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Abstract Hyperglycemia as the major hallmark of diabetic
neuropathy severely limited its therapeutic efficiency. Evi-
dences have revealed that selenium (Se) as an essential trace
element could effectively reduce the risk of neurological dis-
eases. In the present study, 3,3′-diselenodipropionic acid
(DSePA), a derivative of selenocystine, was employed to in-
vestigate its protective effect against high glucose-induced
neurotoxicity in PC12 cells and evaluate the underlyingmech-
anism. The results suggested that high glucose showed signif-
icant cytotoxicity through launching mitochondria-mediated
apoptosis in PC12 cells, accompanied by poly (ADP-ribose)
polymerase (PARP) cleavage, caspase activation, and mito-
chondrial dysfunction. Moreover, high glucose also triggered
DNA damage and dysregulation of MAPKs and AKT

pathways through reactive oxygen species (ROS) overproduc-
tion. p53 RNA interference partially suppressed high glucose-
induced cytotoxicity and apoptosis, indicating the role of p53
in high glucose-induced signal. However, DSePA pretreat-
ment effectively attenuated high glucose-induced cytotoxicity,
inhibited the mitochondrial dysfunction through regulation of
Bcl-2 family, and ultimately reversed high glucose-induced
apoptotic cell death in PC12 cells. Attenuation of caspase
activation, PARP cleavage, DNA damage, and ROS accumu-
lation all confirmed its protective effects. Moreover, DSePA
markedly alleviated the dysregulation of AKT and MAPKs
pathways induced by high glucose. Our findings revealed that
the strategy of using DSePA to antagonize high glucose-
induced neurotoxicity may be a highly effective strategy in
combating high glucose-mediated neurological diseases.
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Introduction

Diabetic neuropathy represents one of the most defining
diabetes-related syndromes affecting up to 50 % of patients
with long-standing disease, leading to sensory, motor, and
autonomic dysfunction [1]. Clinical evidences report that
hyperglycemia resulting from uncontrolled glucose regula-
tion was recognized as the major hallmark of diabetic neu-
ropathy and severely hindered its therapeutic efficiency
[1–4]. The resistant mechanism of patients with diabetic
neuropathy to traditional therapies was generally ascribed
to high glucose-induced neurotoxicity by triggering reactive
oxygen species (ROS)-mediated inflammation and oxidative
damage to neuron and the connection between neuron and/
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or gliocyte [1–6]. Persistent hyperglycemia in the brain can
affect mitochondrial membrane potential (Δψm) and trigger
oxidative stress, and enhance the ROS accumulation.
Overproduced ROS will harm synapse, disturb neuronal
communication, and even cause neuronal cell death [5–7].
Hence, inhibition of hyperglycemia-mediated ROS genera-
tion and oxidative damage by novel antioxidants is one of
the most effective strategies in combating human high
glucose-mediated neurological diseases.

Selenium (Se), an essential mineral trace element, is of
fundamental importance to animals and humans due to its
multiple pharmacological properties [8, 9]. Epidemiological,
preclinical, and clinical studies supported that many selenium-
containing compounds exhibit potent antioxidant, antitumor
activities, and enhancement of immunity [10, 11]. Increasing
evidences also indicate that Se supplement can effectively
reduce the risk of neurological diseases [12–14]. More impor-
tantly, selenium compounds display novel selectivity between
cancer cells and human normal cells. 3,3′-diselenodipropionic
acid (DSePA), a stable and water-soluble diselenide, exhibits
robust protective potential against cell damage or apoptosis in
many fields [15, 16]. Due to its high efficacy and less toxicity,
DSePA has attracted much attention of many researchers, es-
pecially for its antioxidant effect [17]. Antioxidative stress
currently was accepted as the critical cellular event for the
protective action of DSePA. However, the exact molecular
mechanism remains elusive.

Herein, we explored the possible protective effects of
DSePA against high glucose-mediated neurotoxicity and the
underlying molecular mechanisms. The results showed that
DSePA pretreatment dramatically antagonized high glucose-
induced cytotoxicity in PC12 cells by suppression of high
glucose-induced apoptosis through attenuation of ROS-
mediated DNA damage and mitochondrial dysfunction with
involvement of modulating MAPKs and AKT pathways. Our
findings revealed that the strategy of using DSePA could be a
highly effective way in chemoprevention and chemotherapy
of high glucose-mediated neurological diseases.

