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ABSTRACT
Bisdioxopiperazine agent dexrazoxane (ICRF-187) has been the
only effective and approved drug for prevention of chronic
anthracycline cardiotoxicity. However, the structure-activity
relationships (SARs) of its cardioprotective effects remain
obscure owing to limited investigation of its derivatives/analogs
and uncertainties about its mechanism of action. To fill these
knowledge gaps, we tested the hypothesis that dexrazoxane
derivatives exert cardioprotection via metal chelation and/or
modulation of topoisomerase IIb (Top2B) activity in chronic
anthracycline cardiotoxicity. Dexrazoxane was alkylated in
positions that should not interfere with the metal-chelating
mechanism of cardioprotective action; that is, on dioxopiper-
azine imides or directly on the dioxopiperazine ring. The pro-
tective effects of these agents were assessed in vitro in neonatal
cardiomyocytes. All studied modifications of dexrazoxane mol-
ecule, including simple methylation, were found to abolish the
cardioprotective effects. Because this challenged the prevailing
mechanistic concept and previously reported data, the two
closest derivatives [(6)-4,4’-(propane-1,2-diyl)bis(1-methylpi-
perazine-2,6-dione) and 4-(2-(3,5-dioxopiperazin-1-yl)ethyl)-3-
methylpiperazine-2,6-dione] were thoroughly scrutinized in vivo
using a rabbit model of chronic anthracycline cardiotoxicity. In

contrast to dexrazoxane, both compounds failed to protect the
heart, as demonstrated by mortality, cardiac dysfunction, and
myocardial damage parameters, although the pharmacokinetics
and metal-chelating properties of their metabolites were com-
parable to those of dexrazoxane. The loss of cardiac protection
was shown to correlate with their abated potential to inhibit and
deplete Top2B both in vitro and in vivo. These findings suggest
a very tight SAR between bisdioxopiperazine derivatives and
their cardioprotective effects and support Top2B as a pivotal
upstream druggable target for effective cardioprotection against
anthracycline cardiotoxicity.

SIGNIFICANCE STATEMENT
This study has revealed the previously unexpected tight
structure-activity relationships of cardioprotective effects in
derivatives of dexrazoxane, which is the only drug approved
for the prevention of cardiomyopathy and heart failure induced
by anthracycline anticancer drugs. The data presented in this
study also strongly argue against the importance of metal-
chelatingmechanisms for the induction of this effect and support
the viability of topoisomerase IIb as an upstream druggable
target for effective and clinically translatable cardioprotection.

Introduction
Anthracyclines (ANTs), such as doxorubicin or daunorubi-

cin (DAU), rank among the most effective anticancer drugs.
However, their clinical use is hampered by the occurrence of
cardiotoxicity. In particular, the chronic forms, which are

largely irreversible and manifest months or years after cancer
chemotherapy (usually as a dilated cardiomyopathy and
congestive heart failure), are of concern (Bloom et al., 2016).
Besides the aforementioned issues in human medicine, this
toxicity also complicates oncological treatments in veterinary
medicine. The mechanisms of ANT cardiotoxicity have not yet
been fully elucidated. The main role has been attributed to
oxidative damage to the myocardium induced by the redox
cycling of ANT molecules with the catalytic involvement of
free iron (Hasinoff et al., 1998; Sim�unek et al., 2009). However,
antioxidants and selective iron-chelators have been unable to
provide robust cardioprotection when examined in clinical
studies or relevant experimental models of chronic ANT
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cardiotoxicity (St�erba et al., 2013). Recently, topoisomerase
IIb (Top2B) interaction in the heart has been proposed as the
pivotal event for ANT cardiotoxicity development (Zhang
et al., 2012). This challenges not only the original mechanistic
concept but also traditional routes for the development of
effective cardioprotection.
Dexrazoxane (DEX) (ICRF-187) is the only cardioprotective

drug that has been approved for the prevention of ANT
cardiotoxicity in clinical practice (Reichardt et al., 2018). Its
cardioprotective effects have been well-established in exper-
imental settings (Jirkovský et al., 2013; Herman et al., 2014)
as well as in multiple randomized clinical trials (van Dalen
et al., 2011). Although DEX is unambiguously an effective
cardioprotectant, its current clinical use is limited. Early
concerns regarding its possible impact on cancer response
(Swain et al., 1997) resulted in the restriction of DEX use only
to patients exceeding a cumulative dose of 300 mg/m2 of
doxorubicin (https://www.ema.europa.eu/en/documents/referral/
dexrazoxane-h-31-1275-article-1231-referral-assessment-
report_en.pdf). Later, concerns about the increased risk of
secondarymalignancies in pediatrics (Tebbi et al., 2007) resulted
in the temporary contraindication of DEX in children (https://
www.ema.europa.eu/en/documents/referral/dexrazoxane-h-31-
1275-article-1231-referral-assessment-report_en.pdf). However,
the vast majority of recent data on DEX in pediatric and adult
patients did not support these claims, and a revocation of the
contraindication in children followed (van Dalen et al., 2011;
Reichardt et al., 2018; Kim et al., 2019).
DEX has been traditionally considered as a prodrug of the

metal-chelating agent ADR-925, which should prevent ANT-
induced oxidative stress and myocardial damage by seques-
tration of labile (redox-active) iron ions with the subsequent
prevention of ROS formation (Hasinoff, 1989; Sim�unek et al.,
2009). DEX has also been shown to interact with Top2B, and
this was linked to the induction of cardioprotection (Lyu et al.,
2007; Len�cová-Popelová et al., 2016); however, it remains
unclear whether Top2B interaction is indispensable for
cardioprotection or a dispensable part of a complex mecha-
nism of action.
Bisdioxopiperazine agents, such as razoxane (ICRF-159,

a racemic form of DEX), were originally developed and studied
as anticancer agents (Creighton et al., 1969; Hasinoff et al.,
1995). Only a few studies have investigated the cardioprotec-
tive effects of bisdioxopiperazine derivatives other than DEX
(Herman et al., 1997; Martin et al., 2009; Jirkovská-Vávrová
et al., 2015; Bures et al., 2017). Correspondingly, structure-
activity relationships (SARs) in these settings remain poorly
characterized. Herman et al. (1997) reported that the func-
tionalization of DEX imides, which does not preclude the
hydrolytic opening and metal-chelating qualities of the me-
tabolite, retains cardioprotective potential against ANT car-
diotoxicity in vivo. This concerned agents hydrolysable in
a biologic environment to razoxane (Liang et al., 1999) but also
derivatives with permanent alkylation on the imides. The

latter is exemplified by the N,N-dimethyl derivative of DEX
(ICRF-239), which has been reported to have significant
cardioprotective effects against chronic ANT cardiotoxicity,
as judged by the myocardial histopathology (Herman et al.,
1997). This observation could open yet unexploited routes
toward new DEX derivatives with potentially improved
pharmaceutical and pharmacological properties. The current
literature also does not suggest whether functionalization of
the dioxopiperazine ring in position 3 may have a positive
impact on cardioprotection.
This study aimed to investigate the in vitro and in vivo

cardioprotective effects of two series of DEX derivatives to
elucidate the SAR with respect to the cardioprotective effects.
We also tested the hypothesis that DEX derivatives exert
cardioprotection via metal chelation and/or modulation of
Top2B activity in chronic ANT cardiotoxicity. The first studied
series of compounds stemmed from the alkylation of both
dioxopiperazine imides, whereas the second was based on the
functionalization of one 2,6-dioxopiperazine ring in position 3
with short alkyl. Pharmacokinetics and key pharmacody-
namic aspects (metal chelation and Top2B interaction) were
examined and compared with DEX to explain the observed
effects.

