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Abstract: The mitochondrial receptor protein FUN14 domain-containing-1 (FUNDC1) can induce mitophagy under 
hypoxic conditions, as well as playing important roles in normal metabolism and intracellular homeostasis. Exercise 
not only elevates mitochondrial biosynthesis, but also exerts a significant impact on mitochondrial fission, integra-
tion and mitophagy. However, it is still not clear whether FUNDC1 plays a regulatory role in this context. Electrical 
pulse stimulation (EPS) of cultured myotubes is widely used as an in vitro model of muscle contraction. We simu-
lated the contraction of C2C12 myotubes by EPS (15 V, 1 Hz, 2 ms, 1 h) to examine the role of FUNDC1 in mitophagy. 
EPS was found to induce mitophagy by activating the AMPK-ULK1 pathway to an even greater extent than AICAR and 
FUNDC1 is involved in the associated mitophagy. However, when AMPK is inhibited, other pathways may regulate 
mitophagy. Our findings indicate that mitophagy helps maintain the normal functions of mitochondria. EPS of C2C12 
myotubes results in contraction, induction of mitophagy and potential activation of the AMPK-ULK1 pathway that 
promotes the expression of FUNDC1. 
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Introduction

FUN14 domain containing-1 (FUNDC1), a novel 
receptor protein in the membrane of mammali-
an mitochondria, consists of 155 amino acids 
and accumulates under anaerobic conditions, 
interacting with new calnexin (CANX) in the en- 
doplasmic reticulum [1]. Upon binding DNM1L, 
this receptor promotes mitochondrial fragmen-
tation as part of the mitophagic response to 
hypoxia. Mitophagy is also influenced by the 
YxxL (LC3-Interacting Region, LIR) motif [2] of 
the microtubule-associated protein light chain 
(LC3). 

Under normoxic conditions the tyrosine protein 
kinase SRC can phosphorylate FUNDC1 at Tyr-
18 in its LIR motif, although FUNDC1 normally 
inactivates and dephosphorylates SRC kinase 
prior to hypoxia-induced mitophagy [3]. Depho- 
sphorylated FUNDC1 demonstrates an elevat-

ed affinity for LC3, recruiting this factor to form 
autophagosomes [4]. In addition, FUNDC1 can 
be phosphorylated at Ser-13 [4] by the serine/
threonine protein kinase CK2. Thus, under nor-
moxia Ser-13 is phosphorylated by CK2, while 
in response to hypoxia the mitochondrial phos-
phoglycerate mutase PGAM5 dephosphory-
lates this residue, thereby preventing the inter-
action with LC3 and facilitating mitophagy.

Reactive oxygen species (ROS), a by-product of 
mitochondrial electron transport, can cause mi- 
tochondrial dysfunction, various forms of stru- 
ctural damage and even cell death [5]. When 
mitochondria are damaged beyond repair, they 
are removed via mitophagy, an important form 
of the quality control [6] required for normal cell 
homeostasis and function. At the same time, 
mitophagy is one mechanism by which exercise 
can influence health [7]. Regulation of mito-
chondria in mammalian cells occurs in two dif-
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ferent ways: the first mechanism involves 
PTEN-induction of the putative kinase 1 (PINK1) 
together with the Parkinson protein 2 (Parkin) 
an E3 ubiquitin ligase [8], and the other mecha-
nism depends on the mitochondrial receptor 
protein [9].

Appropriate exercise can improve mitochondri-
al function and inhibit apoptosis of skeletal 
muscle cells and cardiomyocytes by promoting 
mitophagy to remove erroneously folded pro-
teins [10, 11] and damaged organelles, senes-
cent effects of the exercise itself. However, 
excessive exercise can injure skeletal muscle 
cells and cardiomyocytes, lead to fatigue, and 
even attenuate immunological responses and 
induce autophagic cell death [12]. When the 
level of AMP rises and ATP levels falls during 
exercise, the energy sensor AMPKα is activated 
[13], to maintain energy homeostasis. AMPK 
not only phosphorylates TSC2 [14] and Raptor 
[15], but also reduces the activity of mTORC1. 
Under conditions of glucose starvation it is also 
possible to phosphorylate the autophophase 
priming kinase ULK1 at Ser-317 [16] and there-
by promote autophagy by subsequent phos-
phorylation of the ULK1 and PI3K complexes 
[17].

