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Abstract

Lewisite is a strong vesicating and chemical warfare agent. Due to rapid transdermal absorption, 

cutaneous exposure to Lewisite can also elicit severe systemic injury. Lewisite (2.5, 5.0 and 7.5 

mg/kg) was applied to skin of Ptch1+/−/SKH-1 mice and acute lung injury (ALI) was assessed 

after 24h. Arterial blood-gas measurements showed hypercapnia and hypoxemia in the Lewisite-

exposed group. Histological evaluation of lung tissue revealed increased levels of proinflammatory 

neutrophils and a dose-dependent increase in structural changes indicative of injury. Increased 

inflammation was also confirmed by the altered cytokines expression, including increased IL-33 

and a dose-dependent elevation of CXCL1, CXCL5 and GCSF was observed in the lung tissue. In 

the bronchoalveolar lavage fluid of Lewisite-exposed animals, there was significant increase in 

HMGB1, a damage associated molecular pattern molecule, as well as elevated CXCL1 and 

CXCL5, which coincided with neutrophils influx to the lung.. Complete blood cell analysis 

revealed eosinophilia and altered neutrophil/lymphocyte ratios, as a consequence of Lewisite 

exposure. Mean platelet volume and RBC distribution width, predictors of lung injury, were also 

increased in the Lewisite group. These data demonstrate that cutaneous Lewisite exposure causes 

ALI and may contribute to mortality in exposed populations.
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Introduction

Lewisite (dichloro (2-chlorovinyl) arsine [C2H2AsCl3]), an organo-arsenic compound, was 

first introduced as an extremely poisonous chemical with toxicity significantly higher than 

Sulfur Mustard (HD)1. It is a colorless oily liquid with a smell resembling that of geranium. 
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Owing to its lipophilic nature, Lewisite is rapidly absorbed by the skin, reacts faster and has 

higher solubility than HD2. Topical exposure to 2.6 g Lewisite can cause significant 

systemic damage, attributed to severe fluid loss due to capillary leakage (termed as Lewisite 

shock), and subsequent death over time3. Lewisite is also a potent chemical warfare agent 

with strong vesicating, erythematous and pain causing properties. There are no confirmed 

reports of its usage in warfare. However, due to possession of large quantities of this 

chemical by several nations, threat is posed by its accidental or intentional exposures to mass 

populations2, 4, 5. Investigations into Lewisite toxicity have focused primarily on its 

vesicating properties, but eyes and lungs in direct contact with external environment are also 

susceptible to injury. These assumptions are corroborated by a study carried out in 1970 by 

Nishitoma et al wherein they surveyed thousands of workers at Lewisite production sites 

(established before 1945) in the United States (Chicago) and Japan, and reported symptoms 

of respiratory injury, including chronic bronchitis and cough6, 7. Reduced FEV1/FVC ratio 

was a more common occurrence in highly exposed workers, as compared to the non-exposed 

or less exposed ones6. Similarly, contact of Lewisite with eyes causes instant edema and 

blepharospasm and ultimately superficial opacity8. In addition to effects caused by direct 

exposure, Lewisite has also been shown to cause acute kidney injury (AKI) upon exposure 

to skin indicating systemic injury4. Nonetheless, effects of cutaneous Lewisite exposure on 

the lungs have not been systematically evaluated.

Acute lung injury (ALI)/acute respiratory distress syndrome (ARDS) can occur due to direct 

or indirect insult caused by toxicants and often results in acute hypoxemia and, under severe 

conditions, may lead to death9–11. To recognize and characterize ALI/ARDS in experimental 

animals, a standard criterion requires evaluation of histological evidence of injury, altered 

alveolar-capillary barrier, inflammatory response and impaired gas exchange12. ALI/ARDS 

is often experienced as a result of direct exposure to toxic chemicals9, 13. The effects of 

indirect insult, particularly those causing ALI/ARDS due to cutaneous lesions, is however, 

not well understood.

