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Inflammation and oxidative stress accompany aging. This study investigated the interplay between
oxidative stress and inflammation in the lacrimal gland. C57BL/6 mice were used at 2 to 3, 12, and 24
months of age. Nuclear factor erythroid derived-2erelated factor 2 (Nrf2)�/� and corresponding wild-
type mice were used at 2 to 3 and 12 to 13 months of age. A separate group of 15.5 to 17 months of age
C57BL/6 mice received a diet containing an Nrf2 inducer (Oltipraz) for 8 weeks. Aged C57BL/6 lacrimal
glands showed significantly greater lymphocytic infiltration, higher levels of MHC II, IFN-g, IL-1b, TNF-
a, and cathepsin S (Ctss) mRNA transcripts, and greater nitrotyrosine and 4-hydroxynonenal protein.
Young Nrf2�/� mice showed an increase in IL-1b, IFN-g, MHC II, and Ctss mRNA transcripts compared
with young wild-type mice and greater age-related changes at 12 to 13 months of age. Oltipraz diet
significantly decreased nitrotyrosine and 4-hydroxynonenal and decreased the expression of IL-1b and
TNF-a mRNA transcripts, while decreasing the frequency of CD45þCD4þ cells in lacrimal glands and
significantly increasing conjunctival goblet cell density compared with a standard diet. The findings
provide novel insight into the development of chronic, low-grade inflammation and oxidative stress in
age-related dry eye. New therapies targeting oxidative stress pathways will be valuable in treating age-
related dry eye. (Am J Pathol 2021, 191: 294e308; https://doi.org/10.1016/j.ajpath.2020.10.013)
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Oxidative stress occurs when cell antioxidants are unable to
neutralize free radicals, usually generated by metabolic pro-
cesses.1 Although the excess can damage the cells,maintaining
a physiological oxidation-reduction level is fundamental for
homeostasis. In healthy eyes, the controlled production of
oxidants is vital in coordinating signaling pathways.2 Elevated
levels of reactive oxygen species (ROS), markers of oxidative
stress, and inflammatory cells were found in the conjunctiva
and tear film in patients with Sjögren syndrome and different
animal models of dry eye. Also, an oxidation-reduction
imbalance is observed in other ocular dysfunctions, such as
surface alterations, cataract, glaucoma, diabetic retinopathy,
retinitis pigmentosa, toxic neuropathies, uveitis, and age-
related macular degeneration.3e5

In healthy young individuals, antioxidant enzymes
neutralize low levels of ROS. The age-related increase in the
stigative Pathology. Published by Elsevier Inc. All rights reserved.
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Antioxidant Diet in Age-Related Dry Eye
levels of ROS, cell degradation, and a decrease in repair
mechanisms contribute to the accumulation of oxidized
molecules and the consequent formation of amyloid.6

Unlike the ocular surface, the lacrimal gland, although not
repeatedly assaulted by environmental changes, also
exhibits aging-related changes. The exposition to many
external agents and a dysregulated immune system may
contribute to an inadequate response against stressors
throughout life, leading to inflammation and structural
changes in the lacrimal gland. Oxidative stress in the
lacrimal gland causes dysfunction in the tear film that
contributes to the onset of dry eye, among other alterations.7

The nuclear factor erythroid derived-2erelated factor 2
(Nrf2) is a transcription factor that regulates the expression
of antioxidant and detoxification genes, protecting against
oxidative stress caused by lesions or inflammatory
processes.8,9 Under conditions of oxidative stress, Nrf2
translocates to the nucleus, where it binds to promoter
regions of a battery of antioxidant and detoxification genes,
initiating antioxidative and repair processes.9,10 Cornea and
conjunctival epithelia express Nrf2, and Nrf2�/� mice are
more sensitive to ocular alterations induced by acute
tobacco smoke exposure.8

Many drugs that activate the Nrf2 antioxidant pathway
have been studied to treat diseases caused by oxidative stress.
Topical ocular treatment with antioxidant drugs has been
shown to improve clinical signs and decrease inflammatory
processes, oxidative stress markers, and ROS production on
the ocular surface.11e17 Oltipraz is an organosulfur
compound belonging to the class of dithioethiones with
antioxidant properties through induction of Nrf2.18 Studies
have reported oltipraz’s ability to inhibit the growth of tumors
in mice, as well as to reduce damage to liver DNA and induce
enzymes to mediate detoxification processes.18,19

This study aimed to investigate oxidative stress pathways
in aged lacrimal glands and test whether a diet with an Nrf2
inducer can modulate age-related dry eye disease.
Materials and Methods

The Institutional Animal Care and Use Committees at Baylor
College of Medicine approved all animal experiments. All
studies adhered to the Association for Research in Vision and
Ophthalmology for the Use of Animals in Ophthalmic and
Vision Research and to the NIH Guide for the Care and Use
of Laboratory Animals.20 The experiments were performed at
the Ocular Surface Center, Department of Ophthalmology,
Baylor College of Medicine, Houston, TX.
Animals

Young breeder pairs of C57BL/6J mice were purchased
from The Jackson Laboratory (Bar Harbor, ME) for estab-
lishing breeder colonies. Naturally aged female C57BL/6
mice were maintained in specific pathogen-free vivarium
The American Journal of Pathology - ajp.amjpathol.org
and were used at 2 to 3 (n Z 20), 12 (n Z 18), 15.5 to 17
(nZ 30), 18 to 19 (nZ 8), 21 to 22 (nZ 14), or 24 months
of age (n Z 24).

