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ABSTRACT

Chlorine gas is one of the highly produced chemicals in the USA and around the world. Chlorine gas
has several uses in water purification, sanitation, and industrial applications; however, it is a toxic
inhalation hazard agent. Inhalation of chlorine gas, based on the concentration and duration of the
exposure, causes a spectrum of symptoms, including but not limited to lacrimation, rhinorrhea,
bronchospasm, cough, dyspnea, acute lung injury, death, and survivors develop signs of pulmonary
fibrosis and reactive airway disease. Despite the use of chlorine gas as a chemical warfare agent since
World War | and its known potential as an industrial hazard, there is no specific antidote. The resur-
gence of the use of chlorine gas as a chemical warfare agent in recent years has brought speculation
of its use as weapons of mass destruction. Therefore, developing antidotes for chlorine gas-induced
lung injuries remains the need of the hour. While some of the pre-clinical studies have made substan-
tial progress in the understanding of chlorine gas-induced pulmonary pathophysiology and identifying
potential medical countermeasure(s), yet none of the drug candidates are approved by the US. Food
and Drug Administration (FDA). In this review, we summarized pathophysiology of chlorine gas-
induced pulmonary injuries, pre-clinical animal models, development of a pipeline of potential medical
countermeasures under FDA animal rule, and future directions for the development of antidotes for
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chlorine gas-induced lung injuries.

Chlorine gas

Chlorine (Cl,) is a yellowish-green gas with the strong odor
of bleach at room temperature. At temperatures below
-30°F/-34°C or at higher pressure, chlorine is a clear to
amber-colored liquid. Chlorine is one of the most highly pro-
duced and used chemicals around the world, and is among
the top 10 chemicals produced in the USA. Chlorine is used
for water treatment, bleaching of paper, industrial manufac-
ture of several chemicals, and for many other purposes
(https://www.chlorineinstitute.org/stewardship/chlorine/chlorine-
applications/, accessed 14 January 2019). In the hospital
setting, especially in developing countries, bleach plays an
important role in sanitation, particularly to kill viral contami-
nations and prevent nosocomial infections.

Accidental chlorine exposures are frequently encountered
in domestic and occupational environments. The immediate
signs and symptoms of chlorine exposure include eye redness
and lacrimation, nose and throat irritation, cough, suffocation,
the sensation of choking, and dyspnea. Although inhalation
exposures are the most common, ocular and cutaneous expo-
sures also cause deleterious effects. Exposure to the skin leads
to burning, blistering, and frostbite-like injuries.

Chlorine gas as a chemical threat agent

Chlorine gas has been used as a chemical weapon since
World War I. More than 150 tons of chlorine gas was released

by German troops against Allied Forces from approximately
6000 gas cylinders on 22 April 1915, in leper, Belgium.
This attack killed up to 5000 and caused injuries on both sides
(https://www.un.org/press/en/2015/sc12001.doc.htm, accessed
on 16 February 17). Soldiers described the smell of chlorine gas
as a distinct mix of pepper and pineapple.

Since then, there have been several reports on the use of
chlorine gas in Iran, Irag, and Syria. During Operation Iraqi
Freedom in 2007, insurgents in Iraq repeatedly detonated
chlorine tanker trucks outfitted with explosives, resulting in
multiple deaths and casualties (Jones et al. 2010). The UN-
supported OPCW fact-finding missions proved that Syria
used chlorine gas allegedly on the civilian population
(https://www.opcw.org/news/article/opcw-fact-finding-mis-
sion-compelling-confirmation-that-chlorine-gas-used-as-
weapon-in-syria/ accessed on 14 October 16; https//www.
bbc.com/news/world-middle-east-43697084 accessed on 30
October 18). Schneider and Lutkefend’s public policy report
‘Nowhere to Hide: The Logic of Chemical Weapons Use in
Syria’ concluded that Assad’s regime used improvised chlor-
ine munitions, and accounted for at least 89% of all chemical
attacks during the Syrian war (Schneider and Lutkefend
2019). The chlorine munitions were deployed using either
barrel or lob bombs.

To estimate the gravity of Cl;, Homeland Security pre-
dicted that if a tank of highly compressed chlorine gas
exploded upwind of a populated area with approximately
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700 000 individuals, at least 5% (35 000) would be exposed
to lethal doses of Cl;, and half of those victims would die of
respiratory failure. An additional 15% (105 000) would be
hospitalized, and 64% would seek medical treatment at local
hospitals (http://www.globalsecurity.org/security/library/
report/2004/hsc-planning-scenarios-jul04_08.htm accessed on
13 October 2016). Similar predictions of fatalities with chlor-
ine gas release under less extreme conditions were modeled
elsewhere (Barrett 2009). As Cl, is easy to manufacture with
salt and water (http://www.eurochlor.org/the-chlorine-uni-
verse/how-is-chlorine-produced.aspx, accessed on 19
November 2018) and easy to deploy as a potential chemical
weapon of mass destruction (WMD) (Jones et al. 2010),
developing a countermeasure to treat lung injuries caused
by chlorine remains one of the highest priorities of the
Biomedical Advanced Research and Development Authority
(BARDA) Chemical Medical Countermeasures Program.

Chlorine gas in transportation and
occupational incidents

Accidental exposure to chlorine gas in domestic and occupa-
tion settings is another big concern. Chlorine gas has been
released accidentally in the USA in several incidents. It is esti-
mated that chlorine accounts for 84% of the total toxic
industrial hazards transported every year (http://www.ipd.anl.
gov/anlpubs/2001/01/38251.pdf, accessed 22 February 17)
(Branscomb et al. 2010). Thirty-six percent of chlorine acci-
dents have led to emergency room visits (Kales et al. 1997).
The 2005 train derailment in Graniteville, SC was considered
one of the largest transportation incidents in the USA. Nine
people died and 200 were admitted to the hospital for inhal-
ation pulmonary injuries (CDC 2005; Balte et al. 2013; Mackie
et al. 2014). Based on the hazardous release of chlorine gas
in the Graniteville train derailment, detailed epidemiologic
modeling of chlorine plumes was described (Jani et al. 2016).
Other occupational and transportation incidents of a massive
chlorine leak were in Tacoma, WA on 12 February 2007 and
Las Vegas, NV on 29 August 2007. Although no fatalities
were reported in either of these incidents, the seventh larg-
est container port at Tacoma, WA was closed due to the
chlorine gas leak.

