed to be more than
one million including more than 1,000 deaths. In addition to
defoliants used to destroy vegetation concealing the North
Vietnamese, the USA used tear gas for clearing tunnels and
bunkers. The irritants CS, CN, and DM were reported to be

used. The total CS procured was approximately 7,000 tons
from 1963 to 1969.

C. Development of VX Agent

VX was synthesized in the 1960s on the basis of the results
of Tammelin and Aquilonius (Aquilonius et al., 1964,
Tammelin, 1957). The manufacturing of VX began in the
USA in 1961. Construction of the USA’s VX agent
production plant at Newport, Indiana, was completed in
1961, when the first agent was produced. The production
facility only operated for 7 years, and was placed on standby
in 1968 (Smart, 1997).

During the same period, Soviet scientists developed the
so-called Russian VX (VR, RVX, R 033) (Kassa et al,
2006; Kuca et al., 2006). The chemical structure of VX was
unknown for a long time. Therefore some attempts to
resolve this question have been made (Bajgar, 1968).
Because of these ambiguities and difficulties in synthesis,
model V agent [EDMM, O-ethyl S-(2-dimethylaminoethyl)
methylphosphonothioate] was initially used in the Eastern
Block to study antidotal treatment. Another structural
analog of VX known as Chinese VX (CVX) was also
developed and studied (Eckert et al., 2006).

A very important step in the development in CWs has
been the production of ‘‘binary munition”, in which the
final stage of synthesis of the agent from precursors is
carried out in the munition (bomb, shell, or warhead)
immediately before or during delivery to the target. In the
1950s, armed forces had begun looking at binary weapons.
Until this time, CWs were unitary, i.e. the toxic agent was
filled in the munition and then stored ready to be used. The
binary concept — mixing or storing two less toxic chemicals
and creating the nerve agent within the weapon — was safer
during storage. The production of binary projectiles
began on December 16, 1987 at the Pine Bluff Arsenal,
Arkansas, USA.

D. Persian Gulf War

On August 2, 1990, Saddam Hussein sent Iraqi troops into
Kuwait — allegedly in support of Kuwaiti revolutionaries
who had overthrown the emirate. Iraq was known to have
a large stockpile of CWs during its conflict with Iran and
confirmed that they would use CWs.

President George Bush ordered US forces to be sent to
Saudi Arabia at the request of the Saudi Government
(Operation Desert Shield) — this was the buildup phase of
the Persian Gulf War. As a consequence, in 1996, almost
60,000 veterans of the Persian Gulf War claimed certain
medical problems related to their war activities, some
caused by exposure to nerve agents (released after the
bombing and desctruction of the sarin production facility).
Unexplained “Gulf War Syndrome’” with low-dose expo-
sure to CWAs was suggested as a possible cause. Extensive
research failed to find any single case of the problem.
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However, some health effects, including alterations to the
immune system 3 months after the exposure to low
concentrations of sarin, were demonstrated (Kassa et al.,
2001, 2003). In the desert, during the fall and winter of
1990-1991, the threat of chemical warfare became very real
to allied military personnel. It was demonstrated by the UN
Commission that major Iraqi agents were mustard, tabun,
sarin, and cyclosarin. Mustard agent was relatively pure but
nerve agents were a complex mixture of the agent and
degradation products. Over the period from June 1992 to
June 1994, the Commission’s Chemical Destruction Group
destroyed 30 tons of tabun, 70 tons of sarin, and 600 tons of
mustard, stored in bulk and in munitions.

Suddenly, it became clear to the whole world that
there were countries that have CWs and biological weapons,
and there were other countries that might obtain or
produce them.

VII. UNINTENTIONAL USE OF TOXIC
CHEMICALS

There are two main accidents connected with the release of
toxic chemicals. In July 1976, in Seveso, Italy, more than
40,000 people were exposed to dioxin, a persistent and
highly toxic chemical. The first signs were skin lesions
appearing on children, and after some months there was
evidence of chloracne. Health consequences have been
observed from that time to the present. The Seveso accident
was possibly the most systematically studied dioxin
contamination incident. A similar contamination of one
building of the Spolana company in Neratovice (a town in
the former Czechoslovakia) was also observed (Bajgar
et al., 2007a). Another example, the Bhopal accident, is
probably the greatest industrial disaster in history. On the
night of December 2-3, 1984, water inadvertently entered
the methylisocyanate storage tank (containing about 40 tons
of this chemical). As a result, methylisocyanate was
released into the sorrounding area. There was no warning.
Many people who inhaled high concentrations of toxic gas
were asphyxiated because of extensive lung damage. About
150,000 people were intoxicated (50,000 seriously poisoned)
and more than 2,500 people died (Bajgar, 20006).

VIII. TERRORIST USE OF CW

Terrorists have expressed an interest in nerve agents and
have deployed them in attacks on unprotected civilians
(Rotenberg and Newmark, 2003). A Japanese religious cult,
Aum Shinrikyo, independently manufactured numerous
chemical and biological agents. The first such attack with
sarin occurred in Matsumoto in 1994 and the Tokyo subway
in 1995. Thousands of people were affected and dozens of
people died (Nagao et al, 1997; Ohtomi et al., 1996;
Okumura et al., 1998; Yokoyama et al, 1998). In

Matsumoto (1994), 600 people were poisoned and hospi-
talized, and seven died (Morita et al., 1995; Nakajima et al.,
1997; Yoshida, 1994). The attack in the Tokyo subway
(1995) resulted in 5,500 people seeking hospital evaluation
and 12 deaths (Bajgar, 2006). An interesting terroristic act
was described by Tsuchihashi ef al. (2005) — a fatal intox-
ication with VX administered percutaneously.

Nerve agents belong to the group of OPs. These
compounds in the form of pesticides are commercially
available, and are used in agriculture which can lead to
professional, suicidal, or accidental intoxication. The
mechanism of action, diagnosis, and treatment of intoxica-
tion with OP pesticides and nerve agents is a very hot topic
at present. Moreover, some principles of the effects, diag-
nosis, and therapy are very similar for OP and highly toxic
nerve agents, and therefore the principle of action and
effective treatment can be applied in general for the civilian
sector too.

The use of these chemicals was observed in Moscow in
2002. The Moscow theater hostage crisis was the seizure of
a crowded theater on October 23, 2002 by about 40 armed
Chechen militants who claimed allegiance to the separatist
movement in Chechnya. They took 850 hostages and
demanded the withdrawal of Russians from Chechnya and
an end to the Chechnya war. The leader of the terrorists was
22-year-old Movsar Baraev. After two and half days of
waiting, Russian forces used an unknown gas pumped into
the ventilation system. Officially, 39 terrorists and at least
129 of the hostages (nine of them foreigners) were killed.
Some estimates have put the civilian death toll at more than
200. It was thought that the security services used an aerosol
of a chemical warfare agent, first assessed as BZ, but later it
was specified that an aerosol anesthetic of the Fentanyl type
was used (Bajgar and Fusek, 2006).

In the hospitals, the survivors were cut off from any
communications with the outside and their relatives were
not allowed to visit them. An incorrect list of hospitals for
victims was released. The main problem was the lack of
information about those dealing with the identification and
characterization of the chemical used and the unavailability
of known antidotes (e.g. naloxon) by medical staff treating
the victims (Bajgar et al., 2007a). It appeared from this
event that there were compounds not explicitly enumerated
in the CWC and therefore not controlled by this Convention.
Fentanyl can be considered as a nonlethal weapon (a group
of so-called calmatives) and these chemicals can also be
used to incapacitate animals; of course, its use against
humans is not excluded (Bajgar, 2006; Hess et al., 2005).

IX. NEGOTIATIONS

Though the Cold War was continuing, the political situation
led to increased activities in international negotiations. At
the Conference on Disarmament in Geneva, some attempts
to negotiate a ban of CWs was begun, first as the Ad hoc
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Working Group, and later as the Ad hoc Committee on
Chemical Weapons with the mandate to negotiate the text of
a convention banning CWs.

The discussions in Geneva were more intensive from
1987 and, in 1992, the elaboration of the so-called rolling
text of future CWCs was finished. During these negotia-
tions, the text of future Conventions (‘‘rolling text’’) was
enlarged: the final report (CD/342) of February 2, 1983
contained 23 pages; the same report of August 23, 1985
(CD/636) had 46 pages; and CD/952 of August 18, 1989
contained 134 pages. Simultaneously with the Geneva
negotiations, in September 1989, the Memorandum of
Understanding between the Governments of the United
States and USSR regarding a bilateral verification experi-
ment, data exchange related to prohibition of CWs other-
wise known as the Wyoming, MT, started negotiations
between two main possessors of CWs. These countries also
contributed to the negotiations in Geneva: they demon-
strated their CWs to the Conference on Disarmament in the
USA in November 1986 (Tooele) and the USSR in October
1987 (Shikhany). The final document of the Convention is
approximately 200 printed pages. The Convention was then
agreed in New York at the UN General Assembly and
signed in Paris in 1993. The CWC (Convention on the
Prohibition of the Development, Production, Stockpiling
and Use of Chemical Weapons and on their Destruction)
entered into force on April 29, 1997, 180 days after the
deposit of the 65th instrument of ratification of the
Convention by Hungary. At this time, 87 countries ratified
the CWC and became original States Parties to the
Convention. Simultaneously, the Organization for Prohibi-
tion of Chemical Weapons (OPCW) in The Hague started
its work of supervising the destruction of CW stocks and
monitoring the world’s chemical industry to prevent future
misuse. There are many activities of the OPCW, e.g.
training of the inspectors for control of destruction of CWs
including their medical protection, research, and supported
activities, solving problems due to practical implementation
of the CWC, control of chemical and military facilities and
other activities. Russia and the USA are unlikely to meet the
final stockpile destruction deadline of April 29, 2012. By the
middle of 2008, 183 Signing States and 194 recognizing
States had adhered to the Convention (Davey, 2008).
However, there are still States nonsignatories to the
Convention. CWs have a long and ancient history. A lack
of CW employment in WWII suggested that ‘‘gas
warfare”” had ended. However, further development and
the utility of chemicals in Vietnam and in terrorist attacks
have maintained a military interest in chemical weapons.

It is clear that the use (incidental or otherwise) of toxic
chemicals has impacts in different spheres of human
existence such as state structures and infrastructure,
economics, psychic and public behavior, and the environ-
ment. Toxic chemicals are a great consumer of natural
sources, both renewable and nonrenewable. They also
consume raw materials and energy, and as a consequence

cause pollution of the environment and lead to deficiency
of raw materials throughout the world and therefore an
unequal distribution of the world’s natural sources. The
impact on the psychology of humankind is also important,
following either chemical wars (both global and local) or
use of these chemicals by terrorists. The development of
new technologies is equally important because they influ-
ence positively and negatively further human develop-
ment. Research in this direction can not only contribute to
“improvement’ of chemicals to obtain more effective
CWAs but also improve our knowledge in basic sciences
(toxicology, neuropharmacology, etc.) and allow us to
better understand physiological functions in general. It is
appropriate to recall the history of cholinesterases and their
inhibitors. The existence of cholinesterases was predicted
by H.H. Dale in 1914, i.e. 14 years before acetylcholine
was demonstrated as a natural constituent of animal
tissues. This research approach was changed during WWII
and cholinesterases acquired a special significance in the
context of chemical warfare and nerve agents (Silver,
1974). Another publication in this area (Koelle, 1963) can
be considered as the first to deal with anticholinesterase
agents including CWAs — nerve agents. One can only hope
that in the future the only physiological and pharmaco-
logical research will be performed in a nonmilitary
framework, but that may not be the case.

X. CONCLUDING REMARKS
AND FUTURE DIRECTION

The threat of the use (either military or terroristic) of
CWAs (and other toxic chemicals) still exists. The military
use of these agents is limited but their terroristic use is
unlimited. The spectrum of these agents is very large and
the ability to be prepared against the use of toxic chemicals
is necessary.

References

Afshari, R., Balali-Mood, M. (2006). Iranian experience on
management of late complications of sulphur mustard
poisoning. The 6th International Chemical and Biological
Medical Treatment Symposium, April 30-May 5, 2006, Spiez,
Switzerland. Technical Program, p. 44.

Aquilonius, S.M., Fredriksson, T., Sundwall, A. (1964). Studies
on phosphorylated thiocholine and choline derivatives. I.
General toxicology and pharmacology. Toxicol. Appl. Phar-
macol. 6: 269-79.

Bajgar, J. (1968). Survey of chemicals for consideration as
possible “V’* agents (in Czech). Inf. Zpravodaj 9: 5-17.

Bajgar, J. (2006). The use of chemical weapons and negotiations
on their ban from historic to present time. NUCLEUS, Hradec
Kralové, 180 pp. (In Czech)

Bajgar, J., Fusek, J. (2006). Accidental and aimed use of toxic
compounds: military conflicts, havaries and terrorism. Voj.
Zdrav. Listy 75: 70-80. (In Czech)



24 SECTION | - Introduction, Historical Perspective, and Epidemiology

Bajgar, J., Kassa, J., Fusek, J., Kuca, K. (2007a). Harmful
chemicals and chemical accidents — history and present time
(in Czech). In Medicina katastrof, [Vth Conference, Trauma-
tologic planning and preparation. Sbornik prispevku,
November 20-21, 2007, Hradec Kralové. (K. Antos, B. Jezek,
J. Vanek, M. Prochazka, eds). Zdrav. Social Academy, Hradec
Kralové, 1st edition, pp. 14-19.

Bajgar, J., Kassa, J., Cabal, J. (2007b). Department of Toxicology.
MO CR - AVIS, Praha, 2007, 35 pp.

Davey, B.J. (2008). From proliferation to pandemics: some
thoughts from the chair. The 7th International Chemical Bio-
logical Medical Treatment Symposium, April 13-18, 2008,
Spiez, Switzerland. Technical Program, p. 17.

Document of CD (1991). CD/1074; CD/CW/WP.336. March 20,
1991, USA. A report on the destruction of 3-quinuclidinyl
benzilate (BZ).

Eckert, S., Eyer, P., Muckter, H., Worek, F. (2006). Development
of a dynamic model for real-time determination of membrane-
bound acetylcholinesterase activity upon perfusion with
inhibitors and reactivators. Biochem. Pharmacol. 72:
344-57.

Hess, L., Schreiberova, J., Fusek, J. (2005). Pharmacological non-
lethal weapons. Proceedings of the 3rd European Symposium
on Non-Lethal Weapons, Ettlingen, Germany, May 12-15,
2005.

Kassa, J., Pecka, M., Tichy, M., Bajgar, J., Koupilova, M., Herink,
J., Krocova, Z. (2001). Toxic effects of sarin in rats at three
months following single and repeated low-level inhalation
exposure. Pharmacol. Toxicol. 88: 209—19.

Kassa, J., Krocova, Z., Sevelova, L., Sheshko, V., Neubaerova, V.,
Kasalova, I. (2003). Low-level sarin-induced alteration of
immune system reaction in inbred BALB/c mice. Toxicology
187: 195-203.

Kassa, J., Kuca, K., Jun, D. (2006). The reactivating and ther-
apeutical efficacy of oximes to counteract Russian VX
poisoning. Int. J. Toxicol. 25: 397-401.

Koelle, G.B. (1963). Handbuch der experimentellen Pharmako-
logie. Cholinesterases and anticholinesterase agents (G.B.
Koelle, subeditor) 15. Band. Springer-Verlag, Berlin.

Koelle, G.B. (1981). Organophosphate poisoning — an overview.
Fundam. Appl. Toxicol. 1: 129-34.

Kuca, K., Jun, D., Cabal, J.,, Hrabinova, M., Bartosova, L.,
Opletalova, V. (2006). Russian VX: inhibition and reactivation
of acetylcholinesterase and its comparison with VX-agent.
Basic Clin. Pharmacol. Toxicol. 98: 389-94.

Morita, H., Yanagisawa, T., Nakajima, M., Shimizu, M.,
Hirabayashi, H., Okudera, H., Nohara, M., Midorikawa, Y.,
Mimura, S. (1995). Sarin poisoning in Matsumoto, Japan.
Lancet 346: 290-3.

Nagao, M., Takatori, T., Matsuda, Y., Nakajima, M., Iwase, H.,
Iwadare, K. (1997). Definitive evidence for the acute sarin
poisoning in diagnosis in the Tokyo subway. Toxicol. Appl.
Pharmacol. 144: 198-203.

Nakajima, T., Sato, S., Morita, H., Nakajima, T. (1997). Sarin
poisoning of a rescue team in the Matsumoto sarin incident in
Japan. Occup. Environ. Med. 54: 697-701.

Ohtomi, S., Takase, M., Kunagoi, F. (1996). A clinical experience
in Japan Self Defence Force (JSDF) Central Hospital. Intern.
Rev. Armed Force Med. Serv. 69: 97-102.

Okomura, T., Suzuki, K., Fukuda, A. (1998). The Tokyo subway
sarin attack. Disaster management. Part 2: Hospital response.
Acad. Emerg. Med. 5: 618-24.

Prymula, R. et al. (2002). Biological and Chemical Terrorism.
Information for Everybody. Grada — Avicenum, Prague, 150 pp.
(In Czech)

Robinson, J.P. (1971). The Problem of Chemical and Biological
Warfare, Vol. 1. The Rise of CB Weapons. SIPRI, Stockholm,
Almgqvist and Wiksell; Humanities Press, New York.

Rotenberg, J.S., Newmark, J. (2003). Nerve attacks on children:
diagnosis and management. Pediatrics 112: 648-58.

Sidell, F.R., Franz, D.R. (1997). Chapter 1. Overview: defense
against the effects of chemical and biological warfare agents.
In Medical Aspects of Chemical and Biological Warfare (F.R.
Sidell, E.T. Takafuji, D.R. Franz, eds), pp. 1-7. Bordem
Institute, Office of the Surgeon General, US Army Medical
Department Center and Schoul, US Army Medical Research
and Material Command, Uniformed Services University of the
Health Science, Washington, Falls Church, Fort Sam Houston,
Fort Detrick, Bethesda, USA.

Silver, A. (1974). The Biology of Cholinesterases. Frontiers in
Biology, Vol. 36 (A. Neuberger, E.L. Tatum, eds). North-
Holland Publishing Company, Amsterdam/Oxford.

Smart, J.J. (1997). Chapter 2. History of chemical and biological
warfare: an American perspective. In Medical Aspects of
Chemical and Biological Warfare (F.R. Sidell, E.T. Takafuji,
D.R. Franz, eds), pp. 9-86. Bordem Institute, Office of the
Surgeon General, US Army Medical Department Center and
Schoul, US Army Medical Research and Material Command,
Uniformed Services University of the Health Science,
Washington, Falls Church, Fort Sam Houston, Fort Detrick,
Bethesda, USA.

Sofronov, G., Roumak, V., An, N.Q., Poznyakov, S., Oumnova, N.
(2001). The long-term health consequences of agent orange
in Vietnam. Voj. Zdrav. Listy 70 (Suppl.): 54-69.

Tammelin, L.P. (1957). Dialkoxy-phosphorylthiocholines,
alkoxy-methylphosphorylthiocholines and analogous choline
esters. Synthesis, pKa of tertiary homologues and cholines-
terase inhibition. Acta Chem. Scand. 11: 1340-8.

Tsuchihashi, H., Katagi, M., Tatsuno, M., Miki, A., Nishikawa, M.
(2005). Identification of VX metabolites and proof of VX use in
the victim’s serum. International Symposium on NBC Terrorism
Defense in Commemoration of the 10th Anniversary of the
Tokyo Subway Attack (2005 Symposium). Choshi City, Chiba,
Japan, June 16-19, 2005, Book of Abstracts, p. 6.

Yokoyama, K., Araki, S., Murata, K., Nishikitami, M., Okomura, T.,
Ishimatsu, S., Takasu, M. (1998). Chronic neurobehavioral and
central autonomic nervous system effects in Tokyo subway sarin
poisoning. J. Physiol. 92: 317-23.

Yoshida, T. (1994). Toxicological reconsideration of organo-
phosphate poisoning in relation to the possible nerve-gas sarin-
poison disaster happened in Matsumoto-city, Nagano. Jpn.
J. Toxicol. Environ. Health 40: 486-97.



CHAPTER 4

The Tokyo Subway Sarin Attack:
Toxicological Whole Truth

TETSU OKUMURA, KENJI TAKI, KOUICHIRO SUZUKI, AND TETSUO SATOH

Humankind has not yet experienced a full-scale sarin attack
in a major modern city.

I. INTRODUCTION

The Tokyo subway sarin attack occurred in 1995, following
the Matsumoto sarin attack, and served as a “‘wake-up call’’
for anti-NBC (nuclear, biological, and chemical) terrorism
policy throughout the world. In the 10 years since the attack,
efforts to combat NBC terrorism have focused on rapid and
effective measures to respond to attacks employing nerve
agents such as sarin.

II. SARIN TOXICITY AND MECHANISM
OF ONSET

Sarin is an organophosphate compound. Within the context
of chemical weapons, organophosphates are collectively
referred to as “‘nerve agents’’, of which sarin, tabun, soman,
and VX are examples. Organophosphates inhibit the enzyme
acetylcholinesterase (AChE), which degrades acetylcholine
(ACh), a neurotransmitter substance that acts locally on
nerve synapses. Once the organophosphates bind to and
phosphorylate AChE to inhibit its activity, ACh accumulates
at nerve terminals, resulting in enhanced ACh activity at
receptor sites. ACh effects can be functionally classified
based on their site of action and can have muscarinic, nico-
tinic, and central nervous system (CNS) effects. These
effects cause the major symptoms associated with an acute
organophosphate toxicity. Muscarinic effects increase
parasympathetic nerve activity and cause miosis, visual
disturbances (accommodation disorder), increased salivary
and bronchial secretions, bronchospasm, bradycardia, and
increased gastrointestinal peristaltic activity (e.g. abdominal
pain, nausea, vomiting, and diarrhea). Nicotinic effects, due
to hyperstimulation of neuromuscular junctions, cause
fasciculations, muscle weakness, and respiratory paralysis,
and increased sympathetic nerve activity leads to miosis,
sweating, tachycardia, and hypertension. CNS effects due to
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ACh, when severe, include anxiety, headaches, excitement,
ataxia, somnolence, disorientation, coma, and seizures.

Well-known symptoms of sarin toxicity include
“‘miosis’’, ‘‘hypersecretion’’, ‘‘bradycardia’’, and ‘‘fascic-
ulations’’. However, the mechanism of organophosphate
toxicity seems to involve conflicting actions. For example,
mydriasis or miosis, and bradycardia or tachycardia may
occur. Acute respiratory insufficiency is the most important
cause of immediate death. Early symptoms include
(1) tachypnea due to increased airway secretions and bron-
chospasm (muscarinic effect), (2) peripheral respiratory
muscle paralysis (nicotinic effect), and (3) inhibition of
respiratory centers (CNS effect), which all lead to severe
respiratory insufficiency. If left untreated at this stage, death
will result. Cardiovascular symptoms may include hyper-
tension or hypotension. In more severe cases, hypotension
and shock develop. Various arrhythmias can also occur, and
caution is required when the QT interval is prolonged. In
particular, if hypoxemia is present, fatal arrhythmias may
occur with intravenous administration of atropine sulfate,
which means that this drug should be given intramuscularly
to victims of sarin poisoning in the ‘‘field’”’. Common
gastrointestinal symptoms include nausea, vomiting, and
diarrhea.

An “‘intermediate syndrome’’ lasting 14 days after sarin
exposure is said to exist. This is due to prolonged AChE
inhibition and is associated with acute respiratory muscle
paralysis, motor nerve paralysis, and cervical flexor and
proximal muscle paralysis. Recumbent patients who have
difficulty raising their head and neck require particular care.
However, the intermediate syndrome has not been reported
with nerve agent toxicity in animals or humans (Sidell, 1997),
and some experts even doubt that an intermediate syndrome
actually exists (De Bleecker, 1992). Others believe that the
cause may be due to oral toxicity or inadequate treatment
(intestinal decontamination, antidote administration, and
respiratory management). In organophosphate-induced
delayed neuropathy (OPIDN), seen two to three weeks after
exposure, and characterized by distal muscle weakness
without fasciculations, the pathophysiology is not well
understood. OPIDN was first reported in the 1930s due to

Copyright 2009, Elsevier Inc.
All rights of reproduction in any form reserved.
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contamination of Jamaican ‘‘ginger jake’’ by organo-
phosphates. This incident (so-called ‘‘ginger paralysis’”)
caused lower limb paralysis in about 20,000 victims.
OPIDN symptoms have also recently been reported in
Matsumoto and Tokyo subway sarin victims (Himuro
et al., 1998; Sekijima et al., 1997). Inhibition of neurop-
athy target esterase (NTE) plays a role in OPIDN, but
despite several basic research studies, the detailed patho-
physiology has not yet been established, thus making
OPIDN difficult to treat.

III. OVERVIEW OF THE TOKYO SUBWAY
SARIN ATTACK

The attack took place during the morning rush hour, about
8:00 am, on March 20, 1995, the day before a holiday. The
attack was carried out by members of Aum Shinrikyo to
distract police from carrying out a raid on the cult’s head-
quarters. The terrorist target was government buildings in
Kasumigaseki in the heart of Tokyo. Most offices in
Kasumigaseki open for business at 9:30 am, but the early
morning rush hour was heavy because this was a Monday.
Some believe that the time of 8:00 am was because some
cult members had inside information about the government
offices. The police, based on an undercover investigation,
suspected that Aum Shinrikyo was manufacturing sarin for
use in a terror attack, but few people, even within the police
department, were aware of this. The police did not have
personal protective equipment (PPE), which meant that they
had to borrow PPE and receive training on use of the
equipment from the Self-Defense Forces. Members of the
Self-Defense Forces were alerted to some of Aum Shinri-
kyo’s planned activities, but the general public, including
healthcare providers and fire department personnel, knew
nothing about their activities.

o

According to a subsequent police report, the terrorists
placed sarin in five subway trains. Approximately 600 grams
of sarin at a concentration of 33% was mixed with hexane
and N, N-diethylaniline and placed in a nylon/polyethylene
bag. Five terrorists then wrapped the bags in newspaper,
punctured the bags with the tips of their umbrellas and left
the bags on the subways. In this way the sarin seeped out of
the bags and vaporized, but no other active means of
dispersal were used, and in this sense, the Tokyo subway
sarin attack was not really a “‘full-scale’’ attack.

Thus, the way in which we use the lessons learned from
this attack will affect our ability to adequately deal with
future terrorist attacks using sarin, which could be even
greater and more serious with respect to the number of
victims. Can we really assume that only 12 of the approx-
imately 5,500 victims died because the Japanese medical
system was particularly well prepared for such an eventu-
ality? Probably not. It is more likely that the relatively low
number of fatalities was due to the low concentration of
sarin and passive means of dispersing it. From this
perspective, the Matsumoto sarin attack one year previously
was more aggressive than the Tokyo subway sarin attack. In
a trial after the Matsumoto incident, it was revealed that
a 70% concentration of sarin was actively volatilized using
an electric heater and dispersed using an electric fan. Seven
victims died and 660 were injured, giving a fatality rate of
1%. In other words, if the Tokyo subway sarin attack had
been conducted using the same means as those employed in
the Matsumoto sarin attack, the number of fatalities may
have risen to 50 or 60. Fortunately, only 12 victims died, but
this suggests that the Tokyo subway sarin attack was not
a full-scale attack. In other words, mankind has not yet
experienced a full-scale sarin attack in a major city.

Of the bags of sarin used in the attack, two bags were not
punctured. These bags were returned to the police labora-
tory for analysis. At one of the subway stations on the

FIGURE 4.1. Scene from a sarin attack
at Tsukiji station.
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Chiyoda line, Kasumigaseki, two station employees
collapsed and died on the platform after they cleaned and
removed the as yet unidentified object using gloves. The
actual number of victims varies depending on the source,
but all confirm that 12 people died in the attack and it is
generally believed that at least 5,500 victims suffered mild
to serious injuries; fire fighting agencies estimate 5,642
victims, and the police, 3,796 victims. Official figures
released by the subway company put the total number of
victims at 5,654. This includes the 12 who died (ten
passengers, two employees), those hospitalized (960
passengers, 39 employees), and those treated for minor
injuries (4,446 passengers, 197 employees).

This incident was the first chemical terrorist attack in
a large city. There were few first responders who could even
have conceived of such an attack and would have been
prepared to rapidly evacuate victims from the subway
station premises. Many passengers who had difficulty
walking rushed out of the trains and onto the subway plat-
form and fell down, which in effect would have increased
their exposure to sarin in the subway station. In addition, the
site to which many of the victims were finally evacuated at
ground level where they could lie down was in close
proximity to an air exhaust vent from the subway below.

Cult members arranged to puncture all the bags con-
taining sarin at 8:00 am, and the first call for an ambulance
came at 8:09 am with the first report of a “‘victim with
seizures at Kayabacho Station’’. After 8:15 am, the reports
of victims started to increase. Around this time, the fire
department received a report from Tsukiji Station stating
that ‘‘an explosion occurred and several people were
injured’’. Calls for ambulances eventually came from 19
subway stations, and after 8:30 am, victims, either by
walking or being picked up by passing vehicles, began to
pour into local clinics and hospitals. According to the Tokyo
Fire Department, 5,493 people were treated at 267 medical
institutions in Tokyo, 17 people were treated at 11 medical
institutions outside Tokyo, and among the victims, 53 were
seriously injured (Ieki, 1997). Another source states that
a total of 6,185 people were treated at 294 medical institu-
tions (Chigusa, 1995). The discrepancy in the number of
victims reported by different agencies attests to some of
the confusion at the time. St Luke’s Hospital received the
largest number of victims (640 on the day of attack). The
reason for this was because of its close proximity to the
Hibiya line, where there were many victims, and because of
a report on television which stated that ‘St Luke’s Hospital
has the antidote for treatment’’.

IV. EMERGENCY TREATMENT
OF SARIN TOXICITY

In victims of the Tokyo subway sarin attack, endotracheal
intubation was not difficult. The Japanese medical literature
describes the standard treatment for sarin toxicity as

(A) maintain the airway, (B) assist breathing, and (C)
support circulation. However, in the Matsumoto sarin
attack, endotracheal intubation was more difficult in many
victims because of airway hypersecretion and broncho-
spasm. This difference in symptoms is attributable to the
higher 70% concentration and active means by which the
sarin was dispersed at Matsumoto, as opposed to the 33%
concentration and passive means of dispersal employed in
Tokyo. Dr Fredrick Sidell (now deceased), an expert on
chemical terrorism in the USA, advocated decontamination,
drugs, airway, breathing, and circulation (DDABC) as the
basic treatment for nerve agent poisoning. Even if the so-
called ABCs of emergency treatment are followed, initial
efforts to achieve adequate ventilation may be in vain.
Efforts to achieve adequate ventilation should be made after
at least initial administration of atropine to control airway
secretions and bronchoconstriction (Sidell, 1997). If
healthcare professionals learn from the Matsumoto attack,
they can better recognize early parasympathetic nervous
symptoms, including miosis, hypersecretion, and rhinorrhea
as common symptoms of chemical terrorism due to nerve
agents and institute appropriate treatment with antidotes. In
large-scale disasters with many victims, treatment is often
deferred in those with cardiopulmonary arrest (so-called
“‘black tag’’). However, at St Luke’s Hospital, one in three
persons with cardiopulmonary arrest and two patients with
respiratory arrest made a full recovery and were discharged.
This high rate of recovery and return to the community is
unlike that seen in other types of disasters. Therefore, if
medical resources are available, all victims of a sarin attack
should be aggressively treated, including cardiopulmonary
resuscitation (CPR) when necessary.

The global standard for the treatment of sarin toxicity is
the administration of: (1) atropine, (2) an oxime agent like
PAM, and (3) diazepam (Medical Letter, 2002).

Recommended doses of atropine are 2 mg in patients
with mild symptoms, primarily ocular, but without respi-
ratory symptoms or seizures; 4 mg in patients with moderate
symptoms, including respiratory symptoms such as dysp-
nea; and 6 mg in patients with severe symptoms, including
seizures and respiratory arrest, the standard administration
route for which should be intramuscular. As mentioned
previously, intravenous administration of atropine in the
setting of severe symptoms such as hypoxemia can induce
ventricular fibrillation; thus, intramuscular administration is
advised. Oxime agents such as PAM (pralidoxime methio-
dide, or 2-formyl-1-methylpyridinium iodide oxime) should
also be given. The recommended dose for PAM in moderate
and severe cases of inhalation, or for liquid exposure to
a nerve agent, is 1 g by intravenous infusion over 20 to 30
min. Further continuous administration of 500 mg per hour
may also be required in severe cases. Since the rate of aging
of nerve agent—enzyme bond is correlated with time until
administration of PAM, if the aging half-life of sarin is 5 h,
then PAM must be administered before this time. The oxime
of choice for sarin and VX is PAM, but HI-6 should be used
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for soman and obidoxime for tabun. Seizures are treated
with diazepam. This three-drug combination, atropine,
PAM, and diazepam, is the global recommendation for sarin
toxicity and autoinjectors are available in several countries
(Vale et al., 2006).

After the Tokyo subway sarin attack, St Luke’s Hospital,
which treated 640 victims, used about 700 ampules of PAM
and 2,800 ampules of atropine (Okumura et al., 1998). This
calculates out to 550 mg of PAM and 2.2 mg of atropine for
each victim. The route of administration was intravenous in
all cases with a total dose of atropine in severe cases 1.5 mg
to 9 mg (Okumura et al., 1996); doses which reflect the low
concentration and passive means of sarin dispersal used in
the Tokyo attack.

However, in Tokyo, no one was saved by administration
of PAM, and conversely, no one died because they did not
receive PAM. In other words, if “‘living or dying’’ was the
endpoint, there was no clinical evidence that PAM was
effective. The only reported finding was a more rapid return
of plasma pseudocholinesterase levels to normal in some
patients who received PAM as compared to those who did
not. But in terms of long-term prognosis, this does not rule
out the effectiveness of oxime therapy. Ideally, detailed
studies are needed to evaluate the efficacy of PAM,
including for long-term prognosis, but there was no
sophisticated study designed in victims of the Tokyo
subway sarin attack.

One piece of evidence supporting the efficacy of PAM in
sarin toxicity has been the clinical benefit associated with
PAM in toxicity due to organophosphorous agrochemicals.
However, some experts now doubt whether such a benefit
really exists. For example, Peter ef al. (2006), using meta-
analytic techniques, reevaluated the effects of oxime
therapy in organophosphate poisoning. Not only did they
find no beneficial effects, they also reported possible

FIGURE 4.2. Sarin victims at St Luke’s
International Hospital.

adverse effects. The Cochrane reviews for clinical evidence-
based medicine reported no risk/benefit evidence for the use
of oxime agents in organophosphate poisoning, but they did
conclude that further detailed investigations are necessary
(Buckley et al., 2005).

Based on the experience of Iranian physicians who
treated sarin toxicity during the Iran—Iraq war (Newmark,
2004), PAM was not available on the front lines and atro-
pine alone was used for treatment. The doses of atropine
used were considerably higher than those used in the Tokyo
subway sarin attack, or that are generally recommended in
the USA (Medical Letter, 2002). The Iranian protocol called
for initial administration of 4 mg intravenously. If no atro-
pine effects (improvement in dyspnea or decrease in airway
secretions) were seen after 1 to 2 min, 5mg was then
administered intravenously over 5 min while heart rate was
monitored. A rise in heart rate of 20 to 30 beats per min was
regarded as an atropine effect. In severe cases, 20 mg to
200 mg was given. Regardless of dose, the key to saving
lives, in their opinion, was how soon the atropine was
administered.

Thus, treatment without the use of an oxime agent is
possible. Of course, ideally, in countries where this is
economically possible, treatment should use the three rec-
ommended drugs: (1) atropine, (2) an oxime agent like
PAM, and (3) diazepam, and the use of autoinjectors for
administration is also helpful. Unfortunately, terrorist
attacks using sarin are also carried out in less economically
developed countries and even if the drugs are available,
considerations related to cost performance need to be
considered. In this sense, preference should be given to the
availability of atropine and diazepam. In other words, unless
it is economically feasible, funds should be used to obtain
atropine and diazepam, rather than oxime agents, whose
cost—benefit ratio is still inconclusive.
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V. ACUTE AND CHRONIC SYMPTOMS
OF SARIN TOXICITY

Based on available data from 627 victims treated at
St Luke’s Hospital, symptoms in order of occurrence were:
miosis 568 (90.5%), headache 316 (50.4%), visual darkness
236 (37.6%), eye pain 235 (37.5%), dyspnea 183 (29.2%),
nausea 168 (26.8%), cough 118 (18.8%), throat pain 115
(18.3%), and blurred vision 112 (17.9%) (Okumura et al.,
1998). Cases were defined as severe for seizures or respi-
ratory arrest requiring mechanical ventilation, moderate for
respiratory distress or fasciculations, and mild for eye
symptoms only. Of 640 cases reported by St Luke’s
Hospital, degree of intoxication was severe in five, moderate
in 107, and mild in 528 victims with nicotinic effects
observed in those with moderate or severe symptoms.

In the Tokyo subway sarin attack, decontamination was
not performed on site, and first responders and healthcare
workers initially did not wear personal protective equipment
(PPE). As a result, of 1,364 fire department personnel, 135
(9.9%) became secondary victims. Official reports for
police department personnel were not released, but the
number of secondary exposure victims was probably
similar. At St Luke’s Hospital, 23% of the hospital staff
became secondary victims (Okumura ef al., 1998). The
percentage of secondary victims by hospital occupation
was: nurse assistants (39.3%), nurses (26.5%), volunteers
(25.5%), doctors (21.8%), and clerks (18.2%). Thus,
increased contact with a primary victim increased the risk of
becoming a secondary victim, with the percentage of
secondary victims by hospital location being the chapel
(45.8%), ICU (38.7%), outpatient department (32.4%),
general ward (17.7%), and the emergency department
(16.7%). The high rate of secondary victims in the chapel
was attributed to poor ventilation and the large number of
victims sheltered there. Because it was during the winter,
victims entered the chapel fully clothed. When they
removed their coats, and every time they moved, some of
the sarin trapped inside the clothing probably escaped,
causing secondary exposure. Fortunately, none of the
secondary victims died. However, in the event that a higher
concentration of sarin and more effective means of disper-
sion had been employed in the Tokyo attack, such as that
used in Matsumoto, for example, then it is likely that
fatalities would have been encountered among secondary
victims.

Within the context of risk communication, the so-called
“‘worried-well’’ patients who are concerned about having
been exposed to the nerve agent, and those complaining of
symptoms, even though actual exposure was unlikely, also
flock to hospitals seeking treatment (Bloch et al., 2007).
Among patients treated at St Luke’s Hospital on the day of
the attack, 90.5% (568/627) had miosis (pupillary
constriction), an objective finding due to sarin exposure.
The remaining 9.5% were considered to be ‘‘worried-well’’

patients. As days passed by, the number of ‘‘worried-well’’
patients appeared to increase, but no actual data for this is
available.

The reason for the small number of ‘‘worried-well”’
patients in the Tokyo subway sarin attack is unclear. Given
the extensive coverage by the news media who mentioned
that victims were flocking to St Luke’s Hospital, persons
without definitive symptoms, or those who were unsure
whether they had been exposed but who did not want to add to
the confusion, avoided going to St Luke’s Hospital creating
a kind of natural selection process. In addition, the target of
the attack was the government buildings in Kasumigaseki at
heart of Tokyo, which would have meant that many of the
victims were well educated. This may also have contributed
to the small number of ‘‘worried-well’’ patients. Conversely,
unfamiliarity with sarin and toxic gases in general may also
have contributed to the low number of ‘‘worried-well”’
patients. In either case, these observations should be
reviewed from the perspective of risk communication.

Fortunately, only one victim from the Matsumoto and
Tokyo subway sarin attacks has still not regained
consciousness and remains in a vegetative state due to
anoxic brain damage (Yanagisawa et al., 2006). Sarin
victims treated at St Luke’s Hospital were regularly fol-
lowed for the development of chronic symptoms. One year
after the incident a survey was conducted, and 303 of 660
victims responded (Ishimatsu et al., 1996). Forty-five
percent of the respondents reported that they still experi-
enced symptoms. Regarding physical symptoms, 18.5% of
the victims still complained of eye problems, 11.9% of easy
fatigability, and 8.6% of headaches. Regarding psycholog-
ical symptoms, 12.9% complained of fear of subways, and
11.6% still had fears related to escaping the attack. In
another survey after 3 years, 88% of the respondents
reported several sequelae (Okumura et al., 1999). Unfortu-
nately, these surveys may lack objectivity and may suffer
from bias. For example, the response rate may have been
higher among victims still complaining of symptoms.

Murata et al. (1997) performed a controlled comparison
study in victims 6 to 8 months after the attack, with evalu-
ations of event-related and visual-evoked potentials (P300
and VEP), brainstem auditory evoked potentials, electro-
cardiographic R-R interval variability (CVRR), and scores
on a posttraumatic stress disorder (PTSD) checklist. In the
sarin victims, P300 and VEP (P100) latencies were signif-
icantly prolonged, and the CVRR was abnormal, indicating
depression of cardiac parasympathetic nervous activity. The
findings suggested persistent effects of sarin in the higher
and visual nervous systems. In another study, Yokoyama
et al. (1998a) reported a delayed effect on the vestibulo-
cerebellar system induced by acute sarin poisoning.
Yokoyama et al. (1998b) also reported a chronic effect on
psychomotor performance. In addition, Miyaki ef al. (2005)
described the chronic effects associated with psychomotor
and memory function up to 7 years after exposure.
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As mentioned previously, two victims with OPIDN were
reported (Sekijima et al., 1997; Himuro et al., 1998).

As part of a series of scientific studies sponsored by the
Japanese Ministry of Health, Labor, and Welfare, Matsui
et al. (2002) conducted two studies 7 years after the sarin
attack. The first study was a case control study comparing
victims treated at St Luke’s Hospital with a control group.
Statistical analysis showed significantly higher rates of
chest pain, eye fatigue, presbyopia, eye discharge, night-
mares, fear, anxiety, difficulty concentrating, and forget-
fulness in the victim group. Moreover, in the victim group,
there were even significantly higher rates of visual blurring,
myopia, problems with focal convergence, abnormal eye
sensations, flashbacks, fear of returning to the attack site,
and not wanting to watch news about the attacks. The rate of
PTSD, as evaluated by several diagnostic criteria, was also
higher in the victim group. The second study was a cohort
study comparing a group who required medical intervention
after the attack with a group who did not. For lethargy,
diarrhea, myopia, presbyopia, problems with focal conver-
gence, eye discharge, and apathy, there were no significant
differences between the groups, but for other evaluated
parameters, scores were significantly higher in the nonin-
tervention group. Comparison of PTSD incidence based on
whether intervention was received showed that the nonin-
tervention group had a significantly higher rate of masked
PTSD. There was a higher incidence of eye symptoms in the
victim group than in the nonvictim group, but there was no
difference between the intervention group and noninter-
vention group. Thus, eye symptoms are probably long-term
physical sequelae of sarin exposure. In some Matsumoto
cases, persistent EEG changes without seizure activity have
been reported up to 5 years (Yanagisawa et al., 2006).

The results of these studies suggest some long-term
effects of sarin toxicity and careful follow-up and obser-
vation are indicated in these victims.

VI. LABORATORY FINDINGS IN SARIN
TOXICITY

According to inpatient records from St Luke’s Hospital, the
most common laboratory finding related to sarin toxicity
was a decrease in plasma cholinesterase (ChE) levels in
74% of patients. In patients with more severe toxicity,
plasma ChE levels tended to be lower, but a more accurate
indication of ChE inhibition is measurement of erythrocyte
ChE, as erythrocyte ChE (AChE) is considered ‘‘true ChE”’
and plasma ChE is ‘‘pseudo ChE’’. However, erythrocyte
ChE is not routinely measured, whereas plasma ChE is
included in many clinical chemistry panels; thus, it can be
used as a simple index for ChE activity. In both the
Matsumoto and Tokyo subway sarin attacks, plasma ChE
served as a useful index of sarin exposure. In 92% of
hospitalized patients, plasma ChE levels returned to normal
on the following day. In addition, inpatient records from

St Luke’s Hospital showed an elevated creatine phospho-
kinase (CPK) and leukocytosis in 11% and 60% of patients,
respectively. In severe cases in the Matsumoto attack,
hyperglycemia, ketonuria, and low serum triglycerides due
to toxicity of sarin on the adrenal medulla were observed
(Yanagisawa et al., 2000).

VII. CONCLUDING REMARKS
AND FUTURE DIRECTION

This chapter has discussed sarin toxicity based on experi-
ences of the attacks in Matsumoto and the Tokyo subway,
and also the Iran—Iraq war. This section provides some
conclusions drawn from the toxicological issues related to
sarin.

Given the low concentration and means of dispersal, the
Tokyo subway sarin attack can be referred to as a ‘“passive”’
attack. The implication of such an assumption is therefore
that mankind has not yet witnessed a ‘‘full-scale’’ sarin
attack in any major city. While valuable information can
certainly be gained from the Tokyo subway sarin attack, the
experience obtained from the more aggressive Matsumoto
sarin attack and the Iran—Iraq war should also be considered
when developing initiatives directed at dealing with a
potential ‘‘full-scale’” attack in the future where the effects
will be more serious.

Importantly, reliable epidemiologic data is lacking
regarding the long-term effects of sarin toxicity, whether low
dose exposure to sarin has any long-term effects, and specific
effects on children, pregnant women, and fetuses (Sharp,
2006). The sporadic and limited epidemiologic surveys
undertaken to date suggest that some long-term effects are
present. Thus, well-designed international epidemiologic
studies should be conducted in victims exposed to sarin in
Japan, Iran, and during the Persian Gulf War.

There are several issues regarding treatment that need to
be resolved. Before the Tokyo subway sarin attack in 1995,
treatment of chemical weapons victims was exclusively
regarded as a military issue; however, since then, the
deliberate release of nerve agents against the general public
has become a serious public safety issue. Treatment of
chemical weapon injuries in a military setting assumes that
one is dealing with healthy males, who have received basic
and ongoing training, and who are wearing PPE. In an attack
on the general public, however, we are dealing with
a heterogeneous population from different backgrounds, and
the victims will include women, pregnant women, children,
and persons who are elderly, sick, and disabled. Further-
more, the public is defenseless against chemical weapons
because of their lack of knowledge of dangerous chemical
substances, or lack of experience with wearing PPE. Taken
together, there is thus the potential to have thousands of
victims in the event that there is a deliberate release of nerve
agents against ordinary citizens.
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Therefore, the medical treatment required for responding
to a chemical terrorist attack on the general public will
require a different strategy than that employed for such
attacks in a military setting. This is because, even though
there are numerous lessons that can be learned from military
experience, there will be measures that may not be appli-
cable to an attack on the public. An important issue is the
means by which appropriate drugs can be safely and reliably
supplied to a large number of victims. In addition, it is
unrealistic to expect that first responders wearing PPE will
be able to establish intravenous lines in large numbers of
victims at the scene of a terrorist attack and the use of
autoinjectors for intramuscular or intraosseous access is
more realistic (Ben-Abraham et al., 2003). In this regard,
what is needed are not standardized autoinjectors issued to
military personnel, but rather, a variety of autoinjectors that
are uncomplicated and easy to use by victims. Research on
the drugs used to treat chemical terrorism victims crosses
the military/private sphere and is being conducted in several
countries. However, unlike drugs that are designed for
treating diseases, clinical trials cannot be performed in
humans due to ethical concerns. Conducting a randomized
control study is also difficult because of an insufficient
number of cases of organophosphate poisoning to establish
a reliable sarin toxicity model. A prime example is the
oxime agent HI-6. Despite being developed more than 10
years previously, considerable time elapsed before its
widespread use. From the standpoint of international secu-
rity, collaborative research on drugs for treating chemical
terrorism and a global agreement on standard treatment are
needed. These are important issues in clinical toxicology
that require international collaboration.
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CHAPTER D

Epidemiology of Chemical Warfare Agents

LINDA A. McCAULEY

I. INTRODUCTION

While chemical warfare agents have been used for decades
in military conflict, it is only in the last two decades that
increasing attention has been placed on the acute and
chronic health effects associated with exposure to these
agents. The Gulf War of 1991 and the subsequent reports of
ill-defined illnesses in the veterans of that conflict, followed
by the 1995 sarin terrorist event in the Japanese subway
system, placed increased attention on the capacity of
deliberate or accidental exposure to chemical warfare agents
resulting in significant human death and subsequent
disability.

Epidemiological studies of chemical warfare agents have
suffered problems in determining exposure. Other than
epidemiological investigations following the Japanese
terrorist event, little objective epidemiological evidence is
available. In this chapter, the major studies that have been
conducted on populations exposed to the chemical warfare
agents are discussed and methodological issues summarized.

II. PRE-WORLD WAR 11

The first full-scale deployment of chemical warfare agents
was during World War I in 1915, when the Germans used
chlorine gas against French, Canadian, and Algerian troops.
Deaths were light, though casualties relatively heavy. A
total of 50,965 tons of pulmonary, lachrymatory, and vesi-
cant agents were deployed by both sides of the conflict,
including chlorine, phosgene, and mustard gas. Official
figures declare about 1,176,500 nonfatal casualties and
85,000 fatalities directly caused by chemical warfare agents
during the course of the war (Heller, 2005). In 1925, 16 of
the world’s major nations signed the Geneva Protocol,
pledging never to use gas in warfare again; however, there
were subsequent reports of its use. In 1935 Italy used
mustard gas during the invasion of Ethiopia in the Second
Italo-Abyssinian War with 15,000 chemical casualties
reported. In this military conflict and subsequent wars in
which chemical agents were used, no systematic attempt
was made to accurately describe the epidemiology of the
exposures, nor were any accurate data established to follow
the health of exposed populations after the acute exposure.

Handbook of Toxicology of Chemical Warfare Agents

33

Concern regarding potential long-term effects of these
exposures continued to be an issue and in 1975 a longitu-
dinal follow-up study of the mortality experience of three
samples of World War I veterans was conducted to deter-
mine if a single exposure to mustard gas with respiratory
injury was associated with increased risk of lung cancer in
later life (Norman, 1975). Rosters of men born between
1889 and 1893 [2,718 exposed to mustard gas, 1,855
hospitalized with pneumonia in 1918, and 2,578 with
wounds of the extremities (controls)] were traced via the
Veterans Administration’s death records. The 4,136 deaths
reported were 95% of that expected. Observed deaths from
lung cancer numbered 69, or 2.5%, for the mustard-gas
group as compared to 33, or 1.8%, for the pneumonia group
and 50, or 1.9%, for the controls. The risk of death from lung
cancer among men gassed relative to that for the controls
was estimated as 1.3, with 95% confidence limits of 0.9—1.9.

III. WORLD WAR 11

In 1938, the chemical structure of sarin nerve gas was
discovered by the Germans, followed by the discovery of
the nerve agent soman in the spring of 1944 (Schmaltz,
20006), but chemical warfare was not extensively used by
either side due in part to fear of a devastating Allied retal-
iatory attack. There was one account of an exposure to
mustard gas among Allied troops when several American
ships were sunk by the Germans in 1943, including one
carrying mustard gas intended for use in retaliation by the
Allies if German forces initiated gas warfare. Because the
presence of the gas was highly classified, authorities ashore,
treating casualties, had no idea that they were seeing the
effects of mustard gas and prescribed improper treatment.
This incident was not uncovered for many years and mili-
tary records account that 69 deaths were attributed in whole
or part to mustard gas, out of 628 mustard gas military
casualties (US Naval Historical Center, 1943). The due
impact of the gas exposure to military and civilian pop-
ulations was not accurately reported due to the high secrecy
regarding the exposure and the difficulty discerning the
effect of gas exposure from other types of injuries.

During the Holocaust, the Nazis used the insecticide
Zyklon B containing hydrogen cyanide to kill several

Copyright 2009, Elsevier Inc.
All rights of reproduction in any form reserved.
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million people in extermination camps and reportedly used
poison gases during the Warsaw Ghetto Uprising in 1943.
Human experiments were conducted on concentration camp
prisoners using mustard gas and phosgene.

In 1994 a United States Senate Report, entitled ‘‘Is
military research hazardous to veterans health? Lessons
spanning a half century’” reported that US military
personnel were used as human subjects in the 1940s to test
the chemical agents mustard gas and lewsite. This testing
was done to determine how to best protect military troops
from the effects of chemical warfare agents (Pechura and
Rall, 1993).

During the war, the US military conducted a secret
research program aimed at determining how best to protect
military personnel against the effects of mustard gas and
a similar compound, lewisite (Pechura and Rall, 1993). Up
to 4,000 men took part in the program which required
participants to wear gas masks and clothing that had been
treated in an attempt to block the gas from reaching the skin.
Men were required to remain in the sealed test room from
1 to 4 h. Some men were tested in the field where they were
required to stay in an area that had been bombed with
mustard gas anywhere from 1 h to 3 days. In 1992, the US
Department of Veterans Affairs (VA) began to allow
compensation for seven conditions that can result from
mustard gas exposure: laryngitis, chronic bronchitis,
emphysema, asthma, chronic conjunctivitis, chronic kera-
titis, and corneal opacities. Following publication of a report
by the National Academy of Sciences (Pechura and Rall,
1993), the VA extended the list to include respiratory
cancers (nasopharyngeal, laryngeal, and lung except for
mesothelioma), skin cancer, chronic obstructive pulmonary
disease, and acute nonlymphocytic leukemia.

In 2000, Bullman and Kang (2000) reported a 50-year
mortality follow-up study of veterans exposed to low levels
of mustard gas. They conducted a retrospective mortality
follow-up study of World War II Navy veterans who
received low-level nonlethal exposures to mustard gas while
participating in mustard gas chamber tests at Bainbridge,
Maryland, between 1944 and 1945. These veterans were
exposed to mustard gas while wearing protective clothing
and masks. Control veterans consisted of 2,663 Navy
veterans who served at the same location and time as the
exposed, but did not participate in chamber tests. The
investigators found no excess of any cause-specific
mortality associated with varying levels of mustard gas
exposures that were sufficient to cause skin reactions. A
significant strength of this study was that the length of time
in the exposure chamber, the dose of exposure, and docu-
mentation of any observative acute effect were available for
each of the exposed subjects so that a dose—response anal-
ysis could be done.

In a 2000 report, Schnurr et al. (2000) reported on the
prevalence of current post-traumatic stress disorder (PTSD)
associated with participation in these secret military tests of
mustard gas exposure. Using the registry established by the

VA, 363 male military veterans were randomly sampled and
found to have a current prevalence of 32% for full PTSD
and 10% for partial PTSD. Prevalence of PTSD varied as
a function of risk and protective factors, including volun-
teering, physical symptoms during the tests, and prohibited
disclosure. Veterans with full PTSD reported poorer phys-
ical health, a higher likelihood of several chronic illnesses
and health-related disability, greater functional impairment,
and higher likelihood of healthcare use than those with no
PTSD. Veterans with partial PTSD also had poorer
outcomes than did veterans with no PTSD in a subset of
these domains.

Schnurr et al. (1996) postulate that these exposures
involved elements of ‘‘contamination stressors’’ in which
information about the exposure is the stressor rather than the
tangible event. The late disclosure of the dangerous nature
of these tests served as an additional stressor for many of the
exposed men. Lack of information during the test, leaning to
vague or diffuse fear with unknown consequences, could
also contribute to the development of PTSD. The contami-
nation stressor led to a future orientation; a worry about
what problems will develop as a result of the previous
exposure.

IV. POST-WORLD WAR II

Development of other agents such as the VX nerve agent
continued during the 1950s and in 1961 the USA was
producing large amounts of VX and performing its own
nerve agent research. In 1952 the US Army patented
a process for developing the powerful toxin ricin.

In 1969, 23 US servicemen and one US civilian stationed
in Okinawa, Japan, were exposed to low levels of the nerve
agent sarin while repainting the depot’s buildings. When the
exposure was publicized, the USA moved the weapons in
1971 to Johnston Atoll. Between 1951 and 1969 at the
Dugway Proving Ground, various chemical and biological
agents were tested. From 1962 to 1973 more than 5,800
military personnel participated in a series of tests on the
vulnerability of warships to biological and chemical attacks.
Only some of the involved military personnel consented to
the tests. Many of the tests used chemical warfare simulants,
thought at the time to be harmless. The results of the tests
were reported in classified documents (SHAD report). In
2000, the Department of Defense released the names of the
participants and information about the testing that occurred.
In 2002 the Institute of Medicine agreed to undertake
a scientific study of potential long-term health effects
associated with these exposures. The IOM assembled
a comparable control group and conducted a telephone
health survey. Mortality records were also examined. The
primary outcomes of interest were mortality, general health,
and medical conditions. The SHAD participants were
divided into four groups:
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« Group A consisted of 3,000 participants whose exposure
was limited to either Bacillus globigii (BG) or
methylacetoacetate (MAA);

e Group B consisted of 850 participants whose only
potential exposure was to trioctyl phosphate (TEHP or
TOF) and contained a large number of marine
participants;

« Group C consisted of 720 participants who were in tests
where active chemical warfare agents were used;

« Group D consisted of 850 subjects potentially exposed to
simulants who were not in groups A, B, or C.

Control groups were assembled for each of the exposed
groups. Of the nearly 12,500 Navy and Marine subjects,
9,600 were assumed alive and were surveyed. The response
rate for the SHAD participants was 60.8% and 46.6% for
controls. No differences were observed in all-cause
mortality between SHAD participants and controls,
although the SHAD participants had a statistically signifi-
cant higher risk of death due to heart disease. Lack of
cardiovascular risk factor data makes this difference diffi-
cult to interpret. SHAD participants also reported statisti-
cally significantly worse health than controls, but no specific
patterns of illness were found. Group C, the only group with
potential exposure to active chemical or biological agents,
reported the smallest differences in overall health compared
to controls. Small differences in memory and attention as
well as somatization were observed and SHAD participants
had higher levels of neurogenerative conditions. SHAD
participants also reported higher rates of symptoms, thought
to be related to reporting bias. There were no significant
differences in self-reported hospitalizations.

This report was significant in that it was the first epide-
miological investigation of a military population with
documented exposure to chemical agents or stimulants. The
survey was conducted, however, 30 years after the exposure
and with the exception of mortality records was limited to
self-reported measures of health.

V. IRAN-IRAQ WAR

Saddam Hussein received chemical weapons from many
countries, including the USA, West Germany, the Nether-
lands, the UK, France and China (Lafayette, 2002). In 1980
Iraq attacked Iran and employed mustard gas and tabun with
5% of all Iranian casualties directly attributable to the use of
these agents. Iran sustained approximately 387 chemical
attacks during the eight-year war (Shemirani et al., 1993).
About 100,000 Iranian solders were chemical warfare
victims along with significant numbers of civilians. Nerve
gas agents killed about 20,000 Iranian soldiers immedi-
ately. Shortly after the war ended in 1988, the Iraqi Kurdish
village of Halabia was exposed to multiple chemical
agents resulting in the death of 10% of the town’s 50,000
residents. Hashemian et al. (2006) reported on the results of

a cross-sectional randomized survey of 153 civilians in three
towns exposed to military conflict in northwestern Iran;
Oshnaviveh (low-intensity conventional warfare), Rabat
(high-intensity conventional warfare), and Sardasht (both
high-intensity conventional warfare and chemical weapons).
The surveys measured full or partial PTSD diagnosis, anxiety
symptoms, and depressive symptoms. The authors reported
a 93% response rate from respondents (mean age of 45 years)
and all were of Kurdish ethnicity. Compared with individuals
exposed to low-intensity warfare, those exposed to high-
intensity warfare and chemical weapons were at a higher risk
for lifetime PTSD [odds ratio (OR), 18.6; 95% confidence
interval (CI), 5.8-59.4], current PTSD (OR, 27.4; 95% CI,
3.4-218.2), increased anxiety symptoms (OR, 14.6; 95% CI,
6.0-35.6), and increased depressive symptoms (OR, 7.2;
95% CI, 3.3-15.9). Exposure to high-intensity warfare but
not to chemical weapons was also significantly associated
with lifetime PTSD (OR, 5.4; 95% CI, 1.7-17.6), compared
with those in the low-intensity warfare group. Further,
compared with individuals exposed to high-intensity warfare
alone, those exposed to both high-intensity warfare and
chemical weapons were at higher risk for lifetime PTSD
(OR, 3.4; 95% CI, 1.5-7.4), current PTSD (OR, 6.2; 95% CI,
2.0-20.1), increased anxiety symptoms (OR, 5.6; 95% CI,
2.5-12.6), and increased depressive symptoms (OR, 3.7;
95% CI, 1.8-7.2).

This study was the first epidemiological study to docu-
ment the long-term negative mental health sequelae of
exposure to war and chemical weapons among civilians.
The authors argue that exposure to chemical weapons is an
extreme traumatic event that can result in acute helplessness
and anxiety, loss of perceived safety, and chronic physical
disabilities. The study had a number of limitations including
the reliance on self-reported data; however, self-reported
chemical exposure was verified with medical records.

VI. GULF WAR 1991

Given the past use of chemical weapons of Iraq on its own
citizens, there was much concern that Saddam Hussein
would again employ these weapons during the conflict
against coalition forces. The only known exposure to anti-
cholinesterase chemical warfare agents during the Gulf War
was the destruction of munitions containing 8.5 metric tons
of sarin/cyclosarin housed in Bunker 73 at Khamisyah, Iraq,
on March 4, 1991, and additional destruction of sarin/
cyclosarin rockets in a pit at Khamisyah on March 10, 1991.
The US Department of Defense (DOD) reported that the
exposure levels were too low to activate chemical alarms or
to cause symptoms at the time of the detonation; however,
several studies have been conducted to assess long-term
health effects associated with this exposure. The DOD
conducted modeling of the air plume that resulted from the
detonation and estimated the extent of troops potentially
exposed to the plume.
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McCauley et al. (1999) conducted a computer-assisted
telephone survey of 2,918 Gulf War veterans from Oregon,
Washington, California, North Carolina, and Georgia to
evaluate the prevalence of self-reported medical diagnoses
and hospitalizations among this potentially exposed pop-
ulation and among comparison groups of veterans deployed
and nondeployed to the Southwest Asia theater of opera-
tions. Troops reported to be within 50 km of the Khamisyah
site did not differ from other deployed troops on reports of
any medical conditions or hospitalizations in the nine years
following the Gulf War. Hospitalization rates among
deployed and nondeployed troops did not differ. Deployed
troops were significantly more likely to report diagnoses of
high blood pressure (OR = 1.7); heart disease (OR = 2.5);
slipped disk or pinched nerve (OR=1.5); PTSD
(OR = 14.9); hospitalization for depression (OR = 5.1); and
periodontal disease (OR =1.8) when compared to non-
deployed troops. There was a trend for deployed veterans to
report more diagnoses of any cancer (OR = 3.0).

Smith et al. (2003) investigated postwar morbidity for
Gulf War veterans, contrasting those who may have been
exposed to low levels of nerve agents at Khamisyah and
those unlikely to have been exposed. Cox regression
modeling was performed for hospitalizations from all cau-
ses and hospitalizations from diagnoses within 15 categories
during the period March 10, 1991 through December 31,
2000, for the duration of active-duty status. Veterans
possibly exposed to nerve agents released by the Khamisyah
demolition were not found to be at increased risk for
hospitalizations from most chronic diseases nearly 10 years
after the Gulf War. Only two of 37 models suggested that
personnel possibly exposed to subclinical doses of nerve
agents might be at increased risk for hospitalization from
circulatory diseases, specifically cardiac dysrhythmias.

In 2005, Bullman et al. (2005) reported the results of
a mortality study of troops exposed to chemical warfare
agents based on the air plume models that were developed
after the detonation. The cause-specific mortality of 100,487
exposed veterans was compared with that of 224,480
unexposed US Army Gulf War veterans. The risks for most
disease-related mortality were similar for exposed and
unexposed veterans. However, exposed veterans had an
increased risk of brain cancer deaths (relative risk = 1.94;
95% CI=1.12, 3.34). The risk of brain cancer death was
larger among those exposed 2 or more days than those
exposed 1 day when both were compared separately to all
unexposed veterans.

This same team of investigators also conducted a study to
examine the association of exposure to the Khamisyah
plume with subsequent self-reported morbidity (Page et al.,
2005). The study sample included 1,056 deployed Army
Gulf War veterans who responded to the 1995 National
Health Survey of Gulf War Era Veterans and who were
resurveyed in 2000. One-half of the subjects had been
notified of potential exposure to chemical warfare agents
and one-half had not. Comparing notified and nonnotified

subjects, there were no statistically significant differences
with respect to bed days, activity limitations, clinic visits, or
hospital visits. Among 71 self-reported medical conditions
and symptoms, there were five statistically significant
differences, four of which were for lower rates of illness
among notified subjects.

Page and colleagues also published a similar study
undertaken to investigate whether possible chemical
warfare exposure was associated with morbidity among
Army Gulf War veterans using morbidity data for 5,555
Army veterans who were deployed to the Gulf region (Page
et al.,2005). Responses to 86 self-assessed health measures,
as reported in the 1995 Department of Veterans Affairs
National Health Survey of Gulf War Era Veterans, were
evaluated. They found little association between potential
exposure and health, after adjustment for demographic
variables. The investigators concluded that potential expo-
sure to sarin or cyclosarin at Khamisyah did not seem to
have adversely affected self-perceived health status, as
evidenced by a wide range of health measures.

More recently, Heaton examined the association between
modeled estimates of sarin/cyclosarin exposure levels and
volumetric measurements of gross neuroanatomical struc-
tures in 1991 Gulf War veterans with varying degrees of
possible low-level sarin/cyclosarin exposure (Heaton et al.,
2007). Twenty-six GW-deployed veterans recruited from the
Devens Cohort Study participated. Magnetic resonance
images of the brain were acquired and analyzed using
morphometric techniques, producing volumetric measure-
ments of white matter, gray matter, right and left lateral
ventricles, and cerebrospinal fluid. Volumetric data were
analyzed using exposure estimates obtained from refined
models of the 1991 Khamisyah presumed exposure hazard
area. No differences were observed in the 13 “‘exposed’’
veterans when compared to 13 ‘‘non-exposed’’ veterans in
volumetric measurements of discrete brain tissues. However,
linear trend analyses showed a significant association
between higher levels of estimated sarin/cyclosarin exposure
and both reduced white matter (adjusted parameter
estimate =4.64, p < 0.0001) and increased right lateral
ventricle (adjusted parameter estimate = 0.11, p =0.0288)
and left lateral ventricle (adjusted parameter estimate = 0.13,
p <0.0001) volumes. These findings suggest subtle but
persistent central nervous system pathology in Gulf War
veterans potentially exposed to low levels of sarin/
cyclosarin.

This investigative team also compared previous neuro-
behavioral performance results collected prior to notifica-
tion of veterans who were potentially exposed in the
Khamisyah detonation (Proctor ef al., 2006). They hypoth-
esized the exposure to sarin and cyclosarin would be
associated with poorer performances on objective neuro-
behavioral tasks in specific functional domains (particularly
in visuospatial abilities and psychomotor functioning) in
a dose-dependent manner. They found that sarin and
cyclosarin exposure was significantly associated with less
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proficient neurobehavioral functioning on tasks involving
fine psychomotor dexterity and visuospatial abilities 4-5
years after exposure. They concluded that the findings
suggest a dose—response association between low-level
exposure to sarin and cyclosarin and specific functional
central nervous system effects 4-5 years after exposure.

VII. TERRORISM

Two terrorist attacks with the nerve agent sarin affected
populations in Matsumoto and Tokyo, Japan, in 1994 and
1995 killing 19 and injuring more than 6,000. Morita et al.
(1995) described the acute effects including instantaneous
death by respiratory arrest in four victims in Matsumoto. In
Tokyo, two died in station yards and another ten victims
died in hospitals within a few hours to 3 months after
poisoning. Six victims with serum cholinesterase (ChE)
below 20% of the lowest normal were resuscitated from
cardiopulmonary arrest (CPA) or coma with generalized
convulsion. Five recovered completely and one remained in
a vegetative state due to anoxic brain damage. EEG
abnormalities were observed for up to 5 years in certain
victims. Miosis and copious secretions from the respiratory
and gastrointestinal tracts (muscarinic effects) were
common in severely to slightly affected victims. Weakness
and twitches of muscles (nicotinic effects) appeared in
severely affected victims. Neuropathy and ataxia were
observed in a small number (less than 10%) of victims, in
which findings disappeared between 3 days and 3 months.
Leukocytosis and high serum CK levels were common.
Hyperglycemia, ketonuria, low serum triglyceride, and
hypopotassemia were observed in severely affected victims,
in which abnormalities were attributed to damage of the
adrenal medulla.

The Matsumoto Japanese government assembled
a committee of city government, local hospitals and physi-
cians from Shinsu University to monitor the immediate and
long-term effects of the exposure, resulting in the most
comprehensive epidemiological studies of acute and
residual effects of exposure to chemical warfare agents.
Three weeks after the attack, community residents
(n = 2,052) residing in an area within 1,000 to 850 m of the
attack were surveyed and categorized as severely affected
(admitted to the hospital), moderately affected if treated in
outpatient clinics, and slightly affected if they had symp-
toms but did not seek medical attention. At the time of this
follow-up survey, 28% of the affected residents remained
symptomatic (69% of the severely affected, 42% of the
moderately affected, and 14% of the slightly affected). The
most frequent persisting symptoms were fatigue, dyses-
thesia of extremities, and ocular pain. Visual problems
continued in about 10% of severely affected victims
(Yanagisawa et al., 2006).

In the Tokyo subway attack, 640 victims were seen
within hours of the incident. Five were critically injured and

required mechanical ventilation. One hundred and seven
were moderately injured with systemic symptoms and signs
of respiratory, digestive, and/or neurological systems in
addition to ocular signs. The large majority (n = 528) had
only eye signs or symptoms and were released after several
hours of observation (Yanagisawa et al., 2000).

There have been a number of investigations of the health
of'the survivors of the Tokyo subway attack. Yokoyama et al.
(1998) conducted a study of 18 victims 6—8 months after the
attack. At that time the mean plasma ChE was 72.1, lower
than the ‘‘normal’’ range of 100-250 IU/l. In neuro-
behavioral testing at that time, sarin cases had significantly
lower scores on the digit symbol test than the control group.
Scores on the General Health Questionnaire and fatigue were
significantly higher in the victims and PTSD scores were also
increased. Postural balance was also different in victims
suggesting that integration of visual input might have been
impaired. P300 and VEP (P100) latencies in the sarin cases
were significantly prolonged compared with the matched
controls (Murata et al., 1997). In the sarin cases, the CVRR
was significantly related to serum ChE levels determined
immediately after exposure; the PTSD score was not
significantly associated with any neurophysiological data
despite the high PTSD score in the sarin cases. These findings
suggest that asymptomatic sequelae to sarin exposure, rather
than PTSD, persist in the higher and visual nervous systems
beyond the turnover period of ChE.

The National Police Academy (1999) conducted a survey
of 1,247 residents who reported to the Police Department
that they had contact with sarin at the incident. More than
half complained of physical symptoms, such as asthnopia
and decrease in visual acuity. Seventeen percent reported
psychological trauma from the event with 14% still unable
to ride on subways 3 years after the incident.

There continued to be follow-up studies indicating the
residual effects of the attack. Ohtani et al. (2004) followed
34 victims 5 years after the attack. Not only PTSD but
also nonspecific mental symptoms persisted in the victims
at a high rate. A total of 11 victims were diagnosed
with current or lifetime PTSD. Victims with PTSD
showed higher anxiety levels and more visual memory
impairment.

Yamasue et al. (2007) conducted a 5 year follow-up
study to identify persistent morphological changes subse-
quent to the attack. Thirty-eight victims of the sarin attack,
who had been treated in the emergency department for sarin
intoxication and 76 matched health control subjects under-
went weighted and diffusion tensor magnet resonance
imaging. ChE values were compared to levels immediately
after the attack. The voxel-based morphometry exhibited
smaller than normal regional brain volumes in the insular
cortex and neighboring white matter, as well as in the
hippocampus in the victims. The reduced regional white
matter volume correlated with decreased serum cholines-
terase levels and with the severity of chronic somatic
complaints related to interoceptive awareness.Voxel-based
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analysis of diffusion tensor magnetic resonance imaging
further demonstrated an extensively lower than normal
fractional anisotropy in the victims. These findings suggest
that sarin intoxication might be associated with structural
changes in specific regions of the human brain.

Rescue and safety workers have also been studied.
Nishiwaki et al. (2001) studied 27 male rescue team staff
and 30 police officers, 3—45 months after the event. The
study subjects showed decreased performance on the digit
span test; however, no effects on stabilometry and vibration
perception threshold were found. Li ef al. (2004) followed
27 male firefighters and 25 male police officers three years
after the attack for genotoxic effects. They found an
elevated frequency of sister chromatid exchanges in
lymphocytes of the victims which were related to the
percentage of ChE inhibition observed just after the attack.

VIII. CONCLUDING REMARKS
AND FUTURE DIRECTION

This chapter described the major epidemiological studies of
populations who have been exposed to chemical warfare
agents. Many of the studies of military populations have
suffered from inaccurate exposure assessment and lack of
clinical data. The studies in the past decade of the survivors
of the sarin terrorist attacks provide the most comprehensive
data to date on the scope of health outcomes associated with
these exposures. These reports point to the need for long-
term follow-up studies of victims following such events.
The data from the terrorist events and the Gulf War when
many troops believed they were exposed to chemical agents
point to the prevalence of PTSD associated with real or
threatened exposure.
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CHAPTER O

Organophosphate Nerve Agents

ANNETTA WATSON, DENNIS OPRESKO, ROBERT YOUNG, VERONIQUE HAUSCHILD,

JOSEPH KING, AND KULBIR BAKSHI

I. INTRODUCTION

The chemical warfare (CW) nerve agents primarily addressed
in this chapter include the anticholinesterase nerve agents
tabun (GA), sarin (GB), soman (GD), cyclosarin (GF), and
VX, all of which are, or have been, part of the US domestic
munitions inventories (Carnes, 1989; NRC, 1999; Opresko
et al., 1998). Russian VX (often represented as VR) will be
evaluated in the following chapter by Radilov et al. (2009).
Other, less well-characterized nerve agents such as compound
GE, VG (Amiton™) or V will be evaluated as data allow.
These agents are potent anticholinesterase compounds
deliberately formulated to induce debilitating effects or death
during wartime hostilities and have been used by military
authorities of several nations to develop munitions (e.g.
Germany during the Nazi era, the USA, the former Soviet
Union). US military stockpiles of CW munitions manufac-
tured as a Cold War deterrent decades ago await demilitar-
ization at designated stockpile sites and have been the subject
of extensive emergency preparedness and response planning.
Additional planning has been necessary at other current and
formerly used military sites where containers, buried muni-
tions, etc., have been inventoried (the ‘‘nonstockpile’” sites)
(NRC, 2003, 1999; Opresko et al., 1998). More recent global
events have focused attention on the potential threat of
chemical terrorism, especially at transportation hubs (Tucker
and Raber, 2008). The deliberate release of nerve agent sarin
at lethal concentrations in the Japanese cities of Matsumoto
(1994) and Tokyo (1995) by a Japanese domestic terrorist
group has illustrated that such attacks can be a reality and
require advance emergency preparedness planning (Morita
et al., 1995; Okumura et al., 1996, 2007; Sidell, 1996;
Yangisawa et al., 2006; Cannard, 2006; Tu, 2007).
Information provided on agent toxicity, risk assessment,
treatment options, and other related topics will be useful to
communities and facilities developing and updating emer-
gency preparedness plans for accidental or intentional release
of nerve agents; this information can also be used to support
environmental decision-making where nonstockpile materiel
- military gear has been found. In response to various Public
Laws and international agreements such as the Chemical
Weapons Convention (PL 99-145, 1986; PL 102-484, 1993;
CWC, 1997), existing emergency guidance and military
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policy documents currently reflect the identified criteria and
information (e.g. CSEPP, 2003, 20064, b; NRT, 2008; OASA,
1999).

While there are different applications for the information
provided in this evaluation, in general the toxicological focus
for emergency preparedness and response applications is that
of acute exposures associated with a one-time release. Typi-
cally, the scenarios considered include a single-source airborne
release either from an intentional terrorist attack or accident
involving an agent container or munition from a military site. It
iswidely recognized that vapor inhalation is the exposure route
of greatest concern for such an event (ATSDR, 2007; Sidell,
1997). In contrast, the toxicological focus of environmental
site remediation plans for military installations and formerly
used defense sites where buried chemical warfare agent resi-
dues may occur requires consideration of long-term release
and potential incidental ingestion of media such as soil parti-
cles or water with relatively low levels of contamination. To
reflect these critical applications and information needs, the
current evaluation will also primarily focus on

« single-source, one-time nerve agent releases and exposure
routes involving agent vapor inhalation or direct ocular
vapor exposures, and

« long-term (chronic or subchronic) exposure from residual
nerve agent contamination.

It is acknowledged that there exists a rich and valuable body
of repeat-exposure studies employing serial vapor or serial
injection exposures for the nerve agents soman (GD), sarin
(GB) and VX (please see recent excellent reviews and
analyses in Shih ez al., 2006; McDonough and Romano, 2008
aswell as recent experimental studies by Dabisch ez al., 2005,
2007a); the interested reader is encouraged to examine these
and related resources, as the current evaluation does not
highlight experiments that apply serial exposure protocols.

II. BACKGROUND
A. Development of Organophosphate
Formulations as Chemical Warfare Agents

The G-series nerve agents evaluated are all toxic ester
derivatives of phosphonic acid containing either a cyanide
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(GA) or fluoride (GD, GE, GF) substituent and are
commonly termed ‘‘nerve’’ agents as a consequence of their
anticholinesterase properties as well as their effects on both
the peripheral nervous system (PNS) and central nervous
system (CNS). The ‘“‘G’’ series military nomenclature used
by NATO member nations has historically been considered
to be an abbreviation for ‘‘German’’, with the second letter
of the code (‘“‘A”’, “‘B”’, etc.) identifying the order in which
these compounds were found and analytically identified by
Allied forces investigating materials found in captured
German military facilities at the close of WWII (Sidell,
1997). Agent VX, a phosphonic acid ester with a sulfur
substituent, was industrially synthesized in the United
Kingdom in the early 1950s; the code letter ““V’’ is
a reported reference to ““venom’’ (Sidell, 1997). Other, less
well-characterized V-series compounds include Vi, VE,
VM, and VG (trade name Amiton™ when commercially
introduced as a miticide in the mid-1950s).

As Cold War deterrents, nerve agents began to be
manufactured and weaponized by the USA in the 1950s.
When the US chemical warfare agent production program
was terminated by the Nixon presidential ‘‘Statement on
Chemical and Biological Defense Policies’” of November
1969 (National Security Decision Memorandum 35), the
US stockpile of unitary munitions included bulk (‘‘ton’”)
containers, underwing spray tanks, projectiles, rockets,
bombs, land mines, and rockets (Carnes, 1989; Sidell,
1997). Nerve agent unitary munitions contained either GA,
GB, or VX. The US chemical warfare agent munition
stockpile is obsolete, and is presently undergoing
destruction and disposal by the US Army Chemical
Materials Agency (see www.cma.army.mil) at each of the
several unitary stockpile sites for compliance with the
Chemical Weapons Convention (CWC) and to eliminate
the risk of continued storage for these aging CW muni-
tions; current nerve agent stockpile sites are located in
Alabama, Arkansas, Indiana, Kentucky, Oregon, and Utah.
In December 2008, the US Army Chemical Materials
Agency announced that 58% of the US unitary chemical
munitions stockpile had been successfully destroyed.

B. Physical and Chemical Properties of
Nerve Agents

The G-agents are all viscous liquids of varying volatility
(vapor density relative to air between 4.86 and 6.33) with
faint odors (‘‘faintly fruity’’, or ‘‘spicy’’, ‘‘odor of
camphor’’). Agent VX is an amber-colored liquid with
a vapor density of 9.2, and is considered odorless. Thus,
nerve agent vapors possess little to no olfactory warning
properties (Table 6.1).

The vapor pressures and acute toxicity of these agents
are sufficiently high for the vapors to be rapidly lethal.
Within the G-series, GB is considered to present the
greatest vapor hazard (order of vapor hazard approximates
GB > GD > GF > GA). Agent VX was deliberately

formulated to possess a low volatility; VX is approxi-
mately 2,000 times less volatile than nerve agent GB (DA,
1990a, b). As a consequence, agent VX is considered
a persistent, ‘‘terrain denial’’ military compound with the
potential to be a contact hazard or generate off-gas toxic
vapor concentrations over a period of days following
surface application particularly under cold weather
conditions or when bulk-release quantities of liquid agent
are involved. While not readily volatile, VX vapors (if
allowed to accumulate) are nevertheless considered more
acutely potent than those of agent GB or the other G-series
agents (Mioduszewski ef al., 1998).

As a consequence of the volatilities exhibited by G-series
nerve agents (Table 6.1), the most likely exposure route
(and source of primary hazard) is via direct vapor exposure
to the eyes and upper respiratory tract tissues, and vapor
inhalation (with consequent systemic absorption) (Dabisch
et al, 2008a; Cannard, 2006); G-agents are considered
“‘nonpersistent’’ as per definitions employed by the US
Department of Defense (DOD, 2008). Nerve agent VX is
widely considered to present a greater threat from the
percutaneous exposure route (when compared to the
G-series agents) as well as a vapor inhalation threat at
elevated ambient temperatures (e.g. >40°C; Benton et al.,
2005, 2006a; Craig et al., 1977; Sidell, 1997).

Nerve agent V, exhibits volatility (76.4 mg/m> at 25°C)
intermediate to that of agents GA and VX, and a vapor
density (7.3) intermediate to that of agents GF and VX; V, is
also considered ‘‘persistent’’. There are few data from
which to characterize nerve agents VE (O-Ethyl-S-
[2-(diethylamino) ethyl]ethylphosphonothioate, CAS No.
21738-25-0) or VM (O-Ethyl-S-[2-(diethylamino)ethyl]-
methylphosphonothioate, CAS No 21770-86-5).

III. MECHANISM OF ACTION

All of the nerve agents under consideration are anticho-
linesterase compounds and induce accumulation of the
neurotransmitter acetylcholine (ACh) at neural synapses
and neuromuscular junctions by phosphorylating acetyl-
cholinesterase (AChE). Depending on the route of expo-
sure and amount absorbed, the PNS and/or CNS can be
affected and muscarinic and/or nicotinic receptors may be
stimulated. Interaction with other esterases may also occur,
and direct effects to the nervous system have been
observed.

Exposure to acutely toxic concentrations of nerve agents
can result in excessive bronchial, salivary, ocular and
intestinal secretions, sweating, miosis, bronchospasm,
intestinal hypermotility, bradycardia, muscle fasciculations,
twitching, weakness, paralysis, loss of consciousness,
convulsions, depression of the central respiratory drive, and
death (Grob and Harvey, 1953; Grob, 1956; Marrs, 2007;
Sidell, 1997; Yanagisawa et al., 2006; many others).
Minimal effects observed at low vapor concentrations
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TABLE 6.1. Physical and chemical properties of organophosphorous nerve agents
Parameter GA GB GD GF VX GE A\
CAS Registry No. 77-81-6 107-44-8 96-64-0 329-99-7 50782-69-9 1189-87-3 20820-80-8
Chemical name” Ethyl dimethylamido Isopropyl methyl- Pinacolyl methyl- O-cyclohexyl methyl-  S-(2-diisopropyl- Isopropyl O-ethyl S-(2-dimethyl-
cyanophosphate phosphonofluoridate phosphonofluoridate phosphonofluoridate aminoethyl) O-ethyl ethylphosphono- aminoethyl) methyl-
methyl phosphonothiolate fluoridate phosphonothiolate

Common name®” Tabun Sarin Soman Cyclosarin VX NA NA
Chemical formula® C5H11N202P C4H10F02P C7H15F02P C7H14F02P C11H26 N02PS C5H12F02P C7H13N02PS
Molecular weight” 162.13 140.10 182.178 180.2 267.38 154.12 (calc) 211.26
Physical state” Liquid, vapor Liquid, vapor Liquid, vapor Liquid, vapor Oily liquid, vapor Vapor Liquid
Vapor pressure 0.037 (20°C) 2.10 (20°C) 0.40 (25°C) 0.056 (20°C) 0.0007 (25°C) NA 6.73 x 107> (25°C)

(mm Hg)“
Volatility 610 22,000 3,900 548 at 20°C; 10.5 11.6 mg/l at 76.4

(mg/m?® at 25°C)** 817 at 25°C 25°C (saturated

concentration)

Liquid density (g/ml)*  1.073 (25°C) 1.102 (20°C) 1.0222 (25°C) 1.1327 (20°C) 1.006 (20°C) 1.0552 (25°C) 1.06 (25°C)

Vapor density 5.63 4.86 6.33 6.2 9.2 NA 7.3 (calculated)
(air = 1)¢
Melting point (°C)*>¢ =50 —56 —42 -30 —39 (calculated) NA NA
Boiling Eoint 245 158, 150 198 239 298 67-68 256 (extrapolated)
(oc)a, ,C
Water solubility”© 98 g/1 (25°C); Miscible 21 g/1 (20°C) 0.37% (20°C) 30 g per 100 g (25°C) NA Slightly
72 g/1 (20°C) A
Hydrolysis half-life 85h 39-41h; 80 h 80-83 h; 45 h 42 h* 400-1000 h NA NA T
(20°C and pH 7) at pH 6.65 2
Log Kow* 1.18 0.15 1.02 NA NA NA NA =
Odor®></ Faintly fruity; Odorless when pure Fruity, odor Perceptible; fruity; Odorless when pure NA Odorless 2
no odor when pure of camphor no agreement on -
when impure odor description; o
odorless when pure o3
Odor threshold Undefined <1.5 ~1.5t0~7.0 ~10.4 to ~14.8 Odorless when pure Undefined Undefined g
(mg/m3)u,b,c,_f %
Henry’s law constant®® 1.52 x 107’ 534 x 1077 456 x 10°° NA 3.5 x 1077 (est.) NA NA g
(atm m*/mol) 3
Conversion factors” ppm = (0.15) x mg/m> ppm = (0.17) x mg/m*> ppm = (0.13) x mg/m> ppm = (0.14) x mg/m> mg/m> = (10.936) x ppm NA NA g
in air mg/m® = (6.6) x ppm mg/m> = (5.7) x ppm mg/m’ = (7.5) x ppm mg/m> = (7.4) X ppm  ppm = (0.0914) x mg/m> ®
Z
o©
Adapted from NRC (2003) with permission by the National Academy of Sciences, courtesy of the National Academies Press, Washington DC g
“DA (1990a, b); Gates and Renshaw (1946); Buckles (1947); Tevault et al. (2003); Abercrombie (2003) >
DA (1992) B
‘DA (1974); Yang (1999) 2

“Clark (1989); DA (2005)

“Britton and Grant (1988)

McGrath et al. (1953); Dutreau et al. (1950); DA (2005)
SO0presko et al. (1998); Small (1984)

hCalculated from molecular weight

14
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include miosis (contraction of the pupils of the eye, with
subsequent decrease in pupil area), tightness of the chest,
rhinorrhea, and dyspnea (Dunn and Sidell, 1989; Dunn
et al., 1997). Pupillary contraction, resulting in varying
degrees of miosis characterized by measures of pupil
diameter, is consequent to local inhibition of ocular AChE
activity with pupillary sphincter contraction (Dabisch et al.,
2007b, 2008a, b).

