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General introduction



Chapter 1:

In order to highlight the importance of mitochondria in the overall cellular,
tissue, organ, and organism homeostasis, it is useful to remind the origin of
mitochondria. According to the endosymbiotic theory, mitochondria are di-
rectly descending from ancestral bacteria that about one and half billions of
years ago existed outside from what today are the eukaryotic cells. Mito-
chondria ancestors survived the endocytosis by another cell type and became
incorporated into the host cytoplasm developing together a highly productive
molecular collaboration. The chance and the necessity that induced this suc-
cessful and long symbiosis, changed the world and made the evolution of almost
all the eukaryotic cell types possible. These compose all the tissues and organs
of the animal species, including us humans. Since then, by a massive number
of slow and incremental evolutionary changes, mitochondria acquired a pivotal
role in the generation of cellular energy which earned them the name of the
powerhouse of the cells. Besides their prominent role in cellular bioenerget-
ics, they have many other diverse and crucial functionalities operating at the
junction of numerous cellular, nuclear and subcellular signaling and metabolic
pathways. Considering this extensive involvement of mitochondria in the cellu-
lar homeostasis, it is easy to understand their relevance in everyone’s daily life.
When something in the extremely sophisticated mitochondrial engines does not
work or is less efficient, a devastating and heterogeneous set of diseases can
develop affecting almost any part of the human body. These can range from
rare primary and secondary mitochondrial diseases, but also include more com-
mon pathologies such as Alzheimer’s, Parkinson’s, and Huntington’s disease,
cardiovascular disease, cancer, diabetes, and epilepsy.

First, in this general introduction, I will give a brief molecular description of
mitochondrial morphology and function (“morphofunction”), proceeding with
some facts about the clinical manifestations of mitochondrial diseases and in
particular of Leigh syndrome and mitochondrial oxidative phosphorylation
complex I dysfunction. Hereafter, I will introduce the preclinical work-in-
progress strategies to examine “broken” mitochondria. I will mainly focus on
the technologies and challenges in drug discovery and the necessity of develop-
ing in vitro models recapitulating the disease phenotype in a dish.
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General introduction

1.1 Mitochondrial morphofunction: “The structure

without a function is a corpse. . . the function with-

out structure is a ghost.”

Mitochondria, present in virtually all mammalian cells, have a crucial metabolic
role as they convert food-derived metabolites into cellular energy. But mito-
chondria are also key players in other metabolic and signaling cellular processes
including redox homeostasis, coordination of lipid biosynthesis, and cell death
regulation (Nunnari and Suomalainen, 2012).
Already in 1953, Palade (PALADE, 1953) and Sjöstrand (Sjöstrand, 1953) in-
dependently described the ultrastructure of mitochondria for the first time.
The individual mitochondrion consists of a mitochondrial outer membrane
(MOM) and a mitochondrial inner membrane (MIM). Together these create
two mitochondrial compartments; an inter-membrane space and a space en-
closed by the inner membrane called the matrix. The MIM is highly folded
and protrudes into the matrix with a number of invaginations, the so-called
cristae. These determine an increase of the MIM surface which results in an
increase of the chemical reaction’s rate occurring in the matrix.
Mitochondrial functionality has considerable variations among different cyto-
types and environmental conditions that is intrinsically linked to membrane
ultrastructure and its protein distribution (Cogliati et al., 2016). In partic-
ular the MIM is the highest protein density membrane in the cell (Lackner,
2014) and remodeling of the MIM can thus regulate the dynamic distribution
of proteins, lipids and soluble metabolites between individual mitochondrial
sub-compartments (Zick et al., 2009).
The oxidative phosphorylation (OXPHOS) system is a crucial molecular ma-
chine responsible for the production of mitochondrial ATP and the overall
mitochondrial and cellular homeostasis. Most of the OXPHOS proteins are
embedded in the MIM. In mammals, the OXPHOS comprises five multi-protein
enzyme complexes constituting the four electron transport chain (ETC) com-
plexes (CI-CIV) and a fifth complex (CV) that is the ATP synthase. The
highly energized electrons, coming from nutrients oxidation and transported
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by the reduced nicotinamide adenine dinucleotide (NADH) and the reduced
form of flavin adenine dinucleotide (FADH2), enter into the ETC by CI and II,
respectively. The electrons transfer from CI and CII along the ETC in a series
of exergonic oxidation reactions that generate energy coupled to endergonic
proton translocations. Protons are pumped from the matrix, across the MIM,
to the intermitochondrial membrane space. This results in an electrochem-
ical gradient or proton motive force: the mitochondrial membrane potential
(∆ψ). ∆ψ reflects mitochondrial functionality and can be considered a crucial
readout of mitochondrial "health". At the level of CV, another exergonic and
endergonic series of reactions are coupled: protons passively flow back into
the mitochondrial matrix according to their gradient, driving the synthesis of
cellular energy in the form of ATP from ADP and inorganic phosphate.

Mitochondrial ultrastructural alterations have been linked to mitochondrial
dysfunction contributing to pathological conditions (Vincent et al., 2016; Zick
et al., 2009). Ultrastructural studies of mitochondria have been classically
performed using electron microscopy in fixed tissues to analyze the structural
organization of both mitochondrial tubules, MIM and MOM at the nanometer
scale. In these studies, individual mitochondria have for a long time been
depicted as isolated organelles with the typical bean-like structure.

However, in living cells mitochondria form a highly interconnected and dy-
namic tubular network in a continuous cycle of fission and fusion. The so-
called net mitochondrial morphology is determined by mitochondrial dynamics
such as swelling, shrinking, fragmentation, elongation etc. (Twig and Shiri-
hai, 2010). The mitochondrial morphology has been described from discrete
isolated organelles to a large continuous reticulum with a large variety that
represent a continuum of states (Iannetti et al., 2015). Mitochondrial net-
work morphology studies, depending from the specific cell type, size, thickness
and other physical parameters, can measure geometrical features at the micron
scale of the single mitochondria, single cell and cell population levels and can be
performed in living cells using fluorescent microscopy. As for the mitochondria
ultrastructural alterations, also aberration in mitochondrial network morpholo-
gies, have been associated with different physio-pathological states (Guillery
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et al., 2008; Hoitzing et al., 2015; Koopman et al., 2007a; Willems, P. H. G. M.
et al., 2015). Simultaneous aberrations in mitochondrial network morphology
and ∆ψ have also been often observed at the same time (Hoitzing et al., 2015;
Koopman et al., 2005c). We indeed defined mitochondrial "morphofunction" as
a combined readout taking into consideration mitochondrial network morphol-
ogy and ∆ψ simultaneously using live cell fluorescence microscopy (Iannetti
et al., 2016). The importance of the simultaneous monitoring of functional and
structural parameters is highlighted from the frequently quoted sentence of an
American zoologist, Stephen A. Wainwright, who in 1969 wrote: “the structure
without a function is a corpse... the function without structure is a ghost”.
This general concept indicates how the relationship correlating structure to
function, and vice versa, belongs inevitably to almost any biological system.
Mitochondrial structure, morphology and functionality make no exception.

1.2 Mitochondrial diseases, Leigh Syndrome and com-
plex I deficiency

Mitochondrial dysfunction can be caused by mutations directly in mitochon-
drial DNA genes, by mutations in nuclear DNA genes coding for mitochondrial
proteins, but also by mutations in nuclear DNA genes controlling mitochon-
drial function, ultrastructure or network morphology. These conditions can be
defined as a primary mitochondrial disease when caused by a mutation in one of
the genes encoding a mitochondria-localized protein. In humans, with the use
of mitochondrial proteome analysis, 1158 mitochondrial genes have currently
been identified (Human MitoCarta 2.0; www.broadinstitute.org). These genes
encode proteins with strong support of mitochondrial localization. “In princi-
ple, a mutation in any of these genes can lead to mitochondrial dysfunction and
induce a primary mitochondrial disorder. When mitochondrial dysfunction oc-
curs for another reason, this gives rise to a secondary mitochondrial disorder”
(Koopman et al., 2013). Secondary mitochondrial diseases arise from external
influences on mitochondria, such as environmental factors (Meyer et al., 2013)
and off-target drug effects (Schirris et al., 2015).
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Therefore, these have non-genetic causes and are non-hereditary. Both the
disease types refer to a broad and heterogeneous group of disorders having in
common mitochondrial dysfunctions and defective cellular energy production
due to abnormal OXPHOS functioning.

Primary monogenic mitochondrial diseases are hereditary, relatively rare (preva-
lence ∼1:5000), chronic, metabolic and neurological disorders that can be
present at birth, but can also occur at any age with any mode of inheritance.
These can affect almost any part of the body, and in particular the cells of
the brain, nerves, muscles, kidneys, heart, liver, eyes, ears or pancreas. This
extremely broad range of affected organs can result in a wide range of serious
and debilitating illnesses, signs and symptoms. As consequence of this clinical
heterogeneity, mitochondrial disease diagnosis can be often a long, complex
and burdensome process, consisting of multiple consultations and tests that
can become an "odyssey" for patients (Grier et al., 2018). Even after the di-
agnosis, distinguishing between primary and secondary mitochondrial disease
is still challenging (Niyazov et al., 2016).

Despite the significant advances in the molecular and biochemical understand-
ing of the etiology and mechanism of these diseases, there are still no satis-
factory approved therapies available. Mitochondrial patients lack therapeutic
options that can significantly alter the course of the disease and ultimately
stop and cure it. Mitochondrial patients currently only have access to sup-
portive and symptomatic therapies (Koopman et al., 2016; Nightingale et al.,
2016). Despite this high unmet medical need, the recent increased number of
clinical trials evaluating different targets and drugs is promising (El-Hattab
et al., 2017; Lehmann and McFarland, 2018).

Leigh Syndrome (LS) is the most common pediatric presentation of primary
mitochondrial disease (Lake et al., 2016). It was first described by Dennis
Leigh in 1951, and it is characterized by the degeneration of the central nervous
system. This subgroup of mitochondrial diseases is still genetically extremely
heterogeneous, and to date pathogenic mutations in more than 75 genes have
been identified in mitochondrial and nuclear DNA (Lake et al., 2016). One of
the main biochemical defects of the OXPHOS dysfunction in LS is complex I
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(CI) deficiency (Ma et al., 2013). On the other hand, one of the most common
clinical presentations of CI deficiency is LS (Fassone and Rahman, 2012).
CI is a multiprotein enzymatic complex composed of 45 subunits, 14 of which
are defined core subunits. Seven of these core subunits are encoded by mito-
chondrial genes and seven by nuclear genes (Zhu et al., 2016). The function
of the remaining 31 subunits, the so-called accessory subunits encoded by the
nDNA, are crucial for assembly and function of CI and essential for cell viabil-
ity (Stroud et al., 2016). The exact function of many of the accessory subunits
is awaiting elucidation.
CI is an "L" shaped enzyme-complex composed of a hydrophilic arm protrud-
ing into the matrix and a hydrophobic or lipophylic arm embedded within
the MIM, which includes the NADH binding site that accepts electrons and
transfer these via a chain of Iron-Sulphur clusters to coenzyme Q. From a
molecular point of view, CI deficiency is a quantity shortage of this multi-
protein complex or a defect in its enzymatic activity. These can result from
protein synthesis downregulation, instability or assembly aberration that can
be caused by mutations in either mtDNA- or nDNA encoded CI structural
subunits or nDNA-encoded CI assembly factors.
From a clinical point of view "CI deficiency is the most frequently encountered
single mitochondrial single enzyme deficiency in patients with a mitochondrial
disorder" (Rodenburg, 2016). Indeed, between 30% to 40% of the OXPHOS
dysfunctions is associated with CI deficiency (Distelmaier et al., 2009b; Kirby
et al., 1999; Koene and Smeitink, 2009). Therefore, in vitro LS CI models
represent a crucial research tool to study OXPHOS pathogenesis and support
the future design of rational drug intervention strategies.

1.3 Cell-based phenotypic screening for target dis-
covery and drug testing

Currently, mitochondrial disease patients’ clinical management is only symp-
tomatic while mitochondrial dysfunction relentlessly progresses and causes dev-
astating morbidity and premature death. Therefore, it is urgent to study new
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candidate compounds improving or even better curing mitochondrial diseases.
The process of getting a new drug approved to enter the market and make it
available for patients, often named as from bench-to-bedside, is a more than
a decade-long multi steps complex and expensive process. For simplicity, the
drug development process can be summarized in three steps: (i) preclinical in
vitro drug discovery, (ii) preclinical in vitro and in vivo drug testing and (iii)
human clinical trials. In the rest of this chapter I will discuss the preclinical
drug discovery (i) and testing (ii) steps focusing in particular on biological
target identification, library drug screening, and in vitro drug efficacy and
toxicity.

Historically, drugs were discovered by identifying the active ingredients by
serendipitous findings coming mainly from plant sources. Today drug discovery
and testing sit at the intersection of many different disciplines in particular:
medicine, pharmacology, toxicology, biotechnology, genomics, bioinformatics
and cellomics.

Drug discovery consist of target identification, candidate compounds identifica-
tion, synthesis, characterization, screening and target validation. At the end of
drug discovery, the first step (i), one or more "hit compound(s)" are identified.
These are chemical molecules displaying pharmacological or biological activity
likely to be therapeutically useful, but with a suboptimal chemical structure
that requires modification to acquire better drug-like properties. These proper-
ties, analyzed and optimized during the second step (ii), drug testing, include:
efficacy, potency, safety, synthesis route, cost, chemical stability, metabolic sta-
bility, and patentability. The rationale behind all these assays is to translate
hit compounds into better candidates, lead compounds, for clinical evaluation.

In order to convey the urgency of new technologies development for mitochon-
drial disease drug development and for any other pathology, it is important to
mention the Eroom’s law (Scannell et al., 2012). It states that drug develop-
ment is becoming slower and more expensive over time despite improvements
in technology. This significant reduction in the number of newly approved
drugs in the past decades has been partially attributed to failures in discovery
and validation of new targets.
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The two main strategies used by pharmaceutical companies for target discovery
and validation include both molecular approaches referred to as target-based
screening and empirical approaches referred to as phenotypic screening. The
empirical phenotypic approaches seems to be the more successful strategy for
small-molecule, first-in-class medicines (Swinney, 2013; Zheng et al., 2013).

Phenotypic screening is based on the use of in vitro models for cell-based
assays. These model systems represent powerful and absolutely necessary tools
for preclinical drug development (discovery (i) and testing (ii)). However, the
choice of an appropriate cell model, recapitulating robust pathological read-
outs in vitro, appears to be the main challenge and goal to achieve for target
discovery that highly relies on having a clear understanding of the cellular
contribution to the disease.

High-content screening (HCS) is a key technology to perform phenotypic screen-
ing. It was created in 1996 when the company "Cellomics Inc." was incorpo-
rated to create a technological platform to perform large-scale screening of cells,
with subcellular spatial and temporal resolution (Taylor, 2007; Taylor et al.,
2001), HCS is defined as a cell-based phenotypic approach where readouts are
imaged by multiplexed and automated microscopy and it is also referred to as
cellomics. “Because of the fast developments of technologies and applications
the field of cellomics is now on the brink of catching up with the other–omics
approaches.” (Iannetti et al., 2019). HCS combines the efficiency of acquiring
large data sets typical of high-throughput techniques, with the ability of cellu-
lar imaging to collect quantitative data multiplexing different readouts proper
of high-content techniques. HCS technology is integrated into all aspects of
contemporary drug discovery (i) and testing (ii) due to its ability to study
many features simultaneously in complex in vitro cell models.

The main challenges behind HCS depend on the specific assay complexity and
the hardware used: the throughput magnitude, the data content and results
reproducibility and robustness can vary substantially. Moreover, cell, drugs
and microplates preparation processes are more complex to automate, as com-
pared to the imaging and data analysis procedures. Therefore, these are often
still executed manually and can represent a real bottleneck in data throughput,

15



Chapter 1:

reproducibility and robustness.

Another intrinsic challenge relies on the fact that live-cell imaging is technically
complex. This is especially true when long kinetic measurements are necessary
to study fast and dynamic biological events and cellular time-lapse monitoring,
rather than end point measurements, is required.

The last challenge regards the handling of complex and multivariate single-
organelle, single-cell or cell population big data sets. These often require
computational operations such as data management and data mining where
strategies, coding languages and/or dedicated software packages are necessary
to analyze multiparametric data extracted from biological systems (Kümmel
et al., 2011; Smith et al., 2018).

1.4 Aim and outline of the thesis

The primary aim of this thesis is to characterize cellular consequences of mi-
tochondrial dysfunction at the phenotypical level. To do so, this thesis focuses
mainly on novel live-cell imaging technology development applied to patient-
derived cell lines and predictive cell-based disease models. Fully automated
microscopy and microplates were used throughout all this research to guaran-
tee unbiased and high content image acquisition, and robust high throughput
data generation. In order to better understand pathophysiological mitochon-
drial and cellular phenotypes, aberrations induced by inherited genetic muta-
tions and/or by stress conditions were characterized. Particular emphasis was
given to the mitochondrial morphofunctional method development and appli-
cations. This method and other cell-based assays were developed and applied
to study OXPHOS dysfunctions mainly in isolated CI deficient in vitro Pri-
mary Human Skin Fibroblast (PHSF) models derived from healthy donors or
LS patients.

The developed cell-based assays and the functional characterizations represent
useful platforms to perform mode-of action studies, biological target identi-
fication, library drug screening but also to address fundamental questions in
mitochondrial research. This thesis is part of a wider drug development strat-
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egy, based on counteracting mitochondrial dysfunctions cellular consequences
to stop disease progression and to restore normal cellular function.
Chapter 2 and 3 review the literature to critically discuss concepts not ad-
dressed in this chapter and to introduce the experimental Chapters 4, 5, 6
and 7. In particular Chapter 2 provides an overview of available live-imaging
readouts and cell models for phenotypic profiling of mitochondrial function.
Chapter 3 discusses strategies on how to implement high-content screening
of mitochondrial morphology and membrane potential in living cells. Chap-
ter 4 presents a step-by-step protocol developed and optimized on multiplexed
high-content analysis to allow unbiased and automated quantification of cel-
lular and mitochondrial morphofunction in intact living PHSF. This protocol
can be applied to both drug discovery and testing. Chapter 5 translates the
mitochondrial morphofunction protocol from PHSF to a different cell model,
mouse hippocampal neuronal cells. This method application chapter served to
evaluate the application of the technology to a different cell model and it was
used as characterization analysis part of a bigger study focusing on metabolic
flexibility in a nonapoptotic cell death. In Chapter 6 and 7, two different
stress conditions are introduced, inducing respectively a metabolic and a redox
unbalance, to enhance pathological aberrations of CI deficient PHSF derived
from LS mitochondrial disease patients. While both these chapters are part
of a drug discovery strategy for mitochondrial disease, and both focus on new
targets identification, Chapter 7 has also experiments related to in vitro drug
efficacy and safety testing. In Chapter 8 a general summary and discussion,
and future perspectives for this field of research are proposed.

17





Chapter 2

Live-imaging readouts and cell models for
phenotypic profiling of mitochondrial

function
Published as: Iannetti, E. F., Prigione, A., Smeitink, J. A. M., Koopman, W. J. H.,

Beyrath, J., and Renkema, H. (2019). Live-Imaging Readouts and Cell Models for
Phenotypic Profiling of Mitochondrial Function. Frontiers in Genetics. 10, 1–9.



Chapter 2:

2.1 Introduction

Mitochondrial diseases can result from mutations in the nuclear (nDNA) or
mitochondrial DNA (mtDNA). These mutations often lead to disruption of
mitochondrial function and/or (ultra) structure leading to "primary mitochon-
drial disorders" (Koopman, Werner. Willems, Peter and Smeitink et al., 2012)
that are progressive, multisystemic and relatively rare (prevalence ∼1:5000)
(Parikh et al., 2015). Mitochondrial dysfunction is also a hallmark of var-
ious neurodegenerative disorders like Alzheimer’s, Parkinson’s, and Hunting-
ton’s disease, cardiovascular disease, cancer, diabetes, and epilepsy (Koopman,
Werner. Willems, Peter and Smeitink et al., 2012). Mitochondrial dysfunc-
tion can also be triggered by environmental factors (Meyer et al., 2013) and
off-target drug effects (Schirris et al., 2015).
Mitochondrial function operates at the junction of numerous cellular signaling
and metabolic pathways. At the metabolic level, the tricarboxylic acid cy-
cle together with the four complexes (CI-CIV) of the electron transport chain
(ETC) and the F0F1-ATP synthase (or CV) converts food-derived metabolites
into ATP. This process consumes oxygen (OC) and establishes a membrane po-
tential (∆ψ) across the mitochondrial inner membrane (Mitchell, 1961). But
mitochondria are also key players in cellular redox homeostasis, calcium sig-
naling, branched-chain amino acid metabolism and the coordination of lipid
biosynthesis (Nunnari and Suomalainen, 2012).
In this review, we summarize how live cell analysis using fluorescent reporter
molecules and (semi)quantitative microscopy can be used to analyze mitochon-
drial phenotypes. We also discuss various cellular models of mitochondrial dis-
ease with respect to their benefits, disadvantages, technical applicability and
appropriateness as a disease model. Finally, we present a collection of high-
content microscopy strategies to evaluate mitochondrial contribution to disease
and to perform drug toxicity and efficacy screening.
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2.2 Live imaging of cell-based readouts to measure
mitochondrial functions

Various experimental methodologies quantify mitochondrial dysfunction by fo-
cusing on activity measurements of specific mitochondrial enzymes and/or
pathways following tissue/cells homogenization and/or using isolated mito-
chondria (Picard et al., 2011). By contrast, live-cell microscopy assays have
the advantage to visualize and quantify functional and structural (sub)cellular
(spatial dimension) components in situ in living cells. Moreover, microscopy
uniquely allows for simultaneous time-lapse monitoring (temporal dimension)
and (semi) quantitative measurements of multiple parameters by multispec-
tral imaging (spectral dimension). In particular, developments in fluorescent
reporter technology tremendously boosted the use of light microscopy for cell
biology studies (Sbalzarini, 2016).
A limitation of fluorescent microscopy is the potential induction of photo-
toxic stress, which can be caused by illumination of the reporter molecules.
Moreover, fluorophores themselves can perturb the physiological function of
biomolecules and are subjected to photobleaching. Furthermore, due to cal-
ibration limitations, quantification of cellular parameters using single wave-
length dyes can be challenging and, in some cases, only relative and quali-
tative measurements are possible. The application of ratiometric dyes, when
possible, takes care of variable dye loading and extrusion responding with a
(semi)quantitative change in fluorescence upon target binding. A drawback of
the ratiometric dyes is related to their portability to high-throughput where
doubling data dimension can create acquisition, storage and processing issues.
Implementing ratiometric dyes in multispectral assays can be also inconvenient
because of the wavelength limitation.
When mitochondrial contribution to disease is evaluated in living cells, we con-
sider mitochondrial morphology and membrane potential, ROS, ATP and mi-
tochondrial respiration crucial indicators of mitochondrial health status. Their
compatibility with fluorescence microscopy assays will be presented in the next
paragraphs and is summarized in Table 2.1.
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Table 2.1: Live imaging cell-based mitochondrial readouts and probes.

2.3 Mitochondrial morphology and ∆ψ

Mitochondrial dysfunction is often associated with simultaneous aberrations
in mitochondrial morphology (e.g., fragmentation, roundness) and membrane
potential (∆ψ). Fluorescence live-cell imaging is the most direct method for
assessing their spatiotemporal dynamics (Koopman et al., 2008). Different
lipophilic cell-permeant, cationic and fluorescent molecules have been pre-
sented, which diffuse across the plasma membrane of the cell and accumulate
in the mitochondrial matrix in a ∆ψ dependent manner. These molecules
include tetramethylrhodamine methyl ester (TMRM), tetramethylrhodamine
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ethyl (TMRE) ester, rhodamine 123, DiOC6(3) (3,3’- dihexyloxacarbocyanine
iodide), JC-1 (5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimida-
zolylcarbocyanine iodide), and the MitoTracker c© family. Among these
molecules, TMRM was described to be the least toxic, the fastest in equili-
brating across membranes, and displaying the lowest non-specific localization
(Nicholls, 2012; Zorova et al., 2018). Therefore in our research we generally
use TMRM to simultaneous analyze mitochondrial morphology and ∆ψ re-
ferred to as mitochondrial morphofunction (Koopman et al., 2008; Iannetti
et al., 2016). The cell types, staining, imaging conditions and descriptors ap-
plicable for the analysis of mitochondrial morphofunction have been previously
reviewed (Iannetti et al., 2015; Zorova et al., 2018) and are summarized in our
recent study (Iannetti et al., 2016). To technically validate measurements of
∆ψ using TMRM, we performed oligomycin/bongkrekic acid, rotenone and
FCCP acute injections while kinetically measuring mitochondrial TMRM flu-
orescence fluctuations (Iannetti et al., 2016). Although TMRM measurement,
even under highly standardized experimental settings, have been considered
still semi-quantitative (Leonard et al., 2015; Nicholls, 2018) attempts using
this dye to perform more absolute measurements have been performed com-
bining it with the analysis of the plasma membrane potential (Gerencser et al.,
2016).

Protein-based probes targeted to the mitochondria, such as mito-GFP, are also
a valid tool to study mitochondrial morphology and dynamics (Rizzuto et al.,
1995; Nomura et al., 2009), however, these do not allow the simultaneous study
of ∆ψ.

2.4 Reactive Oxygen Species

Reactive oxygen species (ROS) is a general term that includes both oxygen
radicals and non-radical agents that can be easily converted into radicals (Hal-
liwell and Gutteridge, 1985). ROS are generated both in the cytosol and in
mitochondria as (by) products of normal physiological cell metabolism (Mur-
phy, 2009; Forkink et al., 2010). Depending on the chemical nature of the
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ROS, the location at which they are generated and their (local) concentration,
ROS can exert a signaling role or induce oxidative and/or redox stress (Lin
and Beal, 2006; Smeitink et al., 2006) emphasizing the importance to deter-
mine their concentration, types, and localization with precision (Woolley et al.,
2013).

Several non-microscopy based approaches are available (e.g., mass spectrom-
etry, western blotting, and immunohistochemistry) to indirectly study ROS
via the quantification of the accumulated reaction products (oxidized protein,
lipid, and DNA)(McDonagh, 2017; Teixeira et al., 2018). Due to this accumu-
lation these methods have an high sensitivity, however, they do not consider
the spatial and temporal dimensions because cell lysates are usually analyzed
at end points.

A wide range of chemical or proteinaceous fluorescent ROS probes has been
developed (Zhang and Gao, 2015). The two most commonly used chemical
ROS probes are 5-(and-6)-chloromethyl-2,7-
dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Chen et al., 2010) and
dihydroethidium (DHE) (Zielonka and Kalyanaraman, 2010). While CM-
H2DCFDA was initially developed and used to specifically detect H2O2 and
DHE for superoxide detection, growing evidence indicates that these are both
non-specific ROS indicators that should be used for qualitative analysis of to-
tal cellular oxidant stress rather than for specific ROS types (Koopman et al.,
2006a; Chen et al., 2010; Zielonka and Kalyanaraman, 2010). Despite that,
they currently are the most popular ROS sensors because of their technical ease
of use that no alternatives can yet guarantee. Especially for CM-H2DCFDA a
rigorous monitoring of the experimental setup and in particular of the protec-
tion from environmental light, which is more easily executed with automated
imaging, is required. Under tight quality controlled conditions these dyes can
produce meaningful and robust qualitative information related to intracellular
ROS bursts.

MitoSOX, which is DHE linked to a TPP moiety for rapid accumulation in
mitochondria, would ideally allow detection of mitochondria specific ROS pro-
duction (Robinson et al., 2006). However, this dye needs to be used with
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caution, since oxidation of the probe may have happen before it enters the
mitochondria (Connolly et al., 2017). Furthermore, the oxidized probe tends
to bind to DNA upon which its fluorescence is much increased (Mukhopad-
hyay, 2008). In our experiments we take especial care to monitor the acquired
images and exclude all data in which the staining is not strictly mitochondrial
(Beyrath et al., 2018). Flow cytometric and plate reader experiments using
mitoSOX should therefore be avoided or interpreted with great care.

Lipid peroxidation of the mitochondrial inner membrane represents a major
cause of mitochondria disruption (Morris et al., 2018; Nielson and Rutter, 2018)
and ferroptosis cell death (Yang et al., 2016) and it is also considered a crucial
readout for evaluation of mitochondrial dysfunction. A ratiometric fluorescent
probe, MitoPerOx, specific for mitochondrial fatty acid peroxidation was de-
veloped (Prime et al., 2012). MitoPerOx is the mitochondrial targeted version
of the BODIPY 581/591 C11 used for the measurement of peroxyl radicals in
the general cellular membrane fraction (Pap et al., 1999).

The major drawbacks of the currently available chemical fluorescent ROS
probes are the non-specific photo- and chemical-oxidation and the limited avail-
ability of subcellular targeting options. This often causes an unclear temporal
resolution dynamic: it is not clear where the oxidation of the probe happened.
To overcome this limitation, genetically encoded ROS indicators have also
been developed: redox-sensitive yellow fluorescent proteins (rxYFP family),
redox-sensitive green fluorescent proteins (roGFP family) and the H2O2 probe
HyPer (Pouvreau, 2014). The working principle of rxYFP and roGFP is based
on a change in the oxidation state of the redox-reactive cysteines group that
induces a conformational change in the fluorescent properties of the sensor
protein (Meyer and Dick, 2010). HyPer instead works by an H2O2-sensing reg-
ulatory domain of a prokaryotic transcription factor which cysteine active site
readily reacts with H2O2 inducing a conformational change of the fluorescent
protein (Bilan and Belousov, 2016). These genetically encoded ROS and redox
indicators have the advantage of providing more reliable real-time monitoring
of specific ROS in subcellular compartments. However, using genetically en-
coded chimeric proteins that require cell transfection and gene expression, can
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be technically challenging depending from the cell type (Kim and Eberwine,
2010).

2.5 ATP

ATP plays a central role in bioenergetics and intra/inter-cellular signaling.
It can be considered an indicator of cellular and mitochondrial health status
(Koopman, Werner. Willems, Peter and Smeitink et al., 2012). A number of
well-established assays such as HPLC-based methods and biochemical assays
based on luciferase-luciferin bioluminescence guarantee high specificity and ac-
curacy to measure ATP (Vives-Bauza et al., 2007), however, these approaches
are not applicable to study living cells because they require the physical ex-
traction of the ATP from the cells by cell homogenization procedures.

Currently, luciferin-luciferase bioluminescence assays using plate readers rep-
resent still the gold standard to measure ATP in cells and robust kits are
commercially available from different providers.

Significant advances have been made to image ATP using fluorescent, chemi-
luminescent, bioluminescent and resonance energy transfer technologies based
on genetically encoded or chemical probes. Genetic approaches provide great
flexibility in the subcellular localization to be targeted. In particular the fluo-
rescence resonance energy transfer (FRET) sensors of the ATeam family (Ima-
mura et al., 2009) that consist of a subunit of the bacterial F0F1-ATP syn-
thase combined with fluorescent proteins of different colors, were developed to
differentially target cytosol, nucleus or mitochondrial matrix and have been
validated in several studies (Liemburg-Apers et al., 2011; Forkink et al., 2014).
BTeam the next generation genetically encoded sensors to image ATP, have
increased detection sensitivity and allow kinetic measurement of cytosolic ATP
levels of the same cells (Yoshida et al., 2016).

Chemical probes that passively diffuse into the cells, such as the rhodamine-
based chemical sensors, ARP-1 and RSL+, have been recently developed for
real-time imaging of mitochondrial ATP in living cells (De la Fuente-Herreruela
et al., 2017; Sunnapu et al., 2017).

26



2

Live-imaging readouts and cell models for phenotypic profiling of
mitochondrial function

To the best of our knowledge, no chemical ATP probes are currently com-
mercially available. Because ATP concentrations vary widely among tissues,
cells and subcellular compartments and because local concentrations vary on a
millisecond timescale, the availability of probes with a variety of ATP affinity
ranges, fast ATP binding and response kinetics seem features necessary for
future ATP probes (Rajendran et al., 2016).

