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Curcumin protects retinal pigment epithelial cells against oxidative
stress via induction of heme oxygenase-1 expression and reduction
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Purpose: To determine whether curcumin induces expression of the defensive enzyme heme oxygenase-1 (HO-1) and
protects cells against oxidative stress in cultured human retinal pigment epithelial cells.

Methods: Effective concentrations and toxicities of curcumin were determined after 3 h of curcumin treatment with the
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide assay. Confluent human retinal pigment epithelium cell
lines (ARPE-19) were preincubated with curcumin and oxidatively challenged with H202. HO-1 expression was
determined with western blot analysis. To confirm the protective role of HO-1 in oxidative stress, small interfering RNA
(siRNA) against HO-1 or inhibitor of HO-1 was treated with curcumin in retinal pigment epithelium cells. Intracellular
levels of reactive oxygen species (ROS) were measured with flow cytometry and confocal microscopy. Apoptosis was
evaluated with Annexin V-fluoroscein isothiocyanate staining.

Results: Curcumin had little cytotoxicity at concentrations less than 30 uM, and HO-1 expression was the highest at the
15 uM concentration. At this concentration, curcumin also increased the cytoprotective effect against the oxidative stress
of H202 through the reduction of ROS levels in human retinal pigment epithelial cells. Curcumin’s effect on the reduction
of ROS was mediated by the increase in HO-1 expression.

Conclusions: Curcumin upregulated the oxidative stress defense enzyme HO-1 and may protect human retinal pigment
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epithelial cells against oxidative stress by reducing ROS levels.

Age-related macular degeneration (AMD) is the most
common cause of blindness in patients aged 65 or over in the
Western world [1], and incidence continues to rise as a result
of the increasing percentage of older adults in the general
population. Pathologically, AMD results from retinal pigment
epithelium (RPE) dysfunction or loss associated with
photoreceptor fallout, Bruch’s membrane thickening, and
choriocapillary hypoperfusion [2]. The RPE is a monolayer
of pigmented cells forming part of the blood retina barrier and
is particularly susceptible to oxidative stress because of the
layer’s high consumption of oxygen. Thus, chronic oxidative
stress induces RPE damage that is responsible for the aging
process and may therefore play an important role in the
pathogenesis of AMD [3,4]. Human RPE has many
antioxidative enzymes such as superoxide dismutase, heme
oxygenase, and enzymes involved in glutathione synthesis
[5,6]. Heme oxygenase-1 (HO-1) is a ubiquitous and redox-
sensitive inducible stress protein known to protect cells
against various types of stress. The importance of this protein
in physiologic and pathological states is underlined by the
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versatility of HO-1 inducers and the protective effects
attributed to heme oxygenase byproducts in conditions
associated with moderate or severe cellular stress [7,8].

Curcumin, a biologically active component of turmeric,
which has been used in India for medical purposes for
centuries, has a variety of pharmacological activities,
including antioxidant, anti-inflammatory, and
antiproliferative effects. Curcumin is an effective scavenger
of reactive oxygen species in vitro and indirectly enhances the
synthesis of antioxidative enzymes [9,10]. In this study, we
hypothesized that curcumin has cytoprotective effects with
HO-1 expression against H,O2 oxidative stress in cultured
human retinal pigment epithelial cells.

METHODS

Materials: Curcumin, H>O., zinc protoporphyrin (ZnPP;
HO-1 inhibitor), cobalt protoporphyrin (CoPP; HO-1
stimulator), and SB 203580 were purchased from Sigma
Aldrich (St. Louis, MO). 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium  bromide @~ (MTT) and 2°7’-
dichlorodihydro-fluorescein diacetate (H2DCFDA) were
obtained from Invitrogen Molecular Probes, Inc. (Carlsbad,
CA).

Cell culture: ARPE-19 cells originated from human retinal
pigment epithelial cells. The ARPE cells were purchased from


http://www.molvis.org/molvis/v18/a94

Molecular Vision 20125 18:901-908 <http://www.molvis.org/molvis/v18/a94>

the American Type Culture Collection (ATCC, Manassas,
VA). RPE cells were cultured in T-75 flasks with Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with
10% fetal bovine serum (FBS; Sigma, St. Louis, MO) and 100
U/l penicillin and streptomycin (Gibco-BRL, Gaithersburg,
MD). During incubation, the culture medium was changed
every 2 days. All cultures were maintained at 37 °C under 5%
CO; with 95% relative humidity.

Cell viability assay (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay): The MTT assay was
used to determine cell viability. Briefly, cells grown in 96-
well plates were washed twice with Phosphate buffer solution
(PBS; 1.54 mM KH:PO4,155.17 mM NaCl, 2.71 mM
Na;HPO4-7H,0) and replaced with culture medium
containing 0.5 pl/ml MTT. After 4 h incubation with MTT
solution, medium was carefully removed from the plate, and
isopropanol was added to solubilize formazan produced from
MTT by viable RPE cells. The absorbance at 540 nm was
measured using a microplate reader (Spectromax 190;
Molecular Devices Corp., Sunnyvale, CA).