Lewisite, due to its rapid absorption through skin could become readily available to all 

organs through circulation. Lung being vital and the only organ to receive 100% right 

cardiac output is extremely susceptible to cutaneous Lewisite-induced toxic damage. This 

could make lungs more vulnerable to secondary microbial infections too. Importantly, due to 

the lack of any clinical data, management of acute toxic effect of Lewisite would be a major 

challenge for toxicologists or pulmonologists. Therefore, in the current study, we sought to 

characterize ALI/ARDS in mice exposed to cutaneous Lewisite.

2. Methods

2.1. Chemicals

Lewisite was prepared and used by personnel at MRIGlobal (Kansas City, MO). All 

chemicals and reagents were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO) 

unless mentioned otherwise.
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2.2. Laboratory animal procedures

All animal procedures were conducted after approval from the Institutional Animal Care and 

Use Committees of MRIGlobal and the University of Alabama at Birmingham (UAB). In the 

current study, adult male and female Ptch1+/−/SKH-1 hairless mice (5–6 weeks) were 

purchased from Jackson Laboratory (Bar Harbor, ME) and bred at UAB. Animals were 

provided food and water ad libitum and maintained at 25°C in a 12-hour light/dark cycle 

room.

2.2. Lewisite exposure

All exposures to Lewisite were performed at the MRIGlobal facility under an approved 

animal protocol. Lewisite was applied once topically on dorsal skin of mice on a 2×4cm2 

rectangular area, as explained elsewhere2. Briefly, prior to lewisite exposure, mice were 

anesthetized with 100 mg/kg of ketamine and 5–7 mg/kg of xylazine intraperitoneally (i.p.) 

and buprenorphine as analgesic 0.05 to 0.1 mg/kg. Lewisite was dissolved in 30 μl of 

ethanol and applied at 2.5 mg/kg, 5 mg/kg and 7.5 mg/kg doses. After 24 hours of exposure, 

buprenorphine (0.05–0.1mg/kg) was administered i.p., followed by ketamine (150 mg/kg) 

before further processing. (n=20/group).

2.3. Arterial blood gas (ABG) measurement

To assess pulmonary gas exchange and blood acid-base status, arterial blood gas (ABG) 

analysis was performed at necropsy, by collecting blood from the descending aorta. Blood 

was injected into a calibrated test card (EPOC-BGEM) and measurements of ABG 

parameters, such as pH, partial pressure of carbon dioxide (paCO2), sodium bicarbonate 

(HCO3
−), partial pressure of oxygen (paO2), calculated total carbon dioxide (TCO2) and 

calculated oxygen saturation (cSO2) was performed using the EPOC-Blood gas and 

electrolyte analyzer (Loveland, CO).

2.4. Histology and immunohistochemistry

For fixation, lungs were inflated with intratracheal instillation of 4% buffered formalin and 

immersed in the same solution for 24 h and later placed in 70% ethanol until paraffin 

embedding. Separate lungs were used for fixation and were not lavaged or perfused. The 

fixed lungs embedded in paraffin were cut into 5 μm sections using microtome (Lieca 

biosystems, IL) and stained with Hematoxylin and Eosin (H&E) for histological 

examination and lung injury scoring, which was performed as described before12. For 

immunohistochemistry, deparaffinized and rehydrated lung tissue sections (5 μm) were 

incubated with citrate (10 mM; pH 6.0; 0.05% Tween-20) for 20 minutes for antigen 

retrieval followed by endogenous peroxidase quenching with 3% hydrogen peroxide for 15 

minutes. Non-specific binding sites were blocked by 5% normal goat serum (NGS) followed 

by overnight incubation (4°C) with anti-MPO antibody (ab208760; Abcam, Cambridge, 

MA) at 1:400 dilution. Next day, tissue sections were incubated with HRP-conjugated anti-

rabbit antibody (Bio-Rad Laboratories, Hercules, CA) at 1:1000 dilution for 45 minutes 

(room temperature). DAB (DAKO/Agilent, Santa Clara, CA) was used for color 

development and rabbit IgG control (DAKO/Agilent, Santa Clara, CA) was used at the same 
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specifications as negative control. Tissues were counterstained with hematoxylin and images 

were acquired using a bright field microscope (VWR, Radnor, PA).

