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Abstract

We developed a simple ELISA technique as a quantitative in vitro assay for mitophagy in post mitotic skeletal muscle cells. We labeled the 
mitochondrial DNA of C2C12 myotubes cells by allowing incorporation of the thymidine analogue bromodeoxyuridine (BrdU) and following the 
decay of the label with time under basal and stimulated conditions. BrdU was incorporated into differentiated C2C12 myotubes at significant 
levels only after pharmacological treatment was used to increase the rate of mtDNA synthesis. PGC1α transduction, stimulation of AMPK, or 
inhibition of ERK1/2, all previously reported to increase the rate of mtDNA synthesis, induced BrdU incorporation at 4-10 fold over background 
during a 2 hour incorporation period. Using AMPK stimulation to stimulate initial DNA labeling we confirmed by both microscopy and cytometry 
methods that BrdU was incorporated into mitochondria and not into nuclei. After removal of the BrdU, the level of label in cells declined to 
approximately 25% by 24 hours and returned to background levels by 48 hours. The membrane depolariser carbonyl cyanide m-chlorophenyl 
hydrazone (CCCP; (10um) accelerated this decline, such that at 6 hours BrdU signal was reduced by 70-100%. 24 or 48 hours of pretreatment 
with bafilomycin, a pharmacological inhibitor of early endosome acidification, partially reversed the CCCP stimulated loss of BrdU, and we 
confirmed by confocal microscopy that the BrdU in bafilomycin treated cells localized with LC3, a marker of early endosomes. Finally, we showed 
that treatment with urolithin, previously reported to inhibit mitophagy at high concentrations, showed a dose responsive inhibition of BrdU 
signal loss with a maximum of about 50% at 50uM. This assay represents a robust and simple method to evaluate agents accelerating mitophagy 
in postmitotic cells. 
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Background
In addition to their roles as provider of energy and reducing 

equivalents, in the form of ATP, NADH and NADPH, mitochondria 
also supply essential biochemical substrates for a variety of 
biosynthetic pathways and communicate actively with the host 
cell. This communication involves calcium ions and reactive 
oxygen species, which have an essential signaling role at lower 
concentrations than those typically associated with cell damage 
[1,2]. Nevertheless, mitochondria accumulate oxidative damage 
as an inevitable result of the activity of the electron transport 
chain [3]. An elaborate cycle of fusion and fission events which 
characterize the active life of mitochondria is thought to prolong 
the useful lifetime of mitochondrial components by distributing 
damaged components between older and younger mitochondria 
[4], but beyond a certain threshold, mitochondria become 
dysfunctional, lose their membrane potential, and are removed 
by an active process called mitophagy. Mitochondria cannot 
be formed de novo, and the size of the mitochondrial pool is  

 
maintained by a process in which newly synthesized components 
(DNA, proteins and lipids), are added to existing mitochondria, 
which divide by a process of fission. Together with the 
distribution of newly synthesized mitochondrial components by 
fusion and removal of dysfunctional mitochondria by mitophagy, 
this process maintains the health of the mitochondrial pool.

It has been recognized increasingly in recent years that 
defects in the dynamic mechanisms of biogenesis, fission / 
fusion, and mitophagy, underlie many different disease processes 
[5]. The causative nature of these defects is suggested by various 
pathologies specifically associated with genetic defects in 
mitochondrial DNA and reflected in altered dynamics, and in 
the association of altered mitochondrial dynamics with many 
pathologies not specifically linked to mtDNA mutations. As the 
molecular mechanisms underlying biogenesis, fission / fusion 
and mitophagy become better characterized, they are likely to 
reveal therapeutic targets applicable to specific disease states. 
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These considerations indicate the value of reliable and 
robust assays to assess the different mechanisms contributing to 
the overall dynamic regulation of mitochondria. Mitochondrial 
biogenesis is usually measured by comparing the mass of 
some mitochondrial component (e.g. mtDNA, 16S mt-rRNA, 
mitochondrially located enzymes such as citrate synthase, or 
components of the electron transport chain such as cytochrome 
oxidase) with a marker of cytoplasmic mass, such as cytoplasmic 
18S-rRNA, or housekeeping enzymes. These assays are widely 
used and of some utility, but they rely on steady-state state mass 
measurements, and are therefore likely to be insensitive to rate 
changes in biogenesis if these are accompanied by up-regulated 
mitophagy. 