Clinical presentation of chlorine gas-induced
lung injuries

Chlorine gas causes a spectrum of clinical symptoms
depending on the concentration of chlorine gas, duration of
exposure, minute ventilation of the victims, and individual
victim characteristics such as age, sex, physical characteris-
tics, preexisting diseases, and cigarette smoking (Das and
Blanc 1993; White and Martin 2010; Runkle et al. 2013). In
2001, Winder summarized the clinical manifestations of chlor-
ine gas on the pulmonary system (Winder 2001; Evans 2005;
White and Martin 2010). Although symptoms can vary widely
in humans, low exposure (1-30ppm) for up to one-hour
results in mild to moderate mucous membrane irritation,
whereas higher exposure (30 ppm and slightly above) causes
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chest pain, dyspnea, and cough. Acute pulmonary edema
typically develops at 40-60ppm. Concentrations above
400 ppm are usually fatal over 30 minutes, whereas levels
above 1000ppm are typically fatal within minutes (White
and Martin 2010). Mortality rates vary depending on the level
of exposure but typically range from 1% to 2% (Van Sickle
et al. 2009). When a death occurs within a few hours of
exposure, the cause is primarily attributed to pulmonary
edema and hemorrhage. The National Institute for
Occupational Safety and Health (NIOSH) suggests that a
chlorine concentration of 10 ppm is considered dangerous to
health or life. Although symptoms of moderate exposure to
Cl; gas resolve, several epidemiologic studies on victims of
the chlorine gas leak in the Graniteville, SC train derailment
incident show long-term respiratory problems (Runkle et al.
2013; Abara et al. 2014; Mackie et al. 2014). Govier and
Coulson systematically reviewed civilian exposure to chlorine
gas, and reported clinical features (in the order of decreasing
incidence rate) of cough, dyspnea, sore throat, eye irritation,
excessive sputum or hemoptysis, wheeze, nausea or vomit-
ing, headache, and non-cardiogenic pulmonary edema/acute
respiratory distress syndrome (ARDS) (Govier and Coulson
2018). Underlying comorbidities such as respiratory syncytial
virus infection potentiate Cl,-induced lung injury (Song et al.
2015). Although no prospective studies were conducted to
evaluate the influence of cigarette smoking on outcomes
after exposure to chlorine gas, cigarette smokers will be at
higher risk for severe injuries from chlorine gas inhalation.

Mechanism of chlorine toxicity

The anatomical localization of toxicity of an irritant gas
depends on the solubility of the gas in water. Unlike ammo-
nia (highly water-soluble) and phosgene (limited water solu-
bility), which cause upper and lower respiratory problems,
respectively, chlorine gas has intermediate water solubility,
which can lead to both upper and lower respiratory damage
(Evans 2005; Summerhill et al. 2017). Few studies have
hypothesized that chlorine gas is a highly water-soluble gas,
upper airways are the major site of absorption, and most of
the gas is scrubbed in the nasal mucosa (Wolf et al. 1995;
Nodelman and Ultman 1999).

Chlorine gas reacts with mucus on the epithelial lining to
form hydrochloric acid and hypochlorous acid (HOCI).
Hypochlorite is an oxidative product of chlorine gas that
plays an important role in mediating the effects of chlorine
gas. Hydrochloric acid is 30-fold less toxic than chlorine gas.
Indeed, the acidic nature of chlorine gas is not primarily
responsible for its effects but rather its strong oxidative
properties (Morris et al. 2005).

Cl; + H;O < HC + HOd
2HOCI <2 2HCI + 0,

In vitro studies have shown that HOCI forms reactive inter-
mediates that can nitrate, chlorinate, and dimerize aromatic
amino acids by reacting with nitrite (NO3, the auto-oxidation
product of nitric oxide (NO)). Previous publications have
shown schemes of some of the potential reactions that form
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reactive oxygen and nitrogen species upon inhalation of
chlorine (Evans 2005; White and Martin 2010).

Recent studies have also shown mitochondrial dysfunction
following chlorine exposure. Mitochondria are an important
source of reactive oxygen species (ROS), which may be ele-
vated after cell injury. The ROS released from affected mito-
chondria may injure unaffected mitochondria, causing both
acute and delayed effects (Murphy 2009; Lee et al. 2012).
Carlisle et al. reviewed mitochondrial dysfunction as a patho-
logic basis for cardiopulmonary effects of chlorine gas inhal-
ation (Carlisle et al. 2016). Under normal homeostasis,
healthy mitochondria produce ROS that mediate cell signal-
ing. Chlorine exposure causes mitochondrial dysfunction
resulting in the production of excessive amounts of ROS that
subsequently become a major contributor of cellular and
organ injury leading to mitochondrial DNA damage, forma-
tion of mitochondrial permeability transition (MPT) pores,
and cell death. Damaged mitochondria are typically scav-
enged by lysosomal-mitophagy systems to bring back to
normal homeostasis. Protective role of modulation of
mitophagy in chlorine gas-induced mitochondrial dysfunction
was tested with trehalose or rapamycin, an activator of
autophagy and 3-methyladenine (3-MA), an inhibitor of
autophagy. Upregulation of mitophagy mitigated chlorine
gas-induced toxicity through prevention of mitochondrial
oxidative damage (Jurkuvenaite et al. 2015; Carlisle
et al. 2016).

Pathophysiology of chlorine gas-induced lung injuries

Acute lung injury (ALI): Hydrochloric acid and HOCI form
when chlorine gas reacts with mucus, and cause inflamma-
tion of the upper and lower airways, leading to broncho-
spasm, cough, and dyspnea. The acids and free radicals
generated disrupt cell membranes and proteins, leading to
profound injury to the epithelium, endothelium, and capilla-
ries. Chlorine gas exposure causes overexpression of indu-
cible nitric oxide synthase (iNOS) in the vasculature, which in
turn, mediates inflammation and the generation of oxidative
stress (Honavar et al. 2011). In mouse models of ALl caused
by chlorine gas, desquamation of epithelia, infiltration of leu-
cocytes, hemorrhage, edema, atelectasis, emphysema, and
necrosis occurred (Balakrishna et al. 2014). Cl, exposure also
increases expression of pro-inflammatory markers and
endogenous mediators of inflammation. Studies showed
recruitment of inflammatory neutrophils and macrophages,
and production of reactive oxygen and nitrogen species fol-
lowing chlorine exposure (White and Martin 2010;
Balakrishna et al. 2014). Inflammatory mediators such as CXC
chemokines including IL-8 (CXCL8), MIP-2 (CXCL2), and KC
(CXCL1) serve as chemoattractants for recruitment of neutro-
phils. The recruited inflammatory neutrophils contribute to
the generation of myeloperoxidase (MPQO) (Balakrishna et al.
2014). MPO catalyzes the formation of reactive oxygen inter-
mediates, including HOCI which may further augment chlor-
ine injury. MPO has been demonstrated to be a local
mediator of tissue damage and implicated in various inflam-
matory diseases. More recently, MPO became an important

therapeutic target in the treatment of inflammatory condi-
tions (Hickey 2011; Aratani 2018). Balakrishna et al. showed
that chlorine gas-induced cellular inflammatory response was
accompanied by dramatic increase in levels of key pro-
inflammatory factors such as KC (CXCL1), GCSF, IL-6, and
VEGF in serum and BALF. Chlorine gas also caused significant
vascular damage as evidenced by the high levels of vascular
damage markers in BALF, including serum amyloid P (SAP)
component, fibrinogen, adiponectin, and soluble vascular cell
adhesion molecule 1 (sVCAM-1) (Balakrishna et al. 2014).

