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BACKGROUND Anthracycline-induced cardiotoxicity (AIC) debilitates quality of life in cancer survivors. Serial

characterizations are lacking of the molecular processes occurring with AIC.

OBJECTIVES The aim of this study was to characterize AIC progression in a mouse model from early (subclinical) to

advanced heart failure stages, with an emphasis on cardiac metabolism and mitochondrial structure and function.

METHODS CD1 mice received 5 weekly intraperitoneal doxorubicin injections (5 mg/kg) and were followed by serial

echocardiography for 15 weeks. At 1, 9, and 15 weeks after the doxorubicin injections, mice underwent fluorodeoxy-

glucose positron emission tomography, and hearts were extracted for microscopy and molecular analysis.

RESULTS Cardiac atrophy was evident at 1 week post-doxorubicin (left ventricular [LV] mass 117 � 26 mg vs 97� 25 mg

at baseline and 1 week, respectively; P < 0.001). Cardiac mass nadir was observed at week 3 post-doxorubicin (79 �
16 mg; P ¼ 0.002 vs baseline), remaining unchanged thereafter. Histology confirmed significantly reduced cardiomyo-

cyte area (167 � 19 mm2 in doxorubicin-treated mice vs 211 � 26 mm2 in controls; P ¼ 0.004). LV ejection fraction

declined from week 6 post-doxorubicin (49% � 9% vs 61% � 9% at baseline; P < 0.001) until the end of follow-up at

15 weeks (43% � 8%; P < 0.001 vs baseline). At 1 week post-doxorubicin, when LV ejection fraction remained normal,

reduced cardiac metabolism was evident from down-regulated markers of fatty acid oxidation and glycolysis. Metabolic

impairment continued to the end of follow-up in parallel with reduced mitochondrial adenosine triphosphate production.

A transient early up-regulation of nutrient-sensing and mitophagy markers were observed, which was associated with

mitochondrial enlargement. Later stages, when mitophagy was exhausted, were characterized by overt mitochondrial

fragmentation.

CONCLUSIONS Cardiac atrophy, global hypometabolism, early transient-enhanced mitophagy, biogenesis, and

nutrient sensing constitute candidate targets for AIC prevention. (J Am Coll Cardiol CardioOnc 2024;6:217–232) © 2024

The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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A nthracyclines such as doxorubicin
are among the most effective anti-
cancer drugs and remain the first-

line therapy (alone or in combination) for
many cancer types.1 However, anthracy-
clines are associated with irreversible dam-
age to the myocardium, known as
anthracycline-induced cardiotoxicity (AIC).2

Up to 5% of cancer survivors treated with
anthracyclines go on to develop chronic
heart failure (HF) as a consequence of
AIC.3,4 Although AIC had been known for de-
cades, there is a lack of specific therapies that
can prevent this frequent secondary effect.5,6

The heart consumes more energy per unit
weight than any other body organ, and to
meet this intense energy demand, more than
30% of cardiomyocyte volume is occupied by
mitochondria, enabling the production of
large amounts of adenosine triphosphate
(ATP) to support cardiac contraction. AIC
involves a plethora of intermediate mecha-
nisms that converge on the dysregulation of mito-
chondrial function.7 Mitochondrial function and
cardiomyocyte metabolism are both central to AIC,
but there is a lack of comprehensive longitudinal
studies evaluating key molecular players involved
in these processes. Several studies have shown that
doxorubicin irreversibly binds to cardiolipin in the
inner mitochondrial membrane. The resulting
disruption of the electron transport chain leads to
an increase in the production of reactive oxygen
species.8 Doxorubicin has also been reported to
induce defects in mitochondrial biogenesis9 and an
imbalance in mitochondrial dynamics.10 Several
studies have shown that AIC reduces fatty acid (FA)
oxidation; however, the temporal association among
FA oxidation impairment, mitochondrial dysfunc-
tion, and cardiac dysfunction during AIC is not well
established, and it therefore remains unresolved
whether FA oxidation impairment is a cause or
consequence of mitochondrial dysfunction. The
impact of doxorubicin on cardiomyocyte glycolysis
is less clear, with some studies showing a
compensatory up-regulation of glycolytic ATP pro-
duction11 and others reporting a down-regulation.12

Most reports of these changes were cross-sectional
s attest they are in compliance with human studies committe

and Food and Drug Administration guidelines, including patien

thor Center.
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and examined different stages in the development
of AIC (most often after the appearance of overt
cardiac dysfunction). Given that AIC is a dynamic
process, there is a clear need to assess how mito-
chondrial function and cardiomyocyte metabolism
change across different disease stages to identify
potential therapeutic targets. In the present study,
we examined these molecular changes in concert
with cardiac imaging in a mouse model of AIC
characterized by slow progression to cardiac
dysfunction. We also specifically focused on male
mice, given the potential differences according to
sex in AIC.