Materials and Methods

Chemicals

DSePA, glutathione (GSH), JC-1 probes, DCFH-DA probes,
MTT, and other reagents were purchased from Sigma.
Bicinchoninic acid (BCA) assay kit was purchased from
Beyotime Institute of Biotechnology. TUNEL-DAPI co-
staining kit was purchased from Roche. LY294002 were
obtained from Calbiochem (San Diego, CA, USA). All an-
tibodies used in this study were purchased from Cell Signal-
ing Technology (Beverly, MA, USA). Dulbecco’s modifica-
tion of Eagle’s medium (DMEM), fetal bovine serum (FBS),

and penicillin–streptomycin were purchased from
Invitrogen. All solvents used were of high-performance liq-
uid chromatography (HPLC) grade.

Cell Culture, Drug Treatment, and Cell Viability

PC12 cells were maintained in DMEM (glucose, 25 mM,
4.5 mg/ml) supplemented with 10 % FBS, 50 U/ml strepto-
mycin, and 100 U/ml penicillin in a humidified incubator
under 5 % CO2 at 37 °C. Cytotoxicity of DSePA and high
glucose was screened as follows. Briefly, PC12 cells seeded in
96-well plate (8×103 cells/well) were separately exposed to
various concentrations of glucose 50 mM (9 mg/ml), 75 mM
(13.5 mg/ml), 100 mM (18 mg/ml), 150 mM (27 mg/ml), and
200 mM (36 mg/ml) for 48 h or DSePA (2.5, 5, 10, 20, and
40 μM) for 48 h. For combined treatment, PC12 cells were
pretreated with indicated concentrations of DSePA (5, 10, and
15 μM) for 6 h and co-treated with 100 mM glucose for
another 48 h. Cell viability was detected byMTTassay, which
based on the ability of cells to change MTT substrate into a
purple formazan dye. Briefly, MTT solution (5 mg/ml) at
20 μl/well was added to cells after treatment and incubated
for 5 h at 37 °C. Then, the mediumwas removed and replaced
with DMSO (150 μl/well). Then, the color intensity reflecting
the cell growth was examined at 570 nm. The data were
expressed as percentages of control (as 100 %).

Cell Cycle Distribution and Cell Apoptosis

The cell cycle distribution and cell apoptosis were analyzed by
flow cytometric analysis. Briefly, cells after treatment with
glucose or/and DSePAwere collected, washed, and fixed with
70 % ethanol at −20 °C overnight. Then, cells were stained
with PI and analyzed by flow cytometry. The cell cycle distri-
bution was analyzed using a Multi Cycle software (Phoenix
Flow Systems, San Diego, CA, USA). The proportions of
cells in G0/G1, S, and G2/M phases represented as DNA
histograms. Apoptotic cells with hypodiploid DNA contents
were measured by quantifying the sub-G1 peak. For each
experiment, 10,000 events per sample were recorded.

TUNEL-DAPI Co-staining

Cell apoptosis in PC12 cells by high glucose was also detected
by TUNEL-DAPI co-staining kit. Briefly, cells exposed to
DSePA or/and high glucose were fixed with 4 % paraformal-
dehyde and permeabilized with 0.1 % Triton X-100, then in-
cubated with 100 μl/well TUNEL reaction mixture for 1 h and
1 μg/ml DAPI for 15 min at 37 °C, respectively. Then, cells
were washed with PBS for three times and examined under a
fluorescence microscope (magnification, ×200). The cells
stained with green fluorescence represent the TUNEL-
positive cells, indicating the apoptotic cells.
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Caspase Activity

Caspase activity was determined by a fluorometric method.
PC12 cells after treatment were harvested by centrifugation,
suspended in cell lysis buffer, and incubated on ice for 1 h.
After centrifugation at 11,000g for 15 min, supernatants were
collected, normalized for protein concentration, and mea-
sured for caspase activity. Briefly, total proteins (100 μg/
well) were placed in 96-well plate, then specific caspase sub-
strates (Ac-DEVD-AMC for caspase-3, Ac-IETD-AMC for
caspase-8, and Ac-LEHD-AMC for caspase-9) were added.
After incubation at 37 °C for 2 h in darkness, caspase activity
was detected by fluorescence intensity with the excitation and
emission wavelengths set at 380 and 440 nm, respectively.
The caspase-3/-8/-9 activity was expressed as percentages of
control (as 100 %).

