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Abstract Long-term treatment with haloperidol is asso-

ciated with a number of extrapyramidal side effects, partic-

ularly the irregular movements of chorionic type. This

limitation presents a marked therapeutic challenge. The

present study investigates the molecular etiology of halo-

peridol neurotoxicity and the role of curcumin, a well-known

anti-oxidant, in ameliorating these adverse effects. The

redox status of haloperidol-treated brains along with NO,

TNF-a, NF-kappaB p65 subunit, caspase-3, and monoamine

neurotransmitters were measured in the striatum of rat brain.

Chronic treatment with haloperidol (5 mg/kg, i.p., 21 days)

produced orofacial dyskinetic movements which were cou-

pled with marked increase in oxidative stress parameters,

TNF-a, caspase-3 activity in cytoplasmic lysate and active

p65 sub unit of NF-kappaB in nuclear lysates of the striatum.

Neurochemically, chronic administration of haloperidol

resulted in a significant decrease in the levels of norepi-

nephrine, dopamine, and serotonin. The prototype atypical

anti-psychotic, clozapine (10 mg/kg, i.p., 21 days) produced

mild oxidative stress but did not alter any other parameters.

Interestingly, co-administration of curcumin (25 and 50 mg/

kg, i.p., 21 days) dose-dependently prevented all the

behavioral, cellular, and neurochemical changes associated

with the chronic administration of haloperidol. Curcumin per

se (50 mg/kg) did not show any side effects. Co-adminis-

tration of piperine significantly enhanced the effect of cur-

cumin (25 mg/kg) but not of curcumin (50 mg/kg).

Collectively, the data indicated the potential of curcumin as

an adjunct to haloperidol treatment and provided initial clues

to the underlying molecular mechanisms in haloperidol

neurotoxicity. This study also provides a rationale for the

combination of piperine and curcumin.
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Introduction

Haloperidol is a widely used neuroleptic drug for the

treatment of acute and chronic psychosis. Haloperidol

belongs to butyrophenone group and is thought to exert its

therapeutic effects by blocking the cerebral dopamine D2

receptors (Creese et al. 1976) and sigma-1 receptors (Vil-

ner et al. 1995). Use of neuroleptics, especially that of

butyrophenones, is limited by their potentials to produce a

range of extrapyramidal movement disorders such as Par-

kinsonism, akathisia, dystonia, and finally chronic tardive

dyskinesia (Sagara 1998; Lohr et al. 2003).

Pathophysiologically, several lines of evidences suggest

that the neuronal changes in the basal ganglia produced by

increased oxidative stress and glutamate excitotoxicity may

play a role (Tsai et al. 1998; Burger et al. 2005) in halo-

peridol-associated neurotoxicity. Chronic blockade of
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dopamine D2 receptors in the striatum results in persis-

tently enhanced release of glutamate which kills striatal

neurons (Tsai et al. 1998). Repeated administrations of

haloperidol also cause an increase in extracellular gluta-

mate in the brain tissues of rodents (See and Lynch 1995;

See et al. 1995). Increased release of glutamate is associ-

ated with increased free radicals generation as well as an

increase in the influx of calcium, rendering the neurons

more vulnerable to oxidative damage (Tsai et al. 1998).

Furthermore, a disruption of the mitochondrial energy

production by haloperidol (Burkhardt et al. 1993) may also

lead to increased production of reactive oxygen species

(ROS) and make the neurons more susceptible to both

oxidative stress and the pathological effects of glutamate

(Coyle and Puttfarcken 1993). In addition to their direct

damaging effects, reactive oxygen species can induce the

activation and expression of certain transcriptional factors

and other relevant genes. TNF-a and nuclear transcription

factor NF Kappa B are among the factors which respond

directly to the oxidative stress (Sethi et al. 2006). There is

also a direct relationship between the increase in oxidative

stress and increase in the levels and expression of TNF-a
and nuclear transcription factor NF-kappaB (Aggarwal

2000; Aggarwal et al. 2002). The activation of these tran-

scriptional factors and cytokines may lead to initiation of

cell signaling cascade that leads to cellular death.

Curcumin, a yellow pigment from Curcuma longa, is a

major component of turmeric and is commonly used as a

spice and food-coloring agent (Sharma et al. 2005). Due to its

powerful antioxidant and anti-inflammatory properties,

curcumin has drawn the attention of the scientific community

(Shishodia et al. 2005). Since free-radical-mediated peroxi-

dation of membrane lipids and oxidative damage of DNA

and proteins are believed to be associated with a variety of

chronic pathological complications such as cancer, athero-

sclerosis, and neurodegenerative diseases, curcumin is

thought to play a vital role against these pathological con-

ditions (Sharma et al. 2007a, b; Aggarwal and Shishodia

2004; Shishodia et al. 2005). Earlier studies have shown that

curcumin inhibits ROS production (Quiles et al. 2002) as

well as calcium entry (Balasubramanyam et al. 2003). Cur-

cumin also inhibited hydrogen peroxide-induced cell dam-

age (Priyadarsini et al. 2003). Curcumin manganese complex

and acetyl-curcumin manganese complex showed much

greater SOD activity and an inhibitory effect on lipid per-

oxidation (Mahakunakorn et al. 2003). It can also affect other

cellular processes such as activation of apoptosis, inhibition

of inflammatory cytokine production, and inhibition of

cyclooxygenase and lipoxygenase isoenzymes (Sethi et al.

