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A B S T R A C T

Doxorubicin (DOX), or Adriamycin, an anthracycline antibiotic discovered serendipitously as a chemother-
apeutic drug several decades ago, is still one of the most effective drugs for treating various adult and pediatric
cancers (breast cancer, Hodgkin's disease, lymphoblastic leukemia). However, one of the major side effects of the
continuous use of DOX is dose-dependent, long-term, and potentially lethal cardiovascular toxicity (congestive
heart failure and cardiomyopathy) in cancer survivors many years after cessation of chemotherapy. In addition,
predisposition to cardiotoxicity varied considerably among individuals. The long-held notion that DOX cardi-
otoxicity is caused by reactive oxygen species formed from the redox-cycling of DOX semiquinone lacks rigorous
proof in a chronic animal model, and administration of reactive oxygen species detoxifying agents failed to
reverse DOX-induced cardiac problems. In this review, I discuss the pros and cons of the reactive oxygen species
pathway as a primary or secondary mechanism of DOX cardiotoxicity, the role of topoisomerases, and the
potential use of mitochondrial-biogenesis-enhancing compounds in reversing DOX-induced cardiomyopathy.
New approaches for well-designed clinical trials that repurpose FDA-approved drugs and naturally occurring
polyphenolic compounds prophylactically to prevent or mitigate cardiovascular complications in both pediatric
and adult cancer survivors are needed. Essentially, the focus should be on enhancing mitochondrial biogenesis to
prevent or mitigate DOX-induced cardiotoxicity.

1. Are today's cancer patients tomorrow's cardiac patients

Thanks to dramatic improvements in cancer treatment, many more
cancer patients are living longer, and the number of cancer survivors
will continue to increase in the future. In 10 years, it is expected that
nearly 70% of adults will live at least five years after being diagnosed
with breast cancer [1]. Clearly, the tremendous advances made in new
drug discovery and treatment modalities are extending and saving lives.
Although this is welcome news, many cancer survivors develop cardi-
omyopathy (heart muscle dysfunction) years after treatment that un-
doubtedly decreases the quality of life and often causes life-threatening
problems [2]. The side effects from cytotoxic and radiation therapies
used to treat cancer cause cardiovascular problems and, in many in-
stances, mortality in cancer survivors stems from such cardiovascular
complications [3].

Cardiomyocytes have a lower ability to regenerate and, thus, are
potentially more susceptible to the long-term adverse effects of doxor-
ubicin (DOX), one of the most widely used chemotherapeutic drugs
[4,5]. Is it possible to delay or prevent such damage? Clearly, eradi-
cation of cancer in patients is of primary importance, and the best
treatment option is the most effective combination cytotoxic

chemotherapy prescribed by oncologists. Co-administering drugs that
have been shown to be cardioprotective should not compromise the
efficacy of chemotherapy. Discovering new approaches to delay or
prevent cardiotoxicity prophylactically in cancer survivors using a post-
chemotherapeutic intervention strategy is urgently needed.

This review focuses on the need for potentially new cardiotoxicity
preventive strategies and uses DOX as an example, although most
cancer treatments are multifaceted and consist of multiple chemother-
apeutics, targeted therapies, and radiation.

2. DOX chemotherapy: still going strong after years of
cardiotoxicity

DOX, also known as Adriamycin (Fig. 1), is a cytotoxic che-
motherapeutic drug that is most widely used as the first line of defense
either in combination with other antitumor drugs or in combination
with surgery and radiation. DOX is a highly potent and effective cyto-
toxic drug, either alone or in combination with other cytotoxic anti-
tumor drugs, for eradication of tumors [4]. However, DOX elicits dose-
dependent acute and chronic toxic side effects [6–12]. The life-threa-
tening toxic side effects are related to cardiotoxicity (heart failure,
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cardiomyopathy) that occurs many years after the cessation of cancer
treatment and remission of tumor. Children treated for lymphoblastic
leukemia with DOX therapy develop cardiac complications in their
adulthood (nearly eight times more susceptible), nearly 15–20 years
after DOX chemotherapy [11,12]. Most patients who are fully re-
covered from cancer lead very normal lives until they experience
shortness of breath, chest pain, and other signs of cardiovascular dys-
function. When this happens, recovering cancer patients are treated by
cardiologists. Currently, there is much interest in understanding the
mechanisms of drug-induced cardiotoxicity. Because so much basic
mechanistic research has already been done with respect to the DOX
mechanism of cardiotoxicity, DOX is chosen as a representative che-
motherapeutic drug. Most cytotoxic chemotherapy or radiation therapy
and immunotherapy could ultimately result in cardiotoxicity in cancer
patients [13–15]; therefore, the more we understand about the basic
mechanisms of cardiotoxicity in cancer patients after the cessation of
treatment, the better will we be able to mitigate and delay the occur-
rence of cardiovascular complications.

