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CHAPTERI

INTRODUCTION




THE POWERHOUSES OF THE CELL

Mitochondria, the nifty little cell organelles also known as the powerhouses of
the cell (Figure 1.1), have been gaining attention and prove to be much more than
mere providers of over 90% of the cell’s energy needs. The importance is clear,
without mitochondria, we would die within 3 minutes. Mitochondria are widely
believed to be of bacterial origin and incorporated into the eukaryotic cell through
symbiosis around 1.5 billion years ago.” This led to a switch from glycolysis to oxi-
dative phosphorylation, which is a far more efficient way to create adenosine tri-
phosphate (ATP), and enabled the cell to perform more energy demanding tasks
by oxidizing the major products of glucose: pyruvate, and nicotinamide-adenine-
dinucleotide (NADH). Oxidative phosphorylation (0xpHOS) relies on the elec-
tron transport chain (ETC), a series of protein complexes (1, 11, 111 and 1v) that
transfer electrons from complex to complex via redox reactions, with the sole pur-
pose of transporting protons (H+) across the inner membrane of the mitochon-
dria into the intermembrane space (Figure 1.2). The then created proton gradient
pushes the protons back to the matrix, which drives the synthesis of ATP through
the use of the ATP synthase channel (complex v). Mitochondria have their own,
circular DNA, containing 37 genes: 13 for protein subunits of the complexes, 22 for
mitochondrial TRNA (for the 20 standard amino acids, plus an extra gene for leu-
cine and serine), and 2 for RRNA.'® These genes are maternally inherited: paternal
genes enter the egg via the sperm’s mitochondria, but are marked with ubiquitin
to select them for later destruction inside the embryo.!” Mitochondria divide by
binary fission, similar to bacterial cell division.

MITOCHONDRIAL (DYS)FUNCTION

So far, the clinical importance of mitochondria seems rather minimal. However,
we now know that mitochondria are more involved in the cell’s signaling pathways
and survival than previously thought. Once thought to be mere powerhouses of
the cell, mitochondria have been shown to play a role in many central cellular
metabolic tasks, see Box 1.1

‘An important source of damage to mitochondria
is reactive oxygen species.’
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Box 1: Several cellular functions of mitochondria

1 Signaling through mitochondrial reactive oxygen species

»

Regulation of the membrane potential
Apoptosis-programmed cell death

Calcium signaling (including calcium-evoked apoptosis)
Regulation of cellular metabolism

Certain heme synthesis reactions and

I T N7 )

Steroid synthesis

It is therefore important to keep mitochondria in shape. This is achieved by the
principle of ‘use it or lose it’ (when the energy needs of a cell are high, mito-
chondria grow and divide and when the energy use is low, mitochondria become

1920 An important source of

inactive) and by repairing damaged mitochondria.
damage to mitochondria are reactive oxygen species (R0S), mostly across created
through the oxidative metabolism inside the ETC.>"** As electrons pass through
the ETC, a small fraction escape and prematurely react with molecular oxygen re-
sulting in the production of superoxide. Damage to the mitochondrion results
in a decreased efficiency of 0xPHOS, thereby producing even more ROS and less
ATP, which is termed mitochondrial dysfunction. The mitochondrial Theory of
Aging hypothesizes that during an individual’s life, oxidative stress damages DNa
and thus impairs the ability to produce essential proteins over time.** mtDNA is
especially vulnerable to oxidative stress, because it is located directly at the site
of oxidative metabolism and is not protected by histones, which is the case in
nuclear DNA.

“The result of mitophagy is that dysfunctional mitochondria are
removed, keeping the mitochondria and their turnover healthy.”

