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Abstract
Sulfur mustard (SM) is a highly toxic war chemical that causes significant morbidity and mortality and lacks any effective 
therapy. Rats exposed to aerosolized CEES (2-chloroethyl ethyl sulfide; 10% in ethanol), an analog of SM, developed acute 
respiratory distress syndrome (ARDS), which is characterized by increased inflammation, hypoxemia and impaired gas 
exchange. We observed elevated levels of extracellular nucleic acids (eNA) in the bronchoalveolar lavage fluid (BALF) of 
CEES-exposed animals. eNA can induce inflammation, coagulation and barrier dysfunction. Treatment with hexadimethrine 
bromide (HDMBr; 10 mg/kg), an eNA neutralizing agent, 2 h post-exposure, reduced lung injury, inhibited disruption of 
alveolar–capillary barrier, improved blood oxygenation (PaO2/FiO2 ratio), thus reversing ARDS symptoms. HDMBr treat-
ment also reduced lung inflammation in the CEES-exposed animals by decreasing IL-6, IL-1A, CXCL-1 and CCL-2 mRNA 
levels in lung tissues and HMGB1 protein in BALF. Furthermore, HDMBr treatment also reduced levels of lung tissue 
factor and plasminogen activator inhibitor-1 indicating reduction in clot formation and increased fibrinolysis. Fibrin was 
reduced in BALF of the HDMBr-treated animals. This was further confirmed by histology that revealed diminished airway 
fibrin, epithelial sloughing and hyaline membrane in the lungs of HDMBr-treated animals. HDMBr completely rescued the 
CEES-associated mortality 12 h post-exposure when the survival rate in CEES-only group was just 50%. Experimental eNA 
treatment of cells caused increased inflammation that was reversed by HDMBr. These results demonstrate a role of eNA 
in the pathogenesis of CEES/SM-induced injury and that its neutralization can serve as a potential therapeutic approach in 
treating SM toxicity.
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Introduction

Exposure to hazardous chemicals like sulfur mustard (SM; bis-
2-chloroethyl ethyl sulfide) can result in significant morbidity 
and mortality (Henretig et al. 2019). The threat of accidental 
or intentional exposures to these chemicals is ever increas-
ing, because large stockpiles of these still exist and effec-
tive therapies are lacking (Jett and Laney 2019). SM and its 
analog CEES (2-chloroethyl ethyl sulfide; aka: half mustard) 
are highly reactive alkylating and vesicating agents (Ahmad 
and Ahmad 2016). Our understanding of its pathophysiology 
is derived from human victims and experimental animal expo-
sures to SM or CEES. Inhalation of SM causes direct insult to 
the lungs leading to injury, acute effects of which are charac-
terized as acute respiratory distress syndrome (ARDS). Most 
acute inhalation exposures affect both the upper and lower 
airways (McClintock et al. 2006; Pant and Vijayaraghavan 
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1999) causing injury, impaired gas exchange and epithelial 
sloughing (Calvet et al. 1994; Chevillard et al. 1992). Acute 
exposures to SM/CEES also cause severe lung inflammation, 
airway hyperreactivity, pulmonary edema and activation of 
the coagulation cascade resulting in formation of fibrin-rich 
bronchial plugs causing airway obstruction and death (Eisen-
menger et al. 1991; Veress et al. 2010). Increased morbidity 
and mortality are also attributed to the fact that exposure to 
SM/CEES causes multiple organ failure (Balali-Mood and 
Hefazi 2006; Kehe and Szinicz 2005; Kehe et al. 2009; Sin-
clair 1948). Inhalation exposures to SM have, therefore, great 
parallels with ARDS. In some preclinical models of acute lung 
injury/ARDS, inhibition of fibrin formation mitigated injury 
(Schultz et al. 2006). However, anti-coagulation therapies do 
not attenuate ARDS in humans and may even increase mortal-
ity (Standiford and Ward 2016).

After acute exposure to SM/CEES, several factors may 
activate the coagulation cascade and promote clot formation 
in the bloodstream and within airspaces of the lungs (Ahmad 
and Ahmad 2016). Extracellular NA (eNA) is one of the fac-
tors that can activate the coagulation cascade and also prevent 
fibrinolysis thereby increasing the stability of fibrin clots (Pre-
issner and Herwald 2017). Extracellular NA have tradition-
ally been used as diagnostic and prognostic marker of various 
diseases (O’Driscoll 2007). However, the role of eNA in the 
pathogenesis of ARDS is unknown. Extracellular NAs are 
also increasingly being recognized as important mediators 
of inflammation and injury (Preissner and Herwald 2017). 
Extracellular NAs released from the cells as a result of injury 
or through the normal apoptotic/necrotic process can activate 
multiple signaling pathways (Preissner and Herwald 2017). 
NA released from cells can also stimulate the pattern-recog-
nition receptors and are potent activators of the inflammatory 
pathway (Pisetsky et al. 2012). They are, therefore, unique 
molecules that can accelerate the development of inflamma-
tory response and also activate the coagulation cascade. Since 
both the coagulation and inflammatory pathways are activated 
in CEES/SM-induced lung injury, we hypothesized that eNAs 
play an important mechanistic role in the pathogenesis of this 
injury.

