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Introduction

Abstract

Recent studies have shown that induced expression of endogenous antioxidative enzymes thr-
ough activation of the antioxidant response element/nuclear factor erythroid 2-related factor
2 (Nrf2) pathway may be a neuroprotective strategy. In this study, rat cerebral cortical neurons
cultured in vitro were pretreated with 10 pM curcumin or post-treated with 5 uM curcumin,
respectively before or after being subjected to oxygen-glucose deprivation and reoxygenation for
24 hours. Both pretreatment and post-treatment resulted in a significant decrease of cell injury
as indicated by propidium iodide/Hoechst 33258 staining, a prominent increase of Nrf2 protein
expression as indicated by western blot analysis, and a remarkable increase of protein expression
and enzyme activity in whole cell lysates of thioredoxin before ischemia, after ischemia, and after
reoxygenation. In addition, post-treatment with curcumin inhibited early DNA/RNA oxidation
as indicated by immunocytochemistry and increased nuclear Nrf2 protein by inducing nuclear
accumulation of Nrf2. These findings suggest that curcumin activates the expression of thi-
oredoxin, an antioxidant protein in the Nrf2 pathway, and protects neurons from death caused
by oxygen-glucose deprivation in an in vitro model of ischemia/reperfusion. We speculate that
pharmacologic stimulation of antioxidant gene expression may be a promising approach to neu-
roprotection after cerebral ischemia.
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but is unbound under certain conditions. Free Nrf2 trans-

Cerebral ischemia/reperfusion is characterized by an increase
in oxidative stress and a wide variety of cellular alterations,
which lead to delayed neuron cell injury, including impaired
energy metabolism (Li et al., 2012). The extent of neuro-
protection offered by antioxidants may be limited. Howev-
er, the pharmacologic activation of multiple endogenous
antioxidant defense systems may constitute an alternative
(Eghwrudjakpor and Allison, 2010), combined therapeutic
approach.

Nuclear factor erythroid 2-related factor 2 (Nrf2) belongs
to the cap-n-collar family of transcription factors. These
factors share a highly conserved basic leucine zipper struc-
ture (Hayes and McMahon, 2001; Lau et al., 2013). Nrf2
is normally bound to its suppressor, Keapl, in cytoplasm,

locates to the nucleus. Once in the nucleus, Nrf2 binds to
antioxidant response element and drives the transcription
of downstream genes. Antioxidant response element is an
enhancer of many phase II antioxidant enzymes genes,
such as heme oxygenase-1 (Choi and Alam, 1996; Linares
et al., 2013), glutathione S-transferase (Hayes et al., 2000),
sulfiredoxin (Soriano et al., 2008), thioredoxin (Tanito et
al., 2007), and reduced nicotinamide adenine dinucleotide
phosphate: quinine oxidoreductase 1 (Nioi et al., 2003).
Among these, thioredoxin is an important reducer of ox-
idative stressors because of its ability to protect against
H,0,-induced apoptosis. Its inhibition promotes oxidative
stress and cell injury (Yoshida et al., 2005). The Nrf2/an-
tioxidant response element pathway can be activated by a
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variety of small thiol-active molecules as well as many di-
etary phytochemicals such as sulforaphane and curcumin
(Balogun et al., 2003; Katsori et al., 2011). Curcumin, the
principle coloring agent present in the rhizomes of Cur-
cuma longa (zingiberaceae), has been used for centuries
as a traditional Chinese medicine for the treatment of a
variety of medical conditions. Curcumin possesses a broad
range of pharmacological activities including antioxidant
(Suryanarayana et al., 2007; Antonio and Druse, 2008), an-
ti-inflammatory (Biswas et al., 2005; Lim et al., 2005) and
anti-cancer activities (Singh and Khar, 2006; Sa and Das,
2008; Basile et al., 2009). As an anticarcinogen, an import-
ant target of curcumin is the Keap1 protein, which normally
binds and sequesters Nrf2 in the cytoplasm. Curcumin can
directly act on Keapl to release Nrf2, which then translo-
cates to the nucleus, where it heterodimerizes with small
Maf proteins and binds to antioxidant response elements,
inducing the expression of a large number of cytoprotective
genes (Kang et al., 2008).

