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Age-related macular degeneration (AMD) involves the loss of retinal pigment epithelium (RPE) and photoreceptors and is one of
the leading causes of blindness in the elderly. Oxidative damage to proteins, lipids, and DNA has been associated with RPE
dysfunction and AMD. In this study, we evaluated oxidative stress in AMD and the efficacy of antioxidant, N-acetyl-L-cysteine
(NAC), in protecting RPE from oxidative damage. To test this idea, primary cultures of RPE from human donors with AMD
(n=32) or without AMD (No AMD, n=21) were examined for expression of NADPH oxidase (NOX) genes, a source of
reactive oxygen species (ROS). Additionally, the cells were pretreated with NAC for 2 hours and then treated with either
hydrogen peroxide (H,O,) or tert-butyl hydroperoxide (t-BHP) to induce cellular oxidation. Twenty-four hours after treatment,
ROS production, cell survival, the content of glutathione (GSH) and adenosine triphosphate (ATP), and cellular bioenergetics
were measured. We found increased expression of p22phox, a NOX regulator, in AMD cells compared to No AMD cells
(p=0.02). In both AMD and No AMD cells, NAC pretreatment reduced t-BHP-induced ROS production and protected from
H,0,-induced cell death and ATP depletion. In the absence of oxidation, NAC treatment improved mitochondrial function in
both groups (p < 0.01). Conversely, the protective response exhibited by NAC was disease-dependent for some parameters.
In the absence of oxidation, NAC significantly reduced ROS production (p <0.001) and increased GSH content (p =0.02)
only in RPE from AMD donors. Additionally, NAC-mediated protection from H,O,-induced GSH depletion (p =0.04) and
mitochondrial dysfunction (p <0.05) was more pronounced in AMD cells compared with No AMD cells. These results
demonstrate the therapeutic benefit of NAC by mitigating oxidative damage in RPE. Additionally, the favorable outcomes
observed for AMD RPE support NAC’s relevance and the potential therapeutic value in treating AMD.

1. Introduction

Age-related macular degeneration (AMD) is the leading
cause of progressive and irreversible vision loss in the aging
population [1]. The macula, a small central area of the retina
that deteriorates with AMD, is responsible for high acuity
and color vision. Approximately 10% of the AMD patient
population has the “wet” form of the disease, which manifests

as abnormal growth of blood vessels into the retina from the
choriocapillaris, a fenestrated blood vessel network outside
the eye [2]. The majority of the AMD patient population
has “dry” AMD, characterized by the loss of retinal pigment
epithelium (RPE) and photoreceptors in the absence of
abnormal blood vessel growth. In the last decade, the treat-
ment of wet AMD has significantly improved with the intro-
duction of anti-VEGF therapy [3]. Several new therapeutic
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strategies against dry AMD have been tested in experimental
studies and clinical trials [4], though none has emerged as
effective treatments.

The RPE is a single layer of postmitotic pigmented cells
located between the photoreceptors and the choriocapillaris.
These cells have multiple functions involved in maintaining
retinal health including photoreceptor phagocytosis, nutrient
transport, and cytokine secretion. Disruption of RPE cell
function is a key event in the pathogenesis of AMD [5].
Previous studies suggest that the pathologic mechanism
involves mitochondrial dysfunction resulting from oxidative
stress and subsequent damage to proteins, lipids, and
mtDNA [6-8]. Oxidative stress is a consequence of high
levels of reactive oxygen species (ROS) generated physiolog-
ically as a by-product of reactions in mitochondria and from
several enzymes, including NADPH oxidase (NOX). Thus,
strategies that reduce ROS and subsequently oxidative stress
may be a potential therapeutic intervention for AMD.

A complication to developing therapeutics is the absence
of a defined singular mechanism driving AMD pathology. In
addition to age, many risk factors are implicated in the clin-
ical manifestations of AMD, including environmental agents,
such as smoking and diet [9] and genetic polymorphisms [10,
11]. However, evidence from numerous studies supports the
role of oxidative stress/damage in AMD pathology. For
example, human donors with AMD have increased glycation
end products and w-(2-carboxyethyl)pyrroles, products of
protein oxidation, in their retinas [12]. Additionally, the
RPE from AMD donors have elevated levels of antioxidant
enzymes, likely a compensatory response to the oxidative
environment of the diseased retina [7, 13]. Clinically, the
Age-Related Eye Disease Study (AREDS) supports a link
between oxidative stress and AMD, showing that supplemen-
tation with antioxidants plus zinc slowed progression of the
disease [14].

Based on the positive outcomes of the AREDS, antioxi-
dants are an effective approach for protecting the retina of
AMD patients. However, the AREDS formulation was effec-
tive in ~20% of the patient population with intermediate
AMD, thereby providing the rationale for investigating
additional antioxidants to treat or prevent AMD progression.
N-Acetyl-L-cysteine (NAC) is a sulphur-containing antioxi-
dant that acts as both a free radical scavenger and a precursor
of glutathione (GSH), a tripeptide that is an important part of
the cellular defense system. To date, NAC has been shown to
be an effective antioxidant for eye-related conditions in both
mice and humans [15-19]. However, NAC has not been
thoroughly investigated as a treatment for dry AMD.

In this study, we used age-matched primary cultures of
RPE from human donors with or without AMD to evaluate
the efficacy of NAC to improve basal conditions as well as
protect cells from an oxidative insult, using either hydrogen
peroxide (H,O,) or tert-butyl hydroperoxide (¢-BHP). We
also analyzed if there was a disease-dependent response
to NAC treatment. Our results show that NAC protects
against oxidative damage by preventing excessive ROS pro-
duction, cell death, GSH and ATP depletion, and impair-
ment of mitochondrial oxidative phosphorylation. We also
observed that NAC was particularly beneficial for RPE from
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AMD donors, suggesting relevance to its therapeutic value
in treating AMD.

