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Abstract

Acute respiratory distress syndrome (ARDS) is a highly morbid lung pathology induced by 

exposure to chemical warfare agents, including vesicants, phosgene, chlorine, and ricin. In this 

review, we describe the pathology associated with the development of ARDS in humans and 

experimental models of acute lung injury following animal exposure to these high-priority threat 

agents. Potential future approaches to disease-modifying treatment used in preclinical animal 

studies, including antioxidants, anti-inflammatories, biologics, and mesenchymal stem cells, are 

also described. As respiratory pathologies, including ARDS, are the major cause of morbidity 

and mortality following exposure to chemical threat agents, understanding mechanisms of disease 

pathogenesis is key to the development of efficacious therapeutics beyond the primary intervention 

principle, which remains mechanical ventilation.
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Introduction

Acute respiratory distress syndrome (ARDS) is the most severe clinical correlate of acute 

lung injury (ALI). It is defined as impaired oxygenation and respiratory failure that is 

characterized by bilateral pulmonary infiltrates not fully explained by cardiac failure or 

fluid overload and that develops within 1 week of a known clinical insult.1,2 Potential 
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etiologies of ARDS include exposure to chemical warfare agents, such as vesicants, 

phosgene, chlorine, and ricin. ARDS is a seriously morbid condition with associated 

mortality estimated to be as high as 40%.3 Moreover, survivors of ARDS often suffer 

long-term debilitating pulmonary and systemic disease.4

There are only a few treatment modalities that improve case fatality rates in patients with 

ARDS, including limiting the tidal volumes delivered with mechanically controlled breaths 

and prone position ventilation in severely hypoxemic ARDS.5,6 However, as insight into the 

pathophysiology of ARDS grows, there is the potential for development of targeted therapies 

to treat this lethal condition. One of the primary goals of the National Institutes of Health 

Countermeasures Against Chemical Threats (CounterACT) program is to prevent and treat 

acute conditions caused by chemical threat agents. Thus, given the severity of ARDS, it is 

important to review chemical agents that cause ALI, how they do so, and some potential 

approaches for treating specific agent-induced ARDS.

Pathophysiology of ARDS

The major functions of the lung are to facilitate the transport of oxygen from ambient air 

into the systemic circulation to supply other organs, excrete carbon dioxide, and maintain 

a homeostatic acid–base balance. Hypoxemia can develop due to five pathophysiologic 

processes: low ambient oxygen content (e.g., high altitude and smoke inhalation), 

hypoventilation, ventilation/perfusion (V/Q) mismatch, shunting of deoxygenated blood, 

and impaired diffusion from the alveoli to the pulmonary capillaries. Hypercapnia develops 

when there is either a decrease in total minute ventilation (respiratory rate × tidal volume), a 

disproportionate increase in dead space ventilation (increased ventilation in areas of the lung 

that are poorly perfused), and/or loss of lung elastic recoil. As hydrogen ion concentration in 

the plasma is directly proportional to the partial pressure of arterial CO2, hypercapnia results 

in decreased plasma pH, otherwise termed acidemia.

In ARDS, hypoxemia develops from a combination of shunting deoxygenated blood 

due to diffuse alveolar filling/edema, V/Q mismatch from pulmonary microthrombi, and 

diffusion impairment across a thickened alveolar septum. Hypercapnia develops because of 

a combination of increased dead space ventilation (pulmonary microthrombi and increased 

blood viscosity) and decreased total ventilation owing to respiratory muscle fatigue. ARDS 

can develop as a consequence of direct or indirect lung injury. The etiologies of direct 
lung injury are pneumonia, gastric content aspiration, pulmonary contusion, fat emboli, 

near-drowning, and inhalational injury.4 Etiologies of indirect lung injury are sepsis, trauma, 

hemorrhagic shock, cardiopulmonary bypass, drug overdose, acute pancreatitis, transfusions 

of blood products, and surgical reperfusion edema.4

ARDS occurs in three, often overlapping, phases. The first phase is the exudative 

phase (days 1–6).7 In response to injury, inflammatory lung macrophages develop a 

proinflammatory/cytotoxic (M1) phenotype, releasing proinflammatory cytokines (tumor 

necrosis factor (TNF)-α, interleukin (IL)-6, and IL-1) and chemokines (IL-8, CCL7, and 

CCL2), and promoting further accumulation of monocytes and neutrophils in the alveolar 

space.4 Neutrophils release additional inflammatory mediators, reactive oxygen species 
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(ROS), and proteinases, which degrade the basement membrane and epithelial-endothelial 

barrier.4 Neutrophils also release extracellular traps containing injurious histones and 

proteases that stimulate the release of more proinflammatory cytokines via the NLRP3 

inflammasome.8 Inactivation and loss of surfactant results in reduced alveolar hysteresis and 

alveolar collapse.9 Loss of plasma volume entering the lung results in hemoconcentration 

and increased blood viscosity, further impairing gas exchange.10 TNF-mediated expression 

of tissue factor leads to dysregulation of intravascular and intra-alveolar coagulation, 

microthrombi formation, and hyaline membrane formation along denuded basement 

membranes (Fig. 1).4 The combination of these pathologic processes results in increased 

dead space ventilation and significant intrapulmonary shunting of blood culminating in 

hypoxemia that is refractory to the administration of supplemental oxygen, and ultimately 

respiratory failure (Fig. 2). Different chemical agent exposures induce a unique mix of these 

physiologic derangements, ultimately leading to pathology similar to the exudative phase of 

ARDS.

