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Abstract: Age-related macular degeneration (AMD) is now one of the leading causes of
blindness in the elderly population. The antioxidative effects of curcumin on aging retinal
pigment epithelial (RPE) cells are still unclear. We conducted an in vitro study to investigate
the effects of curcumin on aging RPE cells. A pulsed H,O, exposure aging model was adopted.
Aging RPE cells were treated with curcumin 20 uM, 40 uM, and 80 uM. Apoptosis of RPE
cells was analyzed by flow cytometry. The intracellular reactive oxygen species concentra-
tion was detected using a specific probe and apoptosis-associated proteins were detected by
Western blot. Expression of oxidative biomarkers, including superoxide dismutase, maleic
dialdehyde, and glutathione, was detected commercially available assay kits. Compared with
normal cells, lower cell viability, higher apoptosis rates, and more severe oxidation status
were identified in the aging RPE cell model. Curcumin improved cell viability and decreased
apoptosis and oxidative stress. Further, curcumin had a significant influence on expression of
apoptosis-associated proteins and oxidative stress biomarkers. In conclusion, treatment with
curcumin was able to regulate proliferation, oxidative stress, and apoptosis in aging RPE cells.
Accordingly, application of curcumin may be a novel strategy to protect against age-related
change in AMD.

Keywords: curcumin, retinal pigment epithelium, apoptosis, age-related macular
degeneration

Introduction

Age-related macular degeneration (AMD) is one of the leading causes of blindness
in the elderly population worldwide,' and treatments available for the disease remain
limited. Photodynamic therapy and anti-vascular endothelial growth factor agents can
improve the condition in patients with neovascular AMD, but there are still no curative
methods available.? Thus, the only strategy we have is to monitor and avoid progres-
sion from early to late AMD. Trials that have focused on the treatment of early AMD
got no powerful conclusions based on previous clinical studies. Therefore, there is a
pressing need to clarify the pathogenesis of AMD.

It is believed that the AMD is associated with advancing age and tobacco
smoking.? Naturally it could be conjectured that age-related structural changes in the
retina are involved in the pathogenesis of AMD. Retinal pigment epithelial (RPE)
cells are located in the outer layer of the retina* and are involved in the regenera-
tion and repair of photoreceptor cells.’ The normal RPE cells have special features.
Further, loss of RPE cells could cause retinal degeneration and even blindness. It is
also recognized that degenerative and progressive conditions of the RPE cells are
key pathogenetic mechanisms in AMD. Besides the RPE modification was one of
the most common markers for the diagnosis of AMD in clinical.® Thus, protection
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of RPE cells from age-related changes might be important
in avoiding progression from early AMD to the neovascular
stage. Oxidative stress has been reported to have a key role
in the aging of retinal tissues, and to have a significant effect
on different ocular diseases. In general, oxidative stress is
a reactive or pathological process involving accumulation
of reactive oxygen species (ROS) or decreased antioxidant
ability. ROS include superoxide anions (O*"), hydroxyl radi-
cals (-OH-), and hydrogen peroxide (H,O,). Uncontrolled
production of ROS can cause severe cellular injury. Oxida-
tive stress would lead to less cell repair and regeneration
with increasing age because of accumulation of abnormal
proteins and lipids. An in vitro study in RPE cells reported
that oxidative stress induced by H,O, might occur as a result
of reduction of the mitochondrial membrane potential,
induction of cytochrome c, and activation of caspase-3. It
has also been reported that several functional genes in RPE
cells in oxidative stress were expressed differently. Thus,
interventions targeted to oxidation in RPE cells might be a
possible treatment for early AMD.

Increasing evidence suggests that naturally occurring
antioxidant agents can ameliorate age-related changes asso-
ciated with oxidative damage in RPE cells. For instance, epi-
gallocatechin-3-gallate extracted from green tea (Camellia
sinensis) is a functional polyphenol with antioxidant, anti-
cancer, and anti-inflammatory effects.” A study by Chan
et al showed that epigallocatechin-3-gallate ameliorated
intracellular generation of H,O, in RPE cells irradiated by
ultraviolet A light in a concentration-dependent manner.?
Curcumin is a compound extracted from the rhizomes of
Zingiberaceae and Araceae plants (Figure 1).° A study
by Jat et al show that curcumin has strong antioxidative
effects and protects against lipid peroxidation, protein
carbonylation, and mitochondrial permeability transition.'?
However, the antioxidative effects of curcumin on the
aging RPE cells are still unclear. Therefore, we conducted
this in vitro study to investigate the effects of curcumin on
aging RPE cells and to identify in detail the mechanisms
involved in this effect.
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Figure | Chemical structural formula of curcumin.

