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ABSTRACT
OBJECTIVE: This study was conducted to investigate the effects of Simvastatin (SIM), a member of statin
family, on the cellular antioxidant system, autophagy and apoptosis in NSCs exposed to hydrogen peroxide.
BACKGROUND: Reduction in cellular oxidative stress increases the survival of neural stem cells (NSCs)
after transplantation into the damaged area of the affected central nervous system.
MATERIAL AND METHODS: NSCs derived from bone marrow stromal cells (BMSCs) were exposed
to H2O2 (100 μM) for 48 hours after pretreatment with SIM (2 μM). Next, the expressions of the master
antioxidant transcription factor, Nrf2/nuclear factor erythroid 2 (NFE2)-related factor 2, autophagy-related
proteins (microtubule-associated proteins 1A/1B light chain 3B known as LC3I and LC3II and also p62/
Sequestosome), and apoptosis (Bcl-2/ B-cell lymphoma 2 and Bax/BCL2 associated X protein) were
analyzed.
RESULTS: SIM caused Nrf2 over-activation (more localizations in the cellular nucleus), reduction in reactive
oxygen species (ROS), induction of autophagy (decrease in p62 expression and increase in LC3II/LC3I ratio)
and inhibition of apoptosis (decrease in Bax protein and increase in Bcl-2) in NSCs exposed to H2O2-induced
oxidative stress, thereby prolonging the cell viability within 48 hours at low concentration (2 μM).
CONCLUSION: SIM protects NSCs against H2O2-induced apoptosis in a pleiotropic signaling manner (Fig. 7,
Ref. 35). Text in PDF www.elis.sk.
KEY WORDS: simvastatin, neural stem cells, autophagy, apoptosis.

Introduction
Due to the low capacity of NSCs residing in the subventricular
zone and dentate gyrus of the brain to replenish damaged cells,
other alternative methods have been considered (1, 2). One of the
approaches is cell therapy using other available sources of stem
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cells such as BMSCs, and then their differentiation into NSCs (1,
3–5). However, such cells disappear after being transplanted into
the affected area due to oxidative stress, hypoxia and serum deficiency (6). Therefore, it is important to pass the way to augment
cell survival after transplantation (2, 7). Beside their lowering effects on cholesterol, statins have yet other advantageous effects
associated namely with their anti-inflammatory, anti-apoptotic
and anti-oxidative properties (8, 9). On the other hand, it is well
accepted that autophagy deficiency plays a pivotal role in neurodegenerative diseases (10). Recent study reported that SIM was
effective in the treatment of multiple sclerosis, Parkinson’s disease,
Alzheimer’s disease, ischemic stroke and rheumatoid arthritis (11).
Clinical trials have proven that these beneficial effects are not related to the lipid-lowering nature of SIM (12). In this regard, the
pleiotropic effects of SIM to promote NSCs’ survival have been
investigated in the current study.
Materials and methods
BMSCs isolation and culture
This experimental research was carried out on 5 female adult
Wistar rats, aged 6–8 weeks, from the Pasteur Institute of Iran.
The animals were kept in a 12/12 hours of light/dark cycle and
under standard conditions of the animal house of Qazvin University of Medical Sciences in compliance with ethical consi-
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derations (ethics code: IRQUMS.REC.1397.192). The BMSCs
were isolated from the lower limb long bones and washed with
saline buffer phosphate until the third passage in DMEM/F12 medium (Dulbecco modified Eagle›s medium) containing 10% FBS
(fetal bovine serum). 100 μg ml–1 of penicillin and 100 U ml–1 of
streptomycin. The medium was placed in the incubator with 5 %
CO2 at 95 % humidity and 37 °C.
Differentiation of BMSCs into NSCs
After trypsinization of BMSCs at the third passage, 10,000
cells were seeded equally into each well of 12-well plates (with
one coverslip in each well). At this stage, the BMSCs were cultured in DMEM/F12 medium (GIBCO-BRL, Germany) containing
2 % B27 (Invitrogen, Scotland) and 20 ng ml–1 of basic fibroblast
growth factor (bFGF, Chemicon, Germany) and 20 ng ml–1 of
epidermal growth factor (EGF, Sigma, Steinheim). After a week,
neurospheres with spherical structure were collected by centrifugation. After removing the culture medium, by trypsinization and
mechanical digestion, the neurosphere cells were singled out and
re-seeded to form neuroepithelial-like cells, which were then incubated to induce BMSCs-derived-NSCs. Immunocytochemistry
technique was used to evaluate the expression of the nestin protein
(marker of NSCs).
Immunocytochemistry technique
To confirm the mesenchymal origin of BMSCs in the third passage and their differentiation into NSCs, the cells were assessed
in two stages, before and after differentiation into the NSCs, for
expressing the immunocytochemical markers of CD31 (endothelial
stem cells’ marker), CD34 ( hematopoietic stem cells’ marker),
CD106 (BMSCs’ marker), and nestin (a NSCs’ marker). After
trypsinization, 5,000 cells were seeded equally into each well of
6-well plates (with one coverslip in each well). The immunocytochemistry steps were performed as previously recommended
with minor modifications (5, 13). In brief, the cells were placed
in a 4 % paraformaldehyde solution for 20 minutes. Following
washing with phosphate buffer, the cells were immersed in 0.3 %
Triton X-100 for 15 minutes. After rinsing with phosphate buffer,
the cells were exposed to the primary antibody for 24 hours at 4
°C. The primary anti-CD31 antibodies (Abcam, ab24590), antiCD34 (Abcam, ab81289), anti-CD106 (Abcam, ab134047) and
anti-Nestin (Abcam, ab6142) were used. The cells were washed
using phosphate buffer and then exposed to the appropriate FITCconjugated secondary antibodies (immunoreactive markers shown
green) for 2 hours at room temperature. The total number of cells
was assessed using propidium iodide (PI), which turns the cell
nucleus red while cells positive for a specific marker were counted
using a fluorescence microscope.
Viability test
Prior to the experiments, the viability test was conducted applying trypan blue on the cells to evaluate the toxicity and protective
effects of SIM. Thus, 1,000 cells were dispersed into the wells of
a 96-well plate. The survival rate of NSCs was measured at different doses of SIM (0, 1, 2, 4 and 8 μM) for 48 hours. The dose of

