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Abstract: Doxorubicin (DOX)-induced cardiotoxicity is a major limitation to its clinical application. Cardiotoxicity of 
DOX is dose-dependent that begins with the first dose. Oxidative stress and inflammation are involved in DOX-related 
cardiotoxicity. This study aimed to determine whether multiple markers of inflammation, hypercoagulability and en-
dothelial injury correlate with the risk of early DOX-induced cardiotoxicity in breast cancer patients. Blood samples of 
51 breast cancer patients treated with DOX-based chemotherapy were collected before (baseline) and after the first 
cycle of chemotherapy. The risk of cardiotoxicity was defined as an asymptomatic reduction of cardiac left ventricle 
ejection fraction (LVEF) >10% at completion of chemotherapy versus baseline. Plasma samples were examined for 
multiple biomarkers of inflammation, hypercoagulability and endothelial dysfunction, including C-reactive protein 
(CRP), thrombomodulin (TM), thrombin-antithrombin complex (TAT), myeloperoxidase (MPO), von Willebrand factor 
(vWF) and P-selectin. Surrogate markers of neutrophil extracellular traps (NETs) nucleosomes and double stranded 
DNA (dsDNA) were also measured. Patients with abnormal decline of LVEF >10% (n=21) had significantly elevated 
levels of MPO and TM both at baseline, and after the first dose of DOX-based chemotherapy relative to patients with 
normal LVEF (n=30) after adjusting for race, age, BMI and type of breast cancer. The first dose of DOX also induced 
significantly higher circulating levels of TAT complex and nucleosomes in patients at risk of cardiotoxicity in compari-
son with patients without. The comparison between the means of the biomarkers in after-before DOX-based che-
motherapy of the two groups of patients showed significant differences for MPO, TAT complex and CRP. The results 
from this study suggest that the risk of DOX-induced cardiotoxicity in breast cancer is associated with endothelial 
dysfunction, inflammation and prothrombotic state before and after the first dose of chemotherapy. 
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Introduction

Doxorubicin (DOX), a commonly used antican-
cer agent is known for the unpredictable car- 
diotoxicity that limits its dosing and impacts 
patient’s survival and quality of life indepen-
dently of the oncological prognosis [1, 2]. DOX-
induced cardiotoxicity is cumulative dose-de- 
pendent that begins with the first dose with 

asymptomatic myocardial injury and may prog-
ress to irreversible symptomatic heart failure 
(HF) years after treatment [3, 4]. The damaging 
effects of DOX on the heart often are not detect-
ed until years after cessation of the chemother-
apy, therefore it is important to identify patients 
at risk before or at the early doses of chemo-
therapy [5, 6]. Because the mechanism of DOX-
induced cardiotoxicity is not completely uncov-

http://www.ajcr.us


Biomarkers of doxorubicin-induced cardiotoxicity in breast cancer

2934	 Am J Cancer Res 2020;10(9):2933-2945

ered, to date there are no tools to predict it or 
prevent it. Current routine methods of quantify-
ing LVEF such as multigated acquisition (MUGA) 
scan and echocardiography lack sensitivity to 
detect the early subclinical cardiac damage [7, 
8]. Blood cardiac biomarkers, such as cardiac 
troponins and B-type natriuretic peptide (BNP) 
have been used in the diagnostics of cardiac 
injury and heart failure [9-11], but several stud-
ies [12, 13], including our previous study [14], 
failed to detect the subclinical DOX-induced 
cardiotoxicity.

