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A B S T R A C T

Therapeutic approaches based on isolated compounds derived from natural products are more common in 
preventing diseases involving inflammation and oxidative stress at present. S-allyl cysteine (SAC) is a promising 
garlic-derived organosulfur compound with many positive effects in cell models and living systems. SAC has 
biological activity in various fields, enclosing healing in learning and memory disorders, neurotrophic effects, 
and antioxidant activity. In this study, we purposed to identify the neuroprotective activity of SAC toward 6- 
OHDA-induced cell demise in the SH-SY5Ycell line. For this purpose, 6-OHDA-induced cytotoxicity, and 
biochemical, and gene expression changes were evaluated in SH-SY5Y cells. SH-SY5Y cells grown in cell culture 
were treated with SAC 24 h before and after 6-OHDA application. Then, cell viability, antioxidant parameters, 
and gene expressions were measured. Finally, immunofluorescence staining analysis was performed. Our results 
showed that SAC increased cell viability by 144 % at 80 µg/mL with pre-incubation (2 h). It was observed that 
antioxidant levels were significantly increased and oxidative stress marker levels were decreased in cells exposed 
to 6-OHDA after pre-treatment with SAC (p<0.05). SAC supplementation also suppressed the increase in pro- 
inflammation levels (TNF-α/IL1/IL8) caused by 6-OHDA (p < 0.05). While 8-OHdG and Nop10 expressions 
were observed at a mild level in SAC pretreatment depending on the dose, 8-OHdG, and Nop10 expressions were 
observed at a moderate level in SAC treatment after 6-OHDA application (p<0.05). Our findings demonstrate the 
positive effect of pretreatment with SAC on SH-SY5Y cells injured by 6-OHDA, suggesting that SAC may be 
beneficial for neuroprotection in regulating oxidative stress and neuronal survival in an in vitro model of Par
kinson’s disease.

1. Introduction

The incidence of neurodegenerative illness is increasing globally. 
Parkinson’s disease (PD) is one of the most widespread neurodegener
ative illnesses [1,2]. Pathological features of PD include neuronal cell 
loss in the substantia nigra, reduced dopamine secretion or loss of 
dopamine neurons in the midbrain, and Lewy body accumulation in 
other brain tissues, thus aggravating motor functions [3–7]. Although 
the pathogenesis of PD is still unclear, it may cover genetic and envi
ronmental hazards, including exposure to metals and pesticides [8]. 
Among these factors, abnormal protein homeostasis, neuro
inflammation, excitotoxicity, mitochondrial dysfunction, and oxidative 

stress play important roles in the development of PD [9,10]. There is 
currently no pharmaceutical treatment that can significantly reverse the 
motor and non-motor symptoms of PD [11]. For example, levodopa 
treatment can only manage the motor symptoms of PD, while other 
clinical problems such as dyskinesia and neurodegeneration remain 
untreated [12]. In recent years, dietary bioactive compounds and 
nutraceuticals have gained great interest as an alternative treatment to 
combat PD.

The SH-SY5Y cell line is a cell-based model used to study PD’s 
pathogenesis and appraise the therapeutics of novel supposed anti-PD 
medicines [13]. Neurotoxin compounds such as 6-hydroxydopamine 
(6-OHDA) are commonly used to make up PD models in vitro and in 
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vivo. 6-OHDA is a toxical oxidative metabolite with a chemical con
struction akin to catecholamines and weakly crosses the blood-brain 
barrier. 6-OHDA has a loud affinity against dopaminergic neurons of 
the substantia nigra pars compacta. So, it stimulates oxidative stress, 
neurodegeneration, apoptosis processes, and neuroinflammation in the 
nigrostriatal system and lets the thriving of PD models [14,15].