Western Blotting

Cells after treatment were collected and lysed in RIPA lysis
buffer on ice for 1 h at 4 °C. Total protein was extracted and
quantified by BCA assay kit strictly complying with the pro-
spectus. Then, total protein (40 μg/lane) after denaturation
was loaded and separated in 10 % SDS-PAGE (110 V,
75 min). After electrophoresis, the protein was transferred
from the gel to a nitrocellulose membrane (NCM) and blocked
with 5 % non-fat milk for 2 h at room temperature. Then, the
NCM was incubated with primary antibodies (1:1000) over-
night at 4 °C and second antibodies (1:2000) for 1 h at room
temperature. Then, the target protein was scanned on X-ray
film using an enhanced chemiluminescence system (Kodak).
β-actin was used as the reference band. The protein expres-
sion was quantified by Quantity-One Software, and the ex-
pression rate was labeled under the bands.

Evaluation of Mitochondrial Membrane Potential (Δψm)
and Structure

Mitochondrial membrane potential (Δψm) was evaluated by
JC-1 assay. Briefly, PC12 cells after drug treatment were seed-
ed in a six-well plate and incubated with JC-1 dye (5 μg/ml)
for 30 min at 37 °C in darkness. Then, cells were washed with
PBS and visualized by fluorescence microscopy (magnifica-
tion, ×200). The fluorescence shift from red to green repre-
sents the lost of Δψm. Alternation of mitochondrial structure
was detected by mito-tracker (mitochondria, green) and DAPI
(nucleus, blue) co-staining. Cells after treatment were visual-
ized under a fluorescent microscope (magnification, ×1000).

Detection of ROS and Nitric Oxide Accumulation

The intracellular ROS level was examined by DCFH-DA as-
say. Briefly, cells seeded in 96-well plate at 8×103 cells/well

were pretreated with DSePA (5 and 10 μM) or GSH (5 mM)
for 6 h and co-incubated with glucose (100mM) for 2 h. Then,
cells were incubated with 10 μM DCFH-DA at 37 °C for
15 min in the dark. After washing twice with PBS, ROS gen-
eration was detected with the excitation wavelength at 488 nm
and emission wavelength at 525 nm, respectively. The nitric
oxide (NO) production was detected by a NO detecting kit
according to the manufacturer’s instructions (Beyotime,
S0021). The superoxide in live cells was detected by
MitoSOX specific red dye which can target mitochondria su-
peroxide according to the manufacturer’s instructions
(Invitrogen, M36008). The data are expressed as percentages
of control (as 100 %).

RNA Interference

The transfection of p53 siRNA into PC12 cells was carried out
according to the previous method. Cells seeded in six-well
plates were incubated with 100 nM p53 siRNA and transfec-
tion reagent in serum-free DMEMmedium for 24 h, and then
1 ml fresh completed medium was added to each well for
another 24 h. Then, cells were administrated with DSePA or/
and high glucose. Besides, cells were also transfected with a
fluorescein-labeled non-targeted control siRNA to detect the
transfection efficiency.

Statistical Analysis

All data were gained from three independent experiments.
Statistical analysis was performed using the SPSS statistical
software (SPSS 13.0, USA). Data were expressed as the
means±SD. Differences between two groups were analyzed
by two-tailed Student’s t test. The significance among three or
more groups was assayed by multiple comparisons. Bars with
different characters represent the statistical significant at
P<0.05.

