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Abstract 

Cardiotoxicity is a serious drawback of anthracycline anti-cancer drugs and dexrazoxane is 

the only cardioprotective agent with clinically established efficacy. Iron-mediated oxidative 

stress is traditionally believed to be the primary cause of anthracycline cardiotoxicity, and 

dexrazoxane-induced cardioprotection is attributed to iron chelating properties of its open ring 

metabolite, ADR-925, which may inhibit the oxidative injury. However, dexrazoxane is also a 

catalytic inhibitor of topoisomerase II (TOP2), and the role of oxidative stress in clinically 

relevant forms of cardiotoxicity has increasingly been questioned. In this study, novel 

analogues of dexrazoxane (MK-15, ES-5) and ADR-925 (KH-TA4, JR-159) were 

synthesized, and evaluated in vitro and in vivo. When examined in the leukemic cell line, HL-

60, these novel analogues did not interfere with the anti-proliferative action of daunorubicin. 

In contrast to dexrazoxane, they had no anti-cancer effect on their own and the changes in the 

chemical structure resulted in a loss of TOP2 inhibitory activity. Although some of the novel 

compounds showed significant anti-oxidant and iron chelating properties in vitro, they did not 

protect isolated cardiomyocytes and rabbits from daunorubicin-induced cardiotoxicity and 

heart failure. Importantly, dexrazoxane has been found to be a relatively weak intracellular 

iron chelator and it failed to protect the isolated cardiomyocytes from model oxidative injury 

induced by hydrogen peroxide. However, in contrast to all novel analogues, dexrazoxane 

induced depletion of the TOP2 beta isoform. This isoform is typical for terminally 

differentiated cells and its genetic deletion has been reported to overcome anthracycline-

induced cardiotoxicity. Hence, TOP2 beta, rather than (or along with) iron chelation, may be 

promising target for effective cardioprotection induced by bisdioxopiperazine agents. 

Keywords: Anthracycline cardiotoxicity; Cardioprotection; Daunorubicin; Dexrazoxane 

(ICRF-187); Iron chelation; Topoisomerase II (TOP2). 
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Graphical Abstract 
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Abbreviations:  

AcCN – acetonitrile; ANT – anthracycline; cTnT – cardiac troponin T; DAU – daunorubicin; 

DEX – dexrazoxane; DMEM – Dulbecco’s Modified Eagle Medium; DMEM/F12 – DMEM 

with Ham’s F-12 nutrient mixture (1:1); DMF – N,N-dimethylformamide; DMSO – dimethyl 

sulfoxide; DOX – doxorubicin; DTPA – diethylenetriaminepentaacetic acid; DTT – 

dithiothreitol; Et2O – diethylether; EtOH – ethanol; FAC – ferric ammonium citrate; FBS – 

fetal bovine serum; FS – fractional shortening; GAPDH – glyceraldehyde 3-phosphate 

dehydrogenase; H2O2 – hydrogen peroxide; HEPES – 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid; HS – horse serum; LDH – lactate dehydrogenase; LV – left 

ventricular; MeOH – methanol; MTT – 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide; NAD+ – nicotinamide adenine dinucleotide; NVCMs – rat isolated neonatal 

ventricular cardiomyocytes; P/S – penicillin/streptomycin; PBS – phosphate-buffered saline; 

ppm – parts per million; PVDF – polyvinylidene fluoride; PYR – sodium pyruvate; RIPA – 

radioimmunoprecipitation assay; ROS – reactive oxygen species; SDS – sodium dodecyl 

sulphate; SIH – salicylaldehyde isonicotinoyl hydrazone; TEA – triethylamine; Tf – human 

transferrin; TOP2 – topoisomerase II; TOP2A – topoisomerase II alpha; TOP2B – 

topoisomerase II beta.  
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1 Introduction 

Anthracyclines (ANTs), such as doxorubicin (DOX) or daunorubicin (DAU) are highly 

effective anti-neoplastic agents.1 ANTs inhibit tumor growth mainly by blocking the function 

of topoisomerase II (TOP2A), an enzyme that is crucial for post-replicative decatenation and 

for alleviating super-helical torsion arising from DNA topology.2 Although ANTs are more 

than 50 years old, they are still widely prescribed for the treatment of a number of 

hematological and solid malignancies.3 

 

Clinically, ANTs are associated with a significant risk of cardiotoxicity.1, 4-6 The most 

important are chronic forms of cardiotoxicity that develop months or years after the 

completion of chemotherapy and typically manifest as dilated cardiomyopathy and heart 

failure.3 Despite numerous proposed theories, the exact pathophysiological mechanism(s) of 

ANT cardiotoxicity still remain(s) elusive. The dominant and most cited hypothesis 

implicates the iron (Fe)-mediated generation of reactive oxygen species (ROS).7, 8 ANTs can 

induce the production of superoxide radicals via the quinone/semiquinone redox cycling of its 

aglycone.9, 10 The superoxide dismutates into hydrogen peroxide (H2O2), which may in turn 

enter the Fe-catalyzed Haber-Weiss reaction, yielding hydroxyl radicals. The hydroxyl radical 

is an extremely reactive and toxic form of ROS that damage DNA, alter proteins and lipids 

and promote myocyte dysfunction and death.11 Furthermore, ANTs are able to form 

complexes with free Fe ions and undergo a cascade of reactions resulting in further hydroxyl 

radical production.7 
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To date, the only pharmacological agent with the demonstrated ability to prevent ANT-

induced cardiotoxicity is dexrazoxane (DEX, ICRF-187, (S)-4-[2-(3,5-dioxopiperazin-1-

yl)propyl]piperazine-2,6-dione; Fig. 1).12 According to the prevailing hypothesis, DEX 

protects cardiomyocytes against ANT-induced damage via its metal-chelating hydrolysis 

product, ADR-925 (Fig. 1), an analogue of the well-known metal chelator EDTA.13, 14 ADR-

925 may act by displacing Fe from Fe-ANT complexes and/or by chelating free redox-active 

intracellular Fe ions, and thus, prevent site-specific Fe-based ROS damage.15, 16 Of note, DEX 

has also been shown protective against a variety of other toxicities (apart from ANT-induced 

cardiotoxicity) associated with oxidative stress. 17, 18 However, DEX is also a powerful 

catalytic TOP2 inhibitor19 and a recent study suggested that the beta-isoform of this enzyme is 

the key molecular target mediating the cardiotoxicity.20 Furthermore, DEX has been found to 

deplete topoisomerase IIβ (TOP2B) in H9c2 myoblasts by a yet-undisclosed mechanism(s), 

and this effect might be associated with its cardioprotective activity.21 

 

Randomized clinical trials have clearly demonstrated that administration of DEX together 

with ANTs significantly reduces incidence of cardiac events and permits the administration of 

higher cumulative doses of ANTs.22, 23 On the other hand, DEX therapy is also associated 

with certain disadvantages. For example, DEX aggravates ANT-induced hematotoxicity, 

particularly leucopenia.16, 24 DEX has also been associated with a higher incidence of 

secondary malignancies,25 as well as interference with ANT anti-tumor efficacy.26 Although 

these findings are controversial, they have already had a significant impact on the 

recommendations27 for the clinical application of DEX. Hence, despite the unequivocal ability 

of DEX to prevent ANT-induced cardiotoxicity in adults and children, either real or perceived 

problems attributed to DEX have resulted in a reduction in use in the clinical oncology 

community at large. However, the remarkable cardioprotective potential of DEX has strongly 
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encouraged the search for safer DEX alternatives and analogues with retained powerful 

cardioprotective effects. Most in vitro and in vivo studies of alternative cardioprotectives 

focused so far on various antioxidants, flavonoids or iron chelators, with promising results 

from high-dose and acute settings, which were not affirmed in clinically relevant chronic 

models.28 Surprisingly, only a few DEX and/or ADR-925 derivatives or analogues have been 

studied so far, which contributes to the very limited insight into the structure-activity 

relationships of these agents. Furthermore, the uncertainty about the specific pharmacological 

effect of DEX responsible for its cardioprotective action generally hinders the development of 

novel and effective cardioprotective strategies. 

