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Abstract

Background We aimed to compare the changes in blood metabolomes and cardiac parameters following doxo-
rubicin treatment in HER2-positive and HER2-negative breast cancer patients. Additionally, the potential roles

of changes in blood metabolomes as severity and prognostic markers of doxorubicin-induced cardiotoxicity were
determined.

Methods HER2-positive (n=37) and HER2-negative (n=37) breast cancer patients were enrolled. Cardiac function
assessment and blood collection were performed at baseline and 2 weeks after completion of doxorubicin treat-
ment in all patients, as well as at three months after completion of doxorubicin treatment in HER2-negative breast
cancer patients. Blood obtained at all three-time points was processed for measuring cardiac injury biomarkers. Blood
obtained at baseline and 2 weeks after completion of doxorubicin treatment were also processed for measuring
systemic oxidative stress and 85 metabolome levels.

Results Cardiac injury and systolic dysfunction 2 weeks after completion of doxorubicin treatment were compara-
ble between these two groups of patients. However, only HER2-negative breast cancer patients exhibited increased
systemic oxidative stress and cardiac autonomic dysfunction at this time point. Moreover, 33 and 29 blood metabo-
lomes were altered at 2 weeks after completion of doxorubicin treatment in HER2-positive and HER2-negative breast
cancer patients, respectively. The changes in most of these metabolomes were correlated with the changes in cardiac
parameters, both at 2 weeks and 3 months after completion of doxorubicin treatment.

Conclusions The changes in blood metabolomes following doxorubicin treatment were dependent on HER2 status,
and these changes might serve as severity and prognostic markers of doxorubicin-induced cardiotoxicity.
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Trial registration: The study was conducted under ethical approval from the Institutional Review Board of the Faculty
of Medicine, Chiang Mai University (Registration number: MED-2563-07001; Date: April 28, 2020). The study also com-

plied with the Declaration of Helsinki.
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Introduction

Breast cancer is the most commonly diagnosed cancer
among women [1, 2]. In 2020, there were approximately
2.3 million cases of breast cancer, with expectations to
reach 4.4 million cases in 2070 [1, 2]. The increased inci-
dence of breast cancer is mainly due to the increased
prevalence of breast cancer risk factors such as obesity,
physical inactivity, early menarche, shorter breastfeeding
periods, and the use of oral contraceptive pills [3]. None-
theless, the mortality rate of breast cancer has gradually
declined in the past 30 years [4]. This decreasing trend is
owing to the ability of early detection and the more effec-
tiveness of therapeutic paradigms for breast cancer [4].

According to the National Comprehensive Cancer Net-
work (NCCN)’s clinical guidelines, surgery is the primary
treatment for breast cancer [5]. In addition to surgery,
chemotherapy is considered an adjuvant therapy and a
neoadjuvant therapy for early-stage breast cancer and
locally advanced-stage breast cancer, respectively [5].
Importantly, chemotherapy can be the first-line thera-
peutic regimen for metastatic breast cancer [5]. Anthra-
cyclines have been recognized as a standard component
of chemotherapy for breast cancer since they effectively
improve disease-free survival and overall survival when
compared to other chemotherapeutic agents [6, 7].
Unfortunately, the use of anthracyclines is often limited
due to their adverse effects, especially cardiotoxicity [8].
Currently, dexrazoxane is the only approved medication
to protect against anthracycline-induced heart failure [9].
However, dexrazoxane exerts a myelosuppressive effect
and can cause secondary malignant neoplasm [10, 11].
Therefore, the establishment of safer interventions for the
prevention and treatment of anthracycline-induced heart
failure is required.

Doxorubicin is an anthracycline that is commonly
used as a chemotherapy for breast cancer [12]. Our prior
study demonstrated that doxorubicin led to abnormal
cardiac metabolism, as indicated by the alterations of
cardiac metabolome levels in doxorubicin-treated rats
[13]. Interestingly, these changes were robustly associ-
ated with the development of doxorubicin-induced heart
failure [13]. All of these results supported the fact that
cardiac metabolic impairment is a crucial component of
heart failure [14]. Indeed, it is likely that cardiac metabo-
lism plays an important role in determining the severity
of heart failure induced by doxorubicin. It is well known

that metabolomics in cardiac tissue is an analytical pro-
filing technique that provides an in-depth understand-
ing of cardiac metabolism, both in physiological and
pathological conditions [15]. Unfortunately, measure-
ments of cardiac metabolome levels are rarely possible
in humans. Therefore, non-invasive biomarkers as repre-
sentatives of cardiac metabolism are required in clinical
research and practice. We previously revealed signifi-
cant correlations between blood metabolome levels ver-
sus cardiac metabolome levels and cardiac functions in
doxorubicin-induced heart failure rats, suggesting that
blood metabolomes could be used as severity markers
for doxorubicin-induced heart failure [16]. Nevertheless,
whether blood metabolomes can be used as prognostic
markers for doxorubicin-induced heart failure has never
been investigated.

Besides doxorubicin-induced cardiotoxicity, human
epidermal growth factor receptor 2 (HER2) is also a point
of interest in breast cancer treatment. HER2-positive
breast cancer approximately accounts for 20-25% of all
breast cancer patients [17]. Overexpression of HER?2 is
associated with more aggressiveness of tumors, leading
to increased mortality in HER2-positive breast cancer
patients [18]. For this reason, the adjuvant anti-HER2
treatment, such as trastuzumab, following doxorubicin
treatment is strongly indicated in these patients [19].
However, it was widely observed that HER2 overexpres-
sion protected against systemic oxidative stress in rats
and in breast cancer patients [20-22]. Additionally, it
was discovered that HER2 maintained cardiac contractil-
ity, and hence protected against dilated cardiomyopathy
[23-25]. According to these conflicting roles of HER2,
we hypothesized that the alterations of blood metabo-
lome levels and cardiac functions following doxoru-
bicin treatment are different between HER2-positive
and HER2-negative breast cancer patients. In this study,
we compared the changes in blood metabolome lev-
els, cardiac functions, and cardiac injury biomarkers at
2 weeks after completion of doxorubicin between HER2-
positive and HER2-negative breast cancer patients.
To identify potential severity markers of doxorubicin-
induced heart failure, we also determined the relation-
ships between the changes in blood metabolome levels
and the changes in cardiac functions and cardiac injury
biomarkers at 2 weeks after completion of doxorubicin.
Furthermore, to identify potential prognostic markers
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of doxorubicin-induced heart failure, the correlations
between the changes in blood metabolome levels at
2 weeks after completion of doxorubicin and the changes
in cardiac functions and cardiac injury biomarkers at
three months after completion of doxorubicin were also
determined.

