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Abstract

Purpose: Clinical data suggest that alcohol use is associated with the development of signs and symptoms of
dry eye disease. However, preclinical data investigating ocular toxicity after dietary alcohol consumption are
lacking. In this study, we investigated the effects of alcohol on the ocular surface, in human corneal epithelial
cells (HCE-T) in vitro and in C57BL/6JRj mice in vivo.

Methods: HCE-T were exposed to clinically relevant doses of ethanol. To determine the effects of dietary
alcohol consumption in vivo, wild-type mice were administered the Lieber—DeCarli liquid diet (5% vol/vol
ethanol or isocaloric control) for 10 days ad libitum. Corneal fluorescein staining was performed to assess
ocular surface damage. Histopathological and gene expression studies were performed on cornea and lacrimal
gland tissue.

Results: Sublethal doses of ethanol (0.01%—0.5%) resulted in a dose-dependent increase of cellular oxidative
stress in corneal epithelial cells and a significant increase in NFE2L2 and downstream antioxidant gene
expression, as well as an increase in NFkB signaling; short-term exposure (0.5%, 4 h) triggered significant
corneal epithelial cell barrier breakdown. Exposure to the alcohol-containing diet caused a 3-fold increase in
corneal fluorescein staining, with no effect on tear volumes. Corneal thickness was significantly reduced in the
alcohol diet group, and corneal tissue revealed dysregulated antioxidant and NFxB signaling. Our data provide
the first published evidence that alcohol exposure causes ocular toxicity in mice.

Conclusions: Our results are consistent with clinical studies linking past alcohol consumption to signs of ocular
surface disease.
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Introduction ocular pain or discomfort, blurry vision, grittiness, and light

sensitivity as a result of tear film dyshomeostasis." While

RY EYE DISEASE (DED) is a debilitating multifactorial age and gender are the strongest risk factors, environmental,

disease with subtypes differentially affecting compo- pharmaceutical, and genetic factors are important etiological
nents of the ocular surface. In patients, DED manifests as contributors.
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Clinical evidence suggests that both acute and chronic
alcohol use are associated with the development of
signs and symptoms of DED. Most notably, the longi-
tudinal 15-year population-based Beaver Dam Study
reported that DED symptoms were positively associated
with a history of alcohol consumption.? In a compara-
tive case—control study of heavy male drinkers (=4
drinks per day) and age-matched healthy nondrinkers,
alcohol consumption was associated with a decreased
tear breakup time, lower tear volumes, and abnormal
conjunctival impression cytology.® These data suggest a
tentative association between chronic alcohol abuse and
prevalence/risk of DED.

A separate case—control study revealed that healthy male
volunteers who consumed a single dose of alcohol (0.75 g
ethanol per kg body weight) exhibited higher tear osmo-
larity, faster tear breakup time, and higher fluorescein scores
within just 12h of alcohol consumption.* Notably, alcohol
tissue levels were ~50% of plasma levels, providing a ra-
tionale for alcohol eliciting local toxicity on tissues of the
ocular surface. However, despite clinical evidence, to our
knowledge there are no published studies investigating the
effects of dietary alcohol exposure on the ocular surface
in vivo. Similarly, mechanistic in vitro studies investigating
sublethal doses of ethanol are missing.

Alcohol is well known to elicit tissue and organ damage
through generation of reactive oxygen species (ROS). While
many of the detailed tissue-specific mechanisms of ethanol
toxicity and the involvement of oxidative stress pathways are
not yet fully elucidated, ethanol metabolism has been associated
with increased levels of oxidative stress through alcohol dehy-
drogenase, the microsomal ethanol oxidation system, and
catalase (CAT) metabolic pathways.>® We thus hypothe-
sized that alcohol could result in oxidative stress-mediated
ocular toxicity. Therefore, the purpose of this study was to
elucidate the effects of ethanol on human corneal epithelial
cells (HCE-T) in vitro and of dietary alcohol exposure in
C57BL/6JR]j mice in vivo. To our knowledge, this is the first
study to rigorously investigate the effects of alcohol on the
ocular surface in preclinical models.

Our data show that alcohol elicits deleterious effects on the
tissues of the ocular surface and identify the generation of
cellular oxidative stress as the likely underlying mechanism of
alcohol-induced ocular surface damage. Our results warrant
future preclinical and clinical studies assessing the association
between alcohol consumption and ocular surface disease.

Methods
Cell culture

HCE-T’ were obtained from RIKEN Research Institute
(Tokyo, Japan) and cultured according to the provider’s in-
structions. Specifically, HCE-T were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM)/F12 (1:1; Thermo
Fisher Scientific, Waltham, MA) with 5% fetal bovine serum
(Gemini Bio Products, West Sacramento, CA), 0.5% dimethyl
sulfoxide, 5pg/mL insulin (both from Millipore Sigma),
10 ng/mL human recombinant epidermal growth factor, and
100 U/mL penicillin—100 mg/mL streptomycin (both from
Thermo Fisher Scientific) and grown in tissue culture flasks
(Techno Plastic Products, MidSci, St. Louis, MO). Cultures of
passages 79—98 were used for experiments.
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Cell viability assays

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and lactate dehydrogenase (LDH) release
assays were conducted essentially as described by us for
other ocular cell types.®'°

Quantification of generation of ROS

ROS generation was quantified using the general oxidative
stress indicator, chloromethyl 2’,7’-dichlorodihydrofluorescein
diacetate (CM-H,DCFDA; Thermo Fisher Scientific), as per
the manufacturer’s instructions. Cells were seeded at a density
of 10,000 cells/well in white side, clear bottom 96-well plates
(Greiner Bio-One, Monroe, NC). When reaching confluency
(48h), cells were loaded with SpM of CM-H,DCFDA in
phenol red-free complete media for 30 min. Reagent was as-
pirated, before treating cells with experimental conditions, that
is, phenol red-free complete media supplemented with either
tert-butyl hydroperoxide (BHP) or ethanol for the time de-
sired. Fluorescence was measured (excitation: 492, emission:
520, gain: 1,000) using a FLUOstar OPTIMA plate reader
(BMG LABTECH, Ortenberg, Germany).

