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Abstract. Loss of idiopathic retinal ganglion cells (RGCs) 
leads to irreversible vision defects and is considered the 
primary characteristic of glaucoma. However, effective treat-
ment strategies in terms of RGC neuroprotection remain 
elusive. In the present study, the protective effects of resveratrol 
on RGC apoptosis, and the mechanisms underlying its effects 
were investigated, with a particular emphasis on the function 
of optic atrophy 1 (Opa1). In an ischemia/reperfusion (I/R) 
injury model, the notable thinning of the retina, significant 
apoptosis of RGCs, reduction in Opa1 expression and long 
Opa1 isoform to short Opa1 isoform ratios (L‑Opa1/S‑Opa1 
ratio) were observed, all of which were reversed by resveratrol 
administration. Serum deprivation resulted in reductions in 
R28 cell viability, superoxide dismutase (SOD) activity, Opa1 
expression and induced apoptosis, which were also partially 
reversed by resveratrol treatment. To conclude, results from the 
present study suggest that resveratrol treatment significantly 
reduced retinal damage and RGC apoptosis in I/R injury and 
serum deprivation models. In addition, resveratrol reversed 
the downregulated expression of Opa1 and reduced SOD 
activity. Mechanistically, resveratrol influenced mitochondrial 
dynamics by regulating the L‑Opa1/S‑Opa1 ratio. Therefore, 
these observations suggest that resveratrol may exhibit poten-
tial as a therapeutic agent for RGC damage in the future.

Introduction

Glaucoma describes a group of eye diseases that are char-
acterized by idiopathic optic nerve injury and is regarded as 

the primary cause of irreversible visual impairment (1). It is 
generally accepted that the abnormal elevation of intraocular 
pressure (IOP), which is one of the critical risk factors associ-
ated with retinal ganglion cell (RGC) damage, is primarily 
responsible for the occurrence and development of glau-
coma (2). However, since RGC failure is also observed under 
normal IOP, and appropriate IOP control can only inhibit RGC 
degeneration induced by ocular hypertension (3), novel neuro-
protective approaches for RGCs are required as an additional 
strategy in managing glaucoma.

There are several hypotheses into the possible mechanisms 
underlying RGC cell death in glaucoma, including oxida-
tive stress, glutamate excitotoxicity and nitric oxide‑induced 
injury (4). In addition, accumulating evidence is suggesting 
that mitochondrial dysfunction can also result in the death 
of RGCs  (5‑7). Mitochondria are subcellular organelles 
that are enclosed in two layers of separated membranes and 
are considered a cornerstone of metabolism in the cell by 
generating energy (8). Therefore, mitochondrial dysfunction 
induces detrimental effects on cells, particularly those with 
higher energy demands, including RGCs, cardiomyocytes 
and skeletal muscle cells (9‑12). Mitochondria continuously 
undergo morphological changes. This dynamic process, which 
is caused by the constant cycle of fusion and fission, is under 
strict sophisticated regulation by a group of dynamin‑related 
GTPases  (13,14). Among these mitochondrial dynamins, 
optical atrophy 1 (Opa1) is of particular interest. Opa1 is a 
mitochondrial protein that is encoded in the nucleus, which 
can not only regulate mitochondrial fusion but can also 
inhibit programmed cell death by regulating cytochrome c 
release (15).

Trans 3,5,4'‑trihydroxystilbene, commonly referred to as 
resveratrol, is an important activator of sirtuin1 (Sirt1) that is 
abundantly present in giant knotweed, wine and grapes (16,17). 
Over recent decades, resveratrol has been garnering 
significant research attention due to its numerous potentially 
beneficial properties being reported, including anti‑apoptotic, 
anti‑inflammatory and antioxidant (18,19). Additionally, no 
apparent adverse effects of resveratrol treatment have been 
observed in previous animal models and clinical human 
studies, suggesting that resveratrol has promising prospects for 
future therapeutic use (20). Previous studies in rat models of 
glaucoma have also shown that resveratrol can exert protective 
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effects on RGCs (21). However, the precise mechanisms of the 
effects of resveratrol on RGCs have not been fully character-
ized (22).

The present study investigated the potential effects of 
resveratrol on ischemia/reperfusion (I/R)‑induced retina 
injury and serum deprivation‑induced R28 cell apoptosis. The 
results showed that resveratrol protected RGCs against apop-
tosis by regulating the expression of Opa1 and the activity of 
superoxide dismutase (SOD). Additionally, it was found that 
resveratrol influenced the long Opa1 isoform to short Opa1 
isoform (L‑Opa1/S‑Opa1) ratio by regulating the expression 
of proteins that post‑translationally process Opa1 in the retina, 
including overlapping activity with m‑AAA protease (Oma1) 
and yeast mitochondrial DNA escape 1 (Yme1). Although 
further study may be warranted to confirm the relationship 
between resveratrol and post‑transcriptional proteases of 
Opa1, the present study contributes evidence that resveratrol 
can exert protective effects on RGCs.

Materials and methods

Animals. All experiments concerning animal studies 
were performed in accordance with the Association for 
Research in Vision and Ophthalmology Statement for the 
Use of Animals in Ophthalmic and Vision Research (arvo.
org/About/policies/statement‑for‑the‑use‑of‑animals‑in‑ophtha 
lmic‑and‑vision‑research/). All procedures concerning animal 
use were approved and monitored by the Institutional Animal 
Care and Use Committee of Nanchang University (approval 
no.  2016NC‑020‑02). Male Sprague‑Dawley (SD) rats, 
2‑3 months of age were provided by the Center of Laboratory 
Animal Science of Nanchang University and were used for 
transient retinal I/R studies. The rats were provided free access 
to sterile water and food and housed in a controlled environ-
ment with a 12‑h light/dark cycle at 23˚C and 60% humidity.

