Imaging of Chemotherapy-Induced Acute Cardiotoxicity with

ISF.Labeled Lipophilic Cations

Stuart P. McCluskey!-?, Anna Haslop!, Christopher Coello?, Roger N. Gunn?3, Edward W. Tate!, Richard Southworth?,

Christophe Plisson?, Nicholas J. Long!, and Lisa A. Wells?

!Department of Chemistry, Imperial College London, London, United Kingdom; *Invicro LLC, London, United Kingdom; 3Division of
Brain Sciences, Imperial College London, Imperial College Centre for Drug Discovery Science, London, United Kingdom; and
“Biomedical Engineering and Imaging Sciences, King’s College London, London, United Kingdom

Many chemotherapy agents are toxic to the heart, such that in-
creasing numbers of cancer survivors are now living with the poten-
tially lethal cardiovascular consequences of their treatment. Earlier
and more sensitive detection of chemotherapy-induced cardiotoxicity
may allow improved treatment strategies and increase long-term
survival. Lipophilic cation PET tracers may be suitable for early
detection of cardiotoxicity. This study aimed to evaluate an '8F-labeled
lipophilic phosphonium cation, [1-(2-'8F-fluoroethyl),1H[1,2,3]triazole-
4-ethyleneltriphenylphosphonium bromide (*8F-MitoPhos), as a car-
diac imaging agent, comparing it with leading PET and SPECT
lipophilic cationic tracers before further assessing its potential for im-
aging cardiotoxicity in an acute doxorubicin model. Methods: Cardiac
uptake and response to decreased mitochondrial membrane potential
of 18F-MitoPhos and 9°mTc-sestamibi were tested in isolated perfused
rat hearts. Baseline pharmacokinetic profiles of '8F-MitoPhos and '8F-
fluorobenzyltriphenylphosphonium and their response to acute doxo-
rubicin-induced cardiotoxicity were assessed in rats in vivo (10, 15, or
20 mg of doxorubicin per kilogram, intravenously, 48 h beforehand).
Results: Cardiac retention of '8F-MitoPhos was more than double that
of 99mT¢c-sestamibi in isolated perfused rat hearts. A favorable biodis-
tribution of '8F-MitoPhos in vivo was observed, with heart-to-tissue
ratios of 304 + 186, 11.2 £ 1.2, and 3.8 + 0.6 for plasma, liver, and lung,
respectively (60 min). A significant dose-dependent loss of cardiac
retention of '8F-MitoPhos was observed on doxorubicin treatment,
with average cardiac SUV from 30 to 60 min (mean + SD) decreasing
from 3.5 + 0.5 (control) to 1.8 + 0.1 (doxorubicin, 20 mg/kg). Other
assessed biomarkers showed no alterations. Conclusion: '8F-
MitoPhos showed pharmacokinetic parameters suitable for cardiac
imaging. A significant dose response of cardiac uptake to doxorubi-
cin treatment was observed before detectable biomarker alterations.
18F-MitoPhos is therefore a promising tracer for imaging chemother-
apy-induced cardiotoxicity. To our knowledge, this is the first dem-
onstration of radiolabeled lipophilic cations being used for the PET
imaging of chemotherapy-induced cardiotoxicity and indicates the
potential application of these compounds in this area.
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Long-term cancer survival rates are increasing, with the more-
than-5-y survival rate rising from 49% for diagnoses made in the
mid-1970s to 69% for diagnoses made in 2005-2011, in the United
States (/). However, many cancer treatments are not themselves
benign, and the long-term effects of cancer treatment are increas-
ingly having an impact on patient morbidity and mortality. Doxo-
rubicin is a widely used and effective anthracycline chemotherapy
agent in a variety of cancers (2,3). Its therapeutic potential, how-
ever, is limited by severe and potentially lethal cardiotoxic effects.
Approximately 10% of patients treated with doxorubicin will de-
velop potentially life-threatening cardiotoxicity up to 10 y after
treatment (4), with higher cumulative doses increasing risk dramat-
ically (5). Of those who develop congestive heart failure, mortality
is approximately 50% (6,7).

Cardiotoxicity is currently routinely monitored by echocardi-
ography or multigated acquisition scanning, typically defined as a
10% or higher reduction of left ventricular ejection fraction (3,8).
However, such loss of contractile function typically indicates sig-
nificant irreversible myocardial injury, for which opportunities to
intervene or modify treatment are limited (3,9).