Western blot analysis: Western blot analysis was used to
evaluate HO-1 expression. Cells grown in 6-well plates were
washed with PBS twice and replaced with 1 ml of PBS. After
RPE cells were harvested on the floor of the plate, cells were
lysed using RIPA buffer (Sigma) supplemented with a
protease inhibitor cocktail (Roche, Indianapolis, IN). Cell
lysates were centrifuged at 13,000x g for 15 min, and
bicinchoninic (BCA) protein assay (Pierce, Rockford, IL) was
used to determine the protein concentrations of the extracted
solutions. Protein concentration was determined with BCA
assay. The sample (10 pg protein) was loaded in 10% sodium
dodecyl sulfate PAGE gel. Gel proteins were
electrophoretically transferred to a poly (vinylidene
difluoride) membrane (Thermo Scientific, Rockford, IL).
Membranes were blocked with 3% non-fat dried milk in PBS,
and then probed with a polyclonal rabbit anti-HO-1 antibody
(1:100 dilution in Tris-buffered saline, pH 7.4) overnight in a
dark cold room. After three washings with PBS containing
0.05% (v/v) Tween-20, the blots were visualized using an
amplified alkaline phosphatase kit from Sigma.

Transfection of single interfering RNAs: RPE cells were
transfected with double-stranded single interfering RNAs
(siRNAs; 50 nmol/ml) against HO-1 (Qiagen, Valencia, CA:
target sequence, 5'-CAG GCA ATG GCC TAA ACT TCA-3'
Hs HMOX1 5) for 12 h with the Lipofectamine method
according to the manufacturer’s protocol (Invitrogen,
Carlsbad, CA) and recovered in fresh media containing 10%
FBS for 12 h. In brief, after combination 2 pg DNA in 100 pl
OPTI-MEM and 6 pl Lipofectamine in 100 pl OPTI-MEM,
the mixture was incubated at room temperature for 30min and
then overlaid the cells. HO-1 expression interference was
confirmed with immunoblot using anti-HO-1 antibodies;
scrambled siRNA was used as a control.
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Determination of intracellular reactive oxygen species levels:
ROS levels were measured using 2’7’-dichlorodihydro-
fluorescein diacetate (carboxy-H2DCFDA), which is
converted into a non-fluorescent derivative (carboxy-
H2DCF) by intracellular esterases. Carboxy-H2DCF is
membrane impermeant oxidized to fluorescent derivative
carboxy-DCF by intracellular ROS. After the indicated
treatments, cells were washed with PBS and incubated with
PBS containing 10 uM carboxy-H2DCFDA for 20 min at
37 °C. Loading buffer was removed, and a short recovery time
was allowed for the cellular esterases to hydrolyze the
acetoxymethyl ester or acetate groups and render the dye
responsive to oxidation. Then the cells were returned to
prewarmed growth medium and incubated for 20 min at 37 °C.
Cells were washed twice with PBS, trypsinized, and collected
in 1 ml PBS. Cells were then transferred to polystyrene tubes
with cell-strainer caps (Falcon, Becton Dickinson, Franklin
Lakes, NJ) and analyzed with flow cytometry. Geometric
distributions of carboxy-DCF fluorescence were calculated
using FACS (FACScan; Becton Dickinson) and Cell Quest
3.2 (Becton Dickinson) software for acquisition and analysis.
Green ROS fluorescence was visualized using an Olympus
(Tokyo, Japan)Flouview-FV300 Laser Scanning Confocal
system.

Annexin V-fluoroscein isothiocyanate staining to evaluate
apoptosis: Following experimental treatments, cells were
centrifuged at 1,000 g for 5 min and the pellets were washed
twice with 1.0 ml cold PBS and 1.0 ml cold binding buffer
(10 mM HEPES/NaOH, pH 7.4, 140 mM NacCl, and 2.5 mM
CaCl,). Cells were resuspended in 100 pl of binding buffer
and stained with 2 pl of Annexin V-fluoroscein isothiocyanate
(V-FITC) solution and 10 pl propidium iodide (PI) solution
for 15 min at room temperature in the dark. Samples were then
diluted with 400 pl binding buffer and analyzed with flow
cytometry within 30 min. A minimum of 50,000 cells were
maintained for all samples. Samples were analyzed with a
FACScalibur ~ flow  cytometer (BD  Biosciences,
Erembodegem, Belgium).

RESULTS

Effect of curcumin on cytotoxicity in human retinal pigment
epithelial cells: To evaluate cell viability in different
concentrations of curcumin and determine its non-cytotoxic
concentration, curcumin dissolved in dimethyl sulfoxide
(DMSO) was mixed with variable concentrations of culture
medium. RPE cells were plated onto 96-well plates at a density
of 2x10%well, and each well contained 200 ul culture medium.
After 24 h incubation, RPE cells were incubated with different
concentrations of curcumin-containing cell medium for 3 h.