2. Materials and Methods

2.1. Procurement of Eye Tissue and Grading for AMD. Dei-
dentified donor eyes were obtained from Lions Gift of Sight
(formerly known as Minnesota Lions Eye Bank) in Saint
Paul, MN. The eyes were obtained with the written consent
of the donor or donor’s family for use in medical research
in accordance with the Declaration of Helsinki. Lions Gift
of Sight is licensed 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 [6, 20]. Evaluation of the presence or
absence of AMD was determined by a board-certified oph-
thalmologist (Sandra R. Montezuma, MD) from stereoscopic
fundus photographs of the RPE using the criteria (RPE pig-
ment changes and the presence, size, and location of drusen)
established by the Minnesota Grading System (MGS) [13,
21]. Records from Lions Gift of Sight provided demographics
(age, gender, cause of death, and time to tissue processing) of
the donors used to generate RPE primary cultures (Table 1).
See Supplemental Table 1 for information about donors used
for each figure.

2.2. Cell Culturing. RPE cells were cultured with the condi-
tions previously described [7]. In brief, RPE cells were iso-
lated from human donor eyecups by gently dislodging cells
from Bruch’s membrane following incubation (15 min) with
0.125% trypsin preheated to 37°C. Cells were grown in Pri-
maria T25 flasks (Corning, Corning, NY) and cultured in
MEM alpha medium (Sigma-Aldrich, St. Louis, MO) supple-
mented with 5% fetal bovine serum (Atlanta Biologicals,
Flowery Branch, GA), 1 mM sodium pyruvate, 1% nonessen-
tial amino acids, 50 U/mL penicillin, and 50 pg/mL strepto-
mycin. When cells reached confluence (around 1 month),
they were passaged using trypsin and split from 1 to 2 (cells
from one T25 flask were split into two T25 flasks). Cells in
passage 2 or 3 were used for analysis. The cell number and
condition are specified under each experimental protocol.
Cell samples were selected for the various assays based on
their availability. NAC and H,0O,, obtained from Sigma, were
added to the RPE cell cultures under the experimental condi-
tions indicated. The concentrations of H,0O,, which gave 25-
50% cell death, were chosen based on data from previous
studies (7, 22].

2.3. Measurement of Cell Death. RPE cells were seeded
(5x10° cells/well) in black-walled clear-bottom 96-well
plates and grown for 48hr in RPE media containing 1%
FBS and no sodium pyruvate. In preliminary experiments
to determine the optimal NAC concentration, RPE cells were
incubated with NAC (100 to 1000 #M) for 24 hours prior to
analysis of cell viability. In subsequent experiments, RPE cells
were incubated with NAC (500 uM) for 2 hours and then
exposed to different concentrations of H,O, (150, 200, and
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TaBLE 1: Donor characteristics and clinical information®.

Sex Sex

. b c
Disease state” Sample® (1) Male (1) Female (1)

Aged (mean + SD) Time® (mean + SD)

Cause of deathf (1)

No AMD 21 10 11 64+9.8

AMD 32 23 9 71+11.7

ABI (2), ACE (2), ALS (1), cancer (5),

18+4.2 CVA (2), ESRD (1), MI (1), pneumonia (1),
respiratory failure (2), and sepsis (4)
ACE (3), cancer (6), cardiac arrest (2),
CHF (4), COPD (2), CVA (2),
19+4.0 ESLD (1), MI (1), multisystem organ

failure (1), pneumonia (2), sepsis (7),
and unknown (1)

ABI: anoxic brain injury; ACE: acute cardiac event; ALS: amyotrophic lateral sclerosis; CHF: congestive heart failure; CVA: cerebrovascular accident; COPD:
chronic obstructive pulmonary disease; ESLD: end-stage liver disease; ESRD: end-stage renal disease; MI: myocardial infarction. *Information supplied by Lions
Gift of Sight (St. Paul, MN). ®Minnesota Grading System (MGS) was used to evaluate the stage of AMD in eye bank eyes (Olsen and Feng [21]). No AMD:
MGS1; AMD: MGS 2, 3, or 4. “Sample number indicates the total donors with or without AMD used in the current study. ¢Age of donors is significantly
different between No AMD and AMD groups (p = 0.02) by ¢-test analysis. “The time from death to harvesting in hours. 'The number of donors for each

cause of death is indicated in parentheses.

250 uM) for 24 hr. Cell viability was determined using the
CyQUANT Direct Cell Proliferation Assay Kit (Thermo
Fisher, Waltham, MA) and Alamar Blue Cell Viability
Reagent (Thermo Fisher) according to the instruction of each
manufacturer. The fluorescence value for the no treatment
control group was considered 100% viable cells. The fluores-
cence value for cells treated with a lysis buffer was considered
0% viable cells. Fluorescence was determined using a Synergy
2 microplate reader (BioTek, Winooski, VT).

