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CHAPTER IV

VALIDATION OF A PHARMACOLOGICAL
MODEL FOR MITOCHONDRIAL DYSFUNCTION
IN HEALTHY SUBJECTS USING SIMVASTATIN:
A RANDOMIZED PLACEBO-CONTROLLED
PROOF-OF-PHARMACOLOGY STUDY

Published Eur ] Pharmacol. 2017 Nov 15;815:290-297

Marcus P J van Diemen' { Cécile L Berends' ; Naila Akram' { Joep Wezel® ; Wouter M Teeuwisse® ; Bert G Mik®
Hermien E Kan® { Andrew Webb? ; Jan Willem M Beenakker” } Geert Jan Groeneveld' : : 1. Centre for Human Drug
Research, Leiden, NL : 2. C.J. Gorter Center for High-field MR1, Leiden, NL : 3. Erasmus Medical Center, Department of
Anesthesiology, Rotterdam, NL

INTRODUCTION Proof-of-pharmacology models to study compounds in healthy subjects
offer multiple advantages. Simvastatin is known to induce mitochondrial dysfunction at
least partly by depletion of co-enzyme Qio. The goal of this study was to evaluate a model

of simvastatin-induced mitochondrial dysfunction in healthy subjects and to determine
whether mitochondrial dysfunction could be pharmacologically reversed by treatment with
co-enzyme Qio (ubiquinol).

METHODS Subjects received simvastatin 40 mg/day for 8 weeks. After 4 weeks, subjects
were randomized to receive ubiquinol 300 mg/day or placebo in a double-blinded fashion.
Mitochondrial function was assessed by measuring the phosphocreatine recovery time (tPCR)
using phosphorous Magnetic Resonance Spectroscopy (31P-MRs) after in-magnet exercise.
RESULTS After 4 weeks of simvastatin treatment, TPCR prolonged with 15.2% compared

to baseline, (C195%, 2.5 t0 29.4%; P=0.018). After 8 weeks, TpCR further prolonged to 37.27
seconds in the placebo group (prolongation of 18.5% compared to baseline, still significantly
prolonged, C195%, 1.1 to 38.9%; P=0.037), but shortened to 33.81 seconds in the ubiquinol
group (prolongation of 9.1% compared to baseline, no longer significantly prolonged,

C195%, -7.9 t0 29.2%; P=0.31). At 8 weeks, there was no significant difference between groups
(difference of 8.2%, C195%, -14.5 to 37.0%; P=0.51).

CONCLUSION Simvastatin induces subclinical mitochondrial dysfunction in healthy
subjects, which can be partly reversed by treatment with ubiquinol. This model of
pharmacologically induced and reversed mitochondrial dysfunction can be used to study
the effects of compounds that enhance mitochondrial function in healthy subjects.
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INTRODUCTION

Evidenceis growingthat dysfunctional mitochondria playa centralrole in many age-
related diseases, such as neurodegenerative diseases, sarcopenia and type 2 diabe-
tes."* The burden of age-related diseases on elderly and society are significant: in
2000, estimated healthcare costs attributable to sarcopenia in the United States
alone were $18.5 billion.® Finding new and innovative drug targets in this popula-
tionis much needed. Mitochondrial dysfunction (MD) is therefore becoming an in-
creasinglyimportant drug target for development by the pharmaceutical industry.®
Proof-of-Pharmacology (PoP) studies are designed to identify the viability of
candidate molecules for full clinical development in an early phase, by detecting
pharmacology on a pathophysiologically relevant mechanism.” To keep inter-
subject variability at a minimum and drug development costs lower, a POP study
is ideally conducted in healthy subjects. A challenge model, pharmacological
or non-pharmacological, is typically used, such as scopolamine to induce lower
than normal cognitive function, or tryptophan depletion to induce a depressed
mood.*’ No challenge model yet exists to study mitochondrial dysfunction.
Here, we describe a model in healthy subjects, using simvastatin to induce MD
and subsequently ubiquinol, the reduced form of co-enzyme Qio (CoQio), to
reverse it. The induction of MD by statins is based on work from Wu et al., who
showed MD in statin users after restarting their therapy, reportedly by inhibition
of the coquo biosynthesis, which is the main electron carrier in the mitochondrial
electron transport chain (EcT).'*"® Reversibility of the induced effect, to make
sure that the pharmacological effect of the candidate drug or food compound can
be shown, is important for a POP model and a vital additional step.'” Statins have
been reported to cause MD by down-stream inhibition of the coQio biosynthe-
sig 11713
port chain (ECT). Primary and secondary deficiencies of coqQio result in clinical
disease, typically affecting muscular and neurological systems, which highly de-

coQio functions as electron carrier in the mitochondrial electron trans-

pendent on mitochondria for energy.'*

We used 31-phosphorus Magnetic Resonance Spectroscopy (31p-MRs) as gold
standard to determine the phosphocreatine (PCR) recovery time (tpCr), which
has been validated by in vitro respirometry.'>'® We also determined mitochon-
drial function using several less burdensome and cheaper alternatives. Oxygen
consumption has been proposed to reflect mitochondrial function.'”'® We deter-
mined the oxygen consumption rate (mvo,) in muscle tissue, using Near Infrared
Spectroscopy (NIRS), and mitochondrial oxygen tension (MitoPo,) in the skin,
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using Protoporphyrin-g Triplet State Lifetime Technique (Pp1x-TSLT). We hy-
pothesized to induce subclinical MD in healthy subjects and to show the pharma-
cological effect of ubiquinol in reversing the induced MD.

METHODS

The study was conducted as a single center, randomized, double-blind, parallel,
placebo-controlled trial. The subject number was estimated based on published
study by Wu et al. in 10 statin users, in which 4 weeks of treatment with a statin
(simvastatin 20 or 40 mg/day, atorvastatin 5 or 10 mg/day or rosuvastatin 5 mg/
day) led to MD measured by 31p-MRrS."" In this study, the mean TPCR increased
from 28.1 seconds to 55.4 seconds with an SD of 23.4. The assumption underly-
ing our hypothesis was that ubiquinol suppletion for a period of 4 weeks would
completely restore mitochondrial function and would therefore lead to a com-
plete return to baseline TPCR. In order to demonstrate a difference in mean TPCR
between ubiquinol and placebo of 27.5 seconds, at least 12 subjects per treatment
arm were needed assuming that the common standard deviation is 23, using a two-
group t-test with a .o5 two-sided significance level. Because of potential drop-outs,
a sample size per treatment arm of n=14 was chosen.