Materials and methods

Participants

Breast cancer patients who visited the Breast Surgery
Clinic at Maharaj Nakorn Chiang Mai Hospital, Chi-
ang Mai University, Chiang Mai, Thailand were enrolled
in this study. The study was conducted under ethical
approval by the Institutional Review Board (Study code:
MED-2563-07001; Date: April 28, 2020) and was regis-
tered at the Thai Clinical Trials Registry (Identification
number: TCTR20200116007). The study also complied
with the Declaration of Helsinki. The informed consent
process was done in all participants.

The inclusion criteria included (1) female
patients>18 years of age, (2) newly diagnosed with
breast cancer, (3) receiving surgical treatment, (4) plan
to receive adjuvant chemotherapy (60 mg/m? of doxoru-
bicin plus 600 mg/m? of cyclophosphamide intravenously
every 21 days for four cycles), and (5) given the informed
consent. The exclusion criteria were (1) metastatic breast
cancer at diagnosis, (2) other active malignancies, (3)
prior history of chemotherapy or chest wall radiation, (4)
prior cardiovascular disease with left ventricular ejection
fraction (LVEF) <53% or severe valvular heart disease, (5)
creatinine clearance<30 mL/min/1.73 m?, (6) baseline
electrocardiogram (ECG) showed corrected QT inter-
val>500 ms, (7) life expectancy<1 year, and (8) preg-
nancy or breastfeeding.

Study protocol

The study protocol is illustrated in Additional file 1: Fig.
S1. After receiving surgical treatment, patients were cat-
egorized into two groups based on their breast cancer
pathology, including (1) HER2 positive and (2) HER2
negative. History taking, physical examination, echo-
cardiography, heart rate variability, and blood collection
were performed on all participants before the beginning
of adjuvant chemotherapy (baseline). Echocardiography,
heart rate variability, and blood collection were also done
in all patients 2 weeks after completion of the adjuvant
chemotherapy, and only in HER2-negative breast cancer
patients three months after completion of the adjuvant
chemotherapy. In other words, HER2-positive breast can-
cer patients were excluded three months after comple-
tion of the adjuvant chemotherapy because they already
received trastuzumab treatment which might confound
the findings. Blood obtained at baseline and 2 weeks after
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completion of adjuvant chemotherapy was processed for
the measurement of cardiac injury biomarkers, systemic
oxidative stress, and metabolomics study. Blood obtained
three months after completion of adjuvant chemotherapy
was processed for the measurement of cardiac injury
biomarkers.

Echocardiography

Complete 2-dimensional transthoracic echocardiogra-
phy (Philips EPIQ CVx, Philips, Amsterdam, the Nether-
lands) under M mode and Doppler mode (pulsed wave,
continuous wave, and color) was performed accord-
ing to the recommendations of the American Society of
Echocardiography [26]. LVEF was measured by modified
biplane Simpson’s technique to determine systolic func-
tion. Diastolic function was determined by early mitral
inflow velocity-to-mitral annular early diastolic velocity
(E/€’) ratio.

Heart rate variability

Holter (GE Seer Light Extend, GE Medical Systems,
Suzuken Company, Limited, Aichi, Japan) monitoring
was used for the measurement of heart rate variability.
The recording duration was 10 min. Frequency-domain
analysis was performed using autoregressive power spec-
tral analysis applied to the RR interval time series accord-
ing to the standard guidelines [27]. The parasympathetic
tone was indicated by a high frequency (HF) in the range
of 0.15-0.40 Hz. On the other hand, a low frequency (LF)
in the range of 0.04—0.15 Hz represented both parasym-
pathetic and sympathetic tones. A high LF/HF ratio indi-
cated a cardiac sympathovagal imbalance, i.e., cardiac
autonomic dysfunction [27].

Cardiac injury biomarkers

Troponin I level in plasma was measured using chemi-
luminescent microparticle immunoassay (the Abbott/
Architect stat high sensitivity Troponin I assay ARCHI-
TECT i2000SR Diagnostic System) according to the man-
ufacturer’s instruction (Abbott Laboratories, Lake Forest,
IL, USA).

N-terminal pro-B-type natriuretic peptide (NT-
proBNP) level was also determined in plasma using
electrochemiluminescence immunoassay (Roche NT-
proBNP assay) according to the manufacturer’s instruc-
tion (Roche Diagnostics, Basel, Switzerland).

Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells were isolated from
fresh blood using a Ficoll density gradient centrifugation
as previously described [28]. Briefly, a ten-minute initial
centrifugation at 1000 relative centrifugal force (RCF)
was performed. Then, white and red blood cells were
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collected and re-suspended in a phosphate buffer saline
solution. After that, white and red blood cells were over-
layered on Ficoll-Paque reagent (Histopaque, Sigma-
Aldrich, Saint Louis, MO, USA) and centrifuged at 400
RCF for 30 min. Subsequently, the ring of peripheral
blood mononuclear cells at the Ficoll/plasma interface
was collected, and then washed with phosphate buffer
saline solution. The viability of peripheral blood mono-
nuclear cells was stained with trypan blue dye, and cell
number was counted by an automatic hemocytometer
(NanoEntek, Waltham, MA, USA).