A previous in vivo study has demonstrated the potential of
curcumin to protect against cerebral ischemia/reperfusion
injury (Zhao et al., 2008, 2010). However, the mechanisms
by which curcumin directly protects neurons against insults
such as ischemia/reperfusion injury remain unclear. The
objective of this study was to assess the ability of curcumin
to induce expression of the antioxidative protein thioredoxin
and to evaluate the antioxidant effects of curcumin against
oxidative stress-induced death owing to transient oxygen-
glucose deprivation (OGD) as an in vitro model of ischemia/
reperfusion.

Materials and Methods

Animals

The experimental protocol used in this study was approved
by the Ethics Committee for Animal Experimentation and
experiments were conducted according to the Guidelines
for Animal Experiments of Chongqing Medical University
(Chonggqing, China). A total of 145 Sprague-Dawley new-
born rats (1 day old, male or female, weighing 7-9 g) of spe-
cific pathogen-free grade were supplied by the Laboratory
Animal Center, Chongqing Medical University, China (li-
cense No. SCXK (Yu) 2007-0001). All reagents were obtained
from Sigma Chemical (St. Louis, MO, USA) except where
otherwise specified.

Primary culture of rat cortical neurons

Cortical neurons were prepared from the brains of 1-day-
old Sprague-Dawley rats, as described previously (Ge et
al., 2007). The cells were plated onto poly-L-lysine-coated
well plates (Sigma) or glass coverslips at a density of 2 X
10° cells/cm®. Cells were grown in plating medium (consist-
ing of 89% high-glucose DMEM, 10% fetal bovine serum,
1% penicillin-streptomycin; Gibco, Grand Island, NY, USA).
After 24 hours, the medium was changed to fresh neurobasal
medium (Gibco) supplemented with 2% B27 (Gibco) and
1% penicillin/streptomycin, and then refreshed every 2-3
days. Cultures were incubated at 37°C in a 95% air/5% CO,
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in a humidified incubator (Thermo3111, Waltham, MA).
Experiments were performed at 5-6 days in vitro.

OGD and curcumin treatment

Rat cortical neurons were deprived of O, and glucose by
changing the culture medium to glucose-free DMEM (Gib-
co) as previously described (Wang et al., 2009; Xiang et al.,
2010). After washing the neurons twice with glucose-free
DMEM, they were incubated in an anaerobic chamber at
37°C for 1 hour (Forma model 3131, Thermo Scientific,
Marietta, OH, USA) equilibrated with 94% N,, 1% O, and 5%
CO.. At the end of the OGD, the medium was replaced with
neurobasal medium supplemented with 2% B27 and neu-
rons were incubated in normal conditions (95% air and 5%
CO,, 37°C) for 24 hours of recovery. Control experiments
were performed with neurons maintained under identical
conditions before, during, and after OGD except for omis-
sion of OGD treatment.

For measurements of protein immunoreactivity and en-
zyme activity, rat cortical neurons were cultured in neuro-
basal medium supplemented with 2% B27 and 1% penicil-
lin/streptomycin.

For the preconditioning experiments, the following groups
were studied. In group 1, cortical neurons were exposed to
0.01% dimethyl sulfoxide for 24 hours without OGD/reoxy-
genation (control group, n = 4). In group 2, cortical neurons
were exposed to curcumin (10 uM) for 24 hours without
OGD/reoxygenation (control curcumin group, n = 4). In
group 3, cortical neurons were exposed to dimethyl sulfoxide
for 24 hours followed by 60 minutes of OGD and 24 hours
of reoxygenation (OGD/R + vehicle group, n = 4). In group 4,
cortical neurons were exposed to curcumin (10 uM) for 24
hours followed by OGD/reoxygenation (OGD/R + curcumin
group, n = 4).

For the postconditioning experiments, there were four
groups. Curcumin (5 pM) or vehicle (dimethyl sulfoxide,
0.01%) was added to rat cortical neurons cultured for 1
hour after the ischemic insult at the beginning of reoxygen-
ation and maintained for 24 hours, as the OGD/R + cur-
cumin group (n = 4) and vehicle-treated group (OGD/R +
vehicle group, n = 4), respectively. In the control curcumin
group (n = 4) and control group (n = 4), cortical neurons
were treated identically except that they were not exposed to
OGD.

