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Curcumin is a natural phenolic component of yellow curry
spice, which is used in some cultures for the treatment of dis-
eases associated with oxidative stress and inflammation. Curcu-
min has been reported to be capable of preventing the death of
neurons in animal models of neurodegenerative disorders, but
its possible effects on developmental and adult neuroplasticity
are unknown. In the present study, we investigated the effects of
curcumin onmousemulti-potent neural progenitor cells (NPC)
and adult hippocampal neurogenesis. Curcumin exerted bipha-
sic effects on cultured NPC; low concentrations stimulated cell
proliferation, whereas high concentrations were cytotoxic. Cur-
cumin activated extracellular signal-regulated kinases (ERKs)
andp38 kinases, cellular signal transduction pathways known to
be involved in the regulation of neuronal plasticity and stress
responses. Inhibitors of ERKs and p38 kinases effectively
blocked the mitogenic effect of curcumin in NPC. Administra-
tion of curcumin to adult mice resulted in a significant increase
in the number of newly generated cells in the dentate gyrus of
hippocampus, indicating thatcurcuminenhancesadulthippocam-
pal neurogenesis. Our findings suggest that curcumin can stimu-
late developmental and adult hippocampal neurogenesis, and a
biological activity thatmay enhance neural plasticity and repair.

Neural progenitor cells (NPC)2 are the source of the neurons
and glial cells that form all brain regions during embryonic

development (1). However, the adult brain retains populations
of NPC in the hippocampus and subventricular region of the
cerebral cortex that are capable of dividing, migrating, and dif-
ferentiating into neurons (2). NPC are known to respond to
several types of environmental stimuli including physical exer-
cise (3, 4), dietary restriction (5–7), and injury (8–10) by
increasing their proliferation and/or the survival of newly gen-
erated neurons. On the other hand, chronic uncontrollable
stress can impair hippocampal neurogenesis (11, 12). A better
understanding of the factors that affect neurogenesis, and the
underlying cellular and molecular mechanisms may lead to the
development of restorative therapies for CNS injury and neu-
rodegenerative disorders such as Alzheimer diseases (AD).
Curcumin (diferuloylmethane) is a naturally occurring phe-

nolic yellow chemical isolated from the rhizomes of the plant
Curcuma longa Linn (turmeric), and is a major component of
the spice turmeric. Turmeric has traditionally been used in
India for the treatment of diseases associated with injury and
inflammation (13). Because of its ability to scavenge free radi-
cals and inhibit inflammation (14–16), curcumin has been
investigated for cancer chemoprevention and tumor growth
suppression. Recent findings suggest the possibility that curcu-
min can reduce oxidative damage and cognitive deficits associ-
ated with aging (17–19). Studies of animal models have sug-
gested that curcumin may be beneficial in neurodegenerative
conditions such as AD (20–22) and focal cerebral ischemia
(23). In addition, the curcumin treatment can protect hip-
pocampal neurons against excitotoxic and traumatic injury
(24, 25).
In addition to the direct free radical scavenging properties of

high (micromolar) concentrations of curcumin, lower concen-
trations can activate or inhibit one or more signal transduction
pathways in cells. In tumor cells, curcumin can inhibit growth
factor-mediated signaling pathways including those coupled to
extracellular-regulated kinases (26, 27) and protein kinase C
(28). On the other hand, curcumin can activate the Nrf2-ARE
and p38 MAP kinase pathways in tumor cells resulting in the
induction of the expression of phase 2 enzymes such as heme
oxygenase-1 (29). Studies of the effects of curcumin on neurons
suggest that it can induce the expression of cytoprotective pro-
teins such as heme oxygenase-1 (30). Emerging evidence sug-
gests that some phytochemicals exert their health-promoting
effects by activating one or more adaptive cellular stress
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response pathways (31). Because several of those pathways,
including those involving MAP kinase, are known to regulate
neurogenesis (32), we explored the effects of curcumin onNPC
in culture and in vivo. Our findings demonstrate that curcumin
can enhance neurogenesis via an ERK- and p38 MAP kinase-
mediated mechanism.