2.4. Measurement of ATP Content. RPE cells were seeded
(5 x 10% cells/well) in all white 96-well plates and grown for
48 hr in RPE media containing 1% FBS and no sodium pyru-
vate. In preliminary experiments to determine the optimal
NAC concentration, RPE cells were incubated with NAC
(100 to 1000 uM) for 24 hours and the content of ATP was
determined. In subsequent experiments, RPE cells were incu-
bated with NAC (500 uM) for 2 hours and then exposed to
different concentrations of H,0, (150, 200, and 250 M)
for 24 hr. The cellular adenosine triphosphate (ATP) produc-
tion was assayed by using no phenol red DMEM containing
1% FBS and following the manufacturer’s protocol for the
ATPlite—luminescence ATP detection assay system (Perki-
nElmer, Waltham, MA). ATP content was estimated from
the luminescence of treated cells relative to luminescence of
untreated control cells. Values were normalized to the num-
ber of viable cells. Luminescence was detected using a micro-
plate reader (BioTek, Synergy 2).

2.5. Glutathione (GSH) Analysis. RPE cells were seeded
(5% 10° cells/well) in all white 96-well plates and grown for
48 hr in RPE media containing 1% FBS and no sodium pyru-
vate. RPE cells were incubated with NAC (500 uM) for 2
hours and then exposed to different concentrations of H,O,
(150, 200, and 250 uM) for 24 hr. Intracellular GSH levels
were measured in media containing no phenol red DMEM
and 1% FBS. The protocol followed the manufacturer’s
instructions for the GSH-Glo Glutathione Assay kit
(Promega, Madison, WI). GSH content was estimated
from the change in luminescence relative to no treatment
controls and then normalized to the number of viable

cells. Luminescence was measured on a microplate reader
(BioTek, Synergy 2).

2.6. Measurement of ROS Formation. RPE cells were seeded
(2 x 10* cells/well) in black/clear-bottom 96-well plates and
grown for 48 hr in RPE media containing 1% FBS, no sodium
pyruvate. The formation of intracellular ROS was assessed
using the 2',7'-dichlorofluorescein diacetate (DCFDA) cellu-
lar ROS detection assay kit (abcam, Cambridge, MA) follow-
ing the manufacturer’s protocol. Cells were incubated with
DCFDA (25 uM) for 45 min, washed once with fresh media,
and incubated with NAC (500 4uM) for 1 hour. Subsequently,
cells were incubated with 75 yuM ¢t-BHP for 3 hours. ROS con-
tent was calculated based on the fluorescence of treated cells
relative to the fluorescence of untreated cells. Fluorescence
was read on a microplate reader (BioTek, Synergy 2).

2.7. RNA Isolation and qRT-PCR. Total RNA was prepared
with the RNeasy Micro Kit (QIAGEN). RNA (300 ng) was
used to synthesize cDNA with the SuperScript IIT First-
Strand Synthesis System (Thermo Fisher). To determine the
concentration of cDNA, alkaline hydrolysis was performed,
and the RiboGreen™ Assay Kit (Thermo Fisher) was used.
For alkaline hydrolysis, a mixture of 7 yL cDNA, 2 uL-5 mM
EDTA, and 1uL-1M NaOH was incubated at 70°C for
20 min; then, 3 uL of 0.5 M Tris-Cl pH 6.4 was added to the
mixture. The RiboGreen™ Assay was run using the hydro-
lyzed samples to quantify the cDNA. The expression of
NOX genes was determined using quantitative reverse tran-
scription PCR (qRT-PCR) using a Bio-Rad iQ5 multicolor
real-time PCR detection system. Triplicate wells of 25uL
reactions contained 1 ng cDNA, 0.2 uM forward and reverse
primers, and 13.5uL Bio-Rad iQ SYBR Green Supermix.
For quantitative detection of NOX mRNAs, the following
primers were used: NOX2, forward 5'-AAGATGCGTGG
AAACTACCTAAGAT-3' and reverse 5'-TCCCTGCTCCC
ACTAACATCA-3'; p22phox, forward 5'-TACTATGTTCG
GGCCGTCCT-3" and reverse 5'-CACAGCCGCCAGTAG
GTA-3'; NOX4, forward 5'-TATCCAGTCCTTCCGTTGG
TT-3' and reverse 5'-TGAGGTACAGCTGGATGTTGA-



3'; and NOXS, forward 5'-GCAGGAGAAGATGGGGAGA
T-3' and reverse 5'-CGGAGTCAAATAGGGCAAAG-3'.
A standard curve was included with every gene to deter-
mine efficiency.

The geometric mean of housekeeping genes, 60S acidic
ribosomal protein PO (ARBP) and hypoxanthine phosphor-
ibosyltransferase 1 (HPRT1), was used to calculate ACt of
each gene of interest. To determine fold change relative to
No AMD, AACt of each AMD donor was calculated by sub-
tracting the mean ACt of No AMD cells. A modified Livak
method was used to calculate relative expression using the
efficiency for each primer.

2.8. Measurement of Bioenergetics. Analysis of bioenerget-
ics was performed on live cells using an XFe’® Extracellu-
lar Flux Analyzer (Agilent Tech). The analyzer allows real-
time measurements of the oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR) which are indica-
tors of mitochondrial respiration and glycolysis activity of
cells, respectively. Briefly, RPE were plated in 1% serum-
containing RPE media without sodium pyruvate and were
seeded (4 x 10* cells/well) on XF96 cell culture microplates,
which were coated with Cell-Tak (Corning). The follow-
ing day, RPE cells were pretreated with or without NAC
(500 uM) for 2hr and treated with H,O, (500uM) for
24hr. The Cell Mito Stress Test or Glycolysis Stress Test
assay protocol was performed as detailed by the manufac-
turer (Agilent Tech) and our previous analysis [7].

