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Abstract
Oxidative stress is closely related to the pathogenesis of Parkinson's disease (PD), a typical
neurodegenerative disease. NADPH oxidase 2 (NOX2) is involved in hydrogen peroxide (H2O2) generation.
Recently, we have reported that H2O2 and PD toxins, including 6-hydroxydopamine (6-OHDA), 1-Methyl-4-

phenylpyridin-1-ium (MPP+) and rotenone, induce neuronal apoptosis by inhibiting mTOR pathway. Here,
we show that 6-OHDA, MPP+ or rotenone induced H2O2 generation by upregulation of NOX2 and its

regulatory proteins (p22phox, p40phox, p47phox, p67phox, and Rac1), leading to apoptotic cell death in PC12
cells and primary neurons. Pretreatment with catalase, a H2O2-scavenging enzyme, signi�cantly blocked
PD toxins-evoked NOX2-derived H2O2, thereby hindering activation of AMPK, inhibition of Akt/mTOR,
induction of apoptosis in neuronal cells. Similar events were also seen in the cells pretreated with Mito-
TEMPO, a mitochondria-speci�c superoxide scavenger, implying a mitochondrial H2O2-dependent
mechanism involved. Further research revealed that inhibiting NOX2 with apocynin or silencing NOX2
attenuated the effects of PD toxins on AMPK/Akt/mTOR and apoptosis in the cells. Of importance,
ectopic expression of constitutively active Akt or dominant negative AMPKα, or inhibition of AMPK with
compound C suppressed PD toxins-induced expression of NOX2 and its regulatory proteins, as well as
consequential H2O2 and apoptosis in the cells. Taken together, these results indicate that certain PD
toxins can impede the AMPK/Akt-mTOR signaling pathway leading to neuronal apoptosis by eliciting
NOX2-derived H2O2. Our �ndings suggest that neuronal loss in PD may be prevented by regulating of
NOX2, AMPK/Akt-mTOR signaling and/or administering antioxidants to ameliorate oxidative stress. 

Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized by loss of dopamine-
producing neurons in the ventral midbrain substantia nigra (SN) [1-3]. As the disease progresses, there
exist the typical motor symptoms with bradykinesia, rigidity, impaired postural balance, a characteristic
resting tremor, and consequential dementia in PD patients [4,5]. Overwhelming evidence has
demonstrated that neuronal loss is linked to protein aggregation and oxidative stress [6], and especially
oxidative stress is increasingly recognized as a central event contributing to the degeneration of
dopaminergic neurons in the pathogenesis of PD [7]. It is well-known that oxidative stress is due to the
disequilibrium between the production of reactive oxygen species (ROS) and the availability of
antioxidants or radical scavengers, which creates a perilous state contributing to cellular damage [5,8,9].
ROS are conventionally considered cytotoxic byproducts of abnormal metabolism [10]. Excessive or
sustained ROS can attack all macromolecules including lipids, proteins and nucleic acids, leading to
defects in their physiological function and subsequent more ROS production and ultimately SN neuronal
damage and death in PD [5,9,10]. Thus, understanding the underlying mechanisms by which oxidative
stress contributes to the loss of dopaminergic neurons may help develop effective approaches in
prevention and treatment of PD. 
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NADPH-oxidases (NOXs) family has seven isoforms NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1 and
DUOX2, which share the capacity to transport electrons across the plasma membrane and to generate
superoxide and other downstream ROS, such as hydrogen peroxide (H2O2), in phagocytes and numerous

nonphagocytic cells, including neurons [11-15]. NOX2, also known as gp91phox, exists in close
association with its regulatory protein p22phox, a noncatalytic subunit, and is activated through
interactions with other regulatory proteins p40phox, p47phox, p67phox, and the small GTPase Rac1 as
cytosolic subunits [15,13]. There exists high expression of NOX2 in the central nervous system (CNS), and
especially abnormal activity of NOX2 causes excessive ROS production in PD [15,13,16].  

AMP-activated protein kinase (AMPK) is a key controller of energy homeostasis and cell survival in
response to oxidative stress [17]. Emerged studies have documented that inactivation or activation of
AMPK due to oxidative stress is implicated in neurodegenerative diseases [17-20]. The mammalian target
of rapamycin (mTOR) senses and integrates a variety of environmental cues (growth factors, nutrients,
and energy/oxidative stress) to control protein/lipid/nucleic acid synthesis,
cell growth/proliferation and survival, and is negatively regulated by AMPK [21]. Akt/protein kinase B
(PKB) lies upstream of mTOR, so activated Akt may positively regulate mTOR, leading to increased
phosphorylation of ribosomal p70 S6 kinase 1 (S6K1) and eukaryotic initiation factor 4E binding protein
1 (4E-BP1), two best characterized downstream effector molecules of mTOR [21]. Our group has observed
that H2O2 inhibits mTOR signaling by activation of AMPK leading to apoptosis of neuronal cells [22]. PD

