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Abstract—Chemical warfare agents (CWAs) remain a significant threat to military personnel, civilian populations, and public health 
systems due to their high toxicity and potential for mass casualties. This review compares the toxicological characteristics of sarin, 
a representative organophosphorus nerve agent, and Lewisite, an organoarsenic vesicant agent. Sarin exerts its toxicity primarily 
through irreversible inhibition of acetylcholinesterase, resulting in excessive accumulation of acetylcholine at cholinergic synapses 
and the development of acute cholinergic crisis characterized by miosis, bronchoconstriction, muscle fasciculations, seizures, 
respiratory failure, and death. In contrast, Lewisite induces cellular injury through the interaction of arsenic moieties with sulfhydryl-
containing enzymes and proteins, disrupting essential metabolic pathways and leading to oxidative stress, tissue necrosis, 
vesication, respiratory injury, and systemic organ damage. The review discusses the physicochemical properties, toxicokinetics, 
biochemical mechanisms, clinical manifestations, diagnostic approaches, and medical management strategies associated with 
both agents. Historical incidents involving sarin and Lewisite are also examined to illustrate their operational significance and the 
challenges they pose to emergency preparedness and disaster response. Despite differences in their molecular targets and 
pathophysiological effects, both agents present substantial risks due to their rapid onset of toxicity and potential to overwhelm 
healthcare systems during large-scale exposures. A comprehensive understanding of these mechanisms is essential for improving 
risk assessment, clinical management, medical countermeasure development, and preparedness against chemical threats. 
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1.  INTRODUCTION 

Like other weapons of mass destruction, chemical 
warfare agents are lethal and highly incapacitating. 
Although the use of chemical weapons constitutes a 
violation of international law and a grave violation of 
human rights, chemical weapons have been used in 
conflicts, wars, and acts of terrorism [1]. Among chemical 
weapons, nerve agents, such as sarin, have caused 
serious illness and fatalities among civilians, military 
personnel, police, security personnel, and healthcare 
workers in past wars and terrorist attacks. The 
mechanism of toxicity of nerve agents involves inhibiting 
the vital enzyme acetylcholinesterase, leading to 
widespread symptoms and signs of cholinergic 
hyperactivity [2]. 

In the post-Cold War era, few countries are immune 
to the threat of terrorism, in which nerve agents may be 

chosen as a means of indiscriminate attack. If used as an 
offensive weapon under certain meteorological 
conditions, nerve agents can cause massive casualties 
[3]. The number of casualties could be very high and 
exceed the capacity of local medical resources. The 
malicious use of nerve agents could have a significant 
impact on emergency medical systems on an 
unprecedented scale. Therefore, healthcare workers 
need to understand the toxicology, assessment, 
management, and prevention of diseases caused by 
these agents [1]. In this article, the Sarin and Lewisite 
were summarized the current state of knowledge 
regarding nerve agents based on a review of the literature 
in the fields of toxicology and disaster epidemiology 
related to nerve agents. 
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1.1. Background 

Toxicology is the branch of science that studies the 
harmful effects of chemical substances on living 
organisms. It is a multidisciplinary field, as it 
encompasses pharmacology, biochemistry, chemistry, 
physiology, and pathology; and although it is sometimes 
considered a branch of some of these fields, toxicology is 
actually a distinct discipline [4]. Toxicology can be 
considered the science of poisons [5]. However, the 
scientific foundations of toxicology were laid by 
Paracelsus (1493–1541), and this approach was 
continued by Orfila (1787–1853). Nevertheless, the 
development of toxicology as a distinct science has been 
slow, especially when compared to fields such as 
pharmacology and biochemistry, and toxicology has a far 
more limited academic foundation. This may partly reflect 
the nature of the field, which has developed as a practical 
art, as well as the fact that many practitioners are more 
interested in descriptive studies for screening purposes 
or to meet legal requirements [6]. 

1.2. Scope 

This review focuses on the toxicological 
characteristics of sarin as a representative nerve agent. 
The discussion covers physicochemical properties, 
mechanisms of toxicity, routes of exposure, clinical 
manifestations, diagnosis, medical countermeasures, 
and implications for public health. Additionally, historical 
incidents involving sarin are reviewed to illustrate the 
challenges associated with emergency preparedness 
and the management of mass casualties following a 
chemical attack. 