SIM with minimal lethal concentration for NSCs was selected to
continue the study. To monitor the cell viability, a volume of cell
suspension and an equal volume of trypan blue were mixed, and
the cells were counted using a Neubauer slide under a microscope.
In this method, the dye penetrates the dead cells which become
blue while unstained cells represent the living cells. The percentage of cells viability was obtained by counting the total number
of all cells and stained cells. The counting under microscope was
done three times for each cell group.
Protective effect of SIM on NSCs against H2O2-induced oxidative stress
The viability test was conducted by applying trypan blue on
NSCs to evaluate the H2O2 toxicity and protective effects of SIM.
Thus, 1,000 cells were dispersed into the wells of a 96-well plate.
In order to investigate the toxicity of H2O2, the survival rate of
NSCs was measured at a dose of 100 μM of H2O2 for 48 hours.
The concentration of hydrogen peroxide was selected according to a previous study (14). The NSCs were divided into three
groups. The first group (BMSCs-derived NSCs) was not treated
and was considered the control group (N group). The second group
(BMSCs-derived NSCs + H2O2) contained cells exposed to 100
μM of H2O2 for 48 hours (NH group). The third group (BMSCsderived NSCs + SIM + H2O2) was treated with 2 μM of SIM for
two hours before exposure to the medium containing 100 μM of
H2O2 to monitor the protective effect of SIM as the treatment continued up to 48 hours (NSH group).
Nrf2 immunocytochemistry
To evaluate the effect of SIM on the anti-oxidant activity of
Nrf2 signaling pathway. The localization of Nrf2 in the NSCs
was detected using an anti-Nrf2 monoclonal antibody (Abcam,
ab89443). Its nuclear translocation was evaluated using immunocytochemistry in all groups according to the recommended
protocol by the recent study (15).
Western blotting analysis
The anti-LC3 (ab192890), anti-GAPDH (ab181602), antiSQSTM1 / p62 (ab56416), anti-Bcl-2 (ab59348) and anti-Bax
(ab32503) primary antibodies (all provided from Abcam Company) were used for detecting the protein in the blots as previously
reported with minor modifications (16). In brief, the cell culture
media were suctioned off and the cell surfaces washed three times
for 5 minutes with pre-cooled phosphate-buffered saline. The extraction of protein from the experimental groups was performed
on ice with a lysis buffer (Proteo Jet Mammalian Cell Lysis Reagent, Fermentas), and a protease inhibitor cocktail (Fermentas)
was added immediately to the samples. The protein concentrations were assessed using Bradford assay. Equivalent amounts of
each cell lysate were diluted in the sample buffer, simmered at 95
°C for 10 min and then subjected to SDS-PAGE using two separate gels with the gradient running (from 4 to 12 % gel). The gels
were transferred onto the nitrocellulose membrane (Millipore)
by semi-dry transferring method (BioRad), and the membrane
was then blocked for 1 hour at 37 °C in the Tris-Buffered Saline745
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SIM and hydrogen peroxide according to the aforementioned protocol
for experimental groups. The cells
were then subjected to DCFH-DA
(20 μM) for 30 min, and the fluorescence intensity was measured using a fluorescence microplate at the
wavelengths of 504 nm of excitation and 529 nm of emission. Each
test was repeated three times for
consistency of response.
A