The formation of free radicals with oxidative 
stress is considered a primary mechanism of 
DOX cardiotoxicity along with multiple others 
(i.e. binding to topoisomerases, dysregulation 
of Ca2+ homeostasis, activation of the ubiqui-
tin-proteasome system, release of vasoactive 
amines, impaired cardiac repair) [15]. Traditi- 
onally, DOX-induced cardiotoxicity is focused  
on the effects on cardiomyocytes that lead to 
contractile dysfunction, however recent studi- 
es have focused on DOX-induced systemic in- 
flammation and endothelial injury, which can 
possibly trigger the development and progres-
sion of cardiomyopathy [16]. Previous data in- 
dicate that the early subclinical DOX-induced 
cardiotoxicity in breast cancer patients is as- 
sociated with increased expression of neutro-
phil-specific genes (i.e. DEFA 1-4, MPO, BPI, 
CAMP, CTSG, PGLYRP1, CD177, S100A12) [17] 
and circulating chemokines implicated in in- 
flammatory response and immune trafficking 
(i.e. CCL23, CCL27 and MIF) [14]. Neutrophils 
are early responders to stimuli that lead to tis-
sue injury, including inflammation, infection, 
trauma, cancer, and thrombosis [18, 19]. Ac- 
tivated neutrophils release the components of 
the neutrophil granules, including heme-enzy- 
me myeloperoxidase (MPO), serine proteases, 
alpha-defensins and bactericidal proteins, whi- 
ch in addition to their antimicrobial activity are 
also involved in several inflammation-associat-
ed diseases [20, 21]. Neutrophils have been 
implicated in the progression of cardiovascular 
diseases including atherosclerosis, thrombos- 
is and acute coronary syndrome [22]. Neutro- 
phil granule proteins predictive of infarct size, 
LVEF, new cardiovascular events, and death af- 
ter acute myocardial infarction [23, 24]. Recent 
study showed increased infiltration of neutro-
phils in the heart tissue of mice with DOX-
induced cardiotoxicity, and incubation of car- 

diac fibroblasts with DOX in vitro resulted in 
upregulation of several inflammatory cytokines 
[25, 26]. More recently, neutrophil extracellu- 
lar traps (NETs) have been recognized as an 
additional mechanism of defense through a 
process called NETosis [27, 28]. NETs can acti-
vate endothelial cells and platelets, resulting  
in endothelial dysfunction, proinflammatory im- 
mune response, and thrombotic lesions [29]. 
Furthermore, endothelial dysfunction has been 
associated with cardiovascular disease, such 
as hypertension, coronary artery disease, ch- 
ronic heart failure, peripheral artery disease, 
diabetes [16, 30, 31]. Evidence indicates that 
NETs play important role in thrombosis [32].  
In cancer, including breast cancer, NETs have 
been shown to sequester circulating tumor 
cells and to promote metastasis and the inhibi-
tion of components of NETs has been tested  
in various studies to reduce metastasis in can-
cer [33, 34]. DOX increased significantly the 
cell-free DNA, considered a surrogate marker 
of NETs, in a dose-dependent manner with a 
corresponding elevation of TAT complex in ani-
mal studies [35]. 

Cancer patients are at increased risk of deep 
vein thrombosis and pulmonary embolism [36, 
37]. Clinically detectable venous thromboem-
bolism is present in 15% of all cancer patients, 
and the number is likely to be even higher when 
subclinical thromboembolism is taken into ac- 
count [38]. In patients with breast cancer, the 
baseline risk for thrombosis is <1% [39], but 
increases significantly following chemotherapy 
treatment up to 5-17% [40, 41]. Furthermore, 
cancer chemotherapy increases the risk of  
cancer-related thrombosis, which is a major 
risk factor for cardiovascular diseases [42, 43]. 

A number of reports indicate that plasma le- 
vels of inflammatory markers increased in ch- 
ronic heart failure (HF) and could also be sub-
clinical indicators of future HF [44]. Inflammati- 
on is strictly correlated with clotting activation 
and prognosis in heart failure [45]. DOX induc-
es severe inflammatory responses in various 
organs including liver, kidney, intestine and bl- 
ood vessels, in addition to its major adverse 
effect of cardiac toxicity [46]. The association 
between inflammation, hypercoagulability and 
the risk of DOX-induced cardiotoxicity has not 
been previously reported. Therefore, the aim of 
this study was to determine whether the risk of 
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DOX-induced cardiotoxicity after the first cycle 
of chemotherapy in breast cancer patients cor-
relate with circulating biomarkers of hyperco-
agulability, inflammation and endothelial dys- 
function. 