2.5. Bronchoalveolar lavage fluid (BALF) collection and differential staining

Bronchoalveolar lavage (BAL) was performed on whole lungs with 2×1ml of Ca2+ and 

Mg2+ free Dulbecco’s phosphate buffer saline (DPBS). Lavage fluid was centrifuged at 800 

× g for 10 minutes at 4°C and supernatant was collected and stored at −80 °C until further 

use, whereas pellet was washed and resuspended in 500 μl of PBS. Further, 100 μl of BALF 

was centrifuged in Shandon Cytospin 3 (Shandon Inc. San Marcos, CA) and approximately 

200 cells were used for differential staining to reveal neutrophils and macrophages (Protocol 

Hema 3; Fisher Diagnostics, Middletown, VA).

2.6. Western blotting

BALF supernatant (40 μl) was separated on a precast gradient gel (Bio-Rad laboratories, 

CA) and transferred to nitrocellulose membrane as described previously14. Polyclonal anti-

HMGB1 antibody (NB100–2322; Novus Biologicals, Littleton, CO) was used at a dilution 

of 1:1000. Membranes were then incubated with HRP-conjugated anti-rabbit antibody (Bio-

Rad laboratories, Hercules, CA) for 1hr at room temperature (1:3000 dilution) and detection 

was done by using Super Signal® West Femto maximum sensitivity substrate (Thermo 

Fisher, Waltham, MA) on a Gel Doc imaging system (Bio-Rad laboratories, Hercules, CA).

2.7. Cytokine profiling in lung lysates

Frozen lung tissues were homogenized using mortar-pestle and total protein was extracted 

with lysis buffer (0.1 M Tris-HCl pH 7.4, 1% Triton X-100, 1mM EGTA, 1 mM EDTA and 

0.5% sodium deoxycholate) containing PMSF and protease inhibitor cocktail. Protein 

concentrations in the supernatants were measured by BCA method on Varioskan™ LUX 

multimode microplate reader (Thermo Fisher, Waltham, MA). A panel of cytokines were 

quantitated in the tissue lysates, using a bead-based multiplex immunoassay system 

(ProcartaPlex; eBioscience, San Diego, CA), as per the manufacturer’s protocol.

2.8. Pathway Analysis

IPA (Ingenuity Pathway Analysis) was used to evaluate the physiological pathways and 

cellular functions affected by the differentially expressed cytokines from the multiplex assay. 

Fold-changes in the cytokines were used to list the pathways that were predicted to be 

affected by the differentially expressed cytokines.

2.9. Statistical analysis

All statistical analyses were performed by using one-way analysis of variance (ANOVA) 

followed by Bonferroni’s multiple comparisons test in Prism 8.0 (GraphPad, La Jolla, CA), 

unless otherwise indicated. Data has been presented as mean values with standard error of 

the mean (SEM). p<0.05 was considered significant.
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3. Results

3.1. Cutaneous exposure to Lewisite induces acute lung injury and increases neutrophils 
in lung tissue and BALF

Lewisite was applied once to dorsal skin of mice at a single dose of 2.5, 5.0 or 7.5 mg/kg of 

body weight. Mice similarly exposed to the diluent ethanol served as control. After 24 h of 

exposure, the vesicating effects of Lewisite were evident across, all doses, as compared to 

control (Figure 1A). To identify lung injury in response to Lewisite, we assessed lung tissues 

of mice exposed to Lewisite for histology and lung injury score determination. A gross 

histological evaulation revealed minimum to mild lung injury, which was characterized 

primarily by global edema in alveolar interstitium, mild perivascular edema and increased 

number of intra-alveolar as well as interstitial neutrophils. (Figure 1B). Hyaline membrane 

formation was also evident in some animals of the Lewisite exposed group but was absent in 

control animals (Figure 1B). Moreover, few mice in Lewisite exposed groups demonstrated 

mild perivascular and intra-alveolar hemorrhages (Figure1B). Quantification revealed that 

animals exposed to Lewisite had an increased lung injury score (LIS) when compared to 

control, which was more pronounced at higher doses (Figure 1C). These results show that 

cutaneous exposure to Lewisite can potentially cause lung damage.