Reactivation of inhibited cholinesterase by dephosphor-
ylation is not possible once the nerve agent—cholinesterase
complex undergoes ‘‘aging’’, which is thought to be the
consequence of the loss of an alkyl or alkoxy group. Agent
GD ages very rapidly when bound to red blood cell
cholinesterase (RBC—ChE), with a ¢/, (time required for
50% of the enzyme to become resistant to reactivation) of
1.3 min (Harris et al., 1978). The aging half-time for agent
GA with RBC-ChE is 46h (calculated; De Jong and
Wolring, 1978), and the ¢/, for agent GB with RBC—ChE is
5h (Sidell and Groff, 1974). The complex formed between
RBC-ChE and agent VX does not age significantly (half-
life of approximately 48 h) (Sidell and Groff, 1974; Dunn
et al., 1997).

A. Direct Nervous System Effects

Although nerve agents exert toxic effects on the CNS
and PNS indirectly through AChE inhibition (Koelle,
1975, 1981), nerve agents may also affect nerve impulse
transmission by additional mechanisms at neuromuscular
junctions (see reviews by Somani and Husain, 2001; Marrs,
2007) and at neurotransmitter receptor sites in the CNS.
Rao et al. (1987) reported that VX caused an increase in
ACh release at neuromuscular junctions in the frog by an
interaction with the nicotinic ACh receptor—ion channel
complex. Aas et al. (1987) reported alterations in musca-
rinic receptors in rat bronchi and lung tissue after subacute
inhalation exposures to agent GD. In the CNS, nerve agents
may act directly on muscarinic, nicotinic, and glutamate
receptors in manners unrelated to cholinesterase inhibition
(Bakry et al., 1988; Chebabo ef al., 1999; Lallement ef al.,
1991a, b; Rocha et al., 1998, 1999). Chebabo ef al. (1999)
reported that 0.3—1 nM of agent GB reduced the amplitude
of GABA-mediated postsynaptic currents (GABA; neuro-
transmitter yy-aminobutyric acid), but had no effect on the
amplitude of glutamatergic-mediated postsynaptic currents;
this selective reduction in action potential-dependent
release of GABA might account for GB-induced seizures.
Lallement ef al. (1991a, b) had earlier suggested that
GD-induced overstimulation of glutamatergic receptors
contributed to maintenance of seizures.

Although these electrophysiological data indicate that
nerve agents may have direct effects on the nervous system
unrelated to AChE inhibition, the data do not provide
a means of determining a dose conversion to an integrative
whole-body endpoint such as lethality or qualitative/

quantitative comparisons directly relevant to adverse
effects.

It should be further noted that the effects of nerve agents
on GABAergic transmission in the CNS may have impli-
cations for behavioral effects in laboratory animals and
humans, and may also contribute to the induction of
convulsions at higher doses (Bakshi ef al., 2000). Never-
theless, given the present undefined application of non-
cholinergic data to whole-body estimations, reliance on the
primary assumption of AChE action is consistent with
recognized opinion (Bakshi ef al., 2000).

B. Binding with Blood Cholinesterases

The activity of red blood cell cholinesterase (RBC—ChE), as
well as that of plasma cholinesterase (plasma—ChE, BuChE
or butyrylcholinesterase), has been used to monitor expo-
sure to, and recovery from, anticholinesterase pesticides as
well as nerve agents. There is some historical evidence that
RBC-ChE can be as sensitive as brain—ChE to the anti-
cholinesterase effects of nerve agents; Grob and Harvey
(1958) reported that in vitro concentrations producing 50%
activity depression of brain—~ChE and RBC-ChE were
equivalent in the case of GA (1.5 x 10~® mol/l), and
comparable in the case of GB (3.0 x 107° vs 3.3 x 107°
mol/l). The in vivo animal studies conducted by Jimmerson
et al. (1989) disagree, which is further supported by the
fact that blood ChE activity may not always be correlated
with exposure or with signs and symptoms of toxicity
(Holmstedt, 1959; Sidell, 1992, 1997) (Table 6.2). This was
also observed during clinical treatment of cases following
the Matsumoto and Tokyo chemical terrorist incidents of
GB exposure to the public (Yanagisawa et al., 2006; Nozaki
et al., 1997).

It is generally considered that systemic effects in humans
following acute nerve agent exposures are likely when
RBC-ChE is inhibited by 75-80% (e.g. to 20-25% of
normal activity levels) (Sidell, 1992). Nevertheless, it is
well known that local signs and symptoms of the eye and
nose in humans and animals (e.g. miosis, rhinorrhea) can
occur in the absence of any measurable change from base-
line ChE activity in the blood following vapor or aerosol
nerve agent exposure (Harvey, 1952; Craig and Woodson,
1959; Sidell, 1992) and are attributable to the local and
direct effects of agent on tissues of the eye and upper
respiratory tract (Grob, 1956; Dabisch et al., 2008a) (Table
6.2). When systemic exposure (e.g. other than direct ocular
or direct nasal) occurs, miosis and rhinorrhea are not usually
observed as first noticeable effects (Dabisch et al., 2008a;
NRC, 2003).

EPA science policy guidelines regarding use and appli-
cation of cholinesterase activity inhibition data generally
consider blood ChE activity inhibition to be an imperfect
measure, and there appears to be no fixed percentage of
blood ChE activity change that can distinguish adverse
from nonadverse effects (USEPA, 2000; Storm et al.,



2000). A number of investigations have noted the poor
association between blood (RBC and plasma) cholines-
terase activity and nerve agent intoxication (Koelle, 1994;
Sidell, 1992, 1997; Rubin and Goldberg, 1957; Mio-
duszewski et al., 2002a; Yanagisawa ef al., 2006; Cannard,
2006); minimal blood ChE activity has been observed in
association with normal tissue function (Sidell, 1992). In
a clinical situation, measurement of blood ChE activity has
forensic utility and is helpful as a measure of recovery, but
is not a quantitative measure of absorbed dose (Cannard,
2000).

C. Binding with Other Enzymes

Nerve agents also interact with detoxification enzymes such
as carboxylesterases (CarbE) and A-esterases (e.g. aryles-
terase and paraoxonase), and the degree of such interaction
can alter the magnitude and extent of the toxic cascade
following AChE inhibition (Pope, 1999; Pope and Liu,
2002; Fonnum and Sterri, 2006) as well as species-specific
characteristics. Observed spontaneous reactivation of
soman-inhibited plasma CarbE in the rat indicates that
“‘aging’’ does not occur for the GD—plasma CarbE complex
(in contrast to that observed for GD and RBC-ChE; Dunn
et al., 1997) and further suggests that endogenous plasma
CarbE may be a principal functional scavenger for agent GD
(Maxwell and Brecht, 2001). Recent studies indicate that
full characterization of the OP-protective capabilities of
CarbEs requires assessment not only of the amount, but also
of the affinity exhibited by CarbEs for the inhibitor, as well
as the total CarbE activity unlikely to be inhibited (inhibitor
resistant esterase activity, or IRE) (Chanda et al., 2002). The
detoxification potential of CarbEs is multifaceted, and is
an area requiring further experimental characterization
(Fonnum and Sterri, 2006).

IV. TOXICITY

A. Effects

Nerve agents are toxic anticholinesterase compounds by all
routes of exposure, and exhibit a steep dose-response.
Detailed descriptions of nerve agent toxicity may be found
in reviews by Bakshi et al. (2000), NRC (1999, 2003),
Mioduszewski et al. (1998), Marrs (2007), Opresko et al.
(1998), Sidell (1997), Somani and Husain (2001), Munro
et al. (1994), and others.

Anticholinesterase effects of nerve agent exposure can be
characterized as muscarinic, nicotinic, or CNS. Muscarinic
effects occur in the parasympathetic system and, depending
on the amount absorbed, can be expressed as conjunctival
congestion, miosis, ciliary spasm, nasal discharge, increased
bronchial secretion, bronchoconstriction, anorexia, emesis,
abdominal cramps, sweating, diarrhea, salivation, brady-
cardia, and hypotension. Nicotinic effects are those that
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occur in somatic (skeletal/motor) and sympathetic systems,
and can be expressed as muscle fasciculations and paralysis.
CNS effects may be manifested as confusion, reflex loss,
anxiety, slurred speech, irritability, forgetfulness, depres-
sion, impaired judgment, fatigue, insomnia, depression of
central respiratory control, and death (Sidell, 1992, 1997;
Sidell and Groff, 1974; Opresko ef al., 1998; Bakshi et al.,
2000). Minimal effects observed at low concentrations in
human subjects include miosis, a feeling of ‘‘tightness’” in
the chest, rhinorrhea, and dyspnea (Dunn and Sidell, 1989)
(Table 6.2).

While RBC—ChE inhibition in the blood is considered an
operationally acceptable surrogate for CNS inhibition,
plasma ChE is more labile and is a less reliable reflection of
enzyme activity change at neuro-effector sites (USEPA,
2000; Young ef al., 1999).

In the whole-body agent vapor exposure studies of
Mioduszewski et al. (2002a; SD rat single exposures to GB
vapor) and Benton et al. (2006a; SD rat single exposures to
VX vapor), miosis was usually not correlated with or
accompanied by reductions of circulating AChE, BuChE, or
CarbE. For the VX vapor exposure study of Benton ef al.
(2006a) and among those rats exhibiting only one sign
(either whole-blood AChE activity inhibition or miosis),
miosis developed in the absence of blood AChE activity
depression ‘“90% of the time’’. The findings of Mio-
duszewski et al. (2002a) for SD rats are consistent with
those for human volunteers exposed to GB vapor in the
study of Rubin and Goldberg (1957). These results further
document the fact that miosis alone, and in the absence of
signs such as ChE or CarbE activity inhibition, is a local
effect, and reflects an exposure much less than that required
for generation of systemic clinical effects. Thus, consider-
ation of a local effect such as miosis as a critical endpoint
for decision criteria and exposure guideline determination
allows a useful margin of protection against the potential for
agent exposures sufficiently large so as to generate systemic
effects.

B. Minimal Potential for Delayed Neuropathy

A continuing area of public concern regarding nerve agent
exposure is the possibility of chronic neurological effects,
particularly delayed neuropathy, given that neuropathic
effects have been observed following high levels of occu-
pational exposure to the lipophilic agricultural pesticides.
Exposure to some OP anticholinesterase compounds results
in delayed neurotoxic effects (ataxia, distal neuropathy,
paralysis), which are collectively described as organo-
phosphate-ester induced delayed neuropathy (OPIDN).
OPIDN is characterized by myelin sheath and axon degen-
eration and was once thought to be the consequence of
inhibition and aging of neuropathy (or neurotoxic) target
esterase (NTE) (Abou-Donia, 1993; Ehrich and Jortner,
2002). With greater knowledge and recent data pointing out
that NTE-knockout mice may also develop OPIDN
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TABLE 6.2. Human experimental data for single exposures to GB vapor?
Concentration
(mg/m>) Exposure duration Ct (mg-min/m?) Signs and symptoms Reference
0.05 20 min 1 Headache, eye pain, rhinorrhea, Harvey (1952)
tightness in chest, cramps, nausea,
malaise
0.05 20 min 1 Threshold (<1 mm pupil diameter Johns (1952)
decrease) to mild (1-2 mm pupil
diameter decrease) miosis® in test
subjects
0.06 20 min 1.2 No reported effects McKee and
Woolcott (1949)
0.06 40 min 24 Miosis; slight tightness in chest (n = 4) McKee and
Woolcott (1949)
0.3 0.5 min 0.15 Rhinorrhea in 16/16; chest tightness in Fairley and
7/16 Mumford (1948)
0.5 30 min 15.0 Miosis, dyspnea, photophobia, 40% Baker and
inhibition of RBC—ChE, subclinical Sedgwick (1996)
SFEMG® changes
0.6 1 min 0.6 Miosis and slight tightness in chest McKee and
Woolcott (1949)
2 2 min 4 Miosis ‘‘moderate’’; no other signs of Rubin et al. (1957)
ChE inhibition
NA 10 minto 5h 3.13 50% pupil area decrement Callaway and
Dirnhuber (1971)
NA 10 minto 5 h 13.85 90% pupil area decrement Callaway and
Dirnhuber (1971)
4.19 (average) 2 min 8.38 Average 47% inhibition of RBC—ChE; Oberst et al. (1968)
no other effects (breathing rate
5.6-8.4 1/min through nose or
mouthpiece)
20.7 (average) 2 min 41.4 Average 49% inhibition of RBC—ChE; Oberst et al. (1968)
no other effects (breathing rate
47-65 1/min through nose or
mouthpiece)
2.8-4.3 1-2.25 min 4.5-5.0 Miosis of unprotected (unbandaged)? Sim (1956)
eyes of 10 military servicemen; min
pupil size of 1.8 mm
4.0-4.5 2-2.25 min 8.3-9.8 Miosis of unprotected (unbandaged)” Sim (1956)
eyes of 22 military servicemen; min
pupil size of 1.6 mm
9.5 1 min, 3 s 10 Miosis of unprotected (unbandaged)d Sim (1956)
eyes of 12 military servicemen; min
pupil size of 1.7 mm
5.5-7.6 1.75-2.5 min 13.1-15.4 Miosis of unprotected (unbandaged)” Sim (1956)
eyes of 54 military servicemen; min
pupil size of 1.5 mm
12.8-15.3 1-1.2 min 14.4-15.0 Miosis of unprotected (unbandaged)? Sim (1956)

eyes of 38 military servicemen; min
pupil size of 1.5 mm

“Adapted from NRC (2003) with permission by the National Academy of Sciences, courtesy of the National Academies Press, Washington DC
®Mild miosis defined by Johns (1952) as ‘‘decrease of 1 to 2 mm’” in pupil diameter; reversible within 24 h.
“Single fiber electromyography (SFEMG)
“Note that a similar experimental exposure protocol employed by Sim (1956) for subjects with bandaged eyes (*‘protected’”) resulted in no clinical

miosis in any subject



(Abou-Donia, 2003; Winrow et al., 2003; O’Callahan,
2003), the NTE theory has been replaced with one involving
a noncholinergic, proteolytic mechanism involving cyto-
skeletal proteins found in neurofilaments (De Wolff et al.,
2002). The resulting proteolysis, accompanied by perturbed
ionic gradients, cellular edema, and myelin debris, can
generate neuropathy.

A number of well-conducted studies employing USEPA
guidelines for experimental determination of delayed
neurotoxicity (USEPA, 1998) have been performed for the
G-agents and agent VX (Gordon et al., 1983; Willems et al.,
1984; Goldman et al, 1988; Wilson et al., 1988). The
USEPA protocol requires toxicological testing with the
domestic hen, an OPIDN-sensitive laboratory animal. In
general, exposure to the standard threat nerve agents (e.g.
GA, GB, GD, GF, VX) is not considered neuropathic in
humans (Marrs, 2007) given that (1) agent VX is not
neuropathic in standard challenge tests with hens and
(2) G-agent concentrations necessary to induce OPIDN
would be supralethal, and human survival would be highly
unlikely.

C. Evaluation of Other Potential Effects

Animal data from vapor, oral, and injection exposure studies
for the G-series nerve agents and agent VX indicate that
these agents do not induce reproductive or developmental
effects in mammals (Denk, 1975; LaBorde and Bates, 1986;
LaBorde et al., 1996; Bucci et al., 1993; Bates et al., 1990;
Schreider et al., 1984, 1988; Goldman et al., 1988; Van
Kampen et al, 1970). Incidental data from the Tokyo
subway incident (Ohbu et al., 1997) documenting the birth
of healthy children to women who had received exposures
to toxic GB concentrations at 9-36 weeks’ gestation support
this finding.

Neither agent GB nor agent VX was genotoxic in a series
of microbial and mammalian assays (Goldman et al., 1987,
1988; Crook et al., 1983), while agent GA has been reported
to be weakly mutagenic in similar cellular assays (Wilson
et al., 1994). Experimental results indicate that agents GB,
GA, and VX have no carcinogenic potential (Weimer et al.,
1979; Bucci et al., 1992a, b; Goldman et al., 1988).

D. Inhalation/Ocular Toxicity in Human
Subjects

It is noted that the most complete experimental data set for
the nerve agents evaluated in all species is that for agent GB;
the following analysis reflects that emphasis (Table 6.2).
Human study reports evaluated have been previously judged
by the US Environmental Protection Agency National
Advisory Committee for Acute Exposure Guideline Levels
for Hazardous Substances and the National Research
Council (NRC) Committee on Toxicology to be consistent
with acceptable criteria and procedures regarding informed
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consent and appropriate clinical supervision (NRC, 2001,
2003).

1. Acent GB
Fairley and Mumford (1948) exposed 16 male volunteers to
0.3 mg GB/m? for 0.5 min. Nine of the test subjects reported
that they could detect the agent by smell; seven reported
tightness of the chest and 16 reported rhinorrhea.

McKee and Woolcott (1949) evaluated the effects of low
concentrations of agent GB on 14 male volunteers. A single
exposure to 0.6 mg GB/m’ for 1 min, or 0.06 mg GB/m> for
40 min resulted in miosis and slight tightness of the chest;
within 24h, signs and symptoms resolved in subjects
exposed for 1 min, while more than 48 h was required for
resolution in subjects exposed for 40 min.

In a study reported by Harvey (1952), 128 adult male
volunteers were exposed in a chamber to GB concentrations
ranging from 0.05 to 3.0 mg/m’ for 2 to 20 min. The cor-
responding cumulative exposures ranged from 1.0 to 6.0
mg-min/m>. The most common signs and symptoms
resulting from the GB exposures were headaches, eye pain,
rhinorrhea, tightness in the chest, cramps, nausea, and
concentration difficulties.

When evaluating data from the Harvey (1952) study, Johns
(1952) reported on the occurrence of miosis in exposed
individuals. Regression analysis of 150 observations,
including 55 controls, indicated that the concentration at
which a 50% decrease in pupil diameter would be attained
was approximately 4.1 mg-min/m>, with 90% confidence
limits of about 2.7 and 5.7 mg-min/m>. Johns (1952) defined
“‘mild miosis’’ as a ‘‘decrease of 1 to 2 mm”’ in pupil diam-
eter, which usually disappeared within 24h. While mild
miosis as defined above was observed in some subjects at the
lowest Ct tested (Ct = 1.0 mg-min/m’), other subjects
exhibited mean maximal pupil decreases of <1 mm, indi-
cating attainment of a response threshold at this level of
exposure. Untreated controls exhibited a pupil diameter
decrease of >0.33 mm; Johns (1952) attributed this difference
to observer bias and pointed out that there was still a relative
difference between the control group and the exposed groups.

Oberst et al. (1968) conducted inhalation studies in
which 125 volunteers were exposed to low concentrations of
GB vapor in order to measure levels of GB retention and
changes in RBC-ChE activity. In one series of tests in
which resting subjects were exposed to GB for 2 min, the
calculated retained dose was 3.4-3.8 lig/kg and the percent
inhibition of RBC—ChE activity was 39-63% (average
49%). In a second series of tests, in which exercising men
were exposed to GB for 2 min, the calculated retained dose
was 3.2-4.0 pg/kg and the percent inhibition of RBC—ChE
activity was 29-58% (average 47%). The reported 2 min
ChEj5 dose for all 125 subjects (grouped data) was 3.95 g
GB/kg. From these data, the 2 min ECsq for cholinesterase
inhibition can be estimated as approximately 21 mg/m> for
resting men breathing about 7 I/min and about 4 mg/m?> for
exercising men breathing about 50 1/min.



50 SECTION Il - Agents that can be Used as Weapons of Mass Destruction

Baker and Sedgwick (1996) exposed eight human
volunteers to 0.5mg GB/m® for 30 min in a chamber; test
subjects walked at a rate of 96 paces per minute while
breathing normally. The exposure resulted in a 60% inhi-
bition of RBC—AChE activity; subjects exhibited miosis,
some photophobia and mild dyspnea. Respiratory symp-
toms resolved within minutes and the ocular effects within
48 h post-exposure. There were no clinical neuromuscular
signs or symptoms; however, small and non-clinical
changes in single fiber electromyography (SFEMG) of the
forearm were measured at 3h and 3 days post-exposure;
SFEMG changes were not detectible 15-30 months
post-exposure.

The results of agent GB vapor exposure studies con-
ducted with human volunteers indicate that the threshold for
miosis and other minimal toxic effects falls in the range of
0.05-0.5 mg/m3 for 10-30 min exposures (see Table 6.2 and
summaries above).

Rubin et al. (1957) evaluated the effects of agent GB on
the visual threshold of three adult volunteers. The test
individuals were exposed to 2 mg GB/m” for 2 min with the
eyes exposed or protected. With the eyes unprotected, the
exposure resulted in moderate miosis with no other obvious
signs of cholinesterase activity inhibition, but with
a significant elevation of the absolute visual threshold in the
dark-adapted eye.

Callaway and Dirnhuber (1971) evaluated the ‘‘mioto-
genic potency’’ of GB vapor in humans (62 miosis
responses in 26 human volunteers). Exposure time periods
ranged from 10 min to 5 h. Callaway and Dirnhuber reported
50% and 90% decrements in pupil area (Table 6.2). There
are acknowledged weaknesses in the protocol and data of
Callway and Dirnhuber (1971), such as limited 1970s-era
capabilities for measuring agent vapor concentrations, semi-
subjective protocols for measuring miosis in human eyes,
and incomplete documentation of miosis incidence.

Based on human and animal data, McNamara and
Leitnaker (1971) estimated that the ECsy for miosis in
humans would be 0.0083 mg/m* for 8 h exposure duration
or 0.0028 mg/m” for 24 h exposure duration. McNamara and
Leitnaker (1971) did not expect miosis to occur at 0.001 mg/
m’ for 8 h or 0.0003 mg/m> for 24 h.

2. AGENTS VX AND V,

No experimental data are available for direct characteriza-
tion of acute VX vapor toxicity in humans following inha-
lation exposure. Based on lethality data for several animal
species, Bide and Risk (2000, 2004) estimated the 10 min
LCtsq value for a VX aerosol to be 7 mg-min/m? for a 70 kg
man breathing 15 I/min for 10 min.

One of the few experimental attempts to evaluate human
exposure to VX vapor for durations greater than a few
minutes is the historically important study of Bramwell
et al. (1963) in which eight individuals were exposed to VX
vapor concentrations ranging from 0.23 mg/m? to 5 mg VX/
m’ for durations ranging from 2.25 s to 24 min (Cts = 0.7 to

25.6 mg-min/m>). The Bramwell et al. (1963) study is not
considered credible because of its seriously flawed exposure
protocol; both C and t were varied (resulting in no replicate
cumulative exposures), and the organic solvent benzene was
used to help disperse the agent in the exposure (carrier
solvent may have altered agent absorption) (Reutter et al.,
2000).

Koon et al. (1959) evaluated the minimum odor detection
limits of VX in 16 volunteers. Each subject sniffed the agent
both in the morning and afternoon on two successive days
(presumably only one sniff at each time point). The esti-
mated total doses for the four exposures ranged from 0.01 to
0.13 pg/kg. No significant changes in RBC or plasma ChE
activity were observed in the test subjects. Three subjects
reported headaches the evening of the last test, and three
other subjects reported slight chest tightness, dryness of the
mouth, and nasal irritation for 30 min following the test.

Recent multiservice (Army, Marine Corps, Navy, and
Air Force) guidance on agent-specific exposure limits esti-
mates the VX ECtsp for mild toxicity in humans (miosis,
thinorrhea) to be 0.10mg VX-min/m®> for 2-360 min
exposures (DA, 2005). The inhalation/ocular ECtsq for
severe effects in humans (i.e. muscular weakness, tremors,
breathing difficulty, convulsions, paralysis) was estimated
to be 10 mg-min/m* for 2-360 min exposures for a respira-
tory minute volume of 15 I/min (DA, 2005).

Agent Vy is considered toxic via inhalation exposure or
direct contact with the eye and/or skin (DA 2005), but has
been poorly studied. Due to lack of data suitable for anal-
ysis, DA (2005) has determined that no toxicity estimates
for Vx can be developed at this time.

E. Inhalation/Ocular Toxicity in Laboratory
Species

1. G-SERIES AGENTS

a. Lethal Levels
There are considerable data on the acute lethality of G-series
agents for short-term exposures (Table 6.3; see also NRC
(2003) for a detailed review).

In studies conducted by Mioduszewski ef al. (2001,
2002a), acute lethality of agent GB to male and female SD
rats was evaluated for time periods of 10, 30, 60, 90, 240 and
360 min in a whole-body dynamic chamber. GB concen-
trations ranged from about 2 to 56 mg/m>, and lethality was
assessed at 24 h and at 14 days post-exposure. Female rats
were reported to be significantly (p < 0.01) more sensitive
than males to GB vapor toxicity over the range of exposure
concentrations and durations studied.

In studies conducted by Bide and Risk (2004), male
CD-1 strain mice were exposed whole body to GB for time
periods ranging from 20 to 720 min. LCs values for 3—12 h
were progressively higher (toxicity lower) than that pre-
dicted by either Haber’s rule or the Ten Berge relationship
(Ten Berge et al., 1986). In studies conducted by Anthony
et al. (2004), male and female SD rats were exposed whole



body to agent GF for 10, 60 or 240 min, and lethality was
assessed 24h and 14days post-exposure (Table 6.3).
Females were more sensitive than males.

Hulet et al. (2006b) exposed male and female Gottingen
minipigs whole body to lethal concentrations of agent GF
vapor for 10, 60, or 180 min (Table 6.3). No significant
gender differences were observed in the GF lethality values.

In the latter years of WWII, agent GE underwent acute
inhalation toxicity characterization at a number of research
facilities managed by the Office of Scientific Research and
Development (National Defense Research Committee).
These results, for which the research protocols and exposure
concentrations are not available for comparison, were
summarized by Gates and Renshaw (1946) and are provided
in Table 6.3 as LCtsq values.

b. Sublethal Levels
A consistent endpoint for sublethal effects determination is
miosis; this information is summarized in Table 6.4.

Van Helden et al. (2003, 2004a, b) exposed male and
female marmosets (Callithrix jacchus, Harlan, UK) (whole
body) to mean GB vapor concentrations of 0.27-0.91 pg/m’
and male Dunkin—Hartley guinea pigs to 0.02-0.43 pg/m’
for 5 h. The lowest cumulative exposure at which the internal
dose became measurable (based on fluoride-regenerated GB
from blood BuChE) was 0.04 + 0.01 mg-min/m’ in
marmosets and 0.010 & 0.002 mg-min/m’ in guinea pigs.

Miosis, EEG effects, and visual evoked response (VER)
were examined following 5h exposures at concentrations
ranging from 7.5 to 150 ug GB/m®. Significant miosis (as
measured by the ratio of pupil diameter to iris diameter;
p < 0.05) was attained for marmosets and guinea pigs
(Table 6.4) (Van Helden et al., 2003; 2004a). Significant
(» < 0.05) threshold change in EEG parameters for
marmosets occurred at 0.2 mg-min/m’, while significant
threshold VER changes occurred at 25mg-min/m> (Van
Helden et al., 2004D).

Mioduszewski et al. (2002a, b) exposed young adult
(8-10week) male and female Sprague-Dawley (SD) rats
whole body to GB vapor concentrations of 0.01 to 0.48 mg/
m’ for three exposure periods of 10, 60, and 240 min in
a dynamic airflow inhalation chamber. Rat pupil diameters
were assessed and blood samples were also collected for
RBC-AChE, butyrylcholinesterase (BuChE), and plasma
carboxylesterase (CarbE) activity determinations. Animals
were also observed for development of clinical signs during
a 7-day post-exposure period; ECso values for miosis were
reported (Table 6.4; miosis ECsy points defined as the
statistical concentration required for post-exposure pupil
diameters of 50% or less of the pre-exposure pupil diameter
in 50% of the exposed population) (Mioduszewski et al.,
2002a, b). Gender differences (females more susceptible)
were observed. Whole-body exposure to GB vapor did
not result in significant activity inhibition for any blood
enzyme monitored (RBC-AChE, plasma—-BuChE, or CarbE)
for any GB vapor concentration and duration tested.
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Mioduszewski et al. (2002a, b) concluded that clinical signs
associated with whole-body GB vapor exposure were limited
to miosis.

Kassa et al. (2001) exposed male albino Wistar rats for
60 min in an inhalation chamber once, or repeatedly to GB
concentrations of 0.8, 1.25, or 2.5 mg/m°>. Animals exposed
to the lowest concentration (Level 1) were asymptomatic
based on clinical and laboratory measurements. Animals
exposed to the second concentration (Level 2) were
asymptomatic based on clinical signs, but experienced
significant inhibition of RBC-AChE activity (by 30%). The
highest test concentration (Level 3) was reported to be
a nonconvulsive symptomatic exposure. Three months
following exposure, control and exposed animals were
evaluated for GB-induced effects using biochemical,
hematological, neurophysiological, behavioral, and immu-
notoxicological methods. None of the exposed animals
showed any clinical signs of intoxication; their body weight
did not differ significantly from control values, and there
were no changes in hematological or biochemical parame-
ters, including blood and brain cholinesterase activity. The
only significant effect (p < 0.05) observed in rats exposed
once to 1.25mg GB/m’ (Level 2) was an increase in
stereotypical behavior. In a continuation of these studies,
Kassa et al. (2004) reported that at 3 months after exposure,
the Level 3 animals showed significant increases in two
biochemical markers of stress, plasma corticosterone, and
liver tyrosine aminotransferase activities. The latter was
also significantly increased in Level 2 test animals. In
spatial discrimination tests, animals tested at all three GB
concentrations showed significant increases in reaction time
up to 2 h after exposures. In the Level 3 animals, the effects
lasted for 3 weeks.

Walday et al. (1991) exposed male Wistar rats to 0.05 or
0.2 mg GD/m’ for a single 40 h period. No clinical signs of
toxicity were seen during the exposures. AChE, BuChE, and
CarbE activities were significantly inhibited in airway and
lung tissue at both doses. Brain BuChE and CarbE activity
exhibited significant effects at either dose; brain AChE
activity did not significantly change from baseline at
0.05 mg GD/m’, but did so at 0.2 mg GD/m".

Genovese et al. (2004) evaluated cognitive and general
performance effects of GB on adult male SD rats. The test
animals received a single whole-body exposure for 60 min
once to 1.7-4.0mg GB/m’. Cognitive and behavioral
performance testing began 48 h after inhalation exposure,
and were conducted during 55 sessions occurring over
approximately 11 weeks following exposures. Single
exposures did not significantly affect performance and no
delayed performance onset was observed.

Genovese et al. (2008) characterized the miosis ECs for
sarin in a nonhuman primate (African green monkey;
Chlorocebus aethiops) after 10 min exposures (Table 6.4).
Evaluation of potential behavioral change by performance
on a serial probe recognition test indicated no change from
baseline for all subjects. No other clinical sign was observed.
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TABLE 6.3. Acute inhalation lethality (LCs0; LCts0) for nerve agent vapor in laboratory animals
Agent Species LCs (mg/m3) LCts (mg-min/mS) Duration (h) Reference
GB Rat () 18.1 - 0.16" Mioduszewski et al. (2001, 2002a)
GB Rat (m) 22.6 - 0.16* Mioduszewski et al. (2001, 2002a)
GB Rat () 8.51 - 0.50“ Mioduszewski et al. (2001, 2002a)
GB Rat (m) 8.84 - 0.50“ Mioduszewski et al. (2001, 2002a)
GB Rat (f) 6.39 - 14 Mioduszewski et al. (2001, 2002a)
GB Rat (m) 7.55 - 1“ Mioduszewski et al. (2001, 2002a)
GB Rat (f) 4.46 - 1.5¢ Mioduszewski et al. (2001, 2002a)
GB Rat (m) 4.81 - 1.5¢ Mioduszewski et al. (2001, 2002a)
GB Rat (f) 3.03 - 44 Mioduszewski et al. (2001, 2002a)
GB Rat (m) 4.09 - 44 Mioduszewski et al. (2001, 2002a)
GB Rat (f) 2.63 - 6" Mioduszewski et al. (2001, 2002a)
GB Rat (m) 2.89 - 6" Mioduszewski et al. (2001, 2002a)
GB Mouse (m) 21.5 - 0.33 Bide and Risk (2004)
GB Mouse (m) 9.0 - 1 Bide and Risk (2004)
GB Mouse (m) 5.0 - 3 Bide and Risk (2004)
GB Mouse (m) 34 - 6 Bide and Risk (2004)
GB Mouse (m) 3.1 - 12 Bide and Risk (2004)
GB Guinea pig (m) 3.99 - 1 Whalley et al. (2007)
GE’ Rat - 260 to <350 0.16 Gates and Renshaw (1946)
GE? Mouse - 245 0.08 Gates and Renshaw (1946)
GE® Mouse - 330-1,000 0.16 Gates and Renshaw (1946)
GE? Mouse - 570 0.5 Gates and Renshaw (1946)
GE’ Guinea pig - >210-1,000 0.16 Gates and Renshaw (1946)
GE? Rabbit - 230-1,000 0.16 Gates and Renshaw (1946)
GE? Cat - 170 0.16 Gates and Renshaw (1946)
GE? Dog - 230 0.16 Gates and Renshaw (1946)
GE? Monkey - 210 0.16 Gates and Renshaw (1946)
GF Rat (f) 25.2 - 0.16“ Anthony et al. (2003, 2004)
GF Rat (m) 36.9 - 0.16* Anthony et al. (2003, 2004)
GF Rat (f) 5.49 - 1“ Anthony et al. (2003, 2004)
GF Rat (m) 6.60 - 14 Anthony et al. (2003, 2004)
GF Rat (f) 22 - 6" Anthony et al. (2003, 2004)
GF Rat (m) 2.48 - 6 Anthony et al. (2003, 2004)
GF Minipig (f) 8.69 - 0.16 Hulet et al. (2006b)
GF Minipig (m) 7.25 - 0.16 Hulet ef al. (2006b)
GF Minipig (f) 2.12 - 1 Hulet et al. (2006b)
GF Minipig (m) 1.76 - 1 Hulet et al. (2006b)
GF Minipig (f) 0.97 - 3 Hulet et al. (2006b)
GF Minipig (m) 1.01 - 3 Hulet et al. (2006b)
VX Rat (f) 5.44 - 0.16 Benton et al. (2006b, 2007)
VX Rat (m) 4.85 - 0.16 Benton et al. (2006b, 2007)
VX Rat (f) 0.74 - 1 Benton et al. (2006b, 2007)
VX Rat (m) 0.65 - 1 Benton et al. (2006b, 2007)
VX Rat (f) 0.16 - 4 Benton et al. (2006b, 2007)
VX Rat (m) 0.16 - 4 Benton et al. (2006b, 2007)

“Lethality assessed over 14 days

L Ctsq values summarized from numerous obscure sources by Gates and Renshaw (1946)

m = male, f = female



TABLE 6.4. Experimental ocular toxicity (miosis) values for G-agents and VX vapor exposures
Toxicity value

Species GB (mg/m*)  GB (mg-min/m*)  GD (mg-min/m®>)  GF (mg/m®)  GF (mg-min/m®>) VX (mg/m®) Reference
Human (10 min-5 h, ECtq¢) - 13.85 - - - - Callaway and Dirnhuber (1971)
Human (20 min, ECts) - 4 - - - - Johns (1952)
Human (10 min—5 h, ECt5() - 2.33 - - - - Callaway and Dirnhuber (1971)
Human (20 min, no effect) - 1.2 - - - - McKee and Woolcott (1949)
Marmoset (5 h, threshold) - 2.5 - - - Van Helden et al. (2004a)
Rabbit (10 min-5 h, ECts) - 1.32 0.59 - 0.75¢ - Callaway and Dirnhuber (1971)
Rabbit (10 min—5 h, ECtg) - 2.71 2.19 - 1.79¢ - Callaway and Dirnhuber (1971)
Guinea pig (5 h, threshold) - 1.8 - - - - Van Helden et al. (2004a)
Rat (m) (10 min, ECs) 0.087 - - 0.184 - 0.01 Benton et al. (2005, 2006a)
Rat (m) (60 min, ECsg) 0.030 - - 0.042 - 0.004 Benton et al. (2005, 2006a)
Rat (m) (240 min, ECs) 0.024 - - 0.029 - 0.002 Benton et al. (2005, 2006a)
Rat () (10 min, ECsp) 0.068 - - 0.080 - 0.007 Benton et al. (2005, 2006a)
Rat (f) (60 min, ECsp) 0.020 - - 0.024 - 0.002 Benton et al. (2005, 2006a)
Rat (f) (240 min, ECs) 0.012 - - 0.017 - 0.001 Benton et al. (2005, 2006a)
Gottingen minipig (m) 0.244 - - 0.161 - - Hulet et al. (2006a)

(10 min, ECs)
Gottingen minipig (m) 0.043 - - 0.047 - - Hulet ef al. (2006a)

(60 min, ECs)
Gottingen minipig (m) 0.032 - - 0.022 - - Hulet et al. (2006a)

(180 min, ECs)
Gottingen minipig (f) 0.214 - - 0.190 - - Hulet et al. (2006a)

(10 min, ECs)
Gottingen minipig (f) 0.044 - - 0.058 - - Hulet et al. (2006a)

(60 min, ECsg)
Gottingen minipig (f) 0.022 - - 0.037 - - Hulet et al. (2006a)

(180 min, ECs)
African green monkey (f) 0.469 - - - - - Genovese et al. (2008)

(10 min, ECsp)

“Data for T2715 (2-methylcyclohexyl methyphosphonfluoridate) analog for agent GF

m = male, f = female
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Genovese et al. (2006) also evaluated cognitive and
general performance effects of GF on adult male SD rats
using the same protocol as that for GB. The test animals
were exposed for 60 min to 0, 1.6, 3.7, or 5.2 mg GF/m>. The
highest test concentration resulted in a significant decrease
in the response rate in the behavioral task for the first two
post-exposure sessions; however, the deficit was not
persistent as recovery occurred rapidly. None of the expo-
sures to GF caused a significant effect on completion time in
the maze (cognitive) task.

In tests conducted by Allon et al. (2005), freely moving
male albino SD rats were exposed whole body to 34.2 £+
0.8 nug GB/L for 10 min, after which electrocardiograms
(ECG) of exposed and control animals were monitored
every 2 weeks for 6 months. One and 6 months post-expo-
sure, rats were challenged with epinephrine under anes-
thesia and the threshold for cardiac arrhythmia was
determined. Surviving, treated, rats displayed agitation,
aggression, and weight loss compared to nonexposed rats
and about 20% experienced sporadic convulsions. GB-
challenged rats with severe signs demonstrated QT segment
prolongation during the first 2—3 weeks after exposure.
Epinephrine-induced arrhythmias (EPIA) appeared at
a significantly lower blood pressure in the treated group in
the first month after exposure, and lasted for up to 6 months.

Callaway and Dirnhuber (1971) evaluated the mioto-
genic potency of GB vapor in rabbits exposed to GB under
goggles (43 miosis responses in ten albino rabbits). Expo-
sure time periods ranged from 10 min to 5h (Table 6.4).

Bartosova-Sevelova and Bajgar (2005) exposed rats to
agent GB vapors for 4h at four different concentrations
(0.30, 0.43, 0.58, and 0.82mg/m”) in a whole-body expo-
sure chamber. Convulsions and hypersalivation were
observed in one animal exposed to 0.82 mg/m>. There was
a significant decrease in blood AChE activity in all but the
low-dose test groups and the control. AChE activity in the
brain was significantly decreased only in animals exposed to
0.58mg/m>, and only in the pontomedullar area. No
significant alterations in AChE activity were seen in the
frontal cortex or in the basal ganglia. AChE activity in the
pontomedulla was lowest at the greatest dose (0.82 mg/m?),
but the data were too variable for statistical significance.

Sekowski et al. (2004) evaluated gene and protein level
changes in the brain of male and female SD rats exposed to
low-level doses (0.004-0.033 mg/m?) of aerosolized agent
GB and GF via whole-body inhalation for 4 h. Preliminary
results indicate that exposure to nerve agent results in
differential expression of a number of neuronal genes,
including a group that affects cellular processes critical to
neurological injury and regeneration, and gender-associated
differences in the level and type of gene expression response
were significant.

Whalley et al. (2004) exposed adult male and female SD
rats whole body to a series of agent GF vapor concentra-
tions for 10, 60, or 240 min. Miosis (defined as a 50%
reduction in pupil area compared to baseline) measured

approximately 30 min after exposure indicates that females
were significantly more sensitive than males (p <0.05)
(Table 6.4).

In studies conducted by Hulet et al. (2006a, c, 2007),
male and female Goéttingen minipigs were exposed whole
body to agent GB or GF for 10, 60, or 180 min (Table 6.4).
Male minipigs were significantly (p = 0.022) more sensitive
to the effects of GF exposure than females.

Conn et al. (2002) exposed male F344 rats to 0, 0.2, or
0.4mg GB/m® for 1h/day for one or more days. Animals
were maintained at either 25°C or 32°C to evaluate the
effects of heat stress. Body temperature and activity were
monitored by telemetry continuously during exposure and
for one month following the exposures. Although RBC-ChE
activity was reduced in the exposed animals (quantitative
data not provided), the test protocol did not significantly alter
temperature regulation or locomotive activity of the rats.

2. AGeENnT VX

a. Lethal Levels
Benton et al. (2006b, 2007) experimentally determined the
LCts9 and LCsq in male and female adult SD rats exposed
whole body to VX vapor for 10, 60, and 240 min in
a dynamic exposure chamber (Table 6.3); study protocol
was similar to that for agent GB in the studies conducted by
Mioduszewski ef al. (2001, 2002a). Experiments testing the
role of decontamination less than 24h post-exposure
provided clear evidence for percutaneous toxicity induced
by whole-body vapor exposure to the persistent nerve agent
VX. For severe and lethal VX vapor exposure effects,
females were not more susceptible than males for the
exposure durations examined.

Bide and Risk (2000) exposed outbred male CD1 (SD)
BR rats, outbred male CD1 (ICR) BR mice, and outbred
male (HA) BR guinea pigs to NaCl aerosols containing
entrained VX in a nose-only inhalation system for an
exposure time of 12min. Observed LCtsg values are
summarized in Table 6.3.

Bide and Risk (2000, 2004) also cite several earlier
studies in which LCt5 values for mice, guinea pigs, rabbits,
hamsters, and dogs were reported (Table 6.3).

For exposure to VX vapors, Koon ef al. (1960) reported 10
min LCtsq values for mice exposed either whole body or head
only, as well as for goats. Carroll ez al. (1957) also reported
female mouse LCtsy values for nose-only and whole-body
protocols. However, Carroll et al. (1957) reported that the
concentration of VX in the exposure chamber was not
measured directly but was estimated from the mortality level
which was correlated with the LDsq for IV injection.

b. Sublethal Level
Benton ef al. (2005, 2006a, 2007) have characterized miosis
as well as severe effects (severe tremors and/or prostration,
convulsions and/or gasping) in male and female SD rats
exposed whole body to VX vapor (0.00037 to 0.016 mg VX/
m?®) under study protocols similar to those for agent GB in



the studies conducted by Mioduszewski et al. (2001, 2002a).
Miosis ECsg endpoints were derived for VX vapor exposure
durations of 10, 60 and 240 min (Table 6.4). At the highest
VX concentrations tested for each exposure duration,
significant (>99.9% confidence) differences between
control and experimental whole-blood AChE activity were
observed; no other signs (e.g. tremors, salivation, etc.) were
observed and delayed pupil effects were minimal. For the
miosis endpoint, female rats are considered more suscep-
tible than males to VX vapor exposure.

For severe effects (tremors, prostration, etc.), the ECtsg
values (mg-min/m?) reported by Benton et al. (2007) were
as follows: 10 min, 40.9 (female) and 35.2 (male); 60 min,
30.0 (female) and 31.2 (male); 240 min, 31.5 (female) and
29.9 (male). EC concentrations were not reported.

Following single 60min VX vapor exposures in the
range of 0.016 to 0.45mg VX/m>, Genovese et al. (2007)
examined blood AChE activity, dose estimation by regen-
eration assay, transient miosis, and behavior parameters in
adult male SD rats. Behavioral evaluation included a radial
maze task and a variable-interval schedule-of-reinforcement
task. At all concentrations tested, transient miosis and AChE
activity inhibition were observed and some subjects
exhibited transient ataxia and slight tremor. Following
3-month post-exposure evaluations of behavior, the authors
concluded that performance deficits were minor and tran-
sient at these concentrations. Further, no delayed effects
were observed.

V. RISK ASSESSMENT

Application of standard risk assessment methods by
numerous authorities and agencies to the toxicological data
summarized above has generated exposure guidelines that
provide objective and health-based foundations for
responsible and efficient response following nerve agent
release as well as a basis for site recovery and decontami-
nation decision criteria. The health-based nerve agent
exposure guidance summarized here has been derived in an
open and transparent manner and judged scientifically valid
and protective (NRC, 1999, 2001, 2003; Krewski et al.,
2004, Opresko et al., 1998, 2001; Watson et al., 2006a, b;
see also www.epa.gov/oppt/aegl/). While initially devel-
oped to facilitate disposal of the US stockpile of CW
munitions and to support remediation or closure at sites
where CWs were historically processed, nerve agent expo-
sure guidance became a subject of interest for homeland
defense applications after the events of September 2001.

For reasons described earlier, the air exposure pathway
has been a primary focus of risk assessment activity for
nerve agents (NRC, 2003; ATSDR, 2007; Cannard, 2006;
Dabisch et al., 2008a; others). In situations where long-term
agent release is a concern, and where agent residuals may be
found, potential exposure to relatively low levels of ingested
agent is a priority.
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In all cases, it is important to appropriately safeguard
public health without defaulting to overly conservative
actions (e.g. to ‘‘nondetect’’) that would divert limited
resources without significant benefit. The following sections
summarize toxicological support and developmental ratio-
nale for the two primary criteria of interest to community
decision-makers managing response to an intentional or
accidental release of nerve agent(s) to the environment.

A. Acute Exposure Guideline Levels (AEGLs)

Credible short-term nerve agent exposure limits designed to
aid state and local government agencies in developing
emergency response plans in the event of accidental or
deliberate atmospheric release have been derived. These
short-term values have also proved useful in deployed force
health protection and in establishing health-based CWA
performance goals for detection system development
(USACHPPM, 2004, 2008).

Acute Exposure Guideline Levels (AEGLs; expressed in
units of mg/m> or ppm) are vapor exposure guideline values
for numerous hazardous compounds (primarily toxic
industrial compounds) that have been published by the
National Academy Press (e.g. NRC, 2003, 2007). For each
hazardous compound, guideline levels are developed for
vapor exposure durations of 10 and 30 min, 1 h, 4h, and 8 h
as well as for three gradations of toxic effect severity.
AEGL-1 concentrations are the mildest effect category
while AEGL-3 concentrations represent the most severe
effect category (NRC, 2001). The point above the AEGL-3
concentration at which ‘‘Level-3’" effects would initiate for
any given human exposure duration is not identified in the
AEGL assessment protocol.

Typically, the AEGL concentration established for any
given effect level is often less than the known experimental
concentration at which such toxicological effects occur.
This protective nature of the AEGL process and values was
demonstrated for each of the nerve agents, where observed
human thresholds for reversible effects occur at air
concentrations greater than AEGL-1 levels (Watson et al.,
20064, b).

Selection protocols for critical effects and studies, AEGL
derivation, time scaling, use and selection of uncertainty
and modifying factors, and a description of the lengthy and
deliberative review process employed are all described in
NRC (2001) as well as in recent papers by Krewski et al.
(2004) and Bruckner et al. (2004). Development of AEGL
values includes consideration of uncertainty factors as
well as the need for any modifying factors. Because
exposure—response data are usually not available for each
AEGL-specific exposure duration (NRC, 2001), temporal
extrapolation is employed in the development of values for
some AEGL-specific time periods. The concentration—
exposure time relationship for many systemically acting
vapors and gases may be described by C" x t =k, where the
exponent z ranges from 0.8 to 3.5 (Ten Berge et al., 1986;
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NRC, 2001). Some investigators refer to the Ten Berge
extrapolation as the ‘‘toxic load model’’ and # as the ‘‘toxic
load exponent’’ (Dabisch et al., 2008a; Sommerville ef al.,
2006). The excellent data collected by investigators at
Edgewood Chemical Biological Center (Aberdeen Proving
Ground, MD) characterizing nerve agent vapor exposure
miosis and lethality endpoints for multiple agents and
species has allowed agent-specific determination of n
(summarized in Dabisch ef al., 2008a). In the case of swine
exposed to G-agents and rats exposed to VX, the experi-
mentally determined » values for these endpoints are <1.6,
less than the n of 2 assumed during AEGL development for
these same compounds in 2001-2003 (NRC, 2003), and
based on then-available data for SD rats exposed to agent
GB (Mioduszewski et al., 2002a, b). It thus appears that
G-agent and VX dose response for the miosis and lethality
endpoints are less steep than previously indicated and that
the published nerve agent AEGL values (Table 6.5) are
more protective than originally considered (NRC, 2003;
Watson et al., 2006a, b).

For comparison, it is useful to consider other common
guideline sources applicable to short-term nerve agent
release events. The US Department of Energy, in their
development of 1h Protective Action Concentrations/
Temporary Emergency Exposure Levels (PAC/TEELS),
has chosen to replicate the published nerve agent-specific
1h AEGL-1, -2, and -3 values as Tier 1, Tier 2, and Tier 3
PAC/TEEL values, respectively (see http://hss.energy.gov/
HealthSafety/WSHP/chem_safety/teel.html).

1. ArrLicATION OF AEGL VALUES
The AEGL process does not include specific implementing
or application guidance, and specific approaches for using
the values are left to the discretion of risk managers and
appropriate authorities (NRC, 2001). Nevertheless, AEGL
application is already broad, and continues to expand.

The utility of AEGL values for chemical warfare agent
emergency preparedness planning was recognized by the
Chemical Stockpile Emergency Preparedness Program
(CSEPP) when FEMA and Army representatives adopted
final nerve agent AEGL concentrations to replace previous
agent toxicity criteria for emergency response decision-
making (CSEPP, 2003). As of February 2003, standing
CSEPP policy guidance for each of the communities hosting
agent demilitarization facilities in the US recommends
application of AEGL-2 concentrations as the protective
action level for evacuation or shelter-in-place, and AEGL-1
concentrations as notification levels (CSEPP, 2003). Since
publication of final AEGL levels by NRC (2003) and
enactment of the above CSEPP Policy Paper (CSEPP,
2003), multiple stockpile states and counties have incor-
porated the Policy Paper recommendations into their indi-
vidual community emergency response plans and employed
them in making regulatory decisions permitting agent
munition disposal operations (CSEPP, 2006a, b).

In February 2008, the US National Response Team
(NRT) posted Quick Reference Guides for the G-series
nerve agents and VX for public access on its website (Www.
nrt.org) (NRT, 2008). These Quick Reference Guides are
useful summaries of agent characteristics and advisories,
and are provided as national guidance. While acknowl-
edging that site-specific cleanup decision criteria will be the
result of multi-agency agreements and site-specific factors,
the NRT considers that attainment of agent-specific air
concentrations <8 h AEGL-1 is an acceptable criterion for
verification of site decontamination.

In general, agent concentrations <AEGL 2 are consid-
ered to be in a range that poses relatively negligible health
consequences for acute exposures.

Other AEGL applications performed or recommended
include use as hazard assessment plume modeling criteria
for the US Non-Stockpile Chemical Material Program and
Homeland Defense scenarios, as testing criteria for personal
protective equipment intended for use by first responders in
a single weapon-of-mass-destruction scenario, as detection
performance goals for advanced equipment acquisition and
development, and as a tool for assessing potential exposures
during military missions such as peacekeeping
(USACHPPM, 2008).

B. Estimated Oral Reference Doses (RfD,)

Development of nerve agent-specific reference dose esti-
mates is critical to remediation and restoration at existing
and closing military sites, which is a priority activity for
DOD (Opresko et al., 1998, 2001).

A reference dose (RfD; mg/kg/day) was originally
designed for estimating noncancer health risks at CERCLA
(Comprehensive Environmental Response, Compensation,
and Liability Act of 1980) Superfund sites (USEPA, 1989).
As such, it is an essential component of the site risk
assessment used to assess potential long-term exposures to
contaminated media such as soil, where RfDs address the
pathway of incidental ingestion of soil particles (see
Dourson, 1994; Cicmanec et al., 1996; Abernathy et al.,
2004; USEPA, 1989).

Methods used to derive oral RfDs for nerve agents follow
standard USEPA protocols (USEPA, 1989; Dourson, 1994),
employ appropriate toxicological data and uncertainty
factors, and have undergone review for consistency by the
National Research Council (NRC, 1999; Bakshi et al., 2000;
Opresko et al., 1998, 2001). Because EPA has not officially
verified the derived values for nerve agents, they are iden-
tified as estimated RfDs (RfD,) (Table 6.6).

These criteria are selected by the Office of the Army
Surgeon General as the most appropriate oral toxicity
reference values for use in environmental risk assessments,
and represent the Army’s position (Opresko et al.,2001). The
RfD, values have been input to USEPA risk models along
with accepted chronic vapor exposure limits (as cited in
Watson and Dolislager, 2007) to generate agent-specific
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TABLE 6.5. Summary of AEGL values for G-series nerve agents and VX (mg/m?)?

Agent Classification 10 min 30 min 1h 4 h 8h

GA AEGL-1 0.0069 0.0040 0.0028 0.0014 0.0010
AEGL-2 0.087 0.050 0.035 0.017 0.013
AEGL-3 0.76 0.38 0.26 0.14 0.10

GB AEGL-1 0.0069 0.0040 0.0028 0.0014 0.0010
AEGL-2 0.087 0.050 0.035 0.017 0.013
AEGL-3 0.38 0.19 0.13 0.070 0.051

GD AEGL-1 0.0035 0.0020 0.0014 0.00070 0.00050
AEGL-2 0.044 0.025 0.018 0.0085 0.0065
AEGL-3 0.38 0.19 0.13 0.070 0.051

GF AEGL-1 0.0035 0.0020 0.0014 0.00070 0.00050
AEGL-2 0.044 0.025 0.018 0.0085 0.0065
AEGL-3 0.38 0.19 0.13 0.070 0.051

VX AEGL-1 0.00057 0.00033 0.00017 0.00010 0.000071
AEGL-2 0.0072 0.0042 0.0029 0.0015 0.0010
AEGL-3 0.029 0.015 0.010 0.0052 0.0038

“Adapted from NRC (2003) with permission by the National Academy of Sciences, courtesy of the National Academies Press, Washington DC

Health Based Environmental Screening Levels (HBESLs).
These HBESLs are endorsed by military policy as criteria
to assess potentially contaminated soils (Table 6.6)
(USACHPPM, 1999; OASA, 1999; Watson and Dolislager,
2007).

VI. TREATMENT

A. Critical Role of Decontamination

Prior to discussion of antidotes and treatment regimens, it is
noted that affected individuals should be removed from the
site of agent exposure as quickly as possible and undergo
rapid decontamination to remove potential for continued
personal exposure and to prevent secondary exposure to
responders, healthcare workers, medical transport vehicles,
and treatment facilities (Okumora et al., 2007, Cannard,
2006; ATSDR, 2007; Sidell, 1997; Pulley and Jones, 2008).
Decontamination of CW agents is discussed more fully by
Gordon (2009) in a later chapter of this volume.

B. Signs and Symptoms Guiding Medical
Management

Depending on concentration and duration of exposure, cases
of nerve agent intoxication can exhibit a dose-dependent
“‘constellation’” of clinical signs and symptoms represent-
ing a variety of parasympathetic effects, functional change
at neuromuscular junctions, and altered CNS function
(Cannard, 2006). As a consequence, critical care personnel
and others responsible for developing and administering
treatment protocols should take into account the totality of
the case presentation. A good example is drawn from

observations made by medical personnel treating subway
passengers presenting at Tokyo area hospitals and clinics on
Day 1 of the sarin release incident. In decreasing order of
frequency, the following clinical signs and symptoms were
noted: miosis (observed in most patients), headache, dysp-
nea, nausea, vomiting, muscular weakness, cough, rhinor-
rhea, chest oppression, muscular fasciculations, and
psychological disturbances such as anxiety (Lillibridge,
1995). Similar distributions were observed among subway
passengers treated at St Luke’s International Hospital
(Okumura et al., 1996, 2007) as well as residents affected in
the Matsumoto incident of 1994 (Yanagisawa et al., 2006),
and are consistent with classic descriptions of nerve agent
intoxication (Sidell, 1997; Leikin et al., 2002; Cannard,
20006). Miosis was found to be a more responsive exposure
index than RBC—ChE activity inhibition (Nozaki et al.,
1997) or serum cholinesterase activity (Yanagisawa et al.,
20006) in cases of sarin vapor exposure during the Tokyo and
Matsumoto incidents, respectively.

Yanagisawa et al. (2006) classified individuals exhibiting
a pupil diameter >3.0 mm as without miosis and not affected
by nerve agent vapor exposure given that simultaneous
serum ChE activity measurements taken during treatment of
the Matsumoto cases displayed no inhibition (e.g. largely
>100% of normal serum ChE activity with two cases
exhibiting activity <90% of normal). This, and additional
miosis data from Matsumoto, can be employed in deter-
mining appropriate treatment for individuals without known
or confirmed nerve agent vapor exposure (Yanagisawa et al.,
2006; Cannard, 2006); for these individuals, examination,
observation without treatment, and discharge are appropriate
actions and were successfully implemented during medical
responses to the Tokyo subway incident (Lillibridge, 1995).
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TABLE 6.6. Estimated reference doses (RfDe), RfD uncertainty factors, and health-based environmental
screening levels for nerve agents?

Nerve agent  RfD, (mg/kg/day)  Composite uncertainty

Residential soil preliminary

Industrial soil preliminary

remediation goal (mg/kg) remediation goal (mg/kg)

VX 6E-7 100

GA 4E-5 3,000
GB 2E-5 3,000
GD 4E-6 3,000

0.042 (est.) 1.1 (est.)
2.8 (est.) 68.0 (est.)
1.3 (est.) 32.0 (est.)
0.22 (est.) 5.2 (est.)

“From Opresko ef al. (1998, 2001), USACHPPM (1999), OASA (1999), Watson and Dolislager (2007)

C. Nerve Agent Antidotes

The choice of appropriate treatment for nerve agent intox-
ication depends on the agent as well as extent and route(s) of
exposure. Very mild exposure to nerve agent vapor may
necessitate only decontamination and observation; severe
exposure to vapor or liquid requires immediate decontami-
nation, antidote administration, artificial respiration, moni-
toring, and supportive therapy over hours to multiple days
(ATSDR, 2007; Sidell, 1997; Vale et al., 2007; Pulley and
Jones, 2008). Convenient triage classifications have been
developed by ATSDR (2007) in collaboration with the US
Army Medical Research Institute of Chemical Defense.

In cases of massive inhalation exposure, immediate care
is vital to prevent death from respiratory failure and because
the agent—AChE complex becomes resistant to reactivation
by oxime-type antidotes. ‘‘Aging’’ is compound-specific;
aging half-times range from minutes (agent GD) to days
(agent VX) (Sidell and Groff, 1974; Sidell, 1997). Standard
antidotes clinically available in the US are atropine (anti-
cholinergic) and pralidoxime (Protopam or 2-PAM-CI). In
addition, CNS active drugs such as diazepam (Valium) are
strongly recommended if convulsions occur; anticonvulsant
treatment is critical for protection against lethality and brain
pathology (Shih et al., 2003).

Individuals exposed to vapor and exhibiting miosis only
or miosis and rhinorrhea only do not usually require antidote
treatment and will resolve without medical intervention
(ATSDR, 2007; Cannard, 2006), but should be observed. If
rhinorrhea is problematic in these vapor-only cases, ATSDR
(2007) advises atropine IM (0.05 mg/kg pediatric; 2.0 mg
adult) to relieve signs, followed by patient discharge. If eye
pain/headache or nausea is problematic in vapor-only cases,
ATSDR (2007) further advises administration of topical
atropine or homatotropine to the eye for relief, eye protec-
tion from bright light, and discharge.

If liquid/droplet exposure is known or suspected in an
individual exhibiting miosis only or miosis and rhinorrhea
only, it is recommended that the individual receive no
antidote treatment but be closely observed for at least 18 h
given that toxic effects of liquid percutaneous exposure may
not manifest for several hours (Sidell, 1997; Cannard,
2006). Toxic effects from vapor-only exposure usually
occur quickly (within minutes; Sidell, 1997). Current

medical management guidelines and recommended medi-
cation protocols are summarized in ATSDR (2007), Pulley
and Jones (2008) and Vale ef al. (2007). The ATSDR
antidote treatment protocol for civilian emergency
management is summarized in Table 6.7.

D. Ongoing Antidote Development

Given that termination of seizure activity protects against
development of neuropathological lesions (especially
neuronal necrosis) in brain tissues of experimental animals
(Marrs and Sellstrom, 2007; Martin et al., 1985; Shih et al.,
2003), focus on anticonvulsant therapy is critical. Reduced
potential for permanent brain damage in human cases by
preventing or limiting the duration of status epilepticus is
a primary goal. In challenge tests against multiple LDsq
doses of agents GA, GB, GD, GF, VX, and VR in guinea
pigs, the anticonvulsants midazolam and trihexyphenidyl
were more effective than diazepam for seizure control with
midazolam the most rapidly effective (Shih et al., 2003).
The diazepam pro-drug avizafone is also effective
(Lallement et al., 2000, 2004) and is available via auto-
injector administration (as is diazepam). For more rapid
seizure control during acute treatment phases, Marrs and
Sellstrom (2007) recommend midazolam administered IM
due to its more rapid intramuscular absorption.

While pralidoxime is an effective and well-tolerated
reactivator, it is not very potent. Search has thus continued
for oximes that would combine high reactivator effec-
tiveness against nerve agents with low toxicity and good
chemical stability; several promising drugs (the oxime
HI6; trimedoxime, or TMB-4; and obidoxime, or LiiH-6)
have emerged, but are not equally effective against all
agents and forms of exposure (Dawson, 1994; Eyer and
Worek, 2007; Marrs et al., 2006; Wetherell et al., 2007
Antonijevic and Stojiljkovic, 2007). Marrs et al. (2006)
point out that, in the absence of pyridostigmine pretreat-
ment, there are at present ‘‘no clinically important differ-
ences’’ between the standard oxime pralidoxime and the
alternative oximes HI-6 and obidoxime in the treatment of
nerve agent intoxication.

As a combinatorial drug with atropine, galantamine
has been effective and safe in counteracting lethal GD
and GB doses in the guinea pig (Albuquerque et al.,



2006; Pereira et al., 2008); galantamine also protects
against neurodegeneration at >LDsq doses in the guinea
pig, and shows promise as a pretreatment prior to GD or
GB exposures.

Lethality was prevented by treatment with nasal atropine
(atropine methyl nitrate) and post-exposure treatment with
atropine methyl bromide instillation in combination with
pulmonary therapeutic surfactants or liquevents in guinea
pigs exposed to approximate LCsy concentrations of VX
aerosol (Nambiar et al., 2007); this concept shows promise
for operational application in emergency response.

E. Pretreatment When Exposure is Likely

In certain military deployment settings when threat of nerve
agent exposure exists, pretreatment with an anticholines-
terase carbamate compound has been fielded to protect
personnel. The pretreatment carbamate of current choice,
pyridostigmine bromide (PB), reversibly sequesters (and
thereby protects) a fraction of AChE from bonding with
circulating nerve agents; the carbamate moiety spontane-
ously hydrolyzes from the AChE molecule within hours and
allows AChE to again become available for normal physi-
ological function. Such a pretreatment concept and drug
enhances the effectiveness of atropine and oximes in treating
lethal doses of GA, GB, and VX (Gall, 1981; Inns and
Leadbeater, 1983). US combat units already supplied with
atropine and pralidoxime have been equipped with 30 mg PB
tablets for oral administration every 8h; the current
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maximum pretreatment period is 21 days (Sidell, 1997;
Scott, 2007).

A related carbamate, physostigmine, has been shown to
protect animals against not only nerve agent lethality, but
also incapacitation (Leadbeater et al., 1985). When co-
administered with hyoscine, physostigmine effectively
reduced incapacitation and prevented death in guinea pigs
exposed to agent GD (Wetherell, 1994) and prevents
lethality and reduced/prevented incapacitation in guinea
pigs exposed to GA, GB, GD, GF, and VX (Wetherell
et al., 2002). Transdermal patch administration of physo-
stigmine and hyoscine, or physostigmine alone, in the
guinea pig has protected against GD intoxication (Meshu-
lam et al., 1995).

Other developmental pretreatment options include pre-
exposure loading with an excess of circulating ChE or
BuChE (Van der Schans ef al., 2008; Bajgar et al., 2007;
Saxena et al., 2008; Lenz et al., 2008; Podoly et al., 2008) or
CarbEs (Maxwell et al., 1987) to bind nerve agent before the
agent can reach tissue AChE sites.

VII. CONCLUDING REMARKS AND
FUTURE DIRECTION

A good deal of nerve agent toxicity research performed and
published since the mid-1990s has served to bring a more
widespread awareness of the knowledge that detectable
(either by means of devices or manifestation of signs) low-
level nerve agent exposures under a variety of scenarios are

TABLE 6.7. Recommended antidote protocol for emergency nerve agent exposure therapy?

Antidotes

Mild/moderate signs

Patient age and symptoms®

Severe signs

and symptoms® Other treatment

Infant (0-2 yr) Atropine: 0.05 mg/kg IM or 0.02

Atropine: 0.1 mg/kg IM or 0.02

Assisted ventilation
as needed

Child (2-10 yr)

Adolescent (>10 yr)

Adult

Elderly, frail

mg/kg IV

2-PAM-CI: 15 mg/kg IV
slowly

Atropine: 1.0 mg IM

2-PAM-CI: 15 mg/kg IV
slowly

Atropine: 2.0 mg IM;

2-PAM-CI: 15 mg/kg IV
slowly

Atropine: 2.04.0 mg IM

2-PAM-CI: 15 mg/kg (1 g)

IV slowly

Atropine: 1.0 mg IM
2-PAM-Cl: 5-10 mg/kg
IV slowly

mg/kg IV

2-PAM-CI: 15 mg/kg IV
slowly

Atropine: 2.0 mg IM

2-PAM-CI: 15 mg/kg IV
slowly

Atropine: 4.0 mg IM

2-PAM-CI: 15 mg/kg IV
slowly

Atropine: 6.0 mg IM

2-PAM-CI: 15 mg/kg IV
slowly

Atropine: 2.0 mg IM

2-PAM-CI: 5-10 mg/kg
IV slowly

Repeat atropine (2 mg IM or
1 mg IM for infants)
at 5-10 min intervals
until secretions have
diminished and breathing
is comfortable or airway
resistance has returned
to near normal

Phentolamine for 2-PAM
induced hypertension (5 mg IV
for adults; 1 mg IV for
children)

Diazepam for convulsions (0.2 to
0.5 mg IV for infants up to 5
yr; 1 mg IV for children >5 yr;
5 mg IV for adults)

“Contents reproduced from ATSDR (2007) (public domain)

®Mild/moderate signs and symptoms include localized sweating, muscle fasciculations, nausea, vomiting, weakness, dyspnea
“Severe signs and symptoms include unconsciousness, convulsions, apnea, flaccid paralysis
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both sublethal and also potentially without significant long-
term adverse health impact. Although such points are also
inherent in the development of LDsgs and related values,
much of the original focus of nerve agent toxicological work
was, not surprisingly, on lethal or severe toxicological
endpoints. To the extent that it adds detail and rigor to the
estimation of exposure levels for nonlethal effects as well as
insightful information on specifics of the mechanisms of
nerve agent action, the more recent research has been highly
useful in validating past conclusions on the subject. These
recent data also further direct attention towards responsible
consideration of the consequences for transient presence of
residual, low-level agent concentrations in a number of
scenarios. Having a transparent, robust and strongly data-
based framework within which to evaluate likely conse-
quences of potential low-level nerve agent exposures will
greatly aid in planning and evaluating response operations
and reducing the magnitude of disruption to affected
communities and facilities.

It is hoped that additional species and agents will be
evaluated under comparable experimental protocols for the
endpoints of miosis and lethality as well as for more inter-
mediate toxicological endpoints.

Standard treatment and pretreatment guidance is also
summarized, as well as consideration of novel antidote
development and promising approaches. Additional clinical
trials will assist in developing protocols and practices for
expanding available treatment options. Fielding of improved
seizure management drugs and protocols should be expedited.
The detoxification potential of CarbEs is multifaceted and is
an area that would benefit from further characterization.
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I. INTRODUCTION

One of the most abundant and most toxic chemical warfare
agents in the chemical arsenals of the USA and Russia is VX
and Russian VX, respectively, whose development in the
middle of the 20th century signified the peak of warfare
chemistry. V-gases are low-volatile liquids with high
boiling points and, therefore, they are much more persistent
than higher volatility organophosphorus (OP) agents of the
G-series, such as sarin, soman, or tabun. V-series compounds
are more toxic that OP nerve agents of the G-series. For
example, in comparison with sarin (GB), VX is estimated to
be approximately twice as toxic by inhalation, ten times as
toxic by oral administration, and approximately 170 times
as toxic after skin exposure (Munro et al., 1994). V-series
nerve agents are quite effective when exposed through skin
contact, especially as tiny drops, and commonly cause
death. Poisoning occurs irrespective of route of exposure;
specifically inhalation, ingestion of vaporous and liquid
agents through intact or injured skin or eye mucosa, and on
contact with contaminated surfaces. This chapter describes
in detail the chemistry, analysis, toxicity, monitoring and
regulatory hygiene, and therapy of Russian VX nerve agent.

II. BACKGROUND

The arbitrary name VX relates to a group of O,S-diesters
of methylphosphonic acid ROPO(CH3)S(CH;),N(R1),.
O-Isobutyl S-2-(diethylamino)ethyl methylphosphonothioate
(R =iBu, R1 = Et), produced since 1972 exclusively in the
former Soviet Union, was generally referred to as Russian VX
or RVX (CAS #159939-87-4). The synonyms are: VR; VA;
phosphonothioic acid methyl-, S-[2-(diethylamino)ethyl]
O-(2-methylpropyl) ester; O-isobutyl S-2-(diethylamino)ethyl
methylthiophosphonate; O-isobutyl S-(NV, N-diethylaminoethyl)
methylphosphonothioate; and Russian V-gas. The brutto
formula of RVX is C;HycSNPO, (MW 276.37). The
structural formula of RVX is presented in Figure 7.1.
RVX s a colorless transparent liquid resembling glycerol
in mobility, boiling point 300.0°C, melting point 35.0°C,
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p°°1.0083 g/cm?, and volatility Cpa® 0.0105 mg/dm?. The
agent is poorly soluble in water (less than 5% at 20°C) and
readily soluble in organic solvents. Technical product can
be colored from yellow to dark brown and the odor is fried
sunflower seeds.

Research into environmental behavior of highly toxic
chemicals is an important branch of analytical toxicology.
We take the word ‘‘behavior’ to mean persistence, mecha-
nisms of possible transformation, composition of such
transformation products and their toxicity. Among known
toxicants, V-series compounds, in view of their unique
structure, tend to undergo perhaps the most diverse trans-
formations. Possessing a high reactivity on the one hand and
polyfunctionality on the other, these compounds incorpo-
rated in multicomponent matrices are capable of concur-
rently reacting with several components. The reactions may
involve different active centers in one and the same mole-
cule. The routes and results of such reactions cannot be
predicted in advance. The situation is complicated by the fact
that active components of a natural or technogenic matrix are
not always known. In view of this, research aimed at iden-
tifying transformation products of VX in various media is of
particular importance. The degradation of such compounds is
suggested to be initiated by electron addition to phosphorus
via reaction with anionic nucleophiles (Yang, 1999), such as
hydroxide ion, water, alcohols, amines, or unsaturated
organic compounds. The problem of determination of RVX
in complex matrices and identification of RVX trans-
formation products is still more complicated by the scarcity
of available reference information.

Cholinesterases (ChE) are well-known targets for
organophosphates (OPs), and RVX is no exception. Much
less information is available about other enzymes that could
be primary targets upon exposure to low doses of OP, and on
biochemical markers of possible delayed effects of OP
intoxication when the level of ChE activities is the same as
the control. However, this problem is very important due to
various reasons, among which is fulfillment of chemical
weapon agents (CWAs) nonproliferation conventional
programs and inherent possibility of accidental exposure of

Copyright 2009, Elsevier Inc.
All rights of reproduction in any form reserved.
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FIGURE 7.1. Structural formula of Russian VX.

personnel to RVX, as well as the chronic effects of sub-
symptomatic concentrations of RVX that could arise from
the stockpiles of chemical agents. Among other reasons, the
terrorist threat is a well-recognized problem relevant to the
scope of our concern.

A. Ambient Monitoring and Environmental
Persistence of Russian VX

The composition of VX degradation products and admix-
tures has been studied in detail by hybrid chromatography—
mass spectrometry methods. The objects of admixture
studies were the contents of containers in which VX had
been stored for a long time. Dozens of admixtures and
stabilizers could be identified. There has been much work on
identification of admixtures in VX and its degradation
products. A systematic review of VX transformation prod-
ucts is presented by Munro ef al. (1999). There are no such
systematic data for RVX. The degradation of RVX in
various media always produces complex mixtures of prod-
ucts that commonly contain dozens of both volatile and
nonvolatile organic compounds. The prevalent volatile
products are phosphorus-free alkyl diethylaminoethyl
mono- and polysulfides. The electron impact (EI) mass
spectra of these compounds are quite similar to each other
and most commonly contain a single strong peak at m/z 86,
formed by the [(Et),NCH,]" ion. Among phosphorus-
containing products, methylphosphonic acid (MPA) and
its mono- and diisobutyl esters (iBuMPA and iBu;MPA)
are almost always detected in certain quantities. These
compounds are also present as admixtures in technical RVX
samples in varied contents (from tenths of a percent to
several percent). The P—S bond cleavage in RVX forms
diethylaminoethanethiol and iBuMPA. The latter slowly
hydrolyzes to form MPA. Conditions favoring P-O bond
cleavage to form the highly toxic S-2-(diethylamino)ethyl
methylphosphonothioic acid are unknown.

The most hazardous known VX hydrolysis products are
persistent  bis[2-(diisopropylamino)ethyl] disulfide, and
highly toxic and persistent S-[2-(diisopropylamino)ethyl]
methylphosphonothioate. The decomposition of RVX
gives rise to structural analogs of the above products: bis[2-
(diethylamino)ethyl] disulfide and S-[2-(diethylamino)ethyl]

methylphosphonothioate. The latter is commonly called by its
trivial name ‘‘monothiol”’. Systematic data on the behavior of
these products in the environment, as well as on their acute
and chronic toxicity to humans and mammals and ecotoxicity,
are lacking. Components of the complex mixture of RXV
decomposition products feature as low-informative EI mass
spectra and, therefore, these compounds are hardly possible to
identify on the basis of mass spectral data solely. Chemical-
ionization (CI) mass spectra are much more characteristic, but
Cl mass spectra, in view of their irreproducibility and lack of
databases, are of limited use for identification. Russian VX,
like VX, does not possess a strong electron-acceptor center
favoring decomposition, but still is not a complete analog of
VXinthisrespect. In dilute aqueous solutions, RVX proved to
be much more persistent: half-life 12.4 days against 4.8 days
for VX (Crenshaw et al., 2001). The mechanism of the
neutralization of VX and RVX with an equimolar amount of
water was first described by Yang et al. (1996). It was found
that autocatalytic hydrolysis is possible exclusively in
V-series nerve agents, since it should involve the protonated
amino group.

We performed experimental research on stability
assessment of RVX and identification of its transformation
products under the action of equimolar or excess amounts of
water. The method for analysis was GC-EIMS. In a dilute
aqueous solution (10 mg/ml) in the presence of 5% phos-
phoric acid, the concentration of RVX after exposure for 20
days at room temperature without stirring was 2.7 mg/ml or
27% of the initial amount. Since among RVX hydrolysis
products both volatile and nonvolatile compounds could be
expected, we chose three schemes for sample preparation:
(a) evaporation to dryness followed by silylation;
(b) organic solvent extraction; and (c) silylation of the
extract obtained by procedure (b).

Table 7.1 lists the principal products of RVX hydrolysis
with excess water in an acid medium, with specified
analytical fractions with the highest contents of each
compound. It should be noted that even after 100-day
exposure we could detect in the solution 1% of the initial
amount of RVX, which implied a fairly uniform hydrolytic
degradation.

Experiments on RVX hydrolysis with an equimolar
amount of water were performed as follows. A mixture of
74 1l of RVX and 5.6 I of water was exposed at room
temperature for 3.5 months without stirring. An ash-gray
thick uniform material formed after hydrolysis and com-
pletely dissolved in 5Sml acetonitrile. The solution was
diluted 100 times with acetonitrile and analyzed by GC-
EIMS (sample D). An aliquot of this sample was mixed with
an equal volume of bis-trimethylsilyltrifluoroacetamide
(BSTFA), and the mixture was heated at 70°C for 30 min and
then analyzed by GC-EIMS (sample E). The autocatalytic
hydrolysis of RVX was almost complete by the end of the
experiment, since the RVX content in the sample was no
more than 0.01%. Qualitatively, the reaction mixture in the
latter case was much poorer than in the hydrolysis with
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TABLE 7.1. Products of RVX hydrolysis with excess water in an acid medium

Content in the reaction

RT (min) Compound Formula Fraction mixture?, %”

6.709 N,N-Diethylformamide HCONEL, B¢ 1

7.480 2-(Diethylamino)ethanethiol Et,NCH,CH,SH B, C 10

7.917 N,N-Diethylacetamide MeCONEt, B <1

10.275 Methylphosphonic acid MePO[OSi(Me);], A, C 5
(as bis(trimethylsilyl) derivative)

11.442 Isobutyl hydrogen methylphosphonate CH;PO(OiBu)OSi(Me); A, C 22
(as TMS derivative)

12.217 O-Isobutyl S-hydrogen methylphosphonothioate CH;PO(iBu)SSi(Me); A C 11
(as S-TMS derivative)

12.674 Diisobutyl methylphosphonate MePO(iBuO), B, C 3

16.733 Bis(2-diethylaminoethyl) sulfide (Et;NCH,CH,),S B,C 10

18.50 RVX MePO(iBu)SCH,CH,NEt, A, B, C 26

18.898 Bis(2-diethylaminoethyl) disulfide (Et,NCH,CH,),S; B,C 1

“Hydrolysis time 20 days

®Dozens of minor and insignificant components altogether amounted to close to 10% and are not shown here
“Bold = the fraction in which quantitative analysis for the component was performed

excess water. Among the volatile hydrolysis products, the
following were detected by GC-EIMS in sample D:
2-(diethylamino)ethanethiol (4%), diisobutyl methyl-
phosphonate (2%), bis[2-(diethylamino)ethyl] sulfide (2%),
RVX (<0.01%), and bis[2-(diethylamino)ethyl] disulfide
(80%). Of nonvolatile products in sample E, methyl-
phosphonic acid (MPA) (3%) and isobutyl ester of MPA
(isobutyl MPA) (96%) were identified as trimethylsilyl ester.
Isobutyl MPA which catalyzes RVX degradation was
detected as the major components of the reaction mixture. As
the second most abundant component we expected, accord-
ing to Yang et al. (1996), 2-(diethylamino)ethanethiol
but found that it almost completely converted into bis[2-
(diethylamino)ethyl] disulfide. This result seems feasible,
since once the autocatalytic degradation of RVX was
complete nothing would prevent thiol from being converted
into disulfide. In a dilute aqueous solution of RVX, this
conversion occurs less rapidly, and even after 100 days the
solution contains much less 2-(diethylamino)ethanethiol
than bis(2-diethylaminoethyl) disulfide.

The Convention requires Signatory States to completely
destroy not only their stockpiled chemical weapons, but also
the corresponding industrial facilities, including buildings
and other constructions. Toxicity and hazard assessment of
demolition wastes of former VX production facilities is
quite a challenging problem in view of the high absorption
capacity of building materials for VX-series agents.
Whether V-series agents are possible to detect in one or
another material is difficult to predict because of the paucity
of data on their persistence in various media. An ion-trap
secondary ionization mass spectrometry study showed that
VX undergoes complete degradation when in contact with
concrete surfaces (Groenewold et al., 2002). The process
follows first- or pseudo-first-order kinetics, and the half-life

of VX is about 3 h. Affinities and persistence of VX in
certain materials was studied by Love ef al. (2004). The test
materials included powdered activated charcoal, as well as
natural iron and aluminum oxyhydroxide minerals: goethite
(yellow ochre) and montmorillonite (clay), respectively. It
was shown that VX has a high affinity for charcoal,
a moderate affinity for montmorillonite, and a very low
affinity for goethite. The adsorption on goethite was
increased in the presence of dissolved organic matter. VX
degraded more rapidly on dry goethite than in the presence
of water. We performed experiments with RVX applied on
soil, concrete, bricks, and a polymeric material (poly-
isobutylene used in hydroinsulation) at concentrations over
the range 107°-10~ mg/kg which corresponded to the
tentative maximum allowable concentrations accepted in
the Russian Federation. Conditions for effective extraction
of RVX could not be found for any of the materials tested.
The extremely low recoveries of RVX from materials of
various nature can be explained by both irreversible sorption
and degradation. The problem of simulating the behavior of
V-series nerve agents, including RVX, in various materials
is complicated by the fact that such factors as the presence
of water and/or organic compounds strongly affect both
RVX sorption and degradation kinetics. In any case, in
alkaline materials (concrete, cement, plaster, or lime) RVX
undergoes fast degradation, especially in the presence of
water, whereas in organic hydrophobic media (polymers,
lubricants) it can persist for a long time.

During operation of an RVX production or destruction
facility, its inner surfaces might have been treated with
various reagents, and it is therefore quite difficult to predict
the transformation routes and degradation products of the
toxic agent. These products may include previously
unknown toxic compounds. We faced such problems in
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assessing toxicities and hazards of samples, specifically wall
and ceiling fragments, from a former RVX production
facility (Radilov et al., 2007). This research was required
for developing technical regulations for demolition of
the facility. Table 7.2 lists compounds isolated from the
samples of building materials, taken in working areas of the
former RVX production facility, which might have con-
tacted RVX. Aqueous and organic extracts of the samples
were prepared according to the Organization for the
Prohibition of Chemical Weapons (OPCW) Recommended
Operational Procedures (Rautio, 1994). Analysis was per-
formed by GC-MS in the electron impact and positive
chemical ionization (reactant gas methane) modes.
According to the procedures, aliquots of all extracts were
subjected to BSTFA silylation and diazomethane
methylation.

Along with RVX transformation products, the samples
contained more than 100 organic compounds which are
matrix components of building materials, solvents, plasti-
cizers, reaction products of degassing agents with matrix
components, etc. In brick and concrete samples we detected,
in high concentrations (up to 10 g/kg), so-called fyrols,
components of foam fire-extinguishing compositions. In
terms of chemical composition, fyrols are mixtures of
tris(dibromoalkyl) phosphates with phosphoric acid.
Among the RVX transformation products in Table 7.2,
components with RI 1685, 1888, and 2241 were relatively
abundant (up to 5 mg/kg) and were assigned two almost
equally probable structures (printed in bold). Such products
could not be expected in advance and, as a result, were not
detected by target analysis. However, their detection can be
considered as evidence that the samples in hand were
contaminated with RVX in the past.

B. Biomonitoring and Toxicokinetics of
Russian VX

1. GC-MS anp HPLC-MS ANALYSES OF Russian VX

METABOLITES
Identification and quantitative assessment of toxic chem-
icals and their metabolites in biomedical samples can be
performed by the following scenarios: (1) establishment of
the fact and factor of exposure of humans and animals to
chemical accidents; (2) clinical diagnosis of poisoning;
(3) forensic expertise; and (4) biomonitoring of people who
deal with highly toxic chemicals. RVX, like other highly
toxic readily metabolizing chemicals, is difficult to detect in
body fluids and tissues even a very short time after expo-
sure. Successful identification and quantitative assessment
of the toxicity factor in biomedical samples is possible
under the following conditions (Savelieva et al., 2003): right
choice of biological matrix (object for analysis); right
choice of a biomarker pertinent to the level and nature
of exposure; measurable biochemical or biological effect;
availability of a reliable and sufficiently selective and
sensitive analytical procedure; availability of reference

compounds and criteria for correct data interpretation.
Analytical procedures applied to diagnosis and retrospective
verification of exposure to OP include (Worek et al., 2005):
(1) biochemical determination of ChE activity; (2) identi-
fication of unbound OP; (3) identification of decomposition
products; (4) fluoride-induced reactivation of inhibited ChE,
followed by analysis of the inhibitor; and (5) analysis of
phosphyl-protein adducts after tryptic digestion of the
protein. The last procedure is regarded to be the most
specific and sensitive, but has the drawback of being
strongly dependent on the analysis of butyrylcholinesterase
(BChE), the most abundant plasma serine esterase with
a half-life of about 16 days.

It is well known that hydrolysis is the major metabolism
pathway of G-series agents (DeFrank et al., 1993; Beck and
Hadad, 2008). The enzymatic hydrolysis of these agents
primarily involves phosphorylyl phosphatases and produces
O-alkyl methylphosphonic acids (O-alkyIMPA). V-series
agents (VX, RVX) are not typical substrates for phosphor-
ylyl phosphatases, which probably explains the higher
persistence of these agents in the organism. Free O-alkyl
methylphosphonic acids formed by hydrolysis of OP agents
can be detected in body fluids and tissues and are used as
markers of exposure to these agents. The final hydrolysis
product is MPA, but its fraction is smaller compared to
0O-alkyIMPA. The low-molecular RVX hydrolysis products
are actively excreted within the first days after intoxication
and can serve as suitable targets for retrospective analysis
for no longer than 2-3 weeks. However, 2-3 days after
exposure the body levels of O-alkyIMPA and MPA become
much more demanding in terms of detection sensitivity. We
have developed a series of procedures for identification and
quantitative assessment of O-isobutyl MPA as a marker of
exposure to RVX, in urine and blood plasma. Characteris-
tics of the procedures are presented in Table 7.3.

