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A B S T R A C T

Pre-existing cardiovascular disease is a recognised risk factor for cardiotoxicity in HER2-targeted therapies such 
as trastuzumab (TRZ), but few studies have addressed the impact of TRZ and the effects of cardioprotective drugs 
in pre-existing cardiac issues. This study examines the impact of TRZ-induced cardiotoxicity in pre-existing 
cardiac conditions and the effects of captopril and bisoprolol in mouse models with varying degrees of cardiac 
impairment. Adult mice models with and without baseline cardiac dysfunction ̶ healthy mice (WT), transgenic 
mice with cardiac hyperaldosteronism (AS) and mice with cardiac dysfunction (AS+ISO) ̶ were randomised to 
receive placebo, TRZ alone (6 mg/kg/week for 4 weeks), or TRZ administered concomitantly with a car
dioprotective therapy based on captopril (ACEi, 20 mg/kg) and bisoprolol (BB, 5 mg/kg) (TRZ+ACEi/BB). 
Cardiac function was assessed one week after the final injection of TRZ, followed by myocardial tissue histo
pathological and ultrastructural assessments, and expression of genes associated with cardiomyocyte survival 
and mitochondrial homeostasis. TRZ reduced systolic function by approximately 10 % in each of the 3 pop
ulations studied, causing cellular and mitochondrial damage, regardless of pre-existing cardiac issues. The most 
severe effects were observed in mice with prior cardiac impairment linked to increased baseline frailty. Car
dioprotective therapy improved LV systolic function in all groups to a similar degree. It also reversed the cellular 
and mitochondrial adverse changes, as well as the altered transcriptional signature caused by TRZ. Our findings 
demonstrate that the combined ACEi/BB therapy may prevent cardiac TRZ-related toxicity in mouse models with 
and without baseline cardiac dysfunction.

1. Introduction

Cardiac toxicity from cancer therapies increases the risk of adverse 
cardiovascular (CV) events in cancer patients, posing significant chal
lenges for cancer care. The current knowledge of cardiotoxicity has 
continued to evolve, and so has the awareness of different susceptibility 
to cancer therapies across the entire spectrum of patients. As the number 

of people currently living with chronic diseases is increasing [1], the 
chance of developing cancer also increases for patients with pre-existing 
CV risk factors or overt CV disease [2]. However, the safety of onco
logical treatments in these populations is still unexplored. As such, the 
impact of cardiotoxic cancer therapies in the high-risk setting is one of 
the leading challenges in the field of cardio-oncology [3]. Pre-existing 
CV disease is a recognised risk factor for future cardiotoxicity in many 
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cancer therapies, including HER2-targeted therapies such as trastuzu
mab (TRZ) [4]. TRZ, a humanised monoclonal antibody, was the first 
FDA-approved drug against HER2. In the heart, the role of HER2 is 
strictly related to one of the known ligands of HER receptors, the sig
nalling protein neuregulin-1, and the downstream signalling pathways 
that converge on cardiomyocyte integrity, survival, and function [5].

In addition to its role in heart development [6], HER2 mediates 
protective responses against cardiac injury in the adult heart, as shown 
by the evidence that conditional ErbB2 mutant mice develop hypertro
phy, ventricular dilatation, and impaired contractile function [7,8]. The 
relevance of the pharmacological inhibition of HER2 on cardiac ho
meostasis has so far been confirmed by several studies exploring the 
effects of TRZ in experimental models of cardiotoxicity. In vivo studies 
confirmed systolic dysfunction as the primary manifestation of 
TRZ-induced cardiotoxicity [9–14], accompanied by subclinical 
myocardial cell injury [10,14,15]. Still, the pathophysiological events 
that contribute to cardiac toxicities are yet to be defined, hence pre
cluding therapeutic strategies that may hold relevance against 
TRZ-induced cardiotoxicity. Although neurohormonal antagonists such 
as beta-blockers (BB) and angiotensin-converting enzyme inhibitors 
(ACEi) are currently recommended [16,17], investigations are still 
needed into the implications of such cardioprotective strategies after 
exposure to TRZ as a single agent, when it is not preceded by prior 
anthracycline-based therapy. To date, very few studies have focused on 
the safety of TRZ in patients with pre-existing cardiac disease, who are 
often underrepresented in oncological clinical trials. Among these, the 
SAFE-Heart (Prospective evaluation of the cardiac safety of 
HER2-targeted therapies in patients with HER2-positive breast cancer 
and compromised heart function) trial and the SCHOLAR (Safety of 
Continuing Chemotherapy in Overt Left Ventricular Dysfunction Using 
Antibodies to Human Epidermal Growth Factor Receptor-2) trial 
recently suggested that continuing TRZ may be feasible in patients with 
cardiac dysfunction (LVEF 40–49 %) [18] or despite mild cardiotoxicity 
(LVEF 40 %-54 %, or LVEF ≥ 54 % and an absolute fall in LVEF ≥ 15 % 
from baseline) [19], supporting the utmost importance of 
cardio-oncology referral to ensure the completion of planned oncolog
ical treatments uninterruptedly. Despite this clinical evidence, further 
studies are needed to identify the mechanistic components of 
TRZ-related myocardial injury and cardioprotection in high-risk set
tings. Among the possible approaches, modelling TRZ-induced car
diotoxicity in animal models with pre-existing cardiac dysfunction has 
not been tested to date [20].