Cell viability was measured with the MTT assay. The
non-treated and curcumin-treated groups showed no
significant difference in cell viability (Figure 1A).

Effect of curcumin on heme oxygenase-1 expression in human
retinal pigment epithelial cells: To evaluate HO-1 expression
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of RPE cells under curcumin treatment, RPE cells were plated
onto 96-well plates at a density of 3x10%well. After 24 h
incubation, cell medium was exchanged with curcumin-
containing cell medium and incubated for 3 h. HO-1
expression was evaluated with western blot analysis. HO-1
expression in RPE cells was highest at the 15 uM curcumin
concentration (Figure 1B).

Cell viability of human retinal pigment epithelial cells under
oxidative stress by HO.: To evaluate cell viability in different
H,0: concentrations, H,O, was mixed with culture medium.
RPE cells were plated onto 96-well plates at a density of
2x10%well, and each well contained 200 ul of culture medium.
After 24 h incubation, cell medium was exchanged with
H»0s-containing cell medium of different concentrations, and
cells were incubated for 24 h. Cell viability was measured with
MTT assay. Concentrations of less than 500 uM H>O, showed
no significant difference in cell viability; however, in
concentrations of more than 500 pM H,O,, dose-dependent
RPE cell death was observed (Figure 2).

Protective effect of curcumin on retinal pigment epithelial
cells against H>O:r-induced oxidative stress via heme
oxygenase-1 expression: RPE cells in 96-well plates were
incubated for 24 h and pretreated with 15 uM curcumin for 3
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Figure 1. Cell viability and heme oxygenase-1 (HO-1) expression in
human retinal pigment epithelial cells (ARPE-19) with different
concentrations of curcumin-containing medium. ARPE-19 cells
were exposed to various concentrations of curcumin for 3 h. Cell
viability (A) was measured with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay and HO-1 protein
expression (B) was measured with western blot analysis. The non-
treated and curcumin-treated groups showed no significant
difference in cell viability, and HO-1 expression was highest in 15
UM curcumin.
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h. Each well was then washed with PBS, and different
concentrations of H,O; (0, 500, and 1,000 uM) were added for
an additional 3 h. Cell viability was measured with the MTT
assay, and HO-1 protein expression was measured with
western blot analysis. Curcumin pretreatment showed a
cytoprotective effect against H,O, oxidative stress in RPE
cells. Cell viability in the curcumin-pretreatment group was
higher than in the control DMSO group. At higher H.O»
concentrations, cell viability decreased dose-dependently as
in the previous results. At the 1,000 uM H,O; concentration,
the curcumin-pretreatment and control DMSO groups showed
the greatest significant difference in cell viability (Figure 3A).
HO-1 expression in the curcumin-pretreatment group was
higher than in the control group (Figure 3B).

Effect of curcumin on reactive oxygen species reduction via
stimulating heme oxygenase-1 expression: RPE cells were
plated onto 12-well plates at a density of 3x10°/well, and each
well contained 2 ml of culture medium. After 1 day of
incubation, some cells were pretreated with either DMSO,
15 uM curcumin, or 10 uM CoPP (as an HO-1 stimulator) for
3 h, and other cells were pretreated with 10 uM ZnPP (as an
HO-1 inhibitor) for 1 h and 15 uM curcumin for 3 h. After
different pretreatments, all cells were treated with 1,000 uM
H>O: for 3 h. ROS levels were determined using 10 pM
carboxy-H2DCFDA with flow cytometry and confocal
microscopy. In the cytometry fluorescence histograms, H>O»
caused the ROS levels to increase compared to the control
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Figure 2. Cell viability in human retinal pigment epithelial cells with
different concentrations of H2O2-containing medium. Human retinal
pigment epithelial cells (ARPE-19) cells were exposed to various
concentrations of H20z for 3 h. Cell viability was measured with 3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
assay. No significant difference in cell viability was observed in
doses of less than 500 uM H20.. However, doses above 500 pM
H20: caused dose-dependent retinal pigment epithelium (RPE) cell
death. **p<0.01, ***p<0.001. Histograms are representative of three
independent experiments. Each bar represents mean+SD (standard
deviation) from three independent experiments.
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group. At the 1,000 uM H-O: concentration, 15 pM curcumin
reduced ROS levels compared with DMSO. The result for
10 uM CoPP as an HO-1 stimulator was similar to that for
15 puM curcumin. Pretreatment with ZnPP reversed
curcumin’s reduction of ROS. These findings suggest that
curcumin reduces ROS levels by stimulating oxidative
defense enzyme production such as HO-1 (Figure 4A,B). In
confocal microscopy, the extent of staining in the 1,000 uM
H,O:-treated group appeared to be greater than in the control
group. ROS levels in the 15 pM curcumin—treated group or
10 uM CoPP-treated group appeared lower than in the
1,000 uM H,O—treated group. The results from confocal
microscopy were similar to the findings from of the cytometry
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Figure 3. Cell viability and heme oxygenase-1 (HO-1) expression in
human retinal pigment epithelial cells between curcumin
pretreatment and control dimethyl sulfoxide (DMSO) groups with
various H20z concentrations. A: Cell viability measured with 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. Human retinal pigment epithelial cells (ARPE-19) cells
pretreated with 15 pM curcumin showed more cell viability than
those from the control DMSO group. The difference was highest in
1000 uM H20z. *p<0.05 . The percentage of live cells among the
total cells was calculated from three separate experiments. B: HO-1
protein expression was measured with western blot analysis. The plus
sign means pretreatment with 15 uM curcumin. HO-1 expression was
higher in the curcumin-pretreated group under treatment of H2O2
compared to the control group. B-actin served as the standard. Results
were quantified with densitometry. The image for HO-1 was shown
from more than three separate experiments.
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analysis (Figure 5). To evaluate apoptosis under the same
conditions as ROS measurement, Annexin V/PI staining and
flow cytometry were used. As expected, the effects of
curcumin on H»O»-induced apoptosis corresponded with the
ROS measurement (Figure 6A,B). To further confirm the
inhibitory effect of curcumin on apoptosis via HO-1, RPE
cells were transfected with siRNA.

