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ABSTRACT
Oxidative stress could lead to dopaminergic neuronal cell death. SC79 is a novel,
selective and highly-efficient Akt activator. The current study tested its effect in
dopaminergic neurons with oxidative stress. In both SH-SY5Y cells and primary murine
dopaminergic neurons, pre-treatment with SC79 largely inhibited hydrogen peroxide
(H2O2)-induced cell viability reduction, apoptosis and necrosis. SC79 activated Akt in
the neuronal cells, which was required for its neuroprotection against H2O2. Inhibition
of Akt activation (by MK-2206 or AT7867) or expression (by targeted short hairpin
RNA) largely attenuated SC79-induced neuroprotection. Further, CRISPR-Cas9mediated Akt1 knockout in SH-SY5Y cells abolished SC79-induced neuroprotective
function against H2O2. Reversely, forced activation of Akt by the constitutively-active
Akt1 mimicked SC79-induced anti-H2O2 activity. Together, we conclude that activation
of Akt by SC79 protects dopaminergic neurons from H2O2.

INTRODUCTION

shown to activate Akt, causing Akt phosphorylation at Ser473 and Thr-308 [8]. Activated Akt then phosphorylates
its substrates, including GSK3β, mTOR, BAD, CREB and
the Forkhead transcription factors [8–10], which promote
cell survival [8–10]. Activation of Akt was shown to
efficiently protect neurons or neuronal cells from oxidative
stress [11–13].
A recent study has characterized a novel small
molecule compound SC79 as a selective, highly-efficient
and cell-permeable Akt activator [14]. It has been
previously shown that SC79 specifically and directly
binds to the PH domain (pleckstrin homology domain)
of Akt, inducing a conformational change which favors
its activation [14]. At the molecular level, SC79 is shown
to uniquely inhibit Akt membrane translocation, but
activating Akt in the cytosol [14]. Studies have confirmed
that SC79 could induce Akt phosphorylation at both
Ser-473 and Thr-308 [15–17]. It has displayed profound
cytoprotective function in different experimental settings
[14–19]. For instance, SC79 was shown to inhibit
excitotoxicity and to alleviate stroke-induced neuronal
cell death [14]. SC79 administration in vivo could also
alleviate early brain injuries [18]. Interestingly, a recent
study however demonstrated that SC79 was in-effective to
protect rat heart from ischemic injuries [20]. The current

Parkinson’s disease (PD) is a chronic and progressive
neurological disorder. It is the second most common
neurodegeneration disease after Alzheimer’s disease
(AD) [1]. PD is mainly caused by the premature death of
dopaminergic neurons in the midbrain [2–4].
Oxidative stress is important in mediating death of
dopaminergic neurons in PD pathogenesis [5]. Studies have
shown that inhibition of mitochondrial respiratory chain
complexes can have devastating consequences, causing
excessive radical oxidative species (ROS) production
and oxidative stress. This will lead to intracellular
calcium overload, lipid peroxidation, DNA damages, and
excitotoxicity. Together, they ultimately induce neuronal
cell death and apoptosis [5]. Mitochondrial respiratory chain
complexes complex I inhibitors, i.e. 6-OHDA and 1-methyl4-phenyl-1,2,3,4-tetrahydropyridine (MPTP), have been
widely utilized to create PD animal and cellular models [5].
Further, hydrogen peroxide (H2O2) and other ROS were
added directly to the cultured dopaminergic neurons to
mimic oxidative stress injuries [6, 7].
Akt, also known as PKB, is a well-established
pro-survival signaling [8–10]. Various stimuli, including
insulin, growth factors, cytokines and cell stress, were
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study tested the potential effect of this novel Akt activator
in dopaminergic neurons when facing oxidative stresses.

In the primary murine dopaminergic neurons, SC79
similarly inhibited H2O2-induced apoptosis activation
(TUNEL nuclei staining increase, Figure 2F). It should
be noted that SC79 alone failed to induce neuronal cell
apoptosis (Figure 2A–2F). Together, these results clearly
show that SC79 inhibits H2O2-induced apoptosis activation
in dopaminergic neurons.

RESULTS
SC79 protects dopaminergic neurons from H2O2
As discussed, Akt is a key pro-survival signaling
[8, 21]. SC79 is newly-developed Akt activator [15–18, 20],
we therefore wanted to know if SC79 could rescue
dopaminergic neuron from hydrogen peroxide (H2O2).
SH-SY5Y cells are well-established human dopaminergic
neuronal cells [22–24]. MTT assay results in Figure 1A
demonstrated that treatment with H2O2 in SH-SY5Y cells
dose-dependently inhibited cell survival. Significantly,
pre-treatment with SC79 (10 μM) largely attenuated H2O2induced survival reduction in SH-SY5Y cells (Figure 1A).
The concentration of SC79 (10 μM) was determined based
on previous studies [15–17].
SC79’s titration experiments were also performed.
As shown in Figure 1B, treatment with SC79 alone at
tested concentrations (from 0.1–25 μM) failed to change
the viability of SH-SY5Y cells. Yet, SC79-mediated antiH2O2 neuroprotection was dose-dependent (Figure 1B). It
should be noted that a relative low concentration of SC79
(0.1 μM) failed to inhibit H2O2-induced anti-SH-SY5Y
cell activity (Figure 1B). We also performed the above
treatments in the primary cultured murine dopaminergic
neurons. MTT assay results showed that adding H2O2
(250 μM) for 48 hours induced dramatic viability
reduction in the primary dopaminergic neurons (Figure
1C). Such effect by H2O2 was significantly attenuated with
pre-treatment of SC79 (10 μM) (Figure 1C). Together,
these results show that SC79 protects dopaminergic
neurons from H2O2.

