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Curcumin is a phenolic compound and a major component of the dietary spice
turmeric (Curcuma longa). The present study aims to investigate the efficacy of
curcumin against rotenone toxicity in a rat model of Parkinson’s disease (PD).
Rats were divided into four groups: control, PD model induced via i.p. injection
of rotenone (1.5 mg/kg), orally protected group received curcumin (80 mg/kg)
before rotenone injection and orally treated group received curcumin (80 mg/kg)
after PD model induction. The data revealed a decrease in motor activity and
monoamine content in the midbrain and striatum of PD rat model. This was
accompanied with a state of oxidative and nitrosative stress in both areas as
indicated from the increased levels of lipid peroxidation and nitric oxide together
with the decreased level of reduced glutathione as well as glutathione-S-
transferase and superoxide dismutase activities. Also, rotenone decreased
acetylcholinesterase and Na'/K'-ATPase activities and increased tumor necrosis
factor-a (TNF-a) level in both brain areas. Protection and treatment with
curcumin prevented the decline induced by rotenone in motor activity and
muscular strength and induced a parallel restoration in midbrain and striatal
dopamine levels. This was associated with an improvement in norepinephrine and
serotonin levels in the two regions. Moreover, curcumin protection and treatment
ameliorated most of the changes in oxidative stress parameters induced by
rotenone and improved the histopathological alterations in the two brain areas.
The present study showed that curcumin offered significant neuroprotective and
therapeutic effects against the neurochemical, histopathological and behavioral
changes in rotenone-induced rat model of PD.

Introduction

mately 60% of the neurons are lost, which results in
about 80% DA depletion in the striatum . The presence

Parkinson’s disease (PD) is a chronically progressive
neurodegenerative disease that usually presents between
the fifth and seventh decade. It is characterized
pathologically by a progressive degeneration of
dopaminergic neurons projecting from the substantia
nigra pars compacta (SNpc) to striatum resulting,
primarily, in motor clinical symptoms which include
resting tremor on one (or both) sides of the bod%/,
bradykinesia, rigidity, and abnormal postural reflexes ™.
The chronic and progressive SNpc neuronal cell loss
results in striatal dopamine (DA) depletion, and
consequently in the movement difficulties displayed
during the disease. The symptoms arise when approxi-
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of intracellular inclusions called Lewy bodies in the
surviving DA neurons of the substantia nigra (SN) has
been considered the histopathological hallmark of PD.
Lewy bodies are composed of aggregates of a-synuclein
protein 1.

Brain of rat can be divided anatomically into three main
parts; forebrain, midbrain and hindbrain. Forebrain
includes cerebral cortex, hippocampus, striatum,
thalamus and hypothalamus. The midbrain includes
superior, inferior colliculus and midbrain. Finally, the
hindbrain includes the cerebellum, pons and medulla .
The genetic Mendelian forms of PD are rare and ~ 95%
of cases are sporadic and in these, the exact cause is
incompletely understood, but the disorder is largely
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believed to result from exposure to an environmental
toxins and a genetic susceptibility . In this context,
evidence from epidemiological studies implicates a
number of insecticides and pesticides in increasing the
risk of PD development !. One such toxin, "rotenone”,
a pesticide and a mitochondrial complex-I inhibitor has
been shown to replicate many features of PD including
nigrostriatal cell loss and Lewy body like inclusions
when injected into rodents .

Despite massive progress in the treatment of PD, there is
no exact cure for PD. In clinical practice, levodopa is the
most potent drug for controlling motor symptoms of PD.
Catechol-O-methyltransferase (COMT) inhibitors, DA
agonists and anticholinergics are alternative modalities
in the management of PD and may be used
concomitantly with levodopa or one another [,
However, many undesirable side effects have been
reported due to the use of these medications. Levodopa
loses its effectiveness after prolonged use and induces
severe side effects like dyskinesia, nausea, and induction
of hallucinations and confusion ). Some side effects
have been associated with COMT inhibitors such as
diarrhea and increase in liver enzymes 2%, Similarly,
many side effects have been reported with the use of DA
agonists including nausea, vomiting, orthostatic
hypotension ™! hallucinations, and delusions 2.
Moreover, the usefulness of anticholinergics is limited
by the anticholinergic side effects such as cognitive
impairment, dry mouth and urinary symptoms
Consequently, there is a pressing need to find safer and
more effective antiparkinsonian agents. The use of
medicinal herbs may provide a better alternative to the
frequently used drugs to lessen the side effects and
improve the efficacy.