Electrical stimulation is an important tool for 
rehabilitation of skeletal muscle cramps [18], 
muscle impairment [19], and fatigue [20]. 
Electrical pulse stimulation (EPS) of myotubes 
in culture is widely utilized as an in vitro model 
of muscle contraction [21]. In C2C12 myotubes, 
EPS can reduce the electrochemical Na+-K+ gra-
dient [22], promote translocation of the GLUT4 
glucose transporter and stimulate AMPK phos-
phorylation [23]. Although exercise can clearly 
induce mitophagy through the AMPK pathway, 
it remains to be seen whether contraction of 
C2C12 myotubes in response to EPS has an 
analogous effect.

Although many reports have focused on the 
role of FUNDC1 in connection with hypoxia-
induced mitophagy, the potential regulatory 
role of FUNCDC1 during exercise-induced mi- 
tophagy is not yet known in detail. Accordingly, 
this study was designed to determine whether 
FUNDC1 participates in the mitophagy induced 
by electrical pulse stimulation of C2C12 myto-
tubes and to investigate its relationship with 
the AMPK-ULK1 pathway in this context.

Methods and materials

Reagents and antibodies

Mouse myoblasts (C2C12) (the Peking Union 
Medical College Cell Bank, Chinese Academy of 
Sciences, Beijing, China); fetal bovine serum 
and horse serum (Gibco, Thermo Fisher Sci- 
entific, Waltham, MA, USA); penicillin/strepto-
mycin (HyClone (HyClone, USA)); AICAR, Com- 
pound C and FK506 (Sigma Aldrich, St. Louis, 
MO, USA); the 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenylte-trazolium bromide (MTT) kit (Be- 
yotime Institute of Biotechnology, Shanghai, 
China); the Citrate synthase ELISA kit CS0720 
(Sigma Aldrich, St. Louis, MO, USA); the BCA-
200 protein assay kit (Thermo Fisher Scientific, 
USA); and antibodies against AMPKα, p-AMPKα 
(Thr172, ULK1, p-ULK1 (Ser555, LC3, p62, 
PGC-1α, COX-I, PGAM5, FUNDC1, and GAPDH 
(Abcam, Cambridge, UK))) were obtained from 
the sources indicated.

Cell cultures

C2C12 cells were cultured in 35-mm plates in 
the presence of 10% fetal bovine serum and 
1% penicillin/streptomycin in DMEM-High Glu- 
cose medium until 80% confluence was rea- 
ched, at which point this medium was replaced 
with the same medium containing 2% horse 
serum instead of bovine serum. All culturing 
was performed in an incubator at 37°C under a 
humidified atmosphere containing 5% CO2, with 
replacement of the medium every other day. 
These cultured cells were treated with electri-
cal pulse stimulation (C-Pace EP) and exposed 
to AICAR, Compound C, and FK506.

Cytotoxicity assay

The cells collected in PBS during log-phase 
growth, were placed onto 96-well plates (102-
103 cells per well) and incubated under 5% CO2 
at 37°C until a monolayer covered the bottom 
of the well, at which time triplicate wells were 
exposed to various concentrations of the drug. 
After this exposure, 20 µl MTT (5 mg/ml) was 
added to each well and culturing continued for 
another 4 h. Incubation was terminated by add-
ing 150 ul dimethyl sulfoxide to each well and 
shaking at low speed for 10 min, until the crys-
tals were fully dissolved and, finally, the absor-
bance of each well at 490 nm was measured.
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Citrate synthase assay

