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Neuroprotective activity of green 
synthesized silver nanoparticles 
against m eth amp het ami ne‑ 
induced cell death in human 
neuroblastoma SH‑SY5Y cells
Sadegh Khorrami 1, Manijeh Dogani 2, Saeed Esmaeili Mahani 2, 
Mehrdad Moosazadeh Moghaddam 3 & Ramezan Ali Taheri 1*

The present study aimed to investigate the neuroprotective activity of the black peel pomegranate 
extract, and silver nanoparticles (AgNPs) biosynthesized using the extract. We pretreated the human 
neuroblastoma SH‑SY5 cells with the extract and AgNPs and evaluated the neuroprotective activity 
of these agents against methamphetamine (Meth) cytotoxicity. The NPs were spherical with 19 ± 8 nm 
size, − 28 mV surface charge, and 0.20 PDI. Meth killed the cells by increasing proapoptotic (Bax, 
PTEN, AKT, PI3K, NF-κB, P53, TNF-α, Cyt C, and Cas 3) and decreasing the antiapoptotic genes (Bcl-2) 
expression. Exposure to Meth caused DNA fragmentation and increased the intercellular ROS and 
malondialdehyde (MDA) levels while reducing the mitochondrial membrane potential (MMP). A 4‑h 
pretreatment of the cells with the extract and AgNPs could retain the viability of the cells above 80% 
by increasing the Bcl-2 expression up to fourfold and inhibiting the cell death pathways. ROS, MDA, 
and MMP levels in the pretreated cells were close to the control group. The percentage of necrosis 
in cells pretreated with the extract and AgNPs declined to 32% and 8%, respectively. Our promising 
findings indicated that AgNPs could reduce Meth‑induced oxidative stress and prevent necrotic and 
apoptotic cell death by regulating related genes’ expression.

Approximately 25 million people use amphetamine-type stimulants, especially methamphetamine (Meth), all 
around the world, which is more than those who abuse heroin and cocaine  combined1. Due to its low cost, 
low production cost, and long duration of action, the drug is highly sought-after by  abusers2, while it has been 
established that Meth abuse can lead to serious health complications in  humans3. Besides causing neurodegenera-
tive subsequences in the brains of addicts, this drug can also damage other body organs’  functions4. Symptoms 
associated with this substance include acute agitation, anxiety, aggressive behaviors, paranoia, hypertension, 
hyperthermia, and  psychosis5.

As recently revealed, the drug can induce apoptosis in the nervus system, resulting in the death of neuronal 
 bodies6. The mechanism behind the toxic effects of Meth is linked to its dopamine-like chemical structure, 
allowing it to penetrate dopamine axons, release dopamine from cytoplasmic vesicles, and transport it into the 
synaptic  clefs7. The interaction between dopamine quinones and superoxide radicals in nerve terminals results in 
Meth neurotoxicity. In addition to hydrogen peroxide production, dopamine metabolism can raise toxic hydroxyl 
radicals, especially when interacting with metal  ions8. The accumulation of evidence suggests that Meth also 
causes oxidative stress by causing an imbalance between the production of reactive oxygen species (ROS) and 
the ability of antioxidant enzymes to scavenge them. Overproduction of ROS can damage mitochondrial and 
nuclear DNA, lipids, and proteins in  cells9,10.

Some approaches have been proposed to protect the neurons against Meth toxicity. Recently, it has been 
revealed that methamphetamine-associated toxicity is attenuated by antioxidants, lipid peroxidation inhibi-
tors, and spin-trapping compounds, which inactivate free  radicals11. In this way, enhancing the expression of 
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the antioxidant enzymes, as well as applying external antioxidant compounds, can be beneficial in protecting 
against methamphetamine-induced neurotoxicity. In this regard, phytocompounds have shown to be excellent 
 antioxidants12–15, offering a great potential to enhance/assist the cellular antioxidant system and reduce the 
adverse impacts of cytotoxic compounds. In addition to plant extracts, the metal nanoparticles synthesized 
by mediating these extracts (green/bio-synthesized nanoparticles) may possess a high potential to protect the 
cells. There has been a great deal of evidence that these nanoparticles can go much farther than we imagined. 
The green synthesized nanomaterials are relatively cost-effective and eco-friendly because in their synthesis 
process, the metal salts are reduced by the extracts reducing agents, and the nanoparticles are coated with the 
extracts’ bioactive compounds. Therefore, they inherit the extracts’ pharmaceutical properties and nanomaterial 
characteristics, such as large surface areas, tiny sizes, and high surface  energy16.

Silver nanoparticles (AgNPs) are among the world’s most popular metal nanoparticles owing to their bio-
logical activities and unique electronic and optical  features17,18, arising from their collective oscillations of con-
duction electrons known as surface plasmon  resonance19. Nowadays, many of the bio-medical properties of 
biosynthesized Ag nanoparticles are well-described, such as their antimicrobial, anticancer, antioxidant, and anti-
inflammatory  activities20,21. However, there is no report about their protective activity against cytotoxic agents. 
It seems that the defensive potential of the green synthesized nanoparticles has been overlooked up to now.

We hypothesized that silver nanoparticles synthesized using the black peel pomegranate extract would be a 
neuroprotective agent against the cell death induced by Meth in the SH-SY5Y cells (Human Neuroblastoma Cell 
Line). To test this hypothesis, we pretreated the cells with the extract and nanoparticles, followed by exposing 
them to Meth. A comparison of the viability of the pretreated cells and non-pretreated ones indicated that these 
compounds could significantly defend the cells by regulating the genes involved in cell death (apoptosis and 
necrosis). These protective agents could also inhibit the cells’ DNA fragmentation, decrease the intercellular ROS 
levels, reduce the MDA levels, and maintain the mitochondrial membrane potential at normal levels.

Results
Physicochemical characterization. UV–visible. Based on the primary analysis, the mixture of the ex-
tract and  AgNO3 resulted in a dark-red colloid of AgNPs, which were entirely stable for more than 6 months in 
the lab environment (this observation was confirmed by zeta potential analysis too). Also, a single sharp absorb-
ance peak at 416 nm appeared in the UV–Vis spectrum of the colloid (Fig. 1). The dark-red color of the final 
mixture, as well as the peak that appeared at 416 nm, are attributed to the changes in the metal nanoparticles’ 
surface plasmon resonance (SPR). These features are known as the characteristics of AgNPs colloid and confirm 
the success of the biosynthesis  process22.

