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ARTICLE INFO ABSTRACT

Keywords: Age-related macular degeneration (AMD) is the leading cause of blindness among older adults. It has been
6 max) Age-related macular degeneration suggested that mitochondrial defects in the retinal pigment epithelium (RPE) underlies AMD pathology. To test
Retinal pigment epithelium this idea, we developed primary cultures of RPE to ask whether RPE from donors with AMD differ in their

Mitochondrial function
Glycolytic function
Antioxidants

metabolic profile compared with healthy age-matched donors. Analysis of gene expression, protein content, and
RPE function showed that these cultured cells replicated many of the cardinal features of RPE in vivo. Using the
Seahorse Extracellular Flux Analyzer to measure bioenergetics, we observed RPE from donors with AMD ex-
hibited reduced mitochondrial and glycolytic function compared with healthy donors. RPE from AMD donors
were also more resistant to oxidative inactivation of these two energy-producing pathways and were less sus-
ceptible to oxidation-induced cell death compared with cells from healthy donors. Investigation of the potential
mechanism responsible for differences in bioenergetics and resistance to oxidative stress showed RPE from AMD
donors had increased PGCla protein as well as differential expression of multiple genes in response to an
oxidative challenge. Based on our data, we propose that cultured RPE from donors phenotyped for the presence
or absence of AMD provides an excellent model system for studying “AMD in a dish”. Our results are consistent
with the ideas that (i) a bioenergetics crisis in the RPE contributes to AMD pathology, and (ii) the diseased
environment in vivo causes changes in the cellular profile that are retained in vitro.

Oxidative stress

1. Introduction years [29] It is predicted that 196 million people will be living with
macular degeneration by 2020. As the generation of “baby boomers”

Age-related macular degeneration (AMD) is the leading cause of grow older, this number will rise dramatically to 288 million by 2040
blindness in elderly individuals, affecting ~28% of individuals 75-85 [46]. The number of individuals suffering from macular degeneration
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and other visual impairments comes with a cost. In 2013, it was esti-
mated that the cost of visual impairment due to retinal disorders in the
U.S. alone was $8.7 billion [1]. The combination of personal and public
costs, as well as the large number of individuals afflicted, creates an
urgent need to develop effective treatments.

AMD destroys the macula, a part of the retina supplying high acuity
central vision. Patients that develop this disease lose their ability to
read, drive, and recognize faces as AMD progresses. There are two
forms of AMD, “wet” and “dry”, with about 10% of cases being “wet”
AMD. Currently, there are treatments available for those suffering from
“wet” AMD, which occurs when abnormal blood vessels grow into the
retina, leading to rapid vision loss [41]. There are currently no effective
treatments for “dry” AMD, characterized by loss of the retinal pigment
epithelium (RPE). The RPE forms the outer blood-retinal barrier and
has several key functions. RPE transport nutrients to the outer retina,
absorb light and protect against photo-oxidation, regenerate the visual
pigment in rhodopsin, phagocytose the tips of photoreceptors, and se-
crete factors required for preserving the structural integrity of the retina
[44]. Because the RPE perform functions that are essential for main-
taining retinal homeostasis, the loss of RPE results in photoreceptor
death and blindness. A better understanding of how the environment of
the diseased retina affects RPE function will provide valuable insight
into disease mechanism and drive discovery of new clinical treatments
that either prevent AMD or stop its progression.

The central dogma of AMD pathology has included a role for oxi-
dative stress and oxidative damage in the retinal degeneration asso-
ciated with AMD [6]. This idea has been supported by later studies in
mouse models that include either global knockout of the antioxidant
CuZn superoxide dismutase (SOD1) or the RPE-specific elimination of
the mitochondrial manganese superoxide dismutase (SOD2) [20,22].
The elevated retinal oxidative stress in these mouse models had detri-
mental effects on retinal function and caused retinal degeneration that
was reminiscent of AMD. An emerging hypothesis, evolved from the
idea that oxidative stress contributes to AMD pathology, involves mi-
tochondrial dysfunction in the RPE as a prominent player in AMD pa-
thogenesis. Strong supporting evidence from studies of human donors
with AMD include the reported decrease in mitochondrial mass with
disruptions in mitochondrial architecture, and an altered mitochondrial
proteome evidenced by lower content of mitochondrial electron trans-
port chain proteins [10,33,34] Additionally, enhanced mitochondrial
DNA (mtDNA) damage has been reported in human donor RPE at stages
of AMD preceding macular degeneration and vision loss [24,45]. The
ramifications of mitochondrial dysfunction include a reduced capacity
for energy production, as well as detrimental effects on redox signaling
and subsequent changes in gene expression.

A major limitation in understanding AMD pathology is the com-
plexity of this multifactorial disease, which manifests in individuals
over 60 years and is influenced by both environmental and genetic
factors. While there are a number of good animal models available for
studying specific pathways that are predicted to be involved in AMD,
none of these models fully replicate all of the key features of AMD.
Thus, additional model systems for studying AMD disease mechanism
are needed. In this study, primary cultures of RPE from human donors
with and without AMD were used to test the hypothesis that mi-
tochondrial defects in the RPE underlie AMD pathology. We compared
the bioenergetic profiles of two major energy pathways, mitochondrial
oxidative phosphorylation and glycolysis. We also tested the response
of these cells to an oxidative challenge. Our results show major dif-
ferences in bioenergetics and oxidative stress response comparing cells
from donors with or without AMD.

2. Materials and methods
2.1. Human eye procurement and grading for AMD

De-identified donor eyes were obtained from the Minnesota Lions
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Eye Bank (Saint Paul, MN). Eyes are obtained with the written consent
of the donor or donor's family for use in medical research in accordance
with the Declaration of Helsinki. The Minnesota Lions Eye Bank is li-
censed by the Eye Bank Association of America (accreditation
#0015204) and accredited by the FDA (FDA Established Identifier
3000718538). Donor tissue is exempt from the process of Institutional
Review Board approval.