After chlorine gas exposure, mice exhibit reactive airway
dysfunction syndrome, protein leakage, edema, and alveolar
damage leading to hypoxia. Most victims of mild to moder-
ate exposure to chlorine inhalation recover from acute symp-
toms within a few days. However, it is difficult to predict the
prognosis of chlorine-induced pulmonary injuries as some
victims may develop chronic respiratory problems such as
reactive airway disease (RAD).

Persistent effects of chlorine gas: A recent review sum-
marizes the persistent effects of chlorine inhalation on pul-
monary health (Hoyle and Svendsen 2016). The database
from the 2005 chlorine gas incident in Graniteville, SC is the
largest of any study on long-term pulmonary and cardiac
effects of chlorine gas exposure in humans (Abara et al.
2014). Clark et al. analyzed spirometry records from 1807 mill
workers (7332 observations) from 4 years before to
18 months after the Graniteville Cl, disaster (Clark et al.
2016), and found significant reductions in lung function
immediately after the chlorine incident. In the second vyear,
there was a modest improvement in lung function; however,
the proportion of mill workers who experienced an acceler-
ated annual decline in FEV1 (forced expiratory volume in one
second) increased significantly in 18 months after the chlor-
ine incident. A prospective study in victims of accidental
acute exposure to chlorine gas in Bangkok also revealed per-
sistent effects (Chierakul et al. 2013).

Most of the pre-clinical studies on long-term effects of
chlorine gas-induced pulmonary injuries have been con-
ducted in rodents due to feasibility and cost-effectiveness.
Common long-term outcomes of chlorine gas exposure are
fibrosis and airway remodeling (Musah et al. 2012; Mo et al.
2013, 2015; Hoyle and Svendsen 2016), reactive airways dys-
function syndrome (RADS) (Jonasson, Koch, et al. 2013), loss
of basal cells, and pathologic features similar to bronchiolitis
obliterans (O’Koren et al. 2013; Musah et al. 2017). Mice that
developed airway fibrosis had elevated baseline airway resist-
ance and airway hyperreactivity in the methacholine (Mech)
airway challenge test (Mo et al. 2013).

Cardiovascular effects of chlorine gas

Chlorine gas exposure often has cardiovascular consequences
also (Kose et al. 2009; Van Sickle et al. 2009; Carlisle et al.
2016). Epidemiologic data and pre-clinical studies suggest
that cardiac effects from chlorine gas exposure may last for
many years. These effects include decreased myocardial con-
tractile force, reduced systemic and diastolic blood pressure,
failure of biventricular function, and even death (Zaky et al.
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2015; Carlisle et al. 2016). In rats exposed to 500 ppm chlor-
ine gas for 30 minutes, lactate levels increased in the coron-
ary sinus, which suggests anaerobic metabolism in cardiac
tissue (Zaky et al. 2015). Victims of the Graniteville, SC train
derailment incident who died within four hours after chlorine
gas exposure had cardiomegaly (Van Sickle et al. 2009). Of
these victims, 87% had preexisting cardiomegaly, which sug-
gests that cardiac patients are at higher risk for death (Van
Sickle et al. 2009). Four of the 71 victims hospitalized had
cardiomegaly on chest X-ray. In hospitalized patients, tachy-
cardia and hypertension were observed. The rate of hospital-
ization for cardiovascular disease including high blood
pressure, doubled in residents of Graniteville, SC from 2005
to 2012. In rat models of chlorine gas inhalation, Ahmad
et al. showed mitochondrial injury as a mediator of cardiac
toxicity (Ahmad et al. 2015), and a case study in an elderly
patient exposed to chlorine gas reported myocardial infarc-
tion, acute ischemic stroke, and hyperglycemia (Kose
et al. 2009).

Effects of chlorine gas on the central nervous system

Chlorine gas inhalation also affects the central nervous sys-
tem (Kilburn 2000). Twenty-two study subjects who had
been exposed to chlorine gas in occupational or domestic
situations underwent a battery of neurophysiologic and cog-
nitive evaluations. Balance, simple and choice reaction times,
color discrimination, visual field performance, hearing, grip
strength, adverse mood scores, trail making, and verbal recall
were impaired (Kilburn 2000). Small hemorrhagic lesions in
the white matter of the brain have been reported after chlor-
ine gas inhalation (Leube and Kreiter 1971; Evans 2005). In a
rat study, acute chlorine inhalation caused seizures and wor-
sening of neuromuscular scores, which might be attributed
to hypoxemia (Okponyia et al. 2018).

Effects of chlorine gas on other organs and
systemic effects

While pulmonary injuries from chlorine exposure are com-
mon, dermal and ocular injuries can also occur. Skin expos-
ure results in irritation, severe pain, chemical burns, or
blisters, based on the severity of the exposure. Irritation,
conjunctivitis, or corneal defects can occur after ocular expo-
sures to chlorine gas. Although uncommon, some chromo-
somal changes have been reported in the literature. For
example, studies in sheep showed that chlorine gas in drink-
ing water can cause chromosomal aberrations (Sutiakova
et al. 2004). Although such chromosomal aberrations have
not been studied prospectively or retrospectively in humans
or in pre-clinical animal models after accidental or chemical
threat exposures, they are possible. Finally, chronic exposure
to chlorine gas in the form of hypochlorite and chloramine
in drinking water causes leukemia and lymphomas in rats
(Soffritti et al. 1997). Prospective long-term studies are war-
ranted if such effects are also seen in humans consuming
public water supply which is generally bleached, particularly
in developing countries.
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Chlorine exposure and increased susceptibility to
other diseases

Since chlorine gas damages the epithelial lining and disrupts
the alveolar-capillary barrier, pulmonary tissue becomes sus-
ceptible to other diseases under acute and chronic condi-
tions. Several studies have shown increased susceptibility to
invasive lung fungal infections and respiratory syncytial virus,
and to acquiring asthmatic phenotypes (Hox et al. 2011;
Gessner et al. 2013; Song et al. 2015; Johansson et al. 2017;
de Genaro et al. 2018).