Materials and methods

Materials

Curcumin was obtained from Sigma Chemical Co
(St Louis, MO, USA). Dulbecco’s Modified Eagle Medium/
Ham’s F-12 (1:1), trypsin-ethylenediaminetetraacetic acid
solution, penicillin, streptomycin solution, and fetal bovine
serum were obtained from Gibco (Carlsbad, CA, USA).
Phenylmethylsulfonyl fluoride and 3-(4,5-dimethylthioazol-
2-y1)2,5-diphenyltetrazolium bromide (MTT) were sourced
from Sigma Chemical Co. The Annexin V-fluorescein iso-
thiocyanate apoptosis detection kit was obtained from Beyo-
time Biotechnology Co Ltd (Shanghai, People’s Republic of
China). The ROS detection kit was obtained from Wiig Lars
Biological Technology Co Ltd (Beijing, People’s Republic
of China). Rabbit polyclonal antibody against caspase-3
was purchased from Abcam (Cambridge, MA, USA). Bcl-2
and Bax were from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). The glyceraldehyde-3-phosphate dehydrogenase
antibody was purchased from Cell Signaling Technology
(Danvers, MA, USA). Superoxide dismutase (SOD), maleic
dialdehyde (MDA), and glutathione (GSH) test kits were
obtained from Beyotime Biotechnology Co Ltd.

Cell culture

An RPE cell line (ARPE19) was sourced from the American
Type Culture Collection (Manassas, VA, USA). Cells were
cultured and passaged in Dulbecco’s Modified Eagle’s
Medium/Ham’s F-12 (1:1) supplemented with 5 mM glucose,
10% fetal bovine serum, and 1% penicillin/streptomycin.
The ARPE-19 cells were used at 80% confluence for each
experiment and were passaged every 3 days after being
transferred into culture medium. The ARPE-19 cells used
were between passages 3 and 6. The cell culture was done
at 37°C in a humidified incubator with 5% CO,.

Aging cell model

A pulsed H,0, exposure aging cell model was generated
according to the method described by Zhuge et al.!" In gen-
eral, passaged ARPE-19 cells were transferred to a 10 cm
culture dish and the cell density was controlled at
approximately 50%. On day 1, the cultured cells were incu-
bated with complete medium containing 800 uM H,O, for 2
hours at a temperature of 37°C. The culture medium was then
removed and the cells were rinsed with phosphate-buffered
saline buffer three times. Further fresh medium was added
for cell culture. From days 25, H,O, exposure as the first
day was conducted. On day 6, the cell culture medium was
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replaced with complete medium. On day 8, the processed
RPE cells were digested with trypsin-ethylenediaminetet-
raacetic acid, passaged, and replated on 10 cm cell culture
dishes.

MTT assay

The MTT assay was used to investigate cell viability. MTT
dye was added to the 96-well plate and incubated overnight
at 37°C. After adding 150 uL of dimethyl sulfoxide to
each well, the 96-cell plates were thoroughly shocked for
10 minutes until the crystals dissolved fully. Absorbance
was measured at a wavelength of 490 nm using an enzyme
immunoassay analyzer.

Flow cytometry

The Annexin V-fluorescein isothiocyanate apoptosis detec-
tion kit (Beyotime) was used to measure apoptosis. The
cultured ARPE-19 cells in all groups were trypsinized and
collected by centrifugation. After two washes with ice-
cold phosphate-buffered saline, the cells were treated with
ice-cold 70% ethanol. The cells were then resuspended in
1 mL of phosphate-buffered saline and transferred to a new
Eppendorftube. Annexin-V fluorescein isothiocyanate and PI
solution were added and cultured in the dark for 20 minutes.
The cells were analyzed by flow cytometry. All detections
were performed in triplicate.

Measurement of ROS

Intracellular ROS levels were measured using dihydro-
ethidium (Wiig Lars Biological Technology Co Ltd) as the
fluorescent probe. The cultured ARPE-19 cells were trans-
ferred onto a 12-well plate at a density of 1x10°cells/mL.
Dihydroethidium was added to each well in a working con-
centration of 50 uM. The treated cells were then incubated
at 37°C for 15-30 minutes in the dark, after which the plate
was washed twice in phosphate-buffered saline times and the
cells were used for advanced flow cytometry analysis.