B

Statistical analysis
All values are given in Mean
± SEM. The cell viability and cell
count data were analyzed using Sudent’s t-test, one-way ANOVA and
Tukey's tests at the statistical significance level of 0.05.
Results

Studying the BMSCs and their differentiation into NSCs
C
D
Forty-eight hours after separation, the BMSCs with spherical
Fig. 1. Characterization of BMSCs and BMSCs-derived NSCs according to cellular markers. (A) Immunofluorescence staining for CD31 (marker for endothelial cells), (B) CD34 (marker for hematopoietic appearance adhered to the flask
stem cells), (C) CD106 (marker for BMSCs), (D) nestin (marker for NSCs). Images A and B are negative bottom. The floating cells were
for BMSCs, but images C and D are positive for BMSCs and BMSCs-derived NSCs, respectively. The discarded by washing the plate
cells were immunostained with relevant primary antibodies and labeled with FITC-conjugated second- with phosphate buffer saline. Afary antibody (green) while nuclei were counterstained with propidium iodide.
ter the third passage, the BMSCs
were evaluated for their stemness
and mesenchymal origin by using immunocytochemistry of cell
Tween 20 (TBST) containing 5 % blocking solution (Amersham).
surface markers. The cells were negative for CD31 (marker for
The nitrocellulose membrane (Millipore) was blocked for 1 h at
endothelial cells) and CD34 (marker for hematopoietic stem cell),
37 °C in TBST containing 5 % blocking solution (Amersham).
but positive for CD106 (marker for the BMSCs) (Fig. 1). The exNext, the membrane was incubated for 1 hour at room temperapression level of CD31, CD34, CD106 and nestin protein markers
ture in TBST containing 5 % blocking solution and recommended
dilution of the primary monoclonal antibody, and then washed
in BMSCs was 3 %, 4 %, 95 % and 8 %, respectively. The mesthree times for 15 minutes, using TBST buffer. It was then incuenchymal origin of the isolated cells was proven by high positive
percentage of CD106 expression and low levels for CD31, CD34
bated for 1 hour in TBST containing 5% blocking solution and
and nestin (Fig. 2). After the differentiation of BMSCs into NSCNs
1:10,000 dilution of horseradish peroxidase-conjugated second(BMSCs-derived NSCs), the expression level of nestin protein as
ary antibody and after washing three times for 15 min with TBST
buffer, the membrane was immersed in a mixture of equal vola marker for NSCs showed a significant increase (p < 0.05) as
umes of ECL (enhanced chemiluminescence) detection solutions
compared with BMSCs, while the expression level was as high
A and B (Amersham) and exposed to X-ray film in a dark room.
as 90 % (Fig. 1). Moreover, after the differentiation, the low expression levels of CD31, CD34, and CD106 protein markers by
The exposed films were developed by specific solutions and then
digitally photographed.
1 %, 2 %, and 9 %, respectively, indicated the differentiation of
BMSCs into NSCs (Fig. 2).
Reactive oxygen species (ROS) assay
The ROS level was measured by the ROS-sensitive fluoresViability test to obtain a non-toxic dose of the SIM
cence reporter, dichloro-dihydro-fluorescein diacetate (DCFHIn the viability test, the cells were treated with different doses
of SIM for 48 hours to assess the lethal concentration 50 (LC50)
DA). In order to investigate the activity of ROS scavenging inside
the BMSCs-derived NSCs, 10,000 cells per well were seeded onto
of SIM in the NSCs medium culture. The NSCs without SIM were
treated with different concentrations of SIM including 0 (control),
a 96-well plate. After 24 hours of adhesion of cells to the plate
floor, the cells belonging to the different groups were treated with
1, 2, 4, and 8 μM. The survival percentages were 97 %, 98 %,
746
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Fig. 2. Mean percentage of immunoreactive cells to CD31, CD34,
CD106 and nestin in BMSCs. The figure shows BMSCs and BMSCsderived NSCs with black and white solid patterns, respectively. Asterisk indicates significantly higher values in one group as compared
with the other groups which have been immunostained with the same
marker. Double asterisk indicates significantly higher values in a group
in comparison with the other groups (p < 0.05).

