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Chapter 15

Mitophagy and Mitochondrial Balance

Simone Patergnani and Paolo Pinton

Abstract

Mitochondria are highly dynamic organelles, with a morphology ranging from small roundish elements to 
large interconnected networks. This fine architecture has a significant impact on mitochondrial homeostasis, 
and mitochondrial morphology is highly connected to specific cellular process. Autophagy is a catabolic pro-
cess in which cell constituents, including proteins and organelles, are delivered to the lysosomal compartment 
for degradation. Autophagy has multiple physiological functions and recent advances have demonstrated that 
this process is linked to different human diseases, such as cancer and neurodegenerative disorders.

In particular, it has been found that autophagy is a key determinant for the life span of mitochondria 
through a particularly fine-tuned mechanism called mitophagy, a selective form of autophagy, which 
ensures the preservation of healthy mitochondria through the removal of damaged or superfluous mito-
chondria. Mitophagy has been found to be altered in several pathologies and aberrant or excessive levels of 
this process are found in common human disorders. Thus, the measurement of the mitophagy levels is of 
fundamental relevance to elucidate the molecular mechanism of this process and, most importantly, its role 
in cellular homeostasis and disease.

In this review, we will provide an overview of the current methods used to measure mitophagic levels, 
with particular emphasis on the techniques based on fluorescent probes.
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1  Introduction

In the presence of oxygen, cells are able to metabolize glucose by 
oxidation of glycolytic pyruvate in the mitochondrial tricarbox-
ylic acid (TCA) cycle. At the end of this cycle, the NADH (nico-
tinamide adenine dinucleotide, reduced) is used by oxidative 
phosphorylation to boost ATP production. Due to this, it was 
possible to coin the popular term that identifies mitochondria as 
the “powerhouse of the cell.”

A growing body of recent evidence suggests that mitochondria 
are part of a more complex cellular signalling network and play a 
central role in several physiological processes (such as cell prolifera-
tion, autophagy, and apoptosis) [1–3], in cellular processes like 
metabolism [4], during the stress response [5], and in the regulation 
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of the homeostasis of second messengers, such as calcium (Ca2+) 
and reactive oxygen species (ROS) [6, 7].

In short, it is clear that the mitochondrial compartment drives 
essential processes for a correct cell physiology and cell fate. As dem-
onstration of this, alteration of the normal homeostasis of mito-
chondria is always correlated to common human pathologies [8, 9].

However, even though mitochondria are critical and indis-
pensable elements, the unchecked existence of mitochondria 
within the cell could become very dangerous. Aged or damaged 
mitochondria could induce an excessive ROS production, which 
leads to several mitochondrial dysfunctions, prompting the release 
of apoptosis-promoting factors and the consequent damage to 
neighboring mitochondria. As a result, the well-being of the cell 
could be deeply undermined.

Based on this knowledge, it is so easy to conceive that cells 
have developed finely tuned mechanisms to supervise mitochon-
drial quality and quantity. Mitophagy, a catabolic process for 
lysosome-dependent degradation, has been recently described as a 
mechanism for the elimination of damaged and unwanted mito-
chondria [10].

In the last decade, three distinct mechanisms of mitophagy 
have been identified: (1) during the transformation from reticulo-
cyte to a mature erythrocyte, all the internal organelles, including 
mitochondria, are eliminated. This particular form of mitophagy 
involves a Bcl-2-related mitochondria outer membrane protein 
Nix (also known as BNIP3L) and the microtubule-associated pro-
tein light chain 3 (LC3; also called MAP1LC3 or LC3B, the 
ortholog of yeast ATG8), the principal autophagosome-associated 
protein [10]; (2) the second mitophagic mechanism was observed 
in yeast, where the autophagy-related gene 32 (ATG32) protein, 
localized on the mitochondrial outer membrane, ensures selective 
sequestration of mitochondria by the recruitment of the canonical 
effectors of the autophagic machinery [11]; (3) the third (and also 
the most studied) pathway for the elimination of damaged mito-
chondria by mitophagy in mammals is a fine-tuned mechanism 
mediated by two Parkinson Disease (PD)-associated genes: PINK1 
(PTEN-induced putative protein kinase 1) and PARK2/PARKIN 
[12]. When a subset of mitochondria suffer a collapse of Ψm (mito-
chondrial membrane potential), induced by stressors or uncoupler 
agents, PINK1 and Parkin cooperate together for the removal of 
damaged mitochondria [13]. Normally, when the Ψm is intact, low 
levels of the serine/threonine PINK1 are found in mitochondria, 
because it is constantly imported (probably via the TIM/TOM 
complex) and cleaved by mitochondrial proteases by the inner 
membrane presenilin-associated rhomboid-like protease (PARL) 
and the mitochondrial-processing protease (MPP) [14, 15]. Upon 
loss of Ψm, these mechanisms are affected and PINK1 rapidly accu-
mulates on the outer mitochondrial surface and acts as a marker for 
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mitochondrial damage. As a consequence, PINK1 leads to the 
recruitment of Parkin from the cytosol to mitochondria, where it 
mediates the ubiquitination of numerous outer mitochondrial 
membrane proteins [16]. In this way, the docking site for the Ub 
(ubiquitin)-binding adaptor SQSTM1/p62 is created, which then 
accumulates in mitochondria and facilitates the recruitment of 
damaged mitochondria to autophagosome by binding the LC3-
interacting region (LIR) motif of LC3 [17] (Fig. 1).