Cellular oxidative stress in peripheral blood mononuclear
cells

Cellular oxidative stress levels in peripheral blood mon-
onuclear cells were measured to determine systemic
oxidative stress. In detail, 2x10° of peripheral blood
mononuclear cells were stained with 2 pM of dichloro-
dihydro-fluorescein diacetate (DCFH-DA) dye. The
fluorescent intensity of dichlorofluorescein (DCF) indi-
cated cellular oxidative stress level, which was detected
by a flow cytometer (BD FACS Celesta, BD Biosciences,
Franklin Lakes, NJ, USA).

Plasma metabolome extraction

One hundred pL of an ice-cold extraction solvent (1:1:1
of methanol: acetonitrile: acetone) was added to 25 uL of
plasma. The samples were vortexed for 15 s and then cen-
trifuged at 16,800 revolutions per minute (rpm) for ten
minutes at 4 °C. The supernatant was finally collected.

Plasma metabolome levels
A targeted metabolomics approach using liquid chro-
matography coupled with quadrupole time-of-flight
mass spectrometry (LC/Q-TOF MS) was conducted
for the measurement of 85 plasma metabolome levels.
These metabolomes are involved in metabolic pathways
for fuel utilization of the heart, which play crucial roles
in maintaining normal cardiac metabolism, including
amino acids, free fatty acids, acylcarnitines, Krebs cycle
metabolomes, lactate, and acetoacetate [29]. Because
the plasma levels of most glycolysis metabolomes were
lower than the limit of detection of LC/Q-TOF MS [30],
these metabolomes were not included in our plasma
metabolomics study. Phospholipids were also included
as our targeted metabolomes since they are important
structural and functional components of the myocardial
cell membrane and cardiac mitochondrial membrane
[31]. All 85 metabolomes are listed in Additional file 1:
Table S1.

Regarding the liquid chromatography (LC) part, plasma
metabolome levels were quantitated using a 1260 infin-
ity IT LC/6546 Q-TOF MS (Agilent Technologies, Santa
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Clara, CA, USA). The LC condition for each metabolome
is shown in Additional file 1: Table S1. The protocols of
all LC conditions, mass spectrometry parameters, and
data normalization were described in previous studies
[16, 32]. The injection volume was 5 pL.

Statistical analysis

A chi-square test was used to compare the categorical
variables between HER2-positive and HER2-negative
breast cancer patients. For the numerical variables, val-
ues were screened for the normality by Kolmogorov—
Smirnov Test using R (version 4.1.1). The results showed
that all numerical variables were normally distributed,
as indicated by p-values>0.05. Then, Student’s t-test
was applied. An unpaired two-tailed Student’s t-test was
used to compare the numerical variables between these
two groups of patients. A paired Student’s t-test was used
to compare the numerical variables between two-time
points of the same participant. For non-metabolomics
data, a p-value of less than 0.05 was considered statisti-
cally significant. For metabolomics data, each p-value
was adjusted by the Benjamini-Hochberg correction
method using R (version 4.1.1) and MetaboAnalyst (ver-
sion 5.0) [33]. A false discovery rate (FDR) value of less
than 0.05 was considered statistically significant. Pear-
son’s correlation was also used to determine the rela-
tionships between the changes in plasma metabolome
levels versus the changes in cardiac functions and cardiac
injury biomarkers. A p-value of less than 0.05 was con-
sidered statistically significant.

Results

Baseline characteristics of patients

Thirty-seven HER2-positive (51.81+1.73 years of age)
and 37 age-matched HER2-negative (49.57+1.81 years
of age) breast cancer patients were included in this study.
The baseline characteristics of each patient group are
shown in Additional file 1: Table S2. Indeed, age, body
mass index, body surface area, systolic blood pressure,
diastolic blood pressure, and heart rate were not differ-
ent between groups. Additionally, the number of patients
with underlying diseases did not differ between groups.

Cardiac functions, cardiac injury biomarkers, systemic

oxidative stress, and plasma metabolome levels at baseline
Cardiac functions including LVEF, E/e’ ratio, and LF/
HF ratio were evaluated before the beginning of adju-
vant chemotherapy. The results showed that all of these
parameters did not differ between HER2-positive and
HER2-negative breast cancer patients (Fig. 1A-C). Car-
diac injury biomarkers including plasma troponin I and
NT-proBNP levels, and cellular oxidative stress in periph-
eral blood mononuclear cells were not different between
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Blood Mononuclear Cells (F) at Baseline in HER2-Positive Versus HER2-Negative Breast Cancer Patients. n=37 per group. Data are reported
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early diastolic velocity ratio; LF/HF ratio = Low frequency-to-high frequency ratio; NT-proBNP = N-terminal pro B-type natriuretic peptide;

DCF =Dichlorofluorescein

the 2 groups of patients at this timepoint (Fig. 1D-F).
Consistent with cardiac parameters and systemic oxida-
tive stress, baseline plasma metabolome levels were not
different between HER2-positive and HER2-negative
breast cancer patients (see Additional file 1: Table S3).
All of these findings suggested that HER2 status neither
determined baseline cardiac parameters, baseline sys-
temic oxidative stress, nor baseline blood metabolome
levels.

Cardiac functions, cardiac injury biomarkers, and systemic
oxidative stress 2 weeks after completion of doxorubicin
treatment

In HER2-positive breast cancer patients, LVEF was sig-
nificantly decreased 2 weeks after completion of doxo-
rubicin treatment (Fig. 2A), while the E/e’ ratio and LF/
HF ratio were unchanged (Fig. 2B, C). Regarding cardiac
injury biomarkers, plasma troponin I and NT-proBNP
levels of HER2-positive breast cancer patients were sig-
nificantly increased 2 weeks after completion of doxoru-
bicin treatment (Fig. 2D, E). However, cellular oxidative
stress in peripheral blood mononuclear cells of these

patients was not different between these two-time points
(Fig. 2F).