METHODS

To mimic a clinical scenario of a progressively
increasing cumulative anthracycline dose, adult male
CD1 mice were given 5 weekly intraperitoneal in-
jections of doxorubicin hydrochloride 2 mg/mL
(#999958.2, Meiji Pharma; 5 mg/kg, resulting in a
25 mg/kg cumulative dose). Echocardiography was
performed at baseline (before the first doxorubicin
injection) and at 1, 3, 6, 9, 12, and 15 weeks after the
final injection. Selected animals were sacrificed and
hearts and blood collected for microscopy and mo-
lecular analysis at an early stage of modeled AIC
(1 week after completion of the doxorubicin treat-
ment regime), at an intermediate disease stage
(9 weeks postinjection), and at an advanced disease
stage (15 weeks postinjection). Combined positron
emission tomographic (PET) and computed tomo-
graphic (CT) analysis of cardiac 18F-fluorodeox-
yglucose (FDG) uptake was conducted in animals at
baseline and at the early, intermediate, and advanced
AIC stages (Figure 1). Details of all methodologic
procedures are provided in the Supplemental
Methods.

The project was approved by the Institutional An-
imal Research Committee and conducted in accor-
dance with the recommendations of the National
Research Council Guide for the Care and Use of Lab-
oratory Animals.

Transthoracic echocardiography was performed
using a Vevo 2100 ultrasound system (Visual Sonics).
PET/CT studies were performed using a small-animal
PET/CT scanner (nanoScan, Mediso).
es and animal welfare regulations of the authors’

t consent where appropriate. For more information,

ry 31, 2024, accepted February 6, 2024.



FIGURE 1 Study Design

Male CD1 mice (8-10 weeks old) were randomly assigned to receive once weekly intraperitoneal injections of 5 mg/kg doxorubicin (DOX) for 5 weeks or no treatment

(control). Echocardiographic examinations were performed at baseline (before the first injection) and 1, 3, 6, 9, 12, and 15 weeks after the end of the DOX treatment.

Positron emission tomographic (PET)/computed tomographic scans were performed at baseline and 1, 9, and 15 weeks after DOX treatment. At 1, 9, and 15 weeks after

DOX treatment, selected animals were sacrificed, and hearts were collected for further analysis by histology and immunohistochemistry, transmission electron

microscopy (TEM), western blotting (WB), reverse transcriptase quantitative polymerase chain reaction (qPCR), and high-resolution mitochondrial respirometry

(Oroboros Instruments). Syringe symbols indicate DOX injections. Arrows indicate defined time points. FDG ¼ fluorodeoxyglucose.
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STATISTICAL ANALYSIS. Data are presented as mean
� SD and were analyzed using Prism version 9.5.1
(GraphPad Software). Sample size was calculated us-
ing power analysis. A total of 258 animals were used
(doxorubicin group, n ¼ 157; no-treatment control
group, n ¼ 101). Data distributions were validated
using the Shapiro-Wilk normality test. Two groups
were compared using an unpaired Student’s t-test or
the Mann-Whitney U test according to data distribu-
tion. Comparisons among >2 groups were done using
analysis of variance with Dunnett’s or �Sídák’s post
hoc test for multiple pairwise comparisons. Survival
data were compared using a log-rank (Mantel-Cox)
test. To compare longitudinal data, 1- or 2-way
repeated-measures analysis of variance was used.

Detailed information on ex vivo methodologies can
be found in the Supplemental Methods.

RESULTS

SYSTEMIC EFFECTS OF DOXORUBICIN TREATMENT.

The survival rate for doxorubicin-treated mice was
significantly lower than that for controls (Figures 2A
and 2B), with a median survival time of 55 days
among doxorubicin-treated mice. Body weight
remained unaltered during the doxorubicin injection
protocol, but mice began to lose weight from fifth
injection onward (Figure 2C). In the early phase of AIC
(1 week after the final doxorubicin injection), treated
animals showed increased food intake (Figure 2D) and
decreased basal activity (Figure 2E), both of which
normalized with time. No changes were found in
light-cycle energy expenditure (Figure 2F). At the in-
termediate stage of the disease, with subtle AIC, an-
imals saw an elevated dark-cycle energy
expenditure (Figure 2G).

