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ABSTRACT

BACKGROUND Doxorubicin is an essential cancer treatment, but its usefulness is hampered by the occurrence of
cardiotoxicity. Nevertheless, the pathophysiology underlying doxorubicin-induced cardiotoxicity and the respective
molecular mechanisms are poorly understood. Recent studies have suggested involvement of cellular senescence.

OBJECTIVES The aims of this study were to establish whether senescence is present in patients with
doxorubicin-induced cardiotoxicity and to investigate if this could be used as a potential treatment target.

METHODS Biopsies from the left ventricles of patients with severe doxorubicin-induced cardiotoxicity were compared
with control samples. Additionally, senescence-associated mechanisms were characterized in 3-dimensional dynamic
engineered heart tissues (dyn-EHTs) and human pluripotent stem cell-derived cardiomyocytes. These were exposed to
multiple, clinically relevant doses of doxorubicin to recapitulate patient treatment regimens. To prevent senescence,
dyn-EHTs were cotreated with the senomorphic drugs 5-aminoimidazole-4-carboxamide ribonucleotide and resveratrol.

RESULTS Senescence-related markers were significantly up-regulated in the left ventricles of patients with
doxorubicin-induced cardiotoxicity. Treatment of dyn-EHTs resulted in up-regulation of similar senescence markers as
seen in the patients, accompanied by tissue dilatation, decreased force generation, and increased troponin release.
Treatment with senomorphic drugs led to decreased expression of senescence-associated markers, but this was not
accompanied by improved function.

CONCLUSIONS Senescence was observed in the hearts of patients with severe doxorubicin-induced cardiotoxicity, and
this phenotype can be modeled in vitro by exposing dyn-EHTs to repeated clinically relevant doses of doxorubicin. The
senomorphic drugs 5-aminoimidazole-4-carboxamide ribonucleotide and resveratrol prevent senescence but do not
result in functional improvements. These findings suggest that preventing senescence by using a senomorphic during
doxorubicin administration might not prevent cardiotoxicity. (J Am Coll Cardiol CardioOnc 2023;5:298-315) © 2023 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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oxorubicin is one of the most effective

chemotherapeutic drugs. However, its ther-

apeutic use is limited by its tendency to
cause cardiotoxicity, which manifests clinically as
cardiomyopathy with a decreased ejection fraction
and arrhythmias." Although doxorubicin has been
administered to patients for decades, the mechanisms
explaining the pathogenesis of this side effect are not
fully understood." Circulating doxorubicin levels
have been measured in patients and fall in the range
of 0.025 to 0.250 pmol/L.>* However, often much
higher concentrations of doxorubicin (>5 pmol/L)
are used in experimental setups.>® The relevance of
these differences in concentration was demonstrated
by Maejima et al,” who showed that high concentra-
tions of doxorubicin induce cell death, while lower
concentrations induce a milder phenotype, termed
senescence.® Induction of senescence upon doxoru-
bicin treatment has been shown in human cancer cells®
but is not yet linked to cardiotoxicity.

The definition of senescence in cardiomyocytes
remains elusive, as these cells are already in a state
of irreversible cell-cycle arrest.
diomyocytes present a series of functional declines,

Senescent car-

including contractile and mitochondrial dysfunction,
and expression of molecular markers such as p16
and p21."° The impact of senescent cells within the
heart also remains controversial. Senescent car-
diomyocytes show reduced energy metabolism and
impaired contractility, reducing cardiac output.
However, removal of senescent cells from aging
hearts using senolytic drugs has shown conflicting

results.”

Recently it was shown in mice that the
combination of dasatinib and quercetin, which re-
duces senescent cell abundance in aged mice, was
associated with improved left ventricular function,
but side effects included hematologic dysfunction,
fluid retention, and QT interval prolongation."

Although senescence has been associated with
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doxorubicin-induced cardiotoxicity in an
experimental setting, it remains unclear
whether this plays a role in developing car-
diotoxicity in patients with cancer.
Senomorphic agents are a class of drugs

that suppress markers of senescence, in

tory phenotype (SASP), or their secretory
phenotype without inducing apoptosis.
Promising results in prevention of car-
diotoxicity have been obtained with this class
of drugs.">"?

In this study we therefore assessed the
presence of senescent cells in heart tissue from pa-
tients with severe doxorubicin-induced cardiotox-
icity. Three-dimensional dynamic engineered heart
tissues (dyn-EHTs) were applied to model this con-
dition in vitro by the clinically relevant administra-
tion of repeated low doses of doxorubicin.
Subsequently, we assessed the therapeutic potential
of senomorphic drugs to alleviate the burden of
senescence in dyn-EHTs treated with doxorubicin.

METHODS

Detailed methods, including cell culture, cardiac dif-
ferentiation,'* dyn-EHT generation,” and all assays
and laboratory methods, can be found in the
Supplemental Appendix and Supplemental Tables 1 to 3.

HUMAN HEART SAMPLES. Heart tissue from 7 pa-
tients with doxorubicin-induced cardiomyopathy was
obtained during left ventricular assist device im-
plantation. These samples were compared with
healthy tissue from 5 donor hearts that could not be
transplanted for logistic reasons. The study met the
criteria of the code of proper use of human tissue in
the Netherlands. The scientific advisory board
approved collection of the human heart tissue of the
biobank of the University Medical Center Utrecht
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dyn-EHT = dynamic
engineered heart tissue
particular the senescence-associated secre- Ec =

fold change

mRNA = messenger RNA
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AICAR = 5-aminoimidazole-4-
carboxamide ribonucleotide

hPSC-CM = human pluripotent
stem cell-derived
cardiomyocyte

SASP = senescence-associated
secretory phenotype
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TABLE 1 Patient Characteristics
Cumulative
Doxorubicin
Age, y°? Gender EF (%) Dose, mg/m? Cancer Type Other Treatments
Control 1 50 Male NA NA NA NA
Control 2 51 Male NA NA NA NA
Control 3 40 Female NA NA NA NA
Control 4 20 Male NA NA NA NA
Control 5 51 Male NA NA NA NA
Patient 1 26 Male 10 240 Ewing sarcoma Radiotherapy, etoposide, vincristine, actinomycin D, ifosfamide
Patient 2 43 Male 12 400 B cell lymphoma Radiotherapy, rituximab, cyclophosphamide, vincristine,
prednisolone
Patient 3 56 Female 20 300 Breast cancer Radiotherapy, docetaxel, cyclophosphamide
Patient 4 63 Female 10 360 Breast cancer Radiotherapy, cyclophosphamide
Patient 5 63 Male 12 400 B cell lymphoma Rituximab, cyclophosphamide, vincristine, prednisolone
Patient 6 40 Male 25 540 Rhabdomyosarcoma  Cyclophosphamide, dactinomycin, vincristine
Patient 7 57 Female 26 240 Breast cancer Radiotherapy, cyclophosphamide, docetaxel
2Age at left ventricular assist device implantation, heart transplantation, or collection upon death.
EF = ejection fraction; NA = not applicable.

