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Abstract

Sulfur mustard (SM) is a cytotoxic, vesicating, chemical warfare agent, first used in 1917; cor-

neas are particularly vulnerable to SM exposure. They may develop inflammation, ulceration,

neovascularization (NV), impaired vision, and partial/complete blindness depending upon the

concentration of SM, exposure duration, and bio-physiological conditions of the eyes. Com-

prehensive in vivo studies have established ocular structural alterations, opacity, NV, and

inflammation upon short durations (<4 min) of SM exposure. In this study, detailed analyses

of histopathological alterations in corneal structure, keratocytes, inflammatory cells, blood

vessels, and expressions of cyclooxygenase (COX)-2, matrix metalloproteinase (MMP)-9,

vascular endothelial growth factor (VEGF), and cytokines were performed in New Zealand

white rabbits, in a time-dependent manner till 28 days, post longer durations (5 and 7 min) of

ocular SM exposure to establish quantifiable endpoints of injury and healing. Results indi-

cated that SM exposure led to duration-dependent increases in corneal thickness, opacity,

ulceration, epithelial-stromal separation, and epithelial degradation. Significant increases in

NV, keratocyte death, blood vessels, and inflammatory markers (COX-2, MMP-9, VEGF,

and interleukin-8) were also observed for both exposure durations compared to the controls.

Collectively, these findings would benefit in temporal delineation of mechanisms underlying

SM-induced corneal toxicity and provide models for testing therapeutic interventions.

Introduction

Since its initial use as a chemical warfare agent (CWA) in the First World War, sulfur mustard

(SM) has arguably been the most used CWA [1]. It has been coined, “the King of the Battle

Gases” [2], because of its widespread use, like its deployment in the Berber rebellion in the 1920s

[3], Italian- Ethiopian conflict in the 1930s [4], Egypt-Yemen conflict in the 1960s [5], Iran–Iraq
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war in the 1980s [6, 7], and Syrian conflict in 2000s [8, 9]. Exposure to this persistent, oily yel-

low-brown vesicant can occur through the eyes, skin, or via inhalation. SM (2,20-dichloroethyl

sulfide) is a bifunctional alkylating agent; once absorbed, it forms a charged, highly reactive inter-

mediate, the ethylene episulfonium ion, that attacks and damages DNA, RNA, and proteins [1, 5,

10], causing cytotoxicity and inflammation, which may cause severe tissue damage [11–15].

Of the various routes of exposure to SM, ocular exposure is arguably the most damaging

because of the aqueous nature of external ocular surfaces including the conjunctiva and cornea

[16]; thus, making eyes plausibly the most susceptible organ to SM exposure. The preliminary

toxic effects of SM on the eyes can manifest within minutes, depending upon the dose and

duration of exposure and the ocular microenvironment [17]. The toxic effects can range from

mild irritation, lacrimation, swelling/edema, inflammation, photophobia, blepharospasm, and

corneal ulceration [18, 19] to delayed ocular effects, such as development of keratosis also

known as mustard gas keratopathy (MGK), dryness, chronic inflammation, conjunctival scar-

ring, epithelial injury, damage the corneal leading to its erosions, opacity, and neovasculariza-

tion (NV), and limbal stem cell deficiency (LSCD) [20–25]. MGK has been observed in SM-

exposed war veterans even 40 years after the initial exposure [21, 26].

Several studies to decipher the sequential progression of SM-related corneal injury and the

underlying toxic mechanisms have been conducted. Hallmarks of SM-toxicity on rabbit eyes,

such as changes in corneal thickness, corneal edema, corneal opacity, and corneal NV using dif-

ferent doses of SM for short durations (<4 min) have been well established [24, 25, 27–29]. How-

ever, studies characterizing the effects of SM exposure for longer durations were warranted; thus,

in the present study we exposed the rabbit eyes for 5 min (shorter duration) and 7 min (longer

duration) and performed comparative assessments of corneal thickness, corneal opacity, corneal

ulceration, and corneal NV as well as epithelial degradation and epithelial-stromal separation, as

a function of time for 28 days after SM exposure. Furthermore, we performed the histopatholog-

ical analysis to examine the change in keratocyte numbers, inflammatory cell density, and blood

vessel counts, along with the expression profiles of cyclooxygenase (COX)-2, matrix metallopro-

teinase (MMP)-9, vascular endothelial growth factor (VEGF). Although a few studies have

assessed the expression levels of MMP-9 [24, 30, 31], VEGF [31, 32], and inflammatory responses

[31, 33, 34], to our knowledge, this is the first study to analyze the expression levels of COX-2

and only the second study after Naderi et al. [35] to analyze keratocyte numbers in in vivo SM-

exposed rabbit eyes. Notably, COX-2 is an enzyme that increases the production of prostaglan-

dins during inflammation [36]; VEGF, as the name suggests, is extensively involved in angiogen-

esis and plays an important role in wound healing [37]; and MMP-9 belongs to the gelatinase

group of metalloproteinases that are associated with disrupting the functioning of the corneal

epithelial barrier, playing an important role in wound healing and inflammation [38].

Earlier, we have performed studies using nitrogen mustard (NM; bis-[2-chloroethyl]

methylamine), a less toxic analogue of SM, on human corneal epithelial (HCE) cells [12], ex
vivo organ culture model of rabbit cornea [39], and in vivo rabbit corneal injury model [40].

The ex vivo and in vivo corneal injury models with NM-exposure are integral in evaluating

acute corneal injury and screening therapeutic modalities to alleviate and revert vesicant-

induced ocular injury. However, it is critical to translate the toxic corneal effects from the NM

model to the in vivo SM corneal injury model to transform the therapies identified in the NM

model into the SM-induced injury model. Therefore, to understand the toxic effects as well as

pathophysiology due to mild to moderate-severe SM exposure-durations, in the present study,

we have developed in vivo rabbit cornea injury models using two SM vapor exposure dura-

tions; thus, employing a more consistent and efficient exposure system. Our studies are antici-

pated to help in further understanding the pathways involved in SM-induced acute and

chronic corneal injuries, and in identifying and optimizing effective treatment options.
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Materials and methods

SM exposure and clinical assessments

New Zealand white rabbits, weighing between 2.5–4.0 kg and a minimum of 3 months old,

were obtained from Charles River Laboratories (Wilmington, MA). All the experimental pro-

tocols used in this study were approved by MRIGlobal’s IACUC. Following the pain manage-

ment and anesthesia procedures approved by the MRIGlobal IACUC, all SM vapor exposures

were performed under the chemical hood, based on MRIGlobal’s approved exposure protocol.

Approximately 1 h before the commencement of SM exposure, buprenorphine-SR (SQ) was

administered to the animals and every 72–96 h thereafter, as required. The animals were anes-

thetized at MRIGlobal’s chemical surety facility, using IM administration of ketamine+-

xylazine+acepromazine. Once anesthetized, the rabbits were positioned on an absorptive pad,

and exposed to SM vapors by securing the ocular vapor goggles around their head, either for 5

or 7 min, inside the chemical hood. The left eye of the animal was treated as control (naïve or

untreated) and the right eye was exposed to 400 μg/L SM (~390–420 μg/L; n = 6-7/per treat-

ment group at each time point) for 5 min (short-duration exposure) or 7 min (long-duration

exposure).

After the SM exposures, the rabbits were monitored daily and clinical observations were

made, including assessments for signs of pain or discomfort. Clinical evaluations of injury to

the whole eye and corneal were made; digital pictures were taken prior to SM exposure and

thereafter at days 0 (6 h), 1, 3, 7, 14, 21, and 28 post both durations of SM-exposure. Parame-

ters assessed to determine corneal injury included corneal ulceration, opacity, and NV as

reported earlier [41]. Pachymetry measurements (TOMEY SP-3000 Pachymeter, Phoenix, AZ)

were performed to measure the thickness of the unexposed and SM-exposed corneas, and

assess any associated changes. Post SM exposure, rabbits were euthanized using pentobarbital

overdose (using 1 ml of pentobarbital/Fatal Plus solution [IV] after anesthesia using either

ketamine [25–35 mg/kg]/xylazine [5 mg/kg] or isofuorane [5%]), at day 1, 3, 7, 14, and 28, and

corneas were removed and stored either by snap freezing in liquid nitrogen or by formalin fix-

ation for further analysis.

Histopathological evaluations

Histopathological evaluations of the corneal tissues were carried out after fixation and paraffin

embedding as described previously [42]. Briefly, paraffin-embedded corneas were sectioned

(5 μm thick), hematoxylin and eosin (H&E)-stained, and microscopic evaluations of thickness

of cornea and epithelium along with degradation of the epithelium were performed. Corneal

thickness was measured from 10–12 regions selected at random, at 100x magnification (~1.0

mm away from the limbus region). Epithelial thickness was determined using five regions

(randomly chosen) from the entire corneal length (at 400x magnification). The value of epithe-

lial thickness was determined by taking the average of five separate measurements from each

of the five selected areas. A length of approximately 7 mm of the total corneal length was used

to determine the epithelial degradation and epithelial-stromal separation.