The polyphenol curcumin is a yellow pigment and the
main active component derived from the rhizome of the
plant Curcuma longa ™. Curcumin was first isolated
from turmeric in 1815, and the structure was delineated
as diferuloylmethane in 1910 ™. Curcumin has been
widely used as an antiseptic, analgesic, antimalarial,
insect repellant, and anti-protozoal, anti-bacterial,
immunomodulatory,  neuroprotective and  cancer
chemopreventive agent for hundreds of years .
Curcumin has been shown to exhibit antioxidant and
anti-inflammatory activities providing
neuroprotective activity against various neurologic
diseases, including Alzheimer’s disease ™, multiple
sclerosis ® and cerebral ischemia ™.

Although several approved drugs may alleviate PD
symptoms, the occurrence of severe drug-induced side
effects restricted their usage, and none of these drugs
can slow down, prevent or reverse the progress of PD.
The development of safe and effective antiparkensonian
agents is a persistent need to overcome the reported side
effects of the well established drugs. Therefore our study
aims to investigate the effect of curcumin on the
behavioral, neurochemical and histopathological
changes generated in rat model of PD induced by

rotenone.
Materials and Methods

Animals

Male Wistar albino rats weighing 150-175g obtained
from the Animal House Colony of the National Research
Centre, Giza, Egypt were used in the present study. The
animals were housed in stainless steel cages with ad
libitum access to standard laboratory diet and tap water
in a temperature-controlled (20-25°C) and artificially
illuminated (12 hs dark/light cycle) room free of any
chemical contamination. The study was approved by the
institutional ethics committee of the Animals Care and
Use Committee of National Research Centre, Egypt, on
July 2009 with registration number 09/093.

Chemicals

Rotenone was purchased from Sigma Chemical Co. (St.
Louis MO, USA). The chemical was dissolved in
dimethylsulfoxide (1.5 mg/50 ul) and then diluted with
sunflower oil to reach a final concentration of 1.5 mg/ml.
Curcumin was purchased from Alpha Chemika
(Mombai, India). Curcumin was dissolved in
dimethylsulfoxide (1 g/1.25 ml) then completed with
sunflower oil to have a final concentration of 40 mg/ml.
Experimental Model

Animals were assigned randomly into four groups (10
rats each). Control group received sunflower vehicle (1
ml/kg) daily through intraperitoneal injection (i.p.).
Rotenone-induced PD model group (RmPD) was
induced by the daily i.p. injection of rotenone (1.5
mg/kg) for 45 days according to Sun et al. 8. Curcumin
protected group (CUR/Pr) received curcumin orally
through stomach tube (80 mg/kg) ™ followed by the
daily i.p. injection of rotenone with one hour interval for
45 days. Curcumin treated group (CUR/Tr) administered
with curcumin (80 mg/kg) daily for 45 days after the
establishment of PD model.

Behavioral analysis

At the end of the experiment, rats were screened for
motor impairments using the open-field test, the traction
test and the forelimb hanging test.

Open field (OF) test

The apparatus was a square 72 x 72 cm with surrounding
walls of 30 cm height. The base of the OF was divided
into 36 squares. The central zone represented 25% of the
total arena. The duration of the test was set to be ten
minutes for each rat. The OF parameters measured were
the number of squares crossed, the time spent in the
g%]ntral zone, the number of rears and the freezing time
Forelimb hanging test

The wire hanging test was Performed using a modified
method of Fan et al. Y. This maneuver tests
neuromuscular and locomotor development 2. Each rat
was suspended grasping by its forelimb into a wire (20
mm thick) 50 cm above a foam cushion and the time to
drop was recorded. This procedure was repeated 3 times
for each rat and then the mean was calculated for each
rat. A longer time was taken as an indicator of better
strength or motor endurance.
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The traction test

The traction test was carried out as described by Dai et
al. 3. The rats were suspended by their front paws to a
wire placed horizontally. Scoring was as follows; 3: the
rat grasps the wire with two hind paws. 2: the rat grasps
the wire with one hind paw. 1: the rat cannot grasp the
wire with neither hind paws.