Fig. 4. Protective effects of SIM pretreatment on cell viability. The
cell viability was determined using trypan blue assay. The N, NH and
NSH indicate group of BMSCs-derived NSCs (untreated group), group
of BMSCs-derived NSCs treated with 100 μM of H2O2, and group of
BMSCs-derived NSCs pretreated with 2 μM of SIM and then treated
with 100 μM of H2O2, respectively. Cell death was induced by H2O2
(100 μM) in BMSCs-derived NSCs, however, 2 μM of SIM pretreatment protects NSCs against H2O2-induced cell death. Data represent
the mean ± SEM of fold changes as compared to the controls (N group).
One-way ANOVA followed by Tukey’s multiple comparison tests was
used as the statistical test.

SIM pretreatment increases cell viability. The cell viability in the
medium containing 2 μM of SIM and 100 μM of hydrogen peroxide was 76 % (Fig. 4) whereas in the NH group not pretreated
with SIM in the cell culture medium, the mortality rates of cells
increased significantly (p < 0.05) and only 40 % of the cells survived. Comparing the H2O2-exposed cells treated and not treated
with SIM showed that SIM significantly increased cell viability
and decreased cell death due to hydrogen peroxide (Fig. 4).
Fig. 3. Dose-dependent effects of SIM on BMSCs-derived NSCs. Cell
viability was determined using trypan blue assay. Asterisk denotes a
statistically significant difference in cell viability among 0, 4, and 8
μM concentrations. Data represent the mean ± SEM.

81 % and 78 % in NSCs receiving 1, 2, 4, and 8 μM of SIM after
48 hours, respectively. The highest mortality rate was observed
in the cells receiving 4 and 8 μM of SIM and there was a significant difference (p < 0.05) in comparison with the control group
(Fig. 3). However, the dose of 2 μM is considered as the optimal
concentration due to lower mortality rates.
Viability test to evaluate the SIM dose effective on the cell groups
To evaluate the protective effects of 2 μM of SIM on NSCs
exposed to 100 μM of hydrogen peroxide, the cells were divided
into three groups. In the first group, the BMSCs-derived NSCs
were considered as the control (N group). In the second group, the
BMSCs-derived NSCs were treated with 100 μM of H2O2 (NSCs
+ H2O2, NH group). In the third group, the BMSCs-derived NSCs
were pretreated with 2 μM of SIM for 2 hours prior to 100 μM
of H2O2 exposure (BMSCs-derived NSCs + SIM pretreatment +
H2O2, NSH group). In all groups, the duration of treatments was
48 hours. The mortality rates in both NH and NSH groups were
higher than in the control group; however, the results showed that

Activity of Nrf2 and its nuclear translocation
The immunofluorescence test showed that SIM increased the
Nrf2 expression. It also increased the Nrf2 nuclear localization
and decreased the cytosolic Nrf2 homing. As compared to other
groups, SIM significantly increased the Nrf2 phosphorylation and
its cytosol to nuclear translocation (Fig. 5). These results demonstrated that via over-activating the Nrf2 pathway, SIM protects
BMSCs-derived NSCs and prevents oxidative stress-induced damage to the cells.
Examining autophagy and apoptosis
The expression of autophagic (p62, LC3I, LC3II) and apoptotic (Bax and Bcl-2) proteins was investigated using Western blotting in the three experimental groups (Fig. 6A). Then, the results
of the Western blotting quality band for each protein (after three
replications) were quantitated using Image J software (Fig. 6B).
In the autophagy study, the expression level of p62 in NH and
NSH groups was significantly lower than in the N (control) group
(Fig. 6). The expression ratio of LC3II/LC3I in the NSH group increased significantly as compared with the other two groups (Fig.
6B). The expression of the anti-apoptotic protein, Bcl-2, showed
that its expression rate was the highest in the control group, but it
decreased significantly after exposing the cells to hydrogen peroxide. SIM partially prevented the Bcl-2 expression reduction in
747
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Fig. 5. Nrf2 protein level assessment using immunocytochemistry. SIM pretreatment increased the Nrf2 activation in the NSH group (BMSCsderived NSCs + SIM pretreatment + H2O2). The BMSCs-derived NSCs were pretreated with 2 μM of SIM for 2 hours and were further treated
with 100 μM of H2O2 for another 48 hours. (A) Nrf2 protein was analyzed by immunocytochemistry in the N group. (B) Immunocytochemistry
of total, nuclear and cytoplasmic fractions of Nrf2 in the NH group. (C) Immunocytochemistry of total, nuclear and cytoplasmic fractions of
Nrf2 in the NSH group. (D) Immunocytochemistry of total, nuclear and cytoplasmic fractions of Nrf2 in all three experimental groups. Oneway ANOVA followed by Tukey’s multiple comparison tests was used for statistical analysis. * p < 0.05.