Materials and methods

Study population 

Patients with early breast cancer eligible for 
DOX-based chemotherapy were enrolled at the 
Winthrop Rockefeller Cancer Institute, UAMS. 
This study was approved by the Institutional 
Review Board (IRB) of UAMS (Protocol #1302- 
12) and from IRB of the Central Veterans 
Healthcare system (CAVHS) (Protocol #14239- 
76-2), where the samples were processed and 
stored. The study was performed on a total  
of 51 subjects enrolled in the study between 
2012 and 2019, and plasma assays were per-
formed whenever there were sufficient blood 
samples collected from each subject both prior 
to (T0) and after the first cycle (T1) of chemo-
therapy. All participants signed an IRB approv- 
ed informed consent where they were informed 
for the use of their blood samples and medi- 
cal records for research purposes. The inclu-
sion criteria included early ER+/PR+/Her2-, 
ER+/PR-/Her2- or triple negative, stage I to III 
breast cancers within 18-99 years of age. 
Participants were ineligible if they were preg-
nant or breast feeding, and had no prior history 
of chemotherapy or radiotherapy. All patients 
were treated with a predefined protocol which 
included a combination of DOX (60 mg/m2) wi- 
th cyclophosphamide (600 mg/m2) in each 
cycle for 4 cycles every 2 weeks. Of the 51 
enrolled patients, 15 patients were treated 
with DOX-chemotherapy after a surgical remov-
al of the tumor (adjuvant chemotherapy) and 
36 patients were treated with neoadjuvant che-
motherapy, before surgery. None of the pati- 
ents had implants or tissue expanders. Patients 
with hypertension who were taking antihyper-
tensive medications (β-blockers and ACE inhi- 
bitors) prior to chemotherapy were prescribed 
to continue with this treatment concomitant 
with the DOX-based chemotherapy. Patients 
with diabetes also continued to be treated with 
insulin or metformin concomitant with the che- 
motherapy.

Assessment of LVEF as a measure of cardiac 
function

Cardiac toxicity was evaluated by clinical as- 
sessment of LVEF with MUGA scan and/or 
ECHO before initiation of chemotherapy and 
after the 4th cycle of DOX-based chemothera-
py. A decline of LVEF by >10% or below 50% in 
comparison with the baseline (before the start 
of chemotherapy) was considered abnormal 
[87, 88].

Plasma isolation

Blood samples were collected in EDTA collec-
tion tubes before the start of DOX-based che-
motherapy and 2 weeks after the first cycle. 
Plasma was isolated by centrifugation at 2000 
× g for 20 min and was stored at -80°C until 
analysis. 

Enzyme-linked immunosorbent assays (ELISA)

Stored blood plasma samples were thawed on 
ice and analyzed using commercially available 
ELISA kits. Assays were performed on three dif-
ferent occasions between 2016 and 2020 on 
10-15 patients with asymptomatic LVEF decline 
>10% and 10-16 patients with stable LVEF at 
the end of DOX-based chemotherapy, depend-
ing on the availability of plasma samples at 
both T0 and T1. Nucleosome plasma levels 
were determined using Cell Death Detection 
ELISA Plus (Roche Diagnostics, Indianapolis, 
USA) following manufacturer’s instructions. The 
method is based on two monoclonal mice anti-
bodies against DNA and histones. Optical den-
sity values in the nucleosome assay were nor-
malized to an internal positive control and 
expressed as arbitrary units of nucleosomes 
per milliliter (AU/mL); coefficient of variation 
(CV) was 26.5%. As an indirect way to assess 
NETs, dsDNA in plasma was quantified using 
Quant-iT PicoGreen dsDNA Reagent (Fisher  
Sci) according to the manufacturer’s instruc-
tions, with the exception that 50 μl of patient 
plasma was added to 50 μl of the PicoGreen 
reagent solution and the samples were excited 
at 480 nm and emission 520 nm on a fluores-
cence microplate reader. ELISA kits used, di- 
lutions and inter-assay CVs were: TAT comp- 
lex (Abcam, 1:10, 7.5%); MPO (Abcam, 1:10, 
12.5%); vWF (Abcam, 1:50, 3.8%); TM (R&D 
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Table 1. Demographic characteristics of the study partici-
pants