In the last few decades, various phytochemicals such as organosulfur 
compounds, polyphenols, and isothiocyanates have been found to 
reduce neurotoxicity in cellular and animal PD models [16–18]. S-allyl 
cysteine (SAC) is one of the main characteristic compounds in Black 
Garlic. SAC, which is extremely important for human health, is a bio
logically active compound used in medical applications due to its anti
oxidant, neuroprotective, anticarcinogenic activity, antihepatotoxic, 
and neurotrophic effects reported previously [19–22]. The pharmaco
logical impact of SAC is cell conservation through its antioxidant effect, 
and it is efficient in treating nervous system illnesses like Alzheimer’s by 
preventing oxidative injury [23]. SAC has been able to exhibit retinal 
protection against kainate neurotoxicity [24], ameliorate β-amyloi
d-induced brain injury [25], preservation of dopaminergic neurons 
against the toxic effect of 1-methyl-4-phenyl-1,2,3,6-tetrahydro pyr
idinium [26] and a neuroprotective effect in ischemic neuronal injury 
via a nuclear factor-like 2-dependent antioxidant response element [27]. 
In parallel, in our study, we purposed to determine the neuroprotective 
activity of SAC towards 6-OHDA-induced cell demise in the SH-SY5Y cell 
line. For this purpose, 6-OHDA-induced cytotoxicity (3-[4,5-dime
thylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)), biochemical 
(malondialdehyde (MDO), myeloperoxidase (MPO), glutathione (GSH), 
catalase (CAT), and superoxide dismutase (SOD)), gene expression 
(interleukin-1 (IL-1), interleukin-8 (IL-8), and tumor necrosis factor-α 
(TNF-α)) and immunofluorescence (8-hydroxy-2′-deoxyguanosine 
(8-OHdG) and nucleolar protein 10 (Nop 10)) changes were evaluated in 
SH-SY5Y cells.

2. Materials and methods

2.1. Cell culture and in vitro treatment

The SH-SY5Y cell line was received from the Pharmacology 
Department at Ataturk University (Turkey). Cells were cultured in dul
becco’s modified eagle medium high glucose (Sigma Aldrich) medium 
containing 15 % fetal bovine serum, and 1 % antibiotic at 37◦C under 
5 % CO2 in a humidified atmosphere.

SAC and 6-OHDA were obtained from Sigma Aldrich (USA). They 
were exposed to a 6-OHDA dose for 24 and 48 h to evaluate neurotox
icity and thrive in the in vitro PD model. In the first stage, 200 µM 6- 
OHDA [28] was applied to the cells (except control and treatment 
groups) for 24 h. The cell culture dose of SAC was determined by 
reference to previous studies [29]. SH-SY5Y cells (except control and 
6-OHDA group) were pretreated with SAC (5–10–20–40 and 80 µg/mL) 
2 h before 6-OHDA application. In the second stage, 200 µM 6-OHDA 
was applied to the cells (except the control group) in another 96-well 
microtiter plate for 24 h. After 24 h, SAC (A-SAC) doses were adminis
tered (except for the control and 6-OHDA groups). Cells were incubated 
for 24 h.

2.2. Cell viability assay

Cell viability was identified by MTT assay. MTT (Sigma Aldrich) 
assay evaluated cellular metabolic activity to indicate cell viability and 
cytotoxicity. After incubation, 10 µL of MTT solution was supplemented 
to every well and incubated at 37◦C in 5 % CO2 for 4 h. Then, 50 µL 
dimethyl sulfoxide (Sigma Aldrich) was supplemented to solve the 
consisted formazan salts. Absorbance was measured at 570 nm with a 
spectrophotometer [30].

2.3. ELISA

MDA (Cat.No.:E- EL-0060), MPO (Cat.No.:E-BC-K074-S), GSH (Cat. 
No.:E-EL-0026), CAT (Cat.No.:E-BC-K031-M), and SOD (Cat.No.:E-BC- 
K020-M) were measured with specific ELISA kits (Elabscience, USA). 
The supernatant was collected after 24 h and processed for the presence 
of selected antioxidants by ELISA according to protocols provided by the 
manufacturer. The resulting absorbance was recorded at 450 nm using a 
microplate reader.