 

The aims of this study were to synthesize novel analogues of DEX and its putative active 

metabolite ADR-925 (Fig. 1) and to evaluate their cardioprotective potential both in vitro and 

in vivo. To this end, we used primary cultures of rat isolated neonatal ventricular 

cardiomyocytes (NVCMs) and a well-established model of chronic ANT-induced heart failure 

in rabbits.29-31 The Fe chelation and mobilization properties of the examined agents as well as 

their effects on TOP2 activity and protein levels were used to assess the properties necessary 

for effective cardioprotection.  
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2 Materials and methods 

2.1 Materials 

Dulbecco’s Modified Eagle Medium (DMEM), DMEM with Ham’s F-12 nutrient mixture 

(DMEM/F12), horse serum (HS), fetal bovine serum (FBS), penicillin/streptomycin solution 

(5000 U/mL; P/S) and sodium pyruvate solution (100 mM; PYR) were purchased from Lonza 

(Basel, Switzerland). The sera were heat-inactivated prior to use. DEX was obtained from 

Huaren Chemicals (Changzhou, Jiangsu, China) and the identity and purity of the compound 

was also verified in-house using appropriate methods described below. RPMI-1640 medium 

with L-glutamine and NaHCO3, pyruvate-free DMEM, lactic acid, nicotinamide adenine 

dinucleotide (NAD+), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), 

as well as other chemicals (e.g., the constituents of various buffers) were purchased from 

Sigma-Aldrich (St. Louis, Montana, U.S.A.) or Penta (Prague, Czech Republic), and were of 

the highest available pharmaceutical or analytical grade. Dimethyl sulfoxide (DMSO) was 

used to dissolve the examined compounds. 

 

2.2 Synthesis of dexrazoxane and ADR-925 analogues 

All chemicals for synthesis were obtained from Sigma-Aldrich (St. Louis, Montana, U.S.A.) 

and used as received. Thin-layer chromatography was performed on Merck aluminum sheets 

with silica gel 60 F254 or Merck aluminum sheets with silica gel 60 RP-18 F254s (Merck 

KGaA, Darmstadt, Germany). Merck Kieselgel 60 (0.040-0.063 mm) was used for column 

chromatography. The melting points of the compounds were recorded on a Büchi B-545 

apparatus, and are uncorrected. Infrared spectra were measured on Nicolet 6700 (ATR mode) 

(Thermo Fisher Scientific, Waltham, Massachusetts, U.S.A.). 1H and 13C NMR spectra were 
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recorded using a Varian Mercury Vx BB 300 or VNMR S500 NMR spectrometer (Agilent 

Technologies, Santa Clara, California, U.S.A). Chemical shifts were reported as δ values in 

parts per million (ppm), and were indirectly referenced to tetramethylsilane via the solvent 

signal. Elemental analysis was carried out using an EA1110CE Automatic Microanalyzer 

(Fisons Instruments, Milan, Italy). Mass spectra were recorded using an Agilent 500 Ion Trap 

LC/MS (Agilent Technologies, Santa Clara, California, U.S.A.). 

 

2.2.1 Synthesis of Ethyl-2-{bis[2-(3,5-dioxopiperazin-1-yl)ethyl]amino}acetate (ES-5; 

Fig. 2) 

2-{Bis[2-(3,5-dioxopiperazin-1-yl)ethyl]amino}acetic acid: A suspension of 

diethylenetriaminepentaacetic acid (10 g, 25.4 mmol) in formamide (40 mL) was stirred and 

heated under a vacuum (1.5-2 kPa) for 1 h. The reaction flask was then filled with argon, and 

the reaction was heated to 150-160 °C/5 h under an argon atmosphere. Approximately 30 mL 

of formamide was evaporated under reduced pressure and the dark residue was cooled to 

room temperature, diluted with 20 mL of methanol and cooled until a precipitate formed. The 

product was filtered, washed several times with methanol and dried. 

 

Yield: 68% (6.14 g) as a cream-colored solid; mp 254 °C; 1H NMR (500 MHz, DMSO-d6) δ 

11.06 (s, 2H), 3.34 (s, 8H), 3.31 (s, 2H), 2.78 (t, J = 6.4 Hz, 4H), 2.55 (t, J = 6.4 Hz, 4H); 1H 

NMR (300 MHz, D2O) δ 3.82 (s, 2H), 3.56 (s, 8H), 3.50-3.41 (m, 4H), 3.04-2.94 (m, 4H); 13C 

NMR (126 MHz, DMSO-d6) δ 171.76, 171.55, 55.31, 55.24, 52.56, 50.90; 13C NMR 

(75 MHz, D2O) δ 173.45, 170.56, 57.20, 54.83, 51.80, 49.30. LRMS m/z (APCI) 356.6 (100, 

M+H+), 357.6 (16%). 
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Ethyl-2-{bis[2-(3,5-dioxopiperazin-1-yl)ethyl]amino}acetate: Amino acid (2 g, 5.63 mmol) 

and K2CO3 (0.39 g, 2.82 mmol) were suspended in DMSO under vigorous stirring. 

Ethylbromide (0.4 mL, 5.35 mmol) was added dropwise, and the reaction mixture was stirred 

at room temperature for 10 h. The reaction mixture was filtered, the DMSO was evaporated 

under reduced pressure, and the residue was purified using column chromatography on silica 

(mobile phase: ethyl acetate) and subsequently recrystallized (acetone/ethyl acetate). 

 

Yield: 56% (1.2 g) as a yellowish solid; mp 110 °C; Rf (ethyl acetate) 0.18; 1H NMR 

(300 MHz, DMSO-d6) δ 11.06 (s, 2H), 4.02 (q, J = 7.1 Hz, 2H), 3.38 (s, 2H), 3.32 (s, 8H), 

2.69 (t, J = 6.3 Hz, 4H), 2.56-2.46 (m, 4H), 1.16 (t, J = 7.1 Hz, 3H); 13C NMR (75 MHz, 

DMSO) δ 171.66, 171.27, 59.85, 55.41, 54.60, 53.27, 50.83, 14.31. LRMS m/z (APCI) 384.3 

(100, M+H+), 385.1 (18%). 

 

2.2.2 Synthesis of 4,4'-(Propane-1,2-diyl)bis(piperazin-2-one) (MK-15; Fig. 2) 

Piperazin-2-one: Ethyl bromoacetate (27.5 mL, 0.25 mol) was added in several portions to a 

stirring suspension of ethylenediamine (160 mL, 2.4 mol) and K2CO3 (36 g, 0.26 mol) in 

acetonitrile (AcCN) (1 L). The reaction mixture was heated to reflux for 6 h under microwave 

irradiation. The reaction mixture was then cooled to room temperature, filtered, and the 

volatiles were evaporated under reduced pressure. The residue was recrystallized twice from 

acetone. 
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Yield: 65% (16 g) as a yellowish crystalline solid; mp 133 °C; 1H NMR (300 MHz, D2O) δ 

3.40 (s, 2H), 3.38-3.28 (m, 2H), 3.00-2.89 (m, 2H). 13C NMR (75 MHz, D2O) δ 173.21, 

47.88, 41.99, 40.93. 

 

4,4'-(Propane-1,2-diyl)bis(piperazin-2-one): Piperazin-2-one (14.95 g, 0.149 mol), K2CO3 

(20.6 g, 0.149 mol) and 1,2-dibromopropane (7.8 mL, 0.074 mol) were heated under an argon 

atmosphere to 90 °C for 10 h in 100 mL of N,N-dimethylformamide (DMF). The reaction 

mixture was cooled and filtered, and the DMF was evaporated under reduced pressure. The 

residue was purified using silica gel column chromatography (mobile phase: CHCl3/MeOH, 

5:1) 

 

Yield: 26% (4.66 g) as a yellowish crystalline solid; mp 155-156 °C (with decomp.); Rf 

(CHCl3/MeOH, 2:1) 0.42; 1H NMR (300 MHz, D2O) δ 3.42-3.32 (m, 4H), 3.31 (s, 2H), 3.23 

(s, 2H), 3.08 – 2.94 (m, 1H), 2.93-2.81 (m, 3H), 2.80-2.63 (m, 2H), 2.57-2.46 (m, 1H), 1.11 

(d, J = 6.5 Hz, 3H); 1H NMR (300 MHz, DMSO-d6) δ 7.69 (s, 1H), 7.65 (s, 1H), 3.16-3.02 

(m, 6H), 2.95-2.90 (m, 2H), 2.91-2.80 (m, 1H), 2.66-2.39 (m, 5H), 2.22 (dd, J = 12.5, 7.1 Hz, 

1H), 0.91 (d, J = 6.5 Hz, 3H); 13C NMR (75 MHz, D2O) δ 172.51, 171.98, 59.69, 56.18, 

55.33, 51.83, 48.55, 44.05, 40.99, 40.44, 13.15. 13C NMR (75 MHz, DMSO-d6) δ 168.53, 

168.02, 59.90, 57.42, 54.54, 52.82, 49.36, 44.75, 41.06, 40.60, 13.05; LRMS m/z (APCI) 

241.4 (100, M+H+), 242.2 (12%). 
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2.2.3 Synthesis of N,N,N',N'-tetrakis(N,N-dimethylcarbamoylmethyl)-1,2-

diaminopropane (JR-159; Fig. 2) 

A mixture of 1,2-diaminopropane (1 mL, 11.7 mmol), 2-chloro-N,N-dimethylacetamide 

(7.24 mL, 70.4 mmol), K2CO3 (10 g, 72.4 mmol) and NaI (1 g, 6.67 mmol) in AcCN (60 mL) 

was stirred and heated to reflux for 4 h under microwave irradiation. The reaction mixture 

was cooled and stirred overnight at room temperature. The suspension was then filtered, and 

the AcCN was evaporated under reduced pressure. The residue (9 g) was purified by column 

chromatograph after three consecutive runs (1. mobile phase: Acetone/TEA), gradient 

15:1-10:1; 2. mobile phase: Acetone/EtOH/TEA, gradient 10:0:1-10:10:1, 3. mobile phase: 

EtOH/TEA, gradient 10:0-10:1). 