Tissue handling, storage and donor exclusion criteria are as outlined
previously [24,45]. Evaluation of the presence or absence of AMD was
determined by a Board Certified Ophthalmologist (Sandra R. Mon-
tezuma) from stereoscopic fundus photographs of the RPE using the
criteria (RPE pigment changes and the presence, size and location of
drusen) established by the Minnesota Grading System [35,7]. Records
from the Minnesota Lions Eye Bank provided demographics (age,
gender, time and cause of death) for the donors used to generate RPE
primary cultures (Supplement Table 1).

2.2. Cell culturing

Eyes obtained within 24 h of death were dissected and processed as
described [4]. RPE cells were isolated from human donor eyecups by
gently dislodging cells from Bruch's membrane with a glass rod fol-
lowing incubation (15 min) with 0.125% trypsin pre-heated to 37 °C.
Cells were suspended in MEM and 15% serum for transport to the
Ferrington laboratory, then processed for cultures as described [42]
using a series of filters (70 and 40 pm) to reduce contamination of
cultures with cell debris. Cells were placed in one Primaria T25 Flask
and cultured in Minimum Essential Medium Eagle alpha medium
(MEM-qa; Sigma-Aldrich) supplemented with 15% Fetal Bovine Serum
(FBS)(Atlanta Biologicals), 1 mM sodium pyruvate (Gibco), 1% non-
essential amino acid (Cellgro), 50 U/mL penicillin and 50 pg/mL
streptomycin (Gibco). The serum was gradually reduced to 10% FBS on
day 2% and 5% FBS on day 7. Media was changed twice per week. Cells
were passaged using trypsin when they reached confluence. All cell
cultures were maintained in a humidified atmosphere of 95% air con-
taining 5% CO, at 37 °C.

Cells in passage 2 or 3 were used for characterization and functional
assays. For functional assays, pigmented cells were grown to confluence
in a T75 flask for approximately three months, then transferred to ei-
ther 96 or 6-well plates and allowed to grow for 2-7 days. Optimal cell
number and timing for procedures was experimentally determined for
each assay. Cell number and condition are indicated under each ex-
perimental protocol.

2.3. Western immunoblotting

Cells (2.5 % 10°) were grown in 6-well plates and washed with PBS
and lysates were extracted on ice with either RPE lysis buffer (20 mM
KCl, 50 mM Tris pH 7.8, 5 mM EDTA, 1% NP-40, 20% Glycerol) or RIPA
lysis buffer (Thermo Fisher). Protein concentration was determined
using a BCA assay kit (Thermo Fisher). Western blots were performed as
described [31]. Proteins were resolved on SDS-PAGE gels and trans-
ferred to PVDF membranes (Millipore). Membranes were incubated
overnight with primary antibodies (Supplement Table 2). The optimal
protein load for each antibody was determined from initial experiments
where the linear range of detection was determined. Appropriate sec-
ondary antibodies conjugated to horseradish peroxidase were used to
visualize immune reactions using chemiluminescence with Super Signal
West Dura Extended Duration substrate (Thermo Fisher). Immune re-
actions were imaged using a ChemiDoc XRS (Bio-Rad) and quantified
using Quantity One software (Bio-Rad).

2.4. Immunofluorescence

Cells were grown on either fibronectin-coated chamber slides
(Nunc) or transwell filters (Costar). Paraformaldehyde-fixed cells were
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Fig. 1. Characterization of primary human RPE cultures derived from adult donors. (A) Phase microscopy image shows confluent RPE form a monolayer with a cobblestone appearance.
(B) H&E stained RPE cells visualize the pigment granules inside the cytoplasm (C,D) Confocal microscopy images of RPE cultured on transwell inserts for one month are shown. En face
views of the RPE monolayer shown as maximum intensity projections through the z-axis. Also shown are cross-sections (locations shown by the white line) through the z-plane of multiple
optical slices. (C) Bestrophin (green) is expressed on the basal surface. Pigment granules seen due to auto fluorescence (red) Nuclei are stained using DAPI (blue). (Scale bar 30 um) (D)
The Na-K ATPase (green) is expressed on the apical surface. ZO-1 staining (orange) marks cell borders; punctate pigment granules appear pink. Nuclei are stained using DAPI (blue).
(Scale bar 15 pm) (E) RPE cultures from non-diseased (No AMD) and AMD donors contain many prototypic RPE proteins as demonstrated on Western immunoblots. Molecular mass for
each protein is shown on the left. HR is RPE homogenate from a human donor. B-actin is the loading control. CRALBP, cellular retinaldehyde-binding protein; MCT3, monocarboxylate
transporter 3. (F) Immunohistochemistry and fluorescent microcopy was used to detect the expression of the prototypic RPE protein, the 65 kDa Retinal Pigment Epithelium-Specific
Protein RPE65. (G) RT-qPCR analysis was performed on RPE cultures from non-diseased (No AMD) (n=4) and AMD (n=7) donors. Graph shows AMD delta CT relative to the mean delta
CT of the non-diseased group. Data are the mean ( = SEM) normalized values. MITF, microphthalmia-associated transcription factor; Pmell7, pre-melanosome protein 1; TYRPI,
tyrosinase related protein 1; Best1, Bestrophin; PEDF, pigment epithelial derived factor; RBP1,Retinol binding protein 1; RDH11, Retinal dehydrogenase. (H) FACs analysis measuring the
phagocytosis of FITC-labeled rod OS by RPE from a healthy (No AMD) and an AMD donor. Dot plots (left) and histograms for cells without and with the addition of OS are shown. Data are
mean ( = SEM). (* denotes p < 0.05).

