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Abstract

Parkinson’s disease (PD) is the second common age-related neurodegenerative disease. It is characterized by control loss of
voluntary movements control, resting tremor, postural instability, bradykinesia, and rigidity. The aim of the present work is to
evaluate curcumin, niacin, dopaminergic and non-dopaminergic drugs in mice model of Parkinson’s disease through behavioral,
biochemical, genetic and histopathological observations. Mice treated with rotenone rerecorded significant increase in adeno-
sine A, , receptor (A,,R) gene expression, a synuclein, acetylcholinesterase (AchE), malondialdehyde (MDA), angiotensin-II
(Ang-II), c-reactive protein (CRP), interleukin-6 (IL-6), caspase-3 (Cas-3) and DNA fragmentation levels as compared with
the control group. While, significant decrease in dopamine (DA), norepinephrine (NE), serotonin (5-HT), superoxide dismutase
(SOD), reduced glutathione (GSH), ATP, succinate and lactate dehydrogenases (SDH &LDH) levels were detected. Treatment
with curcumin, niacin, adenosine A,,R antagonist; ZM241385 and their combination enhanced the animals’ behavior and
restored all the selected parameters with variable degrees of improvement. The brain histopathological features of hippocampal
and substantia nigra regions confirmed our results. In conclusion, the combination of curcumin, niacin and ZM?241385 recorded
the most potent treatment effect in Parkinsonism mice followed by ZM241385, as a single treatment. ZM241385 succeeded
to antagonize adenosine A,, receptor by diminishing its gene expression and ameliorating all biochemical parameters under
investigation. The newly investigated agent; ZM?241385 has almost the same pattern of improvement as the classical drug;
Sinemet®. This could shed the light to the need of detailed studies on ZM?241385 for its possible role as a promising treatment
against PD. Additionally, food supplements such as curcumin and niacin were effective in Parkinson’s disease eradication.
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Introduction

Parkinson’s disease (PD) is the second neurodegenerative
disorder that affects elderly population [1]. The most pre-
dominant feature of the disease is motor impairments [2, 3].
The clinical feature of PD includes dopaminergic neuronal
loss in substantia nigra region and depleted level of dopamine
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in striatum [4]. The pathological evidence of PD is character-
ized by the presence of Lewy bodies, which consists of insol-
uble and fibrous aggregates of a-synuclein with some fila-
ments [5]. PD is also associated with oxidative stress, brain
mitochondrial dysfunction, inflammation, and apoptosis [5].
The human brain needs about 20% of total body energy
and 25% of glucose utilization. This high-energy consump-
tion is due to the high number of neurons which need to
maintain a delicate interplay between energy metabolism,
neurotransmission, and plasticity. Disturbances to the ener-
getic balance, to mitochondria quality control or to glial
neuron metabolic interaction may lead to brain circuit mal-
function or even severe disorders of the CNS [6].
Levodopa (L-dopa) is a precursor of dopamine that reduces
some of PD motor symptoms, since it compensates for dopa-
mine-producing cell loss by enhancing dopamine synthesis
in the surviving neurons. Levodopa is used to treat motor
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symptoms but, has severe side-effects with its long-term use
[7]. Besides it does not stop the neurodegenerative process, the
gastrointestinal dysfunctions interferes with its absorption and
attenuates its effectiveness [8].

Since most patients are treated with L-dopa, there is a
need for complementary therapies that rescue them from such
undesirable motor and non-motor symptoms. This encourages
researchers to search for potential herbal products with anti-
oxidant activity for PD treatment.

Curcumin is a polyphenol compound having antioxidant,
anti-inflammatory, anticarcinogenic effect [9-11] and has an
effective role against cognitive implications [12]. Moreover,
curcumin can cross the blood-brain barrier (BBB), which is
essential to exert its therapeutic effect for PD [13].

Niacin (nicotinic acid) is obtained in the diet from a vari-
ety of whole and processed foods, in fortified packaged foods
and in some vegetable and animal sources [14]. Niacin can
play a significant role in enhancing the anti-inflammatory
immune responses in humans and animal models [15]. Nia-
cin plays a potential role in endothelial function by improving
endothelium-dependent vasodilatation in coronary heart dis-
ease patients [16] and in diabetic encephalopathy [17]. Niacin
supplementation may influence the course of PD [18] and it
may have neuroprotective role in mice-stroke model [19] by
promoting vascular remodeling and functional outcome [20].

Adenosine A, , receptor (A, ,R) antagonist (4-(2-[7-amino-
2-(2-furyl)[1,2,4]-triazolo[2,3-a][1, 3, S]triazin-5-yl amino]
ethyl) phenol); ZM241385 is one of the non-dopaminergic
drugs which enhances motor activity [21]. Therefore, the aim
of the present work is to evaluate the natural compounds; cur-
cumin and niacin against rotenone-induced Parkinson’s disease
in mice with special emphasis on the role of the dopaminergic;
Sinemet® and the non-dopaminergic agent; adenosine A,,R
antagonist (ZM?241385). The evaluation has been performed
through estimation of certain biomarkers as a-synuclein level
and adenosine A,,R gene expression. The oxidative stress
indices; MDA, SOD and GSH were estimated. The neuro-
transmitter levels; DA, 5-HT, NE and AchE enzyme were
evaluated. The inflammatory mediators; IL-6, Ang-Il and CRP
levels were determined. The work was extended to estimate
the apoptotic markers; Cas-3 and DNA fragmentation pattern.
Additionally, the energetic indices; ATP, SDH and LDH were
carried out. The brain histopathological analysis of hippocam-
pal and substantia nigra regions were also done.

