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Purpose: To evaluate the efficacy of losartan and prednisolone acetate in inhibiting
corneal scarring fibrosis after alkali burn injury in rabbits.

Methods: Sixteen New Zealand White rabbits were included. Alkali injuries were
produced using 1N sodium hydroxide on a 5-mm diameter Whatman #1 filter paper for
1 minute. Four corneas in each group were treated six times per day for 1 month with
50 μL of (1) 0.2 mg/mL losartan in balanced salt solution (BSS), (2) 1% prednisolone
acetate, (3) combined 0.2mg/mL losartan and 1% prednisolone acetate, or (4) BSS. Area
of opacity and total opacitywere analyzed in standardized slit-lampphotoswith ImageJ.
Corneas inbothgroupswere cryofixed inOptimal cutting temperature (OCT) compound
at 1 month after surgery, and immunohistochemistry was performed for alpha-smooth
muscle actin (α-SMA) and keratocanor transforminggrowth factorβ1 and collagen type
IV with ImageJ quantitation.

Results: Combined topical losartan and prednisolone acetate significantly decreased
slit-lamp opacity area and intensity, as well as decreased stromal myofibroblast α-SMA
area and intensity of staining per section and confinedmyofibroblasts to only the poste-
rior stroma with repopulation of the anterior and mid-stroma with keratocan-positive
keratocytes after 1 month of treatment. Corneal fibroblasts produced collagen type
IV not associated with basement membranes, and this production was decreased by
topical losartan.

Conclusions: Combined topical losartan and prednisolone acetate decreased
myofibroblast-associated fibrosis after corneal alkali burns that produced full-thickness
injury, including corneal endothelial damage. Increased dosages and duration of
treatment may further decrease scarring fibrosis.

Translational Relevance: Topical losartan and prednisolone acetate decrease
myofibroblast-mediated scarring fibrosis after corneal injury.

Introduction

Corneal scarring caused by the development of
myofibroblasts and fibrosis after microbial infections,
traumatic injury, scarring diseases, and complications
after corneal surgeries is one of the most important
causes of vision loss in the United States and through-
out the world.1 World Health Organization studies

noted that 5.1%of bilateral blindness is corneal in etiol-
ogy, and stromal scarringwas the largest subcategory in
that group.1

The complex corneal wound-healing response
to injury has been detailed in previous reviews.2,3
Although numerous growth factors and cytokines,
such as platelet-derived growth factor (PDGF) and
interleukin 1α, serve to modulate these processes,
depending on the location, extent of injury, and other
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factors, many studies have demonstrated that the
transforming growth factor (TGF) β isotypes are the
most important growth factors modulating the devel-
opment and persistence of myofibroblasts and are
key to generating or eliminating stromal scarring fibro-
sis.4–6 Losartan is an angiotensin-converting enzyme II
receptor antagonist that has been shown in numerous
studies to inhibit TGF-β signaling.7–13 The specific
mechanism(s) through which losartan inhibits TGF-β
signaling have not been fully characterized. One study
found that losartan interfered with the SMAD signal-
ing pathways.14 Another study found that losartan
inhibited the expression of SMAD2.15 Yet another
study found that losartan inhibited noncanonical
TGF-β signaling by indirect inhibition of ERK activa-
tion.16 Thus, there may be several SMAD-related
mechanisms through which losartan has its inhibitory
effect on TGF-β signaling. Most studies, however,
showed that losartan inhibited the end effect of known
TGF-β–mediated processes in injury models in other
tissues and did not investigate the specific mechanisms.

Recent studies have demonstrated that the epithe-
lial basement membrane (BM)5,17–20 and Descemet’s
BM19,21,22 are also critical modulators of corneal
scarring fibrosis through BM component modula-
tion of TGF-β entry into the corneal stroma from
the epithelium, tears, aqueous humor, and residual
corneal endothelium. Another study demonstrated
that topical, but not oral, losartan decreased TGF-
β–mediated myofibroblast development and stromal
fibrosis after removal of the central Descemet’s
membrane and corneal endothelial complex (desceme-
torhexis) in rabbits.7

The purpose of the current study was to test the
hypothesis that topical losartan and/or prednisolone
acetate would inhibit stromal scarring, myofibroblast
generation, and fibrosis in rabbit corneas after severe
alkali burn injuries. The effect of these treatments
on stromal collagen type IV production was also
investigated.

Materials and Methods

Animals

All animal treatments and care were approved by
the Institutional Animal Care and Use Committee
at the Cleveland Clinic Foundation (Cleveland, OH,
USA) and the Animal Care and Use Review Office
of the Department of the Army (Fort Detrick, MD,
USA). All rabbits were treated in accordance with the
tenets of the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research. Sixteen 10- to

15-week-old female New ZealandWhite rabbits weigh-
ing 2.5 to 3.0 kg each were included in this study.