FTIR. A comparison of the FTIR spectra of the extract and AgNPs is shown in Fig. 2. The spectrum pattern 
of these two compounds was nearly identical, with a distinctive peak at 3450–3550   cm−1 associated with the 
OH group. Also, in these spectra, shoulder peaks for C–C, N–H, and C–O functional groups could be observed 
between 1100 and 1700  cm−1. However, in the spectrum of nanoparticles, the OH-associated peak was weaker 
than in the extract, which can be due to the involvement of the OH groups in the reduction of  Ag+ to  Ag023–25.

DLS and Zeta. Figure 3 shows the DLS and Zeta potential analysis of the biosynthesized nanoparticles. Based 
on the results, these nanoparticles were at 29.5 nm average size with the polydispersity index (PDI) of 0.20 and 
− 28.2 mV surface charge. These features altogether are responsible for the desirable properties of the nanopar-
ticles’ monodispersity, and stability. As previously determined, a PDI lower than 0.5 means monodispersity, and 
a PDI higher than 0.75 means  polydispersity26,27. Also, a high surface charge (+ or −) results in a strong repulsive 
force between nanoparticles, making their colloids stable. Hence, the nanoparticles’ low zeta potential can justify 
their colloid’s stability.

Figure 1.  The UV–visible spectrum of the green synthesized AgNPs using black peel pomegranate extract.
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TEM. Transmission Electron Microscopy (TEM) analysis revealed the morphology and size of Ag nanoparti-
cles (Fig. 4). As results showed, the particles were spherical in shape with 19 ± 8 nm of size and adequate disper-
sity. These results were in line with the DLS and zeta analyses results. Though, the DLS showed a slightly larger 
average size, which can be related to the hydrodynamic size of nanoparticles.

Cytotoxicity assay. Firstly, the MTT assay was applied to investigate the toxicity of different concentrations 
of the extract, Ag nanoparticles, and Meth on the SH-SY5 cells. It was indicated that the extract was innocent to 
the cells at all tested concentrations. Likewise, low concentrations of nanoparticles did not show a considerable 
effect on the cells. Figure 5a shows that 8.5 µg/ml of this compound resulted in only 20% cell death. The lower 
concentrations were totally safe for the cells (data not shown). Though, the cytotoxicity of Meth toward the cells 
was substantial so that 1.5 µg/ml of this compound could induce more than 75% of cell death (Fig. 5b).

Protective effect. Cell survival. To determine whether the extract and nanoparticles could protect the 
cells against Meth or not, the cells were treated with these agents for 0 h, 2 h, and 4 h before exposing them to 
the  IC70 concentration of Meth. The comparison between the viability of these 3 pretreated groups and non-pre-
treated ones showed that the compounds could markedly protect the cells in a time-dependent manner (Fig. 5c). 
That is, the protective effect increases with increasing pretreatment time. Regarding the cells subjected to the 
extract/AgNPs immediately before exposure to Meth (0 h pretreatment), the cells’ survival was about 40%. Yet, 
this feature rose to approximately 85% after 4 h of pretreatment. The viability of non-treated cells was about 30%.

ROS assay. As Fig. 6 shows, the amount of intracellular ROS increased more than twofold in the presence of 
Meth. On the other hand, 4 h pretreatment of the cells with the extract and nanoparticles could reduce the ROS 

Figure 2.  FTIR spectra of the black peel pomegranate and AgNPs synthesized using the extract.

Figure 3.  DLS (a) and Zeta potential (b) of AgNPs green synthesized using black peel pomegranate extract.
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levels to 1.1-fold. The reducing effect of the extract was more than AgNPs, probably due to its higher antioxidant 
 activity28.

Malondialdehyde (MDA) assay. Thiobarbituric acid reactive substance (TBARS) assay is a method to 
detect lipid oxidation. The purpose of this assay is to measure the malondialdehyde (MDA) level, which is 
formed when unsaturated fatty acids are oxidized. Based on the results, MDA levels in the cells treated with 
Meth substantially increased (up to eightfold). Pretreatment of the cells with the extract and AgNPs, however, 
reduced this level to about two and fourfold of the control, respectively (Fig. 6).

Mitochondrial membrane potential assay (MMP). The MMP was quantitatively measured in Meth-
subjected cells pretreated with the extract and AgNPs in comparison with non-pretreated ones. According to the 
results (Fig. 6), ΔΨm value did not show considerable change in pre-treated cells, whereas this feature dropped 
by 30% in the cells exposed to the Meth.

DNA fragmentation. It was revealed that exposure to Meth could cut down the cells’ DNA into 2–3 frag-
ments. Nevertheless, pretreatment of the cells with the extract and AgNPs could prevent DNA fragmentation. 
As Fig. 7 shows, concerning the Meth-treated cells, several bands (smear-like) formed on the agarose gel, while 
only a single sharp band was observed in the pretreated cells (Supplementary Information).

Figure 4.  The TEM image of biosynthesized silver nanoparticles (a) and their size distribution diagram (b).

Figure 5.  (a) The cytotoxicity of different concentrations of green synthesized nanoparticles (P-AgNPs) and the 
extract (P-Extract) on SH-SY5 cells. (b) The cytotoxicity of different concentrations of methamphetamine on 
SH-SY5 cells. (c) The viability of cells exposed to methamphetamine for 24 h after 0, 2, and 4 h of pretreatment 
with P-extract and P-AgNPs. Data are expressed as mean ± SEM. *P < 0.05 compared to 0 h; ###P < 0.001 
compared to 2 h; ^P < 0.05 compared to P-Extract.
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Gene expression assay. In order to determine the pathway(s) through which these agents induce their 
cytotoxic or protective effects, the expressions of 10 essential genes involved in the cell death/growth pathways 
were evaluated using RT-PCR. In line with MTT assay results, our findings indicated that in the cells exposed to 
the Meth, the expression of genes inducing cell death, such as Bax, PTEN, AKT, PI3K, NF-κB, P53, TNF-α, Cyt 
C, and Cas 3, considerably increased. In contrast, the expression of the genes supports the viability of cells, such 
as Bcl-2, degreased. However, pretreatment of the cells with the extract and AgNPs could significantly maintain 
the expression of the cell death-inducing genes at low levels (Fig. 8). Given that most of these genes are directly 
involved in the intrinsic and extrinsic pathways of apoptosis, it seems these protective agents through regulating 
the genes’ expression against apoptosis protect the cells.