Materials and methods
Drugs and chemicals
Rotenone, niacin, curcumin, and ZM 241385 were purchased

from Sigma Chemical Company, St. Louis, MO, USA.
Sinemet® marketed by Merck and Co. Inc., Whitehouse
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station (NJ, USA) (10 mg carbidopa/100 mg levodopa). All
chemicals utilized in the existing study were of analytical
grade.

Animal and ethics

Adult male Swiss albino mice weighing 22-27 g were used
in the current study. Mice were obtained from the animal
house, National Research Centre, Dokki, Giza, Egypt. Mice
were adapted for 2 weeks in 12 h light/dark cycle in a well-
ventilated cage with free access of water and diet. Animal
care during the experiments were carried out in keeping
with agreement of the Medical Ethical Committee, National
Research Centre, Egypt (Approval no. 16089) and Ethics
Committee of Faculty of Pharmacy, Cairo University, Cairo,
Egypt (BC 1839). Basic housing requirements and regular
inspection of facilities that mandate the control of pain and
suffering during the experiment were conducted. Euthanasia
was done rapidly and painlessly to be sure that the animals
do not suffer at any stage of the experiment. Getting rid of
the animals after termination was done rapidly by the aid of
the Safety and Health Committee, National Research Centre,
Dokki, Giza, Egypt.

Induction of Parkinsonism and treatments

Rotenone and all treatments were dissolved in a mixture of
dimethyl sulfoxide (DMSO) and sun flower oil (1: 9, v/v).
Treatments with curcumin, niacin, ZM241385, their combi-
nation and Sinemet® were run simultaneously with rotenone
injection and continued daily for 12 days.

To induce experimental Parkinsonism, mice were subcu-
taneously injected with rotenone at a dose of 1.5 mg/kg/48 h,
for total of 6 injections [22]. Curcumin was orally admin-
istered at a dose of 80 mg/kg/day [23], niacin was orally
administered at a dose of 40 mg/kg/day [24], ZM 241385
was intraperitoneal injected at a of dose 3.3 mg/kg/day [21]
and Sinemet® was orally administered at a dose of 10 mg
levodopa/kg/day [25]. The dose of Sinemet® was adjusted to
contain 10 mg levodopa. The co-administration of carbidopa
with levodopa allows the use of smaller doses of levodopa
and reduced the side effects resulting from the peripheral
actions of dopamine by decarboxylation of levodopa in the
peripheral tissues [7, 8].

Experimental design

After 2 weeks of acclimatization period, the animals were
randomly divided into 7 groups (n=6). Group 1 served as
control and received subcutaneously vehicle of 20 ul DMSO/
ml sun flower oil (1:9 v/v). Group 2 was subcutaneously
injected with rotenone. Groups 3-7 were mice injected
with rotenone and administered simultaneously with oral
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curcumin, niacin, intraperitoneal ZM 241385, their combi-
nation and oral Sinemet®, daily for 12 days, respectively.
Forty-eight hours after the last administration, animals were
anesthetized by diethyl ether inhalation and sacrificed by
decapitation.

Behavioral study

Daily observation of animals was done for follow-up the
development of PD symptoms as bradykinesia, and rigidity.
Mice were further quantified by wire hanging test, where
mice were suspended by its forelimbs on a metal rod (40 cm
length and 0.50 cm in diameter) located approximately
50 cm above the surface. The time the animal remains on
the rod (maximum 60 s) was recorded [26].

Blood and tissue samples

Blood samples were drawn from the retro-orbital plexus into
dry test tubes and centrifuged at 300xg for 15 min to sepa-
rate serum, which was kept at — 80 °C for the assays of IL-6,
Ang-II and CRP levels.

The whole brain was detached immediately after
decapitation, washed with ice-cold isotonic saline, the
surface wash solution was removed from the brain with an
absorbent paper, weighed, homogenized in 50 mM phos-
phate buffer (pH 7.4) and centrifuge at 300xg for 10 min
at 4 °C. The supernatants were separated and stored at
— 80 °C for the assays of adenosine A,,R gene expres-
sion, a-synuclein, AchE, Cas-3, NE, DA, 5-HT, GSH,
MDA, SOD, LDH, SDH, ATP and DNA fragmentation
levels.

Evaluation of Parkinson’s disease markers

For adenosine A,, receptor gene expression, brain total
RNA was isolated and purified by TRIzol ® reagent extrac-
tion method (cat#15596-026, Invitrogen, Germany). Accord-
ing to manufacturer’s instructions, the purity of total RNA
was assessed by the 260/280 nm ratio (between 1.8 and
2.1). The integrity was assured with ethidium bromide-stain
analysis of 28S and 18S bands by formaldehyde-containing
agarose gel electrophoresis. Aliquots were used for reverse
transcription (RT). The complete Poly(A) + RNA isolated
from brain tissues was reverse transcribed into cDNA using
RevertAidTM first-strand cDNA synthesis kit (MBI Fer-
mentas, Germany). DNA amplification was done through
quantitative real-time polymerase chain reaction (QRT-PCR).
PCR (Veriti™ 96-Well Thermal Cycler, Applied Biosys-
tems™, CA, USA) reactions were done using SYBR®
Premix Ex TaqTM (TaKaRa, Biotech. Co. Ltd., Germany).
The quantitative values of RT-PCR (qQRT-PCR) of adenosine
A, AR (Adora2a-F: 5'-cat catcgtggggctctttg-3’, Adora2a-R:

5'-gaactcccg gat cctgta gg-3', NCBI Reference Sequence:
NM-009630.3) gene were normalized on the bases of 3-actin
(B-actin-F: 5'-GTG GGC CGC TCT AGG CAC CAA-3',
B-actin-R: 5'-CTC TTT GAT GTC ACG CAC GAT TT-3’
expression [27]. At the end of each qRT-PCR, a melting
curve analysis was performed at 95.0 °C to check the quality
of primers [28].