In vitro models of chlorine gas inhalation

Studying the effects of chlorine gas in vitro aids in the initial
screening of therapeutic drug candidates. However, a few
such in vitro studies are referenced in the literature. Bessac
et al. used HEK293T cells transfected with transient receptor
potential (TRP) ion channels and cultured dorsal root ganglia
for in vitro pharmacological functional assays (Bessac et al.
2008). When NaOCl-containing physiological buffer was
added to cultured neurons, a robust increase in intracellular
calcium was noted. Cultured neurons from trigeminal ganglia
and nodose ganglia also showed robust responses to NaOCI.
The neuronal NaOCl-activated calcium influx pathway was
further examined using whole-cell patch-clamp electrophysi-
ology. More interestingly, calcium influx induced by NaOCI
was completely absent in neurons cultured from Trpal-/-
mice. These in vitro findings were further confirmed with in
vivo mouse studies. Wild type and Trpal-/- mice were
exposed to NaOC| aerosol in barometric plethysmography,
and found that TRPA1 plays a key role in chlorine gas-
induced lung injury.

Ahmad et al. studied the deleterious effects of chlorine
gas inhalation using differentiated air/liquid interface cultures
of human airway epithelial basal cells and rat cardiomyocytes
(Ahmad et al. 2014). Loss of membrane integrity, caspase
release, and apoptotic cell death were described in both tis-
sue types after exposure to chlorine gas. Jurkuvenaite et al.
exposed NCIH441 cells (human lung adenocarcinoma epithe-
lial cells) to chlorine gas at 100 ppm for 15 minutes and
found decreased cellular bioenergetics and mitochondrial
membrane potential. Treatment with mitochondrial redox
modulator, MitoQ, mitigated bioenergetics defects associated
with MitoSOX signaling. It was also found that significant
increase in autophagy at six hours post-exposure to chlorine
gas to NCI-H441 cells, which suggested improvement of
mitochondrial function. These in vitro findings were success-
fully translated to an in vivo mouse model. Autophagy activa-
tor, trehalose, decreased leukocyte counts in BALF after
chronic administration in drinking water whereas acute
administration decreased alveolar permeability in mouse
chlorine model (Jurkuvenaite et al. 2015). In vitro studies
involving other toxic inhalation agents have informed studies
on chlorine gas-induced injury in in vitro systems (Andres
et al. 2016). Organoid technology became an explosion of
interest in recent times for studying several tissue systems,
including lung. Although lung organoid models of chlorine
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inhalation have been not studied, these cultures may be
helpful for simulating injury and for rapid screening of
potential therapeutic drug candidates.

Animal models of chlorine gas-induced acute lung
injury and chronic effects

Rodent models are often used to study chlorine gas-induced
acute and chronic cardiopulmonary effects and for initial
screening of potential therapeutic drug candidates. However,
several features of human anatomy and physiology are not
common to rodent models, which accounts in part, for the
failure of many clinical trials and for failure in higher mam-
malian pre-clinical models. Non-rodents such as dogs, sheep,
rabbits, and pigs have been used to study injuries from
chlorine gas inhalation; however, most animal models have
limitations. Within mouse species alone, there are several
strain-specific differences (Leikauf et al. 2010, 2012; Mo et al.
2013; O'Koren et al. 2013). The disparities in injury and
response to treatment in inbred strains of mice result from
histologic differences. Differences in injury phenotype of
persistent effects of chlorine gas inhalation are more pro-
nounced between mouse strains (Mo et al. 2013). Non-rodent
models have other limitations such as the high cost of ani-
mals and maintenance, and difficulty in characterizing per-
sistent effects of chlorine gas inhalation due to regulatory
and animal welfare concerns.

Although the U.S. Food and Drug Administration (FDA)
animal rule gives provision for approval of potential medical
countermeasures based on data from a single pre-clinical
animal model, regulatory reviewers look for therapeutic data
in at least two animal models, including a higher mammalian
species close to humans (Park and Mitchel 2016).

With the support from NIH CounterACT program (https://
www.ninds.nih.gov/Current-Research/Trans-Agency-Activities/
CounterACT, accessed 22 August 19), a trans-NIH initiative in
translational research to develop medical countermeasures
against potential and existing chemical threat agents, the
repertoire of literature on animal models of chlorine inhal-
ation in the last one decade revealed in-depth pathophysi-
ology and potential medical countermeasures. No single
animal model represents all features of human ALI. However,
animal models of different species at different chlorine con-
centrations and times of exposure have characterized individ-
ual features of ALl (Matute-Bello et al. 2008, 2011; Wang
et al. 2008; Ballard-Croft et al. 2012; Balakrishna et al. 2014).
The clinical features of ALl are acute onset, diffuse bilateral
alveolar injury, acute oxidative phase, and repair over an
extended period with fibrosis (Morris et al. 2005; Mo et al.
2013; O'Koren et al. 2013; Balakrishna et al. 2014). The
respiratory features of ALl are severe hypoxemia, V/Q mis-
match, decreased compliance, and decreased alveolar fluid
clearance (Wang, Zhang, et al. 2002; Wang et al. 2004;
Balakrishna et al. 2014). Biologic changes observed in ALI
include disruption of epithelial and endothelial permeability,
protease activation, coagulopathies, and increased produc-
tion of pro-inflammatory cytokines in lung tissue, plasma,
and bronchoalveolar lavage fluid (BALF) (Gessner et al. 2013;

Balakrishna et al. 2014; Zarogiannis et al. 2014; Song et al.
2015). Histopathologic changes observed in ALl include infil-
tration of neutrophils, intra-alveolar coagulation and fibrin
deposits, and injury of the alveolar epithelium (Musah et al.
2012; Balakrishna et al. 2014; Mo et al. 2015).

The following representative animal models have been
widely described in the literature.

Mouse: Mice are widely used in biomedical research due
to their availability, ease of handling, availability of the com-
plete mouse genome, easy genetic manipulation, and fast
reproduction rate. Also, many conditions in humans can be
modeled in mice due to their resemblance in genetic, bio-
logic, and behavioral characteristics. Several inbred strains of
mice have been used to study chlorine gas-induced ALl and
its long-term effects. Table 1 shows representative mouse
strains, chlorine exposure conditions, study/observation
period, and therapeutic agents tested. Whole-body and
nose-only chlorine gas exposure manifolds were tested.
Appreciable lung injury by chlorine gas exposure depends
on the type of exposure, the concentration of chlorine gas,
time of exposure, and mouse strain.

Whole-body exposure to chlorine gas in mouse models
have been widely studied in various strains (Song et al. 2011;
Zarogiannis et al. 2011; Balakrishna et al. 2014; Zarogiannis
et al. 2014; Wigenstam et al. 2015) whereas some studies uti-
lized nose-only exposure manifolds (McGovern et al. 2010,
2011; O’Koren et al. 2013; McGovern et al. 2015; Hamamoto
et al. 2017). C57BL/6 mice that were exposed to 400 ppm Cl,
for 30 minutes produced several features of chemical lung
injury, including airway hyperreactivity and increase in lung
elastance, protein leakage, infiltration of neutrophils and
macrophages into lungs, increased production of oxidative
mediators and inflammatory chemokines and cytokines
(Balakrishna et al. 2014). The same combination of chlorine
concentration and time of exposure resulted in a similar
injury phenotype (Yadav et al. 2010; Song et al. 2011). The
characteristic long-term effects of chlorine exposure in
mouse models are obliterans bronchiolitis, airway fibrosis,
repair and remodeling (Tuck et al. 2008; Musah et al. 2012;
Mo et al. 2013; O’Koren et al. 2013). The role of basal cells in
airway repair and regeneration was studied (Musah et al.
2012; O'Koren et al. 2013).

