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Summary

Mitochondria produce the majority of the cell’s energy. Any dysfunction in, or
interference with mitochondrial function can have severe consequences. And yet, it
was only within the last decades that screening for potential mitochondrial toxicity
was included as routine toxicity assay during early drug development. Despite
improved recognition of drug-related side effects on mitochondrial function and
progress in method development, translation from the in vitro to the in vivo situation
and from animal to human tissues still remain obstacles. Mitochondrial dysfunction
can also have genetic origin, with similar consequences.

In the present thesis, we evaluated human peripheral blood cells as a model to
investigate potential drug-induced mitochondrial toxicity. We demonstrated that the
antidiabetic drug metformin and the analgesic drug acetaminophen induce
mitochondrial dysfunction and increase cellular lactate production through
inhibition of complex I function at concentrations relevant for clinical intoxication.
Complex I function was also inhibited by the formulation excipient Kolliphor® EL,
indicating that drug-induced mitochondrial toxicity is not only induced by active
pharmaceutical ingredients.

Current treatment options for mitochondrial disease are limited. Succinate, a natural
metabolite of the TCA cycle and a direct substrate of complex II of the respiratory
chain that can increase mitochondrial function, has shown to improve clinical
symptoms in case studies. However, it has limited cell-permeability. We developed
novel cell-permeable succinate prodrugs and characterized them using human
peripheral blood cells. We demonstrated improved oxidative phosphorylation in
different models of mitochondrial dysfunction. Methylene blue, which has
previously been described to improve mitochondrial function in experimental
models, failed to improve oxidative phosphorylation in human peripheral blood
cells under the same conditions.

To investigate the bioenergetic response of human peripheral blood cells relative to
other, more metabolically active tissues we further evaluated mitochondrial
inhibitors and pharmacological treatment strategies in muscle fibres and human-
derived primary cells and cell lines. Changes in the respiratory profiles of human
peripheral blood cells reflected changes in the respiratory profiles of other, more
metabolically active human cells.
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In conclusion, we demonstrate that human peripheral blood cells are a suitable
model for evaluation of potential drug-induced mitochondrial toxicity and
pharmacological bypass strategies for the support of mitochondrial function. Human
peripheral blood cells, in this context, reflect the metabolic responses of other, more
metabolically active human cells.
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Background

The mitochondrion

The presence of mitochondria in the eukaryotic cell traces back to the merger of two
cells. Billions of years ago the mitochondrion developed from an a-proteobacterium
that was taken up by a host cell providing an evolutionary advantage which kept it
alive. Different theories exist to whether the host cell was of eukaryotic origin or a
prokaryote, with the latter theory being favoured (1; 2). Over time, most of the
bacterial genome was transferred to the genome of the host but a small percentage
still remained in the mitochondrion. As a result, the mitochondrial machinery is
encoded by two genomes in separate compartments within the same cell, the
mitochondrial DNA (mtDNA) and the nuclear DNA (nDNA) (1; 3-5).

The mitochondrion is formed by two phospholipid bilayers enclosing the
mitochondrial matrix (6; 7). The outer mitochondrial membrane faces the cytosol
and is permeable to metabolites required for mitochondrial function. The inner
mitochondrial membrane, in contrast, tightly regulates the transport of even the
smallest ions, the smallest being the hydrogen ion which eventually drives
phosphorylation of adenosine diphosphate (ADP) to adenosine triphosphate (ATP)
(8). The inner mitochondrial membrane is highly folded to further increase its
surface area which forms cristae, the regions at which mitochondrial ATP is
generated (7; 8).

The mitochondrion is highly versatile, dynamic and has multiple functions. It can
buffer calcium and, in doing so, maintains cytosolic and mitochondrial calcium
levels to regulate the diverse set of cellular enzymatic reactions (9). It also regulates
metabolite levels to provide precursors for the synthesis of amino acids, nucleotides
and fatty acids (FA) and is involved in the cellular response to stress (6; 10). The
primary function of the mitochondrion, and the one most relevant for this thesis
project, is its role in energy production: it produces energy in form of ATP through
a process referred to as oxidative phosphorylation (OXPHOS). The energy stored in
carbohydrates, fats and proteins is broken down to generate high energy electrons
which are carried down a chain of protein complexes at the inner mitochondrial
membrane, the respiratory chain (RC). This electron transport is coupled to proton
pumping across the inner mitochondrial membrane, generating a proton gradient
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which is used by the ATP-synthase, also known as complex V (CV), to
phosphorylate ADP (11; 12). The coupling of redox processes to phosphorylation
of ADP was first described by Peter Mitchell in 1961 (13) and later awarded him
the Nobel prize in chemistry.

The electron transfer potential harvested from the breakdown of carbohydrates, fats
and proteins is delivered to the RC via the tricarboxylic acid cycle (TCA) cycle. The
TCA cycle, also known as Krebs cycle or citric acid cycle, takes place in the
mitochondrial matrix and consists of a chain of eight consecutive enzymatic
reactions. Four out of eight of the enzymatic reactions of the TCA cycle generate
the reducing equivalents nicotinamide adenine nucleotide (NADH) and 1,5-
dihydro-flavin adenine dinucleotide (FADH;). With each turn of the cycle, the
oxidation of isocitrate, a-ketoglutarate and malate yields one molecule NADH each
and the oxidation of succinate results in one molecule of FADH, (14; 15). In
addition, either one molecule of GTP or ATP is generated at the TCA cycle via
substrate level phosphorylation. The energy charges of both GTP and ATP are
equivalent and either form is produced depending on which isozyme catalyses the
reaction (16). The succinate dehydrogenase (SDH), which oxidizes succinate and
generates FADH,, is a unique enzyme of the TCA cycle. It is not only one of the
eight enzymes driving the TCA cycle but also one of the protein complexes of the
RC and thus, physically links the TCA cycle and the RC together (14; 17; 18). Due
to the importance of the TCA cycling, the enzymatic reactions are tightly regulated
by the cell’s redox state and energy charge (14).

The RC couples electron flux to proton pumping and is found at the inner
mitochondrial membrane. It consists of five multi-subunit protein complexes which
are embedded into the membrane, and two smaller, lipid soluble proteins. Complex
I (CI) is the main entry point for electrons to the RC (11; 12). The electron transport
from CI to complex III (CIII) is facilitated by the lipid soluble protein ubiquinone
which mediates the electron transfer between the two complexes. Between CIII and
complex IV (CIV) electrons are transferred via the lipid soluble protein cytochrome
C (cytc) (12). The final step of the redox reactions driving phosphorylation of ADP
is the reduction of molecular oxygen to water. The redox reactions at CI, CIII and
CIV are coupled to proton pumping. The protons are pumped from the
mitochondrial matrix to the intermembrane space, the space between the two
mitochondrial membranes, creating an electrochemical gradient across the inner
mitochondrial membrane. The primary pathway for protons back into the
mitochondrial matrix is the ATP-synthase which finally couples the redox reactions
to phosphorylation reactions and uses the electrochemical gradient to drive the
phosphorylation of ADP to ATP (11; 12). Parallel to CI, electrons can enter the RC
through complex II (CII), the SDH. CII oxidizes succinate and shuttles electrons
into the RC via FADH, to ubiquinone. The mitochondrial glycerophosphate
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dehydrogenase (mGPD) and the electron transfer flavoprotein both bypasses the
TCA cycle entirely and also deliver electrons to the RC via FADH, to ubiquinone.

Closely linked to mitochondrial function is lactate metabolism. Lactate is formed
from pyruvate in the cytosol by the enzyme lactate dehydrogenase to the expense of
cytosolic NADH. By now, it is widely recognized that lactate is not just a by-product
of glycolysis. It is a precursor for the synthesis of alanine, can enter the TCA cycle,
partake in OXPHOS and be used as fuel for gluconeogenesis. Under normal
circumstances lactate production and utilization are kept at a constant rate. When
oxygen is depleted or mitochondrial function is impaired, lactate generation exceeds
lactate utilization due to an upregulation of the glycolytic rate to compensate for the
reduced mitochondrial ATP production. Under these circumstances, pyruvate
metabolism is increasingly shifted towards lactate generation to meet the increased
NAD" demand, causing elevated lactate production and acidification (19-21).

Studying mitochondrial function

The most common aspect investigated for functional assessment of mitochondrial
function is mitochondrial respiration. As oxygen is the final acceptor of electrons
during OXPHOS, monitoring oxygen consumption of intact or permeabilized cells,
homogenized tissues or isolated mitochondria allows evaluation of the integrated
function of the RC. Currently, both clark-type electrodes, such as the high-
resolution oxygraph (Oroboros-O2k, Oroboros Instruments, Innsbruck, Austria),
and fluorescence-based techniques, such as the Seahorse XFe96 Analyzer (Agilent
technologies, Massachusetts, USA) are commonly used in the community of
mitochondrial research. Both types of respirometer allow respiration measurements
of intact or permeabilized cells, homogenized tissues or isolated mitochondria (22).
Next to measuring mitochondrial respiration, assessment of the MMP,
mitochondrial oxidant production, mitochondrial ATP production and the capacity
of calcium uptake are frequently evaluated (22).

Mitochondrial function can be assessed in the isolated organelle, tissue
homogenates, permeabilized cells or in intact cells. Traditionally isolated
mitochondria were used. Substrates and inhibitors gain full access to the
mitochondrion and can be tightly controlled to investigate the site of mitochondrial
dysfunction. The lack of cellular context can make interpretation of results easier.
From a methodological point of view, the use of isolated mitochondria allows for
an easier assessment of other mitochondrial aspects, such as the MMP, calcium
uptake, ATP and ROS production, due to the lack of cellular components thereby
reducing concomitant confounding factors (11; 22; 23). The use of isolate
mitochondria, however, requires tissue from invasive biopsies which poses a
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discomfort and risk for the study subject (22; 24-26) and which makes it less likely
to obtain human samples. The isolation procedure can potentially lead to selection
of different mitochondrial populations, is rather harsh and can thereby lead to
disruption of mitochondrial structure and function (22; 27; 28). Alternatively,
mitochondrial function can be analysed in tissue homogenates or permeabilized
cells that, like isolated mitochondria, allow full control of the analysis of respiratory
states. The advantages, compared to isolated mitochondria, are that the structure of
mitochondria and other cellular components together with their possible interactions
are kept intact. Also, no selection of different mitochondrial populations during the
preparation takes place (11; 22).

The loss of cellular context when working with isolated mitochondria,
permeabilized cells or tissue homogenates is advantageous in terms of substrate
control and easiness of interpretation but important information can be lost by
removing intracellular metabolism from the equation. Working with intact cells
gives restricted information on mitochondrial dysfunction due to the inaccessibility
of certain substrates and inhibitors (11). However, it is the most physiological
approach (11; 22; 29). It gives information on the cells energy demand at
physiological substrate and nucleotide concentrations and keeps compensatory
cellular mechanisms intact (11). Because the use of intact cells involves no
homogenization or permeabilization, there is a lesser risk to negatively affect the
mitochondrial membrane integrity and related coupling efficiency at the RC (11).

Separately analysing the activity of the different complexes of the RC presents
another alternative to evaluated mitochondrial function. This is usually done with
mitochondrial fractions where the mitochondrial membrane is permeabilized by
repetitive freeze and thaw cycles or with sub-mitochondrial particles where the
mitochondria are opened up by permeabilization with a detergent or by sonication.
In either case, the mitochondrial matrix content is lost so that the pure complex
activity can be evaluated (30; 31). Pyruvate dehydrogenase (PDH) deficiency, a
common inborn error of metabolism, would not be detected using mitochondrial
fractions or sub-mitochondrial particles because the enzyme is found in the
mitochondrial matrix (32-35). And yet, decreased activity of the PDH would result
in decreased TCA cycling and OXPHOS. This sample type has the advantage that
very small amounts of tissue are required (~10-20 mg) for measuring enzymatic
activity of the RC. In addition, samples can be stored up for 10 years (30; 36). For
diagnosis of inherited mitochondrial disease it is the standard method and hence,
offers the additional advantage that a large reference literature is available (36; 37).
However, because only the activities of the enzyme complexes of the RC can be
evaluated information on important aspects of mitochondrial function are missing
when working with mitochondrial fractions or sub-mitochondrial particles.
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Drug-induced mitochondrial toxicity

Drug-induced mitochondrial toxicity has mainly been discovered retrospectively
when the organ specific toxicity associated with a certain drug has been investigated
more thoroughly. Two of most prominent examples are the antidiabetic drug
troglitazone and lipid lowering drug cerivastatin. Both drugs were withdrawn from
the marked due to safety concerns over the associated liver injury and
rhabdomyolysis, respectively, which later was discovered to be potentially related
to their effect on mitochondrial function. Other drugs, such as the antibiotic
isoniazid, received black box warnings for hepatotoxicity and have also shown to
interfere with mitochondrial function (38). Adverse drug responses (ADR) are
among the leading causes of death in the US and EU and, with over 100 000 deaths
annually, more people die due to ADRs as compared to diabetes, acquired immune
deficiency syndrome or car accidents (39; 40). Although it is believed that
mitochondrial toxicity only accounts for a small fraction of ADRs (39; 41), the
numbers are likely underestimated considering the large numbers of drugs which
are suspected to induce mitochondrial toxicity but where a consensus has not been
found due to opposing results from the research community.

Drugs can have off-target effects on multiple aspects of mitochondrial function.
They have shown to interfere with the electron transport system (ETS), impair the
integrity of the mitochondrial membrane, induce mitochondrial production of ROS
or impact mitochondrial maintenance. But also FA oxidation, glycolysis and protein
metabolism or the mitochondrial antioxidant defence system were shown to be
affected by drugs (39; 42; 43). Often, not only one aspect of mitochondrial function
is impaired by a single drug (38; 43).

The liver, kidneys and the heart are predominantly affected by drug-induced
toxicities (38; 39). What makes them more susceptible to drug-related side effects
are the common routes of drug administration, distribution, metabolism and
excretion which many drugs share. In addition, they are organs with high energy
demands so that any interference with the mitochondrial ATP-production will
become apparent rather quickly and, depending on the extend of toxicity, can result
in organ failure. Mitochondrial toxicity is further related to the electrochemical
properties and permeability of drugs as well as specific chemical motifs which exert
the mitochondrial toxicity (39; 41; 42; 44; 45).
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Figure 1: Possible off-target effects of drugs on mitochondrial function. Reproduced with the
permission of the publishers (38).

Standard drug-toxicity tests were unable to pick up the toxicity of reported
mitochondrial toxicants. Troglitazone and cerivistatin, for instance, passed the
preclinical stage which included routine toxicity testing in cells and animal models.
This indicates the need for specific screening assays to evaluate drug-related effects
on mitochondrial function (38; 41). Drug-induced mitochondrial toxicity has been
investigated in the academic environment for more than 50 years but only recently
screening assays for mitochondrial toxicity were routinely included in the drug
development process (38; 39; 41; 42; 44). This is partially due to the general lack of
knowledge of mitochondrial function and dysfunction but also because the expertise
on mitochondrial physiology has long staid within the academic environment (41).

Despite improved recognition of drug-related side effects on mitochondrial function
and progress in method development, translation from the in vitro to in vivo situation
and from animal to human tissues still remain obstacles, indicating the further need
for methodological improvement (41; 42). Within the course of this thesis project,
the following drugs and formulation excipients were investigated in depth for their
effect on mitochondrial function to better understand drug-induce mitochondrial
toxicity, eventually prevent it or find potential treatment strategies.

Metformin

The antidiabetic drug metformin is the first line treatment for type 2 diabetes. (46;
47). Although the exact mechanism of action of metformin’s therapeutic effect is
still not entirely resolved it is now believed that its antidiabetic effect, at least
partially, is mediated through the drugs effect on mitochondrial function (48-50).
Madiraju et al. (48) demonstrated inhibition of human hepatic mGPD at therapeutic
metformin concentrations. The mGPD is part of the glycerol-3-phosphate shuttle
and its inhibition results in reduced hepatic gluconeogenesis (48). Inhibition of
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hepatic gluconeogenesis has previously been reported by others and it is now well
established that the liver is one of the main target organs of metformin’s antidiabetic
effect (46; 51; 52). Metformin has further been shown to decrease glucose
absorption into the blood through the gastrointestinal tract and increase glucose
uptake in peripheral tissues and thus, lower blood glucose levels. However, less is
known about the specific mechanism behind these findings (46). Metformin is
considered safe but is been associated with several cases of lactic acidosis each year.
Lactic acidosis is defined by increased blood lactate levels (> 5 mM) and decreased
blood pH (< 7.35) (52; 53). Metformin-induced lactic acidosis (MILA) occurs
primarily in patients with kidney failure when metformin’s concentration in the
blood can exceed therapeutic levels (53-55). Pathological conditions affecting the
cardiovascular system, respiratory system or the liver can further exacerbate the
lactic acidosis as they affect the body’s capacity to control lactate metabolism and/or
the acid-base balance (53-55). Like its therapeutic mechanism of action, the
pathogenesis of MILA is not fully elucidated yet. Not surprisingly, metformin’s
effect on mitochondrial function has also been implicated in the development of
MILA (47; 49; 50; 56). The impairment of mitochondrial ATP-production would
cause a shift towards glycolytic ATP production with lactate as by-product. Similar
side-effects were seen with buformin and phenformin, two antidiabetic agents from
the same drug class which were withdrawn from the market due to the high
incidence of associated lactic acidosis (41). To date, treatment strategies consist of
supportive measures, forced clearance to remove the drug and correction of the
acidosis. However, with a mortality of around 20 % with MILA (57; 58) there is a
need for complementary treatment strategies.

