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An in vitro depth of injury prediction model for a histopathologic 
classification of EPA and GHS eye irritants☆

Stewart Lebruna,*, Yilu Xieb, Sara Chaveza, Roxanne Chana, James V. Jesterb

aLebrun Labs LLC, Anaheim, CA, United States of America

bGavin Herbert Eye Institute, University of California, Irvine, CA, United States of America

Abstract

The purpose of this study was to develop Globally Harmonized System (GHS) and U.S. 

Environmental Protection Agency (EPA) prediction models for classifying irritant materials based 

on histopathologic in vitro depth of injury (DoI) measurements. Sixteen different materials were 

selected, representing all classes of toxicity, according to the GHS and EPA classification systems. 

Food-source rabbit eyes, similar to eyes used for the widely accepted Bovine Corneal Opacity and 

Permeability and Isolated Chicken Eye ocular irritation tests, were used. Tissues were exposed to 

test material for 1 min, and corneas were collected at 3-and 24-hours post-exposure. Tissues were 

then fixed and processed for live/dead biomarker fluorescent staining using phalloidin. DoI was 

then measured, and the percent DoI values for the epithelium and stroma were compared to the 

EPA and GHS classifications. Excluding surfactants, EPA nonclassified (category IV) materials 

showed no stromal and very slight epithelial damage (≤10%) to the cornea, whereas EPA corrosive 

(category I) materials showed significantly greater damage (P < 0.001), ranging from 39% to 

100% of the stromal depth. Importantly, EPA reversible (categories II and III) materials showed 

significant damage to the epithelium (> 10%, P < 0.005) but significantly less severe damage to 

the corneal stroma (P < 0.001), ranging from 1% to 38% of the stromal depth. GHS nonclassified 

(category NC) irritants caused damage to the epithelium but not to the stroma. All GHS class 2 

materials showed damage to the stroma (1–11%), whereas GHS corrosives caused significantly 

greater damage to the stroma (38–100%; P < 0.001). Additionally, one corrosive material, which 

produced a stromal DoI of 99% at 24 h, produced no apparent damage at 3-hours post-exposure. 

Based on these findings, histopathologic EPA and GHS prediction models are proposed that 

appear to separate and identify reversible irritants from other irritant classes. Furthermore, GHS 

classification appears to require stromal damage, whereas NC materials may or may not damage 

the corneal epithelium.
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1. Introduction

Ocular irritation testing is important for the identification of chemicals or mixtures that 

cause ocular adverse effects and is routinely conducted to ensure that materials are 

appropriately classified, labeled, and meet regulatory and safety guidelines (Bruner, 1992). 

Currently, the in vivo Draize rabbit eye test is the recognized, standard ocular irritation test; 

it uses a clinical scoring system that grades the severity of irritation based on external effects 

to the cornea, iris, and conjunctiva as determined by a threshold response to the cornea, iris, 

or conjunctiva, and then the number of days until effects cannot be observed in the live 

rabbit eye. Based on these responses, chemicals are classified using either the Globally 

Harmonized System (GHS) or the U.S. Environmental Protection Agency (EPA) 

classifications. The GHS classification includes the classes nonclassified (NC), 2 (reversible 

irritation), and 1 (irreversible irritation or extreme damage), which refer to effects on the 

eyes, whereas the EPA classification system includes: I (corrosive), II (reversible by 21 days 

after exposure), III (reversible by 7 days after exposure), and IV (no significant damage 24 h 

after exposure) (UN, 2011).

While in the past, the in vivo Draize test was routinely used to determine a material’s 

irritation potential, it has been widely criticized for its inconsistency, lack of reproducibility, 

and limited ability to predict materials that are toxic to the human eye (Bruner, 1992; 

Rowan, 1984; Weil and Scala, 1971). Furthermore, there is widespread public opinion 

against the use of animals for routine product testing, and more importantly, there are bans 

or severe limitations on the use of animals for product testing in a wide range of countries 

(Senate Joint Resolution 22, 2014; Humane Society, 2017). At present, legislation in the 

U.S. proposes to ban the use of animals for a wide range of testing applications (H.R.2790, 

2017), while at the same time requiring EPA to evaluate all existing and new chemicals for 

unreasonable risk of injury to human health or the environment (S.697, 2015). In addition, 

the California Cruelty-Free Cosmetics Act (SB 1249) would make California, on or after 

January 1, 2020, the first state in the U.S. to ban the sale of cosmetics if animal testing is 

used to determine the safety of the product or its formulation by the manufacturer or its 

suppliers (SB1249, 2018).