Plasma glucose in fed or after 16 hours of fasting
doxorubicin-exposed mice at the early disease stage
was lower than in controls (Supplemental Figure 1A).
Glucose tolerance testing showed normal insulin
function during early AIC (Supplemental Figure 1B).
Moreover, a reduction in plasma glucose levels
was also seen at all disease stages analyzed
(Supplemental Figure 1C). Plasma lactate and total
plasma protein concentration were also both
decreased in doxorubicin-treated mice at all disease
stages (Supplemental Figures 1D and 1E). No similar
consistent plasma changes were seen for ketone



FIGURE 2 Survival and Metabolic Activity

(A) Life span of mice after the first doxorubicin (DOX) injection. (B) Median survival (n ¼ 30-45). The study was performed from the first DOX injection to 140 days

(15 weeks post-DOX). (C) Body weight in mice (n ¼ 9-50). (D) Food intake in mice 1, 9, and 15 weeks after DOX treatment and in time-paired controls (CTRL) (n ¼ 3-8),

presented as grams per day per body weight (g). (E) Physical activity analyzed in the same mouse groups as in (D) (n ¼ 3-8). (F) Energy expenditure (EE) during light

hours, analyzed in the same mouse groups as in (D), presented as kilocalories expended per day per body weight (g) (n¼ 3-8). (G) EE during dark hours, analyzed in the

same mouse groups as in (D), presented as kilocalories expended per day per body weight (g) (n ¼ 3-7). Data are presented as mean � SD. Data were compared using

unpaired Student’s t-test, Mann-Whitney U test, 2-way repeated-measures analysis of variance with �Sídák’s post hoc test multiple comparison, or log-rank test.

*P < 0.05, **P < 0.01, and ***P < 0.001.
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bodies, nonesterified FAs, or lipase (Supplemental
Figures 1F-1H).

DOXORUBICIN TREATMENT TRIGGERS CARDIOMYOCYTE

ATROPHY AND AN EARLY REDUCTION IN CARDIAC

MASS. In early-stage AIC (1 week post-doxorubicin),
left ventricular (LV) mass was significantly reduced
(117 � 26 mg vs 97 � 25 mg at baseline and 1 week,
respectively; P < 0.001). LV mass continued to
decrease until the end of the study (70 � 9 mg at
15 weeks; P < 0.001 vs baseline) (Figure 3A). LV mass
remained unchanged in control mice during the study
period (Figure 3B).

Heart weight/tibia length ratio in doxorubicin-
treated mice was significantly lower than in controls
in early AIC (at 1 week post-doxorubicin, 8.45 �
1.79 mg/mm vs 11.51 � 1.62 mg/mm in controls;
P ¼ 0.001) and in advanced AIC (at 15 weeks post-
doxorubicin, 8.21 � 1.71 mg/mm; P < 0.001 vs control)
(Figure 3C). Heart weight reduction was accompanied
by a decrease in cardiomyocyte area both in early AIC
(at 1 week post-doxorubicin, 167 � 19 mm2 vs 211 �
26 mm2 in controls; P ¼ 0.004) and in advanced AIC (at
15 weeks post-doxorubicin, 176 � 14 mm2; P ¼ 0.0203
vs control) (Figures 3D and 3E). Cardiac atrophy was
accompanied by an increase in DNA damage, indexed
as the number of terminal deoxynucleotidyl trans-
ferase dUTP nick-end labeling (TUNEL)–positive car-
diac cells (Figures 3F and 3G). Doxorubicin-treated
mice also showed more pronounced and extensive
cardiac fibrosis at 15 weeks post-doxorubicin
(Figures 3H and 3I).

DOXORUBICIN TREATMENT IS ASSOCIATED WITH

SLOW-PROGRESSING LV SYSTOLIC DYSFUNCTION.

Serial echocardiography revealed a progressive
decline in LV ejection fraction (LVEF) after doxoru-
bicin treatment, with the decline becoming signifi-
cant at week 6 (61% � 9% vs 49% � 9% at baseline and
6 weeks, respectively; P < 0.001) (Figures 4A and 4B).
LVEF reached its lowest value at 15 weeks after
doxorubicin treatment (43% � 8%; P < 0.001 vs
baseline). LVEF remained unchanged in control
mice during the study period (Figure 4C). The rest of
the echocardiographic parameters are shown in
Supplemental Table 1. A similar decline in LVEF was
observed in mice treated with doxorubicin by intra-
venous injection over the same time scale; however,
intravenous administration was associated with a
higher mortality rate (data not shown).

DOXORUBICIN TREATMENT REDUCES GLOBAL CARDIAC

METABOLISM. Reverse transcriptase quantitative po-
lymerase chain reaction analysis of cardiac tissue for
genes encoding proteins involved in FA metabolism
and mitochondrial FA import revealed a general
down-regulation as early as 1 week after the end of
doxorubicin treatment, before the detection of
reduced cardiac systolic function. This down-
regulation affected all markers of metabolic path-
ways examined: carnitine palmitoyl transferase 1A
and 2 (Cpt1a and Cpt2), acyl–coenzyme A thioesterase
1 (Acot1), peroxisomal acyl–coenzyme A oxidase 1
(Acox1), carnitine O-acetyltransferase (Crat), and
lipase E (Lipe). At the advanced disease stage
(15 weeks post-doxorubicin), Cpt2 and Acot1 were still
down-regulated, whereas the other metabolites had
recovered (Figure 5A, Supplemental Figure 2A).