A

B

Fig. 6. Western blotting analyses of apoptosis (Bcl-2 and Bax) and autophagy (LC3I, LC3II, p62) proteins. Representative Western blots (A)
and quantification of autophagic and apoptotic mediators (B). The expression of LC3I, LC3II, p62, Bcl-2 and Bax assays in N, NH and NSH
groups. GAPDH was considered as the internal control. As a result, SIM induced NSCs autophagy via the conversion of LC3I to LCII and by
reducing p62 levels. H2O2 induced overexpression of Bax and overexpression and downregulation of Bcl-2 protein, however, SIM reduced the
Bax levels and increased the Bcl-2 protein expressions. (B) Quantification of Western blot. The results were all normalized to GAPDH expression. Each set of the results was quantified upon three independent experiments. All data are presented as mean ± SD. a, b, c, d, e, p < 0.05 versus
LC3I, LC3II, p62, Bcl-2 and Bax in each protein group using one-way ANOVA with the post hoc statistical test.
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Fig. 7. The effect of SIM on the reduction of ROS generation in BMSCs-derived NSCs. The BMSCs-derived NSCs were pretreated with
SIM (2 μM) for 48 hours, and the ROS level was determined using the
DCFH-DA dye. (A) Relative ROS level for N, NH and NSH, indicating BMSCs-derived NSCs as a control group, BMSCs-derived NSCs
with 100 μM of H2O2 (untreated), and BMSCs-derived NSCs treated
with 2 μM of SIM and 100 μM of H2O2, respectively. ROS production
induced by H2O2 (100 μM) in BMSCs-derived NSCs. The pretreatment
of BMSCs-derived NSCs with 2 μM of SIM protects them against
apoptosis increased by H2O2. (B) Data represent the mean ± SEM
for fold changes in comparison with the control (N) group. One-way
ANOVA followed by Tukey’s multiple comparison tests was used for
statistical analysis. * p < 0.05.

the NSH group (Fig. 6B). The expression rate of the pro-apoptotic
protein, Bax, in the NH group was revealed to be significantly different from that in other two groups. The pretreatment with SIM
also significantly reduced the expression of Bax in the NSH group
as compared with the NH group (Fig. 6B). Moreover, in the group
pretreated with SIM (NSH), the LC3II/LC3I ratio increased as
compared with the two other groups.
ROS-induced oxidative damage in the NSCs evaluation
ROS produced by adding hydrogen peroxide to the culture
medium caused apoptosis-promoting cellular responses. In order
to evaluate the H2O2-induced cell death rate and the protective effects of SIM against oxidative stress, the intracellular ROS level
was measured using the ROS fluorescence reporter, DCFH-DA.
By using DCFH-DA as a probe, it was observed that ROS were
associated with cell death and viability patterns among the groups.
The non-toxic dose of SIM was determined using the viability
test. The dose of 2 μM was selected for further analyses for being non-toxic and because it reduced the cell death rate (Fig. 7).
NSCs exposed to H2O2 showed cell death after 48 hours, however,
pretreatment with SIM attenuated the negative effects of H2O2
on the cells (Fig. 7). As shown in Figure 7, pretreatment of cells
with 2 μM of SIM significantly inhibited the production of H2O2induced oxidative stress.
Discussion
Oxidative stress damages the nerve cells in many neurodegenerative and other diseases (17–20). Attenuation of oxidative
stress increases the survival of NSCs after transplantation into
the affected area of the central nervous system. Statins are well-