Propidium iodide/Hoechst 33258 staining for cell injury

Neuronal cell injury was assessed using the membrane im-
permeable fluorescent dye propidium iodide at 10 pg/mL to
label dead/apoptotic cells, and the cell permeable fluorescent
dye Hoechst 33258 was used to label all cells. After OGD/
reoxygenation, cortical neurons cultured on coverslips were
exposed to 10 pug/mL propidium iodide for 20 minutes, then
fixed in 4% paraformaldehyde for 20 minutes at room tem-
perature, and washed three times in PBS. Cells were incubated
with Hoechst 33258 for 30 minutes at room temperature. Flu-
orescence was observed using a 20x objective lens under a flu-
orescence microscope (Olympus BX51, Tokyo, Japan) and im-
ages were captured using an Olympus camera (Tokyo, Japan).
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Simultaneous staining of cortical cultures by both propidium
iodide and Hoechst was considered a quantitative measure of
the extent of cell injury. The number of double-positive cells
is expressed as a percentage of Hoechst-stained cells.

Oxidative modification of nucleic acids
Immunocytochemistry was performed on cortical neuron
cultures on coverslips as previously described with a few
modifications (Danilov and Fiskum, 2008). After 24 hours
of reoxygenation, the coverslips were rinsed twice with
0.05 mM PBS and fixed in 4% paraformaldehyde for 20
minutes at room temperature. They were incubated for 30
minutes in PBS containing 10% normal goat serum, then
incubated with primary anti-8-hydroxydeoxyguanosine an-
tibody (Biosynthesis Biotechnology Co., Ltd., Beijing, China)
at a 1:300 dilution in PBS + 0.3% Triton X-100 at 4°C. After
24 hours, cells were rinsed with PBS and incubated with
FITC secondary antibody (1:200) for 20 minutes at room
temperature. Then, the sections were counterstained with
Hoechst 33258 to facilitate counting of the total number of
neurons. Finally, the neurons were examined under a fluo-
rescence microscope (Olympus BX51, Tokyo, Japan). Three
independent images were obtained from each individual
coverslip, and analyzed in the computer-assisted image ana-
lyzer described above using MetaMorph software (Universal
Imaging Corp, USA). The relative fluorescence intensity of
each image was calculated by dividing the integrated intensi-
ty by the number of cells present in the field. Data represent
the average values of three images.

Isolation of cytosolic/nuclear fractions

After 24-hour reoxygenation, primary cortical neurons
were scraped from culture dishes, resuspended in cold
Buffer A (including 10 mM HEPES-KOH pH 7.9, 1.5
mM MgCl,, 10 mM KCl, 0.5 mM dithiothreitol, and
0.2 mM phenylmethylsulfonyl fluoride) and kept on ice for
10 minutes. Then 25 pL of 10% Nonidet P40 (v/v) was add-
ed to the cell suspension. Samples were then centrifuged at
12,000 x g for 5 minutes at 4°C. The resultant supernatant
was removed as the cytosolic fraction. Pellets were resus-
pended in 80 pL of Buffer B (including 20 mM HEPES-
KOH pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl,,
0.2 mM EDTA, 0.5 mM dithiothreitol, and 0.2 mM phenyl-
methylsulfonyl fluoride) and kept on ice for 20 minutes for
high salt extraction. After a final 2 minute centrifugation at
12,000 x g at 4°C, the supernatant containing the nuclear
fraction was collected and stored at —70°C. The protein con-
centrations were measured using a Lowry DC kit with bo-
vine serum albumin used as a concentration standard (Bio-
Rad, Hercules, CA, USA).

