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A B S T R A C T

Doxorubicin (DOX) induced cardiotoxicity is a life-threatening side effect of chemotherapy and decreased car-
diac function can present years after treatment. Despite the investigation of a broad range of pharmacologic
interventions, to date the only drug shown to reduce DOX-related cardiotoxicity in preclinical studies and
limited clinical trials is the iron chelating agent, dexrazoxane (DRZ), although the mechanisms responsible for
DRZ mediated protection from DOX related cardiotoxicity remain unclear. Engineered cardiac tissues (ECTs) can
be used for tissue repair strategies and as in vitro surrogate models to test cardiac toxicities and preventative
countermeasures. Neonatal murine ECTs display cardiotoxicity in response to the environmental toxin, cad-
mium, and reduced cadmium toxicity with Zinc co-treatment, in part via the induction of the anti-oxidant
Metallothionein (MT). We adapted our in vitro ECT model to determine the feasibility of using the ECT approach
to investigate DOX-related cardiac injury and DRZ prevention. We found: (1) DOX induced dose and time de-
pendent cell death in ECTs; (2) Zinc did not show protection from DOX cardiotoxicity; (3) MT overexpression
induced by Zinc, low dose Cd pretreatment, or MT-overexpression (MT-TG) did not reduce ECT DOX cardio-
toxicity; (4) DRZ reduced ECT DOX induced cell death; and (5) The mechanism of DRZ ECT protection from DOX
cardiotoxicity was topoisomerase 2B (TOP2B) inhibition rather than reduced reactive oxygen species. Our data
support the feasibility of ECTs as an in vitro platform technology for the investigation of drug induced cardi-
otoxicities including the role of TOP2B in DOX toxicity and DRZ mediated DOX toxicity prevention.

1. Introduction

Over the past 20 years 3-dimensional (3D) ECTs have proven to be a
robust in vitro platform technology for drug screening [1–63], tissue
repair [2–4], human genetic disease modeling and repair [5–8], and
recently, environmental toxicity [9]. 3D ECTs have multiple advantages
over traditional single cell or monolayer (two-dimensional) culture
methods including the formation of isotropic and aligned myocardial
tissues that are electrically and mechanically and function similar to in
vivo myocardium [3,5,10], the ability to customize cell composition to
include multiple mesoderm lineages and/or genetically altered cells
[3,5], and the ability to scale up ECT platforms for drug testing [11,12].

Doxorubicin (DOX), is an anthracycline antibiotic and a topoi-
somerase II (TOP2)-targeting drug and is frequently used in

chemotherapy protocols. However, DOX treatment is associated with
late-presenting and progressive cardiotoxicity associated with sig-
nificant morbidity and mortality [13–17], is of particular risk for pe-
diatric cancer patients [18], and may have genetic associations
[19–21]. Due to the clinical effectiveness of DOX in chemotherapeutic
protocols for children and adults, multiple strategies have been in-
vestigated to reduce DOX cardiotoxicity.

While limiting the total DOX dose has been shown to reduce the
incidence of cardiotoxicity, pre-clinical investigations of medications
that might prevent DOX induced cardiac injury [22–24] have largely
failed to prevent DOX cardiotoxicity in clinical trials [25]. DOX cardi-
otoxicity is mediated, in part, through altered calcium signaling
[26,27], mitochondrial iron accumulation [28] and injury [29] which
increases ROS levels [30], and autophagy [31,32]. Epigenetic variants
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that increase tolerance for oxidative stress may reduce DOX effective-
ness [33,34]. Zinc has been shown in limited preclinical studies to re-
duce DOX induced cardiomyocytes injury via the induction of Nrf2
[35], as has the anti-oxidant Metallothionein (MT) [36,37] where MT

overexpression reduces DOX cardiotoxicity in vitro [38] and in vivo
[39]. The antioxidant flavonoid Apigenin has also been shown to re-
duce DOX cardiotoxicity in rats [40]. Currently, dexrazoxane (DRZ) is
the only clinically indicated drug used to protect against DOX cardio-
toxicity [41,42]. The mechanism for the protection has been primarily
attributed to iron chelation by the EDTA-like hydrolysis of DRZ, which
decreases hydroxyl free radicals [43], inhibits Topoisomerase 2B
(TOP2B) mediated DNA double-strand breaks [19,44], and reduces
mitochondrial injury [45].