In HER2-negative breast cancer patients, LVEF was
significantly decreased 2 weeks after completion of
doxorubicin treatment (Fig. 3A), whereas E/e’ ratio was
unaltered (Fig. 3B). Unlike their HER2-positive counter-
parts, LE/HF ratio and cellular oxidative stress in periph-
eral blood mononuclear cells of HER2-negative cancer
patients were significantly increased 2 weeks after com-
pletion of doxorubicin treatment (Fig. 3C, F). Plasma
troponin I and NT-proBNP levels were also significantly
increased in these patients at this time point (Fig. 3D, E).

To determine whether the degree of changes in car-
diac parameters and systemic oxidative stress 2 weeks
after completion of doxorubicin treatment was different
between HER2-positive and HER2-negative breast can-
cer patients, the absolute changes in these parameters
were compared between these two groups of patients.
Our results showed that the degree of changes in LVEF
and cardiac injury biomarkers were not different between
groups, while the increases in LF/HF ratio and cellular
oxidative stress in peripheral blood mononuclear cells
were significantly greater in HER2-negative than that of
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Fig. 2 LVEF (A), E/e’Ratio (B), LF/HF ratio (C), Plasma Troponin | (D), Plasma NT-proBNP (E), and Cellular Oxidative Stress in Peripheral Blood
Mononuclear Cells (F) in HER2-Positive Breast Cancer Patients At Baseline Versus 2 Weeks After Completion of Doxorubicin Treatment. n=37.
Data are reported as mean + standard error of the mean (SEM). *p < 0.05 when compared to baseline. LVEF = Left ventricular ejection fraction;
E/e'ratio=Early mitral inflow velocity-to-mitral annular early diastolic velocity ratio; LF/HF ratio=Low frequency-to-high frequency ratio;
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HER2-positive breast cancer patients (Additional file 1:
Fig. S2). All of these findings indicated that cardiac sys-
tolic dysfunction and cardiac injury induced by doxo-
rubicin were not dependent on HER2 status. However,
HER2-negative breast cancer patients were more sus-
ceptible than HER2-positive breast cancer patients in the
development of doxorubicin-induced cardiac autonomic
dysfunction and systemic oxidative stress.

Plasma metabolome levels 2 weeks after completion

of doxorubicin treatment

In HER2-positive breast cancer patients, 33 of 85 plasma
metabolome levels were significantly altered 2 weeks after
completion of doxorubicin treatment, when compared
to those of baseline (Table 1; Additional file 1: Table S4).
These changes were involved in the metabolism of sev-
eral amino acids, including glycine, phenylalanine, and
branched-chain amino acids (Table 1; Additional file 1:
Table S4). In addition, the levels of plasma arachidonic
acid and several fatty acid-derived acylcarnitines in
these patients were significantly decreased 2 weeks after
completion of doxorubicin treatment (Table 1; Addi-
tional file 1: Table S4), suggesting doxorubicin-induced

abnormal fatty acid metabolism. Several plasma phos-
pholipid levels in these patients were also significantly
changed 2 weeks after completion of doxorubicin treat-
ment (Table 1; Additional file 1: Table S4), indicating
the alterations of phospholipid metabolism induced by
doxorubicin.

In HER2-negative breast cancer patients, 29 of 85
plasma metabolome levels were significantly altered
2 weeks after completion of doxorubicin treatment,
when compared to those of baseline (Table 2; Additional
file 1: Table S5). These changes were involved in the
metabolism of several amino acids, including glutamine,
tryptophan, and branched-chain amino acids (Table 2;
Additional file 1: Table S5). Consistent with HER2-pos-
itive breast cancer patients, the levels of plasma arachi-
donic acid and several fatty acid-derived acylcarnitines
in HER2-negative breast cancer patients were signifi-
cantly decreased 2 weeks after completion of doxorubicin
treatment (Table 2; Additional file 1: Table S5). These
indicated doxorubicin-induced abnormal fatty acid
metabolism. Several plasma phospholipid levels in these
patients were also significantly altered 2 weeks after com-
pletion of doxorubicin treatment (Table 2; Additional
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file 1: Table S5), suggesting the changes in phospholipid
metabolism induced by doxorubicin.

Considering only altered plasma metabolomes, 23
plasma metabolomes demonstrated the same trends of
alteration between HER2-positive and HER2-negative
breast cancer patients (Tables 1, 2). However, ten plasma
metabolomes were changed only in HER2-positive breast
cancer patients (Table 3). These metabolomes were
involved in the metabolism of glycine, phenylalanine,
phosphatidic acid, phosphatidylcholine, phosphatidyle-
thanolamine, phosphatidylinositol, and phosphatidyl-
serine (Table 3). Interestingly, six plasma metabolomes
were changed only in HER2-negative breast cancer
patients (Table 3). These metabolomes were involved in
the metabolism of glutamine, tryptophan, and phosphati-
dylglycerol (Table 3). These findings suggested that the
effects of doxorubicin on the alterations of several amino
acid and phospholipid metabolism were dependent on
the HER?2 status.

Changes in blood metabolomes as severity markers

of doxorubicin-induced heart failure

To identify whether the changes in blood metabo-
lomes were associated with the development of

doxorubicin-induced heart failure, we calculated the cor-
relations between the absolute changes in altered plasma
metabolomes 2 weeks after completion of doxorubicin
treatment and the absolute changes in altered cardiac
parameters 2 weeks after completion of doxorubicin
treatment.

In HER2-positive breast cancer patients, the changes in
24 of 33 altered plasma metabolomes 2 weeks after com-
pletion of doxorubicin treatment were significantly cor-
related with the changes in altered cardiac parameters
(either LVEF, plasma troponin I or plasma NT-proBNP)
2 weeks after completion of doxorubicin treatment, as
detailed in Fig. 4.