2006; Shishodia et al. 2007; Sandur et al. 2007a). Pharma-

cokinetic properties of curcumin indicate that 1 h after its

oral administration; it attains maximum concentration in

intestine followed by spleen, liver and kidney, respectively,

whereas only a trace amount is found in brain tissue (Pan

et al. 1999), which can limit its therapeutic potential. The

transformation of curcumin into its metabolites like curcu-

min-glucuronoside, dihydrocurcumin-glucuronoside, tetra-

hydrocurcumin (THC)—glucuronoside, and THC (Garcea

et al. 2004; Hoehle et al. 2006; Pan et al. 1999) in the liver are

probably responsible for its low concentration particularly in

blood and brain. Black pepper (Piper nigrum L.) and long

pepper (Piper longum L.) have been in use as spices from

ancient times throughout the world. Piperine (L-piperoylpi-

peridine) is a major component of the piper species. It has

been reported to enhance the bioavailability of drugs by

inhibition of glucuronidation in the liver and small intestine

(Atal et al. 1985; Shoba et al. 1998). Literature has reported

that piperine enhances the serum concentration and bio-

availability of curcumin in rats and men probably due to

increased absorption and reduced metabolism.

The aim of the current study was to investigate the effect

of haloperidol administration on oxidative stress, cellular

death cascade mediators, and striatal neurotransmitter

levels so as to find whether any correlation exists between

these parameters and abnormal motor changes. Further, we

also investigated the preventive role of curcumin and its

combination with piperine against haloperidol-induced

behavioral and molecular and biochemical disruptions in

rat striatum.

Materials and Methods

Animals

Male Wistar rats (180–220 g; 10–12 rats/group) bred in the

Central Animal House facility of Panjab University were

used. The animals were housed under standard laboratory

conditions, maintained on a normal light–dark cycle and

free access of food and water. Animals were acclimatized

to laboratory conditions before the test. Each animal was

used only once in the experiment. All the experiments were

carried out between 0900 and 1,500 h. The experimental

protocols were approved by the Institutional Animal Ethics

Committee and conducted according to the guidelines of

Indian National Science Academy for the use and care of

experimental animals.

Drugs and Treatment Schedule

In a series of different experiments, rats received following

treatments:

Group 1: Control,

Group 2: Haloperidol (5 mg/kg, i.p., 21 days) treated,

Group 3: Clozapine (10 mg/kg, i.p., 21 days) treated,
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Group 4: Curcumin (50 mg/kg, p.o., 21 days) per se

treated,

Group 5–6: Curcumin (25, 50 mg/kg, p.o. 21 days) ?

haloperidol (5 mg/kg, i.p., 21 days),

Group 7: Piperine (2.5 mg/kg, p.o., 21 days) treated,

Group 8–9: Curcumin (25, 50 mg/kg, p.o., 21 days) ?

piperine (2.5 mg/kg, p.o, 21 days) ? Haloperidol

(5 mg/kg, i.p., 21 days).

Haloperidol (Serenace, Searle, India) was diluted with

distilled water and was administered intraperitoneally.

Clozapine (Sun Pharmaceuticals, India) was dissolved in

slightly acidic solution (0.1 M hydrochloric acid with pH

in between 4 and 5) distilled water and administered intra-

peritoneally. Curcumin (Sigma-Aldrich, USA) and piperine

(Sigma-Aldrich, USA) were suspended in vegetable oil and

administered per orally. All the drugs were administered in

a constant volume of 0.5 ml per 100 g of bodyweight of

rat. In combination studies, haloperidol and curcumin were

administered simultaneously once daily at 0900 for a per-

iod of 21 days and behavioural assessments were done

24 h after the last dose (Naidu et al. 2003).

Dissection and Homogenization

After behavioural assessment, animals were divided in two

groups on the basis of severity and susceptibility (high vs.

low orofacial dyskinetic movements) of behavioural

assessments. Equal number of animals from both high and

low orofacial dyskinetic movements was selected for each

assay so that there should be minimum variation. The

brains were removed; striatum was dissected out, pooled

and weighed. A 10% (w v-1) tissue homogenate was pre-

pared in 0.1 M phosphate buffer (pH 7.4). Homogenate

were centrifuged at 2,5009g for 10 min, at 4�C, and

supernatant was used for estimation of lipid peroxidation,

superoxide anion, and non-protein thiols. Tissue homoge-

nate was also used for caspase-3 colorimetric detection.