 

Yield: 21% (1.04 g) as a yellowish viscous oil; Rf (EtOH) 0.1; 1H NMR (300 MHz, DMSO-

d6) δ 3.48-3.34 (m, 6H), 3.24-3.10 (m, 2H), 3.03 (s, 6H), 2.95 (s, 6H), 2.86-2.68 (m, 14H), 

2.38 (dd, J = 12.4, 6.1 Hz, 1H), 0.88 (d, J = 6.0 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) δ 

170.12, 169.99, 56.89, 55.96, 53.82, 52.72, 36.61, 36.41, 35.19, 34.99, 13.21. LRMS m/z 

(APCI) 415.5 (100, M+H+), 416.5 (21%). 

 

2.2.4 Synthesis of N,N,N',N'-tetrakis(N-butylcarbamoylmethyl)-1,2-diaminopropane 

(KH-TA4; Fig. 2) 

N-Butyl-2-bromoacetamide: A solution of bromoacetylbromide (2.08 g, 0.01 mol) in dry 

Et2O (6 mL) was cooled to -20 °C. A solution of butylamine (1.51 g, 0.02 mol) in 6 mL of dry 

Et2O was added dropwise over the course of 30 min. The reaction mixture was stirred at -

20 °C for 30 min, after which 12 mL of cold water was added to the reaction mixture. The 
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organic layer was removed and washed twice with 12 mL of 1 M HCl, 12 mL of 1 M NaOH 

and 12 mL of brine. The organic layer was dried with anhydrous Na2SO4 and evaporated 

under reduced pressure. 

 

Yield: 65% (1.26 g) as a colorless oil, solidifying at 4 °C to an amorphous solid. 1H NMR 

(300 MHz, DMSO-d6) δ 8.22 (s, 1H), 3.80 (s, 2H), 3.09-3.01 (m, 2H), 1.46-1.17 (m, 4H), 

0.86 (t, J = 7.2 Hz, 3H); 13C NMR (126 MHz, DMSO-d6) δ 165.99, 38.81, 31.07, 29.77, 

19.63, 13.79. 

 

N,N,N',N'-tetrakis(N-butylcarbamoylmethyl)-1,2-diaminopropane: 1,2-diaminopropane 

(0.28 g, 0.004 mol) was dissolved in 10 mL of AcCN. Potassium carbonate (2.6 g, 0.019 mol) 

and N-butyl-2-bromoacetamide (3.7 g, 0.019 mol) were added, and the reaction mixture was 

heated in a microwave reactor to reflux for 4 h. The reaction mixture was cooled to 4 °C 

overnight. The resulting solid was filtered off, washed thoroughly with water and dried under 

reduced pressure. 

 

Yield: 88% (1.85 g) as a white solid, mp 160-162 °C. 1H NMR (500 MHz, CDCl3) δ 7.58 (t, 

J = 5.8 Hz, 2H), 7.49 (t, J = 5.9 Hz, 2H), 3.34-3.02 (m, 16H), 2.96-2.87 (m, 1H), 2.58 (dd, 

J = 13.8, 9.8 Hz, 1H), 2.37 (dd, J = 13.8, 4.6 Hz, 1H), 1.54-1.41 (m, 8H), 1.38-1.26 (m, 8H), 

0.94-0.87 (m, 15H). 13C NMR (126 MHz, CDCl3) δ 170.97, 170.36, 58.98, 58.90, 55.21, 

55.00, 39.22, 39.10, 31.66, 31.64, 20.11, 13.71, 13.70, 12.30. LRMS m/z (APCI) 527.5 (100, 

M+H+), 528.5 (29%). 
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2.3 Cell culture, in vitro toxicity and proliferation assessments 

The HL-60 acute promyelocytic leukemia cell line,32 was purchased from the American Type 

Culture Collection (Manassas, Virginia, U.S.A.) and cultured in RPMI-1640 supplemented 

with 10% FBS, 1% P/S in 75 cm2 tissue culture flasks at 37 °C in a humidified atmosphere 

with 5% CO2. For cytotoxicity assays, the cells were plated in 96-well plates in a density of 

10,000 cells/well. The cells were incubated with the indicated agents for 72 h/37 °C. The 

proliferation was determined using MTT assays. Briefly, 25 µL of a 3 mg/mL MTT solution 

in PBS was added to each well, and after 2 h of incubation at 37 °C the cells were lysed with 

lysis buffer (isopropanol, 0.1 M HCl, 5% Triton X-100) for 30 min at room temperature. After 

the formazan was dissolved, the absorbance of the samples was measured at 570 and 690 nm. 

 

NVCMs were isolated from 1-3 day old Wistar rats using standard methods.33-35 The use of 

animals was approved by the Charles University Faculty of Pharmacy Animal Care 

Committee. The neonatal hearts were minced in ADS buffer (1.2 mM MgSO4.7H2O; 

 116 mM NaCl; 5.3 mM KCl; 1.13 mM NaH2PO4.H2O; 20 mM HEPES) on ice and serially 

digested at 37 °C with collagenase type II (Invitrogen, Carlsbad, California, U.S.A.). The cell 

suspension was pre-plated on a 150-mm Petri dishes (suspension from approximately 20 

hearts/dish) for 2 h at 37 °C to minimize contamination with fibroblasts. The NVCM cells 

were then plated on 12-well gelatin-coated plates at 80,000 cells/well. NVCMs were cultured 

at 37 °C in a 5% CO2 atmosphere in DMEM/F12 medium supplemented with 10% HS, 5% 

FBS, 4% PYR and 1% P/S. Newly isolated NVCMs were left for 40 h to attach properly and 

allowed form a culture of spontaneously beating cardiomyocytes, and then the medium 

changed to DMEM/F12 supplemented with 5% FBS, 4% PYR and 1% P/S.  
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For experiments, the medium was changed to serum- and pyruvate-free DMEM/F12 with 1% 

P/S. The myocytes were pre-treated with DEX, or the novel analogues for 0, 3, 6 or 

24 h/37 °C and then co-incubated with 1.2 μM DAU for 3 h/37 °C. After these incubations, 

the culture medium was changed and the cells were post-incubated with DEX or the novel 

analogues for 48 h/37 °C. Alternatively, after pre-treatment, the cells were co-incubated with 

300 μM H2O2 for 48 h. A sample of the culture medium was taken from each well to assess 

lactate dehydrogenase (LDH) activity as an indice of membrane damage.36-38 The control 

wells were treated with lysis buffer (0.1 M potassium phosphate, 1% Triton X-100, 1 mM 

DTT, 2 mM EDTA, pH 7.8, 15 min/room temperature) to measure the total cellular LDH 

level. The samples were frozen immediately and stored at -80 °C until they were analyzed. 

The activity of LDH was assayed in Tris-HCl buffer (pH 8.9) containing 35 mM lactic acid 

and 5 mM NAD+. The rate of NAD+ reduction was monitored spectrophotometrically at 

340 nm for 2 min/37 °C. The slope of the linear region was calculated, and the data were 

expressed as a percent of total LDH. 

 

Changes in cellular morphology were assessed using an Eclipse TS100 inverted 

epifluorescence microscope (Nikon Corporation, Tokyo, Japan) and NIS-Elements AR 2.20 

software (Laboratory Imaging s.r.o., Prague, Czech Republic). To visualize active 

mitochondria, NVCMs were loaded with 0.5 μM JC-1 (Molecular Probes/ Thermo Fisher 

Scientific, Inc., Waltham, Massachusetts, U.S.A.) for 30 min/37 °C after the 3-h pre-

treatment/37 °C with the novel analogues (30 μM) and subsequent incubation with 1.2 μM 

DAU for 3 h/37 °C with a 48-h drug-free period. At low concentrations, JC-1 exists within 

cells in a green-fluorescent monomeric form and accumulates in actively respiring 

mitochondria with membrane potential difference (ΔΨm) between the inner and outer 
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mitochondrial membrane. This ΔΨm-dependent formation of “J-aggregates” is represented by 

a shift from green to red fluorescence. 