Estimation of keratocyte numbers, inflammatory cell density, and blood

vessel count in the stroma

The number of keratocyte cells, inflammatory cells, and blood vessels was estimated from the

stroma of the H&E-stained rabbit eye corneal sections (at 400x magnification). Keratocyte

quantification was performed in ~7 mm2 area of the cornea; the numbers of blood vessels and
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inflammatory cells were estimated in the entire stromal region. The scoring of inflammatory

cell density was 1:<50, 2: 50–100, 3: 100–500, 4:>500 inflammatory cells.

Immunohistochemistry for COX-2, VEGF, and MMP-9

IHC for COX-2, VEGF, and MMP-9 was performed according to the protocol described previ-

ously [40] from the lab. Briefly, the corneal sections were first rehydrated, then heat-mediated

epitope retrieval was performed, endogenous peroxidase activity was blocked, and sections

were incubated with the respective primary antibodies [anti-VEGF (Cat#ab28775), anti-

MMP-9 (Cat#ab58803) both from Abcam, Cambridge, MA, and anti-COX-2 (cat#160112;

Cayman chemicals, Ann Arbor, MI); Rabbit IgG antibody (N-Universal, DAKO), negative

control]. Thereafter, the sections were incubated sequentially using the streptavidin-biotin

complex (ABC) IHC staining methodology for signal amplification. DAB was used for visuali-

zation of IHC (brown, cytoplasmic staining) followed by hematoxylin staining for the nucleus.

The scoring for the cytoplasmic staining was performed in 10 randomly selected areas (400x

magnification). This intensity of IHC staining was scored from 0 to 4; where a score of 0 signi-

fied no DAB staining (absence of any brown color) and 4 signified the maximum intensity of

staining, described previously [40].

Cell lysate preparation and measurement of cytokines

Cytokine arrays were performed from corneal tissues (n = 4–5) 3 days after SM exposure for 7

min. Lysates were prepared from the SM-exposed tissues and their respective controls; protein

estimation was performed using the BioRad DC protein assay kit, following the manual

instructions. The lysates were then quantified for cytokine levels using cytokine array kits

(RayBiotech, Norcross, GA) according to the recommended protocol. Briefly, diluent was used

to block the array epitopes. After blocking, the epitopes were incubated with the lysates. The

signal detection was performed using a followed biotinylated antibody and streptavidin conju-

gated to a Cy3 equivalent dye. Thereafter, slides were scanned, and the data extraction was per-

formed using RayBiotech scanning and data extraction services. RayBiotech array specific data

analysis software was used for analysis and results were expressed as relative fluorescence

units.

Statistical analysis

One-way analysis of variance (ANOVA), with Tukey or Bonferroni T-test for multiple com-

parisons (SigmaStat 2.03) were performed to determine the statistical significance of the differ-

ence between the untreated control versus SM-exposed groups. Differences were considered

statistically significant if the p<0.05. Data are represented as the mean±standard error of

mean (SEM).

Results

SM exposure causes an increase in corneal thickness, corneal opacity,

corneal ulceration, and corneal neovascularization

The effects of in vivo short i.e., 5 min and long i.e., 7 min durations of SM exposure on clinical

measurements in rabbit cornea, as observed on 6 h to day 28 post SM exposure, are shown in

Fig 1.

Pachymetry measurements showed that there was an overall increase in the corneal thick-

ness upon both 5 and 7 min of SM exposure (Fig 1A and S1 Dataset). A slight increase was

observed on 6 h and a significant increase was observed on day 1 post SM exposure for both
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Fig 1. Ocular Sulfur Mustard (SM) exposure causes increase in corneal thickness and causes corneal opacity, corneal

ulceration, and corneal neovascularization. The right eyes of New Zealand white rabbits were exposed to SM (~0.4 mg/L)

vapor either for 5 min (shorter duration) or 7 min (longer duration) and the clinical progression of ocular injury was

observed starting from day 1 (6 h) up to 28 days post-exposure, as detailed in the materials and methods section. The left eye

was designated as the control eye and was exposed only to the dilution air. Corneal thickness (A), corneal opacity and

quantification (B), corneal ulceration and quantification (C), and corneal neovascularization and quantification (D).

Representative pictures are from the 7 min SM exposure group. Green arrows, corneal-stromal injury (opacity); red arrows,
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the exposure durations as compared to their respective controls. The average corneal thick-

nesses on day 1 post-exposure were 611 μm and 572 μm for the 5- and 7-min exposure groups,

respectively, compared to 383 μm for the controls. The corneal thickness remained signifi-

cantly elevated throughout the study duration of 28 days post SM exposure for both the expo-

sure durations (Fig 1A). From day 3 onwards, a slight dose-dependent effect was observed

with maximal increase on day 3 for 7 min exposure duration (average corneal thicknesses were

877 μm and 387 μm for the SM exposure and control groups, respectively). For the 5 min

exposure group, the maximal increase was on day 7 post SM exposure with the average corneal

thickness of 776 μm for the SM exposure group compared to 385 μm average corneal thickness

for the control group (Fig 1A). After day 7 in the 5 min SM exposure group, the corneal thick-

ness gradually decreased although the thickness was still significantly more in the SM exposure

group than the control group till the study end point of day 28 post-exposure (average corneal

thicknesses were 690 μm, 638 μm, and 588 μm; respectively, on day 14, 21, and 28 post-expo-

sure). In the 7 min exposure group, on day 7 post-exposure, a decrease in corneal thickness

was observed (average corneal thickness: 757 μm). On day 14, the corneal thickness was ele-

vated slightly (average corneal thickness: 775 μm) and remained sustained until day 21 post-

exposure (average corneal thickness: 776 μm), before decreasing slightly on day 28 post-expo-

sure (average corneal thickness: 738 μm; Fig 1A).

Corneal opacity (reduced transparency/increased clouding of the cornea due to corneal

scarring) was evaluated post SM exposure in the rabbit cornea according to the scoring

described previously [41]. Time-dependent effect was observed in corneal opacity following

SM exposure (Fig 1B and S2 Dataset). Corneal opacity started to appear at 6 h post-exposure

in 7 min exposure group, which reached its maximal value on day 3 post-exposure (average

corneal opacity score = 1.5) and remained slightly higher than the 5 min exposure group at all

the study time points except on day 28 post-exposure. In the 5 min exposure group, corneal

opacity began to appear on day 1 post-exposure, and reached its maximal value on day 3 post-

exposure (average corneal opacity score = 1.17), similar to that of the 7 min exposure group.

The corneal opacity started to resolve after day 3 for both the exposure groups (Fig 1B). How-

ever, it did not fully resolve even at the study duration of day 28 post SM exposure in both the

exposure groups.

Corneal ulceration was evaluated post SM exposure using slit lamp imaging (disruption of

epithelial layer facilitates the stromal fluorescein staining) of eyes as described previously [41].

Significant corneal ulceration was observed at the earliest time point (6 h) post SM exposure for

both the exposure durations (Fig 1C and S3 Dataset). Corneal ulceration peaked (average cor-

neal ulceration score = 0.75) on days 1 and 3 post SM exposure for 7 min and 5 min exposure

group, respectively. Corneal ulceration abated by day 7 post-exposure in the 7 min exposure

group and by day 14 post-exposure in the 5 min exposure group. However, a slight increase in

corneal ulceration was observed again on day 28 in the 7 min exposure group (Fig 1C).

Corneal NV was evaluated upon SM exposure in the eyes using a scoring method described

previously [41]. This was based on the growth of the blood vessels in the cornea, calculated as

percentage increase in the length of the blood vessels, taking the average NV from all four

quadrants. Significant corneal NV was observed on day 7 post SM exposure in both the expo-

sure groups (Fig 1D and S4 Dataset). Average corneal NV score on day 7 post-exposure was

0.58 for the 5 min exposure group and 0.56 for the 7 min exposure group; a gradual increase in

NV score was observed thereafter at later time points. At the study end point i.e. on day 28

corneal ulceration; and purple arrows, corneal neovascularization. Data presented are mean±SEM (n = 5-7/group). �p<0.05

for both 5 min and 7 min exposure.

https://doi.org/10.1371/journal.pone.0258503.g001
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Fig 2. Ocular SM exposure causes increased corneal thickness and leads to epithelial degradation and epithelial-stromal separation. The right eyes of New

Zealand white rabbits were exposed to SM (~0.4 mg/L) vapor either for 5 min (shorter duration) or 7 min (longer duration) and the clinical progression of ocular

injury was observed starting from day 1 (6 h) up to 28 days post-exposure, as detailed in the materials and methods section. The left eye was designated as the control

eye and was exposed only to the dilution air. Cornea was dissected post euthanasia at day 1, day 3, day 7, day 14, and day 28 post-exposure and histopathological

evaluation. Corneal thickness and quantification (A), epithelial degradation and quantification (B), epithelial-stromal separation and quantification (C) in the H&E-

stained control and SM-exposed sections was carried out as detailed under the materials and methods. Representative images are from the 7 min SM exposure. Data
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post SM exposure, the average corneal NV scores were 1.10 and 0.88 in the 5 min and 7 min

exposure groups, respectively (Fig 1D).