Cellular permeability assays

Cells were seeded at a density of 100,000 cells/well in
12 mm Transwell® with 0.4 um pore polycarbonate membrane
inserts (Corning, Inc., Corning, NY). Cells were maintained in
complete media for the duration of the experiment; the assay
was performed in complete media without phenol red. Cells
were stratified on the inserts as described previously.'" Briefly,
cells were maintained for 1 week in complete media (0.5 mL
media in the donor chamber, 1.5 mL media in the receiver
chamber) before stratification in a liquid air interface for 3
weeks (1 mL media in the receiver chamber only). Media was
replenished every other day throughout the experiment.

Stratified cells were treated with 5 uM BHP or 0.5% ethanol
in complete media for 4 h; control cells were maintained in
complete media. To quantify permeability across HCE-T,
complete media was replaced with phenol red-free media sup-
plemented with the fluorescent indicators, 6-carboxyfluorescein
(6-CF; 100 uM) and Rhodamine B (RhoB; 50 pM). Samples
were removed from the donor (10 puL) and receiver (100 uL)
chambers at 0, 30, 50, 70, 90, 120, 150, and 180 min. Sample
volume removed was replaced by complete media and ac-
counted for in the calculations.

Standard curves for 6-CF and RhoB were prepared in
complete media using 0, 10, 20, 30, 40, and 50 uM RhoB
and 0, 20, 40, 60, 80, and 100 uM 6-CF, respectively.

Fluorescence was measured using a Cytation 5 imaging
plate reader (Biotek, Winooski, VT; RhoB- excitation:
553 nm, emission: 627 nm; 6-CF- excitation: 490 nm, emis-
sion: 520 nm). The absolute amount (in moles) of the fluo-
rescent permeability standards present in donor and receiver
chambers at each time point was calculated using the standard
curve, taking into account the volume removed and replaced
with media in the final calculations. The apparent perme-
ability index (P,,p) was calculated as described previously."!

Immunocytochemistry

HCE-T were seeded at a density of 100,000 cells/mL on
8-well chamber slides (Thermo Fisher Scientific). Once
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confluent, cells were treated with ethanol or tBHP for 6h,
then fixed with 4% PFA for 15 min. Immunocytochemistry
was performed as described previously'*'® using mouse
anti-ZO1 antibody (Cat. No. 339100, dilution 1:250; Ther-
mo Fisher Scientific) and rabbit anti-occludin (Cat. No. 71-
1500, 1:250; Thermo Fisher Scientific). Immunoreactivity
was quantified by fluorimetry using Fiji software.'*

Quantification of epithelial cell barrier function

Tight junction organization rate (TiJOR) as a quantitative
parameter for barrier function and tight junction strength
was quantified essentially as originally described by Ref."
Specifically, 3 rectangles increasing in size were drawn per
image using FIJI (ImageJ; NIH, Bethesda, MD), and the
number of “‘junctions’ or lines that the rectangle crossed
was counted manually by a blinded investigator. The num-
ber of lines was divided by the perimeter of the rectangle, to
yield the TiJOR ratio value.

Protein extraction and western blot

Total protein was extracted from HCE-T using the NE-
PER Nuclear and Cytoplasmic Extraction Kit (Thermo
Fisher Scientific). Invitrogen™ Bolt™ 4%-12% Bis-Tris
protein gels (Thermo Fisher Scientific) were loaded with
5 pg of nuclear protein lysate and run at 100V for 22 min.
Dry transfer was performed in an iBlot2™ system (Thermo
Fisher Scientific) at 12V for 12min, using prepackaged
transfer stacks, according to the manufacturer’s instructions.
Washes and antibody incubations were performed in an
iBind™ Flex western device (Thermo Fisher Scientific),
using commercially available reagents according to the
manufacturer’s instructions, an anti-RELA antibody (mouse
anti-RELA, Cat. No. MAB5078, 1:100 dilution, vendor),
and HRP-linked secondary antibodies (1:4,000; Cytiva Life
Sciences, Marlborough, MA). Blots were developed with
SuperSignal™ West Femto substrate (Thermo Fisher Sci-
entific) and imaged using a ChemiDoc™ XRS+ System
(Bio-Rad Laboratories, Hercules, CA).

Relative protein expression was quantified by densitom-
etry of bands using Image Lab software (Bio-Rad Labora-
tories) and data normalized to lamin B1 (rabbit anti-lamin
B1, Cat. No. 16048, dilution 1:2,000; Abcam) and the
control condition.

Quantification of cytokine release

HCE-T were seeded at a density of 150,000 cells/well in
6-well plates. Once confluent, cells were exposed to ethanol
at indicated doses for 6 h. Media samples were collected and
stored at —80°C. Samples were sent for analysis using a
commercially available Human Cytokine/Chemokine 48-
Plex Discovery Assay® Array (HD48; Eve Technologies,
Calgary, Canada).

Transepithelial electrical resistance measurements

Transepithelial electrical resistance (TEER) measure-
ments were performed in stratified HCE-T (as described
above) using an EVOM2 handheld volt meter (World Pre-
cision Instruments, Sarasota, FL).
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Animals

All animals were treated in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research and the European Commission Directive 86/609/
EEC for animal experiments, using protocols approved and
monitored by the State Veterinary Agency of Lithuania
(protocol number G2-151, approved 9/5/2020). C57BL/6JR]j
mice were purchased from Janvier Labs (Le Genest-Sainte-
Isle, France). Mice were housed at a constant temperature
(22°C £ 1°C) and in a light-controlled environment (lights
on from 7 a.m. to 7 p.m.) with ad libitum access to food
and water. Male mice (12 weeks of age) were used for
experiments.

All procedures (tear volume measurements, corneal
fluorescein staining, and euthanasia) were performed after
inducing a deep plane of general anesthesia by intraperito-
neal administration of a cocktail of 50 mg/kg ketamine and
10 mg/kg medetomidine.

For experiments, all mice were acclimated to the rodent
Lieber—DeCarli liquid diet (BioServ®, Flemington, NJ) for
3 days. Thereafter, mice either continued to receive the rodent
Lieber—DeCarli liquid diet or were switched to an alcohol-
containing diet (BioServ) with 5% alcohol. Both diets had
the same caloric content and were prepared according
to Ref.'®

Tear volume measurements

Tear volume quantification was performed by applying a
sterile phenol red-soaked cotton thread (ZoneQuick™;
Showa Yakuhin Kako Co. Ltd., Tokyo, Japan) into the lat-
eral canthus for 10 s. The wetting length of the thread was
read under a microscope using a ruler. Resolution of the
measurements was 0.5 mm. Tear volume was measured in
all groups, at baseline and at the end of the 10-day study
period.