Materials and Methods
Materials

Dulbecco’s modified Eagle’s medium: nutrient mixture F-12
(DMEM/F12), horse serum, FBS, penicillin/streptomycin solution
(5000 U/ml), and sodium pyruvate solution (100 mM) were purchased
from Lonza (Basel, Switzerland). The sera were heat-inactivated prior
to use. RPMI-1640 medium with L-glutamine and NaHCO3, lactic
acid, nicotinamide adenine dinucleotide, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, DMSO, and other chemicals (e.g.,
constituents of various buffers and chemicals for LC-MS analysis)
were purchased from Sigma-Aldrich (St. Louis, MO) or Penta (Prague,
Czech Republic) and were of the highest available pharmaceutical or
analytical grade unless stated otherwise.

Substances of DAU and DEX were purchased as hydrochloric salts
(pharmaceutical grade) fromEuroasian Chemicals Pvt. Ltd. (Mumbai,
India). The identity and purity of the substances were confirmed in-
house using high performance liquid chromatography-mass spectrom-
etry (HPLC-MS). DEX derivatives/analogs were synthetized and
characterized as described below. All other chemicals were purchased
from Sigma-Aldrich unless stated otherwise.

Synthesis of DEX Derivatives

Details of the synthesis of DEX derivatives and their corresponding
identification data can be found in the Supplemental Materials and
Methods.

Series of racemic N,N-dialkyl DEX derivatives were prepared in-
house from razoxane by reactions with a corresponding aliphatic
alcohol using the protocol of the Mitsunobu reaction (Swamy et al.,
2009). Dimethyl, diethyl, diisopropyl, and dibenzyl derivatives were
prepared and labeled as (6)-4,4’-(propane-1,2-diyl)bis(1-methylpiper-
azine-2,6-dione) (GK-627), GK-638, GK-639, and GK-635, respectively

ABBREVIATIONS: ANT, anthracycline; AUC, area under the curve; cTnT, cardiac troponin T; CTR, control; DAU, daunorubicin; DEX, dexrazoxane;
DMEM/F12, Dulbecco’s modified Eagle’s medium: nutrient mixture F-12; GK-580, 4-(2-(3,5-dioxopiperazin-1-yl)ethyl)-3-methylpiperazine-2,6-dione;
GK-5954, 4-(2-(3,5-dioxopiperazin-1-yl)ethyl)-3-ethylpiperazine-2,6-dione; GK-627, (6)-4,4’-(propane-1,2-diyl)bis(1-methylpiperazine-2,6-dione); GK-
635, 4,4’-(propane-1,2-diyl)bis(1-benzylpiperazine-2,6-dione); GK-638, (6)-4,4’-(propane-1,2-diyl)bis(1-ethylpiperazine-2,6-dione); GK-639, 4,4’-(pro-
pane-1,2-diyl)bis(1-isopropylpiperazine-2,6-dione); HP, high-performance; LC, liquid chromatography; LDH, lactate dehydrogenase; LV, left ventricle/
ventricular; MS, mass spectrometry; NVCM, neonatal rat ventricular cardiomyocyte; PCR, polymerase chain reaction; ROS, reactive oxygen species;
SAR, structure-activity relationship; Top2A, topoisomerase IIa; Top2B, topoisomerase IIb.
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(Fig. 1). This approach was employed for the synthesis of the studied
derivatives because of its capability to prepare all four derivatives under
mild reaction conditionswith satisfactory yields. This was in contrast to
two alternative synthetic approaches tested for this purpose: 1) the
synthesis of compound GK-627 usingN-methylformamide, as described
previously (Creighton, 1992; Hellmann, 1993), was found to be unsuit-
able for the synthesis of other N,N-dialkyl derivatives; and 2) the
alkylation of razoxane with dimethyl sulfate in the presence of a base
provided GK-627 only in low yields, whereas the alkylation of razoxane
with alkyl halides did not provide some of the other derivatives at all.

Compound 4-(2-(3,5-dioxopiperazin-1-yl)ethyl)-3-methylpiperazine-
2,6-dione (GK-580) and its ethyl derivative GK-5954 (Fig. 1) were
prepared using a five-step procedure beginning with commercially
availableN-benzylethylenediamine. In the final step, the corresponding
tetracarboxylic acids in formamide were cyclized according to the
standard protocol of DEX synthesis (Creighton, 1976), providing good
yields of methyl (GK-580) and ethyl (GK-5954) derivatives of DEX.

In Vitro Experiments

Assessment of the Protective Effects of DEX and Its
Derivatives against ANT Toxicity. The protective effects of DEX
and its derivatives against ANT-induced cytotoxicity have been
evaluated using a well-established in vitro model utilizing primary
neonatal cardiomyocytes (Vavrova et al., 2013; Jirkovská-Vávrová
et al., 2015). Primary neonatal ventricular rat cardiomyocytes (NVCMs)

were isolated from 1- to 3-day-old Wistar rats (sex undetermined,
presumably mixed; Velaz, Prague, Czech Republic) as described pre-
viously (Vavrova et al., 2013). Animal use was approved by the Animal
Welfare Committee of the Faculty of Pharmacy in Hradec Králové,
Charles University.

After isolation and myocyte separation, the suspension of NVCMs
was plated on 24-well plates precoated with 1% gelatin at a density of
0.4 � 106 cells per well. NVCMs were cultured at 37°C and 5% CO2 in
DMEM/F12 supplementedwith 10%horse serum, 5%FBS, 4% sodium
pyruvate solution, and 1% penicillin/streptomycin solution. Newly
isolated NVCMs were left for 40 hours to attach, and the medium was
changed to DMEM/F12 supplemented with 5% FBS, 4% sodium
pyruvate solution, and 1% penicillin/streptomycin solution. After
another 24 hours, the medium was replaced once more. All experi-
ments were initiated on the 4th day after isolation, when the confluent
cellular monolayer of synchronically beating cardiomyocytes was
obtained. Serum- and pyruvate-free media were used for the
experiments.

ANT toxicity was induced with clinically relevant concentration of
DAU (1.2 mM) (Paul et al., 1989; Varatharajan et al., 2016). The
protective effects of DEX and its derivatives were tested in a clinically
relevant range of concentrations (10–100 mM). The cells were
preincubated with DEX or its derivatives for 3 hours at 37°C and
then coincubated with 1.2 mM DAU for another 3 hours. Thereafter,
the medium was changed, and drug-free postincubation followed for
48 hours. Cytotoxicity was evaluated using a lactate dehydrogenase
(LDH) assay, as described previously (Vavrova et al., 2013). The
results were expressed as the percentage of total cellular LDH
measured after lysis of the cells in lysis buffer. The toxicity of DEX
and its derivatives were assayed by continual incubation with the
given concentration of the single agent for 48 hours at 37°C. Drugs
were dissolved in DMSO, and the final concentration of DMSO in the
cell experiments (including control cells) was 0.1%. Four to six
independent experiments were performed in each group.

Antiproliferative Study. The effect of the agents on the pro-
liferation of cancer cells was studied using the HL-60 cell line (lot
5036502; American Type Culture Collection, Manassas, VA) derived
from patient with acute promyelocytic leukemia. The cells were
cultured in RPMI-1640 medium supplemented with 10% FBS and
1% penicillin/streptomycin solution in 75-cm2 tissue culture flasks at
37°C in a humidified atmosphere of 5% CO2. To assess the impact of
the agents on proliferation, HL-60 cells were plated on 96-well plates
(10,000 cells per well) and incubated with DAU (1–300 nM) and/or
DEX/DEX derivatives (1–100 mM) for 72 hours at 37°C. The rate of
proliferation was determined using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide assay, as described previously (Vav-
rova et al., 2013), and expressed as a percentage of control (untreated)
cells. The drugs were dissolved in DMSO, and the final concentration
of DMSO in cell experiments (including control cells) was 0.1%. In each
group, five independent experiments were performed.