As outlined above, the removal of damaged mitochondria is a criti-
cal aspect for the well-being of cells. Alterations of mitophagy 
pathways are increasingly recognized in a number of human dis-
eases, including cancer and neurodegeneration [18]. To better 
understand the role and mechanism of mitophagy in these settings, 

1.1  Methods 
to Monitor Mitophagy

Fig. 1 Mechanism of mitophagy. Following mitochondrial injuries the kinase PINK1 accumulates on the OMM, 
where it recruits the E3 ubiquitin ligase Parkin to mitochondria. Parkin then promotes the ubiquitination of 
OMM proteins inducing the recruitment of p62 to clustered mitochondria. Finally, p62 accumulates on mito-
chondria, binds to parkin-ubiquitylated mitochondrial substrates, mediates clumping of mitochondria and links 
ubiquitinated substrates to LC3 to facilitate the autophagic degradation of ubiquitinated proteins. Ub ubiquitin, 
Ψm mitochondrial membrane potential, OMM outer mitochondrial membrane, LC3 microtubule-associated 
protein light chain 3, Lys.hydr lysosomal hydrolase, PINK1 PTEN-induced putative protein kinase 1
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in the last decade several methods are been developed to monitor 
and visualize this catabolic process (see Notes 1 and 2). Like 
conventional autophagy, also for mitochondrial autophagy it is 
possible to assess the incorporation of “wasted” mitochondria into 
the autophagosome by electron microscopy or the release of radio-
actively labelled cellular proteins [19, 20]. These techniques pro-
vide confirmation of mitochondrial autophagy or clearance, but 
present some caveats and limitations when it comes to the quanti-
fication of mitophagy.

Another useful method to quantify the loss of the mitochon-
drial pool due to the mitophagic process is the measurement of 
expression levels of mitochondrial proteins employing immunob-
lot assays [21]. Since protein synthesis and protein degradation are 
critical and typical aspects of the mitochondrial pools of protein, 
and also considering that intermembrane space proteins are fre-
quently lost after permeability transition, it is recommended to 
analyze the total cellular levels of proteins linked to different mito-
chondrial subcompartments. Furthermore, to ensure that the pro-
tein loss is limited to the mitochondrial compartment, it is 
suggested to perform an immunoblot analysis against non mito-
chondrial protein (e.g., endoplasmic reticulum proteins).

A robust way to investigate mitophagy is through the use of 
fluorescent probes, which may be used to visualize sequestered 
mitochondria in the autophagosome and the subsequent delivery 
to the lysosomal compartment [22].

Below, we describe the most used methods to quantify the 
mitophagic process by fluorescent microscopy and we present a 
detailed protocol using fluorescent probes to evaluate the selective 
removal of damaged mitochondria by mitophagy.

At the moment, the main methods to measure mitophagic activity 
using fluorescent microscopy are based on the simultaneous visual-
ization of mitochondria and autophagosomes with the 
autophagosome-specific marker LC3. Like autophagy, mitophagy 
is a dynamic and multistep process that can be modulated at differ-
ent steps. Based on these observations, researchers have developed 
novel fluorescent-based techniques to monitor the activity of the 
mitophagic machinery. Some of them are designed to monitor the 
delivery of mitochondria to the lysosome. To visualize the amount 
of fused organelles, mitochondria may be labelled with a mito-
chondrial marker without significant membrane potential depen-
dence (MitoTracker® dyes) (see Note 3) and the lysosome may be 
stained with fluorescent probes (such as the lysosomotropic 
LysoTracker® dyes) (see Note 4) or a lysosomal marker (e.g., 
LAMP1-GFP) [23, 24]. A similar approach, to evaluate the incor-
poration of mitochondria into the autolysosome makes use of a 
mitochondria-targeted version of the pH-dependent Keima pro-
tein, named mito-Keima. When mitochondria are sequestered into 

1.2  Monitoring 
Mitophagy Using 
Fluorescent Probes
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the lysosomal compartment, the peak of excitation of this modified 
protein shifts from 440 nm (high pH) to 586 nm (acidic pH) [25].