3. Redox cycling, the iron story, ICRF-187, and cardioprotection

DOX is a quinone-containing anthracycline family of drugs. Early
on, it was shown that several enzymes including the cytochrome P450
reductase, NADH dehydrogenase, and xanthine oxidoreductase could
reduce DOX via a one-electron reduction mechanism [16–25], giving
rise to the semiquinone intermediate that can rapidly reduce oxygen to
superoxide (O2

•–) via a futile redox-cycling mechanism (Fig. 2)
[16,17,24,25]. In the presence of a redox active metal ion such as iron
(III), hydroxyl radicals are formed via the Fenton mechanism. Chelators
such as desferrioxamine inhibit the formation of hydroxyl radicals
through inhibition of the Haber-Weiss mechanism. Based on these in
vitro studies, redox activation of DOX to O2

•–, hydrogen peroxide
(H2O2), and iron-catalyzed hydroxyl radical formation was suggested to
be the predominant mechanism of DOX toxicity [26–30]. Oxidative
stress is thought to be primarily responsible for DOX cardiotoxicity
because the myocardial tissues lack sufficient antioxidant mechanisms
[31]. Targeting ferroptosis (non-apoptotic cell death induced by iron
and lipid hydroperoxides) was recently proposed as a strategy for
treating DOX-induced cardiomyopathy [32].

The target organ of DOX toxicity is the myocardium enriched with
mitochondria, and mitochondrial dysfunction was linked to reactive
oxygen species (ROS) formation from DOX [33]. DOX accumulates into
the mitochondria of cardiomyocytes. In vitro experiments using en-
dothelial cells and cardiomyocytes revealed the redox cycling me-
chanism of DOX as monitored by inactivation of aconitase, redox dye
oxidation, and inhibition by superoxide dismutase mimetics, as well as
by overexpression of manganese superoxide dismutase (SOD) and other
redox modulators including N-acetyl cysteine [34]. Again, these results
supported the redox mechanisms and catalytic role of iron in DOX-in-
duced oxidative damage.

In an acute model of DOX toxicity where DOX was used in much

higher concentrations, antioxidants and iron chelators afforded pro-
tection against acute damage [35,36]. However, to our knowledge,
there exists no experimental proof connecting DOX redox cycling and
ROS to enhanced cardiomyopathy or to reversal of cardiomyopathy by
established bonafide iron chelators in a chronic animal model.

Dexrazoxane (DXR) is the only FDA-approved cardioprotective drug
for treating anthracycline cardiotoxicity and extravasation injury
[25,37–40]. DXR (ICRF-187, ZINECARD®, or Cardioxane®) has been
shown to provide cardioprotection in DOX-treated children with acute
lymphoblastic leukemia (ALL) [41–43]. DXR did not compromise the
effectiveness of DOX [44]. A majority of survivors of childhood cancers
are at increased risk of cardiovascular complications in their adulthood
[43]. Thus, prophylactic intervention is even more critical to mitigate
and prevent cardiotoxicity in this group of cancer survivors.

4. Time to rethink redox cycling of DOX and ROS involvement as
the primary mechanism of DOX-induced cardiotoxicity?

Despite the many publications [21,45] suggesting that the ROS
generated from the redox cycling of DOX in mitochondria is responsible
for DOX cardiotoxicity, the rat model designed to test the chronic
toxicity of DOX revealed that the ROS mechanism is unlikely to be the
key mechanism of cardiotoxicity and that the widely used mitochondria
targeted co-enzyme Q (Mito-Q) [46,47] is cardioprotective by inducing
other mitochondrial redox signaling mechanisms that are still not yet
fully understood [48]. Also, other reports exist that suggest ROS is not
involved as a primary mechanism of DOX cardiotoxicity [49–51]. It is
conceivable that inhibiting endothelial toxicity and endothelial dys-
function could mitigate DOX-induced cardiomyopathy [52].