Preparation of samples

Following behavioral testing, animals were sacrificed by
sudden decapitation. The brain of each animal was
quickly removed and rapidly transferred to an ice-cold
Petri dish. Each brain was divided into two halves; right
and left. Each half was dissected to obtain the midbrain
and the striatum. Each brain area was weighed and
frozen at -80°C until analyzed. The right half of each
midbrain and striatum was homogenized in Tris-HCI
buffer (pH 7.4) and used for the determination of
oxidative stress parameters, enzyme activities and TNF-
a. The left half of each area was homogenized in an ice-
cold solution of acidified n-butanol and used for
monoamines analysis.

Neurochemical analysis

Determination of monoamines concentrations

The quantitative determination of dopamine (DA),
norepinephrine (NE) and serotonin (5-HT) levels was
carried out according to the method of Ciarlone ! using
a spectrofluorometer (Jasco FP-6500, with a source of
xenon arc lamp 150 watt, JASCO Ltd., Tokyo, Japan).
Determination of acetylcholinesterase activity

The procedure used for the determination of
acetylcholinesterase (AchE) activity in the midbrain and
striatum was a modification of the method of Ellman et
al. ®! as described by Gorun et al. ®!. The principle of
the method is the measurement of the thiocholine
produced as acetylthiocholine is hydrolyzed. The color
was read immediately at 412 nm. The results were
expressed as umol SH / min/ g brain tissue.
Determination of lipid peroxidation

Lipid peroxidation was assayed by measuring the levels
of malondialdehyde (MDA) in the brain tissues. MDA
was determined by measuring thiobarbituric reactive
species using the method of Ruiz-Larrea et al. " in
which the thiobarbituric acid reactive substances react
with thiobarbituric acid to produce a pink colored
complex whose absorbance is read at 532 nm.
Determination of nitric oxide

Nitric oxide (NO) was determined
spectrophotometrically in the brain tissue according to
the method described by Montgomery and Dymock 22,
This method depends on the measurement of
endogenous nitrite concentration as an indicator of nitric
oxide production. The resulting azo dye has a bright
reddish—purple color whose absorbance is read at
540 nm.

Determination of reduced glutathione

The assay of reduced glutathione (GSH) levels was
performed according to the spectrophotometric method
of Beutler et al. !, It depends on the reduction of 5,5'-
dithiobis-2-nitrobenzoic acid (DTNB) with glutathione

to produce a yellow color, the absorbance of which is
measured at 405 nm.

Determination of glutathione-S-transferase activity
Glutathione-S-transferase (GST) activity was determined
according to the method of Habig et al. B%. 0.4 ml
potassium phosphate buffer (50 mmol/l; pH 6.5), 0.1 ml
of supernatant, 1.2 ml water and 0.1 ml 1-chloro-2,4-
dinitrobenzene (30 mmol/l) were added and incubated in
a water bath at 37 °C for 10 min. After incubation,
0.1 ml of reduced glutathione (30 mmol/l) was added.
The change in absorbance was measured at 340 nm at
one min interval. The results were expressed as units/g
brain tissue, where one unit of enzyme is defined as the
amount of enzyme that conjugates 1 mmole of CDNB
with GSH per minute.

Determination of superoxide dismutase activity
Superoxide dismutase (SOD) was determined using
Biodiagnostic Kit No. SD 25 21 (Biodiagnostic Co.,
Egypt) based on the method of Nishikimi et al. !, This
method relies on the ability of the enzyme to inhibit the
phenazine  methosulphate-mediated  reduction  of
nitroblue tetrazolium dye. The change in absorbance
over 5 min after addition of phenazine methosulphate is
read at 560 nm. The results were expressed as units/g
brain tissue, where 1.5 Ulassay of the purified SOD

enzyme produced 80% inhibition of phenazine
methosulphate-mediated  reduction  of  nitroblue
tetrazolium dye.

Determination of Na*/K*- ATPase activity
Na'/K*-ATPase activity was measured

spectrophotometrically according to Bowler and Terii &

as described by Tsakiris et al. . Na'/K'-ATPase
activity was calculated as the difference between total
ATPase activity (Na'/K'-ATPase and Mg-ATPase
activity) and Mg-ATPase activity. The results were
expressed as pmol Pi/min/g brain tissue.