known for their efficacious actions in reducing the cholesterol
level and as such they are used in the treatment of cardiovascular
disease. Recently, their protective effects against neuroinflammation of the nervous system have been considered (21). There are
many natural and synthetic lipid-lowering drugs that may act in
a pleiotropic way, other than by reducing the lipid synthesis to
combat disease progression (22, 23). Although the antioxidant
role of the statins is evident, there is a controversy on their function in inducing or inhibiting the apoptosis. As a matter of fact,
SIM acts like a double-edged sword, as it induces autophagy
at low doses whereas at higher doses, it activates the apoptotic
pathway. In this study, we showed that SIM at its effective doses
activates the master antioxidant transcription factor, Nrf2, and its
cytosol to nuclear translocation, reduces ROS-induced autophagy
(decreased expression of p62 protein and increased LC3II/LC3I
ratio) and inhibits apoptosis (downregulation of Bax and overexpression of Bcl-2 proteins) in NSCs under condition of hydrogen peroxide-induced oxidative stress. The results of recent
investigations (24–26) are in accord with those of our study in
demonstrating that SIM actually possesses pleiotropic effects .
Moreover, according to several studies, SIM acts as a neuroprotective agent (27, 28) in neuronal lesions by increasing neurotrophin levels such as BDNF (brain-derived neurotrophic factor)
and GDNF (glial cell-derived neurotrophic factor) and thus it can
augment neurogenesis and synaptogenesis in the damaged brain
(28). Augmentation of autophagy by using micromolecules is a
novel and attractive strategy in the treatment of neurodegenerative disorders, as two main characteristics of these diseases are
oxidative stress and protein misfolding and aggregating in cells
and extracellular matrix as it occurs in Parkinson’s and Alzheimer’s diseases. The statins prevent the progression of Parkinson’s
disease and have beneficial effects in the early stages of multiple sclerosis and Alzheimer’s disease (12). It is well known that
H2O2 causes Keap1 to oxidize in its cysteines, thus Nrf2 stabilizes and accumulates in the nucleus (29). Also, Chartoumpekis
et al. showed that through the pathway of phosphatidylinositol-4,
5-bisphosphate 3-kinase/protein kinase B (Akt), the statins activated Nrf2 in embryonic fibroblasts (30). Notably, the neuroprotective effects of statins have been shown (31) and it is interesting
to attenuate oxidative stress using statins. On the other hand, it
is well accepted that the main pathway for removing the aggregated and misfolded proteins is the autophagy pathway (10, 32).
Our current study investigates the possibility of real interaction
between autophagy and SIM in NSCs. Researchers use p62 and
the ratio of LC3II/LC3I as markers of autophagy induction to assess autophagic activities (33, 34). In addition to the fact that our
study showed that SIM increased the levels of p62, it also showed
that the response to the LC3II/LC3I ratio was dose-dependent,
thus indicating autophagy activation by SIM. In autophagy, p62
acts as a link between LC3 and ubiquitinated substrates, which
in turn is degraded in the autolysosome (33). The decrease in
p62 and increase in the LC3II/LC3I ratio indicate an increase in
autophagy induction in the NSH group compared with two other
groups. In accordance with our observation, recent studies reported that via inhibition of mTOR pathway, SIM led to autophagy
749
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induction (35). Thus, SIM counteracts the two main characteristics of neurodegenerative pathological states, namely oxidative
stress and protein aggregation, and as shown by the expression
of two main apoptotic markers Bcl-2 and Bax, it increases the
cell survival. Previous studies have demonstrated that statins at
high concentrations cause induction of apoptosis in cancer cells.
Nevertheless, the findings of the present study support its protective roles in NSCs at low concentrations (2 μM). Further, in vivo
experiments may open the way to the possible usage of statins
in therapy combined with NSCs in the treatment of neurological
diseases in the near future.
Conclusions
Altogether, the results suggested that SIM has the ability to
protect NSCs by activating antioxidant cell defense and autophagy system as well as by inhibiting apoptosis. Thus, SIM actually protects NSCs after H2O2-induced apoptosis in a pleiotropic
manner.
References
1. Darabi S, Tiraihi T, Delshad A, Sadeghizadeh M, Khalil W, Taheri
T. In vitro non-viral murine pro-neurotrophin 3 gene transfer into rat bone
marrow stromal cells. J Neurol Sci 2017; 375: 137–145.
2. Bojnordi M N, Haratizadeh S, Darabi S, Hamidabadi H G. Neural
derivation of human dental pulp stem cells via neurosphere technique.
Bratisl Lek Listy 2018; 119 (9): 550–553.
3. Bojnordi M N, Azizi H, Skutella T, Movahedin M, Pourabdolhossein F, Shojaei A et al. Differentiation of Spermatogonia Stem Cells into
Functional Mature Neurons Characterized with Differential Gene Expression. Mol Neurobiol 2017; 54 (7): 5676–582.
4. Darabi S, Tiraihi T, Noori-Zadeh A, Rajaei F, Darabi L, Abbaszadeh
H. Creatine and retinoic acid effects on the induction of autophagy and
differentiation of adipose tissue-derived stem cells into GABAergic-like
neurons. Babol-Jbums 2017; 19 (8): 41–49.
5. Darabi S, Tiraihi T, Delshad A, Sadeghizadeh M, Taheri T, Hassoun H K. Creatine Enhances Transdifferentiation of Bone Marrow Stromal Cell-Derived Neural Stem Cell Into GABAergic Neuron-Like Cells
Characterized With Differential Gene Expression. Mol Neurobiol 2017;
54 (3): 1978–1991.
6. Marsh S E, Blurton-Jones M. Neural stem cell therapy for neurodegenerative disorders: The role of neurotrophic support. Neurochem Int
2017; 106: 94–100.
7. Sohn H M, Hwang J Y, Ryu J H, Kim J, Park S, Park J W et al.
Simvastatin protects ischemic spinal cord injury from cell death and cytotoxicity through decreasing oxidative stress: in vitro primary cultured rat
spinal cord model under oxygen and glucose deprivation-reoxygenation
conditions. J Orthop Surg Res 2017; 12 (1): 36.
8. Pedersen T R, Tobert J A. Simvastatin: a review. Exp Opin Pharmacother 2004; 5 (12): 2583–2596.
9. Xu Y Q, Long L, Yan J Q, Wei L, Pan M Q, Gao H M et al. Simvastatin induces neuroprotection in 6-OHDA-lesioned PC12 via the PI3K/
AKT/caspase 3 pathway and anti-inflammatory responses. CNS Neurosci
Ther 2013; 19 (3): 170–177.