In addition to nerve agents, the class of chemical 
warfare agents also includes blister agents, which have a 
different mechanism of toxicity. One of the best-known 
compounds in this class is lewisite (C₂H₂AsCl₃), an 
organoarsenic compound developed as a chemical 
weapon due to its ability to cause rapid tissue damage 
and high systemic toxicity. Unlike sarin, which acts by 
inhibiting acetylcholinesterase, lewisite induces 
biological damage through the interaction of its arsenic 
atom with the sulfhydryl (-SH) groups on various cellular 
enzymes and proteins. This interaction disrupts vital 
metabolic processes, triggering oxidative stress, cell 
membrane damage, tissue necrosis, and dysfunction of 
various organs [7]. 

1.3. Biochemical Basis of Nerve Agent Toxicity 

Nerve agents are highly toxic organophosphorus 
compounds that exert their biological effects primarily 
through irreversible inhibition of acetylcholinesterase 
(AChE), an enzyme responsible for terminating 
cholinergic neurotransmission [8]. Under normal 
physiological conditions, AChE rapidly hydrolyzes 
acetylcholine (ACh) at synaptic junctions. Exposure to 
nerve agents such as sarin results in phosphorylation of 
the active site serine residue of AChE, leading to enzyme 
inactivation and excessive accumulation of acetylcholine 
at muscarinic, nicotinic, and central nervous system 
receptors [9]. 

The resulting cholinergic overstimulation produces a 
characteristic toxidrome that includes miosis, excessive 
secretions, bronchoconstriction, muscle fasciculations, 
seizures, respiratory failure, and potentially death [10]. 
The severity of poisoning depends on the absorbed dose, 
route of exposure, and the rapidity of medical intervention. 
Following inhibition, the nerve agent–AChE complex may 
undergo an aging process, during which dealkylation 
stabilizes the bond between the agent and the enzyme. 
Once aging occurs, oxime reactivators become 
ineffective, making timely treatment critical [11].  

In addition to direct cholinergic toxicity, experimental 
studies have demonstrated that nerve-agent exposure 
induces cascading oxidative stress, neuroinflammation, 
mitochondrial dysfunction, and structural neuronal injury, 
which heavily contribute to long-term neurological 
sequelae observed in survivors of acute poisoning [12]. 
Furthermore, the toxicokinetics of these agents—
encompassing their rapid systemic absorption, lipophilic 
distribution, hepatic metabolism, and pathways of 
elimination—influence the absolute magnitude and 
duration of these toxic effects by determining precise 
tissue exposure and target-organ vulnerability [13]. 

2. CLASSIFICATION OF CHEMICAL WARFARE 
AGENTS 

Most nerve agents were initially produced for the 
development of insecticides; however, due to their 
extremely high toxicity, these compounds were 
subsequently evaluated for military use. These 
compounds are classified as phosphorus-containing 
organic compounds, which are chemically similar to 
organophosphate pesticides. They produce biological 
effects by inhibiting the enzyme acetylcholinesterase, 
which normally functions to deactivate acetylcholine, a 
neurotransmitter. Consequently, the accumulation of 
acetylcholine at receptor sites causes acute cholinergic 
crisis. Death can occur due to respiratory depression 
within seconds to minutes after exposure if no treatment 
is provided [3]. 

Sarin (Figure 1) was first used on the battlefield 
during the First Gulf War in 1984–1987. There is 
circumstantial evidence that the Iraqi military used sarin 
against Kurdish villagers in 1988 and during the Iran-Iraq 
War. In 1988, Iraq used various chemical and cluster 
bombs, including sarin and other toxic nerve agents, 
injuring approximately 70,000 people and killing more 
than 5,000. The poison gas attack on the city of Halabja, 
Iraq, was the largest-scale chemical weapons attack 
against a civilian population in the modern era [14,15]. 
The Halabja attack involved various chemical agents, 
including the nerve agents sarin, tabun, and VX, as well 
as mustard gas. Estimates of the number of victims from 
nerve agents during the Iran-Iraq War range from 20,000 
to 100,000. In 1994 and 1995, the Japanese religious 
sect Aum Shinrikyo used sarin in two terrorist attacks in 
Matsumoto and Tokyo. Additionally, sarin is known to be 
part of the military stockpiles of several countries, 
including the United States [1]. 
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Figure 1. Chemical structure of Sarin 

Although sarin is one of the most well-known nerve 
agents and has been used in various armed conflicts and 
acts of terrorism, the threat posed by chemical weapons 
is not limited to nerve agents alone. Another group that 
also poses a high level of danger is vesicant agents, or 
blister agents, which operate through a different 
mechanism of toxicity and can cause both local tissue 
damage and serious systemic effects [16].  