 

The H9c2 cell line, derived from embryonic rat heart tissue,39 was purchased from the 

American Type Culture Collection (Manassas, Virginia, U.S.A.) and were cultured in DMEM 

supplemented with 10% FBS, 1% P/S and 10 mM HEPES in 75 cm2 tissue culture flasks at 

37 °C in a humidified atmosphere of 5% CO2. Sub-confluent cells were passaged every 3-4 

days. In the calcein assay, cells were seeded in 12-well plates (75,000 cells/well), allowed to 

attach for 24 h and then the culture medium was replaced with serum- and pyruvate-free 

DMEM. In the serum free media, the cells were essentially non-proliferating and were used 

for experiments. 

 

2.4 In vivo cardiotoxicity and cardioprotection studies 

To examine the in vivo cardioprotective effects of the novel DEX analogues in a pilot study, a 

well-established model of chronic ANT cardiotoxicity in rabbits was used,29, 30, 40 Chinchilla 

male rabbits (~3.5 kg; n = 34) were randomized into several groups. Cardiotoxicity was 

induced with DAU (3 mg/kg, i.v., Pfizer Inc., New York, New York, U.S.A, n = 6), while a 

control group received saline (1 mL/kg, i.v., n = 6). All procedures using these animals were 

approved by the Charles University Faculty of Medicine Animal Care Committee. 

Dexrazoxane (60 mg/kg, Cardioxane, Novartis, Basel, Switzerland, n = 6), MK-15 (60 mg/kg, 

n = 5), ES-5 (60 mg/kg, n = 3), KH-TA4 (25 mg/kg, n = 7) and JR-159 (50 mg/kg, n = 1) 

were dissolved in saline and administered intraperitoneally 30 min prior to each DAU 

administration. All of the drugs were administered once weekly for 10 weeks, which is a 
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standard procedure used previously for chronic DAU-induced cardiotoxicity development in 

rabbits.30 DEX was administered at the recommended 1:20 dose ratio to DAU that has been 

previously demonstrated to be effective and well-tolerated in rabbits.30, 31 The tolerability of 

the repeated weekly co-administration of the newly synthesized agents and DAU was 

estimated prior to the analysis of potential cardioprotective effects. The results of these 

preliminary experiments performed with 60 mg/kg of the drugs and the same schedule as 

describe above suggested a necessary dose reduction of KH-TA4 and JR-159 to 25 and 

50 mg/kg, respectively. 

 

The administration of drugs, blood sampling and non-invasive measurements of cardiac 

function were carried out under combined light anesthesia of ketamine (30 mg/kg, i.m.) and 

midazolam (1.25 mg/kg, i.m.). Weight gain was monitored weekly, and changes in behavior 

and possible external signs of toxicity were observed daily. The study was terminated 5-7 

days after the last drug administration by pentobarbital overdose. During autopsy or necropsy, 

gross pathological changes of the heart, as well as the presence of pleural effusions and 

ascites were evaluated. 

 

The left ventricular (LV) systolic function was analyzed by echocardiography (Vivid 4, 

10 MHz probe; GE Healthcare, Buckingham, U.K.). The LV fractional shortening (FS), an 

index of the LV systolic function, was obtained from LV end-systolic and end-diastolic 

diameters as determined by guided M-mode scanning from the left parasternal long and short 

axis view.41 The examination was performed at the beginning of the study and weekly during 

the later stages of the study (8th-11th week), when the DAU-induced decline in systolic 

function is observed.30 
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The concentration of cardiac troponin T (cTnT) in plasma was determined using an Elecsys 

Tropo T hs (Roche Diagnostics/Hoffman-La Roche Ltd., Basel, Switzerland) at the beginning 

of the study, and before the 5th, 8th and 10th administration of the drug and at the end of the 

study. 

 

2.5 Determination of Fe-chelating properties 

The experiments analyzing the Fe-chelating efficacy of the compounds in cultured cells were 

performed according to Glickstein et al.42 with slight modifications. H9c2 cells were seeded 

in 96-well plates (10,000 cells/well) and loaded with 100 μM ferric ammonium citrate (FAC) 

in serum-free medium for 24 h. The cells were then washed, and to prevent potential 

interferences from trace contaminants, the medium was replaced with a buffer prepared from 

Millipore-filtered (demineralized) water, containing 116 mM NaCl, 5.3 mM KCl, 1 mM 

CaCl2, 1.2 mM MgSO4, 1.13 mM NaH2PO4, 5 mM glucose and 20 mM HEPES (pH 7.4). The 

cells were then loaded for 30 min at 37 °C with 1 μM of the cell-permeable acetoxymethyl 

ester of calcein green (Molecular Probes/ Thermo Fisher Scientific, Inc., Waltham, 

Massachusetts, U.S.A.) and then washed with calcein-free buffer. Cellular esterases cleave the 

acetoxymethyl groups to form the membrane-impermeable calcein green, and this 

fluorescence can be quenched by FAC. Intracellular fluorescence (λex = 488 nm; 

λem = 530 nm) was then followed over time (1 min before and 10 min after the addition of 

chelator) at 37 °C using an Infinite 200 M plate reader (Tecan Austria GmbH, Grödig, 

Austria). The novel agents were compared to a previously characterized 33 chelator 

(salicylaldehyde isonicotinoyl hydrazone, SIH), used a positive control. 
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2.6 Effect of the agents on 59Fe mobilization from cells 

For 59Fe mobilization studies, H9c2 cells were seeded in 35 mm Petri dishes (250,000 

cells/dish). Human transferrin (Tf) was labeled with 59Fe (DuPont NEN, Boston, 

Massachusetts, U.S.A.) to produce 59Fe2-Tf using established methods.43, 44 Unbound 59Fe was 

removed by exhaustive vacuum dialysis against a large excess of 0.15 M NaCl buffered to 

pH 7.4 with 1.4% NaHCO3.
43, 44 

 

To examine the ability of the novel agents to mobilize 59Fe from H9c2 cells, Fe efflux 

experiments were performed using established techniques.43, 45 Briefly, after pre-labeling the 

cells with 59Fe-Tf (0.75 µM) for 3 h/37 °C, the cells were washed four times with ice-cold 

PBS and subsequently incubated with the novel agents (25 μM) for 3 h/37 oC. The culture 

medium containing the released 59Fe was then separated from the cells. Radioactivity was 

measured in both the cell pellet and supernatant using a γ-scintillation counter (Wallac Wizard 

3, Turku, Finland). The novel agents were compared to the reference chelator, SIH, which 

was used as a positive control as it is known to markedly increase cellular 59Fe release.46 

 

2.7 Fe displacement from the DAU-Fe complex 

The rate of Fe displacement from the DAU-Fe complex by the studied substances was 

measured using spectrophotometric assays as described before.47, 48 Briefly, a complex of 

DAU and Fe was prepared by adding FeCl3 in 15 mM HCl to a DAU solution. The resulting 

complex (3:1), which revealed a typical absorption band at λ = 600 nm was added to reaction 

buffer (50 mM Tris/150 mM KCl, pH = 7.4, room temperature) in a glass cuvette to yield a 

final concentration of 45 μM DAU and 15 μM Fe3+. After 4 min of equilibration, the novel 
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analogues (or the reference Fe chelator, SIH) were added to obtain a final concentration of 

100 μM. The absorbance of the reaction at λ = 600 nm was then measured for 4 min at room 

temperature using a spectrophotometer (Heliosβ, Spectronic Unicam, Cambridge, U.K.). 

 

2.8 Topoisomerase IIα (TOP2A) activity assay 

TOP2A inhibition assays were performed using the Topoisomerase II Drug Screening Kit 

(TopoGEN Inc., Port Orange, Florida, U.S.A.) according to the manufacturer’s instructions. 

Briefly, 200 ng of pHOT1 supercoiled DNA was incubated with 1 unit of TOP2A in a 

reaction buffer containing 0.1 M Tris-HCl, 0.3 M NaCl, 20 mM MgCl2, 1 mM DTT, 

60 μg/mL bovine serum albumin and 100 μM of each compound for 30 min/37 °C. The 

reaction was then stopped by using an incubation of the reaction mixture with 1% SDS and 

50 ng of proteinase K (15 min/37 °C). Gel loading buffer (1/10 volume; 0.25% bromphenol 

blue and 50% glycerol) was added, and the samples were analyzed on a 1% agarose gel 

according to the commercial supplier. Electrophoresis was conducted at 10 V/cm for 

approximately 1 h. Gels were stained with ethidium bromide (0.5 µg/mL) for 15 min and 

destained in water for 10 min prior to visualizing DNA bands using a GelDoc with Quantity 

One software (Bio-Rad, Hercules, California, U.S.A.). 

