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This study investigated the neuroprotective effects of the curcuminoids against lead-induced
neurotoxicity. The results show that lead significantly increases lipid peroxidation and reduces the
viability of primary hippocampal neurons in culture. This lead-induced toxicity was significantly curtailed
by the co-incubation of the neurons with the curcuminoids. In a whole animal experiment, rats were
trained in a water maze and thereafter dosed with lead and/or curcumin (CURC), demethoxycurcumin
(DMC), or bisdemethoxycurcumin (BDMC) for 5 days. Animals treated with curcumin and demethoxy-
curcumin but not bisdemethoxycurcumin had more glutathione and less oxidized proteins in the
hippocampus than those treated with lead alone. These animals also had faster escape latencies
when compared to the Pb-treated animals indicating that CURC- and DMC-treated animals retain
the spatial reference memory. The findings of this study indicate that curcumin, a well-established
dietary antioxidant, is capable of playing a major role against heavy metal-induced neurotoxicity and
has neuroprotective properties.

KEYWORDS: Curcumin; antioxidant; lipid peroxidation; protein oxidation; glutathione; spatial reference
memory; neuroprotection

INTRODUCTION act as a metal chelator. Metals play an important role in neural
toxicity. Research has shown the involvement of metals in
neurodegenerative disorders such as Alzheimer’s disease, prion
disease, mitochondrial disorders, Wilson’s disease, and Parkin-
son’s disease (12). The heavy metal lead (Pb) is known to be
cological activities including anti-inflammatory propertie,( toxic even at low concentrations and exerts extensive damage

powerful antioxidant activity4), anti-protease activitysj, and to the brain, causing severe learning and memory disabilities.
cancer preventative propertieg) (It has also been reported that Lead has been characterized by the U.S. surgeon general as “one
curcumin is a more potent free radical scavenger than vitamin Of the greatest environmental threats in America”. This was
E (7). Studies have shown that curcumin is a powerful scavenger based on the observation that 1 in 20 children under the age of
of the superoxide anion, the hydroxyl radical, and nitrogen 6 with blood Pb levels greater than 1@/dL (13) exhibited
dioxide @) and that it also protects DNA against singlet-oxygen- deficits in cognitive function and behavioil4). This heavy
induced strand breaks (9) and lipids from peroxidati@f)( metal has also been shown to induce oxidative daméage (
Oral administration of curcumin has been shown to be centrally 16). Recent studies show that Pb may be toxic through the
neuroprotective X1). In addition to curcumin, th€. longa disruption of the delicate prooxidant/antioxidant balance that
rhizome also contains structurally related compounds demethoxy-exists within mammalian cellsLB). In vivo studies suggest that
curcumin (DMC) and bisdemethoxycurcumin (BDMC). Pb is capable of generating reactive oxygen species, thus altering
The neuroprotective effects of curcumin are not fully the antioxidant defense systems in animalg)(In a previous
understood. Apart from the antioxidant and free radical scav- study we demonstrated that curcumin reduces Pb- and cadmium-
enging properties of curcumin, another possibility is that it could induced neurotoxicity in rat hippocampal neurons through its
antioxidant and metal binding properties (16).

The polyphenolic flavonoid curcumin (CURC) found in
turmeric is a yellow curry spice with a long history of use in
traditional Indian diets and herbal medicine 2), Curcumin
(diferuloyl methane) fronCurcuma longahas many pharma-
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MATERIALS AND METHODS sample that remained were added 0.5 mL BHT (0.05% in ethanol) and
. . 1 mL TCA (25%). These were boiled for 10 min to release protein
Chemicals and ReagentsCurcumin (65% pure), lead acetate, poung malondialdehyde (MDA), cooled, and centrifuged at 8000
butylated hydroxytoluene (BHT), 2-thiobarbituric acid (TBA), 1,1,3,3-  kqjiowing centrifugation, 2 mL of the protein free supernatant was
tetramethoxypropane (99%), MTT (3,(4,5-dimethylthiazol-2-yl)2,5-  removed from each tube and 0.5 mL aliquots of 0.33% TBA were added
diphenyltetrazolium bromide), trypsin, trypsin inhibitor, trypan blue, 5 ths fraction. All tubes were heatedrfd h at 95°C in a water bath.
cytosineg-p-arabinofuranoside, 2,4-dinitrophenylhydrazine,;-8ljhio- Adter cooling, the TBA-MDA complexes were extracted with 2 mL of
bis-nitrobenzoic acid (DTNB), and reduced glutathione (GSH) were butanol. The absorbance was read at 532 nm, and MDA levels were

purchased from Sigma Chemicals Corporation, St. Louis, MO. Trichlo- getermined from a standard curve generated from 1,1,3,3-tetramethox-
roacetic acid (TCA), ethanol, methanol, dichloromethane, and butanol y5ropane. Final results are represented as nmoles MD/&#IG.