Results

DSePA Attenuates High Glucose-Induced Cytotoxicity
in PC12 Cells

Firstly, the cytotoxicity of high glucose and DSePA was
screened to ascertain the biological safe doses by MTT assay.
As shown in Fig. 1a, b, glucose treatment (50–200 mM) sig-
nificantly reduced the cell viability in a dose-dependent man-
ner, with approximately 36 % cell death at 100 mM glucose
(Fig. 1a). DSePA alone displayed less toxicity to PC12 cells.
Subsequently, the pretreatment time of DSePAwas optimized.
The results showed that cells by DSePA pretreatment for 1–
12 h before glucose co-treatment all exhibited prolonged cell
viability (Fig. 1c, d), indicating that DSePA could inhibit
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glucose-induced cytotoxicity. The optimal time was observed
at 6 h, therefore, pretreatment time (6 h) of DSePA was
employed to evaluate the protective mechanism.

As shown in Fig. 1e, pretreatment of PC12 cells with
DSePA (5–15 μM) for 6 h significantly suppressed glucose-
mediated cell killing in a dose-dependent manner. For in-
stance, at concentrations of 5, 10, and 15 μM, DSePA im-
proved the cell viability from 72.4 % (glucose 100 mM alone)
to 76.2, 82.3, and 93.1 %, respectively. DSePA alone showed
no toxicity to PC12 cells. To further confirm the protective
effect of DSePA in the other cell lines, we repeated the Fig. 1e
results with BV-2 (microglia) and HUVEC (human umbilical
vein endothelial cell) cell lines. The results indicated that
DSePA showed similar protective effects in BV-2 cells and
HUVEC against high glucose-induced cytotoxicity
(Fig. S1). The improvement of PC12 cell morphology further
confirmed its protective effect (Fig. 1f). For instance, PC12
cells treated with 100 mM glucose showed cell shrinkage,
reduction in attaching cell numbers, and loss of cell-to-cell

contact. However, DSePA pretreatment apparently reversed
this tendency. Taken together, these results clearly indicated
that DSePA had the potential to inhibit high glucose-induced
cytotoxicity in PC12 cells.

DSePA Suppresses High Glucose-Induced PC12 Cells
Apoptosis

To elucidate the mode of cell death, flow cytometric analysis
was used to detect the high glucose-induced cell death. Apo-
ptotic cells with hypodiploid DNA content were quantified by
measuring the sub-G1 peak. As shown in Fig. 2a, 100 mM
glucose treatment caused significant cell apoptosis, as proven
by the increase of sub-G1 peak to 23.5 %, while DSePA pre-
treatment apparently suppressed sub-G1 cells to 6.7 % in
PC12 cells. What’s more, the control cells and cells treated
with DSePA alone both showed no obvious cell apoptosis.
High glucose-induced apoptosis was further confirmed by
TUNEL and DAPI co-staining assay. As shown in Fig. 2b,
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PC12 cells after treatment with 100 mM glucose alone exhib-
ited typical apoptotic features, such as nuclear fragmentation
and chromatin condensation. However, pretreatment with
DSePA effectively prevented PC12 cells from high glucose-
induced apoptosis, as convinced by the weak green fluores-
cence. Taken together, these results all suggest that induction
of apoptosis is the major mode of cell death induced by high

glucose, and DSePA has the potential to antagonize high
glucose-induced cytotoxicity via inhibition of cell apoptosis.

The intrinsic (mitochondria-mediated) and the extrinsic
(death receptor-mediated) signaling pathways both contribute
to apoptotic signaling [18]. To further characterize the trait of
high glucose-induced apoptotic mechanism, the status of
caspases were tested using specific substrates. As shown in
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Fig. 2c, PC12 cells treated with high glucose showed dramatic
increase in caspase-3, -8, and -9 activities, suggesting that
high glucose activated both the intrinsic and extrinsic apopto-
sis pathways. Besides, activation of caspase-9, the predomi-
nant initiator of mitochondria-mediated apoptotic pathway,
was more prominent than that of caspase-8, indicating that
high glucose-induced cell apoptosis was mainly mediated by
mitochondria-mediated apoptosis. However, pretreatment
with DSePA distinctly inhibited the activation of caspase-3,
-8, and -9. Additionally, Western blotting was employed to
confirm high glucose-induced apoptosis in protein level.
Figure 2d showed apparent increase of poly (ADP-ribose) po-
lymerase (PARP) cleavage and activation of caspase-3, -8, and
-9 after high glucose treatment alone. However, DSePA pre-
treatment significantly repressed high glucose-induced PARP
cleavage and caspase activation. Taken together, these results
suggested that DSePA suppressed high glucose-induced cyto-
toxicity by inhibiting mitochondria-mediated apoptosis.

