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Abstract
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Revised Date: 26 Nov. 2024 Parkinson’s disease (PD) is characterized by selective neuronal death. One of the first toxins used
Accept Date: 27 Nov. 2024 to degenerate the dopaminergic neurons in the substantia nigra is possibly 6-Hydroxydopamine

(6-OHDA). Our study aimed to investigate the neuroprotective effect of garlic acid extract and
Keywords sulforaphane in a 6-hydroxydopamine-lesioned rat model of Parkinson’s disease. the rats were
assigned to five groups in the following manner: The Sham Group received saline only. The 6-
OHDA group received 6-OHDA injection. The 6-OHDA /SFN group received 6-OHDA and
SFN. The 6-OHDA /GE Group received both 6-OHDA and GE. The 6-OHDA /SFN /GE Group

received 6-OHDA, SFN and GE. Apomorphine-induced rotational test and Hanging test in rats

o ERKI/ERK2

e Oxidative stress

 Apoptosis were performed. Oxidative stress biomarkers were measured in SN samples using a colorimetric
assay. Additionally, the levels of ERK1/ERK2 were quantitatively measured. In addition,
histological examinations were conducted. Both SFN and GE resulted in a significant
improvement in motor tests and a decrease in oxidative stress markers. Furthermore, it led to the
inactivation of ERK1/ERK2 expressions and improved structural damage in the substantia nigra.
Furthermore, there was a decrease in caspase-3 expression in SN. The neuroprotective effect of
both SFN and GE when given together was more than each separately indicating synergistic
effect of them. Therefore, SFN and GE can be considered to be used as a combination treatment
for parkinsonism.
Abbreviations: PD, Parkinson’s disease; 6-OHDA,6-Hydroxydopamine; SFN,sulforaphane;GE,
Garlic Acid Extract;SN, substantia nigra;ERK1/2,extracellular signal-regulated kinase 1 and
2;APO, apomorphine-induced-rotational  testing; GST,glutathione-S-transferase; GR,
glutathione reductase; GSH, reduced glutathione; MAPK, mitogen-activated protein kinase.
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Introduction

Parkinson’s disease (PD) is an age-related disorder
during which there is degeneration  of
dopaminergic neurons in the substantia nigra
[1].PD is characterized by motor dysfunction such
as resting hand tremors [2] bradykinesia, muscle
rigidity[3], and postural instability[4], non-motor
dysfunctions such as rapid eye movement, anxiety,
drowsiness, depression, and cognitive deficiencies
[5].

PD is currently being treated with two different
kinds of medications that use both dopaminergic
and non-dopaminergic pathways. Levodopa
injection is the usual therapy approach to improve
PD via the dopaminergic system. Despite levodopa
being the most successful treatment for PD, there
is no way to completely rule out the serious long-
term side effects[6].

Nowdays herbal medicine and natural products
have shown significant role in alleviating
neurodegenerative disorders [7].A food plant
belonging to the onion family, garlic (Allium
sativum) is widely used as a spice or seasoning
ingredient in cookery all over the world. According
to studies, garlic extract (GE) and chemicals
obtained from garlic may be used to treat a variety
of pathological illnesses, such as cancer [8],
cardiovascular problems[9], and neurological
disorders [10].

Interestingly, oxidative stress and inflammation
are two clear components involved in the
occurrence and progression of PD [11], and GE
has  anti-oxidation and  anti-inflammatory
properties [12]. Additionally, it has been
demonstrated that garlic can reverse disease-
induced alterations in the levels of monoamine

neurotransmitters in  the brain, such as

dopamine[13].According to a prior study, giving
mice garlic may raise their dopamine levels in the
brain [13].

A powerful dietary bioactive substance,
sulforaphane (SFN) is found in cruciferous
vegetables, including cauliflower, broccoli,
watercress, kale, cabbage, collard greens, mustard
greens, and Brussels sprouts [14].

SFN is a phytocompound that has anti-
inflammatory, anti-apoptotic, and antioxidant
properties. The scientific community has become
more interested in it since neurodegenerative
ilinesses are linked to oxidative stress,
inflammation, and mitochondrial
dysfunction[15].Thus, SFN was studied about the
major neurodegenerative illnesses, such as multiple
sclerosis (MS), PD, and Alzheimer's disease (AD),
based on its characteristics [15].

