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PGC-1a mediated mitochondrial biogenesis promotes recovery
and survival of neuronal cells from cellular degeneration
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Neurodegenerative disorders are characterized by the progressive loss of structure and function of neurons, often including the
death of the neuron. Previously, we reported that, by removing the cell death stimulus, dying/injured neurons could survive and
recover from the process of regulated cell death, even if the cells already displayed various signs of cellular damage. Now we
investigated the role of mitochondrial dynamics (fission/fusion, biogenesis, mitophagy) in both degeneration and in recovery of
neuronal cells. In neuronal PC12 cells, exposure to ethanol (EtOH) induced massive neurite loss along with widespread
mitochondrial fragmentation, mitochondrial membrane potential loss, reduced ATP production, and decreased total mitochondrial
volume. By removing EtOH timely all these mitochondrial parameters recovered to normal levels. Meanwhile, cells regrew neurites
and survived. Study of the mitochondrial dynamics showed that autophagy was activated only during the cellular degeneration
phase (EtOH treatment) but not in the recovery phase (EtOH removed), and it was not dependent on the Parkin/PINK1 mediated
mitophagy pathway. Protein expression of key regulators of mitochondrial fission, phospho-Drp1Ser616 and S-OPA1, increased
during EtOH treatment and recovered to normal levels after removing EtOH. In addition, the critical role of PGC-1α mediated
mitochondrial biogenesis in cellular recovery was revealed: inhibition of PGC-1α using SR-18292 after EtOH removal significantly
impeded recovery of mitochondrial damage, regeneration of neurites, and cell survival in a concentration-dependent manner.
Taken together, our study showed reversibility of mitochondrial morphological and functional damage in stressed neuronal cells
and revealed that PGC-1α mediated mitochondrial biogenesis played a critical role in the cellular recovery. This molecular
mechanism could be a target for neuroprotection and neurorescue in neurodegenerative diseases.
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INTRODUCTION
Mitochondria are key organelles of eukaryotic cells. They are
involved in various essential cellular processes, such as ATP
production, integration of metabolism, stress sensing, cellular
signaling, and survival [1]. In order to maintain bioenergetic levels
needed for cellular homeostasis, mitochondrial morphology and
function constantly adapt to changing conditions. Excess stress
may overwhelm the adaptive capacity leading to severe
mitochondrial damage, causing the release of apoptotic signals
that promote cell death [2].
Mitochondrial dynamics is essential to maintain mitochondrial

integrity and function, which covers a wide range of pathways,
involving biogenesis of healthy mitochondria, fusion, fission, and
degradation of damaged mitochondria [3]. Several principal
proteins responsible for mitochondrial fusion and fission have
been identified. Mitochondrial fission is regulated by dynamin-
related protein 1 (Drp1), which translocates from the cytosol into
the outer mitochondrial membrane to initiate fission. The activity
of Drp1 is regulated by the phosphorylation at two key serine
residues. Phosphorylation of Ser616 increases Drp1 activity and

leads to mitochondrial fission, whereas phosphorylation of Ser637
inhibits fission [4]. Mitochondrial fusion is regulated by mitofusion-
1/2 (MFN1/2) in the outer mitochondrial membrane (OMM) and
optic atrophy 1 (OPA1) in the inner mitochondrial membrane
(IMM) [5]. OPA1 plays an essential role in both fusion and fission of
the IMM. OPA1 regulates IMM fusion via its membrane anchored
long isoform (L-OPA1). Cleavage of OPA1 by the stress activated
metalloprotease OMA1 generates a short isoform (S-OPA1) that
facilitates fission of the inner mitochondrial compartment [6].
Mitochondrial dynamics affect not only mitochondrial morphol-
ogy, but also mitochondrial biogenesis, which is regulated by the
peroxisome proliferator-activated receptor γ coactivator-1 (PGC-1)
family. PGC-1a is the first identified PGC-1 family member, and is
tightly modulated by many transduction effectors such as
adenosine monophosphate-activated protein kinase (AMPK), silent
information regulator 1 (SIRT1) and mammalian target of
rapamycin (mTOR) [7].
Damaged or dysfunctional mitochondria can be degraded in a

selective autophagic process termed mitophagy. It has been
suggested that mitophagy contributes to maintaining the quality
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and quantity of the mitochondrial population in cells [8]. The
removal of damaged mitochondria proceeds through the PINK1/
Parkin pathway that depends on mitochondrial membrane
potential depolarization [9]. PINK1 is a mitochondrial serine/
threonine kinase imported into the IMM via the preprotein
translocase complexes where it is constitutively and rapidly
degraded by the matrix processing peptidase (MPP) and
presenilin-associated rhomboid like protein (PARL) [10]. Loss of
mitochondrial membrane potential disrupts the degradation of
PINK1 and reroutes it to the outer membrane of defective
mitochondria, where it recruits Parkin, an E3 ubiquitin ligase. On
the mitochondrial surface Parkin ubiquitinates a specific subset of
OMM proteins, including MFN1 and MFN2, leading to the
engulfment of impaired mitochondria by autophagosomes, which
fuse with lysosomes causing the eventual elimination of damaged
mitochondria [11].
Neuronal survival critically depends on the integrity and

functionality of mitochondria [12]. Structural and functional
changes, which mitochondria undergo during the cell degen-
eration process, have been described in detail [13, 14].
Previously, we studied the cell death process in neuronal PC12
cells by exposing them to cell death triggers such as ethanol (5%
v/v). Ethanol is a known cell death trigger for in vitro studies by
inducing oxidative stress [15]. In addition, ethanol is recognized
as a contributing factor to the risk of neurodegenerative
diseases [16]. During the cell death process, mitochondria
showed many changes and signs of damage such as increased
mitochondrial fragmentation, impaired calcium influx, accumu-
lation of reactive oxygen species (ROS), and membrane potential
loss. Strikingly, all these mitochondrial injuries could be reversed
by timely removing the cell death trigger. This led not only to

recovery of the mitochondria but also to the recovery and
survival of the neuronal cells. Our data also suggested that this
kind of recovery is an intrinsic capacity of cells and does not
depend on any exogenously added growth factor [17]. More-
over, this reversible mitochondrial impairment has been
observed in diverse neuronal cell lines [18]. Yet, how the
recovery of mitochondrial damage relates to the recovery and
survival of the cells remains to be elucidated. Identifying the
molecular changes occurring in cells undergoing this remarkable
recovery from significant mitochondrial damage is a critical step
toward possible exploitation of this recovery and survival
mechanism for therapeutic benefit. As introduced above, we
propose that the signaling pathways that regulate mitochondrial
dynamics (fusion and fission, biogenesis and mitophagy) may be
involved in the processes of both damage and recovery of
mitochondria. Moreover, we propose that these processes are
crucial for degeneration and recovery of the neuronal cell itself.
In the current study, we further analyzed the morphology and
functional damage of mitochondria during cellular degeneration
and recovery in the model of ethanol-treated neuronal PC12
cells. We specifically addressed the role of mitochondrial
dynamics in both cellular degeneration and recovery, by
focusing on gene and protein expression of key regulators of
mitochondrial fusion/fission, biogenesis and mitophagy.