DSePA Blocks High Glucose-Induced Mitochondrial
Dysfunction Through Regulation of Bcl-2 Family

Mitochondria acts critical roles in regulating the intrinsic and
extrinsic apoptosis pathways [19]. Mitochondrial membrane
potential (Δψm) can affect the mitochondrial permeability
transition pore (MPTP), cause the activation of caspases, and
eventually trigger the apoptotic cascades [20]. Therefore, we
examined the change ofΔψm in PC12 cells by JC-1 molecu-
lar probe, which the fluorescence shift from red to green will
reflect the depletion of Δψm. As shown in Fig. 3a, 100 mM
glucose significantly decreased theΔψm, as evidenced by the
shift of JC-1 fluorescence from red to green. However, DSePA
pretreatment obviously reversed high glucose-induced deple-
tion of Δψm. The statistical analysis of Δψm further quanti-
fied this protective potential (Fig. 3b). Moreover, mitochon-
drial morphology in living cells was examined. As shown in
Fig. 3c, the mitochondrial network in healthy PC12 cells ex-
hibits filamentous and extensively interconnected throughout
the cytoplasm. Cells treated by 100 mM glucose displayed
large-scale mitochondrial fragmentation (from protonema to
punctiform). However, DSePA observably inhibited high
glucose-induced mitochondrial fragmentation. Taken togeth-
er, these findings directly revealed that DSePA blocked high
glucose-induced mitochondrial dysfunction.

Bcl-2 family is thought to be important in regulation of
Δψm and mitochondria-mediated apoptosis [21]. The balance
between pro-apoptotic proteins (Bax, Bad, and Bid) and
antiapoptotic proteins (Bcl-2 and Bcl-xL) decides the cells fate
[22]. Hence, Western blotting was employed to identify
whether the Bcl-2 family was involved in high glucose-
induced cell apoptosis. As shown in Fig. 3d, 100 mM glucose
treatment caused light changes in Bax and Bad expression, but
notably decreased the expression of pro-apoptotic proteins

Bcl-xL and Bcl-2. However, DSePA pretreatment effectively
balanced this change, implying that DSePA blocks high
glucose-induced mitochondrial dysfunction via modulating
the Bcl-2 family.

DSePA Attenuates High Glucose-Induced DNA Damage
and p53 Phosphorylation via Inhibiting ROS
Accumulation

ROS will be mainly released from mitochondrial respiratory
chain in response to various apoptotic stimulations [10]. Ac-
cumulated studies suggest that ROS overproduction and sub-
sequent induction of oxidative damage were both involved in
high glucose-induced neurotoxicity [23]. Therefore, intracel-
lular ROS accumulation was measured by a fluorescein-
labeled dye, DCFH-DA. As shown in Fig. 4a, treatment of
PC12 cells with 100 mMglucose for 2 h resulted in significant
intracellular ROS generation to 187.6 % of control. However,
pretreatment with DSePA (5 and 10 μM) acutely hindered the
intracellular ROS level to 165.3 and 123.4 % in a dose-
dependent manner. Addition of glutathione (GSH) a positive
ROS scavenger effectively eliminated ROS, which further
confirmed DSePA’s antioxidative effect. Furthermore, the su-
peroxide in live cells was detected by MitoSOX specific red
dye which can target mitochondria superoxide. The result
showed that high glucose treatment obviously induced super-
oxide production in mitochondria, and DSePA pretreatment
significantly inhibited the superoxide production (Fig. S3).
Moreover, slight NO production (not dominant) was also de-
tected in high glucose-treated cells (Fig. S2). These results
above implied that ROS and RNS both contributed to high
glucose-induced cytotoxicity.

