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Pretreatment of curcumin protects hippocampal neurons against

excitotoxin-induced cell death
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Curcumin is a natural phenolic yellow curry spice, derived from the tumeric, which has been used
for the treatment of diseases associated with oxidative stress and inflammation. Curcumin is known
to have both anti-oxidative and anti-inflammatory properties. These properties can be beneficial to
protect the brain from the neurodegenerative diseases. We now report the neuroprotective effects of
curcumin pretreatment in primary hippocampal neurons to = glutamate-induced excitotoxicity.
Pretreatment of embryonic mouse hippocampal cell cultures with low does of curcumin protected
neurons against glutamate-induced death, however, this neuroprotection was not correlated with the
modulation of oxidative stress. Interestingly, high dose of curcumin showed the cytotoxicity in
primary cultured hippocampal neurons. Immunoblot analyses showed.that.levels-of stress:response
protein HSP70 were significantly elevated in neurons exposed to low dose of curcumin, whereas
levels of cleaved PARP were increased in neurons exposed to high dose of curcumin. These findings
show that curcumin can modulate neuronal responses to glutamate, and suggest possible use of
curcumin and related compounds in the prevention and/or treatment of neurodegenerative disorders.

Key words — Apoptosis; curcumin; calcium; glutamate; hippocampal neuron; oxidative stress

Introduction

Curcumin (diferuloylmethane) is a naturally occurring
phenolic yellow curry pigment, isolated from the rhizomes
of the plant Curcuma longa Linn, that has traditionally been
used in India for the treatment of diseases associated with
injury and inflammation[15]. It has been reported that
Alzheimer’s disease in patients between 70 and 79 years
old of India is much less than that of the United States|7].
Several other epidemiologic studies also indicated that
there are a plenty of biological and pharmacological prop-
erties of curcumin, including anticarcinogenic[?], and an-
ti-inflammatory[1], and anti-oxidative effects[5]. In partic-
ular, curcumin has been shown to reduce oxidative dam-
age and amyloid pathology in Alzheimer’s disease. Since
the oxidative stress is one of major causes in the brain, the
potential neuroprotective effects of curcumin might be due
to its antioxidative property to protect the brain from free
radical-induced damage. Moreover it has been reported
that low dose of curcumin effectively disaggregates amy-
loid B-protein (AB) as well as prevents fibril and oligomer
formation, supporting the preventative effects of curcumin
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in neurodegenerative diseases[6,22,27].

Glutamate, well known excitatory neurotransmitter in
the mammalian central nervous system, is involved in
most functions of the nervous system including the control
of body movements, learning and memory, emotions, and
sensory perception[8]. Although this excitatory neuro-
transmitter normally serves the fundamental functions,
overactivation of glutamergic neurons can lead to the neu-
ronal degeneration and death. Excitotoxic neuronal cell
death is mediated by calcium influx which, if not rapidly
removed or buffered, initiates a cascade of events involv-
ing oxyradical production, mitochondrial dysfunction and
protease activation that ultimately kill the neuron. Thus,
such excitotoxic cell death is considered to contribute to
the pathogenesis of many different disorders including is-
chemic stroke, Alzheimer’s and Parkinson’s diseases, and
amyotrophic lateral sclerosis[3,24].

Heat-shock protein 70 (HSP70) is molecular chaperone pre-
sented in the cytosol, which is one class of proteins involved
in the stress response[10]. Previous studies have provided evi-
dence that HSP70 can protect neurons against excitotoxic and
oxidative insults. It has been reported that pre-induction of
HSP70 protects cultured cerebellar granule neurons against
excitotoxicity[16]. Moreover, HSP70 is induced in many neu-
ronal populations following seizures or cerebral- ischemia, in-



cluding neurons that survive the insult[17].

The present study was aimed to induce excitotoxicity to
primary cultured neurons and evaluate the neuroprotective
effects of curcumin. We found that pretreatment of curcu-
min can protect neurons against excitotoxicity by a mecha-
nism involving induction of stress-response protein.