Measuring evolving cardiac damage at a subcellular level using
a molecular imaging approach might provide earlier and more
sensitive assessment of cardiotoxicity; however, most of the ap-
proaches explored to date are limited in capacity or at a relatively
early stage (10,11).

Metabolism tracers such as '8F-FDG and '!C-acetate have been
investigated; however, cardiac retention is heavily influenced by
other parameters, such as dietary substrate availability, which com-
plicate their use (/2). Tracers more closely related to the mecha-
nisms of cardiotoxicity, such as '2*I-metaiodobenzylguanidine,
which is sensitive to sympathetic nervous system alterations, have
greater promise and have shown a response to doxorubicin treatment
preclinically and in patients (/3). However, slow clearance from
blood and significant liver uptake affect their clinical utility (/4).

Although the exact mechanism of cardiotoxicity by doxorubicin
is not fully understood, mitochondrial dysfunction, directly or
indirectly, is central to the proposed mechanisms (4,15,16). Fluo-
rescent lipophilic cations such as the rhodamine or JC-1 (5,5',6,6'-
tetrachloro-1,1',3,3'-tetraethylbenzimi-dazolylcarbocyanine iodide)
dyes have been used for many years to report on mitochondrial
function in vitro. They accumulate via passive diffusion through
cell membranes of mitochondria according to the mitochondrial
membrane potential, with PET-labeled derivatives showing good
sensitivity in myocardial infarction models (/7). Our collaborators
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have recently demonstrated the potential of using radiolabeled lipo-
philic cations to report on doxorubicin-induced mitochondrial dys-
function with **™Tc-sestamibi for SPECT imaging (18). Although
proof of concept with SPECT imaging has been demonstrated, PET
has significant advantages for this approach in terms of sensitivity
and the capacity for 3-dimensional pharmacokinetic analysis.

This study therefore aimed to evaluate our recently developed
PET lipophilic cation, [1-(2-!8F-fluoroethyl),1H[1,2,3]triazole-4-
ethylene]triphenylphosphonium bromide (!8F-MitoPhos) (19), as
a cardiac imaging agent. We hypothesize that PET radiolabeled
lipophilic cations such as '8F-MitoPhos, which are sensitive to
mitochondrial membrane potential alterations and accumulate in
cardiac tissue, may allow early detection of doxorubicin-induced
cardiotoxicity, potentially before mechanical alterations in cardiac
function manifest.

MATERIALS AND METHODS

Animal Husbandry

Animals were group-housed within individually ventilated cages
with Aspen grade 6 bedding under a 12 h—12 h light—dark cycle (lights
on at 7 am and off at 7 pm) at set temperature and humidity ranges of
19°-23°C and 45%—65%, respectively. Food and water were available
ad libitum, and environmental enrichment was provided.

Animal Procedures

All animal procedures were performed in accordance with the United
Kingdom Home Office Animals (Scientific Procedures) Act of 1986 and
European Union directive 2010/63/EU. The procedures were reviewed
by independent ethics committees (Imperial College London and King’s
College London). All animals were sourced from Charles River.

Radiopharmaceutical Preparation

I18F-MitoPhos was produced in greater than 99% radiochemical
purity and molar activity of 24.6 = 18.3 GBq/mol by a fully automated
2-step radiosynthesis process, adapted from a previously reported
methodology (Fig. 1) (18,20). '8F-fluorobenzyltriphenylphosphonium
('8F-FBnTP) was produced in greater than 99% radiochemical pu-
rity and specific activity of 15.0 = 12.6 GBq/pmol in a fully au-
tomated 4-step radiosynthesis, modified from a previously reported
procedure (Fig. 1) (21). °°™Tc-sestamibi was prepared from com-
mercial cold kits (Mallinckrodt Pharmaceuticals) reconstituted
with saline (100 MBg/mL) from a “°Mo/*°™Tc generator and sup-
plied by the radiopharmacy of St. Thomas’ Hospital, King’s College,
London, U.K.

Langendorff Heart Perfusion

To investigate tracer response to decreased mitochondrial mem-
brane potential, uptake and kinetic modeling of '8F-MitoPhos was
compared with that of the SPECT lipophilic cardiac tracer *°™Tc-
sestamibi in male Wistar rat hearts (n = 4—6 per group, 300-330 g)
on a triple-y-detection Langendorff perfusion setup, previously
described (22,23). Tracers were compared under normoxic control
perfusion and in hearts treated with the mitochondrial membrane
potential uncoupler carbonyl cyanide 3-chlorophenylhydrazone (CCCP).