One of the most well-known vesicant agents is 
Lewisite (Figure 2), an organoarsenic compound 
developed for military purposes due to its ability to cause 
rapid tissue injury and significant systemic toxicity.  This 
compound causes biological damage by interacting with 
sulfhydryl (-SH) groups on cellular enzymes and proteins, 
thereby inhibiting important metabolic functions [17]. 
These disruptions can trigger cellular dysfunction, 
oxidative stress, tissue necrosis, and even multi-organ 
failure. Exposure to Lewisite can occur through inhalation, 
skin contact, or eye contact, resulting in various clinical 
manifestations such as acute pain, skin irritation, blister 
formation, eye damage, respiratory tract injury, and 
systemic poisoning. This is due to its highly toxic nature 

and its ability to cause rapid injury to living tissue [18]. 

 

Figure 2. Chemical structure of Lewisite 

2.1. Historical Sarin Attack 

In 1994, sarin was used in a chemical terrorist attack 
in Matsumoto, Japan. Matsumoto, located 250 km 
northwest of Tokyo, is a medium-sized city with a 
population of approximately 200,000 and 80,000 
households. A religious cult released impure sarin using 
a heater and a fan from a truck for about 10 minutes. 
Approximately 600 people were exposed to sarin; 7 
people died; 58 were hospitalized, and more than 200 
sustained injuries. Due to secondary sarin contamination 
from the initial exposure, 35% of rescue workers also 
sustained injuries. All of these workers had begun rescue 
operations within 5 hours of the sarin release. In follow-
up health examinations over a two-year period, patients 
who suffered severe poisoning still experienced some 
symptoms, such as occasional seizures, palpitations, 
dyspnea, and mild fever [19]. 

The sarin attack in Matsumoto demonstrated the 
effects of a nerve gas attack in an open environment. 
Contrary to previously reported characteristics of sarin, 
the gas’s lethal effects appear to remain potent even in 

open environments, as seven (1.2%) of the 600 people 
exposed died from sarin vapor in the city [20]. When the 
cult group sprayed the diluted sarin, the weather was 
humid (95%) with light rain and a gentle breeze (0.5 m/s) 
on an early summer night (20.4°C). These conditions 
may have allowed the sarin vapor to maintain its lethal 
concentration. Additionally, all of the victims who died 
had their windows open at the time of exposure [21]. 

Nine months after the sarin attack in Matsumoto, one 
of the largest acts of chemical terrorism occurred in 
Tokyo during the Monday morning rush hour, known as 
the Tokyo subway sarin attack. Twelve passengers were 
killed and approximately 5,500 people were injured. Five 
members of the same religious sect released sarin by 
piercing plastic bags containing the liquid with the tips of 
their umbrellas. They carried 10 bags containing about 
600 ml of sarin liquid diluted to 35% strength onto five 
different commuter trains on three intersecting subway 
lines [22]. 

2.2. Historical Development and Military Use of 
Lewisite 

Lewisite, chemically identified as dichloro(2-
chlorovinyl)arsine, is an arsenic-containing blister agent 
(vesicant) that exhibits distinct physical and field-
persistence characteristics compared to nerve agents 
like Sarin [23]. Historically, Lewisite was first synthesized 
and developed for chemical warfare by an American 
military chemist, Winford Lee Lewis, in 1918. In its purest 
form, Lewisite is a colorless, oily liquid; however, 
impurities in munitions-grade production typically alter its 
appearance into a yellowish dark-brown or violet fluid [24]. 
Unlike Sarin, which is notoriously odorless and non-
persistent, Lewisite can be readily detected by its 
organoleptic properties, emitting a characteristic faint 
geranium-like odor [25]. 

The operational behavior of Lewisite in the field is 
largely governed by its low volatility and vapor pressure. 
At a ambient temperature of 20° C, Lewisite exerts a 
vapor pressure of only 0.395 mmHg and a corresponding 
volatility of 4,480 mg/m3. In stark contrast, Sarin exhibits 
a highly volatile nature, with a vapor pressure ranging 
between 2.1 and 2.9 mmHg and an atmospheric volatility 
of approximately 22,000 mg/m3 under identical 
environmental conditions [26]. This disparity implies that 
while Sarin vaporizes rapidly and disperses into the air as 
a non-persistent cloud, Lewisite tends to settle on terrains 
and surfaces as a liquid hazard, presenting long-term 
contact risks. Nevertheless, its field persistence is 
chemically compromised by ambient moisture; Lewisite 
undergoes a rapid hydrolysis reaction upon contact with 
water, degrading into non-volatile arsenical solids and 
hydrochloric acid [27]. 