Brain a-synuclein was determined using ELISA kits
(Cloud-Clone Company, TX, USA) according to the method
of Cerri et al. [29].

Estimation of AchE and neurotransmitter levels

AchE (Cusabio, TX, USA) was estimated according to the
method of Wen et al. [30]. Neurotransmitters as NE, DA and
5-HT levels were determined by the method of Zagrodzka
et al. [31], where their concentrations were determined
using high-performance liquid chromatography with elec-
trochemical detection (HPLC-ED). The flow rate of the
column was adjusted to 1.4 ml/min and the concentrations
of neurotransmitters in each sample were calculated from
the integrated chromatographic peak area and expressed
as ng/mg tissue. Absolute quantitation was performed by
additional injection of standards containing defined concen-
tration of specific amines. A standard curve was generated
for each assay.

Estimation of oxidative stress markers

Brain GSH level was estimated by the method of Moron
et al. [32]. MDA was performed according to the method
of Wills [33]. SOD was estimated according to the method
of Kono [34].

Estimation of brain energetic parameters

Brain ATP level was determined using ATP colorimetric
assay kit supplied by Bio Vision Incorporated Co., Milpi-
tas, USA. The assay depend on utilize the phosphorylation
of glycerol to generate; a product that is easily quantified
by colorimetric technique at 570 nm. SDH activity was
estimated in brain tissue by the method of Rice and Shel-
ton [35]. LDH activity was estimated in brain tissue by the
method of Babson and Babson [36].

Exploration of the inflammatory indices

Serum IL-6, Ang-II and CRP levels were measured by
ELISA technique. IL-6 (Cloud-Clone Company, TX, USA)
was estimated according to the method of Sun et al. [37],
Ang-II level (Kamiya Biomedical Company, WA, USA)
according to the method of Sun et al. [38] and CRP level
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(Life Diagnostics, Inc., PA, USA) according to the method
of Schreiber et al. [39].

Estimation of brain apoptotic indices

Cas-3 was determined using an ELISA kit (Cloud-Clone
Company, TX, USA) according to the method of Pradeep
et al. [40].

DNA fragmentation was qualitatively analyzed by detect-
ing the laddering pattern of nuclear DNA according to Lu
et al. [41]. A 100-bp DNA ladder (Invitrogen, USA) was
included as a molecular size marker and DNA fragments
were visualized and photographed by exposing the gels to
ultraviolet transilluminator. Six DNA fragmentation patterns
displayed seven lanes of one mice/group were analyzed and
one pattern was selected for illustration.

Histopathological assay

Specimen of the brain substania nigra and hippocampus
regions were fixed in 10% neutral buffered formalin, embed-
ded in paraffin wax, cut at 5 pm thickness and stained with
hematoxylin and eosin (H&E) after processing [42]. Six
mice brains sections were analyzed in each group and one
figure/group was selected for illustration.

Statistical analysis and calculations

Data are expressed as mean =+ standard deviation (SD) of six
mice in each group. Statistical differences among groups
were assessed by one-way analysis of variance (ANOVA)
test accompanied by Tukey—Krammer’s test for intergroup
comparisons with least significance level at P <0.05. Sig-
nificance levels at P <0.0001,<0.001,<0.01 and <0.05 had
been given respective symbols.

Table 1 Wire hanging test after 2 weeks of treatment

Groups Hanging time (s)

Control 23.00%"% +2.94
Rotenone® 475" +1.70
Rotenone + Curcumin 9.004#% 42 16
Rotenone + Niacin 11.25%% 4221
Rotenone +ZM 17.50** +2.08
Rotenone + (Cur + Nia+ZM) 18.50** +1.73
Rotenone + Sinemet®" 16.50%* +2.38

Data are expressed as mean + SD of six mice in each group
Superscript letters are significant difference between groups

Symbols *, #%*, # # are levels of significance at P <0.0001, 0.001,
0.01, 0.05, respectively

Statistical analysis is carried out using one way ANOVA followed by
Tukey—Kramer for multiple comparison test at P <0.05

rotenone group (Table 1). Therefore, the behavioral observa-
tion of rats through the wire hanging test showed improve-
ment by 18.40, 28.20, 55.40, 59.70 and 51.08%, respectively.

Parkinson’s disease markers

Regarding to the adenosine A, R gene expression level,
it showed significant increase (P <0.0001) in rotenone
group by 281.08% compared to the control group. Signifi-
cant decrease in adenosine A,,R gene expression level was
recorded after treatment with curcumin, niacin, ZM, their
combination and Sinemet® (each P <(0.0001) as compared
with the rotenone-induced group (Table 2). Hence, enhance-
ment in adenosine A, R gene expression level was reached
to 118.90, 135.10, 208.10, 224.00 and 170.20%, respectively.

a-synuclein level showed significant increase (P <0.0001)
in rotenone-induced mice by 267.70% as compared with
control group. Mice treated with curcumin, niacin, ZM,

% Change = ((mean of control group — mean of treated group)/mean of control group) x 100

% of improvement = ((mean of rotenone group — mean of treated group)/mean of control group) x 100.