A similar down-regulation was observed at all time
points for gene transcripts encoding glucose cell
membrane transporters (Glut1 and Glut4), and the
glycolytic enzymes hexokinase 2 and pyruvate de-
hydrogenase lipoamide kinase isozyme 4 (Figure 5B,
Supplemental Figure 2B). In vivo 18F-FDG PET studies
confirmed a significant reduction in cardiac glucose
uptake at all time points examined after the comple-
tion of doxorubicin treatment (Figures 5C and 5D).

Assessment of the cellular nutrient sensing aden-
osine monophosphate–activated protein kinase
(AMPK) revealed early up-regulation of phosphory-
lated AMPK (1 week post-doxorubicin), followed by
its normalization at later time points (Figures 5E and
5F, Supplemental Figures 2C-2E).

DOXORUBICIN ALTERS MITOCHONDRIAL ELECTRON

TRANSPORT CHAIN FUNCTION AND ATP PRODUCTION.

Mitochondrial function was assessed using high-
resolution respirometry of isolated mitochondria.
Mitochondrial homogenate preparations were of high
quality, as attested by high respiratory control ratios
and oxidative phosphorylation (OXPHOS) coupling
efficiency ratios (Supplemental Figures 3A and 3B).
Mitochondria from doxorubicin-treated mice showed
reduced oxygen consumption and low ATP produc-
tion at all disease stages (Figures 6A and 6B). These
changes were associated with a reduction in mito-
chondrial oxygen consumption in the OXPHOS and
electron transfer capacity complex I states (Figures 6C
and 6D). Other respiratory parameters (leak, respira-
tory control ratio, and OXPHOS coupling efficiency)
did not differ between mitochondria from
doxorubicin-treated and control mice (Figure 6E,
Supplemental Figures 3A and 3B).
DOXORUBICIN ALTERS MITOCHONDRIAL DYNAMICS

AND QUALITY CONTROL. Transmission electron mi-
croscopy of cardiac tissue showed that mitochondrial
size and structure remained unaltered 1 week after
doxorubicin treatment. Mitochondrial size tran-
siently increased at 9 weeks post-doxorubicin,



FIGURE 3 Cardiac Atrophy, DNA Damage, and Fibrosis

Continued on the next page
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FIGURE 4 LVEF Measurement by Echocardiography

(A) Representative M-mode echocardiographic images. (B,C) LV ejection fraction (LVEF) (%) (n ¼ 4-35). Data are presented as mean � SD.

Data were compared using 1-way repeated-measures ANOVA with Holm-�Sídák post hoc test. *P < 0.05 and ***P < 0.001. Abbreviations as in

Figures 1 to 3.
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coinciding with a reduction in total mitochondrial
number, and this was followed at 15 weeks post-
doxorubicin by overt mitochondrial fragmentation,
indexed as significantly reduced mitochondrial size
(Figures 7A to 7C). The increased mitochondrial size in
the intermediate disease stage was accompanied by
up-regulated expression of the mitochondrial fusion
protein optic atrophy type 1 (OPA1), followed by down-
regulated expression at 15 weeks (Supplemental
FIGURE 3 Continued

(A,B) Evolution of left ventricular (LV) mass (mg) (n ¼ 4-35) determine

15 weeks after injections (n ¼ 6-15). (D) Representative photomicrograp

40,6-diamidino-2-phenylindole (DAPI). Scale bar, 50 mm. (E) Cardiomyocy

cross sections stained with terminal deoxynucleotidyl transferase dUTP n

cells (%) (n ¼ 5-10). (H) Representative histologic images illustrating my

presented as mean � SD. Data were compared using 1-way repeated-me

with Dunnett’s post hoc test, or unpaired Student’s t-test. *P < 0.05, *
Figures 4A and 4B). No significant changes were
detected at any disease stage in the expression of
dynamin-related protein 1 (DRP1) (Supplemental
Figures 4C and 4D).

The mitophagy markers PTEN-induced kinase 1
(PINK1) and E3 ubiquitin-protein ligase parkin (PRKN)
were prominently overexpressed at the early disease
stage. PINK1 expression subsequently returned to
baseline levels, whereas parkin overexpression was
d from M-mode echocardiographic images. (C) Ratio of heart weight to tibia length 1 and

hs of LV myocardial cross sections stained with wheat germ agglutinin (WGA) and

te cross-sectional area (mm2) (n ¼ 5-9). (F) Representative photomicrographs of LV myocardial

ick-end labeling (TUNEL) assay to assess DNA damage. Scale bar, 50 mm. (G) TUNEL-positive

ocardial interstitial fibrosis (Sirius red). Scale bar, 1 mm. (I) Fibrosis (%) (n ¼ 8-13). Data are

asures analysis of variance (ANOVA) with Holm-�Sídák’s post hoc test, ordinary 1-way ANOVA

*P < 0.01, and ***P < 0.001. Abbreviations as in Figures 1 and 2.



