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Abstract
Retinal degeneration is a major cause of severe vision loss and irreversible
blindness and is characterized by progressive damage to retinal photoreceptor cells.
Resveratrol (RSV) serves as an activator of the histone deacetylase, Sirt1, and has
been shown to exert anti-oxidative properties. In this study, we mimicked retinal
degeneration by subjecting photoreceptors (661W cells) to glucose deprivation (GD)
or light exposure. Under these conditions, we investigated the mechanisms underlying
GD- or light exposure-induced cell death and the protective effect of RSV. We found
that GD and light exposure resulted in mitochondrial dysfunction, oxidative stress,
and cell death. Treatment of injured cells with RSV decreased the production of
reactive oxygen species (ROS), improved the ratio of reduced/oxidized glutathione

(GSH/GSSG), mitochondrial membrane potential and morphology, and reduced
apoptosis. We used the caspase inhibitor, z-VAD-fmk, and a lentiviral-mediated
shRNA knockdown of PARP-1 to reveal that GD and light exposure-induced cell
death have different underlying mechanisms; GD triggered a caspase-dependent cell
death pathway, whereas light exposure triggered a PARP-dependent cell death
pathway. The level of caspase-9 and caspase-3, upregulated following GD, were
reduced by treatment with RSV. Similarly, the level of PARP-1 and AIF, upregulated
following light exposure, were decreased by treatment with RSV. Additionally,
treatment with RSV elevated the protein expression and enzymatic activity of Sirt1
and a Sirt1 inhibitor reduced the protective effect of RSV against insult-induced
cellular injuries, indicating that RSV’s protective effect may involve Sirt1 activation.
Finally, we investigated the neuroprotection of RSV in vivo. Administration of RSV to
mice under extreme light exposure led to a suppression of the light-induced thinning
of the outer nuclear layer (ONL) detected by H&E staining and restored retinal
function evaluated by electroretinography (ERG). Taken together, our findings
provide evidence that treatment with RSV has neuroprotective effects on both GD and
light exposure-induced cell death pathways in photoreceptor cells.

Introduction
Retinal degenerative diseases such as retinitis pigmentosa (RP) and age-related
macular degeneration (AMD) are significant causes of visual impairment and
irreversible blindness. The primary cause of retinal degeneration may be complex and
involve a variety of hereditary and environmental factors. Although hundreds of
causative gene mutations have been identified, the exact molecular pathways causing
photoreceptor death are not yet fully understood. Light injury and retinal ischemia are
considered major contributors to these diseases

[1-4]. Anatomically, the

photoreceptors are nestled closely to the choroidal vasculature and the choroid serves
as the primary supplier of glucose, oxygen, and other metabolic nutrients required by
photoreceptors [5]. Nonetheless, degeneration of the photoreceptors is associated with
attenuation of the retinal arterioles. Glucose deprivation is, therefore, one of the major
factors contributing to the pathological mechanism of retinal ischemia [6, 7].
Additionally, although photoreceptor cells sense the light (400–700nm) that initiates
phototransduction and forms the retinal potential, prolonged or intense exposure to
light causes cell death of photoreceptors, resulting in retinal degeneration and
blindness[8].
Both these insults (light injury and GD) would independently increase cellular
oxidative stress [9-12].The retina is particularly susceptible to oxidative stress due to
its

high

level

of

oxygen

consumption

and

its

propensity

to

photosensitize[13].Oxidative damage normally triggers efficient cellular repair
functions within a certain range. However, when the mitochondria-derived reactive

oxygen species (ROS) exceed the cellular antioxidant defense capacity, programmed
cell death may be initiated.ROS can elicit heme release from hemoproteins[14]. The
heme oxygenase (HO) family is composed of three isozymes: the inducible HO-1 and
the constitutively-expressed HO-2 and HO-3[15, 16]. HO-1 is a ubiquitous and
redox-sensitive inducible stress protein that can exert indirect, yet potent,
anti-oxidative effects by degrading heme to carbon monoxide (CO), iron, and
biliverdin[17].
Increasing evidence has suggested that photoreceptor cell death plays a key role
in the pathogenesis of retinal degeneration [18, 19]. Apoptosis is the classical means
of programmed cell death, activated either via the intrinsic (mitochondria-mediated)
or extrinsic (death receptor-mediated) pathways. Activation of a cascade of proteolytic
enzymes called caspases (cysteine-containing aspartate-specific proteases) is an
important step in the apoptotic process, and caspase-3 is a common death executor for
the both intrinsic and extrinsic apoptotic pathways[20].
Apart from apoptosis, there are an increasing number of caspase-independent
pathways, such as parthanatos[21]. Parthanatos is a unique and highly choreographed
form of cell death that occurs through the overactivation of the nuclear enzyme,
PARP-1, also known as poly (ADP-ribose) synthetase 1 or poly (ADP-ribose)
transferase 1[22].Parthanatos does not require caspases for its execution but is
dependent on the PARP-1-mediated accumulation of PAR (poly ADP-ribose) and the
subsequent nuclear translocation of the apoptosis-inducing factor (AIF)[23].
Ordinarily a beneficial mitochondrial protein, the nuclear translocation of AIF causes

large-scale DNA fragmentation and chromatin condensation, leading to cell death[24].
Resveratrol (RSV) is a polyphenolic compound that can be found in many plants
such as the red grape, peanut, and mulberry. It was reported to exert various
pharmacological benefits, with anti-oxidative, anti-aging, anti-inflammatory, and
anti-carcinogenic uses, as well as neuronal and cardiovascular protection [25, 26]. An
ever-growing body of in vivo and in vitro evidence points to the protective effects of
RSV in various diseases [27-29]. RSV activates Sirt1 [30, 31], a member of a highly
conserved gene family (sirtuins) encoding NAD+-dependent deacetylases, originally
found to deacetylate histones leading to increased DNA stability and prolonged
survival[32].Sirt1 is reportedly located in the mitochondria and participates in stress
response pathways, apoptosis, inflammation, and metabolism[33-36].
So far, no clinical strategy has been issued to prevent retinal degeneration and
restore visual function. Therefore, investigation into treatments that can block or even
delay photoreceptor cell death are warranted. In the present study, we examined
whether GD or light injury could induce different cell death pathways in
photoreceptor cells and whether RSV’s activation of Sirt1 could block this
photoreceptor cell death.

