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BACKGROUND: Anthracycline-related cardiac toxicity is a recognized consequence of cancer therapies. We assess resting
cardiac and skeletal muscle energetics and myocyte, sarcomere, and mitochondrial integrity in patients with breast cancer
receiving epirubicin.

METHODS: In a prospective, mechanistic, observational, longitudinal study, we investigated chemotherapy-naive patients with
breast cancer receiving epirubicin versus sex- and age-matched healthy controls. Resting energetic status of cardiac and
skeletal muscle (phosphocreatine/gamma ATP and inorganic phosphate [Pi]/phosphocreatine, respectively) was assessed
with 3'P-magnetic resonance spectroscopy. Cardiac function and tissue characterization (magnetic resonance imaging and
2D-echocardiography), cardiac biomarkers (serum NT-pro-BNP and high-sensitivity troponin 1), and structural assessments
of skeletal muscle biopsies were obtained. All study assessments were performed before and after chemotherapy.

RESULTS: Twenty-five female patients with breast cancer (median age, 53 years) received a mean epirubicin dose of 304 mg/
m?, and 25 age/sex-matched controls were recruited. Despite comparable baseline cardiac and skeletal muscle energetics
with the healthy controls, after chemotherapy, patients with breast cancer showed a reduction in cardiac phosphocreatine/
gamma ATP ratio (2.0£0.7 versus 1.1£0.5; £=0.001) and an increase in skeletal muscle Pi/phosphocreatine ratio (0.1£0.1
versus 0.2+0.1; P=0.022). This occurred in the context of increases in left ventricular end-systolic and end-diastolic volumes
(P=0.009 and P=0.008, respectively), T1 and T2 mapping (F=0.001 and P=0.028, respectively) but with preserved left
ventricular ejection fraction, mass and global longitudinal strain, and no change in cardiac biomarkers. There was preservation
of the mitochondrial copy number in skeletal muscle biopsies but a significant increase in areas of skeletal muscle degradation
(P=0.001) in patients with breast cancer following chemotherapy. Patients with breast cancer demonstrated a reduction in
skeletal muscle sarcomere number from the prechemotherapy stage compared with healthy controls (P=0.013).

CONCLUSIONS: Contemporary doses of epirubicin for breast cancer treatment result in a significant reduction of cardiac and
skeletal muscle high-energy *'P-metabolism alongside structural skeletal muscle changes.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT044674 11
GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: anthracycline ® breast cancer ® cardiac energetics ® chemotherapy ® skeletal muscle

Correspondence to: Dana Dawson, D.Phil, Polwarth Bldg School of Medicine and Dentistry University of Aberdeen, Foresterhill, Aberdeen AB25 27D, United Kingdom.
Email dana.dawson@abdn.ac.uk

Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/CIRCIMAGING.123.015782.

For Sources of Funding and Disclosures, see page 825.

© 2023 The Authors. Circulation: Cardiovascular Imaging is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health, Inc. This is an open
access article under the terms of the Creative Commons Attribution License, which permits use, distribution, and reproduction in any medium, provided that the original
work is properly cited.

Circulation: Cardiovascular Imaging is available at www.ahajournals.org/journal/circimaging

Circ Cardiovasc Imaging. 2023;16:¢015782. DOI: 10.1161/CIRCIMAGING.123.015782 October 2023 817


https://www.ahajournals.org/journal/circimaging
https://www.ahajournals.org/doi/suppl/10.1161/CIRCIMAGING.123.015782
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-7984-6452
https://orcid.org/0000-0003-0412-2227
https://orcid.org/0000-0002-3670-0741
https://orcid.org/0000-0001-7130-6777
https://orcid.org/0000-0002-6048-1374
https://orcid.org/0000-0001-5983-688X
https://orcid.org/0000-0003-0801-3773
https://orcid.org/0000-0002-2864-5789
https://orcid.org/0000-0003-2815-4469
https://www.clinicaltrials.gov
http://dx.doi.org/10.1161/CIRCIMAGING.123.015782
http://crossmark.crossref.org/dialog/?doi=10.1161%2FCIRCIMAGING.123.015782&domain=pdf&date_stamp=2023-10-17