Mitophagy has typically been studied by microscopic 
methods, either electron microscopy that can directly reveal the 
containment of mitochondria within phagosomal structures, 
or fluorescence microscopy. The latter techniques rely on the 
co-localisation of markers of mitochondria and endosomes, or 
on the change of fluorescence properties of a mitochondrially 
targeted fluorophore when it moves to an acidic compartment 
such as an endosome (pH typically ~5-5.5). The use of the 
reporter Rosella in yeast cells was one of the first descriptions 
of this approach [6], and a recent sophisticated adaptation 
of the principle was described by McWilliams et al. [7], who 
constructed mutant mice expressing a doubly fluorescent GFP-
mCherry construct, the GFP signal being lost on transition to the 
endosome, while mCherry fluorescence remains intact. Keima 
is another fluorescent probe that changes its properties upon 
transition to an acidic compartment, and this has also been used 
for microscopy-based assessment of mitophagy both in vitro [8] 
and in vivo [9]. A recent paper described the use of Mitotracker 
Red in conjunction with lysosomal inhibitors to measure 
mitophagic flux by flow cytometry [10].

These approaches require either fluorescence microscopy 
or cytometry and are relatively low throughput. In addition, 
some require the transfection of the reporter construct or the 
construction of stable cell lines expressing it. In our studies on 
the mitochondrial dynamics of skeletal muscle cells, we sought a 
simple, robust and higher throughput technique that would allow 
quantitation of mitophagy in these cells without the requirement 
for microscopy or cytometry. Previous work has used the 
incorporation of the thymidine analogue bromodeoxyuridine to 
label newly synthesised mitochondrial DNA [11,12]. In this study, 
we used an adaptation of this method to develop a quantitative 
ELISA assay for mitophagy applicableto differentiated skeletal 
muscle and potentially to other post-mitotic cells.

Materials and Methods
Cell culture

Human myoblasts from Duchenne Muscular Dystrophy 
patients were obtained from DV Biologics. C2C12 myoblasts 
were obtained from ATCC. Both cell types were cultured in 

DMEM (Invitrogen 11965-118) containing 4.5gm/L Glucose, 
4mM Glutamine, 1mM Sodium Pyruvate and 10% heat 
inactivated foetal bovine serum for routine growth. For ELISA 
based detection of incorporated bromodeoxyuridine, they were 
plated in 96 well plates 1 day prior to initiating differentiation 
at a density of 105 / well in 100ul of growth medium; for other 
plate formats they were plated at 3x105 per well of 48 well 
plates (250ul) or 6 x 105/ well in 6 well plates (1ml). Cells were 
changed to differentiation medium (formulation as growth 
medium, but foetal bovine serum replaced with 2% horse 
serum) the following day, at which point the confluency was 
close to 100%. Differentiation was monitored microscopically 
daily, with medium changes at days 2 and 4. Where appropriate 
drug or gene transduction experiments were initiated after 
3 days of differentiation, and assays were conducted at day 6, 
by which time the cells had morphologically transformed into 
multinucleate myotubes and nuclear DNA synthesis was absent. 
Stable transfectants of Hela expressing parkin were constructed 
in house.

Viral gene transduction and compound treatments 
An adenoviral vector encoding PGC1α was obtained 

from Vector Biolabs. Cells were exposed to virus at varying 
multiplicities of infection (MoI) for 72 hours prior to assay, at 
which point cells had been differentiating for 3days. Preliminary 
titrations were carried out to determine the optimal transfection 
level.

To stimulate mtDNA synthesis acutely, cells were exposed to 
either an activator of AMP-kinase or an inhibitor of ERK 1/2 for 
2hours prior to BrdU exposure on the day of assay as indicated 
in the text. Further treatments were applied after removal of 
the BrdU. Carbonyl cyanide m-chlorophenylhydrazone (CCCP) 
was used at a concentration of 20uM to stimulate membrane 
depolarisation and mitophagy. Where used, Bafilomycin, an 
inhibitor of early endosome acidification [13], was applied for 
either 48 or 24 hours prior to assay, and was retained in all media 
changes during DNA labeling and subsequent CCCP treatments.