SM exposure causes increases in corneal thickness, epithelial degradation,

and epithelial-stromal separation

The histopathological alterations in the rabbit cornea following in vivo short and long dura-

tions of SM exposure are shown in Fig 2 in the H&E-stained corneal sections.

The increase in corneal thickness, as observed via pachymetry measurements performed in
vivo rabbit eyes, was further confirmed by light microscopic evaluations of the H&E-stained

corneal sections (Fig 2A and S5 Dataset). Initial increase in corneal thickness was observed as

early as day 1 post-exposure, for both exposure groups and was significant at all the study time

points (except on day 28 for 7 min SM exposure group). The maximal increase in corneal

thickness for 7 min exposure group was observed on day 3 post-exposure (average corneal

thickness was 694 μm in SM exposure group compared to 401 μm in control group). Whereas,

in the 5 min exposure group the maximal increase was observed on day 7 post-exposure (aver-

age corneal thickness was 724 μm in SM exposure group compared to 396 μm in control

group). The increase in corneal thickness started to resolve after the maximal increase at the

later time points; although it was still elevated in both the exposure groups until the end point

of the study on day 28 post-exposure, the difference between the untreated and SM-treated

corneas was only significant for the 5 min exposure group (Fig 2A).

Epithelial degradation was observed since day 1 post SM exposure in both the exposure

groups; however, the difference between the control and SM-exposed eyes was not significant

on day 1 post-exposure (Fig 2B and S6 Dataset). An SM exposure duration-dependent effect

was observed in terms of more degradation following 7 min exposure, which was significant

on day 3 and maximal (~37% epithelial degradation) on day 7 post-exposure. The maximal

and significant increase in the lower exposure group was observed on day 7 post-exposure

(~38% epithelial degradation). The epithelial degradation decreased by day 14 post-exposure

in both the exposure durations but was significant only for the 5 min exposure on day 14 and

day 28 post-exposure. On day 28 post-exposure, ~2% and ~6% epithelial degradation was

observed in the 5 min and 7 min post-exposure group, respectively (Fig 2B).

Separation of the epithelial-stromal layer was observed in both the exposure groups (Fig 2C

and S7 Dataset) with significant separation only on day 3 post-exposure in the 7 min exposure

group (~4% separation) and was maximal on day 7 (~6%) post-exposure. The epithelial stro-

mal separation started to decrease by day 14 post-exposure and was almost negligible by day

28 post-exposure in both the exposure groups (Fig 2C).

SM exposure causes keratocyte cell death, and increases in inflammatory

cell density and number of blood vessels

The alterations in keratocyte cells, inflammatory cells, and blood vessels in the rabbit cornea

following in vivo short and long durations of SM exposure are shown in Fig 3 in H&E-stained

sections.

SM exposure caused a decrease in keratocyte cell number starting from day 1 post-exposure

(Fig 3A and S8 Dataset) in an exposure-dependent manner. A significant decrease in the kera-

tocyte numbers was observed between the control and SM-exposed corneas on day 3 post SM

presented are mean±SEM (n = 3–5). �, p<0.05 compared to the control group; e, epithelium; s, stroma; red arrows, epithelial degradation/epithelial-stromal

separation; size bar in representative images, 50 μm.

https://doi.org/10.1371/journal.pone.0258503.g002
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Fig 3. Ocular SM exposure causes keratocyte cell death, influx of inflammatory cells and increase in the number of blood vessels in the stroma. The right

eyes of New Zealand white rabbits were exposed to SM (~0.4 mg/L) vapor either for 5 min (shorter duration) or 7 min (longer duration) and the clinical

progression of ocular injury was observed starting from day 1 (6 h) up to 28 days post-exposure, as detailed in the materials and methods section. The left eye

was designated as the control eye and was exposed only to the dilution air. Cornea was dissected post euthanasia at day 1, day 3, day 7, day 14, and day 28 post-

exposure and histopathological evaluation was carried out. Number of keratocytes (A), inflammatory cells (B) and blood vessels (C) were quantified in H&E-

stained corneal sections as detailed under the materials and methods. Data presented are mean±SEM (n = 3–5). �, p<0.05 compared to the control group; red

arrows, keratocytes/inflammatory cells/blood vessels; size bar in representative images, 50 μm.

https://doi.org/10.1371/journal.pone.0258503.g003
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exposure (average keratocyte number in 1 mm2 area of the stroma was ~46, 30, and 16 in the

control, 5 min, and 7 min exposure groups, respectively). The drop in keratocyte number was

maximal on day 7 post-exposure in both the 5 min and 7 min exposure groups (average kera-

tocyte numbers in 1 mm2 area of the stroma were 49, 21, and 10 in control, 5 min, and 7 min

exposure groups, respectively). The numbers of keratocytes began to increase on day 14 post-

exposure, although they were still significantly lower than those in the control group (Fig 3A).

On day 28 post-exposure, the keratocyte numbers were not significantly different between the

control and SM exposure groups (Fig 3A).

SM exposure also led to an influx of inflammatory cells into the corneal stroma as observed

on day 1 post SM exposure (Fig 3B and S9 Dataset), which was significant in the 7 min expo-

sure group. An exposure-dependent effect was observed on day 1 and day 3. In the 7 min expo-

sure group, number of inflammatory cells was maximal on day 3 post-exposure (average

inflammatory cell density score was 3.5 in the SM exposure group compared to 0.2 in the con-

trol group) and started to decrease thereafter, although, it remained significantly higher in the

SM exposure group compared to the control group at all the time points. In the 5 min exposure

group, maximal influx of inflammatory cells was seen on day 7 post SM exposure (average

inflammatory cell density score of 3.0 in the SM exposure group compared to 0.17 in the con-

trol group), which decreased on day 14 and day 28 post-exposure. However, the increase in

inflammatory cell density was still significant at all the study time points in the 7 min exposure

group (Fig 3B).

Ocular SM exposure resulted in an increase in the number of blood capillaries and vessels

in the corneal stroma for both SM exposure durations (Fig 3C and S10 Dataset). The number

of blood vessels increased significantly in the 7 min exposure group on day 7 post-exposure

(average value 9.6 in the exposure group compared to 2.0 in the control group). Although

there was a decrease in the number of blood vessels in the 7 min SM exposure group at the

later time points of day 14 and day 28 post-exposure (6.4 and 6.0 in the exposure group com-

pared to 2.5 and 1.7 in the control group, on day 14 and day 28, respectively), the number of

blood vessels was still significantly higher in the 7 min SM-exposed group compared to the

control group. In the 5 min exposure group, maximal increase in blood vessels was observed

on day 14 post-exposure (average value 11.7 in the exposure group compared to 2.5 in the con-

trol group). On day 28 post-exposure, a decrease in the number of blood vessels was observed,

although it was still significantly higher in the SM-exposed group than the control group (aver-

age value 9.6 in the exposure group compared to 1.7 in the control group; Fig 3C).

SM exposure causes an increase in COX-2, VEGF, and MMP-9 expression

The alterations in COX-2, VEGF, and MMP-9 expression levels in the rabbit cornea following

in vivo short and long durations of SM exposure are shown in Fig 4. SM exposure led to the

increased expression of the inflammatory mediator COX-2 in the corneal epithelium, begin-

ning on day 1 post SM exposure, which was significant on day 3 post-exposure for both the

exposure durations (Fig 4A and S11 Dataset). The increase was maximal and significant on

day 14 post-exposure for both the exposure durations as compared to the unexposed control

(~4- and 5-fold increase for 5 min and 7 min exposures, respectively, in the SM exposure

groups compared to the control group). The COX-2 expression decreased by day 28 post-

exposure; however, it was still significantly higher in both the SM exposure groups compared

to control group (Fig 4A).