Corneal fluorescein staining

To quantify ocular surface damage, we scored corneal
fluorescein staining, essentially as described by us previ-
ously'"'” using I-Dew Flo Fluorescein Sodium ophthalmic
strips (OptiTech Eyecare, Prayagraj, India) under systemic
anesthesia. The cornea was imaged using a fluorescent
microscope (Leica Microsystems, Wetzlar Germany). In
addition, images were acquired using a Spectralis®
HRA+OCT  (Heidelberg  Engineering,  Heidelberg,
Germany).

Tissue collection and histology

Mice were euthanized by cervical dislocation while
under a deep surgical plane of anesthesia. Whole eyes,
including ocular surface tissues, were dissected and em-
bedded in optimal cutting temperature compound (Tissue-
Tek®; Sakura Finetek USA, Torrance, CA), and frozen
sections (10 pm) were prepared using a cryostat (Leica
Microsystems).

Extraorbital lacrimal glands were dissected, embedded in
paraffin, and sectioned (5 pm). Tissue sections were pro-
cessed for histological analysis using hematoxylin-eosin
staining.'® Corneal thickness was quantified using ImagelJ
software (NIH).
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Total RNA isolation, complementary DNA
synthesis, and quantitative polymerase
chain reaction

HCE-T or frozen tissue (cornea, extraorbital lacrimal
glands) was harvested and homogenized directly in lysis
buffer, and total RNA was isolated using the Total RNA
Purification Plus Kit (Norgen Biotek, Ontario, Canada), as per
the manufacturer’s instructions. Genomic DNA (gDNA) was
removed using gDNA removal columns (Norgen Biotek).
RNA quality and concentration were assessed using a na-
nospectrophotometer (Nanodrop; Thermo Fisher Scientific).
Complementary DNA (cDNA) synthesis was performed using
the High Capacity cDNA reverse transcription Kit (Thermo
Fisher Scientific) with 1 pg cDNA per 20 pL reaction.

Quantitative polymerase chain reaction (qQPCR) was per-
formed in reverse transcriptase (RT)-PCR reactions (15 pL
volume) containing 7.5 pL TagMan® Fast Gene Expression
Master Mix, 0.75 pL. TagMan Gene Expression Assay, 10 ng
cDNA template, and water. Reactions were performed in
triplicates. RT-PCR amplification was performed on 96-well
PCR microplate (Thermo Fisher Scientific) in an AriaMX
Real-Time PCR system (Agilent, Santa Clara, CA). Relative
expression was quantified using the 27*2T method as pre-
viously described,'® with GAPDH as endogenous control.
TagMan Gene Expression Assay ID numbers are provided
in Supplementary Table S1.

Statistical analysis

Experimental group sizes were determined by a priori
power analyses based on previous studies (including
Ref.®!'"!%20) ‘and the published literature using G*Power
software.?"*? For cytokine analysis, a group size of n=3
was calculated to detect a >20% change with an o of 0.05
and a power of 95%, corresponding to an effect size of 4.1.
Based on our previous experiments investigating barrier
function, we determined a sample size of n=3 per group to
detect a >5% change with an o of 0.05 and a power of 95%,
corresponding to an effect size of 5.93. For in vivo studies,
we extrapolated an estimated group size of n=10 from our
published data in the mouse desiccating stress/scopolamine
(DSS) model with a power of 90% and an o of 0.05 to detect
a 1 score change in the median score of corneal fluorescein
staining using the modified Oxford score using a 2-tailed,
unpaired Mann—Whitney ranks test.

Power analysis for NF-kB gene expression analysis was
based on an a priori calculation using standard deviations
from previous experiments and the goal to detect a change
of >25%, which resulted in an effect size of 2.5 (for a 2-
tailed, unpaired #-test, an alpha probability of 0.05 and a
power of 95%), yielding a required sample size of n=6 per
group. For quantification of genes involved on redox ho-
meostasis we designed experiments to detect a change of
>20%, which resulted in an effect size of 3.63, yielding a
required sample size of n=4 per group.

Data were graphed and statistically analyzed using Prism
9 software (GraphPad, Inc., La Jolla, CA). Statistical sig-
nificance was defined as P <(.05. Data were analyzed using
Student’s #-test or Mann—Whitney test when comparing 2
groups. For data sets with multiple variables, 2-way analysis
of variance (ANOVA) was performed, with treatment
(ethanol/alcohol vs. vehicle/control) and time as indepen-
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dent variables. Multiple comparisons tests were performed if
ANOVA revealed a statistically significant effect on the
independent variables or the interaction. Data are presented
showing individual datapoints, with each data point repre-
sentative of a single biological replicate (n).

Results

Sublethal doses of ethanol elicit significant induction
of cellular oxidative stress and upregulation
of antioxidant enzymes

To determine the acute cytotoxicity of ethanol, the effects of
increasing ethanol concentrations on HCE-T cell viability were
tested by MTT and LDH release assays. HCE-T were exposed
to a dose—response of ethanol (0.01%-10%) in complete media
for 48 h. LDH assay did not show elevated LDH release up to
1% ethanol, while 5% elicited a significant 24% + 10% increase
in LDH release, suggestive of cytotoxicity at this dose (Fig. 1A).
MTT assay did not reveal any significant changes in cell pro-
liferation and/or viability (Fig. 1B).

Ethanol is a well-known inducer of cellular oxidative
stress; therefore, HCE-T were loaded with 5puM CM-H-
,DCFDA, a general oxidative stress indicator, for 30 min
and subsequently incubated with 0.01%, 0.05%, 0.1%, or
0.5% ethanol for 4h. DCF fluorescence increased signifi-
cantly, by 306% +90%, 296% *53%, and 946% t 144%,
respectively (Fig. 1C). Oxidative stress and increased ROS
generation are often associated with dysregulation of the
enzymes of the endogenous antioxidant system, many of
which are directly regulated by the master transcription
factor, nuclear factor erythroid 2-related factor 2 (Nrf2),
encoded by the NFE2L2 gene.