Fortunately, ROS can be neutralized by so-called free-radical scavengers, including
members of the superoxide dismutase (soD) family, catalase, and glutathione per-
oxidase. However, when the ROS production exceeds the antioxidant capacity, ox-
idative damage is inflicted on mitochondrial components, causing mitochondrial
dysfunction.** At this stage, dysfunctional mitochondria can be removed from the
cell through mitophagy, a type of autophagy (see Figure 1.3). The term mitophagy
was proposed by Lemasters et al. in 2005 to emphasize the selectiveness of this
type of autophagy for dysfunctional mitochondria, previously assumed to be a

CHAPTERI-INTRODUCTION



10

random process.”> How mitophagy is initiated is not yet fully understood, but it
is clear that signals from mitochondria that are beyond repair, trigger the outer
membrane to be flagged for destruction. The result of mitophagy is that dysfunc-
tional mitochondria are removed, keeping the mitochondria and their turnover
healthy.>

MEASURING MITOCHONDRIAL FUNCTION

In order to determine mitochondrial (dys)function in a person, one must be able
to measure it. The first quantitative method to determine mitochondrial func-
tion of isolated mitochondria was performed by Chance and Williams in 1955 by
crudely measuring the oxygen disappearance rate (cellular respiration) in vitro as
a measure of ATP production.”® Nowadays, non-invasive in vivo techniques, such
as phosphorous Magnetic Resonance Spectroscopy (31P-MRs, see Figure 1.4), are
the new standard in measuring mitochondrial function. 31P-MRS estimates the
ATP production rate in the calf muscles by measuring the phosphocreatine recov-
ery rate after an in-scanner bout of exercise.”” Other in vivo techniques include
Near Infrared Spectroscopy (N1rs) and the recently developed protoporphyrin 9
triple state lifetime technique (PpIx-TSLT, see Figure 1.5). Both techniques mea-
sure the oxygen disappearance rate and with Pp1x-TsLT this is measured inside
the mitochondria. A big advantage of in vivo measurements is that the cellular en-
vironment of the mitochondria is left undamaged. Doing so, external factors that
might influence mitochondrial function are considered, which makes this type of
measurements more suitable for clinical studies.

“The importance of good mitochondrial function becomes clear when looking
at what could go wrong if the powerhouses start to malfunction.”

Ex vivo measurements require tissue samples to be taken and are thus invasive by
nature, but can additionally determine the function of each of the separate ETC
complexes. This is especially useful when it is necessary to know where exactly
within the ETC the dysfunction occurs. The most popular tissue for ex vivo mea-
surements is muscle, which can be harvested with a relatively low burden for the
patient by taking a biopsy. An array of parameters, including ETC complex func-
tion and abundance and gene expression, can then be measured in the labora-
tory using techniques such as western blot and Enzyme-Linked Immuno Sorbent
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Assay (ELISA). Another ex vivo method, that only requires a blood sample, is mea-
suring the integrity of the mitochondrial membrane potential (A¥m) in periph-
eral blood mononuclear cells (PBMCs). The A¥Ym reflects the general health of
mitochondria and a special dye, attracted to the proton gradient within the inner-
membrane space, is used in the measurement. Due to the location of the circulat-
ing PBMCS, this measurement gives an estimation of the systemic mitochondrial
function. Lastly, the respirometry of cells in suspension has been extensively used,
both in vitro as ex vivo. By adding substrates and inhibitors of the oxPHOS chain
in the right order, the usage of oxygen and thus the activity of the individual com-
plexes can be measured.”® Popular commercial devices are the Oroboros (high-
resolution method) and the SeaHorse (96-wells high-throughput method).?*°

CLINICAL IMPORTANCE: MITOCHONDRIAL
DISEASES

The importance of good mitochondrial function becomes clear when looking at
what could go wrong if the powerhouses start to malfunction. The first proof that
a dysfunction of mitochondria could lead to clinical disease was only discovered
in 1988 by Doug Wallace, as he described the pathophysiological role of dysfunc-
tional mitochondria in Leber’s hereditary optic neuropathy (LHON).*! Wallace
found that due to certain defects in mitochondrial DNA (mtDNA), mitochondria
become dysfunctional, resulting in a disruption of ATP production and an in-
crease in oxidative stress, to which retinal ganglion cells are highly sensitive. The
cell-specific apoptosis that follows causes bilateral loss of central vision, leaving
the patient partially or fully blind. Since the discovery, other diseases have been
attributed to dysfunctional mitochondria, including Kearns-Sayre syndrome,
Leigh syndrome, MELAS (Mitochondrial myopathy, Encephalomyopathy, Lactic
Acidosis, Stroke-like symptoms) and MERRF (Myoclonic Epilepsy with Ragged
Red Fibers’).*

‘Diagnosis of mitochondrial diseases is a challenging,
costly and often an invasive process.’