R28 cell culture. All reagents required for cell culture were 
provided by Biological Industries. R28 retinal neuronal‑like 
cells were kindly provided by Dr Guotong Xu (Tongji University 
School of Medicine). R28 cells were maintained in low‑glucose 
DMEM containing 100 mg/ml streptomycin, 100 U/ml peni-
cillin and 10% FBS, in a humidified incubator with 5% CO2 
at 37˚C as described previously (23). Cells were sub‑cultured 
every 3‑4 days, and they had a doubling time of 18‑20 h.

Transient retinal I/R model. A total of 66 rats were randomly 
separated into four groups: i) Sham group (n=18, eyes/group); 
ii) I/R group (n=30, eyes/group); iii) I/R + vehicle group (n=18, 
eyes/group); iv) and I/R + resveratrol group (n=18 eyes/group). 
The right eye was used for the I/R procedure in the I/R, 
I/R + vehicle and I/R + resveratrol groups. The sham proce-
dure which cannulated and maintained the eye at normal IOP 
was performed on the left eye of the rats in the I/R group and 
was used as the control (24). To minimize the suffering of rats 
during I/R injury, rats were anesthetized by an intraperitoneal 
injection of 10% chloral hydrate (400 mg/kg) prior to I/R 
injury and did not exhibit symptoms of discomfort, including 
pain or peritonitis following chloral hydrate administration. To 
induce ocular ischemia, the IOP was elevated (~110 mm Hg) 
in one eye of the rats by cannulating the anterior chambers 

through a canula equipped with a raised reservoir for 60 min. 
Completion of retinal ischemia was judged by observing the 
blanching of the iris and retina. Resveratrol (Sigma‑Aldrich; 
Merck KGaA) was dissolved and diluted in 25% ethanol to a 
concentration of 10 mg/ml. The I/R + resveratrol group were 
injected intraperitoneally with 25 mg/kg resveratrol 1 day 
before, at the time of and 1 day after I/R retina injury, whilst 
the I/R + vehicle group were treated with 25% ethanol. After 
1, 3 and 7 days of retinal ischemia, the rats were euthanized 
by an intraperitoneal injection of 2% sodium pentobarbital 
(100 mg/kg), and the heartbeat, breathing and corneal reflex 
were observed. After verification of animal death through a 
lack of heartbeat, breathing or respiration, the eyeballs were 
then harvested from each rat.

Serum deprivation and drug treatment. Retinal neuronal R28 
cells were seeded at the desired density into tissue culture 
dishes. A total of 8 groups of cells, which were seeded into 
6‑well plates at a density of 1.5x106 cells/well, were washed 
three times with PBS. For serum deprivation treatment, three 
groups of cells were incubated in serum‑free DMEM for 12, 24 
or 48 h respectively. Cells in the control group were incubated 
with supplemented DMEM. For resveratrol treatment studies, 
resveratrol was dissolved in DMSO to a stock concentration 
of 10 mM, and three groups of cells were then treated with 
4 µM resveratrol dissolved in serum‑free DMEM for 12, 24 or 
48 h (25). The cells were incubated with supplemented DMEM 
containing 4 µM DMSO, and was considered the vehicle group. 
Untreated cells and treated cells were incubated in serum‑free 
DMEM in the same manner as the normal controls and serum 
deprivation controls, respectively.

Protein preparation. Retinal tissue was separated from the 
retinal pigment epithelium and choroid before lysing using 
RIPA buffer containing PMSF (Beijing Solarbio Science & 
Technology Co., Ltd.). The lysates were then centrifuged at 
15,000 x g at 4˚C for 15 min, following which, the supernatant 
was collected to obtain tissue proteins.

For R28 cells, whole cell lysates were obtained by adding 
PMSF‑containing RIPA buffer, followed by centrifugation at 
10,000 x g for 20 min at 4˚C. The supernatant, which contained 
the cellular proteins, was collected. The concentration of 
proteins were determined using a Bradford assay (Beyotime 
Institute of Biotechnology) according to the manufacturer's 
protocols.

Western blot analysis. The sample protein (30  µg) was 
separated using 7.5‑15% SDS‑PAGE and transferred onto a 
nitrocellulose membrane. Blots were blocked in 5% non‑fat 
dry milk in TBS/Tween‑20 for 1 h at room temperature before 
incubation with the appropriate primary antibodies against 
Sirt1 (1:1,000; cat. no. 9475; Cell Signaling Technology, Inc.), 
Opa1 (1:1,000; cat. no. 612606; BD Biosciences) or β‑tubulin 
(1:1,000; cat. no. HC101‑01; TransGen Biotech) overnight 
at 4˚C. The blots were then incubated with a horseradish 
peroxidase‑conjugated anti‑rabbit IgG secondary antibody 
(1:2,500; cat. no. 7074; Cell Signaling Technology, Inc.) or 
horseradish peroxidase‑conjugated anti‑mouse IgG secondary 
antibody (1:2,500; cat. no. 7076; Cell Signaling Technology, 
Inc.) for 1 h at room temperature. Finally, protein bands on the 
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membrane were visualized using enhanced chemiluminescent 
western blot detection reagent (EMD Millipore). Densitometry 
analysis was performed using ImageJ version 1.46 (National 
Institutes of Health).

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). According to the manufacturer's protocols, RNA 
was extracted from the rat retinas using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). RNA concentra-
tion and purity were determined using spectrophotometry 
(Tiangen Biotech Co., Ltd.; cat. no. OSE‑260). The extracted 
RNA (200 ng/sample) was then reverse‑transcribed into cDNA 
using the Quantscript RT kit (Tiangen Biotech Co., Ltd.). 
Specific oligonucleotide primers for each gene, including 
Sirt1, Opa1, Oma1, Yme1 and β‑actin (Table I), were designed 
and synthesized by Tiangen Biotech Co., Ltd.. Subsequently, 
qPCR was performed using RealMasterMix (SYBR Green) kit 
(Tiangen Biotech Co., Ltd.) with the following thermocycling 
conditions: 95˚C for 20 sec; followed by 39 cycles of 58˚C for 
20 sec and 68˚C for 30 sec. All samples were tested in tripli-
cate, and the mean of the reactions was used for calculating 
the expression levels. All the data were collected from the 
linear range of each amplification. The results obtained were 
analyzed using the 2‑ΔΔCq method (26) and expression levels 
were normalized to the average of the β‑tubulin mRNA levels 
from the same samples.