blocked for one hour in 10% normal donkey serum and then incubated SuperScript III First-strand Synthesis System (ThermoFisher).
in primary antibody (Supplement Table 2) overnight. The reaction was Quantitative PCR analysis was performed using 2 uL of cDNA and SYBR
visualized using appropriate secondary antibody. Cells were cover Green (Roche) with an Eppendorf Mastercycler (Realplex2) using pri-
slipped with mounting medium containing DAPI (Vector Laboratories) mers listed (Supplement Table 3). ACT was calculated using the
and imaged with either a fluorescence microscope (Leica DM4000B) or housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (G-
an inverted confocal microscope (Olympus FluoView 1000). To confirm APDH). Relative expression was calculated using ACT values normal-
specificity of the primary antibody, control slides without primary an- ized to mean expression of donors without AMD.
tibody were included. H & E stained slides were imaged with an EVOS For the oxidative stress response assay, cells were grown for 2-7
XL core microscope. days in 6-well plates at 250,000 cells/well before treatment. Total RNA
and cDNA were prepared as stated above. Expression of oxidative stress
2.5. RNA isolation and qRT-PCR for RPE characterization and oxidative response genes was determined using quantitative reverse transcription
stress response PCR (qRT-PCR) using a BioRad iQ5 multicolor real time PCR detection

system as described previously [24]. Triplicate wells of 25 pL reactions
For RPE characterization, total RNA was prepared with the RNeasy contained 1ng cDNA, 0.2uM Forward and Reverse primers, and
Micro kit (Qiagen). RNA (300 ng) was used to synthesize ¢cDNA with 13.5 uL BioRad iQ SYBR Green Supermix. Gene information, amplicon
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size, annealing temperature, and primer sequences can be found in
Supplement Table 3. A standard curve was included with every gene to
determine efficiency.

The housekeeping gene 60 S acidic ribosomal protein PO (ARBP)
was used to calculate ACt of each gene of interest. To determine fold
change relative to untreated controls, AACt values were calculated by
subtracting the ACt of untreated cells from their respective hydrogen
peroxide treatments at 6 or 24 h. To determine fold change relative to
No AMD, AACt of each AMD donor was calculated by subtracting the
mean ACt of No AMD cells from the ACt of each AMD sample for cor-
responding treatments. A modified Livak method was used to calculate
relative expression using the efficiency for each primer.

2.6. Phagocytosis of outer segments (OS)

Sucrose gradient-purified porcine rod outer segments were obtained
from Dr. Aparna Lakaraju (U Wisconsin). OS were labeled with
Fluorescein-5-Isothiocyanate Isomer I (FITC) (Thermo Fisher) as de-
scribed previously [37]. Labeled OS were pelleted, washed, and added
to confluent RPE cultures (100,000 cells/well grown at least one month
in a 4.8 cm? well, coated with Matrigel, Corning) at a concentration of
40 OS/RPE cell. After 24-h of incubation, cells were washed with PBS,
dissociated with trypsin, and collected in PBS for analysis. Flow cyto-
metry analysis was performed using LSRII H1010 (BD Biosiences) and
the data analyzed with FlowJo software.

2.7. Phagocytosis of beads

RPE cells were seeded at 1.0 x 10° cells / 4.8 cm? well coated with
Matrigel and grown for 24 h. One micron fluoresbrite YG Microspheres
(Polyscience) were added (1 X 107 beads/well) and the cells cultured
for an additional 24hr. To ensure that only internalized beads would be
included in the measurement, cells were dissociated with Trypsin and
re-seeded into a new well that was coated with Matrigel (Corning). The
next day, cells were washed 3 times with DPBS (ThermoFisher) before
dissociation with Trypsin and collected in DPBS. Flow cytometry ana-
lysis was performed using FALSRII H1010 (BD Biosiences) and the data
analyzed with FlowJo software.

2.8. Measurement of glycolytic function using the Glycolytic Stress Test
(GST)

Analysis of glycolytic function was performed on live cells using an
XF®96 Extracellular Flux Analyzer (Seahorse Bioscience). Cells (4 x 10*
cells/well) were seeded in a 96 well plate and grown for 24 h. Cells
were incubated with or without 500 uM hydrogen peroxide for 24 h,
washed (2X) with the GST assay medium (XF base medium DMEM
supplemented with 2 mM glutamine, pH 7.4), and incubated in the GST
media for 1 h at 37 °C in a non-CO2 incubator. The assay was performed
using the GST assay protocol as suggested by the manufacturer
(Seahorse Bioscience). Extra cellular acidification rate (ECAR) was
measured under basal conditions followed by the sequential addition of
10 mM glucose, 2 uM oligomycin, and 100 mM 2-DG. A graphical de-
scription of the assay and parameters measured are provided in
Supplement Fig. 1.

2.9. Measurement of mitochondrial function using the Cell Mito Stress Test
(CMST)

Analysis of mitochondrial function was performed on live cells using
XF96 Extracellular Flux Analyzer (Seahorse Bioscience) using the
CMST assay conditions. Cells (4 X 10* cells/well) were seeded in a 96
well plate and grown for 24 h. Cells were incubated with or without
500 uM hydrogen peroxide for 24 h, washed (2X) with CMST assay
medium (XF base medium DMEM supplemented with 2 mM glutamine,
5.5mM glucose, and 1 mM sodium pyruvate, pH 7.4), and then
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incubated in CMST medium for 1 h at 37 °C in a non-CO2 incubator.
The CMST assay protocol was performed as suggested by the manu-
facturer (Seahorse Bioscience). Oxygen consumption rate (OCR) was
detected under basal conditions followed by the sequential addition of
oligomycin (2 pm), FCCP (1 pm), as well as rotenone (1 M) and anti-
mycin A (1 uM). This allowed for measurement of the following para-
meters: basal respiration, OCR, ATP production, maximal respiration,
spare respiratory capacity, and non-mitochondrial respiration. A gra-
phical description of the assay and parameters measured are provided
(Supplement Fig. 1).