Therefore, this study evaluated the efficacy of SFN
and GE

neurodegenerative disease and

synergistic  effects on  this
possible
mechanisms to have naturaland appropriate

treatment for PD.

. Materials and methods

2.1 Chemicals and drugs

6-Hydroxydopamine (6-OHDA) was obtained
from (Sigma—Aldrich, St. Louis, MO, USA,
powder), Sulforaphane (SFN) from (Lkt
Laboratories, St. Paul, MN, USA, powder), and
saline solution was used as a vehicle. Before use,
One kilogram of peeled garlic was combined with
70 % alcohol (300 mL of alcohol for every 100
grams of garlic). After that, the resultant solution
was incubated for 72 hours at 40 °C. Using
Whatman filter paper, the solution was filtered,
and then Speed Vac was used to dry it

(Thermofisher) [16]. Lastly, animals were given
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garlic extract by gavage while it was stored at +4

°C.

2.2 Experimental animals and study design

This study was conducted on 50 adult male Wistar

rats weighing 250-300 g, following the guidelines

of our institution. The study was approved by the

Research Ethics Committee of the Faculty of

Medicine at Tanta University (approval code

number 36264PR867/9/24). All of the rats were

purchased from Animal house of Faculty of

Medicine, Tanta University and kept in mesh

cages from wire with free access to food and water

for a week. The cages were set up on a 12-hour
light-dark cycle. Rats were then randomly divided
into five equal groups (10 rats each):

(i) Sham group (Group I): Rats underwent the
same injection procedures as 6-OHDA group
and received the same volume of saline
solution as a vehicle. Also received normal
saline by gavage for one week with
intraperitoneal (i.p.) administration of saline
twice a week for 4 weeks.

(i) 6-OHDA group (Group II): the rats
underwent unilateral lesion surgery and
injected 6-OHDA (16 pg/4 ul 0.2 % ascorbate
saline) into medial forebrain bundle (mfb)
[17].

(iii) 6-OHDA /SFN group (Group IlI): the rats
underwent unilateral lesion surgery and
injected 6-OHDA into medial forebrain
bundle (mfb) and after one hour, we started
intraperitoneal (i.p.) administration of 5
mg/kg SFN[18]Neuroprotective effect of
sulforaphane in 6-hydroxydopamine-lesioned
mouse model of Parkinson's disease twice a

week for 4 weeks.

(iv) 6-OHDA /GE (Group 1V): 500 mg/kg of GE
administered by gavage for one week, along
with a 16 pg/ 4 pl injection of 6-OHDA into
the left MFB at a 0.2% ascorbate-saline
concentration and another week of GE
administration following the injection [17].

(v) 6-OHDA /SFN /GE (Group V): 500 mg/kg of
GE administered by gavage for one week,
along with a 16 g/ 4 pl injection of 6-OHDA
into the left MFB at a 0.2% ascorbate-saline
concentration and another week of GE
administration  following the injection
concomitant  with  intraperitoneal  (i.p.)
administration of 5 mg/kg SFN twice a week
for 4 weeks.

1.3 Behavioral assessments

2.3.1 Apomorphine-induced rotational test

Apomorphine-induced-rotational testing (APO) is

frequently used in rat models of Parkinson's

disease (PD) to validate the effects of specific
neurotoxins (6-OHDA). The damage to the
nigrostriatal pathway is closely correlated with the
number of rotations brought on by an apomorphine
injection. The APO test was conducted in this
study at the end of the experimental period. Once
the rats were given APO (2 mg/kg, i.p.), their
contralateral rotations were observed. For thirty
minutes, every rat was tested. The Parkinsonian
model animals were those that rotated seven or

more times per minute[5, 6].