In the current study we tested the hypothesis that in vitro murine
ECT can rapidly display DOX mediated cardiomyocyte injury and can
be used to investigate the protective effect of DRZ to reduce DOX
toxicity. ECTs displayed rapid and reproducible DOX mediated cardi-
otoxicity, no effect of supplemental Zinc to reduce toxicity, and the
ability of DRZ to prevent Dox cardiotoxicity. The DRZ protective effect
occurred via TOP2B inhibition rather than changes in ROS. Thus,
neonatal murine ECTs may be a robust and rapid in vitro model to
screen additional compounds with the potential to reduce DOX toxicity
prior to preclinical, in vivo validation.
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Fig. 1. Dose and time response of toxic DOX effect on murine ECTs. A, Expression of Cleaved caspase-3 after DOX treatment (0 μM; 0.1 μM; 0.25 μM; 0.5 μM; 1.0 μM)
for 24 h and for 48 h; n = 3 to n = 5 ECT per group per time point. B, LDH release after increasing DOX treatment (0 μM; 0.1 μM; 0.25 μM; 0.5 μM; 1.0 μM) for 24 h
and for 48 h; n = 3 to n = 5 ECT per group per time point. *P < .05 vs. corresponding normalized Ctrl.

Table 1
Dose and time dependent DOX effect on inhibition of ECT beating. ECT beating
was recorded for 15 s following increasing DOX dose (0 μM; 0.1 μM; 0.25 μM;
0.5 μM; 1.0 μM) and exposure (12 h, 24 h, 36 h, 48 h, 60 h and 72 h).
Percentage of ECTs with absent beating are displayed, n = 4 to 9 ECT per
group.

DOX 12 h 24 h 36 h 48 h 60 h 72 h

0.0 μM (n = 4) 0 0 0 0 0 0
0.1 μM (n = 4) 0 0 0 0 0 0
0.25 μM (n = 6) 0 0 0 0 0 33.3%
0.5 μM (n = 9) 0 0 11.1% 88.9% 88.9% 100%
1.0 μM (n = 7) 0 85.7% 100% 100% 100% 100%
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2. Materials and methods

2.1. Animals: neonatal wild type and MT-TG mice

Cardiac-specific MT gene overexpressing transgenic (MT-TG) mice

were produced from FVB wild-type (WT) mice obtained from Harlan
Bioproducts for Science (Indianapolis, IN) as used in previous studies
[9,46]. Both MT-TG and WT mice were housed in the University of
Louisville Research Resources Center at 22 °C with a 12-hrs light/dark
cycle and were provided free access to standard rodent chow and tap
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Fig. 2. Zinc induced MT but did not reduce ECT DOX toxicity. A, Zinc (50 μM for 24 h) induced MT expression. n = 3 ECT per group. B, Cleaved caspase-3 expression
increased after DOX (0.5 μM for 24 h) and was not reduced by Zinc pretreatment (50 μM for 2 h prior to DOX treatment) and Zinc treatment did not alter baseline
cleaved caspase-3. n = 4 to 8 ECT per group. C, Similar to cleaved caspase-3, LDH release increased after DOX (0.5 μM for 24 h) and was not reduced by Zinc
pretreatment (50 μM for 2 h prior to DOX treatment) and Zinc treatment did not alter baseline LDH release. n = 4 to 10 ECT per group; *P < .05 and **P < .01 vs.
Ctrl ECT.
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water. All animal procedures were approved by the Institutional Animal
Case and Use Committee, which is certified by the American Associa-
tion for Accreditation of Laboratory Animal Care. We bred FVB and MT-
TG mice to generate FVB and MT-TG pups, respectively, in order to
generate WT- and MT-TG-ECTs.