2.6 Mitochondrial respiration

In the ETC the production of ATP is directly coupled to the consumption of
molecular oxygen (O2). Quantifying intracellular O2 consumption (respirom-
etry) is therefore a direct estimate of the mitochondrial respiratory activity
and as such another crucial readout for the mitochondrial and cellular health
status (Brand and Nicholls, 2011). The classical respirometry approaches are
electrode-based systems like the Seahorse R© XF Analyzers (Smolina et al., 2017)
and the Oroboros O2k-Fluo Respirometer (Makrecka-Kuka et al., 2015). These
are highly sensitive devices to quantify intracellular oxygen levels in living cells.
However, these approaches lack spatial resolution to distinguish O2 concentra-
tion at the single cell or subcellular level.
Imaging approaches using microscopy have been developed also for the quan-
tification of O2. These are mostly based on oxygen induced quenching of
phosphorescence or luminescence generated by cell-permeable probes that all
still are in an experimental phase. Extensive description of the pitfalls, advan-
tages and opportunities were summarized by Dmitriev and Papkovsky (2015)
and more recently by Yoshihara et al. (2017).
Despite all the research, further development is still necessary before O2 imag-
ing will be available for routine use (Dmitriev and Papkovsky, 2015). Therefore,
we still consider electrode-based systems the benchmark to quantify intracel-
lular O2 consumption.
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2.7 Human cell models in mitochondrial research

The choice of an appropriate cell model, recapitulating robust pathological
read-out appears to be the first challenge and goal to achieve (Breuer et al.,
2013) when evaluating mitochondrial contribution to disease.

Because cell specific metabolism is highly regulated at the genetic, transcrip-
tional and post transcriptional level, every cell type has different energetic
requirements. Therefore, mitochondrial physiopathology differs substantially
between different cell models depending from their tissue of origin (Smeitink
et al., 2006). Mitochondrial functionality can be differentially regulated, in-
duced or even suppressed also depending from environmental factors such as
nutrient availability, oxygen condition, differentiation, passage number and
many other variables that should therefore be tightly controlled (Benard et al.,
2010).

The human cell models most commonly used in mitochondrial research, with
their advantages and disadvantages are discussed in the next paragraphs and
listed in Table 2.2.

Table 2.2: Human cell models used in mitochondrial research.
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2.8 Primary culture

Primary cells are a good model to study disease-related phenotypes, since
they do not undergo genetic manipulation, present the biological aging of the
patients and are usually sampled at the moment of diagnosis. When using
patients-derived primary cells, the use of adequate control cells to compare
and normalize data to is crucial. The common approach is to use samples
derived from healthy gender- and age-matched volunteers. However, because
of the different genetic backgrounds between any two individuals, cell-specific
non-pathological differences may be introduced. This makes comparison of
multiple control and patient cell lines in parallel essential.

In mitochondrial research, the most used primary cell model is skin fibrob-
lasts. A review by (Auburger et al., 2012) highlighted some of the advantages
and drawbacks of primary skin fibroblast cultures. Easy availability from pa-
tients and matched controls and robustness in culture, storage, and transport
were identified as some of the main advantages. In relation to microscopy,
fibroblasts are also ideal for imaging simply by epifluorescence (non-confocal)
microscopy. Thanks to their extremely flat morphology and a relatively large
size, imaging one single focal plane is sufficient to have most of the cell body
in focus. However, in mitochondrial disease, the cells with high bioenergetic
requirements and concomitant reliance on mitochondrial ATP generation such
as neurons, retinal, muscle cells, and in particular cardiomyocyte are often
the most affected and often associated with malfunction of the corresponding
organs (Breuer et al., 2013; Liang et al., 2014). Therefore, one of the possi-
ble concerns using fibroblasts in mitochondrial research regards the fact that
these cells do not originate from a defective organ. Indeed, despite the pres-
ence of the pathogenic mutation, aberrant phenotypes are not always observed
in primary fibroblasts in classical culture regimes. Therefore, different stress
conditions have been used by the research community to enhance pathological
symptoms and study the dysfunctions. Culture medium in which galactose re-
places glucose to enforce ATP production to rely on mitochondrial metabolism
(Robinson et al., 1992; Rossignol et al., 2004; Iannetti et al., 2018) and buthio-
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nine sulfoximine treatment to reduce glutathione, the main cellular antioxidant
(Shrader et al., 2011; Beyrath et al., 2018), are two well-known strategies to
induce or enhance pathological mitochondrial phenotypes.

2.9 Cytoplasmic hybrids (cybrids)

Cytoplasmic hybrids (cybrids) are generated by fusing nuclear-depleted cells
derived from patients carrying mtDNA mutations with cell lines in which the
mtDNA has been removed (so called Rho Zero Cells). The cybrids model has
been traditionally used to study mtDNA mutations and dissect the relationship
between mtDNA and phenotype alterations (King and Attardi, 1989; Swerd-
low, 2007; Wilkins et al., 2014). By introducing the patient-derived mtDNA
into a healthy nuclear background, it is possible to dissect whether a certain
mutation is sufficient to cause bioenergetics or cellular defects, making cybrids
instrumental in dissecting the precise cellular and molecular consequences of a
specific mtDNA mutations and the field of mtDNA-related diseases has greatly
benefitted from this model.
Unfortunately, the patient-specific interplay between mitochondrial and nu-
clear genomes, which may play a contributing role in the OXPHOS dysfunc-
tion manifestation (Spinazzola and Zeviani, 2009), is lost in the cybrids model.
Another disadvantage of cybrids, like other common immortal cell lines, is that
they usually present genetic aberrations and relay on a glycolytic bioenergetics
and not on OXPHOS like disease affected cells (Abramov et al., 2010). More-
over, cybrids are useful only to study mitochondrial encoded mutations and
not for nuclear ones.

2.10 iPSCs and differentiated iPSC-derived cells

Human induced pluripotent stem cells (iPSCs) are obtained from somatic cells
through the process of cellular reprogramming (Takahashi et al., 2007). iPSCs
can be derived from easily accessible patient material (skin, blood, urine) and
can be coaxed to differentiate into virtually any cell type of the body. Diseases
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affecting the nervous system, like mitochondrial disorders, may particularly
benefit from iPSC research, since the affected patient tissue is not readily avail-
able for testing. Genome editing techniques, such as CRISPR/Cas9, combined
with iPSCs technology have opened unprecedented opportunities in manipu-
lating nDNA to induce or correct specific mutations of interest. It is possible
to generate isogenic iPSCs, which carry the same background (from a control
or a patient individual) and differ only in one single disease-causing mutant
gene (Grobarczyk et al., 2015). However, genome editing technology is well
established only for nuclear DNA (Komor et al., 2017), as engineering of mi-
tochondrial DNA still remain technically challenging (Patananan et al., 2016;
Gammage et al., 2017). iPSCs can be applied in compound screens aimed at
identifying treatments for mitochondrial diseases (Inak et al., 2017). In fact,
one of the key advantages of iPSC-based models is that they may allow a
precision medicine approach (Gibbs et al., 2018).

On the other hand, iPSCs also hold disadvantages. Some studies reported that
mtDNA MELAS mutations impair cellular reprogramming to iPSCs (Yokota
et al., 2015). Cellular fate-determination processes may also be affected, in
particular neuronal and cardiac lineage commitment (Folmes et al., 2013;
Hatakeyama et al., 2015; Yokota et al., 2017). This may be regarded as a
possible readout for mitochondrial dysfunction, but also as a technical compli-
cation to generate patient iPSC derived cell lines. Furthermore, the generation
of iPSCs is costly and time consuming. It is now apparent that different iPSC
lines can be very heterogeneous, thereby masking actual disease-associated
phenotypes. Unfortunately, the reprogramming process itself can also induce
nuclear and mitochondrial DNA alterations (PERA, 2011; Perales-Clemente
et al., 2016), and therefore the genome of all iPSC lines needs to be care-
fully monitored. The differentiation of iPSCs is time-consuming and often
very challenging in obtaining robust and homogenous differentiated progeny
(Saha and Jaenisch, 2010), resulting in a small number of obtained differenti-
ated cells that can limit the scalability and the high-throughput applications
of iPSC-derived cells. Finally, given that iPSCs rejuvenate the state of mito-
chondria (Lisowski et al., 2018) and the aging-associated epigenetic signature
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(Mertens et al., 2018), it has been suggested to circumvent the generation of
iPSCs by using a direct reprogramming approach (Vierbuchen et al., 2010). In
this approach, patient-derived fibroblasts can be directly converted into neu-
rons without going through the state of iPSCs, thereby retaining the aging
signature (Mertens et al., 2015; Victor et al., 2018). Nonetheless, also directly
reprogrammed cells carry disadvantages as they need to be generated newly
continually and cannot be easily used for genome editing.

2.11 High-content screening applications to study mi-
tochondrial functions

High-content screening (HCS) is defined as a cell-based phenotypic approach
where readouts are imaged by multiplexed and automated microscopy (Zanella
et al., 2010; Pegoraro and Misteli, 2017); this is also referred to as cellomics
(Taylor, 2007).
Because of the fast developments of technologies, probes and applications and
the upcoming field of iPSCs technology generating faithful cell disease models,
the field of cellomics is now on the brink of catching up with the other–omics
approaches.
Already in 2007 an HCS method was developed combining ∆ψ analysis with
other cellular parameters measured in human liver carcinoma cells (HepG2)
grown in a microfluidics device (Ye et al., 2007). Also performed in HepG2
cells an HCS assays has been described to screen drugs based on six parameters
among which ∆ψ and mitochondrial area (Persson et al., 2013) or intracellular
redox state (Ye et al., 2007; Donato et al., 2012). A cellomics liver toxicity
assay using iPSC-derived hepatocytes was recently published that focuses on
drug development and toxicity testing, studying mitochondrial parameters as
indicators of cellular health (Sirenko and Cromwell, 2018). Leonard et al. ad-
dressed more technical aspects of HCS application development combining the
quantitative analysis of mitochondrial morphology and ∆ψ in living photore-
ceptor cells with supervised machine learning (Leonard et al., 2015). In 2016
we described a detailed protocol to optimize multiplexed high-content analysis

32



2

Live-imaging readouts and cell models for phenotypic profiling of
mitochondrial function

of mitochondrial morphofunction in primary human skin fibroblasts showing
potential implementation of the protocol to HCS format (Iannetti et al., 2016).
With this same cell type a high-content method was also developed to combine
the study of cellular ROS levels and mitochondrial morphofunction (Sieprath
et al., 2016). Other cellomics applications focused instead primarily on the
identification of mitochondrial pathological phenotypes to evaluate their con-
tribution to disease. Among these, a strategy based on iPSC-derived NPCs of
mtDNA patients in which a ∆ψ–related pathological phenotype was identified
and used to screen a compound-library (Lorenz et al., 2017). A 384-well plates
based HCS application, identifying reduced ∆ψ and mitochondrial morphol-
ogy aberrations in iPSC-derived neurons from Parkinsons disease patients as
compared to controls, was also recently published (Little et al., 2018).
All these studies show the applicability of mitochondrial morphofunction and
ROS analysis as robust HCS/cellomics applications. These will likely in the
near future be complemented with fluorescent imaging technologies to detect
ATP and oxygen consumption, which, to the best of our knowledge, have not
been explored yet.

2.12 Conclusion

Cellomics represents a powerful technology, already established in many re-
search labs, to study in an unbiased manner mitochondrial functions monitor-
ing multiple readouts, portable to different cells models and able to provide
valuable insight in mitochondrial phenotypes and their contribution to disease.

33





Chapter 3

Toward high-content screening of
mitochondrial morphology and membrane

potential in living cells
Published as: Iannetti, E. F., Willems, P. H. G. M., Pellegrini, M., Beyrath, J., Smeitink,

J. A. M., Blanchet, L., Koopman, W. J. H. (2015). Toward high-content screening of
mitochondrial morphology and membrane potential in living cells. The International

Journal of Biochemistry & Cell Biology. 63, 66–70.



Chapter 3:

3.1 Introduction

Mitochondria are motile organelles that consist of a matrix compartment sur-
rounded by an outer (MOM) and highly folded inner (MIM) membrane. The
five complexes (CI–CV) of the mitochondrial oxidative phosphorylation (OX-
PHOS) system, involved in ATP generation, are embedded in the MIM. The
OXPHOS system is composed of four electron transport chain (ETC) com-
plexes (CI–CIV)and the ATP-producing F0F1-ATPase (CV). The ETC sus-
tains the highly inside-negative mitochondrial membrane potential (∆ψ) across
the MOM required to sustain the action of CV (Mitchell and Moyle, 1967)
and many other mitochondrial functions (Koopman et al., 2010). Therefore
the magnitude of ∆ψ can be considered a readout of mitochondrial "health".
Within living cells, mitochondria are motile and continuously fuse and divide.
The balance between these processes determines net mitochondrial morphol-
ogy (Bereiter-Hahn and Vöth, 1994; Friedman and J., 2014). Simultaneous
aberrations in mitochondrial function and dynamics have been observed dur-
ing various patho-physiological conditions including human disease (Corrado
et al., 2012; Archer, 2013). For instance, the degree of mitochondrial fragmen-
tation and increase in reactive oxygen species (ROS) levels were proportional
to the extent of CI deficiency in primary patient fibroblasts with isolated CI
deficiency (Koopman et al., 2007a). In this sense, mitigative effects of antiox-
idants have been demonstrated in these cells (Blanchet et al., 2015), suggest-
ing that mitochondrial morphology and increased ROS production constitute
linked therapeutic targets.

Interestingly, MIM fusion appears to be ∆ψ-dependent (Malka et al., 2005) and
changes in mitochondrial function and morphology occur in parallel in many
cellular systems of mitochondrial(dys)function (Benard and Rossignol, 2008;
Guillery et al., 2008; Distelmaier et al., 2009b; Koopman, Werner. Willems,
Peter and Smeitink et al., 2012; Koopman et al., 2013). Hence, simultane-
ous quantification of ∆ψ and mitochondrial morphology is important to better
understand their interconnection during normal and pathophysiological con-
ditions. At the single-organelle level, mitochondria display a large variety of
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morphologies that represent a continuum of (probably functionally different)
states.To properly describe this state continuum, multiple parameters are re-
quired. The latter are delivered by (live-cell) high content screening (HCS)
strategies, which unite high content (HC, i.e.multi-parameter cell analysis)
and high throughput (HT, i.e. auto-mated data acquisition for many cells)
fluorescence microscopy and allows fully automated multi-parameter pheno-
typic cell analysis (Zanella et al., 2010; Kümmel et al., 2011; Buchser et al.,
2012; Blanchet et al., 2015). This review focuses on the quantitative live-cell
analysis of ∆ψ and mitochondrial morphology at the level of individual or-
ganelles, mainly illustrated using primary human skin fibroblasts. We will
discuss how mitochondria can be stained and visualized using live-cell fluores-
cent microscopy (Section 3.2) and how numerical data can be extracted for
unbiased explorative and statistical analysis (Section 3.3). Finally, we present
some future perspectives on the role of HCS in mitochondrial research (Section
3.4).

3.2 Fluorescence microscopy imaging of ∆π and mi-
tochondrial morphology

Our strategy for HCS analysis of ∆ψ and mitochondrial morphology in living
cells is schematically depicted in Fig. 3.1 and consists of: (i) an experimen-
tal part (yellow), followed by (ii) image processing/quantification (green) and
(iii) data analysis/mining(purple). In principle, this approach was developed
for primary human skin fibroblasts. Thanks to their extremely flat morphol-
ogy and a relatively large size, these cells are ideally suited for analysis by
epifluorescence (non-confocal) microscopy (Koopman et al., 2006a). However
analogous strategies can also be applied to other cells of similar size and axial
dimensions, including human and mouse myoblasts, mouse skin fibroblasts,
and Chinese hamster ovary (CHO) cells (Tronstad et al., 2014). As an al-
ternative, cells dis-playing larger axial dimensions can be analyzed using 3D-
confocalmicroscopy (e.g. Nicolaisen et al., 2014).
Cell growth conditions (e.g. cell culture medium, O2 levels, time of cell seeding,
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Figure 3.1: Integrated HCS strategy for analysis of ∆ψ and mitochondrial morphol-
ogy.This approach represents a strategy developed for primary human skin fibroblasts
and consists of three parts in which: (i) cells are cultured, stained with fluorescent
reporter molecules and imaged using live-cell microscopy ("experiments"; yellow),(ii)
microscopy images are processed and quantitative information is extracted("images";
green), and (iii) numerical data is analyzed and visualized ("numerical data"; purple).
The depicted workflow includes various points for (fully automated)quality control
(QC) focusing on cell quality, image quality and the obtained multi-level data. Ab-
breviation: FOV, field of view. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

temperature, pH) can strongly affect the outcome of the analysis in a cell type-
dependent manner. For instance, mitochondrial morphology shifts toward a
more filamentous ("hyperfused") state upon nutrient starvation (Gomes and
Scorrano, 2011; Rambold et al., 2011). In addition, the various (energy) sub-
strates of the cell culture medium affect mitochondrial morphological and func-
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tional state (Zanna et al., 2008; Gomes et al., 2011). These findings highlight
the prime importance of a highly standardized cell culture protocol (which
closely mimics the normal physiological state of the cell) for successful devel-
opment of a HCS approach. For automated strategies, it is further required
that cell quality prior and during microscopy experiments is monitored using
quality control (QC) tools (Bray and Carpenter, 2012).

Following culturing, cells are seeded and cultured in multi-well plates accord-
ing to a standardized protocol, yielding a continuous supply of sub-confluent,
non-senescent cells. This allows mitochondrial analysis in their "natural envi-
ronment" (i.e. the cytosol of a living cell). As mentioned above, due to their
flat morphology primary human skin fibroblasts are an ideal model system for
microscopy analysis by epifluorescence (non-confocal) microscopy. Mitochon-
dria can be visualized using organelle-specific fluorescent reporter molecules,
like mitochondria-targeted fluorescent proteins. The latter are ideally suited
for spatiotemporal analysis of mitochondrial dynamics (Collins et al., 2002)
but require pre-microscopy cell transfection. Alternatively, chemical lipophilic
cationic fluorescent probes of the "mitotracker" (MTR) family can be used
to study live cell mitochondrial dynamics (Chazotte, 2011). These probes
passively diffuse into the cells and accumulate in active mitochondria in a
∆ψ-dependent manner. However, most MTR dyes are retained within mito-
chondria by reacting with mitochondrial biomolecules (Dong et al., 2013). As
a consequence, MTR fluorescence intensity is generally not suited as a reliable
readout of ∆ψ. Fluorescent cations used for combined ∆ψ and mitochon-
drial morphol-ogy analysis include tetramethylrhodamine methyl (TMRM)
and ethyl (TMRE) ester, rhodamine 123 (R123), DiOC6(3) (3,3-dihexyloxa
carbocyanine iodide), and JC-1 (5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethyl
benzimida-zolylcarbocyanine iodide. These dyes equilibrate across the plasma
membrane and MIM in a potential dependent manner. Among these dyes,
TMRM is best suited for the membrane potential measurement because it is
least toxic, equilibrates fastest across membranes and displays lowest a spe-
cific binding (Nicholls, 2012). Using this cation, we previously presented an
experimental and image quantification protocol for HC analysis of ∆ψ and mi-
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tochondrial morphology in primary human skin fibroblasts (Koopman et al.,
2006a, 2008). Proper image quantification requires images with a high signal-
to-noise (i.e.mitochondrial-to-background) ratio, which are optimally focused
and homogenously illuminated. Crucially, reliable analysis can only be per-
formed when images are relatively free of a-specific noise and each mitochon-
drial object consists of a sufficient amount of pixels (Koopman et al., 2006a,
2008).

3.3 Image analysis and data mining

The microscopy system delivers "RAW" images that are first background-
corrected (Fig. 3.1) and subsequently processed using a pipeline that high-
lights mitochondrial objects on a black background in a "masked" (MSK)
image (Fig. 3.2B). This segmentation allows automated extraction of multiple
morphology- and intensity-related parameters for each mitochondrial object
within individual cells (Fig. 3.2C and D). In essence,the information in each
image is condensed into a set of numerical descriptors (Fig. 3.1; "feature
extraction"). This multi-level data set allows subsequent analysis at various
levels (i.e. individual objects,single cells and cell populations; Fig. 3.1). Un-
derstanding complex HCS data sets requires application of multivariate statis-
tics. The term "data mining" is used to designate computational strategies
for pattern discovery in large data sets. These strategies consider all variables
simultaneously in a multidimensional space and assume that each descriptor
in the data set is (at least partially)correlated. In this context, data dimen-
sionality reduction and graphical visualization tools, plays an important role
in the discovery of hidden phenomena such as differences, similarities, trends
and clusters between descriptor variables (Abraham et al., 2014).Importantly,
the quality of the data extracted from microscopy images can suffer from low
image quality and imaging artefacts.This means that QC metrics should be
implemented in any HCS protocol to maximize the validity of the obtained
descriptors (Bray and Carpenter, 2012). In this sense, QC algorithms can be
used to exclude "aberrant" images from the analysis, both directly following
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image acquisition and during analysis of the multi-level data set (Fig. 3.1).
In HCS, machine-learning approaches are of value for explorative analysis and
QC implementation (Sommer and Gerlich, 2013). In machine learning a com-
puter algorithm is trained to recognize and/or discriminate between particular
data sets (e.g. different cell lines, cell types or experimental interventions).
"Unsupervised" machine learning attempts to recognize patterns or groups in
the data. This classification is solely based on information inherently present
in the data and not on what the user (supervisor) is looking for. For example,
this type of analysis can be used to determine whether/which subpopulations
are present in the total cell population. Unsupervised data analysis also allows
detection of unexpected variation such as previously unknown phenotypes.
However, unsupervised data analysis is sensitive to the presence of variance
unrelated to the pattern of interest (Zhong et al., 2012). To determine what
distinguishes two cell lines from each other (i.e. cells from a healthy individ-
ual and a patient with mitochondrial disease) a second family of algorithms is
required. The latter generally are referred to as "supervised" methods, a term
that originates from the fact that in these methods the operator supervises (or
trains) the algorithm and "helps" it to learn the to-be-identified pattern (Held
et al., 2010).

3.4 Applications and future perspectives

We are unaware of live-cell HCS studies in the literature focusing on simulta-
neous single-organelle ∆ψ and mitochondrial morphology analysis. However,
particularly in analysis of mitochondrial drug toxicity, various combinations of
mitochondrial and other cellular readouts have been assessed. These include:
(i) ∆ψ, mitochondrial area, number of nuclei, area of nuclei, plasma mem-
brane integrity and lysosomal activity (Persson et al., 2013), (ii) CIV-subunit
protein level and mtDNA-encoded protein synthesized on mitochondrial ribo-
somes (Nadanaciva et al., 2010), (iii) ∆ψ, oxidative stress, nuclear morphology
an cytosolic calcium levels (Tolosa et al., 2013), (iv) mitochondrial permeabil-
ity transition pore opening, apoptosis induction and cytosolic calcium levels
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Figure 3.2: Processing and data extraction from images of TMRM-stained primary
human skin fibroblasts. A) Recorded microscopy image (RAW) of primary human
skin fibroblasts from a healthy individual. Cells were cultured in a 96-well plate,
stained with TMRM and imaged by automated epifluorescence microscopy. TMRM
fluorescence intensity was color-coded using a red to yellow scale (inset). B) Follow-
ing background corrections and image processing of the RAW image, a masked image
(MSK) is obtained which depicts mitochondrial objects on a black background. The
intensity in this image represents TMRM fluorescence. C) Computer-assisted identi-
fication of mitochondrial (i.e.non-black) objects in the image. Each identified object
is marked by a red boundary line and green numeral. D) Magnification of a region of
interest in panel C. Multiple morphology- and intensity-related parameters can au-
tomatically be extracted from the image for each mitochondrial object within every
individual cell. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

(Kim et al., 2012), (v) ∆ψ, oxidative stress, lipid content, cell viability and
nuclear morphology (Donato et al., 2012). Obviously, the above approaches
can also be applied in fundamental mitochondrial research and therapeutics
screening. For instance, correlations have been reported between mitochon-
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drial morphology and apoptotic/bioenergetic state (Reis et al., 2012), caspase
activation and mitochondrial dynamics (Peng et al., 2011) and mitochondrial
content and cell size (Kitami et al., 2012).
In conclusion, we provide indications that combining HCS with machine learn-
ing approaches and QC algorithms is a promising strategy for unbiased auto-
mated analysis of ∆ψ and mitochondrial morphology. It is expected that this
approach will be of value in enhancing our understanding of mitochondrial
morpho-function as well as a powerful tool in drug-discovery and mode-of-
action studies.
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Chapter 4:

4.1 Introduction

Mitochondria are cellular organelles that fulfil a wide range of functions in
cellular metabolism (Chandel, 2014). Within living cells, individual mito-
chondria are motile and display fission/fusion events(Westermann, 2010; Chan,
2012). The balance between these processes, in combination with mitochon-
drial swelling/shrinking and removal of mitochondria by mitophagy, deter-
mines net mitochondrial morphology (Twig et al., 2008; Willems, P. H. G.
M. et al., 2015). Healthy mitochondria display an inside-negative electrical
potential (∆ψ) across their inner membrane that is required to sustain mito-
chondrial ATP generation (Mitchell and Moyle, 1967) and can be considered as
a semiquantitative functional readout of mitochondrial health (Koopman et al.,
2008; Iannetti et al., 2015). Functional defects in mitochondrial and/or cellular
metabolism are often associated with aberrations in mitochondrial morphol-
ogy and vice versa (Mishra and Chan, 2016; Schrepfer and Scorrano, 2016;
Toyama et al., 2016; Wai and Langer, 2016). Importantly, these defects are
not only seen in rare monogenic mitochondrial disorders but are also associ-
ated with common pathologies such as Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, cancer, cardiac disease, diabetes, epilepsy and obesity.
Moreover, a progressive decline in the expression of mitochondrial genes is a
central feature of normal human aging (Koopman, Werner. Willems, Peter
and Smeitink et al., 2012; Koopman et al., 2013). This means that maintain-
ing normal mitochondrial morphofunction is of eminent importance for human
health and, as a consequence, strategies for evaluation of this morphofunc-
tion are a subject of major interest in experimental research, pharmacological
screening and clinical diagnostics (reviewed in Tronstad et al. (Tronstad et al.,
2014)). Mitochondrial structure and metabolism are tightly interfaced with
the rest of the cell (Rowland and Voeltz, 2012; Picard et al., 2013). Therefore,
physiological analyses ideally are carried out using the natural mitochondrial
‘habitat’, being the cytosol of an intact living cell (Iannetti et al., 2015; Koop-
man, Werner. Willems, Peter and Smeitink et al., 2012; Koopman et al., 2013,
2010). In this respect, fluorescence microscopy is the most direct method for
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assessing live-cell mitochondrial morphofunction. During the past decade, we
have established an integrated experimental and computational strategy for
semiautomatic quantification of mitochondrial morphofunction, on which the
current protocol is based. In brief, our previously published strategy consists
of the following parts:

• Staining of mitochondria in living cells with reporter molecules such
as mitochondria-targeted fluorescent proteins (mtFPs; Koopman et al.,
2007a) or fluorescent cations, including rhodamine 123 (Koopman et al.,
2005c,a, 2006a) and TMRM23.

• Imaging of these cells (Koopman et al., 2006b; Willems et al., 2009) using
a climate-controlled (video-rate) confocal microscope (Koopman et al.,
2005c,a, 2006a) or an epifluorescence microscope (Koopman et al., 2008;
Distelmaier et al., 2008; Nooteboom et al., 2012).

• Application of image processing techniques to allow extraction of relevant
mitochondrial parameters such as fluorescence intensity and mitochon-
drial shape from the images (descriptors).

• Statistical evaluation and/or mining of the descriptor data for phenotypic
classification of different cell lines and drug effects (Blanchet et al., 2011,
2015).

Importantly, in developing the above approach, a ‘reverse strategy’ was fol-
lowed, meaning that the descriptors that should be extracted from the mi-
croscopy images were first defined. Next, an image processing pipeline was de-
signed to obtain these descriptor values. Then, the image properties that were
required to allow successful descriptor extraction were determined. Finally, a
cellular staining and image acquisition workflow compatible with these image
requirements was implemented. Development of the protocol was initiated and
first presented in 2005 for quantitative analysis of mitochondrial morphofunc-
tion in PHSFs (Koopman et al., 2005c,a). Using PHSFs from patients with
mitochondrial disease, morphofunction was quantitatively compared with re-
active oxygen species levels (Koopman et al., 2008, 2007b), cytosolic calcium
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homeostasis (Koopman et al., 2008; Willems et al., 2009), enzyme activities
(Koopman et al., 2005a) and clinical data (Blanchet et al., 2011). In later
years, the 2005 protocol was further validated using genetic mtFPs such as the
enhanced yellow fluorescent protein (Koopman et al., 2007a,b) and was suc-
cessfully applied in other cell types (Table S1). In essence, our 2005 method
involves manual acquisition of single microscopy images, followed by semiau-
tomatic image processing and quantification. Here, this method is adapted for
use with multiple reporter molecules (‘multiplexed’) (Lansing-Taylor, 2007)
and 96-well plates. High-content (multi descriptor) analysis is particularly im-
portant in drug discovery, as therapeutic small molecules generally exert subtle
pleiotropic effects via (a)specific targeting of (multiple) effectors, which might
be overlooked by single-descriptor analysis (Blanchet et al., 2015; Feng et al.,
2009; Zanella et al., 2010; Bast and Haenen, 2013). The protocol presented
here combines quantitative analysis of mitochondrial morphology and ∆ψ with
that of cell size/confluence and nuclear number/morphology. After cell stain-
ing, each well is automatically imaged and analyzed (high throughput), yield-
ing multiple descriptors (high content). We also provide an automated QC
algorithm, which allows large-scale statistical evaluation and classification of
mitochondrial morphofunctional phenotypes.

4.1.1 Comparison with other methods

Many strategies for the quantification of mitochondrial morphology have been
presented in the literature, several of which are included in Table S1. With
respect to image quantification, these strategies are often similar to the one
that we initially described for PHSFs (Koopman et al., 2005c,a). However,
other studies were performed using different cell types (e.g., HEK293, HeLa
and HUVECs) and fluorescent markers. In various studies, including our own,
only a limited number of mitochondrial morphology descriptors were quanti-
fied (Wiemerslage and Lee, 2016). Fortunately, mitochondrial morphology can
be described well using only a few ‘biologically relevant’ descriptors (i.e., the
number of mitochondria per cell, mitochondrial size, mitochondrial mass, mito-
chondrial aspect ratio and mitochondrial formfactor (Tronstad et al., 2014)).
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However, using a relatively low number of descriptors might be disadvanta-
geous for phenotypic analysis and/or drug-screening studies (Blanchet et al.,
2015). As an alternative to our presented PCA-based strategy, mitochondrial
morphology can also be analyzed by machine-learning strategies (Sommer and
Gerlich, 2013). For instance, unsupervised machine learning was applied to
define six morphological phenotypes in CHO cells and the effects thereupon of
caspase inhibition (Peng et al., 2011). Similarly, supervised machine-learning
and fuzzy logic methods were used to study mitochondrial morphology, ∆ψ

and Bax activation in human epithelial cells treated with mitochondrial in-
hibitors (Reis et al., 2012; Ahmad et al., 2013). In these two studies, clas-
sification of mitochondrial shape was based on three predefined phenotypes
(‘tubular’, ‘donut-shaped’ and ‘swollen’). A similar approach was applied in
another machine-learning study (Leonard et al., 2015). In contrast to the pro-
tocol presented here, these predefinition strategies might introduce an undesir-
able bias. Therefore, we recently used a supervised machine-learning approach
for data mining and visualization, but, similar to the current protocol, we did
not assume the existence of predefined mitochondrial morphology phenotypes
(Blanchet et al., 2015).