Abbreviations
RSV

resveratrol

GD

glucose deprivation

ROS

reactive oxygen species

ONL

outer nuclear layer

ERG

electroretinography

RP

retinitis pigmentosa

AMD

age-related macular degeneration

HO

heme oxygenase

AIF

apoptosis-inducing factor

Sirt1

sirtuin 1

Materials and Methods
Drugs and inhibitors
Resveratrol (≥99%) was purchased from Sigma-Aldrich (Shanghai, China).
z-VAD-fmk (> 95%) was purchased from Beyotime Biotechnology (Shanghai, China).
Ex-527 (99.18%) was purchased from AbMole BioSciences (Houston, TX, USA).
Cell culture
The murine cone-photoreceptor cell line 661W was provided by Dr. Muayyad
Al-Ubaidi (University of Oklahoma Health Sciences Center, Oklahoma, USA).
Cell-culture media and all additives were purchased from HyClone Company (Beijing,
China). The cells were maintained in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum, 100 IU/mL streptomycin, and 100 IU/mL
penicillin. The cells were incubated at 37°C in a humidified atmosphere of 95% air
and 5% CO2. Cells were trypsinized with 0.05% trypsin–EDTA and subsequently
divided into culture plates as required.
In vitro RSV application, glucose deprivation, and light exposure
For the glucose deprivation experiment, approximately 90%-confluent 661W cells
were cultured in 6-well or 96-well plates for 24 h with normal medium, washed two
times with phosphate buffered saline (PBS), and then cultured in glucose-free medium
for the maximum possible duration (until all the cells died).
For the light exposure experiment, approximately 70%-confluent 661W cells were
cultured in 6-well or 96-well plates for 24 h with normal medium and then cultured in
normal medium under light exposure (1500 lux) for the maximum possible duration

(until all the cells died).
RSV was dissolved in DMSO, diluted to different concentrations with double-distilled
H2O, and then applied at indicated concentrations until all cells in the control group
died under GD or light exposure.
Lentiviral-mediated short hairpin RNA (shRNA) to establish a PARP
knockdown cell line
For PARP-1 knockdown, a lentivirus expressing PARP-1-targeted short hairpin RNA
(shRNA) was constructed by GeneCopoeia(Shanghai, China). Lentivirus expressing
scrambled shRNA was used as a negative control (GeneCopoeia). The interfering
sequence

specific

to

the

PARP-1

gene

was

as

follows:

Forward:

5'-TAATACGACTCACTATAGGG-3';
Reverse:5'-CTGGAATAGCTCAGAGGC-3'.The negative control sequence was as
follows:
Forward:5'-TAATACGACTCACTATAGGG-3';Reverse:5'-CTGGAATAGCTCAGAG
GC-3'.
The third-generation lentiviral package system (pRRE, pRSV-Rev, pCMV-VSVG)
and target plasmid were used to package the lentiviral particles in human embryonic
kidney 293T (HEK293T) cells. Lentiviral particles were concentrated 72 h
post-transfection. In order to obtain a PARP-1 knockout cell line, the murine
photoreceptor cell line 661W was then co-infected with virus particles. To avoid the
viral toxicity, fresh DMEM completed media was added to replace the infection
medium 24 h after adding the virus. To select stable cell lines, antibiotic-mediated

selection was started 2 d after transduction, using 6 μg/mL hygromycin (Sangon
Biotech; Shanghai, China). After 2 weeks of treatment, stable colonies emerged while
untransduced cells were killed after 48 h treatment with hygromycin.
Cell viability assay
Cell viability was assessed colorimetrically using 3-(4, 5-dimethylthiazolyl-2)-2,
5-diphenyltetrazolium bromide (MTT). The 661W cells were seeded in 96-well plates
(1 × 104 cells/well) and incubated overnight. Then, the cells were treated with
different concentrations of RSV for indicated time points under normal, GD, and
light-exposure conditions. After treatment, cells in each well were incubated with 10
μL MTT (5 mg/mL in PBS, Sigma) at a ﬁnal concentration of 500 μg/mL for 1 h at
37°C and the supernatant was removed. Next, 100 μL DMSO was added to each well
and the plate was incubated at room temperature overnight. The absorbance was
measured at 570 nm using a microplate reader (Tecan, Mannedorf, Swizerland). A
dose-response curve was plotted and the IC50 value was calculated using GraphPad
Prism 6 software.
Cell impedance assay
Cell impedance assays were performed using the xCELLigence RTCA instrument
(ACEA Biosciences; San Diego, CA, USA). The impedance value of each well was
automatically monitored by the xCELLigence system and expressed as a cell index
(CI) value. Electronic impedance in the form of CI was derived corresponding to the
relative density and adherence strength of cells in each well. Background
measurements were taken from the wells by adding 50 μL of the same medium to the

E-plates-96.After calibration, 661W cells from an exponentially growing colony were
seeded on a 16-well E-Plate at a density of 8,000 cells/well to a final volume of 150
μL. The E-plate Cardio 96 (ACEA Biosciences, San Diego, CA, USA) xCELLigence
plate was inserted into the xCELLigence station that was kept in an incubator at 37°C
with 5% CO2.The cells were treated after equilibration. For the glucose deprivation
experiment, the cells were washed twice with PBS and then cultured in glucose-free
medium. For the light exposure experiment, cells were washed twice with PBS and
then cultured in normal medium under light exposure. For the resveratrol experiments,
RSV was applied at indicated concentrations during either GD or light exposure. The
impedance signals were recorded every 5 min until the end of the experiment (up to
140 h).The raw data and statistical information were acquired using the RTCA 2.0
software (ACEA Biosciences, Inc., San Diego, CA, USA).
Propidium iodide (PI)/Hoechst staining
Based on the results of the cell impedance assay, the 661W cells were divided into the
following five groups: DMEM only, GD or light exposure, administration of 10 μM
RSV, 50 μM RSV, and 100 μM RSV. Cells were treated as described for 16 h of GD
or 4 d of light exposure.
Cell death was characterized by double nuclear staining with Hoechst 33258 dye and
propidium iodide (PI), both purchased from Beyotime Biotechnology (Shanghai,
China). Cells were stained with the Hoechst dye (2 μg/mL) for 30 min at 37°C and
consecutively stained with PI (5 μg/mL) and incubated in the dark for 10 min at 4°C.
PI-positive cells were visualized under an inverted fluorescence microscope