Compounds and antibodies
Carbonyl cyanide m-chlorophenylhydrazone (CCCP), 

the ERK inhibitor U2016 and bafilomycin were from Sigma 
Chemical Company. The AMPK activator described Xiao et 
al. [14] and referred to as compound 991 was synthesised in 
house. Tetramethylrhodamine (TMRE) was from Thermo Fisher 
Scientific, cataloguenumber T669. Anti-COX IV monoclonal 
antibody clone 3E11 was from Cell Signaling Technology, anti-
TOM20 from Santa Cruz (catalogue number sc11415) and 
fluorescently labelled second antibodies were from Molecular 
probes.

ELISA protocol
We used a bromodeoxyuridine incorporation assay kit 

(Roche catalogue 11-647-229-001) with modifications to 
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detect incorporation into mitochondrial DNA. Cells were grown 
and differentiated in 96 well plates as described above, with 
appropriate drug treatments as described in the text. On the day 
of assay (day 6 of differentiation) cells were exposed to BrdU 
(Roche) at a final concentration of 10uM for 2 hours, following 
which the labeling medium was removed and the cells washed 
three times in washing buffer provided in the Roche kit. Cells 
were then treated with vehicle control or indicated compounds 
for varying periods as indicated in the text. At required time 
points, cells were fixed by incubation for 20 minutes at -20 °C in 
50mM glycine-HCl (pH 2.0) containing 70% ethanol and washed 
again in wash buffer after which they were incubated with anti-
BrdU antibody (Roche 11296736001,1:100) overnight at 4 °C. 
Cells were washed 3times with 1x kit wash buffer, following 
which either the standard kit protocol was followed (addition 
of Biotin labelled goat IgG for 90 minutes), or a biotinylated goat 
anti-mouse IgG was added (AbCamcatalaogueab6788, 1:100) for 
60 minutes, followed by strepatavidin conjugated horseradish 
peroxidase (AbCam catalogue ab7403, 1: 10,000) for 60 minutes. 
After washing the final incubates from either procedure 3 times 
with wash buffer, bound antibody was detected using 100ul / 
well of tetramethylbenzidine (TMB) substrate for 10 minutes, the 
reactions were stopped with 2M sulphuric acid, and quantitated 
by reading OD450 in a plate reader.

Imaging Format 
C2C12 cells were grown at 10,000 cells/ well overnight in 

growth medium, following which medium was replaced with 
differentiation medium, and the cells cultured for a further three 
days. They were then were transduced with adenoviral vectors 
encoding PGC1α and Lac Z at varying multiplicities of infection 
(MoI) from 200MoI for 72 hours. In other experiments, AMPK 
stimulation was carried out for 2 hours on the day of assay. In 
either paradigm, cells at day 6 were allowed to incorporate BrdU 
for 2 hours, following which they were washed three times in kit 
washing buffer. They were fixed as above in glycine-HCl, washed 
again and exposed overnight to anti-BrdU antibody as above. 
After washing three times, they were exposed to fluorescein 
labeled anti mouse Ig secondary antibody for 1 hour and washed 
three times, following which nuclei were counterstained with 
DAPI, and after final washing they were viewed under a confocal 
microscope under antifade solution. 

Flow cytometry
Hela cells stably transfected with parkin were cultured 

in MEM (Corning Cellgro 17-305-CV) medium supplemented 
with 10% Fetal Bovine serum (FBS), 1X non-essential amino 
acids (Gibco 11140-050), and 1mM sodium pyruvate (Gibco 
11360070). Cells were plated in duplicate plates and treated 
with or without 20uM CCCP (Tocris 0452) for 0.5, 2, 6, 16 or 
22 hours. In one condition, cells were treated for 6 hours with 
CCCP and then replaced with complete growth medium to 22 
hours. Cells were stained with either TMRE or with COX IV 
antibody. For TMRE staining, cells were pre-incubated in serum 