2.2. Isolation of neonatal mouse ventricular cardiac cells

Neonatal mouse ventricular cardiac cells were isolated as previous
described [9]. Briefly, hearts of 3-day-old pups were harvested and
digested by trypsin and collagenase. CM were enriched by preplating
for 45 min followed by rotating for 4 h and then heart cells were col-
lected and counted using a hemocytometer.

2.3. ECT construction and treatment

ECTs were constructed as previous described [5,9]. Approximately
0.8 × 106 heart cells derived from 4 pup ventricles were mixed with
collagen and matrigel, poured to form a cylinder construct within
Flexcell Tissue TrainTM culture plates (Flexcell International), and in-
cubated for 2 h (37 °C, 5% CO2) to form a cylindrical ECT construct.
Following initial ECT gelation, 4 mL of mouse medium was added to
each ECT in the 6-well culture dish. ECTs were maintained in vitro for
7 days with media changes every other day. Starting on day 6, ECTs
were pretreated with Zinc (50 μM/L), NAC (1 mM/L), Cadmium (5 μM/
L) or DRZ (1 μM/L) for 2 h followed by treatment with 0.5 μmol/L DOX
for another 24 h. Control ECTs were treated with standard media. DRZ,
NAC, and DOX were purchased from Sigma.
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Fig. 3. Cadmium pretreatment did not reduce ECT DOX toxicity. A, Cd pretreatment (5 μM for 2 h), but not DOX treatment (0.5 μM for 24 h), induced MT. B, Cd
pretreatment (5 μM for 2 h), but not reduce DOX (0.5 μM for 24 h) induced increased cleaved caspase-3 and P53 expression. n = 3 to 5 ECT per group.
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2.4. Histology

ECTs were harvested from the Tissue TrainTM plate on day 7 and
the mid-portion of the ECT was washed 3 times in PBS then placed in a
Tissue Tek® Cryomold (Torrance, CA) with OCT compound for em-
bedding followed by snap freezing in liquid nitrogen. Individual 5 μm
cryostat sections were mounted, fixed in acetone for 5–10 min, washed
in 1% Triton-X-100/PBS for 1 h at room temperature, then blocked with
1% Triton-X-100/PBS + 10% FBS for 1 h. ECT sections were stained
with mouse anti-cTnT (1:500 dilution; Thermo Fisher Scientific,
Fremont, CA). Other sections were mounted using SlowFade™ Gold
Antifade Mountant to image DAPI (Thermo Fisher Scientific, Eugene,
OR). We randomly select 10 fields per ECT to count double stained
cTnT (Red) and DAPI (Blue) positive cells, and the cTnT+/DAPI+

percentage was used to determine the ratio of CM in ECTs [9].

2.5. Protein extraction and western blotting

ECT Western blot assays were performed as previously described
[9]. Briefly, ECTs were washed in ice cold PBS and rapidly homo-
genized in lysis buffer (100 μL/ECT) at 4 °C for 4 h. After centrifugation
at 12,000 rpm for 20 min, supernatants containing soluble proteins
were measured using Bradford methods. Equal amounts of protein
(20 μg) were loaded for analysis. Primary antibodies included cleaved
caspase-3, Bax, Bcl-2, CAT, HO-1, Nrf2, NQO-1, p-H2AX, P53, SOD2,
and TOP2b (1:1000 dilution; Cell Signaling Technology, Danvers, MA),
followed by Anti-rabbit HRP-linked secondary antibody (1:5000 dilu-
tion; Cell Signal, Danvers, MA). We report cleaved caspase-3 rather
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Fig. 4. MT overexpression did not reduce ECT DOX toxicity. A, Cleaved caspase-3 expression in WT and MT-TG ECTs increased following DOX (0.5 μM for 24 h) and
was not decreased in MT overexpression ECTs. B, LDH release in WT and MT-TG ECTs increased following DOX (0.5 μM for 24 h) and was not decreased in MT
overexpression ECTs. n = 4 to 8 ECT per group, *P < .05 and ** P < .01 vs. corresponding Ctrl ECT.
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than total caspase-3 because of the inability to detect both cleaved and
total caspase-3 in the same Western blot. MT expression was detected
by a modified Western blot protocol as previously described using an
MT antibody (1:1000 dilution; Dako, Carpinteria, CA)[46]. Protein
expression levels were normalized to GAPDH (1:3000 dilution; Abcam,
Cambridge, MA) as an internal control.