Immunocytochemistry. R28 cells cultured in dishes were fixed 
with PBS containing 4% sucrose and 4% paraformaldehyde 
(PFA) for 20 min at room temperature. Cells were then blocked 
with PBS containing 5% BSA and 0.2% Triton X‑100 (PBSTX) 
for 30 min at room temperature. Cells were incubated at room 
temperature with primary antibodies against Opa1 (1:50) 
diluted in PBSTX with 1% BSA for 4‑6 h. The fixed cells were 
then washed and incubated with the appropriate Alexa Fluor® 
488‑conjugated donkey anti‑Mouse IgG (H+L) secondary 
antibody (1:200; cat. no. R37144; Thermo Fisher Scientific, 
Inc.) dissolved in PBSTX containing 1% BSA for 45 min at 
room temperature. Subsequently, the cells were incubated with 
DAPI (Vector Laboratories, Inc.) and sealed using anti‑fading 
buffer (Bioworld Technology, Inc.).

Immunohistochemistry, and hematoxylin and eosin (H&E) 
staining. Under anesthesia, 0.1 M PBS (pH 7.4) containing 
ice‑cold 4% PFA was injected into the left cardiac ventricle of 
the rats for fixation before the eyeballs of the rats were removed 
and embedded in 4% PFA at 4˚C for 1 day. After fixation, the 
eyeballs were dehydrated, embedded in paraffin and cut into 
5‑µm sections. The central part of the eyeballs, through the 
optic nerve, were selected for immunohistochemical analysis. 
Each section was heated with 10 mM sodium citrate buffer 
(pH 6.0) at the secondary boiling point (100˚C) for 10 min and 
then cooled for 30 min for antigen retrieval. Blocking, primary 
and secondary antibody labelling, and all washing steps 
were performed as mentioned above. Staining was observed 
using a confocal microscopy at a magnification of x20 
(Axio‑Imager_LSM‑800, ZEISS, Germany). H&E staining 
was observed using an inverted fluorescence microscope at a 
magnification of x20 (Nikon Corporation). The thicknesses of 
the inner retina [RGC + inner plexiform layer (IPL) + inner 

nuclear layer (INL)] were measured in the H&E sections using 
the Image‑pro Plus version 6.0 (Media Cybernetics) at every 
quarter point of each retinal cross‑section, which were then 
averaged. Each group contained four eyeballs to be measured. 
A total of 10 images were obtained from each retinal section 
of every eyeball for measuring the average.

RGC labeling and quantification. Fluoro‑Gold (Fluorochrome, 
LLC) was injected into the superior colliculi of the rats to retro-
gradely label the RGCs. The rats were anaesthetized with an 
intraperitoneal injection of 10% chloral hydrate and placed in 
a small stereotaxic instrument (RWD Life Science Co., Ltd.). 
The skull was then opened to identify the bregma spot and 
mark the injection site of the superior colliculus. A hole was 
then drilled at the designated point using a 25‑gauge needle. 
In total, 1.5 µl 5% Fluoro‑Gold solution dissolved in 0.9% 
sodium chloride were injected into the superior colliculus of 
both hemispheres using a Hamilton syringe before the skin 
incision was sutured. The rats started to receive resveratrol 
treatment 7 days after Fluoro‑Gold injection, specifically at 
1 day before, at the time of and 1 day after I/R retina injury 
before being sacrificed 7 days after retinal I/R injury. The 
eyes were then enucleated and dissected at the corneal limbus, 
following which, the lenses were removed and the posterior 
segments were fixed in 4% PFA at 4˚C for 1 h. The retina, with a 

Table I. Sequences of the primers used in the present study.

Gene	 Primer sequence, 5'‑3' 

Opa1	
  Forward	C AGCTGGCAGAAGATCTCAAG
  Reverse	C ATGAGCAGGATTTTGACACC
Yme1	
  Forward	 AGGATGCAATGCCAATCAAT
  Reverse	 TGCCACTCTTCCTCCCATAC
Oma1	
  Forward	 ACCAGTGCAAAAGCTCCTTG
  Reverse	 TGTTCCTCTTCACGCTGTCT
Sirt1	
  Forward	 GGCACCGATCCTCGAACAAT
  Reverse	C GCTTTGGTGGTTCTGAAAGG
β‑actin	
  Forward	CCC GCGAGTACAACCTTCTT
  Reverse	C GACGAGCGCAGCGATA
β‑actin nuclear	
encoded variant
  Forward	C TGCTCTTTCCCAGATGAGG
  Reverse	CC ACAGCACTGTAGGGGTTT
COII	
  Forward	 TGAGCCATCCCTTCACTAGG
  Reverse	 TGAGCCGCAAATTTCAGAG

Opa1, optic atrophy 1; Oma1, overlapping activities with m‑AAA 
protease 1; Yme1, yeast mitochondrial DNA escape 1; Sirt1, sirtuin1; 
COII, cytochrome c oxidase subunit II.
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distinctive ‘four‑leafed’ shape, was then tiled onto glass slides. 
RGCs labeled with Fluoro‑Gold in these four microscopic 
fields of the retina were viewed under a fluorescence micro-
scope at x20 magnification (IX71, Olympus Corporation). 
The selected fields were located at ~2 mm radially from the 
optic disc to account for the variations in retinal ganglion cell 
density. The number of RGCs were counted by two individuals 
in a double‑blinded manner, where the averages of the two 
were taken as the final count.

Apoptosis assay. Apoptosis analysis in retinal cells was 
performed as described previously (25,27). The preparation of 
sections (5 µm) and the treatment of R28 cells were described 
above, following which a TUNEL assay was performed using 
In Situ Cell Death Detection kit, Fluorescein (Roche Applied 
Science) to detect apoptotic cells in accordance with manu-
facturer's protocol. Tissue sections were assessed using a 
confocal microscope at a magnification of x20 (Axio‑Imager_
LSM‑800, ZEISS, Germany). Digital images were obtained 
(SPOT; Diagnostic Instruments, Inc.) and Photoshop versions 
5.5 and 7.0 (Adobe Systems, Inc.) was used to compile images.