Materials and Methods

Hippocampal Cell Cultures, Experimental Treatments
and Quantification of Neuron Survival

Primary dissociated cell cultures of embryonic rat hip-
pocampus and cortex were established from 18 day em-
bryos of ICR mice (Dae Han Bio Link Co. Ltd, Korea) as
described previously[23]. Briefly, hippocampi were re-
moved and incubated for 15 min in Ca™- and Mg”-free
Hank’s Balanced Saline Solution (WelGENE Inc., Daegu,
Korea) containing 0.2% trypsin. Cells were dissociated by
trituration and plated into poly-L-Lysine-coated plastic cul-
ture dishes containing Neurobasal Medium supplemented
with 10% B27, 2 mM L-glutamine, and 25 pM glutamate.
Following cell attachment (24 hr post-plating), the culture
medium was replaced with Neurobasal Medium without
glutamate. Experiments were performed in 7-9 day-old cul-
tures, a time period during which neurons are vulnerable
to excitotoxic and oxidative insults[20].

Cell Toxicity and Viability

Overall neuronal viability was assessed by the lactate
dehydrogenase (LDH) release from dead cells into the me-
dium as assessed of LDH assay (LDH kit, Asan, Korea)
performed in a 96 well assay format. The LDH activities
were normalized as the percentage of control of
DMSO-treated control groups (vehicle). The activity was
monitored as the oxidation of NADH at 560 nm. The neu-
ronal survival at the end stage was reconfirmed by
3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl-tetrazolium bro-
mide (MTT) assay, which is based on the reduction of
MIT by the mitochondrial dehydrogenase of intact cells
into an insoluble purple formazan product. Because pri-
mary cultured neurons were mostly postmitotic and
non-proliferating cells, the MTT analysis can be used for
detecting neuronal viability. Cells were washed twice with
PBS before 100 pl of 0.5 mg/ml MTT in PBS was added
to each well. The plate was incubated at 37T for 4 hrs.
Then, the cells were disrupted with solubilization solution

Journal of Life Science 2007, Vol. 17. No. 1 13

(dimethly sulfoxide and ethanol, 1 to 1 ratio). The for-
mazan dye produced by viable cells was quantified in an
ELISA microplate reader at absorbance 560 nm.

Measurement of Cellular Reactive Oxygen Species
Levels

ROS generation was measured as previously described,
by utilizing a fluorescence probe[9]. Briefly, primary neuro-
nal cultures were seeded onto a 96-well plate and pre-
treated with several concentrations of curcumin for 24 hrs,
and then 30 uM of 2,7-dichlorofluorescein diacetate (DCF-
DA) was added to neuronal culture for 30 min with 200 pl
of final volume. 200 pM of glutamate was administered
and changes in fluorescence intensity were measured at 30
min and 24 hrs after the glutamate administration on a
Fluorescence Plate Reader (TECAN, Austria), with ex-
citation and emission wavelengths set at 485 and 535 nm,
respectively.

Immunoblot Analysis ,

The immunoblot methods were similar to those de-
scribed previously[12]. Briefly, 50 ug of solubilized proteins
were separated by electrophoresis in a polyacrylamide gel,
transferred to a PVDF membrane, and immunoreacted with
primary antibody overnight at 4°C. The PVDF membrane
was further processed using HRP-conjugated anti-mouse
secondary antibody and a chemiluminescence detection
method (Amersham). The primary antibodies included a
mouse monoclonal antibody against HSP70 (Sigma, St.
Louis, MO; 1:5000 dilution), a mouse monoclonal antibody
against PARP (1:2000) (Chemicon, Inc., Temecula, CA), and
a mouse monoclonal antibody against -actin (Santa Cruz;
1:10000 dilution).

Results and Discussion

Glutamate induces neuronal cell death.

