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Abstract Parkinson’s disease is a common neurodegenerative
disease in the elderly, and mitochondrial defects underlie the
pathogenesis of PD. Impairment of mitochondrial homeostasis
results in reactive oxygen species formation, which in turn can
potentiate the accumulation of dysfunctional mitochondria,
forming a vicious cycle in the neuron. Mitochondrial fission/
fusion and biogenesis play important roles in maintaining mi-
tochondrial homeostasis. It has been reported that PGC-1c is a
powerful transcription factor that is widely involved in the
regulation of mitochondrial biogenesis, oxidative stress, and
other processes. Therefore, we explored mitochondrial
biogenesis, mitochondrial fission/fusion, and especially
PGC-1a as the key point in the signaling mechanism of
their interaction in rotenone-induced dopamine neurotoxicity.
The results showed that mitochondrial number and mass were
reduced significantly, accompanied by alterations in proteins
known to regulate mitochondrial fission/fusion (MFN2,
OPA1, Drpl, and Fisl) and mitochondrial biogenesis (PGC-
1 and mtTFA). Further experiments proved that inhibition of
mitochondrial fission or promotion of mitochondrial fusion
has protective effects in rotenone-induced neurotoxicity and
also promotes mitochondrial biogenesis. By establishing cell
models of PGC-1a overexpression and reduced expression,
we found that PGC-1« can regulate MFN2 and Drp1 protein
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expression and phosphorylation to influence mitochondrial
fission/fusion. In summary, it can be concluded that PGC-
lx-mediated cross talk between mitochondrial biogenesis
and fission/fusion contributes to rotenone-induced dopami-
nergic neurodegeneration.
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Introduction

Parkinson’s disease (PD), resulting primarily from the
death of dopaminergic (DA) neurons in the substantia
nigra, is the second most common neurodegenerative
disease. According to etiological research, both genetic
factors and environmental toxins are responsible for PD
[1, 2]. Pathogenesis research has revealed that mitochon-
drial dysfunction, oxidative stress, altered protein han-
dling, and inflammatory changes are the main causes of
cell death in the initiation and progression of PD [2, 3]. In
particular, mitochondrial dysfunction has been thought to
be the focus of the etiology of Parkinson’s disease [4].
Rotenone is a naturally occurring compound extracted
from the roots of several plant species that has been ex-
tensively used as an insecticide [5]. It has been found that
long-term chronic rotenone exposure can lead to symp-
toms of Parkinson’s disease. As a mitochondrial complex
I inhibitor, rotenone has been extensively used to induce
parkinsonian models, and it can reproduce most of the
motor symptoms and histopathological features of PD.
Moreover, obvious and selective DA neurodegeneration
is also observed in neuron cells exposed to rotenone [3].
Our previous research [6] also showed that rotenone
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administration might disturb the distribution and metabo-
lism of dopamine in PCI12 cells, leading to ROS forma-
tion and cell death.

In recent decades, a great amount of evidence has accumu-
lated focusing on the potential role of mitochondria in PD
etiopathogenesis [7]. It is known that energy metabolism
depends on continuous mitochondrial activity like fission, fu-
sion, and remodeling of mitochondria in cells. Peroxisome
proliferator-activated receptor gamma-coactivator 1-alpha
(PGC-1«) is a transcriptional coactivator involved in energy
metabolism through regulation of respiration and mitochon-
drial biogenesis. Low expression of PGC-1x can lead to a
decrease in adenosine triphosphate (ATP) production and ex-
cessive ROS formation during stress response. PGC-1c, a
strong stimulator of mitochondrial biogenesis, has been re-
ported to be remarkably downregulated in PD patients, which
implies a relationship between mitochondrial biogenesis and
PD [8]. A recessive mutation in PTEN-induced putative
kinase 1 (PINK1), DJ-1, or parkin is adequate to cause PD,
and these genes interact with PGC-1« to regulate mitochon-
drial physiology [9]. Mitochondria are dynamic organelles
incessantly remodeled by fission and fusion, which is very
important to metabolic demand for bioenergetic adaptation.
Mitochondrial fusion and fission play significant roles in
maintaining mitochondrial function and morphology when
cells experience stress [10]. Mitochondrial fission is essential
for cells to acquire adequate numbers of mitochondria, and it
is regulated by Drp1, Mid49, Mid51, and Mff. Mitochondrial
fusion promotes complementation between differentially
damaged mitochondria, and fusion is mediated by MFNI,
MFN2, and OPA1 [11]. The latest research suggests that
Drpl-dependent mitochondrial fragmentation plays a pivotal
role in cellular dysfunction and mitochondria abnormalities in
sporadic PD [12]. MFN2 is an outer mitochondrial membrane
protein necessary for mitochondrial fusion. It has been con-
firmed that downregulation or loss of MFN2 expression can
result in disturbance of mitochondrial energy dysmetabolism
and mitochondrial fusion [13]. Recent studies have showed
that PGC-1« participates in a pathway regulated by mitochon-
dria through interaction with MFN2 in skeletal heart cells and
muscle cells [14]. Accordingly, it has been speculated that
PGC-1a/MFN2 may form a cascade pathway regulating
mitochondrial energy metabolism that is impaired during
IRI. However, whether there are interactions between mito-
chondrial fission/fusion and biogenesis remains unknown.
Therefore, the role of mitochondrial biogenesis and mitochon-
drial fission/fusion in PD, especially the relationship between
mitochondrial biogenesis and mitochondrial fission/fusion
and their interaction, urgently needs further exploration.