Patients typically start showing symptoms from a young age and have an unfavor-

able prognosis. Mitochondrial diseases typically occur in tissues with a high ener-
gy demand, such as the brain or muscle and currently lack treatment. Diagnosis of
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mitochondrial diseases is a challenging, costly and often an invasive process, that
starts with a clinical suspicion and is confirmed by showing mitochondrial de-
fects. A test panel was proposed by consensus, consisting of biochemical testing of
blood, urine and spinal fluid, genetic testing and pathology and biochemical test-
ing of tissue (typically a muscle biopsy).** Biochemical testing mainly focusses on
lactate and pyruvate; due to a disturbed mitochondrial function, glycolysis will
increase, thereby producing a higher level of lactate. Genetic testing, preferably
in muscle tissue but also possible in blood, urine and buccal mucosa, identifies
mutations in mtDNA and nDNA, that are known to correlate with mitochondrial
disease. Histology of muscle tissue used to be the gold standard, but less needed
nowadays with the availability of more sensitive molecular testing. However, the
possibility of selectively measuring genetic and biochemical mitochondrial pa-
rameters in different tissues (i.e., muscle in exercise intolerance, heart in cardio-
myopathy, and liver in liver disease) makes the use of invasive biopsy of tissues
still relevant in this heterogenic group of diseases.

MITOCHONDRIAL DYSFUNCTION IN
AGE-RELATED DISEASES

Although important for our understanding of mitochondrial function, mitochon-
drial diseases are luckily rare and the impact on society as a whole is therefore
small. However, mitochondrial dysfunction has also been observed in many com-
mon, age-related diseases such as neurodegenerative disorders, type 2 diabetes
mellitus and - affecting the musculoskeletal system — cardiovascular disease and
sarcopenia (reviewed by Lane ef al.).* The number of people over the age of 85
is expected to triple in America by 2050, drastically increasing the incidence and
impact of such diseases (report by United Nations Department of Economic and
Social Affairs, published in 2015). A point of discussion is whether the observed
mitochondrial dysfunction is caused by age-related disease (i.e. exposure of mi-
tochondria to chronic inflammation) or that the mitochondrial dysfunction itself
drives the pathogenesis of age-related disease.

“The brain is most sensitive to a small decrease in energy supply.”
According to some, general bioenergetic decline is responsible for most age-relat-

ed diseases, with mitochondria being the main actors.** Different tissues demand
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a different extent of energy and this explains tissue-specific symptoms. The brain
is most sensitive to a small decrease in energy supply. Other high-energy demand
tissues include the heart, muscle, kidney, and endocrine system, the organs com-
monly affected in metabolic and degenerative diseases. Individual genetic varia-
tions in mtpNA and NDNA, combined with environmental factors (changing
energy resources, energy demands and toxins) cause mitochondrial dysfunction,
which in turn raises oxidative stress, leading to a progressive bioenergetic decline.
This decline may then lead to apoptosis of the high-energy demanding cells, re-
sulting in disease.

Sarcopenia: illness through a sedentary lifestyle

One such an age-related disease is sarcopenia. Sarcopenia is derived from the
Greek terms for ‘flesh’ (cdp¥; sarx) and ‘poverty’ (mevia; penia) and received its
ICD-10 term only recently, giving it the official status of a disease. By age 85, ap-
proximately 20% of people meet criteria for sarcopenia (meaningful loss of muscle
mass and strength).>S Characterized both by loss of lean muscle mass and reduced
skeletal muscle function, sarcopenia is a major contributor to loss of indepen-
dence and frailty in the elderly.>

‘Prevention of sarcopenia is currently managed
by keeping elderly physically active.”

Studies in humans indicate that by the age of 70, there is a 25-30% reduction in the
cross sectional area (CsA) of skeletal muscle and a decline in muscle strength by
30-40%.37 Sarcopenia is a proven risk factor for falling in elderly, resulting often in
hip fractures.*® Recovery after hip fracture is notably difficult and 20% of people
die within one year after the trauma. Prevention of sarcopenia is currently man-
aged by keeping elderly physically active.?* Although an increased level of ROS
can be measured in muscle samples from elderly, mitochondrial function remains
relatively preserved if these elderlies are physical active.*® It has been suggested
that the reported age-related reduction in ETC function (reduced mitochondrial
complex I, 11, 111, and 1V activity) is not related to the aging process per se, but
rather due to other confounding factors, including physical inactivity.*' Physical
activity also protects mitochondria from oxidative stress. In a comparison study,
active elderly had levels of oxidative stress similar to young subjects, whereas the
anti-oxidant system in sedentary elderly was not intact.*?
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Mitophagy