After intraperitoneal injection of pentobarbital, hearts were excised
from male Wistar rats and cannulated onto a Langendorff perfusion
rig. Hearts were perfused with modified Krebs—Henseleit buffer (37°C
gassed with 95% 0,/5% CO,) at a constant flow rate of 14 mL/min.
Cardiac tracer retention and washout were monitored throughout each
experiment using GinaSTAR software (Raytest Ltd, UK) via the
triple-y-detection system, whereas cardiac contractile function was mon-
itored with an intraventricular balloon connected to a Powerlab system
(AD Instruments Ltd) running Labchart software (AD Instruments
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Ltd). After a stabilization period of 20 min, CCCP (at a final concen-
tration of 300 nmol/L) or vehicle was infused into the aortic cannula
via a side arm. After 25 min, a bolus of radiotracer (~1 MBq, 50-100
L) was injected into the arterial line. Cardiac radiotracer uptake was
recorded and decay-corrected, and the exponential washout compo-
nent was calculated from least-squares fit of data from 2 min after
injection.

Ex Vivo Biodistribution

Male Sprague-Dawley rats (300-500 g; n = 3 per time point) were
anesthetized, and '8F-MitoPhos or '8F-FBnTP (5.1 = 1.3 MBq) was
administered intravenously. Animals were culled at 5, 15, 30, or 60 min
after administration, tissues were collected, and radioactivity was mea-
sured via a y-counter (Wizard).

The distribution of radioactivity in tissue and plasma is expressed
as mean SUV, where SUV = [(percentage injected dose per gram of
tissue) X (body weight of the animal in grams)]/100.

Metabolite Analysis

Blood samples were collected 5, 10, 20, 40, and 60 min after tracer
administration (n = 3 per time point). Proteins were precipitated from
plasma with acetonitrile (1:1 plasma-to-acetonitrile ratio) and centri-
fuged. High-performance liquid chromatography analysis of the super-
natant allowed the parent fraction to be determined.

Dynamic PET/CT Cardiac Scanning

The animals were anesthetized, and venous and arterial angiocath-
eters were inserted for radiotracer injection and periodic blood sam-
pling, respectively. Selected regions of interest were drawn over the heart
and used to generate the time—activity curves.

In Vivo Procedures

All in vivo procedures were carried out under anesthesia (2%—-3%
isoflurane in air, 1 L/min), and animal body temperature was main-
tained by heating mats, with rectal probe feedback. For dynamic PET/
CT cardiac scanning, the animals were placed within the central bore
of a Siemens Inveon PET/CT scanner with the field of view over the
heart. A CT scan was conducted for attenuation correction before
injection of radiotracer and acquisition of the dynamic PET data
(60 min). Radiopharmaceuticals were administered via direct punc-
ture of the tail vein. At the end of the protocol, animals were killed
via exsanguination under deep anaesthesia (4% isoflurane in air,
1 L/min), and tissues were collected in ice-cold saline and weighed.
Radioactivity was measured via a y-counter (Wizard). Dynamic
scan data were histogrammed (10 frames, 3 s; 6 frames, 5 s; 8 frames,
30 s; 5 frames, 60 s; 6 frames, 300 s; and 2 frames, 600 s) and
reconstructed (2-dimensional filtered backprojection). One animal
within the 10 mg/kg group in the doxorubicin study was excluded
because of a failed intravenous injection; this data point was not
replaced.

In Vivo Intraanimal Variability

Sprague-Dawley rats (n = 4, 408 = 95 g) underwent 60-min dy-
namic PET/CT scans with injection of '8F-MitoPhos (6.2 * 2.0 MBq).
After 48 h, the animals were scanned a second time with '8F-MitoPhos
(7.2 = 1.2 MBq). Cardiac SUV from 30 to 60 min was determined
from the dynamic scan time—activity curve of the left ventricle and
was used to calculate variability.