5. A rat model of DOX-induced cardiomyopathy

We used a comprehensive DOX-induced cardiomyopathy rat model
that closely mimics DOX-induced cardiomyopathy in the clinic [53].
The experimental protocol is shown in Fig. 3. Low doses of DOX were
chronically administered to Sprague-Dawley rats once a week (2.5 mg/
kg) for 12 weeks and two-dimensional echocardiography was used to
assess the morphologic and functional changes in the left ventricle [48].

Fig. 1. Chemical structure of DOX/Adriamycin. The functional groups that
are thought to be critical to the DOX mechanism of action are marked.

Fig. 2. Redox-cycling of DOX semiquinone and ROS-induced mechanism
of mitochondrial oxidation and cardiotoxicity. Reprinted by permission
from Springer Nature Customer Service Centre GmbH: Springer Nature
Molecular and Cellular Biochemistry (Doxorubicin-induced apoptosis:
Implications in cardiotoxicity Kalyanaraman B, Joseph J, Kalivendi S, Wang S,
Konorev E, Kotamraju S), Kluwer Academic Publishers (2002).
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Animals were randomly assigned to four different treatment groups:
vehicle alone, DOX, DOX plus Mito-Q, and Mito-Q alone (Fig. 3).
Throughout the duration of the experiment, electrocardiograms were
obtained and myocardial tissues were isolated periodically from the
four groups of animals and tested by ex vivo electron paramagnetic
resonance (EPR) and histology.

6. DOX-induced cardiac dysfunction: Mitigation by Mito-Q

The cardiac function in DOX-treated rats was monitored by two-
dimensional echocardiograpy. Two-dimensional strain echocardio-
graphy measures myocardial function [48,54]. Myocardial strain is a
measure of intrinsic myocardial mechanics. The cardiac function in
animals treated with DOX, Mito-Q, and DOX plus Mito-Q was measured

every week. There was a progressive decline in heart function starting
at eight weeks after DOX treatment. Fig. 4 shows the changes in myo-
cardial strain after treatment of animals with DOX, DOX plus Mito-Q,
and Mito-Q alone. As shown, DOX caused a significant reduction in
global radial strain which, was reversed by co-administration of Mito-Q
(Fig. 4).

7. Ex vivo EPR of heart tissues: DOX-induced changes in
mitochondrial electron transport redox changes

The low-temperature EPR is a suitable experimental tool with which
the status of the redox active component of heart tissues can be assessed
[48,55]. Hearts were removed after 4, 8, 10, and 12 weeks of treatment
protocols and frozen for EPR analysis. Fig. 5 shows the EPR spectra

Fig. 3. DOX-induced cardiomyopathy in a rat
model and the cardioprotective effect of
Mito-Q. Echocardiography, EPR, and biochem-
ical measurements were performed weekly.
Reprinted from Biophysics Journal, 96, Chandran
K, Aggarwal D, Migrino RQ, Joseph J, McAllister
D, Konorev EA, Antholine WE, Zielonka J,
Srinivasan S, Avadhani NG, Kalyanaraman B,
Doxorubicin inactivates myocardial cytochrome
c oxidase in rats: Cardioprotection by Mito-Q,
1388–1398, Biophysical Society (2009), with
permission from Elsevier.

Fig. 4. Mito-Q inhibits DOX-induced cardiac dysfunction—two-dimensional strain echocardiography measurements. (A) End systolic two-dimensional B-
mode images at mid- ventricular level. (B) Anatomical M-mode through the anterior and interior walls. (C) The radial strain from six equidistant segments of the left
ventricle. Reprinted from Ultrasound in Medicine & Biology, 34, Migrino RQ, Aggarwal D, Konorev E, Brahmbhatt T, Bright M, Kalyanaraman B, Early detection of
doxorubicin cardiomyopathy using two-dimensional strain echocardiography, 208–214, World Federation for Ultrasound in Medicine & Biology (2008), with per-
mission from Elsevier.
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obtained from different groups at different treatment intervals. The
low-temperature EPR spectra of control heart tissues show signals
(observed at higher spectrometer gain) from paramagnetic iron sulfur
centers from complexes I, II, and III. Most importantly, a strong signal
at g = 6 (assigned to heme a3 of cytochrome c oxidase [CcO]) was
observed in control heart tissues. As the duration of DOX treatment
increased, the intensity of signal at g = 6 decreased, and at 12 weeks of
treatment (when there was a significant decrease in myocardial func-
tion), the signal intensity was considerably decreased (Fig. 5). This
suggests that DOX disrupts CcO in myocardial tissues. In the presence of
DOX and Mito-Q, the signal intensity of heme a3 of CcO in restored to
that of control heart tissues (Fig. 6). CcO catalyzes the electron transfer
from cytochrome c to oxygen, forming water and enabling adenosine
triphosphate (ATP) synthesis via proton pumping. Binding of DOX to
CcO presumably uncouples the heme a3/CuB site that is involved in
oxygen binding. It is plausible that Mito-Q inhibits the CcO/DOX