Acetaminophen

The analgesic and antipyretic drug acetaminophen (APAP), also known as
paracetamol, is sold over-the-counter and available worldwide. It is safe at
therapeutic dosing but has been associated with the development of liver toxicity at
higher doses. APAP-induced liver toxicity is the most common cause of drug-
induced liver injury and one of the leading causes for acute liver failure in the
western world which is associated with a high mortality rate (59-63). The drug-
induced toxicity of APAP is not thought to be related to APAP itself but its toxic
metabolite N-acetyl-p-benzoquinone imine (NAPQI). At therapeutic doses only a
small fraction of APAP is metabolized to generate NAPQI. At high doses, however,
more NAPQI is formed which depletes glutathione, that is responsible for NAPQIs
detoxification, so that free NAPQI can bind to cellular proteins, including
mitochondrial proteins, and induce oxidative stress (60; 64; 65). Impaired
mitochondrial function during APAP-induced hepatotoxicity has been reported but
the exact mechanism of APAP-induced mitochondrial injury is still unclear (64; 66;
67). In addition, human data on the mechanism of APAP-induced liver toxicity are
limited. Currently, the only treatment option for APAP intoxication is the
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antioxidant N-acetylcysteine (NAC) which prevents further liver damage by
increasing intracellular glutathione levels and improving the cells antioxidant
defense. Consequently, with increasing time of APAP intoxication to NAC
administration, NAC loses effectiveness (61; 68; 69). Alternative treatment
strategies which are less time-dependent are needed to prevent APAP-induced liver
failure.

Kolliphor® EL

Kolliphor® EL, previously branded Cremophor ® EL, is an emulsifying agent
frequently used in drug formulations (70). It is one of the formulation excipients of
the branded intravenous ciclosporin formulation Sandimmune® Injection.
Ciclosporin  has immunosuppressive properties and is widely used for
transplantations and autoimmune diseases due to its inhibitory action on calcineurin
in T-cells (71). In the late 1980s, it was further demonstrated that ciclosporin inhibits
mitochondrial permeability transition (72). Because of the inhibition of
mitochondrial permeability transition it has been suggested as potential treatment
for traumatic brain injury (TBI) (73; 74). In form of the branded intravenous
ciclosporin formulation Sandimmune® Injection it has been associated with
anaphylaxis, nephrotoxicity, cardiotoxicity and muscle toxicity, side effects that are
thought to be at least partially related to the effect on mitochondrial function by one
of the formulations excipients, Kolliphor® EL (75-78). If similar effects are
observed in human tissues, alternative ciclosporin formulations will need to be
developed to utilize the potential of ciclosporin for indications where intravenous
formulations are needed.

Inherited mitochondrial disease

Mitochondrial dysfunction can also have genetic origin. Approximately 1 in more
than 5000 people has an inherited mitochondrial disease. It can be caused by
mutations of the mitochondrial or nuclear genome (10; 30; 43; 79; 80). Impaired
translation, assembly, structure or maintenance of the OXPHOS machinery can be
the result (18; 79). The most common defects are at CI, CIV or the PDH, which can
appear isolated or in combination with other defects (30; 81; 82). One or more
tissues, commonly highly dependent on OXPHOS, are usually affected in inherited
mitochondrial disease, such as the nervous system, skeletal and cardiac muscles and
endocrine organs (18; 30; 79; 80). Heteroplasmy can also further contribute to the
heterogeneity in clinical presentations among patients. Mutations originating from
the mtDNA are not necessarily expressed on all mtDNA copies within the same cell
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which leads to the presence of both healthy (wild-type) but also mutant mtDNA,
which is referred to as heteroplasmy. Depending on the degree of heteroplasmy the
disease phenotype can range from mild to severe. And to further complicate this,
the degree of heteroplasmy can change over time and differ between and within
individuals (10; 43; 79).

The result is a highly heterogeneous genetic, biochemical and clinical presentation,
making a clear diagnosis difficult (26; 36). Once mitochondrial disease is suspected,
family and clinical history together with different molecular tests aid in the
diagnosis. However, the patients do not always meet all the criteria for a clear
identification so that the diagnosis becomes challenging (26; 43). To date,
assessment of the enzymatic activity of the complexes of the RC in tissue biopsies
is the golden standard for a molecular diagnosis along with identification of genetic
mutations (26; 43; 80). Advances in next generation sequencing, proteomics and
metabolomics will make diagnosis of mitochondrial disease easier in the future (6;
43; 80; 83) and further advance the development of therapeutics for mitochondrial
disease.

Mitochondrial medicine

Currently, the standard treatments for mitochondrial disease lack scientific evidence
supporting their use but aim at upregulating mitochondrial function and
mitochondrial content, reducing consequences of the mitochondrial disease, such as
lactic acidosis and oxidative stress, and improving the energy storage of cells (84;
85). Supplementation with ubiquinone, also known as coenzyme Q10, or riboflavin
is intended to upregulate mitochondrial activity by providing components of the RC.
Ubiquinone is a natural component of the RC which mediates the electron transfer
from CI, CII, the mGPD and the electron transfer protein down to CIII. Riboflavin
is a precursor of the flavoprotein which is a component of CI and CII and additional
serves as cofactor for TCA cycle reactions and FA oxidation (84). Other strategies
increase the substrate supply to mitochondria or bypass parts of the RC. Thiamine
and L-carnitine, for instance, increase the supply of acetyl-CoA which is required
for the TCA cycle (84; 86). Succinate, a natural metabolite of the TCA cycle,
increases OXPHOS by providing electrons to the RC downstream of, and thereby
bypassing, CI. It has been shown to improve clinical symptoms in case studies (87;
88). However, exogenously given succinate has low permeability which limits its
ability to reach the intracellular environment (89). Supplementation with
antioxidants, such as vitamin C and E, lipoic acid or NAC, but also the redox agent
ubiquinone intend to reduce oxidative stress (84; 85). A combination of the above
mentioned supplements is common (79; 85). Despite some improvements on the
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biochemical level and on isolated endpoints, such as muscle strength or post-
exercise lactate levels, these treatment strategies, however, did not improve clinical
outcome to warrant their use (79). This may partially be due to the heterogeneity of
the disease and molecular background of patients which were included in these trials
(85). Due to the lack of alternatives, they are, however, regularly employed (84).
For more accurate evaluation of potential treatment strategies, future clinical trials
will require the involvement of multiple centres to be able to include a sufficient
number of patients with the same disease and molecular deficit (85). There is only
one drug approved in the EU for mitochondrial disease, idebenone. Idebenone is a
more soluble analogue of ubiquinone with improved pharmacokinetics. Like
ubiquinone it facilitates electron transfer along the RC and acts as an antioxidant.
However, it’s use is restricted to Leber’s hereditary optic neuropathy (85; 90).
Dichloracetate, which keeps the PDH active to increase pyruvate flux down to the
TCA cycle, is a synthetic compound that has shown success in some cases.
However, long-term treatment with dichloracetate has been associated with the
development of peripheral nerve toxicity (79; 91). With increased recognition of the
role of mitochondrial dysfunction in disease more strategies have emerged and are
currently in development for different indications (92; 93). One example is the redox
agent methylene blue (MB) which has been extensively described in the context of
neurodegenerative diseases (94-96). It is readily permeable and thought to shuttle
electrons from NADH- and nicotinamide adenine dinucleotide phosphate
(NADPH)-dependent dehydrogenases, such as CI, to cyt ¢ at the RC, thereby
recycling itself. Due to its redox activity it further has antioxidant properties and
some studies have further reported upregulation of markers of mitochondrial
biogenesis. Next to MB, mitochondria-targeted antioxidants (Mito-Tempo, MitoQ,
EPI-743), inhibitors of the permeability transition (ciclosporin), pharmacological
stimulators of mitochondrial biogenesis (dimethyl fumarate, resveratrol) and
uncoupling agents (2,4-dinitrophenol, carbonyl-cyanide p-(trifluoromethoxy)
phenylhydrazone), have been investigated for different indications with
involvement of mitochondrial dysfunction (73; 84; 93; 97-101).
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Objectives

The overall objective of this thesis was to develop and evaluate new strategies for
assessment of drug-induced mitochondrial toxicity and pharmacological bypass
strategies for the support of mitochondrial function. The specific aims were as
follows:

1. To evaluate respirometry of freshly isolated human peripheral blood cells
as a model for assessment of drug-induced mitochondrial toxicity (paper I
and II).

2. To evaluate respirometry of freshly isolated human peripheral blood cells
as a model for assessment of pharmacological bypass strategies for the
support of mitochondrial function (paper III and IV).

3. To investigate if changes in mitochondrial respiration of human peripheral
blood cells reflect changes in mitochondrial respiration of more
metabolically active human cell types (paper II and III).

4. To investigate how changes in mitochondrial respiration correlate to
phosphorylating capacity and affect glycolytic lactate metabolism (paper I,
III and IV).

5. To evaluated the use of pharmacological bypass agents as a diagnostic tool
to investigate mitochondrial function in intact cells (paper II and III).
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Methods

Sample acquisition and preparation

Human peripheral blood cells

All blood cell experiments were performed with the approval of the regional ethics
review committee of Lund, Sweden (permit no. 2013/181). Venous blood from
healthy volunteers was collected after informed written consent was obtained. The
blood was drawn in K;EDTA tubes (Vacutainer®, BD, Plymouth, UK) by venous
puncture and further processed within 1-3 h. Fresh blood was centrifuged at 500 g
at room temperature (RT) for 10 min to obtain platelet-rich plasma (PRP). PRP was
collected and further concentrated by centrifugation at 4600 g at RT for 5-8 min.
The resulting platelet pellet was gently re-suspended in 1-2 ml platelet free plasma
and was then ready for analysis (24). Peripheral blood mononuclear cells (PBMC)
were isolated using Lymphoprep™ (Axis-Shield PoC AS, Oslo, Norway). PRP from
whole blood was removed as described above. The remaining blood suspension was
washed with physiological saline and gently layered over 3 ml Lymphoprep™.
After centrifugation at 800 g at RT for 30 min the PBMC layer was collected and
washed with physiological saline. Following a centrifugation at 250 g for 10 min
the supernatant was removed and the cells were re-suspended in 50-100 pl of the
donor’s own plasma and 200-400 pl of physiological saline. Cell count was
performed using an automated haemocytometer (Swelab Alfa, Bouled Medical AB,
Stockholm, Sweden) (102; 103).

Human cardiac muscle fibres

Ethical approval was granted by the regional ethics review committee of Lund,
Sweden (permit no. 2013/701) and written informed consent was obtained from
patients prior to surgery. Human cardiac muscle biopsies (up to 2 g), which
otherwise would have been discarded, were obtained from scheduled open-heart
surgeries. The sample was immediately transferred to ice-cold preservation medium
(BIOPS) (10 mM Ca-EGTA buffer, 0.1 uM free calcium, 20 mM imidazole, 20 mM
taurine, 50 mM K-MES, 0.5 mM dithiothreitol, 6.56 mM MgCl,, 5.77 mM ATP and
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15 mM phosphocreatine, pH 7.1). Under the microscope the tissue was dissected
using forceps to remove fat and connective tissue and the muscle fibres were gently
separated (104). The wet weight of each sample was obtained prior to respirometry.

Cell culture

Primary human fibroblasts were kindly provided by the Welcome Trust Centre for
Mitochondrial Research at Newcastle University and experiments were approved
by the Newcastle and North Tyneside 1 NRES Committee (REC reference
2002/205). Skin fibroblasts derived from a patient with Leigh syndrome due to
nuclear-encoded CI deficiency and age-matched control fibroblasts were cultured
under the same conditions. The culture medium consisted of minimum essential
medium (MEM) (ThermoFisher Scientific, Bleiswijk, Netherlands) supplemented
with 10 % fetal bovine serum (FBS) (Sigma Aldrich Chemie GmbH, Schnellendorf,
Germany), 1 % MEM vitamins, 1 % MEM non-essential amino acids, 2 mM L-
glutamine, 50 ug/ml streptomycin, 50 U/ml penicillin, 50 pg/ml uridine and 1 mM
sodium pyruvate (all ThermoFisher Scientific, Bleiswijk, Netherlands). The
immortalized human liver cell line HepG2 was purchased from Sigma-Aldrich
Chemie GmbH (Schnelldorf, Germany). Cells were cultured in MEM supplemented
with 10 % FBS, 1 % non-essential amino acids, 2 mM L-glutamine, 50 pg/ml
streptomycin and 50 U/ml penicillin. The immortalized human proximal tubule
kidney cell line HK2 was kindly provided by Redox Medicine, Division of Infection
Medicine, Department of Clinical Sciences Lund and cultured in keratinocyte
serum-free medium containing human recombinant epidermal growth factor 1-53
and bovine pituitary extract (ThermoFisher Scientific, Bleiswijk, Netherlands). The
cells were kept at 37°C and 5 % CO, and collected for experiments at 70-80 %
confluence using trypsin (0.05 %) (ThermoFisher Scientific, Bleiswijk,
Netherlands). They were re-suspended in 1-3 ml culture medium, counted with an
automate cell counter (TC20TM Automated Cell Counter, Bio-Rad laboratories,
Solna Sweden) and prepared for respirometric analysis.

Primary human hepatocytes were obtained from ThermoFisher Scientific
(Bleiswijk, Netherlands) and prepared the day before the experiments according to
the supplier’s instructions. The cells were plated in William’s eagle Medium
supplemented with 5 % FBS, 1 uM dimethyl sulfoxide (DMSO), 100 pg/ml
streptomycin, 100 U/ml penicillin, 4 pg/ml human recombinant insulin, 2 mM
GlutaMAXTM and 15 ml HEPES for 4 h at 37°C and 5 % CO,. After plating, the
medium was removed and exchanged for culture medium of the same composition
as for HepG2 cells.
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Respirometry

Two different respirometers were used throughout this project. Mitochondrial
respiration of human blood cells and HepG2 cells was measured with a high-
resolution oxygraph (Oroboros-O2k, Oroboros Instruments, Innsbruck, Austria).
Respiration of primary human fibroblasts, primary human hepatocytes and HK2
cells was evaluated using the Seahorse XFe96 Analyzer (Agilent technologies,
Massachusetts, USA).

Oroboros 02k

High-resolution respirometry with the Oroboros-O2k was performed at 37°C, with
2 ml active chamber volume, and a stirrer speed of 750 rpm. Settings, instrumental
background corrections and air calibration were done according to the
manufacturer’s instructions. Respiration was measured every 2 se either in the
mitochondrial respiration medium (Mir05) (0.5 mM EGTA, 3 mM MgCl2, 60 mM
K-lactobionate, 20 mM taurine, 10 mM KH,PO4, 20 mM HEPES, 110 mM sucrose
and 1 g/L bovine serum albumin) or phosphate-buffered saline (PBS) containing
glucose (5 mM) and EGTA (5 mM) (24). Respiratory values were corrected for the
oxygen solubility factor of the media (24; 104) and the chambers were re-
oxygenated when the O, concentration fell below 50 uM (24). Respiration
measurements were performed at cell concentrations of 200 x 10° platelets per ml,
5 x 10° PBMCs per ml, 0.5 x 10° HepG2 cells per ml and ~ 10 mg cardiac muscle
fibres per chamber.

Seahorse XFe96 Analyzer

Primary human fibroblasts and hepatocytes were prepared for respirometry the day
before the experiments. Fibroblasts were seeded out in their regular culture medium
at 25 000 cells per well on collagen-coated 96-well plates. Hepatocytes were plated
at 20 000 cells per well on collagen-coated 96-well plates according to the supplier’s
instructions as described above. After plating time, the plating medium was
exchanged for culture medium of the same composition as for HepG2 cells. HK2
cells were seeded out on uncoated 96-well plates at 25 000 cells per well in their
regular culture medium. After seeding, the cells were kept overnight at 37°C and
5 % CO; until use. On the day of the experiment, the culture medium was replaced
with XF-Base medium (Agilent technologies, Waghaeusel-Wiesental, Germany)
supplemented with 10 mM glucose, 2 mM L-glutamine and 5 mM sodium pyruvate
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(pH 7.4) and the cells were left to equilibrate for 1.5 h at 37°C and atmospheric O3
and CO, until the experiment was started.

Evaluation of potential drug-induced mitochondrial toxicity

Using high-resolution respirometry, the antidiabetic drugs metformin and
phenformin (paper I and IV), the analgesic drug APAP (paper II), the branded
intravenous ciclosporin formulation Sandimmune® Injection, its separate
formulation ingredients and the alternative, novel ciclosporin formulation
NeuroSTAT® (unpublished data) were evaluated for potential drug-induced
mitochondrial toxicity. The exposure to the drugs was primarily done in the
respective respirometer. As first step, increasing doses were titrated on intact cells
to investigate whether they would decrease mitochondrial respiration instantly
(105). If no immediate negative effect on mitochondrial respiration was observed
mitochondrial respiration was evaluated after prolonged exposure to the test
compounds. Doses for further characterization of mitochondrial toxicity were
selected based on the dose response of each drug. Detailed characterization of
mitochondrial toxicity was performed with intact and permeabilized cells by
application of substrate-uncoupler-inhibitor-titration (SUIT) protocols following
specified time of exposure. If drug exposure for more than 8 h was necessary, the
exposure was performed outside of the respective respirometer prior to preparing
the cell suspensions for respiration measurements. Additional protocols were
performed in isolated cases where cells were washed after exposure to investigate
the reversibility of the mitochondrial toxicity. Vehicle controls to each test
compound were run in parallel.