toxins, such as 6-hydroxydopamine (6-OHDA), 1-Methyl-4-phenylpyridin-1-ium (MPP+) and
rotenone, can activate AMPK and inactivate Akt, causing neuronal cell death via inhibiting mTOR-
mediated S6K1 and 4E-BP1 pathways [23]. We have also demonstrated that rotenone triggers H2O2-
dependent inhibition of mTOR pathway leading to neuronal apoptosis [24]. Here we show that
upregulation of NOX2 and its regulatory proteins (p22phox, p40phox, p47phox, p67phox, and Rac1)
contributes to excessive generation of H2O2 in PD in vitro models, which impedes the AMPK/Akt-mTOR
signaling pathway leading to apoptotic cell death in neuronal cells. Our �ndings suggest that proper co-
manipulation of NOX2, AMPK/Akt-mTOR signaling and/or administration of antioxidants to ameliorate
oxidative stress may be a potential strategy for prevention and treatment of PD.

Materials And Methods
Materials

Rotenone, 6-hydroxydopamine (6-OHDA), poly-D-lysine (PDL), 2′7′-dichlorodihydro�uorescein diacetate
(H2DCFDA), 4′,6-diamidino-2-phenylindole (DAPI), catalase (CAT), apocynin, and protease inhibitor
cocktail were purchased from Sigma (St Louis, MO, USA). Mito-TEMPO was acquired from ALEXIS
Biochemicals Corporation (San Diego, CA, USA). Compound C and 1-methyl-4-phenylpyridin-1-ium (MPP+)
were provided by Calbiochem (San Diego, CA, USA). Dulbecco's Modi�ed Eagle's Medium (DMEM), 0.05%
Trypsin–EDTA, NEUROBASAL™ Media, and B27 Supplement were from Invitrogen (Grand Island, NY,
USA). Horse serum and fetal bovine serum (FBS) were supplied by Hyclone (Logan, UT, USA). Enhanced
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chemiluminescence solution was from Sciben Biotech Company (Nanjing, China). The following
antibodies were used: p-Akt (Ser473), p-Akt (Thr308), p-S6K1 (Thr389), p-4E-BP1 (Thr70), 4E-BP1, cleaved
caspase-3 (Cell Signaling Technology, Danvers, MA, USA); β-tubulin, p-mTOR (Ser2448), mTOR, p-AMPKα
(Thr172), AMPKα, p40phox, p47phox, HA (Sigma); Akt, S6K1, p22phox (Santa Cruz Biotechnology, Dallas, TX,
USA); NOX2, p67phox (Epitomics, Burlingame, CA, USA), Rac1 (Cytoskeleton, Denver, CO, USA); Goat anti-
rabbit IgG-horseradish peroxidase (HRP), goat anti-mouse IgG-HRP, and rabbit anti-goat IgG-HRP (Pierce,
Rockford, IL, USA). Other chemicals were purchased from local commercial sources and were of
analytical grade, unless stated elsewhere.

Cell culture

Rat pheochromocytoma (PC12) cell line (RRID: CVCL_0481) was obtained from American Type Culture
Collection (ATCC) (Manassas, VA, USA). Because of the replicative nature and cost effectiveness, the cell
line is widely used as neuronal cell models, so it was employed in this study. Cells, seeded in a 6-well
plate (5×105 cells/well) or 96-well plate (1×104 cells/well) pre-coated with 0.2 μg/ml PDL, were cultured in
antibiotic-free DMEM supplemented with 10% horse serum and 5% FBS in a humidi�ed incubator of 5%
CO2 at 37°C. To verify the data obtained from PC12 cells, primary neurons were also used in this study.
For this, primary murine neurons were isolated from fetal mouse cerebral cortexes of 16–18 days of
gestation in female ICR mice (being pregnant) as described [22], and seeded in a 6-well plate (5×105

cells/well) or 96-well plate (1×104 cells/well) coated with 10 μg/mL PDL for experiments after 6 days of
culture. All procedures used in this study were approved by the Institutional Animal Care and Use
Committee, and were in compliance with the guidelines set forth by the Guide for the Care and Use of
Laboratory Animals.

Recombinant adenoviral constructs and infection of cells

The recombinant adenoviral vectors encoding HA-tagged myristoylated, constitutively active Akt (Ad-myr-
Akt), HA-tagged dominant negative AMPKα (Ad-dn-AMPKα), and the control adenovirus expressing -
galactosidase (Ad-LacZ) were described previously [25,26,22]. The viruses were ampli�ed, titrated and
used as described [27,22]. For experiments, PC12 cells were cultured in the growth medium, and infected
with the individual adenovirus for 24 h at 5 of multiplicity of infection (MOI = 5). Subsequently, cells were
used for experiments. Cells infected with Ad-LacZ alone served as a control. Expression of HA-tagged
myr-Akt or dn-AMPKα was determined by Western blotting with antibodies to HA.