In Vivo Cardioprotective Study

The cardioprotective potential of selected agents was also studied
in vivo using well-established and DEX-validated model of chronic
ANT cardiotoxicity inmale rabbits using 3mg/kg DAUperweek for 10
consecutive weeks (Sim�unek et al., 2004; Popelová et al., 2009;
Jirkovský et al., 2013). The individual dose of DAU used in this study
corresponds to approximately 50 mg/m2, which is the dose used in
human clinical practice (EMC, 2019). All animal procedures were
approved and supervised by the Animal Welfare Committee of the
Faculty of Medicine in Hradec Králové, Charles University.

New ZealandWhitemale rabbits (3.36 0.3 kg, 12–16 weeks old, n =
54; Velaz) were randomly allocated to seven groups and treated
weekly for 10 consecutive weeks. The choice of sex corresponded with
the well-established model and aimed for a high reproducibility of
results (e.g., by avoiding variations due to estrus). Cardiotoxicity was
induced byDAU (3mg/kg, i.v.; DAUgroup,n = 10), whereas the control

Fig. 1. Chemical structures of DEX, its derivatives, and their ring-opened
metabolites. The first group of DEX derivatives was substituted on imide
nitrogen with methyl (Me) (GK-627), ethyl (Et) (GK-638), isopropyl (iPr)
(GK-639), or benzyl (Bn) (GK-635) substituents. The second group
included derivative GK-580, in which the methyl group was moved from
the aliphatic linker to position 3 in one 2,6-dioxopiperazine ring, and its
ethyl analog (GK-5954). The corresponding ring-opened metabolites (met)
of DEX (ADR-925), GK-627 (GK-627met), and GK-580 (GK-580met) are
displayed under the line.
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group received saline [1 ml/kg, i.v.; control (CTR) group, n = 8]. The
cardioprotective drug DEX was used as a positive control at the
previously established and clinically recommended ratio to ANT of 20:
1 (60 mg/kg, i.p., 30 minutes before each DAU; DEX + DAU group, n =
7). Of all the prepared DEX derivatives, the two with the smallest
changes in their chemical structure (GK-627 and GK-580) were
selected for the in vivo study. They were administered at the same
dose (60 mg/kg, i.p.) and schedule (30 minutes before each DAU) as
DEX (GK-627 + DAU and GK-580 + DAU groups, n = 8 in each group).
GK-627 and GK-580 were also administered individually in the same
manner (n = 8 and n = 5, respectively). Animal group sizes were
designed with respect to previous experience with this model (e.g.,
typical mortality) and pre hoc statistical power analysis (alpha = 0.05,
power ˃ 0.8; SigmaStat 3.5 software; SPSS, Chicago, IL). All solutions
were freshly prepared before administration. DEX and both deriva-
tives were used as dihydrochlorides, and substances were completely
dissolved. Final solutions (60 mg/ml) were filtered through antimi-
crobial 0.22-mM porosity filters (Carl Roth GmbH + Co. KG, Karls-
ruhe, Germany) before administration.

Animals were caged individually under standard conditions (tem-
perature 18°C, relative humidity 40%–50%, 12-hour illumination
period) with free access to a standard rabbit chow diet (KO-16; Velas,
a.s., Lysá and Labem, Czech Republic) and tap water. Body weight
wasmonitored weekly, and behavior andmortality of the rabbits were
monitored daily. Noninvasive measurements, drug administration,
and blood sampling were performed under light anesthesia with
ketamine (30 mg/kg, Narketan; Vétoquinol, Lure Cedex, Francie) and
midazolam (1.25 mg/kg, Midazolam Torrex; Chiesi Pharmaceuticals,
Vienna, Austria) administered in combination intramuscularly into
the rabbit thigh. One week after the last dose of the drug, invasive
hemodynamic measurement was performed under individually ti-
trated pentobarbital anesthesia (3% solution, i.v., �30 mg/kg; Sigma-
Aldrich). Pentobarbital was also used to euthanize the animals.
During necropsy of animals (including for unscheduled deaths),
peritoneal and pleural effusions were monitored. Subsequently, the
heart was rapidly excised and briefly retrogradely perfused with ice-
cold saline using a syringe. Transverse sections of cardiac ventricles
were taken for histologic examination, and the rest of the free
ventricles were shock frozen in liquid nitrogen, pulverized, and stored
at 280°C.

Examination of Cardiac Function. The left ventricular (LV)
systolic function was assessed by echocardiography (Vivid 4, 10-MHz
probe; GE Healthcare, Chicago, IL) at the start of the experiment and
weekly from weeks 8 to 11 of the experiment, when the DAU-induced
decline in systolic function was typically observed (Popelová et al.,
2009). Left parasternal long- and short-axis M-mode scanning was
used to obtain LV end-systolic and end-diastolic diameters for the
calculation of LV fractional shortening, as described previously
(Jirkovský et al., 2013).

At the end of the study, LV invasive hemodynamic measurement
was performed via the arteria carotis sinistra using a Mikro-Tip
pressure catheter (2.3F; Millar instruments, Houston, TX) connected
to a data acquisition system (Powerlab; ADInstruments Pty., Bella
Vista, Australia). The first derivative of the LV pressure change in the
isovolumic contraction (index dP/dtmax) was calculated using Lab-
Chart 6 software (ADInstruments Pty). Data were obtained after the
stabilization period (�15 minutes).

Plasma Troponin T Analysis. Blood samples (�1ml) were taken
from the central ear artery into heparin-containing tubes (BD
Vacutainers; BD Biosciences, Plymouth, UK) before the 1st, 5th,
8th, and 10th drug administrations and before the invasive proce-
dures at the end of the study. Cardiac troponin T (cTnT) plasma
concentrations were determined using the Elecsys Troponin T-high
sensitive STAT test (Roche Diagnostics, Basel, Switzerland) with
a detection limit of 0.003 mg/l.

Histopathological Examination. Transverse sections of the
heart ventricles (about 5 mm–thick) were immersed in 4% neutral
formaldehyde for 5–7 days and embedded in paraffin. Serial paraffin

sections (5 mm–thick) were stained with Masson’s blue trichrome
(used mainly to distinguish collagen fibers [dark blue–stained] and
muscle tissue [red-stained]). Photomicrographs were made using an
Olympus BX51 microscope equipped with a DP71 digital camera
(Olympus, Tokyo, Japan) and QuickPHOTO 3.0 software (PROMI-
CRA, Prague, Czech Republic).

RNA Isolation and Quantitative Real-Time Polymerase
Chain Reaction

Pulverized samples of LV were used to isolate total RNA with TRI
Reagent (Sigma-Aldrich). RNAwas reverse transcribed to cDNAusing
the High-Capacity cDNA Reverse Transcription Kit, and quantitative
real-time polymerase chain reaction (PCR) analysis was performed
with a 7500HT Fast Real-Time PCR System using TaqMan Fast
Universal PCRMaster Mix (all from Applied Biosystems, Foster City,
CA) and commercial quantitative PCR assays (Applied Biosystems or
Generi Biotech, Hradec Králové, Czech Republic; for details, see
SupplementalMaterials andMethods). The expression of target genes
was normalized to the reference gene hypoxanthine phosphoribosyl-
transferase 1, and the relative gene expression was calculated using
the Pfaffl method (Pfaffl, 2001).