Here, we evaluated how mitochondrial fission/fusion,
biogenesis, and related genes contribute to mitochondrial
quality control and their cross talk in a rotenone model of
PD. In particular, we focused on PGC-1« as the axis of the
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regulatory mechanism in the interaction of mitochondrial bio-
genesis and mitochondrial fission/fusion in rotenone-induced
dopamine neurotoxicity.

Materials and Methods
Materials

PC12 cells (adrenal gland; NGF-differentiated pheochromocy-
toma cells) were provided by Shanghai Cell Bank, Institute of
Biochemistry and Cell Biology, Chinese Academy of Sciences.
Rotenone, dimethylsulfoxide (DMSO), adenosine triphosphate
(ATP), and mitochondrial fusion promoter M1 were purchased
from Sigma (USA). Except for antibodies against mtTFA and
ZNF746 (Santa Cruz, USA), antibodies against OPA1, MFNI,
MFN?2, Fisl, Drpl, and PGC-1«x were purchased from Abcam
(USA). Cell Counting kit-8 (CCK-8, DOJINDO, Japan),
ReverTra Acea-Kit (Code No: FSK-100, Invitrogen, USA)
and Liposome 2000 were used in this study.

Cell Culture and Treatment

Differentiated PC12 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen) containing 10 % fetal
bovine serum (HyClone) and 1 % (v/v) antibiotics (penicillin/
streptomycin, Beyotime) under an atmosphere of 5 % CO, at
37 °C. The culture medium was replenished every 2—3 days.
Cells in the rotenone group were treated for 24 h with gradient
concentrations (0.1, 0.5, 1.0, 1.5 uM) of rotenone dissolved in
DMSO, and the control group was administered equal
amounts of DMSO.

Cell Viability Assay

Viability of PC12 cells was tested with a CCK-8 kit as per the
manufacturer’s instruction. Briefly, 1 x 10* cells/well were
seeded into 96-well plates containing complete medium
(100 pL) and were cultured in an incubator for 24 h. After the
different treatments, each well was supplemented with 10 puL of
CCK-8 solution and incubated at 37 °C for 90 min. The absor-
bance at 450 nm was assessed by a SpectraMax M2E micro-
plate reader (Molecular Devices).

Confocal Laser Microscopy

The mitochondrial mass of PC12 cells was observed by using
Mito-Tracker Green probe (Beyotime). Mito-Tracker Green,
which is usually nonfluorescent in aqueous solution, becomes
fluorescent upon its accumulation in the lipid environment of
mitochondria. The fluorescent probe is insensitive to changes
of membrane potential, redox status, or other mitochondrial
conditions. To measure changes in mitochondrial mass, each
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group was treated with 50 nM Mito-Tracker Green at 37 °C
for 40 min as described by the manufacturer. PC12 cells were
observed under confocal laser microscopy (Leica TCS SP5)
after two washes. The shape of mitochondria is usually either
filamentous or fragmented. The filamentous mitochondria are
structurally threadlike tubular, whereas the fragmented ones
are shortened, spherical, or rod-like organelles. Mitochondria
were classified into fragmented (<0.5 pum), intermediate
(0.5-5 um), and tubular (>5 pum) mitochondria. Cells
showing 70 % intermediate or fragmented mitochondria
were classified as fragmented cells. Several random fields
(>200 cells per sample) were selected for evaluation of
mitochondrial mass.

RT-PCR

Total RNA was separated using TRIzol® Reagent (Invitrogen)
as per the manufacturer’s directions. The quantity and purity
of total RNA were determined with a NanoDrop ND-1000
spectrophotometer. The RNA samples were stored at —80 °C
until use. All first-stand cDNA samples were prepared from
total RNA (2 pg per 20 puL of reaction system) using a
ReverTra Ace® PCR RT Kit (TOYOBO, Japan). Primers
against each of the genes designed on Primer 5.0 are as fol-
lows: PGC-1x (S: GACCGTCCAAAGCATTCA; AS: GA
CTCATCCTTAGCCTCC), mtTFA (S: CGCCTGTCAGCC
TTAT; AS: GACTCATCCTTAGCCTCC), OPA1 (S: AAGA
GGCACTTCAAGGTCG; AS: GGGAGGAGGAAGAGC
AGA), MFN2 (S: CGTCAAGAAGGATAAGCGACAC,;
AS: TCTGACCACTTCTTACCG), Fisl (S: ATCCGTAGA
GGCATCGTG; AS: TGTATTCGCC-GAACAGGA), Drpl
(S: TCTCCGAGTCCTTTATTG; AS: TGCTGTTGAAGTC
GCAGGAG), and B-actin (S: TGGTGAAGCAGGCATC
TGA; AS: TGCTGTTGAAGTCGCAGGAG). RT-PCR was
carried out under the following conditions: 94 °C for 5 min;
35 cycles at 94 °C for 40 s, annealing for 30 s (mtTFA:
53.5 °C, PGC-1a: 55 °C, OPA1: 54.5 °C, MFN2: 56.5 °C,
Fisl: 54 °C, Drpl: 53.5 °C, and {3-actin: 55 °C), 72 °C for 45 s
and then 72 °C for 5 min. The RT-PCR results were normal-
ized with [3-actin.