RESULTS
Reversible loss of neurites induced by EtOH in neuronal
PC12 cells
As shown in Fig. 1A, EtOH (5%, vol/vol) treatment for 1 and 3 h
induced significant (EtOH 1 h, P < 0.001; EtOH 3 h, P < 0.001)

Fig. 1 Reversible loss of neurites induced by EtOH in neuronal PC12 cells. A Representative bright field (BF) and immunofluorescence
images of 5% EtOH treatment (vol/vol, 1 and 3 h) induced neurite retraction, and its regeneration after washing EtOH (Washed, 4 and 20 h) in
neuronal PC12 cells. Green: neuron-specific β-III tubulin; Blue: DAPI. Scale bar: 50 µm. B, C Quantification results of mean neurite length per
cell and the percentage of cells with neurites. ***P < 0.001, vs. control group; ##P < 0.01, ###P < 0.001, vs. EtOH 3 h group. EtOH ethanol.
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neurite loss in neuronal PC12 cells after evaluating bright field
images and neuron-specific β-III tubulin staining to mark neurites.
Interestingly, by removing EtOH and further culturing cells in fresh
culture medium for 4 and 20 h, most of the neuronal PC12 cells
that had lost neurites, quickly regrew new neurites with lengths
(Washed 4 h, P < 0.001; Washed 20 h, P < 0.001) comparable to
those of control cells (Fig. 1B, C).

Mitochondrial morphological and functional changes in the
process of cellular degeneration and recovery
Live cell imaging of Mito-tracker staining and representative 3D
images showed that mitochondria formed a filamentous network
in both soma and neurite in healthy neuronal PC12 cells in control
conditions (Fig. 2A). After exposure to EtOH for 1 or 3 h, these
large mitochondria fragmented into small, round mitochondria.

Fig. 2 Reversible changes in mitochondrial morphology and function. A Original fluorescence and 3D reconstruction images of Mito-
tracker stained mitochondria in neuronal PC12 cells showed mitochondrial fragmentation induced by exposure to EtOH (5%, vol/vol, 1 and
3 h) and subsequent recovery of mitochondrial morphology after washing EtOH (Washed, 4 and 20 h). Scale bar: 20 µm. B Quantification result
of the percentage of cells with mitochondrial fragmentation. Data are presented as mean ± SEM. ****P < 0.0001, vs. control group;
####P < 0.0001, vs. EtOH 3 h group. C–E Quantification results of mitochondrial number, mean mitochondrial volume and total mitochondrial
volume per cell. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ****P < 0.0001, vs. control group; ##P < 0.01, ####P < 0.0001, vs. EtOH 3 h
group. F Quantification of mean fluorescence intensity stained with TMRM. Data are presented as mean ± SEM. ***P < 0.001, vs. control group;
##P < 0.01, ###P < 0.001, vs. EtOH 3 h group. G ATP content (nmol/mg protein) in neuronal PC12 cells. Data are presented as mean ± SEM.
**P < 0.01, ***P < 0.001, vs. control group; ##P < 0.01, ###P < 0.001, vs. EtOH 3 h group. H The relative mtDNA copy number estimated with qPCR
measurement. Data are presented as mean ± SEM. EtOH ethanol.
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Notably, after removing EtOH by washing and further culturing
cells in fresh culture medium for another 4 or 20 h, cells regained a
filamentous mitochondrial morphology, similar to the morphology
observed in control cells. During this mitochondrial recovery,
neurite regrowth occurred. Quantification showed that, almost
100% of the cells had mitochondrial fragmentation after 1 or 3 h
exposure to EtOH (P < 0.0001), while more than 90% of the cells
regained normal mitochondrial morphology after removing EtOH
(P < 0.0001) (Fig. 2B).
We quantified the mitochondrial volume and found that the

mean volume per mitochondrion significantly decreased during
EtOH treatment (EtOH 1 h, P < 0.01; EtOH 3 h, P < 0.0001), and
increased and returned to normal after removing EtOH (Washed
4 h, P < 0.01; Washed 20 h, P < 0.0001) (Fig. 2D). This is consistent
with the recovery of mitochondrial fragmentation that was
observed in fluorescence imaging. The total mitochondrial volume
of each cell decreased significantly during exposure to EtOH (EtOH
1 h, P < 0.05; EtOH 20 h, P < 0.0001), which also increased again
after removing EtOH (Washed 20 h, P < 0.01) (Fig. 2E). Meanwhile,
we found that the number of mitochondria per cell decreased
slightly but had no significant changes during both mitochondrial
fragmentation and recovery (Fig. 2C).
TMRM staining showed that fragmentation of mitochondria was

accompanied by loss of mitochondrial membrane potential (EtOH
1 h, P < 0.01; EtOH 3 h, P < 0.01), which also recovered to normal
after removing EtOH (Washed 4 h, P < 0.01; Washed 20 h,
P < 0.001) (Fig. 2F). Intracellular ATP content was then investigated
with the ATP assay kit. We found that the levels of intracellular ATP
content significantly decreased after exposure to EtOH (EtOH 1 h,
P < 0.01; EtOH 3 h, P < 0.001) and recovered to the normal level
after washing EtOH (Washed 4 h, P < 0.01; Washed 20 h, P < 0.001)
(Fig. 2G), in agreement with the TMRM staining results. No
significant changes were observed with mitochondrial DNA
(mtDNA) copy number during mitochondrial fragmentation and
recovery (Fig. 2H).
In electron microscopy, mitochondria in the control group