2.9. Statistical Analysis. Prior to statistical analysis, Grubb’s
test was performed on each dataset to remove the single
largest outlier. All treatment data were normalized to no
treatment condition for each donor (fold change relative
to no treatment). Statistical analysis was performed on log
transformed fold change values. One-sample t-tests, with
a hypothetical value of zero, were used to compare NAC
treatment or peroxide treatment alone to no treatment con-
trol data. Unpaired t-tests were used to compare peroxide
treatment to NAC+peroxide treatment data. Unpaired ¢
-tests were also used to compare NAC treatment response
in No AMD to AMD cells. Two-way ANOVA with Sidak’s
multiple comparison was used to compare the effect of the
disease state (No AMD vs. AMD) and hydrogen peroxide
concentrations on data in Figures 2(c), 3(d), and 4(d).
Unpaired t-tests of the AACt values were used to compare
NOX gene expression levels between No AMD and AMD
cells in Figure 1(f). One-way ANOVA with Tukey’s post
hoc was used to compare ACt values between NOX genes
in Figure 1(g). Data was analyzed using statistical software
in GraphPad Prism 7 (GraphPad, La Jolla, CA). p<0.05
was considered statistically significant. All results are pre-
sented as the mean + SEM.

3. Results

3.1. Background. Clinical information and demographics
of the donors used in this study are provided in Table 1.
RPE cultures were obtained from donors without AMD
(No AMD, n=21; aged 49-77) and donors with AMD
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(AMD, n=32; aged 49-89). The average age of donors
with AMD (71.8 +11.8; mean + SD) was 10% older than
that of No AMD donors (64.0+9.8) (p=0.01), which is
consistent with the high prevalence of this disease in indi-
viduals over 65 years [1]. The average time from death to
RPE cell harvesting was not different for No AMD
(18.2+4.3 hours) and AMD (19.8 +4.0 hours) donors
(p=0.12).

RPE from several donors without AMD (n = 3) were used
to determine the optimal NAC concentration. In preliminary
experiments, a range of concentrations (100 to 1000 M)
was used to determine the effect on cell viability and ATP.
Data were normalized to no treatment controls. Using two
different cell viability assays, there was no change in cell
survival at all concentrations of NAC. However, there was
an ~20% increase in ATP content at 500 uM (Supplemental
Figure 1). At the highest dose of NAC (1000 uM), ATP
content decreased by 30% (p=0.03) signifying that this
dose was outside the optimal range for our experimental
system. Based on these experimental results, 500 uM NAC
was chosen for subsequent experiments. This dose is also
consistent with a previous study reporting that 500 uM
NAC was found in the serum of patients after intravenous
injection of NAC [23].

3.2. NAC Attenuates Intracellular ROS Levels. To investigate
the antioxidant effect of NAC on RPE cells, intracellular reac-
tive oxygen species (ROS) levels were measured before and
after exposure to t-BHP. We found that treatment with
NAC (500 uM) alone had no effect on ROS levels in No
AMD cells (Figure 1(a)) but caused a significant decrease in
basal ROS content (25%) in AMD (p =0.0009) cells com-
pared to no treatment controls (Figure 1(b)). However,
ROS content was not significantly different with NAC treat-
ment when comparing cells from donors with and without
AMD (Figure 1(c)). While exposure to t-BHP significantly
increased the amount of ROS in both groups (p < 0.001 for
No AMD and AMD, Figures 1(a) and 1(b)), the increase
was significantly more (p =0.04) in No AMD (155%) cells
compared to AMD (118%) cells (Figure 1(d)). Pretreatment
with NAC prior to t+-BHP exposure significantly reduced
the levels of ROS in both No AMD (p < 0.0001) and AMD
(p <0.0001) cells (Figures 1(a) and 1(b)). ROS was reduced
to a similar extent in both groups of cells (Figure 1(e)). Our
results suggest that NAC can suppress ROS production in
RPE under conditions of cellular oxidation.

3.3. Increased Expression of NOX Family Genes in AMD Cells.
Evidence suggests that NOX plays an important role in
ROS generation and redox signaling pathways in RPE [24].
Expression of NOX family genes, NOX2, p22phox, NOX4,
and NOXS5, was measured under basal conditions in cells
from donors with or without AMD. When comparing
expression in AMD cells to that in No AMD cells, p22phox
was significantly higher (p=0.02) (Figure 1(f)). NOX2,
NOX4, and NOX5 were consistently higher in AMD cells;
however, the difference did not reach statistical significance.
Utilizing dCt to compare mRNA levels (lower dCt indicates
higher expression), we found that expression of NOX4 and
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FiGure 1: NAC protects against t~-BHP-induced reactive oxygen species (ROS) production in RPE cells. RPE cells were treated with -BHP
(75 uM) for 3 hours with or without NAC (500 uM) pretreatment for 1 hour. The amount of ROS in (a) No AMD (n=7) cells and (b)
AMD (n=7) cells was calculated relative to no treatment controls (dotted line). (c) ROS content after NAC treatment was compared
between No AMD and AMD cells. (d) Percent increase (t-BHP—no treatment) of ROS in t-BHP-treated cells and (e) percent reduction
(t-BHP—NAC+t-BHP) of ROS in NAC-pretreated cells were compared between No AMD and AMD donors. NA: No AMD; A: AMD. (f)
mRNA expression of NOX family genes in No AMD (n=7) and AMD (n=38) cells was measured by real-time PCR. Results are fold
change in expression relative to the average for No AMD samples (dotted line). (g) Expression of NOX family genes relative to
housekeeping genes (dCt). One-sample t-tests were used to compare NAC treatment or t+-BHP alone to no treatment in No AMD and
AMD groups (a, b). Unpaired ¢-tests were used to compare t-BHP treatment to NAC + #-BHP treatment in (a, b). Unpaired ¢-tests were
used to compare responses of No AMD and AMD in (c-e). Unpaired t-tests were used to compare basal expression of NOX genes in (f).
One-way ANOVA with Tukey’s multiple comparison test was used to compare dCt values of NOX genes in (g). Data are the mean
(+SEM). T denotes significance from the no treatment control, and * denotes significance between conditions. *p < 0.05 and *** or
"1p < 0.001 were statistically significant. * denotes significance in relative expression of NOX genes between No AMD and AMD groups.
" and ¥ denote significance between dCt values of NOX genes within No AMD or AMD groups.
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without NAC (500 uM) pretreatment for 2 hours. Cell viability in (a) No AMD (n=5) cells and (b) AMD (1 =10) cells was calculated
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NAC+peroxide treatments in (a, b). Two-way ANOVA with Sidak’s post hoc was used to compare the effect of the disease state (No AMD
vs. AMD) and H,0O, concentration in (c). Per: peroxide effect; Dis: disease effect; DxP: interaction between disease effect and peroxide
effect. Data are the mean (+SEM). © denotes significance from the no treatment control, and * denotes significance between conditions. *

