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The late stage of dry age-related macular degeneration (AMD), or geographic atrophy (GA), is characterized by extensive retinal
pigment epithelial (RPE) cell death, and a cure is not available currently. We have recently demonstrated that RPE cells die from
necrosis in response to oxidative stress, providing a potential novel mechanism for RPE death in AMD. In this study, we
screened U.S. Food and Drug Administration-approved natural compounds and identified gossypol acetic acid (GAA) as a po-
tent inhibitor of oxidative stress-induced RPE cell death. GAA induces antioxidative response and inhibits accumulation of ex-
cessive reactive oxygen species in cells, through which it prevents the activation of intrinsic necrotic pathway in response to oxi-
dative stress. Sestrin2 (SESN2) is found to mediate GAA function in antioxidative response and RPE survival upon oxidative
stress. Moreover, Forkhead box O3 transcription factor (FoxO3) is further found to be required for GAA-mediated SESN2 ex-
pression and RPE survival. Mechanistically, GAA promotes FoxO3 nuclear translocation and binding to the SESN2 enhancer,
which in turn increases its transcriptional activity. Taken together, we have identified GAA as a potent inhibitor of oxidative
stress-induced RPE necrosis by regulating the FoxO3/SESN2 pathway. This study may have significant implications in the thera-
peutics of age-related diseases, especially GA.

Age-related macular degeneration (AMD) is the leading cause
of severe vision loss in people aged over 50, and its prevalence

increases exponentially in people over the age of 70 (1). Currently,
it is estimated that 1.75 million individuals suffer from this disease
in the United States, and 7 million are said to be “at risk” (2).
There are two types of AMD, the “dry” and “wet” forms, respec-
tively. Dry AMD is a chronic disease that usually causes some
degree of visual impairment and sometimes progresses to severe
blindness. Dry AMD accounts for 90% of AMD cases and is cur-
rently without treatment available. The late stage of dry AMD,
which is also knows as geographic atrophy (GA), is characterized
by scattered or confluent areas of degeneration of retinal pigment
epithelium (RPE) cells and the overlying photoreceptors that rely
on the RPE for trophic support (3). AMD is a multifactorial dis-
ease with unclear etiology. Age is the most consistent risk factor
associated with AMD, and genetic factors, oxidative stress, and
inflammation also significantly contribute to AMD pathogenesis
(4). Cigarette smoking, which induces systemic oxidative stress,
has been proved to be a significant risk factor for AMD. Consis-
tently, clinical studies have shown that the progression of AMD
can be slowed with antioxidant vitamins and zinc supplements (5,
6). The retina is one of the highest oxygen-consuming tissues in
the human body and, in particular, RPE is vulnerable to oxidative
damage (7, 8). The mechanism of RPE cell death in response to
oxidative stress and in GA has been controversial. Apoptosis was
suggested as a major mechanism of RPE cell death, even though
several studies suggested necrosis as mechanism of RPE cell death
in vitro (9, 10) and in vivo (11, 12). Necrosis used to be considered
a passive and unregulated form of cell death. Recent studies found
necrosis to be a regulated process mediated by receptor interacting
protein (RIP) kinases, leading to its renaming as necroptosis (13).
We recently conducted systematic analysis of RPE cell death in

response to oxidative stress and observed cardinal features of ne-
crosis in RPE cells upon oxidative stress, including ATP depletion,
RIPK3 (receptor-interacting protein kinase 3) aggregation, and
nuclear and plasma membrane leakage and breakdown (14).
These studies argued against apoptosis and established necrosis as
a major mechanism of RPE cell death in response to oxidative
stress.

In an effort to screen for U.S. Food and Drug Administration
(FDA)-approved natural products and compounds that prevent
oxidative stress-induced RPE necrosis, we report here the identi-
fication of gossypol acetic acid (GAA) as an effective inhibitor of
oxidative stress-induced necrosis in RPE cells. GAA exclusively
inhibited the activation of intrinsic necrotic pathway induced by
oxidative stress as shown by prevention of ATP depletion and
RIPK3 activation. Mechanistically, GAA induced antioxidative re-
sponse and inhibited reactive oxygen species (ROS) accumulation
by upregulating SESN2 gene expression. Through both loss-of-
function and gain-of-function studies, we show that SESN2 me-
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diated the protective effect of GAA. Forkhead box O3 transcrip-
tion factor (FoxO3) was further found to be a major regulator of
SESN2 expression in RPE in response to GAA. Our study estab-
lishes GAA as a potent inhibitor of oxidative stress-induced RPE
necrosis through regulating FoxO3/SESN2 pathway.

MATERIALS AND METHODS
Cell culture and treatments. Human RPE cell line (ARPE-19, CLR-2302;
American Type Culture Collection [ATCC]) was cultured in Dulbecco
modified Eagle–F-12 medium (HyClone) supplemented with 10% fetal
bovine serum (FBS; HyClone) and 1� penicillin-streptomycin solution
(HyClone) at 37°C in 5% CO2. A human dermal fibroblast cell line
(HDeF; PCS-201-012, ATCC) was cultured in Dulbecco modified Eagle
medium-high glucose (HyClone) supplemented with 10% FBS (Hy-
Clone) and 1� penicillin-streptomycin solution (HyClone) at 37°C in 5%
CO2. Cells were treated with GAA, gossypol (both dissolved in dimethyl
sulfoxide [DMSO]; Sigma-Aldrich), ascorbic acid (dissolved in water; Sig-
ma-Aldrich), or �-tocopherol (Sigma-Aldrich) for 24 h prior induction of
oxidative stress, unless stated otherwise. To induce oxidative stress in
ARPE-19 cells, the cells were treated with freshly prepared solutions of 300
�M hydrogen peroxide (Sigma-Aldrich) or 150 �M tert-butyl hydroper-
oxide (tBHP; Sigma-Aldrich) for 24 h. HDeFs were treated with 800 �M
hydrogen peroxide (H2O2) for 24 h for oxidative stress induction. For
HDeF necrosis induction, cells were treated with 20 �M pan-caspase in-
hibitor z-VAD (Sigma-Aldrich) and 40 ng of tumor necrosis factor alpha
(TNF-�; Sigma-Aldrich)/ml.