(Olympus, Japan). The cell death percentage was calculated using the equation
PI-positive cells/Hoechst-stained cells × 100.
Intracellular ROS measurement
Intracellular ROS was measured with an oxidation-sensitive fluorescence probe
(DCFH-DA), purchased from Beyotime Biotechnology (Shanghai, China) and used
exactly according to the manufacturer’s instructions. Briefly, cells were washed twice
with fresh medium after GD or light exposure and then incubated in 10 μM
DCFH-DA at 37°C for 20 min. Oxidized 2,7-dichlorofluorescein (DCF) fluorescence
was visualized under a fluorescence microscope (Olympus, Japan). Fluorescence
intensity was measured at excitation and emission wavelengths of 488 nm and 525 nm,
respectively. Fluorescence intensities were quantitatively analyzed using IP-Win32
software (NIH, Bethesda, MD).
Measurement of reduced/oxidized glutathione (GSH/GSSG)
The intracellular glutathione concentration was determined with a GSH and GSSG
assay kit (Beyotime, Shanghai, China) according to the manufacturer’s instructions.
Brieﬂy, after 16 h of GD or 4 d of light exposure, the media was removed, and cells
were washed with PBS and harvested. The cells were mixed with 5% metaphosphoric
acid and lysed with two cycles of freeze-thaw (freezing in liquid nitrogen and thawing
at 37°C). The samples were then centrifuged at 10,000×g for 10 min at 4°C. The
supernatant was collected to determine the levels of total glutathione and oxidized
GSSG. The intracellular glutathione was determined by measuring the absorbance at
412 nm using a microplate reader (Tecan, Mannedorf, Swizerland).The reduced GSH

level was obtained by subtracting the level of GSSG from that of total glutathione.
Mitochondrial membrane potential assay
After 16 h of GD or 4 d of light exposure, medium was removed and cells were
washed with Ca2+/Mg2+-free PBS. After incubation with the JC-1 staining solution (10
μg/mL; Beyotime Biotechnology, Shanghai, China) in a 37°C incubator for 30 min,
cells were washed twice with JC-1 staining buffer and examined under a fluorescence
microscope (Olympus, Japan) using 514 nm excitation and emissions at 529 nm and
590 nm. Fluorescence intensities were quantitatively analyzed using IP-Win32
software (NIH, Bethesda, MD).The percentage of JC-1-aggregated staining (red
fluorescence) was calculated using the equation JC-1-aggregated cells/total cells ×
100.
Confocal fluorescence imaging of MitoTracker Green
The distribution of mitochondria was labeled with MitoTracker Green (Beyotime,
China).After 16 hours of GD or 4 d of light exposure, medium was removed and cells
were washed twice with fresh pre-warmed PBS. They were then incubated in medium
containing 100 nmol/L fluorescent mitochondrial probe at 37°C for 30 min. After two
washes with PBS, the cells were subjected to confocal fluorescence imaging for
mitochondrial measurements on the confocal laser scanning microscope (Olympus,
Tokyo, Japan) using 490 nm excitation and emission at 516 nm.
Sirt1 activity assay
To quantify sirtuin 1 (Sirt1) activity, nuclear extracts were prepared from cells after 16
h of GD or 4 d of light exposure. Nuclear extracts were used to measure deacetylase

activity

of

an

acetylated

histone

using

the

Epigenase

Universal

SIRT

Activity/Inhibition Assay Kit (Epigentek, Farmingdale, NY, USA), according to the
manufacturer’s instructions. Briefly, 7.1 μg of nuclear extract was applied to
microplate wells coated with an acetylated histone SIRT substrate. After incubation
for 90 min, the SIRT-deacetylated products were recognized with a specific antibody.
Finally, after adding antibody detection and color developing solution, the absorbance
at 450 nm was measured with a microplate reader.
Animals
All animal experiments were conducted in accordance with the Association for
Research in Vision and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research. Male BALB/c57 mice between 8 to 10 weeks of
age were purchased from the Animal Center of Jilin University (Changchun, China)
for use in the present study. The mice were housed in a temperature-controlled room
at 21–23°C and kept on a 12 h, 2.5 lux light/dark cycle, with free access to food and
water.
In vivo RSV treatment and light exposure protocol
Mice were injected intraperitoneally with RSV at a dose of 22.4 mg/kg body wt per
day for 7 consecutive days before the ERG. On the third day of RSV administration,
the animals’ pupils were dilated with atropine sulfate solution (SINQI, Shenyang,
China). Then the mice were separated into individual boxes and exposed to bright
continuous light for 12 h to induce retinal degeneration. The light source was a
cool-white, 7000 lux, fluorescent tube light, measured using a portable lux meter.

After 12 h of light exposure, all mice were placed in the normal light/dark cycle for
use prior to ERG measurement. After the ERG, the mice were euthanized with an
overdose of sodium pentobarbital (Sigma-Aldrich Corp, Beijing, China) and the eyes
were immediately enucleated for morphologic analysis. From each animal, one eye
was allocated for histology studies, while the other was used for molecular studies of
the retina.
Electroretinography (ERG)
Retinal function was evaluated using an electroretinogram (Metrovision, Perenchies,
France).Dark-adapted (scotopic 0.01) and light-adapted (photopic 3.0ERG) ERGs
were performed on all animals before the RSV injection to establish baseline
standards. For the light exposure experimental group, the ERGs were obtained 5 d
after light exposure. All mice were dark-adapted 2 h before ERG and all the
preparations prior to recording were performed under dim red light. Mice were
anesthetized via an intraperitoneal injection of sodium pentobarbital (60 mg/kg body
wt), a dose sufficient to maintain effective anesthesia for 45 to 60 min. The pupils
were dilated with a few drops of 1% tropicamide in saline (SINQI, Shenyang, China).
Oxybuprocaine (Santen, Jiangsu, China) was applied topically for corneal anesthesia,
and carbomer (BAUSCH&LOMB, Shandong, China) was applied for corneal
hydration. The animals were placed on a heating pad that maintained their body
temperature at 35–36°C throughout the experiment. The ground electrode was a
needle inserted subcutaneously in the tail and the reference electrodes were placed
subcutaneously in the lower jaw. The active recording electrodes were sliver wires

placed on the cornea. Once the setup under dim red light was complete, another 10
min of dark adaptation was allowed before commencement of recording. ERG
analysis was based on amplitude measurements of the a- and b-waves.
Retinal histology and retinal thickness measurements
The retina was fixed with 4% paraformaldehyde overnight at room temperature,
dehydrated with graded concentrations of ethanol in series, and then embedded in
paraffin. Sagittal sections containing the whole retina were cut 3 μm thick for
hematoxylin and eosin (H&E) staining. The outer nuclear layer (ONL) thickness was
measured every 0.5 mm from the optic nerve head to the most peripheral region of the
retina using the ImageJ program, and the average values were calculated.
Western blotting
For sample preparation from fresh retina, the retina was placed in 100 μL RIPA lysis
buffer (Beyotime Biotechnology, Shanghai, China) and then sonicated. The lysate was
centrifuged at 10 000 rpm for 15 min at 4°C. For sample preparation from 661W cells,
the cells were collected and sonicated in RIPA lysate buffer. A bicinchoninic acid
assay was used to estimate protein concentration. An equal amount (20 μg) of cell
lysate was dissolved in sample buffer and samples were boiled for 5 min prior to gel
loading. Electrophoresis was performed with 10% polyacrylamide gels containing 0.1%
SDS. Proteins were transferred to nitrocellulose membranes, which were subsequently
blocked with 5% non-fat dry milk in TBS-T (Tris-buffered saline with 0.1%
Tween-20) for 1 h at room temperature. The membranes were then incubated for 3 h
at room temperature with one of the following primary antibodies: anti-actin (1: 1000,