Permeabilized cells

Application of protocols with permeabilized cells allowed detailed investigation of
the origin of mitochondrial toxicity (29). Following exposure, the cell’s plasma
membrane was permeabilized with digitonin to allow exogenous, otherwise
impermeable substrates access. The optimal concentrations of digitonin required to
permeabilize the plasma membrane without disrupting the mitochondrial
membranes and affecting respiration has been determined for blood cells by Sjovall
et al. (24) and was evaluated for HepG2 cells in the course of this thesis project.
Substrates were given at saturating amounts to evaluate the maximal capacity of the
OXPHOS system (24). After exposure to the drugs and subsequent
permeabilization, Cl-linked OXPHOS capacity was measured with the NADH-
related substrates malate, pyruvate and glutamate and in the presence of ADP
(OXPHOSci). The following addition of the FADH»-related substrate succinate
additionally stimulated CII-linked OXPHOS capacity, allowing measurements of
convergent OXPHOScr1 capacity and calculation of isolated CllI-linked OXPHOSy;
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capacity (24). Non-phosphorylating respiration was measured after inhibition of the
ATP-synthase by oligomycin. Because the respiration after oligomycin addition is
due to compensation for the leakage of protons across the inner mitochondrial
membrane this respiratory state is referred to as LEAK. It can indicate a
compromised mitochondrial membrane integrity. The addition of oligomycin
further allows the evaluation of coupling of mitochondrial respiration to
phosphorylation, here referred to as coupled respiration. Maximal uncoupled
respiration with convergent electron input to the electron transport system (ETSci+ir)
was measured by careful titration of the protonophore carbonyl-cyanide p-
(trifluoromethoxy) phenylhydrazone (FCCP) which dissipates the MMP and
activates the electron flux along the respiratory chain (29). ETScn was subsequently
evaluated by inhibition of CI with rotenone and non-mitochondrial respiration, also
known as residual oxygen consumption, was measured after addition of the CIII
inhibitor antimycin A. At last, CIV activity was evaluated by addition of the
artificial substrate N,N,N’,N’-tetramethyl-p-phenylenediamine dihydrochloride
(TMPD) which reduces cyt c. Due to the high autooxidation of TMPD, CIV was
subsequently inhibited with sodium azide to measure the remaining chemical
background oxygen consumption which was subtracted from the cyt c-linked
respiration for calculation of CIV activity (24; 29). Additional protocols were
employed to evaluate the mitochondrial membrane integrity and possible cyt c loss
(29).

Intact cells

The use of intact cells allows the evaluation of mitochondrial function under more
physiological conditions. In addition to assessing the effect of the drugs on
endogenous respiration, hereto referred as routine respiration (24), their effect on
LEAK and ETS can be studied at their physiological concentrations of substrates
and adenosine nucleosides (29). In some cases, the cell-permeable succinate
prodrug NV241 was additionally used to evaluate Cll-linked mitochondrial
respiration in intact cells which was crucial for characterization of mitochondrial
toxicity in primary hepatocytes and HK2 cells. For evaluation of potential
mitochondrial toxicity using the Seahorse XFe96 Analyzer the number of additions
per sample is limited to four. By combining the addition of the CI inhibitor rotenone
and the cell-permeable succinate NV241 ClI-linked respiration was measured.

31



Evaluation of pharmacological bypass strategies for the support of
mitochondrial function

Cell-permeable succinate prodrugs

Primarily blood cell respirometry was used to evaluate the cell-permeable succinate
prodrugs for their potential to support mitochondrial function. The application of
blood cell respirometry as an adjunct diagnostic method for paediatric
mitochondrial disease (26) lead to the foundation of the drug discovery program
described in paper III. Since then, it has been used to evaluate more than 50 drug
candidates. The above mentioned drug discovery program applied two different
protocols for the evaluation of drug candidates (105). The effect of the drug
candidates was first assessed in intact human platelets with rotenone-induced CI
dysfunction with the aim to evaluate efficacy. Each drug candidate was titrated to
give a 100 uM, 500 pM and 5 mM final, accumulative dose and the cells were
subsequently permeabilized with digitonin. After stabilization of respiration, the
prodrugs active payload succinate (reference) was given for comparison and the
protocol was terminated by addition of antimycin A to inhibit CIII and measure non-
mitochondrial respiration. A second protocol was performed with platelets where
the effect of each drug candidate on convergent respiration was assessed in the
presence of FCCP to accelerate electron flux along the ETS. After step-wise titration
of each drug candidate, the remaining ClI-linked respiration was measured by
inhibition of CI with rotenone and the protocol was terminated by addition of
antimycin A to inhibit CIII and measure non-mitochondrial inhibition. The highest
dose tested in the second screening protocol was higher than the highest dose
assessed in the first screening protocol to gain information on possible negative
effects on mitochondrial respiration.

Both protocols were taken into account for the selection of drug candidates for
further development. The drug candidates to be moved forward in the drug
discovery program should possess the following properties (105):

1. It should stimulate CllI-linked respiration to a larger extent than its
reference, succinate (a >a’).

2. It should stimulate CII-linked respiration of intact cells to a similar degree
as the reference, succinate, does in permeabilized cells (a~b ~b").

3. The maximal respiration after stimulation of respiration by the drug
candidate and the reference, succinate, after permeabilization of the plasma
membrane and should be similar to the maximal respiration reached in
permeabilized cells by the reference alone (¢ ~ ¢”).

4. It should stimulate convergent CI+II-linked respiration while its vehicle,
DMSO, leaves respiration unchanged (e > ¢”).

32



5. It should stimulate isolated CII-linked respiration to a larger extent than its
vehicle, DMSO (f> ).

6. The drug candidate should not stimulate non-mitochondrial respiration as
compared to the reference, succinate, and its vehicle, DMSO (d ~ d").

7. It should stimulate both convergent CI+II-linked and ClI-linked respiration
at low concentration.

Mitochondrial respiration
[0, flux per unit]
Mitochondrial respiration
[0, flux per unit]

— Candidate Drug — Candidate Drug
----- Reference Drug, endogeneous substrate «===+ Reference Drug, endogeneous substrate

Figure 2. Schematic illustration of two respirometry protocols for the evaluation of cell-
permeable succinate prodrugs. A Drug candidates were evaluated in cells with rotenone-induced
complex I dysfunction. Either drug or reference (succinate) was added at increasing doses. The cells
were subsequently permeabilized and succinate was given two both treatment groups to assess
maximal CII-linked mitochondrial respiration. B Drug candidates were evaluated in cells with partially
uncoupled respiration by FCCP to accelerate electron flux at the respiratory chain. After titration of
increasing doses of drug candidates or vehicle, complex I of the respiratory chain was inhibited by
rotenone. Both protocols were terminated by inhibition of mitochondrial complex III with antimycin
A to measure non-mitochondrial respiration.

Three drug candidates were moved forward for detailed characterization (paper I1I).
Proof of the drug delivery concept was evaluated by comparing the stimulation of
respiration by the prodrugs in intact and permeabilized cells and comparing the
response to the reference, succinate. The drug candidates should stimulate
respiration in intact cell but not in permeabilized cells as intracellular metabolism,
which would release the succinate core, is reduced by permeabilization of the
plasma membrane and dilution of the cytoplasmic contents. The mechanism of
action of the cell-permeable succinate prodrugs was characterized in intact cells by
inhibiting CI with rotenone, subsequently stimulating CII-linked respiration with
the prodrugs followed by inhibition of CII with NV 161, a specifically designed cell-
permeable version of the otherwise impermeable malonate. Stimulation of CII-
linked respiration with the drug candidates should be blocked again by addition of
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NV161 as it blocks the electron input by the prodrugs at CII. To assess whether the
increase in respiration with the cell-permeable succinate prodrugs translates to an
increase in phosphorylation capacity, coupled respiration was assessed following
the stimulation of respiration by the prodrugs and maximal uncoupled respiration
was measured by titration with the protonophore FCCP in the presence of the
prodrugs. Both coupled respiration and ETS capacity should be increased by the
drug candidates due to the increased substrate supply. The prodrugs potential to
stimulate mitochondrial respiration was evaluated in non-inhibited mitochondria
(paper I1I), in different models of drug-induced mitochondrial CI inhibition (paper
I and IV) and patient-derived primary cells with inherited, Cl-related
mitochondrial dysfunction (paper III). Stimulation of mitochondrial respiration by
the cell-permeable succinate prodrugs was assessed in human platelets, PBMCs,
cardiac muscle fibres, hepatocytes and fibroblasts as well as the immortalized liver
and kidney cell line HepG2 and HK2, respectively, to evaluate its efficacy in
different and more metabolically active tissues.

Methylene blue

The electron carrier MB was evaluated and characterized in human platelets with a
more limited number of protocols as its effect on mitochondrial function has
previously been described extensively by others (68; 94-96; 106-111). The effect of
MB was first evaluated in intact human platelets with rotenone-induced CI
inhibition. MB was titrated step-wise to stimulate ClI-linked respiration until no
further increase in response to the redox agent was observed. The experiment was
terminated by subsequent addition of antimycin A and sodium azide to inhibit CIII
and CIV, respectively, and measure non-mitochondrial respiration. MB’s potential
to link the stimulation of respiration to phosphorylation pathways was then
evaluated in two models of mitochondrial dysfunction, rotenone-induced CI
inhibition and metformin-induced mitochondrial dysfunction. After inducing
mitochondrial inhibition, MB was added to stimulate respiration followed by
inhibition of the ATP-synthase by oligomycin to measure coupled respiration.
Control experiments were performed without addition of oligomycin to account for
background oxygen consumption. Subsequently, the respiratory chain was shut
down by consecutive inhibition of CIII and CIV to measure non-mitochondrial
inhibition.
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Lactate production

When the cell’s powerhouse shuts down, the cell upregulates glycolysis to
compensate for the reduced mitochondrial ATP production. Under these
circumstances, pyruvate metabolism is increasingly shifted towards lactate
generation to meet the increased NAD', causing elevated lactate production and
acidification. Increased lactate levels and decreased pH has been associated with
many drugs which are suspected to induced mitochondrial toxicity (19-21) and is
also considered as hallmark of mitochondrial disease (26). Increased lactate
production due to upregulation of glycolytic lactate metabolism was used as concept
to develop an additional assay for assessment of drug-induced mitochondrial
toxicity and pharmacological bypass strategies for treatment of mitochondrial
dysfunction.

Rotenone and different putative mitochondrial inhibitors were used to investigate
how changes in mitochondrial respiration correlate to changes in glycolytic lactate
metabolism. For this purpose, 400 x 10° platelets were incubated in glucose-
containing PBS (10 mM) at 37°C and under stirring conditions (750 rpm). Constant
air calibration of the medium was allowed to avoid hypoxia. Lactate levels in the
medium were measured over time using the Lactate Pro™ 2 blood lactate meter
(Arkray, Alere AB, Liding0, Sweden) (112; 113). After measuring starting lactate
levels in the medium, platelets were exposed to a maximally inhibiting dose of the
CI inhibitor rotenone or the putative inhibitors of mitochondrial function
(phenformin, metformin and APAP) and lactate levels were measured over time. In
selected experiments, the pH of the medium was measured at specified time points
using a PHM210 Standard pH Meter (Radiometer, Copenhagen, Denmark). A
limited set of experiments was performed for proof of concept in PBMCs.

After proof of concept (paper 1), the assay was applied to evaluate the efficacy of
the cell-permeable succinate prodrugs (paper III and IV) and MB (paper 1V) to
lower rotenone-induced and metformin-induced increases in lactate production.
After establishing a difference in lactate production between controls (vehicle) and
mitochondrial inhibitors over 60 min, co-treatment with either the cell-permeable
succinate prodrugs or MB was started. One dose regimen was selected for the cell-
permeable succinate prodrugs with dosing every 30 min. Two different treatment
regimens were chosen for MB due to its attributed self-recycling property. It was
given either as a single, higher dose at the start of intervention or as lower dose
every 30 min. Controls and untreated mitochondrial inhibitors were run on each
occasion. To explore whether both bypass strategies lower lactate production
through mitochondrial effects treatment groups were included where the electron
input of either drug was blocked by mitochondrial inhibitors (cell-permeable
succinate prodrugs: antimycin A; MB: sodium azide). Lactate levels recorded from
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the onset of intervention until the end of the assay (60-240 min) were used to
calculation lactate production using a nonlinear regression model.

Mitochondrial membrane potential

The MMP, which is build up by the electrochemical gradient over the inner
mitochondria membrane, is also frequently used to evaluate mitochondrial function
(22; 114). Cell-permeable succinate prodrugs were further characterized by their
effect on the MMP in human platelets (paper I1I). The MMP was measured using a
flow cytometer (FACSAria III, BD, Franklin Lakes, USA) and the fluorescent probe
tetramethylrhodamine methyl ester perchlorate (TMRM; ThermoFisher Scientific,
Bleiswijk, Netherlands) in non-quench mode. TMRM was excited by 561 nM 40
mM laser and collected with 582/15 band pass filters. After 30 min equilibration
with the fluorescent probe, CI was inhibited by rotenone and the platelets received
either vehicle or the cell-permeable succinate prodrug. The protocol was terminated
by consecutive additions of the internal controls oligomycin, FCCP and antimycin
A. The change in MMP was measured at each respiratory state in the same sample.

Metabolomics and isotope labelling

To explore intracellular metabolism of the cell-permeable succinate prodrugs,
metabolomics was performed. 116 metabolites were measured in PBMCs with or
without rotenone and with or without co-treatment of the cell-permeable succinate
prodrugs. Capillary electrophoresis time-of-flight mass spectrometry for cationic
compounds and capillary electrophoresis tandem mass spectrometry for anionic
compounds was used for quantification of metabolites. In a second set of
experiments, metabolomics was performed in platelets where all four carbons of the
succinate core of the succinate prodrug were isotopes. The ['*C] metabolites were
measured after 15, 30, 120 or 240 min. Metabolites of both experiments were
extracted with methanol, filtered, dried up and analysed by Human Metabolome
Technologies Inc., Tsuruoka Japan, based on their theoretical m/z value and
migration time (115).
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Data analysis

Statistical analysis was performed using GraphPad Prism (GraphPad Software, Inc.,
La Jolla, California, USA). Respiratory values from high-resolution respirometry of
human blood cells have previously been found to be normally distributed (24; 102)
and hence, parametric tests were used for analysis of differences. Standard non-
linear regression models were used to calculate half maximal inhibitory
concentrations (ICso) and lactate production slopes. A p value of 0.05 or less was
considered to indicate significant difference. No blinding or randomization was
performed.
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Results

Evaluation of drug-induced mitochondrial toxicity using
respirometry of human blood cells
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Figure 3. Metformin, acetaminophen and Kolliphor® EL inhibit NADH-linked mitochondrial
respiration in human blood cells. NADH-linked mitochondrial respiration of human blood cells was
significantly reduced in response to the antidiabetic drug metformin, analgesic agent acetaminophen
and the formulation ingredient Kolliphor® EL. Mitochondrial complex II (CII) linked respiration in
the presence of succinate was unaffected by the pharmaceuticals, indicating that the site of drug-
induced mitochondrial toxicity is upstream of or at complex I (CI).

Metformin dose-dependently inhibited mitochondrial respiration of platelets and
PBMCs. Detailed respirometric protocols with permeabilized platelets and PBMCs
demonstrated that metformin reduced Cl-linked mitochondrial respiration. The
integrity of the mitochondrial membrane, ClI-linked respiration and CIV activity
were unaffected by metformin. Metformin further decreased mitochondrial
respiration of intact cells in a time-dependent manner at concentrations relevant for
clinical metformin intoxications. The mitochondrial inhibition induced by
metformin was not reversed upon extra- and intracellular removal of metformin.
Phenformin, a structurally similar antidiabetic drug from the same drug class which
was withdrawn from the market due to the high incidence of associated lactic
acidosis, was simultaneously evaluated for structure-activity-relationship analysis
and also demonstrated inhibition of CI-linked mitochondrial respiration. Like with
metformin, Cll-linked respiration, CIV activity and the mitochondrial membrane
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integrity were unaffected by phenformin. Compared to metformin, phenformin was
a more potent inhibitor of Cl-linked respiration.

The analgesic and antipyretic drug APAP dose-dependently decreased endogenous
mitochondrial respiration of intact platelets. Detailed analysis with both intact and
permeabilized cells demonstrated that Cl-linked respiration was impaired by APAP.
Cll-linked respiration measured in permeabilized platelets in the presence of
succinate or in intact cells in the presence of the cell-permeable succinate prodrug
NV241 was unaffected by APAP, excluding CII or downstream complexes of the
electron transport system as site of drug-induced mitochondrial toxicity. The
inhibition of mitochondrial respiration observed with APAP did not increase further
over time (data not shown). Further experiments need to be performed to distinguish
whether CI or upstream processes of CI are inhibited by APAP.