The GC-MS procedure involves sample deproteinization,
purification, evaporation to dryness, fert-butyldimethyl-
silylation of redissolved dry residue, and GC-EIMS analysis
in the SIM mode. The solid-phase microextraction (SPME)-
GC-MS procedure involves extraction of O-alkyl MPA
from urine on microfiber, their fert-butyldimethylsilylation
directly on microfiber, and thermodesorption of the result-
ing derivatives in a GC injector. SPME of O-alkyl MPA on
microfiber is an effective approach for urine, since it allows
one to avoid the stage of sample desalination associated
with inevitable losses of target compounds. However,
SPME is much less effective with plasma because of its high
protein content. The HPLC-MS procedure involves sample
centrifuging, solid-phase extraction on Diapak C16M
cartridges, elution with an acidic (pH 3.0—4.0) methanol,
evaporation and redissolution of the eluate, and HPLC-MS
analysis in the chemical ionization mode at atmospheric
pressure with registration of negative ions (Rodin er al.,
2006, 2007). The latter procedure has been used in tox-
icokinetic experiments for measuring the concentration of
O-alkyl MPA in rat plasma 1, 6, 24, and 48h after
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TABLE 7.2. RVX-related organic compounds identified in samples of building materials
(Radilov et al., 2007)

Structural formula,

RT (min) Compound molecular weight (MW) RI
4.19 Triethylamine /
— N
MW 101
7.35 Diethyl disulfide /\S/S\/ 929
MW 122
7.64 N,N-Diethylformamide / 946
o= N~
MW 101
7.76 Ethylamine (as TMS derivative) NH, 952
_/
MW 45
8.44 2-(Diethylamino)ethanethiol SH 996
n—
MW 133
8.72 (2-Ethoxyethyl)diethylamine K 1014
VA N
MW 145
10.79 Methylphosphonic acid .0 1147
(as bis-TMS derivative) HO™ “OH
MW 96
11.75 Methylphosphonothioic acid S 1210
(as TMS derivative) -4

oH” “oH

MW 112 (256)

11.92 Isobutyl hydrogen methylphosphonate ~..0 1223
(as TMS and M derivatives) o~ “OH
MW 152
12.46 2-(Diethylamino)ethanethiol ( 1261
(as TMS derivative) N
VA N
MW 133
12.58 O-Isobutyl S-hydrogen 0 1269
methylphosphonothioate Y

/N
(as TMS derivative) v/\o SH

MW 165 (240)

(continued)
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TABLE 7.2 (continued)

Structural formula,

RT (min) Compound molecular weight (MW) RI
12.76 Diisobutyl disulfide 4>7 s 1281
s~ W/\
MW 178
17.19 Tris(2-hydroxyethyl)amine OH 1635
—\ OH
as TMS derivative N7
( ) OH——
MW 149
17.79 0,0,S-Triisobutyl phosphorothioate or 1685
0,0, O-triisobutyl phosphorothioate {
o o]
L
YO \S
or
{O S
:Pi/ J\
YO f6)
MW 282
19.26 Bis(2-diethylaminoethyl) disulfide s N 1822
TN 1828
MW 264
19.94 0,0,S-Triisobutyl phosphorodithioate or 1888
0,8, S-triisobutyl phosphorodithioate {
(0] S
:Pi/ J\
0" s
or
o_ 0
s
Y s
MW 298
23.20 0,0-Diisobutyl S-[(3- 2241

isobutylsulfanyl)propyl]
phosphorodithioate or O,S-Diisobutyl
S-[(3-isobutylsulfanyl)propyl]
phosphorodithioate

or
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TABLE 7.3. Characteristics of the procedures for determination of O-isobutyl MPA as
a marker of exposure to RVX, in urine and blood plasma

Detection limit

Total analysis

Method (ng/cm3) Matrix time per sample (h)
GC-MS 10 Plasma 10
SPME-GC-MS 5 Urine 1.5
GC-MS-MS Plasma 10
HPLC-MS 1.0 Plasma 1.5
HPLC- MS-MS 0.8 Plasma 1.5

intramuscular injection of OP agents at a dose of 0.8 x LDs
(0.0144 mg/kg). The toxicokinetic curve for O-isobutyl
MPA is presented in Figure 7.2.

The HPLC-MS (quadrupole analyzer) and HPLC-MS-
MS (medium-class ion-trap analyzer) procedures for the
determination of OP metabolites in blood plasma were
found to be comparable in terms of sensitivity, accuracy,
and performance, but HPLC-MS is preferred in terms of
availability and cost of equipment and maintenance.

2. MS/MS AnNALYsIS OF HUMAN ALBUMIN
Albumin has been demonstrated to be an OP hydrolase
(Erdos and Boggs, 1961; Sogorb et al., 1998). Bovine
albumin binds diisopropylfluorophosphate (DFP) in equi-
molar proportions (Murachi, 1963), and binding of DFP to
Tyr was shown simultaneously (Sanger, 1963). Mass spec-
trometry identified the active site to be Tyr410 for bovine
albumin and Tyr411 for human albumin (Schopfer et al.,
2005; Li et al., 2007). A characteristic feature of this Tyr is
a low pKa near 8, in contrast to pKa near 10 for other
tyrosines (Means and Wu, 1979), which is believed to be
due to a pocket with nearby basic residues Arg410 and
Lys414 in human albumin (Sugio et al., 1999; Li et al.,
2007). Various warfare agents were shown to readily bind to

6 -
5 y = 4.9207x-0.4208
R?=0.9997
4 4
=)
o
2 3
33
2 B
1
0 . . . . . .
0 10 20 30 40 50 60

Postinjection time, h

FIGURE 7.2. Concentration of O-isobuty]l MPA in blood
plasma versus time after intramuscular injection of RVX in rats at
a dose of 0.8 x LDsy.

Tyr411, though VX needs more time and a higher concen-
tration for this chemical binding, which is explained by
a lower potential of the SCH,CH,N(iPr); substituent in VX
to leave in a noncatalyzed reaction, as compared with F~ or
CN”™ (Williams et al., 2007).

In order to find out the specificity of RVX binding with
albumin, we first obtained a mass spectrum of human
albumin after in vitro incubation of blood serum of one of
the authors (V.B.) with RVX (Figure 7.3). The shift in the
spectrum of about 400 Da suggested two to four sites of
RVX binding to albumin.

To search for the sites we incubated RVX with
commercially available human albumin (Sigma), and then
digested it with trypsin to obtain MS/MS peptide spectra.
Two sites of binding RVX to human albumin were revealed,
one of them being the well-known Tyr411 (not shown here).

I o
RVX
1500 ~
control
1000 A
500
0+

| 66000 68000 70000  miz
FIGURE 7.3. Mass spectrum of human blood serum albumin in
linear mode after in vitro incubation with 0.1 mg/ml RVX at 37°C

for 1h.
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FIGURE 7.4. MS/MS spectrum of peptide HPYFYAPELLFFAK with phosphonylated Tyr150, obtained after trypsinolysis of human
albumin incubated in vitro with RVX 0.1 mg/ml at 37°C for 1 h. The parent ion has MH+ 1876.820. lons y and b (up) and deciphered
sequence of the peptide (bottom). Tyr150 of the phosphonylated RVX is designated (Y_RVX).

The second site was an unexpected Tyr150 (Figure 7.4).
Taking into consideration that 144—160 amino acids in
human albumin are RRHPYFYAPELFFAKR (http://myhits.
isb-sib.ch/cgi-bin/motif_scan), we suggest that Tyr150 could
be activated by positively charged RRH and KR, which
could serve to lower its pKa. However, these data and
suggestion need in vivo experimental evidence.

III. MECHANISMS OF ACTION
AND TOXICITY

Three types of damage induced by OPs have been identified:
acute poisoning, the so-called intermediate syndrome (IS),
and OP-induced delayed polyneuropathy (OPIDP) (Ray,
1998). The IMS symptoms and signs usually occur after
apparent recovery from the acute cholinergic syndrome but
before OPIDP is developed (Karalliedde er al., 2006).
OPIDP also occurs almost exclusively in patients with
preceding acute cholinergic toxicity related to severe acute
exposure to an OP compound; neuropathy target esterase
(NTE) is considered to be the principal molecular target for
OPIDP (Lotti, 1991; Ehrich and Jortner, 2001; Lotti and
Moretto, 2005). However, there is no data to indicate that
VX has any potential at high or low doses for the induction
of OPIDP in its classic manifestation in human beings or

other species either with acute or long-term exposure. The
reason could be that the ability of VX to inhibit NTE is near
1000-fold less than that of GB (Vranken et al., 1982,
Gordon et al., 1983). Single intramuscular, injections of VX
at 5 x LDs in atropine-protected chickens did not produce
inhibition of NTE and histological or behavioral evidence
of OPIDP (Wilson et al., 1988a). There was no ability of
VX at subchronic exposure (0.04 mg/kg for 90—100 days)
to induce OPIDP in antidote-protected chickens (Wilson
et al., 1988b). According to other data, NTE activity in brain
areas and soleus muscle of rats was significantly depressed
after they were subacutely exposed to VX in the absence of
supporting therapy for 14 days at doses at the LD5 level and
higher, and surviving animals exhibited muscle myopathy in
the soleus muscle (Lenz et al., 1996). Blood AChE activity
was depressed to zero throughout the experiment, so there is
no contradiction on the lack of clear OPIDP signs under
severe intoxication with VX.

Thus, molecular mechanisms of delayed and chronic
effects of VX are still poorly understood, and scientific data
on these effects under RVX intoxication is much scarcer. It
seems that chronic intoxication should be a separate type of
damage with OPs. The problem requires a search for new
criteria of intoxication. One should differentiate at least two
aspects of this problem: molecular and functional. The
former concerns revealing new molecular targets of OP


http://myhits.isb-sib.ch/cgi-bin/motif_scan
http://myhits.isb-sib.ch/cgi-bin/motif_scan

action. For instance, plasma and liver carboxylesterases
(CarbEs) may be more sensitive targets compared to AChE
in cases of chronic action of OP low concentrations (Ray
and Richards, 2001). Since CarbEs are responsible for the
metabolism of a variety of xenobiotics, this fact has been
ignored over a long period of time. Another esterase is
involved in testosterone biosynthesis metabolizing choles-
terin esters in the testis (Jewell and Miller, 1998), one more
(surfactant convertase) is also involved in cholesterin
metabolism in the lung (Krishnasamy et al, 1997), and
a number of brain CarbEs and other hydrolases are also
sensitive to OPs (Poulson and Aldridge, 1964; Chemnitius
and Zech, 1983; Richards et al., 2000; Nomura et al., 2005).
Various OPs are potent inhibitors of fatty acid amide
hydrolase and monoacylglycerol lipase (Quistad et al.,
2001, 2006), the principal enzymes of the endocannabinoid
system.

The second (functional) aspect of this problem concerns
the development of pathologic symptoms, the molecular
causes of which are not due to AChE inhibition. One of the
first cases of OP nonanticholinesterase effects (when the
association between the OP molecular target and the func-
tional disturbance has been proved) involved inhibition of
kinurenin formamidase of the hen egg yolk sac membrane
responsible for teratogenic effects (Seifert and Casida,
1978). Another example of OP teratogenic effect is
abnormal development of the conjunctival tissue of Xen-
opus embryos due to inhibition of lysyloxidase and
incomplete post-translational modification of collagen
(Snawder and Chambers, 1993).

A. Acute Intoxication with RVX

A contributing factor to the high toxicity of VX may be
its preferential reaction with AChE. Moreover, unlike the
G agents, VX depresses AChE activity significantly more
than BChE in humans (Sidell and Groff, 1974); the result is
that more VX is available to react specifically with the target
enzyme, AChE. At the same time, indirect primary (con-
nected with AChE inhibition) and secondary (not connected
with AChE inhibition) effects of RVX have also been
described. Development of after-intoxication immunodefi-
cient or immunotoxic states relates to the first group of
effects (Germanchuk and Zabrodskii, 2005). In experiments
with rats that were administered RVX at a dose 0.75 x LDsy
a suppression of immune reactions was found: Th-1 cells
significantly lost their functions, and T-dependent immune
reactions were depressed. In addition, an optimal balance of
cAMP and ¢cGMP in lymphocytes necessary for their
proliferation and differentiation was disturbed (Zabrodskii
et al., 2003, 2007). On the other hand, after a severe intoxi-
cation with RVX of laboratory rats (2 x LDsy with thera-
peutic treatment) there was no after-effects concerning the
capability of the central nervous system to produce condi-
tioned reflex reactions, either in early post-intoxication
period (2 weeks) or at remote terms (1-6 months) (Novikova
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et al.,2007). Four different effects of RVX were ascribed to
the second group (Prozorovskii and Chepur, 2001): (1)
sensitization and desensitization of cholinoceptors to
acetylcholine (ACh) that is characteristic for M-chol-
inoceptors; (2) influence on ACh release by nerve terminals:
an inhibition under stimulation of M- and facilitation under
stimulation of N-cholinoceptors; (3) direct interaction with
cholinoceptors, mainly with nicotinic ones, leading to either
their activation or inactivation; and (4) interaction with ionic
channels, mainly with that of N-cholinoceptors.

Hypoxic syndrome is one of the principal clinical
manifestations under acute intoxication with RVX. It is
triggered by disturbance of ventilation, which in its turn is
caused by bronchospasm, bronchorrhea, convulsions, and
central deregulation of respiration. A series of pathological
mechanisms leads to reduction of circulating blood volume,
decrease of blood vessel tone, and deregulation of vessel
wall permeability. Abnormalities of blood rheology, caused
by the loss of body fluids (salivation, bronchorrhea, etc.),
and aggregation of blood cells significantly increase
dynamic viscosity of blood and aggravate disturbances of
microcirculation. Disturbances of oxygen transport and its
delivery to tissues induce secondary metabolic disorders
and involvement in pathological process of related biolog-
ical systems which provide oxygen utilization by the tissues
(Shestova and Sizova, 2005). Imbalance of electrolytes has
also been described: in blood plasma under acute intoxica-
tion there was a decrease of sodium and potassium, the latter
being more expressed than the former (Rybalko er al.,
2005). Indirect secondary effects of OP agents including
RVX can be induced by excessive amounts of ACh in blood,
with its action on cells having no cholinergic innervations.
This can lead to deformation of red blood cells and endo-
thelial cells, activation of basophils, and degranulation of
mast cells (Prozorovskii and Chepur, 2001). In this context,
one should keep in mind that endothelial cells have all the
attributes of autonomic cholinergic regulation. Not only M-
but also N-cholinoceptors have been revealed (Hsu et al.,
2005), as well as activity of AChE (Carvalho et al., 2005;
Santos et al., 2007), the system of synthesis of acetylcholine
(choline acetyltransferase), and vesicular system of ACh
transport out of the cells (Kirkpatrick ez al., 2001, 2003).

B. Chronic and Subchronic Intoxication
with RVX, and Delayed Effects

In the context of realization of the conventional programs
for chemical weapon (CW) destruction, chronic effects of
subsymptomatic concentrations of RVX are of particular
interest, since risk of exposure of personnel of the CW
destruction facilities to chemical agents cannot be
completely ruled out. In addition, members of the rescue
service engaged in the decontamination process are regar-
ded as a group at high risk of exposure. The difficulty of
diagnosis of delayed effects and chronic intoxication with
RVX relates to polymorphism of the clinical manifestations
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(Savateev et al., 2001). Long-term monitoring of personnel
staff engaged in production of RVX revealed slowly pro-
gressing signs of chronic intoxication (Gur’eva et al., 1997).
The clinical signs of this may consist of functional and
organic disorders of the central nervous system together
with vegetative dysregulations, such as peripheral angio-
dystonic syndrome, vegetosensory polyneuropathy or
complex motor-sensory-vegetative pathology of axono-
pathic or myelinopathic type. Neuromuscular affects, visual
and gastrointestinal disorders, immunodeficiency and
metabolic disorders have also been described (Gur’eva
et al., 1997; Yanno et al., 2000). Cessation of contact with
RVX does not lead to involution of the clinical picture of
chronic intoxication. Along with nervous, gastrointestinal,
and motor disorders, there can be visual and cardiovascular
diseases. Moreover, the chronic occupational pathology of
the former workers of the facilities may develop in 3-6
years even though they were exposed to no more than ten-
fold the maximum permissible concentrations of RVX and
had no acute intoxications in their anamneses (Filippov
et al., 2005).

Experimental results were reported on exposing male and
female rats to VX (0.00025, 0.001, or 0.004 mg/kg, s.c.)
daily for 30, 60, and 90 days (Goldman et al., 1988). RBC-
ACHhE activity was significantly depressed in rats at all VX
doses for 30, 60, and 90 days. BChE was significantly
depressed in rats given 0.001 mg/kg VX for 30 days and in
both genders of the high-dose group at all exposure periods.
No dose-related changes were reported in clinical chemistry
and histopathology. The authors concluded that VX expo-
sure sufficient to significantly depress RBC-AChE activity
produced no subchronic toxic effects.

Taking into consideration these clinical manifestations of
delayed and chronic effects of RVX, an experimental search
was undertaken to seek new possible mechanisms of the
pathogenesis and novel functional signs of intoxication
(Goncharov et al., 2001, 2002, 2003; Mindukshev et al.,

2005b). To model chronic intoxication in experiments
with animals, RVX was dissolved daily in drinking water
to concentrations of 5 x 1078, 5 x 1077, and 5x10°°
g/100ml. A group of five rats consumed 20 ml of RVX
aqueous solution daily. So, during the 3 month test, animals
of the first group consumed daily RVX with drinking water
in a dose 10> mg (I), animals of the second group 10~ mg
(IT), and those of the third group 10> mg (III) per 1kg
body weight. Measurement of AChE activity in red blood
cells (RBC-AChE) was performed by Ellman’s method
(Ellman et al., 1961). The functional activity of platelets
was investigated by a novel method of low angle light
scattering that allows all stages of the platelet trans-
formation to be assessed (Mindukshev et al., 2005a, b).
Investigation of monosynaptic miotatic reflex and conduction
rate through the peripheral nerve fiber was conducted with
N. tibialis.

Comparative analysis of biochemical and physiological
parameters studied is indicative of the complete absence of
significant changes of RBC-AChE activity in rats of all
three groups relative to the control, after exposure to the
RVX doses given above (not shown here). On the contrary,
platelets of test animals exposed to RVX differed from the
control by their pronounced instability, an indication of
which was development of their spontaneous activation and
aggregation (Figure 7.5).

After 3 months of intoxication, kinetic parameters of
aggregation — normalized maximal rate Uy, and effective
concentration ECsy — were significantly increased (in groups
II and III). Two months after cessation of the chronic
intoxication with RVX (rehabilitation period) significant
differences of both kinetic parameters were found only for
group III. Groups II and I showed significant increases of
ECsg, but only a tendency (p < 0.1) to increase Upax. The
final estimation of kinetic parameters of aggregation made
after 6 months of rehabilitation showed significant decrease
of Upax in group III and increase of ECsy in all three

FIGURE 7.5. (A) ADP-induced activa-
tion and aggregation of blood platelets of
control rats. (B) Spontaneous activation
and aggregation of rat blood platelets
immediately after 3 months’ RVX expo-
sure at a dose of 10™* mg/kg. 100 PRP =
100 pl of Platelet-Rich Plasma; I'* and I?
indicate low angles of 12° and 2° at which
light-scattering was recorded. After
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Mindukshev et al. (2005a). Spectroscopy
Int. J. 19: 247-57. Copyright (reprinted
with permission from IOS Press).



intoxicated groups (Figure 7.6). Significant increase of Upyax
suggests the sensitization of platelets with the primary
activation of signaling ways via protein kinases, the action
of which tends to increase the expression of GPIIb/Illa
receptors (Geiger et al., 1994; Shattil et al., 1998). The
increase of the ECsy parameter with further elevation of
Umax points to a partial desensitization of P2X; and P2Y;
receptors, as does the growing activity of the above-
mentioned kinases.

Stimulation of the peripheral nerve trunk of intact
animals leads to generation of muscle action potentials of
three types. According to the duration of latent periods, they
fall into the following order: M-response (the result of the
direct stimulation of a-motor neuron axons), H-response
(the monosynaptic response), and polysynaptic responses
with the variable latent period from 8—12 up to about 40 ms.
In test animals of the III group, the changes of temporal
parameters refer mainly to the latent period and duration of
M-response (Table 7.4). Polysynaptic responses occur at all
intensities of excitation and have a more pronounced char-
acter than in intact rats. A marked level and more distinct
differentiation of the peaks of the complex action potential
were noted.

The results obtained after examining rats of II group
differ from the control more significantly. Along with
normal action potentials (of the “‘spike’ type) there were
slow waves of depolarization of up to 30 ms duration.
Another significant difference is the absence of the
““subthreshold border”’, that is, graduation of the increase of
the amplitude of the action potential when the irritation
stimulus enhances (Figure 7.7). Such an event can usually
take place in newborn animals and is caused by slight
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FIGURE 7.6. Kinetic parameters of rat platelet aggregation
immediately after 3 months’ RVX exposure, and at 2 and 6
months after cessation of the intoxication (* =p < 0.05 relative to
control). E-5, E-4, and E-3 relate to doses of RVX (1*¥1073,
1¥107%, and 1*¥10~> mg/kg) consumed by rats daily with drinking
water. After Mindukshev ef al. (2005b). Reprinted from Spec-
troscopy Int. J. 19: 247-57. Copyright (reprinted with permission
from 10S Press).
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differentiation of motorneurons (Bursian, 1983). The latent
period of M-response, the rate of rising action potentials,
and their duration increased significantly. The results of
testing the rats of group I did not differ from the control. At
the same time, some animals had the entire spectrum of
pathologic reactions observed in rats of the II and III
groups: fasciculations, the presence of slow (local, depo-
larized) potentials, and paradoxical discharges. The oppo-
site character of the changes in velocity of nerve impulse
conduction within III and II groups could be caused by
different intensity of demyelinization of nerve fibers with
different diameters.

Earlier, there were contradictory functional disorders
under exposure to OPs described, for which no appropriate
interpretations were suggested from the point of view of
molecular sources. For example, daily administration of
DFP to rats for 20 days at a dose of 17% of LDs, caused an
increase of velocity of nerve impulse conduction (Anderson
and Dunham, 1985), though dimethoate or dichorvos
treatment at subsymptomatic doses for at least 8 weeks
caused reduction of peripheral nerve conductivity (Desi and
Nagimajtenyi, 1999).

C. Studies of Peptide Fractions in Blood
Plasma After Subchronic Exposure to RVX

To further clarify the pathogenesis of RVX chronic intoxi-
cation, and to seek new approaches to monitoring and
estimating the effects of exposure of living organisms to
RVX, we focused our efforts on analysis of the peptide
fraction of blood plasma. In the past few years, a field of
proteomics named peptidomics has been actively developed
(Richter et al., 1999; Villanueva ef al., 2006). Investigations
in this field are focused on biomarkers of various patho-
logical states mainly in oncology, and we have suggested
that this scientific methodology could be of value in case of
intoxication with OPs. A set of low molecular weight
peptides is regarded as a ‘“‘molecular imprint’* of the state of
an organism, or its molecular ‘‘signature’’. The pattern of
peptide spectrum (“‘peptidome”’, “‘degradome’’) reflects the
state of certain proteins—enzymes, whose activity or even
very existence is extremely hard to measure by direct
biochemical methods (Villanueva ef al., 2006). With regard
to specificity and sensitivity, the most convenient method
for peptidome analysis should be mass spectrometry, and
when considering a cohort analysis the most appropriate
method should be matrix assisted laser desorption/ioniza-
tion-mass spectrometry (MALDI-MS).

The mass spectra analysis of peptides was performed on
an Ultraflex-TOF-TOF instrument (Bruker Daltonics,
Germany) with a MALDI source equipped with UV laser
(337 nm) operated with positive ion detection (m/z 700—
2,000) and in reflection mode. The spectra were processed
using Flex Analysis 2.4 software. A SwisProt database
search was performed using the MASCOT program package
(Matrix Science, UK). The exact monoisotope masses and
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TABLE 7.4. Electrophysiological parameters of the peripheral nervous system of rats
after RVX 3 months’ chronic exposure

Control 1 I 11
ty 1.36 +0.29 1.50 +0.19 1.72 +0.33** 1.07 £ 0.14*
Ipeak M1 2.334+0.54 2.79 +0.38 3.06 £ 0.42%* 1.74 £+ 0.44*
Tm 5.02+1.87 6.73 £2.26 7.29 4+ 1.70%* 3.62 +0.96*
tu 4.00 +0.41 3.514+0.20 3.78 £0.20 4.02 +0.58
Ipeak HI 4.60 +0.74 4.124+0.33 3.95 +0.56* 4.354+0.70

Symbols: #yy — M-response latent period, #yeak m1 — latent period of the st maximum component of
M-response, Ty — M-response duration, #y; — H-response latent period, #ycak 11 — latent period of
Ist maximum component of H-response, *differences are significant with p < 0.05, **differences

are significant with p < 0.01

isotope distributions were obtained using the MassPro
program, and MS/MS data were represented by means of the
Sequence Viewer 2.0 program (Institute of Analytical
Instrument Making, Russian Academy of Sciences). For
procedure development and testing, the whole venous blood
from healthy donors was taken into vacuum tubes charged
with EDTA (Becton Dickinson). The low-molecular frac-
tion of rat blood plasma peptides was obtained by precipi-
tating plasma proteins with a 1:2 mixture of acetonitrile and
2% acetic acid for 30 min at 4°C followed by centrifuging at
10,000g for 30 min. The precipitate was then dissolved in
0.1% TFA, and the undissolved fraction of proteins unpre-
cipitated at the preceding stage was removed by centri-
fuging at 10,000g for 10 min. The sample was desalinated
with a membrane with a cross-linked C18 phase, placed in
a microcolumn, after which the peptides retained by the
membrane were eluted onto a target with a 60% solution of
acetonitrile in 0.1% TFA, containing o-cyano-4-hydrox-
ycinnamic acid (10 mg/ml).

The analysis undertaken revealed that several compo-
nents of the peptide spectrum grew to become the major
ones (Figure 7.8, right). Moreover, during the process of
identification all the major peptides were referred to fibri-
nopeptide A that was truncated at the N-end. A new peptide
GEGDFLAEGGGVR (MH' 1263.6Da) came into the
picture, which also had a fibrinogenic nature being charac-
terized by the absence of three amino acids as compared to
human fibrinopeptide ADSGEGDFLAEGGGVR.

A subchronic intoxication was then conducted by
administration of aqueous solutions of RVX at doses
1/100LDs, given to rats with drinking water every day for
3 weeks. The period of exposure was followed by a 1 month
recovery period during which further analyses were carried
out. Activities of AChE and BChE in whole blood and
plasma were measured according to Ellman et al. (1961),
and activity of NTE was measured according to Johnson
(1969). There were no significant changes in activity of
AChE, BChE, and NTE under our experimental conditions
(data not shown). Comparing the peptide spectra, we found
no qualitative difference between the peptide pools in the

mass range of 700-2000 Da. At the same time, several
signals which were not notable in the control spectra
became major ones in the spectra of intoxicated animals
(Figure 7.9, right). Moreover, a new signal arose corre-
sponding to peptide with MH' 1452.77 Da, which was
absent in control spectra. For every peptide relating to these
signals MS/MS analysis was carried out, which revealed
that all of them originated from the N-end truncated fibri-
nopeptide A.

Thus, characteristic changes can be revealed in the low
molecular weight fraction of blood plasma, and these
could serve as a new molecular marker of intoxication
with RVX and other OPs. The peptides of rats and humans
begin with Gly from the N-end, and the preceding trun-
cated amino acid is a neutral and hydroxyl-bearing one
(Thr in rat fibrinopeptide and Ser in human fibrinopeptide)
(Table 7.5).

It seems that under exposure to RVX an inhibition of
some exopeptidases (aminopeptidases) takes place, result-
ing in a shift of the quantitative ratio of the low molecular
weight peptide components of blood plasma. Specifically,
an enhancement of the fibrinopeptide fragments’ signaling
occurs as compared to other signals in the spectrum, as well
as the appearance of novel peptides related to fibrinogen.
Thus, in addition to the above-mentioned peptide with MH"
1263.6 Da, another peptide with MH" 1616.6 Da emerged
in the samples of human blood plasma exposed to RVX.
According to the MS/MS analysis this signal was also due to
fibrinopeptide A, though phosphorylated at a serine residue.
Fibrinopeptide A is a peptide cut off from fibrinogen by
thrombin during activation of blood clotting system
(Blomback, 1967), and changes in the peptide spectra of
fibrinogen origin signify a possible impact of RVX on blood
vessels and hemostasis.

In addition, we have discovered another peptide
SFSYKPRAPSAEVEMTAYVL that was present in plasma
of control rats, but absent in plasma of subchronically
intoxicated rats just after intoxication and 1 month after
cessation of the subchronic intoxication (Figure 7.10).
Identification of the peptide revealed that it was a part of
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alpha-1-macroglobulin of rat plasma. Furthermore, some
other peptides were found that could arise from chymo-
tryptic activity of proteinases of rat blood plasma and
which could be fragments of alpha-1-macroglobulin (not
shown here). As for possible sources of chymotryptic
activity in blood plasma, several chymotrypsin-like
proteinases have been described, the most common of
which are chymase and cathepsin G (Schoenberger et al.,
1989; Bisaro et al., 2005). Their targets have been shown to
be Cl-inhibitor, angiotensin I, extracellular matrix, TGF-
betal, IL-1beta, and alpha-2-macroglobulin (Schoenberger
et al., 1989; Doggrell and Wanstall, 2004; Bisaro et al.,

5 10 15 20 25 30 35 40 45 50 55 60 65 70

of action potential, mV.

2005; Bacani and Frishman, 2006). Considering data
obtained in experiments with rats, one should keep in mind
that alpha-1-macroglobulin is the main macroglobulin in rat
blood plasma or serum, its concentration being at the level
of 2-4mg/ml, whereas the concentration of alpha-2-
macroglobulin is less than 50 jlg/ml (Lonberg-Holm ef al.,
1987; Sottrup-Jensen, 1989). In human plasma, alpha-1-
macroglobulin is completely absent (Lonberg-Holm et al.,
1987), but the concentration of human alpha-2-macro-
globulin is similar to that of rat alpha-1-macroglobulin, and
it has been suggested that these two macroglobulins have
similar functions in humans and rats (Tsuji et al., 1994).
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FIGURE 7.8. Mass spectra of peptide fraction of human blood plasma: control (left) and after in vifro incubation of whole blood with
RVX 0.1 mg/ml at 37°C for 1h (right).

D. Embryotoxicity, Gonadotoxicity, the same time, AChE activity in tissues of fetoplacental
Mutagenesis, and Carcinogenesis complex complied with age-specific control levels. These
results may be regarded as evidence for impossibility or low
To study the embryotoxicity of RVX, it was administered to probability of transplacental transfer of RVX from maternal
pregnant female rats perorally at a dose 1/100LDs organism to fetus. However, manifestation of intoxication
(Kiryukhin et al., 2007). RVX had a toxic effect in the symptoms by pregnant rats indicates that RVX can induce
females judged by decrease of their RBC-AChHE activity; at an embryotoxic effect, which is apparent from disorders of
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FIGURE 7.9. Mass spectra of peptide fraction of blood plasma of control rats (left) and that of rats after subchronic exposure to RVX
(right). Lack of peptide with MH+ 1452.77 Da is demonstrated on the spectrum of control rats (C).
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Fragments of fibrinopeptide A found in the peptide fraction of rat blood plasma in control and after subchronic

exposure to RVX, and those found in human blood plasma in normal state and after in vitro exposure to RVX. Phosphorylated peptide
ADTGTTSEFIDEGAGIR (analogous to peptide ADSGEGDFLAEGGGVR found in human blood plasma) was not found in rat blood
plasma either in control or after exposure to RVX

Rat Human
# Peptide (MH" Da) Control RVX # Peptide (MH" Da) Control RVX
1  ADTGTTSEFIDEGAGIR + Phospho ST - - 1  ADSGEGDFLAEGGGVR + Phospho ST - +
(1616.6515)
2 ADTGTTSEFIDEGAGIR (1739.809) + + 2 ADSGEGDFLAEGGGVR (1536.6912) + +
3 DTGTTSEFIDEGAGIR (1668.772) + + 3 DSGEGDFLAEGGGVR (1465.6481) + +
4  TGTTSEFIDEGAGIR (1553.745) + + 4 SGEGDFLAEGGGVR (1350.6212) + +
5  GTTSEFIDEGAGIR(1452.697) - + 5 GEGDFLAEGGGVR (1263.5891) - +
6 TTSEFIDEGAGIR (1395.676) + + 6 EGDFLAEGGGVR (1206.5677) + +
7  TSEFIDEGAGIR (1294.628) + + 7 GDFLAEGGGVR (1077.5251) + +
8  SEFIDEGAGIR (1193.580) + + 8 DFLAEGGGVR (1020.5036) + +
9  EFIDEGAGIR (1106.548) + + 9 FLAEGGGVR (905.4767) + +

pre-natal and post-natal ontogenesis (Tochilkina and
Kiryukhin, 2007). It should be mentioned that embryotox-
icity of VX to rat fetuses was also shown after single LDs
doses to the mother (Guittin, 1988), and after repeated doses
of 0.005 mg/kg (near 1/5LDs) at varying times during fetal
development (Guittin et al., 1987). On the other hand, no
teratogenic potential of VX was found in sheep, rats, and
rabbits (Van Kampen et al., 1970; Goldman et al., 1988).
Gonadotoxicity of RVX was investigated in chronic
experiments for different ways of introduction. Dermal
exposure of male rats to RVX demonstrated that general
toxic effects were the governing factor of gonadotoxicity.
There were no gonadotoxic effects at the level of threshold

dose, which was estimated to be 4*10~° mg/kg (Maslennikov
and Kiryukhin, 2003). Other research has not revealed
changes in weight parameters of left and right testicles and
epididymis, nor as their total and specific weight parameters
(Shabasheva et al., 2007). It has been concluded that RVX
poses no danger concerning development of specific disor-
ders of male reproductive function, and this is in agreement
with available data on VX: neither acute nor chronic VX
exposure had deleterious effects on reproductive potential
(Van Kampen et al., 1970; Goldman et al., 1987).

Studies of mutagenicity of RVX in the Ames test
revealed no point mutations in the indicative bacteria.
However, studies conducted by a micronuclear test have
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FIGURE 7.10. Peptide SFSYKPRAPSAEVEMTAYVL. (a) Blood plasma of control rats, (b) Blood plasma of rats after subchronic

exposure to RVX.
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demonstrated that a single intragastric introduction of RVX
at a dose 1/10LDs, stimulated in rats an enhancement of
frequency of polychromatophilic erythrocytes with extra-
nuclear inclusions. In the case of absence of the cytotoxic
effects, these alterations could be interpreted as being of
a mutagenic nature (Maslennikov and Ermilova, 2005). At
the same time, the threshold dose of general toxic effect of
RVX did not have mutagenic as well as embryotoxic and
gonadotoxic effects. Therefore, the delayed effects of RVX
can appear at doses exceeding those that induce general
toxic effects, indicating nonspecific character of its action.

In studies involving bacteria or yeast, VX was tested both
with and without metabolic enzyme activation to determine
if VX metabolites might be mutagenic; the results were
negative (Crook et al., 1983; Goldman et al., 1988). In
addition, negative results were obtained for VX in the
Drosophila mutagenicity assay (Crook et al., 1983), and VX
was considered to be a nonmutagen in a test with mouse
lymphoma cells (Goldman et al., 1988).

In the available literature, we could not find experimental
data on carcinogenicity of RVX. Nevertheless, epidemiologic
data on tumor and pre-tumor diseases of the people who were
engaged in production of RVX did not reveal an increase of
oncological morbidity as compared to control humans
(Fedorchenko et al., 2003). In agreement with this, Mc-
Namara et al. (1973) reported that there was no increase in
cancer in personnel working daily with VX.

IV. TOXICOMETRY AND HYGIENIC
REGULATIONS

In countries dealing with destruction of chemical warfare
agents, control limits for exposure via surface contact of
drinking water are needed, as are detection methods for their
low levels in water, soil, or foodstuffs. Some of the toxicity
parameters of RVX for humans and animals are available in
the text A Book of Instructions and Technical Documenta-
tion on the Problem of Chemical Weapon Destruction
(Anon, 2001), and are given in Table 7.6.

In the event of contact of human skin with the fabric of
a protective suit, there have been toxicometric parameters

of RVX experimentally estimated with laboratory rats
(Zhukov et al, 2007): LDso=0.5540.09 mg/kg, or
6.9%10> mg/cm?; Lim ac (integr.) = 0.056 +0.001 mg/kg,
or 7.0¥10~* mg/cm?; Lim ac (sp) = 0.0051 % 0.001 mg/kg,
or 6.4*107°mg/cm? Lim ch=4.75%10""mg/kg, or
5.9%*10""mg/cm?®. The maximum concentration limit of
RVX for the fabric of protective suits has been estimated to
be 3.1*¥10~® mg/cm?, taking into consideration the reserve
coefficient, an average body weight, and total area of the skin.

For the purposes of sanitary regulations, it has been
estimated that RVX within the range of concentrations
0.01-1.0 mg/l has no negative influence on the natural
purification of aquatic reservoirs, on growth and decay of
saprophytic and pathogenic microflora, and on nitrification
processes; the noneffective dose of RVX has been estimated
to be 1*¥10~ " mg/kg, the threshold dose 1*10~° mg/kg, and
the effective dose 1*10°mg/kg (Maslennikov and
Ermilova, 2006). Studies on RVX effects on the soil
microflora have revealed that actinomyces and micro-
mycetes proved to be the most vulnerable, whereas Nitro-
bacteria was the least vulnerable species (Gorbunova and
Maximova, 2003). The hygienic regulations for RVX are
presented in Table 7.7.

V. PRINCIPLES OF THERAPY

Acute toxicity of OPs in general and RVX in particular has
been much more extensively investigated than chronic
toxicity, so it is not surprising that an effective therapy has
been developed for acute intoxications only. The most
effective antidote complex for treating acute intoxications
with RVX consists of an antagonist of M-cholinoceptors,
a reversible inhibitor of cholinesterase, and a reactivator of
cholinesterase; in addition, anticonvulsants can be used in
cases where convulsions occur. In experiments with guinea
pigs, they were pretreated with pyridostigmine (0.026 mg/
kg, i.m.), then immediately after RVX intoxication (2 X
LDsg) animals were given pralidoxime chloride (25 mg/kg,
i.m.) and atropine sulfate (2, 8, or 16 mg/kg, i.m.); diazepam
(5 mg/kg, i.m.) was administered to animals that displayed
seizures and convulsions (Chang et al., 2002). It was also

TABLE 7.6. Parameters of RVX toxicity for animals and humans
Parameter Route of exposure Dose
LCtso (human) Inhalation 0.04 mg/min/l
CLjso (mouse) Inhalation 1.8-4.5%10° mg/kg

LCtso (mouse) Inhalation

LDs (rabbit) Percutaneous
LDs (cat) Percutaneous
LDsq (dog) Percutaneous
LDs (mice) Percutaneous
LDsy (human) Percutaneous

0.011 mg/min/l
0.014 mg/kg
0.01 mg/kg
0.0157 mg/kg
0.016 mg/kg
0.1-0.01 mg/kg




TABLE 7.7. RVX safety standards in the Russian Federation
(Uiba et al., 2007)

MAC for working air (mg/m?) 5%107°
MAC for reservoir water (mg/m") 2%1076
ASEL for ambient air (mg/m®) 5%1078
MPL for equipment surface (mg/dm?) 2%1076
MPL for human skin (mg/dm?) 3*#1078
MAC for soil (mg/kg) 5%107°
MEL for ambient air (mg/m?>)
after 1h 1.6¥107°
after 4h 4.1¥10°°
after 8h 2.0%¥10°°
after 24 h 6.6%10"7

Abbreviations: MAC — Maximal Allowable Concentration
ASEL — Approximate Safety Exposure Level

MPL — Maximal Permissible Level of Contamination
MEL — Maximal Emergency Level

shown that in case of acute intoxication with RVX, higher
doses of atropine should be administered as compared to
those for VX, and of several oximes (pralidoxime, obidox-
ime, HI-6) the most effective was HI-6, as it was in the case
of VX, sarin, cyclosarin, or soman poisonings (Kassa et al.,
2006).

Looking for therapy to treating chronic low-dose intoxi-
cation, one should keep in mind that the VX-AChE complex
has been found to undergo a significant degree of sponta-
neous reactivation in humans (at a rate of about 1%/h over the
first 70 h after i.v. administration of VX); another feature of
VX toxicity is the lack of aging or stabilization of the
VX-AChE complex and the relative ease of reactivation
of VX-poisoned enzyme by oxime antidotes in humans
(Sidell and Groff, 1974). Because there are no major
differences in the reactivation process of both VX and
RVX-inhibited cholinesterase (Kuca et al., 2006), natural
inactivation with plasma and liver paraoxonase (PON1) of
RVX, VX, and other warfare agents could play a bigger
role in prophylactic therapy of acute and chronic intoxi-
cations and their delayed effects (Li et al., 1993; Costa
et al., 2005). PONI is a catalytic bioscavenger, in contrast
to stoichiometric bioscavenger BChE. A constituent of red
wine, resveratrol, has been shown to be a natural and
rather effective up-regulator of PONI1, and it has good
potential for protecting living cells against chemical
warfare agents (Curtin et al., 2008).

VI. CONCLUDING REMARKS
AND FUTURE DIRECTION

The ambient monitoring and biomonitoring of RVX and its
destruction products within the areas of chemical weapon
storage and destruction facilities is an important task for the
State Sanitary Inspection Units of the Russian Federation. In
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this regard, development of chemical analytical and bio-
analytical methods and procedures should be among the
main purposes of applied sciences. At the same time, esti-
mation of probability of exposure to RVX and other warfare
agents calls for fundamental problems of molecular and
functional diagnostics of the pathogenesis to be solved, as
well as development of effective therapy or prophylaxis.

In this chapter, we presented the principal products of
RVX hydrolysis with excess water in an acid medium. It has
been shown that after the 3 months’ exposure, close to 1% of
the initial amount of RVX in the solution could be detected.
According to data on RVX hydrolysis with an equimolar
amount of water, the autocatalytic hydrolysis of RVX was
almost completed after 3 months, since the RVX content in
the sample was no more than 0.01%. Moreover, the reaction
mixture was much poorer than in the case of hydrolysis with
excess water. Isobutyl MPA, which catalyzes RVX
degradation, was detected as the major component of the
reaction mixture. Yang et al. (1996) found 2-(diethyl
amino)ethanethiol as the second major component of the
mixture, but in our experiment it was almost completely
converted into bis[2-(diethylamino)ethyl]disulfide.

We have not found conditions for effective extraction
of RVX in experiments with its application on soil,
concrete, bricks, and polyisobutylene at concentrations of
107°~10"° mg/kg. The extremely low recoveries of RVX
from materials of various natures can be explained by both
irreversible sorption and degradation. A summarized list
of compounds isolated from samples of building materials
was presented, which were taken from some areas of
a former RVX production facility and might have con-
tacted RVX. RVX degradation products were found, along
with organic components of building materials, solvents,
plasticizers, reaction products of degassing agents with
matrix components, etc. High concentrations of fyrols
were detected in some brick and concrete samples.

Procedures for identification and quantitative assessment
of O-isobutyl MPA (a marker of exposure to RVX) in urine
and blood plasma have been developed, and toxicokinetic
experiments conducted to measure O-alkyl MPA in rat
plasma after intramuscular injection of RVX at a dose of
0.8 x LDsy. In addition, we have obtained a mass spectrum
of human albumin after in vitro incubation of blood serum
with RVX. Incubation of commercially available human
albumin with RVX with subsequent trypsinolysis and MS/
MS analysis has revealed two sites of binding RVX to human
albumin, Tyr 411 and Tyr150. These data could contribute to
development of sensitive and specific diagnostic methods.

Having analyzed our own experimental data and avail-
able scientific literature we came to the conclusion that the
toxicological features of RVX were not properly studied. On
the one hand, pathogenesis of acute intoxication has been
described, and toxicometric parameters and hygienic
regulations have been developed. On the other hand,
mechanisms of nonspecific effects and chronic intoxication,
and the pathogenesis of delayed manifestations, need further
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clarification. This is why there is a lack of effective
prophylactic and therapeutic means of treating the delayed
effects of RVX (and many other OPs) that cannot be
reduced to development of OPIDP. The search for non-
cholinesterase targets is still far from its final stage and not
all the functional consequences of an OP exposure have
been revealed. Various OPs can covalently bind to tyrosine
residues of tubulin, near the GTP binding sites or within
loops that interact laterally with protofilaments (Grigoryan
et al., 2008), and this could partly explain an impairment of
fast axonal transport and neuropsycological effects of low-
dose chronic exposure to OPs (Stephens ef al., 1995; Terry
et al., 2007). Previously, assumptions have been made about
a direct influence of OPs on the humoral components of
hemostasis and the complement system in terms of abun-
dance of serine proteases in these systems (O’Neill, 1981;
Ray, 1998). An interrelation of hemostasis and neuromus-
cular conduction is of undoubted interest considering the
low percentage of endoneural capillaries in the structure of
nerve fibers, and dependence of the trophism of any tissue
upon the integrity of the endothelial monolayer and upon
adequate functioning of hemostatic mechanisms. An idea
about dependence of the trophism of nerve fibers upon the
vascular bed comes from data on their ratio: the volume of
capillaries amounts to just 2-4% of the total volume of
nerve fiber (Odman et al., 1987). Moreover, peripheral
nerves have no lymphatic vessels, which could provide an
effective outflow of the capillary infiltrate and prevent
development of edema (Low, 1984; Olsson, 1984).

Our data support suggestions on a key role of nonsynaptic
mechanisms of developing effects under chronic exposure to
RVX. The morphofunctional changes at the level of the
microcirculatory bed that influence the functional state of
platelets may prove to be significant factors in the etiology of
delayed effects of chronic intoxication. Since the life span of
blood platelets is about 10 days (Stuart et al., 1975), the
changes observed are likely to reflect multiple micro-
angiopathies, when clinically pronounced manifestations are
prevented by compensatory mechanisms, such as receptor
desensitization, endothelial and plasmatic proteases, and
molecular effectors providing the feedback regulation.

It is well known that OPs cause inhibition of several major
enzymes, and this fact can be easily proved by simple
methods of laboratory and clinical biochemistry. On the
other hand, diagnostics of a low-dosed chronic action of OPs,
or their delayed effects after subacute intoxication, is a big
problem because of lack of inhibition or recovery of the
enzymes’ activity. Determination of a peptide spectrum of
blood plasma or serum could serve as an alternative and more
sensitive method for diagnosing the intoxications. We have
shown with MS/MS analysis that peptide components of
plasma or serum affected by RVX are represented by frag-
ments of fibrinopeptide A, and this fact could signify
an inactivation of exopeptidases (aminopeptidases) under
exposure to RVX. It is interesting that earlier an N-acyl-
peptide hydrolase was found in brain that was covalently

bound with some OP pesticides in subsymptomatic concen-
trations (Richards et al., 2000). Various aminopeptidases
relevant to our research field have been found in plasma or
serum. Aminopeptidase A (L-alpha-aspartyl-(L-alpha-glu-
tamyl)-peptide hydrolase, EC 3.4.11.7) hydrolyzes only
acidic amino acid derivatives (Asp and Glu in rat and human
fragments of fibrinopeptide A) (Lalu et al., 1986). Amino-
peptidase N (CD13/APN, EC 3.4.11.2) is a multifunctional
protein and the principal aminopeptidase in plasma; it is
present as a membrane-bound enzyme on myeloid cells
including mature monocytes and neutrophils (Favaloro et al.,
1993). It is also expressed on epithelial cells, fibroblasts, and
endothelial cells; angiogenic growth or signaling factors
induce CD13/APN expression (Pasqualini et al, 2000;
Bhagwat ef al., 2001; Bauvois and Dauzonne, 2006). On the
other hand, alphastatin, a 24-amino acid peptide derived from
the amino terminus of the a-chain of human fibrinogen, has
been found to possess the anti-angiogenic activity that was
originally observed to be present in fibrinogen degradation
product E (Staton ef al., 2004). Numerous other proteolytic
degradation products have been shown to be endogenous
inhibitors of angiogenesis (Van Hinsbergh et al., 2006). The
MS/MS analyses conducted in our laboratories have revealed
another enzyme activity affected by RVX, and it is likely to be
a chymotrypsin-like activity. We certainly have to directly
measure cathepsin G and chymase activities to prove our
hypothesis; moreover, it is interesting in view of the fact that
cathepsin B can be activated with cathepsin G to further
enhance angiogenesis (Van Hinsbergh et al., 2006).

An adequate interpretation of the experimental data would
lead to a proper understanding of the therapeutic approaches,
which could prevent or even reverse development of delayed
effects of RVX and other warfare or pesticide OPs. Resver-
atrol is now being extensively studied in different laborato-
ries as a possible remedy, being an effective up-regulator of
PONT1 (Curtin ef al., 2008). In view of our understanding of
the pathogenesis of delayed effects, it is important to mention
another property of resveratrol as a protector of endothelial
progenitor cells, which contribute to renovation of injured
blood vessels (Gu ef al., 2006; Xia ef al., 2008).

In conclusion, we outline some present and future
directions in the studies on analytical chemistry, biochem-
istry, and toxicology of RVX:

« Improvement of the methodology of chemical and
biochemical monitoring in environmental objects and
human organisms;

« Development of prognostic modeling for probable risk
assessment in case of elevation of the allowable levels
of RVX in various media;

« Studies on the quantitative relations ‘‘dose-effect”,
“time-effect’’, and ‘‘dose-time-effect’” for cholinesterase
and noncholinesterase effects at both acute and chronic
exposure to RVX;

« Studies on novel molecular and functional effects under
acute and chronic exposure to RVX;



« Studies on mechanisms of development of delayed effects
after intoxication with RVX;

« Development of novel effective means for prophylaxis
and treatment of delayed effects of intoxications with
RVX.

We believe that fulfillment of these studies would surely
contribute to fundamental and applied knowledge far
beyond the toxicology of RVX.
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CHAPTER 8

Mustards and Vesicants

ROBERT A. YOUNG AND CHERYL BAST

I. INTRODUCTION

In the simplest terms, vesicants are chemicals that cause
tissue blistering. Their toxic activity is, however, not limited
to the skin and their mode of action is complex. These
cytotoxic alkylating agents were initially developed as
chemical weapons used to induce ocular, dermal, and respi-
ratory damage resulting in immediate casualties, reduction in
fighting efficiency, and demoralization. Depending on the
exposure, injury may be local or systemic. This chapter will
focus on sulfur mustards, nitrogen mustards, and lewisite.
Although occasionally classified as a vesicant due to its
action as a skin, eye, and respiratory tract irritant, phosgene
oxime (CX) is more appropriately considered an urticant or
nettle agent and is not discussed in this chapter. Extensive
information regarding the chemistry and toxicology of
vesicants is available in several publications (Papirmeister
et al., 1991; Somani, 1992; USACHPPM, 1996; ATSDR,
2003; Romano et al., 2008). In response to a request by the
Department of Veterans Affairs, a panel of experts exten-
sively reviewed and evaluated the medical and scientific
literature on mustard agents and lewisite, and the military
testing programs relative to these agents (IOM, 1993).

The sulfur mustards include distilled mustard [bis(2-
chloroethyl)sulfide; HD, SM], Levenstein mustard (H),
agent HT [a mixture of HD and bis(2-chloroethylth-
ioethyl)ether], a sulfur mustard—lewisite mixture (HL), and
sesqui mustard (Q). Distilled mustard (HD) is relatively
pure (97%) bis(2-chloroethyl) sulfide and results from the
vacuum distillation of HD. Generic reference to sulfur
mustard usually implies HD. Levenstein mustard (H) is
a mixture of HD and sulfur impurities (generally in a 70:30
ratio) and, as its name implies, was produced by the
Levenstein process involving reacting ethylene with sulfur
chloride. Agent H may contain sulfur impurities imparting
a yellowish color and sweet garlic-like odor.

Agent HT is generally a mixture of 60% HD and 40%
bis(2-chloroethylthioethyl)ether (T), although this ratio
may vary. Agent HL is a mixture of sulfur mustard (HD)
and lewisite (L) that was developed for cold weather or
high-altitude use due to its lower freezing point. Sesqui
mustard (Q) is 1,2-bis(2-chloroethylthio) ethane and is
considered a more potent vesicant than HD but its very low
vapor pressure limits its effectiveness as a warfare agent,
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a condition remedied by combining it with HD to form
agent HQ. Removal of one chlorine from sulfur mustard
results in ‘‘half-mustard’’ (2-chloroethyl ethyl sulfide;
CEES), a monofunctional sulfur mustard analog. Although
retaining some alkylating properties, half-mustard is not as
highly regulated as is sulfur mustard and is frequently used
in sulfur mustard research. Most of the discussion of sulfur
mustards in this chapter will be in reference to distilled
sulfur mustard (HD).

Nitrogen mustards include HN1 [bis(2-chloroethyl)
ethylamine], HN2 (2,2’-dichloro-N-methyldiethylamine),
and HN3 [tris(2-chloroethyl)amine hydrochloride]. As will
be discussed later, some of these found application in
therapeutic arenas rather than in warfare.

Lewisite [L or L-1; dichloro(2-chlorovinyl) arsine] is an
arsenical vesicant developed early in the 20th century.
Lewisite occurs as cis- and frans-isomers; the typical ratio
being 10:90. Several impurities including bis(2-chlorovinyl)
chloroarsine (L-2) and #ris(2-chlorovinyl)arsine (L-3) are
typically present. The chemical and physical properties of
the cis- and frans-isomers are similar.

A. Sulfur Mustards

Sulfur mustards are chemical vesicants capable of causing
severe skin and eye damage at very low concentrations. The
chemical name, synonyms, identification codes, chemical
formula, and structural formula for sulfur mustard are
shown in Table 8.1.

Although frequently referred to as ‘‘mustard gas’’, the
chemical is a liquid at normal ambient temperatures. Due to
its oily consistency and low aqueous solubility, sulfur
mustard is persistent in the environment. Information on the
half-life of HD in air is unavailable. As previously noted,
impurities may impart a garlic-like odor to sulfur mustard.
Odor thresholds ranging from 0.15 to 0.6 mg/m> have been
reported for sulfur mustard (Dudley and Wells, 1938;
Bowden, 1943; Fuhr and Krakow, 1945; Ruth, 1986).

Watson and Griffin (1992) have summarized information
on the distribution of unitary chemical weapon stockpiles in
the USA. The chemical and physical properties of sulfur
mustard (agent HD) are shown in Table 8.2.

The water solubility of sulfur mustard has been reported
as 0.092g per 100g water at 22°C (DA, 1974), and

3
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TABLE 8.1. Nomenclature, chemical formulae, and
chemical structure of sulfur mustard

TABLE 8.3. Nomenclature, chemical formulae, and
chemical structures of nitrogen mustards

Sulfur mustard (HD)

bis(2-chloroethyl)sulfide;
1,1'-thiobis(2-chlorethane);
1-chloro-2-(2-chloroethylthio)ethane; SM;
distilled mustard; agent HD; mustard
gas; yperite; yellow cross

CAS No. 505-60-2

Chemical formula C4HgCI,S

Chemical structure  C,H,-Cl
/
S
\
C,H-Cl

Synonyms

5% 10°M at room temperature (MacNaughton and
Brewer, 1994). In dilute aqueous solutions sulfur mustard
hydrolyzes almost completely to thiodiglycol and hydro-
chloric acid (Papirmeister ef al., 1991). For dissolved HD,
the hydrolysis half-life ranges from about 4 to 15 min for
temperatures of 20-25°C. Bulk HD may persist in water for
up to several years (Small, 1984). It has been estimated that
it would take 15 days for the mass of'a 1 cm droplet of HD in
quiescent water to decrease by one half (Small, 1984). The
Henry’s law constant for HD has been estimated to be
2.1 x 10~° atm m*/mol (MacNaughton and Brewer, 1994),
indicating a moderate potential for evaporation from water.

The persistence of sulfur mustard in soil depends on the
soil type, pH, moisture content, and whether the agent is at
the soil surface or buried. Small (1984) reported that HD
applied to the soil surface volatilized and would likely be
the main route of HD loss (half-life about 30 min).
However, if the soil was wet, hydrolysis would be the
primary loss pathway. When sprayed onto soil, a vesicant
action may persist for about 2 weeks but when the agent
continually leaks into the soil vesicant action may be
present after 3 years (DA, 1974). Rosenblatt et al. (1995)
state that the persistence of sulfur mustard in soil is due to
the formation of oligomeric degradation products that coat

HN-1

Synonyms ethyl-bis(2-chloroethyl)amine;
bis-(2-chloroethyl)ethylamine

CAS No. 538-078

Chemical formula (CICH,CH,),NC,Hj;

HN-2

Synonyms methyl-bis(-chloroethyl)amine;
2,2'-dichloro-
N-methyldiethylamine; “‘S’’;
mechlorethamine

CAS No. 51-75-2

Chemical formula (CICH,CH,),NCH;

HN-3

Synonyms tris(-chloroethyl)amine; [#ris(2-
chloroethyl)amine hydrochloride]

CAS No. 555-77-1

Chemical formula N(CH,CH,Cl)3

the surface of the mustard agent and that are resistant to
hydrolysis. This may greatly enhance the environmental
persistence of sulfur mustard. Sulfur mustard has a log K,y
of 1.37 and a K, of 133, indicating that binding to soil
organics would limit transport through soil to groundwater
(MacNaughton and Brewer, 1994). MacNaughton and
Brewer (1994) also calculated a leaching index of 7.2 for
HD (i.e. the number of leachings required to reduce the HD
soil concentration to one-tenth of the original amount,
assuming that for each leaching one kilogram of soil is in
equilibrium with one liter of water).

B. Nitrogen Mustards

Nitrogen mustards are tertiary bis(2-chloroethyl)amines
with vesicant activity (NDRC, 1946). All are active alky-
lating agents. The nomenclature, chemical and physical
properties of HN1, HN2, and HN3 are summarized in
Tables 8.3 and 8.4. Due to their toxicity and various

TABLE 8.2.  Selected physical and chemical properties of sulfur mustard

Value Reference
Physical state Oily liquid MacNaughton and Brewer (1994)
Molecular weight HD: 159.08 DA (1996)
Density 5.4 DA (1996)
Boiling point HD: 215-217°C DA (1996); Budavari et al. (1989)
Freezing point HD: 14.5°C DA (1996)
Vapor pressure (mm Hg) HD: 0.072 mm Hg at 20°C; DA (1996)

Water solubility (g/1)

0.11 mm Hg at 25°C

Sparingly soluble in water; soluble
in organic solvents

DA (1996); Budavari et al. (1989)
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TABLE 8.4. Physical and chemical properties of nitrogen mustards

Value Reference

Physical state

Molecular weight

Boiling point“/Freezing point

Vapor pressure (mm Hg)

: oily liquid
HN-2:
HN-3:
HN-1:
HN-2:
HN-3:
HN-1:
HN-2:
HN-3:
HN-1:
HN-2:
HN-3:

oily liquid

oily liquid
170.08

156.07

204.54
194°C/-34°C
75°C/—60°C
256°C*/-3.7°C
0.25mm @ 25°C
0.43 mm @ 25°C
0.0l mm @ 25°C

USACHPPM (1996)

USACHPPM (1996)

USACHPPM (1996)

USACHPPM (1996)

Water solubility (g/1) HN-1: limited; miscible with organic solvents

USACHPPM (1996)

HN-2: limited; miscible with organic solvents
HN-3: limited; miscible with organic solvents

“Decomposes prior to reaching boiling point

physical-chemical properties, initial interest in these
chemicals as warfare agents came about shortly before or
during World War II. Although HN2 and HN3 were
specifically developed as military agents, HN1 was origi-
nally developed as a pharmaceutical. HN2 (mechloreth-
amine) later found use as an antineoplastic agent. Nitrogen

TABLE 8.5. Nomenclature, chemical formulae, and
chemical structure of lewisites

Lewisite (L)

Synonyms 2-chlorovinyldichloroarsine;
(2-chlorovinyl)arsenous dichloride;
beta-chlorovinyldichloroarsine;
dichloro(2-chlorovinyl) arsine;

chlorovinylarsine dichloride; EA 1034

CAS No.
Chemical formula
Chemical structure

L-2

Synonym

CAS No.
Chemical formula
Chemical structure

L-3

Synonym

CAS No.
Chemical formula
Chemical structure

541-25-3
CICH=CHASsCI,
H H

Cl—C==C—AsCl
Lewisite-2

40334-69-8
(CICH=CH),AsCl

H H

|
(Cl—C==C)p As—Cl
Lewisite-3

40334-70-1
(CICH=CH);As

H H

||
(CI—C==C)3As

mustards and derivatives such as melphalan, chlorambucil,
and cyclophosphamide are alkylating agents used as cancer
therapeutic agents (Somani, 1992).

C. Lewisite

Lewisite is composed of cis- and frans-isomers in the ratio
of 10:90 and several impurities including bis(2-chlor-
ovinyl)chloroarsine (L-2) and #ris(2-chlorovinyl)arsine
(L-3) (Rosenblatt et al., 1975). The chemical and physical
properties of the cis- and tramns-isomers are similar. The
nomenclature and chemical and physical properties of L-1,
L-2, and L-3 are presented in Tables 8.5 and 8.6, respec-
tively. In pure form, lewisite is colorless and odorless
but usually occurs as a brown oily liquid with a distinct
geranium-like odor. Gates et al. (1946) reported an odor
threshold of 14-23 mg/m’ for lewisite.

Information regarding the atmospheric tranformation of
lewisite is limited. MacNaughton and Brewer (1994)
reported that some photodegradation may take place and that
hydrolysis may also occur in the gas phase. Lewisite is only
sparingly soluble in water; 0.5 g/l (Rosenblatt et al., 1975).
Hydrolysis of lewisite results in the formation of lewisite
oxide and HCI, and may occur rapidly. The hydrolysis of
lewisite is complex and includes several reversible reactions
(Epstein, 1956; Rosenblatt et al., 1975; Clark, 1989;
MacNaughton and Brewer, 1994). Under slightly acidic
conditions, lewisite initially undergoes rapid and reversible
conversion to dihydroxy arsine, 2-chlorovinyl arsine oxide
and two equivalents of hydrogen chloride:

Cl—CH=CH—AsCl, + 2H,0 Q CI—CH
— CH—As(OH), + 2HCI

The production of two equivalents of chloride occurs within
3 min at 20°C; at 5°C the reaction is 90% complete within
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TABLE 8.6.

Physical and chemical properties of lewisite

Value

Reference

Lewisite

Physical state
Molecular weight 170.08
Boiling point 190EC
Freezing point

Vapor pressure (mmHg) 0.34 mm Hg at 25°C;

0.22 mm Hg at 20°C
Water solubility (g/1)

Oily, amber brown liquid

—18°C; varies VY 0.1°C depending on purity

0.5 g/l in water; soluble in most organic solvents

Lindberg et al. (1997)
USACHPPM (1996)
Trammel (1992)

Watson and Griffin (1992)
USACHPPM (1996)

USACHPPM (1996)

2 min, and the completion of the reaction requires several
hours. The hydrolysis rate constant is reported as 1 min ™' at
20°C. Hydrolysis of 2-chlorovinyl arsine oxide is slower,
resulting in lewisite oxide (chlorovinyl arsenous oxide) and
polymerized lewisite oxide:

Cl-CH=CH—As(OH), Q H,0 + ClI-CH
=CH—AsO + (Cl-CH=CH—AsO),,

The forward reaction is favored because lewisite oxide and
polymerized lewisite oxide are insoluble. In a basic solution,
the trans-lewisite isomer is cleaved by the hydroxyl ion to
give acetylene and sodium arsenite; this reaction may occur
even at low temperatures (Rosenblatt et al., 1975; Clark,
1989). Cis-lewisite heated to over 40°C reacts with sodium
hydroxide to yield vinyl chloride, sodium arsenite, and
acetylene (Rosenblatt et al., 1975). In aqueous solution, the
cis-isomer undergoes a photoconversion to the trans-isomer
(Rosenblatt et al., 1975). Epstein (1956) reported that the
toxic trivalent arsenic of lewisite oxide in standing water is
converted to the less toxic pentavalent arsenic.

Lewisite in soil may rapidly volatilize or may be con-
verted to lewisite oxide due to moisture in the soil
(Rosenblatt et al., 1975). The low water solubility suggests
intermediate persistence in moist soil (Watson and Griffin,
1992). Both lewisite and lewisite oxide may be slowly
oxidized to 2-chlorovinylarsonic acid (Rosenblatt et al.,
1975). Possible pathways of microbial degradation in soil
include epoxidation of the C=C bond and reductive deha-
logenation and dehydrohalogenation (Morrill et al., 1985).
Due to the epoxy bond and arsine group, toxic metabolites
may result. Additionally, residual hydrolysis may result in
arsenic compounds. Lewisite is not likely to bioaccumulate.
However, the arsenic degradation products may bio-
accumulate (Rosenblatt et al., 1975).

II. HISTORY AND BACKGROUND

A. Sulfur Mustards

Sulfur mustard was developed in Germany and initially used
as a warfare agent (as Levenstein mustard) during World

War I. More recent use occurred in Middle East conflicts. Its
oily nature makes it persistent on surfaces it contacts.
Because sulfur mustard exerts toxic effects following
dermal, ocular, and inhalation exposure, its use necessitated
full body protection which, in turn, required the develop-
ment of protective clothing and significant changes in
warfare operations.

Minute quantities of sulfur mustard are used by various
military and contract laboratories for defense research
purposes, and for verification of Chemical Weapons
Convention compliance. Bulk quantities of sulfur mustard
are no longer manufactured in the USA. Military stockpiles
of sulfur mustard are awaiting destruction or are in the
process of being destroyed. Some sulfur mustard may also
be found buried or abandoned at former defense sites. Sulfur
mustard was frequently loaded into artillery shells and aerial
bombs (often with lewisite). Various quantities of sulfur
mustard also exist in other countries. Large amounts of
sulfur mustard have been disposed of at sea.

Outside of military conflicts, exposure to sulfur mustard
has occurred or may occur in work environments associ-
ated with chemical weapon materiel (e.g. storage depots,
demilitarization facilities, research laboratories), during
emergency response operations or remediation and decon-
tamination activities, or during treaty verification activities
in support of the Chemical Weapons Convention. Chemical
weapons such as the vesicants are still considered potential
military threats and terrorist targets. The most likely route of
exposure to sulfur mustard is via aerosol/vapor exposure of
the skin, eyes, and respiratory tract.

B. Nitrogen Mustards

Due to their toxicity and various physical-chemical prop-
erties (they are structurally similar to sulfur mustard), initial
interest in nitrogen mustards as warfare agents came about
shortly before or during World War II. Like sulfur mustard,
all are alkylating agents. This document is limited to the
nitrogen mustards referred to as HN1, HN2, and HN3,
selected chemical and physical properties of which are
summarized in Tables 8.3 and 8.4. Although HN2 and HN3
were initially investigated as military agents, HN1 was



originally developed as a pharmaceutical. HN2 (mechlor-
ethamine) later found use as a pharmaceutical. Nitrogen
mustards and derivatives such as melphalan, chlorambucil,
and cyclophosphamide are alkylating agents used as cancer
therapeutic agents (Somani, 1992). HN1 and HN3 are
among the chemical agents found in Chemical Agent
Identification Sets (CAIS) which are considered a compo-
nent of nonstockpiled material. Generally, the nitrogen
mustards have not had the interest or high profile associated
with sulfur mustard and lewisite.

C. Lewisite

Lewisite, an organoarsenic compound, was developed in an
attempt to create a more effective blister agent than sulfur
mustard. Its development is generally credited to Winford
Lewis at the Catholic University, Washington DC, and is
based upon a thesis by Julius Nieuwland who described the
synthesis of lewisite from arsenic trichloride, acetylene,
hydrochloric acid, and mercuric chloride. Early on, the
compound was frequently referred to by the vividly
descriptive term, ‘‘Dew of Death’’. Like sulfur mustard, it is
both a vesicant and systemic poison with target tissues not
limited to the skin. In an attempt to develop an antidote to
lewisite, British Anti-lewisite (BAL; dimercaprol) was
developed (Peters ef al., 1945) which later became invalu-
able in the treatment of arsenic poisoning. Late in World
War I and into World War 11, large quantities of lewisite
were manufactured by Germany, the US, Italy, the Soviet
Union, and Japan (reviewed by Trammell, 1992). Large
amounts of lewisite were manufactured (up to 2 tons/day by
Japan) and stored prior to and during World War II (Tanaka,
1988; Trammell, 1992). Lewisite was frequently a compo-
nent (often mixed with sulfur mustard) in artillery shells and
aerial bombs. Like sulfur mustard, there are reports of large
amounts of the compound being disposed of at sea (Spiers,
1968). With the possible exception of its use against Iranian
soldiers during the Irag—Iran conflict (Perera, 1985), there
has been little or no use of lewisite in battle situations.
Goldman and Dacre (1989) have reviewed the chemistry
and toxicology of lewisite.

ITII. TOXICOKINETICS

A. Sulfur Mustards

With its high lipophilicity, toxicologically relevant amounts
of sulfur mustard are absorbed into epithelial tissue
(Papirmeister et al., 1991). Dermal absorption is dependent
on the thickness of the epidermis and on the presence of
moisture, which enhances penetration. Absorption tends to
be greater at the base of hair shafts and in the hair follicle
where the epithelial tissue is thinner than the surrounding
surface area (Papirmeister et al, 1991). Approximately
20% of sulfur mustard applied to skin may be rapidly
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absorbed while 12-50% of this may react and remain at the
application site (Somani and Babu, 1989). About 12% of
that absorbed remains at the contact site and the remaining
88% enters the circulation (Renshaw, 1947). Renshaw
(1947) noted that the rate of penetration is 1—4 jlg/cm*/min
at 75°F.

For dermal exposure, penetration rates over 2—8 h ranged
from 2.9 to 6.7% and rates of absorption from 1.2 to 4.0%
following application of 400 pig of radiolabeled sulfur mustard
per cm? of isolated perfused porcine skin (Riviere ez al., 1995).
The average total recovery of the radiolabel was 9.3%
(3.8-17.7%) suggesting substantial loss due to volatilization.

Relative to dermal absorption, little is known about
absorption in the respiratory tract. Cameron et al. (1946)
calculated the absorption of sulfur mustard vapor in the
noses of rabbits and rhesus monkeys. The concentration of
the agent in the nasal passages was 10-30% of the chamber
concentrations (40, 100, and 500 mg/m?), implying an
absorption of approximately 70-90%.

Several studies using radiolabeled sulfur mustard have
shown that sulfur mustard and its metabolites may be
widely distributed in the body after percutaneous or
intravenous exposure. Maximum levels of radioactivity
were detected in the kidney, lungs, and liver of rabbits
following intravenous administration (Boursnell et al.,
1946). At 15 min following percutaneous exposure of rats,
sulfur mustard derived radioactivity was found in all
examined tissues except the eyes (Young ef al., 1944).
Similarly, Clemedson et al. (1963) noted uniform distri-
bution of radioactivity in mice after either percutaneous or
intravenous exposures, with most radioactivity occurring
in the nasal region, kidneys, liver, and intestine. Hambrook
et al. (1993) reported on the uptake and distribution of
radiolabeled sulfur mustard in the skin and blood of rats
after cutaneous application. It was found that much of the
agent entering the blood binds to hemogloblin and, to
some extent, with glutathione. Results of studies with
rabbits showed that sulfur mustard concentrated in the
cornea and to a lesser extent in the iris, lens, and
conjunctiva within 5 min after application (Axelrod and
Hamilton, 1947).

The biotransformation of sulfur mustard after intrave-
nous or intraperitoneal injection of radiolabeled compound
in rats has been examined. Following intravenous injec-
tion, the major urinary metabolite was glutathione-bis-
chloroethyl sulfide conjugates (45% of total urinary
radioactivity) and smaller amounts of sulfone conjugates
(7%) and thiodiglycol and its conjugates (14.4%) (Davison
et al., 1961). Roberts and Warwick (1963) found the major
urinary product of cysteine-bis-(-chloroethyl)sulfone after
intraperitoneal injection of sulfur mustard in rats. Papir-
meister et al. (1991) concluded that hydrolysis to thio-
diglycol and reaction with glutathione are the most
important routes of detoxification. This is supported by
human data showing that thiodiglycol is present in the urine
for one week or more after exposure (Wils et al., 1987).
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B. Nitrogen Mustards

The effects of time, temperature, and humidity on the vapor
penetration of HN1 and HN3 into the forearm skin of human
male volunteers were reported by NDRC (1945). Results of
this work showed similar effects of temperature and
humidity as observed for sulfur mustard, e.g. greater
absorption with increased temperature and humidity. The
penetration of HN1 and HN3 was found to be linear with
time (5 to 20 min for HN1 and 30-60 min for HN3). At 71—
72°F and 50-52% relative humidity, HN1 penetration rate
was 2.8 jig/em*/min and for HN3 was 0.18 pug/cm?/min at
72-73°F and 45-48% relative humidity. At 86—87°F and
47-49% relative humidity, HN1 penetration rate increased
to 5.2 pg/cm?/min and HN3 penetration rate increased to
0.3 pg/cm*/min at 85°F and 47-48% relative humidity.
Excretion via the urine is likely a major route of elimination,
especially due to the water solubility of the immonium ion
(see section IV).

C. Lewisite

Little information is available regarding the toxicokinetics of
lewisite. Lewisite is readily absorbed by mucous membranes
and, because of its lipophilicity, dermal absorption is
significant (HSDB, 2004). Dermal absorption is reportedly
more rapid than for sulfur mustard (Hurst and Smith, 2008).
Axelrod and Hamilton (1947) reported that radiolabeled
("*As) lewisite applied to a 0.43 cm? area of human skin was
primarily fixed on the epidermis and that very little was
found in the dermis; most was detected in hair and hair
follicles. In experiments with guinea pigs, histological
examination revealed that lewisite applied to skin entered
epidermis within 2 min and penetrated into the dermis within
10 min (Ferguson and Silver, 1947). Only trace amounts
were detectable in the dermis at 24 h post-application.

IV. MECHANISM OF ACTION

A. Sulfur Mustards

The mechanism of action of sulfur mustard is multifaceted
and complex, and has been reviewed in some detail by
Papirmeister et al. (1991), Hurst and Smith (2008), and
Smith et al. (2008). Efforts to understand the mechanisms of
sulfur mustard toxicity are ongoing. Basically, sulfur
mustard disrupts the interface of the epidermis and basement
membrane causing blistering between the epidermis and
dermis. Both immediate (immediate cell membrane damage)
and delayed phases (secondary effects resulting from
inflammatory responses, DNA damage, vascular leakage)
have been described for sulfur mustard-induced dermal
effects (Somani and Babu, 1989). Many of the toxic effects
of sulfur mustard can be attributed to oxidative stress.
Among the most studied mechanisms of sulfur mustard
toxicity are thiol depletion resulting in intracellular calcium

imbalance and subsequent cell death, alkylation of DNA
and other cellular macromolecules, lipid peroxidation
resulting from sulfur mustard-induced gluthathione deple-
tion, and induction of an inflammatory response. The overall
mechanism of sulfur mustard toxicity likely involves an
interlinking of the aforementioned processes which are
briefly described below.

A key component of sulfur mustard toxicity is the
formation of a sulfonium ion and resulting episulfonium
intermediate which may react with sulfhydryl-containing
macromolecules. Damage may include Ca>" translocases
(Ca**-stimulated, Mg®"-dependent ATPase) which are
dependent on thiol groups to maintain cellular Ca®"
homeostasis, and microfilamentous proteins. The resulting
increase in intracellular calcium levels ultimately causes
a decrease in cellular integrity and induction of apoptosis.
Oxidative stress in sulfur mustard toxicity has been
reviewed by Smith et al. (2008).

The role of DNA alkylation and the poly(ADP-ribose)
polymerase (PARP) hypothesis theory for sulfur mustard
toxicity has been reviewed by Papirmeister et al. (1991). In
this mechanism, DNA is the initial target of the mustard
agent. Alkylated DNA purines are enzymatically depuri-
nated creating apurinic sites which are cleaved by apurinic
endonucleases resulting in DNA strand breaks. The accu-
mulation of DNA breaks leads to activation of the chro-
mosomal enzyme PARP, which utilizes NAD™ causing
severe lowering of cellular NAD™T. Depletion of NAD™
results in the inhibition of glycolysis, and stimulation of the
nicotinamide adenine dinucleotide phosphate (NADP™)-
dependent hexose monophosphate shunt, ultimately result-
ing in the induction and secretion of proteases and subse-
quent cellular changes.

In the review by Papirmeister et al. (1991), it was noted
that sulfur mustard-induced cytotoxicity is dose dependent
and that DNA appeared to be more sensitive to mustard-
induced alkylation than are other cellular constituents. The
low-dose effects of sulfur mustard are characterized by gen-
otoxicity and inhibition of mitosis. The loss of cellular
reproduction may be due to bifunctional alkylation that ulti-
mately prevents normal DNA replication. It was hypothe-
sized that monofunctional DNA damage might be responsible
for low-dose mutagenic and possibly carcinogenic effects.

Sulfur mustard-induced lipid peroxidation is a function
of glutathione (GSH) depletion. For this mechanism,
depletion of GSH results in an accumulation of reactive
oxygen species via hydrogen peroxide-dependent processes
(Miccadei et al., 1988). The oxygen radicals react with
membrane phospholipids forming lipid peroxides that alter
membrane structure resulting in membrane breakdown.

Recent work has focused on the identification of possible
biomarkers of sulfur mustard exposure and injury (Buxton
et al., 2000, 2001; Danne et al., 2000). More recently, the
role of metalloproteinases and collagen degradation
(Gerecke et al., 2005), platelet activating factor (Clark ez al.,
2005, 2006), and interaction with cytochrome P450



processes (Brimfield and Hodgson, 2005; Brimfield et al.,
2006; Mancheco and Brimfield, 2006) are being
investigated relative to the mechanism of action of sulfur
mustard.

B. Nitrogen Mustards

A key component of nitrogen mustard toxicity is analogous
to that of sulfur mustard: the formation of a cyclic onium
cation. This occurs in the presence of polar solvents such as
water (Somani, 1992). The immonium ion may react with
nucleophiles such as nitrogen in the base components of
nucleic acids and with sulthydryl groups in proteins and
peptides. The precise mechanism of nitrogen mustard
activity is unclear but several have been proposed: DNA/
RNA alkylation and resultant effects, effects on glutathione,
membrane effects (protein cross-linking, ion transport
effects), and cytoplasmic effects (release of lysosomal
enzymes). The possible mechanisms of nitrogen mustard
have been reviewed by Gray (1989). Results of preliminary
work by Elsayed and Omaye (2006) in mice given HN2
intraperitoneally showed pulmonary alterations indicative
of oxidative stress and impaired detoxification processes
which are consistent with the aforementioned mechanisms.

C. Lewisite

Dermal or intravenous exposure to lewisite leads to local
skin edema and pulmonary edema due to increased capillary
permeability. The increased capillary permeability results in
blood plasma loss and resultant physiological responses
collectively referred to as ‘‘lewisite shock’’. Lewisite shock
may be likened to shock observed in severe burn cases. It
has been hypothesized that functional changes in the lungs,
kidneys, respiratory tract, cardiovascular, and lymphatic
systems may be the result of a disturbance of osmotic
equilibrium (Goldman and Dacre, 1989).

Lewisite-induced vesicant and systemic toxicity are
likely due, in part, to interactions with thiol groups
(Goldman and Dacre, 1989). The interaction with enzyme
sulfhydryl groups may cause inhibition of enzyme by the
formation of stable cyclic structures with arsenic. These
thiol interactions result in energy depletion leading to cell
death (Young, 1999).

V. TOXICITY

A. Sulfur Mustard

The toxic effects of sulfur mustard in humans and animals
have been extensively reviewed by ATSDR (2003), Sidell
and Hurst (1992), Somani (1992), Watson and Griffin
(1992), IOM (1993), NRC (2003), and Romano et al.
(2008).

Sulfur mustard affects the skin, respiratory tract, and
eyes. The acute effects include edema, ulceration, and
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necrosis of epithelial tissue. Systemic toxicity may also
occur and is characterized by nausea and vomiting, fever,
and malaise. There is evidence of systemic toxicity
(gastrointestinal tract) following dermal exposure only
(Dacre and Goldman, 1996). Delayed effects include
conjunctivitis and blindness following ocular exposure and
chronic bronchitis following inhalation exposure. Affected
tissues may have an increased susceptibility to secondary
infections, and possibility of carcinogenicity of the skin and
respiratory tract.

Ambient temperature and humidity govern the degree of
toxicity of sulfur mustard; in hot and humid conditions,
lower mustard concentrations are required to produce
debilitating effects. The severity of sulfur mustard effects is
also greater in areas of the body with greater moisture (e.g.
axilla, groin, eyes). Information regarding the toxic effects
of long-term exposure to low levels of sulfur mustard that
are not acutely toxic is limited.

Available data suggest that the location and severity of
damage resulting from exposure to sulfur mustard are
concentration dependent and a function of the highly
reactive nature of sulfur mustard (Papirmeister et al.,
1991). The eyes are generally considered to be the most
sensitive and rapidly responding target (Reed, 1918; Reed
et al., 1918; Anderson, 1942). For low exposures, sulfur
mustard-induced injury appears to be limited to the upper
respiratory tract (Eisenmenger et al, 1991) and eyes
(Reed, 1918; Reed et al, 1918; Guild et al, 1941,
Anderson, 1942). In work with informed volunteer
subjects, Anderson (1942) reported that Ct values of 60—
75 mg-min/m’ would result in conjunctivitis, photophobia,
and ocular irritation, while Ct values of 75-90 mg-min/m>
would cause a high proportion of casualties as determined
by more severe ocular damage requiring several weeks of
treatment. At higher concentrations, pulmonary effects
would be expected (Eisenmenger ef al., 1991). Regardless
of the target tissue, there is a latency period between initial
exposure and development of effects. The eyes and
respiratory tract appear to have the shortest latency period
with effects appearing within hours depending on the
exposure level.

In addition to the acute toxic effects on the eyes, skin,
and respiratory tract, both acute and longer-term neuro-
psychiatric effects (e.g. depression, anxiety, neurasthenia,
insomnia, post-traumatic stress syndrome) have been
documented for individuals exposed to sulfur mustard
(Romano et al., 2008). Many of these effects have been
documented for individuals exposed during noncombat (e.g.
munitions plant workers) activities and are not always the
result of high-level exposure that result in serious overt
effects. Longer-term effects such as chronic bronchitis have
been associated with occupational exposures that included
episodes of acute toxicity, and delayed or recurrent keratitis
may occur 8—40 years after a severe vapor exposure. Sulfur
mustard-induced immunosuppression resulting in greater
susceptibility to infections has also been reported.
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TABLE 8.7.

Acute lethality of sulfur mustard in laboratory species following inhalation exposure

Concentration (mg/m>) and

Species Lethality value exposure duration (min) Reference

Rat 2 min LCts: 756 mg/m® Fuhr and Krakow (1945) (not verified)
1512 mg-min/m> (2 min)
30 min LCts: 33 mg/m’
990 mg-min/m’ (30 min)
60 min LCt5: 14 mg/m?
840 mg-min/m’ (60 min)

Mouse 2 min LCts: 2070 mg/m3 Fuhr and Krakow (1945) (not verified)
4140 mg-min/m’ (2 min)
30 min LCts: 44 mg/m3
1320 mg-min/m> (30 min)
60 min LCts: 14.3 mg/m’
860 mg-min/m* (60 min)

Mouse 60 min LCts: 42.5 mg/m* Vijayaraghavan (1997)
42.5 mg/m® (60 min)

Monkey 10 min LCts: 80 mg/m> Rosenblatt et al. (1975)
800 mg-min/m> (10 min)

Dog 10 min LCtsy: 60 mg/m’ Rosenblatt ef al. (1975)
600 mg-min/m° (10 min)

Cat 10 min LCt5: 70 mg/m3 Rosenblatt ez al. (1975)
700 mg-min/m’ (10 min)

Goat 10 min LCts: 190 mg/m® Rosenblatt et al. (1975)
1900 mg-min/m’ (10 min)

Guinea pig 5 min LCtsy: 160 mg/m’* Langenberg et al. (1998)
800 mg-min/m> (5 min) Rosenblatt ef al. (1975)
10 min LCtsy: 170 mg/m®
1700 mg-min/m> (10 min)

Acute lethality data in animals are summarized in Table
8.7. Based upon the animal data, interspecies variability in
the lethal response to sulfur mustard vapor is less than an
order of magnitude. For nonlethal effects, the animal data
suggest that test species exhibit signs of toxicity that are
qualitatively similar to humans when acutely exposed to
sulfur mustard vapor. Ocular and respiratory tract irritations
are clearly evident in studies using dogs, rats, mice, rabbits,
and guinea pigs.

Effects of orally administered sulfur mustard in rats were
studied by Sasser ef al. (1996a). Repeated gavage admin-
istration of sulfur mustard in sesame oil produced epithelial
hyperplasia of the forestomach at the highest dose tested but
no deaths and no other treatment-related pathological
lesions or changes in clinical chemistry or hematological
parameters.

Results of a multigeneration study in rats given sulfur
mustard by gavage showed no significant adverse effects on
reproductive parameters at any dose level, but revealed
dose-related lesions of the squamous epithelium of the
forestomach (acanthosis and hyperplasia). It is likely that
the forestomach lesions were a function of the treatment
regimen whereby the bolus dose in an oil vehicle (sesame

seed oil) would enhance the direct-contact effects of the
sulfur mustard on the forestomach tissue. Studies by Hackett
et al. (1987) in which rabbits were gavage dosed with sulfur
mustard were equivocal regarding reproductive/develop-
mental effects due in part to the dose regimen and overt
maternal toxicity.

Studies in animals have shown that sulfur mustard may
induce developmental and reproductive effects (reviewed in
NRC, 1999, 2003). Acute exposures resulting in systemic
uptake may have effects on reproductive organs, including
inhibition of spermatogenesis. Fetal anomalies were
observed in tests with rats given sulfur mustard during
gestation but only at maternally toxic doses.

