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Abstract

Background and 
Aims

Hypertension and valvular heart disease, both associated with left ventricular (LV) pressure overload, increase the risk of 
anthracycline cardiotoxicity. While epidemiologically established, the underlying mechanisms remain unclear, precluding 
identification of therapeutic targets.

Methods Two-month-old Yucatan pigs (males and females) underwent aortic banding to induce LV pressure overload or no oper
ation. After 4 months, animals received a low-risk cumulative dose of doxorubicin (5 weekly 1 mg/kg intravenous injections) 
or vehicle, generating four groups: (i) healthy controls (no LV overload, no doxorubicin), (ii) Dox (doxorubicin, no LV over
load), (iii) Banding (B: LV overload, no doxorubicin), and (iv) B + Dox (LV overload plus doxorubicin). Cardiac function, 
structure, and metabolism were assessed over 8 months by cardiac magnetic resonance, magnetic resonance spectroscopy, 
and hybrid positron emission tomography/computed tomography. At study end, proteomics and mitochondrial structure 
and function were analysed. Complementary in vivo and ex vivo studies examined the mechanistic role of energetic imbalance.

Results LV overload increased LV mass (P < .0001) and ejection fraction (P = .0081), with compensatory metabolic changes (drop in 
phosphocreatine (P = .022)). Low-risk Dox alone altered myocardial metabolism (increased glucose uptake, P = .014) but preserved 
cardiac function. In pigs with pre-existing LV pressure overload, doxorubicin increased mortality (P < .0001 vs all other groups), re
duced left ventricular ejection fraction (LVEF) (P < .0001), increased fibrosis, and impaired mitochondrial respiration (P = .032). In 
HL-1 cardiomyocytes, reducing energy demand with mavacamten rescued cell viability under combined doxorubicin and hyper
trophic stress.

Conclusions LV pressure overload increases myocardial susceptibility to anthracycline cardiotoxicity by inducing a high-energy-demand 
state. Anthracycline treatment, even at a low-risk dose, disrupts compensatory mechanisms in the pressure-overloaded 
heart, rapidly leading to cardiac dysfunction and heart failure. Preventive strategies targeting this metabolic vulnerability 
are urgently needed for patients with extant LV pressure overload (e.g. hypertension or valvular heart disease) who are 
undergoing anthracycline therapy.

* Corresponding author. Tel: +3491 4531200 (ext 4302), Email: bibanez@cnic.es
© The Author(s) 2026. 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 reprints@oup.com for reprints and 
translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact 
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Structured Graphical Abstract

Does pre-existing left ventricular (LV) pressure overload exacerbate anthracycline cardiotoxicity? What is the underlying mechanism 
linking pressure overload to increased susceptibility?

In Yucatan minipigs, LV pressure overload induced a hypermetabolic cardiac state with preserved function but reduced energetic reserve. 
In this setting, low-dose doxorubicin triggered severe mitochondrial dysfunction, myocardial fibrosis, and reduced survival. Reduction of 
energy demand by mavacamten was protective, confirming that energy mismatch was the cause of myocardial dysfunction.

Pharmacological reduction of myocardial energy by mavacamten attenuates anthracycline-associated injury in subjects with pre-existing 
LV pressure overload (e.g. hypertension), supporting its utilization in this setting.

Key Question

Key Finding

Take Home Message

Experimental study showing that pre-existing left ventricular (LV) pressure overload induces a hypermetabolic myocardial state with preserved sys
tolic function but reduced energetic reserve. In this setting, exposure to low-dose doxorubicin precipitates mitochondrial dysfunction, myocardial 
fibrosis, and overt LV dysfunction, leading to reduced survival. In vitro, pharmacological reduction of myocardial energy demand with mavacamten 
prevents anthracycline-associated cardiotoxicity, likely through restoration of energetic balance. The latter supports an energy mismatch-driven 
mechanism and identifying myocardial energetic modulation as a potential protective strategy in patients with pressure-overloaded hearts.

Keywords Cardiooncology • Anthracyclines • Heart failure • MR spectroscopy

Translational Perspective
Anthracycline cardiotoxicity remains a major concern in cancer survivors. Epidemiological evidence indicates that patients with pre-existing left 
ventricular (LV) pressure overload (e.g. hypertension) are at increased risk. Evidence from this study demonstrates that LV pressure overload in
duces a high-energy-demand state, creating a latent metabolic vulnerability that predisposes the heart to dysfunction upon anthracycline exposure. 
Therapeutic strategies aimed at reducing myocardial energy demand—such as pharmacological contractility modulation (myosin inhibitors)—were 
shown to mitigate this vulnerability. These insights support the recognition of LV pressure overload as a key risk factor and highlight myocardial 
energetic imbalance as a modifiable target for preventing anthracycline cardiotoxicity in patients with cardiovascular comorbidities.
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Anthracycline cardiotoxicity, also termed anthracycline-induced 
cardiotoxicity (AIC), is a clinically significant problem that has a pro
found impact on cancer survivors who, after successful chemotherapy, 
experience severe secondary cardiovascular effects that limit their qual
ity of life.1,2 Current clinical guidelines emphasize the importance of 
identifying and managing risk factors predisposing to AIC.3 A recently 
validated tool for AIC risk assessment is the HFA-ICOS score, which 
incorporates various cardiovascular disease factors, including hyperten
sion, valvular disease, and ventricular dysfunction.4,5 Although the asso
ciation between these clinical variables and AIC risk has been well 
established in epidemiological studies, the underlying mechanisms 
through which these factors contribute to increased risk remain poorly 
understood. Elucidating these underlying mechanisms is essential for 
the development of effective preventive therapies.6

Two of the main clinical risk factors for AIC are hypertension—espe
cially when accompanied by left ventricular (LV) hypertrophy7–11—and 
significant valvular heart disease.12 Both these conditions are character
ized by LV pressure overload, but despite the well-established association 
between elevated AIC risk and conditions featuring LV pressure over
load, experimental research in this area has been limited to anecdotal 
studies in small animal models.13 Given the high prevalence of LV pres
sure overload (mainly associated with hypertension), there is an urgent 
need for research in clinically relevant models to determine the mechan
isms underlying this relationship and eventually to advance preventive 
strategies for AIC.