were purchased from Saarchem, Johannesburg, South Africa. Eagle’'s ™ agqqy for Cell Survival. Cell survival was evaluated by the MTT
Minimum Essential Medium (MEM), foetal calf serum (FCS), and (3 4 5_gimethyithiazol-2-yl)-2,5-diphenyltetrazolium bromide] reduc-
sterile disposable cell scrapers were purchased from Highveld Bio- i, assay as described in r&® with minor modifications.

logicals, South Africa. Tissue culture flasks (25%m@nd Falcon tubes After the 3 h incubation period, the cells were gently washed thrice
were purchased from Corning Costar (USA). Sodium benzylpenicillin with 3 mL of PBS and 1 mL of ,fresh MEM added. The cells were
(Novopen), Streptomyc?n sulfate (Novo-_Strep) and Amphoterici_n B loaded with 0.5 mL of MTT dye at a final concentration of 1 mg/mL.
(Funglzone) were SUpPI'Ed by .NOVO Nordisk (Pty) Ltd., South Airica. The cells were further incubated for 2 h after which the cells were
Semlpreparat_l\_/e aluminum thin layer chromatography (TLC) plates scraped off the culture flasks using a cell scraper and transferred to a
coated with silica gel 60, Type F254 (0.25 mm) were purchased from test tube. The culture flasks were rinsed with 1 mL of ice cold PBS

Merk, D.armstadt, Germar?y. . . and transferred to the test tubes. The test tubes were centrifuged for 15
Isolation of the Curcuminoids from Curcumin (65% Pure). The in 5t 3000after which the supernatant was carefully poured off and
curcuminoids were separated by employing preparative TLC. Curcumin he resulting pellet dissolved in DMSO. The absorbance was read at

(65% pure) was dissolved in dichloromethane to produce a 0.05 g/mL 570 nm. The results were expressed as percentage viabifityélle.
solution and was spotted onto the TLC plates. The plates were The controls were taken as 100% viable.

developed in a tank containing dichloromethane and methano_l_(97:3) Animal Treatment Protocol. For the purposes of intraperitoneal

as the eluent. Once developed, each band was cut out, the silica wasyjections, the curcuminoids were solubilized in ethyl oleate and injected
scraped off the plates, and the curcuminoids were re-extracted from 4; 5 qose of 30 mg/kg/bd for 5 days, and lead acetate was dissolved in
the silica using dichloromethane. The dichloromethane was evaporatedMi"i_Q water and injected at a dose of 20 mg/kg/od for 5 days)(

in vacuo. The purity of the curcuminoids obtained was tested by thin g ¢\rcuminoids were injected every morning between 8:00 and 9:00
layer chromatography, nuclear magnetic resonance (NMR) and mass, g every evening between 17:00 and 18:00. Pb was injected at 12:00.
spectrometry (MS). More details are available in the Supporting Fjye animals from each group were sacrificed on the morning of the
Information section. sixth day by cervical dislocation, and their hippocampi were analyzed

Animal Care. Adult male and female rats of the Wistar strain, for the protein carbonyl and GSH content. These animals were referred
weighing between 250 and 300 g, were purchased from South African tg as the day= 1 animals. Animals from the behavioral studies group
Institute for Medical Research (Johannesburg, South Africa). The \ere sacrificed at the end of the study, (14 days later), and their
animals were housed in a controlled environment with a 12 h I|ght h|ppocamp| were also analyzed for the protein Carbonyl and GSH
dark cycle, and they were given access to food and water ad libitum content. These animals were referred to as the=ddyt animals. All
The Rhodes University animal ethics committee approved protocols prains were rapidly removed, dissected, frozen in liquid nitrogen, and
for the experiments. stored at—70 °C until use.

