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Aims Apart from cardiotoxicity, the chemotherapeutic doxorubicin (DOX) induces vascular toxicity, represented by arterial stiffness and 
endothelial dysfunction. Both parameters are of interest for cardiovascular risk stratification as they are independent predictors of future 
cardiovascular events in the general population. However, the time course of DOX-induced cardiovascular toxicity remains unclear. 
Moreover, current biomarkers for cardiovascular toxicity prove insufficient. Here, we longitudinally evaluated functional and molecular 
markers of DOX-induced cardiovascular toxicity in a murine model. Molecular markers were further validated in patient plasma.  

Methods 
and results 

DOX (4 mg/kg) or saline (vehicle) was administered intra-peritoneally to young, male mice weekly for 6 weeks. In vivo cardiovascular function 
and ex vivo arterial stiffness and vascular reactivity were evaluated at baseline, during DOX therapy (Weeks 2 and 4) and after therapy cessation 
(Weeks 6, 9, and 15). Left ventricular ejection fraction (LVEF) declined from Week 4 in the DOX group. DOX increased arterial stiffness in vivo 
and ex vivo at Week 2, which reverted thereafter. Importantly, DOX-induced arterial stiffness preceded reduced LVEF. Further, DOX im-
paired endothelium-dependent vasodilation at Weeks 2 and 6, which recovered at Weeks 9 and 15. Conversely, contraction with phenyl-
ephrine was consistently higher in the DOX-treated group. Furthermore, proteomic analysis on aortic tissue identified increased 
thrombospondin-1 (THBS1) and alpha-1-antichymotrypsin (SERPINA3) at Weeks 2 and 6. Up-regulated THBS1 and SERPINA3 persisted 
during follow-up. Finally, THBS1 and SERPINA3 were quantified in plasma of patients. Cancer survivors with anthracycline-induced cardio-
toxicity (AICT; LVEF < 50%) showed elevated THBS1 and SERPINA3 levels compared with age-matched control patients (LVEF ≥ 60%).  

Conclusions DOX increased arterial stiffness and impaired endothelial function, which both preceded reduced LVEF. Vascular dysfunction re-
stored after DOX therapy cessation, whereas cardiac dysfunction persisted. Further, we identified SERPINA3 and THBS1 as prom-
ising biomarkers of DOX-induced cardiovascular toxicity, which were confirmed in AICT patients.  

Translational 
perspective 

DOX induced arterial stiffness and endothelial dysfunction, which preceded impairment of left ventricular systolic function. Hence, 
arterial stiffness and endothelial dysfunction represent potential early, functional markers of future cardiovascular dysfunction in 
patients receiving DOX. Of note, DOX-induced arterial stiffness and endothelial dysfunction were transient, highlighting the im-
portance of timing for evaluating these vascular parameters in patients. Furthermore, anthracycline-induced cardiotoxicity patients 
showed elevated SERPINA3 and THBS1 in plasma, raising awareness for a role of these proteins in cardiovascular toxicity with 
possible diagnostic value in DOX-treated patients.  

* Corresponding author. Tel: +32 (0) 3 265 2784, E-mail: matthias.bosman@uantwerpen.be 
The Laboratory of Physiopharmacology and the Research Group Cardiovascular Diseases are part of the Infla-Med Centre of Excellence of the University of Antwerp. 
© The Author(s) 2023. Published by Oxford University Press on behalf of the European Society of Cardiology. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non- 
commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com  

Cardiovascular Research (2023) 00, 1–12 
https://doi.org/10.1093/cvr/cvad136 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/advance-article/doi/10.1093/cvr/cvad136/7251434 by U

niversity of Antw
erp user on 20 O

ctober 2023

https://orcid.org/0000-0001-9102-5366
mailto:matthias.bosman@uantwerpen.be
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/cvr/cvad136


. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Graphic Abstract   
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1. Introduction 
Doxorubicin (DOX), an anthracycline, is a potent chemotherapeutic agent 
in the treatment of breast cancer, leukaemia, and lymphoma.1 Today, it has 
been estimated that more than half of lymphoma and childhood cancers 
and one-third of breast cancers are treated with a DOX-based regimen.2 

However, DOX can cause cardiotoxicity and eventually lead to heart fail-
ure (HF),3,4 which has been extensively investigated in the past (reviewed 
elsewhere5). Interestingly, concomitant presence of modifiable risk factors, 
such as systemic hypertension, further potentiates the likelihood for car-
diovascular events in DOX-treated cancer survivors.6 Therefore, DOX-in-
duced vascular toxicity could be an early indicator of future cardiovascular 
events. 

Among representations of vascular toxicity, enhanced arterial stiffness 
and endothelial dysfunction are of particular interest for cardiovascular 
risk assessment as they have previously been shown to independently pre-
dict future cardiovascular events in the general population.7–12 Despite 
clinical trials reporting increased arterial stiffness and impaired cardiac 
function after 3–6 months of DOX therapy initiation,13–17 the temporal re-
lationship between these events has not been characterized. Moreover, it 
remains unclear whether arterial stiffness is reversible after DOX therapy 
cessation. Finally, while some childhood cancer survivors exhibit 
endothelial dysfunction months to years after anthracycline therapy com-
pletion,18,19 development of endothelial dysfunction has not been longitu-
dinally investigated so far. 

Furthermore, current biomarkers for identification of early myocardial 
damage in DOX-treated patients prove insufficient. While circulating 
troponin and (N-terminal pro-)B-type natriuretic peptide show promise 
to identify patients at cardiac risk, these proteins do not predict adverse 
cardiac outcome in every subject.20,21 A broadening of the biomarker panel 
is therefore recommended by the current European Society of Cardiology 
(ESC) guidelines on cardio-oncology.22 

Here, in a murine model, we evaluated cardiovascular function both dur-
ing and after DOX therapy to characterize the time course of 
DOX-induced cardiovascular toxicity. In addition, a proteomic approach 
was implemented to identify new potential biomarkers, which were fur-
ther clinically validated. 

2. Materials and methods 
2.1 Animals and ethical approval 
Male C57BL/6J mice (Charles River, France) with an age between 10 and 12 
weeks and a body weight between 26 and 30 g were used in all experi-
ments. All mice were housed in the animal facility of the University of 
Antwerp in standard cages with 12- to 12-h light/dark cycles with access 
to regular chow and water ad libitum. The Ethical Committee of the 
University of Antwerp approved all experiments (file 2019-34 and 
2020-74), which were conform to Directive 2010/63/EU, the ARRIVE 
guidelines, and the Guide for the Care and Use of Laboratory Animals  
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published by the US National Institutes of Health (NIH Publication no. 85– 
23, revised 1996). 