The current study utilizes aerosolized CEES, an analog of 
SM, that manifests many of the pathophysiologic features’ 
characteristic of SM poisoning and also shows significant 
morbidity and mortality within 12 h of exposure. This study 
also investigates the role of eNAs in causing injury and the use 
of nucleic acid scavengers as rescue agents.

Materials and methods

Chemicals

2-Chloroethyl ethyl sulfide (CEES, C4H9ClS) and hex-
adimethrine bromide (HDMBr) were purchased from 
Sigma-Aldrich Chemical Co (St. Louis, MO). Antibodies 
for HMGB1 and anti-human fibrinogen were obtained from 
Abcam and DAKO, respectively.

Animals

All experiments involving animals were conducted accord-
ing to protocols approved by the Institutional Animal Care 
and Use Committee of the University of Alabama at Bir-
mingham. Adult male (275–300 g) Sprague–Dawley rats 
from Envigo Co., (Indianapolis, IN) were used. Animals 
were provided food and water ad libitum and maintained at 
25 °C in a 12-h light/dark cycle room.

CEES exposure, animal monitoring and treatment 
protocol

Animals were randomly assigned to one of four groups: 
Ethanol (aerosolized ethanol as diluent for CEES), Etha-
nol + HDMBr (aerosolized ethanol + HDMBr), CEES (10% 
aerosolized CEES in ethanol) or CEES + HDMBr (10% 
aerosolized CEES in ethanol + HDMBr). The exposure sys-
tem (nose-only inhalation, CH Technologies, NJ) has been 
described previously (Ahmad et al. 2019). Briefly, rats were 
anesthetized with a mixture of ketamine (75 mg/kg), xyla-
zine (7.5 mg/kg), and acepromazine (1.5 mg/kg). They were 
then placed in sealed restraint tubes for containment and 
attached to the exposure chamber operated under negative 
pressure. A solution of CEES (10% in ethanol) was injected 
through a syringe pump and the contents aerosolized for 
15 min using a bioaerosol nebulizing generator (BANG). 
A gravimetric sampler and a seven-stage Mercer impactor 
provided the necessary measurements to characterize the 
particle size. After 15 min of exposure, rats were returned 
to their cages and observed until they had fully recovered 
from anesthesia. Two hours later, 10 mg/kg hexadimethrine 
bromide (HDMBr) or saline was administered intraperi-
toneally. Animals were monitored continuously and mean 
clinical distress scores were recorded. Heart rates and per-
cent oxygen saturations were also recorded every 2 h using 
a MouseOx pulseoximeter. Survival times were measured 
for each animal as the time from CEES exposure till the 
animals died or till they met the euthanasia criterion and 
were euthanized as described previously (Veress et al. 2013). 
After 12 h of CEES exposure, animals were euthanized and 
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bronchoalveolar lavage fluid (BALF) and blood were col-
lected from the lung and descending aorta, respectively. 
Samples were also collected from animals that met euthana-
sia criterion earlier. Lungs were perfused through the pulmo-
nary artery and tissues were snap-frozen in liquid nitrogen. 
Separate animals were used for fixed tissues. Lungs were 
inflation fixed in 4% paraformaldehyde in phosphate-buff-
ered saline (PBS) with a pressure resembling 20 cm of water.

Isolation of extracellular nucleic acid and in vitro 
studies

The total extracellular nucleic acids were isolated from 
200 μl of bronchoalveolar lavage fluid (BALF) supernatant 
using a commercially available kit (Cat #56300, Norgen 
BIOTEK CORP., Ontario, CA) according to the manufac-
turer’s instructions. Nucleic acid concentration was meas-
ured using a microvolume spectrophotometer (DeNovix Inc. 
Wilmington, DE, USA). The effect of CEES BALF-derived 
extracellular nucleic acid was tested on lung epithelial cells 
in the presence or absence of HDMBr. Extracellular nucleic 
acid was preincubated with HDMBr (10 mg/ml) or vehicle 
for 30 min and added to human bronchial epithelial cells 
(16HBE). After 6 h incubation in a cell culture incubator, 
cells were harvested, RNA-isolated and real-time RT-PCR 
was carried out using specific primers and probes.

Clinical distress scoring

Respiratory quality, stridor and activity levels were assessed 
for every 2 h after CEES exposure with each variable scored 
at 0–3, with higher numbers indicating the greatest distress. 
Briefly, a score of 0 is given to an animal demonstrating 
normal respiratory quality, no stridor and normal activity. 
Similarly, a score of 1 is given for ‘mild’, 2 for ‘moder-
ate’ and 3 for ‘severe’ for each variable. The three category 
scores were added to obtain a cumulative score (maximum 
9). Thus, an animal demonstrating mild loss of respiratory 
quality (score = 1), moderate stridor (score = 2) and mild 
loss of activity (score = 1) will have a cumulative clinical 
score of 4. Criteria for early euthanasia were oxygen satu-
ration less than 70% plus respiratory distress score of 7 or 
greater, as described previously (Veress et al. 2010). These 
observations made by a minimum of two investigators at the 
indicated time. The criterion for early euthanasia was based 
on consensus from at least two investigators.