(protocols 12/387 and 15/252). Written informed
consent was obtained or, in certain cases, waived by
the ethics committee when obtaining informed con-
sent was not possible because of the death of the
patient. The study complied with the Declaration
of Helsinki.

STATISTICAL ANALYSIS. Continuous data are pre-
sented as mean + SEM or mean + SD and represent
individual values, sample means, or means of =3
independently performed experiments. For several
parameters, fold changes (FCs) against control or
baseline were calculated, which is specified in the
figure legends. For some messenger RNA (mRNA)
expression heatmaps, log FC was used for better
visualization, which is specified in the figure legends.
Differences were assessed using Student’s t-test or
1-way analysis of variance (ANOVA) followed by the
Bonferroni post hoc test for multiple pairwise com-
parisons. Repeated-measures ANOVA was used to
determine the statistical significance of the dyn-EHT
functional parameters and was carried out using the
P values displayed in Supplemental Table 3. The
repeated-measures ANOVA was performed using the
rstatix package for R (R Foundation for Statistical
Computing). Tissue groups (control, 4-hit [described
later], control + resveratrol/5-aminoimidazole-4-
carboxamide ribonucleotide [AICAR], and 4-hit +
resveratrol/AICAR) and day of measurement were
used as fixed effects. The assumption of sphericity

was evaluated using Mauchly’s test for sphericity.
Further testing was done depending on the outcome.
When the variable “day” resulted in a statistically
significant P value, a 1-way ANOVA was done, fol-
lowed by the Bonferroni post hoc test for multiple
pairwise comparisons. When the variable “group”
resulted in a statistically significant P value, a pair-
wise independent t-test was done. These analyses
were done in R version 4.2.0. For all tests,
P values <0.05 were considered to indicate statisti-
cal significance.

RESULTS

PATIENT CHARACTERISTICS. Cardiac samples from
7 patients with severe doxorubicin-induced heart
failure were collected during left ventricular assist
device implantation (Table 1). The mean =+ SD age of
these patients was 49.7 + 13.8 years, cumulative
doxorubicin dose was 354 + 106 mg/m? and left
ventricular ejection fraction was 16% + 7%. The group
consisted of 4 men and 3 women. The donors of the
control cardiac samples had a mean age of 42.4 + 13.3
years and included 4 men and 1 woman.

SENESCENCE IS INDUCED IN PATIENTS WITH SEVERE
CARDIOTOXICITY. Doxorubicin-induced damage was
assessed by evaluating 2 major pathways: apoptosis
and senescence. No evidence for the activation of
apoptotic pathways was found in these samples, as
BAX/Bcl-2 ratio and caspase-3 levels were decreased
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Gene expression of several senescence and apoptosis markers was assessed in patient hearts. No changes in apoptosis genes were observed, while senescence genes
were up-regulated. (A) Western blot (WB) images of BAX, Bcl-2, caspase-3, and cleaved caspase-3. The positive control for caspase-3 consists of human pluripotent
stem cell-derived cardiomyocytes treated with 5 uM doxorubicin for 24 hours. (B) WB analysis of BAX, Bcl-2, and caspase-3 expression. (C) Immunohistochemical p16
staining of control and patient cardiac tissue. p16-positive cells are indicated with black arrows. Scale bar: 100 um. Quantification is normalized by tissue area. (D) WB
analysis of p16, p21, (E) p53, phosphorylated p38MAPK (against total p38MAPK), and NF-kB expression in control and cardiotoxic hearts. (F) Messenger RNA (mMRNA)
expression of senescence-associated secretory phenotype factors in control subjects and patients (log-transformed fold changes [FCs]). Bar graphs show mean 4+ SEM
and individual values. The heatmap shows means. *P < 0.05 and **P < 0.01. Statistical significance was determined using Student's t-test, except for (B). Because of an
outlier, the Mann-Whitney U test was used. CTR = control; ns = not significant.
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FIGURE 2 p16 and p21 Follow Predicted Expression Patters in Senescent Dyn-EHTs
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Dynamic engineered heart tissues (dyn-EHTs) were exposed to multiple low doses of doxorubicin (Dox). Increases of CDKN2A (p16) and CDKN1A (p21) over time were
observed. (A) Treatment scheme for the dyn-EHTs. Forty-eight hours of 0.1 pmol/L doxorubicin was followed by 5 days in fresh media, repeated 4 times (4-hit).

(B) mRNA expression of senescence markers CDKN2A (p16) and CDKNTA (p21) over time. (C) |
tissues. p16-positive cells are indicated with black arrows. Scale bar: 300 pm. Linear graphs sh

*P < 0.05. Statistical significance was determined using Student's t-test or 1-way analysis of variance with the Bonferroni post hoc test for multiple pairwise

comparisons. Abbreviations as in Figure 1.

mmunohistochemical p16 staining of CTR and 4-hit-treated
ow mean + SEM. Bar graphs show mean + SEM and individual values.

(P = 0.048 and P = 0.029, respectively) compared
with control (Figures 1A and 1B, Supplemental
Figure 1A). Induction of senescence among the car-
diomyocytes in the human heart upon doxorubicin
treatment was explored by counting p16* car-
diomyocytes, as described in the Supplemental
Appendix. A 14-fold increase of pi16*
diomyocytes (mean + SD 9.3 4+ 8.0 vs 126.6 + 64.18
p16™ cells/cm?; P = 0.01) was observed in patient
tissues compared with those from control subjects
(Figure 1C). Western blot substantiated these find-
ings, and a 6-fold increase (P = 0.043) in p16 protein
levels was found (Figure 1D).

Expression of p21, a marker of acute senescence,'®
did not differ between patient and control hearts

car-

(Figure 1D). Further analysis showed that expression
of proteins otherwise involved in senescence was
increased, such as p53 (FC = 3.1; P = 0.015), phos-
phorylated p38MAPK (FC = 4.3; P = 0.039), and NF-kB
(FC 1.8; P = 0.002) (Figure 1E, Supplemental
Figure 1A). Similarly, the downstream remodeling
factors MMP2 (FC = 1.77; P = 0.026), MMP9 (FC = 5.35;
P = 0.031), and TIMP2 (FC = 4.60; P = 0.005) showed
increased expression (Supplemental Figures 1A
and 1B).

No significant differences could be found in
the mRNA expression of several SASP factors
(Figure 1F).

