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Abstract

Alkali burns to the cornea are among the most devastating injuries to the eye. The purpose of this 

study was to evaluate the effects of dexamethasone (Dex) or doxycycline (Doxy) on protease 

activity and corneal complications in a combined model (CM) of alkali burn and dry eye. 

C57BL/6 mice were subjected to the CM for 2 or 5 days (D). Mice were topically treated either 

with Dex (0.1%), Dox (0.025%) or vehicle QID and observed daily for appearance of corneal 

perforation. Quantitative real time PCR was performed to measure expression of inflammation 

cytokines and matrix metalloproteinases (MMP) in whole cornea lysates. No perforations were 

observed in the Dex-treated corneas. All wounds in Doxy-treated corneas were closed 2D post-

injury, and they had significantly lower corneal opacity scores at days 4 and 5 post-injury 

compared to BSS treatment. Dex-treated corneas had the lowest corneal opacity scores. Dex 

treatment significantly decreased expression of IL-1β, IL-6, MMPs -1, -9, -13, and TIMP-1 after 2 

days but increased levels of MMP-8, while Doxy treatment significantly decreased IL-1β, IL-6, 

MMP-8, and -9, compared to vehicle. Decreased MMP -1, -9 and -13 immunoreactivity and 

gelatinolytic activity were seen in corneas treated with Doxy and Dex compared to vehicle. 

Increased neutrophil infiltration and myeloperoxidase activity was noted in the vehicle group 

compared to Dex 2 days post-injury. These findings demonstrate that early initiation of anti-

inflammatory therapy is very efficacious in preserving corneal clarity and facilitating wound 

healing, while modulating MMP production and suppressing neutrophil infiltration.
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I. Introduction

Chemical/thermal injuries to the eye are potentially blinding conditions. Therapeutic 

strategies for ocular surface alkali injuries have been directed toward promoting epithelial 

healing and suppressing inflammation and tissue destruction, during the acute phase.1 

Treatment of the chronic phases, including the anatomical sequelae, sometimes require a 

multidisciplinary approach and, very often, surgical procedures such as amniotic membrane, 

keratolimbal stem cell, or cornea transplantation.2 Although these approaches have slightly 

improved visual outcomes, visual outcomes from these injuries still poor, in large part due to 

inadequate control of inflammatory and proteolytic components of the wound healing 

response. Among the treatments proposed, several inhibitors of MMPs and inflammation 

have been used with some success.3–5

Previous studies have demonstrated a marked anticollagenolytic effect for the tetracycline 

family antibiotics in rat, rabbit, and human corneas, both in vivo and in vitro.6–9 

Doxycycline (Doxy) was discovered in the early 1960s as a semisynthetic long-acting 

tetracycline antibiotic that inhibits ribosomes in a wide variety of bacteria. It has also proven 

to be effective in treating common ocular surface/cornea diseases such as acne rosacea, 

recurrent corneal erosions, and sterile corneal ulceration.10 Subantimicrobial doses have 

been reported to be effective for treating chronic meibomian gland dysfunction11 and are 

approved adjunctive treatment for adult periodontitis.12,13 Doxy, administered by 

subconjunctival injections or drops, successfully prevented neutrophil infiltration and 

promoted healing in corneas subjected to alkali burn from half-mustard in an animal 

model.14,15

It has been suggested that early systemic and topical administration of corticosteroids after 

alkali injury may be of benefit by decreasing inflammation, scarring, and neovascularization, 

improving visual outcomes and reducing the need for transplantation.16–18 Early (1970s) 

reports of corticosteroid use showing decreased efficacy in deep alkali burns in rabbits may 

have limited its use as a therapeutic option.16,19

Dry eye is an unrecognized comorbidity that can markedly worsen the outcome of ocular 

surface chemical burns by increasing the risk of sterile corneal ulceration. We have 

previously reported that combining alkali burn with dry eye leads to delayed wound healing, 

greater corneal opacity, greater production and activity of MMPs, and increased neutrophil 

infiltration.20 We hypothesize that early anti-inflammatory therapy can modulate the 

deleterious effects of alkali burn associated with dry eye. The purpose of this study was to 

investigate the efficacy of the corticosteroid dexamethasone (Dex) and Doxy, a broad MMP 

inhibitor, in controlling inflammation and MMP production in a combined model of alkali-

burn associated with dry eye.
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II. Materials and Methods

A. Animals

Female C57BL/6 mice aged 6–8 weeks were purchased from Jackson Laboratories (Bar 

Harbor, ME, USA) and subjected to alkali burn associated with dry eye as previously 

described.20 Animals were euthanized after 2 or 5 days unless otherwise noted. At least 28 

animals without corneal perforations were used per topical treatment group (Balanced Salt 

Solution [BSS] Doxy, Dex) and per time point: 6 for histology, 15 for real-time PCR, 4 for 

myeloperoxidase assay, and 3 for gelatinase zymography. Corneal opacity and wound 

closure rate were evaluated in twelve live mice that were subsequently used for either 

histology or PCR. Twenty-two naïve control animals were used. The contralateral eyes 

served as an untreated control (UT). Appearance of corneal perforation was a criterion for 

early euthanasia.

This research protocol was approved by the Baylor College of Medicine Center for 

Comparative Medicine, and it conformed to the standards in the ARVO Statement for the use 

of animals in Ophthalmic and Vision Research.