In HER2-negative breast cancer patients, the changes
in 28 of 29 altered plasma metabolomes 2 weeks after
completion of doxorubicin treatment were significantly
correlated with the changes in altered cardiac parameters
(either LVEF, LF/HF ratio, plasma troponin I, or plasma
NT-proBNP) 2 weeks after completion of doxorubicin
treatment, as detailed in Fig. 5. Interestingly, among six
plasma metabolomes that were significantly changed only
in HER2-negative breast cancer patients, the decreases in
only phosphatidylglycerol (36:1) and phosphatidylglyc-
erol (36:2) were significantly correlated with an increase
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Table 1 List of 33 plasma metabolomes in HER2-positive breast cancer patients that were significantly altered (FDR <0.05) at 2 weeks

after completion of doxorubicin treatment

Significantly altered metabolomes (Total 33 metabolomes)

Fold change when
compared to

baseline
+ Amino acids
Glycine 0.82+0.07
Isoleucine and Leucine 1.19+0.05
Phenylalanine 1.12+0.04
« Branched-chain amino acid-derived acylcarnitines
Propionylcarnitine 0.87+0.05
Isobutyrylcarnitine 0.70+0.04
- Free fatty acids
Arachidonic acid 0.92+0.10
- Fatty acid-derived acylcarnitines
Acetylcarnitine 0.69+0.06
Hexanoylcarnitine 0.62+0.07
Octanoylcarnitine 0.52+0.09
Octenoylcarnitine 042+0.03
Decanoylcarnitine 0.57+0.12
Decenoylcarnitine 0.51+0.05
Lauroylcarnitine 0.70£0.11
Dodecenoylcarnitine 0.64+0.71
Myristoylcarnitine 0.87+0.04
Tetradecenoylcarnitine 0.77£0.11
Tetradecadienoylcarnitine 0.67+0.09
Palmitoylcarnitine 0.88+0.05
Palmitoleoylcarnitine 0.77+0.08
Hexadecadienoylcarnitine 0.77+0.09
Oleylcarnitine 0.79+0.06
Linoleylcarnitine 0.67+0.04
- Krebs' cycle metabolomes
Malate 0.85+0.05
« Phospholipids
Lysophosphatidylcholine (16:0) 0.94+0.02
Lysophosphatidylethanolamine (18:1) 1.79+£0.15
Lysophosphatidylinositol (18:1) 1.33+0.07
Phosphatidic acid (34:1) 2.16+0.39
Phosphatidylcholine (36:1) 1.15+0.04
Phosphatidylcholine (36:2) 1.03+0.02
Phosphatidylethanolamine (34:1) 1.20+0.05
Phosphatidylethanolamine (38:4) 1.48+0.21
Phosphatidylserine (38:4) 1.74+0.20
Phosphatidylserine (40:6) 1.28+0.11

n=237. Fold change of each metabolome was defined as a ratio of metabolome level at 2 weeks and the baseline metabolome level of each patient. Then, data are

reported as mean + standard error of the mean (SEM)
Bold: Significantly increased when compared to baseline

Italic: Significantly decreased when compared to baseline
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Table 2 List of 29 plasma metabolomes in HER2-negative breast cancer patients that were significantly altered (FDR < 0.05) at 2 weeks

after completion of doxorubicin treatment

Significantly altered metabolomes (Total 29 metabolomes)

Fold change when
compared to

baseline
+ Amino acids
Glutamine 1.15+£0.05
Tryptophan 0.82+0.04
« Branched-chain amino acid-derived acylcarnitines
Propionylcarnitine 0.87+0.07
Isobutyrylcarnitine 0.74+0.04
Isovalerylcarnitine 0.83+0.08
- Free fatty acids
Arachidonic acid 086+0.10
- Fatty acid-derived acylcarnitines
Acetylcarnitine 0.74+0.06
Hexanoylcarnitine 0.83+0.10
Octanoylcarnitine 0.57+0.11
Octenoylcarnitine 0.61+0.09
Decanoylcarnitine 0.55+0.11
Decenoylcarnitine 0.57+0.07
Lauroylcarnitine 0.67+0.10
Dodecenoylcarnitine 0.62+0.71
Myristoylcarnitine 0.90+0.03
Tetradecenoylcarnitine 0.76+0.12
Tetradecadienoylcarnitine 0.70£0.11
Palmitoylcarnitine 0.88+0.06
Palmitoleoylcarnitine 0.82+0.08
Hexadecadienoylcarnitine 0.83+0.10
Oleylcarnitine 0.86+0.06
Linoleylcarnitine 0.86+0.07
« Phospholipids
Lysophosphatidylcholine (16:0) 0.93+0.02
Lysophosphatidylethanolamine (18:1) 1.85+0.17
Phosphatidylcholine (36:2) 1.07+£0.02
Phosphatidylglycerol (34:1) 0.88+0.08
Phosphatidylglycerol (36:1) 0.90+£0.05
Phosphatidylglycerol (36:2) 0.92+0.09
Phosphatidylserine (38:4) 1.75+0.15

n=37. Fold change of each metabolome was defined as a ratio of metabolome level at 2 weeks and the baseline metabolome level of each patient. Then, data are

reported as mean + standard error of the mean (SEM)
Bold: Significantly increased when compared to baseline

Italic: Significantly decreased when compared to baseline

in LF/HF ratio, which was found only in HER2-negative
breast cancer patients (Fig. 5).