Further, cytoplasmic fractions were prepared to study

quantification of total nitric oxide and TNF-alpha. Nuclear

fractions were prepared for the quantification of NF-kap-

paB active p65. In another set of animals, the brains were

removed; striatum was dissected out and was stored at

-80�C for HPLC studies to estimate different neurotrans-

mitters and their metabolites.

Biochemical Assessment

The quantitative measurement of lipid peroxidation in

striatum was performed according to the method of Wills

(1966). The results were expressed as nmol of malondial-

dehyde/mg protein using the molar extinction coefficient of

chromophore (1.56 9 105 M-1 cm-1). The superoxide

anion levels were measured with method devised by Babior

(Babior et al. 1973). Results were calculated as nmoles of

cytochrome-c reduced/minute using molar extinction

coefficient of chromophore (2.1 9 104 M-1 cm-1) and

expressed as percentage of control taking control values as

100%. Non-protein thiols (NPSH) in the striatum were

estimated according to the method of Ellman (1959). The

results were expressed as nmol of NPSH per mg protein

(Bishnoi et al. 2007a, b).

Assessment of Inflammatory Mediators

The quantification of total nitric oxide was done by the help

and instructions provided by R&D Systems Total nitric

Oxide Assay Kit which involves the conversion of nitrate

to nitrite by the enzyme nitrate reductase (Bishnoi et al.

2007a, b). The quantification of TNF-alpha was done by

the help and instructions provided by R&D Systems

Quantikine Rat TNF-alpha immunoassay kit (Guerin-

Marchand et al. 2001). The nuclear levels of p65 may

correlate positively with the activation of NF-jB pathway.

The NF-jB/p65 ActivELISA (Imgenex, San Diego, USA)

kit was used to measure NF-jB free p65 in the nuclear

lysate of the rat striatum (Schaaf et al. 2006).

Caspase-3 Colorimetric Assay

Caspase-3, also known as CPP-32, Yama or Apopain, is an

intracellular cysteine protease that exists as a pro-enzyme,

becoming activated during the cascade of events associated

with apoptosis. The tissue homogenates can then be tested

for protease activity by the addition of a caspase-specific

peptide that is conjugated to the color reporter molecule

p-nitroanaline (pNA). The cleavage of the peptide by the

caspase releases the chromophore pNA, which can be

quantitated spectrophotometrically at a wavelength of

405 nm. The level of caspase enzymatic activity in the cell

lysate/homogenate is directly proportional to the color

reaction. The enzymatic reaction for caspase activity was

carried out as using R & D systems caspase-3 colorimetric

kit (User guide: R & D systems caspase-3 colorimetric kit)

(Guthmann et al. 2005).

Protein Estimation

The protein content of the brain tissue was measured

according to the method of Lowry et al. (1951) using

bovine serum albumin as standard.

Neurotransmitters Quantification

Biogenic amines (dopamine, serotonin, and their metabo-

lites (HVA and 5-HIAA)) were estimated by HPLC with
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electrochemical detector. Waters standard system consist-

ing of a high pressure isocratic pump, a 20 ll sample

injector valve, C18 reverse phase column (Type: Waters

symmetry C18 (5 lm); Length and diameter: 4.6 9

250 mm), and electrochemical detector were used. Data

was recorded and analyzed with the help of empower

software. Mobile phase consisting of 2% citric acid, 2%

KHPO4, 1 mM EDTA, 1.2% MeOH, and 70 mg/ml of

sodium octyl sulphate. pH of the mobile phase was

adjusted to 3 with the help of HCl (6 N). Electrochemical

conditions for the experiment were ?0.800 V, sensitivity

ranges from 5 to 50 nA. Separation was carried out at a

flow rate of 1 ml/min. Samples (20 ll) were injected

manually.

On the day of experiment, frozen striatum samples were

thawed and they were homogenized in homogenizing

solution containing 0.1 M perchloric acid. After that the

samples were centrifuged at 12,0009g for 5 min. The

supernatant was further filtered through 0.25 micron nylon

filters before injecting in the HPLC injection pump. Data

was recorded and analyzed with the help of empower

software (Church 2005; Bishnoi et al. 2007a, b).

Behavioural Assessment of Orofacial Dyskinesia

On the test day, rats were placed individually in a small

(30 9 20 9 30 cm) Plexiglas cage for the assessment of

oral dyskinesia. Animals were given 10 min to get accli-

matized to the observation chamber before behavioural

assessments. To quantify the occurrence of oral dyskinesia,

hand operated counter was used employed to score number

of tongue protrusions, facial jerkings and vacuous chewing

frequencies (VCMs). In the present study, VCM are

referred to as single mouth openings in the vertical plane

not directed toward physical material. If tongue protrusion

or VCM occurred during a period of grooming, they were

not taken into account. Counting was stopped whenever the

rat began grooming, and restarted when grooming stopped.