Because of the involvement of mitochondria in

senescence,'” biogenesis, fission, and fusion of these
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FIGURE 3 Up-Regulation of Senescent Markers
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organelles were assessed. No changes were found in
gene expression related to oxidative phosphorylation,
but expression of MFN2 (FC = 1.5; P = 0.034),
PPARGC1A (FC = 1.1; P = 0.050), and PPARGCIB
(FC = 1.1; P = 0.050) was increased (Supplemental
Figures 1C and 1D).

ESTABLISHING A HUMAN DYN-EHT SYSTEM TO
MODEL DOXORUBICIN-INDUCED TOXICITY. To
model doxorubicin-induced cardiotoxicity, dyn-EHTs
were used.'” Dyn-EHTs were subjected to doxorubicin
in a manner that reflects the treatment scheme in the
clinical setting®*: 0.1 pmol/L doxorubicin was added
to the medium for 48 hours, after which the medium
was changed and left for 5 days. This was repeated 4
times (referred to as “4-hit”) (Figure 2A).

mRNA expression of the senescence markers
CDKN2A (p16), CDKN1A (p21), GDF15, and FOX04 was
assessed at baseline and on days 7, 14, 21, and 28 of
treatment. CDKN2A (p16) expression increased from
day 14, reaching significance after 4 doses (FC = 2.7;
P = 0.018), while CDKN1A (p21) showed an increase at
day 21 and a subsequent decrease (day 28) (Figure 2B).
GDF15 (FC = 6.5; P = 0.009) and FOX04 (FC = 2.2;
P = 0.018) showed gradual increases over time
(P =0.015 and P = 0.032, respectively) (Supplemental
Figure 2A). The increase of p16 was also shown on
protein level through staining (FC = 4.8; P = 0.014)
and western blot (FC = 1.5; P = 0.018) (Figures 2C, 3A,
and 3B). p21 protein expression did not increase
significantly with treatment (Figures 3A and 3B). Be-
sides, p53 levels increased (FC = 1.3; P = 0.005),
phosphorylated p38MAPK levels increased (FC = 1.6;
P = 0.003), and NF-«kB levels decreased (FC = 0.7;
P = 0.026) (Figures 3A and 3B). mRNA expression of
several SASP factors was explored, and IL-8 showed a
significant increase (FC = 3.0; P = 0.008) (Figure 3C).

mRNA expression in fibroblasts showed up-
regulation of p21 expression (FC = 3.58; P = 0.032)
but not of pi16. Several SASP factors were up-
regulated, including GDF-15 (FC = 3.33; P = 0.018),
MMP1 (FC = 2.53; P < 0.001), Edn1 (FC = 4.31;
P < 0.001), and IL-1b (FC = 2.12; P < 0.001). CCL2
(FC = 0.67; P = 0.011), CXCL1 (FC = 0.48; P = 0.002),

JACC: CARDIOONCOLOGY, VOL. 5, NO. 3, 2023
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and IL-6 (FC = 0.56; P < 0.001) showed decreased
expression (Supplemental Figure 2B).

Absence of cleaved caspase-3 protein and
decreased expression of caspase-3 (P = 0.016)
demonstrated the absence of apoptosis in the 4-hit
dyn-EHTs, comparable with the patient heart tissues
(Figures 3D-3F). These results showed the ability of
our dyn-EHTSs to model doxorubicin-induced toxicity,
mimicking the patient condition.

DYN-EHTs TREATED WITH MULTIPLE, RELEVANT
DOSES OF DOXORUBICIN DILATE AND SHOW
DECREASED FORCE GENERATION. Four-hit dyn-
EHTs demonstrated an increase of troponin excre-
tion into the culture medium but did not show
damaged sarcomere structures (Supplemental
Figures 2D and 2E). N-terminal pro-brain natriuretic
peptide release did not increase (Supplemental
Figure 2F). On a functional level, we found several
parameters affected in 4-hit dyn-EHTs (Videos 1 to 4).
At day 28, the diastolic length of 4-hit dyn-EHTs was
increased by 15% compared with control (FC = 1.12 vs
1.27; P = 0.007), and the diameter decreased by 21%
(FC = 1.01 vs 0.8; P < 0.001) (Figures 4A to 4C). Dia-
stolic and systolic force generation decreased signif-
icantly over time during doxorubicin exposure,
by —8% and —7%, respectively (P < 0.001 for both),
whereas this remained stable in control subjects
(Figures 4D and 4E). Despite this reduction in force,
and because of the decrease in tissue diameter, dia-
stolic (preload), systolic, and contractile stress
(afterload) increased greatly by day 28, by 50%
(FC = 0.99 vs 1.49; P = 0.008), 52% (FC = 1.00 Vs 1.52;
P = 0.002), and 80% (FC = 0.95 vs 1.75; P = 0.03),
respectively (Figures 4F to 4H). The contractile
shortening did not decline (Supplemental Figure 2G),
suggesting a stage of preclinical heart failure, with
elevated pre- and afterload and increased car-
diomyocyte stress.

DOXORUBICIN TREATMENT IMPAIRED MITOCHONDRIAL
FUNCTION IN HUMAN PLURIPOTENT  STEM
CELL-DERIVED CARDIOMYOCYTES. As markers for
mitochondrial biogenesis were up-regulated in pa-
tient tissues and dyn-EHTs (Figure 3D, Supplemental

FIGURE 3 Continued

Figures 1 and 2.

To confirm senescence in the 4-hit dyn-EHTs, expression of several markers was assessed, using WB and mRNA expression. (A) Representative
WBs of p16, p21, p53, phosphorylated p38MAPK (against total p38MAPK), and NF-kB expression and (B) quantification. (C) mRNA expression
of senescence-associated secretory phenotype factors in control and 4-hit dyn-EHTs (log-transformed FCs). (D) mRNA expression (log-
transformed FC). (E) WB analysis of caspase-3 and cleaved caspase-3. The positive control consists of human pluripotent stem cell-derived
cardiomyocytes treated with 5 uM doxorubicin for 24 hours. (F) Quantification of caspase-3 protein expression. Bar graphs show mean +
SEM and individual values. *P < 0.05 and **P < 0.01. Statistical significance was determined using Student's t-test. Abbreviations as in
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FIGURE 4 Function of Senescent Dyn-EHTs Is Impaired
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Senescent dyn-EHTs showed decreased functionality. (A) Treatment scheme with elongation of a representative tissue over time. Quantification of diastolic length
(B), diameter (C), diastolic force (D), systolic force (E), diastolic stress (F), systolic stress (G), and contractile stress (H). Gray line denotes CTR (n = 12); red line
denotes 4-hit (n =17). Linear graphs show mean + SEM. Bar graphs show mean =+ SEM and individual values. *P < 0.05 and **P < 0.01 against control on the same day;
#P < 0.05, 4-hit against its own baseline. Statistical significance was determined using 1-way analysis of variance with the Bonferroni post hoc test for multiple
pairwise comparisons. Abbreviations as in Figure 2.