 

2.9 Western blot analysis of topoisomerase IIβ (TOP2B) in cardiomyocytes 

The NVCMs were plated onto 60 mm Petri dishes and incubated with DEX, MK-15, ES-5, 

KH-TA4 or JR-159 for 3, 6, 12 or 24 h/37 oC, washed twice with ice-cold PBS, harvested 

with a cell scraper and centrifuged at 700 × g/10 min/4 °C. The supernatant was discarded, 

and the cell pellets were kept at -80 °C until homogenization in RIPA buffer with phosphatase 
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and protease inhibitor solution (Thermo Fisher Scientific Inc., Waltham, Massachusetts, 

U.S.A. and Roche, Basel, Switzerland, respectively) with brief vortexing, sonication on ice 

(90 s, 1 cycle, 100% amplitude; Ultrasonic Processor UP100H, Hielscher, Germany) and 

shaking (700 rpm, 1°C, 30 min; ThermoMixer C, Eppendorf AG, Hamburg, Germany). After 

centrifugation (16,000 × g, 1°C, 15 min), the supernatant was collected and 10 μg of protein 

was loaded into each lane of a Mini-PROTEAN Any kD TGX Precast Gel (Bio-Rad, 

Hercules, California, U.S.A.). After separation, the proteins were transferred onto a PVDF 

membrane (Pall Corporation, Port Washington, New York, U.S.A.) using a Trans-Blot SD 

Semi-Dry Electrophoretic Transfer Cell (Bio-Rad, Hercules, California, U.S.A.). Rabbit 

monoclonal anti-TOP2B (Abcam, Cambridge, U.K.; dilution 1:7,500) was used as a primary 

antibody and horseradish peroxidase-conjugated donkey anti-rabbit IgG (GE Healthcare, 

Wilmington, Massachusetts, U.S.A.; dilution 1:15,000) was used as the secondary antibody. 

The BM Chemiluminescence Blotting Substrate (Roche, Basel, Switzerland) was used for 

detection. Densitometric quantification was performed using Quantity One software (Bio-

Rad, Hercules, California, U.S.A.). Protein loading was evaluated using an anti-GAPDH 

antibody (Sigma-Aldrich St. Louis, Montana, U.S.A.; dilution 1:2,000) and a horseradish 

peroxidase-conjugated goat anti-mouse IgG (DakoCytomation/ Dako Denmark A/S, Glostrup, 

Denmark; dilution 1:10,000). 

 

2.10 Statistical analysis 

The data are presented as mean ± SD and were subjected to one-way ANOVA with Holm-

Sidak’s post-hoc test. Data without normal distribution are presented as median ± interquartile 

range and were subjected to ANOVA on Ranks with Dunn’s post-hoc test. Data were 

processed using GraphPad Prism 6.00 for Windows (GraphPad Software, Inc., La Jolla, 

Page 22 of 55Toxicology Research

To
xi

co
lo

gy
R

es
ea

rc
h

A
cc

ep
te

d
M

an
us

cr
ip

t



22 

 

California, U.S.A.). All measurements were performed in more than three independent 

experiments. In the case of the TOP2A activity assays, a representative measurement from 

three independent measurements is presented.  
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3 Results 

3.1 Syntheses of novel analogues of DEX and ADR-925  

A major aim of this investigation was to synthesize novel analogues of DEX and its putative 

active metabolite, ADR-925 (Fig. 1), and to evaluate their cardioprotective potential both in 

vitro and in vivo. The current study resulted in the synthesis of two previously undescribed 

DEX analogues, namely ES-5 and MK-15, and two new ADR-925 analogues, JR-159 and 

KH-TA4. Investigation of their activity was important for understanding the structure-activity 

relationships of this group of agents, which may lead to compounds with even greater efficacy 

than DEX in terms of their ability to prevent ANT-mediated cardiotoxicity.  

 

For the synthesis of MK-15, piperazin-2-one was prepared first from the reaction of ethyl 2-

bromoacetate with ethylenediamine in acetonitrile (Fig. 2A). We improved the previously 

described reaction protocol,49-51 and this enabled us to obtain a sufficient amount of pure 

piperazin-2-one by simple work-up and final recrystallization from acetone. The reaction of 

piperazin-2-one with 1,2-dibromopropane in DMF led to the formation of MK-15, which was 

purified by column chromatography (Fig. 2A).  

 

The chemical synthesis of ES-5 was based on the cyclization of the terminal carboxylic acids 

of diethylenetriaminepentaacetic acid (DTPA) in formamide (Fig. 2B). In contrast to 

previously published observations,52 the central carboxyl remained unmodified and the amino 

acid with terminal piperazin-2,6-dione rings was isolated. This compound was found to be 

soluble in water and partially soluble in DMSO. The target ethyl ester, ES-5, was obtained in 
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sufficient amount by the alkylation of the carboxylate in DMSO (Fig. 2B). This was 

accompanied by the formation of N-alkylation side-products on the imide nitrogens, which 

had to be carefully separated using column chromatography.  

 

Both of the ADR-925 analogues (JR-159 and KH-TA4) were prepared from the reaction of 

1,2-diaminopropane with the corresponding N-substituted 2-haloacetamide in acetonitrile 

(Fig. 2C,D). These procedures led to the formation of a mixture of products, especially tri- 

and tetra-substituted 1,2-diaminopropane and also quaternary ammonium salts. In the case of 

KH-TA4, the product crystallized from the reaction mixture, simple filtration and washing 

with water yielded the pure product. The purification of JR-159 was more complicated, as the 

product and by-products were viscous liquids that are highly soluble in water and also polar 

organic solvents with nearly identical retention on silica gel and C-18 reverse phase. 

Therefore, multiple consecutive column chromatography steps were necessary to obtain pure 

JR-159. 

 

3.2 In vitro toxicity and proliferation assessments 

3.2.1 Proliferation of HL-60 cell line 

The anti-proliferative activity of the newly synthesized analogues of DEX (MK-15 and ES-5) 

and ADR-925 (KH-TA4 and JR-159) were first examined using a 72 h incubation with the 

human acute promyelocytic leukemia HL-60 cell line (Fig. 3). When assayed as single agents, 

only DEX (IC50 = 25 µM; Fig. 3A) and KH-TA4 (IC50 = 39 µM; Fig. 3D) demonstrated 

sufficient anti-proliferative effects to achieve an IC50 value within the concentration range 
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assessed (≤100 µM). The other analogues did not show anti-proliferative effects in the 

concentration range assessed, and thus, IC50 values for these compounds were not achieved. 

 

Experiments were then undertaken to assess the effects of DEX and the novel analogues on 

the anti-proliferative activity of DAU (Fig. 3). The novel agents, when assayed at 10 µM and 

the maximal achievable concentration (100 µM), did not compromise the anti-proliferative 

activity of 15 nM DAU (i.e., a concentration that corresponds to its IC50 value). In contrast, all 

the studied compounds increased the anti-proliferative effects of DAU in leukemic cells at 

both tested concentrations (Fig. 3). 

 

3.2.2 Toxicity to neonatal ventricular rat cardiomyocytes 

The toxicity of DEX and the novel analogues was then assessed using isolated NVCMs after a 

48 h incubation. LDH release was used as a marker of plasma membrane damage and 

cytotoxicity. As seen in Fig. 4A, the analogues were generally non-toxic at the concentrations 

tested (≤100 µM), with exception of KH-TA4, which showed rather minor, but statistically 

significant (p ≤ 0.01) toxicity in NVCMs. In fact, approximately 13% of total cellular LDH 

(compared to ~10% in control cells) was released upon incubation with KH-TA4 at its highest 

concentration (100 µM; Fig. 4A). 

 

3.2.3 Protection of cardiomyocytes from the toxicity of DAU or H2O2 

The novel DEX analogues were then thoroughly examined for their potential to protect 

NVCMs from the toxicity mediated by exposure to 1.2 μM DAU (Fig. 4B). In addition to 
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dose-dependence, pre-incubation of the cells with the potential cardio-protective agents for 

varying incubation times before DAU treatment was also examined. The exposure of 

cardiomyocytes to DAU induced significant (p ≤ 0.0001) LDH release (~50% of total cellular 

LDH as compared to ~10% in the control cells). DEX was able to mediate significant 

(p ≤ 0.0001 – 0.05) protection of cardiomyocytes against DAU at all concentrations assessed 

(10, 30, 100 µM) and pre-incubation times (Fig. 4B).  

 

Of the novel agents, only ES-5 showed marked protection against DAU-induced toxicity 

comparable to DEX only when the lowest concentrations of ES-5 were used upon 0-6 h pre-

incubation. However, when longer pre-incubation times (24 h) or higher concentrations were 

employed, the protective effect was lost. Of the other compounds, MK-15 demonstrated a 

slight, but not significant, decrease in LDH release in the absence of pre-incubation. The 

analogues of ADR-925 were essentially not protective against DAU-mediated toxicity (Fig. 

4B). JR-159 had no effect on the DAU-mediated toxicity. In contrast, pre-incubation of 

NVCMs with 30 µM KH-TA4 for 6 h (p ≤ 0.01) or with 100 µM KH-TA4 using 3 or 6 h pre-

incubations significantly (p ≤ 0.01 and p ≤ 0.0001, respectively) increased DAU-mediated 

toxicity, most likely due to the toxicity observed upon incubation with KH-TA4 (100 µM) 

alone (Fig. 4A). 