The observation chamber has mirrored flooring and the

back wall of the chamber also has a mirror so that no

observation is missed when the animal was faced away

from the observer. The behavioural parameters of oral

dyskinesia were recorded continuously for a period of

5 min. In all the experiments, the scorer was unaware of

the treatment given to the animals (Naidu et al. 2003).

Statistical Analysis

All data are expressed as means ± S.E.M. The data were

analyzed by using one-way analysis of variance (ANOVA)

followed by Dunnett’s test. In all tests, the criterion for

statistical significance was P \ 0.05. Pearson correlation

analysis was used to examine the correlation between two

independent factors.

Results

Biochemical Assessment

Chronic administration of haloperidol (5 mg/kg i.p. for

21 days) resulted in a marked increase in the amount of

thiobarbituric acid reactive substances (TBARS) formed

(lipid peroxidation), superoxide anion levels and marked

decrease in Non-protein thiols (NPSH) in the striatal

homogenates. Chronic administration of clozapine (10 mg/

kg i.p. for 21 days) also resulted in an increase in TBARS

formed (lipid peroxidation) and superoxide anion levels as

well as decrease in NPSH in the striatal homogenates but

the effect was markedly less pronounced than haloperidol.

Pretreatment with curcumin (25 and 50 mg/kg) dose-

dependently prevented the chronic haloperidol-induced

increase the amount of TBARS levels, superoxide anion

levels, and NPSH (no significant effect at lower doses) in

the striatal homogenates. Curcumin (50 mg/kg) per se did

not show any significant change as compared to control

(Fig. 1).
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Fig. 1 Effects of haloperidol (5 mg/kg, i.p. 21 days), clozapine

(10 mg/kg, i.p. 21 days), curcumin (25 and 50 mg/kg) ? Haloperidol

(5) on the altered oxidative damage parameters (a) lipid peroxidation

(control (100%) = 1.52 ± 0.08 nmoles TBARS/mg protein),

(b) superoxide anion, (c) non-protein thiols (control (100%) =

0.008 ± 0.0003 nmoles NPSH/mg protein) in rat brain striatum

homogenates. Data has been expressed as % control (taking control

values as 100) (n = 6–8/group) (HAL haloperidol, CUR curcumin).
a P B 0.05 as compared to control group, b P B 0.05 as compared to

haloperidol group, c P B 0.05 as compared to curcumin (25 mg/

kg) ? Haloperidol(5) group
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Assessment of Inflammatory and Apoptotic Markers

Compared to control group, chronic administration of

haloperidol (5 mg/kg i.p. for 21 days) resulted in increase

in the levels of total nitric oxide, caspase-3, TNF-alpha,

and active p65 subunit of NF-kappaB in the tissue lysates

of rat brain striatum whereas these parameters except total

nitric oxide (significantly decreased) and NF-kappaB p65

active sub unit (significantly increased) were not amenable

to any change after clozapine administration. Pretreatment

with curcumin (25 and 50 mg/kg) dose-dependently pre-

vented the chronic haloperidol-induced increase in the

levels of total nitric oxide, caspase-3, TNF-alpha, and

active p65 subunit of NF-kappaB in the tissue lysates of the

striatal region of rat brain. Curcumin (50 mg/kg) per se did

not show any significant change as compared to control

(Fig. 2a–d).

Assessment of Neurochemical Milieu

The striatal homogenates of haloperidol treated rats dem-

onstrated a significant decrease in the levels of

norepinephrine, dopamine, and serotonin. Chronic admin-

istration of clozapine (10 mg/kg i.p. for 21 days) did not

result in significant change in the levels of nor epinephrine,

dopamine but serotonin levels were significantly increased.

Pretreatment with curcumin significantly prevented the

chronic haloperidol-induced decrease in the levels of nor-

epinephrine, dopamine, and serotonin in the striatal

homogenates. Curcumin (50 mg/kg) per se did not show

any significant change as compared to control (Table 1).

Behavioural Assessment

Chronic administration of haloperidol (5 mg/kg i.p. for

21 days) resulted in a significant increase in the number of

vacuous chewing movements, tongue protrusions and

facial jerkings during 5 min. However, 21 days treatment

of clozapine (10 mg/kg) also showed significant increase in

these orofacial movements but they were much less than

haloperidol-treated group. Pretreatment with curcumin (25

and 50 mg/kg) dose-dependently prevented the chronic

haloperidol-induced increase in vacuous chewing move-

ments (36 and 63% at 25 and 50 mg/kg, respectively),
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Fig. 2 Effects of haloperidol (5 mg/kg, i.p. 21 days), clozapine