Mitochondrial Membrane Potential

Mitochondrial membrane potential (MMP) was determined
using tetramethylrhodamine methyl (TMRM, Sigma), one
commonly used probe for the analysis of MMP in intact cells.
It has been reported that the whole-cell fluorescence of
TMRM is highly sensitive to changes in MMP. PC12 cells
were washed with PBS after different treatments. After that,
the TMRM probe working solution was added to a final con-
centration of 20 nM, followed by incubation for 30 min. After
rinsing three times with PBS, the PC12 cells were observed
and photographed by confocal laser microscopy with the same

excitation and emission wavelengths. Then, fluorescence in-
tensity was computed.

Copy Number of Mitochondrial DNA Detected
by Real-Time PCR

Mitochondrial DNA (mtDNA) was quantified by normalizing
the mtcol (mitochondrial-encoded gene) to the Ndufvl
(nuclear-encoded gene) using real-time PCR and the AACT
method. The primers (F and R) were as follows: 5'-
ACCCCCGCTATAACCCAATATCAGAC-3’ and 5-TGGG
T-GTCCGAAGAATCAAAATAG-3' (mtcol); 5'-CGCCAT
GACTGGAGGTGAGGXAG-3" and 5'-GGCCCCGTAA
ACCCGATGTCTTC-3" (Ndufvl). Fluorescence of SYBR
Green was detected by an iCycler iQ Real-time System
(Bio-Rad). Totally, a 25-mL reaction system was used in
containing 10 ng of total DNA, 0.2 mM F and R primers
each, and SYBR Green mixture.

Western Blotting

PCI12 cells were harvested after treatment, ice-lysed in RIPA
lysis buffer (Beyotime), and centrifuged at 12,000g for
15 min. Protein content was detected using a BCA Protein
Assay Kit (Beyotime). Sodium dodecyl sulfate polyacryl-
amide gel electrophoresis was performed to separate the
protein samples. Then, the proteins were transferred to
polyvinylidene difluoride membranes, which were
blocked in 5 % nonfat dry milk and incubated at 4 °C
overnight with various primary antibodies. The primary
antibodies were as follows: mouse anti-MFN2 (1:1000),
mouse anti-OPA1 (1:500), mouse anti-Drpl (1:1000),
mouse anti-fB-actin (1:1000), rabbit anti-Fisl (1:500),
rabbit anti-PGC-1a (1:500), and rabbit anti-mtTFA
(1:500). After washing in TBST, the membranes were
incubated with an anti-rabbit or anti-mouse IgG secondary
antibody (1:2000) (Beyotime) for 1 h, followed by visu-
alization by enhanced chemiluminescence with the ECL
method. The individual band intensities of target proteins
(MFN2, OPA1, Drpl, Fisl, PGC-1«, and mtTFA) were
determined with ImageJ2x, and target proteins’ molecular
masses were deduced from standard markers.

Immunofluorescence

PC12 cells were incubated on chamber slides for various pe-
riods. Then, after washing twice with PBS, the cells were fixed
in 4 % paraformaldehyde for 30 min at room temperature.
After washing three times with PBS, PC12 cells were blocked
with 3 % BSA for 60 min and incubated at 4 °C overnight with
various primary antibodies. The primary antibodies used in
immunofluorescence (IF) analysis were as follows: rabbit
anti-TOMM20 and mouse anti-p-Drpl (both 1:1000). After
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washing three times with PBS, PC12 cells were cultured with
secondary antibody 1:500 Alexa Fluor (Beyotime). After that,
the cells were dyed with Hoechst at 37 °C in the dark for
5 min. Then, after three washes with PBS, mounting medium
(Beyotime) was used to immobilize the coverslips.
Fluorescence images were recorded by a Zeiss LSM500 con-
focal microscope and analyzed by the microscope and imag-
ing software ZEN 2011.

Transmission Electron Microscopy

For transmission electron microscopy (TEM) experiments,
PC12 cells were fixed with 2.5 % glutaraldehyde after washed
with PBS. The cells were embedded and postfixed in 2 %
osmium tetroxide, followed by staining with uranyl acetate
and lead citrate. After that, PC12 cells were visualized by a
Hitachi-7500 TEM device for detection of mitochondria as
described, and the size of the mitochondria in the TEM images
was computed as previously reported.

Transfection of Small Interfering RNA

PC12 cells (1 x 10°/well) were seeded into 12-well plates con-
taining 500 puL of complete medium and incubated for 24 h.
Then, transfection with small interfering RNA (siRNA) was
conducted using a Lipofectamine 2000 reagent as per the
user’s guide. After 6 h, the medium was changed to normal
culture medium. After another 48 h, the cells were harvested
and sent for isolation of RNA and analysis of PGC-1 expres-
sion by real-time PCR. The sequences are as follows: 5-AAG
ACGGATTGCCCTCATTTG-3 (siPGC-1x) and 5-AACGU
GACACGUUCG GAGAATT-3 (negative control).

Infection with Lentiviral Vectors

The lentiviral vector LV-PGC-1x-EGFP and the control vector
LV-EGFP were constructed by Gikai Gene Company. PC12
cells were seeded into a six-pore board at a concentration of
1 x 10%/pore. The medium was changed to 1 mL of complete
culture medium containing lentivirus vector at a multiplicity of
infection (MOI) of 10 and 5 pg/mL polybrene when the cell
density reached 50 % confluence (usually after 2 days of sub-
culture). PC12 cells infected with LV-PGC-1x-EGFP served
as group IVPGC-10o; PC12 cells infected with LV-EGFP served
as group lvCon. After 24 h of incubation with lentiviral vec-
tors, the medium was changed to whole medium subsequently.
The expression of GFP was detected by fluorescence micros-
copy after an extra 72-h culturing.