interaction and restores the g = 6 signal responsible for heme a3 of
CcO. Consistent with the EPR results, Mito-Q restored the loss of CcO
activity induced by DOX, as illustrated in the model (Fig. 7).

Other studies [31] have shown that DOX could disrupt protein
complexes between uncoupling protein 3 and cytochrome c oxidase via
mitochondrial targeting of Bcl-2-like 19 kDa-interacting protein 3
(Bnip3). Inhibiting Bnip3 totally abrogated DOX cardiotoxicity. It is not
known whether Mito-Q cardioprotection results from Bnip 3 inhibition.

8. Lack of evidence for increased oxidative marker in heart tissues
of DOX-treated rat

EPR results showed that the signal intensity at g = 2.015 remained
unchanged upon DOX and DOX plus Mito-Q treatments (Fig. 8). This
signal is characteristic of oxidatively inactivated iron-sulfur centers of
the enzyme aconitase. In the native form of aconitase, the 4Fe–4S
center is EPR silent and ROS, such as O2

•– or H2O2, react with the
4Fe–4S center and form the 3Fe–4S form of aconitase (inactivated
aconitase) that is paramagnetic and EPR active. An increase in the
3Fe–4S center due to oxidative changes is associated with an increase in
the g = 2.015 signal. Rotenone or antimycin A and other mitochondria-
targeted agents that enhance superoxide formation in mitochondria
increased the EPR signal intensity of the 3Fe–4S form of aconitase [55].
However, the 3Fe–4S form of aconitase remained unchanged in DOX-
treated heart tissues at 12 weeks, suggesting a lack of evidence for in-
creased oxidative damage being causally related to DOX-induced
myocardial toxicity [48].

Fig. 5. Time-course EPR spectra of myocardial tissues. Low-temperature
EPR of heart tissues isolated from rats treated with (A) DOX and (B) DOX and
Mito-Q. Reprinted from Biophysics Journal, 96, Chandran K, Aggarwal D,
Migrino RQ, Joseph J, McAllister D, Konorev EA, Antholine WE, Zielonka J,
Srinivasan S, Avadhani NG, Kalyanaraman B, Doxorubicin inactivates myo-
cardial cytochrome c oxidase in rats: Cardioprotection by Mito-Q, 1388–1398,
Biophysical Society (2009), with permission from Elsevier.

Fig. 6. Time-course EPR spectral intensity (by monitoring the signal at
g = 6.0). Reprinted from Biophysics Journal, 96, Chandran K, Aggarwal D,
Migrino RQ, Joseph J, McAllister D, Konorev EA, Antholine WE, Zielonka J,
Srinivasan S, Avadhani NG, Kalyanaraman B, Doxorubicin inactivates myo-
cardial cytochrome c oxidase in rats: Cardioprotection by Mito-Q, 1388–1398,
Biophysical Society (2009), with permission from Elsevier.