Pharmacokinetic Study in Rabbits

New ZealandWhitemale rabbits (3.66 0.2 kg, 13–17 weeks old, n =
13; Velaz) were randomly allocated to three groups for the pilot
pharmacokinetic experiments: DEX (60 mg/kg; n = 5), GK-627
(60 mg/kg; n = 4), and GK-580 (60 mg/kg; n = 4). The animals received
the agents as a single intraperitoneal dose, as described in the
cardioprotective study. Blood (�1.5 ml) was sampled from the central
ear artery into heparin-containing tubes before drug administration
and at predefined intervals (5 minutes to 12 hours) after drug
administration. The blood was then immediately centrifuged (3000g,
6 minutes), and plasma was collected, frozen in liquid nitrogen, and
stored at280°C until analysis. Sterile saline was used to compensate
for the blood volume of the rabbits. Midazolam, alone or in combina-
tion with ketamine, was used to maintain the sedation/light anesthe-
sia necessary for blood sampling at later time intervals. Animals were
euthanized 12 hours after drug administration by pentobarbital
overdose. The above-described diet and housing conditions were also
used in this part of the study.

The plasma samples taken from the pharmacokinetic study with
DEX were analyzed using the HPLC-MS/MS assay described and
validated previously (Kovarikova et al., 2013). Briefly, rabbit plasma
(100ml) was spiked with internal standards, precipitated with ice-cold
methanol (600 ml), and vortexed (30 seconds). The samples were
centrifuged (10 minutes, 4°C, 16,800g), and the resulting supernatant
was filtered through a 0.45-mm porosity filter (Milex-Hv; Merck-
Millipore, Darmstadt, Germany) and injected into the column. A
Prominence LC-20AHPLC system (Shimadzu, Kyoto, Japan), coupled
with an LCQ Advantage MAX mass spectrometer (Thermo Finnigan,
San Jose, CA), was used for sample analysis. The analytes were
ionized by electrospray in positive ion mode. The separation was
performed on a Synergi Polar-RP columnwith amixture of ammonium
formate and methanol in a gradient mode as the mobile phase. This
method was further adapted for the analysis of close DEX derivatives
(GK-580 and GK-627) and their metabolites. GK-580 was analyzed
using the same instrument, whereas the GK-627 assay was performed
on a Nexera X2 UHPLC system coupled to an LCMS-8030 triple
quadrupole mass spectrometer (both Shimadzu). Details of these
methods can be found in the Supplemental Materials and Methods.

Displacement of Iron Ions from Complex with Daunorubicin

The spectrophotometric assay was adapted from Hasinoff et al.,
(2003). The DAU-Fe (3:1) complex solution was prepared by adding
DAU solution in water to FeCl3 in 15 mMHCl. The resulting reddish-
brownmixture was added to the reaction buffer (50 mM Tris, 150 mM
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KCl, pH = 7.4, room temperature) to yield final concentrations of
45mMDAUand 15mMFe3+. The spectrophotometric measurement at
600 nm (absorption band typical for the complex compared with
uncomplexed DAU) was performed in 96-well plates (eight parallel
wells per measurement) using an Infinite M200 microplate reader
(Tecan Group, Männedorf, Switzerland). After a 3-minute equilibra-
tion period, solutions of the tested compounds in DMSO (100 mM final
concentration, 1% DMSO) or 1% DMSO alone (as a control) were
added, and the absorbance at 600 nm was measured for another
10 minutes (600 seconds). Four to eight independent experiments
were performed in each group.

Inhibition of Topoisomerase II DNA Relaxation Activity

The topoisomerase II activity assay was performed using recombi-
nant human topoisomerase IIa (Top2A) or Top2B, whichwere purified
as described previously (Gilroy and Austin, 2011) and kindly provided
by Prof. Austin. Either enzyme isoform was incubated with 1 nM of
supercoiled DNA plasmid TCS1 (Lee et al., 1989) in a reaction buffer
containing 10mMTris-HCl (pH 8.0), 50mMKCl, 50mMNaCl, 10mM
MgCl2, 0.1 mM EDTA, 5 mM ATP, 0.1 mg/ml bovine serum albumin,
and 1/10 volume of each compound diluted in 10%DMSO (final DMSO
concentration 1%) for 30 minutes at 37°C. The reaction was then
stopped by the addition of the gel loading buffer (1/10 volume; 1%SDS,
0.025% bromophenol blue, 20% sucrose, 5 mM EDTA, 50 mM TRIS-
HCl, pH 8.0). The topological forms of the plasmid were resolved in
a 1% agarose gel in Tris/borate/EDTA buffer (89 mMTris base, 89mM
Boric acid, 2 mM EDTA, pH 8.3) at 3 V/cm for approximately 2 hours.
Gels were stained with ethidium bromide (0.5 mg/ml) for 15 minutes
and visualized using the Gel Doc EZ system with ImageLab software
(Bio-Rad, Hercules, CA).

Western Blot Analysis of Top2B Protein Depletion

Top2B Depletion in Samples from In Vitro Experiments in
NVCMs. The NVCMs plated on 24-well plates were incubated with
DEX and all derivatives under study for 24 hours at 37°C. Then, the
cells were harvested by scraping in radioimmunoprecipitation assay
buffer (Sigma-Aldrich) with phosphatase and protease inhibitor
solutions (Thermo Fisher Scientific Inc., Waltham, MA and Roche,
respectively) on ice. After centrifugation (14,000g, 4°C, 15 minutes),
the supernatant was collected, and 10 mg of protein was loaded into
each lane of a Mini-PROTEAN 7.5% TGX Stain-Free FastCast
Acrylamide gel (Bio-Rad). After separation, the proteins were trans-
ferred onto a 0.2-mm nitrocellulose membrane using a Trans-Blot
Turbo Transfer System (Bio-Rad). Rabbit monoclonal anti-Top2A/B
antibody [EPR5377] (ab109524; dilution 1:1000; Abcam, Cambridge,
UK)was used as the primary antibody and goat anti-rabbit IgGF(ab’)2
horseradish peroxidase–conjugated antibody (ab6112; dilution 1:
10,000; Abcam) was used as the secondary antibody. Clarity Western
ECL Substrate was used for detection on ChemiDoc with Image
Laboratory software (all Bio-Rad). The signal was normalized to the
total protein on the membrane visualized by Stain-Free technology.

Top2B Depletion in Samples from In Vivo Experiments.
Samples of the LV myocardium obtained at the end of the pharma-
cokinetic experiments (12 hours after administration of a single dose
of either DEX, GK-627, or GK-580 at 60 mg/kg, i.p., similar to the
cardioprotective study) were analyzed for their Top2B protein level.
Rabbits treated intraperitoneally with saline (1 ml/kg, pH-adjusted;
n = 5) were used as appropriate controls. Pulverized LV samples were
homogenized in ice-cold radioimmunoprecipitation assay buffer sup-
plemented with protease (cOmplete, EDTA-free Protease Inhibitor
Cocktail; Roche) and phosphatase inhibitors (Halt Phosphatase In-
hibitor Cocktail; Thermo Fisher Scientific Inc.). Samples were pro-
cessed to obtain equal amounts of proteins; the proteins were
separated on precast gels (Mini-PROTEAN TGX 4%–15%; Bio-Rad)
and transferred onto a PVDF membrane (Immobilon-P; Sigma-
Aldrich) using a tank (wet) technique. The upper parts of the
membranes were incubated with the same Top2B primary antibody

as that used for NVCMs (ab109524; dilution 1:1000; Abcam) and
secondary anti-rabbit antibody (NA934; dilution 1:2000; GE Health-
care, Buckinghamshire, UK). The signal was elicited using BM
ChemiluminescenceWestern Blotting Substrate (Roche) and detected
on CL-XPosure film (Thermo Fisher Scientific Inc.). The lower parts of
the membranes were incubated with mouse anti–glyceraldehyde-3-
phosphate dehydrogenase primary antibody (G8795; dilution 1:
25,000; Sigma-Aldrich) and secondary anti-mouse antibody (Poly-
clonal Goat Anti-Mouse Immmunoglobulin/Horseradish Peroxidase;
dilution 1:25,000; DAKODenmark A/S, Glostrup, Denmark) as a load-
ing control. Quantity One software (Bio-Rad) was used for densito-
metric quantification of the bands.