Young (aged 2 to 3 months; n Z 22) and middle-aged
(aged 12 to 13 months; n Z 29) Nrf2�/� mice were
compared with age-matched wild-type mice (young,
n Z 28; middle aged, n Z 20). Tissues from Nrf2�/� and
wild-type mice were initially a gift from Dr. Jiyang Cai
(Department of Physiology, University of Oklahoma Health
Sciences Center, Oklahoma City, OK), followed by transfer
of mating pairs and establishment of breeding colonies at
Baylor College of Medicine. Homozygous Nrf2�/� mice
have a mixed genetic background of C57BL/6/SV129.21

The correlation of human years to mouse days may vary
according to the developmental stage.22 Mice aged 10 to 14
months can be considered middle aged (roughly 35 to 47 in
human years), and mice aged 18 to 24 months can be
considered old, aged, or elderly (roughly 56 to 69 human
years), as these age intervals correlate with loss of repro-
ductive function and decrease in life span, respectively.22,23

Mice were housed at specific pathogen-free facilities of
Baylor College of Medicine and were kept on diurnal cycles
of 12 hours light and 12 hours dark with ad libitum access to
food and water. Because dry eye is more frequent in
women,24,25 and aged male mice do not develop corneal
barrier disruption (a hallmark of dry eye),26 only female
mice were used. An effort was made to collect multiple
tissues from each mouse. A final sample size per end point
can be found in figure legends.

Oltipraz Diet

Oltipraz (4-methyl-5-pyrazinyl-3H-1,2-dithiole-3-thione)
was purchased from Toronto Research Chemicals (Toronto,
ON, Canada). A customized diet with 0.1% oltipraz was
prepared by LabSupply (Fort Worth, TX). Thirty C57BL/6
female mice, aged 15.5 to 17 months, were randomized to
receive either a standard diet (5V5R; Lab Supply) or oltipraz
diet for 8 weeks (n Z 15 per diet). Mice were weighed
weekly, and body mass was recorded. At the end of the
eighth week, they were euthanized, and tissues were
collected and processed.

RNA Isolation and Real-Time PCR

Total RNA from lacrimal glands was extracted using a
QIAGEN RNeasy Plus Mini RNA isolation kit (Qiagen,
Hilden, Germany) following the manufacturer’s protocol.
After isolation, RNA concentration was measured, and
cDNA was synthesized using the Ready-To-Go You-Prime
First-Strand kit (GE Healthcare, Chicago, IL). Real-time
PCR was performed using specific TaqMan minor groove
binder probes for IL-1b (Il1b; Mm00434228), major histo-
compatibility complex class II (MHC II; Mm00482914),
interferon (IFN)-g (Ifng; Mm00801778), tumor necrosis
factor (TNF)-a (TNFa; Mm00443258), cathepsin S (Ctss;
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Mm00457902), glutathione S-transferase P (GST-P1;
Mm04213618), CD19 (CD19; Mm00515420), and TaqMan
Universal PCR Master Mix AmpErase UNG in a commer-
cial thermocycling system (StepOnePlus Real-Time PCR
System; Applied Biosystems/Thermo Fisher Scientific,
Foster City, CA), according to the manufacturer’s recom-
mendations. The hypoxanthine phosphoribosyltransferase 1
(HPRT1; Mm00446968) gene was used as an endogenous
reference for each reaction. The quantitative PCR results
were analyzed by the comparative Ct method and were
normalized by the Ct value of HPRT1.27 The young group
served as calibrator.

Histology, Periodic Acid-Schiff Staining,
Immunohistochemistry, and Quantification of Focus
Score

Eyes and ocular adnexa were excised, fixed in 10%
formalin, paraffin embedded, and cut into sections (5 mm
thick) using a microtome (Microm HM 340E; Thermo
Fisher Scientific, Waltham, MA). Sections cut from
paraffin-embedded globes were stained with periodic acid-
Schiff reagent. The goblet cell density was measured in the
superior and inferior bulbar and tarsal conjunctiva using
NIS-Elements software AR, version 5.20.2 (Nikon,
Melville, NY) and expressed as the number of positive cells
per millimeter.28

Immunofluorescence was performed to detect nitro-
tyrosine (1:100; catalog number 306507; RD Systems,
Minneapolis, MN) and phosphorylated NF-kB p65 (1:100;
Abcam, Cambridge, MA; catalog number ab106129) anti-
bodies using cold acetone fixation and 20% goat serum as
blocking solution. Secondary goat anti-rabbit Alexa-Fluor
488 conjugated IgG antibodies were used, as previously
described.29 The images were captured by an Eclipse E400
Nikon fluorescence microscope equipped with a DS-F1
digital camera.

Immunohistochemistry was performed to detect IL-1b
(1:100; rabbit monoclonal clone D4T2D; Cell Signaling
Technology, Danvers, MA; catalog number 12426S), MHC
II (1:100; I-A/I-E; clone M5/114.15.2; BD Pharmingen, San
Diego, CA; catalog number 556999), TNF-a (1:00 dilution;
rabbit monoclonal antibody; clone D2D4; Cell Signaling
Technology; catalog number 11948), or cathepsin S (1:00
dilution; Santa Cruz Biotechnology, Dallas, TX; catalog
number sc-271619) antibodies and appropriate biotinylated
secondary antibodies (BD Biosciences, San Diego, CA) and
a Vectastain Elite ABC kit using NovaRed reagents (Vector
Laboratories, Burlingame, CA), as previously described.30

Lymphocytic infiltration foci were counted in hematox-
ylin and eosinestained lacrimal gland sections by standard
light microscopy using a 10� objective (Nikon; Eclipse
E400) by two masked observers. A minimum of 50
mononuclear cells was counted as one focus, and the total
number of foci per gland was recorded. Slides were scanned
to obtain digital images using PathScan Enabler
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V (Meyer Instruments, Houston, TX) and were calibrated
according to the manufacturer’s instructions (2.54 mm/
pixel) using NIS Elements software. The total area of the
lacrimal glands was measured using the autodetect area
function of the Nikon Elements software or was manually
circumscribed using the polyline function. Finally, focus
scores were calculated by dividing the number of foci per
mm2 and quantifying the number of inflammatory cell foci
per 4 mm2 tissue area.
Measurement of Corneal Barrier Function