Cell counting Kit‑8 (CCK‑8) assay. The viability of the cells 
was assessed using a CCK‑8 assay (BestBio Science). Cells 
in the logarithmic growth phase were seeded into 96‑well 
culture plates at a density of ~2.5‑3x104 cells in 100 µl culture 
medium. After the cells had adhered, they were serum starved 
or treated with resveratrol before being treated with 10 µl 
CCK‑8 Solution. An automatic microplate reader (Multiskan 
MK3; Thermo Fisher Scientific, Inc.) was used to measure 
the optical density value (OD) in each well at a wavelength of 
450 nm. Cell viability was calculated from the OD values in 
each well using the following formula: [(Treated cell OD‑blank 
OD)/(control cell OD‑blank OD)]x100%.

SOD activity analysis. R28 cells were seeded into 60‑mm 
tissue culture dishes, serum starved and treated with or 
without resveratrol. Whole cell lysates were obtained by soni-
cation at 20% amplitude, 20 kHz, 130 W for 1 min, five times 
each on ice, with saline and then centrifuged at 10,000 x g 
for 15 min at 4˚C. The supernatant was then assayed using 
an SOD kit (Nanjing Jiancheng Bioengineering Institute) 
according to the manufacturer's protocol. The OD value of 
each sample was measured using a Multiskan MK3 reader 
at a wavelength of 450 nm. The SOD value was calculated 
according to the following formulas: SOD inhibition rate 
(%)=[(AControl group‑AControl blank group)‑(AMeasurement group‑AMeasurement 

blank group)]/(AControl group‑AControl blank group)x100%; and, SOD 
activity (U/mg)=SOD inhibition rate (%)/50%x[reaction 
system (0.24 ml)/ dilution factor (0.02 ml)]/sample protein 
concentration (mgprot/ml).

Mitochondrial (mt)DNA copy number (mitCN). Ezup column 
animal genomic DNA extraction kit (Sangon Biotech Co., Ltd.) 
was used to collect retinal DNA. Relative mitCNs in the retinal 
samples were then measured by RT‑qPCR and corrected using 
nuclear DNA. The amplification of mitochondrial cytochrome 
c oxidase subunit II (COII) and β‑actin (nuclear‑encoded gene) 
were examined. The specific sequences of the primers used 
are shown in Table I.

Statistical analysis. Statistical analysis was performed using 
Microsoft Excel (Office 365; Microsoft Corporation) and 
statistical analysis was performed using GraphPad Prism 
version 6 (GraphPad Software, Inc.). Results are presented as 
the mean ± standard deviation. Comparisons were performed 
using an ANOVA followed by a post‑hoc Tukey's test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Resveratrol protects the retina and RGCs from I/R injury in 
rats. In the present study, general histopathological changes in 
the retina 7 days after injury induction were first investigated 
using H&E staining to evaluate the effects of resveratrol on 
the retina following retinal I/R injury. Significant thinning of 
the retina was observed after I/R injury, particularly in the 
GCL, IPL and INL. Administration of resveratrol prevented 
this reduction in retinal thickness (Fig. 1A). The quantity of 
RGCs was assessed using retrograde Fluoro‑Gold labeling. 
RGCs were labeled with Fluoro‑Gold 1 week before I/R, and 
the number of RGCs were counted 7 days after I/R or I/R + 
resveratrol. A significant reduction in the number of RGCs was 
observed 7 days after I/R, which was significantly reversed by 
the administration of resveratrol (Fig. 1B). Statistical analysis 
of inner retinal thickness (Fig. 1C) and RGC counts (Fig. 1D) 
were performed.

To investigate the effects of resveratrol on the retina 
further, TUNEL staining was performed 1, 3 and 7  days 
after I/R injury to explore the effects of resveratrol on apop-
tosis. Compared with the control group (day 0), there was an 
increase in the number of TUNEL‑positive cells observed in 
the GCL and INL of the I/R group on day 1 (Fig. 2). A strong 
TUNEL‑positive fluorescent signal was observed in the ONL 
of the I/R group on day 3, whilst almost no fluorescence was 
observed in the retina 7 days after I/R. Resveratrol treatment 
reduced the levels of cell apoptosis on days 1, 3 and 7 after I/R.

Resveratrol regulates Opa1 protein and mRNA expression 
following retinal I/R injury. Resveratrol has been previously 
demonstrated to be a critical activator of Sirt1 (28). To verify 
the effect of resveratrol on Sirt1 regulation, the expression 
profile of Sirt1 was examined. Four time points following I/R 
(0, 1, 3 and 7 days) assessed, and the expression of the Sirt1 
protein was found to be significantly lower only 7 days after 
I/R (Fig. 3A). Subsequently, to assess the effect of resveratrol 
on Sirt1 expression in the I/R model, rats were sacrificed 
7 days after I/R injury with or without resveratrol treatment. 
Intraperitoneal injections of resveratrol partially restored 
the expression of the Sirt1 protein and mRNA expression 
(Fig. 3B and C). Immunofluorescence staining showed that 
Sirt1 was primarily expressed in GCL, INL and ONL of the 
normal retina, and was found to be reduced 7 days after I/R 
injury. Resveratrol treatment partially restored Sirt1 expres-
sion following I/R (Fig. 3D).