To address this knowledge gap, we investigated the impact of LV 
pressure overload on the development of cardiac dysfunction after ex
posure to low-risk anthracycline doses in a porcine large-animal model 
that is anatomically and physiologically similar to humans. We con
ducted a comprehensive longitudinal study combining multimodal im
aging (including assessments of cardiac energetics) with advanced 
proteomic and mitochondrial function analyses to track cardiac struc
ture, function, metabolism, and energetics over a long follow-up period. 
Complementary pharmacological studies in vitro were conducted to 
examine the mechanistic role of energetic imbalance.

Methods
Study design
All procedures conformed to the European Directive 2010/63/EU on the 
protection of animals used for scientific purposes and were approved by 
the institutional animal care and use committees under three successive pro
tocols (PROEX 074/15, PROEX 001/19, and PROEX 23.8/25). The census 
data of the animals that completed the protocol are summarized in 
Supplementary data online, Table S1. The study design is summarized in 
Figure 1. At the beginning of the protocol, 2-month-old Yucatan minipigs (fe
males and castrated males) were randomized to aortic banding to induce LV 
pressure overload or to no operation. Four months after surgery (M4), ani
mals were further randomized to vehicle or a low-risk dose of doxorubicin (5 
weekly 1 mg/kg i.v. injections), dose selected based on a previous dose–re
sponse study. This resulted in four experimental groups: (i) Control (Ctrl) 
group: no operation, no anthracycline exposure; (ii) Doxorubicin (Dox) 
group: no operation plus low-risk anthracycline regimen; (iii) Banding (B) 
group: LV pressure overload, no anthracycline exposure; and (iv) Banding  
+ Doxorubicin (B + Dox) group: LV pressure overload plus low-risk anthra
cycline regimen. After completion of the doxorubicin/vehicle injections, all an
imals were followed up until 8 months after aortic banding/no operation 
(4 months after the first injection of doxorubicin/vehicle) and then sacrificed 
for tissue harvesting and ex vivo analysis. From the beginning of the study, 
all animals underwent serial in vivo multimodality imaging studies, including 
multiparametric cardiac magnetic resonance (CMR), MR spectroscopy, and 

18FDG positron emission tomography (PET). Invasive haemodynamic assess
ment by Swan-Ganz catheterization was performed before initiation of an
thracyclines (at time M4) and at the end of the study (M8).

The mechanistic involvement of high-energy demand cardiac deterior
ation upon doxorubicin exposure was evaluated in vitro exposing HL1 car
diomyocytes to isoproterenol and doxorubicin with/out pre-treatment 
with the selective myosin inhibitor mavacamtem.

Generation of left ventricular pressure 
overload
Aortic banding was induced surgically by placing a band around the ascend
ing aorta.14,15 Further details can be found in supplementary material.

Systemic low-risk dose anthracycline 
administration
All animals in the Dox and B + Dox groups received 1 mg/kg intravenous 
doxorubicin. The dose was identified in a dose–response study performed 
in an independent set of animals (see Supplementary data online, 
Figure S1A). Additional information for doxorubicin injections can be found 
in supplementary material.

Animal care and humanitarian endpoint criteria can be found in 
supplementary material.

Definition of cardiotoxic events
In addition to the analysis of the impact of interventions on cardiac systolic 
function as a continuous variable, animals were classified as having experi
enced a cardiotoxic event on the basis of the LVEF criteria outlined in 
the recent ESC Cardio-Oncology guidelines.3 Severe cardiotoxicity was de
fined as an LVEF below 40%, while moderate cardiotoxicity was defined as 
an LVEF below 49% or a decrease of 10% points from baseline.

Cardiac magnetic resonance and magnetic 
resonance spectroscopy
All CMR studies were conducted with a Philips 3-T Achieva Tx whole-body 
scanner (Philips Healthcare, Best, The Netherlands) equipped with a 
32-element phased-array cardiac coil. Information about CMR acquisition 
protocol and analysis can be found in supplementary material.

Data obtained from cardiac-ECG-triggered localized 31P-MRS data were ob
tained for the non-invasive assessment of human myocardial high-energy phos
phate metabolism (see supplementary material for additional information).

Positron emission tomography/computed 
tomography
All studies were performed with a GEMINI TF 64-slice PET/CT scanner 
(Philips Healthcare, Best, the Netherlands). Additional information can be 
found in supplementary material.

Cardiac catheterization
Right and left heart catheterizations were performed at the two specified 
time points (months 4 and 8) to assess intracavitary and pulmonary pres
sures. Following sedation as described above, vascular access was obtained 
via the femoral artery and vein using an ultrasound-guided Seldinger tech
nique. After establishing access, a Swan-Ganz catheter was inserted via 
the venous route to measure pressures in the right atrium, right ventricle, 
pulmonary artery, and pulmonary capillary wedge positions. For arterial ac
cess, a pigtail catheter was advanced across the banding into the left ven
tricle to obtain pressure measurements.

Statistical methods
Sample size calculation and expanded statistical section are detailed in 
supplementary material. Data are presented as mean ± standard deviation 
or median with interquartile ranges, depending on their distribution. 
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Normality was assessed using the Shapiro–Wilk test. For comparisons be
tween multiple groups, a one-way a Wilcoxon (paired or unpaired) test was 
used. Kaplan–Meier survival curves were generated. Box plots depict the 
median, with whiskers representing the first and third quartiles. Statistical 
significance was defined as P < .05, with P-values adjusted for multiple com
parisons where applicable. All statistical analyses and data visualizations 
were conducted using RStudio (version 4.3.0 (2023-04-21 ucrt); RStudio 
Team, Boston, MA, USA), an integrated development environment for 
R. The data were processed and analysed with various packages from the 
tidyverse collection (Wickham et al., 2019), including dplyr for data manipu
lation, ggplot2 for visualizations, and tidyr for data tidying.

