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High levels of oxidative radicals generated by daily light exposure and high metabolic rate suggest that the
antioxidant machinery of the retina and retinal pigment epithelium (RPE) is crucial for their survival. DJ-1 is a
redox-sensitive protein that has been shown to have neuroprotective function in the brain in Parkinson’s disease
and other neurodegenerative diseases. Here, we analyzed the role of DJ-1 in the retina during oxidative stress
and aging. We induced low-level oxidative stress in young (3-month-old) and old (15-month-old) C57BL/6J (WT)
and DJ-1 knockout (KO) mice and evaluated effects in the RPE and retina. Absence of DJ-1 resulted in increased

retinal dysfunction in response to low levels of oxidative stress. Our findings suggest that loss of DJ-1 affects the
RPE antioxidant machinery, rendering it unable to combat and neutralize low-level oxidative stress, irrespective
of age. Moreover, they draw a parallel to the retinal degeneration observed in AMD, where the occurrence of
genetic variants may leave the retina and RPE unable to fight sustained, low-levels of oxidative stress.

1. Introduction

Oxidative stress occurs when there is an imbalance between the
generation of free radicals and the endogenous antioxidant defense
mechanisms responsible for their elimination. These free radicals react
and modify DNA, proteins, lipids, and saccharides. The precise cellular
mechanisms underlying aging are still unclear, but it includes accumu-
lation of oxidative damage and loss of function of organs, tissues, and
cells [1]. We also know that experimental regimens such as caloric re-
striction in rodents extends life span and retards the buildup of molec-
ular oxidative damage [2,3].

The retina and retinal pigment epithelium (RPE) are exposed to
chronic oxidative stress. Light exposure induces high oxygen consump-
tion, oxidization of polyunsaturated fatty acids, and phagocytosis of
photoreceptor outer segments that result in the generation of high levels
of free radicals daily [4]. Increased oxidative stress and progressive
degeneration are associated with age-related macular degeneration
(AMD), diabetic retinopathy, and glaucoma. Specifically, AMD is a
disease of the outer retina that affects the RPE, choriocapillaris, and
photoreceptors of the human macula, resulting in central field vision

loss. The etiology of AMD is poorly understood; however, current hy-
potheses suggest that various genes interact with environmental factors
to generate increased oxidative stress and inflammation [5].

DJ-1 is a multifunctional protein known to play a cytoprotective role
and counteract oxidative stress in neurons [6,7]. Previously, we re-
ported robust DJ-1 localization in the RPE and photoreceptor cells,
mostly at the inner segments and cell bodies [8]. We also reported that
loss of DJ-1 results in RPE thinning and mild physiological changes in
the electroretinograms of 6-month-old DJ-1 knockout (KO) mice [8].
DJ-1 is one of several proteins whose concentrations are regulated
during retinal postnatal maturation and with aging [9,10]. Indeed, we
previously reported that without DJ-1, aged mice (18 months) display
signs of retina and RPE degeneration accompanied by elevated levels of
the oxidative markers protein carbonyl and inducible nitric oxide syn-
thase. These observations suggest that DJ-1 has an essential, protective
role in the retina during aging [11]. As the detailed mechanisms dis-
tinguishing retinal aging and degeneration are not fully elucidated, we
analyzed the age-related changes to the structure and molecular
composition of the retina during aging and in conditions of elevated
stress. Here, we analyzed age-related changes to the structure and
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molecular composition of the retina and RPE of C57BL and DJ-1 KO
mice. These same parameters were analyzed in parallel experiments of
mice subjected to low oxidative stress. Altogether, our data demonstrate
that the absence of DJ-1 accelerates aging to some extent in the DJ-1 KO
mice retinas and increases their -susceptibility- to oxidative damage and
degeneration even under conditions of low oxidative stress and inde-
pendently of age.

2. Materials and methods
2.1. Mice

All procedures were approved by the Institutional Animal Care and
Use Committee (ARC 2016-1516) of the Cleveland Clinic. Experiments
on both male and female DJ-1 KO and C57BL/6J mice have been pre-
viously described [8,11]. Mice were housed in individually ventilated
cages in a 14-h light/10-h dark cycle and were provided regular chow
and water ad libitum.

To induce selective RPE degeneration and atrophy, mice received a
single tail vein injection of sodium iodate (NalO3; 10-20 mg/kg of body
weight); the control group received PBS as previously described [8].
After mice were sacrificed on day 7 post injection (PI), the eyes were
enucleated and processed for molecular, biochemical, and histological
analyses.

2.2. Histology, imaging and bright-field microscopy

Enucleated eyes were fixed overnight at 4 °C in 2% para-
formaldehyde, 2.5% glutaraldehyde, and 5% CaCl; in 0.1 M cacodylate
buffer. After removal of the anterior segments using a dissecting mi-
croscope, eyecups were processed for epon embedding as previously
described [8]. Semi-thin sections were cut using a diamond histotech
knife (DiATOME, Hatfield, PA), collected on glass slides, and stained
with toluidine blue. Sections were imaged with a Zeiss Axioimager. Z1
and MRc5 camera (Carl Zeiss AG, Oberkochen, Germany). Toluidine
blue-stained images of eyecups (extending to the ora serrata) were ac-
quired under identical settings. High magnification images were ac-
quired within 200 pm of the optic nerve head (on both sides). Images
were exported to ImageJ 2.0 software (NIH, Bethesda, MD) and cali-
brated using an embedded reference scale. Total and degenerated (ab-
sent and abnormal RPE) retinal areas were delineated using the free
hand line tool. Degenerated areas were calculated for each sample ac-
cording to following formula, degenerated area = (degenerated area/-
total whole-mounts area) x 100 (as shown in Supplemental Fig. S1B).