An important mechanism through which mitochondrial dysfunction could occur
is the failure of mitophagy. Removing dysfunctional mitochondria keeps the pro-
duction of ROS in check, thereby preventing apoptosis to be triggered. There are
multiple indications that mitophagy is reduced in aged muscle cells and happens
through a decreased activity of mitofusin 2, a receptor for PINK- and PARKIN-
targeted mitophagy.**™** Furthermore, exercise in sarcopenic mice leads to an
increase in mitophagy and mitochondrial function.* Sarcopenia is just one ex-
ample of age-related diseases in which mitochondrial dysfunction plays a role, but
the mechanisms causing mitochondrial dysfunction greatly overlap.

MITOCHONDRIAL DYSFUNCTION AS
A TARGET FORPHARMACOLOGICAL
TREATMENT

Since the discovery of the wide involvement of mitochondria in disease and the
improved understanding of mitochondrial function in general, dysfunctional mi-
tochondria have become a popular drug target for a wide variety of diseases. An
increase in physical activity in aged mice and patients with mitochondrial disease
strikingly showed an improvement in both mitochondrial biogenesis and oxpHOS
capacity in muscle and other tissues, such as the brain.*’>*> Unfortunately, chang-
ing people’s life style is known to be very challenging and, based on current child
obesity statistics, will likely remain so in the foreseeable future. Multiple ap-
proaches to improve mitochondrial function have been studied, but only a hand-
ful have made it to clinical trials. Promising drugs have focused on increasing the
anti-oxidant capacity, restoring OXPHOS capacity, improving mitochondrial bio-
genesis and inducing mitophagy.** ¢ Of the mitochondria-targeted anti-oxidative
therapies, MitoQ and the ss-peptides have shown promising results in various
animal models and have been taken furthest into human development. MitoQ is
a mitochondria-targeted anti-oxidant and acts by protecting the inner membrane
from lipid peroxidation.’” So far, it has been studied in two phase 2 trials, with
mostly negative results. In a study in patients with Parkinson’s Disease it did not
affect disease progression, but in a trial in patients with hepatitis C virus it did lead
to a significant decrease in liver function enzymes.**® ss-31, the lead compound
of the ss-peptides (named after the creators Hazel Szeto and Peter W. Schiller and
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also known as elamipretide and Bendavia), prevents the peroxidation of cardio-
lipin, which organizes the complexes of the ETC, see Box 2.%* However, there are
no data on long-term benefits of elamipretide therapy (this will be discussed in
more detail in Chapter s of this thesis).

Box 2: Efficacy of Bendavia (ss-31) in various animal models

1 Ischemia-reperfusion injury®

Parkinson’s Disease*

Amyotrophic lateral sclerosis®

Alzheimer’s Disease®

Muscle atrophy following hindlimb immobilization®

Insulin resistance as part of the metabolic syndrome’”

N v A W

Heart failure'?

... and human clinical trials

8 Primary mitochondrial myopathy'? (increased distance in the 6-minute walk test)
9 Heart failure' (increased left ventricular ejection fraction)

10 Renal artery stenosis'® (reduced ischemia-reperfusion damage after stent revascularization)

QUESTION BASED DRUG DEVELOPMENT

The goal of drug development is to bring novel compounds to the market as an
approved medication. This goal is far from easy to achieve and, on average, out of
approximately every sooo compounds, only one will eventually be approved by
regulatory authorities.>® After a compound is discovered to be potentially benefi-
cial based on chemical properties, it is tested in pre-clinical studies. These studies
are conducted in cell cultures and animals, with the main goal to assess the intend-
ed pharmacological efficacy of the compound on the one hand and its toxicity on
the other. When screening for toxicity does not raise concerns, the compound
proceeds to testing in humans: the clinical phase. Once the clinical phase has been
reached, only 13.8% of drugs is estimated to get approved.®® The main reasons for
drugs with promising pre-clinical results to fail in the clinical phase is a lack of ef-
ficacy.5" This also counts for mitochondria-targeted drugs.®>*¢

