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An imbalance between free radical generation and
radical scavenging antioxidant systems results in oxidative stress, which has been associated with cell
injury observed in many age-related diseases. The superoxide dismutase (SOD) family is a major antioxidant system, and deficiency of Cu,Zn-superoxide dismutase-1 (Sod1) in mice leads to many different
phenotypes that resemble accelerated aging. In this
study we examined the morphologic features and the
secretory functions of the lacrimal glands in Sod1ⴚ/ⴚ
mice. Lacrimal glands showed atrophy of acinar
units; fibrosis; infiltration with CD4ⴙ T cells, monocytes, and neutrophils; increased staining with both
4-hydroxy-2-nonenal and 8-hydroxy-2=-deoxyguanosine; increases in apoptotic cells; and the presence of
the epithelial-mesenchymal transition in senescent

Sod1ⴚ/ⴚ mice. Electron microscopy findings revealed
evidence of epithelial-mesenchymal transition, presence of swollen and degenerated mitochondria, and
the presence of apoptotic cell death in the lacrimal
glands of senescent Sod1ⴚ/ⴚ mice. These alterations
were also associated with the accumulation of secretory vesicles in acinar epithelial cells, decreased production of both stimulated and nonstimulated tears,
and a decline in total protein secretion from the lacrimal glands. Our results suggest that Sod1ⴚ/ⴚ mice
may be a good model system in which to study the
mechanism of reactive oxygen species–mediated lacrimal gland alterations. (Am J Pathol 2012, 180:
1879 –1896; DOI: 10.1016/j.ajpath.2012.01.019)

Aging is associated with damage to tissues by free radicals.
An imbalance between generation of free radicals and radical scavenging antioxidant systems results in oxidative
stress, a condition that has been associated with cell injury
observed in many age-related diseases and is also considered a major factor in the process of senescence.1 One of
the well-known antioxidant defense systems is superoxide
dismutase (SOD), an enzyme system that is composed of
three isozymes: SOD1, SOD2, and SOD3. Among them,
SOD1 is widely distributed in the tissues and represents
90% of the total SOD activity.2,3
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Previously, Imamura et al4 reported that Sod1 gene
knockout in a mouse model was associated with signs of
oxidative stress–related retinal damage and features of
age-related macular degeneration (AMD), an aging disease of the human retina.
The prevalence of AMD in the US population 40 years
or older is estimated to be 1.47%.5 Even more prevalent
than AMD is another age-related ophthalmic disorder, the
dry eye disease, the prevalence of which varies from
3.98% to 9.80% in the United States.6 Dry eye, which is a
visually disabling disease,6 has been reported to be a
major public health issue in many societies with a significant effect on quality of life and especially on the visual
quality of patients with this disorder.6
Evidence from mouse models and human studies of
dry eye disease showed decreased tear production, corneal epithelial damage, and lacrimal gland inflammation
as important alterations in the pathogenesis of dry eye
disease.7–13 With the aim to investigate the eligibility of
the Sod1 knockout (Sod1⫺/⫺) mice as a model for agerelated dry eye disease, we studied the functional and
histopathologic alterations of the lacrimal gland in the
Sod1⫺/⫺ mice, comparing the results with wild-type (WT)
mice. We also investigated the histopathologic changes
in human lacrimal gland samples obtained soon after
death from young and elderly individuals.

Materials and Methods
Animals
Seventeen Sod1⫺/⫺ male mice with C57BL/background
and 14 C57BL6 strain WT male mice were examined at
10 and 50 weeks in this study. The Sod1⫺/⫺ mice were
received from the Tokyo Metropolitan Institute of Gerontology and the WT C57BL/6 mice were purchased from
Japan Clea (Osaka, Japan). Sod1⫺/⫺ mice were backcrossed to Sod2flox/flox14 for two generations to obtain the
Sod1⫺/⫺, Sod2flox/flox. All studies were performed in accordance with the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.

Aqueous Tear Production Measurements
Aqueous tear production was measured with phenol red–
impregnated cotton threads (Zone-Quick, Showa Yakuhin
Kako Co., Ltd., Tokyo, Japan) without anesthesia. The validity of this test in mice has been previously described.15
The threads were held with a jeweler forceps and then
immersed into the tear meniscus in the lateral canthus for 60
seconds. The length of wetting of the thread was measured
in millimeters. Aqueous tear production was weight adjusted by dividing the amount of total aqueous tear produced in 60 seconds by weight. In a separate experiment to
determine the incidence of dry eye disease, 40 Sod1⫺/⫺
male mice and 118 WT male mice aged 50 weeks underwent weight and aqueous tear production measurements.
To be able to define the incidence of dry eye disease in
mice, we defined dry eye disease as a cotton thread test
value of ⬍0.1 mm/g and a corneal fluorescein staining

score exceeding 3 points. We then calculated the percentages of mice with dry eye disease in each group.

Ocular Surface Epithelial Damage Assessment
Corneal fluorescein staining was evaluated with slit lamp
biomicroscopy using cobalt blue light after instillation of 2
L of 0.5% sodium fluorescein. Excess of fluorescein was
wiped from the lateral tear meniscus. The cornea was examined with a handheld slit lamp 2 minutes after fluorescein
instillation. Punctuate staining was recorded using a grading system of 0 to 3 points for superior, central, and inferior
corneal areas. The fluorescein staining scores ranged from
a minimum of 0 to a maximum of 9 points.

Pilocarpine-Stimulated Aqueous Tear
Production Measurements
Tear secretion was stimulated 3 minutes after anesthesia
(6 mg/mL of ketamine and 4 mg/mL of xyladine) by intraperitoneal injection of 0.06% pilocarpine solution (3 mg/
kg; Santen Pharmaceutical Co., Ltd., Osaka, Japan), a
nonselective muscarinic receptor agonist of the parasympathetic nervous system. Tears were collected from the
lateral canthus for 15 minutes using 5 L of graded
capillary microglass tubes (Hirschmann Laborgerate and
GmbH & Co., Eberstadt, Germany), and graticule readings were recorded at the end of each measurement.

Lacrimal Gland Carbachol–Stimulated Total
Protein Secretion Measurements
The nerves in the lacrimal gland provide the major stimuli
for secretion of proteins, electrolytes, and water.16 –18 To
test the total protein secretion from the lacrimal glands,
we exposed lacrimal gland fragments to cholinergic agonists and measured the amount of protein secreted in
response to carbachol, a drug that binds and activates
the acetylcholine receptor. Mice lacrimal glands were
weighed before being cut into small fragments of 1 to 2
mm with a scalpel blade. The fragments were washed in
5 mL of saline solution containing 116 mmol/L NaCl, 5.4
mmol/L KCl, 1.8 mmol/L CaCl2, 0.81 mmol/L MgCl2, 1.01
mmol/L NaH2PO4, 26.2 mmol/L NaHCO3, and 5.6 mmol/L
dextrose (pH 7.4), maintained at 37°C and vigorously
bubbled with 95% O2 and 5% CO2 in a beaker for 10
minutes. The solution was changed three times and discarded. The gland fragments were then incubated in 1
mL of saline for 10 minutes at 37°C, and the saline was
removed and replaced with fresh medium. This cycle was
repeated three times, and the saline was collected after
each 10-minute incubation. The protein level measured in
these samples represented the basal total protein secretion from the glands. After another 10 minutes of incubation, the medium was removed and saved, and the protein levels in these solutions represented the stimulated
total protein secretion in response to carbachol. One
gland was used in each experiment. The lacrimal gland
samples were analyzed for total protein with a Coomassie
protein assay kit (Pierce, Rockford, IL). Bovine serum
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albumin was used as the standard protein, and standards
were run with each assay. Protein concentrations were determined from the standard curves measured with each
assay. The assays were performed in a microplate reader
(model EL 808; Bio-Tek Instruments, Winooski, VT) at
595 nm. Both samples and standards were read in
duplicate in 96-well flat-bottomed microplates (Costar;
Corning Inc., Corning, NY). Total protein concentration
was determined with the software provided by the
manufacturer (KC4 version 2.7; Bio-Tek Instruments).
Stimulated protein secretion was calculated by subtracting the basal protein secretion levels from the
post– carbachol-stimulated protein secretion levels.
The readings from the plate reader were then converted to micrograms per milliliter per minute.