After determining the protein concentration 
with the BCA kit, an equal amount of protein 
(10 µg for CS, 20 µg for β-HAD) was loaded in 
triplicate into wells of 96-well microtiter plates. 
To assay CS at 25°C, 8 µL sample was diluted 
with 190 µL reaction buffer (186 μl 1 X Assay 
Buffer, 2 μl 30 mM Acetyl CoA Solution, 2 μl 10 
mM DTNB; 10 μl 10 mM OAA Solution added to 
start the reaction; and absorbance at 412 nm 
read every 10 seconds for 1.5 minutes. The 
citrate synthase activity was calculated employ-
ing the equation provided with the kit (Sigma-
Aldrich, CS0720, UK). 
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Immunofluorescence microscopy

The cells were first grown to 60%-70% conflu-
ence on a glass dish and then treated. 
Subsequently, the cells were washed 3 times 
with PBS; fixed in freshly prepared 4% formal-
dehyde at 37°C for 20 min; and then washed 3 
more times with PBS for 5 minutes each time. 
To ensure the accessibility of antigens to anti-
bodies, membranes were ruptured with 0.2% 
Triton X-100. After blocking with 5% sheep 
serum for 30 min, the cells were incubated with 
primary antibodies overnight at 4°C; washed 
with PBS 3 times for 5 min each; stained with 
the secondary antibody for 1 h in a dark room; 
and then stained with DAPI. Images were cap-
tured with a TCS SPF5 II Leica confocal 
microscope. 

Western blotting

After each treatment, the cells were washed 
with cold PBS and then lysed with RIPA buffer 
containing protease inhibitor and phosphatase 
inhibitors. After determination of the protein 
concentration with the BCA-200 kit, 10 μg pro-
tein was added to each lane and then separat-
ed by sodium dodecylsulphate polyacrylamide 
gel electrophoresis (10% SDS-PAGE) and trans-
ferred to membranes at 300 mA for 1.5 h in a 
PVDcam apparatus (UK) Thereafter, the mem-
branes were blocked with 5% BSA for 30 min-
utes at room temperature and incubated with 
primary antibodies (diluted 1:1000, with the 
exception of GAPDH, which was diluted 1:2000) 
overnight at 4°C, subsequently, with horserad-

ish peroxidase-conjugated secondary antibody 
at room temperature for 1.5 h. After being 
maintained, the specific protein signals were 
detected by enhanced chemiluminescence 
(ECL).

Statistical analyses

All values presented are means ± standard 
deviations (SD). Two-way ANOVA was used to 
analyze effects and interactions at various drug 
concentrations (low, medium, high) and treat-
ment times (1 h, 2 h, 6 h). When the main effect 
was significant, a post-multiple test was per-
formed; and when the interaction was signifi-
cant, the simple effect test was performed. The 
independent-sample t test was used to com-
pare the effects between the individual groups. 
One-way ANOVA was used for multiple compari-
sons. A P-value <0.05 was considered to be 
statistically significant.

Results

Electrical pulse stimulation (EPS) leads to mi-
tophagy in C2C12 cells

The level of citrate synthase (CS) activity is an 
ideal indicator of mitochondrial number, since 
mitochondrial dysfunction, such as suppres-
sion of respiratory chain or loss of mitochon-
drial DNA, does not affect this activity [24, 25]. 
An hour ‘s treatment of C2C12 cells with EPS 
(15 V, 1 Hz, 2 ms) did not reduce the number of 
mitochondria in the C2C12 cells, in contrast to 
what is observed following heavy exercise 
(Figure 1A). At the same time, the levels of 
PGC-1α and COX-I protein, routinely used to 
assess the function and biosynthesis of mito-
chondria, were elevated (Figure 1B). 

Furthermore, the LC3-II/LC3-I ratio was en- 
hanced by EPS, in contrast to the reduction in 
the level of the p62 protein (Figure 1B). In 
agreement, immunofluorescent double-stain-
ing for LC3 and COXIV also revealed increases 
in the levels of these proteins in C2C12 cells 
following EPS (Figure 1C). These findings con-
firmed that electrical stimulation can cause 
mitophagy in C2C12 cells. 