FIGURE 5 Glycolysis and Fatty Acid Metabolism

(A,B) Reverse transcriptase quantitative polymerase chain reaction quantification of genes linked to fatty acid metabolism (Cpt1a, Cpt2, Acot1,

Acox1, Crat, and Lipe) and glucose metabolism (Glut1, Glut4, Hk2, and Pdk4) in cardiac tissue. Gene expression was normalized to Hprt

messenger RNA (mRNA) (n ¼ 4 or 5). (C) Representative micro-PET/computed tomographic scans. (D) Fold change in the standardized uptake

value (SUV) for [18F]-FDG after DOX treatment (n ¼ 4-14). (E,F) Representative western blot and densitometry quantification of phos-

phorylated adenosine monophosphate–activated protein kinase (P-AMPK) and total AMPK in cardiac tissue 1 week after the final DOX

injection (n ¼ 8-10). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the loading control. Data are presented as mean �
SD. Data were compared using unpaired Student’s t-test, Mann-Whitney U test, or ordinary 1-way ANOVA with Dunnett’s post hoc test.

*P < 0.05 and **P < 0.01. Abbreviations as in Figures 1 to 3.
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sustained at week 9 and normalized at week 15
(Figures 7D to 7F). These changes were accompanied
by a decrease in mitochondrial DNA content detected
at all time points (Figure 7G). Conversely, the key
mitochondrial biogenesis protein proliferator-
activated receptor gamma coactivator 1–alpha
(PGC-1a) was significantly up-regulated 1 week after
doxorubicin treatment, regressing to baseline
expression levels at subsequent time points
(Figures 7H and 7I, Supplemental Figures 4E to 4G).



FIGURE 6 Mitochondrial Function and ATP Production

(A) Respirometry traces in mitochondria isolated from hearts. The blue line indicates [O2]; the gray and red lines indicate O2 flux per mitochondrial protein (JO2) in the

various conditions. Arrows indicate additions. (B) Mitochondrial adenosine triphosphate (ATP) production at the indicated time points (mM). (C) OXPHOSCI. (D) ETCCI.

(E) LeakCI. Data are presented as mean � SD. Data were compared using ordinary 1-way ANOVA with Dunnett’s post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001.

CI ¼ complex I; ETC ¼ electron transfer capacity; FCCP ¼ carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; OXPHOS ¼ oxidative phosphorylation;

PM ¼ pyruvate-malate; ROX ¼ residual oxygen consumption; other abbreviations as in Figures 1 to 3.
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DISCUSSION

In this report we present the first longitudinal anal-
ysis of temporal cardiac changes occurring during the
development of AIC in mice. Our analysis encom-
passes in vivo cardiac imaging and ex vivo analysis at
the early (before any functional impact), intermedi-
ate, and late stages of modeled AIC, revealing
comprehensive details of anatomical, metabolic, and
molecular changes, with particular focus on the cen-
tral role of mitochondrial damage. Our results show
that doxorubicin-induced cardiac functional impair-
ment in mice is preceded at the early disease stage by
cardiac atrophy, including cardiomyocyte shrinkage.
Early cardiac atrophy was associated with a marked
reduction in global cardiac metabolism, affecting
both the FA oxidation and the glycolysis pathways
and parallel by a marked decrease in ATP production.
Early AIC was further characterized by transient up-
regulation of the nutrient sensor AMPK, followed by
normalization of expression at the intermediate and
advanced disease stages. Up-regulated mitophagy in
early disease was associated with preserved mito-
chondrial structure, but a decline in mitophagy at
subsequent stages was associated with pronounced
mitochondrial fragmentation. The longitudinal
assessment of these dynamic processes serves to
identify potential targets for therapies aimed at pre-
venting the development of AIC (Central Illustration).

MOUSE MODELS OF AIC. Despite the abundant
literature on AIC, there is still no consensus on an
experimental model of the disease, and the diversity
of doxorubicin treatment regimens used limits com-
parison and reproducibility among studies. Published
mouse models of doxorubicin-induced cardiotoxicity
include acute (single) and chronic (serial) adminis-
trations. In acute models, mice receive a very high



FIGURE 7 Mitochondrial Dynamics

(A) Representative transmission electron microscopic images of cardiac tissue. Scale bar, 2 mm. (B) Mitochondrial size (mm2) (n ¼ 5). (C) Mitochondrial number (n ¼ 5).