Flow cytometric analysis was performed using a FACSCalibur flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA). Data were acquired and
analyzed using the Becton Dickinson Cytometric Bead
Array software version 1.4 (BD Bioscience).19

Tear Fluid Collections

Histopathologic Assessment of Lacrimal Gland
Specimens

A total of 10 L of 0.1 mol/L PBS was introduced onto the
ocular surface by a micropipette and then collected with
a 10-L glass capillary tube (Hirschmann Laborgerate
and GmbH & Co) from the lateral canthus. This procedure was performed at 10 and 50 weeks in both Sod1⫺/⫺
and WT mice. Collected tears were stored at ⫺80°C until
tear cytokine concentration assessments.

Cytometric Bead Array for Assessment of
Inflammatory Cytokines in Tears
The Becton Dickinson Cytometric Bead Array system was
used to investigate the sensitivity of amplified fluorescence detection by flow cytometry to measure soluble
analyses in particle-based immunoassay. Each bead
provides a capture surface for a specific protein and is
analogous to an individual coated well in an enzymelinked immunosorbent assay (ELISA) plate. The testing
allows the detection of multiple analyses in a small-volume sample. We quantitatively measured IL-6, IL-10,
monocyte chemoattractant protein-1 (MCP-1), interferon
(IFN)-␥, tumor necrosis factor (TNF), and IL-12p70 protein levels in tears and serum samples using the mouse
inflammation kit (BD Bioscience, Franklin Lakes, NJ).
Blood was collected from the intracardiac space and
centrifuged at 9100 ⫻ g for 5 minutes at 4°C. Serum was
separated from the clotted blood and stored at ⫺80°C.
After reconstituting the mouse inflammation standards,
the cytokine standard mixture (20 L) and the tear and
serum (20 L) samples were diluted with 30 L of the
assay diluent. The standards and samples were added to
a mixture of 50 L of capture antibody-bead reagent
and detector antibody-phosphatidylethanolamine phycoerythrin reagent. The mixture (150 L) was subsequently
incubated for 2 hours at room temperature and washed
with 1 mL of wash buffer (from the kit) to remove unbound
detector antibody-phycoerythrin reagent. After washing,
the samples and standards were centrifuged at 200 ⫻ g
for 5 minutes, and then the supernatants were carefully
removed. The bead pellets were resuspended with 300
L of wash buffer before data acquisition using flow
cytometry.

Lacrimal Gland Specimen Collections
Animals were sacrificed at 10 and 50 weeks. The preauricular lacrimal glands were rapidly removed by trimming
the glands from the surrounding tissues. Samples were
divided and fixed in 4% buffered paraformaldehyde for
stainings or stored in 2.5% glutaraldehyde in 0.1M phosphate for electron microscopy or were prepared for protein secretion analysis.

All lacrimal gland specimens were immediately fixed in
4% buffered paraformaldehyde, embedded in paraffin
wax, cut into 4-m–thick paraffin sections, and processed according to conventional histological techniques, including H&E and Mallory stainings.20,21

Lacrimal Gland Acinar Unit and Secretory
Vesicle Density Quantifications
Five randomly selected nonoverlapping areas in each
specimen in 890 ⫻ 705-m frames were digitally photographed (Axioplan2imaging; Carl Zeiss, Jena, Germany).
A total of five images from each Sod1⫺/⫺ or WT mouse
were taken with the photographer masked to the mouse
genetic information. The acinar units and secretory vesicles were counted manually, and scores from the samples were averaged as the lacrimal acinar unit density for
that lacrimal gland.

Lacrimal Gland Inflammatory Cell Density
Assessment
Using an image capturing software (Adobe Photoshop
Creative Suite version 8.0.1, San Jose, CA), a subset of
color that indicated the stained areas (brown color) was
selected from the raw pictures and analyzed using ImageJ version 1.410 (NIH, Bethesda, MD). The density of
inflammatory cells in each picture was measured and
expressed in pixels.2

IHC Staining for Oxidative Stress Markers and
CD45 Panleukocyte Antigen
Lipid peroxidation was assessed by immunohistochemical (IHC) detection of 4-hydroxy-2-nonenal (4-HNE). Oxidative DNA damage was investigated by IHC staining
with anti– 8-hydroxy-2=-deoxyguanosine (8-OHdG) antibodies. The avidin-biotin-peroxidase complex (ABC)
method was used in immunostainings. Tissues were fixed
overnight in a 4% buffered paraformaldehyde solution
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and processed for paraffin embedding. Sections 4 m
thick were cut from paraffin wax blocks, mounted on
precoated glass slides, deparaffinized, and rehydrated.
To block nonspecific background staining, lacrimal gland
sections were treated with normal horse serum (Vector
Laboratories, Burlingame, CA) for 2 hours at room temperature. The tissues were then treated with mouse anti–
8-OHdG monoclonal antibody at a concentration of 10
g/mL diluted with horse-blocking serum (Japan Institute
for the Control of Aging, Shizuoka, Japan) and anti– 4HNE monoclonal antibody at a concentration of 25 g/mL
diluted with horse-blocking serum (Japan Institute for the
Control of Aging) for 2 hours at room temperature. For the
negative controls, the primary antibody was replaced
with mouse IgG1 Isotype control (MOPC-21; Sigma, St.
Louis, MO). Endogenous peroxidase activity was
blocked using 3.0% H2O2 in methanol for 3 minutes. The
sections were incubated for 30 minutes with biotin-labeled horse anti-mouse IgG serum (Vector Laboratories),
followed by avidin-biotin-alkaline phosphatase complex
treatment (Vector Laboratories) for 30 minutes. The sections were washed in PBS buffer, developed in 3,⫺3=diaminobenzidine (DAB) chromogen solution (Vector
Laboratories), lightly counterstained with hematoxylin for
4 minutes at room temperature, washed with tap water,
dehydrated, and mounted. For CD45 IHC stainings, we
used the purified anti-mouse CD45 antibody solution diluted with rabbit blocking serum at a concentration of 10
g/mL (BioLegend, San Diego, CA) and the peroxidase
system Vectastain ABC kit (rat IgG; Vector Laboratories).
To block nonspecific background staining, lacrimal gland
sections were treated with normal rabbit serum (Vector
Laboratories) for 2 hours at room temperature. The tissues were then treated with 10 g/mL of anti-mouse
CD45 for 2 hours at room temperature. For the negative
controls, the primary antibody was replaced with rat
IgG2B isotype control at the same concentration of the
primary antibody (R&D Systems, Minneapolis, MN). Endogenous peroxidase activity was blocked using 3.0%
H2O2 in methanol for 3 minutes. The sections were incubated for 30 minutes with biotin-labeled rabbit anti-rat
IgG serum (Vector Laboratories), followed by avidin-biotin-alkaline phosphatase complex treatment (Vector Laboratories) for 30 minutes. The sections were washed in
0.1M PBS, developed in prepared DAB chromogen solution (Vector Laboratories), lightly counterstained with
hematoxylin for 4 minutes at room temperature, washed
with tap water, dehydrated, and mounted.

Fluorescent IHC Staining for EMT Markers and
Inflammatory Cell Markers
Epithelial mesenchymal transition (EMT) has been reported to play a crucial role in fibrosis of tissues.22,23 To
evaluate whether EMT is involved in the pathogenesis of
fibrosis in aged SOD1⫺/⫺ mice, mice lacrimal gland
specimens were immunostained with epithelial cell
marker (E-cadherin) and mesenchymal cell marker [␣smooth muscle actin (SMA)]. To evaluate the continuity of
basement membrane in acinar units, type I collagen was

immunostained. IHC for EMT markers was performed as
described previously.24
To differentiate the type of inflammatory cells in the
lacrimal gland, specimens were immunostained with
CD4, CD11b, and Gr-1 antibodies. Fluorescent IHC was
performed as follows. Briefly, cryosections (6 m) from
mouse lacrimal gland were fixed in 4% paraformaldehyde for 20 minutes. After blocking with 1% bovine serum
albumin PBS containing 2% donkey serum, sections were
incubated overnight with primary antibodies. After washing with PBS, the sections were incubated for 30 minutes
with secondary antibodies and observed using a fluorescence microscope (Carl Zeiss, Oberkochen, Germany).
For negative control, isotype control IgG was applied
instead of primary antibody. The specimens were immunostained with the following primary antibodies: rabbit
anti–␣-SMA antibody (0.01 mg/mL, ab5694; Abcam, Boston, MA), rat anti–E-cadherin antibody (0.01 mg/mL,
ab11512; Abcam), rabbit antitype I collagen antibody
(0.01 mg/mL, ab292; Abcam), rat anti-CD4 antibody
(0.01 mg/mL, 14 – 0041; eBioscience, San Diego, CA), rat
anti-CD11b (0.026 mg/mL, ab8878; Abcam), and rat
anti–Gr-1 (0.01 mg/mL, ab25377; Abcam). The secondary antibodies were fluorescein isothiocyanate– conjugated anti-rabbit IgG antibody (0.0075 mg/mL; Jackson
Immunoresearch Laboratories, West Grove, PA) and fluorescein isothiocyanate– conjugated anti-rat IgG antibody
(0.0075 mg/mL; Jackson Immunoresearch Laboratories).
DAPI (Vector Laboratories) was used for nuclear staining.