Complete information for histology, transmission electron microscopy 
(TEM), high-resolution respirometry, glycogen content analysis, proteomics, 

and cardiomyocytes cell culture experiments can be found in supplementary 
material.

Results
Left ventricular pressure overload 
activates a subclinical cardiac energetic 
reprogramming to sustain myocardial 
function
At the beginning of the study protocol, LV pressure overload was in
duced surgically in 2-month-old pigs by placing a band around the 

Figure 1 Study design. Study protocol, including sample size for each experimental group at the beginning and end of follow-up. Icons indicate in vivo 
techniques (cardiac magnetic resonance, positron emission tomography/computed tomography, magnetic resonance spectroscopy, Swan-Ganz cath
eterization, and blood sampling) and ex vivo techniques (transmission electron microscopy, OROBOROS, histology, and proteomics)
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ascending aorta to produce supravalvular aortic stenosis (see 
Supplementary data online, Figure S1A). Among pigs receiving no subse
quent anthracycline treatment, no casualties were recorded during the 

8 months after aortic banding (B group) or no operation (Ctrl group) 
(Figure 2A). At 4 months after surgery, LV mass was significantly greater 
in pigs with aortic banding than in non-operated animals (79.7[33.7] g vs 

Figure 2 Cardiac function and anthracycline cardiotoxicity in the swine model. (A) Kaplan–Meier survival curve for each experimental group (dead 
secondary to humanitarian sacrifice due to bad condition or severe myelosuppression is considered as censored time). (B) Left, Left ventricular ejection 
fraction trajectories over the study period (mean and standard error). Right, Individual and grouped data per group 4 months after the initiation of 
doxorubicin/vehicle. Data points represent individual animals. Boxes show the interquartile range with the median line, and whiskers extend to the 
minimum and maximum values, excluding outliers. (C) Pie chart representing the percentage of animals showing signs of anthracycline cardiotoxicity 
(ESC cardio-oncology guideline criteria) at the end of the study. Ctrl, non-operated plus vehicle; Dox, non-operated + low-risk doxorubicin regimen; B, 
LV pressure overload induced by aortic banding; B + Dox, aortic banding followed by doxorubicin exposure
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45 [12.6] g, P < .0001), and this was accompanied by significant eleva
tions in LVEF (73 [9.5] % in B group vs 59 [7] % in Ctrl, P = .0081) 
and stroke volume (58.7 [17.6] mL vs 38 [15.1], P = .02) (Figure 2B, 
and Supplementary data online, table S2). Cardiac catheterization con
firmed the characteristic changes associated with LV pressure overload, 
with LVEDP significantly higher in banded pigs (8 mmHg [3.5] B vs 
5 mmHg Ctrl [3], P = .035). Mean pulmonary capillary wedge pressure 
(PCWP) and right atrial pressure (RAP) were 8 mmHg [4.8] vs 
6 mmHg [3.8] (P = .2) and 4 mmHg [1.8] vs 2 mmHg [7] (P = .31), re
spectively (see Supplementary data online, table S3). Trans-banding 
aortic gradient and aortic velocity significantly increased after surgery 
(see Supplementary data online, Figure S2C–D). On histology, left atrium 
from pigs with LV pressure overload had a significant increase in fibrosis 
(see Supplementary data online, Figure S2A). Cardiomyocyte area and 
proteomic markers of hypertrophic response were significantly in
creased (see Supplementary data online, Figure S2E–G). No changes 
were observed in LV fibrosis (Figure 3C). At time M4, banded and non- 
operated animals randomized to the non-anthracycline study arm (B 
and Ctrl groups, see Figure 1) received injections of vehicle and were 
followed up until the end of the study (M8). At the study endpoint, 
the LVEF elevation in banded pigs was maintained (78.5% [12.0] B vs 

63.0% Ctrl [7.0], P = .00019. Figure 2B), as was the LVEDP elevation, 
and the elevations in pulmonary wedge and right atrial pressures 
were statistically significant. Complete CMR and haemodynamic data 
for both timepoints are shown in Supplementary data online, tables 
S2 and S3. The LV pressure overload phenotype was not accompanied 
by significant increases in extracellular space, oedema, or fibrosis de
tected by CMR or histology (Figure 3). PET analysis of myocardial glu
cose uptake detected no difference between banded and 
non-operated pigs (Figure 4A and B). No accumulation of lipid or glyco
gen droplets was observed on TEM, and neither mitochondrial struc
ture (TEM) nor function (respirometry) differed between the two 
conditions (Figure 4C–G, I and J).

In vivo assessment of cardiac energetics by magnetic resonance spec
troscopy (MRS) revealed significantly altered cardiac energetics in pigs 
with LV pressure overload. Although ATP content remained stable in 
banded pigs, phosphocreatine (PCr) was significantly reduced vs non- 
operated controls (24.1 [12.0] B vs 32.65 [11.27] Ctrl, P = .022) 
(Figure 4H). These data suggest that the myocardium copes with the 
high-energy demand brought on pressure overload by preserving the 
immediate energy pool (ATP) at the expense of consuming the PCr 
reserve.