The effect of resveratrol on Opa1 expression was a 
primary focus of the present study. It was found that at the 
selected time points after I/R injury, Opa1 protein expression 
also exhibited a decreasing trend, which was statistically 
significant only 7 days after I/R (Fig. 4A). Therefore, to 
investigate the effect of resveratrol on Opa1 expression 
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Figure 1. H&E staining and Fluoro‑Gold retrograde marker. (A‑D) H&E staining was observed using an inverted fluorescence microscope. Magnification x20. 
(E) Quantitative analysis of inner retina (GCL+IPL+INL) thickness variation. (F‑I) Tiled retinas were examined 7 days after I/R and I/R + RES and were 
observed using an inverted fluorescence microscope. Magnification x40. (J) Quantitative analysis of Fluoro‑Gold staining of RGCs. n=3 per group. Scale bar, 
100 µm. ***P<0.001, ****P<0.0001 vs. 0 day; #P<0.05, ###P<0.001 vs. 7 days + vehicle group. RES, resveratrol; GCL, ganglion cell layer; IPL, inner plexiform 
layer; INL, inner nuclear layer; H&E, hematoxylin and eosin; I/R, ischemia/reperfusion; RGC, retinal ganglion cell.

Figure 2. TUNEL staining to detect apoptosis. Retinal paraffin section TUNEL staining observed using a confocal microscope. In the normal retinal paraffin 
section, no fluorescence was observed following TUNEL staining. TUNEL staining of I/R 1 d retinal paraffin sections exhibited strong fluorescence in GCL 
and INL. In the TUNEL staining of I/R 3 d retinal paraffin sections, ONL exhibited a stronger fluorescence signal. TUNEL staining of I/R 7 days retinal 
paraffin sections showed no obvious fluorescence signal. I/R 0 and 7 days retinal paraffin sections showed no significant fluorescence changes following 
RES treatment. RES significantly attenuated the fluorescence signal induced by apoptosis in GCL at I/R 1 and 3 days. Scale bar, 100 µm. Blue, DAPI; green, 
TUNEL‑positive cells. RES, resveratrol; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; I/R, ischemia/reperfusion.
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in the I/R model, the rats were sacrificed 7 days after I/R 
injury with or without resveratrol treatment. Intraperitoneal 
injection of resveratrol was shown to partially restore 
Opa1 protein and gene expression (Fig. 4B and C). The 
localization of Opa1 expression were then elucidated by 
immunofluorescence staining in the adult rat retinal tissues. 
It was observed that positive Opa1 expression (green 
fluorescence) was primarily present in the GCL, IPL, INL 
and outer plexiform layer. On day 7 after I/R injury, the 
expression of Opa1 was found to be reduced in all layers of 
the retina, which was significantly reversed by resveratrol 
treatment in various layers of the retina (Fig. 4D).

In addition, to investigate the effects of resveratrol on 
mtDNA in the I/R model, mitCN was measured at the selected 
time points (0, 1, 3 and 7 days). A significant reduction (~50%) 
was observed in the mitCN in the retina 7 days after I/R 
compared with that in the sham group (Fig. 5A). However, 
resveratrol treatment did not reverse this change (Fig. 5B).

Resveratrol regulates the ratio of L‑Opa1/S‑Opa1. In 
mammalian cells, strict regulation of the L‑Opa1/S‑Opa1 ratio 
is required for a physiologically functioning mitochondrial 
network. In the present study, it was found that resveratrol 
increased the L‑Opa1/S‑Opa1 ratio (Fig. 6A). To investigate 

the detailed underlying mechanism, RT‑qPCR was performed 
to study the influence of resveratrol on Oma1 and Yme1, two 
post‑transcriptases that have previously been reported to regu-
late Opa1 (29,30). The expression of Oma1 was found to be 
increased 7 days after I/R, which was reversed by resveratrol 
(Fig. 6B). The expression profile of Yme1 expression was oppo-
site to that of Oma1, with significant reductions 7 days after 
I/R, and upregulation after resveratrol treatment (Fig. 6C).

Effects of resveratrol on apoptosis, activity and the vitality of 
SOD in R28 cells. The effects of resveratrol on apoptosis was 
next explored using TUNEL staining 12, 24 and 48 h after 
serum deprivation. Compared with those in the control and 
solvent control group, a higher number of TUNEL‑positive 
cells were observed in the serum deprivation group (12, 24 
and 48 h), suggesting that serum deprivation can cause R28 
cell apoptosis. Consistent with observations in vivo, resvera-
trol treatment also reversed this change (Fig. 7). The viability 
of R28 cells was then determined using a CCK‑8 assay 
(Fig. 8A‑C). Compared with that in the control group, the 
viability of R28 cells was found to be significantly reduced 
in the solvent control group (DMSO for 12, 24 and 48 h). Cell 
viability in cells 12 h after serum deprivation was similar to 
that in the solvent control group. However, cells exhibited 

Figure 3. RES affects Sirt1 protein and gene expression following I/R injury. (A) Sirt1 protein expression gradually decreased over time, and this decrease was 
statistically significant at I/R 7 days. n=3 rats per group. **P<0.01 vs. 0 day group. (B and C) Intraperitoneal injection of RES restored Sirt1 protein and gene 
expression to some extent. n=3 rats per group. *P<0.05 vs. sham group; #P<0.05, ###P<0.001 vs. 7 days + vehicle group. (D) Confocal microscopy was used to 
observe the localization of Sirt1 in the retina. Magnification, x20. Sirt1 is primarily expressed in GCL, INL and ONL of normal retina. The expression of Sirt1 
in the retina was significantly reduced 7 days after I/R injury. Resveratrol partly restores Sirt1 expression. Red arrow indicates the expression of Sirt1 in GCL. 
Scale bar, 100 µm. RES, resveratrol; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; I/R, ischemia/reperfusion; Sirt1, sirtuin1.
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lower cell viability compared with that in the solvent control 
group 24 and 48  h after serum deprivation, suggesting 
that the effect of serum deprivation on cell viability is 
time‑dependent. Resveratrol treatment was demonstrated to 
partially reverse this reduction in cell viability. To investigate 

the relationship between SOD activity and apoptosis, the 
activity of SOD in R28 cells was also examined. After 24 h 
of serum deprivation, the activity of SOD was found to be 
significantly reduced, and this was attenuated by resveratrol 
treatment (Fig. 8D).