Determination of tumor necrosis factor-alpha

Tumor necrosis factor-alpha (TNF-o) was measured
using rat TNF-a ELISA kit obtained from Koma Biotech
Inc.(Yeongdeungpo-gu, Seoul 150-105, Korea). The
developed color was read at 450 nm using a microtiter
plate reader. The concentration was then calculated from
a standard curve.

Histopathological Examination

For histopathological assessment by light microscopy,
the brains of two rats from each group were gently
excised, washed with normal saline, fixed in 10%
buffered neutral formalin, embedded in paraffin and cut
serially at 5 um thickness. Routine staining of sections
with hematoxylin-eosin (H&E) was performed B4,
Statistical analysis

All results were expressed as means + S.E.M. Statistical
difference between the groups under investigation was
tested by one-way analysis of variance (ANOVA)
followed by post hoc test using Duncan. The open field
test data were analyzed with the non-parametric Kruskal
Wallis one-way ANOVA test followed by the Mann
Whitney paired comparison. Difference was considered
significant at p-value < 0.05. Statistical Package for
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Social Sciences (SPSS) software (version 16) was used
for all statistical calculations.

Results

Behavioral data

Open field test (OFT)

The present findings showed significant differences in
OFT parameters among control rats, rat model of PD
(RmPD) and rat model of PD protected (CUR/Pr) and
treated (CUR/Tr) with curcumin (Table 1).

A significant increase in the central square duration
(+320.42%) and freezing time (+503.53%) together with
a significant decrease in the number of crossed squares
(-83.51%) and number of rears (-85.51%) were recorded
in rotenone-induced PD rats (RmPD) compared to
control group. Curcumin protection (CUR/Pr) and
treatment (CUR/Tr) ameliorated the changes induced by
rotenone to nearly control values except for the length of
freezing time which recorded a sharp significant
decrease (-85.60%) in PD rats treated with curcumin
(CUR/Tr) compared to controls.

Forelimb hanging and traction tests

In PD animals (RmPD) the forelimb hanging time and
the traction test were recording a significant decrease of
-68.71% and -62.89%, respectively, below the control
values. Protection and treatment of parkinsonian rats
with curcumin prevented the sharp decrease in the
values of these two parameters with respect to control
(Table 1).

Neurochemical data

Monoamine Neurotransmitters

As shown in Table (2), statistical analysis revealed a
significant decrease in the levels of midbrain and striatal
DA (-37.36% and -49.23%, respectively), NE (-52.94%
and -51.85%, respectively) and 5-HT (-47.62% and

-46.43%, respectively) in parkinsonian rats (RmPD)
below the control value. The protection of parkinsonian
rats with curcumin (CUR/Pr) prevented the recorded
decrease in the three midbrain and striatal monoamine
levels. When the animal model of PD was treated daily
with curcumin (CUR/Tr), the decrease in the midbrain
and striatal DA was restored to control like value.
Curcumin treatment also restored the midbrain NE level
but failed to restore striatal NE and midbrain 5-HT.
However, curcumin treatment reversed the decreased
striatal 5-HT induced by rotenone into a significant
increase.

Acetylcholinesterase

In the midbrain and striatum of rat model of PD
(RmPD), AchE activity showed a significant decrease
recording -22.60% and -38.02%, respectively as
compared to control values. Protection of parkinsonian
rats with curcumin (CUR/Pr) caused AchE activity to be
increased significantly in the midbrain (+15.57%) and
striatum (+56.10%). Also, curcumin treatment (CUR/Tr)
restored the decrease in the midbrain AchE activity
induced by rotenone and significantly increased striatal
AchE activity (+56.64%) as compared to control group
(Table 3).

Na'/K*-ATPase

Na'/K*-ATPase activity decreased significantly in the
midbrain and striatum of parkinsonian rats (RmPD)
recording (-21.54% and -28.21%, respectively) below
control values. In the striatum, curcumin protection
(CUR/Pr) restored the Na'/K*-ATPase activity to control
values; however it failed to recover the enzyme activity
in the midbrain. On the other hand, curcumin treatment
(CUR/Tr) didn’t correct the inhibition in the midbrain
and striatal Na'/K"-ATPase activity induced by rotenone
(Table 3).

Table 1: Effect of curcumin protection and therapy on open field test parameters, forelimb hanging and traction tests

in rat model of PD.