2.2 DOX treatment and experimental 
workflow 
Mice were randomly divided into three cohorts of 16 mice each, 
namely, Cohort 1, Cohort 2, and Cohort 3. In each cohort, half of 
the mice were intra-peritoneally injected with either DOX (4 mg/kg; 
Adriamycin®, Pfizer, Puurs, Belgium) or vehicle (10 mL/kg of a 0.9% 
NaCl solution; B. Braun, Belgium) once per week for a total of 6 weeks. 
The first and final injections were administered at baseline (Week 0) and 
at Week 5, respectively. All cohorts received the same treatment regimen 
but differed in the duration of follow-up. There was 1 week of follow-up 
for Cohort 1 (up to Week 6), 4 weeks for Cohort 2 (up to Week 9), 
and 10 weeks for Cohort 3 (up to Week 15). For all cohorts, in vivo cardio-
vascular function was assessed at baseline, Week 2 and Week 6 with 
high-frequency ultrasound imaging. In vivo cardiovascular function was add-
itionally evaluated at Week 4 for Cohort 1, at Week 9 for Cohort 2, and at 
Week 15 for Cohort 3. For ex vivo assessment of arterial stiffness and vas-
cular reactivity and to perform molecular experiments, Cohorts 1, 2, and 3 
were sacrificed at Weeks 6, 9, and 15, respectively. To this end, mice were 
euthanized by intraperitoneal injection of a single dose of sodium pento-
barbital (200 mg/kg; Sanofi, Belgium), followed by perforation of the dia-
phragm (when under deep anaesthesia) in order to preserve vascular 
physiology and structure. 

2.3 High-frequency ultrasound imaging 
Ultrasound imaging was performed in anaesthetized mice under 1.5–2.5% 
(v/v) isoflurane (Forene; AbbVie, Wavre, Belgium) using a high-frequency 
ultrasound system (Vevo2100, VisualSonics, Toronto, Canada). Images 
were acquired with a 24 MHz transducer when heart rate and body tem-
perature met the inclusion criteria, i.e. 500 ± 50 b.p.m. and 37 ± 1°C, re-
spectively. M-mode images were obtained for measurement of left 
ventricular anterior wall (LVAW) thickness, left ventricular posterior 
wall (LVPW) thickness, left ventricular internal diameter (LVID), and calcu-
lation of left ventricular ejection fraction (LVEF) and fractional shortening 
(FS) with Vevo LAB Software (Version 3.2.0, VisualSonics, Toronto, 
Canada). In the same session, abdominal aorta pulse wave velocity 
(aaPWV), a measure for in vivo arterial stiffness, was determined according 
to the method developed by Di Lascio et al.23 Briefly, pulse wave Doppler 
tracing was used to measure aortic flow velocity (V). Immediately there-
after, aortic diameter (D) was measured on 700 frames-per-second 
B-mode images of the abdominal aorta in electrocardiogram-gated kilo-
hertz visualization (EKV) imaging mode. The ln(D)-V loop method was 
then applied to calculate aaPWV, using MATLAB v2014 software 
(MathWorks, Eindhoven, the Netherlands). 

2.4 Blood pressure evaluation 
Systolic blood pressure (BP) and diastolic BP were determined non-invasively 
in restrained, awake mice using a tail-cuff system with a programmed electro-
sphygmomanometer (Coda, Kent Scientific Corporation, Torrington, 
United States of America). Mice were trained for 2 days prior to the actual 
measurements to reduce stress and variability during measurements. To this 
end, the cuff system was placed on the mouse tail as performed during the 
actual measurements. The duration of the training and measurement ses-
sions was 30 min. Measurements were only performed in Cohort 3 at base-
line and at Weeks 2, 6, 9, and 15. 

2.5 Ex vivo evaluation of aortic stiffness and 
vascular reactivity 
Mice were intraperitoneally injected with sodium pentobarbital (single 
dose of 200 mg/kg; Sanofi, Belgium), followed by perforation of the dia-
phragm (under deep anaesthesia). The thoracic aorta was carefully dis-
sected and cut into segments of 2 mm length, which were subsequently 

mounted between two hooks of an organ bath set-up (10 mL) filled 
with Krebs-Ringer solution (37°C, 95% O2/5% CO2, pH 7.4) containing 
(in mmol/L) NaCl 118, KCl 4.7, CaCl2 2.5, KH2PO4 1.2, MgSO4 1.2, 
NaHCO3 25, CaEDTA 0.025, and glucose 11.1. 

Ex vivo assessment of aortic stiffness was performed with the in-house 
developed organ bath set-up, called ‘Rodent Oscillatory Tension Set-up 
to Study Arterial Compliance’ (ROTSAC) as previously described.24–26 

In brief, segments were continuously stretched between alternating pre-
loads corresponding to ‘systolic’ and ‘diastolic’ trans-mural pressures and 
at a physiological frequency of 10 Hz to mimic the physiological heart 
rate in mice (600 b.p.m.). Calibration of the set-up allows calculation of 
the Peterson’s modulus (Ep), a measure of ex vivo arterial stiffness, based 
on LaPlace’s equation. Ep was calculated as follows: Ep = D0 ∗ ΔP/ΔD, 
where ΔP is the difference in pressure (kept constant at 40 mmHg), D0 

is the ‘diastolic’ diameter, and ΔD is the change in diameter between ‘dia-
stolic’ and ‘systolic’ pressure. The ROTSAC protocol included the evalu-
ation of aortic stiffness (Ep) at 80–120 mmHg, under Krebs-Ringer, 
diethylamine NONOate (DEANO; 2 µM) and phenylephrine (PE; 2 µM) 
conditions. DEANO is an exogenous nitric oxide (NO) donor, which 
removes vascular tone and allows the investigation of the contribution 
of primarily passive/structural elements to aortic stiffness.27 PE is an 
α1-adrenergic receptor agonist and allows the evaluation of vascular 
tone in aortic stiffness. 

Ex vivo vascular reactivity was studied by mounting aortic segments at a 
preload of 20 mN. Since we have previously shown that basal NO declines 
over time,28 the experimental protocol was started 70 min after puncture 
of the diaphragm to minimize time-dependent biases. Vascular smooth- 
muscle cell (VSMC) contraction was evaluated by adding cumulative con-
centrations of PE (3 nM to 10 μM). PE-induced contraction is repressed 
by basal NO.27,28 By performing PE-induced contraction after pre- 
incubation with the endothelial NO synthase (eNOS) inhibitor 
Nω-nitro-L-arginine methyl ester (L-NAME; 300 µM) and comparing this 
with PE-induced contraction without L-NAME, the capability of endothe-
lial cells (ECs) to produce basal NO can be investigated.27,28 Low basal NO 
levels lead to higher PE-induced contraction and similar contraction 
magnitude in the presence of L-NAME.27,28 Endothelium-dependent relax-
ation was investigated by addition of cumulative concentrations of acetyl-
choline (ACh) (3 nM to 10 μM), a muscarinic receptor agonist. Finally, 
endothelium-independent relaxation was evaluated by using different cu-
mulative concentrations of DEANO (0.3 nM to 10 μM). 