The genotoxicity of sulfur mustard is well documented. It
is known to produce DNA cross-links, mutations following
replication or repair errors, chromosomal breaks, and chro-
mosomal aberrations. Occupational exposures have been
associated with increased frequencies of somatic cell muta-
tions, sister chromatid exchanges, and chromosome abnor-
malities. Studies with rats indicate that subchronic inhalation
or oral exposures can produce dominant lethal effects.

The carcinogenicity of sulfur mustard in animals has been
reviewed in IARC (1975), Watson et al. (1989), IOM (1993),



NRC (1999), and USACHPPM (2000). McNamara et al.
(1975) studied the potential carcinogenicity of sulfur mustard
in rats, mice, rabbits, guinea pigs, and dogs exposed via
inhalation for up to one year. No tumors were detected in the
mice, rabbits, guinea pigs, or dogs, but skin tumors (basal and
squamous cell carcinomas, trichoepitheliomas, and keratoa-
canthomas) were associated with sulfur mustard exposure at
the highest exposure tested (0.1 mg sulfur mustard/m? for 6.5
h followed by 0.0025 mg sulfur mustard/m® for 17.5 h/day,
5 days/week). An increased incidence of pulmonary tumors
in Strain A mice was observed following intravenous injec-
tions (four doses over 2 days) of sulfur mustard (Heston,
1950), and an increase in injection site tumors in mice given
subcutaneous injections of sulfur mustard over a 6-week
period (Heston, 1953).

A study of the Iranian military veterans exposed to
sulfur mustard under battlefield conditions during the Iran—
Iraq conflict at levels sufficient to cause severe signs of
toxicity indicated a potential increased incidence of chronic
myelocytic leukemia (CML). In several earlier studies on
WWI veterans who had been exposed to sulfur mustard,
leukemia was not identified as a possible effect, although it
is unclear if examination for CML had ever occurred in
those populations. Confounders, such as exposure to
benzene or radiation which complicate the analysis, have
not yet been ruled out in the ongoing epidemiologic study
of Iranian veterans. Two cases of CML were reported for
Japanese workers exposed to sulfur mustard (Shakil ez al.,
1993) but the incidences of CML in the entire population of
sulfur mustard-exposed workers and in an unexposed
control population were not reported. Studies in animals
provide supporting evidence for the carcinogenicity of
sulfur mustard although the results of some studies are
compromised by insufficient exposure durations and
injuries resulting from caging situations.
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B. Nitrogen Mustards

Information regarding the toxicity of nitrogen mustards is
not as extensive as that for sulfur mustard. Limited lethality
data in animals are summarized in Table 8.8. Like sulfur
mustard, exposure to nitrogen mustards may cause skin
blistering as well as respiratory tract injury and ocular
damage. Response data from tests with informed human
volunteer subjects (NDRC, 1944) suggested a relative
potency of HN3 >HNI1 >HN2 for vesicant -effects,
although the differences were minor. Like sulfur mustard,
dermal effects were enhanced by moisture (as from
sweating). Estimated thresholds for skin blistering and
ocular injury are summarized in Table 8.9. Ocular injury
(irritation resulting in compromised operational effective-
ness of military personnel) was detected at exposures much
lower than those causing dermal effects. All of the toxic
effects of nitrogen mustard appear to involve a latency
period of several hours for ocular responses and several days
for dermal blistering. Nitrogen mustards are alkylating
agents with known mutagenicity, but there are no animal
cancer bioassays and no human carcinogenicity data.

Nitrogen mustard and its hydrochloride salt have been
shown to be teratogenic in mice and rats. Intraperitoneal
administration of HN2-hydrochloride/g to mice during
gestation resulted in serious teratogenic effects (Danforth
and Center, 1954). Haskin (1948) and Murphy et al. (1958)
reported similar findings in rats given HN2-hydrochloride/
kg subcutaneously during gestation.

Nitrogen mustards are bifunctional alkylating agents that
produce a carcinogenic response (primarily lung tumors and
lymphomas) in mice following subcutaneous, intraperitoneal,
and intravenous administration as well as by skin painting
(IARC, 1987). Intravenous administration of nitrogen
mustard to rats produced tumors in multiple organs (IARC,

TABLE 8.8. Lethality of nitrogen mustard (HN2)
Route Species Dose (mg/kg) Exposure time Effect Reference
Oral rat 10-85 - LDs NDRC (1946)
mouse 1020 - LDsg Fox and Scott (1980)
Percutaneous rat 14 - LDsq NDRC (1946)
12 96 h LDsg Vojvodic¢ et al. (1985)
mouse 29-35 - LDsg NDRC (1946)
monkey <50 - LDsq NDRC (1946)
Subcutaneous rat 6 - LDsg Vojvodic¢ et al. (1985)
mouse 1.4 - LDsg Fox and Scott (1980)
2.6-4.5 - LDsg NDRC (1946)
Intraperitoneal rat 1.8-2.5 - LDsg Fox and Scott (1980)
mouse 4.4 - LDsg Fox and Scott (1980)
Intravenous rat 1.1 - LDsg Fox and Scott (1980);
NDRC (1946)
mouse ~2 - LDsg NDRC (1946)
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TABLE 8.9.

Estimated effects thresholds in humans exposed to nitrogen mustard vapors

HN1 HN2 HN3

Effect

- 0.012 mg-min/m>

90 mg-min/m? 70 mg-min/m?>

>21,170 mg-min/m> 5,800 mg-min/m>

42 mg-min/m?

1,800 mg-min/m’
1,300 mg-min/m’

No observable effect level during therapeutic use of
HN2 (Van Vloten et al., 1993)

Moderate but reversible ocular effects (Porton
Report, 1942a, b, 1943a, b, c, d; US Army Med.
Div., 1945a, b; NDRC, 1946)

Median blistering Ct (10 min or 20 min exposure)
for normal skin

Median blistering Ct (20 min exposure) for sweating
skin (NDRC, 1944)

1987). Information in humans is limited to reports of squa-
mous cell carcinomas of the skin following therapeutic
application of nitrogen mustard in the treatment of mycosis,
fungoides, and psoriasis (IARC, 1987).

C. Lewisite

The toxicology of lewisite has been reviewed by Goldman
and Dacre (1989), Watson and Griffin (1992), Trammell
(1992), and Hurst and Smith (2008). Its characteristic
geranium-like odor is detectable at 14-23 mg/m® (Gates
et al., 1946). Lewisite may be lethal in humans following
inhalation, dermal, or oral exposure. It is reportedly
immediately highly irritating at estimated concentrations of
6-8 mg/m>. Gates et al. (1946) estimated an LCsy of
3,300mg/m> for 30min for lewisite vapor absorption
through the bare skin and an inhalation LCsq of 120 mg/m?
for 10 min and 50 mg/m? for 30 min. Inhalation of 10 mg/m?
lewisite for 30 min may result in severe intoxication and
incapacitation lasting for several weeks, and inhalation of
10 mg/m® for 15 min caused inflammation of the eyes and
swelling of the eyelids (Franke, 1977). Like sulfur mustard,
moist tissues are particularly sensitive to lewisite. The eyes
exhibit the greatest sensitivity (IOM, 1993).

The vesicant properties of lewisite result from direct
contact with the skin. Signs of dermal toxicity (pain,
inflammation) may be experienced within a minute after
exposure. Acute lethality is usually the result of pulmonary
injury. Ocular exposure may result in corneal necrosis. Due
to its lipophilicity, percutaneous absorption of lewisite is
rapid and, at a sufficient exposure, may be associated with
systemic toxicity characterized by pulmonary edema, diar-
rhea, agitation, weakness, hypothermia, and hypotension
(IOM, 1993). The threshold for severe systemic toxicity in
humans following dermal exposure to lewisite has been
estimated at 10 mg/kg (9.1-13.4 mg/kg) (Sollman, 1957).

Eldridge (1923) conducted tests on human volunteers to
assess the effects of dermal exposure to lewisite vapor. The
arms of men (one to seven men with previously determined
average sensitivity to lewisite) were exposed to varying
concentrations of lewisite vapor for periods ranging from

10 min to 3 h for the purpose of determining the concen-
tration of lewisite required for blistering. The resulting
dermal responses ranged from reddish discoloration to
a clear watery blister over the entire burned area, accom-
panied by reddening, swelling, and hardening of the
surrounding skin. The burns reached maximum severity
in 3648 h, and healing was complete in 6 days to 2 weeks.
The men reported that the healed skin remained sensitive for
several weeks after the healing was complete.

It has been hypothesized that fatalities following dermal
exposure to lewisite may be due to blood plasma loss
resulting from extensive capillary damage (lewisite shock)
(Cameron et al., 1946). Sollman (1957) estimated that an
oral dose of as little as 2 ml in an adult human (equivalent to
37.6 mg/kg) may be fatal within several hours. The target
tissues and organs for systemic toxicity of lewisite include
the liver, gall bladder, urinary bladder, lung, and kidneys
(Cameron et al., 1946; Snider ef al., 1990). Generally, there
is a data deficiency regarding definitive exposure-response
data for lewisite.

In studies with rats, Silver and McGrath (1943) found
little difference in the acute lethality of cis- or trans-lewisite
exposed for 10 min. Ten-minute mouse LCsg values for the
cis- and trans-isomers were 190 and 200 mg/m’, respec-
tively. All mice exposed to 240 mg/m® lewisite for 10 min
died. Clinical signs in dogs exposed for 7.5 or 15 min
included immediate continual eye blinking, followed by
excessive nasal secretion, lacrimation, and sneezing
(Armstrong, 1923). Ocular inflammation and vomiting also
occurred in some dogs by the end of the 7.5- and 15-min
exposures. Dogs exposed for 30 min or longer exhibited
frequent retching, vomiting, extreme salivation, labored
breathing, and inflammation of the entire respiratory tract.
Necropsy revealed a thick membrane in the nostrils, larynx,
and trachea, which was accompanied by purulent bronchitis,
hemorrhage, pneumonia, edema, and congestion of the
lungs.

Similar to the work on sulfur mustard, Sasser et al.
(1989a) conducted experiments in rats given lewisite by
gastric intubation (in sesame oil) at doses of 0.01, 0.1, 0.5,
1.0, or 2.0 mg/kg, 5 days/week for 13 weeks. A dose-related
response was observed for lethality (deaths in the three



highest dose groups) and frequency and severity of fore-
stomach lesions. The forestomach lesion incidence and
severity were due, at least in part, to the bolus of dosing and
the sesame oil vehicle.

Multigeneration reproductive studies in rats (Sasser
et al., 1989b) and teratology studies in rats and rabbits
(Hackett et al., 1987) given lewisite by gastric intubation
were negative or compromised by concurrent maternal
toxicity.

The carcinogenic potential of lewisite is not well
understood. In a long-term follow-up study, Krause and
Grussendorf (1978) reported the formation of a malignant
lesion at the site of contact 8 years following a single, acute
dermal exposure of a German soldier accidentally exposed
to liquid lewisite on his lower right leg in 1940. Eight years
later the lesion was diagnosed as malignant. Thirty-eight
years after exposure, the area of contact remained ulcerated
and diagnosed as Bowen’s disease (an intradermal squa-
mous cell carcinoma). Bowen’s disease was also diagnosed
in workers at a Japanese lewisite production facility (Inada
et al., 1978). Findings in these workers were not conclusive
due to concurrent exposure to diphenylcyanoarsine and
sulfur mustard. Furthermore, no quantitative estimates of
dose or exposure rates were available (Inada et al., 1978).

Increased incidences of cancer mortality (respiratory
tract: 14%; digestive tract: 9.6%) in workers from the Okuno-
Jima poison gas factory were reported by Wada et al. (1968).
When cancer rates were correlated with job classification, the
frequency of respiratory and gastrointestinal tract neoplasms
was highest in the workers who were involved in the
production of sulfur mustard or lewisite, followed by those
who worked indirectly with sulfur mustard or lewisite. The
lowest frequency occurred in the group having no direct
contact with the vesicant agents (Yamakido et al., 1985).
Similar to the Bowen’s disease findings, the cancer inci-
dences were confounded by the fact that workers were also
exposed to sulfur mustard, hydrocyanic acid, diphenylcya-
noarsine, chloroacetophenone, and phosgene.

VI. RISK ASSESSMENT

A. Sulfur Mustards

1. NONCANCER
Various standards and guidelines have been developed for
sulfur mustard. These values are applicable to occupational
exposures, emergency planning and response efforts, and
remediation efforts. Airborne exposure limits (AELs) and
health-based environmental screening levels (HBESLs) for
sulfur mustard have been developed by the US Army
(USACHPPM, 1999, 2000). Most health-based criteria for
sulfur mustard vapor exposure are based upon protection of the
eyes and respiratory tract which are the most sensitive targets.

Acute Exposure Guideline Levels (AEGLs) for sulfur
mustard have been developed for emergency planning and
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emergency response applications (NRC, 2003). The AEGLs
represent threshold exposure limits for the general public
and are applicable to emergency exposure periods ranging
from 10 min to 8 h.

Reference doses (RfDs), an estimate of a daily dose to
humans that is likely to be without appreciable risk of
deleterious health effects during a lifetime, have also been
developed for sulfur mustard (NRC, 1999).

The various guidelines and standards for sulfur mustard
have been summarized by ATSDR (2003).

2. CANCER
The International Agency for Research on Cancer (IARC)
classified sulfur mustard as a Group 1 carcinogen (carcino-
genic to humans) (IARC, 1987). The National Toxicology
Program (NTP) considers ‘‘mustard gas’’ as a substance
““known to be a human carcinogen’’ (DHHS, 1998). These
assessments are based upon human and animal data.

Studies of occupational exposures to sulfur mustard
indicate an elevated risk of respiratory tract and skin tumors
following long-term exposure to acutely toxic concentra-
tions. Overall, several factors are important regarding the
assessment of the carcinogenicity of sulfur mustard.
Increased cancer incidence in humans appears to be asso-
ciated only with exposures that caused severe acute effects,
and occupational exposures tended to involve repeated
exposures and repeated injury of the same tissues. Because
the therapeutic use of the sulfur mustard analog nitrogen
mustard is associated with an increased incidence of CML,
the reports of CML in HD-exposed individuals appear to be
relevant to the carcinogenicity of sulfur mustard.

Cancer slope factors and unit risk values for sulfur
mustard have been summarized by ATSDR (2003).

B. Nitrogen Mustards

1. NONCANCER

Very few standards and guidelines are available for nitrogen
mustards. AEGL values for the nitrogen mustards, HN1,
HN2, and HN3, have been developed and are based upon
ocular irritation in human volunteers (AEGL-2) and
lethality in rodents (AEGL-3). Data were insufficient for
derivation of level AEGL-1 values. The AEGL values are
currently awaiting finalization. The US Army (USACHPPM,
1996, 2004) has developed Worker Population Limit (WPL)
values and General Population Limit (GPL) values for
nitrogen mustard (USACHPPM, 1996, 2004).

2. CANCER
Data are not available with which to quantitatively assess
the cancer risk from nitrogen mustards, although IARC
(1987) considers nitrogen mustard a Group 2A carcinogen
based upon limited evidence in humans and sufficient
evidence in animals.
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C. Lewisite

1. NONCANCER
The US Army has developed HBESLs for lewisite
(USACHPPM, 1999). Additionally, a chronic oral reference
dose (RfD) is available (NRC, 1999; USACHPPM, 1999),
as are inhalation and dermal RfDs (USACHPPM, 1999).
Interim Acute Exposure Guidelines values (AEGLs) have
been developed for lewisite.

2. CANCER
Data regarding the potential carcinogenicity of lewisite are
anecdotal and insufficient for a quantitative assessment.
Although quantitative data are lacking, the position main-
tained by CDC (DHHS, 1988) is that some evidence
suggests that lewisite may be a carcinogen. For environ-
mental exposure and remediation concerns, the arsenic
component and/or arsenic-containing degradation products
are, however, relevant.

Although the carcinogenicity of lewisite is equivocal and
a quantitative assessment not feasible, several lewisite
degradation products are known carcinogens. Combustion
products of lewisite include the inorganic arsenicals, arsenic
trichloride, arsenic trioxide, and vinyl chloride. Inorganic
arsenic is carcinogenic in humans and animals and is clas-
sified as a Group A carcinogen by the US EPA (2008).
Arsenic trioxide and vinyl chloride are both considered
Group A carcinogens by the US EPA (US EPA, 1984) and
Group 1 carcinogens by IARC (IARC, 1987).

VII. TREATMENT

A. Sulfur Mustard

Medical management of sulfur mustard exposure begins
with prevention of exposure. As previously noted in this
chapter, the military use of sulfur mustard necessitated
full-body protection. As a result, considerable effort has
been expended in the development and evaluation of
protective clothing and equipment (Schier and Hoffman,
2005). In general, these include respirators (air-purifying and
atmosphere-supplying), and chemical-protective clothing
(e.g. chemical and vapor impermeable coverings, clothing
treated with adsorbing or neutralizing chemicals). Following
exposure, rapid decontamination is essential and may
include removal of contaminated clothing and removal/
neutralization of the agent. Ocular exposure will necessi-
tate rapid removal of the agent from the eyes by irrigating
with water. Vapor exposure may necessitate respiratory
support. Because there are no antidotes for sulfur mustard
poisoning, medical management must rely on prevention,
decontamination, and palliative treatment of signs and
symptoms. The use of possible antidotes (e.g. antioxi-
dants) has been reviewed by Smith ef al. (2008) and
polyurethane sponges containing detoxification additives

are currently being developed and evaluated for decon-
tamination/detoxification (Gordon et al, 2006). The
medical management of sulfur mustard (and other vesicant
agents) has been reviewed by Munro ef al. (1990) and
Keyes et al. (2005).

B. Nitrogen Mustards

Medical management of nitrogen mustard exposure is
similar to that for sulfur mustard and involves prevention of
exposure and, where exposure has occurred, decontamina-
tion and support therapy. The use of antioxidants in the
treatment of nitrogen mustard toxicity is currently under
investigation (Hardej and Billack, 2006).

C. Lewisite

Similar to the mustard agents, exposure prevention is the
first line of defense against lewisite. Rapid decontamination
is especially relevant to lewisite exposure due to the rapid
development of pain (1-2 min) associated with lewisite
exposure. Unlike other vesicants, an effective antidote for
lewisite toxicity exists in the form of British anti-lewisite
(BAL; 2,3-dimercaptopropanol) which binds with arseni-
cals, thereby countering the lewisite-induced damage. Such
chelation therapy is associated with notable side effects (e.g.
renal effects) and requires careful medical management.
More effective analogs of BAL have been developed with
less significant side effects.

VIII. CONCLUDING REMARKS
AND FUTURE DIRECTION

As chemical warfare agents, vesicants have received
considerable attention over the last two decades due to
concerns regarding destruction of agent stockpiles, reme-
diation of contaminated sites, the documented and specu-
lated use of these agents in regional conflicts, and possible
use in subversive/terrorist activity. This elevated interest
profile has resulted in summaries of older toxicological data,
generation of new data, and a greater understanding of the
effects of these agents on biological systems. Application of
these data have been invaluable in the development of
various health-based criteria, standards, and guidelines for
use in remediation efforts, risk planning, and emergency
response activities.

Future directions appear to focus on acquiring additional
in-depth understanding of the mechanism of action of these
agents through the development of experimental models for
vesicant-induced injury, and an application of this infor-
mation in the development of therapeutic measures for the
prevention and treatment of vesicant-induced injury.
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CHAPTER 9

Arsenicals: Toxicity, their Use as Chemical

Warfare Agents, and Possible Remedial

Measures

SWARAN J.S. FLORA, GOVINDER FLORA, AND GEETU SAXENA

I. INTRODUCTION

Arsenic is a metalloid (semi-metal) member of group V
elements of the periodic table having oxidation states of
+3 (As III) and +5 (As V), in which the former (As III) is
more toxic than the latter (As V) (Aposhian et al., 2003).
Both species occur in organic as well as inorganic
compounds. Arsenic combines chemically with most
nonmetals to form a variety of both inorganic and organic
compounds. Organoarsenic compounds with trivalent
arsenic were produced as pesticides as well as chemical
warfare agents in the first half of the 20th century
(Aposhian et al., 2003; Li et al., 2005). A number of
organic arsenicals have been developed for use as chem-
ical warfare agents. These arsenic-containing substances in
the chemical weapon’s program are of human and eco-
toxicologic relevance. The story of arsine and lewisite
encapsulates the key elements of the history of chemical
weapons and their continuing power (Kunz, 1994; Stanek,
1991; Sugden, 2008). Although information about arsenic
and its inorganic and organic derivatives is well docu-
mented, there is very little literature available on their role
as chemical warfare agents. This chapter provides readers
with updated information about the organic arsenicals as
chemical warfare agents and also gives a comprehensive
account of toxicity due to inorganic arsenicals. Arsenic
poisoning has recently assumed an alarming proportion in
some nine districts of West Bengal, India, so much so that
it has been earmarked as ‘‘the biggest arsenic calamity in
the world”’. In view of the rapid spread of various diseases
arising out of arsenic contamination (e.g. arsenical
dermatosis, melanosis, keratosis, edema, gangrene) in
different areas of West Bengal and also in adjoining areas
of Bangladesh, there is a need to provide the reader with
information about the modes and sites of action following
exposure to environmentally relevant levels of arsenicals
and to determine the effects of arsenicals in susceptible
populations.
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II. BACKGROUND

Arsenic is well known as an insecticide in the form of lead
arsenate, arsenic acid, etc., and in pharmacy, especially in
the form of salvarsan and neosalvarsan. Arsenic derivatives
are also of value from the point of view of chemical warfare
agents (Stanek, 1991; Wexler, 2004). World War I marked
a new era in the modern warfare as persistent rumors were
circulated in the early part of the war that the Germans were
to use arsine (Szinicz, 2005; Thomas and Young, 2001).
These rumors led to the use of sodium permanganate in the
canister, but no arsine was actually used. Another sugges-
tion which received considerable attention was the use of
arsenide, which might decompose under the influence of
atmospheric moisture with the liberation of arsine
(Henriksson et al., 1996; McManus and Huebner, 2005).
However, calculation of the amount of arsenide required to
establish a lethal concentration of arsine suggests no
possibility of using the material in the field. Organic arsenic
derivatives are the most important compounds from a mili-
tary point of view. The first substance used was diphenyl-
chloroarsine, a white solid, which readily penetrated the
canister and caused sneezing. This was used alone, and in
solution in diphenylchloroarsine. Later, methyl and ethyl
dichloroarsines were introduced (Beckett, 2008).

Arsine, the most toxic form of arsenic, exhibits some
characteristics that may make it useful as a chemical warfare
(CW) agent. Arsine is a colorless, odorless, nonirritating gas
and is 2.5 times denser than air (Henriksson et al., 1996;
Pullen-James and Woods, 2006; Thomas and Young, 2001).
At concentrations above 0.5 ppm, a garlic-like odor may be
noted, but arsine is toxic at much lower concentrations.
Acute arsine poisoning due to inhalation of arsine gas (AsH3)
is rare but has no known antidote. It is the most acutely toxic
form of arsenic causing rapid and severe hemolysis imme-
diately on exposure. The mechanisms of hemolysis are not
completely understood. Arsine has a short half-life (27-96 h)
and is converted to various arsenic derivatives. Although it

Copyright 2009, Elsevier Inc.
All rights of reproduction in any form reserved.
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has been investigated as a CW agent, arsine has no recorded
battlefield use. During and prior to World War II, the British
studied this agent and rejected its use in the field. They
concluded it was more than ten times less toxic than phos-
gene (CG). In addition, it is difficult to manufacture and is
highly flammable. Although it was determined that arsine
was not a useful battlefield CW agent, it may still be useful as
a small-scale weapon of assassination or terror. A number of
other arsine-derived organoarsenic compounds have been
developed and used as CW agents, including lewisite (L),
methyldichloroarsine (MD), diphenylchloroarsine (DA),
and ethyldichloroarsine (ED) (Ishizaki ef al., 2005).

Arsenicals are considered a threat, not so much from
large nation states but from smaller, less developed nations
and/or by terrorist organizations. The relative ease of
production coupled with their effectiveness against an
unprotected population make organic arsenicals a continued
threat in the 21st century. This chapter describes the human
health aspects of arsine, organic arsenicals, and inorganic
arsenic, and the current status of development of suitable
therapeutic measures.

ITII. ARSINE
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Arsine (AsHj3) is a colorless, extremely flammable gas with
a garlic-like odour. The most common synonyms for arsine
are arsenic hydride, arsenic trihydride, hydrogen arsenide,
and arsenous hydride. The relative molecular mass of arsine
is 77.95. Its boiling point is —62°C and vapor pressure at
20°C is 1043 kPa. Arsine is a strong reducing agent,
deposits arsenic on exposure to light and moisture, and is
easily transformed into other oxidized arsenic forms [e.g. As
(IIT) and As (V)]. The arsine gas is colorless, odourless, and
2.5 times denser than air (Table 9.1). Arsine is a class of
organoarsenic compounds of the formula AsH3 4Ry, where
R = aryl or alkyl (Fowler and Weissber, 1974).

Possible sources of occupational exposure are many and
include the semiconductor industry during microchip
production and other industries in which workers are involved
in galvanizing, soldering, etching, and lead plating (Landrigan
et al., 1983). It also can be produced inadvertently by mixing
arsenic-containing insecticides and acids (Pullen-James and
Woods, 2006). In humans and animals, arsine is metabolized
to trivalent arsenic as well as pentavalent arsenic. Arsenic (I1I)
is methylated to monomethylarsonate (MMA) and dimethy-
larsinate (DMA). Arsine metabolites are mainly excreted via
urine (Apostoli ef al., 1997).

Arsine is supposed to be the most toxic form of arsenic.
The acute toxicity of arsine is high in different species

TABLE 9.1. Physical and chemical properties of arsine

Molecular formula AsHj;

Molar mass 77.95 g/mol

Appearance Colorless gas

Density 4.93 g/1, gas; 1.640 g/ml (—64°C)
Melting point —117°C (157 K)

Boiling point —62.5°C (210 K)
Solubility in water 0.07 g/100 ml (25°C)

Molecular weight 77.95

including humans. The target organ of arsine is the hema-
topoietic system and, in particular, the erythrocytes (Blair
et al., 1987). Inhaled arsine gas is distributed rapidly and
causes massive red blood cell hemolysis that can potentially
lead to cellular hypoxia (Apostoli et al., 1997; Hatlelid
et al., 1995, 1996; Peterson and Bhattacharyya, 1985). The
mechanisms of action involved in hemolysis are not eluci-
dated fully, but studies (Hong et al., 1989; Winski ef al.,
1997) reveal: (1) arsine causes a nonspecific disruption of
ion gradients, leading to cell membrane instability,
(2) sulthydryl groups in cell membranes are probable targets
of arsine toxicity, and (3) hemoglobin is an important
subcellular target of arsine toxicity.

Arsine poisoning can lead to acute renal tubular necrosis
and ultimately to oliguric/anuric renal failure (Rogge ef al.,
1983). Renal failure can be attributed to (1) direct effect of
arsine on renal tissue, (2) heme-pigment nephropathy, or
(3) renal hypoxia secondary to massive hemolysis and
decreased oxygen carrying capacity of the blood.

Effects of long-term exposure to low levels of arsine are
not well documented; however, most of the reported deaths
are believed to be secondary to acute renal failure. Exposure
to other arsenic compounds to which arsine is metabolized
can induce lung, bladder, kidney, and skin cancer in humans
(Kleinfeld, 1980; Lenza, 2006).

A. Synthesis of Arsine

Arsine is formed whenever nascent hydrogen is released in
the presence of arsenic or by the action of water on a metallic
arsenide. The formation of arsine can be described with the
help of the following reaction (Anthonis et al., 1968a, b;
Bellama and Macdiarm; 1968; Coles et al., 1969; Jenkins
etal., 1965):

3 Hy + HAsO, — AsH; + 2 H,O

AsHj is also prepared by the reaction of As®>" sources
with H™ equivalents (Bellama and Macdiarm, 1968):

4 AsCls + 3 NaBHy4 — 4 AsH; + 3 NaCl + 3 BCl;

Alternatively, sources of As’~ react with protonic
reagents to produce arsine:

ZmAsy + 6 HY — 2 AsHz + 3 Zn?™
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B. Sources of Exposure

The main anthropogenic sources of arsine include its acci-
dental formation, particularly in the chemical and nonfer-
rous (like zinc, copper, and cadmium) metallurgical
industries, production or use of the gas itself during manu-
facture of semiconductors as a doping agent (Aposhian,
1997; Winski et al., 1997) and in battery production as an
alloy with lead (Wald and Becker, 1986).

Arsine is extensively used in the semiconductor industry
for epitaxial growth of gallium arsenide (GaAs) and as
a dopant for silicon-based electronic devices (Sheehy and
Jones, 1993). Arsine is also used in organic synthesis
(Lewis, 1993), as an agent in the manufacture of light-
emitting diodes, and for manufacturing certain glass dyes
(HSDB, 1999).

C. Human Arsine Exposure

Occupational sources where exposures to arsine at levels
sufficient to cause acute arsine intoxication have occurred
include copper smelting and refinery (Pinto et al., 1976),
bronzing process (Clay ef al., 1977), a chemical company
cleaning a clogged drain (Parish et al., 1979), transistor
industry (Kleinfeld, 1980), and burnishing of metals
(Romeo ef al., 1997). Many processes including electrolyte
refining, galvanizing, soldering, etching, lead plating, metal
smelting, and extraction may expose workers to toxic
concentrations of arsine. Workers in the electronics industry
using GaAs to manufacture GaAs optoelectronic, micro-
wave, and integrated circuit products are potentially
exposed to arsine (Chein ef al., 2006; Sheehy and Jones,
1993). Unintentional formation of arsine can occur princi-
pally in the metallurgical industry as a result of arsenic
contamination of many ores, such as zinc, lead, copper,
cadmium, antimony, gold, silver, and tin (Braman, 1977,
Fallenti ef al., 1968).

D. Metabolism of Arsine

1. ANIMAL STUDIES
Levvy (1947) reported that an average of 64% of inhaled
arsine was absorbed in mice exposed by inhalation route at
concentrations of 25-2500 mg/m’ for periods ranging from
0.40 min to 24 h. Blair et al. (1990b) measured the arsenic
content in liver after exposure of rats to variable arsine
concentrations (0.08, 1.6, and 8.1 mg/m? for 6 h/day for 90
days). Arsenic concentration in liver increased with airborne
arsine concentration and was higher in females than in
males. The arsenic level in 3—4 days after a 90 day exposure
at a concentration of 8.1 mg/m® was 6-8 pg/g (compared
with approximately 1.5 [g/g in controls).

The main route of arsine excretion is via urine after
metabolism. Levvy (1947) studied the elimination of arsenic
in arsine-exposed mice and compared it with the animals
exposed to sodium arsenite. Arsenic was excreted expo-
nentially in intravenously arsenite-administered mice and

after 24 h, less than 10% of the dose remained. On the other
hand, arsenic arising from inhalation exposure to 180 mg
arsine/m” for 120 min was excreted more slowly and after
24 h about 45% of arsenic remained in the exposed
mice. Buchet ef al. (1998) exposed rats to 4-80 mg arsine/
m® for 1 h; the major metabolites determined in urine were
As (III) and As (V), MMA and DMA. When the exposure
exceeded 60 mg/m°, the proportional urinary excretion also
showed an increase, indicating saturation of arsine/arsenic
binding.

2. HumAN STUDIES
Arsine is rapidly absorbed into blood through the respiratory
tract (Venugopal and Luckey, 1978). Arsenic can be detected
in blood after a few days of exposure. The highest quantities
of arsenic were found in liver, kidney, and spleen, and
smaller amounts of arsenic were also found in the hair of
workers occupationally exposed to arsine (Romeo et al.,
1997). Apostoli et al. (1997) detected the presence of arsenic
in tissues, blood, and urine of workers in the petroleum
industry who were poisoned with arsine. In a fatal case of
arsine poisoning, arsenic was found in the liver at a con-
centration of 11.8 mg/g, spleen at 7.9 mg/g, kidneys at
3.2 mg/g, brain at 0.6 mg/g, and in the urine at 0.6 mg/ml.
Trace amounts were also found in the blood (Apostoli ez al.,
1997).

Inhaled arsine was rapidly dissolved in body fluids and
oxidized to As (III) (Apostoli et al., 1997). Part of As (III) is
further oxidized to As (V), as indicated by the appearance of
As (V) in urine of humans exposed to arsine 1-2 days
following exposure. Trivalent arsenic is methylated to
MMA and DMA (Romeo et al., 1997).

E. Mechanism of Toxicity

After inhalation of arsine gas it causes rapid destruction of
red blood cells leading to hypoxia and renal failure. The
mechanism of toxicity and modes of action of arsine in
humans and animals have not been fully studied. Two
mechanisms have been proposed for arsine poisoning,
(1) reaction with sulfhydryl groups (Blair et al., 1990b;
Waters et al., 2004; Winski et al., 1997) and (2) oxidative
stress (Blair et al., 1990a, b; Hatlelid et al., 1996; Hatlelid and
Carter, 1997). Besides these two mechanisms nonspecific
disruption of ion gradient leading to cell membrane insta-
bility and lysis of red blood cells have also been proposed as
mechanisms for the toxic effects of arsine (James and Woods,
20006). Hatlelid and Carter (1997) postulated that the hemo-
lytic activity of arsine is related to oxidative stress through
the formation of hydrogen peroxide and arsine adducts with
hemoglobin, according to the following reaction:

HyAs — H+ HbO, — HyAs* +2 Hb — 0, — H

These products may then react to form methemoglobin
and arsine peroxide, or, alternatively, the reaction may
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produce hydrogen peroxide and arsenic adduct such as
H,As-H or HyAs-heme:

HyAs* +2 Hb — O, — H — adduct + H,O,

Such an adduct may probably damage hemoglobin mole-
cules, leading to the rapid denaturation and precipitation of
the proteins (Hatlelid and Carter, 1997).

Some studies have suggested that the sulthydryl groups
of glutathione (GSH) prevented hemoglobin oxidation and
in this manner are essential for the maintenance of intact
erythrocyte structure (Blair et al., 1990b). In an in vitro
study, a decrease in reduced GSH concentration in human
RBCs was found to correlate with the hemolytic action of
arsine (Pernis and Magistretti, 1960). Blair et al. (1990a)
recorded a 60% decrease in reduced GSH level in erythro-
cytes exposed to arsine in vitro. However, later studies by
Hatlelid et al. (1995) showed that the depletion of reduced
GSH in RBCs in dogs neither preceded nor coincided with
hemolysis.

According to the hypothesis of the sulfhydryl-dependent
mechanism of arsine toxicity (Levinsky ef al., 1970), arsine
reacts with the sulfhydryl group of Na'/K*-ATPase,
causing an impairment in the sodium—potassium pump
which subsequently causes red cell swelling and hemolysis.
The affinity of trivalent arsenic for the sulfhydryl group is
well known. Winski and co-workers reported profound
abnormalities in membrane ultrastructure and in red blood
cell volume (Winski et al., 1997), which were manifested
by potassium leakage, sodium influx, and increases in
hematocrit in arsine-exposed red cells, although no change
in ATP and ATPase was observed following exposure to
arsine. Hemolysis in arsine exposed RBCs was dependent
on membrane disruption caused by arsine-hemoglobin
metabolites, the ultimate toxic species (Winski et al.,
1997).

F. Effects on Humans

The data on arsine concentration in the workplace atmo-
sphere are relatively scant. Toxicity of arsine to humans was
first demonstrated in 1815 when a German chemist acci-
dentally inhaled arsine vapor during an experiment. He
became ill and soon died. A case report indicated that
exposure to arsine by inhalation for a few hours at
a concentration of 10-32 mg/m® might induce symptoms of
poisoning, whereas exposure to 810 mg/m® for 30 min
might be fatal (Romeo ez al., 1997). It has been reported that
concentrations of 23-970 mg arsine/m’ were associated
with fatalities (Morse and Setterlind, 1950).

G. Acute Arsine Poisoning

Most patients report little or no discomfort at the time
of exposure. Although a garlic-like odor may be noted with
higher ambient arsine concentrations, serious toxicity may
result from clinically nondetectable exposures. Following

<Signs and symptoms of Arsine poi soninD

Long term exposure

Short term exposure

> Weakness > Kidney damage
»> Fatigue » Numbness

» Headache » Memory loss
> Drowsiness > Confusion

» Shortness of breath > lrritability

> Rapid breathing > Respiratory failure
> Nausea > Death

» Vomiting

> Abdominal pain

> Red or dark urine

» Jaundice

» Muscle cramps

FIGURE 9.1. Signs and symptoms of arsine poisoning.

exposure, a dose-dependent latent period ensues, lasting up to
24 h (Apostoli et al., 1997; Lenza, 2006; Levvy, 1947; Song
et al., 2006; Thomas and Young, 2001; Young et al., 2003).
Symptoms following sublethal arsine exposure may include
abdominal pain, hematuria, and jaundice (Figure 9.1).

1. PHysicAL SIGNS
Physical signs and their severity depend on the concentra-
tion of arsine gas and the duration of the exposure (Apostoli
et al., 1997; Lenza, 2006; Levvy, 1947; Song et al., 2006;
Thomas and Young, 2001; Young et al., 2003).

o Vital signs — hyperthermia, tachypnea, tachycardia,
hypotension.

« Head, ears, eyes, nose, and throat (HEENT) -
discoloration of conjunctivae (red, orange, brown, or
brassy; reportedly distinct from hyperbilirubinemia),
scleral icterus, garlic odor to breath (possible).

o Pulmonary — rales from acute respiratory distress
syndrome (ARDS) in severe exposure

« Gastrointestinal — abdominal tenderness, hepatomegaly.

« Genitourinary — costovertebral angle tenderness, colored
urine (red, brown, or green from hemoglobinuria and/or
methemoglobinuria).

« Extremities — possible paresthesias and Mees lines with
chronic arsenic toxicity from arsine exposure.

2. CAUSES

« Arsine gas is used in the semiconductor industry when
depositing arsenic on microchips. Exposure also may
occur from producing, cleaning, or reclaiming GaAs
wafers (Carter et al., 2003; Chein et al., 20006).
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« Arsine is released during the production of hydrogen in
an acid medium in contact with arsenic-contaminated
metals (Braman, 1977).

« Arsine might be a potential chemical warfare agent
(Lenza, 20006).

H. Immediate Effects

Clinical manifestation of arsine intoxication appears within
24 h of exposure (usually within a few hours). The period of
latency depends on concentration and time of exposure. The
initial symptoms include headache, malaise, weakness,
dyspnoea, dizziness, abdominal pain, nausea, and vomiting.
The urine might be dark red, usually 4-6 h following
exposure, and jaundice of the skin and mucous membranes
might appear usually 2448 h after exposure. In some cases,
hepatomegaly and splenomegaly with tenderness of costo-
vertebral angle, fever, tachycardia, and tachypnea occur.
Information on the concentration of arsine in the air or on
the duration of the exposure in relation to the effects
observed is mostly not available (Kleinfeld, 1980).

Hemolytic anemia is the most consistent clinical finding
in humans. Massive hemoglobinuria may lead to anuria,
which, if untreated, is often the cause of death. Both central
and peripheral nervous systems may also be affected. Toxic
pulmonary edema and acute circulatory failure have also
been reported as the cause of death in arsine poisoning
(Hatlelid ez al., 1996; Winski et al., 1997).

I. Late Effects

Late consequences of acute arsine poisoning include chronic
renal damage, hematological changes, polyneuritis, and
neuropsychological symptoms (e.g. irritation, confusion,
memory losses, agitation, and disorientation). Morpholog-
ical changes in the kidneys of a truck driver with arsine-
induced anuria have been reported earlier (Muehrcke and
Pirani, 1968). Six months after arsine poisoning, the patient
showed anemia and azotemia. Twenty-three months after
recovery from acute renal failure, interstitial fibrosis was
focal, and severe nephrosclerosis with renal insufficiency
was present. Gosselin and co-workers described reversible
polyneuritis of the upper and lower extremities that was
observed 3 months after exposure. Peripheral neuropathy
was still present 6 months after exposure (Gosselin et al.,
1982). Extreme restlessness, loss of memory, agitation, and
disorientation occurred several days after exposure and
lasted about 10 days in two patients heavily exposed to
arsine. An increase in total cell count and macrophages in
bronchoalveolar lavage was observed in an arsine-exposed
worker. Progressive improvement in diffusing capacity of
lungs was observed only after 2 months of treatment.
Pinto and co-workers reported that electrocardiographic
(ECG) changes in one case lasted for 10 months. Vertical
white lines on the nails were observed in many cases 10 days

to 3 weeks following arsine exposure (Pinto et al., 1976).
Hepatitis in an arsine-poisoned patient on the 20th day after
the acute hemolysis has also been reported (Mora et al.,
1992).

J. Long-Term Exposure

Long-term exposure may cause symptoms similar to those
observed in acutely poisoned individuals. The main differ-
ences from acute poisoning were in a delay in onset and
development of peripheral neuritis, development of gastro-
intestinal tract involvement, and development of hemolysis
and renal impairment (Risk and Fuortes, 1991; Watson and
Griffin, 1992). Lowered hemoglobin levels were found in zinc
ore smelting workers exposed to arsine for long periods and
who had urinary arsenic concentration below 0.2 mg/liter.
These urinary concentrations were estimated to correspond to
air arsine concentrations below 0—16 mg/m”>. Once a special
ventilation system had been installed, the hemoglobin levels
in the workers gradually returned to their normal values (Risk
and Fuortes, 1991; Watson and Griffin, 1992).

K. Diagnostic Tests
1. LABORATORY STUDIES

« Complete blood count
o Hemolytic anemia — may be severe and rapidly
developing, with pink serum resulting from free
hemoglobin
o Elevated white blood cell count — may be seen early
« Methemoglobinemia
« Urinalysis
o Hemoglobinuria
o Proteinuria
o Serum chemistry panel
o Hemolysis can cause hyperkalemia, elevated lactate
dehydrogenase, and hyperbilirubinemia
o Renal failure can cause elevated creatinine and blood
urea nitrogen (BUN) levels
o Hepatic transaminases may be elevated
« Arsenic levels
o Blood and urine arsenic levels are elevated acutely
0 A 24-h urine arsenic may help in monitoring chronic,
low-level arsine exposures
« Electrocardiogram
o Peaked T waves from hyperkalemia may be seen
o Nonspecific ST segment and T wave abnormalities have
been reported
o QT interval prolongation is possible from arsenic
toxicity
« Imaging studies
o No routine imaging studies are indicated
o Chest radiography is indicated to detect acute
respiratory distress syndrome (ARDS) in patients with
pulmonary symptoms
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2. COMPLICATIONS

« Hemolytic anemia
« Renal failure
« Hyperkalemia
« Death
o Overwhelming exposures cause rapid death from
massive hemolysis
0 Most deaths occur from renal failure in patients who
survive acute exposure
« Chronic arsenic toxicity — patients surviving acute arsine
exposure may develop chronic arsenic toxicity,
including anemia and peripheral neuropathy.

IV. ORGANIC ARSENICALS

Cl

Cl As

\CI

The arsenicals are a series of blister agents based around
a chloroarsine (AsCl;) molecule in which one of the chlo-
rine atoms is replaced by an organic radical.

These chloroarsines are effective cytochrome oxidase
destroyers, or blood agents. Arsenic seeks to replace calcium
in the bones, thus causing bone marrow destruction as the
endocrine system is concurrently attacked (Styblo and
Thomas, 1997). Many organic radicals penetrate human skin,
carrying their compounds with them (Cohen ef al., 2006).

A. Background

Interest in organic arsenicals dates back to the mid-19th
century. Chemists discovered that an arsenic-chloride
compound (chloroarsines) in which one of the chlorine
atoms is replaced by an organic radical tends to be harmful
both to insects and to human tissue (Bartelt-Hunt ez al., 2008;
Beckett, 2008; Kunz, 1994; McManus and Huebner, 2005;
Vilensky and Redman, 2003). The trench warfare stalemate
during World War I created a tactical need for a chemical
weapon that was both short acting (e.g. nonpersistent,
volatile) and lethal (Stephenson, 2006). To fill this need,
first weaponized organic arsenical, methyldichloroarsine
(MD), was delivered. Two additional organic arsenicals,
diphenylchloroarsine (DA) and ethyldichloroarsine (ED),
soon augmented MD. A fourth organic arsenical named
lewisite was discovered by US Army Medical Corps but was
never deployed in World War I (Bartelt-Hunt et al., 2008;
Beckett, 2008; Kunz, 1994; McManus and Huebner, 2005;
Vilensky and Redman, 2003).

B. Mechanism of Toxicity

The exact mechanism for the toxic effects of organic arsen-
icals is unknown. DNA alkylation and/or inhibition of
glutathione-scavenging pathways are two postulated

Arsine

Arsenic based chemical

Diphenylichloroarsine
warfar e agents

A
Ethyldichloroarsine
Phenyldichloroarsine \ Methyldichloroarsine
Lewisite

FIGURE 9.2. Arsenic-based chemical warfare agents.

mechanisms (Nesnow et al., 2002). On contact with arseni-
cals a blistering reaction occurs on skin, eye, or pulmonary
tissues. The onset of symptoms after arsenical exposure
occurs in seconds as compared to 4-8 h for mustard exposure.
Either a liquid or vapor can cause toxicity. The organic
arsenicals tend to have high volatility at room temperature
and thus pose a significant vapor threat following exposure
(Carter et al., 2003; Cohen et al., 2006; Devesa et al., 2006;
Gao and Burau, 1997; Kojima et al., 2006) (Figure 9.2).
Animal data and limited human trials suggested that
organic arsenicals readily penetrate the skin. Within seconds
of contact, the chemical fixes itself to the epidermis and
dermis. Pain is immediate followed by destruction of
subcutaneous tissue. The separation of dermis from
epidermis together with capillary leakage causes fluid-filled
vesicles (McManus and Huebner, 2005; Noort ef al., 2002).

C. Symptoms

« Vapor contact with the conjunctiva may be the victim’s
first symptom. Severe conjunctival irritation and
blepharospasm result upon eye contact leading to
loosening of corneal epithelial cells and swelling and
edema of the cornea.

The respiratory tract’s mucosa and submucosa are
susceptible to vapor exposure. Mucosal damage starts in
the nose and descends down the respiratory mucosa in

a dose-dependent fashion. Immediate pain, lacrimation,
and irritation accompany the damage. Damaged
respiratory mucosa slough off, filling the airways with
debris. Damage to the lung parenchyma causes the
secretion of blood and mucus that, with the
pseudomembranes, can cause asphyxiation.

The gastrointestinal tract is also susceptible. DA vapor in
particular produces a phenyl radical that causes vomiting.
Vomiting usually develops within 1-2 min after exposure
to DA.

The immediate onset of symptoms following exposure
makes severe or systemic toxicity to organic arsenical
unlikely. However, prolonged contact may lead to multi-
organ involvement (Kinoshita et al., 2007; Kojima et al.,
2006). Blood-borne arsenicals can trigger increased
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permeability of capillaries throughout the body
(Naranmandura and Suzuki, 2008). Leakage of proteins and
plasma then can cause third space fluid shifts, hypovolemia,
and shock. It may result in intravascular hemolysis of
erythrocytes with subsequent hemolytic anemia (Wu ef al.,
2003).

Organic arsenicals cause immediate signs, whereas signs
of mustard exposure appear after a latent period of several
hours. An erythematous rash appears within 15-30 min.
This is followed by the development of fluid-filled vesicles.
A lewisite skin lesion has more actual tissue destruction
(but less surrounding erythema) than a mustard lesion.
Compared to distilled mustard, lewiste is gram-for-gram
more toxic. The LDsg (lethal dose for 50% of the pop-
ulation) of lewisite is 2.8 g on the skin.

D. Methyldichloroarsine (MD)
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Methyldichloroarsine was apparently used by the Germans
in 1917. Methyldichloroarsine is a colorless liquid of
powerful burning odor, which boils at 132°C. It is somewhat
soluble in water and is soluble in organic solvents. The
specific gravity is 1.838 at 20°C. The vapor pressure at
25° was found to be 10.83 mm Hg. Not only is the material
toxic but it has remarkable vesicant properties, comparing
favorably with mustard gas in this respect (Bennett and Dill,
1994).

1. STRUCTURE
The structure of MD consists of a trichloroarsine (AsCls)
molecule combined through catalyzation with a methyl
(CH3) group.

H H

| cl | cl
H—cC® 4+ Cl—As —»» H—C—AS

| cl | cl

H H

2. PATHOLOGY
Chlorine bonds in MD give it its blistering qualities. The
methyl group simply aids in its assimilation into the human
body. Chlorine reactivity causes severe respiratory pain and
damage to the membranes of the lungs. The methyl arsenic
group readily penetrates the skin as a liquid and its pro-
longed exposure leads to systemic damage through bone
calcium displacement and subsequent bone marrow
destruction. Vapor concentration in open areas, given MD’s
high volatility, is not enough to cause Cl -induced

blistering although liquid contamination will give rise to
blistering similar to that of distilled mustard within several
hours. “‘Dry-land drowning’’ can occur as the lungs flood
with water and mucus and the victim dies of a combination
of blood poisoning and asphyxiation (Pitten et al., 1999).

3. PHysicAL AND CHEMICAL PROPERTIES

TABLE 9.2.

Physical and chemical properties of

methyldichloroarsine (MD)

Chemical formula
Molecular weight
Freezing point
Boiling point
Flash point

Liquid density
Median lethal
dose (LCtsg)
Median incapacitating
dosage (ICtsg)
Vapor density

Vapor pressure

Rate of detoxification

Persistency

Skin toxicity

Eye toxicity

Latent heat of
vaporization

Volatility

Decontaminants

Rate of hydrolysis
Hydrolysis products

Effect on metals and
other materials

CH3AsCl,

160.86

—55°C

133°C with decomposition

No imminent hazard of
explosion or fire

1.836 g/cc at 20°C
3,000 mg-min/m>

25 mg-min/m> (inhalation)

5.5 times as heavy as air

2.17 mm Hg at 0°C; 7.76 mm Hg
at 20°C

Sublethal dosages are rapidly
detoxified, although arsenic
poisoning may be accumulative
if untreated

Very short duration in humid
climates due to high volatility
and rapid hydrolysis. In dry,
cold climates MD can persist
up to several hours

Exposure of skin to liquid MD will
cause blistering similar to that
of HD within several hours.
Vapor exposure in unlikely to
cause blistering as sufficient
concentration in unlikely
in open areas

Exposure to even the slightest
amount is highly irritating.

At exposures above
30 mg-min/m® permanent
corneal damage occurs

49 calories/gm

74,900 mg/m* at 20°C

Bleaches and alkaline solutions
such as sodium hydroxide (NaOH)

Rapid

Hydrochloric and methyl arsenic acids

None on ferrous alloys. Slight
oxidation to copper-based alloys
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E. Diphenylchloroarsine
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Diphenylchloroarsine (DA) is an irritating substance which
was developed in 1918 for use in a smoke generator known
as the M-device. The researchers described DA as having
“‘a very powerful irritant action on the mucous membranes
of the eyes and nose, causes painful blistering of the skin,
and is very dangerous for those working with it, since its
vapor causes respiratory embarrassment, faintness, and
long-lasting paralysis and anesthesia of the extremities’’.
However, after the entry of mustard (a far superior blister
and casualty agent), DA proved to be less attractive as
a chemical weapon (Ishii et al., 2004; Kato et al., 2007).
As DA and related compounds cause intense effects on
the nasal and upper respiratory passages, they are referred to
as ‘‘sneeze gases”’ (sternutators). Like other arsenicals, DA
is a white solid, and was originally produced as both
a casualty gas and a mask breaker during World War 1.
Military doctrine in World War I involving the use of DA
counted on its being able to force soldiers to remove their
protective masks, thus making them vulnerable to it or other
chemical agents (Ishii ef al., 2004; Pitten et al., 1999). Only
very low concentrations of DA are needed to cause severe
irritation of the nose and throat, approximately 0.0005 mg
per liter of air (Hanaoka ef al., 2005). The median incapa-
citating dose (ICDsp) of DA is approximately 12 mg-min/
m’, while the median lethal dose (LDsg) is estimated at
15,000 mg-min/m’>. Due to the availability of other
compounds with greater activity, however, less importance
is attached to DA as a chemical weapon threat nowadays.

1. STRUCTURE
DA is prepared from trichloroarsine (AsCl3):

Cl
c |

| /As\
As R

Two chlorine ions are replaced by benzene groups, forming
a stable compound which may be safely stored under all
field conditions.

2. EFFECTS
The immediate effects of DA are those associated with tear
gas compounds: severe irritation to the eyes, nose, and throat.

Severe headache and the feeling of tightness of the chest and
bowels occur within a minute of inhalation of this compound.
The headache rapidly develops into a general nausea which
results in vomiting within 3 min. In closed or confined spaces
DA can produce fatalities through first causing uncon-

sciousness and then asphyxiation (Ochi et al., 2004).

3. PHYSICAL AND CHEMICAL PROPERTIES

TABLE 9.3. Physical and chemical properties of
diphenylchloroarsine (DA)

Chemical formula
Molecular weight
Boiling point
Decomposition point
Flash point

Median lethal
dose (LCts)

Median incapacitating
dosage (ICtsg)

Vapor density
Vapor pressure

Rate of detoxification

Persistency
Skin toxicity

Volatility

Latent heat of
vaporization

Eye toxicity

Decontaminants

Rate of hydrolysis
Hydrolysis products

Effect on metals and
other materials

(C¢Hs),AsCl

264.5

333°C with decomposition
300°C

350°C

15,000 mg-min/m>

12 mg-min/m> (over 10 min)

Forms no significant vapor mass
0.0036 mm Hg at 45°C

The human body will detoxify
DA inhaled in brief exposures
within 1 to 2 h

Short duration

Irritating, nontoxic in open
areas or in short exposures

48 mg/m> at 45°C
56.6 calories/gm

Irritating. Nontoxic in open
areas or in short exposures

Bleaches or caustic soda

Slow in open container. Rapid when
disseminated (in gaseous form)

Hydrochloric and diphenylarsenous
acids

None when dry

F. Ethyldichloroarsine
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Ethyldichloroarsine (ED) was the third, and last, of the three
blistering arsenicals developed in late 1917 to early 1918.
Despite serious efforts made to weaponize this compound,
little literature exists on the effectiveness and history of its
use. Fast acting — compared to mustard or phosgene — ED is
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a colorless liquid that smells like rotting fruit and has
multiple effects on the body (Henriksson et al., 1996). ED
poses a significant vapor threat to exposed personnel.
Within seconds of contact with the skin, the agent fixes itself
to the epidermis and dermis causing immediate pain. The
agent penetrates deeper into the skin layers causing the
destruction of subcutaneous tissue. Fluid-filled blisters are
formed only after prolonged exposure. Inhalation can cause
pulmonary edema or ‘‘dry-land drowning”’. A lethal expo-
sure, however, depends upon the period of exposure. A dose
of 3,000 to 5,000 mg-min/m? is generally lethal.

1. STRUCTURE
The structure of ED consists of the trichloroarsine (AsCl3)
molecule combined through catalyzation with the ethyl
(C,Hs) group.

H o H H H
cl | | cl
|| -
H—C—C® 4 Cl—AS — ®» H—C—C—AS
| | cl | | cl
HoOH H o H

Production of ED is similar to that of MD, involving the
ethylation of a chlorinated arsenite or arsenate salt, or
reductions of arsenious oxide, As4Og, a naturally occurring
compound (Bartelt-Hunt et al., 2006).

2. EFFECTS
Chlorine bonds in ED giving its blistering, lachrymatory,
and harsh respiratory effects. Dosages as low as 5 mg-min/
m® may cause severe discomfort to the eyes and throat.
Sublethal dosages are detoxified by the body. ED’s ethyl
arsenic group may cause systemic damage to bone marrow
and to the digestive and endocrine systems.

Blisters may appear within 2 to 4 h following skin
redness or rash. However, like the mustards, ED actively
attacks lung tissue. Damage to lung tissue is permanent to its
survivors and presents a hazard area for future infections
and tumors. ED is also highly toxic to the eyes. It may cause
permanent corneal damage.

3. PuaysicaL AND CHEMICAL PROPERTIES

TABLE 9.4. Physical and chemical properties of
ethyldichloroarsine (ED)

Chemical formula C,HsAsCl,

Molecular weight 174.88

Boiling point 156°C

Melting point —65°C

Decomposition point 156°C

Flash point No immediate hazard of fire

or explosion

Between 3,000 and
5,000 mg-min/m>

Median lethal
dose (LCts)

Median incapacitating 5 to 10 mg-min/m’

dosage (ICtsg)

Vapor density Six times as heavy as air

2.09 mm Hg at 20°C

Short duration

Immediate effects on eyes and
respiratory tract. Skin rash
leads to blistering
within 1 to 2 h

Rapid for nonlethal dosages

6,500 mg/m> at 0°C; 20,000 mg/m>
at 20°C

Rapid advent of blistering
(within 1 h of exposure to high
concentrations of ED)

Vapor pressure
Persistency
Rate of action

Rate of detoxification
Volatility

Skin toxicity

Latent heat of
vaporization

52.5 calories/gm

Eye toxicity Highly irritating. Splashed liquid

may cause permanent corneal

damage
Decontaminants Bleaches and other oxidizers and
strong alkaline such as NaOH
Rate of hydrolysis Rapid

Hydrolysis products Hydrochloric acid and ethylarsenous

oxide
Effect on metals and
other materials

Very destructive to rubber and
plastics. No effect on ferrous alloys

G. Lewisite

H
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The formulation of lewisite (chlorovinyldichloroarsine) as
a war gas was achieved by W. Lee Lewis in 1918 (Gold-
man and Dacre, 1989). It is a colorless, oily liquid at room
temperature with a faint ‘‘geranium-like’” odor (Table 9.5).
It is more volatile than sulfur mustard and, therefore, can
be used as a vapor over greater distances. It was considered
an alternative to sulfur mustard, which had become the
main chemical warfare agent. Lewisite is a potent blistering
agent. Like other blistering agents, it not only produces
casualties but also restricts use of terrain, hampers troop
movements, and requires cumbersome protective gear
(Somani, 1992). To achieve greater effectiveness in
combat, lewisite has been mixed with sulfur mustard.
Because of its freezing point, lewisite is effective over
a wider temperature range than sulfur mustard. Lewisite
dissolves very slowly in water. The dissolved lewisite
hydrolyzes rapidly to hydrochloric acid and lewisite oxide
(Daniels et al., 1990).
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TABLE 9.5. Physical and chemical properties of lewisite

Boiling point 190°C

Freezing point 18 to 0.1°C (purity and isomer
dependent)
0.394 mm Hg at 20°C

7.1 (compared to air)

Vapor pressure
Vapor density

Volatility 4,480 mg/m’® at 20°C
Decomposition >100°C
temperature

Hydrolysis rates Degrades under humid conditions
Vapor — rapid
Dissolved — rapid

Hydrolysis products HCI and chlorovinyl arsenous oxide;
alkaline hydrolysis destroys

blister properties

In high concentrations, lewisite produces irritation and
blistering of the skin and injury to the eyes and lungs
promptly after exposure while, at lower levels, the effects
resemble exposure to tear gas, with irritation of skin, eyes,
and respiratory tract. Chronic exposure may lead to devel-
opment of chronic bronchitis and predispose to Bowen’s
squamous cell intraepithelial cancer of the skin.

1. HiSTORY AND BACKGROUND INFORMATION
Lewisite (also known as Agent L) is no longer considered
a state-of-the-art chemical warfare agent (Franke, 1967;
Goldman and Dacre, 1989). Lewisite is relatively simple
and inexpensive to produce (Franke, 1967).

Lewisite acts promptly on exposure, persists with
moderate potency, and is easily mixed with other chemical
agents to augment toxic effects. Lewisite can be most
effective when mixed with nerve agents. Once absorbed,
lewisite induces vomiting, precluding the use of protective
masks and making personnel vulnerable to other, more toxic
chemicals. Lewisite is a significant threat to unprotected
personnel and causes prompt incapacitation from eye
injuries and respiratory irritation, coupled with long-term
incapacitation from skin burns, pulmonary injury, and
systemic illness (Sidell ez al., 1997; Wachtel, 1941). Large
munitions expenditures were required to achieve effective
concentrations in the field (Pechura and Rall, 1993).

Although the use of lewisite was suspected at times
during the Iran—Iraq War, it was never proved present in the
munitions studied (DIA, 1997; Dunn et al., 1997; UN, 1984)
and no elevated levels of arsenic were found in the
blood and tissues of Iranian casualties treated in Europe
(Heyndrickx, 1984). There is some human exposure expe-
rience from accidental exposure to lewisite (Pechura and
Rall, 1993). The levels of exposure that resulted from
accidents in occupational workers are not known.

Lewisite is easy to manufacture, and storage stability
problems can be overcome. It can be dispersed by aerial

spraying, shells, or bombs. Lewisite persists for 6 to 8 h on
the ground in sunny weather. Its decomposition products are
toxic, making decontamination difficult. Munitions con-
taining lewisite may contain toxic stabilizers. Lewisite is
effective as vapor, aerosol, or liquid (Boronin et al., 1996;
Goldman and Dacre, 1989).

Lewisite is reported to possess a characteristic (geranium-
like) odor in the range of 0.8 mg/m’ to more commonly
cited 14-23 mg/m’ median detection (Pechura and Rall,
1993). US forces have detectors for lewisite-paper and kits
(M7 and M9A). Other forensic techniques for soil and
material analysis already exists (e.g. gas chromatography).
In biological tissues, increased arsenic levels are a surrogate
for lewisite (Haddad and Wincester, 1983).

2. Toxicity AND MECHANISM OF ACTION
Lewisite causes painful blistering of the skin and eyes. If
decontamination does not occur within 1 min, lewisite
produces severe damage to the cornea, and permanent loss
of sight can result. Reddening of the skin begins within
30 min, and blistering appears about 13 h after exposure. As
a vesicant, lewisite is about four times as fast acting as
mustard and is much less persistent (Somani, 1992). Effects
of lewisite are similar to those of sulfur mustard, except that
it is absorbed through the skin and acts as a systemic poison.
Exposure to lewisite leads to pulmonary edema, diarrhea,
restlessness, weakness, subnormal temperature, and low
blood pressure. Prolonged exposure leads to severe pain in
the throat and chest (Bartelt-Hunt ez al., 2008; USDHHS,
1988).

Trivalent arsenic is considered the component of lewisite
that is primarily responsible for its vesicant and systemic
toxicity; thus, field drinking-water standards for lewisite are
expressed in terms of the arsenic fraction (Aposhian et al.,
2003). Trivalent arsenic exerts its toxic effect by binding to
sulfhydryl-containing proteins, especially enzymes, thus
inhibiting pyruvate oxidation — a critical step in carbohy-
drate metabolism (Black, 2008). The lipid solubility of
lewisite also contributes to its toxic effects; trivalent arsenic
readily penetrates skin, exerting its toxic action systemically
and causing painful localized blistering. As a systemic
toxicant, lewisite produces pulmonary edema, diarrhea,
restlessness, weakness, subnormal temperature, and low
blood pressure. Vascular damage, induced by lewisite, is
partly responsible for effects such as blistering, tissue
perforation, and hemorrhaging. Edema and hemorrhaging
associated with lewisite exposure can lead to shock and
death (Flora et al., 2007b, c).

Human data concerning the toxicity of lewisite via the
oral route of exposure are not available. However, there are
limited toxicity data on lewisite ingestion from animal
studies. In animals, ingestion of lewisite can produce acute
inflammation of the mucous membrane of the stomach or
intestine, which is characterized by hemorrhage, necrosis of
the epithelium, and submucous edema. Developmental
effects have been reported in pregnant rats and rabbits
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exposed to lewisite by intragastric intubation. A no-
observed-adverse-effect-level (NOAEL) of 0.016 mg/kg/
day in rabbits and 1.5 mg/kg/day in rats was identified
(Daniels et al., 1990; Goldman and Dacre, 1989). The
NOAEL of 0.016 mg/kg/day in rabbits was selected for
developing the proposed field drinking-water standards for
lewisite. There are no data on chronic toxicity resulting
from the ingestion of lewisite.

Lewisite, as an arsenical, might be carcinogenic,
although no specific studies were found in which the car-
cinogenicity of lewisite was evaluated. There is evidence
that arsenic might act as a co-carcinogen and promote the
carcinogenic process. It is capable of producing DNA
damage; however, direct tests of its mutagenic potential
have been inconclusive (Datta et al., 2007).

Given the limited epidemiological data, the proposed
drinking-water standards for lewisite (Daniels et al., 1990)
were derived from three animal studies — a sparse database.
The shortcomings of the animal studies for predicting the
effects in humans exposed to lewisite in water, and in
particular in military personnel exposed to field drinking
water, have been clearly recognized (Daniels et al., 1990).
However, there are major data gaps on the toxicity of
lewisite, and the usefulness of most of the studies is limited
by the lack of a satisfactory animal model. Little informa-
tion exists on the reaction of lewisite with biologically
important molecules, although it is reasonable to assume
that, as with sulfur mustard, DNA is a major target (IOM,
1996). There are no adequate data on the acute effects of
lewisite following dermal exposure. Very little is known
about its specific effects on skin, and data on its absorption,
disposition, and excretion following dermal exposure are
minimal. Microscopic examination of affected skin has not
been pursued extensively. The proposed Army standards for
exposure to lewisite in field drinking water were derived
from a rabbit study, in which the NOAEL was estimated to
be 0.016 mg/kg/day (Daniels et al., 1990). Whether the
rabbit is the species most sensitive to lewisite is not known,
and the applicability of the rabbit data to the human situa-
tion requires further evaluation.

Neurological effects following acute exposure to lewisite
have not been documented in animals. Acute exposure to
high concentrations of lewisite leads to a shock syndrome
that is thought to result from increased capillary perme-
ability (Goldman and Dacre, 1989). No direct evidence
exists that lewisite might cause neurological problems in
humans, although arsenic is considered a neurotoxin and
peripheral neuropathy has been reported in humans
following a single arsenic exposure (Moore et al., 1997).

3. TOXICOKINETICS
Lewisite is a local and pulmonary irritant, a vesicant, and
a systemic poison. When ingested with food, it produces
severe gastrointestinal irritation. The eyes, respiratory tract,
and skin are the most likely sites of exposure when lewisite
is used as a chemical warfare agent. The agent is lipophilic

and readily penetrates intact skin. The approximate lethal
dose (LDsg) is 35—40 mg/kg, an amount present in 2 ml of
liquid agent (NATO, 1973). Lewisite toxicity resembles
other trivalent arsenicals that produce peripheral and
central neurotoxicity, hepatotoxicity, and epithelial
damage. Death may result from fluid loss and hypovolemia
secondary to capillary leakage — the so-called ‘“‘lewisite
shock’ (Sidell et al., 1997; Snider ef al., 1990; Watson and
Griffin, 1992).

The cellular poisoning effects are attributed to the inhibi-
tion of cellular enzyme systems (Pechura and Rall, 1993;
Watson and Griffin, 1992), especially as a result of arsenic
complexing with sulfhydryl groups of proteins and enzymes.
This agent affects many sulfur-containing enzymes, including
amylase, lipase, cholinesterase, some adenosine triphosphate
(ATP) enzymes, creatine phosphokinase, and of central
importance (Snider et al., 1990), the pyruvate oxidase system.
Two mechanisms have been proposed for the above-
mentioned effects (Sidell et al., 1997): (1) reactions with
glutathione leading to loss of protein thiol status, loss of
calcium ion homeostasis, oxidative stress, lipid peroxidation,
membrane damage, and cell death, and (2) reactions with
sulfhydryl groups on enzymes leading to inhibition of pyru-
vate dehydrogenase complex, inhibition of glycolysis, loss of
ATP, and cell death.

4. CriNicAL AND PaTHOLOGICAL FINDINGS

There are few published case reports of human lewisite
poisoning. Signs and symptoms of acute lewisite exposure
include the rapid onset of irritation to the eyes and mucous
membranes of the upper respiratory tract (lachrymation and
rhinitis). In more serious cases of vapor intoxication, chest
pain, nausea, vomiting, headache, weakness, convulsions,
hypothermia, and hypotension occur (Katos et al., 2007;
NATO, 1973; Sidell et al., 1997; USDHHS, 1988). The
pathology literature is largely limited to serious acute
exposures. Laboratory tests of the blood of persons exposed
may show hemoconcentration; animal studies suggest
elevated liver enzymes, including lactate dehydrogenase
(LDH) (King et al., 1994, 1992; Sasser et al., 1996, 1999).
The following subsections describe the effects on specific
body sites.

a. Skin

Exposure of the skin to vapor causes immediate itching or
stinging within 1 min, followed by erythema over 10 to 30
min. Mild exposures resemble sunburn with pain decreasing
over 24 to 48 h. More intense exposures, including liquid
contact, produce intense stinging and the formation of small
vesicles over the next 24 h, with later enlargement of the
vesicles with accumulation of a nontoxic fluid (McManus
and Huebner, 2005). Systemic illness is more likely to occur
if heavy exposures are to the liquid form, with later devel-
opment of vomiting, pulmonary edema, or shock (Arroyo
et al., 2004; Kato et al., 2007; King et al., 1992).
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b. Eye

Immediate eye pain and blepharospasm result from lewisite
exposure, followed by conjunctival and lid edema. Severe
exposures can produce necrotic injuries of the iris with
depigmentation, hypopion, and synechia development. In
contrast, very low levels may only involve the conjunctivae
(McManus and Huebner, 2005). The eye lesions produced
by lewisite are particularly serious: blindness will follow
contamination of the eye with liquid lewisite unless
decontamination is prompt.

c. Respiratory System

Mild respiratory exposures resemble upper respiratory
infections, with sneezing, coughing, rhinitis, and mucous
membrane erythema, possibly progressing to retrosternal
pain, nausea, and malaise. More severe exposures cause
lower respiratory effects, with continuous coughing, laryn-
gitis, and aphonia (McManus and Huebner, 2005; Sasser
et al., 1996; Telolahy et al., 1995).

d. Nervous System
Neurological findings are inconsistent despite reports of
convulsions and coma with severe exposures (McManus
and Huebner, 2005). Neurologic complications after mild
exposures have not been described. Edema and hemorrhage
in the brain are rare but no reports of degeneration of
peripheral nerves were found.

e. Cardiovascular System
Bradycardia, dyspnea, hypotension, and hemoconcentration
have been reported in severe intoxication. These effects are
mediated by vasodilatation and increased capillary perme-
ability (Watson and Griffin, 1992). Dilation of the right side
of the heart in severe poisoning in animals has been
reported.

f. Other Systems

Human ingestion experience is not documented (NAS,
1997), but would be expected to produce severe abdominal
pain and bloody diarrhea. Nausea and vomiting occur from
respiratory or dermal exposure (Fang, 1983). In human and
animals vomiting is associated with retching (Sidell et al.,
1997). There is no documentation of liver effects from
chronic lewisite exposure. There are no specific musculo-
skeletal findings, although weakness has been observed.
There is little clinical information about effects on bone
marrow and the immune and endocrine systems. Renal
disorders, although theoretically possible, are not described.
There is also no substantial evidence that lewisite is carci-
nogenic, teratogenic, or mutagenic (Sidell et al., 1997).

V. INORGANIC ARSENIC

Arsenic is a metalloid belonging to group VA of the periodic
table. It exists in three oxidation states: metalloid (0),

trivalent (=3 or +3), and pentavalent (45). The most
common inorganic trivalent arsenic compounds are arsenic
trioxide, sodium arsenite, and sodium trichloride. Pentava-
lent inorganic arsenic compounds are arsenic pentaoxide,
arsenic acid, and arsenate, e.g. lead arsenate and calcium
arsenate. In general, the toxicity of arsenic compounds is in
the following order:

arsine > arsenites > arsenates > organic > elemental.

A. Sources and Uses

1. Usks

Current uses of arsenic are in pesticides, cotton desiccants,
and wood preservatives. Arsenic is also used as a bronzing
and decolorizing agent in the manufacture of glass, and in
the production of semiconductors (Tanaka, 2004), as
a desiccant and defoliant in agriculture, and as a byproduct
of the smelting of nonferrous metals, particularly gold and
copper, from coal residues (Hall, 2002).

2. EXPOSURE

Arsenic exposure occurs from inhalation, absorption
through the skin, and primarily by ingestion of arsenic
contaminated drinking water. The exposure to arsenic may
come from natural sources (groundwater, arsenic containing
mineral ores), industrial processes (semiconductor
manufacturing, wood preservatives, metallurgy, glass clar-
ification, smelting, and refining of metals and ores),
commercial products (pesticides, herbicides, fungicides, fire
salts), food (sea food, kelp, wine, and tobacco), and medi-
cines (antiparasitic drugs and folk medicines) (Kosnett,
1990). Acute arsenic poisoning is only limited to homicidal
or suicidal attempts.

B. Absorption, Distribution, and Excretion

Respiratory absorption of arsenic is a two-stage process,
involving deposition of the particles on to airway and lung
surfaces, followed by absorption of arsenic from deposited
particulates. Absorbance of inorganic arsenic from the
gastrointestinal tract depends on the solubility and compo-
sition of arsenic compound. Both human and animal data
show that over 90% of an ingested dose of dissolved inor-
ganic arsenic is absorbed from the gastrointestinal tract to
the bloodstream and distributed to organs/tissues after first
passing through the liver. Trivalent and pentavalent inor-
ganic arsenic have been reported to cross the placenta in
laboratory animals and humans (Bollinger et al., 1992).
Following absorption by the lungs or the gastrointestinal
tract, arsenic is transported via the blood to other parts of the
body. Inorganic arsenic is rapidly cleared from the blood in
both humans and common laboratory animals. In rats,
absorbed arsenic is accumulated in the red blood cells due to
its binding with hemoglobin. Recent studies indicate that the
main form of arsenic bound to rat hemoglobin is
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dimethylarsinic acid (DMA), the primary metabolite of
inorganic arsenic (Lu et al., 2004).

In humans as well as in most animal species, exposure to
either arsenite or arsenate leads to an initial accumulation in
the liver, kidneys, and lungs (Fujihara et al., 2004). The
clearance from these tissues is, however, rather rapid, and
a long-term retention of arsenic is seen in hair, skin, squa-
mous epithelium of the upper gastrointestinal tract, epi-
dymis, thyroid, lens, and skeleton (Huges et al., 2003). Two
to four weeks after exposure ceases, most of the arsenic
remaining in the body is found in keratin-rich tissues, such
as skin, hair, and nails. Inorganic arsenic can cross the
human placenta (Tabacova et al., 1994). Arsenic metabo-
lism is characterized by two main types of reaction:
(1) reduction of the pentavalent arsenic to trivalent arsenic —
this conversion of pentavalent arsenic species to trivalent
arsenic species is catalyzed by arsenate reductase (Rada-
baugh and Aposhian, 2000; Radabaugh et al., 2002), and
(2) oxidative methylation reactions in which trivalent forms
of arsenic are sequentially methylated to form mono-, di- and
trimethylated products using S-adenosyl methionine (SAM)
as the methyl donor and GSH as an essential co-factor
(Vahter, 2002). Pentavalent arsenic has been reported to be
less toxic than inorganic trivalent arsenic. The metabolic
methylation had historically been considered as a detoxifi-
cation process. Recently, it has been established that trime-
thylated arsenicals, particularly monomethylarsinous acid
[MMAC(III)] and dimethylarsinous acid [DMA(III)], exist as
intermediates in the metabolic methylation process of inor-
ganic arsenic in humans (Le et al., 2000; Mandal e al., 2001)
and are more active than the parent inorganic arsenic for
enzymatic inhibition (Styblo et al., 1997), cytotoxicity
(Petrick et al., 2001), and genotoxicity (Nesnow et al., 2002).
The major route of excretion following exposure to inorganic
arsenic is via the kidneys (Csanaky and Gregus, 2005). Only
a few percent are excreted in feces (Mann et al., 1996).

C. Biochemical and Toxic Effects

1. HEMATOPOIETIC
The hematopoietic system is affected by both short- and
long-term arsenic exposure. Arsenic is known to cause
a wide variety of hematological abnormalities like anemia,
absolute neutropenia, leucopenia, thrombocytopenia, and
relative eosinophilia — more common than absolute esino-
philia, basophilic stippling, increased bone marrow vascu-
larity, and rouleau formation (Rezuke et al., 1991). These
effects may be due to a direct hemolytic or cytotoxic effect
on the blood cells and a suppression of erythropoiesis. The
mechanism of hemolysis involves depletion of intracellular
GSH, resulting in the oxidation of hemoglobin (Saha et al.,
1999). Arsenic exposure is also known to influence the
activity of several enzymes of heme biosynthesis. Arsenic
produces a decrease in ferrochelatase, and decrease in
COPRO-OX and increase in hepatic S-aminolevulinic acid
synthetase activity (Woods and Southern, 1989). Subchronic

exposure to arsenic has also been reported to inhibit d-ami-
nolevulinic acid synthetase (ALA-S) and ferrochelatase
activities, leading to increased uroporphyrin (URO) and
coproporphyrin (Woods and Fowler, 1978) and COPRO
urinary excretion (Martinez et al., 1983). In chronically
exposed humans, arsenic alters heme metabolism as shown
by an inversion of the urinary COPRO/URO ratio (Garcia
Vargas et al., 1996). A few recent studies also suggested
a significant inhibition of blood d-aminolevulinic acid
dehydratase (ALAD) after subchronic and chronic arsenic
exposure (Flora et al., 2002; Flora, 1999; Kannan et al.,
2001). Martinez et al. (1983) reported that chronic exposure
to arsenic alters human heme metabolism. Although anemia
is often noted in humans exposed to arsenic, red and white
blood cell counts are usually normal in workers exposed to
inorganic arsenicals by inhalation (Morton and Caron, 1989).
Anemia and leucopenia are common effects of poisoning and
have been reported from acute, intermediate, and chronic
exposure. These effects may be due to a direct effect of
arsenic on the blood cells and a suppression of erythropoi-
esis. Keeping in view the above there was a proposal that the
profile of urinary porphyrins could be used as early
biomarkers for arsenic toxicity in humans chronically
exposed to arsenic via drinking water.

2. SkIN (DErRMAL)

Dermal changes most frequently reported in arsenic-
exposed humans include hyperpigmentation, melanosis,
hyperkeratosis, warts, and skin cancer. However, dermal
effects appear to be highly dependent on time of exposure
(Rossman, 2003). Arsenic-exposed skin cancer occurs
mostly in unexposed areas such as trunk, palms, and soles.
More than one type of skin cancer is reported and most
common are Bowen’s disease, squamous cell carcinomas,
basal cell carcinomas, and combined forms. It appears that
skin cancer lesions related to arsenic exposure act as early
warning signals of the subsequent development of cancers
of internal organs many years later (Tsuda et al., 1995;
Wong et al., 1998). Brittle nails, the surface of which is
marked by transverse bands (leukonychia striata arsenicalis
transverses), have been associated with arsenic poisoning;
the characteristic bands are known as Reynolds-Aldrich-
Mees’ lines.

3. HEepaTIC
Arsenic is one of the first chemical agents to which liver
disease was attributed in humans (Clarkson, 1991). Early
symptoms in patients with arsenic-induced hepatic injury
include bleeding esophageal varices, ascites, jaundice, or
simply an enlarged tender liver. Another important feature
of chronic arsenic toxicity reported in West Bengal, India, is
a form of hepatic fibrosis that causes portal hypertension,
but does not progress to cirrhosis (Santra ef al., 1999, 2000;
Rahman et al., 1999). Recent animal studies have shown
that hepatic enzyme changes occur following arsenic
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exposure and these enzyme changes involved in the anti-
oxidant defense system and membrane damage due to lipid
peroxidation precede the pathomorphological lesions of
arsenic-induced hepatic fibrosis in mice (Mishra et al.,
2008; Santra et al., 2000).

4. GASTROINTESTINAL

Gastrointestinal symptoms are common during acute
poisoning. Gastrointestinal effects due to chronic arsenic
poisoning are called arsenicosis. Workers exposed to high
level of arsenic dust or fumes suffer from nausea, vomiting,
and diarrhea (Morton and Caron, 1989). Patients complain of
metallic taste and garlic odor. Clinical signs of gastrointes-
tinal irritation due to acute arsenic poisoning include burning
lips, painful swallowing, thirst, nausea, and severe abdom-
inal colic (Goebel et al., 1990). The toxic effects of arsenic
on the gastrointestinal mucosal vasculature are vasodilata-
tion, transduction of fluid into the bowel lumen, mucosal
vesicle formation, and sloughing of tissue fragments.
Rupture of the vesicle may cause bleeding, profuse watery
stools (“‘rice-water stools’”), and protein losing enteropathy.
The most likely mechanism of gastrointestinal toxicity is
damage of the epithelial cells, with resulting irritations.

5. RESPIRATORY

Studies from West Bengal draw attention to both restrictive
and obstructive lung disease (Mazumder et al., 1998).
Respiratory disease is more common in patients with the
characteristic skin lesions due to chronic arsenic toxicity
(Mazumder et al., 2000). Humans exposed to arsenic dust
or fumes inhalation are more likely to be encountered in
mining and milling ores, or in industrial processing, such
as the smelting industry which often produces irritation of
mucous membrane, resulting in laryngitis, bronchitis,
rhinitis, and tracheobronchitis, causing stuffy nose, sore
throat, dyspnea, chest pain, and chronic cough (ATSDR,
2000). Pulmonary edema may occur, especially in cases of
inhalation.

6. CARDIOVASCULAR
It has been suggested by several epidemiological studies
that chronic inhalation of arsenic trioxide can increase the
risk of death in humans from cardiovascular disease (Saha
et al., 1999). Both acute and chronic arsenic exposure cause
altered myocardial depolarization and cardiac arrhythmias
that may lead to heart failure. Arsenic causes direct
myocardial injury, cardiac arrhythmias, and cardiomyop-
athy. Blackfoot disease, causing gangrene of the foot, is
unique to a limited area on the southwestern coast of
Taiwan, and is due to long-term exposure to high levels of
inorganic arsenic in well water (range 0.01-1.82 mg/l)
(TPHD, 1993; Tsai et al., 1999). Epidemiological studies
also indicate that excess intake of arsenic leads to a variety
of vascular diseases such as Blackfoot disease, Reynaud’s
phenomenon, cardiovascular and cerebrovascular diseases,

atherosclerosis, and hypertension (Engel ef al., 1994; Lewis
et al., 1999; Simeonova and Luster, 2004).

7. REPRODUCTIVE AND DEVELOPMENTAL

Reproductive and developmental effects of inorganic
arsenic on human and animal species have been reported
(Concha et al., 1998). Limited animal studies suggest that
arsenic can produce malformation, intrauterine death, and
growth retardation (Golub ez al, 1998). Arsenic readily
crosses the placenta. Sarkar et al. (2003) also suggested that
spermatogenesis and/or sperm function might be impaired
by organic arsenicals. Ahmad et al. (2001) observed preg-
nancy outcome in women chronically exposed to arsenic
through drinking water. The authors reported that arsenic
contamination is also a threat to healthy and safe pregnancy
outcome.

8. NEUROLOGICAL

After initial contradictory reports it is now established that
arsenic can cross the blood-brain barrier and produces
alternations in whole rat brain biogenic amines levels in
animals chronically exposed to arsenite (Tripathi et al., 1997).
The neurological effects are many and varied. Usually,
peripheral neuropathy, sensory neuropathy (Hafeman et al.,
2005), and encephalopathy are the initial complaints associ-
ated with acute arsenic poisoning. Acute exposure to arsenic
in humans has been shown to result in problems of memory,
difficulties in concentration, mental confusion, and anxiety
(Hall, 2002; Rodriguez et al., 2003). Other neurological
symptoms arising due to arsenic are primarily those of
a peripheral sensory neuritis, predominantly numbness,
severe paresthesia of the distal portion of the extremities,
diminished sense of touch, pain, heat and cold, and
symmetrically reduced muscle power (Menkes, 1997).

9. DIABETES MELLITUS

Noninsulin-dependent (type 2) diabetes is the prevalent
form of diabetes mellitus found in populations chronically
exposed to inorganic arsenic from the environment
(Rahman et al., 1998; Tseng, 2002). Type 2 diabetes is
characterized by insulin resistance of internal organs and
peripheral tissues that results in impaired glucose utiliza-
tion, and, consequently, in abnormally high blood glucose
levels between and especially after meals. Insulin resistance
and B-cell dysfunction can be induced by chronic arsenic
exposure and these defects may be responsible for arsenic-
induced diabetes mellitus (Tseng, 2004).

D. Mechanisms of Toxicity

Trivalent inorganic arsenicals, such as arsenite, readily react
with sulfhydryl groups, such as GSH and cysteine (Scott
et al., 1993; Delnomdedieu et al.,, 1994). The complex
between arsenic and the vicinal sulthydryl group is partic-
ularly strong. Arsenite inhibits pyruvate dehydrogenase
(PDH) activity (Hu et al., 1998), perhaps by binding to the
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lipoic acid moiety. Inhibition of PDH ultimately leads to
decreased production of ATP. Inhibition of PDH may also
explain in part the depletion of carbohydrates observed in
rats administered arsenite (Reichl ez al., 1991). Methylated
trivalent arsenicals such as MMA™ are potent inhibitors of
GSH reductase (Styblo ef al., 1997) and thioredoxin
reductase (Lin et al., 1999). The inhibition may be due to the
interaction of trivalent arsenic with critical thiol groups in
these molecules. A mechanism of toxicity of pentavalent
inorganic arsenic, such as arsenate, is its reduction to
a trivalent form, such as arsenite. The reduction of arsenate
to arsenite occurs in vivo. Another potential mechanism is
the replacement of phosphate with arsenate.

1. OXIDATIVE STRESS

Oxidative stress has now been established as one of the major
mechanisms involved in arsenic-induced carcinogenesis. A
number of recent reports provided direct evidence of an
inorganic arsenic-induced free radical formation or produc-
tion of oxidative stress (Flora, 1999; Liu ef al., 2000; Sun
et al., 2005). From exposure to the free radical generations,
DNA damage such as DNA single strand breaks can occur. It
has been suggested in recent studies that arsenic exerts its
toxicity through the generation of reactive oxygen species
(ROS) such as hydrogen peroxide, superoxide anion, singlet
oxygen, and hydroxyl radical that can directly or indirectly
damage cellular DNA, lipid, and protein. In addition, sodium
arsenite has been shown to enhance heme oxygenase
production, an indicator of oxidative stress (Applegate et al.,
1991). Reactive oxygen species that damage DNA in vitro
are generated from iron released from ferritin. The results
suggest that some clastogenic effects of arsenic are mediated
via free radicals (e.g. peroxynitrite, superoxide, hydrogen
peroxide, and possibly free iron). Vega et al. (2001) sug-
gested that arsenic exposure could increase the production of
ROS, activation of transcription factors (e.g. AP-1, c-fos, and
NF-kB) and oversecretion of pro-inflammatory and growth
promoting cytokines, resulting in increased cell proliferation
and finally carcinogenesis. Increased ornithine decarbox-
ylase (ODC) activity is often interpreted as a biomarker for
cell proliferation (Kitchin, 2001). Arsenite appears to have
an effect on the cell cycle, which may alter cell proliferation.
The amplification of the gene which codes for the enzyme
dihydrofolate reductase was enhanced by arsenic. Lee ef al.
(1988) suggested that the gene amplification induced by
arsenic may have a role in its carcinogenic effects.