One key role of mitophagy is the removal of dysfunctional and 
aged mitochondria so as to maintain mitochondrial turnover and 
cellular homeostasis. Thus, monitoring these mitochondrial changes 
is of great importance. A novel fluorescent tool, named “MitoTimer,” 
is a mitochondria-targeted mutant of the red fluorescent protein 
Fluorescent Timer, known as DsRed1-E5, which shows a fluores-
cence shift from green to red as the protein matures. As such, this 
mitochondrial fluorescent protein may be a very useful method to 
visualize real-time mitochondrial exchange in living cells [26].

Other methods are based on the peculiarity that MAP1LC3 is 
not the only marker for autophagy, and several other proteins are 
also involved in this catabolic process. Importantly, a number of 
these markers are available to perform fluorescent imaging. As 
reported above, PINK1 and Parkin associate together to label dam-
aged mitochondria, which will be marked for selective degradation 
via autophagy. In particular, a key aspect for the execution of 
mitophagy is the translocation of Parkin from cytosol to mitochon-
dria, an event that can be recognized through the use of fluorescent 
microscopy based on the simultaneous visualization of mitochon-
dria (using mitochondrial fluorescent probes, such as MitoTracker 
Green, or a mitochondrial marker, such as mitochondria-targeted 
GFP, mtGFP) and the Parkin protein (using fluorescent recombi-
nant chimeras, such as mCherry-Parkin) [27]. Another light-based 
method to recognize the specific initiation of Parkin-mediated 
mitophagy uses a genetically encoded mitochondria-matrix target-
ing photosensitizer “KillerRed-dMito” and the fluorescent recom-
binant Parkin-chimera YFP-Parkin. KillerRed is a photosensitizer 
which produces ROS when illuminated with 599-nm light; as 
result, mitochondria in the selectively illuminated area become 
impaired. This mitochondrial damage is recognized by Parkin 
which translocates to the mitochondrial surface and induces mito-
chondrial clearance by the LC3-coated autophagic structures [28]. 
Thanks to this new method, it will be possible to monitor the 
Parkin-mediated mitophagy in a temporally controlled fashion and 
it could be useful to identify the high-tuned (but still unknown) 
molecular mechanism in Parkin-mediated mitophagy (see Note 5).

Even though different methods and several markers for selec-
tive autophagy are been unveiled, the final step of the mitophagic 
process always implies the incorporation of damaged mitochondria 
in LC3-coated vesicles (see Note 6). To date, the simultaneous 
visualization of mitochondria and autophagosome remains of fun-
damental importance for a correct mitophagic analysis [21, 29].

In next section, we describe in detail the direct method to 
provide confirmation of the incorporation of damaged mitochon-
dria into autophagosome by fluorescent microscopy using a 
mitochondria-targeted RFP (mtDsRed) in combination with the 
autophagosomal marker GFP-MAP1LC3B (GFP-LC3).
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2  Materials

	 1.	Cell lines: Rat oligodendrocytes precursor cell (OPCs).
	 2.	Culture medium for OPCs: Dulbecco’s modified Eagle’s 

medium (DMEM), 4 mM l-glutamine, 1 mM sodium pyru-
vate, 0.1  % bovine serum albumin (BSA), 50  mg/ml Apo-
transferrin, 5 mg/ml insulin, 30 nM sodium selenite, 10 nM 
d-biotin, 10  nM hydrocortisone, 100  U/ml penicillin, 
100 mg/ml streptomycin.

	 3.	10  μg/ml PDGF (platelet-derived growth factor)-AA: stock 
prepared in distilled water or media, filtered and stored at 
−20 °C; use at 10 ng/ml.

	 4.	10  μg/ml bFGF (basic fibroblast growth factor): stock pre-
pared in distilled water or media, filtered and stored at −20 °C; 
use at 10 ng/ml.

	 5.	10  μM FCCP (Carbonyl cyanide 4-trifluoromethoxyphenyl 
hydrazone), dissolved in ethanol and stored at −20 °C; use at 
100 nM for OPCs.

	 6.	Lipofectamine 2000 Reagent (Invitrogen, Life Technologies, 
Carlsbad, CA).

	 7.	Glass coverslips (24 mm in diameter).
	 8.	Poly-l-Ornithine (10 mg/ml stock); use at 100 μg/ml.
	 9.	Six-well culture plates.