Pulse oximetry

Oxygen saturation and heart rate were monitored using the 
MouseOx pulseoximeter (Starr Life Science, Pittsburg, PA) 
in un-anesthetized rats before CEES exposure, and every 2 h 

following CEES exposure. Three measurements per time 
point were taken.

Arterial blood gas measurements

To assess pulmonary gas exchange, blood gas analyses were 
performed by obtaining blood from the descending aorta. 
Heparinized whole blood was analyzed using calibrated 
test cards (EPOC-BGEM) and a Heska EPOC blood gas 
and electrolyte analyzer (Loveland, CO). Partial pressure 
of arterial carbon dioxide (PaCO2), bicarbonate (HCO3

−), 
calculated oxygen saturation (cSO2), partial pressure of 
arterial oxygen (PaO2) and pH was measured. Fraction of 
inspired oxygen (FiO2) was the room air oxygen fraction 
(21%), which was used to calculate the PaO2/ FiO2 ratio, an 
indicator of hypoxemia.

Protein and IgM measurement

BALF supernatant was collected as previously described 
(Rancourt et al. 2013; Veress et al. 2010). To obtain BAL 
fluid, the lungs were lavaged two times with 5 ml of PBS 
solution. Collected lavage fluid was centrifuged at 800 g for 
10 min; aliquots of supernatants were frozen at − 80 °C 
until further measurements. Total protein concentration was 
measured in the BALF supernatants using the Bio-Rad DC 
method with bovine serum albumin (BSA) as a standard. All 
samples were assayed in duplicate. IgM was measured using 
a standard ELISA kit (Bethyl Lab Inc, Montgomery, TX).

Differential cell counts

BALF was centrifuged, and the pellet was re-suspended in 
2 ml of PBS. From this, 100 μl of BALF was centrifuged 
in a Cytospin (Shandon Inc.). Cells on the cytospin slide 
were then air-dried and stained to count neutrophils and 
macrophages using the Hema 3 differential stain (Fisher 
Diagnostics, Middle town, VA).

Measurement of blood parameters

Blood samples were collected at euthanasia for analysis of 
complete blood count (CBC). An aliquot of whole blood 
was transferred to EDTA-coated vials and analyzed using 
hematology analyzer (HEMAVET 950 FS; Drew Scientific, 
Dallas, TX).

Gene expression

Total RNA was extracted using an RNeasy Mini Kit (Cat 
#74106, Qiagen Co, USA). RNA quality was assessed using 
Agilent Bioanalyser 2100 (Agilent). For quantitative RT-
PCR, first-strand cDNA was reverse transcribed from 1 μg 
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of total RNA using the iScript reverse transcription super 
mix (Cat #1708840, Bio-Rad laboratories Inc.). For each 
sample, 50 ng cDNA (total RNA equivalent) was amplified 
in a 25 μl reaction volume using the Bio-Rad CFX 96 real-
time PCR machine (Bio-Rad laboratories Inc.) as per the 
instructions specified by the manufacturer. Taqman primers 
specific for IL-1A (Rn00566700_m1), IL-6 (Rn01410330_
m1), CCL-2 (Rn00580555), CXCL-1 (Rn00578225_m1), 
PAI-1(Rn01481341_m1) and TF(Rn00564925_m1) were 
used for gene expression analysis. Results were normalized 
to the housekeeping genes, β-actin (Rn00667869_m1) or 
18S rRNA (4310893-E) and calculated as a ratio of gene 
expression to the expression of the reference gene, β-actin 
or 18S. All primer/probe sets for cytokines/chemokines and 
coagulation genes were procured from Applied Biosystems 
(Foster City, CA).

Histology and immunohistochemistry

The lung was inflated for 30 min at a constant hydrostatic 
pressure of 20 cm with 4% buffered formalin and immersed 
in the same solution for 24 h. The fixed lung was trimmed, 
embedded in paraffin, and cut into 5 μm sections. The sec-
tions were stained with hematoxylin and eosin (H&E) for 
morphological examination.

For immunohistochemistry, lung sections were processed 
and stained using specific antibodies. Immunostaining for 
fibrin was performed using a polyclonal rabbit anti-human 
fibrinogen antibody (Cat# A0080; DAKO corporation, 
Carpinteria, CA) at a 1:1000 dilution for 60-min. Rabbit IgG 
control (DAKO) was used at the same specifications. The 
stains were developed using a peroxidase-based Envision 
detection system (DAKO corporation; Carpinteria, CA). The 
counterstaining was performed using hematoxylin.

Western blotting

Western blotting for HMGB1 and fibrin were carried out 
in BALF supernatant. Forty microliters of BALF superna-
tant was resolved in a 4–20% SDS-PAGE gradient gel, trans-
ferred to a nitrocellulose membrane and probed separately 
with polyclonal antibodies against HMGB1 (Cat# ab18256; 
Abcam, Cambridge, MA) at a dilution of 1:1000, and mouse 
monoclonal antibody against Fibrin(ogen) (Cat# GTX-
19079, GeneTex Inc. Irvine, CA) at a dilution of 1:1000. 
Blots were developed using a chemiluminescent substrate 
and imaged in a Chemidoc Imager (BioRAD). The bands 
were quantitated and plotted.