Pulmonary edema develops due to imbalance in Starling forces, namely, changes in 

the difference between capillary and interstitial hydrostatic pressure, as well as plasma 

and interstitial oncotic pressures. Increases in capillary hydrostatic pressure relative to 

interstitial hydrostatic pressure and/or increases in interstitial oncotic pressures relative to 

plasma oncotic pressures culminate in alveolar edema development. Moreover, surfactant 

dysfunction increases alveolar interstitial pressures via the law of Laplace, promoting 

edema development.11 Excessive inflammation, as described above, compromises vascular 

integrity, augmenting the leakage of colloids from the plasma to the interstitium, increasing 

interstitial oncotic pressure.12 As such, patients with noncardiogenic pulmonary edema 

have greater extravascular lung water at a given left ventricular end-diastolic pressure 

compared with those having cardiogenic pulmonary edema.13 However, the relative role 

of cardiovascular changes and resultant aberrations in hydrostatic pressure gradients in 

the development of edema in ARDS cannot be understated. While ARDS is defined by a 

low clinical suspicion of cardiac failure, studies have shown elevations of left ventricular 

end-diastolic pressure are common in ARDS patients, and cardiac dysfunction may be 

present depending on the individual inhalation injury.14,15

The second, proliferative phase (days 7–14) is characterized by the resolution of 

inflammation and initiation of wound repair.4,7 This is mediated, in part, by anti-

inflammatory/reparative M2 macrophages, which release anti-inflammatory cytokines (e.g., 

IL-10, IL-4, and IL-13), resolvins, lipoxins, and growth factors that promote epithelial 

and endothelial repair, macrophage phagocytosis of proinflammatory apoptotic neutrophils, 

and release matrix metallopeptidases (MMPs) that cleave chemokines.4 Alveolar type II 

cells begin to proliferate in part due to Wnt/β-catenin signaling and differentiate into type 

I cells, replacing the damaged alveolar epithelial barrier while increasing the production 

of anti-inflammatory proteins.16,17 With restoration of the alveolar epithelium, there is 

reestablishment of tight junctions and increased expression of alveolar ion and aquaporin 

channels, leading to resorption of alveolar edema.4 Thus, this phase of ARDS is essential in 

the resolution of the disease.
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The third, fibrotic phase (post-14 days) does not occur in all patients, as it is thought to 

be due to aberrant resolution of inflammation. During this phase, there is an excessive 

fibrogenic response driven by differentiation of resident fibroblasts into myofibroblasts 

following exposure to profibrotic mediators, such as platelet-derived growth factor (PDGF), 

transforming growth factor-beta (TGF-β), and insulin-like growth factor (IGF-1) released by 

M2 macrophages.4 The result is persistent and debilitating pulmonary fibrosis characterized 

by continued hypoxemia due to regional ventilation-perfusion mismatch and oxygen 

diffusion impairment through a thickened alveolar interstitium.

General supportive treatment of ARDS

The majority of patients with ARDS require invasive mechanical ventilation. While this 

is a lifesaving therapy, it is an unnatural form of oxygenation and ventilation. Mechanical 

ventilation with large tidal volumes leads to lung injury, referred to as ventilator-induced 

lung injury. This results from alveolar stress due to barotrauma (overdistention of lung), 

volutrauma (excessive lung stretching), atelectrauma (repetitive opening and closing of 

alveoli with ensuing epithelial sloughing, pulmonary edema, and hyaline membrane 

formation), or biotrauma (epithelial microtears culminating in translocation of inflammatory 

mediators into the systemic circulation).18 All of these forms of trauma have the potential 

to promote inflammation and exacerbate ARDS progression. Thus, the most successful 

mechanical treatment for ARDS is low tidal volume ventilation, in which tidal volumes 

are limited to 6–8 mL/predicted body weight.5 This has been shown to modestly decrease 

absolute ARDS case fatality rate from 40% to 31%.5 As such, the use of low tidal volume 

ventilation is strongly recommended by major critical care societies.19

In addition to ventilating the lung with low tidal volumes, providing mechanical ventilation 

to patients in the prone versus supine position has been demonstrated to reduce mortality 

in patients with severe ARDS.6,20 Prone ventilation increases recruitment of the dorsal 

part of the lung (greater anatomical mass than ventral lung), which is compressed during 

supine ventilation, resulting in more homogenous ventilation and oxygenation and less 

lung injury.20,21 A large multicenter randomized controlled trial and a meta-analysis of 

earlier studies confirm that prone position ventilation improves 28-day mortality from 32.8% 

