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Abstract

Purpose of Review To present a method enabling in vivo quantification of tissue membrane potential (AWrt), a proxy of
mitochondrial membrane potential (AW,,), to review the origin and role of AW, and to highlight potential applications of
myocardial AW imaging.

Recent Findings Radiolabelled lipophilic cations have been used for decades to measure AW, in vitro. Using similar compounds
labeled with positron emitters and appropriate compartment modeling, this technique now allows in vivo quantification of AWy
with positron emission tomography. Studies have confirmed the feasibility of measuring myocardial AWt in both animals and
humans. In addition, AUt showed very low variability among healthy subjects, suggesting that this method could allow
detection of relatively small pathological changes.

Summary In vivo assessment of myocardial AW+ provides a new tool to study the pathophysiology of cardiovascular diseases
and has the potential to serve as a new biomarker to assess disease stage, prognosis, and response to therapy.

Keywords Mitochondrial membrane potential - Tissue membrane potential - Positron emission tomography -
Triphenylphosphonium - Mitochondria - Heart failure

Introduction

Mitochondria are double-membrane-bound cellular organ-
elles found in almost all eukaryotic cells. They are involved
in the production of the chemical energy required for cellular
biomechanical reactions via the phosphorylation of adenosine
diphosphate (ADP) into adenosine triphosphate (ATP). The
mitochondrial membrane potential (AW ), which represents
the electric gradient across the mitochondrial inner membrane,
is at the very core of mitochondrial energy production, fueling
the conversion of ADP to ATP. Alteration of myocardial
AWV, is present in a wide range of cardiac pathologies and
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typically appears early in the disease process, often preceding
symptoms [1-3]. Until recently, assessment of myocardial
AW, was only possible in isolated mitochondria and
explanted hearts [4, 5]. However, new methodological and
technological advances enable in vivo quantification of mem-
brane potential in absolute units of millivolts (mV). In this
paper, the origin and role of myocardial AWV, will be
overviewed. A method for membrane potential quantification
with positron emission tomography (PET) will be presented.
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Finally, potential cardiovascular applications of this technique
will be discussed.

Role of Mitochondria and Origin of AW,

Mitochondria play several roles in cellular homeostasis and
function, including hormonal, ion, and immune signaling; ste-
roid synthesis; regulation of cellular metabolism; and apoptosis
[6-8]. One of the principal function of mitochondria is the
phosphorylation of ADP into ATP, providing the vast majority
of the energy necessary for cell function, including
cardiomyocytes’ contraction [8]. The first steps of this process
involve glycolysis and oxidation of fatty acids to produce
Acetyl-CoA. Acetyl-CoA is the common intermediate driving
the production of NADH and FADH, through the tricyclic
(Krebs) cycle (Fig. 1). NADH and FADH, then feed electrons
to the electron transport chain (ETC). Redox reactions are tak-
ing place along the ETC, and protons are translocated across the
inner membrane, from the mitochondrial matrix into the inter-
membrane space, establishing a proton-motive force (Ap,,).
This force is composed of the pH gradient (ApH,,) and the
mitochondrial membrane potential AW, with AW, compris-
ing the bulk of Ap,,. Ultimately, the ATP synthase dissipates a
small fraction of the energy stored in the Ap,, to convert ADP
into ATP by letting protons cross back in the mitochondrial
matrix. Critical to this process is the impermeability of the
mitochondrial inner membrane to most ions, allowing accumu-
lation of protons in the intermembrane space.

When the ETC function is optimized, there is maximal cou-
pling between proton pumping and phosphorylation of ADP to
ATP. This occurs when there is minimal proton leakage across
the inner membrane. When levels of ADP increase, as seen in
states of high energy demand, there is increased phosphoryla-
tion and utilization (and thus dissipation) of the proton gradient,
stimulating the ETC function and oxygen consumption.
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Conversely, low ADP levels slow phosphorylation rate, leading
to inhibition of the ETC. [9] It is thought that AW, has direct
inhibitory effects on the rate of electron transport [10], and when
there is significant reduction of AW, the ETC is free to run at
maximal rate, and AW, can be progressively restored. Collapse
of AV, via opening of the mitochondrial permeability transi-
tion pores (mPTP), and subsequent release of cytochrome C
into the cytosol plays a central role in cellular apoptosis.