Detection of oxidative biomarkers

Three common oxidative biomarkers, including, SOD,
MDA, and GSH, were used to measure the oxidative stress
levels in different groups. Aging RPE cells treated without
or with low (20 uM), medium (40 uM), or high (80 uM)
level curcumin for 24 hours were collected. Oxidative
biomarkers in these three treatment groups were then mea-
sured. In general, SOD, MDA, and GSH activity levels
were detected using commercially available assay kits.

All procedures were conducted according to the manufac-
turer’s protocol, and all samples were assayed in triplicate.

Western blot analysis

All protein in the cultured ARPE-19 cells was extracted using
RIPA lysis buffer and then analyzed by Western blotting as
described previously.'? Equal amounts of protein (50 ug)
were separated by 10% or 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to poly-
vinylidene difluoride membranes, which were then blocked
with 5% evaporated skimmed milk. The blots were then
developed using SuperSignal-enhanced chemiluminescent
substrate solution (Pierce Chemical Company, Rockford, IL,
USA). The primary antibodies against Bc1-2, Bax, caspase-3,
and glyceraldehyde-3-phosphate dehydrogenase were used
in this study.

Statistical analysis

All the data are presented as the mean =+ standard deviation of
three independent experiments. All statistical analyses were
conducted using GraphPad Prism software. Differences were
considered using the non-paired #-test or two-way analysis
of variance test. P<<0.05 was considered to be statistically
significant.

Results

Effect of curcumin on cell viability

We conducted a series of studies to demonstrate the effect of
curcumin on ARPE-19 cell viability in both the normal and
senescent states. Cell viability was measured by MTT assay.
In this in vitro experiment, curcumin had no significant effect
on the viability of cells under normal conditions (Figure 2A).
Curcumin 10 uM, 20 uM, 40 uM, 60 uM, 80 uM, and 100
UM had no significant protective effect when compared with
the control group. However, in the aging state, curcumin
significantly improved cell viability when compared with the
control group. As showed in Figure 2B, the protective effect
of curcumin on aging RPE cells was dose-dependent.

Curcumin inhibits aging-induced
apoptosis in ARPE-19 cells

The aging ARPE-19 cells were considered to be apoptotic,
and the rate of apoptosis was analyzed by flow cytometry.
In the aging state, increased apoptotic rate was one of the
key phenotype of aging change. When ARPE-19 cells
were exposed to 800 uM H,O, in the pulsed-wave mode,
there was a significant increase in both early (48.13+1.68
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Figure 2 Effect of curcumin on viability of cultured ARPE-19 cells.
Notes: (A) Effect on the normal cultured ARPE-19 cells at doses of 10 uM, 20 uM, 40 uM, 60 uM, 80 uM, and 100 uM and (B) effect on aging ARPE-19 cells at doses of
10 uM, 20 uM, 40 uM, 60 uM, 80 uM, and 100 uM. **P<<0.01; ***P<0.001.

versus 3.9310.31, P<<0.001) and late (1.46£0.29 versus in the high-dose curcumin group when compared with the
0.00£0.00, P<<0.001) apoptosis when compared with the low-dose curcumin group (32.37£0.75, P<<0.001). Repre-
control group. In the curcumin-treated groups, rates of  sentative flow cytometry data and detailed results are shown
apoptosis were significantly decreased by all doses given, in Figure 3.

except for late apoptosis in the 20 uM curcumin group. The

improvement in apoptotic state induced by curcumin was Effect of curcumin on apoptosis-

also dose-dependent. Augmentation of the curcumin dose associated proteins

was associated with a significant decrease in both early and  Having confirmed that curcumin could affect aging-induced
late apoptotic rates. Further, rates of both early (11.831£1.13)  apoptosis in our cell model, we went on to investigate the
and late (0.00£0.00) apoptosis were significantly decreased  effects of curcumin on expression of apoptosis-associated
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Figure 3 Effect of curcumin on apoptosis in cultured ARPE-19 cells.

Notes: (A) Normal cultured cells. (B) Aging ARPE-19 cell model. (C) Effect of 20 uM curcumin on apoptosis in cultured ARPE-19 cells. (D) Effect of 40 uM curcumin on
apoptosis in cultured ARPE-19 cells. (E) Effect of 80 LM curcumin on apoptosis in cultured ARPE-19 cells. (F) Summary of early and late apoptosis rates in each group.
Differences in comparisons of each dosage of curcumin group and aging group were presented. *P<<0.01; ***P<0.001.