EXPERIMENTAL PROCEDURES

Cell Culture Methods—C17.2 cells are multipotent NPC,
which were isolated from the neonatal mouse cerebellum and
immortalized (33). C17.2 NPC have been widely used as cell
transplantation candidates for the treatment of several neuro-
degenerative disorders because they are able to integrate in the
host adult brain, and differentiate into multiple stable cell phe-
notypes after grafting (34, 35). The C17.2 NPC line (a generous
gift from C. Cepko) was maintained in plastic culture flasks in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum, 5% horse serum, and 2 mM L-glutamine in a
humidified atmosphere of 5%CO2, 95% air at 37 °C. Cancer cell
lines including embryonic carcinoma cells (P19), mouse hepa-
toma cells (H1c1c7), and human hepatoma cells (HepG2) were
grown in DMEM containing 10% fetal bovine serum and 2 mM
L-glutamine in a humidified atmosphere of 5% CO2, 95% air at
37 °C. Glioma cells (C6) were grown in the same conditions as
the C17.2 NPC. PD98059, SB203580, and SP600125 were pur-
chased from Sigma. Treatments were administered by direct
dilution into the culture medium, and an equivalent volume of
vehicle was added to control cultures. To establish cultures of
primary embryonic cortical neural stem cells, pregnant
C57BL/6 mice were sacrificed on gestational day 13 by cervical
dislocation, and embryos were collected. The brains removed
from the embryos were collected into ice-cold Ca2�- and
Mg2�-free Hank’s Balanced Saline Solution (HBSS; WelGENE
Inc., Daegu, Korea) containing 0.1 mg/ml gentamycin. Menin-
ges were removed from the brain, and the cortical neuroepithe-
lium was dissected and collected in cold HBSS. After centrifu-
gation, brain tissue was resuspended in 2mg/ml trypsin/EDTA
solution. Trypsinization was performed under gentle agitation
for 12–15 min at room temperature, and the reaction was
stopped by adding of 1.5 mg/ml trypsin inhibitor in HBSS. The
cells were dissociated by gentle trituration with a fire-polished
Pasteur pipette to yield suspensions of single cells or small cell
clusters. The dissociated cells were diluted in culture medium
(DMEM/F12 (WelGENE Inc.) containingB27 supplements and
basic fibroblast growth factor (40 ng/ml; Invitrogen) and plated
into 96-well plates or plastic culture dishes at the desired cell
densities.
Cell Proliferation Assay—Cell proliferation was assessed by

colorimetric assay using MTT assay, which is based on the
reduction of MTT by the mitochondrial dehydrogenase of
intact cells into an insoluble purple formazan product. Cells
were seeded at a density of 1 � 104 cells in 96-well plates. After
24 h, the cells were treated with different concentrations of
curcumin (0.1, 0.5, 1, 10, 20, and 50 �M). After the treatment,
medium containing curcumin was removed, cells were washed
twicewith PBS, and 200�l of 0.5mg/mlMTT in PBSwas added
to each well. The plate was incubated at 37 °C for 4 h. Then, the
cells were disrupted in solubilization solution (dimethyl sulfox-

ide (DMSO) and ethanol (EtOH), 1:1 ratio). The formazan dye
produced by viable cells was quantified in an ELISAmicroplate
reader at an absorbance of 560 nm.
Protein Analysis andWestern Blotting—The protein concen-

tration was determined by the Lowry method (Sigma) using
bovine serum albumin as a standard. Homogenized and lysed
samples were boiled for 5 min in a gel-loading buffer (125 mM
Tris-HCl, 4% sodium dodecyl sulfate (SDS), 10% 2-mercapto-
ethanol, and 0.2% bromphenol blue, pH 6.8) at a sample/buffer
ratio of 1:1. Equal amounts of protein were separated by SDS-
PAGE using 6–17% gels. The proteins were transferred from
the gel onto an Immobilon-PSQ transfer membrane (Millipore
Corp, Bedford,MA). Themembranewas immediately placed in
a blocking solution (5% nonfat drymilk in TBS-Tween (TBS-T)
buffer containing 10 mM Tris, 100 mM NaCl, and 0.1% Tween
20, pH 7.5) for 1 h at room temperature. The membrane was
washed in TBS-T buffer for 30 min and then incubated with
primary antibody at room temperature for 4 h. After two
30-min washes in TBS-T buffer, the membrane was incu-
bated with a secondary antibody for 2 h at room tempera-
ture. After washing for 40 min in TBS-T buffer, antibody
labeling was detected by enhanced chemiluminescence
(ECL) and exposed to radiographic film. Prestained blue pro-
tein markers were used for molecular weight determination.
The primary antibodies included: mouse monoclonal anti-
bodies against phospho-ERK, phospho-p38, phospho-JNK
(Santa Cruz Biotechnology, Santa Cruz, CA; 1:500 dilution);
rabbit polyclonal antibodies against ERK, p38, JNK (Cell Sig-
naling Technology, Danvers, MA; 1:500 dilution); a mouse
monoclonal antibody against �-actin (Cell Signaling Tech-
nology, 1:2500 dilution).
BrdU Immunocytochemistry—For labeling cells, BrdU was