B. Alkali Burn Associated with Dry Eye Mouse Model

After systemic anesthesia with isoflurane using a vaporizer (SomnoSuite, Kent Scientific, 

Torrington, Connecticut), a unilateral alkali burn (AB) was created on the right eye of 6–8 

week old C57BL/6 mice. This was achieved by placing one 2.0 mm diameter filter paper 

disc that had been presoaked with 1N NaOH on the central cornea for 10 seconds, followed 

by extensive rinsing with balanced salt solution (Alcon, Fort Worth, TX, USA), as 

previously described.20,21 Precautions were taken to avoid damage to the peripheral cornea, 

conjunctiva, and lids. AB was created at day 0 and animals were sacrificed after 2 or 5 days. 

After anesthesic recovery, mice were subjected to environmentally-induced dry eye to create 

a combined model (CM) of alkali burn and dry eye.

Desiccating stress (DS) was induced in female C57BL/6 mice aged 6–8 weeks by sterile 

subcutaneous injection of 0.5 mg/1 mL scopolamine hydrobromide (Sigma-Aldrich, St. 

Louis, MO) QID into alternating flanks and exposure to a drafty low humidity (<30% 

relative humidity) environment as previously described.22 Mice received no antibiotic 

eyedrops.

C. Treatment Regimen

1. Short-term Dosing and Short-term Combined Model—Mice subjected to the 

combined model for 2 and 5 days were topically treated either with 2 μL sodium phosphate 

dexamethasone (Dex, 0.1%, Spectrum Laboratory, Gardena, CA), 2 μL of freshly prepared 

doxycycline USP (Doxy, 0.025%,Sigma-Aldrich, St. Louis, MO) or vehicle (balanced salt 

solution, BSS, Alcon, Fort Worth, TX) QID and compared to naïve control corneas.

2. Extended Dosing after Short-term Combined Model—To evaluate if prolonged 

anti-inflammatory therapy promoted corneal melting, a distinct group of animals (n=six/

group) were subjected to the combined model and dosed with either BSS, Doxy or Dex QID 
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for 5 days. On the 6th day, mice were placed in a vivarium room with normal environment 

(relative humidity >40–60%) and topical treatment continued for another 16 days, for a total 

of 21 days of topical regimen.

D. Clinical Findings

1. Ocular Perforation and Opacity Score—Eyes of all treatment groups were 

examined daily under a microscope (SMZ 1500, Nikon, Melville, New York) for presence of 

corneal perforation. Once corneal perforation was observed, mice were euthanized. The 

number of corneal perforations occurring each day was recorded and survival curves were 

calculated using Graph Pad Prism 6.0 software (GraphPad Software Incorporation, San 

Diego, CA). Mice with corneal perforations were not used any further studies.

Corneal opacity was graded by two masked observers in images taken with a color digital 

camera DS-Fi1 (Melville, New York) as previously described.23 Corneal opacity was scored 

using a scale of 0–4 (grade 0=completely clear, grade 1=slightly hazy, iris and pupils easily 

visible, grade 2= slightly opaque, iris and pupils still detectable, grade 3=opaque, pupils 

hardly detectable, and grade 4=completely opaque with no view of the pupils).

2. Measurement of Corneal Epithelial Defect—Corneal epithelial healing was 

assessed daily by instilling 1 μL of 0.1% liquid sodium fluorescein onto the ocular surface. 

Corneas were rinsed with phosphate-buffered saline and photographed with a stereoscopic 

zoom microscope (SMZ 1500; Nikon, Melville, NY) under fluorescence excitation at 470 

nm (DS-Qi1Mc, Nikon, Melville, NY). Corneal epithelial defects were graded in digital 

images by two masked observers in a categorical manner (present/absent) to generate a 

survival curve. Biological replicate scores were transferred to an excel database where the 

results were analyzed.

E. RNA Isolation and Quantitative PCR

Five whole corneas (including stroma) per group at 2 and 5 days post-injury were excised, 

minced and total RNA was extracted using a Qiagen MicroPlus RNeasy isolation® Kit 

(Qiagen, Valencia, CA) according to the manufacturer’s instructions, quantified by a 

NanoDrop® ND-2000 Spectrophotometer (Thermo Scientific, Wilmington, DE) and stored 

at −80°C. First-strand cDNA was synthesized with random hexamers by M-MuLV reverse 

transcription (Ready-To-Go You-Prime First-Strand Beads; GE Healthcare, Inc., Arlington 

Heights, NJ), as previously described.22 There were a total of three independent 

experiments.

Real-time polymerase chain reaction (PCR) was performed with specific Taqman MGB 

probes (Applied Biosystems, Inc., Foster City, CA) and PCR master mix (Taqman Gene 

Expression Master Mix), in a commercial thermocycling system (StepOnePlus™ Real-Time 

PCR System, Applied Biosystems), according to the manufacturer’s recommendations. 

Quantitative real time PCR was performed using gene expression assay primers and MGB 

probes specific for murine targets described in Table 1. The hypoxanthine guanine 
phosphoribosyl transferase (HPRT-1) gene was used as an endogenous reference for each 

reaction to correct for differences in the amount of total RNA added. The results of 
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quantitative PCR were analyzed by the comparative CT method where target change = 

2−ΔΔC
T. The results were normalized by the CT value of HPRT-1 and the relative mRNA 

level in the untreated group was used as the calibrator.