Data Analysis

SigmaStat 3.5 software (SPSS) was used for statistical analyses.
Statistical significance (P ˂ 0.05) was determined by one-way or two-
way ANOVA (followed by Holm-Sidak’s post hoc test) or ANOVA on
ranks (followed by Dunn’s post hoc test) according to the data
characteristics. Data are presented as mean 6 S.D. or as boxes and
whiskers representing the interquartile range and 5th–95th percen-
tile, respectively, unless stated otherwise. GraphPad Prism 7.00
(GraphPad Software, San Diego, CA) was used for the graphical
representation of the results.

Results
Cytoprotective Effects of DEX and Its Derivatives against
DAU Toxicity In Vitro

Clinically relevant concentration of DAU (1.2 mM) induced
significant cytotoxicity as determined by LDH release in
NVCMs (Fig. 2). DEX significantly protected the cells from
the DAU toxicity at all tested concentrations (10–100 mM)
(Fig. 2A). In sharp contrast, none of the six close DEX
derivatives elicited the same effect at concentrations up to
100 mM (Fig. 2, B–G). Similar to DEX, most derivatives were
nontoxic on their own. However, the dibenzyl derivative of
DEX (GK-635) induced significant toxicity at the highest
tested concentration (100 mM) (Fig. 2E). In combination
experiments, it was observed that the toxicity of this com-
pound apparently had an additive effect to that of DAU.

In Vivo Cardioprotective Study

The complete lack of in vitro cardioprotective effects of all
DEX derivatives, including the closest derivatives (dimethyl
derivative GK-627 and isomethyl derivative GK-580) was
surprising. In a previous in vivo study, the former drug (also
known as ICRF-239) was reported to decrease ANT-induced
myocardial damage in a DEX-validated model of chronic ANT
cardiotoxicity (Herman et al., 1997). Indeed, chronic toxicity
cannot be completely mimicked in vitro. Discrepancy between
the in vitro data obtained in NVCMs and in vivo data obtained
on a model of chronic ANT cardiotoxicity was previously
reported in another close DEX derivative, ICRF-161 (Martin
et al., 2009). Therefore, it was crucial to test the two closest
derivatives of DEX prepared in this study (GK-627 and GK-
580) in vivo in a well-established rabbit model of ANT
cardiotoxicity to validate our in vitro findings.
Survival and General Toxicity. DAU administered to

rabbits in weekly cycles induced unscheduled deaths between
the 9th and 11th weeks of the experiment (Fig. 3A). DEX
cotreatment completely prevented DAU-induced unscheduled
deaths, whereas cotreatment with either GK-627 or GK-580
was unable to provide this protection. Multiple deaths were
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Fig. 2. In vitro study of the protective effects of DEX and its derivatives against anthracycline cardiotoxicity. NVCMs were incubated with DEX (A), GK-
627 (B), GK-638 (C), GK-639 (D), GK-635 (E), GK-580 (F), or GK-5954 (G) alone for 48 hours or preincubated with these agents for 3 hours and then
incubated with DAU for another 3 hours with an additional 48-hour drug-free period. Drugs were dissolved in dimethyl sulfoxide (final concentration
0.1%; also included in control cells). Toxicity was assessed as the activity of LDH released into culture media (four to six independent experiments in each
group). Data are expressed as the mean 6 S.D. Statistical significance was determined with one-way ANOVA followed by Holm-Sidak’s post hoc test as
compared with the control group (“***”P # 0.001) and the DAU group (“ΔΔ”P # 0.01; “ΔΔΔ”P # 0.001).
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observed in the latter groups with timings and extents
similar to those in the DAU-alone group. No unscheduled
deaths were found in the groups treated with GK-627 or GK-
580 alone. Necropsy examinations revealed LV or biven-
tricular dilation and a significant rise in the heart/body
weight ratio in all animal groups receiving DAU, except for
the DEX + DAU group (Fig. 3B). DAU treatment also
induced signs of blood congestion in the pleural (hydrotho-
rax; Fig. 3C) and peritoneal cavities (ascites, Fig. 3D).
Although DEX clearly prevented both signs of DAU-
induced blood congestion, neither of the two close deriva-
tives was able to prove the same effect. No apparent changes
in behavior were noted in the animals, with the exception of
the tendency to decrease food intake and locomotive activity
several days before unscheduled death in DAU-treated
animals.
Examination of LV Function. Both echocardiographic

and LV catheterization examinations revealed impaired LV
systolic function after DAU treatment (Fig. 4, A and B). DEX
cotreatment prevented the development of systolic dysfunc-
tion, as evident from both examinations. However, neither
GK-627 nor GK-580 cotreatment provided any protection. The
LV dysfunctions in both of these combination groups were
similar to that observed in the DAU group.

Biomarkers of Increased LV Wall Stress and Myo-
cardial Damage. The myocardial gene expressions of the
atrial and brain natriuretic peptides as markers of LV wall
stress and heart failure were significantly and markedly
increased in all groups receiving DAU compared with those
in the control group, except for theDEX+DAUgroup, inwhich
expressions of both genes were low and insignificant (Fig. 4, C
and D). These findings further confirm the results of exami-
nations of LV function presented above and suggest that only
DEX prevents DAU-induced LV dysfunction and heart failure.
DAU-induced myocardial damage was also quantitatively

documented by a significant increase in the plasma concen-
tration of cTnT at the end of the study (Fig. 4E) as well as by
the increased area under the curve (AUC) of plasma concen-
trations of this biomarker throughout the experiment
(Fig. 4F). Although DEX cotreatment evidently prevented
the increase of this biomarker, this was not the case for its two
derivatives.
Histopathological Examination of the LV Myocar-

dium. Conspicuous morphologic changes characteristic of
chronic ANT treatment were found in the hearts of rabbits
in theDAUgroup (Fig. 5). Typical focal damagewasmanifested
by different degrees of cell degeneration; that is, the fragmen-
tation and loss of myofibrils, shrinkage up to disintegration of

Fig. 3. In vivo study of the protective effects of DEX and its two close derivatives (GK-627 and GK-580) against chronic anthracycline cardiotoxicity—
survival and necropsy findings. Animal survival is expressed in the Kaplan–Meier curve (A). Necropsy findings are displayed as follows: heart/body
weight ratio (B), incidence of hydrothorax (C), and ascites (D). Data are expressed as medians with boxes and whiskers representing the interquartile
range and 5th–95th percentiles, respectively, (B) or as a percentage of animals with fluid retention in the given range (C and D). Statistical significance
was evaluated using one-way ANOVA followed by Holm-Sidak’s post hoc test (B). Symbols indicate statistically significant differences (P , 0.05) in
comparison with the following: “*,” CTR group; and “#,”DEX + DAU group. The results from all animals in the study were included in the analysis: CTR,
GK-627, GK-627 + DAU, GK-580 + DAU (n = 8 in each group), GK-580 (n = 5), DAU (n = 10), and DEX + DAU (n = 7).
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Fig. 4. In vivo study of the protective effects of DEX and its two close derivatives (GK-627 and GK-580) against chronic anthracycline cardiotoxicity—
examination of cardiac function and biomarkers of cardiac damage. LV systolic function was examined both by echocardiography as LV fractional
shortening (LVFS) reported as the last measured values (LMV) in the study (A) and by LV catheterization at the scheduled end of the study (index dP/
dtmax) (B). Biomarkers of wall stress and cardiac dysfunction—atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP)—were evaluated in
the LV myocardium by quantitative real-time PCR (C and D). cTnT, a selective biomarker of cardiac damage, was determined by Elecsys Troponin
T-high sensitive STAT test. The results are displayed as the LMV (E) and AUC of plasma concentrations of cTnT determined in the time course of the
experiment (F). Data are expressed as medians with boxes and whiskers representing the interquartile range and 5th–95th percentiles, respectively.
AUC values were calculated using Graphpad software. Statistical significance was evaluated with one-way ANOVA (followed by Holm-Sidak’s post hoc
test) or ANOVA on ranks (followed by Dunn’s post hoc test) according to the data character. Symbols above columns indicate statistically significant
differences (P, 0.05) in comparison with the following: “*,” CTR group; “#,” DEX + DAU group; “†,” the GK-627–alone group; and “‡,” the GK-580–alone
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the cell nucleus, and gradually increasing vacuolization of the
cytoplasm, resulting in cell death. Necrotic cardiomyocytes are
gradually replaced by fibrotic scar tissue, representing impor-
tant healing process. The most distinct changes were found in
the myocardia of animals with unscheduled death. In contrast,
almost normal myocardial structures were found in the hearts
of animals in the DEX + DAU group. Degenerating cardiomyo-
cytes were rarely present herein. Hence, themorphologic image
was completely different from that of the DAU group. In
combination groups with both GK-627 and GK-580, the quality
andquantity ofmyocardial damagewere comparable to those in
theDAUgroup. The control, GK-627, andGK-580–alone groups
presented normal myocardial structures.
Taken together, both DEX derivatives under study, GK-627