SC79 inhibits H2O2-induced programmed
necrosis in dopaminergic neurons
Recent studies have proposed that H2O2 and
oxidative stress could also activate mitochondriondependent necrosis pathway [25–27]. This so-called
“programmed necrosis” starts from p53 translocation to
mitochondria, which forms a complex with the local mPTP
(mitochondrial permeability transition pore) component
protein cyclophilin-D (“Cyp-D”) [25–27]. The p53-Cyp-D
association will lead to mitochondrial depolarization
and cell necrosis [25–27]. The immunoprecipitation
(“IP”) assay results in Figure 3A demonstrated that H2O2
(250 μM) treatment in SH-SY5Y neuronal cells induced
p53-Cyp-D association, which was followed by
mitochondrial depolarization (indicated by monomeric
JC-1 fluorescence intensity increase [28, 29], Figure 3B).
Remarkably, H2O2-induced p53-Cyp-D association and
mitochondrial depolarization were significantly inhibited
by SC79 pre-treatment (Figure 3A and 3B). p53 and Cyp-D
expressions were unchanged by SC79 (Figure 3A, Input).
Furthermore, H2O2 dose-dependently induced lactate
dehydrogenase (LDH) medium release, which is the routine
indicator of cell necrosis [30]. The pro-LDH release function
by H2O2 was again largely inhibited by SC79 (Figure
3C). In the primary murine dopaminergic neurons, H2O2
(250 μM)-induced LDH release was also alleviated with
pre-treatment of SC79 (10 μM) (Figure 3D). SC79 alone
failed to induce cell necrosis (Figure 3A–3D). These
results indicate that, besides apoptosis inhibition, SC79
also attenuates H2O2-induced programmed necrosis in
dopaminergic neurons.

SC79 inhibits H2O2-induced apoptosis activation
in dopaminergic neurons
The potential effect of SC79 on H2O2-induced cell
apoptosis was also tested. A panel of different apoptosis
assays were applied. As demonstrated, H2O2 (250 μM)
treatment in SH-SY5Y cells induced apoptotic cleavage
of both poly (ADP-ribose) polymerase (PARP) and
caspase-3 (Figure 2A), which was accompanied with
significantly increased caspase-3 activity (Figure 2B) and
Histone-bound DNA content (Figure 2C). Additionally,
the percentage of SH-SY5Y cells with Annexin V-staining
(Figure 2D) and TUNEL (dUTP nick-end labeling)staining (Figure 2E) was also increased robustly with
H2O2 (250 μM) treatment. These results clearly indicated
that H2O2 activated apoptosis in SH-SY5Y neuronal
cells. Remarkably, the results of these apoptosis assays
all demonstrated that pre-treatment with SC79 (10 μM)
dramatically inhibited H2O2-induced SH-SY5Y cell
apoptosis (Figure 2A–2E).
www.impactjournals.com/oncotarget

Akt inhibition abolishes SC79-mediated
neuroprotection against H2O2
SC79’s effect on Akt signaling in neuronal cells was
tested. The Western blotting assay results in Figure 4A
demonstrated that SC79 (10 μM, 2 hours) potently
increased phosphorylation of Akt at two key sites, Ser473 and Thr-308 [8, 9], in SH-SY5Y cells. Meanwhile,
phosphorylation of S6 (at Ser-235/236), the key Akt
downstream protein, was also significantly boosted (Figure
4A). These results confirmed significant Akt activation
by SC79 in SH-SY5Y cells. Notably, SC79-induced
Akt activation was not inhibited by H2O2 (250 μM)
treatment (Figure 4A, also see the quantified results in
Figure 4B). As demonstrated in Supplementary Figure 1,
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treatment with SC79 for 30 min also induced significant
Akt-S6 phosphorylation in SH-SY5Y cells. To study
whether Akt activation was required for SC79-mediated
neuroprotection, the specific Akt inhibitors were utilized,
including MK-2206 [31, 32] and AT7867 [33, 34]. In the
presence of the Akt inhibitors, SC79-mediated inhibitions on
H2O2-induced viability reduction (MTT assay, Figure 4C),

cell apoptosis (Figure 4D, TUNEL assay) and necrosis
(Figure 4E, LDH release assay) were almost completely
abolished (Figure 4C–4E). These results suggest that
activation of Akt is indeed required for SC79-mediated
neuroprotection against H2O2. Notably, both MK-2206 and
AT7867 blocked Akt activation in SC79-treated SH-SY5Y
cells (Data not shown).