mainly appeared with a tubular or round profile in cross-sections
of both soma and neurite (Fig. 3A). By classifying the mitochondria
into tubules and globules as previously reported [19], quantifica-
tion showed that tubular mitochondria were predominant in the
control group (Fig. 3B). In cells treated with EtOH for 1 or 3 h, the
mitochondrial structure was significantly damaged; mitochondria
appeared as small, round or oval structures with a low matrix
density, and reduced or damaged cristae that were broken or
swollen. In the cellular degeneration phase, EtOH treatment for 1
or 3 h, the fraction of globular mitochondria increased to 95% and
97%, respectively (Fig. 3B). Notably, in the washed groups, most of
the mitochondria regained the elongated tubular morphology.
Quantitative analysis showed significant decrease of mitochon-
drial area (EtOH 1 h, P < 0.001; EtOH 3 h, P < 0.001), length (EtOH
1 h, P < 0.001; EtOH 3 h, P < 0.001), and perimeter (EtOH 1 h,
P < 0.001; EtOH 20 h, P < 0.001) in EtOH-treated neuronal PC12
cells compared with control group. In the washed group,
mitochondrial area (Washed 4 h, P < 0.001; Washed 20 h,
P < 0.001), length (Washed 4 h, P < 0.001; Washed 20 h,
P < 0.001), and perimeter (Washed 4 h, P < 0.001; Washed 20 h,
P < 0.001) all recovered to levels similar to those in normal cells
(Fig. 3C–E).

Autophagy is activated during cellular degeneration, but not
during recovery
Autophagy often occurs following damage or stress induced
mitochondrial fragmentation and mitochondrial membrane
potential loss [20]. We investigated whether autophagy was
activated by measuring microtubule-associated protein 1 A/1B-
light chain 3 (LC3). LC3 has two isoforms, 16-kDa isoform LC3-I and
14-kDa isoform LC3-II. LC3-I is located in the cytosol and after
conjugation to phosphatidylethanolamine, converts to the LC3-II

isoform, which is present in autophagosome [21]. Western blot
results showed that EtOH treatment increased the LC3-I transfor-
mation to autophagosome-associated isoform LC3-II (EtOH 1 h,
P < 0.01; EtOH 3 h, P < 0.001). However, in the process of
mitochondrial recovery after washing EtOH, no significant LC3-II
protein was detected (Fig. 4A, B). Similarly, immunofluorescent
localization analysis revealed an increase in the number of LC3
dots per cell (EtOH 1 h, P < 0.0001; EtOH 3 h, P < 0.0001) and the
percentage of cells with LC3 dots during EtOH treatment (EtOH
1 h, P < 0.0001; EtOH 3 h, P < 0.0001). These parameters returned
to normal levels after removing EtOH (Fig. 4E–G). P62 is another
marker of autophagy. This protein is lost at the final stage of
autophagy during autolysosome degradation [21]. The Western
blot showed that there was a decreased protein level of p62
during EtOH treatment (EtOH 1 h, P < 0.0001; EtOH 3 h, P < 0.0001),
which increased to a normal level again during mitochondrial
recovery, after removing EtOH (Washed 4 h, P < 0.01; Washed 20 h,
P < 0.001) (Fig. 4A). Transmission electron microscopy further
confirmed activation of autophagy in neuronal PC12 cells after
EtOH treatment for 1 and 3 h. The arrows point to the
autophagosome (double membrane) and autolysosome (single
membrane) (Fig. 4H). Next, we investigated whether EtOH induced
accumulation of LC3-II and increase in LC3 dots were due to
increase in autophagic flux or due to prevention of autophagic
proteolysis. For this, we used two drugs: 3-methyladenine (3-MA),
a phosphoinositide 3-kinase (PI3K) inhibitor known to inhibit the
induction of autophagy, and chloroquine (CQ), a lysosomal
inhibitor, to study autophagic flux [22]. Immunofluorescence
analysis of the number of LC3 dots showed that 3-MA and CQ
effectively inhibited the autophagy response induced by EtOH
(Fig. 4I, J). Together these results indicated that autophagy was
activated during EtOH treatment when it induced mitochondrial
damage, but not in the process of mitochondrial recovery, after
washing EtOH. Further study with the autophagy inhibitor 3-MA,
showed that 3-MA had no inhibitory effect on both neurite
regeneration and the recovery of mitochondrial fragmentation
and membrane potential loss (Fig. 4K–N).
The protein expression of Parkin decreased in the degeneration

phase (EtOH treatment), which increased again during recovery
(EtOH removed) (Fig. 4A, D). No binding of PINK1 was detected
during both mitochondrial degeneration and recovery (Fig. 4A).
With an alternative PINK1 antibody (PA1-16604, Invitrogen, USA),
we also failed to detect PINK1 in this model. These results
indicated that EtOH induced autophagy in neuronal PC12 cells in a
Parkin/PINK1 independent way.

Mitochondrial fission and fusion in the process of cellular
degeneration and recovery
As shown in Fig. 5, significant changes were observed neither in
mRNA nor in protein expression of Drp1 (Fig. 5A, E, F), which is
known as the executioner of mitochondrial fission [4]. In contrast
to total Drp1 protein, the level of phospho-Drp1Ser616 was
significantly increased after exposure to EtOH for 3 h, indicating
increased Drp1 activity, which decreased to the normal level after
washing EtOH for 4 or 20 h (Fig. 5E, G). At the same time, the
protein expression of phospho-Drp1Ser637, whose phosphorylation
inhibits mitochondrial fission, showed no significant changes
during EtOH treatment, and after removing EtOH (Fig. 5E, H).
We studied the subcellular localization of Drp1 by immuno-

fluorescence staining, since it has been reported that mitochon-
drial translocation of Drp1 is a prerequisite for the induction of
mitochondrial fission [4]. As shown in Fig. 5L, Drp1 signals were
diffused in the cytosol before EtOH treatment. After applying EtOH
for 3 h, the signals became more punctate and appeared to be
translocated to the mitochondria. After removing EtOH by
washing, the Drp1 signals were again diffused throughout the
cytosol. This result suggested that mitochondrial translocation of
Drp1 is required for EtOH induced mitochondrial fission.
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Figure 5B shows that the mRNA expression of OPA1 was
significantly decreased after EtOH treatment and increased again
after washing EtOH. Western blotting detected two OPA1
isoforms, the L-OPA1 (100 kDa) and S-OPA1 (85 kDa). EtOH
treatment for 1 or 3 h resulted in a significant conversion of
L-OPA1 to S-OPA1, which also recovered to the levels of the
control group when EtOH was removed (Fig. 5E, K). Moreover, the
mRNA and protein expression of MFN1 and MFN2, which are
required for fusion of the mitochondrial outer membrane, were
significantly decreased after EtOH treatment for 3 h, and increased
when EtOH was removed, especially at the time point of 4 h after
washing EtOH (Fig. 5C–E, I, J).