2.10. Determining mitochondrial DNA content

DNA was prepared from confluent cells grown in a T25 using a
DNeasy Mini-Prep Kit (Qiagen). The content of mtDNA was determined
using quantitative real-time PCR (iQ5 Multicolor Real-Time PCR
Detection System; Bio-Rad) as described [24]. Three sets of primers
were used in the RT-qPCR analysis (Supplement Table 3). Total mtDNA
copies were quantified by amplifying two regions of the mitochondrial
genome, Cytochrome b (Cyt b) (222 bp) and the 16 S rRNA (197 bp)
normalized to the invariable 3-globin nuclear gene (147 bp).

2.11. Pigment Epithelium-Derived Factor (PEDF) analysis

RPE cells were seeded (1x10° cells/well) onto polyester inserts
(6.5 mm diameter, 0.4 um pores; Corning) coated with Matrigel
(Corning). Cell monolayers were cultured for approximately 2 months
with media changes twice per week. Samples were collected from the
apical chambers 24-h after a media change. ELISA for PEDF (R &D
Systems) was conducted according to the manufacturer's protocols.
Growth factor concentration was derived from standard curves and
normalized to chamber volume.

2.12. Cell viability

RPE cells were seeded (5x10° cells/well) in a 96-well microtiter
plate and grown for 48 h in RPE media containing 1% FBS and no so-
dium pyruvate. RPE cells were incubated with different concentrations
of hydrogen peroxide (150, 200 and 250 uM) for 24 h. Cell viability was
determined using the Cyquant Direct Cell Proliferation Assay Kit
(ThermoFisher). The percent of viable cells were determined by nor-
malizing to the untreated control group.

2.13. Measures of ATP content

The cellular ATP production was assayed using ATPlite- lumines-
cence ATP detection assay system (Perkin-Elmer). RPE cells were
seeded (5% 10® cells/well) in a 96-well microtiter plate and grown for
48 h in RPE media containing 1% FBS and no phenol red or sodium
pyruvate. Cells were treated with hydrogen peroxide (150, 200 and
250 pM) for 24 h. ATP content was quantified using a luminescence
microplate reader (Biotek, Synergy 2).

2.14. Glutathione (GSH) analysis

Intracellular GSH levels were measured using a GSH-Glo
Glutathione assay kit (Promega). Cells (5 x 10° cells/well) were seeded
in a 96-well microtiter plate and grown for 48 h in RPE media con-
taining 1% FBS and without phenol red or sodium pyruvate. RPE cells
were incubated with different concentrations of hydrogen peroxide
(150, 200 and 250 uM) for 24 h. GSH content was determined with a
luminescence microplate reader (BioTek, Synergy 2).

2.15. Statistical analysis

A Grubb's test was first run on each data set to remove outliers. An
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unpaired Student's t-test was performed to compare data from donors
without AMD (No AMD) to donors with AMD (Figs. 2C, 3C, 4A-C, and
5D). A paired t-test was used to determine if there was a significant
change in bioenergetics parameters after incubation with hydrogen
peroxide (Fig. 2D,E and Fig. 3D,E). Two-way Analysis of Variance
(ANOVA) was used to compare the effect of disease state (No AMD vs
AMD) and hydrogen peroxide concentration, with a Tukey's post-hoc
test when required (Fig. 5A-C). For oxidative stress response RT-qPCR
and western blots, donor's fold change relative to untreated data were
analyzed using One-Way ANOVA with repeated measures and a mul-
tiple comparison Dunnet's test (Fig. 5SE+ G). AMD fold change relative

to average No AMD was tested for normal distribution (Fig. 5F +H). If
data fit a normal distribution, a one-sample t-test was used. If data did
not fit a normal distribution, a Wilcoxon signed-rank test was used. For
both one-sample t-tests and Wilcoxon signed-rank tests, data was tested
against a hypothetical mean of one. The hypothetical mean of one was
chosen as fold change isrelative to a value of one. Analyses were per-
formed using the statistical software in Origin 9.1 (Originlab Corp) or
GraphPad Prism 7 (GraphPad Software). Data are reported as
mean + SEM for each group. p<0.05 was considered statistically sig-
nificant and a p-value between 0.05 and 0.10 was considered a trend.
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Fig. 4. Investigating the loss in mitochondrial function for RPE
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3. Results AMD donors (Fig. 1G). These primary RPE cultures also contained no

3.1. Characterization of Primary RPE cultures from human donor eyes

A summary of demographics and clinical information for donors
used in the experiments is provided in Supplement Table 1. The average
time from death to cell harvesting was 19.5 + 4 h (mean *+ SD). Donors
were graded for the presence or absence of AMD using the criteria es-
tablished for eye bank eyes [35,7]. Donors with no clinically obvious
eye disease were designated as “No AMD” (MGS1). Donors exhibiting
RPE pigmentary changes and drusen were included in the “AMD”
group. The majority of cells (~90%) were from donors at early (MGS2)
or intermediate (MGS3) AMD. Cells in passage 2 or 3 were used for
characterization and functional assays.