(supine) to 16% (prone).6,20 Thus, like low tidal volume ventilation, prone positioning is 

strongly recommended for use in patients with severe ARDS.19

Pulmonary edema decreases respiratory system static compliance, increases shunt-like 

hypoxia, and impairs the function of surfactant.22,23 Furthermore, pulmonary edema and 

fluid retention have been shown to be associated with increased mortality.24 Thus, a 

common treatment strategy used to prevent pulmonary edema exacerbation in ARDS is 

to limit fluid administration and induce diuresis as needed for relative circulatory overload 

(central venous pressure >9 mmHg or pulmonary artery occlusion pressure >13 mmHg with 

a cardiac index ≥2.5 L/min/m2).25 The largest study examining this strategy demonstrated 

improved oxygenation, pulmonary mechanics, increased oncotic pressure, and shortened 

duration of mechanical ventilation, but there was no improvement in 60-day mortality.25

Radbel et al. Page 4

Ann N Y Acad Sci. Author manuscript; available in PMC 2023 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Chemical threat agent–induced ALI

Specific chemical threat agents that cause ALI include vesicants, phosgene, chlorine, 

and ricin. Treatment generally includes airway management, mechanical lung protection 

strategies, aggressive pulmonary toilet, and avoidance of circulatory volume overload.26 

These strategies, especially lung protective ventilation, are paramount to improve mortality 

but biochemical therapeutics targeted to different etiologies have the potential to improve 

outcomes. Hence, there is a clear need for disease-modifying therapies based on the 

underlying agent-specific ALI pathogenesis.

In animals, B2 agonists, exogenous surfactant and surfactant protein C, omega 3 fatty 

acids, neutrophil elastase inhibitors, statins, granulocyte-macrophage colony-stimulating 

factor (GMCSF), activated protein C, steroids, and N-acetylcysteine (NAC) have shown 

some benefits in animal models of ALI; however, they have failed to demonstrate significant 

efficacy in humans.27–39 ARDS is a syndrome with increasingly recognized phenotypic 

variation, with differential response to treatment.40 As such, certain therapies like steroids 

and NAC may in fact be useful for treating specific chemical injuries. Herein, we review 

the specific pathologies of ALI caused by chemical threat agents and highlight some 

biochemical treatment strategies used in preclinical, mechanistic animal models with the 

potential for human use if developed further (Table 1).

Vesicants

Vesicants (blistering agents) recognized by the U.S. Department of Homeland Security 

(DHS) include the mustard agents: sulfur mustard (SM, bis[2-chloroethyl]sulfide; 

DHS chemical access service (CAS) no. 505-60-2) and nitrogen mustard (NM, bis[2-

chloroethyl]methylamine hydrochloride; DHS CAS no. 55-86-7). SM is an oily, yellow–

brown liquid at room temperature, whereas NM is pale amber, clear, or yellow colored. 

SM was first used by Germany as a chemical warfare agent in World War I, coining it the 

nickname “King of the Battle Gases.”41,42 It was later utilized as a chemical agent in several 

conflicts, including the Iran–Iraq war.42,43 At least a dozen countries have been known to 

possess stockpiles (13,839 reported tons), as it is easy and inexpensive to manufacture.42 

Most recently, SM was identified as causative agent of the death of civilians in the 2016 

Syria/Iraq conflict.44 Although NM and related derivatives were never used in warfare, they 

were produced in the 1920s and 1930s as chemical threat agents and stockpiled. As such, 

these agents are of major concern and are listed as DHS chemical agents of interest.

Pathophysiology.—Mustard agents are bifunctional DNA alkylating chemicals with low 

water solubility, allowing them to penetrate the lower respiratory tract.45 There, they 

react with lipids, proteins, and DNA, forming monoadducts and intra and intermolecular 

crosslinks.46 Mustards induce cellular damage by a variety of mechanisms, including 

arresting cells in the cell cycle and activating chromosomal poly(ADP-ribose)polymerase, 

which reduces intracellular oxidized nicotinamide adenosine dinucleotide, inhibiting 

glycolysis.42 This leads to activation of the hexose monophosphate shunt, which releases 

proteases that damage structural proteins, inducing inflammation and ultimately cell death.47 
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Mustard agents also alkylate thiol groups, depleting cellular glutathione, inducing an 

accumulation of ROS that can react with phospholipids to damage cell membranes.47