Figure 3 Myocardial tissue characterization. (A) End-of-study T2-GraSE mapping in the mid-anterior LV wall. (B) Billingham score stacked barplot 
indicating the proportion of animals with intra-cardiomyocyte vacuolization detected by HE staining. (C ) Collagen fraction area indicating the extent 
of myocardial fibrosis, measured with an automated macro from Sirius Red staining in the mid-anterior LV slice. (D) Representative images from cardiac 
magnetic resonance T2 sequences (left, top row), HE staining (left, bottom row), and Sirius Red staining (right). Data points in A and C represent individual 
animals. Bars represent mean and standard deviation. Ctrl, non-operated plus vehicle; Dox, non-operated + low-risk doxorubicin regimen; B, LV pres
sure overload induced by aortic banding; B + Dox, aortic banding followed by doxorubicin exposure
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Proteomic analysis showed that LV pressure overload induced 
myocardial up-regulation of protein clusters associated with high- 
energy demand, including proteins of the tricarboxylic acid (TCA) cy
cle, calcium signalling, and actin cytoskeleton regulation (Figure 5A). 
These adaptations suggest that the response to LV pressure overload 
involves enhanced metabolic activity and structural reorganization. LV 
pressure overload did not trigger any notable disruption in mitochon
drial respiratory complex CI and glycolysis, indicating that mitochon
drial function and energy production capacity were preserved under 
these conditions.

These data suggest that moderate LV pressure overload generates a 
metabolically stressed myocardium as an adaptation to preserve car
diac performance and withstand the increased afterload. Metabolic 
homeostasis and mitochondrial function are maintained, ensuring im
mediate ATP availability, but at the cost of a reduced energy reserve. 
Under these conditions, the heart continues to function without man
ifesting signs of failure.

Absent high-energy demand, cardiac 
metabolic changes induced by a ‘low-risk’ 
cumulative anthracycline dose do not 
impair cardiac function
To study the interaction between pressure overload and anthracycline 
exposure, we sought a doxorubicin regimen that on its own does not 
cause overt cardiac dysfunction. Doxorubicin (5 weekly 1 mg/kg i.v.) or 
vehicle injections were initiated at M4 in non-operated pigs that were 
then followed up for 4 months from the time of the first injection 
(Figure 1).

Among pigs receiving doxorubicin injections for 4 months without LV 
pressure overload, mortality at the end of the study was 7% (Figure 2A). 
LV mass, LV volume, and LVEF did not differ between the 
doxorubicin-only (Dox) and vehicle-only (Ctrl) groups at any point during 
follow-up (Figure 2B and Supplementary data online, table S2). Only 19% 
of Dox-treated pigs met the LVEF-based ESC 2022 cardio-oncology 

Figure 4 Cardiac metabolic function. (A) Left, Positron emission tomography/computed tomography analysis of myocardial glucose (18FDG) uptake 
trajectories (mean and standard error). Right, Individual and grouped data per group at the end of the study; data points represent individual animals. 
Boxes show the interquartile range with the median line, and whiskers extend to the minimum and maximum values, excluding outliers. 
(B) Representative positron emission tomography/computed tomography contrast images at the end of the study. (C ) Density plot of mitochondrial 
size distribution at the end of the study. (D) Mitochondrial number measured from transmission electron microscopy images at the end of the study. 
(E, F ) Violin plots of the lipid droplet area (E) and glycogen content (F ) by transmission electron microscopy. (G) Representative transmission electron 
microscopy images showing mitochondrial shape and size. (H ) Magnetic resonance spectroscopy analysis of ATP and phosphocreatine content (areas 
under curve). (I) Myocardial mitochondrial respiratory function in freshly isolated mitochondria. (J ) Representative high-resolution mitochondrial re
spirometry (OROBOROS) experiment. Data points in H and I represent individual animals. Barplots represent means and standard error. Ctrl, non- 
operated plus vehicle; Dox, non-operated + low-risk doxorubicin regimen; B, LV pressure overload induced by aortic banding; B + Dox, aortic banding 
followed by doxorubicin exposure

Anthracycline cardiotoxicity                                                                                                                                                                               7
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/advance-article/doi/10.1093/eurheartj/ehaf1060/8424139 by Fundacion C
entro N

acional user on 23 July 2026



guideline criteria for moderate cardiotoxicity (Figure 2C). Similarly, 
Dox-group pigs showed no differences from the Ctrl group for any 
CMR parameter, including T1 and T2 mapping (Figure 3A, 
Supplementary data online, table S2). The absence of any functional 
impact of low-risk doxorubicin treatment was confirmed by cardiac 
catheterization, with all parameters showing no differences between 
the Dox and Ctrl groups at end of follow-up (see Supplementary data 
online, table S3).

Histological examination revealed mild cardiomyocyte vacuolization, 
a characteristic feature of early anthracycline cardiotoxicity,18 in 
Dox-group pigs (Figure 3B and D).18 Consistent with the T1 mapping 
data, Sirius Red staining showed no between-group differences in fibro
sis (see Supplementary data online, Table S2, and Figure 3C), indicating 
that the early myocardial injury was primarily cellular (restricted to car
diomyocytes) and did not involve extensive extracellular matrix 
remodelling.

The low-risk anthracycline dose was associated with significant changes 
in myocardial substrate utilization. PET-CT analysis of 18F-FDG uptake re
vealed significantly increased cardiac glucose uptake in doxorubicin-treated 
pigs compared with controls (0.886 [0.51] Dox vs 0.627 [0.20] Ctrl, P  
= .014) (Figure 4A and B). The increased glucose uptake was accompanied 
by a parallel reduction in myocardial lipids detected by TEM, which re
vealed a reduction in lipid droplet (LD) area to 0.094 nm² [0.122] in the 
Dox group, compared with 0.19 nm² [0.194] in the vehicle-treated Ctrl 
group (P < .0001) (Figure 4E). TEM also revealed fragmentation of 

cardiomyocyte mitochondria in doxorubicin-treated pigs since mito
chondrial number per cell were increased in Dox (521 [176] vs 406 
[121] in Ctrl, P = .039). Mean mitochondrial size were 0.224 nm² 
[0.289] and 0.291 nm² [0.311] in Dox and Ctrl respectively (P = .1) 
(Figure 4C, D, and G). These ultrastructural changes were accompanied 
by a reduction in mitochondrial respiratory capacity to 4266.6 pmol/ 
(smg) [1533], compared with 7226 pmol/(smg) [978] in controls (P  
= .0046) (Figure 4I and J). Despite these subtle changes in metabolic 
substrate utilization and mitochondrial structure and function, in vivo 
MRS revealed no alteration in cardiac energetics (Figure 4H).