aNORM 
(n=30) ABN (n=21) bP

Age 52.7 ± 9.8 51.4 ± 13.8 0.70
BMI 31.4 ± 7.8 35.4 ± 8.0 0.10
Race 0.14
    EA 23 12
    AA 7 9
    Asian 0 0
Breast cancer 0.66
    ER+/PR+/Her2- 19 15
    ER+/PR-/Her2- 3 1
    ER-/PR-/Her2- 8 5
ER 0.42
    Positive 22 16
    Negative 8 5
PR 0.33
    Positive 19 15
    Negative 11 6
Triple negative 0.42
    Yes 8 5
    No 22 16
Hypertension 0.84
    Yes 12 9
    No 18 12
Diabetes 0.18
    Yes 2 4
    No 28 17
LVEF baseline (%) 62.3 ± 6.7 67.6 ± 6.4 0.008
LVEF after 4 cycles (%) 62.0 ± 7.0 56.7 ± 8.7 0.025
LVEF (1-6 months) post DOX (%) N/A 57.1 ± 9.3 N/A
aAll biomarker data are geometric means ± standard deviation (SD). 
bp-values represent differences in NORM vs. ABN patients for each 
characteristic. Continuous variables were evaluated by two-sample t-tests 
(Italic), and chi square (X2) tests were used to investigate the differences 
in distributions of categorical variables from the groups. Data significant 
at P<0.05.

Systems, 1:10, 5.1%), P-selectin (R&D Systems, 
1:20, 12.3%), C-reactive protein (Fisher Sci, 
1:1000, 12.5%). 

Statistical analysis

The early changes in the plasma biomarkers 
between baseline (T0) and after the first cycle 
(T1) of DOX-based chemotherapy were deter-
mined in association with the risk of asymp-
tomatic decline of LVEF. The concentration of 
each biomarker in both groups of patients (nor-
mal and abnormal LVEF) at each time-point (T0 

and T1) was presented as means ±  
SD, and P<0.05 was considered sta- 
tistically significant. Two sample t-te- 
sts and chi-square (X2) tests were per-
formed to evaluate differences in pati- 
ents’ characteristics between groups. 
Paired t-tests, as well as analysis of 
covariance (ANCOVA) with adjustme- 
nts for race, age, body weight mass 
(BMI) and type of breast cancer were 
conducted to determined group differ-
ences (ABN vs. NORM) or paired-wise 
differences for the patients between 
different time points (T0-T1). Pearson 
correlation were performed to identify 
the correlation between markers. An- 
alyses were performed using JMP 
(SAS, Cary, NC) and Partek Genomics 
SuiteTM 6.6 (Partek Inc., St. Louis, MO).

Results

Demographic characteristics of the 
study participants

The characteristics of the patients are 
presented in Table 1. Of the 51 pati- 
ents enrolled, 21 had asymptomatic 
LVEF >10% decrease in comparison 
with the baseline (ABN group) and 30 
patients had LVEF ≤10% (NORM gr- 
oup). The median change of LVEF am- 
ong the ABN group e was 10.9%, while 
in the NORM group the median chan- 
ge in LVEF was 0.3%. LVEF was asse- 
ssed with mixed multigated acquisi-
tion (MUGA) scan and/or transthorac-
ic echocardiography (ECHO) in 4 of  
the patients, all of whom had an ab- 
normal LVEF decrease >10%. In the 
ABN group of patients 9 patients had 
hypertension and 4 patients had dia-

betes, versus 12 with hypertension and 2 with 
diabetes in the NORM group. There were no sig-
nificant differences between the two groups of 
patients (NORM and ABN) with respect to the 
age, BMI, race, history on hypertension, diabe-
tes, and type of breast cancer. Patients in the 
ABN group had significantly higher baseline 
LVEF, and lower LVEF after 4 cycles of DOX-
based chemotherapy. 

Baseline biomarkers levels

The comparison of the baseline levels (T0) of 
the examined biomarkers between the two 
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after the first of DOX-based chemotherapy. In 
the group of patients with normal LVEF, the 
plasma biomarkers after the 1st cycle of che- 
motherapy did not differ significantly from the 
baseline levels (Table 3). Changes of plasma 
biomarkers before and after the 1st cycle of 
DOX-based chemotherapy among ABN group 
(T1-T0) were determined using pair-t-tests and 
the levels of TAT complex, MPO and CRP in the 
ABN group increased significantly after chemo-
therapy. After controlling for variables age, ra- 
ce, BMI, status on diabetes, hypertension, and 
type of breast cancer, TAT complex, MPO and 
CRP remained significantly elevated in the ABN 
group (Table 3).