Lentiviral shRNA cloning, production, and infection

Lentiviral shRNAs to NOX2 and GFP (for control) were generated as described [25,28]. For use, a
monolayer of PC12 cells, when grown to about 70% con�uence, were infected with the corresponding
lentivirus-containing medium in the presence of 8 mg/ml polybrene for 12 h twice at an interval of 6 h.
Uninfected cells were eliminated by exposure to 2 mg/mL puromycin for 48 h before use. After 5 days of
culture, cells were used for experiments.  
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Assays for cell caspase-3/7 activity 

PC12 cells and primary neurons were seeded in a PDL-coated 96-well plate (1×104 cells/well). The next
day, cells were treated with/without 6-OHDA (30, 60 and/or 120 μM), MPP+ (0.5, 1 and/or 1.5 mM) or
rotenone (0.5, 1 and/or 2 μM) for 6, 12 and/or 24 h with �ve replicates of each treatment. Subsequently,
caspase-3/7 activity was detected using Caspase-Glo®3/7 Assay Kit (Promega, Madison, WI, USA),
according to the manufacturer’s protocol.

DAPI staining

PC12 cells and primary neurons, or PC12 cells infected with lentiviral shRNA to NOX2 or GFP, or PC12
cells infected with Ad-myr-Akt, Ad-dn-AMPKα or Ad-LacZ, respectively, were seeded at a density of 5 × 105

cells/well in a 6-well plate containing a PDL-coated glass coverslip per well. The next day, cells were
treated with/without 6-OHDA (30, 60 and/or 120 μM), MPP+ (0.5, 1 and/or 1.5 mM) or rotenone (0.5, 1
and/or 2 μM) for 6, 12 and/or 24 h, or treated with/without 6-OHDA (120 μM), MPP+ (1 mM) or rotenone
(1 μM) for 24 h following pre-incubation with/without a H2O2-scavenging enzyme CAT (350 U/ml), a
mitochondria-targeted antioxidant Mito-TEMPO (10 μM), or a NOX2 inhibitor apocynin (50 μM) for 1 h, or
an AMPK inhibitor compound C (20 μM) for 2 h with 5 replicates of each treatment. Afterwards, the cells
with fragmented and condensed nuclei were determined using DAPI staining as described [29]. Finally,
slides were mounted in glycerol/phosphate buffered saline (PBS) (1:1, v/v) containing 2.5% 1,4-
diazabiclo-(2,2,2) octane. Photographs were taken under a �uorescence microscope (Leica DMi8, Wetzlar,
Germany) equipped with a digital camera.

Intracellular H2O2 imaging
Intracellular H2O2 level was imaged by using a non�uorescent probe, H2DCFDA. This peroxide-selective
dye can penetrate into the intracellular matrix of cells, where it is cleaved by intracellular esterases and
oxidized by H2O2 to form �uorescent DCF [30]. In brief, the indicated cells, after treatment as described
above, were loaded with H2DCFDA (20 M) for 1 h. Subsequently, all stained specimens were rinsed three
times with PBS, followed by imaging under a �uorescence microscope, and quantitatively measuring
integral optical density (IOD) of the �uorescence intensity by Image-Pro Plus 6.0 software (Media
Cybernetics Inc., Newburyport, MA, USA). 

Western blot analysis 

The indicated cells, after treatments, were brie�y washed with cold PBS, and then on ice, lysed in the
radioimmunoprecipitation assay buffer. Afterwards, Western blotting was performed as described
previously [22].

Statistical analysis
All data were expressed as means ± standard error of the mean (means ± SEM). Student’s t-test for non-
paired replicates was used to identify statistically signi�cant differences between treatment means.
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Group variability and interaction were compared using either one-way or two-way ANOVA followed by
Bonferroni’s post-tests to compare replicate means. A level of P < 0.05 was considered to be signi�cant.

Results
PD toxins induce H 2 O 2 contributing to apoptosis by upregulating NOX2 and its regulatory proteins in
neuronal cells

It is well-known that NOX2 and its regulatory proteins (p22phox, p40phox, p47phox, p67phox, and Rac1) are
involved in H2O2 generation [13, 31]. Our group has demonstrated that rotenone induces H2O2 leading to

neuronal apoptosis [24]. Here, PD toxins (6-OHDA, MPP+ and rotenone) were used to treat PC12 cells and
primary neurons for 0–24 h or 24 h, followed by Western blot analysis. We found that treatment with 6-
OHDA, MPP+ or rotenone upregulated the expression of NOX2, p22phox, p40phox, p47phox, p67phox and
Rac1 in a time- and dose-dependent manner in the cells (Fig. 1A and B). We also observed time- and dose-
dependent induction of intracellular H2O2 production by 6-OHDA, MPP+ or rotenone (Fig. 1C-E), as
evidenced by imaging (in green) (Fig. 1C) and quantifying (Fig. 1D and E) using a peroxide-selective
probe, H2DCFDA [30]. Sequentially, we investigated the cells with nuclear fragmentation and
condensation, a hallmark of apoptosis [32], using DAPI staining, and the status of caspases 3/7, using
caspase3/7 activity assay, in PC12 cells and primary neurons. Imaged and quanti�ed results revealed
that 6-OHDA, MPP+ or rotenone markedly increased the percentage of the cells with nuclear
fragmentation and condensation (arrows) (Fig. 2A-C). In line with the above events, these PD toxins
profoundly induced activation of caspases 3/7 in the cells as well (Fig. 2D and E). Taken together, the
results imply that PD toxins (6-OHDA, MPP+ or rotenone) might induce H2O2 contributing to apoptosis by
upregulating NOX2 and its regulatory proteins in neuronal cells.