Endogenous mitochondrial respiration and maximal uncoupled respiration was
inhibited in the presence of the branded intravenous ciclosporin formulation
Sandimmune® Injection and its formulation ingredient Kolliphor® EL (Figure 3A).
Exposure to ethanol, ciclosporin and the novel ciclosporin lipid emulsion
NeuroSTAT® resulted in similar levels of respiration than control. The integrity of
the inner mitochondrial membrane and ClI-linked mitochondrial respiration, which
was evaluated in the presence of the cell-permeable succinate prodrug NV241, was
similar between all groups (Figure 3B). These results indicate that the branded
intravenous  ciclosporin  formulation Sandimmune® Injection induced
mitochondrial toxicity through its formulation ingredient Kolliphor® EL. Likely CI
or upstream processes of CI are inhibited by Kolliphor® EL. Further experiments
need to be performed with permeabilized cells to confirm the results.
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Figure 4. Effect of Kolliphor® EL on mitochondrial respiration of human platelets.
(A) Mitochondrial routine respiration of human platelets was impaired in the presence of the branded
intravenous ciclosporin formulation Sandimmune® Injection (85 pM ciclosporin) and the
corresponding dose of the formulation ingredient Kolliphor® EL. Ethanol, ciclosporin and the novel
ciclosporin lipid emulsion NeuroSTAT® did not affect mitochondrial respiration. (B) Kolliphor® EL
did not affect the integrity of the inner mitochondrial membrane but reduced maximal uncoupled
respiration. Complex II-linked respiration, assed by addition of the cell-permeable succinate prodrug
NV241, was not affected by Kolliphor® EL. Data are expressed as mean + SD. n=4.
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Evaluation of pharmacological bypass strategies for the
support of mitochondrial function using respirometry of
human blood cells

Cell-permeable succinate prodrugs

More than 50 drug candidates from a drug discovery program around cell-permeable
succinate prodrugs were evaluated by high-resolution respirometry of human blood
cells. The results are illustrated exemplary for the candidate NV118 below. The cell-
permeable succinate prodrug NV 118 increased respiration of Cl-inhibited human
platelets to a larger extent than the reference, succinate (a > a") (Figure 5A). The
ClI-linked respiration of the group receiving NV118 before permeabilization of the
plasma membrane was slightly lower but not significantly different to the respiration
after permeabilization of the plasma membrane (a ~b ~ b") (Figure 5A). ClI-linked
respiration of both groups was similar after permeabilization of the plasma
membrane and remained similar when the reference, succinate, was given to both
groups (¢ ~ ¢’) (Figure 5SA). When NV118 was given to non-inhibited cells in the
presence of FCCP, which accelerates the electron flux along the respiratory chain,
it stimulated convergent CI+II-linked mitochondrial respiration while the vehicle
control left respiration unchanged (e > ¢”) (Figure 5B). After subsequent inhibition
of CI by rotenone, CllI-linked respiration was higher in the group treated with
NV118 than in the control (f > ') (Figure 5B). Titration of NV118 on convergent
CI+1I-linked respiration indicated a safe concentration range up to 1 mM (Figure
5B). In neither of the two screening protocols the cell-permeable succinate prodrug
NV118 increased non-mitochondrial respiration (d ~ d”) (Figure 5). The drug
candidates NV118, NV189 and NV241 were selected from the screening protocols
for further characterization. All three candidates stimulated respiration of intact but
not permeabilized human platelets, confirming the dependence on intracellular
metabolism for release of the active payload succinate and providing proof of
concept of the prodrug strategy. When respiration was inhibited with the cell-
permeable malonate prodrug NV161 after stimulation of ClI-linked respiration with
either of the candidates, respiration immediately decreased in human platelets,
demonstrating that the increase in respiration was due to electron supply to CII by
the cell-permeable succinate prodrugs. Measurements of coupled respiration, ETS
capacity and MMP in the presence of the cell-permeable succinate prodrugs
provided evidence that the stimulation of mitochondrial respiration in human
platelets is linked to increased substrate supply and phosphorylation potential. The
cell-permeable succinate prodrugs were effective in healthy and rotenone-inhibited
models with different cell types. In the metformin-model of mitochondrial
dysfunction the cell-permeable succinate prodrug NV118 only showed a tendency
for improved phosphorylation activity.
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Figure 5: Effects of the cell-permeable succinate prodrug NV118 on mitochondrial respiration.
(A) NV118 was titrated on intact human platelets with rotenone-induced CI dysfunction (a) and the
plasma membrane was subsequently permeabilized with digitonin (b), followed by addition of the
reference, succinate (c). The protocol was terminated by addition of antimycin A to inhibit complex
III of the respiratory chain and measure non-mitochondrial respiration (d). (B) The effect of NV118
on convergent respiration was assessed in the presence of FCCP to accelerate electron flux along the
electron transport system. After step-wise titration of NV118 (e), the remaining ClI-linked respiration
was measured by inhibition of CI with rotenone (f) and the protocol was terminated by addition of
antimycin A to inhibit CIII and measure non-mitochondrial inhibition (d). Data are expressed as mean
+ SD. n=3 (vehicle, NV118), n=4 (reference).

Methylene blue

After initial step-wise titration of MB on human platelets with rotenone-induced
mitochondrial CI dysfunction one dose was selected for further characterization.
The potential treatment effect of MB was assessed both in a rotenone-model and
metformin-model of mitochondrial dysfunction. Due to the high non-mitochondrial
oxygen consumption introduced by MB an intermediate dose was selected to allow
more accurate analysis of its effect on mitochondrial respiration. Consecutive shut
down of the complexes of the ETS with rotenone (CI), antimycin A (CIII) and
sodium azide (CIV) indicated stimulation of mitochondrial respiration through
electron input downstream of CIII. The stimulation of endogenous routine
respiration in both models of mitochondrial dysfunction was not linked to increased
phosphorylation capacity.
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Changes in mitochondrial respiration of human blood
cells reflect changes in respiration of more metabolically
active human cells

Because possible drug-induced liver dysfunction is a problem for metformin and
APAP intoxication both drugs were evaluated for their effect on mitochondrial
respiration in liver cells. Like in blood cells, metformin induced a dose-dependent
and time-dependent inhibition of endogenous respiration of intact HepG2 cells
which resulted in decreased coupled respiration (data not shown). The Cl-linked
mitochondrial inhibition by APAP was likewise confirmed in both the immortalized
human liver cell line HepG2 and primary human hepatocytes (data not shown). The
branded intravenous ciclosporin formulation Sandimmune® Injection has been
associated with nephrotoxicity, among other side effects. Like in platelets,
endogenous respiration of the immortalized proximal tubule kidney cell line HK2
was dose-dependently inhibited by Sandimmune® Injection and Kolliphor® EL but
not with ciclosporin alone (the results for the corresponding dose of 5 uM
ciclosporin are illustrated in Figure 6A). CllI-linked respiration was similar between
all groups at the lower dose investigated (dose corresponding to 2 uM ciclosporin)
but was decreased in response to Sandimmune® Injection at a corresponding dose
to 5 uM ciclosporin (the results for the corresponding dose of 5 uM ciclosporin are
illustrated in Figure 6B). Further experiments with permeabilized cells need to be
performed to confirm the results.

The evaluation of the cell-permeable succinate prodrugs described in paper 111 was
primarily done in human blood cells. Key experiments were then repeated with
human cardiac muscle fibres and primary human skin fibroblasts. Like in blood
cells, the cell-permeable succinate prodrugs also increased ClI-linked mitochondrial
respiration in cardiac muscle fibres and primary human skin fibroblasts.
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Figure 6. The formulation excipient Kolliphor® EL of the branded intravenous ciclosporin
formulation Sandimmune® Injection induces mitochondrial inhibition in the immortalized
human kidney cell line HK2. (A) Using the Seahorse XFe96 Analyzer mitochondrial respiration of
intact HK2 cells was monitored in the presence of Sandimmune® Injection and its separate formulation
ingredients Kolliphor® EL, and ciclosporin. After stable endogenous routine respiration was
established, mitochondrial respiration was uncoupled from phosphorylation pathways by addition of
FCCP to accelerate electron flux along the respiratory chain and increase the potential to detect toxicity
towards the electron transport system. Subsequently, the branded intravenous ciclosporin formulation
Sandimmune® Injection or the separate formulation ingredients Kolliphor® EL, and ciclosporin were
injected at a corresponding dose to 5 uM ciclosporin, followed by assessment of CII-linked respiration
by combinatorial injection of the complex I inhibitor rotenone and the cell-permeable succinate
prodrug NV241. (B) Quantification of the effect of Sandimmune® Injection or the separate
formulation ingredients on uncoupled respiration and CII-linked respiration in the presence of the cell-
permeable succinate prodrug NV241. Data are expressed as percentage of endogenous routine
respiration (first measurement point) with mean +SD. n=3.
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Changes in the respiration of human blood cells affect
their glycolytic lactate metabolism

For proof of concept, we studied lactate production of human platelets which were
exposed to rotenone and different putative mitochondrial inhibitors (paper I).
Platelets were exposed to two doses of metformin, one dose phenformin or a
maximal inhibitory dose of the CI inhibitor rotenone. Lactate levels increased in the
medium over time and pH simultaneously decreased with all inhibitors of
mitochondrial function. The increase in lactate production and decrease in pH
correlated to an increasing degree of mitochondrial inhibition. Preliminary
experiments further showed that a near half maximal inhibitory dose of APAP also
increased lactate production of human platelet (data not shown). A limited set of
experiments with human PBMCs and the immortalized liver cell line HepG2
demonstrated the potential use of this assay with other cells (data not shown).

After establishing the proof of concept with inhibitors of mitochondrial function,
we applied this assay to evaluate two different pharmacological bypass strategies
for their potential to lower lactate production caused by mitochondrial dysfunction.
The cell-permeable succinate prodrugs reduced rotenone- (paper III) and
metformin-induced (paper 1V) lactate production in human platelets. Despite the
failure to increase coupled respiration we hypothesized that the redox agent
methylene blue could potentially lower lactate production by replenishing the
cytosolic NAD" pool by oxidizing cytosolic NADH independent of pyruvate-to-
lactate conversion. However, methylene blue was unable to reduce metformin-
induced lactate production in human platelets.

Intracellular delivery and metabolism of cell-permeable
succinate prodrugs in human blood cells

To investigate the intracellular metabolism of the cell-permeable succinate prodrugs
we performed metabolomics with and without isotope-labelled compound in human
PBMCs. The lactate-to-pyruvate ratio was significantly increased by inhibition of
CI with rotenone but restored to control levels with the cell-permeable succinate
prodrug. TCA cycle metabolites were rapidly increased after treatment with the
succinate prodrugs, indicating intracellular delivery of the cell-permeable succinate
prodrugs and its mitochondrial metabolism by the TCA cycle was further
demonstrated by the time-course evaluation using isotope labelled compound.
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Discussion

Studying mitochondrial function

The application of intact cells was crucial for characterization of mitochondrial
toxicity of APAP as its toxicity has been ascribed to its toxic metabolite NAPQI
(60; 64). If APAP were given to permeabilized cells or isolated mitochondria, the
mitochondrial toxicity likely would be underestimated. Beneficial effects of
potential treatment strategies, such as the cell-permeable succinate prodrugs, would
likewise be largely lost if drug candidates were evaluated in permeabilized cells,
isolated mitochondria, mitochondrial fractions or sub-mitochondrial particles.
Interestingly, the evaluation of prodrug strategies in permeabilized cells in
comparison to intact cells can serve as proof of concept of the prodrug strategy, as
described in paper III. Working with intact cells gives restricted information on
mitochondrial dysfunction. But because the use of intact cells involves no
homogenization or permeabilization, there is a lesser risk to negatively affect the
mitochondrial membrane integrity (11), which is of utmost importance when
evaluating the coupling of electron transfer and phosphorylation pathways in
response to a potential treatment strategy, as it was done in paper III and IV.
Mitochondrial toxicity due to uncoupling of electron transport and phosphorylation
capacity by pharmacological agents would affect mitochondrial OXPHOS while
leaving the respiratory complexes and their activities intact and would likely not be
picked up using mitochondrial fractions or sub-mitochondrial particles. The use of
this method can also lead to overestimation of potential treatment strategies. MB,
for instance, has primarily been evaluated using mitochondrial fractions and sub-
mitochondrial particles by measuring NADH or succinate oxidation with or without
the presence of the drug (95; 106; 111). Although this tells you whether MB can
oxidize substrates, and to some degree, if the accepted electrons are shuttled to other
components of the RC, it does not give the information whether the electron transfer
is put to good use, i.e. if the shuttling of electrons is linked to phosphorylation
pathways.

47



Blood-based markers of bioenergetic health

Blood cells

The use of human blood cells as a model to evaluate mitochondrial function in
disease has grown in interest in the last decade. Several neurodegenerative diseases
and sepsis have been associated with altered mitochondrial function of human
peripheral blood cells (70; 102; 116; 117). Human blood cells have further been
proposed to be useful in the diagnosis of mitochondrial disease (26; 118-120). In a
few cases they were further used to evaluate suspected drug-induced mitochondrial
toxicity (47; 121-123). Measuring mtDNA levels in PBMCs of patients with human
immunodeficiency virus taking antiretroviral therapy, which has been described to
interfere with the mitochondrial specific DNA polymerase gamma (POLG), impair
mtDNA replication and consequently cause mtDNA depletion, has been suggested
as a potential clinical management tool and is probably the most well-established
use of blood cells to evaluate drug-induced mitochondrial toxicity (39; 124; 125).

Except for erythrocytes all blood cells contain mitochondria. Because obtaining
human blood is less invasive compared to biopsies they present an easily accessible
source of human mitochondria. It will also allow for easier repeated sampling over
time. Blood cells consist of several different cell types with different physiological
and bioenergetics function. Platelets and PBMCs are the blood cells which depend
the most on OXPHOS for energy production and they are the main blood cell types
used for evaluation of mitochondrial function (126-128). Although human blood
cells are not the primary tissue which is affected in the above described diseases and
medical conditions they may reflect systemic metabolic responses and thus, could
function as a model for mitochondrial research. Some attempts have been made to
investigate the relationship of blood cell mitochondrial function and systemic
mitochondrial function. In non-human primates, blood cell respirometric profiles
have shown to correlate with those of skeletal and cardiac muscle as well as brain
metabolism (129; 130) and in a porcine model of cardiac arrest changes in the
respiratory profile of the brain were associated with alterations in mitochondrial
respiration of platelets (131). Limited data exist on the relationship in humans. In
older human adults, gait speed, a measure of general physical health and
functionality, has shown to correlated with respiratory profiles of both blood cells
and skeletal muscle. Due to the risks and invasive procedures associated with human
biopsies the direct correlation of human blood cell bioenergetics with those of other,
more metabolically active fresh human tissues is difficult to investigate. In paper II
and III, blood cells were analysed along with cells from more metabolically active
human cells and tissues. The qualitative changes we observed in human peripheral
blood cells in response to mitochondrial toxicants and pharmacological treatment
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strategies were also found in human-derived liver and kidney cells, fibroblasts and
muscle fibres.

Serum biomarkers

In addition to blood cells, other blood based markers have been used to investigate
systemic bioenergetic function. The lactate-to-pyruvate ratio would be elevated with
upregulation of glycolysis to compensate for the loss of mitochondrial ATP
production. An increased [B-hydroxybuturate/acetoacetate ratio reflecting the
cellular redox state has been associated with drug-induced mitochondrial toxicity
and has also been reported to be elevated in patients with Leigh-syndrome (48; §3).
In the same study, levels of TCA cycle metabolites, FA levels and intermediates of
NAD" synthesis were likewise altered, indicating their possible use to monitor
systemic mitochondrial function (83). Increased levels of serum mtDNA and
glutamate dehydrogenase, which is usually confined to the mitochondrial matrix,
have also been linked to mitochondrial dysfunction in other organs. Their levels
were increased in blood of animals and patients with APAP-induced liver injury
(66). Increased serum mtDNA copy numbers were further described to correlate
with alterations of cerebral mitochondrial function and were suggested as potential
serum biomarker for TBI (132). The use of the above mentioned serum markers to
monitor mitochondrial function seems promising but will need to be further
established before systemic mitochondrial function can be judged solely on their
profiles.

Blood cells as model cells in drug development

In drug development, there are additional aspects which need to be considered when
using blood cells as model cells for drug evaluation. The use of blood cells from
healthy donors provides the advantage of genetic diversity, gender differences and
idiosyncratic responses, aspects that are lacking in animal studies and when using
standard human cell lines (41; 133). In addition, healthy donors are not drug-naive,
cover a wider age range and are exposed to environmental factors and co-
medications (41). In drug development, immortalized cancer cell lines are often
used to screen and/or evaluate drug efficacy and toxicity. These cell lines are often
more glycolytic, which could impact evaluation of drug-induced mitochondrial
toxicity and treatment efficacy of drugs for the support of mitochondrial function.
They also have shown different gene expression profiles and altered metabolic
functions as compared to primary cells (134; 135). In contrast, primary cells do not
grow indefinitely (135). Strategies were developed to grow cancer cell lines under
conditions where they are more dependent on OXPHOS, such as the glucose-
galactose assay (41). In this assay, cells are grown either in glucose or galactose and
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their mitochondrial function is assessed. Cells grown in galactose are more
dependent on mitochondrial ATP production due to slower glycolytic metabolism
of galactose which, as a consequence, makes them more sensitive to drug-induced
mitochondrial toxicity (41). PBMCs have shown to express cytochrome P450
(CYPs) enzymes (136; 137) which are involved in the formation of the toxic
metabolite of APAP (64). Our data suggest that these enzymes might also be
expressed in platelets as the mitochondrial toxicity induced by APAP was also
demonstrated in human platelets. In the search for translational markers of drug
toxicity, gene expression profiles of PBMCs have been investigated in response to
known nephrotoxicants and hepatotoxicants and shown to be specific for the
corresponding organ toxicity (138; 139). Our results and those of others indicate
human blood cells as a suitable tissue for evaluation of mitochondrial toxicity and
pharmacological treatment strategies for the support of mitochondrial function.
Their use, however, is limited to 24 h. Whole blood can be stored up to 24 h at RT
without loss of mitochondrial function (24). This time window of 24 h limits the use
of blood cells for evaluation of certain treatment strategies. As an example, markers
of mitochondrial biogenesis have been upregulated with MB and PB-lapachone
treatment, a natural quinone evaluated in vitro as treatment for mitochondrial
disease (108; 110; 140). However, these effects were seen only after 24 h treatment.