Overproduced ROS may attack DNA and trigger DNA
damage [24]. Therefore, high glucose-induced DNA damage
was investigated by Western blotting. As shown in Fig. 4b,
treatment of PC12 cells with 100 mM glucose caused obvious
DNA damage, as confirmed by upregulation of the phosphor-
ylation levels of ATM, ATR, p53 (Ser 15, Ser 9, Ser 392), and
H2A, which are all the components of DNA damage axis [25].
However, DSePA pretreatment strongly inhibited high
glucose-induced DNA damage, as evidenced by downregula-
tion of phosphorylation levels of all the DNA damagemarkers
above. Based on the importance of p53, we next examined the
effect of p53 siRNA on p53 (Ser 15, Ser 9) expression. As
expected, p53 siRNA treatment partly attenuated high
glucose-induced DNA damage, as convinced by the decline
of Ser15- and Ser 9-p53 expression (Fig. 4c). Prolonged cell
viability and decreased cell apoptosis in glucose-treated cells
all emphasized the role of p53 in glucose-induced apoptotic
signal. Taken together, these results above observably re-
vealed that DSePA suppressed high glucose-induced cytotox-
icity and apoptosis by inhibiting ROS-mediated DNA damage
and p53 phosphorylation.
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Contribution of MAPKs and AKT Pathways

MAPKs and PI3K/AKT pathways both dominate kinds of cell
proliferation, differentiation, and survival, including nerve
cells [26]. Hence, Western blotting was employed to investi-
gate the component changes using specific antibodies against
the activated forms of kinase. Primarily, a detailed time-course
examination was carried out. As shown in Fig. 5a, the p-AKT
expression in PC12 cells exposed to 100 mM glucose for the
indicated times showed a sustained activation from 1 to 3 h,
which reached the control level after 6 h, and showed contin-
uous inactivation thereafter. However, phosphorylated JNK
and p38 were detected as a sustained activation in a time-
dependent manner. Only slight down-regulation of p-ERK
expression was observed after glucose treatment. These re-
sults indicate that MAPKs and PI3K/AKT pathway both con-
tributed to glucose-induced cytotoxicity and apoptosis.

Based on the importance of AKT pathway, LY2294002
(AKT upstream inhibitor) was used to examine its role in
glucose-induced apoptotic signal. As shown in Fig. 5b, c,
pretreatment of PC12 cells with LY2294002 significantly ag-
gravated high glucose-induced AKT inactivation and cell kill-
ing. The MTT data showed that a marked decrease of cell
viability was observed from 74.8 to 51.9 %, indicating that

high glucose inhibited PC12 cell growth with an AKT-
dependent manner. However, pretreatment with DSePA obvi-
ously up-regulated the phosphorylation level of AKT and
slightly suppressed the phosphorylation of JNK and p38
(Fig. 5d). Taken together, these findings demonstrated that
MAPKs and AKT pathways both contributed to DSePA-
mediated protective mechanism against high glucose-
induced cytotoxicity and apoptosis in PC12 cells.

Discussion

Se, an essential trace element, is of fundamental importance to
humans due to its multiple pharmacological properties [8, 9].
Increasing evidences indicate that Se is essential for normal
brain function, and Se supplement can effectively reduce the
risk of impaired cognitive function and neurological diseases,
such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD), and epilepsy [12–14, 27]. Studies
reported that Se deficiency is associated with cognitive de-
cline, and Se supplement is helpful in preventing neurodegen-
eration in humans [12, 28, 29]. Evidences demonstrated that
Se is potentially a beneficial agent in treating ischemia–
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Fig. 3 DSePA blocks high glucose-induced mitochondrion dysfunction
through regulation of Bcl-2 family. aRepresentative images of PC12 cells
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reperfusion-induced brain injury in rats [13]. However, little
information about the protective effect of Se against
hyperglycemia-induced toxicity and apoptosis is available,
especially the molecular mechanism.