Flow cytometry analysis. Flow cytometry analysis revealed that the rate of death in the cells exposed to 
Meth was considerably high. Twenty-four hours of exposure to the drug caused 90% necrosis and 7% apoptosis 
in the cells. This is when the necrotic death in the cells pretreated with the extract or AgNPs increased to 33% 
and 6%, respectively. In addition, about 8% apoptosis was detected in the extract-pretreated cells, while no sig-
nificant apoptosis was observed in the cells pretreated with AgNPs (Fig. 9).

Figure 6.  The intracellular ROS levels (ROS), Malondialdehyde (MDA) levels, and the mitochondrial 
membrane potential (MMP) of SH-SY5 cells exposed to methamphetamine. The charts compare these 
features in the cells pretreated with P-AgNPs, and P-Extract and none-pretreated ones. Data are expressed as 
mean ± SEM. *P < 0.05, and ***P < 0.001 compared to control; ###P < 0.01 compared to Meth.

Figure 7.  The agarose gel shows the DNA segments of SH-SY5 cells exposed to Methamphetamine (Meth), 
green synthesized nanoparticles (P-AgNPs), and pomegranate extract (P-Extract).
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Discussion
The use of methamphetamine has reached epidemic levels and has become a rapidly growing global health issue 
due to its addictive properties. Unfortunately, there is no conventional pharmacotherapy for treating abusers/
patients till  now29. Among the most severe health complications associated with Meth addiction are deficien-
cies in attention, memory, and executive function. Besides affecting the nervous system, methamphetamine has 
also cardiotoxic and immunosuppressive  effects30. It has been reported that these neuropsychiatric complica-
tions are caused by drug-induced neurotoxic effects, which include damage to dopaminergic and serotonergic 
terminals, induction of neuronal apoptosis, and activation of astroglial and microglial  cells6. In this study, we 
evaluated the neuroprotective activity of the black peel pomegranate extract and the silver nanoparticles green 
synthesized using the extract. Our findings indicated that these agents have prominent protective activity against 
Meth-induced cell damage.

Based on our results, pretreatment of the cells could increase the Bcl-2 gene expression while decreasing 
the expression of the Bax gene. In line with these findings, Cadet et al. have previously reported that the Bcl-2 
family of proteins is involved in the mechanisms underlying Meth  neurotoxicity31. In particular, Meth increases 
proapoptotic proteins, such as BAX, and decreases antiapoptotic proteins, like Bcl-2. Likewise, we found that 
the expression of Cyt c significantly increased in the presence of Meth. The upregulation of proapoptotic pro-
teins is consistent with the findings that Meth treatment caused the release of mitochondrial Cyt c protein and 
apoptosis-inducing factors into the  cytosol32,33. A recent study by Salari et al. reported an increased release of 
Cyt c from mitochondria and an increased Bax to Bcl-2 ratio in the presence of  Meth34. The factors released from 
mitochondria have been shown to participate in Meth-induced apoptosis by activating Cas9 and 3 and breaking 
down several structural cellular  proteins35. In this study, we observed the overexpression of the Cas 3 gene and 
Cyt c in the Meth-exposed cells, which is in agreement with the mentioned process. Thus, these findings implicate 
the mitochondrial pathway in Meth-related neuronal cell death.

It is becoming increasingly evident that mitochondrial dysfunction is one of the most important etiological 
factors of neurological disorders. The aging process and oxidative stress are two other common causes of neu-
rological disorders. On the other hand, the incidence of apoptosis is a hallmark of neurodegenerative diseases, 
and its process can mainly be regulated by mitochondria  function36. Hence, it could be concluded that the altered 
signaling of apoptotic mechanisms is involved in neurodegeneration.

We also investigate the genes mediating the PI3K/Akt/mTOR signaling pathway. This is an intracellular 
pathway required for cell cycle, proliferation, cell death, and autophagy and can be activated by various cellular 
stimuli and toxins. In previous studies, PI3K has been shown to transmit survival signals, which in turn trigger 
the phosphorylation of downstream molecules such as  Akt37. Researchers have discovered that Akt regulates 
pro-apoptotic protein expression by triggering another protein kinase as well as transcription factors to promote 
survival  signals38,39. Likewise, we observed the decreased expression of genes involved in this pathway in the cells 
treated with Meth. Furthermore, in our study, Meth could enhance the NF-κB, P53, and TNF-α gene expression. 
Similarly, Tan et al. reported that compared to the control group, treatment with Meth significantly increased the 

Figure 8.  The RT-PCR results show the expression of different key genes involved in the cell death process 
in the cells pretreated with the extract and nanoparticles and non-pretreated cells. Data are expressed as 
mean ± SEM. *P < 0.05, **P < 0.01 ,and ***P < 0.001 compared to control; ##P < 0.01,and ###P < 0.001 compared to 
Meth; ^P < 0.05 compared to P-AgNPs.
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expression of PI3K, Akt, PTEN, p53, Bax, and cas 340. Also, it has been revealed that exposure to Meth increased 
the expression of the TNF-α  gene41.

Increasing the cellular ROS and MDA production, reduction of MMP levels, and fragmentation of DNA were 
other phenomena we observed in the cells exposed to Meth. These findings are related to gene expression changes. 
Interestingly, we found that pretreating the cells with the extract or NPs could significantly diminish the Meth 
detrimental effects on the cells and maintain the cells’ survival approximately at the control cells.

Mitochondria are also involved in producing ROS. Increased ROS levels initiate a cascade leading to apoptotic 
and non-apoptotic cell  death42. Furthermore, ROS produced in cells acts as signaling molecules. Still, its over-
production will affect DNA, proteins, and lipids. It can also decrease the effectiveness of cellular mechanisms, 
initiate inflammatory pathways, cause excitotoxicity, agglomerate proteins, and trigger  apoptosis43,44.

Mitochondrial membrane potential (ΔΨm) generated by proton pumps (complexes I, III, and IV) is an 
essential component in the energy storage process during oxidative phosphorylation. A long-term imbalance in 
ΔΨm levels may cause an unwanted loss of cell viability and cause various detrimental  effects45. Additionally, it 
has already been revealed that oxidative stress induced by amphetamines increases lipids peroxidation, which in 
turn increases the concentration of MDA in the  brain46 and causes DNA and cell membrane  damage47. Accord-
ingly, the increase in MDA level and DNA fragmentation of cells treated with methamphetamine can be justified.