2.4. Determination of TNF-α, IL-1, and IL-8 expression levels

To measure the expression levels of IL-1 (HP200544), IL-8 
(HP200551), and TNF- α (HP200561) (Origene, USA) in cultured SY- 
SH5Y, we first extracted total RNA with the High Pure RNA Isolation 
kit (Roche, USA). Switzerland), then the Transcriptor First Strand cDNA 
Synthesis kit (Roche, Switzerland) was used for reverse transcription 
from the resulting RNA to cDNA. Real-time PCR analysis was also done 
as formerly explained [31]. GAPDH (HP205798) (Origene, USA) mRNA 
expression levels were used as an endogenous control, and relative 
mRNA expression levels were calculated by the ΔΔCt method.

2.5. Double immunofluorescence staining method

Cells cultured in cell culture were incubated in paraformaldehyde 
solution for 30 min. Then, the cells were kept in 3 % H2O2 for 5 min. 
0.1 % Triton-X solution was added to the cells, which were washed with 
phosphate-buffered saline and waited for 15 min. After incubation, 
protein blocks were dripped onto the cells and kept in a dark environ
ment for 5 min. Then, the primary antibody (8-OHdG) cat no: sc-66036, 
dilution rate: 1/100 US) was dropped and incubated according to the 
instructions for use. An immunofluorescence secondary antibody was 
used as a secondary marker (Fluorescein isothiocyanate Cat No: ab6785 
diluent ratio: 1/500, UK) and kept in the dark for 45 min. Then, the 
primary antibody (Nop10) Cat no: ab134902, dilution rate: 1/100 UK) 
was dropped onto the sections and incubated according to the in
structions for use. An immunofluorescence secondary antibody was used 
as a secondary marker (Texas Red Cat No: b6719 diluent ratio: 1/500, 
UK) and kept in the dark for 45 min. Then, 4′,6-diamidino-2-phenyl
indole with mounting medium (Cat no: D1306 dilution rate: 1/200 UK) 
was supplemented to the preparations and left in a dark environment for 
5 min, then the sections were covered with a coverslip. The stained 
sections were analyzed under a microscope with a fluorescence attach
ment (Zeıss AXIO GERMANY).

2.6. Statistical analyzes

One-way analysis of variance (ANOVA) was performed for post-hoc 
comparisons with LSD using IBM SPSS 23.0 software for data analysis. 
Values less than p<0.05 were admitted as statistically meaningful.

To identify the density of positive staining from the images acquired 
as a conclusion of staining; 5 randomly different fields were chosen from 
every image and appraised in the ZEISS Zen Imaging Software program. 
Data were statistically described as mean± standard deviation (SD) for 
% field. One-way ANOVA after the Tukey test was done to compare 
positive immunoreactive cells with controls. As a conclusion of the test, 
p<0.05 was admitted meaningful and the data were offered as mean ±
SD.

3. Results

3.1. Effects of SAC against 6-OHDA mediated neurotoxicity in SH-SY5Y 
cells

To evaluate whether SAC protects SH-SY5Y cells from 6-OHDA- 
mediated cytotoxicity, we investigated metabolic activity in SH-SY5Y 
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cells pretreated with distinct concentrations of SAC for 2 h before 
application of 6-OHDA neurotoxin for 24 h. We also observed the effect 
of different concentrations of SAC on cell viability for 24 h after applying 
6-OHDA neurotoxin to SH-SY5Y cells. According to our findings, SAC-80 
(144 %) showed the highest cell viability compared to 6-OHDA (60 %) in 
pretreatment, followed by SAC-40 (130 %), SAC-20 (125 %), and SAC- 
10 (112 %). concentrations (p<0.05) (Fig. 1A). According to the find
ings obtained at different SAC concentrations after applying 6-OHDA, 
the survival rate was 39 % in the 6-OHDA group, while it increased 
dose-dependently in the treatment groups. SAC-80 (57 %) showed the 
highest cell viability, followed by SAC-40 (47 %) (p<0.05) (Fig. 1B).