Signalway Technology, St. Louis, MO, USA), anti-HO-1 (1:1000, Bioworld
Technology, Minneapolis, MN, USA), anti-Sirt1 rabbit polyclonal antibody (1:1000,
Bioworld Technology, Minneapolis, MN, USA), anti-Caspase-3 (1:1000, Cell
Signaling Technology, Beberly, MA, USA), anti-Caspase-9 (1:1000, Abcam,
Cambridge, MA, USA), anti-PARP (1:1000, Cell Signaling Technology, Beberly, MA,
USA), or anti-AIF (1: 3000, Santa Cruz, Dallas, TX, USA) diluted in TBS-T. The
membranes were then washed three times in TBS-T and incubated with
peroxidase-linked secondary antibodies diluted in TBS-T. Signals were developed
using enhanced chemiluminescence and images were captured using a microscope
equipped with a CCD camera (Tanon, Shanghai).Band density analysis of the proteins
of interest was performed using Image J software and presented relative to the band
density of the corresponding loading control.
Statistical Analysis
Statistical analyses were performed using SPSS v 24.0 (SPSS, Chicago, IL, USA).
Each experiment was repeated at least three times. Data are expressed as means ±
SEM. Differences between means were evaluated using one-way ANOVAs followed
by post-hoc Bonferroni tests. P < 0.05 was considered statistically significant.

Results
3.1 Resveratrol protects 661W cells against GD- or light exposure-induced
injuries
To determine the cellular injury resulting from the different insults (GD or light
exposure) in 661W cells, we monitored cell viability and death rate under the GD or
light-exposure conditions. First, we explored the hormetic effects of RSV using MTT
cell viability assays under normal conditions (no insult). We observed that the
hormetic zone of RSV emerged from 1 to 10 μM. Treatment with RSV increased the
viability of 661W cells at these low concentrations but decreased cell viability at
concentrations greater than 10 μM. The IC50 of RSV was 209.6 μM (Fig. 1A).
Next, we tested for biologically safe concentrations of RSV that were able to exert a
protective effect against GD or light exposure-induced injury by exposing cells to a
series of RSV concentrations (10 μM, 50 μM, 100 μM, 150 μM, 200 μM, and 300μM).
The xCELLigence RTCA was used to analyze 661W cells in real-time. The mean
impedance change (n = 2) was measured every 5 min and displayed as a cell index (CI)
value. A high CI indicates more cell adhesion and vice versa, with a CI of zero
signifying cell death. As shown in Figure 1, all the 661W cells died about 16 h after
GD (Fig. 1B) or about 4 days after light exposure (Fig. 1C).Regardless of the type of
insult used (GD or light exposure), RSV exhibited a protective effect at concentrations
of 10 μM, 50 μM, and 100 μM, but showed a cytotoxic effect at concentrations of 150
μM, 200 μM, and 300 μM (Fig. 1 B and C). This result showed that doses below 100
uM are biologically safe concentrations of RSV. In cells under GD, 10 μM, 50 μM,

and 100 μM RSV offered immediate protection against cell death, within one hour
after RSV treatment. For the first seven hours of GD, 10 μM RSV had the optimal
protective effect, whereas in the last 9 hours of GD, 100 μM RSV offered the most
protection from cell death (Fig. 1B). In the light exposure group, 10 μM, 50 μM, and
100 μM RSV played a protective role against cell death. Within 24 h after the start of
light exposure, 10 μM RSV began to have a significant protective effect (Fig. 1C). By
the second day after the start of light exposure, 100 μM RSV started to have a
significant protective effect, which was maintained for more than 3 days.
To further confirm the protective effect of RSV, GD- or light-exposed cells were
treated with biologically safe doses of RSV (10 μM, 50 μM, and 100 μM) and
observed PI/Hoechst staining after 16 h of GD or 4 days of light exposure. As shown
in Figure 1D and E, there was a higher rate of cell death at 16 h after GD or 4 days
after light exposure compared to the control group, but RSV treatment significantly
mitigated GD or light exposure-induced cell death. In the case of both GD and light
exposure-induced injuries, the amount of cell death was significantly reduced with
increasing concentrations of RSV (Fig. 1F and G; P < 0.01). These results suggest that
RSV protects 661W cells against GD or light exposure-induced injuries, with the 100
μM dose being the optimum protective concentration.
3.2 Resveratrol attenuated GD- or light exposure-induced intracellular ROS
generation and improved oxidative status
Both GD and light exposure induced massive production of intracellular ROS in
661W cells. The level of intracellular ROS was measured using a DCFH-DA probe.

As shown in Figure 2A and B, both insults (GD and light exposure) markedly
increased ROS production (green fluorescence) compared to the control group, while
the RSV-treated groups showed significantly attenuated cellular ROS generation. The
protective effect of RSV was dose-dependent; the higher the concentration of RSV,
the lower the intracellular ROS production (Fig. 2C and D; P < 0.01).
Reduced glutathione (GSH) is one of the most important scavengers of ROS, and its
ratio with oxidized glutathione (GSSG) has been regarded as a marker of oxidative
stress. As shown in Fig. 2E, we determined cellular GSH/GSSG ratios and found that
cells under GD and light exposure had a lower GSH/GSSG ratio than control cells.
However, treatment with RSV potently reversed the decrease in GSH/GSSG caused
by GD and light exposure.
The inducible and redox-regulated enzyme, HO-1 is considered to have an important
role in the oxidative stress response of the cell. We measured the expression of HO-1
in glucose-deprived and light exposed cells by western blot (Fig. 2F).Both insults (GD
and light exposure) markedly upregulated HO-1 expression compared to the control
group. Moreover, treatment with 100 μM RSV further enhanced the insult-induced
upregulation of HO-1 when compared to the vehicle group (P < 0.01) (Figure 2G and
H). Taken together, these results suggest that cells undergo severe oxidative stress
during the course of GD or light exposure and RSV effectively ameliorates this by
suppressing intracellular ROS generation, increasing reduced glutathione levels, and
augmenting the level of the stress-response protein HO-1.
3.3 Resveratrol maintains mitochondrial function