Western blot analysis

Samples of cortical neurons were analyzed for Nrf2 and
thioredoxin protein levels. The lysates and nuclear samples
were treated with 50 mM dithiothreitol and NuPage 4 X
LDS loading buffer (Invitrogen, Carlsbad, CA, USA) prior to
heating at 70°C for 10 minutes. The samples were separated

by sodium dodecyl sulfate-poly-acrylamide gel electropho-
resis. Each lane was loaded with 30 pg of total protein. After
sodium dodecyl sulfate-poly-acrylamide gel electrophoresis,
the proteins were transferred onto a polyvinylidene fluoride
membrane. The membranes were washed in Tris-buffered
saline containing 0.05% Tween-20 (TBST) followed by
blocking for 1 hour using 5% non-fat milk in TBST at room
temperature. This was followed by incubation overnight at
4°C with primary rabbit anti-thioredoxin polyclonal an-
tibody (Abcam, Cambridge, MA, USA), rabbit anti-Nrf2
polyclonal antibody (1:1,000; Abcam), mouse anti-p-actin
monoclonal antibody (1:2,000; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), or rabbit anti-histone H3 monoclo-
nal antibody (1:5,000; Abcam). The membranes were then
washed with TBST and incubated for 1 hour at room tem-
perature in horseradish peroxidase-conjugated rabbit an-
ti-goat (Santa Cruz Biotechnology), goat anti-rabbit (Santa
Cruz Biotechnology), or goat anti-mouse antibodies (Santa
Cruz Biotechnology) at a 1:5,000 dilution for 1 hour at room
temperature. The washed blots were then treated with en-
hanced chemiluminescence detection reagent (Amersham
Bioscience, UK). Films were scanned using an imaging den-
sitometer (Bio-Rad), and the results were quantified using
Quantity One 1-D analysis software (Bio-Rad, Richmond,
CA, USA). The expression levels of Nrf2 and thioredoxin
were corrected to the internal loading control, and fold
changes were expressed relative to the levels in the control
group.

Thioredoxin enzyme activity assay

Thioredoxin activity was determined using an insulin disul-
fide reduction assay (Yamamoto et al., 2003). In brief, 40 pg
of cellular protein extract was pre-incubated at 37°C for 15
minutes with 2 pL activation buffer (100 mM HEPES, 2 mM
EDTA, 1 g/L bovine serum albumin, and 2 mM dithioth-
reitol) to reduce thioredoxin deactivation. After the addition
of 20 pL of reaction buffer (100 mM HEPES, 2.0 mM EDTA,
0.2 mM nicotinamide adenine dinucleotide phosphate, and
140 pM insulin), the reaction was started by addition of
mammalian thioredoxin reductase (1 pL, Sigma), or water
to controls, and samples were incubated for 30 minutes at
37°C. The reaction was terminated by adding 125 pL of stop-
ping solution (0.2 M Tris-HCI, 10 M guanidine-HCI, and 1.7
mM 3-carboxy-4-nitrophenyl disulfide). The optical density
value was read on a Multiskan Spectrum microplate spectro-
photometer (Thermo Scientific, USA) at 412 nm.

Immunocytochemistry

Cortical neurons were cultured in chamber slides to 70%
confluence. After exposure of the cells to curcumin, they
were fixed in 4% paraformaldehyde for 30 minutes at room
temperature and washed with PBS. The fixed cells were per-
meabilized in PBS containing 0.2% Triton X-100 and 5%
bovine serum albumin for 90 minutes at room temperature.
This was followed by exposure to the primary antibody (rabbit
polyclonal anti-Nrf2 antibody; 1:500) at 4°C overnight. After
washing the cells in PBS, a secondary antibody linked to Cy3
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Figure 1 Curcumin protects neurons against oxygen-glucose deprivation-induced injury.

Curcumin pretreatment protects neurons against cell injury. (A) Rat cortical neuron cultures pretreated with curcumin (10 uM) or vehicle (dimethyl
sulfoxide 0.01%) for 1 hour and reoxygenation for 24 hours. Control cells were incubated for 24 hours with either curcumin or vehicle in neuro-
basal medium without serum. (B) Rat cortical neuron cultures were exposed to oxygen-glucose deprivation in a deoxygenated, glucose-free ionic
shift solution for 1 hour. Curcumin (5 pM) was added to the culture at the beginning of reoxygenation and cultures were maintained for 24 hours.
After 24 hours of reoxygenation, the injury ratio of cortical neurons was determined by propidium iodide/Hoechst staining. Data are expressed as
the mean + SEM (1 = 4). Data were analyzed using one-way analysis of variance and the Student Newman-Keuls post-hoc test. *P < 0.01, vs. control
group; #P < 0.05, vs. OGD/R + vehicle group. OGD/R: Oxygen-glucose deprivation/reoxygenation.
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Figure 2 Immunoreactivity of 8-hydroxydeoxyguanosine (8-OHdG) in cortical neurons after 24 hours of reoxygenation

(immunocytochemical staining).