2.3. Whole-mount RPE preparation, labeling, and degeneration
quantification

Enucleated eyes were fixed for 20 min at 4 °C in 4% para-
formaldehyde, after which retinas were mechanically detached from the
RPE/choroid under a dissecting microscope and the RPE/choroid whole
mounts processed for labeling with phalloidin-TRITC (1:1000; Sigma-
Aldrich, St. Louis, MO) as previously described [11]. Whole-mount
RPE/choroid samples were prepared on glass slides and images ac-
quired using a laser scanning confocal microscope (TCS-SP8, Leica,
Wetzlar, Germany). Serial Z-stacks and tiles of the whole-labeled RPE
were collected, scans merged, and a three-dimensional projection of the
entire whole-mount was generated. Images from four different mice in
each group were acquired using identical settings. Quantification of RPE
degeneration was calculated using ImageJ 2. Micrographs were cali-
brated from a reference scale embedded in the image. The outline of the
whole RPE/choroid area and of the degenerated area (where RPE cells
are present but their morphology is not the typical hexagonal shape)
were delineated using the freehand line tool in ImageJ 2. Degenerated
areas were calculated for each sample as described above and as shown
in Supplemental Fig. S1A.
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2.4. Retina immunohistochemistry

Enucleated eyes were, fixed by overnight immersion in 4% para-
formaldehyde in D-PBS at 4 °C, and sequentially infused with sucrose
and Tissue-Tek O.C.T Compound (4583; Sakura Finetek, Tokyo, Japan).
Cryosections (8 pm) were cut on a cryostat HM 505E (Microm, Walldorf,
Germany) equipped with a CryoJane Tape-Transfer system (Leica). For
labeling, sections were washed, blocked in PBS supplemented with 1%
BSA (PBS/BSA) for 30 min, and incubated with primary antibodies
followed by secondary antibodies coupled to Alexa 488 or 594. Nuclei
were labeled with TO-PRO-3 (Molecular Probes, Inc., Eugene, OR) as
previously described [11]. Sections were analyzed using the Leica
TCS-SP8. Antibodies used included Alexa Fluor 488 anti-glial fibrillary
acidic protein (GFAP; 1:100; 53-9892-82; ThermoFisher Scientific,
Waltham, MA), anti-glutamine synthetase (GS; 1:500; mouse antibody
610518; ThermoFisher Scientific), anti-AGE (1:200; rabbit ab23722;
Abcam; Cambridge, MA), and anti-Nrf2 (1:100; rabbit ab31163;
Abcam). Cryosections were also incubated with 10 pg/ml of Nile red
(N1142; ThermoFisher Scientific) in PBS for 10 min at room tempera-
ture. Micrographs were calibrated from a scale reference embedded in
the image. Quantification of Nile red staining frequency in the RPE
cytoplasm was performed using the ImageJ “Point Picker” or “Cell
Counter” plugins, and the number of lipid particles was calculated for
each area according to the following formula, lipid particles/pm? =
number of lipid droplets/area analyzed. Quantification of advanced
glycation end product (AGE) immunoreactive signal intensity was also
performed using ImageJ 2. Signal intensity was quantified within 200
pum of the optic nerve head, and the corrected total cell fluorescence
(CTCF) was calculated for each area according to the following formula,
CTCF = integrated density — (area of selected cell x mean fluorescence of
background readings).

2.5. Retina and RPE isolation, RNA extraction, and qPCR

Under a dissecting microscope, the retina was mechanically de-
tached from the RPE. RPE isolation was adapted from a method previ-
ously described [12]. Total RNA was isolated using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) according to manufacturer’s instructions.
cDNAs were synthesized from total RNA templates (250 ng of RPE RNA
and 500 ng of retina RNA) using the Verso cDNA Kit (Thermo Fisher
Scientific). qQPCR was performed on a 7900HT Fast Real-Time PCR
System (Life Technologies, Carlsbad, CA, USA) using the Radiant™
Green HI-ROX qPCR Kit (Alkali Scientific LLC, Fort Lauderdale, FL).
Relative fold change was determined using 2-*% ©* method and with
Gapdh as the internal control. Obtained Ct values were normalized to
C57Bl/6J mice. Primer sequences used in this study are listed in Sup-
plemental Table 1. A list of the multiple comparison p-values for all the
samples is provided in Supplemental Table 2.

2.6. Protein extraction and western blotting

Mechanically isolated retinas and RPE were lysed in RIPA buffer
(Alfa Aesar, Havermill, MA) containing protein and phosphate inhibitors
(Sigma-Aldrich). Retinas were sonicated twice for 15 s while RPE was
passed through a 27 1/2 G syringe needle, incubated on ice, and vor-
texed every 5 min for 20 min. Both lysates were centrifuged for 10 min at
14000 rpm at 4 °C, after which the supernatants were collected for
western blotting. Protein quantification was performed using the
MicroBCA Kit (ThermoFisher Scientific), followed by: protein (30 pg)
separation via 10-20% Novex Tricine SDS- PAGE (ThermoFisher Sci-
entific) and transfer to PVDF membranes (Immobilon- FL; Merck Milli-
pore; Burlington). Membranes were incubated with anti-Sod1 (1:1000;
sc101523; Santa Cruz Biotechnology, Dallas, TX), anti-Prdx1 (1:1000;
ab41906; Abcam), anti-DJ-1 (1:2000; NB300-270; Novus Biologicals,
Littleton, CO), and anti-p-actin (1:4000; 8H10D10; Cell Signaling
Technology, Danvers, MA) antibodies, followed by washing and
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incubation with anti-mouse IRDye®680RD, anti-rabbit IRDye®680RD,
and anti-mouse IRDye®800CW (all from LI-COR Biosciences, Lincoln,
NE). Immunoreactive signals were visualized using Oddessey CLx (LI-
COR Biosciences). The protein levels quantified using ImageStudio V5.2
software (LI-COR Biosciences). f-actin was used as internal control and
C57BL/6J mice were used to normalize the calculated fold changes.