Corneal Alkali Burn Method

Beginning 24 hours prior to alkali exposure and
continuing for 5 to 7 days after treatment, rabbits
received 60 mL children’s liquid acetaminophen
(Johnson & Johnson, Ft. Washington, PA, USA) per
1 L of drinking water. Prior to all alkali exposures and
testing, the rabbits were anesthetized with 30 mg/kg
ketamine hydrochloride and xylazine 5 mg/kg by intra-
muscular injection. In addition, topical proparacaine
hydrochloride 1% (Alcon, Ft Worth, TX, USA) was
applied to each eye. As needed, due to signs of pain,
rabbits also received 0.05 mg/kg buprenorphine by
subcutaneous injection twice a day.

Alkali injuries were produced in one eye of
rabbits with previously published methods23 using 1N
sodium hydroxide (Sigma, St. Louis, MO, USA) in
balanced salt solution (BSS; 0.64% sodium chloride,
0.075% potassium chloride, 0.048% calcium chloride
dihydrate, 0.03% magnesium chloride hexahydrate,
0.39% sodium acetate trihydrate, 0.17% sodium citrate
dihydrate, pH 7.5; Alcon) and a 5-mm diameter
circular Whatman No. 1 filter paper (cat. 1001-
6508; Fisher Scientific, Pittsburgh, PA) wetted with
100 μL 1N sodium hydroxide (NaOH) solution.
Following the alkali burn injury, the cornea was
irrigated profusely with BSS. Each injured cornea
also received one drop of ciprofloxacin (Alcon)
10minutes after surgery and four times a day for 1 week
and at least 15 minutes apart from the study medica-
tions.

Treatment With Topical Losartan and/or
Prednisolone Acetate

Beginning immediately following alkali burn injury,
four corneas in each group were treated six times per
day (approximately 8 am, 10 am, 12 noon, 2 pm, 4 pm,
and 6 pm) for 1 month with (1) 50 μL 0.2 mg/mL losar-
tan (Merck & Co., Inc., Kenilworth, NJ, USA) in BSS,
(2) 50 μL 1% prednisolone acetate (Alcon), (3) 50 μL
0.2 mg/mL losartan in BSS and 50 μL 1% prednisolone
acetate (Alcon) at least 5 minutes apart, or (4) 50 μL
BSS.

Fluorescein Staining for Epithelial Defects at
2 Weeks After Injury

At 2 weeks after alkali burn injury, topical 0.5%
fluorescein in BSS was applied to each eye, and
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Table 1. Primary and Secondary Antibodies

Antigen Company Species Ab Isotype Catalog Dilution

Primary
Keratocan Winston Kao Goat IgG — 1:200
SMA Dako Mouse IgG2a M0851 1:400
TGF-β1 Genetex Mouse IgG1 GTX21279 1:100
Collagen type IV Millipore Goat IgG1 AB769 1:2000

Secondary
Alexa Fluor 488 anti-mouse TFSa Donkey IgG A21202 1:200
Alexa Fluor 488 anti-goat TFS Donkey IgG A11055 1:200
Alexa Fluor 568 anti-mouse TFS Donkey IgG A10037 1:200
Alexa Fluor 568 anti-goat TFS Donkey IgG A11057 1:200
aTSF is Thermo Fisher Scientific.

the presence or absence of epithelial defect(s) was
recorded.

Standardized Slit-Lamp Photographs,
Corneal Angiography, and ImageJ Analysis of
Corneal Opacity

At 1 month after sodium hydroxide exposure and
treatments, with the rabbits under ketamine-xylazine
general anesthesia, the eyes were dilated with two
drops of 1% tropicamide (Akorn Co., Lake Forest, IL,
USA) for 30 minutes. The study eye in each rabbit
had slit-lamp photographs with standardized illumi-
nation level and angle of illumination at 20× magni-
fication with a Topcon (Oakland, NJ, USA) SL-D7
slit-lamp photography system. For each study eye, the
total area of opacity was determined by outlining the
opacity with the freehand selection tool using ImageJ
1.53a analysis software (National Institutes of Health,
Bethesda, MD, USA) calibrated to mm2. The “raw
internal density” in pixels for the opacified area in each
cornea was also determined using ImageJ.