Cell Culture. Hippocampi were dissected out of 1 day old rat pups.  Water Maze Task. The water maze task was carried out for 14
The tissue was chopped into fine pieces and thereafter triturated severabays after the treatment regime. The apparatus consisted of a circular
times using a fire-polished pipet to yield dissociated cells. The sample water tank (150 cm in diameter and 40 cm high). A platform (12.5 cm
was then incubated for 10 min at 3 in 0.1% trypsin, centrifuged to in diameter and 31 cm high) invisible to the rats, was set inside the
collect the pellet, and resuspended in MEM. This stock was diluted to tank and filled with water maintained at approximately’Z3at a height
obtain a density of 1x 10° viable cells per 1 mL of MEM. A of 33 cm. The tank was located in a large room where there were several
hemeocytometer was used to count viable neurons which exclude trypangprightly colored cues external to the maze; these were visible from the
blue. MEM was supplemented with FCS to produce a final concentra- pool and could be used by the rats for spatial orientation. The position
tion of 16% (v/v). This was also supplemented with Penicillin (100 of the cues remained unchanged throughout the study. Animals were
U/mL), Streptomycin (10@&g/ mL), Amphotericin B (2.5:g/mL), and trained for 4 days before being treated. For each training session, each
cytosine (1QuM final concentration). Neurons were allowed to attach  rat was put into the water at one of four starting positions, the sequence
to the surface of the culture flask for 28 h, after which the MEM of which being selected randomly. Training was conducted for 4
was discarded and replaced with 3 mL of fresh MEM. This MEM was  consecutive days, twice a day, with each session consisting of 4 trials.
supplemented with 10% FCS anduM cytosine. Cell culture flasks  During test trials, rats were placed into the tank at the same starting
were kept in an incubator set at 3¢, the humidity was maintained  point, with their heads facing the wall. The time taken for each rat to
between 75 and 80%, and the £@as kept at approximately-57%. find the hidden platform from the starting point was measured by a
Cultures were bathed regularly with sterile phosphate buffered saline person unaware of the experimental conditions.

(PBS), pH 7.4. Six to eight day old cultures were used for the  protein Carbonyl Measurement. The assay was conducted ac-
experiments. Before experimentation, each flask was washed twice with cording to a modified method of (20).

3 mL of PBS. Thereafter 1 mL of fresh MEM was added. Cells were  Rat hippocampi homogenates (10% wiv in PBS) were diluted with
incubated for 3 h with lead acetate (M) with and without varying  pyffer to 5 mg/mL. To this was added streptomycin sulfate (1% final
concentrations of the curcuminoids (50, 100, and 480. Controls — ¢oncentration), and the mixture was gently stirred for 15 min and
were free of lead and curcuminoids. Following the 3 h incubation thereafter centrifuged at 110§@r 10 min at 4°C. The supernatant
period, cell culture flasks from each group were used for the lipid was collected and diluted to 1 mg/mL. TCA was added at a final

peroxidation and cell survival assays. concentration of 10% to precipitate proteins. Samples were centrifuged
Lipid Peroxidation Assay. A modified method of {8) was usedto  at 11000g, and the pellet was recovered and diluted in buffer to yield
measure lipid peroxidation. a 1 mg/mL suspension. An aliquot of 0.5 mL of 2,4-dinitrophenylhy-

After the 3 h incubation period, cells were scraped off the surface drazine (2 mM final concentration) was added to each tube, and the
of the culture flasks using a cell scraper and transferred to test tubes.mixture was incubated at room temperature for 1 h with vortexing every
After centrifuging for 10 min at 600g, the media was discarded and 10—15 min. Proteins were precipitated with TCA and recovered after
the cells were re-suspended in 1.1 mL of PBS. A A4QGaliquot was centrifuging for 10 min at 110@ The pellet was washed twice with
removed for enumeration using a hemeocytometer. To the 1 mL of a 1 mL mixture of ethanol and ethyl acetate (1:1) and then dissolved
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in 0.6 mL of 6 M guanidine. The absorbance was read at 370 nm, and
the protein carbonyl content was calculated using a molar absorption
coefficient of 22000 M'cm™®. Results are expressed as nmol/mg
protein. Protein estimation was performed using the method described
by (21).

Glutathione Measurement.Glutathione levels were measured using
a method previously described in r2R. Briefly, to 0.5 mL of rat
hippocampi homogenates (5% wi/v in PBS) were added 1.5 mL of 0.2
M Tris-HCI (pH 8.2), 0.1 mL of 0.01 M DTNB, and 7.9 mL of
methanol, and the mixture was incubated for 30 min at room
temperature. Thereafter the incubation mixture was centrifuged ag3000
for 15 min, and the supernatant read at 412 nm. The glutathione levels
were determined from a standard curve generated from GSH and are 100
expressed as nmol GSH/mg tissue. Curcuminoid concentration (uM) and Pb 10 uM