750

10. Shams Nooraei M, Noori-Zadeh A, Darabi S, Rajaei F, Golmohammadi Z, Abbaszadeh H A. Low Level of Autophagy-Related Gene
10 (ATG10) Expression in the 6-Hydroxydopamine Rat Model of Parkinson’s Disease. Iran Biomed J 2018; 22 (1): 15–21.
11. Stuve O, Youssef S, Steinman L, Zamvil S S. Statins as potential
therapeutic agents in neuroinflammatory disorders. Curr Opin Neurol 2003;
16 (3): 393–401.
12. Wang Q, Yan J, Chen X, Li J, Yang Y, Weng J et al. Statins: multiple
neuroprotective mechanisms in neurodegenerative diseases. Exp Neurol
2011; 230 (1): 27–34.
13. Darabi S, Noori-Zadeh A, Abbaszadeh H A, Rajaei F. Trehalose Activates Autophagy and Prevents Hydrogen Peroxide-Induced Apoptosis in
the Bone Marrow Stromal Cells. Iran J Pharm Res 2018; 17 (3): 1141–1149.
14. Pongrac I M, Pavicic I, Milic M, Brkic Ahmed L, Babic M, Horak
D et al. Oxidative stress response in neural stem cells exposed to different
superparamagnetic iron oxide nanoparticles. Internat J Nanomed 2016;
11: 1701–1715.
15. Liu Z, Dou W, Zheng Y, Wen Q, Qin M, Wang X et al. Curcumin
upregulates Nrf2 nuclear translocation and protects rat hepatic stellate
cells against oxidative stress. Mol Med Rep 2016; 13 (2): 1717–1724.
16. Xu D, Chen L, Chen X, Wen Y, Yu C, Yao J et al. The triterpenoid
CDDO-imidazolide ameliorates mouse liver ischemia-reperfusion injury
through activating the Nrf2/HO-1 pathway enhanced autophagy. Cell Death
Dis 2017; 8 (8): e2983.
17. Darabi S, Noori-Zadeh A, Rajaei F, Abbaszadeh H A, Bakhtiyari S,
Roozbahany N A. SMER28 Attenuates Dopaminergic Toxicity Mediated
by 6-Hydroxydopamine in the Rats via Modulating Oxidative Burdens and
Autophagy-Related Parameters. Neurochem Res 2018.
18. Seidkhani-Nahal A, Allameh A, Soleimani M. Antioxidant and reactive oxygen species scavenging properties of cellular albumin in HepG2
cells is mediated by the glutathione redox system. Biotechnol Appl Biochem 2019; 66 (2): 163–171.
19. Garcia N, Zazueta C, Aguilera-Aguirre L. Oxidative Stress and Inflammation in Cardiovascular Disease. Oxidative medicine and cellular
longevity 2017; 2017: 5853238.
20. Hybertson B M, Gao B, Bose S K, McCord J M. Oxidative stress
in health and disease: the therapeutic potential of Nrf2 activation. Mol
Aspects Med 2011; 32 (4–6): 234–246.
21. Wu H, Mahmood A, Qu C, Xiong Y, Chopp M. Simvastatin attenuates axonal injury after experimental traumatic brain injury and promotes
neurite outgrowth of primary cortical neurons. Brain Res 2012; 1486:
121–130.
22. Heidarian E, Jafari-Dehkordi E, Seidkhani-Nahal A. Effect of garlic on liver phosphatidate phosphohydrolase and plasma lipid levels in
hyperlipidemic rats. Food and chemical toxicology: International journal
published for the British Industrial Biological Research Association 2011;
49 (5): 1110–4.
23. Pahan K. Lipid-lowering drugs. Cell Mol Life Sci 2006; 63 (10):
1165–1178.
24. Butterfield D A, Barone E, Mancuso C. Cholesterol-independent
neuroprotective and neurotoxic activities of statins: perspectives for statin
use in Alzheimer disease and other age-related neurodegenerative disorders. Pharmacol Res 2011; 64 (3): 180–186.
25. Johnson-Anuna L N, Eckert G P, Franke C, Igbavboa U, Muller
W E, Wood W G. Simvastatin protects neurons from cytotoxicity by upregulating Bcl-2 mRNA and protein. J Neurochem 2007; 101 (1): 77–86.