As shown in Figure 7, in the absence of HO-1, curcumin
could not suppress H>O:-induced apoptosis. Therefore, we
suggest HO-1 induced by curcumin plays an important role in
H>0»-induced apoptosis in RPE cells. In an effort to
understand the possible mechanism(s) responsible for HO-1
expression and reduction of apoptosis by curcumin in RPE
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Figure 4. Effect of curcumin on intracellular reactive oxygen species
(ROS) levels. Retinal pigment epithelium (RPE) cells were
separately pretreated with 15 uM curcumin and 10 uM CoPP known
as heme oxygenase-1 (HO-1) stimulator for 3 h. About 10 uM ZnPP,
aknown HO-1 inhibitor, was added to cells preprocessed for 1 h after
2 h pretreatment with 15 uM curcumin. Cells were then treated with
1000 uM H:20:> for 3 h. Intracellular ROS levels in RPE cells were
measured with flow cytometry (see Materials and Methods). In
contrast, ROS levels were increased (shift in relative fluorescence
intensity) in cells cotreated with curcumin and ZnPP. A: (a) dimethyl
sulfoxide (DMSO), (b) DMSO + H:20, (¢) curcumin (15 pM) +
H>02, (d) curcumin (15 uM) + H202 +ZnPP (10 uM), (e) CoPP (10
uM) + H20:. B: Columns, percentage of DCF-CA-stained cells for
indicated conditions. Each bar represents the mean+SD of three
independent experiments (**p<0.01, ***p<0.001)
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cells, we investigated whether curcumin could induce p38
activation. Activation of p38 was increased by curcumin in a
time-dependent manner (Figure 8A). Inhibition of p38
significantly reduced the protective effect of curcumin against
H:0:-induced death (Figure §B).

DISCUSSION

Aging has been defined as the progressive accumulation of
changes with time associated with or responsible for ever-
increasing susceptibility to disease and death. The free radical
theory of aging proposes that aging and age-related disorders
are the result of cumulative damage arising from reactions
involving ROS. ROS cause oxidative damage to cell
cytoplasmic and nuclear elements and cause changes to the
extracellular matrix [11,12]. The retina is particularly
susceptible to oxidative stress because of'its high consumption
of oxygen. The role of oxidative stress in the pathogenesis of
AMD is biologically important. Much of the research into the
relationship between oxidative stress and AMD has supported
the hypothesis that there is a link between oxidative events
and the onset of AMD [3,4,13]. Human studies show that
dietary intake and supplementation with antioxidants, such as
glutathione, vitamin C, superoxide dismutase, catalase,
vitamin E, carotenoids, and zinc, are associated with reduced
risk of AMD [14,15]. Other studies show that flavonoids
commonly found in fruit and vegetables provide short- and

40-

(]
o
'l

[~
(=]
3

(% of control)

-
o
[l

Relative numberof DCF-CAcells

04
H,0, - + + +
Curcumin . - + -
CoPP - - - +

Figure 5. Effect of curcumin on reactive oxygen species (ROS)
generation in retinal pigment epithelium (RPE) cells. Cells were
separately pretreated with curcumin (15 uM) and CoPP as a heme
oxygenase-1 (HO-1) activator for 3 h and then treated with 1000
uM H20: for 3 h. ROS levels treated with curcumin and those treated
with CoPP decreased at a similar rate. To quantify cells with
increased intracellular ROS levels, the percentages of fluorescent
cells among the total cells were calculated and the means+ SD were
expressed from three separate experiments. *p<0.05, **p<0.01.
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long-term protection, and long-term protection is associated
with phase-2 proteins such as glutathione metabolism and
HO-1 [16].