Chemical library screening. ARPE-19 cells were plated in 96-well
plate (5,000 cells/well) 24 h prior to screening. Next, cells were treated
with 5 �M concentrations of compounds from a library containing 1,840
FDA-approved drugs and natural products (The Spectrum Collection;
MicroSource Discovery Systems, Inc.) (15). ARPE-19 cells were then ex-
posed to 150 �M tBHP for 24 h, followed by an MTT [3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide] test to determine cell vi-
ability. Positive candidate compounds from the primary screening that
showed a minimum of 50% rescue were chosen for repetitive secondary
screening. Necrostatin-1 (Enzo Life Sciences) at 33 �M was used as a
positive control in the screening.

Generation of SESN2 overexpressing stable RPE cell lines. Human
SESN2 was cloned into pcDNA3 vector (Life Technologies) using RNA
from ARPE-19 cells. The primers used were 5=-AAAAAAAAGCTTATGA
TCGTGGCGGACTCCGAGTG-3= and 5=-AAAAAAGAATTCTCAGGT
CATGTAGCGGGTGAATGG-3=. To generate SESN2 overexpressing sta-
ble cell lines, ARPE-19 cells were transfected with pcDNA3-SESN2 vector.
Two days after the transfections, the cell culture medium was replaced
with a medium containing 800 �g of G418 (Gibco)/ml for 2 weeks to
obtain cell colonies. Picked colonies were cultured in 400 �g of G418/ml,
which was removed before further experiments.

Cell transfection. Cell transfection was performed using Lipofectamine
LTX (Life Technologies). Briefly, 1 �g of HMGB1-yellow fluorescent protein
(YFP), ANT1-red fluorescent protein (RFP), RIPK3-green fluorescent pro-
tein (GFP), or pcDNA3-SESN2 plasmid DNA was mixed with 5 �l of Lipo-
fectamine LTX. The complex was added to the ARPE-19 cell cultured in a
four-chamber glass slide or six-well plate 20 min later. Expression of the re-
combinant proteins was visualized after 24 h using a fluorescence microscope.
For small interfering RNA (siRNA) transfection, 50 nM siRNA was trans-
fected similarly with 5 �l of Lipofectamine RNAi MAX (Life Technologies).
The gene expression level was analyzed by quantitative reverse transcription-
PCR (qRT-PCR) after 4 days to ensure efficient gene knockdown. The se-
quences for the siRNAs for different targeting genes were as follows: SESN2
(sense, 5=-CCUACAAUACCAUCGCCAU-3=; antisense, 5=-AUGGCGAUG
GUAUUGUAGG-3=), FoxO3 (sense, 5=-GAAUGAUGGGCUGACUGAA-
3=; antisense, 5=-UUCAGUCAGCCCAUCAUUC-3=), FoxO1 (sense, 5=-GA
AUUCAAUUCGUCAUAAU-3=; antisense, 5=-AUUAUGACGAAUUGAA
UUC-3=), NRF2 (NF-E2-related factor 2; sense, 5=-GACUCUUAUUGGAU
ACAGU-3=; antisense, 5=-ACUGUAUCCAAUAAGAGUC-3=), and p53

(sense, 5=-GAAGUUGGCUCUGACUGUA-3=; antisense, 5=-UACAGUCA
GAGCCAACCUC-3=).

MTT assay, ATP levels, and ROS detection. Both MTT and ATP level
tests were performed as described previously (14). ROS detection was
performed using a total ROS/superoxide detection kit (Enzo Life Sci-
ences). In brief, ARPE-19 cells were pretreated with GAA for 24 h before
inducing oxidative stress. Cells were incubated with oxidative stress de-
tection reagent for 1 h, washed three times with wash buffer, and then
subjected to 300 �M H2O2 treatment for 30 min. After treatment, the
growth medium was removed, and the cells were washed three times with
wash buffer supplied by the manufacturer, dried briefly, overlaid with
mounting medium, and analyzed under a fluorescence microscope. Cap-
tured pictures were analyzed using ImageJ software to quantify the mean
gray value after background subtraction.

Immunocytochemistry. SESN2 immunostaining was performed as
described previously (16). Briefly, cells were washed three times with 1�
phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde
(Sigma-Aldrich) for 30 min at room temperature. Cells were then washed
with 1� PBS for three times and permeabilized with 1� PBS containing
0.1% Triton X-100 (Sigma-Aldrich) for 30 min. After blocking with 1�
PBS containing 3% horse serum (Gibco) for 30 min, anti-SESN2 antibody
(Santa Cruz Biotechnology) at a 1:250 dilution was applied, and the cells
were incubated at 4°C overnight. Alexa Fluor 594-conjugated rabbit anti-
mouse secondary antibody (Life Technologies) was prepared in blocking
buffer, followed by incubation with the cells for 30 min at room temper-
ature. After a washing step with 1� PBS, the cells were mounted with
DAPI (4=,6=-diamidino-2-phenylindole)-containing mounting medium
for fluorescence (Vector) and analyzed under a fluorescence microscope.