F. Immunofluorescence Microscopy

A total of six mice per experimental group at 2 and 5 days post-injury were euthanized. Eyes 

and adnexae were surgically excised, embedded in optimal cutting temperature compound 

(VWR, Suwanee, GA), and flash frozen in liquid nitrogen. Sagittal 8 μm tissue sections 

were cut with a cryostat (HM 500; Micron, Waldorf, Germany) and placed on glass slides 

that were stored at −80°C.

Immunofluorescent staining was performed in frozen tissue sections with rabbit polyclonal 

antibody anti-MMP-1 (1:50, NBP1-77209; Novus Biologicals), anti-MMP-9 (1:100; Santa 

Cruz Biotechnology, Dallas, TX), anti-IL-1β (1:100, Upstate-Millipore Corp., Bedford, 

MA), anti-neutrophil-gelatinase associated lipocalin (1:50, ab63929, Abcam, Cambridge, 

MA), goat anti-MMP-13 and goat anti-integrin β4 (1:100 dilution, sc-123630; 1:50 dilution, 

sc-6628, respectively, Santa Cruz Biotechnology, Dallas, TX, USA). Secondary goat-anti 

rabbit or donkey anti-goat Alexa-Fluor 488 conjugated IgG antibodies were used, as 

previously described.24 The images were captured and photographed by a Nikon 

fluorescence microscope (Eclipse E400 equipped with a DS–F1 digital camera; Nikon, 

Melville, NY).

G. Gelatin Zymography

The relative amount of MMP-9 in whole cornea lysates was measured by gelatin 

zymography, using a previously reported method.9,25 Whole cornea lysates prepared for 

MMP-9 activity (20 μg/sample, n=3/group/time point) were fractionated in an 8% 

polyacrylamide gel containing gelatin (0.5 mg/mL). The gels were soaked in 0.25% Triton 

X-100 for 30 minutes at room temperature, and incubated in a digestion buffer containing 5 

mmol/L phenylmethyl sulfonyl fluoride at 37°C overnight. They were stained with 0.25% 

Coomassie brilliant blue R-250 in 40% methanol for 2 hours, and destained overnight in 

10% acetic acid. Gelatinolytic activities appeared as clear bands of digested gelatin against a 

dark blue background of stained gelatin.

H. In Situ Zymography

In situ zymography was performed to localize the gelatinase activity in corneal cryosections 

using a previous reported method.25 Sections were thawed and incubated overnight with 

reaction buffer, 0.05 M Tris-HCl, 0.15 M NaCl, 5 mM CaCl2, and 0.2 mM NaN3, pH 7.6, 

containing 40 μg/mL FITC-labeled DQ gelatin, which was available in a gelatinase/

collagenase assay kit (EnzChek, Molecular Probes, Eugene, OR, USA). As a negative 

control, 50 μM 1,10-phenanthroline, a metalloproteinase inhibitor, was added to the reaction 

buffer before applying the FITC-labeled DQ gelatin to frozen sections. Proteolysis of the 

FITC-labeled DQ gelatin substrate yields cleaved gelatin-FITC peptides that are fluorescent. 

The localization of fluorescence indicates the sites of net gelatinolytic activity. After 

incubation, the sections were washed three times with PBS for 5 minutes, an anti-fade Gel/

Mount (Fisher, Atlanta, GA), and a 22×50 mm cover slip was applied. Areas of gelatinolytic 
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activity of MMPs were viewed with a Nikon fluorescence microscope (Eclipse E400 

equipped with a DS–F1 digital camera; Nikon, Melville, NY).

I. Immunohistochemistry

Immunohistochemistry was performed to detect neutrophils using rat anti-Gr-1 antibody 

(Ly6G; 1:250, clone 1A8, BD Pharmingen). Cryosections were stained with the primary 

antibody and appropriate biotinylated secondary antibody (1:100 biotin goat α-rat, BD 

Pharmingen, San Diego, CA) using a Vectastain Elite ABC kit and Nova Red reagents 

(Vector, Burlingame, CA). Six sections from each experimental group were examined and 

photographed with microscope equipped with a digital camera (Eclipse E400 with a DS-

Qi1Mc; Nikon, Melville, NY, USA). The numbers of Gr-1 positive (+) cells were counted in 

cornea sections from each animal at 20X magnification and results averaged and expressed 

as the number of positive cells per cornea.

J. Myeloperoxidase Assay

Myeloperoxidase (MPO) activity was measured using a myeloperoxidase colorimetric 

activity assay kit as described by the manufacturer (Sigma-Aldrich, CA). Briefly, whole 

cornea lysates from experimental groups (n=4/group) were homogenized in MPO assay 

buffer and the homogenate was centrifuged at 14000 ×g for 20 min at 4°C. Total protein 

concentration was measured by the BCA protein assay as previously described.25

A 50 μg/sample was mixed with MPO assay buffer and MPO substrate, incubated at room 

temperature for 2 hours, and then mixed with tetramethylbenzidine probe. Fluorescence was 

measured at 412 nm using a Tecan Infinite (M200, Durham, NC) plate reader equipped with 

Magellan V6.55 software. Biologic replicate samples were averaged. Results are presented 

as mean ± SEM milliunits.