Here, we investigated the role of pre-existing cardiac dysfunction in 
TRZ-induced cardiotoxicity and the cardioprotective efficacy of pro
phylactic ACEi (captopril) and BB (bisoprolol) administration, using 
mouse models that recapitulate different baseline risk profiles. Car
dioprotection strategies with mineralocorticoid receptor antagonists 
and with sacubitril/valsartan have been successfully tested in a murine 
model of cardiac-specific hyperaldosteronism (AS mice) that received 
subcutaneous isoproterenol injections to induce LV systolic dysfunction 
[21,22].

2. Materials and methods

The Supplemental Material provides details on the procedures and 
statistical analyses mentioned in this document. All studies received 
approval from CBS Animal Care and the Italian Ministry of Health (N. 
328/2021-PR), in accordance with Italian Law (D.Lgs. 26/2014), the EU 
Directive 2010/63/EU, and the Guide for the Care and Use of Laboratory 
Animals.

2.1. Animals and study design

Adult transgenic mice with cardiac-specific overexpression of the 
aldosterone synthase gene (AS mice) on an FVB background, along with 
adult wild-type FVB mice (WT mice) of both sexes, were utilised. AS 

mice exhibit a two-fold increase in intra-myocardial concentration of 
aldosterone compared to WT mice, thereby reproducing the condition of 
cardiac hyperaldosteronism [23]. Furthermore, this mouse model has 
previously been shown to develop left ventricular (LV) dysfunction 
when treated acutely with high doses of the β-agonist isoproterenol 
(ISO) [21]. To simulate progressive cardiac dysfunction, some AS mice 
in the present study received an acute challenge with high doses 
(300 mg/kg of body weight) of the β-agonist isoproterenol [22], 
administered twice daily for two consecutive days (AS+ISO mice).

Colonies have been locally bred from four founding female FVB mice, 
purchased by Envigo s.r.l (Udine, Italy), and two founding male het
erozygous transgenic AS mice, provided by the Institut National de la 
Santé et de la Recherche Médicale U942 and Université Paris-Diderot. 
Further details on mouse strains and colony breeding are provided in 
the Supplemental Material.

Mice were enrolled in the protocol at 10–12 weeks of age. They were 
assessed at T0, which occurred at 12–14 weeks of age, and completed 
the protocol at T1, at 16–18 weeks of age. A schematic representation of 
the study is illustrated in Fig. 1.

Two weeks after an initial ISO injection in AS mice (T0), cardiac 
function was evaluated using high-frequency ultrasound imaging and 
surface ECG recordings. At this point, mice from all groups (WT, AS, and 
AS+ISO, n = 11 for each) were sacrificed to characterise the pheno
types. Remaining mice were randomly assigned to treatments: saline 
(WT+PBO, n = 7; AS+PBO, n = 5; AS+ISO+PBO, n = 8), trastuzumab 
(TRZ) (WT+TRZ, n = 9; AS+TRZ, n = 6; AS+ISO+TRZ, n = 9), or 
trastuzumab combined with cardioprotective therapy (WT+TRZ+ACEi/ 
BB, n = 6; AS+TRZ+ACEi/BB, n = 7; AS+ISO+TRZ+ACEi/BB, n = 9). 
TRZ (Ontruzant) was administered at 6 mg/kg body weight intraperi
toneally (ip) weekly for four weeks. Cardioprotective therapy consisted 
of captopril (ACEi) and bisoprolol (BB), administered at 20 mg/kg and 
5 mg/kg, respectively, in the drinking water. One week after the final 
TRZ injection (T1), cardiac function was reassessed, and mice were 
sacrificed. The body weight, heart weight, and tibia lengths were 
measured. Hearts were dissected for histopathological and electron 
microscopy analyses, with additional samples frozen and stored for gene 
expression analyses.

2.2. Drug administration

ISO (isoprenaline hydrochloride, Monico S.p.A., Venice, Italy) was 
dissolved in saline and administered subcutaneously at a dose of 
300 mg/kg body weight, twice daily for two consecutive days. TRZ 
(Ontruzant®) was freshly dissolved in saline and administered intra
peritoneally to mice at a dosage of 6 mg/kg of body weight once a week 
for a maximum of four weeks. The cardioprotective therapy began on 
the same day as the first TRZ injection and continued until T1, covering 
a total of 4 weeks. The treatment consisted of a combination of captopril 
(an ACE inhibitor, ACEi) and bisoprolol (a beta-blocker, BB), adminis
tered at dosages of approximately 20 mg/kg and 5 mg/kg per day, 
respectively. These doses were adapted from established human heart 
failure regimens and scaled appropriately for rodents to ensure they are 
physiologic and non-toxic. The drugs were dissolved in distilled water 
and provided to the mice as drinking water, which was refreshed every 
two days. Water consumption was recorded to monitor actual drug 
intake, and concentrations were adjusted accordingly to maintain target 
dosages. In the Supplemental Material, data on the average daily water 
consumption for each experimental group treated with TRZ and the 
cardioprotective therapy over the four weeks of treatment are available. 
Additionally, it includes a table summarising the weekly and overall 
average dosages of captopril and bisoprolol administered to each group.