Immunofluorescence Staining for Apoptosis
Markers
Terminal deoxyribonucleotidyl transferase–mediated deoxyuridine triphosphate digoxigenin nick end labeling
(TUNEL) staining was performed using the in situ Cell
Death Detection Kit, TMR Red (Roche Applied Science,
Mannheim, Germany). Initially, 10 g/mL of proteinase K
(Roche Applied Science) in 10 mmol/L Tris/HCl (pH 7.4)
was applied to the lacrimal gland specimens and left for
15 minutes at room temperature. After washing the samples with 0.1M PBS twice, TUNEL reaction mixture
(Roche Applied Science) was added to the samples and
the label solution on the negative control sample, which
were then incubated at 37°C for 60 minutes in a dark
room. The specimens were rinsed in 1M PBS for 5 minutes three times, and then 100 L of 0.5 g/mL of DAPI
diluted in Tris-buffered saline and Tween-20 was added
on samples for 5 minutes at room temperature. Finally,
the specimens were washed with 1M PBS and mounted
with aqueous mounting medium Permafluor (Beckman
Coulter, Marseille, France). Caspase-3 immunofluorescent staining was performed using the Alexa Fluor 488
Goat Anti-Rabbit SFX Kit (Molecular Probes, Eugene,
OR). The samples were initially blocked with four drops of
Image-iT FX signal enhancer (Molecular Probes) for 30
minutes and then with 10% normal goat serum (Dako,
Tokyo, Japan) diluted in Block-Ace solution (dilution factor 1:25 in 0.1M PBS) for 2 hours. Primary cleaved
caspase-3 antibody (dilution factor 1:200; Cell Signaling,
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Danvers, MA) was added on the specimens, which
were kept refrigerated overnight at 4°C. Subsequently,
after wash with 0.1M PBS, the secondary antibody
anti-IgG Alexa 488 (dilution 1:200; Molecular Probes)
was applied for 45 minutes in a dark incubation chamber.
After wash with 0.1M PBS, specimens were coverslipped
with fluorescent mounting medium with DAPI (Vectashield;
Vector Laboratories). Sections were examined and photographed with an epifluorescence microscope
(Axioplan2imaging; Carl Zeiss).

Transmission Electron Microscopy Examination
Lacrimal gland specimens were immediately fixed with
2.5% glutaraldehyde in 0.1M PBS (pH 7.4) immersed for
4 hours at 4°C, and then washed three times with 0.1M
PBS solution. The samples were then postfixed in 2%
osmium tetroxide, dehydrated in a series of ethanol and
propylene oxide, and embedded in epoxy resin. Onemicrometer sections were stained with methylene blue,
and the lacrimal gland tissues were thin sectioned on an
Ultratome (LKB, Gaithersburg, MD) with a diamond knife.
Sections were collected on 150-mesh grids, stained with
uranyl acetate and lead citrate, examined, and photographed using an electron microscope (model 1200 EXII;
JEOL, Tokyo, Japan).

Serum 8-OHdG Concentrations Assessed by
ELISA
A commercially available 8-OHdG ELISA kit (Japan Institute for the Control of Aging) was used to determine the
serum 8-OHdG concentration, as reported previously.25
A total of 200 L of serum was used for 8-OHDG measurements.

Lacrimal Gland IHC Staining for Oxidative Stress
and Inflammatory Cell Markers in Humans
Postmortem human lacrimal gland tissues from 6 individuals 17 to 48 years old (the young group) and 6 individuals 76 to 87 years old (the old group) were donated by
Dr. Hiroto Obata. The samples were studied under institutional review board permission at Keio University
School of Medicine. All lacrimal gland specimens were
immediately fixed in 4% buffered paraformaldehyde, embedded in paraffin wax, cut into 4-m–thick paraffin sections, and processed according to conventional histologic techniques, including H&E and Mallory staining
fibrosis. Oxidative stress–induced lipid peroxidation was
assessed by IHC detection of 4-HNE protein adducts.
Oxidative DNA damage was investigated by IHC staining
of 8-OHdG. The presence of inflammatory cells was investigated by IHC using anti-CD45 antibodies (concentration: 0.01 mg/mL; Dako, Glostrup, Denmark). The ABC
method was used for immunostaining. Antigen retrieval
was achieved by microwaving in 10 mmol/L sodium citrate buffer for 5 minutes then cooling for 20 minutes. The
tissues were then treated with mouse anti– 8-OHdG
monoclonal antibody at a concentration of 10 g/mL di-

luted with horse-blocking serum (Japan Institute for the
Control of Aging) and anti– 4-HNE monoclonal antibody
at a concentration of 25 g/mL diluted with horse-blocking serum (Japan Institute for the Control of Aging) for 2
hours at room temperature. For the negative controls, the
primary antibody was replaced with mouse IgG1 isotype
control (MOPC-21; Sigma). Endogenous peroxidase activity was blocked using 3.0% H2O2 in methanol for 3
minutes. The sections were incubated for 30 minutes with
biotin-labeled horse anti-mouse IgG serum (Vector Laboratories), followed by avidin-biotin-alkaline phosphatase
complex treatment (Vector Laboratories) for 30 minutes.
The sections were washed in PBS buffer, developed in
prepared DAB chromogen solution (Vector Laboratories),
lightly counterstained with hematoxylin for 4 minutes at
room temperature (4-HNE stainings), washed with tap
water, dehydrated, and mounted.

Quantitative RT-PCR for EMT Markers
Mouse lacrimal glands were preserved overnight in RNA
later (Applied Biosystems, Carlsbad, CA) after prompt
excision. Tissues were then transferred into isogen (Nippon Gene, Tokyo, Japan) and homogenized well. Total
RNA was extracted, cleaned up, and treated with DNase
using RNeasy mini kit (Qiagen, Valencia, CA). cDNA synthesis was performed using iScript cDNA Synthesis Kit
(Bio-Rad, Hercules, CA). SYBR Green– based quantitative
real-time PCR was performed using StepOnePlus system
(Applied Biosystems). Mouse glyceraldehyde-3-phosphate
(GAPDH) (sense 5=-TGACGTGCCGCCTGGAGAAA-3=, antisense, -3=AGTGTAGCCCAAGATGCCCTTCAG5=-), Snail
(sense 5=-TGGAAAGGCCTTCTCTAGGC-3=, antisense,
-3=CTTCACATCCGAGTGGGTTT5=-), E-cadherin (sense 5=GGCTTCAGTTCCGAGGTCTA-3=, antisense, -3=CGAAAAGAAGGCTGTCCTTG5=-), ␣-SMA (sense 5=-CTGACAGAGGCACCACTGAA-3=, antisense, -3=AGAGGCATAGAGGGACAGCA5=-) primers were used as templates for GAPDH,
Snail, E-cadherin, and ␣-SMA amplification. Data were normalized to GAPDH.