added to the culture medium to a final concentration of 20 �M
at 37 °C for 2 h andwashedwith culturemediumwithout BrdU.
Cells were then treated with either vehicle or curcumin. Twen-
ty-four hours later, cultured cells were then fixed in 4%
paraformaldehyde in PBS, pH 7.3 and washed with PBS. For
immunostaining, fixed cells were postfixed in 70% ethanol
(in 50 mM glycine buffer, pH 2.0) at �20 °C for 20 min. Then
0.6% H2O2 in TBS was added to block endogenous peroxi-
dases. DNA was denatured by sequentially exposing cells to
heat (65 °C), acid (2 M HCl), and base (0.1 M borate buffer).
The primary BrdU antibody (rat monoclonal; Accurate
Chemicals, Westbury, NY; 1:400) was added, and the plate
was incubated overnight at 4 °C. The cells were then washed
with TBS and incubated for 2 h in the presence of biotiny-
lated secondary antibody. The cells, then, were reacted with
ABC solution (Vector Laboratories, Inc. Burlingame, CA) for
1 h at room temperature. Color development was assessed
using a DAB kit according to the manufacturer’s instruc-
tions. Cells were visualized, and images acquired using a
Zeiss 510 CSLM microscope.
Mice and Curcumin Administration—Adult (7-week-old)

male C57BL/6mice obtained fromDaehan Biolink (Chungbuk,
Korea) were maintained under temperature- and light-con-
trolled conditions (20–23 °C, 12-h light/12-h dark cycle) and
provided food andwaterad libitum.Micewere divided into two
groups for vehicle and curcumin treatment and acclimatized
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for 1 week prior to treatment. Curcumin was administered
intraperitoneally at a dose of 500 nmol/kg body weight, once
daily for 4 days. Saline was used as vehicle treatment. For eval-
uations of neurogenesis, mice from each group were given an
intraperitoneal injection of BrdU (50mg/kg body weight) twice
daily for 3 days. Half of the mice in each treatment group were
euthanized one day after the last BrdU injection, and half were
euthanized 4 weeks after the last BrdU injection.
Tissue Preparation—At day 1 or 4 weeks after curcumin

injection, mice were anesthetized, and then perfused intracar-
diallywith 4%paraformaldehyde (PFA) in PBS (pH7.4). Follow-
ing fixative perfusion, brains were removed from the cranium,
placed in the same fixation solution at 4 °C overnight, and
transferred to a 30% sucrose solution. The cryoprotected brains
were sectioned serially at 40 �m in the coronal plane using a
freezing microtome (MICROM), collected in Dulbecco’s phos-
phate-buffered saline (DPBS) solution containing 0.1% sodium
azide, and stored at 4 °C. Every section that contained the hip-
pocampal formation was saved.
Quantification of Newly Generated Neural Cells—The pro-

tocol for immunostaining of brain sections with BrdU antibody
was similar to that described previously (12). Briefly, free-float-
ing sections were treated with 0.6% H2O2 in Tris-buffered
saline (TBS; pH 7.5) to block endogenous peroxidases, and
DNA was denatured by exposing sections sequentially to heat,
acid, and base. The sectionswere incubated inTBS, 0.1%Triton
X-100, 3% goat serum (TBS-TS) for 30min, and incubated with
primary anti-BrdU antibody (rat monoclonal; Accurate

Chemicals, 1:400) in TBS-TS at 4 °C
overnight. Sections were further pro-
cessed using a biotinylated secondary
goat anti-rat IgG antibody (Vector
Laboratories, 1:200), avidin-peroxi-
dasecomplex, anddiaminobenzidine.
Stained sections were mounted onto
slides and counterstained with cresyl
violet to measure granule cell layer
area.
Double Label Immunostaining—

For double labeling of BrdU and
the neuronal marker NeuN, block-
ing with 3% normal goat serum
(Vector Laboratories) was per-
formed, and the sections were incu-
bated with rat polyclonal anti-BrdU
antibody (1:500 dilution; Accurate
Chemical & Scientific Corporation)
and mouse monoclonal anti-NeuN
antibody (1:500 dilution;Chemicon,
CA) at 4 °C overnight. For double
labeling with astrocyte marker, rab-
bit polyclonal antibody against
GFAP (Sigma, 1:500 dilution) was
used. Brain sections were then
washed with TBS and incubated for
2 h in the presence of anti-mouse
IgG labeled with Alexia Fluor-488
and anti-rat IgG labeled with Alexia

Fluor-568. Confocal fluorescence images were acquired using a
Zeiss 510 CSLMmicroscope.
Statistical Analysis—The statistical significance of the differ-

ences between control and curcumin-treated cultured cells and
mice was determined by analysis of variance (ANOVA) with
Fisher protected least significant difference (PLSD). Values of
p� 0.05were considered statistically significant. Analyseswere
performed using Statview software�.