Gene expression. RNA was purified from ARPE-19 cells using an
RNeasy minikit (Qiagen), followed by DNase I treatment (Thermo Scien-
tific), and cDNA was synthesized with an iScript cDNA synthesis kit (Bio-
Rad). qRT-PCR was performed by mixing 10 ng of cDNA with SYBR
green PCR master mix (Applied Biosystems) and primer mix (0.25 �M
concentrations of each primer) and then analyzed over 45 cycles. The
primers used are listed in Table S2 in the supplemental material.

ChIP. A chromatin immunoprecipitation (ChIP) assay was per-
formed as described previously using an EZ-ChIP kit (Millipore) (16). In
brief, sheared and cross-linked chromatin was isolated from GAA-treated
or control ARPE-19 cells, precleared with protein G-agarose (Roche), and
incubated with 10 �g of ChIP-grade antibody for FoxO3A (Abcam). The
DNA pulled down was purified by the spin filter purification system sup-
plied by the manufacturer. ChIP samples were analyzed using real-time
quantitative PCR. Control primer for the GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) promoter was supplied by the manufacturer,
and the primers used to amplify FoxO3A binding region in the SESN2
promoter were 5=-CTTATCCACCCTCACCCCTG-3= and 5=-ACAGTTT
TCCTTCAGAGCTCC-3=. The FoxO3A binding site in SESN2 promoter
was identified by using Mapper2 software (http://genome.ufl.edu/mapper/).

Western blot analysis. Western blot analysis was performed using
ARPE-19 cells as described previously (17). The antibodies used were as
follows: rabbit polyclonal anti-NRF2 (1:500; Santa Cruz Biotechnology),
rabbit monoclonal anti-FoxO1 (1:1,000; Cell Signaling), rabbit polyclonal
anti-FoxO3A (1:400; Cell Signaling), polyclonal rabbit anti-AKT (1:1,000;
Cell Signaling), polyclonal rabbit phospho-AKT (Ser473; 1:1,000; Cell
Signaling), mouse monoclonal anti-�-tubulin (1:1,000; Cell Signaling),
and monoclonal mouse anti-GAPDH (1:1,000; Millipore). After primary
antibody incubation, membranes were probed with IRDye 800CW don-
key anti-mouse IgG (LiCor) or IRDye 680RD goat anti-rabbit IgG (LiCor)
secondary antibodies and then imaged and quantified using the LiCor
Odyssey system.

Statistics. Each experiment was repeated at least three times. Stu-
dent t tests were used to determine the statistical significance between
groups. P values of �0.05 were considered statistically significant and
are annotated by asterisks in the figures.
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RESULTS
Screening of FDA-approved compounds for prevention of oxi-
dative stress-induced RPE death. To identify novel small mole-
cules/compounds that can block oxidative stress-induced ARPE-19
cell death, we conducted a chemical screening of a library containing
1,840 FDA-approved drugs and natural products (15). ARPE-19 cells
cultured in 96-well dishes were treated with 5 �M compounds for 24
h, followed by 150 �M tBHP to induce cell death. Cell viability was
measured with an MTT test 24 h later (Fig. 1A). Initial screening
identified 17 positive hits that showed �50% rescue in cell viability
compared to the DMSO control (Fig. 1B). As a result of the secondary
screening, three compounds were identified and verified for the abil-
ity to protect RPE cells from oxidative stress-induced cell death:
4-acetoxyphenol, ebselen, and gossypol acetic acid (GAA) complex
(Fig. 1C). Identification of ebselen indicated the specificity and suc-
cess of the screening. Ebselen (2-phenyl-1,2-benziselenazol-3[2H]-
one), a mimic of glutathione peroxidase, is a strong, selenium-based
antioxidant with numerous pharmacologic activities, such as neuro-
protection, reducing inflammation, scavenging ROS, and inhibiting
lipid oxidation (18). Ebselen has been shown to decrease the level of
malondialdehyde in cataractous lenses, and it is being tested as a pos-
sible treatment for reperfusion injury and stroke (19). 4-Acetoxyphe-
nol has been shown to be a potent activator of the NRF2-antioxidant

response element pathway and is being tested as a possible treatment
for neurodegenerative disease (20). Gossypol is a naturally occurring
polyphenolic compound derived from cottonseed and was initially
identified as an antifertility agent for males (21, 22). Gossypol was
identified as a BH3 mimetic and a potent inhibitor of Bcl-XL and, to a
lesser extent, of Bcl-2 (23, 24). It induces apoptosis in numerous tu-
mor cells with high Bcl-XL and/or Bcl-2 expression levels, leaving
normal cells with low expression levels relatively unaffected (21, 25).
GAA is a crystallized form of gossypol (Fig. 2A) (26). It has been
shown to be a powerful inhibitor of lipid peroxidation, exhibits pro-
and antioxidative behavior, and is currently being tested as an anti-
cancer drug (27, 28) (clinical trial NCT00390403). By screening
FDA-approved drugs/natural products library, we have identified
compounds that can prevent oxidative stress-induced RPE cell death.