Among 23 plasma metabolomes that showed the same
trends of alteration between HER2-positive and HER2-
negative breast cancer patients, the changes in some of
these metabolomes exhibited significant correlations
with the changes in cardiac parameters only in HER2-
positive or only in HER2-negative breast cancer patients,

as detailed in Figs. 4, 5. Particularly, the decreases in
medium-chain acylcarnitines derived from fatty acids
were significantly correlated with a reduction in LVEF
only in HER2-negative breast cancer patients (Figs. 4B,
5B). The top five plasma metabolomes that their altera-
tions were significantly correlated with the changes in
each cardiac parameter of HER2-positive and HER2-neg-
ative breast cancer patients are also listed in Additional



Thonusin et al. Journal of Translational Medicine (2024) 22:398

Table 3 List of plasma metabolomes that were significantly
altered (FDR<0.05) only in HER2-positive or HER2-negative
breast cancer patients at 2 weeks after completion of
doxorubicin treatment

HER2-positive breast cancer
patients (total 10 metabolomes)

HER2-negative breast
cancer patients (total 6
metabolomes)

- Glycine + Glutamine

- Isoleucine and leucine - Tryptophan

- Phenylalanine « Isovalerylcarnitine

- Malate « Phosphatidylglycerol (34:1)
- Lysophosphatidylinositol (18:1) « Phosphatidylglycerol (36:1)
- Phosphatidic acid (34:1) « Phosphatidylglycerol (36:2)

- Phosphatidylcholine (36:1)

- Phosphatidylethanolamine (34:1)
- Phosphatidylethanolamine (38:4)
- Phosphatidylserine (40:6)

Data are summarized from Tables 1, 2. In fact, Table 1 represents 33 plasma
metabolomes that were significantly altered (FDR < 0.05) at 2 weeks after
completion of doxorubicin treatment in HER2-positive breast cancer patients,
while Table 2 represents 29 plasma metabolomes that were significantly
altered (FDR < 0.05) at 2 weeks after completion of doxorubicin treatment in
HER2-negative breast cancer patients. According to Table 1, 10 of 33 plasma
metabolomes were significantly altered only in HER2-positive breast cancer
patients, whereas 23 of 33 plasma metabolomes were also significantly altered
in HER2-negative breast cancer patients. According to Table 2, 6 of 29 plasma
metabolomes were significantly altered only in HER2-negative breast cancer
patients, whereas 23 of 29 plasma metabolomes were also significantly altered
in HER2-positive breast cancer patients. Here in Table 3, we showed 10 of 33
plasma metabolomes that were significantly altered only in HER2-positive breast
cancer patients and 6 of 29 plasma metabolomes that were significantly altered
only in HER2-negative breast cancer patients

Bold: Significantly increased when compared to baseline

Italic: Significantly decreased when compared to baseline

file 1: Table S6. All of these results suggested that the
changes in blood metabolomes could be severity markers
of doxorubicin-induced heart failure, and some of these
changes were dependent on HER2 status.

Cardiac functions and cardiac injury biomarkers three
months after completion of doxorubicin treatment

in HER2-negative breast cancer patients

Cardiac functions and cardiac injury biomarkers were
also determined three months after completion of dox-
orubicin treatment. Because trastuzumab treatment
might confound the findings, HER2-positive breast can-
cer patients were excluded from this study timepoint. In
addition, 21 of 37 HER2-negative breast cancer patients
lost their follow-up at this time point. Therefore, 16
HER2-negative breast cancer patients were included.
We found that there was a further decrease in LVEF at
3 months after completion of doxorubicin treatment, as
compared with that 2 weeks after completion of doxoru-
bicin treatment (Fig. 6A). E/e’ ratio remained unchanged
at this time point (Fig. 6B). Interestingly, the restoration
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of LF/HF ratio and plasma troponin I level were dem-
onstrated three months after completion of doxorubicin
treatment, when compared with those 2 weeks after com-
pletion of doxorubicin treatment (Fig. 6C, D). However,
plasma NT-proBNP level was not different between these
two-time points (Fig. 6E).

Changes in blood metabolomes as prognostic markers

of doxorubicin-induced heart failure

To determine whether the changes in blood metabo-
lomes represented the prognosis of doxorubicin-induced
heart failure, we calculated the correlations between
the absolute changes in altered plasma metabolomes
2 weeks after completion of doxorubicin treatment ver-
sus the absolute changes in altered cardiac parameters
three months after completion of doxorubicin treatment.
Of 16 HER2-negative breast cancer patients, our results
showed that the changes in all 29 altered plasma metabo-
lomes 2 weeks after completion of doxorubicin were sig-
nificantly correlated with the changes in altered cardiac
parameters (either LVEF, LE/HF ratio or plasma troponin
I) three months after completion of doxorubicin treat-
ment, as detailed in Fig. 7. These findings suggested that
the changes in blood metabolomes could be prognostic
markers of doxorubicin-induced heart failure.