Within 24 h of SM exposure in humans, pulmonary edema and pulmonary failure with 

sloughing of the respiratory epithelium and loss of pulmonary surfactant consistent with 

ARDS develops.48–50 As observed in ARDS, survivors of SM exposure develop permanent 

pulmonary fibrosis.48 Experimental studies from our laboratory have demonstrated similar 

pathology and disease progression in rodents following exposure to SM or NM. Thus, 

within 1–3 days, there is thickening of the alveolar septa and inflammatory cell infiltrates, 

consistent with an experimental classification of ALI (Fig. 1).51–53 The human respiratory 

LD50 for mustard agents is estimated at 1500 mg-min/m3, although NM is less potent than 

SM.47,54

As in the exudative phase of human ARDS, experimental models also showed that early in 

mustard-induced ALI, there is an accumulation of proinflammatory/cytotoxic macrophages, 

which express inducible nitric oxide synthase (iNOS), cyclooxygenase (COX)-2, and TNF-

α.52,53,55,56 By day 28 postexposure, rodents display numerous areas of fibrosis in the 

airways and bronchioles, similar to pathology observed in Iran–Iraq war veterans 20 years 

after exposure to SM.57 Fibrosis develops in part due to accumulation of profibrotic 

macrophages in the lung, which produce TGF-β, mirroring the fibrotic phase of ARDS.55,58

Potential treatment strategies.—One potential targeted treatment for mustard-induced 

ALI is anti-TNF-α therapy. As described earlier, TNF-α is an important proinflammatory 

mediator produced mainly by alveolar macrophages during the exudative phase of 

ARDS. Therapeutics using monoclonal antibodies to target TNF-α were the first in 

the class of rapidly growing biologics.59 Anti-TNF antibodies are currently approved 

for use in chronic inflammatory diseases, such as rheumatoid arthritis, Crohn’s disease, 

psoriasis, and ankylosing spondylitis.59 Our group has demonstrated that anti-TNF-α 
antibody attenuates NM-induced ALI and fibrosis, as evidenced by decreased interstitial 

thickening, inflammation, epithelial barrier dysfunction, and collagen deposition.55 A 

similar therapeutic response has recently been observed in a rat model of inhaled SM 

pulmonary toxicity (unpublished data). This is accompanied by decreased expression of 

alveolar macrophage proinflammatory markers (iNOS, COX-2, and TNF-α) 3–7 days post-

NM exposure and reduced fibrosis at 28 days postexposure.55 These results suggest that 

using anti-TNF-α agents to target proinflammatory macrophages could be an effective 

therapeutic for humans with mustard-induced ALI. However, there are no prior human trials 

specifically using anti-TNF antibodies to treat ARDS and the benefit of such therapy will 

need to be weighed against the risk of increased bacterial and nosocomial infections.

Instead of blocking the downstream effects of TNF-α, medications can target TNF-

α production. Pentoxifylline is a methyl xanthine phosphodiesterase inhibitor that 

downregulates the production of TNF-α in humans.60 Pentoxifylline is FDA approved as 

an anti-TNF therapy and has been used to treat rheumatoid arthritis.61 Treatment of rats with 

pentoxifylline 15 min after NM exposure reduced epithelial barrier dysfunction, neutrophil 

infiltration into the lung, histologic evidence of lung injury, and levels of proinflammatory 

macrophages while increasing levels of anti-inflammatory macrophages.62 No large studies 
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have examined pentoxifylline use for the treatment of ARDS, but a small prospective 

randomized study of 30 cancer patients with ARDS demonstrated decreased TNF-α levels 

and improved 30-day mortality posttreatment.63

Oxidative stress is an important mechanism leading to lung injury following mustard 

exposure. Nitric oxide is produced by inflammatory macrophages via the enzyme iNOS; 

nitric oxide and its oxidation products cause oxidative stress and tissue damage.55 Our group 

has demonstrated that blocking iNOS activity with aminoguanidine decreases oxidative and 

nitrosative stress, inflammation, epithelial barrier dysfunction, and lung injury induced by 

NM in rats.55 Similarly, treatment of animals with melatonin, which also inhibits iNOS, 

reduces levels of reactive oxygen and nitrogen species and attenuates mustard-induced 

lung injury.64 Future studies evaluating the utility of iNOS inhibitors to treat ARDS must 

weigh these benefits against a potential added risk for infection as nitric oxide is critical 

for bacterial killing. Lung injury, inflammation, oxidative stress, and pulmonary function 

induced by SM and 2-chloroethyl ethyl sulfide (half mustard), which is a less potent 

analog of SM, have also been reported to be mitigated in guinea pigs and pigs by NAC, 

a thiol-mediated free-radical scavenger.65–67

Valproic acid (VPA) is a histone deacetylase inhibitor used clinically as a mood stabilizer 

and anticonvulsant. Evidence suggests that histone deacetylases are important epigenetic 

regulators of proinflammatory leukocyte activation.68 As such, they may be an attractive 

immunomodulator. Human monocytes treated in vitro with VPA secrete less IL-6 and 

TNF-α in response to lipopolysaccharide, and neutrophils from patients chronically treated 

with VPA have reduced chemotaxis.69 Our laboratory has demonstrated that treatment 

of rats with VPA reduces NM-induced increases in bronchoalveolar lavage (BAL) cell 

numbers and proinflammatory M1 macrophages, and increases anti-inflammatory/wound 

repair macrophages 3 days postexposure.68 While the treatments described above are 

potentially interesting, it should be noted that, based on the time of onset of SM-induced 