2.3. Echography and electrocardiography

Transthoracic echocardiography was performed using a Vevo 3100 
ultrasound system (Vevo 3100, FUJIFILM VisualSonics Inc, Toronto, 
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Canada) with a 40 MHz linear probe (MX 550S). Two-dimensional im
ages were captured in parasternal long-axis and short-axis views, as well 
as transmitral inflow velocities via pulse–wave Doppler in the apical 4- 
chamber view. Images were analysed offline using the LV Trace software 
(FUJIFILM VisualSonics Inc., Toronto, Canada) to assess cardiac struc
ture and function. Systolic and diastolic left ventricular (LV) volumes, 
stroke volume, ejection fraction (EF), fractional shortening (FS), LV 
mass, diastolic posterior wall and interventricular septum thickness 
(LVPWTd and IVSTd) were assessed. PW-Doppler images were used to 
evaluate diastolic and systolic function expressed as the early to late 
ventricular filling velocities (E/A) ratio.

A standard lead ECG was recorded using needle electrodes in sedated 
mice (1 % isoflurane in pure oxygen at a flow rate of 1 l/min) over a 
minimum of 5 min at a 4 kHz sampling rate with ML135 PowerLab/8SP 
equipped with Dual Bio Amp and MLA0112 ECG Lead Switch Box (ADI 
Instruments Ltd., Oxford, UK). Measurements included heart rate (HR), 
QRS duration, HR-corrected QT interval (QTc), and HR-corrected JT 
interval (JTc, an index of ventricular repolarisation). To ensure that the 
observed differences were not influenced by the possible circadian 
pattern of QT interval duration, we conducted all ECG measurements in 
the 8:00–9:30 a.m.

2.4. Assessment of tissue pathology score and mitochondrial damage

Cardiac tissues embedded in paraffin were sectioned and stained 
with hematoxylin-eosin and picrosirius red to assess pathology scores. 
Histological images (20x, 200x, and 400x) were acquired by a light 
microscope (Olympus BX43, Japan) and digitised with an RGB video 
camera (Olympus DP 20, Japan). Determination of cardiomyocyte cross- 
sectional area (CSA) was carried out at 400X magnification using a 
digital image analyser (CellSens, Olympus, Japan), following the details 
outlined in the Supplemental Material. Tissue sections were assessed for 
the severity of myocyte damage (including cell vacuolisation, myofibril 
disarray, cellular degeneration, and necrosis), interstitial damage (such 
as fibrosis and inflammatory infiltration), and perivascular fibrosis. 
Each parameter was scored on a semiquantitative scale from 0 to 3, and 
the scores were summed to determine the overall pathology score as 
detailed in the Supplemental Material. We also analysed cardiomyocyte 

ultrastructure and mitochondrial morphometry using transmission 
electron microscopy. Briefly, samples of left ventricles were processed as 
described in the Supplemental Material, and ultra-thin sections were 
examined with JEM-100 SX TEM (JEOL, Italia, S.p.A.). For mitochon
drial analysis, we estimated volume density, defined as the volume of 
subcellular organelles per unit volume of tissue, which provides a 
quantitative marker of the organelles’ ultrastructural alterations. We 
used the degree of mitochondrial swelling to score mitochondrial 
impairment according to the semi-quantitative impairment score out
lined in the Supplemental Material.

For histological and electron microscopy analyses, tissues from both 
male and female mice were used; however, all comparisons within each 
figure panel were made using tissues from animals of the same sex to 
ensure consistency.

2.5. Assessment of the transcription levels of genes associated with 
cardiomyocyte survival and mitochondrial homeostasis

RNA was extracted from the left ventricle, then reverse transcribed 
and amplified as described in the Supplemental Material. Gene expres
sion was quantified using custom-designed oligo primers purchased 
from Eurofins Genomics Italy (Milano, Italy). These primers targeted the 
following genes: B-cell lymphoma 2 (Bcl2), Bcl-2-associated X protein 
(Bax), Superoxide dismutase 2 (Sod-2), Peroxisome proliferator- 
activated receptor-gamma coactivator 1alpha (Pgc-1α), Mitofusin 2 
(Mfn-2), Optic atrophy 1 (Opa-1), Dynamin-related protein (Drp-1), and 
Fission protein 1 (Fis-1). qPCR was performed with hypoxanthine 
phosphoribosyltransferase (Hprt) and hydroxymethylbilane synthase 
(Hmbs) as housekeeping controls. Relative quantification was carried 
out using Rotor Gene Q-Series Software. The primer sequences and PCR 
conditions are provided in the Supplemental Material.

2.6. Statistical analysis

Data were analysed with GraphPad Prism 9 version 9.5.0 (GraphPad 
Software, LLC). All data were tested for normality and presented as 
mean ± standard deviation (SD). Inter-group differences were examined 
by one-way or two-way ANOVA, as appropriate, and Tukey’s multiple 

Fig. 1. Experimental design and treatment timeline in mice. Model characterisation block (Weeks − 2 to − 1, up to T0). WT: Wild-Type mice. AS: mice carrying 
aldosterone synthase transgenes to model cardiac hyperaldosteronism. AS+ISO: AS mice treated with ISO (red bar indicates ISO exposure). Treatment Phase block 
(Weeks 1–4, T0 to T1). Mice from each model group were assigned to one of the following treatment regimens: placebo; trastuzumab alone (TRZ); Combination of 
TRZ with ACE inhibitor and beta-blocker therapy (TRZ+ACEi/BB). Timeline Details: T0 = model characterisation or start of treatment interventions; T1 = end of 
treatment interventions; syringe icons indicate time points for TRZ or saline administration. Color coding: Green= WT mice groups; Blue= AS mice groups; Red: 
AS+ISO mice groups. Created with BioRender.com.
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comparison test. Tests were considered statistically significant when 
p < 0.05.