	 1.	Inverted Nikon LiveScan Swept Field Confocal Microscope 
(SFC) Eclipse Ti equipped with NIS-Elements microscope imag-
ing software, an Andor DU885 electron multiplying charge-cou-
pled device (EM-CCD) camera (Andor Technology Ltd, Belfast, 
Northern Ireland) and a CFI Plan Apo VC60XH objective 
(numerical aperture, 1.4) (Nikon Instruments, Melville, NY).

	 2.	Autophagosomal marker GFP-MAP1LC3B (GFP-LC3). For 
further detailed technical descriptions about these plasmids, 
please refer to ref. [3].

	 3.	Mitochondria-targeted RFP (mtDsRed). For further detailed 
technical descriptions about these plasmids, please refer 
to ref. [3].

3  Methods

In order to obtain an optimal measurement of the degree of 
colocalization, it is necessary to analyze high-quality images cap-
tured at high magnification (60× or 100×). We use an inverted 
Nikon LiveScan Microscope (SFC) Eclipse Ti equipped with 
NIS-Elements microscope imaging software, an Andor DU885 
electron multiplying charge-coupled device (EM-CCD) camera 

2.1  Cell Culture 
and Reagents

2.2  Image 
(Fluorescence)-Based 
Analysis of Mitophagy

3.1  Measuring 
Mitophagy 
with GFP-LC3 
and mtDsRed
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and a CFI Plan Apo VC60XH objective (numerical aperture, 1.4). 
To improve resolution and the quality of images acquired, we use 
a 1.5× amplifier.

Cells are seeded on glass coverslips (24  mm in diameter) and 
allowed to grow until 50 % confluence. After seeding the cells, wait 
for at least 24 h. The cells are then transfected using appropriate 
transfection methods (Ca2+-phosphate, lipoamines, electropora-
tion, or adenoviral vectors) with a mitochondria-targeted RFP 
(mtDsRed) in combination with the autophagosomal marker GFP-
MAP1LC3B (GFP-LC3).

Conventionally cancerous and immortalized cell lines may be 
easily transfect with Ca2+-phosphate or lipoamines transfection 
methods. Primary cultures, which are notably “hard-to-transfect 
cells,” request electroporation, lipoamines or adenoviral vectors. 
After transfection, wait for 48  h and perform live fluorescence 
imaging (see Note 7). In alternative, it is possible to fix cells with a 
2 % formaldehyde solution (see Note 8).

As certain cell lines possess too low levels of organelle clear-
ance, it may useful to pretreat cells with the potassium ionophore 
valinomycin or with uncoupling agents [as like CCCP (Carbonyl 
cyanide m-chlorophenylhydrazone) or FCCP (Carbonyl cyanide 
4-trifluoromethoxyphenyl hydrazone)] to recognize their 
mitophagic activity [30]. These chemical compounds provoke 
the dissipation of Ψm, accumulation of PINK1 on depolarized 
mitochondria and, finally, Parkin translocation to the mitochon-
drial outer membrane [31]. Consequently, depolarization of 
mitochondria by protonophores is highly associated with colocal-
ization of GFP-LC3 on RFP-labelled mitochondria. Another 
important aspect to keep in mind is that maturation and lysosomal 
fusion is a very rapid process and the assessment of mitochondrial 
compartment into autophagosome may be arduous. Treatments 
with lysosomotropic agents (such as chloroquine, bafilomycin A1, 
and ammonium chloride) or with lysosomal protease inhibitors 
(e.g., E64d or pepstatin A), which block the degradation of LC3 
with the consequent accumulation of autophagosomes, may facili-
tate the identification of the cargo of the autophagic vesicles  
(see Note 9) [32].

Oligodendrocyte cells were obtained following the protocol devel-
oped by Chen et al. [33] and maintained in culture medium for 
OPCs supplemented with 10  ng/ml PDGF-AA and 10  ng/ml 
bFGF for a week. The OPCs isolated can be studied in their undif-
ferentiated state or induced to differentiate into immature oligo-
dendroblasts and then into mature oligodendrocytes, replacing 
PDGF-AA and bFGF with triiodothyronine .

At ~7 days, OPCs obtained were plated at a density of 2 × 104/
cm2 on glass coverslips (24  mm in diameter) in six-well culture 
plates. Cover glasses were previously coated with 100 μg/ml per 

3.2  Sample 
Preparation 
and Transfection

3.3  Sample 
Preparation 
and Transfection  
of Oligodendrocytes 
Cells
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well of poly-d-ornithine as follow. Add sufficient quantity of 1× 
coating solution to glasses and incubate for 1–2 h at 37 °C. Remove 
solution, wash two times with distilled water and air-dry in a tissue 
culture hood.