All corneas had fluorescent angiography at the peak
of dye passage in the cornea immediately after injec-
tion of 1.5 mL 10% sodium fluorescein (McKesson,
Irvine, TX, USA) in the central ear vein with the slit-
lamp system and digital camera system using a “barrier
filter” that only transmitted 520 to 530 nm, the peak
of fluorescein emission, with broad illumination of the
cornea, as previously described.24

Corneal Fixation and Sectioning

One month after exposure and topical treatment,
rabbits were euthanized after ketamine-xylazine
general anesthesia with 100 mg/kg Beuthanasia
(Shering-Plough, Kenilworth, NJ, USA) by intra-

venous injection and bilateral pneumothorax. The
corneo-scleral rims of eyes were removed with sharp
Westcott scissors (Fairfield, CT, USA) and 0.12 forceps
(Storz, St Louis, MO, USA). The cornea was centered
in a 24-mm × 24-mm × 5-mm mold (Fisher Scientific,
Pittsburgh, PA, USA) that was filled with optimal
cutting temperature (OCT) compound (Sakura
Finetek, Torrance, CA, USA) and quick frozen on
dry ice. Blocks were stored at –80°C until sectioning.

OCTblockswere bisected at the center of the cornea
and 8-μm-thick transverse sections were cut from the
central cornea with a cryostat (HM 505M; Micron
GmbH,Walldorf, Germany). Three sections from each
cornea were placed on each 25-mm × 75-mm ×
1-mm Superfrost Plus microscope slide (Fisher Scien-
tific). Slides with sections were maintained at −20°C
prior to immunohistochemistry (IHC).

Immunohistochemistry and Fibrotic Area
Opacity Intensity Analysis

Multiplex IHC was performed using previously
described methods22 and primary antibodies (Table 1)
confirmed by Western blotting and IHC to recognize
rabbit antigens or isotypic control antibodies (Thermo
Fisher Scientific, Waltham, MA, USA) and secondary
fluorescent tagged antibodies (Table 1). The collagen
type IV antibody (cat. AB769; Millipore, Temecula,
CA, USA) was raised against purified human and
bovine collagen type IV that had been affinity purified
with human and bovine collagen type IV crosslinked to
agarose and cross-absorbed by the manufacturer with
human and bovine collagens type I, II, III, V, and
VI to eliminate cross-reactivity. This collagen type IV
antibody was shown previously to bind rabbit colla-
gen IV in IHC7,22 and recognizes the α-1/α-2 chains
but not the α-3 to α-6 chains. Winston Kao, PhD,
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gifted the keratocan antibody raised against peptide
H2N-LRLDGNEIKPPIPIDLVAC-OH. This marker
was used to identify keratocytes in situ. The TGF-
β1 antibody (GeneTex, Irvine, CA, USA) binds rabbit
TGF-β1 in IHC and shows no reactivity to TGF-β2 or
TGF-β3.5

The area of the alpha-smooth muscle actin (α-
SMA)–positive stroma in mm2 and the total α-SMA
opacity in pixels were quantitated using standard-
ized images obtained with a 10× objective on a
Leica DM6B upright microscope equipped with an
automated stage and Leica 7000 T camera using the
LASX software (LeicaMicrosystems, GmbH,Wetzlar,
Germany). The means of three central corneal sections
were analyzed from each cornea to provide the area of
α-SMA–positive stroma and the total α-SMA opacity.
The area of α-SMA–positive stroma in mm2 for each
cornea was determined from full-diameter and full-
thickness central corneal section images (all converted
to 300 DPI, 885 width × 500 height, files with identi-
cal +50% brightness increase in Photoshop for all
images) with the ImageJ 1.53a analysis software using
the freehand selection tool to delineate the area(s) of α-
SMA–positive staining. In some corneas, two or more
separated areas were present, and the summation of
these areas was used as the value for that cornea. In
these same sections for each cornea, the total α-SMA–
positive intensity in pixels was also determined with
ImageJ, similarly by using the summation if separate
α-SMA–positive areas were present.

Immunohistochemistry for Collagen Type IV
and Quantitation

All corneas in each group had IHC for collagen type
IV. Images from each corneawere converted to uniform
300 DPI, 875 × 568 pixel files. Each cornea had three
measurements of signal intensity in three randomly
positioned 100 × 50 ImageJ analysis rectangles in
both the anterior cornea (anterior side of rectangle at
the anterior stromal surface posterior to the epithe-
lial basement membrane (EBM), if present) and poste-
rior cornea (posterior side of rectangle at the poste-
rior stromal surface anterior to Descemet’s membrane,
if present). The staining intensity within each box was
determined with the analyze histogram function, and
the mean of three boxes was the intensity value in the
anterior or posterior stroma for that cornea.

Statistics

Statistical analyses were performed using the
Kruskal–Wallis test (https://www.statskingdom.com/
kruskal-wallis-calculator.html), and P < 0.05 was
considered statistically significant.

Results

Persistent Epithelial Defects after Alkali Burn

At 2 and 4 weeks after the alkali burn, all corneas
in all groups had at least a 1-mm diameter epithe-
lial defect, and no differences between the treatment
groups were found.