or 'p <0.05, **p < 0.01, and ""p < 0.001 were statistically significant.

p22phox was significantly more abundant than that of NOX2
and NOXS5 in RPE from both No AMD and AMD donors
(Figure 1(g)). These results suggest that NOX may contribute
to ROS levels in RPE cells, especially in RPE from donors
with AMD.

3.4. NAC Prevents Oxidative Stress-Induced Cytotoxicity. To
determine if NAC could protect against oxidation-induced
cell death, RPE were exposed to increasing amounts of
H,0,. In RPE from donors with and without AMD, H,O,
significantly decreased cell viability in a dose-dependent
manner (Figure 2(a), p < 0.05; Figure 2(b), p < 0.001). At all
three concentrations of H,O,, pretreatment with NAC sig-
nificantly protected against cell death in RPE from both
No AMD (p=0.03 at 150uM and 250 uM, Figure 2(a))
and AMD (p=0.01 at 150 uM, p=0.002 at 200 uM, and
p=0.004 at 250 uM, Figure 2(b)) donors. Of note, there
was a dose-dependent increase in NAC protection of cell
viability, and the overall effect was significantly better for

No AMD cells, particularly at 250 uM H,O, (p =0.006,
Figure 2(c)). However, this higher protective effect of NAC
is due to the decreased viability of cells from donors without
AMD following H,O, treatment compared to AMD cells,
where more modest cell death was observed. These results
demonstrate that NAC is able to protect RPE cells when
exposed to oxidative stress that would otherwise induce
25% to 80% cell death.

3.5. NAC Protects against GSH Depletion. NAC can serve
either as a direct antioxidant via its reactive sulthydryl or
as a precursor for synthesis of GSH. To gain mechanistic
insight into how NAC protects against ROS-induced cell
death, we assessed whether NAC preserves thiol content in
our RPE cells. The intracellular GSH level was measured
after treatment with NAC before and after exposure to
H,0,. Treatment with NAC alone caused a 10% increase
in GSH content in No AMD (p =0.06, Figure 3(a)) and a
significant 20% increase in GSH content in AMD (p =0.02,
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H,0, alone to no treatment in No AMD and AMD groups (a, b). Unpaired ¢-tests were used to compare H,0, to NAC+H, O, treatments
in (a, b). An unpaired ¢-test was used to compare GSH content in NAC-treated No AMD cells to NAC-treated AMD cells in (c). Two-way
ANOVA with Sidak’s post hoc was used to compare the effect of the disease state (No AMD vs. AMD) and H,O, concentration in (d).

Per: peroxide effect; Dis: disease effect; DxP: interaction between disease effect and peroxide effect. Data are the mean (+SEM). " denotes

significance from the no treatment control, and * denotes significance between conditions. *p <0.05 and *** or

statistically significant.

Figure 3(b)) cells compared to untreated controls. However,
the extent of GSH replenishment by NAC was not signifi-
cantly different between the two groups (Figure 3(c)). Upon
exposure to increasing levels of H,0,, GSH content did not
change in cells from donors without AMD (Figure 3(a)). In
contrast, there was a significant dose-dependent decrease in
GSH content (25% to 40%) induced by H,0, in AMD cells
(Figure 3(b)). Pretreatment with NAC prevented GSH
depletion in RPE from both No AMD (Figure 3(a)) and
AMD (Figure 3(b)) donors at all concentrations of H,O,.

" <0.001 were

The protective effect of NAC on GSH was significantly
greater in RPE from AMD donors compared to RPE from
No AMD donors (p = 0.04, Figure 3(d)). These results dem-
onstrate the protective action of NAC in preventing the
depletion of GSH in RPE cells treated with H,O,.