Thirty subjects were included (14 females and 14 males, Figure 1), with two
subjects dropping out within two weeks after study start. Subjects were medically
screened up to 28 days prior to study enrolment for eligibility. Inclusion criteria
included; aged between 40 and 70 years and BMmI 18-32 kg/m?. Exclusion criteria
included a clinically relevant disease; clinically significant abnormalities on rou-
tine chemistry and haematology laboratory; plasma creatine kinase (Cx) levels
>145 U/L (for females) or > 170 u/L (for males); history of myopathy; diabetes
mellitus and/or lower extremity peripheral vascular disease; recent (within 14
days) use of medications with known mitochondrial toxicity (i.e. metformin,
statins, paracetamol and Non-Steroidal Anti-Inflammatory Drugs) and vitamin
supplements; any contraindication to have a MRI scan; pregnancy in females; a
history (within 3 months of screening) of alcohol consumption exceeding 2 units
per day on average; a sedentary lifestyle; smoking within 12 hours of the study vis-
its; alcohol consumption within 24 hours of the study visits; and excessive physi-
cal activity within 48 hours of the study visits. The study was approved by the in-
dependent ethics committee Stichting Bebo (Assen, the Netherlands) according
to the principles of the Helsinky Declaration under number NL48758.058.14, and
informed consent was obtained from all subjects.
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At study enrolment, the subjects were fully randomized by an independent
and unblinded statistician, using a random seed in sas for Windows v9.4 (sAs
Institute, Inc., Cary, NC, UsA), within two blocks of 14 subjects (ubiquinol or pla-
cebo), which were stratified for sex. Jars containing study medication and match-
ing placebos were prepared and labeled by an unblinded pharmacy. The blinded
study-physician enrolled the subjects by awarding subject numbers, which were
linked to a randomization code. All subjects were treated with film-coated simvas-
tatin 40 mg tablets (Teva Pharmaceutical Industries Ltd, Petah Tikva, Israel) daily
for 8 weeks. The dose was chosen to keep adverse effects, most notably statin-
associated myopathy, at a minimum based on a large clinical trial comparing sim-
vastatin 20 mg to 8o mg.'? After 4 weeks of simvastatin treatment, ubiquinol 300
mg capsules (Kaneka QH, Kaneka Corporation, Japan) or matching placebo were
administrated daily in parallel for the remaining 4 weeks. Ubiquinol 300mg was
chosen, due to the superior bioavailability of ubiquinol and proven safety for a
dose up to 300mg.*° All dosings were orally administered by the subjects at home
around dinner time with sufficient still water. Times and dates of administration
were noted by the subjects in a medication diary. Compliance with the drug regi-
men was checked by pill count during each study visit. Throughout the study,
subjects with complaints of severe myopathy were excluded.

Subjects were admitted to the Clinical Research Unit of the Centre for Human
Drug Research (CHDR, Leiden, the Netherlands) at day o (baseline visit before
simvastatin treatment), day 14, day 28 (baseline visit before and ubiquinol/pla-
cebo treatment) and day 56 (end of treatment period). Measurements (31P-MRS,
NIRS, PpIX-TSLT and Jamar dynamometry) were performed during all 4 visits.
The 31P-MRS measurements were performed at the Gorter Center for high-field
MRI (Leiden University Medical Center, Leiden, the Netherlands). Subjects were
contacted by telephone no longer than 10 days after the last visit. Adverse events
and concomitant medications were continuously registered throughout the entire
study period. Plasma creatine kinase (CK) was measured at baseline, day 14, day 28
and day 56 to monitor sub-clinical signs of statin-induced myopathy.

Phosphorus Magnetic Resonance Spectroscopy (31P-MRS)

31P-MRS was performed on a 7-tesla MR1 scanner (Phillips, Best, The Netherlands)
on the right posterior calf, using a custom-built 8x6 cm 31P surface coil. An MRI-
compatible pedal allowed the subjects to perform isometric plantar flexion exer-
cise while supine. The right foot was strapped firmly to the pedal using non-elastic
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Velcro straps proximal to the base of the fifth digit with the right knee supported.
Additional straps across the mid-thigh and mid-lower leg assured to isolate usage
of the posterior calf muscles. Subjects were instructed to near-maximally con-
tract the calf muscles, decreasing the PCR levels to around 50% of baseline, which
could be monitored real-time by the investigator. Exercise took 3 minutes with
rest intervals between plantar flexions (2.5 seconds contraction, 1.5 seconds rest),
in order to keep changes to the blood flow to a minimum. The scanning protocol
consisted of localizer sequences and the acquisition of a field map for shimming
purposes using a custom-built outer partial volume coil, tuned to the proton fre-
quency. Thereafter, 31P-MRs data were acquired before, during and after exercise
with a time resolution of 1 second.

Peak integrals of the inorganic phosphate (P1), PCR and ATP signals were
obtained using the JMRUI software package (version 5.0, JMRUI Consortium).
The frequency difference between PCR and P1 was used to calculate tissue pH.
Recovery curves were fitted to a mono-exponential function to determine the
TPCR using a custom made MatLab script (version 2012b). Outlying data, deviat-
ing more than 5% from the plotted curve over all data points, resulting from noise
due to a high amount of overlying subcutaneous fat were manually removed using
the MatLab script. Up to 10% could be removed, keeping a sufficient amount of
data points to fit the mono-exponential curve.