Statistical Analysis.The GSH, protein carbonyl, lipid peroxidation, O control = Pb10uM CURC and Pb 10uM
and cell viability assay results were analyzed using a one-way analysiS |3 DMC and Pb 10uM & BDMC and Pb 10uM
of the variance (ANOVA) followed by the StudeANewman—Keuls ! o . .
Multiple Range Test. The level of significance was accepted at Figure 1. Effect of the curcuminoids on Pb (10 x«M)-induced lipid
0.05. The behavioral study results were analyzed using repeatedPeroxidation in primary hippocampal neurons. Each bar represents the
measures ANOVA with group as a factor and latency measured over mean = SD (n = 4). #p < 0.001 as compared to controls. *p < 0.05, **p
14 days. Scheffes’ test for multiple group comparison was used for < 0.01, and **p < 0.001 as compared to Pb (10 «M) groups. Results
post hoc analysis. The level of significance used was 0.05. were analyzed using a one-way ANOVA followed by the Student—

Newman—Keuls multiple range test.

nmoles MDA/10° cells

RESULTS

110 -

Curcumin (65% pure) produced three distinct spots on the .
TLC plate with R values of 0.83, 0.61, and 0.5 belonging to b
CURC, DMC, and BDMC, respectively. The purified fractions
of the curcuminoids show only one spot each with each fraction
having the respectivi value.’*C NMR (DMSO-dg, 100 MHz)
and ESI-MD data of the curcuminoid fractions indicate the
presence of 21, 20, and 19 carbons for CURC, DMC, and
BDMC, respectively. CURC shows two shifts @t 55.6 60
indicating the presence of two methoxy groups ,while DMC
shows one shift, and none were observed for BDMC. CURC 50 o -
shows no contamination by the other curcuminoids and was curcuminoid concentration (uM) and Pb 10 M
thought to be more than 95% pure by both NMR and mass O control W Pb 10uM = CURC and Pb 10uM
spectroscopy. The DMC obtained was puré'dyand*C NMR 0 DMC and Pb 10uM B BDMC and Pb 10uM
spectroscopy, but it was found to contain an insignificant amount Figure 2. Effect of the curcuminoid and Pb (10 «M) on the viability of
of CURC (10% relative abundar_me_ to the DMC molecular ion). primary hippocampal neurons. Each bar represents the mean + SD (n =
The NMR _spectra of BD.MC indicated a small amount of 4). #p < 0.001 as compared to controls. **p < 0.01 and ***p < 0.001 as
contamination by !DMC, while the mass spectra obtained showed compared to Pb (10 M) groups. Results were analyzed using a one-
that BDMC pontalned CURC (relative ab‘!”dance Of, 21,%) and way ANOVA followed by the Student—Newman—Keuls multiple range test.
DMC (relative abundance of 17%). This curcuminoid was
therefore found to be the least pure. Low-resolution ESI-MS
show molecular ions of [Mt 1] 369.2 amu for CURC, [Mt to escape of animals treated with BDMC show no significant
1] 339.2 amu for DMC, and [Mt 1] 309.2 amu for BDMC. difference compared animals treated with Pb only. There was
Experimental details and relevant spectra are included in theno significant difference in the latency to escape between the
Supporting Information section. animals treated with CURC and DMC.

Figure 1 shows that the co-incubation of primary hippoc- imals th ificed i diatelv after th
ampal neurons with Pb (1@M) significantly (p < 0.001) Animals that were sacrificed immediately after the treatment

increases MDA levels; however co-incubation of the neurons "€9ime (day= 1) and those that were dosed with Pb show a
with the curcuminoids reduces the lipid peroxidation in a Significant decrease in the amount of GSH in the rat hippoc-
concentration-dependent manner. The curcuminoids also im-a2mpus (Figure 4). However CURC and DMC, but not BDMC,
prove the viability of the neurons (seigure 2) that was prevent this decrease in the GSH content. Animals sacrificed
significantly (p < 0.001) reduced by Pb (16M). However, at the end of the study (day 14), show insignificant changes
BDMC fails to reduce lipid peroxidation at 5¢M while both in the GSH content in rat hippocampus when compared to
DMC and BDMC fail to enhance neuron viability at the lower controls. The GSH content in Pb-only-dosed animals had
concentration (5@M). CURC appears to be the most potent improved (p< 0.05) when compared to controls.

antioxidant of those tested. - . . .