Compared to higher mammalian models, studying the
time-course effects of chlorine insults on the lungs is more
feasible in mice (Tuck et al. 2008). The main caveat with
mouse models is strain differences in the response to chlor-
ine exposure within the same species and careful consider-
ation should be given to mouse strain being tested for
characterizing the injury. Leikauf et al. studied extensive
functional genomics in 16 inbred strains of the mouse
(Leikauf et al. 2010). Mouse strain differences in ALl and air-
way fibrosis were studied in C57BL/6, FBV/N, and A/J strains
(Tian et al. 2008; Mo et al. 2013). Another limitation of mouse
models is variability in persistent effects of chlorine inhal-
ation in very high acute concentrations.

Rats: Second only to mouse models, rats are frequently
used to study chlorine-induced lung injuries. In an acute Cl,
inhalation study, rats (adult male Sprague-Dawley rats,
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300-340g) were exposed to various concentrations of chlor-
ine gas in a whole-body exposure chamber (Okponyia et al.
2018). The following lethal doses were defined within
six hours after Cl, exposure: LD;; at 500 ppm for 30 minutes,
LDsg at 600 ppm for 27 minutes, and LD;s at 600 ppm for
30 minutes. This massive exposure to chlorine gas resulted in
severe acute respiratory failure, hypoxemia, decreased car-
diac output, seizures, and neuromuscular abnormalities as
evidenced by ataxia and hypotonia (Okponyia et al. 2018). In
other acute studies, rats were exposed to 184 or 400 ppm Cl,
for 30 minutes in whole-body exposure chambers (Leustik
et al. 2008; Yadav et al. 2011). Within one hour after chlorine
gas exposure, rats had arterial hypoxemia, respiratory acid-
osis, elevated albumin, IgG, and IgM in BALF, increased BALF
surfactant surface tension, and injury to airways and pulmon-
ary parenchyma. Lipid peroxidation, based on Fj-isoprostane
levels in lung tissue, was elevated in chlorine-exposed rats.
Further, the levels of endogenous antioxidants such as ascor-
bate and glutathione (GSH) were significantly decreased in
lung tissues and BALF of chlorine-exposed rats (Leustik et al.
2008). These findings persisted until 24 hours after Cl, expos-
ure. Another short-term study was conducted over 24 hours
by exposing rats (adult male Wistar rats, 8-9 weeks old,
200-250g) to 413 ppm chlorine gas for 30 minutes (Luo et al.
2014). The study concluded that the relationship between
exhaled NO and CO; in exhaled breath analysis may serve to
monitor inflammation and oxidative stress in response to
any therapeutic administration (Luo et al. 2014).

In a long-term time-course study, Sprague-Dawley rats
were exposed to 200 ppm chlorine gas for 15 minutes using
a nose-only exposure system. At 24 hours after exposure,
leukocyte counts and pro-inflammatory markers were ele-
vated in BALF, and edema appeared in lungs and heart. At
later time points (14, 28, and 90 days post-chlorine expos-
ure), delayed inflammatory response was observed along
with lung fibrosis, indicated by elevated pulmonary macro-
phages, TGF-1 expression in BALF, and collagen deposits in
lung tissue (determined with Masson’s Trichrome and a spec-
trophotometric method, Sircol™ Collagen Assay kit for rats,
Biocolor Ltd., Belfast, UK) (Wigenstam et al. 2016). Elevated
pulmonary macrophages play a key role in the development
of fibrosis through activation and production of pro-inflam-
matory cytokine, IL-1p (Rastrick and Birrell 2014). Demnati
et al. exposed rats to 1500ppm of chlorine gas for
five minutes and then studied long-term effects of chlorine
inhalation over a 3-month period after exposure. Parameters
such as lung resistance, responsiveness to inhaled Mech, the
airway epithelium and bronchoalveolar lavage (BAL) were
assessed. Chlorine exposed rats became sensitive to Mech
and in some rats, Mech hyperresponsiveness persisted for
3 months. Histopathology revealed epithelial flattening,
necrosis, increase in smooth muscle mass and evidence of
epithelial regeneration (Demnati, Fraser, Ghezzo, et al. 1998).

Rabbits: Rabbits have been used in multiple studies to
confirm findings in rodent models in an incremental manner
(Honavar et al. 2017; Musah et al. 2017), and New Zealand
white rabbits are most commonly used. In one study of ALl,
anesthetized rabbits were exposed to 800 ppm chlorine gas

for 4minutes under mechanical ventilation, and then extu-
bated to recover from anesthesia. In corroboration with
rodent studies, rabbits had hypoxemia, pulmonary edema,
airway epithelial injury, inflammation, altered baseline lung
mechanics, and airway hyperreactivity to inhaled Mech.
Rabbits exposed to 400ppm for eight minutes exhibited
mild hypoxemia, increased area of pressure-volume loops,
airway hyperreactivity, and pathology in small airways with
lesions similar to bronchiolitis obliterans (Musah et al. 2017).
New Zealand White rabbits exposed to 600 ppm chlorine gas
for 45 minutes in a whole-body exposure chamber had ele-
vated protein, total leucocyte, and neutrophil counts in BALF
(Honavar et al. 2017). Several features of acute and persistent
effects of chlorine gas inhalation observed in rodent studies
were recapitulated in rabbits.

Pigs: Pigs are often used in biomedical pulmonary transla-
tional research because their anatomy and physiology are
similar to humans. A research team at the Center for
Teaching and Research in Disaster Medicine and
Traumatology, University of Linkoping, Linkoping, Sweden
has used pig models extensively to study chlorine gas-
induced pulmonary injuries and to screen potential thera-
peutic candidates (Gunnarsson et al. 1998; Wang, Abu-Zidan,
et al. 2002; Wang, Zhang, et al. 2002; Wang et al. 2004, 2005,
2006). In fact, they were the first to use higher mammalian
models to characterize chlorine gas-induced lung injuries at
higher exposures. In their studies, anesthetized and mechan-
ically ventilated pigs were exposed to several concentrations
of chlorine gas over a range of exposure times. Pigs exposed
to chlorine gas showed severe pulmonary dysfunction with
an increased pulmonary vascular resistance index, a drop in
arterial oxygenation, and reduced lung-thorax compliance. A
few caveats of the studies include use of higher tidal volume
(10-20 mL/kg), use of no positive end-expiratory pressure
(PEEP), and shorter study periods. Gunnarsson et al. exposed
anesthetized mechanically ventilated pigs to 100L of
140 ppm for 10minutes. A rapid drop in oxygen tension,
biphasic decline in lung compliance, a significant reduction
in cardiac output was observed. Histopathology revealed
sloughing of bronchial epithelium and infiltration of leuco-
cytes. However, no injury was noted in alveoli (Gunnarsson
et al. 1998). A study was undertaken to prospectively evalu-
ate the benefits of prone and supine positioning of pigs fol-
lowing exposure to 400 ppm of chlorine gas for 20 minutes
in supine position (Wang, Abu-Zidan, et al. 2002). Exposure
to chlorine gas resulted in a threefold increase in pulmonary
vascular resistance index, a drop in arterial oxygenation and
declined lung-thorax compliance. However, within five hours
of evaluation post-chlorine exposure, prone positioning
improved venous admixture (Qs/Qt), lung-thorax compliance,
and oxygen delivery compared to supine positioning (Wang,
Abu-Zidan, et al. 2002).