E. Diagnosis

1. CLiNicAL FEATURES
Clinical features like skin lesions and neuropathy are crude
and imprecise indicators of the severity of poisoning. The
early clinical symptoms of arsenic toxicity are headache,
dizziness, insomnia, weakness, nightmare, numbness in the
extremities, anemia, palpitations, and fatigue. White striae
in the fingernails are also a useful clue in the diagnosis of

arsenic toxicity; these white striac are also known as
“Mees’ lines’’. Other symptoms are anemia, leucopenia or
pancytopenia, gangrene of the feet (blackfoot disease),
hyperpigmentation, hypopigmentation, and hyperkeratosis.
Arsenic accumulates in keratin-rich tissues such as skin,
hair, and nails due to its high affinity for sulthydryl groups;
the arsenic level in hair and nails may be used as an indi-
cator of past arsenic exposure. Elevated arsenic content in
hair and nail segments, normally less than 1 part per million
(ppm), may persist for months after urinary arsenic values
have returned to baseline (Koons and Peters, 1994). The
arsenic content of the fingernails and toenails has also been
used as bioindicators of past arsenic exposure, and fingernail
arsenic has been reported to be significantly correlated with
hair arsenic content (Lin ef al., 1998).

Blood arsenic levels are highly variable. Blood arsenic,
normally less than 1 pg/dl, may be elevated on acute
intoxication. It is probably the most important diagnostic
test for detecting arsenic exposure. Arsenic metabolites
(inorganic arsenic + MMA + DMA) in urine have also been
used as biomarkers of recent arsenic exposure (Yamauchi
et al., 1989).

2. OTHER BIOMARKERS

Essentially, all organ systems must be evaluated. Thus
laboratory tests, should include complete blood count, liver
and renal functional tests, and blood, nail and urine arsenic
levels. Other biomarkers of arsenic exposure include non-
erythrocyte porphyrin enzyme activities and urine trans-
forming growth factor TNF-a, accompanied by induction of
heme oxygenase, mitogen-activated protein kinases, the
ubiquitin-dependent proteolytic pathway, and protein kinase
C in various tissues. These tests are still being investigated
in laboratories and their clinical usefulness remains to be
proven (Chapell et al., 2001).

VI. TREATMENT

Highly specific treatment is required for poisoning with
arsenicals. There is no particular antidote for the treatment
of arsine poisoning. Victims may be administered a high
flow of oxygen. One of the earlier strategies for the
treatment of arsine poisoning involved stopping the
ongoing hemolysis which may lead to renal dysfunction
(Kimmecki and Carter, 1995). Exchange transfusion is
currently the treatment of choice (Pullen-James and
Woods, 2006). Chelation therapy generally is not recom-
mended to reduce hemolysis; however, chelating agents
are shown to reduce arsenic in arsine-exposed subjects.
Since World War II, dimercapol has been the standard
treatment for poisoning by arsenicals. In the following
paragraphs we discuss the efficacy of chelating agents for
treating arsenicals, their drawbacks, and the current
advancement in the area.
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A. Chelating Agents and Chelation Therapy

Chelating agents are organic compounds capable of linking
together metal ions to form complex ring-like structures
called chelates. Chelators act according to a general prin-
ciple: the chelator forms a complex with the respective
(toxic) ion and these complexes reveal a lower toxicity and
are more easily eliminated from the body. This mechanism
could be represented as:

Metal—In vivo site 4+ Chelating agent — In vivo site
+ Metal—Chelating agent complex

Chelation may thus be defined as the incorporation of
a metal ion into a heterocyclic ring structure (Flora and
Sekhar, 2004).

Some of the chelating agents listed below have been
reported to be useful in the treatment of arsenic.

1. 2,3-DiMERCAPROL (DIMERCAPROL; BRITISH ANTI-
LewisiTe, BAL)

CH,—CH—CH,—OH

SH SH

2,3-Dimercaprol (British Anti-Lewisite, BAL) was origi-
nally developed to treat the effects of lewisite, namely
systemic poisoning and local vesication. The empirical
formula of BAL is C4gHgOS; and its molecular weight is
124.21. It is an oily, clear, colorless liquid with a pungent,
unpleasant smell typical of mercaptans and having a short
half-life. Because of its lipophilic nature it is distributed
extracellulary and intracellularly. BAL is known to protect
against the effects of lewisite and reverse the enzyme
inhibition produced by it. Dimercaprol can be used paren-
terally against systemic toxicity of lewisite and also as an
ointment for use against skin burn (Marrs et al., 1996). Skin
contamination may be treated with dimercaprol ointment.

a. Drawbacks
BAL is unstable and easily oxidized and therefore difficult
to store, therefore it requires ready-to-use preparation.
Beside rapid mobilization of arsenic from the body, it causes
a significant increase in brain arsenic (Hoover and
Aposhian, 1983). Due to its oily nature, administration of
BAL requires deep intramuscular injection that is extremely
painful and allergic (Flora and Tripathi, 1998). The
chelating agent cannot be given intravenously thus denying
the possibility of a loading dose. Other side effects include
vomiting, headache, lachrymation, rhinorrhea and saliva-
tion, profuse sweating, intense pain in the chest and
abdomen, and anxiety.

Two water-soluble analogs of dimercaprol have also
been been studied as lewisite antidotes. They are meso 2,

3-dimercaptosuccinic acid (DMSA) and 2,3-dimercapto-1-
propane sulfonic acid (DMPS). These two drugs circumvent
two major disadvantages associated with treatment with
BAL, i.e. the need for intramuscular injection and limitation
of dose by toxicity.

2. MEkso 2,3-DiMERcAPTOSUCCINIC Acip (DMSA)

HOOC —CH—CH—COOH

SH SH

One of the chemical derivatives of dimercaprol (BAL) is
DMSA. DMSA is an orally active chelating agent, much
less toxic than BAL, and its therapeutic index is about 30
times higher (Angle and Kuntzelman, 1989). The empirical
formula of DMSA is C4HgO4S,; and its molecular weight is
182.21. It is a weak acid soluble in water.

The LDs( value of sodium salt of DMSA in mice is: i.v.
2.4, im. 3.8, i.p. 4.4, and p.o. 8.5 gm/kg. The therapeutic
index of DMSA was almost three times greater than that of
DMPS because the LD5y of DMSA is about 3% greater than
that of DMPS (Aposhian et al., 1981). No significant loss of
essential metals like zinc, iron, calcium, or magnesium was
observed. Flora and Tripathi (1998) also reported a signifi-
cant depletion of arsenic and a significant recovery in the
altered biochemical variables of chronically arsenic-exposed
rats. However, a double-blind, randomized controlled trial
study conducted on a number of selected patients from
arsenic-affected West Bengal (India) regions with oral
administration of DMSA suggested that DMSA was not
effective in producing any clinical and biochemical benefits
or any histopathological improvements of skin lesions (Guha
Mazumder ef al., 1998).

a. Drawbacks

DMSA distribution is predominantly extracellular, since it
is unable to cross hepatic cell membranes. Hence, it is able
to chelate arsenic from extracellular sites but not from
intracellular sites. Adverse reaction of DMSA includes
gastrointestinal discomfort, skin reaction, mild neutropenia,
and elevated liver enzymes. Some evidence of embryo
toxicity/fetal toxicity due to DMSA administration was also
reported (Domingo, 1998).

3. Sobpium 2,3-DIMERCAPTOPROPANE-1-SULFONATE
(DMPS)

OH
O0=S=0
HS

SH

DMPS was first introduced in the Soviet Union in the 1950s
as ““Unithiol”. Its empirical formula is C3H703S3;Na and its
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molecular weight is 210.3. DMPS, like DMSA, is another
analog of BAL, and has been reported to be an effective
drug for treating arsenic poisoning. A quantitative
comparison has demonstrated that DMPS is 28 times more
effective than BAL for arsenic therapy in mice (Hauser and
Weger, 1989).

DMSA and DMPS are equally effective in providing
significant depletion of body arsenic burden in chronically
arsenite-exposed rats. Guha Mazumder et al. (1998) pre-
sented evidence on the efficacy of treatment of DMPS in
a single-blind placebo-controlled trial of patients suffering
with chronic arsenic poisoning in West Bengal, India. There
was a significant decrease of clinical scores from pretreat-
ment to post-treatment values among both DMPS and
placebo groups. There was, however, no change in skin
histology, hematology, and liver function test parameters in
patients before and after the therapy with DMPS or placebo.
No side effects were noticed in patients treated with DMPS.

a. Drawbacks

No major adverse effects following DMPS administration in
humans or animals have been reported (Hruby and Donner,
1987). However, a dose-dependent decrease in the copper
contents was found in the serum, liver, kidneys, and spleen.
Szincicz et al. (1983) observed that after 10 weeks of DMPS
administration there was a decrease in copper concentration
in serum and in various organs, an increase in iron contents
of liver and spleen, and a decrease in hemoglobin, hemat-
ocrit, red blood cells, activity of alkaline phosphatase, and
zinc content in the blood. Information regarding the devel-
opmental toxicity of DMPS is rather scarce. No abnormal-
ities in the offspring with chronic oral DMPS treatment are
reported. Oral administration of DMPS did not adversely
affect late gestation, parturition, or lactation in mature mice
and fetal and neonatal development does not appear to be
adversely affected (Domingo, 1998).

4. MONOESTERS OF DMSA
Recently, some mono- and diesters of DMSA, especially the
higher analogs, have been developed and tried against cases
of experimental heavy metal poisoning to address the
shortcomings of DMSA, particularly depleting intracellular
arsenic (Flora et al., 2007a; Kalia and Flora, 2005; Mehta
and Flora, 2001; Aposhian et al., 1992). Due to its lipophilic
nature it can easily cross the cell membrane and chelate
arsenic from intracellular and extracellular sites. This is the
best advantage of treatment with DMSA monoesters. It is
also assumed that MiADMSA could be able to provide
recovery in altered biochemical variables, particularly
decreasing oxidative stress in tissues either by removing
arsenic from the target organs and/or by directly scavenging
ROS via its sulthydryl group. These monoesters, like mono-
isoamyl DMSA (MiADMSA), mono n-amyl DMSA, mono
n-butyl and mono iso-butyl DMSA, were significantly more
efficient than DMSA in decreasing the arsenic content in
most of the organs as soon as 1.5 h after administration.

Among these monoesters, MiADMSA was the most effec-
tive in increasing the survival of mice and depleting tissue
arsenic burden (Kreppel et al., 1995; Flora et al., 2004a, b).
A few recent published studies clearly point to the fact that
the analogs of DMSA were capable of crossing the
membranes and were more effective in reducing the toxic
metal burden in acute and subchronic arsenic intoxication
(Flora et al., 2004a, b, 2003; Flora and Sekhar, 2004,
Saxena and Flora, 2004; Saxena et al., 2005). Most of these
conclusions are based on experimentally induced metal
intoxication and no clinical data are available so far.

5. MonoisoamyL DMSA (MiIADMSA)

CHj

O}—gsloﬁcm
HO

HS (¢}

Monoisoamyl dimercaptosuccinic acid (MiADMSA) is
a Cs-branched chain alkyl monoester of DMSA. Kreppel
et al. (1995) also reported the superior efficacy of
MiADMSA and mono n-amyl DMSA in the protecting mice
from the lethal effects of arsenic and in reducing body
arsenic burden. These studies thus support that MiADMSA
could be a potential drug to be used in the treatment of
chronic arsenic poisoning. MiADMSA is a new drug and
one of the most effective of the vicinal class of metal
mobilizing agents (Jones er al., 1992; Xu et al., 1995).
Although the compound is more toxic than the parent diacid
DMSA (Mehta et al., 2002; Flora and Mehta, 2003), its
structural features and recent experimental evidences
suggest that it might well be effective in chelating arsenic
(Flora and Kumar, 1993; Flora et al, 2002). More
pronounced efficacy of MiADMSA could be attributed to its
lipophilic characteristic. Lipophilicity and molecular size of
this new drug might be important factors for the removal of
arsenic from both intra- and extracellular sites possibly
leading to better therapeutic efficacy. There could be
a possibility of arsenic redistribution to the brain following
treatment with this monoester. However, we observed no
such effects in a recently conducted study (Flora et al.,
2005). It appears plausible that MiADMSA could be
decreasing the oxidative stress in tissues either by removing
arsenic from the target organs and/or by directly scavenging
ROS via its sulthydryl group (Mishra et al., 2008).

No report is available for the therapeutic efficacy of
MiADMSA against lewisite toxicity and other arsenicals.
However, we reported the effect of MiADMSA on the
reversal of gallium arsenide (GaAs)-induced changes in the
hepatic tissue (Flora et al., 2002). MiADMSA was found to
be better than DMSA at mobilizing arsenic and in the
turnover of the GaAs-sensitive biochemical variables.

Despite a few drawbacks/side effects associated with
MiADMSA, the above results suggest that MiADMSA may
be the future drug of choice owing to its lipophilic character
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and the absence of any metal redistribution. However,
significant copper loss requires further studies (Mehta and
Flora, 2001; Mehta et al., 2006). Moderate toxicity after
repeated administration of MiIADMSA may be reversible
after the withdrawal of the chelating agent.

a. Drawbacks

It is reported that the toxicity of DMSA with an LDsg of 16
mmol/kg is much lower than the toxicity of MiIADMSA
with an LDs of 3 mmol/kg but less than BAL (1.1 mmol/
kg). Flora and Mehta (2003) reported that administration of
MiADMSA led to no major alternations in heme synthesis
pathway except for a slight rise in the zinc protoporphyrin
levels suggesting mild anemia. MiADMSA was seen to be
slightly more toxic in terms of copper and zinc loss and
some biochemical alterations in the hepatic tissue in
females as compared to male rats (Mehta et al., 2006).

6. ROLE OF ANTIOXIDANTS

Oxidative stress can be partially implicated in arsenic
toxicity and a therapeutic strategy to increase the antioxi-
dant capacity of cells may fortify the long-term effective
treatment of arsenic poisoning. This may be accomplished
by either reducing the possibility of metal interacting with
critical biomolecules and inducing oxidative damage, or
bolstering the cells’ antioxidant defenses through endoge-
nous supplementation of antioxidant molecules (Flora ef al.,
2007a). Although many investigators have confirmed
arsenic-induced oxidative stress, the usefulness of antioxi-
dants in conjunction with chelation therapy has not been
extensively investigated yet. N-acetylcysteine (NAC) is
a thiol, a mucolytic agent, and a precursor of L-cysteine and
reduced glutathione. NAC is a source of sulthydryl con-
taining antioxidant that has been used to mitigate various
conditions of oxidative stress. Combined administration of
NAC and succimer post-arsenic exposure led to a significant
recovery in biochemical variables indicative of oxidative
stress and arsenic depletion from soft organs (Flora, 1999;
Kannan and Flora, 2006). Various vitamins have been found
to reduce the toxic manifestation of heavy metals. It was
observed that vitamin E prevented the arsenite-induced
killing of human fibroblasts (Lee and Ho, 1994). The
protective mechanism of vitamin E could be attributed to its
antioxidant property or its location in the cell membrane and
its ability to stabilize the membrane by interacting with
unsaturated fatty acid chains. Kannan and Flora (2004)
reported that co-administration of vitamin C or vitamin E
with DMSA or its monoisoamyl derivative (MiADMSA)
produced profound recoveries in subchronically arsenic-
exposed rats, although the results suggested that vitamin C
was better in providing clinical recoveries and vitamin E
was equally efficient in decreasing arsenic burden from the
tissues. In an interesting study Wei ef al. (2005) reported the
involvement of oxidative stress in dimethylarsinic acid
(DMA)-induced bladder toxicity and proliferation in rat,
and inhibitory effects of vitamin C on these alterations.

7. COMBINATION TREATMENT
As discussed above, metal chelators are given to increase
the excretion of arsenic but unfortunately the use of these
chelators are compromised by number of drawbacks (Mehta
and Flora, 2001). These drawbacks open up the field for
a search for new treatment which has no side effects. A
number of strategies have been discussed in the recent past
(Kalia and Flora, 2005). Among these strategies, combina-
tion therapy is a new and better approach to treat cases of
metal poisoning (Flora et al., 2007a; Mishra et al., 2008). In
arecent study, we investigated whether co-administration of
thiol chelators like meso 2,3-dimercaptosuccinic acid
(DMSA) or sodium 2,3-dimercaptopropane 1-sulfonate
(DMPS) along with newly developed thiol chelators, e.g.
monoisoamyl DMSA, is more beneficial than monotherapy
with these chelators in counteracting chronic arsenic
toxicity (Flora et al., 2005; Bhadauria and Flora, 2007). It
was concluded from these studies that concomitant admin-
istration of DMSA, a chelator known for its extracellular
distribution with lipophilic chelators like MiIADMSA, could
play a significant and important role in abating a number of
toxic effects of arsenic in animals compared to treatment with
these chelators alone. We suggested that analogs having
a long carbon chain (MiADMSA and MchDMSA) are better
chelators than chelators with a shorter carbon chain
(MmDMSA) or DMSA. It is assumed that analogs of DMSA
eliminate arsenic simultaneously from the cell and provide
assistance in bringing GSH homeostasis towards normalcy.
Further combinational therapy with DMSA and MiADMSA
or MchDMSA proved more beneficial than combined treat-
ment with MmDMSA and DMSA (Mishra et al., 2008).

As little experimental evidence is available there is
a need for in-depth investigation in this area. It is thus
proposed to investigate the effects of combination therapy
particularly in the case of chronic arsenic poisoning, where
a strong chelating agent is administered along with another
structurally different chelating agent (Kalia and Flora, 2005)
to evaluate whether combination treatment is able to
promote the elimination of arsenic and restore arsenic-
induced biochemical and clinical alterations.

VII. CONCLUDING REMARKS
AND FUTURE DIRECTION

Arsenic is used in industry and agricultural production, and
also appears in the food chain. Although information about
arsenic and its inorganic and organic derivatives is now
widely reported, there is very little information about their
use as chemical warfare agents. The use of arsenicals
remains a potential threat as they are relatively easy to
manufacture and may cause significant morbidity and
mortality. Knowledge about these arsenicals is very
important to plan a response in an emergency. Lewisite is
one of the arsenicals which has not been studied in detail.
There is very little information available on the detailed
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toxic effects of organic arsenicals particularly carcinoge-
nicity, mutagenicity, and teratogenicity. Lewisite, an
organic arsenical war gas which is a vesicant, has been
reported for its ability to bind with thiol groups leading to
the possibility of its undesirable effects on a variety of
enzymes. Thus there is a very strong possibility that expo-
sure to lewisite might also lead to carcinogenic effects, but
this hypothesis requires experimental and epidemiological
evidence. It is not known if lewisite is persistent. However,
arsenic is an elemental poison and any residual hydrolysis,
combustion, and decontamination product is likely to
contain an arsenical compound. Some of the major thrust
areas for future research include the possibility of delayed or
latent effects arising after organic arsenical (particularly
lewisite) exposure. These effects have been studied in detail
recently after inorganic arsenic exposure; however, there is
very little information available after organic arsenical
exposure. Development of antidotes is another area which
requires immediate attention. Although one approved anti-
dote, BAL, is available for lewisite, further investigations
are required with other derivatives of BAL like DMSA,
DMPS, or monoesters of DMSA like MiADMSA. Chelators
are generally not of any immediate benefit as far as toxicity
of arsine is concerned and once hemolysis has begun. With
some new chelating agents, like MiADMSA, at experi-
mental stages the effectiveness and safety of these chelating
against arsine poisoning need assurance. The toxicody-
namics of arsine is also one area which requires exploration
as this information will be of immense help in developing
suitable antidotes, particularly for impending hemolysis by
removing or displacing arsine.

Inorganic arsenic, particularly arsenic (III), is a well-
documented potent carcinogen causing cancer of the bladder,
lung, skin, and possibly liver and kidney. Because of failures
in the attempt to study the carcinogenic effects of arsenic in
animal models, the mechanism of arsenic-induced carcino-
genic effects remains unclear. The newly discovered potency
of trivalent methylated arsenic metabolites opens up new
opportunities for mechanistic studies. No treatment of
proven benefit is available to treat chronic exposure. Treat-
ment options advocated are vitamin, mineral supplements,
and antioxidant therapy. The benefits of these treatment
measures need to be evidence based to receive endorsement
and wider application. Further research work is also recom-
mended in the areas of (1) molecular mechanisms of action of
clinically important chelators, (2) intracellular and extra-
cellular chelation in relation to mobilization of aged arsenic
deposits and the possible redistribution of arsenic to sensitive
organs like the brain, (3) effect of metal chelators on
biokinetics during continued exposure to arsenicals,
(4) combined chelation with lipophilic and hydrophilic
chelators, (5) use of antioxidants, micronutrients, or vitamins
as complementary agents or antagonists, (6) minimization of
the mobilization of essential trace elements during long-term
chelation, and (7) fetotoxic and teratogenic effects of
chelators.
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Psychotomimetic Agent BZ (3-Quinuclidinyl

Benzilate)

JOSEF FUSEK, JIRI BAJGAR, JIRI KASSA, KAMIL KUCA, AND DANIEL JUN

I. INTRODUCTION

Experience with the use of chemical warfare agents (CWAs)
in WWI has led to an attempt to synthesize new chemicals
for military use but without lethal effects (Ketchum and
Sidell, 1997). The research was focused on contemporary
incapacitants influencing behavior but without substantial
effects on important vital functions. Incapacitating agents
include the esters of glycolic acid, i.e. atropine-like anti-
cholinergic compounds. BZ (3-quinuclidinyl benzilate QB,
QBN, Ro 2-3308) is a prototype of the CNS depressants;
and a prototype of CNS stimulants is LSD-25 (D-lysergic
acid diethylamide) or cannabinol. LSD-25 was found as the
first candidate for this group of CWAs. However, its phys-
ical and chemical properties as well as unpredictable
behavior after exposure have led to its exclusion from
military research. From many tested compounds, anticho-
linergic drugs were chosen for further research. The anti-
cholinergics are generally ““glycolates’ (substituted glycolic
and tropic acid esters) of which the representative and best-
known member is atropine. Major symptoms of low-level
atropinization include dry mouth, dilatation of pupils, and
tachycardia. With toxic doses of atropine, central excitation
becomes more prominent, leading to restlessness, irrita-
bility, disorientation, and hallucinations or delirium. With
still larger doses of atropine, stimulation is followed by
depression, coma, and medullary paralysis. A number of
anticholinergic compounds influencing psychotic stage and
higher nervous functions were tested (Table 10.1).

This group of compounds has both peripheral and central
properties. It is known from ancient literature that atropine
has psychotomimetic effects (extracts from Atropa belladona
were used to induce hallucinations in ““wizards’’). Central
effects increase when the compounds are considered in the
following rank: atropine, scopolamine, benactyzine, Ditrane,
and, finally, BZ and other esters of glycolic acid (Albanus,
1970). BZ was originally studied for the therapy of gastro-
intestinal diseases. But even in small doses it produces side
effects, such as confusion and hallucinations. Therefore, BZ
was withdrawn from commercial studies and turned over to
the US Army as a possible candidate for incapacitating

Handbook of Toxicology of Chemical Warfare Agents

135

agents (Sidell, 1982). BZ is known to neuropharmacologists
as the standard drug for testing the central activity of
muscarinic cholinergic receptors. At present, BZ is used in
the research of cholinergic neurons in the peripheral and
central nervous systems (Monica et al., 2008; Yamada et al.,
2007), Parkinson’s disease, Alzheimer’s disease, and other
types of dementia (Wyper et al., 1993; Parkasi et al., 2007). In
the 1960s, a number of similar compounds including BZ were
studied, in the framework of the military, through industrial
liaison programs (Pearson, 2006); these compounds, by
politico-military goals and requirements, must contain the
following criteria:

« high potency for physiological action (acting in pg/kg or
less)

« rapid onset (minutes)

« defined duration (optimally minutes—hours) and reversible
effect

« stability at storage and delivery

« significant and predictable effect

« capability of rapid dissemination in defined conditions and

« high safety ratio.

II. BACKGROUND

BZ is a white powder with a bitter taste. It has good solu-
bility in water and organic solvents, and is stable at field
conditions at a minimum of 1 or 2 days without loss of its
incapacitating activity. Its physical and chemical properties
are summarized in Table 10.2.

III. TOXICOKINETICS AND MECHANISM
OF ACTION

BZ is absorbed by all the usual routes of administration
(oral, parenteral, and inhalation). When administered by
inhalation, the absorption into the transport system (blood
stream) is more pronounced in comparison with oral
administration. Experimental studies were performed with

Copyright 2009, Elsevier Inc.
All rights of reproduction in any form reserved.
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TABLE 10.1. Structural formulae of some anticholinergic psychotomimetics and their antidotes

Compound Compound
Atropine _CHj Physostigmine HsC
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_NH N 3
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(0] OH
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7-Methoxytacrine
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parenteral administration, and in this case, i.v. administra-
tion is without any loss because of direct involvement of
BZ in the transport system. In the transport blood, the
compound is bound to the plasma proteins (preferably
albumin) and it is transported to the sites of toxic effect —
central and peripheral nervous systems. At these sites, BZ
interferes with cholinergic nerve transmission at muscarinic
sites, both in the peripheral autonomic nervous system and
in the brain and spinal cord. Because of the wide distribution
of these sites, measurable effects upon almost each phase of
neural regulation may be observed. BZ readily crosses the

blood-brain barrier, is distributed to all areas of the brain
and spinal cord, and interacts with cholinergic receptors as a
competitor with physiologically active transmitter acetyl-
choline. At the peripheral system, BZ binds to muscarinic
acetylcholine receptors in smooth muscles, like atropine,
and it has a very high affinity but without intrinsic activity
(Fusek et al., 1971).

At the central nervous system, BZ binds to all subtypes of
muscarinic receptors, each of them having different functions
in the brain (Lefkowitz, 2004). The particularly long duration
of the central action of BZ may be related to its higher affinity
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TABLE 10.2. Physical and chemical properties of 3-quinuclidinyl benzilate (BZ, QNB)

Reference

Appearance

Moleculer weight

Melting point

Boiling point

Volatility

Solubility of hydrochloride
Stability in substance
Stability in solution
Persistence in terrain

Method of determination of BZ in field
conditions

Method of determination of BZ in
biological agents in laboratory
conditions

White crystals

337.39

190°C (racemic 168°C)

412°C

Cmax = 0.0005 mg.1~! (70°C)

Very good

Compound is stable

Compound is stable in the water solution

Air oxidation proof (half-time 3—4 weeks)
at 25°C and pH 7

In Czech army:
(a) indicative tube type PT-51, (producer
Oritest Ltd, Prague)
(b) in field laboratory PPCHL-90
Determination: extract spectrophotometry
of ion pairs
Detection: TLC

Aleksandrov and Emelyanov (1990)
Aleksandrov and Emelyanov (1990)
Aleksandrov and Emelyanov (1990)

Aleksandrov and Emelyanov (1990)

Halamek and Kobliha (1993)
Skalican et al. (1997)

for the nervous tissue, especially strong adsorption on mito-
chondria, the subcellular organelles concerned principally
with the energy supply to the cell; this part of BZ has been
found to reduce the oxygen consumption by nerve cells
stimulated in various ways (Jovic and Zupanc, 1973).

IV. TOXICITY

The acute toxicity of BZ (expressed as LDsg) in different
species following different routes of administration is
shown in Table 10.4.

TABLE 10.3. Pharmacological activity of the compounds
tested on isolated rat jejunum

Compound i.a. pD; £ Pos PA; £ Pos
Acetylcholine a =1 6.79 £ 0.06
Muscarine a =1 6.59 + 0.05
Atropine B=o0 8.92 4+ 0.05
Benactyzine B=o0 7.64 + 0.07
Scopolamine B=0 8.83 £+ 0.06
Ditrane B=o0 8.36 + 0.07
BZ B=o0 8.55 £ 0.09

i.a. = intrinsic activity

o = intrinsic activity of agonist

B = intrinsic activity of antagonist

pD, = negative decadic logarithm of agonist EDs, (—log EDsg
agonist)

pA; = negative decadic logarithm of antagonist EDs, (—log EDsq
antagonist)

Pys = 95% confidence limits

It is clear that acute toxicity is relatively low. However,
the dose causing incapacitation is much lower. Therefore,
the ratio between lethal and incapacitant dose is in the range
of the logarithmic scale.

The effective doses (ED) of some psychotomimetic
drugs for incapacitation in humans were assessed and are
presented in Table 10.5.

The dose required to produce incapacitation is roughly
40 times lower than the lethal dose. For humans the effec-
tive dose (EDsy) for incapacitation by BZ under field
conditions is about 60 mg.min/m> with a 75 kg body
weight, volume of respiration of 15 I/min, and LDsq value
about 200 pg/kg, p.o. administration.

A. Symptoms

BZ is active when it is given by the intravenous, intra-
muscular, inhalation, or oral route of administration. The
fragmentary data available indicate that the higher dose
caused the greatest effects and longest duration. From 1960
to 1969, field tests had been conducted with 3-quinuclidinyl
benzilate by the US Army. Sidell’s (1982) description of the
effects induced by BZ (4.5-17.1 pg/kg) is as follows.

At low doses, the effects include dry mouth, decreased
gastric motility, inhibition of sweating, increase in heart
rate, papillary dilatation and loss of accommodation, mild
sedation, and mental slowing.

At high doses these effects are severe. There are marked
disturbances of function at all levels of the central nervous
system: motor coordination, attentiveness, and control of
thought and the learning process all decline. Confusion,
restlessness, impairment of perception and interpretation, and
memory span are observed. The first symptoms occur



138 SECTION Il - Agents that can be Used as Weapons of Mass Destruction

TABLE 10.4.

Lethal doses of 3-Quinuclidinyl benzilate and other anticholinergic drugs for different species

LDsg (mg/kg)

Animal Route of administration 3-Quinuclidinyl benzilate (BZ) Atropine Scopolamine
Mouse iv. 22 74 163
i.p. 110 256 119
im. 42
p.o. 460 693
Rat iv. 20 41
L.p. 256
im. 281
p.o. 733 1,270
Guinea pig iLv. 14 163
ip. 277
p.o. 1,100
Rabbit iv. 10
im. 588
Cat iv. 12
Dog iv. 12
Pig iv. 5

depending on the route of administration; judgment and defi-
cient insight are all features of this syndrome. True halluci-
nations are present and if the dose is quite high the subject may
become stuporous or even comatose for several hours.

After a single injection of BZ (5.0-6.4 pg/kg, i.m.), the
following symptoms are observed at various time intervals:

« 10 min: light headedness and giggling.

¢ 30 min: dry mouth, blurred vision, nausea, chilly
sensations, and twitching.

o 1 h: flushed skin, incoordination, fatigue, unsteadiness,
sleepiness, and quivering legs.

«2 h: many of the above, plus poor concentration,
restlessness, hallucinations, slurred speech, and muscle
fasciculation.

« 3 h: above, plus tremors.

«4 h: above, plus difficulty in handling the subject,
increased pulse to 130.

« 8 h: above, plus delirium and hallucinations.

e 24 h: persistent delirium, hallucinations, restlessness,
unsteadiness, increased pulse in some but not all subjects.

« 48 h: persistent impairment of functions.

Mydriasis and disturbed accommodation remain unchanged
depending on the dose after 2 or 3 days. BZ has a mean
duration of incapacitation of about 70 h. In real situations,
wide variations in dosage would occur and thus the results
will also be varied over the large time interval.

V. RISK ASSESSMENT

BZ was stockpiled by the US military forces in 1980.
However, in 1992, a US delegation to the Conference on
Disarmament in Geneva declared that their stocks of BZ were
destroyed. It is not known if stocks of BZ are held by any
other armed forces. The military use of BZ was limited to

TABLE 10.5. The effective doses (ED) of some psychotomimetic drugs for incapacitation in man

Drug Route of administration ED (mg/kg) Reference
LSD-25 im. 0.0005-0.001 Hoffman (1960)
p.o. 0.001 Hollister (1968)
BZ im. 0.006 Sidell et al. (1973)
im. 0.01 Spivak and Milstejn (1973)
iv. 0.005 Spivak and Milstejn (1973)
Scopolamine im. 0.024 Ketchum et al. (1973)
Atropine im. 0.175 Ketchum et al. (1973)
Ditrane im. 0.1-0.3 Gershon and Olariu (1960)
im. 0.15 Ketchum et al. (1973)
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special operations and, at present, BZ agent can be consid-
ered as a potential agent dedicated for special military
operations. There exist a group of other incapacitants (not
anticholinergic hallucinogens) known as nonlethal chem-
icals with very strong effects, e.g. fentanyl derivatives, as
demonstrated in Moscow in 2002. Use of these incapacitants
by terrorists and other small groups cannot be excluded
either. Today, BZ is considered as one of a number of
“nonlethal” incapacitating chemical weapons. These
compounds are designed and primarily employed to inca-
pacitate personnel or material while minimizing fatalities,
permanent injury to personnel, and undesired damage to
property and the environment (Pearson, 2006).

VI. TREATMENT

Based on the knowledge of mechanism of action (simply
described as a lack of neuromediator acetylcholine), the
therapeutic principle of BZ intoxication is to increase the
acetylcholine level by inhibitors of cholinesterases.
However, their use is limited to their ratio between thera-
peutic and toxic dose and therefore reversible inhibitors are
preferred, although some experiments with interaction of
highly toxic nerve agents (VX and sarin) and BZ on
healthy volunteers were described (Sidell er al., 1973).
Physostigmine was the first antidote proposed against BZ
intoxication. Its antidotal effect against intoxication with
extract from Atropa belladona has been known for more
than 150 years. It is known that physostigmine acts as
a good antidote against scopolamine intoxication, as it is
able to treat all kinds of symptoms, such as electrophysi-
ological, psychiatric, and biochemical changes caused by
this anticholinergic drug. Physostigmine was considered as
one of the potential antidotes against anticholinergics,
including esters of glycolic acid. Its therapeutic and toxic
doses are very close, showing side effects and short time
duration. There were some attempts to obtain new inhibi-
tors having lower toxicity in comparison with physostig-
mine. Acridine derivatives were of great interest (Albert,
1966). From these compounds, 1,2,3,4-tetrahydro-
9-aminoacridine (tacrine) was found to be very effective
(Fusek et al., 1974). It was found to be an antagonist
against morphine and curare overdosage. It is an inhibitor
of cholinesterases comparable with neostigmine or physo-
stigmine and also having antihistaminic activity. Its effect
is prolonged in comparison with physostigmine. During the
studies of antidotes against anticholinergic hallucinogens,
it was recognized as the most promising antidote at the
time (Gershon and Angrist, 1973). The antidotal effect of
Tacrine against Ditrane intoxication including improve-
ment of the EEG changes was approved by Itil and Fink
(1966) in 74 patients. Atropine, scopolamine, and Ditrane
intoxications were successfully treated using physostig-
mine and Tacrine, but also sarin (Ketchum et al., 1973).
However, the toxicity of Tacrine was the reason for its

limited use. Moreover, it has other limitations, for example
it caused temporary changes in hepatic function tests and
therefore was abandoned (Marx, 1987).

The 7-methoxy derivative of Tacrine (7-MEOTA) was
synthesized and tested (Fusek et al, 1986). 7-MEOTA
inhibited in vitro rather more butyrylcholinesterase (BuChE)
(Isy = 3.5.1077 M) than acetylcholinesterase (AChE) (Is) =
3.5.107¢ M). The inhibition is a competitive—noncompetitive
reversible type. The characteristics of AChE inhibition indicate
that 7-MEOTA binds to the active surface of AChE in the
gamma-anionic site, like galantamine or coumarine. Inhibition
of blood AChE by O-ethyl-S-(2-dimethylaminoethyl) methyl-
phosphonothioate (0.042 mg/kg = 1.5 x LDsg, i.m.) after
premedication with 7-MEOTA (100 mg/kg, im.) was
substantially smaller than in intoxicated animals pretreated with
saline, which highlights its possible use for preventing intoxi-
cation by organophosphorus anticholinesterase agents.
7-MEOTA enhanced the contraction response of the guinea pig
atria (EDsy positive inotropic effect = 1.7 x 107 °M),
reduced the frequency of contractions (by binding the compound
to the effectors of the cholinergic system of the heart tissue),
increased the contraction response of the isolated rat diaphragm,
and antagonized the effect of d-tubocurarine. The dose of
3 x 107°M of 7-MEOTA entirely suppressed the effect of
a dose of 2 x 107°M d-tubocurarine. 7-MEOTA elicited
a contraction response (1 x 107’M) and intensified the
response of the isolated rat jejunum to the applied concentration
of cholinomimetics. The long-term increase of intestinal peri-
staltic after low concentrations of 7-MEOTA (1 x 10~"M)
bears witness to the inhibitory effect of the compound on tissue
cholinesterases. In a dose-dependent manner, 7-MEOTA
effectively antagonized symptoms of intoxication elicited by
anticholinergics in dogs. A dose of 5 mg/kg, i.m. of 7-MEOTA
shortened the time needed for a fall in the score of intensity of
symptoms elicited by BZ (0.05 mg/kg, i.m.) from 210 min in
untreated intoxication to 54 min, respectively (Fusek et al.,
1979).

Our results show that contributing to the effect of
7-MEOTA (besides the direct influence on effectors of
the cholinergic system) can also be mediated through the
action of the induced cholinesterase inhibition in the
central and peripheral nervous systems. The more benefi-
cial properties of 7-MEOTA in comparison with physo-
stigmine suggests the possible therapeutic use of this
compound in cases where hitherto physostigmine used to
be applied. In contrast to physostigmine, the application of
7-MEOTA will not require repeated doses for maintaining
the therapeutic effect at low dosage and has minimum side
effects.

7-MEOTA is a potent, centrally active cholinesterase
inhibitor. Therefore, this new medicament not only has use
as an antidote against BZ intoxication but can be used in
general as a drug for the treatment of cholinergic deficit
neurological disorders, such as Alzheimer’s disease. In
isolated rat jejunum, 7-MEOTA increased muscle contrac-
tility and in isolated guinea pig ventricular myocytes this
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compound was found to prolong transmembrane action
potential and decrease the amplitude of the plateau. In iso-
lated rat diaphragm, 7-MEOTA increased muscle contrac-
tility after electric stimulation of the phrenic nerve.

7-MEOTA was found to antagonize convulsive action of
pentamethylenetetrazole and significantly decreased the
number of surviving animals following administration of
this drug. Results from behavioral studies indicated that
7-MEOTA antagonized anticholinergic syndrome evoked
by scopolamine, Ditrane, and BZ.

TABLE 10.6. Lethal doses of Tacrine,
7-methoxytacrine and physostigmine in laboratory animals

Route of LDs
Compound Animal administration (mg/kg)
Tacrine Mouse im. 28.9
(24.2-35.8)
Rat im. 33.8
(28.8-40.6)
Rat p-o. 103.7
(84.6-135.8)
Rat ip. 20.2
(16.4-24.8)
Rat iv. 12.0
(10.7-13.6)
Rabbit in. 13.3
(8.0-18.8)
Dog im. 12.6
(10.1-14.7)
7-Methoxytacrine  Mouse im. 125
(110-143)
Rat im. 258
(224-313)
Rat p.o. 793
(662-950)
Rat ip. 73.3
(61-90)
Rat iv. 222
(19.9-25.2)
Rabbit im. 753
(60-89)
Dog im. 18.9
(15.2-22.1)
Physostigmine Mouse im. 0.86
(0.7-1.0)
Rat im. 2.2
(1.9-2.4)
Dog im. 0.83
(0.68-0.95)

The antidotal effect of 7-MEOTA on the anticholinergic
syndrome was potentiated by nootropics, by diazepam, and
especially by opioid peptides (Fusek, 1977).

7-MEOTA also antagonized side effects of tricyclic
antidepressants and protected AChE against inhibition by
some organophosphate anticholinesterase compounds.

Acute toxicity of 7-MEOTA was low, since LDsq (i.m.)
was 125 mg/kg for mice and 258 mg/kg for rats. The oral
LDs in rats was found to be 793 mg/kg. Analogous values
for THA at the same order were: 29, 34, and 104 mg/kg
(Fusek, 1977). Also, 7-MEOTA was found to be markedly
less toxic than THA in dogs and rabbits. A subacute toxicity
study of 7-MEOTA (3 months’ administration) demo-
nstrated that the compound was well tolerated at doses of
25 mg/kg (i.m.) and 50 mg/kg (p.o.) in rats and 2.5 mg/kg
(i.m. and i.v.) in beagle dogs. No pathological changes were
observed in biochemical, haematological, and morpholog-
ical investigations.

VII. ANALYTICAL METHODS

The fluorometric method for 7-MEOTA determination in
biological material was developed, and blood concentration
profiles of 7-MEOTA in rats and healthy volunteers were
estimated (Filip et al., 1991).

Maximal concentrations of 7-MEOTA in human blood
were observed approximately 0.5-1 h after im. and 4 h
after p.o. application of the drug. Half-life was 5 h, and an
effective level was maintained for 12 h. Similar results
in rats with radiolabeled [H*]7-MEOTA were obtained.
The main part of 7-MEOTA was eliminated by urine, and
later by feces 6 h after administration. The majority of
the compound was eliminated in unchanged form, and
the minority was metabolized. Among the metabolites,
7-MEOTA and its conjugate with glucuronic acid were
demonstrated; further metabolites were likely compounds
with the OH group in position 1 or 2 (Patocka et al., 1996).

In healthy volunteers, 7-MEOTA was well tolerated in
a single dose of 2 mg/kg (p.o.) or I mg/kg (i.m.) following
daily administration (7 days). The compound did not
influence cognitive functions of healthy persons. The blood
concentration profiles of volunteers corresponded well with
those in rats.

On the basis of the results obtained, it was decided that 7-
MEOTA would be studied in more detail including
preclinical testing. The first and second phases of clinical
testing on healthy volunteers were performed. It was found
that 7-MEOTA is well tolerated after peroral or intramus-
cular administration (dose 2 mg/kg, p.o. and 1 mg/kg,
im.) (Filip et al., 1991). Clinical testing of this drug was
performed on patients with tardive dyskinesias occurring
after lengthy administration of neuroleptics with good
therapeutic efficacy (Zapletalek et al., 1989). As a result, it
was introduced in the form of tablets (7-MEOTA, 100 mg)
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and injections (50 mg in 2 ml) to the Czech Army as an
antidote against psychotomimetic agents.

VIII. CONCLUDING REMARKS
AND FUTURE DIRECTION

BZ was recognized as an incapacitant agent for military use.
It was stockpiled and stored as CWA by the US Army but
their stocks were destroyed in 1992. The use of this agent is
not excluded. Its mechanism of action is based on the
interaction with cholinergic receptors. The symptomatology
is characterized by peripheral action (vegetative symptoms)
and central symptomatology including hallucinations. The
antidotes and effective antidotal therapy are of vital interest
and are possible using commonly available physostigmine
or 7-MEOTA, respectively. The use of BZ in the research of
the cholinergic nervous system cannot be omitted.

References

Albanus, L. (1970). Central and peripheral effects of anticholin-
ergic compounds. Acta Pharmacol. Toxicol. 28: 305-26.

Albert, A. (1966). The Acridines, p. 604. Wiliam Clowes and
Sons, London and Beccles.

Aleksandrov, V.N., Emelyanov, V.I. (1990). Otravilyayushchie
veshchestva, p. 272. Voennoe izdatelstvo, Moscow.

Filip, V., Vachek, J., Albrecht, V., Dvorak, 1., Dvorakova, J.,
Fusek, J., Havlu, J. (1991). Pharmacokinetics and tolerance
of 7-methoxytacrine following single dose administration
in healthy volunteers. Int. J. Clin. Pharmacol. Ther. Toxicol.
29: 431-6.

Fusek, J. (1977). Tacrin and its analogues, antidotes against
psychotomimetics with anticholinergic effects. Voj. Zdrav.
Listy 46: 21-7. (In Czech).

Fusek, J., Kabes, J., Fink, Z. (1971). Peripheral effects of anti-
cholinergic psychotomimetics. Activ. Nerv. Sup. 13: 191-3.
Fusek, J., Patocka, J., Bajgar, J., Bielavsky, J., Herink, J., Hrdina,
V. (1974). Pharmacology of 1,2,3,4,-tetrahydro-9-amino-

acridine. Activ. Nerv. Sup. 16: 226-8.

Fusek, J., Herink, J., Koupilova, M., Patocka, J., Bajgar, J.,
Hrdina, V. (1979). The interaction of anticholinesterases and
diazepam in the treatment of anticholinergic syndrome in dogs.
Activ. Nerv. Sup. 21: 183—4.

Fusek, J., Patocka, J., Bajgar, J., Koupilova, M., Hrdina, V.
(1986). Anticholinesterase effects of 9-amino-7-methoxy-
1,2,3,4-tetrahydroacridine. Activ. Nerv. Sup. 28: 327-8.

Gershon, S., Angrist, B.M. (1973). Effects of alterations of
cholinergic function on behavior. In Proceedings of the 62nd
Annual Meeting of the American Psychopathological Associ-
ation, Chapt. 2, pp. 15-36. John Hopkins Press, Baltimore.

Gershon, S., Olariu, J. (1960). JB 329 — a new psychotomimetic.
Its antagonism by tetrahydroaminacrine and its comparison
with LSD, mescaline, and sernyl. J. Neuropsychiatry. 1:
283-92.

Halamek, E., Kobliha, Z. (1993). Investigation of the conditions of
extraction of ion-associates of 3-quinuclidinyl benzilate with
acidic dyes. Collect. Czech. Chem. Commun. 58: 315-19.

Hoffman, A. (1960) Psychotomimetics: chemical, pharmacolog-
ical and medical aspects. Svensk. Chem. Tidskr. 72: 723—47.

Hollister, L.E. (1968). Chemical Psychoses. LSD and Related
Drugs, p. 190. Charles C. Thomas, Springfield.

Itil, T., Fink, M. (1966). Anticholinergic drug-induced delirium:
experimental modification, quantitative EEG and behavioral
correlations. J. Nerv. Ment. Dis. 143: 492-507.

Jovic, R.C., Zupanc, S. (1973). Inhibition of stimulated cerebral
respiration in vitro and oxygen consumption in vivo in rats
treated by cholinolytic drugs. Biochem. Pharmacol. 22: 1189-94.

Ketchum, J.S., Sidell, F.R. (1997). Incapacitating agents. In
Textbook of Military Medicine, Warfare, Weaponry, and the
Causality: Medical Aspects of Chemical and Biological
Warfare, Part 1, pp. 287-306. The Office of the Surgeon
General and TMM Publications. Borden Institute, Walter Reed
Army Medical Center, Washington DC.

Ketchum, J.S., Sidell, F.R., Crowell, E.B., Jr., Aghajanian, G.K.,
Hayes, A.H., Jr. (1973). Atropine, scopolamine, and ditrane:
comparative pharmacology and antagonists in man. Psycho-
pharmacologia (Berlin) 28: 121-45.

Lefkowitz, R.J. (2004). Historical review: a brief history and
personal retrospective of seven-transmembrane receptors.
Trends Pharmacol. Sci. 22: 413-22.

Marx, J.L. (1987). Alzheimer’s drug trial put on hold. Science
238: 1041-65.

Monica, F.Z.T., Bricola, A.A.O., Bau, F.R., Freitas, L.L.L.,
Teixeira, S.A., Muscara, M.N., Abdalla, F.M.F., Porto, C.S.,
De Nucci, G., Zanesco, A., Antunes, E. (2008). Long-term
nitric oxide deficiency causes muscarinic supersensitivity and
reduces beta(3)-andrenoceptor-mediated relaxation, causing rat
detrusor overactivity. Br. J. Pharmacol. 153: 1659-68.

Parkasi, S., Colloby, S.J., Firnbank, M.J., Perry, E.K., Wyper,
D.J., Owens, J., McKeith, 1.G., William, E.D., O’Brien, J.T.
(2007). Muscarinic acetylcholine receptor status in Alzheim-
er’s disease assessed using (R, R)123[-QNB SPECT. J. Neurol.
254: 907-13.

Patocka, J., Bielavsky, J., Cabal, J. (1996). Identification of 9-
amino-7-hydroxy-1,2,3,4-tetrahydroaminoacridine as a major
metabolite of 7-methoxytacrine. Chem. Listy 90: 753—4.

Pearson, A. (2006). Incapacitating biochemical weapons. Science,
technology, and policy for the 21st century. Nonprolifer. Rev.
13: 152-88.

Sidell, F.R. (1982). Possible Long-Term Health Effects of Short-
Term Exposure to Chemical Agents. Vol. 1. Anticholinester-
ases and Anticholinergics (Panel on Anticholinesterase
Chemicals, Panel on Anticholinergic Chemicals, Committee
on Toxicology, Board on Toxicology and Environmental
Health Hazards, eds), pp. xiv, 284. National Academy Press,
Washington DC.

Sidell, F.R., Aghajanian, G.K., Groff, W.A. (1973). The reversal
of anticholinergic intoxication in man with cholinesterase
inhibitor VX. Proc. Soc. Exp. Biol. Med. 144: 725-30.

Skalican, Z., Halamek, E., Kobliha, Z. (1997). Study of'the potential
of thin-layer chromatographic identification of psychotropic
drugs in field analysis. J. Planar. Chromatogr. 10: 208-16.

Spivak, L.I., Milstejn, G.I. (1973). Problemy psichotoksikologii.
Voj. med. Z. 10: 40-4.

Wyper, D.J., Brown, D., Patterson, J., Owens, J., Hunter, R.,
Teasdale, E., McCulloch, J. (1993). Deficits in iodine-labelled
3-quinuclidinyl benzilate binding in relation to cerebral blood



142 SECTION Il - Agents that can be Used as Weapons of Mass Destruction

flow in patients with Alzeheimer’s disease. Eur. J. Nucl. Med. publication, October 10, 2007; doi: 10.1038/sj.npp.1301591

20: 379-86. (http://www.nature.com/npp/journal/vaop/ncurrent/full/1301591a.
Yamada, M., Chiba, T., Sasabe, J., Terashita, K., Aiso, S., html).

Matsuoka, M., Chiba, T., Matsuoka, M. (2007). Nasal Colivelin Zapletalek, M., Hanus, H., Fusek, J., Hrdina, V. (1989). First

treatment ameliorates memory impairment related to Alzheim- experiences with 7-methoxytacrine administration to psychic

er’s disease. Neuropsychopharmacology advance online patients. Cs. Psychiat. 85: 155-64. (In Czech).


http://www.nature.com/npp/journal/vaop/ncurrent/full/1301591a.html
http://www.nature.com/npp/journal/vaop/ncurrent/full/1301591a.html

cHaprTEr 11

Onchidal and Fasciculins

ARTURO ANADON, MARIA ROSA MARTINEZ-LARRANAGA, AND LUIS G. VALERIO, JR.

This research report is not an official US Food and Drug
Administration guidance or policy statement. No official
support or endorsement by the US Food and Drug Admin-
istration is intended or should be inferred.

I. INTRODUCTION

Onchidal and fasciculins are natural toxins, which produce
their toxicity in mammalian systems by virtue of primarily
acetylcholinesterase (AChE) inhibition. AChE hydrolyzes
and inactivates acetylcholine, thereby regulating the
concentration of the transmitter at the synapse. Termination
of activation is normally dependent on dissociation of
acetylcholine from the receptor and its subsequent diffusion
and hydrolysis, except in diseases where acetylcholine
levels are limiting or under AChE inhibition, conditions that
increase the duration of receptor activation (Silver, 1963).
The toxins that inhibit the AChE are called anticholin-
esterase (anti-ChE) agents. They cause acetylcholine to
accumulate in the vicinity of cholinergic nerve terminals,
and thus are potentially capable of producing effects
equivalent to excessive stimulation of cholinergic receptors
throughout the central and peripheral nervous systems
(Long, 1963). Nevertheless, several members of this class of
compounds are widely used as therapeutics agents; others
that cross the blood—brain barrier have been approved or are
in clinical trial for the treatment of Alzheimer’s disease.
The AChE can be classified in several ways. Mechanis-
tically, it is a serine hydrolase. Its catalytic site contains
a catalytic triad — serine, histidine, and an acidic residue — as
do the catalytic sites of the serine proteases such as trypsin,
several blood clotting factors, and others. However, the
acidic group in AChE is a glutamate, whereas in most other
cases it is an aspartate residue. The nucleophilic nature of
the carboxylate is transferred through the imidazole ring of
histidine to the hydroxyl group of serine, allowing it to
displace the choline moiety from the substrate, forming an
acetyl-enzyme intermediate. A subsequent hydrolysis step
frees the acetate group. Understanding of the catalytic
properties of the protein has assisted in our understanding of
its inhibition by organophosphate and carbamate inhibitors.
However, several questions remain to be answered
regarding AChE catalysis; for example, the mechanism
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behind the extremely fast turnover rate of the enzyme (Fair
et al., 1994). Despite the fact that the substrate has to
navigate a relatively long distance to reach the active site,
ACHhE is one of the fastest enzymes (Nair et al., 1994). One
theory to explain this phenomenon has to do with the
unusually strong electric field of AChE. It has been argued
that this field assists catalysis by attracting the cationic
substrate and expelling the anionic acetate product (Ripoll
et al., 1993). Site-directed mutagenesis, however, has
indicated that reducing the electric field has no effect on
catalysis. However, the same approach has indicated an
effect on the rate of association of fasciculin, a peptide that
can inhibit AChE (Schafferman ef al., 1994).

Naturally occurring irreversible inhibitors of AChE are
toxins which are often selective inhibitors of protein func-
tion, and this property can often be exploited for a variety of
purposes (Pita et al., 2003). For instance, physostigmine,
also called eserine, is a naturally occurring alkaloid inhibitor
of AChE that has been used in understanding the kinetic
mechanism of AChE.

II. BACKGROUND

This chapter covers natural agents that prolong the existence
of acetylcholine after it is released from cholinergic nerve
terminals. Natural toxins are chemical agents of biological
origin including chemical agents and proteins, and can be
produced by all types of organisms; such is the case of
onchidal and fasciculins. Although a chemical and a protein,
respectively, onchidal and fasciculins share the same toxic
effect of inhibiting AChE, which is concentrated in synaptic
regions and is responsible for the rapid catalysis of the
hydrolysis of acetylcholine. As such, the natural toxins
onchidal and fasciculins can produce disorders of neuro-
muscular transmission clinically categorized as either pre-
or post-synaptic; some toxins simultaneously affect both
sites. Chemical agents associated with neuromuscular
transmission syndromes include the fasciculins, crotoxin,
taipoxin, tubocurarine, organophosphorus compounds, and
others (Anadon and Martinez-Larrafiaga, 1985).

These aforementioned natural anti-ChE agents can be
developed for a different utility including the extensive
application as toxic agents (i.e. potential chemical warfare).

Copyright 2009, Elsevier Inc.
All rights of reproduction in any form reserved.
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One of the first interesting structures with cholinergic
properties isolated from a marine source is the chemical
onchidal. This compound was first isolated from the mollusc
Onchidella binneyi and has an acetate ester similar to
acetylcholine. Upon isolation, onchidal was discovered to
be an active site-directed irreversible inhibitor of AChE
(Abramson et al., 1989).

Neurotoxins from snake venoms have proved to be
valuable tools for the understanding of synaptic trans-
mission mechanisms. Likewise, the powerful inhibitory
action of fasciculins against mammalian AChE makes them
potentially useful tools for pharmacological and neuro-
chemical research. Studies of their biochemical and elec-
trophysiological effects on the central nervous system and
biochemical characterization are now being carried out.

Natural toxins can be extremely potent and many of them
are effective at far lower dosages compared to conventional
chemical agents. Natural toxins, as compounds of biological
origin, are often classed as biological agents, but they are
not infectious and are more similar to chemicals with
respect to their military potential for tactical use; therefore,
they should be considered to be chemical agents. The
Chemical Weapons Convention (2003) (available at: www.
fas.harvard.edu/~hsp/cwc/cwcebyart.html)  also  includes
natural toxins as chemical agents, and, specifically, includes
the onchidal and fasciculins toxins in its control regime
along with other highly toxic chemicals.

A. Onchidal

Onchidal is a toxic component of a certain poisonous marine
opisthobranch mollusc. Like other opisthobranchs, the
Onchidiacea family of molluscs does not have the protection
of a hard external shell as do most molluscs. They rely
instead on the production of a defensive secretion. When the
animal is disturbed it secretes a viscous fluid from special-
ized glands. In two species of Onchidella (Onchidella flor-
idanun and Onchidella borealis), this defensive secretion
has been shown to act as a deterrent to potential predators,
including fish and crabs. Chemically, it is a simple lipophilic
acetate ester (see Figure 11.1).

Onchidal has been identified as the major lipid-soluble
component of the defensive secretion of Onchodella binneyi
and it has been proposed as the compound responsible for
the chemical protection of Onchidella. Onchodella binneyi
is an opisthobranch mollusc which inhabits the rocky
intertidal zone near the area of Baja California, Mexico. The
defensive secretion was obtained in the field by squeezing
the mollusc and collecting the mucus discharge in capillary
tubes. Large quantities of this material could be obtained
after extraction of intact animals with acetone (Ireland and
Faulkner, 1978). However, the distribution of onchidal in
different species of Onchidella was not reported and, apart
from inhibiting the growth of Staphylococcus aureus
(MIC value was between 0.21 and 0.63 pg/ml), implying
that onchidal is a potent inhibitor of Gram-positive
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FIGURE 11.1. Chemical structure of onchidal.

microorganisms, no biological activity of onchidal was
described. Additional studies demonstrated that onchidal is
contained in several different species of Onchidella and
that, once purified, is toxic to fish (Abramson ef al., 1989).
Onchidal can be found in four of the eight known species of
Onchidella collected from different countries (Table 11.1).
In addition, the Abramson study found onchidal to be toxic
to goldfish. Although goldfish are not potential predators of
Onchidella, these results demonstrate that onchidal has
a distribution and a biological activity consistent with its
proposed role in the chemical defense of Onchidella.

B. Fasciculins

Mamba snake venom (Dendroaspis angusticeps, polylepis,
viridis, jamesoni) contains a mixture of neurotoxic
compounds including post-synaptic  cholinoreceptor
a-neurotoxins, dendrotoxins, fasciculins, and muscarinic
toxins (Hawgood and Bon, 1991). Effects at the neuro-
muscular junction include AChE inhibition by fasciculins,
and increased presynaptic release of acetylcholine by den-
drotoxins (polypeptides which facilitate acetylcholine
release in response to nerve stimulation); together with the
high acetylcholine content of mamba toxin (624 mg/g),
these effects are synergistic and enhance neurotoxicity and
lethality. Moreover, the venom may contain other compo-
nents having a synergistic action with dendrotoxin.

Toxins that facilitate neuromuscular transmission are
a characteristic component of mamba venom. The four
known fasciculins bind to a peripheral regulatory anionic
site of AChE in a noncompetitive and irreversible manner

TABLE 11.1. Concentration of onchidal in different species
of Onchidella (Abramson et al., 1989)

Onchidal
concentration
Organism Collection site (1.g/animal)
O. binneyi Baja California, Mexico 230
O. borealis Central California, USA 33
O. nigricans New Zealand 18
O. patelloides Australia 42
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(Hawgood and Bon, 1991). The dendrotoxins comprise the
second group of facilitatory neurotoxins and are present in
most mamba venoms (with the exception of Dendroaspis
Jjamesoni); they inhibit voltage-dependent K" channels in
motor nerve terminals and facilitate acetylcholine release at
the neuromuscular junction. Post-synaptic toxins present in
mamba venom bind to and block nicotinic acetylcholine
receptors. The muscarinic toxins present in mamba venom
are small (7 kDa) proteins that selectively bind to musca-
rinic cholinergic receptors and may constitute up to 1% of
the venom protein (Adem and Karlsson, 1985; Jerusalinsky
and Harvey, 1994). About 12 muscarinic toxins have been
isolated. M1 toxin binds noncompetitively and with high
affinity to the M| muscarinic receptor sybtype. MTx1 and
MTx2 show high affinity for both muscarinic M; and M3
receptors; little is known about the receptor selectivity of
MTx3 and MTx4. Dpa and Dpf are also muscarinic
agonists displaying similar affinity for both the M and M,
receptor subtypes. The last two agonists, DpMTx and
DvMTX, are selective muscarinic agonists present in the
venom of some mamba species; these agonists also show
affinity for the M| muscarinic receptor subtype.

The fasciculins are a family of closely related ~6,750 Da
peptides isolated from the venom of mambas (genus Den-
droaspis), and are named after the long-lasting muscle
fasciculations they produce in mice (Rodriguez-Ithurralde
et al., 1983). They are potent and selective inhibitors of
AChE. Fasciculins (Fas) are 61 residue long polypeptides.
They share a three-looped structural motif with other toxins,
such as a-neurotoxins, cytotoxins, and muscarinic toxins,
directed to diverse specific tagets. Four fasciculins are known
(Table 11.2) which differ only by one to three residues and
show selective and potent anti-AChE activity: Fasl and Fas2
from the venom of Dendroaspis angusticeps (eastern green
mamba) contains 61 amino acid residues including eight
half-cystines (Rodriguez-Ithurralde et al., 1983), ToxC from
the venom of D. polylepis polylepis (black mamba) (Joubert
and Taljaard, 1978), and Fas3, which was isolated from
aparticular batch of D. viridis (western green mamba) venom
and found to have the same primary structure as ToxC
(Marchot et al., 1993). No fasciculin has been found in other

TABLE 11.2. Types of fasciculin identified

From the mamba snake
venoms (Elapidae family)
(Dendroaspis genus)

Fasciculins
characterized

Fasciculin 1 Dendroaspis angusticeps

(green mamba)
Fasciculin 2
(formally F; toxin)

Dendroaspis angusticeps
(green mamba)

Fasciculin 3
(formally toxin C)

Dendroaspis polylepis
(black mamba)

Dendroaspis viridis
(western green mamba)

Fasciculin 4
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D. viridis venoms (Marchot ef al., 1993), or in D. jamesonii
(Jameson’s mamba).

Angusticeps-type toxins constitute a group of toxins
typical for mamba venoms. They consist of 59—61 amino acid
residues and four disulfides, and show sequence homology
with short-chain post-synaptic toxins and cardiotoxins, but
they are immunochemically distinct from these toxins. Eight
toxins of this type have been sequenced and structurally
classified into four subgroups (Joubert and Taljaard, 1978).
Pharmacological studies on these angusticeps-type toxins
have revealed that only toxins F7 and C, which belong to
subgroup I, exhibit a potent inhibition of cholinesterase of
various tissues, except for that of chick skeletal muscle. Both
F7 and C stimulate mouse and toad skeletal muscles by their
anticholinesterase activity, as well as possibly by facilitating
acetylcholine release from nerve terminals (Lee ef al., 1985).
Fasciculins account for 3—6% of the venom protein and the
relative proportion between fasciculin 1 and 2 is about 1/3
(Cervenansky et al., 1994).

The structural similarity between onchidal (an acetate
ester) and acetylcholine suggested that the toxicity of
onchidal could result from inhibition of either nicotinic
acetylcholine receptors or AChE. Although onchidal
(1.0 mM) did not prevent the binding of '**I-a-bungarotoxin
to nicotine acetylcholine receptors, it inhibited AChE in
a progressive, apparently irreversible, manner. The apparent
affinity of onchidal for the initial reversible binding to
AChE (K;) was approximately 300 uM, and the apparent
rate constant for the subsequent irreversible inhibition of
enzyme activity (Kinact) was approximately 0.1 min ",

The fasciculins are a family of closely related peptides
that are isolated from the venom of mambas and exert their
toxic action by inhibiting AChE. The crystal structure of
fasciculin 2 from green mamba (Dendroaspis angusticeps)
snake venom was first resolved in 1992 (Le Du et al., 1992).
The three-dimensional (3D) structure of fasciculin 1
obtained from the US National Library of Medicine,
National Center for Biotechnology Information, MMDB
database is illustrated in Figure 11.2.

Fasciculins belong to the structural family of three-
fingered toxins from Elapidae snake venoms, which include
the a-neurotoxins that block the nicotinic acetylcholine
receptor and the cardiotoxins that interact with cell
membranes. The features unique to the known primary and
tertiary structures of the fasciculin molecule were analyzed
by Harald and associates (1995). Loop I contains an arginine
at position 11, which is found only in the fasciculins and
could form a pivotal anchoring point to AChE. Loop II
contains five cationic residues near its tip, which are partly
charge compensated by anionic side chains in loop III. By
contrast, the other three fingered toxins show full charge
compensation within loop II. The interaction of fasciculin
with the recognition site on acetylcholinesterase was
investigated by estimating a precollision orientation fol-
lowed by determination of the buried surface area of the
most probable complexes formed, the electrostatic field
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FIGURE 11.2. The 3D protein structure of fasciculin 1 derived
from green mamba (Dendroaspis angusticeps) snake venom.
[Image obtained from the public domain at the US National
Library of Medicine, National Center for Biotechnology Infor-
mation, Molecular Modeling Database 3D Structure Database
(MMDB)].

contours, and the detailed topography of the interaction
surface. This approach has led to testable models for the
orientation and site of bound fasciculin.

III. MECHANISM OF ACTION
AND BIOLOGICAL EFFECTS

A. Onchidal

Onchidal is an irreversible inhibitor of enzyme AChE with
a novel mechanism of action. It has been suggested,
however, that its toxicity could be a consequence of the
inhibition of either nicotinic acetylcholine receptor or AChE
enzyme.

Incubation of AChE with onchidal resulted in the
production of acetate, demonstrating that onchidal was
a substrate for AChE, and approximately 3250 mol of
onchidal was hydrolyzed/mol of enzyme irreversibly
inhibited. Organophosphate and carbamate inhibitors of
AChE have partition ratios (mol of toxin hydrolyzed/mol of
enzyme irreversibly inhibited) that approach unity. There-
fore, the relatively high partition ratio for onchidal suggests
that the mechanism of inhibition utilized by onchidal may
be distinctly different from other irreversible inhibitors
(Walsh, 1984). The rate of hydrolysis of onchidal (K,;) was
325min""'; this value is relatively slow suggesting that
onchidal is not a very good substrate. The ability of AChE to
hydrolyze onchidal raised the question of whether inhibition
of enzyme activity resulted from onchidal itself or from
a product of the enzymatic hydrolysis of onchidal. Enzyme
kinetics revealed that onchidal was unable to completely
inhibit higher concentrations of AChE. From the experi-
ments performed by Abramson ef al. (1989), onchidal was
in molar excess and was completely hydrolyzed. Thus,

irreversible inhibition of enzyme activity resulted either
from onchidal itself or from a reactive intermediate
produced during hydrolysis of onchidal (Walsh, 1984).

In another investigation, irreversible inhibition of
enzyme activity was prevented by coincubation with
reversible agents that either sterically block (edrophonium
and decamethonium) or allosterically modify (propidium)
the acetylcholine site (Barnett and Rosenberry, 1977).
Enzyme activity was not regenerated by incubation with
oxime reactivators; therefore, the mechanism of irreversible
inhibition does not appear to involve acylation of the active
site serine.

Because onchidal is an acetate ester similar to acetyl-
choline and because cholinergic neurotransmission is often
the site of action of natural products involved in chemical
defense, Abramson ef al. (1989) investigated the ability of
onchidal to inhibit AChE and the nicotinic acetylcholine
receptor. Although onchidal did not prevent the binding
of '*’I-a-bungarotoxin to nicotinic acetylcholine receptors, it
was shown to be an active site-directed irreversible inhibitor
of AChE. The structure and pharmacology of onchidal
suggest that inhibition of AChE results from a novel covalent
reaction between onchidal and an amino acid within the
acetylcholine binding site. The onchidal could potentially be
exploited in the design of a new class of natural anti-ChE
agents and in the identification of amino acids that contribute
to the binding and hydrolysis of acetylcholine.

B. Fasciculins

Various toxins in snake venoms exhibit a high degree
of specificity in the cholinergic nervous system. The
a-neurotoxins from the Elapidae family interact with the
agonist binding site on the nicotinic receptor. o-Bungar-
otoxin is selective for the muscle receptor and interacts with
only certain neuronal receptors, such as those containing o7
through a9 subunits. Neuronal bungarotoxin shows a wider
range of inhibition of neuronal receptors. A second group of
toxins, called the fasciculins, inhibits AChE. A third group
of toxins, termed the muscarinic toxins (MT; through MTy),
are partial agonists and antagonists for the muscarinic
receptor. Venoms from the Viperaridae family of snakes
and the fish-hunting cone snails also have relatively selec-
tive toxins for nicotinic receptors.

Other reversible inhibitors, such as propidium and the
peptide toxin fasciculin, bind to the peripheral anionic site
on AChE. This site resides at the lip of the gorge and is
defined by tryptophan 286 and tyrosines 72 and 124 (Taylor,
2001).

A large number of organic compounds reversibly or
irreversibly inhibit AChE (Long, 1963), which bind either to
the esteratic or the anionic subsite of AChE catalytic site or
to the peripheral site of the enzyme. Most of them are
synthetic substances, sometimes bearing insecticidal prop-
erties. Few natural inhibitors of AChE are known and, to
date, fasciculins are the only known proteinic AChE



inhibitors and they have been shown to display a powerful
inhibitory activity toward mammalian AChE. lodination of
fasciculin 3 provided a fully active specific probe of fas-
ciculin binding sites on rat brain AChE (Marchot et al.,
1993). These authors demonstrate that fasciculins bind on
a peripheral site of AChE, distinct from the catalytic site,
and, at least partly, common with the sites on which some
cationic inhibitors and the substrate in excess bind, since
phosphorylation of the catalytic serine (esteratic subsite) by
[1,3-*H]diisopropyl fluorophosphate can still occur on the
fasciculin 3. In the AChE complex, the structural modifi-
cation induced by fasciculins may affect the anionic subsite
of the AChE catalytic site.

Cholinesterases have a very different sensitivity towards
fasciculins. AChEs from rat brain, human erythrocytes, and
electroplax of electric eel (Electrophorus electricus) are
inhibited by fasciculins with a K; of about 10~'' M and
pseudocholinesterases as human serum cholinesterase are
inhibited by fasciculins with a Kj of about 0.5 uM. A second
group of enzymes is partially (10-30%) inhibited by low
concentrations (<0.5nM) of fasciculin. Increasing the
concentration of fasciculins to a toxic level of about 1 nM
inactivates the enzymes to 90—110% of their initial activity.
AChEs from guinea pig ileum, ventricle, and uterus behave
similarly. A third group consists of enzymes insensitive to
fasciculin; AChEs from chick biventer cervicis muscle and
brain and from insects, heads of Musca domestica (common
house fly), and cobra (Naja naja) venom. The biochemical
mechanism of fasciculins involves displacement of propi-
dium from its binding site on AChE. Since propidium is
a probe from a peripheral anionic site, it is concluded that
fasciculins also bind to the same site. The different sensi-
tivity of cholinesterase to fasciculin should depend on the
nature of their peripheral sites. Fasciculins are basic proteins
of 61 amino acid residues and four disulfides, highly
homologous to short a-neurotoxins and cardiotoxins.
Indeed, a large number of AChE inhibitors are cations, e.g.
neostigmine, physostigmine, and propidium.

The binding between fasciculin and AChE is strong, as
indicated by a K; of about 10~"' M. This should result from
interaction of several amino acid residues in the toxin with
the enzyme. A modification of one of these residues should
not abolish but significantly decrease the activity. But the
decrease in activity can also depend on structural pertur-
bations caused by the modification. Chemical modification
and structural data suggest that Lys 32 and 51 have a func-
tional role (Cervenansky et al., 1994). This author acety-
lated the amino groups of fasciculin 2 with acetic anhydride.
The monoacetyl derivatives of the ¢-amino acids (Lys 25,
32, 51, and 58) retained between 28 and 43% of the initial
activity and that of the a-amino group 72%. Acetylation of
Lys 25 that has the most reactive amino group decreased the
activity by 65% apparently without producing structural
perturbation since the circular dichroism spectrum was not
affected. The three-dimensional structure shows a cationic
cluster formed by Lys 32, 51, Arg 24 and 28. A comparison
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of 175 sequences of homologous toxins shows that Lys 32 is
unique for fasciculin. Acetylation of lysine residues in the
cluster had a large effect and reduced the activity by 72%
(Lys 32) and 57% (Lys 51).

Fasciculins inhibit AChE from mammals, electric fish,
and some snake venoms with Ki values in the pico- to
nanomolar range; in contrast, avian, insect, and some other
snake venom AChEs are relatively resistant, and high
micromolar concentrations are required to inhibit mamma-
lian butyrylcholinesterases (BuChE) (Marchot et al., 1993).
Dissociation constants of Fasl and Fas3 are two-fold and
60-fold lower, respectively, than that of Fas2 for synapto-
somal rat brain.

An examination of fasciculin association with several
mutant forms of recombinant DNA-derivated AChE from
mouse shows that it interacts with a cluster of residues near
the rim of the gorge on the enzymes; the aromatic residues,
Trp 286, Tyr 72, and Tyr 124, have the most marked
influence on fasciculin binding, whereas Asp 74, a charged
residue in the vicinity of the binding site that affects the
binding of low molecular weight inhibitors, has little
influence on fasciculin binding. The three aromatic residues
are unique to the susceptible AChE and, along with Asp 74,
constitute part of the peripheral anionic site. Fasciculin falls
in the family of three-loop toxins that include the receptor
blocking a-toxins and cardiotoxins. A binding site has
evolved on fasciculin to be highly specific for the peripheral
site on AChE. Acetylthiocholine affects rates of fasciculin
binding at concentrations causing substrate inhibition. In the
case of the mutant cholinesterase where rates of fasciculin
dissociation are more rapid, steady state kinetic parameters
also show ACh—fasciculin competition to be consistent with
occupation at a peripheral or substrate inhibition site rather
than the active center (Radic et al., 1994).

Fasciculin inhibition of AChE is prevented by chemical
modification of the enzyme at a peripheral site (Duran
et al., 1994). The specific interaction of fasciculin 2 with
peripheral sites present in Electrophorus electricus AChE
(Kj, 0.04nM fasciculin) was investigated by chemical
modification with N,N-dimethyl-2-phenylaziridium (DPA)
in the presence of active or peripheral anionic site
protective agents. An enzyme was obtained that compared
to the native AChE and was 10° times less sensitive to
fasciculin 2. This enzyme was fully inhibited by edro-
phonium and tacrine, and was 25-170 times less sensitive
to several peripheral site ligands. It seems fasciculin 2
binding to an AChE peripheral site partially overlaps the
site of other peripheral site ligands including acetylcholine.

IV. EXPERIMENTAL AND HUMAN
TOXICITY

Administration of fasciculin 1 and fasciculin 2 to mice at
doses of 1-3 mg/kg and 0.05-2.0 mg/kg, respectively, after
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i.p. injection caused severe, generalized, and long-lasting
fasciculations (5-7h) followed by gradual recovery to
normal behavior. /n vitro preincubation with fasciculins at
concentrations of 0.01 pg/ml inhibited brain and muscle
AChHE up to 80%. Histochemical assay for AChE showed an
almost complete disappearance of the black—brown
precipitate at the neuromuscular endplate after in vitro
incubation with fasciculins. Fasciculins represent a new
type of AChE inhibitors exerting muscle fasciculations
through a powerful inhibition of enzyme activity at the
neuromuscular endplate, interfering with the normal
hydrolysis of ACh molecules. Fasciculins have also been
demonstrated to be powerful inhibitors of brain AChE
(Rodriguez-Ithurralde et al., 1983).

The cause of death due to toxin F7, an angusticeps-
type toxin, isolated from the venom of Dendroaspis
angusticeps was studied in anesthetized mice (Lee et al.,
1986). The carotid arterial blood pressure, ECG, and the
respiratory movements were recorded. Within a few
minutes after i.v. injection of toxin F; (1 mg/kg), both
the rate and amplitude of the respiratory movements
decreased and respiratory arrest took place within 15 min
in most cases. Before respiratory arrest, marked brady-
cardia with various types of arrhythmia and oscillation of
blood pressure were observed. Artificial ventilation could
abolish these cardiovascular changes and maintain the
blood pressure for a long period. Toxin F; caused
a transient and slight increase of arterial blood pressure
which could be prevented by hexamethonium. Intra-
cisternal application of toxin F7 (1 mg/kg) caused a long-
lasting hypertension and bradycardia and the respiratory
arrest time was significantly longer than after i.v. injec-
tion. A large dose (50 mg/kg, i.p.) of atropine, but not
smaller doses (5-10mg/kg), protected mice against
respiratory failure induced by toxin F7.

In rats, the phrenic nerve discharge was prolonged during
respiratory depression. Since the toxin F7 has a potent anti-
ChE activity, it is concluded that the respiratory failure
induced by toxin F7 is peripheral in origin, chiefly, if not
entirely, due to its anticholinesterase activity.

Strydom (1976) performed the purification of Den-
droaspis polylepis polylepis (black mamba) venom, and
found 12 low molecular weight proteins, of which 11 have
subcutaneous LDs values of less than 40 pg/g mouse.

Clinically, mamba bites may not provoke a major local
reaction. If neurotoxins are injected by the bite, clinical
symptoms appear within minutes to hours. Clinical signs of
impairment of neuromuscular transmission (ptosis, oph-
thalmoplegia, bulbar symptoms, or generalized weakness)
dictate administration of antivenom (Ludolfph, 2000). For
Elapidae (coral snakes) venom is known that is a potential
neurotoxin and may cause paresthesias, weakness, cranial
nerve dysfunction, confusion, fasciculations, and lethargy.
Often mild local findings, diplopia, ptosis, and dysarthria
are common early symptoms. Patients die because of
respiratory paralysis. In these cases, early and aggressive

airway management is vital. Symptoms may be delayed by
8 to 12 h (Cameron, 2006).

V. RISK ASSESSMENT

Toxicity databases and computer-assisted computational
predictive toxicology modeling are now becoming of
increasing importance to risk assessors when risk assessment
of a chemical using experimental animal toxicological
studies is unclear because the data are equivocal or even
absent (Benz, 2007). Furthermore, the European Community
has passed a law called REACH (Registration, Evaluation,
Authorization, and restriction of Chemicals), which entered
into force on June 1, 2007, to identify and more effectively
avoid the risks of the toxic properties of chemicals to humans
and the environment (Lahl and Gundert-Remy, 2008). Under
the REACH regulation, manufacturers or importers to the
European Community with more than 1 ton of a chemical
substance per year are required to assess the chemical’s
potential toxicological or environmental adverse effects, and
to register this information in a central database (Saiakhov
and Klopman, 2008). The REACH regulation has impact on
the widespread use of computational predictive modeling
because it rules that no animal test should be used if it can be
replaced with other techniques such as reliable computer-
based predictions (Lahl and Gundert-Remy, 2008; Saiakhov
and Klopman, 2008). Therefore, the use of computer-assisted
computational predictive toxicology software has arrived at
a point of considerable attention worldwide because it may
not only reduce, but eliminate the need for animal testing
under certain circumstances. Since the acute and chronic
toxic potential of onchidal in experimental animal studies is
rather limited, strategies using in silico assessment of its toxic
potential could be envisioned. Computational-based strate-
gies with pharmaceuticals and natural product toxins have
already been developed for use in safety evaluation and risk
assessment practices at US government agencies (Benz,
2007; Valerio et al., 2007; Arvidson et al., 2008; Matthews
et al., 2008; Demchuk et al., 2008; Bailey et al., 2005;
Contrera et al., 2005). These strategies can be considered for
an in silico risk assessment of onchidal. One approach is to
combine different predictive models for the same toxico-
logical endpoint to determine if a consensus prediction
regarding the effect is possible (Matthews et al., 2008).
Another approach is to combine computational software that
employs human rule-based approaches with software that
utilize statistical algorithm-based predictions using QSAR
models for the toxic potential of the compound of interest
(Arvidson et al., 2008). A variety of computational toxi-
cology predictive software and data mining databases are
available at no cost, commercially, or through non-profit
organizations (Richard et al., 2008; Marchant et al., 2008;
Yang et al., 2008; Saiakhov and Klopman, 2008; Shi et al.,
2008). The information obtained from a predictive and data
mining in silico assessment can be used judiciously as



a decision support tool in risk assessment and management
regarding the safety of an organic chemical (Arvidson et al.,
2008; Matthews et al., 2008).

In order to assess the potential toxicological effects of
onchidal from a predictive standpoint, the author subjected
the molecular structure of onchidal to an in silico computa-
tional analysis using a human rule-based software known as
Derek for Windows (Deductive Estimation of Risk from
Existing Knowledge; DfW), and a high-throughput in silico
quantitative structure activity relationship (QSAR) screening
software called MDL-QSAR that uses a statistical-based
algorithm called discriminant analysis with validated models
for genetic toxicity and rodent carcinogenicity (Contrera
et al., 2008). Details regarding the approaches of these soft-
ware programs and the in silico screening procedures and
methods have been well described previously (Marchant
et al., 2008; Matthews et al., 2008; Contrera et al., 2003,
2005, 2008). By employing these two different software
programs with the molecular structure of onchidal, our in
silico analysis produced predictive information pertinent to
when conditions of potential acute and chronic human
exposure are encountered (Table 11.3).

The results summarized in Table 11.3 show that the
software DfW identified the o,B-unsaturated aldehyde
moiety on onchidal as a structural alert and predicted this
reactive center of the molecule to possess bacterial
(Salmonella typhimurium) mutagenic potential at the
reasoning level the software defines as ‘‘plausible’’. Plau-
sible is an uncertainty term in the software’s reasoning tree
and is defined as ““The weight of evidence supports the
proposition”’ (Marchant et al., 2008). The prediction of
mutagenicity for the a,B-unsaturated aldehyde moiety on

TABLE 11.3. Summary of in silico predictive toxicological
evaluations of onchidal by Derek for Windows and
MDL-QSAR

Computational

toxicology software Prediction for onchidal

Derek for Windows Mutagenicity — plausible
Alert 302: o, -unsaturated

aldehyde
Skin sensitization — plausible

Alert 425: Enol ether
Alert 479: o, B-unsaturated

aldehyde
Classified as low potential for rodent

mutation in vivo
Classified as high potential for

rodent carcinogenicity
High probability 0.8677
Low probability 0.1322

MDL-QSAR

The computational toxicology software programs and models were
obtained by FDA/CDER/ICSAS through cooperative research and develop-
ment agreements with MDL Information Systems and Lhasa Ltd (Benz,
2007)
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onchidal is consistent with a large body of scientific liter-
ature demonstrating the experimental mutagenicity of
small organic molecules that have a,B-unsaturated alde-
hydic groups (Petersen and Doorn, 2004; Eckl, 2003;
Burcham, 1998). In addition to the a,B-unsaturated alde-
hyde, DfW also identified the enol ether portion of onchi-
dal’s structure as a basis for a ““plausible’’ prediction for
dermal sensitization according to the rules of the software’s
computational-based reasoning. Both the mutagenicity and
sensitization predictions arise as a consequence of the
presence of alerts (alerts #302 for mutagenicity, #425 and
#479 for dermal contact sensitization) in the onchidal
query. In essence, these alerts describe the relationship
between the chemical functionality and the occurrence of
mutagenicity and dermal contact dermatitis. The software
provides supporting evidence for the alert as well as
a selected compound known to exhibit the toxic endpoint.
An illustration of the DfW prediction for onchidal is shown
in Figure 11.3. Given the potential for the chemical warfare
application of onchidal, the information obtained from the
DfW in silico predictive toxicological assessment seems to
be useful if such an application of acute widespread human
exposure would be encountered. Therefore, onchidal could
be considered as a potential sensitizer for both Type I
hypersensitivity and Type IV allergic contact dermatitis.
Since many sensitizers are also dermal contact irritants,
then another potential human health hazard that may be
deduced for onchidal is irritant contact dermatitis. Clearly,
under long-term exposure conditions the potential for
mutagenic DNA damaging effects would be of concern.
However, adverse effects from onchidal as a result of its
ACE inhibition would likely supersede the period of time
to the ensuing tissue injury produced as a result of DNA
damaging effects.

MDL-QSAR in silico predictive screening for the muta-
genic and carcinogenic potential of onchidal is presented in
Table 11.3. The software classified onchidal to be of low
mutagenic potential in bacteria, but classified the compound
as high for potential to be a rodent carcinogen. MDL-QSAR
utilizes a statistical algorithm-based approached called
discriminant analysis that classifies a compound by deter-
mining the probability that the compound will fall into
a membership class of either high or low for the toxic
endpoint being predicted. In this case, it is predicted that
onchidal be of low bacterial mutagenic potential in Sa/mo-
nella typhimurium and of high rodent (rats and mice, male
and female) carcinogenic potential with a high degree of
confidence (probability for membership in class >85%). An
illustration of MDL-QSAR’s prediction for onchidal is given
in Figure 11.4. Although the prediction of mutagenicity
conflicts with DfW, the information is still useful from a risk
assessment standpoint because a risk assessor will likely
have additional information such as an estimate of exposure
and route of exposure conditions as well as potential exper-
imental studies that may ‘““weigh in’’ during the overall
analysis of human health risk.
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VI. TREATMENT

Antidotal therapy of the toxic effects of cholinesterase
inhibitors such as onchidal and fasciculins used as potential
chemical warfare agents is directed to blocking the effects
of excessive acetylcholine stimulation and reactivating the
inhibited enzyme. Atropine in sufficient dosage effectively
antagonizes the actions at muscarinic receptor sites (Taylor,
2001). Atropine is used in adults at doses of 1-2 mg i.v. and
in pediatrics at a dose of 0.05 mg/kg i.v.; doubling this dose
every 5 min (DeLisle, 2006). Larger doses are required to
get appreciable concentrations of atropine into the CNS.
Atropine is virtually without effect against the peripheral
neuromuscular compromise. The last-mentioned action of
the anti-ChE agents as well as all other peripheral effects
can be probably reversed by reactivators of cholinesterase
such as pralidoxime (2-PAM) in the treatment of onchidal
and fasciculins poisonings. Usual dosages are as follows: in
adults 1-2 g i.v. over 15-30 min, may repeat in 1h if
necessary or start a drip at 500 mg/h; in pediatrics, 25 mg/kg
i.v. over 15-30 min, follow with continuous infusion of
1020 mg/kg i.v. (DeLisle, 2006). On the other hand, the
antivenom is indicated for all confirmed eastern coral
snake bites (western, no antivenom) (Cameron, 2006).