2.7. Proteomics analysis of retinas and RPE from young mice

Mechanically isolated retinas and RPE were lysed in RIPA buffer as
described above. Proteins (30 pg) were resolved in 4-20% Novex®-Tris-
Glycine gels (ThermoFisher Scientific), gels were fixed in 40% methanol,
10% Acetic acid and stained in Gelcode blue (ThermoFisher Scientific).
Each gel lane was analyzed by dividing the gel lane into eleven areas and
each area was prepared for proteomic analysis using an in-gel digestion
protocol [13]. Briefly, the gel slices were washed, reduced with DTT,
alkylated with iodoacetamide, and digested in situ with trypsin. Tryptic
peptides were extracted as two aliquots with formic acid and acetoni-
trile, extracts were combined, dried with Speedvac and resuspended in
acetic acid for LC-MS analysis. Peptides were analyzed in an Orbitrap
Elite mass spectrometer system (ThermoScientific) equipped with an
HPLC column (Dionex 15 cm x 75 pm id Acclaim Pepmap C18, 2 pm,
100 A reversed-phase capillary chromatography column). Five pL vol-
umes of the extract were injected and the peptides eluted from the
column by an acetonitrile/0.1% formic acid gradient at a flow rate of
0.3 pL/min were introduced into the source of the mass spectrometer
on-line using a LC gradient from 2 to 70% acetonitrile/0.1% formic acid
in 110 min. The microelectrospray ion source is operated at 2.5 kV. The
digest was analyzed using the data dependent multitask capability of the
instrument acquiring full scan mass spectra to determine peptide mo-
lecular weights and product ion spectra to determine amino acid
sequence in successive instrument scans. The LC-MS/MS data were
analyzed using MaxQuant V1.5.2.8 with the search engine Andromeda
which is integrated in the MaxQuant software and MS/MS spectra
searched using the Uniprot mouse protein database [14]. The false
discovery rate (FDR) was set to 1% at both the peptide and protein levels
and two unique or razor peptides were required for positive identifica-
tion. The “match between runs” feature of MaxQuant was used to
transfer identifications to other LC-MS/MS runs based on their masses
and retention time and quantifications performed with the label-free
quantitation method in the MaxQuant program [15]. For the differen-
tial expression analysis, we used different cut-offs based on protein
abundance, due to greater error for lower abundant proteins. The pro-
tein abundance was estimated using the total number of spectra iden-
tified for each protein. The criteria used in this analysis include a fold
change >2.5 with a p-value < 0.001 for proteins with SC < 7, fold
change >2.0 with a p-value < 0.01 for proteins with SC between 8 and
19, fold change >2.0 with a p-value < 0.05 for proteins with SC between
20 and 79, and a fold change >1.5 with a p-value < 0.05 for proteins
with SC 80 or higher. In addition, analysis of possible pathway networks
was performed with IPA (QIAGEN Inc., https://www.qiagenbioin
formatics.com/products/ingenuity-pathway-analysis) for proteins with
medium and high abundancy (p-value < 0.05).

2.8. Statistics analysis

Data were analyzed using GraphPad Prism v8.1.1 (GraphPad Ssoft-
ware, La Jolla, CA) and are presented as the mean + standard error of
the mean (SEM). Two-way ANOVA with Turkey’s Multiple Comparisons
test and unpaired, two-tailed Student’s t-test were used for determining
statistical significance between groups with an alpha value of 0.05. P
values < 0.05 were considered statistically significant.
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3. Results

3.1. Exposure to low-level oxidative stress in the absence of DJ-1 results in
RPE and retinal degeneration

We have previously reported that lack of DJ-1 renders the RPE sus-
ceptible to increased degeneration at early time points after exposure to
NalO3 when compared with C57Bl/6J (WT) control mice injected with a
high dose (25 mg/kg) of this oxidizing agent [8].

Here, we analyzed the retina and RPE of both C57BL/6J (WT) and
DJ-1 KO mice 7 days PI with increasing concentrations (10, 15, and 20
mg/kg) of NalOg (Fig. 1). Initially, whole-mount RPE of 3-month-old
mice were prepared, labeled with phalloidin-TRITC (Fig. 1A), and the
RPE degeneration area quantified (Fig. 1C). At the lowest dose tested
(10 mg/kg), no degeneration was observed in WT mice. Interestingly, in
the DJ-1 KO retina, degeneration was observed but it was restricted to
the area around the optic nerve head. At higher doses (15 and 20 mg/kg
NalO3), RPE degeneration was seen in both DJ-1 KO and WT mice.
However, the extent of degeneration was greater in the RPE of DJ-1 KO
mice than in controls (Fig. 1A). Our observations indicated that
following oxidative stress, the degeneration is initiated in the RPE
around the optic nerve (Fig. 1A, arrows) and progresses outward to-
wards the periphery. Injections with PBS, the vehicle control, failed to
induce RPE degeneration. Quantification of the RPE degeneration area
indicated 24% degeneration in DJ-1 KO mice treated with 10 mg/kg
NalOs. At 15 mg/kg NalOs, 29% and 38% of the RPE was degenerated in
WT and DJ-1 KO mice, respectively. At 20 mg/kg NalO3, 54% of the RPE
in WT and 63% in DJ-1 KO mice was degenerated (Fig. 1C). Higher
magnification observations of the whole-mount RPE confirmed the
typical hexagonal RPE morphology in WT and DJ-1 KO mice injected
with PBS and WT mice injected with 10 mg/kg of NalOs. The RPE of WT
mice injected with 15 and 20 mg/kg of NalO3 and DJ-1 KO mice injected
with 10, 15 and 20 mg/kg of NalO3 exhibited amorphous RPE cells,
frequently displaying stress fibers (Supplemental Fig. S2, arrow heads)
at the edge of the degenerated area (Supplemental Fig. S2, asterisks).
Our observation also showed that phalloidin labeling intensity was
higher in degenerated area of WT mice injected with 15 mg/kg and DJ-1
KO injected with 10 mg/kg NalO3 probably because although RPE
morphology was highly abnormal, the cells were still present. In samples
injected with higher doses, RPE cells had already degenerated and were
cleared by infiltrating inflammatory cells.