 

In addition to DAU, the potential cardioprotective effects of these compounds were also 

determined using a model of oxidative stress induced by H2O2 (300 μM; Fig. 4C), which 

induced LDH release that was comparable to that of DAU (Fig. 4B). In contrast to DAU-

induced toxicity, DEX did not protect myocytes against H2O2-induced LDH release at any 

concentration or pre-incubation time (Fig. 4C). Conversely, both MK-15 and ES-5 mediated 
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significant cytoprotection at the highest concentrations used (100 μM) after either no 

preincubation (0 h, ES-5, (p ≤ 0.01)), 6 h pre-incubation (p ≤ 0.001 for MK-15 and p ≤ 0.0001 

for ES-5), or 24 h pre-incubation (ES-5, p ≤ 0.0001, Fig. 4C). However, after a 3 h pre-

incubation, 10 μM ES-5 significantly (p ≤ 0.05) increased H2O2-induced toxicity. The 

analogues of ADR-925 also displayed some protection against H2O2-mediated LDH release. 

JR-159 (100 μM) was effective without a pre-incubation (p ≤ 0.05, Fig. 4C). After a 3 h pre-

incubation, significant protection was observed at all three examined concentrations (10, 30 

and 100 μM) of KH-TA4 (p ≤ 0.01, p ≤ 0.0001 and p ≤ 0.05, respectively), but surprisingly, 

none of the concentrations of JR-159 examined were effective. The most pronounced decrease 

in H2O2-mediated LDH release was observed after a 6 h pre-incubation of cardiomyocytes 

with 100 μM KH-TA4 (Fig. 4C). Under these conditions, protection was also observed with 

30 μM KH-TA4 and 10 μM JR-159. After 24 h of pre-incubation, 100 μM JR-159 displayed 

significant (p ≤ 0.0001) protection against H2O2-induced toxicity (Fig. 4C). 

 

A 3 h incubation of NVCMs with DAU (1.2 µM) resulted in marked changes in 

cardiomyocyte morphology, including cytoplasmic vacuolization and granulation, nuclear and 

cellular shrinkage and detachment (Fig. 5). In addition, staining with the JC-1 probe revealed 

a transition from normal red-stained mitochondria with polarized inner membranes to diffuse 

green cytosolic fluorescence in mostly shrunken (presumably apoptotic) cells with 

depolarized mitochondria (Fig. 5). Pre-incubation with DEX (10 µM) partially prevented 

these ANT-induced changes in cellular morphology and mitochondrial inner membrane 

potential. This was also observed in experiments with MK-15 and ES-5 at 10 µM, while cells 

pre-incubated with JR-159 or KH-TA4 at 10 µM showed distinctively decreased 

mitochondrial function compared to DEX-pre-incubated cells (Fig. 5). 
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3.3 In vivo cardiotoxicity and cardioprotection 

After 10 weeks of administration, DAU induced the premature death of 2 out of 6 animals, 

with both deaths occurring before the scheduled end of the treatment period (Fig. 6A). 

Marked heart dilation, along with significant pleural effusion and ascites were observed in 

both cases in a necropsy examination, which suggested the development of severe chronic 

ANT cardiotoxicity, as shown previously in this model.30 Similar findings, although less 

pronounced were observed in the animals that survived until the end of DAU treatment. Co-

treatment with DEX resulted in complete survival, and no signs of blood congestion or heart 

dilation were found during autopsy. On the other hand, co-treatment with KH-TA4 resulted in 

two premature deaths in weeks 4 and 5 (Fig. 6A). However, no signs of congestive heart 

failure or any other gross pathology were identified in the heart and other organs during the 

necropsy, suggesting that these deaths were not related to chronic ANT cardiotoxicity or the 

development of heart failure. Further premature deaths were observed in animals co-treated 

with KH-TA4 (n = 1), ES-5 (n = 2) and MK-15 (n = 1; Fig. 6A). The necropsy findings in 

these animals were similar to those observed in the DAU group. The only animal that was co-

treated with JR-159 survived until the end of experiment, but an autopsy of revealed marked 

cardiac changes that were comparable to those found in the DAU group. Chronic DAU 

treatment and co-treatment with KH-TA4 and MK-15 prevented normal body weight gain, 

leading to a significant (p ≤ 0.05) decrease in body weight in comparison with the control 

group (Fig. 6B). No significant body weight changes were observed in the animals that were 

co-treated with DEX and ES-5compared to the control group (Fig. 6B). 

 

A 10 weeks of DAU treatment induced a marked reduction in LV systolic function (Fig. 6C). 

This was particularly true for the animals that died prematurely, which showed the most 
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severe changes before death (a reduction of more than 50% in LV systolic function compared 

to the control) accompanied by the dilation of the heart chambers, indicating severe global 

heart failure. In contrast, DEX co-treatment effectively prevented the decrease in the LV 

systolic function observed upon DAU treatment alone and was comparable to the control 

group. However, this was not the case upon KH-TA4 and ES-5 co-treatment, where a 

significant (p ≤ 0.05) decrease in LV systolic function (similar to the DAU group) was found 

in the animals that survived until the end stages of the study. Together with the autopsy 

findings, these data confirmed that the premature deaths upon KH-TA4 and ES-5 co-treatment 

were associated with significant cardiotoxicity and the development of heart failure. Although 

a rather moderate decrease in systolic function was found with MK-15, it was not 

significantly different from the control group. Hence, the examination of systolic function, 

together with the autopsy findings, in animals surviving until the end of the study, suggests 

the partial protective potential of MK-15. However, the animal that died prematurely in this 

group also showed a reduction in systolic function (approximately 25% less than the normal 

values) during a cardiac examination before death. Additionally, based on the pronounced 

blood congestion found upon necropsy (hydrothorax 145 mL, ascites 45 mL and marked 

dilation of all heart chambers), heart failure was the most likely explanation of this premature 

death. Hence, although MK-15 showed the lowest reduction in systolic function compared to 

controls and lower mortality than the DAU group, its potential to prevent cardiac failure was 

clearly inferior relative to DEX with respect to both contractility and troponin T release. The 

rabbit co-treated with JR-159 in a pilot experiment also showed moderate to marked systolic 

dysfunction (FS = 26%), which was in contrast with the excellent cardioprotection found in 

the DEX group. 
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Plasma cTnT concentrations were markedly increased in DAU-treated animals, while DEX 

co-treatment resulted in values that were comparable to the control (Fig. 6D). In contrast, 

none of the novel analogues were able to alter the release of this cardio-specific biomarker 

induced by DAU administration. The animal that was co-treated with JR-159 showed a very 

high (0.735 μg/L) concentration of this biomarker, which also demonstrated its inability to 

mediate any cardioprotective effects. The 3 animals that died prematurely in middle of the 

experiment upon KH-TA4 co-treatment (and were subsequently not included in Fig. 6D) were 

found to have low to moderate levels of cTnT at the time of death (0.028, 0.033 and 

0.142 μg/L), which confirmed that these deaths were not related to chronic ANT 

cardiotoxicity. 

 

3.4 Interaction with Fe in solution and in H9c2 cells 

The ability of DEX and the novel analogues to chelate Fe was assessed fluorometrically using 

the calcein assay.53 Incubation of H9c2 cells with SIH led to a significant (p ≤ 0.0001) 

increase in the fluorescence of the calcein by ~6-fold relative to the control (Fig. 7A). An 

increase in fluorescence was also evident following the addition of 100 μM DEX, although 

this increase was not as pronounced relative to SIH. Interestingly, a lag phase of 

approximately 1 h was observed in the chelation of Fe by DEX, which may be attributed to 

the hydrolysis of DEX to ADR-925 in the cytoplasm (Fig. 7A). In control H9c2 cells, an 

increase in calcein fluorescence was observed during the first 2 h of incubation. This 

observation also occurred in cells incubated with DEX or KH-TA4, but not with MK-15, 

ES-5 and JR-159 (Fig. 7A). After 3 h, SIH, DEX and KH-TA4 all mediated a statistically 

significant increase in calcein fluorescence (p ≤ 0.0001, p ≤ 0.01 and p ≤ 0.01, respectively) 
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relative to the control. In contrast, cells incubated with MK-15, ES-5 or JR-159 resulted in a 

significant (p ≤ 0.01) decrease in calcein fluorescence in comparison to the control (Fig. 7A).  

 

We also examined the ability of the new agents to displace Fe from its complex with DAU 

(Fig. 7B). Our positive control, the high affinity Fe chelator, SIH,33, 54 immediately lowered 

the absorbance of the DAU-Fe complex almost to the level of free DAU. The only other 

analogue that showed the ability to compete to displace Fe from the DAU-Fe complex was 

JR-159, but its effect was slow and was not as effective as SIH (Fig. 7B).  