Curcumin post-treatment inhibits early DNA/RNA oxidation after transient oxygen-glucose deprivation. (A) DNA/RNA oxidation was detected by
immunocytochemical staining for 8-OHdG, a common marker for the evaluation of oxidative DNA damage. 8-OHdG is shown in green and nuclei
were counterstained blue with 4,6-diamidino-2-phenylindole. Arrows show 8-OHdG and Hoechst double-positive cells. (B) Relative fluorescence
intensities were obtained as described in the Methods and are expressed as the mean = SEM (n = 4). Data were analyzed using one-way analysis of
variance and the Student Newman-Keuls post-hoc test. #P < 0.05, vs. OGD/R + vehicle group. Scale bar: 100 pm. OGD/R: Oxygen-glucose depriva-
tion/reoxygenation.

(goat anti-rabbit 1gG) was added along with 4,6-diamidi-
no-2-phenylindole (2 g/mL; nuclear staining) for 90 minutes
at room temperature. The cells were then washed in PBS,
mounted on slides with mounting medium, and examined by
fluorescence microscopy (Olympus BX51, Tokyo, Japan).

Statistical analysis

Data are expressed as the mean + SEM of three independent
experiments. Where indicated, statistical analyses used one-
way analysis of variance and the Student-Newman-Keuls
tests with SPSS 13.0 software (SPSS, Chicago, IL, USA). A
P < 0.05 level was considered statistically significant.

Results

Curcumin protected neurons against OGD-induced injury
To determine whether pretreatment or post-treatment with
curcumin protects against death of neurons induced by
transient OGD, we exposed primary cultured rat cortical
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neurons to 10 pM curcumin for 24 hours prior to the OGD
insult, or 5 uM curcumin for 24 hours after a 1 hour period
of OGD, as described in the Methods section.

As shown in Figure 1A, the number of injured cells ob-
served after exposure to 10 pM curcumin was significantly
decreased compared with the OGD/R group (39.21 £ 2.63%
vs. 64.78 £ 3.17%, P < 0.05), which indicated that with 24
hours of reoxygenation, pretreatment with curcumin con-
ferred significant protection against delayed cell injury. As
shown in Figure 1B, 5 uM curcumin post-treatment reduced
the cell injury to 43.58 * 3.14% of the level in the control
group. The vehicle-treated cells experienced 64.78 £ 3.17%
cell injury (P < 0.05).

Curcumin post-treatment inhibited early DNA/RNA
oxidation after transient OGD

To determine whether post-treatment with curcumin pro-
tects against oxidative stress induced by transient OGD, we
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Figure 3 Curcumin increases Nrf2 protein expression in rat cortical neurons (western blot analysis).