Mitochondrial biogenesis promotes mitochondrial recovery,
neurite regeneration and cell survival
Our measurements showed that there was significant decrease in
PGC-1α expression at both the mRNA (EtOH 1 h, P < 0.05; EtOH 3 h,
P < 0.01) and protein (EtOH 1 h, P < 0.0001; EtOH 3 h, P < 0.0001)
level in neuronal PC12 cells upon EtOH treatment. After removing
EtOH, PGC-1α mRNA (Washed 4 h, P < 0.01; Washed 20 h,
P < 0.0001) and protein (Washed 4 h, P < 0.0001; Washed 20 h,
P < 0.0001) expression increased markedly during mitochondrial
recovery and neurite regeneration (Fig. 6A, D).
We next studied the mRNA and protein expression of AMPK and

SIRT1, two metabolic sensors that have been reported to directly

Fig. 3 Ultrastructure of mitochondria revealed by transmission electron microscopy in neuronal PC12 cells. A Representative images of
mitochondrial ultrastructure of neuronal PC12 cells showed EtOH (5%, vol/vol, 1 and 3 h) induced mitochondrial changes such as
fragmentation and swelling, and mitochondrial recovery after washing EtOH (Washed, 4 and 20 h). Scale bar: 0.5 µm. B The percentage of
mitochondria which appeared as tubes or large and small globes in the sections. C–E Quantification of mitochondria related parameters,
including mitochondrial length, perimeter, and area per mitochondrion. At least 300 mitochondria were quantified in each group. Data are
presented as mean ± SD. ***P < 0.001, vs. control group; ###P < 0.001, vs. EtOH 3 h group. EtOH ethanol.
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Fig. 4 Autophagy is activated during EtOH treatment, but not in the recovery process. A–D Protein expression of LC3-I/II, p62, Parkin,
PINK1 in neuronal PC12 cells detected by western blot. GAPDH was used as a loading control. E Immunofluorescence images represent LC3
dots (green) and nuclei (blue) in neuronal PC12 cells. Scale bar: 10 µm. F, G Quantification of the number of LC3 dots per cell and the
percentage of cells with LC3 dots. Data are presented as mean ± SEM. ****P < 0.0001, vs. control group. H Electron microscopy showed
autophagy induced by EtOH (5%, vol/vol, 1 and 3 h) in neuronal PC12 cells. The arrows point to the autophagosome (double membrane) and
autolysosome (single membrane). Scale bar: 1 µm. I, J Quantification of the number of LC3 dots per cell. Data are presented as mean ± SEM.
***P < 0.001, ****P < 0.0001, vs. control group. ####P < 0.000, vs. EtOH 1 h group. ^^P < 0.01, ^^^^P < 0.0001, vs. EtOH 3 h group. K–N Quantification
results of mean neurite length per cell, the percentage of cell with neurite, the percentage of cells with fragmented mitochondria, and TMRM
mean fluorescence intensity, which show that the autophagy inhibitor 3-MA had no inhibitory effect on the cell recovery from EtOH induced
damage. EtOH ethanol.
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regulate the activity of PGC-1α [7]. As shown in Fig. 6B, C, EtOH
stimulation did not alter mRNA expression of AMPK and SIRT1;
significant increase was only detected when EtOH was removed
for 4 h. Western blot analysis revealed that the expression of total
AMPK did not change. However, the level of phospho-AMPK

significantly increased during exposure to EtOH and decreased to
the normal level when EtOH was removed (Fig. 6D, F, G).
Moreover, protein expression of SIRT1 was markedly reduced in
the EtOH treatment group, and increased again during mitochon-
drial recovery when EtOH was removed (Fig. 6D, H).

Fig. 5 Changes in regulators of mitochondrial fusion/fission in the process of cellular degeneration and recovery. A–D mRNA expression
of Drp1, OPA1, MFN1, and MFN2 measured by qPCR in neuronal PC12 cells. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, vs. control
group; #P < 0.05, ##P < 0.01, ###P < 0.001, vs. EtOH 3 h group. E–K Protein expression of Drp1, p-Drp1 (Ser616), p-Drp1 (Ser637), OPA1, MFN1,
and MFN2 in neuronal PC12 cells detected by Western blot. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, vs. control
group; #P < 0.05, ##P < 0.01, ###P < 0.001, vs. EtOH 3 h group. L Immunofluorescence images showed that Drp1 signals were diffused in the
cytosol before EtOH treatment. After applying EtOH for 3 h, the signals became more punctate and appeared to be translocated to the
mitochondria. After removing EtOH by washing, the Drp1 signals were again diffused throughout the cytosol. Mitochondria and Drp1 were
stained with TOM20 antibody (red) and Drp1 antibody (green) separately. Scale bar: 10 µm. EtOH ethanol.
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To clarify whether mitochondrial biogenesis promotes cell
recovery and neurite regeneration via PGC-1α activation, we
studied the effects of SR-18292, a potent PGC-1α inhibitor [23], on
cell recovery from mitochondrial injury and neurite regeneration
in neuronal PC12 cells. We first examined the dose effect of SR-
18292 on cell viability and neurite maintenance. As shown in Fig.
8A, treatment alone with different concentrations of SR-18292
(50, 75, 100 µM) for 4 or 20 h had no influence on cell viability of
neuronal PC12 cells. However, high concentration of SR (100 µM)
induced a reduction of the percentage of cells with neurites by
10% (P < 0.05) and a decrease of the mean neurite length per cell
by 50 µm (P < 0.05), indicating that PGC-1α is important for the
maintenance of neurites in differentiated neuronal PC12 cells (Fig.
8B, C). Figure 8D showed that EtOH treatment for 3 h had no
significant influence on the viability of cells. After removing EtOH
and further culturing cells in fresh medium even without NGF and
horse serum for another 4 and 20 h, also no further decrease in
cell viability was noticed. Strikingly, SR-18292 strongly suppressed

the cell survival and neurite regeneration in a dose-dependent
manner when cells were further cultured in medium with SR-
18292 after washing EtOH (Figs. 7 and 8D–F). At the time point of
4 h after EtOH removal, SR-18292 (75 and 100 µM) incubation had
induced cell death by 29.5% (P < 0.0001) and 77.1% (P < 0.0001),
respectively, compared with washed group without SR-18292 at
this time point. At the time point of 20 h, SR-18292 (50, 75, and
100 µM) induced cell death by 31.4% (P < 0.0001), 86.2%
(P < 0.0001), and 100% (P < 0.0001), respectively, compared with
the washed group without SR-18292 at 20 h. Furthermore, the
same concentrations of SR-18292 had no influence on mitochon-
drial morphology and membrane potential in neuronal PC12 cells
when applied alone, without EtOH, for 4 and 20 h (Fig. 8G, H);
however, they inhibited cell recovery from mitochondrial
fragmentation and membrane potential loss dramatically
(Fig. 8I, J). These data indicated that PGC-1α mediated
mitochondrial biogenesis played an important role during the
cell recovery process.