Statistical Analysis

Each experiment was performed at least three times. All data
were reported as mean +standard error. One-way analysis of
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variance (ANOVA) was used to compare the data between
groups. Post hoc comparisons between groups were made
using Tukey’s test. Statistical significance was set at a value
of P<0.05. All of the counting analyses were performed in a
blinded manner.

Results

Rotenone Was Toxic to PC12 Cells and Induced
a Decrease of MMP

To confirm the toxic effect of rotenone, PC12 cells were
treated for 24 h with rotenone dissolved in DMSO at
gradient concentrations (0.1, 0.5, 1.0, 1.5 uM). The cell
viability relative to the control group decreased signifi-
cantly as the rotenone concentration increased (Fig. 1a).
The level of tyrosine hydroxylase (TH, a key protein in-
volved in tyrosine-to-dopamine conversion) also de-
creased in a dose-dependent manner (Fig. 1b). To further
investigate the effect of rotenone on mitochondria, fluo-
rescent intensity as an indicator of MMP was used and
analyzed. The results showed that MMP did not change
significantly in PC12 cells with low-dose rotenone treat-
ment (0.1 uM). However, the fluorescent intensity de-
creased significantly in the other three higher dose groups
in a dose-dependent way (Fig. Ic).

Rotenone Affected Mitochondrial Morphology
and Induced Fragmented Mitochondria in PC12 Cells

To confirm rotenone’s effects on mitochondrial quality in
neuronal cells, the fluorescent intensity of Mito-Tracker
Green was used and analyzed. As shown in Fig. 2a,
mitochondria without rotenone treatment were filamen-
tous and tubular or thread-like in appearance, often
interconnecting to form a network. In comparison, the
number of fragmented mitochondria forming small ring
shapes was increased significantly by rotenone in a
dose-dependent manner. In a further analysis, we found
that a 24 h treatment with 0.5, 1.0, or 1.5 uM rotenone
caused a reduction in mitochondrial mass (Fig. 2a). EM
experiments revealed a decrease of mitochondrial length
and area in rotenone-treated groups versus the control
group (Fig. 2b), supporting the hypothesis that rotenone
induces abnormal mitochondrial morphology in PC12
cells, leading to a decrease of mitochondrial mass.

Rotenone Impaired Mitochondrial Biogenesis in
PC12 Cells

Impairment of mitochondrial biogenesis is another possible
cause for the decreased number of mitochondria. To assess
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Fig. 1 Rotenone-induced
reduction of viability and MMP in
PC12 cells. a Rotenone induced a
significant dose-dependent
decrease of cell viability. b A
representative immunoblot and
quantification of TH (59 kDa) in
PC12 cells. The TH levels in
group Rotenone decreased in a
significant dose-dependent way. ¢
The MMP did not change
significantly in PC12 cells treated
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rotenone-induced mitochondrial biogenesis in PC12 cells, we
analyzed the transcription and protein level of the PGC-1x
gene and its target gene mtTFA, directly involved in mito-
chondrial biogenesis. As shown in Fig. 3a, b, messenger
RNA (mRNA) transcript and protein levels of PGC-1o and
mtTFA decreased dose-dependently in the rotenone-treated
groups versus the control group. The results further proved
that PGC-1 activity is altered and transcriptional deregula-
tion of mtTFA occurs in PC12 cells after rotenone treatment.
Furthermore, the rotenone treatment led to a significant dose-
dependent decrease of mtDNA copy number in PC12 cells
(Fig. 3c).

Rotenone Promoted Mitochondrial Fission and Reduced
Mitochondrial Fusion in PC12 Cells

To better understand how mitochondrial morphology is regu-
lated in vivo, we analyzed proteins of mitochondrial fusion/
fission. Various proteins responsible for the fission/fusion
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balance, including OPA1, MFN1/2, Drp1, and Fisl, were ob-
served. The results showed that the mRNA and protein levels
of Drpl and Fisl, associated with mitochondrial fission,
decreased significantly in a dose-dependent way in the
rotenone-treated groups, while the level of p-Drpl in-
creased (Fig. 4a, b). The mRNA and protein levels of
OPA1 and MFN2, connected with mitochondrial fusion,
significantly decreased in a dose-dependent manner in the
rotenone-treated groups (Fig. 4c, d). However, MFN1 was
not detected in our model.

Regulation of Mitochondrial Fission/Fusion Could Alter
Rotenone-Induced Dopaminergic Neurotoxicity

To confirm the role of mitochondrial fission/fusion regulation
in rotenone-induced dopaminergic neurotoxicity, M1 (a pro-
moter of mitochondrial fusion) and Mdivi-1 (an inhibitor of
mitochondrial fission, Md) were used to observe their effects
on mitochondria in PC12 cells. PC12 cells in both group
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Fig. 2 Rotenone exposure
disrupted mitochondrial mass
and morphology in PC12 cells.
a Obvious changes in
mitochondrial mass were
detected by confocal
microscopy after PC12 cells
were treated with rotenone
(0.1~1.5 uM) for 24 h;
mitochondrial mass was
analyzed by calculating

the fluorescent intensity of
Mito-Tracker Green, and it
decreased in a dose-dependent
manner in rotenone-treated
groups. b Electron microscopy
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M1 +R and group Md + R showed much higher viability ver-
sus the rotenone group (Fig. 5a). The protein level of TH was
much higher in group M1+R and group Md+R versus the
rotenone group (Fig. 5¢). Moreover, M1 and Mdivi-1 pretreat-
ment led to a significant decrease in the number of fragmented
mitochondria and a significant increase of mtDNA copy num-
ber compared with the rotenone group (Fig. 5d, e).
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Dependence of Rotenone-Induced Mitochondrial
Fragmentation and mtDNA Injury on PGC-1« in
PC12 Cells