After 24 h from seeding, cells were transfected with 1 μg of 
plasmid DNA for well (0.5 μg mtDsRed + 0.5 μg GFP-LC3), using 
the appropriate transfection method (Lipofectamine 2000 reagent). 
After 4–6  h the transfection medium were replaced with warm 
medium culture medium for OPCs supplemented with 10 ng/ml 
PDGF-AA and 10  ng/ml bFGF, and after 48  h the cells were 
imaged as outlined in Subheading 3.4. Prior to imaging, parallel 
oligodendrocytes cultures transfected as reported above were 
treated with the uncoupler agent FCCP 100 nM for 1 h to induce 
the sequestration of mitochondria into autophagosomes (Fig. 2).

Coverslips (24-mm in diameter) were placed in a stage incubator 
(Okolab) of the inverted Nikon LiveScan SFC Microscope Eclipse 
Ti equipped with VC60XH oil immersion objective. Experiments 
were carried out in basal chemically defined medium supplemented 
with 10  ng/ml PDGF-AA and 10  ng/ml bFGF.  Excitation at 

3.4  Measurements

Fig. 2 Analysis of mitophagic sequestration by dual fluorescence. OPCs were transfected with GFP-LC3 and a 
mitochondrial-targeted red fluorescent protein. Forty-eight hours after transduction, cells were treated with 
vehicle (CTRL) or 100 nM FCCP for 1 h. Confocal images show a significant increase in GFP-LC3 puncta that 
colocalize with mitochondria in FCCP-treated cells (arrows). The images visualize in blue boxes (c and d) are 
enlargements in aii and bii, respectively. Cells were imaged on a Nikon LiveScan SFC Microscope Eclipse Ti 
equipped with VC60XH oil immersion objective with a 1.5× amplifier and appropriate filter sets. Scale bar: 
10 μm (a–aii and b–bii) and 2 μm (c and d)[AU1]
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488  nm used a solid state laser (Spectra-Physics, Newport) and 
fluorescence emission was measured through a 520/30 filter. Laser 
excitation at 546  nm used a solid state laser (Spectra-Physics, 
Newport) and fluorescence emission was measured using a 600/20 
filter. Laser excitation was attenuated 100- to 1,000-fold to mini-
mize photobleaching and photodamage. In order to obtain statis-
tical significance for measuring the degree of colocalization, we 
recommend to acquire at least 25–30 images per condition.

Following the experiment, the images acquired can be analyzed 
directly on the microscope imaging software or by the use of open-
source software programs developed to help the interpretation of 
multidimensional images, such as ImageJ, the Open Microscopy 
Environment, or VisBio.

Preprocessing of images: Fields of images acquired are not illumi-
nated in a homogeneous fashion; thus, it is recommended to cor-
rect for uneven illumination. This image processing may be 
achieved by correcting the image of the sample using a bright 
image of an empty field. The correction may be performed using 
the microscope imaging software or, alternatively, with open-
source software programs.

Visualizing colocalization: Conventionally, the most used method to 
visualize colocalization is the simple merge of the different channels. 
In our case, GFP-LC3 (green) and mtDsRed (red) give rise to yel-
low hotspots where the two molecules of interest are present in the 
same pixels. Thus, to reach a very fast and easy quantification of 
colocalization, it is possible to perform the simple count of yellow 
dots and identifying the number of mitochondria sequestered into 
the autophagosome (Fig. 3a). Alternatively, it is possible to evaluate 
the intensity profile for the red and green channel of a region of 
interest, which potentially includes an autophagosome (Fig. 3ci, cii).

The simple overlay of the channels of interest possesses, how-
ever, some limits. For example, the presence of merged staining 
(yellow in our case) is highly dependent on the signal intensity of 
each single channel: to have a reliable colocalization, both images 
should have similar grey level dynamics. Many software tools and 
algorithms have been developed to try to address this issue. In 
particular, to evaluate colocalization events, algorithms performing 
the so-called Intensity Correlation Coefficient-Based analyses 
(ICCB; such as Pearson’s or Manders’ coefficients) and object-
based approaches (such as the centroid or intensity center calcula-
tion) have been engineered. Recently, a simple public domain tool 
has been developed for the open-source software ImageJ, named 
JACoP, which integrates current global statistic methods to evalu-
ate the degree of the colocalization of two channels (Fig. 3bi, bii). 
Using a novel object-based approach, this tool is capable of pro-
cessing single and composite images and enables an automated 
colocalization analysis [34].