4.1.2 Limitations of the protocol

A limitation of this method is that the cell seeding and staining procedures
have to be carried out manually, which requires time investment. Moreover,
because a non confocal mode of imaging is used, the protocol performs best
with relatively large cells displaying a flat morphology (e.g., PHSFs). This is
because results obtained by 2D image analysis are representative of 3D mito-
chondrial morphofunctional properties in such cells (Nikolaisen et al., 2014).
When analysis of ‘thick’ and/or small cells is required, the protocol can be
adapted using the information provided in Section Troubleshooting ; otherwise,
alternative strategies should be used. The latter include 3D mitochondrial
morphology analysis, super-resolution microscopy and 2-photon microscopy
(Farrand et al., 2013; Rizk et al., 2014; Lautenschläger et al., 2015; Lihavainen
et al., 2015; Hugelier et al., 2016; McClatchey et al., 2016). In contrast to
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those from other studies (Leonard et al., 2015), the numerical data obtained
in this protocol represent average descriptor values for each image/well (i.e.,
containing multiple cells). This means that data for individual cells are not
available. In its current form, the presented protocol cannot be used to quan-
tify mitochondrial motility or ultrastructure. However, in this respect, various
other strategies have been described (Giuly et al., 2012; Lihavainen et al., 2012;
Mumcuoglu et al., 2012; Dietlmeier et al., 2013; Bros et al., 2015; Kandel et al.,
2015; Tasel et al., 2016).

4.2 Experimental design

Overview of the protocol. The full protocol is summarized in a flowchart
(Fig. 4.1), and it combines three fluorescent reporter molecules into a single
live-cell assay. PHSFs are cultured on 96-well plates, after which the main
emphasis is on the correct use of the mitochondria-selective fluorescent cation
TMRM to quantify mitochondrial morphology and ∆ψ. To this end, cells
are also stained with calcein and Hoechst 33258 (Hoechst) to co-assess cel-
lular and nuclear parameters, respectively. For each well, a TMRM, calcein
and Hoechst image is acquired (Fig. 4.1a) and processed (Fig. 4.1b,c) to
extract quantitative descriptors (Table 4.1). From the TMRM images, 33 dif-
ferent descriptors are extracted, including the mitochondrial aspect ratio (AR;
a measure of mitochondrial length), the average mitochondrial TMRM signal
(Dm; a semi-quantitative measure of ∆ψ) and the mitochondrial ‘roundness’
(formfactor (F), a combined measure of mitochondrial length and degree of
branching). The calcein image is used to quantify the total cell area (CaSum)
and integrated intensity (CaIOD). Hoechst staining is analyzed to determine
the total number of nuclei (Nn), as well as their area (An) and formfactor
(Fn). Integration of the various descriptors allows calculation of various ‘de-
rived descriptors’, including the cell-size-corrected mitochondrial mass (Mm),
mitochondrial size (Am; Am=Asum/Ot), the number of mitochondria per cell
(Nc) and cell size (Casum/Nn). In total, automated image processing and
quantification (Fig. 4.1b) yields 44 descriptors for each well (Fig. 4.1c).
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Figure 4.1: Overview of the protocol. A–C) The presented approach consists of
five distinct parts (colorized) involving experiments (cell culture, cell staining and mi-
croscopy imaging) and computational analysis (image processing, data analysis). A)
Cells are cultured under highly standardized conditions and seeded in a 96-well plate.
After 24 h, cells are stained with TMRM, calcein and Hoechst and imaged using an
automated microscope. During acquisition, four subimages are combined in real time
into a 2 × 2 mosaic using image stitching (IST). This yields 3 ‘RAW’ images (TMRM,
calcein and Hoechst) for each well. B) Image processing pipeline for the RAW im-
ages obtained in a. After processing, each RAW image is converted into an image
suited for descriptor extraction: a ‘masked’ TMRM image (MSK TMRM), a ‘masked’
calcein image (MSK calcein) and a ‘watershed’ Hoechst image (WS Hoechst). C) De-
scriptor data are extracted from the processed images, normalized and subjected to
a QC step. The resulting data set can then be analyzed and visualized by various
means (see main text for details). AND, Boolean AND operator; BG, background
image, BIN, binary image; COR, background-corrected image; MED, median-filtered
image; MSK, masked image; RAW, image directly from microscope; RBC, rolling-ball
correction; SUB, background subtraction; T, thresholding; THF, top-hat filter, WS,
watershed operation.
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Table 4.1: Descriptors calculated for each well.

52



4

Multiplexed high-content analysis of mitochondrial morphofunction using
live-cell microscopy

Table 4.2: Descriptors calculated for each well (continued).

Fluorescent reporters. TMRM (Fig. 4.2a) is a fluorescent lipophilic cation
that accumulates within the mitochondrial matrix in a ∆ψ-dependent manner.
This results in a mitochondria-specific fluorescence signal that allows the anal-
ysis of mitochondrial morphology and semiquantitative ∆ψ analysis. TMRM
is maximally excited by 552-nm light and maximally emits fluorescence light
at 578 nm (Fig. 4.2b). Importantly, matrix accumulation of TMRM depends
not only on ∆ψ, but also on the electrical potential of the plasma membrane
(∆V; ref. Koopman et al., 2008). Therefore, if there is doubt about potential
∆V changes, they should be quantified using electrophysiological techniques54
or an alternative strategy (Nicholls, 2006). In addition, when its concentration
in the mitochondrial matrix exceeds a certain threshold, TMRM quenches its
own fluorescence (‘autoquenching’). This leads to a reduction in the TMRM
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fluorescence signal and erroneous underestimation of ∆ψ. When illuminated
using an inappropriately high excitation intensity or for a long period of time,
TMRM can display substantial photobleaching and, by acting as a photosen-
sitizer, can stimulate the opening of the mitochondrial permeability transition
pore (Hüser et al., 1998; Falchi et al., 2005; Blanchet et al., 2014). Of note,
to detect hyperpolarization (i.e., ∆ψ values becoming more negative) TMRM
needs to be present outside the cells during the measurement (Forkink et al.,
2014). Calcein is used to label living cells in cell viability and cytotoxicity as-
says (Wang et al., 1993). Its non fluorescent AM form (calcein–AM) is taken up
by the cells. There it is converted by intracellular esterases into the fluorescent
and hydrophilic calcein molecule by cleavage of its AM tail (Fig. 4.2a). This
process traps the calcein inside the cell. Calcein is maximally excited by 493-
nm light, and it maximally emits fluorescence light at 514 nm (Fig. 4.2b). Of
note, AM-ester-based fluorescent molecules, but not their de-esterified forms,
can be actively extruded from the cell by multidrug transporters (Homolya
et al., 1993). Hoechst (Fig. 4.2a) is one of the most widely used stains for
DNA quantification. It is a cell-permeable fluorescent molecule that specifi-
cally binds to the A–T base pairs in the minor groove of double-stranded DNA
(dsDNA). By itself Hoechst displays a weak fluorescence, which is greatly en-
hanced upon DNA binding. Hoechst is maximally excited by 352-nm light and
maximally emits fluorescence light at 455 nm (Fig. 4.2b).

Microscopy hardware. In this protocol, a BD Pathway 855 system (Fig.
4.2c–e) is used to perform automated image acquisition. This microscope is
equipped with an environmental control system (temperature and CO2), which
is necessary for live cell imaging, and a shielded measuring chamber that pre-
vents interference from ambient light. It also features an automated pipetting
robot, which is not used in this protocol. Excitation light is provided by two
mercury arc lamps (Lamp A and Lamp B; Figs. 4.2d and 4.3a,b), from which
the required wavelength is selected by two excitation filter wheels (Wheel A and
Wheel B). Excitation light intensity can be independently controlled for both
lamps via two dichroic mirror wheels (Wheel 1 and Wheel 2); excitation light
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Figure 4.2: Spectral properties of the fluorescent reporter molecules
and microscopy hardware. A) Chemical structures of TMRM, cal-
cein–AM, calcein and Hoechst 33258 (‘Hoechst’). Structures were obtained from
http://www.lifetechnologies.com. B) Excitation (dotted lines) and emission (con-
tinuous lines) of the used reporter molecules. Spectral information was obtained
from http://www.chroma.com. C) Front-view of the BD Pathway 855 automated
microscopy system showing the light-shielded and environment-controlled measuring
chamber, the ocular and the remote control of the microscopy stage. D) View of the
two mercury arc lamps (lamp A and lamp B) used for excitation. E) Inside view of
the measuring chamber revealing the pipetting robot and the holder for the 96-well
plate.

is directed to the cells via an air (dry) 40× objective. In this protocol, wide-
field images are acquired, and therefore the spinning disk confocal optics of
the Pathway 855 system are not used. TMRM/calcein/Hoechst emission light
is directed toward a cooled CCD (charge-coupled device) camera via Wheel
2 and an emission filter wheel. Taking into account the spectral properties
of the reporter molecules (Fig. 4.2b), appropriate excitation (‘Ex’), dichroic
(‘Dich’) and emission (‘Em’) filters were selected (Fig. 4.3c–e). This allowed
acquisition of specific TMRM, calcein and Hoechst fluorescence images from
co-stained cells.
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Figure 4.3: Microscopy light path and spectral properties of the excita-
tion source and filters. A) Light path and filter configuration of the BD Path-
way 855 system (see main text for details). B) Emission spectrum of the mercury
arc lamps used for excitation (black curve). Numerals indicate peak wavelengths,
and dotted lines represent the excitation spectrum of TMRM (red), calcein (green)
and Hoechst (purple). C) The filter configuration used for TMRM. D) The fil-
ter configuration used for calcein. E) The filter configuration used for Hoechst.
Information for this figure was obtained from http://www.bdbiosciences.com (A),
http://searchlight.semrock.com (B), http://www.lifetechnologies.com (B-E) and
http://www.chroma.com (C–E).

Figure 4.4: Layout of the 96-well plate and image acquisition strategy.
Typical layout of the 96-well plate, allowing analysis of six different cell lines (i–vi)
under two experimental conditions (X and Y). Images from individual wells are ac-
quired, starting at the top left of the plate (well A1) and moving downward toward
the lower right of the plate (well H12), using ‘ZIG-ZAG’ scanning mode (i.e., once
well A12 is reached, imaging continues with well B1 and so on).

Image acquisition and image properties. The cell lines to be analyzed
are seeded in a column-wise manner on the 96-well plate (see the ’Control
cell lines and replicates’ section for details) and imaged using the ‘ZIG-ZAG’
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scanning mode option (Fig. 4.4). Automatic focusing is carried out using an
integrated laser-based autofocus system. The microscope stage was motionless,
so images of subsequent wells were acquired by moving the objective. For each
well and reporter molecule, four sub images with a bit depth of 12-bit (i.e.,
containing a maximum of 4,096 grayvalues) were acquired and automatically
combined during acquisition by ’image stitching’ (Fig. 4.1a). The resulting 2
× 2 RAW image was stored as an uncompressed 16-bit TIFF (tagged image
file format) file (i.e., with a range of 216 = 65,536 grayvalues) having a file
size of 2,679 kb. Each RAW image had a dimension of 1,344 × 1,024 pixels
(equalling 210.5 µm × 160.4 µm). In total, 288 RAW images were obtained
for each plate (with a total file-size of 771 Mb) and stored to the hard-disk.

4.3 Image processing and descriptor extraction.

Automated image processing and descriptor extraction/calculation is carried
out using Image Pro Plus (IPP) and MATLAB software. Once acquired, each
RAW TMRM, calcein and Hoechst image (set) is processed independently (Fig.
4.1b). The processing pipeline for each reporter molecule is described in more
detail directly below. From the RAW TMRM image (Fig. 4.5a; left panel of
top row), a background image was calculated using the ’rolling ball’ correction
algorithm (Sternberg, 1983; Russ and Neal, 2016). This algorithm filters out
objects and requires one parameter: the rolling ball ’feature width’. The latter
should be set to at least the size of the largest object that is not part of the
background. For TMRM-stained PHSFs, a feature width of 140 was empirically
determined. Subtraction of the background image from the RAW image yielded
a background-corrected image (COR). The COR image was processed using a
top-hat spatial filter (THF, 7 × 7 kernel, 1 pass, strength 10). The top-hat filter
functions as a ’particle isolator’ that increases the grayvalue of mitochondrial
objects (see Box 1 for details). To remove noise pixels, the THF image is
subsequently median-filtered (MED, 3 × 3 kernel, 6 passes; see Box 1) and
’thresholded’ to yield a binary (BIN) image. An optimal threshold (T) value
of 40 grayvalues was empirically determined (Fig. 4.1). In the BIN image,
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white mitochondrial objects (grayvalue of 65,535) are represented on a black
background (which has a grayvalue of 0). Finally, the COR image is combined
with the BIN image using a Boolean AND operator. This operator will keep
only pixels that are ’on’ (i.e., that have a grayvalue that is not 0) in both
the COR and BIN images. This generates a ‘masked’ image (MSK) in which
the background is black (grayvalue = 0) and each mitochondrial object pixel
retains its TMRM grayvalue from the COR image. The MSK image (Fig.
4.5a; left panel of lower row) is used for descriptor extraction. The various
processing steps of the TMRM images (Fig. 4.1b) are summarized in Fig.
4.5b. Once the MSK image is obtained, a look-up table (LUT) can be used to
color-code intensity values (Fig. 4.5b; ’MSK+LUT’ image). As a first example
of data visualization, mitochondrial objects can be sorted to yield a ’mitogram’
according to the numerical value of a specific descriptor, here according to their
form factor (F; Fig. 4.5c; left panel). Magnification of the mitogram (white
box) can be used to visually inspect heterogeneities in TMRM staining for
individual mitochondrial objects (F; Fig. 4.5c; right panel). Quantification of
mitochondrial descriptors in the mitogram (Fig. 4.5d) can, for instance, be
used to assess the average mitochondrial object length (Le), width (Wi), F,
margination (Ma) and TMRM fluorescence intensity (Dm). The RAW calcein
image (Fig. 4.5a; middle panel of upper row) is first processed using the rolling
ball algorithm (using an empirically determined feature width of 140) to obtain
a background image (Fig. 4.1a; lower row). The COR image is then obtained
by subtracting the background image from the RAW image. The latter is
thresholded (T value set to 40; Fig. S1), resulting in the BIN image. Like the
TMRM images, the calcein COR and BIN images were combined to obtain a
calcein MSK image. The MSK image (Fig. 4.5a; middle panel of lower row)
is used for descriptor extraction. The RAW Hoechst image (Fig. 4.5a; right
panel of upper row) was first thresholded (T) to obtain a binary image (using
an empirically determined cutoff grayvalue of 500; Fig. 4.1b). This image was
subsequently filtered by applying a 7 × 7 MED filter (1 pass). The resulting
BIN image is then subjected to a watershed-split operation (WS) to separate
nuclear objects that are touching. The WS image (Fig. 4.5a; right panel of
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lower row) is used for descriptor extraction.

Figure 4.5: Overall image quantification strategy. (See caption on next page.)
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Figure 4.5: A) Upper row: typical example of a 16-bit TMRM, calcein and Hoechst
image obtained from the same well (RAW images; grayvalue range: 0 – 65,535). For
visualization purposes, grayvalues between 0 and 700 are depicted. Lower row: im-
ages obtained after image processing. B) Illustration of the TMRM image processing
pipeline for the cell highlighted (box) in a (see main text for details). C) Mitogram cal-
culated from the MSK+LUT image in B. Mitochondrial objects are depicted accord-
ing to their form factor (F) (left panel) reflecting the degree of mitochondrial length
and degree of branching. Numerals indicate the F value of the various mitochondrial
objects. The colors reflect the intensity of the TMRM fluorescence signal, ranging
between low (black background) and high (green). The magnification (white box and
right panel) shows four individual mitochondrial objects to illustrate heterogeneous
TMRM fluorescence. D) Average value of five descriptors (Table 4.1) calculated for
the 61 objects in the MSK+LUT image in B. Descriptors are mitochondrial length
(Le), mitochondrial width (Wi), mitochondrial form factor (F), margination (Ma)
and average mitochondrial TMRM intensity (Dm). Spatial descriptors (obtained in
pixel units) were calibrated (to micrometers) using a pixel size of 0.157 µm/pixel.
Bars represent standard deviation. BIN, binary image; COR, background corrected
image; MED, median-filtered image; MSK, masked image; RAW, image directly from
microscope; LUT, look-up table; THF, top-hat filter; WS, image after watershed-split
operation.

Control cell lines and replicates. The cell lines to be compared and ex-
perimental conditions should be part of the same plate (Fig. 4.4; ref. Bray
and Carpenter, 2004). The well replicates are oriented from the top to the bot-
tom of the plate (columns) to make sure that replicates of the same cell line
and/or condition are acquired with the same time delay during ZIG-ZAG scan-
ning. In a typical experiment, eight replicates (i.e., one column of 8 wells) are
performed per plate (technical replicate) in at least three different plates from
three different cell cultures (biological replicates). Technical variation can arise
from (combined) errors in reagent preparation, concentration changes due to
solvent evaporation, anomalies in liquid handling, pipetting errors and pipette
malfunction, variations in incubation times, temperature differences and plate
imaging artefacts (column effects, border effects). Biological variation can be
considered an intrinsic property of living cells but might also be related to
the cell system used. In the case of PHSFs (et al. Tigges, 2014), it is well
established that growth and biological characteristics change at high passage
number and high cell density (even occurring in the culture flask before seed-
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ing the cells on the 96-well plates). In our experience, an absolute minimum
of 24 wells need to be imaged for each individual condition (i.e., 8 wells in
three different plates). At least one previously characterized (control) cell line
should be present on each plate to allow normalization, plate-to-plate com-
parison and detection of anomalies (Bray and Carpenter, 2004). As a rule of
thumb, we established, by manual analysis of rhodamine 123–, TMRM- and
mtFP-stained cells7,19–23, that a typical primary human fibroblast cell line
from a healthy volunteer (CT5120) displays key descriptor values between 3
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and 6 (F), 2 and 3 (AR) and 50 and 150 (number of mitochondria per cell; Nc).
Once it is established that the descriptor values of the control are within these
previously established boundaries, it can be used for intraplate normalization
of descriptor values for the other cell lines and experimental conditions (Fig.
4.1c).

Data analysis and quality control (QC). In this protocol, we apply PCA,
which simultaneously considers all variables in a multidimensional space (Ian-
netti et al., 2015; Blanchet et al., 2011; Massart and Al., 1997), to analyze
the obtained data set. PCA is a mathematical technique that reduces the di-
mensionality of the data while retaining most of the variation in the data set,
thereby facilitating graphic visualization (Massart and Al., 1997) and explo-
rative data analysis (Tukey, 1977). Dimensionality reduction is achieved by
identifying directions, called PCs, along which the variation in the data is max-
imal. The sum of variation accounted for by each PC determines how many
PCs are required to faithfully represent the data set (Ringnér and Ringner,
2008; Bro, 2014). There are several ’rules’ for determining the number of PCs
to include, such as ’Kaiser’s stopping rule’ and the ’Screen test’ (Brown, 2009).
In our experience, two PCs suffice to allow proper multivariate analysis and
QC for the type of data generated in this protocol. Alternatively, other multi-
variate approaches, including cluster analysis and machine learning (Blanchet
et al., 2015), can be applied (Massart and Al., 1997). Data analysis and quality
control can be performed using the supplied MATLAB code in the m-file Ian-
netti_MATLAB.m (Table 4.3 and the Supplementary Software), which carries
out the following operations:

• It imports the numerical data generated by IPP into MATLAB.

• It calculates the derived descriptors (i.e., descriptor 39 to 44; see Table
2.1).

• It normalizes the data.

• It performs a PCA and creates a PCA graph and boxplot graph to visu-
alize the data.
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• It performs a QC step, to identify and remove outliers (i.e., individual
wells) from the data set.

• It performs a second PCA after removal of the outliers (generates ’cleaned
data’).

• It calculates the 95% conidence ellipses of the ’cleaned’ PCA data.

• It generates a PCA graph for visualization of the cleaned data and its
95% confidence ellipses.

Technical details related to the above operations are embedded in the Ian-
netti_MATLAB.m file.

Table 4.3: Processing scripts and tutorial data files.
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4.4 Materials

4.4.1 Reagents

• Suitable cells of interest. The procedure below is optimized for PHSFs
taken from human skin biopsies ! CAUTION Take the necessary pre-
cautions when working with human samples. They should be handled
in a biological safety cabinet. Experiments with human cell lines must
adhere to the relevant local institutional and governmental regulations
and generally require informed consent.

• Medium 199 with HEPES and Phenol Red (Invitrogen, cat. no. 12340-
030)

• Medium 199 without HEPES and Phenol Red (Invitrogen, cat. no.
11043-023)

• FBS (Greiner Bio-One, cat. no. 758093) Penicillin–streptomycin solu-
tion, 100× (Corning, cat. no. 30-002-CI)

• HEPES (1 M; Invitrogen, cat. no. 15630-08)

• DMSO (MW = 78.134 g/mol; CAS: 67-68-5; Sigma-Aldrich, cat. no.
D5879-100ML) ! CAUTION DMSO is skin-permeable and irritating.

• Trypsin–EDTA (0.5% (wt/vol)) solution, without Phenol Red, 10× con-
centrated (Gibco/Life Technologies, cat. no. 15400-054). Store the
solution between -5 and -20 ◦C for up to 18 months

• PBS (pH 7.2; Gibco/Life Technologies, cat. no. 20012-068)

• Tetramethyl rhodamine methyl ester (TMRM; MW = 500.93 g/mol;
CAS: 115532-50-8; Invitrogen, cat. no. T668)

• Calcein–AM (MW = 622.53 g/mol; CAS: 154071-48-4; Ebioscience, cat.
no. 65-0853-39)
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• Hoechst 33258 (MW = 533.88 g/mol; CAS: 23491-45-4; Invitrogen, cat.
no. 94406) ! CAUTION Hoechst stains are known mutagens and
should be handled with care. The dye must be disposed of safely and in
accordance with applicable regulations.

4.4.2 Equipment

• Culture lasks (Greiner Bio-One): 75 cm2 (cat. no. 658170) and 175 cm2

(cat. no. 661160)

• Centrifuge tubes (Greiner Bio-One): 15 ml (cat. no. 188271) and 50 ml
(cat. no. 227261)

• Reagent reservoir (35 ml; Greiner Bio-One, cat. no. 9103006)

• Polystyrene 96-well cell culture microplates (µClear/black; working vol-
ume: 25-340 µl; total well volume: 392 µl; growth area per well 34 mm2;
glass thickness: 190 µm; Greiner Bio-One, cat. no. 655090)

• Cell culture low cabinet (Model EF/S 4; Telstar Laboratory Equipment)

• Incubator for cell culture (Heracell 150i; Thermo Fisher Scientiic)

• Water bath (Model 1003; GFL)

• Neubauer hemocytometer (Hausser Scientiic)

• Multi-(12-)channel pipette (Model m300; Biohit/Sartorius)

Microscopes

• An inverted microscope for cell culture (Model DM IL; Leica Microsys-
tems)

• An automated multiwell luorescence microscope with environmental (CO2

and temperature) controls: Pathway 855 High-content Bioimager (Bec-
ton Dickinson). This system features two mercury arc lamps A and B
(Becton Dickinson, cat. no. 341032)
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Computing hardware and software

• A PC workstation (Windows 7 Pro 64-bit; Dell T7500; Xeon E5620 2.40
GHz; 24 GB RAM, Nvidia Quadro 2000; Dell Computer Corp.)

• MATLAB 8.2.0.701 (R2013b; The MathWorks)

• MATLAB Statistics Toolbox 8.3 (R2013b; The MathWorks)

• Image Pro Plus 6.3 (IPP; Media Cybernetics)

• Microsoft Excel (Microsoft Ofice 2010, Microsoft)

• Origin Pro 2015 (OriginLab Corp.)

4.4.3 Reagent setup

Culture medium Medium 199 (M199) is used for cell culture, and it contains
HEPES and Phenol Red. This medium should be supplemented with
10% (vol/vol) FCS, 100 IU/ml penicillin and 100 IU/ml streptomycin.
The solution should be stored at 4 ◦C in the dark and used within 1
month after preparation. The complete formulation of this medium is
provided in Table S2.

Assay medium This is based on a special variant of the culture medium
(M199) that does not contain Phenol Red or HEPES. This medium
should be supplemented with 25 mM HEPES and is used for diluting the
fluorescent probes and for washing the cells. The assay medium should
be stored at 4 ◦C in the dark and used within 1 month after preparation.
The complete formulation of this medium is provided in Table S2.

TMRM stock (500 mM) TMRM is provided as a lyophilized off-white pow-
der (25 mg) that should be protected from light/moisture and stored at
-20◦ C. The solid should be dissolved in dry (water-free) DMSO from a
freshly opened bottle to prepare a TMRM stock solution of 500 µM. This
solution should be divided into 10-µl aliquots, which should be stored at
-20 ◦C in the dark. Each aliquot should be freshly thawed and used only
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once to avoid repeated freezing and thawing. The TMRM stock solution
can be used for at least a year.

Calcein–AM stock (5 mM) Calcein–AM is provided as a lyophilized off-
white solid (typically in 20 × 50-µg batches). It should be shielded from
light/moisture and stored at -20 ◦C. The solid should be dissolved in dry
(water-free) DMSO from a freshly opened bottle, yielding a stock solution
of 5 mM. This solution should be divided in 10-µl aliquots, which should
be stored at -20 ◦C in the dark. Each aliquot should be used while fresh
and discarded after use to avoid repeated freezing and thawing. The
calcein–AM stock solution can be used for at least a year.

Hoechst 33258 stock (1 mg/ml) Hoechst 33258 is delivered as a 1 mg/ml
stock solution in water (1.87 mM), and it should be stored at 2–8 ◦C in
the dark. The Hoechst 33258 stock solution can be used for at least a
year.

4.5 Procedure

Seeding of the cells on a 96-well plate • TIMING ∼90 min/plate

1. Wash the cells twice with 1× PBS.

2. Add an adequate volume of 1× Trypsin–EDTA (diluted in PBS) to cover
the cell-containing surface of the culture flask (typically 1 ml for a T75
culture flask), and incubate it for 5 min (37 ◦C, 5% (wt/vol) CO2).

3. Resuspend the cells in assay medium prewarmed to 37 ◦C (typically by
adding 9 ml of medium for a T75 culture flask).

4. Perform a thorough cell count using a cell counting chamber or Coulter
counter.

5. Resuspend the cells and seed the cells into a 96-well plate so that each well
contains 2,000–3,000 cells in 100 µl of culture medium. Culture the cells
for 24 h (37 ◦C, 5% (wt/vol) CO2) to reach a final confluence of 50–60%.
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The number of cells to be seeded to reach this confluence generally differs
per cell line or type, and it needs to be empirically determined. For a
typical cell seeding example, see Fig. 4.4.
� CRITICAL STEP Reaching a correct level of cell confluence after
24 h (illustrated in Fig. S2) is crucial for reliable image quantification.
? TROUBLESHOOTING

Cell staining and imaging • TIMING ∼90 min/plate

6. 1 h before image acquisition, set the temperature (to 37 ◦C) and the CO2

control (to 5%), and turn on lamps A and B (excitation sources) of the
microscope.

7. Mount the 40× objective on the microscope and allow it to thermally
equilibrate.

8. Prewarm the assay medium to 37 ◦C in a water bath.

9. Prepare a 250 nM TMRM ’loading solution’ by diluting the 500 µM
TMRM stock solution in the prewarmed assay medium. Take care that
the final DMSO concentration in the loading solution does not exceed
0.1% (vol/vol). Use the same TMRM loading solution for all plates
measured on the same day to reduce technical variation.

10. To start TMRM staining, add 20 µl of the TMRM loading solution from
Step 9 (250 nM) to each well using the 12-channel pipette. This yields a
final TMRM concentration of 50 nM.
� CRITICAL STEP Because of evaporation, the total volume of cul-
ture medium in each well will be reduced. We empirically established
that only 80 µl of the initial 100 µl of culture medium is left in each well
after 24 h of cell culture. There was no substantial difference in TMRM
intensity, calcein intensity or Hoechst intensity between the wells at the
outer rim and those in the central part of the plate.

11. Carefully check whether the volume of TMRM loading solution in each
pipette tip is correct (air bubbles should be absent) before pipetting.
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12. To mix, gently pipette up and down four times after addition of the
TMRM loading solution.

13. Incubate the cells for 30 min at 37 ◦C, 5% CO2.

14. During the cells’ incubation with TMRM, prepare a loading solution
containing a 5 µM final concentration of calcein and a 1.5 µg/ml final
concentration of Hoechst in prewarmed assay medium. Use the same
calcein/Hoechst loading solution for all plates measured on the same day
to reduce technical variation.

15. After the 30-min TMRM incubation, add 100 µl of the calcein/Hoechst
loading solution to each well using the 12-channel pipette, without wash-
ing or mixing. Add the calcein/Hoechst loading solution at the edge
of each well (so not directly on top of the cells), holding the pipette
horizontal. Addition of the calcein/Hoechst loading solution dilutes the
extracellular TMRM concentration, which is required for signal stability
(Fig. S3). The final extracellular concentrations should now equal 25
nM (TMRM), 2.5 µM (calcein) and 0.75 µg/ml (Hoechst).

16. Place the 96-well plate in the BD Pathway 855 measuring chamber, and
manually focus on a random well. (For this microscopy system, typically
a Z-position value near 5,200 is required.) Start the TMRM image ac-
quisition using a predefined macro (full macro settings are provided in
Table S4). This acquisition will take 15 min. Next, keep the plate inside
the measuring chamber and incubate for another 5 min to complete the
calcein/Hoechst staining (20 min in total will have passed after comple-
tion of Step 15).
? TROUBLESHOOTING

17. Discard the TMRM/calcein/Hoechst–containing medium by turning the
plate upside down in a single fluid motion.

18. Gently wash each well in the plate 2 times (12-channel pipette) with 100
µl of assay medium. This will remove extracellular calcein, which would
otherwise induce a continuous increase in calcein signal over time.
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19. Pipette 100 µl of assay medium into each well (12-channel pipette).

20. Start the calcein/Hoechst image acquisition (this will take 20 min).
? TROUBLESHOOTING � PAUSE POINT Images are auto-
matically saved on the microscope computer; the rest of the protocol can
be carried out at any moment later in time.

Image processing and descriptor extraction with IPP • TIMING ∼30
min/plate
� CRITICAL For this part of the protocol, as well as the next section,

we provide tutorial data files (Supplementary Software). The .zip file needs
to be copied onto a hard-drive and extracted, yielding a directory named
\Tutorial\, the contents of which are given in Table 4.3. Processing and
quantification of the RAW images, as visualized in the flowchart (Fig. 4.1b), is
performed by a single IPP Basic script (Iannetti_IPP.bas) that automatically
carries out the various image processing described in the ’Image processing
and descriptor extraction’ Section by applying built-in IPP functions. Fur-
ther technical details related to the image processing and descriptor extraction
code are embedded within the Iannetti_IPP.bas file. Typical results obtained
in this section are shown in Fig. 4.6.

21. Start the IPP software. Load the Iannetti_IPP.bas script. To do this,
click ’Macro’ ’Macro’ > ’Change’, select Iannetti_IPP.bas and click
’Open’ > ’OK’. The Macro menu now contains the following six items:
TMRM_Processing, TMRM_DescriptorExtraction, Calcein_Processing,
Calcein_DescriptorExtraction, Hoechst_Processing and
Hoechst_DescriptorExtraction.

22. The provided IPP script assumes a fixed directory for data storage. In
the provided code, this is c:\Users\Khondrion\Desktop\cnt\ Adjust
the script to your working directory, changing the below code. Click
’Macro’ > ’Macro’ > ’Edit’ and replace the directory name with your
working directory:

In the section ’Sub TMRM_DescriptorExtraction’, change the line
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Figure 4.6: Image processing of the TMRM image. A) The RAW_TMRM.tif
image. B) The BIN image calculated from the RAW_TMRM.tif image. C) The MSK
image calculated from the RAW_TMRM.tif image. D) Highlighted mitochondrial
objects (red outlines) that are quantified.

"ret = IpBlbSaveData("C:\Users\Khondrion\Desktop\cnt\...",
In the section ‘Sub Calcein_DescriptorExtraction‘, change the line
"ret = IpBlbSaveData("C:\Users\Khondrion\Desktop\cnt..."
In the section ‘Sub Hoechst_DescriptorExtraction‘, change the line
"ret = IpBlbSaveData(C:\Users\Khondrion\Desktop\cnt..."