3. Results

The AS transgenic mice exhibited no signs of suffering, with growth 
and behaviour comparable to the WT strain. All WT mice reached the 
study endpoint. Two AS mice (1 female and 1 male) died during the 
protocol, accounting for 5 % of the group. Among 67 AS mice treated 
with ISO, 12 (5 females and 7 males) died during the two-day treatment. 
No additional deaths occurred in the AS+ISO group afterwards. Further 
information on body and heart weights and tibia lengths is detailed in 
the Supplemental Material.

3.1. Cardiac assessment in WT, AS, and AS+ISO mouse models

We characterised three models of different baseline cardiac impair
ments: healthy mice (WT), mice overexpressing cardiac aldosterone 
(AS), and AS mice challenged with ISO to develop overt cardiac 
dysfunction (AS+ISO). The body and heart weights of the three groups 
at T0 are reported in Supplemental Table S1. Supplemental Table S2 
summarises the ultrasound-derived indices of cardiac function and 
morphology. The AS+ISO group showed a 25 % reduction in EF (46 ± 5 
vs 62 ± 3 %, p < 0.001) compared to the WT group, and a decline of 
22 % (46 ± 5 vs. 59 ± 5 %, p < 0.001) compared to the AS group 
(Fig. 2A). Both AS and AS+ISO mice had substantial increases in LV 
mass normalised to tibia length, with increases of 19 % and 28 %, 
respectively, compared to the WT group (6.3 ± 0.8 mg/mm in AS and 
6.8 ± 0.8 mg/mm in AS+ISO vs. 5.3 ± 0.5 mg/mm in WT, p = 0.005 
and p < 0.001) (Fig. 2B).

ECG analysis (Supplemental Table S2) revealed that the AS+ISO 
group had a longer QTc interval than the WT group (48 ± 2 ms and 45 
± 2 ms, respectively, p = 0.041) (Fig. 2C). No variations in the QRS 
interval were detected, indicating that the longer QTc was primarily due 
to an extended repolarisation phase, evidenced by a longer JTc interval 
in AS+ISO mice (39 ± 2 ms) compared to both WT mice (36 ± 2 ms, 
p = 0.006) and AS mice (37 ± 2 ms, p = 0.016) (Fig. 2D).

The histopathological analysis revealed an overall preservation of 
myocardial organisation across all groups. However, the AS+ISO group 
exhibited significant myocardial damage, with a pathological score of 
2.6 ± 0.89 compared to 0.2 ± 0.44 in WT and 0.88 ± 0.62 in AS 
(p < 0.001 and p = 0.008, respectively). This damage included inflam
matory cell infiltration, often arranged in focal clusters, increased per
ivascular fibrosis in epicardial arteries (Fig. 2E), and focal collagen 
deposition between cardiomyocytes (Fig. 2F). Moving from the WT to 
the AS and AS+ISO groups, mice exhibited an increase in CSA. In WT 
mice, average CSA was 216 ± 6 μm², while in AS it was 15 % higher 
(248 ± 19 μm²; p < 0.015), and 25 % higher (271 ± 19 μm²) in AS+ISO 
(p < 0.001 compared to WT and p = 0.071 compared to AS). The ul
trastructure of cardiomyocytes in WT was regular, characterised by 
uniform mitochondria in size and shape, with well-defined cristae and a 
dense matrix (Fig. 2G). In the AS mice, we observed a few mildly swollen 
mitochondria that showed a slight increase in size but maintained an 
almost regular cristae pattern and matrix density. However, the AS+ISO 
group displayed many damaged mitochondria, with displaced cristae 
and a dispersed matrix. Quantitative analysis showed a significantly 
increased volume density of mitochondria in the AS+ISO group 
compared to WT mice (29.6 ± 2.3 vs. 21.4 ± 3.8, p < 0.001). Swollen 
mitochondria were observed only in the AS (2.5 %) and AS+ISO (5.6 %) 
groups (p < 0.05 and p < 0.001 vs. WT, respectively), Fig. 2H.

These changes were accompanied by altered expression of genes 
related to cardiomyocyte survival and function, as well as mitochondrial 
quality control (Fig. 3). The expression levels of pro-apoptotic (Bax) and 
anti-apoptotic (Bcl-2) genes and the Bax/Bcl-2 ratio showed no signifi
cant differences between the WT and AS groups. However, in the 
AS+ISO mice, Bcl-2 expression increased by over 1.5-fold, and the Bax 

expression rose by approximately 6-fold compared to the WT and AS 
mice. The Bax/Bcl-2 ratio increased 4.2-fold, highlighting the domi
nance of pro-apoptotic signals in the AS+ISO mice (p < 0.001 vs. both 
groups). Additionally, mitochondrial Sod-2 expression showed a trend 
towards reduction in the AS group, but it declined significantly in 
AS+ISO mice (p < 0.001 vs. WT), suggesting impaired oxidative stress 
protection in this group. Moreover, AS+ISO mice showed significant 
downregulation of Pgc–1α (p < 0.001 vs. WT and AS), a critical medi
ator for cellular processes and mitochondrial homeostasis.