3. THE TOXICOLOGICAL MECHANISMS OF SARIN 
AND LEWISITE 

3.1. Mechanism of Sarin (Nerve Agent) 

At the molecular level, the extreme toxicity of Sarin 
($O$-isopropyl methylphosphonofluoridate) stems from 
its ability to cause irreversible inhibition of the vital 
enzyme acetylcholinesterase (AChE) via a 
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phosphorylation process. Under normal physiological 
conditions, AChE rapidly terminates nerve signal 
transmission by hydrolyzing the neurotransmitter 
acetylcholine (ACh) into acetate and choline within the 
synaptic cleft. The catalytic triad of AChE consists of 
Serine (Ser203), Histidine (His440), and Glutamate 
(Glu327) [28].  

When Sarin enters the biological system, it mimics the 
natural substrate of AChE and targets the nucleophilic 
hydroxyl group of the Ser203 residue at the enzyme's 
esteratic site. The phosphorus atom in Sarin undergoes 
a nucleophilic attack by the Ser203 hydroxyl group, 
leading to the displacement of the fluorine leaving group 
[29]. This reaction results in the formation of a stable, 
covalent phosphonylated enzyme complex (E-P 
complex), completely blocking the enzyme's catalytic 
activity.  

Following the initial inhibition, the phosphonylated 
AChE can undergo a secondary non-enzymatic process 
known as "aging" (dealkylation) [30]. During aging, the 
isopropyl alkoxy group attached to the phosphorus atom 
is enzymatically cleaved, leaving a negatively charged 
phosphonyl oxygen. This negative charge 
electrostatically stabilizes the phosphonyl-enzyme bond, 
rendering the enzyme permanently inactivated and 
completely refractory to oxime-mediated reactivation 
therapies. Consequently, the profound inhibition of AChE 
leads to a massive and continuous accumulation of ACh 
at both nicotinic and muscarinic receptor sites, triggering 
an acute and potentially fatal cholinergic crisis [31]. 

3.2. Mechanism of Lewisite (Blister Agent) 

Unlike nerve agents, the toxicological cascade of 
Lewisite (dichloro(2-chlorovinyl)arsine) is driven by the 
high affinity of its trivalent arsenic As3+ moiety toward 
vicinal dithiols, specifically targeting the sulfhydryl/thiol (-
SH) groups of cellular enzymes and structural proteins 
[32]. The primary molecular target of Lewisite is the lipoic 
acid cofactor within the pyruvate dehydrogenase (PDH) 
and α-ketoglutarate dehydrogenase complexes, which 
are critical rate-limiting components of mitochondrial 
metabolism [33].  

The arsenic atom in Lewisite binds covalently to the 
two neighboring sulfhydryl groups of dihydrolipoamide, 
forming a highly stable, cyclic five-membered 
dithiaarsolane ring. This binding deactivates the 
lipoamide cofactor, effectively halting the conversion of 
pyruvate into Acetyl-CoA, thereby completely disrupting 
the tricarboxylic acid (TCA) cycle—commonly known as 
the Krebs cycle. The arrest of the Krebs cycle abruptly 
shuts down mitochondrial oxidative phosphorylation, 
leading to a catastrophic depletion of cellular adenosine 
triphosphate (ATP) and acute metabolic energy failure 
[34]. 

In addition to metabolic shutdown, the inhibition of 
mitochondrial respiratory enzymes triggers an immediate 
electron leakage from the transport chain, converting 
molecular oxygen into reactive oxygen species (ROS), 
such as superoxide radicals and hydrogen peroxide. This 
surge in ROS induces severe oxidative stress, causing 
extensive lipid peroxidation of mitochondrial and plasma 

membranes, intracellular calcium homeostasis disruption, 
and structural degradation of cellular macromolecules 
[35]. Deprived of ATP and subjected to compounding 
oxidative damage, the structural integrity of the cell 
collapses completely. This bioenergetic and structural 
ruin culminates in acute tissue necrosis, clinically 
manifesting as rapid inflammation, immediate 
excruciating pain, and extensive vesicle (blister) 
formation upon dermal or systemic exposure [36]. 