Corneal barrier function was assessed by quantifying
corneal epithelial permeability to 70-kDa Oregon Green
Dextran-488 (Invitrogen, Carlsbad, CA), according to a
previously published protocol,31 with modifications. Briefly,
1 mL of a 50 mg/mL solution of Oregon Green Dextran-488
was instilled onto the ocular surface 1 minute before
euthanasia. Corneas were rinsed with 2 mL of phosphate-
buffered saline and imaged with a stereoscopic zoom
microscope (model SMZ 1500; Nikon), under fluorescence
excitation at 470 nm. Images were acquired with an LED
Lumecor Light source and a high-speed, high-sensitivity
Zyla Camera (Andor, Oxford Instrument, Abingdon, UK)
and a 488-nm filter. Oregon Green Dextran-488 staining
intensity was graded in digital images by measuring the
mean fluorescence intensity within a 2-mm diameter circle
placed on the central cornea using NIS Elements software
version AR, 5.20.02 by two masked observers. The mean
intensity of the right and left eyes was averaged, and the
mean average from biological replicates was calculated and
analyzed.
Measurement of NF-kB Levels

Lacrimal glands were excised and lysed to extract cyto-
plasmic and nuclear proteins with a nuclear extraction kit
and stored at �80�C until use. NF-kB p65 activation was
quantitatively measured by a TransAM NF-kB p65 that
specifically quantifies phosphorylated NF-kB p65 and total
NF-kB p65, according to the manufacturer’s protocol
(Active Motif, Carlsbad, CA; catalog number 40596).
Nuclear or whole-cell protein lysates from young and aged
(50 mg) mice were added to wells of a 96-well plate to
which an oligonucleotide containing the NF-kB consensus
site had been immobilized. The active form of NF-kB
contained in nuclear specimens of whole-cell extract binds
explicitly to this oligonucleotide. After incubation with a
horseradish peroxidaseeconjugated secondary antibody
and colorimetric developing solution, the absorbance was
read at 450 nm with a reference wavelength of 655 nm by
using a colorimetric plate reader (Tecan Infinite M200;
Magellan V6.55 software; Tecan, Männedorf,
Switzerland). Results are presented as the ratio of NF-kB
p65 phosphorylated at serine 536/total NF-kB p65.
ajp.amjpathol.org - The American Journal of Pathology
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Tear Washings and Multiplex Cytokine Immunobead
Assay

Tear washings were collected from live 2- to 3-, 12-, and 24-
montheold mice. Briefly, 1.5 mL of phosphate-buffered
saline þ 0.1% bovine serum albumin was instilled into the
conjunctival sac. The tear fluid and buffer were collected
with a 1-mL volume glass capillary tube (Drummond
Scientific Co, Broomhall, PA) by capillary action from the
tear meniscus in the lateral canthus and stored at �80�C
until the assay was performed. One sample consisted of tear
washings from both eyes of two mice pooled (4 mL) in
phosphate-buffered saline þ 0.1% bovine serum albumin (6
mL). Seven to 18 samples per group were divided into four
independent experiments.

Samples were added to wells containing the appropriate
cytokine bead mixture that included mouse monoclonal
antibodies specific for IFN-g, IL-17, IL-13, IL-12p70,
vascular endothelial growth factor (VEGF), IL-1b, TNF-a,
and chemokine (C-C motif) ligand 2 (Millipore, Burlington,
MA; catalog number MCYTOMAG-70K), as previously
reported.32 The reactions were detected with streptavidin-
phycoerythrin using a Luminex 100 IS 2.3 system (Aus-
tin, TX). The minimum limit of detection for this assay was
0.3 pg/mL for VEGF, 0.5 pg/mL for IL-17, 1.1 pg/mL for
IFN-g, 2.3 pg/mL for TNF-a, 4.8 pg/mL for IL-12p70, 5.4
pg/mL for IL-1b, 6.7 pg/mL for chemokine (C-C motif)
ligand 2, 7.8 pg/mL for IL-13, and 12.8 pg/mL for IL-13.
Results are presented as means � SD (pg/mL).

Flow Cytometry Analysis

Lacrimal glands were excised and incubated with 0.1%
collagenase IV, as previously described.33 Draining nodes
were excised and prepared, as previously described.34

Single-cell suspensions were incubated with anti-CD16/32
(4�C; 10 minutes), and subsequently stained into three
different panels: panel 1: MHC II (clone I-A/I-E; BD
Pharmingen); panel 2: CD45 (clone 30F11; BD Bio-
sciences, San Diego, CA) and IFN-g (clone XMG1.2;
Biolegend, San Diego, CA); and panel 3: CD45 and CD4
(clone GK1.5; BD Biosciences).

For IFN-g intracellular staining, single-cell suspensions
were incubated for 5 hours in the presence of 5%CO2with 0.5
mL Golgi Stop (BD Biosciences), 0.5 mL Golgi Plug (BD
Bioscience), phorbol myristate acetate (0.5 mg; Sigma-
Aldrich, St. Louis, MO), and ionomycin (0.5 mg; Sigma, St.
Louis, MO) in 1 mL complete RPMI 1640 medium. Cells
were stained with an infrared fluorescent viability dye (Life
Technologies, Grand Island, NY) before incubation with a
fixation/permeabilization working solution (Ebiosciences/
Thermofisher, Waltham, MA) for 18 hours, followed by in-
cubation with antieIFN-g_Pacific Blue and anti-
CD45_Alexa Fluor 700.

The gating strategy was as follows: lymphocytes were
identified by forward scatter area and side scatter area gates,
The American Journal of Pathology - ajp.amjpathol.org
followed by two singlet gates (forward scatter height versus
forward scatter area and side scatter height versus side
scatter area) followed by live/dead identification using
propidium iodide. Alive cells were either plotted for MHC II
expression or by CD45þ gate and identification of
CD45þIFN-g cells. Negative controls consisted of
fluorescence minus one splenocytes.

Cells were acquired with either BD LSR II or BD Canto
II Benchtop cytometer with BD Diva software version 6.7
(BD Biosciences). At least 100,000 events or more were
collected. Final data were analyzed using FlowJo software
version 10 (Tree Star Inc., Ashland, OR).