3.6. NAC Prevents ATP Depletion. A previous work has
shown that NAC pretreatment protects RPE from mitochon-
drial dysfunction and ATP reduction following exposure to
the oxidizing conditions of high glucose [25]. To determine
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cells were treated with H,0, (150, 200, and 250 uM) for 24 hours with or

without NAC (500 uM) pretreatment for 2 hours. ATP content in (a) No AMD (1 = 6) cells and (b) AMD (n = 12) cells was calculated relative
to the no treatment control. (c) ATP content after NAC treatment was compared between No AMD (NA) and AMD (A) cells. (d) NAC rescue
was calculated as NAC+H,0, relative to H,O, alone. One-sample t-tests were used to compare NAC treatment or H,0O, alone to no
treatment in No AMD and AMD groups (a, b). Unpaired ¢-tests were used to compare H,O, to NAC+H,O, treatments in (a, b). An
unpaired t-test was used to compare ATP content in NAC-treated No AMD cells to NAC-treated AMD cells in (c). Two-way ANOVA
with Sidak’s post hoc was used to compare the effect of the disease state (No AMD vs. AMD) and H,O, concentration in (d). Per:
peroxide effect; Dis: disease effect; DxP: interaction between disease effect and peroxide effect. Data are the mean (+SEM). ™ denotes
significance from the no treatment control, and * denotes significance between conditions. * or Tp < 0.05 was statistically significant.

if NAC has an effect on cell bioenergetics, we measured ATP
content before and after H,0, treatment. Treatment with
NAC alone did not significantly change ATP content in cells
from either No AMD (Figure 4(a)) or AMD (Figure 4(b))
donors and was not different between groups (Figure 4(c)).
In RPE from No AMD donors, H,0, and NAC had no
effect on ATP (Figure 4(a)). The effect of H,O, was more
dramatic in AMD donors; ATP content decreased by 23%
and 30% at 200uM (p=0.03) and 250uM (p= 0.03),
respectively (Figure 4(b)). NAC completely prevented
H,0,-induced ATP depletion at 200uM (p=0.01) and
250 uM (p =0.01, Figure 4(b)). The extent of NAC protec-

tion on ATP depletion was similar in both No AMD and
AMD cells (p=0.48, Figure 4(d)). These results show that
NAC is able to protect against ATP depletion caused by
H,O, treatment in RPE cells.

3.7. NAC Protects against Mitochondrial Dysfunction but Not
Glycolysis. To provide a more comprehensive evaluation of
the source of improved ATP content, we examined both gly-
colysis and mitochondrial oxidative phosphorylation, two
energy pathways that produce ATP, using an extracellular
flux analyzer. In measuring glycolytic function, treatment
with NAC alone had no effect on glycolytic capacity or
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FI1GURE 5: NAC treatment does not affect glycolysis. RPE cells were treated with H,O, (500 uM) for 24 hours with or without NAC (500 M)
pretreatment for 2 hours. Relative extracellular acidification rate (ECAR) levels in No AMD (n = 6) and AMD (n = 7) cells were normalized to
no treatment for each donor. Glycolytic capacity (GC) and glycolytic reserve (GR) were calculated for (a) No AMD and (b) AMD cells. (c)
Relative ECAR after NAC treatment was compared between No AMD (NA) and AMD (A) cells. (d) NAC protection was calculated as
NAC+H,0, (NAC+ox) relative to H,O, (ox) alone. All data are the mean (+SEM). One-sample t-tests were used to compare NAC
treatment or H,O, alone to no treatment in No AMD and AMD groups (a, b). Unpaired ¢-tests were used to compare H,O, treatment to
NAC+H,0, treatment in (a, b). Unpaired t-tests were used to compare responses of No AMD to AMD in (c, d). Data are the mean
(+SEM). " denotes significance from no treatment control. 'p < 0.05 was considered statistically significant.

glycolytic reserve in both No AMD (Figure 5(a)) and AMD
(Figure 5(b)) cells and there was no difference in their
response to NAC (Figure 5(c)). Further, in No AMD cells,
H,O0, significantly decreased glycolytic capacity (~20%, p =
0.02) and glycolytic reserve (~20%, p=0.02) compared to
no treatment controls (Figure 5(a)). However, H,O, did not
significantly decrease glycolytic capacity or reserve in
AMD cells (Figure 5(b)). NAC pretreatment prior to oxida-
tion did not improve glycolytic capacity or glycolytic
reserve in either group (Figures 5(a), 5(b), and 5(d)). These
results suggest that No AMD RPE are more sensitive to
H,0,-induced reduction in glycolysis and that NAC had
no effect on either basal glycolysis or protection from
H,0,-induced glycolytic inactivation.

To investigate if NAC preservation of ATP content
after H,O, exposure was due to protection of mitochon-
drial oxidative phosphorylation, OCR was measured using
the Cell Mito Stress Test. Traces of average OCR (nor-
malized to baseline) are shown in Supplemental Figure 2.
Compared to no treatment, NAC-treated cells exhibited a

significant increase in maximal respiration (16%) and spare
respiratory capacity (25%) in No AMD (p<0.01,
Figure 6(a)) and AMD (p <0.01, Figure 6(b)) cells. This
improvement in mitochondrial function was not different
between groups (Figure 6(c)). Exposure to H,O, significantly
decreased maximal respiration (20%) and spare respiratory
capacity (30%) in No AMD cells and significantly reduced
maximal respiration (20%) and spare respiratory capacity
(25%) in AMD cells compared to no treatment controls
(Figures 6(a) and 6(b)). NAC pretreatment had no effect on
cells from donors with No AMD (Figure 6(a)) but
significantly improved maximal respiration (p=0.02) and
spare respiratory capacity (p =0.05) in AMD cells compared
to cells treated with H,O, alone (Figure 6(b)). NAC’s
protection of maximal respiration or spare respiratory
capacity was not different between groups (Figure 6(d)).
These results suggest that NAC’s ability to maintain
mitochondrial oxidative phosphorylation can partially
explain the preservation of ATP content under conditions of
cellular oxidation.
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Ficure 6: NAC protects against H,O,-induced mitochondrial oxidative phosphorylation impairment. RPE cells were treated with H,O,
(500 uM) for 24 hours with or without NAC (500 uM) pretreatment for 2 hours. Relative oxygen consumption rate (OCR) levels in No
AMD (n=6) and AMD (n=11) cells were normalized to no treatment for each donor. Maximal respiration (MR) and spare respiratory
capacity (SRC) were calculated for (a) No AMD and (b) AMD cells. (c) Relative OCR after NAC treatment was compared between No
AMD (NA) and AMD (A) cells. (d) NAC protection was calculated as NAC+H,O, (NAC+ox) relative to H,0, (ox) alone. One-sample
t-tests were used to compare NAC treatment or H,O, alone to no treatment (set to 1) in No AMD and AMD groups (a, b). Unpaired
t-tests were used to compare H,O, treatment to NAC+H, O, treatment in (a, b). Unpaired t-tests were used to compare responses of No
AMD to AMD in (¢, d). Data are the mean (+SEM). T denotes significance from the no treatment control, and * denotes significance
between conditions. * or 'p < 0.05 and ""p < 0.01 were statistically significant.