Protoporphyrin-g Triplet State Lifetime Technique
(PpIX-TSLT)

This novel technique makes use of the oxygen-dependent delayed fluorescence
of protoporphin-g, a precursor protein in the heme synthesis, which takes place
in the mitochondria. The technique was shown to reflect mitochondrial function
in animal models, but has not yet been applied in humans.>'** Mitochondrial
oxygen tension (MitoP0,) in the skin was measured using the Pprx-TSLT. Before
start of the measurements, an Alacare patch (containing 8 mg of s-aminolevulinic
acid hydrochloride (aLa), (Spirig Pharma AG, Germany) was applied at the skin
over the sternum, directly below the sternal angle and for 4 hours. Topical appli-
cation of ALA induces the endogenous synthesis of Pp1x in the mitochondria in
order for the fluorescent signal, sufficient for detection.>* The skin was scrubbed
with medical fine-grained sandpaper (Prep Skin Red Dot Sand Paper Tape, 3M,
Maplewood, Minnesota, United States) and shaved if necessary for improved ALA
absorption.
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After 4 hours, the patch was removed and a measurement probe was placed on
the sternum. After excitation with a pulsed green light, oxygen-dependent red de-
layed fluorescence was emitted by pp1x. The lifetime of this delayed fluorescence
is inversely related to MitoP0,, which can be calculated using a method described
in published work.?* mitovo2 was determined by repeated measurements during
local vasoconstriction by applying local pressure with the measurement probe.
Pressure was applied after 20 baseline measurements for +9o seconds. Analysis
was performed by fitting an adapted Michaelis-Menten kinetics algorithm to de-
termine the oxygen disappearance rate.”!

Near Infrared Spectroscopy (NIRS)

Mvo, was determined by N1rs (InSpectra™ StO, Monitor model 325, Hutchinson
Technology, Hutchinson, United States), measuring tissue oxygen saturation
(StO,) over time, with a temporal resolution of 2 seconds. The NIRS optode was
placed and secured on the left thenar muscle mass. Baseline StO, was recorded
for 2 minutes before inflating a blood pressure cuft at the upper left arm to 250-
3oommHg, inducing vaso-occlusion for 3 minutes. The mvo, was determined
by the slope of the downward StO, curve (%/min) and reflects mitochondrial
function.'® To filter out possible blood-pooling and a plateau phase at the end of
the vaso-occlusion, the first and last 30 seconds from the 2-minute vaso-occlusive
period were not taken into account in calculating the slope.

Grip Strength

Grip strength was measured using the Jamar dynamometer (Patterson Medical,
Nottinghamshire, United Kingdom). Each subject was positioned in a straight-
backed chair with both feet placed flat on the floor. Grip strength (in kilograms)
was determined in the dominant hand. Subjects were instructed to keep an up-
right posture, with the elbow flexed at 9o° and the forearm and wrist in neutral
position. The subject was verbally motivated to provide maximum grip force. The
highest grip strength out of two attempts was used for analysis.

Plasma biochemical tests and ubiquinol

Several routine biochemical tests were performed by the chemical clinical labora-
tory of the Leiden University Medical Center (Lumc, Leiden, The Netherlands).
Blood samples were collected at baseline, after 4 weeks and after 8 weeks. ck was

CLINICAL PHARMACOLOGICAL ASPECTS OF MITOCHONDRIAL FUNCTION IN MUSCLE

performed for safety monitoring, being known as a marker for subclinical my-
opathy.>® Triglycerides and (HDL and LDL) cholesterol were measured as a target
of simvastatin. In particular, LDL cholesterol concentration was determined since
this is a target of statin drugs as well as the main carrier for coqQio transport.*

Blood for plasma coQio concentration was collected in a Vacutainer® K2EDTA
tube (Vacutainer, BD, Franklin Lakes, Us), samples were put on ice immediately
after collection and centrifuged for 10 minutes at a speed of 2000g and temperature
of 4°C. Plasma was divided over 2 aliquots of 1 ml and stored at -80°C. coQio con-
centration was analyzed in bulk by the Analytical Biochemical Laboratory (Assen,
the Nertherlands). using the ‘Coenzyme Qio in serum/plasma/whole blood
kit of Chromsystems according to the instructions in the kit (Chromsystems
Instruments & Chemicals GMBH, Grifelfing, Germany). This reagent kit allowed
the chromatographic determination of coQuio in an isocratic HPLC run using UV
detection. The total coQio was determined in its oxidized form, ubiquinone.
During sample preparation, any remaining traces of the reduced coqio (i.e. ubi-
quinol) were oxidized and the total coQio was analyzed after sample clean-up and
sample concentration using solid phase extraction. The responses of the calibra-
tion sample included in the kit were used to set the integration parameters where-
as two plasma control samples at the levels 1 (target concentration 520 pg/L) and
11 (target concentration 884 pg/L) were analyzed to monitor the accuracy and
precision of the assay. The overall accuracy (expressed as absolute bias) was < 1.5%
and the inter-assay variability (precision) was 8.6% maximally.

Statistical analysis

To establish whether significant effects could be detected on the repeatedly mea-
sured pharmacodynamic parameters, each parameter was analysed with a mixed
model analysis of covariance (ANCOVA) with treatment, time, sex and the inter-
actions as fixed factors and subject as random factor and the (average) baseline
measurement as covariate. Comparisons were made between groups (at 8 weeks)
and within groups (between baseline, 4 weeks and 8 weeks). The Kenward-Roger
approximation was used to estimate denominator degrees of freedom and model
parameters were estimated using the restricted maximum likelihood method. The
general treatment effect and specific contrasts were reported with the estimated
difference and the 95% confidence interval, the Least Squares Means (LSM) es-
timates and the p-value. LsM estimates were used to correct for missing data.
A p-value of <0.05 was considered to reflect a statistical significant difference. All
calculations were performed using sas for windows v9.4.
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RESULTS

Demographics

In total, 28 subjects included for analysis (Figure 1). Baseline characteristics did
not differ between the groups (Table 1).