To elucidate the role of DJ-1 in aging and low oxidative stress con-
ditions, both 3- and 15-month-old C57BL/6J and DJ-1 KO mice were
exposed to low-level oxidative stress (10 mg/kg NalOs), and their ret-
inas analyzed 7 days PI (Fig. 1B). The retina and RPE displayed normal
morphology and were comparable among both young and old WT and
DJ-1 KO mice injected with PBS. When both mouse groups were injected
with 10 mg/kg NalOs, RPE death and photoreceptor atrophy was
observed only in DJ-1 KO retinas. Low-level oxidative stress in young
and old DJ-1 KO mice resulted in significant RPE and photoreceptor
degeneration, with inflammatory cells present in the subretinal space
(Fig. 1B and Supplemental Fig. S3, asterisks). In contrast, WT mice
displayed normal RPE and retinal morphology. Although the retinas of
15-month-old WT mice injected with NalO3 did not exhibit any degen-
eration, the presence of vacuoles in the RPE cytoplasm was consistently
observed (Fig. 1B, arrows). Quantification of retinal damage in mice
subjected to low-level oxidative resulted in 70% and 85% degeneration
in 3- and 15-month-old retinas of DJ-1 KO mice, respectively, when
compared to age-matched WT mice (Fig. 1D). Altogether, our results
suggest that loss of DJ-1 renders the DJ-1 KO mice susceptible to
oxidative stress-related damage and that aging further exacerbates these
effects.
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Fig. 1. Effect of sodium iodate (NaIO3) on retina morphology in young and old C57BL/6J (WT) and DJ-1 knockout (KO) mice. (A) Representative images of
RPE/choroid whole-mounts labeled with phalloidin-TRITC (red) and injected with increasing concentration of NalO3; degeneration edges are highlighted by white
arrows. (B) Representative images of toluidine blue stained retinas of 3- month-old (young) and 15- month-old (old) WT and DJ-1 KO mice injected with PBS and
NalOs. Quantification of degenerated area in young RPE/choroid whole-mounts (C) and whole retinas (D) of both young and old mice. Degeneration is expressed as
mean + SEM (n = 3-5). Unpaired, two-tailed Student’s t-test was performed; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.000. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.2. Exposure to low-level oxidative stress and loss of DJ-1 result in
“accelerated” aging retinal phenotype

Gliosis, a universal response to many retinal injuries, pathological
conditions, and aging, leads to the upregulation of GFAP expression by
Miiller cells [16-18]. Using confocal microscopy, qualitative compari-
sons were pursued between the different groups of mice. In retinas of 3-
month-old WT injected with PBS, GFAP labeling was seen mainly at the
endfeet of Miiller cells (Fig. 2A). Remarkably, the retinas of 3- month-old
DJ-1 KO displayed weaker GFAP labeling than WT retinas. Exposure to
low levels of oxidative stress (NalO3 10 mg/kg) in both WT and DJ-1KO
mice, resulted in enhanced GFAP labeling in Miiller cells, with distri-
bution advancing towards the inner nuclear layer along cell processes
(Fig. 2A, arrowheads). Retinas from 15- month-old WT mice injected
with PBS displayed stronger GFAP labeling than that of their younger
counterparts. However, upon low-level oxidative stress, retinas exhibi-
ted increased GFAP labeling. Retinas of 15- month-old DJ-1 KO showed
stronger GFAP labeling that their younger counterparts. However,
exposure to low-level oxidative stress did not result in increased GFAP
labeling possibly due to significant degeneration of the central retina.

Qualitative comparisons were also pursued between the different
groups of mice after labeling with glutamine synthetase (GS), the glia-
specific enzyme glutamine synthetase. In retinas of 3- month-old WT
injected with PBS, GS labeling was evenly seen in the cytosol of Miiller
cells radial processes, extending from the inner retina at endfeet to the
outer retina at the photoreceptor inner segments (Supplemental Fig. S4).
Remarkably, the retinas of 3- month-old DJ-1 KO displayed visibly
weaker GS labeling than WT retinas, GS labeling was seen at the endfeet
of Miiller cells. Exposure to low levels of oxidative stress (NalO3 10 mg/
kg) in WT resulted in decreased GS labeling and increased distribution at
the endfeet of Miiller cells (Supplemental Fig. S4, arrowheads) while it
resulted in close to complete absence from the DJ-1 KO retinas. Retinas
from 15- month-old WT mice injected with PBS displayed weaker GS
labeling than that of their younger counterparts. However, upon low-
level oxidative stress, retinas did not exhibit significant changes in
overall GS labeling; a visible translocation of GS to the endfeet of Miiller
cells was observed. Retinas of 15- month-old DJ-1 KO showed stronger
GS labeling than their younger counterparts. However, exposure to low-
level oxidative stress decreased GS labeling, possibly due to significant
degeneration of the central retina. Our results suggest that aging and
low-level oxidative stress results in Miiller cell gliosis, increased GFAP,
and decreased GS in WT mice. Loss of DJ-1 results in overall lower levels
of GFAP and GS than in young control mice retinas.