€202 ‘8T $8go100 uo Aq Hio'sfeunofeye/:dny wouy papeojumoq

Gamble et al

CLINICAL PERSPECTIVE

We have demonstrated impairment of high-energy
phosphate metabolism in the myocardium and skel-
etal muscle, alongside structural changes in the skel-
etal muscle, in low-risk patients with breast cancer
following anthracycline chemotherapy compared with
healthy controls. Although their left ventricular ejec-
tion fraction was preserved and none fulfilled the
current criteria for cancer-related therapy cardiac
dysfunction, the significant reductions in cardiac and
skeletal energetics observed here challenge the view
that anthracycline-induced cardiotoxicity occurs only
in a relatively small proportion of patients.

Nonstandard Abbreviations and Acronyms

YATP v-adenosine triphosphate

ACTN2 alpha-actinin-2

NT-pro-BNP N-terminal pro-B-type natriuretic
peptide

PCr phosphocreatine

Pi inorganic phosphate

TTN titin

nized consequence of cancer therapies. Stages of
cardiotoxicity have been defined based on reduction
of left ventricular ejection fraction (LVEF) and global lon-
gitudinal strain, and a rise in cardiac biomarkers." How-
ever, subtle myocardial changes occur much earlier than
a measurable decline in the LV systolic function, demon-
strated by increases in parametric (T1 and T2) myocar-
dial mapping on cardiac magnetic resonance imaging,?®
which imply the presence of myocardial edema and
other histopathologic abnormalities. Experimental evi-
dence suggests that the mechanisms responsible for
these abnormalities include free radical production with
consequent mitochondrial dysfunction, suppression of
myofilament protein synthesis, and reduction in cardiac
energetics.*®
Thus far, trials of cardioprotective therapies (such as
angiotensin-converting enzyme inhibitors, beta-block-
ers, or statins) during anthracycline chemotherapy did
not prevent a small but measurable reduction in left
venrticular (LV) ejection fraction (EF) after extended
follow-up.6” For the success of primary prevention
therapies, it would be important to have the ability
to detect measurable end points directly related to
specific pathways of myocyte derangement, such as
mitochondria-related cardiac energetics. A decrease
in cardiac energetics has been shown to precede the
subsequent onset of LV dysfunction in vivo in animal

Anthracycline—related cardiac dysfunction is a recog-
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models of anthracycline-induced cardiomyopathy,* but
it remains unknown if this is found in human patients
receiving standard chemotherapy doses. Furthermore,
despite the systemic toxicity profile of anthracyclines,
their effects on skeletal muscle myocytes in humans
are significantly under-investigated. Questions remain
as to whether energetic or structural changes also
occur in skeletal muscle, to indicate skeletal muscle
stress.® This is important as physical exercise training
during chemotherapy has been proposed as a primary
prevention strategy for functional disability.® In this
study, we assess resting cardiac and skeletal muscle
energetics in patients with breast cancer undergoing
anthracycline-based chemotherapy. Using skeletal
muscle biopsies, we simultaneously investigate basic
sarcomere and mitochondrial integrity to distinguish
between functional and structural causes of anthracy-
cline-induced toxicity.

METHODS

Upon reasonable request, the authors will make the data, meth-
ods used in the analysis, and materials used to conduct the
research available to any researcher for purposes of repro-
ducing the results or replicating the procedure, as long as this
does not compromise patient confidentiality, within 1 year of
publication.

Study Design

This was a prospective, mechanistic, observational, longitu-
dinal investigation enrolling a cohort of anthracycline-naive
female patients with breast cancer at Aberdeen Royal Infirmary
between 2021 and 2022. Patients were enrolled if they were
scheduled for adjuvant or neo-adjuvant anthracycline-based
chemotherapy regimen as 3 cycles of b-fluorouracil, epirubi-
cin, and cyclophosphamide followed by 3 cycles of docetaxel.
Patients were studied at 2 time points: at baseline before the
first cycle of chemotherapy and a final examination taking
place within 6 weeks of their last cycle of chemotherapy but
before any radiotherapy-based treatment. A group of healthy
control women was recruited for comparison and studied at
a single time point. Study assessments included cardiac and
skeletal muscle 3'"Phosphorus-spectroscopy, cardiac magnetic
resonance, transthoracic echocardiography, blood sampling,
and skeletal muscle biopsy. The study was approved by the
Institutional Review Board (North of Scotland Ethics Committee
One), and all participants provided informed consent. Two par-
ticipants did not return for follow-up.