The resultsKigure 3) show a significant difference in latency . A\S Shown inFigure 5, animals treated with Pb and sacrificed
to escape between the grouis s = 21.3,p < 0.001). Post  immediately after the treatment regime had an increased amount
hoc analyses (Scheffé tests) show that the latency to escape (ove"?f oxidized proteins compared to the control group. Treatment
14 days) of animals treated with Pb only was significantly longer With CURC and DMC, but not BDMC, significantly reduces
compared to the control group (® 0.001). Animals treated  protein oxidation. All curcuminoid-treated animals sacrificed
with CURC and DMC have significantly shorter escape times at the end of the behavioral studies show lower amounts of
compared to the Pb-treated animgts<{ 0.001). The latency  oxidized proteins compared to animals treated with Pb only.
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120 =g control

~#— Fb 20mg/kglod x 5 days
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and Pb 20mg/kalod x 5 days
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Figure 3. Performance in the water maze task of rats treated with Pb or
with Pb and the curcuminoids. Trials were conducted after animals were
injected for 5 days with Pb (20 mg/kg/od) or Pb (20 mg/kg/od) and
curcuminoids (30 mg/kg/bd). Each point shows the average time taken
for 10 rats. Trials were conducted once daily, every day for 14 days.
Results were analyzed using repeated measures ANOVA with group as
a factor and latency measured over 14 days. Scheffes’ test for multiple
group comparison was used for post hoc analysis.
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Figure 4. Effect of Pb alone or Pb and curcuminoid treatment on rat
hippocampal glutathione content. Hippocampi from animals were analyzed
after 5 days of treatment (day 1) or at the end of the behavioral studies
(day 14). Each bar represents the mean + SD (n = 5). #p < 0.001 in
comparison to controls. *p < 0.05 and **p < 0.01 in comparison to Ph-
only-dosed animals. Results were analyzed using a one-way ANOVA
followed by the Student—-Newman—Keuls multiple range test.

DISCUSSION
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Figure 5. Effect of Pb alone or Ph and curcuminoid treatment on rat
hippocampal protein carbonyl levels. Hippocampi from animals were
analyzed after 5 days of treatment (day 1) or at the end of the behavioral
studies (day 14). Each bar represents the mean = SD (n = 5). #p < 0.01
and @p < 0.05 in comparison to controls. *p < 0.05 and **p < 0.01 in
comparison to Pb-only-dosed animals. Results were analyzed using a
one-way ANOVA followed by the Student—-Newman—Keuls multiple range
test.

methoxy group, while BDMC has no methoxy groups. This
could explain why CURC is more potent in reducing lipid
peroxidation than BDMC.

Pb is thought to exert its toxicity by disrupting calcium-
dependent mechanisms. Pb and calcium compete for the same
binding sites on proteins belonging to a large family of ion
binding proteins, and Pb often substitutes for calcium in such
proteins @7). Evidence exists to support the hypothesis that
calcium signaling is altered in Pb exposed r&B8)( It has been
shown that calcium (CG4) influx during glutamate insults results
in excitotoxicity 29) and subsequently cell dea8]. Increased
intracellular C&" concentrations promote cell damage by both
activating destructive enzymes and increasing the formation of
reactive oxygen specie8(). Pb could displace calcium at its
binding sites and induce ROS production, which would explain
the increase in lipid peroxidation and decreased cell viability.
The curcuminoids scavenge free radicals and enhance cell
viability. However, DMC and BDMC both fail at low concen-
trations to enhance cell viability. This suggests that these agents
are not as potent free radical scavengers when compared to
CURC at the same concentrations. It is also possible that the
curcuminoids bind to Pb and prevent this heavy metal from
inducing free radical generation and enhanced cell viability.

It has long been known that the hippocampus plays a key Pb crosses the bloetbrain barrier and enters the brain with
role in the formation of new memories and it has been rapid kinetics (31). Studies have shown that Pb impairs
extensively studied for both its role in learning and memory neurobehavioral systems by reducing learning/memory capaci-
(23) as well as its susceptibility to excitotoxicit@4). Since ties 32). TheN-methylp-aspartate (NMDA) receptor is known
hippocampal long-term potentiation is widely accepted as a form to be directly involved in the plasticity phenomenon underlying
of neuronal plasticity underlying learning and memory, much learning and memory processes. It is thought that Pb-induced
attention was focused on the hippocampus in this study. neurotoxicity such as memory deficits and intelligence defi-