23. Save the script with the new working directory by clicking ’File’ > ’Save’.

24. Load the provided TMRM example image into IPP. To do this, click
’Sequence’ > ’Merge files. . . ’, select ’RAW_TMRM.tif’ and click ’Open’.
The igure should appear as in Fig. 4.6a.
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� CRITICAL STEP The IPP macro was designed to also operate on
a sequence of multiple images (i.e., obtained from a 96-well plate; not
provided here). To use the IPP macro on an image sequence, this first
needs to be created by using the ’Sequence’ > ’Merge files’ menu option in
IPP, followed by selection of the first and last image and clicking ’Open’.

25. Perform the image processing of the ’RAW_TMRM.tif image’, by click-
ing ’Macro’ > ’TMRM_Processing’. This creates the BIN image (Fig.
4.6b) and an MSK image (Fig. 4.6c).
? TROUBLESHOOTING

26. Perform the image quantiication by clicking on the MSK image, and
then click ’Macro’ > ’TMRM_DescriptorExtraction’. The quantified
individual mitochondrial objects are now highlighted by a red outline
(Fig. 4.6d), and the numerical data are saved in the working directory
(TMRM.cnt file).
� CRITICAL STEP For convenience, example .cnt files have been
included in the Supplementary Software. These files should be moved
from the Tutorial\IPP_processing_analysis\ directory to another di-
rectory before re-executing Step 27 to prevent them being overwritten.

27. Repeat Steps 25 to 27 to process and quantify the provided Calcein.tif
and Hoechst.tif images to obtain the Calcein.cnt and Hoechst.cnt files
� CRITICAL STEP For each 96-well plate, descriptor data are stored
in three files: TMRM.cnt (33 descriptors of interest), Calcein.cnt (2 de-
scriptors of interest) and Hoechst.cnt (3 descriptors of interest). These
files can be opened and further processed/analyzed/visualized using
Excel, MATLAB, Origin Pro or other data analysis software. We provide
an Excel file (DataExtraction.xlsm) in the Supplementary Software for
easy inspection of the .cnt files and extraction of numerical values for
specific descriptors by drag-and-drop.
� PAUSE POINT After generation of the .cnt files, the remainder of
the protocol can be carried out at a later time.
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Data visualization and QC with MATLAB • TIMING 15 min/plate
� CRITICAL To illustrate this part of the protocol, we provided the

.cnt files for a larger data set obtained from a 96-well plate (Table 4.3). In
this experiment, we aimed to quantify mitochondrial morphofunction in two
primary human fibroblast cell lines (1 and 2) that were cultured under two
experimental conditions (X and Y). In this example, 48 wells were measured
for each condition (i.e., 16 wells in three independent experiments/plates).
Importantly, optimal results required a plate layout compatible with Fig. 4.4,
in which both cell lines were measured under both conditions in the same plate.
Cell line 1 was used as a control, and the average descriptor values obtained
with this cell line were used to normalize the data for cell line 2 on the same
day/plate.

29. Start the MATLAB software. Before performing the MATLAB analysis,
the relevant files from the Supplementary Software (see ’Files for data
visualization and QC with MATLAB’ in Table 4.3) have to be present in
the same directory. If other file names are required, they can be manually
changed in the Iannetti_MATLAB.m file (line 53–59).

30. If it is not open yet, activate the Current Folder window by clicking
/Desktop/Current Folder/ and navigate to the folder containing the tu-
torial files above.

31. Execute the file Iannetti_MATLAB.m by right-clicking on its filename
and clicking /Run. In the MATLAB command window, the following
instruction appears: ’Specify the condition you want to analyse:’

32. Perform the analysis for condition X (by typing ’x’ followed by Enter)
or condition Y (by typing ’y’ followed by Enter). This process will take
∼50 s. For both conditions X and Y (run the Iannetti_MATLAB.m file
twice), MATLAB will generate three figures (Fig. 4.7). The first figure
contains the result of the PCA visualized by plotting principal component
1 (PC1; x axis) versus principal component 2 (PC2; y axis) before the
QC (Fig. 4.7a,d). The second figure contains a box-plot of PC1 and PC2
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revealing the outliers (QC; Fig. 4.7b,e). The third figure contains the
result of the PCA analysis visualized by plotting PC1 versus PC2 with
the outliers removed (Fig. 4.7c,f). In our experience, visual inspection
of the images revealed that such outliers (e.g., condition X: well 54 and
condition Y: well 13) displayed aberrant staining (Fig. 4.8a).

Figure 4.7: Descriptor extraction, data visualization and QC procedure.
A) Graphical output of the MATLAB analysis. PCA for all wells under experimental
condition X. Each symbol corresponds to an individual well for cell line 1 (‘Ci’, blue
symbols) or cell line 2 (‘Cii’, red symbols). B) Detection of outlier wells (crosses) in
the PCA of a using a boxplot analysis of principal component 1 (PC1) and 2 (PC2) for
condition X. Box-plot settings: the top and bottom of each box reflects the 25th and
75th percentile, respectively. The median value is indicated by a horizontal red line
within the box. The error bars (‘whiskers’) extend to the furthest observations within
the whisker length, which was set at 1.0-times the interquartile range. Observations
outside the whiskers were considered outliers (marked by ‘+’). C) Same as a, but now
the outlier wells that were detected in b have been removed. This panel demonstrates
that cell lines 1 and 2 are similar under experimental condition X. D) Same as A, but
now showing analysis for experimental condition Y. E) Same as B, but now showing
analysis for experimental condition Y. F) Same as C, but now showing analysis for
experimental condition Y. In the latter condition, cell lines 1 and 2 are dissimilar.
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Figure 4.8: Quality control and monovariate and bivariate data visualiza-
tion. Two cell lines (1 and 2) were cultured under two experimental conditions (X
and Y) on three different plates using the plate layout in Fig. 4.5. A) Examples of
staining aberrations detected by the analysis in Fig. 4.7b,e (condition X: well 54 and
condition Y: well 13). B) Average normalized values of the 44 descriptors in Table 2
for cell line 2 cultured under experimental conditions X (red) and Y (blue). The data
were normalized on the average value obtained for cell line 1 on the same day/plate
(i.e., cell line 1 is characterized by a y value of 1.0, marked by the horizontal dotted
line). Statistical analysis revealed that the marked descriptors ($ signs) for cell line
2 did not significantly differ (P > 0.05) from cell line 1 in condition X (red symbols)
or condition Y (blue symbols). C) Average values of a selected subset of ‘biologically
meaningful’ descriptors for cell line 2 cultured under experimental condition X (red)
and condition Y (blue). The data were normalized on the average value obtained
for cell line 1 on the same day/plate (dotted line). Statistical analysis revealed sig-
nificant differences between various descriptors. D) Example of a bivariate analysis
using the number of mitochondria per cell (Nc; y axis) and cell size (Casum/Nn; x
axis) for cell line 2 cultured under experimental condition X (red) and condition Y
(blue). Both descriptors were normalized on the average value obtained for cell line
1 on the same day/plate. A linear fit to the data revealed that Nc increases with
Casum/Nn (Red line: P < 0.0001, R = 0.88; Blue line: P < 0.0001, R = 0.71),
demonstrating that the number of mitochondria per cell increases as a function of
cell size. Statistics: mean values were compared (b,c) using an unpaired independent
t-test (Bonferroni-corrected). ∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001.

4.5.1 ? TROUBLESHOOTING

The presented protocol was specifically developed for quantitative analysis of
mitochondrial morphology, ∆ψ and cellular/nuclear parameters in PHSFs us-
ing 96-well plates. To this end, we used a combined staining of TMRM/calcein/
Hoechst, which was imaged using a BD Pathway 855 microscopy system. How-
ever, our strategy is compatible with any microscopy system that features
an environmental control system, allows automated image acquisition and
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meets the spectral requirements (excitation, emission) for combined and spe-
cific imaging of TMRM, calcein and Hoechst. For successful implementation
of the protocol, one needs to establish the following (see also Figs. S2-S5):

• The PHSFs are viable when cultured on multiwell plates and are firmly
attached.

• The cell density (confluence) is appropriate (Fig. S2).

• Each well is properly mixed after TMRM addition (Fig. S3).

• TMRM photobleaching during image acquisition is absent or does not
interfere with descriptor extraction (Fig. S3).

• The automatically acquired images are in focus (Fig. S4).

• TMRM autoquenching is absent (Fig. S5).

• The TMRM signal is able to report both ∆ψ depolarization and hyper-
polarization (Fig. S5).

With regard to TMRM staining, the most crucial part of the procedure is the
dilution of the extracellular TMRM concentration following TMRM staining
and before TMRM image acquisition (Lemasters and Ramshesh, 2007). For
PHSFs, the extracellular TMRM loading concentration needs to be twofold
diluted to allow signal stability over time (Fig. S3). This dilution factor is
probably cell-type-specific. Once the cell culture and staining conditions are
optimal, successful image processing and descriptor extraction requires that
the acquired microscopy images display certain properties. The key part of
the TMRM image processing pipeline is the generation of the BIN image,
in which white mitochondrial objects are represented on a black background.
Faithful calculation of the BIN image from the background-corrected TMRM
image (COR) requires that the mitochondria-specific TMRM signal is high
enough, that the image is relatively noise-free (i.e., contains few noise-related
pixels introduced by defocusing and/or the optical/electronic systems of the
microscope) and that each true mitochondrial object consists of enough pixels
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to avoid its erasure from the image by the median filtering (MED). In case
of other cell types, the THF and MED filtering used in this protocol can be
directly applied if:

• Mitochondrial TMRM signals are sufficiently above background (i.e., cy-
tosolic, nuclear and extracellular TMRM signals).

• The acquired TMRM images are relatively noise-free.

• The cell type displays axial dimensions (‘latness’) similar to those of
PHSFs.

• The cells contain mitochondrial objects with a (pixel) size (Am) similar
to that of PHSFs.

When (several of) these four criteria are not met, we strongly advise against
blindly applying our protocol but instead to empirically assess whether alter-
native settings of the THF and MED filters might be appropriate (Fig. S6).
Changing these settings is often required when small cells, small mitochondrial
objects in close vicinity to each other and/or cells displaying a considerable
axial dimension are imaged. In these cases, 3D analysis using confocal mi-
croscopy might be an option (Koopman et al., 2013; Nikolaisen et al., 2014).
Descriptors that are particularly informative during troubleshooting include
the following:

• Nn and confluence % (C%; fraction/percentage of the image covered), to
detect cell densities that are too low or too high (Nn; Fig. S2).

• Am, AR, F and Nc, which are collectively sensitive to defocusing or the
presence of noise in the image (Fig. S4).

• Descriptors such as Dstdv, which is suited to detect fluorescence satura-
tion and the presence of objects with a very high fluorescence intensity.

Additional troubleshooting advice can be found in Table 4.4. By using the
information provided in this protocol and the fully annotated IPP and MAT-
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LAB scripts, the presented image processing/quantification and data analy-
sis/visualization strategies can be implemented with relative ease using open-
source software (see Eliceiri et al. (Eliceiri et al., 2012) for an overview).
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Table 4.4: Troubleshooting table.
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Table 4.5: Troubleshooting table (continued).

4.5.2 • TIMING

Steps 1–5, seeding of the cells on a 96-well plate: ∼90 min/plate
Steps 6–20, cell staining and imaging: ∼ 90 min/plate
Steps 21–28, image processing and descriptor extraction with IPP: ∼30 min/plate
Steps 29–32, data visualization and QC with MATLAB: ∼15 min/plate (de-
pends on the type of analysis)

4.6 Anticipated results

After removal of the outliers, the two PCs in condition X accounted for 58% of
the total variation, and in condition Y they accounted for 67% of the total vari-
ation. Visual inspection of the two scatter plots of PC1 and PC2 revealed that
cell lines 1 and 2 were very similar under condition X (Fig. 4.7c); in contrast,
cell lines 1 and 2 were dissimilar in condition Y (Fig. 4.7f). For statistical
analysis (e.g., to determine whether the two cell lines significantly differ from
each other in conditions X and Y), the centroid (average) values of PC1 and
PC2 for the two cell lines under conditions X and Y can be compared. To this
end, it first should be assessed whether the individual values for PC1 and PC2
are normally distributed. This was carried out by performing a Shapiro–Wilk
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test, which showed that the PC2 data for cell line 2 in condition Y was not
normally distributed. This means that in this example a non-parametric test
is required to compare the data. For independent samples, as is the case in this
protocol, a Mann–Whitney or Kolmogorov–Smirnov test can be applied (Mas-
sart and Al., 1997). Using the latter test, the following results were obtained
for condition X (PC1: cell lines 1 and 2 are significantly different, P = 0.00987;
PC2: cell lines 1 and 2 are significantly different, P = 8.61e−5) and condition
Y (PC1: cell lines 1 and 2 are significantly different, P = 8.65e−15; PC2: cell
lines 1 and 2 are significantly different, P = 2.57e−5). This means that cell lines
1 and 2 are better separated for condition Y, especially with respect to PC1.
After the PCA approach shown in Figure 4.7, single descriptors (univariate)
were compared between cell lines 1 and 2 in conditions X and Y (Fig. 4.8b).
After QC, various descriptors are suited for direct ‘biological’ interpretation
(Tronstad et al., 2014). For instance, under conditions X and Y, cell line 2 dis-
played a reduction in AR and F, and an increase in Nc (Fig. 4.7c). This means
that the mitochondria are smaller (lower AR, F), less branched (lower F) and
more abundant (increased Nc) than in control cell line 1, which is indicative of
mitochondrial fragmentation. The latter was paralleled by condition-specific
changes in nuclear morphology, as indicated by the alterations in An (the av-
erage nuclear size) and Fn (a measure of nuclear ‘roundness’). Moreover, an
increase in mitochondrial mass (Mm; both conditions) and decrease in average
cell size (Casum/Nn; condition Y) were observed. By contrast, the Dm value
(a measure of average mitochondrial TMRM intensity) for cell line 2 was sim-
ilar to that of cell line 1 (i.e., the normalized Dm value was close to 1). This
suggests that the ∆ψ value is similar for cell lines 1 and 2 in both conditions.
In addition to comparing single descriptors, the relationship between two vari-
ables can also be informative (bivariate analysis). For example, plotting the
Nc as a function of cell size (Casum/Nn) revealed a linear correlation (Fig.
4.8d). This demonstrates that larger cells contain more mitochondria (Kitami
et al., 2012). For this reason, in our protocol the total number of mitochondrial
objects in an image (Ot) was normalized to the total cell area in the image
(Casum).To estimate the true number of mitochondria per cell.
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Supplementary

Figure S1: Importance of the threshold (T) gray value for correct calcula-
tion of the BIN and MSK images. A) Typical RAW calcein image (left image)
and the effect of various thresholds (numerals depict the threshold gray value) on the
resulting binary (BIN) image. B) Same as panel A but now for the RAW TMRM
image of the same cells. C) TMRM MSK image calculated using the BIN images
in panel B. D) Average value of Casum (total area of the objects in the calcein BIN
image) and Asum (total area of the mitochondrial objects in the TMRM MSK image)
for various threshold values.
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Figure S1: E) Average value of AR (aspect ratio of mitochondrial objects), F (form
factor: length and degree of branching of mitochondrial objects) and Mm (mitochon-
drial mass) in the TMRM MSK image for various threshold values. F) Average value
of Dm (mitochondrial TMRM intensity in TMRM MSK image), Ot (the total number
of mitochondrial objects in the TMRM MSK image), Am (the area of individual mi-
tochondrial objects in the TMRM MSK image) and Nc (the number of mitochondria
per cell; calculated by combining information from the TMRM MSK and Hoechst
BIN image) for various threshold values. Using a threshold value of 40 yielded the
correct values of key descriptors between 3-6 (F), 2-3 (AR) and 50-150 (Nc), com-
patible with previous manual analysis (e.g. Koopman et al., 2005a,b, 2006a, 2008;
Distelmaier et al., 2008, 2012, 2015.

Figure S2: Illustration of too low and too high cell density. Since images
are automatically acquired for each well there is no user-control regarding which cells
are imaged. Although this strategy avoids user-induced bias, it requires that the
average number of imaged cells is similar between individual wells. The latter is also
important to allow standardized image processing, statistical analysis and QC. This
figure provides typical examples of too low and too high cell densities (relative to the
proper density depicted in Fig. 4.5). The protocol described in the main text was
used to acquire the images in this figure.
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Figure S3: Importance of the presence of extracellular TMRM, well mix-
ing and illumination intensity for TMRM descriptor analysis. This figure
illustrates why it is important to have TMRM present outside the cell during image
TMRM acquisition, why wells need to be properly mixed following TMRM addition,
and the artefact-inducing effect of too high illumination intensities. Unless stated
otherwise, the experimental data in this figure was acquired using the experimental
protocol described in the main text. A) Importance of the presence of extracellular
TMRM during TMRM image acquisition. In this experiment the calcein/Hoechst
loading and imaging steps were omitted. Three different manoeuvres were tested (us-
ing 5 plates/days for each condition), thereby modifying step 15 of the protocol as
follows: “Washing” condition (gray symbols; two washing steps were performed using
100 µl assay medium; 100 µl of assay medium was present in each well during image
acquisition); “No washing” condition (open symbols; nothing was done to the plate
after step 13); “Dilution” condition (black symbols; 100 µl assay medium was added to
each well without washing and mixing). Only for the last condition, the fluorescence
signal remained stable as indicated by the slope (inset) of a linear fit (red line). All
data were normalized to the average of the first row (row A) of the plate. Fitting
results: P < 0.001, R = -0.83 (Washing condition); P < 0.001, R = 0.91 (No washing
condition); P = 0.029, R = -0.22 (Dilution condition; Caption continues at the next
page)

84



4

Multiplexed high-content analysis of mitochondrial morphofunction using
live-cell microscopy

Figure S3: B) Importance of mixing after TMRM addition to the well. The follow-
ing steps of the protocol were modified: Step 13 (TMRM was added and mixed by
pipetting up and down 4 times, but only in row A and B. For row C to H, TMRM was
added but not mixed. Calcein/Hoechst staining and imaging were not required here.
Only in the mixed wells (green), the TMRM signal was stable (i.e. the fitted line
had no significant slope). C) Effect of TMRM illumination intensity on the TMRM
fluorescence signal. In this experiment, 30 subsequent images of the same well were
acquired at the same position (Option in BD AttoVision Software: image acquisition
option/acquire button/30 data points. Three different acquisition protocols were used
with the following settings: Protocol 1 (Exposure time: 0.1 s; Excitation B: 548/20;
Excitation dichroic: 40%; Lamp B intensity: 60%), protocol 2 (Exposure time: 0.1 s;
Excitation B: 548/20; Excitation dichroic: open; Lamp B intensity: 80%), protocol
3 (Exposure time: 0.1 s; Excitation B: 548/20; Excitation dichroic: open; Lamp B
intensity: 100%). Acquisition protocol 1 (used in the protocol) displayed the lowest
drop in TMRM signal. Fitting results: TMRM intensity curves were fitted using
a mono-exponential equation (y = y0 + A1 ∗ e−t/τ , with τ being the decay time con-
stant). The fitted values equalled: 44.0 ± 23.4 (acquisition protocol 1), 17.4 ± 0.384
(acquisition protocol 2) and 7.56 ± 0.129 (acquisition protocol 3). D) Effect of the
three illumination protocols on the calculated mitochondrial area (Am) and number
of mitochondrial objects per cell (Nc). The more the TMRM signal drops, the greater
the erroneous apparent increase in Am and Nc. E) Similar to panel D but now for
the calculated mitochondrial aspect ratio (AR) and form factor (F). F) Values of
calculated key mitochondrial descriptors (Nc, Am, AR and F; y-axis) as a function
of TMRM intensity (x-axis) for acquisition protocol 1. About 13 illuminations can
be carried out (i.e. 13 images can be acquired) before the (10-15%) drop in TMRM
intensity affects descriptor quantification.
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Figure S4: Illustration of the effect of image defocusing on TMRM-
reported mitochondrial morphology descriptors. It is of the greatest impor-
tance that the acquired images are optimally focused, since defocusing will affect
the extracted numerical data in a descriptor-dependent manner. This figures illus-
trates the effects of image defocusing on key mitochondrial descriptors. Typically,
defocused images contain “artificial” small non-mitochondrial objects after image pro-
cessing. The latter results in an apparent increase in the number of mitochondrial
objects per cell (Nc), and a decrease in mitochondrial size (Am) and form factor (F).
Statistics: Significant differences between the focused and defocused condition were
assessed using an unpaired independent Student’s test and presented by: ∗ P < 0.05,
the actual P-value (Am) and by non-significant (n.s.). The protocol described in the
main text was used to acquire the images in this figure.
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Figure S5: Control for TMRM autoquenching, detectability of hyperpo-
larization and effect of the mitochondrial uncoupler FCCP. This figure il-
lustrates how to check if the TMRM fluorescence signal is affected by autoquenching
and whether depolarization and hyperpolarization can be detected by decreased and
increased mitochondrial TMRM accumulation, respectively. A) Eighty-five consecu-
tive TMRM images were acquired from the same well. The displayed typical image-
pairs illustrate the effect of the mitochondrial uncoupler p-trifluoromethoxy carbonyl
cyanide phenyl hydrazine (FCCP, 10 µM; #370-86-5; Sigma-Aldrich, St. Louis, MO,
USA) on mitochondrial TMRM staining (upper vs. lower panel). Numerals mark
individual cells and regions of interest (ROIs; yellow) mark the nuclear and mito-
chondrial compartment (yellow circles). B) Average ratio between TMRM intensity
in the mitochondrial and nuclear compartments calculated using the ROIs in panel
A for untreated (n = 4) and FCCP-treated (n = 2) cells. Repeated illumination in-
duces a gradual drop in ratio (photobleaching) in the untreated cells. FCCP induces
a smooth drop in the ratio signal, indicating the absence of TMRM autoquenching.
If the latter would be the case, FCCP would first induce an increase in the signal
(due to TMRM dequenching in the mitochondrial matrix), followed by a decrease.
(Caption continues at next page.)
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Figure S5: C) Effect of subsequent acute addition of the F0F1-ATPase inhibitor
Oligomycin A (OLI; 1 µM; #1404-19-9; Sigma-Aldrich), the mitochondrial complex
I inhibitor Rotenone (ROT; 1 µM; #83-79-4; Sigma-Aldrich) and FCCP (10 µM) on
mitochondrial TMRM fluorescence intensity. In a second type of experiment, Bonkre-
kic acid (BA; 50 µM; #11076-19-0; Sigma-Aldrich) was acutely added to inhibit the
electrogenic mitochondrial ATP/ADP translocator (ANT). This was followed by sub-
sequent addition of ROT and FCCP. Statistics: Significant differences with the
indicated columns (a, b, c, d, e, f) was assessed using an unpaired independent Stu-
dent’s test (Origin Pro 6.1) and presented by: ∗∗∗ P < 0.001. Experimental details:
Options used in the BD attovision software: “Montage Capture Setup”, “INACTIVE
MONTAGE”, “1 Frame”. MACRO on BD attovision software: Experiment 1 (30
(CT) TMRM image acquisitions of the same well; 30 s pause during which 1 µM
Oligomycin (OLI) is added by pipetting; 30 TMRM image acquisitions of the same
well; 30 s pause during which 1 µM Rotenone (ROT) is added; 30 TMRM image
acquisitions of the same well; 30 s pause during which 10 µM FCCP is added; 30
TMRM image acquisitions of the same well); Experiment 2 (30 (CT) TMRM image
acquisitions of the same well; 30 s pause during which 50 µM Bongkrekic acid (BA) is
added; 30 TMRM image acquisitions of the same well; 30 s pause during which 1 µM
Rotenone (ROT) is added; 30 TMRM image acquisitions of the same well; 30 s pause
during with 10 µM FCCP is added; 30 TMRM image acquisitions of the same well).
Remarks: Care should be taken that during addition of the inhibitors the pipette tip
does not touch the plate to avoid altering the field of view. Inhibitors are added at
twice their final concentration in a (relatively large) volume of 100 µl to each well
(which contains 100 µl of fluid). This ensures complete and rapid mixing.
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Figure S6: Visualization of the effect of median (MED) and top-hat (THF)
spatial filtering on the TMRM image. Proper use of the MED and THF filters
to reduce noise and isolate mitochondrial objects, respectively, is crucial for proper
subsequent calculation of the binary image (BIN). The latter image represents white
mitochondrial objects on a black background (for the complete processing pipeline
see Fig. 4.5C). In this protocol, we have established the correct size of the MED and
THF filter, how often they should be applied (“passes”) and, in case of the THF filter,
its strength (“S”). For details about these parameters see the information in Box 1
provided in the main text. (A) Effect of various MED filter settings on the TMRM
image (RAW). (B) Effect of various THF filter settings on the TMRM image (RAW).
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Table S1: Use of the quantification protocol in various cell types.
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Table S2: Composition of the used media.
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Table S3: Composition of the used media (continued).
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Table S4: Detailed BD Pathway R© 855 settings
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Chapter 5:

5.1 Introduction

In order to adapt to quick environmental changes, cells and mitochondria are
fully interconnected in a continuous crosstalk where mild mitochondrial stress
rapidly activate cytosolic signalling pathways that makes the cell less suscep-
tible to subsequent perturbations (Yun J et al., 2014). This phenomenon is
called mitohormesis or mitochondrial preconditioning and it is related to cel-
lular reactive oxygen species (ROS). While high levels of ROS cause cellular
damage, low levels of ROS have crucial physiological intracellular signalling
functions and also improve systemic defence mechanisms by inducing adaptive
responses or mitohormesis (Tapia, 2006; Ristow et al., 2014).

Recently, it has been shown that activation of mitochondrial calcium-activated
potassium (mito KCa) channels mediated neuroprotection and attenuated mi-
tochondrial dysfunction in different models of oxidative toxicity (Dolga et al.,
2013; Gáspár et al., 2009). In particular, activation of small-conductance
calcium-activated potassium (SK/KCa) channels preserved cell survival in con-
ditions of oxidative stress by attenuating mitochondrial calcium uptake, pre-
venting opening of the mitochondrial permeability transition pore and, thereby,
inhibiting the release of apoptosis inducing factor (Dolga et al., 2013). In a
previous study, it was observed that SK channel activation alone induced a
mild increase in mitochondrial ROS levels (Honrath et al., 2017), leading to
the hypothesis that SK channels might render neuroprotective effects via mi-
tohormesis (Ristow et al., 2014; Tapia, 2006).

In the presence of glucose, cells are able to use both glycolysis and the mito-
chondrial Oxidative Phosphorylation System (OXPHOS) to meet their ener-
getic demands. Many cell models cultured in vitro generate almost all ATP via
glycolysis despite a fully functional mitochondrial OXPHOS system. This phe-
nomenon called the Crabtree effect (Crabtree, 1929), describes cells as more re-
sistant to stress targeting mitochondrial functions. In galactose-based medium
where no glucose is present, galactose enters glycolysis via the Leloir pathway at
a much slower rate than glucose, preventing ATP production via rapid glucose-
to-pyruvate conversion (Frey, 1996). The cells are therefore forced to rely on
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OXPHOS metabolism for energy production (Robinson et al., 1992). As a
consequence, replacing media glucose with galactose increases susceptibility to
mitochondrial toxicants (Marroquin et al., 2007). Cell culture medium where
glucose is replaced by galactose is a common experimental practice to prevent
glycolysis up-regulation, limit metabolic flexibility and induce metabolic stress
(Rossignol et al., 2004; Iannetti et al., 2018). This also allows to study mi-
tochondrial metabolic functionality in a partially isolated experimental model
where compensatory mechanisms are limited.
The work presented here is part of a wider research project investigating
whether SK channel activation and protection from ferroptosis happened via
mitohormesis (Krabbendam et al., 2017 submitted). Ferroptosis is a non-
apoptotic form of cell death associated with formation of lipid peroxides and,
according to recent findings, also with mitochondrial dysfunction (Neitemeier
et al., 2017; Gao et al., 2018)
In this part of the research, we studied phenotypical consequences induced
by SK channel activation to validate a metabolic shift to a more glycolytic
metabolism induced by SK channel activation and protection from ferroptosis.
In order to answer this research questions, we used the mouse hippocampal
neuronal cell line HT22 that has been proven to be a good model to study
oxidative stress and cellular neurodegenerative mechanisms, including oxytosis
and ferroptosis (Neitemeier et al., 2017). CyPPA, a pharmacological positive
SK channel modulator was used to induce opening of SK channels and study
its consequence at the level of mitochondrial and cellular morphofunctional
phenotype in glucose or galactose containing media.
Our results indicate that inhibiting glucose up-regulation by using galactose-
based medium, SK channel activation induces more severe mitochondrial phe-
notypical aberration as compared to a condition of glucose availability. This,
together with the additional data from the rest of the research (Krabbendam
et al., 2019) indicates that CyPPA-mediated effects on mitochondrial function
and cell survival are linked to glycolytic events.
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5.2 Materials and methods

5.2.1 Cell culture

Mouse Hippocampal Neuronal Cell Line HT22 cells were cultured in cell culture
medium prepared supplementing DMEM, high glucose (#41965039; Thermo
Fisher) with: 10% (v/v) Fetal Bovine Serum (FBS; #758093; Greiner Bio-
One, Kremsünster, Austria), 100 IU/ml penicillin/streptomycin (#30-002-CI;
Corning). The assay medium was prepared supplementing DMEM, no glu-
cose, no glutamine, no phenol red (#A1443001; Thermo Fisher) with: 1
mM sodium pyruvate (#11360070, Life Technologies, Carlsbad, CA, USA),
1 mM L-glutamine (GlutaMAX R©; #35050061; Thermo Fisher), 10% (v/v) Fe-
tal Bovine Serum (FBS; #758093; Greiner Bio-One, Kremsmünster, Austria),
10mM HEPES (#15630080; Thermo Fisher), 100U/ml penicillin/streptomycin
(#30-002-CI; Corning), 0.05mM Phenol Red (#3532; Sigma-Aldrich) and
25.5mM glucose (#G8270; Sigma-Aldrich, St. Louis, MO, USA) for sglucose
assay medium or 25.5mM galactose (#G0750, Sigma-Aldrich) for galactose as-
say medium. Glucose and galactose assay media were stored at 4◦C in the
dark for a maximum of one month.
SK2 channels were pharmacologically activated with the selective SK2/SK3
channel activator NCyclohexyl-N-[2-(3,5-dimethyl-pyrazol-1-yl)-6-methyl-4-
spyrimidinamine (CyPPA). CyPPA was freshly dissolved in DMSO and diluted
in assay medium to a final concentration of 1µM before every experiment.
Cells were seeded in culture medium in black 96-well plates (#655090, Greiner
Bio-one) at a density of 4,000 cells/well, and incubated overnight in a humid-
ified atmosphere (95% air, 5% CO2) at 37◦C. The next day, culture medium
was removed and glucose or galactose assay medium was added. Then, the
cells were cultured in these media for 24h and 48h when mitochondrial and
cellular morphofunctional analysis was performed.
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5.2.2 Mitochondrial and cellular morphofunctional assay

Fluorescence microscopy images were acquired from 96-well plates (#655090,
Greiner Bio-One) using a BD Pathway 855 R© High-Content Bioimager (Becton
Dickinson, Franklin Lakes, NJ, USA) using a protocol previously described
(Iannetti et al., 2016). A minor adjustment introduced in the protocol was
related to the microscope exposure time during image acquisition. An op-
timal exposure time of 0.2 s was empirically determined. All other settings
were as previously described. In brief, cells were co-stained with three fluo-
rescent membrane-permeable chemical reporters: TMRM (Tetramethyl rho-
damine methyl ester, #T668, Invitrogen), Calcein-AM (#65-0853-39; Thermo
Fisher) and Hoechst 33258 (#94406, Invitrogen). TMRM is a cation that
accumulates in the mitochondrial matrix according to the magnitude of the
MMP (depicted in white). Calcein-AM passively accumulates in the cytosol
and upon esterase-mediated cleavage of its AM (acetoxymethyl) ester tail it
becomes green fluorescent. Hoechst 33258 binds to the AT base pairs in the
minor groove of double-stranded DNA greatly increasing its blue fluorescence
signal.