Results
Lack of SOD1 Accelerates Oxidative Lipid and
DNA Damage in the Lacrimal Glands and
Causes Elevation of Serum 8-OHdG Levels
Aldehyde molecules generated endogenously during the
process of lipid peroxidation have been reported to be
associated with oxidative stress in cells and tissues.26
4-HNE is one of the best recognized and most studied
cytotoxic product of lipid peroxidation.26
To evaluate the influence of the Sod1 knockout on the
lipid peroxidation process, we initially performed lacrimal
gland IHC stainings with anti– 4-HNE antibodies (Figure
1A). Specimens from 50-week-old Sod1⫺/⫺ mice exclusively showed dense staining compared with the specimens from the WT mice at 10 and 50 weeks and Sod1⫺/⫺
mice at 10 weeks (Figure 1A). The mean areas (pixels2)
of positively stained cells were 11.98 ⫾ 4.26 for WT mice
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Figure 1. Oxidative lipid and DNA changes in the lacrimal glands and alterations in serum 8-OHdG levels. A: Late-phase lipid peroxidation marker 4-HNE stained
cells positively, showing a dense staining in the 50-week-old Sod1⫺/⫺ mouse. WT mice specimens were also stained but not to the extent observed in Sod1⫺/⫺
mice. B: Acinar cell nuclei showed scanty staining with 8-OHdG antibodies in the Sod1⫺/⫺ and WT mice at 10 weeks. There was a marked increase in nuclear
staining from 10 to 50 weeks, exclusively in all Sod1⫺/⫺ mice. Relatively more acinar cellular nuclei stained with anti– 8-OHdG antibodies in the Sod1⫺/⫺ mice
at 50 weeks compared with lacrimal gland specimens from WT mice at 50 weeks. C: Semiquantitative analysis of the extent of cellular staining for 4-HNE revealed
a statistically significance increase in the 50-week-old mice group compared with the 10-week-old group and a significant elevation in staining for the Sod1⫺/⫺
mice group compared with the WT mice at 50 weeks (P ⬍ 0.0001). Error bars indicate SD from at least five independent samples. D: The mean 8-OHdG serum
concentrations were significantly higher in the Sod1⫺/⫺ than the WT mice at 10 (P ⬍ 0.05) and 50 weeks (P ⫽ 0.008). Note the significant elevation of serum
8-OHdG concentration from 10 to 50 weeks in the Sod1⫺/⫺ mice. Error bars indicate SD from at least five independent samples per group of two separate
experiments.

at 10 weeks, 12.29 ⫾ 4.64 for Sod1⫺/⫺ mice at 10 weeks,
27.23 ⫾ 12.37 for WT mice at 50 weeks, and 87.43 ⫾
30.37 for Sod1⫺/⫺ mice at 50 weeks. The extent of lacrimal gland staining with 4-HNE antibodies showed a significant increase (P ⬍ 0.0001) in both Sod1⫺/⫺ and WT
mice from 10 weeks to 50 weeks as shown in Figure 1C.
The extent of staining with 4-HNE antibodies in the
Sod1⫺/⫺ mice at 50 weeks was significantly higher (P ⬍
0.0001) than the WT mice at 50 weeks (Figure 1C).
8-OHdG is a well-known marker for oxidative stress–
induced DNA damage.26 To assess the cellular DNA
damage, we next performed IHC with anti– 8-OHdG antibodies. Acinar cell nuclei showed scanty staining with
8-OHdG antibodies in the Sod1⫺/⫺ and WT mice at 10
weeks. There was a marked increase in nuclear staining
from 10 to 50 weeks in all Sod1⫺/⫺ mice. Relatively more
acinar cellular nuclei stained with anti– 8-OHdG antibodies in the Sod1⫺/⫺ mice at 50 weeks compared with
lacrimal gland specimens from WT mice at 50 weeks
(Figure 1B). Serum 8-OHdG assessment has been shown
to be a reliable marker for elevated systemic oxidative
stress status.26 To investigate this possibility, we per-

formed ELISA to determine serum 8-OHdG concentrations in the Sod1⫺/⫺ and WT mice at both 10 and 50
weeks. The mean 8-OHdG concentrations were significantly higher in the Sod1⫺/⫺ than the WT mice at 10 (P ⬍
0.05) and 50 weeks (P ⫽ 0.008).
A significant timewise increase was seen in the mean
serum 8-OHdG concentration in the Sod1⫺/⫺ mice from
10 to 50 weeks. The mean values for serum 8-OHdG
concentrations were 0.12 ⫾ 0.01 ng/mL for WT mice at 10
weeks, 0.15 ⫾ 0.02 ng/mL for Sod1⫺/⫺ mice at 10 weeks,
0.12 ⫾ 0.01 ng/mL for WT mice at 50 weeks, and 0.27 ⫾
0.03 ng/mL for Sod1⫺/⫺ mice at 50 weeks (Figure 1D).

Oxidative Lipid and DNA Damage Is Associated
with Ultrastructural Mitochondrial Alterations
At organelle level, we could observe, by transmission
electron microscopy examination, certain ultrastructural
changes in the mitochondria, which are the power
houses of the living cells.27 Whereas the mitochondria
did not show any phenotypic alterations from 10 to 50
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Figure 2. Ultrastructural mitochondrial alterations. Transmission electron microscopic examination of WT and Sod1⫺/⫺ mice at 10 and 50
weeks revealed marked ultrastructural changes
in the mitochondria. Whereas the mitochondria
did not show any phenotypic alterations from 10
to 50 weeks in the WT mice, mitochondrial
swelling, disorientation, shortening, and disorganization of cristae were noted at 50 weeks in
the Sod1⫺/⫺ mice.

weeks in the WT or the Sod1⫺/⫺ mice at 10 weeks,
mitochondrial swelling, disorientation, shortening, and
disorganization of cristae were noted prominently at 50
weeks in 88.2% of the Sod1⫺/⫺ mice (Figure 2).

Sod1 Knockout Is Also Associated with
Increased Inflammatory Response in the
Lacrimal Gland and Elevation of Inflammatory
Cytokines in Tears and Serum
Oxidative damage has been reported to be associated
with induction of inflammation.28 –30 To check whether the
aforementioned oxidative stress changes were associated with increased lacrimal gland inflammation, we performed IHC stainings with CD45 antibodies. CD45 is a
panleukocyte marker and has been shown to be a good
marker for staining of T lymphocytes, B lymphocytes,
granulocytes, monocytes, and macrophages.31 Whereas
specimens from the 10-week-old Sod1⫺/⫺ and WT mice
showed scanty staining of inflammatory cells with antiCD45 antibodies, there was intense staining in all specimens from the Sod1⫺/⫺ mice at 50 weeks, where inflammatory cell infiltrates around glandular ducts and several
foci of inflammation could be observed. Relatively more
inflammatory infiltrates were observed in specimens from
the 50-week-old Sod1⫺/⫺ mice compared with the WT
mice (Figure 3A). To differentiate the type of inflammatory
cells in the 50-week-old Sod1⫺/⫺ mice, we performed
further IHC stainings with CD4, CD11b, and Gr-1 antibodies. CD4 is a marker of helper T cells, whereas CD11b
and Gr-1 are markers for neutrophils and monocytes,
respectively.
Using the ImageJ and Adobe Photoshop computer
software, we quantified the total inflammatory cell counts
in each specimen. The mean CD45⫹ inflammatory cell