Results
Wire hanging test

The wire hanging test revealed significant decrease
(P <0.0001) in time spent by rats for being hanging with
a wire in rotenone-treated group by 79.30%, as compared
by control group. Treatment of rotenone-induced rats with
curcumin (P < 0.05), niacin (P <0.0001), ZM (P < 0.0001),
their combination (P <0.0001) and Sinemet® (P <0.0001)
showed significant increase in time as compared with the
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their combination and Sinemet® (each P <(0.0001) showed
significant decrease in a-synuclein as compared with rote-
none group (Table 2). Improvement levels were observed
after different treatment reached to 136.80, 149.70, 220.70,
241.70 and 185.60%, respectively.

Neurotransmitter Index
DA, 5-HT and NE levels in rotenone-induced mice

showed significant decrease (P <0.0001) by 56.50, 35.73
and 37.47%, respectively as compared with the control
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Table2 Adenosine A,, receptor gene expression and a-synuclein
levels in brain of mice in different studied groups

Table 3 Levels of dopamine (DA) and noradrenaline (NA) in brain of
mice in different studied groups

Groups Relative a-synuclein (ng/ml)
gene expression of
adenosine A, R
Control 0.37%%% +0.06 11.87%#5 4+ 1,65
Rotenone? 1.41%%+0.10 43.57%% +1.42
Rotenone + Curcumin 0.97% +0.07 27.33%5% 1 .96
Rotenone + Niacin 0.91%+0.03 25.80** +1.31
Rotenone +ZM 0.64% +0.07 17.37%+0.74
Rote- 0.58% +0.06 14.87%% 11,01
none + (Cur + Nia +ZM)
Rotenone + Sinemet®P 0.78% +0.08 21.53**+0.86

Data are expressed as mean + SD of six mice in each group
Superscript letters are significant difference between groups

Symbols *, **, # # are levels of significance at P <0.0001, 0.001,
0.01, 0.05, respectively

Statistical analysis is carried out using one way ANOVA followed by
Tukey—Kramer for multiple comparison test at P <0.05

The relative quantification of adenosine A,,R gene to the reference
(B-actin) was determined by using the 2724¢T method

mice. Significant increase in the DA and serotonin levels
were noted in curcumin (P <0.01), niacin, ZM, their com-
bination and Sinemet® (each P <0.0001) as compared with
the rotenone group. In addition, the NE level was increased
significantly after treatments with curcumin, niacin (each
P <0.05), ZM, their combination and Sinemet® (each
P <0.0001) as compared to rotenone group. In contrast,
AchE enzyme level was significantly increased (P <0.0001)
by 153.49% in rotenone-induced mice as compared with
the normal mice. Treatments with curcumin, niacin, ZM,
their combination and Sinemet® (each P <0.0001) signifi-
cantly decreased the AchE level as compared with rotenone-
induced mice group (Tables 3, 4).

According to these results, the DA levels ameliorated
after treatment by 11.48, 15.91, 14.83, 22.25 and 27.53%,
respectively, while 5-HT level was improved by 7.06, 13.08,
12.86, 20.23 and 21.85%. Additionally, NE ameliorated by
6.07,5.94, 11.14, 14.49 and 21.34% and AchE improved
by 84.90, 90.12, 117.38, 133.95 and 118.11%, respectively.

Oxidative stress markers

Concerning MDA level, the results revealed significant
increase (P <0.0001) in rotenone induced mice by 90.95% as
compared to control group. Treatment of rotenone-induced
mice with curcumin (P <0.01), niacin, ZM, their combina-
tion and Sinemet® (P <0.0001) showed significant decrease
as compared with the rotenone-induced mice (Table 5).
Therefore, treatments showed improvement in MDA level
by 52.85, 85.87, 81.74, 58.09 and 78.25%, respectively.

Groups DA (ng/gm) NA (ng/gm)

Control 61.068> £427  532.67%% 1958
Rotenone? 26.54%+4.44  333.04%%+£17.72
Rotenone + Curcumin 33.55%% 4 1.48 365.41%% 4+ 17.56
Rotenone + Niacin 33.26% 1+ 1.35 364.71%% 11379
Rotenone +ZM 35.6%b%k £ 2 24 392 43%4D% 420,52
Rotenone + (Cur + Nia +ZM) 40.13%+1.82 410.25% 11423
Rotenone + Sinemet®P 43.35% 4342  446.71%*%+23.78

Data are expressed as mean + SD of six mice in each group
Superscript letters are significant difference between groups

Symbols *, **, # # are levels of significance at P <0.0001, 0.001,
0.01, 0.05, respectively

Statistical analysis is carried out using one way ANOVA followed by
Tukey—Kramer for multiple comparison test at P <0.05

In GSH level, a significant decrease (P <0.0001) was
observed in rotenone-induced mice by 65.18% comparing
to the control group. Treatment of rotenone induced mice
with curcumin (P < 0.05), niacin, ZM (each P <0.01), their
combination (P <0.0001) and Sinemet® (P <0.01) showed
significant increase as compared with the rotenone-induced
mice (Table 5). Thus, treatments showed improvement
in GSH level by 21.86, 26.13, 24.28, 31.29 and 25.02%,
respectively.