In light of these issues, increased interest has focused on the development of nonanimal 

testing methods and strategies to replace the Draize test. Toward this end, the Interagency 

Coordinating Committee for the Validation of Alternative Methods (ICCVAM) and the 

European Centre for Validation of Alternative Methods (ECVAM) conducted retrospective 

evaluations of data available for four organotypic methods and four cytotoxicity and cell 

function methods. Based on these retrospective evaluations, the predictive performance of all 

individual test methods was not felt to be sufficient for any one test, or group of tests, to 

fully replace the rabbit Draize eye test (ICCVAM, 2009). ICCVAM and ECVAM did, 

however, accept the Bovine Cornea Opacity and Permeability (BCOP) test, Isolated Chicken 

Eye (ICE) test, Cytosensor Microphysiometer (CM, for water-soluble materials), and 

fluorescein leakage test (FLT, for water-soluble materials) as screening tests for the 

identification of materials not requiring classification (NC), ocular corrosives, and severe 

eye irritants, and the CM as a screening test for the identification of materials not classified 

for eye irritation (surfactants and surfactant mixtures). Recently, differentiated cell culture 
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models, including the EpiOcular™ Eye Irritation Test, the SkinEthic™ Human Corneal 

Epithelium (HCE), and the LabCyte™ CORNEA-MODEL24, were demonstrated to have 

utility for the detection of NC (OECD, 2018b). The in chemico test OptiSafe™ (developed 

by one of the authors) was also shown to have utility for the detection of EPA IV and I, and 

GHS NC and 1 materials (Choksi et al., 2017; Lebrun et al., 2019; Vij et al., 2019). 

However, no single test, or combination of tests, can currently detect reversible irritation 

with any degree of statistical certainty (Wilson et al., 2015).

To address the predictive performance of ex vivo methods that use food-source animal eyes, 

ICCVAM made specific recommendations for improvement, including the addition of 

measuring depth of injury (DoI) as an endpoint in the BCOP and ICE tests, and has more 

recently published guidelines for the collection, processing, and histopathologic analysis of 

eye tissues (OECD, 2018a).

We have performed a histopathologic, live biomarker analysis of a rabbit eye irritation test 

using a masked set of 16 materials of differing EPA (categories I–IV) and GHS (classes 1, 2, 

and NC) classifications based on historical Draize test data. We report that this method 

performed at 24-hours post-exposure can distinguish three different groups of materials, 

including nonirritants (EPA IV/GHS NC), corrosives (EPA I/GHS 1), and reversible irritants 

(EPA II/III, GHS 2). The new DoI procedures and prediction models associate regulatory 

classifications with specific histopathologic endpoints.

2. Methods

2.1. Rabbit eyes

Since historical Draize test data are based on live rabbit ocular responses, rabbit eyes 

represent the most relevant test matrix. In addition, there are significant similarities between 

rabbit eyes and human eyes, which were likely factors in why rabbits were originally 

selected as animal models for ocular testing (Draize et al., 1944). Enucleated rabbit eyes 

with intact eyelids that protect the corneal surface were obtained from food-source rabbits, 

placed in Hank’s balanced salt solution (pH 7.4), and shipped overnight on ice (Pel-Freez 

Biologicals, Rogers, AR). After surgical removal of the eyelids and ocular muscles, the 

epithelial integrity was examined by applying a 0.25% solution of Lissamine™ Green B 

(Sigma Aldrich, St. Louis, MO) to the cornea to stain the surface corneal epithelium 

(Hamrah et al., 2011). Eyes were then rinsed with phosphate-buffered saline (PBS), and 

green staining of the corneal surface was observed using a dissecting microscope. Stained 

corneas were excluded from the study. Intact eyes were placed in a 12-well cell culture plate 

(Costar 3513, Corning Inc., Corning, NY), containing approximately 1 mL sterile cell 

culture media. Plates were then placed in a humidified, CO2 incubator at 37 °C for 2 h.

2.2. Test materials and material application

Test materials, concentrations, and text abbreviations are listed in Table 1, and distilled, 

deionized, sterile water served as a control. Materials were selected based on the availability 

of historical in vivo data. (ECETOC, 1998; Gautheron et al., 1994; Grune et al., 2000). 