To evaluate the excitotoxin-induced neuronal death, we
have examined hippocampal cell cultures in the premark-
ing microscope fields. After challenge of these cells with
the excitotoxic agent, glutamate, we were able to monitor
the number of surviving and dead cells in the same micro-
scopic fields over time. Before the challenge with gluta-
mate, neurons had intact neurites and a cell body that was
smooth and round to oval in shape, and they were consid-
ered viable (Fig. 1A). However, many neurons with bead-
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Fig. 1. Primary cultured hippocampal neurons were vulnerable to glutamate-induced excitotoxicity. Primary neurons at 8-10 days
in culture showed intact neurites and healthy cell body, and they expressed the glutamate receptors making them vulner-
able to excitotoxicity (Fig. 1A). After 400 yM of glutamate insult, many neurites were beaded or fragmented, and neuronal
cell bodies were clearly destroyed primary hippocampal neurons in appearance (arrows), indicating the excitotoxicity of
glutamate to the cultured neurons (Fig. 1B). Scale bar = 50 ym.

ed or fragmented neurites were detected at 48 hrs of post
glutamate treatment and their cell body was clearly
shrunken and rough in appearance, indicating the ex-
citotoxicity of glutamate (Fig. 1B). These evaluation criteria
correlate well with vital dye staining methods[19].

Pretreatment of curcumin protects primary cultured
neurons against glutamate-induced excitotoxicity.

To determine the neuroprotective effects of curcumin,
we pretreated hippocamipal neuronal culture with several
concentrations of curcumin including vehicle control. We
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have monitored the 96-well plate neuronal cultures with
LDH release assay before and after treatment of curcumin
to evaluate the equal distribution of neurons, and neuronal
survival. There is no significant difference in basal LDH re-
lease before the pretreatment indicating that even numbers
of neurons was seeded onto 96-well plate (data not
shown). After 24 hrs of pretreatment of curcumin, the in-
creased LDH release was observed in 20 uM of curcu-
min-treated group, suggesting the cytotoxicity of high dose
of curcumin to primary cultured hippocampal neurons
{Fig. 2A). Later, primary cultured neurons were insulted

B
180 ( kk

—

-

nN

o
T

Hk ok

LDH release
{ % of control)

.
Vehicle

Vehicle 100 nM 1 uM 20 uM

Glutamate 400 yM

Fig. 2. Pretreatment of curcumin protects primary neurons from

glutamate-induced neurotoxicity. The indicated concen-
trations of curcumin were incubated with primary cultured
neurons for 24 hrs. Then, neurons were challenged with 400
M Glutamate. Medium was taken at 24 hrs after curcumin
treatment (A) and 48 hrs after glutamate challenge (B) to
measure the neuronal toxicity by LDH release into medium.
Cell viability of neurons at 48 hrs after glutamate insult was
confirmed by MTT analysis (C). Data were expressed as
mean = SEM (n=8). ** P < 0.01, compared with vehicle with
glutamate administration (ANOVA with Fisher’s protected
least significant difference (PLSD) procedure).
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Fig. 3. The effects of curcumin on the intracellular reactive oxygen species generation. Glutamate-induced ROS was measured by
DCF-DA incorporation. After 24-hrs pretreatment of curcumin, neurons were challenged with 400 uM of glutamate, and
DCF-fluorescence was monitored at 0.5 hr and 24 hrs after glutamate administration. Data were expressed as mean + SEM
(n=6). * P < 0.05, ** P < 0.01, compared with vehicle with glutamate administration (ANOVA with Fisher's protected least

significant difference (PLSD) procedure).

by excitotoxin after the pretreatment of curcumin and
vehicle. Low doses of curcumin pretreatment effectively
protect the primary cultured neurons from glutamate-in-
duced excitotoxicity, while high dose of curcumin ex-
acerbates the neuronal death (Fig. 2B). These LDH release
data were confirmed by MTT analysis, clearly indicating
that significantly more neurons survived exposure to gluta-
mate in cultures that had been pretreated with low doses
of curcumin. However, high dose of curcumin pretreat-
ment seems to be toxic to neurons and exacerbate the glu-
tamate-induced neuronal toxicity (Fig. 2C). The cytotoxicity
of high dose of curcumin has been reported in primary ret-
inal cultures[18], and several cancer cell lines including co-
lon cancer and neuroblastoma[4,13,26].

ROS levels were not modulated by low dose of
curcumin pretreatment.