Ex Vivo Analysis

Metabolite Quantification. Blood samples were periodically col-
lected (5, 10, 20, 40, and 60 min, n = 3 per time point). Proteins were
precipitated from plasma with acetonitrile (1:1) and centrifugation at
12,000g for 5 min. Ninety percent acetonitrile:10% 50 mM ammo-
nium formate, pH 4, at 5 mL/min was used as the mobile phase, with a
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for signs of adverse effects over 48 h. At 48 h
after doxorubicin infusion, the rats were placed
under terminal anesthesia and 'SF-MitoPhos
(6.3 = 1.7 MBq) was injected intravenously.
A subset of rats (n = 3 and 4 for the 15 and
20 mg/kg groups, respectively) underwent dy-
namic PET/CT, with time—activity curve gen-
eration over the left ventricle. Target tissue
activity was measured with a «y-counter 60 min

18E_EBRTP after injection; cardiac tissue and blood plasma

B were frozen for further analysis.
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FIGURE 1. Radiosynthetic pathway for PET tracers: 8F-FBnTP (A) and '8F-MitoPhos (B). ACN =

acetonitrile; DMF = dimethylformamide; RT = room temperature; TBTA = tris(benzyltriazolyl-

methyl)amine.

Phenomenex Prodigy semipreparative octadecylsilyl-3 column (10 pwm,
250 x 10 mm). The typical activity recovery from high-performance

liquid chromatography was more than 90%.

Malondialdehyde Quantification. Left ventricular tissue from the
apex of the heart was homogenized in ice-cold 20 mM Tris-HCI
buffer, pH 7.4, in a 1:10 ratio before samples were briefly sonicated.
Homogenate was centrifuged at 3,000g for 10 min at 4°C, and the
supernatant was removed for analysis. Two hundred microliters of
tissue homogenate were added to 650 wL of 10.3 mM N-methyl-2-
phenyl-indole in acetonitrile and stirred in a vortex mixer for 3—4 s.
One hundred fifty microliters of HCI, 37 %, were added, and samples
were incubated at 45°C for 60 min. The samples were cooled in ice
and centrifuged before 3 x 200 pL aliquots per sample were trans-
ferred to a 96-well plate for reading (absorbance, 586 nm). A standard
curve from 1.25 to 40 nM malondialdehyde was used for quantifica-
tion (R% > 0.999).

Acute In Vivo Doxorubicin Cardiotoxicity Model
Sprague-Dawley rats received slow, continuous intravenous infusion
of doxorubicin (10, 15, or 20 mg/kg) over 1 h. The rats were monitored

doses. A standard curve from 19.5 to 625 pg
of rat cardiac troponin-I per milliliter was used
for quantification (R? > 0.999).

Levels of malondialdehyde were evaluated
in cardiac muscle tissue as a biomarker of oxidative stress. Malon-
dialdehyde was extracted from left ventricular tissue as previously
described (24). Each sample was transferred to a 96-well plate for
reading and was measured in triplicate (absorbance, 586 nm). A stan-
dard curve from 1.25 to 40 nmol of malondialdehyde per milliliter was
used for quantification (R > 0.999).

Hematoxylin- and eosin-stained longitudinal sections of ventricle
from doxorubicin-treated rats were histologically assessed. Fresh-
frozen cardiac tissue was sectioned (10 wm) using a cryostat and thaw-
mounted onto SuperFrost slides. Staining was performed by fixing the
tissue with Clarkes solution (3:1 v/v EtOH:glacial acetic acid). Slides
were incubated with hematoxylin solution, differentiated in 1% HCI,
and then submerging in eosin solution (aqueous, 1%). Tissue was then
dehydrated in EtOH (85%, 100%, 100%), cleared in xylene, and
allowed to dry before the application of distyrene—plasticizer—xylene
medium. Myocardial damage (n = 3 sections per heart, n = 4 hearts
per group) was assessed by 2 independent researchers masked to the
treatment groups using a scoring system similar to that reported by
Erboga et al. (25). Randomly selected cardiac sections were imaged
and assessed for signs of myocardial damage, namely myofibrillar
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FIGURE 2. (A and B) Cardiac retention of percentage injected dose of 18F-MitoPhos (A) and 9°MTc¢-sestamibi (B) in Langendorff-perfused hearts in

control and CCCP (300 nM)-treated animals. (C) Relative increase in heart washout rate (K) for '8F-MitoPhos and 9°™Tc-sestamibi. Statistical
analysis was 2-way ANOVA and Dunnett post hoc analysis (A and B) and 2-tailed t test (C). *P < 0.05. **P < 0.01. ***P < 0.001.
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loss, cytoplasmic vacuolization, myocardial disorganization, inflam-
matory cell infiltration, and hemorrhages, using a score of 0 (no damage),
1 (mild damage), 2 (moderate damage), or 3 (severe damage).