Fig. 6 Changes in PGC-1αmediated mitochondrial biogenesis in the process of cellular degeneration and recovery. A–CmRNA expression
of PGC-1α, AMPK-1α, SIRT1 in neuronal PC12 cells measured by qPCR. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, vs. control
group; ##P < 0.01, ####P < 0.0001, vs. EtOH 3 h group. D–H Protein expression of PGC-1α, AMPK-1α, p-AMPK-1α, and SIRT1 in neuronal PC12 cells
detected by western blot. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, vs. control group; #P < 0.05,
##P < 0.01, ###P < 0.001, ####P < 0.0001, vs. EtOH 3 h group. EtOH ethanol.
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DISCUSSION
In the present study, we report reversible morphological and
functional damage of mitochondria along with cellular degenera-
tion and recovery in EtOH-treated neuronal PC12 cells. Our
mechanistic investigations found the involvement of processes
governing mitochondrial dynamics, including mitochondrial
fission/fusion, mitophagy, and biogenesis, in both the process of
cellular degeneration and its subsequent recovery. Notably, our
findings reveal the pivotal role of PGC-1α-mediated mitochondrial
biogenesis in the process of cellular recovery from mitochondrial
damage, neurite retraction, and overall cell survival (Fig. 9).
A previous study in neuronal PC12 cells showed that, by

removing the cell death stimulus EtOH, dying cells could survive
and recover from diverse apoptotic events that are related to
neuronal cell death, including neurite retraction, nuclear con-
densation, DNA damage, mitochondrial fragmentation, mitochon-
drial membrane potential loss, increased ROS generation and
increased level of intracellular Ca2+ [17]. In the present study, we
analysed the mitochondrial ultrastructure in EtOH-treated neuro-
nal PC12 cells and found fragmented mitochondria with swollen
structure, disrupted cristae, and less electron-dense mitochondrial
matrix (Fig. 3), like the damage of mitochondria described in

neurodegenerative disease patients [24–26]. Importantly, these
damaged mitochondria regained their tubular network with
normal cristae and matrix density when the cell death stimulus
EtOH was removed (Fig. 3). The fragmentation of mitochondria
not only occurred together with significant membrane potential
loss, but also with decreased ATP production and total
mitochondrial volume (Fig. 2). These results are consistent with
previous studies that mitochondrial dynamics, as well as
ultrastructure and volume, are tightly linked to mitochondrial
function [27]. Notably, all these mitochondrial parameters
recovered to the normal levels of the control group after removing
EtOH. Meanwhile, the mtDNA copy number showed no significant
changes neither during EtOH treatment nor during cell recovery
after washing EtOH (Fig. 2H). This result is puzzling since mtDNA
number has been proposed as a biomarker of mitochondrial
function and decreased mtDNA number was observed in a variety
of neurodegenerative disorders [28–32]. Our data may suggest
that while morphology and function of mitochondria undergo
massive changes, most of the mtDNA is retained and may
contribute to cellular recovery.
Mitophagy, a type of selective autophagy, is an important

mitochondrial dynamics mechanism which eliminates damaged

Fig. 7 The inhibition effect of SR-18292 on the cell survival and neurite regrowth from EtOH induced damage in neuronal PC12 cells.
Bright field images of neuronal PC12 cells with or without EtOH treatment for 3 h, and after washing EtOH then further culturing cells in fresh
medium for another 4 or 20 h with or without different concentration of SR-18292 (50, 75, 100 µM). EtOH ethanol.
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Fig. 8 Inhibitory effect of SR-18292 on cell survival and recovery from EtOH induced damage in neuronal PC12 cells. A–C Quantification
of cell viability, the percentage of cells with neurites, and the mean neurite length per cell in neuronal PC12 cells treated alone with different
concentration of SR-18292 (50, 75, 100 µM) for 4 and 20 h. Data are presented as mean ± SEM. *P < 0.05, vs. control group. D–F Quantification
of cell viability, the percentage of cells with neurites, and the mean neurite length per cell in neuronal PC12 cells with corresponding
treatment. Data are presented as mean ± SEM. ****P < 0.0001, vs. control group; ##P < 0.01, ####P < 0.0001, vs. EtOH 3 h group; ^^^^P < 0.0001, vs.
Washed 4 h group; !!!!P < 0.0001, vs. Washed 20 h group. G, H Quantification of the percentage of cells with fragmented mitochondria and the
TMRM mean fluorescence intensity in neuronal PC12 cells treated alone with different concentrations of SR-18292 (50, 75, 100 µM) for 4 and
20 h. I, J Quantification of cell viability, the percentage of cells with neurites, and the mean neurite length per cell in neuronal PC12 cells with
corresponding treatment. Data are presented as mean ± SEM. ****P < 0.0001, vs. control group; ####P < 0.0001, vs. EtOH 3 h group;
^^^^P < 0.0001, vs. Washed 4 h group; !!!!P < 0.0001, vs. Washed 20 h group.
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mitochondria, and often becomes active following damage or
stress induced mitochondrial fragmentation and membrane
potential loss [20]. The Parkin/PINK1 mediated mitophagy has
been shown to have a protective effect for patients with
neurodegenerative disease [33]. Here, we hypothesized that
mitophagy is activated to remove the damaged mitochondria
and provide energy to promote the cell recovery from mitochon-
drial defects. However, activated mitophagy was observed
exclusively during the phase of cellular degeneration, no
detectable autophagic activity was evident in the process of
cellular and mitochondrial recovery following the removal of EtOH
(Fig. 4). Moreover, the use of an autophagy inhibitor demonstrated
no inhibitory effect on the recovery of mitochondrial damage and
neurite regrowth (Fig. 4K–N). These results imply that autophagy
was activated specifically to eliminate damaged mitochondria
during EtOH treatment. However, it does not appear to play a
pivotal role during the subsequent process of cellular and
mitochondrial recovery. In addition, the protein expression of
Parkin exhibited a decrease during EtOH treatment, and no band
corresponding to PINK1 was detected. Notably, PINK1 is consti-
tutively degraded by PARL in the mitochondria, resulting in
undetectable basal levels of PINK1 [10]. These data are not

consistent with previous studies, in which there was a higher level
of protein expression of Parkin and PINK when mitophagy was
activated [34–36]. The findings suggest that the observed
mitophagy was not mediated via the Parkin/PINK1 pathway.
Parkin, known as a multifunctional ubiquitin E3 ligase, participates
in various cellular processes. In addition to its role in regulating
mitophagy, studies have demonstrated that Parkin can enhance
mitochondrial biogenesis, preserve mitochondrial genome integ-
rity, and regulate mitochondrial dynamics [37–39]. Therefore, the
decreased expression of Parkin observed after EtOH treatment in
neuronal PC12 cells and its subsequent increase upon EtOH
removal may rather point at involvement of Parkin in the recovery
process by these other roles of Parkin.
Quantitative analysis of the electron microscopy revealed that