Ex vivo application of human blood cell respirometry could also be useful in drug
development. Monitoring mitochondrial function in human blood cells during
clinical trials and even post-marketing, e.g. by respirometry, could allow more
accurate assessment of the incidence of drug-induced mitochondrial toxicity and
could also guide safe dosing regimens (38; 105). This model could be further used
to monitor drug efficacy. In paper III, we demonstrated that cell-permeable
succinate prodrugs increased levels of TCA cycle metabolites, decreased the lactate-
to-pyruvate ratio and increased mitochondrial respiration of intact human blood
cells. Monitoring those parameters prior to initiation of and during treatment with
cell-permeable succinate prodrugs in patients could potentially be used to evaluate
treatment efficacy on a molecular and cellular basis.

Evaluation of mitochondrial toxicity

“Alle Dinge sind Gift, und nichts ist ohne Gift; allein die dosis machts, daf} ein Ding
kein Gift sei.” — Paracelsus, 1538

The concept of modern toxicology is not a new one. Already in the 16™ century
Paracelsus introduced the concept of dose response stating that only the dose
distinguishes a poison from a therapeutic agent (141). And this is still true today.
The antidiabetic agent metformin is considered safe at therapeutic dosing but has
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been associated with cases of lactic acidosis under circumstances where the drug
accumulates (52; 53). It is now believed that both its antidiabetic effect and toxic
effect are, at least partially, mediated through the drug’s effect on mitochondrial
function (48-50). In paper I, we demonstrated that metformin induces lactate
production in peripheral blood cells through specific mitochondrial CI inhibition at
concentrations that are relevant for clinical metformin intoxication. This inhibitory
action of metformin on mitochondria was restricted to high metformin
concentrations (> lmM). We were unable to detect any specific inhibitory action of
metformin on mGPD due to the nature of the SUIT protocol applied on
permeabilized cells. The SUIT protocols used in paper I and II do only allow
evaluation of NADH-linked and succinate-linked respiration. FA oxidation or
oxidation of glycerol-3-phosphate was not evaluated in this protocol and is therefore
a limitation in the methods used in paper I and II. However, in both studies the effect
of the drugs was additionally evaluated in intact cells where such an effect
eventually would contribute to the inhibition of mitochondrial function. In the same
study, phenformin inhibited mitochondrial CI and increased lactate production in
platelets and did so with a higher potency relative to clinical dosing. The difference
in mitochondrial toxicity and increase in lactate production could potentially explain
the difference in the incidence of associated lactic acidosis reported with either drug.

Like metformin the analgesic drug APAP is safe at therapeutic levels. It is only at
drug levels reached during intoxication that APAP has been associated with
hepatotoxicity and liver failure (60; 142; 143). In paper II, we demonstrated that
APAP induces mitochondrial toxicity through CI in human platelets and hepatic
human cells. CII or complexes downstream of CII were not affected by APAP.
Others have reported mitochondrial permeability transition, increased
mitochondrial oxidative stress and decreased mitochondrial ATP production with
APAP (59; 64; 68). While we cannot exclude effects of APAP on mitochondrial
permeability transition and oxidative stress as these aspects of mitochondrial
function were not analysed in the present study, the limited set of experiments on
APAP-induced lactate production indicate that the APAP-induced CI inhibition was
associated with a switch from mitochondrial ATP production to glycolytic ATP
production. Interestingly, in contrast to metformin, the inhibition of mitochondrial
respiration induced by APAP did not increase further over time (data not shown),
which potentially could explain that a longer time was required to see a difference
in lactate production between controls and APAP-treated platelets. APAP
intoxication has primarily been associated with the development of hepatotoxicity
but nephrotoxicity has also been reported (60). Both liver and kidneys play an
important role in drug metabolism and excretion. The liver is the major site of CYP
expression (144), enzymes that are critical to the formation of APAP’s toxic
metabolite NAPQI (64). Nevertheless, CYP enzymes are also expressed in the
kidney and blood cells (137). This is in agreement with our data where
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mitochondrial toxicity of APAP was not limited to hepatic tissue. The organ specific
toxicity seen with APAP is likely not due to a difference in hepatic
biotransformation and generation of NAPQI. Instead, it is more likely that the organ-
specific toxicity is related to the generally higher exposure of liver and kidneys to
drugs (145; 146).

Not only active pharmaceutical ingredients have the potential to induce
mitochondrial toxicity. Kolliphor® EL, an emulsifying excipient frequently used in
drug formulations, has also been implicated to inhibit mitochondrial respiration (70;
77; 78). This was confirmed in the present thesis project. Ciclosporin and ethanol,
an additional formulation ingredient, left mitochondrial respiration unchanged
whereas Sandimmune® Injection and Kolliphor® EL induced inhibition of
respiration in human platelets. To investigate the relationship of Kolliphor® EL-
induced mitochondrial toxicity and the reported nephrotoxicity for Sandimmune®
Injection the effect of the complete formulation, Kolliphor® EL and ciclosporin
were further investigated in the kidney cell line HK2 with qualitatively similar
results and at doses similar to peak concentrations of ciclosporin after a bolus
injection of Sandimmune® Injection during acute treatment (147). Similar results
have also been reported by others (75-78). In human platelets, we further compared
the effects of Sandimmune® Injection and Kolliphor® EL on mitochondrial
respiration to the novel ciclosporin lipid emulsion NeuroSTAT® which is free of
ethanol and Kolliphor® EL. No inhibition of mitochondrial respiration of human
platelets was observed with NeuroSTAT® presenting it as a suitable alternative
ciclosporin formulation. Our data further indicate that Kolliphor® EL likely inhibits
the RC upstream of CII. This was demonstrated in intact platelets using the cell-
permeable succinate prodrug NV241 and measuring Cll-linked respiration in the
presence and absence of Sandimmune® Injection, Kolliphor® EL, ciclosporin and
ethanol (unpublished data). Further experiments with permeabilized cells would
need to be performed to confirm the results. Even though intact cells are more
physiological, evaluation in permeabilized cells allows measurements of maximal
respiratory capacities which may unmask potential toxic effects at sites downstream
of complex II. In line with this, others have reported that CIV was affected by
Kolliphor® EL when analysed in permeabilized muscle fibres (77; 78).

As briefly mentioned in the introduction, the potential of a drug to induce
mitochondrial toxicity is mostly related to its electrochemical properties and
specific chemical motifs which exert the mitochondrial inhibition (41). Charge and
lipophilicity are two properties that increase permeability of the plasma and/or
mitochondrial membranes. Metformin, for instance, is positively charged and due
to this property thought to accumulated in the highly negatively charged
environment of the mitochondrial matrix (11; 49; 50; 148). But also the
electrophilicity of compounds, such as the toxic metabolite NAPQI (149) can
increase the risk of mitochondrial toxicity. Often, the potential to induce
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mitochondrial toxicity is common among a drug class but the potency to do so is
variable among the different drug candidates (41), as was demonstrated for
metformin and phenformin in paper I and by Dykens et al. (148) for metformin,
buformin and phenformin. Similar structure-activity-relationship was reported for
the thiazolidinediones troglitazone, rosiglitazone and pioglitazone which have all
been described to inhibit mitochondrial function and whose potency to do so
correlated with the reported incidence of associated hepatotoxicity observed with
these drugs (150). As these electrochemical properties and mitochondrial toxic
chemical motifs are embedded in the chemical structure of drugs, mitochondrial
toxicity could potentially be predicted similar to structure-activity-relationship
during rational drug design.

Cell-permeable succinates as a pharmaceutical drug

Succinate has previously been used in individual non-controlled case studies for
treatment of mitochondrial disease. In a patient with MELAS (mitochondrial
myopathy, encephalopathy, lactic acidosis and stroke-like symptoms), long-term
treatment with succinate improved neurological symptoms. A patient with Kearn-
Sayre/chronic external opthalmoplegia plus syndrome with confirmed CI and partial
CIV and V dysfunction showed improved respiratory function with combinational
treatment with CoQ10 and succinate (87; 88). Succinate treatment has further been
suggested as a potential treatment strategy for sepsis and TBI (89; 151-154). There
is less data on the use of succinate for drug-induced mitochondrial dysfunction.
Hinke et al. (155) previously proposed the bypass of metformin-induced CI toxicity
with succinate as a potential treatment strategy. Methyl succinate improved the
mitochondrial reduction potential of pancreatic B-cells during exposure to
metformin and reduced metformin-induced cell death (155). However, regular
succinate has limited permeability (89). Consequently, millimolar concentrations of
succinate was added in the above study to achieve an effect (155).

In paper III and IV, we showed that cell-permeable succinate prodrugs improved
mitochondrial respiration coupled to phosphorylation. The improved
phosphorylation potential translated into a decrease in rotenone-induced lactate
production (paper II). However, the phosphorylation potential after metformin
exposure was not significantly improved with the cell-permeable succinate prodrug
NV118 (paper IV) and yet, metformin-induced lactate production was reduced. This
may partially be due to experimental variation. Another reason contributing to the
discrepancy between the rotenone- and metformin model of mitochondrial
dysfunction could be the different degree of inhibition of mitochondrial respiration
induced by the different substances. Rotenone was used at a dose which maximally
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inhibits mitochondrial respiration before treatment with NV118 was evaluated.
Metformin, in contrast, did not inhibit mitochondrial respiration maximally at the
start of intervention. It is a much milder inhibitor of mitochondrial function which
is primarily due to its slow permeation and accumulation within the mitochondrial
matrix. In the patient-derived human fibroblasts with known CI dysfunction used in
paper III we did observe an increased response to the cell-permeable succinate
prodrugs which could be due to the increased dependence on alternative substrates,
such as NV118. Karlsson et al. (156) further reported decreased succinate levels in
muscle biopsies in a pig model with acute rotenone-induced CI inhibition, further
indicating a possible high dependence on ClI-linked substrates in severe models of
mitochondrial CI dysfunction. In contrast to the respiratory model of metformin-
induced mitochondrial dysfunction, the lactate production in response to metformin
was measured over more than 1 h which better accounts for the slow uptake of
metformin. Like in the respiratory model, lactate levels measured in the assay
medium were not different between metformin- and vehicle treated cells after 1 h.
After 2 h exposure to metformin, however, we did observe a difference in lactate
levels in the assay between the two treatment groups. Preliminary data indicate a
better treatment effect with NV118 when the metformin-induced mitochondrial
inhibition is more severe (data not shown). It is intriguing to speculate that the
lactate assay is more sensitive for detection of beneficial effects by NV118.
Evaluation of coupled respiration in response to NV118 assesses only the drug’s
effect at the RC but bypasses any effects the drug might have on substrate level
phosphorylation through anaplerosis of the TCA cycle. TCA cycle intermediates
were increased after treatment with the cell-permeable succinate prodrug NV189
and the time study with isotope labelled cell-permeable succinate prodrug indicated
continuous TCA cycle metabolism which could potentially improve cellular energy
charge by in increasing ATP or GTP by substrate level phosphorylation.

In paper III, we demonstrated that the supplementation with cell-permeable
succinate prodrugs increased intracellular succinate levels. Elevated levels of
succinate are believed to induce reversed electron transport (RET) to CI and increase
mitochondrial ROS production during ischemia-reperfusion injury. ROS production
is part both of physiological and pathophysiological process. Excess ROS
production, however, can cause oxidative damage to lipids, nucleic acids and
proteins (6). Increased ROS production via RET at CI due to increased succinate
oxidation is thought to contribute to ischemia-reperfusion injury where oxidative
stress after reperfusion is a hallmark (157). This view was, however, recently been
challenged with the arguments that the redox state during early reperfusion is
unfavourable for RET and the quick disappearance of succinate after reperfusion
could also be due to succinate efflux instead of succinate oxidation (158). Inhibitors
of CI, such as rotenone and metformin, have been described to inhibit RET under
experimental conditions (159) and similar results were observed in a mouse model
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of Leber hereditary optic neuropathy with CI dysfunction (160), leaving the
question open whether increased ROS from RET due to increased oxidation of
succinate from the cell-permeable succinate prodrugs would be an issue for
inherited Cl-related mitochondrial disease or drug-induced Cl-dysfunction. If
increased ROS production by the cell-permeable succinate prodrugs would
potentially be an obstacle remains to be evaluated.

Cell-permeable succinates as a diagnostic tool

In paper III, the cell-permeable succinate prodrugs were primarily evaluated as a
potential treatment strategy for Cl-related mitochondrial disease. Experiments with
patient-derived fibroblasts with a known CI defect further demonstrated their
usefulness for characterization of mitochondrial function in intact cells, In the
patient-derived, CI deficient fibroblasts we identified a higher dependence on CII-
linked substrate oxidation as compared to control cells. Their use as a diagnostic
tool in intact cellular models was also demonstrated in cellular models of drug-
induced mitochondrial toxicity (paper II, and unpublished data on the mitochondrial
toxicity induced by Kolliphor® EL). One limitation of the use of cell-permeable
succinate prodrugs as a diagnostic tool is that maximal capacity cannot be evaluated
in intact cells due to the limitation of endogenous supply of nucleotide levels.
However, the results can be used to guide further assessment of mitochondrial
function. Regular succinate has limited permeability (89). Consequently, millimolar
concentrations of succinate would need to be used to achieve an effect (151; 154;
155). The cell-permeable succinate prodrugs, in contrast, were highly permeable
and effective at micromolar concentrations when succinate or methyl succinates did
not improve mitochondrial function at identical doses.

Coupled or non-coupled, that is the question

As demonstrated in this study, an increase in mitochondrial respiration does not
necessarily result in an increased coupled respiration. The increase in mitochondrial
respiration with MB was due to increased uncoupling and did not improve
OXPHOS. These data do not support the use of MB for acute treatment of MILA to
correct for the mitochondrial metabolic defect. The apparent discrepancy between
the data presented in paper IV and other studies which reported the bioenergetic
bypass potential of MB might be explained by use of different methods. Most of
these studies reported increased oxidation of NADH in isolated, sonicated
mitochondria or sub-mitochondrial particles (95; 106; 111). Although it is possible
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to evaluate the oxidation of NADH at CI with this approach it does not allow
judgement whether the electron shuttling by MB is used to normalize the
mitochondrial membrane potential and phosphorylation pathways. Others (94; 95)
have studied MB’s potential to shuttle electrons and support mitochondrial
respiration in intact cells which theoretically allows evaluation of its effect on the
fully integrated mitochondrial function. Unfortunately, they did not calculate the
coupled respiration in response to MB to investigate the quality of the increase in
respiration. The lack of correlation of stimulation of mitochondrial respiration and
phosphorylation potential could be related to the limited number of protons that are
pumped at CIV as compared to CI and CIII, as MB donates electrons via cyt ¢ to
CIV. CI and III pump double the number of protons and thereby contribute to a
larger degree to the build-up of a proton gradient that is required by the ATP-
synthase to drive phosphorylation of ADP (12). MB has also been described to
improve blood pressure through inhibition of the guanylate cyclase and has been
used successfully in a small number of metformin-related lactic acidosis cases with
this objective (109; 161; 162). This effect, however, is unrelated to mitochondrial
function. MB has further been shown to increase markers of mitochondrial
biogenesis (108; 110) which would be less relevant for acute critical care illnesses
like MILA but could be of interested as long-term treatment for other indications.
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Final conclusions

e High-resolution respirometry of freshly isolated human peripheral blood
cells is a suitable model for evaluation of drug-induced mitochondrial
toxicity and pharmacological bypass strategies for the support of
mitochondrial function.

e Changes in the mitochondrial respiration of human peripheral blood cells
qualitatively reflected changes in mitochondrial respiration of human
muscle fibres, fibroblasts, hepatocytes, and kidney cells.

e Potential pharmacological bypass strategies have to be carefully
investigated; stimulation of mitochondrial respiration has to be related to
phosphorylation activity.

e Changes in mitochondrial respiration linked to phosphorylation pathways
affect glycolytic lactate metabolism in human blood cells and the human-
derived liver cell line HepG2.

e Cell-permeable succinate prodrugs are a useful tool to characterize
mitochondrial function and dysfunction in intact cells but should be
employed together with substrate-inhibitor-titration protocols in
permeabilized cells to measure maximal respiratory capacities and confirm
the results.
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Future perspective

Cell-permeable succinates as a pharmaceutical drug

Cell-permeable succinates as potential treatment for acetaminophen-
induced liver failure

APAP is the most common cause for drug-induced liver injury, the main cause for
acute liver failure in the western world which not uncommonly ends fatally (59; 60;
62). Currently, the only treatment option for APAP overdose is NAC. NAC
increases reduced glutathione levels and, thereby can prevent NAPQI from causing
any further damage. This also means that the timing of its administration is crucial.
However, patients often present several hours after APAP ingestions when NAPQI
formation and liver damage have already occurred (60; 61; 163). Therefore,
alternative and less time-dependent treatment strategies are needed. Because CII or
downstream complexes of CII were unaffected by APAP-intoxication, cell-
permeable succinate prodrugs may be beneficial as treatment for APAP-induced
mitochondrial dysfunction and, potentially also hepatotoxicity. Succinate has
previously shown to increase ATP content and reduce cell death in models of
oxidative stress-induced and metformin-induced mitochondrial dysfunction (155;
164).

