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EDITORIAL COMMENT
Combat Doxorubicin Cardiotoxicity With
the Power of Mitochondria Transfer*

Dennis D. Wang, MD, PHD,a Richard K. Cheng, MD, MS,a Rong Tian, MD, PHDb
S ince the introduction of anthracyclines in the
1960s, the risk of anthracycline-induced cardi-
otoxicity (AIC) has limited its use in both adult

and pediatric cancers (1). Approximately 23% of long-
term survivors of pediatric cancers have an abnormal
left ventricular ejection fraction (LVEF) 4 to 20 years
post-anthracycline exposure (2), suggesting that
myocardial damage is long-lasting and persistent.
Moreover, in a study of adult cancer survivors,
despite the implementation of LVEF surveillance for
early detection, the overall incidence of AIC was still
9%, among whom >70% did not fully recover left ven-
tricular function (3). Further, adjunctive therapy
administered with anthracyclines, such as radio-
therapy and HER2-targeted therapy, can further in-
crease the risk of AIC. Conventional heart failure
therapies (ie, neurohormonal blockade), have failed
to demonstrate a clinically tangible benefit (4),
underscoring the urgent need for novel preventive
and therapeutic measures against AIC.

Anthracyclines exert their antitumor activity via
inhibition of topoisomerase IIa, which induces
double-stranded DNA breaks, halting DNA replica-
tion, transcription, and proliferation of cancer cells
(5). In cardiomyocytes, which are terminally differ-
entiated and do not replicate, anthracyclines appear
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to cause cell death via mitochondrial damage and
inhibition of mitochondrial biogenesis (1). Moreover,
doxorubicin preferentially accumulates in the mito-
chondria through direct binding to cardiolipin, a
phospholipid abundant in the mitochondrial inner
membrane, resulting in mitochondrial free-radical
generation and disruption of mitophagy and mito-
chondrial fission and fusion (Figure 1) (5).

In this issue of JACC: CardioOncology, O’Brien et al
(6) explored the potential of stem cell therapy in AIC.
The study recruited 3 patients from the SENECA trial
(Phase I, First-in-Human, Multicenter, Randomized,
Double-Blinded, Placebo-Controlled Study of the
Safety and Efficacy of Allogeneic Mesenchymal Stem
Cells in Cancer Survivors with Anthracycline-Induced
Cardiomyopathy) and generated induced pluripotent
stem cells (iPSC) from their peripheral blood mono-
nuclear cells. By exposing patient iPSC-derived car-
diomyocytes (iCMs) to doxorubicin, the authors
developed an in vitro AIC model and demonstrated
that co-culture with mesenchymal stem cells (MSCs)
alleviated cardiotoxicity. Interestingly, the beneficial
effect was mediated via MSC-derived large extracel-
lular vesicles (L-EVs) of size >200 nm. Diligent work
by the authors also showed that respiring mitochon-
dria inside L-EVs are required for benefit. Thus, the
observation evokes the intriguing possibility that
mitochondrial transfer between MSCs and car-
diomyocytes could be therapeutic for AIC (Figure 1).
This study is highly significant in several ways. First,
it indicates tremendous potential to innovate the
approach to AIC treatment. Moreover, it fuels the
emerging interest in harnessing the mysterious power
of mitochondrial transfer, the significance of which
extends beyond cardio-oncology. Finally, it adds a
new paracrine/endocrine mechanism to the arena of
stem cell–based therapy.

In addition, the study reaffirms the utility of iCMs as
a framework for cardiotoxicity assessment while
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FIGURE 1 AIC and an In Vitro Model of Mitochondrial Transfer as a Therapy for AIC