To further evaluate lung injury in Lewisite exposed animals, lung sections were analysed for 

myeloperoxidase (MPO) which is a heme-containing peroxidase, mainly expressed in 

neutrophils and used extensively as a neutrophil marker15. Lung sections of Lewisite 

exposed mice showed a marked increase in MPO staining in alveolar as well as interstitial 

spaces in comparision to control animals (Figure 1D). MPO positive cells were significantly 

increased, paticularly at the higher 5 mg/kg and 7.5 mg/kg doses, as compared to control 

(Figure 1E). In the BALF, we observed significantly increased neutrophils in the Lewisite 

groups, when compared to control (Figure 1F). These observations support increased 

neutrophils in lungs as well as BALF of Lewisite exposed animals. Here it is imperative to 

mention that separate animals were used for whole lung BALF collection and fixation for 

histology.

3.2. Cutaneous Lewisite exposure impaires gas exchange and decreases arterial blood 
pH

Cutaneous exposure to Lewisite resulted in modest decreases in arterial blood pH in all 

groups which, however, did not reach statistical significance (Figure 2A). Partial pressure of 

carbon-dioxide (PaCO2) was also increased in all groups and the increase was particularly 

significant in 5.0 mg/kg group (p<0.05) (Figure 2B), whereas total carbon dioxide (TCO2) 

and bicarbonate (HCO3
−) levels were significantly increased in all Lewisite exposed groups 

(p<0.05), in comparison to control (Figure 2C, 2D).

Exposure to Lewisite also resulted in a significant decrease in partial pressure of arterial 

oxygen (PaO2) (p<0.01) in all Lewisite exposed groups when compared to controls (Figure 

2E). Calculated oxygen saturation (cSO2) in arterial blood was also decreased in all groups 

(Figure 2F). Collectively, these results suggest impaired gas exchange acutely following 

cutaneous Lewisite exposure in mice.
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3.3. Exposure to Lewisite alters the expression of cytokines in lung lysates

To further characterise lung injury caused by acute cutaneous exposure to Lewisite in mice, 

we evaluated the expression of a panel of cytokines using multiplex assay. As shown in 

Figure 3A, we observed an increased expression of a number of cytokines. This data was 

then subjected to pathway analysis, using IPA and alteration of cellular processes was 

evaluated. A number of altered cytokines were found to be involved in adhesion of 

granulocytes as well as recruitment of mononuclear leukocytes (Figure 3B). The pathway 

analysis also revealed a number of putative cellular processes affected which included 

amonst others, cell to cell signaling, immune cell trafficking, inflammatory response and 

respiratory disease (Figure 3C).

Adhesion of granuloctes is considered a hallmark of inflammatory process and, in addition, 

inflammatory response was one of the highly affected cellular process revealed by IPA, 

therefore we next evaluated, as a proof of concept, a set of cytokines that are known to be 

involved in inflammatory response. A dose-dependent increase in levels of proinflammatory 

CXCL1 (Figure 4A) and CXCL5 (Figure 4B) was observed in Lewisite treated animals. We 

also observed a significant increase in IL-33 levels (Figure 4C). GCSF (CSF3), a key 

regulator for maturation and differentiation of neutrophils from neutrophil progenitor cells16 

was also significantly increased in lung tissues of Lewisite exposed animals, relative to 

control group (Figure 4D).