Figure 1: SC79 protects dopaminergic neurons from H2O2. SH-SY5Y cells (A and B) or the primary cultured murine dopaminergic

neurons (C) were pre-treated for 30 min with SC79 (at tested concentration), followed by hydrogen peroxide (H2O2) stimulation, cells were
further cultured in the medium for 48 hours, when MTT assay was performed to test cell survival (A–C). Bars indicate standard deviation
(SD, n = 5). “C” stands for untreated control cells. *p < 0.05 vs. “C” group. #p < 0.05 vs. H2O2 only treatment (no SC79). Each experiment
was repeated four times and similar results were obtained.
www.impactjournals.com/oncotarget
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Activation of Akt mediates SC79-induced
neuroprotection against H2O2

and stable cells were again established by puromycin
selection. Western blotting assay results in Figure 5E
confirmed Akt1 knockout in the stable cells, these cells
were named as “Akt1-KO” cells. SC79 (10 μM, 2 hours)induced Akt activation was obviously abolished in the
Akt1-KO SH-SY5Y cells (Figure 5E). More importantly,
SC79 was in-effective against H2O2 in the Akt1-KO
cells (Figure 5F). Thus, Akt1 knockout also abolished
SC79’s neuroprotective actions. On the other hand, a
constitutively-active Akt1 (“ca-Akt1”, also from Dr. Li
[33]) was introduced to SH-SY5Y cells. The stable cells
with ca-Akt1 showed an increased Akt expression and
phosphorylation (Figure 5F). Cells with ca-Akt1 were also
protected from H2O2, showing reduced viability reduction
(Figure 5G). Notably, in the ca-Akt1-expressing SH-SY5Y
cells, adding SC79 was unable to offer further protection
against H2O2 (Figure 5H, p > 0.05). These results again
confirm that activation of Akt mediates SC79-induced
neuroprotection against H2O2.

To exclude the possible off-target toxicities of the
applied Akt inhibitors (MK-2206 and AT7867 [33]),
genetic strategies were applied to inhibit Akt expression.
A set of two different lentiviral short-hairpin RNAs
(shRNAs, from Dr. Li [33]), targeting non-overlapping
sequence of Akt1, were introduced to SH-SY5Y cells,
and stable cells were established via puromycin selection
(See Methods). Western blotting assay results in Figure 5A
confirmed significant Akt1 downregulation by targeted
shRNAs in the stable cells. SC79 (10 μM, 2 hours)-induced
Akt phosphorylation (Ser-473 and Thr-308) was almost
nullified in Akt1-shRNA-expressing cells (Figure 5A).
Remarkably, SC79 was unable to rescue SH-SY5Y cells
from H2O2 when Akt1 was silenced by the shRNAs
(Figure 5B–5D). H2O2-induced viability reduction
(Figure 5B), cell apoptosis (Figure 5C, TUNEL assay)
and necrosis (Figure 5D, LDH release assay) were almost
unchanged by SC79 in the Akt1-shRNA cells. The shRNA
experimental results further indicate that Akt activation is
required for SC79-mediated neuroprotection against H2O2.
To further support our hypothesis, CRISPR-Cas9
genome editing method was utilized to completely
knockout Akt1 in SH-SY5Y cells. The lenti-CRISPRCas9-Akt1 construct was added to the SH-SY5Y cells,

DISCUSSION
Recent studies have demonstrated the cytoprotective
function of SC79. For example, Zheng et al., showed
that SC79 activated Akt signaling and protected
myocardiocytes from oxygen and glucose deprivation
(OGD)/re-oxygenation [15]. Li et al., showed that

Figure 2: SC79 inhibits H2O2-induced apoptosis activation in dopaminergic neurons. SH-SY5Y cells (A–E) or the primary

cultured murine dopaminergic neurons (F) were pre-treated for 30 min with SC79 (10 μM), followed by hydrogen peroxide (H2O2,
250 μM) stimulation, cells were further cultured in the medium for the indicated time period, cell apoptosis was tested by the assays
mentioned in the text (A–F). Bars indicate standard deviation (SD, n = 5). “C” stands for untreated control cells. *p < 0.05 vs. “C” group.
#
p < 0.05 vs. H2O2 only treatment (no SC79). Each experiment was repeated three times and similar results were obtained.
www.impactjournals.com/oncotarget
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activation of Akt by SC79 also protected osteoblasts from
dexamethasone [16]. Further, Gong’s group displayed
that SC79-treated human eye retinal pigment epithelium
cells were protected from UV radiation [17]. The same
group found that SC79 could provoke Nrf2 signaling [17],
which is a key anti-oxidant transcription factor [35]. In the
current study, we found that SC79 induced profound Akt
activation in the dopaminergic neuronal cells, which was
evidenced by significant increase of Akt phosphorylation
at both Ser-473 and Thr-308. Remarkably, pre-treatment
with SC79 largely inhibited H2O2-induced neuronal cell
viability reduction, cell apoptosis and necrosis. This
could explain the superior neuroprotective function of
this compound. It will be certainly interesting to test the
activity of this compound in vivo.
Activation of Akt has proven to be a good strategy
to protect neurons/neuronal cells from oxidative stress
[11–13]. Our results provided strong evidences to
show that Akt activation is required for SC79-mediated

neuroprotection. Inhibition of Akt activation (by MK-2206
or AT7867) or expression (by targeted shRNAs) largely
inhibited SC79-induced anti-H2O2 actions. Meanwhile,
CRISPR-Cas9 genome editing-mediated complete Akt1
knockout also nullified SC79-mediated neuroprotection
against H2O2. On the other hand, forced-activation of Akt
by exogenous expression of ca-Akt1 mimicked SC79mediated neuroprotection. More importantly, SC79 was
unable to offer further protection against H2O2 in cells
with ca-Akt1. These results clearly showed that activation
of Akt is the primary mechanism of SC79-mediated
neuroprotection against oxidative stresses.
It has been previously shown that total Aktand
phosphorylated-Akt-containing
dopaminergic
neurons were severely reduced in the brain in PD [36].
Interestingly, however, total Akt and phosphorylatedAkt were retained in degenerating dopaminergic neurons
in areas of advanced PD pathology [36]. These results
suggested that therapeutic agents activating Akt may have