Western Blot Analysis

Lacrimal glands were surgically excised and lysed in
radioimmunoprecipitation assay lysis buffer (Thermo Fisher,
Waltham,MA; catalog number 89900) plus protease inhibitor
cocktail (Sigma; catalog number P8340). Protein concentra-
tion was measured using a micro BCA protein assay kit
(Thermo Fisher; catalog number 23235). Lacrimal gland
extracts (50 mg) were resuspended in SDS sample buffer,
boiled for 5 minutes, and analyzed on 4% to 15% mini-
protean TGX stain-free gels (Bio-Rad, Hercules, CA; catalog
number 4568084). The proteins were electrophoretically
transferred to polyvinylidene difluoride membranes (Bio-
Rad; catalog number 170-4157). The blots were probed with
an anti-nitrotyrosine antibody (2 mg/mL; ThermoFisher;
catalog number A21285), antie4-hydroxynonenal (4-HNE)
antibody (0.5 mg/mL; Abcam; catalog number ab48506), or
antieb actin antibody (Sigma; catalog number A5441)
overnight at 4�C. The blots were washed extensively with a
solution containing 50 mmol/L Tris, pH 8.0, 138 mmol/L
NaCl, 2.7 mmol/L KCl, and 0.05% Tween 20. The antigen-
antibody complexes were detected by the ECL plus Western
Blotting Detection System (GE Healthcare, Chicago, IL;
catalog number RPN2106) using horseradish
peroxidaseeconjugated goat anti-mouse IgG as a secondary
antibody. Images were taken by ChemiDoc Touch Imaging
Systems (Bio-Rad), and band densities were measured by
Bio-Rad software (Image Lab version 6.0; Bio-Rad).

Statistical Analysis

The sample size was calculated with StatMate2 Software
(GraphPad Software, San Diego, CA) based on pilot studies.
Statistical analyses were performed with Graph Pad Prism
software version 8 (GraphPad Software). Data were first
evaluated for normality with the Kolmogorov-Smirnov
normality test. Appropriate parametric (t-test) or nonpara-
metric (U-test) statistical tests were used to make compari-
sons between two age groups. Whenever adequate, one- or
two-way analysis of variance or Kruskal-Wallis followed by
post hoc tests were used. All experiments were repeated at
least once. The final sample per experiment is shown in the
figure legends.
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Results

Increased Inflammation in the Aged Lacrimal Gland

Aging is a significant risk factor for dry eye disease. A state
of low-grade inflammation has been described as inflam-
maging and reported in humans with increased age.35 Proir
publications from our laboratory have shown that aged
C57BL/6 mice spontaneously develop dry eye, recapitu-
lating the human disease.26,36 In the present study, lacrimal
glands were collected from C57BL/6J mice aged 2 to 3, 12,
20, and 24 months, or older. Histologic evaluation of aged
lacrimal glands showed frequent periductal infiltration and
presence of lymphocytic infiltrates, sometimes organized in
concentric features (Figure 1A). Enlarged epithelial ducts
and moderate to extensive tissue destruction of the cases
were observed in about 20% to 30% of mice, confirming
previous reports.37,38 The focus score method was used to
quantify the lacrimal gland lymphocytic infiltration in he-
matoxylin and eosin histologic sections (Materials and
Methods). Lacrimal gland lymphocytic infiltration was
quantified using the focus score method in hematoxylin and
eosin histologic sections. There was a significant increase in
focus score in 24-montheold mice compared with young
mice (Figure 1A). Lacrimal gland sections with extensive
epithelial ducts were not included in the evaluation. Goblet
cell loss is one of the hallmarks of dry eye disease.
Conjunctival goblet cell density was investigated in animals
of different ages. There was a significant decrease in goblet
cell density as mice aged, noted as early as 12 months of age
(Figure 1B).

NF-kB is a master regulator of inflammation. An age-
related increase in p65 NF-kB has been reported in aged
lacrimal glands of rats.39 We hypothesized that NF-kB
might also be increased in the murine aged lacrimal gland.
Using a specific NF-kB phosphorylated p65 antibody,
nuclear translocation of p65 was observed in lacrimal gland
acinar cells (Figure 1C), quantified using a TransAM NF-kB
kit. There was an increased phosphorylated p65/total p65
NF-kB ratio in 24-montheold compared with young
lacrimal gland lysates (Figure 1D).
Figure 1 Increased inflammatory markers in the aged lacrimal gland. A: Repr
months) C57BL/6 female mice stained with hematoxylin and eosin (H&E), which
infiltration in 24-montheold female 1. Ductal dilation and loss of acinar cells is pr
included in the accumulative graph. Kruskal-Wallis test was used, followed by th
stained with periodic acid-Schiff (PAS; purple/magenta) from young and aged mice
data of goblet cell density measured in the conjunctiva of mice at different ages. K
C: Representative immunofluorescence image of young and aged lacrimal gland, sh
(blue; nuclei counterstaining) in aged acinar tissue. Insets: High magnifications o
p65) measured in cellular fractions of lacrimal glands using a TransAM NF-kB p65 k
images stained for IL-b, tumor necrosis factor (TNF)-a, and cathepsin S (Ctss; red)
sections are circumscribed. F: Representative images of 24-montheold lacrimal g
with and without lymphocytic infiltration. n Z 14 mice aged 2 to 3, 20 to 21, an
months (B); n Z 10 mice aged 12 months (B); n Z 9 mice aged 18 to 19 months
**P < 0.01, and ***P < 0.001. Scale bars: 100 mm (B and E, top and middle pane
and middle panels); �40 (E, bottom panel, and F). NC, negative control.
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Next, inflammatory and type 1 helper T-cellerelated
cytokines were investigated by immunohistochemistry, real-
time PCR, and flow cytometry. There was an increase in IL-
1b, TNF-a, and cathepsin S immunoreactivity in aged
lacrimal glands (Figure 1E). Interestingly, high IL-1b and
TNF-a protein expression levels were observed in the ductal
epithelial cells and immune cells in the areas of lymphocytic
infiltration (Figure 1E); however, immunoreactivity in
immune cells was also observed in areas without infiltration.
Cathepsin S immunoreactivity was seen in between acinar
cells (Figure 1E). A significant increase in MHC II, IFN-g,
IL-1b, TNF-a, and cathepsin S transcript levels was observed
in the aged lacrimal gland (Figure 2A). IncreasedMHC II and
IFN-g protein levels were also found in aged lacrimal gland
lysates compared with young lysates, using flow cytometry
(Figure 2B). Published studies from our laboratory have also
shown increased IFN-g expression in the conjunctiva at
protein and mRNA levels.26,36,37