The basal surface of RPE cells attaches to Bruch’s membrane (BM), a
specialized and acellular layer separating the RPE from the chorioca-
pillaris. Aging human retinas accumulate neutral lipids in their BM, as
measured by labeling with Nile red, a fluorescent dye commonly used to
detect deposition of neutral lipid droplets [19]. The retinas of 3-month--
old WT mice injected with PBS exhibited a faint, dull red staining in the
photoreceptor outer segments, RPE, and BM (Fig. 2B). In comparison,
3-month-old DJ-1 KO mice injected with PBS exhibited a continuous
band of increased fluorescence intensity in the BM and spotty fluores-
cent intracellular lipid droplets (Fig. 2B, arrowheads), suggesting
increased lipid deposition in the retinas of young DJ-1 KO mice. A
similar pattern of lipid deposition was observed in 15- month-old WT
and DJ-1 KO mice injected with PBS. Both 3- and 15- month-old WT
mice exposed to low-level oxidative stress also showed lipid deposition.
Exposure of both 3- and 15- month-old DJ-1 KO mice to low oxidative
stress resulted in loss of Nile red staining likely because the RPE cells
were degenerated. Quantification of this staining demonstrated an
increasing trend in the number of intracellular lipid droplets in 3-
month-old WT mice exposed to low-level oxidative stress, similar to
baseline levels seen in 3- month-old DJ-1 KO mice injected with PBS, and
during aging of both WT and DJ-1 KO mice (Fig. 2D). Significant in-
crease in the number of lipid droplets was detected between 3-month--
old DJ-1 KO and 15-month-old DJ-1 KO mice injected with PBS, and

Redox Biology 37 (2020) 101623

between 3-month-old WT and 15-month-old WT exposed to low oxida-
tive stress. These results indicate that aging, low-level oxidative stress in
WT mice, and DJ-1 loss lead to cellular changes reflected by the
increased accumulation of neutral lipids in BM and droplets in the RPE
cytoplasm.

Immunoreactivity to AGE adducts increases in the aged BM [20].
Immunoreactive labeling of the posterior retina for AGE was mostly
detected at the RPE BM. The retinas of 3- and 15-month-old WT mice
injected with PBS exhibited a faint dull red staining in the RPE BM
(Fig. 2C). In comparison, labeling for AGE was more prominent in the
BM of 3- and 15-month-old DJ-1 KO mice injected with PBS (Fig. 2C).
Exposure of 3- and 15-month-old WT mice to low-level oxidative stress
resulted in increased AGE accumulation in BM. Exposure of both 3- and
15- month-old DJ-1 KO mice to low oxidative stress resulted in RPE
atrophy and significantly increased AGE staining in the remaining BM
and degenerated area. To assess AGE accumulation in BM, we quantified
the intensity of AGE immunoreactivity across the experimental groups
(Fig. 2E). We detected an increasing trend for AGE staining in both 3-
and 15- month-old WT and DJ-1 KO mice exposed to low-levels of
oxidative stress and in 3- and 15-month-old DJ-1 KO mice injected with
PBS. AGE immunoreactivity was the most significantly increased in
15-month-old DJ-1 KO mice exposed to low oxidative stress compared
with all other experimental groups (P < 0.0001). These results indicate
that low-level oxidative stress together with DJ-1 loss lead to increased
accumulation of AGEs in BM. Altogether, our results suggest that during
aging, the retina undergoes gliosis as well as accumulation of neutral
lipids and AGEs in the RPE. Moreover, low-level oxidative stress in WT
mice and DJ-1 loss alone can trigger changes similar to those observed
during aging but with reduced magnitudes.

3.3. Exposure of young mice to low-level oxidative stress results in
antioxidant gene expression changes similar to that of aging

Following oxidative stress, DJ-1 binds to various transcription fac-
tors to activate different cellular pathways involved in the fight against
this insult. Under these circumstances, DJ-1 acts as a coactivator or
corepressor that regulates its target genes [21]. We measured the tran-
script levels of antioxidant enzymes previously reported to be affected
by DJ-1, including: superoxide dismutase 1 and 2 (Sodl and Sod2);
peroxiredoxin 1 (Prdx1); glutathione transferases pil (Gstpl); gluta-
thione peroxidase (Gpx1); nuclear factor erythroid 2-related factor 2
(N7f2) and its downstream target NAP(D)H quinonel (Ngol) and heme
oxygenasel (Hmox1) (Fig. 3). With aging, we observed no significant
changes in the expression of these genes in the retina of WT mice. In the
retina of 15- month-old DJ-1 KO mice, only Nrf2, Sod1, Sod2, and Gstp1
were significantly upregulated compared with that of their younger
counterparts. Intriguingly, the baseline level of these antioxidant genes
was downregulated in 3-month-old DJ-1 KO mice compared with
age-matched WT mice (Fig. 3A). We also observed a significant upre-
gulation of Park7 (DJ-1) and an increasing trend for all tested genes in
WT mice RPE upon aging (Fig. 3B). Moreover, Nrf2, Sod1, Sod2, Nqol,
Prdx1, and Gpxl were significantly downregulated in the RPE of
15-month old DJ-1 KO mice compared with their 3- month old coun-
terparts and significantly upregulated in 3-month-old DJ-1 KO mice
compared with age-matched WT mice (Fig. 3B). Exposure to low-level
oxidative stress resulted in significant upregulation of Nrf2, Sodl,
Sod2, Prdx1 and Park?7 in the retina of 3-month-old WT mice, while Sod1,
Ngol, Hmox1, Prdxl, and Gstpl were significantly upregulated in
3-month-old DJ-1 KO mice (Fig. 3C). In contrast, exposure to low-level
oxidative stress resulted in significant upregulation of only the Park7
gene in 3-month-old WT mice, while Nrf2, Sod1, Sod2, Nqo1, Prdx1, and
Gpx1 were significantly downregulated from baseline levels in the RPE
of 3-month-old DJ-1 KO mice (Fig. 3D). In 15-month-old mice, among all
the genes screened only Gstpl was significantly downregulated in the
retinas of DJ-1 KO mice (Fig. 3E) whereas, Nrf2, Gpx1, and Park7 were
significantly upregulated in the RPE of WT mice treated with NalOs
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Fig. 2. Expression of retinal markers during aging and under low-level oxidative stress (10 mg/kg NalO3). Representative images of young and old retinas
from WT and DJ-1 KO mice injected with PBS or NalO3 and stained for anti-glial fibrillary acidic protein (GFAP) (A), Nile Red dye for neutral lipids (B) and advanced
glycation end products (AGEs) (C). Quantification of Nile Red stained neutral lipid droplets in RPE (D) and AGEs in Bruch’s membrane (E) of young and old WT and
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Fig. 3. Transcriptional changes in retina and RPE due to aging and low-level oxidative stress (10 mg/kg NalOs). Quantitative RT-PCR analysis of Nrf2, Sod1,
Sod2, Nqol, Hmox1, Prdx1, Gstp1, Gpx1 and Park7 (DJ-1) in the retina (A) and RPE (B) of young and old WT and DJ-1 KO mice; the retina of young (C) and old (E)
WT and DJ-1 KO mice with or without NalO3 treatment; and the RPE of young (D) and old (F) WT and DJ-1 KO mice with or w1thout NalOj; treatment. Data are