3.4. Lewisite exposure increases CXCL1, CXCL5 and HMGB1 in BALF

Since we observed increased inflammatory cytokines in the lungs of animals exposed to 

Lewisite, we further analysed BALF from mice in 2.5, 5.0, 7.5 mg/kg and control groups for 

expression of select cytokines. We observed that animals exposed to Lewisite had 

significantly increased levels of CXCL1 protein in the BALF, which was more pronounced 

in the 7.5 mg/kg group (p<0.05) (Figure 5A). Similarly, BALF CXCL5 was also increased 

the most in the 7.5 mg/kg group (p<0.05) (Figure 5B). HMGB1, a DAMP (Damage 

Associated Molecular Pattern) molecule and an indicator of inflammation17 was also 

significant increased in BALF of mice exposed to Lewisite as compared to the control group 

(p<0.05) (Figure 5C). Such release of HMGB1 in BALF resulted in its decreased expression 

in the lung lysates (Figure 5D). Collectively, these observations suggest that pro-

inflammatory responses evident in lung tissues could also be corroborated in the BALF of 

Lewisite exposed animals.

3.5. Effects of acute cutaneous Lewisite exposure on complete blood count

Our data clearly demonstrated an increase in neutrophils in lungs of mice exposed to 

Lewisite. To further understand the systemic effects of cutaneous Lewisite exposure we 

analyzed blood cells and observed a significant increase in circulating neutrophils in 

Lewisite exposed mice, as shown in Figure 6A. There was, however, no change in monocyte 

population in the blood (data not shown). Lymphocytes and Eosinophils were increased in 

Lewisite groups, as compared to control (Figure 6B, 6D). Neutrophil-lymphocyte ratio 

(NLR) has been recently recognised as an independent prognostic indicator of systemic 

inflammation18 and organ failure19. This ratio was found elevated upon Lewisite exposure 

(Figure 6C). Certain blood parameters like mean platelet volume (MPV) and red blood cell 
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distribution width (RDW) percentage have been utilized in recent years as independent 

predictors of respiratory disease severity (like COPD, pulmonary hypertension)20, 21. We 

observed a significant increase in both MPV and RDW in Lewisite exposed mice, as 

compared to control (Figure 6E, 6F).

Discussion

Lewisite is a lipophilic compound with a rapid transdermal absorption rate which implies 

that it is readily available for distribution through systemic circulation4. It is a lethal vesicant 

and can cause multiple organ failure irrespective of route (ingestion, inhalation or dermal) of 

exposure4. The mortality caused by vesicating agents, like HD, has been largely ascribed to 

respiratory failure6. Although the mechanism of Lewisite-induced dermal toxicity has been 

shown previously2, effect of its cutaneous exposure on the pulmonary system has not been 

investigated. Therefore, this study was designed to assess the effect of cutaneous exposure to 

Lewisite on the respiratory system. Here we demonstrate, using Ptch1+/−/SKH-1 mice, a 

strain previously shown to be susceptible to cutaneous Lewisite exposure2, that a single 

application of Lewisite caused substantial pulmonary damage, impaired gas exchange and an 

increase in proinflammatory markers which are characteristics of ALI/ARDS22.

Injury to respiratory system, subsequent to dermal exposure to Lewisite can be caused either 

via a direct or indirect action of Lewisite or its active metabolite(s). A direct action would 

involve absorption of Lewisite across the skin and into the circulatory system; its transport to 

the lungs and eventually the injury at site. In contrast, an indirect injury would be mediated 

by other molecules. The indirect injury could be similar to one mediated by neutrophils in a 

model of thermal trauma of skin-induced pulmonary injury23. There the effect was clearly 

remote/indirect, as lungs were never directly exposed to hot water/thermal trauma and, 

moreover, blocking of adhesion molecules was observed to attenuate the effect, thus 

establishing a role of neutrophils. Increased neutrophils following Lewisite exposure, could 

therefore have a possible indirect effect on the respiratory system. However, there is 

evidence in the literature to suggest effective absorption of Lewisite from skin and into the 

circulation with subsequent accumulation in different organs, including lungs, which 

supports a direct pulmonary injury inducing action of Lewisite. For example, injury caused 

by cutaneous exposure to Lewisite has been shown to extend beyond skin in pigs, with 

manifestations in subcutaneous connective and adipose tissue24, 25. Further, sub-cutaneous 

injection of Lewisite in rabbits has been reported to result in systemic accumulation of 

Lewisite, with lung, liver and kidney as the organs with highest arsenic concentrations26. 