4. Discussion

In this study, we examined the effects of NAC treatment on
primary cultures of age-matched human RPE from donors
graded for the presence (AMD) or absence (No AMD) of
AMD. We demonstrated that NAC protects against oxidative
stress by blocking excessive ROS accumulation (Figure 1)
and preventing both H,O,-induced cell death (Figure 2)
and GSH depletion (Figure 3) in RPE from both No AMD
and AMD donors. NAC also improved basal mitochondrial
function (Figure 6) in both groups of cells. Several beneficial
effects specific for AMD RPE were observed, including a
reduction in basal ROS (Figure 1), an increase in basal
GSH content, and greater NAC protection after oxidation
(Figure 3). These results demonstrate NAC’s positive effect
on protecting RPE from an oxidative insult. Additionally,
the favorable outcomes observed for RPE from AMD
donors support NAC’s relevance and potential therapeutic
value in treating AMD.

Primary cultures of RPE from AMD donors have been a
valuable model system for studying the disease mechanism

[7] and testing drug efficacy. A limitation of our model sys-
tem is that cells in culture do not fully replicate the retinal
environment. Additionally, due to the nature of procuring
donor tissue, the distribution of males and females was not
always balanced in each assay, which may have influenced
our results. On the other hand, one of the greatest strengths
of this study is the large number of individual donors tested.
Publications that use far fewer individual donors could
potentially bias their results. While there are caveats, this
model system provides a unique opportunity to replicate
aspects of the disease that are essential for developing thera-
pies to treat AMD.

Oxidation-induced RPE cell death has previously been
suggested as the critical pathologic event in AMD [5, 26].
Several unique circumstances put RPE at greater risk for
oxidative damage relative to most other cell types. RPE are
adjacent to the choriocapillaris, the main source of oxygen
for the outer retina, placing them in a highly oxidative envi-
ronment [26]. Also contributing to the oxidizing environ-
ment within the RPE are the ROS generated as a product of
the reaction of light with abundant photosensitizers, such
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as lipofuscin and melanin. The daily phagocytosis of photo-
receptor outer segments containing easily oxidized polyun-
saturated fatty acids also generates ROS within the RPE.
Thus, it is essential that RPE have multiple systems in place
for protecting against ROS-induced damage. When oxidative
damage reaches a critical threshold, RPE cell death ensues
[27-29]. The RPE cell death that occurs with AMD supports
the notion that therapies designed to reduce ROS may be a
viable option to treat AMD.

Mitochondria are a major source of ROS, not only in RPE
but also in all eukaryotic cells. These ROS are generated as a
by-product of the reduction of oxygen during oxidative phos-
phorylation [30]. Mitochondrial ROS are kept in check by
mitochondria-localized antioxidants, such as MnSOD and
GPX. However, under pathological conditions, overproduc-
tion of ROS can occur, causing damage to mitochondrial
lipids, proteins, and mitochondrial DNA (mtDNA), ulti-
mately leading to a loss in mitochondrial function. Strong
experimental evidence supports the idea that mitochondrial
damage is one of the key events driving AMD pathology
[8]. Multiple studies have reported increased mtDNA dam-
age and reduced mitochondrial function in RPE from
human donors with AMD [6, 7, 20, 22, 31]. In the current
study, we observed that NAC had a positive effect on basal
mitochondrial function for RPE from donors with and with-
out AMD (Figure 6). NAC was also able to maintain mito-
chondrial function during an oxidative insult in AMD RPE
(Figure 6). These results support the therapeutic value of
NAC considering the importance of maintaining RPE mito-
chondrial function for overall retinal health.

ROS can also be produced by several enzyme systems
including xanthine oxidase, uncoupled nitric oxide synthase,
and NADPH oxidases [32]. NADPH oxidase (NOX) is the
most well-known nonmitochondrial source of ROS [33]. To
the best of our knowledge, our study was the first to compare
NOX expression between RPE cells from No AMD and AMD
donors. We found expression of NOX2, NOX4, and p22phox
in human primary RPE cells, consistent with findings from
other studies using ARPE-19 cells [24, 33-35]. p22phox is a
subunit required for activating and regulating NOX2 and
NOX4 [36]. Uniquely, we also found that NOX5 is expressed
in human primary RPE cells, albeit at low abundance. We
found an overall increased expression of NOX family genes
in RPE from AMD donors; however, only p22phox expres-
sion reached statistical significance. These results suggest that
NOX may play a greater role in redox signaling in RPE with
AMD. While overabundance of ROS can be detrimental,
ROS is necessary for generating a protective response, for
example, through Nrf2 activation [26]. Therefore, the upreg-
ulation of NOX family members may be a protective
response to the diseased environment of the retina.