PC12 derived from rat pheochromocytoma cells was con-
sidered as an optimal model in vitro to simulate neuron to
explore the underlying mechanism [30, 31]. After all, PC12
cell line is a cancer cell line, the in vivo effect and mechanism
of DSePA need further evaluation. Apoptosis, a programmed
cell death, plays an essential role in maintaining the homeo-
stasis in the brain [32, 33]. Caspase, a family of cysteine pro-
teases, can be activated in response to apoptotic stimuli and
play essential roles in launching cell apoptosis [34, 35]. Active
caspase-3 could inactivate PARP and eventually lead to the
occurrence of apoptotic cascade through the enzymolysis of a
series of substrates [36]. In the present study, activation of

caspase-8 and caspase-9 in PC12 cells treated with high glu-
cose indicated the activation of both death receptor-mediated
and mitochondria-mediated signaling pathways. The quanti-
tative expression of caspases in protein level further verified
the role of caspases in high glucose-induced apoptosis. How-
ever, pretreatment with DSePA significantly blocked the pro-
cess of apoptosis as convinced by the reduction of caspase
activation and PARP cleavage. These results clearly indicated
that DSePA inhibited high glucose-induced apoptosis through
suppressing mitochondria-mediated pathway.

Mitochondria and Δψm both play an important role in
initiating mitochondria-mediated apoptosis [37–40]. Deple-
tion of Δψm will lead to the opening of the MPTP, followed
by the release of cytochrome C, apoptosis-inducing factors
(AIFs), SMAC/Diablo, and endonuclease G [41, 42], which
all contribute to mitochondria-mediated apoptosis. Much
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evidence, including oxidative stress, has established a link
between various disturbances in mitochondrial functioning
and diabetic neuropathy [1–4]. In the present study, DSePA
pretreatment observably alleviated high glucose-induced dis-
ruption of Δψm, which is consistent with the hypothesis that
the loss of Δψm as an early cellular event in response to
apoptotic stimuli plays a key role in launching the
mitochondria-mediated apoptosis pathway [43]. Bcl-2 family
can affect and regulate the mitochondrial permeability and
play critical roles in modulating mitochondria-mediated apo-
ptosis [44, 45]. Hence, the balance between pro-apoptotic
proteins (Bax, Bad, Bid, and Bim) and anti-apoptotic proteins
(Bcl-2, Bcl-xL, Mcl-1, and Bcl-w) ultimately decides the fate

of the cells [46]. Our results revealed that high glucose-
induced apoptosis involved the unbalance of Bcl-2 family
protein expression, whereas pretreatment with DSePA signif-
icantly inhibited the downregulation of Bcl-xL and Bcl-2. The
findings above suggested that DSePA blocks high glucose-
induced mitochondrial dysfunction through balance of Bcl-2
family expression.

Nerve dysfunction in diabetes is associated with increased
oxidative stress [6]. ROS, including hydroxyl radical, hydro-
gen peroxide, and superoxide anion [47], all play important
roles in mediating cell signaling and maintaining cell homeo-
stasis [9, 48]. The balance of anti-antioxidant and pro-
antioxidant system ultimately decides the intracellular level

Control      1        3          6        12       24       48  hour

Glucose (100 mM)

p-AKT

Total-AKT

p-JNK

Total-JNK

p-ERK

Total-ERK

p-p38

Total-p38

-actin

A

-actin

p-AKT

C
on

tro
l

LY
29

40
02

G
lu

co
se

 +
 L

Y
29

40
02

G
lu

co
se

B

0

25

50

75

100
C

)
%(

ytili
bai

v
lle

C

C
on

tro
l

LY
29

40
02

G
lu

co
se

 +
 L

Y
29

40
02

G
lu

co
se

a

b

c

a

D

p-AKT

Total-AKT

C
on

tro
l

G
lu

co
se

D
SeP

A

G
lu

co
se

 +
 D

SeP
A

Total-JNK

p-JNK

p-p38

Total-p38

Total-ERK

p-ERK

-actin

60 KD

60 KD

54 KD

54 KD
46 KD

43 KD

43 KD

44 KD
42 KD

44 KD
42 KD

42 KD

42 KD

60 KD 60 KD

60 KD

54 KD

54 KD
46 KD

43 KD

43 KD

44 KD
42 KD

44 KD
42 KD

42 KD

Fig. 5 Contribution of MAPKs
and AKT pathways. a Time-
dependent effects of high glucose
on protein expression of MAPKs
and AKT pathways. Cells were
treated with 100 mM glucose for
indicated time, and then, temporal
changes in the expression levels
of proteins was detected by
Western blotting. b Inhibitor of
AKT (LY294002) enhanced high
glucose-induced inactivation of
AKT. c Inhibitor of AKT
(LY294002) enhanced high
glucose-induced cell death in
PC12 cells. Cells were pretreated
with or without 10μMLY294002
for 1 h and then cultured in the
presence or absence of 100 mM
glucose for 48 h. p-AKT
expression was examined via
Western blotting methods, and
cell viability was detected by
MTT assay. d DSePA normalized
MAPKs and AKT signal in high
glucose-treated cells. The protein
expression was detected by
Western blotting method