Statistical analysis

Prism 8.0 software (GraphPad Prism, La Jolla, CA) was 
used, with one-way analysis of variance (ANOVA) followed 

by Bonferroni’s multiple comparisons test, unless otherwise 
indicated. Data reported are mean values with standard error 
of the mean (SEM). A p value of < 0.05 was considered 
significant.

Results

Rats exposed to aerosolized 2-chloroethyl ethyl sulfide 
(CEES), an analog of sulfur mustard, caused severe lung 
injury and significant mortality (~ 50% in 12 h) and resem-
bled a pathophysiology similar to SM exposures and clinical 
ARDS. Aerosolization produced a particle size of around 1 
micron (Online Resource 1), suggesting potential for deliv-
ery to both upper and lower airways.

Increased extracellular nucleic acids 
in CEES‑exposed rats are reduced by HDMBr

Extracellular nucleic acids can increase inflammation, dis-
rupt the alveolar–capillary barrier and enhanced coagula-
tion (Lee et al. 2011), which are also manifestations of SM 
poisoning. We assessed levels of eNAs in the BALF sam-
ples from rats exposed to CEES. CEES exposure caused an 
increase in eNA levels in the BALF of rats (Fig. 1a). These 
eNAs comprised of dsDNA, RNA and miRNA that were 
also increased in the BALF (Fig. 1b–d). To understand the 
role of increased levels of these eNAs and whether they con-
tribute to the pathogenesis, we sought to use scavengers of 
NA in vivo. HDMBr, a known scavenger of NA (Lee et al. 
2011), when injected 2 h post-CEES exposure decreased 
levels of eNAs at 12 h post-exposure (Fig. 1a). HDMBr 
also reduced levels of dsDNA, RNA and miRNA in BALF 
(Fig. 1b–d).

Nucleic acid scavenger reduces eNA‑induced 
inflammatory cytokines in lung epithelial cells

Nucleic acids can interact with cell surface receptors and 
activate inflammatory pathways. To explore the role of 
eNA in causing airway inflammation, we isolated total 
eNA from BALF of CEES-exposed rats and added it exog-
enously to airway epithelial cell cultures. Extracellular 
NA dose dependently increased mRNA levels of IL-6 and 
CXCL-1 (Fig. 1e, f). Interestingly, CCL-2 was not increased 
in these cells following eNA addition (data not shown). 
Pre-incubation with hexadimethrine bromide (HDMBr) to 
scavenge nucleic acids resulted in diminished eNA-induced 
CXCL-1 (Fig. 1g). To investigate mechanisms by which 
HDMBr influences nucleic acid interaction with cells, we 
used rhodamine labeled poly(I:C). HDMBr bound extracel-
lular poly(I:C) and formed aggregates. Due to the polymeric 
nature of HDMBr, binding to poly(I:C) caused aggregation, 
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which made visualization possible and demonstrated spec-
ificity (Fig. 1h). Labeled poly(I:C) without the drug was 
barely detectable. This suggested that HDMBr binding to 
eNA reduced its access at the cell surface.

HDMBr treatment reduces clinical distress 
and improves oxygen saturations in CEES‑exposed 
rats

CEES exposure affects physical activity, respiratory quality 
and stridor, which can be cumulatively expressed numeri-
cally as clinical distress scores (Veress et al. 2013). Com-
pared to the control groups, which showed no clinical dis-
tress, the CEES-exposed animals showed a progressive 
increase in the clinical distress scores, which was partly 
reduced with HDMBr treatment (Fig. 2a). Non-invasive 
pulse oximetry can be employed to effectively assess oxy-
genation criterion in ARDS longitudinally (Rice et al. 2007). 

Compared to the control groups, exposure to aerosolized 
CEES caused progressive decrease in SpO2 (Fig. 2b). SpO2 
significantly improved after HDMBr administration 2 h after 
CEES exposure.

HDMBr increases arterial blood oxygenation in rats 
exposed to CEES

Arterial blood gas (ABG) measurements were carried out to 
evaluate extent of lung injury, impairment in gas exchange 
and subsequent hypoxemia. Arterial blood pH was sig-
nificantly decreased in CEES-exposed rats compared to 
ethanol(vehicle)-exposed rats (Fig. 3a). HDMBr treatment 
reversed the drop in pH (Fig. 3a). Similarly, partial pres-
sure of arterial CO2 (PaCO2) increased following CEES 
exposure and was significantly reduced by HDMBr treat-
ment (Fig. 3b). Bicarbonate levels though not significant 
indicated partial compensation (Fig. 3c). Moreover, while 

Fig. 1   Extracellular nucleic acid is increased in the bronchoal-
veolar lavage fluid of rats exposed to CEES and nucleic acid neu-
tralizing agent reduces these levels (a) Sprague Dawley rats were 
exposed to aerosolized CEES. Two hours later, hexadimethrine bro-
mide (HDMBr), a nucleic acid neutralizing agent was administered 
intraperitoneally at a dose of 10  mg/kg body weight. Twelve hours 
post-CEES exposure, animals were euthanized, bronchoalveolar lav-
age fluid (BALF) supernatant was collected and total  extracellular 
nucleic acids were isolated and quantified. Nucleic acid subtypes 
were further analyzed and quantitated using the Quant-iT kit (Invit-
rogen) for b double stranded DNA (dsDNA), c RNA (> 1000 bases) 
and d miRNA using standard curves for each. In in vitro studies total 