Discussion

It is well-established that doxorubicin exerts an acute
cardiotoxic effect via a variety of molecular mechanisms,
including oxidative stress, mitochondrial damage, DNA
damage, and cell death [34, 35]. All of which occurs
within days to months, resulting in myocardial injury and
left ventricular (LV) systolic dysfunction [34]. Our find-
ings 2 weeks after completion of doxorubicin treatment
supported these pathophysiologic changes, as indicated
by an increase in cardiac injury biomarkers along with a
decrease in LVEFE. Doxorubicin subsequently results in LV
remodeling within months to years [34, 35]. These also
contribute to LV diastolic dysfunction and worsening of
LV systolic dysfunction, i.e., chronic heart failure [34].
Three months after completion of doxorubicin treatment,
we observed a further decrease in LVEF, a persistent ele-
vation of plasma NT-proBNP level, and a restoration of
plasma troponin I level in our patients. All of these find-
ings indicated doxorubicin-induced chronic heart failure
[34, 36, 37]. Nonetheless, LV diastolic dysfunction was
not developed in our patients three months after com-
pletion of doxorubicin treatment, suggesting that this
time point was too early to exhibit doxorubicin-induced
LV diastolic dysfunction. This suggestion was supported
by previous studies demonstrating that breast cancer
patients developed LV diastolic dysfunction 11 months to
four years following doxorubicin treatment [38, 39].
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Cardiac autonomic dysfunction was previously evi-
denced in doxorubicin-treated patients at the cumulative
dose of 280 mg/m? [40] and 400 mg/m? [41]. According
to our findings, the cumulative dose of 240 mg/m? of
doxorubicin led to cardiac autonomic dysfunction only
in HER2-negative breast cancer patients. Since systemic
oxidative stress was found to be strongly associated with
the development of cardiac autonomic dysfunction [42,
43], this finding was likely due to an elevation of systemic
oxidative stress in these patients 2 weeks after comple-
tion of doxorubicin treatment. This result also supported
the fact that HER2 expression has been shown to protect
against systemic oxidative stress [20-22]. On the other
hand, the degree of cardiac systolic dysfunction and
injury following doxorubicin treatment were comparable
between HER2-positive and HER2-negative breast can-
cer patients despite the difference of oxidative stress level
between these two groups. These findings supported the
results from a previous clinical study, in which cardiac
systolic function was not correlated with the oxidative
stress level [44]. However, future studies are needed to
clearly elucidate why doxorubicin-induced cardiac sys-
tolic dysfunction and injury was not dependent on HER2
status. Interestingly, cardiac autonomic dysfunction in
our HER2-negative breast cancer patients was reversed
at 3 months after completion of doxorubicin treatment.
This was likely due to an increase in plasma glutamine
level that was also observed in these patients 2 weeks
after completion of doxorubicin treatment. Glutamine is
considered as a potent antioxidant [45]. Hence, increased
plasma glutamine levels might have exerted an anti-
oxidative effect against doxorubicin-induced systemic
oxidative stress, leading to an improvement of cardiac
autonomic function. To support this statement, an addi-
tional study measuring antioxidative capacity is required.
Additionally, a previous study in mice found that doxoru-
bicin-induced cardiotoxicity was mediated by a recruit-
ment of macrophages in the heart, as indicated by the
number of F4/80-positive cells [46]. This consequently
resulted in the release of catecholamines and the activa-
tion of beta-adrenergic receptor, contributing to cardiac
sympathovagal imbalance [46]. Therefore, it was likely
that the dynamic alteration of cardiac autonomic func-
tion in our HER2-negative breast cancer patients was
also mediated by the dynamics changes in macrophage
recruitment and catecholamine release. To verify this
statement, a future study evaluating F4/80-positive cells
and measuring plasma catecholamine levels is necessary.

We found the alterations of branched-chain amino
acid-related metabolomes in the plasma of both HER2-
positive and HER2-negative breast cancer patients
2 weeks after completion of doxorubicin treatment,
which was consistent with our previous study in rats [16].
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These results suggested a disruption of branched-chain
amino acid oxidation in the hearts of our patients at this
time point. Significant correlations were also observed
between the changes in some branched-chain amino
acid-related metabolomes and a reduction in LVEF in
both HER2-positive and HER2-negative breast can-
cer patients at 2 weeks after completion of doxorubicin.
These findings supported the concept that abnormal
branched-chain amino acid oxidation is strongly corre-
lated with contractile dysfunction in heart failure [47].
Also consistent with our prior study in rats [13], plasma
levels of several fatty acid-derived acylcarnitines were
decreased in both HER2-positive and HER2-negative
breast cancer patients 2 weeks after completion of dox-
orubicin treatment. These results suggested that there
was a decrease in cardiac fatty acid oxidation following
doxorubicin treatment [13]. Importantly, these findings
supported the fact that decreased fatty acid oxidation is
a major metabolic reprogramming of non-insulin-resist-
ant-induced heart failure [29].

In HER2-positive breast cancer patients, a decrease in
plasma glycine level was revealed 2 weeks after comple-
tion of doxorubicin treatment. Interestingly, a study in
mice observed that glycine administration could protect
against doxorubicin-induced cardiotoxicity [48]. There-
fore, it was likely that this benefit of glycine administra-
tion was mainly due to a restoration of plasma glycine
level. An increase in plasma phenylalanine level along
with a decrease in plasma malate level of HER2-pos-
itive breast cancer patients 2 weeks after completion of
doxorubicin treatment indicated an abnormality of phe-
nylalanine metabolism [49]. Since abnormal phenylala-
nine metabolism has been shown to play a critical role
in the development of cardiac cellular senescence [50],
cardiac cellular senescence induced by abnormal phe-
nylalanine metabolism could be a potential mechanism
mediating doxorubicin-induced heart failure in HER2-
positive breast cancer patients. Nevertheless, the inter-
plays between HER2-positive status, glycine metabolism,
and phenylalanine metabolism should be further clarified
in future studies.

In HER2-negative breast cancer patients, a decrease
in plasma tryptophan level was exhibited 2 weeks after
completion of doxorubicin treatment. It was discovered
that a reduction in plasma tryptophan level indicated
an increase in tryptophan breakdown, which was asso-
ciated with the development of cardiovascular diseases
via an increase in systemic inflammation [51]. Hence,
doxorubicin-induced cardiotoxicity in HER2-negative
breast cancer patients may be potentially mediated by
increased tryptophan breakdown. To support this state-
ment, an additional study identifying the relationships
between HER2-negative status, tryptophan breakdown,
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and systemic inflammation should be established. As
previously mentioned, glutamine is a potent antioxidant
[45]. For this reason, an increase in plasma glutamine lev-
els of HER2-negative breast cancer patients 2 weeks after
completion of doxorubicin treatment was likely due to a
compensatory mechanism to ameliorate doxorubicin-
induced systemic oxidative stress. Importantly, this might
have been a major mechanism mediating a restoration
of heart rate variability in these patients three months
after completion of doxorubicin treatment [42, 43]. Inter-
estingly, a prior study in doxorubicin-treated mice also
showed that mitochondrial transplantation activated glu-
tamine metabolism, as indicated by an increase in blood
glutamine level [52]. This potentially led to a decrease in
cardiac oxidative stress and contributing to an alleviation
of heart failure [52]. All of these findings were valuable
for the development of mitochondrial transplantation
to treat doxorubicin-induced heart failure in clinical
practice.