Individual materials were placed in coded vials and overlaid with argon gas. Handling of test 
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materials was conducted under a standard fume hood to avoid personnel exposure. Decoding 

of materials was not performed until after material testing and during analysis of the data.

Exposure of corneas to test materials was conducted under a standard laboratory fume hood. 

Eyes were initially placed on a customized eye holder, with the cornea facing up, and an 8-

mm internal dosing ring was placed over the central cornea. Test materials (100 μL) were 

then pipetted into the ring, and the cornea was exposed for 1 min. The material was then 

removed using a pipette and safely discarded, and the eye was rinsed with 20 mL sterile 

wash buffer. Eyes were then returned to the 12-well plates. For 3-h post-exposure times, 

intact eyes were placed back into the humidified incubator for 3 h, and then removed and the 

corneas collected, fixed, and processed for fluorescent labeling, as described below. For 24-

hours post-exposure, corneas without the iris or lens were removed and placed on custom 

posts (Fig. 1). Sterile medium was then added to the dish up to the limbus. Corneas were 

then placed in a humidified incubator for 24 h. The next day, corneas were placed in fixative 

and later processed for fluorescent labeling.

2.3. Tissue processing and fluorescent labeling

Briefly, corneal tissue blocks were embedded in O.C.T. Compound (Tissue-Teck, Sakura 

Finetek, Torrance, CA), snap frozen in liquid nitrogen, and stored in an ultralow freezer 

(−80 °C, Revco Ultima II, Asheville, NC) before sectioning with a Leica CM 1850 cryotome 

(Leica, Wetzlar, Germany). Nine 8-μm-thick tissue sections were collected at 100-μm 

intervals and placed onto glass slides, alternating between slides so that the greatest depth of 

sampling was achieved (three sections/slide). Sections on one slide were then stained with 

Alexa 488-labeled phalloidin (Invitrogen, Eugene, OR) for 20 min. Slides were washed three 

times for 5 min each, counterstained with DAPI (300 nM, Invitrogen) in PBS for 15 min, 

and then washed for a final 5 min. Coverslips were then added to the slides using Gel/Mount 

(Biomeda, Foster City, CA) mounting media.

2.4. Data collection and analysis

Stained sections were viewed using a Leica DMI6000B fully auto-mated inverted 

fluorescence microscope (Leica Microsystems Inc., Buffalo Grove, IL). Tiled images over 

the corneal tissue section were collected using a low-light-level camera (QIClick, QImaging, 

British Columbia, Canada) and Leica 20× HC Plan Apo, 0.75 NA objective. Images were 

then stitched using Meta Imaging Series software (Molecular Devices, Downington, PA). To 

measure DoI, the epithelial thickness, stromal thickness, and stromal DoI were measured at 

500-μm intervals along the image of the tissue section using Metamorph Imaging Processing 

software (Molecular Devices). To assess stromal DoI, the thickness of the dead stroma that 

did not stain with phalloidin was also measured. Epithelial DoI was then determined by 

calculating the difference between the treated and control corneal epithelial thicknesses. 

Similarly, stromal DoI was determined by calculating the percentage of stromal damage by 

dividing the measured stromal DoI by the stromal thickness. An average epithelial and 

stromal DoI was then calculated for each section, and the average of three sections was 

recorded for each eye. Only one slide (three sections) was evaluated, and the remaining 

slides saved for future evaluation if necessary.
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2.5. Statistics

Data were statistically analyzed using SigmaStat for Windows 3.11 (Systat Software Inc., 

Point Richmond, CA). Differences between materials based on EPA and GHS classifications 

for effects on epithelial and stromal DoI over time were detected using a two-way analysis 

of variance and the All Pairwise Multiple Comparisons test (Hom-Sidek method).

3. Results

3.1. Assessment of DoI in isolated rabbit eyes

As shown in Fig. 2A, water-treated, control rabbit corneas treated with phalloidin (green = 

phalloidin; red = nuclei; DAPI staining was pseudo-colored red to enhance contrast) showed 

staining of both the corneal epithelium (Epi), stromal keratocytes (Stroma), and corneal 

endothelium (Endo). In the corneal epithelium (Fig. 2A, inset), phalloidin strongly stained 

the stratified, 5–7-cell-thick, epithelial layer, which averaged 36.4 ± 5.8 μm and 38.8 ± 4.4 

μm in thickness in the 3 hour and 24 hour post-exposure rabbit corneas, respectively (Tables 

2 and 3). In the stroma, phalloidin stained the cell bodies of stromal keratocytes that were 

uniformly distributed throughout the corneal stroma (double-headed arrow), which averaged 

348.2 ± 48.5 μm and 358.4 ± 22.0 μm in the 3 hour and 24 hour post-exposure corneas, 

respectively (Tables 2 and 3).