K. Statistical Analysis

Two-way analysis of variance (ANOVA) with Bonferroni post hoc testing was used for 

statistical comparisons of gene expression. P≤0.05 was considered statistical significant. 

These tests were performed using GraphPad Prism 6.0 software (GraphPad Incorporation, 

San Diego, CA).

III. Results

A. Clinical Findings after Anti-Inflammatory Therapy in Alkali Burn Associated with Dry 
Eye

1. Short-term Regimen—Corneal scarring and opacification are sight-threatening 

sequelae of severe chemical burns. Here we subjected mice to unilateral alkali burn and 

concomitant desiccating stress and topically treated them with either Doxy or Dex and 

compared the effects to BSS-treated corneas (Figure 1A). Representative images for corneal 

opacity and wound closure are shown on Figure 1B and C. The dex-treated corneas had the 

lowest corneal opacity scores among all treatment groups (Figure 1B, D).
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Doxy-treated corneas healed significantly faster (p<.001) than BSS-treated corneas; with 

100% wound closure 2 days post-injury (Figure 1E). In the Dex group, 60% of corneas had 

areas of epithelial defect, while 75% of BSS-treated corneas had epithelial defects 5 days 

post-injury.

BSS- and Doxy-treated corneas subjected to the combined model showed corneal 

perforations as early as day 1 after the initial insult; however, more BSS than Dox-treated 

corneas perforated (27 vs. 14%, p=.03, Figure 1E). No corneal perforations were observed in 

Dex-treated corneas for the duration of the experiment.

2. Extended Anti-inflammatory Therapy for up to 21 Days—Conflicting results of 

prolonged use of glucorticoids promoting corneal perforation after alkali burn in animal 

models have been reported.16,26–28 To investigate if prolonged anti-inflammatory treatment 

in mice after this combined model would also lead to corneal perforation, we subjected a 

separate group of mice to alkali burn and dry eye for 5 days, and subsequently placed them 

in a normal environment (RH 40–70%) for 16 days. Mice were continuously treated with 

either BSS, Doxy or Dex for a total of 21 days and corneal opacity, wound closure, and rate 

of corneal perforation were evaluated. We observed that if BSS- or Doxy-treated corneas did 

not perforate in the first 5 days, they did not perforate at all (Figure 1F), indicating that this 

is the critical period for corneal ulceration leading to perforation. Dex-treated corneas did 

not perforate even after continuous treatment for up to 21 days, indicating that prolonged 

therapy for up to 21 days does not promote corneal melting.

Doxy-treated corneas showed the fastest wound healing, but there was no difference in 

corneal opacity scores compared to vehicle-treated eyes (Figure 1B,D). Treatment with Dex 

showed incomplete wound closure similar to BSS controls even after 21 days; however, 

corneal opacity scores were significantly lower in Dex-treated corneas (Figure 1D).

B. Production of Inflammatory Cytokines and MMPS after Anti-Inflammatory Therapy in 
Alkali Burn Associated with Dry Eye

Our previous results showed that combining alkali burn and dry eye led to significantly 

increased levels of IL- and MMPs-1, -3, -8, -9, and -13 transcripts in the cornea compared to 

alkali burn alone.20 We investigated the efficacy of anti-inflammatory therapy with Doxy or 

Dex at 2 and 5 days post-injury by evaluating the expression of MMPs by real-time PCR, 

immunostaining, and zymography. Corneas subjected to alkali burn and dry eye and 

topically treated with BSS showed a significant increase in IL-6, MMPs -1, -3, -8, -9, -13 

and TIMP-1 compared to naïve corneas. MMPs-1, -3, -8, -9,-13 and TIMP-1 transcripts 

peaked at 2 days and decreased by 5 days, while IL-6 continued to increase up to day 5 

(Figure 2). No changes in MMP-2, TIMP-2, TIMP-3 or TIMP-4 were observed (data not 

shown).

Doxy treatment significantly decreased MMPs -8, -9, -13 two days post-injury, while Dex 

treatment significantly decreased IL-6, MMPs -1, -3, -9, -13 and TIMP-1 but significantly 

increased MMP-8 RNA transcripts (up to a 1000 fold). Doxy treatment showed greater 

suppression of IL-6, and MMPs -8, -9, and MMP-13 five days after the initial injury than 

BSS (Figure 2).
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The immunoreactivity of corneas to collagenases (MMPs -1, -13) and MMP-9 was evaluated 

by immunostaining (Figure 3). Minimal levels of MMP-1, -9 and -13 were present in the 

control corneas. Increased reactivity against these MMPs in the corneal epithelium was seen 

in BSS-treated corneas. Both Doxy- and Dex-treated corneas had decreased 

immunoreactivity of corneal epithelium to MMP-1, MMP-9 and MMP-13 compared to BSS 

treatment (Figure 3A).

We performed in situ zymography to visualize areas in the cornea with the greatest protease 

activity. In situ zymography showed that central corneas and infiltrating stromal cells in the 

BSS group had higher collagenase and gelatinolytic activity than peripheral corneas from the 

same group. Both Dex and Doxy treatment decreased gelatinolytic activity compared to the 

BSS group and this was the greatest in in the Dex-treated corneas (Figure 3B).