Regarding MMP-9 expression, it increased on day 1 post SM exposure, which was signifi-

cant in the 5 min exposure group (Fig 4B and S12 Dataset). At day 3 post-exposure, a signifi-

cant increase in MMP-9 expression was noted in corneas exposed to both the exposure
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Fig 4. Ocular SM exposure causes increased expression of COX-2, VEGF, MMP-9, and IL-8. The right eyes of New Zealand

white rabbits were exposed to SM (~0.4 mg/L) vapor either for 5 min (shorter duration) or 7 min (longer duration) and the

clinical progression of ocular injury was observed starting from day 1 (6 h) up to 28 days post-exposure, as detailed in the

materials and methods section. The left eye was designated as the control eye and was exposed only to the dilution air. Corneas

were dissected post euthanasia at day 1, day 3, day 7, day 14, and day 28 post-exposure and fixed for IHC evaluation or frozen

for cytokine array analysis. The corneal sections were IHC stained and COX-2 (A), MMP-9 (B), and VEGF (C) expression was
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durations. Maximal increase in MMP-9 expression was observed on day 7 (~2-fold increase

compared to control) post-exposure for both the exposure durations, which remained signifi-

cantly elevated at comparable levels till day 28 post-exposure (Fig 4B). Cytokine array analysis

further confirmed the MMP-9 expression increase observed upon SM exposure (Fig 4D and

S14 Dataset). The 7 min SM exposure duration on day 3 post-exposure resulted in a ~13-fold

increase in MMP-9 level compared to the control group (Fig 4D).

A significant increase in the expression of VEGF, a potent stimulator of angiogenesis, was

observed beginning on day 1 post SM exposure for both the exposure durations and remained

significantly elevated till day 14 post-exposure (Fig 4C and S13 Dataset). The increase in

VEGF expression for the 5 min exposure group was significant at all time-points up to day 28

post SM exposure. The maximal increase in the VEGF expression as compared to control was

observed on day 14 post-exposure for both the exposure durations (~6.0- and 4.6-fold

increases, respectively, for 5 min and 7 min SM exposure groups compared to the control

group).

Cytokine array analysis showed that SM exposure resulted in a 27-fold increase in the

expression levels of inflammatory cytokine interleukin (IL)-8 compared to the control on day

3 post-exposure in the 7 min exposure group (Fig 4D). The concentrations of IL-1α, IL-1β, IL-

17A, IL-21, Macrophage Inflammatory Protein (MIP)-1β, TNF-α, and leptin were similar

between the SM exposed and control groups, which could be considered as control cytokines

that did not show any change in concentration upon SM exposure (Fig 4D).

Discussion

Even short durations of mild exposures to SM can cause substantial ocular injury, possibly

because the eyes are the most sensitive organ to vesicant exposure [18, 25, 29]. The outer corneal

layer is especially susceptible to the effects of SM toxicity, and exposures may lead to corneal

abrasions, ulcerations, vesication, and perforations, the main consequences of acute corneal

injury [18]. The signs of MGK and chronic effects of SM exposure on the cornea include corneal

inflammation, ischemia, scarring, opacification, perforation, LSCD, and NV [20–25]. Effective

and approved treatment modalities for the management of SM exposure-caused acute and

chronic corneal injuries, especially in a mass-casualty situation are still not available. Our com-

pleted and ongoing studies, in addition to those done by other research groups, are focused on

investigating the mechanism of corneal injury following mustard vesicant exposure. These stud-

ies could assist in deciphering pathways involved in generation of the SM-toxicity effects; fur-

thermore, understanding and targeting key molecules in these pathways are essential for the

development of effective treatment avenues and therapeutic interventions.

In the present study, we have assessed the corneal injury progression following two SM

exposure-durations and evaluated the clinical, histopathological, and molecular endpoints of

SM-induced corneal injury. The injury biomarkers, such as corneal opacity, corneal ulceration,

corneal thickening, increases in keratocyte numbers, inflammatory cell density, and blood ves-

sel counts, and expression levels of VEGF, COX-2, and MMP, established in our earlier

reported studies in the NM-induced ex vivo and in vivo acute corneal injury models could be

quantified. Corneal lysates (7 min exposure group day 3 post-exposure) were prepared and subjected to cytokine array analysis

(D) and relative fluorescence units for IL-8, MMP-9, IL-1α, IL-1β, IL-17A, IL-21, Macrophage Inflammatory Protein (MIP)-

1β, TNF-α, and leptin were calculated. Only IL-8 and MMP-9 showed changes in expression levels upon SM-exposure;

whereas, IL-1α, IL-1β, IL-17A, IL-21, MIP-1β, TNF-α, and leptin served as control cytokines, with similar expression in SM

exposed and unexposed eyes. Data presented are mean±SEM (n = 3–5). �, p<0.05 compared to the control group; e,

epithelium; s, stroma; size bar in representative images, 50 μm.

https://doi.org/10.1371/journal.pone.0258503.g004
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translated into the SM-induced in vivo corneal injury model in the present study [39, 40, 43].

As reported earlier, this study further corroborates that NM can serve as a useful surrogate to

screen and identify effective therapies, which can be further tested in the SM-induced in vivo
corneal injury model [12, 39, 44–47]. Our completed studies have shown beneficial effects of

pleiotropic agents like dexamethasone and silibinin, which exhibit anti-inflammatory proper-

ties, in alleviating NM-induced corneal injury endpoints [40]. The parallel corneal injury end-

points established in the in vivo rabbit corneal injury model with SM in this study will be

beneficial in further testing and optimizing these agents for their therapeutic efficacy against

corneal injury caused by SM exposure.

Previous reports strongly indicate the alkylating effects of SM on ocular biomolecules,

which may lead to inflammation, corneal degradation, and delayed LSCD and contribute to

the pathogenesis of vesicant-induced ocular toxicity [16, 25, 48]. SM exposure is reported to

induce histopathological changes including vesication, ulceration, keratocyte cell death, ocular

inflammation, and NV [29, 49, 50]. In the present study, SM vapor exposure also resulted in

corneal opacity, ulceration, NV, corneal epithelial degradation, keratocyte death, vesication,

and an inflammatory response. In addition, SM also induced increases in the stromal blood

vessel count, and the expressions of inflammatory markers COX-2 (important for prostaglan-

din synthesis and inflammatory and cytotoxic responses), MMP-9, VEGF, and IL-8. These

injury lesions were comparable with the toxic corneal consequences from ocular SM exposure

in humans [24, 51, 52].

Keratocytes and MMPs have been shown to play a crucial and complementary role in cor-

neal wound healing mechanisms. Keratocytes are involved in the anabolism of collagen as well

as secrete MMPs to facilitate their catabolism [53, 54]. These processes also regulate the trans-

parent nature of the cornea by maintain a well-organized and dense packing of collagen fibrils

in the cornea [55]. When there are disturbances in this balance, corneal opacity and delayed

wound healing can be observed, amongst other effects. An association between keratocytes

and epithelial cells of the cornea also exists to regulate the secretion of cytokines [56, 57]. Thus,

an increased inflammatory response upon SM-exposure can lead to increased corneal ulcera-

tion and corneal opacity, mediated by the increased MMPs, as observed in the present study.

The decrease in keratocyte cell number is also consistent with the findings of the previous

study [35].

In clinical consequences, duration-dependent effects of SM exposure were observed for

corneal thickness (pachymetry measurements), corneal opacity, and epithelial degradation

(except day 7) in the present study. Corneal opacity was observed to be maximum on day 3

post SM exposure for both exposure durations; the opacity scores were elevated through

day 28 post-exposure. Corneal ulceration peaked on days 1 and day 3 and was near

completely resolved by day 7 and 14 for the 7 min and 5 min exposure duration, respec-

tively. Our previous study on the NM-induced acute injury rabbit in vivo model, noted that

both corneal opacity and ulceration showed a significant increase by day 3 post-exposure,

and remained elevated till day 28 post-exposure [40]. The SM-induced epidermal degrada-

tion was maximal on day 3 post-exposure in both the exposure groups and could have con-

tributed to the corneal ulceration and opacity. The alkylating property of SM, and its ability

to induce oxidative stress and apoptotic cell death can contribute to the degradation of the

epithelial layer leading to the disruption of permeability and barrier function of the cornea.

Mechanistic studies in HCE cells have shown that NM-induced apoptotic cell death was

associated with DNA damage conferred via p53 phosphorylation involving cleavage of cas-

pase-3 and poly ADP ribose polymerase, suggesting their contribution in vesicant-induced

corneal epithelial cell death [12]. The SM-induced keratocyte cell death was also found to be

duration dependent. It significantly increased by day 3 post-exposure and was maximal on
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day 7 post-exposure, which could have resulted in corneal ulceration and perforation. Since

keratinocytes are key molecules involved in maintaining and regenerating the cornea and

regulate collagen synthesis, ROS related chemical injury from SM exposure could cause col-

lagen degradation and affect the structural integrity of the stroma [45, 58]. Both SM expo-

sure durations caused a significant increase in the corneal thickness starting on day 1 post-

exposure, paralleling what we observed from our NM in vivo corneal injury model [40]. The

observed SM-induced corneal thickness could be a consequence of the increased density of

stromal inflammatory cells, starting on day 1 post SM exposure. In addition, the disruption

of the epithelial barrier resulting in an altered hydration state of the cornea could also con-

tribute to the corneal stromal thickness, as reported earlier [59].