2.6 Western blotting 
Aortic samples were lysed in Laemmli sample buffer (Bio-Rad, Temse, 
Belgium) containing 5% β-mercaptoethanol (Sigma-Aldrich, Overijse, 
Belgium) and subsequently heat-denatured for 5 min at 100°C. Next, sam-
ples were loaded on Bolt 4–12% Bis-Tris gels (Invitrogen, Merelbeke, 
Belgium) and after electrophoresis transferred to Immobilon-FL PVDF 
membranes (Merck, Hoeilaart, Belgium). Of note, no assay to determine 
the protein concentration could be performed prior to sample loading 
since only a limited amount of aortic sample was available (due to combin-
ation of vascular reactivity and arterial stiffness evaluation). After blocking 
(1 h, Odyssey Li-COR blocking buffer, Li-COR Biosciences, Bad Homburg, 
Germany), membranes were probed with primary antibodies, diluted in 
Odyssey Li-COR blocking buffer, overnight at 4°C. The following primary 
antibodies were used: rabbit anti-thrombospondin-1 (THBS1) (1:500; 
ab267388, Abcam, Cambridge, UK), goat anti-alpha-1-antichymotrypsin 
(SERPINA3) (1:1000; catalogue number AF4709, Bio-Techne, Dublin, 
Ireland) and mouse anti-β-actin (1:5000; ab8226, Abcam, Cambridge, 
UK). The next day, membranes were incubated with IRDye-labelled sec-
ondary antibodies (goat anti-rabbit IgG926–32211, donkey anti-goat 
IgG926-32214, and goat anti-mouse IgG926–68070, all purchased from 
Li-COR Biosciences, Bad Homburg, Germany) for 1 h at room tempera-
ture. Membranes were visualized with an Odyssey SA infrared imaging sys-
tem (Li-COR Biosciences, Bad Homburg, Germany). Western blot data 
were quantified using ImageJ software. Signal intensity of the proteins of 
interest was normalized to the β-actin signal intensity. For validation of  
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anti-THBS1 and anti-SERPINA3 primary antibodies, recombinant mouse 
THBS1 (catalogue number 7859-TH-050) and SERPINA3 (catalogue num-
ber 4709-PI-010) proteins were used as positive controls, which were pur-
chased from Bio-Techne (Dublin, Ireland). 

2.7 Histology 
Aortic segments were fixed in 4% formalin for 24 h, dehydrated overnight 
in 60% isopropanol, and then embedded in paraffin. Transversal sections 
(5 µm) were stained with sirius red or orcein to determine total collagen 
and elastin content. Images were acquired with Universal Graph 6.1 soft-
ware using an Olympus BX40 microscope and quantified with ImageJ soft-
ware. Total collagen and elastin content were quantified by calculating the 
signal-to-wall area ratio (expressed as percentage). 

2.8 Proteomics 
Aortic samples (two segments of 2 mm each) were collected in 5 M urea 
and 50 mM ammonium bicarbonate (ABC) in 1.5 mL Eppendorf tubes. Cell 
lysis was performed using a bead beater, followed by three freeze–thaw 
cycles, using a −80°C freezer for freezing and sonicating in an ultrasonic 
bath for thawing. Undissolved particles were removed by centrifugation 
(30 min; 15.000 g; 4°C), and proteins in solution were transferred to 
new tubes. Protein samples were reduced with dithiothreitol (DTT; 
20 mM) for 45 min and alkylated with iodoacetamide (IAM; 40 mM) for 
45 min in the dark. The alkylation was terminated by adding an additional 
20 mM DTT to consume any excess IAM. Next, protein digestion was per-
formed with a mixture of LysC and trypsin, which was added at a ratio of 
1:25 (enzyme to protein). After 2 h of digestion at 37°C in a thermoshaker 
at 750 rpm, the lysate was diluted with ABC (50 mM) to 1 M urea and fur-
ther digested overnight in the thermoshaker. The digestion was terminated 
by addition of formic acid (FA) to a total of 1%. Peptide separation was sub-
sequently performed on a Thermo Scientific (Dionex) Ultimate 3000 
Rapid Separation ultra-high-performance liquid chromatography 
(UHPLC) system equipped with a PepSep C18 analytical column (15 cm, 
ID 75 µm, 1.9 µm Reprosil, 120 Å). Peptide samples were first de-salted 
on an online installed C18 trapping column. After de-salting, peptides 
were separated on the analytical column with a 90-min linear gradient 
from 5 to 35% acetonitrile (©) with 0.1% FA at 300 nL/min flow rate. 
The UHPLC system was coupled to a Q Exactive HF mass spectrometer 
(Thermo Scientific) with the following settings: full MS scan between 250 
and 1250 m/z at resolution of 120 000 followed by MS/MS scans of the 
top 15 most intense ions at a resolution of 15 000. 

For protein identification and quantitation, the data-dependent aqcuisi-
tion spectra were analysed with Proteome Discoverer (PD) version 2.2. 
Within the PD software, the search engine Sequest was used with the 
SwissProt protein database Mus musculus (SwissProt TaxID = 10090). 
The database search was performed with the following settings. Enzyme 
was trypsin, with a maximum of two missed cleavages, minimum peptide 
length of 6, precursor mass tolerance of 10 ppm, fragment mass tolerance 
of 0.02 Da, dynamic modifications of methionine oxidation and protein 
N-terminus acetylation, and static modification of cysteine carbamido-
methylation. Protein quantitation was performed by using default 
label-free quantification (LFQ) settings in PD 2.2. In short, for peptide 
abundancies, the peptide precursor intensities were used, and normaliza-
tion was performed on total peptide amount. Protein ratios were calcu-
lated as the median of all possible pairwise peptide ratios (compared 
with vehicle) between biological replicates, and background-based 
ANOVA hypothesis testing was used to ascertain which proteins were sig-
nificantly differentially expressed. PD uses a background-based ANOVA 
method to calculate adjusted (adj.) P-values to determine whether a protein 
is differentially expressed compared with a so-called ‘background’ population 
of proteins, as described by Navarro et al.29 In principle, the algorithm first es-
tablishes a distribution of all proteins with similar abundance and abundance 
ratios, i.e. ‘background’, and calculates a median abundance ratio and confi-
dence interval for this background population. The background population 
is determined for each protein of interest individually depending on its abso-
lute abundance (i.e. high-abundant proteins of interest are compared with 

high-abundant background proteins and low-abundant proteins of interest 
to low-abundant background proteins). In the next step, the algorithm as-
sumes that the protein of interest has a similar confidence interval and consid-
ers this protein as differentially expressed when confidence intervals do not 
overlap. Finally, for multiple testing, Benjamini–Hochberg correction is per-
formed to calculate adj. P-values with a false discovery rate of 5%. 