Varmazyar R et al. Neural stem cells neuroprotection by simvastatin via autophagy induction…
xx
26. Patassini S, Giampa C, Martorana A, Bernardi G, Fusco F R.
Effects of simvastatin on neuroprotection and modulation of Bcl-2 and
BAX in the rat quinolinic acid model of Huntington’s disease. Neurosci
Lett 2008; 448 (1): 166–169.
27. Wang C, Chen T, Li G, Zhou L, Sha S, Chen L. Simvastatin prevents beta-amyloid(25-35)-impaired neurogenesis in hippocampal dentate
gyrus through alpha7nAChR-dependent cascading PI3K-Akt and increasing BDNF via reduction of farnesyl pyrophosphate. Neuropharmacology
2015; 97: 122–132.
28. Rana D G, Patel A K, Joshi C G, Jhala M K, Goyal R K. Alteration
in the expression of exon IIC transcripts of brain-derived neurotrophic factor gene by simvastatin [correction of simvastain] in chronic mild stress
in mice: a possible link with dopaminergic pathway. Can J Physiol Pharmacol 2014; 92 (12): 985–992.
29. Fourquet S, Guerois R, Biard D, Toledano M B. Activation of NRF2
by nitrosative agents and H2O2 involves KEAP1 disulfide formation. J
Biol Chem 2010; 285 (11): 8463–71.
30. Chartoumpekis D, Ziros P G, Psyrogiannis A, Kyriazopoulou V,
Papavassiliou A G, Habeos I G. Simvastatin lowers reactive oxygen species level by Nrf2 activation via PI3K/Akt pathway. Biochem Biophys Res
Commun 2010; 396 (2): 463–6.

31. Saeedi Saravi S S, Saeedi Saravi S S, Arefidoust A, Dehpour A R.
The beneficial effects of HMG-CoA reductase inhibitors in the processes
of neurodegeneration. Metab Brain Dis 2017; 32 (4): 949–965.
32. Menzies F M, Fleming A, Caricasole A, Bento C F, Andrews S P,
Ashkenazi A et al. Autophagy and Neurodegeneration: Pathogenic Mechanisms and Therapeutic Opportunities. Neuron 2017; 93 (5): 1015–1034.
33. Jiang P, Mizushima N. LC3- and p62-based biochemical methods
for the analysis of autophagy progression in mammalian cells. Methods
2015; 75: 13–18.
34. Kazemi H, Noori-Zadeh A, Darabi S, Rajaei F. Lithium prevents
cell apoptosis through autophagy induction. Bratisl Lek Listy 2018; 119
(4): 234–239.
35. Wei Y M, Li X, Xu M, Abais J M, Chen Y, Riebling C R et al. Enhancement of autophagy by simvastatin through inhibition of Rac1-mTOR
signaling pathway in coronary arterial myocytes. Cell Physiol Biochem
2013; 31 (6): 925–937.
Received May 5, 2019.
Accepted July 15, 2019.

751