Confluent primary RPE cultures from donors with or without AMD
developed pigmented cell monolayers with a cobblestone appearance
(Fig. 1A,B). Based on anti-ZO1 staining, they also develop tight junc-
tions and when grown on transwells, become polarized as evidenced by
the apical and basal localization of the Na-K ATPase and Bestrophin,
respectively (Fig. 1C,D). Results from Western immunoblotting, im-
munofluorescent staining, and qRT-PCR analysis show these primary
cultures express prototypic RPE proteins (RPE65; Bestrophin (Bestl);
monocarboxylate transporter 3 (MCT3)), enzymes associated with
pigment development (pre-melanosome protein 17 (Pmell7); tyr-
osinase related protein 1 (Trypl)), proteins involved in the visual cycle
(retinol binding protein 1 (RBP1); retinal dehydrogenase (RDH11);
cellular retinoic acid binding protein (CRABP); cellular retinaldehyde
binding protein (CRALBP)), and the transcription factor associated with
differentiated RPE (microphthalmia-associated transcription factor
(MITF) (Fig. 1E-G and Supplement Fig. 2A-C). Notably, similar levels of
gene expression were observed in cells from both non-diseased and
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measurable contamination by endothelial cells, immune cells, or Mast
cells as determined by Western blot probing with anti-CD31, anti-CD45
and anti-TPSAB1 antibodies (Supplement Fig. 2D). Cultures of RPE
from donors with or without AMD also retained in vivo function, as
demonstrated by their ability to phagocytose photoreceptor OS
(Fig. 1H) and latex beads (Supplement Fig. 2E). These results show
primary RPE cultures share many of the cardinal features of RPE in vivo.

3.2. Assessment of bioenergetics and resistance to oxidative stress

To compare the bioenergetic profile of primary RPE cultures from
non-diseased donors (No AMD) and donors with AMD, we measured
glycolytic and mitochondrial function using an XF®96 Extracellular Flux
Analyzer (Seahorse Bioscience). This analysis allows for real-time
measurements of ECAR and OCR, which are indicators of glycolysis and
mitochondrial respiration, respectively. The effect of hydrogen per-
oxide-induced oxidative stress on cell energetics was also assessed.

3.2.1. Lower glycolytic function and resistance to oxidative damage in RPE
from AMD Donors

Glycolysis was assessed utilizing the glycolytic stress test and
monitoring the ECAR. Fig. 2 shows a trace of the average ECAR (nor-
malized to baseline) for cells from non-diseased and AMD donors with
no treatment (A) and following 24-h incubation with 500 pM hydrogen
peroxide (B). ECAR measured after sequential injections of glycolytic
stressors (glucose, oligomycin, and 2-deoxyglucose) was used to cal-
culate glycolysis, glycolytic capacity and glycolytic reserve
(Supplement Fig. 1A).

All measures of glycolysis were significantly lower in RPE from
donors with AMD compared with healthy donors. Glycolysis, glycolytic
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capacity, and glycolytic reserve were decreased 25%, 35% and 57%,
respectively (Fig. 2C). Hydrogen peroxide treatment significantly de-
creased all measures of glycolysis in donors without AMD (Fig. 2D) but
not in cells from AMD donors (Fig. 2E). In cells from donors without
AMD, hydrogen peroxide treatment decreased glycolysis 21%, glyco-
lytic capacity 24% and glycolytic reserve 42% (Fig. 2D). Cells from
AMD donors were resistant to oxidative inactivation.
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Fig. 5. Investigating the resistance to oxidation stress in RPE from AMD donors. (A,B,C)
RPE cultures were incubated with 0, 150 pm, 200 pm, or 250 pm hydrogen peroxide for
24 h. (A) Cell survival (No AMD n=9; AMD n=16) was measured using the CyQuant
Direct Cell Proliferation Assay. (B) ATP content (No AMD n=8; AMD n=14) was de-
termined using the ATPlite luminescence ATP detection assay. (C) GSH content (No AMD
n=9; AMD n=16) was determined using the GSH-Glo Glutathione assay. Data are hy-
drogen peroxide treated relative to untreated controls. Results from the two-way ANOVA
(main effects were disease and hydrogen peroxide) are shown on each graph. (D) Data are
from densitometry of Western immunoblots using antibodies specific for multiple anti-
oxidants. Results are normalized to the mean density for donors with No AMD. The
number of donors for each analysis is shown within the bars. (E) mRNA was isolated from
untreated controls and cells exposed to 300 pm hydrogen peroxide for either 6 h or 24 h.
Results are the fold change in expression relative to untreated controls (dashed line). (F)
The same Ct values used in (E) were used to calculate fold change in expression of AMD
relative to the average for No AMD samples (dashed line). (G) Proteins were isolated
using RIPA buffer from untreated controls and cells exposed to 300 um hydrogen peroxide
at 6 h or 24hrs. Results are the fold change of densitometry relative to untreated controls
(dashed line). (H) The same densitometry values were used to calculate the fold change
relative to No AMD donors. See Materials and Methods for fold change calculations. All
data are mean ( = SEM). ( * denotes p < 0.05 and # denotes 0.10 > p > 0.05).

3.2.2. Decreased mitochondrial function and resistance to oxidative damage
in RPE from AMD Donors

OCR was measured in primary RPE from donors with and without
AMD using the Cell Mito Stress Test. Fig. 3 shows a trace of the average
OCR (normalized to baseline) for untreated cells from non-diseased and
AMD donors (A) and following 24-h incubation with 500 uM hydrogen
peroxide (B). OCR measured after sequential injections of mitochon-
drial stressors (oligomycin, carbonyl cyanide-4-(trifluoromethoxy)phe-
nylhydrazone (FCCP) and antimycin/rotenone) was used to calculate
basal respiration, ATP production, maximal respiration, and spare ca-
pacity (Supplement Fig. 1B).

RPE from donors with AMD had significantly lower basal respira-
tion, ATP production, and maximum respiration compared with RPE
from healthy donors (Fig. 3C) Hydrogen peroxide treatment sig-
nificantly decreased ATP production 29% in donors without AMD
(Fig. 3D) but not in cells from AMD donors (Fig. 3E). Significant de-
clines in maximal respiration and spare capacity were observed in both
groups. Cells from donors without AMD exhibited a more substantial
decrease in both maximal respiration (39% vs 23%) and spare capacity
(50% vs 33%) compared with AMD donors.