Inflammation is reported to play a critical role in vesicating agent-induced corneal injury

[18, 33, 40, 60]. As reported earlier in NM-induced in vitro and in vivo corneal injury models,

the SM-induced increases in the MMP-9 corneal levels, in the current in vivo rabbit study, fur-

ther establishes MMP-9 as a key mediator in mustard [46] vesicant-induced inflammation and

epithelial-stromal separation [18, 39, 40, 43, 49]. There is evidence that the skin blistering, and

epithelial-stromal separation observed in the cornea upon SM/NM exposure is because of the

up-regulation of MMP-9 levels by the mustard vesicating agents [49, 61]. These studies have

been carried out in SM-exposed war veterans, and SM and NM exposed animal models. Stud-

ies have shown that SM exposure-induced infiltration of neutrophils can elevate MMP-9,

which can cleave the basement membrane and degrade the extracellular matrix leading to vesi-

cation, bullae formation, and cell death [46, 61–64].

The increases in the inflammatory mediator COX-2 levels observed upon both SM expo-

sure durations at all the time points in this study paralleled those observed in our previous

studies on HCE cells exposed to NM as well as the ex vivo and in vivo rabbit corneal injury

models [12, 39, 40, 43]. The results from this study additionally endorse that vesicant-induced

increase in COX-2, an inducible enzyme involved in prostaglandin biosynthesis, can enhance

the influx of inflammatory cells in the skin dermis and corneal stroma [61, 65]. Exposure to

both SM durations also resulted in a delayed NV response, which started after 7 days of SM

exposure. Corneal NV has been extensively reported to be delayed consequence of vesicant

ocular exposure that can lead to proliferation and migration of vascular endothelial cells into

the stroma causing compromised visual acuity [12, 22, 27, 28, 32, 39, 43]. Proangiogenic medi-

ators like VEGF can be secreted upon vesicant-induced inflammation by macrophages, cor-

neal cells, and COX-2 levels can also enhance the expression of VEGF genes [66, 67]. Similar

to NM exposure in ex vivo and in vivo rabbit corneal injury models, in the present study, SM

ocular exposure also resulted in a significant increase in the expression of VEGF levels [40, 43,

49]. SM-induced increase in the IL-8 levels indicate that this chemokine can also contribute to

the SM-related inflammation and angiogenesis [40, 68]. Increased levels of IL-8 have been pre-

viously reported in NM- and SM-induced corneal injury [22, 40, 42].

The observations from the present study demonstrate the effects of SM exposure in a tem-

poral manner, encompassing histopathological and molecular changes, bridging structural

changes with clinical outcomes via molecular mediators. Additionally, the relevant clinical,

biological, and molecular markers of the corneal injury established in the in vivo rabbit model

with SM in this study can be useful in testing and optimizing treatment agents.

Supporting information

S1 Dataset. Estimation of corneal thickness using pachymetry.

(XLSX)

PLOS ONE Sulfur mustard-induced corneal injury in rabbits

PLOS ONE | https://doi.org/10.1371/journal.pone.0258503 October 12, 2021 14 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258503.s001
https://doi.org/10.1371/journal.pone.0258503


S2 Dataset. Estimation of corneal opacity.

(XLSX)

S3 Dataset. Estimation of corneal ulceration.

(XLSX)

S4 Dataset. Estimation of corneal neovascularization.

(XLSX)

S5 Dataset. Estimation of corneal thickness.

(XLSX)

S6 Dataset. Estimation of epithelial degradation.

(XLSX)

S7 Dataset. Estimation of epithelial-corneal separation.

(XLSX)

S8 Dataset. Estimation of keratocyte count.

(XLSX)

S9 Dataset. Estimation of inflammatory cell count.

(XLSX)

S10 Dataset. Estimation of blood vessel count.

(XLSX)

S11 Dataset. Estimation of COX-2 expression.

(XLSX)

S12 Dataset. Estimation of MMP-9 expression.

(XLSX)

S13 Dataset. Estimation of VEGF expression.

(XLSX)

S14 Dataset. Cytokine array analysis.

(XLSX)

Author Contributions

Conceptualization: Claire R. Croutch, Robert W. Enzenauer, Neera Tewari-Singh, Rajesh

Agarwal.

Data curation: Neha Mishra, Chapla Agarwal, Claire R. Croutch, Neera Tewari-Singh.

Formal analysis: Neha Mishra, Claire R. Croutch, Neera Tewari-Singh.

Funding acquisition: Rajesh Agarwal.

Investigation: Dinesh G. Goswami, Rama Kant, Claire R. Croutch, Neera Tewari-Singh.

Methodology: Chapla Agarwal.

Project administration: Claire R. Croutch, Neera Tewari-Singh, Rajesh Agarwal.

Supervision: Chapla Agarwal, Claire R. Croutch, Robert W. Enzenauer, Mark J. Petrash,

Neera Tewari-Singh, Rajesh Agarwal.

Writing – original draft: Neha Mishra, Neera Tewari-Singh.

PLOS ONE Sulfur mustard-induced corneal injury in rabbits

PLOS ONE | https://doi.org/10.1371/journal.pone.0258503 October 12, 2021 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258503.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258503.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258503.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258503.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258503.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258503.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258503.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258503.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258503.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258503.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258503.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258503.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258503.s014
https://doi.org/10.1371/journal.pone.0258503


Writing – review & editing: Mark J. Petrash, Rajesh Agarwal.

References
1. Hefazi M, Balali-Mood M. The clinical toxicology of sulfur mustard. Arch Iran Med. 2005; 8:162–79.

2. Rodgers G Jr, Condurache C. Antidotes and treatments for chemical warfare/terrorism agents: an evi-

dence-based review. Clinical Pharmacology & Therapeutics. 2010;88(3).

3. Courtois S. The black book of communism. 2005.

4. Sidell FR, Takafuji ET, Franz DR. Medical aspects of chemical and biological warfare. OFFICE OF

THE SURGEON GENERAL (ARMY) FALLS CHURCH VA; 1997.

5. Hogendoorn E-J. A chemical weapons atlas. Bulletin of the atomic scientists. 1997; 53(5):35–9.

6. Mahmoudi M, Hefazi M, Rastin M, Balali-Mood M. Long-term hematological and immunological compli-

cations of sulfur mustard poisoning in Iranian veterans. Int Immunopharmacol. 2005; 5(9):1479–85.

https://doi.org/10.1016/j.intimp.2005.04.003 PMID: 15953574

7. Balali-Mood M, Mousavi S, Balali-Mood B. Chronic health effects of sulphur mustard exposure with spe-

cial reference to Iranian veterans. Emerg Health Threats J. 2008; 1:e7. https://doi.org/10.3134/ehtj.08.

007 PMID: 22460216

8. Sezigen S, Eyison RK, Kilic E, Kenar L. Evidence of sulfur mustard exposure in victims of chemical ter-

rorism by detection of urinary beta-lyase metabolites. Clin Toxicol (Phila). 2020; 58(1):36–44. https://

doi.org/10.1080/15563650.2019.1614190 PMID: 31072153

9. John H, Koller M, Worek F, Thiermann H, Siegert M. Forensic evidence of sulfur mustard exposure in

real cases of human poisoning by detection of diverse albumin-derived protein adducts. Arch Toxicol.

2019; 93(7):1881–91. https://doi.org/10.1007/s00204-019-02461-2 PMID: 31069408

10. Baradaran-Rafii A, Eslani M, Tseng SC. Sulfur mustard-induced ocular surface disorders. The ocular

surface. 2011; 9(3):163–78. https://doi.org/10.1016/s1542-0124(11)70026-x PMID: 21791191

11. Dacre JC, Goldman M. Toxicology and pharmacology of the chemical warfare agent sulfur mustard.

Pharmacol Rev. 1996; 48(2):289–326. PMID: 8804107

12. Goswami DG, Tewari-Singh N, Dhar D, Kumar D, Agarwal C, Ammar DA, et al. Nitrogen Mustard-

Induced Corneal Injury Involves DNA Damage and Pathways Related to Inflammation, Epithelial-Stro-

mal Separation, and Neovascularization. Cornea. 2016; 35(2):257–66. https://doi.org/10.1097/ICO.