3.5  Data Handling/
Processing
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4  Notes

	 1.	Due to the dynamic nature of mitophagy and the multiple 
potential factors which regulate this process, it is suggested to 
perform multiple techniques (rather than a single technique) 
to evaluate the autophagic removal of damaged mitochondria. 
For example, immunoblot analysis of the mitochondrial pro-
teins levels is useful to validate data from microscopy studies.

	 2.	It is important to keep in mind that mitochondrial turnover 
could be promoted by other degradation systems (such as pro-
teosomal degradation) and that several mechanisms are respon-
sible for the disappearance of mitochondrial markers. Based on 
these observations, it is suggested to evaluate the mitochon-
drial clearance also with inhibitors of the other major degrada-
tion systems.

	 3.	The retention and accumulation of the fluorescent probes, 
especially for MitoTracker dyes, depend on cell type. It is rec-
ommended to determine empirically their optimal concentra-
tion in a given cell type under the experimental conditions.

	 4.	Because lysosomotropic agents disrupt the lysosomal acidic 
pH, these compounds cannot be used with LysoTracker fluo-
rescent probes.

	 5.	Defective or excessive mitophagy is frequently found in several 
human diseases. Consequently, a novel and accessible method 
capable of recognizing the alteration of mitophagy and, at the 
same time, the rapid screening of hypothetical compounds is 
necessary. Coupling the reported methods with high-content 
microscopy may be a solution. In this way, it will possible to 
screen large compound libraries to identify small-molecule 
modulators of mitophagy. As a demonstration of this theoreti-
cal approach, the first mitophagic study performed using high-
throughput screening has been recently published. In this 
work, Hasson and colleagues characterized specific regulators 
of the PINK1-Parkin-mediated mitophagy. To attain their 
goal, cells stably expressing GFP-Parkin and a mitochondria-
targeted red fluorescent protein were used. The cells were 
transfected with siRNA duplex in 384-well plates, treated with 
a chemical mitochondrial uncoupler and the translocation of 
Parkin to the mitochondrial surface was evaluated by high-
content microscopy and automated image analysis [35].

	 6.	In addition to colocalization between mitochondrial labels and 
markers for autophagy, it may be useful to perform studies in 
order to quantify the morphological and functional changes 
associated to the mitophagic removal of mitochondria. To 
assess these aims, it is possible to evaluate changes in mito-
chondrial structure (it should be noted that mitochondrial 
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	 1.	Haigis MC, Deng CX, Finley LW, Kim HS, 
Gius D (2012) SIRT3 is a mitochondrial tumor 
suppressor: a scientific tale that connects aber-
rant cellular ROS, the Warburg effect, and car-
cinogenesis. Cancer Res 72:2468–2472

	 2.	Bonora M, Bononi A, De Marchi E, Giorgi C, 
Lebiedzinska M, Marchi S, Patergnani S, 
Rimessi A, Suski JM, Wojtala A et  al (2013) 
Role of the c subunit of the FO ATP synthase 
in mitochondrial permeability transition. Cell 
Cycle 12:674–683

	 3.	Patergnani S, Marchi S, Rimessi A, Bonora M, 
Giorgi C, Mehta KD, Pinton P (2013) 
PRKCB/protein kinase C, beta and the mito-
chondrial axis as key regulators of autophagy. 
Autophagy 9:1367–1385

	 4.	Houtkooper RH, Pirinen E, Auwerx J (2012) 
Sirtuins as regulators of metabolism and 
healthspan. Nat Rev Mol Cell Biol 13: 
225–238

	 5.	Manoli I, Alesci S, Blackman MR, Su YA, Rennert 
OM, Chrousos GP (2007) Mitochondria as key 

fragmentation precedes mitophagy) through the employment 
of MitoTracker, whereas the loss of Ψm, a common trigger for 
mitophagy, can be measured by the use of potentiometric 
probes (such as JC-1 and TMRM) [36].

	 7.	It is important to consider that certain plasmid DNA and 
transfection methods may modify the levels of autophagy. To 
start, it is important to use contaminant-free plasmid 
DNA. Next, to avoid negative effects induced by transfection, 
it is suggested to leave the cells for at least 48 h after the trans-
fection. The use of stable cell lines could solve this concern, 
but: (a) stable cell line are generated by immortalization, a 
process that modifies markedly the normal physiology of the 
cell, and (b) it is not always possible or easy to obtain a stable 
cell line of certain cell types (i.e., nerve cells).

	 8.	The fixation procedure may produce autofluorescent puncta or 
a reduction for GFP-LC3 staining. To avoid artifacts, it is sug-
gested to compare results of live imaging with imaging after 
fixation.