andGK-580, were unable to prevent DAU-inducedmyocardial
damage, which is in accordance with our other in vivo findings.

Pharmacokinetic Study of GK-627 and GK-580 and
Comparison with DEX

All of the experimental evidence presented above conclu-
sively demonstrated that both studied DEX derivatives, GK-
627 and GK-580, are ineffective as cardioprotectants in vivo
when administered at the same doses and through the same
route of administration as DEX. However, we could not
exclude the fact that all of these in vivo results may be (co)
determined by unexpected differences in pharmacokinetics
compared with those of DEX. Therefore, we performed
a pharmacokinetic experiment to examine whether the failure
of these agents to provide cardioprotective effects stems from
different pharmacokinetics or pharmacodynamics in compar-
ison with DEX.
In these experiments, DEX and both its derivatives were

administered in a single intraperitoneal injection (60 mg/kg)
as in the cardioprotective experiments described above, and
the concentrations of the drugs were determined in plasma by
LC-MS/MS. The concentration-time profiles of the parent
compounds in plasma determined in these experiments are
shown in Fig. 6A. Similar to DEX, both DEX derivatives were
readily absorbed after intraperitoneal administration, with
peak plasma concentrations achieved within the first two
sampling intervals (10–20 minutes), that is, before the
administration of DAU in the cardioprotective experiments
(30 minutes). The peak plasma concentrations (cmax) were
very similar in DEX and GK-627 (3246 102 and 3306 17 mM,
respectively), whereas the same parameter was only moder-
ately lower in GK-580 (204 6 105 mM). The plasma concen-
trations of GK-627 were even higher than those of DEX at
most time intervals, and the total exposure to this DEX
derivative was significantly higher, as confirmed by AUC
calculation (Fig. 6C). This largely excludes the hypothesis that
the failure of GK-627 as a cardioprotectant is caused by
distinct pharmacokinetics of the parent compound compared
with those of DEX. In the case of GK-580, the plasma
concentrations in the majority of time intervals were moder-
ately lower than those in theDEX group, but the AUCwas still
very close to that of DEX. Although this could potentially
determine minor relative quantitative differences in the
cardioprotective effect of this compound, it certainly cannot
explain the complete lack of effect in GK-580 in contrast to the
robust effect seen in the DEX combination group.
Both compounds were designed to retain the ability to

undergo hydrolytic opening of bisdioxopiperazine rings to
metal-chelating agents similar to DEX, which has been
traditionally considered as a prodrug of the metal-chelating
metabolite ADR-925. Hence, we analyzed the plasma concen-
trations of the metabolites of both DEX derivatives analogical
to ADR-925 (Fig. 1). Although the plasma concentrations of
the metabolite were even higher in GK-627 than in DEX
(Fig. 6B), the opposite was true for GK-580. The same is also
valid for the AUC of the metabolites (Fig. 6D). Although there
was some difference in metabolism between these two deriv-
atives, the data do not suggest that the impaired ability to
form the two ring-opened metabolites could be a universal

group. In Figures (A, E, and F), all animals were included in the analysis; that is, CTR, GK-627, GK-627 + DAU, GK-580 + DAU (n = 8 in each group),
GK-580 (n = 5), DAU (n = 10), and DEX + DAU (n = 7). In Figure (B), the examination was performed only in the animals surviving until the end of the
study; that is, DAU (n = 7), GK-627 + DAU (n = 6), and GK-580 + DAU (n = 5). In Figure (C and D), the samples appropriately harvested during some
unscheduled deaths of animals were included in the analysis: DAU (n = 10), GK-627 + DAU (n = 7), and GK-580 + DAU (n = 6).

Fig. 5. In vivo study of the protective effects of DEX and its two close
derivatives (GK-627 and GK-580) against chronic anthracycline cardio-
toxicity—morphologic alterations in the left ventricular myocardium.
Normal structure of themyocardiumwas obvious not only in the CTR, GK-
627–alone, and GK-580–alone groups, but it was almost normal in the
DEX + DAU group. In contrast, conspicuous focal degenerative changes
manifesting themselves by the fragmentation of myofibrils (intensely
eosinophilic) but mainly by vacuolization of the cytoplasm of cardiomyo-
cytes (with a wide range of vacuole size) scatter groups of macrophages
removing cell debris (e.g., in the center of the picture) resulting in
replacement fibrosis (dark blue–stained bundles of collagen fibers) were
characteristic of the DAU group. In the combination groups with
dexrazoxane derivatives (GK-627 + DAU and GK-580 + DAU), the
myocardium showed very similar morphologic damage to that in the
DAU-alone group. Masson’s trichrome staining. Scale bar, 50 mm.
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explanation for the lack of cardioprotective effects in the
studied DEX derivatives.

Iron-Chelating Properties of DEX Derivatives and Their
Metabolites

Pharmacokinetic study largely excluded that the major
reason for the striking difference in cardioprotective effects
between DEX and both its derivatives was in their different
pharmacokinetic properties. Hence, we focused on the differ-
ences in pharmacodynamics. Because the metal-chelating
hypothesis of the cardioprotective effects of DEX is still one
of the most cited, we checked the chelating capabilities of both
DEXderivatives and—mainly—their ring-openedmetabolites
in the iron displacement assay from complex with DAU. The
displacement was determined spectrophotometrically as
the decline in absorbance of the DAU-Fe complex at 600 nm.
The change in absorbance induced by addition of the tested
compound (100 mM) for 600 seconds is displayed both as the
time course and percentage of control (DAU + Fe) at the end of

the experiment (Fig. 7, A and B). A potent iron chelator,
salicylaldehyde isonicotinoyl hydrazone and a DEX ring-
opened metabolite (ADR-925) were used as positive controls.
Although both parent compounds (GK-627 and GK-580) were
unable to displace iron from the DAU-Fe complex as expected
(the results were the same as in the controls), their two ring-
opened metabolites were chelating iron to the same extent as
ADR-925 and to a similar extent to salicylaldehyde isonicoti-
noyl hydrazone. These results demonstrate that the difference
in cardioprotective potential between DEX and its derivatives
cannot be explained by the different chelating properties of
their metabolites.