PD toxins’ induction of intracellular and mitochondrial H2O2 hinders AMPK/Akt-mTOR signaling pathway
leading to apoptosis in neuronal cells

Our group previously found that PD toxins activate AMPK and inactivate Akt, causing neuronal apoptosis
via inhibiting the mTOR signaling pathway [23]. Therefore, we sought to validate whether the toxins-
impaired AMPK/Akt-mTOR signaling pathway leading to neuronal apoptosis is due to induction of
intracellular H2O2. For this, catalase (CAT), a H2O2-scavenging enzyme, was employed. The results

showed that pretreatment with CAT strikingly blocked 6-OHDA-, MPP+- or rotenone-induced upregulation
of NOX2 and its regulatory proteins, as well as generation of H2O2 in PC12 cells and primary neurons
(Fig. 3A and B). Of importance, CAT rescued the cells from PD toxins-elicited increase in p-AMPKα and
decrease in p-Akt, p-mTOR, p-S6K1 and p-4E-BP1 (Fig. 3C). CAT also profoundly diminished the activation
of caspases-3 and the number of fragmented nuclear cells in the cells exposed to the PD toxins (Fig. 3C
and D). The �ndings support that the PD toxins induce intracellular H2O2, which mediates the AMPK/Akt-
mTOR signaling pathway leading to apoptosis by upregulating NOX2 and its regulatory proteins in
neuronal cells.
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Next, we studied whether the effects of PD toxins on AMPK/Akt-mTOR and apoptosis are related to
excessive H2O2 production in the mitochondria of neuronal cells. To this end, PC12 cells and primary
neurons were pretreated with/without a mitochondria-targeted antioxidant Mito-TEMPO (10 µM) for 1 h,
and then exposed to 6-OHDA (120 µM), MPP+ (1 mM) or rotenone (1 µM) for 24 h. The results showed
that pretreatment with Mito-TEMPO powerfully mitigated exorbitant expression of NOX2 and its
regulatory proteins, as well as excessive H2O2 production in the cells induced by the PD toxins (Fig. 4A

and B). Consistently, Mito-TEMPO substantially reversed 6-OHDA-, MPP+- or rotenone-triggered increase
of p-AMPKα and decreases of p-Akt, p-mTOR, p-S6K1 and p-4E-BP1 (Fig. 4C), as well as cleavage of
caspases-3 and apoptosis in the cells (Fig. 4C and D). The results indicate that the PD toxins indeed
evoke mitochondrial H2O2, which impairs the AMPK/Akt-mTOR signaling pathway leading to apoptosis
by upregulating NOX2 and its regulatory proteins in neuronal cells.

PD toxins activate AMPK and inactivate Akt, resulting in inhibition of mTOR-mediated S6K1 and 4E-BP1
pathways, as well as apoptosis by a NOX2-dependent mechanism in neuronal cells

To pinpoint whether the effects of PD toxins on AMPK/Akt-mTOR and apoptosis are attributed to the
activation of NOX2, apocynin, an inhibitor of NOXs [33], was employed. The results showed that apocynin
(50 µM) obviously suppressed 6-OHDA-, MPP+- or rotenone-induced upregulation of NOX2 and generation
of H2O2 in PC12 cells and primary neurons (Fig. 2A and B). PD toxins-induced activation of AMPK and
inactivation of Akt, as well as consequential inhibition of mTOR-mediated S6K1 and 4E-BP1 pathways
were reversed by pretreatment with apocynin in the cells (Fig. 5A). In line with this, apocynin also potently
attenuated PD toxins-induced cleavage of caspase-3 and apoptosis in the cells (Fig. 5A and C).