An example of a PCR curve is depicted in Figure 2. In 4 occasions, the scan was
repeated after 15 minutes of rest due to a pH of below 6.8. The mean TPCR at base-
line was 31.22 seconds and prolonged to 35.96 seconds after 4 weeks of simvas-
tatin treatment (prolongation of 15.2% compared to baseline, C195%, 2.5 to0 29.4%;
P=o.018, Figure 3). After 8 weeks, the mean TPCR further prolonged to 37.27 sec-
onds in the placebo group (prolongation of 18.5% compared to baseline, still sig-
nificantly prolonged, C195%, 1.1 to 38.9%; P=0.037), but shortened to 33.81 seconds
in the ubiquinol group (prolongation of 9.1% compared to baseline, no longer
significantly prolonged, C195%, -7.9 to 29.2%; P=0.31). At 8 weeks, there was no
significant difference between groups (difference of 8.2%, C195%, -14.5 to 37.0%;
P=0.51). There was no effect of age (P=0.22) or sex (P=0.84).

Mitovo2

The mean mitovo2 increased from 7.53 mmHg/second to 8.88 mmHg/second over
the first 4 weeks of simvastatin administration (increase of 13%, C195%, -0.014 to
2.716%; P=0.052, Figure 4). Subjects treated with ubiquinol did not showany difference
compared to those treated with placebo at 8 weeks (C195%, -2.446 t0 3.060; P=0.82).

For all subjects, the mean mvo2 showed a trend of increase from 12.10 %StO,/
min at baseline to 13.50 %StO,/min after 4 weeks of simvastatin administration
(c195%, -0.383 to 3.181%StO,/min; P=o.12, Figure 5). In the placebo group, the
mvo, further increased to 14.58 %StO,/min compared to baseline (C195%, -0.274
to 4.884%St0O,/min; P=0.079), whereas in the ubiquinol group it decreased to
12.45%St0,/min (C195%, -2.058 to 3.102 %StO,/min; P=o0.55). Difference within
or between groups at 8 weeks was not significant.
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Grip Strength

Peak grip strength did not change within the first 4 weeks of simvastatin treatment
(36.56 to 37.07kg , C195% -0.854 to 1.633kg; P=0.42) and afterwards in the ubiqui-
nol group (36.60 to 35.67kg, C195%, -2.687 to 0.830kg; P=0.30) . Interestingly, the
peak grip strength increased in the placebo group, compared to baseline (36.52
to 38.56kg, C195%, 0.277 to 3.795kg; P=0.023), although the clinical relevance of
this increase cannot be viewed as significant. The difference between groups at 8
weeks was not significant.

Plasma coQio concentration

Plasma coQio concentration decreased after the first 4 weeks of simvastatin ad-
ministration from 773.6 mmol/L (N=28) at baseline to §39.2 mmol/L at week 4
(c195%, -363.2 t0 105.6, P=0.0006, Figure 6). At 8 weeks, plasma concentrations in-
creased in the ubiquinol group to 2305.8 mmol/L (C195%, 1346 to 2173; P<0.0001)
and continued being decreased in the placebo group at 436.s mmol/L (c195%,
-194.8 to 2.4; P=0.06).

Plasma biochemical tests

In 8 subjects (5 males, 3 females) the blood ck level was elevated above the upper
limit (171 U/L for males and 145 U/L for females, Table 2). None of these subjects
reported muscle related adverse effects. Regarding lipid metabolism, no subjects
with subclinical lipid dysmetabolism was present in this cohort (Table 3).

Adverse effects were recorded during all visits and a follow-up telephone call 7
to 10 days after the 8 weeks visit. In total, 7 subjects (2 males, 5 females) reported
muscle related symptoms, such as muscle fatigue or myalgia. There was no re-
lationship between the symptoms and mitochondrial function. Symptoms were
mild and resolved with continued simvastatin administration. One male subject
experienced intolerable myalgia after 4 days of simvastatin administration, likely
related to simvastatin, and the subject was replaced. Two male subjects reported
severe adverse events, unrelated to simvastatin. One suffered an acute myocar-
dial infarction and was replaced. The other experienced a mild transient ischemic
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attack (T1A). At the first follow-up visit, which occurred 13 days after the T14, no
abnormalities were found on neurological examination. This subject continued
the study. No treatment-related adverse effects were noted for ubiquinol.

DISCUSSION

Our main goal was to evaluate a model for subclinical mitochondrial dysfunction
(MD) in healthy subjects, using simvastatin to induce MD and ubiquinol to phar-
macologically reverse this. Ubiquinol has a higher bioavailability than ubiquinone
when administered in the same dose and was therefore chosen.?® After 4 weeks of
simvastatin administration, the TPcR prolonged, which is indicative of MD. This
prolongation was lower in magnitude than what was observed in the study of Wu
et al,, which might be explained by the study population of statin users and the
inclusion of two outliers (tTPCR of 116.9 and 147 seconds).!® After 8 weeks, the
MD in the ubiquinol group was no longer significantly different from baseline, but
continued to be significantly different from baseline in the placebo group. No dif-
ferences between the groups at 8 weeks were noted, however.

Simvastatin can induce MD in healthy middle-aged subjects, which can be
used to demonstrate pharmacological effects of mitochondrial enhancing com-
pounds. Statins inhibit 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-COA)
reductase and thus to decrease the biosynthesis of cholesterol from mevalonate.>”
The coqio biosynthesis shares this common pathway and it has been shown

that statins lower the plasma coqQio concentration.'**®

coqio plays a vital role
in the mitochondrial electron transport chain by accepting electrons formed at
complex I and 11.>° Although the literature is ambivalent on the matter, there is
evidence that, mainly via this route, statins cause MD and the accompanying my-
opathy, 12253032 33-35

decrease in the muscle coQio concentration after simvastatin administration in
1.36

This is in line with secondary deficiencies of coQio and a

a clinical trial by Paiva et al.>° The administration of simvastatin was not placebo
controlled, due to these well-known effects.