2.9 Quantification of SERPINA3 and THBS1 
in plasma of patients with AICT 
Two cohorts of patients were enrolled, namely, cancer survivors with 
anthracycline-induced cardiotoxicity (AICT; n = 14) and control pa-
tients (n = 27). For the AICT population, cardiotoxicity was defined 
as development of LVEF below 50% during or following anthracycline 
treatment. Blood was collected 5 years (median) after anthracycline 
therapy completion. At the time of blood sampling, AICT patients ex-
hibited a LVEF below 50%. For comparison, age-matched control pa-
tients, scheduled for diagnostic heart catheterization, were included 
as well. Control patients had normal cardiac function (LVEF ≥ 60%) 
and no prior history of cancer/cancer treatment. All patients received 
heparin during catheterization. This study was approved by the 
Ethical Committee of the OLV Aalst Hospital and all patients signed 
an informed consent. 

Plasma SERPINA3 and THBS1 levels were quantified using commercially 
available ELISA kits (Human Alpha 1-Antichymotrypsin ELISA, Immunology 
Consultants Laboratory, Inc., USA, and Human Thrombospondin-1 
Quantikine ELISA, Bio-Techne Ltd®, R&D Systems®, Abingdon, UK), ac-
cording to the manufacturer’s instructions. 

2.10 Chemical compounds 
PE, L-NAME, ACh, and DEANO were obtained from Sigma-Aldrich 
(Overijse, Belgium). 

2.11 Statistical analysis 
All results were expressed as the mean ± standard error of the mean 
(SEM), unless stated otherwise. Statistical analyses were performed using 
GraphPad Software (Prism 9—Version 9.4.0; GraphPad, California, 
USA). A P < 0.05 was considered statistically significant. For proteomics, 
identified proteins were considered differentially expressed when the 
adj. P-value was below 0.05. 

3. Results 
3.1 Survival of DOX-treated mice 
No mortality was observed in vehicle-treated mice, whereas seven 
DOX-treated mice died across the cohorts. More specifically, in Cohort 
1, one DOX-treated mouse died shortly after the final in vivo measurement 
at Week 6. One mouse in the DOX-treated group of Cohort 2 died at 
Week 8. From Week 10 to Week 15, three DOX-treated mice died in 
Cohort 3. In addition, one mouse in Cohort 2 (at Week 5) and one mouse 
in Cohort 3 (after the in vivo measurement at Week 15) required euthan-
asia due to poor health (weight loss >20%, hunched back, and lack of 
grooming). Mice survival for each cohort is summarized in  
Supplementary material online, Figure S1. 

3.2 DOX transiently increases in vivo arterial 
stiffness 
The study design is schematically illustrated in Figure 1A. 

In all cohorts, DOX consistently increased aaPWV (by 1.3-fold on aver-
age) after 2 weeks of treatment, which was no longer observed at Weeks 6, 
9, and 15 of follow-up (Figure 1B). Of note, DOX-induced arterial stiffness 
reverted to baseline before the end of the treatment period (at Week 4; 
Figure 1B; Cohort 1). Furthermore, LVEF decreased by 10% on average 
in the DOX group at Week 6 in all cohorts, which tended to persist at  
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Week 9 and 15 (Figure 1C). Pearson correlation between aaPWV at Week 
2 and LVEF at Week 6 for all cohorts showed an inverse correlation 
(Figure 1D). Additional parameters of cardiac function are summarized in 
Table 1, which show lower FS in the DOX-treated group at Weeks 6, 9, 
and 15. Finally, systolic BP and diastolic BP, which were only assessed in 
Cohort 3, were not changed during and after DOX treatment 
(Figure 1E). Pulse pressure, the difference between systolic and diastolic 
BP, remained unaffected as well (data not shown). 

Next, ex vivo experiments were performed with the in-house developed 
ROTSAC set-up, which allows for evaluation of ex vivo arterial stiffness in 
the absence of possible haemodynamic confounders. Of note, the ‘Week 
2’ data have previously been published but are shown here to allow for 
comparison with other time points.25 Ep was measured at 80– 
120 mmHg for all conditions. Under unstimulated Krebs conditions, Ep 
was not altered (Figure 2A). On the other hand, DOX increased Ep in 
the presence of PE at Week 2, which was no longer observed at Week 
6, 9, and 15 (Figure 2B). This is in line with the in vivo measurements. 
Finally, Ep values were similar between vehicle- and DOX-treated groups 
under DEANO (Figure 2C). 

3.3 DOX impairs endothelium-dependent 
vasodilation that eventually recovers 
Vascular reactivity was subsequently examined in depth. 
Endothelium-dependent vasodilation with ACh was decreased in the 
DOX-treated group at Week 6, which was no longer observed at 
Weeks 9 and 15 (Figure 3A). Endothelium-independent relaxation with 
DEANO was not altered at any time point (Figure 3B). 

PE-induced contraction was higher at Weeks 6 and 9 (Figure 4A). When 
contraction in Panel A was normalized to maximum contraction, aortic 
segments from DOX-treated mice exhibited increased sensitivity of con-
traction at Weeks 6, 9, and 15 (Figure 4B). Next, PE-induced contraction, 
after prior incubation of aortic segments with the eNOS inhibitor 
L-NAME, was only higher in DOX-treated mice at Week 9 (Figure 4C). 
Normalized contraction from Panel C was identical at Weeks 6, 9, and 
15 (Figure 4D). 

3.4 DOX does not alter collagen and elastin 
content nor induces outward structural 
remodelling 
Next, we investigated the occurrence of structural changes in the aortic 
wall to elucidate why DOX-induced arterial stiffness was no longer present 
at Week 6 despite persistent endothelial dysfunction. Total collagen and 
elastin content, histologically stained with sirius red and orcein respectively, 
were similar between the vehicle- and DOX-treated groups (see  
Supplementary material online, Figure S2). Furthermore, aortic diameters, 
assessed with the ROTSAC set-up under DEANO, did not differ. More 
specifically, diameters were as follows for the vehicle vs. DOX group: 
0.94 ± 0.01 vs. 0.96 ± 0.02 mm at Week 2, 1.01 ± 0.04 vs. 0.97 ±  
0.02 mm at Week 6, 1.07 ± 0.04 vs. 1.06 ± 0.03 mm at Week 9, and 
1.01 ± 0.01 vs. 1.01 ± 0.06 mm at Week 15. 

3.5 DOX increases THBS1 and SERPINA3 
levels during treatment 
Proteomic analysis of aortic samples identified a total of 966 proteins (755 
with high and 211 with medium confidence), of which 37 were differentially 
expressed (28 up-regulated and 9 down-regulated) at Week 2. At Week 6, 
25 proteins were differentially expressed (15 up-regulated and 10 down- 
regulated). The results are visually summarized in Figure 5A. A more de-
tailed list of the differentially up- and down-regulated proteins is provided 
in a supplementary Excel® file. 