GAA protects ARPE-19 cell from oxidative stress induced cell
death. To confirm the ability of GAA in protecting ARPE-19 cells
from oxidative stress induced by both tBHP and H2O2, ARPE-19
cells were pretreated with 5 �M GAA for 24 h and then exposed to
300 �M H2O2 or 150 �M tBHP. Without the GAA pretreatment,
H2O2 and tBHP caused 80% � 7% and 87% � 9% decreases,
respectively, in cell survival. Pretreatment with GAA prior to ox-
idative stress significantly increased ARPE-19 cells survival rates to
76% � 7% and 63% � 4% for H2O2 and tBHP, respectively (Fig.
2B and C). GAA is a crystalline complex consisting of equimolar
quantities of gossypol and acetic acid (29). We sought to deter-
mine whether gossypol is sufficient to prevent RPE death induced
by H2O2 or tBHP and found that gossypol is comparable to GAA
in preventing H2O2- or tBHP-induced RPE cell death. We also
tested whether acetic acid itself has protective property and found
acetic acid failed to protect RPE cells from H2O2- or tBHP-in-
duced cell death, supporting that gossypol is the active component
in GAA for its activity (Fig. 2D). To test whether GAA can directly
neutralize oxidants by chemical redox reaction, we added 5 �M
GAA to RPE cells at the time of inducing oxidative stress. Under
these conditions, GAA was not able to protect RPE cells, suggest-
ing that it is not a direct antioxidant (see Fig. S1 in the supplemen-
tal material). We also tested the effect of different concentration of
GAA in protecting H2O2-induced RPE death and found that GAA
at higher concentrations started to exert toxicity to the RPE cells
and that lower concentrations of GAA were less effective in pre-
venting oxidative stress-induced RPE death, whereas 	5 �M
GAA was most effective with a minimum toxic effect (Fig. 2E).
These results indicate that the optimal protective activity of GAA
biological activity on RPE cells is limited to a low concentration
range, which is in contrast to the high concentration that is used to
kill cancer cells (30). This is also consistent with the documented
hormetic effect of GAA (31). To further characterize the potency
of GAA, we compared its activity to other commonly used antiox-
idants that were included in the Age-Related Eye Disease Studies
(AREDS), such as �-tocopherol (vitamin E) and ascorbic acid
(vitamin C) (5, 6, 32). Both antioxidants at their published con-
centrations (100 �M) rescued ARPE-19 at a level similar to that
observed for 5 �M GAA. However, when they were used at the
same concentration as GAA (5 �M), they both lost the ability to
protect ARPE-19 cells from oxidative stress-induced cell death
(Fig. 2F). Based on these results, we have identified GAA as a
potent inhibitor of RPE cell death in response to oxidative stress.

GAA inhibits the activation of intrinsic necrotic pathway in
response to oxidative stress. We have shown previously that
ARPE-19 cells die from necrosis in response to oxidative stress

FIG 1 Identification of natural compounds that protect ARPE-19 cells from
oxidative stress-induced cell death. (A) Time frame of the screening. (B) Dot
graph showing the effect of the compounds in RPE cell survival. The x axis
represents compounds screened; the y axis represents cell survival after the
induction of oxidative stress. The red line is a cutoff point for the compounds
that protected �50% of the cells. (C) Three compounds identified in second-
ary screening showing protection of RPE death under two different concen-
trations: 4-acetoxyphenol (4-AC), ebselen, and gossypol acetic acid (GAA). *,
P � 0.05; **, P � 0.01; ***, P � 0.001.
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FIG 2 GAA protects ARPE-19 cells from oxidative stress-induced cell death. (A) Chemical structure of gossypol acetic acid (GAA). (B) Representative MTT
pictures showing GAA protects ARPE-19 cells from H2O2-induced cell death. (C) Comparison of ARPE-19 cell survival upon pretreatment with GAA and then
with 300 �M H2O2 or 150 �M tBHP. (D) Comparison of cell protective abilities of gossypol acetic acid (GAA), gossypol (GOS), and acetic acid (AA). Cells treated
with 5 �M concentrations of each compound were exposed to H2O2 or tBHP. Cell survival was evaluated by MTT assay. (E) Analysis of GAA protective effect on
RPE cells under different GAA concentrations. Cells were pretreated for 24 h with different concentrations of GAA and treated with H2O2. (F) Comparison of
GAA protective ability with other established indirect antioxidants: vitamin E (�-tocopherol) and vitamin C (ascorbic acid). *, P � 0.05; **, P � 0.01; ***, P �
0.001.
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(14). We sought to determine whether GAA protects oxidative
stress-induced RPE necrosis. Consistent with our published re-
sults, transfected RIPK3-GFP forms discrete punctuation, indi-
cating activation of RIPK3 and induction of necrosis (Fig. 3Aa to
c). Signs of RIPK3 activation were not observed in GAA pretreated
RPE cells at 1 to 2 h after exposure to 300 �M H2O2 (Fig. 3Ad to f).
Increased permeability of nuclear membrane and passive release
of high mobility group protein B1 (HMGB1) from the nucleus to
the cytoplasm is another hallmark of necrosis (17). When
HMGB1-YFP-transfected ARPE-19 cells were treated with 300
�M H2O2, HMGB1 was released to the cytoplasm 2 h later (Fig.
3Ba). However, GAA pretreatment inhibited this process (Fig.
3Bb). GAA also protected mitochondrial clumping resulting from
necrosis, as indicated by ANT1-RFP visualization (Fig. 3Bc and d).
ATP depletion is considered an early event of necrotic cells. We
analyzed the effect of GAA on intracellular ATP level in cells ex-
posed to oxidative stress. ARPE-19 cells exposed to H2O2 showed
drastic ATP decreases within the first 3 h. GAA pretreatment only
mildly decreased cellular ATP levels when cells were treated with
H2O2, supporting the view that GAA prevents oxidative stress-
induced RPE necrosis (Fig. 3C). Similar to apoptosis, necrosis can
be triggered by intrinsic or extrinsic stimuli. We sought to deter-
mine whether GAA prevents necrosis induced by extrinsic stimuli.
ARPE-19 cells are insensitive to TNF-�-induced cell death (33).
We therefore used human dermal fibroblasts (HDeFs) that are
sensitive to TNF-�-induced necrosis in the presence of pan-