The proteomic analysis confirmed the metabolic shift from oxidative 
phosphorylation to anaerobic glycolysis in doxorubicin-exposed pigs, 
with proteins involved in oxidative phosphorylation (CI to CV) down- 
regulated, and glycolytic enzymes up-regulated (Figure 5B). Lipid oxida
tion was diminished compared with the rest of the conditions. Changes 
in calcium signalling pathways were also observed, suggesting early dis
ruption of cellular homeostasis.

These data show that the low-risk doxorubicin dose induced early 
subclinical signs of mild AIC, evidenced by subtle changes in cardiac me
tabolism and mitochondrial function. Despite these early metabolic al
terations, there was no detectable impact on cardiac anatomy or 
haemodynamic function. This suggests that the modified energy pro
duction system in doxorubicin-exposed hearts was sufficient to main
tain cardiac function with no deterioration in cardiac energetics in 
the absence of additional cardiac stressors.

A B C

Figure 5 Proteomic footprint. High-throughput multiplexed quantitative proteomics was performed in myocardial tissue of 16 randomly selected 
animals (4 per experimental group) to detect protein abundance changes in (A) banding, (B) doxorubicin and (C ) banding + doxorubicin groups in com
parison to the control group. Protein quantitative data were then analysed using the Systems Biology Triangle model16 (ref) to detect coordinated 
protein abundance changes within functional categories. Protein–protein interaction networks were built for functional categories found significantly 
altered (FDR < 0.05) in at least one group. Each node represents a protein, and the edges (lines) between nodes indicate interactions or associations 
between the proteins. The colour code indicates the protein abundance change (up-regulated in red and down-regulated in blue), reported as the stan
dardized log2 fold-change (Zq) with respect to the control group. Functional protein clusters are highlighted: mitochondrial metabolism (mitochondrial 
respiratory complexes CI, CII, CIII, CIV, and CV; tricarboxylic acid cycle; glycolysis); extracellular matrix organization, and muscle contraction (Ca2+ 

signalling; regulation of actin cytoskeleton; sarcomere thin and thick filaments). Protein–protein associations were taken from the STRING database 
(ref).17 The complete set of proteins and functional categories quantified in this comparative analysis is provided in Supplementary data online, Table S4
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A low-risk cumulative anthracycline dose 
significantly disrupts cardiac homeostasis 
in pigs with pre-existing left ventricular 
pressure overload
The effect of a pre-existing high metabolically stressed myocardium on 
the response to low-risk cumulative anthracycline dosing was tested in 
pigs randomized to the doxorubicin protocol 4 months after surgical 
induction of LV pressure overload (Figure 1). Contrasting the high sur
vival rates of pigs exposed to only one of these stressors, mortality in 
banded pigs further exposed to doxorubicin (B + Dox) was significantly 
increased at the end of the study (P < .0001 for the comparison with 
pigs exposed to either of the two stressors independently) (Figure 2A).

Pigs receiving low-risk cumulative doxorubicin dose after LV pres
sure overload induction showed a rapid and significant decrease in 
LVEF at the end of the 1-month doxorubicin protocol, from 72% 
[7.2] immediately before the doxorubicin regimen to 62% [13.5] imme
diately after (P = .0002). LVEF continued to decline thereafter, reaching 
its lowest recorded point (53% [11]) at the end of the study (P < .0001 
vs immediately before doxorubicin initiation) (Figure 2B, left). At the 
end of the protocol, LVEF was significantly lower in the B + Dox group 
than in the B group, with LV pressure overload alone (P < .0001), or the 
Dox group, exposed to doxorubicin alone (P = .00017) (Figure 2B, 
right). Within the B + Dox group, 35% of pigs met the LVEF-based 
ESC 2022 cardio-oncology guideline criteria for cardiotoxicity, categor
ized as severe in half of these pigs (Figure 2C). Haemodynamic measure
ments in the B + Dox group revealed significant deterioration 
compared with the Dox only group (see Supplementary data online, 
Table S3).

In vivo tissue characterization by T2 mapping detected no alterations 
in pigs exposed to LV pressure overload or doxorubicin alone, whereas 
the B + Dox group showed significant T2 relaxation time prolongation, 
indicating oedema (P = .0061 and P = .063 vs the B and Dox groups, 

respectively) (Figure 3A and D). The in vivo T2 mapping data were con
sistent with the results of ex vivo histology, which revealed a significant 
increase in the density of myocardial vacuoles and a worse Billingham 
score in the B + Dox group (Figure 3B and D). Pigs in the B + Dox group 
also showed a significant increase in extracellular space measured by 
T1-mapping, consistent with the presence of fibrosis detected by ex 
vivo Sirius Red staining (see Supplementary data online, Table S2 and 
Figure 3C). These data suggest that the combination of LV pressure 
overload and anthracycline administration not only affected cardiomyo
cytes but also involved significant extracellular matrix remodelling, con
tributing to the impaired cardiac function.