 

We next examined the ability of DEX and its novel analogues to induce Fe release from H9c2 

cells prelabeled with 59Fe-transferrin.43, 45 As seen in Fig. 7C, neither DEX nor the novel 

analogues were able to mediate 59Fe mobilization from H9c2 cells and were comparable to the 

control. In contrast, the lipophilic Fe chelator, SIH, which was used as a positive control, was 

able to effectively and significantly (p ≤ 0.0001) increase 59Fe release relative to the control 

(Fig. 7C). 

 

3.5 Interaction of the studied compounds with TOP2 

To assess the effects of DEX and the novel analogues on TOP2 isoforms, the inhibitory 

properties of the compounds were first determined using purified human TOP2A and 

supercoiled DNA in plasmid relaxation assays.55 As observed in Fig. 8A, TOP2A relaxed the 

supercoiled DNA substrate as expected. In contrast to 100 μM DEX, which inhibited the 
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relaxation activity of TOP2A, none of the novel analogues showed any inhibitory activity 

towards this enzyme isoform (Fig. 8A).  

 

Furthermore, western blotting was used to determine the protein levels of TOP2B in NVCM 

cells. To assess the possibility that this reflects a “band depletion effect” due to the inability of 

topoisomerase II complexed to DNA in our samples, that were treated with sonication to 

enable entrance into the gel,56 we further treated the samples with benzonase endonuclease,57 

which did not change the results (data not shown). As seen in Fig. 8B, DEX (10 μM) induced 

a significant (p ≤ 0.001 – 0.01) time-dependent decrease in TOP2B levels from 6 – 24 h. In 

fact, at 24 h, levels of TOP2B were decreased to approximately 20% of the control (Fig. 8B). 

In contrast to DEX, the incubation of NVCMs with any of the novel analogues at the same 

concentration (10 μM) for 24 h did not lead to any significant changes in TOP2B protein 

levels (Fig. 8C).  
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4 Discussion 

 

Despite years of extensive research, DEX remains the only drug that has shown considerable 

and model-independent potential to protect against ANT-induced cardiotoxicity in both 

experimental studies, as well as in randomized clinical trials.4, 28 Unfortunately, little attention 

has been given to defining structure-activity relationships of its cardioprotective properties. 

Therefore, in this study, two DEX analogues and two lipophilic analogues of its putative 

active metabolite, ADR-925, were synthesized and evaluated. Although DEX is used as a 

pure enantiomer, which is about five times more soluble in water than the racemic 

compound,58 several studies showed that the cardioprotective effect of DEX is not associated 

with the (S) configuration at its chiral carbon atom (Fig. 1).59 Therefore, achiral (ES-5) or 

racemic DEX and ADR-925 analogues were used in this work. 

 

The first compound, ES-5 (Fig. 1), is a closed-ring derivative of the well-known metal 

chelator, DTPA.60, 61 Analogous to DEX, ES-5 is relatively lipophilic, and, in contrast to its 

parent ligand, DTPA, may be membrane-permeable. Furthermore, in addition to the 

hydrolytic cleavage of the ethyl ester moiety, it is expected to undergo bio-activation in a 

manner similar to DEX, via the hydrolytic opening of the piperazine-2,6-dione rings, resulting 

in the DTPA diamide.62 The second DEX analogue, MK-15 (Fig. 1), was designed to mimic 

the steric properties of DEX as closely as possible, but with terminal amides instead of the 

parent imide moieties. The replacement of piperazin-2,6-diones by piperazin-2-ones reduces 

its N-H acidity and its overall capacity to act as a hydrogen bonding acceptor. 
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Previously, the active metabolite of DEX, ADR-925, as well as single ring-open 

intermediates, did not protect NVCMs from DOX toxicity, and this effect was attributed to 

the limited membrane permeability of the hydrophilic metabolite to enter cardiac cells.63 

Hence, in the present study, two alkylamide analogues of ADR-925, namely JR-159 and KH-

TA4 (Fig. 1), were designed to enhance lipophilicity and cell membrane permeability of the 

putative active metabolite. 

 

None of the novel analogues inhibited the anti-proliferative effects of DAU, which is clearly 

an essential prerequisite as a cardioprotective agent. However, in contrast to DEX, which 

dose-dependently inhibited the proliferation of HL-60 cells when examined alone, MK-15, 

ES-5 and JR-159 showed only limited anti-proliferative activity when assessed alone. The 

anti-proliferative effect of DEX has been previously attributed to its direct inhibition of 

TOP223 and this effect was also evident in our study. Importantly, changes in the structure of 

DEX, such as the removal of the two oxo groups from the piperazine rings, or increasing the 

linker length between the rings, as observed in MK-15 and ES-5, respectively, have a marked 

impact on both TOP2A inhibition and the subsequent anti-proliferative activity of these 

analogues. Although KH-TA4 showed significant anti-proliferative activity, the effect was 

non-specific, as KH-TA4 also displayed toxicity towards cardiomyocytes. 

 

DEX was able to protect NVCMs from DAU-mediated toxicity at all pre-incubation times and 

almost completely prevented DAU-induced morphological changes, as well as the loss of 

mitochondrial membrane potential. DEX also showed effective cardioprotective activity in 

vivo. However, none of the novel analogues herein provided the same degree of protection as 

DEX. Although MK-15 did not protect isolated cardiomyocytes from DAU, it showed weak 
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cardioprotective effects in vivo based on overall survival, LV systolic function and cTnT 

release. While ES-5 showed some cardioprotective effects comparable to DEX in vitro, its co-

administration in vivo slightly aggravated DAU toxicity, resulting in higher overall mortality 

with no significant cardioprotection. The ADR-925 analogue, KH-TA4 resulted in NVCM 

toxicity in vitro at higher concentrations and did not have a significant impact on ANT 

cardiotoxicity in vivo, but instead, increased mortality due to off-target effects. 

 

Interestingly, we also showed that DEX failed to offer any protection to cardiomyocytes 

exposed to the oxidative stress-inducing agent, H2O2 (Fig. 4). This obsevation is in contrast to 

the near complete protection of cells by effective Fe chelators, such as SIH, in similar 

experiments.33, 64 These observations suggest DAU toxicity in cardiomyocytes is mediated by 

mechanism(s) that are separate from oxidative damage by H2O2. 

 

Hasinoff et al.63 previously showed that ADR-925 and DEX displaced Fe from its calcein 

complex in solution. In our study, DEX removed Fe from the calcein in H9c2 cells, but was 4-

fold less efficient than the well-characterized chelator, SIH,33, 65 and comparable results were 

also obtained with KH-TA4. The other analogues, MK-15, ES-5 and JR-159, instead reduced 

the cellular calcein fluorescence, which may be related to some interaction with calcein. 

Although we did not detect any intracellular chelation by ES-5 and MK-15 after 3 hours of 

incubation, it is possible that after longer periods (24 - 48 hours) MK-15 and ES-5 would be 

hydrolyzed. Indeed, this is indicated by their partial ability to protect from H2O2-induced 

toxicity. However, ES-5 and MK-15 were mostly unable to protect from DAU-induced 

toxicity after these longer incubation periods, which again points to the difference of H2O2- 

and DAU-induced toxicity. Cellular 59Fe efflux experiments revealed that none of the 
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examined agents, including DEX, were able to induce Fe mobilization from H9c2 cells. 

However, we again cannot exclude the possibility that there was not enough time for DEX 

hydrolysis to occur in these experiments.  

Previously, only a few bis-dioxopiperazine agents have been evaluated with respect to 

cardioprotective effects against chronic ANT cardiotoxicity with variable outcomes.48, 66 

Importantly, other studies have concluded that the chelation of Fe and the displacement of Fe 

from the ANT-Fe complex do not correlate with the cardioprotective effects of the 

bisdioxopiperazine derivatives.48 This finding is in agreement with the current results and 

suggests factors other than Fe chelation are involved in cardioprotection. Notably, we have 

previously failed to find a strong association between the cardioprotective effects of DEX and 

the suppression of ANT-induced markers of oxidative stress in the myocardium.31, 67 

Furthermore, different biocompatible Fe chelators have been found to possess limited to no 

cardioprotective potential under clinically relevant conditions.28 

 

Importantly, it has been noted that a number of effective DEX derivatives were catalytic 

inhibitors of TOP2.66 This observation was confirmed by studies comparing the 

cardioprotective effects of DEX and the TOP2-inactive bis-dioxopiperazine analogue, 

ICRF-161.68 Both of these compounds were hydrolyzable, comparable in displacement of Fe 

from its complex with DOX, but only DEX, which is an effective TOP2 inhibitor, protected 

spontaneously hypertensive rats from chronic ANT toxicity.68 

 