MMP-9 activity was evaluated by gelatin zymography, which showed increased amounts of 

both pro and active MMP-9 bands in the BSS group compared to control corneas (day 2 > 

day 5). Dex and Doxy groups showed no activated MMP-9 bands and had reduced pro-

MMP-9 bands, in both day 2 and 5 post-injury samples. Negligible amounts of MMP-2 were 

present in all groups (Figure 3C).

It is known that the epithelial basement membrane is quite resistant to alkali exposure and it 

is subsequently degraded by MMPs produced by the regenerating epithelium.29 To 

investigate this, we performed immunofluorescent staining for integrin β4, a component of 

the basement membrane in eyes that had no perforation. We observed that there was no 

disruption of the basement membrane in any of the treatment groups (Figure 3D).

C. Effects of Dexamethasone in NGAL Formation

Neutrophil-gelatinase associated lipocalin (NGAL), also known as Lipocalin 2, is involved 

in cell growth, migration, and differentiation and has anti-microbial properties.30–32 NGAL 

exists as a monomer (25kDa), a homodimer (46kDa) or as a heterodimer (125kDa).33 We 

investigated the expression of NGAL in the combined model by immunostaining frozen 

sections. While barely detected in naïve corneas, increased immunoreactivity to NGAL was 

observed in the epithelium of BSS-treated corneas. Treatment with Dex or Doxy decreased 

NGAL immunoreactivity (Figure 3A). We also observed that a 125-kDa band in our 

zymography gels, corresponding to the NGAL-MMP-9 complex, was markedly decreased in 

Dex-treated corneas compared to BSS 2 days after injury. Doxy had a moderate effect 

decreasing NGAL-MMP-9 complex (Figure 3C).

D. Effects of Anti-inflammatory Therapy on Neutrophil Infiltration

Neutrophils are the first inflammatory cells to infiltrate the site of injury. We have previously 

reported that combining alkali burn with dry eye significantly increases neutrophil 

infiltration in wounded corneas.20 We observed increased immunoreactivity of MMP-8 in 

the corneal epithelium, stroma, and endothelium after 2 and 5 days in the combined injury 

model (Figure 4A). In addition, we investigated the expression of the cytokine IL-1β and the 

chemokine CXCL1 since they have been implicated in the migration of neutrophils.34,35 

Dex treatment in the combined model significantly decreased the early peak of IL-1β and 
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CXCL1 two days after initial injury, as well as at day 5. A significantly decreased expression 

of IL-1β and CXCL1 by day 5 was observed in the Doxy-treated group compared to BSS 

(Figure 4B,C).

To investigate if topical treatment would decrease neutrophil infiltration, we performed 

immunohistochemistry for the neutrophil marker Gr-1 in cornea cryosections, and 

investigated myeloperoxidase (MPO) activity in whole corneal lysates. In naïve corneas, a 

few resident neutrophils were found at the limbal area (data not shown). A significant influx 

of Gr-1+ cells was observed in BSS-treated corneas 2 and 5 days post-injury; the infiltration 

was not restricted to the limbal area, but extended to the central cornea (Figure 4D). Dex-

treated corneas had a significant decrease in Gr-1+ cell counts compared to BSS corneas at 

days 2 and 5 post-injury (Figure 4D, 4E).

MPO activity has been used as a parameter of neutrophil infiltration.36 We measured MPO 

activity in corneal lysates in the treatment groups 2 days after injury. Significantly higher 

MPO activity was seen in BSS-treated corneas compared to naïve controls, and significantly 

lower MPO activity was present in the Dex group, confirming the IHC results (Figure 4F).

IV. Discussion

It is well recognized that alkali burns to the cornea induce a severe inflammation and MMP 

production.16,26 We have previously reported that inhibition of tear production and exposure 

to a desiccating environment markedly worsened corneal inflammation and matrix 

degradation, leading to perforation in nearly 30% of corneas acutely subjected to alkali 

burn.20 Here we report that although topical therapy with broad anti-inflammatory agents 

(doxycycline and dexamethasone) decreased corneal perforations, production and activation 

of MMPs, and neutrophil infiltration, these two prototype drugs have differential activity. 

Differential effects observed with dexamethasone treatment included: 1) greater potency 

decreasing MMPs and inflammatory cytokines; 2) significant increase of MMP-8 

transcripts; 3) decrease in expression of TIMP1; 4) greater reduction in NGAL-MMP-9 

complex formation; and 5) decreased neutrophil infiltration. The combination of these 

factors resulted in less corneal opacification in dexamethasone-treated corneas; however, 

faster wound healing was observed in doxycycline group.

Our study showed that corneas treated with doxycycline healed faster than controls, had a 

smaller number of corneal perforations, decreased levels of MMP-9, MMP-13, TIMP-1, 

IL-1β and CXCL1 (at day 5) gene transcripts, decreased immunoreactivity of MMPs-1, -9 

and 13 and levels of gelatinases in the cornea. Doxycycline has been extensively used in 

vitro and in vivo to decrease MMPs after inflammatory stimuli.7,10,25,37,38 Oral doxycycline 

is an FDA-approved drug to treat periodontitis,39 another disease in which MMPs are 

involved. We have previously reported that doxycycline decreases levels of MMP-9 mRNA 

transcripts and prevents DS-induced increase in inflammatory cytokines IL-1 and TNF-α.25 