Figure 3: SC79 inhibits H2O2-induced programmed necrosis in dopaminergic neurons. SH-SY5Y cells (A–C) or the

primary cultured murine dopaminergic neurons (G) were pre-treated for 30 min with SC79 (10 μM), followed by hydrogen peroxide (H2O2,
at indicated concentration) stimulation, cells were further cultured in the medium for the indicated time period, programmed necrosis was
tested by p53-Cyp-D association (A, IP assay) and mitochondrial depolarization (JC-1 OD increase, B); LDH release in the conditional
medium was also tested and its level was normalized to total LDH content (C and D). Bars indicate standard deviation (SD, n = 5). “C”
stands for untreated control cells. *p < 0.05 vs. “C” group. #p < 0.05 vs. H2O2 only treatment (no SC79). Each experiment was repeated
three times and similar results were obtained.
www.impactjournals.com/oncotarget
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pro-neuronal survival capabilities in advanced PD [36].
Considering that previous studies have confirmed that
SC79 could pass the blood brain barrier (BBB) [14], our
results provide a theoretical basis for this compound to
treat PD and possible other neurodegenerative diseases.

and penicillin/streptomycin. The cell culture reagents were
purchased from Biyuntian (Suzhou, China).

Culture of primary murine dopaminergic neurons
Murine dopaminergic neurons were cultured
as described [37]. Briefly, tissues of the ventral
mesencephalon containing dopaminergic neurons were
dissected from murine embryo (C57/B6) on day-14 of
gestation, which were subjected to trituration into single
cell suspension. Cells were plated in mixed hormone MEM
(MHM) supplemented with 1% FBS on poly-D-ornithine
and fibronectin-coated glass slides (1 × 105 cells/well).
Forty-eight hours after initial plating, the medium
was renewed and the cells were utilized for the further
experiments.

METHODS
Reagents
Hydrogen peroxide (H2O2) was purchased from
Sigma (Shanghai, China). MK-2206, AT7867 and
SC79 were provided by Selleck (Shanghai, China). All
antibodies utilized in this study were obtained from Cell
Signaling Tech (Danvers, MA).

Culture of SH-SY5Y cells

Cell viability assay

The human dopaminergic neuroblastoma cell line,
SH-SY5Y, was purchased from ATCC. SH-SY5Y cells
were maintained at 37° C in 5% in CO2 in DMEM/F12
medium, supplemented with 5% fetal bovine serum (FBS)

Cells were cultured in 96 well-tissue culture plate at
5 × 103 cells per well. Following the applied treatment, the
cell viability was tested via the MTT (3-(4, 5-dimethyl-

Figure 4: Akt inhibition abolishes SC79-mediated neuroprotection against H2O2. SH-SY5Y cells were treated with SC79
(10 μM) or plus hydrogen peroxide (H2O2, 250 μM) for 2 hours, total cell lysates were collected, and listed proteins were tested by the
Western blotting assay (A). Protein phosphorylation (vs. the total protein) was quantified (B). SH-SY5Y cells were pre-treated for 30 min
with SC79 (10 μM) or plus MK-2206 (“MK”, 5 μM)/ AT7867 (AT, 5 μM), followed by hydrogen peroxide (H2O2, 250 μM) stimulation,
cells were further cultured in the medium, cell survival, apoptosis and necrosis were tested by MTT assay (C), TUNEL staining assay (D),
and LDH release assay (E), respectively. Bars indicate standard deviation (SD, n = 5). “C” stands for untreated control cells. *p < 0.05
vs. “C” group. #p < 0.05 vs. H2O2 only treatment (no SC79). Each experiment was repeated three times and similar results were obtained.
www.impactjournals.com/oncotarget
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2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide) using
the attached protocol (Sigma, Shanghai, China). The
MTT’s optical density (OD) value (at 550 nm), dissolved
in DMSO, was recorded.

[38, 39]. The Cyp-D complex was then captured by
the protein G-Sepharose beads (Sigma). Cyp-D-p53
association was tested by Western blotting assay.

Caspase-3 activity assay

Western blotting assay and immunoprecipitation
(IP) assay

Cells were cultured in 6 well-tissue culture plate at
2 × 105 cells per well. Following the treatment, neuronal
cells were lysed in buffer A (100 mM HEPES/KOH,
pH7.5, 10% sucrose, 0.1% CHAPS, 10mM DTT, 1%
TritonX-100, 1 mg/ml PMSF) and then centrifugation at
12,000 × g for 15 min. For each treatment, 10 μg lysate
proteins were mixed with the caspase-3 substrate AcDEVD-MCA (100 μM, Biyuntian, Wuxi, China), and the
caspase-3 activity was determined by the fluorescence
spectrophotometer the excitation filter of 310 nm and
emission filter of 460 nm.