Abbreviation: CCM, curcumin.
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Figure 4 Role of curcumin treatment in expression of apoptosis-associated genes,
including Bax, Bcl-2, and caspase-3, by Western blotting.

Note: When compared with the aging group, Bax and caspase-3 treated by curcumin
were downregulated while Bcl-2 was upregulated in dose-response manner.
Abbreviations: CCM, curcumin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

genes, ie, Bax, Bcl-2, and caspase-3, by Western blot-
ting. Compared with normally cultured ARPE-19 cells,
the aging cells contained lower levels of Bcl-2 and higher
levels of Bax and caspase-3, which was consistent with
our flow cytometry results and with the fact that Bcl-2 is
anti-apoptotic and Bax and caspase-3 are apoptotic. We
used curcumin at three different concentrations to detect
their effects on these apoptosis-associated proteins. When
compared with the aging group, the expression of Bax
and caspase-3 were decreased when treated by curcumin.
Further, levels of Bcl-2, an anti-apoptotic protein, were
upregulated when the concentration of curcumin was
increased. When the effects of the different concentrations
of curcumin were detected, the trend increased of Bcl-2
and decreased of Bax and caspase-3 were detected. When
oxidative related proteins treated with different curcumin
concentrations also presented the same trend. In general,
there was no difference in Bcl-2 and caspase-3 levels
between the curcumin 20 uM and 40 uM groups. However,
downregulation of Bel-2 in the curcumin 80 UM group was
not significant compared with that in the 20 uM and 40 uM
groups. While the tendency of each protein expression in
increasing curcumin treated groups was significant. Detailed
results are shown in Figure 4.

Curcumin reduces intracellular ROS
content in aging ARPE-19 cells

In general, intracellular ROS concentrations were signifi-
cantly increased in aging ARPE-19 cells as detected by the

specific fluorescent probe used in our study. Compared with
normally cultured RPE cells, the aging RPE cells contained
higher intracellular ROS levels (6,064.661+73.98 versus
2,585.24469.39, P<<0.001). Intracellular ROS concentrations
after treatment with low, middle, and high concentrations
of curcumin were 4,919.68+60.38, 3,988.97+48.31, and
3,215.40+55.91, respectively (Figure 5). With increasing
concentrations of curcumin, the ROS content decreased
accordingly. These findings indicate that treatment with
curcumin 20 uM, 40 uM, and 80 uM can effectively prevent
age-related production of ROS. Detailed figures and data can
be seen in Figure 5.

Effect of curcumin on oxidative stress

biomarkers in aging RPE cells

Given that oxidative stress is quite important in the aging
status of RPE cells, we measured the levels of three oxida-
tive stress biomarkers, ie, MDA, SOD, and GSH, in cultured
ARPE-19 cells in the different treatment groups. Expression
of MDA was higher in the aging group, while SOD and GSH
expression was lower (P<<0.001). In addition, levels of the
anti-apoptotic proteins, SOD and GSH, were significantly
higher in the aging ARPE-19 cells treated with curcumin than
in the non-treated group. However, the MDA level was sig-
nificantly lower after incubation with curcumin in the aging
RPE cells (P<<0.001). The MDA level was downregulated
with the increasing concentrations of curcumin used in this
study, and SOD and GSH were upregulated accordingly. The
results for these oxidative stress biomarkers in aging RPE
cells with and without curcumin treatment are presented in
Figure 6.

Discussion
AMD is now one of the most important causes of blindness
worldwide, so confirmation of a protective effect of curcumin
would advance development of potential therapeutic mea-
sures. RPE cells lie behind the photoreceptor cells and are
susceptible to oxidative stress. Several important antioxida-
tive effects of curcumin on the RPE cells were detected in
the present study. Firstly, we identified lower cell viability,
higher apoptosis rates, and more severe oxidative status in
the aging RPE cell model when compared with normal cells.
Secondly, curcumin improved cell viability, apoptotic rates,
and oxidative stress levels in aging ARPE-19 cells. Finally,
curcumin significantly influenced the expression of apoptosis-
associated proteins and oxidative stress biomarkers.
Considering that older age is a definitive risk factor for
AMD, a protective intervention for retinal aging would
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Figure 5 Effect of curcumin on ROS content in cultured ARPE-19 cells.