3.2. Effects of SAC on 6-OHDA mediated MPO, SOD, CAT, GSH, and 
MDA level in SH-SY5Y cells

While the levels of oxidative stress markers MDA and MPO in the 6- 
OHDA group were 3.09±0.45 and 61.53±2, respectively, their levels 
reduced meaningfully in the treatment groups in a dosage-dependent 
manner compared to the 6-OHDA group (p<0.05). As for antioxidant 
parameters, CAT, GSH, and SOD values were found to be 524.54±4.3, 
25.58±1.8, and 130.76±3.85, respectively, in the 6-OHDA group, while 
their levels increased significantly in the treatment groups in a dosage- 
dependent manner compared to the 6-OHDA group (p< 0.05) (Fig. 2).

3.3. Effects of SAC on IL-1, IL-8 and TNF-α expressions

The effects of SAC on IL-1, IL-8, and TNF-α expressions in 6-OHDA- 
induced neurotoxicity were determined by RT-PCR analysis. We found 
an important rise in IL-1, IL-8, and TNF-α expression levels following 
exposure to 6-OHDA. The expression of SAC in pretreated cells was 
lower than that in 6-OHDA-treated cells in a dosage-dependent manner 
(Fig. 3). A meaningful difference was found in IL-1, IL-8, and TNF-α 
expression levels in the SAC 20–40 and 80 groups (p < 0.05).

3.4. Results of immunofluorescence staining

As a result of immunofluorescent examinations performed in cell 
culture; 8-OHdG and Nop10 expressions were appraised as negative in 
the control group. Very intense levels of 8-OHdG and Nop10 expressions 
were identified in the cells in the 6-OHDA group. In the pre-treated 
groups, severe intracytoplasmic 8-OHdG and Nop10 expressions were 

identified in SAC-10 cells while at severe levels in SAC-5 cells. In addi
tion, intracytoplasmic 8-OHdG and Nop10 expressions were observed at 
a moderate level in the SAC-20 group, a mild level in SAC-40, and a mild 
level in SAC-80. A meaningful distinct was identified when compared to 
the 6-OHDA group (p<0.05) (Fig. 4).

As a conclusion of immunofluorescence examinations of groups 
treated with SAC after 6-OHDA application; 8-OHdG and Nop10 ex
pressions were observed at very severe levels in A-SAC-5 cells, at very 
severe levels in A-SAC-10 cells, and severe levels in S-A5–20 cells. 
Additionally, while moderate levels of 8-OHdG and Nop10 expressions 
were observed in A-SAC-40 cells, they were observed at mild levels in S- 
A5–80 cells. A meaningful distinct was identified when compared to the 
6-OHDA group (p<0.05) (Fig. 4). Data of immunofluorescence staining 
findings are offered in Table 1.

4. Discussion

In neuroblastoma cells, 6-OHDA is a neurotoxin commonly used in 
the thrive of in vitro PD models and leads to neurotoxicity by inducing 
oxidative stress through the manufacture of reactive oxygen species 
(ROS) [32]. Various studies have also stressed that 6-OHDA induces 
excessive autophagy, causing the release of cytochrome C from mito
chondria [33]. So, cytotoxicity happens in dopaminergic neurons and 
neuron injury occurs. This study used 6-OHDA, a neurotoxic composite, 
to thrive in vitro PD model. It was determined that after cells were 
exposed to distinct doses of SAC, there was a decrease in the levels of 
pro-inflammatory cytokines and an increase in antioxidant levels.