5.2.3 Image processing, data analysis and statistics

For the mitochondrial and cellular morphofunctional analysis the image pro-
cessing, quantification and data extraction was performed using Image Pro
Plus R© software (Media Cybernetics, Rockville, MD, USA) and MATLAB R©

scripts (Mathworks, Natick, MA., USA), as previously described (Iannetti
et al., 2016). A minor adjustment introduced in the protocol during image
processing was related to the threshold value to yield binary images (Fig
5.1B). An optimal threshold value of 60 gray values was empirically deter-
mined. All other settings were as previously described. Data analysis was per-
formed using Graphpad PRISM R© software (Graphpad Software, San Diego,
CA, USA). Three independent experiments with sixteen technical replicates
each experiment, for a total of forty-eight replicates per conditions, were per-
formed. Statistical significance was assessed using one-way analysis of variance
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(ANOVA) followed by Tukey’s comparison (GraphPad Prism 5.0), unless oth-
erwise stated. P-values indicating statistically significant differences between
the mean values are defined as follows: ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p <
0.001. Data are presented as mean ± standard deviation (SD).

Figure 5.1: Representative microscopy images and TMRM image pro-
cessing. A) Representative panel of microscopy images of HT22 cells in different
conditions (glucose and galactose, vehicle and CyPPA (1µM)) and time points (24h
and 48h) where TMRM is visualized in white, calcein in green and Hoechst in blue
are overlayed. B) Image processing of TMRM-stained HT22 cells; original image
recorded from the microscope (RAW); Binary image (BIN); Masked image (MSK).

5.3 Results

5.3.1 SK channel activation exerts differential effects in glu-
cose and galactose-based media

In order to delineate the different effects of the SK channel activation on
mitochondria phenotypical homeostasis in the presence of cell culture me-
dia containing glucose or galactose, automated quantification of mitochondrial
‘morphofunction’ (i.e., morphology and membrane potential), cellular parame-
ters (size, confluence) and nuclear parameters (number, morphology) was per-
formed. In this study, we focused specifically on the effects of CyPPA in glucose
versus galactose media rather than on the differential effects of the two media
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themselves that has been already addressed somewhere else in different cell
models (Iannetti et al., 2018).

Our protocol, based on high content automated fluorescence live cell microscopy,
developed in intact living primary human skin fibroblasts (PHSFs) (Iannetti
et al., 2016) was here applied to neuronal HT22 cells. The phenotypical charac-
terization was performed upon SK channel pharmacological activation induced
by 24h and 48h of CyPPA treatment. In particular the cell-permeant, cationic,
fluorescent dye TMRM was used as reporter for both mitochondrial morphol-
ogy and mitochondrial membrane potential (mitochondrial morphofunction)
that together can be considered a readout of mitochondrial health (Iannetti
et al., 2016). Two additional cell-permeant fluorescent reporters, calcein and
hoechst, were also used to co-assess cellular and nuclear parameters, respec-
tively. A representative panel of microscopy images of the different conditions
and time points is shown in figure 5.1A (TMRM in white, calcein in green and
hoechst in blue). Image processing (TMRM image processing is shown in Fig.
5.1B) and data extraction was performed as described in our protocol with
minor adjustments as described in materials and methods.

Univariate analysis of selected descriptors of biological interest was performed
(Figure 5.2). To study mitochondrial morphology, we looked at two descrip-
tors, “1. Aspect ratio” and “13. Roundness”, respectively a combined measure
of mitochondrial length and degree of branching. “1. Aspect Ratio” was sig-
nificantly reduced in cells treated with CyPPA in galactose while the same
treatment did not have any significant effect in glucose after both 24h and 48h
of treatment. “13. Roundness” was significantly reduced upon CyPPA treat-
ment in both glucose and galactose -based cell media both at 24h and 48h.
Reduction of both aspect ratio and roundness upon CyPPA treatment indi-
cated a reduction of mitochondrial length and branching, therefore a shift of
the mitochondrial network from a tubulated towards a more fragmented mor-
phology induced by SK activation. This effect on mitochondrial morphology
is enhanced in galactose medium where a decreased was described in both the
descriptors (1. Aspect Ratio” and “13. Roundness”).

Two derived descriptors, “39. Cell Mito Ratio” and “42. Norm Cyto Area” re-
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spectively reflecting a measure of mitochondrial mass and a measure of average
cell size, were also analyzed. “39. Cell Mito Ratio” was significantly reduced
in cells treated with CyPPA in galactose at both 24h and 48h of treatment,
while the treatment had an effect in glucose only after 48h. “42. Norm Cyto
Area” was increased following CyPPA treatment in both glucose and galactose
medium at both time points. These data would indicate that CyPPA treat-
ment induced a cell size increase that is not coupled with a mitochondrial mass
increase but rather with a decrease of it. These phenotypical changes, CyPPA
induced, are again more pronounced in galactose as compared to glucose.
The average mitochondrial fluorescent intensity of the TMRM signal “4. Den-
sity Mean” was also analyzed to monitor mitochondrial functionality and esti-
mate mitochondrial membrane potential. CyPPA treatment both at 24h and
48h reduced the mitochondrial fluorescent signal in both glucose and galactose
medium. However, the reduction is more severe in glucose medium rather than
in galactose. This is consistent with the data measured with a different com-
bination of technology and probe: TMRE/FACS (Krabbendam et al., 2019),
submitted versus TMRM/microscopy presented here. As an indirect measure
of cell viability, by looking at calcein and hoechst staining, cell confluence
and density “34. Casum” and number of cell nuclei “36. Nn” were studied.
Cell density (“34. Casum”) was not affected by CyPPA treatment in neither
glucose nor galactose medium at 24h, but a significant decrease was observed
after 48h in both the media. The number of cell nuclei (“36. Nn”), was slightly
reduced by CyPPA treatment in galactose medium, however, not in glucose
medium at 24h. After 48h, in both media the number of nuclei was reduced
upon CyPPA treatment. Also, these two descriptors, indirectly describing cell
viability, indicates a more sever effect of CyPPA in galactose as compared to
glucose.
Overall, these data indicate that cells growing in galactose-based medium,
where glycolysis up-regulation is inhibited, are more sensitive to phenotypi-
cal perturbation induced by SK channel activation as compared to cells with
glucose availability.

102



5

Mitochondrial morphofunctional characterization of neuronal HT22 cells in
response to SK channel activation in galactose based-medium

Figure 5.2: SK channel activation effects on mitochondrial and cellular
morphofunction. Mitochondrial and cellular morphofunction descriptors extracted
by high content microscopy images recorded in cells growing in glucose- and galactose-
based media treated with CyPPA (vehicle, 1µm) are shown. Descriptors numbers are
identified accordingly to the original code in “TABLE 1. Descriptors calculated for
each well” (Iannetti et al., 2016).
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Figure 5.2: A) Mitochondrial geometrical descriptors, “1. Aspect ratio” and “13.
Roundness”, extracted from the TMRM images. B) Derived descriptors, “39. Cell
Mito Ratio” and “42. Norm Cyto Area”, calculated by numerical integration of de-
scriptors extracted from TMRM, calcein and hoechst images. C) Cellular and nuclear
descriptors, “34. Casum” and number of cell nuclei “36. Nn”, extracted from calcein
and Hoechst images. (D) Average mitochondrial fluorescent intensity of the TMRM
signal, “4. Density Mean”, as estimation of mitochondrial membrane potential. Data
are presented as mean ± SD, n = 3, ∗∗p < 0.01, ∗∗∗p < 0.001 versus glucose alone,
#p < 0.05, ##p < 0.01, ###p < 0.001 versus galactose only treated cells.

5.4 Discussion

In this study we showed a specific mitochondrial susceptibility increase upon
activation of SK channel chemically induced by CyPPA in galactose-based
medium as compared to glucose-based medium. This hyper sensitivity was
shown in mitochondrial morphology and cell viability descriptors, while sur-
prisingly not at the level of mitochondrial membrane potential, that was less
affected in galactose as compared to glucose medium. This might be explained
by the fact the mitochondrial membrane potential, being already dramatically
compromised from the galactose medium itself (50% drop), is less suscepti-
ble to extra toxicants as CyPPA because minimum mitochondrial membrane
potential has to be maintained to avoid the complete collapse of the mitochon-
drial functionality. Using HT22 cells growing either in glucose or galactose,
we delineated consequences of the ability of cells to use glycolysis or not as
an energy source in conditions of SK channel activation. This phenotypical
mitochondrial and cellular morphofunctional analysis presented here, is part
of a wider study recently submitted for publication Krabbendam et al., 2019
that together with a previously published study (Honrath et al., 2017) shows
that the activation of SK channels provides protection against ferroptosis or
oxidative stress-induced cell death by mitohormesis that initiate a metabolic
shift towards glycolysis.
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6.1 Introduction

Oxidative phosphorylation (OXPHOS) is carried out by five protein complexes
(CI-CV) and constitutes a prime source of mitochondrial ATP (Smeitink et al.,
2001). OXPHOS dysfunction and isolated CI deficiency (OMIM 252010) is
often associated with Leigh Syndrome (LS), a rare metabolic disorder with
poorly understood pathophysiology (Pfeffer et al., 2013; Koopman et al., 2016;
Nightingale et al., 2016; Gorman et al., 2016; Rodenburg, 2016). Function-
ally, CI couples the transfer of electrons from NADH to oxidized ubiquinone-
10 to the transport of H+ from the mitochondrial matrix across the mito-
chondrial inner membrane (MIM).This process provides the electron transport
chain (ETC) with reducing equivalents to sustain a trans-MIM pH gradient
(∆pH) and electrical potential (∆ψ). Moreover, CI action allows operation
of the tricarboxylic acid (TCA) cycle by NADH-to-NAD+ recycling (Vino-
gradov and Grivennikova, 2001; Christensen et al., 2014; Titov et al., 2016;
Hosios and Vander Heiden, 2018). We previously demonstrated that primary
skin fibroblasts of pediatric LS patients exhibit disturbed calcium/ATP home-
ostasis (Willems et al., 2008), partial ∆ψ depolarization (Distelmaier et al.,
2009b), altered mitochondrial morphology (Koopman et al., 2007a), and in-
creased reactive oxygen species (ROS) levels (Verkaart et al., 2007a). How-
ever, we neither detected increased lipid peroxidation nor alterations in thiol
redox state in LS cells (Verkaart et al., 2007a). It was hypothesized that mi-
tochondrial (CI-mediated) NADH recycling is required to prevent "reductive
stress” (as opposed to "oxidative" stress) and allow cell proliferation (Titov
et al., 2016). Various CI deficiency models display an apparent reduction in
NAD+/NADH ratio (Verkaart et al., 2007a; Valsecchi et al., 2012; Karaman-
lidis et al., 2013), compatible with the key role of CI in oxidizing NADH to
NAD+ (Brandt, 2006) and supporting the reductive stress hypothesis. In pri-
mary skin fibroblasts, the free cytosolic NAD+/NADH ratio is coupled to the
lactate/pyruvate (L/P) ratio (Christensen et al., 2014; Robinson, 1996). Com-
patible with the reductive stress idea, patients with CI deficiency displayed a
mild/severe lactic acidemia paralleled by an increased L/P ratio in the cor-
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responding skin fibroblasts (Pitkanen and Robinson, 1996). In CI-inhibited
human skin fibroblasts and other cell models of CI deficiency a parallel in-
crease in lactate production and glycolytic flux was demonstrated (Valsecchi
et al., 2012; Forkink et al., 2014; Distelmaier et al., 2015; Liemburg-Apers
et al., 2015, 2016). Although the latter is important to sustain cell viability, it
might prevent triggering or interfere with the detection of other relevant con-
sequences of CI deficiency(Schöckel et al., 2015; Basit et al., 2017). Here we
studied the cellular effects of genetic CI deficiency by comparing control and LS
patient primary skin fibroblasts cultured in (pyruvate-free) glucose-containing
or galactose-containing media. The latter enters glycolysis via the Leloir path-
way at a much slower rate than glucose, preventing ATP production via rapid
glucose-to-pyruvate conversion (Robinson et al., 1992; Frey, 1996). We demon-
strate that glucose-by-galactose replacement specifically induces the death of
LS fibroblasts, and that this dead is rescued by pyruvate and exogenous NAD+

(eNAD) via different mechanisms.

6.2 Materials and methods

6.2.1 Cell lines

Fibroblasts were obtained following informed parental consent and according to
the relevant Institutional Review Boards from skin biopsies of healthy individ-
uals and various Leigh Syndrome (LS) patients with isolated complex I (CI) de-
ficiency (OMIM 252010). These cell lines were previously fully characterized at
the genetic, biochemical and cellular level in our group (reviewed in ref. Distel-
maier et al., 2009b). Control cell lines included: #CT5120 (“CT1”), #CT5119
(“CT2”), and #CT5118 (“CT3”), which all displayed a similar and normal phe-
notype during their previous characterization (reviewed in ref. Distelmaier
et al., 2009b). Patient cell lines harbored mutations in various genes encoding
CI structural subunits: #P5175 (“S7”, NDUFS7-V112M mutation), #P6603
(“S8”, NDUFS8-R94C mutation), and #P5866 (“V1”, NDUFV1-R59X/T423M
mutations). S8 cells display a very low residual CI activity (i.e., 18% of the low-
est control value) whereas this activity is higher for S7 (68%) and V1 (64%)

107



Chapter 6:

fibroblasts (Koopman et al., 2007a). Fibroblasts were cultured in Medium
199 (M199; #22340–020; Thermo Fisher Scientific, Waltham, MA, USA) in a
humidified atmosphere (95% air, 5% CO2) at 37◦C. This medium contained
no pyruvate, 25 mM HEPES, 5.5 mM D-glucose, 0.7 mM L-glutamine, and
0.05 mM phenol red. To this medium was added: 10% (v/v) Fetal Bovine
Serum (FBS; #758093; Greiner Bio-One, Kremsmünster, Austria), 100 IU/ml
penicillin/streptomycin (#30–002-CI; Corning, NY, USA). Cells were passaged
every 4–5 days when reaching 90% confluence by trypsinization (#15400054;
Corning) and were mycoplasma negative (Mycoalert R© mycoplasma detection
kit; Lonza, Allendale, NJ, USA).

6.2.2 Preparation of glucose and galactose media

As a starting point we used DMEM without glucose, pyruvate, glutamine
and phenol red (#A1443001; Thermo Fisher). From this DMEM a “glucose
medium” was prepared by adding 5.5 mM glucose (#G8270; Sigma-Aldrich,
St. Louis, MO, USA). Similarly, a “galactose medium” was prepared by adding
5.5 mM galsactose (#G0750, Sigma-Aldrich). To both the glucose/galactose
media was added: 1 mM L-glutamine (GlutaMAX R©; #35050061; Thermo
Fisher), 10% (v/v) dialyzed Fetal Bovine Serum (FBS; #26400044; Thermo
Fisher), 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfoni acid (HEPES;
#15630080; Thermo Fisher), 100 IU/ml penicillin/streptomycin (#30–002-CI;
Corning), and 0.05 mM Phenol Red (#3532; Sigma-Aldrich). Glucose and
galactose media were stored at 4◦C in the dark for a maximum of 1 month.

6.2.3 Medium additions

In certain experiments (one of) the following compounds was/were added to
the medium: sodium pyruvate (#11360070, Life Technologies, Carlsbad, CA,
USA), L-aspartic acid (#A7219, Sigma-Aldrich), 2-ketobutyric acid (#K401,
Sigma-Aldrich), oxaloacetic acid (#O4126, Sigma-Aldrich), sodium L-lactate
(#L7022, Sigma-Aldrich), L-(-)-malic acid (#M1000, Sigma-Aldrich), sodium
succinate dibasic hexahydrate (#S9637, Sigma-Aldrich), dimethyl
α-keto-glutarate (#349631, Sigma-Aldrich), uridine (#U3003, Sigma-Aldrich),
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β-nicotinamide adenine dinucleotide hydrate (#43410, Sigma-Aldrich), Oleamide
(#O2136, Sigma-Aldrich). These compounds were dissolved directly in the
medium after which its pH was adjusted to 7.2 with NaOH. Media were freshly
prepared prior to each experiment.

6.3 Cell functional and viability analysis

Cells were suspended in M199 culture medium, seeded in black 96-well plates
(#655090, Greiner Bio-one) at a density of 2500 cells/well, and incubated
overnight in a humidified atmosphere (95% air, 5% CO2) at 37◦C. On the
next day, M199 culture medium was removed, cells were washed twice during
1 min with PBS and glucose or galactose medium was added.Then, the cells
were cultured in these media and analyzed at 24h (functional analysis) and
96h (cell viability analysis).

6.4 Live-cell high-content microscopy

Fluorescence microscopy images were acquired from 96-well plates using a BD
Pathway 855 R© High-Content Bioimager (Becton Dickinson, Franklin Lakes,
NJ, USA) using a protocol described previously (Iannetti et al., 2016). For
viability analysis, cells were stained with (a combination of) Calcein-
AM (#65–0853–39; Thermo Fisher) and Hoechst 33258 (#94406, Invitro-
gen). Calcein-AM is membrane-permeable and accumulates in the cytosol upon
esterase-mediated cleavage of its AM (acetoxymethyl) ester tail. Hoechst 33258
is also membrane-permeable and binds to the AT base pairs in the minor groove
of double-stranded DNA, which greatly increases its fluorescence signal. For
integrated analysis of cellular and mitochondrial morphological/functional pa-
rameters (“morphofunction”; Table S1), cells were co-stained with Calcein-AM,
Hoechst 33258, and TMRM (Tetramethyl rhodamine methyl ester, #T668, In-
vitrogen). The latter is a fluorescent lipophilic cation that accumulates in the
mitochondrial matrix depending on the magnitude of the mitochondrial mem-
brane potential (∆ψ). Importantly, under our experimental conditions TMRM
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operated in non-quenching mode and was present in the medium during image
acquisition (Iannetti et al., 2016). Calcein, Hoechst, and TMRM images were
quantified as described in detail previously (Iannetti et al., 2016).

6.4.1 Quantification of total cellular ATP and NAD+ content

Using a ×10 objective (UPlanSApo, NA 0.4, Olympus, Leiderdorp, The Nether-
lands), 96-well plates were imaged and the total number of Calcein-positive pix-
els (“Casum”) was determined from the center of each well (2×2 image montage;
4 images in total) by live-cell high-content microscopy (see above). Next, the
total cellular ATP content was determined using the CellTiter-Glo R© Lumines-
cence Cell Viability Assay according to the manufacturer’s protocol (#G7570,
Promega Corporation, Madison, WI, USA). Luminescence signals were quan-
tified using a scanning microplate reader (FLUOstar Omega R©, BMGLabtech,
Cary, NC, USA). This signal was divided by Casum for each well to nor-
malize for the total cell volume in each well. The latter is possible given
the flat morphology of the fibroblasts (i.e., their dimensions in the XY direc-
tion greatly exceed their height in the Z-direction; Koopman et al., 2005c).
In certain experiments, cells were pre-incubated for 20 min with 10 µM of
Oligomycin A (#O4876, Sigma-Aldrich) prior to ATP quantification20. Total
cellular NAD+ content was determined using the NAD/NADH-Glo R© Lumi-
nescence Assay (#G9071, Pro-mega) according to the manufacturer’s protocol
and quantified as described for the ATP measurement.

6.4.2 Reactive oxygen species measurement

The levels of cellular reactive oxygen species (ROS) were measured in 96-well
plates by quantifying the oxidation of two ROS reporter molecules (Forkink
et al., 2010, 2015; Oparka et al., 2016): 5-(and-6)-chloromethyl-2’,7’-dichloro
dihydrofluorescein diacetate (CM-H2DCFDA, #C6827, Thermo Fisher) and
Hydroethidine (HEt, #D11347, Thermo Fisher). To this end, the cells were
stained in DMEM medium (#A1443001; Thermo Fisher), which was supple-
mented with 10 mM HEPES (#15630080; Thermo Fisher) and contained either
CM-H2DCFDA (1 µM) or HEt (10 µM) for 30 min (37◦C, 5% CO2) in the
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dark. After this incubation, cells were washed twice with and placed in Dul-
becco’s phosphate-buffered saline (DPBS containing calcium and magnesium,
#14040133, Thermo Fisher). Next, fluorescence signals were visualized using
the high-content microscopy system described above (2×2 image montage; 4
images in total) using a ×20 objective (UApo/340, NA 0.75, Olympus). Fol-
lowing acquisition, each image (RAW) was processed using the rolling ball
algorithm28 with a feature width of 80 pixels to generate a background (BG)
image. Next, the BG image was subtracted from the RAW image to obtain a
background-corrected (COR) image. Noise pixels were removed from the COR
image using a median filter (MED, 3×3 kernel, 2 passes). Then the image was
thresholded using a cut-off of 20 gray values yielding a binary (BIN) image.
The latter was combined with the COR image using a Boolean AND operation
(Iannetti et al., 2016) to obtain a masked (MSK) image. In the latter image,
the average fluorescence intensity was quantified by dividing the integrated
pixel intensity (gray value) by the total number of pixels. This parameter
is computationally equivalent to CaIOD/Casum (Table S1) and reflects the
average cllular fluorescence intensity of the ROS reporter molecule.

6.4.3 Data analysis

Image visualization, processing and quantification was carried out using Im-
age Pro Plus R© software (Media Cybernetics, Rockville, MD, USA) and cus-
tom MATLAB R© algorithms (Mathworks, Natick, MA., USA), as described
in detail previously (Iannetti et al., 2016). Data visualization and analysis
was performed using Origin Pro R© (OriginLab, Northampton, MA, USA) and
Graphpad PRISM R© software (Graphpad Software, SanDiego, CA, USA). The
number of independent experiments and replicates are indicated by N and
n, respectively. Unless stated otherwise, data from multiple experiments is
presented as the mean ± standard error of the mean (SEM) and statistical
significance was assessed using an independent two-population Student’s t-test
with Bonferroni correction (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).
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6.5 Results

6.5.1 Galactose specifically induces death of LS fibroblasts in
a time-dependent manner

Figure 6.1: Galactose specifically reduces the viability of LS fibroblasts in
a time-dependent manner. A) Time-dependent effect of glucose and galactose
in LS fibroblasts (S8 cells shown as a typical example). The cells were co-stained
with Calcein-AM and Hoechst 33258 to visualize the cytosol and nuclei, respectively.
Image processing was applied to calculate “masked” (MSK) and black-and-white “bi-
nary” (BIN) images (see Results for details). B) Time-dependent analysis of control
(CT1) and LS cells (S7, S8, V1) cultured in glucose-containing or galactose-containing
medium (N = 1, n ≥ 2). The y-axis represents C%, the percentage of total pixels
in the BIN image that was Calcein-positive. C% is a measure of cell confluence. C)
Same as b but now for the number (Nn) of Hoechst-positive objects (nuclei; middle
panel), calculated from the Hoechst BIN image. Nn is used as a measure of cell num-
ber. D) Same as b but now for the total number of Calcein-positive pixels (Casum; a
measure of cell area) divided by the number of nuclei (Nn). This reflects the relative
size of the cells (expressed as % of CT1 in glucose at 0 h). Results for the individual
cell lines are presented in Fig. S1, S2, S3, S4.

Fibroblasts from control subjects (CT1, CT2, CT3) and LS patients with iso-
lated CI deficiency (S7, S8, V1) were routinely cultured in glutamine-containing
DMEM without pyruvate to which 5.5 mM glucose or galactose was added. Vi-
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ability analysis revealed that control cells proliferated in glucose and galactose
medium (Fig. 6.1b), whereas LS cells proliferated in glucose medium but died
in galactose medium (Fig. 6.1a). CT1 and LS cells gradually decreased in
size in glucose and galactose medium (Fig. 6.1d). These results demonstrate
that glucose-by-galactose replacement specifically reduces the viability of LS
cells relative to CT1 cells in a time-dependent manner. However, performing
experiments over a time course of 18 months (Table S2) revealed that S8 pa-
tient cells invariably died in galactose medium, whereas death was variably
induced in S7 and V1 cells. A correlation was observed between the time point
at which a freshly prepared galactose medium was used for the first time and
a change in the galactose-induced killing efficiency (Fig. S6). Since a medium
change might affect cell growth, we determined whether the LS cell seeding
density affected their galactose-induced killing at 96 h. Higher seeding densi-
ties protected LS fibroblasts against galactose-induced cell death (Fig. 6.2a).
Therefore, we routinely seeded 2500 cells/well and only analyzed experiments
where glucose-by-galactose replacement significantly reduced LS cell viability.
This yielded consistent results (Fig. 6.2b), allowing cell functional and viabil-
ity analyses (Fig. 6.2c). Given the similar response to galactose with in the
control and LS patient cell group (Fig. 6.2b) we compared CT1 with average
LS cell data in the remainder of the study (the full dataset is presented in the
Supplementary materials).

6.5.2 Galactose-induced death of LS fibroblasts is rescued by
specific metabolites in an oleamide-sensitive manner

Galactose-induced LS cell death was dose-dependently inhibited by pyruvate
in the presence of glutamine and vice versa (Fig. 6.2d, e). Supplementa-
tion of the galactose medium with malate, oxaloacetate, α-ketoglutarate or
aspartate also (partially) rescued LS cell death (Fig. 6.2f, g). Lactate, suc-
cinate, α-ketobutyrate or uridine displayed no rescue (Fig. 6.2f, g). None
of the metabolites affected LS cell viability in glucose medium (Fig. S7a).
Various rescuing metabolites (e.g. pyruvate, oxaloacetate, α-ketoglutarate) in-
creased cellular NAD+ content (iNAD; Fig. 6.3a). Although α-ketobutyrate
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Figure 6.2: The viability of LS fibroblasts is reduced in galactose medium
in a cell density-dependent manner and rescued by specific metabolites. .
(Caption continues on next page.)
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Figure 6.2: A) Effect of cell seeding density on the galactose-induced reduction in
viability of LS cells (S7, S8, V1; measured at 96 h; N = 1, n = 8). B) Specificity
of the galactose-induced reduction in viability (2500 cells seeded; measured at 96 h;
N = 3, n ≥ 12) for LS cells relative to CT cells (CT1, CT2, CT3)C) Experimental
protocol used in this study to quantify the effects of galactose and other treatments
on control and LS cells. D) Dose dependent rescue of the galactose-induced reduction
in viability of LS cells (S7, S8, V1) at 96 h by pyruvate in the presence of a constant
glutamine concentration (N = 3, n ≥ 9). The EC50 value was determined by fitting a
Hill equation to the data (R2 = 0.97). e) Same as d, but now for the dose-dependent
effect of glutamine in the presence of a constant pyruvate concentration (N = 3, n
≥ 18). The EC50 value was determined by fitting a Hill equation to the data (R2 =
0.98). f) Rescuing effect of specific metabolites on the galactose-induced reduction
in LS cell viability (96 h; Calcein MSK images for patient S7 are shown as a typical
example): sodium pyruvate (10 mM), sodium L-lactate (10 mM), sodium succinate
dibasic hexahydrate (10 mM), L-(-)-malic acid (10 mM), oxaloacetic acid (10 mM),
dimethyl α-ketoglutarate (10 mM), 2-ketobutyric acid (10 mM), L-aspartic acid (15
mM), and uridine (1 mM). The “+” conditions reflect combined galactose + metabolite
treatment. g) Quantification of the rescuing effect of the metabolites (N = 3, n ≥
18) in LS patient cells (S7, S8, V1) at 96 h (N = 3, n ≥ 18). Statistics: ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001, relative to the marked conditions (a, b, c). Results for the
individual cell lines are presented in Fig. S6, S7.

also increased iNAD (Fig. 6.3a), galactose-induced LS cell death was not res-
cued (Fig. 6.2g). This demonstrates that the rescuing effects of the above
metabolites are not unequivocally linked to increased iNAD levels. Next, we
evaluated the effect of extracellular NAD+ (eNAD) on iNAD (Pittelli et al.,
2011) and cell viability. Adding eNAD to the galactose medium increased
iNAD (Fig. 6.3b) and rescued galactose-induced LS cell death (Fig. 6.3c,
d). This rescue was prevented by oleamide (Fig. 6.3e), an inhibitor of gap-
junction hemichannel-mediated NAD+ entry34. These findings demonstrate
that eNAD application increases iNAD and inhibits galactose-induced death
of LS cells via an oleamide-sensitive mechanism.

6.5.3 Rescue of galactose-induced death of LS fibroblasts by
eNAD is enhanced by pyruvate

Supplementation with eNAD increased iNAD levels to a greater extent than
pyruvate supplementation (Fig. 6.3a, b). However, pyruvate rescued galactose-

115



Chapter 6:

Figure 6.3: Exogenous NAD+ (eNAD) rescues the galactose-induced re-
duction in cell viability and intracellular NAD+ (iNAD) content in LS
fibroblasts. A) Dose-dependent effect of extracellular sodium pyruvate (10 mM),
oxaloacetic acid (10 mM), dimethyl α-ketoglutarate (10 mM), 2-ketobutyric acid (10
mM), and L-aspartic acid (15 mM) on intracellular NAD (iNAD) levels in LS cells
(24 h; N = 1, n = 3). B) Dose-dependent effect of extracellular NAD (eNAD; β-
nicotinamide adenine dinucleotide hydrate) on intracellular NAD (iNAD) levels (24
h; N =1, n ≥ 6). (Caption continues on next page.)
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Figure 6.3: C) Dose-dependent rescue of the galactose-induced reduction in viability
of LS cells (Calcein MSK images) by eNAD (β-nicotinamide adenine dinucleotide
hydrate; S7 shown as a typical example; 96 h). D) Quantification of the rescuing
effect of eNAD in LS patient cells (96 h; N = 2 n ≥ 9). E) Dose-dependent inhibition
of the rescuing effect of eNAD by oleamide (OLE) in LS patient cells (96 h; N = 3,
n = ≥ 6). Statistics: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, relative to the marked
condition (a, b, c, d). Results for the individual cell lines are presented in Fig. S8.

induced LS cell death to a greater extent than eNAD (e.g., Fig.6.2g and 6.3d,
e). Combination experiments demonstrated that, in the absence of pyruvate,
eNAD concentrations up to 1mM partially rescued galactose-induced LS cell
death (Fig. 6.4; red line). By itself, pyruvate inhibited galactose-induced LS
cell death to a greater extent than eNAD (Fig. 6.4; dark gray bars vs. red
line). Moreover, rescue was always larger for pyruvate + eNAD than for eNAD
alone (Fig. 6.4; light gray bars vs. red line). In contrast, pyruvate-induced
rescue was not stimulated by the presence of eNAD. These results suggest that
the rescue of galactose-induced LS cell death by pyruvate is not primarily due
to its iNAD-increasing effect.