Full investigative protocols and analyses of all methodology
described below are presented in the Supplemental Material.
A flow diagram of recruitment and study numbers is shown in
Figure S1.

$1P-Magnetic Resonance Cardiac and Skeletal
Muscle Spectroscopy Acquisition and Analysis

All participants were scanned on a 3T Philips scanner (Achieva,
Philips Medical Systems, Best, the Netherlands). 3'P- Magnetic
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Resonance Spectroscopy was acquired using a 14-cm diam-
eter transmit/receive °'P surface coil (Philips Healthcare,
Best, the Netherlands).’® Skeletal muscle ®'P-spectrsocopy
was performed using the same coil placed over the vastus
lateralis muscle. For in vivo resting cardiac energetics, the
phosphocreatine/y-ATP (YATP) ratio was determined after
the yATP was corrected for blood contamination and satura-
tion correction applied as described previously."" For skeletal
muscle (vastus lateralis) resting energetics, the inorganic phos-
phate (Pi)/phosphocreatine ratio was derived.

Cardiac Magnetic Resonance Imaging
Acquisition and Analysis

A 5-channel phased array surface coil was used to acquire
an ECG-gated cardiac magnetic resonance protocol inclu-
sive of cine imaging, T1/T2 mapping, and late gadolinium
enhancement. Cardiac magnetic resonance images were
analyzed in Circle cvi42 vb.16 (Circle Cardiovascular
Imaging, Calgary, Canada) for deriving indexed LV volumes
and mass, and EF. T1 and T2 maps were analyzed with
the Philips IntelliSpace software Version 11.1 (Koninklijke
Philips N.V,, Amsterdam, the Netherlands). The myocardial
extracellular volume fraction was calculated for the whole
left ventricle. Analysis of all cardiac magnetic resonance
and spectroscopy was performed on anonymized data at the
end of the study and blinded to the pre/post-chemotherapy
status of the participants.

Two-Dimensional Transthoracic

Echocardiography and Image Analysis
Two-dimensional and Doppler Echocardiography was per-
formed using a Vivid E9 system with a 2.5-MHz (M5S) trans-
ducer (GE Vingmed, Horten, Norway) by a British Society of
Echocardiography-accredited sonographer and image analy-
sis performed by 2 experienced operators (D.T.G. and J.S.)
on the TOMTEC-ARENA v6 (Tomtec, Unterschleissheim,
Germany).

Cardiovascular Biomarkers

NT-pro-BNP (N-terminal pro-B-type natriuretic peptide) and
high-sensitivity troponin | were analyzed using an Abbott Alinity
I Immunoassay System Analyser (Abbott, IL).

Skeletal Muscle Biopsies

Skeletal muscle biopsies (10 mg) from the left vastus latera-
lis were obtained with a Bard Magnum disposable core tissue
biopsy needle (Bard Medical, Covington, GA) using an asep-
tic technique, immediately snap-frozen in liquid nitrogen and
placed in dry storage at —80 °C until analysis.

Real-Time Quantitative PCR

Real-time quantitative polymerase chain reaction was per-
formed to determine mitochondrial DNA copy number. Samples
were analyzed on a Roche LightCycler 480 Il (F. Hoffmann-La
Roche AG, Basel, Switzerland) using LightCycler 480 (v1.5.1.62
SP3) software. Data were expressed as mitochondrial copy
number per 10 ng of RNA.
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Transmission Electron Microscopy and
Immunofluorescence Confocal Laser
Microscopy

Transmission electron microscopy was processed as
described.'? Areas that demonstrated breakdown of the normal
cytoplasmic organelles and sarcomeric apparatus were mea-
sured from electron micrographs and demarcated as areas of
degradation as previously described.’' These were calculated
as percentage degradation of full skeletal muscle areas (each
biopsy, 225000 um2).