(A) Cortical neurons were pretreated for 24 hours with curcumin or vehicle followed by OGD/R, or maintained in neurobasal medium without
serum (control). (B) Cortical neurons were post-treated for 24 hours with 5 uM curcumin after a 1 hour period of OGD. After 24 hours, the nu-
clear fractions were isolated as described in the Methods. The immunoblots were probed with anti-Nrf2 antibody then stripped and re-probed for
histone H3 as loading control (1 = 4). The values were square transformed and the data were analyzed using one-way analysis of variance and the
Student-Newman-Keuls post-hoc test. #P < 0.05, vs. OGD/R + vehicle group. Data were expressed as the mean + SEM. OGD/R: Oxygen-glucose
deprivation/reoxygenation; Nrf2: nuclear factor erythroid 2-related factor 2.
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Figure 4 Curcumin increases the nuclear translocation of Nrf2 in cortical neurons (immunocytochemical staining, fluorescence microscope).
Cortical neurons cultured on chamber slides were exposed to 5 pM curcumin after a 1 hour period of OGD. After 24 hours of reoxygenation, neu-
rons were fixed in 4% paraformaldehyde, permeabilized, and immunostained for active Nrf2 [cyanine-3 (Cy3); red]. The nuclei were stained with
4,6-diamidino-2-phenylindole (DAPI; blue). A merge of Cy3 and DAPI is shown in the third panel. The images presented here are representative of
multiple fields from three independent experiments. Arrows show the curcumin-induced translocation of Nrf2 to the nucleus, cells expressing Nrf2
in the cytoplasm, but not in the nucleus. After the neurons were treated with curcumin for 24 hours, a 1 hour exposure to OGD caused increased
Cy3 signaling for Nrf2 in the nucleus. This overlapped with DAPI staining. Scale bar: 100 um. OGD/R: Oxygen-glucose deprivation/reoxygenation;
Nrf2: nuclear factor erythroid 2-related factor 2.
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Figure 5 Curcumin increases Trx expression and Trx enzyme activity in rat cortical neurons.

(A) Rat cortical neurons were pretreated for 24 hours with curcumin, then exposed to OGD (1 hour) and reoxygenation (24 hours). The im-
munoblots were probed with anti-Trx antibody, and then stripped and re-probed for B-actin as a loading control (n = 4). Controls represent the
following: control-before OGD, neurons maintained in neurobasal medium without serum; control-end of OGD, neurons maintained 1 hour in
serum-free neurobasal medium; control-24 hours reoxygenation, neurons maintained 24 hours in serum-free neurobasal medium. The ratio of
densitometry values for Trx and B-actin was analyzed. *P < 0.05, vs. control group; #P < 0.01, vs. vehicle group. (B) The Trx enzyme activity in total
cell lysates of neurons pretreated with curcumin was determined at the same time points as those used for measuring the Trx total protein level.
The results are expressed as the mean + SEM (n = 4). #P < 0.01, vs. control group; *P < 0.01, vs. vehicle group. (C) Curcumin post-treatment in-
creases the protein espression level of Trx after 24 hours of REOX. The ratio of densitometry values of Trx and p-actin was analyzed (n = 4). #P < 0.01,
vs. control group; *P < 0.01, vs. vehicle group. (D) Curcumin post-treatment increases Trx enzyme activity after 24 hours of REOX. The results are
expressed as the mean + SEM (n = 4). The values were square transformed and the data were analyzed using one-way analysis of variance and the
Student-Newman-Keuls test. #P < 0.01, vs. control group; *P < 0.01, vs. vehicle group. OGD: Oxygen-glucose deprivation; OGD/R: oxygen-glucose
deprivation/reoxygenation; Trx: thioredoxin; min: minute.

486



Wu JX, et al. / Neural Regeneration Research. 2015;10(3):481-489.

evaluated the ability of post-treatment with curcumin to
inhibit DNA/RNA oxidation early during reoxygenation,
which precedes delayed cell injury. As shown in Figure 2, the
relative fluorescence of 8-hydroxydeoxyguanosine following
24 hours of reoxygenation after a 1-hour period of OGD
was significantly lower for curcumin-treated cells than for
vehicle-treated cells (1,105 + 46 U vs. 1,634 + 93 U; P< 0.05).
However, it was not significantly greater than for cells not
exposed to OGD. This suggests that oxidative modifications
to DNA/RNA must have occurred early during reoxygen-
ation in this model, and that these modifications were inhib-
ited by post-treatment with curcumin.