2.6. RNA extraction and real-time PCR quantification

RNA extraction and quantitative real time PCR was performed as
previously described [9]. GAPDH expression was used as the internal
control.

2.7. TdT-mediated dUTP nick-end labeling assay (TUNEL)

We used the DeadEnd™ Colorimetric TUNEL System (Promega,
Madison, WI) to determine the proportion of apoptotic cells. Briefly,
5 μm paraffin ECT sections were dewaxed in xylene, and dehydrated in
decreasing concentrations of ethanol (100%, 95%, 85%, 70%, 50%).
After 4% formaldehyde fixation in PBS, ECT tissues were permeabilized
in 20 μg/mL Proteinase K solution, refixed in 4% formaldehyde, and
labeled with TdT reaction mix. After mounting with SlowFade™ Gold
Antifade Mountant with DAPI (Thermo Fisher Scientific, Eugene, OR),
apoptotic cells (green) were detect by fluorescence microscopy. TUNEL
positive cells were counted in 15 fields per ECT to determine the TUNEL
positive cells/DAPI percentage as an apoptosis ratio.
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Fig. 5. DRZ pretreatment reduced ECT DOX toxicity. DRZ pretreatment (1 μM for 2 h) reduced A, Cleaved caspase-3; B, Bax/Bcl-2 ratio; C, p53, and D, p-H2AX
expression following DOX (0.5 μM for 24 h) treatment. n = 4 ECT per group, *P < .05 and ** P < .01 vs. corresponding groups.
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2.8. Lactate dehydrogenase release in culture medium

We used Pierce™ LDH Cytotoxicity Assay Kit (Thermo Fisher
Scientific, Rockford, IL) to determine the LDH release into the culture
medium [47] as an index of necrotic cell death [48]. Briefly, 50 μL of
each sample medium was transferred to a 96-well flat bottom plate in
duplicate wells, mixed with 50 μL of Reaction Mixture, then incubated
room temperature for 30 min in the dark followed by the addition of
50 μL of Stop Solution to each sample well. Light absorbance at 490 nm
and 680 nm was measured using a Molecular Devices SprectraMax
(Molecular Devices, Sunnyvale, CA) to quantify signal (490 nm) and
noise (680 nm) absorbance.

2.9. Measurement of malondialdehyde levels in ECTs

Malondialdehyde (MDA) levels in ECTs were quantified using a
thiobarbituric acid (TBA) reactive species (TBARS) assay [49]. ECT
protein was extracted and the protein concentration determined as
mentioned above. We combined ECT protein (50 μL), 8.1%SDS (20 μL),
20% Acetic acid (150 μL), and 0.57%TBA (210 μL), and heated at 90 °C
for 70 mins followed by ice quenching. After adding ddH2O (100 μL/EP
tube), samples were centrifuged at 4000 rpm for 15 mins then read OD
at 540 nm (96 plate, 150 μL/well, duplication) using a Molecular De-
vices SprectraMax (Molecular Devices, Sunnyvale, CA). We then de-
termined the MDA/OD sample/protein ratio for treatment and control
groups.

2.10. Statistical analyses

Data are presented as mean ± standard error of the mean (SEM).
Statistical differences were determined using two-sided, unpaired
Student's t-tests or one-way analysis of variance (ANOVA) followed by
Tukey's multiple comparisons test. P value< .05 was considered sta-
tistically significant.