‘Wasting resources by conducting trials in patients with

ineffective therapies results in higher drug prices and bars patients
from enrolling in other, more promising trials.”
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An apparent lack of efficacy can have different causes, with the main culprits being
inadequate dose selection, absence of the intended pharmacology in humans and
the inability of the compound to reach the site of action.®> Question-based drug
development is a step-wise method, focused on answering relevant questions to
evaluate the value of a promising compound (see Box 3).%” Selecting a dose to use
in the clinical phase based on the results from the pre-clinical phase is always a
risk: too high a dose may cause toxicity while too low a dose will not lead to mea-
surable clinical effects. Often the investigated doses are derived from the no ob-
served adverse effect level (NOAEL) in pre-clinical studies with an arbitrary safety
factor to determine the maximum recommended starting dose (MRsD).®® When
basing the MRSD on the NOAEL, biological effects are not taken into account, re-
sulting in uncertainty regarding efficacy in the early clinical phase.® Not having
the intended pharmacology is another cause for drugs to fail in the clinical phase.
The intended pharmacology is met when the compound binds to the right recep-
tor on a cell, producing the desired effect. Hence, if the compound cannot bind to
the intended receptor, there is no pharmacological effect. In pre-clinical testing it
is therefore important to use (animal) models that express the right target recep-
tor, enzyme or antigen, as witnessed with compound TGN1412, that due to a lack
of the cp28 receptor in cynomolgus monkeys led to devastating toxicity in human
volunteers during the phase 1 trial.”® Before a compound can cause an effect, it
must be able to reach the site of action. If the expected pharmacodynamic effect
follows after drug administration, it is clear that the drug reached the site of action.
But if no effect follows or one wants to know how much of the compound reaches
the site in what time, the concentration must be measured at the level of the target
tissue. The most direct way to do this is to isolate mitochondria and assay the drug
in the lysate. Although it is possible to measure drug concentration directly inside
tissue, e.g. in solid tumors and the lung, this is sometimes not possible without
harming the patient.”*

Box 3: Question-based drug development

1 Does the drug reach the site of action?

Is the on-target pharmacological effect present?
Are there off-target pharmacological effects?
Are there on-target pathophysiological effects?
What is the therapeutic window?

- N7 N N P R

Are there off-target pathophysiological effects?
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‘A PoP model combines the benefits of lower variability of the pharmacodynamic
outcome measure than present in patient studies with the greater ease and
feasibility of performing non-therapeutic drug studies in healthy volunteers.’

A good example are drugs that target the central nervous system (cNs). To deter-
mine the penetration of a drug into the CNs, its concentration can be measured
in the cerebrospinal fluid (CSF) as a proxy for the concentration in the brain. In
the absence of drug in the cSF and effects on the cNs, the likely explanation is
that the drug did not reach the site of action. When the drug can be measured in
the csE, but has no effects, this likely means that the compound does not work.
With drugs that target mitochondria within cells of the cNs, this is further com-
plicated. A measurable concentration in the csF with negative effect on the cNs
could mean that the compound has not been able to reach the mitochondria, or,
alternatively, that the compound doesn’t work. Summarized, the transition from
the pre-clinical into the clinical phase has most chance of success when the right
dose is chosen and when as much as possible is known about the efficacy of the
compound before performing the phase 1 study. This is best done by basing the
MRSD on the minimum anticipated biological effect level (MaBEL).”* Once in the
clinical phase, the efficacy needs to be re-assessed in humans, because the efficacy
in animal models can differ greatly from the efficacy in humans.”® The question
about efficacy is best answered early in the development process in order to make
the go or no-go decision. Wasting resources by conducting trials in patients with
ineffective therapies results in higher drug prices and bars patients from enrolling
in other, more promising trials.”*