nucleic acid isolated from the BALF supernatant of CEES-exposed 
animals were pooled and added exogenously to cultured human air-
way epithelial cells. After 6 h total RNA was isolated from cells and 
analyzed for mRNA levels of pro-inflammatory cytokines by Real-
time RT-PCR. e IL-6 mRNA levels and f CXCL-1 mRNA levels were 
measured following exposure of cells to varying concentrations of 
eNA. g Extracellular nucleic acid (2.5 mg/ml) in presence or absence 
of 10 mg/ml HDMBr was added to cells and CXCL-1 mRNA levels 
were determined. Values with their mean ± SEM are shown. h Rhoda-
mine labeled poly (I:C) was added to cells in presence or absence of 
HDMBr. Arrows in images show aggregation of eNA in presence of 
HDMBr. Values represent mean ± SEM
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CEES exposure decreased cSO2 and PaO2, HDMBr treat-
ment improved cSO2 and arterial PaO2 levels (Fig. 3d, e). 
The PaO2/FiO2 ratio decreased to about 150 in the CEES-
exposed group, which is consistent with ARDS (Thompson 
et al. 2017). Treatment with HDMBr significantly improved 
this ratio to above 300 (Fig. 3f).

HDMBr treatment decreases protein leakage 
in the airway of CEES‑exposed rats

Increased permeability of the alveolar–capillary barrier is 
characteristic of acute inflammation and is a key pathophysi-
ological feature of SM poisoning and ARDS (Matthay et al. 
2012; Weinberger et al. 2011). This leads to accumulation of 
protein-rich plasma exudates in the airspaces. A single dose 
of HDMBr reduced CEES-induced increase in BALF total 
protein and IgM (Fig. 4a, b). Thus, the nucleic acid scaveng-
ing agent HDMBr mitigated disruption of alveolar–capillary 
membrane.

HDMBr alters cell counts and reduces inflammation 
in rats exposed to CEES

CEES exposure in rats caused increases in BALF neutro-
phils. Treatment with HDMBr did not reduce neutrophil 
counts from the CEES-only exposed group (Fig. 5a). The 
macrophage numbers decreased in the CEES-exposed ani-
mals but did not change upon HDMBr treatment (Fig. 5b). 
Serial measurements of complete blood counts (CBC) are 
useful in assessing general health including inflammation. 

In the blood, exposures to CEES did not alter the number 
of neutrophils. However, treatment with HDMBr increased 
neutrophils (Fig. 5c). The WBC counts, on the other hand, 
decreased in the CEES-exposed group. The WBC numbers 
tended to increase in the CEES + HDMBr group (Fig. 5d).

Inflammation is an integral part of CEES/SM-induced 
injury and inflammatory cytokines are significantly 
increased in humans exposed to SM (Ahmad and Ahmad 
2016; Attaran et al. 2010; White et al. 2016). There was a 
significant increase in mRNA levels of pro-inflammatory 
cytokines IL-6, IL-1A, CXCL-1 and CCL-2 12 h post-
CEES exposure (Fig. 6a–d). HDMBr treatment significantly 
reversed these levels. Thus, CEES-mediated inflammation 
was significantly attenuated by HDMBr. HMGB1, a com-
mon marker of inflammatory response in ARDS (Yang et al. 
2002), was also significantly attenuated by HDMBr treat-
ment in the BALF of CEES-exposed rats (Fig. 6e).

HDMBr reduces pulmonary edema and airway 
obstruction in experimental ARDS

In H&E-stained sections of lungs from rats exposed to 
CEES, there was evidence of significant peribronchial and 
perivascular edema (Fig. 7a). The airways showed epithe-
lial sloughing and obstruction (Fig. 7a). Airway obstruc-
tion due to formation of fibrin-rich casts is frequently 
observed in CEES/SM-exposed animals (Rancourt et al. 
2014). We, therefore, assessed airway casts using fibrin 
staining of serial lung sections (Fig. 7a). Besides intense 
fibrin staining of airway casts, there was also significant 

Fig. 2   Nucleic acid scavenger mitigates clinical distress and oxygen 
saturations in rats exposed to aerosolized CEES. Sprague Dawley 
rats were exposed to aerosolized CEES (10%) in ethanol for 15 min 
using a nose-only inhalation system. Two hours later, the nucleic acid 
scavenger, HDMBr, was administered intraperitoneally at a dose of 
10  mg/kg body weight. Rats were continuously monitored for 12  h 

(Study endpoint) and a clinical distress scores were recorded and b 
noninvasively acquired oxygen saturations (SpO2) were measured 
using a MouseOx pulseoximeter. Values represent mean ± SEM with 
a minimum of n  > 11 per group. In the CEES group, n  = 14 at 0 h 
and n  = 6 at 12 h due to mortality. A * indicates p< 0.05, CEES vs 
CEES + HDMBr
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Fig. 3   Effect of HDMBr on arterial blood gas (ABGs) measurements 
in rats exposed to aerosolized CEES. Rats were exposed to CEES 
(10%) in ethanol for 15 min using a nose-only inhalation system. Two 
hours later HDMBr was administered intraperitonially at a dose of 
10 mg/kg body weight. At the end of study (12 h for CEES), blood 
was collected from the descending aorta and analyzed for ABGs 

using the EPOC-Vet Blood Analysis System. Data show a arterial pH, 
b partial pressure of arterial carbon dioxide (PaCO2), c bicarbonate 
(HCO3