Figure 1D), we used a 2-dimensional model based on
human pluripotent stem cell-derived cardiomyocytes
(hPSC-CMs) to examine mitochondrial function.
hPSC-CMs were treated with 2 treatments of
0.1 pmol/L doxorubicin for 48 hours, with 48 hours of
recovery in between (2-hit). As comparators, cells
treated with either 1 low dose (1-hit) or 1 high dose
(5 pmol/L) or untreated (control) cells were also
included (Supplemental Figure 3A). A single high

dose of doxorubicin resulted in apoptosis in the hPSC-
CMs, as demonstrated by the presence of cleaved
caspase-3 (Supplemental Figures 3B and 3C). Because
of these results, 5 pmol/L was not included in further
experiments. The 2-hit-exposed hPSC-CMs showed
senescence by increased expression of p21 and p53
(P = 0.031 and P = 0.023, respectively). Furthermore,
decreased sarcomere integrity and increased double-
stranded DNA damage was observed (Supplemental
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FIGURE 5 Mitochondrial Function Increases Upon Cotreatment With Doxorubicin and Senomorphic Drugs
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Figures 3D to 3G). Assessment of mitochondrial
function by measuring oxygen consumption rates
showed a significant decrease of basal respiration
(FC = 0.52; P < 0.001), adenosine triphosphate-linked
respiration (FC = 0.47; P < 0.001), and respiratory
reserve (FC = 0.59; P < 0.001) in the 2-hit-exposed
hPSC-CMs (Figures 41 and 4J). No changes were
observed in the expression of genes of the oxidative
phosphorylation complexes (Supplemental Figure 3C),
but expression of FIS1 (FC = 1.4; P = 0.013), OPA1
(FC=1.7; P=0.02), and PPARGCi1A (FC =1.5; P=0.001)
were increased compared with control subjects
(Supplemental Figure 3G). Furthermore, mitochon-
drial volume (FC =1.7; P = 0.043) and reactive oxygen
species production (FC =1.3; P = 0.010) increased in 2-
hit hPSC-CMs (Supplemental Figures 3H and 3I).

THE SENOMORPHIC DRUGS RESVERATROL AND AICAR
IMPROVE VIABILITY AND MITOCHONDRIAL FUNCTION
IN DOXORUBICIN-INDUCED CARDIOTOXICITY. Several
compounds have been identified that can prevent or
modulate senescence; these are known as seno-
morphic drugs.'®* Three senomorphic drugs were
selected from the literature: resveratrol, AICAR, and
rapamycin. Their efficacy was tested on the basis of
their ability to improve viability of the 2-hit hPSC-
CMs. Several doses were used to determine the
most efficient one (Supplemental Figures 4A to 4D).
Resveratrol and AICAR showed dose-dependent
improvements in viability compared with the 2-hit
hPSC-CMs. Resveratrol showed an optimal increase
of 77% (P = 0.012) at 10 pmol/L, while AICAR
showed a 39% increase (P = 0.007) at 500 umol/L
(Supplemental Figures 4B and 4C). Rapamycin was
not administered during the whole treatment
period, as prolonged exposure to this drug has been
shown to cause toxicity.'” Cotreatment of 2-hit
hPSC-CMs with rapamycin did not result in
improved viability (Supplemental Figure 4C).
Furthermore, rapamycin had a detrimental effect on
mitochondrial function (Supplemental Figures 4E
and 4F) and was therefore excluded from
further experiments.

Analysis of the Mito Stress test for AICAR and
resveratrol combined with doxorubicin showed im-
provements. The area under the curve of the trace
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graphs (Figures 5A to 5C) showed a significant
decrease (FC = 0.53; P = 0.008) in 2-hit-treated iPSC-
CMs. Both 2-hit + resveratrol and 2-hit + AICAR did
not show a significant difference from control. Further
analysis showed that resveratrol rescued basal respi-
ration and respiratory reserve. AICAR was able to
rescue only respiratory reserve (Figures 5D to 5F).

RESVERATROL AND AICAR PREVENT SENESCENCE
IN DYN-EHTs TREATED WITH DOXORUBICIN,
WITHOUT IMPROVING FUNCTIONAL PARAMETERS.
Using staining and western blot, we showed that in
dyn-EHTs cotreated with doxorubicin and resveratrol
(4-hit + resveratrol) or AICAR (4-hit + AICAR),
up-regulation of p16 could be prevented (Figures 6A
to 6E). Analysis of mRNA levels showed several
differentially expressed genes. In 4-hit + AICAR,
expression of mitochondrial-related genes was
affected compared with 4-hit-treated tissues
(Figure 6F). PPARGCI1A expression was increased
(FC = 122.5; P = 0.003), as well as FIS1 (FC = 3.8;
P < 0.001), OPA1 (FC = 8.7; P < 0.001), DNML1
(FC = 3.9; P = 0.041), MFN2 (FC = 21.8; P = 0.003),
and PPARGCIB (FC = 3.2; P = 0.008) (Figure 6F). In
4-hit + resveratrol only PPARGCI1B expression was
increased (FC = 2.4; P = 0.017).

Functionally, 4-hit + resveratrol did not improve
diastolic length or diastolic and systolic force gen-
eration (Figures 7A to 7C, Videos 5 and 6). Con-
tractile force was significantly increased compared
with control subjects (56%) (P = 0.006) but not
compared with 4-hit dyn-EHTs (Supplemental
Figure 5A). Diastolic stress, systolic stress, fre-
quency, and contractile shortening did not signifi-
cantly change compared with control or 4-hit dyn-
EHTs. Only contractile stress was increased over
time in the 4-hit + resveratrol group (P = 0.044)
(Supplemental Figures 5A to 5G).