Figure 4. RES influences the expression and localization of OPA1 following I/R injury. (A) Protein expression levels of OPA1 gradually decreased, and this 
decrease was statistically significant at I/R 7 days. n=3 rats per group. *P<0.05 vs. 0 day group. (B and C) Intraperitoneal injection of RES restored OPA1 
protein and gene expression to some extent. n=3 rats per group. ****P<0.0001 vs. sham group; #P<0.05, ####P<0.0001 vs. 7 days + vehicle group. Confocal 
microscopy was used to observe the localization of OPA1 in the retina. Magnification, x20. (D) OPA1 is primarily expressed in GCL, IPL, INL and OPL of 
the normal retina. Expression of OPA1 was not observed in any layer of the retina 7 days after I/R injury. Resveratrol restored OPA1 expression. Red arrow 
indicates the expression of OPA1 in GCL. Scale bar, 100 µm. RES, resveratrol. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer. 
I/R, ischemia/reperfusion; OPA1, optic atrophy 1.

Figure 5. Change in mitCN in the retina following I/R injury. (A) mitCN in the retina gradually decreased, and this decrease was statistically significant in I/R 
7 days + vehicle. (B) Intraperitoneal injection of RES did not reverse the reduction in mitCN. n=4 rats per group. **P<0.01 vs. 0 day group. RES, resveratrol; 
mtDNA, mitochondrial DNA; mitCN, mtDNA copy number; I/R, ischemia/reperfusion.
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Effects of resveratrol on Opa1 expression and localization 
in R28 cells. Compared with the control cells, Opa1 expres-
sion was shown to be significantly reduced 24 and 48 h after 
serum deprivation (Fig. 9A), which was partially attenuated by 
resveratrol treatment (Fig. 9B). Immunostaining of R28 cells 
was subsequently performed to determine the localization of 
Opa1. Opa1 was found to be expressed in the cytoplasm, but 
neither serum deprivation nor resveratrol treatment resulted in 
a significant alteration in Opa1 localization (Fig. 9C).

Discussion

Irreversible damage to neurons in the retina results in dete-
rioration of vision and serves a central role in a number of 
optical diseases, including glaucoma, age‑associated macular 
degeneration and diabetic retinopathy (31). However, minimal 
success has been achieved to halt or reverse the onset and 
development of these types of vision loss by clinical interven-
tions (32). Therefore, to explore potential therapeutic targets 
for such diseases in the eye, particular research attention 
should be paid to the underlying molecular mechanism of 
retinal neuronal injury induction. In the present study, the 
potential effects of resveratrol on RGC following I/R injury 
and in  vitro serum deprivation models were investigated, 
with a particular focus on the effects of resveratrol on the 
expression of Opa1 in vitro and in vivo. Resveratrol treatment 
was found to inhibit retinal damage, RGC loss and apoptosis 
following I/R injury and in in vitro serum deprivation models. 
In addition, resveratrol also altered the expression profiles of 
Oma1 and Yme1 at the mRNA level, two primary proteins 

responsible for the post‑transcriptional cleavage of Opa1, 
thereby increasing the L‑Opa1/S‑Opa1 ratio. The present study 
also showed that resveratrol partially reversed the reduction in 
Opa1 expression and the SOD activity caused by I/R. Thus, 
the results suggest that resveratrol treatment can protect RGCs 
by increasing Opa1 expression and regulating the expression 
of the post‑transcriptional proteases of Opa1 in the ischemic 
retina.

The present study contributes information on the influence 
of resveratrol treatment on the ischemic retina. Resveratrol has 
attracted significant attention due to its previously reported 
neuroprotective, antitumorigenic and antioxidant proper-
ties (33). Zhang et al (34) previously reported that resveratrol 
can alleviate retinal damage and RGC‑5 cell apoptosis by 
activating the 5'‑AMP‑activated protein kinase/peroxisome 
proliferator‑activated receptor γ‑coactivator 1 signaling 
pathway in addition to restoring RGC malfunction. 
Lindsey  et  al  (35) also suggested that long term dietary 
resveratrol supplements can alter the expressional patterns 
of endoplasmic reticulum chaperones to protect against RGC 
dendrite loss. In the present study, a retinal I/R animal model 
was used, where increased IOP resulted in retinal circulatory 
disturbances and increased levels of reactive oxygen species 
and free radicals that attack cell structures and proteins during 
reperfusion, resulting in significant tissue damage (36,37). 
Results from the present study suggested that resveratrol 
treatment significantly reduced retinal damage, RGC loss 
and apoptosis in I/R injury models, consistent with previous 
studies. Additionally, the same conclusions were drawn from 
the in vivo experiments. R28 cells have been previously used 

Figure 6. RES affects the gene expression levels of Oma1 and Yme1 genes and in‑turn affects the L‑Opa1/S‑Opa1 ratio. (A) Opa1‑L/Opa1‑S ratio at the protein 
level. ##P<0.01 vs. 7 days + vehicle group. (B and C) Oma1 and Yme1 mRNA expression levels in the retina of the sham group, 7 days I/R group, 7 days I/R 
+ vehicle group and 7 days I/R + RES group. Graphs represent Oma1 and Yme1 gene expression levels. n=3 rats per group. **P<0.01 vs. sham group; #P<0.05, 
##P<0.01 vs. 7 days + vehicle group. I/R, ischemia/reperfusion; OPA1, optic atrophy 1, Oma1, overlapping activities with m‑AAA protease 1; Yme1, yeast 
mitochondrial DNA escape 1.
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for in vitro and in vivo retinal cell behavior experiments (38). 
Serum deprivation was induced to measure the degree of apop-
tosis and explore potential protective interventions (39). Serum 
deprivation‑induced damage has been reported to result from 
the lack of nutrients in the cell culture (39‑42). In the present 
study, it was found that serum deprivation resulted in reduced 
R28 cell viability along with reduced apoptosis. Resveratrol 
treatment significantly improved the viability of R28 cells and 
partially prevented apoptosis. In particular, two notable obser-
vations were made based on the TUNEL staining in the retina. 
Although the levels of cell apoptosis in the GCL and INL layers 
were reduced, apoptotic cells could be observed in the ONL 
in I/R+RES group. Such multifaceted effects of resveratrol in 
the different retinal layers may be associated with the cellular 
distribution of the adenosine receptor subtypes. Adenosine A2 
receptors are expressed predominantly in the GCL and 
INL (43), whilst adenosine A3 receptors are primarily found 
in the ONL (44). Activated A2 receptors can mediate the 