Regarding mitochondrial dynamics, we observed a 24 % down
regulation of mitochondrial fusion gene Mfn-2 compared to the WT 
group (p = 0.016) in the absence of changes in the transcriptional levels 
of fission-related genes (Drp-1 and Fis-1). AS+ISO mice showed a 36 % 
reduction in the expression of the fusion-related gene Opa-1 compared 
to WT (p < 0.001). AS+ISO mice also exhibited increased transcrip
tional levels of fission-related genes Drp-1 and Fis-1 (p < 0.001 and 
p < 0.003 vs. WT). These findings indicate that impaired mitochondrial 
dynamics and quality render AS mice more vulnerable to mitochondrial 
damage than WT mice. This condition worsens under adrenergic stress 
in the AS+ISO group.

3.2. Trastuzumab induced cardiac impairment and the combined ACEi 
and BB therapy prevented TRZ-induced effects on cardiac function and 
electrical activity

Body and heart weights of all groups are reported in Supplemental 
Table S3. The main parameters from the US and ECG analysis run at T1 
are summarised in Supplemental Table S4. TRZ reduced systolic func
tion by 8–10 % compared to placebo-treated mice across all groups, as 
measured by EF (p < 0.01 compared to the corresponding PBO in all 
groups) (Fig. 4A). However, the ACEi/BB therapy preserved systolic 
function in both WT and AS mice treated with TRZ, maintaining EF at 
63 ± 2 % and 59 ± 2 %, respectively (p < 0.001 versus their corre
sponding TRZ groups). In the AS+ISO+TRZ+ACEi/BB group, this 
therapy prevented the EF reduction (p < 0.001 compared to the 
AS+ISO+TRZ) and even improved systolic performance compared to 
the AS+ISO+PBO group (p < 0.001).

In WT mice, TRZ significantly increased the QTc interval to 51 
± 4 ms compared to 47 ± 4 ms in the WT+PBO group (p = 0.002) 
(Fig. 4B). This increase was primarily due to a prolonged JTc of 42 
± 3 ms in the TRZ group versus 37 ± 4 ms in the WT+PBO mice 
(p = 0.003) (Fig. 4C). In the AS and AS+ISO groups, which already had 
prolonged ventricular electrical activity at T0, TRZ did not cause further 
increases of QTc or JTc. QTc and JTc intervals of mice administered with 
ACEi/BB therapy were shorter across all groups than their respective 
TRZ and placebo treatments.

3.3. Cardioprotective therapy improved TRZ-induced alterations in 
cardiac tissue

All TRZ-treated groups showed inflammatory cell infiltration, with 
similar prevalence (Fig. 5A). Mice in the WT+TRZ and AS+TRZ groups 
exhibited sporadic foci of cytotoxic lesions with myocardial vacuolisa
tion and disorganised myofibrils (Fig. 5B). In contrast, the AS+ISO+TRZ 
group displayed more frequent signs of cardiomyocyte degeneration and 
inflammatory aggregates (Fig. 5C). Picrosirius red staining revealed 
increased perivascular and spotty interstitial reparative fibrosis, espe
cially in the trabecular tissue and subendocardial regions (Fig. 5D). 
Histopathology showed that TRZ significantly raised pathology scores in 
all groups compared to PBO treatments, with WT and AS mice scoring 
2.1 ± 0.7 and 2.4 ± 0.9 (p = 0.011 and p = 0.003, respectively).

AS+ISO mice significantly increased from 2.8 ± 1.5 with PBO to 5.2 
± 1.2 after TRZ (p < 0.001). ACEi/BB therapy protected mice from TRZ- 
induced tissue remodelling, reducing inflammatory cell infiltrates across 
all groups (Fig. 5E). In the AS+ISO mice, the cardioprotective therapy 
also effectively reduced perivascular and interstitial fibrosis (Fig. 5F). 
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Fig. 2. LV function and electrical activity, myocardial histopathology and mitochondrial morphometry at T0. (A) Ejection fraction (EF) percentage. (B) Left 
ventricular mass normalised to tibia length. (C) QT interval corrected for heart rate (QTc). (D) JT interval corrected for the heart rate (JTc). (E) Recruitment of 
mononuclear cells in the tissue (black arrow) in the upper panels, and sections showing epicardial coronary arteries in the lower panels. AS+ISO group showed 
abundant interstitial and perivascular fibrosis compared to the other groups (collagen is red). (F) Myocardial damage in the AS+ISO mice: Degenerated fragments of 
cardiomyocytes digested by inflammatory cell aggregates (black arrowheads) (upper); focal lesion with mononuclear cell infiltrates and interstitial collagen 
deposition (yellow arrow) (lower). Scale bar, 50 μm for all. (G) Progressive mitochondrial alteration from WT to AS and AS+ISO mice. Enlargements: arrows point to 
mitochondria with cristae derangement. M: mitochondria; Myo: myofibrils; N: nucleus. Scale bar: 1μm. (H) Quantitative analysis of mitochondria volume density and 
swelling. Representative histological and electron microscopy images shown are from female mice. Histograms: WT (green), AS (blue), and AS+ISO (red) groups. 
Data are mean ± SD, n = 11 mice/group in panels A-D and n = 6–8 mice/group in panels E-H.
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Pathology scores improved across groups: 0.8 ± 0.4 in WT+TRZ+ACEi/ 
BB, 1.6 ± 0.6 in AS+TRZ+ACEi/BB, and 2.3 ± 0.6 in 
AS+ISO+TRZ+ACEi/BB mice (p < 0.001 vs. AS+ISO+TRZ). Fig. 5G 
shows that in WT mice, TRZ led to a 24 % increase in CSA compared to 
PBO (265 ± 18 μm2 vs. 219 ± 5 μm2, p < 0.001). AS and AS+ISO mice 
showed increases of 14 % (267 ± 7 μm2 vs. 233 ± 13 μm2, p < 0.001) 
and 8 % (308 ± 15 μm2 vs. 284 ± 16 μm2, p = 0.006), respectively. 
However, ACEi/BB therapy counteracted the increase in CSA across all 
groups. In the WT+TRZ+ACEi/BB group, CSA decreased to 240 ± 9 μm² 
(p = 0.008 vs. WT+TRZ). AS+TRZ+ACEi/BB mice had CSA values of 
250 ± 6 μm² (p = 0.04 vs. AS+TRZ). In the AS+ISO+TRZ+ACEi/BB 
group, the CSA was reduced to 250 ± 7 μm² (p < 0.001 vs. 
AS+ISO+TRZ), a value even lower compared to the AS+ISO+PBO 