Fig. 7. DOX-induced inactivation of cytochrome c oxidase: proposed
model. Reprinted from Biophysics Journal, 96, Chandran K, Aggarwal D,
Migrino RQ, Joseph J, McAllister D, Konorev EA, Antholine WE, Zielonka J,
Srinivasan S, Avadhani NG, Kalyanaraman B, Doxorubicin inactivates myo-
cardial cytochrome c oxidase in rats: Cardioprotection by Mito-Q, 1388–1398,
Biophysical Society (2009), with permission from Elsevier.
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9. Cardioprotection by Mito-Q is not related to ROS mechanism in
the rat model of cardiomyopathy

Accumulation of mtDNA and respiratory chain defects were re-
ported in chronic DOX cardiomyopathy [56]. Drugs capable of rever-
sing or mitigating respiratory chain defects could decrease cardio-
myopathy. DOX treatment caused a decrease in complex IV activity in
heart mitochondria [57]. There was no significant decrease in complex
IV activity in heart tissues from rats treated with Mito-Q alone; how-
ever, Mito-Q significantly restored the complex IV activity in DOX-
treated rat heart mitochondrial tissues. Mito-Q clearly causes specific
changes that affect the pathway by which DOX induced a decrease in
complex IV activity. Mito-Q also inhibited DOX-mediated fibrosis and
apoptosis (as measured by caspase-3 activity) in the cardiac tissues
obtained from treated animals. Because there was no increase in the
oxidative biomarker in DOX-treated and DOX plus Mito-Q treated rat
heart tissues, we conclude that the cardioprotective mechanism of Mito-
Q is not related to the ROS mechanism in the rat model of cardio-
myopathy.

10. Cardioprotection by antioxidants, redox modulators, and iron
chelators in cancer patients post DOX therapy: present status

Numerous investigators, including us, have shown that DOX treat-
ment enhances dihydroethidium (DHE) or hydroethidine (HE)-derived
red fluorescence; typically, there is a two-to three-fold increase in red
fluorescence intensity in DOX-treated cells. Upon treatment with hon-
okiol, iron chelators, or a host of different agents (typically described
under the umbrella term “antioxidants”), the red fluorescence intensity
decreased. These results suggest that there was increased oxidation of
the redox dye, HE, to ethidium (E+), the two-electron oxidation pro-
duct [55]. Increased apoptosis (release of cytochrome c) and/or in-
creased peroxidatic activity in the presence of H2O2 could be re-
sponsible for oxidation of the dye. It is conceivable that other redox
dyes (e.g., 2,7-dichlorodihydrofluorescein, dihydrorhodamine) could
undergo a similar type of oxidation, giving rise to enhanced fluores-
cence of the oxidized dye [58]. Unless the products derived from HE are
isolated and characterized, it is impossible to obtain any mechanistic
details regarding the structure of the nature of oxidants responsible for
oxidation of the dye [58].

Recently, a positron emission tomography tracer, 18F-DHMT (an
18F-labeled analog of dihydroethidium), was used to detect superoxide

as an early index of cardiomyopathy in rodents [59]. Based on the si-
milarity in reaction chemistry between ROS and hydroethidine and
hydromethidine [60], it is impossible to claim that positron emission
tomography imaging is due to superoxide-derived product (18F–2OH-
ME+) and not to 18F-labeled methidium and 18F-labeled dimeric oxi-
dation products [60]. Thus, any extrapolation of in vitro mechanistic
interpretations to the animal model is not realistic, although only a few
in vivo studies have used the chronic animal model of DOX cardio-
toxicity in which cardioprotection by antioxidants, iron chelators, and
redox modulating agents have been tested [48].

DXR (or ICRF-187) has been used in the clinic to mitigate DOX
toxicity [41]. DXR was originally developed as an iron chelator, al-
though its iron chelating efficacy and ability to inhibit ROS has been
questioned [61]. DXR is a cell-permeable prodrug that is rapidly hy-
drolyzed to an EDTA-type iron-binding chelator [39]. DXR metabolites
formed from hydrolysis did not, however, protect myocytes against
DOX toxicity [39,62]. Recent studies have shown that DXR inhibits the
catalytic activity of topoisomerase IIβ (TOP2β), so the cardioprotective
mechanism of DXR was attributed to TOP2β inhibition rather than to
iron chelation and ROS inhibition [61]. Topoisomerase is an enzyme
present in all dividing cells and is involved in the mechanism of re-
plication and transcription.