Curcumin, the natural yellow pigment phenolic
compound contained in turmeric and isolated from the
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Figure 6. Effect of curcumin on H20»-induced apoptosis. Retinal
pigment epithelium (RPE) cells were pretreated with 15 pM
curcumin and 10 uM CoPP for 3 h. About 10 pM ZnPP was added
to cells preprocessed for 1 h after 2 h pretreatment with 15 pM
curcumin. Cells were then treated with 1000 uM H202 for 3 h.
Apoptotic cells were detected with Annexin V-FITC staining and
analyzed with flow cytometry. A: (a) dimethyl sulfoxide (DMSO),
(b) DMSO + H202, (¢) curcumin (15 pM) + H202, (d) curcumin (15
uM) +H202+ZnPP (10 uM), (e) CoPP (10 pM) + H202. B: Columns,
percentage of Annexin V positive cells for indicated conditions. Each
bar represents the meantSD of three independent experiments
(*p<0.05)
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rhizomes of the plant Curcuma longa, is generally regarded
as the most active constituent of turmeric [17]. In the
Ayurvedic system of medicine, turmeric is used as a tonic and
blood purifier. Its role in skin disease treatment and its ability
to soften rough skin resulted in prolific use in topical creams
and bath soaps in India. Turmeric’s use as an anti-
inflammatory and antimicrobial agent has been recognized for
more than a century [18,19]. Several animal studies have
shown that curcumin used in painting colors and flavoring in
food possesses anti-inflammatory and antioxidant properties
and affords protection against chemical carcinogen-induced
tumorigenesis in skin, colon, stomach, duodenal, lung, and
prostate cancer [20,21].

Particularly, curcumin exhibits strong antioxidant
activity comparable to vitamins C and E. Curcumin is a potent
scavenger of ROS, including superoxide anion radicals,
hydroxyl radicals, and ROS, in in vitro studies [9,10]. In
addition to direct antioxidant activity, curcumin may function
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Figure 7. Involvement of heme oxygenase-1 (HO-1) in H2O2-induced
apoptosis in retinal pigment epithelium (RPE) cells. Human RPE
cells were transfected with control single interfering RNA (siRNA)
or HO-1 siRNA. After being pretreated with 15 uM curcumin for 3
h, cells were treated with 1000 pM of H202 for 3 h. A: Transfection
with siRNA against HO-1 caused reduction in HO-1 expression. The
expression levels of HO-1 were determined by Western immunoblot
analysis B: Apoptotic cells were detected with Annexin V-FITC
staining and analyzed with flow cytometry. Histograms are
representative of three independent experiments. Each bar represents
mean+SD (standard deviation) from three independent experiments.
*p<0.05.
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indirectly as an antioxidant by enhancing antioxidant
enzymes, such as heme oxygenase, glutathione peroxidase,
glutathione reductase, catalase, and phase-2 enzymes such as
glutathione S transferase and quinone reductase [22-25].
HO-1 and glutathione S transferase are found in the human
retina and can be a defense against oxidative stress. In AMD,
the ability to upregulate HO-1 and glutathione S transferase
diminishes; as a consequence, oxidative stress increases in
human RPE.

HO-1 is the rate-limiting first step in heme catabolism
that degrades heme to carbon monoxide (CO), free Fe**, and
biliverdin that is further converted to the antioxidant bilirubin
by biliverdin reductase [26,27]. Bilirubin also modulates cell
signal transduction pathways relevant to inflammation. Free
Fe?* rapidly induces ferritin expression and the ATPase Fe**-
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Figure 8. Role of p38 activation in induction of heme oxygenase-1
(HO-1) by curcumin. A: Retinal pigment epithelium (RPE) cells
were treated with 15 puM curcumin at the indicated time point.
Phosphorylated p38 and p38 levels were detected with western
blotting. B: RPE cells were pretreated with 15 uM curcumin and 10
uM CoPP for 3 h. About 10 pM ZnPP or 20 uM SB203580 as a p38
inhibitor was added to cells preprocessed for 1 h after 2 h
pretreatment with 15 uM curcumin. Cells were then treated with
1000 uM H20: for 3 h. Cell viability was determined with 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. Data are expressed as meantSEM from four independent
experiments. *p<0.05, **p<0.01, ***p<0.001.
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secreting pump to decrease Fe?', thereby limiting oxidative
damage created via the Fenton reaction. CO, the third product
of HO-1 activity, stimulates cell signaling similar to nitric
oxide, but absent its radical activity [28-32]. CO mediates
vasodilatation, inhibits platelet aggregation, and suppresses
cytokine production—all factors associated with the
amelioration of AMD pathophysiology. Thus, HO-1
induction may confer protection in the retina by increasing
resistance to oxidative stress, inflammation, and apoptosis.