represented as mean + SEM; n = 3-4 per group. Two-way Anova with Tukey’s multiple comparisons test was performed; *p < 0.05, *

< 0.0001.

(Fig. 3F). Altogether, the upregulation of antioxidative genes in RPE of
DJ-1 KO mice implies that these cells are under oxidative stress in the
absence of DJ-1/Park7. In addition, our data suggests that antioxidant
response capacity of the retina diminishes with aging in both WT and
DJ-1 KO mice.

3.4. Aging and DJ-1 absence result in changes in antioxidant proteins

We carried out western blot analysis to determine antioxidant en-
zymes levels and further understand our gene expression findings
(Fig. 4). In the aging WT retina, we observed increased DJ-1 levels in the
lysates. Meanwhile, DJ-1 KO mouse retinas displayed age-related in-
creases in both oxidized and reduced SOD1 as well as decreased PRDX1
levels (Fig. 4A and B). The levels of oxidized SOD1 and PRDX1 were
significantly upregulated in DJ-1 KO retinas and RPE compared with
their 3- month old counterparts (Fig. 4C and D).

We next analyzed the NRF2 labeling in retinal cryosections (Sup-
plemental Fig. S5) and detected an increasing trend in NRF2 levels in
aged retinas. Exposure to low-level oxidative stress resulted in an in-
crease in NRF2 signal intensity in young WT retinas and a decrease in
DJ-1 KO retinas. Although not statistically significant, these results

#¥p < 0.01, ***p < 0.001, *

mirrored our transcriptional analysis results of the WT retina and DJ-1
KO RPE.

Moreover, our proteomics analysis identified proteins expressed in
the retina and RPE of 3- month-old WT and DJ-1 KO injected with PBS.
Analysis of possible pathway networks identified mitochondria
dysfunction as one of the top canonical pathways affecting both the
retina and RPE of the DJ-1 KO mice. However, the magnitude of
dysfunction was much higher in the RPE of DJ-1 KO compared with WT
mice (Supplemental Table 3). The list of affected proteins is provided in
Supplemental Table 4.

4. Discussion

The free radical theory of aging states that the process of aging is, at
least in part, due to the accumulated damage inflicted by free radicals
and reactive oxygen species (ROS)-mediated oxidative stress [1]. DJ-1 is
a multifunctional protein that plays an essential role in the oxidative
stress response in several diseases, including early-onset and sporadic
PD and neurodegenerative disorders such as amyotrophic lateral scle-
rosis, Alzheimer’s disease, and Huntington’s disease. We previously
reported for the first time the antioxidant protection provided by DJ-1 in
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RPE cells in vitro [22] and in the retina of DJ-1 KO mice in vivo [8,11].
Here, we systematically examined the role of DJ-1 in the retina and RPE
during aging and found that low-level oxidative stress 1) mimics aging
changes in the retina and RPE of WT mice and, 2) results in retinal
degeneration in DJ-1 KO mice, independent of age. Likewise, loss of
DJ-1 alone results in “accelerated aging” of the young RPE in terms of
increased neutral lipids accumulation and AGEs deposition and inter-
mediate between young WT RPE subjected to low-oxidative stress and
aged WT RPE. These findings are summarized in Fig. 5.

We extended our previous observations by exposing WT and DJ-1 KO
mice of different ages to increasing concentrations of the oxidizing agent
NalOs. This model has been previously used to study retinal degenera-
tion in different species because the degeneration resembles some of the
features of AMD [23]. Our dose-dependent experiments on young mice
confirmed our previous observations that the absence of DJ-1 renders
mice susceptible to NalOs (Fig. 1A) [8]. At the low dose of 10 mg/kg
NalOs, the RPE was preferentially degenerated in DJ-1 KO mice but not
in WT mice. This result is consistent with a previous study in which little
to no changes were observed in the RPE of C57BL/6J mice at same dose
[24].