density showed a significant timewise increase from 10 to
50 weeks in both the Sod1⫺/⫺ and WT mice (P ⬍ 0.0001
and P ⫽ 0.0031, respectively). The mean inflammatory
cell density was significantly higher in the Sod1⫺/⫺ mice
at 50 weeks compared with the WT mice (P ⬍ 0.05)
(Figure 3B). The mean CD4-, CD11b-, and Gr-1–positive
inflammatory cell densities were significantly higher in the
Sod1⫺/⫺ mice compared with the WT mice at 50 weeks.
The mean CD4-positive cell density was significantly
higher than the density of other inflammatory cells in the
Sod1⫺/⫺ mice at 50 weeks (Figure 3B).
To investigate the inflammatory cytokine alterations in
the serum and tears, we performed Cytometric Bead
Array evaluating the changes in six cytokines, including
IL-6, IL-10, IFN-␥, TNF-␣, MCP-1, and IL-12p70. Among
them, the mean serum IL-6 concentration in the Sod1⫺/⫺
mice showed a significant (P ⫽ 0.009) timewise increase
from 10 to 50 weeks (9.96 ⫾ 12.95 pg/mL to 33.62 ⫾
14.98 pg/mL). The mean serum TNF-␣ levels were also
significantly higher (P ⫽ 0.009) in the Sod1⫺/⫺ mice
(10.89 ⫾ 3.23 pg/mL) compared with the WT mice at 50
weeks (5.6 ⫾ 3.73 pg/mL). There was a significant (P ⫽
0.016) timewise increase in the mean TNF-␣ serum concentration from 10 (5.13 ⫾ 6.39 pg/mL) to 50 (10.89 ⫾
3.23 pg/mL) weeks in the Sod1⫺/⫺ mice (Figure 3C).
The mean tear IL-6 concentration also showed a significant increase in the Sod1⫺/⫺ mice from 10 to 50 weeks
(P ⫽ 0.002). The IL-6 concentration was significantly
higher (P ⫽ 0.028) in the Sod1⫺/⫺ at 50 weeks (36.88 ⫾
29.23 pg/mL) compared with the WT mice at 50 weeks
(14.08 ⫾ 11.65 pg/mL). The mean tear TNF-␣ concentration increased significantly from 10 to 50 weeks in both
the Sod1⫺/⫺ (9.96 ⫾ 12.95 pg/mL and 33.62 ⫾ 14.98
pg/mL, respectively) and the WT mice (6.82 ⫾ 10.38
pg/mL and 46.11 ⫾ 17.86 pg/mL, respectively). The
mean tear TNF-␣ concentration was significantly higher in
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Figure 3. Inflammatory lacrimal gland, serum,
and tear alterations in the Sod1⫺/⫺ and WT mice.
A: Specimens stained with CD45 in the 10-weekold Sod1⫺/⫺ and WT mice showed scanty inflammatory cells. Note the relatively more intense staining in the specimen from the Sod1⫺/⫺ mice at 50
weeks compared with the WT mice. The mean
inflammatory cell densities showed a significant
timewise increase from 10 weeks to 50 weeks in
both the Sod1⫺/⫺ and WT mice (P ⬍ 0.0001 and
P ⫽ 0.0031, respectively). Note the significantly
higher inflammatory cell density in the Sod1⫺/⫺
mice at 50 weeks compared with the WT mice
(P ⬍ 0.05). B: Specimens from the 50-week-old
Sod1⫺/⫺ mice were stained with anti-CD4, CD11b,
and Gr-1 antibodies. Note the CD4-positive cells
were dominant among inflammatory cells. The
CD4-positive cell density (lower panel) was significantly higher than either the CD11b- or Gr-1–
positive cell density. C: The mean serum IL-6 concentration in the Sod1⫺/⫺ mice showed a
significant (P ⫽ 0.009) timewise increase from 10
to 50 weeks. Serum TNF-␣ levels were also significantly higher (P ⫽ 0.009) in the Sod1⫺/⫺ mice at
50 weeks compared with the WT mice at 50
weeks. A significant (P ⫽ 0.016) timewise increase
was seen in the mean TNF-␣ serum concentration
from 10 to 50 weeks in the Sod1⫺/⫺ mice. D: The
mean tear IL-6 concentration also showed a significant increase in the Sod1⫺/⫺ mice from 10 to 50
weeks (P ⫽ 0.002). Note the significantly higher
IL-6 concentration (P ⫽ 0.028) in the Sod1⫺/⫺
mice at 50 weeks compared with the WT mice at
50 weeks. The mean tear TNF-␣ concentrations
increased significantly from 10 to 50 weeks in both
the Sod1⫺/⫺ and the WT mice. Note also the significantly higher TNF-␣ concentration in the
Sod1⫺/⫺ mice compared with the WT mice at 50
weeks (P ⬍ 0.05). Error bars indicate SD from at
least five independent samples per group of three
separate experiments. *P ⬍ 0.05.

the Sod1⫺/⫺ mice compared with the WT mice at 50
weeks (P ⬍ 0.05) (Figure 3D).
The mean tear IL-10, IFN-␥, MCP-1, and IL-12p70 levels did not show significant differences from 10 to 50
weeks in both the Sod1⫺/⫺ and WT mice. There were also
no significant differences in the mean IL-10, IFN-␥,
MCP-1, and IL-12p70 concentrations between the WT
and the Sod1⫺/⫺ mice at 50 weeks (data not shown).

IHC and Ultrastructural Evidence of Increased
Apoptosis in the Lacrimal Glands
Inflammation in the lacrimal gland has previously been
shown to be associated with apoptosis in acinar cells of

the lacrimal glands in dry eyes associated with Sjögren
syndrome.32,33 To investigate whether elevated oxidative
damage and inflammation status were associated with
increased cell death in the lacrimal glands of the current
mouse model, we performed immunofluorescence staining with TUNEL and caspase-3 antibodies. TUNEL assay
has been used to detect the DNA breakpoints and assess apoptotic cells.34 Lacrimal gland samples from all
Sod1⫺/⫺ mice at 50 weeks showed marked positive
staining with TUNEL for apoptotic cells (572.21 cells/
mm2) compared with specimens from Sod1⫺/⫺ mice at
10 weeks (110.05 cells/mm2) and WT mice at 50 weeks
(247.21 cells/mm2). Increased positive staining was also
observed for the WT mice lacrimal gland specimens from
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Figure 4. IHC and ultrastructural evidence of apoptosis in the lacrimal glands. A: Lacrimal gland samples from all Sod1⫺/⫺ mice at 50 weeks showed marked
positive staining with TUNEL for apoptotic cells (572.21 cells/mm2) compared with specimens from Sod1⫺/⫺ mice at 10 weeks (110.05 cells/mm2) and WT mice
at 50 weeks (247.21 cells/mm2). Increased positive staining was also observed for the WT mice lacrimal gland specimens from 10 weeks (27.11 cells/mm2) to 50
weeks (247.21 cells/mm2). B: Specimens from the Sod1⫺/⫺ mice at 50 weeks displayed relatively more positive staining (178.63 cells/mm2) with caspase-3
antibodies for apoptotic cells compared with specimens from Sod1⫺/⫺ mice at 10 weeks (65.39 cells/mm2) and WT at 50 weeks (116.43 cells/mm2). C: Note the
evidence for apoptosis (A; arrows) in acinar epithelial cells by transmission electron microscopy. Specimens from the Sod1⫺/⫺ mice at 50 weeks exclusively and
prominently displayed fragmentation and shrinkage of the nuclei, cytoplasmic vacuole formation, and loss of nuclear membranes. The areas indicated by circles
and ellipses correspond to the lacrimal gland acinar ducts (D). Images are representatives of at least five independent samples per group.

10 weeks (27.11 cells/mm2) to 50 weeks (247.21 cells/
mm2) (Figure 4A). We also performed cleaved caspase-3
staining by immunofluorescence. Caspase-3 has been regarded to be an important mediator of apoptosis.35 Specimens from the Sod1⫺/⫺ mice at 50 weeks displayed relatively more positive staining (178.63 cells/mm2) with
caspase-3 antibodies for apoptotic cells compared with
specimens from Sod1⫺/⫺ mice at 10 weeks (65.39 cells/
mm2) and WT mice at 50 weeks (116.43 cells/mm2) (Figure
4B). We also sought for evidence of apoptosis in acinar
epithelial cells by transmission electron microscopy. A total
of 88.2% of the specimens from the Sod1⫺/⫺ mice at 50
weeks displayed marked fragmentation and shrinkage of
the nuclei, cytoplasmic vacuole formation, and loss of nuclear membranes (Figure 4C). Such changes were not observed in specimens of WT mice at 10 and 50 weeks and
Sod1⫺/⫺ mice at 10 weeks (data not shown).

Lacrimal Gland Fibrosis and Related Morphologic
Alterations in the Sod1⫺/⫺ and WT Mice
As shown in Figure 5A, lacrimal glands removed from the
10-week-old WT and Sod1⫺/⫺ mice showed normal duc-

tal and acinar cell morphologic features and lobular architecture separated by interlobular connective tissue. At
50 weeks, lacrimal glands in the Sod1⫺/⫺ mice exclusively developed a severe inflammatory response with
inflammatory cells invading the interlobular spaces surrounding both acinar and ductal cells. Lobular atrophy
due to atrophy of the acinar cells, interlobular and periductal fibrosis, and interlobular duct dilatation were observed. Slight periductal and interlobular fibrosis together
with a few inflammatory cells were also noted in the WT
mice lacrimal gland specimens. To further describe the
extent of fibrosis, Mallory staining was performed, which
stains areas of fibrosis with a dark blue color.20,21 Almost
no interlobular fibrosis was observed in both Sod1⫺/⫺
and WT mice at 10 weeks. Extensive interlobular and
periacinar Mallory staining was observed in the lacrimal
gland specimens of all Sod1⫺/⫺ mice at 50 weeks, with
some slight interlobular positive staining observed in the
age-matched WT mice (Figure 5B).
To quantify the lacrimal gland acinar unit densities, we
counted the number of acinar units within a fixed area for all
samples. We observed that there were no statistically significant differences between the mean acinar unit densities
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of Sod1⫺/⫺ (780.89 ⫾ 150.05 units/m2) and WT (794.39 ⫾
78.75 units/m2) mice at 10 weeks. There was a decrease
in the mean acinar unit densities from 10 weeks to 50 weeks
in both Sod1⫺/⫺ and WT mice (Figure 5C). The mean acinar
unit density in the lacrimal gland specimens of the Sod1⫺/⫺

mice at 50 weeks (379.72 ⫾ 92.78 units/m2) was significant lower than the acinar unit density in the WT mice at 50
weeks (514.58 ⫾ 47.43 units/m2) (P ⬍ 0.001).