Mitochondria are involved in diverse processes including energy and redox
homeostasis. To assess mitochondrial function, we investigated mitochondrial
morphology and the mitochondrial membrane potential (Δψm).As shown in Figure
3A,mitochondria exposed to either GD or light exposure showed more prominent
morphological alterations; compared to the elongated, filamentous mitochondria in
the control group, the cells exposed to insults exhibited more oval and round
mitochondria. However, treatment with 100 μM RSV significantly ameliorated the
morphological defect of mitochondria.We used the JC-1 staining reagent to assess
Δψm; JC-1 gets incorporated at low concentrations in depolarized mitochondria and
fluoresces green but it aggregates at high concentrations in hyperpolarized
mitochondria and fluoresces in the yellow/red range. Accordingly, Figure 3B and C
showed that the mitochondria under either GD or light exposure were depolarized
(green fluorescence) compared to those of control cells (yellow to red fluorescence).
However, treatment with RSV significantly attenuated changes in Δψm, as indicated
by increased red fluorescence (Fig. 3B and C) and the percentage of JC-1-aggregated
cells (Fig. 3D and E) when compared to the vehicle group (P < 0.01). Similar to the
other protective effects of RSV, the number of JC-1-aggregated cells were also
significantly concentration-dependent (P < 0.01).These results suggest that RSV can
effectively maintain mitochondrial function after either GD or light exposure.
3.4 Resveratrol protects 661W cells by activating Sirt-1
To determine whether the protective effect of RSV is mediated by its activation of
Sirt1, we employed the Sirt1 inhibitor, Ex-527. As shown in Figure 4A–D, there is a

lower cell death rate in the presence of RSV in both the GD and the light exposure
groups compared to the control group, whereas treatment with Ex-527 reversed this
trend (P < 0.01). Next, we examined the total protein expression of Sirt1 by western
blot (Fig. 4E). As quantified in Figure 4F and G, Sirt1 expression level was
significantly increased in both GD and light exposure groups (P < 0.01). Application
of 100 μM RSV in either glucose deprived or light exposed cells further enhanced the
Sirt1 protein expression (P < 0.01). To determine whether Sirt1 enzymatic activity
was indeed elevated by the insults, we prepared nuclear extracts from cells in both the
GD and light exposure groups and confirmed that the deacetylation activity of Sirt1
was accelerated under these conditions (Fig. 4H). RSV-induced Sirt1 upregulation
was also confirmed by this Sirt1 activity assay (Fig. 4H). Collectively, these results
suggest that RSV protects cells from insult-induced death by activating Sirt1.
3.5 Resveratrol blocks GD or light-induced cell death via different pathways
Mitochondria are the instigators and center of apoptosis. The activation of
mitochondria-mediated signaling pathways induces cell apoptosis. The classical
caspase-dependent signaling pathway plays an important role in the apoptosis process.
To evaluate the role of caspases in either GD or light exposure-induced cell death, we
blocked caspase activation with a non-specific caspase inhibitor (z-VAD-fmk). Figure
5A shows a marked decrease in the number of cells that stained positive for PI
compared to the GD group (P < 0.01), indicating significantly reduced GD-induced
cell death after z-VAD-fmk application, while light exposure-induced cell death
remained unchanged even in the presence of the inhibitor. Next, we studied the

protein expression of the specific proteins, caspase-3, and caspase-9, by western blot
(Fig. 5C). As quantified in Figure 5D, while GD markedly upregulated the levels of
both caspase-3 and caspase-9 compared to the control group (P < 0.01), treatment
with 100 μM RSV remarkably reduced expression of both these critical caspases (P <
0.01). Under light exposure, however, protein expression of caspase-3 and caspase-9
did not change a significant amount with and without RSV (Fig. 5E). These results
suggest that RSV inhibits GD-induced cell death by inhibiting the caspase-dependent
pathway, whereas the caspase-dependent pathway has a negligible role in light
exposure-induced cell death.
Having ruled out a caspase-mediated mechanism for light exposure-induced cell
death, we next investigated whether parthanatos, a caspase-independent mechanism of
apoptosis, was involved. To evaluate the role of this PARP-1-dependent pathway in
light exposure-induced cell death, we used a lentiviral-mediated shRNA approach to
knock down PARP-1 expression in 661W cells and then stained with PI/Hoechst to
quantify cell death. As demonstrated by the low number of PI-positive cells in the
shRNA group (Figure 6A), PARP-1 knockdown significantly decreased light
exposure-induced cell apoptosis (P < 0.01). We also measured the protein expression
of PARP-1 and AIF with western blotting. We observed a cleaved form of PARP-1in
the GD group, as PARP-1 is a substrate of caspase-3 (P < 0.01) (Fig. 6D). However,
full-length PARP-1 and active form of AIF were significantly upregulated in the light
exposure group when compared to the control group (P < 0.01) (Fig. 6E and F).
Treatment with 100 μM RSV significantly reversed these trends (P < 0.01). These

results suggest that RSV inhibits light exposure-induced cell death by inhibiting
members of the PARP-dependent cell death pathway.
3.6 Resveratrol inhibits light exposure-induced retinal dysfunction and ONL
thinning in vivo
To investigate the effect of RSV on retinal dysfunction in vivo, we exposed naïve or
RSV-treated mice to continuous bright light for 12 h and performed ERG analysis. As
shown in Figure 7A–D, naïve mice that underwent extreme light exposure exhibited a
marked decrease in the amplitude of scotopic a- and photopic b-waves compared to
control group mice receiving no light exposure (P < 0.01). A 7-day course of RSV to
light-exposed mice significantly restored the amplitude reduction of a-waves and
b-waves compared to vehicle-treated mice (P < 0.01). These results provide evidence
supporting a neuroprotective role of RSV in vivo and can suppress light
exposure-induced retinal dysfunction. To further evaluate the effect of RSV on
light-induced histological damage to the retina, the outer nuclear layer (ONL)
thickness was analyzed by H&E staining (Fig. 7E). As quantified in Figure 7F,
extreme light exposure led to a significant reduction in ONL thickness compared to
control mice receiving no extreme light exposure (P < 0.01). Intraperitoneal injections
of RSV to light-exposed mice significantly suppressed the thinning of the ONL
compared to the untreated, light-exposed group. To reconfirm in vivo that parthanatos
is involved in the light exposure-induced photoreceptor apoptosis, we measured the
retinal expression of AIF and PARP-1 with western blot from mice exposed to
extreme light (Fig. 7G). As shown in Figure 7H, the retinal expression of AIF and

PARP-1 was increased in light-exposed mice when compared to the control group (P
< 0.01). However, treatment with RSV significantly reversed these trends. These
results suggest that treatment with RSV effectively protects against retinal thinning
and inhibits light exposure-induced photoreceptor cell death by inhibiting the
PARP-dependent cell death pathway.

