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Abstract Free radicals induced neural damage is implicated
in CNS diseases and rutin isolated form Lonicera japonica are
reported to have neuroprotective activity. Previously, we con-
firmed that rutin exerted neuroprotective effect against sodium
nitroprusside (SNP)-induced cell death in PC12 cells. How-
ever, the neuroprotective mechanism of rutin is still not fully
uncovered. Here, we found that rutin significantly decreased
SNP-induced reactive oxygen species in PC12 cells. Rutin
reversed the declined GSH/GSSG ratio and mitochondrial
membrane potential induced by SNP. Moreover, rutin acti-
vated both the protein Akt/mTOR and the extracellular signal-
regulated kinase (ERK1/2) signaling pathways and the neuro-
protective effects of rutin were blocked by either the specific
PI3K inhibitor LY294002 or the MAPK pathway inhibitor
PD98059. In summary, these results demonstrated that the
neuroprotective effects of rutin might be through activating
both the PI3K/Akt/mTOR and ERK1/2 signaling pathways.
Our findings support that rutin may have therapeutic potential
for the treatment of CNS diseases related to NO neurotoxicity.
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Introduction

Oxidative stress and mitochondrial impairments are critical
patho-logical factors in multiple major neurological dis-
eases, including stroke, Parkinson’s disease (PD), and
Alzheimer’s disease (AD) [1-3]. Oxidative damage occurs
when the antioxidant defense systems are exceeded by free
radical production [4]. It is common sense that excess
reactive oxygen/nitrogen species (ROS/RNS) cause dam-
age of cell organelle, oxidation of proteins/lipids, and the
activation of the downstream signaling pathways leading to
the apoptosis of target cells [5, 6]. Thus, an antioxidant
compound would be of greater value if it could also
decrease the levels of nitrosative stress [7].

Sodium Nitroprusside (SNP) is a potent nitric oxide (NO)
donor. NO is known as a Janus-faced molecule that is
physiologically produced through the r-arginine/NO syn-
thase (NOS) pathway. It plays various physiological roles in
the central nervous system, including neuromodulation,
neurotransmission and synaptic plasticity [8—10]. However,
the overproduction of NO is also implicated in the patho-
genesis of neurodegenerative disorders and cerebral ische-
mia-reperfusion injury [11-16]. In central nervous systems,
excessive NO reacts with superoxide anions (0*7) resulting
in the formation of peroxynitrite (ONOO™), which induces
lipid peroxidation (LPO) linked to the disruption of cell
membranes leading to the release of cell organelles [17-20].
ONOO™ formation also induces cell damage by its oxidative
and apoptotic stimuli and has been implicated in several
pathological conditions such as AD and PD [21, 22].

Rutin (quercetin-3-rhamnosyl glucoside) is a common
dietary flavonoid glycoside found in buckwheat which is
abundantly present in vegetables, passionflower, oranges,
and grapes [23]. Cytoprotective effects of rutin after
ischemic injury of organs, including the heart, brain, and
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kidney have been reported [24]. Moreover, rutin inhibits
myocardial ischemia/reperfusion-induced apoptosis in vivo
and protects H9c2 cells against hydrogen peroxide-medi-
ated injury via ERK1/2 and PI3K/Akt signals in vitro [25].
In particular, rutin inhibited 6-hydroxydopamine (6-
OHDA) and A beta-amyloid aggregation -induced neuro-
toxicity in neuronal cells by improving antioxidant enzyme
levels and inhibiting lipid peroxidation [26, 27]. However,
there is no report on the effects of rutin against SNP-in-
duced cell death. Previously, we have observed the pro-
tective effect of rutin on neuronal cells against SNP-
induced neurotoxicity [28]. Given the PI3K/Akt/mTOR
and mitogen activated protein kinases (MAPKSs) pathway
play important roles in cell survival [29-31]. Therefore, the
present study was designed to verify the potential neuro-
protective effects of rutin against SNP-induced apoptosis
and investigated the roles of PI3K/Akt/mTOR and MAPKs
pathways in rutin-mediated neuroprotection in PC12 cells.