Thrombospondin-1 (THBS1) and α-1-antichymotrypsin orthologue ‘n’ 
(SERPINA3N; hereafter called ‘SERPINA3’) showed the highest expression 
levels at Weeks 2 and 6, respectively. We further validated the differential 
expression of these proteins using western blotting and investigated 

whether the up-regulation persisted at Week 9. For DOX-treated mice, 
western blotting revealed increased SERPINA3 at Weeks 2 and 6 
(Figure 5B). The elevated SERPINA3 levels at Week 6 corroborate the 
proteomic findings. SERPINA3 levels remained higher at Week 9 
(Figure 5B). Furthermore, in the DOX group, increased expression of 
THBS1 at Weeks 2 and 6 was observed, which is in line with the proteomic 
results (Figure 5B). THBS1 tended to remain high at Week 9 (P = 0.052; 
Figure 5B). For each time point, western blot images for SERPINA3 and 
THBS1 are shown in Figure 5C. Uncropped blots are shown in the  
supplementary PDF file. The specificity of anti-SERPINA3 and 
anti-THBS1 antibodies was validated with recombinant mouse 
SERPINA3 and THBS1 proteins as positive controls. The antibody specifi-
city validation is shown in Supplementary material online, Figure S3. 

3.6 SERPINA3 and THBS1 increase in plasma 
of patients with AICT 
The up-regulation of SERPINA3 and THBS1 places these proteins as po-
tential biomarkers for DOX-induced cardiovascular toxicity. As such, 
SERPINA3 and THBS1 levels were quantified in plasma samples from 
AICT and control patients. 

An overview of the patient cohorts is illustrated in Figure 6A. Patient 
characteristics are summarized in Table 2 and were as follows: AICT pa-
tients (n = 14) were aged 59 years (median; range: 41–75 years), and 12 
patients (86%) were female. AICT patients were treated for breast cancer 
(n = 11), T-cell lymphoma (n = 1), non-Hodgkin lymphoma (n = 1), or 
Hodgkin lymphoma (n = 1). For AICT patients, median LVEF was 36% 
(range: 14–41%) at the time of blood collection. Noteworthy, 12 patients 
(86%) showed severe cardiotoxicity (LVEF < 40%) as defined by the cur-
rent ESC guidelines on cardio-oncology,22 and 2 patients (14%) exhibited 
a LVEF of 40–41%. Furthermore, hypertension and hypercholesterolaemia 
were observed in one AICT patient (7%) and seven AICT patients (50%), 
respectively. None of the AICT patients had diabetes. For the control 
group (n = 27), patients were aged 57 years (median; range: 48–78 years), 
15 (56%) were female, 11 patients (41%) exhibited hypertension, 11 (41%) 
showed hypercholesterolaemia, and 3 (11%) had diabetes. In control pa-
tients, median LVEF was 73% (range: 60–88%) at the time of blood 
collection. 

SERPINA3 and THBS1 were both detected in plasma, indicating that 
these proteins are secreted, and were significantly higher in the AICT 
group compared with control patients (Figure 6B). No differences were 
observed in SERPINA3 and THBS1 levels between male and female control 
patients (data not shown). Pearson correlation showed an inverse correl-
ation between SERPINA3 and LVEF and between THBS1 and LVEF 
(Figure 6C). 

4. Discussion 
The present study is, to the best of our knowledge, the first to characterize 
the time course of DOX-induced cardiovascular toxicity, complemented 
by a biomarker-oriented proteomic approach. 

DOX enhanced arterial stiffness by 1.3-fold and decreased LVEF and FS 
by 10%. This is in line with clinical trials that have reported a 1.2-fold 
increase in arterial stiffness and a 10% decline in LVEF in cancer patients 
receiving DOX every 14–21 days (cumulative dose range: 50– 
400 mg/m²).13–17 Hence, the experimental model has translational value. 
Of note, a decrease of 10% in LVEF is defined as moderate cardiotoxicity 
in current ESC guidelines.22 Early identification of moderate cardiotoxicity 
is important to allow timely intervention before it turns symptomatic and/ 
or irreversible.22 In light of this growing awareness, our DOX dosing and 
treatment regimen were designed accordingly and were based on a study 
by Zhang et al.30 that reported a 10% decrease in LVEF during DOX 
treatment. 

Interestingly, DOX-induced arterial stiffness preceded moderate cardi-
otoxicity. Additionally, there was an inverse correlation between 
DOX-induced arterial stiffness after 2 weeks and LVEF decline at Week 6.  
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Although these data do not evince a direct contributory role for 
DOX-induced arterial stiffness to cardiac dysfunction, our data place arter-
ial stiffness as a potential diagnostic marker of future cardiac events in 
DOX-treated patients. 

Decreased left ventricular systolic function persisted after DOX therapy 
cessation, whereas enhanced arterial stiffness recovered rapidly during the 
treatment period. To corroborate the latter finding, the ex vivo ROTSAC 
set-up was used to assess arterial stiffness in the absence of possible in vivo 
haemodynamic confounders since cardiac function can influence vascular 
stiffness.31 The ROTSAC set-up confirmed the in vivo measurements, as 
evidenced by increased ex vivo arterial stiffness at Week 2 (under PE con-
ditions), followed by recovery during follow-up. Taken together, these 
findings indicate that DOX-induced arterial stiffness is transient and reverts 
independently from in vivo haemodynamics. 

Our pre-clinical findings showing recovery of DOX-induced arterial 
stiffness are in line with the observations of Novo et al.16 in patients. In their 
clinical trial, the authors reported enhanced arterial stiffness in breast can-
cer patients upon DOX therapy completion, followed by recovery at 3 and 
9 months after treatment end, while LVEF was lower at all time points.16 

Furthermore, temporary DOX-induced arterial stiffness has been 

indirectly observed in DOX-treated non-human primates as well.32 

More specifically, Engwall et al.32 treated these primates with DOX over 
a period of 19 weeks (cumulative DOX dose of 11–17 mg/kg) and re-
ported that pulse pressure increased after 2 weeks and subsequently de-
creased in the DOX group. Since pulse pressure has been proportionally 
associated with arterial stiffness,33 its biphasic response in the study by 
Engwall et al. is indicative of transient arterial stiffness. 

In the current work, we did not discern changes in either BP or pulse 
pressure during DOX treatment. This differs from epidemiological studies 
reporting a higher incidence of systemic hypertension in 5-year 
anthracycline-treated childhood cancer survivors.6 It should be mentioned 
that the experimental design in the current work shows a shorter time 
frame compared with the 5-year follow-up period in these cancer survi-
vors. Furthermore, our unchanged BP data also differ from Engwall 
et al.32 reporting a decrease in BP in DOX-treated non-human primates. 
This is most likely attributable to different BP assessment methodology. 
While Engwall et al.32 evaluated central BP by using telemetry in primates 
at rest, we assessed peripheral BP with a tail-cuff system in restrained mice. 
Collectively, these studies indicate that the impact of DOX on BP remains 
poorly understood. 