Curcumin at higher doses is cytotoxic but at lower doses
can exert an adaptive stress response. A pretreatment dose of
20 uM for more than 24 h can induce cell death, but we used
doses of 15 uM curcumin for only 3 h, which is below the
cytotoxic level. About 15 pM curcumin induced the most
HO-1 expression, reduced ROS via HO-1, and exerted
significant protection against increasing doses of H.O,. We
propose that p38 activity is important in the signal mechanism
for induction of HO-1 by curcumin in RPE cells (Figure §B).
The proposed mechanism is consistent with experiments
performed using the garlic extract diallyl sulfide as an HO-1
inducer [33,34].

In vivo models and human clinical trials of high-dose
curcumin consumption confirmed the lack of significant
toxicity and adverse effects [35-38]. However, absorption,
biodistribution, metabolism, and elimination studies of
curcumin have unfortunately shown only poor absorption,
rapid metabolism, and elimination, which represent the low
oral bioavailability of this interesting polyphenolic compound
[39-42]. Nevertheless, curcumin is known to pass through the
blood-brain barrier, and dietary curcumin was found to be
effective against forebrain ischemia and traumatic brain injury
in animal models. Furthermore, dietary curcumin has been
associated with reduced expression of oxidative stress and
inflammation markers in the cerebral cortex in a transgenic
mouse model of Alzheimer disease [43].

Recently, dietary supplementation of curcumin has been
shown to be effective in modulating redox status in a rat model
of streptozotocin-induced diabetic retinopathy and retinal
neuroprotection using an in vivo model of light-induced
retinal degeneration in rats [44,45].

We do not know how much diet-supplemented curcumin
reaches the human retina. However, according to recent use
of flavonoids and anthocyanins that express HO-1 for AMD,
we believe that curcumin, a strong HO-1 inducer, is a good
antioxidant for preventive and augmentative therapy of AMD.

ACKNOWLEDGMENTS
This study was supported by a biomedical research center
foundation grant from Ulsan University Hospital (2010-05)
and by grants from the Korea Research Foundation Grant
funded by the Korean Government (MOEHRD) (BRL-2009—
0087350).
REFERENCES

1.  Friedman DS, O'Colmain BJ, Munoz B, Tomany SC, McCarty

C, de Jong PT, Nemesure B, Mitchell P, Kempen J.

907

10.

11.

12.

13.

14.

15.

16.

17.

18.

© 2012 Molecular Vision

Prevalence of age-related macular degeneration in the United
States. Arch Ophthalmol 2004; 122:564-72. [PMID:
15078675]

Young RW. Pathophysiology of age-related macular
degeneration. Surv Ophthalmol 1987; 31:291-306. [PMID:
3299827]

Beatty S, Koh H, Phil M, Henson D, Boulton M. The role of
oxidative stress in the pathogenesis of age-related macular
degeneration. Surv Ophthalmol 2000; 45:115-34. [PMID:
11033038]

Winkler BS, Boulton ME, Gottsch JD, Sternberg P. Oxidative
damage and age-related macular degeneration. Mol Vis 1999;
5:32. [PMID: 10562656]

Liles MR, Newsome DA, Oliver PD. Antioxidant enzymes in
the aging human retinal pigment epithelium. Arch
Ophthalmol 1991; 109:1285-8. [PMID: 1929958]

Newsome DA, Dobard EP, Liles MR, Oliver PD. Human retinal
pigment epithelium contains two distinct species of
superoxide dismutase. Invest Ophthalmol Vis Sci 1990;
31:2508-13. [PMID: 2265990]

Kim YM, Pae HO, Park JE, Lee YC, Woo JM, Kim NH, Choi
YK, Lee BS, Kim SR, Chung HT. Heme oxygenase in the
regulation of vascular biology: from molecular mechanisms
to therapeutic opportunities. Antioxid Redox Signal 2011;
14:137-67. [PMID: 20624029]

Maines MD. New developments in the regulation of heme
metabolism and their implications. Crit Rev Toxicol 1984;
12:241-314. [PMID: 6378529]

Sreejayan I, Rao MN. Nitric oxide scavenging by curcuminoids.
J Pharm Pharmacol 1997; 49:105-7. [PMID: 9120760]

Brouet I, Ohshima H. Curcumin, an anti-tumour promoter and
anti-inflammatory agent, inhibits induction of nitric oxide
synthase in activated macrophages. Biochem Biophys Res
Commun 1995; 206:533-40. [PMID: 7530002]

Sohal RS. The free radical hypothesis of aging: an appraisal of
the current status. Aging (Milano) 1993; 5:3-17. [PMID:
8386942]

Beckman KB, Ames BN. The free radical theory of aging
matures. Physiol Rev 1998; 78:547-81. [PMID: 9562038]
Marshall J. The ageing retina: physiology or pathology. Eye