Under physiological conditions, endogenous antioxidant
enzymes and GSH quickly eliminate ROS. Oxidative stress
occurs when there is an imbalance between the oxidant and
antioxidant systems, allowing for accumulation of excessive
ROS [37]. Oxidative stress can evolve into cellular damage
when disproportionate levels of ROS overwhelm the endoge-
nous scavengers, which occurs under pathophysiological
conditions [37]. Cells defend against ROS by inducing
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expression of numerous antioxidant enzymes, such as super-
oxide dismutase (SOD), catalase, and glutathione peroxidase
(GPX) [38, 39]. Of note, our lab found that RPE tissue from
AMD donors exhibits substantial upregulation of MnSOD
and catalase relative to RPE from donors without AMD
[13]. Additionally, we found increased GPX expression upon
oxidative insult in cultured RPE from donors with AMD but
not in age-matched control RPE [7]. These cultured AMD
RPE were also more resistant to oxidation, suggesting that
the oxidative environment of the diseased retina experi-
enced in vivo stimulates the RPE to mount a compensatory
response to minimize oxidative damage. A potential mecha-
nism may include the utilization of GSH, a highly abundant
tripeptide (consisting of glycine, cysteine, and glutamic acid)
responsible for controlling the cellular redox status [40]. In
the current study, we observed that NAC treatment signif-
icantly reduced basal ROS and increased basal GSH in
AMD RPE (Figures 1 and 3). An acute bolus of H,O,
depleted GSH more extensively in the cells derived from
AMD donors (Figure 3). These results suggest that a more
oxidative cellular environment is present in AMD RPE.
Additionally, protection by GSH may be one of the impor-
tant pathways utilized by diseased RPE to maintain the
redox status and protect from oxidative damage.

Antioxidants provide a promising avenue to alleviate
excessive ROS accumulation associated with dry AMD [41].
Also called “free radical scavengers,” antioxidants play a pro-
tective role in oxygen-related stress injuries. A prospective
cohort study showed that low levels of dietary antioxidants
and zinc could be a risk factor for developing AMD [42]. Sev-
eral studies have shown that antioxidants, such as neuroligin-
3, eupatilin, 3H-1,2-dithiole-3-thione, and escin, prevented
or decreased oxidative stress in ARPE-19, an immortalized
RPE cell line [43-46], providing rationale for continued pur-
suit of effective antioxidant therapeutics.

The antioxidant used in this study, NAC, has been exten-
sively studied as a therapy for a variety of eye ailments. How-
ever, our study is the first to investigate the efficacy of NAC in
primary RPE cells from donors with or without AMD. In
vitro, NAC increased cell viability in ARPE-19 cells following
oxidative stress [47] and promoted DNA synthesis in pri-
mary RPE cells exposed to t-BHP [48]. In a mouse model
of photoinduced retinal degeneration, intraperitoneal injec-
tions of NAC suppressed oxidative and ER stresses, while
also inhibiting ROS accumulation in the Balb/c mouse retina
[15]. In a murine dry eye study, eye drop administration
of NAC diminished the levels of ROS and inflammasome
signaling [16]. These studies are consistent with our results
showing that NAC treatment reduced ROS (Figure 1) and
improved cell viability (Figure 2) with application of an
oxidizing agent.

NAC has many properties that make it an appealing drug
for AMD patients. NAC is commercially available as both an
FDA-approved prescription drug and an over-the-counter
dietary supplement, thereby facilitating its use in the clinic.
It also has a long history of successful use in multiple con-
ditions where elevated ROS induce pathology. Currently,
NAC is approved for oral and intravenous administration
in the treatment of acetaminophen overdose [49-51]. In
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clinical trials, NAC has been administered as a dietary sup-
plement to treat psychiatric disorders [52]. In a randomized
study with twenty patients, topical administration of NAC
was effective in the treatment of Meibomian gland dysfunc-
tion, a chronic condition of the eyelids [18]. NAC has been
effective in protecting the retina from oxidative damage when
applied topically to the eye, as shown in rd10+/+ mice, a
model of retinitis pigmentosa [17]. These results have impor-
tant implications for AMD, because they show that when
applied to the cornea, NAC was able to penetrate to the pos-
terior segment and protect the retina.

As a drug, NAC is an ideal xenobiotic due to its ability to
directly enter endogenous biochemical processes because of
its own metabolism [53]. NAC controls the redox state in
the cells by reducing free radicals directly through its scav-
enging activity, and it reduces oxidized proteins through its
thiol-disulfide exchange activity [54, 55]. Indirectly, NAC
regulates the redox state through conversion to cysteine,
the precursor for GSH, an important component of the anti-
oxidant defense system [49]. Depletion of GSH is a critical
signal that regulates the activation of cell death pathways
and is one of the markers of oxidative stress [56]. GSH is a
potent scavenger of ROS, but its levels decline with aging
and AMD [57-59], highlighting the benefit of significant
GSH replenishment with NAC treatment reported in this
study (Figure 3).

5. Conclusions

In summary, our study was the first to investigate the effect of
NAC on age-matched primary human RPE cells graded for
the presence or absence of AMD. Through its antioxidant
properties, NAC protected RPE cells from oxidative damage
by preventing ROS accumulation, GSH and ATP depletion,
cell death, and mitochondrial dysfunction. Our findings sup-
port further evaluation of the pharmacological value of NAC
or other thiol-containing compounds in preventing or delay-
ing progression of visual loss in AMD patients.
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