Glycolysis is another source of ATP and could replace mitochondrial ATP syn-
thesis. As Blei et al. explain in their article, glycolysis causes an intra-muscular
acidification.’” In a recent article, Fiedler et al. showed that glycolytical ATP syn-
thesis in vivo was marginally activated in exercises reaching less than 65% of PCr
depletion.38 Scans with an end-of-exercise pH of <6.8 and/or PcRr depletion of
less than 25% (or more than 60% ) of pre-exercise baseline were excluded from the
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analysis, as determination of the TPCR in this situation is unreliable*® and subjects
were rescanned once with a minimal time of 15 minutes in between scans.

In a study that was recently performed by Buettner et al. and which was published
during the performance of our study the investigators also induced MD using
simvastatin administration and measured the effects using 31p-MRrs.** They also
found there to be a partial attenuation of MD by additional administration of ubi-
quinol. However, the two studies were designed with different aims in mind. Our
aim was to show feasibility of a POP to study novel drug candidates in healthy vol-
unteers. Firstly, Buettner et al. did not study healthy subjects, but long-term statin
users. Secondly, the administered statin type and dose varied between subjects.
Thirdly, the additional ubiquinol was administered directly from baseline and not
after inducing MD. Therefore, our study adds knowledge in developing a phar-
macological challenge model to be used in PoP studies with drugs that are being
developed to treat diseases, where MD plays a pathophysiological role.

Apart from the coquo inhibiting effect, simvastatin seems to have a direct
effect on the enzyme complexes of the EcT.*'"** Recently, Schirris et al. showed
the inhibitory effect of several statins on complex 111.* In vitro, they measured
849% inhibition of complex I1I activity in c2C12 rat myoblasts, in which the cyto-
toxic effect of statins resulted in apoptosis. They found that binding of the lac-
tone form of statins to the Qo binding site inhibited the transfer of electrons from
coquo to cytochrome ¢;, also known as complex 111 subunit 4, thereby inhibiting
the reduction of cytochrome ¢, and disrupting the electron flow between com-
plex 111 and complex 1v. The inhibitory effect was also shown in muscle tissue
from human statin users with symptoms of myopathy, in which the inhibition
was 18%.*" Statins are administrated in the acid form and metabolized into the lac-
tone form by uridine 5-diphospho-glucuronosyl-transferase. Interestingly, due to
the polymorphic nature of uridine 5-diphospho-glucuronosyl-transferases, this
might explain the large inter-individual variation in statin-induced myopathy.**

Importantly, the direct effect of statins on complex 111 might well explain the
partial reversal of mitochondrial function after administration of ubiquinol. The
sample size calculation was made with a full reversal in mind, thereby limiting
statistical significance between the ubiquinol and placebo groups at week 8 with
our samples size of N=28.

Summarized, the simvastatin-induced MDp model affects several key compo-
nents of the ETC, namely complexes 1, 11 and 111. The model therefore provides
multiple targets within mitochondria for candidate compounds to improve and
to show pharmacology. Proving pharmacology in an early phase is important in
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developing a compound, because failing this is the leading cause to discontinue
new compounds in phase 2 and 3 trials.***¢ To prove pharmacology in patients is
difficult, because MD is already too severe and variability within the population is
too large."”> A pharmacologically lowered mitochondrial function in healthy sub-
jects does not have these limitations.

This study was not without limitations. First, the amount of force exerted by
the calf muscles during the 31P-MRS measurement was not standardized. Instead,
the decreases in PCR and increase in inorganic phosphate were monitored real-life
during the exercising period and subjects were instructed to either increase or
decrease their efforts based on the perceived rate of change in PCcR. Although a
subject of debate, Larson-Meyer et al. have demonstrated that the TPCR after exer-
cising with a force of 70% of maximal voluntary contractions compared to 100%

is not significantly different.*’

Our instructions to produce near-maximal force,
combined with the facts that the PCRr decrease was sufficient and the intramuscu-
lar pH was kept above the threshold of 6.8 in the analyzed measurements, how-
ever, underscore the reliability of the data. Second, The NIRS device that was used
did not measure myoglobin, which plays an important role in muscle oxygenation
and failing to measure this could underestimates the total oxygen consumption.*®
Finally, mitochondria from different tissues have been shown to vary in activity.*
The Pp1x-TSLT method has been shown to measure mitochondrial oxygen con-
sumption in the skin before and our results suggest that it can be influenced by
mitotoxical medications, such as simvastatin.>* More research is needed to make
a full correlation to mitochondrial function in muscle.

Conclusions

In conclusion, we developed a model for MD in healthy subjects using simvastatin
to induce dysfunction and ubiquinol to partially reverse. The reason for only a
partial reversal is probably due to the direct effect of simvastatin on complex 111 of
the electron transport chain. This pharmacological challenge model can be used
to demonstrate proof of pharmacology early in the development of a mitochon-
drial function-enhancing drug or food compounds.

Acknowledgements

We thank the study volunteers for participating in the study and clinical staff at
CHDR for facilitating it.

CLINICAL PHARMACOLOGICAL ASPECTS OF MITOCHONDRIAL FUNCTION IN MUSCLE

REFERENCES

Saft C, Zange J, Andrich J, et al. Mitochondrial
impairment in patients and asymptomatic mutation
carriers of Huntington’s disease. Movement disorders:
official journal of the Movement Disorder Society.
2005;20(6):674-679.

Yan MH, Wang X, Zhu X. Mitochondrial defects

and oxidative stress in Alzheimer disease and

Parkinson disease. Free radical biology & medicine.
2013;62:90-101.

Victor VM, Rocha M, Herance R, Hernandez-Mijares

A. Oxidative stress and mitochondrial dysfunction

in type 2 diabetes. Current pharmaceutical design.
2011;17(36):3947-3958.

Konopka AR, Sreekumaran Nair K. Mitochondrial and
skeletal muscle health with advancing age. Molecular and
cellular endocrinology. 2013;379(1-2):19-29.

Janssen 1, Shepard DS, Katzmarzyk PT, Roubenoff R. The
healthcare costs of sarcopenia in the United States. Journal
of the American Geriatrics Society. 2004;52(1):80-85.
Andreux PA, Houtkooper RH, Auwerx J. Pharmacological
approaches to restore mitochondrial function. Nature
reviews Drug discovery. 2013;12(6):465-483.