Slit-Lamp Stromal Opacity and Central
Corneal Neovascularization after Alkali Burn

Using the 100-μL 1N NaOH on a 5-mm filter paper
circle for a 1-minute method, followed by treatment
with topical 0.2 mg/mL losartan, 1% prednisolone
acetate, 0.2 mg/mL losartan, and 1% prednisolone
acetate, or BSS vehicle, six times per day for 1 month,
central stromal opacity of each of the corneas was
as shown in Figure 1A. Examples of ImageJ delin-
eations used to measure total stromal opacity area
are shown in one cornea for each treatment. Notice
that these quantitation areas contained a much denser
center (*in LOS-2, for example) and a less dense
periphery (**in LOS-2, for example) for each imaged
cornea. The total area of opacity in mm2 for each
cornea in each group is shown in Figure 1B. Statistical
comparisons between the groups are shown in Table 2.
The losartan-alone, prednisolone-alone, and combined
losartan and prednisolone groups were significantly
different from the BSS vehicle group but not signifi-
cantly different from each other. ImageJ was also used
to determine the total opacity intensity in pixels for the
combined dense central and less dense peripheral area
in each cornea (as indicated by the dashed line in one
cornea from each group) and that data are shown in
Figure 1C. Statistical comparisons between the groups
are shown in Table 3. The losartan-alone and combined
losartan and prednisolone acetate groups were signif-
icantly different from the BSS vehicle group but not
significantly different from each other. The difference
between the 1% prednisolone acetate group and the
BSS vehicle group did not reach statistical significance.
The combined losartan and prednisolone acetate
group, however, had the lowest standard error of the
mean for both stromal opacity area and total opacity
intensity.

Central corneal neovascularization (CNV; Supple-
mentary Fig. S1) developed in all four BSS vehicle-
treated corneas, in two corneas treated with topical 0.2
mg/mL losartan alone, in one of the corneas treated
with 1% prednisolone acetate alone, and in none of the
corneas treated with both 0.2 mg/mL losartan and 1%
prednisolone acetate.
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Figure 1. (A) Standardized slit-lamp photos of rabbit corneas at 1 month after a 1-minute exposure to 1N NaOH on a 5-mm diameter filter
paper and continuous treatment for 1monthwith topical vehicle (VEH), 0.2mg/mL losartan, 1%prednisolone acetate, or 0.2mg/mL losartan
+ 1%prednisolone acetate six times per day. Note that opacity in each cornea ismade up of centralmore dense (*) and peripheral less dense
(**) zones. Arrows indicate central corneal neovascularization. Dotted circles show examples of ImageJ analysis of total opacity for individual
corneas that include the combined more dense central and less dense peripheral zones. UNW-1 to UNW-4 are unwounded and untreated
controls for comparison. Magnification 15×. (B) Graph of total opacity area measured with ImageJ in individual corneas. Mean ± standard
error of the mean is shown for each group. * indicates the opacity was significantly different from the vehicle BSS control group. Table 2
shows Kruskal–Wallis P values for comparisons between the groups. (C) Graph of total opacity in pixels intensity measured with ImageJ in
individual corneas. Mean ± standard error of the mean is shown for each group. * indicates the opacity was significantly different from the
vehicle BSS control group. Table 3 shows Kruskal–Wallis P values for comparisons between the groups.
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Table 2. Kruskal–Wallis P Values Slit-Lamp Opacity Area

Characteristic Vehicle Control Losartan
Prednisolone

Acetate
Losartan + Prednisolone

Acetate

Vehicle control X 0.02 0.02 0.02
Losartan X 0.19 0.88
Prednisolone acetate X 0.08
Losartan + prednisolone acetate X

Table 3. Kruskal–Wallis P Values Slit-Lamp Total Intensity Units

Characteristic Vehicle Control Losartan
Prednisolone

Acetate
Losartan + Prednisolone

Acetate

Vehicle control X 0.02 0.08 0.02
Losartan X 0.15 0.77
Prednisolone acetate X 0.08
Losartan + prednisolone acetate X

IHC for Keratocan-Positive Keratocytes and
α-SMA–Positive Myofibroblasts

Figure 2A shows representative central sections
from corneas in each group. All corneas with alkali
injury in this study had no corneal endothelium
within the central 6 to 10 mm at 1 month after injury.
No α-SMA–positive myofibroblasts were found in
any uninjured cornea. All corneas treated with BSS
vehicle had full-thickness or nearly full-thickness
α-SMA–positive myofibroblasts, although some
patches of keratocan-positive keratocytes were present,
as shown in Figure 2A. In corneas treated with losartan
alone, α-SMA–positive myofibroblasts were confined
mostly to the posterior half of the stroma in all
corneas, as shown in the example in Figure 2A. The
α-SMA–positive myofibroblast localization tended to
be more variable in the prednisolone acetate group.
In two corneas in that group, the α-SMA–positive
myofibroblasts were found throughout the stroma (as
shown in example 1 in Fig. 2A), and in two corneas,
the α-SMA–positive myofibroblasts were present
only in the posterior half of the stroma (as shown
in example 2 in Fig. 2A). In all four corneas in the
losartan + prednisolone acetate combined group, the
α-SMA–positive myofibroblasts were confined to the
far posterior stroma, with repopulation of the more
anterior stroma with keratocan-positive keratocytes
(as shown in Fig. 2A).