Correlation matrix of markers

Figure 2 depicts the pairwise Pearson correla-
tions matrix between the plasma markers in 
the two groups of breast cancer patients (ABN 
and NORM) at different time points (T0 and T1). 
From the correlation matrix among NORM pa- 
tients at both T0 and T1, nucleosomes, CRP, 
TAT complex, dsDNA, and MPO, were positively 
correlated while inverse correlated with TM, 
P-selectin, and vWF, reflecting similar modulat-

groups of patients using two sample t-test 
showed higher, but not significant difference 
(Model 1 in Table 2 and Figure 1). However, 
after applying ANCOVA modeling with adjust-
ment for race, age, BMI, and type of breast can-
cer in Model 3, MPO and TM became statisti-
cally signifcant in ABN at baseline compared to 
NORM patients (Table 2). 

Levels of biomarkers after the first cycle of 
DOX-based chemotherapy

Two sample t-test were also used to compare 
the levels of biomarkers after 1st cycle of DOX-
based chemotherapy (T1), and significant ele-
vation of TAT complex, nucleosomes, TM, MPO, 
and CRP were observed among patients with 
LVEF decline >10% (Model 1 in Table 2 and 
Figure 1). After adjusting for age, race, BMI, dia-
betes, hypertension and type of breast cancer 
in Model 2 and Model 3, plasma levels of TAT 
complex, nucleosomes, and MPO remained sig-
nificantly elevated among ABN group of patients 
with LVEF >10% decrease versus NORM group pa- 
tients with LVEF ≤10%. 

Paired-wise analyses were conducted to deter-
mine the changes of biomarkers before and 

Table 2. Differences of the circulating biomarkers among patients with normal and abnormal LVEF at 
baseline and after the first cycle of DOX-based chemotherapy

ABN NORM Mean  
Difference

aModel 1 bModel 2 cModel 3

Mean ± SD (ABN-NORM) p FC Trend p FC p FC
Baseline
    MPO (ng/ml) 169.9 ± 50.7 132.6 ± 45.6 37.3 0.10 1.28 ABN ↑ 0.02 1.24 0.01 1.31
    TM (pg/ml) 4.0 ± 1.1 3.6 ± 0.9 0.4 0.29 1.11 ABN ↑ 0.03 1.30 0.07 1.28
    Nucleosomes (AU) 144.3 ± 78.9 113.4 ± 73.3 30.9 0.28 1.27 ABN ↑ 0.40 1.24 0.17 1.50
    vWF (IU/ML) 5.4 ± 2.4 4.9 ± 1.7 0.5 0.52 1.10 ABN ↑ 0.48 1.14 0.58 1.11
    TAT complex (ng/ml) 14.3 ± 5.7 12.4 ± 4.6 1.8 0.40 1.15 ABN ↑ 0.57 1.10 0.82 1.04
    dsDNA (ng/ml) 135.1 ± 39.2 131.2 ± 26.9 3.9 0.80 1.03 ABN ↑ 0.75 1.04 0.52 1.12
    P-Selectin (ug/ml) 0.104 ± 0.07 0.099 ± 0.08 0.01 0.85 1.05 ABN ↑ 0.79 1.12 0.69 1.09
    CRP (mg/L) 6.8 ± 2.0 5.5 ± 2.5 1.3 0.29 1.23 ABN ↑ 0.82 1.04 0.79 1.06
After 1st cycle
    TAT complex (ng/ml) 23.6 ± 10.5 12.1 ± 3.5 11.6 0.001 1.96 ABN ↑ 0.005 1.89 0.02 1.89
    Nucleosomes (AU) 156.6 ± 84.2 94.9 ± 35.5 61.7 0.02 1.65 ABN ↑ 0.04 1.66 0.04 1.77
    TM (pg/ml) 4.3 ± 1.0 3.6 ± 0.6 0.7 0.02 1.20 ABN ↑ 0.018 1.26 0.10 1.18
    MPO (ng/ml) 269.6 ± 112.5 174.5 ± 76.0 95.1 0.04 1.54 ABN ↑ 0.007 1.73 0.04 1.89
    CRP (mg/L) 8.1 ± 1.5 6.0 ± 2.3 2.1 0.047 1.35 ABN ↑ 0.15 1.25 0.30 1.23
    dsDNA (ng/ml) 163.1 ± 54.6 128.8 ± 17.7 34.3 0.07 1.27 ABN ↑ 0.21 1.19 0.46 1.11
    P-Selectin (ug/ml) 0.12 ± 0.08 0.09 ± 0.06 0.03 0.24 1.34 ABN ↑ 0.53 1.26 0.94 -1.04
    vWF (IU/ML) 5.8 ± 2.2 4.9 ± 2.0 0.83 0.29 1.17 ABN ↑ 0.27 1.25 0.46 1.24
ABN: Patients with abnormal LVEF decline; NORM: Patients with normal heart function. Mean ± SD, FC: fold change of ABN/NORM. aTwo sample 
t-tests comparing ABN and NORM. bANCOVA comparing ABN and NORM adjusted for race, age, and BMI. cANCOVA comparing ABN and NORM 
adjusted for race, age, BMI, hypertension, diabetes, and type of breast cancer. Data significant at P<0.05.
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Table 3. Comparison between the means of after-before (T1-T0) DOX-based chemotherapy differ-
ences of the two groups of breast cancer patients, group with normal LVEF (NORM) and group with 
abnormally declined LVEF (ABN)