ALI in humans, they would theoretically need to be started within 24 h of exposure in order 

to expect efficacy.

Alternative treatments using mesenchymal stem cells (MSCs) to promote wound healing 

have been tested in the later, proliferative phase of injury. MSCs can be derived from bone 

marrow, adipose tissue, pancreas, placenta, and umbilical cord.70 They have been reported to 

facilitate the resolution of lung injury with excellent safety profiles.70 This is thought to be 

due to their ability to polarize macrophages toward an anti-inflammatory/wound healing 

phenotype, reduce proinflammatory cytokine production, and restore epithelial barrier 

function.70 As such, they have become a potential ARDS treatment strategy. Mice treated 

with adipose-derived MSCs after half mustard exposure display attenuated histological 

evidence of ALI, increased M2/M1 macrophage ratios, and decreased lung IL-1β and 

TNF-α levels.71 Similarly, bone marrow–derived MSCs administered to mice 24 h after 

exposure to SM effectively decreased pulmonary edema/epithelial barrier dysfunction and 

increased survival, a response associated with decreases in serum and lung IL-6, IL-1β, and 

TNF-α levels and with increases in M2/M1 macrophage ratios and levels of IL-10 and tissue 

repair growth factors (epidermal growth factor (EGF), fibroblast growth factor (FGF), and 
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PDGF).72 Early phase clinical trials of MSCs in human ARDS have demonstrated safety but 

a lack of clinical efficacy, possibly due to variations in viability of the MSCs delivered.73

Phosgene

Phosgene (carbonic dichloride; DHS CAS no. 75-44-5) is a highly reactive, colorless gas 

that was used as a chemical warfare agent in World War I.42 Additionally, it was used 

by Egypt in the North Yemen Civil War (1963–1967).74 Contemporarily, 5 million metric 

tons of phosgene are used globally as an intermediate in the manufacture of plastics, 

polyurethanes, polycarbonates, dyestuffs, pharmaceuticals, and agrochemicals.75

Pathophysiology.—Phosgene is an acylating agent with low water solubility, enabling it 

to penetrate and damage the lower respiratory tract.45 As it has negligible scrubbing of the 

airway, its toxic dose in the lower respiratory system is mainly derived from the time inhaled 

as opposed to concentration inhaled.15 Human phosgene exposures result in acute bilateral 

pulmonary infiltrates, pulmonary edema, and increased blood coagulation, culminating in 

severe/deadly hypoxemia, consistent with ARDS.76–78 At high levels of exposure, animal 

lungs are characterized by alveolar and interstitial edema, inflammatory cell infiltrates, 

fibrin, hemorrhage, and necrosis.75 The human LC0 and LC50 of phosgene is ~1200 (similar 

to that required to induce clinically relevant pulmonary edema) and ~2000 mg/m3 × min, 

respectively.75,79 The onset of pulmonary edema in humans has been described 6–24 h after 

exposure.80

Animal models have demonstrated that initiation of ALI by phosgene is considerably 

different than that by mustard vesicants. The reaction of phosgene with water is slower 

than its reaction with nucleophilic moieties of proteins and phospholipids present in 

the alveoli.15 This enables phosgene-induced acylation of surfactant, causing surfactant 

dysfunction, increased alveolar surface tension, and resultant atelectasis.15,75 Phosgene’s 

chemical reaction with thiol groups depletes and oxidizes glutathione reserves, reducing 

the antioxidant buffering capacity of the lung.15,75 Phosgene also oxidizes red blood cell 

membrane structural proteins, leading to the release of free heme into the plasma, which 

itself is an oxidant and proinflammatory mediator.81 Lastly, phosgene induces additional 

free radicals, which damage endothelial, epithelial, and innate immune cells, resulting in 

inflammation and epithelial barrier dysfunction.15,81

The development of pulmonary edema post-phosgene exposure is also influenced by 

changes in cardiovascular function. Phosgene damages vagal C-fiber nerve endings, causing 

a loss of neurovascular control, resulting in cardiovascular disturbances and pulmonary 

edema.15 Phosgene exposure is also associated with bradycardia, diminished cardiac output, 

and systemic vasoconstriction, further promoting plasma leakage into the lung.15 As alluded 

to earlier, this translocation of plasma causes hemoconcentration and increased blood 

viscosity, further exacerbating deficits caused by pulmonary edema.15

Potential treatment strategies.—To counteract oxidative damage induced by phosgene 

exposure, antioxidants have been evaluated experimentally.82,83 The transcription factor 