protective effects on ischemic neurons, whereas A3 receptors 
have been previously documented to serve a noxious role in 
triggering neuron apoptosis. Therefore, it is hypothesized that 
resveratrol is a non‑selective adenosine receptor agonist that 
can induce apoptosis in the ONL whilst inhibiting this process 
in the INL and GCL, although the detailed mechanism 
requires further study (45‑47). In addition, it is worth noting 
that TUNEL staining in the retina was negative 7 days after 
I/R. The possible cause of this may be that TUNEL stained the 
3' end of the cleaved DNA during apoptosis (48). Apoptosis is 
a gradual and phased process, such that following progression 
to a certain stage, apoptotic bodies are gradually engulfed by 
neighboring cells or phagocytic cells in vivo (49).

Mitochondrial dysfunction is considered to be the pivotal 
pathological change in the process of RGC loss during 
glaucoma development, which has consistently been the 
primary focus of research on its etiology (50). A number of 
proteins have been reported to participate in maintaining 

Figure 7. Resveratrol affects apoptosis of R28 cells. R28 cells treated with or without RES, were stained with TUNEL, 12, 24 and 48 h after serum depriva-
tion and visualized using confocal microscopy. No TUNEL‑positive cells were observed in the control group or the control + RES group. The presence of 
TUNEL‑positive cells gradually increased in the serum deprived cells over time. The increase in apoptotic cells in the serum deprived cells was attenuated by 
RES treatment. Blue, DAPI; green, TUNEL‑positive cell. Scale bar, 50 µm. Magnification, x20. RES, resveratrol.
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mitochondrial function. Opa1 is well known for its role in the 
regulation of mitochondrial dynamics, where it inhibits mito-
chondrial cristae remodeling and cytochrome c release (13,51). 
Cytochrome c released into the cytosol can recruit pro‑apop-
totic signals and trigger downstream apoptotic events by 
binding between the two tryptophan (W) and aspartate 
(D)-rich WD domains of the apoptotic protease activating 
factor (Apaf-1), thereby irreversibly activating the apoptotic 
cascade (52). Cristae morphogenesis, which is induced by the 
reduction of Opa1 expression, may increase the probability of 
cytochrome c release (53,54). In previous studies, Opa1 has 
been reported to serve a neuroprotective role in the retina by 
modulating mitochondrial function (55). Additionally, Opa1 
has also been found to be significantly downregulated in the 
retina of Wistar rats following I/R injury (13). Opa1 mutations 
have been proposed to result in RGC dendropathy, increasing 
the susceptibility of RGCs to apoptosis and vulnerability to 
oxidative stress (56). A substantial number of studies focusing 
on the molecular mechanism by which Opa1 protects against 
RGC loss have been performed. Hu et al (57) hypothesized 
that during experimental glaucoma, Opa1 exerted a protec-
tive effect on RGCs by promoting mitochondrial fusion and 
enhancing Parkin‑mediated mitophagy (57). This previous 

study also suggested that the Opa‑1‑mediated downregulation 
of Bax, a pro‑apoptotic member of the Bcl‑2 family, coupled 
with the activation of Bcl‑2, can alleviate ischemia‑induced 
RGC loss (57). In the present study, at the selected I/R time 
points, the expression of the Opa1 protein also exhibited a 
decreasing trend in the retina of SD rats. Consistent with these 
findings, serum deprivation also resulted in the reduction of 
Opa1 expression in R28 cells. These observations support 
the notion that Opa1 may protect against RGC apoptosis. 
Resveratrol has been previously reported to induce mitochon-
drial biogenesis and improve mitochondrial function (58,59). 
In addition, it has also been shown to significantly reverse 
rotenone‑induced reductions in Opa1 protein and mRNA 
expression in PC12 cells (60). Similar results were obtained 
following resveratrol treatment in the I/R retinal injury and 
serum deprivation models used in the present study. These 
observations suggest that resveratrol may confer therapeutic 
potential for the treatment of RGC apoptosis by increasing 
Opa1 expression.

Results from the present study also provided evidence 
that resveratrol can upregulate the L‑Opa1/S‑Opa1 ratio by 
modulating the proteolytic processing of Opa1. In mammals, 
L‑Opa1 is anchored onto the inner membrane, whereas 

Figure 8. Resveratrol affects the activity of SOD in R28 cells. The viability of R28 cells was detected using a Cell Counting Kit‑8 assay. (A) Compared with 
the control group, the viability of R28 cells was significantly reduced in the solvent control group (treated with DMSO for 12 h), a similar reduction was also 
observed in the cells that had been serum deprived cells for 12 h. Compared with the cells that had been serum deprived cells for 12 h, there was no significant 
increase in R28 cell viability when treated with RES and serum deprived for 12 h. **P<0.01, ***P<0.001 vs. control group. (B) Cell viability of R28 cells was 
reduced in the solvent control group (treated with DMSO for 24 h), a more significant reduction was observed in the cells that had been serum deprived cells 
for 24 h. Compared to the cells that had been serum deprived for 24 h, RES treatment partially restored the viability of R28 cells. ***P<0.001, ****P<0.0001 vs. 
control group; #P<0.05 vs. 24 h of serum deprivation. (C) Serum deprivation for 48 h resulted in similar results to that of 24 h serum deprivation. ***P<0.001, 
****P<0.0001 vs. control group. ##P<0.01 vs. 48 h. (D) SOD activity in R28 cells was detected using a SOD kit. SOD activity was significantly reduced after 
24 h of serum deprivation, and the decrease in activity was attenuated by RES treatment. **P<0.01, vs. control group; #P<0.05 vs. 24 h of serum deprivation. 
RES, resveratrol; SOD, superoxide dismutase.
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S‑Opa1 is soluble (61). S‑Opa1 is generated by the cleavage 
of L‑Opa1 in the transmembrane domain (61). Mitochondrial 
fusion is determined by the tightly regulated L‑Opa1/S‑Opa1 
ratio, where L‑Opa1 facilitated mitochondrial inner 
membrane fusion and S‑Opa1 promoted mitochondrial fission. 
Excessive mitochondrial fission can induce mitochondrion 
fragmentation, resulting in mitochondrial dysfunction and 
cell death (62‑66). Under physiological conditions, Oma1 is 
degraded by sufficient ATP and Yme‑1 serves a pivotal role 
in promoting mitochondrial fusion whilst inhibiting apoptosis 
by generating L‑Opa1. By contrast, during conditions of high 
oxidative stress, Oma1 can promote mitochondrial fragmenta-
tion by rapidly converting L‑Opa1 into S‑Opa1, which triggers 
the ubiquitination of proteins in the outer membrane to be 
removed by mitophagy (67‑69). In the retina, 7 days after I/R 
injury, the mRNA expression levels of Yme1 were found to 
be significantly reduced, whilst that of Oma1 was found to 