EPS induced mitophagy is activated by AMPK-
ULK1

To determine whether EPS induces mitophagy 
by activating the AMPK-ULK1 pathway, Western 
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Figure 1. EPS causes mitophagy in C2C12 cells. A. The activity 
of CS in control C2C12 cells and cells treated by EPS. Means 
± SD (control 485±101, EPS 491±67.9) and the 8 individual 
values for each group are shown; P>0.05. B. Western blotting of 
the indicators of mitochondrial biosynthesis PGC-1α and COX-I 
and of the autophagy-related factors LC3 and p62. The optical 
densities of the different protein bands (means ± SD) are shown 
at the right. Data are presented as *P<0.05 or **P<0.01 in 
comparison to the control group (n=6). C. Immunofluorescent 
staining reveals that COXIV-labeled (red) mitochondria co-lo-
calize with LC3 (green) (white arrows). Nuclei are stained blue 
with DAPI. Scale bar, 25 µm. Quantitative analysis of the co-
localization is shown beneath (means ± SD; n=6; **P<0.01 in 
comparison to the control group). 

blotting was performed, revealing that EPS pro-
moted activating phosphorylation of AMPKα2 

at Thr172. Moreover, this activation led to 
increased levels of the downstream ULK1 and 
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p-ULK1 (at Ser555) (Figure 2A). Thus, EPS in- 
duces mitophagy in C2C12 cells via AM- 
PK-ULK1.

To confirm this finding, C2C12 cells were 
exposed to varying concentrations of AICAR 
(100 μM, 500 μM, 1 mM) and Compound C (2 
μM, 10 μM, 50 μM) (both first dissolved in 
DMSO and then diluted 1,000-fold with medi-
um) for 1, 2 or 6 hours. AICAR is taken up by the 
adenosine transporter and phosphorylated by 
adenosine kinase to form the AMP analogue 
ZMP, which activates the AMPK signaling path-
way [26, 27]. Compound C is the only cell-per-
meable inhibitor of AMPK [28]. As seen in 
(Supplementary Figure 1), cell viabilities (as 
assessed with the MTT assay) decreased grad-
ually only with periods of exposure longer than 
1 hour. Therefore, we chose 1 hour of exposure 
to 1 mM or 50 μM Compound C for subsequent 
experiments. 

We found that EPS not only increased the levels 
of AMPKα2, p-AMPKα2, ULK1 and p-ULK1, but 
also enhanced the expression of AMPK to a 
greater extent than AICAR (Figure 2B). Com- 
pound C attenuated these effects of EPS some-
what, but the protein levels were still higher 
than after exposure to AICAR alone. These 
observations demonstrate clearly that the 
AMPK-ULK1 pathway mediates these effects of 
EPS. At the same time, neither AICAR nor EPS 
influenced the expression of PGC-1α or COX-I 
(Figure 2B), confirming that mitochondrial func-
tion remained intact.

Finally, with respect to mitophagy, although 
AICAR did not stimulate the expression of LC3, 
in agreement with previous studies, EPS signifi-
cantly elevated the extent of mitophagy (Figure 
2C). Then, to determine whether the AMPK-
ULK1 pathway plays a role in this mitophagy, 
we showed that the LC3-II/LC3-I ratio in the 
presence of EPS and Compound C group was 
between that with AICAR or EPS alone. A similar 
observation was made with immunofluores-
cence microscopy (Figure 2D).

FK506 reduces the expression of FUNDC1

PGAM5, which can induce mitophagy by de- 
phosphorylating FUNDC1 at Ser13, is inhibited 
by FK506. To first determine the optimal period 
of exposure, we treated C2C12 cells with 6 μM 
FK506 (dissolved in DMSO and then diluted 
1,000-fold with medium) for 24, 48 and 72 

hours and examined the expression of FUNDC1 
(Supplementary Figure 2). Since such treat-
ment for 48 h attenuated this expression maxi-
mally, without altering cell viability (as assessed 
by the MTT assay) (Supplementary Figure 3), 
we selected these conditions for further ex- 
periments. Clearly, FK506 prevented FUNDC1 
dephosphorylation effectively by inhibiting the 
expression of PGAM5 (Figure 3). 

FUNDC1 is involved in the induction of mitoph-
agy in C2C12 cells by EPS.