6.5.4 Mitochondrial morphofunctional analysis demonstrates
differential effects of pyruvate and eNAD

High-content microscopy analysis (Fig. 6.5a) of TMRM/Calcein/Hoechst-
stained cells(Iannetti et al., 2016) was applied to analyze mitochondrial mor-
phology and function (“morphofunction”). This yielded 44 descriptor values
(Table S1), which were normalized to the glucose condition and visualized us-
ing a heatmap (Fig. 6.5b). Exploratory analysis (Fig. S11) revealed that: (i)
mitochondrial morphofunction is differentially affected by galactose in CT1 and
LS fibroblasts, and (ii) the galactose-induced phenotypic differences between
CT1 and LS cells disappear upon supplementation with eNAD, but not pyru-
vate. Regression analysis (Fig. S11C-D) was used to highlight the descriptors
most differentially altered between CT1 and LS cells (Fig. 6.5b; red charac-
ters). In glucose medium LS cells contained a larger number of mitochondria
(Nc) than CT1 cells (Fig. S11C). This difference was enhanced by galactose
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treatment (Fig. 6.5c). Pyruvate and eNAD supplementation inhibited the
galactose-induced Nc increase in LS cells but not in CT1 cells (Fig. 6.5c). In
glucose medium, the total mitochondrial area per cell (Amt) was higher in LS
cells than in CT1 cells and this difference was enhanced by galactose treatment
(Fig. 6.5d). Pyruvate supplementation did not prevent the galactose-induced
increase of Amt in LS and CT1 cells, whereas eNAD was effective in LS cells
but not in CT1 cells (Fig. 6.5d). Adding eNAD to the galactose medium
increased various descriptors (Dstdv, Dmax, Dmin, and Dm) in LS but not in
CT1 cells (Fig. S11E). These parameters are all related to the TMRM fluo-

Figure 6.4: Combined effect of pyruvate and exogenous NAD+ (eNAD)
on the galactose-induced reduction in cell viability of LS fibroblasts. Effect
of pyruvate and eNAD on the viability of LS cells (S7, S8, V1) cultured in galactose
medium (N = 1, n ≥ 9; 96 h). Casum, the number of white pixels in the Calcein
BIN image, was expressed as percentage of the total number of pixels for patient
S7 in glucose medium. The red line highlights the effect of eNAD in the absence of
pyruvate. Statistics: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, relative to the marked
condition (a, b, c, d, e, f, g, h, i, j, k). Results for the individual cell lines are
presented in Fig. S9.
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rescence intensity (Table S1), with Dm representing the average mitochondrial
TMRM fluorescence. In glucose medium, LS cells displayed a lower Dm than
CT1 cells, indicating a less negative ∆ψ (Fig. 6.5e). Galactose treatment in
the absence/presence of pyruvate did not affect this difference (Fig. 6.5e). In
LS cells but not CT1 cells, eNAD but not pyruvate supplementation increased
Dm, suggesting that eNAD partially restored ∆ψ (Fig. 6.5e).

6.5.5 Pyruvate and eNAD reduce the levels of CM-H2DCFDA-
oxidizing ROS

Extracellular pyruvate displays antioxidant properties in human cells35–38. In
glucose medium, LS cells displayed higher levels of CM-H2DCFDA- and HEt-
oxidizing ROS than CT1 cells (Fig. 6a, b). Galactose treatment increased
CM-H2DCFDA oxidation to a similar level in CT1 and LS cells (Fig. 6.6a)
without affecting HEt oxidation(Fig. 6.6b). Similarly, pyruvate and eNAD
lowered CM-H2DCFDA oxidation (Fig. 6.6a) without affecting HEt oxida-
tion (Fig. 6.6b). In S8 cells the glutathione precursor N-acetylcysteine (NAC)
prevented galactose-induced LS cell death, whereas the vitamin E-derivative
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) was ineffec-
tive (Fig. 6.6c, d). These results suggest that galactose-induced cell death
co-involves CM-H2DCFDA oxidizing and NAC-sensitive ROS.
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Figure 6.5: Effect of galactose, pyruvate and exogenous NAD+ (eNAD)
on mitochondrial morphofunction in LS fibroblasts. CT1 and LS cells (S7,
S8, V1) were cultured in glucose or galactose medium for 24 h and analyzed. A)
Typical microscopy images of cells stained with TMRM (mitochondria), Calcein-AM
(cytosol) and Hoechst 33258 (nuclei). B) Heatmap displaying the average value of the
morphofunctional descriptors (y-axis; normalized on the glucose condition). The left
group of panels depict results obtained using the galactose medium (CT1, S7, S8, V1,
and average patient data; AvgP). The middle group of panels depict results obtained
using the galactose + pyruvate (10 mM) and galactose + eNAD (0.1, 0.3, 1, 3, and 10
mM) medium (CT1 cells). The right group of panels is similar to the middle group
of panels but now depicting the average results obtained with LS cells. C) Values
of Nc, representing the the number of mitochondria per cell. D) Values of Amt,
representing the total mitochondrial area per cell. E) Values of Dm, representing the
average mitochondrial TMRM intensity (a measure of the mitochondrial membrane
potential ∆ψ). Statistics: Glucose and galactose conditions (CT1, S7, S8: N = 2, n
= 60; V1: N = 1, n = 12). Galactose + pyruvate condition (CT1, S7, S8, V1: N
= 1, n = 12). Galactose + eNAD condition (CT1, S7, S8, V1: N = 1, n = 12; all
concentrations). Results for the individual cell lines and detailed data analysis are
presented in Fig. S10, S11.
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Figure 6.6: Effect of galactose, pyruvate and exogenous NAD+ (eNAD)
on cellular ROS levels and of exogenous antioxidants on the viability of
LS fibroblasts. CT1 and LS cells (S7, S8, V1) were cultured in glucose or galactose
medium and analyzed at 24 h (CM-DCF fluorescence and HEt oxidation) and at 96 h
(viability). A) Effect of the various treatments on cellular ROS levels as reported by
CM-DCF fluorescence (N = 4, n ≥ 36). B) Same as A but now for HEt oxidation (N
= 4, n ≥ 36). C) Effect of the antioxidant N-acetylcysteine (NAC) on the viability
of S8 cells in galactose medium (N = 3, n = 12). D) Same as C but now for the
antioxidant Trolox (N = 3, n =12). Statistics: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001,
relative to the marked condition (a, b, c, d, e). Results for the individual cell lines
are presented in Fig. S12.
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6.5.6 Cellular ATP content decreases in galactose medium and
is normalized by eNAD but not by pyruvate in LS cells

Pyruvate and eNAD differentially affected ∆ψ in galactose-cultured LS cells
(Fig. 6.5e), potentially impacting on mitochondrial ATP production. In glu-
cose medium, the ATP content of LS fibroblasts exceeded that of CT1 cells
(Fig. 6.7a). Glucose-by-galactose replacement reduced ATP content to a
greater extent in LS cells than in CT1 cells (Fig. 6.7a). In both CT1 and
LS cells, eNAD supplementation normalized the galactose-induced reduction
in ATP content, whereas pyruvate did not (Fig. 6.7a). Preventing mitochon-
drial ATP production by the F0F1-ATPase (CV) inhibitor Oligomycin A (OLI)
reduced the ATP content of CT1 and LS cells under all conditions (Fig. 6.7b).
This demonstrates that mitochondrial ATP production is active. In glucose
medium, quantification of this ATP reduction revealed that mitochondria con-
tribute twofold less to total ATP levels in LS cells than in CT1 cells (Fig.
6.7c). Given their higher ATP level(Fig. 6.7a; white bars), this suggests that
glycolysis is more active in LS cells. Galactose treatment induced a threefold
and sixfold increase in the mitochondrial contribution to total ATP content in
CT1 and LS cells, respectively (Fig. 6.7c). Addition of eNAD did not affect the
mitochondrial ATP contribution in CT1 but further increased this parameter
in LS cells (Fig. 6.7c).
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Figure 6.7: Effect of galactose, pyruvate and exogenous NAD+ (eNAD)
on cellular ATP content and mitochondrial ATP production. CT1 and LS
cells (S7, S8, V1) were cultured in glucose-or-galactose medium for 24 h and analyzed.
A) Effect of the various treatments on the average cellular ATP content in control
(CT1) and LS cells (N = 5, n ≥ 45). B) Effect of the various treatments (see legend
in A), in the absence and presence of Oligomycin (10 µM, 30 min), on the average
cellular ATP content in control (CT1) and LS cells (N = 4, n ≥ 36). C) Effect of the
various treatments (see legend in A) on the Oligomycin-induced drop in cellular ATP
content, reflecting the contribution of OXPHOS-derived ATP production (calculated
from the data in B). Statistics: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, relative to the
marked condition (a, b, c, d, e, f). Results for the individual cell lines are presented
in Fig. S13.
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6.6 Discussion

Activation of glycolysis during CI dysfunction can mask deficiency-induced
aberrations in cell physiology (Fig. 6.8a). Here we prevented this activa-
tion by culturing CT and LS fibroblasts in pyruvate-free media containing
galactose. In glucose medium, LS fibroblasts exhibited a partially depolar-
ized ∆ψ, increased HEt and H2DCFDA oxidation and altered mitochondrial
morphology (Fig. 6.8b), compatible with our previous findings (Distelmaier
et al., 2009b). In addition, we here demonstrate that LS cells display a higher
ATP content than CT1 fibroblasts and derive less of their total ATP from
mitochondria. This suggests a mechanism in which: (i) the CI-deficient state
stimulates glycolytic lactate and ATP generation, there by reducing the mito-
chondrial contribution to cellular ATP content, and (ii) NADH levels increase
as the combined result of glycolytic upregulation and hampered mitochondrial
NADH-to-NAD+ conversion by CI (Fig. 6.8a).

6.6.1 Galactose induces specific death of LS cells

Glucose-by-galactose replacement induced the specific death of LS fibroblasts
without affecting CT1 cell viability, providing that a sufficiently low cell seeding
density was used. We speculate that cell-cell adhesion might play a role in coun-
teracting the galactose effect (Bergin et al., 2000) and/or death-suppressing
pathways might become activated at high cell densities (Reuven et al., 2013).
Galactose treatment invariably reduced the viability of S8 fibroblasts with a
low residual CI activity (18% of lowest control value) whereas variable results
were obtained with S7 and V1 cells displaying a moderate reduction in CI ac-
tivity (68–64%). This is compatible with previous findings (Robinson et al.,
1992) and suggests a mechanism in which the degree of CI deficiency deter-
mines the extent of compensatory glycolysis activation and, as a consequence,
the cellular sensitivity to glucose-by-galactose replacement. Indeed, CI inhibi-
tion dose-dependent increased lactate production in mouse fibroblasts (Yang
and Balcarcel, 2003) and NADH-cytochrome c reductase activity inversely cor-
related with the L/P ratio in primary fibroblasts from OXPHOS-deficiency
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patients (linear correlation: R =-0.61; p = 0.01; data from ref. (Pitkanen and
Robinson, 1996).

Figure 6.8: Differential effects of galactose, pyruvate and eNAD on live-
cell functional parameters in CT1 and LS fibroblasts. a) Mutations in mito-
chondrial complex I (CI) or chemical CI inhibition reduce the conversion of NADH
into NAD+ and CI catalytic activity (CIact), associated with increased NADH and
reduced NAD+ levels (“reductive stress”). The reduced CI activity is associated
with alterations in mitochondrial membrane potential(∆ψ), the levels of HEt- and
H2DCFDA-oxidizing ROS, the number of mitochondria per cell (Nc), mitochondrial
mass (Amt), mitochondrial ATP production and cellular ATP levels. As an adap-
tation to CI deficiency, glycolysis is upregulated leading to increased production of
NADH and lactate. In this study, glucose in the culture medium was replaced by
galactose to inhibit glycolysis upregulation. b) Functional changes associated with
glucose-by-galactose replacement in control (CT1) fibroblasts. The magnitude of each
change is color coded in green (no effect), orange (moderately affected) or red (highly
affected). Cell viability is indicated by pictograms. c) Same as b but now also in-
cluding the effects of pyruvate and exogenous NAD+ (eNAD) supplementation on
CT1 cells. For each measured parameter, it is indicated whether both supplements
displayed a common effect(“C”), differential effect (“D”) or no effect (“N”). The glu-
cose condition was reproduced from b. d) Same as c, but now for fibroblasts from
Leigh Syndrome (LS) patients with isolated CI deficiency. The glucose condition was
reproduced from b
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6.6.2 Pyruvate rescues galactose-induced death of LS cells

Galactose only induced specific death of LS fibroblasts in the absence of pyru-
vate. Since pyruvate is normally produced by the glycolysis pathway (Lunt
and Vander Heiden, 2011), this suggests that: (i) the reduced glycolytic flux in
galactose-treated cells induces pyruvate shortage, and (ii) this pyruvate short-
age is responsible for the specific galactose-induced death of LS cells. Pyruvate-
mediated rescue of galactose-induced LS cell death was glutamine-dependent.
However, although glutamine was present in all galactose media it did not
prevent LS cell death in the absence of pyruvate. In HeLa cells, glutamine
fuels OXPHOS-mediated mitochondrial ATP production via the TCA cycle,
providing more than half of the ATP in the presence of glucose and virtually
all ATP upon replacing glucose by galactose (Reitzer and Wice, 1979). In
addition, inhibition of the mitochondrial pyruvate carrier in cancer cells ac-
tivated glutamate dehydrogenase and rerouted the glutamine metabolism to
generate oxaloacetate and acetyl-CoA, there by sustaining TCA cycle function
(Yang et al., 2014). This situation might also be present in our galactose-
treated LS cells, where the glycolytic pyruvate production flux is expected to
be low. Alternatively, in case of OXPHOS-deficient cells with mitochondrial
DNA (mtDNA) mutations, it was proposed that impaired NADH utilization
by the mitochondrial ETC triggers reductive carbonylation of glutamine in the
cytosol catalyzed by malate dehydrogenase 1 (Gaude et al., 2018). This study
proposed a mechanism in which reduced mitochondrial NADH turnover in-
hibits the mitochondrial malate-aspartate shuttle (MAS), leading to cytosolic
NADH accumulation. The latter then induces cytosolic reductive carbony-
lation of glutamine, which provides carbons for NADH-coupled MDH1 and
thereby regulates NAD+ redox state and enhances the activity of the gly-
colysis enzyme GAPDH. This then increases glycolytic flux to enhance ATP
production in the cytosol (Gaude et al., 2018). However, since this mecha-
nism requires a highly active glycolysis pathway it is unlikely that it explains
the glutamine-dependence of the pyruvate rescue of galactose-induced LS cell
death observed in our experiments. Previous evidence suggests that inhibited
cell proliferation during ETC disruption is rescued by pyruvate supplementa-
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tion via restoration of NAD+/NADH balance mediated by lactate dehydroge-
nase in the cytosol (Titov et al., 2016; King and Attardi, 1989). Compatible
with this mechanism, we observed that pyruvate slightly increased cellular
NAD+ content. However, pyruvate also displays antioxidant activity. Here,
pyruvate rescue of galactose-induced LS cell death was paralleled by normaliza-
tion of the galactose-induced increase in CM-H2DCFDA oxidizing ROS levels
(Fig. 6.8d). In contrast, the increased levels of HEt-oxidizing ROS in LS
cells were neither stimulated further by galactose treatment nor affected by
pyruvate. This suggests that pyruvate might rescue galactose-induced LS cell
death by lowering the levels of CM-H2DCFDA-oxidizing ROS. Supporting this
idea, pyruvate protected human fibroblasts against hydrogen peroxide (H2O2)-
induced cell death, by lowering CM-H2DCFDA-oxidizing ROS levels and pre-
venting ∆ψ depolarization (Ramos-Ibeas et al., 2017). Related to this, three
other molecules that rescued galactose-induced LS cell death in the current
study (pyruvate, oxaloacetate, and α-ketoglutarate) also reduced the levels of
CM-H2DCFDA-oxidizing ROS and protected against H2O2-induced toxicity
(Sawa et al., 2017). Similarly, non-rescuing molecules in the current study
(lactate, succinate, malate, and α-ketobutyrate) were also ineffective in the
H2O2-induced toxicity model (Sawa et al., 2017). This suggests that (part of)
the rescuing effects of pyruvate, oxaloacetate, and α-ketoglutarate is due to
their antioxidant properties. Although glutamine also can act as an (in)direct
antioxidant (Yang et al., 2017), its presence in the galactose medium did not
prevent LS cell death. This means that it displays no antioxidant properties
in our experimental system and/or its medium concentration is too low. Func-
tionally,pyruvate supplementation did not affect ∆ψ, Nc, Amtorthe decreased
ATP content in galactose-treated CT1 cells (Fig. 6.8c). In galactose-treated
LS cells, pyruvate slightly reduced Nc but did not restore ∆ψ, Amt or cellular
ATP content (Fig. 6.8c). Therefore we propose that pyruvate does not rescue
galactose-induced LS cell death by restoring mitochondrial function but by
its ability to prevent the galactose-induced increase CM-H2DCFDA oxidizing
ROS levels. This means that, under galactose conditions, pyruvate rescue of LS
viability requires TCA fueling by glutamine to sustain biomolecule synthesis
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and cell proliferation (Reitzer and Wice, 1979; Yang et al., 2014).

6.6.3 eNAD rescues galactose-induced death of LS cells

For the metabolites tested in this study, their ability to rescue the galactose-
induced death of LS cells was not unequivocally paralleled by an iNAD increase.
As mentioned above, this likely relates to fact that several of these metabo-
lites also can act as antioxidants (pyruvate, oxaloacetate, and α-ketoglutarate).
However, supplementation of the galactose medium with eNAD increased iNAD
(Pittelli et al., 2011) and dose-dependently rescued LS cells from galactose-
induced death. Oleamide dose dependently and completely inhibited thee
NAD-induced rescue of galactose-induced death in LS cells, suggests that
eNAD exerts its protective effects by increasing iNAD via gap junction hemichan-
nels. Combined treatment with pyruvate and eNAD revealed that pyruvate
alone rescued galactose-induced LS cell death to a larger extent than eNAD
alone. In addition, rescue was always greater for combined pyruvate and
eNAD supplementation than for eNAD alone. Remarkably, eNAD increased
iNAD levels to a much greater extent than pyruvate. These results suggest
that the rescuing effect of pyruvate is not due to its iNAD-increasing effect,
which supports the above conclusion that pyruvate prevents galactose-induced
LS cell death by acting as an antioxidant. Similar to pyruvate, eNAD low-
ered the galactose-induced increase in CM-H2DCFDA-oxidizing ROS levels in
galactose-treated CT1 (Fig. 6.8c) and LS cells (Fig. 6.8d). Although this sug-
gests that iNAD directly lowers these ROS levels, the latter was not observed
in HeLa cells (Pittelli et al., 2011)33. At the functional level, and similar to
pyruvate, eNAD supplementation did not affect the normal ∆ψ, the normal
HEt oxidation, the moderately increased number of mitochondria per cell, the
moderately increased mitochondrial mass or the moderately decreased ATP
content in galactose-treated CT1 cells (Fig. 6.8c). In contrast, eNAD fully
restored the galactose-induced reduction in ATP content of CT1 cells. In the
case of galactose-treated LS cells, and in sharp contrast to pyruvate, eNAD
partially restored the depolarized ∆ψ and fully restored the galactose-induced
reduction in ATP content (Fig. 6.8d).
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6.7 Conclusions

Our results establish a cell-based strategy for intervention testing and analysis
of the pathophysiological consequences and adaptive responses in CI deficiency.
We propose a mechanism in which pyruvate rescues the galactose-induced
death of LS cells by directly lowering the levels of CM-H2DCFDA-oxidizing
and NAC-sensitive ROS, during which glutamine (and not pyruvate) is used
for TCA cycle fueling. In the case of eNAD, we conclude that it rescues
galactose-induced death of LS cells by partially restoring ∆ψ depolarization
and fully normalizing their greatly reduced cellular ATP content. This is com-
patible with CI-deficient LS cells suffering from galactose-induced reductive
stress. Whether NAD+ lowers the levels of CM-H2DCFDA-oxidizing ROS by
reducing mitochondrial ROS production or via (indirectly) acting as an an-
tioxidant remains to be determined.
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Supplementary

Table S1: Meaning of descriptors extracted from Calcein/Hoechst/TMRM images.

130



6

Rescue from galactose-induced death of Leigh Syndrome patient cells by
pyruvate and NAD+

Table S2: Analysis of experimental variability in glucose and galactose viability
experiments.
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Figure S1: Magnification of the MSK image in panel A (96 h) of Fig. 6.1A
for S8 patient fibroblasts. It depicts the co-localization of Calcein (green) and
Hoechst (purple) staining for the glucose and galactose condition.
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Figure S2: Galactose specifically reduces the viability of LS fibroblasts in a
time-dependent manner. The cells were co-stained with Calcein-AM and Hoechst
33258 to visualize the cytosol and nuclei, respectively. Image processing was applied
to calculate “masked” (MSK) and black-and-white “binary” (BIN) images (see Results
for details). A time-dependent analysis was performed (N = 3, n ≥ 2) of control (CT1,
CT2, CT3) and LS cells (S8) cultured in glucose-medium (left panel) or galactose-
medium (right panel). The viability of LS fibroblasts was specifically reduced in the
galactose medium in a time-dependent manner, whereas this phenomenon was not
observed in the glucose medium. A quantitative analysis is presented in Fig. S3.
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Figure S3: Galactose specifically reduces the viability of LS fibroblasts in a
time-dependent manner. Quantification of the experiments described in Fig. S2.
Upper panel: the y-axis represents C%, the percentage of total pixels in the BIN
image that was Calcein-positive. C% is a measure of cell confluency. Middle panel:
The y-axis represents the number (Nn) of Hoechst-positive objects (nuclei), calculated
from the Hoechst BIN image. Nn is used as a measure of cell number. Lower panel:
The y-axis reflects the total number of Calcein-positive pixels (Casum; a measure of
cell area) divided by the number of nuclei (Nn). This reflects the relative size of the
cells (expressed as % of CT1 in glucose at 0 h). See Results and Fig. 6.1 for details.
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Figure S4: Nuclear morphological parameters derived from the Hoechst
binary images in Fig. 6.1. A) Time dependent effect of glucose and galactose in
CT1 and LS patient cells (S7, S8, V1) on the Nuclear Area (An) given in pixels (N =
1, n ≥ 2). B) Same as panel A but now for the Nuclear Roundness (or Formfactor;
Fn). Dotted lines indicate the value of An in CT1 cells at 0 hours (panel A) and Fn
(i.e. a value of 1) for a perfect circle in panel B (see also Table S1). An was larger
in galactose than in glucose medium for both CT1 and LS cells, whereas Fn was not
affected. This demonstrates that nuclear fragmentation is absent for all cell lines in
glucose and galactose medium and, therefore, Nn is a true measure of the number of
nuclei.
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Figure S5: Effect of galactose treatment on the viability of CT1 and LS
cells in multiple experiments performed over a time period of 18 months.
The numerical data for this figure is provided in Table S1. A) The effect
of galactose treatment (96 h) on cell viability was quantified in multiple experiments
performed using different batches of serum (“serum batch”) by different researchers
(“Operator”) over a period of 18 months (“year 1” and “year 2”). Black triangles
and dotted vertical lines indicate the time points when a freshly prepared galactose
medium was used for the first time. The upper and lower halves of the graph displays
the effect of culturing in glucose and galactose medium, respectively. A total number
of 105-199 wells (individual symbols; x-axis) were analyzed in 16-25 independent
experiments (plates) for control (CT1; black circles), NDUFS7 (“S7”, red circles),
NDUFS8 (“S8”, blue squares) and NDUFV1 (“V1”, green squares) fibroblasts. Since S7
cells were present in every experiment, Casum was normalized on the value obtained
for S7 cells in glucose, since this condition was present on every plate. B) Alternative
representation of the galactose data depicted in panel A using a box and whisker
plot. The latter indicates the highest value (Max), upper 25% quartile (UQ), average
value (Mean), median value (Med), lower 25% quartile (LQ) and lowest value (Min)
in the data set. C) Cell viability (96 h) of the various cell lines cultured in glucose
(left panel) and galactose medium (right panel) as a function of the age of the culture
medium. D) Similar to panel C, but now for cell passage number. E) Passage number
of the various cell lines used in the experiments.
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Figure S6: Data for individual cell lines (S7, S8, V1) used to create Fig.
6.2D and E. See Results for details.

Figure S7: Data for individual cell lines (S7, S8, V1) used to create Fig.
6.2G. See Results for details.
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Figure S8: Data for individual cell lines (S7, S8, V1) used to create Fig.
6.3A, B, D and E. See Results for details.
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Figure S9: Data for individual cell lines (S7, S8, V1) used to create Fig.
6.4. See Results for details.
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Figure S10: Data for individual cell lines (CT1, S7, S8, V1) used to create
Fig. 6.5B, C, D and E. See Results for details.
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Figure S11: Analysis of the mitochondrial morpofunctional data in Fig.
6.5B. (A) Principal component analysis (PCA) of the data depicted in Fig. 6.5B.
The colour of the symbols indicates CT1 (green) and LS patient (red) data. Three
groups (marked by different colors) were detected in the data using cluster analysis
(see panel B). B) Cluster analysis of the data depicted in Fig. 6.5B (using the
Ward clustering method and correlation as a distance measure). C) To gain more
detailed insight into the morphofunctional consequences of the various treatments,
we determined which descriptors were differentially affected the most in CT1 vs. LS
cells. To this end the average numerical value for each descriptor for CT1 cells was
plotted as a function of its numerical value in LS cells. Descriptors for CT1 that are
not affected by the treatment fall on the horizontal red line. Descriptors for LS cells
that are not affected by the treatment fall on the vertical red line. Descriptors that
are similarly affected by the treatment in CT1 and LS cells fall on the line y = x
(blue). Grey boxes mark the regions were the treatments induced opposite changes
in CT1 and LS cells. In case of the differential effect of galactose (relative to the
glucose condition) on CT1 (y-axis) and LS patient cells (x-axis), this analysis yielded
Nc (the number of mitochondria per cell) as the most extreme differential descriptor
(red symbol). D) Same as panel C, but now for the differential effect of galactose
+ pyruvate on LS and CT1 cells. The most extreme differential descriptor was Amt
(red symbol). E) Same as panel C, but now for the differential effects of galactose
+ 1 mM eNAD on LS and CT1 cells. The most extreme differential descriptors were
Dstdv, Dmax, Dm and Dmin (red symbols). (Caption continues on next page)
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Figure S11: Panel A and B demonstrate that galactose treatment induces a
different phenotype in CT1 and LS cells, as exemplified by the CT1 condition being
part of cluster I (blue), whereas the S7, S8 and V1 conditions are part of cluster II
(pink). Moreover, CT1 and eNAD-treated LS cells (0.1, 0.3, 1.0 and 3.0 mM) part of
cluster I, demonstrating that their mitochondrial morphofunctional phenotypes are
highly similar. In contrast, LS cells cultured in galactose medium supplemented with
a higher eNAD concentration (10 mM) or pyruvate were not part of cluster I. This
means that the galactose-induced phenotypic difference between CT1 and LS cells
disappears upon supplementation with eNAD (up to a concentration of 3.0 mM),
whereas a high eNAD concentration (10 mM) and pyruvate do not have this effect.

Figure S12: Data for individual cell lines (CT1, S7, S8, V1) used to create
Fig. 6.6A and B. See Results for details.
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Figure S13: Data for individual cell lines (CT1, S7, S8, V1) used to create
Fig. 6.7A, B and C. See Results for details
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7.1 Introduction

Primary mitochondrial diseases are a heterogenous group of genetic patholo-
gies caused by changes in macromolecules (proteins or RNA) required for the
normal function of the oxidative phosphorylation system. Often these changes
result in altered function of one or more of the mitochondrial oxidative phos-
phorylation enzyme complexes (Gorman et al., 2016). In particular, Leigh
Syndrome (LS), is a severe, neurodegenerative disorder representing the most
frequent paediatric presentation of mitochondrial disease (Lake et al., 2016).
The most common biochemical basis of LS is the deficiency of the mitochon-
drial respiratory chain enzyme complex I (CI) (Ma et al., 2013).

Many studies have reported that different cell models for CI deficiency display
higher content of reactive oxygen species (ROS) (Distelmaier et al., 2009b;
Iuso et al., 2006; Leipnitz et al., 2018; Lopez-Fabuel et al., 2016; Sharma et al.,
2011; Tretter et al., 2004; Verkaart et al., 2007a,b). ROS increase can lead
to oxidation of macromolecule such as lipids, however we could not detected
any evidence that cellular lipid peroxidation is increased in CI-deficient PHSFs
(Verkaart et al., 2007b) and scant evidence is published on the direct conse-
quence of CI deficiency/inhibition on lipid peroxidation in other cell models
(Abeti et al., 2016; Barrientos and Moraes, 1999; Basit et al., 2017). Nev-
ertheless recent studies indicate lipid peroxidation of the mitochondrial inner
membrane, among various ROS, as a major cause of mitochondrial disruption
during mitochondrial dysfunction (Gao et al., 2018; Nielson and Rutter, 2018).
Lipid peroxidation also plays a crucial role in ferroptosis (Yang et al., 2016).
Ferroptosis is described as a nonapoptotic but regulated form of cell death,
driven by loss of activity of the lipid repair enzyme GPX4 and subsequent
accumulation of lipid hydroperoxides (Yang et al., 2016). This mode of cell
death is also described for neurodegenerative diseases (Morris et al., 2018).
Mitochondrial involvement in the ferroptosis pathway has been recently inves-
tigated, however, its exact role is still under debate (Basit et al., 2017; Dixon
et al., 2012; Gao et al., 2018; Neitemeier et al., 2017; Yang et al., 2016).

The inhibition of ferroptosis may protect from neurodegeneration and therefore
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a dedicated effort has been put into the discovery and optimization of specific
ferroptosis inhibitors. Ferrostatin-1 was the first identified potent and specific
drug-like small-molecule inhibitor of ferroptosis (Dixon et al., 2012) and it still
remains the reference compound.

Primary human skin fibroblasts (PHSFs) are an established model to study
mitochondrial disease-related cellular phenotypes, however exogenous stress
inducers are often necessary to expose pathological symptoms and study the
dysfunctions. In a recent work, we studied PHSFs replacing glucose cell culture
medium by galactose. The latter enters glycolysis at a much slower rate than
glucose preventing ATP production via rapid glucose-to-pyruvate conversion
but enforcing it to rely on mitochondrial metabolism (Iannetti et al., 2019).
Treating cells with L-buthionine-(S,R)-sulfoximine (BSO) is another cell cul-
ture strategy to enhance pathological mitochondrial dysfunctions in PHSFs
(Beyrath et al., 2018; Enns et al., 2012). BSO is an inhibitor of gamma-
glutamylcysteine synthetase, the rate limiting enzyme in the glutathione (GSH)
biosynthesis and treatment of cells with this compound results in reduced intra
cellular GSH levels (Shrader et al., 2011). GSH plays a key role in the general
cellular free radical defence by working as an essential cofactor of the lipid re-
pair enzyme glutathione peroxidase 4 (GPX4) amongst others (Brigelius-flohé
and Maiorino, 2013). Depletion of GSH inhibits GPX4 leading to the accumu-
lation of lipid peroxides potentially triggering ferroptosis (Dixon et al., 2012;
Yang et al., 2014).

We previously showed that upon BSO-induced GSH depletion and consequent
redox perturbation, the viability of CI deficient LS mitochondrial diseased
PHSFs is severely affected, while CT cells remained viable. Moreover, we re-
ported the development of KH176, a new clinical-stage drug candidate acting
as a ROS-Redox modulator. We showed that KH176 and its quinone metabo-
lite KH176m rescue BSO-induced cell death without restoring the GSH level
(Beyrath et al., 2018).

The exact causes underlying the difference in sensitivity to BSO for CT and
LS cells is not yet fully understood. Here we aimed to characterize the chain
of events leading to the selective BSO-induced death of CI deficient LS patient
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PHSFs. We measured indicators of mitochondrial (dys)function at different
time points preceding loss of cellular integrity without detecting any patho-
logical aberration in cellular and mitochondrial GSH depletion, mitochondrial
morphofunction and cellular ATP content. However, just prior to cell death
we detected a pathological burst of lipid peroxidation specifically in LS patient
cells. In addition, we provide preliminary results showing that KH176m pre-
vents this increased lipid peroxidation, suggesting that the latter plays a key
role in BSO-induced death of LS cells. KH176m is described here as a new
inhibitor of lipid peroxidation and BSO-induced cell death more potent than
the reference compound Ferrostatin-1.

7.2 Materials and methods

7.2.1 Primary human skin fibroblasts

Primary Human Skin Fibroblasts (PHSFs) of healthy individuals and Leigh
Syndrome (LS) patients with isolated Complex I (CI) deficiency (OMIM 252010)
were obtained from skin biopsies following informed patient or parental con-
sent in accordance to the relevant Institutional Review Boards. Control cell
lines included #CT5120 ("CT1"), #CT5119 ("CT2") and #CT5118 ("CT3")
which all displayed similar phenotype during their previous characterization
(Distelmaier et al., 2009a). Patient cell lines harbored mutations in various
genes encoding CI structural subunits: #P5175 ("S7", NDUFS7), #P7277
("S2", NDUFS2), and #P5866 ("V1", NDUFV1). For the first cell viability
experiment the full panel of six cells was used, for all the other experiments
only S7, with or without CT1, cells were used.