Interaction of DEX Derivatives with Top2B and Comparison
with DEX

We next focused on Top2B, which has been considered as an
important target for ANT cardiotoxicity (Zhang et al., 2012).
Two types of assays were used to assess the interaction of

DEX and its derivatives with Top2B. First, the inhibition of

Fig. 6. In vivo investigation of the plasma pharmacokinetics (PK) of DEX and its close derivatives (GK-627 and GK-580) in rabbits. Plasma
concentration–time profile of DEX and its two derivatives (A) and their corresponding ring-opened metabolites (B) after single administration of the
parent compounds to rabbits as in the cardioprotective experiments (60 mg/kg, i.p.). Concentrations of the parent compounds and their ring-opened
metabolites were determined by the LC-MS/MSmethod as described in theMaterials andMethods section. AUCs of plasma concentrations of the parent
compounds (C) and their ring-opened metabolites (D) were calculated using Graphpad software. Data are expressed as the mean 6 S.D. Statistical
significance was evaluated with one-way ANOVA (followed by Holm-Sidak’s post hoc test) or ANOVA on ranks (followed by Dunn’s post hoc test).
Symbols above columns indicate statistically significant differences (P , 0.05) in comparison with the following: “#,” DEX group; and “‡,” the GK-580
group. The number of animals in the PK analyses were as follows: DEX/ADR-925 (n = 5), GK-627/GK-627met (n = 4), and GK-580/GK-580met (n = 4). met,
metabolite.
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purified human Top2B relaxation activity was evaluated
in vitro using supercoiled plasmid DNA. In this setting, only
DEX substantially inhibited Top2B, whereas none of its six
derivatives had comparable activity in concentrations up to
1 mM (Fig. 8A). Second, depletion of the Top2B enzyme was
assessed at the protein level using samples obtained from both
in vitro and in vivo experiments with the same setup as that
used in the cardioprotective experiments. In vitro, DEX
clearly depleted Top2B in NVCMs, whereas none of its
derivatives were observed to have comparable activity
(Fig. 8B). The same was confirmed for GK-627 and GK-580
in vivo (Fig. 8C). Although DEX significantly depleted Top2B
in the LV myocardium of rabbits 12 hours after its adminis-
tration, neither of the two closest DEX derivatives showed the
same effect, although they were present at similar or higher
concentrations in the rabbit blood. Hence, the studied mod-
ifications of DEX resulted in the loss of the ability to interact
with purified human Top2B enzyme, and the same was
observed in primary animal cardiomyocytes in vitro and
in vivo in animal hearts. This could be a plausible reason for
the complete lack of cardioprotective effects in both settings.

Interaction of DEX Derivatives with Top2A and Their Impact
on the Antiproliferative Effects of DAU

Since DEX is also known to inhibit Top2A, which largely
explains its potential to inhibit the proliferation of cancer cells,
we also tested the studied DEX derivatives for these effects.
Indeed, DEX inhibited the relaxation activity of purified

human Top2A enzyme (Supplemental Fig. 1) and dose-
dependently inhibited proliferation of the leukemic cell line
HL-60 (10–100 mM, Supplemental Fig. 2A). In contrast, none
of the DEX derivatives showed a similar inhibitory effect on
Top2A (Supplemental Fig. 1). The effects of all DEX deriva-
tives on the proliferation of HL-60 cells were small and

insignificant at concentrations below 10 mM (Supplemental
Fig. 2A). At higher concentrations (30–100 mM), only GK-635
and GK-5954 affected the proliferation of HL-60 cells. Since
the former compound was also significantly toxic to non-
proliferating cardiomyocytes, the nonspecific cytotoxic effect
of this dibenzyl derivative was likely to be involved. Similar
results were observed in combinations of DEX or its deriva-
tives (10 or 100 mM) with DAU (Supplemental Fig. 2, B–H).
Although DEX significantly enhanced the antiproliferative
effects of DAU, its derivatives showed no significant effect in
these settings.

Discussion
In this study, we demonstrated that the simple alkylation of

DEX on both imides or in position 3 of one of the dioxopiper-
azine rings resulted in: 1) the complete loss of cytoprotective
effects against ANT toxicity in NVCMs in vitro at concen-
trations up to 100mMand 2) the loss of cardioprotective effects
against chronic ANT cardiotoxicity in rabbits in vivo when
administered at the same dose as DEX in terms of the
prevention of unscheduled deaths, LV systolic dysfunction,
signs of blood congestion, biomarkers of heart failure, cardiac
damage, and myocardial histopathology. The lack of pro-
tective effects in vivo was not due to different pharmacokinet-
ics of the studied derivatives compared with those of DEX.
Instead, the principal difference was most likely in the
pharmacodynamics and particularly in the ability to interact
with Top2B, which highlights this protein as a key target for
the induction of effective cardioprotection.
An important finding of this study is that the cardioprotective

effects of DEX show a very tight SAR because even simple
methylation at the given positions completely abolished its
cardioprotective potential in the studied range of concentrations

Fig. 7. Displacement of iron (Fe) ions from complex with DAU—the effects of the close dexrazoxane derivatives (GK-627 and GK-580) and their
metabolites. The iron-chelating properties of both dexrazoxane derivatives and their ring-opened metabolites were measured spectrophotometrically at
600 nm for 10 minutes (600 seconds) as the ability of the compounds to displace Fe from the complex with DAU (A). The values obtained at 10 minutes
after the addition of the studied compounds are displayed as relative values (% of control) and compared with the effects of ADR-925 (ring-opened
metabolite of dexrazoxane) and salicylaldehyde isonicotinoyl hydrazone (SIH), a strong experimental chelator (B). Drugs (100 mM) were dissolved in
dimethyl sulfoxide (final concentration 1%, also included in control experiments). The number of independent experiments was as follows: n = 4 in the
GK-627, GK-580, GK-627met, and GK-580met groups and n = 8 in the DAU, CTR, SIH, and ADR-925 groups. Data are expressed as the mean 6 S.D.
Statistical significance was evaluated using one-way ANOVA followed by Holm-Sidak’s post hoc test. “***” indicates a statistically significant difference
(P # 0.001) compared with the control group (CTR + DAU + Fe). met, metabolite.
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and doses. Although the substitution of the dioxopiperazine ring
was addressed in this study for the first time, the functional-
ization of both imides with methyl has been previously
studied. Herman et al. (1985) observed minimal protective
activity of the dimethyl DEX derivative ICRF-239 (our GK-
627) against the massive overall toxicity of an acute high dose
of doxorubicin in hamsters, as judged by a simple survival
analysis. However, no conclusion can be drawn from these
experiments regarding the cardioprotective potential of the
studied agents. More relevant data were reported later by
Herman et al. (1997): ICRF-239 (our GK-627) decreased the
myocardial lesion score in a DEX-validated model of chronic
ANT cardiotoxicity in spontaneously hypertensive rats, al-
though this effect was less effective than that observed in
DEX. In contrast, our in vitro and in vivo data conclusively
showed that neither of the parameters of ANT cardiotoxicity
was significantly improved by this DEX derivative, despite
achieving even higher plasma concentrations than those after
DEX administration. Notably, in the former study, no animal
survived until the end of the experiment in the group cotreated

with this derivative, which was in contrast with the complete
prevention of mortality induced by DEX administration. This
certainly complicated the interpretation of the cardioprotec-
tive potential of this compound in a previous study. The
incidence of unscheduled deaths in our study was consistent
with the lack of cardioprotective potential of the compound.
We cannot exclude that the observed results may be caused

by a relative decrease in the potency of these new derivatives
compared with that of DEX; however, such difference would
have to be amajor one. The in vitro results indicate at least 10-
fold and 33-fold lower potencies than that of DEX in cytopro-
tective and Top2B inhibitory effects, respectively. Although
we do not have the data to estimate the difference in potency
in vivo, a relativelymarked difference is also expected. No sign
of cardioprotection was observed with the studied derivatives
at the upper limit of recommended doses for DEX (20:1 ratio to
ANT) despite even higher total body exposures of GK-627.
Dose-escalation studies with these agents have not been
performed because of the assumed limited additional value
and uncertain feasibility of these experiments.