2.3.2 Hanging test

Every rat was placed on a wire that measured 100

cm in length and 1 cm in diameter, and the wire

was held in place by supports. The animal was
then suspended from the inverted wire. Every rat's
hanging time was noted, and eventually, the data

were compared between the groups|3, 7].
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2.4 Tissue sampling

At the end of the experiment (once behavioral
analysis was completed) the rats were weighted
and anaesthetized with 60 mg/kg sodium
pentobarbital intraperitoneally, and their heads
were decapitated. Then, the skull vaults were
removed, and the brains were extracted from the
skull carefully, dipped in ice cold saline and left to
dry. The right and left SN were dissected on an
ice-cold plastic dish. After being snap frozen in
liquid nitrogen, the right SN was stored at -80 °C
for analysis. The Bradford method was used to
assess the protein content after the tissues were
homogenized in lysis buffer (50 mM Tris, pH 7.5,
0.4% NP-40, 150 mM NacCl, 10% glycerol, 10
mg/mL aprotinin, 20 mg/mL leupeptin, 10 mM
EDTA, 1 mM sodium orthovanadate, and 100 mM
sodium fluoride). The homogenate was centrifuged
at 10000 x g for 10 minutes at 4°C and oxidative
stress biomarker were measured in the supernatant
aliquot. The left SN was used for histopathological
and immunohistochemical analysis.

2.5 Biochemical Assays

Oxidative stress biomarkers

GST activity (Cat# No BA0028), GR activity
(Cat# No TFAB00118) and GSH content (Cat# No
E-BC-K030-M) were measured in SN samples
using a colorimetric assay.

2.6 Quantitative assessment of brain tissue
relative ERK1/2 mRNA expression by
guantitative real-time reverse transcription
PCR (rt-PCR):

Total RNA was extracted using the Qiagen
RNeasy Total RNA isolation kit (Qiagen, Hiden,
Germany) in accordance with the manufacturer's

procedure from frozen brain tissue that had been

treated as directed by the manufacturer. According
to the OD260 and OD260/280 ratios, respectively,
the total RNA concentration, purity, and integrity
were calculated using a Nanodrop
spectrophotometer (Nanodrop Technologies, Inc.,
Wilmington, USA). RNA has an A260/A280 that
is preserved at -80 ° C. The first strand was then
synthesized using the Super-Script 111 First-Strand
Synthesis System for real-time PCR kit (Life
Technologies, Carlshad, California, USA) under
the manufacturer's instructions. Following the
manufacturer's instructions, PCR reactions were
carried out using Power SYBR Green PCR Master
Mix (Life Technologies, Carlsbad, California,
USA). ERK1/2 was quantified relative to the
housekeeping gene GAPDH gene, which was used
as an internal control. Primers with specified
sequences were designed as the following ERK1/2
(accession number NM 138957.3) Forward: 5'-
TCAAGCCTTCCAACCTC-3’
GCAGCCCACAGACCAAA-3"  with  product
length 200 and GAPDH (accession number
NM_002046.7)
AGCCACATCGCTCAGACA-3" Reverse: 5'-
TGGACTCCACGACGTACT-3" with product
length 315. The setting for thermal cycling was as
follows: After the first denaturation at 95 °C for 10

Reverse: 5'-

Forward: 5'-

minutes, 40 cycles of initial denaturation at 95 °C
for 15 seconds, annealing at 60 °C for 30 seconds,
and extension at 72 °C for 30 seconds were carried
out. After the final cycle, the temperature was
increased from 60 to 95 °C for melting curve
examination. The comparative threshold (Ct) using
the 2T formula was utilized to automatically
calculate the relative gene expression based on the

values of the target and reference genes.
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2.7 Histological and Immunohistochemical
studies

The tissue specimens were fixed in 10% formal
saline. Dehydration in ascending alcohol grades,
then treatment with xylol and immersion in
paraffin were done. 5um- thickened sections were
cut and stained with:

2.7.1 Haematoxylin and eosin staining (H&E)

for evaluation of the morphological
characters of pars compacta substantia
nigra.