7.2.2 Cell culture procedure

PHSFs were cultured in a humidified atmosphere (95% air, 5% CO2) at 37◦

C in medium 199 (M199; #22340-020; Thermo Fisher Scientific, Waltham,
MA, USA). The medium was supplemented with 10% (v/v) Fetal Bovine
Serum (FBS; #758093; Greiner Bio-One, Kremsmünster, Austria) and 100
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IU/ml penicillin/streptomycin (#30-002-CI; Corning, NY, USA). Cells were
mycoplasma-negative (Mycoalert R© mycoplasma detection kit; Lonza, Allen-
dale, NJ, USA). Every 3-5 days, when the cells reach about 80-90% confluence
as evaluated by visual inspection using transmitted-light microscopy, they were
detached from culture flasks by using trypsin (#15400054; Corning) and were
either passaged for further culturing (not above passage twenty) or seeded at
a density of 3.5 × 103 cells/well into 96-wells black plates (#655090, Greiner
Bio-one) to prepare for the different assays. All cell incubation and staining
procedures were performed in a humidified atmosphere (95% air, 5% CO2) at
37◦ C. 24h after the cells were seeded, the medium was removed, and redox
stress was induced as described in section 7.2.3.

7.2.3 Redox stress induction

To induce redox stress, L-buthionine-(S,R)-sulfoximine (BSO, #B2515, Sigma
Aldrich) was dissolved in phosphate buffered saline solution (PBS) and further
diluted in the culture medium, which was used to replace the growth medium.
Depending on the experiment, up to 7 semi-logarithmic dilutions (up to 100
µM) of BSO were used.
To test compounds rescuing capacity, cells were treated with 30 µM BSO in
co-incubation with semi-logarithmic dilutions of the test compounds KH176m
(Beyrath et al., 2018), and Ferrostatin-1 (#SML0583, Sigma Aldrich) up to 1
µM. Stock solutions (1000 × the final concentration) were prepared in dimethyl-
sulfoxide (DMSO) and a 0.1% DMSO vehicle condition was used for back-
ground correction. BSO and/or compound treatments were incubated for
different durations depending on the specific experiment/assay and measure-
ments, indicated in the corresponding figures.

7.2.4 Cell viability and living cells area assay

Cell viability was assessed using intracellular conversion of calcein-AM into
fluorescent calcein by esterase-mediated cleavage in living cells. Briefly, af-
ter the growth medium was discarded, cells were loaded with 2.5 µM green
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calcein-AM (#65-0853-39, Affimetrix eBioscience) or violet calcein-AM (#65-
0854-39, Thermofisher) dissolved in M199 without phenol red for 10 min af-
ter which the dye excess was washed twice with M199 without phenol red.
Calcein was measured by live-cell automated microscopy using a BD Path-
way 855 R© High-Content Bioimager (Becton Dickinson, Franklin Lakes, NJ,
USA) with environmental control (CO2 and temperature) using a 10× objec-
tive (UPlanSApo, NA 0.4, Olympus, Leiderdorp, The Netherlands) and Ex.
488/10 nm, Em. FURA/FITC filters for green calcein or using Ex. 380/10
nm, Em. 400DCLP filters for violet calcein. Calcein image processing and
data extraction was performed as previously described (Iannetti et al., 2016).
The "Casum", total number of calcein-positive pixels per well, was quantified
from the calcein images to calculate the total living cells area per well. This
was used as measurement of cell viability and to normalize other parameters
described in the following sections (number of mitochondria, cell size, lipid
peroxidation content, ATP content).

7.2.5 Mitochondrial morphofunction assay

For integrated analysis of cellular and mitochondrial morphological/functional
parameters (“morphofunction”), MRM, calcein green and Hoechst fluorescent
dyes were imaged as previously described (Iannetti et al., 2016) by live-cell
automated microscopy using a BD Pathway 855 R© High-Content Bioimager
(Becton Dickinson, Franklin Lakes, NJ, USA) with a 40x objective (UApo/340,
NA 0.9 Olympus, Leiderdorp, The Netherlands). Image processing, data quan-
tification, univariate and multivariate (Principal Component Analysis) were
performed as previously described (Iannetti et al., 2016). Univariate analysis
was performed focusing on six biologically relevant descriptors of mitochondrial
morphology (Fig. 4B) and one descriptor of mitochondrial membrane potential
TMRM Density mean (Fig. 5A) measured at 10h after BSO treatment.

7.2.6 Lipid peroxidation assay

Lipid peroxidation endpoint measurements were assessed 10h after BSO-induced
redox stress using BODIPY 581/591 C11 (#D3861, Thermo Fisher), here-
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after indicated as BODIPY. Cell viability and living cells area measurements
were performed prior to the lipid peroxidation measurements using calcein
violet that does not interfere with the lipid peroxidation fluorescent sensor
wavelength. Immediately following the calcein violet measurements, the cells
were incubated with 500 nM BODIPY in M199 without phenol red for 30
min. Upon oxidation, the BODIPY red emitting form (595 nm) is converted
into a green emitting form (520 nm) (Koopman et al., 2005b; Verkaart et al.,
2007a). After two washes the oxidized BODIPY was imaged using automated
microscopy using a BD Pathway 855 R© High-Content Bioimager (Becton Dick-
inson, Franklin Lakes, NJ, USA) with a 20× objective (UApo/340, NA 0.475
Olympus, Leiderdorp, The Netherlands) and Ex. 488/10 nm, Em. 540/50
nm. Lipid peroxidation kinetic measurement was performed using 10 µM
BODIPY by imaging each wells every 20 minutes for 18h following treat-
ment with 30 µM BSO (30 µM) and imaged using the same microscope set-
ting described for the endpoint measurement. Calcein violet was measured
before to start the BODIPY kinetic measurement to measure the starting
cell viability and living cells area used to normalize the lipid peroxidation
content. Image processing for both the end point and the kinetic BODIPY
measurements was performed as described previously for the CM-H2DCFDA
(5-(and-6)- chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate) and HEt
(dihydroethidium) measurements (Iannetti et al., 2018). The cut-off used to
threshold the signal and generate the binary (BIN) image was visually deter-
mined and set at 40 gray values in the image processing algorithm. The total
number of BODIPY-positive pixels per well was quantified from the BOD-
IPY BIN images and corrected for the calcein violet "Casum" for normalisa-
tion. As described also above, the "Casum" represent the total number of
calcein-positive pixels per well, and it was quantified from the calcein images
to calculate the total living cells area per well.

7.2.7 Cytosolic and mitochondrial GSH content assay

The clinical-stage drug candidate KH176, and its quinone metabolite KH176m,
can prevent BSO-induced cell death. However, the compounds did not restore

151



Chapter 7:

GSH content, indicating that their mode of action did not involve competi-
tion with BSO-induced inhibition of gamma-glutamylcysteine synthetase nor
alternative mechanisms to restore the GSH levels. BSO was shown to induce
a similar decrease of GSH in both patient and control cells when measured in
total cells homogenate (Beyrath et al., 2018). To measure cytosolic and mito-
chondrial glutathione (GSH) content, cells were treated with a subtoxic dose of
BSO (1 µM) for 24h. To confirm that the cells were not dead and morpholog-
ically unperturbed, visual inspection using transmitted light microscope was
performed. After harvesting the cells, they were resuspended and incubated for
ten minutes in a hypotonic solution (10 mM Tris pH 7.6 at +4◦ C) to induce cell
swelling. Physical rupture of the cell membranes was performed using a hand-
held 2 ml Potter-Elvehjem homogenizer (glass on glass, 30 strokes). Isotonicity
was re-established by the addition of 1,5 M sucrose. A first 10 min centrifu-
gation at +4◦ C and 600g was performed to discard nuclei and intact cells.
The supernatant was subjected to a second centrifugation (10 min at +4◦ C
and 14.000g), after which the supernatant, representing the cytosolic fraction,
was transferred to a new tube. The pellet, representing the crude mitochon-
dria fraction, was resuspended in 10 mM Tris pH 7.6 +1,5 M sucrose. The
two fractions were stored at -80◦ C. Citrate synthase, a soluble mitochondrial
matrix enzyme was measured as a marker for intact mitochondria as previ-
ously described (Rodenburg, 2011). GSH measurement was performed on the
cytosolic and crude mitochondrial fractions using the GSH-GloTM Glutathione
Assay (#V6911, Promega Corporation, Madison, WI, USA) according to the
manufacturer’s protocol measuring luminescence with a scanning microplate
reader (FLUOstar Omega R©, BMG Labtech, Cary, NC, USA).

7.2.8 ATP content assay

ATP was measured 10 h after redox stress induction by BSO treatment. Before
measuring ATP, cells were imaged with calcein green to measure cell viability
and living cells area. Total cellular ATP content was determined using the
CellTiter-Glo R© Luminescence Cell Viability Assay (#G7570, Promega Corpo-
ration, Madison, WI, USA) according to the manufacturer’s protocol measur-
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ing luminescence with a scanning microplate reader FLUOstar Omega R©, BMG
Labtech, Cary, NC, USA). The luminescent signal of each well was divided by
the respective calcein green "Casum" to normalize ATP for the living cells
area.

7.2.9 Data analysis

Image visualization, processing and quantification was carried out using Im-
age Pro Plus R© software (Media Cybernetics, Rockville, MD, USA) and cus-
tom MATLAB R© algorithms (Mathworks, Natick, MA., USA), as previously
described (Iannetti et al., 2016). Data visualization and analysis was per-
formed using Graphpad PRISM R© software (Graphpad Software, San Diego,
CA, USA). The number of independent experiments and replicates are indi-
cated by N and n, respectively. For some of the experiments only one indepen-
dent experiment was performed, therefore additional experiments are necessary
to validate a confirm the preliminary conclusions. Data from multiple experi-
ments is presented as the mean ± standard deviation (SD). Statistical analysis
of each experiment is described in the figure legends.

7.3 Results

7.3.1 Mitochondrial and cytosolic GSH level decrease at the
same rate in CT ad LS cells upon BSO treatment

To validate the panel of cell lines used for this study we first confirmed our
previous results (Beyrath et al., 2018) and demonstrated that BSO dose-
dependently reduced the viability of LS but not of CT fibroblasts after 24
h incubation (Fig. 7.1). Although the LS cells displayed different sensitivities
to BSO, their viability was similarly reduced using a concentration above 30
µM (Fig. 7.1B).
GSH synthesis occurs in the cytosol where most molecules remain localized,
the rest being distributed between various subcellular compartments. The
mitochondrial GSH pool represents about 10-15% of the total GSH with a
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Figure 7.1: Cell viability of CI deficient PHSFs is abolished upon BSO
treatment. A) Representative microscopy pictures of PHSFs stained with calcein,
derived from three healthy controls (CT1 to CT3) and three LS patients (S7, S2b,
V1) bearing mutations in different nuclear encoded CI subunits, upon 24h treatment
with 30 µM of BSO. B) Cell viability data quantified from the calcein pictures of the
same panel of cell lines upon 24h treatment with six semi-logarithmic dilutions up to
30 µM of BSO. N ≥ 2, n ≥ 8.

similar cytosolic concentration of 10-14 mM (Marí et al., 2013). Although
BSO induced a similar decrease in cytosolic GSH level in both CT and LS cells
(Beyrath et al., 2018, and Fig. 7.2A) we hypothesized that the mitochondrial
pool of GSH might be consumed faster in the LS CI-deficient context upon
BSO treatment. We therefore measured GSH separately in the mitochondrial
and cytosolic fractions of both CT and LS cells untreated and treated with a
subtoxic dose of BSO (1 µM) for 24h. No significant difference in mitochon-
drial or cytosolic GSH content was detectable between CT and LS cells in the
untreated condition. Additionally, the GSH pools were depleted to the same
extent in CT and LS cells treated with BSO (Fig. 7.2A). The purity of the
cytosolic and mitochondrial fraction was controlled by measuring the activity
of citrate synthase, a soluble mitochondrial matrix enzyme (Fig. 7.2B).
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Figure 7.2: GSH measurement in cytosolic and mitochondrial fractions
24h after treatment with a subtoxic dose of BSO. A) CT1 and S7 PHSFs
GSH measurements in the cytosolic and mitochondrial fractions upon 24h treatment
with 1 µM of BSO (N = 3, n = 9). Statistical analysis was performed with Grap-
Pad Prism using one-way ANOVA followed by Tukey’s comparison. No significant
differences (P>0.05) were found when comparing CT1 and S7 in the different condi-
tions. B) Mitochondrial enzyme citrate synthase quantification in the cytosolic and
mitochondrial fractions to validate the isolation procedures (N = 1, n = 1).

7.3.2 Mitochondrial morphofunction, ATP and lipid peroxi-
dation were not affected two hours prior to the decrease
in cell viability

In order to characterize the kinetic of the BSO-induced cell death, we measured
cell viability 12h, 14h, 16h and 18h after BSO treatment (Fig. 7.3). We
confirmed that CT cells remain viable at all concentrations and time points
of BSO treatment (Fig. 7.3A), as already shown in Fig. 7.1 for measurement
acquired after 24h. Up to 12h after BSO treatment the cell viability of patient
cells was not significantly affected at any doses. Later time points revealed
the LS time and dose sensitivity to BSO treatment with a dramatic loss of cell
viability after 18h exposure to concentration above 10µM BSO (=10−5 M).
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Figure 7.3: BSO-induced cell death kinetics. Cell viability data quantified
from the calcein pictures of A) CT1 and B) S7 PHSFs upon 12, 14, 16, and 18h
treatment with 7 semi-logarithmic dilutions up to 100 µM (=10−4 M) of BSO (N
= 1, n = 3). Statistical analysis was performed with GrapPad Prism using one-way
ANOVA followed by Tukey’s comparison. When statistically significant differences are
present are indicated by ∗(P<0.05), ∗∗(P<0.01) and ∗∗∗(P<0.001) and are relative to
their respective time point vehicle condition.

Based on these results we chose a time point of 10h to study the molecular
events preceding BSO-induced LS cell death in order to avoid potential mea-
surement artifacts caused by dead cells. Mitochondrial morphofunction (Fig.
7.4 and 7.5A), ATP content (Fig. 7.5B) and lipid peroxidation (Fig. 7.5C)
were quantified as end point measurements at 10h after BSO treatment (10,
30, and 100 µM).

The results revealed that all the measured cellular parameters remained un-
changed at 10h after the treatment with high doses of BSO (10, 30, 100 µM of
BSO). Principal Component Analysis of multiple mitochondrial morphologic
and functional parameters was also performed as previously described Iannetti
et al. (2016) but no relevant BSO-induced clusters were identified (data not
shown).
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Figure 7.4: Mitochondrial morphology 10h after BSO treatment. Upon
10h treatment with 10, 30, 100 µM of BSO A) Representative microscopy pictures
of CT1 and S7 cells stained with TMRM after 10h treatment with 10, 30, 100 µM
of BSO. B) Six biological relevant descriptors extracted from TMRM microscopy
pictures were selected to describe mitochondrial morphology: 14. Length, 15. Width,
13. Roundness, 1. Aspect (ratio), 19. Perimeter, 21. Area polygon (the descriptors
numbers correspond to our previous published labels Iannetti et al., 2016). (N =
3, n = 30). Statistical analysis was performed with GrapPad Prism using one-way
analysis of variance (ANOVA) followed by Tukey’s comparison. BSO treatment did
not induce any significant differences (P>0.05) in CT1 and S7.

7.3.3 Lipid peroxidation increases in patient cells concomi-
tantly with their loss of viability

BSO-induced GSH depletion was shown to initiate ferroptosis (Yang et al.,
2014). One of the main hallmark of ferroptosis pathway is the accumulation of
lipid-based reactive oxygen species (Yang et al., 2016). Although we did not
observe an increase in lipid peroxidation 10h after treatment with BSO (Fig.
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Figure 7.5: Mitochondrial functionality, ATP and lipid peroxidation 10h
after BSO treatment. Upon 10h treatment with 10, 30, 100 µM of BSO A) 4. Mito-
chondrial TMRM Density mean (mitochondrial membrane potential; the descriptors
number correspond to our previous published labels Iannetti et al., 2016). (N = 3, n
= 15). B) Intracellular ATP content measured in cell lysate with a luminescent sensor
(N = 3, n = 18). C) Lipid peroxidation content measured with BODIPY in parallel
to the cell viability using calcein violet (N = 1, n = 4). Statistical analysis was per-
formed with GrapPad Prism using one-way analysis of variance (ANOVA) followed
by Tukey’s comparison. BSO treatment did not induce any significant differences
(P>0.05) in CT1 or S7.

7.5C), we repeated the experiment measuring lipid peroxidation along with cell
viability every two hours starting from the time of BSO addition (t=0) up to
18h. In Fig. 7.6A and B the two most relevant time point (12h and 14h) are
showed. At 12h, the highest dose of BSO (100 µM) induced a small reduction
of cell viability (70% of cells are still viable as compared to the vehicle). At
12h, we instead already observed a large and dose-dependent increase of lipid
peroxidation (8-fold with 10 µM; 22-fold with 30 µM; 43-fold with 100 µM BSO
as compared to the vehicle). At 14h cell viability was drastically reduced dose-
dependently (60% with 10 µM, 30% with 30 µM, 15% with 100 µM BSO as
compared to the vehicle) (Fig. 7.6A). Lipid peroxidation decreased compared
to the 12h time point because of the detachment of dead cells as indicated
by representative microscopy images (Fig. 7.6B). It is interesting to note that
there was only limited overlay of BODIPY and calcein signals indicated by yel-
low regions (Fig. 7.6B). This suggests that in our experimental conditions lipid
peroxidation burst was mainly observed consecutively to the cell membrane in-
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tegrity disruption. To increase the time resolution of the lipid peroxidation,
we performed a kinetic measurement for 18h after BSO treatment of CT and
LS cells. Figure 7.6C shows that the kinetics of lipid peroxidation differed sig-
nificantly between LS and CT cells. In patient cells a peak of 29-fold increase
was observed after 8 hours incubation with BSO, as compared to the control
cell treated with vehicle, followed by a decrease certainly due to cell death and
detachment from the assay plate. In control cells the lipid peroxidation signal
only started to increase at 8h with a maximal 14-fold increase measured at
the last data point of 18h. Therefore, BSO-induced lipid peroxidation burst
happened earlier and reached higher intensity in LS cells as compared to CT
cells.

Figure 7.6: Kinetic of lipid peroxidation in cells treated with BSO. A)
Data quantification of S7 cells co-stained with BODIPY and calcein 12h and 14h af-
ter treatment with 10, 30, 100 µM of BSO (N = 1, n = 4). One single representative
data set is here shown because the lipid peroxidation burst started in the different
replicate experiments with ± 30 minutes difference making datasets merging not pos-
sible. Statistical analysis was performed with GrapPad Prism using one-way analysis
of variance (ANOVA) followed by Tukey’s comparison. Statistically significant dif-
ferences are indicated by ns(P>0.05), ∗(P<0.05), ∗∗(P<0.01) and ∗∗∗(P<0.001). B)
Representative microscopy pictures of the data quantified in Fig. 7.6A. C) 18h kinetic
BODIPY measurement of CT1 and S7 PHSFs normalized for the area of living cells
measured at 0h with calcein and CT1 vehicle (N = 1, n = 6). (Figure follows on the
next page.)
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Figure 7.6: Kinetic of lipid peroxidation in cells treated with BSO. (Caption
on the previous page.)

160



7

Selective death of Complex I-deficient Leigh Syndrome patient skin
fibroblasts upon glutathione depletion

7.3.4 KH176m is a potent inhibitor of BSO-induced lipid per-
oxidation and cell death showing higher potency than
ferrostatin-1

In our previous study, KH176m was shown to protect cells from BSO-induced
cell death (Beyrath et al., 2018). We here evaluated the effect of KH176m on
lipid peroxidation and cell death induced by different doses of BSO. Fig. 7.6A
and B (bottom panels) show that KH176m completely abolished BSO-induced
lipid peroxidation burst and cell death regardless of the BSO concentrations
tested. Since lipid peroxidation increased just before cell death, we tested
whether KH176m could still prevent cell death when incubated at different
time following BSO treatment. KH176m was added at 0h, 8h, 10h or 12h after
BSO and cell viability was measured at 14h. The results show that KH176m
could rescue the cell viability in all conditions, even when incubated two hours
prior to cell death measurement (Fig. 7.7).

Figure 7.7: Dose- and time-response of KH176m in BSO-induced cell
death. Cell viability data quantified from the calcein pictures of S7 PHSFs upon
14h treatment with 100 µM of BSO and 7 semi-logarithmic dilutions up to 1 µM of
KH176m added at 0, 8, 10 and 12h after BSO treatment. (N = 3, n = 9).
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Finally, KH176m potency was compared to Ferrostatin-1, the first identified
inhibitor of ferroptosis (Dixon et al., 2012). KH176m showed higher potency
than Ferrostatin-1 (Fig. 7.7) with the lowest doses able to fully rescue viability
being 100 nM for Ferrostatin-1 and 30 nM for KH176m.

Figure 7.8: Dose –response of Ferrostatin-1 and KH176m prevention of
BSO-induced cell death. Cell viability data quantified from the calcein pictures
of S7 PHSFs upon 24h treatment with 30 µM of BSO in combination with 7 semi-
logarithmic dilutions up to 1 µM of KH176m and Ferrostatin-1 (N = 1, n = 3).

7.4 Discussion

We here report preliminary results focusing on the cellular and molecular phe-
notypical characterization of the BSO-induced perturbation in cells derived
from Leigh disease patients and healthy control. We identified a causative role
of lipid peroxidation burst in the BSO-induced CI deficient LS patient cells
pathological phenotype. Moreover, this can be fully inhibited by KH176m, a
new potent inhibitor of lipid peroxidation and BSO-induced cell death. From
a methodological point of view, our results stress the crucial importance of
monitoring also the temporal dimensions performing cellular time-lapse mea-
surements.
Previous work (Beyrath et al., 2018) revealed that while total cellular GSH
level was decreased to a similar extent in both LS and CT cells upon BSO
treatment, only the viability of LS cells with CI deficiency was affected. Since
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CI is located into the mitochondria, we here studied whether mitochondrial
GSH pool might be differently affected in LS CI cells upon BSO treatment
as compared to healthy cells. Because, mitochondrial GSH only represents
about 10% of total cellular GSH, we might have lacked sensitivity in our ear-
lier experiment measuring the total cellular GSH level. However, here we show
that no significant differences in GSH level could be detected in the crude mi-
tochondrial fractions of LS and CT PHSFs. The procedures used to isolate
mitochondria has perhaps prevented to detect small but physiologically rele-
vant GSH concentration differences. More quantitative experiments to measure
GSH consumption upon BSO in cell and mitochondria should be performed
using for instance mass spectrometry or targeted and genetic sensors (Chan-
drasekharan et al., 2019; Chen et al., 2017; Jiang et al., 2017) to measure GSH
in intact living cells.

In order to extend the characterization and identify LS pathological phenotypes
we studied other cellular and mitochondrial indicators previously associated
with mitochondrial dysfunction. Surprisingly cellular viability, mitochondrial
morphofunction, ATP and lipid peroxidation were not affected neither in LS
nor in CT cells when measured at 10h after BSO treatment. While only two
hours later, at 12h, LS cell viability was significantly compromised, and at 18h,
it was completely abolished. Although the LS cells used in this study have a
documented deficiency in a mitochondrial enzyme (Distelmaier et al., 2009b),
our measurements at the selected time points, did not identify any pathologi-
cal mitochondrial phenotype responsible of the initiation of BSO-induced cell
death. Therefore, further time-lapse measurements should be performed in
the latest hours before cell death, provided the methods are available. Indeed,
the low photostability and cell photo-toxicity of the fluorescent probes used to
measure cell viability (calcein) and mitochondrial morphofunction (TMRM),
but also the cell homogenization procedure used to measure GSH and ATP are
not suitable for live kinetic measurement.

Lipid peroxidation, measured with the fluorescent sensor BODIPY, could be
measured repeatedly over an 18h kinetic showing no detectable photo-toxicity
and favorable photostability that allowed time-lapse monitoring. When cells
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were analyzed in a time-course experiment we were able to identify a massive
lipid peroxidation burst in the LS patient cells not detectable in the CT cells.
Our results strongly indicate that the mechanism triggering BSO-induced cell
death in LS cells is extremely fast reminding of a snap-action of other cell-
death inducers such as TNF-related apoptosis-inducing ligand (TRAIL) (Al-
beck et al., 2008). Although the upstream complete depletion of GSH is equal
in both LS and CT cells, LS cells seem to reach a sudden transition point
leading to rapid lipid peroxidation burst and cell death. The mechanistic un-
derlying this decision point remains to be deciphered.

Representative microscopy images in Fig. 7.6B, show little overlay of BODIPY
(red) and calcein (green) signals identified by yellow regions. This suggests that
lipid peroxidation, cell membrane disruption and cell death are extremely fast
events difficult to be observed simultaneously with the method used. Indeed,
the fluorescent calcein probe used to quantify cell viability is released as soon
as cell membranes are disrupted because of lipid peroxidation. Limited yellow
regions are identifiable in the right panel of Fig. 7.6B where the full well (10 ×
10 images) was imaged at 14h after BSO treatment. Therefore, other methods
to study kinetically and simultaneously cell death and lipid peroxidation are
needed in order to study the chain of event. In the right panel of Fig. 7.6B,
it is also interesting to note how the lipid peroxidation burst and loss of cell
viability seem to propagate through cell to cell transmission, perhaps in a
continuum of lipid radical chain reactions. This phenomenon could also explain
the synchronicity observed in the BSO-induced cell death which affects the
entire cell population in a very short time frame.

We further show that the redox compound KH176m could prevent both lipid
peroxidation and LS cell death induced by BSO. Interestingly, the compound
could rescue the cells even when incubated two hours before cells death. This
together with the results displayed in Fig. 7.6 indicate that lipid peroxidation
burst plays a pivotal role. The rescue of cell viability by KH176m happened
in an all-or-nothing fashion, mirroring the BSO-induced cell death itself. This
illustrates again an on/off mechanism due to the presence of a threshold effect
decisive for initiating the cell death. Similar observations were made during
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extrinsic apoptosis induced by TRAIL (Albeck et al., 2008), with the full per-
meabilization of mitochondrial membrane and the release of cytochrome c the
events driving the decision to activate effector caspases leading to cell death.
Based on these findings and the fact that LS cells carry a genetic defect and
an enzymatic dysfunction in mitochondria (Distelmaier et al., 2009b), it is dif-
ficult to rule out the potential involvement of mitochondria as a key inducer of
the BSO-induced LS cell death pathway. However, our results do not highlight
any mitochondrial pathological phenotype at the selected time point of 10h
after BSO treatment.

In our study, we used the BODIPY probe to evaluate the lipid peroxidation
role in the cellular pathogenesis observed in LS cells. However, this probe is a
general lipid peroxidation indicator and it does not allow to quantify the perox-
idation of specific lipids. For instance, cardiolipin is an important phospholipid
component of the inner mitochondrial membrane. This lipid plays a central
role in many reactions and processes involved in mitochondrial physiological
functionality and dynamics but also in the pathology development (Paradies
et al., 2019). Cardiolipin is also particularly susceptible to lipid peroxidation
and when transformed in oxidized-cardiolipin can induce an oxidative chain
reaction with further oxidation of cardiolipin and other ROS species (Jacob
et al., 2015). Oxidized-cardiolipin generation is also a crucial signaling plat-
form during mitochondrial-driven cell death (Hauck and Bernlohr, 2016). It
would therefore be of great interest to study cardiolipin role and also selectively
measure cardiolipin oxidation in our models. Because the probe BODIPY does
not allow to quantify the peroxidation of specific lipids, other methods need
to be implemented. The fluorescent marker Nonyl Acridine Orange previously
used to locate and quantify non-oxidized cardiolipin in living cells (Fernandez
et al., 2004; Kaewsuya et al., 2007) could provide interesting information re-
lated to the unpretreated lipidic status. While lipidomics on cell lysate using
mass spectrometry could be applied to identify and characterize specific phos-
pholipids species and their oxidized forms including cardiolipin (Spickett and
Pitt, 2015).

Oxidative stress can trigger different cell death pathways, unprogrammed as
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necrosis, or programmed as apoptosis, necroptosis, oxytosis and ferroptosis.
Some of these pathways can share similarities, can be partially overlapping,
and it is sometimes difficult to define a neat distinction. Oxytosis and fer-
roptosis share very similar molecular mechanisms mainly differentiating by
the experimental procedure, thus, should be regarded as two names for the
same cell death pathway (Lewerenz et al., 2018). Ferroptosis can be induced
by different chemical triggers that determine different molecular consequences
and phenotypes with or without mitochondrial involvement (Gao et al., 2018).
BSO, inducing a depletion of cellular GSH and therefore inhibition of GPX4
was described as a ferroptosis inducer (Dixon et al., 2012). Therefore, while
the data collected in this study would point at ferroptosis being the cell death
pathway induced by BSO in PHSFs derived from LS patients with CI deficiency,
further work is warranted to understand the differential causes underlying the
selective LS-patient cell death in our experiments.

Because no pathological aberrations were detected at the level of cellular ATP
content, cellular and mitochondrial GSH content and mitochondrial morpho-
function, we can speculate about the presence of alternative subcellular con-
sequences not monitored in this study that could be triggered by the CI defi-
ciency. The fact that mitochondria do not have a key role in a cell death path-
way induced by GPX4 inhibition, like the BSO-induced, would be confirmed
by recent findings. These show that mitochondria play instead a crucial role
only in the ferroptosis induced by erastin treatment causing cysteine depriva-
tion (Gao et al., 2018). While we could not detect mitochondrial aberrations,
another study, in the cysteine deprivation induced ferroptosis, identified loss
of mitochondrial membrane potential, enhanced mitochondrial fragmentation
and reduced ATP levels (Neitemeier et al., 2017). In this study the BH3-only
protein BID, a central mediator of mitochondrial driven apoptosis and oxyto-
sis, is found to be the mediator of mitochondrial dysfunction downstream GSH
depletion. BID indeed is described to acts as a crucial link between the lipid
peroxidation burst and the following mitochondrial damage (Neitemeier et al.,
2017). However, BID was there studied in a mouse hippocampal neuronal cell
line HT22, where GSH depletion was induced by erastin-induced cysteine de-

166



7

Selective death of Complex I-deficient Leigh Syndrome patient skin
fibroblasts upon glutathione depletion

privation. Therefore, it would be interesting to characterize the role of BID
in the LS cells with CI deficiency treated with BSO. Moreover, performing a
molecular and phenotypical characterization at the mitochondrial level of the
LS cells with CI deficiency treated with erastin and comparing those results
with the BSO data could be also of interest.

Our clinical-stage small molecule KH176 was identified as lead compound upon
selection among more than 200 unique and novel chemical entities for the treat-
ment of mitochondrial disease as reported in a previous study (Beyrath et al.,
2018). In that same study, it was also shown that the KH176, and KH176m,
could counteract important cell biological consequences of CI dysfunctions.

Here, we demonstrated that KH176m could fully prevent lipid peroxidation
burst and cell death also when added 12h after BSO treatment and only 2h
before cell viability is compromised. This indicates that the compound pro-
tective mechanism acts downstream of GSH depletion and likely to be a direct
inhibition of lipid peroxidation. The compound was earlier shown to inter-
act with peroxiredoxins, a family of enzyme involved in reduction of hydrogen
peroxide but also lipid peroxides, and that the peroxiredoxins activity was
required for their activity in BSO cell death prevention. Further work is war-
ranted to decipher whether peroxiredoxin are also involved in the prevention
of lipid peroxidation by KH176m. Finally, KH176m was shown to be more
potent in preventing BSO-induced cell death than Ferrostatin-1, a reference
inhibitor of ferroptosis. In conclusion, the main question that remains to be
answered is how, from a molecular point of view, CI deficiency causes a dra-
matically increase of lipid peroxidation production or a reduction of cellular
ROS scavenging activity that is not detected in the CT cells. And are other
biological features affected in the LS cells translating the CI deficiency to the
lipid peroxidation burst and cell death?