Open field test

Forelimb

hanging test Traction test

Central square

No. of squares duration No. of rears Freezing time Time Score
crossed (sec.) (sec.)
(sec.)
Control 50.02%+10.33 2.40%+0.32 16.08%+ 3.98 3.68%+1.02 15.31* £ 0.27 2.91*+0.09
RmMPD 8.25" + 2 50 10.09" + 3.16 2.33"+0.93 22.21° +0.53 4.79° £ 0.15 1.08° + 0.08
CUR/Pr 50.11% + 7.07 2.55%+0.28 14.86% + 3.07 6.31%+1.62 16.25% + 0.48 2.83%+0.11
CUR/Tr 51.00% + 7.22 2532 +0.23 13.80°+5.13 0.53°+0.21 16.35% + 0.44 2.83%+0.11

RmPD: Rotenone-induced PD model group; CUR/Pr: rat model of PD protected with curcumin; CUR/Tr: rat model of PD treated

daily with curcumin.
Results are expressed as mean £S.E.M for 10 animals / group.

Statistically significant means (p-value < 0.05) are given in different letters.
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Table 2: Effect of curcumin protection and therapy on monoamines levels in the midbrain and striatum of rat model

of PD.
Midbrain Striatum
DA NE 5-HT DA NE 5-HT
Control 0.91%+0.02 0.34%+ 0.01 0.42%+0.01 0.65%+ 0.01 0.27%+0.01 0.28%+0.01
RmPD 0.57° £ 0.01 0.16°+0.002  0.22°+0.003 0.33°+0.01 0.13°+0.004  0.15° +0.004
CUR/Pr  0.96%+0.01 0.35%+ 0.01 0.43%+0.01 0.63%+0.01 0.27%+0.01 0.28%+0.01
CUR/Tr  0.88%+0.02 0.322+0.01  0.22°+0.001 0.60%+ 0.01 0.19°+ 0.004 0.40°+ 0.01

RmPD: Rotenone-induced PD model group; CUR/Pr: rat model of PD protected with curcumin; CUR/Tr: rat model of PD treated

daily with curcumin.
Results are expressed as mean £S.E.M for 8 animals / group.

Statistically significant means (p-value < 0.05) are given in different letters.

Table 3: Effect of curcumin protection and therapy on the activities of AchE and Na*/K*-ATPase in the midbrain and

striatum of rat model of PD.

Midbrain Striatum
AchE Na',K*-ATPase AchE Na'/K*-ATPase
(umol SH/g/min) (umol Pi/min/g) (umol SH/g/min) (umol Pi/min/g)
Control 34.16°+1.16 0.65%+0.01 44.65% +0.94 0.39°+0.01
RmPD 26.44°+0.88 0.51°+0.01 27.67°+0.88 0.28°+0.01
CUR/Pr 39.48°+0.73 0.52° +0.02 69.70°+ 2.19 0.41°+0.01
CUR/Tr 34.52%+1.03 0.51° +0.01 69.94° + 1.62 0.32°+0.01

RmPD: Rotenone-induced PD model group, CUR/Pr: rat model of PD protected with curcumin, CUR/Tr: rat model of PD treated

daily with curcumin.
Results are expressed as mean £S.E.M for 8 animals / group.

Statistically significant means (p-value < 0.05) are given in different letters.

Oxidative stress parameters

As shown in Figure (1) animals of the PD model group
(RmPD) demonstrated a significant increase in the
midbrain and striatal MDA (+29.12% and +50.62%,
respectively) and NO (+93.97% and +28.65%,
respectively) levels above the control values. However,
a significant decrease in GSH level (-48.80% and
-46.55%), GST activity (-20.86% and -29.64%), and
SOD activity (-27.38% and -35.41%) was recorded in
the midbrain and striatum, respectively, in the
parkinsonian rats (RmPD). Curcumin protection
(CUR/Pr) prevented the increase in MDA level and the
decrease in GST and SOD activities and significantly
increased GSH level (+34.94%) in the midbrain.
Treatment of parkinsonian rats with curcumin (CUR/TT)
resulted in a significant decrease in MDA (-13.49%) and
a significant increase in GSH (+73.49%) and restored
NO level, GST and SOD activities. In the striatum,
curcumin protection (CUR/Pr) reversed the increase in
MDA level into a significant decrease (-27.27%) and the

significant decrease in SOD activity into a significant
increase (+19.72%) and restored levels of NO, GSH and
GST activity to control values. Curcumin treatment
(CUR/TT) also restored NO, MDA and SOD activity and
significantly increased GSH level (+55.17%). However,
curcumin treatment failed to restore the decrease in GST
activity induced by rotenone.