Materials and Methods
Materials

Rutin was purchased from China food and Drug Research
Institute; 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT), Poly-p-lysine, 2',7'-dichlorodihy-
drofluorescin diacetate (DCFH-DA) and DMSO were from
Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modi-
fied Eagle’s medium (DMEM), fetal bovine serum (FBS),
and horse serum were purchased from Gibco-BRL (NY,
USA). BCA protein assay kit was from Beyotime Institute
of Biotechnology (Haimen, China); JC-1 dye (Molecular
Probes) was from BestBio (Shanghai, China). Total glu-
tathione (GSH)/oxidized glutathione (GSSG) assay kit was
from Jiancheng Biochemical Company (Nanjing, China).
Rutin stock solution (100 mg/ml) was dissolved in DMSO
and stored at —20 °C. Anti-phospho-Akt (Ser473) anti-
body, anti-Akt Antibody, anti- phospho-mTOR (Ser2448),
anti-mTOR antibody, anti-phospho-p44/42 MAPK (ERK1/
2) (Thr202/Tyr204) antibody, anti-ERK1/2 antibody from
Cell Signaling Technology (Woburn, USA); LY294002,
rapamycin, PD98059, PD169316 and JNK inhibitor were
obtained from Calbiochem (La Jolla, CA, USA).

Cell Culture and Treatment

Differentiated PC12 cells were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) containing
5 % fetal bovine serum (FBS) and 10 % horse serum,
100 pg of streptomycin/ml, and 100 U of penicillin/ml and
incubated at 37 °C with 5 % CO, humidified atmosphere.
Cultured media was replaced twice a week with fresh
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medium as described above. Stock culture was routinely
sub-cultured at 1:5 ratio at a weekly interval. For the
experiments, cells were pre-incubated with various con-
centrations of rutin for 2 h without other description, and
followed by treatment of SNP for 24 h. Control group was
treated with 0.1 % (v/v) DMSO as vehicle control.

MTT Assay

Cell viability was estimated using a 3-(4,5-Dimethylthia-
z01-2-y1)-2,5-diphenyl-tetrazolium bromide (MTT) assay
as previously described. Briefly, after 24 h treatments, the
culture medium was removed and replaced with 90 pl of
fresh DMEM. 10 pl of 5 mg/ml MTT in phosphate-buf-
fered saline (PBS) was added to each well and the plates
were incubated at 37 °C for another 3 h, then supernatants
were discarded. 100 pl of DMSO solutions were added to
each wells and the solutions were mixed thoroughly. Then
the plates were incubated at 37 °C for another 10 min.
Each sample was mixed again and the resultant formazan
was measured by its absorbance at 570 nm using a BIO-
RADG680 plate reader (Thermo, USA). The experiments
were repeated at least 3 times and compared with the
control experiment.

Morphologic Changes

PC12 cells grown on 48-well plates were treated with rutin
and/or SNP as described above. After that, cells were fixed
with 4 % paraformaldehydeand stained with Hoechst
33258 (5 pg/ml) for 10 min at 37 °C in the dark. Then
Hoechst 33258 was removed by washing with PBS, and
morphologic changes were observed by phase-contrast
microscopy and cells images were taken using a fluores-
cence microscope (IX71, Olympus, Tokyo, Japan).

Measurement of ROS

Intracellular ROS formation was measured by fluorescence
using DCFH-DA. Briefly, after treatment, cells were
washed and then stained with 10 uM DCFH-DA in serum-
free medium for 30 min at 37 °C in the dark. the fluores-
cence from the DCF was analyzed using a fluorescence
plate reader (Flex Station3, Molecular Devices, USA) at
excitation and emission wavelengths of 488 and 525 nm,
respectively, or taken images using a fluorescence micro-
scope (IX71, Olympus, Tokyo, Japan).

Measurement of GSH and GSSG
Total-GSH was assayed using the 5,5-dithio-bis (2-ni-

trobenzoic) acid (DTNB)-GSSG reductase recycling. GSSG
was measured by measuring 5-thio-2-nitrobenzoic acid
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(TNB) which was produced from the reaction of reduced
GSH with DTNB according to the kit’s manufacturer’s
protocols. The concentration of reduced GSH in the sample
was obtained by subtracting GSSG from T-GSH. The GSH
and GSSG in the cells was assayed by adding the samples to
the detection solution in a 96-well plate, respectively. After
incubation at room temperature for 25 min, GSH units were
determined using a Multiskan Ascent Microplate Reader
(Thermo, USA) at 412 nm.