(10 mg/kg, i.p. 21 days), curcumin (25 and 50 mg/kg) ? Haloperidol

(5) on (a) total nitric oxide (NO) levels, (b) TNFalpha levels,

(c) active p65 NF-kappaB unit (nuclear tissue lysate), (d) % caspase

activity (control = 100) in rat brain striatum (n = 6–8/group). (HAL
haloperidol, CUR curcumin). a P B 0.05 as compared to control

group, b P B 0.05 as compared to haloperidol group, c P B 0.05 as

compared to curcumin (25 mg/kg) ? Haloperidol(5) group
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tongue protrusions (30 and 55% at 25 and 50 mg/kg,

respectively) and facial jerkings (39 and 62% at 25 and

50 mg/kg, respectively) during 5 min. Curcumin (50 mg/

kg) per se did not show any significant change as compared

to control (Table 2).

Pearson’s Correlation Analysis

Pearson correlation analysis also suggested that the oxidative

stress markers (TBARS levels, superoxide anion levels and

NO levels) are positively correlated (P B 0.0001–0.0002,

r = 0.90–0.95) with the TNF-a production which in turn

positively correlated with NF-kappaB p65 unit activation

and caspase-3 activation. NF-kappaB p65 unit activation is

also positively correlated with caspase-3 activation. Further,

Pearson correlation analysis revealed that vacuous chewing

movements induced by haloperidol (marker of orofacial

dyskinetic movements) has a positive correlation with

TBARS levels (P B 0.0001, r = 0.907), TNFalpha levels

(P B 0.0002, r = 0.728), NF-kappaB p65 unit activation

(P B 0.00015, r = 0.885), and caspase-3 activation

(P B 0.0003, r = 0.650).

Effect of Co-Administration of Piperine

(Bioavailability Enhancer) with Curcumin on Various

Biochemical, Neurochemical and Behavioural

Parameters

As shown in Figs. 3 and 4, co-administration of piperine

with curcumin significantly potentiated the protective

effect of curcumin alone (25 mg/kg) on orofacial dyski-

netic movements, oxidative damage parameters in striatal

homogenates, inflammatory and apoptotic mediators in

striatum, neurotransmitter levels in striatal homogenates

induced by haloperidol. Co-administration of piperine with

curcumin (50 mg/kg) significantly potentiated the protec-

tive effect of curcumin alone (50 mg/kg) against only some

of the parameters (lipid peroxidation, superoxide anion and

NF-kappaB p65 subunit). Rest of the parameters was not

significantly changed in case of co-administration of

Table 1 Effect of haloperidol (typical antipsychotic), clozapine (atypical antipsychotic) and co-administration of curcumin with haloperidol on

the levels of (a) norepinephrine (NE), (b) dopamine (DA), and (c) serotonin (5-HT) in striatum of the rat

S. no. Treatment

(mg/kg)

NE pg/mg tissue

(Mean ± SEM)

DA pg/mg tissue

(Mean ± SEM)

5-HT pg/mg tissue

(Mean ± SEM)

1 Control 1,108 ± 21.2 384 ± 32.2 392 ± 11.6

2 Haloperidol(5) 703 ± 11.3a 165 ± 13.1a 171.5 ± 7.2a

3 Clozapine(10) 1,222 ± 22.6b 375 ± 26.6b 548 ± 10.4ab

4 Curcumin (50) per se 1,238 ± 16.8 422 ± 28.8 442 ± 17.2

5 Curcumin(25) ? Haloperidol (5) 942 ± 20.6b 212 ± 10.5b 282 ± 16.2b

6 Curcumin(50) ? Haloperidol (5) 1,194 ± 23.5bc 272.4 ± 12.4bc 346.5 ± 16.4bc

a P B 0.05 as compared to control group
b P B 0.05 as compared to haloperidol
c P B 0.05 as compared to Cur(25) ? Hal (5)
d P B 0.05 as compared to Cur(50) ? Hal (5)

Table 2 Effect of haloperidol (typical antipsychotic), clozapine (atypical antipsychotic), and co-administration of curcumin with haloperidol on

orofacial dyskinetic movements in rat

Treatment Dose No. of VCM/5 min No of tongue protrusions/5 min No of facial jerkings/5 min

mg/kg Day 0 Day 22 Day 0 Day 22 Day 0 Day 22

Mean ± SEM Mean ± SEM Mean ± SEM

Control 2.3 ± 0.5 4.2 ± 0.9 0.4 ± 0.01 1.2 ± 0.1 0.6 ± 0.02 2.1 ± 0.09

Haloperidol 5 3.6 ± 0.4 98 ± 12a 1 ± 0.08 21 ± 2.8a 1.2 ± 0.08 26.2 ± 4.3a

Clozapine 10 3 ± 0.6 12 ± 2b 0.4 ± 0.04 0.8 ± 0.4b 0.8 ± 0.04 4.2 ± 0.3b

Curcumin 50 4 ± 0.2 3.8 ± 1.9 0.6 ± 0.04 0.8 ± 0.1 0.8 ± 0.08 2.2 ± 0.1

Curcumin ? Haloperidol 255 4 ± 0.8 63 ± 8.9ab 0.6 ± 0.02 14.6 ± 0.9ab 0.6 ± 0.03 16 ± 0.4ab