Figure 9.  Flow cytometry analysis of the cells pretreated with the extract or AgNPs compared to non-pretreated 
cells.
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Besides, we found that AgNPs provide cell protection at much lower concentrations than the extract. The 
defensive action of the extract and AgNPs can be attributed to their high antioxidant capacity. Based on recent 
studies, the black peel pomegranate extract and silver nanoparticles synthesized using the extract showed high 
antioxidant activity, owing to containing high levels of  anthocyanin28,48. Anthocyanins, from the subclass of 
flavonoids, are a significant part of phenolic compounds and form red, blue, and purple pigments in  plants49. 
Noteworthy, there is evidence showing the cytotoxicity of green synthesized silver nanoparticles against SH-SY5 
 cells50, though our observations indicated the harmlessness of the nanoparticles toward the cells, especially at 
low concentrations.

Our findings support the argument that a mitochondrial pathway is most likely involved in the Meth-induced 
cell death. Arguably, this pathway is considerably inhibited in the cells pretreated with pomegranate extract and 
the green synthesized Ag nanoparticles. Proposing a precise mechanism of action justifying the neuroprotective 
activity of these agents needs further studies. However, we believe that the pathways through which the extract 
and AgNPs induce their effect are not limited. The nanoparticles are tiny and covered by phytochemicals, whereby 
are efficiently uptake by the cells. Subsequently, they not only pursue their function as an external antioxidant 
source but also trigger the cells’ antioxidant systems and mediate the up-regulation of the expressions of the genes 
responsible for maintaining the cells’ survival. Whereby, they can alert the cells’ defense system, enhancing the 
ability of cells to overcome the damage caused by Meth.

Conclusion
Herein, we evaluated the neuroprotective activity of the black peel pomegranate extract and silver nanoparticles 
green synthesized by mediating the extract. Our findings revealed that pretreatment of the neural cells with 
both compounds alleviates the toxic effects of Meth, though the administration of AgNPs was considerably 
more advantageous. These agents regulate the expression of antiapoptotic and proapoptotic genes in favor of 
cell survival. They also reduced the cellular ROS and MDA levels and prevented the MMP reduction in the cells 
exposed to the Meth. Taking this data into account, we can draw the researchers’ attention to green synthesized 
nanoparticles’ neuroprotective potential. Additional in vivo and clinical studies are needed for a pharmaceuti-
cal formulation applying the biosynthesized nanoparticles and the pomegranate extract in a practical treatment 
alleviating the psycho-neurological complications of patients with Meth addiction.

Methods
Preparation of the extract. The black peel pomegranate (Punica granatum) samples were purchased from 
a local gardener located in Darab city, Fars province, Iran. The fruits were transferred to the lab, washed with 
distilled water, and peeled up. Next, 100 g of the peels were soaked in 300 ml of deionized water and shaken using 
a shaker-incubator for 24 h at 40 °C. Then, a Whatman filter paper (grade 1) was utilized to filter the mixture, fol-
lowed by concentrating the filtrate with a rotary evaporator (EYELA N-1100, Tokyo Rikakikai Co. LTD. Japan) 
and drying at room temperature. As a final step, the powdered extract was stored at 4 °C until it was  needed28. 
During this study, the prepared pomegranate extract was called P-Extract.

Biosynthesis of nanoparticles. The silver nanoparticles were synthesized using the pomegranate extract 
(called P-AgNPs) by following the method previously described by Khorrami et al. with slight  modifications28. 
Briefly, after dissolving 50 mg of the extract powder in 100 ml of deionized water, we adjusted the extract pH to 
8 using NaOH (1 M). Fifty ml of  AgNO3 aqueous solution (6 mM; Merck, Germany) was next gradually added 
to the mixture while vigorously stirring and the final combination was allowed to stir for 2 h at 40 °C. The final 
product was purified by centrifuging at 12,000 rpm for 10 min and washing the deposited AgNPs with deionized 
water.

Physicochemical characterization. We used a JASCO V-670 UV-VIS-NIR spectrophotometer (Tokyo, 
Japan) to measure the UV–visible absorbance of the colloid of Ag nanoparticles as a primary characterization. 
In order to determine functional groups involved in Ag nanoparticle biosynthesis, KBr pellets of the extract and 
P-AgNPs were prepared and analyzed using Fourier transform infrared spectroscopy (FTIR; JASCO Ltd., Tokyo, 
Japan) in the wavenumber of 500–4000  cm−1. The Transmission Electron Microscopy (TEM; ZEISS LEO912-AB, 
Germany) method was used in order to examine the morphology and dispersity of Ag nanoparticles. Also, Ag 
nanoparticles synthesized in this study were tested for their surface charge and size at pH 7 and 25 °C using a 
Horiba SZ-100 Zetasizer instrument (Kyoto, Japan).

Cytotoxicity assay (MTT assay). The extract, Ag nanoparticles, and Meth were evaluated for their cyto-
toxic activity against dopaminergic human neuroblastoma cells (SH-SY5Y) using MTT colorimetric assays. The 
cell line was purchased from the Pasteur Institute, Tehran, Iran. Briefly, A 96-well plate was cultured with 6000 
cells/well in DMEM high glucose medium with 10% FBS, and 1% penicillin–streptomycin antibiotic (Biosera, 
England) for 24 h at 37  °C, 5%  CO2, and 95% humidity. Then, 100 μl of fresh medium containing different 
concentrations of the extract (8.5, 17, 25, 35, and 50 µg/ml), PAgNPs (8.5, 17, 25, 35, and 50 µg/ml), and Meth 
(0.25, 0.5, 0.75, 1.5, 2, 2.5, 3.5, 7 µg/ml) was replaced with the old one, followed by 24 h incubation. Following 
drainage and washing with PBS, the wells were refilled with 100 µl of medium with 10% MTT (5 mg/ml; Sigma-
Aldrich, Germany), and incubation was completed for a further 4 h. As the final step, after the removal of the 
MTT solution, each well was filled with 100 ml of Dimethyl sulfoxide (DMSO), and the plate was stored at 37 °C 
for 10 min. As a control, cells that were not treated and cultured under the same conditions were considered. An 
ELX800 spectrophotometer (BioTek, USA) was used to measure the absorbance of the wells’ contents at 570 nm. 
Based on Eq. (1), the viability percentage of the cells was calculated.
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Protective effect evaluations. Having the cytotoxic concentrations of each agent determined, to evaluate 
the potential protective activity of the extract and AgNPs against the cell death induced by Meth, the cells were 
pretreated with sub-toxic concentrations of the extract (3 µg/ml) and AgNPs (1.5 µg/ml) for 2 h and 4 h, followed 
by exposure to  IC70 of Meth for 24 h.