group (p < 0.001).

3.4. Combined ACEi/BB therapy mitigates cardiac ultrastructure 
impairment induced by TRZ

All TRZ-treated groups exhibited structural abnormalities in mito
chondria, despite a generally preserved cellular organisation compared 
to the PBO groups. Mitochondria showed an increased average size 
relative to the corresponding placebo and alterations in the matrix and 
cristae. Fig. 6A highlights moderate to severe mitochondrial morpho
logical impairment progressing from WT to AS and AS+ISO groups. In 
WT+TRZ and AS+TRZ mice, some cardiomyocytes presented slight 
mitochondrial size increases, with some showing dispersed matrix and 

Fig. 3. Cardiomyocyte gene expression pattern. (A and B) RT-PCR quantification of genes linked to cell survival (Bcl-2 and Bax), cellular function (Sod-2 and Pgc- 
1α), and mitochondrial dynamics (Mfn-2, Opa-1, Drp-1 and Fis-1). Gene expression was normalised to the messenger RNA (mRNA) of WT mice. Values are mean ± SD, 
n = 5–7 mice/group.

Fig. 4. Effect of ACEi and BB therapy on cardiac function and electrical activity in TRZ-treated mice. (A) Ejection fraction (EF) percentage. (B) QT interval 
corrected for heart rate (QTc). (C) JT interval corrected for heart rate (JTc). Groups: WT (green bar), AS (blue), and AS+ISO (red bar). Treatments: PBO (light colour), 
TRZ (dark colour), and TRZ+ACEi/BB (pattern) in all groups. Data are mean ± SD, with n = 6–8 mice in each group.
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Fig. 5. Histopathology of cardiac tissue in TRZ-treated mice of the three groups and effect of ACEi and BB therapy in TRZ-treated mice. (A) interstitial 
cellular infiltrate (black arrows). (B) damaged cardiomyocytes with cellular vacuolisation and myofibril derangement (black arrows). (C) Sign of healing process with 
mononuclear cell infiltrates (green star) and inflammatory cell aggregates containing degenerated cardiomyocyte fragments (black arrows). (D) reparative fibrosis. 
Enlargement: degenerated cardiomyocytes surrounded by mononuclear cell infiltrates (green arrows) and collagen (red staining). (E) Cardioprotective therapy 
reduced the inflammatory cell infiltrates (black arrows) and collagen fibres (red staining). (F) Cardioprotective therapy reduced perivascular collagen deposition (red 
staining). Scale bars: 50μm (A-C, E); 100μm (D). Representative histological images shown are from male mice. (G) Cardiomyocytes’ cross-sectional area. The 
histogram’s caption is as in Fig. 4. Data are mean ± SD, n = 4–6.
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dilated or fragmented cristae. Many cardiomyocytes of AS+ISO+TRZ 
exhibited heavily dilated organelles with disrupted cristae and dispersed 
matrix. Mice treated with TRZ showed increased mitochondrial volume 

density and a higher percentage of swollen mitochondria compared to 
those receiving PBO and TRZ+ACEi/BB treatments (p < 0.001 in all 
groups compared to those receiving PBO and TRZ+ACEi/BB), as 

Fig. 6. Effect of ACEi and BB therapy on mitochondria in TRZ-treated mice (A) mitochondria showed swelling and dilated or fragmented cristae (black arrows) 
in all groups treated with TRZ. Recovered morphology in the TRZ+ACEi/BB mice. Scale bar: 2μm. Representative electron microscopy images shown are from male 
mice. (B and C) Quantitative analysis of mitochondria volume density and swelling. The histogram’s caption as in Fig. 4. Data are mean ± SD, n = 5–7.

Fig. 7. Cardiomyocyte gene expression pattern. RT-PCR quantification of genes linked to cell survival (Bcl2 and Bax), cellular function (Sod-2 and Pgc-1α), and 
mitochondrial dynamics (Mfn-2, Opa-1, Drp-1, and Fis-1) in cardiac tissue. Gene expression was normalised to PBO mice of each group. The histogram’s caption as in 
Fig. 4. Data are mean ± SD, n = 5–7.
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illustrated in Fig. 6B-C.
Mitochondrial pathology scores for TRZ-treated WT and AS groups 

were significantly higher (score 3) compared to their PBO counterparts 
(scored 0.33 and 1, respectively, p < 0.001 for both). The AS+ISO+TRZ 
group scored 3.8 compared to 2 for the AS+ISO+PBO group 
(p < 0.001). With ACEi/BB therapy, pathology scores improved signif
icantly in all groups: 1.25 for WT+TRZ+ACEi/BB, 1.5 for 
AS+TRZ+ACEi/BB, and 1.13 for AS+ISO+TRZ+ACEi/BB group, 
respectively (p < 0.001 vs.TRZ-treated groups).