free, phenol free medium for 15 minutes followed by addition 
of 600nM TMRE to a final 300nM solution. Cells were incubated 
for further 15 minutes, then trypsinised and resuspended in 2% 
FBS in phosphate buffer (PBS). Samples were analysed using 
the MACSQuant VYB flow cytometer and data were quantified 
by Flowjo 7.6.5 software. In duplicate sample plates, cells 
were trypsinised and fixed in 4% paraformaldehyde in PBS, 
permeabilized with cold methanol for 10 minutes at -200C. 
Cells were washed 3times in PBS and subsequently incubated 
in rabbit anti-COX IV monoclonal antibody (clone 3E11, 1:100; 
4850 Cell Signaling Technology) in the presence of 5% FBS, 
0.1% Triton X-100 in PBS for 1 hour at room temperature (RT). 
Secondary antibody goat anti-rabbit IgG (H+L) conjugated to 
Alexa Fluor 488 (1:800; A11034 Molecular Probes) was added 
for 30 minutes at RT. Cells were then washed and resuspended 
in PBS. Detection of COX IV mean fluorescence intensity was 
analysed by flow cytometry as described above.

Mitochondrial isolation and staining of BrdU and 
TOM20 

Mitochondria from Hela cells were isolated using 
mitochondrial isolation kit (Abcam ab110170), initial 
homogenisation being carried out with a 2ml Dounce 
homogenizer. Isolated mitochondria were incubated with TOM20 
(1:100; Santa Cruz sc11415) for 1 hour at room temperature 
followed by Alexa Fluor 647 labeled goat anti-rabbit IgG antibody 
(1:500; Molecular Probes A21245) for 30 minutes. Samples 
were then fixed and labeled with BrdU antibody as provided 
by Roche (11296736001) incubated overnight at 40C, followed 
by Alexa Fluor 488 labeled goat anti-mouse IgG (Molecular 
Probes A11029) for 30 minutes at room temperature. Labeled 
mitochondria were subsequently analysed by flow cytometry as 
described above.

Statistics
Statistical analysis was carried out using Graph Pad Prism. 

Details of specific procedures are given in Figure legends.

Results
Labeling mitochondrial DNA by stimulated 
incorporation of BrdU

In dividing cells, mitochondrial DNA synthesis represents 
less than 1% of the total DNA synthesis, but in post mitotic 
cells such as neurons and skeletal myotubes, mitochondrial 
DNA synthesis continues (as the mitochondrial life cycle 
does not halt with the cessation of cell division). By allowing 
biosynthetic incorporation of the thymidine analogue BrdU into 
newly synthesized mitochondrial DNA, we were able to produce 
a population of labelled mitochondria whose disappearance 
via mitophagy could be followed after the labelling period. 
Immunological controls lacked either antigen (BrdU) or primary  
(anti-BrdU) antibody, and thus defined the background of the 
assay. 
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Figure 1: (a) Differentiation of C2C12 myotubes was initiated on 
day 1, and the cells were treated on day 3 with an adenoviral 
vector encoding PGC1α at varying multiplicities of infection 
(MOI).  On day 5, they were allowed to incorporate BrdU for two 
hours, after which they were processed for ELISA as described in 
Material and Methods.  Controls were either untransduced (UT) 
or not exposed to BrdU.  Maximum signal was observed at MOI 
of 600.  *vs untransfected, Dunn’s multiple comparison test (n=4 
untransfected, 6 experimental). (b) Cell viability was estimated by 
Cell titer Glo assay. This signal was elevated upon transduction 
with a maximum at≥200 MOI, after which it remained constant to 
1200 MOI. *vs 0, Fisher’s uncorrected LSD, n = 6 samples

Figure 2: Partially differentiated post mitotic but unfused C2C12 
cells were exposed to BrdU under the same conditions as used 
for the ELISA mitophagy assay. After fixation they were processed 
for immunocytochemistry as described in materials and methods.  
Nuclei (identified by blue DAPI staining, (A) were unlabeled, 
indicating an absence of detectable nuclear DNA synthesis in 
cells at this stage, although abundant BrdU staining (green) was 
seen throughput the cytoplasm (B); C; merge.