MTT assay. Here, the protective potential of the compounds was determined based on the viability of the 
pretreated cells compared to non-pretreated ones. Toward this end, the MTT assay was conducted as described 
in the previous section.

ROS assay. To evaluate the protective activity of the extract and AgNPs on ROS production in SH-SY5 
cells exposed to the Meth, we applied the slightly modified Wanga and Roper’s  method51. The first step was to 
seed 30,000 cells in each well of a 96-well plate and incubate them for 24 h. Afterward, the culture medium was 
replaced and cells were incubated for 24 h at 37 °C while treated with the extract or AgNPs (solved in 100 μl 
of fresh medium). After 4 h of incubation, the medium supplemented with Meth was added to each well, and 
incubation was continued for 24 h. As the final step, the content of the wells was replaced with fresh DMEM con-
taining DCFH-DA (20 μM; Sigma Aldrich, Germany) and incubated for 1 h at 37 °C. A BioTek-FLX-808 (USA) 
fluorescent/ELISA reader was used to detect the fluorescence intensity (exciting wavelength: 485 nm; emission 
wavelength: 538 nm). Finally, the fluorescence intensity of the treated cells was compared with that of those in 
the control group (which did not receive any treatment).

Thiobarbituric acid reactive substance (TBARS) assay (MDA assay). Thiobarbituric acid reactive 
substance (TBARS) assay was used to evaluate the oxidative stress in the cells as previously described with slight 
 modification52. To accomplish this, the cells were pretreated with P-AgNPs or the extract and subsequently 
exposed to Meth. After 24 h of incubation, they were detached with trypsin, washed, and resuspended in 10 ml 
of PBS. Next, 1 ml of thiobarbituric acid (TBA) reagent containing 0.375% 2-TBA, 15% TBA, and 0.25 N HCl 
was added to the cell suspension. The samples were then heated at 95 °C for 20 min, flowed by chilling to room 
temperature and centrifuged at 10,000×g for 10 min. After that, the TBA method was used to measure TBA-
reactive substances formed by lipid peroxidation at 535 nm. Untreated cells and the cells treated with Meth were 
considered control. Malondialdehyde (MDA) level (ng/mg) was reported as the final result.

Mitochondrial membrane potential assay (MMP or ΔΨm). The effect of the extract and nanoparti-
cles pretreatment on the mitochondrial membrane potential of cells exposed to the Meth was determined with 
the Rhodamine 123 (RH-123; Sigma Aldrich, Germany) probe and fluorescence spectrophotometry. Briefly, the 
cells were incubated with 10 µM of RH-123 in the dark for 30 min at 37 °C. After the incubation, the cells were 
washed (three times) with PBS and analyzed immediately on the fluorescence plate reader (BioTek, USA). An 
emission wavelength of 538 nm and an excitation wavelength of 485 nm was used to quantify cells’ fluorescence 
intensity. A fluorescence percentage of control cells was used to express the  results53.

DNA fragmentation assessment. To evaluate the effect of the Meth and the protective agents on the 
cells’ DNA,  106/well of the cells were seeded in 6-well plates and pretreated with the P-extract or P-AgNPs for 4 h; 
the cells were then exposed to the Meth for 24 h. The cells were harvested by scraping in 1 mL of PBS and lysed 
in 500 µL of lysis buffer for one hour at 55 °C. The extraction of DNA was performed by phenol/chloroform/isoa-
myl alcohol (25:24:1 v/v/v), precipitating it with ethanol, and resuspending it in Tris–EDTA buffer containing 
20 g/mL RNase. The DNA content was quantitatively analyzed, by loading an equal amount of DNA on a 1.0% 
agarose gel containing 1 μg/mL ethidium bromide. Exposing the gel to ultraviolet light, the DNA fragments were 
visualized and imaged. The cells grown on the culture medium only were considered  control54.

Gene expression assay (real‑time PCR). To study how the protective compounds affect the expression 
of genes involved in the cell death process, the real-time polymerase chain reaction (RT-PCR) technique was 
applied. Briefly, SH-SY5 cells were firstly cultured in a 6 cm plate, and about 24 h later, when their confluency 
reached 80%, a fresh medium containing Ag nanoparticles (1.5 µg/ml) and the extract (3 µg/ml) were substi-
tuted for the culture medium. The plates were incubated for 4 h before adding Meth to the wells. After 24 h of 
incubation, the relative expression of genes listed in Table 1 was measured in treated cells compared to untreated 
ones (control group). The 2 × universal SYBR green master mix (BioFACT™, South Korea) was utilized in the 
RT-PCR process and each measurement was done in duplicate. As previously described in  detail55, an amplifica-
tion program, including a denaturation step (15 min) and 40 cycles of amplifications was run using a Bio-Rad 
iQ5 detection system (Bio-Rad, Richmond, CA, USA). In addition to melting curve analysis, PCR products were 
also electrophoresed on an agarose gel (1%) in order to determine their amplification specificity. PCR data were 
normalized with the Beta 2 Microglobulin (B2Ma) universal housekeeping gene and analyzed using the  2−ΔΔCT 
ratio. Table 1 lists the sequences, lengths, and NCBI accession numbers of the primers.

AnnexinV/PI apoptosis assay (flow cytometry). Fluorescein isothiocyanate (FITC) and Propidium 
Iodide (PI)-conjugated annexin V intercalating agents were used to stain the cells and determine the apoptosis/

(1)Cell viability(%) =
Absorbance of treated cells

Absorbance of control cells
× 100
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necrosis rate of SH-SY5 cells. Briefly, SH-SY5 cells (2 ×  105) were treated with Meth for 24 h following a 4-h 
pretreatment with the indicated concentration of the extract or AgNPs. After detachment of the incubated cells, 
they were resuspended in 100 μL of 1 × binding buffer, including 20 μg/ml of Annexin V and 1 μg/mL of PI for 
15 min at RT. These cells were finally assessed on a BD FACSVerse (CyFlow Space, Sysmex, Germany).