Fig. 7 displays the Bax/Bcl-2 ratio and the relative expression levels 
of Pgc-1α, Sod-2, Drp-1, Fis-1, Mfn-2, and Opa-1. WT mice showed a 1.4- 
fold increase in the Bax/Bcl-2 ratio after TRZ compared to the WT+PBO 
group (p = 0.025), which was completely prevented in the 
WT+TRZ+ACEi/BB group (p = 0.002 vs. WT+TRZ). AS+ISO mice, with 
a higher Bax/Bcl-2 ratio at T0 than the other groups, showed no further 
changes post-TRZ. However, they achieved a 40 % reduction in the ratio 
with concurrent cardioprotective therapy (p = 0.005 vs. AS+ISO+TRZ 
and p = 0.012 vs. AS+ISO+PBO). Sod-2 expression declined in all TRZ- 
treated groups, significantly in the WT +TRZ group (p = 0.012 vs. 
WT+PBO). However, combining cardioprotective therapy with TRZ 
restored Sod-2 transcription levels in the WT+TRZ+ACEi/BB mice and 
significantly improved levels in AS+TRZ+ACEi/BB and 
AS+ISO+TRZ+ACEi/BB groups (p = 0.033 and p = 0.003 vs. TRZ- 
treated mice, respectively). Hearts from mice treated with TRZ 
showed downregulation of Pgc–1α, a key mediator of mitochondrial 
quality control and cellular hypertrophy, with a 35 % decrease in 
WT+TRZ group and 50 % in AS+TRZ group (p < 0.001 vs. PBO groups 
for both). The AS+ISO+TRZ group experienced a 20 % decrease, which 
was not significantly different from that of the placebo group. Car
dioprotective therapy significantly restored gene transcription levels in 
the WT+TRZ+ACEi/BB and AS+ISO+TRZ+ACEi/BB groups (p < 0.001 
vs. TRZ-treated groups for both). Notably, it also improved the tran
scription levels compared to those measured at T0 in the AS+ISO model. 
Regarding mitochondrial dynamics processes, TRZ reduced Mfn-2 
transcription in WT mice by 25 % and Drp-1 by 35 %, while Opa-1 and 
Fis-1 levels remained unchanged. However, in AS+ISO mice that showed 
decreased transcription levels of mitochondrial fusion genes and 
increased levels of fission genes at T0 compared to the other groups, TRZ 
did not significantly alter Mfn-2, Opa-1 and Fis-1. However, Drp-1 
transcription levels rose by about 35 % compared to the AS+ISO+PBO 
group (p = 0.031). Combining TRZ with cardioprotective therapy nor
malised Drp-1 levels (p = 0.027 vs. AS+ISO+TRZ). Additionally, ACEi/ 
BB therapy reduced Fis-1 levels by about 25 % compared to the 
AS+ISO+PBO group (p = 0.02). These findings indicate that TRZ in this 
group further disrupts the balance between mitochondrial fission and 
fusion, an effect that cardioprotective therapy effectively mitigates.

4. Discussion

Our study indicates: a) that TRZ leads to significant cardiac impair
ment both in a mouse model with normal cardiac function and in two 
models with pre-existing overt cardiac dysfunction and with cardiac 
overexpression of aldosterone; b) that an established cardioprotective 
treatment with combined ACEi/BB effectively prevents TRZ-induced 
cardiotoxicity, improving cardiac function and structure even in ani
mals with pre-existing overt cardiac dysfunction.

These findings enhance our understanding of the impact of HER2- 
targeted treatments, such as TRZ, in the clinical setting, specifically in 
patients with pre-existing cardiac dysfunction, which is known to in
crease the risk of cardiotoxicity. However, clinical trials have only 
recently begun to address this subgroup.

4.1. Mouse models of TRZ cardiotoxicity

A moderate decline in cardiac function in WT mice following TRZ has 
been confirmed in multiple studies [11,13–15], along with structural 

and ultrastructural changes in myocardial tissue [10,14,15]. Studies 
have also reported the activation of apoptotic pathways following 
treatment with TRZ [10,14,24,25]. In line with these findings, our ob
servations revealed diminished cardiac function and the presence of 
inflammatory cell infiltration in myocardial tissue across all studied 
groups. Cellular vacuolisation and sporadic necrotic or degenerating 
cardiomyocytes were observed in a few WT and AS individuals, repre
senting the low- and moderate-risk populations, and more prominently 
in the AS+ISO group after TRZ. Furthermore, TRZ-induced fibrotic le
sions were primarily observed in AS+ISO mice and occasionally in the 
AS group. While the TRZ-induced cardiotoxicity entails complex and 
still partially unknown mechanisms, mitochondrial dysfunction appears 
to play a key role in the transition from health to disease [26]. Mito
chondrial integrity is crucial for energy metabolism, calcium homeo
stasis, and ROS production. Our findings indicated varying degrees of 
mitochondrial damage in cardiomyocytes across all groups, consistent 
with TRZ-related cardiotoxicity previously observed in healthy mice 
[10,14,15,27]. The percentage of altered mitochondria across the three 
groups after TRZ varied based on baseline mitochondrial homeostasis. 
Before treatment, the number of damaged mitochondria was lower in 
the WT and AS groups than in the AS+ISO group. This ultrastructural 
condition was compatible with compromised cardiomyocytes, still 
within viable tissue, though some cells showed signs of potential 
apoptosis or necrosis, as confirmed by histopathological data. Differ
ences in gene transcription related to cardiomyocyte survival and 
mitochondrial quality control further highlighted the distress of car
diomyocytes among groups. AS+ISO mice exhibited upregulated 
pro-apoptotic pathways and downregulated protective mechanisms 
against oxidative stress and Pgc–1α, a crucial mediator of mitochondrial 
homeostasis and metabolic processes. While AS mice showed a moderate 
decrease in transcription levels of mitochondrial fusion genes, AS+ISO 
mice displayed a significant shift toward fission, thereby increasing the 
risk of mitochondrial damage. The increased severity and prevalence of 
cellular damage in AS+ISO mice were likely due to the inhibition of 
HER2-mediated survival signalling in a previously compromised 
myocardial tissue, as indicated by the altered gene expression levels 
measured at T0. No prior studies have investigated the effects of TRZ or 
other cancer therapies in models with pre-existing cardiac impairment, 
suggesting these findings provide new insights beyond those established 
in previous animal studies.