0000000000000685 PMID: 26555588

13. Javadi MA, Yazdani S, Sajjadi H, Jadidi K, Karimian F, Einollahi B, et al. Chronic and delayed-onset

mustard gas keratitis: report of 48 patients and review of literature. Ophthalmology. 2005; 112(4):617–

25. https://doi.org/10.1016/j.ophtha.2004.09.027 PMID: 15808253

14. Gore A, Kadar T, Dachir S, Horwitz V. Therapeutic measures for sulfur mustard-induced ocular injury.

Toxicology Letters. 2021. https://doi.org/10.1016/j.toxlet.2021.01.006 PMID: 33440228

15. Geeraets W, Abedi S, Blanke R. Acute corneal injury by mustard gas. Southern medical journal. 1977;

70(3):348–50. https://doi.org/10.1097/00007611-197703000-00028 PMID: 847488

16. Rafati-Rahimzadeh M, Rafati-Rahimzadeh M, Kazemi S, Moghadamnia AA. Therapeutic options to

treat mustard gas poisoning—Review. Caspian J Intern Med. 2019; 10(3):241–64. https://doi.org/10.

22088/cjim.10.3.241 PMID: 31558985

17. McNutt PM, Hamilton TA, Lyman ME, Nelson MR. Ocular toxicity of chemical warfare agents. In: C.

GR, editor. Handbook of Toxicology of Chemical Warfare Agents. Third ed: Elseview; 2020. p. 567–

88.

18. Goswami DG, Tewari-Singh N, Agarwal R. Corneal toxicity induced by vesicating agents and effective

treatment options. Annals of the New York Academy of Sciences. 2016; 1374(1):193. https://doi.org/10.

1111/nyas.13121 PMID: 27327041

19. Balali-Mood M, Hefazi M. The pharmacology, toxicology, and medical treatment of sulphur mustard poi-

soning. Fundam Clin Pharmacol. 2005; 19(3):297–315. https://doi.org/10.1111/j.1472-8206.2005.

00325.x PMID: 15910653

20. Balali-Mood M, Hefazi M. Comparison of early and late toxic effects of sulfur mustard in Iranian veter-

ans. Basic & clinical pharmacology & toxicology. 2006; 99(4):273–82.

21. Ghasemi H, Ghazanfari T, Yaraee R, Soroush MR, Ghassemi-Broumand M, Poorfarzam S, et al. Sys-

temic and ocular complications of sulfur mustard: A panoramic review. Toxin Reviews. 2009; 28(1):14–

23.

22. Ghasemi H, Owlia P, Jalali-Nadoushan MR, Pourfarzam S, Azimi G, Yarmohammadi ME, et al. A clini-

copathological approach to sulfur mustard-induced organ complications: a major review. Cutan Ocul

Toxicol. 2013; 32(4):304–24. https://doi.org/10.3109/15569527.2013.781615 PMID: 23590683

PLOS ONE Sulfur mustard-induced corneal injury in rabbits

PLOS ONE | https://doi.org/10.1371/journal.pone.0258503 October 12, 2021 16 / 19

https://doi.org/10.1016/j.intimp.2005.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15953574
https://doi.org/10.3134/ehtj.08.007
https://doi.org/10.3134/ehtj.08.007
http://www.ncbi.nlm.nih.gov/pubmed/22460216
https://doi.org/10.1080/15563650.2019.1614190
https://doi.org/10.1080/15563650.2019.1614190
http://www.ncbi.nlm.nih.gov/pubmed/31072153
https://doi.org/10.1007/s00204-019-02461-2
http://www.ncbi.nlm.nih.gov/pubmed/31069408
https://doi.org/10.1016/s1542-0124(11)70026-x
http://www.ncbi.nlm.nih.gov/pubmed/21791191
http://www.ncbi.nlm.nih.gov/pubmed/8804107
https://doi.org/10.1097/ICO.0000000000000685
https://doi.org/10.1097/ICO.0000000000000685
http://www.ncbi.nlm.nih.gov/pubmed/26555588
https://doi.org/10.1016/j.ophtha.2004.09.027
http://www.ncbi.nlm.nih.gov/pubmed/15808253
https://doi.org/10.1016/j.toxlet.2021.01.006
http://www.ncbi.nlm.nih.gov/pubmed/33440228
https://doi.org/10.1097/00007611-197703000-00028
http://www.ncbi.nlm.nih.gov/pubmed/847488
https://doi.org/10.22088/cjim.10.3.241
https://doi.org/10.22088/cjim.10.3.241
http://www.ncbi.nlm.nih.gov/pubmed/31558985
https://doi.org/10.1111/nyas.13121
https://doi.org/10.1111/nyas.13121
http://www.ncbi.nlm.nih.gov/pubmed/27327041
https://doi.org/10.1111/j.1472-8206.2005.00325.x
https://doi.org/10.1111/j.1472-8206.2005.00325.x
http://www.ncbi.nlm.nih.gov/pubmed/15910653
https://doi.org/10.3109/15569527.2013.781615
http://www.ncbi.nlm.nih.gov/pubmed/23590683
https://doi.org/10.1371/journal.pone.0258503


23. Gordon MK, Enzenauer RW, Babin MC. Ocular toxicity of sulfur mustard. Handbook of Toxicology of

Chemical Warfare Agents: Elsevier; 2009. p. 575–94.

24. Kadar T, Dachir S, Cohen L, Sahar R, Fishbine E, Cohen M, et al. Ocular injuries following sulfur mus-

tard exposure—pathological mechanism and potential therapy. Toxicology. 2009; 263(1):59–69.

https://doi.org/10.1016/j.tox.2008.10.026 PMID: 19061933

25. McNutt P, Hamilton T, Nelson M, Adkins A, Swartz A, Lawrence R, et al. Pathogenesis of acute and

delayed corneal lesions after ocular exposure to sulfur mustard vapor. Cornea. 2012; 31(3):280–90.

https://doi.org/10.1097/ICO.0B013E31823D02CD PMID: 22316652

26. Safarinejad M, Moosavi S. Ocular injuries caused by mustard gas: diagnosis, treatment, and medical

defense. Military medicine. 2001; 166(1):67–70. PMID: 11197102

27. Kadar T, Turetz J, Fishbine E, Sahar R, Chapman S, Amir A. Characterization of acute and delayed

ocular lesions induced by sulfur mustard in rabbits. Current eye research. 2001; 22(1):42–53. https://

doi.org/10.1076/ceyr.22.1.42.6975 PMID: 11402378

28. Amir A, Turetz J, Chapman S, Fishbeine E, Meshulam J, Sahar R, et al. Beneficial effects of topical

anti-inflammatory drugs against sulfur mustard-induced ocular lesions in rabbits. J Appl Toxicol. 2000;

20 Suppl 1:S109–14. https://doi.org/10.1002/1099-1263(200012)20:1+<::aid-jat669>3.0.co;2-7 PMID:

11428620

29. McNutt PM, Kelly KEM, Altvater AC, Nelson MR, Lyman ME, O’Brien S, et al. Dose-dependent emer-

gence of acute and recurrent corneal lesions in sulfur mustard-exposed rabbit eyes. Toxicol Lett. 2021;

341:33–42. https://doi.org/10.1016/j.toxlet.2021.01.016 PMID: 33497768

30. Horwitz V, Dachir S, Cohen M, Gutman H, Cohen L, Fishbine E, et al. The beneficial effects of doxycy-

cline, an inhibitor of matrix metalloproteinases, on sulfur mustard-induced ocular pathologies depend on

the injury stage. Curr Eye Res. 2014; 39(8):803–12. https://doi.org/10.3109/02713683.2013.874443

PMID: 24502433

31. Ruff AL, Jarecke AJ, Hilber DJ, Rothwell CC, Beach SL, Dillman JF III. Development of a mouse model

for sulfur mustard-induced ocular injury and long-term clinical analysis of injury progression. Cutaneous

and ocular toxicology. 2013; 32(2):140–9. https://doi.org/10.3109/15569527.2012.731666 PMID:

23106216

32. Kadar T, Amir A, Cohen L, Cohen M, Sahar R, Gutman H, et al. Anti-VEGF therapy (bevacizumab) for

sulfur mustard-induced corneal neovascularization associated with delayed limbal stem cell deficiency

in rabbits. Current eye research. 2014; 39(5):439–50. https://doi.org/10.3109/02713683.2013.850098

PMID: 24215293

33. Horwitz V, Dachir S, Cohen M, Gutman H, Cohen L, Gez R, et al. Differential expression of corneal and

limbal cytokines and chemokines throughout the clinical course of sulfur mustard induced ocular injury

in the rabbit model. Exp Eye Res. 2018; 177:145–52. https://doi.org/10.1016/j.exer.2018.08.008 PMID:

30114412

34. McNutt P, Lyman M, Swartz A, Tuznik K, Kniffin D, Whitten K, et al. Architectural and biochemical

expressions of mustard gas keratopathy: preclinical indicators and pathogenic mechanisms. PLoS

One. 2012; 7(8):e42837. https://doi.org/10.1371/journal.pone.0042837 PMID: 22900056

35. Naderi M, Kaka G-R, Jadidi K, Khoddami-Vishteh H-R, Shamspour N, Sadraie S-H. Prophylactic oph-

thalmic bethametazone for sulfur mustard-induced ocular injury. Journal of research in medical sci-

ences: the official journal of Isfahan University of Medical Sciences. 2009; 14(5):291. PMID: 21772898

36. Chen X, Tansey MG. The role of neuroinflammation in Parkinson’s disease. Neuroinflammation: Else-

vier; 2011. p. 403–21.