Regarding to SOD enzyme activity, a significant decrease
(P <0.0001) in rotenone induced mice by 75.93% was
recorded as compared to the control group. Treatment of
rotenone-induced mice with curcumin, niacin, ZM, their
combination and Sinemet® (each P <0.0001) showed
a significant increase compared with rotenone group

Table 4 Levels of serotonin (5-HT) and acetylcholinesterase (AchE)
in brain of mice in different studied groups

Groups 5-HT (ng/gm) AchE (mU/mg)

Control 476.59% 5% 11,04 9.72%%b#% 1118
Rotenone? 306.62° £12.50  24.64% +2.21
Rotenone + Curcumin 340.30%% £ 8.05 16.38%P%% 1,14
Rotenone + Niacin 368.99%#%% 1 13,18  15.88% 1 1.29
Rotenone +ZM 367.51%%% 118,53  13.23%+0.92
Rote- 403.07*+£17.59  11.62*+0.72

none + (Cur + Nia+ZM)

Rotenone + Sinemet®" 410.36%* +13.77 13.16™+0.58

Data are expressed as mean + SD of six mice in each group
Superscript letters are significant difference between groups

Symbols *, **, # # are levels of significance at P<0.0001, 0.001,
0.01, 0.05, respectively

Statistical analysis is carried out using one way ANOVA followed by
Tukey—Kramer for multiple comparison test at P <0.05
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Table 5 Glutathione (GSH),

. Groups
malondialdehyde (MDA) levels

MDA (ug/mg protein)  GSH (ug/mg protein)  SOD (ug/mg protein)

and superoxide dismutase Control
(SOD) activity in brain of mice

N . Rotenone®
in different studied groups

Rotenone + Curcumin
Rotenone + Niacin

Rotenone +ZM

Rotenone + (Cur + Nia+ ZM)
Rotenone + Sinemet®°

6.30+1.78 45.9285% 1.7 45 239.75%P% 1 11.71
12.03% +3 .31 20.13%£2.92 57.70° +18.07
8.70%* +1.07 30.17**% +4.53 124.77* +16.85
6.62% +1.22 32.13%+6.13 156.51%% +22.66
6.88% +1.31 31.28%+3.07 189.18*+* 119,65
8.37% +1.44 34.50% +2.30 157.40% +25.32
7.10%* +0.49 31.62%* +6.06 144.20** +13.33

Data are expressed as mean + SD of six mice in each group

Superscript letters are significant difference between groups
Symbols *, **, # # are levels of significance at P <0.0001, 0.001, 0.01, 0.05, respectively

Statistical analysis is carried out using one way ANOVA followed by Tukey—Kramer for multiple compari-

son test at P <0.05

(Table 5). We noticed that treatment showed improvement
in SOD activity by 27.97, 41.21, 54.84, 41.60 and 36.07%,
respectively.

Brain energetic indices

Regarding to ATP level, the rotenone group showed sig-
nificant decrease (P <0.0001) by 49.23% as compared with
the normal control mice. Treatment with curcumin, niacin,
Sinemet®, ZM, their combination and Sinemet® (each
P <0.0001) were significantly increased the ATP level as
compared with the rotenone-induced group (Table 6). We
noticed improvement in ATP levels after treatment with cur-
cumin, niacin, ZM, their combination and Sinemet® reached
to 15.14, 21.90, 15.18, 24.95 and 31.70%, respectively.
SDH enzyme showed significant decrease (P <0.0001)
by 34.50% in rotenone-induced group as compared with the
healthy mice. Curcumin, ZM and their combination showed
no significant change in the enzyme level comparing to
rotenone group, but showed significant increase with niacin
and Sinemet® treatments (each P <0.01) as compared to

rotenone-induced group (Table 6). Therefore, these treat-
ments recorded amelioration levels by 9.14, 21.10, 12.06,
17.01 and 22.75%, respectively.

In case of LDH enzyme activity, a significant decrease
(P<0.0001) by 44.80% was recorded compared with the
control mice. Significant increase in SDH levels were noticed
after treatment with niacin (P <0.01), ZM (P <0.05), their
combination and Sinemet® (each P <0.05) as compared
with the rotenone group, but no significant change after
treatment with curcumin was seen (Table 6). The enzyme
recoded improvement values by 10.25, 20.51, 27.00, 21.83
and 21.90%, respectively.

Inflammatory mediator index

Regarding to Ang-II, CRP and IL-6 levels, rotenone group
showed significant increase (each P <0.0001) by 20.80,
113.97 and 334.41% as compared with the control mice. In
Ang-II and IL-6 levels, treatments with curcumin, niacin,
ZM, their combination and Sinemet® (each P <0.0001) were
significantly decreased comparing to the rotenone-induced

Table 6 Succinate Groups

SDH (ug/mg protein) LDH (ug/mg protein) ATP (Pmol/mg)

dehydrogenase (SDH) and
lactate dehydrogenase (LDH) Control
activities and ATP level in brain

of mice in different studied _
groups Rotenone + Curcumin

Rotenone?