4. CLINICAL MANIFESTATIONS AND HEALTH 
EFFECTS 

The physiological anomalies induced by Sarin and 
Lewisite reflect their distinct underlying molecular 
pathophysiologies. While Sarin drives systemic 
cholinergic overstimulation, Lewisite acts as an 
immediate cytotoxic vesicant, causing severe rapid 
localized tissue destruction. 

4.1. Clinical Manifestations of Sarin 

The clinical presentation of Sarin exposure varies 
depending on the route and dose, but it is universally 
characterized by an acute cholinergic crisis [37]. When 
considering localized effects, direct ocular contact with 
Sarin vapor causes rapid, intense miosis due to localized 
inhibition of AChE in the pupillary constrictor muscle, 
which is frequently accompanied by conjunctival 
hyperemia and severe ocular pain. Similarly, localized 
inhalation immediately stimulates the airway's secretory 
glands, presenting as severe rhinorrhea and acute 
bronchoconstriction [38]. On the skin, direct contact with 
liquid Sarin induces localized diaphoresis and focal 
muscle fasciculations restricted to the site of exposure. 

On a systemic level, as Sarin enters the bloodstream, 
it triggers widespread parasympathetic hyperactivation 
often summarized as the SLUDGEM syndrome, which 
includes massive salivation, lacrimation, gastrointestinal 
hypermotility, and severe bronchorrhea. At the 
neuromuscular junctions, systemic accumulation of 
acetylcholine drives initial muscle twitching and 
widespread fasciculations that rapidly progress to flaccid 
paralysis [39]. Because Sarin readily crosses the blood-
brain barrier, high-dose systemic exposure results in 
severe central nervous system disruption, leading to an 
immediate loss of consciousness, status epilepticus, 
central respiratory depression, and ultimately, death from 
asphyxia within minutes [40]. 

4.2. Clinical Manifestations of Lewisite 
In contrast to the delayed onset seen in other blister 

agents such as Sulfur Mustard, Lewisite exposure 
produces an immediate, catastrophic clinical onset upon 
contact with biological tissue. This immediate, 
excruciating pain is a unique diagnostic hallmark of 
Lewisite, driven by rapid cell necrosis and direct chemical 
irritation of peripheral nerve endings by the trivalent 
arsenical compound [26]. When the eyes are exposed to 
either liquid or vapor forms of Lewisite, victims 
experience immediate blepharospasm, severe burning 
pain, and massive eyelid edema, which can rapidly 
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progress to extensive corneal necrosis and irreversible 
retinal damage. 

Dermal exposure demonstrates rapid pathology, 
where intense erythema and edema develop within 
minutes, progressing over 2 to 12 hours into large, tense, 
fluid-filled blisters. Furthermore, inhalation of Lewisite 
vapor causes immediate, severe damage throughout the 
respiratory tract, manifesting initially as aphonia and 
severe coughing. As  the agent moves deeper into the 
respiratory tree, it triggers extensive pseudomembranous 
inflammation and necrosis of the bronchial mucosa, 
culminating in hemorrhagic pulmonary edema and 
terminal respiratory failure [17] In contrast to the delayed 
onset seen in other blister agents such as Sulfur Mustard, 
Lewisite exposure produces an immediate, catastrophic 
clinical onset upon contact with biological tissue. This 
immediate, excruciating pain is a unique diagnostic 
hallmark of Lewisite, driven by rapid cell necrosis and 
direct chemical irritation of peripheral nerve endings by 
the trivalent arsenical compound [26]. When the eyes are 
exposed to either liquid or vapor forms of Lewisite, victims 
experience immediate blepharospasm, severe burning 
pain, and massive eyelid edema, which can rapidly 
progress to extensive corneal necrosis and irreversible 
retinal damage. 

Dermal exposure demonstrates rapid pathology, 
where intense erythema and edema develop within 
minutes, progressing over 2 to 12 hours into large, tense, 
fluid-filled blisters. Furthermore, inhalation of Lewisite 
vapor causes immediate, severe damage throughout the 
respiratory tract, manifesting initially as aphonia and 
severe coughing. As  the agent moves deeper into the 
respiratory tree, it triggers extensive pseudomembranous 
inflammation and necrosis of the bronchial mucosa, 
culminating in hemorrhagic pulmonary edema and 
terminal respiratory failure [17]. 