Four-hit + AICAR showed increased tissue length
and significant decreases in diastolic force (10%;
P = 0.004) and systolic force (7%; P = 0.018)
compared with control subjects, suggesting a worse
functional outcome (Figures 7D to 7F, Videos 7 and 8).
No changes were detected compared with 4-hit.
Contractile force, diastolic stress, systolic stress,
contractile stress, and diameter did not show changes

307

FIGURE 5 Continued

Mitochondrial function for doxorubicin- and senomorphic drug-treated cells was assessed using Seahorse. (A-C) Trace of Mito Stress tests. (D-F) Quantification of Mito
Stress tests (basal respiration, adenosine triphosphate [ATP] production, and respiratory reserve). Linear graphs show mean + SEM. Bar graphs show mean 4+ SEM and

individual values. *P < 0.05 and **P < 0.01 against control. Statistical significance was determined using 1-way analysis of variance with the Bonferroni post hoc test for
multiple pairwise comparisons. AICAR = 5-aminoimidazole-4-carboxamide ribonucleotide; OCR = oxygen consumption rate; other abbreviations in Figure 1.
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FIGURE 6 Expression of Senescence Markers Is Decreased by Cotreatment With Senomorphic Drugs
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FIGURE 7 Function of 4-Hit Dyn-EHTs Cotreated With Senomorphic Drugs Is Impaired
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To prevent senescence, 4-hit dyn-EHTs were cotreated with AICAR or resveratrol, and function was assessed. (A to F) Line graphs showing diastolic length, diastolic
force, and systolic force measured in dyn-EHTs treated with doxorubicin and resveratrol (A to C) or AICAR (D to F). Linear graphs show mean + SEM. Significance of the
functional graphs was determined using repeated-measures analysis of variance (Supplemental Table 3) and post hoc tests. Abbreviations as in Figures 2 and 5.

when comparing 4-hit + AICAR with control or 4-hit
(Figures 7D to 7F). Four-hit + AICAR did show
decreases over time in systolic stress (P = 0.008),
contractile stress (P < 0.001), diameter (P < 0.001), and
contractile shortening (P < 0.001). Furthermore,

beating frequency significantly increased compared
with 4-hit (P < 0.001) (Supplemental Figures 5H to 5N).

Masson’s staining showed increased fibrosis
(FC = 1.8; P = 0.009) (Figures 8A and 8B) in 4-hit +
AICAR but not in 4-hit + resveratrol dyn-EHTs

FIGURE 6 Continued

showing senomorphic treatments. (B) Representative immunohistochem

Prevention of senescence by senomorphic drugs on gene expression level was assessed in 4-hit + resveratrol and 4-hit + AICAR dyn-EHTs. (A) Treatment scheme

ical p16 staining. Scale bar: 300 uM. (C) Quantification of p16 stainings. (D) WB for p16. (E)

Quantification of WB for p16. (F) mRNA expression in control and 4-hit dyn-EHTs, cotreated with resveratrol or AICAR (log-transformed FCs). Bar graphs show mean =+
SEM and individual values. *P < 0.05 against control and *P < 0.05 against 4-hit. Statistical significance was determined using 1-way analysis of variance with the
Bonferroni post hoc test for multiple pairwise comparisons. Abbreviations as in Figures 1, 2, and 5.
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compared with 4-hit. mRNA expression of fibrotic
markers showed an increasing trend, but this was not
statistically significant (Figure 8C). Total cell count
per square millimeter was also decreased for the 4-
hit + AICAR group (FC = 0.51; P = 0.021), implying a
loss of cardiomyocytes (Figure 8D). Assessment of the
apoptosis markers caspase-3 and BAX/Bcl-2 ratio
showed an increase in 4-hit + resveratrol dyn-EHTs
(FC = 4.05 [P < 0.0001] and FC = 6.17 [P = 0.004],
respectively), as well as in 4-hit + AICAR dyn-EHTs
(FC = 4.32 [P < 0.0001] and FC = 4.88 [P = 0.047],
respectively) (Figure 8E).

DISCUSSION

Doxorubicin remains one of the most effective
chemotherapeutic drugs, its usefulness hampered by
its induction of cardiotoxicity. Recent studies suggest
that senescence plays a role in this side effect (Central
Illustration).

DYN-EHTs TREATED WITH REPEATED LOW DOSES
OF DOXORUBICIN RECAPITULATE THE PHENOTYPE
IN THE PATIENT HEART. Several proteins involved
in the senescence phenotype were up-regulated in
patient tissue and 4-hit dyn-EHTs, including pi6,
p53, and phosphorylated p38MAPK. We show a 14-
fold increase of p16* cells in the human samples
compared with control hearts. Although highly sig-
nificant, whether in patients this is causally related
to cardiac dysfunction needs further study. Activa-
tion of apoptotic processes was absent in the tested
conditions. Additionally, 4-hit-treated dyn-EHTs
showed decreased contractile function, tissue dila-
tation, and increased troponin release, which are
key features of doxorubicin-induced cardiotoxicity.’
Furthermore, in 2-hit hPSC-CMs, we found an in-
crease in DNA damage, a decline in mitochondrial
respiration, and decreased sarcomeric integrity.
Cotreatment with doxorubicin and resveratrol or
AICAR partially increased mitochondrial respiration
and prevented p16 up-regulation. However, it did
not improve function in cardiac constructs and
instead led to an increase in fibrosis in the 4-hit +
AICAR dyn-EHTs.

DOXORUBICIN CONCENTRATION IN IN VITRO CULTURES
IS ESSENTIAL FOR OUTCOME. Animal studies often use
1 high dose (10-30 mg/kg [0.7-2.1 umol/L]°), while
patients are exposed to multiple low doses (0.250-

JACC: CARDIOONCOLOGY, VOL. 5, NO. 3, 2023
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0.025 umol/L**). Serum concentrations after infusion
in patient serum were assessed multiple times.”*
Doxorubicin dose determines outcome
diomyocytes,” with higher
apoptosis,?® while lower doses cause senescence.”:®
This stresses the need for models as the one pro-
posed in this paper to correctly mimic the pa-
tient phenotype.

in car-

doses resulting in

THE EFFECT OF SENESCENCE ON HEART FUNCTION.
The effect of senescence on heart function remains
controversial. Senescence prevents the development
of post-myocardial infarction fibrosis and is involved
in tissue repair,” while senescence in cardiomyocytes
has been associated with functional declines.'®**
Animal studies suggest that senomorphic drugs,
such as resveratrol, AICAR, metformin, PJ34, and
rapamycin, as well as senolytic drugs combined
with doxorubicin treatment can rescue heart
function.'* 32325 So far, human data on the use of
these drugs are scarce and often show neutral out-
Comes'11,26'28

In dyn-EHTs, function decreased with doxorubicin
treatment, and cotreatment with resveratrol or AICAR
did lead to improvement. Metformin and navitoclax
were tested as well (data not shown). Metformin
showed no improvements in the 2-dimensional
model, while navitoclax resulted in functional
decline in the dyn-EHTs. Specifically, dyn-EHTs
cotreated with 4-hit + AICAR showed a decline in
function combined with increased fibrosis, apoptosis,
and cell loss. We speculate that cardiomyocytes
exposed to doxorubicin alone become senescent—
irreversible cell growth arrest and resistance to
apoptosis—as a mechanism to avoid cell death
and maintain the integrity of the dyn-EHT.*®
Cardiomyocyte senescence may lead to a severely
dysfunctional, yet partially contractile
diomyocyte. In the presence of a senomorphic agent,
such as AICAR, cardiomyocyte senescence as a
compensatory mechanism is suppressed, and cells
will undergo apoptosis, which will then promote
replacement fibrosis.”® Ultimately, this will lead to
decreased function. Further studies are needed to
confirm the hypothesis that cardiomyocyte cell
senescence plays a role in preserving cardiac function
during receipt of doxorubicin.