VII. CONCLUDING REMARKS
AND FUTURE DIRECTION

The natural toxins onchidal and fasciculins behave as anti-
ChE agents. Onchidal is an active site-directed irreversible
inhibitor of AChE, and fasciculins are proteinic AChE
inhibitors which bind to a peripheral regulatory anionic site
of AChE in a noncompetitive and irreversible manner.
There is limited information about the toxicity, tox-
icokinetics, and toxicological properties of onchidal and
additional data are needed to make a health effects-based
risk assessment of the natural compound. Although fas-
ciculins are much better known, data on toxicological
properties and toxicokinetics will be of interest and useful
for risk assessments despite it being generally accepted that
the toxicity of this proteinic toxin occurs at very low doses.
Onchidal and fasciculins are interesting natural
compounds and it is difficult to predict their toxicity. In the
case of onchidal, in silico computational predictive modeling
for toxic endpoints of interest may prove useful for risk
assessment decision support. Likewise, it is a challenge to
predict the military potential and human impact of these
natural toxins since their affinity for enzyme inhibition
depends upon the amount and duration of the human exposure.
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I. INTRODUCTION

Nonlethal agents are a broad class of compounds intended to
produce transient incapacitation of an individual or indi-
viduals. Both incapacitating agents and riot control agents
(RCA) are separate classes of nonlethal agents. Although
the two classes share the characteristic to incapacitate,
a distinction must be drawn between these two types of
agents. RCAs differ from incapacitating agents in several
respects. RCAs possess a relatively short onset and limited
duration of action. RCAs induce short-term toxic effects
that subside within minutes following termination of the
exposure. Additionally, modern RCAs have a very high
safety ratio compared to incapacitating agents and first
generation RCAs. Many incapacitating agents were devel-
oped during the Cold War which produced either limited
lethality and/or prolonged morbidity. Consequently, inca-
pacitating agents have been banned by international treaties
recognized by the USA, including the Chemical Weapons
Convention (CWC). Specifically, the CWC has placed a ban
on the development, production, and possession of any
chemical weapon intended to cause death or ‘‘temporary
incapacitation’’. The USA considers these broad incapa-
citating agents as chemical warfare agents (CWAs).
However, the USA does not recognize RCAs as CWAs, and
therefore, US policy considers them to be legal for use by
civilian police or the military. The CWC does prohibit their
use in times of war. Thus, the USA has opted not to utilize
RCAs in Iraq during the early 21st century against orga-
nized and armed insurgents.

While the field of nonlethal agents is diverse and inter-
esting, we will limit our discussion to only those agents
considered to be RCAs. The goal of RCAs is to temporarily
incapacitate through irritating the skin and mucosal
membranes of the eyes, airways, and digestive tract. As
a result of their short-term toxicity, they are effective agents
used by military and law enforcement personnel to disperse
crowds, clear buildings, and quell riots. While RCAs are
often thought of as ““tear gas’’ or pulmonary irritants, they
encompass more than this terminology would suggest. They
are neither gases nor exclusively pulmonary irritants.
Historically, RCAs were categorized as lacrimators, ster-
nutators, and vomiting agents based upon their predominant
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toxicity on the eyes, lungs, or digestive tract. This nomen-
clature is outdated since modern RCAs affect a wide variety
of organ systems. This fact will be clearly evident in the
subsequent discussion concerning their mechanism of
action and toxicity. Today, RCAs comprise a diverse array
of chemical compounds with similar toxic effects since their
introduction on the battlefield in the early part of the last
century.

II. HISTORY

The Chinese were perhaps the first to employ pulmonary
irritants with their stink bombs (Smart, 1996). The smoke
emanating from them was a primitive sternutator designed
to harass the enemy. RCAs were used during the 5th century
BC Peloponnesian War when the Spartans used smoke from
burning coal, sulfur, and pitch to temporarily incapacitate
and confuse occupants of Athenian strongholds (Thoman,
2002). During antiquity, the Romans used irritant clouds to
drive out their Spanish adversaries from hidden dwellings
(Robinson, 1971). Almost all of these examples involved
the use of incapacitating agents as an offensive tactical
weapon as opposed to controlling crowds for defensive
purposes.

World War I (WWI) marked the birth of RCAs as well as
the modern age of CWAs (Figure 12.1). Both German and
French forces used a wide variety of irritating agents, such
as acrolein (papite), chloropicrin (PS), and diphenylami-
nearsine (DM; Adamsite); however, bromoacetone (BA)
was the most widely used lacrimator agent at that time. At
the end of WWI, the US military investigated the use of
chloroacetophenone (CN) as a chemical irritant. First
developed by Graebe in 1869 and formulated as Chemical
Mace®, CN was the most widely used RCA up until World
War 1II (Olajos and Stopford, 2004).

Two chemists, Carson and Stoughton (1928), synthe-
sized 2-chlorobenzylidene malononitrile (CS); however, it
was not adopted by the military as an official RCA until
1959. As a more chemically stable compound and having
a greater potency with less toxicity than CN, it gradually
replaced CN as the preferred RCA. CS was widely used
during the Vietnam War to flush the Viet Cong out of the
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FIGURE 12.1. The birth of chemical warfare agents in World
War 1. The photograph depicts the initial chlorine gas attack by
Germany at Ypres, Belgium, on April 22, 1915. The German
Army released chlorine gas from cylinders to form a poisonous
cloud (indicated by black and white arrows) directed toward the
French lines by the prevailing winds. Photograph: courtesy of the
US Army, Chemical Warfare Service, Edgewood, MD.

labyrinth of underground tunnels and bunkers throughout
Southeast Asia (Figure 12.2). In the years following the
Vietnam War, other militaries adopted CS. Saddam
Hussein’s forces used it against Iran during the Iran—Iraq
War of the 1980s. Today, CS is commonly used by law
enforcement agencies and militaries for riot control training,
respirator training in boot camps, temporary incapacitation
of an assailant, and civil disturbances. A famous case of
RCA use by the US Federal government involved CS
dissemination on the Branch Davidian cult members in
1993. Because of its high flammability rating, CS was
believed to be a large contributor to the inferno that burned
down the Waco, Texas, compound and its inhabitants. Even
before fire broke out and destroyed the compound, it is
believed that CS concentrations ranged from five to 60 times
the amount required to deter individuals (Bryce, 2000).

During the 1980s and 1990s, the use of CS gas was
rapidly on the decline and slowly being replaced by oleo-
resin capsicum (OC) spray. OC, an extracted resin from
Capsicum pepper plants, was first developed in the 1970s as
an alternative to CN and CS agents. Commercially available
OC sprays used by the public are approximately 1%
capsaicin, while formulations used by law enforcement
agencies can contain up to 15% capsaicin. Most recently,
a synthetic form of capsaicin called nonivamide, marketed
as Captor, gained popularity as a defensive aerosol in the
early 1990s (Olajos and Stopford, 2000).

Under the CWC of 1997, RCAs were banned from use as
a method of warfare because in high concentrations RCAs
are toxic chemicals with the potential to incapacitate indi-
viduals for prolonged periods, produce long-term sequele,
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FIGURE 12.2. Top: US Army Engineers unpack and test
a Mitey-Mite blower in the jungles of Vietnam. The Mighty-Mite
aerosolized and dispersed smoke, CS powder, or other RCA as
a means of tunnel denial. Photograph: courtesy of the US Army
Engineer School, Fort Belvoir, VA. Bottom: American soldiers
(““tunnel rats’’) wearing M28 protective masks just prior to entry
into underground tunnels previously saturated with CS. Photo-
graph: courtesy of the US Army Research Development and
Engineering Command, Historical Research and Response Team,
Aberdeen Proving Ground, MD.

and cause death. The CWC allows RCAs to be used in
domestic riot control, as well as enforcement of domestic
law and “‘extraterritorial law enforcement activities under-
taken by military forces’> (Rosenberg, 2003). These
boundaries and definitions, while vague, were clarified in
2003 by President George W. Bush (Wade and Schmitt,
2003). Bush authorized the use of tear gas against Iraqi
troops for defensive purposes as allowed in Executive Order
11850 of 1975. Many experts believed this would violate the
CWC (which was not signed by Iraq) and give Saddam
Hussein the power to use chemical agents against the US
under the authority of the Geneva Protocol (Wade and
Schmitt, 2003). In the end, RCAs were never used during
that conflict.



III. BACKGROUND

A. The Agents and Their Physicochemical
Properties

Unlike the majority of chemical agents which are liquid at
room temperature, modern RCAs are crystalline solids with
low vapor pressure (see Table 12.1). RCAs are typically
administered as fine particles, aerosol sprays, or in solu-
tions; therefore, they are not true gases. The inhalation
toxicity of RCAs, as well as CWAs, is often indicated by
the expression Ct. This term is defined as the product of
concentration (C) in mg-m > multiplied by exposure time
(/) in minutes (mg-min m ). LCftsy and ICtsy are
conventional terms used to describe airborne dosages that
are lethal (L) or incapacitating (I) to 50% of the exposed
population. The intolerable concentration (mg/m?), ICtsy
and minimal lethal concentration (mg/m3) are provided
in Table 12.1 for the most common RCAs. The ocular
irritancy threshold (minimal irritant or minimal effective
dose), estimated human LCtsy, and safety ratio are
provided in Table 12.2 for these same RCAs. The modern
RCAs are characterized by a high LCts, low effective Ctsg,
low ICts9, low minimal irritating concentration and large
safety index ratio (LCtsg/irritancy threshold). As a rule of
thumb, clinical signs and symptoms from RCA exposure
generally subside within 30 min but may persist depending
on dose and duration of exposure (Blain, 2003). Ortho-
chloroacetophenone (CN) and chlorobenzylidene malono-
nitrile (CS) are the classic representative agents of this
class of compounds. The toxicity of CN and CS will be
discussed in depth due to the vast volume of literature
available for these compounds.

1. CHLOROACETOPHENONE (CN)
CN is a crystalline solid with a strong, pungent odor (see
Figure 12.3). It is dispersed as a smoke, powder, or liquid
formulation from grenades or other devices. It is perhaps
better known under the trade name Chemical Mace® and was
once used widely for self-protection. It was also the standard
tear gas used by the military (Figure 12.4) and police
personnel. It has been replaced in favor of the less toxic CS
for riot control and capsaicin pepper spray for self-defense.

CN exhibits the greatest toxicity among RCAs in use
today. Consequently, it has been replaced by compounds
with higher safety ratios. CN is three- to ten-fold more toxic
than CS in rats, rabbits, guinea pigs, and mice (Ballantyne
and Swanston, 1978). Pathological findings in the lungs tend
to be more severe and CN causes far greater edema. CN
typically causes an acute, patchy, inflammatory cell infil-
tration of the trachea, bronchi, and bronchioles, in addition
to early bronchopneumonia. CN not only demonstrates
greater irritation to the skin than CS, it is also a more potent
skin sensitizer (Chung and Giles, 1972). Patients frequently
exposed to CN are at a high risk of developing allergic
dermatitis (Penneys, 1971).
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2. Ortho-chlorobenzylidene Malononitrile (CS)

The term CS was adopted after the two chemists, Carson and
Stoughton, who synthesized the compound. CS is a white,
crystalline powder with a pepper-like odor and low vapor
pressure (see Figure 12.5). It is rapidly hydrolyzed following
contact with water but minimally soluble in ethyl alcohol. CS
is the most widely used RCA today, although many countries
are switching to even less toxic compounds. CS is used by the
US Armed Forces for gas discipline training exercises to help
new recruits learn the importance of donning their protective
masks quickly (Figure 12.6). It was also used by the USA
during the Vietnam War for tunnel denial and crowd control
(Figure 12.7) and by police forces for dispersing violent
protests and incapacitating assailants.

3. DIBENZ(B,F)-1:4-OxazePINE (CR)
Dibenz(b,f)-1:4-oxazepine (CR) (see Figure 12.8) is a potent
sensory irritant with less toxicity than CS or CN
(Ballantyne, 1977b). CR causes an immediate and effective
irritation of the eyes, nose, and skin without persistent
effects in these target organs. The irritation associated with
CR is more transient compared to other RCAs. It is five to
ten times greater in potency than CS; therefore, a smaller
concentration is needed to cause irritation (low minimal
irritant concentration or dose) and incapacitation (low IC#s()
(see Tables 12.1 and 12.2). CR has a favorable safety ratio;
it is safer than other RCAs based on its higher LCt5, (Table
12.1) and greater LCts¢/irritancy threshold (safety ratio). In
humans, the effects caused by CR are identical to CS. The
LCts50 for humans is estimated at >100,000 mg.min/m3 .
Despite its reduced toxicity in man, CR is not entirely
without risk. CR is fairly stable, resists weathering, and
persists in the environment (Sidell, 1997); therefore,
enhanced toxicity may occur with prolonged exposure.

4. DIPHENYLAMINECHLORARSINE (DM)
Diphenylaminechlorarsine (DM) (see Figure 12.9) or
Adamsite are pro-emetic agents used in WWI. DM has
greater toxicity than other RCAs and has been abandoned in
favor of compounds with less toxicity and greater safety
ratios. While toxicity is typically delayed with DM exposure,
toxic signs and symptoms can occur within minutes after
exposure. Systemic toxicity may also be more pronounced
and prolonged. Symptoms often subside hours after expo-
sure. Because DM is an antiquated RCA, this compound is
irrelevant today and will not be discussed further.

5. OLEORESIN Capsicum (OC)
Oleoresin capsicum (OC) is an oily resin derivative from
capsicums and composed of several related compounds.
Capsicums are solanaceous (nightshade species) plants
from the genus Capsicum. More than 20 species fall within
the genus. Capsaicinoids are considered the active ingre-
dients of OC. These active compounds are endocrine
products of glands found in the plant placenta and are
a mixture of two unsaturated and three saturated homologs



TABLE 12.1. Physical characteristics and toxicity data for the common RCAs

Physical characteristics

Toxicity data

Vapor pressure Intolerable Minimal lethal
(mm Hg @ Vapor concentration ICts concentration®
Agent Discovered in Solubility 20°C) density Onset (mg/m3) (mg'min/m3) (mg/m3)
CS 1928 (Carson and Insoluble in water 0.00034 6.5 Immediate 5 3-10 2,500
Stoughton)” Soluble in organic
solvents
CN 1871 (Graebe)” Poorly soluble in 0.0054 53 Immediate 35 20-40 850-2,250
water
DM 1915 (Wieland)® and  Insoluble in water 2 x 1071 9.6 Delayed with 5 22-150 1,100-4,400
1918 (R Adams)?  Poorly soluble in long recovery
organic solvents period
except acetone
CR 1962 (Higginbottom  Sparingly soluble in 0.00059 6.7 Immediate 1 1 10,000
and Suschitzkey)” water
Stable in organic
solvents
Bromobenzyl 1881 (Riener)’ Insoluble in water 0.12 4.0 Immediate 0.8 30 1,100
cyanide (CA) Soluble in organic
solutions

References: Maynard (1999); Sidell (1997); Smith and Stopford (1999); Olajos and Salem (2001).

“Carson and Stoughton (1928)

bGraebe (1871)

“Wiegand (1915); Wieland and Rheinheimer (1921)

“Sartori (1939)

“Higginbottom and Suschitzky (1962)

Prentiss (1937)

£Estimate for minimal lethal concentration (10 min exposure)
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TABLE 12.2. Health risk considerations for the common RCAs

Irritancy Estimated human

Agent threshold” (mg/m3) LCt5° (mg~min/m3) Safety ratio? Adverse effects

CN 0.3¢ 8,500-22,500 28,000 Danger of permanent eye injury, vesiculation,
bronchopneumonia, reactive airways,
documented fatality cases

CS 0.004¢ 25,000-150,000 60,000 Same as CN, but fatality cases not authenticated,
enhanced persistence compared to CN and CS

CR 0.002¢ 100,000 100,000 No significant respiratory toxicity

oC 0.0003" not available >60,000 Eye, skin, respiratory toxicity, significant
morbidity in neonate, fatality involving case of
in-custody use

DM ~14 11,000—44,000 11,000 No longer used

CA 0.15“ 11,000 11,000 Predominantly a lacrimatory agent, no longer

used

“Ocular irritancy thresholds unless indicated otherwise

bThreshold for respiratory complaints by capsaicinoids: Stopford and Sidell (2006); Lankatilake and Uragoda (1993)
“Values obtained from references: Maynard (1999); Sidell (1997); Smith and Stopford (1999); Olajos and Salem (2001)
4Values derived from estimate of the human LCts, (lower bound)/irritancy threshold (minimal effective dose). Therefore, ranges are not provided for the

safety ratios

(see Figure 12.10). Capsaicinoids are isolated through
avolatile solvent extraction of the dried, ripened fruit of chili
peppers. The capsaicinoids are distilled, dried, and com-
pounded together. The final oleoresin contains several
branched-chain alkyl vanillylamides, in addition to capsaicin,
the major component in OC. The predominant capsaicinoid
components of OC are capsaicin (70%), dihydrocapsaicin
(20%), norhydrocapsaicin (7%), homocapsaicin (1%), and

CN
Structure:
C—C—Cl
[
O
Formula: C.H,0ClI
MW: 154.6
MP: 54C
BP: 247C
Appearance: colorless to gray
crystalline solid
Odor: apple blossom
UPAC name:
2-chloro-1-phenyl-ethanone
Synonyms:

Chemical mace
w-Chloroacetophenone
a-Chloroacetophenone
1-Chloroacetophenone
2-Chloroacetophenone

Phenacyl chloride
Phenyl chloromethyl ketone

FIGURE 12.3. Chemical structure and physicochemical prop-
erties of chloroacetophenone (CN).

homodihydrocapsaicin (1%) (Salem et al., 2006; see
Figure 12.10).

Capsaicinoids cause dermatitis as well as nasal, ocular,
pulmonary, and gastrointestinal effects in humans. OC
gained popularity in the 1990s as a defensive weapon for
civilians and law enforcement agencies because they
produce an immediate, temporary immobilization and
incapacitation when sprayed directly into the face or eyes. It
is important to note that hand-held pepper spray formula-
tions can contain OC by themselves or a mixture of OC
and CS.

FIGURE 12.4. US soldier in protective clothing disseminating
CN aerosol using the M33A1 disperser. Photograph: courtesy of
the US Army Research Development and Engineering Command,
Historical Research and Response Team, Aberdeen Proving
Ground, MD.
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(03]
Structure:
Cl
H_/ CN
C=C\
CN
Formula: C,,H:N,CI
MW: 188.6
MP: 93C
BP: 310-315C
Appearance: white, crystalline solid
Odor: pungent, pepper-like
UPAC name:

2-[(2-chlorophenyl) methylidene]
propanedinitrile
Synonyms:
2-(2-Chlorobenzylidene) malononitrile

(ortho-Chlorobenzal)malononitrile
2-(Chloro-phenyl)methylenemalononitrile
(2-Chlorophenyl)methylenepropanedinitrile

B.B-Dicyano-ortho-chlorostyrene

FIGURE 12.5. Chemical structure and physicochemical prop-
erties of ortho-chlorobenzylidene malononitrile (CS).

6. PELARGONIC AcID VANILLYLAMIDE (PAVA)

Other capsaicinoids are available. Pelargonic acid vanil-
lylamide (PAVA or nonivamide), shown in Figure 12.10,
is a “‘synthetic’’ form of capsaicin. Nonivamide was first
synthesized by Nelson (1919). Nonivamide was originally
found to be a minor component in Capsicum annum
peppers (Constant and Cordell, 1996); however, the
majority of PAVA is derived from synthesis rather than
extraction from natural plant sources. As a result, the
composition and concentration of PAVA can remain
consistent (Haber ef al., 2007).

FIGURE 12.6. Aerial spraying of a Chemical Warfare School
class with CS tear gas during a training event. Photograph:
courtesy of the US Army Research Development and Engineering
Command, Historical Research and Response Team, Aberdeen
Proving Ground, MD.
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FIGURE 12.7. US Army soldiers using CS tear gas in South
Vietnam. Photograph: courtesy of the US Army Research Devel-
opment and Engineering Command, Historical Research and
Response Team, Aberdeen Proving Ground, MD.

In order for PAVA to work, it must be directed at the
subject’s eyes. The pain to the eyes is reported to be higher
than that caused by CS tear gas (Smith et al., 2004; ACPO,
2006). The effects are immediate but will subside
15-20 min after exposure to fresh air. PAVA does display
disadvantages. While PAVA has a high rate of effective-
ness, it has proven to be ineffective against those under the
influence of alcohol (ACPO, 2006). Additionally, the Smith
et al. (2004) study mentions a number of cases where PAVA
was used without effect. The effect of PAVA was also
reported to be almost instantaneous, with the undesirable
effect that recovery was also immediate. PAVA is
commercially available in two forms, Captor I and Captor II.
Captor I contains 0.3% PAVA with a solvent of equal
parts ethanol and water. Captor II contains 0.3% PAVA with
propylene glycol, water, and ethanol (COT, 2007).

CR
Structure:
O
N=C
H
Formula: C.H,OCl
MW: 195.2
MP: 72C
BP: 335C
Appearance: pale yellow,
crystalline solid
Odor: pungent, pepper-like
Synonym:

Dibenzoxazepine

FIGURE 12.8. Chemical structure and physicochemical prop-
erties of dibenz(b,f)-1:4-oxazepine (CR).



DM
Structure:
H
N
AS
Cl
Formula: C:H:AsCIN
MW: 2775
MP: 195C
BP: 405-415C
Appearance: yellow-green,
crystalline solid
QOdor: no distinct odor, but irritating
Synonyms:
Adamsite

5-Aza-10-arsenaanthracene chloride
10-Chloro-5,10-dihydroarsacridine
10-Chloro-5,10-dihydrophenarsazine
Dibenzo-1-chloro-1,4-arsenine
Diphenylaminochloroarsine
Phenarsazine chloride

FIGURE 12.9. Chemical structure and physicochemical prop-
erties of diphenylaminechlorarsine (DM).

IV. MECHANISM OF ACTION

A. CS, CN, and CR

The mechanisms of action through which RCAs act are not
completely understood. One explanation for the toxic
effects of RCAs is the production of hydrochloric acid
through reduction of chloride ions on mucosal membranes
(Worthington and Nee, 1999). This may help explain the

Capsaicinoids

Compounds Found in Olecresin Capsicum:

HO, HO.
\O = \O
o]
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marked, focal irritation and burns on skin resulting from
exposure to CS (Anderson et al., 1996). In addition, CS
and CN are SN, alkylating agents (Cucinell et al., 1971;
Ballantyne and Swanston, 1978); in contrast, the vesicant
mustard is an SN; alkylating agent. The SN; moniker
describes direct reaction of the agent with nucleophilic
compounds in a bimolecular fashion. In particular, they
react with intracellular thiol or SH-containing enzymes,
thereby inactivating them (Ballantyne, 1977a). Mackworth
(1948) first showed that CN and other first generation
lacrimators used during WWI (bromoacetophenone, ethyl
iodoacetate, chloropicrin, bromobenzyl cyanide) strongly
inhibited thiol-containing succinic dehydrogenase and pyr-
uvic oxidase, major players of crucial metabolic pathways.
Some suggest that lactic dehydrogenase is completely
insensitive to lacrimators (Mackworth, 1948), but only
lacrimators from the iodoacetate family were ever studied
by this group. Another group reported that lactic dehydro-
genase is in fact strongly inhibited by CS (Cucinell et al.,
1971). Chloropicrin also interferes with oxygen transport to
the tissues by reacting with SH groups on hemoglobin.

In addition, CS reacts with the disulthydryl form of lipoic
acid, a coenzyme in the pyruvate decarboxylase system
(Olajos and Salem, 2001). Alteration in dihydrolipoic acid
biochemistry can lead to decreased acetyl CoA levels,
resulting in cellular injury. Therefore, tissue injury seems to
be related to inactivation of these metabolic enzyme systems.
The damage is transient because the enzymes can be rapidly
reactivated if exposure is terminated (Beswick, 1983).

Based on these studies, it has been suggested that
alkylation of nucleophilic sites, including SH-containing
enzymes, is the underlying biochemical lesion responsible

Capsaicin
Trans-8-methyl-N-vanillyl-6-nonenamide

Nordihydrocapsaicin
7-Methyl-N-vanillyl-octamide

Homodihydrocapsaicin
9-Methyl-N-vanillyl-decamide

Dihydrocapsaicin
8-Methyl-N-vanillyl-nonamide

Homocapsaicin
Trans-9-methyl-N-vanillyl-7-decenamide

Pseudocapsaicin:

HO,
\o:©\/“\g/\/\/\/\
Pelargonic Acid Vanillylamide(PAVA)

N-[(4-hydroxy-3-methoxyphenyl)methyl]

FIGURE 12.10. Chemical
structures of the most common
capsaicinoids found in oleoresin
capsicum.
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for lacrimator-induced toxicity. However, pain from RCA
exposure can occur without tissue injury. It has been sug-
gested that the irritant and painful effect of CS may be
bradykin mediated (McNamara et al., 1969; Cucinell et al.,
1971; Olajos and Salem, 2001). CS causes bradykinin
release in vivo in humans (Cucinell et al., 1971) and in vitro
(Blain, 2003). Elimination of bradykininogen in vivo abol-
ishes the systemic response to CS (USAMRICD, 2000;
Salem et al., 2000).

The metabolism of CS to cyanide (see section V) was
once thought to be responsible for agent-induced lethality in
animals (Cucinell et al., 1971; Jones and Israel, 1970).
Despite reports on alleged fatality cases, mortality in
humans following CS administration has not been authen-
ticated (Ballantyne, 1977a; Hill et al., 2000; Olajos and
Salem, 2001). CS has been demonstrated to cause death in
dogs (Cucinell ef al., 1971). CS is hydrolyzed to malono-
nitrile and 2-chlorobenzaldehyde (Brewster et al., 1987).
Further metabolism of malononitrile yields two potential
cyanides, which could interact with sulfur thiols to yield
thiocyanate. Cyanide typically causes death immediately,
but animals administered CS by inhalation far above the
lethal Ct do not die immediately; death occurs 12 to 24 h
after exposure. In fact, death seems to be due to airway and
lung damage (Ballantyne and Swanston, 1978; Ballantyne
and Callaway, 1972). Studies to ascertain cyanide produc-
tion after CS exposure in humans showed negligible levels
of plasma thiocyanate (Swentzel ef al., 1970; Leadbeater,
1973). Another study revealed low levels of cyanide
production in mice administered carbon 14-labeled CS
(Brewster ef al., 1987). In short, cyanide is not liberated in
sufficient quantity from CS metabolism to become toxic
enough to cause death.

While cyanide inhibition of cytochrome ¢ oxidase may
not account for the full spectrum of toxicity in CS exposure,
cyanide toxicity may include an array of biochemical
interactions (Way, 1984). These include lipid peroxidation
(Johnson et al., 1987), cyanide release of endogenous
opioids to cause respiratory paralysis (Leung et al., 1986),
disruption of neuronal calcium homeostasis (Johnson et al.,
1986), and phospholipids hydrolysis (Sakaida and Farber,
1990). The mechanism of action for CN follows very
closely that of CS as they are both alkylating agents. The
effect of both agents on SH-dependent enzyme systems has
been studied (Lovre and Cucinell, 1970; Cucinell et al.,
1971). Less is known regarding the mechanism of action for
CR intoxication.

B. Capsaicinoids

Capsaicinoids interact with a population of neuropeptide-
containing afferent neurons and activate a ‘‘vanilloid”
receptor (Szallasi and Blumberg, 1990, 1992; Szallasi et al.,
1991). There seems to be a requirement by the receptor for
a vanilloid ring and an acyl chain moiety for activity
(Szallasi and Blumberg, 1999; Caterina and Julius, 2001).

Vanilloid receptors are part of a superfamily of transient
receptor potential (TRP) cation channels (Montell et al.,
2002). Binding of a vanilloid-containing ligand to the
receptor causes channel opening, influx of Ca®" and Na™,
depolarization of the neuron, and release of neuropeptides
(Lundblad and Lundberg, 1984; Martling, 1987). In addition
to transitory excitation of primary afferents, activation of
these receptors leads to a prolonged refractory period,
indicative of an apparent nonconducting, desensitized state
of the receptor. In this refractory period, primary afferents
become unresponsive to further application of cap-
saicinoids. Furthermore, it has been suggested that influx of
Ca’" and Na™ may lead to rapid cellular damage and
eventual cell death (Jancso et al., 1984), possibly by Ca**-
dependent protease activity. Administration of capsaicin in
neonatal rats causes destruction of the dorsal root ganglion
neurons (Jancso et al., 1977).

The biological actions of capsaicin are primarily due to
release of the neuropeptide substance P, calcitonin gene-
related peptide (CGRP), and neurokinin A from sensory
neurons. These transmitters from primary sensory neurons
communicate with other cell types. They produce alter-
ations in the airway mucosa and neurogenic inflammation of
the respiratory epithelium, airway blood vessels, glands, and
smooth muscle. Alterations in multiple effector organs lead
to bronchoconstriction, increased vascular permeability,
edema of the tracheobronchial mucosa, elevated mucosal
secretion, and neutrophil chemotaxis (Lundberg and Saria,
1982; Lundberg et al., 1983, 1984; Blanc et al., 1991,
Tominack and Spyker, 1987). Capsaicin-induced effects of
bronchoconstriction, vasodilation, and plasma protein
extravasation are mediated by substance P. In addition,
substance P can cause bronchoconstriction through stimu-
lation of c-fibers in pulmonary and bronchial circulation.

V. TOXICOKINETICS

The uptake, distribution, and metabolism of CS, CR, and
capsaicins (but not CN) have been well characterized.

A. Uptake, Distribution, and Metabolism
of CS

CS is rapidly absorbed and distributed throughout the body
after inhalation exposure. Pharmacokinetic studies show
that CS is removed from circulation quickly with first-order
kinetics, following inhalation exposure. CS half-life is just
under 30 s (Olajos, 2004). Short half-lives in the circulatory
system are also demonstrated for the major CS metabolites
(2-chlorobenzyl malononitrile and 2-chlorobenzaldehyde)
(Leadbeater, 1973). Currently, it is thought that significant
amounts of CS, near the tolerable concentration around 10
mg/m>, would not be absorbed following CS inhalation. The
absorption of CS from the digestive tract in cases of expo-
sure by ingestion is unknown at this time. Systemic toxicity



has been noted after ingestion of CS pellets (Solomon et al.,
2003).

In mammalian species, CS rapidly hydrolyzes to form 2-
chlorobenzaldehyde and malononitrile (Leadbeater, 1973;
Paradowski, 1979; Rietveld et al., 1986). The malononitrile
intermediate is further metabolized from two cyanide
moieties, which are converted to thiocyanate (Cucinell
et al., 1971). The aldehyde intermediate undergoes oxida-
tion to 2-chlorobenzoic acid or reduction to 2-chlorobenzyl
alcohol. These metabolites are conjugated and excreted in
the urine.

B. Uptake, Distribution, and Metabolism
of CR

Absorption of CR after aerosol inhalation is rapid with
a plasma half-life of 5 min; this is consistent with half-life
estimates following intravenous administration (Upshall,
1977) and gastrointestinal uptake (French et al., 1983).
Corneal tissue has been demonstrated to take up CR and
metabolize it to the lactam derivative (Balfour, 1978; King
and Holmes, 1997).

A number of studies have investigated the bioconversion,
fate, and elimination of CR in various animal species
(French et al., 1983; Furnival et al., 1983; Balfour, 1978;
Harrison et al., 1978). Human metabolic studies on CR have
not been performed due to the high degree of sensitivity of
human tissues to CR. The maximum tolerated dosage is far
too low to allow for detection in metabolic studies (Olajos,
2004). The lactam derivative dibenz[b,f]1:4-oxazepin-11-
(10H)-one is a primary metabolic product of metabolism
and a direct precursor of the urinary hydroxylated metabo-
lites. In rats, the lactam, a dihydro-CR metabolite, an amino
alcohol of CR, and an arene oxide are metabolites in CR
degradation. In the rat, the major mechanism for elimination
is sulfate conjugation and biliary excretion to a limited
extent. Phase I metabolism by microsomal mixed function
oxidases involves reduction of CR to the amino alcohol,
oxidation to form the lactam ring, and hydroxylation to form
the hydroxylactams. Phase II conjugation reactions sulfate
the hydroxylactam intermediates for renal elimination.
Amino alcohol intermediates are conjugated with glucuro-
nide for biliary secretion.

C. Uptake, Distribution, and Metabolism
of CN

The uptake, distribution, and fate of CN have been poorly
characterized despite numerous investigations reporting its
toxicity. Inhalation of lethal CN, which does not metabolize
to liberate cyanide, also causes death secondary to effects on
the pulmonary system (pulmonary congestion, edema,
bronchopneumonia, cellular degeneration in the bronchiole
epithelium, and alveolar thickening) in mice, rats, guinea
pigs, and dogs (Olajos and Salem, 2001). CN presumably
reacts irreversibly with the free sulfhydryl groups of
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proteins and enzymes. It is thought that CN metabolically
converts to an alkylating agent with this affinity for SH
groups and nucleophilic sites in tissues (Mackworth, 1948;
Olajos, 2004).

D. Uptake, Distribution, and Metabolism
of Capsaicins

Capsaicin and capsaicinoids undergo Phase I metabolic
bioconversion to catechol metabolites via hydroxylation of
the vanillyl ring moiety (Lee and Kumar, 1980; Miller ez al.,
1983). Metabolism involves oxidative, in addition to non-
oxidative, mechanisms. An example of oxidative conver-
sion involves the liver mixed-function oxidase system to
convert capsaicin to an electrophilic epoxide, a reactive
metabolite (Olajos, 2004). Surh and Lee (1995) have also
demonstrated the formation of a phenoxy radical and
quinine product; the quinine pathway leads to formation of
a highly reactive methyl radical (Reilly et al., 2003). The
alkyl side chain of capsaicin also undergoes rapid oxidative
deamination (Wehmeyer er al., 1990) or hydroxylation
(Surh et al., 1995; Reilly ef al., 2003) to hydroxycapsaicin
as a detoxification pathway. An example of nonoxidative
metabolism of capsaicin is hydrolysis of the acid—amide
bond to yield vanillylamide and fatty acyl groups (Kawada
et al., 1984; Oi et al., 1992).

VI. TOXICITY

RCAs produce a wide variety of physiological effects in
man. Figure 12.11 illustrates these generalized toxic signs
and symptoms of exposure. The clinical effects in the figure
are representative of those encountered after CN or CS
exposure. CR causes qualitatively similar effects to those
caused by CS, except it has greater potency. The predomi-
nant anatomical regions affected include eye, lung, and skin.
RCAs also cause nasal, oral, neuronal, and gastrointestinal
effects.

A. Ophthalmological Effects

1. CN anp CS
The eyes are a major target for the short-lived toxic effects
of RCAs. Eye findings from RCA toxicity can range in
severity from conjunctival erythema to ocular necrosis.
Lacrimation, conjunctival erythema/edema, blepharitis, and
erythema are the most typical findings after exposure to all
RCAs. Toxic signs may further include periorbital edema
(Vaca et al., 1996; Yih 1995), blepharospasm or spasms
during eyelid closure (Grant, 1986; Blain, 2003), apraxia of
eyelid opening, ophthalmodynia, corneal injury, and ocular
necrosis (Grant, 1986). Figure 12.12 illustrates and
summarizes the common toxic ophthalmological signs and
symptoms associated with RCA aerosol exposure. It is
important to note that eye findings tend to be more severe in
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RCA exposure victims if they are wearing contact lenses
(Solomon et al., 2003).

Erythema and edema may last up to 48 h and vascula-
rizing keratitis is not uncommon (Ballantyne ef al., 1974),
but symptoms generally subside after 30 min (Beswick,
1983) depending on the concentration and duration of
exposure (Blain, 2003). Recovery is typically complete
within 15 to 30 min after exposure, but a few signs such as
erythema of the lid margins and photophobia may persist
slightly longer. The conjunctivac may appear injected or
even progress to fulminant conjunctivitis and blurred vision
following some RCAs including CS (Euripidou et al.,
2004). Toxic signs in the conjunctivae from CN Mace
exposure can include conjunctivitis, sloughing, limbal
ischemia, and symblepharon formation (adhesion of the
eyelids to the eyeball) (Scott, 1995). Permanent eye injury is
unlikely except after exposure to high concentrations of CN
Mace (Grant, 1986). While permanent eye damage is

trated, copyright protected, and prin-
ted with permission by Alexandre
M. Katos.

uncommon, raised intraocular pressure from edema may
precipitate acute angle closure glaucoma if left untreated.
Long-term sequele may include cataracts, vitreous hemor-
rhage, and traumatic optic neuropathy (Gray and Murray,
1995).

In studies involving human exposure (Rengstorff and
Mershon, 1969a, b), CS (0.1% or 0.25% in water; 1.0% in
triocyl phosphate) sprayed or administered as ophthalmic
drops onto the eyes, caused apraxia of eyelid opening with
blepharospasm upon eyelid closure for 10 to 135s. It also
caused a transient conjunctivitis but no corneal damage
upon further inspection with a slit lamp. Rabbit eyes
contaminated with CS as a solution (0.5-10% in poly-
ethylene glycol), as a solid, or thermally dispersed as
a smoke (15 min at 6,000 mg/m’) showed a greater toxicity
with solution. CS in solution caused profuse lacrimation,
conjunctivitis, iritis, chemosis, keratitis, and corneal
vascularization at concentrations at or above 1%.
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FIGURE 12.12. Exposure of the eye to CS aerosol. Top left panel: external view of left eye immediately after exposure to CS aerosol,
showing scleral injection, periorbital edema, and lacrimation. Botfom panel: Penetration of CS aerosol into the eye, sagittal view. Following
exposure to CS, the eye responds with inflammation, edema (chemosis), lacrimation, erythema, eye pain, and eyelid closure. Top right
panel: Close-up of the eye and eyelids, sagittal view. Inflammation of the eyelids (blepharitis), conjunctivae (conjunctivitis), and cornea
(keratitis) are apparent. The eye, in turn, responds with spasms of eyelid closure (blepharospasms) followed by an inability to open the
eyelids (apraxia of eyelid opening). Agglomerated CS particles can penetrate the eye upon initial contact and cause corneal abrasions.
[lustrated, copyright protected, and printed with permission by Alexandre M. Katos.

The lesions tended to be more severe and have a greater
duration at higher doses. Histologically, the cornea
appeared with patchy denudation of the epithelium and
infiltration of neutrophils to the site of injury (Ballantyne
et al., 1974). In general, more severe eye exposures have
resulted from CN compared to CS agent.

CN causes a similar constellation of ocular signs and
symptoms as CS, but CN toxicity is likely to be more severe
in the eyes and skin. CN sprayed into the eyes from
a distance causes lacrimation, edema of the corneal
epithelium and conjunctivae, and reversible epithelial
defects of the cornea (Leopold and Lieberman, 1971). At
close range, CN can cause long lasting and permanent
damage to the eye. Because RCAs are solids, it is possible
for a particle to clump or agglomerate, causing penetration
into corneal or conjunctival tissues (see Figure 12.12).
Agglomerated CN particles can penetrate eye tissue as
a result of tear gas cartridge discharge (Levine and Stahl,
1968). In addition to large powder CN agglomerates, trau-
matic effects from the propellant charge, wadding, or foreign

pieces from the cartridge should also be suspected when
evaluating eye damage from CN.

While RCAs produce short-lived effects, rabbits exposed
to 10% CN solution caused iritis and conjunctivitis >7 days
and corneal opacity (Grant, 1986) lasting longer than
2 months (Gaskins et al., 1972). In comparison, CS at the
same concentration produced moderate conjunctivitis
without iritis or corneal opacity, and eyes returned to normal
by the end of one week. Another difference between the two
agents is that CN produces a more severe reaction than CS
when applied to the eye in powder form or as a spray at close
range (McNamara et al., 1968).

In addition to opacification, additional corneal effects
from particulate CN exposure include possible penetration
of the corneal stroma, severe scarring and ulceration, and
deficits in the corneal reflex (Blain, 2003; Scott, 1995).
Penetration of the corneal stroma may lead to stromal edema
and later vascularization, resulting in further ocular
complications. These may include pseudopterygium, infec-
tive keratitis, symblepharon, trophic keratopathy, cataracts,
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hyphema, posterior synechia, secondary glaucoma, vitreous
hemorrhage, and traumatic optic neuropathy (Hoffman,
1967). Furthermore, a 4% CN formulation produced
permanent corneal injury while a 10% CS product did not
(Gaskins et al., 1972). In animal studies, high concentra-
tions of CN produce ocular necrosis (Grant, 1986).

The eyes are also affected from CS agent without direct
contact of the agent with the eye. In one report, seven
patients were exposed to oral ingestion of a juice drink
contaminated by CS pellets (Solomon et al, 2003). In
addition to mild headache and gastrointestinal irritation,
patients complained of ocular irritation and lacrimation. The
majority of symptoms resolved within 24 h of exposure.

2. CR

Higginbottom and Suschitzky (1962), the chemists who
discovered CR, first noted the intense lacrimal response to
this compound. A splash of CR (0.01 to 0.1% range solu-
tion) causes immediate ophthalmodynia, lacrimation, and
blepharospasm, similar to CS and CN (Sidell, 1997). These
effects can last 15 to 30 min before subsiding. Blepharitis
(edema of the eyelids), periorbital edema, and injected
conjunctivae can last for up to 6 h. In rabbits and monkeys,
CR (0.1% solution) causes mild, transient erythema, che-
mosis, and keratitis in the eye. Moderate conjunctivitis has
been demonstrated with higher CR concentrations (5%
solution) applied directly to the rabbit eye (Rengstorff et al.,
1975). Ballantyne et al. (1975) showed that increasing CR
concentrations as a solution caused dose-dependent corneal
thickening but minor eye effects (mild conjunctivitis and
lacrimation) as an aerosol. In animal studies, the effects of
CR on the eye are very transient as they are cleared in 1 h,
and it produces far less toxicity to the eye than CN (Salem
et al., 20006).

3. CAPSAICIN
Capsaicin causes conjunctivitis, periorbital edema/
erythema, ophthalmodynia, blepharospasm, blepharitis,
corneal abrasions, and lacrimation. In a retrospective study
of 81 patients who presented to the emergency department
following aerosol exposure from law enforcement use of
OC, 56% of individuals developed ophthalmodynia, 44%
conjunctivitis, 40% conjunctival erythema, 13% lacrima-
tion, and 9% corneal abrasions (Watson et al., 1996).
Another study involved exposure of 47 human volunteers to
OC for evaluating effects on the cornea and conjunctivae
(Zollman et al., 2000). All subjects reported significant eye
pain, blurred vision, and lacrimation 10 min after exposure
to OC pepper spray, but symptoms improved by 1 h later.
Corneal abrasions were not apparent, but 21% of subjects
showed evidence of punctate epithelial erosions and
reduced corneal sensitivity. Corneal abnormalities were
absent 1 week after exposure. Another human study iden-
tified 23% of subjects (7 of 30) with corneal abrasions
following aerosol exposure to OC spray (Watson et al.,
1996). In mice, a single subcutaneous injection of 12.5, 25,

or 50 mg/kg capsaicin causes corneal changes characterized
by neuronal axon degeneration in the corneal epithelium
(Fujita et al., 1984).

B. Nasal/Pharyngeal Toxicity

RCAs produce oral and nasal symptoms immediately after
exposure. Inhalation exposure to CN and CS causes rhi-
norrhea, sneezing, and burning pain within seconds
(Beswick, 1983); a similar burning sensation with
increased salivation occurs after oral contact with aero-
solized powder or solution. The salivation, pharyngitis, and
glossalgia occur within minutes after exposure (Thorburn,
1982; Beswick, 1983). A CR solution (0.01 to 0.1% range)
splashed in the mouth causes salivation and burning of the
tongue (Ballantyne and Swanston, 1974) and palate for
several minutes. Splashes of the solution can cause nasal
irritation and rhinorrhea (Sidell, 1997). Fumes from burned
Capsicum plants or capsaicin-containing pepper sprays
are highly irritating to the nasal mucosa and cause imme-
diate rhinorrhea (Morton, 1971; Collier and Fuller, 1984,
Geppetti et al., 1988).

C. Cardiovascular Toxicity

While the evidence is not overwhelmingly impressive,
RCAs have apparent effects on the cardiovascular system.
Tachycardia and mild hypertension have been noted after
exposure (Beswick, 1983). This response may result from
anxiety or a response to the pain as opposed to any toxi-
cological effect. The initial response to aerosolized CS is
hypertension and irregular respiration, suggestive of the
Sherrington pseudoaffective response. Bypassing the pain
receptors of the nose and upper airway by endotracheal
administration of CS leads to a decrease in blood pressure
and bradypnea, effects also seen after intravenous injection.
This suggests the initial pressor effect and irregular respi-
ration are generalized responses to noxious stimuli rather
than pharmacological effects of CS. Splash contamination
of the face or whole-body drenching with dilute CR solution
(0.0010 and 0.0025%) causes an immediate increase in
blood pressure and bradycardia (Ballantyne et al., 1973,
1976). Intravenous administration of CR in cats causes
a transient but dose-dependent tachycardia. These pressor
effects are postulated to be secondary to CR effects on
sympathetic tone to the cardiovascular system (Lundy and
McKay, 1975) or the result of stress and discomfort from the
irritation (Ballantyne, 1977a, b).

RCAs have been shown to have a direct effect on the
heart. One report linked exposure of high CS concentrations
to the development of congestive heart failure (Hu ef al.,
1989). Furthermore, underlying cardiac disease has been
shown to exacerbate toxicity from CS (Worthington and
Nee, 1999).



D. Respiratory Toxicity

CS and CN are disseminated as an aerosol powder or
solution. Therefore, the most common route of CN or CS
absorption is by inhalation. Inhalation of RCAs causes
burning and irritation of the airways leading to cough, chest
tightness, dyspnea (Beswick, 1983, Hu et al., 1989; Blain,
2003), shortness of breath (Euripidou, 2004), bronchospasm
(Hu and Christiani, 1992), and bronchorrhea (Folb and
Talmud, 1989). Estimates of the minimal irritant exposure
and ICtsq are 0.004 and 5 mg-min/m’, respectively, for CS
(Olajos and Salem, 2001). Similar estimates have been
made for CN (0.3-1 and 20-50 mg-min/m’; Olajos and
Salem, 2001). Other estimates report that 31 mg/m3 CN
vapor is intolerable to humans after 3 min (Punte et al,
1962).

Laryngospasm can occur either immediately or delayed
for 1 to 2 days after CN or CS exposure. Delayed onset
laryngotracheobronchitis 1-2 days post-exposure, charac-
terized by wheezing, dyspnea, tachypnea, hoarseness, fever,
and purulent sputum, was reported in three of eight patients
exposed to high concentrations of CN (Thorburn, 1982).
Long-term bronchodilator therapy was required in one
patient with pre-existing pulmonary disease. Reactive
airways are associated with high-level exposure to CS and
CR (Blain, 2003). Paroxysmal cough, shortness of breath,
and chest tightness, characteristic of reactive airway
disease, have been demonstrated to last up to several weeks.
Pulmonary effects typically resolve by 12 weeks post-
exposure.

Pulmonary edema may occur up to 24 h post-exposure
(Stein and Kirwan, 1964; Gonmori et al., 1987). Gonmori
et al. (1987) reported a fatality from chloropicrin spray
intoxication. The patient, an 18-year-old female, devel-
oped pulmonary edema 3 h after exposure. Furthermore,
a 43-year-old man developed pulmonary edema compli-
cated by pneumonia, heart failure, and hepatocellular
damage after CS intoxication (Krapf and Thalmann,
1981). Delayed onset bronchopneumonia may occur from
prolonged exposure to some RCAs in enclosed spaces
(Beswick, 1983).

There is no evidence that CS causes permanent lung
damage after one or several exposures to field concentra-
tions (Blain, 2003). Inhalation of an irritant might be
expected to exacerbate underlying pulmonary disease such
as asthma, emphysema, or bronchitis. Histories of asthma
and chronic obstructive pulmonary disease may exacerbate
effects from CS (Worthington and Nee, 1999) or CN
(Thorburn, 1982). CS may exacerbate chronic bronchitis or
precipitate an attack in known asthmatics (Anonymous,
1971).

1. CN anp CS ToxICITY IN ANIMALS
In animal studies, the cause of death from CN inhalation is
the result of toxicity in the pulmonary system. Post-mortem
examination from acute toxicity lethality studies in animals
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exposed to CN aerosols reveal pulmonary congestion,
edema, emphysema, tracheitis, bronchitis, and broncho-
pneumonia in dogs and pulmonary congestion, edema, and
bronchopneumonia in mice, rats, and guinea pigs (Olajos
and Salem, 2001). Sublethal CN aerosol exposure (62.6
mg/m>, 0.1 LCsg) for 60 min causes cellular degeneration
in the bronchiole epithelium and alveolar septal wall
thickening due to infiltration of mononucleocytes (Kumar
et al., 1995).

Exposure to aerosol CS (unreported concentration) in
male Wistar rats for 20 min can cause decreased minute
ventilation and induce histological lesions of the trachea
(cytoplasmic vacuoles in epithelial cells) and lung
(emphysema) (Debarre ef al., 1999). Lower respiratory tract
injury, including fibrosing peribronchitis and peri-
bronchiolitis, can be produced by chloropicrin (Buckley
et al., 1984).

2. CR
CR does not produce any significant respiratory toxicity
(Sidell, 1997). CR causes tachypnea and labored breathing in
multiple animal species. In humans, aerosol exposure to CR
causes respiratory irritation, choking, and dyspnea. One
human study involving aerosol exposure to CR (0.25 mg/m?)
in volunteers for 60 min noted decreased expiratory flow rate
minutes after exposure. CR was thought to stimulate irritant
receptors in the conducting portion of the pulmonary system,
causing bronchoconstriction (Ashton et al., 1978). Addi-
tionally, CR increased blood volume in the lungs by driving
sympathetic tone. Two animal studies evaluated the effect of
CR aerosol exposure on the physical and ultrastructural
changes in rat lungs (Pattle et al., 1974; Colgrave et al.,
1983). Even high CR aerosol doses did not produce signifi-
cant pulmonary damage. Gross examination of the lungs was
normal in both studies. Microscopic examination showed
mild congestion, lobar hyperinflation characteristic of
emphysema and hemorrhage. Further pulmonary damage
was evident on electron microscopy. CR exposed lungs
showed capillary damage of the endothelium and
a thickened, swollen epithelial layer (Colgrave et al., 1983).

3. CAPsAICIN

In children, capsaicin spray was demonstrated to cause
a severe bronchospasm and pulmonary edema (Winograd,
1977; Billmire et al, 1996). In the Billmire study, a
4-week-old infant was exposed to 5% pepper spray after
discharge from a self-defense device. The infant suffered
respiratory failure and hypoxemia, requiring immediate
extracorporeal membrane oxygenation. Inhaled capsaicin
causes an immediate increase in airway resistance (Fuller,
1991). This dose-dependent bronchoconstriction after
capsaicin inhalation in humans is the same as that demon-
strated in asthmatics and smokers (Fuller ef al., 1985). The
capsaicin-induced bronchoconstriction and release of
substance P is due to stimulation of nonmyelinated afferent
C-fibers.



166 SECTION Il - Agents that can be Used as Weapons of Mass Destruction

E. Neurologic Toxicity

RCAs are irritants to the peripheral nervous system
(Anonymous, 1999). CN and CS interact with receptors on
sensory nerves in the eyes, other mucous membranes, and
skin, resulting in discomfort and burning pain. Their
neurologic toxicity can range from paresthesias of the lips to
burning pain of the eyes (ophthalmodynia), tongue (glos-
salgia), nose (rhinodynia), throat (pharyngodynia), and skin
(dermatalgia). The reaction of CN with sulfhydryl (SH)-
containing proteins and enzymes is the cause of denatur-
ation associated with sensory nerve activity (Chung and
Giles, 1972). As RCAs affect the senses, the feeling can
become disorienting after exposure, which may explain why
some experience temporary loss of balance and orientation
after exposure (Thorburn, 1982).

Agitation and panic may develop in those not previously
exposed to CN (Beswick, 1983; Stein and Kirwan, 1964).
Syncope has also been reported (Athanaselis et al., 1990;
Thorburn, 1982), but this is likely attributed to panic.
Headaches have been reported in 48% of symptomatic
persons exposed to chloropicrin (Goldman et al., 1987).
When CN was released into 44 prisoner cells, eight inmates
experienced malaise and lethargy and among those hospi-
talized, one experienced syncope and a severe systemic
illness (Thorburn, 1982).

A clinical case report of hand injuries caused by acci-
dental discharges from tear gas pens (Adams et al., 1966)
revealed specific neuronal toxicological findings. In each
case, CN penetrated into the skin to cause a wound.
Neurological examination indicated hyperesthesia of select
digits in all cases. Biopsies of digital neurons taken for
pathology showed thickened epineurium and tendon
sheaths. Some of the patients complained of paresthesias
months after exposure. The study suggests a possible link
between direct chemical injury and nerve damage. The same
investigators exposed the sciatic nerves of rabbits to agent
by discharge of a CN pen or by dusting the exposed nerve
with 0.2 g CN powder. These animal studies suggested CN
can cause inflammation and necrosis in skeletal muscle, loss
of axon cylinders, and replacement of neural elements with
granulation tissue and fibroblasts (Adams et al., 1966).
Animals exposed to CR exhibit fasciculations, tremors,
convulsions, and ataxia; intraperitoneal administration of
CR can also cause muscle weakness (Salem et al., 2006).

Capsaicin activates receptors in trigeminal (cranial nerve
V) and intestinal neurons. These include pain receptors
located in the mouth, nose, stomach, and mucous
membranes. Trigeminal neurons utilize substance P as their
primary pain neurotransmitter. Capsaicin first induces the
release of substance P from the neuron and then blocks the
synthesis and transport of substance P to the effector side
(Bernstein et al., 1981; Tominack and Spyker, 1987).
Substance P depolarizes neurons to produce dilation of
blood vessels, stimulation of smooth muscle, and activation
of sensory nerve endings (Helme et al., 1987; Tominack and

Spyker, 1987). Jancso characterized the effects of capsaicin
as an initial intense excitation of sensory neurons followed
by a lengthy period of insensitivity to physicochemical
stimuli (Jancso et al., 1968, 1987; Buck and Burks, 1986).
Substance P is associated with sensory (pain) or skin
inflammation afferents. It is also a peripheral mediator of
neurogenic inflammation and smooth muscle contraction
(Lembeck and Holzer, 1979; Pernow, 1983). It contributes
to contraction of the esophagus, trachea, respiratory tract,
and levator palpebrae muscles (blepharospasm and apraxia
of eyelid opening). Capsaicin directly applied to the eye
causes a neurogenic inflammation, involving vasodilatation
and extravasation of fluid, and unresponsiveness to chem-
ical stimuli. Capsaicin renders the skin of humans and
animals insensitive to various types of painful chemical
stimuli (Bernstein ef al., 1981). In humans, OC exposure
eventually causes loss of the corneal blink reflex (Olajos and
Salem, 2001), which is mediated by sensory input from
cranial nerve V and motor output via cranial nerve VII.

F. Gastrointestinal Toxicity

Many reviews state that gastrointestinal effects do not occur
upon inhalational exposure to RCAs with the exception of
DM; however, nausea, vomiting, and alterations in taste are
commonplace in clinical case reports of exposure to CS
(Solomon et al., 2003; Athanaselis, 1990) and CN (Thor-
burn, 1982; Blain, 2003). The involvement of retching and
emesis tends to occur if the individual is sensitive, the
concentration is sufficiently high, the exposure prolonged,
the range is close, or the event occurs in a confined space.
Vomiting was reported in 25% of patients with severe
reactions to CN in a confined area (Thorburn, 1982). Emesis
did not resolve until the following week in one patient.
Inhalation of RCAs often leads to parageusias or altered
taste of the tongue. In particular, a metallic or burning
sensation is often reported (Folb and Talmud, 1989).

Ingestion of CS can also produce episodes of nausea,
vomiting, crampy abdominal pain (Blain, 2003), and diar-
rhea (Blain, 2003; Solomon, 2003). Seven patients in the
Solomon study drank juice contaminated with CS pellets
and primarily developed gastrointestinal symptoms. Two of
the seven patients reported emesis and diarrhea; all patients
reported abdominal pain, epigastric discomfort, and burning
gastroesophageal reflux. Symptoms resolved 24 h later.
Surprisingly, they did not develop parageusia or burning of
the tongue after CS ingestion which is often the case after
inhalational CS exposure. Another study designed for
patients to taste an admixture of sugar and CS (5-10 pellets,
500 mg each and dissolved in 10 liters of water) indicated
that patients experienced a 30s delay in onset of altered
taste (Kemp and Willder, 1972); this was most likely due to
a masking effect from the sugar. In animal studies, rabbits
and rats develop gastroenteritis upon CN or CS exposure by
ingestion (Gaskins et al., 1972).



Biting and ingesting Capsicum plants can cause nausea
and vomiting (Morton, 1971; Tominack and Spyker, 1987,
Snyman et al., 2001). Nausea has also been reported in
individuals exposed to pepperball tactical powder contain-
ing capsaicin (Hay et al., 2006). Capsaicin causes effects on
gastric mucosa including mild erythema, edema, epithelial
cell damage (Desai et al., 1976), and gastric hemorrhage
(Viranuvatti ef al., 1972; Desai et al., 1977; Kumar et al.,
1984).

G. Dermatological Toxicity

CN and CS are primary irritants of the integumentary
system able to cause first and second degree burns (Stein
and Kirwan, 1964; Weigand, 1969; Hu et al., 1989). Low
concentrations of either agent cause erythema, pruritis,
subcutaneous edema, paresthesias, and/or burning sensa-
tions in exposed areas of the skin within minutes. Erythema
is often the first sign of contact dermatitis, occurring
minutes after exposure and subsiding about an hour after
exposure. These agents follow a time course of skin damage
similar to mustard agent. Further, if the skin is wet or
abraded, the toxic effects on the skin are more prominent
(Holland and White, 1972; Thorburn, 1982; Sidell, 1997).
Exposure to higher doses leads to worsening erythema,
edema, vesication with bullae (observed hours later), and
fever. The extent of toxic effects also depends on thickness
of the stratum corneum and time of exposure. Furthermore,
contact with water up to 48 h after exposure can exacerbate
the painful symptoms (Pinkus, 1978; Blain, 2003). High
humidity, diaphoretic subjects, and warm temperatures can
all exacerbate the contact dermatitis from RCAs (Hellreich
et al., 1969). Areas of occlusive dress over the skin may also
result in worse reactions.

Higher concentrations of CS or longer exposures will
result in more than erythema, pruritis, and burning pain.
Papulovesicular rashes are not uncommon with high
concentrations of RCAs. Typically, edema and vesiculation
(bullae dermatitis) follow 24 h after CS or CN exposure
(Sidell, 1997). Common sites of bullae are areas under the
cuff of a shirt or glove and just under the collar. One study
examined the effect of high CS concentrations (300 mg/m®),
tested on the arms of volunteer study patients, at times
ranging between 15 and 60 min exposure (Hellreich et al.,
1967). All participants experienced burning pain approxi-
mately 5 min after exposure onset. A Ct range of 4,440 and
9,480 mg.min/m’ caused an immediate patchy erythema,
which subsided after 30 min. A Ct range of 14,040 and
17,700 mg.min/m® led to greater dermal toxicity and
required several hours to subside. Bullous dermatitis
occurred in 50% of subjects as a delayed reaction. These
bullous lesions resolved in 2 weeks, but an inflammatory
hyperpigmentation of the skin remained by 6 weeks post-
exposure. Differences in individual sensitivities are due to
skin pigmentation, complexion, and susceptibility to
sunburns (Hellreich ez al., 1969).
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Exposure to other RCAs causes similar dermal effects.
CN is a more potent irritant than CS. In a human study
involving dermal application, CN (0.5 mg) powder caused
irritation and erythema when on the skin for 60 min
(Holland and White, 1972). It took 20 mg CS to cause
similar effects for the same duration of exposure. Exposure
to 5% capsaicin pepper spray causes immediate and severe
erythema and edema in the skin (Herman ef al, 1998).
Similarly, pepper ball pellets fired at individuals will cause
erythema, pain, and edema at the site of impact. The initial
point of contact may become infected, scar, or heal with
hyperpigmentation (Hay et al., 2006).

Dermal exposure to CN or CS may lead to an allergic
contact dermatitis (Madden, 1951; Penneys, 1971),
a delayed hypersensitivity reaction developed from
a previous exposure to RCAs. CS and CN are both skin
sensitizers, but CN is more potent (Chung and Giles, 1972).
Initial exposure to either may not cause significant toxic
signs or symptoms. Exposure to small amounts of the same
agent years later, however, may produce a severe allergic
erythematous, patchy rash with edema, bullae, purpura, and
necrosis. Sensitization is likely to occur after dermal
exposure to high concentrations of RCAs (Penneys ef al.,
1969; Holland and White, 1972; Leenutaphong and Goerz,
1989). Hypersensitivity reactions can persist for up to 4
weeks (Leenutaphong and Goerz, 1989). This phenomenon
has been demonstrated so far by CN (Ingram, 1942; Kissin
and Mazer, 1944; Steffen, 1968; Frazier, 1976) and CS (Ro
and Lee, 1991) but not CR.

Dermal exposure to CR causes a burning sensation and
erythema several minutes later. Burning pain goes away
after 15 to 30 min, but the erythema lasts up to 2 h (Holland,
1974). CR does not induce inflammatory cell migration to
the site of injury, bullous dermatitis, or contact sensitization
(Ballantyne, 1977a). Repeated application of CR to the skin
(applied 5 days/week for 12 weeks) has little effect (Marrs
et al., 1982). Similar to the eye and lungs, CR does not
demonstrate significant toxicity to the skin.

CS, CN, or CR can pose a toxic danger hours after
dissemination as they are persistent in the environment.
During the riots of the late 1960s, CS was frequently used to
control crowds. Inadvertently, firefighters in those metro-
politan areas sometimes were exposed as they entered
buildings where CS had been disseminated. The force of
water from firehose and movement within the buildings
reaerosolized enough agent toxic enough to cause erythema
and edema around their eyes and other areas of exposed skin
(Rengstorff and Mershon, 1969a).

While capsaicinoids may have a vesicant effect,
depending on length of exposure, in most cases it produces
a burning sensation and mild erythema. Capsaicins cause
erythema and burning pain without vesiculation when
applied topically to human skin (Smith et al., 1970; Burnett,
1989; Watson et al., 1996; Herman et al., 1998). Skin
blistering and rash may occur after chronic or prolonged
capsaicin exposures (Morton, 1971).
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H. Other Toxicity

One report noted renal tubular nephritis in a worker killed
after an explosion inside a plant manufacturing CS agent
(Cookson and Nottingham, 1969). Hepatocellular injury has
been linked to serious CS inhalation (Krapf and Thalmann,
1981). To date, animal studies have not documented any
relationship between RCA exposure and teratogenicity
(Himsworth et al., 1971; Upshall, 1973; Folb and Talmud,
1989). CS did not demonstrate mutagenic potential with the
Ames assay (Rietveld et al., 1983). Similarly, CR did not
have carcinogenic effects in mice or hamsters (Blain, 2003);
CS lacks mutagenicity in several test systems (Daniken
et al., 1981; Wild et al., 1983).

I. Lethality

Human deaths have been reported from RCA exposure
(Thorburn, 1982; Ferslew et al., 1986; Danto, 1987). Death
is usually the result of excessive concentrations used,
confined spaces, and prolonged exposures. Death occurs
hours after initial exposure, and post-mortem findings are
consistent with severe airway damage seen in animals.
Deichmann and Gerarde (1969) reported a fatality following
exposure to high CN vapor concentrations (5.4 gm in a 34 m®
room) for less than 20 min, which equates to approximately
160 mg/m>. Estimates of the human LCrsy range between
25,000 and 150,000 mg~min/m3 for CS and between 8,500
and 22,500 mg-min/m> for CN (Olajos and Salem, 2001).
High doses of CR aerosol do not produce lethality in animals;
CR aerosols of 68,000 mg-min/m3 are not lethal in mice,
guinea pigs, or rabbits. The large safety ratio for CR is clearly
evident as compared to the other agents.

While OC is widely regarded as a safe substance with
low toxicity (Clede, 1993), more research should be con-
ducted in light of recent deaths involving pepper spray use
by law enforcement agencies. One case involving an inmate
who died in custody implicated pepper spray as a direct
contributor to death (Steffe et al., 1995). Billmire et al.
(1996) reported the life-threatening effects in a 4-week-old
infant exposed to OC spray as a result of an accidental
discharge.

VII. RISK ASSESSMENT

The ideal process in RCA risk assessment is to characterize
the effectiveness and risk from exposures to situations
where RCAs may be used (NAS, 1983, 1984; NAS/NRC,
1994; TERA, 2001; Patterson et al., 2004). In order to do
that, one must identify all pertinent effects of the RCA in
question, develop a dose—response assessment, consider an
exposure assessment, and finally characterize the risk.
When used as intended, RCAs are thought to be safe and of
sufficient low toxicity. They are designed with the purpose
of disabling a targeted individual through sensory irritation

of the eyes, respiratory tract, and skin. As discussed previ-
ously, they are not without additional, unwanted effects
especially in circumstances where high concentrations are
used or exposure is prolonged. The previous sections have
provided sufficient discussion regarding the potential
toxicity to humans as a result of exposure to RCAs,
including case reports.

A. Identification of Intended and Unintended
Effects

By providing a minimal force alternative for controlling and
managing individual(s), RCAs are a desired public health
and safety tool for military, domestic law enforcement, and
civilian use. As with any chemical intended to benefit the
public, it is important first to identify the compounds, their
potential adverse impact (unintended effects), and their
beneficial impact (intended effects). There are a number of
chemicals designed and used as RCAs. In general, they are
compounds with low vapor pressures and dispersed as fine
particles or in solution from a variety of devices. These
dispersal methods can include the gamut from aerial spray
(Figure 12.6) to large spray tanks (see Figures 12.2 and
12.4) and small, hand-held devices for self-protection. The
modern RCAs used today include CN, CS, CR, OC, and
PAVA. Their major adverse effects are summarized in
Table 12.2. The intended effect for all RCAs is a change in
behavioral response of the target. A better measure of this
intended effect would be the actual physiological effects
produced by RCAs on the eyes, skin, and respiratory tract
(Patterson et al., 2004). These are the target organs designed
for harassment by RCAs (see Figure 12.11 for review).

Each physiological effect can be evaluated and catego-
rized on a broad spectral continuum from mild to severe. At
lower aerosol dosages, the effects from RCAs will be
reversible with no serious injury. For instance, typical mild
ophthalmic effects include lacrimation (tearing) and tran-
sient burning pain (ophthalmodynia). When used at higher
levels, in confined spaces and/or for prolonged duration,
there is a greater potential for the toxicity to escalate.
Moderate effects would include conjunctivitis, keratitis,
blepharitis, chemosis, and periorbital edema. Severe effects
result from significantly prolonged duration or high
concentrations leading to irreversible damage in the tissues
(i.e. loss of vision). These include corneal abrasions, scar-
ring, or opacification. Very serious effects on the eye include
symblepharon, pseudopterygium, cataracts, hyphema,
posterior synechia, secondary glaucoma, vitreous hemor-
rhage, and traumatic optic neuropathy. The same analysis can
be applied to effects on the skin, respiratory tracts, and
additional organ systems affected for each agent.

B. Dose Response

Dose-response assessment involves evaluating the dose
required to produce a particular effect of interest. Ideally,



quantitative data on specific doses and their corresponding
responses are desired. In reality, threshold data for
a particular target organ or effect in a target organ are often
available as a substitute. The ophthalmic threshold levels
and toxicity estimate for human responses to CN, CS, and
CR are shown in Table 12.2. If empirical dose—response
data are available, a dose-response evaluation for a given
RCA might include plotting the percent of individuals
responding as a function of dose for each toxicological sign
or symptom and target organ of interest. Dose—response
curves can then be used in modeling studies to estimate the
probabilities of intended and unintended -effects for
a particular risk assessment scenario (Patterson et al., 2004).

C. Exposure Assessment

The crux of exposure assessment is creating a scenario for
human exposure to a given RCA and identifying the expo-
sure factors. This would involve describing the intended
target(s), environmental conditions (windy, rainy weather,
etc.), crowd size and characteristics, delivery device (tear
gas canisters or grenades, powder or aerosol), hazards
associated with the delivery system like blunt trauma, as
well as the nature of the agent selected (physicochemical
properties, solvents, concentration/dose), and duration of
exposure. An exposure assessment might include estimation
of the amount of systemic exposure through RCA inhala-
tion, absorption through the skin from dermal contact, or
intestinal uptake after ingestion. Availability of quality data
for each of the aforementioned exposure factors will esti-
mate exposure with high confidence and minimal uncer-
tainty level. Unavailability of data is a major limitation if
models are used to estimate exposure.

D. Characterization of the Risk and Risk
Management

Estimating or developing probabilities of toxic effects
within a population is at the heart of risk characterization. It
integrates dose—response and exposure assessments. It is
designed to provide the probability of occurrence for effects
induced by a given RCA given a particular exposure
scenario. For example, a decision-maker will use risk
characterization to estimate the probability of a group of
effects occurring as a result of clearing a confined space
with CS. The probability can be derived as a function of the
number of tear gas grenades employed. Unfortunately, there
is a dearth of specific Federal risk assessment and risk
management guidance or mandates on RCAs. Therefore, the
potential for risk management or mitigation of concerns is
not optimized for the health and benefit of the public good
(Hauschild, 2004). This is partly due to the fact that the
process for assessing risk of toxic chemicals has yet to be
standardized among Federal programs (Burke ef al., 1993;
Rhomberg, 1997). Computer modeling to aid risk assess-
ment without empirical data to feed the model can be an
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academic exercise. The two in combination can be
a powerful predictor for risk assessment of any toxic
chemical.

VIII. TREATMENT

Exposure to RCAs leads to a generalized stress reaction,
causing leukocytosis (Thorburn, 1982; Park and Giammona,
1972), hypokalemia, elevated total protein, increased
globulin, and high bicarbonate levels (Beswick ez al., 1972).
Treatment for RCA toxicity is not often required since the
course of intoxication is self-limiting for the most part.
Serum toxicological testing is not available to detect RCAs
(Sidell, 1997). Clinical signs and symptoms from RCA
exposure subside in less than an hour. Initial care involves
removing the victim from a potentially crowded area of
dispersal immediately to minimize exposure time. It is
important to note that these victims may require additional
assistance during evacuation because of their reduced vision
and disorientation. In circumstances where the concentra-
tion of agent is substantially elevated or the area of release is
confined, increased complications and risks of morbidity
may arise in the eyes, skin, airways, and lungs.

A. Eyes

If the eyes are involved to any degree, a protective mech-
anism to close the eyelids will be initiated as a result of
conjunctivitis, iritis, or keratitis. Photophobia, blepharo-
spasm, and apraxia of eyelid opening prevent the clinician
from evaluating the damage. However, a local anesthetic
applied to the eye will help with eye pain and allow for
further evaluation of the eye by slit lamp. Contact lenses
should be immediately removed and the eyes flushed of any
dusting or agglomerated solid particles (see Figure 12.12).
Eyes should be irrigated with copious volumes of water or
saline for at least 15 min to adequately flush the irritant.
Diphoterine has also been used to decontaminate eyes and
skin after CS tear gas exposure (Viala et al., 2005). If
symptoms or signs of eye toxicity persist, consultation with
an ophthalmologist is critical. Elderly patients should be
monitored for evidence of possible acute glaucoma (Yih,
1995).

B. Skin

Early signs of skin toxicity at the time of clinical presen-
tation will often be contact or allergic dermatitis since
blisters form hours later. Removal of clothing should be the
first step in decontamination. Placement of contaminated
clothes in sealed plastic bags by first responders will prevent
secondary contamination as a result of reaerosolized agent
(Horton et al., 2005). Early studies of CS indicated that
mixing CS with sodium hypochlorite (or household bleach)
produced a greater reaction than CS alone in patch testing
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(Punte et al., 1963). Despite its usefulness as a decontami-
nant for many chemical agents, hypochlorite should never
be used to decontaminate RCAs on skin. Use of water for
decontamination of skin may result in an initial worsening
of the burning sensation (described previously). A solution
of 6% sodium bicarbonate, 3% sodium carbonate, and 1%
benzalkonium chloride has been shown to provide imme-
diate relief from CS dermatitis as the alkaline solution
hydrolyzes the agent (Weigand, 1969; Sidell, 1997).
Consultation with a burn unit should be considered when
large areas of skin are involved or when children are
affected. Medical treatment for dermatitis may include
topical steroids such as triamcinolone acetonide (Hellreich,
1967; Sidell, 1997), oral antihistamines for pruritis, and
topical antibiotics such as silver sulfadiazine (Hellreich,
1967; Roberts, 1988). Systemic antibiotics can be given for
secondary infection. Oozing lesions from bullae dermatitis
should be treated with wet dressings, changed daily. De-
roofing closed vesicles is controversial (Carvajal and
Stewart, 1987; Roberts, 1988). Tetanus prophylaxis should
be considered.

C. Respiratory

Removing an exposed patient from the source of intoxi-
cation to fresh air will provide immediate improvement.
Patients should be evaluated for hypoxia with pulse oxi-
metry and arterial blood gases. Pulmonary function tests
may be helpful in patients with prolonged pulmonary
complaints and followed until symptoms resolve. Chest
radiography might be useful if concentration was suffi-
ciently high, exposure was prolonged, or dispersal occurred
in a confined space. Pulmonary edema may be delayed for
12 to 24 h after exposure, suggesting a need for follow-up
radiographs (Stein and Kirwan, 1964; Solomon, 2003).
Laryngospasm is a serious complication that may require
tracheal intubation to secure a patent airway. Broncho-
spasm may be treated with inhaled beta-2 agonists, steroids
(methylprednisolone), and aminophilline (Ballantyne and
Swanston, 1978; Folb and Talmud, 1989). Arterial blood
gas (Vaca et al, 1996) and pulse oximetry should be
continued if patients are symptomatic hours after exposure.

IX. CONCLUDING REMARKS
AND FUTURE DIRECTION

The goal of RCAs is to harass or produce temporary inca-
pacitation. Use of irritants to harass enemies dates back
several thousand years. Today, law enforcement agencies
and military personnel use RCAs for quelling protestors,
controlling crowds, subduing combatants, clearing build-
ings, training in chemical warfare, and area denial. Indi-
viduals use hand-held devices for self-protection against an
assailant. RCAs are dispersed as aerosols or sprays, causing

irritation of mucous membranes of the eyes, respiratory
tract, and skin. Symptoms and signs of toxicity typically
subside by 30—-60 min.

Several lines of evidence suggest that RCAs are safe if
used as they were originally intended. Even though RCAs
are considered safe, nonlethal, temporary incapacitating
agents, they are not without risk. Some of the adverse
clinical effects from RCA exposure reported in the literature
have involved indiscriminate use (excessive concentra-
tions), prolonged exposure, and dissemination of compound
in a confined space. In short, these nonlethal agents can pose
a serious health hazard in their intended targets. Some RCAs
have such a poor safety profile that they have been aban-
doned long ago (DM and CA). CN and CS have a large body
of literature from which to compare and contrast their
safety, toxicity, and potency. As the data clearly suggest, CS
is a safer compound to use compared to CN. The latest
newcomers to the RCA scene are the inflammatory cap-
saicinoids. OC and PAVA are highly effective irritants that
cause similar symptoms to CN and CS. Capsaicinoids
gained considerable attention in the 1990s from police
departments and the public at large for safe, effective
chemical incapacitation of individuals. These compounds
are primarily used as defensive sprays by law enforcement
to subdue a combative suspect or by individuals for self-
protection. While OC, PAVA, and related capsaicinoids
produce a similar constellation of toxic signs and symptoms,
they are not currently used to control crowds at the level of
a riot. If OC-containing pepper spray is preferred for riot
control, more research will be required to determine
whether it is indeed safe for humans. Finally, risk assess-
ment is a process which can identify gaps in the literature
and therefore serves to highlight research needs.
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Fluoroacetate

NIKOLAY GONCHARQV, LIDIA GLASHKINA, ELENA SAVELIEVA, VALERIY ZINCHENKO,
SERGEY KUZNETSOV, MAXIM VINOKUROV, IGOR MINDUKSHEYV, PETER AVDONIN,

RICHARD JENKINS, AND ANDREY RADILOV

I. INTRODUCTION

Fluoroorganic compounds attracted the attention of
researchers nearly 70 years ago when among a large class of
biologically inert chemicals a group of very toxic compounds
was revealed, having the general formula CH,FCOOR and
the common name ‘‘fluoroacetate’” (FA). The toxicological
effects of FA do not become apparent immediately even after
exposure to lethal doses, but after a latent period of half an
hour to several hours for animals and humans. The level of FA
in some Australian plants can reach up to 5 g/kg dry weight
(Hall, 1972) and can cause death of domestic animals,
sometimes with appreciable economic damage (McCosker,
1989; Minnaar et al., 2000a). FA can be found in fog and rain
drops in some industrial regions (Rompp et al., 2001). The
best known representative of FA is its sodium salt (SFA,
compound 1080). This substance is used in several countries
for controlling populations of some vertebrates. There are
also series of fluorocompounds whose metabolism is con-
nected with the formation of FA, these are: antineoplastic
drugs (5-fluorouracil and isomers of fluoronitrosourea); N-(2-
fluoroethyl) derivatives of the narcotic analgetics normeper-
idin and normethazocin; pesticides, 1,3-difluoro-propanol
and fluoroacetamide (FAA, compound 1081); and 1-(di)halo-
2-fluoroethans and fluoroethanol (Reifenrath et al., 1980;
Tisdale and Brennan, 1985; Feldwick ef al, 1998). The
urgency of the problems associated with FA toxicity; and
therapy for acute intoxication has greatly increased in
connection with a new threat — international terrorism
(Holstege et al., 2007). Physicochemical features of FA, the
lack of taste and odor, delayed manifestation of toxicity, and
similarity of clinical signs of intoxication to some natural
indispositions are all characteristics that necessitate
comprehensive studies of mechanisms of action of FA and
a search for effective therapeutic means for treatment of acute
intoxication.

II. BACKGROUND

FA was initially synthesized in 1896 and only decades after
that was found in Dichapetalum, Gastrolobium, Oxylobium,
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Acacia and Palicourea plants growing in Australia, South
Africa, and South America (Oerlichs and McEwan, 1961;
De Oliveira, 1963; McEwan, 1964; Aplin, 1971; Vickery
et al., 1973). Chemically pure FA is a very stable
compound, and the energy of dissociation of the fluoro-
carbon bond in the molecule is regarded as one of the
highest among the natural compounds (Ichiyama et al.,
2004). However, FA is broken down in biological prepa-
rations from plants (Minnaar et al., 2000a). After inhalation
or ingestion, FA is easily absorbed by tissues and its high
toxicity is independent of its route of entry into organisms
(Chenoweth, 1949). The mechanism of toxic action of FA is
widely known as “‘lethal synthesis’’ (Peters, 1952; Peters
and Wakelin, 1953), the essence of which is conversion of
nontoxic FA to toxic fluorocitrate (FC) within the cells of an
organism. The main reasons for death are considered to be
disbalance of intracellular ions, osmotic disbalance, and
deficit of ATP as a consequence of aconitase blockade
(Buffa et al., 1973). The latent period from the moment of
poisoning with FA to manifestation of clinical signs is
0.5-3h (in warm-blooded animals). This period reflects
penetration of FA into blood and cells and conversion of
FA to FC, with the consequent uncoupling of intracellular
metabolism. Death usually occurs within 2448 h, but can
be later. At autopsy there are no specific signs of intoxi-
cation (Peters et al., 1981). For warm-blooded animals
unadapted to FA the lethal dose is less than 2 mg/kg
(Atzert, 1971). But there is a considerable species-specific
difference in clinical signs of intoxication and differences
in sensitivity to the poison (Chenoweth, 1949). The mean
lethal dose varies within the range from 0.05 mg/kg for
dogs to 150 mg/kg for possums. The most common crite-
rion for tolerance, or sensitivity, of animals to FA is
intensity of metabolism. Thus, in the lizard Tiliqua rugosa
the level of metabolism of FA is ten times lower in
comparison with that of rat (Rattus norvegicus), and the
lethal dose for lizard is 100 times higher than that of rat
(Twigg et al., 1986). Low intensity of metabolism means
low conversion of FA to FC, which makes more effective
excretion and detoxication possible. In the absence of
specific clinical, physiological, and morphological signs of
intoxication, determination of FA in tissues together with
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citrate and fluoride ions can be a diagnostic confirmation of
FA intoxication (Harrison et al., 1952; Schultz et al., 1982;
Koryagina et al., 2006).

III. TOXICOKINETICS

A. Detoxification

The main pathway of detoxification of FA is its defluori-
nation via a glutathione-dependent mechanism involving
nucleophilic attack on the B-carbon atom and formation of
fluoride and S-carboximethylglutathion, with subsequent
cleavage of the latter into amino acids and S-(carbox-
ymethyl) excreted in the urine as a conjugate complex
(Mead et al., 1979, 1985; Tecle and Casida, 1989). The
highest defluorinating activity was found in liver, followed
by kidney, lung, heart, and testicles in a descending line.
No defluorinating activity was found in brain. The activity
of enzymes responsible for defluorination depends on
glutathione (GHS) concentration with a maximum above
5 mmol/l, the apparent K, being 7 mmol/l at saturating
concentrations of GHS (Soiefer and Kostyniak, 1983).
Defluorination is mainly carried out by anionic proteins
having glutathione transferase activity, though the anionic
fraction contains nearly 10% of proteins without this
activity but is also capable of defluorination of FA. More-
over, cationic enzymes were shown to be responsible for
about 20% of cytosolic defluorination of FA (Wang et al.,
1986). The GHS-dependent enzyme defluorinating FA is
not identical to GHS-dependent S-transferases; it is an FA-
specific defluorinase having an acidic isoelectric point
(pH = 6.4) and a molecular weight of 41 kD (27 kD for the
main subunit) (Soiefer and Kostyniak, 1984). Activity of
defluorinase isoenzymes varies markedly and has been
the subject of recent research (Tu ef al., 2006).

B. Analytical Procedure

Analysis of biological samples of FA is problematic because
of the high polarity of the fluorine—carbon bond in the
molecule. Liquid chromatography (LC) has been applied for
analysis of FA in different media (Livanos and Milham,
1984; Allender, 1990), and analysis of FA in plants and
gastric contents by HPLC with UV detection has also been
described (Ray et al., 1981; Minnaar et al., 2000b). Being
a nonvolatile substance, FA was commonly analyzed by gas
chromatography (GC), as a methyl derivative (Stevens ef al.,
1976), ethyl or n-propyl derivatives (Peterson, 1975) and as
pentafluorobenzyl esters (Okuno et al., 1982; Vartiainen and
Kauranen, 1984). Derivatization with 2,4-dichloroaniline in
the presence of N,N-dicyclohexylcarbodiimide was used for
GC analysis of SFA in water (Ozawa and Tsukioka, 1987)
and blood serum (Demarchi er al., 2001). A modified
procedure by Eason ef al. (1994) achieved low detection
limits for FA at the level of 0.01 [lg/g in plasma and urine and

0.002 pg/g in tissue and feces of sheep and goats. However,
this procedure is labor and time consuming, and the GC-
electron capture detection procedure applied is considered to
be unreliable at this level of sensitivity.

The main problem for GC analysis of FA in biological
samples is coelution of the matrix components. This can be
overcome by sampling the analyte from an equilibrium
vapor phase. Static head-space analysis of SFA as ethyl
fluoroacetate, with a linear range for SFA in water of 5-200
lg/ml and a detection limit of 0.5 [tg/ml has been reported
(Mori et al, 1996). Solid-phase microextraction (SPME)
from an equilibrium vapor phase has all the advantages of
head-space analysis, while being a much more sensitive
technique. We reported on a novel procedure for determi-
nation of FA in water and biological samples, involving
ethylation of FA with ethanol in the presence of sulfuric
acid, SPME of the ethyl fluoroacetate formed with subse-
quent analysis by GC-MS (Koryagina et al., 2006). To
overcome the problem of the presence of the components
coeluting with FA derivatives we made use of GC-MS in the
SIM (selective ion monitoring) mode. To avoid a partial
overlapping of the internal standard’s peak with the sample
matrices’ components, quantification was performed with
the use of two internal standards, carbon tetrachloride and
toluene. GC-MS was performed on a Shimadzu QP5000
GC-MS system, using a Supelco SPB-5 capillary column. A
stable PDMS-Carboxen-Stable-Flex microfiber (75 um)
was used. The GC-FID, combined with SPME under the
optimal conditions, achieved reliable determination of FA
in water in the concentration range 0.001-10 pg/ml. The
calibration plot for the determination of SFA in biological
samples was linear in the SFA concentration range 0.01-5.0
lg/ml for both internal standards, and a linear relationship
in blood plasma was observed in the range 0.01-5.0 pg/ml
(r = 0.95). With toluene as internal standard, the linear
regression equation was ¥ = 0.014 X [Y was a ratio S(Eth-
ylFA)/S(toluene); X was the concentration of SFA, pg/ml].
The RSD (relative standard deviation) for fluoroacetate
quantification at 0.1 pg/ml was 12% (n = 5). With carbon
tetrachloride as internal standard, a linear relationship
in plasma was observed in the range 0.01-5.0 pg/ml
(r = 0.98). The linear regression equation was ¥ = 0.1656
X [Y was the ratio S(EthylFA)/S(CCl4); X was the concen-
tration of FA, pg/ml]. The RSD for FA quantification at
0.1 pg/ml was 6% (r = 5), and the detection limit was
0.01 pg/ml (S/N = 3). The calibration characteristics of rat
organ homogenates were identical to those of plasma.