Cohen AF, Burggraaf ], van Gerven JM, Moerland

M, Groeneveld GJ. The use of biomarkers in human
pharmacology (Phase 1) studies. Annual review of
pharmacology and toxicology. 2015;55:55-74-

Baakman AC, Rissmann R, Klaassen ES, van Gerven
JMA, Groeneveld GJ. PK and PD of a nicotinic
anticholineric challenge with mecamylamine

in comparison to scopolamine. Clinical
Therapeutics.37(8):e10-e11.

Gijsman HJ, van Gerven JM, de Kam ML, et al.
Placebo-controlled comparison of three dose-regimens
of s-hydroxytryptophan challenge test in healthy
volunteers. Journal of clinical psychopharmacology.
2002;22(2):183-189.

‘Wu JS, Buettner C, Smithline H, Ngo LH, Greenman
RL. Evaluation of skeletal muscle during calf exercise

by 31-phosphorus magnetic resonance spectroscopy

in patients on statin medications. Muscle & nerve.
2011;43(1):76-81.

Bouitbir J, Charles AL, Rasseneur L, et al. Atorvastatin
treatment reduces exercise capacities in rats: involvement
of mitochondrial impairments and oxidative stress. Journal
of applied physiology. 2011;111(5) :1477-1483.

Diebold BA, Bhagavan NV, Guillory RJ. Influences

of lovastatin administration on the respiratory burst
ofleukocytes and the phosphorylation potential of
mitochondria in guinea pigs. Biochimica et biophysica
acta. 1994;1200(2):100-108.

Littarru GP, Langsjoen P. Coenzyme Q1o and statins:
biochemical and clinical implications. Mitochondrion.
2007;7 Suppl:S168-174.

14

15

16

17

18

19

20

2

=

22

23

24

2§

Quinzit CM, Hirano M. Primary and secondary CoQ(10)
deficiencies in humans. BioFactors (Oxford, England).
2011;37(5):361-365.

Lanza IR, Bhagra S, Nair KS, Port JD. Measurement

of human skeletal muscle oxidative capacity by 31p-

MR spectroscopy: a cross-validation with in vitro
measurements. Journal of magnetic resonance imaging:
JMRL. 2011;34(5):1143-1150.

Bendahan D, Mattei JP, Guis S, Kozak-Ribbens G, Cozzone
PJ. [Non-invasive investigation of muscle function using
31P magnetic resonance spectroscopy and 1H MR imaging].
Revue neurologique. 2006;162(4):467-484.

Ryan TE, Southern WM, Reynolds MA, McCully

KK. A cross-validation of near-infrared spectroscopy
measurements of skeletal muscle oxidative capacity with
phosphorus magnetic resonance spectroscopy. Journal of
applied physiology. 2013;115(12):1757-1766.

Kemp GJ, Roberts N, Bimson WE, et al. Mitochondrial
function and oxygen supply in normal and in chronically
ischemic muscle: a combined 31P magnetic resonance
spectroscopy and near infrared spectroscopy study in vivo.
Journal of vascular surgery. 2001;34(6):1103-1110.
Armitage J, Bowman L, Wallendszus K, et al. Intensive
lowering of LDL cholesterol with 80 mg versus 20 mg
simvastatin daily in 12,064 survivors of myocardial
infarction: a double-blind randomised trial. Lancet.
2010;376(9753) :1658-1669.

Langsjoen PH, Langsjoen AM. Comparison study

of plasma coenzyme Quo levels in healthy subjects
supplemented with ubiquinol versus ubiquinone.
Clinical Pharmacology in Drug Development.
2014;3(1):13-17.

Harms FA, Voorbeijtel WJ, Bodmer SI, Raat NJ, Mik

EG. Cutaneous respirometry by dynamic measurement
of mitochondrial oxygen tension for monitoring
mitochondrial function in vivo. Mitochondrion.
2013;13(5):507-514.

Harms FA, Bodmer SI, Raat NJ, Stolker RJ, Mik EG.
Validation of the protoporphyrin 1x-triplet state lifetime
technique for mitochondrial oxygen measurements in the
skin. Optics letters. 2012; 37(13):2625-2627.

Harms FA, de Boon WM, Balestra GM, et al. Oxygen-
dependent delayed fluorescence measured in skin after
topical application of s-aminolevulinic acid. Journal of
biophotonics. 2011;4(10):731-739.

Grishko V, Xu M, Ho R, et al. Effects of hyaluronic

acid on mitochondrial function and mitochondria-
driven apoptosis following oxidative stress in human
chondrocytes. The Journal of biological chemistry.
2009;284(14):9132-9139.

Thompson PD, Clarkson P, Karas RH. Statin-associated
myopathy. JAMA: the journal of the American Medical
Association. 2003;289(13):1681-1690.

CHAPTERIV - APHARMACOLOGICAL MODEL FOR MITOCHONDRIAL DYSFUNCTION



26

27

28

29

30

31

32

33

34

35

36

37

38

39

88

Berthold HK, Naini A, Di Mauro S, et al. Effect

of ezetimibe and/or simvastatin on coenzyme Q1o

levels in plasma: a randomised trial. Drug safety.
2006;29(8):703-712.

Tobert JA. Lovastatin and beyond: the history of the
HMG-CoA reductase inhibitors. Nature reviews Drug
discovery. 2003;2(7):517-526.

Rundek T, Naini A, Sacco R, Coates K, DiMauro S.
Atorvastatin decreases the coenzyme Qio level in the
blood of patients at risk for cardiovascular disease and
stroke. Archives of neurology. 2004;61(6):889-892.
Ernster L, Dallner G. Biochemical, physiological and
medical aspects of ubiquinone function. Biochimica et
biophysica acta. 1995;1271(1):195-204.

Pierno S, De Luca A, Tricarico D, et al. Potential risk

of myopathy by HMG-CoA reductase inhibitors: a
comparison of pravastatin and simvastatin effects on
membrane electrical properties of rat skeletal muscle
fibers. The Journal of pharmacology and experimental
therapeutics. 1995;275(3):1490-1496.