Statistical Analysis

Statistical analysis was performed using an unpaired ¢ test, 1-way
ANOVA with Dunnett post hoc analysis, or 2-way ANOVA with Dunnett
post hoc analysis, where appropriate (GraphPad Prism 7 software).
All graphs and values are represented as average = SD. Differences
between data sets were deemed statistically significant when the ob-
served confidence interval had a P value of less than 0.05.

RESULTS

In Vitro Analysis on Langendorff Perfused Hearts

Infusion of CCCP (300 nM) into isolated perfused hearts
invoked a significant increase in left ventricular end-diastolic
pressure, from 6.9 = 2.3 to 67.5 = 10.0 mm Hg, and a significant
decrease in left ventricular developed pressure, from 122.4 = 11.1

to 37.7 = 17.1 mm Hg versus control experiments, at 65 min after
perfusion (Supplemental Fig. 1; supplemental materials are avail-
able at http://jnm.snmjournals.org). Cardiac time—activity profiles
were measured from the heart-orientated y-detector, for both !8F-
MitoPhos and °°™Tc-sestamibi (Figs. 2A and 2B). In control
hearts, '8F-MitoPhos exhibited an average single-pass extraction
and retention of 66% = 5% (n = 5) of the injected spike at 20 min
after injection, in comparison to ?°™Tc-sestamibi, which showed
31% * 4% (n = 5) retention. In control hearts, the kinetic wash-
out rate from 2 min after injection for '®F-MitoPhos and *°™Tc-
sestamibi was 1.1 X 1073 =3 x107%and4.5x 1073 £ 1.0x 1073
percentage injected dose/min, respectively (Supplemental Fig. 1).
On treatment with CCCP, both '8F-MitoPhos (n = 4) and *°™Tc-
sestamibi (n = 6) showed a significant decrease in retention from
2 min after injection, which was maintained throughout (15% and
12% of injected dose, respectively, by the end of the protocol)
(Figs. 2A and 2B). A significant increase in washout rate was
observed for both tracers in hearts treated with CCCP (Supplemental

TABLE 1
Selected Ex Vivo Biodistribution Data for 18F-FBnTP and '8F-MitoPhos and Heart-to-Tissue Ratios
Tissue 5 min 15 min 30 min 60 min
18E-FBNTP
Blood 0.12 (0.22) 0.16 (0.06) 0.12 (0.06) 0.04 (0.01)
Plasma 0.56 (0.51) 0.08 (0.06) 0.05 (0.04) 0.02 (0.00)
Muscle 0.30 (0.12) 0.22 (0.12) 0.21 (0.04) 0.34 (0.14)
Spleen 5.63 (0.28) 4.58 (1.22) 3.17 (1.65) 2.49 (0.76)
Liver 3.71 (0.93) 3.57 (0.65) 3.58 (1.06) 3.59 (0.73)
Adrenals 6.87 (9.16) 9.84 (1.74) 11.33 (5.33) 7.00 (2.49)
Kidney 17.57 (5.27) 30.08 (3.81) 32.24 (3.44) 25.81 (5.92)
Lung 2.09 (0.38) 2.03 (0.12) 2.09 (0.27) 1.63 (0.47)
Heart 7.42 (0.43) 7.32 (0.69) 7.93 (2.45) 6.75 (1.54)
Brain 0.07 (0.03) 0.05 (0.01) 0.06 (0.02) 0.03 (0.01)
Heart-to-plasma 13.2 (12.0) 95.6 (70.9) 153.1 (135.2) 422.7 (142.5)
Heart-to-lung 6 (0.7) 3.6 (0.4) 3.8 (1.3) 1(1.5)
Heart-to-liver 0 (0.5) 2.1 (0.4) 2.2 (0.9) 9 (0.6)
18F-MitoPhos