−), d calculated oxygen saturation (cSO2), e partial pressure of 
arterial oxygen (PaO2), and f PaO2/FiO2 ratio. Individual values with 
their mean ± SEM are shown

Fig. 4   CEES-induced disrup-
tion of alveolar–capillary 
barrier is mitigated by treat-
ment with HDMBr. Rats were 
exposed to aerosolized CEES. 
To assess the alveolar–capil-
lary barrier, BALF supernatants 
were analyzed for total protein 
concentration (a) and IgM using 
ELISA (b). Individual values 
with their mean ± SEM are 
shown
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peribronchial and perivascular staining for fibrin. More 
than 50% of the airways stained positive for fibrin casts 
indicative of obstruction (Fig. 7b). In the HDMBr-treated 
group, the extent of cast formation was reduced (Fig. 7a, 
b). However, there was still some residual perivascular 
and peribronchial edematous fluid that also contained 
fibrin. To further quantify levels of fibrin in the airways, 
we performed western blots in the BALF supernatant. As 
shown in Fig. 7c, there was marked decrease in fibrin in 
the BALF supernatant of HDMBr-treated group when 
compared to the CEES-exposed group.

HDMBr decreases pro‑coagulation genes 
in CEES‑exposed rats

Like in SM exposures, CEES-exposed animals showed a 
hypercoagulable phenotype. An essential component in the 
initiation of coagulation is tissue factor (TF), expression 
of which can increase in the lung under certain pro-coag-
ulant states (Idell 2003; Mackman et al. 1993). As shown 
in Fig. 7d, CEES-exposed rats had increased levels of TF 
mRNA. Following treatment with HDMBr, these levels 
were significantly reduced. We also showed an increase in 
the fibrinolytic inhibitors, plasminogen activator inhibitor 

Fig. 5   Effect of HDMBr 
treatment on cell counts in 
bronchoalveolar lavage fluid 
and blood following exposure 
to CEES. Rats were exposed to 
CEES (10%). To assess inflam-
mation, total neutrophil (a) and 
macrophage (b) counts in BALF 
were made in all treatment 
groups by microscopic analysis 
of at least 200 nucleated cells 
in each group. At the study end, 
blood was collected from the 
descending aorta and analyzed 
for complete blood cell count 
using a Hemavet differential cell 
count analyzer. c Neutrophil 
number and d white blood cell 
(WBC) counts were determined. 
Individual values with their 
mean ± SEM are shown
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(PAI-1) after CEES exposure (Rancourt et al. 2014). PAI-1 
gene expression was significantly increased in lung tissues 
12 h following CEES inhalation in this study (Fig. 7e). 
These increases were significantly attenuated by HDMBr.

HDMBr decreases mortality in CEES‑exposed rats

Exposure to SM or CEES is known to be fatal where death 
is mainly due to respiratory distress. CEES exposure caused 
more than 50% mortality in rats. Treatment with HDMBr 
rescued animals from mortality (Fig. 7f).

Discussion

Extracellular NA can activate cell surface receptors and 
increase pro-inflammatory cytokines. Our demonstration 
that eNAs from the BALF of CEES-exposed animals, when 
added to airway epithelial cells directly increased levels of 
inflammatory cytokines in a dose-dependent manner clearly 
underscores their significance in inflammation. Prevention of 

eNA-induced cytokine production by HDMBr further con-
firmed a role for eNA in lung injury and inflammation. Per-
haps, HDMBr prevents eNA interaction with cells by aggre-
gating them and hindering their signaling ability (Fig. 8).

Inhalation of aerosolized CEES causes acute respiratory 
failure that captures multiple pathological features of acute 
SM poisoning observed in humans. There are no approved 
pharmacologic therapies against such injuries (Ahmad and 
Ahmad 2016). Hypercoagulation, an exacerbated inflamma-
tory response, hypoxemia and disruption of the alveolar–cap-
illary barrier are some of the cardinal features of SM poison-
ing in humans that are also manifested in CEES-induced 
lung injury. Recent studies in other disease models have 
indicated that host-derived eNAs can activate the coagula-
tion cascade and cause the development of an inflammatory 
response (Ahmad and Ahmad 2016; Idell 2003; Jain et al. 
2012; Komissarov et al. 2011; Preissner 2007). Our study 
demonstrated that inhaled CEES causes increase in eNAs 
in BALF. This is consistent with previous reports in other 
non-pulmonary disease models (Barrat et al. 2005; Garcia-
Olmo et al. 2004; Hajizadeh et al. 2003; Sozzi et al. 2003; 