Figure 1 Evaluation of in vivo cardiovascular function during and after DOX treatment in each cohort. Schematic overview of the study design with full and 
dotted  lines representing treatment and follow-up period, respectively (A). In each cohort, DOX increased aaPWV after 2 weeks of treatment, followed by a 
return to baseline during follow-up (B). DOX consistently and persistently decreased LVEF in all cohorts (C ). LVEF at Week 6 showed an inverse correlation 
with aaPWV at Week 2 (D). Systolic and diastolic BP did not change during and after DOX treatment (E). For B, C, and E, repeated measures two-way ANOVA 
with Šídák’s multiple comparisons test. For each cohort at baseline, n = 8 in vehicle- and DOX-treated group. *, **, and *** P < 0.05, 0.01, and 0.001.   
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Although our results show recovery of DOX-induced arterial stiffness, 
this does not necessarily mean reversal of vascular toxicity. Arterial stiff-
ness is modulated by passive biomechanical properties, such as the 
collagen-to-elastin ratio,34 by active processes, such as the regulation of 
vascular tone by VSMCs and ECs,27,35 and by the mutual interplay between 
these passive and active elements.34 As such, multiple vascular events could 
collectively exert opposing actions on arterial stiffness. For example, in the 
acute phase (16-h treatment with 4-mg DOX/kg in vivo), we previously ob-
served impaired endothelial function and reduced VSMC contraction, 

exerting mutual opposing effects, which eventually resulted in unaltered ar-
terial stiffness.36 This highlights the importance of evaluating both active 
and passive mechanisms to obtain a complete profile of vascular toxicity. 

In-depth vascular reactivity evaluation revealed important findings. 
Previously, we demonstrated that the increase in in vivo and ex vivo arterial 
stiffness during the first 2 weeks of DOX treatment resulted from endo-
thelial dysfunction, as evidenced by impaired ACh-stimulated vasodilation 
and a decreased basal NO index.25 In the present work, ACh-induced 
vasodilation in the DOX-treated group remained impaired at Week 6 
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Table 1 Cardiac function and body weight at baseline and time point of sacrifice for each cohort  

Cohort 1 Cohort 2 Cohort 3 

Baseline 
vehicle (n = 8) vs. 

DOX (n = 8) 

Week 6 
vehicle (n = 8) vs. 

DOX (n = 7) 

Baseline 
vehicle (n = 8) vs. 

DOX (n = 8) 

Week 9 
vehicle (n = 8) vs. 

DOX (n = 6) 

Baseline 
vehicle (n = 8) vs. 

DOX (n = 8) 

Week 15 
vehicle (n = 8) vs. 

DOX (n = 5)  

FS (%) 41.5 ± 0.7 vs. 

42.7 ± 1.6 

38.9 ± 0.5 vs. 

33.9 ± 0.8** 

36.9 ± 1.0 vs. 

34.5 ± 1.4 

38.3 ± 2.2 vs. 

29.9 ± 2.1** 

37.9 ± 2.8 vs. 

35.9 ± 1.4 

40.7 ± 1.1 vs. 

28.6 ± 3.3** 
LVAW (mm; 

diastole) 

0.73 ± 0.04 vs. 

0.73 ± 0.02 

0.77 ± 0.03 vs. 

0.71 ± 0.02 

0.80 ± 0.04 vs. 

0.80 ± 0.04 

0.85 ± 0.05 vs. 

0.70 ± 0.05 

1.03 ± 0.06 vs. 

0.93 ± 0.10 

0.85 ± 0.04 vs. 

0.71 ± 0.03 

LVAW (mm; 
systole) 

1.09 ± 0.04 vs. 
1.13 ± 0.04 

1.18 ± 0.02 vs. 
1.04 ± 0.03* 

1.2 ± 0.05 vs. 
1.1 ± 0.06 

1.25 ± 0.06 vs. 
0.97 ± 0.07** 

1.59 ± 0.07 vs. 
1.49 ± 0.09 

1.24 ± 0.06 vs. 
0.99 ± 0.04# 

LVPW (mm; 

diastole) 

0.83 ± 0.03 vs. 

0.85 ± 0.03 

0.88 ± 0.06 vs. 

0.83 ± 0.04 

0.71 ± 0.02 vs. 

1.01 ± 0.25 

0.75 ± 0.04 vs. 

0.79 ± 0.03 

1.19 ± 0.08 vs. 

1.07 ± 0.06 

0.95 ± 0.02 vs. 

1.00 ± 0.13 
LVPW (mm; 

systole) 

1.42 ± 0.05 vs. 

1.43 ± 0.07 

1.42 ± 0.05 vs. 

1.25 ± 0.03* 

1.25 ± 0.07 vs. 

1.24 ± 0.02 

1.24 ± 0.05 vs. 

1.13 ± 0.05 

1.53 ± 0.11 vs. 

1.43 ± 0.08 

1.58 ± 0.05 vs. 

1.27 ± 0.17 

LVID (mm; 
diastole) 

3.04 ± 0.17 vs. 
3.16 ± 0.10 

3.68 ± 0.08 vs. 
3.38 ± 0.04 

3.68 ± 0.08 vs. 
3.70 ± 0.07 

3.77 ± 0.10 vs. 
3.70 ± 0.12 

2.95 ± 0.13 vs. 
3.34 ± 0.17 

3.64 ± 0.09 vs. 
3.87 ± 0.32 

LVID (mm; systole) 1.78 ± 0.10 vs. 

1.81 ± 0.09 

2.25 ± 0.06 vs. 

2.23 ± 0.04 

2.32 ± 0.05 vs. 

2.42 ± 0.08 

2.33 ± 0.12 vs. 

2.59 ± 0.11 

1.82 ± 0.10 vs. 

2.14 ± 0.11 

2.16 ± 0.09 vs. 

2.80 ± 0.37* 
Heart mass (mg) N.A. 154.8 ± 5.2 vs. 

128.1 ± 3.7** 

N.A. 160.2 ± 8.6 vs. 

154.0 ± 8.1 

N.A. 136.3 ± 11.6 vs. 

152.0 ± 11.6 

Body weight (mg) 28.6 ± 0.6 vs. 
28.3 ± 0.5 

30.4 ± 0.6 vs. 
26.5 ± 0.8*** 

25.1 ± 0.7 vs. 
26.0 ± 0.6 

30.7 ± 1.0 vs. 
26.2 ± 1.1** 

25.5 ± 0.8 vs. 
25.0 ± 0.6 

30.5 ± 0.9 vs. 
26.1 ± 1.2** 

For each cohort, repeated measures two-way ANOVA with Šídák’s multiple comparisons test. Asterisk indicates statistical significant outcome from multiple comparisons test *, **, *** P < 0.05, 
0.01, 0.001; # 0.05 < P < 0.06. 
FS, fractional shortening; LVAW, left ventricular anterior wall; LVPW, left ventricular posterior wall; LVID, left ventricular internal diameter; N.A., not applicable.  