The concentrations equilibrate rather rapidly with blood and the average tissue: blood 

partition coefficients range from 7.41 to 14.5026. These studies indicate a more direct 

involvement of Lewisite or its metabolites in pulmonary injury. It is possible that cutaneous 

Lewisite exposure can initiate direct as well as indirect pulmonary injury, which needs 

further evaluation. Systemic toxicity and effects on the lungs have been described previously 

with other agents applied on the skin, such as HD and phosgene oxime27, 28. Occupational 

skin exposures and skin conditions such as atopic dermatitis and systemic sclerosis can 

sensitize the lungs and lead to manifestation of pulmonary diseases such as asthma and 

interstitial lung disease29, 30. In our study, we used ethanol as the diluent to ensure efficient 

absorption of Lewisite. Ethanol, when applied topically, is a skin penetration enhancer and 
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dermal application of ethanol results in measurable concentrations in blood that are still 

below acute toxic levels31.

The skin is considered as the largest organ and the concept of skin-lung inter organ 

relationship has been known for long but is being highlighted currently as the knowledge on 

these organ interactions is progressing30, 32. We observed many characteristic features of 

ALI/ARDS in Lewisite exposed mice. Hypercapnia, increased PaCO2 and increased total 

CO2 in arterial blood of Lewisite exposed animals was accompanied by a compensatory 

increase in HCO3
− levels. A decrease in PaCO2 at the highest dose is possibly due to a 

compensatory hyperventilation. Lewisite exposed animals were also hypoxemic as evident 

from decreased PaO2 and calculated SO2. These parameters could be very useful in clinical 

settings for the baseline evaluation of pulmonary gas exchange after admission of a subject 

and could prove to be of great importance in deciding first line of treatment against acute 

Lewisite toxicity.

In addition to physiological changes, ALI is also characterized by cellular infiltration in the 

lung and increased inflammation. Our multiplex evaluation of cytokines, followed by IPA 

analysis further confirmed a pro-inflammatory response. Differences in neutrophil levels in 

the BALF and lung maybe due to differences in transmigration potential of neutrophils from 

the lung interstitium to the alveolar space33. Our results indicated increased neutrophils and 

the IPA analysis revealed that such increase could be due to several cytokines whose 

expression is altered by Lewisite. In addition to granulocyte adhesion, a number of cytokines 

involved in recruitment of mononuclear leukocytes, a key step in the initiation and 

progression of inflammation. IPA analysis also suggested differentiation of Th2 cells, which 

are known to play important role in mediating inflammatory response34. Th2 cells induce 

recruitment of eosinophils, which could further explain the increased eosinophils in Lewisite 

exposed animals. Consistent with increased neutrophils, MPO, a marker for neutrophil 

activation, was also significantly increased in lung tissues. MPO invokes neutrophil 

movement independent of its enzymatic activity35. Neutrophil activation and transmigration 

is an important event in the onset and progression of ALI/ARDS3636–39. In patients with 

ALI/ARDS, neutrophil numbers in blood and BALF are positively correlated with the 

severity of injury and outcome36. Neutrophil recruitment is a chemotactic process regulated 

by various chemokines like CXCL1 and CXCL540, 41. An increase in CXCL1 and CXCL5 

along with increase in neutrophils in the lung of Lewisite exposed mice suggests the role of 

these chemokines in the recruitment process. Of note, GCSF (CSF3), a key factor involved 

in regulation of neutrophil maturation and differentiation from neutrophil progenitor cells, 

was also observed to be increased in lung tissues of animals exposed to Lewisite16. This 

imples that the lung cells not only release the chemokines that would recruit neutrophils to 

the site of injury but also stimulate neutrophil progenitor cells to undergo maturation after 

Lewisite exposure. Increased IL-33 as observed in this study potentiates production of Th2-

associated cytokines42, thus, further amplifying the inflammatory and immune response.