Proof of concept in vivo

Currently, the cell-permeable succinate prodrugs have not been evaluated in vivo.
The next step in drug development of the cell-permeable succinate prodrugs would
be the evaluation of their treatment potential in vivo. A suitable model for in vivo
proof of concept would be the large animal model of rotenone-induced
mitochondrial CI dysfunction described by Karlsson et al. (156). In this model,
rotenone infusion caused a decrease in mitochondrial and whole body oxygen
consumption due to rotenone-induced CI inhibition. Glycolytic metabolites were
upregulated correspondingly due to upregulation of glycolysis to compensate for the
loss of mitochondrial ATP production. The large animal model of metformin-
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induced mitochondrial dysfunction by Protti et al. (165) presents an alternative in
vivo model for efficacy assessment of this drug class.

Mitochondrial dysfunction in Drug-Induced Lactic
Acidosis-MIDDILA

A study has been initiated with the aim to investigate the incidence of drug-induced
lactic acidosis and elucidate the role of mitochondrial (dys-) function in its
pathogenesis. This study was approved by the regional ethics committee of Lund,
Sweden (permit no. 2017/518). Patients with suspicion of drug-induced metabolic
acidosis admitted to the ICUs or emergency departments of Skane University
Hospital and Helsingborg hospital are included. Patients with lactate > 4 mmol/l and
concurrent treatment with at least one of the following drugs are eligible for
inclusion: metformin, paracetamol, linezolid, isoniazid, malarone, dudanosine,
stavudine, lamivudine, zidovudine, abacavir, propofol, sevoflurane, desflurane and
ketamine. Age below 18, pregnancy, known mitochondrial disease, haematological
malignancy and thrombocytopenia < 10 x 10° /1 are defined as exclusion criteria.
Blood samples are taken from an existing arterial, central venous or peripheral line
or by venous puncture. Two blood samples of 20 ml each are taken, the first within
24 h of admission and the second 48-72 h later. Blood from twenty healthy
volunteers are taken by venous puncture at a volume of 60 ml. Written informed
consent is acquired from the patient or next of kin and healthy volunteers. Human
platelets and PBMCs will be isolated as previously described (24). In the second,
explorative part of this study, the chemical laboratory data bank of Region Skéne
will be reviewed for cases of serum lactate >4 mM. From this list of patients, further
clinical parameters will be extracted from the digital hospital charts.
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Svensk sammanfattning

Mitokondrierna beskrivs ofta som cellens kraftverk. De tar den energi som finns
lagrad i var mat och omvandlar den till ATP som fungerar som cellernas
energivaluta. Nér kolhydrater, proteiner och fett bryts ner till mindre bestandsdelar
anvéinds den energi som finns lagrad déri till att via en kedja av proteinkomplex i
mitokondriens innermembran (elektrontransportkedjan) successivt bygga upp en
elektrokemisk gradient. Energin i denna gradient anvidnds sedan for att skapa ATP.
I slutsteget av elektrontransportkedjan forbrukas syrgas. Déarmed kan
syrgasforbrukning anvéndas som ett matt for att utvardera mitokondriens funktion.
Om mitokondriens funktion dr nedsatt behdver cellen kompensera bortfallet av ATP
med hjilp av 6kad glykolys, en mindre effektiv process som inte forbrukar syrgas
och som genererar laktat (mjélksyra) som biprodukt.

Eftersom mitokondrierna producerar majoriteten av cellens energi kan en stérning
av deras funktion ha allvarliga konsekvenser. Andé ir det bara under de senaste
decennierna som eventuell mitokondriell toxicitet av ldkemedel borjat undersokas
under tidig ldkemedelsutveckling. Trots att denna typ av ldkemedelsbiverkan nu &r
kdnd och att det skett framsteg i metodutvecklingen for att undersdka
mitokondrietoxicitet, dr overforingen av fynd och kunskap frdn labbdnken till
klinisk anvidndning av likemedel fortfarande bristfillig.

Vi har utvecklat en diagnostisk metod for unders6kning av mitokondriell funktion i
friska méanskliga blodceller. Metoden bygger pa konceptet att mitokondriell ATP-
produktion dr kopplad till syrgasforbrukning, och blodcellerna, vita blodkroppar och
blodpléttar, anvinds som modell for frisk ménsklig vivnad. I denna avhandling har
modellen utvérderats for att bedoma lakemedelsinducerad mitokondriell toxicitet
och anvints for utveckling av nya mitokondriestodjande farmakologiska strategier.

Vi har visat att 1dkemedel fran olika ldkemedelsklasser kan stora den mitokondriella
funktionen. Metformin dr det vanligaste ldkemedlet och forstahandsalternativet for
behandling av typ 2-diabetes. Metformin ar dock forknippat med laktacidos,
mjolksyraansamling i kroppen, som en sillsynt men mycket allvarlig biverkan.
Metformin-orsakad laktacidos har foreslagits vara kopplat till lakemedlets effekt pa
mitokondriens funktion. Det smértstillande och febernedséttande ldkemedlet
paracetamol (innehallet i Alvedon, oftast kallat acetaminophen pé engelska), ér i de
flesta fallen helt ofarligt vid normal dosering men kan orsaka svar leverskada vid
Overdosering. Paracetamol-orsakad leverskada dr en av de frimsta orsakerna till
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akut leversvikt. Paracetamol har ocksd visat negativ péaverkan pé
mitokondriefunktionen. Det &r emellertid oklart huruvida eventuell
mitokondrietoxicitet kan vara orsaken till paracetamol-orsakad leverskada.
Kolliphor® EL, tidigare kénd som Cremophor® EL, som anvinds i ménga
lakemedelsberedningar har uppvisat biverkningar som anafylaxi och toxicitet pa
njurar, hjérta och muskler. Biverkningar fran ldkemedelsberedningar med
Kolliphor® EL har kopplats till pdverkan pa mitokondriell funktion, inte fran
lakemedlet i friga men fran sjilva bararmediet. Vi har visat att det antidiabetiska
likemedel metformin och det analgetiskt likemedel paracetamol paverkar
mitokondriernas proteinkomplex I och hojer den celluldra laktatproduktionen i vita
blodkroppar och blodplattar vid koncentrationer relevanta vid klinisk forgiftning.
Mitokondriefunktionen himmas ocksa av formuleringskomponenten Kolliphor®
EL, vilket indikerar att ldkemedelsinducerad mitokondriell toxicitet inte endast ar
relaterat till aktiva farmaceutiska substanser.

Mitokondriell dysfunktion kan ocksd ha genetiskt ursprung. Mer &n 1 av 5000
ménniskor har en neddrvd mitokondriell sjukdom, orsakad av mutationer antingen i
cellkdrnans eller mitokondriens arvsmassa. Forsdmrad ldsning av arvsmassan,
sammansittningen av mitokondrierna, dess struktur eller dess underhall kan bli
resultatet. For neddrvd mitokondriell skjukdom finns for ndrvarande i det ndrmaste
inga behandlingsalternativ med vetenskapligt bevisad fordelaktig effekt. Att kringga
defekten med ett alternativt energisubstrat som levarera elekroner till ett av de andra
proteinkomplexen i mitokondriens innermembran kan vara en potentiell
behandlingsstrategi. Succinat &r ett substrat som levererar elektroner till
proteinkomplex II. Dirmed kan ett dysfunktionellt komplex I,
elektrondverforingsprotein  eller mitokondriellt glycerofosfat dehydrogenas
undvikas, och pd den sittet den mitokondriella ATP-produktionen forbéttras.
Succinat har dock begrinsad permeabilitet genom cellernas membran. Vi har i
samarbete med andra forskare utvecklat analoger av succinat som litt kan passerar
cellmembranet och stddja mitokondriell funktion. Dessa cellpermeabla prodroger
av succinat beskrivs i denna avhandling. Vi har anvint ménskliga vita blodkroppar
och blodplittar som experimentella modellsystem och har visat att de kan forbéttra
mitokondriell funktion. Metylenblatt, som har ocksa beskrivits 6ka ATP-produktion
genom att kringgd defekter i mitokondriernas proteinkomplex i experimentella
modeller, kunde inte 6ka mitokondriell ATP-produktion under samma betingelser.

For att ytterligare undersoka om fordndringar av mitokondriell funktion i vita
blodkroppar och blodpléttar reflekterar potenticlla fordndringar i andra, mer
metaboliskt aktiva vdvnader utvédrderade vi badde mitokondrie-toxiska ldkemedel
och cellpermeabla prodroger av succinat pd humana fibroblaster, leverceller,
njurceller och muskelfibrer. Vi visade att férandringar i syreforbrukningen i humana
blodkroppar och blodpléttar aterspeglas i1 syreforbrukningen hos andra, mer
metaboliskt aktiva ménskliga celler.
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Sammanfattningsvis visade vi att vita blodkroppar och blodplittar &r ldmpliga
modeller for utvardering av likemedelsrelaterad mitokondriell toxicitet och nya
farmakologiska strategier for att stddja mitokondriell funktion. Foradndringar i
mitokondriefunktionen i1 vita blodkroppar och blodplattar pa grund av
lakemedelseffekter reflekterar fordndringar hos andra, mer metaboliskt aktiva
ménskliga vivnader.

65



References

1. Dyall SD, Brown MT, Johnson PJ: Ancient Invasions: From Endosymbionts to
Organelles. Science (New York, NY) 2004;304:253-257

2. Martin WaM, M.: The Origin of Mitochondria. Nature Education 3(9):58 2010;
3. Lane N, Martin W: The energetics of genome complexity. Nature 2010;467:929-934

4. Archibald John M: Endosymbiosis and Eukaryotic Cell Evolution. Current Biology
25:R911-R921

5. Sagan L: On the origin of mitosing cells. Journal of Theoretical Biology 1967;14:225-
IN226

6. Nunnari J, Suomalainen A: Mitochondria: In Sickness and in Health. Cell 148:1145-
1159

7. Cogliati S, Enriquez JA, Scorrano L: Mitochondrial Cristac: Where Beauty Meets
Functionality. Trends in Biochemical Sciences 41:261-273

8. Lemasters JJ: Modulation of mitochondrial membrane permeability in pathogenesis,
autophagy and control of metabolism. Journal of gastroenterology and hepatology
2007;22 Suppl 1:S31-37

9. Nicholls DG: Mitochondria and calcium signaling. Cell calcium 2005;38:311-317

10. Picard M, Wallace DC, Burelle Y: The rise of mitochondria in medicine.
Mitochondrion 2016;30:105-116

11. Brand Martin D, Nicholls David G: Assessing mitochondrial dysfunction in cells.
Biochemical Journal 2011;435:297-312

12. Sazanov LA: A giant molecular proton pump: structure and mechanism of respiratory
complex 1. Nature Reviews Molecular Cell Biology 2015;16:375

13. Mitchell P: Coupling of Phosphorylation to Electron and Hydrogen Transfer by a
Chemi-Osmotic type of Mechanism. Nature 1961;191:144

14. Nunes-Nesi A, Araijo WL, Obata T, Fernie AR: Regulation of the mitochondrial
tricarboxylic acid cycle. Current Opinion in Plant Biology 2013;16:335-343

15. Salminen A, Kauppinen A, Hiltunen M, Kaarniranta K: Krebs cycle intermediates

regulate DNA and histone methylation: epigenetic impact on the aging process.
Ageing research reviews 2014;16:45-65

16. Pelley JW: 7 - Citric Acid Cycle, Electron Transport Chain, and Oxidative
Phosphorylation. In Elsevier's Integrated Review Biochemistry (Second Edition)
Philadelphia, W.B. Saunders, 2012, p. 57-65

17. Krebs HA, Johnson WA: Metabolism of ketonic acids in animal tissues. Biochemical
Journal 1937;31:645-660

66



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zielinski LP, Smith AC, Smith AG, Robinson AJ: Metabolic flexibility of
mitochondrial respiratory chain disorders predicted by computer modelling.
Mitochondrion 2016;31:45-55

Rogatzki MJ, Ferguson BS, Goodwin ML, Gladden LB: Lactate is always the end
product of glycolysis. Frontiers in Neuroscience 2015;9:22

Hui S, Ghergurovich JM, Morscher RJ, Jang C, Teng X, Lu W, Esparza LA, Reya T,
Le Z, Yanxiang Guo J, White E, Rabinowitz JD: Glucose feeds the TCA cycle via
circulating lactate. Nature 2017;551:115-118

Chen Y, Jr., Mahieu NG, Huang X, Singh M, Crawford PA, Johnson SL, Gross RW,
Schaefer J, Patti GJ: Lactate Metabolism is Associated with Mammalian
Mitochondria. Nature chemical biology 2016;12:937-943

Perry CGR, Kane DA, Lanza IR, Neufer PD: Methods for Assessing Mitochondrial
Function in Diabetes. Diabetes 2013;62:1041-1053

Hutter E, Unterluggauer H, Garedew A, Jansen-Durr P, Gnaiger E: High-resolution
respirometry--a modern tool in aging research. Exp Gerontol 2006;41:103-109

Sjovall F, Ehinger JK, Marelsson SE, Morota S, Frostner EA, Uchino H, Lundgren J,
Arnbjornsson E, Hansson MJ, Fellman V, Elmer E: Mitochondrial respiration in
human viable platelets-methodology and influence of gender, age and storage.
Mitochondrion 2013;13:7-14

Rahman S, Hanna MG: Diagnosis and therapy in neuromuscular disorders: diagnosis
and new treatments in mitochondrial diseases. Journal of neurology, neurosurgery,
and psychiatry 2009;80:943-953

Westerlund E, Marelsson SE, Ehinger JK, Sjovall F, Morota S, Asander Frostner E,
Oldfors A, Darin N, Lundgren J, Hansson MJ, Fellman V, Elmer E: Oxygen
consumption in platelets as an adjunct diagnostic method for pediatric mitochondrial
disease. Pediatric research 2017,

Picard M, Taivassalo T, Gouspillou G, Hepple RT: Mitochondria: isolation, structure
and function. The Journal of Physiology 2011;589:4413-4421

Picard M, Taivassalo T, Ritchie D, Wright KJ, Thomas MM, Romestaing C, Hepple
RT: Mitochondrial Structure and Function Are Disrupted by Standard Isolation
Methods. PloS one 2011;6:¢18317

Gnaiger E: Polarographic Oxygen Sensors, the Oxygraph, and High-Resolution
Respirometry to Assess Mitochondrial Function. In Drug-Induced Mitochondrial
Dysfunction, John Wiley & Sons, Inc., 2008, p. 325-352

Kirby DM, Thorburn DR, Turnbull DM, Taylor RW: Biochemical assays of respiratory
chain complex activity. Methods in cell biology 2007;80:93-119

Pedersen PL, Greenawalt JW, Reynafarje B, Hullihen J, Decker GL, Soper JW,
Bustamente E: Chapter 26 Preparation and Characterization of Mitochondria and
Submitochondrial Particles of Rat Liver and Liver-Derived Tissues. In Methods in
cell biology Prescott DM, Ed., Academic Press, 1978, p. 411-481

Helen Cross J, Connelly A, Gadian DG, Kendall BE, Brown GK, Brown RM, Leonard
JV: Clinical diversity of pyruvate dehydrogenase deficiency. Pediatric Neurology
1994;10:276-283

67



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

68

Prasad C, Rupar T, Prasad AN: Pyruvate dehydrogenase deficiency and epilepsy. Brain
and Development 2011;33:856-865

Owen OE, Kalhan SC, Hanson RW: The key role of anaplerosis and cataplerosis for
citric acid cycle function. The Journal of biological chemistry 2002;277:30409-
30412

Wallace DC: A mitochondrial paradigm of metabolic and degenerative diseases, aging,
and cancer: a dawn for evolutionary medicine. Annual review of genetics
2005;39:359-407

Thorburn DR, Chow CW, Kirby DM: Respiratory chain enzyme analysis in muscle
and liver. Mitochondrion 2004;4:363-375

Haas RH, Parikh S, Falk MJ, Saneto RP, Wolf NI, Darin N, Wong LJ, Cohen BH,
Naviaux RK: The in-depth evaluation of suspected mitochondrial disease. Molecular
genetics and metabolism 2008;94:16-37

Dykens JA, Will Y: The significance of mitochondrial toxicity testing in drug
development. Drug discovery today 2007;12:777-785

Vuda M, Kamath A: Drug induced mitochondrial dysfunction: Mechanisms and
adverse clinical consequences. Mitochondrion 2016;31:63-74

Lazarou J, Pomeranz BH, Corey PN: Incidence of adverse drug reactions in
hospitalized patients: a meta-analysis of prospective studies. Jama 1998;279:1200-
1205

Will Y, Dykens J: Mitochondrial toxicity assessment in industry--a decade of
technology development and insight. Expert opinion on drug metabolism &
toxicology 2014;10:1061-1067

Hargreaves IP, Al Shahrani M, Wainwright L, Heales SJ: Drug-Induced Mitochondrial
Toxicity. Drug Saf2016;39:661-674

Niyazov DM, Kahler SG, Frye RE: Primary Mitochondrial Disease and Secondary
Mitochondrial Dysfunction: Importance of Distinction for Diagnosis and Treatment.
Molecular syndromology 2016;7:122-137

Dykens JA, Marroquin LD, Will Y: Strategies to reduce late-stage drug attrition due to
mitochondrial toxicity. Expert review of molecular diagnostics 2007;7:161-175

Chan K, Truong D, Shangari N, O'Brien PJ: Drug-induced mitochondrial toxicity.
Expert opinion on drug metabolism & toxicology 2005;1:655-669

Kirpichnikov D, McFarlane SI, Sowers JR: Metformin: an update. Annals of internal
medicine 2002;137:25-33