Rotenone + Niacin
Rotenone +ZM
Rotenone + (Cur + Nia+ZM)

Rotenone + Sinemet®®

18.81%%+1.88 15.11%b%% 4 1 35 58.35%D% 4+ 5,09
12.32%%+1.90 8.34%% +1.34 29.62% +2.56
14.04+1.46 9.89+1.10 38.40%P% 1 1,55
16.29% +1.55 11.44% +1.43 42.44%+%% 4 2 30
14.59 +1.67 12.42%% +1.22 38.48%" +1.53
14.52+1.51 11.64%% +0.82 44.18% +1.75
16.60%* +2.28 11.65%% +1.47 48.17% +1.92

Data are expressed as mean + SD of six mice in each group

Superscript letters are significant difference between groups
Symbols *, **, # # are levels of significance at P <0.0001, 0.001, 0.01, 0.05, respectively
Statistical analysis is carried out using one way ANOVA followed by Tukey—Kramer for multiple compari-

son test at P <0.05

@ Springer



Molecular and Cellular Biochemistry (2020) 465:89-102

95

group. CRP level showed significant decrease with curcumin
(P <0.001), niacin, ZM, their combination and Sinemet®
(each P <0.0001) treatments as compared with the rotenone
group (Table 7). Therefore, treatment with curcumin, niacin,
ZM, their combination and Sinemet® recorded improvement
by 10.19, 6.93, 10.70, 10.70 and 11.70%, respectively, for
Ang-II, while this improvement reached to 40.70, 47.77,
53.91, 64.05 and 74.19%, respectively, for CRP level and
reached to 123.40, 137.60, 191.70, 248.70 and 147.70%,
respectively, for IL-6 level.

Apoptotic indices

Cas-3 and DNA fragmentation levels showed significant
increase (P <0.0001) in rotenone-induced mice by 237.30
and 260.08%, respectively, as compared with the healthy
mice. Curcumin, niacin, ZM, their combination and
Sinemet® (each P <0.0001) significantly decreased the
level of Cas-3 and DNA fragmentation level as compared to

the rotenone group. Hence, the treatments under investiga-
tion recorded amelioration in Cas-3 level by 115.90, 124.80,
160.90, 189.40 and 143.70%, respectively, while it amounted
82.40, 98.60, 209.40, 232.40 and 178.37%, respectively, for
DNA fragmentation level (Table 8 and Fig. 1).

Histopathological analysis

The histopathological pattern of control mice showed
the cerebellum with normal histological features, a well-
defined molecular, granular and Purkinje layers with
normal structure of neuronal cells in the frontal cortex.
In rotenone-treated mice, abnormal cerebral cortex as
well as mild vacuolization and oedema of neuronal cells
were seen. The brain of rotenone-induced mice treated
with curcumin, niacin, Sinemet®, ZM and their combina-
tion showed almost normal histological structure repre-
sented by well-defined molecular, granular and Purkinje
layers, and normal neurons with visible axons. Some

Table 7 Angiotensin-II,

Ang-II (Pg/ml)

CRP (Pg/ml) IL-6 (ug/mg protein)

. . Groups

c-reactive protein (CRP) and

interleukin-6 (IL-6) levels Control

in serum of mice in different a

R Rotenone

studied groups )
Rotenone + Curcumin
Rotenone + Niacin
Rotenone + ZM
Rotenone + (Cur + Nia+ ZM)
Rotenone + Sinemet®®

383.73%b% 41422

17.33%b% 41,53
75.23%% +2.28

6.51%54% 1 0.86

463.58%% +6.76 13.93%* +0.90

424.46™ +10.60 11.28%5% 40,67 53.83% +2.57
436.97%% 1452 10.82% +0.67 51.37% +2.28
422.46* +6.10 10.42% +0.94 42.13% +2.47
424.67% +4.40 9.76% + 1.64 32135 42 40
418.43%* £9.78 9.10% +0.85 49.63% +1.86

Data are expressed as mean + SD of six mice in each group

Superscript letters are significant difference between groups
Symbols *, **, # # are levels of significance at P <0.0001, 0.001, 0.01, 0.05, respectively

Statistical analysis is carried out using one way ANOVA followed by Tukey—Kramer for multiple compari-

son test at P <0.05

Table 8 Caspase-3 activity and

. Groups Caspase3 (pmol/min/ml) DNA fragmen-

DNA ~fragme.ntat‘lon Pattern tation (ug/mg

in br.aln of mice in different protein)

studied groups
Control 19.20%%* +0.87 7.4%%% +0.30
Rotenone® 64.77%% +1.45 26.7°% +0.60
Rotenone + Curcumin 42.50*+0.78 20.6%+P% 1+0.40
Rotenone + Niacin 40.80**+0.92 19.4%%% 1.0.30
Rotenone +ZM 33.87%+1.25 11.2%% 4+ 0.50
Rotenone + (Cur + Nia+ZM) 28.4% +0.82 9.5%b% 40,50
Rotenone + Sinemet®° 37.17** +1.04 13.5%+0.40

Data are expressed as mean + SD of six mice in each group

Superscript letters are significant difference between groups
Symbols *, **, # # are levels of significance at P <0.0001, 0.001, 0.01, 0.05, respectively

Statistical analysis is carried out using one way ANOVA followed by Tukey—Kramer for multiple compari-

son test at P <0.05
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Fig. 1 Brain DNA fragmentation pattern analyzed by DNA gel elec-
trophoresis laddering assay. M: DNA ladder. Lane 1: control mice.
Lane 2: rotenone-induced mice. Lane 3: mice exposed to rotenone
and treated with Sinemet®. Lane 4: mice exposed to rotenone and
treated with ZM. Lane 5: mice exposed to rotenone and treated with
curcumin. Lane 6: mice exposed to rotenone and treated with niacin.
Lane 7: mice exposed to rotenone and treated with combination of
curcumin, niacin and ZM

neurodegenerative changes as vaculation and apoptotic
nuclei were also seen (Figs. 2, 3).