Evaluation of EMT in Lacrimal Glands of
Sod1⫺/⫺ and WT Mice
To further study the processes involved in lacrimal gland
fibrosis, we decided to investigate the presence of EMT
in the lacrimal gland. Lacrimal gland specimens were
immunostained with epithelial and mesenchymal markers, namely, E-cadherin and ␣-SMA. Type I collagen was
expressed in basement membranes of acinar cells in
both Sod1⫺/⫺ and WT mice (Figure 6, A–D). In eyes of
50-week-old Sod1⫺/⫺ mice, disruption of basement
membrane was observed (Figure 6D). ␣-SMA immunostaining was observed in the periacinar areas of the epithelial cells in all specimens (Figure 6, E–H). The number
of ␣-SMA–positive cells was significantly higher in the
50-week-old Sod1⫺/⫺ mice compared with the WT mice.
On the other hand, positive E-cadherin staining was observed in the intercellular junctions between adjacent
lacrimal gland acinar cells (Figure 6, I–L), and expression
was lower in the 50-week-old Sod1⫺/⫺ mice compared
with the WT mice (Figure 6L). To further quantify the
mRNA expression levels of EMT-related markers, SYBR
Green– based quantitative real-time PCR was performed.
The expression of Snail, which is an inducer of EMT, was
significantly higher in the 50-week-old Sod1⫺/⫺ mice than
in 50-week-old WT and 10-week-old Sod1⫺/⫺ mice (Figure 6M). The expression of ␣-SMA, which is a mesenchymal cell marker, was significantly higher in the 50-weekold Sod1⫺/⫺ mice than in 50-week-old WT mice (Figure
6N). The expression of E-cadherin, which is an epithelial
cell marker, was significantly lower in the 50-week-old
Sod1⫺/⫺ mice than the 50-week-old WT mice, the 10week-old Sod1⫺/⫺ mice, and the 10-week-old WT mice
(Figure 6O). The expression level of the ␣-SMA/E-cadherin ratio was significantly higher in the 50-week-old
Sod1⫺/⫺ mice than the 50-week-old WT mice, 10-weekold Sod1⫺/⫺ mice, and 10-week-old WT mice (Figure 6P).

Figure 5. Evidence of further morphologic alterations in the Sod1⫺/⫺ and
WT mice lacrimal glands. A: Lacrimal glands from the 10-week-old WT and
Sod1⫺/⫺ mice showed normal ductal and acinar cell morphologic features. At
50 weeks, lacrimal glands in the Sod1⫺/⫺ mice exclusively developed a
severe inflammatory response, with inflammatory cells invading the interlobular spaces surrounding both the acinar and ductal cells. Lobular atrophy
due to atrophy of the acinar cells, interlobular and periductal fibrosis, and
interlobular duct dilatations were observed. Slight periductal and interlobular
fibrosis together with a few inflammatory cells were also noted in the WT
mice lacrimal gland specimens. B: Extensive interlobular and periacinar
fibrosis was observed in the lacrimal gland specimens of all Sod1⫺/⫺ mice at
50 weeks, with some slight interlobular positive staining in the age-matched
WT mice. Images in A and B are representatives of at least five independent
samples per group. C: No statistically significant differences were found
between the mean acinar unit densities of the Sod1⫺/⫺ and WT mice at 10
weeks. There was a timewise decrease in the mean acinar unit densities from
10 weeks to 50 weeks in both Sod1⫺/⫺ and WT mice (P ⬍ 0.0001). The mean
acinar unit density in the lacrimal gland specimens of the Sod1⫺/⫺ mice at 50
weeks was significant lower then the acinar unit density in the WT mice at 50
weeks (*P ⬍ 0.001, Mann-Whitney test). Data in C represents the mean and SD
of combined data from seven mice per group and are representative of three
separate experiments.
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Figure 6. IHC and quantitative transcript evaluation of EMT in the lacrimal gland of WT and Sod1⫺/⫺ mice. IHC using anti– collagen type I antibody (A–D)
revealed disruption of basement membrane in 50-week-old Sod1⫺/⫺ mice (D). Arrowhead showed the location of basement membrane disruption (D). IHC
staining of ␣-SMA (E–H) in 50-week-old Sod1⫺/⫺ mice (H) increased compared with 50-week-old WT mice (F). On the other hand, IHC staining of E-cadherin
(I–L) in 50-week-old Sod1⫺/⫺ mice (L) decreased compared with 50-week-old WT mice (J). M: Quantitative real-time PCR revealed that Snail expression in
50-week-old Sod⫺/⫺ mice was higher than 50-week-old WT mice and 10-week-old Sod1⫺/⫺ mice. N: ␣-SMA expression in 50-week-old Sod1⫺/⫺ mice was higher
than 50-week-old WT mice. O: E-cadherin expression in 50-week-old Sod⫺/⫺ mice was lower than in 50-week-old WT mice, 10-week-old WT mice, and
10-week-old Sod1⫺/⫺ mice. P: The ␣-SMA/E-cadherin ratio in 50-week-old Sod⫺/⫺ mice was higher than in 50-week-old WT mice, 10-week-old Sod1⫺/⫺ mice,
and 10-week-old WT mice. *P ⬍ 0.05.

Ultrastructural Evidence for EMT in the Lacrimal
Glands
Electron microscopy observation of lacrimal gland in the
50-week-old Sod1⫺/⫺ mice revealed loss of polarity of
acinar epithelial cells, which is feature of EMT (Figure 7).
Higher magnification of electron microscopy also revealed the presence of secretory vesicles and microvilli
toward the interstitial area with evidence of increased
collagen lay-down (Figure 7).

Lacrimal Gland Secretory Functions Decrease
Overtime in the Sod1⫺/⫺ Mice, Leading to
Ocular Surface Disease
We measured aqueous tear production with the cotton
thread test and divided the values by the respective

mouse weights at 10 and 50 weeks. Weight-adjusted
aqueous tear production measurements were significantly lower in the Sod1⫺/⫺ (n ⫽ 17) mice compared with
the age- and sex-matched WT (n ⫽ 14) mice at 10 weeks
and 50 weeks (10-week-old Sod1⫺/⫺ mice: 0.094 ⫾
0.077 L/g; 50-week-old Sod1⫺/⫺ mice: 0.050 ⫾ 0.035
L/g; 10-week-old WT mice: 0.175 ⫾ 0.112 L/g; and
50-week-old WT mice: 0.168 ⫾ 0.089 l/g) as shown in
Figure 8A. A significant decrease of tear production from
10 to 50 weeks was also observed in the Sod1⫺/⫺ mice
(P ⫽ 0.026) (Figure 8A). On stimulation with pilocarpine, the
tear secretion tended to decrease from 10 to 50 weeks in
the Sod1⫺/⫺ mice with a tendency to increase in the WT
mice without statistical significance. However, pilocarpine-stimulated tear secretion was significantly lower
(P ⫽ 0.0364) in the Sod1⫺/⫺ mice at 50 weeks (0.034 ⫾
0.009 L/g) compared with the WT mice (0.079 ⫾ 0.010
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Figure 7. Electron microscopy of lacrimal gland in 50-week-old Sod1⫺/⫺ mice. Note the loss of polarity of the acinar epithelial cell (star) with the microvilli
(arrowhead) and secretary vesicles facing the mesenchymal area, which has abundant collagen fibers (arrow). Right panel is an enlargement of the boxed
region of the left panel.