The inhibitory effect of doxycycline on MMP-9 was also confirmed on osmotically stressed 

human corneal epithelia cells.40 Doxycycline functions as a noncompetitive inhibitor of 

MMPs by interacting with the zinc or calcium atoms within the structural center of these 
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enzymes that is required for their stability.41 Chelation of these metal ions by doxycycline 

could be responsible for the decreased collagenase.6

Dexamethasone is a potent prototype corticosteroid. Topical dexamethasone treatment of 

corneas subjected to alkali burn and dry eye had profound anti-MMP and anti-inflammatory 

effects compared to its vehicle, while it increased MMP-8 expression by 1000-fold. MMP-8 

is rarely detected in corneal epithelium,7 but it has been reported to show increased 

immunoreactivity in the context of inflammation.42,43

MMP-8, MMP-9 and lipocalin-2 are some of the many proteins stored in peroxidase 

negative granules in neutrophils.44 MMP-8 facilitates neutrophil infiltration in many models, 

including LPS stimulation of the cornea.45–47 However, MMP-8-deficient mice showed 

delayed healing of cutaneous skin wounds, which was accompanied by increased 

inflammation and expression of MMP-1, MMP-13 and MMP-9.48 We explored the role of 

MMP-8 during dexamethasone treatment in alkali-burned dry eye corneas using a 

combination of gene knockout (KO) and pharmacological inhibition. Our recent results 

showed that topical dexamethasone treatment lost its efficacy in controlling inflammation 

and MMP expression in MMP-8KO mice subjected to alkali-burn associated with dry eye, 

suggesting that some of dexamethasone effects are mediated through MMP-8 (de Paiva, et 

al, IOVS 2015,56, E-Abstract 5617 and manuscript submitted)

Dexamethasone treatment paradoxically decreased TIMP-1, while doxycycline treatment did 

not. TIMP-1 binds MMP-9, while TIMP-2 binds MMP-2 and MMP-14. Once recognized as 

negative regulators of MMPs, TIMPs are now recognized as bi-functional regulators.49 

TIMP-2 exogenous application stimulated wound closure,50 while overexpression of 

TIMP-1 in the epidermis of a transgenic mouse decreased re-epithelization following a 

cutaneous wound.

We observed an increase in NGAL immunoreactivity in the corneal epithelium of alkali-

burned and dry eye. A 125-kDa noted in zymograms was markedly inhibited by 

dexamethasone and moderately by doxycycline, compared to BSS vehicle. This 125kDa 

band corresponds to the NGAL-MMP-9 complex.30,32 NGAL binds covalently to MMP-9 

and this complex has been reported to protect MMP-9 from degradation and preserve 

MMP-9 activity in a concentration-dependent manner.30,33 Levels of serum NGAL-MMP-9 

complex were increased in patients with active ulcerative colitis, correlated with neutrophil 

infiltration and it has been proposed as a surrogate marker of mucosal healing.51 NGAL 

immunoreactivity increased in the colonic epithelium in inflammatory and neoplastic, 

colorectal diseases.52 Increased levels of NGAL-MMP-9 have been reported in tears upon 

awakening53 and observed in tears of Sjögren syndrome patients.54 Therefore, the presence 

of NGAL-MMP-9 complex in BSS-treated corneas may indicate a mechanism to preserve 

MMP-9 activity. Our findings indicate that dexamethasone directly decreases MMP-9 

synthesis and decreases its activity by suppressing NGAL.

Our results showed that topical steroid therapy greatly decreases inflammatory cytokines 

(IL-1β and IL-6), chemokine (CXCL1), and expression and activity of MMPs. It is 

interesting to note that dexamethasone was more effective in inhibiting these mediators than 

Bian et al. Page 10

Ocul Surf. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



doxycycline. Dexamethasone greatly preserved corneal clarity, decreased neutrophil 

infiltration and expression of the neutrophil chemoattractant, CXCL1. Our results are in 

agreement with thouse of Saud and colleagues, who showed an improvement in corneal 

opacity with no corneal perforations in rabbits subjected to alkali burn and subconjunctival 

injections of the corticosteroid triamcinolone.27 Several enzymes and proteases, including 

collagenases, are stored within the cytoplasmic granules of neutrophils. Experiments showed 

that depletion of neutrophils dramatically improved the fate of alkali burn injuries.19,55 

Doxycycline and dexamethasone have been shown to decrease neutrophil migration.6,19,56,57

Davis and associates showed that treatment of human alkali burns with topical steroids for 

longer than 10 days after the initial injury was safe and did not induce corneal melting.58 

Among the anti-inflammatory treatments after alkali burn, the use of a topical corticosteroid 

is by far the most controversial, specifically its use beyond the 6th day post-injury. While 

several animal models (rabbits and, more recently, mice) have been used to study alkali 

burns, there is no consensus regarding the strength of alkali used to induce the burn (0.5N, 

1N, 2N of NaOH), mode of application (pre-wet discs vs. topical instillation of alkali as 

eyedrops) or the duration of the contact (in case of pre-wetted discs, 10 seconds to 2 

minutes) and volume of irrigation agents after the injury (from “brief irrigation” to 