caspase inhibitor z-Vad. Pretreatment with GAA did not protect
HDeFs from TNF-�-induced necrosis, although it protected
HDeFs from oxidative stress-induced cell death (Fig. 3D and E).
To conclude, GAA prevents the activation of the intrinsic necrotic
pathway in RPE cells in response to oxidative stress.

GAA acts as an inducer of sestrin2 (SENS2) expression. GAA
has been shown to have pro- and antioxidative properties (27). To
define the mechanism through which GAA protects ARPE-19 cells
from oxidative stress-induced necrosis, we first tested whether
GAA affects the level of cellular ROS upon oxidative stress. Expo-
sure to 300 �M H2O2 for 30 min increased the ROS level in
ARPE-19 by 	2-fold, as shown by ROS staining (Fig. 4A) and
subsequent quantification (Fig. 4B). However, GAA pretreatment
blunted the increase in the ROS level induced by H2O2.

Having established that GAA blunts ROS increase induced by
oxidative stress, we sought to determine further whether GAA
regulates the expression of genes that may regulate the ROS level.
We screened a panel of oxidative stress-related genes by qRT-PCR
(see Table S1 in the supplemental material). ARPE-19 cells were
pretreated with GAA and then exposed to 300 �M H2O2, and
RNA samples were collected 30 min later. As determined by qRT-
PCR, SESN2 expression was significantly upregulated in cells pre-
treated with GAA alone and was further upregulated when GAA-
pretreated cells were exposed to H2O2 (Fig. 4C).

The sestrin (SESN) family of proteins was originally discovered
as targets of p53 protein (34). Together with sulfiredoxins (Srx),

FIG 3 GAA inhibits induction of necrosis by oxidative stress in ARPE-19 cells. (A) Induction of RIPK3 activation H2O2, as visualized by the distinct punctuations
of transfected RIPK3-GFP reporter (a to c), which was inhibited by GAA pretreatment (d to f). Bar, 25 �m. (B) GAA pretreatment inhibited H2O2-induced
HMGB1 passive release to cytoplasm as visualized by transfected HMGB1-YFP reporter (a and b) and mitochondrial clump formation as visualized by
transfected ANT1-RFP reporter (c and d). (C) H2O2 rapidly inhibited ATP production in RPE cells, which was rescued by GAA pretreatment. (D) Extrinsic
necrotic pathway triggered by z-Vad pretreatment and TNF-� stimulation was not inhibited by GAA pretreatment in HDeF cells. (E) GAA pretreatment
prevented H2O2-induced in HDeF cell death. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns or N.S., not significant.
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FIG 4 SESN2 is required for regulating ROS level and RPE survival by GAA. (A) Inhibition of intracellular ROS accumulation in response to oxidative stress by
GAA pretreatment. ROS green fluorescence was analyzed under a fluorescence microscope at 488 nm. Bar, 25 �m. (B) Quantification of the ROS accumulation
in panel A. (C) Regulation of SESN expression level by 24 h pretreatment with 5 �M GAA and/or H2O2 exposure, as measured by qRT-PCR. (D) Regulation of
SESN2 protein level by pretreatment with GAA and/or H2O2 exposure visualized by SESN2 immunostaining. Bar, 25 �m. (E) qRT-PCR showing knockdown of
SESN2 by a specific siRNA. (F) SESN2 knockdown abolished the ability of GAA to protect RPE cells from necrosis induced by 300 �M H2O2 as analyzed by MTT
assay. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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SESNs function to repair overoxidized peroxiredoxins (Prx, a
family of antioxidant enzymes that controls cytokine-induced
peroxide levels) (35). There are three isoforms of SESN proteins:
SESN1, SESN2, and SESN3, which are expressed ubiquitously in
all adult tissues, although to different extents (36). SESN2 was
identified as a stress-responsive gene involved in the regulation of cell
viability (37) in response to prolonged hypoxia, DNA-damaging
treatments (gamma or UV irradiation, doxorubicin), or oxidative
stress (34). SESN1 and SESN2 overexpression has been shown to
decrease level of ROS after H2O2 treatment by substantially increas-
ing the recovery rate of the overoxidized Prx (38). Among the SESN
family members, the expression of SESN1 and SESN3 was not up-
regulated by GAA (Fig. 4C). The upregulation of SESN2 protein was
also confirmed by immunostaining (Fig. 4D).