Larsen S, Stride N, Hey-Mogensen M, et al. Simvastatin
effects on skeletal muscle: relation to decreased mito-
chondrial function and glucose intolerance. Journal

of the American College of Cardiology. 2013;61(1):44-53.
Dai YL, Luk TH, Siu CW, et al. Mitochondrial dysfunction
induced by statin contributes to endothelial

dysfunction in patients with coronary artery disease.
Cardiovascular toxicology. 2010;10(2):130-138.

Cotan D, Cordero MD, Garrido-Maraver J, et al.
Secondary coenzyme Qo deficiency triggers mitochondria
degradation by mitophagy in MELAS fibroblasts. FASEB
journal: official publication of the Federation of American
Societies for Experimental Biology. 2011;25(8):2669-2687.
Horvath R, Schneiderat P, Schoser BG, et al. Coenzyme
Qo deficiency and isolated myopathy. Neurology.
2006;66(2):253-255.

Lalani SR, Vladutiu GD, Plunkett K, Lotze TE, Adesina
AM, Scaglia F. Isolated mitochondrial myopathy associated
with muscle coenzyme Quo deficiency. Archives of
neurology. 2005;62(2):317-320.

Paiva H, Thelen KM, Van Coster R, et al. High-dose statins
and skeletal muscle metabolism in humans: a randomized,
controlled trial. Clinical pharmacology and therapeutics.
2005;78(1):60-68.

Blei ML, Conley KE, Kushmerick MJ. Separate measures
of TP utilization and recovery in human skeletal muscle.
The Journal of physiology. 1993;465:203-222.

Fiedler GB, Schmid AI, Goluch S, et al. Skeletal muscle
ATP synthesis and cellular #(+) handling measured

by localized (31)p-MRs during exercise and recovery.
Scientific reports. 2016;6:32037.

van den Broek NM, De Feyter HM, de Graaf L, Nicolay
K, Prompers JJ. Intersubject differences in the effect of

40

42

43

44

45

46

47

3

4

49

50

acidosis on phosphocreatine recovery kinetics in muscle
after exercise are due to differences in proton efflux

rates. American journal of physiology Cell physiology.
2007;293(1):C228-237.

Buettner C, Greenman RL, Ngo LH, Wu JS. Effects of
Coenzyme Q1o on Skeletal Muscle Oxidative Metabolism
in Statin Users Assessed Using 31P Magnetic Resonance
Spectroscopy: a Randomized Controlled Study. Journal of
nature and science. 2016;2(8).

Schirris TJ, Renkema GH, Ritschel T, et al. Statin-Induced
Myopathy Is Associated with Mitochondrial Complex 111
Inhibition. Cell metabolism. 2015;22(3):399-407.
Kaufmann P, Térok M, Zahno A, Waldhauser KM, Brecht
K, Krihenbiihl S. Toxicity of statins on rat skeletal muscle
mitochondria. Cellular and Molecular Life Sciences cMLS.
2006;63(19):2415-2425.

Acosta MJ, Vazquez Fonseca L, Desbats MA, et al.
Coenzyme Q biosynthesis in health and disease.
Biochimica et biophysica acta. 2016;1857(8):1079-1085.
Stormo C, Bogsrud MP, Hermann M, et al. uGT1A1%28

is associated with decreased systemic exposure of
atorvastatin lactone. Molecular diagnosis & therapy.
2013517(4):233-237.

Arrowsmith J. Trial watch: phase 111 and submission
failures: 2007-2010. Nature reviews Drug discovery.
2011;10(2):87.

Arrowsmith J. Trial watch: Phase 11 failures: 2008-2010.
Nature reviews Drug discovery. 2011;10(5):328-329.
Larson-Meyer DE, Newcomer BR, Hunter GR,
Hetherington HDP, Weinsier RL. 31P MRS measurement

of mitochondrial function in skeletal muscle: reliability,
force-level sensitivity and relation to whole body maximal
oxygen uptake. NMR in biomedicine. 2000;13(1):14-27.
Spires J, Lai N, Zhou H, Saidel GM. Hemoglobin and

Myoglobin Contributions to Skeletal Muscle Oxygenation.

Advances in experimental medicine and biology.
2011;701:347-352.

Fernandez-Vizarra E, Enriquez JA, Perez-Martos A,
Montoya J, Fernandez-Silva P. Tissue-specific differences
in mitochondrial activity and biogenesis. Mitochondrion.
2011;11(1) :207-213.

Harms F, Stolker R], Mik E. Cutaneous Respirometry as
Novel Technique to Monitor Mitochondrial Function:

A Feasibility Study in Healthy Volunteers. PloS one.
2016;11(7):€0159544-

CLINICAL PHARMACOLOGICAL ASPECTS OF MITOCHONDRIAL FUNCTION IN MUSCLE

TABLE 1 Demographics. Baseline characteristics of subjects included for analysis.

Ubiquinol Placebo
Age (years) 61.36 (range 40 - 66) 55.92 (range 44 - 70)
Male (n) 7 (50%) 7 (50%)
Female (n) 7 7
Body mass index (kg/m?) 25.80 (range 18.29 - 30.37) 25.70 (range 21.13 - 30.98)

TABLE 2 Plasma creatine kinase and triglycerides. Creatine Kinase (cx) levels (u/L) and
Triglyceride (TG) levels (mmol/L) per subject over the study period.