97% of mitochondria after a 3 h EtOH treatment had globular
profiles characterized by damaged cristae and lower matrix
density (Fig. 3B). Notably, as autophagy was only detected during
EtOH treatment and not in the subsequent phase of mitochondrial
and cellular recovery after EtOH removal, we hypothesize that not
all fragmented mitochondria were eliminated by autophagy.
Extended (up to 15 h) exposure of neuronal PC12 cells to EtOH
also demonstrated a further increase in transformation of LC3-I to

Fig. 9 Illustration of mitochondrial dynamics during degeneration and recovery of neuronal PC12 cells. EtOH treatment for 3 h already
induced cellular changes and damage such as reactive oxygen species generation, elevation of intracellular Ca2+, phosphatidylserine
exposure, nuclear shrinkage, DNA damage, mitochondrial fragmentation and mitochondrial membrane potential loss, and retraction of
neurites [17]. These phenomena are often associated with regulated cell death. Importantly, after removing ethanol and further culturing the
dying cells in fresh culture medium, cells recovered from all these cellular injuries and generated new neurites. In the phase of EtOH induced
cellular degeneration, the expression of phospho-Drp1Ser616 and S-OPA1 that are related to mitochondrial fission were increased. The
expression of MFN1, MFN2, L-OPA1, and PGC-1α that are related to mitochondrial fusion and biogenesis were decreased. Meanwhile,
autophagy was activated. In the phase of cellular recovery after removing EtOH, mitochondrial fusion and biogenesis increased and
recovered. Inhibiting mitochondrial biogenesis by PGC-1α inhibitor SR-18292 showed remarkable inhibition of not only recovery of
mitochondria, but also of neurite regeneration and cell survival. These results indicate that PGC-1α mediated mitochondrial biogenesis may
be a potential target for rescuing dying/injured neurons in neurodegenerative diseases.
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LC3-II (Supplemental Fig. 1), indicating continuation of autophagy
activity and degradation of damaged mitochondria. Based on
these findings, it is plausible to infer that at least a portion of the
fragmented mitochondria, present after 3 h of EtOH treatment,
could undergo re-fusion, leading to the restoration of a normal
tubular structure and cristae during the recovery phase. Consistent
with these observations, we identified an elevation in the protein
expression of phospho-Drp1Ser616 and observed the translocation
of Drp1 from the cytoplasm to mitochondria following EtOH
treatment, providing an explanation for the observed widespread
mitochondrial fragmentation (Fig. 5A, L). Meanwhile, there was a
notable conversion of L-OPA1 to S-OPA1 returning to normal
levels upon EtOH removal (Fig. 5A). L-OPA1, adhering to the inner
mitochondrial membrane (IMM), plays a crucial role in IMM fusion,
while its proteolytic processing releases S-OPA1 into the
intermembrane space, where it facilitates fission of the inner
mitochondrial compartment [6]. OPA1 is also implicated in the
organization of cristae structure [40]. The restoration of L-OPA1
expression after EtOH removal indicates its involvement in the
recovery of mitochondrial network morphology and cristae
morphogenesis. Furthermore, cristae structure has been demon-
strated to reflect mitochondrial oxidative phosphorylation func-
tion, suggesting that the L-OPA1-induced recovery of
mitochondrial ultrastructure might be associated with the
bioenergetic status, as evidenced by the restored ATP production
and mitochondrial membrane potential (Fig. 2F, G).
The decrease in total mitochondrial volume during EtOH

treatment and its subsequent recovery (Fig. 2E) suggests the
involvement of mitochondrial autophagy and biogenesis. PGC-1α,
is recognized as a master regulator of mitochondrial biogenesis
[7]. Our results demonstrated the activation of autophagy during
EtOH treatment alongside a significant reduction in PGC-1α
expression at both the mRNA and protein levels (Fig. 6A, D).
Importantly, a substantial increase in PGC-1α expression was
noted during the mitochondrial recovery phase after EtOH
removal. Moreover, the PGC-1α inhibitor SR-18292 exhibited a
remarkable inhibitory effect on mitochondrial recovery, neurite
regrowth, and cell viability in a concentration-dependent manner
(Figs. 7 and 8). Incubating neuronal PC12 cells with SR-18292 at a
concentration of 100 µM after EtOH removal for 20 h resulted in
100% cell death. This is in stark contrast with our previous findings
on cell viability that more than 90% neuronal PC12 cells survived
and recovered from 3 h exposure to EtOH [17]. It indicates the
critical role of PGC-1α-mediated mitochondrial biogenesis in the
recovery of neuronal PC12 cells from EtOH-induced cellular
degeneration.
Metabolic sensors, including AMPK and SIRT1, have been

established as key regulators controlling the activity of PGC-1α
[7]. Our findings indicate that AMPK was activated specifically
during cellular and mitochondrial degeneration after EtOH
treatment but not in the subsequent recovery phase after EtOH
removal (Fig. 6D). AMPK serves as a crucial energy sensor, playing
a role in maintaining cellular energy homeostasis and becoming
activated in response to stresses that deplete cellular ATP supplies
[41]. Given its association with autophagy triggered by various
cellular stresses, including nutrient deficit [42], the observed AMPK
activation in our study aligns with the induction of autophagy but
not with increase in PGC-1α, suggesting that in EtOH-treated
neuronal PC12 cells, AMPK primarily regulates autophagy rather
than mitochondrial biogenesis. Meanwhile, our results showed
that the protein expression of SIRT1 follows a pattern parallel to
that of PGC-1α (Fig. 6), suggesting that the regulation of PGC-1α
may be mediated through SIRT1 activation. However, the precise
mechanisms by which SIRT1 regulates PGC-1α activation and
promotes cell recovery from mitochondrial abnormalities and cell
survival needs further research.
Mitochondria have been implicated in the pathogenesis of