Since most studies have already shown the direct anti-
oxidative properties of curcumin[25], we examined the pre-
treatment effects of curcumin on reactive oxygen species
(ROS) to explain the neuroprotective effects of curcumin.
Neurons were pretreated with several concentrations of
curcumin for 24 hrs, and ROS levels were analyzed at 0.5
hr and 24 hrs after glutamate challenge by utilizing
DCE-DA fluorescence probe. Intracellular ROS generation
in primary cultured neurons was slightly elevated by giu-
tamate insult, and levels of ROS were significantly in-
creased at 24 hrs of incubation with glutamate. Although
there are a decreasing trend of ROS levels in curcu-

min-treated group, levels of ROS were not significantly dif-
ferent from vehicle and low dose of curcumin at which
neurons were protected from glutamate-induced toxicity
{Fig. 3). We found that 20 uM of curcumin treated group
showed a significant decrease in intracellular ROS level
compared to other group. However, the decreased ROS
levels might be caused by the less availability of metabol-
ically active neurons to generate ROS because there is a
significant neuronal loss in 20 pM curcumin-pretreated

group.

Neuroprotective effects of curcumin pretreatment
might be involved in the preconditioning mechanism
of mild stress.

Because the neuroprotective effects of curcumin is not de-
rived from the reduced oxidative stress in primary cultured
neurons in the present study, we determined the effects of
curcumin on “preconditioning” effects of mild stress have
been reported in studies of cultured neurons[11,14,28]. There
was an increase in levels of HSP70 in neurons exposed to
low dose of curcumin for 24 hrs, but not to high dose (Fig.
4), suggesting that the excitoprotective mechanism of action
of curcumin might involve a mild stress response. Since a
similar preconditioning mechanism could account for the
neuroprotective effect of curcumin we observed, this ap-
pears to be the case because curcumin causes an increase
in levels of the stress protein, HSP70. PARP is a highly con-
served nuclear enzyme and is shown that PARP cleavage
is mediated by caspase-3 activity occurs at the onset of apop-
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Fig. 4. Levels of HSP70 protein increased in primary cultured
neurons following expose to low dose of curcumin.
Whole cell extracts from pretreatment with the in-
dicated concentration of curcumin, were prepared for
western blot analysis. Cell proteins (50 ug/lane) were
separated by SDS-PAGE, transferred to a PVDF mem-
brane and immunoreacted with antibodies against
HSP70 and PARP. The PVDF membrane was stripped
and re-probed with anti B-actin antibody to evaluate
the equal loading.

tosis[21]. Interestingly, levels of 85 kD-cleaved product of
PARP were significantly increased in neurons pretreated
with 20 uM of curcumin, indicating that high dose of curcu-
min induces apoptosis in primary neurons.

In conclusion, our findings show the neuroprotective ef-
fects of curcumin pretreatment and propose the curcu-
min-mediated important signaling in primary cultured neu-
rons because low doses of curcumin pretreatment effectively
protected neurons against glutamate-induced excitotoxicity.
The present demonstration of the dose-dependant actions of
curcumin suggests not only the potential efficacy in the neu-
rology clinic, but also the harmful toxicity to neurons with
high dose treatment.

Acknowledgments

This work was supported for two years by Pusan
National University Research Grant.

References

1. Abe, Y., S. Hashimoto and T. Horie. 1999. Curcumin in-
hibition of inflammatory cytokine production by human
peripheral blood monocytes and alveolar macrophages.
Pharmacol Res 39, 41-47.

2. Aggarwal, B. B, A. Kumar and A. C. Bharti, 2003.
Anticancer potential of curcumin: preclinical and clinical
studies. Anticancer Res 23, 363-398.

3. Arundine, M. and M. Tymianski. 2003. Molecular mecha-
nisms of calcium-dependent neurodegeneration in

10.

11.

12.

13.

14.

15.

16.

17.

excitotoxicity. Cell Calcium 34, 325-337.

Atsumi, T., Y. Murakami, K. Shibuya, K. Tonosaki and S.
Fujisawa. 2005. Induction of cytotoxicity and apoptosis
and inhibition of cyclooxygenase-2 gene expression, by
curcumin and its analog, alpha-diisoeugenol. Anticancer
Res 25, 4029-4036.

Das, K. C. and C K Das. 2002. Curcumin
(diferuloylmethane), a singlet oxygen ((1)O(2)) quencher.
Biochem Biophys Res Commun 295, 62-66.