Statistical analysis. During the study, each test was conducted 3 times independently. Data were statisti-
cally analyzed based on the One-way analysis of variance and t-test using the SPSS software version 23. The 
differences with P values ˂ 0.05 were determined as significant. Results were expressed as the Mean ± SEM com-
pared with the control group (Supplementary Information).

Ethics approval and consent to participate. The pomegranate fruit was used in the present study 
according to the Herb Garden of the University of Isfahan guidelines.

Data availability
Data sharing is not applicable to this article as no datasets were generated or analysed during the current study.

Received: 4 March 2023; Accepted: 29 June 2023

References
 1. Delphi_Behavioral_Health_Group. Meth Use Statistics Around the World (2019). https:// delph iheal thgro up. com/ stimu lants/ 

metha mphet amine/ global- use- stati stics/ (2019).
 2. German, C. L., Fleckenstein, A. E. & Hanson, G. R. Bath salts and synthetic cathinones: An emerging designer drug phenomenon. 

Life Sci. 97, 2–8 (2014).
 3. Sepehr, A., Taheri, F., Heidarian, S., Motaghinejad, M. & Safari, S. Neuroprotective and neuro-survival properties of safinamide 

against methamphetamine-induced neurodegeneration: Hypothetic possible role of BDNF/TrkB/PGC-1α signaling pathway and 
mitochondrial uncoupling protein −2(UCP-2). Med. Hypotheses 143, 110094 (2020).

 4. Mozaffari, S., Yasuj, S. R., Motaghinejad, M., Motevalian, M. & Kheiri, R. Crocin acting as a neuroprotective agent against meth-
amphetamine-induced neurodegeneration via CREB-BDNF signaling pathway. Iran. J. Pharm. Res. 18, 745–758 (2019).

 5. Lineberry, T. W. & Bostwick, J. M. Methamphetamine abuse: A perfect storm of complications. In Mayo Clinic Proceedings vol. 81, 
77–84 (Elsevier, 2006).

 6. Cadet, J. L. & Krasnova, I. N. Molecular bases of methamphetamine-induced neurodegeneration. In International Review of 
Neurobiology vol. 88, 101–119 (Academic Press, 2009).

 7. Sulzer, D., Sonders, M. S., Poulsen, N. W. & Galli, A. Mechanisms of neurotransmitter release by amphetamines: A review. Prog. 
Neurobiol. 75, 406–433 (2005).

 8. Cadet, J. L. & Brannock, C. Free radicals and the pathobiology of brain dopamine systems. Neurochem. Int. 32, 117–131 (1997).
 9. Chen, L. et al. Potential Effects of Nrf2 in Exercise Intervention of Neurotoxicity Caused by Methamphetamine Oxidative Stress. 

Oxid. Med. Cell. Longev. 2022, 4445734 (2022).

Table 1.  Details of the primers utilized in RT-PCR analysis.

Primer name Primer sequence PCR product size (bp) NCBI accession number

TNF-α
F: ACC AGC AGA TGG GCT GTA CCT TAT 

107 M_012675.3
R: ATG AAA TGG CAA ATC GGC TGA CGG 

P53
F: GCC CCT CCT CAG CAT CTT AT

242 NM-001126118.2
R: CTG TTC CGT CCC AGT AGA TT

PI3K
F: TTT AAA CGC GAA GGC AAC GA

101 NM_008760659.3
R: AGT CTC CTC CTG CTG TCG AT

AKT
F: CGT GTG GCA GCA CGT GTA CGAG 

201 NM-001382431.1
R: CCG CTG GCC GAG TAG GAG AAC 

NF-κB
F: AGA GCA ACC GAA ACA GAG AGG 

227 NM_001276711.1
R: ATA TGC CGT CCT CAC AGT GC

PTEN
F: AGG GAC GAA CTG GTG TAA TGA 

100 NM_000314.8
R: CTG GTC CTT ACT TCC CCA TAGAA 

B2M
F: GCT CGC GCT ACT CTC TCT TT

134 NM_004048.4
R: CGG ATG GAT GAA ACC CAG ACA 

BAX
F: CCC GAG AGG TCT TTT TCC GAG 

155 NM_001291430.2
R: CCA GCC CAT GAT GGT TCT GAT 

BCL-2
F: CAT GTG TGT GGA GAG CGT CAA 

88 NM_000657.3
R: GCC GGT TCA GGT ACT CAG TCA 

Cyt C
F: CCC AAA GGG AGC TTC AGG 

108 NM_001862.3
R: CGA CGC TGG TAT TGT CCT CT

Cas 3
F: TGG TTC ATC CAG TCG CTT TG

101 XM_047416239.1
R: CAT TCT GTT GCC ACC TTT CG

https://delphihealthgroup.com/stimulants/methamphetamine/global-use-statistics/
https://delphihealthgroup.com/stimulants/methamphetamine/global-use-statistics/


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:11867  | https://doi.org/10.1038/s41598-023-37917-0

www.nature.com/scientificreports/

 10. Peirouvi, T. & Razi, M. Molecular mechanism behind methamphetamine-induced damages in testicular tissue: Evidences for 
oxidative stress, autophagy, and apoptosis. Andrologia https:// doi. org/ 10. 1111/ and. 14534 (2022).

 11. Tata, D. A. & Yamamoto, B. K. Interactions between methamphetamine and environmental stress: Role of oxidative stress, glutamate 
and mitochondrial dysfunction. Addiction 102, 49–60 (2007).

 12. Fereidooni, F. et al. Protective effects of ginseng on memory and learning and prevention of hippocampal oxidative damage in 
streptozotocin-induced Alzheimer’s in a rat model. Neurol. Psychiatry Brain Res. 37, 116–122 (2020).

 13. Khaleghi, M. & Khorrami, S. Down-regulation of biofilm-associated genes in mecA-positive methicillin-resistant S. aureus treated 
with M. communis extract and its antibacterial activity. AMB Express 11, 85 (2021).

 14. Saghafi, T., Ali Taheri, R., Parkkila, S. & Emameh, R. Z. Phytochemicals as modulators of long non-coding RNAs and inhibitors 
of cancer-related carbonic anhydrases. Int. J. Mol. Sci. 20, 2939 (2019).