neurodegenerative diseases such as Parkinson’s disease (PD),

Alzheimer’s disease (AD), Amyotrophic lateral sclerosis (ALS),
Huntington’s disease (HD) and glaucoma, where their morpholo-
gical and functional impairments are associated with disease
progression [43–46]. Our results agree well with these findings
and extend them by showing that mitochondria are not only
important in the process of neuronal cell death but also in the
recovery of injured neuronal cells. Particularly mitochondrial
biogenesis is important for recovery and survival of injured
neurons. This suggests that restoration of proper function and
high activity levels of mitochondria may be an important driver of
the recovery of degenerating neuronal cells. The importance of
mitochondrial biogenesis is underscored by a recent study on
human stem cell derived retinal ganglion cells. The findings
indicated that mitochondrial biogenesis was important for the
recovery of mitochondrial homeostasis and pro-survival responses
[47].
Reversible mitochondrial fragmentation was also observed in an

in vivo model, specifically in the neocortex of anesthetized mice
after ischemic and traumatic injury, as revealed by quantitative
two-photon imaging [19]. It is important to note that these findings
as well as our in vitro findings were obtained in acute injury
models, while neurodegenerative diseases usually involve chronic
stress and slow progression of cell death. The question of whether
the same mitochondrial phenomena occur in chronic neurode-
generative models requires further dedicated studies.
In conclusion, our study shows that mitochondria play a role

both in the degeneration when neuronal cells are exposed to
stress and in the recovery when the stress is lifted. One of these
reversible changes is the fragmentation of mitochondria and the
loss of the mitochondrial membrane potential. This phenomenon
is observed in various neuronal cell lines subjected to diverse cell
death triggers, indicating that this may be a general feature of
neurons. The cell autonomous capacity of recovery via mechan-
isms of mitochondrial maintenance and quality control may open
up new possibilities for therapeutic interventions for neurode-
generative diseases. More specifically, our findings reveal the
pivotal role of PGC-1α-mediated mitochondrial biogenesis in the
recovery of compromised neurons from mitochondrial damage.
Stimulating this pathway or maybe more generally, boosting
mitochondrial activity, may represent a potential strategy for
rescuing dying or injured neurons in neurodegenerative disorders.

MATERIALS AND METHODS
Cell culture
Pheochromocytoma line 12 (PC12) cells were obtained from Leibniz
Institute DSMZ (ACC 159) and cultured as described before, with minor
modifications [48]. Briefly, PC12 cells were maintained undifferentiated in
85% RPMI 1640 medium (Gibco™ 61870-010, Thermo Fisher, USA)
supplemented with 10% horse serum (HS; H1270, Sigma, USA), 5% heat-
inactivated fetal bovine serum (FBS; F7524, Sigma, USA), and 1% penicillin-
streptomycin (pen-strep) antibiotic (Gibco™ 15140122, Thermo Fisher, USA)
at 37 °C in a 5% CO2 incubator. To induce differentiation, cells were
dissociated and plated on PDL (50 μg/ml; P6407, Sigma, USA) and laminin
(10 μg/ml; 3400-010-02, R&D Systems, USA) coated cell culture plate in low
serum conditions (1% horse serum) and 50 ng/ml of nerve growth factor
(NGF; N1408, Sigma, USA). Cells were differentiated for 6–7 days before
using for experiments. Mature neuronal PC12 cells were defined as cells
harboring neurites at least two cell body diameters in length [49]. Regular
mycoplasma testing was conducted every month to prevent
contamination.

Cell viability measurement
Cell death was determined by Hoechst 33342 (Sigma, USA) and propidium
iodide (PI, Sigma, USA) double fluorescent staining as previously described
[50]. After treatment, the cells in each group were stained with Hoechst
33342 (5 µg/mL) and PI (5 µg/mL) for 15min in the dark. The stained cells
were observed using Olympus IX81 inverted fluorescence microscopy. To
assess cell viability, 20 visual fields were randomly selected from each
group and quantified with Fiji.
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Mitochondrial morphology imaging and volume
quantification
Mitochondrial structure was visualized by Mito-tracker (M22426, Invitro-
gen™, USA) staining. After treatment, cells were incubated with Mito-
tracker (20 nM) at 37 °C in dark for 30min, then washed with PBS for three
times and covered with fresh medium. Cells were imaged by FEI Corrsight
microscope with laser line of 640 nm and the 446/523/600/677 nm
BrightLine® quad-band bandpass filter. Mitochondrial volume quantifica-
tion was done with a similar MATLAB script as previously reported [51]
with the modification that our analysis was performed in 3D using the
DIPimage toolbox (https://diplib.org/). To quantify the mitochondrial
volume, neuronal PC12 cells were imaged with z-stacks consisting of 100
planes and an interval of 0.147 μm. Images were shown in the merged
z-stacks of 100 planes with the maximum fluorescence intensity.
Representative images were edited in Fiji, while 3D rendering was
obtained with the 3D Viewer plugin.

Mitochondrial membrane potential measurement
Mitochondrial morphology and membrane potential changes were
detected by staining cells with tetramethylrhodamine (TMRM, No.
134361, Invitrogen™, USA). After treatment, cells were incubated with
TMRM (100 nM) at 37 °C in dark for 30min, then washed with PBS for three
times and covered with fresh medium. Images were acquired by FEI
Corrsight microscope with the laser line of 561 nm and a Semrock 446/523/
600/677 nm BrightLine® quad-band bandpass filter. Up to 35 fields of view
each group were captured. TMRM fluorescence intensity was quantified
with Fiji.

ATP content measurement
ATP content was determined using ATP Assay Kit (ab83355, Abcam, UK)
according to manufacturer’s instruction. Briefly, 1.5 × 106 PC12 cells from
each group were seeded in a T25 flask and differentiated for 6 days. After
treatment, cells were collected by rubber scraping, centrifuged, and
incubated with lysis buffer. The luminescence was measured fluorome-
trically (Ex/Em = 535/587 nm) using CLARIOstar plate reader (BMG
LABTECH). ATP content was calculated from a freshly prepared standard
curve and normalized to protein content. The protein content was
analyzed by the BCA Protein Assay Kit (23225, Thermo ScientificTM, USA).