3. Results

3.1. Dose and time-dependent response of ECT DOX induced toxicity

We noted a dose dependent increase in ECT cell death, indexed by
increased cleaved caspase-3, after 0.1 to 1.0 μM DOX treatment for
24 h, as well as a time dependent effect of DOX toxicity (Figure 1, 2, 3,
4, 5, 6, 7, 8, 9, 10 and 11A). The threshold DOX dose required to detect
increased cleaved caspase-3 expression at 24 h was 0.25 μM, however, a
lower dose 0.1 μM DOX increased cleaved caspase-3 expression by 48 h
(Fig. 1A). Cumulative LDH release into the culture medium, an addi-
tional indicator of cell injury, also showed a time dependent response to
DOX treatment (Fig. 1B). Consistent with ECT CM injury, ECT function
also showed dose and time dependent DOX toxicity with a progressive
inhibition of ECT beating in response to increased DOX dose and
duration (Table 1).
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Fig. 6. DRZ pretreatment reduced ECT DOX related cell death measured by terminal transferase dUTP nick end labeling assay (Tunel assay) and LDH release. A,
Representative ECT immunofluorescent staining for nuclei (DAPI, blue) and Tunel (green). 40× magnification, Scale bar = 50 μm. DRZ pretreatment (1 μM for 2 h)
reduced DOX induced Tunel staining but did not affect the ratio of baseline Tunel positive cells. B, DRZ pretreatment (1 μM for 2 h) reduced DOX induced increase in
LDH release but did not affect baseline LDH release. n = 4 ECT per group, *P < .05 and **P < .01 vs corresponding groups. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Zinc induced MT but did not reduce ECT DOX induced toxicity

Since ROS plays an important role in DOX induced cardiotoxicity
[37], and Zinc is a potent antioxidant [50] which may protect cardio-
myocytes from DOX injury [36] we determined if Zinc could protect
against ECT DOX toxicity. As previously described [9], Zinc (50 μM)
treatment induced increase ECT MT expression (Fig. 2A). However,
Zinc pretreatment did not reduce DOX toxicity as measured by cleaved
caspase-3, p53, or LDH release (Fig. 2B, C).

3.3. Cadmium induced MT did not reduce ECT DOX induced toxicity

Although Cd exposure increases ECT MT levels [9], Cd pretreatment
(5 μM for 2 h) increased MT (Fig. 3A) but did not reduce ECT DOX
toxicity measured by cleaved caspase-3 and p53 levels (Fig. 3B).

3.4. MT overexpression did not reduce ECT DOX induced toxicity

MT overexpression (MT-TG) increases greater ECT MT compared to
Cd exposure [9]. Unfortunately, ECT overexpression (Fig. 4A) did not
reduce ECT DOX toxicity measured by cleaved caspase-3, p53, or LDH
release (Fig. 4B).

3.5. DRZ pretreatment reduced ECT DOX induced toxicity

DRZ pretreatment (1 μM/L for 2 h) reduced ECT DOX toxicity
measured by cleaved caspase-3 (Fig. 5A), BAX/Bcl-2 ratio (Fig. 5B), p53
(Fig. 5C), and p-H2AX (Fig. 5D). DRZ pretreatment also reduced DOX
toxicity measured by reduced Tunel staining (Fig. 6A), reduced LDH
released into the culture media (Fig. 6B), and reduced cardiomyocyte
loss measured by the cTnT/DAPI ratio (Fig. 7).

3.6. ROS may not be involved in DRZ-mediated reduced ECT DOX toxicity

In addition to the lack of effect of Zinc or of MT induction on ECT
DOX toxicity, we noted that ROS markers, 3-NT (Fig. 8A) and 4-HNE
(Fig. 8B) were unchanged by DOX and/or DRZ treatment and there was
no change in the expression of Nrf2 or its downstream proteins SOD2,
HO-1, CAT, and NQO-1 in response to DOX and/or DRZ treatment
(Fig. 9A). MDA, a lipid peroxidation maker, was unchanged by DOX
and/or DRZ treatment (Fig. 9B) and pretreatment with the antioxidant
drug N-acetylcysteine (NAC, 1 mM/L for 2 h) had no effect on cleaved
caspase-3 or p53 at baseline or following DOX treatment (Fig. 9C).
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Fig. 7. DRZ pretreatment reduced DOX induced ECT CM loss. Representative ECT CM nuclei stained with DAPI (blue) and sarcomeric cTnT (Red). 40× magnifi-
cation, Scale bar = 50 μm. DRZ pretreatment (1 μM for 2 h) reduced DOX induced CM loss as measured by the cTnT/DAPI ratio. DRZ pretreatment did not affect the
baseline cTnT/DAPI ratio. n = 4 ECT per group, *P < .05 and ** P < .01 vs. corresponding groups. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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3.7. Reduced TOP2B protein is associated with reduced ECT DOX toxicity