Confocal laser microscopy imaging for quantitation of sar-
comere loss was done as previously described.'® The number
of striation signals (sarcomere bands) within a 100-pm?2 cell
area was calculated on immunofluorescent images labeled with
primary antibody TTN-Z (fitin). One Z-disc signal was counted
as 1 sarcomere. A total of 400 to 800 antibody-marked stria-
tion signals were counted per sample. To allow for intersample
comparison, we measured the immunofluorescent signals at a
sarcomere length of minimum of 1.8 pm.

Statistical Analysis

Statistical analysis was performed using IBM SPSS statis-
tics Version 28.0. Descriptive statistics were presented as
meanSD or number (%), unless stated otherwise. To detect
a change from baseline to post-chemotherapy follow-up in
patients with breast cancer of 0.5 (SD difference, 0.6) for
the primary end point of phosphocreatine/yATP ratio, with
p=0.8, and a 2-sided significance level of 0.05, the sample
size required 12 participants for paired follow-up. Comparisons
between healthy volunteers and patients with breast can-
cer were made using ANOVA for all response variables and
logistic regression for binary categorical measures. Body mass
index was included as a covariate in the ANOVA and logistic
regression analysis. Comparisons between patients with breast
cancer at baseline and after chemotherapy were made using
paired samples t tests. A mixed linear model was used for all
other data with study visits as a fixed effect and the unique
participant identifier as a random effect. Statistical significance
was set at 0.05.

RESULTS

Twenty-five female patients with breast cancer and 25
age/sex-matched controls were recruited. Participants’
baseline characteristics are presented in Table 1. The
median age of the breast cancer group was 53 years
(range, 32-74 years), they had a mean body mass index
of 30 kg/m? and minimal cardiovascular comorbidities
with only 2 (8%) participants receiving renin-angioten-
sin inhibitor treatment for hypertension. All patients with
breast cancer received 5-fluorouracil, epirubicin, cyclo-
phosphamide, and docetaxel as their chemotherapy
regimen with a cumulative epirubicin dose of 304£20
mg/m? Three participants (12%) also received trastu-
zumab. The median follow-up time from the first date
of chemotherapy to their final study visit was 145 days
(range, 123-265 days). The healthy volunteer group
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Table 1. Controls and Breast Cancer Participants Clinical
Characteristics, Pathology, and Treatment

Patients
Healthy with breast
volunteers | cancer
(n=25) (n=25) P value
Age, y; median (range) 51 (23-71) | 53 (32-74) | 0.141
Body mass index 26.4t4.1 29.716.7 0.045
Current/ex smoker 4 (14) 8 (24) 0.185
Framingham risk score for 10-y 1.4%+11 3.7+£2.7 0.119
risk of Ml or death, (%)
Follow-up time, d; 145
median (range) (123-265)
Comorbidities
Hypertension 0 (0) 2 (8) 0.149
Ischemic heart disease 0(0) 0(0)
Diabetes 0(0) 0(0)
Atrial fibrillation or flutter 0 (0) 0 (0)
Hypercholesterolemia 0 (0) 0 (0)
Medication
Angiotensin-converting enzyme 0(0) 2(8) 0.149
inhibitors
Beta blocker 0 (0) 0 (0)
Antiplatelets/anticoagulants 0 (0) 0(0)
Statin 0(0) 0(0)
Hematology and biochemistry
Hemoglobin g/L 140.0+6.6 138.418.4 | 0.607
Hematocrit L/L 0.4%+0.02 0.4%+0.02 0.883
eGFR mL/min per m? >60 >60 0.540
Cholesterol mmol/L 5.6+0.8 6.1+£0.9 0.150
C-reactive protein mg/L 2.0+1.3 4.6+3.5 0.008
Breast cancer location
Right sided 9 (36)
Left sided 15 (60)
Bilateral 1(4)
Oncological treatment regimen and dose
Chemotherapy duration, d; 112
median (range) (105-232)
Adjuvant 23 (92)
Neo-adjuvant 2 (8)
FEC-T 25 (100)
Mean cumulative epirubicin 304.2+20.4
dose, mg/m?
Aromatase inhibitors 13 (52)
Bisphosphonates 18 (72)
Goserelin 7 (28)
Trastuzumab 3(12)