NORM ABN
Mean MeanDiff

ap FC
Mean MeanDiff ap

Model 1 FC
bp

Model 2 FC
T0 T1 T1-T0 T0 T1 T1-T0

TAT complex 12.4 12.1 -0.4 0.83 -1.03 14.3 23.6 9.4 0.006 1.66 0.01 1.59
MPO 132.6 174.5 42.0 0.20 1.32 169.9 269.6 99.8 0.026 1.59 0.03 1.68
CRP 5.5 6.0 0.5 0.26 1.10 6.8 8.1 1.3 0.031 1.20 0.03 1.20
TM 3.57 3.61 0.0 0.79 1.01 3.95 4.33 0.4 0.09 1.10 0.18 1.10
dsDNA 131.2 128.8 -2.4 0.64 -1.02 135.1 163.1 28.0 0.20 1.21 0.20 1.21
P-Selectin 0.10 0.09 -0.01 0.82 -1.06 0.10 0.13 0.0 0.24 1.21 0.30 1.23
Nucleosomes 113.4 94.9 -18.5 0.22 -1.20 144.3 156.6 12.3 0.43 1.09 0.19 1.13
vWF 4.91 4.93 0.0 0.97 1.01 5.4 5.8 0.4 0.64 1.07 0.75 1.04
aPaired t-tests comparing T0 and T1. bANCOVA comparing T0 and T1 adjusted for age, race, BMI, diabetes, hypertension, and type of breast can-
cer. dsDNA, double stranded DNA; MPO, myeloperoxidase; TAT complex, thrombin-anti-thrombin complex; TM, thrombomodulin; CRP, c-reactive 
protein; vWF, von Willebrandt factor. NORM, patients with normal LVEF; ABN, patients with abnormally decline LVEF; MeanDiff, differences 
between the means of T1-T0 of the biomarkers in the two groups of patients; FC, fold change.

ing pathways for those markers. After 1st cycle 
of DOX-based chemotherapy, most markers 
were positively correlated except for nucleo-
somes vs. vWF, CRP vs. TM, and TAT complex 
vs. vWF. On the other hand, most markers of 
inflammation, hypercoagulability and thrombo-
sis among ABN patients were positively corre-
lated at baseline except nucleosomes, sug-

gesting a pre-thrombosis state that might be  
an early sign of an asymptomatic myocardial 
injury. 