2.7.2 Immunohistochemical analysis of

activated caspase 3 in substantia nigra

After being deparaffinized, the specimens were
rehydrated. Antigen retrieval was then completed.
The samples were cleaned with phosphate-
buffered saline (PBS) after being treated in 3%
hydrogen peroxidase in methanol. Following that,
anti-active caspase-3 antibody (Cat #: ab13847,
Abcam, Cambridge, MA, USA) was incubated
with the specimens. Subsequently, PBS was used
to rinse the sections both before to and subsequent
to incubation with biotinylated secondary antibody
(LSAB Kkit, CA, USA).
Subsequently, the specimens were incubated with
streptavidin HRP (LSAB kit, Dako, Carpinteria,
CA, USA) and then rinsed with PBS.

In order to maintain the stain, the slides were lastly

Dako Carpinteria,

cleaned in distilled water, dried, and immersed in
xylene for five minutes before being mounted with
a mixture of xylene, plasticizer, and distyrene.
Apoptosis is indicated by the brownish coloration
in neurons that test positive for active caspase-
3[20].

Statistical analysis

Statistical significance was

ANOVA with a Tukey post-hoc test for multiple

determined by

comparisons. Results were considered statistically
significant with P value <0.05. (GraphPad Prism,
San Diego, CA).

Results

3.1 Effect on apomorphine-induced rotational
test (fig 1A):

The number of rotations was significantly higher
in the 6-OHDA group (p<0.05) compared to the
control group. Though the 6-OHDA/SFN and 6-
OHDAJ/GE groups caused a significant (p<0.05)
reduction of the number of rotations compared to
6-OHDA group, they still showed a significant
elevation of the number of rotations compared to
the control. 6-OHDA/SFN/GE group caused a
significant (p<0.05) reduction in the number of
rotations compared to all groups including the
control group.

3.2 Effect on Hanging time(figlB):
Our results showed a significant (p<0.05)
reduction in the time of hanging in the 6-OHDA
group, 6-OHDA/SFN, and 6-OHDA/GE groups
compared to control groups. The time of hanging
was significantly higher (p<0.05) in OHDA/SFN,
and 6-OHDA/GE groups compared to the 6-
OHDA group. The 6-OHDA/SFN/GE group
showed higher hanging time compared to the 6-
OHDA group, 6-OHDA/SFN, and 6-OHDA/GE
but it wasn’t restored to the basic level compared
to the sham group.

3.3 Effect on oxidative stress markers(fig.2):

We have demonstrated that 6-OHDA group caused
significant (p<0.05) reduction in the level of GSH,
GST and GR compared to control group.
OHDAJSFN, and 6-OHDAJ/GE groups showed
(p<0.05) of the

significant  elevation
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aforementioned parameters compared to 6-OHDA
group.

6-OHDAJ/SFN/GE group has shown remarkable
results as it restored the level of oxidative stress
markers as it caused significant (p<0.05) elevation
of GSH and GST compared to 6-OHDA group, 6-
OHDAJ/SFN and 6-OHDA/GE. And it showed
significant (p<0.05) elevation of GR content as
compared to control group showing the antioxidant
potential for the combined treatment with SFN and
GE.

3.4 Effect on ERK1/2 gene expression(fig.3):

We have demonstrated that the 6-OHDA group
caused a significant (p<0.05) increase in the level
of ERK1/2 gene expression compared to the
control group. OHDA/SFN and 6-OHDA/GE
groups showed a significant (p<0.05) reduction of
ERK1/2 gene expression compared to 6-OHDA
group. On the other hand, the OHDA/SFN/GE
group showed a remarkably significant reduction
(p<0.05) of ERK1/2 gene expression compared to
the 6-OHDA group.

3.5 Histopathological Observation of substantia

nigra:
3.5.1 Hematoxylin and Eosin-staining (Figure 4)

Histopathological examination of H&E-stained
midbrain sections revealed normal morphology of
substantia nigra in sham group (Figure 4A).
Substantia nigra pars compacta were characterized
by cell rich regions formed of multiple large and
medium sized elongated or fusiform neuron with
prominent vesicular nuclei.