To investigate the effect of acute ethanol exposure on
the endogenous antioxidant system, HCE-T were treated
with 0.5% (85 mM) ethanol in complete media for 2, 4, 6,
or 12h, while control cells were maintained in complete
media for the equal amount of time. NFE2L2 expression
was quantified by qPCR. Ethanol exposure for 2, 4, and 6 h
resulted in significant 247% *18% (n=4, P<0.001),
233%+24% (n=4, P<0.01), and 213%+23% (n=4,
P <0.001) increases in NFE2L2 expression, respectively;
NFE2L2 expression at 12h was similar to baseline (n=3;
P=0.16; Fig. 1D). Expression of anti- and pro-oxidant
enzymes was quantified after 6 h ethanol exposure. CAT,
heme-oxygenase 1, and superoxide dismutases 1 and 2
(SODI1 and SOD2) are Nrf2-activated phase 2 antioxidant
enzymes involved in mechanisms of reduction of excess
superoxide and peroxide, while NADPH oxidases (NOXs)
generate superoxide from the oxidation of NADPH.
Ethanol resulted in a significant 28% £ 8% (n=3, P <0.05)
induction of CAT (Fig. 1E), 43%*13% (n=3, P<0.05)
induction of heme oxygenase-1 (HO-1; Fig. 1F),
16% t4% (n=3, P<0.05) induction of SOD2 (Fig. 1H),
and 25% +9% (n=3, P<0.05) reduction of NADPH oxi-
dase 3 (NOX3; Fig. 1J) gene expression.

No significant changes were observed for SODI (n=3,
P=0.23; Fig. 1G) or NADPH oxidase 2 (NOX2; n=3;
P=0.61; Fig. 1I). Together these data suggest that acute
short-term exposure of corneal epithelial cells to sublethal
doses of ethanol result in significant dysregulation of the
endogenous antioxidant balance as a result of significantly
increased cellular levels of oxidative stress.
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FIG. 1. Sublethal ethanol exposure induces ROS and activates Nrf2-mediated endogenous antioxidant signaling.
(A) Acute ethanol exposure of concentrations up to 1 uM did not result in increased LDH release from HCE-T. In contrast,
5 uM alcohol caused significant increases in LDH release from HCE-T (n=3). Data are shown as mean+SEM from 3
separate experiments each derived 8 technical replicates. Data were analyzed by 2-way ANOVA with Dunnett’s multiple
comparisons test. (B) MTT assay revealed no significant cytotoxicity of HCE-T when exposed up to 5% ethanol vol/vol for
48h (n=3). Data are shown as mean+SEM from 3 separate experiments each derived 8 technical replicates. Data were
analyzed by 2-way ANOVA with Dunnett’s multiple comparisons test. (C) Ethanol caused a dose-dependent generation of
ROS and oxidative stress in HCE-T (n=8). Data are shown from a representative experiment as mean*SD from 8
replicates. Data were analyzed by 2-way ANOVA with Holm- Sidak multiple comparisons test. (D) HCE-T were exposed to
0.5% ethanol for 2, 4, 6, or 12h, which cause a time-dependent increase in NFE2L2 mRNA levels that were different to
untreated control at 2, 4, and 6 h (n=>5). Data are shown as mean+ SEM from 5 separate experiments each derived from 3
technical replicates. Data were analyzed by 2-way ANOVA with Dunnett’s multiple comparisons test. (E-J) HCE-T were
treated with 0.5% ethanol for 6 h, and mRNA levels of (E) CAT, (F) HO-1, (G) SODI, (H) SOD2, (I) NOX2, and (J) NOX3.
Expression levels of CAT, HO-I, and SOD2 were significantly increased by ethanol exposure, and NOX3 levels were
significantly decreased (n=3-5). qPCR data are shown as mean*=SEM derived from 3 separate experiments with 3
technical replicates each. Data were analyzed by Student’s #-test. *P <0.05, **P <0.01, ***P <0.001. ANOVA, analysis of
variance; CAT, catalase; HCE-T, human corneal epithelial cells; HO-1, heme oxygenase-1; LDH, lactate dehydrogenase;
mRNA, messenger RNA; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NOX2, NADPH oxidase 2;
NOX3, NADPH oxidase 3; Nrf2, nuclear factor erythroid 2-related factor 2; qPCR, quantitative polymerase chain reaction;
ROS, reactive oxygen species; SD, standard deviation; SEM, standard error of the mean; SOD1, superoxide dismutase 1;
SOD2, superoxide dismutase 2.

Ethanol activates NF-«xB signaling and elicits
secretion of pro-angiogenic cytokines in HCE-T

noncanonical signaling proteins NFKB2 (P52) and RELB,
was studied. Ethanol treatment resulted in a significant
73% £26% increase of NFKBI (n=5; P <0.05; Fig. 2A) and

Elevated levels of oxidative stress can activate NF-kB  103% % 55% upregulation of RELA (n=35; P <0.05; Fig. 2B)

signaling, which can in turn exert cytoprotective effects by
suppressing ROS accumulation, but also induce inflammatory
signaling pathways. Given the known dysregulation of NF-
kB signaling in DED, expression of the canonical signaling
proteins NFKB1 (P50) and RELA (P65), as well as the

gene expression. Western blot analysis confirmed NF-xB
activation, resulting in significant increases in nuclear RELA
protein levels in ethanol- versus control-treated cells (n=3;
P <0.05; Fig. 2C, D). No significant changes were observed
in NFKB2 (n=3; P=0.21) or RELB (n=3; P=0.22).
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FIG. 2. Gene and protein expression of canonical NF-xB
signaling components is increased in ethanol-treated HCE-
T. HCE-T were treated with 0.5% ethanol for 6 h, and RNA
and protein were extracted for qPCR and western blot
analyses, respectively. (A) qPCR revealed significant upre-
gulation of (A) NFKBI and (B) RELA in ethanol-treated
HCE-T (n=5). (C) Nuclear protein expression of RELA
was also significantly reduced (n=3). (D) Representative
western blot bands for RELA and endogenous nuclear
control, Lamin B1. Data are shown as mean+ SEM, with
each circle representing the mean of a separate experiment.
Data were analyzed by Student’s z-test. *P <(.05.

Multiplex cytokine analysis revealed significant increases
in pro-angiogenic factors in the supernatant from ethanol-
versus control-treated cells. Specifically, there was a sig-
nificant 44 £3.7 pg/mL increase of IL-8 (n=3, P=0.001),
11.8+4 pg/mL increase of MCP-1 (rn=3, P=0.05),
6.710.5pg/mL increase of PDGF-AA (n=3, P=0.001),
and 8.3t 1.4pg/mL increase of VEGF (n=3, P=0.01) se-
cretion from HCE-T treated with ethanol compared to
control (Fig. 3A-D). Interestingly, other well-known pro-
inflammatory cytokines, including IL-1, IL-2, IL-6, IL-17,
and TNF-a, were not significantly altered or were below the
detection threshold Supplementary Table S2.