Data shown as mean+SD or number (%), unless stated otherwise. eGFR
indicates estimated glomerular filtration rate; FEC-T, fluorouracil (5FU), epirubicin,
cyclophosphamide, docetaxel; and MI, myocardial infarction.

had a median age of 51 years (range, 2371 years), a
mean body mass index of 26 kg/m? and were free of
any health conditions.
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Cardiac Energetics, Cardiac Magnetic
Resonance Imaging, 2D-Echocardiography, and
Cardiac Biomarkers

There was no difference in the myocardial corrected
phosphocreatine/yATP ratio nor the indexed LV end-
diastolic or end-systolic volumes, indexed LV mass,
cardiac magnetic resonance imaging, or echocar-
diography-derived LVEF, T1 mapping, T2 mapping
or global longitudinal strain between the healthy vol-
unteers and the patients with breast cancer before
chemotherapy—Table 2.

However, following chemotherapy, patients with
breast cancer had a significant reduction in the myocar-
dial corrected phosphocreatine/yATP ratio compared
with their own baseline at prechemotherapy assess-
ment (1.12£0.5 versus 2.0+0.7; P=0.001)—Table 2
and Figure 1. This was accompanied by increases in
indexed LV end-diastolic (F=0.008) and end-systolic
(P=0.009) volumes, as well as LV native T1 (F=0.001)
and T2 (P=0.028) mapping in the patients with breast
cancer after chemotherapy compared with their base-
line. Conversely, their LVEF, indexed LV mass, extracel-
lular volume fraction, and echocardiography-derived
global longitudinal strain remained unchanged post-
chemotherapy—Table 2. Therefore, at the point of
follow-up, no participants developed chemotherapy-
related cardiotoxicity as defined in the European
Society of Cardiology guidelines.'® There was no late
gadolinium enhancement in patients with breast can-
cer before, or after chemotherapy. There was no corre-
lation between LVEF and phosphocreatine/yATP ratio
at follow-up (P=0.721). There was no significant dif-
ference in NT-pro-BNP (P=0.076) or high-sensitivity
troponin | (P=0.83b) in patients with breast cancer
after chemotherapy compared with prechemotherapy
or healthy controls.

Skeletal Muscle Energetics and Structural
Integrity

There was no significant difference in the Pi/phospho-
creatine ratio between healthy volunteers and patients
with breast cancer at prechemotherapy stage (P=0.890).
However, there was a significant increase in Pi/phos-
phocreatine ratio measured in breast cancer patients’
post-chemotherapy (0.22+0.14 versus 0.13%0.05;
P=0.022)—Table 3 and Figure 1.

There was no significant difference in skeletal
muscle pH ratio between healthy volunteers and
patients with breast cancer at baseline (P=0.116)
or between patients with breast cancer at base-
line and at follow-up (P=0.758). Real-time quan-
titative phosphocreatine showed comparable copy
number of mitochondria in healthy volunteers and
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Table 2. Cardiac Energetics, Cardiac Magnetic Resonance Imaging, 2D-Echocardiography, and Serum Cardiac Biomarkers

Baseline P value healthy Following P value
prechemotherapy controls vs patients | chemotherapy patients with breast
patients with breast | with breast cancer patients with breast | cancer at baseline
Healthy controls cancer at baseline cancer vs at follow-up
Cardiac *'P-magnetic resonance spectroscopy (n=15 per group)
PCr/yATP ratio 2.310.6 2.0+0.7 0.513 1.1+£0.5 0.001
Cardiac magnetic resonance (n=22 per group)
Indexed LV end diastolic volume, 62.4+13.5 64.71£9.8 0.546 70.2£13.4 0.009
mL/m?
Indexed LV systolic volume, mL/m? 20.1+5.0 22.6+5.0 0.136 26.1+6.7 0.008
Indexed LV mass, g/m? 60.6£5.5 56.3+£8.6 0.159 52.7+6.3 0.111
Ejection fraction 68.11£5.2 65.5+4.7 0.107 63.3+5.6 0.140
T1 left ventricle, ms 1274.2+22.9 1289.1£29.2 0.118 1317.91£29.4 0.001
T2 left ventricle, ms 48.0+1.8 50.413.8 0.110 54.0+6.3 0.028
Extracellular volume fraction left 0.284+0.02 0.31£0.03 0.078
ventricle
Echocardiography (n=25 per group)
Ejection fraction 65.714.1 65.916.1 0.757 63.215.0 0.155
Global longitudinal strain —19.8+1.6 —22.7+£3.9 0.086 —20.8+4.8 0.200
Cardiac biomarkers (n=25 per group)
N-terminal pro-B-type natriuretic 60.2+£21.5 49.0+24.9 0.211 88.5%+76.0 0.076
peptide, pg/mL
High-sensitivity troponin I, ng/L 3.616.2 3.7t6.5 0.970 6.4+11.3 0.835