Protti A, Lecchi A, Fortunato F, Artoni A, Greppi N, Vecchio S, Fagiolari G, Moggio
M, Comi GP, Mistraletti G, Lanticina B, Faraldi L, Gattinoni L: Metformin overdose
causes platelet mitochondrial dysfunction in humans. Critical care (London, England)
2012;16:R180

Madiraju AK, Erion DM, Rahimi Y, Zhang XM, Braddock DT, Albright RA, Prigaro
BJ, Wood JL, Bhanot S, MacDonald MJ, Jurczak MJ, Camporez JP, Lee HY, Cline
GW, Samuel VT, Kibbey RG, Shulman GI: Metformin suppresses gluconeogenesis
by inhibiting mitochondrial glycerophosphate dehydrogenase. Nature 2014;510:542-
546



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Brunmair B, Staniek K, Gras F, Scharf N, Althaym A, Clara R, Roden M, Gnaiger E,
Nohl H, Waldhausl W, Furnsinn C: Thiazolidinediones, like metformin, inhibit
respiratory complex I: a common mechanism contributing to their antidiabetic
actions? Diabetes 2004;53:1052-1059

Owen MR, Doran E, Halestrap AP: Evidence that metformin exerts its anti-diabetic
effects through inhibition of complex 1 of the mitochondrial respiratory chain. The
Biochemical journal 2000;348 Pt 3:607-614

Wollen N, Bailey CJ: Inhibition of hepatic gluconeogenesis by metformin: Synergism
with insulin. Biochemical Pharmacology 1988;37:4353-4358

Rena G, Hardie DG, Pearson ER: The mechanisms of action of metformin.
Diabetologia 2017;

Lalau JD, Arnouts P, Sharif A, De Broe ME: Metformin and other antidiabetic agents
in renal failure patients. Kidney international 2015;87:308-322

Lalau JD, Kajbaf F, Protti A, Christensen MM, De Broe ME, Wiernsperger N:
Metformin-associated lactic acidosis (MALA): Moving towards a new paradigm.
Diabetes, obesity & metabolism 2017;

Lalau J-D: Lactic Acidosis Induced by Metformin. Drug Safety 2010;33:727-740

El-Mir MY, Nogueira V, Fontaine E, Averet N, Rigoulet M, Leverve X:
Dimethylbiguanide inhibits cell respiration via an indirect effect targeted on the
respiratory chain complex 1. The Journal of biological chemistry 2000;275:223-228

Lalau J-D, Race J-M: Lactic Acidosis in Metformin-Treated Patients. Drug Safety
1999;20:377-384

Vecchio S, Protti A: Metformin-induced lactic acidosis: no one left behind. Critical
Care 2011;15:107-107

Shah AD, Wood DM, Dargan PI: Understanding lactic acidosis in paracetamol
(acetaminophen) poisoning. British journal of clinical pharmacology 2011;71:20-28

Yoon E, Babar A, Choudhary M, Kutner M, Pyrsopoulos N: Acetaminophen-Induced
Hepatotoxicity: a Comprehensive Update. Journal of clinical and translational
hepatology 2016;4:131-142

Saito C, Zwingmann C, Jaeschke H: Novel mechanisms of protection against
acetaminophen hepatotoxicity in mice by glutathione and N-acetylcysteine.
Hepatology (Baltimore, Md) 2010;51:246-254

Heard KJ: Acetylcysteine for Acetaminophen Poisoning. The New England journal of
medicine 2008;359:285-292

Fontana RJ: Acute Liver Failure including Acetaminophen Overdose. The Medical
clinics of North America 2008;92:761-794

Hinson JA, Roberts DW, James LP: Mechanisms of acetaminophen-induced liver
necrosis. Handbook of experimental pharmacology 2010:369-405

Mazaleuskaya LL, Sangkuhl K, Thorn CF, FitzGerald GA, Altman RB, Klein TE:
PharmGKB summary: Pathways of acetaminophen metabolism at the therapeutic
versus toxic doses. Pharmacogenetics and genomics 2015;25:416-426

69



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

70

McGill MR, Jaeschke H: Mechanistic biomarkers in acetaminophen-induced
hepatotoxicity and acute liver failure: from preclinical models to patients. Expert
opinion on drug metabolism & toxicology 2014;10:1005-1017

McGill MR, Sharpe MR, Williams CD, Taha M, Curry SC, Jaeschke H: The
mechanism underlying acetaminophen-induced hepatotoxicity in humans and mice
involves mitochondrial damage and nuclear DNA fragmentation. The Journal of
clinical investigation 2012;122:1574-1583

Lee KK, Imaizumi N, Chamberland SR, Alder NN, Boelsterli UA: Targeting
mitochondria with methylene blue protects mice against acetaminophen-induced
liver injury. Hepatology (Baltimore, Md) 2015;61:326-336

Wang F, Liu S, Shen Y, Zhuang R, Xi J, Fang H, Pan X, Sun J, Cai Z: Protective
effects of N-acetylcysteine on cisplatin-induced oxidative stress and DNA damage in
HepG?2 cells. Experimental and Therapeutic Medicine 2014;8:1939-1945

Ehinger JK, Morota S, Hansson MJ, Paul G, Elmér E: Mitochondrial Respiratory
Function in Peripheral Blood Cells from Huntington's Disease Patients. Movement
Disorders Clinical Practice 2016;3:472-482

Matsuda S, Koyasu S: Mechanisms of action of cyclosporine. Immunopharmacology
2000;47:119-125

Crompton M, Ellinger H, Costi A: Inhibition by cyclosporin A of a Ca2+-dependent
pore in heart mitochondria activated by inorganic phosphate and oxidative stress.
Biochemical Journal 1988;255:357-360

Kilbaugh TJ, Bhandare S, Lorom DH, Saraswati M, Robertson CL, Margulies SS:
Cyclosporin A Preserves Mitochondrial Function after Traumatic Brain Injury in the
Immature Rat and Piglet. Journal of Neurotrauma 2011;28:763-774

Mbye LH, Singh IN, Sullivan PG, Springer JE, Hall ED: Attenuation of acute
mitochondrial dysfunction after traumatic brain injury in mice by NIM811, a non-
immunosuppressive cyclosporin A analog. Experimental Neurology 2008;209:243-
253

BB NG, Sanchez H, Zoll J, Ribera F, Dufour S, Lampert E, Kindo M, Geny B,
Ventura-Clapier R, Mettauer B: Oxidative capacities of cardiac and skeletal muscles
of heart transplant recipients: mitochondrial effects of cyclosporin-A and its vehicle
Cremophor-EL. Fundamental & clinical pharmacology 2014;28:151-160

Sanchez H, Bigard X, Veksler V, Mettauer B, Lampert E, Lonsdorfer J, Ventura-
Clapier R: Immunosuppressive treatment affects cardiac and skeletal muscle
mitochondria by the toxic effect of vehicle. Journal of molecular and cellular
cardiology 2000;32:323-331

Sanchez H, Zoll J, Bigard X, Veksler V, Mettauer B, Lampert E, Lonsdorfer J,
Ventura-Clapier R: Effect of cyclosporin A and its vehicle on cardiac and skeletal
muscle mitochondria: relationship to efficacy of the respiratory chain. British journal
of pharmacology 2001;133:781-788

N'Guessan BB, Sanchez H, Zoll J, Ribera F, Dufour S, Lampert E, Kindo M, Geny B,
Ventura-Clapier R, Mettauer B: Oxidative capacities of cardiac and skeletal muscles
of heart transplant recipients: mitochondrial effects of cyclosporin-A and its vehicle
Cremophor-EL. Fundamental & clinical pharmacology 2014;28:151-160



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Pfeffer G, Majamaa K, Turnbull DM, Thorburn D, Chinnery PF: Treatment for
mitochondrial disorders. Cochrane Database of Systematic Reviews 2012;

Scarpelli M, Todeschini A, Volonghi I, Padovani A, Filosto M: Mitochondrial
diseases: advances and issues. The application of clinical genetics 2017;10:21-26

Loeffen JL, Smeitink JA, Trijbels JM, Janssen AJ, Triepels RH, Sengers RC, van den
Heuvel LP: Isolated complex I deficiency in children: clinical, biochemical and
genetic aspects. Human mutation 2000;15:123-134

Skladal D, Sudmeier C, Konstantopoulou V, Stockler-Ipsiroglu S, Plecko-Startinig B,
Bernert G, Zeman J, Sperl W: The clinical spectrum of mitochondrial disease in 75
pediatric patients. Clinical pediatrics 2003;42:703-710

Thompson Legault J, Strittmatter L, Tardif J, Sharma R, Tremblay-Vaillancourt V,
Aubut C, Boucher G, Clish CB, Cyr D, Daneault C, Waters PJ, The LC, Vachon L,
Morin C, Laprise C, Rioux JD, Mootha VK, Des Rosiers C: A Metabolic Signature
of Mitochondrial Dysfunction Revealed through a Monogenic Form of Leigh
Syndrome. Cell reports 2015;13:981-989

Parikh S, Saneto R, Falk MJ, Anselm I, Cohen BH, Haas R, The Mitochondrial
Medicine S: A Modern Approach to the Treatment of Mitochondrial Disease. Current
treatment options in neurology 2009;11:414-430

Suomalainen A: Therapy for mitochondrial disorders: little proof, high research
activity, some promise. Seminars in fetal & neonatal medicine 2011;16:236-240

Avula S, Parikh S, Demarest S, Kurz J, Gropman A: Treatment of mitochondrial
disorders. Curr Treat Options Neurol 2014;16:292

Oguro H, lijima K, Takahashi K, Nagai A, Bokura H, Yamaguchi S, Kobayashi S:
Successful treatment with succinate in a patient with MELAS. Internal medicine
(Tokyo, Japan) 2004;43:427-431

Shoffner JM, Lott MT, Voljavec AS, Soueidan SA, Costigan DA, Wallace DC:
Spontaneous Kearns-Sayre/chronic external ophthalmoplegia plus syndrome
associated with a mitochondrial DNA deletion: a slip-replication model and
metabolic therapy. Proc Natl Acad Sci U S A 1989;86:7952-7956

Malaisse WJ, Nadi AB, Ladriere L, Zhang T-M: Protective effects of succinic
aciddimethyl ester infusion in experimental endotoxemia. Nutrition (Burbank, Los
Angeles County, Calif) 1997;13:330-341

Lyseng-Williamson KA: Idebenone: A Review in Leber’s Hereditary Optic
Neuropathy. Drugs 2016;76:805-813

Pfeffer G, Horvath R, Klopstock T, Mootha VK, Suomalainen A, Koene S, Hirano M,
Zeviani M, Bindoff LA, Yu-Wai-Man P, Hanna M, Carelli V, McFarland R,
Majamaa K, Turnbull DM, Smeitink J, Chinnery PF: New treatments for
mitochondrial disease-no time to drop our standards. Nature reviews Neurology
2013;9:474-481

Wang W, Karamanlidis G, Tian R: Novel targets for mitochondrial medicine. Science
translational medicine 2016;8:326rv323

Smith RA, Hartley RC, Cocheme HM, Murphy MP: Mitochondrial pharmacology.
Trends in pharmacological sciences 2012;33:341-352

71



94. Poteet E, Winters A, Yan L-J, Shufelt K, Green KN, Simpkins JW, Wen Y, Yang S-H:
Neuroprotective Actions of Methylene Blue and Its Derivatives. PloS one
2012;7:e48279

95. Wen'Y, Li W, Poteet EC, Xie L, Tan C, Yan LJ, Ju X, Liu R, Qian H, Marvin MA,
Goldberg MS, She H, Mao Z, Simpkins JW, Yang SH: Alternative mitochondrial
electron transfer as a novel strategy for neuroprotection. The Journal of biological
chemistry 2011;286:16504-16515

96. Tucker D, Lu Y, Zhang Q: From Mitochondrial Function to Neuroprotection-an
Emerging Role for Methylene Blue. Molecular neurobiology 2017;

97. Hu H, Li M: Mitochondria-targeted antioxidant mitotempo protects mitochondrial
function against amyloid beta toxicity in primary cultured mouse neurons.
Biochemical and Biophysical Research Communications 2016;478:174-180

98. McManus MJ, Murphy MP, Franklin JL: The mitochondria-targeted antioxidant MitoQ
prevents loss of spatial memory retention and early neuropathology in a transgenic
mouse model of Alzheimer's disease. The Journal of neuroscience : the official
journal of the Society for Neuroscience 2011;31:15703-15715

99. Peng K, Tao Y, Zhang J, Wang J, Ye F, Dan G, Zhao Y, Cai Y, Zhao J, Wu Q, Zou Z,
Cao J, Sai Y: Resveratrol Regulates Mitochondrial Biogenesis and Fission/Fusion to
Attenuate Rotenone-Induced Neurotoxicity. Oxidative Medicine and Cellular
Longevity 2016;2016:6705621

100. Geisler JG, Marosi K, Halpern J, Mattson MP: DNP, mitochondrial uncoupling, and
neuroprotection: A little dab'll do ya. Alzheimer's & dementia : the journal of the
Alzheimer's Association 2017;13:582-591

101. Pandya JD, Pauly JR, Nukala VN, Sebastian AH, Day KM, Korde AS, Maragos WF,
Hall ED, Sullivan PG: Post-Injury Administration of Mitochondrial Uncouplers
Increases Tissue Sparing and Improves Behavioral Outcome following Traumatic
Brain Injury in Rodents. J Neurotrauma 2007;24:798-811

102. Sjovall F, Morota S, Persson J, Hansson MJ, Elmer E: Patients with sepsis exhibit
increased mitochondrial respiratory capacity in peripheral blood immune cells.
Critical care (London, England) 2013;17:R152

103. Boyum A: Isolation of mononuclear cells and granulocytes from human blood.
Isolation of monuclear cells by one centrifugation, and of granulocytes by combining
centrifugation and sedimentation at 1 g. Scandinavian journal of clinical and
laboratory investigation Supplementum 1968;97:77-89

104. Pesta D, Gnaiger E: High-resolution respirometry: OXPHOS protocols for human
cells and permeabilized fibers from small biopsies of human muscle. Methods in
molecular biology (Clifton, NJ) 2012;810:25-58

105. Sjovall F, Ehinger JK, Hansson MJ, Elmer E, Batcheller DG: Mitochondrial toxicity
test. US Patent 20150253306. 2015;

106. Atamna H, Nguyen A, Schultz C, Boyle K, Newberry J, Kato H, Ames BN:
Methylene blue delays cellular senescence and enhances key mitochondrial
biochemical pathways. FASEB journal : official publication of the Federation of
American Societies for Experimental Biology 2008;22:703-712

72



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Atamna H, Mackey J, Dhahbi JM: Mitochondrial pharmacology: electron transport
chain bypass as strategies to treat mitochondrial dysfunction. BioFactors (Oxford,
England) 2012;38:158-166

Atamna H, Atamna W, Al-Eyd G, Shanower G, Dhahbi JM: Combined activation of
the energy and cellular-defense pathways may explain the potent anti-senescence
activity of methylene blue. Redox Biology 2015;6:426-435

Warrick BJ, Tataru AP, Smolinske S: A systematic analysis of methylene blue for
drug-induced shock. Clinical Toxicology 2016;54:547-555

Shin SY, Kim TH, Wu H, Choi YH, Kim SG: SIRT1 activation by methylene blue, a
repurposed drug, leads to AMPK-mediated inhibition of steatosis and steatohepatitis.
European Journal of Pharmacology 2014;727:115-124

Lee KK, Boelsterli UA: Bypassing the compromised mitochondrial electron transport
with methylene blue alleviates efavirenz/isoniazid-induced oxidant stress and
mitochondria-mediated cell death in mouse hepatocytes. Redox Biology 2014;2:599-
609

Tanner RK, Fuller KL, Ross ML: Evaluation of three portable blood lactate analysers:
Lactate Pro, Lactate Scout and Lactate Plus. European journal of applied physiology
2010;109:551-559

Bonaventura JM, Sharpe K, Knight E, Fuller KL, Tanner RK, Gore CJ: Reliability
and Accuracy of Six Hand-Held Blood Lactate Analysers. Journal of Sports Science
& Medicine 2015;14:203-214

Sakamuru S, Attene-Ramos MS, Xia M: Mitochondrial Membrane Potential Assay.
Methods in molecular biology (Clifton, NJ) 2016;1473:17-22

Kami K, Fujita Y, Igarashi S, Koike S, Sugawara S, Ikeda S, Sato N, Ito M, Tanaka
M, Tomita M, Soga T: Metabolomic profiling rationalized pyruvate efficacy in
cybrid cells harboring MELAS mitochondrial DNA mutations. Mitochondrion
2012;12:644-653

Bosetti F, Brizzi F, Barogi S, Mancuso M, Siciliano G, Tendi EA, Murri L, Rapoport
SI, Solaini G: Cytochrome c oxidase and mitochondrial F1F0-ATPase (ATP
synthase) activities in platelets and brain from patients with Alzheimer's disease.
Neurobiol Aging 2002;23:371-376

Ehinger JK, Morota S, Hansson MJ, Paul G, Elmer E: Mitochondrial dysfunction in
blood cells from amyotrophic lateral sclerosis patients. Journal of neurology
2015;262:1493-1503

Kunz D, Luley C, Fritz S, Bohnensack R, Winkler K, Kunz WS, Wallesch CW:
Oxygraphic evaluation of mitochondrial function in digitonin-permeabilized
mononuclear cells and cultured skin fibroblasts of patients with chronic progressive
external ophthalmoplegia. Biochemical and molecular medicine 1995;54:105-111

Pecina P, Houstkova H, Mracek T, Pecinova A, Nuskova H, Tesafova M, Hansikova
H, Janota J, Zeman J, Housték J: Noninvasive diagnostics of mitochondrial disorders
in isolated lymphocytes with high resolution respirometry. BBA Clinical 2014;2:62-
71