In contrast, rabbit corneas exposed to known hazardous ocular irritants showed substantial 

damage to both the corneal epithelium and stroma. As shown in Fig. 2B, moving from the 

limbal region (Limbus) toward the central cornea, an abrupt change in epithelial and stromal 

phalloidin staining could be detected (large arrow), delineating the edge of the treatment 

zone defined by the dosing ring placed onto the corneal surface to limit exposure of 

materials to the central 8 mm of the cornea. Moving more centrally, stromal DoI, indicated 

by the double-headed arrows, appeared to increase slightly in thickness, achieving a 

maximum depth within the central 4–6 mm. As shown in the inset, unlike water-treated 

corneas, corneas treated with hazardous materials showed a complete loss of stromal and 

epithelial phalloidin staining, indicative of cell death.

3.2. Effects of ocular irritants on isolated rabbit corneas

A total of 16 different materials were tested (Table 1), representing the four EPA and three 

GHS classifications (discussed below) based on historical Draize data (Barroso et al., 2017; 

ECETOC, 1998). Except for tetraethylene glycol diacrylate, all EPA I materials showed 

extensive stromal damage at both 3-and 24-hours post-exposure, with stromal DoI ranging 

from 25% to 100% at 3 h, and 38% to 100% at 24 h (Fig. 3, Tables 2 and 3). Epithelial DoI 

was more variable at 3 h, ranging from −1% to 100%, but was more consistent at 24 h (all 

100%). Interestingly, tetraethylene glycol diacrylate showed 0% stromal DoI at 3 h (Fig. 3, 

A1) but 99% stromal DoI at 24 h (Fig. 3, A2). Furthermore, the rabbit corneal epithelium 

appeared more resistant to tetraethylene glycol diacrylate injury than the stroma, exhibiting 

only a 15% epithelial DoI compared to the 99% stromal DoI at 24 h. Epithelial survival was 

also noted for cyclohexane, which showed a −1% epithelial DoI at 3 h compared to a 100% 

epithelial DoI at 24 h (Fig. 3, B1 and B2).
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As shown in Fig. 4 and Tables 2 and 3, rabbit eyes treated with EPA II materials showed less 

stromal DoI than EPA I materials (except for the surfactant Triton X-100), ranging from 1% 

to 22% at 3 h and 1% to 38% at 24 h. Similarly, epithelial DoI was generally less than for 

EPA I materials and ranged from −5% to 23% at 3 h, and 12% to 100% at 24 h. Overall, 

there appeared to be greater damage measured at 24 h compared to 3 h for EPA II materials. 

By comparison, Triton X-100 showed extensive stromal damage at both 3 and 24 h, 

averaging 99% and 100%, respectively (Fig. 4, B1 and B2). However, like the other EPA II 

materials, the recorded epithelial DoI was much greater at 24 h, averaging 100%, compared 

to 3 h, which averaged only 21%.

DoI for EPA III materials is shown in Fig. 5 (Tables 2 and 3); three of four materials showed 

some stromal DoI, ranging from 2% to 11% at 3 h, and 1% to 12% at 24 h, which appeared 

to be slightly less or similar to values measured for EPA II materials. Similarly, epithelial 

DoI appeared less extensive and ranged from 10% to 45% at 3 h, and 16% to 100% at 24 h. 

Tween 20, however, showed no stromal DoI at either 3 or 24 h after exposure (Fig. 5, C1 and 

C2). Epithelial DoI was also not detected, averaging 2% at 3 h and only 16% at 24 h.

As shown in Fig. 6 (Tables 2 and 3), no EPA IV materials produced any stromal DoI at 

either 3-or 24-hours post-exposure. Similarly, epithelial DoI was not detected, ranging from 

3% to 14% at 3 h, and −15% to 10% at 24 h.

3.3. Comparison of DoI between EPA and GHS categories

Comparison between materials for epithelial and stromal DoI are presented in Fig. 7. As 

shown for epithelial DoI (Fig. 7A), no EPA IV materials showed any damage to the corneal 

epithelium, and the measured epithelial DoI was significantly less than that detected for all 

other categories, including EPA I (P < 0.001), EPA II (P < 0.005), and EPA III (P < 0.005) 

(Table 4). Furthermore, the measured epithelial thickness, while significantly different than 

the other categories, was not significantly different to control corneas at either 3 or 24 h after 

exposure, nor were there any apparent effects of exposure time on epithelial thickness. 