To test whether SESN2 is required to mediate GAA function in
protecting RPE cells from oxidative stress-induced necrosis, RPE cell
survival was analyzed after SESN2 knockdown by siRNA transfection
and H2O2 treatment. SESN2 silencing was confirmed by qRT-PCR
(Fig. 4E). As shown in Fig. 4F, SESN2 knockdown did not affect RPE
survival at baseline. However, SESN2 silencing rendered RPE cells
susceptive to oxidative stress induced by H2O2. About 80% of the cells
died when the SESN2-knockdown cells were subjected to H2O2 treat-
ment. Moreover, the protective effect of GAA in oxidative-stress in-
duced RPE death was lost when SESN2 was silenced. Taken together,
these results establish a critical function for SESN2 in protecting RPE
cells from oxidative stress-induced necrosis and for GAA as an effec-
tive inducer of SESN2 activity.

SESN2 regulates intracellular ROS level and protects RPE
cells from oxidative stress-induced cell death. We asked further
whether SESN2 overexpression can mimic the effect of GAA in
RPE necrosis. To do so, SESN2 expression plasmid was trans-
fected into ARPE-19 cells, and the SESN2-overexpressing cells
were selected by using G418. Overexpression of SESN2 in RPE
cells was confirmed by immunostaining (Fig. 5A). Overexpres-
sion of SESN2 in RPE cell did not affect cell survival at baseline.
However, overexpression of SESN2 itself rescued up to 93% of
the cells when RPE cells were treated with H2O2, significantly
more than treatment with GAA itself (Fig. 5B).

We further examined whether SESN2 is responsible for the
ROS level changes regulated by GAA in RPE cells. RPE cellular
ROS level was analyzed after SESN2 knockdown or overexpres-
sion in RPE cells. In the control cells, H2O2 (300 �M) increased
ROS level significantly at 30 min after treatment (Fig. 5C). Down-
regulation of SESN2 alone resulted in significantly increased ROS
level in the control cells, which was further increased, although
insignificantly, by H2O2 treatment. However, although SESN2
upregulation did not affect RPE ROS level at baseline, it blunted
the ROS level increase in response to H2O2 treatment. Altogether,
our results establish that GAA is an effective inducer of SESN2
activity, which effectively prevents cell killing activity induced by
elevated cellular ROS level.

Requirement for FoxO3 in SESN2 expression and GAA-me-
diated RPE survival in response to oxidative stress. To further
determine the regulation mechanism of SESN2 by GAA, we fo-
cused on NRF2, p53, and FoxO transcription factors, which have
been independently shown to control SESN2 gene expression (34,
38–41). To analyze the role of p53 in mediating GAA induced
expression of SESN2, p53 was silenced by specific siRNA. The
knockdown of p53 and its target gene p21 was confirmed by qRT-
PCR (Fig. 6A). p53 knockdown did not affect the ability of GAA to

upregulate SESN2 expression with or without H2O2 treatment
(Fig. 6B). When RPE cell survival was analyzed, p53 knockdown
did not significantly affect the ability of GAA to protect RPE cells
from oxidative stress-induced necrosis or RPE cell survival under
basal conditions or under H2O2 treatment (Fig. 6C). This suggests
that p53 is not a major player regulating SESN2 expression in
response to GAA. Consistent with these results, p21 promoter
activity that is responsive to p53 was not affected by H2O2 and/or
GAA treatment based on luciferase assay (see Fig. S2 in the sup-
plemental material) (42). To test the involvement of NRF2 in me-
diating SESN2 expression by GAA, a specific siRNA to NRF2 was

FIG 5 SESN2 prevents RPE ROS accumulation and promotes RPE survival
upon oxidative stress. (A) SESN2 protein expression as visualized by immu-
nostaining in nontransfection control cells (a) compared to a SESN2 overex-
pressing RPE stable cell line (b). Bars, 25 �m. (B) SESN2 overexpression
showed comparable protective capability in RPE cells treated with H2O2 to
GAA, as revealed by an MTT assay. (C) Effect of SESN2 overexpression or
knockdown on ROS accumulation in control and 300 �M H2O2-treated RPE
cells. *, P � 0.05; **, P � 0.01; ***, P � 0.001; n.s., not significant.
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used to knockdown NRF2 expression in RPE cells. Knockdown of
NRF2 and its target gene NQO1 were confirmed by qRT-PCR
(Fig. 6D) and by Western blot with anti-NRF2 antibody (Fig. 6E).
NRF2 knockdown failed to reduce SESN2 expression in response
to GAA with or without H2O2 treatment (Fig. 6F). When RPE
survival was measured, NRF2 knockdown slightly reduced RPE
survival at baseline. Upon H2O2 treatment, RPE survival was not
significantly changed in si-NRF2-treated samples compared to the
control samples. Moreover, with NRF knockdown, GAA still res-
cued similar percentage of cells as in control samples (Fig. 6G).
These data argue against NRF2 as a major regulator of SESN2
expression in RPE cells in response to GAA. We then hypothesized
the FoxO genes may be responsible for SESN2 regulation in RPE
cells in response to GAA. By qRT-PCR, FoxO1 and FoxO3 are the
major members of FoxO genes expressed in the RPE cells (see Fig.
S3 in the supplemental material). When FoxO3 was knocked
down in RPE cells, SESN2 expression was dramatically reduced
with or without GAA or H2O2 treatment (Fig. 7A and B). Accord-

ingly, upon FoxO3 knockdown, RPE survival was significantly re-
duced at baseline, and GAA no longer protected RPE survival in
response to H2O2 treatment (Fig. 7C). We also independently si-
lenced FoxO1 or FoxO4 in RPE cells and found FoxO1 knock-
down did not significantly affect SESN2 upregulation but blunted
the protective response of GAA in response to H2O2 (see Fig. S4 in
the supplemental material). When FoxO4 was knocked down, up-
regulation of SESN2 by GAA was decreased, but GAA still signif-
icantly protected oxidative stress-induced RPE cell death. These
suggest differential mechanisms for FoxO genes in regulating
SESN2 expression and GAA response.