HCE-T exposed to sublethal ethanol exhibit
decreased barrier function and tight junction protein
network disorganization

Alcohol is known to elicit deleterious effects on intestinal
epithelial tight junction barriers,>>** but the effects of al-
cohol on HCE-T had not previously been studied. HCE-T
were stratified as described previously'' to create multi-
layered epithelial cells that more closely resemble human
corneal physiology. Stratified cells were treated with 0.5%
ethanol or left untreated for 4 h. Permeability through the
stratified cells was measured using fluorescent permeability
standards, specifically the low permeability standard, 6-CF,
and the high permeability standard, RhoB (Fig. 4A, B).
Ethanol treatment resulted in a significant increase in
the apparent permeability index (P,,,) for both 6-CF
(295% = 130% increase, P<0.05, n=3-4; Fig. 4C) and
RhoB (57.7% +7.3% increase, P <0.05, n=3-4; Fig. 4C).
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FIG. 3. Secretion of pro-angiogenic cytokines is signifi-
cantly increased in ethanol-treated HCE-T. Multiplex anal-
ysis of cytokine secretion from HCE-T revealed a significant
increase in 4 pro-angiogenic cytokines: (A) IL-8, (B) MCP-
1, (C) PDGF-AA, and (D) VEGF (n=3). Data shown as
mean+SEM with each symbol representing a separate
experiment with duplicate quantification. *P<0.05,
**P<0.01, ***P<0.001.

Similarly, ethanol had pronounced effects on TEER.
TEER was measured before (0 h) and after treatments (4 h),
and the relative change was calculated. As expected, TEER
increased significantly in control cells by 8.9% *+3.8% (from
23244 Q.cm?® to 25349 Q.cmz; P<0.05, n=4) as a result
of the addition of media to the stratified culture, while
ethanol treatment for 4h reduced TEER by 6.9%*1.7%
(from 265+9 Q.cm” to 247+4 Q.cm?; P<0.05; n=4).

Epithelial cell barrier properties are primarily contributed
by tight junction proteins, including ZO-1 and occludin.
Physical forces and chemical changes can lead to barrier
breakdown that can manifest as reduction of tight junction
protein expression or disorganization of the tight junction
barriers. Ethanol treatment resulted in a significant decrease
in tight junction organization, TiJOR (P<0.05; n=3;
Fig. 4E) for ZO-1, with a concomitant reduction in ZO-1
immunoreactivity (P <0.05; n=3; Fig. 4F). Similar changes
were observed for occludin TiJOR (P <0.05; n=3; Fig. 4G)
and immunoreactivity (P <0.05; n=3; Fig. 4H).

Mice consuming alcohol ad libitum exhibit significant
ocular surface pathology

To test the effect of chronic alcohol consumption, mice
were provided ad libitum access to the Lieber—DeCarli diet
containing 5% alcohol or isocaloric control diet for 10 days,
as described previously.'® Mice were acclimated to the
liquid diet without alcohol for a period of 5 days and sub-
sequently randomized into control and alcohol groups.
This experimental paradigm (depicted in Fig. 5A) results
in significantly increased serum aspartate and alanine
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FIG. 4. Ethanol exposure causes barrier dysfunction due to tight junction protein network disorganization in HCE-T. (A-
C) Stratified HCE-T in transwells were treated with 0.5% ethanol for 4 h, then permeability through the cells and TEER
were measured. (A) The cumulative amount of low permeability standard, 6-CF, in the receiver chamber over time was
increased in ethanol-treated cells compared to control. (B) Similarly, the cumulative amount of high permeability standard,
RhoB, in the receiver chamber increased significantly over time in ethanol-treated cells compared to control. Data were
analyzed by nonparametric Mann—Whitney test. (C) The apparent permeability of 6-CF and RhoB through stratified HCE-T
was significantly higher in ethanol-treated cells (n=3). (D) Representative images of ZO-1 and occludin immunostaining in
control and ethanol-treated HCE-T. (E) The TiJOR for ZO-1 was significantly disrupted in ethanol-treated cells compared to
control (n=3). (F) ZO-1 immunoreactivity was significantly lower in ethanol-treated cells, further indicative of disorga-
nization of tight junctions (n=3). (G) Similarly, occludin TiJOR was significantly decreased (n=3). (H) Occludin im-
munoreactivity was significantly lower compared with control cells, further supporting the deleterious effect of ethanol on
tight junction organization. Data are shown as mean + SEM from 3 biological replicates, each derived from quantification of
five images. Statistical significance was assessed by Student’s z-test. *P<0.05, **P <0.01. 6-CF, 6-carboxyfluorescein;
RhoB, rhodamine B; TEER, transepithelial electrical resistance; TiJOR, tight junction organization rate.

transaminase levels and blood alcohol concentrations of
around 160 mg/dL (data not shown'®).

Overall liquid diet intake was similar between alcohol and
control diet groups (2-way ANOVA, P=0.46; Supplementary
Fig. S1A), despite some fluctuations throughout the study
period (Supplementary Fig. S1B). Similarly, there were no
significant changes in body weight (Supplementary Fig. S1C).

Eyes of mice exposed to the Lieber—DeCarli diet were
examined by a veterinary ophthalmologist and evaluated
using the SPOTS system.” No anterior or posterior segment
pathology was identified.

Ocular surface pathology was assessed by quantification
of tear volumes and corneal fluorescein staining. Tear vol-
umes were not significantly affected by alcohol (Fig. 5B)
and increased similarly in both control- and alcohol-fed
mice. In contrast, corneal fluorescein staining was signifi-

cantly higher in alcohol-treated animals, which showed a
151% £ 31% in staining intensity (Fig. 5C). This increase is
readily apparent on representative images obtained using a
fluorescent microscope and confocal imaging using a Hei-
delberg Spectralis (Fig. 5D).