Curcumin ? Haloperidol 505 3.2 ± 0.4 36 ± 4.3abc 0.6 ± 0.03 9.4 ± 0.4abc 1 ± 0.04 10 ± 0.2abc

a P B 0.05 as compared to control group
b P B 0.05 as compared to haloperidol
c P B 0.05 as compared to Curcumin (25) ? Haloperidol (5)
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piperine and curcumin (50) as compared to curcumin (50)

alone (Figs. 3, 4).

Discussion

In the present study, chronic administration of haloperidol

resulted in a significant increase in oxidative stress

parameters, inflammatory mediators and pro-apoptotic

markers as well as decrease in the neurotransmitter (nor-

epinephrine, dopamine, and serotonin) levels in the stria-

tum. Atypical antipsychotic, clozapine (10 mg/kg, i.p. for

21 days), also produced a significant but less pronounced

effect on all these parameters. Our findings are in accor-

dance with previous reports which suggested that halo-

peridol and clozapine can induce oxidative damage and

possible cell death in the striatum and hippocampal areas of

rat brain. However, clozapine is reported to produce sig-

nificantly less oxidative damage as compared to haloperi-

dol (Reinke et al. 2004; Polydoro et al. 2004). Similarly,

there was a noticeable difference in the degree of orofacial

behavioural dyskinetic movements produced by haloperi-

dol as compared to clozapine. This is a generally accepted

observation that clozapine has low propensity to cause

tardive dyskinesia (Tamminga et al. 1994). Further curcu-

min attenuated all these alterations induced by haloperidol.

Curcumin is a potent antioxidant, comparable to Vita-

min C and E and it inhibits lipid peroxidation in liver

microsomes, erythrocyte membranes, and brain homoge-

nates (Araujo and Leon 2001). It protects hemoglobin from

oxidation at the concentration as low as 0.08 micromoles

(Araujo and Leon 2001). It is also capable of scavenging

oxygen free radicals such as superoxide anions, singlet

oxygen, NO, and hydroxyl radicals which are important for

the initiation of lipid peroxidation and causing oxidative

damage (Quiles et al. 2002; Rajeswari 2006). All these

observations support the present results that it dose-

dependently inhibited the increase in the levels of lipid

peroxides, superoxide anion levels, and decreased the

levels of NPSH in rat striatum. Besides, it is believed that

rise in glutamate dependent intracellular calcium levels

represent the final common pathway of several injurious

stimuli. It is the critical calcium concentration that is

responsible for triggering the pro-oxidants and protease

systems that are ultimately responsible for neuronal death.

Hence, lowering of intracellular calcium by curcumin

through inhibition of calcium influx (Balasubramanyam

et al. 2003) leading to a decrease in the glutamate release

might have produced protective effects. In one of our

previous studies, we explained that curcumin prevent hal-

operidol-induced (at 1 mg/kg, i.p. for 21 days) behavioural

and biochemical changes by virtue of its anti-oxidant effect

(Bishnoi et al. 2008a).
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Fig. 3 Comparative protective effect of curcumin (25), curcumin
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(2.5) against haloperidol induced a orofacial dyskinetic movements,

b oxidative stress parameters, c inflammatory mediators and apoptotic

markers (CUR curcumin, PIP piperine). a P B 0.05 as compared to

curcumin (25 mg/kg), b P B 0.05 as compared to curcumin (50 mg/

kg) group

0

20

40

60

80

100

120

140

NE DA 5-HT

Neurotransmitter levels

%
 in

cr
ea

se
 

CUR(25) CUR(25)+ PIP(2.5) CUR(50) CUR(50)+PIP(2.5)

a

a a
a a

ab

a a
a

Fig. 4 Comparative increase in the striatal levels of neurotransmitter

(norepinephrine, dopamine, and serotonin) levels by curcumin (25),

curcumin (50), curcumin (25) ? piperine (2.5), and curcumin

(50) ? piperine (2.5) (CUR curcumin, PIP piperine). a P B 0.05 as

compared to curcumin (25 mg/kg), b P B 0.05 as compared to

curcumin (50 mg/kg) group

Neurotox Res (2011) 20:215–225 221

123



Neurotransmitter quantification studies reveal decreased

levels of monoamines in striatal regions following chronic

haloperidol administration. Chronic administration of halo-

peridol may increase the number of dormant receptors as

well as increase the receptor supersensitivity (Bishnoi et al.