Discussion

The results from this exploratory hypothesis-
driven study showed, for the first time, to our 

Figure 1. Box and whisker plots showing plasma markers in breast cancer patients with normal LVEF (NORM) and 
abnormal LVEF decline (ABN) before (T0) and 14 days after the first cycle (T1) of DOX-based chemotherapy. MPO, 
myeloperoxidase; TAT complex, thrombin-anti-thrombin complex; TM, thrombomodulin; CRP, c-reactive protein; ds-
DNA, double stranded DNA; vWF, von Willebrand factor.
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Figure 2. The pairwise Pearson correlations between plasma markers among the study sample by LVEF and by time 
points. A. NORM at baseline; B. NORM after 4 cycles of DOX chemotherapy; C. ABN at baseline; D. ABN after 4 cycles 
of DOX chemotherapy.

knowledge, that: (1) elevated circulating levels 
of MPO and TM before and after the first dose 
of DOX chemotherapy were associated with 
increased risk for cardiotoxicity in breast can-
cer; and (2) higher levels of circulating markers 
of hypercoagulability, inflammation, endothelial 
dysfunction and NETosis after the first dose of 
DOX chemotherapy correlated with the risk of 
subsequent cardiotoxicity in cancer.

Breast cancer is the most common neoplasm 
in women and the second leading cause of can-
cer-related mortality in females worldwide [47]. 
Despite the lower incidence of thrombotic com-
plications in breast cancer compared with oth- 

er malignancies, breast cancer patients are at 
higher risk compared with the general popula-
tion. The number of patients who have compli-
cations is considerable given the high incidence 
of breast malignancies in the female popula-
tion worldwide [48]. A population-based study 
of breast cancer survivors showed that women 
who received anthracyclines, including DOX, 
daunorubicin, or epirubicin had higher rates of 
heart failure than did women who received non-
anthracycline or no chemotherapy [49].

Cancer cells produce and release procoagu-
lant and fibrinolytic proteins, inflammatory cy- 
tokines, and procoagulant microparticles [50]. 
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They also express adhesion molecules bind- 
ing to the receptors of host vascular cells (i.e., 
endothelial cells, platelets, and leukocytes), 
thereby stimulating the prothrombotic proper-
ties of these normal cells, including the shed  
of NETs and cell-specific microparticles [33, 
51]. The results from the present study show- 
ed significantly elevated circulating levels of 
MPO and TM at the baseline. MPO is a well-
known neutrophil granule protein and a com- 
ponent of NETs [27, 52]. The extracellular re- 
lease of MPO triggers a process of immune re- 
cognition that generates anti-neutrophil anti-
bodies, which are associated with chronic in- 
flammation [53], autoimmune diseases [54], 
cardiovascular diseases [55, 56] and recently 
with cancer [57, 58]. Because oxidative stress 
has been suggested as a major mechanism of 
DOX-induced cardiotoxicity [15], the elevated 
MPO after DOX exposure could be considered  
a potential biomarker of the risk for a subse-
quent cardiac dysfunction in cancer patients 
[59]. Our findings showing increased circulating 
levels of MPO before and after the first cycle  
of DOX-based chemotherapy suggest that MPO 
may predict the risk of cardiotoxicity both 
before and after the initial dose of DOX. TM, a 
transmembrane endothelial protein facilitates 
the thrombin-mediated activation of protein C 
and plays role in coagulation, fibrinolysis and 
inflammation [60, 61]. In the presence of in- 
flammation, neutrophil proteases increase the 
release of TM from the cell surface and there- 
by increase its circulating levels [62]. Experi- 
mental and clinical studies have identified TM 
as a marker of generalized endothelial injury 
[63]. Elevated circulating levels of TM have be- 
en reported in intravascular coagulation [64], 
venous thrombosis [65] and cancer [66]. Yang 
and co-authors [67] found that TM regulates 
sensitivity to DOX in non-small cell lung can- 
cer through epithelial-mesenchymal transition. 
Our data suggest that the higher circulating  
levels of TM prior to and after the first dose of 
DOX-based chemotherapy may potentially pre-
dict the risk of cardiotoxicity in breast cancer. 