Real-time PCR of RNA isolated from transfected cells con-
firmed that siRNA lead a 70 % decrease in PGC-1ox mRNA
levels compared with untransfected cells, while the mRNA
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Fig. 3 Rotenone impaired mitochondrial biogenesis in PC12 cells. a
mRNA levels of PGC-1x and mtTFA, involved in mitochondrial
biogenesis, as detected with RT-PCR were decreased in PC12 cells with
rotenone treatment. b There was a dose-dependent decrease in protein
levels of PGC-1oc and mtTFA in the rotenone-treated groups. ¢ MtDNA

levels of PGC-1« had no significant change transfected with
negative control siRNA. Indeed, the viability of PC12 cells
transfected with siRNA was lower than that of untransfected
cells (Fig. 6a). In comparison, silencing of the PGC-1« gene
led to a significant decrease of mitochondrial mass, a signifi-
cant increase in the number of fragmented mitochondria, and a

copy number as detected by quantitative real-time PCR decreased in a
dose-dependent manner in the rotenone group. The results are expressed
as a percentage of the control, which was set at 100 %. The values are the
means + SEM; *P < 0.05; **P <0.01 versus the control group

decrease of mtDNA copy number (Fig. 6b, c). By contrast,
real-time PCR of RNA isolated from PC12 cells infected with
LV-PGC-1x-EGFP confirmed the PGC-1« gene transfection
with a 45 % increase in PGC-1ox mRNA levels when com-
pared to cells infected with LV-EGFP, and WB results further
confirmed this conclusion (Fig. 6d). Meanwhile, no significant
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Fig. 4 Expression of
mitochondrial fusion/fission-related
proteins. a Representative
immunoblot and quantification of
levels of proteins (Drpl and Fis1)
involved in mitochondrial fission
revealed a dose-dependent
decrease; however, the
phosphorylation of Drp1 increased
in rotenone-treated groups.

b RT-PCR revealed a dose-
dependent decrease of Drpl
and Fisl in rotenone-treated
groups. ¢ Representative
immunoblot and quantification
of protein levels involved in
mitochondrial fusion revealed a
dose-dependent decrease of OPA1
and MFN2 in rotenone-treated
groups. d Expression levels of
OPA1 and MFN2 showed a
dose-dependent decrease in
rotenone-treated groups. The
data are representative of three
independent experiments. The
results are expressed as a
percentage of the control,
which was set at 100 %. The
values are the means + SEM;
*P<0.05; **P<0.01 versus
the control group

difference in any index was observed between groups IvPGC-
la and IvCon, excluding a negative effect of the lentiviral
vectors. The viability of PC12 cells infected with LV-PGC-
1x-EGFP did not change obviously versus cells infected with
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LV-EGFP. However, after being treated with rotenone, the cell
viability of group IVPGC-1« increased significantly compared
with that of group IvCon (Fig. 6e). Indeed, overexpression of
the PGC-1« in PC12 cells led to a significant increase in
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mitochondrial mass, a significant decrease in the number of
fragmented mitochondria and an increase in mtDNA copy
number (Fig. 6f, g).

PGC-1x Enhanced Mitochondrial Fusion and Inhibited
Mitochondrial Fission in PC12 Cells

Western blot results showed that the protein level of MFN2
significantly decreased and the level of p-Drp1 increased sig-
nificantly in siPGC-1w«-transfected cells compared with
untransfected cells (Fig. 7a). By contrast, overexpression of
PGC-1x led to a significant increase in the protein level of
MFN?2 and a significant decrease in the protein level of p-
Drpl compared with cells infected with LV-EGFP (Fig. 7b).
After treatment with rotenone, the same changes also occurred
in PC12 cells. However, there were no obvious changes in the
protein levels of OPA1, total Drp1, or Fisl after siRNA trans-
fection or lentiviral vector infection. Similarly, immunofluo-
rescence results showed that the protein level of p-Drpl in
untransfected cells was much lower than that in cells with
PGC-1« silencing and was much higher than that in cells with
PGC-1«x overexpression. Moreover, rotenone led to a further
increase of p-Drpl expression. Indeed, in normal PC12 cells
without any treatment, p-Drpl was mainly expressed in the
cytoplasm, whereas in stressed PC12 cells exposed to rote-
none, p-Drpl was mainly translocated to the mitochondria
(Fig. 7c). Silencing of PGC-1«x could intensify the increase
expression and translocation of p-Drp1. On the contrary, over-
expression of PGC-1« could relieve the changes.