Discussion
In this study, we showed that RSV activates Sirt1 to effectively protect either GD
or light exposure-induced photoreceptor cell death via different pathways. During
retinal degeneration, retinal cells undergo various pathophysiological changes.
Photoreceptor cell death is usually recognized as the essential feature shared by
human disease models of retinal degeneration[37, 38].We employed real-time cell
analysis (RTCA) to assess photoreceptor cell death in real-time. RTCA uses
microelectrodes to detect impedance changes proportional to the number of adherent
cells and expresses this measure as the cell index (CI). Our results demonstrated that
661W cells were all dead after about 16 h of GD, characterized by acute energy
failure. However, the light exposure-induced cell death was relatively mild and slow
compared to the effect of the GD insult, with cells beginning to die 2–3 days after the
start of the insult and all cells dying after about 4 days of light exposure. To
corroborate the real-time data, we also used PI/Hoechst staining to determine the cell
death ratio under either GD or light exposure. Normally, apoptotic cells are
characterized by DNA fragmentation and, consequently, loss of nuclear DNA content.
Therefore, a fluorescent, membrane-impermeable molecule like PI is excluded from
viable cells and incorporated into apoptotic cells. Its ability to bind and label DNA
makes it possible to obtain a rapid and precise evaluation of apoptosis simply by
counting PI-positive cells. Although RTCA and PI staining use different methods to
evaluate dead cells under GD and light exposure conditions, we observed consistent
results from both these techniques.

Cell death is usually the result of an imbalance between pro-oxidant and
anti-oxidant factors in cells, caused by severe oxidative stress[39]. We used a
fluorescent probe to measure intracellular ROS as a proxy for oxidative stress. ROS
has been verified to play a pivotal role in the initiation of cell death pathways. Our
results demonstrated that while 661W cells exhibited weak green fluorescence in the
control group, enhanced green fluorescence was observed 16 h after GD or 4 days
after light exposure, implying that both these insults caused severe oxidative stress in
the cells.
In order to maintain redox homeostasis when subjected to oxidative stress, cells
activate a pro-survival pathway mediated by protective genes called vitagenes.
Vitagenes encode sirtuins, thioredoxin, heme oxygenase-1 (HO-1), and heat shock
proteins (HSPs), which together contribute to establishing a cytoprotective state in a
wide variety of human diseases [40]. Calabrese and colleagues found that vitagene
upregulation promoted resilience in damaged neurons and hence improved cellular
resistance against proteotoxic insults and apoptotic neurodegeneration[41].
RSV is a polyphenolic phytoalexin with hormetic effects at low doses that
provide widespread benefits to systemic health. In a clinical study, Richer and
colleagues observed that the daily oral consumption of a low dose of Longevinex®
(an RSV-containing, non-prescription drug) restored retinal structure and visual
function in octogenarians[42]. RSV was also shown to mitigate the symptoms of a
variety of ophthalmic diseases including diabetic retinopathy, glaucoma, and macular
degeneration[43-45]. RSV is a natural compound with anti-oxidative and

anti-inflammatory properties. In fact, oxidative-stress markers have been observed in
the brains of patients with neurodegenerative diseases, which support the rationale for
neuroprotective nutritional interventions based on the action of antioxidants and
anti-inflammatory agents. Interestingly, Sauer and colleagues demonstrated that
non-toxic concentrations of RSV promoted the production of oxidation products such
as ROS. In contrast to the common perception that RSV acts mainly as an antioxidant,
they proposed that the cellular response to RSV treatment is essentially based on
oxidative triggering[46]. Notably, RSV is a known activator of the vitagene-encoded
histone deacetylase, Sirt1, which plays a protective role against oxidative injury in
several neurodegenerative diseases. Sirt1 is a member of the sirtuin family. It is
mainly a nuclear enzyme but can also be found in mitochondria. The expression of
Sirt1 is known to be controlled at both the transcriptional and post-transcriptional
levels. Han and colleagues demonstrated that HDAC4 increased Sirt1 sumoylation,
thereby stabilizing its protein levels to delay cellular senescence[47]. Sirt1 has also
been shown to protect the cell from apoptosis induced by oxidative stress[48]. Our
study found that administration of a Sirt1 inhibitor markedly inhibited the protective
effect of RSV on 661W cells under either GD or light exposure. Treatment with RSV
enhanced Sirt1 protein expression. This activation may function as an upstream signal
in the death cascade and is a critical point in averting GD- or light exposure-induced
death of photoreceptors.
However, the mechanisms underlying GD and light exposure-induced oxidative
stress are different. Evidence from earlier studies of GD-induced oxidative stress

suggests that the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(Nox) family of enzymes is an important generator of ROS. All Nox enzymes are
known to generate ROS through the transfer of electrons from NADPH via
intermediates to oxygen [49, 50]. Light exposure in the visible and UV range can
induce photochemical lesions in retinal tissue, with particular susceptibility to
wavelengths within the blue region of the spectrum. Lipofuscin is a byproduct of the
phagocytosis of outer segments of lipid-rich photoreceptors and has been regarded as
the mediator of blue light damage[51]. Studies have demonstrated that lipofuscin is a
potent photo inducible generator of ROS and that it is phototoxic to retinal cells [52,
53].
The cellular response to oxidative stress, regardless of the causative mechanism,
is often mediated by the upregulation of endogenous antioxidant defense components
including HO-1[54]. HO-1 is induced by its substrate heme, as well as by various
oxidative stresses, and is thought to play an important protective role against
oxidative injuries. Calabrese and colleagues reported higher levels of the vitagenes
Heat Shock Protein 72 (Hsp72) and HO-1 in the blood of patients with glaucoma
compared with the levels in control individuals. These changes were associated with
the increased expression of Trx and Sirt1 in the same experimental group[55]. In line
with this, we found that both GD and light exposure increased the expression of the
stress-response proteins HO-1 and Sirt1.
Mitochondria are both targets and important sources of ROS. These organelles
serve as regulatory centers of the cell and are one of the most sensitive to various

injuries. Although a certain level of oxidative stress promotes mitochondrial growth,
more severe stress can trigger mitochondrial dysfunction and cell death. Accordingly,
we observed alterations in the morphology and the membrane potential of
glucose-deprived or light-exposed mitochondria that were clear signs of
mitochondrial dysfunction. Mitochondria are known to have a central role in the
induction of apoptotic cell death by releasing various apoptotic factors such as
cytochrome C, Smac/Diablo, HtrA2, Endo G, and AIF, which interact with cytosolic
factors to trigger both caspase-dependent and caspase-independent cell death.
Interestingly, we revealed that GD- and light exposure-induced cell death pathways
were mediated by different mitochondrial signaling pathways. GD induced a
caspase-dependent pathway involving specifically caspase-3 and caspase-9, whereas
light exposure induced a caspase-independent pathway involving AIF and PARP-1.
Although caspases are thought to be central elements in the apoptotic program,
recent data indicates that apoptosis may also be mediated by a caspase-independent
mechanism called parthanatos that involves pro-apoptotic mitochondrial factors like
AIF and PARP. Our data showed that treatment with a caspase inhibitor did not
prevent light exposure-induced cell death. This indicates that, unlike GD, the light
exposure insult triggers an apoptosis pathway independent of caspases. Previous
studies have reported that when DNA damage is profound, the excessive activation of
PARP-1 causes dissipation of the mitochondrial membrane potential and translocation
of AIF from the mitochondria to the nucleus, leading to caspase-independent cell
death.AIF can also induce purified mitochondria to release cytochrome c and