Lead has been shown to potentiate oxygen toxicity in rats. It ciency results from Pb interfering with the NMDA receptors in
accelerates the conversion of oxyhemeoglobin to methahemeothe hippocampal formation and cerebral cortg3)( This study
globin which results in the production of superoxide and demonstrates that Pb significantly induced memory deficits in
hydrogen peroxide25). This heavy metal has also been shown rats, and this was prevented or reduced by CURC and DMC
to enhance the peroxidation of liposomes in the presence oftreatment. The curcuminoids reduce the Pb-induced memory
hemeoglobin (25) and has also been shown to induce lipid deficit by scavenging the free radicals generated by Pb and
peroxidation in rat brain homogenat#6]. The present study prevent or reduced the damage to neurons. It is also possible
shows that Pb induces lipid peroxidation in primary hippocampal that the curcuminoids may bind Pb and prevent this heavy metal
neurons. However, the co-incubation of the neurons with the from interacting with the NMDA receptor since it has been
curcuminoids reduce the Pb-induced lipid peroxidation. It is shown (16) that CURC binds Pb and reduces Pb-induced
thought that the methoxy group on the phenyl ring is one of neurotoxicity. BDMC, apart from being the weaker antioxidant,
the functional groups important for this compound’s antioxidant may have been bound weakly or not at all; this may also explain
property (26). CURC has two methoxy groups, DMC has one why it did not reduce the Pb-induced memory deficit.
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The reduced form of the tripeptide GSH is the most abundant acid; MEM, Eagle’s Minimum Essential Medium; FCS, fetal
sulfur-containing antioxidant molecule in brain tissue. Lipid calf serum; TLC, thin-layer chromatography; MDA, malondi-
peroxides and hydrogen produced during the dismutation of the aldehyde; PBS, phosphate buffered saline; ANOVA, analysis
superoxide free radical are reduced by GSH peroxidase, of variance.

converting GSH to its oxidized form. Imbalances in the

expression of GSH and its related enzymes have been implicatethck NOWLEDGMENT

in various pathological conditions which include cancer and

neurodegenerative diseases (34). Exogenous agents, includinghe authors thank Sally and Dave Morley for their technical
those that enhance free radical generation, can also directlysupport. A.D. thanks Dr. Denzil Beukes for the use of his
interact with intracellular reduced GSH and result in its depletion equipment and valuable assistance with the NMR studies.

(35). Itis also known that GSH binds to metals such as mercury
(36) to prevent metal-induced neurotoxicit$5). This study

Supporting Information Available: TLC, NMR, and MS

shows that Pb decreases hippocampal GSH levels and that thidata used to determine the purity of the curcuminoids. This
decrease is curtailed by CURC and DMC treatment. The GSH material is available free of charge via the Internet at http://
levels returned to normal 14 days later after withdrawing Pb Pubs.acs.org.

treatment. It is possible that the prooxidant/oxidant status of

the cells have normalized. Apart from scavenging free radicals, LITERATURE CITED

the curcuminoids may also bind Pb and prevent GSH depletion.
These data are in corroboration with previous research which
also demonstrated that curcumin reduces GSH depletion and
decreases Pb-induced lipid peroxidation in the rat braif).(

It has been propose@8) that protein oxidation is important

in the development of various diseases and the aging process.

Oxidative stress is known to enhance protein turnover ac-
companied by the removal of oxidized proteins (39). The
removal of oxidized proteins has been considered to be impaired
during the aging proces4@). These results show that Pb
increases protein oxidation in rat hippocampus. This was evident
in the animals that were sacrificed immediately after the
treatment protocol as well as after the behavioral studies (14
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curcuminoids ability to reduce the neurotoxicity is demonstrated
and suggests that turmeric from @elongaplant has medicinal
properties that may prevent or reduce neurodegenerative dis-
orders and may be beneficial when used for heavy metal
poisoning.

ABBREVIATIONS USED

Pb, lead; CURC, curcumin; DMC, demethoxycurcumin;
BDMC, bisdemethoxycurcumin; GSH, glutathione; TBA,
2-thiobarbituric acid; BHT, butylated hydroxytoluene; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
DTNB, 5,5'-dithiobisnitrobenzoic acid; TCA, trichloroacetic

(1) Ammon, H. P. T.; Wahl, M. A. Pharmacology of Curcuma longa.
Planta Med.1991,57, 1-7.

(2) Kelloff, G. J.; Crowell, J. A.; Hawk, E. T.; Steele, V. E.; Lubet,

R. A.; Boone, C. W.; Covey, J. M.; Doody, L. A.; Omenn, G.

S.; Greenwald, P.; Hong, W. K.; Parkinson, D. R.; Bagheri, D.;

Baxter, G. T.; Blunden, M.; Doeltz., M. K.; Eisenhauer, K. M.;

Johnson, K.; Knapp, G. G.; Longfellow, D. G.; Malone, W. F;

Nayfield, S. G.; Seifried, H. E.; Swall, L. M.; Sigman, C. C.

Strategy and planning for chemopreventative drug develop-

ment: clinical development plans II: curcumih.Cell Biochem.

Suppl.1996,26, 54-71.