Sheep: Sheep have also been used to study chlorine gas-
induced pulmonary injuries and to screen therapeutic agents
(Batchinsky et al. 2006; Fukuda et al. 2016). Anesthetized
female sheep were exposed to 60-500 ppm chlorine gas for
30 minutes under mechanical ventilation. The chlorine gas-
induced pulmonary injury had features that resembled
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smoke inhalation and ARDS resulting from systemic diseases.
Logistic regression analysis suggested an LDsy at 280 ppm
chlorine gas for 30 minutes. The study also revealed injury in
smaller airways and alveoli (Batchinsky et al. 2006).

In another ovine model, sheep were exposed to 140 ppm
chlorine gas at 25 breaths/min for 30 minutes via an endo-
tracheal tube under anesthesia. Sheep were awakened, and
conscious sheep were maintained on mechanical ventilators
for 48 hours. All sheep survived until the end of the study
period. The ratio of the partial pressure of oxygen to fraction
of inhaled oxygen remained less than 228 mmHg until
24 hours after chlorine exposure. The pulmonary shunt frac-
tion and lung wet-to-dry weight ratios were increased in
chlorine-exposed sheep.

Primate models: There are no primate models of acute
high chlorine gas exposure to mimic accidental or chlorine
bomb deployment situations. Chronic effects of chlorine
inhalation were studied in Rhesus monkeys (Macaca mulatta)
exposed to 0.1-2.3 ppm chlorine gas for six hours per day,
five days per week, for 1 year (Klonne et al. 1987). Exposure
to 2.3 ppm caused upper respiratory pathology, while lower
concentrations caused questionable clinical features. The
study concluded that Rhesus monkeys are less sensitive to
chlorine gas compared to rodents.

The current line of treatment of chlorine gas-induced
lung injuries

There are no mechanism-based treatments for chlorine gas
injury. Treatment of chlorine intoxication is largely support-
ive. At the site of exposure, pre-hospital support and stabil-
ization involve removing victims from the source of Cl;
exposure and giving supplemental oxygen. Administering
inhaled beta-agonists to control bronchospasm may be con-
sidered. Standardized protocols for triaging victims may help
to prioritize treatment plans.

At the hospital, specifically, humidified oxygen is appropri-
ate for all victims along with inhaled bronchodilators
(Giiloglu et al. 2002). However, a recent rodent study showed
that supplemental oxygen improves survival rates but wor-
sens cardiopulmonary function (Okponyia et al. 2018).
Although some benefit from agents such as nebulized
sodium bicarbonate and corticosteroids has been suggested,
the evidence is anecdotal (Leustik et al. 2008; McGovern
et al. 2011; Mackie et al. 2014). Decontaminating victims in
the emergency department is critical. Importantly, over 95%
of victims of the Graniteville, SC incident arrived at the hos-
pital in private vehicles probably without any decontamin-
ation (Wenck et al. 2007).

Potential treatment targets and drug candidates in the
research pipeline

Efforts are underway to develop medical countermeasures
against chlorine gas-induced lung injuries with the support
from NIH CounterACT program and Biomedical Advanced
Research Development Authority (BARDA). To treat victims of
chlorine exposure in a mass casualty situation, preference is
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given to stable formulations for intramuscular injections
using auto-injectors for self-administration.

Transient receptor potential ion channel inhibitors: TRP
ion channels are nonspecific cationic channels expressed ubi-
quitously on the plasma membrane of almost all mammalian
cell types. These ion channels play an important role in nor-
mal homeostasis. In the past decade, these ion channels are
extensively studied, particularly, for their role in normal
homeostasis and different diseases. The role of TRP ion chan-
nels has been studied extensively in various animal models
of lung injuries (Bessac et al. 2008; Brone et al. 2008; Buch
et al. 2013; Balakrishna et al. 2014; Grace et al. 2014; Morty
and Kuebler 2014; Achanta and Jordt 2017). Among these
channels, the role of TRP vanilloid 4 (TRPV4) and TRP ankyrin
repeat 1 (TRPAT) has been extensively studied in vitro and in
vivo (Bautista et al. 2006; Bessac and Jordt 2008; Bessac et al.
2008; Balakrishna et al. 2014; Achanta and Jordt 2017;
Summerhill et al. 2017).

TRPV4 ion channels are calcium-permeating ion channels
that are abundant in vascular endothelium. Thus, when
intracellular calcium levels increase, the TRPV4 response
results in plasma extravasation, vascular leakage, and
edema (Tiruppathi et al. 2006; Thorneloe et al. 2012).
TRPV4 ion channels are also expressed at the alveolar sep-
tal barrier, which plays an important role in mediating the
movement of intravascular fluid into the interstitial and
alveolar air space of the lung. This cascade of events has
been verified by preclinical in vitro and in vivo studies
using selective TRPV4 blockers and genetic knock-out stud-
ies (Jian et al. 2008; Thorneloe et al. 2012). TRPV4 ion chan-
nels are also expressed in other tissues including airway
smooth muscle, trachea, heart, liver, brain, placenta, and
salivary glands.

Balakrishna et al. used two structurally different novel
TRPV4 inhibitors (GSK2220691 and GSK2337429A, tested in
both intraperitoneal and intramuscular routes of administra-
tion) in mouse non-lethal models of chlorine gas- and
hydrochloric acid-induced ALIl. Mimicking chlorine gas
exposure in the field, treatment was given post-exposure to
the chlorine gas. Overall, administration of either inhibitor
beginning immediately after chlorine gas exposure reduced
pulmonary edema, improved pulmonary function and oxy-
genation, reduced airway hyperreactivity, and reduced BALF
neutrophils, macrophages, and cytokines, suggesting
reduced inflammation (Balakrishna et al. 2014). Studies in
TRPV4 knock-out mice recapitulated these findings. A
review of the role of TRPV4 inhibitors in pulmonary protec-
tion supported further development as a chemical medical
countermeasure (Morty and Kuebler 2014). Indeed, a TRPV4
inhibitor is now one of two drug candidates that reached
advanced development based on mechanism of action
(https://www.phe.gov/Preparedness/news/Pages/gsk-chem.
aspx, accessed 30 October 2018).