DOX treatment increased mitochondrial iron levels in cardiomyo-
cytes and in mice hearts [63]. ATP-binding cassette (ABC) protein B8
(ABCB8 or ABCI), a member of the ABC protein family, was decreased
following DOX treatment. ABCB8 presumably regulates mitochondrial
iron export, and overexpression of ABCB8 decreased mitochondrial iron
levels and reversed DOX-induced cardiac damage in cardiomyocytes
and ABCB8 transgenic mice [63]. Deletion of ABCB8 in the heart ex-
acerbated DOX cardiotoxicity. DXR treatment decreased mitochondrial
iron levels and cardiac damage in DOX-treated myocytes and mice.
However, administration of more potent iron chelators (e.g., desfer-
rioxamine) had no effect on mitochondrial iron levels or cardiotoxicity
in DOX-treated mice [63]. Although, the actual mechanism of cardio-
protection afforded by DXR still remains enigmatic, it is plausible that
ABCB8 and mitochondrial iron play an important role in DOX cardio-
toxicity.

11. Implications of topoisomerase enzymes and not ROS
mechanism in DOX cardiomyopathy

The current understanding is that DOX cytotoxicity in tumor cells is
not related to ROS formation, and that it is related to the interaction
between DOX and TOP2 levels in tumor cells [49,64,65]. Consistent
with this proposal, published results suggest that supplementation with
antioxidants or antioxidant enzymes in tumor cells does not affect DOX
toxicity, ruling out the role of ROS as a mechanism responsible for DOX
cytotoxicity in tumor cells [49].

The two forms of TOP2 enzymes are TOP2α and TOP2β. TOP2α is
overexpressed in tumor cells but is undetectable in cardiomyocytes. It is
well established that the ROS mechanism is not the major pathway by
which DOX exerts cytotoxicity in tumor cells. DOX forms a ternary
complex, TOP2α-DOX-DNA, that is responsible for DNA breakage and
tumor cell death [49,64].

A recent study suggests that TOP2β is also the target of DOX-in-
duced cardiotoxicity [61,66]. Adult cardiomyocytes predominantly
express TOP2β but not TOP2α. The TOP2β-DOX-DNA ternary complex
can induce DNA double-strand breaks in cardiomyocytes, resulting in
cell death [65]. Depletion of TOP2β protected cardiomyocytes from
DOX- induced double strand breaks. In the presence of TOP2β, DOX
decreased the transcription of genes involved in mitochondrial bio-
genesis and mitochondrial function [49]. ROS levels were monitored
using HE dye. As discussed previously, the use of redox dyes merely
reports the two-electron oxidation of the dye; it does not measure ROS
levels. Changes in TOP2β levels affect dye oxidation. Even these
changes in dye oxidation were attributed to changes in mitochondrial

Fig. 8. Lack of effect of Mito-Q on oxidative inactivation of aconitase.
Reprinted from Biophysics Journal, 96, Chandran K, Aggarwal D, Migrino RQ,
Joseph J, McAllister D, Konorev EA, Antholine WE, Zielonka J, Srinivasan S,
Avadhani NG, Kalyanaraman B, Doxorubicin inactivates myocardial cyto-
chrome c oxidase in rats: Cardioprotection by Mito-Q, 1388–1398, Biophysical
Society (2009), with permission from Elsevier.
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transcriptome and not to redox cycling of DOX semiquinone [49]. A
major conclusion of this study is that TOP2β is critical for stimulating
DOX- induced cardiomyopathy and that cancer patients with higher
levels [65] of TOP2β in cardiomyocytes are likely to be more suscep-
tible to DOX cardiotoxicity [49]. Transgenic mice lacking TOP2β
showed resistance to DOX toxicity in acute and chronic settings. TOP2β
in cardiomyocytes as a major target in DOX cardiotoxicity is a provo-
cative proposal that requires further testing in cancer patients.

In summary, the therapeutic effect of DOX against tumor cells is
mediated through inhibition of Top2α and the cardiotoxic effect of DOX
is mediated through inhibition of Top2β [67]. DXR belongs to a class of
molecules, bis(2,6-dioxopiperazines), that are known to function as
Top2β catalytic inhibitors. These compounds can antagonize the for-
mation of Top2β-DNA complex, thereby inhibiting the formation of the
Top2β-DOX-DNA complex and the DNA double-strand breaks in car-
diomyocytes.

12. Alternate mechanisms by which mitochondria-targeted agents
protect against DOX cardiac toxicity: Autophagy as a potential
cardioprotective mechanism?