Stromal DoI was significantly less than that measured in eyes exposed to both EPA I (P < 

0.001) and EPA II (P < 0.005) materials (Fig. 7B and Table 4), whereas the measured 

stromal thickness was not significantly different from that of control eyes.

EPA I materials produced the greatest stromal DoI and was significantly greater than that 

produced by EPA II (P < 0.001), EPA III (P < 0.001), and EPA IV (P < 0.001) materials 

(Fig. 7B and Table 4). Furthermore, damage to the corneal epithelium was also significantly 

greater than in control eyes or eyes exposed to EPA IV materials. EPA I materials also 

caused an increase in stromal thickness that was significantly greater than either EPA III (P 

< 0.001), EPA IV (P < 0.001), or control (P < 0.001), and showed a significantly thinner 

corneal epithelium compared to control-(P < 0.001) and EPA IV-(P < 0.001) treated corneas. 

Interestingly, corneas exposed to EPA I materials also showed a significant effect of 

exposure time on epithelial thickness (P < 0.025), stromal thickness (P < 0.025), epithelial 

DoI (P < 0.05), and stromal DoI (P < 0.05).

In contrast, EPA II materials caused significantly less stromal DoI compared to EPA I 

materials (P < 0.001), while causing significantly greater stromal DoI compared to EPA III-
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(P < 0.05), EPA IV-(P < 0.005), and control-(P < 0.005) treated corneas. While epithelial 

DoI caused by EPA II materials was not significantly different from that of EPA I and EPA 

III materials, the epithelial DoI was significantly greater than that of EPA IV (P < 0.005) and 

control (P < 0.05) corneas. Although corneal stromal thickness was significantly greater in 

EPA II-exposed corneas compared to EPA IV-exposed corneas (P < 0.005) and control 

corneas (P < 0.001), this increase was not significantly different than the changes detected 

following exposure to either EPA I or EPA III materials. Similarly, epithelial thickness was 

significantly less than EPA IV-(P < 0.005) and control-(P < 0.05) exposed corneas, but not 

significantly different than EPA I-and EPA III-treated eyes.

Corneas exposed to EPA III materials showed significantly less stromal DoI compared to 

EPA I (P < 0.001) and EPA II (P < 0.005), but were not significantly different than EPA IV-

or control-treated corneas. By comparison, epithelial DoI that was noted to be significantly 

increased with exposure time (P < 0.05) was greater than EPA IV (P < 0.005) and control (P 

< 0.05), but not significantly different than EPA II-or EPA I-exposed eyes. EPA III-exposed 

corneas also showed significantly increased stromal thickness compared to control (P < 

0.05) and were significantly thinner than EPA I-treated corneas (P < 0.001), but were not 

significantly different than EPA II-or EPA IV-treated eyes. On the other hand, epithelial 

thickness was significantly thinner than EPA IV (P < 0.05) and control corneas (P < 0.05), 

but not significantly different than EPA I-or EPA II-treated eyes.

The GHS classification was similar to EPA, as shown in Fig. 7A and B, and Table 5. An 

exception was ethyl acetate, a GHS NC/EPA III material. Ethyl acetate produced an 11% 

stromal DoI and a 100% epithelial DoI at 24 h that were outside the range detected for the 

other GHS NC materials and overlapped those of GHS 2-classified materials.

3.4. EPA and GHS prediction models

The best prediction was obtained by measuring DoI at 24 h. Also, surfactants were excluded, 

as these require an alternative exposure strategy that has yet to be developed. Table 6 shows 

the proposed EPA and GHS prediction models. These models limit the measurement to a 

single time point taken at 24 hours post-exposure, which is a better predictor than 3 h for all 

measurements and significantly reduces the time and resources required to perform this test. 

It should be noted that the major difference between the EPA and GHS prediction models is 

based on significant damage to the epithelium, which is included in the EPA prediction 

model but not the GHS model. Since the GHS classification for live animal testing requires 

significant damage averaged over the first 3 days, we propose that this time would be 

adequate for the epithelium to recover unless there is also damage to the basement 

membrane, or stroma. Therefore, epithelial DoI does not need to be included in the 

prediction model. It should also be noted that stromal DoI was observed for every GHS-

classified material. Thus, the proposed GHS prediction model excludes epithelial damage.