5. CHALLENGES AND FUTURE PERSPECTIVES 

5.1. Challenges Toward Advanced Sarin 
Countermeasures 

Despite extensive research on sarin toxicity, several 
challenges remain. Current understanding is largely 
focused on acetylcholinesterase (AChE) inhibition, while 
the mechanisms underlying delayed neurological effects, 
such as neuroinflammation and neurodegeneration, are 
not fully understood [41].Existing biomarkers are mainly 
useful for acute exposure assessment and provide 
limited information on long-term outcomes [42]. The 
effectiveness of current antidotes is also constrained by 
AChE aging and poor blood–brain barrier penetration of 
many oximes [43]. In addition, field decontamination 
remains difficult during large-scale incidents, rapid 
detection in public settings is still limited, and the long-
term storage stability of antidotes such as atropine and 
pralidoxime presents logistical challenges [44]. 

Future research should focus on elucidating the 
molecular pathways involved in chronic neurological 
injury following sarin exposure. Advanced omics 
technologies, including genomics, proteomics, and 
metabolomics, may facilitate the discovery of novel 
biomarkers for early diagnosis and long-term monitoring 

[45]. The development of next-generation oximes with 
improved blood–brain barrier permeability, catalytic 
bioscavengers, and neuroprotective agents also 
represents an important research priority [46]. In addition, 
artificial intelligence and computational toxicology could 
accelerate antidote discovery and improve predictive 
models of sarin-induced toxicity. Research efforts should 
also prioritize the development of portable biosensors 
capable of rapid and real-time sarin detection in public 
settings, as well as environmentally friendly 
decontamination materials that exhibit fast reaction 
kinetics, high neutralization efficiency, and minimal 
ecological impact. 

5.2. Challenges Toward Advanced Lewisite 
Countermeasures 

Compared with sarin, the toxicological mechanisms of 
lewisite remain less thoroughly characterized. Although 
its acute vesicant and arsenical effects are well known, 
information regarding chronic toxicity and long-term 
health outcomes remains limited [33]. The lack of specific 
biomarkers for distinguishing lewisite exposure from 
other arsenic sources further complicates diagnosis. 
Moreover, British Anti-Lewisite (BAL, Figure 3a), the 
primary antidote, is associated with adverse effects and 
limited efficacy against secondary issue damage [47]. 
Challenges also persist in rapid field dete. Challenges 
also persist in rapid field detection, effective 
decontamination, and antidote storage and deployment. 

BAL has a 3-carbon backbone with two sulfhydryl (-
SH) groups and a hydroxyl group (Figure 3a). Early 
research into the mechanism of effectiveness of BAL 
came from work with arsenic and sulfur groups in hair 
protein. It was surmised at the time that metals bind to 
the sulfhydryl groups of various enzymes as a 
mechanism for their significant toxicity. The Oxford Group 
had been testing glutathione (C10H17N3O6S a polypeptide 
of glycine, cystine, and glutamic acid) with one sulfhydryl 
group in the treatment of arsenic poisoning without much 
success. Using the human hair with abundant thiol 
groups they were able to elucidate the mechanism for 
BAL. As time progressed it was found that the sulfhydryl 
groups of lipoic acidwas the target for arsenic poisoning. 
Lipoic acid is a key component of two important enzymes: 
pyruvate dehydrogenase (PDH) and alpha-ketogluterate 
dehydrogenase (KDH). PDH converts the end product of 
glycolysis to acetyl coenzyme A, which can then enter the 
tricarboxylic acid (TCA) cycle. KDH is an enzyme with the 
TCA cycle. Lipoic acid is an 8-carbon dithiol that is 
covalently linked to one subunit of the PDH and KDH 
complex (Figure 3b). In the presence of arsenic, the two 
sulfhydryl groups bind with arsenic to form a six-
membered ring (Figure 3c). BAL presents two sulfhydryl 
groups to the bound arsenic-lipoic acid and forms a more 
stable five-membered ring (Figure 3d) thereby freeing 
PDH and KDH from arsenic inhibition. As mentioned 
previously, other metals also form complexes with 
sulfhydryl groups. The most stable complexes between 
BAL and metal ions are formed with Class B metals 
(arsenic, mercury, and gold). Lead is a Class A metal and 
chelation is best accomplished by adding a second 
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chelator such as meso-2,3-dimercaptosuccinic acid 
(DMSA) or ethylenediaminetetraacetic acid (EDTA). 