Discussion

PD is a common neurodegenerative disease occurring in the
elderly. Recent data highlight the pivotal role of mitochondria
in the neurodegeneration occurring in both familial and sporadic
PD cases. In the present study, based on a rotenone-induced PD

Fig. 5 Promoting fusion and inhibiting fission could reverse rotenone-
induced neurotoxicity. a Cell viability analyzed using a SpectraMax M2E
microplate reader. The viabilities of PC12 cells in group M 1+R and group
Md+R were both much higher compared with those of the rotenone
group. b The concentration of Mdivi-1 (5 M) used in our experiment
was confirmed through a concentration gradient test. ¢ Immunoblotting
and quantification of protein levels of TH revealed an increase in group
MI+R and group Md+R compared with the rotenone group. d Obvious
changes in mitochondrial mass in PC12 cells as detected by confocal
microscopy after different treatments. There were fewer fragmented
mitochondria in group M1+R and group Md+R compared with the
rotenone group. e M1 and Mdivi-1 pretreatment led to a significant
increase of mtDNA copy number compared with the rotenone group.
Furthermore, mtDNA copy number in group M1 and group Mdivi-1
was much higher than that in the control group. The results are expressed
as a percentage of the control, which was set at 100 %. The values are the
means + SEM; *P < 0.05, **P < 0.01 versus the control group; #P < 0.05,
##P <0.01 versus the rotenone group
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model we previously used [15—17], the status of mitochondrial
dynamics and the possible underlying mechanism are explored.
A large number of fragmented mitochondria were observed
evidenced by round, small, or dot-like dyeing patterns. The
mitochondrial length, area, and cristae were also markedly
reduced. Along with the observed mitochondrial fragmenta-
tion, disorganized structure of mitochondrial cristae, the re-
duction of MMP, mitochondrial ROS release, cell viability
loss, and TH protein reduction were also observed in our
rotenone-induced dopamine neurotoxicity. Rotenone could re-
duce mitochondrial number and mitochondrial mass signifi-
cantly in PC12 cells. Therefore, the data shown in our study
support the opinion that abnormal mitochondrial number and
morphology contribute to rotenone-induced dopamine neuro-
toxicity. Normal mitochondrial number and mass is important
for mitochondrial function. It can be speculated that excessive
fragmented mitochondria lead to mitochondrial dysfunction.
Mitochondrial dysfunction is an early event in almost all
neurodegenerative diseases, including PD [18]. In the past
three decades, researchers have increasingly recognized that
mitochondrial fusion, fission, biogenesis, transport, and deg-
radation are all linked to the pathogenesis of PD [19]. Among
these, mitochondrial fusion/fission defects would limit mito-
chondrial motility and lead to energy production reduction,
excessive oxidative stress, and mtDNA deletion, finally
resulting in cell death [18]. Mitochondrial fusion/fission
events are regulated by several proteins: the pro-fission pro-
teins Drp1 and Fis1 and pro-fusion proteins OPA1, MFN1 and
MFN?2. Of course, there are some other indirect proteins that
interact with the proteins mentioned above. Therefore, a series
of proteins directly related to mitochondrial fusion/fission was
detected. The results showed that the mitochondrial fusion-
related genes OPA1 and MFN2 decreased and MFN1 was
not detected, while the mitochondrial fission-related gene p-
Drpl increased although other two genes, Drpl and Fisl,
declined. These results revealed that mitochondrial fusion/

Fig. 6 Mitochondrial fragmentation and mtDNA injury occurred
through PGC-1«. a Cell viability was much lower in group siPGC-loc>
than in group siCon. b MtDNA copy number was significantly lower in
group siPGC-1«x than in group siCon. ¢ Obvious changes in the
mitochondrial mass of PC12 cells were detected by confocal microscopy
after different treatments. There were more fragmented mitochondria in
group siPGC-1« than in group siCon. d Overexpression of PGC-1« in
PC12 cells using lentiviral vectors led to an increase in mRNA and
protein levels of PGC-1«. e Cell viability in group IvPGC-1x+R was
much higher than that in group rotenone. f Overexpression of PGC-1x
gene led to a significant increase of mtDNA copy number in group
IvPGC-1x and group IvPGC-1a+R. g Obvious changes in the
mitochondrial mass of PC12 cells were detected by confocal microscopy
after different treatments. There were fewer fragmented mitochondria in
group IVPGC-1x+R compared with group rotenone. The data are
representative of three independent experiments. The results are
expressed as a percentage of the control, which was set at 100 %. The
values are the means+SEM; *P<0.05, **P<0.01 versus the siCon
group; #P < 0.05 versus the rotenone group
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fission plays an important role in rotenone-induced dopamine
neurotoxicity as measured by mitochondrial ROS production,
MMP, and TH protein expression. To confirm the above con-
clusion, PC12 cells were pretreated with the fusion promoter
M1 [20] or the fission inhibitor Mdivi-1 [21]. Promotion of
mitochondrial fusion and inhibition of mitochondrial fission
were found to correct the mitochondrial fragmentation, im-
prove mitochondrial mass, and reduce mitochondrial impair-
ment. Moreover, cell viability and TH expression were
rescued significantly. Rotenone therefore disturbed the
balance between mitochondrial fission and fusion and led to
excessive mitochondrial fragmentation, breaking mitochon-
drial homeostasis. Regulating the dynamic balance of mito-
chondrial fission and fusion can have a protective effect on
rotenone-induced dopamine neurotoxicity.