Exposure of differentiated myotubes to BrdU for 2 hours 
in the absence of any pharmacological treatments did not 
lead to BrdU incorporation above these background levels. We 
therefore used several different methods of stimulating mtDNA 
synthesis, including transduction of the master regulator of 
mitochondrial biogenesis, PGC1α [15,16]. In initial studies using 
human myotubes derived from a Duchenne Muscular Dystrophy 
patient, PGC1α adenoviral vector was transduced into the cells 
on day 3 after initiating differentiation, and a 2hour pulse of 
BrdU administered at 5 days. Using a kit based method with 
ELISA detection and no additional signal amplification, we saw a 
threefold increase of signal with viral multiplicities of infection 
(MoI) between 400 and 600 (Figure 1). This was reduced at 
higher MoI, but this did not appear to be due to loss of viability, as 
we observed an increased ATP signal rather than a decrease even 
at a MoI of 1200 (Figure 1B); this may reflect an increased ATP 
synthesis capacity which would not be an unexpected response 
to PGC1α activation. This suggests that the stimulation achieved 
by a MoI of 600 was the maximum of which the system is capable, 

and this is not limited by toxicity. This multiplicity of infection 
(600) was used in later experiments as a positive control by 
which to calibrate the stimulation produced by pharmacological 
treatments. We then showed that partially differentiated and 
post-mitotic though not fused skeletal myocytes of the mouse 
cell line C2C12, incorporated BrdU into cytoplasmic structures, 
while nuclei were not labeled and were visible as dark shadows 
(Figure 2a). These data essentially replicate findings originally 
published by Magnusson et al. [17].

We confirmed that mitochondria were indeed labelled by 
BrdU by physically isolating mitochondria and staining them 
with antibodies to BrdU and the outer mitochondrial membrane 
protein TOM20. Flow cytometric analysis indicated that 96.5% 
of the purified mitochondria were labeled with TOM20, and 
86.5% with BrdU antibodies, while 78.4% were labelled with 
both markers. This indicates that a majority of the mitochondria 
isolated had incorporated BrdU during the labelling period. 
Thus, in this post mitotic system, we are confident of the 
mitochondrial localisation of the incorporated BrdU.

Figure 3: After labeling for 2 hours with BrdU, mitochondria were 
isolated from Hela cells, fixed and processed for fluorescent 
detection of BrdU and the mitochondrial marker TOM20.  Flow 
cytometry revealed that 96.5% were labelled with BrdU, and 
86.25% with TOM20, and 78.4% were double labelled, indicating 
that the majority of mitochondria were labelled with BrdU. Mean of 
2 independent FACS determinations.

Viral transduction is not the most convenient way to 
stimulate mitochondrial DNA synthesis. We therefore examined 
2 pharmacological treatments previously shown or expected 
to stimulate synthesis of mitochondrial DNA (Figure 3). These 
were AMPK activation [18-20] and ERK inhibition [21,22]. 
Both AMPK stimulation and ERK inhibition induced substantial 
BrdU incorporation in this system after a 2 hour pretreatment, 
followed by the 2hour BrdU incorporation period (Figure 3). 

When normalised against the level of incorporation given by 
PGC1α transduction, the AMPK activator 991 at 10uM resulted in 
43.7% stimulation while the ERK inhibitor U2016 (also at 10uM) 
resulted in 53.7 % stimulation. For all remaining mitophagy 
experiments described in this manuscript, we used the AMPK 
activator 991 at 10uM for 2 hours to stimulate differentiated 
C2C12 myotubes cultured for 5 days.
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Mitophagy assay using BrdU incorporation
We used the decrease in BrdU labeling with time, as a 