To further corroborate the role of NOX2 in the PD toxins-induced activation of AMPK, inhibition of Akt-
mTOR signaling pathway and neuronal apoptosis, PC12 cells, infected with lentiviral shRNA to NOX2 or
GFP, were exposed to 6-OHDA (120 µM), MPP+ (1 mM) or rotenone (1 µM) for 24 h. As shown in Fig. 5D,
NOX2 expression was downregulated by ~ 90% in shRNA NOX2-infected cells compared to shRNA GFP-
infected cells. Knockdown of NOX2 did not affect the basal phosphorylation of AMPKα, Akt, mTOR, S6K1
and 4E-BP1, and cleavage of caspase-3. However, silencing NOX2 remarkably suppressed 6-OHDA-,
MPP+- or rotenone-induced increase of p-AMPKα and decreases of p-Akt, p-mTOR, p-S6K1 and p-4E-BP1
(Fig. 5D). Consistently, depleting NOX2 also potently attenuated PD toxins-elicited cleavage of caspase-3
(Fig. 5D), H2O2 production (Fig. 5E), and apoptosis (Fig. 5F) in the cells. Taken together, these data verify
that the PD toxins activate AMPK and inactivate Akt, resulting in inhibition of mTOR-mediated S6K1 and
4E-BP1 pathways, as well as apoptosis through a NOX2-dependent mechanism in neuronal cells.

Modulation of Akt and AMPK activity interferes with PD toxins’ induction of NOX2-derived H2O2 and
apoptosis in neuronal cells

To investigate whether modulation of Akt activity impacts on NOX2-derived H2O2 and apoptosis in
neuronal cells in response to PD toxins, a recombinant adenovirus expressing HA-tagged myristoylated
constitutively active Akt (Ad-myr-Akt) was employed. We observed that ectopic expression of myr-Akt
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partially prevented PC12 cells from upregulation of NOX2, p22phox, p40phox, p47phox, p67phox and Rac1, as
well as excessive H2O2 production induced by 6-OHDA, MPP+ or rotenone (Fig. 6A and B). Of importance,
overexpression of myr-Akt potently rendered resistance to the PD toxins-induced apoptosis (Fig. 6C) in the
cells.

To gain more insights into the role and signi�cance of AMPK in inducing NOX2-derived H2O2 and
neuronal apoptosis by PD toxins, PC12 cells and primary neurons were pretreated with/without AMPK
inhibitor compound C (20 µM) for 2 h and then exposed to 6-OHDA (120 µM), MPP+ (1 mM) or rotenone
(1 µM) for 24 h. As demonstrated in Fig. 7A and B, 6-OHDA, MPP+ or rotenone markedly evoked the
elevation of p-AMPKα, and the upregulation of NOX2, p22phox, p40phox, p47phox, p67phox and Rac1, as well
as the increase of H2O2 production. The effects were substantially attenuated in the cells pretreated with
compound C (Fig. 7A and B). Sequentially, we also observed that addition of compound C conferred high
resistance to the PD toxins-induced neuronal apoptosis (Fig. 7C). These results support the idea that PD
toxins induce NOX2-derived H2O2 and apoptosis in part by activating AMPK in neuronal cells.

To con�rm the above �ndings, PC12 cells, infected with recombinant adenoviruses expressing HA-tagged
dominant negative AMPKα1 (Ad-dn-AMPKα) and control adenovirus expressing β-galactosidase alone
(Ad-LacZ), respectively, were exposed to 6-OHDA (120 µM), MPP+ (1 mM) or rotenone (1 µM) for 24 h. As
expected, a high level of HA-tagged dn-AMPKα was seen in Ad-dn-AMPKα-infected cells, but not in Ad-
LacZ-infected cells (control) (Fig. 7D). Ectopic expression of dn-AMPKα almost completely blocked the
AMPK activity, since the basal or the PD toxins-inhibited p-AMPK was substantially suppressed (Fig. 7D).
Of importance, expression of dn-AMPKα markedly reversed 6-OHDA-, MPP+- or rotenone-triggered
increase in NOX2, p22phox, p40phox, p47phox, p67phox, Rac1, H2O2 production and apoptosis in the cells
(Fig. 7D-F). Taken together, our data demonstrate the importance of PD toxins-activated AMPKα in their
induction of NOX2-derived H2O2 and neuronal apoptosis.

Discussion
PD is a neurodegenerative disease characterized by a major loss of dopaminergic nigrostriatal neurons
[1–3]. A large number of reports have pointed to the close relationship of oxidative stress, e.g., ROS, as a
critical etiological factor of neuronal loss, to pathogenesis of PD [7, 6, 34]. Excessive intracellular ROS
can directly oxidize lipids, proteins, and nucleic acids, and thus activate or inhibit related signaling
pathways, thereby leading to damage of the basic cell structures and consequential CNS dysfunction [5,
9, 20, 22, 34]. Our previous studies have shown that PD toxins, including 6-OHDA, MPP+ and rotenone,
inhibit mTOR-mediated S6K1 and 4E-BP1 pathways leading to neuronal cell death through activating
AMPK and inactivating Akt [23]. However, the underlying mechanism remains enigmatic. Here we present
evidence that the PD toxins induced upregulation of NOX2, p22phox, p40phox, p47phox, p67phox, and Rac1,
as well as excessive generation of H2O2, resulting in apoptosis in PC12 cells and primary neurons.
Further, we found that the PD toxins-induced H2O2 inhibited the mTOR pathway, at least in part by
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activating the negative regulator AMPKα [21] and concurrently by inhibiting the positive regulator Akt [21],
leading to apoptosis of the neuronal cells.