L/g) (Figure 8B). Not only the aqueous tear but also the
total protein secretion measured at 50 weeks was significantly less in the Sod1⫺/⫺ mice (0.920 ⫾ 0.968 g/mL/
g/min) compared with the WT mice (3. 433 ⫾ 2.467
g/mL/g/min) (P ⫽ 0.024) (Figure 8C). Cotton thread test
measurements revealed mean tear quantity values of
0.083 ⫾ 0.067 mm/g and 0.124 ⫾ 0.065 mm/g in the
Sod1⫺/⫺ mice and WT mice, respectively. We also found
that 87.5% of the Sod1⫺/⫺ mice and 5.9% of the WT mice
at 50 weeks were below the cutoff value. In addition,
5.4% of the SOD1 knockout mice and 2.7% of the WT
mice at 10 weeks had dry eye disease (data not shown).
We observed, by transmission electron microscopy
examination, that the secretory vesicles in the lacrimal
gland acinar cells appeared as gray-black, electrondense, round-oval bodies. We noted a relative accumulation of secretory vesicles in the acinar epithelia in
Sod1⫺/⫺ mice from 10 to 50 weeks (Figure 8D). After
quantifying the density of secretory vesicles, we noted a
significant accumulation of secretory vesicles in the acinar epithelial cells from 10 weeks (558.14 ⫾ 90.04 vesicles per frame) to 50 weeks (709.80 ⫾ 91.25 vesicles per
frame) in the Sod1⫺/⫺ mice (P ⫽ 0.03). The number of
secretory vesicles did not change significantly in the WT
mice from 10 weeks (284 ⫾ 90.82 vesicles per frame) to
50 weeks (460.60 ⫾ 125.46 vesicles per frame) as shown
in Figure 8E (P ⫽ 0.076). The differences in the number of
secretory vesicles per area between the Sod1⫺/⫺ mice
and the WT mice at 10 weeks were statistically significant
(P ⫽ 0.006). The mean number of secretory vesicles was
also significantly higher in the Sod1⫺/⫺ mice at 50 weeks
than the WT mice at 50 weeks (P ⫽ 0.003) (Figure 8E).
Decreased tear output has been shown to be associated with establishment of a dry eye ocular surface milieu, leading to ocular surface epithelial damage.7 The
mean fluorescein staining score in the Sod1⫺/⫺ mice was
significantly higher (P ⫽ 0.001) than the WT mice at 10
(2 ⫾ 1 points) and 50 weeks (2.21 ⫾ 1.42 points). The
mean fluorescein score also showed a significant increase (P ⫽ 0.026) from 10 (4.3 ⫾ 1.06 points) to 50
weeks (5.5 ⫾ 1.76 points) in the Sod1⫺/⫺ mice (Figure 8F).

Representative corneal fluorescein stainings at 50 weeks
are shown in Figure 8G. Whereas corneal epithelium from
the WT mice displayed no or minimal punctate staining,
the corneal epithelium in all Sod1⫺/⫺ mice had marked
corneal epithelial damage.

Evidence for Presence of Age-Related Increase
of Oxidative Stress and Morphologic Alterations
in Human Lacrimal Glands
Human samples were studied under institutional review
board permission at Keio University School of Medicine.
H&E and Mallory staining revealed acinar unit atrophy;
interstitial, periacinar, and periductal fibrosis; and cystic
duct dilatation with inflammatory cells in the lacrimal
gland specimens from older individuals, which were not
observed in the younger individuals (see Supplemental
Figure S1 at http://ajp.amjpathol.org). Staining of the lacrimal gland specimens in the older individuals with anti–
4-HNE antibodies showed marked staining of acinar
units, indicating increased lipid oxidative damage compared with the scanty staining observed in the younger
group of individuals. There was also comparably more
and prominent staining for 8-OHdG, indicating extensive
DNA damage in the lacrimal gland specimens of the
older individuals compared with the younger individuals.
Lacrimal gland specimens from older individuals also
showed marked infiltration with CD45-positive inflammatory cells compared with the younger individuals.

Discussion
Previous experimental animal studies proposed that
Sod1⫺/⫺ caused an elevated oxidative stress status, resulting in various aging phenotypes, such as muscle36
and skin atrophy,37 bone weakness,38 fat liver deposits,
hepatic carcinoma,39 and hemolytic anemia.40,41 In humans, oxidative stress has been reported to be involved
in many systemic diseases, including Parkinson’s disease,42 Alzheimer’s disease,43– 45 amyotrophic lateral
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sclerosis,46 cardiovascular diseases,47,48 cancer,39,49,50
and ischemic disorders due to oxygen reperfusion injury
followed by hypoxia.51,52 Oxygen free radicals and antioxidant systems have been demonstrated to be potentially important in the pathogenesis of ocular diseases,
such as cataract,53 uveitis,54 retinopathy of prematurity,55 AMD,56 keratitis,57 keratoconus, and bullous keratopathy.58 The role and relation of oxidative stress in the
pathogenesis of dry eye disease have not been investigated in an aging animal model or in humans before.
The Sod1⫺/⫺ mouse has been shown by us to be a good
model for studying retinal oxidative stress changes, which
were found to be strongly related to the morphologic and
functional retinal alterations similar to human AMD.4
In this study, we investigated whether histopathologic
alterations existed in the lacrimal glands of the Sod1⫺/⫺
mice and whether these changes translated into functional glandular disturbances, causing dry eye disease.
Because the amount and activity of Sod1 are the highest
among the three isozymes in humans, it seemed reasonable to hypothesize that the lack of Sod1 would accelerate oxidative stress and age-related pathologic changes
in the lacrimal glands of the Sod1⫺/⫺ mice.59
We observed extensive lipid and DNA oxidative stress
damage in the lacrimal gland acinar epithelia, which appeared to increase with aging from 10 to 50 weeks in both
the knockout and WT mice. The DNA damage seemed to
be more extensive in the old Sod1⫺/⫺ mice compared
with the old WT mice. Elevation of serum 8-OHdG provided additional evidence on general cellular DNA damage in the Sod1⫺/⫺ mice. Oxidative stress-related cellular
DNA damage has previously been demonstrated in
heart, brain, muscles, liver, red blood cells, and other
organs in several age-related diseases, including cardiovascular disorders, neurodegenerative diseases, and
cancer.25,39,43,47,48,60,61
Our observations suggested an accelerated oxidative
lipid and DNA damage in the lacrimal glands of Sod1⫺/⫺

Figure 8. Changes in lacrimal gland secretory functions and corneal epithelial damage over time in the Sod1⫺/⫺ and WT mice. A: Weight-adjusted
aqueous tear production measurements were significantly lower in the
Sod1⫺/⫺ mice compared with the WT mice at 10 weeks and 50 weeks. A
significant timewise decrease of tear production from 10 to 50 weeks was
also observed in the Sod1⫺/⫺ mice (P ⫽ 0.026). B: There is significantly
lower tear production with pilocarpine stimulation in the Sod1⫺/⫺ mice at 50
weeks. C: At 50 weeks the amount of protein produced, after carbachol
stimulation, by the Sod1⫺/⫺ mouse group was lower compared with the WT
group. D: There is marked timewise accumulation of secretory vesicles in the
lacrimal glands of the Sod1⫺/⫺ mice. E: There is significant accumulation of
secretory vesicles in the acinar epithelial cells from 10 weeks to 50 weeks in
the Sod1⫺/⫺ mice (P ⫽ 0.030). The number of secretory vesicles did not
change significantly in the WT mice from 10 weeks to 50 weeks (P ⫽ 0.076).
The differences in the number of secretory vesicles/area between the
Sod1⫺/⫺ and WT mice at 10 weeks were statistically significant (P ⫽ 0.006);
the mean number of secretory vesicles was considerably higher in the
Sod1⫺/⫺ mice at 50 weeks than the WT mice at 50 weeks (P ⫽ 0.003). F:
Changes in corneal epithelial damage scores assessed by fluorescein staining
in the Sod1⫺/⫺ and WT mice. A statistically significant timewise increase in
the fluorescein staining score was observed in the Sod1⫺/⫺ mice. Note the
significantly higher scores in the Sod1⫺/⫺ mice compared with WT mice at 50
weeks. G: Representative photomicrographs of fluorescein staining test in the
50-week-old mice. Note the extensive corneal epithelial damage in the
Sod1⫺/⫺ mouse compared with the WT mouse at 50 weeks. Error bars
indicate SD from at least five independent samples per group of three
separate experiments.