HMGB1 is a non-histone chromatin binding protein that acts as a damage associated 

molecular pattern (DAMP) molecule when secreted into the extracellular environment.. 

HMGB1 has been shown to trigger production of chemo attractants43, 44 and intratracheal 

injection of HMGB1 was shown to cause inflammation in lungs acutely, underscoring its 
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role as a potent proinflammatory molecule17. HMGB1 can bind to toll like receptors and 

receptors of advanced glycation end products (RAGE) to promote an inflammatory 

cascade45. A study reported occurrence of RAGE in lung lining fluid of mice and in sputum 

of patients after chronic environmental exposure to arsenic46. HMGB1 release has also been 

implicated in the pathogenesis of ALI/ARDS4748, 49. Our findings of HMGB1 release in 

BALF, after cutaneous exposure to Lewisite is therefore consistent with an ARDS-like 

inflammatory phenotype.

In recent years, few of the blood parameters have received special attention in diagnosis of 

different lung diseases as independent markers. We observed an increase in lymphocytes and 

eosinophils in Lewisite exposed mice, as compared to control, which further highlighted 

inflammatory effects of Lewisite exposure. Neutrophil-lymphocyte ratio (NLR) is 

considered as a risk factor and prognostic indicator of overall survival in patients with 

ARDS and various systemic diseases as well as severity of inflammation18, 50. We also 

observed an increase in NLR of mice exposed to Lewisite. We further observed a significant 

increase in RDW percentage which has been previously reported to be increased in ARDS 

patients51. Interestingly, studies carried on burn victims demonstrated that every 1% increase 

in RDW increased the risk of developing ARDS by 29%21. The animal model for thermal 

trauma is representative of burn injuries and, as discussed above, provides a mechanism of 

pulmonary injury secondary to skin trauma and inflammation. Thus, there are possible 

parallels between cutaneous Lewisite exposure and the thermal dermal burns. In the current 

study, cutaneous Lewisite exposure in mice caused an increase in RDW percentage by 5–

6%, which is suggestive of a significantly increased risk of developing ARDS. The observed 

increase in RDW percentage signifies that cutaneous Lewisite exposure is injurious to lung 

and causes ALI/ARDS. Early platelet activation also plays an important role in pathogenesis 

of lung injury. Although its effect in ALI/ARDS has not been extensively characterized, its 

contribution to inflammation as well as coagulation has been described52. An early indicator 

of platelet activation is MPV which has been reported to be proportionally related to disease 

severity in COPD patients20. Here our injury model presented a significant increase in MPV 

in Lewisite exposed mice, as compared to control. The cutaneous effects of Lewisite are 

better characterized and have shown that the injury is progressive with an acute changes in 

the proinflammatory mediators2.

In conclusion, our data strongly suggests that a single application of Lewisite to the dorsal 

skin of hairless mice causes lung injury, impaired gas exchange and lung inflammation 

which are characteristic features of ALI/ARDS. Future studies should focus on therapeutic 

interventions to mitigate such injuries.
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Figure 1. Cutaneous exposure to Lewisite causes acute lung injury and neutrophil infiltration in 
lung and BALF.
Lewisite at doses of 2.5, 5.0 and 7.5 mg/kg were applied to the skin of hairless Ptch+/−/

SKH-1mice and (A) skin damage (arrows) was assessed after 24 hours. Representative 

images of dorsal skin of mice (ethanol; EtOH group or 2.5, 5.0 and 7.5 mg/kg Lewisite 

groups) are shown (n=20/group). Twenty-four hours post exposure, animals were sacrificed 

and lungs were fixed as described in the ‘Methods‘. (B) Representative images of H&E 

stained lung tissues showing neutrophils (black arrows), edema in alveolar interstitium 