(Lond) 1987; 1:282-95. [PMID: 3653437]

Age-Related Eye Disease Study Research Group. A
randomized, placebo-controlled, clinical trial of high-dose
supplementation with vitamins C and E, beta carotene, and
zinc for age-related macular degeneration and vision loss:
AREDS report no. 8. Arch Ophthalmol 2001; 119:1417-36.
[PMID: 11594942]

Newsome DA, Swartz M, Leone NC, Elston RC, Miller E. Oral
zinc in macular degeneration. Arch Ophthalmol 1988;
106:192-8. [PMID: 3277606]

Hanneken A, Lin FF, Johnson J, Maher P. Flavonoids protect
human retinal pigment epithelial cells from oxidative-stress-
induced death. Invest Ophthalmol Vis Sci 2006;
47:3164-77. [PMID: 16799064]

Eigner D, Scholz D. Ferula asa-foetida and Curcuma longa in
traditional medical treatment and diet in Nepal. J
Ethnopharmacol 1999; 67:1-6. [PMID: 10616954]

Mukhopadhyay A, Basu N, Ghatak N, Gujral PK. Anti-
inflammatory and irritant activities of curcumin analogues in
rats. Agents Actions 1982; 12:508-15. [PMID: 7180736]


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15078675
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15078675
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3299827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3299827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11033038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11033038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10562656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1929958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2265990
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20624029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=6378529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9120760
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7530002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8386942
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8386942
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9562038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3653437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11594942
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11594942
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3277606
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16799064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10616954
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7180736
http://www.molvis.org/molvis/v18/a94

Molecular Vision 2012; 18:901-908 <http://www.molvis.org/molvis/v18/a94>

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Srimal RC, Dhawan BN. Pharmacology of diferuloyl methane
(curcumin), a non-steroidal anti-inflammatory agent. J Pharm
Pharmacol 1973; 25:447-52. [PMID: 4146582]

Sharma RA, Gescher AJ, Steward WP. Curcumin: the story so
far. Eur J Cancer 2005; 41:1955-68. [PMID: 16081279]

Aggarwal BB, Kumar A, Bharti AC. Anticancer potential of
curcumin: preclinical and clinical studies. Anticancer Res
2003; 23:363-98. [PMID: 12680238]

Piper JT, Singhal SS, Salameh MS, Torman RT, Awasthi YC,
Awasthi S. Mechanisms of anticarcinogenic properties of
curcumin: the effect of curcumin on glutathione linked
detoxification enzymes in rat liver. Int J Biochem Cell Biol
1998; 30:445-56. [PMID: 9675878]

Sharma RA, Ireson CR, Verschoyle RD, Hill KA, Williams ML,
Leuratti C, Manson MM, Marnett LJ, Steward WP, Gescher
A. Effects of dietary curcumin on glutathione S-transferase
and malondialdehyde-DNA adducts in rat liver and colon
mucosa: relationship with drug levels. Clin Cancer Res 2001;
7:1452-8. [PMID: 11350917]

Plummer SM, Holloway KA, Manson MM, Munks RJ, Kaptein
A, Farrow S, Howells L. Inhibition of cyclo-oxygenase 2
expression in colon cells by the chemopreventive agent
curcumin involves inhibition of NF-kappaB activation via the
NIK/IKK signalling complex. Oncogene 1999; 18:6013-20.
[PMID: 10557090]

Dickinson DA, Iles KE, Zhang H, Blank V, Forman HJ.
Curcumin alters EpRE and AP-1 binding complexes and
elevates glutamate-cysteine ligase gene expression. FASEB
J2003; 17:473-5. [PMID: 12514113]

Maines MD. Heme oxygenase: function, multiplicity,
regulatory mechanisms, and clinical applications. FASEB J
1988; 2:2557-68. [PMID: 3290025]

Kappas A, Drummond GS, Simionatto CS, Anderson KE.
Control of heme oxygenase and plasma levels of bilirubin by
a synthetic heme analogue, tin-protoporphyrin. Hepatology
1984; 4:336-41. [PMID: 6546735]

Stocker R, Yamamoto Y, McDonagh AF, Glazer AN, Ames
BN. Bilirubin is an antioxidant of possible physiological
importance. Science 1987; 235:1043-6. [PMID: 3029864

Llesuy SF, Tomaro ML. Heme oxygenase and oxidative stress.
Evidence of involvement of bilirubin as physiological
protector against oxidative damage. Biochim Biophys Acta
1994; 1223:9-14. [PMID: 8061058]

Baranano DE, Rao M, Ferris CD, Snyder SH. Biliverdin
reductase: a major physiologic cytoprotectant. Proc Natl Acad
Sci USA 2002; 99:16093-8. [PMID: 12456881]