RESULTS

Curcumin Increases the Proliferation of C17.2 NPC—To
examine the effect of curcumin on the proliferation of NPCs,
C17.2 cells growing in 96-well or 6-well plates weremaintained
in medium lacking or containing increasing concentrations of
curcumin (Fig. 1A), and the cell proliferation rate was quanti-
fied at different time points (Fig. 1B). After 24 h of curcumin
treatment, lower doses (0.1, 0.5 �M) of curcumin increased
NPC proliferation, whereas high doses (�10 �M) caused a
decrease in NPC proliferation (Fig. 1A). Among the concentra-
tions tested, 500 nM curcumin was the most effective in stimu-
lating NPC proliferation. The proliferative effects of low con-
centrations of curcumin, evaluated during a 2-day treatment
period, revealed that the proliferation-promoting action of cur-
cumin was progressively increased during the 2-day time
period (Fig. 1B). BrdU immunocytochemistrywas performed to
confirm the proliferative effects of curcumin onNPCs (Fig. 1C).
Quantification of nuclei immunostained with BrdU showed a
significant increase of NPC proliferation in cultures treated

FIGURE 1. Low concentrations of curcumin stimulate the proliferation of neural progenitor cells. A, C17.2
NPCs were seeded into 96-well culture plates and treated with the indicated concentrations of curcumin for
24 h. B, most effective dose curcumin (500 nM) was re-evaluated during a 2-day treatment period. Proliferation
of NPCs was evaluated using the MTT assay method. Each value is the mean and S.E. (n � 8 cultures). C, images
of BrdU immunoreactivity in cells treated with 20 �M BrdU (or vehicle control) for 2 h and then exposed to
curcumin for 24 h. Scale bar, 100 �m. D, BrdU immunostained cells were counted in a blinded manner; values
are the mean � S.E. (n � 4 cultures). *, p � 0.05; **, p � 0.01 compared with corresponding value for control.
Cur, curcumin.
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with 500 nM curcumin (Fig. 1D). These findings indicate that
low concentration curcumin induce the proliferation of NPCs,
while high doses of curcumin are cytotoxic.
MAPK Signaling Mediates the Proliferative Effect of Curcu-

min on NPCs—Immunoblot analysis was performed to deter-
mine whether one or more MAP kinases are activated in
response to curcumin in NPCs. Curcumin (500 nM) signifi-
cantly increased the levels of phosphorylated ERK within 30
min, with a peak increase within 1 h, and a sustained elevation
through 6 h (Fig. 2). Levels of phosphorylated p38 kinases were
also elevated in NPC treated with 500 nM curcumin. However,
phosphorylated JNK proteins were not significantly affected by
curcumin treatment (Fig. 2). Interestingly, the ERK and p38
activation induced by curcumin were transient with activity
levels returning to baseline within 24 h (supplemental Fig. S1).
MAPK Inhibitors Effectively Block Curcumin-induced Prolif-

eration inNPCs—Todeterminewhether the activation ofMAP
kinases is required for proliferation of NPCs, NPCs were

treated with the MEK/ERK inhibi-
tor PD98059, the p38 inhibitor
SB203580 or the JNK inhibitor
SP600125 prior to curcumin treat-
ment. Treatmentwith PD98059 and
SB203580 completely blocked cur-
cumin-induced proliferation of
NPCs (Fig. 3), suggesting a require-
ment for ERKs and p38MAP kinase
in the action of curcumin. In con-
trast, the JNK inhibitor SP600125
had no significant effect on curcu-
min-induced cell proliferation. The
inhibitors of ERK and p38 kinases
were also effective in decreasing the
proliferation ofNPCs in the absence
of curcumin, indicating that ERK
and p38 kinases are also involved in
the basal proliferation of NPCs.