Supplementary Figure S2 shows α-SMA–positive
staining in a representative section from each cornea
that was used for ImageJ analysis of the total area
of stromal α-SMA–positive staining and the total α-
SMA–positive opacity. The variability of stroma α-
SMA–positive staining in the prednisolone acetate

group can be noted in this figure. ImageJ analy-
sis results for the total α-SMA area in each cornea
is shown in Figure 2B. Table 4 shows the statisti-
cal comparisons between the groups. The combined
losartan-prednisolone acetate group had significantly
less α-SMA area than the vehicle control group.
The combined losartan-prednisolone acetate group
also had significantly less α-SMA area than the
prednisolone acetate group. Other differences did not
reach statistical significance, although it can be noted
there was a trend toward the losartan group being
significantly different from the vehicle control group.
ImageJ analysis results for the total α-SMA opacity
intensity in pixels for each cornea are shown in
Figure 2C. Table 5 shows the statistical comparisons
between the groups. Again, the combined losartan-
prednisolone acetate group had highly significantly
less α-SMA opacity intensity in pixels than the
vehicle control group. Also, the combined losartan-
prednisolone acetate group was significantly less than
the prednisolone acetate alone group in total α-SMA
opacity intensity. Other differences did not reach statis-
tical significance. Importantly, note the low variability
for both the total α-SMAarea (Fig. 2B) and the total α-
SMAopacity intensity (Fig. 2C) in the combined losar-
tan + prednisolone acetate group.

Immunohistochemical Analysis of Collagen
Type IV Expression

Figure 3A shows representative duplex IHC for
collagen type IV and TGF-β1 in the anterior and
posterior stroma for representative corneas in each
group and also shows example ImageJ quantitation
rectangles. Figure 3B shows quantitation for collagen
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Figure 2. (A) Duplex immunohistochemistry for keratocyte-specific marker keratocan (green) and myofibroblast-specific marker α-SMA
(red) in uninjured control corneas and after alkali burn injury and 1month of topical treatment. Fragile peripheral epithelium and persistent
epithelial defects were noted in all alkali-burned corneas. In corneas treated with losartan alone or combination losartan + prednisolone
acetate, α-SMA–positive myofibroblasts tended to be localized to the posterior cornea, and the anterior cornea was repopulated by
keratocan-positive keratocytes. Two examples of corneas treated with prednisolone acetate alone are shown to demonstrate the variability
noted in this group. In #1, α-SMA–positive myofibroblasts populated the entire thickness of this cornea, with a persistent epithelial defect.
In #2, α-SMA–positive myofibroblasts were present only in the posterior stroma despite the presence of a persistent epithelial defect. All
alkali-burned corneas were devoid of corneal endothelium over an 8- to 10-mmdiameter area of the posterior cornea. Arrows indicate areas
with posterior α-SMA–positive myofibroblasts. LOS is topical losartan. Pred acetate is 1% prednisolone acetate. BSS Veh is balanced salt
solution vehicle. e is epithelium. S is stroma. (B) A graph of total α-SMA–positive stromal area determined in central sections of each cornea
in each group using ImageJ. * indicates the mean was significantly different from the BSS vehicle control group. # indicates the mean was
significantly different from the prednisolone acetate alone group. Table 4 shows Kruskal–Wallis P values for statistical comparisons between
the groups. (C) A graph of total α-SMA–positive intensity per corneal section in pixels determined in central sections of each cornea in each
group using ImageJ. * indicates the mean was significantly different from the BSS vehicle control group. # indicates the mean was signifi-
cantly different from the prednisolone acetate–alone group. Note the lower mean and standard error of themean in the combined losartan
+ prednisolone acetate group and the higher mean and standard error of the mean in the prednisolone acetate only group. Table 5 shows
Kruskal–Wallis P values for statistical comparisons between the groups.
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Table 4. Kruskal–Wallis P Values IHC SMA ImageJ Area

Characteristic Vehicle Control Losartan
Prednisolone

Acetate
Losartan + Prednisolone

Acetate

Vehicle control X 0.06 0.14 0.0005
Losartan X 0.71 0.10
Prednisolone acetate X 0.04
Losartan + prednisolone acetate X