PET-measured 18FDG uptake was further increased (albeit not 
reaching statistical significance) in the B + Dox group compared with 
pigs receiving doxorubicin alone (Figure 4A and B), indicating that the 
presence of LV pressure overload exacerbated the altered substrate 
utilization triggered by the doxorubicin regimen. This intensified shift 
in substrate utilization was paralleled by a more pronounced reduction 
in myocardial LD density on TEM (Figure 4E). Mitochondrial fragmenta
tion was especially pronounced, with median mitochondrial size re
duced to 0.141 nm² [0.212] compared with 0.224 nm² [0.289] in pigs 
receiving doxorubicin only (P = .0093) and mean mitochondrial num
ber increasing to 708 [166] (vs 521 [176], P = .0077) (Figure 4C, D, 
and G). The combination of anthracycline stress with background LV 
pressure overload also severely reduced mitochondrial respiratory cap
acity, to 3024 pmol/(smg) [3016] in the B + Dox group vs 7633 pmol/ 
(smg) [1578] in the banded group (P < .05) (Figure 4I and J). MRS ana
lysis of cardiac energetics revealed that pigs in the B + Dox group had 
a significantly reduced myocardial PCr buffer, limiting the capacity to 
buffer fluctuations in ATP demand (Figure 4H).

The proteomics interaction-network assessment demonstrated dis
ruptions in multiple pathways in B + Dox animals compared with pigs 
exposed to only one of the stressors (Figure 5C). There was significant 
down-regulation across all mitochondrial respiratory complexes (CI to 

Figure 6 In vitro pharmacological metabolic modulation. (A) Experimental design: HL-1 cardiomyocytes were pre-treated (±mavacamten, 2 h), then 
incubated (±doxorubicin, ±isoproterenol) for 24 h; cell survival was quantified. (B) Survival bar plots by condition and treatment. Data shown as paired 
values per animal or replicate; Point and error bars represent mean and standard error. Coloured lines connect matched data. Bars reflect survival 
percentages; P-values shown per group
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CV) and glycolytic enzymes, indicating an incapacity to use even glucose 
that results in storage of glycogen in the cardiomyocyte (Figure 4F) due 
to severe mitochondrial dysfunction. The B + Dox group also showed 
alterations in calcium signalling, extracellular matrix and cytoskeletal 
regulation pathways, indicating overtly disrupted cellular homeostasis, 
impaired contractile function, and fibrotic remodelling, which were 
not observed in the single-stressor groups.

Modulation of energetic stress to reveal 
imbalance between cardiac energy 
demand and production
To further support our hypothesis that the dual hit arises from a mis
match between increased energetic demand and impaired ATP produc
tion, we performed in vitro experiments.

To test whether reducing energetic demand could mitigate injury, we 
used HL-1 cardiomyocytes exposed to acute stressors (Figure 6A). 
Isoproterenol or doxorubicin alone modestly reduced cell survival 
(82% and 70.3%, respectively), while their combination markedly 
decreased viability (52.7%). Notably, mavacamten pre-treatment signifi
cantly improved survival across all groups; in the most severe condition 
(doxorubicin + isoproterenol), viability increased to 91.7% (P < .05 vs 
untreated), supporting the protective effect of demand reduction un
der stress mimicking LV pressure overload and chemotherapy expos
ure (Figure 6B).

Discussion
The results presented here show that whereas neither LV pressure 
overload nor low-risk anthracycline treatment alone affected cardiac 
function, the administration of a low-risk anthracycline dose against a 
background of pre-existing LV pressure overload led to rapidly pro
gressing cardiac dysfunction. LV pressure overload alone induced a 
myocardial state of high-energy demand, which remained balanced in 
the absence of anthracyclines. However, this balance was undermined 
by anthracycline-mediated disruption of cardiac metabolism and mito
chondrial function, leading to system failure and the onset of heart 
failure.

The main findings of our study are as follows: 

(1) Aortic banding (supravalvular aortic stenosis) induced a marked in
crease in LV mass and stroke volume, accompanied by hyperkinetic 
LV global motion. The myocardium responded to the LV pressure 
overload by activating compensatory mechanisms that maintained 
overall cardiac function despite the increased energy demands. The 
PCr pool was depleted to maintain stable myocardial ATP content, 
reflecting well-preserved energy reserves and overexpression of 
proteins of the metabolic machinery. There was no significant 
fibrosis or extracellular matrix remodelling, and mitochondrial 
structure and function were maintained, suggesting that the myo
cardium adapted its metabolism without any overt dysfunction. 
These mechanisms resulted in a ‘hidden’ metabolic vulnerability 
in the heart.

(2) Exposure to the low-risk doxorubicin dose alone produced no not
able changes in cardiac function or contractility. While a small per
centage of animals showed subclinical signs of AIC, there were no 
significant LVEF alterations or extracellular matrix remodelling. 
Metabolic analysis revealed a switch in the preferential substrate 
from fatty acids to glucose. Increased glucose uptake and depletion 
of myocardial lipid stores were associated with early signs of 

mitochondrial structural and functional damage (fragmented mito
chondria and reduced respiratory capacity), despite overall pre
served cardiac energetics. The proteomics analysis supported 
these findings, indicating a metabolic shift from oxidative phosphor
ylation to glycolysis.

(3) Administration of a low-risk anthracycline dose to animals with 
pre-existing LV pressure overload overwhelmed the compensa
tory mechanisms that maintained myocardial function in the pres
ence of pressure overload alone, rapidly leading to a significant 
decline in cardiac function and a marked increase in mortality. 
Histological analysis revealed extensive cardiomyocyte vacuoliza
tion, fibrosis, and oedema. Metabolic alterations were more 
pronounced, with further increases in glucose uptake and mito
chondrial fragmentation, and a marked reduction in respiratory 
capacity. The proteomic analysis detected disruptions in mitochon
drial respiratory complexes, metabolism and extracellular matrix 
remodelling.

(4) Pharmacological modulation of cardiac energetics confirmed that a 
mismatch between energy demand and production drives dysfunction. 
In in-vitro experiments, mavacamten pre-treatment—by reducing en
ergy demand—significantly improved HL1 cardiomyocyte cell survival 
under combined mitochondrial and hypercontractile stress, high
lighting the therapeutic potential of targeting energetic imbalance 
to prevent cardiac failure associated with anthracycline-induced 
mitochondrial damage. (Structured Graphical Abstract).