Oxidative Stress and AV,

Reactive oxygen species (ROS) are normal by-products of the
respiratory chain. Under physiological conditions, the ETC is
efficient with minimal production of ROS [11]. At small con-
centrations, ROS play an important physiological role as sig-
nal transduction molecules within the mitochondria and cells.
However, when AW, falls outside its optimal physiological
range, either above or below, there is a significant rise in the
production of ROS by the ETC; increasing AV, by only
10 mV leads to a 70-90% increase in ROS production [12,
13]. The respiratory chain complexes are very sensitive to
oxidizing agents due to the vulnerability of their components
to direct ROS attack. Their oxidative modifications manifest
with a decreased enzymatic activity and dysfunction of the
whole respiratory chain [14]. Oxidative damage to the respi-
ratory chain complexes not only results in a decreased effi-
ciency of ATP production but can also lead to further increase
in ROS production, amplifying the ROS release [14]. Finally,
oxidation of the inner membrane anion channels (IMACs) by
ROS leads to their opening and partial dissipation of AW, .
Overall, in conditions associated with increased ROS, AW¥,,
may be reduced, and because the ratio ATP:ADP decreases
exponentially as a function of AW, relatively small mito-
chondrial depolarization elicits a large decrease in the ability
to convert ADP to ATP [15].
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Quantification of AW with PET Imaging

In vitro quantification of AW, has been performed for de-
cades by measuring the distribution of various lipophilic cat-
ions in isolated mitochondria [4, 5]. At equilibrium, the con-
centration of those compounds on each side of a membrane
(C ) can be expressed by the Nernst equation (Eq. 1).

Cin _ ei{?A\P7 (1)

Al

out

where AW is the membrane’s electric potential and 5 = %
is the ratio of known physical parameters: z is the valence of
the ionic probe, F denotes Faraday’s constant, R is the univer-
sal gas constant, and 7 is the temperature in Kelvin.
Assessment of AV, with PET imaging relies on the same
methodology, using lipophilic cations labeled with positron
emitters such as '®F-tetraphenylphosphonium ('*F-TPP*).
Those tracers cross freely and with minimal interaction the
cellular and mitochondrial phospholipid bilayer membranes,
and their distribution at equilibrium abides the Nernst equa-
tion. Radiotracer uptake is therefore exponentially proportion-
al to AW ,,; under physiological conditions, concentration of a
monovalent lipophilic cation will be 3—10 times greater in the
intracellular space compared to the extracellular space and
100-500 times greater in the mitochondrial matrix compared
to the extracellular space [16].

An image voxel containing myocardium can be modeled
into 4 compartments, which include the plasma, interstitial
space, cytosol, and mitochondria (Fig. 2) [17¢¢]. The plasma
and interstitial space compose the extracellular space. Using
this model, the tracer concentration in a voxel at equilibrium
can be expressed as:
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Fig. 2 Compartmental model for a lipophilic cation in a positron
emission tomography (PET) image voxel. Cp, Cipers Ceytor Crnito» and
Cgcs represent the tracer concentration in the plasma, interstitial space,
cytosol, mitochondria, and extracellular space respectively (adapted from

(14D
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where Ciuito, Cepo, and Cres represent the probe concen-
tration at equilibrium in the mitochondria, cytosol, and extra-
cellular space, respectively, and frcs and f,,;,, represent the
extracellular space and mitochondrial volume fraction, respec-
tively. Noting that plasma concentration (C,, ) is equal to Cgcs
at equilibrium, division of Eq. 2 by C, yields the following
expression:

6PE T
e
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V=

(3)

where V7, AV,,, and AW, represent the volume of distribu-
tion of the tracer and the mitochondrial and cellular membrane
potential, respectively. Because Vr > > 1 and
e HAVn AV o=B(AYe) Eq 3 can be approximated by:

VTZ(l_fECS)'fmito‘eiﬁ(AqlT)7 (4)

where AW is the total tissue membrane potential, defined
as AV, + AV, Equation 4 can be rearranged as:

_ 1 10 pes)-Smivo
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From Eq. 5, we note that 3 parameters are required to
quantify AWy (1) the extracellular space fraction, (2) the
mitochondrial fraction, and (3) the tracer volume of distribu-
tion. The f,,;;o parameter is currently not measurable noninva-
sively. It has to be assumed constant, and a value of 0.25 can
be used for human studies [18]. It is important to note that
mitochondrial fraction may decrease in disease state, ultimate-
ly leading to an underestimation of membrane potential (less
negative). The volume of distribution V; can be determined
kinetically [14] or by taking the ratio between the voxel con-
centration measured by PET imaging and the plasma concen-
tration at secular equilibrium [16, 19].