Neuroinflammation plays a significant role in the pathogenesis of PD 
[34]. Cytokine aggregation and microglia activation are substantial 
factors that stimulate neuroinflammation [35]. Additionally, excito
toxicity, oxidative stress, and rising ROS manufacture lead to neuronal 
injury by raising the accumulation of oxidative produce in neurons [34, 
36]. Phytochemicals are suggested to have many helpful properties like 
anticancer, antioxidant, and anti-inflammatory features. SAC, the most 
plentiful organic garlic compound, has long been used as a dietary 
supplement and conventional medicine. In various studies, SAC has been 
known to have strong antioxidant and anti-inflammatory activities. 
[16–18]. Aged garlic extract has been reported to raise lifetime and 
learning in mice [22]. Previous studies have shown that SAC protects 
nerve growth factor-differentiated PC12 cells [37] and for amyloid beta 
and tunicamycin-induced toxicity [38]. Another study showed that SAC 

Fig. 1. Metabolic activities of SH-SY5Y cells pretreated with SAC for 2 h (A) and treated with SAC for 24 h after 6-OHDA application (B). Data are expressed as the 
means ± SD. *p < 0.05 vs. 6-OHDA group.
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provided neuroprotection in the cornu ammonis 3 areas and dentat 
girus, but not in the cornu ammonis 1 area, on neuronal demise induced 
by amyloid beta + ibotenic acid in certain hippocampus regions. This 
shows that the neuroprotective impact of SAC is cell-type and 
area-specific. SAC also has an anti-inflammatory effect by reducing the 
release of inflammatory cytokines like IL-6, IL-1β, IL-1, and TNF-α and 
suppressing inflammatory pathways like cyclooxygenase-2 and nuclear 
factor kappa B. Because of these effects, they protect for 
inflammation-connected neurodegeneration and neuroinflammation 
[39–41]. Our in vitro PD model study found that the expression levels of 
TNF-α, IL-8, and IL-1 (19.15, 16.8, and 18.32 fold chance, respectively) 
were increased in the 6-OHDA group. However, a significant decrease 
was found in the elevated levels of TNF-α, IL-8, and IL-1 (10.04, 11.79, 
and 8.39 fold chance, respectively) after pretreatment of SAC, especially 
at the dose of 80 µg/mL. Reduced levels of neuroinflammation indicate 
that SAC has anti-mitochondrial dysfunction, anti-neuroinflammatory, 
and antioxidative effects.

8-OHdG, the oxidized product of DNA, is the most frequently 
measured biomarker of oxidative stress [42]. Both in vitro and in vivo 
studies of the PD model demonstrated 6-OHDA mediated 8-OHdG 
accumulation in MPTP and SH-SY5Y cells in the mouse striatum [43]. 

Fig. 2. Effects of SAC on the oxidative stress parameters (MDA, MPO, CAT, GSH, and SOD) of SH-SY5Y cells. Cells were treated with different doses of SAC two hours 
before exposure to 6-OHDA. Data are expressed as the means ± SD. *p <0.05 vs. 6-OHDA group.

Fig. 3. Effects of SAC on IL-1, IL-8, and TNF-α expression. Cells were treated 
with distinct doses of SAC two hours before exposure to 6-OHDA. Data are 
expressed as the means ± SD. *p <0.05 vs. 6-OHDA group.
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Consistent with this study, in our research, 6-OHDA induced the accu
mulation of 8-OHdG, and SAC partially suppressed this accumulation. 
Nop10 is needed for telomere maintenance and ribosome biogenesis and 
plays a major role in carcinogenesis [44]. An invasive breast cancer 

study showed that there was a significant relationship between high 
expression of Nop10 at both mRNA and protein levels and bad prog
nostic clinicopathological parameters and poor survival, and its signif
icance in the progress of invasive breast cancer [45]. Moreover, these 

Fig. 4. Cell culture, 8-OHdG (FITC) and Nop10 (Texas Red) images, IF, Bar:50 µm.
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data are consistent with a study showing that changes in Nop10 mRNA 
are related to bad prognosis in endometrial cancer [46]. Nop is a critical 
player in cellular stress. According to our findings, Nop10 protein 
expression in the 6-OHDA group was observed mostly in the nucleolus 
and nucleus of the cells. Dose-dependent a mild expression level was 
observed in the treatment groups.