Recently, genes related to mitochondrial fusion or fission
were found to play a significant role in PD. Drpl and Fisl are
both key mediators of mitochondrial fission [22-24], and Fis1
helps Drpl assemble into spirals or rings surrounding the
mitochondrial outer membrane [25]. MFN1/2 facilitate mito-
chondrial outer membrane fusion [26, 27], and OPAL1 is also a
main mediator of maintenance of mtDNA and inner mem-
brane in mammals [28]. Santos et al. found alterations of
OPA1 and Drpl in different cellular models of sporadic PD,
and mitochondrial fragmentation can also be observed when
Drpl increased [12]. We found that in rotenone-induced
dopamine neurotoxicity model, the increased phosphorylation
levels of Drpl could lead to an increase in mitochondrial
fission. Recent data have shown that Drp1 plays a causal role
in the impairing of mitochondrial fission in the pathogenesisof
PD [29]. Indeed, an increase of Drpl translocation to mito-
chondrial and the phosphorylation of Drpl were detected in a

Fig. 7 PGC-1«x regulated the expression and phosphorylation of
mitochondrial fission (Drpl) and mitochondrial fusion (MFN2)
proteins. a Western blot results showed that the protein level of MFN2
in group siCon was higher than that in group siPGC-1, and the level of
p-Drpl in group siCon was much lower than that in group siPGC-1«,
while there were no obvious changes in the levels of OPA1 or Fisl
between group siCon and group siPGC-1x. b Western blot results
showed that the protein level of MFN2 in group lvCon was lower than
that in group IVPGC-1«, and the level of p-Drpl in group lvCon was
higher than that in group IVPGC-1«, while there were no obvious changes
in the levels of OPA1 or Fis1 between group IvCon and group IvPGC-1cx.
¢ Immunofluorescence results showed that the protein level of p-Drpl in
the control group was much lower than that in group siPGC-1x and was
much higher than that in group IvVPGC-1«. The same changes also
occurred after cells were treated with rotenone. Moreover, p-Drpl was
mainly translocated from cytoplasm to mitochondria in group rotenone,
group siPGC-1«, and group siPGC-lo+R. The translocation was
relieved in group IVPGC-1a+R. The data are representative of three
independent experiments. The results are expressed as a percentage of
the control, which was set at 100 %. The values are the means+ SEM;
*P<0.05, **P<0.01 versus the lvCon group; #P <0.05 versus the
rotenone group
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cell model. Drpl phosphorylation and translocation to mito-
chondria played an important role in rotenone-induced pro-
motion of mitochondrial fission. Therefore, taking control of
mitochondrial fission impairment mediated by Drpl may be
of extreme importance for inhibiting neurodegeneration.
Consistent with a previous study, our results showed increases
in mitochondrial fragmentation, the translocation of Drpl to
the mitochondria, and mitochondrial fission in cultured cells
treated with Parkinsonism-inducing neurotoxins such as 6-
hydroxydopamine and MPP+, thus causing the cell death of
dopamine neurons [12]. Further, we demonstrated that PGC-
1, which has long been considered a nuclear protein partic-
ipating in the regulation of transcription of nucleus-encoded
mitochondrial genes [30], was reduced significantly in
rotenone-induced dopamine neurotoxicity. During mitochon-
drial biogenesis, PGC-1« plays an important role in orches-
trating the activation of a broad set of transcription factors and
nuclear hormone receptors to promote the expression of
nucleus-encoded mitochondrial genes [31]. Among the puta-
tive target genes, mtTFA, a transcription factor, was the focus
of our experiments. The results showed that mtTFA was
decreased markedly. mtTFA is supposed to have a role in
regulating the expression of mitochondrial genes or in
mtDNA maintenance [32]. Accordingly, consistent with our
speculation, the mtDNA copy number was significantly de-
creased in PC12 cells treated with rotenone in our experiment.
The protein expression of PGC-1 and mtTFA was lowered
with rotenone treatment in PC12 cells, similar to the findings
ofarecent study [33]. The results further suggest that PGC-1
might participate in the pathogenesis of Parkinson’s disease.
Recently, a lot of studies have found that PGC-1« is closely
related to mitochondrial function, including induction of mi-
tochondrial biogenesis, increasing the number and respiratory
function of mitochondria, upregulating the antioxidant
defense system, and even also playing an active effect on the
mitochondria of DA [34, 35]. Therefore, in this study, we
further used lentiviral vector infection to overexpress PGC-
1o, and siRNA transfection to knock down PGC-1& in PC12
cells to confirm its role, pros and cons. Our research found that
rotenone obviously decreased PC12 cell viability, mtDNA
copy number, and mitochondrial mass while increasing
mitochondrial fragmentation, but overexpression of
PGC-1« significantly inhibited the death of PC12 cells,
increasing both mtDNA copy number and mitochondrial
mass. Conversely, PGC-1« knockdown cells were highly
sensitive to the neurotoxin rotenone, with increased mito-
chondrial fragmentation and decreased cell viability and
mtDNA copy number. These positive and negative results
powerfully imply a mediator role of PGC-1w in the
rotenone-induced PD model. Moreover, this work
strengthens the role of the PGC-1a pathway in the regu-
lation of mitochondrial biogenesis and metabolism and
gives new insights into the regulatory mechanisms that

@ Springer

govern mitochondrial genome expression, replication,
and maintenance.