 15. Zhang, R., Lei, B., Wu, G., Wang, Y. & Huang, Q. Protective effects of berberine against β-amyloid-induced neurotoxicity in HT22 
cells via the Nrf2/HO-1 pathway. Bioorg. Chem. 133, 106210 (2022).

 16. Khorrami, S., Kamali, F. & Zarrabi, A. Bacteriostatic activity of aquatic extract of black peel pomegranate and silver nanoparticles 
biosynthesized by using the extract. Biocatal. Agric. Biotechnol. 25, 101620 (2020).

 17. Desireddy, A. et al. Ultrastable silver nanoparticles. Nature 501, 399–402 (2013).
 18. Bayrami, M. et al. Biologically-synthesised ZnO/CuO/Ag nanocomposite using propolis extract and coated on the gauze for wound 

healing applications. IET Nanobiotechnol. 14, 548–554 (2020).
 19. Ravindran, A., Chandran, P. & Khan, S. S. Biofunctionalized silver nanoparticles: Advances and prospects. Colloids Surf. B Bioint-

erfaces 105, 342–352 (2013).
 20. Khorrami, S., Najafabadi, F. J., Zarepour, A. & Zarrabi, A. Is Astragalus gossypinus honey a natural antibacterial and cytotoxic 

agent? An investigation on A. gossypinus honey biological activity and its green synthesized silver nanoparticles. Bionanoscience 
https:// doi. org/ 10. 1007/ s12668- 019- 00646-8 (2019).

 21. Khaleghi, M., Khorrami, S. & Ravan, H. Identification of Bacillus thuringiensis bacterial strain isolated from the mine soil as a 
robust agent in the biosynthesis of silver nanoparticles with strong antibacterial and anti-biofilm activities. Biocatal. Agric. Bio-
technol. 18, 101047 (2019).

 22. Khorrami, S., Zarrabi, A., Khaleghi, M., Danaei, M. & Mozafari, M. Selective cytotoxicity of green synthesized silver nanoparticles 
against the MCF-7 tumor cell line and their enhanced antioxidant and antimicrobial properties. Int. J. Nanomedicine 13, 8013–8024 
(2018).

 23. Kumar, B., Smita, K., Cumbal, L. & Debut, A. Green synthesis of silver nanoparticles using Andean blackberry fruit extract. Saudi 
J. Biol. Sci. 24, 45–50 (2017).

 24. Moodley, J. S., Krishna, S. B. N., Pillay, K. & Govender, P. Green synthesis of silver nanoparticles from Moringa oleifera leaf extracts 
and its antimicrobial potential. Adv. Nat. Sci. Nanosci. Nanotechnol. 9, 15011 (2018).

 25. Fayazi, R., Habibi-Rezaei, M., Heiat, M., Javadi-Zarnaghi, F. & Taheri, R. A. Glycated albumin precipitation using aptamer conju-
gated magnetic nanoparticles. Sci. Rep. 10, 10716 (2020).

 26. Danaei, M. et al. Impact of particle size and polydispersity index on the clinical applications of lipidic nanocarrier systems. Phar-
maceutics 10, 1–17 (2018).

 27. Nayak, D., Ashe, S., Rauta, P. R., Kumari, M. & Nayak, B. Bark extract mediated green synthesis of silver nanoparticles: Evaluation 
of antimicrobial activity and antiproliferative response against osteosarcoma. Mater. Sci. Eng. C 58, 44–52 (2016).

 28. Khorrami, S., Zarepour, A. & Zarrabi, A. Green synthesis of silver nanoparticles at low temperature in a fast pace with unique 
DPPH radical scavenging and selective cytotoxicity against MCF-7 and BT-20 tumor cell lines. Biotechnol. Rep. 24, e00393 (2019).

 29. Nazari-Serenjeh, F. et al. Distinct roles for orexin-1 and orexin-2 receptors in the dentate gyrus of the hippocampus in the 
methamphetamine-seeking behavior in the rats. Life Sci. 312, 121262 (2023).

 30. Yu, Q., Larson, D. F. & Watson, R. R. Heart disease, methamphetamine and AIDS. Life Sci. 73, 129–140 (2003).
 31. Cadet, J. L., Jayanthi, S., McCoy, M. T., Vawter, M. & Ladenheim, B. Temporal profiling of methamphetamine-induced changes in 

gene expression in the mouse brain: Evidence from cDNA Array. Synapse 41, 40–48 (2001).
 32. Sharikova, A. V. et al. Methamphetamine induces apoptosis of microglia via the intrinsic mitochondrial-dependent pathway. J. 

Neuroimmune Pharmacol. 13, 396–411 (2018).
 33. Esmaeili-Mahani, S., Samandari-Bahraseman, M. R. & Yaghoobi, M. M. In-vitro anti-proliferative and pro-apoptotic properties 

of Sutureja khuzestanica on human breast cancer cell line (MCF-7) and its synergic effects with anticancer drug vincristine. Iran. 
J. Pharm. Res. 17, 343–352 (2018).

 34. Salari, Z., Abbasnejad, M., Askari Hesni, M. & Esmaeili-Mahani, S. Effect of the Sargassum angustifolium extract on methamphet-
amine-induced cytotoxicity in SH-SY5Y cells. Evid.-Based Complement. Altern. Med. 2022, 9978235 (2022).

 35. Jayanthi, S., Deng, X., Noailles, P., Ladenheim, B. & LudCadet, J. Methamphetamine induces neuronal apoptosis via cross-talks 
between endoplasmic reticulum and mitochondria-dependent death cascades. FASEB J. 18, 238–251 (2004).

 36. Hroudová, J., Singh, N. & Fišar, Z. Mitochondrial dysfunctions in neurodegenerative diseases: Relevance to Alzheimer’s disease. 
Biomed Res. Int. 2014, 175062 (2014).

 37. Lee, H. S., Kim, E. N. & Jeong, G. S. Lupenone protects neuroblastoma SH-SY5Y cells against methamphetamine-induced apoptotic 
cell death via PI3K/Akt/mTOR signaling pathway. Int. J. Mol. Sci. 21, 1617 (2020).

 38. Liu, C. M., Ma, J. Q. & Sun, Y. Z. Puerarin protects rat kidney from lead-induced apoptosis by modulating the PI3K/Akt/eNOS 
pathway. Toxicol. Appl. Pharmacol. 258, 330–342 (2012).