5. Conclusion

We found that SAC, a potential compound for the repair of PD in 
vitro, provides neuroprotection. This study demonstrated the positive 
effect of pretreatment with SAC (5–10–20–40 and 80 µg/mL) on SH- 
SY5Y cells injured by 6-OHDA, revealing the in vitro efficacy of SAC 
in regulating oxidative stress and neuronal survival in the in vitro model 
of PD. Nevertheless, further preclinical and clinical studies are required 
to demonstrate the effectiveness of SAC drugs in PD patients.
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[15] A.L. Colín-González, R.A. Santana, C.A. Silva-Islas, M.E. Chánez-Cárdenas, 
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A. Santamaría, P.D. Maldonado, The antioxidant mechanisms underlying the aged 
garlic extract- and S-allylcysteine-induced protection, Oxid. Med. Cell Longev. 
2012 (2012) 907162.

[24] H.M. Chao, I.L. Chen, J.H. Liu, S-allyl L-cysteine protects the retina against kainate 
excitotoxicity in the rat, Am. J. Chin. Med. 42 (2014) 693–708.

[25] S.J. Tsai, C.P. Chiu, H.T. Yang, M.C. Yin, S-Allyl cysteine, s-ethyl cysteine, and s- 
propyl cysteine alleviate beta-amyloid, glycative, and oxidative injury in brain of 
mice treated by D-galactose, J. Agric. Food Chem. 59 (2011) 6319–6326.

[26] E. Garcia, R. Santana-Martinez, C.A. Silva-Islas, A.L. Colin-Gonzalez, S. Galvan- 
Arzate, Y. Heras, P.D. Maldonado, J. Sotelo, A. Santamaria, S-allyl cysteine protects 
against MPTP-induced striatal and nigral oxidative neurotoxicity in mice: 
participation of Nrf2, Free Radic. Res. 48 (2014) 159–167.

[27] H. Shi, X. Jing, X. Wei, R.G. Perez, M. Ren, X. Zhang, H. Lou, S-allyl cysteine 
activates the Nrf2-dependent antioxidant response and protects neurons against 
ischemic injury in vitro and in vivo, J. Neurochem. 133 (2015) 298–308.

Table 1 
Results and statistical analysis of immunofluorescence findings in cell culture.

8-OHdG Nop10

Control 20.16±0.57a 18.45±0.37a

6-OHDA 104.83±2.49b 98.59±2.48b
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SAC¡40 41.37±1.42e 37.92±1.66e

SAC¡80 29.15±1.68 f 25.81±1.66 f

A-SAC¡5 103.29±1.68b 98.26±2.15b

A-SAC¡10 100.57±2.33b 95.81±2.6b

A-SAC¡20 79.46±1.75c 68.9±1.43c

A-SAC¡40 60.84±1.03d 51.83±1.35d

A-SAC¡80 41.18±1.51e 35.59±1.49e

Distinct letters on the identical line show a statistically meaningful distinct 
(p<0.05).

Y. Yeni et al.                                                                                                                                                                                                                                     Toxicology Reports 13 (2024) 101762 

6 

http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref1
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref1
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref2
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref2
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref2
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref3
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref3
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref4
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref4
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref4
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref5
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref5
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref5
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref6
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref6
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref6
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref7
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref7
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref8
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref8
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref8
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref8
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref8
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref8
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref9
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref9
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref9
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref10
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref10
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref11
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref11
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref11
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref12
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref12
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref12
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref12
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref13
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref13
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref13
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref14
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref14
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref14
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref15
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref15
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref15
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref15
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref16
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref16
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref16
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref17
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref17
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref18
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref18
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref18
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref19
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref19
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref19
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref19
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref20
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref20
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref20
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref21
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref21
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref21
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref22
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref22
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref22
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref23
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref23
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref23
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref23
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref24
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref24
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref25
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref25
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref25
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref26
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref26
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref26
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref26
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref27
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref27
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref27


[28] I. Ferah Okkay, U. Okkay, B. Cicek, A. Yilmaz, F. Yesilyurt, A.S. Mendil, 
A. Hacimuftuoglu, Neuroprotective effect of bromelain in 6-hydroxydopamine 
induced in vitro model of Parkinson’s disease, Mol. Biol. Rep. 48 (2021) 
7711–7717.