Corneal messenger RNA expression

of endogenous antioxidant enzymes and NF-kxB
signaling components is decreased

in alcohol-consuming mice

Contrary to the upregulation of genes observed with acute
ethanol treatments in vitro, gene expression of several an-
tioxidant enzymes in the cornea was lower in alcohol-treated
mice compared with control liquid diet-treated mice. Inter-
estingly, Nrf2 gene expression (Nfe2l2) levels were not
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FIG. 5. Alcohol consumption elicits ocular surface damage in vivo. (A) Graphical depiction of the experimental design.
Mice were acclimated to the Lieber—DeCarli liquid diet for 5 days, before receiving either alcohol (5% vol/vol) or control
isocaloric (n=10 mice per group). Tear volumes were measured at baseline (0 day) and 10 days. Corneal fluorescein was
measured at 10 days, then mice were euthanized for downstream tissue collection, histopathological assessment, and
molecular analyses. (B) Tear volumes were not significantly affected by alcohol and increased similarly in both control- and
alcohol-fed mice. Data were analyzed by 2-way mixed effects analysis (P<0.001 for experimental group, P<0.001 for
time, P=0.86 for interaction between the variables), followed by Holm-Sidak multiple comparisons test. (C) Intensity of
corneal fluorescein staining on the cornea increased significantly in alcohol-fed mice compared with control mice
(P<0.001, n=18-20). Data are presented as mean+ SEM with individual data points representing the measurement from a
single eye. Data were analyzed by Student’s #-test. (D) Representative images of corneal fluorescein staining from 3
different animals per group acquired using an epifluorescent microscope (leff) or Heidelberg Spectralis™ (right). Images
show significantly more severe corneal fluorescein staining in alcohol- versus control liquid diet-fed animals. ***P <(.001.

significantly altered (Fig. 6A); however, Ho-I and Cat
levels were significantly decreased by 61% £ 19% (P <0.05,
n=4) and 51% £4% (P <0.05, n=4), respectively (Fig. 6B,
O). Similarly, gene expression of ROS-generating enzymes
NoxlI, Nox2, and Nox4 was decreased by 48%+13%
(P<0.01; n=4), 72%+20% (P<0.05; n=4), and
49% +10% (P <0.01; n=4), respectively (Fig. 6E-G). Nox3
was not expressed in mouse corneas (data not shown). No
changes in Sod enzyme gene expression were observed
(Sodl: P=0.09, n=4, Fig. 6D; Sod2: P=0.34, n=4,
Fig. 6H). Altogether, these data may suggest that chronic
moderate alcohol consumption leads to suppression of the
endogenous antioxidant response.

Significant reduction of gene expression of Rela
(by 26%=*11%, P<0.05, n=8; Fig. 6]J) and Relb (by
39% 8%, P<0.001, n=8; Fig. 6L)) was detected in alcohol-
consuming mice compared to control. In contrast, Nfkbl
(P=0.31, n=8, Fig. 6I) and Nfkb2 (P=0.12, n=38; Fig. 6K)
gene expression was similar between groups.

Alcohol induces corneal thinning and oxidative
stress in the lacrimal gland, but no immune
cell infiltration

Histopathological analysis of cornea and intraorbital and
extraorbital lacrimal gland was performed. Total corneal

thickness was significantly reduced by 4820 um in the
alcohol versus control group (Table 1), which could be at-
tributed primarily to a significant 42+ 15 um reduction in
stromal thickness. Epithelial thickness and number of epi-
thelial cells in the epithelial cell layer were lower, but the
difference did not reach statistical significance (Table 1).
Histopathological analysis of lacrimal glands did not reveal
differences in immune cell infiltration or damage to the
lacrimal gland parenchyma, and both intraorbital (Fig. 7A)
and extraorbital (Fig. 7B) lacrimal gland were histopatho-
logically normal. However, qPCR revealed a significant
28% £9% increase in Sodl (P<0.05; n=4; Fig. 7C) and
significant 69% +13% (P<0.01; n=3-4; Fig. 7C) and
40% t9% (P<0.01; n=4; Fig. 7C) decreases in Sod2
and NoxI gene expression, respectively, in the lacrimal
glands of alcohol consuming mice versus control. These
data suggest that alcohol elicits subclinical oxidative stress-
mediated changes in the lacrimal gland.

Discussion

The data herein provide the first experimental evidence
that alcohol consumption causes direct damage to the cornea
and tissues of the ocular surface through generation of ROS.
Our findings support clinical studies that have shown ocular
surface signs after acute alcohol consumption and align with
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epidemiological data that have identified an association
between alcohol consumption and the prevalence of DED.
As both DED and alcohol use disorder remain under-
diagnosed and undertreated in the clinical setting, our data
warrant further research into a possible association between
alcohol-induced ocular surface signs and the development of
DED.

This study used HCE-T for cellular assays, as they are
widely used for drug discovery, especially due to their
ability to form stratified epithelia that mimic the properties

TABLE 1. CORNEAL THICKNESS Is REDUCED IN MICE
CONSUMING ALCOHOL-CONTAINING LIQUID DIET

No.
Total Stromal  Epithelial epithelial
corneal thickness thickness cell
thickness (um) (um) (um) layers (#)
Control 123+ 14 10011 2413 4
Alcohol 74£15 58+10 18£5 3
P 0.04% 0.02% 0.33 (ns) 0.16 (ns)

Histopathological analysis of hematoxylin-eosin (H&E-stained)
cornea sections was performed to quantify total corneal thickness,
stromal thickness, epithelial thickness, and number of epithelial cell
layers. Thickness data are shown as mean+ SEM and were analyzed
by Student’s #-test, while data for the number of epithelial cell
layers are shown as median and were analyzed using nonparametric
Mann—Whitney test.

4P <0.05, n=6-7 per group.

ns, Not significant; SEM, standard error of the mean.

each data point derived from a
single cornea measured in
triplicates. Data were analyzed
by Student’s #-test. *P <0.05,
**P<0.01, ***P<0.001.
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of the corneal epithelium in vivo.*'"**® This makes HCE-T
a useful model, for permeability studies; furthermore, we
have previously shown that HCE-T possess a potent anti-
oxidant system that responds strongly to exogenous oxida-
tive insults. Despite the utility of cell lines, their
proliferative nature does not allow for the testing of chronic
alcohol exposure in vitro; furthermore, responses may differ
from those observed in primary cells.