 39. Liu, H. Q. et al. Critical roles of the PI3K-Akt-mTOR signaling pathway in apoptosis and autophagy of astrocytes induced by 
methamphetamine. Open Chem. 17, 96–104 (2019).

 40. Tan, X. H. et al. Luteolin alleviates methamphetamine-induced neurotoxicity by suppressing PI3K/Akt pathway-modulated apop-
tosis and autophagy in rats. Food Chem. Toxicol. 137, 111179 (2020).

 41. Liu, X. et al. Methamphetamine increases LPS-mediated expression of IL-8, TNF-α and IL-1β in human macrophages through 
common signaling pathways. PLoS ONE 7, e33822 (2012).

 42. Onyango, I. G., Dennis, J. & Khan, S. M. Mitochondrial dysfunction in Alzheimer’s disease and the rationale for bioenergetics 
based therapies. Aging Dis. 7, 201–214 (2016).

 43. Wu, Y., Chen, M. & Jiang, J. Mitochondrial dysfunction in neurodegenerative diseases and drug targets via apoptotic signaling. 
Mitochondrion 49, 35–45 (2019).

 44. Samandari-Bahraseman, M. R. & Elyasi, L. Apelin-13 protects human neuroblastoma SH-SY5Y cells against amyloid-beta induced 
neurotoxicity: Involvement of anti oxidant and anti apoptotic properties. J. Basic Clin. Physiol. Pharmacol. 33, 599–605 (2022).

 45. Zorova, L. D. et al. Mitochondrial membrane potential. Anal. Biochem. 552, 50–59 (2018).
 46. Fitzmaurice, P. S. et al. Levels of 4-hydroxynonenal and malondialdehyde are increased in brain of human chronic users of meth-

amphetamine. J. Pharmacol. Exp. Ther. 319, 703–709 (2006).
 47. Yurchuk, T. O., Pavlovich, O. V., Gapon, G. O., Pugovkin, A. Y. & Petrushko, M. P. Lipid peroxidation and DNA fragmentation in 

fresh and cryopreserved spermatozoa of men at different spermatogenesis state. Ukr. Biochem. J. 93, 24–29 (2021).
 48. Mousavinejad, G., Emam-Djomeh, Z., Rezaei, K. & Khodaparast, M. H. H. Identification and quantification of phenolic compounds 

and their effects on antioxidant activity in pomegranate juices of eight Iranian cultivars. Food Chem. 115, 1274–1278 (2009).
 49. Mazza, G. Anthocyanins in Fruits, Vegetables, and Grains (CRC Press, 2018). https:// doi. org/ 10. 1201/ 97813 51069 700.

https://doi.org/10.1111/and.14534
https://doi.org/10.1007/s12668-019-00646-8
https://doi.org/10.1201/9781351069700


12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:11867  | https://doi.org/10.1038/s41598-023-37917-0

www.nature.com/scientificreports/

 50. Hashemabadi, M. et al. Natural gum as bio-reductant to green synthesize silver nanoparticles: Assessing the apoptotic efficacy on 
MCF-7 and SH-SY5Y cell lines and their antimicrobial potential. Polym. Bull. 78, 2867–2886 (2021).

 51. Wang, X. & Roper, M. G. Measurement of DCF fluorescence as a measure of reactive oxygen species in murine islets of Langerhans. 
Anal. Methods 6, 3019–3024 (2014).

 52. De Leon, J. A. D. & Borges, C. R. Evaluation of oxidative stress in biological samples using the thiobarbituric acid reactive substances 
assay. JoVE https:// doi. org/ 10. 3791/ 61122 (2020).

 53. Ghibelli, L. et al. Rescue of cells from apoptosis by inhibition of active GSH extrusion. FASEB J. 12, 479–486 (1998).
 54. Gurunathan, S., Han, J. W., Eppakayala, V., Jeyaraj, M. & Kim, J.-H. Cytotoxicity of biologically synthesized silver nanoparticles 

in MDA-MB-231 human breast cancer cells. Biomed Res. Int. 2013, 535796 (2013).
 55. Ganjouzadeh, F., Khorrami, S. & Gharbi, S. Controlled cytotoxicity of Ag-GO nanocomposite biosynthesized using black peel 

pomegranate extract against MCF-7 cell line. J. Drug Deliv. Sci. Technol. 71, 103340 (2022).

Acknowledgements
Thanks to guidance and advice from the “Clinical Research Development Unit of Baqiyatallah Hospital".

Author contributions
S.Kh. did the experimental section and analyzed and interpreted the data and was a major contributor to writing 
the manuscript. M.D. performed the gene expression examinations. S.E.M. provided the cell culture materials, 
interpreted the data regarding cytotoxicity and contributed to the review/editing of the manuscript. M.M.M. 
contributed to the data analysis and editing of the manuscript. R.A.T. supervised the study and contributed to 
the data analysis and review/editing of the manuscript. All authors read and approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 37917-0.

Correspondence and requests for materials should be addressed to R.A.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.3791/61122
https://doi.org/10.1038/s41598-023-37917-0
https://doi.org/10.1038/s41598-023-37917-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Neuroprotective activity of green synthesized silver nanoparticles against methamphetamine-induced cell death in human neuroblastoma SH-SY5Y cells
	Results
	Physicochemical characterization. 
	UV–visible. 
	FTIR. 
	DLS and Zeta. 
	TEM. 

	Cytotoxicity assay. 
	Protective effect. 
	Cell survival. 
	ROS assay. 

	Malondialdehyde (MDA) assay. 
	Mitochondrial membrane potential assay (MMP). 
	DNA fragmentation. 
	Gene expression assay. 
	Flow cytometry analysis. 

	Discussion
	Conclusion
	Methods
	Preparation of the extract. 
	Biosynthesis of nanoparticles. 
	Physicochemical characterization. 
	Cytotoxicity assay (MTT assay). 
	Protective effect evaluations. 
	MTT assay. 
	ROS assay. 
	Thiobarbituric acid reactive substance (TBARS) assay (MDA assay). 
	Mitochondrial membrane potential assay (MMP or ΔΨm). 
	DNA fragmentation assessment. 
	Gene expression assay (real-time PCR). 
	AnnexinVPI apoptosis assay (flow cytometry). 
	Statistical analysis. 
	Ethics approval and consent to participate. 

	References
	Acknowledgements