The beneficial effects of senomorphic drugs and
senolytic drugs in animal studies could be due to

car-
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FIGURE 8 Four-Hit Dyn-EHTs Cotreated With Senomorphic Drugs Show Increased Apoptosis and Fibrosis
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differences in systemic, in vivo responses to treat-
ment. Additionally, our model showed differences
among senomorphic drugs. Four-hit + resveratrol
showed no functional differences compared with
4-hit, whereas 4-hit + AICAR showed a decline. Four-
hit + resveratrol did not show increased fibrosis,
whereas 4-hit + AICAR did. Both conditions reveal
increased expression of apoptosis markers. We hy-
pothesize that with time, resveratrol may cause a
phenotype similar to AICAR. Four-hit + resveratrol
demonstrated up-regulation of apoptosis genes,
which causes cell death, fibrosis, and eventually
functional decline. More research is needed to
explore this hypothesis.

Another aspect to take into consideration is that
experiments with senomorphic drugs are limited."
Because of the low regeneration rate of the heart,
removing cardiomyocytes can render it unable to
cope with other stressors, such as pregnancy and
myocarditis. Therefore, senescent cardiomyocytes
might be preferrable to fibrotic tissue.

SASP. We show mRNA expression of several SASP
factors. In patients, no differences were found,
whereas dyn-EHTs showed up-regulation of IL-8
and GDF-15, and fibroblasts showed up-regulation
of MMP1, Edni, IL-1b, and GDF-15. Heterogeneity
is to be expected, as exposure to doxorubicin was
different for the samples, and SASP expression
varies with different triggers.'® An explanation as to
why so few changes were observed is that no spe-
cific SASP profile for doxorubicin-induced senes-
cence has been established. This could be divergent
from classical SASP profiles, and more research
is needed.

STUDY LIMITATIONS. A limitation of this study is
that our model might be too severe. Culturing cells
with 21% oxygen causes them to become more se-
nescent,>° explaining the larger number of senes-
cent cells in dyn-EHTs compared with the human
heart samples. With fewer senescent cells in the
tissue, treatment with senomorphic drugs might

JACC: CARDIOONCOLOGY, VOL. 5, NO. 3, 2023
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lead to a more beneficial outcome. However, the
long-term effects on the human heart remain
unexplored.

Furthermore, we cannot confirm whether doxoru-
bicin causes senescence in patients or whether this is
the result of the heart failure. Investigating this is
difficult, as it requires tissue from patients who
received doxorubicin but did not develop heart
failure.

No fibrosis staining was carried out on the pa-
tient samples. Therefore, we cannot relate the
observed lack of fibrosis in the 4-hit dyn-EHTs and
the increase in the 4-hit + AICAR condition to the
patient hearts.

The model has limitations as well. It is not a high-
throughput model, making data generation time
consuming. The proportions of fibroblasts and car-
diomyocytes are not representative of the human
heart. Cardiac fibroblasts make up 40% to 60% of the
cell population in the heart,*’ whereas here we used
10% fibroblasts. This was done because the model
does not function properly with more fibroblasts.'®

CONCLUSIONS

We established the presence of senescence in the
hearts of patients with doxorubicin-induced heart
failure. Additionally, we established a human dyn-
EHT platform exposed to 4 clinically relevant doses
(0.1 umol/L) over the course of 4 weeks. It closely
simulates key features of doxorubicin-induced heart
failure, as seen in patients. AICAR and resveratrol
could eliminate senescent cells and improve mito-
chondrial cardiomyocyte performance, but in the
dyn-EHTs, they could neither prevent tissue dilata-
tion nor improve contractile force. Cotreatment may
even lead to more fibrosis. These findings suggest
that prevention of senescence during doxorubicin
treatment might not have the desired effect of pre-
venting cardiotoxicity. It stresses the need for more
studies regarding the mechanism, safety, and efficacy

FIGURE 8 Continued

To explain functional decline, apoptosis and fibrosis markers were assessed in cotreated dyn-EHTs. (A) Masson's staining, representative pictures. (B) Quantification of
Masson's staining. Scale bar: 200 uM. (C) mRNA expression of fibrosis markers in control and 4-hit dyn-EHTs, cotreated with resveratrol (Res) or AICAR (log-
transformed FCs). (D) Total number of cells per tissue area. (E) WB analysis of protein expression of caspase-3, BAX, and Bcl-2. Bar graphs show mean + SEM and
individual values. Significant P values are shown in the figure. Significance in fibrosis were determined using 1-way analysis of variance. *P < 0.05 against control and
#P < 0.05 against 4-hit. Abbreviations as in Figures 1, 2, and 5.
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Senescence has been suggested to be involved in doxorubicin-induced cardiotoxicity. Here, we found senescence to be present in patient tissue. A similar phenotype
was observed when dynamic engineered heart tissues (dyn-EHTs) were exposed to multiple low doses of doxorubicin, separated by recovery periods. We cotreated
dyn-EHTs with senomorphic drugs to prevent the phenotype, which did not improve function. LVEF = left ventricular ejection fraction.
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of these drugs in patients with doxorubicin-induced
cardiotoxicity.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:
Doxorubicin causes senescence in the human heart as
well as in dyn-EHTs. Administration of senomorphic
drugs during doxorubicin treatment did not improve
function and in certain experiments even resulted in
more fibrosis, suggesting that cotreating patients with
these drugs could result in worse outcomes.

TRANSLATIONAL OUTLOOK: Further studies are
needed to determine whether different treatment
regimens, such as timing of administration of seno-
morphic drugs or senolytic drugs after doxorubicin
treatment, may be a treatment strategy to prevent
cardiotoxicity.