Based on these models, the EPA prediction model would correctly predict all category I 

materials, but misclassify one category II material (methyl thioglycolate), which was 

incorrectly classified as a category I material. All category III and IV materials would be 

correctly classified. For the GHS prediction model, all class 1 and 2A/2B materials would be 
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correctly classified. Additionally, all NC materials would be correctly classified, other than 

ethyl acetate, which would be classified as a class 2 irritant.

4. Discussion

This study identifies methods and prediction models for classifying ocular irritants using 

both the GHS and EPA classifications based on the histopathologic measurement of corneal 

DoI. While the inclusion of a histopathologic assessment of corneal injury has been widely 

recommended (ICCVAM, 2010) and is the subject of an OECD guideline for the collection 

and evaluation of eye tissues for enhancing the assessment of ocular irritation potential in 

organotypic models (OECD, 2018a), this is the first report that has identified clear and 

significant histopathologic differences between categories of known ocular irritants that have 

been classified based on recognized historical Draize test data. The findings in this report 

not only advance our ability to classify ocular irritants using an organotypic model but also 

provide potential insights into the underlying mechanisms driving different classification 

categories, as discussed below.

4.1. Histopathologic evaluation of the cornea

First, the recommendation of including histopathologic data in the assessment of ocular 

irritation has mainly focused on the use of standard histopathology methods, including 

formalin fixation, paraffin embedding, and routine histologic staining. This approach is 

problematic in that the ability to assess pathologic damage in corneal tissue generally 

requires a specialist in ocular pathology, with training beyond that required of anatomic 

pathologists. Even with such training, the identification of DoI remains highly speculative, 

particularly regarding changes in the corneal stroma using standard histologic staining 

methods. This problem is exemplified by the fact that the new OECD guidelines for 

assessing histopathologic damage to the cornea limits most if not all assessments to the 

corneal epithelium, which comprises seven of the nine subjective grading points for 

determining severity of injury (OECD, 2018a). Furthermore, epithelial damage as noted in 

the current study did not appear to play a role in determining the category of GHS-classified 

materials, all of which showed stromal damage de-pendent on the severity of the irritation 

class (GHS 1 ≫ GHS 2), and played a limited role in separating EPA III from IV materials, 

and no role in separating EPA I from II or III materials. While assessing epithelial injury is 

more convenient and is the focus of alternative eye irritation tests marketed as Epiocular, 

SkinEthic, and LabCyte, the critical differential between slight or no irritation and reversible 

or irreversible irritation appears to be damage to the corneal stroma, as identified in this 

study. The fact that these alternative tests focus only on epithelial damage and cannot be 

used to assess stromal damage may, in part, explain the limitation of these assays.

If histopathologic analysis of eye tissue is going to be of benefit for classifying ocular 

irritants, this study strongly indicates that it must be able to assess stromal damage. Such an 

assessment requires the use of specific probes to discriminate damaged from undamaged 

tissue. In this regard, it is noted that a recent alternative model, the Ex Vivo Eye Irritation 

Test (EVEIT), which uses O.C.T. imaging, has proven valuable for the categorization of 

ocular irritation based on both early and later responses (64–72 h) (Frentz et al., 2008; 
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Spoler et al., 2010; Spoler et al., 2015). While the EVEIT cannot be used to detect a 

difference in stromal DoI using O.C.T., this is most likely due to the limitation in O.C.T. 

detection of light scattering from the tissue, which can be af-fected not only by tissue 

damage but also by swelling of undamaged stroma. Furthermore, it should be noted that the 

EVEIT does not quantitatively measure DoI but only the quality of the O.C.T. signal from 

the corneal stroma.

4.2. Understanding mechanisms driving classification

EPA IV materials caused only slight damage to the epithelium (< 10%), whereas EPA I–III 

classified materials caused more damage to the epithelium (≥16%) as well as damage to the 

stroma. Similarly, GHS-classified materials (1 and 2A/2B) all caused damage to the stroma. 