measure of the disappearance of the mitochondria labelled 
during the BrdU pulse. After stimulating the cells for 2 hours 
with the AMPK activator 991 and pulse labeling cells for 2 hours 
with BrdU, the labeling medium was removed and replaced with 
normal growth medium, and the loss of the incorporated label 
was measured over time. Without additional treatment, the 
BrdU signal declined to approximately 80% of control values 
by 6 hours, 20% by 24 hours, and had reached background 
levels by 48 hours (Figure 4A). As AMPK activation may directly 
activate mitophagy due to phosphorylation and activation of its 
substrate ULK1, we examined the time course of disappearance 
of BrdU signal after using ERK inhibition to stimulate the initial 
labeling, and found no difference in the subsequent rate of loss 
of label (not shown). We therefore interpret this time course as 
representing the natural rate of mitophagy which is unaffected 
by the relatively brief pulse of AMPK stimulation used to provoke 
mitochondrial DNA synthesis and labeling. Agents increasing the 
rate of mitophagy would be expected to accelerate the rate of 
signal loss. To examine this hypothesis, we selected 6 hours post 
BrdU labeling as a suitable time point, as the level of signal is 
still high enough to provide an assay window, while the partial 
loss of signal demonstrates that mitophagy is proceeding, and 
may be useful to confirm that cells in any given experiment are 
behaving normally.

Figure 4: C2C12 myoblasts were differentiated for three days and 
transduced with adenoviral vector encoding PGC1a at day 3. The 
remaining groups were treated on sixth day of differentiation for 
2 hours with either the AMPK agonist 991, or with the ERK 1 / 
2 inhibitor U2016, after which all groups were exposed to BrdU 
for 2 hours, then processed for ELISA.  Data represent OD450 
values normalised to the PGC1a signal.  Control for the PGC1a 
transduction was empty vector, for pharmacological treatments, 
vehicle (DMSO) in place of activator, and for the technical 
background to the assay, omission of BrdU and omission 
of primary antibody.  n-= 5 replicates, ** vs DMSO, Fishers 
uncorrected LSD.

CCCP is an uncoupler of electron transport in mitochondria 
which dissipates the proton gradient and depolarises 

mitochondria [23]. This depolarisation is followed by mitophagy. 
Treatment of pulse labelled myotubes for 6 hours with 10uM 
CCCP resulted in an accelerated decay of the label, reaching 
baseline by 6 hours. If this accelerated decay represents 
mitophagy, it should be reversible by bafilomycin treatment, 
which interferes with the acidification of early endosomes 
and thus inhibits mitophagy [24]. Treatment of myotubes with 
bafilomycin for 48 hours indeed resulted in a 63% reversal of the 
loss of BrdU signal (Figure 4b).

When cells thus treated were stained with a marker for early 
endosomes (LC3), BrdU label was found to be co-localised with 
the endosomal compartment (Figure 4c); where bafilomycin 
treatment was omitted, consistent with the ELISA data, only 
background staining was observed, indicating an almost 
complete destruction of the pulse labelled DNA under these 
conditions (not shown).

Figure 5: Labelled mitochondrial DNA accumulated in early 
endosomes in bafilomycin treated C2C12 postmitotic cells.  
Partially differentiated postmitotic C2C12 cells were treated with 
bafilomycin at -48 hours, then stimulated with AMPK agonist for 
2 hours, after which they were labelled with BrdU for a further 
2 hours.  They were fixed, stained with antibodies to the early 
endosomal marker LC3 (A), DAPI (B), antibodies to BrdU (C) 
and processed for immunocytochemistry.  Overlay using confocal 
microscopy indicates a prominent region of overlap between the 
endosomal marker and the labelled mitochondrial DNA (D).

The advantage of the kinetic method we describe is that it 
allows the detection of rate changes over short time periods, to 
which measurements of biogenesis based on bulk measurement 
are largely insensitive. In addition, if biogenesis and mitophagy 
are both operative in a given situation, the simultaneous 
destruction and replacement of mitochondrial components can 
also make dynamic changes difficult to detect by bulk methods. 
However, to validate further that the BrdU incorporation method 
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truly reflects these processes, we carried out an experiment to 
quantify the effect of the CCCP treatments on both mitochondrial 
membrane potential (the loss of which is one signal triggering 
mitophagy) and mitochondrial mass using flow cytometry. 
As differentiated myotubes pose difficulties for cytometry 
experiments, we used Hela cells stably over-expressing parkin 
for these experiments. Mitochondrial membrane potential 
was assayed over a 22 hour time course of treatment with 
CCCP (20uM), and parallel samples were stained for the inner 
mitochondrial membrane component cytochrome oxidase IV 
(Figure 5). 