Cells were cultured in 6 well-tissue culture plate at
2 × 105 cells per well. Following the applied treatment,
cells were lysed in the SDS-sample lysis buffer (pH 6.8)
with 50 mM Tris-HCl, 2% SDS, 10% glycerol, 1 mM
PMSF, 2 mM EDTA. Quantified proteins in total cell
lysates were separated by the 10–12.5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
and were transferred onto polyvinylidene difluoride
membranes (Hybond-P, Amersham, Shanghai, China).
The blots were then blocked in 5% milk dissolved in
PBS containing 0.1% Tween 20 and indicated primary
antibodies. The horseradish peroxidase (HRP)-conjugated
secondary antibodies were then added to visualize the
targeted protein bands using the ECL detection reagents
(Amersham). For the immunoprecipitation (IP) assay,
the quantified total cell lysates (800 μg per sample) were
pre-cleared and incubated with anti-Cyp-D antibody

Annexin V FACS assay
Cells were cultured in 10-cm culture dish at 1 × 106
cells per well. After treatment, collected cells were then
incubated in Annexin V solution (10 μg/mL, Biyuntian,
Wuxi, China) for 15 minutes. Immediately prior to reading
on a FACS Calibur flow cytometer (BD, Nanjing, China),

Figure 5: Activation of Akt mediates SC79-induced neuroprotection against H2O2. Stable SH-SY5Y cells, expressing Akt1
shRNA (“sh-Akt1”, Sequence “-1” or “-2”) or scramble control shRNA (“c-sh”) (A–D), the lenti-CRISPR-Cas9-Akt1 (“Akt1-KO”) or
lenti-CRISPR-Cas9 control (“WT”) (E and F), as well as constitutively-active Akt1 (“ca-Akt1”) or the empty vector (“Vec”) (G and H),
were treated with SC79 (10 μM, 30 min pre-treatment), or plus hydrogen peroxide (H2O2, 250 μM), Akt signalings were analyzed by
Western blotting assay (A, E and G); Cell survival, apoptosis and necrosis were tested by MTT assay (B, F and H, 48 hours after H2O2
treatment), TUNEL staining assay (C), and LDH release assay (D), respectively. Bars indicate standard deviation (SD, n = 5). “C” stands
for untreated control cells. *p < 0.05 vs. “C” group. #p < 0.05 vs. H2O2 only treatment (no SC79). $p < 0.05 (F and H). Each experiment was
repeated three times and similar results were obtained.
www.impactjournals.com/oncotarget
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10 μg/mL of propidium iodide (PI, Invitrogen) was added.
For fluorescence-activated cell sorting (FACS) assay,
Annexin V+/+/ PI−/− cells were marked as early apoptosis
cells [40, 41]. Annexin V+/+/ PI+/+ cells were marked as late
apoptosis cells [40, 41]. Annexin V ratio was recorded.

24 hours. Puromycin (2.0 μg/mL) was then included to
select stable colonies for 6 days. Expression of Akt1 in the
stable cells was always tested.

TUNEL assay

The constitutively-activate Akt1 (ca-Akt1 [45]) and
the empty vector were again provided by Dr. Xiangcheng
Li [33]. Cells were cultured in 6 well-tissue culture plate
at 1 × 105 cells per well. The ca-Akt1 construct or the
empty vector was transfected to the neuronal cells by
Lipofectamine 2000 (Invitrogen, Shanghai, China). Stable
cells were selected by puromycin (2.0 μg/mL) for 6 days.
Expression of Akt1 in the stable cells was always tested.

Constitutively-activate Akt1 expression

The detailed protocol of TUNEL staining assay was
described in detail in other studies [42, 43]. Cells were
placed on the tissue culture slide at 1 × 103 cells per slide.
After the indicated treatment, TUNEL positive apoptotic
nuclei ratio was calculated, from at least 200 cells of
5 random views (1: 100).

Histone DNA enzyme-linked immunosorbent
assay (ELISA) assay of cell apoptosis

CRISPR/Cas9-mediated Akt1 knockout
The small guide RNA (sgRNA) targeting human
Akt1 was chosen from the website (http://crispr.mit.
edu/), and it was inserted into the lenti-CRISPR plasmid
(Addgene). Cells were cultured in 6 well-tissue culture
plate at 1 × 105 cells per well. The CRISPR/Cas9 Akt1
construct was then transfected to SH-SY5Y cells. Stable
cells were again selected by puromycin (2.0 μg/mL) for
6 days. Akt1 knockout in the stable cells was verified by
Western blotting assay.

Cells were cultured in 6 well-tissue culture plate at
2 × 105 cells per well. The Histone-DNA ELISA Detection
Kit (Roche, Palo Alto, CA) was applied to quantify cell
apoptosis, which is based on the detection of apoptosisassociated Histone-bound DNA content. The ELISA OD
at 405 nm was recorded.

LDH assay of cell necrosis
LDH release to the conditional medium is
commonly tested as a marker of cell necrosis. Cells were
cultured in 6 well-tissue culture plate at 2 × 105 cells per
well. After the applied treatment, LDH level was tested
via the commercial available two-step LDH detection kit
(Promega, Shanghai, China). Medium LDH content was
always normalized to the total LDH.

Statistics analysis

Detection of mitochondrial depolarization (ΔΨm)

Author contributions

As described [44], mitochondrial membrane
potential (MMP) reduction implies mitochondrial
depolarization, which was tested by JC-1 fluorescent dye
(Invitrogen, Shanghai, China) assay. With mitochondrial
depolarization, monomeric JC-1 will be formed in the
cytosol, exhibiting green fluorescence. Cells were cultured
in 96 well-tissue culture plate at 5 × 103 cells per well.
After treatment, cells were stained with JC-1 (10 μg/mL)
for 15 min under the dark. JC-1 intensity was tested by a
fluorescence spectrophotometer with the excitation filter
of 485 nm and emission filter of 527 nm.