be increased, and this was reversed by resveratrol treatment. 
This observation suggested that resveratrol administration 
may increase the L‑Opa1/S‑Opa1 ratio by regulating the 
post‑transcriptional cleavage of Opa1 in the ischemic retina. 
To the best of our knowledge, this was the first time that resve-
ratrol was demonstrated to influence the L‑Opa1/S‑Opa1 ratio 
in ischemic retina. However, whether these changes in Opa1 
post‑transcriptional cleavage are direct effects of resveratrol 
administration warrant further investigation.

To assess whether resveratrol can effectively improve 
mitochondrial quality, the mitCN in the retina was measured 
using RT‑qPCR. Accumulating evidence provided by 
previous genotyping studies demonstrated that depletion of 
mtDNA, which is one of the biomarkers of mitochondrial 
quality, can be detected in patients with glaucoma (70,71). In 
addition, it has been previously reported that Opa1 is pivotal 
in maintaining mitCNs and mitochondrial morphology (72). 

Figure 9. Effect of serum deprivation and RES on the localization and expression of OPA1 in R28 cells. Confocal microscopy was used to observe the localiza-
tion and expression of OPA1 in R28 cells. Magnification, x20. (A) OPA1 expression was significantly reduced after 48 h of serum deprivation. **P<0.01 vs. 0 h. 
(B) Simultaneous RES treatment increased OPA1 expression compared with serum deprivation alone. ***P<0.001 vs. control group. #P<0.05 vs. 48 h of serum 
deprivation. (C) Expression and localization of OPA1 in R28 cells under normal conditions, serum deprivation for 48 h with and without RES. n=6 per group. 
Scale bar, 50 µm. RES, resveratrol; OPA1, optic atrophy 1.
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Supporting this, an increased number of mtDNA‑deficient 
cells with mitochondrial fragmentation is observed in organ-
isms encoding the mutated version of the Opa1 gene (73). The 
present study reported a ~50% decrease in the mitCN within 
the retina 7 days after I/R, consistent with the results from 
previous studies. However, no notable changes were detected 
after resveratrol treatment, contrary to that of Chen et al (74), 
who demonstrated that resveratrol could maintain mitCNs in 
a serum deprivation model of RGCs. A possible explanation 
for this striking difference in mitCNs following resveratrol 
treatment in vivo and in vitro may be that, compared with the 
cell culture model, the animal model is considerably more 
complex as a number of uncontrollable factors which can 
influence cell behavior and gene expression, such as endog-
enous growth factors, should be taken into consideration. 
When investigating the protective mechanisms of resveratrol 
on the ischemic retina, monolayer culture models alone 
cannot be considered as a reliable tool compared with animal 
studies (75‑77). Therefore, it is crucial that further research 
into this specific mechanism is performed in vivo.

In vitro data in the present study demonstrated that resve-
ratrol supplementation can effectively reduce ROS production. 
Excessive production of reactive oxygen species can also 
be regarded as the main cause of turbulence in bioenergetic 
homeostasis and mitochondrial dysfunction. Oxidative stress 
can lead to the suppression of pro‑survival signaling and 
pro‑apoptotic signaling activation, in turn activating apoptosis 
downstream of caspase activation (78). SOD is one of the ROS 
scavengers that rapidly converts superoxide radicals into H2O2 
to efficiently prevent deteriorations in mitochondrial function 
and apoptosis (79). It has been previously reported that resve-
ratrol can induce superoxide dismutase in the liver to inhibit 
ethanol‑induced oxidative stress (80). To initially investigate 
the relationship among SOD activity, apoptosis and the regula-
tory role of resveratrol in RGCs, SOD activity of R28 cells 
was first assessed. After 24 h of serum deprivation, the activity 
of SOD was found to be reduced, and this was attenuated by 
resveratrol treatment.

These present findings may confer important implica-
tions for the development of potential therapeutic strategies 
against glaucomatous RGC loss. However, the present study 
has several limitations. The underlying molecular pathway 
between resveratrol treatment and Opa1 post‑transcriptional 
cleavage requires further elucidation. Additionally, in the 
present study, resveratrol was injected intraperitoneally into 
the rats. Since intraperitoneal injection of resveratrol is not 
a suitable method for delivery into humans, an optimized 
method of resveratrol administration should also be developed 
for its prospective clinical application (81).

In summary, the present study found that treatment 
with resveratrol exhibited protective effects on I/R‑induced 
retinal injury and serum deprivation‑induced R28 cell 
apoptosis. In addition, resveratrol has also been found to 
exert protective effects on RGCs. Mechanistically, resvera-
trol was shown to regulate the expression of Opa1 and the 
activity of SOD. However, it remains necessary to further 
investigate the relationship between apoptosis, Opa1 and 
SOD activity to provide clearer evidence of the protective 
effects of resveratrol on RGCs, in particular in association 
with glaucoma.
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