Although the clinical association between hypertension and cardio
toxicity is well recognized, experimental studies exploring the mechan
istic basis remain limited, largely confined to small-animal models 
with short follow-up periods.13,19,20 These studies, often using rodent 
models, have shown that pressure overload exacerbates 
anthracycline-induced cardiac dysfunction. However, the scope of 
these studies is limited due to the rapid development of cardiac dys
function in rodents subjected to sustained pressure overload, making 
it challenging to assess the interaction between pressure overload 
and additional stressors like anthracyclines without the confounding ef
fects of pre-existing systolic dysfunction. Furthermore, these studies 
did not consider the impact of either stressor (LV pressure overload 
and anthracycline administration) on cardiac metabolism and energetics 
and thus did not identify potential therapeutic targets for the preven
tion of this condition. Our study advances the field by utilizing a 
large-animal model that closely mimics human cardiovascular physi
ology. Unlike previous studies, we conducted a longitudinal assessment 
over a very long-term examination period (8 months) using a compre
hensive set of clinical multimodal imaging techniques to track cardiac 
structure, function, metabolism, and energetics over time. We also per
formed detailed analyses of mitochondrial function and proteome 
changes, providing insight into the pathways disrupted by anthracycline 
exposure in animals with pre-existing LV pressure overload. These 
comprehensive evaluations demonstrated that while animals with LV 
pressure overload alone preserve cardiac function through metabolic 
compensation, even low-risk doses of anthracyclines destabilize this 
balance, rapidly leading to severe cardiotoxicity.

In the well-established pig model used here, aortic banding revealed a 
distinctive effect of pressure overload on the myocardium. This model 
has been widely used in the past to study cardiac adaptations to pres
sure overload, particularly through advanced imaging techniques.14,15 It 
is important to highlight that the aortic banding generated in our model 
is mild-moderate (30% reduction in aortic perimeter). Thus, this model 
is closer to the LV pressure overload induced by systemic hypertension 
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in humans than by severe valvular disease. In fact, despite the impact on 
LV filling pressures and on cardiac energetics, the structural damage is 
very mild, with only increased fibrosis in the left atrium.21 However, to 
our knowledge, it has not been used before to investigate the impact of 
LV pressure overload as a comorbidity on the response to anthracy
cline therapy. One of the key advantages of this model is that, despite 
inducing a significant and sustained pressure overload, as confirmed by 
haemodynamic measurements, it does not cause overt cardiac dysfunc
tion. This feature enhances the translational relevance of the model, as 
it mirrors the clinical presentation of many hypertensive patients who 
exhibit pressure overload without manifesting significant systolic 
dysfunction.22,23 The model thus allows exploration of interactions be
tween pressure overload and additional stressors such as anthracy
clines without confounding from pre-existing systolic dysfunction. 
This stands in contrast to smaller animal models, particularly rodents, 
in which prolonged pressure overload tends to result in cardiac dys
function.24,25 For example, the few available rodent studies investigating 
pressure overload in the context of cardiotoxicity showed that sus
tained pressure overload in rats eventually leads to cardiac dysfunc
tion,13,19,20 complicating the evaluation of combined insults. In our 
large-animal model, the absence of baseline cardiac dysfunction allowed 
us to isolate the effects of pressure overload on anthracycline-induced 
injury in a more clinically relevant setting.

The proteomic and MRS analyses provide clear evidence of a meta
bolically stressed myocardium under pressure overload, despite the 
preserved cardiac function. The up-regulation of the TCA cycle and cal
cium signalling pathways is consistent with a hypercontractile pheno
type and aligns with previous studies of pressure overload that 
reported metabolic adaptations related to increased energy de
mand.26–28 The spectroscopy findings, including a reduced PCr pool 
without a corresponding decrease in ATP content, further support 
the idea that increased afterload triggers a reprogramming of myocar
dial energetics, consistent with human studies.29–36 Our results are in 
line with previous evidence that high-energy-demand situations pro
duce a drop in PCr concentration to maintain myocardial ATP con
tent.29,37 This finding highlights the metabolic vulnerability of the 
pressure-overloaded myocardium due to its increased reliance on 
fatty-acid oxidation, since any further stress on this pathway, such as an
thracycline exposure, can overwhelm this compensatory mechanism, 
leading to metabolic failure and subsequent cardiac dysfunction.

Our study design allowed us to examine the effects of a low-risk 
doxorubicin regimen in isolation. As our goal was to explore subclinical 
cardiotoxicity in a controlled manner, we selected a low cumulative 
doxorubicin dose that would not cause overt cardiac dysfunction 
when administered alone. Previous studies, including our own work 
in porcine and murine models, have shown that exposure to a low cu
mulative anthracycline dose causes metabolic reprogramming but with
out immediate impact on cardiac function,18,36,38 with overt systolic 
dysfunction and cardiomyocyte damage occurring only when a higher 
cumulative anthracycline dose is reached. Several studies have high
lighted the subclinical nature of many forms of AIC,34 leading to the sug
gestion that early metabolic and mitochondrial alterations can 
accumulate over time, increasing the risk of heart failure later in life 
or upon exposure to additional stressors, an increasingly recognized 
phenomenon known as hidden cardiotoxicity.39 Our study provides 
strong evidence for this idea, since the low cumulative anthracycline 
dose used induced metabolic changes that on their own generated 
no LV functional deterioration but in the presence of pre-existing 
LV pressure overload resulted in overt heart failure. The 
metabolic changes we observed, particularly the shift from oxidative 

phosphorylation to glycolysis and mitochondrial fragmentation, appear 
to be early signs of cardiotoxicity that predispose the myocardium to 
future dysfunction. These results also underscore the importance of 
detecting and monitoring these subtle metabolic changes, as they 
may provide early warning of AIC, even in patients who do not initially 
present with functional impairment. Furthermore, by using a low-dose 
regimen in a large-animal model, we were able to more closely replicate 
the clinical scenario, where patients receive anthracyclines at doses that 
are not immediately cardiotoxic but may affect heart health over the 
long-term. These early metabolic shifts may thus serve as biomarkers 
for AIC.