All listed authors carried out the experiments,
participated in the design of the study and performed
the statistical analysis, participated in its design and
coordination and helped to draft the manuscript.

The data were expressed as the mean ± standard
deviation (SD). Data were first analyzed using one-way
factorial analysis of variance (ANOVA). Student’s t-test
or Turkey’s test was then performed to compare treated
samples, and p < 0.05 was considered significant.

ACKNOWLEDGMENTS
This work was generously supported by scientific
support from the Xiangya Second Hospital of Central
South University.

CONFLICTS OF INTEREST

Akt1 shRNA knockdown

The listed authors have no conflicts of interests.

The two lentiviral Akt1 shRNAs (“−1/−2”), with
non-overlapping sequences, as well as the scramble
control shRNA, were provided by Dr. Xiangcheng Li
[33]. Cells were cultured in 6 well-tissue culture plate at
1 × 105 cells per well. The shRNA lentivirus (10 μL/mL
medium per well) was added to cultured neuronal cells for
www.impactjournals.com/oncotarget

REFERENCES
1.

12646

Van Den Eeden SK, Tanner CM, Bernstein AL, Fross RD,
Leimpeter A, Bloch DA, Nelson LM. Incidence of
Oncotarget

Parkinson’s disease: variation by age, gender, and race/
ethnicity. Am J Epidemiol. 2003; 157:1015–22.

14. Jo H, Mondal S, Tan D, Nagata E, Takizawa S, Sharma
AK, Hou Q, Shanmugasundaram K, Prasad A, Tung JK,
Tejeda AO, Man H, Rigby AC, et al. Small molecule-induced
cytosolic activation of protein kinase Akt rescues ischemiaelicited neuronal death. Proc Natl Acad Sci U S A. 2012;
109:10581–6. https://doi.org/10.1073/pnas.1202810109.

2. McNaught KS, Olanow CW, Halliwell B, Isacson O, Jenner P.
Failure of the ubiquitin-proteasome system in Parkinson’s
disease. Nat Rev Neurosci. 2001; 2:589–94. https://doi.
org/10.1038/35086067.

15. Zheng K, Zhang Q, Lin G, Li Y, Sheng Z, Wang J,
Chen L, Lu HH. Activation of Akt by SC79 protects
myocardiocytes from oxygen and glucose deprivation
(OGD)/re-oxygenation. Oncotarget. 2017; 8:14978–87.
https://doi.org/10.18632/oncotarget.14785.

3. Lotharius J, Brundin P. Pathogenesis of Parkinson’s disease:
dopamine, vesicles and alpha-synuclein. Nat Rev Neurosci.
2002; 3:932–42. https://doi.org/10.1038/nrn983.
4. Irwin DJ, Lee VM, Trojanowski JQ. Parkinson’s disease
dementia: convergence of alpha-synuclein, tau and amyloidbeta pathologies. Nat Rev Neurosci. 2013; 14:626–36.
https://doi.org/10.1038/nrn3549.

16. Li ST, Chen NN, Qiao YB, Zhu WL, Ruan JW, Zhou XZ.
SC79 rescues osteoblasts from dexamethasone though
activating Akt-Nrf2 signaling. Biochem Biophys Res
Commun. 2016; 479:54–60. https://doi.org/10.1016/j.
bbrc.2016.09.027.

5. Al Shahrani M, Heales S, Hargreaves I, Orford M.
Oxidative Stress: Mechanistic Insights into Inherited
Mitochondrial Disorders and Parkinson’s Disease. J Clin
Med. 2017; 6. https://doi.org/10.3390/jcm6110100.

17. Gong YQ, Huang W, Li KR, Liu YY, Cao GF, Cao C,
Jiang Q. SC79 protects retinal pigment epithelium cells
from UV radiation via activating Akt-Nrf2 signaling.
Oncotarget. 2016; 7:60123–32. https://doi.org/10.18632/
oncotarget.11164.

6. Chen L, Xu B, Liu L, Luo Y, Yin J, Zhou H, Chen W, Shen T,
Han X, Huang S. Hydrogen peroxide inhibits mTOR
signaling by activation of AMPKalpha leading to apoptosis
of neuronal cells. Lab Invest. 2010; 90:762–73. https://doi.
org/10.1038/labinvest.2010.36.

18. Zhang D, Zhang H, Hao S, Yan H, Zhang Z, Hu Y, Zhuang Z,
Li W, Zhou M, Li K, Hang C. Akt Specific Activator SC79
Protects against Early Brain Injury following Subarachnoid
Hemorrhage. ACS Chem Neurosci. 2016; 7:710–8. https://
doi.org/10.1021/acschemneuro.5b00306.

7. Lee HJ, Cho HS, Park E, Kim S, Lee SY, Kim CS, Kim DK,
Kim SJ, Chun HS. Rosmarinic acid protects human
dopaminergic neuronal cells against hydrogen peroxideinduced apoptosis. Toxicology. 2008; 250:109–15. https://
doi.org/10.1016/j.tox.2008.06.010.

19. Hao S, Song C, Shang L, Yu J, Qiao T, Li K. Phosphorylation
of Akt by SC79 Prevents Iron Accumulation and
Ameliorates Early Brain Injury in a Model of Experimental
Subarachnoid Hemorrhage. Molecules. 2016; 21:325.
https://doi.org/10.3390/molecules21030325.