Discussion

There are great evidences suggest that a-synuclein is
responsible for initiating the pathological features in PD
[5]. Within Lewy bodies (LB), a-synuclein is deposited
in fibrillary structures [43], where the a-synuclein lesions
are propagated and spread between the interconnected
brain regions [44, 45]. Additionally, release of LB derived
a-synuclein into the cerebrospinal fluid and blood may
represent additional evidence for spreading of pathological
a-synuclein in different organs.

These observations may have important implications
for the development of different therapies for PD targeting
expression levels, pathological conversion or transmission
of a-synuclein [46]. This was confirmed by our results
through improvement in a-synuclein level and histological
diminution in Lewy bodies after treatment with curcumin,
niacin, ZM, their combination and Sinemet®.

Although the efficiency of levodopa and dopamine
agonists treatment is recommended, their long-term uses
induce motor complications [7]. One of the most effective
strategies for treatment is to use drugs that can modulate
non-dopaminergic neurotransmitter systems in the basal

@ Springer

ganglia, such as adenosine [47]. In this regard, adenosine
A, R was considered as a potential therapeutic target due
to its close interaction within the dopaminergic system
[48].

Treatment with adenosine A,,R antagonists seems to be
a promising candidate for non-dopaminergic therapy due to
the high expression of adenosine A, R within the basal gan-
glia [49]. In parallel with our results, Calon et al. [50] and
Kachroo et al. [51] mentioned high presence of adenosine
A, ,Rs in the brain of Parkinson’s disease mice model. The
last authors added that adenosine A, R gene disruption may
also protect the Parkinsonism mice. In addition, reversal of
a-synuclein toxicity by adenosine A,,R depletion raising the
possibility that adenosine A,,R antagonists produce their
neuroprotective effects in PD models by preventing synu-
clein-induced toxicity [51]. Dungo and Deeks [52] found
that Istradefylline (ZM 241385); a selective adenosine A,,R
antagonist efficiently crosses BBB, binds to adenosine A,,R
with high affinity, and potentiates L-dopa activity. Interest-
ingly, it was found that the amyloid beta (AP) is mainly
detected in PD and Istradefylline acted as a modulator of
AP generation through targeting adenosine A,,R [53, 54].

One of the major features of PD is the depletion of neu-
rotransmitters. In agreement with our results, Shen [55] and
Perez-Lloret and Barrantes [56] suggested that the neurode-
generation of dopaminergic, noradrenergic, serotoninergic,
and cholinergic neurons in PD affected the release of DA,
NE, 5-HT and AchE, respectively. In case of AchE, Perez-
Lloret and Barrantes [56] added that there is a link between
cholinergic alterations and PD motor symptoms that related
to alteration of cholinergic tone in the striatum and/or to
degeneration of cholinergic nuclei. Therefore, therapeutic
strategies directed toward restoring normal neurotransmitters
levels and inhibiting AchE enzyme may be effective in con-
trolling PD symptoms [56]. Curcumin treatment may also
modulate the expression of 5-TH; the rate-limiting enzyme
for DA biosynthesis that serves to modulate locomotor
activity [57]. This gives an additional supports through the
observed restored levels of DA, NE, 5-HT and AchE after
treatment with curcumin, niacin, ZM and their combination
by variable degrees.

Many studies showed that mitochondrial dysfunction,
oxidative stress, ATP depletion, caspase releasing and elec-
tron transport chain are the major features that occur during
neuronal death in PD [57-59].This in line with our results
by depletion of GSH, MDA, SOD, ATP and increment of
Cas-3 levels. Treatment with niacin in combination with
levodopa can decrease the levels of free radicals associated
with PD [60].

Mitochondrial SDH enzyme plays a potential role in
the oxidative phosphorylation system, where it connects
Krebs cycle to the electron transport chain. Thus, any
inhibition of SDH can trigger mitochondrial dysfunction
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Fig.2 Photomicrograph (H&E) of the hippocampus region of con-
trol mice (a,x400), rotenone group (b,x400), rotenone+ cur-
cumin (c¢,Xx400), rotenone+niacin (d,x200), rotenone+ZM
(e,x400), rotenone +curcumin+niacin+ZM (f,x400) and rote-
none + Sinemet® (g, x400). Control mice showing normal structure
of hippocampal region being formed of granular cells with large

and ATP degeneration [61]. Ludtmann et al. [62] added
that a-synuclein accumulation destroys complex I-respi-
ration system, enhances ATP synthase oxidation and the
mitochondrial lipid peroxidation processes which lead to
increase the permeability of the transition pore opening,

rounded vesicular nuclei (arrows). Rotenone group shows increase
in degenerated granular cells and shrunken deep cells (arrows).
Treatment groups show nearly normal structure of this region being
formed of granular cells with large rounded vesicular nuclei and mild
number of degenerated granular cells (arrows). Scale bars represent
the actual length of the cell before magnification

trigger mitochondrial swelling and eventually cell death.
These observations are well-explained the diminished
production of ATP and SDH levels. Bordone et al. [6]
added that most ATP is consumed in the synaptic ter-
minals by pumping ions to maintain resting membrane
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Fig.3 Photomicrograph (H&E) of the substantia nigra region
of control mice (a,x400), rotenone group (b, x200), rotenone + cur-
cumin (¢,Xx200), rotenone+niacin (d,x100), rotenone+ZM
(e,%x200), rotenone+ curcumin+niacin+ZM (f,x200) and rote-
none + Sinemet® (g, x200). Control mice shows normal neuronal

potential, vesicle filling, vesicle transport, vesicle recy-
cling, and enzymatic processing of synaptic transmitters
within synapses. Additionally, the presynaptic ATP levels
are consumed by Na+/K+ pump, Ca2 —ATPases in the

@ Springer

cells (arrows) in the substantia nigra region. In rotenone group, brain
shows a large number of degenerated cells (arrows). In treatment
groups, normal neuronal cells and a few number of degenerated cells
(arrows) are seen

plasma membrane and endoplasmic reticulum, vacuolar
H + -ATPase, motor proteins and protein disassembly
machineries. At postsynaptic regions, ATP is consumed
for counterbalancing the ion fluxes through postsynaptic
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receptors and on rebounding Ca2+ to intracellular stores
and on mitochondrial trafficking. [6].