The alteration of plasma phospholipid levels 2 weeks
after completion of doxorubicin treatment exhibited
different patterns between HER2-positive and HER2-
negative breast cancer patients. Since systemic oxida-
tive stress leads to the modification of phospholipids
[53-55], the different patterns of plasma phospholipid
changes between these two groups of patients were likely
due to the different changes in systemic oxidative stress.
Interestingly, we found a strong correlation between
the decrease in plasma phosphatidylglycerol levels and
an increase in LF/HF ratio 2 weeks after completion of
doxorubicin treatment in HER2-negative breast cancer
patients, suggesting a critical role of phosphatidylglycerol
in the regulation of heart rate variability. Therefore, the
interplays between phosphatidylglycerol, heart rate vari-
ability, and systemic oxidative stress should be elucidated
in the future.

Unlike a prior study in serum of mice treated with
36 mg/kg of doxorubicin [56], we did not observe the
alterations of alanine, aspartate, isoleucine, gluta-
mate, and methionine levels in plasma of our patients
at 2 weeks after completing 240 mg/m?* of doxorubicin
treatment. These contradictory findings may be due to
the different degree of doxorubicin-induced toxicity
between the two studies. Interestingly, that prior study
demonstrated that dexrazoxane could alter several
serum metabolome levels, suggesting that the effect
of dexrazoxane on cardioprotection against doxoru-
bicin was mediated by the improvement of various
metabolic pathways [56]. In other words, these results
also highlighted the roles of blood metabolome levels
as non-invasive markers of doxorubicin-induced car-
diotoxicity. Another previous study in HER2-positive
breast cancer patients revealed the reduction of plasma
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citrate and isocitrate levels in patients who developed
systolic heart failure at three months and six months
after completion of doxorubicin and trastuzumab treat-
ment [57]. On the other hand, the alterations of plasma
citrate and isocitrate levels were not observed in our
HER2-positive breast cancer patients at 2 weeks after
completion of doxorubicin treatment. All of these find-
ings suggested that trastuzumab treatment also caused
the changes in plasma metabolome levels, and hence
the long-term cardiac monitoring in HER2-positive
breast cancer patients is essential.

Two weeks after completion of doxorubicin treatment,
the changes in several altered plasma metabolomes were
found to be correlated with the changes in at least one
of the altered cardiac parameters, both in HER2-positive
and HER2-negative breast cancer patients. Since our
targeted plasma metabolomes are involved in metabolic
pathways for fuel utilization of the heart and cardiac
mitochondrial structure [29, 31], our findings supported
the fact that the disruption of cardiac metabolism in
heart failure can be represented by the extensive changes
in systemic metabolism [14]. Interestingly, significant
correlations between the decreases in medium-chain
acylcarnitines derived from fatty acids and a reduction
in LVEF at this time point were exhibited only in HER2-
negative breast cancer patients. These results suggested
that the impact of decreased cardiac fatty acid oxida-
tion on the development of LV systolic dysfunction was
more apparent in HER2-negative breast cancer patients.
In other words, all of our findings highlighted the roles
of changes in blood metabolomes as potential sever-
ity markers of doxorubicin-induced heart failure, and
some of these changes were dependent on HER?2 status.
However, molecular mechanisms mediating this HER2-
dependent manner should be further determined in the
future.

In HER2-negative breast cancer patients, we found
that the changes in all 29 altered plasma metabolomes
2 weeks after completion of doxorubicin treatment were
correlated with the changes in at least one of the altered
cardiac parameters three months after completion of
doxorubicin treatment. These results suggested that the
changes in blood metabolomes could also be used as
potential prognostic markers of doxorubicin-induced
heart failure. Interestingly, several amino acids and fatty
acid-derived acylcarnitines could be used as prognos-
tic markers, but not severity markers of doxorubicin-
induced heart failure in these patients. These findings
suggested that the alterations of some amino acid and
fatty acid metabolism exert a late effect on the heart in
doxorubicin-treated patients. Nonetheless, a future study
with a longer follow-up duration should be conducted
to identify the roles of changes in blood metabolomes as
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long-term prognostic markers of doxorubicin-induced
cardiotoxicity.

The strength of our study was that here we demon-
strated for the potential application of blood metabo-
lomes as non-invasive markers for evaluating the
severity and prognosis of doxorubicin-induced car-
diotoxicity, both in HER2-positive and HER2-negative
breast cancer patients. However, our study had some
limitations. First, over half of our HER2-negative breast
cancer patients lost their follow-up at three months. This
might affect the generalizability of the results and the
validity and applicability of the conclusions drawn from
the study. For this reason, a future study with a greater
number of participants is required. In addition, our study
failed to clarify the molecular and cellular mechanisms
that mediate the interplays between blood metabolome
levels, doxorubicin-induced cardiotoxicity, and HER2
status of the patients. Hence, future investigations on
these issues are needed.

Conclusion

We demonstrated that the changes in blood metabo-
lomes were different between HER2-positive and HER2-
negative breast cancer patients. In addition, the changes
in some blood metabolomes could potentially be used
as severity markers of doxorubicin-induced heart fail-
ure and were found to be dependent on the HER2 status.
These findings suggested that metabolic interventions
for doxorubicin-induced heart failure in breast cancer
patients should be considered based on their HER2 sta-
tus. Our findings also highlighted the roles of changes in
blood metabolomes as potential prognostic markers of
doxorubicin-induced heart failure. For this reason, early
metabolic interventions could be novel strategies to pro-
tect against doxorubicin-induced heart failure.
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