Consistent with previous studies [19,44], we noted that ECT TOP2B
protein levels were reduced by DRZ (Fig. 10A) while TOP2B mRNA
levels were unchanged (Fig. 10B), consistent with reduced protein
stabilization [51].

4. Discussion

The goal of our current study was to test the hypothesis that neo-
natal murine ECTs can serve as a rapid and robust in vitro model to
detect DOX induced cardiotoxicity and to evaluate the response to
candidate protective pretreatment strategies. Similar to our success
with a neonatal murine ECT model to detect cardiotoxicity from the
environmental toxin Cd within 24 h [9], we noted that DOX induced

dose and time-dependent ECT cardiotoxicity indicated by increased
cleaved caspase-3 expression and LDH release (Fig. 1).

We noted no change in DOX toxicity in response to Zinc or increased
MT levels due to Zinc induction or MT-overexpression (Figs. 2–4). MTs
are a small cysteine-rich proteins capable of binding 7–12 metal iron
per MT molecule and MT functions to efficiently scavenge free radicals
as a cellular antioxidant [52] that can reduce diabetes-associated car-
diotoxicity [50,53,54]. While increase ROS is recognized to occur in
response to DOX cardiotoxicity, and the use of free radical scavengers to
decrease DOX cardiotoxicity has been a favorite approach to improve
the efficacy of this drug in cancer chemotherapy [55], previous in-
vestigators have noted conflicting results that were either favorable
related to ROS reduction in DOX toxicity in cell culture [36,38,56,57]
or MT-TG mice [58] or negative [59,60]. We did not find evidence for
increased ROS (3-NT, 4-HNE, MDA) in ECTs after DOX, similar to the
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Fig. 8. The ROS markers 3-NT and 4-HNE were unchanged following ECT DOX (0.5 μM for 24 h) and/or DRZ (1 μM for 2 h) treatment. A, 3-NT; B, 4-HNE, n = 3 to 5
ECT per group.
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lack of role for ROS in DOX toxicity in H9C2 cells [61] and the anti-
oxidant NAC failed to reduced ECT DOX (Fig. 9C). Futher experiments
are required to directly measure ROS within ECTs under various con-
ditions.

Our study confirmed that DRZ provides significant protection from
DOX induced ECT cardiotoxicity (Figs. 5–7) that was associated with

TOP2B inhibition (Fig. 10). DOX toxicity occurs via stabilizing the
covalent topoisomerase II-DNA intermediate (the cleavable complex)
which induces DNA double strand breaks. DRZ is the only drug cur-
rently approved for prevention against doxorubicin cardiotoxicity [17].
One proposed mechanism for DRZ protection from DOX cardiotoxicity
has been attributed to iron chelation by the EDTA-like hydrolysis
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Fig. 9. Multiple anti-oxidant pathway members were unchanged following ECT DOX (0.5 μM for 24 h) and/or DRZ (1 μM for 2 h) treatment. A, Nrf2, SOD2, HO-1,
CAT, NQO-1 were unchanged, n = 3 ECT per group; B, MDA activity level was similar in all 4 groups, n = 3 to 5 ECT per group; C, Cleaved caspase-3 and p53
expression was unaffected by NAC, increased after DOX (0.5 μM for 24 h), and was not reduced by NAC pretreatment (1 mM for 2 h), n = 3 ECT per group,
**P < .01 vs. corresponding Ctrl ECTs.
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product of DRZ, which decreases ROS [43,62]. However, the cardio-
protective role of iron chelation is controversial and the iron chelator
ICL670A (Deferasirox) shows no protection against DOX toxicity de-
spite rapid intracellular distribution and efficient iron chelation [63].