Fig. 6   HDMBr reduces lung inflammation in CEES-exposed animals. 
Rats were exposed to CEES (10%) and lung tissues were harvested 
at 12  h. Real-time RT-PCR was carried out to determine steady-
state mRNA levels of inflammation related genes in the lung tissue 
using Taqman primers and probes. Relative changes in mRNA levels 
for IL-6 (a), IL1A (b), CXCL-1 (c) and CCL-2 (d), are shown after 

normalization with β-actin. Individual values with their mean ± SEM 
are shown. e HMGB1, a pro-inflammatory molecule, was quantified 
in BALF by western blot analysis. Representative immunoblot show-
ing changes in HMGB1 protein levels. Densitometry analysis on blots 
from two independent experiments are presented as mean ± SEM
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Stieger et al. 2017). These increases reflected steady-state 
levels at the 12 h time point. Given the fact that extracellu-
lar/circulating NAs are constantly being degraded by nucle-
ases or cleared by the liver (Gauthier et al. 1996), the high 
BALF eNA levels suggest either an increased production 

and/or release as a result of insult, release due to cell death, 
a decrease in nuclease activity, a decrease in clearance or 
a combination of all. Previous studies have shown that NA 
scavengers can mitigate injury at least in sub-acute and non-
lethal conditions. In acute settings, sensitized mice when 



1331Archives of Toxicology (2020) 94:1321–1334	

1 3

challenged with synthetic nucleic acid poly(I:C) had signifi-
cant liver injury and mortality. The effects were, however, 
mitigated by NA scavengers only when co-administered 
with the toxin (Lee et al. 2011). Our study demonstrating 
that post-treatment with the NA scavenger HDMBr, reduced 
BALF eNA levels to baseline and rescued from acute mor-
tality, indicates a more vital role of eNAs in the pathogenesis 
of CEES/SM-induced respiratory failure.

CEES-exposed animals exhibit progressive decrease in 
SpO2 and stridor (Veress et al. 2013). A decrease in SpO2/
FiO2 ratio, an alternative indicator for diagnosing ALI/
ARDS, was also observed (Chen et al. 2015; Rice et al. 
2007). Respiratory acidosis was also evident. While there 
was a consistent increase in PaCO2 along with decreases 
in blood pH and PaO2, levels of HCO3

− were variable indi-
cating partial compensation. Impaired gas exchange due to 
compromised alveolar–capillary barrier along with airway 
obstruction can contribute towards decreased oxygenation 
(Rice et al. 2007). A PaO2/FiO2 (P/F) ratio of < 200 indi-
cates hypoxemia, which along with a mortality of 50–60% 
within 12 h, is consistent with moderate-to-severe ARDS 
(Thompson et al. 2017). The fact that HDMBr improves 
SpO2 and P/F ratio and reverses respiratory acidosis sug-
gests that there is improved gas exchange possibly due to 
decrease in pulmonary edema and fibrin formation in the air 
spaces. Accumulation of fibrin-rich exudates can occlude the 
airways by forming casts. Furthermore, pulmonary edema 
observed in our studies is consistent with previous reports 
that also showed CEES-induced edema (Das et al. 2003; 
McClintock et al. 2002). Therefore, these studies reinforce 
the role of eNAs in causing ARDS-like pathology and that 
they are important targets for injury mitigation.

Cells are primed to tolerate low levels of circulating NAs. 
In conditions where prolonged increases in eNAs exist, acti-
vation of endosomal toll-like receptors (TLRs) and a sub-
sequent surge in the pro-inflammatory cytokine signaling 
occurs. Although inhibition of specific NA-sensing receptors 
mitigates injury in some disease models (Gao et al. 2017; 
Gay et al. 2014; Lawton and Ghosh 2003), heterogeneity in 
the released NAs and activation of multiple receptors may 
limit efficacy of this approach, at least in the context of ALI/
ARDS. NAs can promote inflammation in a number of ways 
either by itself or in association with other inflammatory 
mediators such as HMGB1 (Yanai et al. 2009; Yanai and 
Taniguchi 2014). HMGB1, released from cells, is a known 
mediator of lung inflammation and injury (Abraham et al. 
2000; Ogawa et al. 2006). It is conceivable that increased 
HMGB1 in the BALF of CEES-exposed rats could bind 
to eNAs and exacerbate lung inflammation through TLRs. 
Binding of HMGB1 to eNAs has been documented in other 
instances (Yanai et al. 2009). Therefore, scavenging of eNAs 
with HDMBr, likely reduced HMGB1 levels and mitigated 
inflammation. This is also evident from decreases in IL-6, 
CXCL-1 and CCL-2 gene expression in the lung of HDMBr-
treated CEES-exposed rats.

Previous studies have also reported that HMGB1 impairs 
alveolar–capillary barrier (Wolfson et al. 2011). Disruption 
of alveolar–capillary barrier has also been demonstrated 
with eNAs (Fischer et al. 2007). It is possible that both 
HMGB1 and eNA contribute independently towards bar-
rier disruption and, therefore, scavenging NAs by HDMBr 
did not completely reverse leaks.

CEES-induced lung injury is characterized by profound 
histopathological alterations in the lung including the 
recruitment of inflammatory cell. In agreement with other 
studies (Gao et al. 2011; Veress et al. 2010), our results also 
show depletion of macrophages in the BALF of CEES-
exposed animals. Decrease in WBCs in the blood of CEES-
exposed rats is consistent with SM-mediated immune sup-
pression and exacerbation of injury and death (Hassan et al. 
2006; McElroy et al. 2016; Vijayaraghavan et al. 2005). 
A decrease in blood WBC count was reported in an acci-
dental inhalation exposure of nitrogen mustard in human 
(Wang and Xia 2007). CEES exposure also caused increased 
neutrophils in the BALF. Interestingly, HDMBr treatment 
caused increased neutrophil count both in the BALF as well 
as in the blood that did not correlate with lung levels of 
chemoattractants CXCL-1 and CCL-2, both of which were 
reduced in the HDMBr-treated group. Increased neutrophil 
may influence resolution of inflammation and injury (Camp-
bell et al. 2014; Neudecker et al. 2017; Zemans et al. 2011).