These findings indicate that ERK and p38 kinase activation is
involved in the curcumin-mediated enhancement of prolifera-
tion in NPCs.
Cell Type-specific Proliferative Responses to Curcumin—Be-

cause previous studies of various cancer cell lines have sug-
gested that curcumin can inhibit cell proliferation, we eval-
uated the effects of 500 nM curcumin on the proliferation of
several cancer cell lines including glioma cells (C6), embry-
onic carcinoma cells (P19), mouse hepatoma cells (H1c1c7),
and human hepatoma cells (HepG2). Cells were seeded into
96-well culture plates containing medium in the absence or
presence of curcumin and cultured for 24 h. The results of
MTT assays showed that there was no proliferative effect of
500 nM curcumin on any of the tested cancer cell lines, indi-
cating the mitogenic actions of curcumin were NPC-specific
(Fig. 4A). Moreover, immunoblot analysis indicated that
curcumin did not activate MAPK signaling in the cancer cell
lines (Fig. 4B).
Curcumin Stimulates the Proliferation of Embryonic Cortical

Neural Stem Cells via the MAP Kinase Pathways—The prolif-
erative effect of curcumin was investigated on primary neural
stem cells (NSCs) established from embryonic day 13 mouse
cerebral neuroepithelium.WhenNSCswere treatedwith either
vehicle or 500 nM curcumin for 24 h, increased neurosphere
formation was observed after exposure to MTT solution (Fig.
5A). The proliferative effect of curcumin on NSCs was con-
firmed using theMTT assay (Fig. 5B). Because the ERK and p38
MAP kinase pathways mediated the proliferation-inducing
effects of curcumin in C17.2 NPCs, we determined whether
the same pathways mediated curcumin-induced prolifera-
tion of embryonic cortical NSC. Immunoblot analysis
showed that 500 nM curcumin strongly activated ERK and
p38 kinases, whereas JNK was not affected by curcumin
treatment (Fig. 6A). The MEK/ERK inhibitor PD98059 and
the p38 inhibitor SB203580 each effectively blocked the cur-
cumin-induced proliferation of embryonic mouse NSCs as
well as basal proliferation (Fig. 6B). Interestingly, unlike
C17.2 NPC, the JNK inhibitor SP600125 had a small effect on
the basal proliferation of NSC proliferation, and significantly

FIGURE 2. Evidence that curcumin induces the activation of ERK and p38 MAP kinases in neural progen-
itor cells. Whole cell extracts (35 �g/lane) from C17.2 NPC treated with the indicated concentrations of curcu-
min for the indicated time periods were subjected to immunoblot analysis using antibodies against phospho-
ERK44/42, phospho-JNK54/46, or phospho-p38. Levels of �-actin were also determined as a control for
possible protein loading variability. Blots are representative of four separate experiments.

FIGURE 3. ERK and p38 MAP kinase inhibitors block curcumin-induced
proliferation of neural progenitor cells. C17.2 NPCs treated with the indi-
cated kinase inhibitors for 12 h were then treated with 500 nM curcumin for
24 h, and MTT assays were performed. Inhibitors used were: SB203580 (p38
MAP kinase inhibitor), 10 �M; PD98059 (MEK/ERK inhibitor), 10 �M; and
SP600125 (JNK inhibitor), 10 �M. Values are the mean and S.E. (n � 8 cultures).
*, p � 0.05; **, p � 0.01 compared with corresponding value for control.
##, p � 0.01 compared with the value for cultures treated with curcumin alone.
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blocked the curcumin-induced proliferation of embryonic
mouse NSC (Fig. 6B). These data confirm that ERK and p38
kinases are more essential for cell proliferation in primary
NSCs and are closely involved in the curcumin-mediated
proliferation.
Curcumin Increases the Numbers of Newly Generated Cells in

the Dentate Gyrus of the Hippocampus in Adult Mice—To elu-
cidate the possible effects of curcumin on adult NSCs of the
hippocampus, we employed 8-week-old C57BL/6 mice. Either
curcumin or vehicle was administered intraperitoneally at a
dose of 500 nmol/kg body weight, once daily for 4 days. Based
on previously published data, we estimated that systemic
administration of 500 nmol/kg bodywould result in a peak con-
centration of curcumin in the blood of 5–6�M (22). Taking into