Figure 2 Assessment of ex vivo arterial stiffness in aortic segments isolated from vehicle- and DOX-treated mice in ex vivo ROTSAC set-up. Ep did not differ 
in Krebs (A). Ep was higher in the DOX-treated group upon PE-induced contraction at Week 2 and returned to baseline during follow-up (B). Under DEANO 
conditions, Ep was not altered (C ). For each panel, repeated measures two-way ANOVA with Šídák’s multiple comparisons test. For vehicle, n = 8 at each time 
point. For DOX-treated group, n = 7 at Weeks 2 and 6, n = 6 at Week 9, and n = 4 at Week 15.   
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but restored at Weeks 9 and 15. As such, the reversibility of DOX-induced 
arterial stiffness does not seem attributable to endothelial dysfunction re-
covery. Surprisingly, PE-induced contraction remained higher during 
follow-up in the absence, but not in the presence, of L-NAME. We previ-
ously reported that such observation is indicative of low basal NO le-
vels.27,28 Likewise, decreased basal NO levels and similar ACh-induced 
vasodilation have been reported in atherosclerotic mouse models with 
endothelial dysfunction.37,38 Therefore, DOX-induced endothelial dys-
function may only partially restore after therapy cessation, but these 

data should be interpreted with caution as basal NO levels were not dir-
ectly measured nor quantified. In any event, our data indicate that, as 
long as DOX treatment continues, ACh-stimulated vasodilation and basal 
NO levels remain impaired. 

We previously demonstrated that DOX (4 mg/kg) provoked endothe-
lial dysfunction as early as 16 h after administration, without affecting arterial 
stiffness or cardiac function.36 In the present study, DOX increased arterial 
stiffness after 2 weeks and decreased LVEF from Week 4. Taken together, 
DOX provokes endothelial dysfunction soon after administration, which 

Figure 3 Endothelium-dependent (ACh; A) and endothelium-independent (DEANO; B) vasodilation in aortic segments from vehicle- and DOX-treated 
mice in organ baths. DOX impaired ACh-induced vasodilation at Week 6, which recovered thereafter (A). DOX did not affect DEANO-induced vasodilation 
at any time point (B). For vehicle, n = 8 for each time point; for DOX-treated group, n = 7 at Week 6, n = 6 at Week 9 and n = 4 at Week 15. For each time 
point in each panel, repeated measures two-way ANOVA with Šídák’s multiple comparisons test. * and ** P < 0.05 and 0.01.  

Figure 4 PE-induced VSMC contraction in aortic segments from vehicle- and DOX-treated mice in organ baths. DOX increased PE-induced contraction at 
Weeks 6 and 9 (A). Normalization of A to maximum contraction revealed higher contraction in the DOX-treated group at all time points (B). PE-induced 
contraction after pre-incubation with L-NAME was higher in DOX-treated mice at Week 9 (C ). Normalization of C to maximum contraction revealed similar 
contraction at all time points (D). For vehicle, n = 8 for each time point; for DOX-treated group, n = 7 at Week 6, n = 6 at Week 9, and n = 4 at Week 15. For 
each time point in each panel, repeated measures two-way ANOVA with Šídák’s multiple comparisons test. *, **, ***, and **** P < 0.05, 0.01, 0.001 and 
0.0001.   
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precedes both arterial stiffness and moderate cardiotoxicity. In this respect, 
endothelial dysfunction may be an early indicator of future cardiovascular 
events in cancer patients during DOX therapy. 

In an attempt to explain arterial stiffness recovery despite continued 
endothelial dysfunction (at Week 6), we investigated whether structural re-
modelling was the discriminating factor. Sirius red and orcein stains showed 
similar amounts of collagen and elastin, and ex vivo arterial stiffness under 
DEANO did not differ. In addition, no outward remodelling occurred, as 
suggested by similar aortic diameters. However, proteomics on aortic sam-
ples revealed differential expression of particularly glycoproteins, such as 
THBS1, SERPINA3, SERPINA1, MBL2, and LGALS3BP. While these glyco-
proteins mediate cell–cell and cell–extracellular matrix interactions 
(GeneCards®; accessed on 12 April 2023), their exact role in vascular 

physiology and arterial stiffness remains incompletely understood. Further 
investigating this lies beyond the scope of the current work. Of note, 
SERPINA3 and THBS1 represented the highest up-regulated proteins in re-
sponse to DOX. Western blotting further confirmed the up-regulated ex-
pression and showed that both SERPINA3 and THBS1 levels remained 
higher after DOX therapy cessation. As such, SERPINA3 and THBS1 
were selected as promising biomarker candidates for clinical validation.  

Plasma SERPINA3 and THBS1 levels were higher in middle-aged AICT 
cancer survivors compared with control patients. Moreover, there was 
an inverse correlation between SERPINA3 and LVEF and between 
THBS1 and LVEF.  

SERPINA3 is a serine protease inhibitor, involved in acute-phase inflam-
matory responses,39 and has been implicated in Alzheimer’s disease and 

Figure 5 Proteomic analysis of aortic samples from DOX-treated mice at Weeks 2 and 6 and validation of two candidate biomarkers with western blotting. 
Plots of differentially expressed proteins at Weeks 2 and 6 (A). For A, horizontal grey line indicates significance threshold (P < 0.05); up- and down-regulated 
proteins are indicated in blue and red, respectively; differentially expressed proteins are abbreviated (full names are listed in abbreviations list). Western blotting 
shows and corroborates higher levels of SERPINA3 in DOX-treated mice at Weeks 2 and 6, which persist at Week 9 (B). Western blotting also confirms higher 
levels of THBS1 in the DOX-treated group at Weeks 2 and 6 and shows a trend (P = 0.052) towards increased THBS1 levels at Week 9 (B). Representative 
western blot images for SERPINA3 and THBS1 at Weeks 2, 6, and 9 (C ). For C, ‘V’ and ‘D’ indicate lanes with vehicle and DOX aortic samples, respectively. D* 
on the blot at Week 9 contains a DOX sample for which no protein was detected and was excluded from analysis as such. For A, n = 8 in vehicle and DOX 
group for both Week 2 and Week 6. For B, vehicle group: n = 5, n = 6, and n = 6 at Weeks 2, 6, and 9, respectively; DOX group: n = 5, n = 6, and n = 5 at 
Weeks 2, 6, and 9, respectively. For B, Mann–Whitney U test for each time point. * and ** P < 0.05 and 0.01. Abbreviations for differentially expressed 
proteins in proteomics: SERPINA1E, α-1-antitrypsin; HMGN2, Non-histone chromosomal protein HMG-17; SERPINA3N, α-1-antichymotrypsin ortho-
logue n; MT2, Metallothionein-2; MBL2, Mannose-binding protein C; MT1, Metallothionein-1; THBS1, Thrombospondin-1; FTL1, Ferritin light chain 1; 
COL14A1, Collagen α-1 (XIV) chain; LGALS3BP, Galectin-3-binding protein; RPL26, 60S ribosomal protein L26; IGHM, Immunoglobulin heavy constant µ; 
HAMP, Hepcidin; APOA2, Apolipoprotein A-II; HBA, Hemoglobin subunit α; HBB-B1, Hemoglobin subunit β-1; CA1, Carbonic anhydrase 1; KRT15, 
Keratin (type I cytoskeletal 15); SPTA1, Spectrin α; CA2; Carbonic anhydrase 2; RPL6, 60S ribosomal protein L6; VWA1, von Willebrand factor A do-
main-containing protein 1; RPL37A, 60S ribosomal protein L37a; CAPG, Macrophage-capping protein; RAD23A, UV excision repair protein RAD23 homolog 
A; IGHG1, Ig γ-1 chain C region (membrane-bound form); SLC4A1, Band 3 anion transport protein; ACLY, ATP-citrate synthase; ATPA1, Sodium/potassium- 
transporting ATPase subunit alpha-1.   
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various types of cancer, such as breast and colorectal cancers.39–41 In re-
cent years, SERPINA3 has been proposed as a prognostic marker for car-
diovascular disease.42–46 More specifically, Zhao et al.46 suggested that 
SERPINA3 predicts adverse cardiac events in patients with myocardial in-
farction. Similarly, Delrue et al.43 reported circulating SERPINA3 to be as-
sociated with worse outcome in patients with de novo or worsened HF. 
Finally, SERPINA3 has also been shown to be increased in plasma of 