COXIV staining declined more slowly than membrane 
potential, and was about 60% of the initial value after 6 hours, 
at which point membrane potential as indicated by TMRE 
staining had already declined to about 20% of initial values. 
TMRE staining reached background levels by 16 hours, by which 
time COXIV staining had further declined to about 50% of the 
initial value, confirming the expectation that mitophagy follows 
membrane depolarisation. If CCCP was removed at 6 hours, and 
incubation continued until 22 hours after initiation, membrane 
potential recovered to approximately 90% of control values, and 
COXIV staining was slightly (10%) but significantly higher than 
the 6-hour time point, indicating that mitochondrial mass had 
begun to recover as a result of biogenesis. Although the detailed 
kinetics of these processes likely differs between cell types, 
this experiment does indicate the link between depolarisation 
induced by CCCP with mitophagy and helps to interpret the 
effect of CCCP in the myotube system.

Figure 6: (a) Time course of loss of BrdU signal.  Differentiated 
C2C12 mytotubes were stimulated with AMPK agonist 991 
(10uM, 2 hours) and labelled with BrdU for two hours, the BrdU 
was washed out, and the cells cultured in normal medium until 
the end of the experiment.  At the final time point (48 hrs) all 
wells were processed simultaneously for BrdU ELISA. *vs 2 
hours, one way ANOVA with Fisher’s uncorrected LSD test, 
n=8-10 wells.(b) Partial reversal of signal loss by bafilomycin 
treatment.  Differentiated C2C12 myotubes were treated with 
bafilomycin (concentration) at -48 or -24 hours, after which they 
were stimulated with AMPK agonist for 2 hours as described, and 
then with BrdU for a further 2 hours.  BrdU was washed out, and 
the cells were further treated with CCCP (20uM) for 6 hours, after 
which they were fixed and processed for BrdU ELISA. * vs CCCP, 
one way ANOVA with Fisher’s uncorrected LSD test, n = 10 wells.

Urolithin is a compound recently described to promote 
mitophagy via mechanisms involving loss of membrane potential 
with concomitant activation of AMPK [25]. To evaluate whether 

the assay we have described is sufficiently sensitive and robust to 
detect mitophagy induced by pharmacological treatments other 
than CCCP, we tested urolithin at three different concentrations, 
and in agreement with published data, found a dose-responsive 
increase in mitophagy, which was significant at 50uM and less 
effective at lower concentrations (Figure 6). We conclude that 
the assay is generally applicable to detection and quantitation of 
induced mitophagy in differentiated skeletal muscle cells.

Discussion
We describe a simple procedure for examining mitophagy in 

vitro in differentiated skeletal muscle cells, which in principle 
should be adaptable to other post-mitotic cells such as neurons. 
The ELISA readout is simple and robust, requires no microscopy, 
and is potentially of medium throughput, dependent only on 
the number of plates of cells that can be conveniently handled 
together. In addition, no transfection is required.

Mitophagy and biogenesis are linked processes, and 
induction of one is frequently accompanied by induction of the 
other [25-30].

Figure 7: (a) CCCP treatment reduces membrane potential 
and mitochondrial mass in Hela cells.  Hela cells were treated 
for varying periods with CCCP (20uM) up to 22 hours and then 
labelled with TMRE for assessment of membrane potential.  In 
one sample, CCCP was removed after 6 hours and the cells 
further cultured until the 22 hour time point. (b) Parallel samples 
were fixed and stained with antibodies to the COXIV subunit 
of cytochrome oxidase for assessment of mitochondrial mass 
changes.  Cells were analysed by cytometry. * vs t=0, one way 
ANOVA with Tukey’s multiple comparison test.