Mitochondrial Membrane Potential Determination

Mitochondrial membrane potential was analyzed by using
a fluorescent dye JC-1 (BestBio Shanghai China). JC-1
penetrates cells and healthy mitochondria. At low mem-
brane potentials (apoptotic cells), JC-1 exists as a monomer
which emits green fluorescence. JC-1 aggregates and emits
red fluorescence at higher membrane potentials (non-
apoptotic cells). Assays were initiated by incubating PC12
cells with JC-1 (5 mg/L) for 20 min at 37 °C in the dark
and the fluorescence of separated cells were captured by
inverted fluorescence microscopy (Olympus, Japan, at
wavelengths of 490 nm excitation and 530 nm emission for
green, and at 540 nm excitation and 590 nm emission for
red). The ratios of red/green fluorescence were calculated.

Western Blotting Analysis

Western blotting analysis was performed as previously
described [32]. Briefly, Cells from different experimental
conditions were lysed with ice-cold RIPA lysis buffer and
protein concentration was determined with a BCA protein
assay kit according to the manufacturer’s instructions.
Equal amounts of lysate protein (20 pg/lane) were sub-
jected to SDS-PAGE with 10 % polyacrylamide gels and
electropho-retically transferred to nitrocellulose mem-
branes. Nitrocellulose blots were first blocked with 3 %
bovine serum albumin (BSA) in PBST buffer (PBS with
0.01 % Tween 20, pH 7.4), and incubated overnight at
4 °C with primary antibodies in PBST containing 1 %
BSA. Immunoreactivity was detected by sequential incu-
bation with horseradish peroxidase-conjugated secondary
antibodies, and detected by the enhanced chemilumines-
cence technique.

Statistical Analysis
All results are reported as means == SEM for 3-6 experi-

ments. Differences between groups were analyzed using
ANOVA, followed by Dunnett’s multi-comparison test

with PASW Software (SPSS Inc., Chicago, IL, USA).
P values < 0.05 were considered statistically significant.

Results

Protective Effect of Rutin in the PC12 Cells Against
SNP Exposure

PC12 cells were treated with various concentrations of
rutin as indicated. After 24-h SNP insult, the viability of
cells was determined by MTT assay. As shown in Fig. 1b,
rutin dose-dependently decreased SNP cytotoxicity, rutin
protected PC12 cells against SNP-induced cell death in a
dose dependent manner. To determine whether rutin
blocked SNP-induced apoptosis, PC12 cells incubated with
JC-1 (5 mg/L) was used to evaluate the mitochondrial
membrane potential. The shift of fluorescence from red to
green indicated by JC-1 reflected the decline of the mem-
brane potential and early apoptosis. As shown in Fig. 2a,
treatment with SNP did induce cell apoptosis in PC12 cells,
which was indicated by the presence of green cells. Rutin
(25 pg/ml) significantly prevented the declined of mito-
chondrial membrane potential induced by SNP and
decreased the number of cells with green cells (Fig. 2b).

Effects of Rutin on SNP-Induced ROS Production
and Glutathione Level

Previous studies showed that the toxicity of SNP was
mediated through the production of ROS [33], rutin was
capable of preventing H9c2 cell injury caused by hydrogen
peroxide [25]. Therefore, we investigated whether rutin
blocked SNP-induced oxidative stress in PC12 cells. Cel-
lular oxidative stress was determined by DCFH-DA
staining, a ROS probe [32]. PC12 cells were pretreated
with or without 5 uM of rutin for 2 h and then treated with
or without 200 pM SNP for 12 h. The microscopy images
showed that SNP treatment induced the intracellular pro-
duction of ROS, which was attenuated by rutin (Fig. 3a, b).
To further confirm whether the protection of rutin against
oxidative damage is associated with the reversion of GSH
depletion induced by SNP, we explored the changes of
GSH, GSSG and GSH/GSSG ratio in PC12 cells after 12 h
of incubation with rutin in the presence and absence of
SNP,Results showed that the GSH levels in PC12 cells
were significantly decreased while GSSG levelswere con-
comitantly increased with the addition of 800 uM SNP.
Rutin at 25 pg/ml increased GSH (Fig. 3c) and decreased
GSSG levels (Fig. 3d). Consistent with these results, the