PGC-1«x is a strong regulator of energy metabolism
that regulates cellular responses to all kinds of metabolic
stress including physical exertion, fasting, and cold
temperature [36]. It has also been reported that dietary
fucoxanthin increases the expression of mitochondrial
biogenesis and fusion genes such as PGC-1x, MFNI,
MFN2, and OPA1 (called the PGC-1x network) in mice’s
white adipose tissues [14]. PGC-1x-mtTFA-mediated reg-
ulation of mitochondrial biogenesis has also been reported
by many researchers [37]. Researches have proved that PGC-
1o not only enhances the activity of mtTFA but also promotes
its expression. Further experiments found that the expression
of MFN2 went up to different degrees, and Drpl decreases
with overexpression of PGC-1x. Among these, the expression
of p-Drp1 has the most significant change, and the expression
levels of p-Drp1 was negatively correlated with the expression
level of PGC-1, suggesting that MFN2 and Drpl may be
downstream nuclear transcription factors of PGC-1«.
Therefore, PGC-1o might mainly further regulate mitochon-
drial function via controlling the activity and expression of
Drpl. Thus, it can be concluded that the positive regulation
of PGC-1-MFN2 and the negative regulation of PGC-1x-p-
Drpl impact the balance of mitochondrial fusion and fission.
To our knowledge, this is the first evidence that PGC-1«x reg-
ulates mitochondrial fusion/fission by targeting the expression
of related genes in the rotenone-induced PD model. In addi-
tion, PGC-1 can promote oxidative phosphorylation and
mitochondrial biogenesis through coordinating some gene ex-
pression programs. PGC-1« knockout mice display neurolog-
ical abnormalities, such as exaggerated startle responses,
dystonia, myoclonus, and clasping [9]. Activation of PGC-
l o rescues the decrease of DA neurons in rotenone-induced
primary neuron models, and altered PGC-1 activation and
recessive mutations in parkin have also been linked to PD
[33]. Guo et al. recently found that PGC-1x may protect dia-
betic nephropathy through the inhibition of Drpl-mediated
mitochondrial dynamic remodeling and low-expression of
PGC-1« leads to increased expression of p-Drpl and increased
mitochondrial fragmentation [38]. PGC-1 is a master promot-
er of oxidative metabolism and mitochondrial biogenesis by
regulating nuclear respiratory factors such as ERR« and
NRF1/2. Tt has been reported that ERR« can activate the tran-
scriptional activity of the MFN2 promoter, and the effects are
synergistic with those of PGC-1« [39]. Furthermore, NRF1/2
themselves are able to activate mtTFA which is crucial for the
replication and transcription of mtDNA [40]. Now, combined
with our results, it can be easily concluded that PGC-1x might
participate in mitochondrial fusion and mitochondrial fission
through regulating Drpl and MFN2, being a key regulator of
mitochondrial dynamics. Thus, PGC-1« is an important nucle-
ar transcription factor. It regulates mitochondrial biogenesis,
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Fig. 8 The total frame diagram of the cross talk between mitochondrial
biogenesis and fission/fusion regulated by PGC-1cc in PC12 cells induced
by rotenone. Rotenone induces the PD model by reducing mitochondrial
number and mitochondrial mass, and PGC-1« plays a mediating role in
the process. PGC-1a can not only regulate the expression of mtTFA to
influence mitochondrial biogenesis but also has an impact on

oxidative phosphorylation, mitochondrial transcription and rep-
lication, and antioxidant system. It can also regulate mitochon-
drial fission and fusion to maintain mitochondrial homeosta-
sis [41]. At the same time, we found that M1 and Mdivi-1
could significantly improve mitochondrial DNA copy
number, which indicated that mitochondrial fission and
fusion might have a regulatory effect on mitochondrial
biogenesis. Therefore, M1 and Mdivi-1 could modulate
mitochondria dynamics by regulating mitochondrial
fission/fusion and biogenesis. Combined with the regula-
tory effect of PGC-1oc on mitochondrial fusion and fis-
sion, we inferred that mitochondrial fission/fusion and
mitochondrial biogenesis regulated each other and influ-
enced mitochondrial number and mitochondrial mass,
which were very important for the balance between mito-
chondrial dynamics and mitochondrial homeostasis. Thus,
there are cross talks between mitochondrial fission/fusion and
biogenesis.

The dynamic balance between mitochondrial fission/fusion
and biogenesis is important for maintenance of mitochondrial
homeostasis and function. In addition, it has been reported that
mitophagy is also involved in the regulation of mitochondrial
homeostasis. The coordination between mitochondrial bio-
genesis and mitophagy plays a pivotal role in mitochondrial
number homeostasis. Some studies have reported that a de-
cline of mitophagy impairs mitochondrial biogenesis resulting
in progressive mitochondrial accretion and, consequently, de-
terioration of cell function [42]. It is also has been reported
that there are links between mitochondrial fission and
mitophagy [43].

In summary, our research supplies a unique perspective that
rotenone induces PD by reducing mitochondrial number and
mitochondrial mass and that PGC-1« plays a mediating role
in the process. There is cross talk between mitochondrial bio-
genesis and mitochondrial fission/fusion, which is regulated
by PGC-1x (summarized in Fig. 8). Further work needs to
explore the network as well as focus on the unbalanced statue
of mitochondrial fission/fusion to explore the mechanism and
find a new potential therapeutic approach.

MFN2) —- Fusion) —
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/@‘fragmen@—c@l Ma@

mitochondrial fission/fusion through regulating MFN2 and Drpl
protein expression and phosphorylation. At the same time, the
regulation of mitochondrial fission/fusion can conversely influence
mitochondrial biogenesis. Therefore, there is cross talk between
mitochondrial biogenesis and mitochondrial fission/fusion
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