	 9.	The optimal lysosomotropic agents or lysosomal protease 
inhibitors concentration and timetable treatment are highly 
linked to cell-type. Before perform experiments, one should 
search for the ideal concentration and time course in order to 
prevent cytotoxic effects and avoid saturation of the observed 
LC3-II accumulation.

Acknowledgements

This study was supported by: the Italian Association for Cancer 
Research (AIRC); Telethon (GGP11139B); local funds from the 
University of Ferrara; the Italian Ministry of Education, University 
and Research (COFIN, FIRB, and Futuro in Ricerca); and the 
Italian Ministry of Health to Paolo Pinton. Simone Patergnani was 
supported by a FISM (Fondazione Italiana Sclerosi Multipla) 
research fellowship (2012/B/11).

References

Simone Patergnani and Paolo Pinton

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444



components of the stress response. Trends 
Endocrinol Metab 18:190–198

	 6.	Giorgi C, Baldassari F, Bononi A, Bonora M, 
De Marchi E, Marchi S, Missiroli S, Patergnani 
S, Rimessi A, Suski JM et  al (2012) 
Mitochondrial Ca(2+) and apoptosis. Cell 
Calcium 52:36–43

	 7.	Marchi S, Giorgi C, Suski JM, Agnoletto C, 
Bononi A, Bonora M, De Marchi E, Missiroli 
S, Patergnani S, Poletti F et  al (2012) 
Mitochondria-ros crosstalk in the control of 
cell death and aging. J Signal Transduct 2012: 
329635

	 8.	Wallace DC (1999) Mitochondrial diseases in 
man and mouse. Science 283:1482–1488

	 9.	Itoh K, Nakamura K, Iijima M, Sesaki H 
(2013) Mitochondrial dynamics in neurode-
generation. Trends Cell Biol 23:64–71

	10.	Youle RJ, Narendra DP (2011) Mechanisms of 
mitophagy. Nat Rev Mol Cell Biol 12:9–14

	11.	Kanki T, Wang K, Cao Y, Baba M, Klionsky DJ 
(2009) Atg32 is a mitochondrial protein that 
confers selectivity during mitophagy. Dev Cell 
17:98–109

	12.	Springer W, Kahle PJ (2011) Regulation of 
PINK1-Parkin-mediated mitophagy. Autophagy 
7:266–278

	13.	Narendra D, Tanaka A, Suen DF, Youle RJ 
(2008) Parkin is recruited selectively to 
impaired mitochondria and promotes their 
autophagy. J Cell Biol 183:795–803

	14.	Meissner C, Lorenz H, Weihofen A, Selkoe 
DJ, Lemberg MK (2011) The mitochondrial 
intramembrane protease PARL cleaves 
human Pink1 to regulate Pink1 trafficking. 
J Neurochem 117:856–867

	15.	Narendra DP, Jin SM, Tanaka A, Suen DF, 
Gautier CA, Shen J, Cookson MR, Youle RJ 
(2010) PINK1 is selectively stabilized on 
impaired mitochondria to activate Parkin. 
PLoS Biol 8:e1000298

	16.	Jin SM, Lazarou M, Wang C, Kane LA, 
Narendra DP, Youle RJ (2010) Mitochondrial 
membrane potential regulates PINK1 import 
and proteolytic destabilization by PARL. J Cell 
Biol 191:933–942

	17.	Jin SM, Youle RJ (2012) PINK1- and Parkin-
mediated mitophagy at a glance. J Cell Sci 125: 
795–799

	18.	Lu H, Li G, Liu L, Feng L, Wang X, Jin H 
(2013) Regulation and function of mitoph-
agy in development and cancer. Autophagy 
9:1720–1736

	19.	Dagda RK, Cherra SJ III, Kulich SM, Tandon 
A, Park D, Chu CT (2009) Loss of PINK1 
function promotes mitophagy through effects 

on oxidative stress and mitochondrial fission. J 
Biol Chem 284:13843–13855

	20.	Frank M, Duvezin-Caubet S, Koob S, 
Occhipinti A, Jagasia R, Petcherski A, Ruonala 
MO, Priault M, Salin B, Reichert AS (2012) 
Mitophagy is triggered by mild oxidative stress 
in a mitochondrial fission dependent manner. 
Biochim Biophys Acta 1823:2297–2310

	21.	Klionsky DJ, Abdalla FC, Abeliovich H, 
Abraham RT, Acevedo-Arozena A, Adeli K, 
Agholme L, Agnello M, Agostinis P, Aguirre-
Ghiso JA et  al (2012) Guidelines for the use 
and interpretation of assays for monitoring 
autophagy. Autophagy 8:445–544