2007a, b; Cara et al. 2001). Haloperidol-induced depolar-

ization block of dopamine and other monoaminergic neu-

ronal activity is also responsible for causing a decrease in

monoamine levels in extracellular spaces in the brain. The

decrease in monoamine levels may be due to increase in their

metabolism. Increased metabolism of monoamine is asso-

ciated with increased generation of reactive oxygen species

(Terland et al. 2006). Clozapine treatment failed to affect the

levels of dopamine and norepinephrine but significantly

increased the levels of serotonin, suggesting the involvement

of serotonin in its atypical action. This differential affect

may account for the difference in the degrees of oxidative

damage observed with haloperidol and clozapine, respec-

tively. Serotonin displays a neuroprotective role as evident

by recent reports that 5-HT (1A) receptor activation protects

against KA-induced striatal lesions (Cosi et al. 2005;

Madhavan et al. 2003; Ramos et al. 2004). 5-HT depletion

following intrastriatal quinolinic acid exposure adversely

affects neuronal survival and lends support to the hypothesis

that increasing 5-HT level during NMDA receptor-mediated

excitotoxicity may spare neurons destined to degenerate

(Cummings and Walker 1996). Even the genetic studies are

also suggesting the involvement of dopamine and serotonin

receptors in haloperidol-induced tardive dyskinesia (Müller

et al. 2004). In particular, there is important evidence sug-

gesting association between dopamine 2 receptor (D2)

polymorphisms (Taq I and -141-C Ins/Del) and a dopamine 3

receptor (D3) polymorphism (Ser9Gly) with antipsychotic

response and drug-induced tardive dyskinesia (Lerer et al.

2002; Müller et al. 2004; De Leon et al. 2005). It has been

suggested that in case of serotonin, 5HT2A and 5HT2C

receptor-related genes are involved (Müller et al. 2004;

Reynolds et al. 2005). Curcumin prevented this depletion of

norepinephrine, dopamine, and serotonin hence limited the

excitotoxicity and oxidative damage in the brain. Curcumin

has also been reported to have a direct action on the central

monoaminergic system. In several animal models such as

forced swimming and olfactory bulbectomy, decrease in the

levels of serotonin, noradrenaline, 5-hydroxyindoleacetic

acid, and 4-dihydroxyphenylacetic acid in the hippocampus

were observed, and were completely reversed by curcumin

administration (Xu et al. 2005a). Moreover, curcumin was

found to inhibit monoamine oxidase activity in the mouse

brain (Xu et al. 2005b). These findings suggest that the

neuroprotective effects of curcumin may involve the mod-

ulation of central monoaminergic neurotransmitter systems

and even genetic modulation in the protective effect of

curcumin.

Chronic administration of haloperidol also resulted in a

significant increase in the striatal levels of TNF-a and total

nitric oxide. Overproduction of NO may also lead to the

generation of highly reactive species, such as peroxynitrite

and stable nitrosothiols that may cause damage to proteins

(3-nitrotyrosine, 3-NT) and lipids (4-hydroxynonenal,

4-HNE) (Liñares et al. 2006) and thus may contribute to

neuronal damage. Recently, Liou et al. (2006) found that

the haplotype T-4b-Glu, one of the genetic variant of NOS3

gene represents a protective haplotype against TD after

long-term antipsychotic treatment. This finding suggests

that human NOS3 gene may be involved in the pathogen-

esis of TD. Interestingly, curcumin was shown to inhibit

the production of NO and various cytokines, including

TNF-a (Cho et al. 2007). Curcumin exhibits activities

similar to recently discovered tumor necrosis factor

blockers (e.g., HUMIRA, REMICADE, and ENBREL)

(Shishodia et al. 2007). TNF-mediated NF-kappaB and

AKT activation were also reported to be inhibited by cur-

cumin (Shishodia et al. 2007). Recently, we have also

shown a beneficial effect of curcumin and its combination

with insulin in attenuating diabetic neuropathy, possibly

through its NO and TNF-a inhibitory activity (Sharma et al.

2007a, b). In the present study, curcumin dose-dependently

prevented increase in the levels of both TNF-a and total

nitric oxide, suggesting an important role of curcumin in

regulating inflammatory cascade in haloperidol-induced

neurotoxicity.