Table 5. Kruskal–Wallis P Values IHC SMA Total Intensity Units

Characteristic Vehicle Control Losartan
Prednisolone

Acetate
Losartan + Prednisolone

Acetate

Vehicle control X 0.10 0.55 0.002
Losartan X 0.29 0.14
Prednisolone acetate X 0.01
Losartan + prednisolone acetate X

type IV staining intensity in the anterior stroma of
the corneas in each group. Both losartan treatment
and losartan + 1% prednisolone acetate significantly
decreased the mean intensity units of collagen type IV
in the anterior stroma compared to vehicle treatment.
Prednisolone acetate alone produced a trend toward a
decrease in collagen type IV staining intensity in the
anterior stroma compared to vehicle treatment, but the
difference did not reach statistical significance. Table 6
shows the statistical comparisons for collagen type IV
intensity in the anterior stroma between the groups.
Figure 3C shows quantitation for collagen type IV
staining intensity in the posterior stroma of the corneas
in each group. Only the topical losartan treatment
was significantly different from the vehicle treatment,
although the combined losartan + 1% prednisolone
acetate group trended toward significance. Table 7
shows the statistical comparisons for collagen type IV
intensity in the anterior posterior between the groups.

Discussion

Chemical injuries to the cornea caused by NaOH
vary from mild, self-limited ocular surface distur-
bances to devastating burns affecting the corneal
epithelium, corneal limbus, stroma, and the corneal
endothelium.23,25–30 Severe alkali burn injuries are
frequently associated with CNV and persistent epithe-
lial defects.25–30 Severe NaOH corneal burns can also
injure the trabecular meshwork, iris, ciliary body, lens,
retina, and optic nerve.25

The 1N NaOH corneal burn injury method used
in the present study was used in many prior rabbit

studies.23,26,27 The 1-month time point for analysis
of the effect of alkali burn injury and the potential
effects of the topical medications were selected because
1 month was when the wound-healing response to
injury to the cornea peaked in prior studies.5,17–20
The current study showed that severe chemical injury
with 100 μL 1N NaOH delivered using a 5-mm filter
paper delivery system for 1 minute penetrated through
the stroma and uniformly injured a large underlying
area of the corneal endothelium, and often Descemet’s
membrane, approximately 8 to 10 mm in diameter. No
evidence of limbal injury was noted using this method.
Similarly, no evidence of iris or lens damage was noted
in the rabbit eyes after this injury. In preliminary exper-
iments, even 15 seconds of exposure to 1N NaOH
using this method damaged the corneal endothelium
(L.P. Sampaio and S.E. Wilson, unpublished data,
2021), and, therefore, dilutions of the NaOH would
likely be needed to produce a model with injury
confined to the epithelium and anterior stroma of the
cornea.

The mode of cell death of the affected epithe-
lium, keratocytes, and corneal endothelium produced
by the 1N NaOH was previously reported to be necro-
sis.28,29 Cellular necrosis, along with denaturation of
the underlying collagen fibrils,30 likely triggered the
severe corneal inflammatory response that was noted
with the slit lamp in all corneas in this study during the
first few days to 2 weeks after injury.

The opacities remaining at 1 month after injury and
treatment in all groups were characterized by a dense
central zone surrounded by a less dense ring (Fig. 1A).
We hypothesize that the dense central area represents
denatured and disorganized collagen fibrils produced
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Figure 3. Duplex immunohistochemistry for TGF-β1 and collagen type IV in both the anterior stroma andposterior stroma. (A) Representa-
tive IHCs for each group are shown. Arrows indicate Descemet’s membrane or remnants of Descemet’s membrane in each cornea. Represen-
tative ImageJ quantitation rectangles (100× 50 units) for both the anterior stroma (long side of rectangle at anterior stromal surface) and the
posterior stroma (long side of rectangle at posterior stromal surface just anterior to Descemet’smembrane or its remnants). No differences in
TGF-β1 were noted between the groups. (B) ImageJ quantitation of collagen type IV IHC intensity units in the anterior stroma in the groups.
* and ** indicate the mean was significantly different from the vehicle group. Table 6 shows Kruskal–Wallis P values for statistical compar-
isons between the groups. (C) ImageJ quantitation of collagen type IV IHC intensity units in the posterior stroma in the groups. * indicates
the mean was significantly different from the vehicle group. Table 6 shows Kruskal–Wallis P values for statistical comparisons between the
groups.
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Table 6. Kruskal–Wallis P Values Anterior Stromal Mean Intensity Units

Characteristic Vehicle Control Losartan
Prednisolone

Acetate
Losartan + Prednisolone

Acetate

Vehicle control X 0.004 0.16 0.01
Losartan X 0.14 0.71
Prednisolone acetate X 0.27
Losartan + prednisolone acetate X

Table 7. Kruskal–Wallis P Values Posterior Stromal Mean Intensity Units

Characteristic Vehicle Control Losartan
Prednisolone

Acetate
Losartan + Prednisolone

Acetate

Vehicle control X 0.01 0.15 0.07
Losartan X 0.30 0.50
Prednisolone acetate X 0.71
Losartan + prednisolone acetate X

by the originalNaOH injury, alongwithmyofibroblasts
that developed and the large amounts of disordered
extracellular matrix these fibrotic cells produced.5,20,31
The less dense ring may be associated with less
severely damaged stromal collagen and corneal
fibroblasts, along with lesser amounts of disordered
extracellular matrix produced by corneal fibroblasts,
although further investigation would be needed to
confirm this hypothesis.