Future studies should aim to clarify the molecular and 
cellular pathways involved in arsenic-mediated toxicity 
using advanced systems toxicology approaches. The 
identification of lewisite-specific biomarkers, including 
protein adducts and metabolomic signatures, may 
improve exposure assessment and clinical diagnosis. 
Research efforts should also focus on the development 
of safer and more effective chelating agents, as well as 
combination therapies incorporating antioxidant, anti-
inflammatory, and regenerative strategies [48]. 
Furthermore, the development of highly selective 
biosensors for rapid field detection and environmentally 
sustainable decontamination systems capable of 
efficiently neutralizing arsenical compounds represents 
an important area of future investigation. The application 
of organoid models, three-dimensional tissue cultures, 
and nanotechnology-based detection platforms may 
provide more clinically relevant insights and enhance 
preparedness against arsenical chemical threats [49]. 

 

Figure 3. (a) Chemical structure of BAL; (b) Lipoic acid 
attached to pyruvate dehydrogenase (PDH); (c) Six-
membered ring formed by arsenic and lipoic acid; (d) 
Favored 5-membered ring of BAL and arsenic 

5.3. Emerging Directions in Chemical Warfare 
Toxicology 

Several common challenges remain for both sarin and 
lewisite, including limited human exposure data, 
incomplete understanding of long-term health effects, 
and insufficiently sensitive diagnostic tools. Effective field 
decontamination, rapid public-area detection, and the 
stability and availability of medical countermeasures also 
continue to hinder emergency preparedness [50]. Future 
advances in chemical warfare toxicology will likely rely on 
the integration of omics technologies, artificial 
intelligence, computational modeling, nanotechnology, 
and biosensor platforms. These approaches may 
improve biomarker discovery, enable real-time detection, 
and accelerate the development of safer antidotes and 
eco-friendly decontamination systems [51]. Continued 
international collaboration through organizations such as 

the Organisation for the Prohibition of Chemical 
Weapons will remain essential for strengthening global 
preparedness against chemical threats [52]. Despite 
extensive research on sarin toxicity, several challenges 
remain. Current understanding is largely focused on 
acetylcholinesterase (AChE) inhibition, while the 
mechanisms underlying delayed neurological effects, 
such as neuroinflammation and neurodegeneration, are 
not fully understood [41]. Existing biomarkers are mainly 
useful for acute exposure assessment and provide 
limited information on long-term outcomes [42]. The 
effectiveness of current antidotes is also constrained by 
AChE aging and poor blood–brain barrier penetration of 
many oximes [43]. In addition, field decontamination 
remains difficult during large-scale incidents, rapid 
detection in public settings is still limited, and the long-
term storage stability of antidotes such as atropine and 
pralidoxime presents logistical challenges [44]. 

6. CONCLUSION 

In summary, chemical warfare agents (CWAs) such 
as Sarin and Lewisite represent catastrophic instruments 
of mass destruction and asymmetrical terrorism, each 
operating through fundamentally distinct biochemical and 
physiological pathways. Sarin, a highly volatile 
organophosphorus nerve agent, targets the nervous 
system by selectively phosphorylating the catalytic serine 
residue of acetylcholinesterase, leading to a systemic 
cholinergic crisis characterized by neuromuscular 
paralysis and central respiratory arrest. Conversely, 
Lewisite is a non-volatile, persistent arsenical vesicant 
that exerts severe localized and systemic cytotoxicity 
through its high affinity for sulfhydryl groups, effectively 
shutting down the mitochondrial Krebs cycle via pyruvate 
dehydrogenase inhibition and triggering extensive tissue 
necrosis, immediate excruciating pain, and pulmonary 
destruction. 

Despite these divergent toxicological routes, both 
agents pose unprecedented challenges to public health 
and emergency response infrastructure, demanding an 
integrated and rapid medical countermeasure strategy. 
Effective mitigation requires immediate, simultaneous 
deployment of field decontamination, aggressive 
respiratory support, and systemic antidotal interventions, 
such as oximes for nerve agents or specialized chelating 
therapies for arsenical poisoning. Ultimately, a 
comprehensive understanding of these molecular 
biochemical pathways, combined with robust medical 
preparedness, enhanced detection technologies, and 
multinational scientific collaboration, forms the definitive 
cornerstone for neutralizing the threat and minimizing the 
catastrophic impacts of chemical terrorism in the future. 
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