The observed elevated circulating levels of nu- 
cleosomes after one dose of DOX-based che-
motherapy correlate with previously detected 
enhanced activation of neutrophils associated 
with increased expression of genes encoding 
neutrophil-specific proteins [17], which may be 
associated with the subsequent release of nu- 
clear content. Neutrophil activity represents 

one of the earliest responses to injury and cur-
rent evidence support the role of NETs in acute 
and chronic inflammation [68]. The correlation 
between the higher circulating levels of surro-
gate NET markers after the 1st cycle of chemo-
therapy and the increased risk for DOX-induc- 
ed cardiotoxicity in the group of patients with 
abnormal LVEF in this study, suggest that NE- 
Tosis may be an initiator of the early inflamma-
tory response induced by chemotherapy with 
DOX. Given the prothrombotic and inflammato-
ry properties of NETs [69], we were interested 
to measure the levels of markers of hypercoag-
ulability and inflammation. TAT levels reflect the 
functional state of the coagulation system and 
represent a diagnostic tool for the detection of 
hypercoagulability [70]. TAT measurement has 
been used in humans for diagnosis and assess-
ment of treatment-induced intravascular coag-
ulation, deep vein thrombosis, and pulmonary 
thromboembolism [71, 72]. In this study plas-
ma levels of TAT complex after 1st cycle of DOX-
based chemotherapy were significantly higher 
in the group of patients with abnormal LVEF 
decline relative to the group of patients with 
normal LVEF and therefore were able to predict 
the subsequent cardiotoxicity after the 1st cycle 
of DOX-base chemotherapy, but not at the 
baseline. CRP is a marker of inflammation [73], 
atherothrombosis [74], endothelial dysfunction 
[75] and cardiovascular diseases [76]. Plasma 
levels of CRP after 1st cycle of DOX-based che-
motherapy were significantly higher among pa- 
tients with abnormal LVEF decline compared  
to patients with normal LVEF. From the paired-
wise analysis, CRP also increased significantly 
after the therapy. However, precautions must 
be made for patients with hypertensions and 
diabetes since the significance disappeared 
after considering those conditions in the analy-
sis (Table 2). Endothelium modulates thrombo-
sis through the release of vasoactive factors 
such as TM, P-selectin and vWF, which modu-
late platelet activity, coagulation and vascular 
contractility, all of which contribute to throm-
botic formation [77, 78]. Platelet activator and 
pro-coagulant [79] marker, P-selectin has been 
implicated in the adverse cardiovascular events 
[80]. Elevated plasma levels of vWF have been 
associated with myocardial infarction [81], cor-
onary artery disease [82] and ischemic stroke 
[83]. In our study however, P-selectin and vWF 
were not significantly altered between the two 
groups of patients.
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DOX and other chemotherapy agents may dis-
rupt the protective function of endothelial lining 
of coronary blood vessels, which leads to the 
development of severe chronic vascular diseas-
es [31, 84]. ROS generation has a central role 
in DOX-induced endothelial dysfunction, similar 
to the effects on cardiomyocytes [85]. DOX is 
introduced into the systemic circulation where 
the first cellular contact causing injury to the 
vascular endothelium before it travels into oth- 
er tissues such as the heart [16, 86]. More- 
over, the contribution of vascular endothelial 
dysfunction to the development of cardiovas- 
cular diseases is well established [87, 88]. The 
initial asymptomatic endothelial cell insult by 
DOX therapy carries a risk for the later onset of 
vascular disorders and their negative effects 
on the cardiomyocyte health and function [16, 
86]. For example, children who received DOX 
therapy often develop severe vascular disease 
pathology as adults [86]. 

The limitations of this study include the small 
number of patients examined, which resulted in 
a great variation in the resulting data and a 
weaker correlation with cardiotoxicity. The use 
of different imaging tools for LVEF although in a 
small number of the patients might have affe- 
cted the results [87]. Further studies with a 
larger group of patients, along with the dynamic 
profile of the suggested markers of hypercoag-
ulability and endothelial dysfunction during the 
course of DOX chemotherapy in correlation wi- 
th the risk of cardiotoxicity are needed.

In conclusion, the collective results from this 
study suggest that the risk of DOX-induced car-
diotoxicity in breast cancer is associated with 
endothelial dysfunction, inflammation and pro-
thrombotic state before and after the first dose 
of chemotherapy. Inhibition of components of 
NETs, thromboprophylaxis and/or maintaining 
endothelial function during treatment without 
affecting DOX anti-cancer efficacy would be es- 
sential for preserving cardiovascular homeo-
stasis. Early identification of patients at risk for 
DOX-induced cardiac damage might reduce the 
incidents of cardiotoxicity-associated morbidity 
and mortality by implementation of other treat-
ment modalities or cardioprotective treatment.
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