The combination of pressure overload with later anthracycline ex
posure overwhelmed the compensatory mechanisms observed for 
pressure overload alone, leading to a rapid deterioration in cardiac 
function. This suggests that the pressure-overloaded myocardium is al
ready functioning at high-energy demand and has limited capacity to 
adapt supply. The addition of anthracycline therapy in this high-demand, 
low-supply situation compromises the energy supply by disrupting 
mitochondrial function, resulting in a mismatch between energy de
mand and ATP production and ultimately leading to heart failure. 
Only ∼50% of pigs in the B + Dox group survived the study; therefore, 
metabolic, histological, and proteomic analyses reflect survivors and 
may underestimate mitochondrial dysfunction or fibrosis in the most 
severely affected animals. Moreover, as the pigs were enrolled pre- 
pubertally and reached adulthood during follow-up, baseline immatur
ity may have increased their susceptibility to combined stressors.

The reduced LVEF and other signs of heart failure in pigs exposed to 
both stressors (B + Dox) are insufficient to explain the striking increase 
in mortality in this animal group compared with the unaltered mortality 
rate in response to LV pressure overload or low-dose doxorubicin 
alone. It is therefore likely that the combined exposure to both stres
sors triggers additional cardiac dysfunction, beyond heart failure. We 
speculate that the combination of pressure overload and anthracycline 
therapy might increase the risk of malignant ventricular arrhythmia. An 
elevated risk of AIC has been reported in patients with genetic muta
tions associated with cardiomyopathies40; however, the arrhythmic 
risk in this at-risk patient group has so far not been investigated.

To mechanistically validate the hypothesis that anthracycline cardio
toxicity in pressure-overloaded hearts results from an energy supply– 
demand mismatch, we performed in vitro experiments in HL1 cardio
myocytes. Under isoproterenol stimulation, energy demand rose, but 
mitochondria damaged by anthracyclines could not increase ATP pro
duction, leading to cell death. In contrast, when cells were treated with 
mavacamten, a selective myosin inhibitor, the isoproterenol-induced 
rise in energy demand was blunted, maintaining a balance between sup
ply and demand at lower levels. These findings, besides providing a 
mechanistic validation, identify myosin modulators as a potential thera
peutic strategy for this condition.

Our findings open new therapeutic avenues for preventing AIC in pa
tients with pre-existing LV pressure overload, such as those with hyper
tension or valvular heart disease. This situation places these patients at 
high risk and therefore in the greatest need of cardioprotective inter
ventions.2,41 One possible strategy suggested by our results for this pa
tient group is PCr supplementation. A meta-analysis of several small 
randomized clinical trials suggested that i.v. PCr treatment can reduce 
hard outcomes in patients with various cardiac conditions42; however, 
this has not been tested in the context of anthracycline cardiotoxicity. 
Another possible intervention is chronic exercise training, since this has 
been shown to improve cardiac energy metabolism, enhancing mito
chondrial efficiency and helping maintain stable PCr content even 

Anthracycline cardiotoxicity                                                                                                                                                                             11
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/advance-article/doi/10.1093/eurheartj/ehaf1060/8424139 by Fundacion C
entro N

acional user on 23 July 2026



during periods of intense demand.43 This metabolic adaptation might be 
particularly beneficial in improving the resilience of the heart against 
stresses, including anthracycline exposure. Supporting this idea, a re
cent small clinical trial showed that 1-year exercise training produced 
large benefits in cardiorespiratory fitness and cardiac reserve in patients 
receiving anthracycline therapy.44 Patients may also benefit from drugs 
that reduce myocardial energy demand, such as mavacamten, a select
ive cardiac myosin inhibitor that modulates contractility and reduces 
the energetic burden on the heart.45,46 Another avenue for protection 
could be treatments that prevent the metabolic shift induced by anthra
cyclines. Strategies aimed at maintaining oxidative phosphorylation and 
preventing the shift towards glycolysis, or drugs that stabilize mitochon
drial function, could mitigate the subclinical metabolic changes we ob
served in our study. This approach could prevent early mitochondrial 
damage and preserve energy production, thereby protecting the myo
cardium from the detrimental effects of anthracycline exposure in the 
presence of comorbidities. By addressing both the supply and demand 
sides of the myocardial energy balance, therapies such as these have the 
potential to improve outcomes for patients at high AIC risk.

Limitations of the study
The animal model used, despite being highly translational, does not re
capitulate late-onset cardiotoxicity. Further studies first exposing ani
mals to doxorubicin and later in time inducing comorbidities are 
needed. There is a lack of standard cardiotoxic cumulative doses of 
doxorubicin for large animal models. To compensate for this, we per
formed a pilot study to determine the dose to be used in the actual ex
periments. Second, while ours is the experimental study with the 
longest follow-up period reported to date, we did not address the clin
ically relevant very long-term impact of anthracycline exposure in com
bination with LV pressure overload on cardiac function and survival. 
Third, the findings, while relevant to humans, likely do not fully replicate 
the diversity of patient responses related to genetic, environmental, and 
lifestyle factors that could influence outcomes. Fourth, our study design 
did not allow us to investigate the potential mechanism responsible for 
the increased mortality in pigs exposed to both stressors. This import
ant question should be investigated through electrophysiological stud
ies. Fifth, while our model mimics chronic pressure overload, it does not 
account for other common cardiovascular comorbidities, such as dia
betes or chronic kidney disease, which could further modulate the car
diotoxic response. Finally, since the model was associated with 
mortality across the study, final endpoint imaging and myocardial re
sults might be affected by survival bias. However, this possible bias 
does not invalidate results since animals dying are expected to have 
shown more extreme differences compared to other groups.
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