@ Springer



1948

Neurochem Res (2015) 40:1945-1953

Fig. 1 Effects of rutin on SNP- ( A)
induced cell viability

a Structure of rutin; b PC12
cells were treated with rutin
(6.25-100 pg/ml) for 2 h and
then incubated with 800 uM
SNP for a further 24 h. Cells
viability were determined by the
MTT assay, *P < 0.01 versus
control group, n = 6;

**P < 0.01 versus SNP-treated
group, (n = 6)
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Fig. 2 Rutin inhibits SNP-induced morphologic changes and the
reduction of mitochondrial membrane potential. PC12 cells were
pretreated with or without 25 pg/ml of rutin for 2 h and then treated
with or without 800 pM SNP for 24 h. a Rutin significantly
attenuated SNP-induced morphologic changes. Representative images
were taken by a fluorescence microscope. The images shown are

GSH/GSSG ratios (Fig. 3e) were also decreased by SNP
and increased with the addition of rutin.

Rutin Time- and Dose-Dependently Increased
the Phosphorylation Levels of Akt, mTOR
and ERK1/2 in PC12 Cells

Given PI3K/Akt/mTOR and MAPKs family members play an
important role in oxidative stress-induced neurotoxicity [29,
34, 35], we hypothesized that the activation of the Akt/mTOR
and MAPK signaling pathway might be involved in the
neuroprotective effects of rutin against SNP-induced cells
death. As shown in Fig. 4, rutin increased the phosphorylation
of Akt, mTOR and ERK1/2 in PC12 cells in a time- and dose-
dependent manner. Rutin increased phosphorylation level of
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representative of three experiments. b Cells were treated as indicated
and the mitochondrial membrane potential was determined as
described in Materials and Methods. SNP insult caused the decline
of mitochondrial membrane potential of PC12 cells, rutin reversed the
effects of SNP insult. P < 0.01 versus control group; *P < 0.05,
**P < 0.01 versus SNP-treated group, (n = 6)

these two kinases were found significant within 20 min and
peaked at 40—-80 min.

Neuroprotective Action of Rutin is Mediated
by the Activation of the PI3K/Akt/mTOR
and ERK1/2 Signaling pathway in PC12 Cells

Having known that rutin can protect PC12 cells from SNP-
induced cell death, we then detect the underlying protective
mechanism about rutin, we examined the role of PI3K/Akt/
mTOR and MAPK signaling pathways in the protective
effect of rutin using L. Y294002 (PI3K inhibitor), rapamycin
(mTOR inhibitor), PD98059 (an ERK /2 specific inhibitor),
PD169316 (a p38 specific inhibitor) and JNK1/2 inhibitor.
LY294002, rapamycin, and PD98059 blocked the protective
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Fig. 3 Effects of rutin on the intracellular ROS, GSH and GSSG
levels induced by SNP insult in PC12 cells. a PC12 cells were
pretreated with or without 25 pg/ml of rutin for 2 h and then treated
with or without 800 uM SNP for 12 h, the fluorescence intensity of
DCFH-DA showed that rutin blocked the ROS accumulation induced
by SNP. b Histogram showing the ROS level in PC12 cells after
expose to SNP in presence or absence of rutin compared to control

effects of rutin in PC12 cells, while PD169316 and JNK1/2
inhibitor had no effects (Fig. 5a). To further confirm the role
of the Akt/mTOR and ERK1/2 pathways in the protective
effect of rutin, we found that SNP insult decreased the
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groups. ¢ PC12 cells were treated with rutin at 25 pg/ml for 2 h, and
further exposed to SNP (800 uM) for 12 h. The levels of GSH and
GSSG (d) measured using commercial assay kits and the GSH/GSSG
ratios (e) were calculated. *P < 0.05, P < 0.01 compared with the
control group; *P < 0.05,%*P < 0.01, compared with the SNP-treated
group (n = 6)

phosphorylation of both mTOR and ERK1/2 in PC12 cells,
while rutin restored the basal levels of phosphorylation of
Akt and ERK1/2 which was inhibited by LY294002 and
PDO98059 respectively (Fig. 5b, c).
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Fig. 4 Rutin time- and dose-dependently increased the phosphory-
lation level of Akt, mTOR and ERK1/2 in PCI12 cells. PC12 cells
were treated with rutin at a 25 pg/ml for scheduled time (10-80 min);
and ¢ scheduled concentrations (6.25-100 pg/ml) for 40 min. The
phosphorylation of Akt, mTOR and ERK1/2 in PC12 cells was