TRPAT is the most divergent ion channels in the TRP fam-
ily. Expressed primarily in sensory neurons, TRPA1 is acti-
vated by pro-inflammatory mediators and noxious
environmental substances. Exogenous or endogenous TRPAT
agonists covalently modify cysteine residues within the
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ankyrin repeat-rich N-terminus to activate the channel
(Bessac and Jordt 2008; Achanta and Jordt 2017). Bessac
et al. showed that hypochlorite, the oxidizing mediator of
chlorine gas, activates the TRPA1 ion channel using in vitro
and in vivo studies (Bessac et al. 2008). Hypochlorite acti-
vated Ca’" influx and membrane current in an oxidant-sensi-
tive subpopulation of chemosensory neurons. However,
neurons cultured from mice lacking TRPA1 do not show
these responses. TRPA1 channels were strongly activated by
hypochlorite in primary sensory dorsal root ganglion neurons
and heterologous cells. In plethysmography respiratory func-
tion tests, Trpal(-/-) mice displayed profound deficiencies in
hypochlorite- and hydrogen peroxide-induced respiratory
depression, as well as decreased oxidant-induced pain
behavior, compared to wild type mice (Bessac et al. 2008).
TRPA1 ion channels are also implicated in other chemical
threat agents-induced injuries (Bessac et al. 2009; Bessac and
Jordt 2010; Rothenberg et al. 2016; Achanta et al. 2018).
Targeting TRPA1 ion channel may benefit in mitigating sev-
eral chemical threat agents-induced skin and lung injuries.

Antioxidants: N-acetyl cysteine is an antioxidant that
reduces lung injury when administered in combination with
corticosteroids after Cl, exposure. As a solo therapeutic
agent, however, N-acetyl cysteine does not ameliorate pul-
monary inflammation (Wigenstam et al. 2015). Other antioxi-
dants, such as ascorbate and deferoxamine, have also been
tested in rodent models. When administered after Cl, expos-
ure, ascorbate and deferoxamine reduced mortality and
decreased lung injury by modulating alveolar-capillary per-
meability, inflammation, epithelial sloughing, and lipid perox-
idation (Zarogiannis et al. 2011) and reduced epithelial
hyperplasia, mucus accumulation, and airway hyperreactivity
(Fanucchi et al. 2012). In an ovine model of Cl, injury, intra-
muscular administration of R-107, a NO donor, peroxynitrite
modulator, and superoxide scavenger, attenuated the sever-
ity of lung injury by inhibiting pulmonary shunt fraction and
reducing pulmonary edema formation (Fukuda et al. 2016).
Inhalation of chlorine gas causes increased oxidative stress,
loss of NO signaling homeostasis, and intra/extra-pulmonary
inflammation. R-107 is another drug that has reached
advanced pre-clinical testing as a chemical medical counter-
measure (https://www.phe.gov/Preparedness/news/Pages/
gsk-chem.aspx, accessed 15 January 2019). The catalytic anti-
oxidant Mn(lll) tetrakis (N,N'-diethylimidazolium-2-yl) porphy-
rin, (AEOL10150 [AEOL]), efficiently scavenges peroxynitrite,
inhibits lipid peroxidation, and exhibits superoxide dismutase
(SOD)- and catalase-like activities (McGovern et al. 2011). In a
mouse model of chlorine inhalation injury, AEOL rescued Cl,-
induced airway hyper-responsiveness, pulmonary inflamma-
tion, and oxidative stress, and promoted airway epithelial cell
regeneration (McGovern et al. 2011).

Nitrites: Nitric oxide is a critical messenger of homeostasis
in several physiologic functions including modulation of
inflammation. Exposure to chlorine gas disrupts the forma-
tion of NO (Samal et al. 2010; Honavar et al. 2011). Recent
studies in rodents and rabbits have shown that administra-
tion of nitrite after chlorine gas exposure mitigates pulmon-
ary injury (Yadav et al. 2011; Honavar et al. 2014, 2017). Both

enzymatic and non-enzymatic production of NO from nitrite
has been documented. Nitrite is an anion that is reduced to
NO and other NO-containing species in a hypoxic environ-
ment in vivo.

Corticosteroids: Nine corticosteroids were screened for
their efficacy in rodent models of chlorine injury (Chen et al.
2013). Among the nine corticosteroids tested in the intraperi-
toneal route of administration, mometasone and budesonide
were effective in mitigating certain injury parameters (Chen
et al. 2013). Corticosteroids such as dexamethasone and
mometasone were partially effective in mitigating ALl in
rodent models in a dose-dependent manner (Demnati,
Fraser, Martin, et al. 1998; Chen et al. 2013; Jonasson,
Wigenstam, et al. 2013; Wigenstam et al. 2016). Among corti-
costeroids, budesonide has been studied extensively in
rodent and swine models of chlorine gas-induced ALI (Wang,
Zhang, et al. 2002; Wang et al. 2004; Chen et al. 2013).
Budesonide is available as a pill, inhaler, nasal spray, and rec-
tal suppository. Novel intramuscular preparations of budeso-
nide with poly(lactic-co-glycolic acid) (PLGA) have been
tested in rodent models (Hoyle et al. 2016). In a swine model
of Cly-induced ALl (400 ppm for 20 minutes), aerosolized
combination therapy with budesonide and terbutaline, a p2-
adrenergic agonist, improved outcomes compared to single-
agent therapies with either of these drug candidates (Wang
et al. 2004). Wang et al. tested the therapeutic efficacy of
corticosteroids such as inhaled budesonide and intravenous
betamethasone in anesthetized and mechanically ventilated
pigs exposed to 400ppm of chlorine gas for 15minutes.
Treatment with corticosteroids improved arterial oxygen ten-
sion, decreased pulmonary vascular resistance and airway
pressure compared to placebo-treated pigs (Wang et al.
2005). The therapeutic benefits of budesonide are also time-
dependent. Swine that received budesonide immediately or
within 30 minutes after Cl, exposure had therapeutic benefits
but not when treated at 60 minutes after exposure (Wang,
Zhang, et al. 2002).