Nrf2 regulates production of antioxidant proteins, including phase 2 detoxifying enzymes 

and glutathione-regenerating enzymes.83 The antioxidant NAC has been reported to 
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attenuate ALI from phosgene exposure via upregulation of Nrf2-mediated increases in 

glutathione reductase.83 Ibuprofen, a COX-2 inhibitor with antioxidant activity, has also 

been reported to reduce pulmonary edema in rats induced by phosgene.82 Reactive nitrogen 

species (RNS) also play an important role in phosgene-induced ALI.84 As indicated above, 

RNS are generated in macrophages via iNOS.85 Selective inhibition of iNOS with 1400W 

[N-(3-(aminomethyl)benzyl)acetamidine] was found to reduce ALI and preserve epithelial 

barrier integrity in phosgene-exposed mice.84 Conversely, inhaled nitric oxide exacerbated 

phosgene-induced pulmonary edema.86

As observed in mustard-induced ALI, MSCs have been reported to promote the resolution 

of ALI induced by phosgene. MSCs administered to rats with phosgene-induced ALI 

upregulated Wnt/β-catenin signaling and reduced epithelial barrier dysfunction.87 Similarly, 

the combination of melatonin and ulinastatin, a urinary trypsin inhibitor, administered after 

phosgene exposure attenuated ALI via activation of Wnt/β-catenin signaling in rats.88 MSCs 

in combination with CXCR7 have been used in phosgene-induced ALI. In this rodent study, 

MSC honing to the lung and MSC differentiation into type II alveolar cells was increased 

and ALI was blunted.89 MSC-derived exosomes administered to rats with phosgene-induced 

ALI were also found to reduce levels of TNF-α, IL-6, IL-8, and MMP9.90 Angiopoietin-1 

(Ang1) is a growth factor known to inhibit leukocyte vascular permeability and cytokine 

production; it has also been used in animal models of ALI.91,92 Ang1 administered to 

rats after phosgene exposure decreased ALI and reduced inflammatory cytokine levels via 

disruption of the NLRP3 inflammasome.92 In another rat exposure study, Ang1 was found to 

suppress TNF-α, IL-6, and IL-8 production post-phosgene exposure via the NF-κB and p38 

MAPK pathways.93 Additionally, MSCs overexpressing Ang1 exhibited increased homing 

to the lung, upregulating IL-10 expression while decreasing ALI and IL-1β production 

following phosgene exposure.94

Chlorine

Chlorine (DHS CAS no.7782-50-5) is a halogen gas first used as a chemical agent in World 

War I and more recently by insurgents in Iraq. It is thought to be one of the most commonly 

used chemical weapons in the Levant region of the Middle East.95,96 DHS estimates that 

chlorine release in an urban area could produce as many as 100,000 respiratory injuries 

requiring hospitalization.97 Thus, DHS designates chlorine as a chemical agent of interest.

Pathophysiology.—Unlike mustard vesicants and phosgene, chlorine has intermediate 

water solubility and the principle area of absorption is the upper airway.26,98 Therefore, the 

presence of ALI is accompanied by extensive airway damage, and, in contrast to phosgene, 

chlorine’s effects on the lower lung are highly dependent on concentrations of exposure 

>15 ppm, with chemical pneumonitis developing at concentrations >50 ppm.15,98,99 The 

LC50 for a 10-min exposure is 364 and 210 ppm in populations exposed for 10 and 

30 min, respectively.100 ARDS has been described in World War I soldiers and civilians 

with high-level chlorine exposures from cylinder leaks and accidents.101 More recently, 

a train derailment in 2005 released 42–60 tons of chlorine gas, resulting in significant 

pulmonary toxicity in exposed individuals. Approximately 58% of those hospitalized due to 

chlorine inhalation met the clinical criteria of ARDS within 24 h of admission.102 Animals 
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exposed to chlorine develop pulmonary edema and alveolar inflammation characterized 

by neutrophil recruitment and the appearance of foamy macrophages, alveolar damage 

with epithelial barrier dysfunction, capillary microthrombi, and fibrin deposition.103–106 