§ & ; total cholesterol LDL cholesterol triglycerides [mmol/1] creatine
,'§ a [mmol/1] (Friedewald) phosphokinase [U/L]
@ [mmol/1]
0 2 4 8 0 2 4 8 0 2 4 8 0 2 4 8
wks wks wks wks |wks wks wks wks |wks wks wks wks |wks wks wks wks

1 ubi M |493 3.08 3.51 322 |294 1.15 142 124 |0.79 0.57 0.74 0.83 |68 63 80 81
2 plac M [537 338 3.08 348 |3.32 1.51 123 130 |1.93 1.28 143 1.67 |89 66 72 83
3 plac M |S535 4.02 3.83 223 |3.63228 208 095 | 145125 157 090 |108 101 99 101
4 ubi M |S5.17 258 393 3.50 |257097 170 1.19 |331 1.11 236 238 |87 113 94 74
6 plac M |S5.64 336 3.82 3.69 |37 179 192 202 |1.71 1.11 1.53 1.28 |63 2874 56 47

ubi M | 637 422 447 410 |3.72 1.84 215 1.67 |2.89 245 221 265 |43 41 50 S3
8 plac M |5.64 394 414 404 |3.36 1.94 201 190 |1.01 0.78 0.88 0.80 |66 106 147 123
9 ubi M |532 446 347 4.03 |2.72 1.67 1.62 134 |1.16 1.18 0.79 098 | 155 183 146 176
u ubi M [5.19 397 3.52 375 |3.07 1.74 133 140 |0.92 0.83 098 0.83 |87 63 94 86
12 plac M | 441 299 277 264 |2.70 1.39 140 1.08 |0.63 0.73 0.68 0.76 | 157 150 142 193
13 plac M | 475 3.19 344 345 |323 178 196 1.88 | 1.000.78 0.78 1.00 | 108 83 94 108
14 ubi M | 595 456 51 454 |3582.03 259 235 |212242 228 117 |71 82 78 187
105 ubi M | 6.54 4.80 442 396 | 4.64 290 241 249 | 115 1.14 146 0.70 | 148 160 190 155
wo plac M | 573 413 3.78 4.12 |3.26 205 193 2.15 | 170 0.78 093 1.03 | 162 126 109 10S
s1 ubi F 449 278 321 3.39 |2260.79 095 1.14 | 046 0.36 045 047 |73 69 57 83
52 plac F 432 321 3.14 321 | 247 136 131 122 | 096 0.74 0.7 0.73 |58 60 61 116
53 ubi F 440 399 399 3.70 |2.57 215 196 1.70 | 091 091 091 0.62 |39 30 36 40
54 plac F 4.84 352 3.71 3.35 | 291 1.50 1.73 1.12 [ 0.98 093 1.03 0.76 | 70 92 66 138
ss plac F 4.56 325 3.16 346 |19 089 095 1.18 [0.63 045 045 0.58 |76 101 83 152
56 ubi F 633 4.02 444 436 |3.54 129 1.62 148 |0.68 0.56 0.71 0.62 |39 34 S0 34
57 plac F 6.38 435 4.89 453 453234 296 2.72 |1.86 199 1.67 147 |72 Mp 84 63
58 ubi F 4.57 3.59 4.17 436 [201 1.05 1.19 1.62 |0.81 0.89 1.01 0.67 |82 54 56 54
59 ubi F 6.44 438 594 5.69 |3.94 186 3.34 3.56 |0.79 0.69 0.84 0.67 | 103 94 288 68
60 plac F 6.78 425 4.03 419 |[444249 2.1 249 |2.641.02 1.54 090 |73 68 70 127
61 plac F 74 476 477 428 |4.63 241 2.56 2.12 |3.18 1.94 144 239 |102 110 135 145
62 ubi F 6.88 5.04 543 511 |455269 295 273 | 148 1.16 1.2 137 |100 115 114 109
63 ubi F 6.54 392 391 388 |387 147 136 122 |128 096 1.17 137 |112 139 148 152
64 plac F 5.01 3.61 3.44 347 |259 120 1.17 1.16 |13 089 0.76 0.65 |56 53 5§ 127

MD=missing data.
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FIGURE1 Subjectallocation. Study flow diagram.

N=44 informed consent

Exclusion N=14
¢ « 10 screen failures
« 4 withdrew consent after screening

N=30 randomized

I ' l

N=14 ubiquinol N=16 placebo

Two subjects excluded within the

¢ % first four weeks of simvastatin
dministration due to adverse effects

N=14 completed study N=14 completed study
N=14 (7 males, 7 females) N=14 (7 males, 7 females)

Exclusion N=14. 10 screen failures. Withdrew consent after screening. Two subjects excluded within the first four weeks of
simvastatin administration due to adverse effects.

FIGURE 2 Example of phosphocreatine curve . Example of phosphocreatine curve. Plantar
flexion exercising was performed for 3 minutes (between the red and green vertical lines), followed
by a period of relaxation. The red line within the curve depicts the fit, from which the pcr recovery
time was calculated.

0,004 '

Amplitude in A.U.

time (s)
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FIGURE 3 Phosphocreatine recovery time. t-pcr after 4 weeks of simvastatin treatment

was significantly prolonged compared to baseline by 15.2%. After 8 weeks, the T-pcr had further
prolonged compared to baseline to 18.5% in the placebo group. In the ubiquinol group, however,

the 1-pCr prolongation had decreased to 9.1% compared to baseline and was no longer significantly
different from baseline. No differences were noted between groups at 8 weeks. Error bars depict 95%
confidence interval.
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FIGURE 4 Mitochondrial oxygen consumption. Mitochondrial oxygen consumption,
measured by the Protoporphyrin 1x Triplet State Lifetime Technique (pp1x-TsLT). The different
baseline values before addition of placebo or ubiquinol to the simvastatin treatment are depicted.
Error bars depict 95% confidence interval. No differences were noted between groups or weeks.
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FIGURE § Muscular oxygen consumption. Decrease in oxygen saturation (mvo,) in the
thenar muscle. Error bars depict 95% confidence interval. No differences were noted between

groups or days.
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FIGURE 6 Plasma coQio concentration. Plasma coQio concentration over time. Triangles:
first 4 weeks of simvastatin treatment; dots: simvastatin + placebo treatment; squares: simvastatin
+ ubiquinol treatment. Concentration significantly increased in the ubiquinol group and decreased
further in the placebo group.
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Error bars depict 95% confidence interval. * p<o.0s, ** p<o.0001.

CLINICAL PHARMACOLOGICAL ASPECTS OF MITOCHONDRIAL FUNCTION IN MUSCLE