Oxygen therapy: Continuous supplemental oxygen ther-
apy after chlorine gas exposure has been controversial as
excess oxygen can generate ROS, which may enhance tox-
icity. In an effort to stabilize cardiopulmonary physiology,
supplemental oxygen is commonly administered to patients.
However, a recent study in rats showed that continuous sup-
plemental oxygen therapy is detrimental in treating Cl,-
induced ALl (Okponyia et al. 2018). The study found that
chlorine inhalation causes severe respiratory, cardiac, and
neuromuscular abnormalities. Supplemental oxygen therapy
(0.8 FiO;) improved survival rate and prevented seizure-
related mortality, but it worsened the severity of respiratory
physiology compared to control animals (0.21 FiO,, that is,
ambient room air), and did not improve respiratory, cardiac,
or neuromuscular abnormalities. The study concluded that
oxygen therapy can improve short-term survival, but that
continuous supplemental oxygen therapy should be given
with caution (Okponyia et al. 2018).

Heparin: In a rodent model of Cl,-induced ALI, a cascade
of coagulation abnormalities was activated systemically and
within alveoli. Mice exposed to chlorine gas had increased
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intra-alveolar hypercoagulation, measured by clotting time,
clot formation time, and p-dimers compared to control mice
exposed to room air. Further, BALF from Cl,-exposed mice
had higher levels of thrombin-antithrombin complexes.
When mice were treated with aerosolized heparin after chlor-
ine gas exposure, protein levels, and inflammatory cells were
decreased in BALF (Zarogiannis et al. 2014).

Sodium bicarbonate: Sodium bicarbonate is a nonspecific
antidote for treating acid-base abnormalities. Nebulized
sodium bicarbonate was used as a single therapeutic agent
or as an adjunct therapy in pulmonary injuries resulting from
chlorine gas inhalation. Inhaled sodium bicarbonate neutral-
izes the hydrochloric acid that is formed when chlorine gas
reacts with water in the respiratory tract (Vajner and
Lung 2013).

Trehalose: When NCI-H441 cells (human lung adenocar-
cinoma epithelial cells) were exposed to 100 ppm chlorine
gas for 15 minutes, cellular bioenergetic function and mito-
chondrial membrane potential decreased within one hour.
However, at six hours after Cl, exposure, a significant
increase in autophagy was observed, which was associated
with improved mitochondrial function. When NCI-H441 cells
were pretreated with trehalose (an autophagy activator), the
bioenergetic function was improved. When mice were
exposed to 400 ppm chlorine gas for 30 minutes, administra-
tion of 2% trehalose orally or via nebulization resulted in
mixed outcomes that were dependent on the timing of
treatment (Jurkuvenaite et al. 2015).

Increasing cyclic AMP levels: Hoyle et al. described the
mechanisms by which cAMP regulates cellular processes
affecting lung injury and discussed therapeutic benefits of
investigating the drugs that enhance cAMP levels as potential
medical countermeasures for chlorine gas-induced lung inju-
ries (Hoyle 2010). Potential beneficial effects of increased cyc-
lic AMP levels include inhibition of pulmonary edema,
inflammation, and airway hyperreactivity. Beta(2)-adrenergic
agonists and phosphodiesterase inhibitors increase cAMP lev-
els through stimulation of cAMP synthesis and inhibition of
cAMP degradation, respectively. The type 4 phosphodiester-
ase inhibitor, rolipram, was investigated as a rescue treatment
for chlorine gas-induced lung injury (Chang et al. 2012).

Biomarkers

There are no validated biomarkers for diagnosing victims of
chlorine exposure or to establish chlorine gas leak/attack. A
very limited number of biomarkers for detecting chlorine
exposure in humans or in animal models are in pre-clinical
stages of validation. r-a-Phosphatidylglycerol chlorohydrins
have been identified as potential biomarkers for chlorine gas
exposure (Hemstrom et al. 2016). In that study, Hemstrom
et al. used mass spectrometry analytical approaches to
detect chlorinated biomolecules in BALF of mice. Chlorine
reacts with pulmonary surfactant lipids, unsaturated phos-
phatidylglycerol, and phosphatidylcholine to form chlorohy-
drins. These chlorohydrins could be detected until 72 hours
after chlorine gas exposure. These chlorinated biomolecules
were not found in control mice or in humans with chronic
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respiratory diseases. Using a flow cytometry approach,
Robaszkiewicz et al. showed that hypochlorite forms 3-chlori-
nated tyrosine residues via oxidation reactions in human cell
lines (Robaszkiewicz et al. 2011). In a rat model of chlorine
gas-induced injury, by-products of chlorine reactions, such as
chlorotyrosine and chloramine, were elevated in plasma
(Ahmad et al. 2015). In a mouse model of chlorine gas-
induced lung injury, impaired surfactant function and altered
BALF phospholipid and surfactant protein levels were noted
(Massa et al. 2014).

Lung tissue and surfactant are enriched with plasmalo-
gens. Chlorinated lipids (Cl-lipids) are produced when chlor-
ine gas reacts with plasmalogen. In rodent models of
chlorine gas-induced ALIl, Cl-lipids, such as 2-chloropalmital-
dehyde (2-Cl-Pald) and 2-chlorostearaldehyde (2-Cl-Sald), and
their oxidized products free and esterified 2-chloropalmitic
acid and 2-chlorostearic acid were detected in the lungs and
plasma. The highest concentrations of Cl-lipids were
observed immediately after chlorine gas exposure. Cl-lipid
levels remained several folds higher at 24 hours post Cl,
exposure compared to baseline values, but decreased over
the first 72 hours after exposure. Glutathione adducts of 2-Cl-
Pald and 2-Cl-Sald, as well as 3-chlorotyrosine levels, also
increased in chlorine gas-exposed animals (Spickett 2007;
Ford et al. 2016). All of these biomarkers were tested in
rodent models and it would be interesting to validate these
findings in higher mammalian models close to humans or in
actual samples of victims of chlorine gas exposure. Future
efforts should also establish a relationship between a bio-
marker and the progression of the disease. In order to iden-
tify chlorine gas leak/attack, it would be worthwhile to
assess chlorine exposure from a forensic point of view near
sites of chlorine gas bomb deployment.

Conclusions/recommendations

While chlorine gas offers several benefits, it is a potential
chemical threat that is easy to manufacture and easily
accessible. Despite knowing its deleterious effects on the
pulmonary system for more than a century, there is no
effective antidote due to the complexity of the pathophysi-
ology and clinical outcomes following exposure. Recent pre-
clinical studies have identified several targets for treatment,
and some are in advanced testing. Currently, the potential
medical countermeasures against chlorine gas are tested as a
solo treatment. However, the approach for treating exposed
patients must be multidimensional, and would include acid-
base regulation, oxygen supplementation, mechanical venti-
lation, and administration of the potential drug candidate.
Future studies should focus on combination therapies to
address various pathophysiologic events that happen imme-
diately after exposure, in order to stabilize the patient and
restore the architecture of the pulmonary system. In addition
to the development of potential medical countermeasures
against chlorine gas-induced lung injuries, identifying bio-
markers for chlorine gas injury that serves as a surrogate
marker of chlorine gas exposure and disease progression fills
the knowledge gap.
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