consideration penetration of the
blood-brain barrier, we would
expect that a 500 nmol/kg systemic
dose of curcumin would result in
roughly a 1�2 �M concentration in
the brain. To label the newly gener-
ated cells, 6 doses of BrdU were
given intraperitoneally for 3 days
beginning on the second day of cur-
cumin administration. Mice were
sacrificed at either day 1 or 4 weeks
after the last BrdU injection. The
dividing cells labeled with BrdU
were visualized by BrdU immuno-
histochemistry. At the day 1 time
point, the numbers of BrdU-posi-
tive cells in the dentate gyrus were
significantly greater in curcumin-
treated mice compared with vehi-
cle-treated control mice (Fig. 7, A
and B). At the 4-week time point,
there were slightly more BrdU-pos-
itive cells in the dentate gyrus of
mice in the curcumin group com-
pared with the control group (Fig. 7,
A and B). At the 4-week time point,
the BrdU-labeled cells were distrib-
uted throughout the entire granule
cell layer, and their nuclei were large
and round, characteristic of mature
granule neurons.
Curcumin Enhances Adult Hip-

pocampal Neurogenesis—To deter-
mine the phenotypes of the newly
generated cells, we performed dou-
ble label fluorescence immunohis-
tochemistry on the hippocampi
using antibodies against the mature
neuron-specific protein (NeuN) in
combination with the BrdU anti-
body. At day 1 after BrdU adminis-
tration, the vast majority of BrdU-
positive cells was observed in the
subgranular zone of dentate gyrus

andwas not co-labeledwith theNeuN antibodies (Fig. 8A). At 4
weeks after BrdUadministration, BrdU-positive cellswere scat-
tered throughout the dentate gyrus. Essentially all BrdU-posi-
tive cells that were located within the granule cell layer were
NeuN-positive, suggesting that most of the cells that incor-
porated BrdU in the granule cell layer differentiated into
mature neurons (Fig. 8B). To evaluate gliogenesis, double
label immunostaining with BrdU and GFAP (astrocyte
marker) antibodies was performed. We found that the
majority of newly generated cells within dentate gyrus at 4
weeks after BrdU injection were not co-labeled with GFAP
(Fig. 8C, left). These results indicate that the administration
of curcumin promotes hippocampal neurogenesis in adult
mice. Interestingly, we found that more BrdU-positive cells

FIGURE 4. The proliferative action of curcumin is selective for neural progenitor cells. A, NPCs and the
indicated lines of tumor cells (HepG2, human hepatoma; H1c1c7, mouse hepatoma; P19, embryonal carcinoma
cells; C6, glioma cells) were seeded into 96-well culture plates and cultured for 24 h. The cells were then treated
with 500 nM curcumin for 24 h, and cell proliferation was quantified using the MTT assay. Values are the mean
and S.E. (n � 6 cultures). B, whole cell extracts (35 �g/lane) from untreated and curcumin-treated cells for 2 h
were subjected to immunoblot analysis with antibodies against phospho-ERK44/42 and phospho-p38. Levels
of �-actin were determined to evaluate protein loading. One representative blot is shown from three experi-
ments that yielded similar results. *, p � 0.05 compared with corresponding value for control.

FIGURE 5. Curcumin stimulates the proliferation of embryonic mouse cortical neural stem cells. Dissoci-
ated embryonic cortical cells were diluted in culture medium and plated into 96-well plates or 35-mm culture
dishes and cultured for 2 days. The cells were treated with 500 nM curcumin for 24 h. A, neurospheres were
grown in either vehicle- or curcumin-containing medium for 24 h. Images of expanded neurospheres were taken
after exposure to MTT solution for 4 h. B, proliferation of NSCs was quantified by MTT analysis. Each value is the mean
and S.E. (n � 8). MTT-positive cells were counted, and the values are the mean � S.E. (n � 8). **, p � 0.01 compared
with corresponding value for control cultures. Scale bar, 20 �m. Cur, curcumin.
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were detected in the subventricular region of curcumin-
treated mice at day 1 after the last BrdU injection, suggesting
that curcumin stimulates the proliferation of neural stem

cells not only in dentate gyrus but
also in the subventricular region of
the cerebral cortex (Fig. 8C, right).

DISCUSSION

Previous studies have docu-
mented antioxidant and anti-in-
flammatory effects of micromolar
concentrations of curcumin in cul-
tured tumor cell lines as well as nor-
mal non-neuronal cells (17–19, 36,
37) In addition, treatment of cell
cultures and adult rodents with cur-
cumin can protect neurons from
being damaged and killed in models
relevant to the pathogenesis of AD,
Parkinson disease, and stroke (24,
38–40). The present findings dem-
onstrate a novel biological action of
curcumin, namely, enhancement of
neurogenesis. Our data show that
curcumin enhance the proliferation
of C17.2 NPC and embryonic corti-
cal NSC in culture, and NSC in the
hippocampus of adult mice. In-
creasing evidence suggests that
adult neurogenesis may play impor-
tant roles in processes such as learn-
ing andmemory. Hippocampal neu-
rogenesis is increased in response to
environmental conditions that also
improve learning and memory envi-
ronmental enrichment (12), exercise
(4), and dietary energy restriction (7).
In addition, pharmacological sup-
pression of hippocampal neurogen-
esis is associated with an impairment
of hippocampus-dependent memory
in rodents (41).
The enhancement of hippocam-