Srimal, R. C.; Dhawan, B. N. Pharmacology of diferuloyl

methane (curcumin), a non-steroidal anti-inflammatory agent.

J. Pharm. Pharmacol1973,25, 447—452.

Masuda, T.; Hidaka, K.; Shimohara, A.; Maekawa, T.; Takeda,

Y.; Yamaguchi, H. Chemical studies on antioxidant mechanism

of curcuminoid: analysis of radical reaction products from

curcumin.J. Agric. Food Chem1999,47, 71.

Sui, Z.; Salto, R.; Li, J., Craik, C.; De Montellano, P. R. O.

Inhibition of the HIV-1 and HIV-2 proteases by curcumin and

curcumin boron complexe®ioorg. Med. Chem1993,1, 415.

Kim, J. M.; Araki, S.; Kim, D. J.; Park, C. B.; Takasuka, N.;

Baba-Toriyama, H.; Ota, T., Nir.; Z., Khachik, F.; Shimidzu,

N.; Tanaka, Y., Osawa., T.; Uraji, T.; Murakoshi, M.; Nishino,

H.; Tsuda, H. Chemopreventive effects of carotenoids and

curcumins on mouse colon carcinogenesis after 1,2-dimethyl-

hydrazine initiation.Carcinogenesi€ 998,19, 81.

Zhao, B. L.; Li, X. J.; He, R. G.; Cheng, S. J.; Xin, W. J.

Scavenging effect of extracts of green tea and natural antioxidants

on active oxygen radical€ell Biophys.1989,14, 175—185.

(8) Unnikrishnan, M. K.; Rao, M. N. A. Curcumin inhibits nitrogen
dioxide induced oxidation of haemoglobidol. Cell. Biochem
1995,146, 35-37.

(9) Subrmanian, M.; Sreejayan, N.; Rao, M. N. A.; Devasagayam,
T. P. A.; Singh, B. B. Diminution of singlet oxygen-induced
DNA damage by curcumin and related antioxidaMstat. Res
1994,311, 249—255.

(10) Sreejayan, N.; Rao, M. N. A. Curcumin inhibits iron dependent
lipid peroxidation.Int. J. Pharm.1993,100, 93-97.

(11) Rajakrishnan, V.; Viswanathan, P.; Rajasekharan, K. N.; Menon,
V. P. Neuroprotective role of curcumin from curcuma longa on
ethanol-induced brain damagdghythother. Resl999 13, 571~
574.

(12) Bush, A. I. Metals and neurosciencgurr. Opin. Chem. Biol.
2000,4, 184—191.

(13) Satcher, D. S. The surgeon general on the continuing tragedy of
childhood lead poisonind?ublic Health Rep2000,115, 579—
580.

(14) Banks, E.; Ferretti, L.; Shucard, D. Effects of low level lead
exposure on cognitive function in children: a review of
behavioral, neuropsychological and biological eviderideu-
rotoxicology1997,18, 237—281.

©)

4)

®)

(6)

@)



1044 J. Agric. Food Chem., Vol. 55, No. 3, 2007

(15) Monteiro, H.; Abdalla, D.; Arcuri, A.; Bechara, E. Oxygen
toxicity related to exposure to lea@lin. Chem 1995 31, 1673~
1676.

(16) Daniel, S.; Limson, J. L.; Dairam, A.; Watkins, G. M.; Daya, S.
Through metal binding, curcumin protects against lead- and
cadmium-induced lipid peroxidation in rat brain homogenates
and against lead-induced tissue damage in rat bdaiimorg.
Biochem.2004,98, 266—275.

(17) Lawton, L.; Donaldson, W. E. Lead-induced tissue fatty acid
alterations and lipid peroxidatioBiol. Trace Elem. Re€991,

28, 83-97.

(18) Placer, Z. A.; Cushman, L. L.; Johnson, A. C. Estimation of
Product Lipid Peroxidation (Malonyl Dialdehyde) in Biochemical
SystemsAnal. Biochem1966,16, 359—364.

(19) Hansen, M. B.; Nielson, S. E.; Berg. K. Re-examination and
Further Development of a precise and rapid dye method for
measuring cell growth/ cell kill. Immunol. Method€.989 119,
203—210.

(20) Levine, R. L.; Garland, D.; Oliver, C. N.; Amici, A.; Climent,

I.; Lenz, A. G.; Ahn, B. W.; Shaltiel, S.; Stadtman, E. R.
Determination of Carbonyl Content in Oxidatively modified
Proteins.Methods Enzymoll990,186, 464—478.

(21) Lowry, O. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R. J.
Protein measurement with the Folin Phenol Reagé&nBiol.
Chem.1951,193, 265—275.