Notes: (A) Normal cultured cells used as the control. (B) Aging ARPE-19 cell model used as the positive control. (C) Effect of 20 tM curcumin on ROS content in cultured
ARPE-19 cells. (D) Effect of 40 M curcumin on ROS content in cultured ARPE-19 cells. (E) Effect of 80 M curcumin on ROS content in cultured ARPE-19 cells. (F) Summary

of ROS content in each group. All studies were conducted in triplicate. ***P<<0.001.
Abbreviations: CCM, curcumin; ROS, reactive oxygen species.

provide better therapeutic measures for AMD."* Curcumin
has been reported to have a protective effect in a number
of diseases, including hyperglycemia,' carcinoma,' and
hypertension.!® Further Deng et al have reported that cur-
cumin is a potential therapy for Alzheimer’s disease (AD)."”
In general, the protective effect of curcumin in AD was related
to its anti-inflammatory and antioxidative effects.'® AMD
and AD are both age-related diseases of the human central
nervous system,' and share several common pathogenic
mechanisms.?® Accordingly, treatment for AD might also be
effective for AMD. Given that a number of previous studies
have investigated the effects of curcumin in AD, it is logical
to investigate its potential protective effects in AMD.
There have already been several reports of the use of cur-
cumin in retinal disorders. Zuo et al reported that curcumin
had protective effects on retinal Miiller cells in early diabetic
rats.?! Compared with controls, MDA was upregulated in the
retinal tissues of these diabetic rats. Another study showed that
curcumin could suppress N-methyl-N-nitrosourea (MNU)-
induced photoreceptor apoptosis in an animal model.??
Comparing photoreceptor apoptosis in Sprague-Dawley rats
injected with MNU + curcumin or MNU only, it was found

that curcumin 200 mg/kg significantly suppressed the loss
of photoreceptor cells. It was concluded that curcumin could
inhibit MNU-induced photoreceptor cell apoptosis by sup-
pressing DNA oxidative stress.

As RPE cell layer was the most common oxidative-
damaged structure in the retina, the effect of antioxidative
curcumin in RPE cells was also studied. A study by Chang
et al showed that curcumin significantly decreased ROS in
AMD-RPEs.?® Advanced in vitro study showed that curcumin
activated a number of oxidative stress-regulated genes,
including those for platelet-derived growth factor, vascular
endothelial growth factor, insulin-like growth factor-binding
protein 2, and SOD2. Accordingly, our present data indicate
that curcumin might be an effective treatment option for
AMD because of its ability to decrease aging-associated
oxidative stress. In 2013, Li et al conducted an in vitro study
to assess the effect on a curcumin analog on acrolein-induced
toxicity in ARPE-19 cells.?* Curcumin at a concentration of
5 UM could completely protect RPE cells from acrolein-
induced oxidative cell damage and restore GSH levels and
mitochondrial function. A high-throughput study by Howell
et al investigated the effect of curcumin on expression of
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Figure 6 Effect of curcumin on oxidative biomarkers in cultured ARPE-19 cells.

Notes: (A) Expression of MDA in control, aging, and 20 uM, 40 M, and 80 LM curcumin groups. (B) Expression of SOD in control, aging, and 20 uM, 40 M, and 80 UM curcumin
groups. (C) Expression of GSH in control, aging, and 20 1M, 40 uM, and 80 UM curcumin group. **P<<0.001.
Abbreviations: CCM, curcumin; GSH, glutathione; MDA, maleic dialdehyde; SOD, superoxide dismutas.

miRNAs in ARPE-19 cells.? In that study, 18 miRNAs
were downregulated and 29 miRNAs were upregulated.
Besides, incubation with curcumin significantly decreased
H,0,-induced expression of 17 miRNAs. Thus, it could be
presumed that miRNAs are important effector molecules
when curcumin is used in the treatment of AMD.

In this study, we adopted a pulsed H,O, exposure model
as in vitro aging model. This cellular model produced more
significant feasibility. Compared with one-time H,O, expo-
sure, this in vitro model would provide more accurate results.
In this study we focused on the protectiveness of curcumin
on oxidative stress and apoptosis in the aging RPE cells. We
also identified both biological changes in cells and differently
expressed oxidative related proteins in the curcumin treated
group. The positive and interactive results in this study provide
useful evidence for application of curcumin in the treatment
of AMD. However, ours was an in vitro study, and its conclu-
sions need validating by well-designed in vivo studies.

In conclusion, curcumin was able to regulate prolif-
eration, oxidative stress, and apoptosis in aging RPE cells.

Our findings, together with those of previous studies, suggest
a potentially important role for curcumin on the protection
of RPE cells during development of AMD. Accordingly,
application of curcumin may be a novel strategy to protect
against aging change in the AMD.
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