Earlier studies have shown the implication of NF-kap-

paB in the pathophysiology of haloperidol-induced toxicity

(Post et al. 1998, 2002; Saldaña et al. 2006). The levels of

p53 are reported to be upregulated by NF-kappaB activa-

tion in the rat striatum (Qin et al. 1999). Upregulation of

p53 is associated with direct inhibition of anti-apoptotic

(Bcl) genes and upregulation of pro-apoptotic (Bax and

caspase-3) genes and proteins. Several stimuli including

oxidative stress and TNF—a also induce the activation of

NF-kappaB by promoting the degradation of IkB and

nuclear translocation of dimer released from the IkB

(Kikumori et al. 2001). The present observations are in line

with these studies, i.e., an increase in the NF-kappaB

expression coupled with increase in the striatal caspase-3

activity suggesting the role of NF-kappaB in the haloper-

idol-induced neurodegeneration and neuronal cell death. In

our study, chronic administration of haloperidol but not

clozapine (less activation) increased the p65 subunit of

NF-kappaB which is positively correlated with the oxida-

tive damage markers and caspase-3 activation, suggesting

that it is an important mediator of the neuronal cell death

pathway. Co-administration of curcumin significantly and

dose-dependently inhibited NF-jB p65 unit levels in the

nuclear fraction of rat brain striatal homogenate. Several

studies involving systemic administration of curcumin

222 Neurotox Res (2011) 20:215–225

123



have shown its beneficial effects on a variety of inflam-

matory conditions by modulating NF-jB activity (Singh

et al. 1981). The results from the recent studies indicate

that the relative potency for suppression of tumor necrosis

factor (TNF)-induced nuclear factor-kappaB (NF-kappaB)

activation was curcumin [ demethoxycurcumin [ bisde-

methoxycurcumin [ tetrahydrocurcumin (Sandur et al.

2007a, b).

Caspase-3 represents the predominant caspase in the

CNS, both in normal neurodevelopmental and in neuro-

pathological states (Jarskog et al. 2007; Yuan and Yankner

2000). In the previous studies using western blotting,

40–55% increase in immunoreactivity of activated caspase-

3 bands after the chronic administration of haloperidol was

observed. It was also demonstrated that the activation of

caspase after the chronic treatment of haloperidol is a

delayed effect, only occurs after 3–4 weeks of treatment

(Jarskog et al. 2004). In the present study, chronic

administration of haloperidol (5 mg/kg i.p. for 21 days) but

not atypical antipsychotic clozapine could activate caspase-

3 in the rat striatum. The increased expression of caspase

results in the cleavage of DNA fragmentation factor and

other key cellular substrates. Owing to its association with

DNA fragmentation, the presence of activated caspase-3

has been identified as a marker for active apoptosis (Arends

et al. 1990). Caspase-3 is also involved in haloperidol-

induced changes in higher doses and can cause neuronal

degeneration and cell death (Bishnoi et al. 2008a, b). The

selective activation of striatal caspase-3 suggests that it

may play an important role in the extrapyramidal side

effects associated with the chronic administration of halo-

peridol and related neuroleptics. Co-administration of

curcumin significantly and dose-dependently inhibited

caspase-3 levels in the cytoplasmic fraction of striatal

homogenate.

Once the pharmacodynamic effect of curcumin was

confirmed, we focused on the pharmacokinetics of curcu-

min. Keeping in mind about the low bioavailability of

curcumin, we attempted to increase its bioavailability. We

thought that increase in the bioavailability will increase the

therapeutic effect of curcumin at lower doses, which will

help to limit the toxicity as well as dosage required for

maximum therapeutic activity. Co-administration of pip-

erine, a known bioavailability enhancer, is a major

approach to improve the bioavailability of any drug. Pip-

erine is known to be an inhibitor of hepatic and intestinal

glucuronidation. It alters the disposition and bioavailability

of a large number of drugs including curcumin (Shoba

et al. 1998), ECCG (Lambert et al. 2004; Atal et al. 1985),

theophylline (Atal et al. 1985), etc. Shoba et al. (1998)

have demonstrated that when piperine was concomitantly

administered with curcumin, it increased the plasma con-

centration and time to maximum peak level (Tmax), while

decreased the elimination half life and clearance of cur-

cumin. Mechanistically, it appears that piperine inhibits

small intestinal glucuronidation of curcumin, which may

result in increased absorption, and that piperine may also

slow the GI transit of curcumin, thus increasing residence

time in the intestine and allowing for greater absorption.

One can argue that the antioxidant effect of piperine may

also be contributing towards the enhanced benefit observed

with curcumin (25). However, in our study as well as

previous literatures have suggested that piperine does not

exert any antioxidant activity at such a low dose, i.e.,

2.5 mg/kg. Piperine usually showed its free radical scav-

enging activity at the dose 20 mg/kg or more than that

(40 mg/kg and 100 mg/kg) (Vijayakumar et al. 2004;

Selvendiran et al. 2003; Rauscher et al. 2000). However, in

our study piperine (2.5) was able to increase the effect of

curcumin (25) but not of curcumin (50).

The present study clearly demonstrates the neurotoxic

activity of haloperidol (typical neuroleptic) and provided

an evidence for its multifactorial nature involving neuro-

transmitter irregulation, oxidative damage, inflammation,

and apoptosis. Further, the effective modulation of

molecular targets by curcumin points towards its strong

therapeutic potential in haloperidol-induced neurotoxicity

and extrapyramidal side effects. This study also provides a

rationale for the combination of piperine and curcumin for

the amelioration of haloperidol-induced neurotoxicity and

tardive dyskinesia.
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