Tumor necrosis factor-alpha

Figure (1) shows that the daily i.p. injection of rotenone
for 45 days (RmPD) induced a significant increase in
TNF-a levels in the midbrain and striatum recording
+18.95% and +28.93%, respectively, as compared with
the control group. However, both the protection
(CUR/Pr) and treatment (CUR/Tr) of PD rats with
curcumin normalized the significant increase induced by
rotenone injection in midbrain and striatal TNF-a levels.

Histopathological investigations

In the midbrain of control rats, large nerve cells which
were mostly multipolar, stellate or pyriform and
astrocytes appeared with sharply demarcated nuclei and
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Figure (1): Effect of curcumin on oxidative stress parameters and level of TNF-o in the midbrain and striatum of rat

model of PD.
[]Control
[=ICUR/Pr; curcumin protected group

I RmPD:
B8 CUR/Tr; curcumin treated group

Rotenone-induced PD model group

Statistically significant means (p-value < 0.05) are given in different letters.

normal structure (Figure 2-A). The histopathological
examination of the midbrain of PD-induced rat model
showed prominent degeneration of the neurons,
apoptosis and presence of cytoplasmic inclusions of
Lewy bodies. In addition, there was evidence of
pyknotic  nuclei, chromatin  condensation  and
perineuronal vacuolation (Figure 2-B). The protection
and treatment of rat model of PD with curcumin
improved the histopathological changes induced in the
midbrain (Figure 2-C and 2-D). This effect was more
prominent in case of curcumin protection.

Histological examination of the striatum from control
group revealed normal neuronal structure. Neurons

retained their shape and normal cellular configuration
with obvious nuclei was clear (Figure 3-A). However, in
the striatum of rat model of PD, severe focal
encephalomalacia, neuronal degeneration and gliosis
were observed (Figure 3-B). These histopathological
changes were reduced in the striatum when the
parkinsonian rats were protected or treated with
curcumin (Figures 3-C, 3-D).

Discussion

The main hallmark of PD is the depletion of DA content
in the basal ganglia with the appearance of Lewy bodies.
This decrease in DA content in the basal ganglia leads to
the motor deficits that characterize the PD.
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Figure (2): Histopathological section of midbrains of (H&E x400); (A) control rat showing normal neurons (black
arrow), (B) rat model of PD showing prominent degeneration of the neurons (red arrows) and presence of cytoplasmic
inclusions of Lewy bodies (black arrow), (C) rat model of PD protected with curcumin which appear more or less like the
control with few neurodegenerations (red arrow), (D) rat model of PD treated with curcumin showing
neurodegenerations of the neurons (red arrow).

Figure (3): Histopathological section of striatums of (H&E x400); (A) control rat showing normal neurons, (B) rat
model of PD showing multiple focal encephalomalacia (black arrow), gliosis (g) and neurodegenerations (red arrow), (C)
rat model of PD protected with curcumin appear more or less like the control with few focal encephalomalacia and
gliosis (black arrow), (D) rat model of PD treated with curcumin showing few focal encephalomalacia and gliosis (black

arrow).
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In the present study, the rat model of PD showed a
significant disturbance in motor activity. This was
indicated from the significant decrease in the number of
crossed lines and number of rearings together with the
significant increase in the central duration and freezing
times. In addition, there was a significant decrease in the
time of the forelimb hanging test and the score of the
traction test which were used to assess motor neuron
function and the performance of the skeletal muscles.
These behavioral symptoms were associated with a
significant decrease in DA levels in the striatum and
midbrain of rat model of PD induced by rotenone and
the neuronal degeneration as well as Lewy bodies that
have been shown in the histolopathological examination
of the two studied brain regions.