8. Song G, Ouyang G, Bao S. The activation of Akt/PKB
signaling pathway and cell survival. J Cell Mol Med. 2005;
9:59–71. https://doi.org/009.001.07.
9. Manning BD, Cantley LC. AKT/PKB signaling: navigating
downstream. Cell. 2007; 129:1261–74. https://doi.org/
S0092-8674(07)00775-1.

20. Moreira JB, Wohlwend M, Alves MN, Wisloff U, Bye A.
A small molecule activator of AKT does not reduce ischemic
injury of the rat heart. J Transl Med. 2015; 13:76. https://doi.
org/10.1186/s12967-015-0444-x10.1186/s12967-015-0444-x.

10. Hambardzumyan D, Squatrito M, Carbajal E, Holland EC.
Glioma formation, cancer stem cells, and akt signaling.
Stem Cell Rev. 2008; 4:203–10. https://doi.org/10.1007/
s12015-008-9021-5.

21. Pal I, Mandal M. PI3K and Akt as molecular targets for
cancer therapy:current clinical outcomes. Acta Pharmacol
Sin. 2012; 33:1441–58. https://doi.org/10.1038/aps.2012.72.

11. Wang R, Peng L, Zhao J, Zhang L, Guo C, Zheng W, Chen H.
Gardenamide A Protects RGC-5 Cells from H(2)O(2)Induced Oxidative Stress Insults by Activating PI3K/Akt/
eNOS Signaling Pathway. Int J Mol Sci. 2015; 16:22350–67.
https://doi.org/10.3390/ijms160922350.

22. Lopez E, Ferrer I. Staurosporine- and H-7-induced cell
death in SH-SY5Y neuroblastoma cells is associated
with caspase-2 and caspase-3 activation, but not with
activation of the FAS/FAS-L-caspase-8 signaling pathway.
Brain Res Mol Brain Res. 2000; 85:61–7. https://doi.org/
S0169328X00002357.

12. Dong L, Zhou S, Yang X, Chen Q, He Y, Huang W.
Magnolol protects against oxidative stress-mediated neural
cell damage by modulating mitochondrial dysfunction and
PI3K/Akt signaling. J Mol Neurosci. 2013; 50:469–81.
https://doi.org/10.1007/s12031-013-9964-0.

23. Zhang D, Zhang JJ, Liu GT. The novel squamosamide
derivative FLZ protects against 6-hydroxydopamineinduced apoptosis through inhibition of related signal
transduction in SH-SY5Y cells. Eur J Pharmacol. 2007;
561:1–6. https://doi.org/S0014-2999(06)01282-9.

13. Dal-Cim T, Molz S, Egea J, Parada E, Romero A, Budni J,
Martin de Saavedra MD, del Barrio L, Tasca CI, Lopez MG.
Guanosine protects human neuroblastoma SH-SY5Y
cells against mitochondrial oxidative stress by inducing
heme oxigenase-1 via PI3K/Akt/GSK-3beta pathway.
Neurochem Int. 2012; 61:397–404. https://doi.org/10.1016/j.
neuint.2012.05.021.
www.impactjournals.com/oncotarget

24. Zhang L, Yu H, Sun Y, Lin X, Chen B, Tan C, Cao G, Wang Z.
Protective effects of salidroside on hydrogen peroxideinduced apoptosis in SH-SY5Y human neuroblastoma
cells. Eur J Pharmacol. 2007; 564:18–25. https://doi.org/
S0014-2999(07)00170-7.
12647

Oncotarget

25. Qin LS, Jia PF, Zhang ZQ, Zhang SM. ROS-p53cyclophilin-D signaling mediates salinomycin-induced
glioma cell necrosis. J Exp Clin Cancer Res. 2015; 34:57.
https://doi.org/10.1186/s13046-015-0174-1.

36. Timmons S, Coakley MF, Moloney AM, O’Neill C. Akt
signal transduction dysfunction in Parkinson’s disease.
Neurosci Lett. 2009; 467:30–5. https://doi.org/10.1016/j.
neulet.2009.09.055.

26. Guo F, Liu SQ, Gao XH, Zhang LY. AICAR induces
AMPK-independent programmed necrosis in prostate
cancer cells. Biochem Biophys Res Commun. 2016;
474:277–83. https://doi.org/10.1016/j.bbrc.2016.04.077.

37. Yuan WJ, Yasuhara T, Shingo T, Muraoka K, Agari T,
Kameda M, Uozumi T, Tajiri N, Morimoto T, Jing M,
Baba T, Wang F, Leung H, et al. Neuroprotective effects of
edaravone-administration on 6-OHDA-treated dopaminergic
neurons. BMC Neurosci. 2008; 9:75. https://doi.
org/10.1186/1471-2202-9-75.

27. Chen B, Xu M, Zhang H, Wang JX, Zheng P, Gong L,
Wu GJ, Dai T. Cisplatin-induced non-apoptotic death of
pancreatic cancer cells requires mitochondrial cyclophilinD-p53 signaling. Biochem Biophys Res Commun. 2013;
437:526–31. https://doi.org/10.1016/j.bbrc.2013.06.103.

38. Vaseva AV, Marchenko ND, Ji K, Tsirka SE, Holzmann S,
Moll UM. p53 opens the mitochondrial permeability
transition pore to trigger necrosis. Cell. 2012; 149:1536–48.
https://doi.org/S0092-8674(12)00593-4.

28. Zhou C, Chen Z, Lu X, Wu H, Yang Q, Xu D. Icaritin
activates JNK-dependent mPTP necrosis pathway in
colorectal cancer cells. Tumour Biol. 2016; 37:3135–44.
https://doi.org/10.1007/s13277-015-4134-3.