“copious”, to “2 liters”). The diversity in models makes generalization regarding steroid-

induced corneal perforations difficult. Donshik and colleagues reported that treatment with 

dexamethasone sodium phosphate was just partially efficacious in preventing deep corneal 

ulcers and descemetoceles following alkali injury in rabbits, but they used a strong (2N) 

sodium hydroxide-embedded filter paper and very brief rinsing.16 It has also been 

demonstrated that steroid treatment retarded corneal reepithelization, 0.1% dexamethasone 

was able to control inflammation without inducing corneal perforation in a milder model in 

rabbits that used 0.1N NaOH filter discs to create the injury.59

When evaluating corneal wounds, it is important to take into consideration the type of 

corneal injury. Thermal burns treated early with either medroxyprogesterone or prednisolone 

showed a significant reduction on deep corneal ulcers in albino rabbits compared to vehicle, 

but not if treatment was started 6 days post-injury.60 The species itself must also be 

considered. It seems that alkali burns in rabbits will evolve to perforation more frequently 

than in mice. We have not observed corneal perforations after alkali burns in mice unless 

these mice are subjected to a desiccating stress and cholinergic blockade.20 In our 

experiment with prolonged dosing of dexamethasone (up to 21 days), we did not observe 

any corneal perforations.

Another consideration when evaluating corneal wounds is the size of the wound. In our 

preliminary results, we observed that large corneal burns (>3 mm) induced greater 

production of MMPs than smaller burns (2 mm; data not shown). Thus, it is possible that 

efficacy of anti-inflammatory agents will also vary according to the size of the initial lesion.

Alkali burns of the cornea are potentially sight-threatening, as alkali can penetrate rapidly 

into the eye and cause intense inflammation. There is a consensus that the prognosis of an 

alkali burn depends on the area of the insult, the penetration of the agent, and early treatment 
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controlling host response and inflammation. We did not find any basement membrane 

disruption after combining alkali injury and dry eye.

The visual outcomes from alkali injuries are poor, largely because of inadequate control of 

inflammatory and proteolytic components of the wound healing response, leading to corneal 

perforation, corneal opacification, and corneal neovascularization. Prospective clinical trials 

evaluating efficacy of anti-inflammatory therapy in alkali burn are urgently needed. Our 

study showed that early initiation anti-inflammatory therapy is critical in controlling acute 

host response. A recent retrospective study using an algorithmic approach showed 

significant improvement in outcomes and visual acuity in mild ocular alkali burns compared 

to eyes treated 2 years prior to the implementation of the algorithm. This algorithm included 

frequent use of topical corticosteroids, oral doxycycline, and oral vitamin C, along with 

amniotic membrane grafting if needed.61

V. Conclusions

Taken together, our results show that the stroma ulceration following alkali burn is not 

simply the passive breakdown of alkali-denatured collagen and proteoglycans; it is a 

complex process involving interactions between different cell types, regulation of 

collagenases, cytokines and chemokines. Early topical anti-inflammatory therapy appears to 

inhibit sight-threatening corneal ulceration and perforation in our mouse model, and these 

findings support the use of these anti-inflammatory agents in the treatment of human cornea 

alkali burns.
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Abbreviations

AB Alkali burn

BID Bis in die i.e., twice a day

BSS Balanced salt solution

CM Combined model (AB+DS)

D Days

Dex Dexamethasone

Doxy Doxycycline

DS Desiccating stress

QID Quater in die i.e., 4 times a day

M-MuLV Moloney murine leukemia virus
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MMP Matrix metalloproteinase

MPO Myeloperoxidase

UT Untreated
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Figure 1. 
Anti-inflammatory therapy improves clinical parameters in a combined model (CM) of 

alkali burn and dry eye.

A. Schematic of experimental design of the combined model of alkali burn and dry eye. A 

unilateral alkali burn (AB) was created on the right cornea as described in materials and 

methods. Mice were then subjected to desiccating stress and topically treated with either 

balanced salt solution (BSS), dexamethasone (Dex) or doxycycline (Doxy). Control mice 

were kept in a normal vivarium room (untreated animals, UT).

B. Bright field digital images of alkali burn and dry eye combined model treated with either 

balanced salt solution (BSS), dexamethasone (Dex) or doxycycline (Doxy) 5 days (5D) post-

injury. Scale bar=1000 μm.

C. Representative digital images of corneas post-injury stained with 0.1% sodium 

fluorescein after creation of alkali burn lesion and induction of dry eye topically treated with 

BSS, Dex or Doxy for 5 days and then topically treated for 16 days in normal environment. 

Scale bar=1000 μm.

D. Corneal opacity score in CM corneas topically treated with BSS, Dex, or Doxy. Asterisks 

show significant p value compared to vehicle.

E. Survival rate of wound closure in CM corneas topically treated with BSS, Dex, or Doxy.

F. Rate of ocular perforation in eyes subjected to CM topically treated with BSS, Dex, or 

Doxy.

*p<.05, **p<.01; ***p<.001, ****p<.0001.