PROOF-OF-PHARMACOLOGY MODELS IN
HEALTHY HUMAN SUBJECTS

The full potential of question-based drug development can be achieved with in-
telligent study designs, one of which is the proof-of-pharmacology (por) model.
poP models use a challenge, pharmacological or non-pharmacological, in healthy
subjects to mimic the pathophysiologically relevant mechanism.®” Traditionally,
phase 1 trials focus on safety and pharmacokinetics in healthy volunteers. During
phase 2 trials, a small group of patients is enrolled in a randomized placebo-
controlled study and efficacy are assessed using clinically relevant outcome mea-
sures. Assessing efficacy in patients is challenging, because variability in both
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pharmacokinetics and pharmacodynamics are infamously high in patients, due
to influences from co-morbidities and the disease itself.®” Doing this in healthy
volunteers is easier and safer. The limit in healthy volunteers, however, is that
healthy, physiological function most often cannot be pharmacologically en-
hanced in healthy volunteers. When focusing on mitochondrial function targeted
compounds, healthy volunteers typically have a normal, optimal, mitochondrial
function, which cannot be expected to improve due to pharmacological interven-
tion. A (pharmacological) challenge model in healthy volunteers can overcome
this limit. A PoP model combines the benefits of lower variability of the pharma-
codynamic outcome measure than present in patient-studies with the greater ease
and feasibility of performing non-therapeutic drug studies in healthy volunteers.
In the case of drugs that are hypothesized to enhance mitochondrial function, the
goal is to try to demonstrate a sometimes only small treatment effect in an often
very heterogeneous population. If the level of mitochondrial dysfunction in the
target population is highly variable, then demonstrating small improvements in a
limited number of patients will not lead to statistically significant effects. Reducing
the variability of the outcome measure in a population may allow for smaller — but
still very clinically relevant — improvements to be demonstrated. Differences in
mitochondrial function may therefore be difficult to detect in patients. Using a
pharmacological challenge model in healthy volunteers could therefore be useful
in early phase drug development. Additionally, in a PoP model, the challenge ef-
fects must be reversible, because otherwise it will not be known whether a novel
compound could be expected to reverse the challenge induced effects.

DRUG-INDUCED MITOCHONDRIAL
DYSFUNCTION

Similar to the finding that dysfunctional mitochondria play a role in age-related
diseases, it was observed that many commonly used drugs can cause a certain
degree of mitochondrial dysfunction and the list is expanding. In fact, there are
several cases of withdrawn medications that passed classic toxicology testing,
but were found to be mitotoxic long after they were withdrawn from the market;
blockbusters troglitazone and cerivastatin being the most famous ones.”*”® There
are multiple pathways, through which medications can be mitotoxic, see Box 4.””
Pharmaceutical companies have started to actively screen newly discovered for
mitochondrial dysfunction as part of the toxicology tests. At Pfizer for instance,
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focus on pre-clinical mitotoxicity has now been firmly established. However, in
vivo monitoring of mitochondrial function will stay the most important assess-
ment, which will need be performed during clinical trials.

Box 4: Examples of mitotoxic pathways by prescription medications

+ Statins inhibiting the biogenesis of co-enzyme Q1o and
directly inhibiting complex 111 of the ETC"

* Non-Steroidal Anti- uncoupling of the proton gradient from ATP
Inflammatory Drugs production to render oxidative phosphorylation
(indomethacin and inefficient®
diclofenac)

* Nucleoside reverse depletion of mtDNA, hampering transcription
transcriptase inhibitors of essential mitochondrial components®

(antiretroviral medications)

* Metformin (anti-diabetic inhibition of complex 1 of the ETC, inhibiting
medication) mitochondrial respiration'®

AIM OF THIS THESIS

The aim of this thesis was to evaluate several clinical pharmacological perspectives
of mitochondrial function within the musculoskeletal system.

Can physical activity influence mitochondrial function?  Elderly with a sedentary
lifestyle (i.e. pre-frail elderly) were compared to physically active elderly to evalu-
ate the influence of mitochondrial function in the etiology of sarcopenia (Chapter
2). Further exploration on the association between musculoskeletal system and
mitochondrial function were done in a population of total knee arthroplasty
(TkA) patients (Chapter 3). Of this TkA population about 20% of patients are
not satisfied with the postoperative outcome and even have less mobility than
preoperative.”®®* The latter might be related to muscle (i.e. mitochondrial) dys-
function. Currently it is known that sarcopenia and mitochondrial dysfunction
occur in up to 44% of patients with osteoarthritis of the knee joint (Safdar et al.).**

Can we induce mitochondrial dysfunction in healthy volunteers in order to test mito-

chondrial enhancing drugs? In Chapter 4, the first human proof-of-pharmacol-
ogy model for mitochondrial dysfunction was evaluated. A sub-clinical degree of
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mitochondrial dysfunction was induced by simvastatin in a cohort of healthy vol-
unteers, which was then reversed with simultaneous suppletion of ubiquinol (the
reduced form of co-enzyme Q10).