Since EPS can induce mitophagy in C2C12 
cells and FK506 reduces expression of FUN- 
DC1, we next measured the levels of FUNDC1, 
LC3 and p62 and demonstrated that after EPS, 
the expression of FUNDC1 and level of mitoph-
agy were markedly higher than upon treatment 
with FK506 (Figure 4A). Moreover, examination 
by immunofluorescence microscopy confirmed 
the co-localization of LC3, FUNDC1 and COXIV 
(Figure 4C). Clearly, EPS leads to mitophagy by 
attenuating FUNDC1 expression.

Moreover, the levels of FUNC1 and mitophagy 
induced by EPS declined upon co-treatment 
with FK506 (Figure 4B), with no change in co-
localization (Figure 4C). These observations 
further indicate that FUNDC1 plays an impor-
tant role in EPS-induced mitophagy.

FUNDC1 participates in EPS-induced mitoph-
agy, at least in part, by activating the AMPK-
ULK1 pathway

We showed above that EPS can activate AMPK-
ULK1 pathway (Figure 2). When expression of 
AMPK in C2C12 cells was prevented with 
Compound C, the level of FUNDC1 after EPS 
also declined, but the LC3-II/LC3-I ratio was 
elevated (Figure 5), with the usual co-localiza-
tion of LC3, FUNDC1 and COXIV (Figure 5C). 
Compound C alone elevated the level of AMPK 
(Figure 5B). Thus, EPS-induced mitophagy in- 
volves enhancing the activity of the AMPK-
ULK1 pathway, which in turns influences 
FUNDC1 expression, although other mecha-
nisms may also be involved.

Discussion 

Our present findings reveal that electrical pulse 
stimulation can induce mitophagy, FUNDC1 is 
involved in this induction and in this connection 
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Figure 2. The mitophagy induced in C2C12 cells by EPS is mediated by AMPK-ULK1. A. Western blotting of AMPK, 
ULK1 and their phosphorylated forms, with the optical densities of the protein bands being shown to the right 
(means ± SD (n=6), ##P<0.01 in comparison to the control DMSO group). B. Western blotting of AMPK, ULK1 and 
their phosphorylated forms and of the indicators of mitochondrial biosynthesis PGC-1α and COX-I in cells exposed 
to DMSO alone, AICAR alone, or EPS with or without Compound C. C. Western blotting analysis of the indicators of 
autophagy LC3 and p62. The graph shows means ± SD (n=6). *P<0.05, **P<0.01 in comparison to the control with 
DMSO group; #P<0.05, ##P<0.01 in comparison to AICAR alone; &P<0.05, &&P<0.01 in comparison to EPS alone; 
D. Immunofluorescent double-staining shows that COXIV-labeled mitochondria (red) co-localized with LC3 (green) 
in all of the groups (white arrows). Nuclei are stained blue with DAPI. Scale bar: 25 µm. The quantitative data are 
means ± SD (n=6). *P<0.05, **P<0.01 in comparison to the control DMSO group; n=6; #P<0.05, ##P<0.01 in 
comparison to AICAR alone; &P<0.05, &&P<0.01 in comparison to EPS alone.

Figure 3. FK506 reduces the expression of FUNDC1 
by C2C12 cells. After treating the cells with 6 μM 
FK506 for 48 h, the levels of PGAM5 and FUNDC1 
were determined by Western blotting. The values pre-
sented are means ± SD (n=6). **P<0.01 in compari-
son to the control DMSO. 

FUNDC1 may be activated by the AMPK-ULK1 
pathway. 

One key to effective exercise is appropriate 
alteration of energy metabolism, in which mito-
chondria play the central role, with AMP levels 
increasing and ATP levels decreasing, and the 
energy sensor AMPK being activated [13] Feng 
[29] showed that within a certain range the 
higher the concentration of AICAR, the more 
pronounced the expression of AMPK. After 1 h 
of exposure to 1 mM AICAR, here the level of 
AMPK expression in C2C12 cells was elevated, 
while the levels of FUNDC1 and the autophagy-
associated protein LC3 tended to increase as 
well. 