It has been reported that rotenone is one of the potent
dopaminergic neurotoxicants. It can easily cross the
blood-brain barrier and accumulate in the mitochondria,
where it binds specifically to complex I, disrupting
mitochondrial respiration and increasing reactive oxygen
species  (ROS) production  B¥. Mitochondrial
dysfunction in turn causes N-methyl-D-aspartate
(NMDA) receptor activation, which leads to further
mitochondrial impairment B, The hyperexcitability
mediated by massive stimulation of NMDA results in a
massive influx of calcium ions (Ca*") and the formation
of ROS and reactive nitrogen species (RNS), which in
turn cause lipid peroxidation, and mitochondrial and
nuclear DNA damage ®\. This could explain the state of
oxidative stress that has been observed in the striatum
and midbrain due to rotenone administration. In
addition, the present increase in NO levels could be
attributed to rotenone-induced activation of NO synthase
reported by He et al. . NO in turn could react with
ROS, especially superoxide to form peroxynitrite, a
potent oxidant and nitrating agent which has the ability
to modify proteins, lipids, and nucleic acids B%. The
present increase in the lipid peroxidation confirms the
development of the state of oxidative stress in the
striatum and midbrain of PD rat model. The decrease in
GSH level and the activities of SOD and GST could be
due to their consumption in overcoming the increased
ROS and RNS generated under the effect of rotenone.

In the present study, an increase in TNF-a was observed
in the striatum and midbrain of the PD model. This
cytokine could have a crucial role in the dopaminergic
degeneration induced by rotenone. TNF-o plays a
promoting role in  neuroinflammation-mediated
progressive degeneration of dopaminergic neurons in
PD ™ |t may thus damage the dopaminergic neurons
and consequently lead to the decrease in DA content in
the striatum and midbrain and consequently the motor
deficits that have been observed in the present model of
PD. The decrease in Na'/K'-ATPase activity that has
been observed in the PD rats may indicate the damaging
effect of rotenone on the cell membrane. Na'/K'-
ATPase is an embedded pump in the cell membrane
which plays a role in the maintenance of neuronal
excitability through the generation of the membrane

potential by the active transport of sodium (Na) and
potassium (K*) ions in the CNS 1421

The decrease in DA content in the striatum will lead to
an increase in acetylcholine (Ach) release. This is due to
the inhibitory effect of DA on Ach release [**!. Therefore,
the striatal DA/Ach balance will be deteriorated leading
to cholinergic hyperactivity which mediates the tremor,
rigidity, muscle fatigue and postural instability .
Accordingly, the present significant decrease in AchE
activity, the Ach-metabolizing enzyme, may arise from
its consumption to meet the hypercholinergic activity.

In the present study, the significant decrease in NE and
5-HT in the midbrain and striatum of rat model of PD
could mediate many of the non-motor symptoms that
appear in parkinsonian patients such as depression and
mood disturbance “4. The present decrease in NE and 5-
HT could be attributed to the stimulatory effect of
rotenone on monoamine oxidase (MAQ), the monoamine
metabolizing enzyme [*°!.

In the present study, both protection and treatment with
curcumin improved the motor dysfunction induced by
rotenone. This effect could be due to curcumin-induced
restoration of DA level in the two studied brain regions.
The present recovery in midbrain and striatal DA may be
attributed to the reported inhibitory effect of curcumin on
MAO U541 preventing the breakdown of DA and
increasing its level in the striatum and midbrain.
Curcumin is highly lipophilic, it can easily cross the
blood-brain barrier and reach the brain ¥ where it has
beneficial antioxidant effects ™. The free radical
scavenging ability of curcumin may be attributed to its
classical structure containing phenolic and methoxy
group on the phenyl ring and 1,3-diketone ¥ rendering
it capable of preventing lipid oxidation. Moreover,
curcumin can lower lipid peroxidation in mouse brain by
maintaining the activities of antioxidant enzymes like
SOD and catalase at higher levels 5.

On the other hand, the present recovery of midbrain and
striatal NO after curcumin treatment may be attributed to
the NO scavenging activity of curcumin B or the
curcumin-mediated su?pression of inducible nitric oxide
synthase expression 4, thus reducing the production of
NO. Moreover, it has been found that curcumin protected
neurons from glutamate insult by reducing Ca”" influx
31 \where Ca®* influx stimulates neuronal nitric oxide
synthase ¥, Therefore, the inhibition of Ca®* influx by
curcumin represents one of the mechanisms by which
curcumin prevents the oxidative and nitrosative stress
induced by rotenone in the midbrain and striatum and
consequently ameliorates the neuronal damage.