Having established that silencing of FoxO genes, especially
FoxO3 gene, prevented GAA-mediated SESN2 upregulation, we
tested further the mechanism how FoxO3 regulates SESN2 ex-
pression. First, we examined the FoxO3 subcellular localization in
response to GAA and H2O2 treatment. RPE cells were transfected
with FLAG-FoxO3A expression plasmid and pretreated them for
24 h with 5 �M GAA with or without 300 �M H2O2 treatment

FIG 6 Analysis of the p53 and NRF2 requirement to regulate GAA-mediated SESN2 expression in RPE cells. (A) Knockdown of p53 and downregulation of its
target gene p21 by specific siRNA to p53, as analyzed by qRT-PCR. (B) SESN2 expression level measured by qRT-PCR after pretreatment with GAA in
p53-knockdown cells. (C) Knockdown of p53 did not affect the ability of GAA to protect RPE cells from oxidative stress-induced cell death. (D) NRF2 knockdown
and downregulation its target gene NQO1 by a specific siRNA to NRF2, as shown by qRT-PCR. (E) Confirmation of NRF2 protein knockdown by siRNA, as
determined by Western blotting. (F) NRF2 knockdown did not affect SESN2 upregulation by GAA-H2O2, as measured by qRT-PCR. (G) NRF2 knockdown did
not affect GAA in protecting ability to protecting H2O2-iduced RPE cell death. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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(43). In nontreated cells FoxO3A is localized mainly in the cyto-
plasm (Fig. 7Da). Pretreatment with GAA for 24 h induced trans-
location of the majority of FoxO3A to the nucleus regardless of
H2O2 treatment (Fig. 7Db and d). Treatment with 300 �M H2O2

alone for 30 min only induced the nuclear transport of a very small
portion of FoxO3A (Fig. 7Dc). To further test whether FoxO3
binds to the SESN2 enhancer, we identified the FoxO binding site
in the enhancer region of SESN2 gene and performed a ChIP assay
to test the direct binding of FoxO3 to SESN2 enhancer (Fig. 7E).
As shown by qRT-PCR with primers specific to the FoxO binding
site, pretreatment with GAA with or without H2O2 significantly
enhanced the binding of FoxO3A to SESN2 enhancer (Fig. 7F),
indicating that FoxO3 directly binds to the SESN2 regulatory re-
gion to enhance SESN2 expression. Taken together, our data in-
dicate that GAA regulates the FoxO/SESN2 pathway to prevent
RPE necrosis in response to H2O2.

DISCUSSION

Inhibition of oxidative stress-induced RPE death represents a vi-
able approach for treating dry AMD and GA. By screening a li-

brary of FDA-approved natural products and compounds, we
identified GAA as a potent natural compound that protects
ARPE-19 cells from oxidative stress-induced necrosis. GAA pro-
tects up to 80% of ARPE-19 cells from death when they are ex-
posed to 300 �M H2O2. Mechanistically, GAA prevents the acti-
vation of intrinsic necrotic pathway induced by oxidative stress
but not extrinsic necrotic pathway induced by TNF-�, likely due
to its inhibition of ROS accumulation in cells exposed to oxidative
stress. SESN2 was identified as an effector for GAA. SESN2 regu-
lates RPE ROS level and GAA-mediated RPE survival in response
to oxidative stress. Furthermore, FoxO3 transcription factor shut-
tles to the nucleus in response to GAA and is critical for SESN2
regulation and RPE survival.

GAA possesses potent antioxidative property in RPE cells. By
screening a FDA-approved chemicals and natural compounds, we
identified GAA as a potent inducer of antioxidant response that
prevents oxidative stress-induced RPE necrosis. We found that
GAA is not toxic to RPE cells when used at 5 �M, a concentration
10 times lower than that used in cancer cells. Our findings that
both gossypol and GAA protects RPE from oxidative stress-in-

FIG 7 FoxO3 is required to mediate SESN2 expression and RPE survival upon oxidative stress. (A) FoxO3 knockdown as measured by qRT-PCR. (B) Repression
of SENS2 expression by FoxO3 knockdown in RPE cells with or without 5 �M GAA treatment for 24 h and exposure to 300 �M H2O2. (C) FoxO3 knockdown
reduced RPE viability at baseline and abolished the ability of GAA in protecting oxidative stress-induced RPE death. (D) Subcellular localization of FoxO3 was
investigated by immunostaining after pretreatment with 5 mM GAA and with or without the induction of oxidative stress with 300 mM H2O2 for 30 min. (E)
Diagram of SESN2 enhancer highlighting the FoxO binding site. The conserved sequence was highlighted in black, and the approximate location of primers for
PCR is indicated by a pair of arrows. (F) ChIP-qPCR analysis of FoxO3A binding to FoxO binding site in the enhancer region of SESN2. RPE cells were pretreated
with 5 �M GAA and/or treated with 300 �M H2O2. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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duced RPE necrosis seem to be paradoxical compared to the pre-
vious studies showing that they can kill Bcl2 overexpressed cancer
cells, but these are consistent with the documented hormetic effect
of gossypol (31). GAA was shown to be powerful inhibitor of lipid
peroxidation and exhibits pro- and antioxidant behavior (27). We
found that GAA does not affect ROS production at the baseline,
and it does not directly neutralize the oxidants. However, GAA
pretreatment blunts ROS level increase induced by oxidative
stress. Additionally, we established that GAA is a more potent in
protecting RPE cells from H2O2-induced oxidative stress than
well-established antioxidants such as vitamin C and E, the main
ingredients for the AREDS studies that have been shown to slow
the progression of dry AMD. We found that GAA prevents oxida-
tive stress-induced RPE death when it is used at a concentration
that is 20 times lower than vitamin C or vitamin E, suggesting
potent antioxidative property of GAA in RPE cells.