There are many sources of ROS, and one of the major sources is attributed to the generation by the NOXs
family, including NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1 and DUOX2 enzymes [13, 10]. Among them,
NOX2 is the most abundant and widely expressed in phagocytes and numerous nonphagocytic cells [11–
15]. NOX2, as a catalytic subunit, interacts with a noncatalytic subunit p22phox transmembrane protein
along with the cytosolic subunits p40phox, p47phox, p67phox and Rac 1 [15, 13, 35]. It is known that NOX2
is highly expressed in cells throughout the CNS, and ROS generation by NOX2 is implicated in a variety of
neurological disorders, including PD, Alzheimer’s disease (AD), Huntington’s disease (HD), amyotrophic
lateral sclerosis (ALS) and multiple sclerosis (MS) [15, 13, 16, 35]. Rotenone induces ROS/H2O2

contributing to apoptosis in neuronal cells [24], yet the underlying mechanism is poorly de�ned. Here, for
the �rst time, we show that, on the one hand, induction of H2O2 generation by 6-OHDA, MPP+ or rotenone
was closely related to upregulated expression of the H2O2-generating enzyme NOX2 and its regulatory
proteins, as well as neuronal apoptosis (Figs. 1 and 2); on the other hand, PD toxins-induced H2O2

stimulated the expression of NOX2 family members, because treatment with CAT, a H2O2-scavenging
enzyme, abolished PD toxins-induced H2O2 and also negated PD toxins-induced expression of NOX2,

p22phox, p40phox, p47phox, p67phox, and Rac1, as well as apoptosis in the cells (Fig. 3). The results imply a
positive feedback loop involved in the regulation of the H2O2 prouction and NOX2 activity.

Mitochondria are signi�cant contributors to ROS generation [5]. Any dysfunction of this cell organelle can
be harmful to cell function and viability, as seen in PD [5, 9, 7]. For example, mitochondrial dysfunction
leads to excessive ROS production that is detrimental for dopaminergic SN cells [7, 5]. 6-OHDA, MPP+ or
rotenone evokes ROS generation by inhibiting mitochondrial complex I [9, 24, 36]. There exists a much
enhanced H2O2 formation in mitochondria in situ in isolated nerve terminals when mitochondrial complex
I is inhibited at a small degree [37]. In the present study, to evaluate the association of PD toxins-induced
mitochondrial H2O2 generation with neuronal apoptosis, mitochondria-targeted antioxidant Mito-TEMPO
[38] was employed. We found that administration of Mito-TEMPO dramatically diminished H2O2 and cell

apoptosis in PC12 cells and primary neurons triggered by 6-OHDA, MPP+ or rotenone (Fig. 4). Meanwhile,
Mito-TEMPO also powerfully interrupted the expression of NOX2, p22phox, p40phox, p47phox, p67phox, and
Rac1 in the cells in response to 6-OHDA, MPP+ or rotenone (Fig. 4). The �ndings suggest a mitochondrial
H2O2-dependent mechanism involved. Collectively, our data support intracellular and mitochondrial H2O2-
dependent neuronal apoptosis, which may be implicated in abnormal status of NOX2-derived H2O2, in the
context of PD.

In this study, we also found that CAT and Mito-TEMPO conferred high resistance to 6-OHDA-, MPP+- or
rotenone-induced activation of AMPK, inactivation of Akt, inhibition of mTOR-mediated S6K1 and 4E-BP1
pathways, and increase of cleaved-caapase-3 (Fig. 3C and 4C), respectively, suggesting that the PD
toxins’ induction of intracellular and mitochondrial H2O2 activates AMPK and hinders Akt-mTOR
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signaling pathway leading to apoptosis in neuronal cells. Next, we asked whether 6-OHDA-, MPP+- or
rotenone-impaired AMPK/Akt-mTOR signaling pathway was due to abnormal manifestation of NOX2-
derived H2O2 in neuronal cells induced by the PD toxins. For this, apocynin, a pharmacological inhibitor
for ROS-generating enzyme NOX activity by blocking the assembly of NOX complex [39, 33], was used.
The results showed that apocynin (50 µM) effectively suppressed 6-OHDA-, MPP+- or rotenone-stimulated
NOX2 activation and H2O2 generation (Fig. 5A and B). Of importance, inhibition of NOX2 with apocynin

substantially suppressed 6-OHDA-, MPP+- or rotenone-induced activation of AMPK, inactivation of Akt,
inhibition of mTOR-mediated S6K1 and 4E-BP1 pathways, increase of cleaved-caapase-3 and apoptosis
in PC12 cells and primary neurons (Fig. 5A and C). This was further supported by the observations in
NOX2-knockdown cells (Fig. 5D-F). Taking these �ndings into account, we deduce that PD toxins trigger
NOX2-derived H2O2 generation impeding the AMPK/Akt-mTOR signaling pathway and consequentially
resulting in apoptosis in neuronal cells.