(D,E) Representative western blot and (E,F) densitometric quantification of the expression of PTEN-induced kinase 1 (PINK1) (n ¼ 5-16) and E3 ubiquitin-protein ligase

parkin (PRKN) (n ¼ 6-20). (G) Mitochondrial DNA (mtDNA) copy number measured as the ratio between Nd2 (mitochondrial gene) and Hprt (nuclear gene) in cardiac

tissue (n ¼ 7-24). (H,I) Western blot and densitometry quantification of proliferator-activated receptor gamma coactivator 1–alpha (PGC-1a) at 1 week after DOX

treatment (n ¼ 8). GAPDH was used as a loading control. Data are presented as mean � SD. Data were compared using unpaired Student’s t-test or ordinary 1-way

ANOVA with Dunnett’s post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001. Abbreviations as in Figures 1 to 3 and 5.
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CENTRAL ILLUSTRATION Longitudinal Assessment of AIC and Novel Therapeutic Targets
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Principal effects of cumulative exposure to doxorubicin in mice on cardiac structure, metabolism, and mitochondria quality control. Timeline extends from subclinical to

intermediate to overt heart failure stages: 1 to 15 weeks after doxorubicin treatment. Potential interventions against cardiotoxicity include enhancing defense

mechanisms and mitigating the noxious processes activated during time of study. The early atrophy and decrease in FA metabolism may be alleviated by exercise and

high-protein diets, the transient increase in mitophagy by remote ischemic conditioning, and increase in nutrient sensing by peroxisome-proliferator–associated

receptor d (PPARd) agonists. AIC ¼ anthracycline-induced cardiotoxicity; ATP ¼ adenosine triphosphate; FA ¼ fatty acids; LV ¼ left ventricular;

mtDNA ¼ mitochondrial DNA; P-AMPK ¼ phosphorylated adenosine monophosphate–activated protein kinase.
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single dose of doxorubicin that rapidly damages the
heart, leading to early high mortality and limiting the
possibility of longitudinal evaluation.13 In our study,
we used a chronic model based on serial administra-
tion of doxorubicin, which induced slowly progres-
sive cardiac dysfunction that more closely resembles
the long-term clinical scenario. In a previous study
using a similar approach and achieving a similar cu-
mulative dose (20-25 mg/kg), cardiac function was
analyzed at only a single time point.14 In contrast, our
study provides serial long-term analysis of cardiac
function. The longitudinal echocardiographic assess-
ment revealed that LV systolic dysfunction develops
progressively after doxorubicin exposure and is pre-
ceded by several processes, including cardiac atro-
phy. These processes might represent potential
therapeutic targets.

CARDIAC ATROPHY PRECEDES SYSTOLIC

DYSFUNCTION IN AIC. The early disease stage after
doxorubicin treatment, when cardiac function was
still preserved, was characterized by reductions in LV
mass detected by echocardiography, heart weight,
and cardiomyocyte area. A decrease in cardiac mass
after doxorubicin exposure has been reported previ-
ously in clinical trials15,16 and in mouse models.17

Although the mechanism of cardiomyocyte atrophy
after doxorubicin exposure is poorly understood,
there is evidence that it could be mediated by acti-
vation of cyclin-dependent kinase 2 (CDK2)–depen-
dent forkhead box protein O1 (FOXO1).18 It is known
that DNA damage can cause cardiomyocyte atrophy.
In this regard, we found a significant increase of
TUNEL-positive cardiomyocytes (Figures 3F and 3G).
Given that BCL2/BAX ratios were not increased in
doxorubicin-treated mice (data not shown), we
speculate that the TUNEL signal may come from
cytoplasmic DNA damage that does not result in
apoptosis. These findings suggest that interventions
targeting early doxorubicin-induced cardiomyocyte
atrophy could represent a therapeutic benefit in AIC.
One possible approach to alleviating cardiac atrophy
is increased physical activity,15 and benefits might
also be obtained with specific nutritional approaches
such as high-protein or high-calorie diets, as caloric
restriction is known to induce LV atrophy.19 The
progression in our model from early cardiac atrophy
to deteriorating cardiac function at the intermediate
and advanced AIC stages parallels observations in
anthracycline-treated cancer survivors.20

REDUCTION OF GLOBAL CARDIAC METABOLISM

EARLY IN THE COURSE OF AIC. Cardiac metabolism
showed a marked decline from the early stage of AIC,
consisting of a general decrease in FA and glucose
metabolism. This cardiac hypometabolism could be a
consequence of ultrastructural damage in the inner
mitochondrial membrane caused by doxorubicin
binding to cardiolipin,7 disrupting the transporter
activities of proteins involved in FA oxidation, such
as Cpt2, as described in doxorubicin-treated rats.21