39. Zheng K, Sheng Z, Li Y, Lu H. Salidroside inhibits oxygen
glucose deprivation (OGD)/re-oxygenation-induced H9c2
cell necrosis through activating of Akt-Nrf2 signaling.
Biochem Biophys Res Commun. 2014; 451:79–85. https://
doi.org/10.1016/j.bbrc.2014.07.072.

29. Xie J, Li Q, Ding X, Gao Y. GSK1059615 kills head
and neck squamous cell carcinoma cells possibly via
activating mitochondrial programmed necrosis pathway.
Oncotarget. 2017; 8:50814–23. https://doi.org/10.18632/
oncotarget.15135.

40. Zhang H, Liu YY, Jiang Q, Li KR, Zhao YX, Cao C, Yao J.
Salvianolic acid A protects RPE cells against oxidative
stress through activation of Nrf2/HO-1 signaling. Free
Radic Biol Med. 2014; 69:219–28. https://doi.org/10.1016/j.
freeradbiomed.2014.01.025.

30. Chan FK, Moriwaki K, De Rosa MJ. Detection of
necrosis by release of lactate dehydrogenase activity.
Methods Mol Biol. 2013; 979:65–70. https://doi.
org/10.1007/978-1-62703-290-2_7.

41. Xu XD, Yang L, Zheng LY, Pan YY, Cao ZF, Zhang ZQ,
Zhou QS, Yang B, Cao C. Suberoylanilide hydroxamic acid,
an inhibitor of histone deacetylase, suppresses vasculogenic
mimicry and proliferation of highly aggressive pancreatic
cancer PaTu8988 cells. BMC Cancer. 2014; 14:373. https://
doi.org/10.1186/1471-2407-14-373.

31. Yap TA, Yan L, Patnaik A, Fearen I, Olmos D,
Papadopoulos K, Baird RD, Delgado L, Taylor A,
Lupinacci L, Riisnaes R, Pope LL, Heaton SP, et al. Firstin-man clinical trial of the oral pan-AKT inhibitor MK-2206
in patients with advanced solid tumors. J Clin Oncol. 2011;
29:4688–95. https://doi.org/10.1200/JCO.2011.35.5263.

42. Piwocka K, Bielak-Mijewska A, Sikora E. Curcumin
induces caspase-3-independent apoptosis in human
multidrug-resistant cells. Ann N Y Acad Sci. 2002;
973:250–4.

32. Ji D, Zhang Z, Cheng L, Chang J, Wang S, Zheng B, Zheng
R, Sun Z, Wang C, Zhang Z, Liu R, Zhang X, Liu X,
et al. The combination of RAD001 and MK-2206 exerts
synergistic cytotoxic effects against PTEN mutant gastric
cancer cells: involvement of MAPK-dependent autophagic,
but not apoptotic cell death pathway. PLoS One. 2014;
9:e85116. https://doi.org/10.1371/journal.pone.0085116.

43. Yao C, Wu S, Li D, Ding H, Wang Z, Yang Y, Yan S,
Gu Z. Co-administration phenoxodiol with doxorubicin
synergistically inhibit the activity of sphingosine kinase-1
(SphK1), a potential oncogene of osteosarcoma, to suppress
osteosarcoma cell growth both in vivo and in vitro.
Mol Oncol. 2012; 6:392–404. https://doi.org/10.1016/j.
molonc.2012.04.002.

33. Zhang S, Deng Z, Yao C, Huang P, Zhang Y, Cao S, Li
X. AT7867 Inhibits Human Colorectal Cancer Cells via
AKT-Dependent and AKT-Independent Mechanisms. PLoS
One. 2017; 12:e0169585. https://doi.org/10.1371/journal.
pone.0169585.

44. Yang L, Zheng LY, Tian Y, Zhang ZQ, Dong WL, Wang XF,
Zhang XY, Cao C. C6 ceramide dramatically enhances
docetaxel-induced growth inhibition and apoptosis in
cultured breast cancer cells: a mechanism study. Exp
Cell Res. 2015; 332:47–59. https://doi.org/10.1016/j.
yexcr.2014.12.017.

34. Grimshaw KM, Hunter LJ, Yap TA, Heaton SP, Walton MI,
Woodhead SJ, Fazal L, Reule M, Davies TG, Seavers LC,
Lock V, Lyons JF, Thompson NT, et al. AT7867 is a potent
and oral inhibitor of AKT and p70 S6 kinase that induces
pharmacodynamic changes and inhibits human tumor
xenograft growth. Mol Cancer Ther. 2010; 9:1100–10.
https://doi.org/10.1158/1535-7163.MCT-09-0986.

45. Peng Y, Zhou Y, Cheng L, Hu D, Zhou X, Wang Z, Xie C,
Zhou F. The anti-esophageal cancer cell activity by a novel
tyrosine/phosphoinositide kinase inhibitor PP121. Biochem
Biophys Res Commun. 2015; 465:137–44. https://doi.
org/10.1016/j.bbrc.2015.07.147.

35. Zhang H, Davies KJ, Forman HJ. Oxidative stress
response and Nrf2 signaling in aging. Free Radic
Biol Med. 2015; 88:314–36. https://doi.org/10.1016/j.
freeradbiomed.2015.05.036.
www.impactjournals.com/oncotarget

12648

Oncotarget