REFERENCES

1. Moslehi J, Amgalan D, Kitsis RN. Grounding
cardio-oncology in basic and clinical science. Cir-
culation. 2017;136:3-5. https://doi.org/10.1161/
CIRCULATIONAHA.117.025393

2. Rodvold KA, Rushing DA, Tewksbury DA.
Doxorubicin clearance in the obese. J Clin Oncol.
1988;6:1321-1327.  https://doi.org/10.1200/JCO.
1988.6.8.1321

3. Speth PAJ, Linssen PCM, Boezeman JBM,
Wessels HMC, Haanen C. Cellular and plasma adria-
mycin concentrations in long-term infusion therapy
of leukemia patients. Cancer Chemother Pharmacol.
1987;20. https://doi.org/10.1007/BF00262581

4. Muller C, Chatelut E, Gualano V, et al. Cellular
pharmacokinetics of doxorubicin in patients with
chronic lymphocytic leukemia: comparison of
bolus administration and continuous infusion.
Cancer Chemother Pharmacol. 1993;32:379-384.
https://doi.org/10.1007/BF00735923

5. Zhang YW, Shi J, Li YJ, Wei L. Cardiomyocyte
death in doxorubicin-induced cardiotoxicity. Arch
Immunol Ther Exp (Warsz). 2009;57:435-445.
https://doi.org/10.1007/s00005-009-0051-8

6. Sturgeon K, Schadler K, Muthukumaran G, et al.
Concomitant low-dose doxorubicin treatment and
exercise. Am J Physiol Regul Integr Comp Physiol.
2014;307:R685-R692.  https://doi.org/10.1152/
ajpregu.00082.2014

7. Maejima Y, Adachi S, Ito H, Hirao K, Isobe M. In-
duction of premature senescence in cardiomyocytes

by doxorubicin as a novel mechanism of myocardial
damage. Aging Cell. 2008;7:125-136. https://doi.
org/10.1111/j.1474-9726.2007.00358.x

8. Lazzarini E, Lodrini AM, Arici M, et al. Stress-
induced premature senescence is associated with a
prolonged QT interval and recapitulates features
of cardiac aging. Theranostics. 2022;12. https://
doi.org/10.7150/thno.70884

9. Li S, Yuan S, Zhao Q, Wang B, Wang X, Li K.
Quercetin enhances chemotherapeutic effect of
doxorubicin against human breast cancer cells
while reducing toxic side effects of it. Biomed
Pharmacother. 2018;100:441-447. https://doi.
0rg/10.1016/j.biopha.2018.02.055

10. Hernandez-Segura A, Nehme J, Demaria M.
Hallmarks of cellular senescence. Trends Cell Biol.
2018;28:436-453. https://doi.org/10.1016/j.tcb.
2018.02.001

11. Dookun E, Passos JF, Arthur HM,
Richardson GD. Therapeutic potential of senolytics
in cardiovascular disease. Cardiovasc Drugs Ther.
2022;36:187-196. https://doi.org/10.1007/
s10557-020-07075-w/Published

12. Gu J, Hu W, Zhang D. Resveratrol, a poly-
phenol phytoalexin, protects against doxorubicin-
induced cardiotoxicity. J Cell Mol Med. 2015;19:
2324-2328. https://doi.org/10.1111/jcmm.12633

13. Choksey A, Thackray BD, Ball V, et al. AICAR
prevents doxorubicin-induced heart failure in rats
by ameliorating cardiac atrophy and improving

fatty acid oxidation. BioRxiv. Posted online August
17, 2022. https://doi.org/10.1101/2022.08.17.5
04253

14. Burridge PW, Holmstrom A, Wu JC. Chemically
defined culture and cardiomyocyte differentiation
of human pluripotent stem cells. Curr Protoc Hum
Genet. 2015;87:21.3.1-21.3.15. https://doi.org/10.
1002/0471142905.hg2103s87

15. Bliley J, Vermeer M, Duffy R, et al. Dynamic
loading of human engineered heart tissue en-
hances  contractile function and drives
desmosome-linked disease phenotype. Sci Transl
Med. 2020;13:1-16. https://doi.org/10.1101/2020.
05.25.111690

16. Stein GH, Drullinger LF, Soulard A, Duli¢ V.
Differential roles for cyclin-dependent kinase in-
hibitors p21 and p16 in the mechanisms of senes-
cence and differentiation in human fibroblasts.
Mol Cell Biol. 1999;19:2109-2117.

17.Tang X, Li PH, Chen HZ. Cardiomyocyte
senescence and cellular communications within
myocardial microenvironments. Front Endocrinol
(Lausanne).  2020;11:1-13.  https://doi.org/10.
3389/fendo.2020.00280

18. Kim EC, Kim JR. Senotherapeutics: emerging
strategy for healthy aging and age-related dis-
ease. BMB Rep. 2019;52:47-55. https://doi.org/10.
5483/BMBRep.2019.52.1.293

19. Gao G, Chen W, Yan M, et al. Rapamycin reg-
ulates the balance between cardiomyocyte


mailto:p.van.der.meer@umcg.nl
https://twitter.com/CardiologyUmcg
https://twitter.com/BomerNils
https://twitter.com/p_van_der_meer
https://doi.org/10.1161/CIRCULATIONAHA.117.025393
https://doi.org/10.1161/CIRCULATIONAHA.117.025393
https://doi.org/10.1200/JCO.1988.6.8.1321
https://doi.org/10.1200/JCO.1988.6.8.1321
https://doi.org/10.1007/BF00262581
https://doi.org/10.1007/BF00735923
https://doi.org/10.1007/s00005-009-0051-8
https://doi.org/10.1152/ajpregu.00082.2014
https://doi.org/10.1152/ajpregu.00082.2014
https://doi.org/10.1111/j.1474-9726.2007.00358.x
https://doi.org/10.1111/j.1474-9726.2007.00358.x
https://doi.org/10.7150/thno.70884
https://doi.org/10.7150/thno.70884
https://doi.org/10.1016/j.biopha.2018.02.055
https://doi.org/10.1016/j.biopha.2018.02.055
https://doi.org/10.1016/j.tcb.2018.02.001
https://doi.org/10.1016/j.tcb.2018.02.001
https://doi.org/10.1007/s10557-020-07075-w/Published
https://doi.org/10.1007/s10557-020-07075-w/Published
https://doi.org/10.1111/jcmm.12633
https://doi.org/10.1101/2022.08.17.504253
https://doi.org/10.1101/2022.08.17.504253
https://doi.org/10.1002/0471142905.hg2103s87
https://doi.org/10.1002/0471142905.hg2103s87
https://doi.org/10.1101/2020.05.25.111690
https://doi.org/10.1101/2020.05.25.111690
http://refhub.elsevier.com/S2666-0873(23)00105-9/sref16
http://refhub.elsevier.com/S2666-0873(23)00105-9/sref16
http://refhub.elsevier.com/S2666-0873(23)00105-9/sref16
http://refhub.elsevier.com/S2666-0873(23)00105-9/sref16
http://refhub.elsevier.com/S2666-0873(23)00105-9/sref16
http://refhub.elsevier.com/S2666-0873(23)00105-9/sref16
https://doi.org/10.3389/fendo.2020.00280
https://doi.org/10.3389/fendo.2020.00280
https://doi.org/10.5483/BMBRep.2019.52.1.293
https://doi.org/10.5483/BMBRep.2019.52.1.293