Electron microscopy
Cells were fixed with 2.5% Glutaraldehyde in 0.1 M phosphate buffer and
kept in the fixative for 24 h at 4 °C. Then cells were washed with 0.1 M
cacodylate buffer and postfixed with 1% osmium tetroxide in the same
buffer containing 1.5% potassium ferricyanide for 1 h in the dark at 4 °C.
Then cells were dehydrated in ethanol, infiltrated with Epon resin for
2 days, embedded in the same resin and polymerized at 60 °C for 48 h.
Ultrathin sections of 70 nm in thickness were cut using a Leica Ultracut UCT
ultramicrotome (Leica Microsystems Vienna) and mounted on Formvar-
coated copper grids. Cells were stained with 2% uranyl acetate in water
and lead citrate. Then, sections were observed in a Tecnai T12 Electron
Microscope equipped with an Eagle 4kx4k CCD camera (Thermo Fisher
Scientific). Quantification of mitochondrial-related parameters from
transmission electron microscopy (TEM) cross-sections, including mito-
chondrial length, perimeter, and area were done as previously reported
[52] with Fiji.

Western blot
The proteins were extracted from cells using RIPA lysis buffer (89900,
Thermo Scientific™, USA) containing Halt™ Protease and Phosphatase
Inhibitor Cocktail (78441, Thermo Scientific™, USA). Proteins were
separated by 8%-13% sodium dodecylsulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). Then proteins were transferred onto nitrocellulose
membranes in Trans-Blot Turbo Transfer System (1704150, Bio-Rad, USA).
The membrane was blocked with SuperBlock™ Blocking Buffer (37535,
Thermo Scientific™, USA) for 30min at room temperature. After blocking,
membranes were incubated overnight at 4°C with primary antibodies
against LC3B (NB100-2220, Novus Biologicals, USA), p62/SQSTM1 (NBP1-
48320, Novus Biologicals, USA), PINK1 (BC100-494, Novus Biologicals, USA),
Parkin (sc-32282, Santa Cruz, USA), Drp1 (8570 S, Cell Signaling Technology,
USA), p-Drp1 (Ser616) (PA5-106169, InvitrogenTM, USA), p-Drp1 (Ser637)
(PA5-101038, InvitrogenTM, USA), OPA1 (67589S, Cell Signaling Technology,
USA), Mitofusion-1 (14739S, Cell Signaling Technology, USA), Mitofusion-2
(9482S, Cell Signaling Technology, USA), PGC-1α (NB100-60955, Novus

Biologicals, USA), AMPK-1α (2532S, Cell Signaling Technology, USA), p-
AMPK-1α (2531S, Cell Signaling Technology, USA), SIRT1 (9475S, Cell
Signaling Technology, USA), and GAPDH (10R-G109a, Fitzgerald Industries,
UK). The secondary antibodies used were IRDye 800CW donkey anti-rabbit
IgG (H+ L), IRDye 800CW donkey anti-goat, and IRDye 680LT donkey anti-
mouse IgG (H+ L) (LI-COR Biosciences, USA). The membranes were
scanned and analyzed using Odyssey imaging system (LI-COR Biosciences,
USA). To quantify the western blotting data, the target proteins in each
experiment were firstly normalized to their respective GAPDH intensities,
and then the normalized intensities were compared with the intensity of
the control group and expressed as relative values to their controls.

RNA isolation and quantitative reverse transcriptase PCR
The total RNA was prepared from the differentiated PC12 cells using Trizol
reagent (15596026, InvitrogenTM, USA). The RNA integrity and concentra-
tion were measured using a NanoDrop ND-1000 Spectrophotometer. All
RNA samples with an OD260/OD280 between 1.8 and 2.0 were used for
quantitative real-time PCR. Total RNA was reverse-transcribed with the
iScript cDNA Synthesis Kit (1708890, Bio-Rad, USA). Quantitative real-time
PCR was performed in the LightCycler ® 480 System (Roche) using the
SensiMix™ SYBR® No-ROX (QT650-20, Meridian Bioscience, USA) according
to the instructions provided. The run PCR program was as follows: 1 cycle
at 95 °C for 10min, 40 cycles at 95 °C for 15 s, 60 °C for 15 s, and 72 °C for
15 s. Relative gene expression levels were calculated according to the
2−ΔΔCT method. The mRNA levels were quantified using GAPDH as a
housekeeping gene for normalization. Primer sequences are listed in
Supplemental Table 1.

Mitochondrial DNA copy number measurement
The amount of mitochondrial DNA was determined by quantitative real-
time PCR as described previously [53]. Total DNA from cultured cells was
extracted with Genomic DNA Extraction Kit (ab156900, Abcam, UK)
according to the manufacturer’s instruction. DNA concentration was
measured using a NanoDrop ND-1000 Spectrophotometer. PCR was
performed with DNA template (10 ng) in 20 μl reaction mixture containing
10 μl SensiMix (QT650-20, Meridian Bioscience) and 2 μl of each primer.
The following primers were used: MT-ND1 forward primer: ATTCTAGCCA-
CATCAAGTCTTT, MT-ND1 reverse primer: GGAGGACGGATAAGAGGATAAT,
β-actin forward primer: GAAATCGTGCGTGACATTAAAG, β-actin reverse
primer: ATCGGAACCGCTCATTG. Relative mitochondrial DNA copy number
were calculated according to the 2−ΔΔCT method and expressed as mean
mtDNA copy number relative to β-actin.

Immunofluorescence
Cells were fixed in 4% paraformaldehyde (PFA) for 30min at 4 °C followed
by permeabilization in 0.1% Triton X-100 for 10min at room temperature
and blocked with 4% bovine serum albumin (BSA) for 1 h at room
temperature. For immunostaining, cells were incubated with primary
antibodies against neuron-specific β-III tubulin (MAB1195, R&D systems,
USA), LC3B (NB100-2220, Novus Biologicals, USA), TOM20 (42406S, Cell
Signaling Technology), and Drp1 (8570S, Cell Signaling Technology)
overnight at 4 °C. After carefully rinsing in PBS, cells were incubated with
a second antibody conjugated with Alexa 488 or 594 (Invitrogen) for 1 h at
room temperature. The nucleus was labeled by DAPI (D9542, Sigma, USA).
The cells were then observed and photographed with FEI CorrSight.

Statistics
Data were obtained from at least three independent experiments and
presented as mean ± SD or SEM. Statistical analyses were performed
throughout using GraphPad Prism version 9.4.1. For comparison between
more than two groups, values were evaluated by one-way ANOVA
followed by a Tukey Kramer test. P < 0.05 was considered statistically
significant.

DATA AVAILABILITY
All data generated during this study are included in this article (and its
supplementary information files).
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