Blood 0.35 (0.17) 0.16 (0.02) 0.14 (0.02) 0.06 (0.02)
Plasma 0.19 (0.11) 0.06 (0.01) 0.07 (0.02) 0.02 (0.01)
Muscle 0.30 (0.04) 0.22 (0.02) 0.24 (0.06) 0.22 (0.06)
Spleen 6.67 (1.87) 6.04 (0.36) 7.28 (0.55) 4.231 (0.83)
Liver 3.91 (0.69) 2.25 (0.30) 1.53 (0.30) 0.463 (0.12)
Adrenals 12.50 (4.52) 11.32 (1.31) 21.16 (6.47) 14.30 (4.25)
Kidney 20.77 (1.63) 17.76 (0.28) 21.69 (1.37) 18.64 (4.57)
Lung 2.36 (0.15) 2.97 (1.42) 1.43 (0.25) 1.37 (0.36)
Heart 5.40 (0.61) 4.60 (0.32) 5.17 (0.56) 5.17 (0.86)
Brain 0.08 (0.01) 0.07 (0.00) 0.06 (0.01) 0.05 (0.01)
Heart-to-plasma 28.3 (16.6) 82.2 (15.7) 95.7 (36.9) 303.9 (185.8)
Heart-to-lung 3(0.3) 1.6 (0.7) 3.6 (0.7) 8 (0.6)
Heart-to-liver 4 (0.5) 2.0 (0.2 3.4 (0.8) 11.2 (1.2)

Data are average SUV (followed by SD in parentheses) determined by y-counter measurement for each time point/min.
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FIGURE 3. Uptake of '8F-MitoPhos in control and doxorubicin-treated animals (mean + SD). (A)
Ex vivo biodistribution of collected cardiac tissue (60 min after injection). (B) Average SUV
from 30 to 60 min from left ventricle, lung, and liver time-activity curve, derived from dynamic
PET/CT scan. Statistical analysis was 1-way ANOVA and Dunnett post hoc analysis. *P < 0.05.

***pP < 0.001.

Fig. 2), with relative increases of 469% * 150% and 395% * 146%
for 8F-MitoPhos and *™Tc-sestamibi, respectively (Fig. 2C).

Ex Vivo Biodistribution of '®F-MitoPhos and 8F-FBnTP

Ex vivo tissue biodistribution and image-derived (30-60 min)
SUV data for '8F-MitoPhos and '8F-FBnTP are shown in Table 1.
There was no substantial bone uptake, alongside good metabolic
stability of '3F-MitoPhos in vivo, with 40% of the parent com-
pound still present in plasma at 60 min after injection (Supple-
mental Table 1; Supplemental Fig. 3). In accordance with the
isolated-heart experimental results, fast uptake and high retention
of '8F-MitoPhos were observed in the myocardium of healthy
animals, with an average SUV from ex vivo biodistribution of
5.40 = 0.61 at 5 min after injection and 5.17 = 0.86 at 60 min.
Rapid clearance of '3F-MitoPhos from the plasma, liver, and lungs
was observed, with relative heart-to-tissue ratios of 303.9 = 136.0,
11.2 £ 1.2, and 3.8 = 0.6, respectively, at 60 min. Distinction of
the entire myocardium from all surrounding tissues was apparent
in PET-derived images. Intraanimal variability data for '8F-Mito-
Phos (Supplemental Fig. 4) showed good cardiac uptake repeat-
ability, with an average image-derived cardiac SUV divergence of
8.0% * 4.3% from baseline scans.

I8F-FBnTP showed a biodistribution similar to that of !3F-
MitoPhos, with higher uptake in the heart (SUV, 7.42 = 0.43 at
5 min via ex vivo biodistribution) and rapid clearance from the
bloodstream (Table 1). High liver uptake and retention were ob-
served, with consistent heart-to-liver ratios of around 2 throughout
the 60-min protocol.

Acute Doxorubicin Treatment Model

Progressive weight loss was observed over the 48-h period for
every doxorubicin treatment group, with the 15 mg/kg doxorubi-
cin group showing the greatest weight loss, 7.0% * 1.5%. No
severe adverse effects, as defined by 2 or more persistent signs
of ill health, or unscheduled deaths, were encountered throughout
the acute experiment (Supplemental Table 2). Ex vivo tissue bio-
distribution data support a significant, dose-dependent decrease in
cardiac retention at 60 min after '®F-MitoPhos injection in all
doxorubicin-treated groups, with SUV decreased from 5.3 = 0.9
(control) to 3.4 = 0.3 (20 mg/kg dose of doxorubicin) (P < 0.001)
(Fig. 3A). A strong correlation with cardiac SUV derived from the
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Biomarker and Histologic
Assessment of In Vivo Doxorubicin-
Induced Cardiac Damage

Cardiac troponin-I levels in the plasma
48 h after doxorubicin dosing were below the
limit of detection for the assay (39 pg/mL)
for every sample in each treatment group. No
significant differences in malondialdehyde concentration were de-
tected for cardiac tissue collected at the end of the protocol across
all groups (Supplemental Fig. 7). Histologic assessment of cardiac
damage showed a substantial increase in semiquantitative damage
between control group and doxorubicin-treated groups (Table 2).
Typical examples of cardiac sections are displayed in Supplemental
Figure 8.