C. Tissue Distribution and Elimination

The data on toxicokinetics of FA are rather contradictory,
apparently depending on analytical procedures and dose of
the poison; also, there is evidence for animal species spec-
ificity. The first data on toxicokinetics of FA demonstrated
its rather uniform distribution between organs, with some



predominance in heart, brain, and kidneys (Hagan et al.,
1950; Gal et al., 1961). The half-life was calculated to be
not less than 2 days, and this could cause secondary toxicity
arising from ingestion of meat from the poisoned animals
(Aulerich et al., 1987). For the purposes of risk assessment
for humans in case of secondary poisoning with meat, sheep
and goats were given FA (0.1 mg/kg) and their tissues were
analyzed for FA content. The half-life of FA was shown to
be 10.8 h for sheep and 5.4 h for goats; maximal concen-
tration of FA 2.5 h after the poisoning was revealed in blood
plasma (0.098 pg/ml), followed by kidneys (0.057 ug/g),
skeletal muscles (0.042 pg/g), and liver (0.021 pg/g). Only
traces of FA were found in all the tissues examined 96 h
after the poisoning (Eason et al., 1994). At 1 and 12 h after
introduction of SFA (0.2 pg/kg) to rats a similar ratio of FA
was found in rat plasma (0.26 and 0.076 pg/ml, corre-
spondingly) (Eason and Turck, 2002), the half-life period
being 2.9 h. On the other hand, for rabbits under subacute
intoxication with FA the half-life was found to be 1.1 h, and
the level of FA in rabbit muscles, kidneys, and liver was
much higher than in blood plasma (Gooneratne et al., 1995).

In our laboratory, the use of the above-mentioned SPME
method in combination with GC-MS produced the
following results (Figure 13.1): maximal concentrations
were found in rats 1 h after the poisoning, 2.2 ptg/ml in blood
plasma and 1.89 lg/g in brain; there was 3—4 times less FA
in rat kidneys, liver, and heart (from 0.64 to 0.50 pg/g).
After a further 2 h the distribution between the tissues was
more equal, resulting from a prominent decrease of FA in
plasma and brain and a small decrease or even elevation of
FA in other organs. A further decrease of FA was found in
all the tissues, except for heart, 24 h after the poisoning.
After 72h, no FA was detected in plasma; we did not
measure FA in rat organs at this point. The half-life was
calculated to be 3.6 h.
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FIGURE 13.1. Data on determination of FA (recounted as SFA)
in rat organ homogenates and body fluids, at times following
poisoning with SFA at a peroral dose of 2mg/kg (1/2LDs).
Standard deviations (shown) were based on 4—6 replicate analyses.

CHAPTER 13 - Fluoroacetate 179

IV. MECHANISM OF ACTION

A. Molecular Mechanism of Aconitase
Inhibition

The mechanism of the inhibitory effect of FA on aconitase
[citrate (isocitrate) hydro-lyase, EC 4.2.1.3] is one of the
most interesting in biochemistry. Upon entering an
organism, nontoxic FA undergoes a series of metabolic
conversions the result of which is synthesis of highly toxic
fluorocitrate (FC); this process was termed ‘‘lethal
synthesis’’ (Peters, 1952). FC is formed by the enzymatic
condensation of fluoroacetyl-CoA with oxaloacetate, cata-
lyzed by citrate (si)-synthase (EC 4.1.3.7) (Eanes and Kun,
1974; Kirsten et al., 1978). FC was initially considered to be
a competitive aconitase inhibitor, but in the early 1990s it
was suggested that FC acts as a ‘‘suicide substrate’’, because
it has a high affinity for aconitase at any concentration of the
competitive citrate (Clarke, 1991). Aconitase effects
conversion of citrate to isocitrate through an intermediate,
cis-aconitate, which binds with aconitase in two different
ways, swung 180° to the C*—C? bond (Gawron and
Mabhajan, 1966). Aconitase includes a [4Fe-4S] cluster and
the catalytic conversion involves substrate coordination to
a specific iron atom in this cluster, Fe, (Lauble et al., 1992).
The single inhibitory isomer was shown to be (—)-erythro-
2-fluorocitrate (2R, 3R) (Carrell ef al., 1970), from which
aconitase removes fluoride ion with a stoichiometry of 1 F~
per enzyme molecule (Kent et al., 1985; Tecle and Casida,
1989). The defluorination results in generation of an actual
aconitase inhibitor, 4-hydroxy-frans-aconitate (HTA), which
binds very tightly — though not covalently — with aconitase
(Kent et al., 1985; Lauble et al., 1996). The natural aconitase
substrate isocitrate should be at a 10°-fold excess in order to
slowly displace HTA from its complex with aconitase. The
HTA-aconitase complex involves four hydrogen bonds,
which hold together HTA, a water molecule, Asp165, and
His167 (Lauble et al., 1994, 1996). In contrast, isocitrate has
only one such bond.

B. Physiological and Biochemical Effects of FA

1. Errects oOF FA AND FC ON MITOCHONDRIA AND

OTHER INTRACELLULAR ORGANELLES
Functional disturbances of mitochondria (MCh) precede the
appearance of structural anomalies (Buffa and Pasquali-
Ronchetti, 1977) and consist of their decreased capacity to
oxidize the substrates introduced. Within the mitochondrial
matrix, FA induces changes which develop in several
minutes resulting in its swelling and loss of electronic
density. These changes are explained by accumulation of
citrate, rise of osmotic pressure, and decrease of energy
production (Corsi and Granata, 1967; Buffa and Pasquali-
Ronchetti, 1977). Change in the level of ATP is not caused
by uncoupling of respiration and phosphorylation (Fairhurst
et al., 1958; Corsi and Granata, 1967). Mitochondrial
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volume changes are accompanied by their conformational
reorganizations: these are displacement of granules and
disintegration of cristae, and extension and rupture of their
membranes. Axonal cylinders stretch in 3—4 h after small
doses of the poison and in 1-2 h after lethal doses. The
cylinders are filled with MCh (most of which are being
swelled and degenerated), multilamellar lisosome-like
bodies, vesicules, and neurofibrils. In the Golgi complex,
a condensation of cisternae takes place (McDowell, 1972).
Concurrently, a disruption of endoplasmic reticulum,
swelling of nucleus, and reduction of aggregated chromatin
can be seen.

Having studied in vitro effects of FC on rat liver MCh we
revealed that maximal inhibition of respiration was regis-
tered when MCh were uncoupled (Figure 13.2). The level of
alkalinization of the medium at addition of ADP was much
lower in the presence of FC, thus evidencing an inhibition of
ATP synthesis. The amplitude of alkalinization was also
decreased, which could be caused by incomplete ATP
synthesis, an additional transmembrane redistribution of
protons, and/or change of the binding constant of ADP. FC
induced a leak of Ca®" from MCh, which was consistent
with the observed inhibition of oxygen consumption in
respiratory state 1. Addition of the substrates caused re-
entry of Ca®" into MCh. In the presence of FC, the MCh
only partially took up the Ca*" ions added to the medium,
followed by their spontaneous efflux through an electro-
neutral 2H'/Ca®" exchanger with K, = 10 pmol/l
(Teplova et al., 1992).

The effects observed under exposure of MCh to SFA
developed at much higher concentrations (from 4 mmol/l),
as compared to FC, and greatly depended on respiratory
substrates. With pyruvate as substrate, the time period of
oxidative phosphorylation (OP) and the level of NADH
oxidation increased linearly at increasing SFA concentra-
tion in the medium (Zinchenko ef al., 2007). However, with
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FIGURE 13.2. Effects of FC on respiration of rat liver MCh.
Dependence of respiration rate activated by ADP (V3), calcium
transport (V¢,), and protonophore CCCP (Vccep) upon concen-
tration of FC. Substrates: pyruvate plus malate.
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FIGURE 13.3. Effects of FA on redox state of pyridine nucle-
otides (PN) of rat liver MCh. (A) Glutamate as respiratory
substrate. (B) Prevention of PN oxidation and/or leakage by
cyclosporin A (CsA) when pyruvate used as respiratory substrate.
Additions: (A) SFA 8 mmol/l (dots) or sodium acetate 8 mmol/l
(control line), ADP 120 pmol/l, FCCP 1 pumol/l; (B) SFA 10
mmol/l (dots) or SFA 10 mmol/l plus CsA 1 pmol/l (line).

utilization of succinate and especially glutamate, SFA had
no effect on OP in concentrations as high as 8 mmol/l
(Figure 13.3A) and even 16 mmol/l (not shown here).
Moreover, the effect of SFA with pyruvate as respiratory
substrate can be prevented by incubation of MCh with
cyclosporine A, a known inhibitor of the mitochondrial
transition pore (Figure 13.3B). This means that under
exposure to FA development of mitoptosis and apoptosis is
possible, but opening of the pore is reversible in nature and
preventing oxidation or leak of NADH from MCh can turn
them back to normal functional state.

2. EFFECTS OF FLUOROACETATE ON ISOLATED CELLS
The effects of FA on the physiological and biochemical
status of cells and tissues are tightly dependent upon the
level of their oxidative metabolism. Thus, FA does not
inhibit phagocytosis because of the low level of TCA cycle



activity within macrophages (Cifarelli et al, 1979). We
investigated a series of cell types, transformed lines and
those obtained from animals, under exposure to FA or FC.
The level of NAD(P)H in Ehrlich ascite tumor (EAT) cells
slowly decreased and the level of Ca®" increased when the
cells were incubated with SFA (Zinchenko et al., 2007).
SFA could induce depletion of intracellular calcium stores
and activation of influx of extracellular Ca** ions through
the store-operated calcium (SOC) channels. Discovery of
other calcium channels such as TRPVS5 and TRPV6
(Hoenderop et al., 2003; van de Graaf et al., 2006), which
remain inactivated when [Ca®"]; is increased and become
activated when [Ca®"]; is decreased, stimulated the inves-
tigation of the level of calcium ions in endoplasmic retic-
ulum (ER) with chlortetracycline (CTC). Under exposure to
ATP, FC does not affect the velocity of calcium efflux from
ER, so the signal transmission from P2Y receptor via G-
protein is not inhibited in EAT cells (Zinchenko et al.,
2007). However, FC induced a growth in both amplitude of
Ca”" leakage and velocity of its influx into ER. A rather
long period (8-10 min) of Ca®’" influx into ER was
observed, which indicated efflux of intracellular Ca®"
from cells by plasma membrane Ca-ATPase immediately
after mobilization and leaving ER. This greatly reduces
[Ca®™]; for transport back to ER. It was demonstrated earlier
(Zinchenko et al., 2001) that the velocity of return transport
of Ca®" into ER depends upon activity of plasma membrane
SOC channels. Therefore, we suggest that FA (or FC) can
induce entry of calcium ions into cells through SOC
channels.

The toxic effects of FC on endothelial cells have been
shown to be similar to its effects on other energy-dependent
tissues: a reduction of ATP level and oxygen consumption
but accumulation of lactate and considerable decrease of
protein synthesis (Rist ez al., 1996). We have demonstrated
a gradual decrease of the mitochondrial membrane potential
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(unpublished data). Conversely, in cardiomyocytes SFA
induced a slow enhancement of the mitochondrial
membrane potential together with a rise of basal [Ca*'];;
propagation of calcium waves along the surface of sarco-
plasmic reticulum, or visible elevation and velocity of
spreading of the pre-existing waves, was also observed
(Zinchenko et al., 2007). Probably the increased level of
[Ca®"]; is the reason for its transport into MCh with
a subsequent inhibition of the proton ATPase and rise of the
membrane potential. Mechanistically, this phenomenon
could be explained by the existence of a Ca**-dependent
protein inhibiting H"-ATPase (Hubbard and McHugh,
1996).

We have also studied the kinetic parameters of platelet
aggregation in experiments with rats in vitro and ex vivo
(Mindukshev et al., 2006). Aggregation of platelets was
induced with ADP over the concentration range 10—
100 nmol/l. The median effective concentrations (ECsg) of
ADP for the cells exposed to SFA, 10 and 5 mmol/l, were
calculated to be 25 nmol/l and 35 nmol/l, correspondingly,
and these platelets can be characterized as hypersensitive
to ADP. Studying the kinetic parameters of platelet
aggregation under intoxication of rats with SFA, we
encountered a problem of spontaneous aggregation of the
platelet-rich plasma, which was in agreement with the data
on primary transition of the platelets to the hypersensitive
state. However, the cells that avoided aggregation
demonstrated an extremely high level of desensitization. In
some experiments, ADP could not induce platelet aggre-
gation at very high (nonphysiological) concentrations near
10 pmol/l.

Under intoxication with SFA a significantly reduced
thymus, as well as a prominent quantity reduction of freshly
obtained thymocytes and elevation of apoptosis, were
revealed (Figure 13.4). SFA also caused an acceleration of
apoptosis of control and dexamethazone-treated human
lymphocytes in vitro, although spontaneous apoptosis of

FIGURE 13.4. Effect of SFA on development of apoptosis
of rat thymocytes 3 and 18 h after administration of SFA at
1/2LDso. Registration of apoptosis with Hoechst-33258.
(A) Apoptosis in freshly isolated thymocytes; (B) Apoptosis
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human neutrophils was inhibited (not shown here). More-
over, SFA practically had no effect on reactive oxygen
species (ROS) production by peritoneal macrophages of
mice. One can suggest that the inhibitory effect of FA on
neutrophil apoptosis is realized through ROS, whereas the
enhanced apoptosis and depression of the cells responsible
for adaptive immunity is a nonspecific reaction under SFA
intoxication, reflecting a general decline and redistribution
of energy resources of the organism.

3. BiocHEMICAL PARAMETERS UNDER INTOXICATION

WITH FLUOROACETATE
Among the biochemical effects caused by FA are: accu-
mulation of citrate and disturbance of its transport from
MCh; elevation of lactate and disturbances in carbohydrate
metabolism; decrease of free fatty acids (FFA) concentra-
tion; elevation of adenosine and ammonia; disbalance of
bivalent cations and acid-base equilibrium; changes in
GABA balance in brain; and rise in phosphates and various
enzymes in blood plasma (Buffa and Peters, 1950; Engel
et al., 1954; Elliott and Phillips, 1954; Maytnert and Kaji,
1962; Williamson, 1967; Stewart et al., 1970; Bgin et al.,
1972; Eanes et al., 1972; Buffa et al., 1973; Liang, 1977,
Kirsten et al., 1978; Taitelman ef al., 1983a; Bobyleva-
Guarriero et al., 1984; Bosakowski and Levin, 1986; Szerb
and Redondo, 1993). However, among such a variety of
biochemical changes citrate seems to be the only parameter
whose qualitative (but not quantitative) trends are not
a matter of controversy. In rat hearts under acute intoxica-
tion with FA, concentration of citrate can exceed control
values 8—15 times (Bosakowski and Levin, 1986). Elevation
of citrate concentration is in direct proportion to respiratory
activity of a tissue: metabolically active tissues — such as
heart, kidneys, and spleen — maximally accumulate citrate,
though in liver, which is also characterized by high respi-
ratory level and metabolic activity, a small accumulation of
citrate has been observed (Cole et al., 1955; Twigg et al.,
1986). In our experiments with rats poisoned with SFA at
a dose of 1/2LDsg, concentration of citrate in blood plasma
and organs increased within 1 h (Figure 13.5). The most
prominent elevation of citrate was revealed 6 h after the
poisoning in heart (5x), kidneys (3x), and brain (2.5x).
There was doubling of the level of citrate in blood plasma
after 1 h, though it was the only biochemical parameter of
plasma that remained elevated for 3 days.

Transfer of citrate through the inner membrane of MCh
is provided by a tricarboxylate transporter (m.w. 32.5 kD),
which also catalyzes transport of treo-Dg-isocitrate, cis-
aconitate and other tricarboxylates (LaNoue and School-
werth, 1979; Kaplan et al., 1990). This is electroneutral
exchange for either another tricarboxylate or dicarboxylate
(e.g. malate or succinate), or for phosphoenolpyruvate.
Formation of glutathione-citryl thioester is irreversibly
inhibited by (-)erythrofluorocitrate (ICs9 = 25 pmol FC/mg
protein), which makes a stable adduct with the synthase
(Kun et al., 1977). However, the block of citrate transport
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FIGURE 13.5. Concentration of citrate in blood and organs of
rats under intoxication with SFA at 1/2LDs,.

is not absolute and universal for all the organs and tissues.
There are data on citrate transfer from MCh to cytosol
with its subsequent utilization by cytoplasmic aconitase
(c-aconitase), which is virtually not affected under FA
intoxication, and then by cytoplasmic NADP-dependent
isocitrate dehydrogenase (cICDH) (Max and Purvis, 1965).
Around 32% of citrate produced in MCh can be transported
to cytosol (Buffa et al., 1972). These processes should be
regarded as being adaptive and positive, they lead to
reduced oxygen consumption because the NADPH gener-
ated does not require further oxidation in the respiratory
chain and can be utilized in other metabolic pathways.

Among the negative consequences of citrate accumula-
tion is a change of electrolyte composition and acid-base
disbalance in the organism. Moreover, elevation of citrate
level in cells leads to disturbance of glucose metabolism due
to inhibition of the key glycolytic enzyme phosphofructo-
kinase (Bowman, 1964; Peters, 1972). Hyperglycemia
during intoxication with FA can be very prominent, in spite
of inactivation of gluconeogenesis (Godoy et al., 1968;
Bobyleva-Guarriero et al., 1983, 1984). Nevertheless, we
could not find significant changes in rat blood glucose level
throughout the periods of intoxication with FAA or SFA at
a dose of 1/2LDsq; at the same time there was a significant
increase of glucose level in liver, heart, and brain (unpub-
lished data). This may signify a utilization of glucose by
other tissues and first of all by skeletal muscles, as a result of
which the local increase of glucose in organs is not reflected
by the level of glucose in blood. Thus, glucose cannot serve
as a reliable criterion of intoxication.

Some researchers considered the elevated glucose level
to be a result of decreased insulin secretion by pancreatic
B-cells due to their damage by FA (Cole ef al., 1955; Karam
and Grodsky, 1962). Along with hyperglycemia there was
hyperketonemia, observed characteristically for the diabetic
state, caused by inhibition of TCA cycle and depletion
of oxaloacetate (Williamson, 1967; Buffa et al., 1973,
Taitelman et al., 1983a). Also consistent with diabetes is



inhibition of hormone-induced lipolysis in adipose tissue
(Taylor et al., 1977). Moreover, FA increased glucose
conversion to fatty acids, and such coincidence of anti-
lipolytic and lipogenetic effects of FA provides a basis for
suggesting a relation in effects of FA and insulin. However,
injection of insulin does not alleviate FA intoxication in
general and ““FA diabetes’ in particular (Reichelt, 1979).
During FA intoxication, the initial hyperglycemia can even
be reversed into hypoglycemia (Boquist et al., 1988), so this
effect of FA was considered to be an insulin-like phenom-
enon (Zieve et al., 1983). The principal distinction,
however, should be depletion of glycogen stores in different
tissues under intoxication with FA (Godoy et al., 1968;
Boquist et al., 1988). After poisoning with FA, glycogen
levels in animal tissues may decrease by 75% in 1 h and by
90% in 2 h (Buffa et al., 1973; Zhou et al., 1984). According
to our data, during SFA intoxication (1/2LDsg) glycogen
levels are maximally decreased after 6 h in both liver (by
55%) and brain (by 40%), and the dynamics of the glycogen
levels was similar in these organs. Such a decrease could
result from the indirect action of adrenalin or sympathetic
regulation (Buffa ef al., 1973). In addition, inhibition of de
novo glycogen synthesis has been reported (Zhou et al.,
1984).

Nevertheless, disturbances in hormonal regulation during
the FA intoxication can also take place: reduction of
calcium concentration in blood plasma could be caused by
a poor reabsorption of calcium ions in kidneys due to
a decrease of parathyroid hormone level; an excess of Ca®"
excretion up to 0.173 mg/min (the control rate being 0.06
mg/ml) has been registered (Perez and Prindt, 1977).
Decrease of calcium level could be the reason for the so-
called ‘“‘hypocalcemic tetanus’’ (Roy et al., 1980), mani-
festing itself as typical convulsions, disturbances of blood
clotting, and hypotension leading to vascular attacks. The
level of decrease of calcium correlates with extension of the
Q-T interval on ECG, which is a consequence of broad
spectrum of cardiac arrhythmia (Buffa and Peters, 1950;
Arena, 1970).

ATP level is usually reduced, though ADP and AMP
levels can be elevated in the first hours of the FA intoxi-
cation, with subsequent decrease (Bowman, 1964; Stewart
et al., 1970). There are other reports of a constant level of
ATP in some organs and tissues. For example, FA did not
affect ATP and GTP, as well as cyclic nucleotides and levels
in hepatocytes in vitro (Dohi and Murad, 1981). When dogs
were intoxicated with sublethal doses of FA there was no
observable decrease in oxygen consumption and ATP level;
this was explained by utilization of glutamate and aspartate
which can enter the TCA cycle distally of aconitase (Liang,
1977). The inversion of reactions at glutamate dehydroge-
nase (GDH) is a simple and effective compensative mech-
anism during blockade of the TCA cycle in kidney cells:
instead of glutamine synthesis, glutamate is deaminated to
form 2-oxoglutarate to support the flow of reducing equiv-
alents in the TCA cycle and ATP synthesis, while the
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ammonia produced neutralizes local tissue acidosis (Yu
et al., 1976). Such utilization of glutamate may account for
the significant reduction of glutamate level in rat organs,
beginning at the first hour after intoxication with FA. The
data obtained according to the GC method of Matsumura
et al. (1996) have shown a decrease of glutamate, aspartate,
and some other amino acids in rat brain (Figure 13.6), as
well as a decrease of glutamate and nearly complete absence
of glutamine in blood plasma of rats and rabbits (not shown
here) 3 h after poisoning with SFA. The levels of amino
acids in blood plasma of animals indicate the extent of
protein breakdown in muscles, on the one hand, and the
level of their utilization by other organs and tissues, on the
other hand. Under intoxication with FA, glutamate and its
precursor glutamine are probably the main nutrients.
Elevation of amino acid levels in blood plasma of rats
within 3 h after poisoning signifies an elevation of protein
breakdown. Furthermore, this indicates that other amino
acids — because of their transport, catabolism, etc. — are not
nutrients of primary importance under energetic deficit
conditions.

Elevation of lactate level in the blood of animals
poisoned with FA has been reported (Engel et al., 1954;
Taitelman et al., 1983a). In agreement with these workers,
we observed a prominent rise in lactate levels in blood just
after convulsions (unpublished data). In rat heart and brain,
lactate levels decreased under intoxication with SFA or
FAA, irrespective of convulsions. During SFA intoxication
the decrease in lactate level (and increase of glucose level)
in rat heart takes place earlier and to a greater extent than for
FAA intoxication: 38% decrease in 3h for lactate, as
compared with 25% in 6h in the case of FAA; 100%
increase in 3 h for glucose, as compared with 67% in 6 h in
the case of FAA. Also, the maximal increase of citrate was
registered at 24 h after poisoning with FAA, but at 6 h after
poisoning with SFA. These and other biochemical data are
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FIGURE 13.6. Changes of some amino acids in rat brain 3 and
24 h after administration of SFA at 1/2LDsy,.
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consistent with clinical pictures of intoxication with equi-
potential doses of SFA and FAA: intoxication with SFA is
generally more violent and takes a shorter period of time.

4. Errects oF FA oN THE CELLS OF THE NERVOUS

SysTEM: INTERACTION OF GLIA AND NEURONS
Acetate is metabolized in astrocytes nearly 18 times faster
than in cortical synaptosomes, though activity of acetyl-
CoA synthase in synaptosomes is almost double that in
astrocytes (5.0 and 2.9 nmol/min per mg of protein,
respectively). The principal difference in the acetate
metabolism rates is explained by differences in the kinetics
of its transport, which is mediated by a monocarboxylate
carrier (Hosoi et al., 2004); acetate uptake by astrocytes,
unlike synaptosomes, rapidly increases and follows satura-
tion kinetics (Vpax = 498 nmol/mg protein/min, Ky =
9.3 mmol/l) (Waniewski and Martin, 1998). Having pene-
trated into astrocytes at one site, FA can diffuse into other
cells through gap junctions (Ransom, 1995). Citrate accu-
mulating in astrocytes is readily released from cells and
effectively penetrates other astrocytes (Westergaard et al.,
1994). The TCA cycle in nerve tissues is blocked by FA but
not completely, only by 35-55% (Patel and Koenig, 1968).
This leads to decreased consumption of glucose and
increased consumption of glutamine (if the latter is avail-
able); no reduction of ATP was observed (Hassel et al.,
1994). The natural metabolic pathway is switched over to
utilization of glutamine, glutamate, and 2-oxoglutarate in
the TCA cycle. GDH of astroglia plays a big role in this
switching over, promoting the ATP-independent utilization
of glutamate (Plaitakis and Zaganas, 2001). The absence of
an aspartate/glutamate mitochondrial exchanger (the key
component of the malate/aspartate cycle) in astrocytes also
plays in support of this (Xu et al., 2007). There is little GDH
in neurons as compared to astrocytes, with activity of GDH
depending not only upon proximity to glutamatergic fibers
and terminals, but also upon activity of neighboring neurons
regardless of their functional specialization; a deficiency of
GDH activity in astroglia may be a cause of cytotoxic
effects of glutamate and aspartate (Aoki et al., 1987).

The taking of glutamate by astrocytes is an electrogenic
process in which one molecule of glutamate is cotransported
with three sodium ions (or 2Na' and 1HT), being
exchanged for 1K* and 10H™ or 1HCOj3 (Bouvier et al.,
1992). To re-establish the ionic balance, Na™/K"-ATPase
would work with ATP provided by phosphoglycerate kinase
bound to plasma membrane. This stimulates glycolysis and
lactate production in astrocytes. Lactate is released from
astrocytes and then taken by neurons to be further oxidized.
Pyruvate, which is also produced in astrocytes, can be
utilized in the TCA cycle to form 2-oxoglutarate or trans-
aminated to form alanine; the latter can also enter neurons
(Tsacopoulos and Magistretti, 1996; Tsacopoulos, 2002).
However, the rate of alanine metabolism through alanine
transaminase (ALT) in synaptosomes is much less than the
rate of its uptake; moreover, neuronal ALT and AST work

mainly to synthesize alanine and aspartate (Erecinska and
Silver, 1990), hence a stable elevation of alanine level, in
contrast to that of other amino acids, in brain of rats
poisoned with SFA (Figure 13.6). The role of alanine as
a source of glutamate is increased during the restoration
period after ischemia/hypoxia, when alanine concentration
is elevated and glutamate concentration is reduced.

Inhibition of glutamate uptake by astroglial cells can be
one of the causes of convulsions observed under intoxica-
tion with FA (Szerb and Issekutz, 1987). The toxic effect is
governed mainly by citrate, which chelates calcium ions
(Fonnum et al., 1997). Intrathecal injection of FC in mice
caused convulsions in about 15 s, while in about 37 min by
intracerebroventricular injection (Hornfeldt and Larson,
1990). Moreover, intrathecal injection of sodium citrate
caused the same effect. This means that the main target of
FC and citrate, and the area for generation of convulsions,
should be the spinal cord. Convulsions could also be
generated by other compounds having the common property
of chelating calcium ions; these are EDTA, EGTA, gluta-
mate, and lactate (Hornfeldt and Larson, 1990). Thus, along
with elevation of citrate level, activation of anaerobic
oxidation of glucose in neurons followed by accumulation
of lactate in cerebrospinal fluid could also lead to coma and
convulsions (Stewart et al., 1970). Chelation of zinc and
other divalent cations by citrate enhances the signaling
activity of NMDA receptors (Westergaard et al., 1995). In
addition, disturbances of GABA metabolism were revealed
as a result of the TCA cycle blockade: after injection of FA,
there was initially an elevated level of GABA registered in
different regions of the brain, followed by its reduction
concurring with the beginning of clonicotonic convulsions
(Maytnert and Kaji, 1962; Stewart et al., 1970).

The convulsive state is aggravated by increasing the
concentration of ammonia ions (Raable, 1981), an excess of
which can lead to redistribution of K™ and Cl™ ions,
disturbances of neuronal depolarization and hyperpolariza-
tion, and impairment of post-synaptic inhibition. The
neuron dysfunctions observed result in encephalopathy,
ataxia, convulsions, and coma (Iles and Jack, 1980; Raable
and Lin, 1983, 1984; Xiong and Stringer, 1999). On the
other hand, FC affecting astroglia cause a drop in membrane
potential and depolarization, and decrease of [K']; (Largo
et al., 1997); this should lead to compensatory transport of
bicarbonate ions into astrocytes and acidification of the
extracellular medium. Together with the natural carbonate
acidification of the medium close to chemoceptors of the
retrotrapezoid nucleus, this activates the diaphragmal nerve
and increases the expired minute ventilation (Erlichman
et al., 1998; Holleran et al., 2001): maximum ventilation is
attained at 4% CO; against 8-10% in control hypercapnic
trials. Control of extracellular pH in nervous tissue is
coupled with functioning of the Na*/HCOj3 cotransporter,
existing in plasma membrane of astrocytes but lacking in
that of neurons (Deitmer, 1992; Romero and Boron, 1999).
This transport has an electrogenic character, because two or



even three bicarbonate ions are transferred per one sodium
ion. Again, however, a continuous supply of glutamine to
the glutamatergic nerve terminals is the necessary condition
of respiratory rhythm generation; blockade of the TCA
cycle in astroglial cells with FA can impair the respiratory
activity (Hulsmann et al., 2000).

5. PHYSI0LOGY OF BLOOD VESSELS UNDER
IntoxicaTioN with FA

FA does not affect circulation in resting organs, but
a significant increase of blood flow can be seen in working
respiratory muscles (Johnson and Reid, 1988). Conversely,
a reduction of blood was registered in hepatic artery, and
contractive activity of isolated portal veins was suppressed
after introduction of FA into the medium (Liang, 1977).
These data, along with data on the effects of FA on endo-
thelial cells in vitro, suggested that endothelium of blood
vessels could be one of the primary targets for FA. If so, the
endothelium-dependent relaxation of blood vessels would
be affected. To test the hypothesis, we administered SFA to
rats subcutaneously at a dose of 2-3 mg/kg (LDso—LDga),
and investigated endothelium-dependent relaxation of rat
aorta 3 and 24 h after the poisoning. Norepinephrine in
saturating concentrations induced a rapid constriction of
aorta followed by a smooth transition to plateau; in contrast,
vasoconstricting hormones angiotensin II, vasopressin
and 5-hydroxytryptamine induced a bell-shaped vaso-
constricting response of aorta. To assess the functional state
of endothelium, carbocholine was introduced at 10~ >mol/l.
Acting on muscarinic receptors of endothelial cells, it
induced generation of nitric oxide and release of endothe-
lium-derived hyperpolarizing factor (McCulloch et al.,
1997). All the agonists applied had similar effects on
contraction of aortas obtained from control and poisoned
animals (not shown here). The experiment clearly demon-
strated that FA has no influence upon the contractile prop-
erties of isolated rat aorta at 3 and 24 h after poisoning. This
endothelial function is not affected, at least directly, under
intoxication with FA.

6. Bopy TEMPERATURE OF RaTs AND RaBBITS UNDER

IntoxicaTioN with FA
One of the main pathophysiological features of intoxication
with FA is decrease of the body core temperature of endo-
therms, which indicates a disturbance of heat production and/
or regulation (Brockmann et al., 1955; Taitelman et al.,
1983b; Misustova et al., 1980). It is interesting to note that
the effects of FC are comparable with those of selective
inhibitors of p38 MAP-kinases (activation of which precedes
production of pyrogens) and antagonists of cytokines TNF,
IL-1, and IL-6 (Milligan et al., 2001, 2003). In our experi-
ments, following administration of lethal doses of SFA to
male rats, a marked decrease of rectal temperature was
registered beginning from 1 h after the poisoning and gaining
minimal levels in 6 or 24 h depending on doses. Then
a gradual increase in temperature took place in surviving rats,
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returning to normal in 2—7 days. For example, under intoxi-
cation with SFA at a dose LDs(, a minimal rectal temperature
of the surviving male rats (31.5°C as compared to 38.5°C in
control animals) was registered in 6 h, and 7 days after the
poisoning the temperature was 1°C below the control level.
Under intoxication with FAA at equipotential doses,
a minimal rectal temperature of the surviving male rats
(32.6°C as compared to 38.9°C in control animals) was
registered in 2 days, and even 7 days after the poisoning the
temperature was 3°C below control level. But we observed
fewer changes of the rectal temperature in rabbits after s.c.
administration of SFA at a dose LDsy: maximal decrease was
only 1°C (38°C as compared to 39.1°C) in 6 h. According to
our observations, decrease of the temperature below 38°C in
3 hcan serve as a reliable sign forecasting the lethal outcome
of the poisoned rabbits.

7. ELECTROPHYSIOLOGICAL STUDIES

ofF FA INTOXICATION
Clinical analysis of ECG of rats poisoned with SFA or FAA
(Kuznetsov et al., 2007) revealed a similar dynamic of the
temporal parameters of ECG, with slowing down and delay
of the repolarization processes being the most important
(Table 13.1). A drop in amplitudes of the atrial and
ventricular ECG complexes can be observed within an hour
after poisoning, followed by decrease of the systolic index
in 24 h thus indicating an impairment of the contractile
capacity of myocardium. Registration of ECG of rats which
died in 2 days of intoxication with SFA revealed a sharp
drop of heart rate (down to 120-180 per min) 24 h after
poisoning, together with complete absence of the P wave
which reflects atrial depolarization (Figure 13.7A). Simul-
taneous reduction of both amplitude and duration of the
T wave can be seen. An upward shift of the ST segment,
though not accompanied by growth of the T wave ampli-
tude, was registered in 70% of rats (Figure 13.7B). The
cumulative evidence of the shape and amplitude changes of
the ECG waves indicates a development of acute myocar-
dial ischemia, though a transient one and maximally
expressed 24 h after poisoning. Reduction of the S wave
amplitude could be caused by disturbances of excitation
processes in basal ventricular regions and in some areas of
the right vetricle. Taking into account an increase in dura-
tion and shape distortions of the ventricular complex, one
cannot exclude an incomplete right bundle-branch block. A
significant extension of the T wave during the course of
examination is indicative of deceleration of the fast repo-
larization of myocardium, though the process of slow
repolarization (the QT interval in ECG, corresponding to the
systole of ventricles) is accelerated within 3—24 h after
poisoning.

Respiratory rhythm was gradually increased in rats under
intoxication with SFA, and there were additional respiratory
components in 50% of animals 24 h after administration of
the poison (Figure 13.8) that may indicate disturbances of
innervation of respiratory muscles. Spectral analysis of the



TABLE 13.1. Parameters of ECG (averaged cardiocycle) of adult rats in normal state and different terms after introduction of SFA at 1/2LDsq
Parameters
Amplitude (mV) Duration (s)
Terms P R S T P T PQ QRS QT RR SI
Background 0.297 + 0973 £ 0.723 + 0.747 + 0.018 £ 0.036 + 0.050 £ 0.019 + 0.057 + 0.140 £ 40.7
0.019 0.131 0.137 0.071 0.001 0.001 0.001 0.001 0.001 0.003
lh 0.144 £ 0.669 £ 0.235 £ 0.469 £ 0.018 £ 0.049 £ 0.050 £ 0.022 £ 0.070 £ 0.139 £ 50.4
0.016%*** 0.083 0.088* 0.089* 0.001 0.002%** 0.001 0.002 0.002%** 0,005
3h 0.170 + 0.826 + 0.161 + 0.518 + 0.021 £ 0.044 + 0.057 £ 0.022 + 0.067 + 0.182 £ 36.8
0.0177%3* 0.066 0.059%** 0.083 0.001* 0.002%* 0.004 0.001* 0.002%** 0.011%**
1 day 0.124 £ 1.153 £ 0.089 £ 0.538 £ 0.019 £ 0.051 £ 0.048 + 0.024 £ 0.075 £ 0.237 £ 31.7
0.030%** 0.171 0.050%** 0.143 0.001 0.002%** 0.002 0.002* 0.004%** 0.036*
3 days 0.195 + 1.309 £ 0.102 + 0.403 + 0.019 £ 0.046 + 0.052 £ 0.025 + 0.071 + 0.158 £ 44.9
0.023** 0.122 0.052%** 0.102%* 0.004 0.003%* 0.004 0.001%* 0.003%** 0.005%**
7 days 0.167 + 1.106 + 0.450 + 0.458 + 0.018 £ 0.062 + 0.052 £ 0.025 + 0.088 + 0.171 £ 51.5
0.012%3%* 0.113 0.088 0.041** 0.001 0.003%** 0.002 0.001** 0.003%** 0.007%3*
*p < 0.05
**p < 0.01
wHEp < 0,001

SI — systolic index, calculated after formula SI = (QRST*100)/RR
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(A) ECG (averaged cardiocycle) of rat that died nearly 2 days after introduction of SFA at LDsq. (B) ECG (averaged

cardiocycle) of rat that survived after introduction of SFA at LDs,. Along the x-axis — time (s), along the y-axis — amplitude (mV).

respiratory curve demonstrated that there was an enhanced
synchronization of the respiratory rhythm observed within
3h after poisoning. Simultaneously, the amplitude of
respiration increased followed by a gradual decrease to the
third day. Over the same period, a certain reduction of
lability of respiratory rhythm was noted, accompanied by
the appearance of two distinct peaks corresponding with
frequencies of 90 and 120 cycles of respiration per minute.
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By the seventh day, the respiratory spectrogram was similar
to the initial one, though the frequency of respiration was
not completely restored. Comparison of spectrograms of
respiration and ECG demonstrates disturbances of control
mechanisms underlying generation of the second-order
waves (respiratory arrhythmia visible at the spectrogram as
a peak in the high-frequency region 0.8-2.5 Hz). One day
after administration of SFA, there was a marked frequency
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FIGURE 13.8. Records of ECG (upper) and respiratory rhythm (lower) from a narcotized rat before and 24 h after introduction of SFA.
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maximum at the respiratory spectrum, in contrast to that of
the ECG spectrogram.

Analysis of the heart rate variability (HRV) demonstrates
that 1 h after poisoning an enhancement of parasympathetic
influence took place, and this was accompanied by insig-
nificant and paradoxical enhancement of heart and respira-
tory rates (Table 13.2). Then against a background of
enhancement of humoral (metabolic) and sympathetic
influences and simultaneous decline of parasympathetic
influence, a stable decrease of heart and respiratory rates
took place indicating a prominent divergence between
vagosympathetic balance and resulting physiological
parameters. Previously it was shown in experiments with
dogs that systemic, pulmonary, and coronary hemodynamic
parameters during the first hours after introduction of FA
were not mediated by the autonomic nervous system and
adrenergic neuromediators (Liang, 1977). This is in partial
agreement with our results obtained with rats, though this
cannot be extrapolated to all the periods of intoxication and
all animal species.

V. TOXICITY AND RISK ASSESSMENT

A characteristic feature of the clinical picture of intoxication
with FA is a latent period of 0.5 to 6 h (Egekeze and Oehme,
1979). The duration of the latent period depends on animal
species’ metabolism and dose administered (Chenoweth,
1949; Goncharov et al., 2006). A broad variability of clin-
ical manifestations of FA effects in different animal species
is one of its characteristic features. There is a correlation
between food specificity and toxic effect of FA; the
cardiovascular system is mainly affected in herbivores,
while the CNS is mainly affected in carnivores. According
to this, four groups were recognized in terms of clinical
signs of intoxication (Chenoweth and Gilman, 1946). The
first comprised herbivores (rabbits, goats, sheep, cattle, and
horses), in which FA induced ventricular fibrillation without
notable CNS disorders (Marais, 1944; Chenoweth, 1949;
Egekeze and Oehme, 1979). The second group comprised
dogs and guinea pigs, in which the CNS was primarily
affected. In dogs, a species highly sensitive to FA, symp-
toms of secondary intoxication appear after a latent period
of 1 to 10h (Chenoweth and Gilman, 1946; Egyed and
Shupe, 1971). For animals of the third group the clinical
pattern of intoxication is similar to that of the second group
of animals, but slightly less pronounced. This group
comprised rats and hamsters relatively tolerant to FA. After
a latent period lasting 1-2h, tremor and elevated excit-
ability were common symptoms. Death usually occurred
within 4-6h as a result of respiratory depression, after
exposure to high FA doses (Chenoweth and Gilman, 1946;
Pattison, 1959). The surviving animals demonstrated
depression, weakness, ataxia, and strongly pronounced
bradycardia down to 30 heartbeats per minute. At sublethal
doses of FA, a full recovery can occur in 72h after

poisoning (Chenoweth and Gilman, 1946; Pattison, 1959).
A mixed response to FA exposure was described in animals
of the fourth group — cats, pigs, and rhesus monkeys; it
included disturbances of both CNS and cardiovascular
system. On acute poisoning, adynamia, salivation, vomit-
ing, frequent defecation, pupil dilatation, nystagmus,
accelerated respiration, enhanced excitability, tremor, and
clonicotonic convulsions were observed in these animals
(Chenoweth and Gilman, 1946; Gammie, 1980).

This classification has been revised recently (Sherley
2004). The division of animals into cardiac and neurological
symptomatic groups is considered to be unnatural as it
ignores common neurological signs manifested in all the
groups: among these are tremor, ataxia, hypersensitivity,
myotonic convulsions, weakness, and partial paralysis. The
cardiac response in a pure form was not a common event
and was described just for a limited number of animals,
though CNS involvement is obviously widespread.

As for humans, exposure to stock solution during
formulation and dermal or respiratory exposure during
application of baits, as well as accidental or intentional
acute intoxications, are the main human health concerns.
Formulators and pest control workers are the largest occu-
pational risk group (Norris, 2001). The clinical picture of
acute intoxication of humans is similar to that of rhesus
monkeys, and among the symptoms are nausea, vomiting,
abdominal pains, salivation, irrational fear, weakness,
tachypnoe, cyanosis, and sometimes sweating and increased
temperature (Brockmann er al, 1955; Pattison, 1959;
Arena, 1970; Taitelman ef al., 1983b). Psychomotor agita-
tion and sometimes a loss of spatiotemporal feeling can
occur. In addition, tremor, nystagmus, involuntary dejection
and urination, muscle spasms, hypertonus of the extremities,
and even alalia, have been reported (Gajdusek and Lutheer,
1950; Harrison et al., 1952; Robinson et al., 2002). The
most characteristic signs of intoxication involve generalized
recurrent convulsions alternating with deep depression.
Sudden loss of consciousness and coma may occur. These
symptoms were associated with metabolic acidosis and
hypotension (Pattison, 1959; Chi et al., 1996, 1999), as well
as cardiac rhythm disturbances, such as tachycardia,
bradycardia, asystolia, and sustained ventricular fibrillations
(Gajdusek and Lutheer, 1950; Reigart et al., 1975; Trabes
et al., 1983). Death usually occurs in 3 h to 5 days of heart
block, arrhythmia, or respiratory failure (Reigart et al.,
1975; Montoya and Lopez, 1983). Important diagnostic
symptoms registered with ECG are arrhythmia, the QT and
ST intervals, and the T wave (Pattison, 1959; Taitelman
et al., 1983b; Chi et al., 1996). Kidneys are among the most
sensitive organs: acute renal failure associated with uremia
and increased level of creatinine in serum can be observed
under acute FA poisoning (Chung, 1984; Chi et al., 1996).
Pathomorphological abnormalities of humans poisoned with
FA are also nonspecific and similar to those of animals. In
the case of lethal outcome, petechial hemorrhages and
excess blood filling of internal organs (Hayes, 1982), edema



TABLE 13.2. Analysis of heart rate variability of adult rats in time and frequency domains under intoxication with SFA at 1/2LDsq

Period of examination

Control 1h 3h 24 h 3 days 7 days
Parameters Value Shift % Value Shift % Value Shift % Value Shift % Value Shift % Value Shift %
Heart rate, contr/min  424.6 + 6.1 - 4416 £94  +4.0 340.1 £ 11.4%*%* —20.0  291.8 £ 18.5%** —31.3  370.6 £ 6.0%** —12.7  341.0 £ 6.0¥** —19.7
Coefficient of 0.049 + 0.003 - 0.058 £ 0.005 +18.4  0.156 £ 0.042* 42184 0.245 £ 0.073* 4400 0.053 £ 0.003 +8.2 0.051 £ 0.006 +4.0
arrhythmia, rel.un.

Value of VLF (ms?) 0.041 8.8 0.053 7.6 0.087 11.8 0.060 9.7 0.043 10.1 0.044 10.9
Value of LF (ms?)  0.075 16.1 0.107 15.2 0.128 17.3 0.114 18.4 0.073 17.1 0.079 19.6
Value of HF (ms?) ~ 0.350 75.1 0.542 77.2 0.523 70.9 0.445 71.9 0.311 72.8 0.280 69.5
Value of To (ms?)  0.466 - 0.702 +50.6  0.738 +584  0.619 +32.8 0427 -84 0.403 —13.5
LF/HF, rel.un. 0.214 - 0.197 -7.9 0.245 +14.5  0.256 +19.6  0.235 +9.8 0.282 +31.8
HF/To, rel.un. 0.751 - 0.772 +3.8 0.709 -5.6 0.719 —43 0.728 -3.1 0.695 -7.5
Respiration rate/min  94.1 £ 3.0 - 101.9 £ 3.1 +8.3 944 +£32 +0.3 98.8 +£ 3.7 +5.0 111.9 £ 6.1* 4189 120.2 £ 8.1*%* 4277

Coefficient of arrhythmia = (RRpax—RRpin)/RRmean
Values of shifts (%) for VLF, LF, and HF indices are given against To index of corresponding period of examination. For other parameters the shift was calculated against the initial control value
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of lungs and brain, and sometimes mediastenal emphysema
and acute inflammatory reaction with coagulating necrosis
in esophagus were registered in humans (Brockmann et al.,
1955). The morphological basis of cardiotoxic effects is
acute myocardial dystrophy, a characteristic of which is
diffuse lesions of cardiac muscle (Pattison, 1959; Taitelman
et al., 1983b). Acute renal failure develops due to the
influence of FA on subcellular structures of kidneys.
Metabolic acidosis aggravates the clinical course of renal
failure. Diffuse degeneration of renal tubules was observed
(Hayes, 1982). For cases that lack clinical and morpholog-
ical specificity, biochemical data and primarily citrate and
fluoride levels can be used for diagnostic purposes (Pattison,
1959; Schultz et al., 1982). Thus under acute intoxication
with FAA, citrate (108 pg/g in heart and 23.9 g/g in
kidney) and fluoride (6.3 mg/g dry weight of heart and
kidney) were found in human corpse; the dose of FAA was
estimated to be near 23 mg/kg (Hayes, 1975). In addition,
the indubitable diagnostic confirmation of the intoxication
should be based on determination of the poison in tissues.
Under acute SFA poisoning with lethal outcome, FA was
found in urine (368 pg/ml), liver (58 pg/g), and brain (76
ng/g) (Harrison et al., 1952).

Among the after-effects that develop after acute intoxi-
cation with FA are various neurological disturbances:
impaired muscular tonus and reflex activity, and transient
spasmodic and meningeal syndromes. Long after an acute
poisoning (from 1.5 to 9 years) a tendency for epileptoid
seizures, ataxia, extremity muscular hypertension, spastic
tetraplegia, blindness of cortical origin, diffuse brain
atrophy, and psychic disorders were observed (Pridmore,
1978; Trabes et al., 1983). A case of chronic intoxication
with FA of a farm worker has been described (Parkin et al.,
1977): the clinical signs were renal insufficiency and less
pronounced injuries of other organs.

VI. TREATMENT

Decades of studies on the toxicology of FA have led
scientists to the conclusion that treatment of intoxications
can be successful only if timely general and symptomatic
therapy is applied, but not specific antidotes (Dorman, 1990;
Norris, 2001). Much experimental work over an extensive
period has been undertaken in an effort to find effective
donors of acetate groups, because of their ability to inhibit
conversion of FA to FC. Ethanol, monoacetin (glycerol
monoacetate), acetamide, and cortisone acetate were tested
for their potency to serve as antidotes (Hutchens ef al., 1949;
Chenoweth, 1949; Cole et al., 1955; Giller, 1956; Egyed,
1971; Egyed and Shlosberg, 1977). Therapeutic effect was
revealed for simultaneous introduction of ethanol and
acetate (Hutchens ef al., 1949; Tourtelotte and Coon, 1949).
Negative effects of monoacetin and acetamide were
enhancement of hyperglycemia and metabolic acidosis,
damage to capillaries and hemolysis of red blood cells, and

increase of citrate concentration in different organs (Engel
et al., 1954; Egyed and Shlosberg, 1973). Administration of
cortisone acetate inhibited the FC synthesis and prevented
development of ketosis, though increased hyperglycemia
(Cole et al., 1955).

Several antidotes were tested for their capacity to acti-
vate transport of the TCA cycle intermediates through
mitochondrial membranes. For this purpose fluoromalate
was proposed, though any positive result was negligible
(Peters et al., 1972). Malate was also tested, but proved to be
effective only in in vitro experiments (Buffa et al., 1972).
Also in vitro, glutathione and a series of SH-containing
compounds (cysteamine and N-acetylcysteine) were tested
(Mead et al., 1985). However, they were incapable of
replacing glutathione in enzymatic defluorination of FA and
have not found practical application. TCA cycle interme-
diates (succinate, malate, citrate, and glutamate) were
tested, but did not exhibit protective effect (Hutchens et al.,
1949). A positive result was observed in experiments with
mice, which were administered calcium gluconate and
succinate (Omara and Sisodia, 1990). This therapy was
hardly more effective than ethanol. Some 16 years later
another research group tested the therapy with cats, which
are known to be much more sensitive to FA. Again,
differences in survival between treated and nontreated
animals were not significant (p > 0.05) (Collicchio-Zuanaze
et al., 2006). Administration of calcium chloride to cats
under acute intoxication with FA made it possible to post-
pone their death by up to 166 min combination of calcium
chloride with monoacetin gave a similar effect (Taitelman
et al., 1983a). Nevertheless, calcium chloride caused
reduction of the QT interval and favored survival of humans
in case of their intoxication with FAA (Taitelman et al.,
1983D).

Our strategy for development of therapeutic means of
treating acute FA intoxication was based on a deep analysis
of the biochemical literature, together with our own exper-
imental data. Thus, a high sensitivity of aconitase to inhi-
bition by superoxide anion and nitric oxide (Gardner ef al.,
1994; Andersson et al., 1998; Castro ef al., 1998) means that
ROS and NO could be competitive antagonists of FC to avert
its effect on aconitase. Also, as considered earlier, during FA
intoxication glutamate could be utilized in the TCA cycle
through GDH or transaminases (Yu et al., 1976; Liang,
1977; Hassel et al., 1994). Moreover, the effects of FC could
be prevented by prior introduction of isocitrate (bypass of
inhibited aconitase) and fructose-1,6-bisphosphate (energy
substrate for neurons) (Lian and Stringer, 2004).

We have demonstrated that FA can adversely affect
mitochondrial functions only if pyruvate was available as
respiratory substrate, and that changes of redox-state of
pyridine nucleotides (PN) or their leakage from MCh could
be critical factors that impair mitochondrial respiration and
lead to cell death (Zinchenko et al., 2007). Opening of the
mitochondrial pore is a reversible phenomenon: prevention
of oxidation and/or leakage of NADPH from MCh can



restore the normal functional state of MCh. For example,
when succinate or glutamate was used as a respiratory
substrate, mitochondrial functions were not affected by FA
(Figure 13.3A).

As for other alternative substrates, we suggest that the
accumulating intracellular citrate could be one of them. As
discussed earlier, blockade of citrate transport from MCh
under FA intoxication is not an obligatory event, and citrate
can enter cytosol to be further utilized by cICDH (Max and
Purvis, 1965; Buffa ef al., 1972). The cICDH activity is
almost equally distributed between cytosol and MCh of
astroglia and microglia, whereas cICDH accounts for about
75% of activity in neurons and oligodendrocytes (Minich
et al., 2003). We have not found data on the ratio of mito-
chondrial and cytoplasmic aconitases in cells of the nervous
system, but it is interesting to note that a similar ratio of m-
and cICDH exists in hepatocytes (Rakhmanova and Popova,
2006), and that c-aconitase accounts for 65% of the aconi-
tase in these cells (Konstantinova and Russanov, 1996). In
rat heart a similar ratio of m- and c-aconitases has been
revealed: 35 and 65%, correspondingly (Medvedeva ef al.,
2002). Based on these data, one may suggest that an
effective pathway for citrate utilization and NADPH
synthesis exists in these (and other) cells in case of inhibi-
tion of m-aconitase. This alternative pathway could play
a positive physiological role because NADPH might be used
for anabolic reactions and heat generation, glutathione
reduction and NO synthesis, and regulation of blood vessel
tone by means of ROS generation (Winkler ez al., 1986;
Bobyleva et al., 1993; Lee and Yu, 2002; Gupte and Wolin,
2006). As was pointed out earlier, studies focused on the
pentose cycle as the main source of NADPH need to be re-
evaluated taking into consideration the metabolic activity
and substrate specificity of a tissue (Winkler ef al., 1986).
cICDH along with malic enzyme and transhydrogenase
participates in NADPH regeneration to further reduce
glutathione in brain mitochondria (Vogel ef al., 1999), but
cICDH can provide a seven-fold greater generation of
NADPH as compared to malic enzyme (Winkler et al.,
1986). The level of cytoplasmic NADPH can influence
potassium channels and calcium balance (Wolin et al.,
2005; Gupte and Wolin, 2006). In our in vitro studies, FA
induced a slow elevation of [Ca®"]; in different cells (Zin-
chenko et al., 2007). This could indicate an activation of the
SOC channels; the process is not affected by FA and does
need ATP to be implemented, at least in glial cells (Lian and
Stringer, 2004). We suppose this mechanism to be common
for many types of cells, and this could explain a primary
hypersensitivity of platelets exposed to FA (Mindukshev
et al., 2006). In cardiomyocytes, elevated [Ca*']; can
stimulate their functional activity observed in our experi-
ments in vitro and also supported in vivo by a primary
increase of systolic index (Table 13.1). As for modulating
effects of Ca®" on bioenergetics of MCh, it is pertinent
to recall ““classic’” activation of the TCA cycle dehydro-
genases followed by increase of mitochondrial potential and
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TABLE 13.3. Assessment of therapeutic effectiveness of
METIS preparations under acute intoxication of rats with SFA

Index of therapeutic efficiency:
Ratio LDs treated/LDs

Therapy nontreated
Ethanol, n = 42 1.6
METIS-1, n = 48 2.5
METIS-2, n = 92 33
METIS-4, n = 39 4.3

n —number of animals used in experiment to calculate the index

NADH generation: 2-oxoglutarate dehydrogenase (OGDH)
and mICDH can be activated by calcium ions through
allosteric mechanisms and pyruvate dehydrogenase is acti-
vated due to dephosphorylation by the Ca®"-dependent
phosphatase (McCormack et al, 1990; Hansford, 1994).
The exact role of these dehydrogenases in the bioenergetic
status of MCh affected by FA needs to be clarified, though
one can suppose that OGDH could derive a special benefit
from such an activation if it is provided with exogenic or
endogenic 2-oxoglutarate.

According to the above discussion, we have defined
several directions for biochemical correction under acute
intoxication with FA and suggested suitable preparations
for therapeutic complexes: (1) competitive inhibition of
FA and CoA interaction; (2) competitive inhibition of FC
and aconitase interaction; (3) replenishment of the TCA
cycle distally of aconitase; (4) utilization of accumulating
citrate. In a previous publication we presented the first data
on effectiveness of a therapeutic complex named METIS
(Goncharov et al., 2006). Further experiments proved the
validitity of the therapeutic approach, and we have now
appreciably enhanced the efficacy of the complex (Table
13.3). In addition to these data on the index of therapeutic
effect, a spectrum of physiological and biochemical data
was obtained. Animals treated with METIS complex had
little changes of body weight, temperature, and oxygen
consumption. Dynamics of citrate in brain, kidneys, and
blood was also improved, and kinetic parameters of
platelet aggregation were corrected. Comparative analysis
of the FA level in tissue homogenates, blood plasma, and
urea of rats revealed that the METIS complexes reduced
the level of FA in brain almost two-fold, thus indicating
inhibition of FA utilization first of all in the cells of the
nervous system.

VII. CONCLUDING REMARKS
AND FUTURE DIRECTION

The extreme toxicity of FA is determined by its similarity to
acetate, which has a central role in cell metabolism. FA
enzymatically condenses with CoA-SH to produce
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fluoroacetyl-CoA, which replaces acetyl-CoA entering the
TCA cycle and produces FC. The latter reacts with aconitase
and blocks the TCA cycle. Energy production is reduced, as
well as concentration of metabolites generated distally to
aconitase. 2-Oxoglutarate is the most important of them,
being a precursor of glutamate, which is a neuromediator in
the CNS and participates in neutralizing ammonia either
directly through glutamine synthase or indirectly through
the urea cycle. Accumulation of citrate is one of the causes
of metabolic acidosis. Chelating of Ca®" is apparently one
of the central events in pathogenesis of intoxication.

The first papers on toxicology of FA were published in
the 1940s. The long history of investigations was fruitful,
with several important discoveries: biochemical mechanism
of “‘lethal synthesis’’; structure of aconitase; functional
relations of glia and neurons; and switching of metabolic
pathways. However, the main problem of toxicology (for
any poison) was not solved — development of an effective
therapy. Analysis of the scientific literature has demon-
strated that reciprocal relations of signaling and metabolic
pathways under intoxication with FA are unclear. Inhibition
of m-aconitase causes blockade of TCA cycle, reduction of
pyridine nucleotides, accumulation of citrate, disturbances
of intracellular signaling, deenergization, and cell death.
However, the dynamics and significance of these events are
different depending of the type of cells and tissues, which is
why it is very difficult to predict the primary reaction of
different cells and more so the whole organism.

Biochemical pathways underlie the basis of physiolog-
ical rhythms; they should have a certain space—time struc-
ture and presuppose coordinated interactions of different
cells. Thus, one of the causes of disturbances of normal
respiration under FA intoxication could be disturbances in
rhythmic activity of respiratory neurons; but suppression of
these neurons is a consequence of the inhibiting effect of FA
on astrocytes, not neurons (Hulsmann et al., 2000). We
described development of cardiac and respiratory tachyar-
rhythmias reflecting reproduction of decasecond rhythms
characteristic for immature or abnormal excitatory struc-
tures (Kuznetsov et al., 2007). Previously, it was suggested
that such endogenic rhythmic activity could be determined
by the level of the pentose cycle activity (Kuznetsov, 1999,
2002). This cycle indeed plays an important role in neurons,
protecting them from oxidative or traumatic stress (Ben-
Yoseph et al., 1994; Garcia-Nogales et al., 2003; Bartnik
et al., 2005). However, it should be noted that although the
activity of NADPH-generating enzymes of the pentose
cycle in astrocytes (glucose-6-phosphate dehydrogenase
and 6-phosphogluconate dehydrogenase) is 2-3 times
higher than in brain as a whole, the activity of cICDH is also
very high in these cells (Rust ef al., 1991). This metabolic
pathway is interesting primarily because under FA intoxi-
cation citrate is accumulated, and the pathway may be
regarded as a form of biochemical adaptation that facilitates
utilization of the central metabolite. Modern data suggest
that spatial and temporal division of m- and c-aconitases not

only provides regulation of iron balance in cells, but actu-
ally provides regulation of balance between catabolic and
anabolic processes (Tong and Rouault, 2007).

Providing the cells have utilized citrate entering cytosol,
another problem should be utilization of generating NADPH.
One possible and very important mechanism of PN oxidation
is heat generation through shiver and nonshivering thermo-
genesis. Rise in activity of NADPH-generating enzymes and
pathways, including c-aconitase and cICDH, is accompanied
by enhanced thermogenesis (Bobyleva et al., 1993). It was
shown that NADPH could be used together with or even
instead of NADH as a reducing cofactor for cytoplasmic
glycerophosphate dehydrogenase (Bobyleva et al., 1993;
Fahien et al., 1999). But if the role of this pathway for
transferring electrons from cytoplasma to MCh in skeletal
muscles is rather clear, then the level of activity and func-
tional state of glycerophosphate shuttle in brain cells are
contradictory and serve as a subject for discussion. Activity
of glycerophosphate shuttle in brain is explained by the need
for glycerol-3-phosphate as a substrate for phospholipid
synthesis in oligodendroglia (Adler and Klucznik, 1982;
Nguyen et al., 2003). In neurons and astrocytes, the activity
of glycerophosphate dehydrogenases is much lower than in
oligodendrocytes (Rust ef al., 1991; Nguyen et al., 2003).
There are data, however, that indicate an important role of
this shuttle in astrocytes, taking into consideration (1) the
absence of malate—aspartate shuttle in these cells (Waage-
petersen et al., 2001; McKenna et al., 2006), and (2) the
elevated level of mRNA of cICDH in astrocytes after
convulsions, under exposure to morphine, indometacine, and
some other preparations (Link et al., 2000). In conclusion,
we suggest that future progress in toxicological studies of FA
and development of effective therapy will depend on
comprehensive consideration of these and other modern
data, together with reevaluation of old and forgotten data.
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Strychnine

JIRI PATOCKA

I. INTRODUCTION

Strychnine is a poisonous alkaloid of indole type found in
the genus Strychnos. It is a basic compound which forms
colorless or white rhombic crystals. The compound has
a bitter taste and melts at around 290°C. Strychnine was
the first alkaloid to be identified in plants of the genus
Strychnos, Family Loganiaceae. Strychnos, created by
Linnaeus in 1753, is a genus of trees and climbing shrubs
of the gentian order. The genus contains 196 various
species and is distributed throughout the warm regions of
Asia (58 species), America (64 species), and Africa (75
species). Plants of the genus Strychnos have opposite
leaves and bear cymes of white or yellowish flowers that
have a four-lobed or five-lobed calyx, a four-parted or five-
parted corolla, five stamens, a solitary pistil and bear fruit
in the form of a berry. The seeds and bark of many plants
in this genus contain the powerful poison strychnine.
Strychnine is obtained commercially from the seeds of the
Saint-Ignatius’ bean (Strychnos ignatii) and from the nux-
vomica tree (Strychnos nux-vomica) (Volfova and Patocka,
2003). Strychnine was first discovered by French chemists
Joseph-Bienaime Caenoiu and Pierre-Joseph Pelletier in
1818 in the Saint-Ignatius’ bean. In some Strychnos plants
a 9,10-dimethoxy derivative of strychnine, alkaloid
brucine, is also present (Li ef al., 2006). Brucine is not as
poisonous as strychnine.

II. BACKGROUND

A. Chemistry and Physicochemical Properties

Strychnine has a molecular formula of C,;H,N,0; and its
structural formula is shown in Figure 14.1. CAS No: 57-24-9
(base), 60-41-3 (sulfate). It occurs as white crystals or
powder, odorless, with a melting point of 286°C, boiling
point 270°C at 5 mm Hg, density 1.36 g/cm®, vapor density
11.0 (air = 1) and vapor pressure 0 torr at 20°C (Mackison
et al., 1981). Strychnine is a stable compound and incom-
patible only with strong oxidizing agents.

Water solubility of strychnine is negligible, only 160 mg/1
at25°C; the pH of saturated solution is 9.5. The octanol/water
partition coefficient (logK,y) is 1.93 (Hansch et al., 1995).
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Strychnine is very slightly soluble in ether, slightly soluble in
benzene, ethanol (6.7 g/cm3), and acetone, and soluble in
chloroform and pyridine (Budavari, 1996).

B. History

The toxic and medicinal effects of strychnine have been
well known from the times of ancient China and India. The
inhabitants of these countries had ancestral knowledge of
the species nux vomica and Saint-Ignatius’ bean. The
species Strychnos nux-vomica is a tree native to Indonesia
which attains a height of 12m. The tree has a crooked,
short, thick trunk and the wood is close grained and very
durable. The fruit is an orange color about the size of
a large apple with a hard rind and contains five seeds, which
are covered with a soft wool-like substance. The ripe seeds
look like flattened disks, which are very hard. These seeds
are the chief commercial source of strychnine and were first
imported to and marketed in Europe as a poison to kill
rodents and small predators. Strychnos ignatii is a woody
climbing shrub of the Philippines. The fruit of the plant
contains as many as 25 seeds embedded in the pulp. The
seeds contain more strychnine than other commercial
alkaloids. The properties of nux-vomica and Saint-Ignatius
seeds are substantially those of the alkaloid strychnine.

Strychnine was discovered and identified as the main toxic
principle of Strychnos in 1818, although nux vomica, the
unpurified plant extract in which it is the active component,
had been known and used for both medicinal and criminal
purposes for some time. Historic records indicate that the
strychnine alkaloid had been used to kill dogs, cats, and birds
in Europe as far back as 1640. The structure of strychnine was
first determined in 1946 by Sir Robert Robinson and in 1954
this alkaloid was synthesized in a laboratory by Robert W.
Woodward. This is one of the most famous syntheses in the
history of organic chemistry. Both chemists won the Nobel
prize (Robinson in 1947 and Woodward in 1965).

C. Therapeutic Purpose

Strychnine does have a history of use for therapeutic
purposes, although in most cases this was entirely misguided,
and not a little dangerous. It has a very bitter taste and so

Copyright 2009, Elsevier Inc.
All rights of reproduction in any form reserved.
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FIGURE 14.1. Chemical structure of strychnine.

stimulates salivary and gastric secretion. This increases
appetite, and was used to counteract the loss of appetite
associated with illness, giving the impression that strychnine
had restorative properties. In fact, any -constitutional
improvement resulting from the increased appetite would
probably be outweighed by the harmful effects of strychnine,
and the underlying illness would be more or less unaffected.
This is the same mechanism that gives tonic water its
apparent “‘tonic activity”’, although in that case the bitter
agent is quinine, which is much less dangerous.

Strychnine has an undeserved reputation as a useful
therapeutic agent. There is no current justification for its
presence in any medication. However, preliminary experi-
mental reports suggest that judicious treatment with strych-
nine may modify the neurological deterioration in some
infants with nonketonic hyperglycinemia, a rare metabolic
disorder characterized by abnormally high concentrations of
glycine in the brain and cerebrospinal fluid. Strychnine was
used as a tonic stimulant for atonic constipation and as
a stomachic and bitter. It produces no selective gastrointes-
tinal effects and has no place in the therapy of any gastroin-
testinal disorder. At present, strychnine has no demonstrated
therapeutic value in human medicine, despite a long history
of unwarranted popularity. It was first employed in medicine
in 1540, but did not gain wide usage until 200 years later
(Gilman et al., 1985).

Although strychnine was earlier used extensively in
animals, it no longer has a rational place in the therapeutic
armamentarium of the veterinarian. Its only interest is from
a veterinary toxicology standpoint because animals are
sometimes poisoned inadvertently or intentionally (Booth
and McDonald, 1982).

III. PHARMACOKINETICS
AND TOXICOKINETICS

A. Absorption, Distribution, Metabolism
and Excretion

Strychnine is rapidly absorbed from the gastrointestinal tract,
mucous membranes, and parenteral sites of injection
(Thienes and Haley, 1972) and also from the oral cavity
(LaDu et al., 1971). A nonfatal case of strychnine poisoning
through dermal exposure is also described (Greene and
Meatherall, 2001). Strychnine is transported by plasma and

erythrocytes, but protein binding is slight and distribution to
the tissues rapidly occurs. Within a few minutes of ingestion,
strychnine can be detected in the urine, and excretion by that
route accounts for about 15% of sublethal (4 mg) dose over
6 h. Little difference was noted between oral and intramus-
cular administration of strychnine with a 4 mg dose. Blood
levels in human poisoning were less than 0.5 plg/ml from 1 to
48 h following ingestion a sublethal dose (700 mg), 2.7 pg/
ml in a patient who survived the acute episode, and 40 [Lg/ml
in a patient who died following a massive ingestion (Haddad
and Winchester, 1983). In persons killed by strychnine, the
highest concentrations are found in the blood, liver, and
kidney (Hayes and Laws, 1991).

The half-life of absorption is about 15 min and the half-
life of metabolism is about 10 h. The apparent volume of
distribution in one patient was 13 I/kg (Ellenhoorn et al.,
1997).

Strychnine is rapidly metabolized by the liver microsomal
enzyme system requiring NADPH and O,. Five metabolites
formed in vitro by rabbit liver were isolated and identified as 2-
hydroxystrychnine, 11,12-dehydrostrychnine, strychnine-21,
22-epoxide, 21,22-dihydroxy-22-hydrostrychnine, and
strychnine-N-oxide which was the major metabolite and
accounted for approximately 15% of the metabolized
strychnine. All other metabolites accounted for less than 1%
(Mishima et al., 1985). Similar metabolites were identified in
rat urine where the major metabolite was strychnine-21,22-
epoxide (Oguri et al., 1989). The metabolic fate of strychnine
in humans is unknown.

B. Toxicokinetics

Strychnine competes with the inhibitory neurotransmitter
glycine producing an excitatory state characterized clini-
cally by hyperreflexia, severe muscle spasms, and convul-
sions. However, the toxicokinetics after overdose have not
been well described. In most severe cases of strychnine
poisoning, the patient dies before reaching the hospital
(Shadnia et al., 2004).

Palatnick ef al. (1997) described a case of a 34-year-old
male presented to the emergency department 20 min after
ingesting 125 ml of 2% strychnine sulfate (2.25 g). He was
alert and oriented and experiencing muscle spasms. His
condition deteriorated prompting sedation, muscle paral-
ysis, and tracheal intubation. He was given activated char-
coal 100g per nasogastric tube. He was admitted to
intensive care where he was managed with diazepam,
pentobarbital, and pancuronium. Despite mild rhabdo-
myolysis, he recovered and was extubated on day three.
Although receiving prophylactic heparin therapy, a massive
fatal pulmonary embolus ensued. Eighteen blood specimens
for strychnine analysis were obtained from 20 min to 51 h
after ingestion. Serum concentrations were determined with
gas chromatography—mass spectroscopy. Disappearance
followed a first-order process with a #1, of 16 h. Results
confirmed the findings of an earlier case report of



19 strychnine levels obtained between 4 and 19 h which
described first-order kinetics with a ¢, of 10-16 h
(Palatnick et al., 1997).

In a case report of Wood ef al. (2002) a 42-year-old man
ingested an unknown quantity of strychnine powder. Eight
serum samples were taken over the first 5 days and analyzed
subsequently for strychnine concentrations. The initial
concentration at 1.5 h after ingestion was 4.73 mg/l, falling
to 0.38 mg/l at 74 h post-ingestion. Serum concentrations
followed a monoexponential elimination curve with
a calculated elimination half-life of 12 h. The initial serum
concentration of 4.73 mg/l is the highest reported concen-
tration in a patient who has survived.

IV. MECHANISM OF ACTION

Strychnine acts as a blocker or antagonist at the inhibitory or
strychnine-sensitive glycine receptor, a ligand-gated chlo-
ride channel in the spinal cord and the brain (Song et al.,
2006). The glycine receptor is the receptor for the amino acid
neurotransmitter glycine (Rajendra et al., 1997). It is one of
the most widely distributed inhibitory receptors in the central
nervous system. Strychnine-sensitive glycine receptor is
a member of a family of ligand-gated ion channels. This
ionotropic receptor can be activated by a range of simple
amino acids, except glycine, B-alanine and taurine, and can
be selectively blocked by the high-affinity competitive
antagonist strychnine. The receptor is arranged as five sub-
units surrounding a central pore, with each subunit composed
of four a helical transmembrane segments. There are pres-
ently four known isoforms of the o subunit (a;_4) of GlyR
that are essential to bind ligands and a single [ subunit. The
adult form of the glycine receptor is the heteromeric a3
receptor, which is believed to have a stoichiometry of three
o1 subunits and two § subunits or four o; subunits and one
B subunit (Kuhse et al., 1993, 1995). The strychnine-binding
subunit of the glycine receptor shows certain homology with
nicotinic acetylcholine receptors (Grenningloh et al., 1987).
The glycine receptor is highly enriched in microdomains of
the post-synaptic neuronal surface apposed to glycinergic
afferent endings. There is substantial evidence suggesting
that the selective clustering of glycine receptors at these sites
ismediated by the cytoplasmic protein gephyrin (Meier et al.,
2000).

V. TOXICITY

Strychnine has been placed in Toxicity Category I, indicating
a high degree of acute toxicity, for oral and ocular effects.
Inhalation toxicity is also presumed to be high. Acute toxicity
of strychnine to birds is very high. Mammalian studies
indicate that strychnine is very highly toxic to small
mammals on both an acute oral basis and a dietary basis. The
extent of poisoning caused by strychnine depends on the
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amount and route of strychnine exposure, time of exposure,
and in humans the person’s condition of health. The signs of
toxicity, including death, usually occur within 1 h.

A. Animal Toxicity

Reported toxic doses of strychnine by different routes of
adinistration in some animals and humans are summarized
in Table 14.1.

Strychnine toxicity in rats is dependent on sex. It is more
toxic to females than to males when administered s.c.or i.p.
and differences are due to higher rates of metabolism by male
rat liver microsomes (Parke, 1968). Dogs and cats are more
susceptible among the domestic animals, pigs are believed to
be as susceptible as dogs, and horses are able to tolerate
relatively larger amounts of strychnine (Humphreys, 1988).
Birds affected by strychnine poisoning exhibit feathers
fluffed or held tightly against the body, ataxia, wing droop,
salivation, tremors, muscle tenseness, and convulsions.
Death occurs as a result of respiratory arrest.

The clinical signs of strychnine poisoning relate to its
effects on the central nervous system. The first clinical signs
of poisoning include nervousness, restlessness, twitching of
the muscles, and stiffness of the neck. As the poisoning
progresses, the muscular twitching becomes more
pronounced and convulsions suddenly appear in all the
skeletal muscles. The limbs are extended and the neck is
curved to opisthotonus. The pupils are widely dilated. As
death approaches, the convulsions follow one another with
increased rapidity, severity, and duration. Death results
from asphyxia due to prolonged paralysis of the respiratory
muscles (Humphreys, 1988). Following the ingestion
(swallowing) of strychnine, symptoms of poisoning usually
appear within 15 to 60 min.

B. Human Toxicity

People exposed to low or moderate doses of strychnine by
any route will have the following signs or symptoms:
agitation, aprehension or fear, ability to be easily startled,
restlessness, painful muscle spasms possibly leading to
fever and to kidney and liver injury, uncontrollable arching
of the neck and back, rigid arms and legs, jaw tightness,
muscle pain and soreness, difficult breathing, dark urine,
and initial consciousness and awareness of symptoms. The
reported medium lethal doses of strychnine in humans range
from 5 to 120 mg/kg.

There are some cases of human poisoning. A 46-year-old
man presented 2 h after ingestion of about 250 mg strych-
nine eperienced severe violent, generalized convulsions,
triggered by external stimuli. During the convulsion-free
periods, there were no abnormal signs in the physical
examination (Scheffold et al., 2004). A 28-year-old man
was admitted 2 h after ingestion of 1 to 1.5 g of strychnine.
He was severely agitated and in mild respiratory distress; his
blood pressure was 90/60 mm Hg, pulse 110/min, and
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TABLE 14.1. Toxicity values (LDsg) of strychnine in humans and animals
Organism Route LDs¢ (mg/kg) Source
Bird — wild Oral 16 Tucker and Haegele (1971)
Cat Intravenous 0.33 RTECS (1935)
Cat Oral 0.5 Moraillon and Pinoult (1978)
Dog Intravenous 0.8 Longo et al. (1959)
Dog Subcutaneous 0.35 RTECS (1935)
Dog Oral 0.5 Moraillon and Pinoult (1978)
Duck Oral 3.0 Tucker and Haegele (1971)
Human Oral 100-120 Zenz et al. (1994)
Human (adult) Oral 30-100 Gossel and Bricker (1994)
Human (children) Oral 15 Gossel and Bricker (1994)
Human Oral 30-60 Lewis (1996)
Human Oral 5-10 Ellenhorn et al. (1997)
Human (adult) Oral 50-100 Migliaccio et al. (1990)
Human Oral 100-120 Palatnick et al. (1997)
Mouse Intraperitoneal 0.98 Setnikar et al. (1960)
Mouse Intravenous 0.41 Haas (1960)
Mouse Oral 2.0 Prasad et al. (1981)
Mouse Parenteral 1.06 Zapata-Ortiz et al. (1961)
Mouse Subcutaneous 0.47 Sandberg and Kristianson (1970)
Pigeon Oral 21.0 Tucker and Haegele (1971)
Quail Oral 23.0 Tucker and Haegele (1971)
Rabbit Intravenous 0.4 Longo et al. (1959)
Rabbit Oral 0.6 RTECS (1935)
Rat Oral 16.0 Spector (1956)
Rat Oral 2.35 Ward and Crabtree (1942)

RTECS — Registry of Toxic Effects of Chemical Substances

peripheral pulses weak. He had generalized hyperactive
reflexes and had several generalized tonic—clonic convul-
sions in the emergency department. Treatment consisted of
gastric lavage with water, oral administration of activated
charcoal and sorbitol solution, continuous intravenous
administration of midazolam, and then sodium thiopental,
furosemide, sodium bicarbonate and hemodialysis for acute
renal failure. His clinical course included respiratory
distress, agitation, generalized tonic—clonic convulsions,
hyperactivity, oliguria, and acute tubular necrosis prior to
recovery in 23 days. This patient ingested what would
normally be a fatal amount of strychnine. He had signs and
symptoms of severe toxicity but recovered, suggesting that
with aggressive supportive care patients may have favorable
outcomes (Shadnia et al., 2004). In another case report
described by Wood et al. (2002), a 42-year-old man pre-
sented shortly after ingestion of an unknown substance had
in fact taken a lethal quantity of strychnine powder. After
a respiratory arrest, with intensive supportive management
requiring admission to an intensive care unit, he survived.
People exposed to high doses of strychnine may have the
following signs and symptoms within the first 15 to 30 min

of exposure: respiratory failure (inability to breathe),
possibly leading to death or brain death; no postmortem
lesions are observed with the exception of small pinpoint
hemorrhages in the lungs resulting from death due to
asphyxia; and rigor mortis occurs shortly after death and
persists for days.

Toxicity of strychnine in humans, expressed as LDLo
(lethal dose low), is approximately 30 mg/kg. It is evident
that strychnine is less toxic in humans than in most other
animals. If the person survives the toxic effects of strych-
nine poisoning, long-term health effects are unlikely. How-
ever, long-term effects may result from damage caused by
the poisoning, for example brain damage from low oxygen
or kidney failure. People severely affected by strychnine
poisoning are not likely to survive.

1. CLINICAL SYMPTOMATOLOGY
The symptomatology of human intoxication beginning 15
to 30 min after ingestion of strychnine, usually without any
warning, may cause the subject to fall into violent
convulsions. Convulsions lead to severe lactic acidosis
which secondarily result in visceral (lung, heart, kidney,



liver, and brain) collapse and death (Gordon and Richards,
1979). Prodromal symptoms are described such as appre-
hension, restlessness, heightened acuity of hearing, vision
and feeling, hyperreflexia, abrupt movement, and muscular
stiffness of face and legs. Generalized convulsions last
from 30s to2 min. Ten to 20 minutes after exposure, the
body’s muscles begin to spasm, starting with the head and
neck. At first, convulsions are clonic, but a tetanic phase
quickly intervenes. The body typically arches in hyperex-
tension, the legs are adducted and extended, the arms are
flexed over the chest, and the fists are tightly clenched. The
jaw is rigidly clamped, the face has a fixed grin and the
eyes protrude in a fixed stare (Philippe et al., 2004).

The convulsions progress, increasing in intensity and
frequency until the backbone arches continually. Death
comes from asphyxiation caused by paralysis of the neural
pathways that control breathing, or by exhaustion from the
convulsions. The subject usually dies within 2-3 h after
exposure. At the point of death, the body ‘‘freezes”
immediately, even in the middle of a convulsion, resulting
in instantaneous rigor mortis.

C. Diagnosis

A tentative diagnosis can be made based on clinical signs
and history. However, a positive diagnosis can only be made
by identifying strychnine in the stomach contents, viscera,
or blood. The drug can be identified by chemical tests and
microscopic identification of typical strychnine crystals.

VI. RISK ASSESSMENT

A. Human Health Hazard

The human health assessment for strychnine is based on the
acute toxicity. Strychnine has been placed in Toxicity
Category I, indicating the greatest degree of acute toxicity,
for oral and ocular effects. It has been reported that the
probable lethal oral dose is 1.5 to 2 mg/kg (Gosselin ef al.,
1984). Inhalation toxicity is also presumed to be high. An
oral dose of 1.5 to 2 mg/kg is equivalent to 70 to 93 mg/m>
exposure for 30 min for a 70 kg human being.

Strychnine was first registered as a pesticide in the USA
in 1947; however, this natural toxin had been used in many
countries to control vertebrate animals for many years prior
to 1947. Currently, strychnine is registered for use only
below ground as a bait application to control pocket
gophers. The end-use products are formulated as a grain-
based bait or a paste. Baiting can be done manually, or with
the use of application equipment.

The European Union (EU) withdrawal of strychnine
marks its end as a method of mole control. The EU Directive
91/414/EEC is midway through an ambitious program to
review all pesticides used within Member States. This
requires manufacturers to provide health and safety data to
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support the continued registration of their products.
Strychnine was to be reviewed in the fourth part of this
program but manufacturers have failed to provide such data.
Despite last ditch appeals by users, from September 1, 2006
it was no longer legal to use.

B. Safety Data

The strychnine oral reference dose (RfD) of 0.0003 mg/kg/
day or 0.02 mg/day for a 70 kg person is derived from the
Seidl and Zbinden (1982) short-term to subchronic study by
applying an uncertainty factor of 10,000. This factor
accounts for extrapolation from a less than chronic to a
chronic exposure study, extrapolation from animals to
humans, and differences in sensitivity among the human
population. An additional factor of 10 is used because an
LOAEL/FEL (2.5 mg/kg/day) was utilized in the estimation
of the RfD instead of an NOAEL. The immediately
dangerous to life and health (IDLH) dose for strychnine by
NIOSH REL is 0.15 mg/m® and the current OSHA PEL is
0.15 mg/m’.

The work of Seidl and Zbinden (1982) is the only oral
short-term or subchronic study reported, in which rats
received daily doses of 0—10 mg/kg of strychnine by gavage
for 28 days. Data recorded for the surviving animals included
blood cell counts, electrocardiograms, eye examinations,
urine chemistry, weight gain, tissue histology, organ weights,
behavioral tests, and food and water consumption. Mortality
was observed in five out of 12 male rats receiving 10 mg/kg,
one in 12 in each of the 5mg and 2.5 mg/kg groups. All
deaths occurred 0.5-6 h after oral doses.

Additional studies (Gitzelmann et al., 1978) reported
that a 6-month-old human patient received strychnine doses
of 0.3-1.1 mg/kg/day over an 18-month period without any
adverse effects. However, the patient may have had
a higher strychnine tolerance as a result of nonketotic
hyperglycinemia.

The risk phrases of strychnine are R26, R27, and R28.

VII. TREATMENT

There is no specific antidote for strychnine but recovery
from strychnine exposure is possible with early hospital
treatment. Treatment consists of removing the drug from the
body (decontamination) and getting supportive medical care
in a hospital setting. Supportive care includes intravenous
fluids, medications for convulsions and spasms, and cooling
measures for high temperature.

Treatment of strychnine poisoning involves an oral
administration of an activated charcoal which absorbs any
unabsorbed poison within the digestive tract. Unabsorbed
strychnine can be removed from the stomach by gastric
lavage with tannic acid (strong tea) or potassium permanga-
nate solutions to oxidize strychnine. Seizures are controlled
by anticonvulsants, such as phenobarbital or diazepam, along
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with muscle relaxants such as dantrolene to combat muscle
rigidity. Because diazepam, as the anticonvulsant of choice,
is not effective in all cases, a combination with midazolam,
fentanyl, or pancuronium is recommended in controlling the
convulsions (Scheffold ef al., 2004). The fatal outcome of
strychnine poisoning demands an aggressive management
with early intubation, control of muscle tremors, and
prevention of rhabdomyolysis and renal failure. If the patient
survives past 24 h, recovery is probable.

Small doses of strychnine were once used in medications
as a stimulant, a laxative, and as a treatment for other
stomach ailments. Strychnine has stimulant effects at low
doses but because of its high toxicity and tendency to cause
convulsions the use of strychnine in medicine was eventu-
ally abandoned once safer alternatives became available.

VIII. CONCLUDING REMARKS
AND FUTURE DIRECTION

Strychnine is a highly poisonous natural substance that is
used in some countries for the control of wild animals.
Today, strychnine is used primarily as a pesticide, particu-
larly to kill rats. Its use is restricted by law. Because
strychnine is highly toxic and can be rapidly absorbed
through the mucous membranes of the mouth, stomach, and
small intestines, theoretically it may be used as a military
toxicant or terroristic agent. There are three main ways that
strychnine can enter the body: inhalation, ingestion, and
through broken skin.

Goal-directed misuse of strychnine against humans is
unlikely; its misuse against domestic animals, however, is
realistic and more likely.

Uncommonly, strychnine is found mixed with “‘street”’
drugs such as LSD, heroin, and cocaine. It is very likely that
seizures observed occasionally after cocaine application
may be caused by admixed strychnine (Haddad and
Winchester, 1983; Wijesekera et al., 1988). As a result of
analysis of heroin samples seized in the Florence area
between 1975 and the first half of 1981 no dangerous
substances were found and strychnine, if present, was found
only in very low concentrations (Mari et al., 1982).
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cHAPTER 15

Superwarfarins

MICHAEL J. MURPHY AND ANDRES M. LUGO

I. INTRODUCTION

Chemical warfare agents may be manufactured from a wide
range of commercially manufactured household industrial
products such as bleach, antifreeze, fertilizers containing
anhydrous ammonia, pesticides, or anticoagulant rodenti-
cides particularly superwarfarins, to name a few (WHO,
2008). Some chemical warfare agents, e.g. nerve agents, are
capable of harming or killing a large number of people when
dispersed in air. On the other hand, superwarfarins may be
used to harm or terrorize people through the ingestion of
contaminated food or water.

Superwarfarins are the ‘‘second-generation anticoagulant
rodenticides”. They are referred to as ‘‘superwarfarins’’ in
the modern medical literature (Pavlu ez al., 2005; Sharma and
Bentley, 2005; Dolin et al., 2006, POISINDEX, 2007).
Superwarfarins are a group of commercially available long-
acting anticoagulant rodenticides that are structurally similar
to warfarin but are many times more potent and many have
the capacity to cause severe bleeding problems that may
last for 2 to 8 months in humans (Ellenhorn ef al., 1997,
Goldfrank et al., 2002).