Can we influence mitochondrial function in Huntington’s Disease? Neuronal and
muscular damage in Huntington’s Disease (HD) is driven by mitochondrial dys-
function, due to an accumulation of misfolded huntingtin protein within cells.*>*¢
In Chapter s, a clinical trial was performed to evaluate the pharmacology of com-
pound SBT-020, a novel mitochondria-targeted anti-oxidant, in a cohort with 24
HD patients. In Chapter 6 we look at different associations between motor func-
tioning, neurocognitive functioning and central/peripheral mitochondrial func-

tion, measured in the same group of patients.
How to clinically measure mitotoxicity of commonly described drugs? In Chapter

7, we discuss the importance of measuring oxygen consumption as a monitor of
mitochondrial function in vivo to detect mitotoxicity (see Figures 1.1 to 1.5).
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FIGURE1 Mitochondrion. Schematic display of a mitochondrion. Work by Mariana
‘LadyofHats’ Ruiz Villareal and use of the work allowed under the Wikimedia Commons.
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FIGURE 2 Mitochondrial Electron Transport Chain. Schematic display of the mitochondrial
electron Transport chain (eTc). Electrons () are passed along the different complexes (1-1v)

to build up a proton gradient in the mitochondrial intermembrane space. The protons then flow
back by diffusion through the ATpase channel (complex V), energizing the formation of adenosine
triphosphate (aT) from adenosine diphosphate (aDP) and inorganic phosphate (Pi). Work by
OpenStax College and use of the work allowed under the Creative Commons Attribution 3.0
Unported license.
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FIGURE 3 Mitophagy. The best-known mechanism for mitophagy is the PINK/PARKIN
pathway, activated for instance in case of mitochondrial damage or the accumulation of misfolded
protein.'”#7*! pINK, PTEN-induced putative kinase 1, binds to the outer mitochondrial membrane,
where it activates ubiquitin via phosphorylation, which in turn activates PARKIN, an E3 ubiquitin
ligase.”> PARKIN catalyzes ubiquitin transfer to the mitochondrial membrane and causes
polyubiquitination. This leads to the formation of an autophagosome.”*** Fusion to a lysosome

91,95

finally causes mitochondrial degradation.””> ROs = reactive oxygen species, A¥'m = mitochondrial

membrane potential, Mfn2 = mitofusin 2, LC3 = microtubule associated light chain 3.
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FIGURE 4 A-D  Phosphorous Magnetic Resonance Spectroscopy. The subject is positioned
on the MRI table with the right leg strapped on an MR1-compatible pedal ergometer (a). Using

a surface coil to detect phosphorous metabolism, the concentration of phosphor-containing
molecules can be measured. When the calf muscles are exercised, phosphocreatine (pcr) is
broken down into inorganic phosphate (Pi) and creatine to supply energy to keep the adenosine
triphosphate (ATP) concentration stable. This all takes place within the mitochondria. After the
exercise, the PCr concentration is build up again in order to be ready for a next bout of exercise.
The resulting PCr recovery rate constant reflects the mitochondrial function (8). This process can
be monitored real time from rest (c) to end-of-exercise (p). Pictures are our own work.
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FIGURE § A-D  Protoporphyrin 1x Triple State Lifetime Technique. The COMET device (a)
is the latest development of the PpIx-TsLT technique to assess mitochondrial oxygen concentration
and the mitochondrial oxygen consumption rate. The technique is based on the oxygen-dependent
fluorescence of protoporphyrin 1x. When an optode (8) emits laser light on protoporphyrin-loaded
skin, PpIX reaches a triple state, which is emitted as fluorescence. The speed of emission is oxygen
dependent and when pressure is applied to block microvasculature blood flow (c), the available
oxygen is used by mitochondria. The resulting slope of the oxygen concentration curve reflects the
mitochondrial oxygen consumption rate (p). Pictures by courtesy of Photonics Healthcare.
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