Data shown as mean®SD. YATP indicates gamma ATP; LV, left ventricular; and PCr, phosphocreatine.

prechemotherapy breast cancer patients (P=0.730).
There was no loss in the number of mitochondria of
skeletal muscle cells in post-chemotherapy breast
cancer patients (P=0.590) (Table 3). Transmission
electron microscopy did not show any difference in
the measured area of skeletal muscle degradation
between the healthy volunteers and prechemotherapy
breast cancer patients (P=0.203). However, there
was a significant increase in skeletal muscle degra-
dation in the patients with breast cancer post- com-
pared with prechemotherapy compared with baseline
(P=0.001)—Table 3 and Figure 2. Immunofluorescent
confocal microscopy showed a significant reduc-
tion in sarcomere count per unit area (S/A [pm2]) in
patients with breast cancer compared with controls
(P=0.013). There was no difference in sarcomere
number in the patients with breast cancer before
and after chemotherapy (P=0.112)—Table 3 and Fig-
ure 3. The observed cardiac and skeletal muscle find-
ings remained unchanged when those participants
who also received Trastuzumab (n=3) were removed
from the analysis, inclusive of the primary end point
of cardiac phosphocreatine/yATP ratio (1.9+0.5
versus 1.2+0.5; P=0.004). There was no associa-
tion between participants’ body mass index and the
impairments of high-energy phosphate metabolism in
cardiac (P=0.478) and skeletal muscle (P=0.729).

Circ Cardiovasc Imaging. 2023;16:¢015782. DOI: 10.1161/CIRCIMAGING.123.015782

DISCUSSION

In this prospective study, we report significant reduc-
tions in resting cardiac and skeletal muscle energetics in
patients with breast cancer after administration of stan-
dard clinical doses of anthracycline chemotherapy. There
was preservation of the number of skeletal muscle mito-
chondria but increased skeletal muscle degradation after
epirubicin-containing chemotherapy. Patients with breast
cancer had reduced numbers of sarcomeres compared
with healthy controls from prechemotherapy stage.

This is the first human study to demonstrate impair-
ment of LV high-energy phosphate metabolism in
patients with breast cancer following administration of
contemporary doses of anthracyclines. Our center uses
epirubicin, an anthracycline with a lesser cardiotoxic
profile compared with the more widely used doxorubi-
cin.'” The studied patient cohort had a very low car-
diovascular risk profile; thus, we are confident that we
have evaluated the effect of chemotherapy on myocar-
dial energetics without the confounding contribution
of other comorbidities. Despite their low cardiovascu-
lar risk profile, small increases in indexed LV volumes
and parametric mapping were detected, in keeping with
several previous reports.'® However, at this stage of
follow-up, we did not observe a reduction in the LVEF
nor LV mass, both of which may have been adversely
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Figure 1. *'P-magnetic resonance spectroscopy for cardiac and skeletal muscle energetics.