While microscopic examination of Substantia
nigra pars compacta of6-OHDA group showed
multiple signs of neuronal degenerations (Figure

4. B&C). Some areas showed loss of neuronal

tissue, and some sections showed marked
reduction of cellular mass of pars compacta,
Multiple edematous neurons were seen. While
other neurons showed Karyolysis of their nuclei
and others lost their nuclei. On the other hand,
Small pyknotic cells were also visible. Lewy
bodies and macrophage infiltration were abundant.
On the other hand, microscopic examination of
Substantia nigra pars compacta of 6-OHDA/SFN
(Figure 4D) and 6-OHDA/GE (Figure 4E)
groups showed improvement of signs of neuronal
degeneration. Elongated, fusiform normal neurons
with prominent vesicular nuclei were seen. Some
edematous neurons and small pyknotic cells were
seen. Few neurons lost their nuclei. Few Lewy
body and macrophage infiltration were also
detected.

Pars compacta of 6-OHDA/SFN/GE group
(Figure 4F) showed marked improvement of signs
of neuronal degeneration. A marked increase of
neuronal cells mass were observed. Normal
neuronal cells with Few Lewy bodies and loss of
neuronal nuclei were detected.

3.5.2 Immunohistochemical analysis of

caspase 3 (Fiqure 5)

Immunohistochemical  analysis of activated
caspase 3 in substantia nigra showed minimal
reaction in sham group (Figure 5A) and 6-
OHDAJ/SFN/GE group (Figure 5E). Marked
reaction was obvious in 6-OHDA group (Figure
5B). 6-OHDA/SFN (Figure 5C) and 6-OHDA/GE
(Figure 5D) groups show moderate reaction of
caspase 3 positive cells when compared with other
groups. These results confirmed the curative
effects of SFN and GE and combination of both is

the best choice in case of parkinsonism.
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3.5.3Statistical analysis of %Caspase 3 area

Statistical analysis of %Caspase area showed
highly significant difference between Sham group
& 6-OHDA group and between 6-OHDA &6-

OHDA/SFN/GE(P-value=0.000). Also, significant
difference was noticed between 6-OHDA &6-
OHDAV/SFN and 6-OHDA &6-OHDA/ GE groups
(P-value=0.000).
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Fig. 1: Graphical representation of effects of SFN and GE on
A) Apomorphine-induced rotation test
B) hanging time
Data are represented as mean = SD
a denotes statical significance (p<0.05) compared to control group
b denotes statical significance (p<0.05) compared to 6-OHDA group
¢ denotes statical significance (p<0.05) compared to 6-OHDA/SFN group
d denotes statical significance (p<0.05) compared to 6-OHDA/GE group
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Fig.2: Graphical representation of effects of SFN and GE on

A) GSH content B) GST C) GR
Data are represented as mean + SD

a denotes statical significance (p<0.05) compared to control group

b denotes statical significance (p<0.05) compared to 6-OHDA group

¢ denotes statical significance (p<0.05) compared to 6-OHDA/SFN group
d denotes statical significance (p<0.05) compared to 6-OHDA/GE group
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a,b,c,d

ERK 1/2 relative gene expression

Fig.3: Graphical representation of effects of SFN and GE ERK1/2 relative gene expression
Data are represented as mean + SD