Artuch R, Colome C, Playan A, Alcaine MJ, Briones P, Montoya J, Vilaseca MA,
Pineda M: Oxygen consumption measurement in lymphocytes for the diagnosis of

73



121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

74

pediatric patients with oxidative phosphorylation diseases. Clinical biochemistry
2000;33:481-485

Garrabou G, Soriano A, Pinds T, Casanova-Molla J, Pacheu-Grau D, Morén C,
Garcia-Arumi E, Morales M, Ruiz-Pesini E, Catalan-Garcia M, Milisenda JC,
Lozano E, Andreu AL, Montoya J, Mensa J, Cardellach F: Mitochondrial toxicity of
linezolid in blood cells and skin nerve fibers: influence of mitochondrial genetics.
Antimicrobial agents and chemotherapy 2017

Garrabou G, Soriano A, Pinos T, Casanova-Molla J, Pacheu-Grau D, Moren C,
Garcia-Arumi E, Morales M, Ruiz-Pesini E, Catalan-Garcia M, Milisenda JC,
Lozano E, Andreu AL, Montoya J, Mensa J, Cardellach F: Influence of
Mitochondrial Genetics on the Mitochondrial Toxicity of Linezolid in Blood Cells
and Skin Nerve Fibers. Antimicrobial agents and chemotherapy 2017;61

Vevera J, Fisar Z, Nekovarova T, Vrablik M, Zlatohlavek L, Hroudova J, Singh N,
Raboch J, Vales K: Statin-induced changes in mitochondrial respiration in blood
platelets in rats and human with dyslipidemia. Physiological research 2016;65:777-
788

de Mendoza C, de Ronde A, Smolders K, Blanco F, Garcia-Benayas T, de Baar M,
Fernandez-Casas P, Gonzalez-Lahoz J, Soriano V: Changes in mitochondrial DNA
copy number in blood cells from HIV-infected patients undergoing antiretroviral
therapy. AIDS research and human retroviruses 2004;20:271-273

Montaner JSG, Coté HCF, Harris M, Hogg RS, Yip B, Chan JW, Harrigan PR,
O'Shaughnessy MV: Mitochondrial Toxicity in the Era of HAART: Evaluating
Venous Lactate and Peripheral Blood Mitochondrial DNA in HIV-Infected Patients
Taking Antiretroviral Therapy. JAIDS Journal of Acquired Immune Deficiency
Syndromes 2003;34:S85-S90

Garcia-Souza LF, Oliveira MF: Mitochondria: Biological roles in platelet physiology
and pathology. The international journal of biochemistry & cell biology
2014;50:156-160

Kramer PA, Ravi S, Chacko B, Johnson MS, Darley-Usmar VM: A review of the
mitochondrial and glycolytic metabolism in human platelets and leukocytes:
implications for their use as bioenergetic biomarkers. Redox Biol 2014;2:206-210

Chacko BK, Kramer PA, Ravi S, Johnson MS, Hardy RW, Ballinger SW, Darley-
Usmar VM: Methods for defining distinct bioenergetic profiles in platelets,
lymphocytes, monocytes, and neutrophils, and the oxidative burst from human blood.
Laboratory Investigation; a Journal of Technical Methods and Pathology
2013;93:690-700

Tyrrell DJ, Bharadwaj MS, Jorgensen MJ, Register TC, Shively C, Andrews RN,
Neth B, Dirk Keene C, Mintz A, Craft S, Molina AJA: Blood-Based Bioenergetic
Profiling Reflects Differences in Brain Bioenergetics and Metabolism. Oxidative
Medicine and Cellular Longevity 2017;2017:7317251

Tyrrell DJ, Bharadwaj MS, Jorgensen MJ, Register TC, Molina AJA: Blood cell
respirometry is associated with skeletal and cardiac muscle bioenergetics:

Implications for a minimally invasive biomarker of mitochondrial health. Redox
Biology 2016;10:65-77



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Ferguson MA, Sutton RM, Karlsson M, Sjovall F, Becker LB, Berg RA, Margulies
SS, Kilbaugh TJ: Increased platelet mitochondrial respiration after cardiac arrest and
resuscitation as a potential peripheral biosignature of cerebral bioenergetic
dysfunction. Journal of bioenergetics and biomembranes 2016;48:269-279

Kilbaugh TJ, Lvova M, Karlsson M, Zhang Z, Leipzig J, Wallace DC, Margulies SS:
Peripheral Blood Mitochondrial DNA as a Biomarker of Cerebral Mitochondrial
Dysfunction following Traumatic Brain Injury in a Porcine Model. PloS one
2015;10:¢0130927

Zanger UM, Schwab M: Cytochrome P450 enzymes in drug metabolism: Regulation
of gene expression, enzyme activities, and impact of genetic variation. Pharmacology
& Therapeutics 2013;138:103-141

Jennen DG, Magkoufopoulou C, Ketelslegers HB, van Herwijnen MH, Kleinjans JC,
van Delft JH: Comparison of HepG2 and HepaRG by whole-genome gene expression
analysis for the purpose of chemical hazard identification. Toxicological sciences :
an official journal of the Society of Toxicology 2010;115:66-79

Zeilinger K, Freyer N, Damm G, Sechofer D, Knospel F: Cell sources for in vitro
human liver cell culture models. Experimental Biology and Medicine
2016;241:1684-1698

Nguyen LT, Ramanathan M, Weinstock-Guttman B, Dole K, Miller C, Planter M,
Patrick K, Brownscheidle C, Jacobs LD: Detection of Cytochrome P450 and Other
Drug-Metabolizing Enzyme mRNAs in Peripheral Blood Mononuclear Cells Using
DNA Arrays. Drug Metabolism and Disposition 2000;28:987-993

Furukawa M, Nishimura M, Ogino D, Chiba R, Tkai I, Ueda N, Naito S, Kuribayashi
S, Moustafa MA, Uchida T, Sawada H, Kamataki T, Funae Y, Fukumoto M:
Cytochrome p450 gene expression levels in peripheral blood mononuclear cells in
comparison with the liver. Cancer science 2004;95:520-529

Dadarkar SS, Fonseca LC, Thakkar AD, Mishra PB, Rangasamy AK, Padigaru M:
Effect of nephrotoxicants and hepatotoxicants on gene expression profile in human
peripheral blood mononuclear cells. Biochemical and Biophysical Research
Communications 2010;401:245-250

Dadarkar SS, Fonseca LC, Mishra PB, Lobo AS, Doshi LS, Dagia NM, Rangasamy
AK, Padigaru M: Phenotypic and genotypic assessment of concomitant drug-induced
toxic effects in liver, kidney and blood. Journal of applied toxicology : JAT
2011;31:117-130

Jeong MH, Kim JH, Seo KS, Kwak TH, Park WJ: beta-Lapachone attenuates
mitochondrial dysfunction in MELAS cybrid cells. Biochem Biophys Res Commun
2014;454:417-422

Borzelleca JF: Paracelsus: herald of modern toxicology. Toxicological sciences : an
official journal of the Society of Toxicology 2000;53:2-4

Larson AM, Polson J, Fontana RJ, Davern TJ, Lalani E, Hynan LS, Reisch JS,
Schiodt FV, Ostapowicz G, Shakil AO, Lee WM: Acetaminophen-induced acute
liver failure: results of a United States multicenter, prospective study. Hepatology
(Baltimore, Md) 2005;42:1364-1372

75



143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

76

Wang GS, Monte A, Bagdure D, Heard K: Hepatic Failure Despite Early
Acetylcysteine Following Large Acetaminophen-Diphenhydramine Overdose.
Pediatrics 2011;127:€1077-1080

Krishna DR, Klotz U: Extrahepatic Metabolism of Drugs in Humans. Clinical
pharmacokinetics 1994;26:144-160

Blaschke TF, Rubin PC: Hepatic First-pass Metabolism in Liver Disease. Clinical
pharmacokinetics 1979;4:423-432

Perazella MA: Renal vulnerability to drug toxicity. Clinical journal of the American
Society of Nephrology : CJASN 2009;4:1275-1283

Piot C, Croisille P, Staat P, Thibault H, Rioufol G, Mewton N, Elbelghiti R, Cung
TT, Bonnefoy E, Angoulvant D, Macia C, Raczka F, Sportouch C, Gahide G,
Finet G, André-Fouét X, Revel D, Kirkorian G, Monassier J-P, Derumeaux G,
Ovize M: Effect of Cyclosporine on Reperfusion Injury in Acute Myocardial
Infarction. New England Journal of Medicine 2008;359:473-481

Dykens JA, Jamieson J, Marroquin L, Nadanaciva S, Billis PA, Will Y: Biguanide-
induced mitochondrial dysfunction yields increased lactate production and
cytotoxicity of aerobically-poised HepG2 cells and human hepatocytes in vitro.
Toxicology and applied pharmacology 2008;233:203-210

Jaeschke H, Bajt ML: 9.21 - Mechanisms of Acetaminophen Hepatotoxicity A2 -
McQueen, Charlene A. In Comprehensive Toxicology (Second Edition) Oxford,
Elsevier, 2010, p. 457-473

Hu D, Wu CQ, Li ZJ, Liu Y, Fan X, Wang QJ, Ding RG: Characterizing the
mechanism of thiazolidinedione-induced hepatotoxicity: An in vitro model in
mitochondria. Toxicology and applied pharmacology 2015;284:134-141

Protti A, Carre J, Frost MT, Taylor V, Stidwill R, Rudiger A, Singer M: Succinate
recovers mitochondrial oxygen consumption in septic rat skeletal muscle. Critical
care medicine 2007;35:2150-2155

Ferreira FL, Ladriere L, Vincent JL, Malaisse WJ: Prolongation of survival time by
infusion of succinic acid dimethyl ester in a caecal ligation and perforation model of
sepsis. Hormone and metabolic research = Hormon- und Stoffwechselforschung =
Hormones et metabolisme 2000;32:335-336

Jalloh I, Helmy A, Howe DJ, Shannon RJ, Grice P, Mason A, Gallagher CN, Stovell
MG, van der Heide S, Murphy MP, Pickard JD, Menon DK, Carpenter TA,
Hutchinson PJ, Carpenter KL: Focally perfused succinate potentiates brain
metabolism in head injury patients. Journal of cerebral blood flow and metabolism :
official journal of the International Society of Cerebral Blood Flow and Metabolism
2017;37:2626-2638

Giorgi-Coll S, Amaral Al, Hutchinson PJA, Kotter MR, Carpenter KLH: Succinate
supplementation improves metabolic performance of mixed glial cell cultures with
mitochondrial dysfunction. Scientific reports 2017;7:1003

Hinke SA, Martens GA, Cai Y, Finsi J, Heimberg H, Pipeleers D, Van de Casteele M:
Methyl succinate antagonises biguanide-induced AMPK-activation and death of

pancreatic beta-cells through restoration of mitochondrial electron transfer. British
journal of pharmacology 2007;150:1031-1043



156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Karlsson M, Ehinger JK, Piel S, Sjovall F, Henriksnas J, Hoglund U, Hansson MJ,
Elmer E: Changes in energy metabolism due to acute rotenone-induced
mitochondrial complex I dysfunction - An in vivo large animal model.
Mitochondrion 2016;31:56-62

Chouchani ET, Pell VR, Gaude E, Aksentijevic D, Sundier SY, Robb EL, Logan A,
Nadtochiy SM, Ord ENJ, Smith AC, Eyassu F, Shirley R, Hu CH, Dare AJ, James
AM, Rogatti S, Hartley RC, Eaton S, Costa ASH, Brookes PS, Davidson SM,
Duchen MR, Saeb-Parsy K, Shattock MJ, Robinson AJ, Work LM, Frezza C, Krieg
T, Murphy MP: Ischaemic accumulation of succinate controls reperfusion injury
through mitochondrial ROS. Nature 2014;515:431-435

Andrienko TN, Pasdois P, Pereira GC, Ovens MJ, Halestrap AP: The role of
succinate and ROS in reperfusion injury — A critical appraisal. Journal of molecular
and cellular cardiology 2017;110:1-14

Batandier C, Guigas B, Detaille D, EI-Mir M, Fontaine E, Rigoulet M, Leverve XM:
The ROS Production Induced by a Reverse-Electron Flux at Respiratory-Chain
Complex 1 is Hampered by Metformin. Journal of bioenergetics and biomembranes
2006;38:33-42

Lin CS, Sharpley MS, Fan W, Waymire KG, Sadun AA, Carelli V, Ross-Cisneros
FN, Baciu P, Sung E, McManus MJ, Pan BX, Gil DW, Macgregor GR, Wallace DC:
Mouse mtDNA mutant model of Leber hereditary optic neuropathy. Proc Natl Acad
SciU S A 2012;109:20065-20070

Plumb B, Parker A, Wong P: Feeling blue with metformin-associated lactic acidosis.
BMJ case reports 2013;2013
Livshits Z, Nelson LS, Hernandez SH, Smith SW, Howland MA, Hoffman RS:
Severe Metformin Toxicity: Role of Methylene Blue and CVVHD as Therapeutic
Adjuncts. Clinical Toxicology 2010;48:611-612
Du K, Farhood A, Jaeschke H: Mitochondria-targeted antioxidant Mito-Tempo
protects against acetaminophen hepatotoxicity. Archives of toxicology 2017;91:761-
773
Nowak G, Clifton GL, Bakajsova D: Succinate ameliorates energy deficits and
prevents dysfunction of complex I in injured renal proximal tubular cells. The
Journal of pharmacology and experimental therapeutics 2008;324:1155-1162
Protti A, Fortunato F, Monti M, Vecchio S, Gatti S, Comi GP, De Giuseppe R,
Gattinoni L: Metformin overdose, but not lactic acidosis per se, inhibits oxygen
consumption in pigs. Critical care (London, England) 2012;16:R75

77









LUN

UNIVERSITY

New strategies to evaluate
mitochondrial function

Mitochondria produce the majority of the cell’s energy. Any dysfunction in,
or interference with mitochondrial function can have severe consequences.
And yet, it was only within the last decades that screening for potential
mitochondrial toxicity was included as a routine toxicity assay during early
drug development. Despite improved recognition of drug-related side effects
on mitochondrial function, and progress in method development, translation
from the in vitro to the in vivo situation and from animal to human tissues still
remain obstacles. Mitochondrial dysfunction can also have genetic origin, with
similar consequences. Current treatment options for mitochondrial disease are
limited. In the present thesis, human peripheral blood cells were evaluated as a
model for investigation of drug-induced mitochondrial toxicity and for efficacy
assessment of pharmacological treatment strategies to support mitochondrial
function.

Mitochondrial Medicine
Department of Clinical Sciences, Lund

FACULTY OF Lund University, Faculty of Medicine
MEDICINE Doctoral Dissertation Series 2018:26

ISBN 978-91-7619-593-2
ISSN 1652-8220

Printed by Media-Tryck, Lund 2018 % NORDIC SWAN ECOLABEL 3041 0903

L6 195932

Iy
7891

9



	Blank Page
	G5 Sarah Piel hela avh.pdf
	Blank Page
	Paper 2.pdf
	Acetaminophen induces mitochondrial toxicity in human tissues through complex I
	Figures.pdf
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5


	Blank Page
	Paper 3.pdf
	title_link
	Results
	Drug development and screening
	Increased CII-linked respiration
	Attenuated lactate production
	Metabolomics confirms metabolism of delivered succinate
	Respiration increased in Leigh syndrome patient fibroblasts

	Figure™2Intracellular metabolism of exogenous prodrug-delivered succinate.(a) TCA cycle intermediates in peripheral blood mononuclear cells after 20thinspmin incubation with or without rotenone and NV189 quantified using capillary electrophoresis mass spe
	Figure™1Effects of mitochondrial complex II stimulation by the succinate prodrug NV189.(a) Structures of NV118, NV189 and NV241, succinate highlighted in red. (b) Respiration in platelets (plts) with rotenone-induced mitochondrial complex I (CI) inhibitio
	Discussion
	Figure™3Succinate prodrug treatment of mitochondrial complex I-—deficient Leigh syndrome patient fibroblasts.(a,b) Oxygen consumption rate (OCR) in three control fibroblast cell lines and a mitochondrial complex I-—deficient cell line (recessive NDUFS2 mu
	Methods
	Human peripheral blood cells
	Human cardiac muscle samples
	Cultured fibroblasts
	Respirometry

	Figure™4Delivery of succinate to the intracellular space via a prodrug strategy.(a) Dysfunction in mitochondrial complex I reduces electron flow through the respiratory chain, shift metabolism towards glycolysis, induce lactate accumulation and limit ATP 
	Lactate
	Mitochondrial membrane potential
	Metabolomics
	Isotope labelling
	Statistics
	Data availability

	DistelmaierF.Mitochondrial complex I deficiency: from organelle dysfunction to clinical diseaseBrain1328338422009PfefferG.MajamaaK.TurnbullD. M.ThorburnD.ChinneryP. F.Treatment for mitochondrial disordersCochrane Database Syst Rev4CD0044262012LightowlersR
	E.E., M.J.H., J.K.E., S.P., F.S., E.Å.F. and M.K. are funded by Swedish Research Council (2011-3470), Swedish government project and salary funding for clinically oriented medical research (ALF grants), Regional research and development grants (Southern h
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information


	Paper 4.pdf
	ICM Experimental_Piel Sarah_Manuscript_20180305.pdf
	Results

	Figure 1.pdf
	Figure 2.pdf
	Figure 3.pdf
	Figure 4.pdf