Our data support the hypothesis that alcohol elicits sig-
nificant increases of cellular oxidative stress even after ex-
posure to sublethal doses of ethanol for short time periods
(4-6h). This timeline aligns with the reported effects of a
single dose of alcohol resulting in significant ocular surface
signs 12h after consumption.* Furthermore, the 6h time-
point was selected to exclude possible confounding effects
of cellular proliferation on results. While HCE-T appear
relatively resistant to ethanol insult, with only doses of >5%
showing reduced cell viability and proliferation, as little as
0.05% v/v ethanol resulted in a statistically significant in-
crease in ROS as quantified by DCF fluorescence, activation
of the master regulator of the endogenous antioxidant sys-
tem, NRF2 (encoded by the NFE2L2 gene), and an ensuing
increase in the expression of downstream genes, including
CAT, HO-1, and SOD. These data confirm our previous
findings that HCE-T maintain a strong endogenous antiox-
idant system characteristic of corneal epithelial cells,® but
notably provide the first published evidence that clinically-
relevant sublethal doses of ethanol result in a disbalance
between ROS generation and antioxidant response in cor-
neal epithelial cells.
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FIG. 7. Lack of histopathological abnormalities, but dysregulation of antioxidant gene expression is suggestive of oxi-
dative stress in the lacrimal gland. (A) Intraorbital lacrimal glands were histopathologically normal, without presence of
immune cell infiltration (n=6 animals). (B) Similarly, no abnormalities were identified in extraorbital lacrimal glands
(n=9-10 animals). Data are shown as mediantinterquartile range and were analyzed by Mann—Whitney test. Re-
presentative images from control- and alcohol-fed animals are shown. (C) qPCR analysis revealed a significant upregulation
of Sodl gene expression and significant reductions of Sod2 and Nox! in the extraorbital lacrimal glands of alcohol versus
control animals (=4 animals). Data are shown as meantSEM and were analyzed by Student’s t-test. *P<0.05,

*#*P<0.01.

The class of NOX enzymes generates ROS from molec-
ular oxygen. Under physiological conditions, members of
the endogenous antioxidant system, such as SOD, create an
equilibrium that prevents excess buildup of ROS. Patholo-
gical insults cause this balance to be disrupted, leading to
dangerously high cellular levels of oxidative stress. Ex-
posure of HCE-T to the acute effects of ethanol resulted in a
significant reduction of NOX3 expression, while NOX2 ex-
pression remained similar. NOX4 is a constitutively ex-
pressed member of the NOX family and generally
considered an oxygen sensor.”’ Interestingly, HCE-T did not
express detectable levels of NOX4. In contrast, NOX4 is
expressed in the mammalian cornea and it is likely that
lack of constitutive expression of NOX4 may be an artifact
of the HCE-T line. In fact, transformed cells do acquire a
less differentiated phenotype, which may result in different
properties compared with primary cells. In addition, the
presence of some genomic abnormalities has been reported
for HCE-T,* which should be considered when translating
in vitro findings.

The transcription factor, NFkB, is a key mediator of in-
flammation, as well as pro- and anti-oxidant gene expression
(for review, see Lingappan’), and has been implicated as
key regulator in ocular surface disease (for review, see Lan
et al.? 1. In HCE-T, acute ethanol treatments resulted in the
activation of canonical NFxB signaling, resulting in in-
creased gene expression of both NFkBI and RELA, as well
as nuclear translocation of RelA. These data highlight the
ability of ethanol to elicit pathological cascades in corneal
epithelial cells.

Analysis of cytokines released from HCE-T identified
increases in secretion of several proteins associated with
corneal injury and neovascularization, including IL-8, MCP-
1, VEGF, and PDGF. IL-8 and MCP-1 are key mediators of
pathological corneal neovascularization.*** Interestingly,
high levels of IL-8 and MCP-1 were found in human cor-
neas with chronic inflammation,® and increased levels of
MCP-1 were present in the tears of patients with DED,*®
while IL-8 was identified as biomarker for Sjogren’s Syn-
drome dry eye versus non-Sjogren’s Syndrome dry eye.®’
HCE-T exposed to desiccating stress or TNFo showed a
similar upregulation of IL-8 and MCP-1 as reported herein
following the exposure to ethanol.

Mechanistic studies in immortalized corneal epithelial
cells have shown that IL-8 release can occur following NF-
kB-mediated positive feedback of JNK1/2 phosphorylation
after TRPV1 activation.’® Similarly, application of mito-
mycin C to corneal fibroblasts in culture resulted in the
MAP kinase cascade-mediated upregulation of both IL-8
and MCP-1,* while stimulation of NK-1 receptors by
substance P in primary HCE-T resulted in IL-8 synthesis
through stabilization of chemokine transcripts.*’

A recent study showed that targeting PDGF-BB resulted
in significantly attenuated corneal neovascularization fol-
lowing alkali injury,*' while the prototypic mediator of
neovascularization, VEGF, has also been linked to corneal
neovascularization.**

Intriguingly, these in vitro data support in vivo findings
that binge alcohol administration to rats*’ resulted in edema
and corneal neovascularization (unpublished observations).
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Blood alcohol levels in this modified Majchrowicz model
are significantly higher (>350mg/dL43) than in animals
exposed to the Lieber-DeCarli diet with 5% w/v alcohol
(~180mg/dL; this study'®) and similar to the amount of
ethanol used for the acute in vitro studies presented herein.
Future studies will investigate the mechanisms of alcohol-
induced corneal neovascularization, which is beyond the
scope of this article.

Our data on the effects of physiologically-relevant etha-
nol concentrations on the ocular surface extend previous
results by others that have investigated the consequences of
toxic ethanol exposure (20%) on corneal epithelial cells and
found induction of apoptosis in as little as 20s.** In our
studies, we did not find evidence for activation of pro-
apoptotic caspases, specifically caspase-3 and caspase-9,
following exposure of HCE-T to sublethal concentrations of
EtOH (data not shown). Notably, concentrations in excess
of 10% EtOH resulted in complete loss of cell viability of
HCE-T after 48 h exposure.

One mechanism contributing inflammation and patho-
logical changes of the ocular surface is breakdown of the
corneal barrier. The experiments presented herein demon-
strate that even short exposure (4h) to 0.5% ethanol can
result in significant disruption of tight junction-mediated
corneal barrier. We selected the 4 h timepoint and the 0.5%
alcohol concentration to assess effects on barrier function at
lowest concentration of ethanol eliciting a significant in-
crease in ROS (Fig. 1C) and at the earliest time of Nrf2
activation (Fig. 1D).