a denotes statical significance (p<0.05) compared to control group

b denotes statical significance (p<0.05) compared to 6-OHDA group

¢ denotes statical significance (p<0.05) compared to 6-OHDA/SFN group

d denotes statical significance (p<0.05) compared to 6-OHDA/GE group
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Figure 4: Photomicrographs of substantia nigra of rats of all group (H. & E. % 400). Pars compacta of substantia nigra
of sham group (Fig. A) shows cell rich region characterized by multiple large and medium sized elongated or fusiform
neuron with prominent vesicular nuclei (arrows). Substantia nigra pars compacta of 6-OHDA group shows multiple
signs of neuronal degenerations (Figs. B&C); some areas show loss of neuronal tissue (star), some sections show marked
reduction of cellular mass (Fig. C inset), Multiple edematous neurons are obvious (black arrows), Other neurons show
karyolysis of their nuclei (green arrows) and others lose their nuclei (red arrows). Small pyknotic cells are also visible
(arrow heads). Lewy bodies (notched arrows) and macrophage infiltration (curved arrows) are abundant. Pars compacta
of 6-OHDAV/SFN (Fig. D) and 6-OHDA/GE (Fig. E) groups show elongated or fusiform neuron with prominent vesicular
nuclei (black arrows), edematous neuron (green arrows). Other neurons show loss of their nuclei (red arrows). Small
pyknotic cells (arrow heads), Lewy body (notched arrows) and macrophage infiltration (curved arrows) are also visible.
Pars compacta of 6-OHDA/SFN/GE group (Fig. F) shows marked increase of neuronal cell mass as in sham group.
Normal neuronal cells (black arrows), Few Lewy bodies (notched arrows) and loss of neuronal nuclei (red arrows) are
visible.
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Figure 5: Photomicrographs of immunohistochemical analysis of activated caspase 3 in substantia nigra of rats of all
group (Caspase 3 x400). Minimal reaction (brown coloration) is noticed in sham group (Fig. A) and 6-OHDA/SFN/GE
group (Fig. E). Marked reaction is obvious in 6-OHDA group (Fig. B). 6-OHDA/SFN (Fig. C) and 6-OHDA/GE (Fig. D)
groups show moderate reaction of caspase 3 positive cells when compared with other groups. Statistical analysis of
%Caspase area shows highly significant difference between Sham group & 6-OHDA group and between 6-OHDA &6-
OHDA/SFN/GE(P-value=0.000). Also, significant difference is noticed between 6-OHDA &6-OHDA/SFN and 6-OHDA

&6-OHDA/ GE groups (P-value=0.000).

4.Discussion
This study explores the possible molecular
pathways by which SFN and garlic acid extract
shield 6-OHDA-induced

neurotoxicity and shows that they reverse SN cell

neurons from
loss in rats after injection of 6-OHDA. Also, we
investigated the effect of the combination of both
of them on a rat model of Parkinson’s disease. To
create an animal model of Parkinson's disease in
rodents, 6-OHDA injection is a commonly used
technique [21-23].1t was demonstrated that GE
protects the dopaminergic neurons in PD[17].
Additionally, SFN has been shown to have anti-
apoptotic qualities, protect dopaminergic neurons,
and postpone the beginning of PD or at least
reduce its progression [19]. In our study, we
demonstrated the effect of the combination of SFN

and garlic acid extract on PD.

We observed that the 6-OHDA group rats had a weak

performance in apomorphine-induced rotational test

It has been confirmed that

neuroinflammation

and hanging wire, which is in line with the previous
studies that have reported movement disabilities
following the injection of 6-OHDA [6]. Our data
also revealed that hanging time in the hanging test
in the 6-OHDAJ/SFN group, 6-OHDA /GE group,
and 6-OHDA /SFN /GE group animals were
significantly higher than the 6-OHDA group. Also,
the apomorphine-induced rotational test showed a
decrease in the number of rotations for the animals
in the 6-OHDAJ/SFN group, 6-OHDA /GE group,
and 6-OHDA /SFN /GE group animals compared to
6-OHDA group rats. These beneficial effects of the
GE and SFN on the motor functions in rat models of
PD were proved before[17, 19].

inflammation and

oxidative stress have a major role in PD [3, 11,
24]. On the other hand, GE has been well-
documented that it has a high potential to inhibit

and oxidative  stress[25-

27].Additionally, it was previously believed that
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Nrf2  activation was necessary for the
neuroprotective action of SFN against toxin-
induced Parkinson's damage, with autophagy and
anti-oxidation both  contributing to damage
reduction [28].Concomitant with these findings in
our study, 6-OHDA injection caused an
overproduction of free radicals which, in turn,
decreased GSH levels and GST and GR activities
in the SN. However, following the oxidative stress
induced by 6-OHDA, SFN, and GE restored the
level of nigral GSH and the activities of GST and
GR in the 6-OHDA/SFN group, 6-OHDA /GE
group and 6-OHDA /SFN /GE group, suggesting
that SFN and GE increase antioxidant potential in
the brain and help it to fight against 6-OHDA-
induced oxidative damage.

It is well known that the activation of the
transcription factor Nrf2 is necessary for molecular
mechanisms involving the "indirect antioxidant"”
effect of SFN. Nrf2 is linked to multiple kinase
pathways in different tissues, including MAPK
[29].