[29] A. de Rus Jacquet, Tambe MA, S.Y. Ma, G.P. McCabe, J.H.C. Vest, J.C. Rochet, 
Pikuni-Blackfeet traditional medicine: neuroprotective activities of medicinal 
plants used to treat Parkinson’s disease-related symptoms, J. Ethnopharmacol. 206 
(2017) 393–407.

[30] Y. Yeni, A. Taghizadehghalehjoughi, S. Genc, A. Hacimuftuoglu, S. Yildirim, 
I. Bolat, Glioblastoma cell-derived exosomes induce cell death and oxidative stress 
in primary cultures of olfactory neurons. Role of redox stress, Mol. Biol. Rep. 50 
(2023) 3999–4009.

[31] K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using real- 
time quantitative PCR and the 2(-Delta Delta C(T)) Method, Methods 25 (4) (2001) 
402–408.

[32] H.N. Junior, G.M.A. Cunha, F.D. Maia, R.A. Oliveira, M.O. Moraes, V.S.N. Rao, 
Catechin attenuates 6-hydroxydopamine (6-OHDA)-induced cell death in primary 
cultures of mesencephalic cells, Comp. Biochem. Physiol. C Toxicol. Pharmacol. 36 
(2) (2003) 175–180.

[33] Y. Chung, J. Lee, S. Jung, Y. Lee, J.W. Cho, Y.J. Oh, Dysregulated autophagy 
contributes to caspase-dependent neuronal apoptosis, Cell Death Dis. 9 (2018) 
1189.

[34] N.B. Pinto, B. da Silva Alexandre, K.R.T. Neves, A.H. Silva, L.K.A.M. Leal, G.S. 
B. Viana, Neuroprotective properties of the standardized extract from Camellia 
sinensis (green tea) and its main bioactive components, epicatechin and 
epigallocatechin gallate, in the 6-OHDA model of Parkinson’s disease. J, Evid. 
Based Complement. Alter. Med. 2015 (2015) 1–12.

[35] Q. Xu, M. Langley, A.G. Kanthasamy, M.B. Reddy, Epigallocatechin gallate has a 
neurorescue effect in a mouse model of Parkinson disease, J. Nutr. 147 (10) (2017) 
1926–1931.

[36] T. Farkhondeh, H.S. Yazdi, S. Samarghandian, The protective effects of green tea 
catechins in the management of neurodegenerative diseases: a review, Curr. Drug 
Discov. Technol. 16 (1) (2019) 57–65.

[37] Y. Ito, Y. Kosuge, T. Sakikubo, K. Horie, N. Ishikawa, N. Obokata, K. Yamashina, 
M. Yamamoto, H. Saito, M. Arakawa, K. Ishige, Protective effect of S-allyl-l- 
cysteine, a garlic compound, on amyloid β-protein-induced cell death in nerve 
growth factor-differentiated PC 12 cells, Neurosci. Res. 46 (2003) 119–125.

[38] Y. Ito, M. Ito, N. Takagi, H. Saito, K. Ishige, Neurotoxicity induced by amyloid 
β-peptide and ibotenic acid in organotypic hippocampal cultures: protection by S- 
allyl-l-cysteine, a garlic compound, Neurosci. Res. 46 (2003) 119–125.

[39] K.J. Jung, E.K. Lee, B.P. Yu, H.Y. Chung, Significance of protein tyrosine kinase/ 
protein tyrosine phosphatase balance in the regulation of NF-kappaB signaling in 
the inflammatory process and aging. Free Radic. Biol. Med. 47 (2009) 983–991.

[40] H.J. Kim, K.W. Kim, B.P. Yu, H.Y. Chung, The effect of age on cyclo-oxygenase-2 
gene expression: NF-kappaB activation and Ikap-paBalpha degradation, Free Radic. 
Biol. Med. 28 (2000) 683–692.