Inhibition of TOP2B with subsequently reduced DNA damage is
considered to be a primary mechanism for DRZ protection from DOX
cardiotoxicity [44]. DRZ reduces the formation of TOP2B-DNA covalent
(cleavage) complexes through its stabilization of the ATP-bound closed-
clamp conformation of TOP2 which triggers proteasomal degradation
of TOP2B. TOP2B depletion results in fewer doxorubicin trapped
TOP2B cleavage complexes and reduced DNA damage [51] (Fig. 11).
Our data showed that DRZ reduced TOP2B protein levels without
changing mRNA levels, consistent with increased protein degradation
and reduced DNA damage. Additional ECT studies, including studies
using TOB2B knock-out cardiac cells, are warranted to determine the
optimal DRZ dose and timing to prevent DOX cardiotoxicity and to
validate the role of TOP2B mediated DNA damage and DNA repair

pathways.

5. Conclusion

Our data support the paradigm that neonatal murine ECTs can serve
an in vitro surrogate model for DOX cardiotoxicity screening and for the
evaluation of preventive measures, with DRZ as a representative com-
pound. Further studies are required to determine if DRZ also preserves
critical functional aspects of ECT biology including the force-frequency
relationship and mechanical-load induced growth. Insights from ECT
experiments will need to be translated to more expensive small and
large animal preclinical models for further validation.

Author contributions

Juan Zhen: designed and performed experiments, analyzed data,
prepared and reviewed manuscript for submission.

Fig. 10. TOP2B protein, but not mRNA expression was reduced by DRZ pretreatment and neither were affected by DOX. A, TOP2B protein following DRZ (1 μM for
2 h) for 2 h followed by DOX (0.5 μM for 24 h). B, TOP2B mRNA measured by qPCR was similar in all 4 groups. n = 3 to 5 ECT per group, **P < .01 vs. Ctrl ECT.

J. Zhen, et al. Life Sciences 239 (2019) 117070

11



Haitao Yu: designed and performed experiments, analyzed data,
prepared and reviewed manuscript for submission.

Honglei Ji: designed experiments, prepared and reviewed manu-
script for submission.

Lu Cai: designed experiments, prepared and reviewed manuscript
for submission.

Jiyan Leng: prepared and reviewed manuscript for submission.
Bradley B. Keller: designed and performed experiments, analyzed

data, prepared and reviewed manuscript for submission.

Funding and acknowledgements

This work was supported by the Kosair Charities Pediatric Heart
Research Fund to B.K., the U.S-China Pediatric Research Exchange
Training Program to L.C. and B.K., the First Hospital of Jilin University
Youth Fund (JDYY92018031) to J.Z., the Scientific Technological
Development Plan Project in Jilin Province of China (20190701067GH)
to J.L., the Jilin Provincial Department of Finance (2018SCZWSZX-005)
to J.L., and the National Natural Science Foundation of China

(81974027) to H.J. All personnel expenses and partial research-related
expenses for Dr. Haitao Yu and Dr. Juan Zhen were provided by Jilin
University through a collaborative research agreement between the
University of Louisville and Jilin University, Changchun, China. All
basic science experiments were completed at the University of
Louisville, Louisville, KY, USA.

Declaration of competing interest

The authors declare that there are no scientific or financial conflicts
of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.lfs.2019.117070.

Apoptosis

DRZ

C-Casp3; BAX / Bcl-2; p-H2AX; P53...

Proteinase  mediated 
depletion of TOP2B

TOP2B

TOP2B

TOP2B-DNA covalent 
complex trapped by DOX

Fig. 11. Possible mechanism of DRZ reduction in DOX ECT toxicity. DRZ binds to DNA-bound TOP2B which triggers proteasomal degradation of TOP2B (TOP2B
down-regulation). TOP2B depletion results in fewer doxorubicin trapped TOP2B cleavage complexes, reduced DNA damage, and reduced subsequent cell death via
apoptosis. Additional ECT experiments (and in vivo validation) are required related to the role of BAX/Bcl-2 and p-H2AX in DRZ mediated DOX cardioprotection.
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