(Top) Anthracyclines inhibit tumor cell proliferation via inhibition of topoisomerase 2A (Top2a), which induces double-stranded DNA (dsDNA)

breaks and halts cell division. In comparison, anthracyclines cause cardiotoxicity by inducing myocardial mitochondrial dysfunction and

reactive oxygen species (ROS) production. (Bottom) Cardiomyocytes generated from patient peripheral blood mononuclear cell (PBMC)-

derived induced pluripotent stem cells are injured by doxorubicin treatment, resulting in defective mitochondrial function and elevated ROS

production. The transfer of vesicle-bound viable mitochondria derived from mesenchymal stem cells (MSCs) restores the mitochondrial

functions of the injured cardiomyocytes. AIC ¼ anthracycline-induced cardiotoxicity; iPSC ¼ induced pluripotent stem cell.
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abrogating the need for invasive endomyocardial bi-
opsies. Although whether iCMs predict the risk for
in vivo chemotherapy cardiotoxicity remains to be
confirmed, this in vitro system demonstrates a model
of precision medicine that uses patient-specific iCMs
to assess for tolerance to anthracyclines and various
treatment modalities. The design of many cardio-
oncology trials to date has not been sufficiently tar-
geted from the patient risk perspective or from the
putative pathways of cardiotoxicity. In addition to
providing a deeper comprehension of the mechanism
of injury and the ability to test potential interventions
to identify effective treatments, the current platform
may help identify high-risk individuals with mito-
chondrial dysfunction and inform candidate selection
for mitochondrial rescue. Beyond anthracyclines,
similar experiments may be feasible across different
classes of cancer drugs and exposures.

The experiments showed that viable mitochondria
taken up by the iCMs were incorporated into the
existing mitochondrial network. Functionally, the
injured iCMs receiving the MSC-derived mitochondria
exhibited preserved viability and recovery of
contractility, calcium flux, contraction rate, increased
ATP production, and a reduction of cytoplasmic and
mitochondrial reactive oxygen species (ROS). It is
unclear if the beneficial effects were due to trans-
ferred mitochondria actively participating in aerobic
respiration and ATP generation. If so, how would the
transferred mitochondria silence the detrimental ef-
fects of damaged mitochondria, such as ROS pro-
duction? Would the enhancement of ATP production
be transient if the transferred mitochondria were also
susceptible to anthracycline toxicity? Alternatively,
mitochondrial transfer may have cured the existing
damage caused by anthracyclines via unknown
mechanisms. In that case, identification of these
mechanisms could lead to ground-breaking
discoveries.

The realization of mitochondrial transfer as a
viable treatment for clinical AIC still faces many
challenges. The delivery of viable mitochondria to the
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injured cardiomyocytes in vivo is not trivial. Intra-
venous delivery may result in the degradation of
mitochondria by plasma phospholipase A2 IIA, to
release the inflammation-inciting mitochondrial
damage-associated molecular patterns (7,8), inad-
vertently inducing inflammation and further
myocardial injury (8,9). Moreover, cardiac resident
macrophages were recently shown to rapidly take up
and degrade extracellular exophers containing mito-
chondria (10), an obstacle that the mitochondrial de-
livery system would need to bypass. In addition,
there remains a concern for mitochondrial calcium
overload because of the high Ca2þ concentrations in
the blood and extracellular environment, which may
limit the efficacy of viable mitochondrial transfer (11).

The optimal source of donor mitochondria is
another unanswered question. It has not been tested
whether MSC-derived vesicles are uniquely thera-
peutic. Mitochondria isolated from other cell types
were shown to be capable of boosting cardiac muscle
function, albeit also via unknown mechanisms (12). It
remains to be determined if mitochondria from any
cell types can be used to overcome AIC. Furthermore,
the authors identified several limitations in the cur-
rent approach. For example, the therapeutic effect
derived from vesicle-bound mitochondria is detect-
able only when the doxorubicin dose is sufficiently
low and the L-EV given within 24 hours after doxo-
rubicin has been washed out, suggesting that there is
a limited temporal therapeutic window. In the clinical
setting where anthracyclines are typically given over
multiple cycles, direct and/or repeated transfer of
L-EV may not be practical or effective. Taken
together, to move the field forward, mechanistic
research is required to understand how the transfer of
mitochondria alleviates toxicity and reduces cell
death. Identification of end-effectors of
mitochondria-containing L-EV will likely reveal new
targets for the next generation of therapy.

Despite these challenges, the study poses prom-
ising opportunities for future endeavors to validate
mitochondrial transfer as a viable therapy for AIC. If
safely and sufficiently targeted, mitochondrial trans-
fer may offer an attractive intervention to improve
cardiac function that is relatively free of systemic
adverse effects or risk for treatment-treatment in-
teractions in oncology patients receiving ongoing
cancer therapy.
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