pal neurogenesis by curcumin doc-
umented in our study is similar to
the positive effects of exercise and
environmental enrichment, sug-
gesting the possibility that curcu-
min might also enhance hippocam-
pal function. Curcumin might also
be beneficial in conditions where
neurogenesis is compromised,
including aging (42), AD (43), and
diabetes (44). Indeed, curcumin
ameliorated learning and memory
deficits in a rat model of AD (45).
A concentration of 500 nM curcu-

min, which was the most effective
for inducing the proliferation of C17.2 NPCs, also stimulated
the proliferation of embryonic cortical NSCs. At concentra-
tions above 10 �M curcumin inhibited NPC growth and was

FIGURE 6. Activation of ERK and p38 MAP kinases mediates the proliferative effects of curcumin on
embryonic cortical neural stem cells. A, whole cell extracts from cortical NSC cultures that had been treated
for 2 h with 500 nM curcumin were subjected to immunoblotting with antibodies against phospho-ERK44/42,
phospho-JNK54/46, or phospho-p38. Levels of total ERK, total p38, total JNK, and �-actin were used to evaluate
protein loading. The blot shown is representative of results obtained in three separate experiments. B, ERK
and p38 MAP kinase inhibitors block curcumin-induced proliferation of embryonic mouse cortical NSCs. After
pretreatment with the indicated MAP kinase inhibitors for 12 h, NSCs were incubated with either vehicle or 500
nM curcumin for 24 h. NSC proliferation was assessed by MTT assay. Values are the mean and S.E. (n � 8). *, p �
0.05; **, p � 0.01 compared with the corresponding value for control. #, p � 0.05; ##, p � 0.01 compared with
the value for cultures treated with curcumin alone.

FIGURE 7. Curcumin administration increases the number of BrdU-positive cells in the hippocampus of adult
mice. Adult mice that were treated with either vehicle (control) or curcumin were administered BrdU and then
euthanized at either day 1 or 4 weeks later, and brain tissue sections were processed for BrdU immunostaining (see
“Experimental Procedures”). A, photomicrographs of representative coronal brain sections showing BrdU-positive
cells in the dentate gyrus of the hippocampus. Note that the numbers of BrdU-labeled cells appear greater in
sections of curcumin-treated mice compared with vehicle-treated control mice. Scale bar, 100 �m. B, quantitative
analysis of the number of BrdU-positive cells in the dentate gyrus of control and curcumin-treated mice at day 1 or
4 weeks after BrdU administration. Values are the mean and S.E. (n � 6 mice). *, p � 0.05; **, p � 0.01, compared with
the corresponding value for group control. Cont, vehicle control; Cur, curcumin; 1D, day 1; 4W, 4 weeks.
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cytotoxic, effects similar to the cytotoxic effects of curcumin in
various types of cancer cells (36, 37, 46–48). Our data suggest
that the stimulatory effect of low doses of curcumin on neural
stem cells is mediated by ERK and p38MAP kinases. Curcumin

increased the phosphorylation of ERKs and p38 MAP kinases
indicating stimulation of the activity of these enzymes. The
ability of curcumin to induce proliferation of neural stem cells
was abolished by inhibitors ofMEK/ERK and p38MAPkinases,
demonstrating a requirement for these kinases in the biological
effect of curcumin on the stem cells. Previous studies have
shown that MAP kinases mediate the proliferative effects of
growth factors on neural stem cells (49). For example, basic
fibroblast growth factor (FGF2) stimulates the proliferation of
rat neural stem cells by an ERK-mediated mechanism (50), and
FGF2 maintains mouse cortical NPC in a proliferative state
by a mechanism involving ERK-mediated up-regulation of
gap junctions (51). On the other hand, previous studies have
not clearly established the biological functions of p38 MAP
kinase in neural stem cells. Thus, p38 MAP kinase mediates
apoptosis of C17.2 NPC triggered by nitric oxide (52), but
promotes differentiation of mouse NSC (53) and mediates
the proliferative effects of FGF2 and platelet-derived growth
factor on oligodendrocyte progenitor cells (54). Interest-
ingly, we found that there was no detectable increase in ERK
or p38 MAP kinase activities in cancer cell lines in response
to 500 nM curcumin. It has been previously shown that 10 �M
curcumin treatment activates p38 MAPK in HUH7 human
hepatoma cells (29). This study indicated that a ROS-gener-
ating concentration of curcumin induces HO-1 through p38
activation. However, the much lower concentration of 500 nM
curcumin is not likely to generateROSand activate theROS stress
related p38 activation in non-neural cancer cells tested in the cur-
rent study. In light of previous findings showing that curcumin
inhibits the proliferation of various types of cancer cells (55), our
findings suggest that the effects of curcumin on cell proliferation
and MAP kinase signaling in neural stem cells are cell type-spe-
cific. The reason for this differential effect of curcumin on neural
stem cells and non-neural cancer cells remains to be determined.
Themolecularmechanismbywhich curcumin activates ERK