In the present study, the increase in GSH due to
curcumin protection and treatment could be attributed to
the reported curcumin-induced glutamylcysteine ligase
gene expression (the rate-limiting enzyme in GSH
biosynthesis), which increases glutamylcysteine ligase
activity ! thereby increasing total cellular GSH levels.
It has also been demonstrated that curcumin increased
the activity of GST enzyme . Therefore, the present
recovery of GST activity in the midbrain may be
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attributed to the stimulatory effect of curcumin on GSH
synthesis and GST activity besides the direct ROS
scavenging activity of curcumin. However, curcumin
therapy failed to restore the decrease in GST activity in
the striatum. This may be a brain region-specific effect.
Certain regions of central nervous system, such as the
striatum, are particularly sensitive to oxidative stress
because of their low endogenous levels of a-tocopherol
B The low antioxidant defense capacity can
predispose the striatum to oxidative stress. Therefore,
the inability of curcumin to activate GST in the
striatum could be attributed to the nature of this region
as the decrease in GST may be due to its exhaustion to
compensate the low antioxidant capacity of the
striatum.
In addition to its antioxidant capacity, curcumin
exhibited an anti-inflammatory effect, in the present
study, as evidenced from its ability to restore the
rotenone-induced increase in TNF-a. This effect may
be mediated by curcumin-induced inhibition of TNF-a
- [58] R - -
gene expression and the inhibition of microglial
activation 9,
The present findings demonstrated that rotenone
induced a state of severe oxidative stress and
inflammation which in turn may result in irreversible
neuronal cell membrane degeneration and a permanent
decrease in Na'/K'-ATPase activity. Therefore,
although curcumin protection and treatment alleviated
the oxidative stress and inflammation, it failed to
restore the recorded inhibition in Na'/K'-ATPase
activity.
Protection and treatment of parkinsonian rats with
curcumin reduced rotenone-induced oxidative stress,
excitotoxicity, elevated levels of NO and TNF-a. These
beneficial effects of curcumin could stop the
progression of neurodegeneration induced by rotenone
but couldn’t restore the histopathological changes. This
may be expected since neuronal damage is an
irreversible effect and requires prolonged time to be
recovered due to the unique nature of neuronal tissues.
This could explain why the improvement in
histopathological changes was more prominent when
curcumin was used as a protective agent.
The present data demonstrated that protection with
curcumin against rotenone intoxication significantly
increased midbrain and striatal AchE activities which
may be a feed-back mechanism by which curcumin
normalizes Ach levels. Moreover, the daily treatment of
PD rat model with curcumin restored the significant
decrease in AchE activity induced by rotenone to
control-like value in the midbrain and increased striatal
AchE activity significantly. It has been demonstrated
that the activity of AchE is inhibited by free radical
formation ® and since curcumin is a potent free
radical scavenger besides its ability to reduce oxidative
damage by enhancing the antioxidant defense systems
of the brain, it may attenuate the significant decrease
induced by rotenone in midbrain and striatal AchE
activity.

It is clear from the present results that curcumin
protection was effective in preventing the depletion of
midbrain and striatal NE level induced by rotenone,
while the therapeutic effect of curcumin on NE level
appeared only in the midbrain. In addition, both
curcumin protection and therapy were effective in
restoring the decreased level of 5-HT induced by
rotenone in the midbrain and striatum to control-like
level. Since MAO is the metabolizing enzyme of NE
and 5-HT, the inhibitory effect of curcumin on this
enzyme activity could mediate the restoration of NE and
5-HT. This effect may be beneficial in preventing the
state of depression and insomnia associated with PD.
The present data showed that protection with curcumin
is more efficient than treatment with curcumin against
the changes induced in the midbrain and striatum of rat
model of PD.

In conclusion, the present study demonstrated that
curcumin administration potentially reversed rotenone-
induced alterations in behavioral and neurochemical
parameters in rats. These beneficial effects of curcumin
may be attributed partially to its antioxidant and anti-
inflammatory efficacy. Since curcumin is a natural
polyphenol without any reported side effects, our
findings suggest that curcumin supplementation as a
part of our diet might be a useful adjunct in the
prevention and treatment of PD.
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