Autophagy is a well-regulated cellular trash removal process that
occurs at the right place and right time [68]. Discovery of this novel
phenomenon in cell biology led to a Nobel Prize [69,70]. In cancer
biology, the role of autophagy is paradoxical, depending upon the
timing during tumorigenesis and tumor progression [71]. The role of
autophagy in DOX-induced cardiomyopathy is also contradictory with
some studies suggesting that suppression of DOX-induced autophagy in
cardiomyocytes is protective and other studies indicating that stimu-
lation of autophagy affords cardioprotection [72–74]. Stimulating the
autophagic process with Rapamycin, an mTOR inhibitor, before ad-
ministering DOX attenuated DOX-induced cardiomyopathy [75,76]. In
addition, upregulation of autophagy by other mechanisms (e.g., caloric
restriction) in a rodent model afforded cardioprotection following DOX
treatment [77]. However, pharmacologic inhibition of autophagy with
3-methyladenine (PI3 kinase inhibitor) following DOX treatment
modulate cardiotoxicity [78]. Clearly, additional research specifically
addressing the temporal effects of activating or inhibiting autophagy in
DOX-induced mitochondrial function is needed to fully understand the
short- and long-term implications of the autophagic process in DOX
toxicity.

Several natural products, natural product derived-drugs, and FDA-
approved drugs have shown protective effects in acute and chronic
DOX-induced cardiotoxicity [79]. Metformin, one of the most widely
prescribed antidiabetic drugs, mitigated DOX-induced toxicity. Met-
formin has a very high safety profile. Induction of AMP-activated pro-
tein kinase, autophagy, and inhibition of the mTOR pathway were at-
tributed to playing a role in cardioprotection.

13. Enhancing mitochondrial biogenesis to strengthen
mitochondria? An emerging cardioprotective strategy

Mitochondrial biogenesis (increasing the mitochondrial mass and
mitochondrial function) in the myocardium is achieved by increasing
the expression of peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1α) and peroxisome proliferator-activated
receptor gamma coactivator 1-beta (PGC-1β) in cardiomyocytes [80].
The burst of mitochondrial oxidative capacity is associated with the
levels of PGC-1α expression. Both PGC-1α and PGC-1β coactivate sev-
eral transcription factors (estrogen-related receptors, peroxisome pro-
liferator- activated receptors, and nuclear respiratory factors) that in-
duce the expression of a multitude of nuclear genes encoding most
mitochondrial proteins involved in fatty acid oxidation, the tri-
carboxylic acid cycle, and the mitochondrial respiratory chain [81]. In
addition to elevating the nuclear encoded genes, PGC-1α enhances the
transcription of mitochondrial genes (transcription factor A,

transcription factor binding motif, etc.) [82]. PGC-1α knockout mice
developed cardiomyopathy, clearly implicating the cardioprotective
role of PGC-1α [83].

Increasing the expression of PGC-1α in cardiomyocytes is thought to
protect against drug-induced cardiomyopathy [84]. Exercise training
(particularly short-term endurance training) that stimulated cardiac
PGC-1α expression protected against DOX-induced cardiomyopathy
[80,85]. Thus, upregulation of the PGC-1α signaling pathway decreased
mitochondrial dysfunction in the heart [84].

14. Intervention with natural products: Honokiol inhibits DOX-
induced mitochondrial damage

Honokiol is an active component extracted from the bark of the
Magnolia officinalis that has been used to treat many inflammatory
diseases [86,87]. Honokiol is also available as an over-the-counter
supplement to improve mitochondrial biogenesis [88]. Honokiol sup-
plementation protected the mouse heart against DOX-induced cardio-
myopathy [89] and improved mitochondrial function. It was shown
that honokiol- activated mitochondrial Sirtuin 3 (SIRT3) was attributed
to a decrease in DOX-induced cardiotoxicity in mice [89]. Even in a
tumor bearing mouse xenograft model, treatment with honokiol in-
hibited DOX-induced cardiotoxicity without compromising the che-
motherapeutic ability of DOX [89]. SIRT3 protein was reported to im-
prove mitochondrial respiration in H9c2 cardiomyocytes treated with
DOX [90].

Because honokiol supplementation improves mitochondrial func-
tion via activation of SIRT3, and SIRT3 activation has been shown to
afford cardioprotection [89–91], honokiol may be used prophylacti-
cally post-chemotherapy to prevent or mitigate cardiotoxicity in pa-
tients in remission.