AMPK and Akt are respectively negative and positive regulators of mTOR, and especially their regulation
of mTOR plays a key role in cell survival [21, 40, 41, 17]. The observations from our group and other
researchers have demonstrated that 6-OHDA-, MPP+- and/or rotenone-induced neuronal cell death is
associated with or through AMPK activation and/or Akt inactivation [42, 2, 23]. In the current study, we
further con�rmed the events, as ectopic expression of constitutively active Akt (myr-Akt) or dominant
negative AMPKα (dn-AMPK), or inhibition of AMPKα with compound C markedly rescued from 6-OHDA-,
MPP+- or rotenone-induced apoptosis in PC12 cells and/or primary neurons (Figs. 6 and 7). However,
interestingly, we noticed that modulation of Akt and AMPK activity by RNA interference or
pharmacological inhibition rendered a high resistance to 6-OHDA-, MPP+- or rotenone-upregulated NOX2,
p22phox, p40phox, p47phox, p67phox, and Rac1, as well as H2O2 generation in the cells (Figs. 6 and 7),
suggesting that activated AMPK or deactivated Akt may feedback upregulate the PD toxins-stimulated
NOX2 and its regulatory proteins, as well as H2O2. The �ndings enhance our understanding of PD toxins-
stimulated H2O2-generating enzyme NOX2 and its regulatory proteins, which is vital for PD toxins-induced
activation of AMPK, deactivation of Akt, and thus neuronal apoptosis, and provide an expanded
conceptual view of blocking NOX2-derived H2O2 in the prevention and treatment of PD.

In conclusion, we have identi�ed that PD toxins upregulate the expression of H2O2-generating NOX2 and
its regulatory proteins, and thus evoke intracellular H2O2 and concomitant mitochondrial H2O2. This
results in activation of AMPK and inhibition of the Akt-mTOR pathway, leading to apoptosis by in
neuronal cells (Fig. 8). Our results highlight PD stresses impedes the AMPK/Akt-mTOR signaling pathway
causing neuronal apoptosis by eliciting NOX2-derived H2O2, and suggest that proper co-manipulation of
NOX2, AMPK/Akt-mTOR signaling and/or administration of antioxidants to ameliorate oxidative stress
may be a potential strategy for prevention and treatment of PD.
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Figures

Figure 1

Upregulation of NOX2 and its regulatory proteins is associated with excessive H2O2 generation in cellular
models of PD. PC12 cells and primary neurons were treated with 6-OHDA (30, 60 and/or 120 μM), MPP+
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(0.5, 1 and/or 1.5 mM) or rotenone (0.5, 1 and/or 2 μM) for 6, 12 and/or 24 h, as described in Materials
and Methods. (A and B) Total cell lysates were subjected to western blotting using indicated antibodies.
The blots were probed for β-tubulin as a loading control. Similar results were observed in at least three
independent experiments. (C) Intracellular H2O2 was imaged (in green) using a peroxide-selective probe
H2DCFDA. Scale bar: 20 µm. (D and E) Fluorescent intensity of intracellular H2O2 imaging was
quanti�ed. Results were presented as mean ± SE, n=5. **P < 0.01, difference with control group.

Figure 2

Neuronal apoptosis is triggered in cellular models of PD. PC12 cells and primary neurons were treated
with 6-OHDA (30, 60 and/or 120 μM), MPP+ (0.5, 1 and/or 1.5 mM) or rotenone (0.5, 1 and/or 2 μM) for 6,
12 and/or 24 h. (A) Apoptotic cells were evaluated by nuclear fragmentation and condensation (arrows)
using DAPI staining. Scale bar: 20 µm. (B and C) The percentage of cells with fragmented nuclei was
quanti�ed. (D and E) Caspase-3/7 activities were detected using Caspase-3/7 Assay Kit. Results were
presented as mean ± SE, n=5. **P < 0.01, difference with control group.
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Figure 3

Scavenging intracellular H2O2 with catalase ameliorates abnormal NOX2 and its regulatory proteins, as
well as AMPK/Akt-mTOR signaling pathway and neuronal apoptosis in cellular models of PD. PC12 cells
and primary neurons were pretreated with/without CAT (350 U/ml) for 1 h and then exposed to 6-OHDA
(120 μM), MPP+ (1 mM) or rotenone (1 μM) for 24 h. (A and C) Total cell lysates were subjected to
western blotting using indicated antibodies. The blots were probed for β-tubulin as a loading control.
Similar results were observed in at least three independent experiments. (B) Intracellular H2O2 was
imaged and quanti�ed using a peroxide-selective probe H2DCFDA. (D) Apoptotic cells were evaluated by
nuclear fragmentation and condensation using DAPI staining. Results were presented as mean SE, n = 5.
aP < 0.05, difference with control group; bP < 0.05, + CAT group vs - CAT group.
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Figure 4