In a prior study,7 topical 0.4 mg/mL losar-
tan six times per day decreased corneal scarring
and stromal myofibroblasts after descemetorhexis
injury to the corneal endothelium and Descemet’s
membrane. In the present study, topical treatment with
0.2 mg/mL losartan in BSS, 1% prednisolone acetate,
or combined losartan and prednisolone acetate six
times per day decreased the total corneal opacity area
measured with ImageJ on the standardized slit-lamp
images (Fig. 1B). The differences in the total area
of opacity were not significantly different between
the losartan, prednisolone acetate, or combined losar-
tan/prednisolone acetate groups (Table 2). The total
opacity in pixels in the opacified area of cornea, also
measured with ImageJ, was significantly lower in the
0.2-mg/mL losartan group or the combined 0.2-mg/mL
losartan + 1% prednisolone acetate group compared
to the vehicle BSS group. The 1% prednisolone acetate
alone group trended toward decreased total opacity
compared to the vehicle BSS group, but the difference
did not reach statistical significance (Table 3).

The most interesting findings in this study relate
to myofibroblast development and stromal fibrosis
in the different treatment groups (Fig. 2A). All
corneas that had the alkali burn followed by treat-

ment with vehicle BSS had α-SMA–positive myofi-
broblasts and fibrosis throughout the full thickness
of the cornea, although this fibrosis appeared to
be greatest adjacent to the anterior and posterior
stromal surfaces (Supplementary Fig. S2), likely due
to higher concentrations of TGF-β1 and TGF-β2
penetrating the stroma from the tears, epithelium,
residual peripheral corneal endothelium, and aqueous
humor at the corneal surfaces.5,20 In the NaOH-
injured corneas treated with topical 0.2 mg/mL losar-
tan, the greatest density of α-SMA–positive myofi-
broblasts tended to be noted in the posterior half of the
stroma, although lesser amounts of anterior stromal
α-SMA–positive myofibroblasts were noted in the two
losartan-treated corneas after 1 month of treatment
(Supplementary Fig. S2). Persistent corneal epithelial
defects are themselves associated with the develop-
ment of anterior stromal myofibroblasts and fibrosis32
and could have had a role in anterior myofibroblasts
noted in two losartan-treated corneas. Alkali-injured
corneas treated with 1% prednisolone acetate alone
were more variable in stromal myofibroblast devel-
opment (Supplementary Fig. S2). After injury and
treatment with combined losartan and prednisolone
acetate, however, the α-SMA–positive myofibroblasts
in all four corneas were restricted to the far poste-
rior stroma (Supplementary Fig. S2). It is important
to note that the corneal endothelium and Descemet’s
membrane had not regenerated in any cornea in any
of the treatment groups by the 1-month time point,
as can be noted in the representative corneas in
Figure 2A.

When the area of α-SMA–positive myofibrob-
lasts was determined using ImageJ in each of the
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central corneas (Fig. 2B), the combined losartan +
prednisolone acetate group was significantly differ-
ent from the vehicle BSS-treated group (P = 0.0005,
Table 4). This combined losartan + prednisolone
acetate group also had low standard error of the
mean for the area of α-SMA staining (Fig. 2B). The
combined losartan and prednisolone acetate group
had a significantly lower area of α-SMA staining
than the prednisolone acetate–alone group. Similarly,
when the total α-SMA intensity per corneal section
was determined using ImageJ in each of the corneas
(Fig. 2C), the combined losartan + prednisolone
acetate treatment group was significantly lower than
the vehicle BSS-treated group (P = 0.002, Table 5),
and the combined losartan + prednisolone acetate
treatment group was significantly lower than the
prednisolone acetate–alone group (P = 0.01). We
hypothesize that the efficacy of the combined losartan
+ prednisolone acetate treatment after the severe alkali
burns was attributable to the corticosteroid modula-
tion of inflammation due to the severe tissue necro-
sis and the losartan modulation of profibrotic TGF-
β effects on stromal myofibroblast development and,
therefore, disordered collagen production by these cells.
Bone marrow–derived fibrocytes also enter the stroma
from the limbus after injury and, in addition to corneal
fibroblasts, are TGF-β–driven precursors to myofi-
broblasts.33,34 Corticosteroids inhibit the proliferation
of fibrocytes necessary for generation of large numbers
of myofibroblasts35 and also trigger fibrocyte apopto-
sis.36 Thus, the topical corticosteroids could contribute
to losartan inhibition of myofibroblast development
from both corneal fibroblasts and fibrocytes via these
mechanisms.