We focused in our study on the extracellular
signal-regulated protein kinases (ERK1/2). ROS-
induced oxidative stress is frequently associated
with ERK1/2 pathway activation. In both acute
neuronal traumas and neurodegeneration models,
ERK1/2 activation seems to be mediated by redox
processes [30-32]. In our model, we observed an
increase in SN ERKZ1/2 levels after 6-OHDA
injection and more importantly we found that SFN
could inhibit ERK activation, suggesting the
involvement of MAPK pathway in its mechanisms
of neuroprotection. Also Elkhawas et al.,[33]
reported that ERK1 and ERK2 levels were
significantly decreased in rats receiving GE on

multiple sclerosis rat model. The same effect was

reported in our study that ERKZL/2 levels
significantly decreased in 6-OHDA/SFN group, 6-
OHDA /GE group and 6-OHDA /SFN /GE group
compared to 6-OHDA group.

Microscopic examination of pars compacta of
substantia nigra of the 6-OHDA group showed
multiple signs of neuronal degenerations in the
form of loss of neuronal tissue in some areas and
marked reduction of cellular mass of pars
compacta in other areas, Multiple edematous
neurons, karyolysis nuclei, and small pyknotic
nuclei were seen and others lost their nuclei. Lewy
bodies and macrophage infiltration were abundant.
Marked reaction to caspase 3 was detected
indicating an increased level of apoptotic cells.
Loss of neurons was also detected by Becker et
al.,[34]in mice injected with 6-OHDA which
causes massive profound degeneration of cell
bodies and also nerve terminals leading to
progressive cell loss of substantia nigra pars
compacta neurons, which are secondarily affected
through dying back mechanism. In addition, Yeni
et al., [30]also detected severe levels in pyknotic
neurons and glial cells in the rat model of 6-
OHDA-induced  Parkinson’s  disease. = They
attributed neuronal degeneration in the 6-OHDA
group to increased oxidative stress levels in the
substantia nigra.

6-OHDA's pro-oxidant action is what makes it
toxic. In the extracellular area, the toxin rapidly
auto-oxidizes, which accelerates the production of
reactive oxygen species[35], which is associated
with the activation of the apoptotic process[36].
Numerous lines of evidence suggest that apoptotic
cell death following 6-OHDA injection into the
striatum plays a major role [37, 38]. Degenerating

neurons appear to undergo an apoptotic process
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and trigger the caspase cascade, according to
evidence from human PD brain tissue [39].
Consistent with these previous findings, our results
also showed an increase in caspase-3 activity in
the 6-OHDA group compared to the sham group.
Our study demonstrated improvement of signs of
neurodegeneration caused by 6-OHDA in in 6-
OHDAJ/SFN group, 6-OHDA /GE group, and 6-
OHDA /SFN /GE group in the form of increased
neuronal cell mass with normal neurons and
weaker reaction to caspase 3 when compared to 6-
OHDA group. Bigham et al,[17] demonstrated that
garlic acid extract improved neurotoxicity caused
by 6-OHDA on rat substantia nigra through its
anti-apoptotic effect. Schepici et
al.,[15]demonstrated the neuroprotective effects of
sulforaphane in neurodegenerative diseases such as
Parkinsonism and illustrated its anti-apoptotic
roles.

According to our results, the neuroprotective effect
of using both SNF and GE together is more than
each of them alone. This is evidenced by better
motor improvement, less oxidative stress and
apoptosis, and more inhibition of the ERK1/2
pathway in the 6-OHDA /SFN /GE group
compared to the 6-OHDA/SFN group and the 6-
OHDA /GE group. This proves the synergetic
effect of using both of them together.

5. Conclusions

SFN and GE are neuroprotective in PD due to their
anti-oxidative, anti-apoptotic, and anti-
inflammatory effects. This neuroprotection is
attributed to their ability to counteract ERK1/2
activation induced by 6-OHDA. Also, we
demonstrated that both SFN and GE have a

synergetic effect when used together which can be

considered in using as a combination therapy in

the treatment of Parkinsonism.
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