Mol Neurobiol (2016) 53:4363–4374 4371



of ROS. Overproduced ROS is implicated in Bglucose tox-
icity^ in diabetes [3]. In fact, diabetes is typically accompa-
nied by increased production of ROS in the onset, progres-
sion, and pathological consequences of diabetes [2, 4]. Ac-
tually, high glucose-mediated ROS accumulation was partic-
ipated in the progression of various neurodegeneration, such
as diabetic retinopathy [49]. Therefore, inhibition of ROS
accumulation represents an important mechanism to prevent
neurological disease and nerve cell injury [7]. Mitochondrial
respiratory chain represents the main source of ROS [50],
and ROS-mediated oxidative damage was generally accept-
ed as the main pathogenesis in many human neurological
diseases. p53, a cell cycle checkpoint protein, contributes
to the preservation of genetic stability by mediating either
cell cycle arrest or apoptosis in response to DNA damage
[51, 52]. Activation of p53 in response to DNA damage can
activate downstream signals to regulate cell apoptosis, such
as Bcl-2 family proteins.

In the present study, high glucose treatment induced sig-
nificant intracellular ROS accumulation and subsequently
triggered PC12 cell DNA damage. The activation of DNA
damage markers, including p-ATM, p-ATR, p-H2A, and p53
(Ser-15, Ser-9, Ser-392), all demonstrated this effect. ROS
generation usually emerges as an early event in triggering
cell apoptosis. Based on the significance of ROS, GSH (a
positive ROS scavenger) was used to evaluate the role of
DSePA in high glucose-induced apoptosis signal. The results
indicated that GSH addition effectively prolonged the cell
viability in high glucose-treated PC12 cells. Se functions in
the active sites of a large number of Se-containing enzymes,
such as glutathione peroxidase and thioredoxin reductase. In
this study, we speculated that Se may be possibly incorporat-
ed into the peptides of Se-containing enzymes, such as glu-
tathione peroxidase and thioredoxin reductase, which thus
enhanced the antioxidant ability. Additionally, p53 siRNA
supplement downregulated the expression levels of p53-
inducible genes, which partially suppressed high glucose-
induced cytotoxicity and apoptosis. All the results indicated
that DSePA has the potential to reverse high glucose-induced
apoptosis by inhibiting ROS-mediated DNA damage and p53
phosphorylation (Fig. 6).

Evidences have proven that ROS accumulation caused cell
apoptosis involving MAPKs and AKT pathways through
regulating specific phosphorylation sites [53]. Our previous
studies also revealed that selenocompounds could regulate
the AKT and/or ERK phosphorylation [9–11, 45]. Aberrant
regulation of these two key signaling pathways was also re-
lated to the pathogenesis of diabetic neuropathy [54]. In the
present study, p38 and JNK after high glucose treatment
showed significant activation. However, AKT displayed con-
tinuous inactivation. Addition of specific inhibitors further
confirmed their roles in high glucose-induced cytotoxicity
and apoptosis in PC12 cells. These results all demonstrated

that MAPKs and AKT pathways both contributed to high
glucose-induced cytotoxicity and apoptosis. As expected,
DSePA markedly alleviated this dysregulation of the two
pathways, indicating that DSePA can act as regulator of
MAPKs and AKT pathway to suppress high glucose-
induced toxicity cytotoxicity and apoptosis.

In summary, our findings revealed that DSePA has the po-
tential to antagonize high glucose-induced cytotoxicity and
apoptosis in PC12 cells by suppressing ROS-mediated DNA
damage and p53 phosphorylation involving regulation of
MAPKs and AKT pathways. Our findings revealed that the
strategy of using DSePA could be a highly effective way in
chemoprevention and chemotherapy of high glucose-
mediated neurological diseases.
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