Similarly, inhalation of high doses of chlorine results in human ALI characterized by 

pneumonitis, pulmonary edema, and decrements in lung function.102

Animal exposure models suggest that much of the damage induced by chlorine can be 

attributed to oxidative stress.99 When added to an aqueous environment, chlorine reacts to 

produce hydrochloric and hypochlorous acid, which further reacts with oxygen and nitrogen 

dioxide to form ROS and RNS.99,107 Chlorine also damages the red blood cell cytoskeleton, 

resulting in the previously described oxidizing, cell-free heme.108 These oxidative reactions 

alter surfactant function, increasing alveolar surface tension and lung elastance.107 Resultant 

pulmonary edema develops due to epithelial barrier injury and increased capillary hydraulic 

conductance.109 The presence of cardiomegaly and increased pulmonary vascular resistance 

in chlorine-exposed animals suggest an additional cardiogenic component to the edema.99

Potential treatment strategies.—Most preclinical treatment strategies have targeted 

chlorine-induced oxidative stress. Following chlorine exposure, increases in nitrotyrosine 

residues in proteins have been observed, along with an accumulation of 8-isoprostane 

and decreased ascorbate and glutathione in the lung, indicating oxidative stress.110–112 

Low molecular weight antioxidants (ascorbic acid, deferoxamine, and NAC) administered 

to rats after chlorine exposure attenuate epithelial barrier dysfunction and neutrophilic 

inflammation, which is associated with improved gas exchange.112,113 Nitrite, an oxidation 

product of nitric oxide, administered to rats after chlorine exposure, decreases neutrophil 

recruitment.114

Chlorine also increases superoxide anion production in damaged alveolar type II cell 

mitochondria, promoting inflammation in vitro.115 As damaged cellular proteins and 

organelles are targeted for removal by the autophagy–lysosomal pathway, pretreatment of 

mice with the autophagy inducer trehalose has been reported to decrease epithelial barrier 

dysfunction and neutrophil influx, depending on the timing and method of delivery.115 

This suggests that, if demonstrated effective in humans, trehalose could be trialed as a 

prophylactic therapy for those at high risk of chlorine exposure, in order to decrease the 

incidence of ALI. Additionally, in a rodent model, treatment with hemopexin, a heme 

protein scavenger, postexposure to the halogen gas bromine, reduces epithelial barrier 

dysfunction, lung collagen levels, and improves lung mechanics.116 These data suggest that 

hemopexin may be effective in treating chlorine gas exposure.

Another potential approach for the treatment of chlorine-induced ALI is the reduction 

of pulmonary edema. Evidence suggests that calcium transit through transient receptor 

potential vanilloid 4 (TPRV4) located on lung epithelial and endothelial cells mediates 

the development of pulmonary edema in ARDS.117 Treatment of mice with TRLV4 

inhibitors after chlorine exposure reduces macrophage and neutrophil counts and improves 

gas exchange, pulmonary mechanics, epithelial barrier function, and histologic lung injury 

scores.118 As an alternative for reducing pulmonary edema, drugs can also be used to 

promote fluid removal. Rolipram is a type 4 phosphodiesterase inhibitor with the potential to 
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increase alveolar fluid clearance and decrease pulmonary edema via increased cAMP levels 

in alveolar epithelial cells.119,120 Administration of rolipram to mice following chlorine 

exposure decreases pulmonary edema.120 Beta-agonists are another commonly used class of 

medications that facilitate alveolar fluid removal via cAMP upregulation. The beta-agonist 

arformoterol applied to nares of mice treated with chlorine was found to increase sodium-

dependent alveolar fluid clearance.121

As inflammation promotes tissue damage in ARDS, anti-inflammatory therapy may be 

of benefit in treating chemical-induced ALI. The anti-inflammatory steroids budesonide 

and mometasone have been used in murine models of chlorine-induced ALI.97,122 

Budesonide was successful in reducing chlorine-induced neutrophil influx into the lung 

by 90%.97 Similarly, mometasone or budesonide administered after chlorine exposure 

blunted neutrophil influx and pulmonary edema.122 Aerosolized heparin administered after 

chlorine exposure decreases microthrombi formation and epithelial barrier dysfunction, 

with the added benefit of reducing lung neutrophilia.106 Additionally, triptolide, a 

plant diterpenoid and nonsteroidal anti-inflammatory agent, decreased chlorine-induced 

neutrophil recruitment into the lung by up to 82%.97 Moreover, the use of anti-inflammatory 

therapies with anti-oxidants may have synergistic benefit as dexamethasone in combination 

with NAC decreases BAL neutrophil counts while improving maximum peripheral tissue 

resistance compared with steroids or NAC alone.123

Ricin

Ricin differs from the chemical agents described above, as it is a plant-derived toxin from 

the seeds of castor beans. One million tons of castor beans are processed into castor oil per 

year and the waste produces is ~5% ricin by weight.42 Due to this high availability and ease 

of production, ricin has been considered as a chemical warfare agent since 1918 and has 

been used in attempted terrorist acts.124 The United States and Iraq have manufactured and 

tested weapons-grade ricin in animal experiments and in the field.124 Thus, ricin remains an 

important agent of concern.