Using the 10 mg/kg low dose, we expanded our investigations to
further identify the role of DJ-1 in the antioxidant machinery of the RPE
and retina during aging (Fig. 1B). DJ-1 KO mice were prone to low-dose
NalOs-mediated oxidative damage irrespective of age. These observa-
tions indicate that loss of DJ-1 expression renders the RPE unable to

metabolize and combat low-level oxidative stress. Our results draw a
parallel to the retinal degeneration observed in AMD, where the
occurrence of genetic variants may render the retina and RPE unable to
fight sustained, low-levels of oxidative stress.

Significant age-related changes were detected in both mouse strains
when probed with aging and oxidative stress markers, namely AGEs,
GFAP, and Nile red (Fig. 2). Astrocytes constitutively express GFAP,
while mature radial glia Miiller cells usually do not express GFAP [25,
26]. Reactivation of Miiller cells, also called gliosis, is characterized by
upregulated expression of the intermediate filament GFAP. This change
is an indicator of stress and a universal response to aging and many
retinal pathological conditions [16-18].

In comparison, low-level oxidative stress in WT mice resulted in no
retinal degeneration at either age, although GFAP expression increased
with distribution advancing towards the inner nuclear layer through cell
processes (Fig. 2A). These results suggest that low oxidative stress to
some extent mimic aging in term of GFAP up-modulation. Surprisingly,
in young DJ-1 KO retinas, low levels of GFAP were observed at the
endfeet of Miiller cells, but then increased with aging. One possible
explanation could be that DJ-1 regulates GFAP expression, and thus
GFAP expression is deregulated in the absence of DJ-1. Indeed, recent
studies have established that DJ-1 regulates GFAP expression in brain
astroglia through STAT3 and SOX9 [27,28]. Alternatively, the DJ-1 KO
retina may be depleted or deficient in cytokines such as interleukin-1p
[29] and ciliary neurotrophic factor [30], which have been shown to
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regulate GFAP expression in retinal Miiller cells.

The enzyme glutamine synthetase (GS) is involved in the glutamate/
glutamine cycle that catalyses the convertion of glutamate into gluta-
mine in the Miiller cells. The expression of GS is regulated by glutamate
[31,32], at least partially by growth factors such as the basic fibroblast
growth factor (bFGF) [33] and by the availability of ammonia [34]. The
expression of GS in Miiller cells is reduced when the photoreceptors, the
major glutamate-releasing neuronal population are degenerated in
inherited pathological conditions such as hereditary disease, light
damage, retinal detachment, under ischemic, inflammatory, and trau-
matic conditions in the retina [32,35]. In WT mice exposed to low-level
oxidative stress we observed the translocation of GS within the Miiller
cells, towards their endfeet in the ganglion cell layer, where the injured
ganglion cells likely release excess glutamate (Supplemental Fig. S4).

This observation is similar to previous reports on the analysis of retinas
after optic nerve crush [36]. In addition, the overall levels of GS were
also decreased in mice exposed to low-level oxidative stress. Previous
studies reported GS inactivation by oxidative stress and decreased GS
expression in retinas exposed to increased oxidative stress [37-41].
Aged WT retinas displayed decreased GS labeling; it suggests that aged
photoreceptors are dysfunctional. To our knowledge this is the first
observation of GS expression in the aging retina. The decreased levels of
GS observed in the young DJ-1 KO retina may be related to dysfunctional
photoreceptors. Indeed, our previous work reported notably decreased
immunocytochemical staining for both red/green opsin and rhodopsin
in retinal sections of 18 month-old control around the optic nerve region
[11]. Further experiments are needed to better understand the increased
presence of GS in aged DJ-1 KO retinas.
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Deposition of neutral lipids and AGEs underneath the RPE accumu-
lates during aging and is known to contribute to age-related mac-
ulopathies [19,20]. We thus analyzed neutral lipids by labeling samples
with Nile red. A clear trend of age-related, increased staining was
observed in WT and DJ-1 KO RPE, with DJ-1 KO mice showing increased
accumulation of neutral lipids in the RPE cytoplasm and BM compared
with that of WT mice. This labeling pattern in DJ-1 KO mice was similar
to WT mice exposed to low-level oxidative stress (Fig. 2B and D). Thus,
DJ-1 loss possibly alters lipid metabolism in RPE cells and results in a
phenotype consistent with “early” or “accelerated” aging in terms of
neutral lipid accumulation within the RPE.

Indeed, a recent study reported on DJ-1 regulation of flotilin-1 and
caveolin-1 stability with resulting alterations in cellular cholesterol
level, membrane fluidity, and lipid raft-dependent endocytosis of as-
trocytes [42]. In addition, a different study reported that low-density
lipoprotein receptor (LDLR) gene expression is altered in DJ-1 KO cells
[43]. The same group subsequently reported that DJ-1 stimulates LDLR
gene expression at the transcriptional level by associating with SREBP
and affects serum LDL cholesterol levels in male mice [44].

A synergism exists between AGEs and oxidative stress, where AGEs
lead to ROS generation and, oxidative stress promotes AGE production.
Our understanding of the consequences of AGE accumulation in tissues
is not fully clear; however, these glycoxidation products cause protein
cross-linking, reduced solubility, enzymatic dysfunction, and loss of
receptor recognition [45]. Postmortem human eyes exhibit increased
AGEs in the RPE during aging or pathological conditions such as AMD
[20]. Here, mice of both strains and ages exposed to low-levels of
oxidative stress showed an increasing trend of elevated AGE, but AGEs
were significantly elevated only in the BM of old DJ-1 KO mice (Fig. 2C
and E). These results indicate an association between increased oxida-
tive stress and retinal degeneration with accumulation of AGEs in the
RPE BM.