Frautschy, S. A, W. Hu, P. Kim, S. A. Miller, T. Chu, M.
E. Harris-White and G. M. Cole, 2001. Phenolic anti-in-
flammatory antioxidant reversal of Abeta-induced cogni-
tive deficits and neuropathology. Neurobiol Aging 22,
993-1005.

Ganguli, M., V. Chandra, M. 1. Kamboh, J. M. Johnston,
H. H. Dodge, B. K. Thelma, R. C. Juyal, R. Pandav, S. H.
Belle and S. T. DeKosky. 2000. Apolipoprotein E poly-
morphism and Alzheimer disease: The Indo-US
Cross-National Dementia Study. Arch Neurol 57, §24-830.
Hudspith, M. J. 1997. Glutamate: a role in normal brain
function, anaesthesia, analgesia and CNS injury. Br |
Anaesth 78, 731-747.

Kim, H. ], K. W. Kim, B. P. Yu and H. Y. Chung. 2000.
The effect of age on cyclooxygenase-2 gene expression:
NF-kappaB activation and IkappaBalpha degradation. Free
Radic Biol Med 28, 683-692.

Koroshetz, W. J. and J. V. Bonventre. 1994. Heat shock re-
sponse in the central nervous system. Experientia 50,
1085-1091.

Lee, J., A. J. Bruce-Keller, Y. Kruman, S. L. Chan and M.
P. Mattson, 1999. 2-Deoxy-D-glucose protects hippo-
campal neurons against excitotoxic and oxidative injury:
evidence for the involvement of stress proteins. ] Neurosci
Res 57, 48-61.

Lee, J., S. L. Chan, C. Lu, M. A. Lane and M. P. Mattson.
2002. Phenformin suppresses calcium responses to gluta-
mate and protects hippocampal neurons against
excitotoxicity. Exp Neurol 175, 161-167.

Liontas, A. and H. Yeger. 2004. Curcumin and resveratrol
induce apoptosis and nuclear translocation and activation
of p53 in human neuroblastoma. Anticancer Res 24,
987-998.

Liv, Y., H. Kato, N. Nakata and K. Kogure. 1993.
Temporal profile of heat shock protein 70 synthesis in is-
chemic tolerance induced by preconditioning ischemia in
rat hippocampus. Neuroscience 56, 921-927.

Lodha, R. and A. Bagga. 2000. Traditional Indian systems
of medicine. Ann Acad Med Singapore 29, 37-41.
Lowenstein, D. H.,, P. H. Chan and M. F. Miles. 1991. The
stress protein response in cultured neurons: character-
ization and evidence for a protective role in excitotoxicity.
Neuron 7, 1053-1060.

Lowenstein, D. H., R. P. Gwinn, M. S. Seren, R. P. Simon,
and T. K. Mclntosh. 1994. Increased expression of mRNA
encoding calbindin-D28K, the glucose-regulated proteins,
or the 72 kDa heat-shock protein in three models of acute



18.

19.

20.

21.

22,

23.

CNS injury. Brain Res Mol Brain Res 22, 299-308.
Matteucci, A., C. Frank, M. R. Domenici, M. Balduzzi, S.
Paradisi, G. Camovale-Scalzo, G. Scorcia and F.
Malchiodi-Albedi. 2005. Curcumin treatment protects rat
retinal neurons against excitotoxicity: effect on N-meth-
yl-D: -aspartate-induced intracellular Ca(2+) increase. Exp
Brain Res 167, 641-648.

Mattson, M. P., M. Murrain, P. B. Guthrie and S. B. Kater.
1989. Fibroblast growth factor and glutamate: opposing
roles in the generation and degeneration of hippocampal
neuroarchitecture. ] Neyrosci 9, 3728-3740.

Mattson, M. P, H. Wang and E. K. Michaelis. 1991.
Developmental expression, compartmentalization and
possible role in excitotoxicity of a putative NMDA re-
ceptor protein in cultured hippocampal neurons. Brain
Res 565, 94-108.