The high affinity of doxorubicin for the mitochon-
drial inner membrane can also interrupt the enzy-
matic activities of complexes I, II, and IV, resulting in
blockade of mitochondrial FA oxidation and
decreased ATP production.22 This was evidenced in
the decreased mitochondrial respiration in
doxorubicin-treated mice and the associated decrease
in mitochondrial ATP production. Mitochondrial
dysfunction in our model is also evidenced by the
reduced mitochondrial DNA content in doxorubicin-
treated mice at all time points studied. Mitochon-
drial DNA damage has also been reported as a
consequence of doxorubicin intercalation into mito-
chondrial DNA, resulting in iron accumulation.23

Reduced cardiac glucose metabolism was evi-
denced by the early down-regulation of the cell
membrane glucose transporters Glut1 and Glut4 in
cardiomyocytes of doxorubicin-treated mice. Car-
diomyocyte Glut4 down-regulation in doxorubicin-
treated rats has been proposed to be secondary to
cell membrane perturbation after doxorubicin inter-
calation.24,25 Impaired glucose import can also be a
consequence of doxorubicin-induced insulin resis-
tance;24 however, this is unlikely to be the case in our
model, as insulin handling was unaffected in the
doxorubicin-treated mice (Supplemental Figure 1E).
Thus, the decreases in Glut1 and Glut4 in our study
appear to be related to structural cell membrane de-
fects. The decreased glycolysis in our AIC model is
consistent with previous mouse and cell-line studies
showing doxorubicin-induced decreases in adipose
tissue glucose uptake,12 plasma glucose and lactate,
and the glycolytic enzyme hexokinase 2.26 The down-
regulation of glucose importers correlated with a
reduced in vivo cardiac uptake of FDG in the
doxorubicin-treated mice. Although these results are
in agreement with some previous studies showing
reduced cardiac glucose uptake in rats exposed to
doxorubicin,27 other groups have reported that
doxorubicin exposure increases cardiac FDG uptake.11

This discrepancy might be attributable to differences
in FDG PET timing, acute vs chronic doxorubicin
injection regimes, or the mechanisms induced
by intravenous vs intraperitoneal doxorubicin
administration. Another possible explanation is that
the effect of AIC on cardiac glucose uptake may vary
between species or even mouse strains.
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The transient up-regulation of the energy-stress
sensor AMPK28 in cardiomyocytes early after doxo-
rubicin treatment may be a defense response to the
low availability of metabolic substrates, given that
the master regulator AMPK promotes glucose and FA
uptake.29 The early AMPK activation was likely
responsible for the up-regulation of mitochondrial
biogenesis (PGC-1a) and mitophagy (PINK1/parkin)
pathways, both of which are regulated by AMPK.30

However, despite AMPK signaling activation, the
doxorubicin-treated mice were unable to increase
oxidative catabolism of either glucose or FAs, likely
because of irreversible doxorubicin-induced damage
to the inner mitochondrial membrane or intestinal
injury. AMPK signaling is an essential regulator of
mitochondrial homeostasis and energy metabolism,
and the search for AMPK-targeting strategies has
been a central goal of AIC research.31 The suggestion
from our findings that AMPK activation also contrib-
utes to mitochondrial reprogramming after doxoru-
bicin insult may help identify candidate molecules for
new therapeutic strategies in AIC.

General activation of cardiac metabolism repre-
sents an attractive possible therapeutic approach to
AIC. Dietary nutrients were recently shown to
ameliorate chemotherapy-induced LV dysfunction
and to protect the cardiovascular system both in an-
imals (mouse and rat) and in patients with cancer.32

Furthermore, amino acid–enriched diets have been
found to promote cell survival in doxorubicin-treated
mice,33 demonstrating the cardioprotective role of
diet against AIC. Some metabolic activators, such as
metformin, dietary restriction, and exercise, can
activate AMPK and could have a favorable anti-
cardiotoxicity effect.34 Another potential target is the
AMPK substrate peroxisome proliferator–associated
receptor d (PPARd), a nuclear receptor transcription
factor that controls lipid metabolism and inflamma-
tion.35 PPARd agonists have attracted attention for
their potential in cancer therapy36 and have
been proposed as cardioprotective agents that pre-
vent cardiomyocyte apoptosis after doxorubicin
exposure.37

MITOCHONDRIAL DYNAMICS AND QUALITY CONTROL

DURING AIC. The defective mitochondrial ATP pro-
duction we detected from the early stage of AIC is in
line with previous findings.38 Defective mitochondria
are usually selectively eliminated through mitophagy
to prevent the accumulation of toxic products and
avoid fusion of damaged mitochondria with the
healthy network.39 This quality control mechanism is
critical to maintaining a healthy mitochondrial mass
during stress. When this mechanism is overwhelmed,
cardiomyocyte dysfunction occurs.40 Doxorubicin
exposure in our model induced early (transient) up-
regulation of the mitophagy PINK1/parkin pathway,
which has been previously linked to the protective
removal of dysfunctional mitochondria during doxo-
rubicin insults.41 In addition to its role in mitophagy,
parkin has been reported to enhance mitochondrial
activity via interaction with the master regulator of
mitochondrial biogenesis, PGC-1a.42 PGC-1a was also
up-regulated early after doxorubicin treatment in our
model, and we propose that the early up-regulation of
this quality control machinery is a defense mecha-
nism that helps preserve cardiac function in the early
phase of AIC. The up-regulation of mitophagy and
mitochondrial biogenesis presents another attractive
target for early intervention in AIC. Mitophagy was
also identified as an early feature of AIC in a previous
study in our laboratory in a pig model.43 In the same
pig AIC model, we previously reported that remote
ischemic conditioning, an intervention able to in-
crease mitophagy,44 prevents AIC.45