15. L-glutamine supplementation affords cardioprotection

L-glutamine, an essential amino acid abundant in the bloodstream,
afforded cardioprotection against DOX-induced cardiomyopathy in a
rodent model [92–94]. Results indicate that glutamine supplementation
diminished DOX-induced oxidative damage in cardiomyocytes via up-
regulation of glutathione [95]. L-glutamine is required for NAD+

synthesis, and oral administration of L-glutamine has been shown to
increase the NAD redox ratio in sickle cells [96]. Both NAD+ and its
reduced form, NADH, are needed to regulate the redox in cells. Oxi-
dative damage is typically accompanied by a lower redox potential
(NADH/NAD+). L-glutamine, under the commercial name Endari, is the
first new therapeutic approved by the FDA in 50 years for treatment of
sickle cell disease [96,97]. Increasing the NAD redox potential in sickle
cells decreased their sensitivity to oxidative damage [96,97]. L-gluta-
mine is also responsible for increasing glutathione and protein synth-
esis. L-glutamine enhances NAD by acting as a substrate for the gluta-
minase activity of NAD synthetase and using the ammonia released
from glutamine catalyzed by the glutaminase activity. Repurposing L-
glutamine as a prophylactic supplement may be considered to enhance
the redox potential in cardiomyocytes following a patient's cessation of
cytotoxic chemotherapy (e.g., DOX and chemotherapeutic drug cock-
tail) and radiation.

16. Current thinking on DOX cardiotoxicity: potential targets and
cardioprotective strategies

Strong evidence supports the modulatory role of topoisomerase in
DOX toxicity. Upregulation of the cellular stress response proteins mi-
tigates DOX cardiotoxicity, and supplementation with agents enhancing
mitochondrial proteins (PGC-1α and sirtuins) were shown to reverse
DOX cardiotoxicity [98,99]. ROS generation was proposed to occur in a
secondary mechanism via downregulation of topoisomerase β, PGC-1α,
and manganese superoxide dismutase (MnSOD). This is shown in Fig. 9,
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which is a slight modification of the original scheme [100].

17. Gut microbiota and DOX toxicity

An emerging area of great importance to cancer chemotherapy is
the modulatory role of intestinal microbes in enhancing the efficacy of
chemotherapeutic drugs and decreasing their toxic side effects [101].
One of the adverse effects of DOX is intestinal mucositis in addition to
cardiotoxicity. Studies suggest that microbiota could be a therapeutic
target as the composition of intestinal microbiome considerably affects
the side effects of chemotherapy. Studies have identified the NADH
dehydrogenase component of mitochondrial respiratory chain complex
I as the major enzyme involved in the bacterial inactivation of DOX
[101]. Studies also showed that the bacterial muramyl dipeptide pre-
vented DOX-induced mucosal damage [102]. Selective microbial de-
toxification of DOX in noncancerous tissues could be a plausible ther-
apeutic intervention strategy.

18. Conclusions

Clearly, systematic and detailed clinical trials using the FDA- ap-
proved drugs outlined here and elsewhere are crucial to understanding
the cardiovascular complications in cancer survivors after cytotoxic
chemotherapy/radiation therapy. Although, we have specifically ad-
dressed the cardiotoxic problems of DOX, cancer patients often are
treated with a cocktail containing several cytotoxic antitumor drugs as
well as radiation and other targeted-drug treatments. It is likely that
such combination therapies will enhance cardiotoxicity in cancer sur-
vivors [103]. DOX reportedly has a “dose memory” that is prevalent
long after the cessation of treatment due to defective mitochondrial
respiratory chain caused by cumulative mitochondrial DNA lesions. It is
possible that, like idiopathic cardiomyopathy that is often related to
genetic predisposition, patients afflicted with a genetic disorder (DNA
repair defects) are more susceptible to DOX-induced cardiomyopathy
[104]. Therefore, the need to develop new strategies of intervention
designed to enhance mitochondrial function of myocardium in cancer
survivors is critical. A new beginning in interventional cardio-oncology
(i.e., the cardiovascular care of cancer patients) is urgently needed
[105–110]. DXR, the only FDA-approved drug for treating DOX cardi-
otoxicity [39], may be used alone or more judiciously with other mi-
tochondria-activating drugs (Coenzyme Q, honokiol, and the mi-
tochondria-targeted analogs).
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