Scavenging of mitochondrial H2O2 with Mito-TEMPO ameliorates abnormal NOX2 and its regulatory
proteins, as well as AMPK/Akt-mTOR signaling pathway and neuronal apoptosis in cellular models of PD.
PC12 cells and primary neurons were pretreated with/without Mito-TEMPO (10 μM) for 1 h and then
exposed to 6-OHDA (120 μM), MPP+ (1 mM) or rotenone (1 μM) for 24 h. (A and C) Total cell lysates were
subjected to western blotting using indicated antibodies. The blots were probed for β-tubulin as a loading
control. Similar results were observed in at least three independent experiments. (B) Cell H2O2 was
imaged and quanti�ed using a peroxide-selective probe H2DCFDA. (D) Apoptotic cells were evaluated by
nuclear fragmentation and condensation using DAPI staining. Results were presented as mean SE, n = 5.
aP < 0.05, difference with control group; bP < 0.05, + Mito-TEMPO group vs - Mito-TEMPO group.
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Figure 5

Pharmacological inhibition of NOX2 with apocynin or knockdown of NOX2 prevents activation of AMPK,
inhibition of Akt/mTOR, generation of H2O2, and neuronal apoptosis in cellular models of PD. PC12 cells
and primary neurons, or PC12 cells infected with lentiviral shRNA to NOX2 or GFP (as control),
respectively, were treated with/without 6-OHDA (120 μM), MPP+ (1 mM) or rotenone (1 μM) for 24 h
following pre-incubation with/without apocynin (50 μM) for 1 h, or treated with/without 6-OHDA (120
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μM), MPP+ (1 mM) or rotenone (1 μM) for 24 h. (A and D) Total cell lysates were subjected to western
blotting using indicated antibodies. The blots were probed for β-tubulin as a loading control. Similar
results were observed in at least three independent experiments. (B and E) Intracellular H2O2 was imaged
and quanti�ed using a peroxide-selective probe H2DCFDA. (C and F) Apoptotic cells were evaluated by
nuclear fragmentation and condensation using DAPI staining. Results were presented as mean SE, n = 5.
aP < 0.05, difference with control group; bP < 0.05, + Apocynin group vs - Apocynin group; cP < 0.05,
NOX2 shRNA group vs GFP shRNA group.

Figure 6
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Ectopic expression of constitutively active Akt attenuates upregulation of NOX2 and its regulatory
proteins, generation of H2O2, as well as neuronal apoptosis in cellular models of PD. PC12 cells, infected
with Ad-myr-Akt or Ad-LacZ (as control), respectively, were treated with/without 6-OHDA (120 μM), MPP+
(1 mM) or rotenone (1 μM) for 24 h. (A) Total cell lysates were subjected to western blotting using
indicated antibodies. The blots were probed for β-tubulin as a loading control. Similar results were
observed in at least three independent experiments. (B) Intracellular H2O2 was imaged and quanti�ed
using a peroxide-selective probe H2DCFDA. (C) Apoptotic cells were evaluated by nuclear fragmentation
and condensation using DAPI staining. Results were presented as mean SE, n = 5. aP < 0.05, difference
with control group; bP < 0.05, Ad-myr-Akt group vs Ad-LacZ group.
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Figure 7

Pharmacological inhibition of AMPKα with compound C or expression of dominant negative AMPKα
attenuates upregulation of NOX2 and its regulatory proteins, generation of H2O2, as well as neuronal
apoptosis in cellular models of PD. PC12 cells and primary neurons, or PC12 cells infected with Ad-dn-
AMPKα or Ad-LacZ (as control), respectively, were treated with/without 6-OHDA (120 μM), MPP+ (1 mM)
or rotenone (1 μM) for 24 h following pre-incubation with/without compound C (20 μM) for 2 h, or treated
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with/without 6-OHDA (120 μM), MPP+ (1 mM) or rotenone (1 μM) for 24 h. (A and D) Total cell lysates
were subjected to western blotting using indicated antibodies. The blots were probed for β-tubulin as a
loading control. Similar results were observed in at least three independent experiments. (B and E)
Intracellular H2O2 was imaged and quanti�ed using a peroxide-selective probe H2DCFDA. (C and F)
Apoptotic cells were evaluated by nuclear fragmentation and condensation using DAPI staining. Results
were presented as mean SE, n = 5. aP < 0.05, difference with control group; bP < 0.05, + Compound C
group vs - Compound C group; cP < 0.05, Ad-dn-AMPKα group vs Ad-LacZ group.
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Figure 8

A schematic model of how PD toxins (6-OHDA, MPP+ or rotenone) induce NOX2-derived H2O2 leading to
neuronal apoptosis. PD toxins upregulate the expression of NOX2 and its regulatory proteins, and thus
evoke intracellular H2O2 and concomitant mitochondrial H2O2. This results in activation of AMPK and
inactivation of Akt, convergently inhibiting the mTOR pathway contributing to apoptosis in neuronal cells.