Moreover, the murine model employed in the present study, i.e. 
cardiac-specific hyperaldosteronism receiving subcutaneous isoproter
enol injections to induce LV systolic dysfunction, is associated with 
diffuse myocardial damage and cardiac hyperaldosteronism, in the 
absence of discrete myocardial infarction or afterload increase, as for the 
case of coronary artery ligation and transverse aortic constriction, 
respectively, thus resembling clinical nonischemic dilated cardiomyop
athy commonly observed in patients receiving cardiotoxic drugs.

4.2. Combined ACEi/BB therapy in the primary prevention of TRZ- 
induced cardiotoxicity

The use of cardioprotective strategies, including beta-blockers and 
ACE inhibitors, in patients undergoing anti-cancer therapies remains a 
topic of debate [28–30]. While these medications are recommended for 
high-risk patients, their role in asymptomatic individuals remains un
certain, questioning the routine use of ACE inhibitors and beta-blockers 
for the primary prevention of cardiotoxicity. Our study highlights the 
importance of cardiac monitoring and cardioprotective therapy for in
dividuals receiving TRZ treatment. In WT and AS mice, considered at 
low cardiac risk, the concomitant administration of ACEi/BB therapy 
effectively prevented TRZ-induced cardiotoxicity. Interestingly, in 
AS+ISO mice, cardioprotective treatment not only prevented 
TRZ-related toxicities, but the TRZ+ACEi/BB group outperformed the 
placebo group in many of these hallmarks. These findings suggest that 
the ACEi/BB co-administration provides benefits beyond primary 
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prevention. Our study chose a combination of bisoprolol and captopril as 
a cardioprotective therapy. Bisoprolol is a third-generation beta-blocker 
with antioxidant, anti-apoptotic, and anti-inflammatory properties 
demonstrated both in vivo and in vitro [31,32]. Bisoprolol preserved 
systolic function and myocardial ultrastructure in a rat model of DOX 
cardiotoxicity [33], but its effects on TRZ-induced cardiotoxicity remain 
unexplored. Captopril, a thiol-containing ACE inhibitor, also showed 
protective antioxidant, anti-inflammatory, anti-apoptotic, and 
anti-hypertrophic effects in animal models of myocardial injury 
[34–36]. Despite these findings, some studies have shown conflicting 
results regarding captopril effects on mitochondria [37–39]. However, 
consistent with our findings, a recent study by El-Sayed et al. revealed 
that captopril enhances cardiac function and remodelling in rats treated 
with ISO by modulating mitochondrial homeostasis, promoting mito
chondrial fusion while reducing fission [40].

4.3. Study limitations

Our preclinical model of TRZ treatment may not accurately reflect 
clinical scenarios, particularly regarding the administration schedule of 
TRZ and its combination with other drugs. Moreover, the absence of a 
tumoral background in our murine models may oversimplify the com
plex interactions between cancer, therapies, and cardiovascular func
tion. Additionally, our findings require a deeper understanding of the 
molecular mechanisms to better interpret the cardiotoxic effects of TRZ 
and responses to cardioprotective treatments. Moreover, our study 
employed a combined therapy with an ACE inhibitor and a beta-blocker, 
without evaluating each drug individually. As a result, the specific 
benefits and mechanisms of action of each drug remain uncertain. This 
will be an important focus for future targeted studies. Furthermore, 
while our findings did not reveal significant sex-based effects, the 
sample size was limited for stratified analyses. Future studies specif
ically designed and powered to evaluate sex differences will be essential 
to address this important question fully.

5. Conclusions

Treatment with TRZ induces cardiac dysfunction and alters cardiac 
structure and ultrastructure, regardless of pre-existing cardiac issues. 
However, the most severe phenotype is observed in mice with prior 
cardiac impairment linked to likely increased frailty. Our results provide 
evidence that the concurrent administration of captopril and bisoprolol 
effectively mitigates the harmful effects of TRZ on the heart in mouse 
models with and without baseline cardiac dysfunction. Cardioprotective 
therapy improves LV systolic function and counteracts detrimental 
changes in mitochondrial morphology and the altered transcriptional 
signature relevant to mitochondrial biology in murine models of TRZ- 
induced cardiotoxicity.
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