Data shown as box plots/error bars and superimposed individual, paired data points with mean line, box for SDs and error bars for minimum
and maximum. A, Corrected phosphocreatine (PCr)/gamma ATP (yATP) in the myocardium and (B) inorganic phosphate (Pi)/PCr in the skeletal
muscle, for healthy controls and patients with breast cancer before chemotherapy and after chemotherapy. Below are example spectra showing
PCr, v, B, and o ATP, and 2,3-diphosphoglycerate (2,3 DPG) peaks in healthy volunteers (C) and in paired patients with breast cancer before
(D) and after (E) chemotherapy; Pi, PCr and v, 3, and a ATP peaks in healthy volunteers (F) and in paired patients with breast cancer before

(G) and after (H) chemotherapy.

affected by more prevalent comorbidities in previously
reported patients.’®?° It is known from experimental ani-
mal models that increase in myocardial T1/T2 mapping
reflective of myocardial edema, intracytoplasmic vacu-
olization, and myofibril loss are detectable as early as 6
weeks.?'?? After chemotherapy, our patients with breast
cancer also showed increases in T1/T2 mapping but
having not done multiple points-serial assessments, we
were not able to assess the relative time points of resting
cardiac energetics decline versus increased parametric
mapping during chemotherapy. The main purpose of our
investigation was to detect if resting myocardial ener-
getics is adversely affected in human patients, which
we herewith confirmed. Importantly, this was detected
in the absence of a decline in LVEF or loss of myocar-
dial mass or increase of cardiac biomarkers. In a recent
prospective study, obesity was associated (odds ratio,
3.02 [95% CI, 1.10-8.25]; P=0.03) with an important
increase in risk-related cardiotoxicity??; however, in our
study, there was no association between participants’
body mass index and the impairments of high-energy
phosphate metabolism in cardiac and skeletal muscle.
In a recent meta-analysis, most studies demonstrated

Circ Cardiovasc Imaging. 2023;16:¢015782. DOI: 10.1161/CIRCIMAGING.123.015782

a reduction in LVEF following doxorubicin therapy.®*
However, in our study, no participants developed che-
motherapy-related cardiotoxicity as defined in the Euro-
pean Society of Cardiology guidelines,'® at the point of
follow-up. This reinforces prior evidence that epirubicin
may be less cardiotoxic. The heart is a known omni-
vore, able to generate energy from glycolysis, fatty acid
oxidation, as well as, other substrates such as ketone
bodies?® or branched-chain amino-acids,”® to meet the
high-energy requirements of 6 kg ATP per day. There-
fore, the demonstration of energetics impairment opens
new avenues of exploring cardioprotection, for example,
with metabolic modulators®” or medications that prefer-
entially change metabolic substrate availability.?® It has
been demonstrated that empagliflozin improves cardiac
remodeling and heart failure in animal models leading to
a switch in myocardial fuel utilization away from glucose
with consequent improvement in myocardial energet-
ics and LV systolic function.?® These findings suggest
that targeting mitochondrial energetics directly may
represent a new avenue for chemotherapy-induced car-
diotoxicity therapeutics. While anthracycline-based che-
motherapy is well known to negatively impact cardiac
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Table 3. Skeletal Muscle Energetics and Structural Integrity

Skeletal muscle ®'P-magnetic resonance spectroscopy (n=17 per group)

Pi/PCr ratio 0.13%0.02 0.13%£0.05

0.890 0.221+0.14 0.022

pH 7.03%0.01 7.05%0.04

0.116 7.05+0.1 0.758

Skeletal muscle mitochondrial copy number (n=5 per group)

Mitochondrial copy number/10 ng RNA ‘ 3.7x10°+2.44x10° | 3.2x10°£2.1x10° ‘ 0.730 ‘ 3.8x10°+1.4x10° ‘ 0.590
Skeletal muscle degradation (n=3 per group)

Area of skeletal muscle degradation ‘ 2.7£1.0 ‘ 4.4%1.7 ‘ 0.203 ‘ 23.51+2.6 ‘ 0.001
Skeletal muscle sarcomere number (n=3 per group)

Sarcomere number (S/A [um?]) ‘ 0.5+0.01 ‘ 0.4+0.05 ‘ 0.013 ‘ 0.3+0.002 ‘ 0.112

Data shown as mean%SD. n indicates number of subjects; PCr, phosphocreatine; Pi, inorganic phosphate; and S/A, surface area.