A tear profile moving toward an inflammatory milieu has
also been seen in patients with dry eye and aged healthy
subjects.40e42 To investigate if aged mice have the same
inflammatory phenotype in tears as previously described in
humans,42 an array of inflammatory/immune cytokines
(IFN-g, IL-17, IL-13, IL-12p70, IL-1b, TNF-a, chemokine
(C-C motif) ligand 2, and VEGF) was investigated in tears
of young, middle-aged, and aged mice. Assays were per-
formed on four independent sets of tears, and results were
averaged. The measured concentrations of these cytokines
are shown in Figure 2C. There was a progressive increase in
IFN-g and IL-12p70 as mice aged, whereas there was a
sharp decrease in VEGF levels at 12 and 24 months
(Figure 2A). IL-17A levels were low in young mice and
remained low at all ages. IL-1b, TNF-a, and IL-13 results
were below the detection levels and are not shown.

These results indicate that aged C57BL/6 mice sponta-
neously developed inflammation, a mechanism that may be
mediated by NF-kB activation in the lacrimal gland.
Inflammatory markers can be identified in tears of aged
mice, which have the potential to cause further harm to the
ocular surface.
esentative lacrimal gland sections of young (2 to 3 months) and aged (24
were used to calculate the focus scores in the graph. Note evident areas of
esent in about 20% of cases (as in 24-montheold 2); these glands were not
e Dunn multiple comparison test. B: Representative conjunctival sections
. Insets: High magnifications of the boxed areas demarcated. Accumulative
ruskal-Wallis test was used, followed by the Dunn multiple comparison test.
owing increased NF-kB phosphorylated p65 translocation (green) and DAPI
f the boxed areas demarcated. D: NF-kB activity (phosphorylated p65/total
it (Active Motif); U-test was used. E: Representative immunohistochemistry
in young and aged lacrimal gland. Areas of lymphocytic infiltration in aged
land stained for IL-b and TNF-a (red), showing immunoreactivity in areas
d 24 months (A); n Z 7 mice aged 12 months (A); n Z 7 mice aged 2 to 3
(B); n Z 6 mice aged 24 months (B); n Z 4 to 5 per age (D). *P < 0.05,
ls); 25 mm (C, E, bottom panel, and F). Original magnification, �10 (E, top
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Figure 2 Altered inflammatory cytokines in lacrimal gland lysates and tears of aged mice. A: Relative fold expression changes of major histocompatibility
complex II (MHC II ), interferon-g (IFN-g), IL-1b, tumor necrosis factor-a (TNF-a), and cathepsin S (Ctss) in 2- to 3- and 24-montheold lacrimal glands. U-test
was used. B: Representative flow cytometry histograms showing increased expression of MHC II and IFN-g in lacrimal gland lysates. The gating strategy was as
follow: lymphocytes were identified by forward scatter area (FSC-A) and side scatter area (SSC-A) gates, followed by two singlet gates (FSC height versus FSC-A
and SSC height versus SSC-A), followed by live/dead identification using propidium iodide. Alive cells were either plotted for MHC II expression or followed by
CD45þ gate and identification of CD45þIFN-g cellþ cells. U-test was used. C: Tear washings were collected from young (2 to 3 months), middle-aged (12
months), and aged mice (24 months). Cytokines were investigated using multiplex assay. Mean concentration of IFN-g, IL12p70, vascular endothelial growth
factor (VEGF)-A, IL-17, and chemokine (C-C motif) ligand 2 (CCL2); one sample equals pooled tear washings from four eyes. Three to four independent
experiments were pooled; U-test was used. n Z 5 left lacrimal glands per age (A); n Z 5 right lacrimal glands per age (B); n Z 7 to 18 samples per age (C).
*P < 0.05, **P < 0.01, and ****P < 0.0001. FMO, fluorescence minus one; MFI, median fluorescence intensity.
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Increased Oxidative Stress in the Aged Lacrimal Gland

Oxidative stress damage occurs when levels of antioxi-
dants are imbalanced with ROS formation. Increased
oxidative stress levels have been reported in the con-
junctiva of Sjögren syndrome patients.43,44 We investi-
gated the levels of oxidative stress in lacrimal glands using
markers for protein nitration (nitrotyrosine) and lipid
peroxidation (4-HNE) by immunostaining and Western
blot analysis. The immunoreactivity to nitrotyrosine was
negative within the lymphocytic infiltration areas, but it
was concentrated in the acinar cells of the aged lacrimal
gland (Figure 3A). Minimal immunoreactivity to nitro-
tyrosine was observed in the lacrimal glands of young
mice. Western blots of total cell lysates from the aged
lacrimal glands showed increased nitrotyrosine and 4-HNE
intensity band levels in the 24-montheold compared with
the young group (P < 0.05) (Figure 3B-C). These results
confirm that oxidative stress levels are elevated in the aged
lacrimal gland.
300
Nrf2�/� Mice Have Increased Age-Related Dry Eye
Disease

There are many antioxidant defenses, such as the super-
oxide dismutase and the Nrf2 antioxidant systems.
Evidence in the literature shows that superoxide
dismutase�/� mice develop lacrimal gland infiltration and
acinar apoptosis around 1 year of age.45 The effects of Nrf2
deletion were investigated in aged lacrimal gland and the
ocular surface. Nrf2�/� mice with a mixed C57BL/SV129
background,21 were compared with their wild-type litter-
mates. Female mice were used at 2 to 3 and 12 to 13 months
of age (middle age). Histologic evaluation in hematoxylin
and eosinestained sections showed a significantly
increased focus score in both young and middle-aged
Nrf2�/� lacrimal gland when compared with those of age-
matched wild type lacrimal glands (Figure 4A).
Furthermore, greater focus scores, a measurement of

lacrimal gland infiltration, were observed in middle-aged
Nrf2�/� compared with middle-aged wild-type mice.
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Figure 3 Increased oxidative stress markers in the aged lacrimal gland. A: Representative images of lacrimal glands from young (2 to 3 months) and aged
(24 months) C57BL/6 female (F) mice stained for nitrotyrosine (green) and DAPI (blue; nuclei counterstaining), showing sections from two different animals
(F1 and F2). B: Western blot analysis for nitrotyrosine, 4-hydroxynonenal (4-HNE), and b-actin in three different biological samples from young and elderly
lacrimal gland lysates. C: Densitometry is showing nitrotyrosine/b-actin or 4-HNE/b-actin ratio. U-test was used. *P < 0.05. Scale bar Z 50 mm (A).