Control

15 ma/kg

FIGURE 4. Representative axial, sagittal, and coronal coregistered PET/
CT image (summed from 30 to 60 min) for '8F-MitoPhos in Sprague-Dawley
rats 48 h after doxorubicin dose. Shown are control (top), 15 mg/kg (middle),
and 20 mg/kg (bottom). LV = left ventricle; RV = right ventricle.
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TABLE 2
Histologic Assessment of Hematoxylin- and Eosin-Stained
Tissue Sections of Control and Doxorubicin-Treated

Myocardium
Assessor 1 Assessor 2
Average Average
Dose median Range median Range
Control 0 0-1 0.5 0-2
10 mg/kg 2 0-3 25 0-3
15 mg/kg 25 1-3 2.75 2-3
20 mg/kg 2.25 1-3 25 1-3

Average median denotes median score of each heart (n = 3
sections) averaged over treatment group. Range denotes total
range of sections within treatment group.

DISCUSSION

The long-term cardiotoxic side effects of chemotherapy are
becoming increasingly important as cancer detection and survival
rates increase. The current methods for cardiotoxicity monitoring
rely on structural or mechanical cardiac dysfunction at late stages,
when irreversible damage has already occurred and the optimal
window for intervention has passed. Research into radiolabeled
tracers as potential early identifiers of cardiotoxicity show some po-
tential, but the tracers investigated to date have various limitations.
Here, we showed that '8F-MitoPhos has a favorable pharmaco-
kinetic profile for cardiac imaging and is responsive to doxorubicin-
induced cardiotoxicity in an acute rodent model.

Historically, radiolabeled lipophilic cations have long been used
as myocardial perfusion imaging agents, based on the assumption
that their rapid sequestration into cardiac mitochondria is primarily
limited by their delivery (26,27). However, more recently, the repur-
posing of the approach to report on mitochondrial membrane poten-
tial itself is becoming of interest. Several recent preclinical imaging
studies have investigated the potential of using PET radiolabeled
lipophilic cation tracers in myocardial infarction models (/7,28,29),
as well as for the quantification of cardiotoxicity by SPECT imaging
(18). To directly compare the in vivo performance of '3F-MitoPhos
with that of another lipophilic cation, we chose '8F-FBnTP as the
only PET lipophilic cation agent to be translated into humans.

In the Langendorff perfusion heart model, cardiac retention of '8F-
MitoPhos in control perfused hearts was more than double that of
99mTc_sestamibi, with a higher first-pass extraction and a 4-times-
slower washout rate from 2 min after injection. This finding indicates
that cardiac uptake of '8F-MitoPhos in vivo will likely be higher than
that of 2*™Tc-sestamibi and retained longer. Both tracers exhibited
significant washout in response to mitochondrial depolarization with
the ionophore CCCP, indicating their potential to report on mitochon-
drial dysfunction in vivo.

Our in vivo pharmacokinetic and biodistribution studies con-
firmed high uptake and stable retention of both '8F-MitoPhos and
ISE-FBnTP in the myocardium and efficient washout from blood.
I8F_MitoPhos showed efficient washout from the liver, with heart-
to-liver ratios of more than 11 by 60 min, whereas for '8F-FBnTP
this ratio remained at 2 throughout, in line with previously pub-
lished studies (30). Because of the proximity of the heart to the
liver, high hepatic retention can affect a tracer’s usefulness in car-
diac imaging, with estimations of SUV in the cardiac apex becom-
ing problematic. In human studies this is a major issue for many
cardiac tracers, including '8F-FBnTP, for which ratios are substan-
tially lower in humans than in rodents (<0.2) (37). As such, the
rapid clearance from the liver that '®F-MitoPhos displays may be a
significant advance over currently used agents, warranting further
investigation into its use as a PET cardiac perfusion imaging agent.

In this study, a single acute doxorubicin dose was applied to
investigate the ability of '8F-MitoPhos to image cardiac tissue
damage. To our knowledge, '8F-MitoPhos is the first agent to char-
acterize a PET radiolabeled lipophilic cation for imaging doxoru-
bicin-induced cardiotoxicity. '3F-MitoPhos showed a significant,
dose-dependent decrease in cardiac uptake in animals treated with
doxorubicin, with left ventricular retention decreasing to almost
50% of the value in controls on dynamic scan data. These results
were obtained before detectable plasma levels of the cardiotoxic-
ity biomarker cardiac troponin-I had accrued or significant alter-
ations in cardiac malondialdehyde had occurred.