Discussion

To the best of our knowledge, this is the first report to show
that rutin significantly attenuated SNP-induced neurotoxi-
city by decreasing the production of ROS and reversing
GSH depletion in PC12 cells. Meanwhile, rutin signifi-
cantly promoted survival of PC12 cells via activating both
Akt/mTOR and ERK1/2 pathways.

In neurological diseases (e.g., stroke, Alzheimer’s dis-
ease, or PD), antioxidant therapy should be an attractive
strategy against neuronal loss [36, 37]. Mitochondrial
membrane is one of the important target affected by
pathological levels of ROS, which is an intracellular pro-
cess contributing to apoptosis [38]. The mechanisms of
protective effects of rutin against ischemic tissue injury
have been focused on the enzymes that reduce oxygen free
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analyzed by Western blotting. b and d densitometric analysis of the
immunoblot was expressed as a percentage of control, *P < 0.05,
*#*P < 0.01 versus control groups, results represent prototypical
examples of experiments replicated at least 3 times

radicals, such as superoxide dismutase (SOD) [39]. It has
been reported that rutin protects the testes from I-R injury
by scavenging ROS through increasing SOD and catalase
activities [40]. However, no previous studies have been
conducted regarding the neuroprotective mechanism of
rutin on SNP injury. In the current investigation, our results
showed that SNP increased the production of ROS in PC12
cells, which is consistent with a previous report showing
that the toxicity of SNP was mediated through the pro-
duction of ROS [41]. Rutin attenuated accumulation of
intracellular ROS in PC12 cells supported that rutin has
antioxidant properties [42]. In addition, we observed that
SNP insult was followed by loss of the mitochondrial
membrane potential, which was significantly reversed
rutin. Moreover, rutin increased ratio of GSH/GSSG in
SNP insulted PC12 cells supported further the conclusion
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that rutin can protect against PC12 cell apoptosis induced
by SNP. No doubt, rutin is capable of protecting against
this insult and can be used as an antioxidant.

Substantial evidences have shown that both survival
(Akt/mTOR) and death (JNK) pathways are the perpetra-
tors of the loss of mitochondrial potential to an apoptosis-
mediated cell death in different in vivo and in vitro models
of pathophysiology in several neurologic disorders [43,
44]. Rutin significantly increased ERK1/2, cAMP response

o

- Rutln LY RA P
SNP

element-binding protein (CREB) and brain-derived neu-
rotrophic factor (BDNF) gene expression on beta-amyloid
induced neurotoxicity in rats [45]. In the current research,
rutin time and concentration-dependently stimulated the
phosphrylation of Akt/mTOR and ERK1/2, moreover, rutin
significantly reversed the SNP-induced inhibition against
phosphrylation of Akt/mTOR and ERKI1/2. Interestingly,
LY294002, rapmycin and PD98059 abrogated the rutin-
induced phosphrylation of Akt, mTOR and ERKI1/2
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respectively while blocked the neuroprotective effect of
rutin on the survival of PC12 cells significantly but not
completely. All these data support the proposition that rutin
promotes the survival of PC12 cells from SNP-induced
injury via the PI3K/Akt/mTOR and ERKI1/2. Results
showed that rutin modulated of Akt/mammalian target of
rapamycin (mTOR) and ERK1/2 pathways.

Taken together, our results indicate that rutin exerts
strikingly protective effects against SNP-induced cytotoxi-
city in PC12 cells through activating the PI3K/Akt/mTOR
and ERK1/2 pathways, which might be helpful for extending
the usage of rutin for NO-associated diseases, such as PD.
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