One limitation of this study was that treatments
after alkali burn injury were only applied for 1 month
after injury. However, a decrease in myofibroblasts in
the stroma is a first step to the resolution of fibrosis,5,20
since it allows for the migration of corneal fibrob-
lasts, and eventually keratocytes, from the peripheral
cornea into the injured tissue. These stromal cells
function to reabsorb damaged collagens and other
matrix materials and regenerate ordered stromal colla-
gen fibrils associated with corneal transparency.5,19–22
We hypothesize that longer treatment with topical
losartan and prednisolone acetate, probably for at
least several months to a year, would produce a
further increase in corneal transparency since stromal
myofibroblast area and intensity of α-SMA staining
were markedly and consistently decreased when both
medications were applied (Figs. 2B, 2C). Once the
myofibroblasts are eliminated, keratocytes and corneal
fibroblasts can begin the slow process of removing
and reorganizing the disordered extracellular matrix

that contributes to the scarring and eventually may
restore transparency. Whether or not this leads to suffi-
cient vision to reduce the need for corneal transplan-
tation requires further study. Certainly, other factors,
such as insufficient inhibition of TGF-β signaling by
losartan and/or the effects of other growth factors,
such as PDGF, could influence this efficacy of losar-
tan on long-standing scars. Further studies in animals
and humans will be needed to determine the efficacy
of the losartan and topical corticosteroid combination
in established corneal scars. Another explanation for
why a greater increase in transparency was not noted
after 1 month of losartan-prednisolone acetate treat-
ment is that the corneal endotheliumwas not yet regen-
erated. Even after a simple 8-mm descemetorhexis
in rabbits, the corneal endothelium and Descemet’s
membrane do not regenerate until 4 to 6 months after
the injury.37 Thus, some of the opacity is due to stromal
edema. Full recovery of transparency, especially in
human corneas with lower corneal endothelial prolif-
erative potential, may require simultaneous treat-
ment with rho-kinase inhibitors to stimulate corneal
endothelial proliferation38 or endothelial replacement
surgery.

All alkali-burned corneas in this study treated with
BSS vehicle six times a day developed moderate to
severe CNV that further compromises corneal trans-
parency and vision (Fig. 1A, Supplementary Fig. S1).
Further study is needed to determine if losartan plus
corticosteroid therapy alone could provide effective
treatment to reduce CNV after severe corneal injuries
or whether the application of other inhibitors of CNV
would be needed.

This study demonstrated that severe sodiumhydrox-
ide injuries are commonly associated with damage to
the corneal endothelium and Descemet’s membrane
that increase the corneal fibrosis response. This is
analogous to findings regarding the effects of chemi-
cal burns caused by bioweapon agents, such as sulfur
mustard, where corneal endothelial damage was a
major determinate of the long-term outcomes of
injury.39,40 Combined topical losartan and corticos-
teroids could also decrease myofibroblast generation
and corneal scarring fibrosis that occur in response to
these chemical bio-weapon agents.

This study also found that collagen type IV
produced by corneal fibroblasts, which was not associ-
ated with the epithelial BM or Descemet’s BM, was
upregulated in the stroma after alkali burn injury,
similar to what was noted after descemetorhexis injury
in prior studies.7,22 The increase was most promi-
nent in the anterior and posterior stroma, nearest to
the tear film and aqueous humor sources of TGF-β1
and TGF-β2.5,22 TGF-β1 directly stimulates corneal
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fibroblasts to upregulate collagen type IV production.7
Since collagen type IV directly binds TGF-β1 and
TGF-β241,42 and prevents their binding to the cognate
TGF-β receptors, thereby modulating the effects of
TGF-β on stromal cells, this collagen type IV upregula-
tion likely represents a feedback regulatory pathway to
modulate the effects of TGF-β on corneal fibroblasts,
myofibroblasts, and other stromal cells.7 This regula-
tory pathway is also likely active in other organs where
injuries trigger fibrosis and organ dysfunction.43 Losar-
tan, via its modulation of TGF-β signaling, decreased
collagen type IV production in the stroma after alkali
burn injury, similar to what was found in the desceme-
torhexis injurymodel in rabbits.7 This decrease in colla-
gen type IV production extending to the posterior
stroma confirms topical losartan penetration into the
stroma.

In conclusion, combined topical treatment with
losartan and corticosteroids most effectively decreased
corneal opacity and stromal myofibroblast generation
after severe alkali burn injury. Further study is needed
to optimize the dosing regimens and the timing of
treatment after injury to provide effective therapy for
chemical burns in humans.
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