caspase-9, suggesting that AIF, once released from mitochondria, accelerates
membrane permeabilization in a positive feedforward loop [56, 57]. We used an
shRNA knockdown of PARP-1 in the 661W photoreceptor-derived cell line and
PI/Hoechst staining to determine the cell death under light exposure. Our results
demonstrated that PARP-1 knockdown cells exhibited significantly decreased cell
death as compared to control, suggesting that PARP-1 function was critical to
photoreceptor survival in the context of light exposure. We confirmed that treatment
with RSV significantly suppressed the light exposure-induced the levels of PARP-1
and AIF protein expression, which provided further evidence to support that RSV
inhibits light exposure-induced cell death by inhibiting the PARP-dependent pathway.
AIF is a much larger protein than cytochrome c, and would hence take a longer time
to translocate to the nucleus. This further explains why GD-induced, rapid cell death
is a caspase-dependent pathway and light exposure-induced, relatively chronic cell
death is a PARP-dependent pathway.
We enhanced the applicability of this study by testing RSV’s protective effect on
retinal dysfunction in vivo. Photoreceptor loss is a critical event during light
exposure-induced retinal degeneration[58]. The ONL, composed exclusively of
photoreceptor cell bodies, is a known target of light-induced retinal degeneration[59].
In accordance with the data on apoptotic cell death, we observed that treatment with
RSV to light-exposed mice resulted in significant suppression of ONL thinning. The
level of retinal PARP and AIF protein expression reconfirmed that light
exposure-induced photoreceptor cell death is PARP-dependent pathway. To confirm

these histological data, we analyzed retinal function using ERG in vivo. Light
exposure is known to cause damage to retinal function represented by ERG. Light
exposure-induced suppression of both a-waves and b-waves in the ERG was reversed
by treatment with RSV. This was consistent with its effects on the histological
changes in the photoreceptor cells, suggesting that the amelioration of retinal
dysfunction is attributed to RSV-mediated suppression of ONL injury. The in vivo
data clearly highlight the neuroprotective effects of RSV on retinal degeneration.
In summary, our study identified the protective effects of RSV on either GD or
light-induced photoreceptor cell death. A schematic of this protective effect is
depicted in Figure 8. RSV can effectively reduce cell death by activating Sirt1, which
may function as an upstream signal in the death cascade. We found that RSV inhibits
GD-induced cell death by inhibiting the caspase-dependent pathway and inhibits light
injury-induced cell death by inhibiting the PARP-dependent pathway. We also
demonstrated that RSV significantly protected against ONL thinning and restored
retinal function. Unlike many other drugs, RSV is a naturally occurring, beneficial
compound found in the human diet. In addition to this significant advantage, the
findings from our study provide strong evidence for the treatment of retinal
degeneration with RSV.
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Figure Legends
Fig. 1 RSV protects 661W cells against GD or light exposure-induced injuries. A,
Hormetic effects of RSV indicate by the dose-response curve of RSV in treated 661W
cells. After 16 h of treatment, RSV increased 661W cell viability at low
concentrations but decreased viability at concentrations ≥ 10 μM (IC50: 209.6 μM).
Values are expressed as the mean ± SEM (n = 6). B and C, Impedance measurements
allow real-time monitoring of the viability of 661W cells under GD or light exposure
in the absence or presence of varying RSV concentrations. The normalized cell index
on the Y-axis is a measure of cell viability and the X-axis is time (in hour). The first
black arrow represents the start of GD/light exposure and the application of RSV, and
the second black arrow indicates the end of the experiment. DMEM is the control
group in both B and C. D and E, 661W cells were treated with various concentrations
of RSV (10, 50, 100 μM) under GD or light exposure (Lt) for the indicated times. Cell
death was evaluated by PI/Hoechst staining. PI-positive cells can be identified by
purple fluorescence and all nuclei were counterstained with Hoechst dye (blue
fluorescence). Scale bar = 100 μm. F and G, The percentage of dead cells was
calculated as PI-positive cells/Hoechst stained cells times 100. Data are shown as
mean ± SEM (n = 5, ∗∗∗P < 0.001 compared to the control group, ###P < 0.001
compared to the vehicle group.)
Fig. 2 RSV attenuated GD or light exposure-induced intracellular ROS
generation. A and B, 661W cells were treated with various concentrations of RSV
(10, 50, 100 μM) under GD or light exposure for the indicated times. Intracellular

ROS was measured with a DCFH-DA fluorescent probe identified by green
fluorescence. Scale bar = 50 μm C and D, Fluorescence intensities were measured
and statistically analyzed. The results are presented as the mean ± SEM (n = 5, ∗∗∗P <
0.001 compared to the control group, ###P < 0.001 compared to the vehicle group). E,
The GSH/GSSG ratio was measured by the GSH and GSSG Assay Kit, and the results
are presented as the mean ± SEM (n = 5, ∗∗∗P < 0.001 compared to the control group,
###P < 0.001 compared to the GD group, and &&& P < 0.001 compared to the
light-exposure group). F, 661W cells were cultured in either normal DMEM,
glucose-free medium, under light exposure (Lt) or in the presence of 100 μM RSV for
indicated time periods. Levels of HO-1 in the whole cell lysates were determined by
western blotting. β-actin was used as the loading control. G and H, Protein band
intensity of the western blots were determined by optical density measurements and
the ratio of HO-1/actin was calculated. The results are presented as the mean ± SEM
(n = 3, ∗∗∗P < 0.01 compared to vehicle group).
Fig. 3 RSV maintains mitochondrial function. A, 661W cells were treated with 100
μM RSV under GD or light exposure (Lt) for the indicated times. Mitochondrial
morphology was labeled with Mito Tracker Green and visualized using a confocal
laser scanning microscope. The normal, elongated shape of mitochondria is altered in
GD or Lt conditions but restored after RSV treatment. Scale bar = 20 μm. B and C,
661W cells were treated with various concentrations of RSV (10, 50, 100 μM) under
GD or Lt for the indicated times. The mitochondrial membrane potential was
analyzed by JC-1 fluorescent staining. The mitochondria with normal Δψm were