Overall, these observations suggest that epithelial damage is a driver for only classifying 

EPA III materials. The reason underlying this finding is likely due to the fact that the corneal 

epithelium is being constantly replaced by progenitor cells from the limbus (located at the 

cornea/conjunctival border) (Dua et al., 1994), and damage to the epithelium is usually 

replaced within 24 h or, at most, 2–3 days (Bukowiecki et al., 2017). Furthermore, an 

epithelial wound causes a 5-fold increase in the proliferation of epithelial cells at the limbus 

and a 3-fold increase in the peripheral cornea, peaking approximately 24 h after wounding 

and providing substantial numbers of cells to quickly resurface the cornea (Ashby et al., 

2014). Damage to the stroma also likely represents damage to the basement membrane, 

which plays a critical role in controlling corneal epithelial differentiation and repair 

mechanisms. Specifically, when the basement membrane is damaged, there is no longer a 

place for epithelial cells to attach to the corneal stroma via hemidesmosomal attachments, 

thus requiring replacement of the basement membrane, a delayed wound-healing response, 

and other downstream cellular and molecular consequences (Dua et al., 1994). As previously 

noted for the same-size corneal wound in rabbits, re-epithelization after lamellar 

keratectomy, which physically removes the basement membrane (5–7 days), takes longer 

than that following scrape injury (2–3 days), leaving the basement membrane intact 

(Essepian et al., 1990). It is therefore likely that chemicals that damage the corneal stroma 

also damage the basement membrane, causing delayed wound-healing responses that extend 

beyond 2–3 days and resulting in GHS classification.

Importantly, when the basement membrane is damaged, there is an influx of specific 

cytokines from both the tears and damaged epithelium, such as TGF-beta and PGF, into the 

stroma, promoting the activation of normally quiescent keratocytes to fibroblasts and 

myofibroblast. Depending on the level of cytokine stimulation, this alone can lead to the 

formation of fibrotic tissue and corneal haze or scarring (Torricelli et al., 2016). It was 

observed that ocular corrosives cause damage to the stroma of > 20%, which may 

correspond to damage that can induce the formation of scar tissue and permanent ocular 

defects; however, this requires further investigation.

Taken together, regeneration and remodeling of the corneal epithelial basement membrane 

appears to be a critical factor for determining whether the cornea heals with relative 

transparency or stromal fibrosis and opacity, and seems to be the major driver for 

classification of ocular irritation. In the future, how chemicals affect the basement membrane 
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and modify the epithelial wound-healing response may help predict the overall severity of 

the potential irritation response.

4.3. Limitations

A surfactant, tested as is, elicits a slightly different pattern of damage than other materials. 

Tween 20 (EPA III, GHS NC) caused only 16% damage to the epithelium and no damage to 

the stroma. On the other hand, 5% Triton X-100 (GHS 2A) caused almost complete damage 

of the epithelium and stroma, and was overpredicted as a corrosive. Surfactants are typically 

water soluble and may be diluted by tearing. Most nonanimal tests dilute surfactants as a 

class prior to testing, including BCOP (OECD, 2017) and OptiSafe (Vij et al., 2019). For 

this assay, it may be that additional work as well as dilution are required to optimize the 

dosing procedures for surfactants. Besides 5% Triton X-100, all GHS corrosives have a 

stromal DoI of 38% or more. Methyl thioglycolate, a GHS 1 (corrosive)/EPA II (reversible), 

exhibited a stromal DoI of 38%. A review of the in vivo data for this chemical (Adriaens et 

al., 2014; ECETOC, 1998) indicates that the GHS classification is driven by the severity of 

the corneal response and not the reversibility of response. The next severe response at a 

stromal DoI of 39% was the EPA 1/GHS 1 cyclohexanol. Additional studies are required to 

determine whether there is an exact cut-off for stromal DoI to differentiate reversible from 

irreversible damage, as measured by this procedure. Out of an abundance of caution, we 

have preliminarily set the cut-off for ocular corrosives in our model at a stromal DoI of 20%, 

which means that there would be one GHS overprediction as corrosive (the surfactant, 5% 

Triton X-100, previously discussed) and two EPA overpredictions as corrosive (Triton X-100 

and methyl thioglycolate).

Ethyl acetate, with a stromal DoI of 12%, is overpredicted as GHS classified. Both an older 

in vivo database (ECETOC) and a more current study indicate that this material is a GHS 

NC, and the more current study obtained from a third party indicates that this material is a 

borderline GHS positive. In the newer study, one of three animals had scores that would 

result in a GHS classification, but a second animal did not. Given the variability of in vivo 

studies, if this study were to be repeated, this material would likely be classified as an 

irritant by the GHS system. Besides ethyl acetate, all GHS NC substances had a stromal DoI 

of 0%.