Activation of the coagulation cascade, extravascular fibrin 
deposition and inhibition of fibrinolysis are observed follow-
ing SM exposures and in ARDS (Gunther et al. 2000; Idell 
2003; White et al. 2016). Autopsy of a patient exposed to 

Fig. 7   HDMBr reduces airway obstruction and mortality in rats 
exposed to aerosolized CEES. CEES-exposed rats were treated with 
HDMBr 2 h post-exposure. 12 h post-exposure rats were euthanized, 
and lungs inflation fixed with 4% paraformaldehyde in PBS. Airway 
obstruction was assessed by staining sections of right middle and 
right lower lobes with antibodies against fibrin. a Serial sections from 
each group were stained with either hematoxylin and eosin dyes or 
immunohistochemically for fibrin (brown). Yellow arrows indicate 
fibrin-rich casts in the airway. Black arrowheads indicate peribron-
chial edema whereas the green arrowheads indicate perivascular 
edema. Epithelial sloughing is indicated by green arrows. b Airways 
were scored for fibrin casts by counting for the presence or absence 
of positive staining at 5 × magnification. A minimum of five fields 
per section were counted. Percent of airways positive for fibrin casts 
were plotted. Values represent mean ± SEM. A * indicates p < 0.05 
from the untreated CEES-exposed animals. c Representative western 
blot and densitometric quantification (n = 5–6 per group) of BALF 
fibrin from CEES-exposed rats. Real-time RT-PCR was carried out 
to determine steady-state mRNA levels of coagulations genes in lung 
tissues using Taqman primers and probes. Changes in mRNA lev-
els for tissue factor (d) and PAI-1 (e) are shown. Values represent 
mean ± SEM. f Animals were continuously monitored over a 12  h 
period and survival assessed using a Kaplan–Meier curve and groups 
compared using the Mantel–Cox model. (*p < 0.0001)

◂
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SM in the Iran-Iraq conflict showed fibrin-rich pseudomem-
branes and casts in the airways (Eisenmenger et al. 1991). 
Exposure to CEES caused both an activation and increase 
in pro-coagulant factors along with a decrease in fibrinoly-
sis. eNAs can influence the coagulation cascade by activat-
ing Factor VII leading to recruitment of TF activation of 
the extrinsic coagulation pathway (Nakazawa et al. 2005). 
Increased TF in the lung of CEES-exposed animals is also 
consistent with a pro-coagulant response (Idell 2003). This 
is supported by increased fibrin deposition in the airways 
and in the BALF of the CEES-exposed animals. NA can also 
bind to PAI-1 and stabilize it (Wygrecka et al. 2007). NA 
neutralizers like HDMBr can, therefore, be effective in both 
impeding the activation of the coagulation cascade and also 
in promoting fibrinolysis. Fibrin staining in the peribronchial 
area of the HDMBr-treated group, possibly indicates repair 
onset (Erjefalt et al. 1994). Overall, HDMBr decreased 
fibrin content and also decreased TF levels in the lungs of 
CEES-exposed animals further confirming the role of NA 
scavenger in reducing coagulation. These studies demon-
strate a vital role for eNAs in the pathogenesis of CEES-
induced lung injuries. While these studies underscore the 
significance of an activated coagulation cascade in CEES/
SM-induced poisoning, previous attempts of anti-coagula-
tion therapies have shown limited success possible due to 
increased risk of bleeding (Houin et al. 2015). The current 
investigation highlights the significance of eNA in reducing 
coagulation and support the premise that blocking of eNA 
signaling can mitigate injury in conditions such as CEES/
SM exposures and ARDS where coagulation is not the only 
factor causing morbidity and mortality.

Nucleic acids are known to activate TLRs and increase 
pro-inflammatory cytokines. Our demonstration that eNAs 
from the BALF of CEES-exposed animals, when added to 
airway epithelial cells directly increase levels of cytokines 
further underscores their significance in CEES-induced 
inflammation. Furthermore, the fact that HDMBr prevented 
this increase in an in vitro system demonstrated a plausible 
role for eNA in CEES-induced lung injury and inflamma-
tion. It is possible that different cell types in the lung upon 
activation by NAs can increase different cytokines. It is, 

therefore, not surprising that CCL-2 levels were not altered 
in these cells with eNAs.

In summary, our findings demonstrate that CEES-induced 
lung injury closely resembles the pathophysiology of injury 
induced by SM and ARDS. The efficacy of NA neutraliza-
tion in a severe model of injury underscores the significance 
of eNAs in the pathogenesis of SM/CEES-induced poison-
ing. Thus, NA neutralization reflects an effective strategy in 
treating chemical exposures like sulfur mustard as well as by 
other risk factors, which are associated with increased eNA 
and increased mortality.
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