JACC: CARDIOONCOLOGY, VOL. 5, NO. 3, 2023

JUNE 2023:298-315

apoptosis and autophagy in chronic heart failure
by inhibiting mTOR signaling. Int J Mol Med.
2019;45(1):195-209. https://doi.org/10.3892/
{jmm.2019.4407

20. Burridge PW, Li YF, Matsa E, et al. Human
induced pluripotent stem cell-derived car-
diomyocytes recapitulate the predilection of
breast cancer patients to doxorubicin-induced
cardiotoxicity. Nat Med. 2016;22:547-556.
https://doi.org/10.1038/nm.4087

21. Demaria M, Ohtani N, Youssef SA, et al. An
essential role for senescent cells in optimal wound
healing through secretion of PDGF-AA. Dev Cell.
2014;31:722-733.  https://doi.org/10.1016/j.dev-
cel.2014.11.012

22. Lim CC, Apstein CS, Colucci WS, Liao R.
Impaired cell shortening and relengthening with
increased pacing frequency are intrinsic to the
senescent mouse cardiomyocyte. J Mol Cell Car-
diol. 2000;32:2075-2082. https://doi.org/10.
1006/jmcc.2000.1239

23. Szenczi O, Kemecsei P, Holthuijsen MFJ,
et al. Poly(ADP-ribose) polymerase regulates
myocardial calcium handling in doxorubicin-
induced heart failure. Biochem Pharmacol.
2005;69:725-732. https://doi.org/10.1016/j.bcp.
2004.11.023

24.Russo M, della Sala A, Tocchetti CG,
Porporato PE, Ghigo A. Metabolic aspects of
anthracycline cardiotoxicity. Curr Treat Options
Oncol. 2021;22:18. https://doi.org/10.1007/
s11864-020-00812-1

25. Kanno S, Hara A. Overexpression of pro-
grammed cell death 1 prevents doxorubicin-
induced apoptosis through autophagy induction
in H9c2 cardiomyocytes. Cardiovasc Toxicol.
2022;22:462-476. https://doi.org/10.1007/
s12012-022-09726-w

26. Hickson LTJ, Langhi Prata LGP, Bobart SA, et al.
Senolytics decrease senescent cells in humans:
preliminary report from a clinical trial of dasatinib
plus quercetin in individuals with diabetic kidney
disease. EBioMedicine. 2019;47:446-456. https://
doi.org/10.1016/j.ebiom.2019.08.069

27. Justice JN, Nambiar AM, Tchkonia T, et al.
Senolytics in idiopathic pulmonary fibrosis: Results
from a first-in-human, open-label, pilot study.
EBioMedicine. 2019;40:554-563. https://doi.org/
10.1016/j.ebiom.2018.12.052

28. Magyar K, Halmosi R, Palfi A, et al. Car-
dioprotection by resveratrol: a human clinical trial
in patients with stable coronary artery disease.
Clin  Hemorheol Microcirc. 2012;50:179-187.
https://doi.org/10.3233/CH-2011-1424

Senescence in Doxorubicin-Induced Cardiotoxicity

29, Octavia Y, Tocchetti CG, Gabrielson KL,
Janssens S, Crijns HJ, Moens AL. Doxorubicin-
induced cardiomyopathy: From molecular mecha-
nisms to therapeutic strategies. J Mol Cell Cardiol.
2012;52:1213-1225. https://doi.org/10.1016/j.
yjmcc.2012.03.006

30. Wiley CD, Campisi J. The metabolic roots of
senescence: mechanisms and opportunities for
intervention. Nat Metab. 2021;3:1290-1301.
https://doi.org/10.1038/s42255-021-00483-8

31. Zhang P, Su J, Mende U. Cross talk between
cardiac myocytes and fibroblasts: from multiscale
investigative approaches to mechanisms and
functional consequences. Am J Physiol Heart Circ
Physiol. 2012;303:H1385-H1396. https://doi.org/
10.1152/ajpheart.01167.2011

KEY WORDS cardiotoxicity, doxorubicin,
hPSC-derived cardiomyocytes, senescence,
senomorphic drugs

ﬂ APPENDIX For supplemental tables,
figures, and methods, please see the online
version of this paper.


https://doi.org/10.3892/ijmm.2019.4407
https://doi.org/10.3892/ijmm.2019.4407
https://doi.org/10.1038/nm.4087
https://doi.org/10.1016/j.devcel.2014.11.012
https://doi.org/10.1016/j.devcel.2014.11.012
https://doi.org/10.1006/jmcc.2000.1239
https://doi.org/10.1006/jmcc.2000.1239
https://doi.org/10.1016/j.bcp.2004.11.023
https://doi.org/10.1016/j.bcp.2004.11.023
https://doi.org/10.1007/s11864-020-00812-1
https://doi.org/10.1007/s11864-020-00812-1
https://doi.org/10.1007/s12012-022-09726-w
https://doi.org/10.1007/s12012-022-09726-w
https://doi.org/10.1016/j.ebiom.2019.08.069
https://doi.org/10.1016/j.ebiom.2019.08.069
https://doi.org/10.1016/j.ebiom.2018.12.052
https://doi.org/10.1016/j.ebiom.2018.12.052
https://doi.org/10.3233/CH-2011-1424
https://doi.org/10.1016/j.yjmcc.2012.03.006
https://doi.org/10.1016/j.yjmcc.2012.03.006
https://doi.org/10.1038/s42255-021-00483-8
https://doi.org/10.1152/ajpheart.01167.2011
https://doi.org/10.1152/ajpheart.01167.2011

	Evaluation of Senescence and Its Prevention in Doxorubicin-Induced Cardiotoxicity Using Dynamic Engineered Heart Tissues
	Methods
	Human heart samples
	Statistical analysis

	Results
	Patient characteristics
	Senescence is induced in patients with severe cardiotoxicity
	Establishing a human dyn-EHT system to model doxorubicin-induced toxicity
	Dyn-EHTs treated with multiple, relevant doses of doxorubicin dilate and show decreased force generation
	Doxorubicin treatment impaired mitochondrial function in human pluripotent stem cell–derived cardiomyocytes
	The senomorphic drugs resveratrol and AICAR improve viability and mitochondrial function in doxorubicin-induced cardiotoxicity
	Resveratrol and AICAR prevent senescence in dyn-EHTs treated with doxorubicin, without improving functional parameters

	Discussion
	Dyn-EHTs treated with repeated low doses of doxorubicin recapitulate the phenotype in the patient heart
	Doxorubicin concentration in in vitro cultures is essential for outcome
	The effect of senescence on heart function
	SASP
	Study limitations

	Conclusions
	Acknowledgments
	Funding Support and Author Disclosures
	References