(green arrows) across the different doses of cutaneous Lewisite exposure. Alveolar 

hemorrhages (red arrows) are shown in the Lewisite exposed animals. Images were captured 

at 400x magnification and cropped; scale bar represents 50 μm. (C) Images (5 random 

images/animal) were then processed to perform quantification using Image J (NIH) and 

quantification of lung injury represented as lung injury score (LIS) (n=5/group), as described 

in ‘Methods‘ is shown. (D) Representative images of MPO staining of the lungs 

demonstrating increased levels in the Lewisite exposed mice (brown spots), as compared to 

control, which is also represented (E) graphically to demonstrate semi-quantitative statistical 

evaluation of MPO expression. (F) Bronchoalveolar lavage fluid (BALF) was collected for 

performing cytospins and lungs were fixed and immunohistochemistry performed on 5 μm 

sections as described in ‘Methods‘. Graphical representation of differential staining with 
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Hema-3 was performed on BALF cytospin slides for counting neutrophils. Values are 

expressed as mean±SEM.
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Figure 2. Effect of cutaneous exposure to Lewisite on blood-gas parameters in mice.
Blood gas measurements were taken 24 hours after cutaneous Lewisite exposure. Effect of 

increasing doses of Lewisite on (A) pH of arterial blood, (B) partial pressure of arterial 

carbon dioxide (PaCO2), (C) calculated total carbon dioxide (TCO2), (D) bicarbonate levels 

(HCO3-), (E) partial pressure of arterial oxygen (PaO2) and (F) calculated oxygen saturation 

(cSO2) is shown, compared to the control (Ethanol: EtOH treated) group. Values are 

expressed as mean±SEM (n=8/group).
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Figure 3. Effect of cutaneous Lewisite exposure on cytokines and IPA analysis for altered disease 
and cellular pathways.
Animals were exposed to indicated doses of Lewisite. (A) A panel of cytokines was 

evaluated in the lung tissue lysates using a bead-based Luminex multiplex immunoassay 

system and only the significantly altered cytokines are shown. This data was further 

analyzed by Ingenuity Pathway Analysis (IPA) and the predicted effects of altered cytokines 

on (B) immunological/inflammatory and (C) cellular and disease processes are shown.
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Figure 4. Cutaneous Lewisite exposure increased pro-inflammatory cytokines in lung lysates.
Lung tissue homogenates from all groups of mice were prepared as described in ‘Methods‘. 

Graphical representation of selected cytokines (A) CXCL1, (B) CXCL5, (C) IL-33 and (D) 

GCSF in lung tissue is shown. Values are expressed as mean±SEM.
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Figure 5. Cutaneous Lewisite exposure increases CXCL1, CXCL5 and HMGB1 in BALF.
Cutaneous Lewisite exposures were performed at different doses as described above and 

mice were sacrificed 24 hours later. BALF was collected as described in the Methods. 

Concentrations of (A) CXCL1 and (B) CXCL5 in BALF of animals exposed to either EtOH 

(ethanol: control) or increasing doses of Lewisite are shown. Values are expressed as mean

±SEM. Immunoblotting of HMGB1 was performed on (C) BALF and (D) lung tissue 

samples from control and Lewisite treated animals. The top panels demonstrate 

representative HMGB1 immunoblots. Densitometric analysis of blots are shown as a graph 

in the lower panel. Densitometric analysis of HMGB1 immunoblot for lung tissue lysates is 

plotted, relative to the expression of β-actin. Values are expressed as mean±SEM.
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Figure 6. Effects of cutaneous Lewisite exposure on complete blood counts.
Blood collection and blood count was performed, as described in the ‘Methods‘ section. 

Counting was accomplished using a 5-part differential blood cell count analyzer (Hemavet, 

Drew Scientific). (A) Neutrophil count, (B) Lymphocytes, (C) Neutrophil-Lymphocyte ratio 

(NLR), (D) Eoisinophils, (E) mean platelet volume (MPV) and (F) red blood cell 

distribution width (RDW) was evaluated in blood of animals exposed to indicated doses of 

Lewisite, compared to Ethanol (EtOH) control animals. Values are expressed as mean±SEM.
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