stained with red punctuated fluorescence (JC-1 positive), but mitochondria with
depolarized Δψm were stained with green fluorescence. Scale bar = 20 μm. D and E,
Fluorescence intensities were measured and relative fluorescence was statistically
analyzed. Data are shown as mean ± SEM (n = 5, ∗∗∗P < 0.001 compared to the
control group, ###P < 0.001 compared to the vehicle group)
Fig. 4 RSV activates Sirt-1 to protect 661W cells. A and C, 661W cells were treated
with 100 μM RSV under GD or light exposure (Lt), in the absence or presence of the
Sirt-1 inhibitor (180 μM Ex-527; Ex) for the indicated times. Cell death was evaluated
by PI (purple) and Hoechst (blue) staining. Scale bar = 100 μm. B and D, The
quantitative analysis of cell death, where the percentage of dead cells was calculated
as PI-positive cells/Hoechst stained cells times 100. Data are shown as mean ± SEM
(n = 4, ###P < 0.001 compared to the control group, ***P < 0.001 compared to the
vehicle group). E, 661W cells were cultured either in normal DMEM, glucose-free
medium [60], or under light exposure (Lt), as well as in the presence of 100 μM RSV
for indicated time periods. Levels of Sirt1 in the whole cell lysates were determined
by western blotting, with. β-actin as the loading control. F and G, Protein band
intensity was determined by optical density measurements and the ratio of Sirt1/actin
was calculated. The results are presented as mean ± SEM (n = 3, ∗∗P < 0.01, ∗∗∗P <
0.001 compared to the vehicle group). H, The activity of Sirt1 in nuclear extracts was
measured by the SIRT Activity Assay Kit and the results presented as mean ± SEM (n
= 5, ∗∗∗P < 0.001 compared to the control group, ###P < 0.001 compared to the GD
group, &&&P < 0.001 compared to the light exposure group).

Fig. 5 RSV blocks GD-induced cell death via caspase-dependent pathways A,
661W cells were treated with a caspase inhibitor (z-VAD-fmk; 50 μM) under GD or
light exposure for the indicated times. Cell death was evaluated by PI (purple) and
Hoechst (blue) staining. Scale bar = 100 μm. B, The quantitative analysis of cell death,
where the percentage of dead cells was calculated as PI-positive cells/Hoechst-stained
cells times 100. Data are shown as mean ± SEM (n = 5, ∗∗∗P < 0.001 compared to the
control group, ###P < 0.001 compared to the GD group, NS = not significant). C,
661W cells were cultured in normal DMEM, glucose-free medium [60], or under light
exposure (Lt), as well as in the presence of 100 μM RSV for indicated time periods.
Levels of caspase-3 and caspase-9 in the whole cell lysates were determined by
western blotting, with β-actin as the loading control. D and E, Protein band intensity
was determined by optical density measurements and the ratios of caspase-9/actin or
caspase-3/actin were calculated. The results are presented as mean ± SEM (n = 3,
∗∗∗P < 0.001 compared to the vehicle group, NS = not significant).
Fig. 6 RSV blocks light exposure-induced cell death via PARP1-dependent
pathways. A, Cell death was evaluated by PI/Hoechst staining. PI-positive cells
exhibited purple fluorescence and all cells were counterstained with Hoechst dye
(blue fluorescent nuclei).(a)–(d) 661W cells were cultured in normal DMEM medium
for 4 days in darkness (a), light exposure (Lt) (b–d), cells transfected with negative
control shRNA (NC) (c), and cells transfected with PARP1 shRNA (sh-PARP) (d). B,
The quantitative analysis of cell death, where the dead cells was calculated as
PI-positive cells/Hoechst-stained cells times 100. Data are shown as mean ± SEM (n

= 4, ∗∗∗P < 0.001 compared to the control group, &&&P < 0.001 compared to the
light exposure group e, P < 0.001 compared to the NC-transfected group e). C, 661W
cells were cultured in normal DMEM and the levels of PARP-1 in the whole-cell
lysates were determined by western blotting. β-actin was used as the loading control.
Protein-band intensity of the western blots was determined by optical-density
measurements and the ratio of PARP-1/actin was calculated. The results are presented
as the mean ± SEM (n = 3, ∗∗∗P < 0.01 compared to vehicle group, NS = not
significant). D, 661W cells were cultured in normal DMEM, glucose-free medium, or
under light exposure (Lt), as well as in the presence of 100 μM RSV for indicated
time periods. Levels of AIF and PARP1 in the whole cell lysates were determined by
western blotting, with β-actin as the loading control. E and F, Protein band intensity
was determined by optical density measurements and the ratios of AIF/actin or
PARP1/actin are presented as the mean ± SEM (n = 3, ∗P < 0.05, ∗∗∗P < 0.001
compared to the vehicle group, NS = not significant).
Fig. 7 RSV inhibits light exposure-induced retinal dysfunction and ONL thinning
in vivo. A and C, Representative ERG a- and b-wave responses while assessing
retinal function after light exposure, in the presence or absence of RSV. Within each
graph, the top trace is the response from the right eye (RE; green) and the bottom
trace is the response from the left eye (LE; blue). B and D, Quantification of the
amplitude of a-wave and b-wave under the different conditions (n = 3, *P < 0.01, NS
= not significant). E, Representative images of H&E staining of retinal sections to
assess retinal morphology after light exposure and RSV treatment. The outer nuclear

layer (ONL) is labeled in each image. F, Quantification of ONL thickness presented
as the mean ± SEM (n = 3, ∗P < 0.05, ∗∗∗P < 0.001 compared to the vehicle group).
G, Retinal tissue from mice raised under normal conditions (normal), vehicle-treated
mice that underwent light exposure, and RSV-treated mice that underwent light
exposure were analyzed for levels of AIF and PARP-1 by western blot. β-actin was
used as the loading control. H, Protein band intensity was determined by optical
density measurements and the ratios of AIF/actin or PARP-1/actin were calculated.
The results are presented as mean ± SEM (n = 3, ∗∗∗P < 0.001 compared to the
vehicle group, ### P < 0.001).
Fig. 8 A schematic diagram of the mechanism of RSV’s protective effect. After
GD or light exposure of photoreceptors, different mitochondria-mediated pathways
are activated and lead to cell death. RSV treatment of GD- or light-exposed cells
results in the activation of Sirt-1 and HO-1, as well as a decrease in ROS production
and mitochondrial membrane potential. This effectively blocks the cell-death
pathways, which in glucose-deprived cells is a caspase-dependent pathway and in
light-exposed cells is a PARP-dependent pathway.

Highlights
1. GD and light exposure cause oxidative stress and lead to mitochondrial
dysfunction.
2. GD induces caspase-dependent cell death, while light exposure induces
PARP-dependent cell death.
3. Resveratrol exhibits neuroprotection by activating Sirt1.
4. Resveratrol protects the retina from light injury by blocking the PARP-AIF
pathway.