37. Bao P, Kodra A, Tomic-Canic M, Golinko MS, Ehrlich HP, Brem H. The role of vascular endothelial

growth factor in wound healing. Journal of Surgical Research. 2009; 153(2):347–58. https://doi.org/10.

1016/j.jss.2008.04.023 PMID: 19027922

38. Chotikavanich S, de Paiva CS, Li de Q, Chen JJ, Bian F, Farley WJ, et al. Production and activity of

matrix metalloproteinase-9 on the ocular surface increase in dysfunctional tear syndrome. Invest

Ophthalmol Vis Sci. 2009; 50(7):3203–9. https://doi.org/10.1167/iovs.08-2476 PMID: 19255163

39. Tewari-Singh N, Jain AK, Inturi S, Ammar DA, Agarwal C, Tyagi P, et al. Silibinin, dexamethasone, and

doxycycline as potential therapeutic agents for treating vesicant-inflicted ocular injuries. Toxicology and

applied pharmacology. 2012; 264(1):23–31. https://doi.org/10.1016/j.taap.2012.07.014 PMID:

22841772

40. Goswami DG, Kant R, Ammar DA, Kumar D, Enzenauer RW, Petrash JM, et al. Acute corneal injury in

rabbits following nitrogen mustard ocular exposure. Experimental and molecular pathology. 2019;

110:104275. https://doi.org/10.1016/j.yexmp.2019.104275 PMID: 31233733

41. Tewari-Singh N, Croutch CR, Tuttle R, Goswami DG, Kant R, Peters E, et al. Clinical progression of

ocular injury following arsenical vesicant lewisite exposure. Cutan Ocul Toxicol. 2016:1–10. https://doi.

org/10.3109/15569527.2015.1127255 PMID: 27002633

PLOS ONE Sulfur mustard-induced corneal injury in rabbits

PLOS ONE | https://doi.org/10.1371/journal.pone.0258503 October 12, 2021 17 / 19

https://doi.org/10.1016/j.tox.2008.10.026
http://www.ncbi.nlm.nih.gov/pubmed/19061933
https://doi.org/10.1097/ICO.0B013E31823D02CD
http://www.ncbi.nlm.nih.gov/pubmed/22316652
http://www.ncbi.nlm.nih.gov/pubmed/11197102
https://doi.org/10.1076/ceyr.22.1.42.6975
https://doi.org/10.1076/ceyr.22.1.42.6975
http://www.ncbi.nlm.nih.gov/pubmed/11402378
https://doi.org/10.1002/1099-1263(200012)20:1+<::aid-jat669>3.0.co;2-7
http://www.ncbi.nlm.nih.gov/pubmed/11428620
https://doi.org/10.1016/j.toxlet.2021.01.016
http://www.ncbi.nlm.nih.gov/pubmed/33497768
https://doi.org/10.3109/02713683.2013.874443
http://www.ncbi.nlm.nih.gov/pubmed/24502433
https://doi.org/10.3109/15569527.2012.731666
http://www.ncbi.nlm.nih.gov/pubmed/23106216
https://doi.org/10.3109/02713683.2013.850098
http://www.ncbi.nlm.nih.gov/pubmed/24215293
https://doi.org/10.1016/j.exer.2018.08.008
http://www.ncbi.nlm.nih.gov/pubmed/30114412
https://doi.org/10.1371/journal.pone.0042837
http://www.ncbi.nlm.nih.gov/pubmed/22900056
http://www.ncbi.nlm.nih.gov/pubmed/21772898
https://doi.org/10.1016/j.jss.2008.04.023
https://doi.org/10.1016/j.jss.2008.04.023
http://www.ncbi.nlm.nih.gov/pubmed/19027922
https://doi.org/10.1167/iovs.08-2476
http://www.ncbi.nlm.nih.gov/pubmed/19255163
https://doi.org/10.1016/j.taap.2012.07.014
http://www.ncbi.nlm.nih.gov/pubmed/22841772
https://doi.org/10.1016/j.yexmp.2019.104275
http://www.ncbi.nlm.nih.gov/pubmed/31233733
https://doi.org/10.3109/15569527.2015.1127255
https://doi.org/10.3109/15569527.2015.1127255
http://www.ncbi.nlm.nih.gov/pubmed/27002633
https://doi.org/10.1371/journal.pone.0258503


42. Tewari-Singh N, Goswami DG, Kant R, Ammar DA, Kumar D, Enzenauer RW, et al. Histopathological

and molecular changes in the rabbit cornea from arsenical vesicant lewisite exposure. Toxicological Sci-

ences. 2017; 160(2):420–8. https://doi.org/10.1093/toxsci/kfx198 PMID: 28973427

43. Goswami DG, Kant R, Tewari-Singh N, Agarwal R. Efficacy of anti-inflammatory, antibiotic and pleiotro-

pic agents in reversing nitrogen mustard-induced injury in ex vivo cultured rabbit cornea. Toxicology let-

ters. 2018; 293:127–32. https://doi.org/10.1016/j.toxlet.2017.11.026 PMID: 29174984

44. Anumolu SS, DeSantis AS, Menjoge AR, Hahn RA, Beloni JA, Gordon MK, et al. Doxycycline loaded

poly(ethylene glycol) hydrogels for healing vesicant-induced ocular wounds. Biomaterials. 2010; 31

(5):964–74. https://doi.org/10.1016/j.biomaterials.2009.10.010 PMID: 19853296

45. Banin E, Morad Y, Berenshtein E, Obolensky A, Yahalom C, Goldich J, et al. Injury induced by chemical

warfare agents: characterization and treatment of ocular tissues exposed to nitrogen mustard. Investi-

gative ophthalmology & visual science. 2003; 44(7):2966–72. https://doi.org/10.1167/iovs.02-1164

PMID: 12824239

46. Gordon MK, DeSantis A, Deshmukh M, Lacey CJ, Hahn RA, Beloni J, et al. Doxycycline hydrogels as a

potential therapy for ocular vesicant injury. Journal of ocular pharmacology and therapeutics. 2010; 26

(5):407–19. https://doi.org/10.1089/jop.2010.0099 PMID: 20925577

47. Morad Y, Banin E, Averbukh E, Berenshtein E, Obolensky A, Chevion M. Treatment of ocular tissues

exposed to nitrogen mustard: beneficial effect of zinc desferrioxamine combined with steroids. Invest

Ophthalmol Vis Sci. 2005; 46(5):1640–6. https://doi.org/10.1167/iovs.04-1165 PMID: 15851563

48. McNutt PM, Tuznik KM, Glotfelty EJ, Nelson MR, Lyman ME, Hamilton TA. Contributions of tissue-spe-

cific pathologies to corneal injuries following exposure to SM vapor. Ann N Y Acad Sci. 2016; 1374

(1):132–43. https://doi.org/10.1111/nyas.13105 PMID: 27310673

49. Gordon MK, DeSantis-Rodrigues A, Hahn R, Zhou P, Chang Y, Svoboda KK, et al. The molecules in

the corneal basement membrane zone affected by mustard exposure suggest potential therapies.

Annals of the New York Academy of Sciences. 2016; 1378(1):158. https://doi.org/10.1111/nyas.13226

PMID: 27737494

50. Milhorn D, Hamilton T, Nelson M, McNutt P. Progression of ocular sulfur mustard injury: development of

a model system. ARMY MEDICAL RESEARCH AND MATERIEL COMMAND FORT DETRICK MD;

2010. https://doi.org/10.1111/j.1749-6632.2010.05491.x PMID: 20536452

51. Panahi Y, Rajaee SM, Sahebkar A. Ocular effects of sulfur mustard and therapeutic approaches. Journal

of Cellular Biochemistry. 2017; 118(11):3549–60. https://doi.org/10.1002/jcb.25892 PMID: 28106291

52. Panahi Y, Abdolghaffari AH, Sahebkar A. A review on symptoms, treatments protocols, and proteomic

profile in sulfur mustard-exposed victims. J Cell Biochem. 2018; 119(1):197–206. https://doi.org/10.