Curcumin increased Nrf2 protein expression and induced
nuclear accumulation of Nrf2

To determine whether the observed protection offered by
curcumin pretreatment and post-treatment was accompa-
nied by activation of the Nrf2 pathway of gene expression,
neuronal cultures were exposed to curcumin or vehicle and
the Nrf2 protein levels were analyzed after 24 hours of re-
oxygenation. As shown in Figure 3A, in the curcumin-pre-
treated group, Nrf2 immunoreactivity in nuclear fractions
showed a double band around 90 kDa. A discrepancy be-
tween the predicted molecular weight (66.9 kDa) and the
observed molecular weight has been reported previously,
and is likely due to the abundance of acidic residues in Nrf2
which lead to abnormal migration in electrophoresis gels
(Chan et al., 1993; Moi et al., 1994). The phosphorylated
form of Nrf2 was almost undetectable under untreated
conditions (control) or in vehicle-treated cells. As shown in
Figure 3A, curcumin pretreatment increased the phosphor-
ylated form of Nrf2 by 3.23-fold compared with 1.22-fold
in vehicle-treated cells (P < 0.05). As shown in Figure 3B, in
the curcumin-post-treatment group, the protein level of the
phosphorylated form of Nrf2 detected in nuclear fractions
was 1.90-fold higher in curcumin-treated cells than in vehi-
cle-treated cells (P < 0.05), as indicated by western blot anal-
ysis. These results indicate that curcumin can increase Nrf2
protein expression and induce nuclear accumulation of Nrf2
protein regardless of whether the curcumin is administered
before or after OGD insult.

Curcumin increased the nuclear translocation of Nrf2

To determine whether Nrf2 undergoes nuclear translocation
in neurons exposed to curcumin after OGD insult, we used
immunocytochemical analysis and fluorescence microscopy
to evaluate the nuclear translocation of Nrf2. Immunocyto-
chemical analysis showed Nrf2 to be mostly in the cytoplasm
in untreated neurons (Figure 4). In neurons post-treated
with curcumin for 24 hours after a 1 hour period of OGD,
Cy3 signaling for Nrf2 was observed in the nucleus.

Curcumin induced up-regulation of thioredoxin protein
and increased thioredoxin enzyme activity

The effect of curcumin on thioredoxin protein levels was
measured before OGD, after OGD and after OGD/reoxy-
genation. As shown in the representative immunoblots in

Figure 5A (upper panel) and by the densitometric analysis
in Figure 5A (lower panel), curcumin pretreatment induced
a statistically significant increase (0.27 £ 0.02) in thiore-
doxin total protein level over that observed 0.081 £ 0.011
in vehicle-treated cells (P < 0.01). At the end of OGD, the
fold change in thioredoxin protein level was 0.93 + 0.05 in
curcumin-treated cells and 0.304 £ 0.033 in vehicle-treated
cells (P < 0.01).

After 24 hours of reoxygenation, thioredoxin expression
was still higher in curcumin-treated cells (0.92 + 0.04) than
in the vehicle-treated cells (0.49 + 0.03; P < 0.01) relative to
the level in control cells. Consistent with the increase in thi-
oredoxin protein level, curcumin pretreatment also induced
a 2.2-fold increase in thioredoxin enzyme activity over that
observed in vehicle-treated cells (P < 0.01), as shown in
Figure 5B. At the end of OGD, thioredoxin activity was 2.3
times higher in curcumin-treated cells than in vehicle-treat-
ed cells (P < 0.01). At 24 hours after reoxygenation, it was 2.7
times higher (P < 0.01).

Discussion

In the present study, we demonstrated that oxidative stress
contributes to delayed cell injury in neurons after OGD/
reoxygenation, and that protection against cell injury can be
conferred by activating the Nrf2-mediated antioxidant re-
sponse element pathway through the use of curcumin.

We provide experimental evidence that post-treatment
and post-treatment with curcumin can significantly de-
crease delayed cell injury in neuron cultures subjected to
OGD. Our pilot dose-response experiments in post-treated
neurons showed that 5 pM of curcumin was less toxic than
10 pM (the dose used for the pretreatment studies). The high-
er sensitivity of neurons to curcumin under post-treatment
versus pretreatment conditions might be explained by the
fact that for the post-treatment experiments, the cells were
maintained in serum-free medium, while pretreatment was
performed in medium supplemented with 10% serum. Serum
deprivation and the pro-oxidant activity of curcumin might
both contribute to the higher toxicity observed at 10 uM.