patients with coronary heart disease.45 Despite its association with adverse 
cardiovascular outcome, it remains unclear whether SERPINA3 actively 
contributes to cardiovascular disease development or whether it is re-
leased as a general response to toxic events. Also, the role of SERPINA3 
in normal cardiovascular physiology is poorly understood.39 In any event, 
the present study is the first to demonstrate that DOX treatment is asso-
ciated with increased SERPINA3 in the vasculature and to find up-regulated 
SERPINA3 in plasma of AICT patients. Our data therefore raise awareness 
for a role of SERPINA3 in cardiovascular toxicity and place SERPINA3 as a 
potential diagnostic biomarker for anthracycline-induced cardiovascular 
toxicity. 

THBS1 is a secretory extracellular matrix protein and primarily mediates 
cell-to-cell and cell-to-matrix interactions. It has been shown that THBS1 
can prevent vascular endothelial growth factor-mediated eNOS and guany-
late cyclase activation, which could be an explanation why impaired basal NO 
production possibly persists after DOX therapy cessation and thus may ex-
plain the higher PE contractions.47 Apart from inhibiting eNOS, THBS1 has 
been proposed to fulfil a protective role in the cardiovascular system as 
THBS1 deficiency in rodent models deleteriously impacts cardiovascular 
physiology.48 For example, THBS1 deficiency has been observed to provoke 
early onset of cardiac hypertrophy following pressure overload,49 prolong 
and enhance inflammatory responses after myocardial infarction,50 and ac-
celerate atherosclerotic plaque maturation.51 In rodent models of HF, 
THBS1 has also been shown to be up-regulated, presumably in an adaptive 
attempt to maintain cardiac function by promoting cardiac remodelling.52,53 

As such, increased THBS1 levels have been proposed as indicators of future 
HF.53 To our knowledge, the current work is the first to show increased plas-
ma THBS1 levels in AICT patients. Whether THBS1 is up-regulated in 

Figure 6 Quantification of SERPINA3 and THBS1 levels in plasma of control and AICT patients using ELISA. Schematic overview of the patient cohorts (A). 
AICT patients exhibited higher SERPINA3 and THBS1 levels compared with the control group (B). Both SERPINA3 and THBS1 showed an inverse Pearson 
correlation with LVEF (C ). For B, data are presented as Tukey box plots with median (horizontal line) and the 25th and 75th percentile whiskers. For C, white 
and red dots represent control and AICT patients, respectively. n numbers are shown in A. For B, Mann–Whitney U test. * and **** P < 0.05 and 0.0001.  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Patient cohort characteristics  

AICT 
patients 

Control 
patients  

Population (n) 14 27 
Age (years; median) 59 57 

Proportion of females (%) 86 56 

Cancer type      
Breast cancer (n) 11 None  

T-cell lymphoma (n) 1 None  

Non-Hodgkin lymphoma (n) 1 None  
Hodgkin lymphoma (n) 1 None 

LVEF (%; median) 36 73 

Patients with hypertension (n) 1 11 
Patients with hypercholesterolaemia 

(n) 

7 11 

Patients with diabetes (n) None 3   
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response to HF remains unclear but highlights this protein as a possible indi-
cator of future cardiac events in patients receiving DOX. 

Apart from SERPINA3 and THBS1, proteomics showed elevated MBL2 
and LGALS3BP levels, which have been implicated in cardiovascular disease 
as well. For example, increased MBL2 levels in serum have been associated 
with development of coronary artery disease.54 Moreover, LGALS3BP over-
expression and secretion have been proposed to play an important part in 
HF and atherosclerosis.55 Interestingly, we observed a decrease in 
SERPINA1, which has been associated with a higher incidence of systemic 
hypertension, chronic HF, and cardiac arrhythmia.56 Similar to SERPINA3 
and THBS1, the exact role of MBL2, LGALS3BP, and SERPINA1 in cardiovas-
cular (patho)physiology remains incompletely understood. 

In summary, left ventricular systolic function was persistently reduced in 
DOX-treated mice, whereas arterial stiffness and endothelial dysfunction 
were transient. Interestingly, arterial stiffness preceded impairment of sys-
tolic function and showed an inverse correlation with LVEF decline. 
Moreover, endothelial dysfunction manifested prior to arterial stiffness 
and reduced LVEF and persisted during the DOX treatment period. 
Hence, we propose that arterial stiffness and endothelial dysfunction 
hold potential as diagnostic, but time-sensitive, functional markers of future 
cardiovascular events in patients receiving DOX. Furthermore, we identi-
fied SERPINA3 and THBS1 up-regulation in murine aortic tissue during 
DOX treatment. In AICT patients, plasma SERPINA3 and THBS1 levels 
were elevated as well, highlighting these proteins as potential contributors 
or response proteins to cardiotoxicity. As such, SERPINA3 and THBS1 
hold possible diagnostic value for cardiovascular risk assessment in adult 
DOX-treated patients. 

4.1 Limitations 
The present study has several limitations. First, our findings apply to young, 
male mice, which may differ from female and old mice. Young, male mice 
were chosen as they are more sensitive to DOX-induced cardiotoxicity57–59 

and to avoid the influence of cyclic changes in female hormones as confound-
ing factors. Similarly, female sex offers protection against DOX-related car-
diotoxicity in patients.57 Second, the DOX administration route in the 
current work differs from the clinical setting where DOX is mainly adminis-
tered intra-venously. Third, although we position arterial stiffness and endo-
thelial dysfunction as potential markers for cardiotoxicity in DOX-treated 
patients, further clinical validation is required with well-defined time points. 
Finally, our data only show an increase in SERPINA3 and THBS1 levels in 
adult AICT patients, and more research is required to investigate whether 
SERPINA3 and THBS1 can actually predict cardiovascular events in 
DOX-treated patients of all ages. 
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