1002/jcb.26247 PMID: 28657650

53. Benezra D, Foidartt JM. Collagens and non collagenous proteins in the human eye. I. Corneal stroma in

vivo and keratocyte production in vitro. Current Eye Research. 1981; 1(2):101–10. https://doi.org/10.

3109/02713688109001733 PMID: 7028399

54. Fini ME, Girard MT, Matsubara M. Collagenolytic/gelatinolytic enzymes in corneal wound healing. Acta

ophthalmologica. 1992; 70(S202):26–33. https://doi.org/10.1111/j.1755-3768.1992.tb02165.x PMID:

1322008

55. Meek KM. Corneal collagen—its role in maintaining corneal shape and transparency. Biophysical

Reviews. 2009; 1(2):83–93. https://doi.org/10.1007/s12551-009-0011-x PMID: 28509987

56. Cubitt CL, Tang Q, Monteiro CA, Lausch RN, Oakes JE. IL-8 gene expression in cultures of human corneal

epithelial cells and keratocytes. Investigative ophthalmology & visual science. 1993; 34(11):3199–206.

57. Cubitt CL, Lausch RN, Oakes JE. Differences in interleukin-6 gene expression between cultured

human corneal epithelial cells and keratocytes. Investigative ophthalmology & visual science. 1995; 36

(2):330–6. PMID: 7843904

58. West-Mays JA, Dwivedi DJ. The keratocyte: corneal stromal cell with variable repair phenotypes. The

international journal of biochemistry & cell biology. 2006; 38(10):1625–31. https://doi.org/10.1016/j.

biocel.2006.03.010 PMID: 16675284

59. Costagliola C, Romano V, Forbice E, Angi M, Pascotto A, Boccia T, et al. Corneal oedema and its medi-

cal treatment. Clinical and Experimental Optometry. 2013; 96(6):529–35. https://doi.org/10.1111/cxo.

12060 PMID: 23679934

60. Horwitz V, Cohen-Gihon I, Egoz I, Dachir S, Cohen M, Cohen L, et al. A comprehensive analysis of cor-

neal mRNA levels during sulfur mustard induced ocular late pathology in the rabbit model using RNA

sequencing. Experimental eye research. 2019; 184:201–12. https://doi.org/10.1016/j.exer.2019.04.011

PMID: 31022400

PLOS ONE Sulfur mustard-induced corneal injury in rabbits

PLOS ONE | https://doi.org/10.1371/journal.pone.0258503 October 12, 2021 18 / 19

https://doi.org/10.1093/toxsci/kfx198
http://www.ncbi.nlm.nih.gov/pubmed/28973427
https://doi.org/10.1016/j.toxlet.2017.11.026
http://www.ncbi.nlm.nih.gov/pubmed/29174984
https://doi.org/10.1016/j.biomaterials.2009.10.010
http://www.ncbi.nlm.nih.gov/pubmed/19853296
https://doi.org/10.1167/iovs.02-1164
http://www.ncbi.nlm.nih.gov/pubmed/12824239
https://doi.org/10.1089/jop.2010.0099
http://www.ncbi.nlm.nih.gov/pubmed/20925577
https://doi.org/10.1167/iovs.04-1165
http://www.ncbi.nlm.nih.gov/pubmed/15851563
https://doi.org/10.1111/nyas.13105
http://www.ncbi.nlm.nih.gov/pubmed/27310673
https://doi.org/10.1111/nyas.13226
http://www.ncbi.nlm.nih.gov/pubmed/27737494
https://doi.org/10.1111/j.1749-6632.2010.05491.x
http://www.ncbi.nlm.nih.gov/pubmed/20536452
https://doi.org/10.1002/jcb.25892
http://www.ncbi.nlm.nih.gov/pubmed/28106291
https://doi.org/10.1002/jcb.26247
https://doi.org/10.1002/jcb.26247
http://www.ncbi.nlm.nih.gov/pubmed/28657650
https://doi.org/10.3109/02713688109001733
https://doi.org/10.3109/02713688109001733
http://www.ncbi.nlm.nih.gov/pubmed/7028399
https://doi.org/10.1111/j.1755-3768.1992.tb02165.x
http://www.ncbi.nlm.nih.gov/pubmed/1322008
https://doi.org/10.1007/s12551-009-0011-x
http://www.ncbi.nlm.nih.gov/pubmed/28509987
http://www.ncbi.nlm.nih.gov/pubmed/7843904
https://doi.org/10.1016/j.biocel.2006.03.010
https://doi.org/10.1016/j.biocel.2006.03.010
http://www.ncbi.nlm.nih.gov/pubmed/16675284
https://doi.org/10.1111/cxo.12060
https://doi.org/10.1111/cxo.12060
http://www.ncbi.nlm.nih.gov/pubmed/23679934
https://doi.org/10.1016/j.exer.2019.04.011
http://www.ncbi.nlm.nih.gov/pubmed/31022400
https://doi.org/10.1371/journal.pone.0258503


61. Shakarjian MP, Heck DE, Gray JP, Sinko PJ, Gordon MK, Casillas RP, et al. Mechanisms mediating

the vesicant actions of sulfur mustard after cutaneous exposure. Toxicological sciences. 2010; 114

(1):5–19. https://doi.org/10.1093/toxsci/kfp253 PMID: 19833738

62. Kehe K, Thiermann H, Balszuweit F, Eyer F, Steinritz D, Zilker T. Acute effects of sulfur mustard injury

—Munich experiences. Toxicology. 2009; 263(1):3–8. https://doi.org/10.1016/j.tox.2009.04.060 PMID:

19482056

63. Shakarjian MP, Bhatt P, Gordon MK, Chang YC, Casbohm SL, Rudge TL, et al. Preferential expression

of matrix metalloproteinase-9 in mouse skin after sulfur mustard exposure. Journal of Applied Toxicol-

ogy: An International Journal. 2006; 26(3):239–46.

64. Shohrati M, Hosseini RH, Esfandiari MA, Najafian N, Najafian B, Golbedagh A. Serum matrix metallo-

proteinase levels in patients exposed to sulfur mustard. Iranian Red Crescent Medical Journal. 2014; 16

(3). https://doi.org/10.5812/ircmj.15129 PMID: 24829780

65. Kehe K, Szinicz L. Medical aspects of sulphur mustard poisoning. Toxicology. 2005; 214(3):198–209.

https://doi.org/10.1016/j.tox.2005.06.014 PMID: 16084004

66. Gonzalez L, Loza RJ, Han K-Y, Sunoqrot S, Cunningham C, Purta P, et al. Nanotechnology in corneal

neovascularization therapy—a review. Journal of ocular pharmacology and therapeutics. 2013; 29

(2):124–34. https://doi.org/10.1089/jop.2012.0158 PMID: 23425431

67. Feizi S, Azari AA, Safapour S. Therapeutic approaches for corneal neovascularization. Eye Vis (Lond).

2017; 4:28. https://doi.org/10.1186/s40662-017-0094-6 PMID: 29234686

68. Koch AE, Polverini PJ, Kunkel SL, Harlow LA, DiPietro LA, Elner VM, et al. Interleukin-8 as a macro-

phage-derived mediator of angiogenesis. Science. 1992; 258(5089):1798–801. https://doi.org/10.1126/

science.1281554 PMID: 1281554

PLOS ONE Sulfur mustard-induced corneal injury in rabbits

PLOS ONE | https://doi.org/10.1371/journal.pone.0258503 October 12, 2021 19 / 19

https://doi.org/10.1093/toxsci/kfp253
http://www.ncbi.nlm.nih.gov/pubmed/19833738
https://doi.org/10.1016/j.tox.2009.04.060
http://www.ncbi.nlm.nih.gov/pubmed/19482056
https://doi.org/10.5812/ircmj.15129
http://www.ncbi.nlm.nih.gov/pubmed/24829780
https://doi.org/10.1016/j.tox.2005.06.014
http://www.ncbi.nlm.nih.gov/pubmed/16084004
https://doi.org/10.1089/jop.2012.0158
http://www.ncbi.nlm.nih.gov/pubmed/23425431
https://doi.org/10.1186/s40662-017-0094-6
http://www.ncbi.nlm.nih.gov/pubmed/29234686
https://doi.org/10.1126/science.1281554
https://doi.org/10.1126/science.1281554
http://www.ncbi.nlm.nih.gov/pubmed/1281554
https://doi.org/10.1371/journal.pone.0258503