Antioxidant Diet in Age-Related Dry Eye
Evaluation of conjunctival goblet cell density showed that
Nrf2�/� mice had comparable age-related goblet cell loss
(Figure 4B). There was no difference in the focus score
between virgin and retired breeder middle-aged mice (data
not shown). This indicates that progressive accumulation of
unbalanced ROS has a deleterious and accentuated effect in
the lacrimal gland. Next, the uptake of a fluorescent dye was
investigated as a measurement of corneal permeability, a
hallmark of dry eye disease in humans. Data in Figure 4C
show a significant age-related increase in corneal perme-
ability in both wild-type and Nrf2�/� mice at 12 to 13
months of age; however, there was a more significant
corneal barrier disruption in the Nrf2�/� group.

Increased mRNA levels of IL-1b, MHC II, and IFN-g
mRNAwere observed in the lacrimal glands of young Nrf2�/�

compared with those of young wild-type mice, and greater
IL-1b, MHC II, TNF-a, IFN-g, and cathepsin S mRNA
transcripts were found in the lacrimal glands of middle-aged
Nrf2�/� mice compared with those of wild-type mice of the
same age (Figure 4D). These results indicate that imbalanced
and increased oxidative pathways can profoundly alter the
lacrimal gland health status with aging by promoting increased
inflammaging and tissue infiltration. These results also indicate
The American Journal of Pathology - ajp.amjpathol.org
that Nrf2 is a crucial pathway, controlling oxidative stress with
aging within the lacrimal glands.

An Nrf2-Inducer Diet Improves Age-Related Dry Eye

Diet components can modulate oxidative stress; for
example, the blueberry component pterostilbene protects
corneal epithelial cells from hyperosmolarity-induced
oxidative stress.15 A diet with 0.1% oltipraz, given to 18-
montheold mice for 2 weeks, improved age-related
oxidative stress in the liver.19 An investigation of an
Nrf2-inducing diet in aged mice was therefore performed in
this study. To accomplish this, 15.5- to 17-montheold
C57BL/6 mice were randomized to receive either a standard
diet or a diet containing 0.1% oltipraz for 8 weeks
(Figure 5A). The only difference in the diet was the addition
of oltipraz.

Tissues were collected after euthanasia when mice were
17.5 to 19 months old. Mice were weighed weekly; there
was no difference in the body mass at either the beginning
or the end of the study (data not shown). Western blots of
lacrimal gland lysates collected after treatment showed that
nitrotyrosine and 4-HNE levels were decreased in the
301
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Figure 4 Nuclear factor erythroid derived-2erelated factor 2 (Nrf2)�/� mice have more severe age-related dry eye disease. A: Representative lacrimal
gland sections stained with hematoxylin and eosin (H&E), showing increased focus score in Nrf2�/� mice compared with age-matched wild-type (WT) mice;
two-way analysis of variance was used, followed by the Sidak post hoc test. B: Accumulative data of goblet cell density measured in the conjunctiva of WT and
Nrf2�/� mice. Each dot is one animal. Kruskal-Wallis test was used, followed by the Dunn multiple comparison test. C: Representative images of corneas
stained with Oregon Green Dextran-488 (OGD) in young and middle-aged Nrf2 and WT mice. Accumulative data on the graph; each dot is one animal (average
of right and left eyes). Kruskal-Wallis test was used, followed by the Dunn multiple comparison test. D: Relative fold expression of IL-1b, tumor necrosis factor-
a (TNF-a), major histocompatibility complex II (MHC II ), interferon-g (IFN-g), and cathepsin S (Ctss) mRNA transcripts in 2- to 3- and 12- to 13-montheold
WT and Nrf2�/� lacrimal glands. Two-way analysis of variance was used, followed by the Sidak post hoc test. nZ 4 to 5 per group (D). *P < 0.05, **P < 0.01,
and ****P < 0.0001 for age comparison within the same strain; yyP < 0.01, yyyP < 0.001, and yyyyP < 0.0001 for interstrain comparison (as shown). Scale
bar Z 500 mm (C).
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oltipraz diet group, confirming its antioxidant effect
(Figure 5B). The oltipraz diet yielded a significantly lower
number of focus scores (Figure 5C), which was accompa-
nied by a significant decrease in the expression of inflam-
matory cytokine IL-1b and TNF-a mRNA levels in the
regular diet. There was no change in the levels of MHC II,
IFN-g, and cathepsin S. There was a significant increase in
the transcripts of GST-P1, a gene up-regulated by oltipraz,
in lacrimal glands in the oltipraz diet group (Figure 5D). A
decrease in the CD45þCD4þ T cells infiltrating the lacrimal
302
glands was observed by flow cytometry in the oltipraz group
(Figure 5E). Infiltration of B cells was investigated at the
gene level using CD19 specific probes, and there was a
significant decrease in CD19 mRNA in mice subjected to
the oltipraz diet (Figure 5D). Furthermore, evaluation of
conjunctival goblet cells showed that treatment with the
antioxidant diet significantly improved age-related goblet
cell loss (Figure 5F).
These results indicate that oltipraz diet improved age-

related dry eye by decreasing oxidative stress markers,
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decreasing lymphocytic infiltration and inflammatory
markers, and improving goblet cell density.
Discussion

With increased life expectancy, age-related diseases are
also expected to increase. There is a great effort to find new
therapies to improve the quality of life and prevent diseases
frequently seen in the aged population. Oxidative stress
has been recognized as part of the aging process. Many of
the questions in this study address gaps in knowledge
related to aging, with a focus on the lacrimal gland and
ocular surface. This study showed that aging is associated
with increased inflammatory and oxidative stress markers.
A diet with an Nrf2 inducer improved age-related dry eye,
whereas Nrf2�/� mice had worse lacrimal gland infiltration
with aging.