Ross et al. [63] showed an increase in brain lactate lev-
els through a shift in the transcriptional activities of lactate
dehydrogenase that promote pyruvate to lactate conver-
sion. Over consumption of LDH enzyme to trigger this
conversion will explain its reduction in rotenone induction
rats in this study. In rats with intracerebral hemorrhage,
Zhou et al. [64] mentioned that brain lactate accumulation
promotes angiogenesis and neurogenesis; the vital brain
repair process that may promote recovery via activation of
NF-kB-signaling pathway. Accordingly, treating with phe-
nolic antioxidants as curcumin could modulate oxidative
stress and delay the progression of PD [65]. This gives an
additional support of the improvement in GSH, MDA and
SOD levels after treatment with curcumin.

Regarding to the animal behavior through the wire
hanging test, we recorded enhancement in time spent for
animals to be hanged by the wire after different treat-
ments. Additionally, Muthian et al. [57] found that cur-
cumin enhanced the animal behaviors in a dose-dependent
manner exceeding the control group, which suggests that
curcumin by itself will enhance performance.

The renin—angiotensin system (RAS) in the brain has a
regulatory role of the brain’s response to stress [66], while
the peripheral RAS regulates blood pressure and volume
[67]. Therefore, the circulating Ang-II binds to its type 1
receptor on vascular smooth muscle cells to induce vaso-
constriction. In the present study and in accordance with
Zawada et al. [59], it was found that dopamine neuron loss
is accompanied by increased expression of Ang-II level in
PD rodent model. Benigni et al. [68] postulated the pro-
inflammatory and pro-fibrotic roles of Ang-II that contrib-
ute to progressive deterioration of organs function in PD.

Regarding to CRP, it has been identified as an inflamma-
tory-related cytokine and correlates with vascular death [69].
In accordance with the present study, CRP is associated with
the pathogenesis of neurological disorders and deemed to be
a risk factor for Parkinson’s disease [70].

In the present study, DNA damage was significantly
increased in rotenone group. This is in agreement with Mar-
tin et al. [58] who stated that DNA damage is a form of cell
stress and injury that has been implicated in the pathogenesis
of many neurologic disorders. In addition, Khadrawy et al.
[71] noticed certain pathological features in the midbrain of
Parkinsonism rat like apoptosis, chromatin condensation and
DNA fragmentation. In parallel with our results, Hegde et al.
[72] stated that curcumin can change over inhibition of DNA
in animal models and in neuroblastoma cells. Furthermore,
Wang et al. [73] postulated the effect of curcumin in down
regulation of DNA damage. Picada et al. [74] added that the
derivatives oxidation of dopamine and L-dopa used in the
therapy of PD might display genotoxic activities. Therefore,

this finding should be taken into consideration when the
oxidized metabolites of dopamine agonists is used for PD
treatment.

With respect to IL-6, it has been pointed to be an anti-
inflammatory cytokine [75]. This cytokine increases leuko-
cyte adhesion and migration, disrupt the BBB and induce
glial cell activation. This could subsequently lead to the
overproduction of reactive oxygen species, apoptosis and
cytolysis [76]. Glial activation plays a potential role in neu-
rodegenerative diseases even in the presence of other cellular
insults such as hypoxia which is directly linked to ROS pro-
duction, induced apoptosis, neuroinflammation and numbers
of signaling cascades. Moreover, inflammation can also trig-
ger hypoxia by damaging mitochondria and endothelial cells
to impair blood flow regulation [77]. In agreement with our
study, Hofmann et al. [78] found an increment in serum IL-6
level in PD patients, however, there was a positive correla-
tion between IL-6 levels and the severity of PD indicating
that patients with more severe disease have higher levels of
IL-6. It was reported that levodopa in physiological concen-
trations, presented an immunomodulatory effect and caused
a stimulation of IL-6 production [79]. We and Feingold et al.
[15] found that niacin can play a significant role in triggering
and boosting anti-inflammatory responses in PD. The role
of niacin in attenuating PD symptoms is mainly due to the
synthesis of nicotinamide adenine dinucleotide (NAD) and
release nicotinamide by poly ADP-ribosylation that involved
in many cellular processes; including cell signaling, DNA
repair, gene regulation and apoptosis [60].

Conclusion

Curcumin as a natural polyphenolic compound and niacin as
a vitamin may be considered as promising food supplements
for Parkinson’s disease treatment. Treatment with Sinemet®
(levodopa) and the newly adenosine A,,R antagonist (ZM)
had almost the same improvement levels, while the com-
bination of ZM with niacin and curcumin recorded the
most potent improvement level. As many side effects were
recorded by the long term treatment of levodopa, thereafter
further detailed studies on ZM are needed to consider it as a
promising anti-Parkinsonism agent and to confirm the uses
of curcumin and niacin as dietary supplements against PD.
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