A primary factor in initiation of the pathological response
to the ischemia/reoxygenation injury is the generation of
reactive oxygen species. The increase in the levels of reac-
tive oxygen species produced upon reoxygenation appears
to be essential to the development of delayed neuron death
(Kubota et al., 2010). In our in vitro model, a significant in-
crease in oxidative DNA/RNA damage was noted after OGD/
reoxygenation, as indicated by the increased 8-hydroxydeox-
yguanosine immunoreactivity. However, curcumin could in-
hibit this damage. Consistent with the ability of curcumin to
reduce oxidative damage, levels of cell injury assessed at 24
hours of reoxygenation showed a reduction in delayed death
after curcumin post-treatment, as indicated by propidium
iodide/Hoechst staining.

Activation of Nrf2 by curcumin involves post-transla-
tional modifications that result in its release from Keap 1,
which normally targets Nrf2 for degradation, Nrf2 protein
accumulation, and translocation to the nucleus. In our
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model, activation of the Nrf2/antioxidant response element
pathway by curcumin was indicated by the finding that pre-
treatment and post-treatment with curcumin, but not vehi-
cle pretreatment, induced a significant increase in the level
of phosphorylated Nrf2 protein in the nuclear fraction of
neurons. There was also a significant increase in Nrf2 levels
in neurons exposed to curcumin, probably because of en-
hanced stabilization of this transcription factor. This is why
no decrease in cytosolic Nrf2 was observed in treated cells.
Curcumin post-treatment promoted the nuclear transloca-
tion of Nrf2 detected by immunocytochemical analysis. In
this way, our findings are consistent with reports indicating
that several cytosolic kinases, such as Akt, PKC, and p38 are
involved in transducing signals from antioxidants to the an-
tioxidant response element through Nrf2 phosphorylation
(Huang et al., 2002; Kang et al., 2002).

We further investigated the involvement of the Nrf2/anti-
oxidant response element pathway in the activity of curcum-
in in neurons by analyzing the expression of endogenous an-
tioxidant response element-regulated genes. Thioredoxin is
constitutively present as a surface-associated sulthydryl pro-
tein in the plasma membranes of a wide range of cells (Hirota
et al., 2002). Recently, it was reviewed that thioredoxin is a
ubiquitous protein with many roles, including acting as a
regulator of mitochondrial metabolism (Yoshioka and Lee,
2013). It is a redox-sensitive molecule with a cytokine-like
and chemokine-like ability to prevent cell injury due to oxi-
dative stress (Arnér and Holmgren, 2000). Thioredoxin can
act as an antioxidant or reactive oxygen species scavenger
because of its ability to eliminate singlet oxygen, hydrox-
yl radicals, and hydrogen peroxide (Das and Das, 2000).
Thioredoxin is highly inducible by many physicochemical
stimuli, including UV irradiation, hypoxia, and hydrogen
peroxide (Hirota et al., 2002). Its induction is considered
to be transcriptionally regulated by antioxidant response
element (Kim et al., 2003; Tanito et al., 2005). In this study,
we demonstrated that both pretreatment and post-treat-
ment with curcumin can increase both protein expression
and enzyme activity of thioredoxin in whole-cell lysates at
24 hours after reoxygenation. These results also suggest that
the mechanism by which exposure to curcumin protects
neurons against OGD-induced delayed cell injury is likely to
involve activation of the Nrf2/antioxidant response element
pathway.

Although increases in levels of thioredoxin protein have
been used as an indicator of curcumin action in rat cortical
neurons, it does not imply that the protective effect can be
mediated by a single enzyme. Increasing evidence (Balogun
et al., 2003; Ye et al., 2007; Yang et al., 2009) has shown that
curcumin can activate multiple Nrf2 response genes, in-
cluding nicotinamide adenine dinucleotide phosphate:qui-
nine oxidoreductase 1, heme oxygenase-1, and glutathione
S-transferase, whose protein products participate in cellular
defense.

In summary, our results support the concept of pretreat-
ment and post-treatment against oxidative stress and delayed
death by the use of agents that activate the Nrf2/antioxidant
response element pathway. Curcumin was found to increase
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thioredoxin protein expression and enzyme activity and to
protect neurons against cell injury regardless of whether
it was administered before or after OGD. This shows that
pharmacologic stimulation of antioxidant gene expression
may be a promising approach to neuroprotection after cere-
bral ischemia.
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