Probing oxidative stress and intrinsic necrotic pathway. RPE
cells are postmitotic cells and have limited regeneration potential and
restricted apoptotic potential (44, 45). Consistent with its low
caspase-8 level, we have recently established that RPE cells die from
necrosis rather than apoptosis in response to oxidative stress (14, 33).
Necrotic pathways can be classified as an extrinsic necrotic pathway
that is stimulated by external stimuli through receptors and intrinsic
necrotic pathway that is not triggered through the cell surface recep-
tors. The mechanism that triggers intrinsic necrotic pathway is still
unclear. RPE cells treated with oxidative stress represent an ideal
model to study the mechanism of intrinsic necrotic pathway. The
compound GAA from our screening that prevents oxidative stress-
induced RPE death provides an excellent opportunity to probe the
intrinsic necrosis process. We found the blunted ROS increase by
GAA correlates with the lack of activation of necrosis, which is evi-
denced by the absence of RIPK3 activation, HMGB1 release, or ATP
depletion. This places the ROS increase upstream of the initiation of
intrinsic necrotic pathway. Interestingly, GAA only inhibits intrinsic
necrotic pathway induced by oxidative stress but not extrinsic path-
way triggered by TNF-�/z-Vad treatment, highlighting the different
mechanism between intrinsic and extrinsic necrotic pathways. How
the increased ROS level leads to RIPK3 activation and necrosome
formation warrants future investigations.

FoxO3/SESN2 axis in RPE survival in response to oxidative
stress. Regarding the mechanism of GAA in preventing oxidative
stress-induced RPE cell death, we found that SESN2, but not
SESN1 or SESN3, is upregulated by GAA. SESNs act to repair
overoxidized Prxs, therefore regenerating functional Prxs (38).
We found that silencing of SESN2 blunts the protective effect of
GAA in RPE cells in response to oxidative stress, while overexpres-
sion of SESN2 shows outstanding capability in protecting RPE
cells from oxidative stress-induced death. These results are con-
sistent with increased ROS level upon SESN2 knockdown and the
blunted ROS increase in response to oxidative stress upon SESN2
overexpression. Similar studies in macrophages have shown that
upregulation of SESN2 protects against H2O2-induced Prx over-
oxidation (38, 46). In the nervous system SESN2 has been found
to control ROS-dependent neuropathic pain signaling after pe-
ripheral nerve injury (47) and putatively p53-mediated antioxi-
dant function in the retina (48). SESN2 is also needed for resvera-
trol, an active component in red wine, to inhibit LXR�-mediated
hepatic lipogenesis (49). Particularly in Drosophila, SESN2 has
been shown to prevent age-related pathology (50).

p53, FoxO, and NRF2 transcription factors have been indepen-

dently shown to regulate SESN2 expression. We found that FoxO3
is required for SESN2 expression in RPE cells and mediates the
regulation of SESN2 expression by GAA. Moreover, FoxO3 is re-
quired for RPE survival at baseline and also GAA-mediated RPE
survival in response to oxidative stress. This establishes the impor-
tance of FoxO3/SESN2 axis in regulating RPE survival in response
to oxidative stress. FOXO3a has been shown to be involved in
protection from oxidative stress by upregulating antioxidants
such as catalase and manganese superoxide dismutase (51). Vari-
ants of FoxO3 have been associated with longevity in humans
(52). FoxO3 homologous genes, including daf-16 in the nematode
Caenorhabditis elegans and dFOXO in the fruit fly, are also asso-
ciated with longevity in those organisms (53, 54). Mechanistically,
we showed that GAA promotes FoxO3 nuclear translocation and
binding to the SESN2 enhancer, which in turn increases its tran-
scriptional activity. This is consistent with the in silico analysis
showing the existence of FoxO-binding site in the proximate en-
hancer of SESN2 gene. The mechanism how GAA controls FoxO3
nuclear transport is still unclear, but phosphorylation by phos-
phatidylinositol-3 kinase/AKT has been shown to control FoxO
cytoplasmic-nuclear shuttling and its activity (55, 56). Taken to-
gether, our findings show that in RPE cells GAA induces nuclear
translocation of FoxO3a, which in turn increases SESN2 expres-
sion and protection against oxidative stress-induced necrosis.

Therapeutic implications. We established that GAA, an FDA-
approved natural compound, is a potent inducer of antioxidative
response and protects RPE cells from oxidative stress-induced ne-
crosis. The action of GAA reflects its regulation of FoxO3/SESN2
pathway. These findings have important therapeutic implications.
Oxidative stress has been suggested to be a critical component of
pathology associated with age-related diseases, especially AMD
(57). GAA, as an FDA-approved natural compound, can readily
be repurposed for the therapy of dry AMD and age-related dis-
eases. We also showed that SESN2 overexpression has remarkable
capability in protecting RPE death in response to oxidative stress.
SESN2, as well as FoxO3, may serve as an ideal therapeutic target
for drug screening for AMD and other age-related diseases.
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