In addition, Evers-van Gogh found [30] that 
phosphorylation of AMPK and secretion of myo-
kine by muscles are largely dependent on EPS-
induced contraction. Here, when C2C12 myo-
tubes were subjected to EPS, the levels of 
AMPK and its phosphorylated form were 
enhanced even more than by treatment with 
AICAR In addition, we found similar results to 
previous studies,increasing in the levels of 
cytochrome c-oxide subunit I (COX I) [31], and a 
key regulator of mitochondrial biosynthesis or 
the transcriptional co-activator of peroxisome 
proliferator-activated receptor γ, coactivator  
1α (PARGC1A, also known as PGC-1α) [32]. 
However, there are still limitations to the use of 
electrical impulse stimulation. Although such 
stimulation can cause muscle cells to contract, 
the specific mode and intensity of exercise 
being modelled cannot be determined. There- 
fore, as a next step, we will examine the various 
parameters of such stimulation in greater 
detail.

Previous studies have demonstrated that re- 
gulation of autophagy involves activation of 
AMPK. Such activation in response to glucose 
starvation promotes autophagy by directly 
phosphorylating ULK1 at Ser317 and Ser777 
[17]. In contrast, under rich nutrient conditions, 
high mTOR activity prevents ULK1 activation by 
phosphorylating this protein at Ser757, thereby 
disrupting the interaction between ULK1 and 
AMPK. In addition, phosphorylation of ULK1 
regulates, in turn, AMPK or mTORC1 in a feed-
back loop [33-35]. Therefore, phosphorylation 
of ULK1 determines its involvement in autopha-
gy. Under hypoxic conditions, AMPK phosphory-
lates ULK1 primarily at Ser555 to induce au- 
tophagy [36]. Furthermore, exercise can en- 
hance AMPK activity. 

Following exercise, mitochondria in skeletal 
muscle are of different sizes, accumulate under 
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Figure 4. FUNDC1 is involved in the induction of mitophagy by EPS. A. Western blotting of and the indicators related 
to autophagy LC3 and p62 in C2C12 cells treated with EPS or FK506. The values presented are means ± SD (n=6). 
*P<0.05, **P<0.01 in comparison to the control DMSO group; #P<0.05, ##P<0.01 in comparison to treatment 
with FK506 alone; B. Western blotting of these same proteins in cells treated with EPS with and without FK506. The 
values presented are means ± SD (n=6). *P<0.05, **P<0.01 in comparison to the control DMSO group; #P<0.05, 
##P<0.01 in comparison with EPS alone; C. Immunofluorescent staining of COXIV in mitochondria (red) and co-
localized LC3 (green) and FUNDC1 (green or red). Nuclei are stained blue with DAPI. (Scale bar: 25 µm) and quan-
titative analysis of these co-localizations (means ± SD; n=6). *P<0.05, **P<0.01 in comparison to treatment with 
FK506 alone; #P<0.05, ##P<0.01 in comparison to treatment with EPS alone. 
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the sarcolemma and appear to be abnormal or 
injured. Normally, damaged mitochondria re- 
gain their functions through fusion with neigh-
boring, intact mitochondria [37], but when the 
extent of damage exceeds this capacity, mito- 
phagy occurs [7]. Here, electrical pulse stimula-
tion of C2C12 cells elevated their levels of 
AMPK and LC3, as well as of ULK1 and its phos-
phorylated form, at the same as LC3 and COXIV 
(a marker for mitochondria) became more co-
localized. These findings demonstrate that like 
other stress conditions of stress, simulation of 
exercise by EPS stimulates AMPK-ULK1 and 
promotes mitophagy. 

Interestingly, when we prevented expression of 
AMPK with Compound C, the extent of mitopha-
gy was still very high, overturning our previous 
hypothesis. However, Amanda [38] found a 
similar situation., knockdown of AMPKα2 in 
mouse heart markedly elevated the marker of 
autophagy LC3-II, perhaps because the low-
ered level of AMPK activated other pathways 
that lead to mitophagy. This also indicates that 
the role played by AMPK in regulating mitopha-
gy requires further elucidation.