This group of long-acting anticoagulants may be used as
chemical warfare agents because of their high potency and
duration of action. The capability of terrorists to use these
commercially available poisons is dependent upon the
availability of large amounts of high concentration product
whether bought or stolen, the target population and its
vulnerability, and a method of effective delivery and
dissemination (EPA, 2005; WHO, 2008). Although these
anticoagulants may be absorbed through the skin and lungs,
the main route of exposure is ingestion of food or water
containing the product (Jones et al., 1984; Katona and
Wason, 1989; Swigar et al., 1990; Wallace et al., 1990;
Exner et al., 1992; Rauch et al., 1994; Gallo, 1998; Corke,
1997). The United Nations report from 1969 defines
chemical warfare agents as ‘‘chemical substances, whether
gaseous, liquid or solid, which might be employed because
of their direct toxic effects on man, animals and plants ...”".
Superwarfarin poisoning may result in a number of casu-
alties if these substances are ingested (Baker et al., 2002;
EPA, 2005; Palmer et al., 1999; POISINDEX, 2007; HSDB,
2008).
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Superwarfarin rodenticides are used to kill urban and
agricultural rodent pests. They are readily available to the
general public and pest controllers, are easy to obtain and
conceal, so may pose a risk of being used as chemical
warfare agents (EPA, 2003, 2005; WHO, 2003, 2008).

These rodenticides are available as meal bait packs,
pellets, mini pellets, blocks, mini blocks, wax blocks, liquid
bait formulations, tracking powder, and concentrate
formulations (POISINDEX, 2007, WHO, 2008; Wilton,
1991).

II. BACKGROUND

Anticoagulants were discovered in the early 20th century
after livestock had eaten moldy sweet clover contaminated
with bis-hydroxycoumarin and died of hemorrhagic disease.
Newer long-acting warfarin derivatives such as brodifa-
coum, bromadiolone, diphenadione, chlorophacinone, and
a few more can produce profound and prolonged anti-
coagulation and bleeding after a latency period that is
generally 24 to 72 h (Chong et al., 1986; Greeff et al., 1987,
Swigar et al., 1990; Wallace et al., 1990; Routh et al., 1991;
Wilton, 1991; Exner et al., 1992; Rauch et al., 1994; Hui
etal., 1996; Tecimer and Yam, 1997; Gallo, 1998; Chua and
Friedenberg, 1998; Gill and Redfern, 1980; FDA, 1985;
Smolinske et al., 1989; IPCS, 1995a—¢; EPA, 2003, 2005).

In the 1940s, a small British pharmaceutical company
suggested that dicoumarol might have rodenticidal proper-
ties. Trials carried out by Armour and Barnett (1950)
confirmed the idea and started the era of anticoagulant
rodenticides. Warfarin was the first anticoagulant rodenti-
cide introduced into the market shortly after World War II
and became widely used in many countries. Other antico-
agulant compounds with potency similar to that of warfarin
were also synthesized. These early anticoagulant rodenti-
cides have often been called ‘first-generation anticoagulant
rodenticides’’. These first-generation compounds generally
have moderate toxicity, with acute LDso values ranging
from 10 to 50 mg/kg body weight (Table 15.2).

The first-generation compounds often needed continuous
bait exposure for rodent control. Many rodent species
developed a resistance to warfarin (Jackson et al., 1975)

Copyright 2009, Elsevier Inc.
All rights of reproduction in any form reserved.
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TABLE 15.1. Common commercial products containing superwarfarins

Name Molecular formula Commercial names
Brodifacoum C51-Hy3-Br-O5 D-Con Mouse-Prufe 1 & 11®, Havoc®, Klerat®, Ratak Plus®, Talon G®, Void®

CAS: 56073-10-0 Finale, Folgorat, Matikus, Mouser, Rodend, Volak, Volid
Difenacoum C31-Hp4-03 Compo®, Diphenacoum®, Frunax DS®, Matrak®, Neosorexa®, Rastop®,

CAS: 56073-07-5 Ratak®, Ratrick®, Silo®
Bromadiolone C30-Hy3-Br-O4 Apobas®; Bromard®; Bromone®, Bromatrol®; Bromorat®; Contrac®; Deadline®; Hurex®;

CAS: 28772-56-7

Diphacinone

CAS: 82-66-6
Chlorophacinone

CAS: 3691-35-8
Difethialone”

CAS: 104653-34-1
Pindone”

CAS: 83-26-1
Coumatetralyl”

CAS: 5836-29-3
Coumafuryl”

CAS: 117-52-2
Valone

CAS: 83-28-3
Flocoumafen”

CAS: 90035-08-8

C23-Hi6-03

C23‘H 1 5'C1'O3

C31-H23-BI'-02-S

Ci4-Hy4-05

Cio-Hi6-03

C17-H14-0O5

Ci4-H4-05

C33-Hps-F3-O4

Lanirat®; Maki®; Morfaron®; Musal®; Maki®, Ramortal®; Ratimon®; Rodine-c®;
Slaymore®; Super-caid®; Toidon®

Diphacine®, Ditrac®, Gold Crest®, Kill-Ko®, P.C.Q.®, Promar®, Ramik®,
Rat Killer®, Rodent Cake®, and Tomcat®

Caid®, Liphadione®, Microsul®, Ramucide®, Ratomet®, Raviac®, Rozol®,

Topidox®
None to report
Pestanal®, Pindone®, Pival®, Pivalyn®, Pivalyl Valone®, Tri-ban®
Racumin®
Fumarin®, Tomarin®

None to report

None to report

Available forms include: meal bait packs, pellets, mini pellets, blocks, mini blocks, wax blocks, liquid bait formulations, and tracking powder
“No longer produced or used in the USA

presumably due to continued exposure and widespread use.
Consequently, new chemical structures were synthesized
and used as anticoagulant rodenticides. These newer
compounds are generally more toxic than warfarin with
acute LDsps of 0.2-3.9 mg/kg body weight. For example,
a bait concentration of only 50 ppm of brodifacoum is

2003, Brands et al., 1995, Ingels et al., 2002; Osterhoudt
and Henretig, 2003). Also, there are a few cases describing
severe bleeding or bleeding-related complications from
patients who intentionally ingested large amounts, as well as
a few fatal ingestion cases (AAPCC, 2006; Casner, 1998;
Walker and Beach, 2002; Wallace et al., 1990). Most of the

adequate to give control in a single feeding for most rodents

and noncommensal species (Matolesy et al., 1988). These
newer compounds were called ‘‘second-generation antico-
agulant rodenticides” and are often now referred to as
“superwarfarins’’ in the contemporary medical literature
(Chong et al.,1986; Greeff et al., 1987; Swigar et al., 1990;
Wallace et al., 1990; Routh et al., 1991; Wilton, 1991;
Exner, 1992; Rauch ef al., 1994; Hui et al., 1996; Tecimer
and Yam, 1997; Gallo, 1998; Chua and Friedenberg, 1998;
Pavlu et al., 2005; Sharma and Bentley, 2005; Dolin ef al.,

2006).

During the past 30 years there have been more than 600
articles published in the medical literature relating to the
clinical assessment, laboratory testing, and treatment of
patients exposed to superwarfarins. A great number of these
articles are related to children under 6 years old, who
accidentally ingested small amounts of these products and,
in most cases, did not experience adverse effects (AAP,

TABLE 15.2. The oral LDsg values (mg/kg body wt) of some
anticoagulant rodenticides

Animals Bromadiolone  Brodifacoum Difenacoum

Rat (acute) 0.65 0.27 1.8

Rat (chronic) (0.06-0.14) x 5 (0.05-0.08) 0.15 x5

Mouse 0.99 0.4 0.8

Rabbit 1.0 0.2 2.0

Pig 3.0 10.0 80.0

Dog 10.0 3.5 50.0

Cat 25.0 25.0 100.0

Chicken 5.0 10.0-20.0 50.0

Guinea pig 2.8 - -

Opossum - 0.17 -

Sheep - 10.0 100.0




health hazards are associated with accidental ingestion of
superwarfarins, and the risk for dermal and inhalation
exposure is minimal (Bruno et al., 2000, POISINDEX,
2007). One-third of these publications are related to
domestic animals and a few to nontarget wild animals
(Newton et al., 1990; Stone et al., 1999), with a small
number of reported deaths. All animal exposures are due to
accidental direct and indirect ingestion of these rodenti-
cides. The great majority of animal exposures include dogs,
which may need gastric decontamination, and in some cases
referral to a veterinarian for further clinical evaluation and
treatment (Borst and Counotte, 2002; DuVall et al., 1989;
Hornfeldt and Phearman, 1996; McConnico et al., 1997,
Robben et al., 1997). In most cases gastric decontamination
will be recommended and treatment with vitamin K| may be
needed. There are few data of the incidence or mortality
rates from animal exposures to rodenticides.

Warfarin and dicoumarol found application as both oral
anticoagulants and as rodenticides. Sweet clover requires
the action of molds to form dicoumarol; giant fennel does
not. Giant fennel (Ferula communis) grows in Mediterra-
nean countries. It has a naturally occurring anticoagulant
effect. An association between the plant and anti-
coagulation was first reported in the 1950s (Costa, 1950a,
b; Carta, 1951). It was further investigated in Italy (Maz-
zetti and Cappelletti, 1957; Corticelli and Deiana, 1957;
Corticelli et al., 1957; Cannava, 1958) then in Israel
(Shlosberg and Egyed, 1983). The anticoagulant activity of
the plant in Morocco has recently been reviewed
(Lamnaouer, 1999).

Warfarin and its congeners are still used as therapeutic
agents. Oral anticoagulants available therapeutically in
Europe include warfarin, phenprocoumaron, and nicoum-
alone — also called acenocoumarol (Shetty et al., 1993). Oral
anticoagulants are used therapeutically to reduce thrombo-
embolic events. Warfarin examples include a reduction in
catheter-related thrombosis (Guidry ef al., 1991; Magagnoli
et al., 2006), early venous thrombosis after operations
(Calnan and Allenby, 1975; Pan et al., 2005), including hip
surgery, atrial fibrillation (Middlekauff ez al., 1995; Reiffel,
2000), and myocardial infarction (Asperger and Jursic,
1970). A number of adverse events have been recognized,
and most are related to drug interactions (Dayton and Perel,
1971).

An association between vitamin K and coagulopathies
was made in the mid-1930s (Dam, 1935; Fieser et al., 1939).
Soon, thereafter Prof. Link reported the discovery of
dicoumarol in the moldy hay (Last, 2002). Naturally
occurring coumarin in the sweet-clover hay is converted by
fungi to dicoumarol. Dicoumarol was found to be the
causative agent of the disease, so the elements needed for
the disease were coumarin-containing plant material plus
mold growth. Subsequently, a range of molecules were
synthesized. One named warfarin became the most popular
(Duxbury and Poller, 2001). Warfarin takes its name, in
part, from the Wisconsin Alumni Research Foundation.
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A. American Association of Poison Control
Centers Data on Superwarfarins

Every year there are tens of thousands of accidental inges-
tions of long-acting anticoagulant rodenticides reported
worldwide in the medical literature. These include the
annual report from the American Association of Poison
Control Centers (AAPCC). During the past 23 years the
AAPCC reported 209,047 exposures to long-acting antico-
agulant rodenticides (LAAR), which included 24 deaths due
to LAAR ingestion. All fatalities were in adults who
intentionally committed suicide.

III. CLASSIFICATION
OF SUPERWARFARINS

Anticoagulant rodenticides are also categorized by chemical
structure. The chemical structure of the currently marketed
products fits in one of two chemical classes: 4-hydrox-
ycoumarins and indanediones.

A. 4-Hydroxycoumarins

This group of compounds have a 4-hydroxycoumarin ring
with different side-chain substituents at the 3-position.
Commonly used superwarfarin anticoagulant rodenticides
in this group are bromadiolone, brodifacoum, coumate-
tralyl, coumafuryl, and difenacoum. Brodifacoum, difena-
coum and bromadiolone are three of the most commonly
used rodenticides around the world. Brodifacoum is the
most frequently used rodenticide in the USA. These
rodenticides share most of their physical and chemical
characteristics, as well as their toxicokinetics, toxicody-
namics, and mechanism of toxicity, and the medical toxi-
cological management is the same for all superwarfarins.

1. BROMADIOLONE
Chemical formula: C3yH;3BrOy4

o] 0
OH

]
Z CHCHZCHBr
OH @

Bromadiolone [3-(3-(4'-bromobiphenyl-4-yl)-3-hydroxy-
1-phenyl propyl)-4-hydroxycoumarin] was synthesized and
marketed by the French company Lipha SA during the mid-
1970s. It is used widely for control of commensal and field
rodents in many countries. Technical grade bromadiolone is
97% pure. It is a yellowish powder and stable up to 200°C
(Chalermchaikit et al., 1993). It is very soluble in dime-
thylformamide (730 g/1), but less soluble in ethyl acetate
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(25 g/1), and ethanol (8.2 g/1), and sparingly soluble in water
(0.019 g/l). Bromadiolone is considered more palatable to
rodents than most other anticoagulants. Its concentration in
baits is usually 50 ppm (Chalermchaikit e al., 1993). Although
bromadiolone is considered a ‘‘second-generation anticoagu-
lant rodenticide’”, some resistance problems have been
reported with Rattus norvegicus and Mus musculus in the UK
and Denmark (IPCS, 1995d; Lund, 1984; Rowe et al., 1981).

2. Brobiracoum
Chemical formula: C31H»3BrO3

Brodifacoum [3-(3-(4'-bromobiphenyl-4-yl)-1,2,3,4-
tetrahydro naphth-1-yl)-4-hydroxycoumarin] is one of the
newer and more potent second-generation anticoagulant
rodenticides. It was first introduced in 1977 by Sorex Ltd of
London, and then developed by the Imperial Chemicals
Incorporated (ICI) Plant Protection Division (Chalerm-
chaikit ef al., 1993).

Pure brodifacoum is an off-white to fawn colored powder
with a solubility of 6-20 g/l in acetone, 3 g/l in chloroform,
0.6-6 g/l in benzene, and less than 10 mg/l water. It is very
stable in the environment with no loss after 30 days’
exposure to direct sunlight (Chalermchaikit ef al., 1993).

Brodifacoum has been marketed in several countries for
the control of a wide range of rodent pest species. It is
available as a 0.005% pellet for rat and mouse control,
a smaller 0.001% pellet for field rodent control, and as 29 g
wax blocks for sewer rat control. It is the only anticoagulant
rodenticide found to produce 100% mortality in most rodent
species after only a 24 h dose (Chalermchaikit et al., 1993).
Brodifacoum was effective against warfarin-resistant rats
and mice in 1984, but the possibility of resistance has been
raised (Lund, 1984).

There is variation in the susceptibility of species to
brodifacoum. Dogs are susceptible and are commonly
exposed to potentially toxic quantities of brodifacoum
(Chalermchaikit et al., 1993).

3. COUMATETRALYL
Chemical formula: C;9H 403

Coumatetralyl  [3-(alpha-tetralyl)-4-hydroxycoumarin]
was introduced by Bayer AG with the trademark name of
Racumin. It has been used for commensal rodent control in
many countries. It is formulated as a dry bait (0.0375%),
a liquid bait of its sodium salt, and a 0.75% tracking dust
(Chalermchaikit et al., 1993). Pure coumatetralyl is
a colorless powder which is stable at temperatures below
150°C. Its solubility is 2050 g/I in propan-2-ol, 50—100 g/1
in methylene dichloride, and 4 mg/l in water. The acute and
chronic LDsgs to R. norvegicus are 16.5 and 0.3 mg/kg for
five consecutive doses, respectively. Chickens are some-
what resistant to coumatetralyl, with a chronic LDsg of 50
mg/kg for eight consecutive doses. Signs did not appear in
fish until the concentration of coumatetralyl reached 1,000
mg/l in water (Chalermchaikit e al., 1993). In spite of its
low toxicity, it is reported to be a little more effective than
warfarin against R. norvegicus, apparently due to a higher
palatability. Coumatetralyl was introduced after the detec-
tion of warfarin-resistant rat populations and showed
considerable success for a number of years, but resistant
pests have been reported in the UK and Denmark (Rowe and
Redfern, 1968; Lund, 1984).

4. COUMAFURYL
Chemical formula: C17H ;405

0. _O
/
7 CH—CHZ—C\/
OH CH;
07 X

Coumafuryl [3-(alpha-acetonylfurfuryl)-4-hydrox-
ycoumarin] is a German anticoagulant, introduced in 1952,
and is used at 0.025-0.05% in baits. Its toxicity is consid-
ered equal to warfarin for R. norvegicus but slightly less
efficient against M. musculus. The chronic LDsg in R. nor-
vegicus is 1.4 mg/kg for five repeated doses. Cats and dogs
seem to be almost as susceptible as rats, with dogs being
killed by 2 mg/kg for five repeated doses and cats by 10 mg/
kg for four repeated doses (Chalermchaikit et al., 1993).

5. DiFENACOUM
Chemical formula: C5;Hy403

Difenacoum  [3-(3-p-diphenyl-1,2,3,4-hydronaphth-1-
yl)-4-hydroxycoumarin] was synthesized in the UK and
marketed in 1975 by Sorex Ltd under the trademark



“Neosorexa’’, and by ICI Plant Protection Division under
the trademark ‘‘Ratak’ as a 0.005% pelleted bait, and as
a wax block. Pure difenacoum is an off-white powder with
a solubility of greater than 50 g/l in acetone, 600 mg/l in
benzene, and less than 10 mg/1 in water. It is more toxic than
warfarin, but less palatable (IPCS, 1995¢). Difenacoum is
still effective against many populations of warfarin-resistant
rats (Desideri et al., 1979), but resistance may be developing
in the UK (Greaves ef al., 1982).

6. WARFARIN
Chemical formula: C;9H;¢04

0 (0]
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Warfarin [3-(a-acetonylbenzyl)-4-hydroxycoumarin]
was the first anticoagulant rodenticide introduced shortly
after World War II after development by the Wisconsin
Alumni Research Foundation. Warfarin is still used widely,
especially for the control of R. norvegicus in areas where
resistance has not developed. In its racemic form, warfarin
is colorless and crystalline, insoluble in water, but readily
soluble in acetone, dioxane, and moderately soluble in
alcohols. Warfarin is formulated as dry bait (0.005-0.05%)
as well as a liquid bait, based on the sodium salt, and
a tracking dust (0.5-1.0%). It is generally applied as the
S-isomer, which has a toxicity ten times greater than the
R-isomer. The acute and chronic LDsgs for R. norvegicus
are around 10-12 and 0.75 mg/kg for five repeated doses,
respectively (Colvin and Wang, 1974). Warfarin is some-
times combined with an antibacterial agent, sulfaquinoxa-
line, in order to reduce the bacterial production of vitamin K
in the rat intestine, but the effectiveness of this combination
has not been proven. Warfarin is considered one of the
safest anticoagulants, as far as domestic and other nontarget
animals are concerned. Serious resistance problems have
been reported in Europe. It has recently been evaluated
against sewer rats in London (Channon et al., 2000).

B. Indanediones

This group of compounds has a 1,3 indanedione structure
with different side-chain substituents at the 2-position. The
most common superwarfarins in this group are chlor-
ophacinone and diphacinone.

1. CHLOROPHACINONE
Molecular formula: Cy3H;5CI1O3
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Chlorophacinone  [2-(alpha-4-chlorophenyl-a-phenyl-
acetyl)-1,3-indandione] was first introduced during the mid-
1960s by Lipha SA of France, at concentrations of 0.05% in
baits and 0.2% in tracking dust. Pure chlorophacinone is
a yellow crystalline solid which is very soluble in acetone,
ethanol, ethyl acetate, but is sparingly soluble in water. It is
quite stable and resistant to weathering. Chlorophacinone
does not induce bait-shyness and is compatible with cereals,
fruits, roots, and other potential bait substances. Its acute
LDsy in R. norvegicus is about 20.5 mg/kg which is less
toxic than warfarin, but it has a stronger initial effect on
rats and mice. For control of house mice populations,
a prolonged feeding period is needed. Chlorophacinone
may not be effective against warfarin-resistant rodents
(Chalermchaikit et al., 1993).

2. DIPHACINONE
Molecular formula: Cy3H;03
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Diphacinone (2-diphenylacetyl-1,3-indandione) is an
old anticoagulant rodenticide, introduced by Vesicol
Chemical Corp. and the Upjohn Co. It has been produced
and used primarily in the USA as a 0.005% dry or liquid
bait. Pure diphacinone is a yellow powder which is very
soluble in chloroform (204 g/kg), toluene (73 g/kg), xylene
(50 g/kg), and acetone (29 g/kg), but sparingly soluble in
water (0.30 g/1). It will decompose in water due to sunlight.
The acute LDsgs in R. norvegicus are 22.7 mg/kg in females
and 43.3 mg/kg in males. It is more toxic than warfarin to
rats, mice, and dogs, but its palatability is somewhat lower.
Diphacinone may not be effective against some warfarin-
resistant rodents (Chalermchaikit ef al., 1993). The antico-
agulant rodenticides are marketed to have efficacy against
a number of target pest species.
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IV. TOXICOKINETICS

A. Absorption, Metabolism, and Excretion
in Laboratory Animals and Humans

Superwarfarins are primarily well absorbed from the
gastrointestinal tract. Almost 90% is absorbed with peak
plasma concentrations often occurring within 12 h of
ingestion. Binding to plasma proteins may prolong distri-
bution and half-life. Toxicity after dermal or respiratory
exposure is rare (Berry et al., 2000; Boermans et al., 1991)
but not unreported (Spiller et al., 2003).

The metabolism and elimination of the trans-isomer was
more rapid than those of the cis-isomer. The elimination from
the liver is biphasic with an initial rapid phase of 3 days and
a slower phase with a half-life of 120 to 130 days. The liver is
the major organ for the accumulation and storage, which has
been found mainly as the unchanged parent compounds. The
major route of elimination in different species after oral
administration is via the feces. The urine is a very minor route
of elimination (Watt et al., 2005).

V. MECHANISM OF ACTION

The mechanism of action of all anticoagulant rodenticides is
similar to that of warfarin, specifically inhibition of vitamin
K, epoxide reductase (Park e al., 1979; Leck and Park,
1981; Breckenridge et al, 1985). In the coagulation
cascade, the clotting factors II, VII, IX, and X must bind
calcium ions to be active in clot formation. The Ca®'-
binding ability requires converting glutamyl residues on
these clotting factors to carboxyl glutamyl residues by the
process of carboxylation. This carboxylation uses vitamin
K hydroquinone as a cofactor. This vitamin K-dependent
carboxylase reaction converts vitamin K; hydroquinone to
its epoxide form, vitamin K; 2,3-epoxide. In the normal
cycle, vitamin K; 2,3-epoxide is reduced to the original
vitamin K; (phylloquinone) by epoxide reductase, and thus
“recycled”’. The anticoagulant rodenticides produce their
effect by interfering with vitamin K; epoxide reductase,
resulting in the depletion of vitamin K; and subsequently
impairing the synthesis of normal clotting factors II, VII, IX,
and X (Craciun, 1997, 1998). Clinical coagulopathy soon
follows the depletion of vitamin K; in the liver. These
clotting factors in the dog have plasma half-lives of 41, 6.2,
13.9, and 16.5 h, respectively. The coagulation system
continues to function well until about 3 to 5 days after
ingestion when the natural decay of clotting factors occurs.
It has been suggested that they bind more strongly to the
liver than warfarin resulting in more persistent effects
(Babcock et al., 1993; Barnett et al., 1992; James et al.,
1998; Jackson and Suttie, 1977; Suttie, 1986; Murphy
and Gerken, 1989). The interrelationship of vitamin K,
prothrombin, and gamma-carboxyglutamic acid is reviewed
in Stenflo (1978). The interaction of warfarin and vitamin K
is reviewed in Suttie (1990).

VI. TOXICITY

A. Clinical Effects: Signs and Symptoms

Clinical signs and symptoms of acute intoxication by
superwarfarins range from a mild tendency to bleed in less
severe poisoning cases to severe coagulopathy. Mild
bleeding tendencies are often recognized clinically as nose
or gum bleeding, hemoptysis, ecchymosis, bloody or
melenotic stools, hematuria, abdominal or flank pain,
enhanced bruising, or ventral hematomas. Severe bleeding
may lead to shock and death. Internal and external bleeding
are the most frequent clinical signs followed by tachycardia
and hypotension, then multiple organ failure due to
substantial blood loss. The onset of the signs of poisoning
may not be evident until a few days after absorption (Baker
et al., 2002; Casner, 1998; Chua and Friedenberg, 1998;
Corke, 1997; Nighoghossian ef al., 1990; Ross et al., 1992;
Swigar et al., 1990; Tsutaoka et al., 2003; Vogel et al.,
1988; Weitzel et al., 1990; Wilton, 1991).

1. AnmmaL ToxicoLoGy

Clinical signs are usually delayed until 24-36 h post-
ingestion. The most common signs include vomiting, diar-
rhea, dyspnea, weakness, depression, anorexia, hematuria,
and melena. Other signs such as pale mucous membranes,
bleeding from nose and gums, and generalized bruising may
be noticeable. Internal bleeding also causes generalized
pain, fever, and lameness from bleeding into a joint,
bleeding into the thorax or abdomen, brain, pericardium, or
sudden death (Berny et al., 1995; Braithwaite, 1982;
Munday and Thompson, 2003).

2. PEDIATRIC EXPOSURES
The great majority of human exposures are children under
the age of 6 due to accidental or unintentional ingestion.
They usually do not require any medical intervention or
routine follow-up laboratory studies and can be adequately
managed by Poison Control Centers with home observation
and parent education (Ingels ef al, 2002; Kanabar and
Volans, 2002; Mullins et al., 2000; Shepherd et al., 2002).
Children with acute unintentional superwarfarin ingestions
may often be managed without gastric decontamination or
prophylactic vitamin K. Laboratory testing for coagulop-
athy should be reserved for cases involving clinically
evident bleeding abnormalities (Ingels et al., 2002).

A small number of reported cases of children have pre-
sented with mild to moderate hematological effects,
requiring minimal to nonmedical intervention (Babcock
et al., 1993, Golej et al., 2001; Osterhoudt and Henretig,
2003; Smolinske et al., 1989; Travis et al., 1993; Watts
et al., 1990).

Intentional suicidal ingestion of large amounts of product
conveys a greater risk for severe toxicity and increased
mortality and should be referred to a healthcare facility for
examination and treatment if needed (Ingels et al., 2002).



3. ApuLt EXPOSURES
The great majority of adult exposures to rodenticides are
due to deliberate acute and chronic surreptitious ingestion.
Bleeding disorders may persist for 6 weeks to many months.
Serious poisoning had been reported in adults with massive
overdoses. These long-acting anticoagulants have produced
rapid and persistent bleeding due to hypoprothrombinemia
(Barnett et al., 1992; Berry et al., 2000; Chong et al., 1986;
Exner et al., 1992; Gallo, 1998; Hoffman et al., 1988;
Katona and Wason, 1989; Mack, 1994; McCarthy et al.,
1997; Morgan et al., 1996; Routh et al., 1991; Wallace
et al., 1990). There is a risk of spontaneous abortion with
long-acting anticoagulants (Lipton and Klass, 1984; Nelson
et al., 2006; Zurawski and Kelly, 1997).

The severity of the intoxication depends on the amount of
rodenticide ingested, preexisting co-morbidity, and co-
ingestion of other toxic substances (Palmer ef al., 1999;
Stanziale et al., 1997; Tecimer and Yam, 1997; Seidelmann
et al., 1995; Walker and Beach, 2002). Fatalities are usually
due to intentional suicidal ingestion of large amounts.
Bleeding disorders and organ failure have been described in
adults due to deliberate acute and chronic surreptitious
ingestion. Twenty four deaths have been reported by the
American Association of Poison Control Centers in the past
20 years (see Table 15.3; AAPCC-TESS annual reports
from 1983-2006).

4. HousenoLp PETs AND FARM ANIMAL EXPOSURES
Household pets and farm animals may be accidentally
exposed to rodenticides. The possible effects on nontarget
organisms can be considered in two categories, specifically
direct poisoning and secondary poisoning. Secondary
poisoning is generally considered to be after consumption of
anticoagulant rodenticide poisoned rodents. The most
common type of exposure is direct exposure of eating
a cereal-based bait containing the rodenticide. The most
commonly affected household pets are dogs, followed
by cats, hamsters, rabbits, and pet birds (Boermans et al.,
1991; Hornfeldt and Phearman, 1996; McConnico et al.,
1997; Munday and Thompson, 2003; Park and Leck, 1982;
Peterson and Streeter 1996; Radi and Thompson, 2004;
Redfern and Gill, 1980; Robben et al., 1997, 1998; Woody
et al., 1992).

Cats may be more resistant to the toxic effects of bro-
difacoum and difenacoum than dogs. Cases of abortion and
hemorrhage in sheep and goats after misuse of brodifacoum
have been reported (Jones, 1996; Watt, 2005).

5. NONTARGET WILDLIFE EXPOSURES
Nontarget wildlife may be exposed to rodenticides. The
possible effects on nontarget organisms can also be
considered in two categories, specifically direct poisoning
and secondary poisoning. The potential for secondary
poisoning is more likely in carnivorous wildlife (Borst and
Counette, 2002; DuVall et al., 1989; Eason et al., 2002;
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Greaves et al., 1982; James et al., 1998; Mahmoud and
Redfern, 1981; Mathur and Prakash, 1980; Newton et al.,
1990; Stone et al., 1994). The most commonly affected
species are birds such as great horned owls, barn owls,
eastern screech-owls, golden eagles, red-tailed hawks,
Cooper’s hawks, and crows. Bird species varied in their
susceptibility. Other wild animals may be exposed such as
polecats, wild cats, foxes, etc. Brodifacoum was highly
toxic for fish when tested as a technical material.

6. LABORATORY/MONITORING AND GENERAL

RECOMMENDATIONS
Superwarfarins lower the blood concentrations of the
vitamin K-dependent clotting factors II, VII, IX and X; this
results in prolongation of prothrombin time (PT) and partial
thromboplastin time (PTT). PT and PTT should be repeated
at least twice daily until a normal PT and PTT are estab-
lished. Also, the blood clotting time and the bleeding time
should be measured. Blood is often demonstrable in the
excreta. Secondary hypochromic or microcytic anemia may
be marked (Goldfrank et al., 2002; Nelson et al., 2006).

A PT 24 to 48 h after exposure in asymptomatic
children with accidental ingestions of large or unknown
amounts should be obtained. In adults with deliberate
ingestions and children with clinical evidence of bleeding,
an initial PT and PTT should be obtained and then repeated
at 24 and 48 h post-ingestion (Manoguerra and Cobaugh,
2005).

7. ANALYTICAL METHODS
A number of analytical methods have been reported for
detecting anticoagulant rodenticides in various matrices.
Early fluorimetric methods were used to detect warfarin in
serum (Corn and Berberich, 1967; Fasco et al., 1977; Hanna
et al., 1978; Keiser and Martin, 1974; Lee et al., 1981;
Lewis et al., 1970; O’Reilly et al., 1962; Vesell and Shively,
1974; Welling et al., 1970) and GLC for warfarin (Mildha
et al., 1974).

Warfarin-specific methods were generally not adequate
for the anticoagulant rodenticides, so a number of other
methods were developed. These include thin-layer chro-
matography (TLC), high-pressure liquid chromatography
(HPLC), mass spectroscopy (MS), and antibody-mediated
tests. Coumarin anticoagulant rodenticides were initially
detected using TLC (Lau-Cam and Chu-Fong, 1972; Mallet
et al., 1973). A high-performance TLC method with an
estimated detection limit of 200 ppb and 87% recovery from
liver has recently been reported (Berny ef al., 1995).

Early HPLC methods focused on an individual chemical.
For example, methods to detect chlorophacinone in
formulations (Vigh et al., 1981; Grant and Pike, 1979),
brodifacoum in serum (Murphy and Gerken, 1989), brodi-
facoum (Koubek et al., 1979; Hoogenboom and Rammell,
1983; Keiboom and Rammel, 1981; Ray et al, 1989),
bromadiolone (Subbiah et al., 2005; Hunter, 1983), chlor-
ophacionone (Hunter, 1985), difethiolone (Goldade ef al.,



TABLE 15.3. Number of exposures to long-acting anticoagulant rodenticides and deaths reported by the American Association of Poison Control Centers — Toxic Exposure
Surveillance System (AAPCC-TESS) Annual Reports: 24-year data

No. of deaths

No. of due to
exposures to anticoagulants
No. of human No. of long-acting (alone and
No. of Population exposures exposures/ anticoagulant combined Reason: % of deaths
participating served reported thousand rodenticides with other intentional from exposure
Year centers (millions) (all substances) population (LAAR) substances) suicidal (IS) to (LAAR)
1983 16 43.1 251,012 5.8 1,724 0 No deaths 0.00%
1984 47 99.8 730,224 7.3 3,703 2 IS 0.05%
1985 56 113.6 900,513 7.9 5.098 2 IS 0.04%
1986 57 132.2 1,098,894 8.3 7,723 1 IS 0.01%
1987 63 137.5 1,166,940 8.5 4,382 0 No deaths 0.00%
1988 64 155.7 1,368,748 8.8 5,133 1 IS 0.02%
1989 70 182.4 1,581,540 8.7 6,116 0 No deaths 0.00%
1990 72 191.7 1,713,462 8.9 8,215 0 No deaths 0.00%
1991 73 200.7 1,837,939 9.2 10,826 1 IS 0.009%
1992 68 196.7 1,864,188 9.5 10,864 0 No deaths 0.00%
1993 64 181.3 1,751,476 9.7 10,692 1 IS 0.009%
1994 65 215.9 1,926,438 8.9 12,868 1 IS 0.008%
1995 67 218.5 2,023,089 9.3 13,423 1 IS 0.007%
1996 67 232.3 2,155,952 9.3 13,345 1 IS 0.007%
1997 66 250.1 2,192,088 8.8 13,405 3 IN 0.02%
1998 65 257.5 2,241,082 8.7 16,019 0 No deaths 0.00%
1999 64 260.9 2,201,156 8.4 15,982 2 IS 0.01%
2000 63 270.6 2,168,248 8.0 16,006 0 No deaths 0.00%
2001 64 281.3 2,267,979 8.1 16,423 2 IS 0.01%
2002 64 291.6 2,380,028 8.2 17,100 3 IS 0.02%
2003 64 294.7 2,395,582 8.1 16,891 2 IS 0.001
2004 62 293.7 2,438,644 83 16,054 0 IS 0.00
2005 61 296.4 2,424,180 8.2 14,740 1 IS 0.006
2006 61 299.4 2,403,539 8.0 13,118 0 No deaths 0.00
Total 43,482,940 222,165 24 IS 0.01%

Source: Extracted from reviewing the AAPCC-TESS annual reports from 1983 to 2006. http://www.aapcc.org/annual.htm
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1998), and difenacoum (Mundy and Machin, 1977) in tissue
have been reported.

Then a method was developed to look for all the anti-
coagulant rodenticides on the market at the time. It suc-
ceeded in extracting and detecting eight anticoagulant
rodenticides in serum and liver using fluorescence and UV
detection. Samples were extracted with acetonitrile then
cleaned up on solid phase columns. Four hydroxycoumarins
were detected by fluorescence with excitation at 318 and
emission at 390 nm. The indandiones were detected at
285 nm. An extraction recovery of 75% from serum and
69% from liver was reported. Hydroxycoumarins may be
detected down to about 1 ng/ml of serum and 1 ng/g of liver,
and indandiones down to 10 ng/ml of serum and 10 ng/g of
liver (Chalermchaikit ef al., 1993; Felice et al., 1991; Felice
and Murphy, 1989). Another HPLC method for detecting
brodifacoum in serum and liver using difenacoum as the
internal standard has been reported (O’Bryan and
Constable, 1991). There is also a method for the simulta-
neous detection of five superwarfarin rodenticides in human
serum (Kuijpers et al., 1995).

Other serum methods have been reported, for example,
detection limits of 3 to 12 ng/ml for fluorescence and 20 to
75 ng/ml for UV detection (Kuijpers et al., 1995; McCarthy,
1997; Mura et al., 1992; Feng et al., 1999).

Tissue methods include a solid phase cartridge extraction
from liver with recoveries ranging from 52% for difena-
coum to 78% for warfarin. The limit of detection is 10 ppb
for warfarin and difenacoum and 110 ppb for chlor-
ophacinone (Fauconnet et al., 1997; Jones, 1996; Addison,
1982).

HPLC methods have also been published to distinguish
cis- and trans-isomers of difenacoum with detection limits
of 5 ng/ml (Kelly et al, 1993). An early interesting
approach was use of a post-column pH shift to enhance
fluorescence detection (Hunter, 1985, 1983). Several earlier
HPLC methods have also been reported (Hunter 1983;
Mundy and Machin, 1982; AOAC, 19764, b): diphacinone
(Bullard et al., 1975, 1976), fluorescence for bromadiolone
(Deepa and Mishra, 2005), brodifacoum (Fu et al., 2006),
brodifacoum in tissues (Hoogenboom and Rammell, 1983),
difenacoum (Hadler and Shadbolt, 1975), determinaiton of
Rozol in parafinized formualtions (Kawano and Chang,
1980), and bromadiolone in tissues (Nahas, 1986).

A recent method uses DAD detection (Yang et al., 2001).
An interesting new method uses HPLC to detect anticoag-
ulant rodenticides in soft drinks (Dimuccio et al., 1991). An
ion pair liquid chromatography method has been reported to
detect chlorophacionone and diphacinone in oats (Primus
et al., 1998).

Contemporary confirmatory methods use mass spec-
troscopy. Most recently, liquid chromatography-electro-
spray ionization-mass spectroscopy (LC-EIS-MS) has been
reported for the analysis of ten anticoagulant rodenticides
with a limit of quantitation of about 5 ng/l (Grobosch et al.,
2006). Other recent methods use LC-MS-MS for unknown
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drugs including warfarin (Marquet et al., 2003) and LC-
ESI-MS and HPLC UV to detect anticoagulant rodenticides
as low as 20 ng on column (Mesmer and Flurer, 2000). One
of the earlier MS methods used a direct probe technique to
detect indandione residues in food animals (Braselton et al.,
1992).

A cell culture/ELISA assay has recently been developed
to detect anticoagulant rodenticides in treated grain (Lawley
et al., 2006). A prior immunoassay was developed to detect
diphacinone and chlorophacionone (Mount et al., 1988).
Enantiomers of warfarin, coumachlor, and coumafuryl can
be separated chromatographically (Armstrong et al., 1993).

Serum concentration of dogs with anticoagulant roden-
ticide poisoning ranged from less than 10 ng/1 to 851 ng/l for
brodifacoum, difethialone, and difenacoum (Robben ef al.,
1998).

Animal samples are routinely analyzed in veterinary
diagnostic laboratories. For example, the Texas Veterinary
Medical Diagnostic Laboratory, in College Station, Texas
(http://tvmdlweb.tamu.edu), performs such analyses. Other
laboratories performing anticoagulant rodenticide analyses
on animal samples can be obtained from www.aavld.org
Human samples are generally analyzed at either the
National Medical Services Laboratory in Willow Grove, PA
(800-522-6671) or the Medtox Scientific Laboratories in St
Paul, MN (800-832-3244).

VII. GENERAL TREATMENT
RECOMMENDATIONS

A. Referral to Healthcare Facility

In case of suspected terrorist act, misuse, intentional crim-
inal, or any deliberate intentional suicidal ingestion, or
when the amount ingested is either a large amount, or cannot
be determined, the patient should be referred to a healthcare
facility for clinical and laboratory assessment, and treatment
if necessary (POISINDEX, 2007; Manoguerra and
Cobaugh, 2005).

B. Home Observation Criteria

Accidental ingestion of a small piece or less than a few
pellets can be adequately managed at home by Poison
Control Centers, or by a healthcare professional with home
observation and parent education. Usually, these types of
exposures do not require any medical intervention or routine
follow-up laboratory studies. Gastric decontamination has
no effect on the clinical outcome after ‘‘taste’” amounts are
ingested by children (Kanabar and Volans, 2002; Mullins
et al., 2000; Shepherd et al., 2002).

If the amount ingested by a child is a ‘‘moderate
amount’” (more than a handful, or a mouthful), or is ques-
tionably ‘“‘high”’, then it is recommended that the parent
contact their physician or call a local Poison Control Center
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for instructions on how to induce emesis with syrup of
ipecac (AAP, 2003; Tenenbein et al., 1987).

There is no risk of poisoning for animals ingesting taste
amounts, but if the amount ingested is unknown, or cannot
be estimated, then a local Poison Control Center or veteri-
narian should be contacted for instructions on how to induce
emesis and obtain a 24 to 48 h blood test (PT) to determine
the need for treatment with vitamin K; (Munday and
Thompson, 2003; Murphy and Gerken, 1989; Woody et al.,
2003).

C. Treatment at a Healthcare Facility

A PT should be obtained 48 h after exposure in asymp-
tomatic children with accidental ingestion of a suspected
large amount of rodenticide (Babcock et al., 1993; Berry
et al., 2000). Adults with intentional ingestion and children
with clinical evidence of bleeding, should obtain an initial
PT and PTT, repeated at 24 and 48 h post-ingestion
(Goldfrank et al., 2002; Greeff et al., 1987; Hoffman ef al.,
1988). If any significant prolongation or evidence of
bleeding is observed, PT should be repeated every 6 to 12 h.
Determination of factors II, VII, IX, and X may be abnormal
in patients with a normal PT and PTT and may provide
earlier evidence of significant ingestion (Brands et al., 1995;
Corke, 1997; Pavlu et al., 2005; Spahr et al., 2007).
Hemoglobin and hematocrit should be monitored in patients
with clinical evidence of bleeding or significant coagulop-
athy. Determination of ABO blood type may be necessary in
cases of toxic ingestions and bleeding. Patients may require
red blood cell transfusions, or the administration of fresh
frozen plasma (Bruno et al., 2000; Ellenhorn et al., 1997,
Laposata et al., 2007; Olmos and Lopez, 2007).

1. EmMEsis
Currently, there is a controversy regarding the use of syrup
of ipecac; the American Academy of Pediatrics reversed its
policy position about using syrup of ipecac to help with
poisoning emergencies in children (AAP, 2003). Simulta-
neously, the American Association of Poison Control
Centers (AAPCC) is still indicating that syrup of ipecac
does have a place in therapy, and ‘‘concluded that individual
practitioners and poison control centers are best able to
determine the particular patient population, geographic and
other variables that might influence the decision to recom-
mend having ipecac on hand” (Manoguerra and Cobaugh,
2005). We recommend that the first action for a caregiver of
a child who may have ingested one of these rodenticides is
to consult with their local Poison Control Center (AAP,
2003).

Emesis with syrup of ipecac has been recommended for
children with a history of accidental ingestion of small
amounts, more than a ‘“‘grain or two”’, if it can be admin-
istered within 1 h from the time of ingestion (Katona and
Wason, 1989).

TABLE 15.4. Dosing of ipecac

Adult” 15-30 ml
Adolescent” 15-30 ml
Child 1-12 years old 15 ml
Child 6-12 months Dose: 5-10 ml
(Position child in left lateral decubitus
position to reduce risk of aspiration)
Child under
6 months of age

NOT recommended for pre-hospital use

Katona and Wason (1989)

Emesis is contraindicated in patients with a prolonged PT
or a bleeding disorder due to the risk of bleeding following
ipecac-induced increased intracranial pressure (POIS-
INDEX, 2007). Taste amounts, or a few pellets, or a bite on
one block bait, do not require emesis. More than two
mouthfuls or one block bait, or an unknown amount
ingested, then emesis is most effective if initiated within 30
min to 1 h from the time of ingestion. The decision to induce
or not to induce emesis is often controversial, and must be
carefully considered. It could be most appropriate in the pre-
hospital setting and is not recommended once the patient is
in the emergency room (Krenzelok ef al., 1997; Chyka and
Seger, 1997).

Contraindications: Patients with a bleeding disorder,
particularly those under treatment with anticoagulants, or
with history of chronic long-acting anticoagulant ingestion,
are at risk from gastrointestinal and central nervous system
bleeding from ipecac-induced emesis. The administration of
activated charcoal is preferred when large amounts or
chronic ingestion have occurred. Also, it is contraindicated
if there is a risk for choking or aspiration, central nervous
system excitation or depression, coma, seizures, signs of
oral, pharyngeal, or esophageal irritation (Chyka and Seger,
1997; Golej et al., 2001; Goldfrank et al., 2002).

Before or after ipecac is administered, patients should be
encouraged to drink water. Adults are given approximately
8 ounces (240 ml), and children 4 to 8 ounces (120 to 240
ml) (POISINDEX, 2007; Goldfrank et al., 2002).

2. AcTIvATED CHARCOAL
For patients with a potentially toxic ingestion who are
awake and able to protect their airway, activated charcoal
diluted in water may be administered before going to the

TABLE 15.5. Dosing of activated charcoal

Charcoal dose
Recommended to dilute 240 ml of water per 30 g charcoal (FDA,

1985)
Adults and adolescents 50 t0100 g
25t050 g

1 g/kg of body weight

Children aged 1 to 12 years
Infants up to 1 year old

Chyka and Seger (1997)



hospital. It is more effective when administered within 1 h
post-ingestion. It is recommended to dilute 240 ml of water
per 30 g charcoal (Chyka and Seger, 1997).

In patients who are at risk from the abrupt onset of
seizures or mental status depression, activated charcoal
should be administered by medical or paramedical
personnel capable of airway management to prevent aspi-
ration in the event of spontaneous emesis (POISINDEX,
2007; Ellenhorn ef al., 2002).

Use of a cathartic with activated charcoal is not routinely
recommended as there is no evidence that cathartics reduce
drug absorption and because cathartics can cause adverse
effects such as nausea, vomiting, abdominal cramps, elec-
trolyte imbalances, and occasionally hypotension. Compli-
cations include emesis and aspiration (Chyka and Seger,
1997; Golej et al., 2001).

3. GasTRrIC LAVAGE
Gastric lavage is recommended within 1 to 2 h post-inges-
tion. In chronic ingestions, it is not recommended as it may
induce bleeding in adults with significant coagulopathy and
is not necessary in children after accidental ingestion
(Brands et al., 1995; Ellenhorn et al., 2002).

4. LABORATORY MONITORING
A PT and PTT should be obtained 24 and 48 h post-inges-
tion in asymptomatic children with nonintentional ingestion
of'a ““large amount’’. Adults with intentional ingestions and
children with clinical confirmation of bleeding should
obtain an initial PT and PTT, repeated at 24 and 48 h post-
ingestion, followed by blood type verification (Barnett
et al., 1992; Ellenhorn et al., 1997; Robben et al., 1998). If
any significant prolongation or evidence of bleeding is
observed, PT should be repeated every 6 to 12 h. Determi-
nation of factors II, VII, IX, and X may be abnormal in
patients with a normal PT and PTT, which may provide
earlier proof of significant ingestion. Serial hemoglobin and
hematocrit in patients should be followed with clinical
evidence of bleeding or significant coagulopathy (Babcock
et al., 1993; Robben et al., 1998). Hematocrit should be
monitored closely at least every 4 h until the patient is stable
(Brands et al., 1995).

Hematest should be performed in stools and vomit for
occult blood, and prothrombin time (PT) and partial time of
thromboplastin (PTT) monitored routinely. A PT and PTT
obtained within 48 h post-ingestion may not be predictive of
subsequent coagulopathy (Greeff ef al., 1987). A 24 h and
48 h PT and PTT are therefore recommended every 6 to 12 h
to assess efficacy of therapy. If prolongation is observed,
then PT or INR should be repeated (Hoffman et al., 1988;
Smolinske et al., 1989).

Antidote: Vitamin K (Phytonadione: AquaMephyton®,
Mephyton®) is the specific antidote and should be admin-
istered to any patient with a prolonged PT (Braithwaite,
1982; Bruno et al., 2000; Tsutaoka et al., 2003).
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Blood and fresh or frozen plasma are recommended if the
anticoagulation is severe.

Administration of vitamin K; is recommended if anti-
coagulation is excessive. A small intravenous dose of 1 to
5 mg, titrated to return PT to the therapeutic range, has been
recommended. In anemic patients, the hematocrit should be
monitored about every 4 h until it is stable. Stools and vomit
may also be tested using Hematest (Jackson and Suttie,
1997; Hornfeldt and Phearman, 1996).

Oral vitamin K| may be administered in small ingestions
and after the patient has been stabilized. Recommended
doses are 15 to 25 mg p.o. in adults, 5 to 10 mg in children
(Greeff et al., 1987), and 2.5 to 5 mg/kg body weight in
animals. A large daily maintenance dose of vitamin K| may
be required for prolonged therapy in severe overdose,
particularly in patients in whom vitamin K; absorption is
variable (Lipton and Klass, 1984; Hoffman et al., 1988;
Ross et al., 1992).

Intravenous phytonadione may be instituted in severe
cases where rapid correction is needed. The adult dose is
a minimum of 10 mg diluted in saline or glucose, injected
i.v. at a rate not exceeding 5% of the total dose per minute.
Doses should be repeated each at 6 to 8 h. Initial i.v. doses of
25, 100, 150, 160, and 400 mg have been required in
patients actively bleeding (Hoffman et al., 1988; Vogel
et al., 1988). Anaphylaxis may occur if vitamin K; is
injected too rapidly.

VIII. CONCLUDING REMARKS
AND FUTURE DIRECTION

Today there is a greater risk than ever before that extremist
or terrorist groups may use industrial or household chemical
substances to harm, kill, or terrorize our society because
these substances are very easy to obtain and conceal. Also,
numerous highly toxic chemicals can be stolen and released
or detonated from storage tanks or from transportation and
manufacturing facilities. These commercial and industrial
chemicals stored in large quantities are considered Agents
of Opportunity’’ because they are readily commercially
available. A large number of industrial and household
chemicals have the potential to be used as chemical warfare
or terrorist agents. These include the superwarfarins.
However, the Federal Insecticide, Fungicide and Rodenti-
cide Act (FIFRA) classifies these rodenticides in the ““Low
Toxicity Group”. Nevertheless, they may be used to harm
and terrorize people through the ingestion of contaminated
food or water. Superwarfarins are available to consumers as
meal bait packs, pellets, mini pellets, blocks, mini blocks,
wax blocks, liquid bait formulations, as well as in tracking
powder, in diluted to concentrated formulations. The
ingestion of small amounts may not cause any bleeding
problems. Ingestion of greater amounts provides increased
risk of severe bleeding in 36 to 48 h. The coagulopathy may
last several weeks to months despite vitamin K; treatment.
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Inhibition of synthesis of vitamin K;-dependent clotting
factors may also occur following repeated ingestion of small
amounts making these agents insidious.

The use of chemical weapons by terrorists still remains
a big threat. Until recently, United Nations resolutions
required a complete disclosure of chemical warfare agents
and their destruction. More action is needed to prevent
radical groups from accessing or accumulating these agents.
Participation of the entire community, particularly the
civilian population, is needed. Participation may increase
due to educational programs that boost awareness, improved
surveillance, and reporting to the authorities of any suspi-
cious activity, or purchase/stockpile of large quantities of
these commercial products.

What to do? Be wary if people from a community that
attended the same event, meal, party, or restaurant present
with similar signs of bleeding disorders. Ingestion of
superwarfarins may go unnoticed when these are mixed
with food, and signs or symptoms are delayed 36 to 48 h.
Consequently, the victims may not associate the ingestion
with the coagulopathy.

Identification of superwarfarins is easy today. Analytical
methods for the detection of these products in serum and
tissues are readily available. Routine laboratory tests for
coagulopathy may help support the need for such analytical
chemistry testing. Stockpiles of vitamin K| may be useful to
consider, particularly in places where large stocks of
superwarfarin rodenticides are used such as livestock areas.

Although viral infections are manifest with different
signs and symptoms there is a possibility that members from
a community who are victims of superwarfarins may begin
to panic thinking that they were victims of a ““virus’’, such
as Ebola, but the signs and symptoms are different.
Consequently, good differential diagnostic and laboratory
work-up algorithms are needed for both humans and
animals. Teams of subject matter experts for both humans
and animals may be useful in this regard.

Superwarfarin intoxication may have no signs or symp-
toms other than the appearance of bleeding in the stools,
urine, mucous membranes, thoracic or abdominal cavity.
Ebola virus causes sudden hemorrhagic fever, weakness,
muscle pain, headache, and sore throat, followed by vom-
iting, diarrhea, rash, limited kidney and liver functions, and
both internal and external bleeding.

Community education programs should be developed to
inform residents about superwarfarin rodenticides and other
household commercial chemicals with the potential to be
used as chemical warfare or terror agents. Fact sheets may
be one method of informing the public. Identifying those at
risk and when they should be informed may be a useful part
of this education campaign — this may also improve security
in industrial plants, and limit any access from outsiders in all
industrial and storage facilities where flammable or highly
toxic chemicals are stored, particularly livestock facilities.

Finally, surveillance of food sources, particularly those
derived from livestock, should be assessed to determine

whether these agents are available to consumers in low
concentrations which may lead to long-term accumulation
and eventual coagulopathies.
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Thallium

LARRY J. THOMPSON

I. INTRODUCTION

Thallium (TI) is a soft, bluish-white metal that occurs
naturally in the earth’s crust. It was discovered by Sir
William Crookes in 1861 while making spectroscopic
determinations of tellurium in residue material from
a sulfuric acid plant. The name comes from the Greek word
“‘thallos’” which means a green shoot or twig, a reference to
the green spectral emission lines originally used to identify
the element. It is a heavy metal (density 11.83 g/cm?, atomic
number 81) whose use is mainly in the electronics industry
(e.g. infrared detectors, semiconductor materials) with
smaller quantities used in glass manufacturing and phar-
maceutical industries, including the radioactive isotope
T1-201. Thallium can be released into the environment by
cement manufacture, the burning of certain coal deposits
and the production of nonferrous metals (Kazantzis, 2000;
Peter and Viraraghavan, 2005). Thallium is a highly toxic
element and salts of T1 are colorless, odorless, and tasteless.
Thallium has no known biological function and has been the
least studied of the toxic metals such as lead, mercury, and
cadmium. Thallium salts were introduced as pesticides in
Germany in 1920. The sulfate salt is most common and has
been widely used as a rodenticide and ant killer. T has been
associated with intentional and accidental poisonings since
that time, although problems decreased greatly after its use
was banned in major parts of the world (Saddique and
Peterson, 1983).

II. BACKGROUND

Thallium has two important oxidation states, T1 (+1) and T1
(+3). The trivalent form more closely resembles aluminum
and the monovalent form more resembles alkali metals such
as potassium. The toxic nature of the monovalent Tl is due
to its similarity to potassium in ionic radius and electrical
charge. Thallium sulfate use as a pesticide was restricted in
1965 in the USA and the World Health Organization
(WHO) recommended in 1973 against its use as a rodenti-
cide due to its toxicity (WHO, 1973). From 1912 to 1930,
thallium compounds were used extensively for medicinal
purposes; for example in the treatment of ringworm
(because of the depilatory effects), dysentery, and
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tuberculosis. The narrow margin between toxicity and
therapeutic benefit, however, eventually eliminated the
practical use of these compounds. Due to their highly toxic
nature, delayed symptoms, and lack of taste or odor, T1 salts
have been used for suicide attempts and in the intentional
poisoning of individuals or small groups of people.
Although the reported symptoms of Tl poisoning are
diverse, the classic syndrome involves gastroenteritis, pol-
yneuropathy, and alopecia. Fictional accounts of TI as the
agent of an intentional poisoning include Agatha Christie’s
book The Pale Horse. More recent accounts or suspicions of
Tl use include medical case reports as well as lay press
reports. Chronic Tl exposure has been reported in the
industrial setting and exposure limits have been established
(Peter and Viraraghavan, 2005). The radioactive isotope
T1-201 is a gamma emitter and is used in cardiac imaging,
similar to technetium-99, and has a half-life of approxi-
mately 3 days. Although TI1-201 is the most common isotope
in use, T1-204 decays by beta particle emission and has
a half-life of 3.8 years.

III. TOXICOKINETICS

Thallium is rapidly absorbed from the gastrointestinal tract
and is well absorbed through the skin. There is little infor-
mation concerning absorption from the respiratory tract.
Once absorbed, Tl is rapidly distributed throughout the body
to all organs, with the highest concentrations occurring in
the kidney following an acute exposure. Both monovalent
and trivalent T1 appear to distribute in similar manners, and
it is not known if metabolic processes can change the
valence state. Thallium can pass the placental barrier as well
as the blood-brain barrier (Sullivan, 1992).

Elimination of TI is mainly through the gastrointestinal
tract but elimination also occurs through the kidneys, saliva,
hair, skin, sweat, and breast milk. Relative amounts excreted
by each route vary by species. Thallium is likely excreted
through intestinal and gastric secretions associated with
potassium loss or excretion. Likewise, reabsorption of
T1 also occurs, mainly from the colon. The estimated bio-
logical half-life of Tl is 10 days but values up to 1 month
have been reported (WHO, 1996).

Copyright 2009, Elsevier Inc.
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IV. MECHANISM OF ACTION

Although the precise mechanism of action of Tl is unknown,
its similarity to potassium has been shown to play a signif-
icant role. Thallium has an atomic radius similar to potas-
sium and has shown a 10-fold affinity over potassium in
Na/K*-ATPase, resulting in lower activity of the enzyme.
Tl will inhibit the influx and efflux of potassium in mito-
chondria, without affecting the movement of sodium. In
addition to disturbing mitochondrial function, Tl has been
shown to increase the levels of hydrogen peroxide and
increase lipid peroxidation and oxidative stress (Hanzel and
Verstraeten, 2005). Thallium can also inactivate sulfhydryl
groups including those affecting the permeability of the
outer mitochondrial membrane. Thallium can act as a Lewis
acid, having an affinity for organosulfur compounds, which
may account for its action to cause hair loss. The binding
of cysteine by Tl may inhibit keratinization of hair by
preventing the crosslinking of proteins (Mulkey and Oehme,
1993).

V. TOXICITY

Available human literature on T1 is mainly case reports from
the results of acute poisonings, accidental ingestions, or
suicide attempts. Although the acute classic syndrome of T1
poisoning involves gastroenteritis, polyneuropathy, and
alopecia, not all these effects are observed in every case.
The onset and sequence of symptoms will vary with the dose
and duration of exposure. The lowest known toxic dose in
the human is 0.31 g, which was reported to cause symptoms
but did not cause death (Cavanagh ef al., 1974). Oral doses
of 640 mg/kg body wt have been lethal within 10-12 days.
Other oral human toxic doses are given as 10-15 mg/kg
body wt (WHO, 1996; Moore et al., 1993). Children have
been poisoned with Tl at 4-8 mg/kg body wt.

Several hours following an acute exposure, initial
symptoms may include gastroenteritis including nausea,
vomiting, and diarrhea. With a relatively small dose, these
symptoms may be relatively mild and diffuse, with little
progression for 2-5 days. Gastrointestinal bleeding or con-
stipation may then develop along with central and periph-
eral nervous system effects. These include paraesthesia with
reports of the feeling of ‘‘burning feet’’. Additional neuro-
logical symptoms can include lethargy, delirium, seizures,
and coma (Tsai et al., 2006). An initial presentation simu-
lating Guillain-Barré syndrome has been reported (Misra
et al., 2003). Nonspecific kidney and liver damage can
develop. In severe exposures, circulatory symptoms may
include hypertension, tachycardia, and cardiac failure.
Initial dermatological involvement may include anhydrosis
(which can cause fever) and this can be followed some time
later by diaphoresis. In the second week following exposure
additional dermatologic symptoms appear including an
increased darkening of the hair papillae followed in several

days by a developing alopecia. By 3 weeks following
exposure there may be almost complete alopecia. At this
time in the syndrome there may be ataxia and tremors with
a painful neuritis in the lower extremities which may be
severe. Following a lethal dose, death commonly occurs
within 10-12 days caused by renal or cardiac failure.
Recovery from Tl poisoning can require several months and
residual neurological problems may remain including
weakness, memory impairment, and psychological distur-
bances (Pau, 2000; Tsai ef al., 2006).

VI. RISK ASSESSMENT

Although reported as an agent of intentional poisoning for
an individual or small group of people, the broad use of Tl as
an agent in chemical warfare or terrorism has not been
reported (Salem et al., 2008). The most commonly available
radioisotope of T1-201 is a gamma emitter with a short half-
life, making it a poor candidate for a radiological dispersion
device (Burnham and Franco, 2005; Chin, 2007). Although
the TI-204 isotope is a beta emitter with a half-life of 3.8
years, its commercial use is limited. The chelating agent
used for treatment of Tl exposure (Prussian blue) is also
used in the treatment of radiocesium exposure, and thus is
included in many antidote stockpiles (Ansari, 2004).

VII. TREATMENT

Diagnosis of T1 poisoning is based upon exposure history if
available, compatible clinical time course and symptoms,
along with the finding of above-background levels of Tl in
urine, serum, or other clinical specimens. Appropriate
methodology for urine or blood Tl includes atomic
absorption spectroscopy (flame or flameless) and evolving
methodology such as inductively coupled plasma emission
spectroscopy (ICP). Use of colorimetric analyses of these
specimens can lead to false positives (CDC, 1987). Normal
or background concentration of T1 in urine is given as <0.5
ng/l up to a level of <10 pg/l, depending upon the labo-
ratory reference, with concentrations elevating several
hundred- to several thousand-fold following an acute
exposure. Treatment should be initiated when 24-h urinary
Tl excretion exceeds 0.5 mg. Additionally, a toxic level of
Tl in the urine of >300 g/l has been suggested (Sullivan,
1992). Blood Tl levels in exposure situations are less well
characterized and values above 5 g/l are considered to be
evidence of excess Tl exposure (CDC, 1987). Prussian blue
[ferric-hexacyanoferrate (II)] is the treatment of choice for
Tl exposure in that it acts by binding TI in the gastroin-
testinal tract, making it unavailable for reabsorption. This
will increase the fecal excretion of Tl and decrease the
half-life. Prussian blue is also used in the treatment of
radiocesium and acts by the same mechanism [Yang ef al.,
2008]. Suggested dosage regime is 3 g given orally three
times a day for adults and adolescents. Children between



the ages of 2 and 12 years can be given 1 g orally three
times a day. The clinician should insure proper gut func-
tioning because constipation is a common finding in TIl
intoxication. Fluid diuresis and other symptomatic and
supportive care should also be provided.

VIII. CONCLUDING REMARKS
AND FUTURE DIRECTION

Thallium remains a toxic metal of concern for both acci-
dental and intentional exposure. Its historical use as an
intentional poison against individuals or small groups is
based on its delayed onset of symptoms and the nature of its
salts being tasteless and odorless. Although the incidence of
intoxication with T1 has been decreasing with its decreasing
availability, clinicians should remain familiar with clinical
features, diagnostic considerations, and treatment regimens.
History has shown Tl not to be an agent of choice for
chemical warfare or terrorism, and the use of radiological T1
for these purposes is also unlikely. However, preparations
for such an unlikely event are relatively straightforward
with major considerations being the stockpiling of Prussian
blue, also needed for radiocesium treatment, and the
retention of analytical capabilities for TI in biological and
other samples. Future directions for Tl should include the
further characterization of environmental contamination
with T1, the characterization of its chronic effects in humans
and basic research to better explain its mechanism of action
at the cellular and molecular level.
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Polycyclic Aromatic Hydrocarbons: Exposure

from Emission Products and from Terrorist

Attacks on US Targets — Implications

for Developmental Central Nervous

System Toxicity

DARRYL B. HOOD, ARAMANDLA RAMESH, AND MICHAEL ASCHNER

I. INTRODUCTION

The goal of this chapter is to stimulate research activity to
develop both novel intervention strategies and therapeutic
approaches to mitigate the neurotoxicity associated with
prenatal exposure to polycyclic aromatic hydrocarbons
(PAHs). The focus of this chapter is PAH exposure of
vulnerable populations as a result of terrorist attacks on US
targets. We will attempt to define the signature of prenatal
PAH exposure-induced neurotoxicity within the context of
human epidemiological data and translate this to appropriate
animals models.

A critical review of the post-September 11, 2001 litera-
ture has resulted in a specific focus on studies that have
revealed critical neural signaling/activity pathways and the
identification of primary targets of PAH toxicity, as well as
toxicity modifiers. It is hoped that as a result of this review,
the interdisciplinary conduct of simultaneous temporal
measurements of relevant markers and integrative analysis
of critical signaling processes during development will
increase two-fold; such that a better understanding of the
mechanism of PAH exposure-induced neurotoxicity results.

II. BACKGROUND

A. Particulate PAH Release in the World
Trade Center Disaster

The attack on the World Trade Center (WTC) on September
11, 2001 caused the largest acute environmental disaster in
the history of New York City (Lioy et al., 2002). As a result
of this terrorist attack, combustion of more than 90,000
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liters of jet fuel at temperatures above 1,000°C released
a very dense and toxic atmospheric plume which contained
thousands of tons of particulate matter (PM) composed, in
part, of polycyclic aromatic hydrocarbons (PAHs). The
plume dispersed over lower Manhattan, Brooklyn, and for
miles beyond. The toxic materials contained in this plume
entered nearby offices, schools, and residential buildings
(Clark et al., 2003; Lioy et al., 2002; McGee et al., 2003).

The populations that were faced with the greatest risk of
exposure to this toxic plume included firefighters, police,
paramedics, other first responders (Prezant et al., 2002;
Centers for Disease Control and Prevention [CDC], 2002),
construction workers and volunteers who worked initially
in rescue and recovery and then for many months cleared
rubble at Ground Zero. Other vulnerable populations and
individuals at a potentially elevated risk included women
who were pregnant on September 11 and succeeding weeks
in lower Manhattan and adjacent areas of Brooklyn and
workers who cleaned WTC dust from nearby buildings as
well as community residents including the 3,000 children
who resided within 1 km of the towers and the 5,500 who
attended school there. A consequence of the intense fire
and the subsequent complete collapse of the two main
towers was the development of a large plume of dust and
smoke that released both particles and gases into the
atmosphere.

An assessment of the potential exposure to dust and
smoke among the residential and commuter populations was
conducted and samples were taken from three undisturbed
protected locations to the east of the WTC site (on Cor-
tlandt, Cherry, and Market Streets). Analysis of samples
provided for the determination of (a) chemical and physical
characteristics of the material present in the dust and smoke

Copyright 2009, Elsevier Inc.
All rights of reproduction in any form reserved.
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Adapted with permission from Environ. Health Perspect.

that settled from the initial plume, and (b) information on
contaminants that could potentially affect acute or long-
term human health by inhalation or ingestion. The highest
concentrations of the 40 specific PAHs reported in
Figure 17.1 were found in the Cortlandt Street sample. This
is logical because this site was deemed to be the site closest
to the fire after the collapse; however, a larger variety of
other PAHs at concentrations >10 pg/g were found in the
Market Street samples. The intense and uncontrolled fire(s)
would be expected to burn at different temperatures, and the
homogeneity of the material that burned would lead to
a variety of unburned or partially burned hydrocarbons.
These PAHs were found to be derived from burning plastics,
metals, woods, synthetic products, and other materials,
using morphologic analyses. It was anticipated and subse-
quently verified that the actual compounds and materials,
that were present in the plume might be similar to those
found in building fires. The morphologic analyses of the
large mass of material present in the toxic plume found that
the total concentrations of the above-mentioned 40 typical
PAHs with higher molecular weights were in excess of
200-300 pg/g. The distribution of the 40 PAH compound
levels ranged from hundreds of nanograms per gram to
>40 llg/g. The concentration of benzo(a)pyrene ranged
from 12 to 24 pg/g, and the highest values were detected at
the Cortlandt Street site.

Data collected to date clearly document that PAHs were
present in the samples at levels of 5 lg/g to hundreds of
micrograms per gram as a result of the incomplete

combustion of jet fuel and building materials that were
produced by the intense fire. Concentrations of the individual
compounds, e.g. benzo(a)pyrene, [B(a)P] were >20 l1g/g,
and the total mass of PAHs present was in excess of 0.1% of
the mass. When placed in the context of the vast amounts of
other materials present in the air during the first day after the
collapse and fires, these levels were high and could lead to
significant short-term inhalation exposure. Based on the
PAH results from air samples collected after September 25,
2001 the types of PAHs released into the atmosphere at that
time were similar to the PAHs detected in the settled dust and
smoke samples collected during the first week after the
collapse and fires (ATSDR, 1995, 2002).

B. Exposure of Pregnant Women to PAHs as
a Result of the WTC Terrorist Attack

Pregnant women who were either working in the WTC or
residing in the communities of lower Manhattan on
September 11, 2001 were successfully recruited to a Mount
Sinai cohort population for the purpose of assessing preg-
nancy outcomes and impacts on their infants (Berkowitz
et al., 2003). Of the 187 recruited pregnant women, 12 were
inside the WTC towers at the time of attack and an addi-
tional 122 (65%) were within ten blocks. A comparison
group (n=2,367) consisted of all private patients not
known to have been near the WTC who delivered at Mount
Sinai Hospital during the same time period.
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TABLE 17.1. Unadjusted birth outcomes by place of residence and employment (within 2 miles of the WTC)
Group 3: neither
Birth outcomes Group 1: resided Group 2: worked resided nor worked p-Value
Length of gestation (days) 277.7 [n=80] 275.5 [n=51] 279.0 [n=169] 0.026
Birth weight (g) 3339.6 [n=80] 3442.7 [n=51] 3511.8 [n=169] 0.019
Birth length (cm) 50.06 [n=80] 51.44 [n=48] 51.15 [n=165] 0.008
Head circumference (cm) 34.10 [n=80] 34.18 [n=49] 34.51 [n=164] 0.097
Ponderal index 2.75 [n=80] 2.54 [n=48] 2.65 [n=165] 0.286
Percent SGA (<10th percentile) 8.75 [n=80] 5.88 [n=51] 5.33 [n=169] 0.581
Percent SGA (<20th percentile) 23.8 [n=80] 15.7 [n=51] 18.3 [n=169] 0.465

C. Birth Outcomes of Pregnant Women in or
Near the WTC During Terrorist Attack

Term infants born to women who were pregnant on
September 11, 2001 and who were living within a 2-mile
radius of the WTC during the month after the event showed
significant decrements in term birth weight (—149 g) and
birth length (—0.82 cm), compared with infants born to the
other pregnant women studied, after controlling for socio-
demographic and biomedical risk factors. The decrements
remained significant with adjustment for gestational duration
(—122 g and —0.74 cm, respectively). Women in the first
trimester of pregnancy at the time of the WTC attack
delivered infants with significantly shorter gestation
(—3.6 days) and a smaller head circumference (—0.48 cm),
compared with women at later stages of pregnancy, regard-
less of the distance of their residence or work sites from the
WTC. The observed adverse effects suggest an impact of
pollutants and/or stress related to the WTC disaster and have
implications for the health and development of exposed
children (Lederman et al., 2004).

D. Conclusion from WTC Prospective
Epidemiology Cohort Studies

An increase in incidence in small for gestational age (SGA)
was the major adverse health effect seen in infants born to
women who were inside the towers or within approximately
ten blocks of the WTC on September 11 (Berkowitz ef al.,
2003). The incidence of SGA infants was two-fold greater
among the WTC mothers than in a demographically similar
comparison population not known to have been in lower
Manhattan on September 11, 2001 (p < 0.01). SGA is an
index of intrauterine growth restriction (IUGR). Biologi-
cally plausible causes of IUGR in these babies include
exposures to fine PM and PAHs. Previous studies have
found associations between particulate air pollution and
IUGR (Bobak et al., 2001; Dejmek et al., 1999). Other
investigations have linked air pollution to preterm births
(Ritz et al., 2000). Additionally, high levels of PAH-DNA
adducts in umbilical cord leukocytes have been associated
with reduced birth size (Perera et al., 1998). Prenatal
exposure to cigarette smoke, which contains PAHs among

other toxins, is a well-established risk factor for IUGR.
Maternal stress is another possible cause of the observed
increase in SGA, but the authors in the prospective cohort
studies did not detect any correlation between reported
levels of stress and SGA incidence. An important question
that arose as a result of the studies discussed above was:
Will the increased frequency of SGA observed in babies
born to women who were within or near the WTC on
September 11 result in long-term adverse effects on growth
and cognitive development?

E. The Human Health Relevance of Prenatal
Exposure to PAHs

Exposure to benzo(a)pyrene, the prototypical PAH,
occurred through the inhalation of particulates in the
ambient air that was produced as a result of the terrorist
attack on the WTC as described above. Subsequent
evidence from human epidemiological studies has shown
that unintended prenatal exposure of the fetus to PAHs
adversely affects fetal development resulting in low birth
weight and reduced head circumference that can manifest as
neurobehavioral deficits in the early years of childhood.
Neurobehavioral deficits in offspring from PAH-exposed
mothers have been quantified as low scores on selective
types of cognitive and neuromotor functioning (Hack et al.,
1991; Perrera et al., 2003; Landrigan et al., 2004). Recently
published studies on PAH-exposed populations provide
further evidence that exposure to environmentally relevant
levels of PAH adversely affects childhood development as
assessed by the mental development index on the Bailey
Scales of Infant Development (BSID-II) (Perera et al.,
2006).

While the brain levels of PAH in the children who scored
low on the mental development index component of the
BSID-II cannot be known, studies such as the aforemen-
tioned are valuable from a translational standpoint as they
can assist in the design of molecular neurotoxicity studies.
Mechanistic studies that utilize transgenic mouse models
will facilitate the understanding of the molecular signaling
events that give rise to the observed neurotoxic effects
resulting from exposure to PAHs during development. The
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FIGURE 17.2. Estimated effects of prenatal PAH exposure on
cognitive development in children 12 months through 36 months
of age by GEE. The model was adjusted for the child’s exact age
at test administration, child’s sex, ethnicity, gestational age at
birth, quality of the (caretaking) home environment, and prenatal
exposure to ETS and CPF. Adapted with permission from
Environ. Health Perspect. and Perera et al. (2006).

gaps with respect to several reports in the literature illustrate
the need for such basic mechanistic studies.

III. PAH-INDUCED PHYSIOLOGICAL AND
BEHAVIORAL TOXIC MANIFESTATIONS
IN ANIMAL MODELS: EARLY PAH
STUDIES WHICH IMPLICATED THE CNS
AS A TARGET

In the 1970s it was shown that pregnant mice treated with
PAHs produced offspring with a high incidence of brain
tumors (Rice ef al., 1978). Acute B(a)P exposures in labo-
ratory animals were shown to cause malignant brain tumors
(Markovits et al., 1976). Additionally, malignant trans-
formations of fetal mouse brain cells were observed subse-
quent to in vitro B(a)P exposure (Markovits et al., 1976).
High levels of several PAHs including B(a)P were found in
soil, sludge, and water samples along with other solvents and
metals that were used for processing motor oil and chemical
wastes during the mid-1970s and early 1980s (Kilburn and
Warshaw, 1995). Later in the 1980s, microinjections of
diesel exhaust fraction (rich in PAHs) into the rat hippo-
campus and striatum were shown to cause neuronal lesions in
a study by Andersson ef al. (1998). Plant workers in Poland
employed to process coke were reported to develop neurotic
syndromes with vegetative dysregulation, and loss of short-
term memory; their prevalence depended on the level of
exposure to B(a)P (Majachrzak ez al., 1990). Children born in
years of maximal air pollution in the Czech Republic were
shown to have learning disorders that were attributed to
elevated levels of PAHs in the atmosphere from the mining
and combustion of coal (Otto et al., 1997). In the USA,
neurological symptoms were reported from a community
that was chronically exposed to B(a)P, benz(a)anthracene,

chrysene, naphthalene, fluorine, and pyrene dumped at a site
in Texas from the 1960s until the 1970s (Dayal et al., 1995).
Similarly, residents in close proximity to a combustion
Superfund site in Louisiana were reported to have displayed
neurophysiological and neuropsychological impairments.
Paternal occupational exposure to PAHs was shown to be
associated with an increased risk of neuroectodermal tumors
in children from Italy, France, and Spain (Cordier et al.,
1997a, b). Similarly, an association between paternal expo-
sure to creosote (rich in PAHs) and diagnosed cases of
neuroblastoma in children was seen (Kerr et al., 2000). As
can be seen from the early work, in utero exposure to this
toxic chemical produces functional alterations in nervous
system functioning resulting in various forms of develop-
mental disorders or behavioral impairments in higher
mammals (Sram, 1999).

In the late 1990s a mounting body of literature suggested
that a likely long-term effect of prenatal exposure to PAHs
was to interfere with the development and function of
normal CNS development. Although the mechanism of
PAH-induced impairment of CNS function was not well
understood at the time, it was clear that additional research
on PAH-induced neurobehavioral alterations and the
underlying cellular and molecular mechanisms was war-
ranted. At the time, we commenced studies [at environ-
mentally relevant B(a)P concentrations] to assess the
developmental neurotoxicological effects subsequent to
exposure to B(a)P aerosol (Hood et al., 2000; Ramesh ez al.,
2001a, b, 2002; Wormley et al., 2004; Wu et al., 2003).
Additionally, PAHs have been implicated as causative
agents of lung, breast, esophageal, pancreatic, gastric,
colorectal, bladder, skin, prostate, and cervical cancers in
humans and animal models. Other than carcinogenicity,
PAHs have also been reported to cause hemato-, cardio-,
renal, neuro-, immuno-, reproductive, and developmental
toxicities in humans and laboratory animals. Details of the
toxicities and cancers caused by PAHs are beyond the scope
of this chapter. Interested readers may refer to the reviews of
ATSDR (1995), WHO (1999), Pickering (1999), and
Ramesh et al. (2004).

A. Development of a Susceptibility Exposure
Paradigm to Access the Effects of Prenatal
Exposure to PAHs on CNS Development

Over the years, work from our laboratory focused on the
refinement of a susceptibility exposure paradigm to better
assess the effects of prenatal exposure to environmental
toxicants on certain aspects of CNS development (Hood
et al.,2000; Ramesh ef al., 2001a, b; Wormley ef al., 2004).
Because CNS events have “windows of susceptibility”
during development, it was reasoned that there should be
a time frame when the lowest dose and shortest duration of
exposure to an environmental contaminant would be
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expected to have a significant negative impact on brain
development.

The susceptibility exposure paradigm was developed
based on the peak periods of neuroepithelial cell prolifera-
tion (neurogenesis) for specific brain structures. Gestation
days 14—17 represent the peak period of neurogenesis for the
cerebral cortex in the mouse. Subsequent to this peak period
of neurogenesis, each neuronal cell continues to mature
through a process of migration, settling to a specific location
and extending projections to a designated target site. In
many cases such as for the external germinal layer, this
process of migration continues well after birth and in the
human can continue for 7 months to 2 years after birth.
Specifically, cortical synapses at birth are still immature and
in the human the morphological characteristics of maturity
are reached between 6 and 24 months after birth. The use of
our susceptibility exposure paradigm has allowed us to ask
relevant questions pertaining to nervous system dysfunction
during development that arise as a result of modulation of
the process of neurogenesis.

B. Benzo(a)pyrene Aerosol CNS Disposition
Studies as a Model of Prenatal Environmental
Contaminant Exposure

We routinely use nose-only inhalation exposure of B(a)P
aerosol to evaluate the consequence of prenatal exposure to
this toxicant on physiological and behavioral endpoints. The
properties of this B(a)P aerosol are shown in Figure 17.4. The
aerosol typically exhibits a trimodal distribution with a 93%
cumulative mass less than 5.85 um, 89% cumulative mass
less than 10 pm, 55.3% cumulative mass less than 2.5 pm,
and 38% less than 1 pum. Fifty-five percent of the aerosol
generally has a cumulative mass less than PM; 5 and the mass
median aerodynamic diameter (MMAD) + geometric stan-
dard deviation for this mode is consistently 1.7 & 0.085 pm.
For several years we employed a rat model exposing timed
pregnant dams to inhalation concentrations of 25, 75, and
100 pg/m’.

of prenatal exposure to polycyclic aromatic hydrocarbons.
Adapted with permission from Neurotoxicology and Brown
et al. (2007).

C. Benzo(a)pyrene Metabolite CNS
Disposition in Offsprings

Bioavailability and B(a)P disposition studies conducted in
timed pregnant rat dams have demonstrated a progressive
increase in plasma and cortex metabolite concentrations in
offspring pups as a function of B(a)P aerosol exposure
concentration. Additionally, differences in metabolite
disposition from plasma to cortex within individual expo-
sure concentration cohorts were noted. No detectable levels
of B(a)P metabolites are ever in the control (carbon-black
exposed; Hood et al., 2000) rats as reported in Wu et al.
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FIGURE 17.4. Differential particle size distribution of B(a)P:
carbon black aerosol (100 pg/m’). Subsequent to exposure,
substrate post-weights were recorded and entered into the Win-
CIDRS (Windows—Cascade Impactor Data Reduction Program) to
generate the particle size distribution for the particulate aerosol.
From Hood et al. (2000).
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FIGURE 17.5. The time course of mean plasma and cere-
brocortical total B(a)P metabolite concentrations in offspring
pups. Adapted from Hood et al. (2000).

(2003). Importantly, total metabolite distribution at an
exposure concentration of 100 pg/m® was reported and the
B(a)P 4,5; 7,8; 9,10-dihydrodiols, B(a)P 3,6-dione, 3- and
9-hydroxy B(a)P metabolites were detected and the B(a)P
7,8; 9,10-diols, and 3-hydroxy B(a)p were found to be
predominant in cerebrocortical extracts.

D. Identification of Prenatal PAH Exposure-
Induced Deficits in Offspring Cortical
Neuronal Activity and Behavior

Recent B(a)P studies have established reductions in learning
and memory correlates both in rodent and humans (Grova
et al., 2007; Wormley et al., 2004; Widholm et al., 2003;
Gilbert et al., 2000; Hack et al., 1991; Perrera et al., 2003,
2006; Landrigan et al., 2004). We decided to use the rat
cortex as a model of primary somatosensory (S1) cortex
(Figure 17.6). Because of the unique organization of the
rodent whisker to cortex pathway, and the already
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FIGURE 17.6. Main elements in the neural pathway from the
axons innervating the whisker follicles on a rat’s face (lower left)
to the primary somatic sensory cortex (upper right). The diagram
shows the rat palpating a walnut with its whiskers and perceiving
the walnut through activity transmitted in the sensory pathway to
cortex. The pathway contains a first synapse in the brainstem
trigeminal nuclei (““Trig’’), a second synapse in the contralateral
thalamus (‘‘Thal’’) and a third relay from thalamus to barrel
cortex [called barrels (Cortex)]. There is a separate channel for
each whisker on the rat’s face up to and including primary sensory
cortex as illustrated on the right, each labeled by a row (A, dorsal
to E, ventral) and a number starting from posterior and counting
anteriorly. The roman numerals to the right of barrel cortex
identify the six cortical layers. The results in the present paper
were generated by analyzing neurons in the barrel cortex using
single cell electrophysiology and biochemical techniques (adapted
from Woolsey and Van der Loos, 1970).

demonstrated effects of other toxins, such as alcohol, lead,
and TCDD on this cortex as the system was ideal for deci-
phering the effects of B(a)P on a well-characterized model
(Rema ef al., 1998; Rema and Ebner, 1999; Wilson et al.,
2000; Benuskova et al., 2001; Hood et al., 2006). Whiskers
are arranged in vertical and horizontal arrays on both sides
of the face. Each whisker projects to a cellular aggregate
called a barrel in layer IV of the S1 cortex (Woolsey and
Van der Loos, 1970). The arrangement of this whisker-
to-barrel circuit makes the S1 cortex in offspring animals
that received a prenatal insult an ideal system to quantify
alterations in stimulus-response relationships which mani-
fest as a result of in utero exposure. The results from
McCallister et al. (2008) shown in Figure 17.7 are consistent
with earlier studies (Hood et al., 2006) of the neurotoxic
effects in offspring cortex subsequent to prenatal TCDD
exposure. B(a)P-exposed offspring also exhibit diminished,
stimulus-evoked activity in the barrel field cortex. In this
work, responsive neurons were identified in most penetra-
tions by advancing the electrode at 20 pm intervals, moni-
toring spontaneous activity and then manually stimulating
the whiskers to test for evoked responses from neurons near
the electrode. When post-stimulus time histogram (PSTH)
time bins are subdivided into 10 ms time domains, the data
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FIGURE 17.7. Bar graph of the mean 4+ SE stimulus evoked
activity from control and PAH-exposed (300 pugkg BW)
offspring. White bars represent vehicle control offspring and black
bars represent B(a)P-exposed offspring. Data are derived from
a suprathreshold intensity (50 V stimulus applied to piezoelectric
element) with whiskers deflected approximately 600 pim from the
face. Response magnitudes (+SEM) were assessed for statistical
differences within each group (* p < 0.05, ANOVA). This epoch
analysis shows that prenatal B(a)P exposure significantly impacts
the shorter latency components (from McCallister et al., 2008).

are very similar to what was observed in TCDD-exposed
offspring. Prenatal B(a)P exposure clearly induces
suppression of evoked cortical neuronal activity and is
greatest in the early latency components of the response
after stimulation of the best whisker (Figure 17.7). The
overall reduction in B(a)P-induced suppression is clearly
apparent in the average responses. Further, the most robust
suppression after prenatal B(a)P is found at the two shortest
post-stimulus epochs of 1-10 ms and 11-20 ms. The short
latency response (3—10 ms) of cortical neurons is thought to
reflect activity generated at the thalamocortical synapses
that depend heavily on alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)-type glutamate receptors
(Armstrong-James et al., 1993). This is the component of
the cortical response that seems to be most strongly
diminished in B(a)P-exposed offspring. The longer latency
responses (11-40 ms) have been shown to be strongly
dependent on N-methyl-D-aspartate (NMDA) receptor
activation (Armstrong-James et al., 1993). Therefore, the
data from our laboratory suggest that prenatal B(a)P-expo-
sure reduces evoked cortical neuronal activity and indicates
that these reductions are due to environmental contaminant-
AhR agonist effects on the normal development of both
AMPA and NMDA subunits.

Interestingly and consistent with previously reported
results for prenatal TCDD exposure (another environmental
contaminant found to be released as a result of the terrorist
attack on the WTC) the effects on the aforementioned
AMPA-mediated single cell responses were validated by
RT-PCR. Glutamate receptor, AMPA-type subunit (GluR1)
temporal developmental mRNA expression was determined
in control and B(a)P-exposed offspring. The results shown
in Figure 17.8 were normalized to 18sRNA expression.
The results presented in this pre-weaning developmental
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FIGURE 17.8. Offspring pre-weaning hippocampal develop-
mental expression profile of GluR1 mRNA on PND 2, 5, 10, 15, and
20 following gestational exposure to B(a)P on GD14-17. Upper
panel shows the electrophoretic agarose gel results from semi-
quantitative RT-PCR. The upper band is the GluR1 (791 bp) subunit
and the lower band is the internal control, 18sRNA (324 bp). Lower
panel displays a histogram of the densitometric quantitation of the
relative expression of target to intern