	22.	Dolman NJ, Chambers KM, Mandavilli B, 
Batchelor RH, Janes MS (2013) Tools and tech-
niques to measure mitophagy using fluorescence 
microscopy. Autophagy 9:1653–1662

	23.	Rodriguez-Enriquez S, Kim I, Currin RT, 
Lemasters JJ (2006) Tracker dyes to probe 
mitochondrial autophagy (mitophagy) in rat 
hepatocytes. Autophagy 2:39–46

	24.	Pankiv S, Clausen TH, Lamark T, Brech A, 
Bruun JA, Outzen H, Overvatn A, Bjorkoy G, 
Johansen T (2007) p62/SQSTM1 binds 
directly to Atg8/LC3 to facilitate degradation 
of ubiquitinated protein aggregates by autoph-
agy. J Biol Chem 282:24131–24145

	25.	Katayama H, Kogure T, Mizushima N, 
Yoshimori T, Miyawaki A (2011) A sensitive 
and quantitative technique for detecting 
autophagic events based on lysosomal delivery. 
Chem Biol 18:1042–1052

	26.	Hernandez G, Thornton C, Stotland A, Lui D, 
Sin J, Ramil J, Magee N, Andres A, Quarato G, 
Carreira RS et  al (2013) MitoTimer: a novel 
tool for monitoring mitochondrial turnover. 
Autophagy 9:1852–1861

	27.	Matsuda N, Sato S, Shiba K, Okatsu K, Saisho 
K, Gautier CA, Sou YS, Saiki S, Kawajiri S, Sato 
F et al (2010) PINK1 stabilized by mitochon-
drial depolarization recruits Parkin to damaged 
mitochondria and activates latent Parkin for 
mitophagy. J Cell Biol 189:211–221

	28.	Yang JY, Yang WY (2011) Spatiotemporally 
controlled initiation of Parkin-mediated 
mitophagy within single cells. Autophagy 7: 
1230–1238

	29.	Zhu J, Dagda RK, Chu CT (2011) Monitoring 
mitophagy in neuronal cell cultures. Methods 
Mol Biol 793:325–339

	30.	Ashrafi G, Schwarz TL (2013) The pathways of 
mitophagy for quality control and clearance of 
mitochondria. Cell Death Differ 20:31–42

	31.	Rakovic A, Shurkewitsch K, Seibler P, Grunewald 
A, Zanon A, Hagenah J, Krainc D, Klein C 
(2013) Phosphatase and tensin homolog 

Mitophagy and Mitochondrial Balance

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557



(PTEN)-induced putative kinase 1 (PINK1)-
dependent ubiquitination of endogenous Parkin 
attenuates mitophagy: study in human primary 
fibroblasts and induced pluripotent stem cell-
derived neurons. J Biol Chem 288:2223–2237

	32.	Mizushima N, Yoshimori T, Levine B (2010) 
Methods in mammalian autophagy research. 
Cell 140:313–326

	33.	Chen Y, Balasubramaniyan V, Peng J, Hurlock 
EC, Tallquist M, Li J, Lu QR (2007) Isolation 
and culture of rat and mouse oligodendrocyte 
precursor cells. Nat Protoc 2:1044–1051

	34.	Bolte S, Cordelieres FP (2006) A guided tour 
into subcellular colocalization analysis in light 
microscopy. J Microsc 224:213–232

	35.	Hasson SA, Kane LA, Yamano K, Huang CH, 
Sliter DA, Buehler E, Wang C, Heman-Ackah 
SM, Hessa T, Guha R et  al (2013) High-
content genome-wide RNAi screens identify 
regulators of parkin upstream of mitophagy. 
Nature 504(7479):291–295

	36.	Duchen MR, Surin A, Jacobson J (2003) 
Imaging mitochondrial function in intact cells. 
Methods Enzymol 361:353–389

Simone Patergnani and Paolo Pinton

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581


	Chapter 15: Mitophagy and Mitochondrial Balance
	1 Introduction
	1.1 Methods to Monitor Mitophagy
	1.2 Monitoring Mitophagy Using Fluorescent Probes

	2 Materials
	2.1 Cell Culture and Reagents
	2.2 Image (Fluorescence)-Based Analysis of Mitophagy

	3 Methods
	3.1 Measuring Mitophagy with GFP-LC3 and mtDsRed
	3.2 Sample Preparation and Transfection
	3.3 Sample Preparation and Transfection of Oligodendrocytes Cells
	3.4 Measurements
	3.5 Data Handling/Processing

	4 Notes
	References