function, the impact on skeletal muscle has received
much less attention. Our findings substantiate those
demonstrated in a recent prospective cohort study in
patients with breast cancer treated with anthracycline
chemotherapy, which also showed an increase in pi/
phosphocreatine ratio in patients after chemotherapy,
both at rest and after incremental intensity workloads.®
Increasing pi/phosphocreatine ratio reflects greater
ADP accumulation which triggers increased phospho-
creatine breakdown to compensate for inadequate
ATP production.®" Our data show that the number of
skeletal muscle mitochondria was comparable between

cancer patients and healthy controls, both before and
after chemotherapy. The observation that mitochon-
drial number was not reduced in our study suggests
that the energetic impairment is related to the function
of mitochondria not their overall number at this early
stage. We also noted other significant perturbations of
muscle homeostasis. First, cancer patients had reduced
skeletal muscle sarcomere number, suggesting that the
well-known associated sarcopenic process previously
described in late cancer stages®% might in fact com-
mence much earlier than previously appreciated. Such
reductions in skeletal muscle sarcomere number have

Figure 2. Transmission electron
microscopy of skeletal muscle
showing demarcated (green
contours) areas of degradation.
Examples from (A) healthy volunteers, (B)
patients with breast cancer at baseline,
and (C) patients with breast cancer
following anthracycline chemotherapy.

Circ Cardiovasc Imaging. 2023;16:¢015782. DOI: 10.1161/CIRCIMAGING.123.015782
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Figure 3. Confocal laser scanning microscopy analysis of skeletal muscle.
Immunofluorescence staining was done against TTN-Z (titin; red) and ACTN2 (alpha-actinin-2; green) epitopes and merged (Z-disc);
examples from (A) healthy volunteers, (B) patients with breast cancer at baseline, and (C) patients with breast cancer following anthracycline

chemotherapy.

been documented in under-stretch conditions includ-
ing chronic immobilization, this change in the number
of contractile units leads to reduced active force gen-
eration within muscle fibers3* To our knowledge, this
is the first time such findings have been reported and
it may represent a systemic feature of cancer. The
skeletal muscle sarcomere number in our study was
not negatively affected by chemotherapy administra-
tion, although we acknowledge the sample size may
have been too small to conclude on this. Second, we
observed an increase in areas of muscle degradation on
electron microscopy after chemotherapy administration.
These likely represent disrupted cytoplasmic organelles
representing muscle breakdown, which are usually the
precursors of fatty infiltration and muscle fibrosis.33¢
These add further to the knowledge of anthracycline-
based chemotherapy being causative in the loss of
skeletal muscle mass resulting in sarcopenia®” and
impaired contractile function.®® These degradation
areas show a transition of muscle cells into lipomatous
tissue and granular-filamentous aggregates seen in pri-
mary myopathies or myopathies secondary to chronic
systemic conditions.®® Future studies should focus on
correlating skeletal muscle degradation with functional
assessments, to further explore their impact on func-
tional capacity. These findings of structural changes
and impaired energetics within the skeletal muscle may
provide explanation for the high prevalence of fatigue
and functional disability*® in these patients. These have
direct clinical relevance as exercise rehabilitation during
active chemotherapy is part of the current guidelines

Circ Cardiovasc Imaging. 2023;16:¢015782. DOI: 10.1161/CIRCIMAGING.123.015782

and recommendations and within the patients’ antici-
pated expectations.® Perhaps unsurprisingly, the early
results from randomized controlled studies of exercise
training in patients with breast cancer showed that
despite an increased peak oxygen consumption derived
from training, functional disability was not attenuated.*'
Further work is needed to address primary prevention
of cardiac and skeletal muscle dysfunction resulting
from cancer therapies.

Limitations

This was a single-center study with a relatively small
sample size of low cardiac risk patients with breast can-
cer. Our findings are confined to the chemotherapy regi-
mens applied within this study. Due to the predominance
of White women with breast cancer in our catchment
area, our results may not be applicable to other eth-
nicities or higher risk patients, or those with a different
malignancy or clinical profile. The relatively small number
of skeletal muscle biopsy assessment in this study is a
limitation and future studies in larger numbers should be
conducted to confirm these findings.

Conclusions

We demonstrate the impairment of high-energy phos-
phate metabolism in the myocardium and skeletal
muscle of patients with breast cancer following anthra-
cycline chemotherapy. We also demonstrated structural
changes in the skeletal muscle both predating and after
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chemotherapy in cancer patients compared with healthy
controls.
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