Aged lacrimal glands had considerable lymphocytic
infiltration, resembling the infiltration seen in other animal
models of Sjögren syndrome.46 The infiltration in some
glands was organized in concentric areas, resembling
germinative centers (Figure 1). Similar to our findings,
histologic evaluation of human cadaveric lacrimal glands
showed ductal dilatation that was more prevalent in older
cadavers.47 Studies in lacrimal gland biopsies have also
identified considerable immune infiltration and loss of
acinar parenchyma in older cadavers and aged rodents.47,48

Draper et al49 have shown a significant decrease in total
protein content and peroxidase secretion at basal and agonist
stimulation. A paradoxical increase in tear volume in aged
C57BL/6 mice when collected at the tear meniscus has been
shown by our group and others.50,51 The levels of certain
immunoglobulins in tears are also altered in aged mice.52

The evaluation of tear cytokines showed a progressive
increase in IFN-g and IL-12p70, accompanied by a sharp
decrease in VEGF levels as early as 12 months of age. IFN-
g and IL-13 have opposite effects on the ocular surface,
promoting goblet cell apoptosis and homeostatic mainte-
nance, respectively.28,32 Healthy subjects have increased
ocular symptoms and worse tear breakup film as they
age.41,42 It has been shown that IL-8, IL-6, TNF-a con-
centration levels had a positive correlation (increase) with
age in aged subjects who did not have dry eye.42 At the
same time, aged tears have decreased levels of specific
growth factors, such as insulin-like growth factor type 1.53

The net result is proinflammatory tears. VEGF has potent
angiogenesis properties; however, it can also be neuro-
protective in vitro and in vivo.54,55 VEGF expression can be
found in cornea epithelial cells, ciliary body and retina, and
lacrimal gland.56e58 VEGF is secreted in tears of normal
subjects,59 and increased levels are found in tears of diabetic
patients who progressed to diabetic retinopathy.60 The sharp
decrease in VEGF in tears of aged mice corresponded to the
same time points when decreased corneal innervation and
corneal sensitivity are observed,61,62 suggesting loss of
The American Journal of Pathology - ajp.amjpathol.org
VEGF in tears might facilitate corneal neuron loss, although
the precise mechanisms need further investigation.

A significant increase in the levels of MHC II, IFN-g,
IL-1b, TNF-a, and cathepsin S, both at mRNA and protein
levels, and increased phosphorylation of p65 in the NF-kB
pathway were observed in the aged lacrimal gland. Bian
et al37 showed an increase in MHC II, IL-1b, IL-12, and
IFN-g mRNA transcripts protein expression in the con-
junctiva of 24-montheold female C57BL/6 mice. A typical
feature of aging is a chronic, low-grade inflammatory status
referred to as inflammaging, characterized by a general
increase in the production of proinflammatory cytokines,
such as IL-6, TNF-a, and IL-1b. Increased serum inflam-
matory mediators are associated with age-related dis-
eases.63e65 Increased serum levels of transforming growth
factor-b in centenarians can be considered a biomarker of
good health,66 whereas increased serum levels of IL-6 and
TNF-a are predictors of disability and mortality in octo-
genarians and centenarians.67 Individual differences in
regulating proinflammatory and anti-inflammatory cyto-
kines may be critical in the outcome of age-related in-
flammatory immune response. Cathepsin S is a lysosomal
protein that is highly abundant in the lysosomal compart-
ments of phagocytic cells, such as antigen-presenting cells
and macrophages, where it is thought to participate in the
MHC II presentation.68 Interestingly, cathepsin S is also
found in lacrimal gland acinar cells,69,70 and increased
levels of cathepsin S in tears have been suggested as a
novel biomarker in dry eye and Sjögren syndrome.71 NF-
kB is a major inflammation-signaling pathway used by
epithelial cells and dendritic cells. Knockout of the nega-
tive regulator nfkb1 subunit of the transcription factor NF-
kB has been shown to induce premature aging in mice,
because of constitutive activation of the NF-kB pathway,72

and modulation of NF-kB pathway has been proposed as
an anti-aging therapy.73

Many theories of aging aim to understand the causes of
cell decline and dysfunction that accompany chronological
aging. The concept of oxidative stress leading to aging was
first proposed in 1956 by Harman.74 Nitrotyrosine has been
identified as an indicator of cellular damage, inflammation,
and production of nitric oxide 3, whereas 4-HNE, one of the
main products of lipid peroxidation, is increased in oxida-
tive stress. The results showed increased levels of both
markers, confirming increased oxidative stress levels in the
aged lacrimal gland. Previous studies have demonstrated a
link between increased oxidative stress levels and ocular
surface disease and lacrimal gland inflammation.75

Increased lacrimal gland infiltration, inflammation, and
decreased tear secretion in inducible Tet-mev-1 mice has
been shown to occur. Due to increased levels of ROS sec-
ondary to a higher electron transport chain in mitochon-
dria.75 The superoxide dismutase�/� mice have accelerated
aging, mitochondrial dysfunction, and lacrimal gland infil-
tration. Increased lipid and protein oxidation markers have
been found in the conjunctiva of patients with dry eye and
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Sjögren syndrome.5,43,44,76,77 There is an increased interest
in modulating oxidative stress damage as a therapy for dry
eye.11e17

There is increasing evidence in the literature regarding
the role of Nrf2 and aging. Nrf2�/� mice have been shown
to develop accelerated aging in the retina and have
increased inflammatory responses to lipopolysaccha-
ride.78,79 The Hutchinson-Gilford progeria syndrome,
which has accelerated aging, has been shown to have
impaired Nrf2 transcriptional activity and consequently
increased chronic oxidative stress.80 The findings showing
that aging is accompanied by oxidative stress were pro-
vided by evaluating the Nrf2�/� mice, in which lacrimal
gland focus score, corneal barrier disruption, and inflam-
matory markers were increased as early as 2 to 3 months
of age (Figure 4). Chronological aging to 1 year increased
both the foci and the inflammation to levels higher than the
ones observed in the 24-montheold C57BL/6 mice.
Furthermore, Nrf2�/� mice exhibited high levels of
proinflammatory cytokines.81