In addition to mitophagy and biogenesis, mito-
chondria can enhance cell survival through dynamic
transitions of fusion and fission. Activation of mito-
chondrial fusion at the early and intermediate AIC
stages in our model is suggested by the over-
expression of the fusion marker OPA1 and the
increased mitochondrial size on transmission electron
microscopy. Mitochondrial fusion has the effect of
diluting injured mitochondrial DNA, which has been
shown to rescue cardiac dysfunction in doxorubicin-
treated mice.10 In our model, the increased mito-
chondrial fusion and enhanced mitophagy likely
mitigated the impaired respiration capacity observed
in isolated mitochondria at all time points studied,
allowing transient maintenance of cardiac function
until the system was overwhelmed. This hypothesis is
supported by the fact that overt cardiac systolic
dysfunction correlates with the exhaustion of
mitophagy and the onset of mitochondrial fragmen-
tation.46 Doxorubicin-associated fission (occurring
late in AIC) has been described in other studies in
mice47 and pigs.45 Inhibition of mitochondrial fission
could thus offer another therapeutic strategy in AIC
and has been shown to prevent cardiac dysfunction in
ischemia and reperfusion injury.48

SEX-BASED DIFFERENCES IN ANTHRACYCLINE

CARDIOTOXICITY. We focused only on male mice in
this study. The influence of sex on anthracycline-
induced HF remains a subject of debate.49 Although
the precise impact of sex in this context is not
definitively established, there is a growing hypothesis
suggesting a role for female sex hormones in pro-
tecting against doxorubicin-induced cardiotoxicity.
This hypothesis posits that prepubescent girls and
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postmenopausal women, lacking the protective ef-
fects conferred by female hormones, might exhibit
heightened susceptibility to anthracycline-induced
heart complications. This proposition aligns with
observations noting a potentially higher vulnerability
in these demographic groups because of the absence
of female hormones. Therefore, it is theorized that
adult women, benefiting from the presence of these
hormones, may have a certain degree of car-
dioprotection against AIC.50 Additionally, another
study delved deeper into this notion of estrogen’s
protective role against chronic doxorubicin treatment
within the heart. Those investigators proposed that
estrogen may contribute to the preservation of
myofilament function, ultimately mitigating oxida-
tive modifications linked to AIC.51 These varying
perspectives underscore the complexity of the inter-
play between sex hormones, particularly estrogen,
and the development of anthracycline-induced heart
complications. In our investigation, a preliminary
study was undertaken to validate the therapeutic
targets identified in the early stages of AIC in female
CD1 mice (Supplemental Figure 5). Our findings
indicate that cardiac atrophy and hypometabolism
manifest in both sexes at early time points, specif-
ically 1 week after anthracycline administration.
Nevertheless, the comprehensive delineation of sex-
specific distinctions subsequent to doxorubicin
exposure in CD1 strain necessitates additional
experimentation. Further exploration is warranted to
elucidate the precise mechanisms underlying these
observations and to potentially leverage this under-
standing for more targeted approaches in mitigating
cardiotoxic effects in susceptible populations.

STUDY LIMITATIONS. The AIC model presented here
has some differences from the clinical scenario. Some
of the biological processes affected may differ be-
tween mice and humans. The lack of a tumoral
background in the model can overlook the impact of
the interplay among cancer, chemotherapy, and car-
diovascular function. This limitation is at the same
time an advantage, as this nontumor model allows
study the specific effects of anthracyclines in an
environment without noise.
novel candidate therapeutic targets for the prevention

of overt AIC.

TRANSLATIONAL OUTLOOK: Validation of the

cardioprotection potential of our identified novel

therapeutic targets in animal models are important to

lay the foundation for future clinical trials.
CONCLUSIONS

This study provides the first comprehensive timeline
of cardiac anatomical, functional, and molecular
changes occurring during the progression of AIC in
mice. Our results identify early events after doxoru-
bicin exposure with potential as therapeutic targets,
including cardiac atrophy, mitophagy, and the acti-
vation of nutrient-sensing pathways. Future valida-
tion of these targets will help in the development of
interventions to prevent AIC progression before the
appearance of overt cardiac functional impairment.
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