3.3. Investigating potential mechanisms linked to reduced bioenergetics in
RPE from AMD donors

Factors that can influence oxidative capacity include the cellular
content of mitochondria, the production of growth factor PEDF by RPE
[13], and the content of the transcriptional coactivator peroxisome
proliferator- activated receptor-gamma coactivator la (PGC-1a) [19].
Mitochondrial content was estimated from qRT-PCR amplification of
small segments of the mitochondrial genome localized within the re-
gion for Cyt b (222 bp) and the 16 S rRNA (197 bp). These two regions
were selected because they are located in very different but stable re-
gions of the mitochondrial genome. Amplification of the B-globin nu-
clear gene (147 bp), which has two copies per diploid cell, was used to
estimate the number of RPE cells in each sample. Amplification of the
two regions of the mitochondrial genome and f3-globin nuclear gene
provides an estimate of the total mtDNA copies per RPE cell. Our results
show no difference in mtDNA content when comparing healthy and
AMD donors (Fig. 4A).

PEDF has been shown to stabilize mitochondrial networks and im-
prove RPE mitochondrial function [13]. To determine if differences in
PEDF production could help explain the disease-related difference in
mitochondrial function, we measured the content of PEDF secreted by
RPE cultures using an ELISA assay (Fig. 4B). Our results show RPE from
healthy and AMD donors secreted approximately the same amount of
PEDF to the apical side of RPE cells grown on transwells.

Previous work has shown that PGC-1a has a positive effect on both
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mitochondrial metabolism and antioxidant capacity [19]. To test
whether differences in content of this transcriptional coactivator could
explain the reduced oxidative phosphorylation observed in RPE from
AMD donors, we measured the cellular content of PGC-1a protein by
Western immunoblots (Fig. 4C,D). We found that cultured RPE from
donors with AMD had significantly higher levels of PGCla compared
with donors without AMD. With higher PGCla, the prediction is that
mitochondrial function would improve, which was not observed for
RPE cultured from AMD donors.

3.4. Investigating potential mechanisms responsible for differential oxidative
stress resistance

Analysis of the bioenergetic profile of primary RPE cultures showed
RPE from donors with AMD were more resistant to hydrogen peroxide-
induced decrements in both mitochondrial and glycolytic function. To
further investigate these initial findings, we performed an orthogonal
assay of cell death to confirm that cells from AMD donors were more
resistant to oxidative stress. In both healthy and AMD donor cells, we
observed a dose-dependent decrease in cell survival (p < 0.001)
(Fig. 5A). However, cells from AMD donors had significantly better
survival (p=0.02), especially at low levels of oxidative stress.

To investigate the potential mechanistic basis for the ability of RPE
from AMD donors to withstand an oxidative insult, we measured the
content of ATP and GSH under the same conditions as the cell death
assay. GSH is a highly abundant tripeptide composed of glycine, cy-
steine, and glutamic acid, with multiple roles in helping to protect the
cell from an oxidative challenge, such as reducing oxidized proteins and
reversibly binding to protein sulfhydryl groups to protect them during
an oxidative challenge. Following incubation with increasing amounts
of hydrogen peroxide, both GSH (p =0.07) and ATP (p =0.04) exhibited
a dose-dependent decrease in all cells (Fig. 5B and C). Consistent with
our Seahorse analysis of ATP content, cells from donors with AMD had
lower levels of ATP (p=0.03). GSH content was also lower in AMD
donor cells (p > 0.001).

The cellular antioxidant capacity has a significant impact on how
the cell responds to an oxidative challenge. We have already shown that
RPE from AMD donors have significantly elevated levels of PGC-1a
protein, which may contribute to their higher resistance to an oxidative
insult (Fig. 4C). To determine if altered levels of antioxidants aid in the
ability of RPE from AMD donors to withstand an oxidative challenge,
Western immunoblotting was used to measure the content of several
major antioxidants (Fig. 5D and Supplement Fig. 2F). Antioxidants were
selected based on their function and localization within the cell. Per-
oxiredoxin (PRDX3, mitochondria), catalase (CAT, peroxisomes), and
glutathione peroxidase (GPX1, cytosolic) are the major enzymes in-
volved in protecting cells against hydrogen peroxide [36]. Following an
oxidative stress, sulfiredoxin 1 (SRXN1, cytosolic) translocates into the
mitochondria and preserves the antioxidant function of mitochondrial
PRDX3 [32]. Glutathione-S-transferase pi (GSTn) helps to detoxify
specific products of oxidative damage, such as 4-hydroxynonenal. The
cytosolic superoxide dismutase (SOD1), one of the most abundant an-
tioxidants, reduces cellular content of superoxide by transforming it
into hydrogen peroxide. Our analysis showed that under basal condi-
tions, the relative content of these enzymes was not different for RPE
from non-diseased or AMD donors.

The ability to upregulate redox sensitive genes is important in
maintaining a healthy cell environment following an oxidative chal-
lenge. Therefore, we analyzed the change in gene expression of redox
sensitive transcription factors and downstream genes in RPE from do-
nors with and without AMD after treatment with hydrogen peroxide. A
select number of genes exhibited a significant change in expression in
response to treatment. Peroxisome proliferator-activated receptor
gamma (PPARy), cytochrome c (CYTC), NAD(P)H quinone dehy-
drogenase (NQO-1), and heme-oxygenase 1 (HO-1) increased in both
AMD and No AMD cells after hydrogen peroxide treatment (Fig. 5E).
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Expression of glutathione peroxidase 1 (GPX1), superoxide dismutase 1
(SOD1), and superoxide dismutase 2 (SOD2) remained unchanged in
response to treatment (Fig. 5E). CAT and PGCla showed similar de-
creases in both AMD and No AMD cells after hydrogen peroxide
treatment (Fig. 5E).