and p38 MAP kinases is unknown. One possibility is that cur-
cumin directly interacts with the kinases themselves, or kinases
or phosphatases upstream of the MAP kinases. Although this
has not been established, there is precedence for direct inter-
actions of electrophilic compounds such as polyphenols with
signal transduction molecules. Previous studies suggest that
electrophilic curcumin can activate the Nrf2-antioxidant
response element pathway by interacting with and dissociat-
ing the Keap-Nrf2 complex (56). Alternatively, the activation
of ERK and p38 MAP kinases may represent an adaptive
response of the cells to stress induced by curcumin. There is
considerable evidence that high (micromolar) concentra-
tions of curcumin can induce oxidative stress, and that this
may mediate its ability to trigger apoptosis in cancer cells
(57). Subtoxic doses of curcumin may therefore induce a
mild adaptive stress response that involves the activation of
ERK and p38 MAP kinases resulting in increased prolifera-
tion and survival of neural stem cells. The latter mechanism
is consistent with the hormesis hypothesis for the beneficial
actions phytochemicals on neurons (31).
It was recently reported that curcumin treatment can reverse

impaired hippocampal neurogenesis in chronically stressed
rats (58). However, in the latter study, high doses (10 and 20

FIGURE 8. Curcumin treatment enhances neurogenesis in the hip-
pocampus of adult mice. A and B, to determine the phenotypes of the
newly generated cells, brain sections from control and curcumin-treated
mice were double labeled with fluorescent probes using antibodies
against the mature neuron-specific protein (NeuN) and BrdU antibody.
BrdU-positive cells (green, proliferation marker); NeuN-positive cells (red,
mature neuron maker). Note the greater numbers of BrdU-labeled cells in
the dentate gyrus of curcumin-treated mice one day after BrdU injection
(A). Double-labeled cells (newly generated neurons: arrows) were also
greater in number in sections from curcumin-treated mice compared with
control mice. C, double label immunostaining with BrdU and GFAP (astro-
cyte marker) antibodies was performed. The majority of newly generated
cells within dentate gyrus at 4 weeks after BrdU injection were not co-
labeled with GFAP (left). Note that more BrdU-positive cells were seen in
the subventricular zone of curcumin-treated mice at day 1 after the last
BrdU injection (right). Scale bar, 100 �m (A and B top); scale bar, 10 �m (B
bottom); scale bar, 50 �m (C). Cont, control; Cur, curcumin; DG, dentate
gyrus; SVZ, subventricular zone.
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mg/kg) of curcumin were administered chronically, and the
effects of curcumin were focused on the prevention of
impaired hippocampal neurogenesis induced by chronic
stress. Similarly, most previous in vivo studies of curcumin
were focused on the ability of high doses of curcumin (5–200
mg/kg) to protect neurons against various types of stress (25,
30, 59). Interestingly, we found that a 40-fold higher dose of
curcumin fails to increase the numbers of BrdU-positive
cells and were not toxic to neural stem cells in adult hip-
pocampus (supplemental Fig. S2). These data suggest that
the level of curcumin treatment in vivo is critical to stimulate
the proliferation of neural stem cell in the hippocampus. In
addition, we found that there is no evidence of neuronal
degeneration caused by high-dose curcumin treatment in
the hippocampus (supplemental Fig. S3).
In the present study, we found that a much lower dose of

curcumin (less than 0.2 mg/kg) significantly increased the pro-
liferation of neural stem cells in adult hippocampus. Therefore,
relatively low doses of curcumin can stimulate hippocampal
neuroplasticity, a finding with important implications for pre-
ventative and therapeutic approaches for a range of neurologi-
cal disorders that involve impaired neurogenesis, including
depression (60), diabetes (44), and AD (43).
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