There are two distinct mammalian TOP2 isoforms, TOP2A and TOP2B.69 TOP2A is 

predominantly expressed in proliferating and undifferentiated cells.70 On the contrary, TOP2B 
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is the major TOP2 form in resting and differentiated tissue, including the post-mitotic 

cardiomyocytes.70 In the study of Lyu et al.,21 using H9c2 immortalized cell line, which 

contains both TOP2 isoforms, DEX induced proteasome-dependent depletion of TOP2B. Data 

obtained in the present study using NVCMs demonstrate that DEX-induced TOP2B depletion 

also occurs in non-proliferating isolated cardiomyocytes. A recent study20 reported that a 

conditional TOP2B knockout protected cardiomyocytes from DNA double-strand breaks and 

transcriptome changes induced by acute in vivo DOX treatment and prevented defective 

mitochondrial biogenesis and ROS formation. Moreover, DOX-treated TOP2B knockout mice 

showed no signs of progressive heart failure in the same study.20 The results of this study 

indicate that Fe chelation may be not important in DEX-induced protection against DAU-

induced cardiotoxicity. Hence, together with the results of above mentioned studies it might 

be suggested that the ability of DEX to inhibit and/or deplete TOP2B in cardiomyocytes prior 

to ANT exposure may be essential for effective cardioprotection, and the lack of inhibition of 

TOP2 activity is the plausible reason for the limited cardioprotective efficiency of the four 

novel DEX analogues examined in the present study. Nevertheless, we still cannot rule out the 

possibility that both Fe chelation (after the hydrolysis of DEX to ADR-925) and interaction 

with TOP2B by parent DEX are both involved in DEX-induced cardioprotection. 

 

In conclusion, ANTs remain important components of numerous chemotherapeutic protocols, 

but the risk of cardiotoxicity hampers their clinical usefulness. The ability to rationally design 

effective cardioprotective agents depends on our understanding of the molecular basis of ANT 

cardiotoxicity. Data from the present study concur with the increasing body of evidence 

suggesting that TOP2B can be more relevant target for cardioprotection than intracellular Fe 

chelation. These findings contribute new structure-activity relationships of the 
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cardioprotective action of bisdioxopiperazine agents against ANT cardiotoxicity and will be 

used for further development of effective cardioprotective agents. 
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Figure 1 
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Figure 3 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure legends 

Figure 1. Chemical structures of dexrazoxane (DEX), its putatively active metabolite, 

ADR-925, and the four newly synthesized analogues examined in this study, MK-15, ES-

5, KH-TA4 and JR-159. 

 

Figure 2. Syntheses of the new analogues of dexrazoxane (DEX) and its metabolite ADR-

925: 4,4'-(Propane-1,2-diyl)bis(piperazin-2-one) (MK-15; A); Ethyl-2-{bis[2-(3,5-

dioxopiperazin-1-yl)ethyl]amino}acetate (ES-5; B); N,N,N',N'-tetrakis(N-

butylcarbamoylmethyl)-1,2-diaminopropane (KH-TA4; C); N,N,N',N'-tetrakis(N,N-

dimethylcarbamoylmethyl)-1,2-diaminopropane 10 (JR-159; D). 

 

Figure 3. Anti-proliferative activity of dexrazoxane (DEX), MK-15, ES-5, KH-TA4 and 

JR-159 alone and in combination with daunorubicin (DAU). HL-60 cells were incubated 

with 10 or 100 µM DEX (A), MK-15 (B), ES-5 (C), KH-TA4 (D), and JR-159 (E) alone or in 

combination with 15 nM DAU for 72 h/37oC. The viability of the cells was assessed using 

MTT assays. The data are presented as the mean ± SD of four independent experiments. 

Statistical significance was evaluated using one-way ANOVA and Holm-Sidak’s post-hoc 

test; *–compared to control, #–compared to DAU (****/#### p ≤ 0.0001, ***/### p ≤ 0.001, 

**/## p ≤ 0.01, */# p ≤ 0.05). 
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Figure 4. Toxicities of dexrazoxane (DEX), MK-15, ES-5, KH-TA4 and JR-159 and their 

effects on daunorubicin (DAU)- and hydrogen peroxide (H2O2)-induced toxicity in 

neonatal ventricular rat cardiomyocytes (NVCM cells). NVCM cells were incubated with 

DEX, MK-15, ES-5, KH-TA4 and JR-159 for 48 h (A), or pre-incubated with these 

substances for 0, 3, 6 and 24 h and then incubated with either DAU for 3 h following a 48 h 

DAU-free period (B) or H2O2 for 48 h (C). The toxicity was assessed by measuring the 

release of lactate dehydrogenase (LDH) into the culture medium. These data are presented as 

the mean ± SD of more than three independent experiments. Statistical significance was 

evaluated using one-way ANOVA and Holm-Sidak’s post-hoc test; * – compared to control, # 

– compared to DAU/H2O2 DAU (****/#### p ≤ 0.0001, ***/### p ≤ 0.001, **/## p ≤ 0.01, 

*/# p ≤ 0.05).  

 

Figure 5. Evaluation of cellular morphology and changes in the mitochondrial 

membrane potential. Neonatal ventricular cardiomyocytes were pre-treated with 30 µM 

dexrazoxane (DEX), MK-15, ES-5,KH-TA4 or JR-159 for 3 h, then incubated with 1.2 µM 

daunorubicin (DAU) for 3 h and then without drugs for 48 h. The upper panels are bright-field 

phase contrast photomicrographs, and the lower panels are darkfield epifluorescence images 

of the same cells taken after loading with the JC-1 probe. Red emission reflects the 

mitochondrial inner membrane potential-dependent accumulation of probe dimers in actively 

respiring mitochondria, and green fluorescence indicates monomers of the probe released into 

the cytoplasm after mitochondrial depolarization. A lack of fluorescence reflects the release of 

the probe from necrotic or late-stage apoptotic cells. The scale bars represent 100 µm. All 

photomicrographs were taken at the same magnification. 
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Figure 6. In vivo cardiotoxicity assessments. General toxicity was determined as animal 

survival (A) or body weight change (B). Cardiac function was assessed by measuring left 

ventricular fraction shortening (LV FS; C) using echocardiography. The concentration of 

cardiac troponin T in the plasma (D) was measured at the end of the treatment period (see 

Materials and Methods). The data are expressed as the per cent of initial values and presented 

as the median ± interquartile range. Statistical significance was evaluated using one-way 

ANOVA and Dunn’s post-hoc test; * – compared to control, # – compared to DAU (**/## 

p ≤ 0.01, */# p ≤ 0.05). 

 

Figure 7. Iron (Fe) chelation properties measured as the rate of Fe displacement from 

the Fe-calcein complex in H9c2 cells (A), Fe displacement from the DAU-Fe complex (B), 

and 59Fe mobilization from H9c2 cells (C). The change of fluorescence of trapped 

intracellular calcein in H9c2 cells loaded with 100 μM ferric-ammonium citrate (A) was 

assessed after adding the Fe chelator salicylaldehyde isonicotinoyl hydrazone (SIH) as a 

positive control, dexrazoxane (DEX), or the novel analogues MK-15, ES-5, KH-TA4 and JR-

159, all at 100 μM. The ability of the studied substances to remove Fe from its complex with 

DAU (B) was evaluated in time in a buffered solution after the addition of DMSO as a solvent 

control, SIH or other studied substances. The rate of iron mobilization from the cells induced 

by the studied substances (C) was measured after loading the cells with 59Fe-transferrin. The 

representative of three measurements (B) or mean ± SD (A, C) of three independent 

measurements is presented. Statistical significance for panels A (after 3-hour interval of 

incubation) and C was evaluated using one-way ANOVA and Holm-Sidak’s post-hoc test; * – 

compared to control (**** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05), n.s. – non-

significant. 
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Figure 8. The effects of the examined agents, dexrazoxane (DEX), MK-15, ES-5, KH-

TA4 and JR-159 on the activity of topoisomerase IIα (TOP2A) (A) and the protein levels 

of topoisomerase IIβ (TOP2B) in neonatal rat ventricular cardiomyocytes (B, C). The 

influence of the studied agents on TOP2A activity (A) was measured using enzymatic assays 

with recombinant human TOP2A and supercoiled DNA as a substrate (Form I – supercoiled 

DNA, Form Ir – relaxed DNA, Form III – linear DNA). A representative result from three 

independent measurements is presented. Western blot analysis of the levels of TOP2B protein 

in NVCM cells incubated with 10 μM DEX for 0, 3, 6, 12 and 24 h/37 °C (B) or with 10 μM 

DEX, MK-15, ES-5, KH-TA4 and JR-159 for 24 h/37 oC (C) assessed as described in the 

Materials and Methods section. The data from three independent experiments are presented as 

the mean ± SD. Statistical significance was evaluated using one-way ANOVA and Holm-

Sidak’s post-hoc test; * – compared to control (**** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01, * 

p ≤ 0,05), n.s. – non-significant. 
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