The lack of biomarker alteration observed in this study is in line
with other acute doxorubicin models in the literature. Biomarker
alterations are generally observed only after a longer time, 72-96
h (24,32), or with higher doxorubicin doses over 48 h (25,33,34).
However, in our model, histologic assessment of cardiac tissue
detected an increase in tissue damage, indicating that mitochon-
dria or mitochondrial membrane potential may be compromised
in the early stages of cardiotoxicity and that changes seen with
I8F-MitoPhos may allow early detection of cardiotoxicity. Another
possibility is a reduction in blood flow due
to cardiac atrophy, which has been seen in
humans and rodents after prolonged expo-

A B sure to doxorubicin (35,36). Although we
8 8 o Control cannot definitively rule out this effect as a
= sl{| v }. 5 % N 4 DOX 15 mglkg contributor, a similar doxorubicin study
2 ¥ : @ %; v DOX 20 mglkg showed no response in the perfusion tracer
£¢ 53388538 & ¢ N i §¥ g 'EEE] 99mTc-N-ethoxy-N-ethyl dithiocarbamato-
B © ¥ iz e . . . . .
g 2 LR N N A T 52 % nitrito, implying no alteration in perfusion,
£ . ) . =% . . but showed a significant decrease in *™Tc-
] = . L 05 10 sestamibi (also a lipophilic cation) (/8). The
i T (0wl " ARSI lack of comparison to other perfusion tracers

FIGURE 5. Time-activity curves (average SUV * SD) for '8F-MitoPhos in Sprague-Dawley rats
for left ventricle. SUVs are displayed over duration of scan (A) and for first minute (B). Significant
decrease in cardiac uptake for both 15 mg/kg and 20 mg/kg dose in myocardium is observed.
Statistical analysis was 2-way ANOVA and Dunnett post hoc analysis. **P < 0.001 for control com-
pared with doxorubicin (DOX), 20 mg/kg. TTP < 0.01 for control compared with doxorubicin, 15 mg/kg.
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is, however, a limitation of the study. Al-
though the initial data presented here on
18F-MitoPhos show promise, additional stud-
ies are required. Chronic models more
representative of clinical procedures would
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allow meaningful comparison to echocardiography techniques and
assessment of clinical translation potential.

CONCLUSION

We have reported the potential of the radiolabeled lipophilic
cation PET tracer '8F-MitoPhos for imaging evolving mitochondrial
cardiotoxicity. '8F-MitoPhos showed improved pharmacokinetic
characteristics over clinically used radiolabeled lipophilic cations,
for the purposes of cardiac imaging, with fast washout from blood
and liver and stable retention in the myocardium. We also found a
significant dose response of '®F-MitoPhos cardiac uptake to an acute
doxorubicin dose 48 h beforehand. These results show that '8F-
MitoPhos is a promising agent for imaging doxorubicin-induced
cardiotoxicity, with potential as an early diagnostic tool. Our results
justify further studies on '8F-MitoPhos in chronic-toxicity models.

DISCLOSURE

A CASE award was funded by the Medical Research Council
(U.K.) and Imanova Ltd. to Stuart McCluskey and by the Biotech-
nology and Biological Sciences Research Council (U.K.), GSK,
and Imanova Ltd. to Anna Haslop. No other potential conflict of
interest relevant to this article was reported.

ACKNOWLEDGMENTS

We thank Drs. Erica Smyth and Roser Farre Garros for assessing
cardiac section damage.

KEY POINTS

QUESTION: Is '8F-MitoPhos applicable for imaging mitochondrial
dysfunction from acute doxorubicin cardiotoxicity?

PERTINENT FINDINGS: The pharmacokinetic profile of 18F-
MitoPhos in rodents is suitable for cardiac imaging, with fast liver
clearance—a notable advantage over current in-human lipophilic
cation tracers. A significant and dose-responsive decrease in 18F-
MitoPhos cardiac uptake was observed on acute doxorubicin
treatment. 18F-MitoPhos shows promise as a cardiac imaging
agent and warrants further investigation for cardiotoxicity
applications.

IMPLICATIONS FOR PATIENT CARE: Early detection of cardi-
otoxicity may improve chemotherapy morbidity rates.
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