In order to answer to these still open research questions, performing kinetic
measurements and studying later time points (than the 10h time point studied)
concomitantly with the LS loss of cells viability using targeted and genetic sen-
sors for cytosolic and mitochondrial GSH (Chandrasekharan et al., 2019; Chen
et al., 2017; Jiang et al., 2017) and ATP (De la Fuente-Herreruela et al., 2017;
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Quintana-Cabrera et al., 2018; Sunnapu et al., 2017) in intact living cells and
performing multiple mitochondrial morphofunction endpoint measurements fo-
cusing on the time window from 10h to 14h, could bring new interesting insight.
Performing also mass spectrometry measurements to characterize and quantify
oxidized lipids could be also informative. Furthermore, comparative analysis
with alternative ferroptosis inducers, like erastin, could also help elucidating
the pathomechanism induced by CI deficiency in LS cells.
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8.1 Summary

The primary aim of this PhD project was to characterize cellular consequences
of mitochondrial dysfunction at the phenotypical level for target discovery and
drug testing. In order to do that, I focused on the development of novel auto-
mated live-cell imaging technologies and cell-based assays optimization. These
were applied mainly to Primary Human Skin Fibroblasts (PHSFs) derived from
healthy donors and Leigh Syndrome (LS) patients. LS is a severe neurological
disorder usually becoming apparent in the first year of life by progressive loss
of mental and movement abilities. This typically results in death within two
to three years, usually due to respiratory failure (Gerards et al., 2016). The
PHSFs derived from LS patients used in these studies have the most common
mitochondrial oxidative phosphorylation (OXPHOS) enzyme defect associated
with this disease phenotype, being isolated complex I (CI) deficiency (Fassone
and Rahman, 2012; Ma et al., 2013).

Chapter 1 introduced mitochondrial structure, function and dysfunction from
the molecular level and up to the clinics including drug development strategies.
The importance mitochondria execute in relation to the overall human health
status is highlighted. The concept of mitochondrial morphofunction is also
introduced discussing the important interaction between structure and func-
tion. As morphofunction is a key indicator of the mitochondrial and overall
cellular health status, and because of its biological relevance, it was measured
or discussed in every chapter of this thesis. The chapter continues introduc-
ing the devastating clinical aspects of mitochondrial diseases and in particular
CI deficiency and LS that are pathologies with a high unmet medical need.
The general introduction ends with an overview on the drugs development
process focusing on in vitro preclinical work. In particular cell-based pheno-
typic screening are presented as the main methodological approach used by
pharmaceutical companies for target discovery and drug testing.

To evaluate how mitochondria contributed to disease and to perform pre-
clinical in vitro drug development, a broad collection of technologies exists,
both commercially available and in research laboratories. In Chapter 2 we
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presented a critical review of the literature on how live-cell high content mi-
croscopy can be used for image-based phenotypic profiling to assess mitochon-
drial (dys)function. Comprehensive guidelines about live cell imaging tech-
nologies were here presented to introduce the applications developed in the
experimental chapters of this thesis. With that perspective, we discussed a
selection of live-cell fluorescent reporters and imaging strategies and human
cell models and discuss their pros/cons in mitochondrial research. We also
presented an overview of live-cell high content microscopy applications used
to detect disease-associated cellular phenotypes and perform cell-based drug
screening.

Chapter 3 focused more specifically on how mitochondrial morphofunction
can be studied combining high-content and high-throughput strategies. In this
chapter, different applications which can be used to analyze genetic and/or
drug-induced effects at the level of individual organelles, cells and cell popu-
lations are briefly discussed. In Chapter 4 we presented a newly developed
protocol to perform multiplexed high-content analysis of mitochondrial mor-
phofunction. This allow unbiased and automated quantification of mitochon-
drial morphofunction, cellular and nuclear parameters in PHSFs. Cells were
cultured in 96-well plates and stained with three fluorescent dyes targeting
mitochondria, cytosol and nuclei. Multispectral fluorescence images were ac-
quired using automated microscopy and processed to extract 44 descriptors.
Subsequently, the descriptor data were subjected to univariate, bivariate and
multivariate analysis. Although this protocol was specifically developed for
PHSFs, this is transferable to other cell types. In Chapter 5 this protocol
was applied to the HT22 neuronal cell model. In this study, the mitochon-
drial morphofunctional analysis was used to analyze cellular metabolic flex-
ibility using small-conductance Ca2+-activated K+ channels (SK) activation
and investigating its phenotypical consequences. HT22 were treated with the
chemical compound CyPPA to induce a pharmacological SK activation. In
the presence of glucose in the culture medium, many cell models cultured
in vitro generate almost all ATP via glycolysis rather than using the mito-
chondrial OXPHOS system (Crabtree, 1929). Therefore, cell culture medium
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where glucose is replaced by galactose is a common experimental setting ini-
tially developed to induce or enhance pathological mitochondrial phenotypes
(Robinson et al., 1992; Rossignol et al., 2004). This strategy enforce ATP
production to rely on mitochondrial metabolism, prevent glycolysis upregula-
tion and limit metabolic flexibility (Rossignol et al., 2004). In Chapter 5,
in order to limit cellular compensatory mechanisms by the inhibition of gly-
colytic upregulation, we performed mitochondrial morphofunctional analysis
of CyPPA-treated HT22 cells in galactose-based media and compared it with
glucose-based media as control condition.

In Chapter 6, in order to induce a metabolic stress, enhancing the PSHF
CI deficiency-induced aberrations, we also used the galactose-based medium
strategy. We performed a cellular and mitochondrial phenotypical characteri-
zation of the mitochondrial diseased cells growing in galactose-based medium
and we compared those to the same cells growing in a glucose-based medium.
We investigated cell viability, mitochondrial morphofunction, reactive oxygen
species (ROS) levels and ATP homeostasis. A panel of six cell lines were
used, three derived from healthy donors and three derived from LS patients
harboring mutations in nuclear DNA (nDNA)-encoded CI genes (NDUFS7,
NDUFS8, NDUFV1). Following optimization of the cell culture protocol and
of the glucose-based medium composition, LS fibroblasts died in the galactose
medium, whereas control cells did not. LS cell death was dose-dependently
inhibited by pyruvate, malate, oxaloacetate, α-ketoglutarate, aspartate, and
exogenous NAD+ (eNAD), but not by lactate, succinate, α-ketobutyrate, and
uridine. Pyruvate and eNAD increased the cellular NAD+ content in galactose-
treated LS cells to a different extent and co-incubation studies revealed that
pyruvate-induced rescue was not primarily mediated by NAD+. Functionally,
in LS cells glucose-by-galactose replacement increased mitochondrial fragmen-
tation and mass, depolarized the mitochondrial membrane potential (∆ψ),
increased H2DCFDA-oxidizing ROS levels, increased mitochondrial ATP gen-
eration, and reduced the total cellular ATP content. These aberrations were
differentially rescued by pyruvate and eNAD, supporting the conclusion that
these compounds rescue galactose-induced LS cell death via different mecha-
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nisms. These findings establish a cell-based strategy for intervention testing
and enhance our understanding of CI deficiency pathophysiology.

Chapter 7, like Chapter 6, also presented a phenotypic and molecular charac-
terization of PSHF CI deficiency-induced aberrations under a stress condition.
In this study, redox stress was induced treating the cells with L-buthionine-
(S,R)-sulfoximine (BSO) to reduce the concentration of glutathione (GSH),
the main cellular antioxidant. A panel of six cell lines were used, three derived
from healthy donors and three derived from LS patients harboring mutations
in nuclear DNA (nDNA)-encoded CI genes (NDUFS7, NDUFS2, NDUFV1).
In respect to Chapter 6, while NDUFS7 cell line was the same one used in both
the studies, NDUFS2 was a different cell line mutated in a different gene of CI,
NDUFV1 was a different cell line with a different mutation in the same gene
of CI. We previously demonstrated that the GSH synthesis inhibitor BSO de-
creases cellular GSH content to a similar degree in PHSFs from LS patients and
control healthy donors. Interestingly, BSO treatment greatly reduced the via-
bility of LS patient cells (all harboring an isolated mitochondrial CI deficiency,
whereas healthy controls cells (CT). However, the reason for this differential
BSO effect is still unclear. In this last chapter we performed phenotypic and
molecular profiling of LS and CT cells to investigate the effect of BSO prior
to cell death induction. PHSF incubation with a non-toxic BSO concentration
(1 µM) for 24h decreased mitochondrial and cytosolic GSH levels in LS and
CT cells in a similar manner. No alterations in mitochondrial morphofunction,
cellular ATP content or cellular lipid peroxidation state were observed up to
2 hours prior to cell death induction. However, when lipid peroxidation was
measured from 12h to 18h after BSO treatment, an oxidative burst almost
concomitant with the loss of cell viability was identified as LS-specific patho-
logical phenotype. We previously demonstrated that KH176m, the metabolite
of a new clinical-stage drug candidate KH176, fully inhibited BSO-induced
LS cell death. Here we provide preliminary evidence that this cell death is
paralleled by increased lipid peroxidation, which is prevented by KH176m.
KH176m efficacy was also benchmarked against Ferrostatin-1, the first iden-
tified inhibitor of ferroptosis, a lipid peroxidation-dependent cell death. This
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pilot study highlights a causative role for lipid peroxidation in the BSO-induced
specific death of LS patient cells and enhances our understanding of KH176m
mode-of-action.

8.2 General discussion

This thesis is part of a drug development strategy based on the technology
transfer process of academic findings into industrial usable applications. The
results generated with these studies all performed at Khondrion in collab-
oration with the Department of Biochemistry at the Radboudumc provide
new methodological approaches to study mitochondrial dysfunction of in vitro
cell models and new insight to better understand the pathology and design
therapeutic strategies. One of the new methodological developments is the
mitochondrial morphofunctional protocol discussed in Chapter 4. This proto-
col was applied in different experimental conditions in Chapter 4, 5, 6 and 7
where different research questions were addressed. In Chapter 4, 6 and 7 the
protocol was applied to PHSFs, while in Chapter 5 it was applied to HT22
neuronal cells. Overall, this technology was able to discriminate drug-induced
phenotypes modulation and to classify and quantify pathophysiological mor-
phofunctional phenotypes of cell lines carrying pathogenic mutations compared
to healthy controls.

In Chapter 7, the importance of another methodological approach was high-
lighted when indicating that cellular time-lapse monitoring, rather than end
point measurements, was crucial to study fast and dynamic biological events.
Within that context, kinetic measurement was optimized. This allowed to
identify a pivotal role of lipid peroxidation for LS patient cell death that was
otherwise detected with high technical difficulties or to easily pass undetected.

Another important experimental and methodological part of this thesis was
focused on cell culture and stress assay optimization. Patients derived PHSF
models are a precious source of information, however, despite the presence of
the pathogenic mutations, often these in vitro cell models do not show robust
pathological phenotypes suitable for preclinical drug development (Iannetti
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et al., 2019). Therefore, two stress conditions (i and ii) have been optimized
to enhance pathology, study mitochondrial dysfunction, identify new biolog-
ical targets and perform drug interventions (to correct the aberrations and
test drug efficacy and potency). The galactose-based medium (i) is a culture
strategy described for the first time long ago (Robinson et al., 1992), that was
here optimized and applied in Chapter 5 and 6. The galactose-based medium
was used to inhibit metabolic flexibility in Chapter 5 and induce a metabolic
stress in Chapter 6 where the medium was also pyruvate-free. The absence of
pyruvate was here discovered to be crucial in inducing the LS patients derived
PHSF death that was otherwise prevented. The BSO treatment (ii), inhibiting
the main cellular antioxidant, was instead used to induce a cellular redox stress.
Mitochondrial diseased cells derived from LS patients with CI deficiency re-
sponded with different sensitivity to both the galactose-based medium and the
BSO treatment. The induction of a robust pathological phenotype provided
models for target identifications and drug testing studies.

Chapter 6 identified NAD+ shortage and the consequential reductive stress
as hallmarks of CI deficiency in PSHF derived from LS patients when cul-
tured in pyruvate-free galactose-based medium. Chapter 7 identified instead
the lipid peroxidation aberration and the consequential oxidative stress as hall-
marks of CI deficiency in PSHF derived from LS patients when treated with
BSO. These two independent studies, applying different experimental condi-
tions (the galactose-based medium and the BSO treatment) to the same cell
models (PSHFs derived from LS patients with CI deficiency) and inducing dif-
ferent phenotypical consequences (reductive stress vs oxidative stress), might
be the two faces of the same coin.

8.3 Future perspectives

In conclusion, cell-phenotypic profiling is a powerful technology that is con-
tinuously evolving according to the rapid technological advances of hardware
and software development. The integration of these technological approaches
with experimental biology has been and will be extremely advantageous for
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the understanding of the molecular basis of mitochondrial dysfunction. As a
consequence, this will boost in vitro drug development and all translational
medicine to get effective treatments from bench to bedside faster.

In particular, the field of 3D cell-based assays uses heterogenous and mature
cell populations differentiated from induced pluripotent stem cell. These are
combined in self-organized three-dimensional tissue cultures, called organoids,
that represent a really promising tool (Dutta et al., 2017; Huch et al., 2017;
Takahashi, 2018). Organoids presumably will offer more predictive models to
better mimic the diseases phenotypes in a dish, discover new effective biological
targets and develop new drugs faster and more effectively (Booij et al., 2019).
Within this context phenotypic screening is maintaining a crucial role (Haasen
et al., 2017) that more likely will remain dominant also in the next future.

In parallel to more advanced cell models, also new imaging detection meth-
ods are quickly developing. Free labeling microscopy techniques for time-lapse
measurements and direct imaging of unstained living cells, are one promising
example (Cotte et al., 2013; Kasprowicz et al., 2017). Making these label-
free live cell imaging techniques quantitative, it is crucial to monitor fast and
dynamic biological events in unperturbed and physiological conditions. There-
fore, combining label-free time-lapse imaging techniques with targeted fluores-
cent dyes for end point measurements, will be an extremely powerful approach
to facilitate experimental biology.

Despite the good promises and considerable technological advancements al-
ready happened in the last few years, pharmaceutical research organizations
are still encountering considerable challenges with phenotypic screening. The
trend indicated from the Eroom’s law (Scannell et al., 2012) is still not inverted
(Sam and Athri, 2019). Erooms’s law specifically depicted a situation where
drug discovery was becoming slower and more expensive over time, despite
significant improvements in technology. Long time experimentation, unpre-
dictable and often even irreproducible results are some of the current inherent
obstacles associated with preclinical in vitro drug discovery. Errors in the ex-
perimental planning, execution and reporting is one of the major experimental
biology bottlenecks. Even if rapid advances in technologies are happening, in
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comparison with other industries, in biotech little has changed yet in the way
research is conducted in most laboratories: manual work is still executed with
pen, paper and pipettes.
Throughput, accuracy, efficiency and reproducibility are some of the necessary
qualities, slowly moving biotech research to the next level. Within this context,
full lab automation and digitalization are playing a major role in biotechnology,
translational medicine, drug development... and mitochondrial dysfunction
treatment development.
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Nederlandse samenvatting

Het belangrijkste doel van dit promotieonderzoek was het karakteriseren van
de consequenties voor de cel van het disfunctioneren van mitochondriën. Dit
is gedaan op fenotypische niveau voor Target Discovery en het testen van ge-
neesmiddelen. Om dit te doen heb ik mij gericht op het ontwikkelen van
nieuwe geautomatiseerde live-cell imaging technieken en de optimalisatie van
cel-gebaseerde assays. Deze technieken zijn toegepast op de Primary Human
Skin Fibroblasts (PHSF) afgenomen van zowel gezonde donoren als van patiën-
ten met het Syndroom van Leigh (SvL). SvL is een ernstige neurologische
afwijking die zich meestal openbaart in het eerste levensjaar door het versneld
verliezen van mentale en motorieke capaciteiten. De patiënt overlijdt typisch
binnen twee tot drie jaar, meestal door het falen van het ademhalingssysteem
(Gerards et al., 2016). De bij de SvL patiënten afgenomen PHSF’s, die in
deze studie gebruikt zijn, vertonen de meest voorkomende mitochondriale ox-
idatieve phosphorylyse (OXPHOS) enzym afwijking, namelijk het tekort aan
het geïsoleerde complex I (Fassone and Rahman, 2012; Ma et al., 2013).

Hoofdstuk 1 introduceert de structuur, de functie en het disfunctioneren van
mitochondriën van moleculair tot klinische niveau, inclusief de strategie om
drugs te ontwikkelen. Het belang van mitochondriën op de gezondheid van
de mens wordt benadrukt. Het concept van de mitochondriale morphofunctie
wordt ook behandeld. Dit concept benadrukt de belangrijke interactie tussen
vorm en functioneren. De morphofunctie is een essentiële indicator van de
mitochondriale en algemene gezondheidstoestand van de cel, en wordt in elk
hoofdstuk van dit proefschrift gemeten of bediscussieerd. Het hoofdstuk gaat
verder met de beschrijving van de ernstige klinische aspecten van mitochondri-
ale ziektes, specifiek het tekort aan CI en SvL zijn ziektebeelden waarvoor geen
goede behandeling bestaat. De introductie wordt afgesloten met een overzicht
van het proces van het ontwikkelen van geneesmiddelen met een focus op in
vitro pre-klinisch werk. Cell-based fenotypisch screening wordt gepresenteerd
als de belangrijkste methodologische aanpak die door farmaceutische bedrijven
wordt gebruikt voor Target Discovery en het testen van drugs.



Er bestaat een groot aantal technologieën voor het evalueren van de bijdrage
van mitochondriën aan ziektes en voor het uitvoeren van preklinisch in vitro
geneesmiddelen ontwikkeling. Sommige van deze technieken zijn commercieel
beschikbaar, andere alleen nog in het laboratorium. In Hoofdstuk 2 presen-
teer ik een kritisch overzicht van de literatuur over het gebruik van live-cell,
hoge resolutie microscopie dat gebruikt wordt voor het karakteriseren van het
disfunctioneren van mitochondriën door middel van fenotypische profilering
gebaseerd op beelden. Gedetailleerde richtlijnen voor live-cell imaging tech-
nieken worden hier gepresenteerd om de ontwikkelde technieken in de exper-
imentele hoofdstukken van dit proefschrift te introduceren. Vanuit dit per-
spectief bediscussieer ik een selectie van live-cell fluorescentie reporters, de
gebruikte imaging strategie en modellen van de menselijk cel met hun voor-
en nadelen. We presenteren ook een overzicht van live-cell toepassing van
microscopie die gebruikt worden voor het detecteren van cellulaire fenotypes
gekoppeld aan ziektes en voor het uitvoeren van cel gebaseerde screening van
geneesmiddelen.

Hoofdstuk 3 richt zich op hoe mitochondriaal morphofunction kan worden
bestudeerd en gecombineerd met high-content en high-troughput strategieën.
Het hoofdstuk behandelt verschillende toepassingen hiervan, die worden ge-
bruikt om genetische en door geneesmiddelen veroorzaakte effecten op het
niveau van individuele organellen, cellen en cel populaties te analyseren. In
Hoofdstuk 4 presenteren wij een nieuw protocol dat ontwikkeld is om gemul-
tiplexde high-content analyses van mitochondriale morphofunctie uit te voeren.
Dit maakt het mogelijk om de mitochondriale morphofunctie en de cellulaire
en nucleaire parameters in de PHSF’s onbevooroordeeld en geautomatiseerd
te kwantificeren. Cellen werden gekweekt op 96-well kweekplaten en verkleurd
met drie fluorescentie kleurenstoffen die gericht zijn op mitochondriën, cytosol
en kernen. Beelden van multi-spectrale fluorescentie zijn verkregen met geau-
tomatiseerde microscopie waaruit de waarde van 44 descriptoren geëxtraheerd
zijn. Deze data werd vervolgens onderworpen aan univariate, bivariate en mul-
tivariate analyse. Hoewel dit protocol specifiek voor PHSF’s ontwikkeld is kan
het ook worden toegepast op andere cel types. In Hoofdstuk 5 wordt dit pro-
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tocol toepast op het HT22 neuronaal cel model. Mitochondriale morphofunc-
tionele analyse werd gebruikt om de flexibiliteit van het cellulaire metabolisme
te analyseren met lage-geleiding Ca2+-geactiveerde K+ kanalen om vervolgens
de fenotypische consequenties te onderzoeken. HT22 werd behandeld met de
chemische verbinding CyPPA om farmacologische SK-activering te induceren.
Bij aanwezigheid van glucose in het cultuur medium produceren veel in vitro
gekweekte cel modellen bijna alle ATP via glycolyse in plaats van met het
mitochondriale OXPHOS systeem (Crabtree, 1929). Daarom is het een alge-
meen gebruikte experimentele opzet om glucose te vervangen door galactose in
het cultuur medium om pathologische mitochondriale fenotypes te induceren
of te versterken (Robinson et al., 1992; Rossignol et al., 2004). Deze strategie
forceert dat de ATP productie afhangt van het mitochondriale metabolisme,
dat glycolyse opregulering wordt voorkomen en dat metabolische flexibiliteit
wordt beperkt (Rossignol et al., 2004). Om de cellulaire compensatie mech-
anismes van de inhibitie van glycolytische opregulering te beperken, hebben
wij in Hoofdstuk 5 de mitochondriale morphofunctionele analyse van de met
CyPPA behandelde HT22 cellen uitgevoerd in galactose- en glucose gebaseerde
media.

In Hoofdstuk 6 gebruiken wij ook de op galactose gebaseerde medium strate-
gie waarmee een metabolische stress wordt opgewerkt die de afwijkingen van
het PSHF CI tekort verstrekt. Wij hebben een cellulaire en mitochondriale
fenotype karakterisering uitgevoerd van de cellen met een mitochondriale ziekte
die in een galactose gebaseerd medium groeien en die vergeleken met cellen
die in een glucose gebaseerd medium groeien. We onderzochten de levens-
vatbaarheid van de cel, de mitochondriale morfofunctie, de reactieve zuurstof
species en de ATP-homeostase. Een paneel van 6 cellijnen werd gebruikt,
drie afgeleid van gezonde donoren en drie van patiënten met LS die mutaties
vertonen in de CI genen (NDUFS7, NDUFS8, NDUFV1) gecodeerd in het nu-
cleaire DNA (n-DNA). Na een optimalisaties van het celcultuur protocol en
van de samenstelling van het op glucose gebaseerde medium, stierven de LS
fibroplasten in het galactose medium terwijl de control cellen bleven leven. De
sterfte onder LS-cellen werd afhankelijk van de dosering geremd door pyruvaat,



malaat, oxaloacetaat, α-ketoglutaraat, aspartaat en exogeen NAD+ (eNAD),
maar niet door lactaat, succinaat, α-ketobutyraat en uridine. Pyruvaat en
eNAD verhoogde het gehalte van cellulair NAD+ in de met galactose behan-
delde LS-cellen in verschillende mate. Co-incubatie studies lieten zien dat
de door pyruvaat geinduceerde redding niet primair door NAD+ wordt geme-
dieerd. De vervanging van glucose door galactose in de LS-cellen verhoogde de
mitochondriale fragmentatie en massa, depolariseerde de mitochondriale mem-
braan potentiaal (∆ψ, verhoogde het H2DCFDA-oxiderende ROS-niveau, ver-
hoogde de vorming van de mitochondriale ATP en verminderde het totale cellu-
laire ATP-gehalte. Deze afwijkingen werden op een verschillende manier gered
door pyruvate en eNAD wat de conclusie ondersteunt dat deze verbindingen via
verschillende mechanismes de sterfte van LS-cellen veroorzaakt door galactose
beperken. Deze bevindingen leggen een nieuwe cel-gebaseerde strategie vast
voor het testen van interventies en versterken ons begrip van de pathofysiologie
van het tekort aan CI.

Hoofdstuk 7 presenteert net als hoofdstuk 6 een fenotypische en moleculaire
karakterisering van door CI-tekort geïnduceerde afwijkingen in PSHF’s, on-
der een conditie van stress. In deze studie wordt een redox stress opgelegd
door de cellen te behandelen met L-buthionine-(S,R)-sulfoximine (BSO) wat
de concentratie van de belangrijkste cellulaire oxidant, glutathion (GSH), ver-
mindert. Net als in hoofdstuk 6 werden zes cellijnen gebruikt, drie van gezonde
donoren en drie van patiënten met LS met mutaties in de CI genen ((NDUFS7,
NDUFS2, NDUFV1). De NDUFS7 cellijn was dezelfde als in hoofdstuk 6,
echter de ander twee wijken af: de NDUFS2 was een andere cellijn met een
mutatie in een ander gen van het CI, NDUFV1 heeft een andere mutatie op
hetzelfde gen van het CI. We hebben eerder laten zien dat de GSH synthese-
inhibitor BSO het cellulaire GSH gehalte in dezelfde mate verminderd in
PSHF’s van LS patiënten als in gezonde controle donoren. Het was interes-
sant dat de BSO behandeling de levensvatbaarheid van cellen van LS patiënten
sterk reduceert (allemaal met een geïsoleerde mitochondriale CI tekort), ter-
wijl CT cellen levensvatbaar bleven. De oorzaak voor dit verschil in invloed
is nog niet bekend. In dit laatste hoofdstuk voerden wij ook een fenotypische
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en moleculaire profilering uit van LS- en CT cellen om het effect van BSO te
bestuderen voordat de celsterfte werd geïnduceerd. De incubatie gedurende
24 uur van PSHF’s met een niet-giftige BSO-concentratie (1 µM) verminderde
de mitochondriale en cytosolische GSH-niveaus in LS en CT cellen op dezelfde
wijze. Geen afwijkingen in de mitochondriale morfofunctie, het cellulaire ATP
gehalte of de cellulaire lipide peroxidatie toestand werd geobserveerd tot 2 uur
voordat de cel sterfte werd geinduceerd. Als de lipide peroxidatie toestand
echter op een latere tijdstip (12 of 18 uur) werd gemeten werd een uitbarsting
waargenomen tegelijkertijd met een vermindering van de levensvatbaarheid van
de cel die geidentificieerd kan worden als een LS-specifiek pathologisch feno-
type. We hebben eerder gedemonstreerd dat KH176m, het metaboliet van een
nieuwe geneesmiddel KH176 dat in de klinisch fase is, de BSO-geinduceerde cel-
sterfte volledig stopt. Hier geven wij voorlopige bewijs dat deze celsterfte wordt
vergezeld door een verhoogde lipide peroxidatie, wat KH176m kan voorkomen.
De effectiviteit van KH176m werd ook vergeleken met Ferrosttin-1, de eerste
geindentificieerde inhibitor van ferroptose, een celsterfte die ook afhankelijk
is van lipide peroxidatie. Deze verkennende studie benadrukt de causale rol
van lipide peroxidatie op de door BSO veroorzaakte sterfte van cellen van LS
patienten en verstrekt ons begrip van het werkingsmechanisme van KH176m.
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- Science MEET business, Valencia (Spain) 
- MEET course in SCIENCE COMMUNICATION, Rome (Italy) 
- Laser-captured microdissection, UNEW - New Castle (UK) 
- The MEET winterschool, Nijmegen  
- Entrepreneurship and innovation for PhD students, Nijmegen  

 
2014 
2014 
2014 
2015 
2015 
2015 
2015 
2015 
2016 
2016 
2017 

 
1 
1 
0.8 
0.8 
0.8 
0.8 
1.75 
2 
0.5 
0.5 
2 

b) Seminars & lectures^ 
- Mitochondria, metabolism and cell cycle control: An imaging perspective  
- Introduction to Machine Learning with a Focus on Clinical Data  

 
2014 
2014 

 
0.1 
0.1 

c) Symposia & congresses^ 
- EUROMIT 2014, Tampere (Finland) 
- Poster presentation at EUROMIT 2014 
- Mitochondrial Medicine Course, Bologna (Italy)  
- Oral Presentation at the Mitochondrial Medicine Course 
- PhD retreat 2015, Veldhoven  
- Poster presentation at the PhD retreat 2015, Veldhoven 
- 11th MiP conference, Luční Bouda, (Czech Republic) 
- Oral presentation at the 11th MiP conference 
- The MEET mini-congress on mitochondrial medicine, Nijmegen  
- Oral presentation at the MEET mini-congress on mitochondrial medicine   
- The MEET Symposium, Nijmegen  
- Mitochondrial Medicine conference, Cambridge (UK) 
- Poster presentation Mitochondrial Medicine conference, Cambridge (UK) 
- EBEC - European Bionergetic, 2016,  Riva del Garda (Italy) 
- Poster presentation at the EBEC  
- PhD retreat 2016, Veldhoven  
- Poster presentation at the PhD retreat 2016, Veldhoven 
- PhD retreat 2017, Veldhoven  
- Oral presentation at the PhD retreat 2017, Veldhoven 
- SysmedPD consortium 1st year Progress Meeting, Leiden 
- Oral presentation at SysmedPD consortium 1st year Progress Meeting 
- SysmedPD consortium 2nd year Progress Meeting, Lubeck 
- Oral presentation at SysmedPD consortium 2nd year Progress Meeting 

 
2014 
2014 
2014 
2014 
2015 
2015 
2015 
2015 
2016 
2016 
2016 
2016 
2016 
2016 
2016 
2016 
2016 
2017 
2017 
2017 
2017 
2017 
2017 
 

 
1.75 
0.55 
0.25 
0.5 
0.5 
0.5 
0.25 
0.5 
0.25 
0.5 
0.25 
0.75 
0.5 
1.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

d) Other 
- Research Secondment at CNIC, Madrid Spain 
- Organizing the MEET Winterschool & mini-congress 
- Organizing the MEET Symposium 

 
2015 
2015-2016 
2015-2016 

 
2 
1 
2 

TEACHING ACTIVITIES 
e) Lecturing 

 
  

f) Supervision of internships / other 
- Master of Science Student internship coaching 
- Bachelor of Science Student internship coaching 

 
2016 
2017 

 
2 
2 

TOTAL 34.2 
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He obtained a bachelor’s degree in biological sciences in 2010 from Università
di Bologna (Italy) with an experimental thesis on mitochondrial molecular
genetics. He obtained a master’s degree in Molecular and Cellular Biology in
2013 also from Università di Bologna (Italy) with an experimental thesis on
mitochondrial genetics, molecular biology and virology with applications to
cancer research.

After a short research internship in Birmingham University (UK) studying can-
cer genetics, Eligio was selected as Early Stage Researcher in the Marie Curie
International Training Network Mitochondrial European Educational Training
project. Therefore, in October 2013 he moved to Nijmegen (The Netherlands)
to start a PhD project focusing on cell-phenotypic profiling of mitochondrial
dysfunction for target discovery and drug testing. The PhD research was per-
formed at Khondrion in collaboration with the Department of Biochemistry
of the Radboud University Medical Center (Radboudumc) under the supervi-
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pharmaceutical company discovering and developing therapies targeting mito-
chondrial disease. Eligio’s PhD thesis was part of Khondrion’s drug develop-
ment strategy. The results provided new methodological approaches to study
mitochondrial dysfunction of in vitro cell models and new insight to better
understand the pathology and design therapeutic strategies.

During his PhD time at the Radboud University research community (≥ 5.000
researchers), Eligio realized that intellectual and technological resource shar-
ing was not optimal and that research laboratories could have been better
connected. Therefore, he founded Respora, a startup selling IT services to
academic communities to support researchers’ communication, resource and
knowledge sharing, productivity and creativity.

At the end of 2018, Eligio left the Netherlands to look for new career oppor-
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tunties at the intersection between entrepreneurship, science and technology.
After a short period collaborating with a Cambridge (UK) based early stage
deep science startup accelerator, Panacea Stars, he joined a London based
startup, Experoment. The mission was to automate and standardize exper-
imental biology to increase reproducibility and eliminate human errors by a
centralized robotic cloud research laboratory.
While exploring the European scientific startup ecosystem, Eligio got in contact
with Valitacell, a biotech company based in Dublin (Ireland) motivated to ac-
celerate the manufacture of life-saving medicines like biologics and cell therapy
by enhancing the bioprocess monitoring and optimization. From September
2019, Eligio works at Valitacell as an Innovation Associate, combining his pas-
sion for technology, live cell imaging and assay development together with a
business oriented and customer facing role.
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