There was a significant goblet cell loss with aging in
this study in the C57BL/6 mice, but no difference in the
Nrf2�/� strain as compared with wild-type mice. Goblet
cells are highly secretory cells that secrete immunoregula-
tory factors, such as retinoic acid and transforming growth
factor-b, in addition to mucins.82e84 Maintenance of
conjunctival goblet cells has been associated with
ocular health; several US Food and Drug
Administrationeapproved drugs for dry eye improve goblet
cell density.85e89 Goblet cells are responsive to the in-
flammatory milieu in the conjunctiva. It has been shown
that IL-13 is a homeostatic factor for goblet cells, whereas
IFN-g causes apoptosis, conjunctival metaplasia, and in-
duction of unfolded protein response in goblet
cells.28,32,90e92 McClellan et al36 were the first to report a
significant decrease in conjunctival goblet cells in aged
C57BL/6 mice. The 15-montheold IFN-g knockout
C57BL/6 mice have decreased age-related goblet cell loss
compared with age- and sex-matched controls.26 Interest-
ingly, Lpr mice in a Balb/c background develop several
Sjögren syndrome features, but have increased conjunctival
goblet cell density compared with wild-type mice.93 This is
thought to be related to the mouse background, as Balb/c
mice are type 2 helper T-celleprone mice.
Figure 5 Nuclear factor erythroid derived-2erelated factor 2einducing diet im
15.5 to 17 months were randomized to receive either standard diet (SD) or a medic
analysis for nitrotyrosine, 4-hydroxynonenal (4-HNE), and b-actin in lacrimal gla
ratios after 2 months; U-test was used. C: Representative LG sections stained with
diet; accumulative data on the graph on the right. Areas of infiltration are demarca
and glutathione S-transferase P (GST-P1), showing decreased inflammatory mRNA
collagenase-digested lacrimal glands stained with live/dead dye, CD45, and CD
CD45þCD4þ T cells measured by flow cytometry. U-test was used. F: Representat
showing increased goblet cell density with the OTZ diet. Insets: Higher magnificat
n Z 4 per group (B); n Z 6 to 7 per group (C); n Z 4 to 5 per group (D); n
****P < 0.0001. Scale bar Z 100 mm (F). Ctss, cathepsin S; FSC-A, forward sc
histocompatibility complex; SSC-A, side scatter area; SSC-H, side scatter height;
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Some studies have shown that aging can be delayed. Studies
with calorie restriction without malnutrition have shown that
lifespan can be expanded in worms, rats, and mice.94,95 The
administration of antioxidant-rich diets can be used to delay
free radical activity in age-associated physiological changes
and increase body lifespan.19,74,96,97 Our studies showed that
the use of an Nrf2-inducing diet (oltipraz) for 8 weeks in 19-
montheold mice showed not only an improvement in oxida-
tive stress levels and lacrimal gland focus score, but also a
reduction in IL-1b and TNF-a, but not MHC II, cathepsin S,
and IFN-g. There was also a beneficial effect on the ocular
surface, as an increase in conjunctival goblet cells was noted.
Published studies from our laboratory have shown that
C57BL/6 mice display loss of goblet cells around middle
age.36 Treatment was initiated at 15.5 to 17 months to
demonstrate therapeutic rather than preventative effects.
However, it is possible that an earlier start (before 15 months)
or prolonged treatment (>8weeks) could further modulate the
age-related increase in MHC II, IFN-g, and cathepsin S.
Oltipraz was initially used to inhibit tumor growth in different
organs in rodents and recently has been used for therapy and
prevention of oxidative stress, both in vitro and
in vivo.19,98e100 Oltipraz diet for 2 weeks in 18-montheold
mice increased glutathione levels in the liver.19 In cisplatin-
induced kidney disease, oltipraz improved cell survival and
increased antioxidant genes GCLC and NQO1 in vitro.99

Oltipraz oral gavage also improved heart function and
decreased IL-1b and TNF-a protein levels in a heart failure
model in rats.100 Systemic activation of Nrf2 by Keap1
knockdown has been shown to modulate autoimmunity in the
scurfy mouse, an autoimmune strain devoid of regulatory T
cells; striking ameliorated results were seen in the liver, skin,
and lung pathology.101 Of note, the authors showed a signif-
icant decrease in cytokine production by CD4 and CD8þ T
cells and a significantly increased life span survival of these
autoimmune mice (60 versus 21 days).101

Although the scientific community is making progress in
better understanding the confluence between aging and
ocular diseases, there is a lack of information on how these
mechanisms can be associated. The current studies show
that targeting oxidative stress with Nrf2-inducing therapies
can delay and modify age-related alterations in both the
lacrimal gland and ocular surface. They also shed light on
the intersection of inflammation, aging, and ocular surface
proves age-related dry eye. A: Schematic of diets used. C57BL/6 mice aged
ated diet containing 0.1% oltipraz (OTZ) for 2 months. B: Western blot (WB)
nd (LG) lysates comparing SD and OTZ diets and densitometry showing WB
hematoxylin and eosin (H&E), showing decreased focus score after the OTZ
ted; U-test was used. D: Gene expression analysis of inflammatory cytokines
in LG after OTZ diet. E: Representative dot plots, showing gating strategy of
4 antibodies. Accumulative graph on the right shows the frequency of

ive images of conjunctiva sections stained with periodic acid-Schiff (PAS),
ions of the boxed areasdaccumulative graph on the right; U-test was used.
Z 5 per group (E); n Z 6 per group (F). *P < 0.05, **P < 0.01, and

atter area; FSC-H, forward scatter height; IFN-g, interferon-g; MHC, major
TNF-a, tumor necrosis factor-a.
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health. New treatments and therapeutic approaches in this
direction have the potential to reduce ocular diseases that are
accompanied by aging.
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