To determine if there were differences in gene expression between
cells from healthy and AMD donors, we calculated the fold change of
mRNA content in AMD cells relative to the mean content of No AMD
cells (Fig. 5F). Baseline levels of gene expression were higher in AMD
RPE relative to mean No AMD cells for peroxisome proliferator-acti-
vated receptor alpha (PPARa) and SOD2. At six hours post hydrogen
peroxide, PGCla, PPARa, SOD1, and GPX1 displayed higher levels of
expression in AMD RPE. Expression of PPARa and SOD2 was sig-
nificantly higher at 24 h post treatment. Conversely, reduced expression
was observed in CYTC and HO1 in AMD RPE six hours after hydrogen
peroxide exposure. These data show substantial changes in expression
of redox sensitive genes in response to an oxidative challenge.

To determine if the changes seen in mRNA led to changes in protein
content, western immunoblotting was performed under identical con-
ditions used for gene expression analysis. The content of PPARa was
examined based on the significant difference in mRNA levels between
cells with AMD or No AMD. Additional analysis was performed on the
gene products of SOD1 and SOD2 (CuZnSOD and MnSOD, respectively)
due to their major role in the oxidative stress response. In cells from
donors with No AMD, PPARa protein was increased approximately 25%
at 24 h post-peroxide compared with untreated controls (p=0.08).
Additionally, CuZnSOD protein increased significantly relative to un-
treated at both 6 and 24 h (Fig. 5G). In cells from donors with AMD,
there was approximately a 20% increase in CuZnSOD (p=0.059) at 6 h
(Fig. 5G). Comparing protein content in AMD versus No AMD RPE we
observed approximately a 25% decrease in PPARa (p=0.073) in un-
treated controls (Fig. 5H).

4. Discussion

In this study, we showed that RPE isolated and cultured from human
donor eyes retain the ability to phagocytose OS and have morphological
characteristics that resemble native RPE in vivo. Functional analysis of
the two major energy producing pathways, oxidative phosphorylation
(OxPhos) and glycolysis, revealed that RPE from AMD donors had a
reduced bioenergetic profile compared with RPE from non-diseased
donors. Despite the defects in bioenergetics, RPE from AMD donors
were more resistant to mitochondrial and glycolytic oxidative in-
activation and also oxidation-induced cell death. Investigation of po-
tential mechanisms responsible for the greater protection from oxida-
tion revealed upregulation of PGCla protein as well as differential
induction of redox-sensitive transcription factors and their downstream
products in the RPE cultured from AMD donors. Based on these results,
we speculate that the microenvironment of the diseased retina modifies
the RPE and that at least some of these changes are retained in vitro.

Data showing functional impairment in both mitochondrial OxPhos
and glycolysis in RPE from AMD donors suggest AMD is associated with
a bioenergetic crisis in the RPE. This idea has been previously suggested
[24,21] but had not been experimentally tested.

Evidence reported in studies using RPE directly harvested from
donors with AMD found defects in mitochondrial morphology and in-
creased mtDNA damage, which is consistent with a predicted loss in
mitochondrial function in vivo [10,24,45]. This study, as well as a re-
cently published comparison of primary RPE cultures from AMD and
healthy donors [11], provides strong experimental evidence that al-
tered bioenergetics is part of AMD pathology. Mitochondria are at the
heart of RPE energy production since it is the site of the tricarboxylic
acid (TCA) cycle, B-oxidation, and OxPhos. Substrate for the TCA cycle
is also produced from the glycolytic reduction of glucose, so a defi-
ciency in glycolysis could ultimately affect OxPhos. Thus, while OxPhos
supplies the majority of ATP, the entire bioenergetic system works
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together to meet the energy requirements of the cell [18].

Of note, we find that the protein content of PGCla, a transcription
factor co-activator that regulates mitochondrial biogenesis, was higher
in cells from AMD donors (Fig. 4C). However, the elevated PGCla
content was not sufficient to improve mitochondrial function or in-
crease mtDNA content. Therefore, other factors are contributing to the
loss in bioenergetics in AMD donor cells. For example, we had pre-
viously reported significant mtDNA damage in RPE from AMD donors
[45]. Extensive damage was present in the D-loop region, where tran-
scription factors initiate mtDNA biogenesis. This disruption in mtDNA
replication would inhibit mitochondrial biogenesis.

The second major finding is that RPE cells from AMD donors were
more resistant to an oxidative challenge. These data are in contrast to
Golestaneh and colleagues [11], who found no change in oxidative
resistance at 24 h post-hydrogen peroxide in AMD versus healthy do-
nors. A potential explanation for the discrepant results could be the low
number of donors in their study (n=5 per group) or differences in
culture conditions.

Our previous proteome analysis of RPE showed AMD is associated
with substantial upregulation of antioxidant enzymes in cells that were
directly harvested from donors with AMD [7]. These results suggest the
cell has upregulated the antioxidant capacity in vivo to accommodate
the oxidative environment of the diseased retina. In the current study,
we evaluated whether increased antioxidant enzymes could explain the
greater resistance to oxidative stress exhibited by RPE from AMD do-
nors. We found that levels of antioxidant enzymes were essentially
equivalent irrespective of the donor's health status (Fig. 5D). These
cells, which were cultured for 3-4 months prior to use, may have
adapted their proteome to the new in vitro environment that had
homogenous temperature, oxygen, and nutrients. In addition to its role
in mitochondrial biogenesis, PGCla also contributes to the antioxidant
capacity of the cell [19] by regulating multiple transcription factors,
including nuclear factor E2-related factor (NRF2), PPARa, and PPARy
[30]. PGCla is required for induction of many reactive oxygen species
detoxifying enzymes, including CuZnSOD, MnSOD, GPX1, and CAT
[43]. Therefore, the increase in PGC1la content could play a role in the
observed resistance of RPE from AMD donors to an oxidative insult.