The affinity of FUNDC1, a mitochondrial mem-
brane protein that is also a connexin for mitoph-
agy, for LC3 is enhanced by dephosphorylation 
of the former at Tyr18 [3], located in the LIR 
motif, and Ser13 [4], playing an important role 
in hypoxia-induced mitophagy [1]. Hypoxia ele-
vates phosphorylation of AMPK at Thr172 and 
phosphorylation of ULK1 at Ser555 [17, 39]. 
Our results show that EPS of C2C12 cells 
increased the levels of the mitochondrial pro-
teins FUNDC1 and LC3 and at the same time, 
enhanced the co-localization of COXIV-labeled 
mitochondria with these two proteins, confirm-
ing the involvement of FUNDC1 in EPS-induced 
mitophagy. The co-localization of COXIV and 
FUNDC1 is inherently high since both of them 
are mitochondrial membrane proteins. There- 
fore, we compared co-localization of FUNDC1 
and LC3 before and after EPS and observed it 
enhanced binding further confirming that EPS-
induced mitophagy involves FUNDC1.

As a downstream effector of AMPK, ULK1 
belongs to the serine/threonine kinase family 
of factors required for induction of autophagy 
[40-42], which plays an important role in the 
clearance of mitochondria after FCCP treat-

Figure 5. FUNDC1 participates in EPS-induced mitophagy through the AMPK-ULK1 pathway. A. Western blotting 
of FUNDC1 and the indicators related to autophagy LC3 and p62. The values presented are means ± SD (n=6). 
*P<0.05, **P<0.01 in comparison to the control DMSO group; #P<0.05, ##P<0.01 in comparison with EPS alone. 
B. Western blotting of AMPKα2, FUNDC1 and LC3 in C2C12 cells with and without exposure to Compound C. The 
values presented are means ± SD (n=6). *P<0.05, **P<0.01, in comparison to the control DMSO group. C. Immu-
nofluorescent staining of the FUNDC1-labeled outer mitochondria membrane (green or red) and co-localized with 
LC3 (green) and COXIV (red) (white arrows). Nuclei are stained blue with DAPI. (Scale bar: 25 µm). Quantitative IOD 
analysis of the co-localization of LC3, FUNDC1 and COXIV (means ± SD; (n=6). *P<0.05, **P<0.01 in comparison 
to the control DMSO group; #P<0.05, ##P<0.01 in comparison to treatment with EPS alone).
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ment [43]. ULK1 can be up-regulated and 
recruit fragmented mitochondria under hypoxic 
conditions or in the presence of FCCP, and the 
translocated ULK1 interacts with its substrate 
FUNDC1. However, mitophagy will be inhibited 
when FUNDC1 binds to ULK1 or when knock-
down of FUNDC1 affects the transfer of ULK1 
to fragmented mitochondria [44]. Our present 
observations reveal that upon EPS of C2C12 
cells AMPK activates ULK1 through phosphory-
lation at Ser555, as also occurs under condi-
tions of hypoxia, triggering mitochondrial trans-
location and transport [36]. Moreover, the 
trend towards more extensive phosphorylation 
of p-ULK1 at Ser555 was consistent with the 
increased level of FUNDC1, indicating that 
interaction between these two was involved in 
the induction of mitophagy.

In summary, the present study demonstrates 
that electrical pulse stimulation of C2C12 cells 
induces the mitochondrial outer membrane 
protein FUNDC1 through the AMPK-ULK1 path-
way, thereby initiating mitophagy.
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Supplementary Figure 1. The effects of AICAR and Compound C at different concentrations with different periods 
of exposure on the viability of C2C12 cells as assessed by the MTT assay.

Supplementary Figure 2. Western blotting of the PGAM5 and FUNDC1 levels in C2C12 cells treated with 6 μM 
FK506 for 24, 48 or 72 h. The values presented are means ± SD (n=6). ##P<0.01 in comparison to the control 
DMSO group.

Supplementary Figure 3. Incubation of C2C12 cells with 6 μM FK506 for as long as 72 h has little effect on cell 
viability as assessed by the MTT assay.