Otterbein LE, Bach FH, Alam J, Soares M, Tao Lu H, Wysk M,
Davis RJ, Flavell RA, Choi AM. Carbon monoxide has anti-
inflammatory effects involving the mitogen-activated protein
kinase pathway. Nat Med 2000; 6:422-8. [PMID: 10742149]

Nath KA. Heme oxygenase-1: a provenance for cytoprotective
pathways in the kidney and other tissues. Kidney Int 2006;
70:432-43. [PMID: 16775600]

Gong P, Hu B, Cederbaum Al. Diallyl sulfide induces heme
oxygenase-1 through MAPK pathway. Arch Biochem
Biophys 2004; 432:252-60. [PMID: 15542064]

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

© 2012 Molecular Vision

Cheng AL, Hsu CH, Lin JK, Hsu MM, Ho YF, Shen TS, Ko
JY, Lin JT, Lin BR, Ming-Shiang W, Yu HS, Jee SH, Chen
GS, Chen TM, Chen CA, Lai MK, Pu YS, Pan MH, Wang
YJ, Tsai CC, Hsieh CY. Phase I clinical trial of curcumin, a
chemopreventive agent, in patients with high-risk or pre-
malignant lesions. Anticancer Res 2001; 21:2895-900.
[PMID: 11712783]

Wahlstrom B, Blennow G. A study on the fate of curcumin in
the rat. Acta Pharmacol Toxicol (Copenh) 1978; 43:86-92.
[PMID: 696348]

Sharma RA, McLelland HR, Hill KA, Ireson CR, Euden SA,
Manson MM, Pirmohamed M, Marnett LJ, Gescher Al,
Steward WP. Pharmacodynamic and pharmacokinetic study
of oral Curcuma extract in patients with colorectal cancer.
Clin Cancer Res 2001; 7:1894-900. [PMID: 11448902]

Sharma RA, Euden SA, Platton SL, Cooke DN, Shafayat A,
Hewitt HR, Marczylo TH, Morgan B, Hemingway D,
Plummer SM, Pirmohamed M, Gescher AJ, Steward WP.
Phase I clinical trial of oral curcumin: biomarkers of systemic
activity and compliance. Clin Cancer Res 2004;
10:6847-54. [PMID: 15501961]

Lao CD, Ruffin MT 4th, Normolle D, Heath DD, Murray SI,
Bailey JM, Boggs ME, Crowell J, Rock CL, Brenner DE.
Dose escalation of a curcuminoid formulation. BMC
Complement Altern Med 2006; 6:10. [PMID: 16545122]

Holder GM, Plummer JL, Ryan AJ. The metabolism and
excretion of curcumin (1,7-bis-(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-dione) in the rat.
Xenobiotica 1978; 8:761-8. [PMID: 726520]

Ravindranath V, Chandrasekhara N. Absorption and tissue
distribution of curcumin in rats. Toxicology 1980;
16:259-65. [PMID: 7423534]

Ravindranath V, Chandrasekhara N. Metabolism of curcumin—
studies with [3H]curcumin. Toxicology 1981-1982;
22:337-44. [PMID: 7342372]

Ravindranath V, Chandrasekhara N. In vitro studies on the
intestinal absorption of curcumin in rats. Toxicology 1981;
20:251-7. [PMID: 7256789]

Baum L, Lam CW, Cheung SK, Kwok T, Lui V, Tsoh J, Lam
L, Leung V, Hui E, Ng C, Woo J, Chiu HF, Goggins WB, Zee
BC, Cheng KF, Fong CY, Wong A, Mok H, Chow MS, Ho
PC, Ip SP, Ho CS, Yu XW, Lai CY, Chan MH, Szeto S, Chan
IH, Mok V. Six-month randomized, placebo-controlled,
double-blind, pilot clinical trial of curcumin in patients with
Alzheimer disease. J Clin Psychopharmacol 2008;
28:110-3. [PMID: 18204357]

Mandal MN, Patlolla JM, Zheng L, Agbaga MP, Tran JT,
Wicker L, Kasus-Jacobi A, Elliott MH, Rao CV, Anderson
RE. Curcumin protects retinal cells from light-and oxidant
stress-induced cell death. Free Radic Biol Med 2009;
46:672-9. [PMID: 19121385]

Suryanarayana P, Saraswat M, Mrudula T, Krishna TP,
Krishnaswamy K, Reddy GB. Curcumin and turmeric delay
streptozotocin-induced diabetic cataract in rats. Invest
Ophthalmol Vis Sci 2005; 46:2092-9. [PMID: 15914628]

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 8 April 2012. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=4146582
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16081279
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12680238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9675878
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11350917
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10557090
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10557090
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12514113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3290025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=6546735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3029864
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8061058
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12456881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10742149
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16775600
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15542064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11712783
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11712783
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=696348
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=696348
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11448902
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15501961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16545122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=726520
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7423534
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7342372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7256789
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18204357
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19121385
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15914628
http://www.molvis.org/molvis/v18/a94