(5)

Quantification of Extracellular Space
As stated above, measurement of extracellular volume (ECV)

is critical to accurately quantify membrane potential. This is
because there is a significant extracellular space variability
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among healthy individuals, and several diseases are associated
with extracellular space expansion. Failure to account for
ECV leads to significant underestimation of AW as well as
increased variability between subjects [20]. ECV can be
assessed with computed tomography (CT) or magnetic reso-
nance imaging (MR). In both cases, images are acquired be-
fore and after administration of a contrast agent (iodine-based
for CT and gadolinium-based for MR), which distributes in
the extracellular space. At the present time, MR allows more
robust and precise quantification of ECV without additional
ionizing radiation. In that context, AW imaging represents an
attractive application of hybrid PET/MR scanners. CT, on the
other hand, is readily available, and acquisition can be per-
formed on a conventional PET/CT system. Detailed method-
ology of ECV quantification is beyond the scope of this re-
view and can be found elsewhere (see [21]).

In Vivo Quantification of Myocardial
Membrane Potential

Fukuda et al. were the first to attempt in vivo quantification of
AUy in the 1980s [22]. Following a bolus injection of the
lipophilic cation ''C-triphenylmethylphosphonium (*'C-
TPMP), they measured myocardial tracer concentration in
dogs with PET imaging, as well as in mice and rats using
autoradiography. Accounting for the extracellular volume,
they calculated the AWt using the Nernst equation with plas-
ma and myocardial tracer concentrations. Nearly 25 years lat-
er, Gurm et al. reported an attempt to noninvasively quantify
AWV, using PET imaging in a swine model of ischemic heart
disease [23]. They used the monovalent lipophilic cation '*F-
TPP", which passively crosses membranes without significant
interaction. Based on the Nernst equation, they reported an
average AV, of =91 mV (Table 1), which appears signifi-
cantly discordant with previous measurements. This differ-
ence can be explained in part by the fact that ECV was not
taken into account, leading to an underestimation of AW, .
Furthermore, both Gurm et al. and Fukuda et al. used bolus
radiotracer injection but assumed that imaging was performed

at secular equilibrium (i.e., constant tracer concentration in the
different compartments), which was not the case. Such as-
sumption may lead to erroneous quantification of membrane
potential [20, 24]. More recently, Alpert et al. reported a suc-
cessful method to quantify AUy in swine [17¢]. Using a
bolus injection of '*F-TPP* and a dynamic PET acquisition, they
estimated V7 in the myocardium using Logan analysis [25] and
calculated AW+ using the Nernst equation, accounting for ECV.
Subsequently, Alpert et al. reported that intracoronary infusion of
BAMI1S5, a proton gradient uncoupler affecting specifically the
mitochondrial membrane without depolarizing the cellular mem-
brane, leads to partial and reversible decreased in E_TPP* con-
centrations (Fig. 3) [26¢]. These results confirmed that myocar-
dial "*F-TPP* concentrations measured by PET are sensitive to
temporal change in AW,

Pelletier-Galarneau et al. were the first to demonstrate the
feasibility of AUy in vivo quantification in humans [19e¢].
Using a bolus plus infusion of '*F-TPP* and hybrid PET/
MR imaging, they reported an average AWt of —160.7 £+
3.7 mV among 13 healthy volunteers [19+¢]. The correspond-
ing average AW, was —123 mV, in excellent agreement with
explanted heart measurements (—118 mV) [27]. Importantly,
AUy showed very low variability between subjects, suggest-
ing that this method could prove useful to detect relatively
small pathological changes and that small sample size could
be sufficient to test hypothesis. In addition, high-quality para-
metric images can be generated with this method, allowing
assessment of regional variability in AUy (Fig. 4). Other ra-
diotracers have been used in preclinical studies to assess mi-
tochondrial membrane potential, including '*F-fluoropentyl-
triphenylphosphonium ('*F-FPTP), '®F-fluorobenzyl-tri-
phenylphosphonium (‘*F-FBnTP), and '®F-MitoPhos, all of
which share the property of being monovalent lipophilic cat-
ions [28-30]. So far, only '"*F-TPP* has been used in humans.