It has previously been shown that the type of oxidant and extent of
oxidative stress determines which pathways are activated [9]. For ex-
ample, intermediate oxidative stress activates NF-kB, AP1, and MAP
kinase pathways, while more elevated stress upregulates NRF2. A mild
stress with minimal cell death was used for measuring changes in gene
expression and protein content under an oxidative challenge (Fig. 5F-
H), which may explain the observed changes in only a select number of
genes relative to untreated controls. The degree of confluence, density
of the cells, and the development of differentiated polarized RPE can
also influence cultured RPE's response to oxidative stress [16]. The
different conditions used for our oxidative stress response, cell death
experiments, and measurements of bioenergetic function led to varying
degrees of cell death (5-10%, 20-55%, and 40-47% respectively, data
not shown). None-the-less, these individual assays were able to reveal
differences between cells from non-diseased and AMD donors. As a
caveat with all cultured cells, experiments performed in vitro may not
be a genuine reflection of their response in vivo. More extensive in-
vestigation using different oxidizing conditions are required to define
the mechanism responsible for oxidative resistance of AMD donor cells.

The altered bioenergetics and differential response to oxidative
stress (Figs. 2, 3, 5) in RPE from donors with AMD suggest these cells
possess a “metabolic memory” in vitro that may be linked to their in vivo
environment. This idea is consistent with data from diabetic patients
and animal models, where the effect of the diseased environment is
sustained in cultured cells [28,46,8,39]. Of note, there are many par-
allels between diabetic retinopathy and AMD, the most important being
the increase in retinal oxidative stress and mitochondrial dysfunction
[26,27]. The metabolic memory observed in the current study and as-
sociated with cells derived from diabetic animals could result from
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epigenetic mechanisms that adjust gene expression to accommodate the
changing cellular environment. Epigenetic modifications, which are
reversible but can also persist long after the stimulus is removed, reg-
ulate gene expression at either the level of transcription or translation
by altering chromatin structure (via DNA methylation and post-trans-
lational modification of histones) or by blocking mRNA translation due
to binding of micro-RNAs (miRNA) to the 3’ untranslated region.
DICER, an endonuclease that is involved in miRNA maturation, reg-
ulates the cellular content of miRNAs. Because the majority of the en-
zymes responsible for maintaining DNA methylation and histone me-
thylation/acetylation are redox sensitive, these epigenetic
modifications provide a footprint documenting the cell's exposure to an
oxidative environment.

While we did not directly investigate whether epigenetic mod-
ifications in our cultured cells could explain the apparent “metabolic
memory” retained by RPE from AMD donors, the importance of epi-
genetic modifications in AMD has started to emerge [14]. For example,
disease-specific differences in DNA methylation patterns and down-
regulation of DICER1 have been reported in RPE/choroid of human
AMD donors [17,23,47]. Future experiments will focus on determining
if epigenetic changes have occurred in cells from AMD donors as a
potential explanation for the differential response to an oxidative
challenge.

This study provides insight into the molecular mechanism and un-
derlying differences between RPE cells from AMD and No AMD donors
in their bioenergetics and ability to handle an oxidative challenge.
Strong evidence from human donor RPE [24,10,43] and reduced Ox-
Phos measured in primary RPE cultures suggest mitochondrial dys-
function plays a central role in AMD. We propose mitochondrial dys-
function initiates a cascade of events resulting in increased ROS
production as well as activation of PGCla and other redox sensitive
transcription factors (Fig. 6). If not properly removed from the cell the
increased ROS exacerbates mitochondrial dysfunction. This dysfunction
is also communicated to the nucleus through retrograde signaling [25].
Mitochondrial retrograde signaling is stimulated by defects in OxPhos,
mtDNA damage, decreased ATP, increased ROS, and release of CaZ*
from the mitochondria [38]. These pathways, stemming from mi-
tochondrial dysfunction, cause changes in gene expression and protein
content leading to altered bioenergetics and increased resistance to
oxidative stress. In addition, signaling resulting from mitochondrial
dysfunction may lead to changes in the epigenetic landscape, further
altering gene expression. These adjustments allow the cell to survive.
However, this system fails under conditions of chronic assault in the
diseased retina.

The use of primary cultures of RPE has provided a valuable model
system for studying RPE physiology and function under a number of
experimental conditions. Pioneer work in primary cultures led to the
discovery of polarized secretion of VEGF, IL6, and IL8 by RPE [15,3]
and that VEGF secretion increased under conditions of hypoxia [3].
Primary RPE cultures from donors of different ages have also revealed
age-related changes in bioenergetics, antioxidant capacity, and cell
signaling [12,2,40]. They have also been useful for establishing drug
efficacy, as demonstrated from RPE protection by compounds such as
PEDF and N-acetylcysteine amide [13,5]. The current study showed
that some effects of the diseased retinal environment appear to be re-
tained in vitro, and therefore it appears that the “metabolic memory” is
linked to the donor's health status. These results suggest that primary
RPE cultures from human donors graded for the presence or absence of
AMD provide an excellent model system to study the effects of AMD on
RPE function and gene expression.
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Fig. 6. Model for AMD related changes in RPE. AMD
is associated with mitochondrial dysfunction and a
bioenergetic crisis, documented by decreased
OxPhos and glycolysis. Mitochondrial dysfunction
leads to increased ROS production. PGCla and redox
sensitive transcription factors (TF) respond to en-
vironmental changes caused by mitochondrial dys-
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