1892
Kojima et al
AJP May 2012, Vol. 180, No. 5

mice compared with WT mice, also strengthening our
belief that these changes might have very well resulted
from accumulation of reactive oxygen species in the lacrimal gland cellular architecture, especially in mitochondria. Accumulation of reactive oxygen species has been
shown and linked to mitochondrial alterations in humans
and animal models of age-related diseases44,46,62– 65
with striking disturbances in the mitochondrial architecture, including mitochondrial swelling, rupture of membranes, and disruption of cristae changes, which were
also observed in our Sod1⫺/⫺ mice.
Such alterations in the mitochondrial cytoskeleton have
also been linked to activation of apoptotic signals, initiating cell death.66 – 69 We showed an increase in the process of apoptotic cell death over time in the lacrimal
glands of the Sod1⫺/⫺ and WT mice by confirming increased TUNEL and caspase-3 staining with a comparatively greater extent of staining in the old Sod1⫺/⫺ compared with old WT mice. Fragmentation of nuclei and
vacuolar changes in the lacrimal gland acinar epithelia
provided further ultrastructural evidence of the presence
of apoptosis as a possible mechanism of cell death in this
study. This observation differs from that of Hashizume et
al,70 who found both apoptosis and necrosis in the retina
of the Sod1⫺/⫺ mice. We believe this difference in cell
death mechanisms is attributable to light exposure protected ocular anatomical location of the lacrimal gland.
We think increased caspase-3 staining overtime in our
knockout mice is an important observation because even
a small amount of caspase-3 activation has been shown
to be sufficient to initiate genomic DNA breakdown, leading to apoptotic cell death.71 Nonapoptotic functions of
caspase-3 include induction of inflammation through lymphocyte proliferation and antigen presentation.72,73
We noted an altered “inflammation status” in the lacrimal gland tissue with significant increases in the lacrimal
gland inflammatory cell infiltrate densities in both
Sod1⫺/⫺ and WT mice overtime, with the difference becoming more significant in the old knockout than the old
WT mice. These observations were consistent with previous studies that showed increased focal infiltrates in
lacrimal glands with a variety of inflammatory cells with
aging.74 –79 In this study, we observed that the inflammatory cells were predominantly CD4⫹ T cells at 50 weeks in
the Sod1⫺/⫺ mice. We previously reported that the conjunctival and lacrimal gland tissues of the Sod1⫺/⫺ mice
also became simultaneously infiltrated with CD45 and
CD4⫹ cells from 30 weeks and predominate the lacrimal
gland and conjunctival tissues densely at 50 weeks (without evidence of corneal infiltration), with a simultaneous
decrease in goblet cell density, Muc5ac mRNA expressions in RT-PCR, and a decrease in tear quantity from
approximately 30 weeks becoming significant at 50
weeks (unpublished data). The lacrimal/conjunctival or
the corneal tissues of the Sod1⫺/⫺ mice lacked any
marked infiltration at 10 weeks, which excludes the possibility of an inflammatory process being the cause of
corneal staining observed in the mice at that age. The few
inflammatory cells observed were cells tracking or patrolling the lacrimal gland tissues.

Inflammatory cells have been reported to release several cytokines that play an important role by initiating or
further adding to the process of apoptotic cell
death.80 – 82 Likewise, lacrimal gland epithelial cells in an
inflamed environment have been shown to express cytokines in dry eye disease and with aging.83 This study
noted significant increases in two cytokines in the old
knockout mice compared with the old WT mice: TNF-␣
and IL-6. TNF-␣ has indeed been demonstrated in increased amounts in the lacrimal glands of old but not
young mice.11 Increased TNF-␣ and IL-6 concentrations
have also been shown in dry eye syndromes in previous
studies.7,8,11,84 – 86 The reported roles for TNF-␣ include
induction of inflammation and cell death, and those for
IL-6 include induction of inflammation and fibrosis.83,87–90 The cytokine alterations observed in this study
go along well and are consistent with increased inflammatory cell density in our knockout mice model with aging. Again, consistent with the cytokine alterations, we
observed an exaggerated fibrosis of the interstitium in the
lacrimal glands of the old Sod1⫺/⫺ mice, which was also
comparatively more extensive than the lacrimal glands of
the old WT mice.
To extensively study the mechanisms involved in the
process of fibrosis, we decided to investigate the
changes in EMT markers in both WT and Sod1⫺/⫺ mice.
EMT plays a crucial role not only in physiologic conditions, such as embryonic development or tissue remodeling, but also in pathologic conditions, such as cancer
and organ fibrosis.91 Pathologic EMT has been reported
to be induced by inflammatory cytokines, reactive oxygen species, hypoxia, UV irradiation, and nicotine.92,93
EMT-inducing inflammatory cytokines include transforming growth factor ␤, TNF-␣, and IL-6,94,95 the last two of
which were significantly increased in tears and serum of
the 50-week-old Sod1⫺/⫺ mice. We believe that these
inflammatory changes invited EMT with increased collagen lay down, fibrosis, and loss of glandular acinar units
in due course. A previous report also showed that the
EMT in lacrimal gland was caused by human ocular
chronic graft-versus-host disease.96
Draper et al found increased inflammatory cell infiltration, acinar atrophy, and fibrosis among age-related alterations in lacrimal glands of rats.76 In the human lacrimal glands, Damato et al and Obata et al described
atrophy of secretory acini, periductal fibrosis, and increased inflammatory cell infiltration with aging,75,78,79
similar to our observations, which included interlobular
fibrosis, cystic dilatation of ducts, atrophy of secretory
acini, and inflammatory cell infiltration and were more
prominent and extensive in the knockout mice in this
study. Attempts to quantify these phenotypic alterations
in the lacrimal gland acinar units revealed significant
decreases in the secretory acinar unit density in the
Sod1⫺/⫺ mice, a parameter that we thought would reflect
the process of acinar atrophy. Apoptosis of acinar and
ductal epithelia of the lacrimal glands along with glandular atrophy have been previously proposed as a possible
mechanism for the impairment of glandular secretory
function.33,97 A striking ultrastructural observation was
related to the extensive accumulation of secretory vesi-
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cles in the lacrimal gland acinar epithelia in the Sod1⫺/⫺
mice overtime compared with the WT mice. These observations suggest that the lacrimal glands may be unable to
secrete tears in the presence of marked mitochondrial
alterations in the Sod1⫺/⫺ mice because mitochondria
are the cellular powerhouses important for normal tear
secretions.27,98 Whereas the mitochondria in the lacrimal
glands of the Sod1⫺/⫺ mice showed striking ultrastructural alterations, which might lead to decreased tear
production, further evidence from future studies simultaneously looking into lacrimal gland ATP levels, mitochondrial membrane potentials, and Ca⫹⫹ currents
across lacrimal gland acinar epithelial membranes may
provide essential proof of whether the mitochondrial dysfunction in the presence of phenotypic mitochondrial alterations is linked to tear production decrease or not.
Surprisingly, we found a significant decrease in the
weight-adjusted aqueous tear production, pilocarpinestimulated tear output, and total protein secretion capacity of the lacrimal gland in the old Sod1⫺/⫺ mice compared with the old WT mice.
Decreased aqueous tear and protein output by the
lacrimal gland and increased corneal epithelial damage
are universally well-known features of the dry eye disease
in animals and humans.99 –101 The higher corneal epithelial damage observed in the Sod1⫺/⫺ mice reflects both
the detrimental effects of decreased tear production on the
ocular surface and possible oxidative stress damage on
cell membrane lipids. Sod1 is an abundant Cu- and Zncontaining protein present in cytosol,67 nucleus, peroxisomes, and mitochondrial intermembrane space.62,102 Its
primary function is to act as an antioxidant enzyme, lowering the steady-state concentrations of superoxide.103
Our results suggest that oxidative stress is not merely an
associated phenomenon but may be an integral and primary cause of age-related dry eye disease in the
Sod1⫺/⫺ mice model. Adding further to our surprise were
the similar observations in young and old human lacrimal
gland specimens showing extensive lipid and DNA oxidation, inflammatory cell infiltration, fibrosis, and cystic
duct dilatation in the aged individuals compared with the
young individuals. Whereas the lacrimal gland samples
from the human young and old individuals showed striking differences in relation to increased staining for oxidative stress markers and increased fibrosis and glandular
atrophy, which were more prominent in the old individuals, tear function differences still need to be proven,
although previous reports indicated a decrease in tear
secretion with aging.104 –106 Future studies looking into
differences among reflex tearing, total tear protein secretion, and histopathologic differences of lacrimal gland
samples obtained for diagnostic purposes in young and
old individuals may increase our understanding of
whether the Sod1⫺/⫺ mice are relevant to the human
disease or may be useful to identify novel therapies for
age-related dry eye disease.
We were unable to disclose when exactly the sequence of mechanistic events resulted in the phenotype
observed in the lacrimal glands of the SOD1 knockout
mice, which possibly led to dry eye and ocular surface
disease. Relevant lacrimal gland pathophysiological and

tear function examinations in the Sod1⫺/⫺ mice performed more frequently in future studies will provide useful information.
In conclusion, we demonstrated that the lack of Sod1
led to increased oxidative lipid and DNA damage, increased CD4⫹ T-cell inflammation, and EMT in the lacrimal glands of the current mouse model, interfering with
glandular secretory functions, which resulted in dry eyes
and translated into an ocular surface disease.
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