Potential Clinical Applications

Alterations in mitochondrial function, ROS production, and
AW, are seen in a broad range of pathologies, including

Table 1 In vivo assessment of
membrane potential

Authors Year Species AW, (mV) AUt (mV)

Fukuda et al. [22] 1986 Dogs - —148.1 +£6.0
Rats - —146.7+3.8
Mice - -1393+58

Gurm et al. [23] 2012 Swine -91+11 -

Alpert et al. [17¢¢] 2017 Swine - -1294+14

Pelletier-Galarneau et al. [19+¢] 2020 Human - -160.7 £ 3.7

Disparities in observed values can be attributed to methodological and technical differences, species variability,
and partial depolarization induced by anesthesia

@ Springer



Curr Cardiol Rep (2021) 23: 70

Page50f8 70

o 140
dd
=
g 130

)

o
D 120 E
m a
o 3
s \ 10 S
= \

=5 \

a8] ! 4100

—

Q

G

<

.90

Fig. 3 Effect of BAM15, a selective mitochondrial proton uncoupler, on
tissue membrane potential (AWr). Vertical long axis of a pig heart before
(top) and after (bottom) intracoronary infusion of BAM15 in the left
anterior descending artery demonstrating partial depolarization in the
septal and apical segments (data from [16])

diabetes, cancer, various degenerative diseases, and myopathy
[29, 31, 32]. In cardiovascular diseases, mitochondrial dys-
function is thought to play a critical role in the development
and progression of ventricular arrhythmias, heart failure,
cardiotoxicity, and reperfusion injury just to name a few
[33-36]. Noninvasive mapping of membrane potential could
provide a new biomarker in mitochondrial-related diseases. In
addition, it has the potential to play a role in the assessment of
response to therapy, especially with the advent of new mito-
chondrial therapies.

Chemotherapy-Induced Cardiotoxicity

Chemotherapy-induced cardiotoxicity is a multifactorial com-
plication of chemotherapy with interactions between the na-
ture and dosage of the therapy, environmental factors, and
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Tissue Membrane
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Fig. 4 Parametric images of the volume of distribution (V) and tissue
membrane potential (AWr). HLA, horizontal long axis; SA, short axis;
VLA, vertical long axis (reproduced with permission from Springer

SA Basal

genetic factors [37]. It is a relatively frequent side effect of
many anticancer agents, including anthracyclines such as
doxorubicin [38]. As the damages observed in
chemotherapy-induced cardiotoxicity are often irreversible,
it is imperative to detect cardiotoxicity early in order to min-
imize long-term morbidity and mortality, especially given the
trend of improved cancer survival. The mechanisms underly-
ing doxorubicin-induced cardiotoxicity (DIC) are incomplete-
ly understood. A key role has been attributed to mitochondrial
dysfunction with mitochondria being the most injured intra-
cellular organelle from exposure to doxorubicin [39]. While
early research suggested that DIC was mediated through re-
dox recycling of doxorubicin and subsequent mitochondrial
and cellular damage, recent work has identified multiple alter-
native pathways of mitochondrial mediated DIC [40].
Doxorubicin has a high binding affinity with cardiolipin, a
phospholipid present in the mitochondrial membrane, which
is involved in maintaining mitochondrial structure and func-
tion as well as cell survival [41, 42]. Cardiolipin is particularly
important for normal ETC activity, which is disrupted by
doxorubicin binding to cardiolipin. The resulting increased
electron transfer to oxygen molecules and generation of free
radicals damage the mitochondrial membrane, leading to re-
duced ATP levels [39, 40, 42]. While the pathway of DIC
through inhibition of the ETC can be observed as a result of
acute mitochondrial exposure to doxorubicin [40], chronic
effects of doxorubicin have been related to binding of doxo-
rubicin to topoisomerase 23, which is largely present in the
mitochondria, resulting in DNA double-strand breaks and
transcriptome changes leading to defective mitochondrial bio-
genesis and ROS formation [39, 43—45]. Further suggested
DIC mechanisms include calcium dysregulation following in-
creased mitochondrial ROS generation and failed energy pro-
duction as well as activation of apoptotic pathways [1, 39].
The mitochondrial dysfunction underpinning DIC, particular-
ly inhibition of ETC, can be associated with depolarization of
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AW, In fact, depolarization of AW, following exposure to
doxorubicin has been observed in in vitro studies in postnatal
rat cardiac myocytes and human colon and breast cancer cell
lines [1, 2]. Importantly, these molecular changes occur early
in the disease stage before irreversible functional impairment
can be observed.

At present, screening for cardiotoxicity is done mostly by
serial assessment of left ventricular ejection fraction (LVEF)
and echocardiographic strain imaging [46], both of which re-
flect changes that are occurring late in the disease process,
after irreversible damages have occurred. In that context, non-
invasive measurement of membrane potential could represent
an interesting biomarker of cardiotoxicity, with preliminary
data supporting this hypothesis. Indeed, McCluskey et al.
showed that myocardial concentration of 18E8_MitoPhos, a li-
pophilic cation, decreased significantly 48 h after a single
infusion of doxorubicin, while other biomarkers (e.g., tropo-
nins) remained unchanged [47¢]. Further studies are required
to confirm whether change in membrane potential can predict
cardiotoxicity and alter patient management.