Pathophysiology.—Ricin is directly cytotoxic to cells via inhibition of ribosome-

mediated protein synthesis.125 It also increases proinflammatory signaling through activation 

of NF-κB and p38 MAPK and the NALP3 inflammasome.125 Ricin particles less than 

5 μm can deposit in the lower airways, and postmortem examination of lungs from non-

human primates exposed to ricin shows ARDS-like pathology.124 The primary targets 

of inhaled ricin cytotoxicity in this model are types I and II pneumocytes.124 In mice, 

there is disruption of epithelial barrier function due to loss of the junction proteins VE-

cadherin, claudin 5, and connexin 43, and a rapid influx of neutrophils.126 Pigs exposed to 

ricin develop inflammatory pulmonary edema and histological evidence of diffuse alveolar 

damage.127 The LD50 for inhaled ricin is 3–5 μg/kg in mice.128 In humans, the LD50 for 

oral ingestion is 30 mg/kg.124 While there is a lack of reports of inhaled ricin in humans, 

monkeys exposed by this route develop pulmonary edema within 36–48 hours.129

Potential treatment strategies.—Antibodies represent a major treatment approach that 

appear to have some beneficial activity in ricin-induced ALI. In this context, a monoclonal 
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antibody used in an oropharyngeal aspiration model of ricin poisoning in mice was reported 

to be effective in reducing lung edema, alveolar inflammation, necrosis, and thickening 

of the alveolar septum.130 Likewise, improved epithelial barrier function and reduced 

neutrophil recruitment to the lung have been observed in mice treated with an equine 

anti-ricin antibody.126 Additionally, mice exposed to aerosolized ricin and treated with 

aerosolized polyclonal anti-ricin antibody exhibit reduced pulmonary edema and alveolar 

necrosis.131

Efforts have also focused on targeting the proinflammatory cascade triggered during ricin-

induced ALI. Anakinra, an IL-1 receptor antagonist, is a biologic approved for use in 

rheumatoid arthritis.132 Mice treated with aerosolized anakinra at the time of ricin exposure 

showed decreases in vascular congestion, alveolar destruction, and neutrophil recruitment to 

the lung.133 Decreases in pulmonary inflammatory cells and epithelial barrier dysfunction 

were also observed in ricin-exposed mice treated with ciprofloxacin, an antibiotic with 

immunomodulatory properties.134,135 Doxycycline has also been found to improve ALI 

in ricin-treated mice via improved barrier function with increased VE-cadherin expression 

and a reduction in inflammatory cytokines and oxidative stress markers.126 Additionally, 

the combination of an anti-ricin antibody and doxycycline restored barrier integrity in 

ricin-exposed mice.126

An ideal strategy to combat ricin use as a chemical agent would be to vaccinate individuals 

at high risk of exposure. Mice treated with an anti-ricin vaccine display increased survival 

and reduced alveolar necrosis or edema.136 Rats vaccinated via two intratracheal liposomes 

3 weeks apart also developed less epithelial barrier dysfunction and lung neutrophilia.137 

In a very promising translational study, a recombinant ricin vaccine was produced and 

administered as part of a monthly three-injection protocol in rhesus macaques.138 Eleven 

out of 12 macaques that received the vaccine survived challenge with ricin and did not 

demonstrate the diffuse alveolar damage exhibited postmortem in nonvaccinated animals.138

Summary and conclusions

A number of highly toxic chemical warfare agents, including vesicants, phosgene, chlorine, 

and ricin, have been identified that target the respiratory tract. Although their mechanisms 

of action are distinct, they each induce ARDS-like pathology and disease in humans and 

animals. As pulmonary toxicity underlies most of the morbidity and mortality in exposed 

victims, identification of mechanistic targets and the development of therapeutics are 

essential. At present, antioxidants and anti-inflammatories, including targeted biologics, 

along with MSCs are among the most promising approaches in preclinical development to 

mitigate chemical threat agent pulmonary toxicity. It may be that combinations of these 

approaches will be required to suppress the development of ARDS and other chronic lung 

diseases in exposed victims.
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Figure 1. 
ARDS histopathology in humans and rats. Left panel: Human diffuse alveolar damage 

(original magnification, 100×). Note thickened alveolar interstitium with inflammatory cell 

infiltrate (black arrows), hyaline membrane formation (black arrowheads), proteinaceous 

fluid accumulation in alveoli (blue arrow), and alveolar hemorrhage (blue arrowhead). Right 

panel: Rat ALI 3 days following NM exposure (original magnification, 40×). Note thickened 

alveolar interstitium with inflammatory cell infiltrate (black arrows).
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Figure 2. 
Pathophysiology of hypoxemia in ARDS. Pictured is a Venn diagram displaying the 

development of hypoxemia. The top left and top right circles represent processes resulting 

in shunting of deoxygenated blood. The bottom circle represents processes increasing dead 

space ventilation.
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