In addition to their relatively low sensitivity, mass assays 
of mitophagy are confounded by the simultaneous removal and 
synthesis of mitochondrial components, which is not the case 
with the assay we describe. This method is essentially kinetic, in 
that a pulse of label is incorporated into a population of mtDNA 
molecules undergoing replication, and after removal of the label, 
the longevity of only this population is followed. It is important 
to note that a short pulse of labeling is consistent with such a 
kinetic interpretation, but prolonging the labeling period would 
eventually result in steady state level of labeling reflecting the 
balance between opposing process of mitophagy and biogenesis, 
transforming the procedure into a mass assay. We therefore 
minimised the labeling period as far as was consistent with 
achieving sufficient levels of BrdU incorporation to provide a 
good signal window. In this regard, the use of immunological 
detection, in preference to labeling DNA with click chemistry 
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methods, offered the ability to amplify the signal, which we did 
by adding an intermediate detection reagent (Figure 7 & 8).

Figure 8: Urolithin dose dependently induces mitophagy in 
C2C12 myotubes.  C2C12 myotubes were treated with AMPK 
activator for two hours and then labelled with BrdU for a further 
2 hour period.  They were treated with urolithin as indicated and 
incubated for 6 hours before being processed for BrdU ELISA. *vs 
DMSO, one way ANOVA with Tukey’s multiple comparison test, n 
= 5 biological replicates / condition.

In initial experiments, we found that the unstimulated 
rate of mtDNA synthesis was too low to result in significant 
BrdU incorporation, and some pharmacological stimulation 
was necessary. Several different treatments were effective in 
increasing the level of BrdU incorporation over the two-hour 
labeling period. PGC1α promotes authentic mitochondrial 
biogenesis. Of the other pharmacological activation methods we 
examined, AMPK activation is thought to promote biogenesis 
via phosphorylation and activation of PGC1α, but it is unclear 
whether the BrdU incorporation we measure using treatment 
paradigm described here reflects the initiation of genuine 
biogenesis. The immediate increase in mtDNA synthesis 
(contrasted with the requirement to allow 3 days of stimulation 
with PGC1α) is inconsistent with upregulation of gene expression, 
a prerequisite for biogenesis, and suggests rather the triggering 
of DNA synthesis via phosphorylation and activation of pre-
synthesised components. This may actually be an advantage 
in the mitophagy assay, where the only requirement is that 
stimulated mtDNA synthesis results in adequate incorporation 
of label. Preliminary gene expression data (not shown) indicate 
that a pattern of gene expression consistent with authentic 
biogenesis is not seen at any time up to 3 days after a 2-hour 
AMPK activation, supporting the argument based on the rapid 
kinetics of mtDNA synthesis induced by AMPK activation.

A possible point of concern with the method we describe 
is whether we are altering mitophagy by the procedure we 
are using to induce mitochondrial DNA labeling. The intimate 
linkage between the two processes of biogenesis discussed 
above suggests that almost any perturbation of biogenesis 
may invoke a compensating change in mitophagy. However, as 

discussed above, we do not believe that the brief pulse of AMPK 
activation we use to induce labeling, results in real biogenesis. 
In addition to the general coupling of biogenesis and mitophagy, 
a mechanism linking activation of AMPK directly to stimulation 
of mitophagy is its phosphorylation of the mitophagy regulator 
ULK-1 [31]. However, the time course of unstimulated 
disappearance of label when we used ERK inhibition to activate 
DNA synthesis was similar to that observed using AMPK 
activation. This suggests that an initial 2 hour AMPK activation 
does not significantly potentiate mitophagy by ULK-1 activation 
during the succeeding long observation period. In addition, 
even if this mechanism were operative, any contribution of 
this to the overall signal decline is controlled in our design by 
the vehicle treatment group, which will experience the same 
AMPK-potentiated mitophagy as the experimental treatments, 
and any effect of the latter must therefore be in addition to this 
background. The utility of the assay for examining mitophagy 
induced by pharmacological treatments is indicated by our data 
with CCCP and urolithins [32-35].

We therefore believe that the method we describe here is 
a useful addition to the existing assays of mitophagy, and we 
describe alternative methods of stimulating the initial DNA 
synthesis and labeling, the appropriate choice being dictated by 
the pharmacologies of interest to investigators. We have focused 
on skeletal muscle cells, but we see no reason in principle why 
the method should not be adaptable to other post mitotic cells.
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