Heart Failure

Mitochondrial dysfunction is a hallmark of heart failure (HF),
with both preserved and reduced ejection fraction [48].
Several alterations in mitochondrial function have been re-
ported in heart failure, including ATP production, glucose
metabolism, increased oxidative stress, dysregulation of cal-
cium metabolism, protein modifications, and apoptosis [49,
50]. In addition, therapies improving mitochondrial function
have been shown to improve outcomes of patients with HF.
For instance, the Q-SYMBIO trial showed that coenzyme Q10
(CoQ10), a molecule targeting oxidative stress and mitochon-
drial dysfunction, improves symptoms and reduces major ad-
verse cardiovascular events in patients with HF [51]. Other
molecules such as ACE inhibitors have also been shown to
improve mitochondrial function [52], reinforcing the impor-
tance of mitochondrial dysfunction in HF. In the failing heart,
there is increased production of ROS by the mitochondria [53,
54]. Excess ROS is associated to cellular dysfunction and
DNA damage and can lead to cell death. In the myocardium,
ROS can directly impair contractile function and activate
pathways leading to hypertrophy, necrosis, and apoptosis
[55]. Excess ROS was also shown to dissipate the AW, via
different mechanisms [56]. AW, is directly related to the ca-
pacity of the ETC to pump protons across the inner mitochon-
drial membrane and is therefore necessary for ATP generation
[56, 57]. The decrease of AW, in HF has been confirmed in
animal models of HF with decreased activity of the ETC com-
plexes leading to decreased AW, which in turn resulted in
reduced mitochondrial Ca** concentration and impaired
myocyte contractility [34]. Imaging of membrane potential
could provide insight into the pathophysiological processes

@ Springer

of the disease, help with development of new therapeutic in-
terventions, and allow for therapy optimization.

Ischemia-Reperfusion Injury

Acute myocardial infarction is one of the leading causes of
death and disability worldwide. Treatment of acute ischemia
relies on timely reperfusion. However, myocardial reperfusion
itself may further damage the affected cardiomyocytes, a phe-
nomenon known as ischemia-reperfusion injury (IRI), and it
has been estimated that approximately 50% of the final in-
farcted area is related to IRI [58]. The complex mechanisms
of IRI involve different biological pathways and are not yet
fully understood. However, a key role has been attributed to
opening of the mPTP during reperfusion [33]. This results in
immediate depolarization of AW, disruption of ATP produc-
tion, production of ROS, and the release or activation of sev-
eral pro-apoptotic proteins like cytochrome C [3, 59].
Furthermore, uncoupling of the ETC results in reversal of
ATPase, which switches from synthesis of ATP to active hy-
drolysis. The resulting rapid decline of intracellular ATP con-
centration leads to disruption of ionic and metabolic homeo-
stasis and the activation of degradative enzymes, in turn,
resulting in irreversible damage to the cell [60]. Triggers for
mPTP opening include Ca>* overload, rapid normalization of
pH, oxidative stress, and mitochondrial depolarization, all
conditions that occur during post-ischemic reperfusion [60,
61]. Noninvasive assessment of membrane potential could
provide a new tool to study the pathophysiology of IRI and
assess the effect of new therapies.

Conclusion

In vivo quantification of AW, with PET imaging relies on the
extension of well-established chemistry principles and bench-
top in vitro methods. With radiolabelled lipophilic cations,
such as '"®*F-TPP*, and appropriate compartment modeling,
in vivo quantification of the tissue membrane potential
(AWry), a proxy of AW, in absolute units of millivolts can
be achieved. Studies have demonstrated the feasibility of mea-
suring myocardial AW+ in both animals and humans and that
myocardial "*F-TPP* concentration measured by PET is sen-
sitive to temporal changes in AW .. In addition, AW showed
very low variability between subjects, suggesting that this
method could be used to detect relatively small pathological
changes. As alteration in mitochondrial function and mem-
brane potential is ubiquitous in cardiovascular diseases, this
imaging technique could provide a new tool to better under-
stand the pathophysiology of those diseases and has the po-
tential to serve as a new biomarker to assess disease stage,
prognosis, and response to therapy. Further studies are needed
to establish these potential roles.
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