(22) Sedlak, J.; Lindsay, S. H. Estimation of total protein-bound, and
non-protein sulfhydryl groups in tissue with Ellman’s Reagent.
Anal. Biochem1968,25, 192—205.

(23) Butterweck, V.; Bockers, T.; Korte, B.; Bittkowski, W.; Win-
terhoff, H. Long-term effects of St. John’s wort and hypericin
on monoaminelevels in rat hypothalamus and hippocampus.
Brain Res.2002,930, 21~ 29.

(24) Golarai, G.; Greenwood, A. C.; Feeney, D. M.; Connor, J. A.
Physiological and structural evidence for hippocampal involve-
ment in persistent seizure susceptibility after traumatic brain
injury. J. Neurosci2001,21, 8523—8537.

(25) Ribarov, S. R.; Bochev, P. G. Lead-hemoglobin interaction as a

possible source of reactive oxygen species-a chemiluminescent

study.Arch. Biochem. Biophy4.982,213, 288—292.

(26) Sreejayan, N.; and Rao, M. N. A. Free radical scavenging activity
of curcuminoids Arzneim.-Forsch1996,46, 169—171.

(27) Habermann, E.; Crowell, K.; Janicki, P. Lead and other metals
can substitute for G4& in calmodulin.Arch. Toxicol.1983,54,

Dairam et al.

(29) Vergun, O.; Keelan, J.; Khodorov, I. B.; Duchen, M. R.
Glutamate-induced mitochondrial depolarization and perturbation
of calcium homeostasis in cultured rat hippocampal neurans.
Physiol.1999,519, 451—-466.

(30) Orrenius, S.; McConkey, D. J.; Bellomo, G.; Nicotera, P. Role
of C&" in cell killing. Trends Pharmacol. Sci989,10, 281—
285.

(31) Deane, R.; Bradbury, M. W. Transport of lead-203 at the blood-
brain barrier during short cerebrovascular perfusion with saline
in the rat.J. Neurochem1990,54, 905—914.

(32) Jeyaratnam, J.; Boey, K. W.; Ong, C. N.; Chia, C. B.; Phoon,
W. O. Neuropsychological studies on lead workers in Singapore.
Br. J. Ind. Med.1986,43, 626—629.

(33) Ma, T.; Chen, H. H.; Lim, D. K.; Hume, A. S.; Ho, I. K. Effects
of subacute lead exposure oiH][MK-801 binding in hippoc-
ampus and cerebral cortex in the adult Brin Res 1997, 760,
187-192.

(34) Droge, W. Ageing-related changes in the thiol/disulfide redox
state: implications for the use of thiol antioxidantsxp.
Gerontol.2002,37, 1333—1345.

(35) Plummer, J. L.; Smith, B. R.; Sies, H.; Bend, J. R. Chemical
depletion of glutathione in vivoMethods Enzymol1981, 77,
50—59.

(36) Sanfeliu, C.; Sebastia, J.; Ki, S. U. Methylmercury neurotoxicity
in cultures of human neurons, astrocytes, neuroblastoma cells.
Neurotoxicology2001,22, 317—27.

(37) Shukla, P. K., Khanna, V. K., Khan, M. Y., Srimal, R. C.
Protective effect of curcumin against lead neurotoxicity in rat.
Hum. Exp. Toxicol2003,22, 653—658.

(38) Stadtman, E. R.; Oliver, C. N.; Levine, R. L.; Fucci, L.; Rivett,
A. J. Implications of protein oxidation in protein turnover, aging
and oxygen toxicityBasic Life Sci.1988,49, 331—-339.

(39) Sitte, N.; Merker, K.; Grune, T. Proteasome-dependent degrada-
tion of oxidized proteins in MRC-5 fibroblastBEBS Lett 1998
440, 399—-402.

(40) Shringarpure, R.; Davies, K. J. Protein turnover by the protea-
some in aging and diseaderee Radical Biol. Med2000, 32,
1084—1089.

(41) Tandon, S. K.; Singh, S.; Prasad, S.; Srivastava, S.; Siddiqui,
M. K. J. Reversal of Lead-Induced Oxidative Stress by Chelating
Agent, Antioxidant, or Their Combination In the R&nwiron.
Res.2002,90, 61-66.

61-70. Received for review November 28, 2006. Accepted December 7, 2006.

(8) Chen,_H_.; Tangeng, M.; Hume, A.; Ho, I. Protein kinase C in We thank the National Research Foundation for financial support.
rat brain is altered by developmental lead exposhezirochem.

Res.1999,24, 415—-421. JF063446T