Barrier disruption was evident by an increased perme-
ability index, reduced TEER values, and disruption of or-
ganization of tight junction proteins, occludin and ZO-1.
The impairment of barrier function was greater than that
observed for sublethal doses of oxidative stress or ben-
zalkonium chloride.”®*> Benzalkonium chloride is still a
widely used preservative in ophthalmic formulations, which
has been linked to pharmaceutically-induced DED.*® In
preclinical models, repeated benzalkonium chloride instil-
lations are used to induce chronic ocular surface dis-
ease,*”*® which may suggest that chronic exposure to even
much lower ethanol may elicit similarly severe chronic
ocular surface irritation and inflammation.

Indeed, self-administered systemic exposure for 10 days
to low levels of alcohol resulted in a significant increase in
corneal fluorescein staining (both intensity and score) in
pigmented C57BL/6JRj mice. While chronic alcohol ad-
ministration can result in dehydration, it is highly unlikely
that the observed ocular phenotypes result from dehydration.
Body weights of the animals decreased similarly (by <5%)
in both control and alcohol diet-fed animals, which can be
attributed to the switch from a solid to a liquid diet. Notably,
tear volumes slightly increased in both control and alcohol
diet-fed animals, suggesting improved hydration as a result
of the liquid diet. Furthermore, no effect of the alcohol
liquid diet was observed on skin turgor, as part of the routine
health evaluation of animals on study.

The Lieber-DeCarli ethanol diet resulted in significant
corneal fluorescein staining that was similar in severity to
the effect observed following exposure to the DSS mod-
el.¥'"18 This effect was quantified using the widely used
modified Oxford-score, as well as by quantifying fluorescein
intensity. In addition, alcohol consumption resulted in sig-
nificantly reduced total corneal thickness (Table 1). It
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should be noted that hematoxylin-eosin (H&E) staining was
performed on cryosections, which is suboptimal for quan-
tification of corneal thickness due to the possible con-
founding effects of tissue processing artifacts. However,
values for total corneal thickness in the control group match
in vivo pachymetry measurements,*” as well as values re-
ported for corneas prepared by semithin sectioning.>® Fur-
thermore, it is likely that artifacts would result in an
overestimation of stromal thickness due to separation of the
stromal lamellae.

Based on clinical evidence and the in vitro results presented
herein, it is likely that alcohol administration causes elevated
levels of cellular oxidative stress in the tissues of the ocular
surface, manifesting as corneal inflammation. While corneal
barrier disruption is a well-recognized sign of DED, the
alcohol-induced reduction in stromal thickness is not typically
associated with DED. Future studies must evaluate whether
subacute alcohol-induced corneal toxicity can cause typical
signs of DED after long-term chronic exposure.

Gene expression analysis in the cornea of alcohol-treated
mice showed an overall reduced expression of antioxidant
genes, as well as Rela and Relb, likely attributed to com-
pensatory changes following prolonged exposure of in-
creased cellular levels of oxidative stress. These findings
are partially recapitulated in the lacrimal gland of ethanol-
treated mice.

It has previously been shown that mitochondrial oxidative
stress in the lacrimal gland can induce lacrimal dysfunction
leading to dry disease in rodents. Specifically, deletion of
the mev-1 gene resulted in increased ROS levels in the
lacrimal gland that manifested as reduced tear volumes,
increased corneal fluorescein stainin%, and infiltration of
immune cells into the lacrimal gland.’'->* While the histo-
pathological evaluation of extraorbital and intraorbital lac-
rimal glands in this study did not reveal any abnormalities,
we observed a decrease in NoxI, a significant increase in
cytosolic Sodl, and a concomitant decrease in mitochondrial
Sod2 in extraorbital lacrimal glands. These changes are
consistent with an adaptive change to the ROS/antioxidant
balance inside the mitochondria following prolonged ex-
posure to alcohol.

Interestingly, in intestinal epithelial cells decreased Nox/
expression was associated with antioxidative effects, in-
cluding reduction in LDH release and increases in SOD
activity.”® Furthermore, disruption of the redox balance can
promote the nuclear translocation of SOD1 to act as a bona
fide transcription factor for antioxidant and cell repair
genes.” As such, the observed reduction in Sod2 gene ex-
pression may be a compensatory change following pro-
longed tissue exposure to oxidative stress.

Differential effects on SOD isoform expression by etha-
nol were also detected in corneal epithelial cells exposed to
the acute effects of ethanol in vitro versus in corneal tissue
from prolonged (10 days) exposure to an alcohol-containing
diet in vivo. Expression of cytosolic SODI is typically as-
sociated with activation of the endogenous antioxidant
system and associated with antioxidative effects. SODI1
expression is also regulated by stress-ressponse gene-
encoded regulator of calcineurin 1 (RCANI). >

Intriguingly, while transient increases in RCANI1 exert
anti-inflammatory effects, chronic overexpression and/or
upregulation is associated with deleterious pro-oxidative
changes and chronic diseases, including Alzheimer’s
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disease.” The idea of the differential effects of transient
versus chronic stress has also been conceptualized in the
notions of oxidative eustress and oxidative distress (for re-
view, see Herb and Schramm56). Altogether, the observed
gene expression changes suggest that chronic alcohol ex-
posure results in the generation of deleterious levels of ox-
idative stress in the tissues of the ocular surface, ultimately
resulting in manifestation of alcohol-induced DED.

We have previously shown the pharmacologic efficacy of
antioxidants in models for ocular surface disease, including
the mouse DSS model®'! and a rabbit model for irritant-
induced dry eye.’’ Furthermore, the cardiolipin peroxidation
inhibitor, SkQ1, was approved in Russia for the treatment of
dry eye and is currently being tested in Phase 3 clinical trials
in the United States.’® Given the involvement of redox
dyshomeostasis in alcohol-induced ocular surface pathol-
ogy, antioxidants may be effective in preventing and/or re-
versing the effects of alcohol.

Future studies will assess the effects of alcohol con-
sumption in other ocular tissues, investigate possible sex
differences, and test the ability of antioxidants and anti-
inflammatory drugs in attenuating or preventing alcohol-
induced ocular surface disease.

Conclusion

Our data suggest that alcohol exposure causes increased
levels of oxidative stress in the tissues of the ocular surface,
especially the cornea, resulting in corneal toxicity in mice.
To our knowledge, this is the first systematic investigation
of the effects of alcohol on ocular surface pathology in ro-
dents. Our results align with population-based findings that
have linked past alcohol consumption to a greater incidence
of DED, as well as clinical studies that have demonstrated
the acute effects of alcohol on the ocular surface. Future
studies are needed to elucidate the possible association be-
tween alcohol-induced corneal toxicity and dry-eye disease.
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