While one ocular corrosive (tetraethylene glycol diacrylate) showed almost no measurable 

response at 3 h, there was almost complete loss of stromal cell viability as measured by the 

ability to maintain actin, an ATP-dependent process, at 24 h. This material is a DNA cross-

linker and may act as a fixative (Mabilleau et al., 2006). Previous studies of nitrogen 

mustards have identified a similar delay in cellular damage associated with DNA cross-

linking (Charkoftaki et al., 2018). Similar delayed injury was noted in live animal studies for 

other cross-linking materials such as aldehydes (Maurer et al., 2001b) as well as bleaches 

(Maurer et al., 2001a). Alternative tests that rely on short-term post-exposure intervals < 24 

h may also be subject to similar limitations.
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4.4. Conclusion

We present a method and prediction model for reversible ocular irritation based on the 

histopathologic measurement of eye DoI after a 24 hour organ culture and viability staining 

associated with specific types of damage within the EPA and GHS classifications. EPA 

classification is first measured at 24 h; therefore, damage to the epithelium is relevant. The 

first relevant measurement for the GHS is damage averaged over the first 3 days, when there 

is sufficient time for recovery of the epithelium, unless the basement membrane and stroma 

are damaged. Therefore, from both a mechanistic and statistical perspective, we conclude 

that GHS classification is best related to damage to the stroma and perhaps the basement 

membrane.

Prospective studies comparing this approach with damage measured in vivo for a broad 

range of chemicals, representing the different physiochemical classes of ocular irritants of 

all hazard classes, are needed to more clearly establish the proposed methods and prediction 

models.
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Fig. 1. 
Rabbit cornea organ culture. Corneas were placed onto agar posts (arrow), and the medium 

was added up to the corneoscleral junction (Limbus, arrowhead).
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Fig. 2. 
Tiled image of phalloidin (green) and nuclear (red) staining of a rabbit cornea after 3 hours 

exposure to sterile water (A, control), and methyl thioglycolate (B, EPA II). The section 

covers the limbal region to the left (Limbus) and the central cornea to the right. Control 

cornea shows intense phalloidin staining of the corneal epithelium (Epi), weaker staining of 

the corneal keratocytes (Stroma), and strong staining of the endothelium (Endo). Inset shows 

higher magnification of the corneal epithelial and stromal staining. A cornea exposed to 

methyl thioglycolate shows loss of phalloidin staining of the keratocytes (double-headed 

arrows), starting in the paracentral cornea (arrow) and extending to the central cornea. Inset 

shows the loss of both corneal epithelial and keratocyte phalloidin staining. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 3. 
Tissue sections from rabbit corneas exposed to EPA I materials tetraethylene glycol 

diacrylate (A), cyclohexanol (B), lactic acid (C), and benzalkonium chloride (D), and fixed 

at 3-(A1–D1) or 24 h (A2–D2) post-exposure. While 3 hours post-exposure showed variable 

stromal DoI, 24 hours post-exposure showed extensive stromal DoI by all materials. Note 

that tetraethylene glycol diacrylate showed no damage at 3 h (A1) but extensive damage by 

24 h (A2).
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Fig. 4. 
Tissue sections from rabbit corneas exposed to EPA II materials 1-octanol (A), Triton X-100 

(B), acetone (C), and methyl thioglycolate (D), and fixed at 3-(A1–D1) or 24 h (A2–D2) 

post-exposure.
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Fig. 5. 
Tissue sections from rabbit corneas exposed to EPA category III materials ethyl acetate (a), 

3-chloroproprionitrile (b), Tween 20 (C), and isopropanol (D), and fixed at 3-(A1–D1) or 24 

hours (A2–D2) post-exposure.
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Fig. 6. 
Tissue sections from rabbit corneas exposed to EPA category IV materials n-hexyl bromide 

(A), 2-ethylhexyl thioglycolate (B), Tween 80 (C), and isooctyl acrylate (D), and fixed at 3-

(A1–D1) or 24 hours (A2–D2) post-exposure.
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Fig. 7. 
Graph of epithelial (A) and stromal (B) DoI measured at 3 h (gray bars) and 24 h (black 

bars) after exposure to EPA I, II, III, and IV materials or GHS NC, 2A/ 2B, and 1 materials.
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Table 6

EPA and GHS prediction modeles.

EPA category Stromal DoI Epithelial DoI GHS category Stromal DoI

IV 0% ≤10% NC 0%

III/II  > 0–20%  > 10% 2B/2A  > 0–20%

I  >20% N/A 1  >20%
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