The retina and RPE exhibit structural changes during aging. The
retina displays thinning due to neuron loss and shortening of photore-
ceptors. The RPE displays loss of melanin granules, an increase in the
number of residual bodies, accumulation of the age pigment lipofuscin,
accumulation of basal deposits on or within BM, the formation of dru-
sen, thickening of BM, atrophy of apical microvilli, and disorganization
of basal infoldings [46]. Increased oxidative stress and a general decline
of essential functions lead to cellular events that in turn induce several of
these age-related changes. Previous studies characterizing the differ-
ences between young adult and aged RPE samples have shown through
different experimental approaches that proteins involved in anti-
oxidation are one of several cellular functions explicitly affected by
aging [47,48]. In the present study, no significant changes in the
expression of antioxidant genes were identified in WT mice during both
retina and RPE aging. However, exposure to low-level oxidative stress
resulted in significant upregulation of several antioxidants in the young
retina and aged RPE of WT mice (Fig. 3). Our results agree with a pre-
vious study where treatment of young mice with NalOgs significantly
increased GCLM, HO1, and NQO expression; in contrast, NalOs failed to
increase transcript levels of these Nrf2 downstream target genes in older
mice [49].

Upon exposure to stress oxidative conditions, DJ-1/PARK?7 is trans-
located into the nucleus to cytoprotect neurons and other cells. The
protein does not exhibit any distinct DNA-binding domains suggesting it
likely acts as a co-activator that regulates the activity of transcription
factors such as p53, polypyrimidine tract-binding protein-associated
splicing factor (PSF), KEAP-1, and NRF-2, among others. Therefore, the
loss of activation of DJ-1 leads to the onset of neurodegenerative dis-
eases such as PD while excessive activation of DJ-1 leads to cancer [44].
In this study, we found that DJ-1 loss alone in the RPE precipitates into
the augmented oxidative load of the cell at a young age. The opposite
was observed in DJ-1 KO retinas of young mice with diminished
expression of antioxidant genes (Fig. 3A and B). The opposing modu-
lation of the antioxidant genes of the retina and RPE of DJ-1 KO mice
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could be related to the changes in cell-specific metabolism. Metaboli-
cally, retinas rely mostly on aerobic glycolysis, while RPE cells depend
more on mitochondria [50,51]. This hypothesis is supported by our own
proteomic analysis of the proteins present in the retina and RPE of
3-month-old WT and DJ-1 KO mice injected with PBS, which displayed
higher mitochondria dysfunction in the RPE of the DJ-1 KO when
compared with WT mice (Supplemental Tables S3 and S4).

We further found that during aging and when the basal elevated
oxidative load is further supplemented with low-level oxidative stress in
young DJ-1 KO mice, the antioxidant machinery in RPE is unable to
maintain elevated antioxidant gene expression, resulting in their
decreased expression (Fig. 3B and D). This decrease may also be related
to the observed RPE atrophy in the central retina. Previous studies have
shown that DJ-1 regulates the expression of Sod1, Sod2, Sod3, Nrf2, and
Nrf2 target genes via conserved antioxidant response elements such as
Nqol and Hmox-1 [52-54]. The majority of studies performed using cell
cultures reported transcription of these genes directly related to the level
of DJ-1 expression. However, antioxidant genes and proteins were also
upregulated under increased oxidative stress and in the absence of DJ-1
[53,55]. Moreover, a different DJ-1—/— mouse line displayed increased
Sod2 expression in the brain [56]. Thus, the elevated levels of antioxi-
dant genes in the RPE of DJ-1 KO mice may be a result of these cells
being under stress due to the loss of DJ-1 and its effects on RPE
metabolism.

We previously analyzed the protein profile of young (3- 4-month-old)
and aged (24-25-month-old) RPE from rats and identified SOD1, SOD2,
DJ-1, PRDX1, PRDX2, PRDX3, PRDX4, PRDX6, GSTP1, GPX1, GPX3,
and GPX4 among proteins with antioxidant function that were present in
aged RPE [9]. Here, we measured only SOD1, PRDX, and DJ-1 levels,
because of the unavailability of suitable antibodies for other genes
studied at the transcript level, and detected increased oxidized SOD1,
PRDX1, and DJ-1 levels in the aged WT retinas (Fig. 4). This agrees with
our previous findings of increased DJ-1 levels in aged retinas [9].
Moreover, previous studies described SOD1 migration via SDS/PAGE as
a closely spaced doublet [57,58] and identified the upper protein signal
as an oxidized form of SOD1. However, the biological significance of
these two bands remains unresolved. We further analyzed NRF2 levels in
labeled cryosections but found no significant changes in NRF2 signals,
although trends were observed (Supplemental Fig. S5). As previously
determined [11], we also detected decreased NRF2 levels in DJ-1 KO
retinas. As DJ-1 prevents NRF2 interaction with its inhibitor protein
KEAP-1, absence of DJ-1 results in decreased NRF2 levels under baseline
conditions. In a cellular context of overall low NRF2 levels, cells would
be more susceptible to damage by oxidative stress. Thus, under low-level
oxidative stress, WT but not DJ-1 KO RPE cells were able to upregulate
Nrf2 transcripts and proteins to fight the stress.

The present study demonstrated that low-level oxidative stress
mimics aging in WT retinas and RPE. In the absence of DJ-1 and cellular
stress or environmental insults, the RPE and photoreceptor cells can
survive but they may not fulfill all normal functions and they display
early signs of cellular stress similar to some degree to age-related
changes. When these cells are exposed to low-level oxidative stress,
DJ-1 is required to attenuate the stress or activate stress response
pathways. Thus, RPE and photoreceptor cells deficient in DJ-1 are more
susceptible to insults such as NalO3 exposure and are prone to degen-
erate. In this context, the DJ-1 KO model draws a parallel to AMD pa-
thology, where the occurrence of one of the several genetic variants
reported, results in chronic low-level oxidative stress. Future studies
further detailing the DJ-1-related defects in RPE cells will possibly
broaden our understanding of the AMD pathology.
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