Fig. 8. Effects of DEX and its close derivatives on Top2B activity and its protein abundance in vitro and in vivo. Inhibition of purified human Top2B by
DEX and its derivatives (A); lanes: “–” supercoiled TCS1 plasmid (substrate) without Top2B, “+” plasmid relaxed by Top2B in the presence of
1% dimethyl sulfoxide. DEX concentration dependently inhibited Top2B activity, whereas DEX derivatives had no effect. Top2B protein abundance in
NVCMs (B) and rabbit LV myocardium (C) after treatment with DEX or its derivatives was assayed by Western blotting. In vitro, DEX and its
derivatives were used at concentrations of 0–100 mM. In vivo DEX, GK-627, and GK-580 were administered at 60 mg/kg, i.p., and the myocardium was
taken for analysis 12 hours later. DEX depleted Top2B protein (mol. mass �183 kD) in both the NVCMs and LV myocardium, whereas the DEX
derivatives showed no effects. Protein loading was controlled by analysis of the total protein [Stain-Free (SF)] (B) or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (mol. mass � 37 kD) (C). Results are displayed as representative analyses (A and B) or as mean 6 S.D. (C), in which the
number of animals was as follows: n = 5 in the CTR and DEX groups, and n = 4 in the GK-627 and GK-580 groups. Statistical significance was evaluated
using one-way ANOVA (followed by Holm-Sidak’s post hoc test). Symbols indicate statistically significant differences (P , 0.05) compared with the
following: “*” CTR group; “†,” the GK-627 group; and “‡,” the GK-580 group.
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The current understanding of the SAR of bisdioxopipera-
zines in cardioprotective settings may be summarized as
follows. The presence of unsubstituted imide nitrogens in
bisdioxopiperazine is required for the cardioprotective effects
of DEX and its related compounds. This, however, concerns
only permanent substitutions of this moiety. Morpholino-
methyl derivatives (such as ADR-559) or sobuzoxane, which
are readily hydrolysable in biologic environments to free-
imide bisdioxopiperazines, have been shown to be protective
against ANT cardiotoxicity (Herman et al., 1997; Vavrova
et al., 2013). Data from the present study suggest the same
requirement for position 3 on the 2,6-dioxopiperazine rings, as
its alkylation practically abolished the cardioprotective
effects. We have previously found that oxo groups of dioxopi-
perazine rings are also essential for cardioprotective effects
(Jirkovská-Vávrová et al., 2015), and our unpublished results
suggest that the removal of only a single oxo group resulted in
the loss of protective effects in vitro (unpublished data).
Others reported that the two-carbon linker between the rings
is required for cardioprotection against chronic ANT cardio-
toxicity because one-carbon elongation results in a lack of
cardioprotective effects in vivo despite comparable pharmaco-
kinetics to DEX (Martin et al., 2009). Herman et al. (1997)
showed that a demethylated DEX derivative (ICRF-154) was
cardioprotective, suggesting that the methyl on the linker
between the dioxopiperazine rings was not necessary for
cardioprotection. However, the poor solubility of this symmet-
ric derivative precludes the exploitation of its pharmacological
potential. Our previous in vitro findings with sobuzoxane,
which is a prodrug of ICRF-154, confirms this hypothesis.
These observations also imply that it is the presence of the
methyl group on one of the dioxopiperazine rings that
precludes the cardioprotective effect of the isomethyl deriva-
tive GK-580 and not the corresponding lack of this substituent
on the aliphatic linker. Interestingly, apart from ICRF-154
and DEX (and their prodrugs), neither DEX derivatives
studied so far have conclusively shown cardioprotective effects
against ANT cardiotoxicity in vivo.
Regarding the mechanism of the cardioprotective effects

of DEX and its derivatives, our study strongly indicates that
the interaction of DEX with Top2B is essential and in-
dispensable for its cardioprotective effects both in vitro and
in vivo. Details of this requirement are poorly understood; it
is still not clear whether Top2B inhibition is sufficient for
this effect or whether depletion is also a mandatory part of
the effect. However, the lack of Top2B interaction predicted
the absence of cardioprotective potential in all derivatives
tested both in this study and in our previous study
(Jirkovská-Vávrová et al., 2015). Previously, Martin et al.
(2009) reported a co-incidence of the absence of Top2
inhibitory and in vivo cardioprotective effects against
chronic ANT cardiotoxicity in another close DEX derivative
(ICRF-161). Because Top2B is the predominant Top2 iso-
form in cardiomyocytes (Vejpongsa and Yeh, 2014; Atwal
et al., 2019), this finding fits the above-mentioned mecha-
nistic concept. Indeed, Top2B has been implicated in the
development of ANT cardiotoxicity (Zhang et al., 2012) and
in DEX-induced cardioprotection (Lyu et al., 2007; Deng
et al., 2014; Len�cová-Popelová et al., 2016). Hence, data
from this study contribute to accumulating evidence that
the interaction of bisdioxopiperazines with this target is
indispensable for effective cardioprotection.

In the current literature, it is often stated that ANT
cardiotoxicity may be mediated by both Top2B and metal-
catalyzed ROS production, whereas DEX is suggested to
prevent both these events (Henninger and Fritz, 2017;
Hutchins et al., 2017). However, the findings of this study do
not support this hypothesis. At least some of the DEX
derivatives evaluated in this study are evidently effectively
metabolized to metal-chelating metabolites, which can dis-
place iron from its complexes with DAU, similar to the DEX
metabolite ADR-925. However, despite these retained metal-
chelating effects, no signs of even partial protection were
observed in these derivatives lacking Top2B inhibitory effects.
We have previously shown that a different DEX derivative
[JR-311; (Bures et al., 2017)], which is very prone to hydrolysis
of its dioxopiperazine rings to the metal-chelating metabolite,
failed to provide effective protection in vitro unless a sufficient
amount of the parent compound (allowing effective interaction
with Top2B) was not provided through repeated dosing
throughout the study. Hence, our data seem to be in accor-
dance with previous reports suggesting that the metal-
chelating effects of DEXmay not be the most important factor
for its cardioprotective effects (Minotti et al., 1999). It is
noteworthy that some older reports have questioned the
physiologic relevance of the ANT-Fe complexes (3:1), which
should be targeted by ADR-925 to prevent ROS formation
(Gelvan and Samuni, 1988). However, further studies specif-
ically designed to directly address the role of the metal-
chelating metabolites of DEX in cardioprotection are needed
to resolve this question.
In conclusion, this study revealed the very tight SAR of

bisdioxopiperazines in cardioprotective settings. It has been
previously reported that the dimethyl derivative of DEX
retains certain cardioprotective potential, but this study
conclusively shows the opposite. For the first time it has
been shown that even the smallest substitution with ali-
phatic alkyls on imides or in position 3 on one of the 2,6-
dioxopiperazine rings practically abolishes the cardioprotec-
tive effects of DEX both in vitro and in vivo. Pharmacokinetic
studies confirmed that the reasons for a lack of cardiopro-
tective effects are not in the pharmacokinetics of new
derivatives but rather in the pharmacodynamics and the
lack of Top2B interaction. These findings further support the
notion that Top2B is an upstream druggable target for
effective cardioprotection against ANT cardiotoxicity. The
complex in vivo part of this study confirmed the predictive
value and validated our in vitro models. In bisdioxopiper-
azine derivatives, a focus on the substitution of the aliphatic
linker may be more promising than modifications to the
dioxopiperazine rings.
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