[41] H.Y. Chung, H.J. Kim, K.W. Kim, J.S. Choi, B.P. Yu, Molecular inflammation 
hypothesis of aging based on the anti-aging mechanism of calorie restriction, 
Microsc. Res. Technol. 59 (2002) 264–272.

[42] A. Plachetka, B. Adamek, J.K. Strzelczyk, Ł. Krakowczyk, P. Migula, P. Nowak, 
A. Wiczkowski, 8-hydroxy-2′-deoxyguanosine in colorectal adenocarcinoma—Is it 
a result of oxidative stress? Med. Sci. Monit. 19 (2013) 690–695.

[43] A. Oyagi, Y. Oida, H. Hara, H. Izuta, M. Shimazawa, N. Matsunaga, T. Adachi, 
H. Hara, Protective effects of SUN N8075, a novel agent with antioxidant 
properties, in in vitro and in vivo models of Parkinson’s disease, Brain Res. 1214 
(2008) 169–176.

[44] P.N. Grozdanov, S. Roy, N. Kittur, U.T. Meier, SHQ1 is required prior to NAF1 for 
assembly of H/ACA small nucleolar and telomerase RNPs, RNA 15 (6) (2009) 
1188–1197.

[45] K.A. Elsharawy, M. Althobiti, O.J. Mohammed, A.I. Aljohani, M.S. Toss, A. 
R. Green, E.A. Rakha, Nucleolar protein 10 (NOP10) predicts poor prognosis in 
invasive breast cancer, Breast Cancer Res. Treat. 185 (3) (2021) 615–627.

[46] L. Button, R. Alnafakh, J. Drury, S. DeCruze, G. Saretzki, M. Adishesh, 
D. Hapangama, P64 Examination of genes encoding telomerase associated proteins 
suggests a prognostic relevance for NHP2 and NOP10 in endometrial cancer, Int. J. 
Gynecol. Cancer 29 (4) (2019) 95–A96.

Y. Yeni et al.                                                                                                                                                                                                                                     Toxicology Reports 13 (2024) 101762 

7 

http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref28
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref28
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref28
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref28
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref29
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref29
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref29
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref29
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref30
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref30
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref30
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref30
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref31
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref31
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref31
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref32
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref32
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref32
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref32
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref33
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref33
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref33
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref34
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref34
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref34
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref34
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref34
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref35
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref35
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref35
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref36
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref36
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref36
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref37
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref37
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref37
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref37
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref38
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref38
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref38
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref39
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref39
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref39
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref40
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref40
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref40
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref41
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref41
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref41
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref42
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref42
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref42
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref43
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref43
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref43
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref43
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref44
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref44
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref44
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref45
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref45
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref45
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref46
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref46
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref46
http://refhub.elsevier.com/S2214-7500(24)00145-8/sbref46

	Ameliorating effect of S-Allyl cysteine (Black Garlic) on 6-OHDA mediated neurotoxicity in SH-SY5Y cell line
	1 Introduction
	2 Materials and methods
	2.1 Cell culture and in vitro treatment
	2.2 Cell viability assay
	2.3 ELISA
	2.4 Determination of TNF-α, IL-1, and IL-8 expression levels
	2.5 Double immunofluorescence staining method
	2.6 Statistical analyzes

	3 Results
	3.1 Effects of SAC against 6-OHDA mediated neurotoxicity in SH-SY5Y cells
	3.2 Effects of SAC on 6-OHDA mediated MPO, SOD, CAT, GSH, and MDA level in SH-SY5Y cells
	3.3 Effects of SAC on IL-1, IL-8 and TNF-α expressions
	3.4 Results of immunofluorescence staining

	4 Discussion
	5 Conclusion
	Research involving human and animal rights
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	datalink3
	References