Nicholson, D. W, A. Ali, N. A. Thornberry, J. P.
Vaillancourt, C. K. Ding, M. Gallant, Y. Gareau, P. R.
Griffin, M. Labelle, Y. A. Lazebnik and et al. 1995.
Identification and inhibition of the ICE/CED-3 protease
necessary for mammalian apoptosis. Nature 376, 37-43.
Ono, K., K. Hasegawa, H. Naiki and M. Yamada. 2004.
Curcumin has potent anti-amyloidogenic effects for
Alzheimer’s beta-amyloid fibrils in vitro. | Neurosci Res
75, 742-750.

Pang, Z. and ]. W. Geddes. 1997. Mechanisms of cell
death induced by the mitochondrial toxin 3-nitro-

25.

26.

27.

28.

Journal of life Science 2007, Vol. 17. No. 1 17

propionic acid: acute excitotoxic necrosis and delayed
apoptosis. | Neurosci 17, 3064-3073.

. Sattler, R. and M. Tymianski. 2000. Molecular mecha-

nisms of calcium-dependent excitotoxicity. ] Mol Med 78,
3-13.

Scapagnini, G., C. Colombrita, M. Amadio, V. D'Agata,
E. Arcelli, M. Sapienza, A. Quattrone and V. Calabrese.
2006. Curcumin activates defensive genes and protects
neurons against oxidative stress. Antioxid Redox Signal 8,
395-403.

Su, C. C, G. W. Chen, ]. G. Lin, L. T. Wu and J. G.
Chung. 2006. Curcumin inhibits cell migration of human
colon cancer colo 205 cells through the inhibition of nu-
clear factor kappa B /p65 and down-regulates cyclo-
oxygenase-2 and matrix metalloproteinase-2 expressions.
Anticancer Res 26, 1281-1288.

Yang, F., G. P. Lim, A. N. Begum, O. ]. Ubeda, M. R. ~
Simmons, S. 5. Ambegaokar, P. P. Chen, R. Kayed, C. G.
Glabe, S. A. Frautschy and G. M. Cole. 2005. Curcumin
inhibits formation of amyloid beta oligomers and fibrils,
binds plaques and reduces amyloid in vivo. | Biol Chem
280, 5892-5901.

Yu, Z., H. Luo, W. Fu and M. P. Mattson. 1999. The en-
doplasmic reticulum stress-responsive protein GRP78 pro-
tects neurons against excitotoxicity and apoptosis: sup-
pression of oxidative stress and stabilization of calcium
homeostasis. Exp Neurol 155, 302-314.

ZZ : Curcumin®| HXE|= excitotoxinOl 2let MEZAIHZEE SHOIAMZAMEES BES

U2H - 725 - BAs - olRIY
S SFTS ofstal, AohERTA, BEARAUAE

Curcuming A4e) EAsts 349 By
AeE 2EFH 29 WAGS Y HET o 249
3 o g AAZE o 2R HE

sul2RE dojn
2e 3EEgg. 2y o8

Al HSP700] =
PARPY) 4& 1
A& curcumino] exc1totox1n?_1 glutamateodl] o 3k

d eSS HIAY AAESAMY o g

379

B A FAgoH its 2 FEFY AZE 7R QoA

AR Z AHEEIA itk o] H ¢ curcuming] F4Hsl B FlF
B3gsted 8304 A4 & gtk £ dtAe glutamated]
2] 3} excitotoxicity 258 vl AHNEE B35 curcuming 4

NARS A ety Bagch elo} A

AANZTE AEEY curcumin® 2 AA & A%, AAALE glutamateo] 93 HEAIEZ
ARREEHE ’&ﬂ"Eiﬂ*A ZARE
curcumin AA AL Q37 Zuu]F AAMEY] AEA G
iEQ} curcuming H3}AES o FAHsA Fristded v

=9 curcuming A 3QE W FF 0| immunoblot B4-& F3lo] FAH AT
ﬂﬁ"ﬂg’] I:”'o = _:‘7“—_;]?;_}‘ "/;: 9\1%’% EC’:]TJ_ CurcummFJr 3’,—1—
85 o2o beAdg Arsta Aok

339 IV EAE 2529

& GRStk ATARATAN AEY A Bg v

I AzAE Y vhAQ ddd
olgd &