BSS=corneas subjected to alkali burn and dry eye and treated topically with balanced salt 

solution, Dex=corneas subjected to alkali burn and dry eye and treated topically with 

dexamethasone, Doxy=corneas subjected to alkali burn and dry eye and treated topically 

with doxycycline, D=days.
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Figure 2. 
Inflammatory cytokines and MMPs decrease after anti-inflammatory therapy in a combined 

model (CM) of alkali burn and dry eye. Relative fold expression of IL-6, collagenases 

(MMPs -1, -8 and 13), the stromelysin MMP-3, the gelatinase MMP-9 and TIMP-1 in whole 

corneas subjected to a combined model of alkali burn and dry eye topically treated with 

BSS, Dex, or Doxy. Bar graphs show means ± SEM of one representative experiment with 

four samples per group/time point (experiment was repeated three times with similar 

results). UT=untreated cornea, BSS=corneas subjected to alkali burn and dry eye and treated 

topically with balanced salt solution, Dex=corneas subjected to alkali burn and dry eye and 

treated topically with dexamethasone, Doxy=corneas subjected to alkali burn and dry eye 

and treated topically with doxycycline, D=days.

*p<.05; **p<.01; ***p<.001, ****p<.0001.
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Figure 3. 
Anti-inflammatory therapy decreases MMP protein expression and gelatinolytic activity.

A. Representative merged digital images of cornea cryosections immunostained for MMP-1, 

MMP-9, MMP-13 and NGAL (all in green) with propidium iodide nuclei counterstaining 

(red) subjected to a combined model of alkali burn and dry eye topically treated with BSS, 

Dex, or Doxy for 2 or 5 days (2D or 5D, respectively). Scale bar=50 μm.

B. Representative merged digital images of in situ zymography of central and peripheral 

cornea (green) with propidium iodide nuclei counterstaining (red) in all treatment groups. 
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Doxy 2D was incubated with inhibitor (inh) provided in the kit and used as negative control. 

Scale bar=50μm.

C. Representative gelatin zymogram showing MMP-9 and NGAL-MMP-9 bands in whole 

corneal lysates in the treatment groups.

D. Representative digital images of cornea cryosections immunostained for Integrin β4 (in 

green) in all treatment groups. Nuclear counterstaining was omitted to facilitate visualization 

of immunofluorescent staining. Scale bar=50 μm.

UT=untreated cornea, BSS=corneas subjected to alkali burn and dry eye and treated 

topically with balanced salt solution, Dex=corneas subjected to alkali burn and dry eye and 

treated topically with dexamethasone, Doxy=corneas subjected to alkali burn and dry eye 

and treated topically with doxycycline, D=days, NGAL=Neutrophil-gelatinase associated 

lipocalin, NC=negative control.
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Figure 4. 
Anti-inflammatory therapy decreases neutrophil infiltration.

A. Representative merged digital images of corneal cryosections immunostained for MMP-8 

(in green) with propidium iodide nuclei counterstaining (red) in corneas subjected to the 

combined model topically treated with BSS, Dex or Doxy. NC= negative control. Scale 

bar=100μm.

B. Relative fold expression of IL-1β and CXCL1 in whole corneas subjected to alkali burn 

and dry eye topically treated with BSS, Dex, or Doxy. Bar graphs show means ± SEM of 

one representative experiment with five samples per group/time point (experiment was 

repeated three times with similar results). UT=untreated cornea.

*p<.05; **p<.01; ***p<.001, ****p<.0001.
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C. Representative merged digital images of central cornea cryosections immunostained for 

IL-1β (in green) with propidium iodide nuclei counterstaining (red) in corneas subjected to 

combined model topically treated with BSS, Dex, or Doxy. NC=negative control. Scale 

bar=50μm.

D. Representative images of Gr-1+ cells (red) of central cornea cryosections from animals 

subjected to a combined model of alkali burn and dry eye topically treated with BSS, Dex or 

Doxy used to generate the bar graph showing counts in D.

E. Bar graphs (mean±SEM) of Gr-1+ cell counts in experimental groups.

F. Myeloperoxidase (MPO) activity in whole corneas lysates from animals subjected to a 

combined model of alkali burn and dry eye topically treated with BSS, Dex or Doxy 2 days 

after injury (mean±SEM).

*p<.05; ***p<.001; ****p<.0001.

UT=untreated cornea, BSS=corneas subjected to alkali burn and dry eye and treated 

topically with balanced salt solution, Dex=corneas subjected to alkali burn and dry eye and 

treated topically with dexamethasone, Doxy=corneas subjected to alkali burn and dry eye 

and treated topically with doxycycline, D=days. NC=negative control
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Table 1

Oligonucleotide primers used for real-time PCR.

Gene Name Symbol Assay ID*

Interleukin 1 beta IL1-β Mm00434228

Interleukin 6 IL-6 Mm99999064

Chemokine (C-X-C motif) ligand 1 CXCL1 Mm04207460

Matrix metalloproteinase 1 MMP-1 Mm00473493

Matrix metalloproteinase 2 MMP-2 Mm00439506

Matrix metalloproteinase 3 MMP-3 Mm00440295

Matrix metalloproteinase 8 MMP-8 Mm00439509

Matrix metalloproteinase 9 MMP-9 Mm00442991

Matrix metalloproteinase 13 MMP-13 Mm00439491

Tissue inhibitor of metalloproteinase-1 TIMP1 Mm00441818

Tissue inhibitor of metalloproteinase-2 TIMP2 Mm00441825

Tissue inhibitor of metalloproteinase-3 TIMP3 Mm00441826

Tissue inhibitor of metalloproteinase-4 TIMP4 Mm00446568

Hypoxanthine guanine phosphoribosyl transferase 1 HPRT-1 Mm00446968

*
Identification number from Life Technologies (www.lifetechnologies.com).
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